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Ar

BDE

Boc
n-Bu
t-Bu
CD3;OD
DABAL-Me;
DABCO
dba
DIEPA
DMF
DMG
DMI
DMPU
D.O

EL

equiv

Et

FDA

FG
HMPA
ICso
KHMDS
KIE
LDA
LiDMAE
LiHMDS
Me;TACN
mGIuR
MR

Aryl

Bond dissociation energy
tert-Butoxycarbonyl

Normal butyl

Tertiary butyl

Deuterated methanol
Bis(trimethylaluminum)-1,4-diazabicyclo[2.2.2]octane adduct
1,4-Diazabicyclo[2.2.2]octane
Dibenzylideneacetone
N,N-Diisopropylethylamine
N,N-Dimethylformamide

Direct metalation group
1,3-Dimethyl-2-imidazolidinone
N,N'-Dimethylpropyleneurea
Deuterium oxide

Electroluminescence

Equivalent

Ethyl

Food and Drug Administration
Functional group
Hexamethylphosphoric triamide

Half maximal inhibitory concentration
Potassium hexamethyldisilazide
Kinetic isotope effect

Lithium diisopropylamide

Lithium 2-(dimethylamino)ethanolate
Lithium hexamethyldisilazide
1,4,7-Trimethyl-1,4,7-triazacyclononane
Metabotropic glutamate receptor

Mineralocorticoid receptor



mTOR Mammalian target of rapamycin

NBS N-Bromosuccinimide

neop Neopentyl glycolato

Ph Phenyl

pin Pinacolato

PI3K Phosphoinositide 3-kinase

pKa Acidity constant

PMDTA N,N,N',N",N"-Pentamethyldiethylenetriamine
i-Pr isopropyl

SNAT Nucleophilic aromatic substitution

TMP 2,2,6,6-Tetramethylpiperidine

TBAF Tetra-n-butylammonium fluoride

TEEDA N,N,N',N'-Tetraethylethylenediamine
TESCI Chlorotriethylsilane

TMSCI Chlorotrimethylsilane

THF Tetrahydrofuran

TMEDA Tetramethylethylenediamine

TMPDA N,N,N',N'-Tetramethyl-1,3-diaminopropane
TPPA Tripyrrolidinophosphine oxide

Trisyl 2,4,6-Triisopropylbenzenesulfonyl

Ts p-Toluenesulfonyl
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1-1 ~a7 L—rOARILFHRE

a7 =0k, FEREOKERAD 1| DEHITEEREN A0 7 VAT
B SN HFEBREEMTH Y, EEN, B RERW72 SR FELTWD
(Figure 1-1-1) ', na 7 ViR L > TH G Sk eiE L ORI E
Nz, 2o LA, BEft ST a7 eRITE U TR UG FIH
RETH D, BIZIE, I— KT L—rBLO7eET L—1, C-X (X=LBr)
fEE OG- x X — (BDE) MNHEMEV 2D, 7aAxAby 7Y T K
I3, TN DIEAL, DN Na T R A A R T AR R RS o i Y
ZBWTHHAENS, £/, Zun Tl L—rBXO T vA T L—ik, BEK
REEHEOS (SvAr) (BT DEN I OSHEZ TS, Lo T, ~ne 7 L—
N, ARk RO LA E L TEERERHE R LTS,

0
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HO,C F H \

2 Me N\N/(’f,N
N N o

\\“.‘\/o K/N\ Cl Br N \

=
Levofloxacin Cyclaniliprole
Br Br |
T\ Br (0] I
Br
H I OH
HO I
Br HO,C™ ‘NH,
Pentabromopseudilin Levothyroxine

Figure 1-1-1. Drugs, pesticides, and natural products containing haloarenes

WIS E R T 07 L—if, SEIERERMOGHRICFIATE 5,
Dactolisib &, AT 7 FTNA /T b—/L3-FF—F (PBK) BLOWHIIET
R A U RERZ V87 (mTOR) Dli FELET S Z ERNm s TWn5a7,
2019 4F{Z Novartis £:0 Baenziger H1%, 7 2E7 L—2 1 5 RIIAE LTH
V72 Dactolisib D E iz #H T LT % (Scheme 1-1-1) %, §72b5H, HaiRIC
BOTE, 77 b—r1&3-F/ V=phurfi 2) 20, "TY7 A
FRBEAAAE T CTEAR—ETH 2 » 7V > 7 BORIZ K > T Dactolisib & Zh=RHIIZE R L
TWn5,



CN CN
PdCl,(PPhj), (0.3 mol%)
PPh, (0.6 mol%) 0 N

(0]
YN _N KHCO, Yn 2
—N Br + “ | > —N .
(HO),B DMF
95 °C
1 2 90% Dactolisib

Scheme 1-1-1. Kilogram-scale synthesis of dactolisib

2013 4E|Z Pfizer 1 Piotriwski H1%, I X7/ a/LF a4 RZFAE (MR) 5
P2 AT 2LEW 3 DA AEHRE LT D (Scheme 1-1-2) % 7ol ¥
K4 LK V5 EET DMF ERIZKT LT Hinig ¥ (-Pr,NEt) % 1E
A&, SNAr MG Z i U TR 6 2 EENICHTWD, TD%, 3 TROK
IRERTUEAEY 3 AR L TWD, AFNEMFM O SE, /LAY 3 75 MR (2%}
LT ICso (50%PHERRAEE) 7844 n0M &) EWLEEEZ 7R LTV 5D,

(0] (0]
>]\f (Lo i-ProNEt >kf (Lo 3 steps H KLO
HN N Cl HN —_— HN N N - O~__N N N
_— 100 °C _— _—

quant

MR ICg = 44 nM

Scheme 1-1-2. Synthesis of the mineralocorticoid antagonist using an S~xAr reaction

NET =%, R B OGRIC BRI TE 5, RY 7t L ig, Bk
WEPE L, LEESCITHEICHLENL WA=, FEaAHK EL #MEE LT,
AT A ASNEH S TWS, 2007 FICHEE S, $sR-Elb vy 7 7
Sz RWERY 7 b 7 OB EES Z#HE LTS (Scheme 1-1-3)
N, TaxaH/T L5704 81F, NTUTLMBEY LD FT AR H AL
ZAR CHIRUA 10 ~ZEHi S 4y, S BIZEIThIMEERS K O brIAHIN 2 8% T H g
1 ~EEB|INTWD, EDH%, 8RN > 7Y o TRISICE DV EEEI{T-
T, 7 FEOEV (Mw=17700) 7240 FESAMOHE (Mn/Mw=1.35) RV 7
ALV T EER LTS,
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Scheme 1-1-3. Synthesis of polyfluorene through Suzuki—Miyaura coupling

PLEDOHING, ~Na T L—rOERRIZEET 2081, EE ML L OREREM: 71
OB IZBWTIHERICEE ThHDL EEZXODND, TZTEHEIL, "a T L—r D
R IR ERIEDBRRIZER LTW5,

122 N7 L—rO8RICBIT 53E

NaT L= 0%, FEREEMDO a7 AL LiFe T L— 2 OERES
BIZXVELND, BB ORENFIETH 2l 72 5 FRRE - BRI
BT, A MLEANTALCE M2 R T E I GEE 2/ T 25 EFHRILEWIT,
FRRMZRRETThbmWISEZ RS, LaL, 2hoDamix, @RIsGAE
R, B OALESEIRIECUCR ORI NEE L 72D, —T57, A ZALALN
P2 R T EFRIIEEZETLHERCEWIT, —RISEESCHEBRIEREE 2R &0
BELWRISSR 2 L U, W TR EREOHEGIRE SN D2, ITFE, 77
BIFRALEWIKRT DALERIR e~ v 7 AT 280 ER L TS 6 0
D, ook, LIX LTS v 7 AR AT 5720, 18
JRWVIEADHIR S TWDE, =07, ~a 7 L—rafid i & LTCERERDE A,
AF LT WHEME L R EREAFAMER EORARH Y, FEHARIRE K
Bk TdH D,

il v b A Z A, MLESRIRMEE 7 A2 ) I —I2Eh, FERIEE
MOBEREATIEE LTUAKHHAISNTWD Y, ZOFEIL, a7 Lb—iZy
BWHARETH 5, #ilxiE, 2002 FFICHILSIE, 7 — MUK +~BuwZn(TMP)Li %
AnNToreT7 b=l 7 e b oagiignfb 2 e LT (Scheme 1-2-1) 15,



T — MR L1, A ABPEDOER TV A A EEDBANL LT T =
EaRTEBEIATHD M, 30°C T3 rET=Y—/b (12) I LT t-
BwZn(TMP)Li Z{Ef &, B7 v b ALZRETT U —/billfign 13 23R L TH
Ho LA 13 23 RN LT, #METHI— K7 L—r 14 ZYLE
95% CIHTWD, AFEL, 3-7eE7=y—1 (12) IZRLT, SFIEhLE
BEEZATH7RET L—VICbEMAAETH D, —FH, I— 7 L— 0O
MBNE, ZHE TICHE S TUVRLY,

OMe
H t—BUQZn(TMP)L Zn(t Bu)2
[: [ THF
Br -30 °C 95%

12

Scheme 1-2-1. Deprotozincation of bromoanisole using a TMP-zincate base

2013 4E1T Knochel H1%, ¥ 27 %L 7 AE AT I K TMP,Mg-2LiCl % v 7=~
noy7 L—2 15 O 7 e b~ 7 2 b E S LT 5 (Scheme 1-2-2)
o, bbb, 0°CTr P 15 (2% LT TMPMg-2LICl Z1/Ef &8 %
L, TV == T X 16 BEKRLTWDS, ZDH%, Z7aoaXpmF Lzl
Z, TATNLVEEAGT L 70T L—21 17 ZI0ER 8% TAR L T\ 5,

C|\©1H CI\CI CICO,Et CI\@COZEt
—_—
cl THF cl 88% cl
15 0°C 16 17
Scheme 1-2-2. Deprotomagnesiation of chloroarene using a magnesium bisamide

—ﬁ‘)%?A? RPNV AN = PR i =3 NV S PA == =P S g

#iFHIZHIEDN B o T2, Fl 21X, 1952 #1Z Gilman 1%, VF 7 ALAT I K L1NEt2
%ﬁﬁb\f: 3-7mury=Y—/L (18) OL7 1 b AL EHRE LT 5 (Scheme
1-23) 7, Z7ea 7 L—2181I2% L CLINEh Z/EH & ¥ 5 & X b3 v R LiEHR
A DR T ESRIR 72 i 7 1 b AL EIT LTS, 7Y=L F T L 19D
AN TR BSOS AL Z 0, BEICEATET 74 R 20 234
LTWBE, Z20%, P2FATIVHE LIV FUVLAYZT LT I REDKK
Sk, P=FAT =0 021 BINER48% TEK L TV D,



aryne formation

. OMe OMe OMe
LINEtZ Li LiNEtg or HNEtg
9
Et,O Q0 | 48%
reflux Cl NEt,
19 20 21

Scheme 1-2-3. Synthesis of diethylaniline through an aryne intermediate

FEE 22 B TR IR FB—TENAE B (A A UMD 18% TH D) BLVIRF—~ T R
Lt (A 34%) L g U, RFE-V FULREARILL O @A A M (6 43%) %
R, ZoOMEIZEY, 227 ) — ) Fr AFITKIE FIB W T HaEuEIC
FRBESOS N EITL, 77 A4 YHRMERNAER T2 2 ERmonTng 8, £, i
T 2 R~ RV U LT R REHAWD &, IVLERT V=LA ZLHREIA
DERNARETH L0, &F7 I FMEREXAEROEEMEICERTH &, #igh7 I R
BIOI7RX A7 I ML, — I FULT IR E LR U THEEMEIMEK
72, BT e N ALFTRER FE NIRESIND Z ENFRE L 25, LTER- T, F
FX, WRIRVEEIC b T RER I RIEENE Y F U AT I REHWER T 1 kv
Y FAICE D AR L TEARLZERT V=N F o LFEmOAFAICER LT
W5h,

1-3 insitu FT VAR EZNALERWEEFEGT Y —A YU F U LD

insitu 87 ARAZALEE, BT e R Y FAAIC LD E UL ERT
V=NV FILEEBIZN TV AAZ L TREISE D FETHD (Figure
1-3-1) 2% £7, KSRICERE (MX) & BEFHRIEEVMDIFTED LIRET
Lo B7a bARICEVATLET V=LY F oA (AL E4&BHE MX) 28+
LS T U ARAZNALTEINIX, BERT U —/NAZ)LFE (Ar-M) 2320
MINZAERKRT D EEZZ2bND, £, WHARY T VLT I REANIEH WO T, &)F
WERIL L TREREGRBT I REERT HZ NGRS, T7hbb, Hohn
CORIGRICERE (MX) Z8%ML, W7 e M AICZ D AECTEARLERT Y
— NI FULEELIZHOEER SRR L CLELSE D HFIEICLY, |
BV T TARLER G HERILE Y Z N RICERE LT 2 2 BB TH 5,



lithium amide > Al it ralati
fast | unstable | insitutransmetalation
{ MX E MX
. slow : fast |
y
Ar-H i i E+
metal amide -------mmmmmmeaio - Ar-M S ———— = ArE
slow ! stable

______________

Figure 1-3-1. Theory of in situ transmetalation

Bz, BEBFEBRZ AT VHEEERNLER LT UV — Y F 0 M1, HEO)
ICHCIEIE Z 5729, AT~ OMRIA S DR & T 521, 1983 4F
\Z Martin 513, insitu 87 2 AAZNALEFIH L CLEZEEFRBR= AT/ 22 B
23 DL 1 b R ERERAL 200 TR LTS (Scheme 1-3-1) 22, —78 °C
THREEmA Y 7 a /L (22) & TMSCI 24 THF AR IZ LiTMP Z2/E/ &+
T-L A, T RATOVIENE A S LT RS R, B e b AR AT L EED
FV MUZEITL, HEMOT UV —V ) F T LBRERLTWD, 0%, HON
COWIMLIZTMSCL D R T U ARAXZNABIZ XY, A FBEHIENEAINT-
LBRBERA Y 7o)l 24 ZIHE 90% THKRLTWD, —F, BEFRTT L

(23) WIS EIE, ST 22 BF BTV 25 OIEEDS 38%ITK T LTV
5o ZORKE LT, TAVXFAENNSLS o, TV—NVIFULOHL
FOGP S Uiz LR CTX B,

TMSCI in situ transmetalation
COzR LiTMP COz ©:Coz
1
22 R=iPr) or (R = i-Pr, 90%)
23 (R = Et) (R = Et, 38%)

Scheme 1-3-1. Functionalization of benzoates using in situ transmetalation

2014 4E1C Knochel 51X, insitu v 7 AAZNMALEFIF L CZ nu ks B4
LR = MU 26 DT v R ERERME A A L TV S (Scheme 1-3-2)
20 ~78°C TRV = h UL 26 & ZnCl-2LiCl O THF AHZIC LITMP Z{EH S &
LT, MEROICEVAERNRT V-V TFULELARLTND, DK,
ZnChL-2LiCl & D T U A A ZAIZ LY, BREDRAEHE~ERLT-0L, =
UFCEOSIC L0 ZEHAR Y = YL 2T BUCR T4% TAR LTV 5,



in situ transmetalation

CN ZnCly-2LiCl
H Cl LITMP ClZn Cl
32.6
H THF
cl 271 -78 °C

26 kinetically favored

Scheme 1-3-2. Functionalization of benzonitrile via in situ transmetalation

ERRoflicinz, A& (Hg), ~vHE B), #l (Cu), 7VvI=UL (AD, ¥
N~=02AL (Ge), ARX (Sn) R EOERMEZ R insitu N7 A RX X NAKIT
B2 50 < 5 ST 5 20002 i b OWFSEIE, in situ b T A R
ZAIZE D 7V — U F 0 AFE L REE M I & ORI RO D33 S B
INDHZEERLTWS, —F, insitu 8TV AAXAZMEEIERH LI xa 7 L—
YOBERBIZEL TE, WELEHSITHRFSATE LT, fidEE LTS T
W5, ZZTEEL, insitu N T U ARAZ N EERLTLISESEO AT L—
CONEBERN R EREEOFERZD I Lz GEE, F omLENE),

1-4 a7 L—rof7ua b AT AN EBIRMEDORE

FEFAEDOB T 7 b B2 Z AL, —MIZV A R RV RE R D B HE
L CHEATL, Wb LA/ b A XL LTHIBILTWN D Mee, F7ebth, 5
TR Lo A ZEEMEEZ /T 5EiE (Bl : DMG) v A AttEE 35
SEA X EMHAEERT S LT, bIET DAV MLIZEB W TERAYIZH
7a N AEBEITTHZ EDRHLNTWD, A/ h A X bIE, Gilman'* 3 X
O Wittig** |2 J o TN LTI R &4, £ D%, Beak?'™?*, Snieckus'“¢, Schlosser?,
Collum* {2 X W AR b ST, HEBILEMITT T D REFEHRS & gL,
v b A X ACEN AL ESRIRVES L OS2 R L, SRR E/EELGY
OALEIRIN) 2 B RERALICHE A  ICH SN TWD, —F, 7' a b oAb il e i
DAV MLIZxE L TEVMLESEIRMECTHEITT 5 2 & h, A X/ EfofiE
TOBRWWL 7 7 b oAbld, REERREE ST

2014 H-Z Mulvey 38 L O O'Hara Hl1%, 7=Y—/L (28) OAI/N FEBIUNA X
AR A X AL & 2R LT\ % (Scheme 1-4-1) 27, 7=Y—/,L (28) (2} b
VO L~T RV LT I REERASERZEZA, A MOV MLE XX’
M7 e hAbEh, TV — AT R T L2 FZERKLTND, TD%, =
UHFERERSSE, AV MLE A X NP ERIRICI VR b T =Y —L
30 NUE 18% THLN TV D



4 n-BuNa + 2 n-Bu,Mg + 3 TMPH

-6 n-BuH
OMe OMe
/@H Na,Mg,(TMP)g(n-Bu), /©/[Mg] _
methylcyclohexane 'L
H 100 °C (Mgl
28 29

Scheme 1-4-1. Directed ortho-meta’-dimetalations of anisole

2003 4EZ Schlosser H1%, 13- 7 mEX P (31) 1T 5 A %
ARG A & WAL Z 8 LT % (Scheme 1-4-2) 2, 7 oe~_ ¥ 31 27
2 hoTAFETHZ LTI, FETHTEET L—1 32 DU 78% TH
SN TW5, 7aE7 L—> 322 LITMP, PMDTA, B L -BuOK DIEH % 1F
)EH éﬁf:k ZA, MEEW MU =T L U LEED buttressing ZhF: A8 UC, A

CEVERLTV =N F LI EERLTND, 0%, _BbRFL
}iméﬂi, FVAR VB 34 BINHE 2% THELILTWVWSD, &6, RUxZF vy
NEOBREEZRT, AFMICHNVAR L EEZAETLA 707 L—2 35 % 3 L2
THMLTWD,

e [
LTMP TESCI TES  tBuOK TES
E——
THF 78% H Br THF Li Br
—75°C 32 —100 °C 33
CO,
42%
Br
TES
MeOH/HQO
HO,C reflux HO,C Br

34
90%

Scheme 1-4-2. Formal meta-selective metalation of 1,3-dibromobenzene

Schlosser HIZ L DS @ Y =F L U LED buttressing ZFAZ B35 H
FAZHEESUWT, 2019 412 Knochel 51, 13- MUV =F L U NLEEHFHTAHTY
— LS D A Z LRI A Z b & R L T 5 (Scheme 1-4-3) 2%, ~ UL
7V —ALAEW 36 IZ n-BuLi & PMDTA Z{EH SE 5L, R ZF Lo U LED
AANNTBNTH T 1 b AbZEITL, 7TV —LUTF UL 37 RAERL TS,
ZOFMKIZCAF ALY ANT 4 REEHSETZ/ER, fIcT 257V —bs
W38 MINFE 42% THLNTWD, 5L, —HibkavRLEoMnEiIT>7T, b



VoF I )NV EEP I THE~ALHL, I—RTL—r39 28K LTS, T4
bbb, RFEEIZLID, 1,3-VIa— FRUBUDOERAG 78 A X NORINE 72 X 2 vl
NEIINTWD,

N‘ SiEt, n-BuLi SiEt; SiEt; |

H H PMDTA MeSSMe ICl

. —_—

i hexane ; ; 42% i

H SiEt, e Li SiEty ° MeS SiEt, MeS I
v ‘g_ rt

36 37 38 39

Scheme 1-4-3. meta-Selective metalation of 1,3-bis-silylated arene

AT L= DA ZNNZER R 1 b oA 2 ki, ERRoRXnE
BUZBRE S diE Lvie <, ZOMREBIN DO TRLNTWD, LIz - T,
EHIL, TNETICHEFN RN AT T L—2 DA ZAISGRIR 27 e kv
A ZALDBIFICEH Lz GEMIE, FHE),

1-5 A#FZem B & Rk

AWTRNL, e T L—raEt LS I E RS ERSHFIRILEW & fEifE,
Hl, WRENRMEOMNLZ B E T 5, 2T, TVE TITHEFI O 720
BT =20 insitu T U ARXAZ LB XU 1 b ABIZEB T A ALE RN
PEDOHIENTIR D MATE, TERDEISFETIET A4 VBB ET H A m X B
FEAOMWH (B %), R HINANR <AV EHOREH~DORER (5 =
BLOFE=8E), ~7 a7 L—r0 C2 iR RERE GBNE), ~n7T L
— U DA BRI A Z At FEHE) 2B U T, insitu N7 2 AR Z AL & 8
E Lo m T L— 2 O ERIR 72 B RIS LT,

% % : Feng, Y.; Yukioka, T.; Matsuyama, M.; Mori, A.; Okano, K. Deprotonative
generation and trapping of haloaryllithium in a batch reactor. Org. Lett. 2023, 25, 3013—
3017.

BT, insitu NIV ARA X NALEHEET LI EIE R AR UFHE
ROA N MOERRERER L ZER LTz, 7 e hAkic kv Epk Lz 2-n
07 =L F AL, FVMUHFIET D15 R &l BB
NEZL, 794 CHENER LTz, 207, ~"aXo P Uo@EEksEn s
LT BN B ACEM~DEMBNEE TH -7, 70, YME=EIT 7



{LHESh 7 X U EERE N in situ ST A RX X ARIZ LD BHEMO~Ta T
U= F o LEEHROICHATESZ ZE2MELTWD, 2T, ZOFE
ZRAL, nETHHRE, 207 2=V ) F 7 LE2EHRILFE~NGHTE
Teo Flz, T I VBT OREEERET S 2 LT, HbHE T I AL Y
FILT I REOBEAKIGEHRIEIL, 7o okt LT AL MMLIER
M7 B REFAL AN R S 4, EE O AN S HIZIER Lc, AFEZIEHT 5
LT, RN~ A A DEBMEG R A ER LT,

%5 — & : Feng, Y.; Mori, A.; Okano, K. Gram-scale total synthesis of carbazomycins A-
D through late-stage regioselective demethylation of aryl methyl ethers. J. Org. Chem.
2024, 89, 13472—13484.

F=FETIL, insiu FT VARG ANERE T DN AT A-D DY
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Scheme 2-2-1. Regioselective functionalization of bromothiophene
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7 X R TMPZnCl & % WNE(TMP,Zn IZEA S VT2 & & 2 BTz, & Z T, Knochel
HOWENESEICL, SR TRE LT I REFIH L CXRHIRER 2 3
L7, 772 b, b dfigh TMEDA $5{K% & ¢ THF ¥%HRIC X L C—40°C T LiTMP
ZMZ T30 oIS, 20%, 7rury=Y—/1 18 Z/ll 2T 30 /il
PEfdlcob, 3 UREZNM I TR, HRYO 3 7 49 30T 00 1%
TLMERLTELTS, /7oe7=Y—/L 18 ZILEK 47% CTHIX L 7= (entry 7).,
3725, LITMP & b#fish TMEDA $8{K & ORJSIZ L Ak S 7o dign 7 <
RiX, LiTMP (R THEEMEMELS, 7 e M ALRKETH D & broT,
PLEDO#ERNS, 7oo7 =Y —1 18 28 LITMP IZ L > TH.7 v b 1 k&,
AR LT 2-7an 7 2= F U LRELH R TMEDA $&5(K% N7z in situ &
FGURARABNMUIC L 5 TRER T = S VI ER SN R, 754 %
MR OFANIH ST 2 ERBH LMo T2,
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Table 2-3-1. Effect of zinc halide diamine complex on the in situ transmetalation of
chlorophenyllithium*

OMe OMe OMe

ZnXy-diamine
i H LiTMP I @[I @[H
- -~ + ‘l
o THE —40°C, 30 min o N
18 —40 °C, 30 min 49 50 7b
= M/ M W Y
~N. N ~N. N ~N. N N N —N N—
7z 7z Y 7z Y ~ zn /zh N\
c’ ¢l B’ Br [ c’ ¢l cl’ cl
ZnCly TMEDA ZnBry TMEDA Znl, TMEDA ZnCl, TEEDA ZnCly TMPDA
entry ZnX;-diamine 49 (%)" 50 (%)°
1 ZnCl- TMEDA 96¢ (92¢4) 1
2 ZnBr, TMEDA 86 2
3 Znl, TMEDA 81 2
4 Z/nClL-TEEDA 64 12
5 ZnCl- TMPDA 55 8
6 ZnCl 69 5
7€ Z/nClL-TMEDA 11 -y

“Reaction conditions: chloroanisole 18 (0.30 mmol, 1.0 equiv), ZnX,-diamine (0.30
mmol, 1.0 equiv), LiTMP (0.53 mmol, 1.8 equiv), and I (0.6 mmol, 2 equiv). *The yield
was determined from the 'H NMR spectrum of the crude product, using 1,1,2,2-
tetrachloroethane as an internal standard. “Isolated yield. “Chloroanisole 18 (3.0 mmol,
1.0 equiv) was used. ‘LiTMP and ZnCl,-TMEDA reacted at —40 °C for 30 min prior to
the addition of chloroanisole 18, resulting in 47% recovery of 18./Not observed.

R DFERIZEESN T, HEALHEY TMEDA 85184 N2 in situ b7 2 A A X
JABIZEB T B KONRE DR B2 KRG L7z (Table2-3-2), Zunr7=Y—1 18 &
AR TMEDA $5{K% &1 THF HRICKk LT, RITR L7ZIRE T LITMP %
ERSETZ, §iWT, TORETIVHREZMZ, FICEE TS HIIRISS T,
40 °CTRIGSHTGE, BHID 3 7k 49 DSHBEE 96% TH 5Lz (entry
Do WIZ, BOSREZ-78°C & L7c& 25, 49 OPFRITIFIEFFETH -7 (entry
2), IHIZ, KIGHEZ 0°CIZHE L TH, 49 2ULEE 90% THF H 417 (entry 3),
L EDOFERD G, HEALHigh TMEDA 85K % N in situ N7 2 A A Z AKIZE
W, RIGREZ 0 CIZ LIFTH 7 74 L ORELZIGITE, KERT ==L
HEN AR Z SR CTRAESNT-Z ENR Do T,
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Table 2-3-2. Effect of reaction temperature on the in situ transmetalation of

chlorophenyllithium*
OMe ZnCl, TMEDA OMe
H LiTMP lp . |
- . o ;gg - temp, 30 min - o
entry temp (°C) 49 (%) recovery of 18 (%)’
| _40 98 (96°) 1
2 —78 96 2
3 0 90 <2

“Reaction conditions: chloroanisole 18 (0.30 mmol, 1.0 equiv), ZnCl,-TMEDA (0.30
mmol, 1.0 equiv), LiTMP (0.53 mmol, 1.8 equiv), and I> (0.6 mmol, 2 equiv). *The yield
was determined from the 'H NMR spectrum of the crude product, using 1,1,2,2-
tetrachloroethane as an internal standard. “Isolated yield.

WA, ML ST AL HiER TMEDA $5(K % H\\ % insitu b7 2 A A Z AEDS,
sauaXrBr (52) I[CHEAREENE D D ERET L7z (Table2-3-3), 7 m Xy
B (82) Dinsitu b7 A RXZNAKIE, 1988 T Eaton 52 & - THE S
TWAD D, wEOEWELKEE (HeClh) 2L, S HITIED 31% &KW
W, WENEINTWD 00, £, RSN RMETRISEITST2E A,
HE9D 3 7kt 53 13T 0INER 3% T Lo 5T, 52 A EICEIL S 7= (entry
. BOSHFREIS 6 FEICIER L C b, 53 DINENLES N -7 (entry 2),
ZOFRIE, ZueaxrEy (52) O e MR e T =Y —119 LV
LENSTLEEBEZOND, ZORRE, sl e AL XY b, LITMP &
AV ESh TMEDA S5O UG ECHNCHEIT L, RO WEE T I R34
R L7c&EBE LT, 22T, LITMP & ORIKSEIEIT 572012, LohsE
W T R BN A b DA LIS B IR A T L TR & e T 7o, HEL R £
TEEDA K% T 0°C TG LI=EZ A, BHO I 7{L¥ 53 DILEN 12%
iz B L7z (entry3), & 512, TEEDA IZX VD S E W TMPDA IZiE &z 7= &
Z A, 53 DICRITIZIEFRLZETH 72 (entryd), F7=, PMUNREE-40°C & L7-
EZ A, 53 DULEN 23%IZ1M L L7z (entry5), OG22 BERICIER L= &
Z A, 53 mHBENE 48% CTHAK L7z (entry 6),
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Table 2-3-3. Deprotonative functionalization of chlorobenzene through in situ

transmetalation”
@EH ZnCly diarmine ‘ ) ‘ @E'
- Cl temt“t:ime - Cl
entry ZnCl,-diamine temp (°C) time (h) 53 (%)°
1 ZnCl,- TMEDA —40 0.5 3
2 ZnCl,- TMEDA —40 6 6
3 ZnCl-TEEDA 0 0.5 12
4 ZnCl,- TMPDA 0 0.5 14
5 ZnCl,-TMPDA —40 0.5 23
6 ZnCl,-TMPDA —40 2 48¢

“Reaction conditions: chlorobenzene (52) (0.30 mmol, 1.0 equiv), ZnCl,-diamine (0.30
mmol, 1.0 equiv), LiTMP (0.53 mmol, 1.8 equiv), and I, (0.6 mmol, 2 equiv). *The yield
was determined from the 'H NMR spectrum of the crude product, using 1,1,2,2-

tetrachloroethane as an internal standard. “Isolated yield.

SCRRFRAS 200 44135 K OVSRE RAZEE S W T, RUBRRIEC Y T X VB - D& E
LT D XK 91254 L7z (Scheme 2-3-2), 7 mr7T = —/ 18 |Z LiTMP % {E
A&, e boiablickoT2- 707 2=/LYF A 54 DERKRLTWVS,
D7 2= F UL, HOUDINZHEALHES TMEDA 51K &3
IR T ARXAZLL, 7= VHlER 55 ~E BRI TS, T7hbb, B
FHNC L VRERT T4 2 56 DIAENIE SN, —F, EER/naX €
v (52) Th DA, TMEDA IZX VU S EW TMPDA Bl 2 FH3 5 &, H
DI T 533 DIV EWIENGLN TS, T772bb, HEbiigh TMPDA
PERDONRFEFIZ LV, LITMP & QRIS Th HHERT I R 57 DA I S
I, 52 07 a I ALBEBIIZHEITL, 2-7ra 7 2= ) F UL (58) Bk
L TYx=/Vlligh 59 234 L TV %, LITMP & NARREE N L D /& < ol
FEEOFHNLDA ICEESH 2T 2 A, 53 DURIT3%ICKEIELTFLEZ, 20
FERND, LDA BT v AL XLV HHih T I ROBKREELT L EZ LN
Do
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FG

X,

FG = OMe (1 8) FG FG
1 FG =H (52) Li
N y ol ] A > |
| J deprotolithiation cl aryne formation
Li
(LITMP) R = OMe (54) 56
R =H (58)
[ /A
TN, NT TN NT
770N 770N
/ \ / \
Ccl I FG Cl ¢l
zinc amide in situ transmetalation
formation @i"'
7[ N ]v __________ C! ZnCI(dlamlne) I @i
I
ZnCl(diamine) cl
57 FG = OMe (55) 49 96%
FG =H (59) 53 48%

The yield of 53 decreased to 3%, with recovery of 52 when
LDA was used instead of LiTMP.

Scheme 2-3-2. Rationale for the effects of diamine ligands on the in situ
transmetalation of chlorophenyllithium

X5, REERICEID, KSICIE2 ¥YED LITMP BRYLETH D LR LT
(Scheme 2-3-3), 1 ¥ &E®D LITMP Z /=& Z A, 49 DUEN 72%IZIK T L,
18 23R 22% Tl S iz, ZORKIE, Ak L7 = =)viligh 55 O—E0
LiTMP & SIS L, HERT 2 R 60 2k L T\ 5 B2 bl

[\

~N_ /N/
/ zn AN
\

c’ ‘al
OMe LiTMP OMe OMe 9 OMe

H (09 equiv) ZnCl(tmeda) | LITMP Zn(tmp)(tmeda) I
THF 72%
cl cl cl

Cl  -40°C
18 55 60 49

22% recovery
Scheme 2-3-3. Rationale for the formation of aryl(TMP)zinc species
244 IEIERNuRCBUBEEOF I MOBREORBEREEL
B L7z in siu N7 2 AAZNALOERMEZA ST T HI2DI,
P Uik LUOSKRE Al et 2 iEf L7z (Table2-4-1), £9°, I UHRIK

23



WNZ &> Tinsitu s 7 0 ARAZNAGIZEH T 5 EE ZJi~72 (Table2-4-1a),
nRE 61 L LS TMEDA $5(K D THF ¥#RIC LiTMP % {Ef S, insitu
T U ARXZNALZRETT = = VN 62 N/ERR L TWb, D%, I UHEE
ZCEDBICIGE SR, ATV, 7 LTI NEEZET LA X &y
Ry 6la—e D0 HIE, ®IGT D T UL 63a—c DIUNER 66%—T78% THL[E 5t
RcEonz, o ey 61d-l bV nmxXrE2 6lm & 61n (2O
THEERIS, T D h U Aa_oP e 63dd°7 b7 82X F 2 63m & 63n
DI 75%-98% T E RN LN, —FH, YI— KB 6lo
AT, IR 38%T 1,3,5- Y I— KB (630) MFbNT, ZD2=
— 7 IpLEEIUEE, I VR OEFICREWVAAEEICER TS EE5 20
o2, &bz, 7t axrty (61p) @ insitu b7 2 ARX XL ERBRIL
oo 7By (82) WS, HALEish TMPDA $5(K4 H 5 &I
N ESEEERENMEON TS, £2C, ZOFMEFIHLT 2-7 04 v 3
— KRB (63p) % 76% DR TH-, —J7, HALHEH TMEDA $&5(K%
% EMEEMN 45%ITIE T Lz, HEWT, KEFHIO—BEE M L7 (Table 2-4-
b), Z7rua7=Y—L 18 ZEEL LT, insitu NT LU AAZNMERT, 7=
=NVHESRRSHIZ R Lo b, BARRRRERELH, 3 vk I, 7
2= NVTF AT Z A I B LITHBICROCHEIT L, 63q & 63r A E LR
91% & 55% TR G, HLXU Y ANV EDIRED v 7 v I RIEHE T~ T &
Z A, Pdy(dba);-CHCl3 $5{AK & (4—CF3CeHa)sP /12, 60°C TG S, 63s &Y
FT77% THR LTz, Pdy(dba)s CHCL 81K & (4-FCsHa)sP Z N T/NT7 I — RT7 =
V=)V ERG LT8G, XSG T 5 63t SNER 73% TR Lz, —F, SRREEN
FWANL NI — RT7 =Y — L ERIGT D EXFNT D 63u OIED 62%IZIK T L
776
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Table 2-4-1. Scope of the in situ transmetalation and electrophilic functionalization

ZnCl, TMEDA
FG— —>FG —
THF
a) Reaction of haloarylzinc species with iodine?
NEt
CO,Et CN © 2 Cl
| | | i j|
cl cl cl cl
63a 63b 63c 63d
(-40°C,1h) (0°C,1h) (-40°C, 1 h) (0°C,1h)
66% 76% 78% 86%
Br | | |
cl cl Br I
63e 63f 63g 63h
(-40°C, 1h) (-40°C, 1 h) (-40°C,1h) (-40°C, 1h)
86% 82% 75% 90%
|
@Br CI\©[I Br\©EI |\@|
| cl Br cl
63i 63j 63k 63l
(-40°C, 1 h) (0°C,1h) (-40°C, 1 h) (0°C,1h)
80% 95% 98%® 93%°
cl Br |
cl cl Br Br | | F
63m 63n 630 63p
(-40°C, 1 h) (40 °C, 1 h) (-40°C, 1 h) (-40°C, 2 h)
90%9 78% 38% 45% (76%°)

b) Reaction of haloarylzinc species with various electrophiles®

M
OMe OMe OMe O OMe O OMe Ome O
Ph
T ox cre Q) J
cl Cl cl cl o OMe
63q

63r 63s 63t 63u
91% 55%! 77% 73% 62%
CuCN-2LiClI Cu(OAc),'H,0 Pd,(dba)s-CHCIj Pdy(dba)s-CHCl,4 Pd,(dba),-CHCl,
allyl iodide, rt Phth—SPh, rt (4-CF3CgH,)5P (4-FCgH4)sP (4-FCgH4)sP

benzoyl chloride, 60 °C  p-iodoanisole, 60 °C o-iodoanisole, 60 °C

“Reaction conditions: halobenzene 61 (0.30 mmol, 1.0 equiv), ZnCl,-TMEDA (0.30
mmol, 1.0 equiv), LiTMP (0.53 mmol, 1.8 equiv), THF, —40 °C or 0 °C, 1 h, then I, (0.6
mmol, 2 equiv). °ZnCl>-TMEDA (1.2 equiv) was used. <ZnCl,-TMPDA (0.30 mmol, 1.0
equiv) was used instead of ZnCl,* TMEDA. “LiTMP (1.1 equiv) was used. ‘Reaction
conditions: chloroanisole 18 (0.30 mmol, 1.0 equiv), ZnCl,-TMEDA (0.30 mmol, 1.0
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equiv), LITMP (0.53 mmol, 1.8 equiv), THF, —40 °C, 1 h, then electrophile (0.45 mmol,
1.5 equiv). /Electrophile (1.05 equiv) was used.

25 HNANRT AT A DEBEBEESR

TN A 2 A (64) 13, 1980 FEIHHF 512 K o TEE Streptoverticillium
ehimense 7> 5 B, FEGRE I, TN — LB EATAHARIOTAEDE L
LCHiE SNy, #E OB E LT, Iy ~A 20 ATEEICIERFRZ
AN = NWHEEEZG L TND, T72bb, B —ILEED 2 DO E
VED OB, FHIXEREN YT, b —HiT4o0EBRETEDLN, &
BN P UAEEZ TR LT WD, FD8, ERIECTIIARIC LB 4 3
ELTHD, RN LERFENRDLNLTND,

AKIFFETIX, insitu 8T AAXA XL ZEEE LT, MEEEZHFIT5 MU X b
FyrzuuXrBr 65 ZHEME L L THARY <A A OREWESGKE
B L72 (Scheme 2-5-1), F£7, insitu b7 A XX ALE W= 65 DA
C-H7 V= bx1To 7o, REDH H CThefb Lo BOSREIZHEYY, 65 L3
{EHEgh TMEDA $&{K % & &0 THF ¥HRIC % L C, —40°C TLiTMP 21 %, in situ
NZ AR R T T = =)Villigh 66 ZAEK LT, D%, 2-3— K7 =1
VEOWRED TV RIS EY, srueikE L 02-TI BT =067 B
IR 65% CTHARK LTz, WIZ, 6712k LT 6 H4&ED n-BuLi Z/EAH S8, 7w b
NI E S THER L7 ==L U F T AL, EHRNNCT T4 68 I[ZEH XN,
5y TR DB F/ R B S A R TN — LB REEE LY, IR — L
DT = A 69 INERL LTm, D%, CuCN-2LICI# & I — R A X U 2 {EH &4,
AFNIINSNT =)L 70 ZUR 83% THhHTe, WY~ AT A BRI HE
T B7=0IiE, 70 D=ZOD A R ED I L, —OEBRIGITH A F AT
HMEND D, S F S ERAEIRIRIIE A FALD SRS Z /G LT fE SR, 70
IZR L T E AR O RYEEH S, BRIOE FaXx o "y —u 71 2
65% CE LTz, THIZRI LT HRY 7t m A X v AUk UKk & B S,
KIST D M) 77— 872 Z R 8% THT-, TD%, NI AFLTILI=U LA
DA L LT DABAL-Me; # HHWARED v 7 U VRS 2@ E T, AN
AT A (64) BUERIS% T 1.5 77 LAAKRTE T, T7bb, KiFFEICEK
WTHNANRTA T A DEERHIE, AFLLTWRI A M 7o oEy
6575 5 THE, VI LA —)b, #INER33% TEML TV D,
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OMe  7hCl, TMEDA OMe 2-iodoaniline, LiCl OMe
Meo:@iH LiTMP MeO]@iZnCI(tmeda) Pd(PPhg), (10 mol%)  MeO
—_— -
o ‘ NH
MeO o _if. Lmeo cl J 60°C MeO ol e
65 66 65% 67
n-BulLi (6 equiv)
THF
~78 °C to —40 °C
MeQO

MeO

3

OMe cucN2Licl | meo_  OMe OMe
O then Mel MeO
MeO O
—40°Ctort .
N N NHLi
Me H Li Li MeO™ >
83%

70 69 68
BCls, CH,Cl,
—78°C100°C
65%

DABAL-Me
meo M Tf,0 meo_ PV Pd,(dba);-CHCs (2 mol%s)  MeO OMe
EtsN CyJohnPhos (4 mol%)
HO —> TO > Me
N CH.Cl, N 1,4-dioxane N
Me H 0°C Me H 80 °C Me H
n 98% 72 95% Carbazomycin A (64)

(1.59)

Scheme 2-5-1. Total synthesis of carbazomycin A
2-6 MEE

AREETIE, WAL YT 2 U8R E W in situ T 0 A X Z AW T
DF 2- a7 ==V U F U AEHIET D FEERRE Lz, /e ORI
XoT, EHOLVnNreaX P orrgieIEIEhmX B U FER
CEHTHY, BAWVEREDEALFREIZR T, 61T, ZOFELH,
NN A2 A DEBMESRICHI LTe, ®FRMEOEW Y ma X8 U3
IR HEWE L LT, insitu FT7 2 ARXZNALEGEE LIZU Ry MMEED v
TV LY, 7unalzfEoTr I /7 oo EEK LT, EDKk, B
IR — )VEREORERB LA RV EOEHAERT, IARNRY <AL A%
5THE, 7T AR —)b, BINE 3% TEAEKR LT, £77, IARY <A A
DA T A RRFB L OIS 2V ANB I AN v A2 B
D ~OFFEIL, H = TS T 5,
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2-7 Experimental section

1. General

Analytical thin layer chromatography (TLC) was performed on Wako 70 F2s4 glass sheets
precoated with a 0.25 mm thickness of silica gel. Melting points (mp) were measured on
a Yanaco MP-J3 and are uncorrected. Infrared (IR) spectra were recorded on a Bruker
Alpha with an ATR attachment (Ge) and are reported in wave numbers (cm™'). '"H NMR
(400 MHz) and *C{'H} NMR (100 MHz) spectra were measured on JEOL ECZ400
spectrometer. Chemical shifts for 'TH NMR are reported in parts per million (ppm)
downfield from tetramethylsilane with the solvent resonance as the internal standard
(CHCI3: 6 7.26 ppm), and coupling constants are given in hertz (Hz). The following
abbreviations are used for spin multiplicity: s = singlet, d = doublet, t = triplet, q = quartet,
sept = septet, m = multiplet, br = broad, dd = doublet of doublets, dq = doublet of quartets,
ddd = doublet of doublet of doublets, and ddt = doublet of doublet of triplets. Chemical
shifts for *C{'H} NMR are reported in ppm from tetramethylsilane with the solvent
resonance as the internal standard (CDCls: 6 77.16 ppm, CD3CN: ¢ 118.26 ppm). High-
resolution mass spectroscopy (HRMS) was performed on a JEOL JMS T100LP AccuTOF
LC-Plus [electrospray ionization (ESI)] with a JEOL MS-5414DART attachment, and
[electron ionization (EI)] with a JEOL JMS-700 MStation.

2. Materials

Unless otherwise stated, all reactions were conducted in a flame-dried glassware under
an inert atmosphere of argon. All work-up and purification procedures were carried out
with reagent-grade solvents in air. Unless otherwise noted, materials were obtained from
commercial suppliers and wused without further purification. Flash column
chromatography was performed on Wakogel® 60N (63-212 um, Wako Pure Chemical
Industries, Ltd.) or High-efficiency irregular silica (2540 um, Santai Science Inc.).
Anhydrous THF (>99.5%, water content: <30 ppm) was purchased from Kanto Chemical
Co. and further dried by passing through a solvent purification system (Glass Contour)
prior to use. n-BuLi (1.6 M in n-hexane) and TMPH were purchased from Kanto
Chemical Co. and used as received. Freshly prepared ZnX,-diamine complex
(ZnCl,> TMEDA,  ZnBry TMEDA,  Znl, TMEDA,  ZnCl, TMPDA,  and
ZnCly'TEEDA),** Pd(PPhs)s,”' and Pd»(dba);*CHCI3°> were used in the following

experiments.

3. Preparation of THF solutions of LITMP, LiCl, and CuCN-2LiCl
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3.1 Preparation of a THF solution of LiTMP>’

To a solution of TMPH (0.60 mL, 3.5 mmol) in THF (2.4 mL) was added n-BuLi (2.30
mL, 1.52 M in n-hexane, 3.5 mmol) dropwise at =78 °C. The resulting solution was stirred
at 0 °C for 30 min to provide a THF solution of LiTMP (0.66 M).

3.2 Preparation of a THF solution of LiCl**

Commercially available LiCI (1.27 g, 30 mmol) was heated with a heat gun under vacuum
for 15 min in a Schlenk tube. After cooling to room temperature, THF (60 mL) was added
to the Schlenk tube and the mixture was stirred at room temperature for 3 h to provide a
THF solution of LiCI (0.50 M).

3.3 Preparation of a THF solution of CuCN-2LiCI*

Commercially available LiCI (1.71 g, 40 mmol) was heated with a heat gun under vacuum
for 15 min in a Schlenk tube. After cooling to room temperature, anhydrous CuCN (1.79
g, 20 mmol) and THF (20 mL) was added to the Schlenk tube. The mixture was stirred at
room temperature for 3 h to provide a THF solution of CuCN-2LiClI (1.0 M).

4. Deprotonative functionalization of chloroarene (Scheme 2-3-1)

OMe OMe OMe OMe
@[H LiTMP I @[I @H @l
oo O O
cl —40 °-(I;H3FO min ~407C. 30 min cl N7b N#
18 ’ 49 50 51
<5% 58% 21%

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 3-chloroanisole (18) (42.8 mg, 0.300
mmol, 1.0 equiv) and THF (2.0 mL). The resulting solution was cooled to —40 °C. LiTMP
(0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv) was added to the Schlenk tube. After stirring at
—40 °C for 30 min, the reaction mixture was treated with iodine (166.4 mg, 0.656 mmol,
2.2 equiv). After stirring at —40 °C for 30 min, the reaction mixture was treated with
saturated aqueous sodium thiosulfate (3 mL) and saturated aqueous ammonium chloride
(1 mL). After being partitioned, the aqueous layer was extracted with diethyl ether (2 mL)
three times. The combined organic extracts were washed with brine (2 mL), dried over
sodium sulfate, and filtered. The filtrate was concentrated under reduced pressure to give
a crude product. The yields of 1-chloro-2-iodo-3-methoxybenzene (49), 1-(3-
methoxyphenyl)-2,2,6,6-tetramethylpiperidine (50), and 1-(2-iodo-3-methoxyphenyl)-
2,2,6,6-tetramethyl-piperidine (51)** were determined by 'H NMR analysis using 1,1,2,2-

tetrachloroethane as an internal standard by comparing relative values of integration for
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the peaks observed at 3.91 ppm (3 protons for 49), 1.02 ppm (12 protons for 50), and 0.91
ppm (6 protons for 51) with that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm.

50
1-(3-Methoxyphenyl)-2,2,6,6-tetramethylpiperidine (50)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 3-chloroanisole (18) (42.0 mg, 0.295
mmol, 1.0 equiv) and THF (2.0 mL). The resulting solution was cooled to —40 °C. LiTMP
(0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv) was added to the Schlenk tube. After stirring at
—40 °C for 1 h, the reaction mixture was treated with saturated aqueous sodium thiosulfate
(3 mL) and saturated aqueous ammonium chloride (1 mL). After being partitioned, the
aqueous layer was extracted with diethyl ether (2 mL) three times. The combined organic
extracts were washed with brine (2 mL), dried over sodium sulfate, and filtered. The
filtrate was concentrated under reduced pressure to give a crude product, which was
purified by silica gel column chromatography (hexane/diethyl ether = 20:1) to provide 1-
(3-methoxyphenyl)-2,2,6,6-tetramethylpiperidine (50) as a pale yellow oil (46.5 mg,
0.188 mmol, 64%), whose 'H and *C{'H} NMR spectroscopic data were identical to
those reported in the literature.’> Ry=0.38 (hexane/diethyl ether =20:1); IR (ATR, cm™!):
2970, 2930, 1592, 1580, 1482, 1285, 1245, 1154, 1133, 1045, 766, 710; 'H NMR (400
MHz, CDCl3): 6 7.18-7.13 (m, 1H), 6.84-6.80 (m, 1H), 6.79-6.75 (m, 2H), 3.79 (s, 3H),
1.75-1.69 (m, 2H), 1.57-1.54 (m, 4H), 1.03 (s, 12H); 3C{'H} NMR (100 MHz, CDCl5):
0 159.1, 148.3, 127.9, 126.7, 120.3, 110.8, 55.3, 54.2, 42.5, 29.9 (br), 18.5; HRMS
(DARTY) m/z: caled. for Ci6H26NO, 248.2014 [M+H]"; found 248.2010.

S Effect of reaction temperature on the in situ transmetalation of
chlorophenyllithium (Table 2-3-1)

OMe ZnX,-diamine

OMe OMe
©:H LiTMP I, @[I @[H
o L0
o THF 40 °C, 30 min o N7Q7
49 50

—40 °C, 30 min
18

5.1 General procedure for the synthesis of 1-chloro-2-iodo-3-methoxybenzene (49)
(Table 2-3-1, entry 1)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 3-chloroanisole (18) (43.0 mg, 0.302
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mmol, 1.0 equiv), ZnCl>-TMEDA (76.3 mg, 0.302 mmol, 1.0 equiv), and THF (2.0 mL).
The resulting solution was cooled to —40 °C. LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8
equiv) was added to the Schlenk tube. After stirring at —40 °C for 30 min, the reaction
mixture was treated with iodine (156.7 mg, 0.617 mmol, 2.0 equiv). After stirring at
—40 °C for 30 min, the reaction mixture was treated with saturated aqueous sodium
thiosulfate (3 mL) and saturated aqueous ammonium chloride (1 mL). After being
partitioned, the aqueous layer was extracted with diethyl ether (2 mL) three times. The
combined organic extracts were washed with brine (2 mL), dried over sodium sulfate, and
filtered. The filtrate was concentrated under reduced pressure to give a crude product,
which was purified by silica gel column chromatography (hexane) to provide 1-chloro-2-
iodo-3-methoxybenzene (49) as a pale yellow solid (77.6 mg, 0.289 mmol, 96%), whose
'"H and "“C{'H} NMR spectroscopic data were identical to those reported in the
literature.’® Ry= 0.28 (hexane); Mp 50-51 °C; IR (ATR, cm™!): 1572, 1458, 1428, 1285,
1262, 1046, 1017, 850, 767, 697; "H NMR (400 MHz, CDCls): 6 7.24 (dd, 1H, J = 8.4,
8.0 Hz), 7.10 (dd, 1H, J = 8.0, 1.2 Hz), 6.69 (dd, 1H, J = 8.4, 1.2 Hz), 3.90 (s, 3H);
BC{'H} NMR (100 MHz, CDCls): 6 160.1, 140.0, 129.9, 122.0, 108.6, 91.4, 56.9; HRMS
(DART") m/z: caled. for CyH7°CIO, 268.9230 [M+H]*; found 268.9224.

Scale-up synthesis of 1-chloro-2-iodo-3-methoxybenzene (49) (Table 2-3-1, entry 1)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 3-chloroanisole (18) (427.0 mg, 2.99
mmol, 1.0 equiv), ZnCl,- TMEDA (758.7 mg, 3.00 mmol, 1.0 equiv), and THF (20.0 mL).
The resulting solution was cooled to —40 °C. LiTMP (0.66 M, 8.1 mL, 5.3 mmol, 1.8
equiv) was added to the Schlenk tube. After stirring at —40 °C for 30 min, the reaction
mixture was treated with iodine (1.525 g, 6.01 mmol, 2.0 equiv). After stirring at —40 °C
for 30 min, the reaction mixture was treated with saturated aqueous sodium thiosulfate
(30 mL) and saturated aqueous ammonium chloride (20 mL). After being partitioned, the
aqueous layer was extracted with diethyl ether (20 mL) three times. The combined
organic extracts were washed with brine (30 mL), dried over sodium sulfate, and filtered.
The filtrate was concentrated under reduced pressure to give a crude product, which was
purified by silica gel column chromatography (hexane) to provide 1-chloro-2-iodo-3-

methoxybenzene (49) as a pale yellow solid (734.6 mg, 2.74 mmol, 92%).
Other experiments (Table 2-3-1, entries 2—-6) were performed using the corresponding

zinc halide diamine complex according to the general procedure. The yields of 1-chloro-

2-iodo-3-methoxybenzene (49) and 1-(3-methoxyphenyl)-2,2,6,6-tetramethylpiperidine

31



(50) were determined by '"H NMR analysis using 1,1,2,2-tetrachloroethane as an internal
standard by comparing relative values of integration for the peaks observed at 3.90 ppm
(3 protons for 49) and 3.79 ppm (3 protons for 50) with that of 1,1,2,2-tetrachloroethane
observed at 5.96 ppm.

5.2 Control experiment with zinc amides generated from LiTMP and
ZnCl*TMEDA (Table 2-3-1, entry 7)

N A 4 uve
N _l THF
cr —40 °C, 30 min
(TMP)>Zn or
(TMP)ZnCl
OMe OMe OMe
@ RN
» > +
THF —40 °C, 30 min %
cl —40 °C, 30 min cl N
18 49 50
47% recovery 1% not observed

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with ZnCl,- TMEDA (76.3 mg, 0.302 mmol,
1.0 equiv) and THF (2.0 mL). The resulting solution was cooled to —40 °C. LiTMP (0.66
M, 0.80 mL, 0.53 mmol, 1.8 equiv) was added to the Schlenk tube. After stirring at —40 °C
for 30 min, the reaction mixture was treated with 3-chloroanisole (18) (43.1 mg, 0.302
mmol, 1.0 equiv). After stirring at —40 °C for 30 min, the reaction mixture was treated
with iodine (177.7 mg, 0.700 mmol, 2.3 equiv). After stirring at —40 °C for 30 min, the
reaction mixture was treated with saturated aqueous sodium thiosulfate (3 mL) and
saturated aqueous ammonium chloride (1 mL). After being partitioned, the aqueous layer
was extracted with diethyl ether (2 mL) three times. The combined organic extracts were
washed with brine (2 mL), dried over sodium sulfate, and filtered. The filtrate was
concentrated under reduced pressure to give a crude product. The yields of 1-chloro-2-
iodo-3-methoxybenzene (49) and 3-chloroanisole (18) were determined to be 11% and
47% by '"H NMR analysis using 1,1,2,2-tetrachloroethane (20.3 mg, 0.121 mmol) as an
internal standard by comparing relative values of integration for the peak observed at 3.90
ppm (3 protons for 49) and 3.80 ppm (3 protons for 18) with that of 1,1,2,2-

tetrachloroethane observed at 5.96 ppm.

5.3 Effect of reaction temperature on the in situ transmetalation of
chlorophenyllithium (Table 2-3-2)
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OMe ZnCl, TMEDA OMe

H LITMP P |
THF temp, 30 min
cl temp, 30 min cl

18 49

The experiments (Table 2-3-2, entries 1-3) were performed using ZnCl,>*TMEDA
according to the general procedure at corresponding reaction temperature. The yields of
1-chloro-2-iodo-3-methoxybenzene (49) and 3-chloroanisole (18) were determined by 'H
NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard by comparing
relative values of integration for the peaks observed at 3.90 ppm (3 protons for 49) and
3.80 ppm (3 protons for 18) with that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm.

6. Deprotonative functionalization of chlorobenzene through in situ transmetalation
(Table 2-3-2)

ZnCl, TMPDA
@H then LITMP I, @I
THF —40°C,1h
cl —40°C,2h ca
52 48% 53

1-Chloro-2-iodobenzene (53) (Table 2-3-2, entry 6)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with chlorobenzene (52) (113.0 mg, 1.00
mmol, 1.0 equiv), ZnCl,-TMPDA (267.1 mg, 1.00 mmol, 1.0 equiv), and THF (6.4 mL).
The resulting solution was cooled to =40 °C. LiTMP (0.66 M, 2.7 mL, 1.8 mmol, 1.8
equiv) was added to the Schlenk tube. After stirring at —40 °C for 2 h, the reaction mixture
was treated with iodine (508.6 mg, 2.00 mmol, 2.0 equiv). After stirring at —40 °C for 1
h, the reaction mixture was treated with saturated aqueous sodium thiosulfate (10 mL)
and saturated aqueous ammonium chloride (3 mL). After being partitioned, the aqueous
layer was extracted with diethyl ether (4 mL) three times. The combined organic extracts
were washed with brine (5 mL), dried over sodium sulfate, and filtered. The filtrate was
concentrated under reduced pressure to give a crude product, which was purified by silica
gel column chromatography (hexane) to provide 1-chloro-2-iodobenzene (53) as a yellow
oil (114.9 mg, 0.482 mmol, 48%), whose 'H and '3C{'H} NMR spectroscopic data were
identical to those reported in the literature.”” Ry= 0.60 (hexane); IR (ATR, cm™!): 2924,
1448, 1428, 1013, 747; 'H NMR (400 MHz, CDCls): 6 7.86 (dd, 1H, J = 8.0, 1.6 Hz),
7.45 (dd, 1H, J=8.0, 1.6 Hz), 7.29 (ddd, 1H, J= 8.0, 8.0, 1.6 Hz), 6.96 (ddd, 1H, J= 8.0,
8.0, 1.6 Hz); 3C{'H} NMR (100 MHz, CDCls): § 140.4, 138.6, 129.6, 128.0, 98.3 (one
signal is missing due to overlap); HRMS (EI") m/z: caled. for CsH4*>ClI, 237.9046 [M]*;
found 237.9042.
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Other experiments (Table 2-3-3, entries 1-5) were performed using the corresponding
zinc halide diamine complex and reaction time according to the reaction conditions shown
in Table 2-3-3. The yield of 1-chloro-2-iodobenzene (53) was determined by 'H NMR
analysis using 1,1,2,2-tetrachloroethane as an internal standard by comparing relative
values of integration for the peak observed at 7.45 ppm (1 proton for 53) with that of
1,1,2,2-tetrachloroethane observed at 5.96 ppm.

7. Scope of the in situ transmetalation and electrophilic functionalization (Table 2-
4-1)

ZnCl, TMEDA

_ H L5 TMP _ ZnCl(tmeda) | g+ p E
FGL | —————>[FGL | — FG_ |
X X THF X X X X
61 62 63

7.1 Reaction of haloarylzinc species with iodine (Table 2-4-1a)

General procedure

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with haloarene 61 (0.30 mmol, 1.0 equiv),
ZnCl,-diamine (0.30 mmol, 1.0 equiv), and THF (2.0 mL). The resulting solution was
cooled to the reaction temperature (—40 °C or 0 °C). LiTMP (0.66 M, 0.80 mL, 0.53 mmol,
1.8 equiv) was added to the Schlenk tube. After stirring at the reaction temperature for 1
h, the reaction mixture was treated with iodine (0.6 mmol, 2 equiv). After stirring at the
reaction temperature for 1 h, the reaction mixture was treated with saturated aqueous
sodium thiosulfate (3 mL) and saturated aqueous ammonium chloride (1 mL). After being
partitioned, the aqueous layer was extracted with diethyl ether (2 mL) three times. The
combined organic extracts were washed with brine (2 mL), dried over sodium sulfate, and
filtered. The filtrate was concentrated under reduced pressure to give a crude product,
which was purified by silica gel column chromatography to provide the corresponding

1odinated haloarene 63.

CO,Et
|

Cl
63a

Ethyl 3-chloro-2-iodobenzoate (63a)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 10:1) to provide the title compound 63a as a pale yellow oil (61.8 mg, 0.199 mmol,
66%) from ethyl 3-chlorobenzoate (6la) (55.5 mg, 0.302 mmol, 1.0 equiv),
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ZnCl,- TMEDA (76.3 mg, 0.302 mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol,
1.8 equiv), and iodine (155.5 mg, 0.613 mmol, 2.0 equiv) according to the general
procedure at —40 °C. The 'H and '3C {'H} NMR spectroscopic data were identical to those
reported in the literature.’® Ry= 0.40 (hexane/diethyl ether = 5:1); IR (ATR, cm™): 1730,
1400, 1284, 1249, 1194, 1150, 1020, 759, 732; '"H NMR (400 MHz, CDCl3): § 7.56 (dd,
IH, J = 8.0, 1.6 Hz), 7.4 (dd, 1H, J = 7.6, 1.6 Hz), 7.33 (dd, 1H, J = 8.0, 7.6 Hz), 4.41
(q, 2H, J = 7.2 Hz), 1.42 (t, 3H, J = 7.2 Hz); 3C{'H} NMR (100 MHz, CDCl3): 6 167.4,
140.80, 140.77, 131.3, 129.2, 127.5, 98.1, 62.3, 14.3; HRMS (DART") m/z: calcd. for
CoHo**CIIO2, 310.9336 [M+H]"; found 310.9341.

CN
|

Cl
63b

3-Chloro-2-iodo-benzonitrile (63b)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 5:1) to provide the title compound 63b as a colorless solid (60.8 mg, 0.231 mmol, 76%)
from 3-chlorobenzonitrile (61b) (41.8 mg, 0.304 mmol, 1.0 equiv), ZnCl,-TMEDA (76.2
mg, 0.302 mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), and iodine
(178.2 mg, 0.702 mmol, 2.3 equiv) according to the general procedure at 0 °C. Ry= 0.30
(hexane/diethyl ether = 5:1); Mp 119-120 °C; IR (ATR, cm™!): 2227, 1439, 1399, 1263,
1178, 1147, 1026, 840, 785, 694; "H NMR (400 MHz, CDCls): 6 7.65 (dd, 1H, J = 8.0,
1.6 Hz), 7.50 (dd, 1H, J=8.0, 1.6 Hz), 7.41 (dd, 1H, J= 8.0, 8.0 Hz); 3*C{'H} NMR (100
MHz, CDCl3): ¢ 141.1, 133.1, 132.4, 129.8, 123.4, 119.3, 103.4; HRMS (DART") m/z:
calcd. for C7H4**CIIN, 263.9077 [M+H]"; found 263.9082.

O+ _NEt,
(}
cl
63c

3-Chloro-2-iodo-N, N-diethylbenzamide (63c)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 1:1) to provide the title compound 63c¢ as a colorless solid (79.0 mg, 0.234 mmol, 78%)
from 3-chloro-N,N-diethylbenzamide (61c¢) (63.7 mg, 0.301 mmol, 1.0 equiv),

ZnCl,-TMEDA (77.0 mg, 0.305 mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol,
1.8 equiv), and iodine (171.6 mg, 0.676 mmol, 2.2 equiv) according to the general
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procedure at —40 °C. Ry = 0.17 (hexane/diethyl ether = 1:1); Mp 71-73 °C; IR (ATR,
cm1): 1633, 1427, 1289, 790, 741, 639; 'H NMR (400 MHz, CDCls): 6 7.44 (dd, 1H, J
=8.0, 1.6 Hz), 7.32 (dd, 1H, J=8.0, 7.6 Hz), 7.06 (dd, 1H, J= 7.6, 1.6 Hz), 3.87 (dq, 1H,
J=13.6,7.2 Hz), 3.29 (dq, 1H, J=14.0, 7.2 Hz), 3.21-3.05 (m, 2H), 1.29 (t, 3H, J=7.2
Hz), 1.08 (t, 3H, J = 7.2 Hz); *C{'H} NMR (100 MHz, CDCls): J 169.7, 146.0, 139.9,
129.7, 129.1, 124.7, 97.5, 42.9, 39.1, 14.0, 12.4; HRMS (DART") m/z: calcd. for
C11H14*3CIINO, 337.9809 [M+H]"; found 337.9799.

Cl
|

Cl
63d

1,3-Dichloro-2-iodobenzene (63d)

A crude product was purified by silica gel column chromatography (hexane) to provide
the title compound 63d as a colorless solid (69.9 mg, 0.256 mmol, 86%) from 1,3-
dichlorobenzene (61d) (44.0 mg, 0.299 mmol, 1.0 equiv), ZnCl>-TMEDA (75.7 mg,
0.300 mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), and iodine
(164.5 mg, 0.648 mmol, 2.2 equiv) according to the general procedure at 0 °C. The 'H
and BC{'H} NMR spectroscopic data were identical to those reported in the literature.>’
Ry=0.57 (hexane); Mp 60-61 °C; IR (ATR, cm™!): 1423, 1186, 1027, 772, 758, 686; 'H
NMR (400 MHz, CDCl3): 6 7.34 (d, 2H, J = 8.0 Hz), 7.24-7.20 (m, 1H); BC{'H} NMR
(100 MHz, CDCls): 6 140.8, 129.8, 127.4, 103.9; HRMS (EI*) m/z: calcd. for C¢H3*Cl,
271.8657 [M]"; found 271.8659.

Br
|

Cl
63e

1-Bromo-3-chloro-2-iodobenzene (63e)

A crude product was purified by silica gel column chromatography (hexane) to provide
the title compound 63e as a pale yellow solid (82.6 mg, 0.260 mmol, 86%) from 1-bromo-
3-chlorobenzene (61e) (58.2 mg, 0.304 mmol, 1.0 equiv), ZnCl,-TMEDA (76.7 mg,
0.304 mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), and iodine
(167.3 mg, 0.659 mmol, 2.2 equiv) according to the general procedure at —40 °C. The 'H
and *C{'H} NMR spectroscopic data were identical to those reported in the literature.*
Ry = 0.63 (hexane); Mp 68-70 °C; IR (ATR, cm™'): 1552, 1421, 1391, 1184, 772, 756,
683; 'H NMR (400 MHz, CDCls3): 6 7.52 (dd, 1H, J= 8.0, 1.2 Hz), 7.38 (dd, 1H, J= 8.4,
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1.2 Hz), 7.15 (dd, 1H, J = 8.4, 8.0 Hz); *C{'H} NMR (100 MHz, CDCls): 6 140.5, 131.8,
130.8, 130.2, 127.8, 106.8; HRMS (EI*) m/z: caled. for CoHs*CI7°Brl, 315.8151 [M]*;
found 315.8143.

I
Cl

<9

63f

1,2-Dichloro-3-iodobenzene (63f)

A crude product was purified by silica gel column chromatography (hexane) to provide

the title compound 63f as a colorless solid (66.7 mg, 0.244 mmol, 82%) from 1,2-

dichlorobenzene (61f) (44.0 mg, 0.299 mmol, 1.0 equiv), ZnCl2-TMEDA (76.2 mg, 0.302

mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), and iodine (161.1

mg, 0.635 mmol, 2.1 equiv) according to the general procedure at —40 °C. The 'H NMR

spectroscopic data were identical to those reported in the literature.®! Ry=0.65 (hexane);

Mp 31-32 °C; IR (ATR, cm™): 1553, 1426, 1401, 1153, 770, 748, 717, 692; 'H NMR

(400 MHz, CDCl3): 0 7.77 (dd, 1H, J= 8.0, 1.6 Hz), 7.45 (dd, 1H, J= 8.0, 1.6 Hz), 6.90

(dd, 1H, J= 8.0, 8.0 Hz); *C{'H} NMR (100 MHz, CDCls): § 138.7, 136.9, 132.7, 130.5,

128.7, 99.4; HRMS (EI'") m/z: caled. for CeH33°Clol, 271.8657 [M]*; found 271.8649.

[
Br

@Br

639

1,2-Dibromo-3-iodobenzene (63g)

A crude product was purified by silica gel column chromatography (hexane) to provide

the title compound 63g as a colorless solid (79.7 mg, 0.220 mmol, 75%) from 1,2-

dibromobenzene (61g) (74.6 mg, 0.294 mmol, 1.0 equiv), ZnCl,>TMEDA (76.2 mg,

0.302 mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), and iodine

(155.1 mg, 0.611 mmol, 2.1 equiv) according to the general procedure at —40 °C. The 'H

and *C{'H} NMR spectroscopic data were identical to those reported in the literature.®’

Ry = 0.66 (hexane); Mp 74-76 °C; IR (ATR, cm™): 1546, 1420, 1386, 1200, 767, 708,

682; 'TH NMR (400 MHz, CDCl3): 6 7.82 (dd, 1H, J=8.0, 1.2 Hz), 7.61 (dd, 1H, J = 8.0,

1.2 Hz), 6.85 (dd, 1H, J= 8.0, 8.0 Hz); *C{'H} NMR (100 MHz, CDCl): § 139.4, 133.5,

132.0, 129.7, 124.6, 102.3; HRMS (EI") m/z: calcd. for CeH37°Br2l, 359.7646 [M]*; found

359.7639.
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[
Cl

X

63h

2-Chloro-1,3-diiodobenzene (63h)

A crude product was purified by silica gel column chromatography (hexane) to provide

the title compound 63h as a colorless solid (99.1 mg, 0.272 mmol, 90%) from 1-chloro-

2-iodobenzene (61h) (72.3 mg, 0.303 mmol, 1.0 equiv), ZnCl,-TMEDA (75.9 mg, 0.301

mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), and iodine (153.3

mg, 0.604 mmol, 2.0 equiv) according to the general procedure at —40 °C. Ry = 0.60

(hexane); Mp 62-63 °C; IR (ATR, cm™): 1543, 1420, 1390, 1262, 1202, 1134, 1097,

1060, 1019, 803, 765, 688; 'H NMR (400 MHz, CDCIs): 6 7.85 (d, 2H, J = 8.0 Hz), 6.60

(t, 1H, J=8.0 Hz); BC{'H} NMR (100 MHz, CDCl):  141.9, 140.5, 129.3,97.1; HRMS

(EI") m/z: calcd. for CeH3*Cll, 363.8013 [M]*; found 363.8016.

I
Br

X

63i
2-Bromo-1,3-diiodobenzene (63i)
A crude product was purified by silica gel column chromatography (hexane) to provide
the title compound 63i as a colorless solid (116.9 mg, 0.241 mmol, 80%) from 1-bromo-
2-iodobenzene (61i) (85.5 mg, 0.302 mmol, 1.0 equiv), ZnCl,-TMEDA (76.0 mg, 0.301
mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), and iodine (173.0
mg, 0.682 mmol, 2.3 equiv) according to the general procedure at —40 °C. Ry = 0.58
(hexane); Mp 82-84 °C; IR (ATR, cm™): 1541, 1417, 1383, 1199, 1133, 765, 687, 679;
"H NMR (400 MHz, CDCls): 6 7.85 (d, 2H, J = 8.0 Hz), 6.63 (t, 1H, J= 8.0 Hz); 3C{'H}
NMR (100 MHz, CDCls): 6 140.3, 136.2, 129.9, 100.3; HRMS (EI") m/z: calcd. for
CsH3"°Brl, 407.7508 [M]"; found 407.7510.

CI\EII
cl
63j

1,4-Dichloro-2-iodobenzene (63j)

A crude product was purified by silica gel column chromatography (hexane) to provide
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the title compound 63j as a yellow oil (77.3 mg, 0.283 mmol, 95%) from 1,4-
dichlorobenzene (61j) (43.8 mg, 0.298 mmol, 1.0 equiv), ZnCl,-TMEDA (76.8 mg, 0.304
mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), and iodine (157.0
mg, 0.619 mmol, 2.1 equiv) according to the general procedure at 0 °C. The 'H and
BC{'H} NMR spectroscopic data were identical to those reported in the literature.®> Ry
= (.73 (hexane); IR (ATR, em™!): 1563, 1447, 1361, 1107, 1095, 1018, 871, 811, 778,
654; '"H NMR (400 MHz, CDCls): 6 7.84 (d, 1H, J = 2.4 Hz), 7.36 (d, 1H, J = 8.8 Hz),
7.27 (dd, 1H, J = 8.8, 2.4 Hz); 3C{'H} NMR (100 MHz, CDCls): 6 139.6, 137.2, 132.9,
129.9, 129.7, 98.5; HRMS (EI") m/z: calcd. for CeH3*CLI, 271.8657 [M]"; found
271.8652.

Br [
L,
63k

1,4-Dibromo-2-iodobenzene (63Kk)

A crude product was purified by silica gel column chromatography (hexane) to provide
the title compound 63k as a colorless solid (104.6 mg, 0.291 mmol, 98%) from 1,4-
dibromobenzene (61k) (70.4 mg, 0.298 mmol, 1.0 equiv), ZnCl,>TMEDA (90.9 mg,
0.360 mmol, 1.2 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), and iodine
(162.3 mg, 0.639 mmol, 2.1 equiv) according to the general procedure at —40 °C. The 'H
and *C{'H} NMR spectroscopic data were identical to those reported in the literature.**
Ry=0.72 (hexane); Mp 35-36 °C; IR (ATR, cm™!): 1548, 1437, 1355, 1098, 1080, 1003,
869, 807, 742; 'H NMR (400 MHz, CDCl3): 6 7.99 (d, 1H, J = 2.4 Hz), 7.47 (d, 1H, J =
8.4 Hz),7.33 (dd, 1H, J=8.4,2.4 Hz); *C{'H} NMR (100 MHz, CDCls): 6 142.4, 133.7,
132.7,128.8,121.3, 102.2; HRMS (EI") m/z: calcd. for CéH37°Bral, 359.7646 [M]*; found
359.7645.

| I
L
63l
1-Chloro-2,4-diiodobenzene (631)
A crude product was purified by silica gel column chromatography (hexane) to provide
the title compound 631 as a colorless oil (100.8 mg, 0.277 mmol, 93%) from 1-chloro-4-
iodobenzene (611) (71.2 mg, 0.299 mmol, 1.0 equiv), ZnCl,-TMPDA (80.3 mg, 0.301
mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), and iodine (154.3
mg, 0.608 mmol, 2.0 equiv) according to the general procedure at 0 °C. The 'H NMR

39



spectroscopic data were identical to those reported in the literature.> Ry=0.62 (hexane);
IR (ATR, cm™): 1548, 1440, 1353, 1114, 1009, 871, 808, 745, 648; 'H NMR (400 MHz,
CDCl3): 6 8.18 (d, 1H, J= 2.0 Hz), 7.58 (dd, 1H, J = 8.4, 2.0 Hz), 7.17 (d, 1H, J = 8.4
Hz); *C{'H} NMR (100 MHz, CDCl;): 6 147.8, 138.7, 138.5, 130.8, 99.6, 91.7; HRMS
(EI") m/z: calcd. for CeH3*Cll, 363.8013 [M]*; found 363.8018.

Cl

ed

63m

1,3,5-Trichloro-2-iodobenzene (63m)

A crude product was purified by silica gel column chromatography (hexane) to provide
the title compound 63m as a colorless solid (83.3 mg, 0.272 mmol, 90%) from 1,3,5-
trichlorobenzene (61m) (54.5 mg, 0.303 mmol, 1.0 equiv), ZnCl,>TMEDA (75.7 mg,
0.300 mmol, 1.0 equiv), LiTMP (0.66 M, 0.50 mL, 0.33 mmol, 1.1 equiv), and iodine
(153.7 mg, 0.606 mmol, 2.0 equiv) according to the general procedure at —40 °C. The 'H
and *C{'H} NMR spectroscopic data were identical to those reported in the literature.*
Ry=0.72 (hexane); Mp 48-50 °C; IR (ATR, cm™!): 1552, 1539, 1388, 1365, 1179, 1116,
1098, 865, 852, 821, 800; 'H NMR (400 MHz, CDCl3): 6 7.37 (s, 2H); BC{'H} NMR
(100 MHz, CDCls): 6 141.3, 135.3, 127.4, 101.8; HRMS (EI") m/z: calcd. for C¢H2*Cls,

305.8267 [M]*; found 305.8273.

Br

i |
Br Br

63n

1,3,5-Tribromo-2-iodobenzene (63n)

A crude product was purified by silica gel column chromatography (hexane) to provide
the title compound 63n as a brown solid (103.6 mg, 0.235 mmol, 78%) from 1,3,5-
tribromobenzene (61n) (94.8 mg, 0.301 mmol, 1.0 equiv), ZnCl,>TMEDA (76.2 mg,
0.302 mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), and iodine
(161.7 mg, 0.637 mmol, 2.1 equiv) according to the general procedure at —40 °C. The 'H
and *C{'H} NMR spectroscopic data were identical to those reported in the literature.®’
Ry=0.70 (hexane); Mp 90-92 °C; IR (ATR, cm™!): 1540, 1529, 1396, 1375, 1348, 1112,
858,760, 734,671, 612; '"H NMR (400 MHz, CDCl3): 6 7.71 (s, 2H); *C{'H} NMR (100
MHz, CDCl3): 6 133.7, 132.0, 123.1, 108.2; HRMS (EI") m/z: calcd. for CsH>""Br3l,
437.6751 [M]; found 437.6744.
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1,3,5-Triiodobenzene (630)

A crude product was purified by silica gel column chromatography (hexane) to provide
the title compound 630 as a colorless solid (52.0 mg, 0.114 mmol, 38%) from 1,3-
diiodobenzene (610) (99.6 mg, 0.302 mmol, 1.0 equiv), ZnCl,-TMEDA (75.7 mg, 0.300
mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), and iodine (154.5
mg, 0.609 mmol, 2.0 equiv) according to the general procedure at —40 °C. The 'H and
BC{'H} NMR spectroscopic data were identical to those reported in the literature.®® Ry
= 0.58 (hexane); Mp 173-174 °C; IR (ATR, cm™"): 3078, 3045, 1532, 1395, 1100, 846,
701, 657; '"H NMR (400 MHz, CDCl5): 6 8.00 (s, 3H); *C{'H} NMR (100 MHz, CDCl5):
0 144.6, 95.4; HRMS (EI") m/z: calcd. for CsH3l3, 455.7369 [M]*; found 455.7368.

|
L

63p
1-Fluoro-2-iodobenzene (63p)
A crude product was purified by silica gel column chromatography (hexane) to provide
the title compound 63p as a pale yellow oil (171.0 mg, 0.771 mmol, 76%) from
fluorobenzene (61p) (97.0 mg, 1.01 mmol, 1.0 equiv), ZnCl,-TMPDA (266.9 mg, 1.00
mmol, 1.0 equiv), LiTMP (0.66 M, 2.70 mL, 1.8 mmol, 1.8 equiv), and iodine (510.5 mg,
2.01 mmol, 2.0 equiv) according to the general procedure at —40 °C for 2 h. The 'H and
BC{'H} NMR spectroscopic data were identical to those reported in the literature.®” Ry
= 0.63 (hexane); IR (ATR, cm™!): 1581, 1471, 1442, 1259, 1231, 1040, 1021, 818, 750,
641; '"H NMR (400 MHz, CDCl3): § 7.78-7.73 (m, 1H), 7.35-7.28 (m, 1H), 7.09-7.04
(m, 1H), 6.93-6.88 (m, 1H); *C{'H} NMR (100 MHz, CDCls): 6 161.8 (d, 'Jcr = 244
Hz), 139.6, 130.2 (d, *Jcr = 6.7 Hz), 125.9 (d, *Jcr = 3.9 Hz), 115.9 (d, 2Jcr = 23.0 Hz),
81.4 (d, 2Jcr = 24.9 Hz); HRMS (EI") m/z: calcd. for C¢H4FI, 221.9342 [M]*; found
221.9339.

7.2 Reaction of haloarylzinc species with various electrophiles (Table 2-4-1b)
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1-Chloro-2-(2-propen-1-yl)-3-methoxybenzene (63q)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 3-chloroanisole (18) (42.7 mg, 0.299
mmol, 1.0 equiv), ZnCl>-TMEDA (76.2 mg, 0.302 mmol, 1.0 equiv), and THF (2.0 mL).
The resulting solution was cooled to —40 °C. LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8
equiv) was added to the Schlenk tube. After stirring at —40 °C for 30 min, the reaction
mixture was treated with CuCN-2LiCI*® (1.0 M in THF, 0.45 mL, 0.45 mmol, 1.5 equiv)
and allyl iodide (41 uL, 0.45 mmol, 1.5 equiv). After stirring at room temperature for 2
h, the reaction mixture was treated with saturated aqueous ammonium chloride (2 mL).
After being partitioned, the aqueous layer was extracted with diethyl ether (2 mL) three
times. The combined organic extracts were washed with brine (2 mL), dried over sodium
sulfate, and filtered. The filtrate was concentrated under reduced pressure to give a crude
product, which was purified by silica gel column chromatography (hexane/diethyl ether
=10:1) to provide the title compound 63q as a colorless oil (46.0 mg, 0.273 mmol, 91%).
Ry = 0.73 (hexane/diethyl ether = 5:1); IR (ATR, cm™!): 2935, 2928, 1591, 1579, 1463,
1436, 1264, 1219, 1047, 771, 731; '"H NMR (400 MHz, CDCl3): 6 7.12 (dd, 1H, J = 8.0,
8.0 Hz), 6.99 (dd, 1H, J = 8.0, 0.8 Hz), 6.78 (d, 1H, J= 8.0 Hz), 5.93 (ddt, 1H, J=16.8,
10.8, 6.4 Hz), 5.04-4.98 (m, 2H), 3.83 (s, 3H), 3.56 (ddd, 2H, J = 6.4, 1.6, 1.6 Hz);
BC{'H} NMR (100 MHz, CDCl3): & 158.5, 135.2, 127.6, 126.8, 121.8, 115.2, 109.1, 56.0,
31.2 (one signal is missing due to overlap); *C{'H} NMR (100 MHz, CD3CN): § 159.4,
135.9, 135.3, 129.0, 127.0, 122.2, 115.6, 110.4, 56.6, 31.6; HRMS (DART") m/z: calcd.
for C1oH12*°Cl0, 183.0577 [M+H]*; found 183.0576.

OMe
SPh

Cl
63r

1-Chloro-2-(phenylthio)-3-methoxybenzene (63r)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 3-chloroanisole (18) (43.3 mg, 0.304
mmol, 1.0 equiv), ZnCl>-TMEDA (76.2 mg, 0.302 mmol, 1.0 equiv), and THF (2.0 mL).
The resulting solution was cooled to —40 °C. LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8
equiv) was added to the Schlenk tube. After stirring at —40 °C for 30 min, the reaction
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mixture was transferred to a mixture of N-phenylthiophthalimide** (81.6 mg, 0.320 mmol,
1.05 equiv) and copper(Il) acetate monohydrate (3.5 mg, 18 umol, 6 mol%) in THF (1.0
mL). After stirring at room temperature for 17 h, the reaction mixture was treated with
saturated aqueous ammonium chloride (2 mL). After being partitioned, the aqueous layer
was extracted with diethyl ether (2 mL) three times. The combined organic extracts were
washed with brine (2 mL), dried over sodium sulfate, and filtered. The filtrate was
concentrated under reduced pressure to give a crude product, which was purified by silica
gel column chromatography (hexane/diethyl ether = 10:1) to provide the title compound
63r as a colorless solid (42.1 mg, 0.168 mmol, 55%). Ry= 0.43 (hexane/diethyl ether =
5:1); Mp 78-80 °C; IR (ATR, cm™'): 1574, 1459, 1429, 1265, 1038, 775, 738, 689; 'H
NMR (400 MHz, CDCl3): 6 7.32 (dd, 1H, J = 8.4, 8.4 Hz), 7.23-7.14 (m, 3H), 7.13-7.07
(m, 3H), 6.88 (dd, 1H, J= 8.4, 1.2 Hz), 3.81 (s, 3H); BC{'H} NMR(100 MHz, CDCl3):
0 161.8, 141.5, 136.8, 131.1, 128.9, 127.1, 125.5, 122.6, 120.1, 110.0, 56.6; HRMS
(DARTY) m/z: caled. for C13H2*>CIOS, 251.0297 [M+H]"; found 251.0293.

OMe O
Ph

Cl
63s

(2-Chloro-6-methoxyphenyl)-phenylmethanone (63s)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 3-chloroanisole (18) (43.0 mg, 0.302
mmol, 1.0 equiv), ZnCl>-TMEDA (75.7 mg, 0.300 mmol, 1.0 equiv), and THF (2.0 mL).
The resulting solution was cooled to —40 °C. LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8
equiv) was added to the Schlenk tube. After stirring at —40 °C for 30 min, the reaction
mixture was treated with benzoyl chloride (52.0 uL, 0.447 mmol, 1.5 equiv),
Pdx(dba);CHCl; (157 mg, 152 wumol, 5 mol%), and  tris[4-
(trifluoromethyl)phenyl]phosphine (14.2 mg, 30.5 umol, 10 mol%). After stirring at 60 °C
for 18 h, the reaction mixture was treated with saturated aqueous ammonium chloride (2
mL). After being partitioned, the aqueous layer was extracted with diethyl ether (2 mL)
three times. The combined organic extracts were washed with brine (2 mL), dried over
sodium sulfate, and filtered. The filtrate was concentrated under reduced pressure to give
a crude product, which was purified by silica gel column chromatography (hexane/diethyl
ether = 10:1) to afford the title compound 63s as a pale yellow solid (57.7 mg, 0.234
mmol, 77%). Ry=0.18 (hexane/diethyl ether= 5:1); Mp 63-65 °C; IR (ATR, cm™'): 1676,
1590, 1574, 1462, 1432, 1267, 1040, 929, 858, 780, 706; 'H NMR (400 MHz, CDCl3): §
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7.86-7.82 (m, 2H), 7.59 (tt, 1H, J=17.6, 1.2 Hz), 7.46 (dd, 2H, J= 7.6, 7.6 Hz), 7.35 (dd,
1H, J = 8.0, 8.0 Hz), 7.07-7.04 (m, 1H), 6.90 (d, 1H, J = 8.0 Hz), 3.73 (s, 3H); 3C{'H}
NMR (100 MHz, CDCl3): 6 194.1, 157.8, 136.7, 133.9, 131.6, 130.9, 129.6, 128.8, 128.4,
121.9, 109.6, 56.2; HRMS (DART") m/z: caled. for CisH12*°ClO,, 247.0526 [M+H]*;
found 247.0524.

M
OMe O OMe
I Cl

63t

2-Chloro-4',6-dimethoxy-1,1'-biphenyl (63t)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 3-chloroanisole (18) (43.5 mg, 0.305
mmol, 1.0 equiv), ZnCl>-TMEDA (76.4 mg, 0.303 mmol, 1.0 equiv), and THF (2.0 mL).
The resulting solution was cooled to —40 °C. LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8
equiv) was added to the Schlenk tube. After stirring at —40 °C for 30 min, the reaction
mixture was treated with 4-iodoanisole (105.4 mg, 0.450 mmol, 1.48 equiv),
Pdx(dba)s;-CHCl; (15.8 mg, 15.3 umol, 5 mol%), and tris(4-fluorophenyl)phosphine (10.1
mg, 31.9 umol, 11 mol%). After stirring at 60 °C for 5 h, the reaction mixture was treated
with saturated aqueous ammonium chloride (2 mL). After being partitioned, the aqueous
layer was extracted with diethyl ether (2 mL) three times. The combined organic extracts
were washed with brine (2 mL), dried over sodium sulfate, and filtered. The filtrate was
concentrated under reduced pressure to give a crude product, which was purified by silica
gel column chromatography (hexane/diethyl ether = 10:1) to afford the title compound
63t as a yellow oil (55.1 mg, 0.222 mmol, 73%). Ry= 0.43 (hexane/diethyl ether = 5:1);
IR (ATR, cm™): 1612, 1588, 1517, 1462, 1433, 1291, 1245, 1177, 1040, 828, 779, 741,
"H NMR (400 MHz, CDCl3): 6 7.25-7.20 (m, 3H), 7.09 (dd, 1H, J = 8.0, 1.2 Hz), 7.00—
6.96 (m, 2H), 6.87 (dd, 1H, J = 8.0, 1.2 Hz), 3.85 (s, 3H), 3.74 (s, 3H); *C{'H} NMR
(100 MHz, CDCl3): 6 158.9, 158.3,134.7,131.5,129.7, 128.7, 127.6, 121.9, 113.5, 109 4,
56.1, 55.2; HRMS (DART") m/z: caled. for C14H14*°ClO,, 249.0682 [M+H]*; found
249.0680.

OMe O
O cl OMe

63u
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2-Chloro-2',6-dimethoxy-1,1'-biphenyl (63u)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 3-chloroanisole (18) (42.9 mg, 0.301
mmol, 1.0 equiv), ZnCl>-TMEDA (76.1 mg, 0.301 mmol, 1.0 equiv), and THF (2.0 mL).
The resulting solution was cooled to —40 °C. LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8
equiv) was added to the Schlenk tube. After stirring at —40 °C for 30 min, the reaction
mixture was treated with 2-iodoanisole (59.0 L, 0.454 mmol, 1.5 equiv), LiCI (0.50 M
in THF, 1.8 mL, 0.90 mmol, 3.0 equiv), Pd>(dba)s;-CHCl; (15.3 mg, 14.8 umol, 5 mol%),
and tris(4-fluorophenyl)phosphine (9.5 mg, 30 umol, 10 mol%). After stirring at 60 °C
for 20 h, the reaction mixture was treated with saturated aqueous ammonium chloride (2
mL). After being partitioned, the aqueous layer was extracted with diethyl ether (2 mL)
three times. The combined organic extracts were washed with brine (2 mL), dried over
sodium sulfate, and filtered. The filtrate was concentrated under reduced pressure to give
a crude product, which was purified by silica gel column chromatography (hexane/diethyl
ether = 10:1) to afford the title compound 63u as a pale yellow solid (47.2 mg, 0.187
mmol, 62%). Ry= 0.43 (hexane/diethyl ether = 5:1); Mp 4647 °C; IR (ATR, cm™'): 1464,
1458, 1430, 1256, 1235, 1044, 779, 755, 731; 'H NMR (400 MHz, CDCl;3): 6 7.40-7.35
(m, 1H), 7.25 (dd, 1H, J= 8.4, 8.4 Hz), 7.14 (dd, 1H, J= 7.2, 1.6 Hz), 7.09 (dd, 1H, J =
8.4, 0.8 Hz), 7.06-6.99 (m, 2H), 6.88 (dd, 1H, J= 8.4, 0.8 Hz), 3.77 (s, 3H), 3.73 (s, 3H);
BC{'H} NMR (100 MHz, CDCl3): J 158.5, 157.2, 135.1, 131.6, 129.3, 129.0, 127.0,
124.8, 121.6, 120.5, 111.3, 109.4, 56.2, 55.9; HRMS (DART") m/z: calcd. for
C14H14%°Cl03, 249.0682 [M+H]*; found 249.0691.

8. Total synthesis of carbazomycin A (Scheme 2-5-1)

~N_ /N/
/ zn N\

OMe c’ ¢ 2-iodoaniline, LiCl OMe
Meo]@:H LiITMP Pd(PPhg), (10 mol%) MeO O

B o ~ NH
MeO ci THF 60°C MeO ciie

—-40 °C
65 then 65% 67

6'-Chloro-2',3',4'-trimethoxy-[1,1'-biphenyl]-2-amine (67)

A flame-dried 500-mL two-necked flask equipped with a Teflon-coated magnetic stirring
bar, a rubber septum, and a three-way stopcock under argon was charged with 3,4,5-
trimethoxychlorobenzene (65) (2.027 g, 10.0 mmol, 1.0 equiv), ZnCl,-TMEDA (2.526 g,
10.0 mmol, 1.0 equiv), and THF (60.0 mL). The resulting solution was cooled to —40 °C.
LiTMP (0.50 M, 20.0 mL, 40 mmol, 2.0 equiv) was added to the two-necked flask. After
stirring at —40 °C for 30 min, the reaction mixture was treated with LiCl (0.50 M in THF,
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60.0 mL, 30 mmol, 3.0 equiv), 2-iodoaniline (2.193 g, 10.0 mmol, 1.0 equiv), and
Pd(PPh3)4 (1.158 g, 1.00 mmol, 10 mol%). After stirring at 60 °C for 18 h, the reaction
mixture was treated with saturated aqueous ammonium chloride (30 mL). After being
partitioned, the aqueous layer was extracted with diethyl ether (20 mL) three times. The
combined organic extracts were washed with brine (50 mL), dried over sodium sulfate,
and filtered. The filtrate was concentrated under reduced pressure to give a crude product,
which was purified by silica gel column chromatography (hexane/acetone = 3:1) to afford
the title compound 67 as a pale yellow solid (1.902 g, 6.47 mmol, 65%). Ry = 0.25
(hexane/acetone = 3:1); Mp 98-99 °C; IR (ATR, cm™'): 3369, 2940, 1616, 1590, 1480,
1457,1431,1393, 1312, 1221, 1132, 1095, 1004, 833, 799, 750, 613; 'H NMR (400 MHz,
CDCl3): 6 7.21 (ddd, 1H, J=17.6, 7.6, 1.6 Hz), 7.02 (dd, 1H, J = 7.6, 1.6 Hz), 6.849 (s,
1H), 6.848 (ddd, 1H, J=17.6, 7.6, 1.6 Hz), 6.80 (dd, 1H, J = 7.6, 1.6 Hz), 3.90 (s, 6H),
3.64 (s, 3H), 3.54 (brs, 2H); *C{'H} NMR (100 MHz, CDCl;3): 6 153.5, 152.9, 144.5,
141.8, 131.3, 129.2, 129.0, 124.9, 121.6, 118.5, 115.7, 109.2, 61.4, 61.3, 56.4; HRMS
(DARTY) m/z: caled. for C1sHi7°CINO3, 294.0897 [M+H]"; found 294.0893.

OMe ‘ CuCN-2LiCl Meo  OMe
MeO O n-BuLi (6 equiv) then Mel O O
MeO o NHe THF —40°Cort MeO N
~78 °C to —40 °C vd N
67 83%

70
2,3,4-Trimethoxy-1-methyl-9H-carbazole (70)

A flame-dried 300-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with biphenyl 67 (1.328 g, 4.52 mmol, 1.0
equiv) and THF (45.0 mL). The resulting solution was cooled to —78 °C. n-BuLi (1.52 M
in THF, 18.0 mL, 27.4 mmol, 6.1 equiv) was added to the Schlenk tube. After stirring at
—40 °C for 1 h, the reaction mixture was treated with CaCN-2LiCl (1.0 M in THF, 4.5
mL, 4.5 mmol, 1.0 equiv) and methyl iodide (1.40 mL, 22.5 mmol, 5.0 equiv). After
warming to room temperature and stirring for 1 h, the reaction mixture was treated with
saturated aqueous ammonium chloride (40 mL). After being partitioned, the aqueous
layer was extracted with diethyl ether (10 mL) three times. The combined organic extracts
were washed with saturated aqueous ammonium chloride (20 mL), dried over sodium
sulfate, and filtered. The filtrate was concentrated under reduced pressure to give a crude
product, which was purified by silica gel column chromatography (hexane/diethyl ether
= 4:1) to afford the title compound 70 as a colorless solid (1.022 g, 3.77 mmol, 83%). Ry
= 0.27 (hexane/diethyl ether = 2:1); Mp 122-123 °C; IR (ATR, cm™): 3365, 2935, 1611,
1504, 1455, 1424, 1399, 1355, 1319, 1298, 1232, 1090, 1041, 1015, 982, 748; '"H NMR
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(400 MHz, CDCl3): ¢ 8.21 (d, 1H, J = 8.0 Hz), 7.82 (brs, 1H), 7.43-7.39 (m, 1H), 7.36
(ddd, 1H,J=17.6, 7.6, 1.2 Hz), 7.21 (ddd, 1H, J=17.6, 7.6, 1.2 Hz), 4.13 (s, 3H), 3.97 (s,
3H), 3.94 (s, 3H), 2.41 (s, 3H); *C{'H} NMR (100 MHz, CDCls): § 151.0, 146.7, 140.0,
139.6, 135.8, 124.9, 122.9, 122.5, 119.7, 112.4, 110.3, 108.3, 61.7, 61.5, 61.0, 10.3;
HRMS (DARTY) m/z: calcd. for CisHisNO3, 272.1287 [M+H]*; found 272.1285.

OMe
BCI3 MeO,
MeO O O CH20|2 HO O O
-78°Cto0°C N
Me H

70 65% 7

3,4-Dimethoxy-1-methyl-9H-carbazol-2-ol (71)

A flame-dried 50-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 1-methylcarbazole 70 (1.228 g, 4.53
mmol, 1.0 equiv) and CH>Cl, (22.0 mL). The resulting solution was cooled to —78 °C.
BCl; (1.0 M in CH2Cl,, 6.80 mL, 6.8 mmol, 1.5 equiv) was added to the Schlenk tube.
After stirring at 0 °C for 3 h, the reaction mixture was treated with water (5 mL). After
being partitioned, the aqueous layer was extracted with CH2Clz (5 mL) three times. The
combined organic extracts were washed with brine (10 mL), dried over sodium sulfate,
and filtered. The filtrate was concentrated under reduced pressure to give a crude product,
which was purified by silica gel column chromatography (hexane/diethyl ether = 1:1) to
afford the title compound 71 as a colorless solid (760.4 mg, 2.96 mmol, 65%). Ry=0.32
(hexane/diethyl ether = 1:1); Mp 128-130 °C; IR (ATR, cm™): 3431, 2937, 1616, 1517,
1456, 1409, 1341, 1320, 1297, 1251, 1167, 1150, 1079, 1036, 974, 881, 746, 640; 'H
NMR (400 MHz, CDCls): 0 8.15 (d, 1H, J= 8.0 Hz), 7.81 (brs, 1H), 7.40 (d, 1H, J=8.0
Hz), 7.32 (ddd, 1H, J= 8.0, 8.0, 1.2 Hz), 7.20 (dd, 1H, J= 8.0, 8.0 Hz), 6.03 (s, 1H), 4.09
(s, 3H), 4.01 (s, 3H), 2.39 (s, 3H); *C{'H} NMR (100 MHz, CDCl3): § 146.5, 145.4,
139.2, 136.6, 134.0, 124.3, 123.2, 121.9, 119.8, 110.2, 109.0, 100.4, 61.8, 60.7, 9.9;
HRMS (DART") m/z: caled. for C1sH1sNOs, 258.1130 [M+H]"; found 258.1137.

OMe T,0 OMe
MeO, Et,N MeO,
_—
HO O O CH,Cl, TtO O O
N 0°C N
Me H Me H
71 98% 72

3,4-Dimethoxy-1-methyl-9H-carbazol-2-yl trifluoromethanesulfonate (72)
A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
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and a rubber septum under argon was charged with 2-hydroxylcarbazole 71 (731.9 mg,
2.84 mmol, 1.0 equiv), triethylamine (1.20 mL, 8.60 mmol, 3.0 equiv), and CH>Cl> (28.0
mL). The resulting solution was cooled to 0 °C. Trifluoromethanesulfonic anhydride
(0.72 mL, 4.3 mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at 0 °C for
2 h, the reaction mixture was treated with water (5 mL). After being partitioned, the
aqueous layer was extracted with dichloromethane (5 mL) three times. The combined
organic extracts were washed with brine (10 mL), dried over sodium sulfate, and filtered.
The filtrate was concentrated under reduced pressure to give a crude product, which was
purified by silica gel column chromatography (hexane/diethyl ether = 3:1) to afford the
title compound 72 as a pale brown solid (1.080 g, 2.77 mmol, 98%). R, = 0.18
(hexane/diethyl ether = 3:1); Mp 87-88 °C; IR (ATR, cm™): 3444, 2944, 1506, 1456,
1415, 1313, 1246, 1211, 1136, 1059, 1038, 972, 887, 839, 751, 613; '"H NMR (400 MHz,
CDCl3): 0 8.26 (d, 1H, J= 8.0 Hz), 7.99 (brs, 1H), 7.48-7.41 (m, 2H), 7.30—7.24 (m, 1H),
4.15 (s, 3H), 3.99 (s, 3H), 2.50 (s, 3H); 3C{'H} NMR (100 MHz, CDCl5): 6 146.6, 140.2,
139.9, 138.1, 135.0, 126.3, 123.1, 122.2, 120.4, 118.8 (q, 'Jcr = 318 Hz), 115.8, 110.7,
108.6, 61.9, 60.9, 11.1; HRMS (DART") m/z: calcd. for CisHisF3NOsS, 390.0623
[M+H]"; found 390.0613.

DABAL-Meg

meo_  OMe Pd,(dba)s-CHCls (2 mol%) Meo  PMe
CyJohnPhos (4 mol%)
TfO ) > Me
1,4-dioxane, 80 °C
N N
Me H Me H
95% )

72 Carbazomycin A (64)

Carbazomycin A (64)

A flame-dried 300-mL round-bottomed flask equipped with a Teflon-coated magnetic
stirring bar, a rubber septum, and a three-way stopcock under argon was charged with
triflate 72 (2.415 g, 6.20 mmol, 1.0 equiv), bis(trimethylaluminum)-1,4-
diazabicyclo[2.2.2]octane adduct®® (DABAL-Mes) (1.594 g, 6.22 mmol, 1.0 equiv),
Pd>(dba)s-CHCIl3 (128.6 mg, 0.124 mmol, 2.0 mol%), 2-
(dicyclohexylphosphino)biphenyl”® (Cy-JohnPhos) (87.7 mg, 0.250 mmol, 4.0 mol%),
and anhydrous 1,4-dioxane (124 mL). After stirring at 80 °C for 4 h, the reaction mixture
was treated with saturated aqueous ammonium chloride (30 mL). After being partitioned,
the aqueous layer was extracted with diethyl ether (20 mL) three times. The combined
organic extracts were washed with brine (50 mL) five times, dried over sodium sulfate,
and filtered. The filtrate was concentrated under reduced pressure to give a crude product,

which was purified by silica gel column chromatography (hexane/diethyl ether = 3:1) to
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afford carbazomycin A (64) as a pale yellow solid (1.505 g, 5.89 mmol, 95%), whose 'H
and *C{'H} NMR spectroscopic data were identical to those reported in the literature.*>”!
Ry = 0.25 (hexane/diethyl ether = 3:1); Mp 131-132 °C; IR (ATR, cm™): 3417, 3351,
2935, 1612, 1501, 1455, 1396, 1318, 1293, 1166, 1149, 1089, 1052, 1014, 745; '"H NMR
(400 MHz, CDCl3): ¢ 8.23 (d, 1H, J = 8.0 Hz), 7.82 (brs, 1H), 7.43—7.35 (m, 2H),
7.24-7.19 (m, 1H), 4.11 (s, 3H), 3.90 (s, 3H), 2.41 (s, 3H), 2.39 (s, 3H); *C{'H} NMR
(100 MHz, CDCl3): 6 146.1, 144.6, 139.5, 136.5, 128.9, 125.2, 123.0, 122.6, 119.6, 114.5,
113.7, 1104, 61.3, 60.7, 13.8, 12.8; HRMS (DART") m/z: calcd. for CisHisNO»,
256.1338 [M+H]*; found 256.1348.
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9. Tabular comparisons of NMR data of carbazomycin A

Table S1. Chemical shifts of '"H NMR in CDCl; for natural and our synthetic

carbazomycin A

Natural (100 MHz)* Our Synthetic (400 MHz) A
8.25 (dd, 1H, J=17.0, 2.0 Hz) 8.23 (d, 1H, J=8.0 Hz) —0.02
7.89 (brs, 1H) 7.82 (brs, 1H) —0.07
7.42-7.13 (m, 3H) 7.43-7.35 (m, 2H), 7.24-7.19 (m, 1H) |-
4.13 (s, 3H) 4.11 (s, 3H) —0.02
3.92 (s, 3H) 3.90 (s, 3H) —0.02
2.40 (s, 3H) 2.41 (s, 3H) 0.01
2.40 (s, 3H) 2.39 (s, 3H) —0.01

Table S2. Chemical shifts of 'TH NMR in CDCl; for Knélker’s and our synthetic

carbazomycin A

Knélker’s Synthetic (200 MHz)"' | Our Synthetic (400 MHz) A
8.23 (dd, 1H,J=17.6, 0.5 Hz) 8.23 (d, 1H, J=8.0 Hz) 0.00
7.82 (brs, 1H) 7.82 (brs, 1H) 0.00
7.45-7.15 (m, 3H) 7.43-7.35 (m, 2H), 7.24-7.19 (m, 1H) |-
4.10 (s, 3H) 4.11 (s, 3H) 0.01
3.89 (s, 3H) 3.90 (s, 3H) 0.01
2.40 (s, 3H) 2.41 (s, 3H) 0.01
2.38 (s, 3H) 2.39 (s, 3H) 0.01
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Table S3. Chemical shifts of *C{'H} NMR in CDCl; for natural and our synthetic

carbazomycin A
Natural (25 MHz)*" Our Synthetic (100 MHz) A
145.9 146.1 0.2
144.4 144.6 0.2
1394 139.5 0.1
136.4 136.5 0.1
128.7 128.9 0.2
125.0 125.2 0.2
122.8 123.0 0.2
122.5 122.6 0.1
119.4 119.6 0.2
114.4 114.5 0.1
113.5 113.7 0.2
110.3 110.4 0.1
61.1 61.3 0.2
60.5 60.7 0.2
13.6 13.8 0.2
12.6 12.8 0.2
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Table S4. Chemical shifts of '*C{'H} NMR in CDCIls for Knolker’s and our synthetic

carbazomycin A
Knélker’s Synthetic (75 MHz)”! | Our Synthetic (100 MHz) A
146.1 146.1 0.0
144.6 144.6 0.0
139.5 139.5 0.0
136.5 136.5 0.0
128.9 128.9 0.0
125.1 125.2 0.1
123.0 123.0 0.0
122.6 122.6 0.0
119.5 119.6 0.1
114.6 114.5 0.1
113.5 113.7 0.2
110.3 110.4 0.1
61.1 61.3 0.2
60.5 60.7 0.2
13.6 13.8 0.2
12.6 12.8 0.2
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Scheme 3-2-1. Synthesis of carbazomycins A and B through regioselective
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60

1989 4E|Z Kndlker 5, FUBABRSAEENI S 7 o~ o= 7 Ao
Fr BB O NN —VEBIEZFHA LT, IR~ AT A R
A LT % (Scheme 3-2-2)%1, A F L7 = /) —/L 83 # IHFEE L LT, 9B
B, FAUUER 31% CIUE# T = )/M%Ambfwé FDW%, v a~FHhY

T=U U LA L L DFEFBRE FELST KU B AR= LS 7
ANFY T K 85 A UNER 84% TH TV 5, ﬂifﬁ ,QEMI:V/ﬁ/%:ﬁHb\?L

FAVIBRAV BT L 0, Iy <A 20 A(64) IR 25% TERAK L T\ 5,
BT, WHIIATEEZRRESY, 84 CLHEUOBEBENEZAETHIUERT =Y
vEHW, IEJE%@*@%%@EJE\%;UEMKEGWI:inm%fiT IS A
> B-D*T ORERRIZH T LTV 5,

~ Fe(CO)g
9 steps, OMe @—@Fe(CO)a OMe /’|
o,
HO 31%  Meo BF, MeO Mno2 O O
_—
—
Me@ Me NH,  MeCN Me NH, to'ue”e
Me Me Me
83 84 84% 85 25% Carbazomycin A (64)
FG2

~_FG2 ,Fe(CO)s
1 @\ 1 = 1
FG @éFe(CO)s FG | veo  FG Fa?
MeO BF, MeO MnO,
o — W)
Me NH, MeCN Me

NH2 N
Me n Me Me H

FG' = OH, FG2 = H, Carbazomycin B (73)

FG'= OH, FG? = OMe, Carbazomycin C (74)
FG'=FG2 = OMe, Carbazomycin D (75)

Scheme 3-2-2. Synthesis of carbazomycins A—D through iron-mediated
electrophilic aromatic substitution

2008 4 & 2010 4T Catellani & 13, Catellani s & FEIXIL S /3T 0 A il %
WD #G S Z st s L THNNY — VEREERRL, DA~ A LD
D EhFEA R A #R LTV % (Scheme 3-2-3) 477, 51— R B 86 12xF L T,
Wi TN, P 7 2= )L A7 4 VBLON VARALR U BER &, 2-7
nE7 =V &® Catellani SSIZ KV, VAR y hCTRE-IREMEL L OKE
EEEAEREEL, IRV A LD EAKLTNS, —J, Kndlker
O OWE EFERIC, ZOFEL, ZEEAE UROERM] LQET‘L/TTD\
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OMe

OMe
Pd(OAc), MeO, FG
MeO Brj©/ FG PPh,
+ + —_— O O
Me
Me I AcHN DMF N
Me 105°C Me H

86 FG = H, Carbazomycin A (64)
FG = OMe, Carbazomycin D (75)

Scheme 3-2-3. Synthesis of carbazomycins A and D through palladium-catalyzed
one-pot C—C/C-N bond formation

P EOEENS, RFETIE, INE THESN TEREGAI & 1TRRD, *t
MYED @mVMEE W) & RN FERMET D GRS D b &, LT IZRT N
Vv A A-D OWERIENT A2 5 % 7= (Scheme 3-2-4) , WAV~ AT B

(73) 1%, I Y=L A (64) DA NFVEAEBTINIHA F LT D Z
ETARAIRETH D L E X, WA~ A42 0 C (74) 1%, FERICH ALY =
A D75 ZWATF LT DHZ ETERTE, V<A D(75) i3,
NN <A A (64) ITA MK UHEREEATLHZ LIZKVEOND LB X
7o LTEWoT, IRV <A A BZREIZAFTENIL, IRV <A
¥ B-D ORI ERBFRBIC R D B 2 Te, WA~ AL, 2-BE R
DX NN — LTI DT =) — e Fux A2 AF UL TERTE 5
EHIFF LT, 2-8 Ry Xy — L 711, 1-AF VB —)L 70 D=
DA RNFTEED I BH—DFBINIIHA T /AL TE T EKRATRETH D, 1-A T
VIS =)L 70 1%, AR =)LV T =F 69 DRI A F Iz L V15
BIb, ZOT =FUFEIL, HTNICEFRKRETNANZ 2T 714 HRE 68 D
BALICK O RETE DL EXT-, 72, ZOT7 74 hlKIE, 7o kkizio
-7 /87 2=)v 67 ZIAKR T NAbL L THRLND EMFFLT, 2-7 X/
7=/ 671, 7 x==/Lilligh 66 ZEH L TRED 7Y VIS E DG
KT A EAFHEI LT, 7 == VHigh 66 OFRELE, TR IV in situ
KT UARAZNMENFERTH D EE 2T, Thbb, XIPEEEZEF> MY A b
YrruaXBr 651 LT, Hbdigs TMEDA $5(K% T insitu b7 > A
AENMIZ LY, 7=V iligh 66 N1 HiLDH & HIFF LT,
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e SR e S i

Carbazomycin B (73) Carbazomycin C (74) Carbazomycin D (75)
= = Ho = Me
69 Carbazomycin A (64)

OMe OMe OMe OMe
MeO MeO Mer©:Zn MeO: i H
— O pr— —
O NHLi NH
MeO” “F : MeO cle

MeO Cl MeO Cl

68 67 66 65

Scheme 3-2-4. Retrosynthetic analysis of carbazomycins A-D

3-3 NN =AY A-D DEERR
3-3-1 insitu FT LV ARINMIZE B 2-T I )BT == )VDOEKL

XU, insitu 8T U ARAZNMALEHFEE LT, 2-7I /87220 67 DR
% %47~ 7= (Scheme3-3-1) , % _HE Cheimfl L7z insitu b7 2 A X X NALDIX
JESRITHE, FU A R¥F T T aaXoPr 65 L Ly TMEDA % & ¢e THF
RIRIZ kLT, —40°CT LiITMP Z{EH &, %P9 2 7 = = /Villigh G Al 66 %
Bz, ZOBE, ST DT T4 LV ORAITHR T o2, KWV T, 10mol%
@ PA(PPhs)s L LY F UL EIEH &, 2-3— K7 =V DU KRy MEA
TV TR ED, BRIO 2-7 2 7 B 7 = =)L 67 % HEEIE 65% CTH K
L7, LinL, RSN T DT Mo &35 8E & LTk - T,

OMe ZnCl, TMEDA OMe 2-iodoaniline, LiCl OMe
Meo:@H LiTMP MeojiIZnCI(tmeda) Pd(PPhg), (10 mol%)  MeO
—_— >
o O NH
MeO o ot Lmeo cl J 60°C MeO e
65 66 65% 67

Scheme 3-3-1. Synthesis of 2-aminobiphenyl through one-pot Negishi coupling
DM & i B O A By & LT, B ERE i Lz, £7, 3
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— K7 L—2 87 Z6A% L7= (Scheme 3-3-2) . FIR®D in situ b7 2 A X X )UAL
ML C 7 = = VlliR G H 66 AL L0 h, I UEEEHA S, e d
Ha— R_E o 87 UK 94% CT157-,

OMe OMe

ZnCl, TMEDA

Meo:CEH then LITMP I MeO:CE'

MeO cl THOFC —40°C MeO cl
65 —40 87 (5g)

94%

Scheme 3-3-2. Preparation of the iodobenzene through in situ transmetalation

I— RV 8T REICEK LD, HRD 2-7 2 ) 7 x=)LRa g
(88) LDEAR—EHAI YTV RGN LD 2-TI /BT ==L 67 DFH
&R L7- (Table 3-3-1) , I— KXo B 87 L 15 4ED2- T/ Vo=
NARr R (88) HETe 1,4-UA XV ISR LT, 2 mol%® Pd(PPhs)s & 3
WEOT N T TTFNT U= LT NAY K=K (TBAF-3H,0) %%,
100 °C T2 BRI L=, ZOfEE, 2-7 3 /B 7 ==/ 67 ZILEK 1% TEHRL
L7ce DI, 7T LAT—/Th 67 ZBHBEINE 91% T2 (entry 1) o KIS
WA 125 °CIZ EF- S5 &, 67 DULHEIL 84%IZIK TN L7z (entry 2) . —77,
ToAb BV AL T oAb T AN E A, 67T DINRNETNEN 11%E
51%IC KIS T L, 33— RX_UEB 2 87T BNEINTIUUINE 83% & 38% TN S
7= (entries3and4) ., ZDJRKRIE, 14-CAFV P TIET7 oAb B )V oL ET Y
BBV U ARER LTRSS ThHDL EEZLND, T2 T, 7kt U A
EURIRET D7D 14-UA4 XY L AKOIREGREZFIH L RIS EITo 72, 20
R, 738722067 DIRITFIFEDL ST, P AR 7o P
> 65 DOULERIE 31%IZKgiZm £ L7z (entry 5) , SCEYOSOR B L CEK (D20)
ERIZKRZTHWZEZ A, BHIIOT 2 7 B 7 ==L 65 DN 85%IZm E L
7= (entry6) , Z OURODH] LIX, D0 IZBT DHERMIFENAEDE (KIE) (2
ERTDHEBEZOND, ThbE, KEHEL T DO ITAhv UBBIZxT DI
TR TEL, ZHICEVEA—E/HYI vy 7V VI RISICBIT S h TV A A K
JALDMEEE S U5 808, Z D55 ORISR, 2-7 I/ 7 ==L U (88)
DEENEBRTIELELBHIT, FTUARXAX AL ZEIME S, B8RS LT
v FACEOL Z ) L7z L R T X B,
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Table 3-3-1. Optimization of Suzuki-Miyaura coupling to synthesize the
aminobiphenyl*

OMe TBAF-3H,0 OMe OMe
MeO | /@ Pd(PPhg), (2 mol%) MeO MeO H
+ > +
(HO):B 1,4-dioxane O
MeO

cl NH,

MeO Cl NH, 100°C, 2 h MeO Cl
87 88 67 65
entry deviations 67 (%)’  65(%)” recovery of 87 (%)’

1 none 91 (93¢4) 5 ¢
2 125°C 84 7 -
3/ 125°C, KF instead of TBAF-3H.0 11 4 83

4 125 °C, CsF instead of TBAF-3H20 51 2 38
5 125 °C, CsF, 1,4-dioxane/H.0 = 4:1 50 31 11

6 125 °C, CsF, 1,4-dioxane/D20 = 4:1 &5 7 -

“Optimized reaction conditions: iodobenzene 87 (0.15 mmol, 1.0 equiv), 2-
aminophenylboronic acid (88) (0.23 mmol, 1.5 equiv), Pd(PPh3)4(0.003 mmol, 2 mol%),
TBAF-3H,0 (0.45 mmol, 3 equiv), and 1,4-dioxane (1.5 mL). ®Yield determined from
the '"H NMR spectrum of the crude product using 1,1,2,2-tetrachloroethane as an internal
standard. ‘Isolated yield. “lodobenzene 87 (12.9 mmol) was used. °Not observed.

/Reaction was performed for 14 h.

ZD2EEREOT I )BT =L 67 DERKIE, VAR y MEED Y TY TR
I & B U TR 87%IZ M L L, /XT 20 MMl & 2 mol%IZHiljk &
A7z (Scheme 3-3-3), 62, Wy 7V U RIGIZES 5 ROGFHE & 2 R~
CHEMETE T,

2-iodoaniline
M M
QMe ZnCl, TMEDA  Pd(PPha), oMe ‘
MeO:CEH then LiTMP (10 mol%) MeO O
Cl MeO

- Hy

o >

THF THF
—40 © o
65 0°C 60 °C, 18 h 67

65%

OMe TBAF-3H,0
ZnCly TMEDA MeO | Pd(PPhs),
then LiITMP (2 mol%) (HO),B
ﬁ[ . NH,
THF, 40 °C MeO cl 1,4-dioxane
then |, 100°C, 2 h 88

N
Cl

87
87% (2 steps)

Scheme 3-3-3. Comparison of the modified two-step aminobiphenyl synthesis with

the one-pot Negishi coupling approach
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3-3-2 TIA VHBEERS 1-AF VIR —LDERK

-7 X )BT =)V 67 ONFEHRGMIEENL LD, 7 7 KairiEd
P, TIAVHEERERTT VR Y B — VEREORESEER L O F ik
ERwt U7z, £, 7w M AICBT D ONRE OB % ] ~7= (Table 3-3-
2), 2-7 I /7 x2=)V 67 &5 ie THF IWIKIZXT LT, —78°C T 6 4 & D n-BuLi
EMZT=D6, 40°C [ZHE L CH CIRE TR L, £0%, —78°CicHhL
T CuCN-2LiICl $8K 2Nz, &EHlca— KA Z 2Nz iz, BonziREY %8
BLENLRIRICHIRT D &, 1-AF LB —)L 70 Z IR 83% THE7= (entry
D, 7 a hAvfbz-78°C CELIZE A, BHD 1-AF /LB —)L 70
FUE 1% Lo T, BlIARDE LTy —)L 89 ML 12% T
5, 2-7 2 BT = =)L 67 NI 87% TN S 172 (entry 2) , Z DFERMN D,
~718°C TIX6T DT X VLR B UVRM GO T v M AMEOEHENMET D
ZENRBLNI T, F, VEAKLEINANY — LT =F 0K, 67T OT
I RKIZ R THERICT e bk Eiz, 7 e R fbE-60 °C TiT- 705
ATH, BID 1-AF LB —)L 70 1 TIR 2% TH 7 (entry 3), £
7=, 671%, —20°C, 0°C B LOEIR TITERITIHA L (entriesd—6), Z DJFIA
X, ORIRED FRIC L0, A L7 ==L U F 7 AFEOSEMEE ST &
EBEZDOND, mIRIT, b SNSRI E Y, 7T LA — VT 1-AF )L
TN — 1 70 Z HEEIGR 83% CTA Rk L7z (entry 7),

Table 3-3-2. Effects of reaction temperature on the aryne-mediated one-pot
carbazole formation and methylation®

OMe OMe
OMe CuCN-2LiCl MeO MeO,
MeO O n-BuLi then Mel
e O > > MeO + MeO
THF -78°C tort N N
MeO | NH2 Mé H H H

c 78 °C to temp

67 70 89
entry temp (°C) 70 (%)° 89 (%)° recovery of 67 (%)”

1 —40 83 4 €

2 —78 <1 12 87

3 —-60 22 19 30

4 -20 63 4 €

5 0 71 4 -

6 rt 75 5 -

74¢ —40 83/ -8 -8
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“Reaction conditions: aminobiphenyl 67 (0.30 mmol, 1 equiv), n-BuLi (1.8 mmol, 6
equiv), THF (3.0 mL), then CuCN-2LiCl (0.30 mmol, 1 equiv), then iodomethane (1.5
mmol, 5 equiv). *Yield determined from the '"H NMR spectrum of the crude product using
1,1,2,2-tetrachloroethane as an internal standard. “Not observed. “Aminobiphenyl 67
(4.52 mmol) was used. “CuCN-2LiCl and iodomethane were added at —40 °C. /Isolated
yield. éNot determined.

WA, Bl Sz BUOSTREE I\ T n-BuLi O &IZHOW TR L7 (Table 3-
3-3) HENL LTZ USSR TH NN — VB EREE LT-D 6, —40°CTEAKEL
A X ) —/)L (CD;0OD) Z{EM &8, |IBICHIE L CUSE#T 7=, n-BuLi % 3 34
B LSEA81E, EABELEINTZ DN =100 & ARFBELENTZ DN —
I 89 DIRAW M HBEILEE 81%, E/LEEEHE 68 : 13 TH LA/ (entry 1), n-BuLi
ZoMEMHALIZEZA, 90 & 89 DIEEMDHBENEEN 92% 12 EL, E/L
LR 87 5 IctiEm S T (entry 2),

Table 3-3-3. Effects of the amount of n-BuLi on the aryne-mediated carbazole

formation and deuteration®

OMe - MeO OMe MeO OMe

MeO n-BulLi . CD;0D _ O O , O O
O NH THF ~40°Ctort MO N MeO N
MeO I D H H H

c 78 °C 10 —40 °C
67 90 89
entry n-BuLi (equiv) yield (%)° D/H ratio®
1 3 81 68:13
2 6 92 87:5

“Reaction conditions: aminobiphenyl 67 (0.30 mmol, 1 equiv), n-BuLi, THF (3.0 mL),
then CD3OD (0.5 mL). “Isolated yield. Ratio determined by "H NMR spectroscopy.

n-BuLi OEDIEDFRERICE 2 HZEBICHOWTE, LFOXLIIZELTWD

(Scheme3-3-4), £7°, 24 ED p-BuLilZXV, 2-7I /7 =2=/L67 DT
JHEBIORVCEBUVR EOKZNR T v hoAbSh, 7 =42 91 38 AET 5D,
TSN CHRAL Y T AOBBERIL BT, T 7 A R 68 23 ERKT D,
SNV FTLT I KRBT T4 NREMMTDHE, DA —)E
DREEIND AR LTV — VT =4 203D F FHEAELI LN,
HEYD 90 BH—Ap & LT/ LD, —J, n-Buli & 3 YEHWGEE, 7
7 hALE T 89 WM REIZER LTZ, Z ORI, WA — LT =492 0
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Tz = VU F T AN B L, EVEERDINANY —)VT = 93 ~EE
BEN-LEMTEL, Thbb, NUPUBREOKED pKa 2N 433 THDHD
IZXF L, AR —LDN-H 71 h>®OpKaBN 172 THY, AR L=7T =4
DEVZEASND L) ICE M ENMEESNTEEBZ 65, n-Buli D&% 6
BRI LIZE Z A, ZOREMLEZIMEITEZ, 77205, n-BuLi ORWE
FEME -7 2D pKa lIBEBLE 50) (LY, IR — LT =42 92 D N-
H~7'v et e oAb, IR — T =4 69 NERL
EEBEZOND, TOTVT =AUk LT, CuCN-2LICI k& 9 — KX % v %
NERAVER &85 2 & TAF LR HETL, BHID 1-AF LD —)L 70 %45
7=

OMe OMe
MeO O n-BuLi MeO
NH deprotonation B O NHLi
MeO 2 P MeO ci

Cl
H Li i
67 91
¢ aryne formation

meo_  OMe OMe
cyclization MeO
MeO ~ O
T J MeOQ™ =

T

P4

/
-

92 68

n-BulLi
isomerization % deprotonation

Meo  PMe Meo OMe
N . N
H Li Li Li
93 69

CD3;0D CD;0D

then H,O then H,O
MeO OMe MeO OMe
N N
H H D H
89 90

Scheme 3-3-4. Rationale for the effect of excess »n-BulLi in the double

functionalization of aryne
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3-3-3 1-AF VI NNV — )L DOALEBIRE R A F V1L

HINR A A DRI ERRIZBOTIE, 1-AF B —)L 70 D
NEBRPIBE A F AL E 725, £2C, SFIERMINEHEZHWT 1-£
F IV VX =)L 70 ONLE TRV A T AL Z fef L7 (Table 3-3-4), £ 7,
BEERSZ AW 24, HID 2-v Ra %2 b3 —)L 71 SE 8% L )i
ST, EELRVEERMAKRD 3-8t Fafo "y —)L 94 L 4-E Kaxih
LN — L 95 NZEIEIUR 3% 2%15 541, 70 2MUER 63% TR X 117-

(entry1), Zmua kU AF /LT (TMSCL) & 3 74T b U 7 A84% 25
A, BRIO 71 OUED 23%21h) L L7228, s RrER 94 L 95 %%h%hﬂ#
13%& 9% T#37= (entry2), TMSCl%#27 mwu kU =F /L7 (TESCI) |
ez TH, BELWERBEONT, MEERMEE 94 OULEEN 23%I121) 1 u‘:

(entry 3), RIZ, MEFANESRAME T COREM RN A F AL ZT AT, 1-AF NV TL
XY =170 %:aif DMF &IEIZ%F L C, 130 °C T 1- KT H » F A4 — L okEgik
T RUDLSEERHISETZE A, 71 DU 23% T b AL, s R 95504 B
B ZR 40% T 72 (entry 4) , #tW\N T, /bA A% WD A F b &2 gt L7,
FHEHOLOMETEZSE L, 1.1 YEOHEI=247 (NbCls) ZH\i=t Z A, ik
FLVEIR 94858 T/AE Rk & U CHBRIGE 51% CE B 7= (entry 5), HEEMESMT
TORERIZ2 A FAACDFER L G L, VA A2 VDA T AL s
HALEIRIRME THEIT LTz, TRV A AL L CERAbAR U REYE 1S YEMEHL
a7, 94 L IS VT LELILT, BT 32—/ 96°0% BB 61% T
7= (entry 6), BBrs &% 1.0 Y&IZHH L, —60°C THILL7=&EZ A, HBD
2-t R Xy — b 71 [ 3IER 38% CTARL L7223, 17 22—/b 96 M3YE
18% T B AL, 70 NI 41% TR S 7 (entry 7). %V T, BBr3 & H#ZL T
A AEMEDIRNZIb R R © 2R L2 2 A, HD 2-B Ra v s
V)L 719 & BRI R 65% CTH37= (entry 8), 728, B R o L3y — L 71,
94, 95 B L UN96 DIEIEIL, Hiffidh X SEMATIC X - THRIE LT,
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Table 3-3-4. Product distributions in the regioselective demethylation of the 1-

methylcarbazole
MeO OMe
N
Me H
70
cond|t|ons
MeO OMe
+
N
Me H
71
CCIi)C: 2324242 CCDC 2324243 CCDC. 2324244 CCDC 2324245
entry conditions 71 (%)* 94 (%)* 95 (%)* 96 (%)*
12 conc. HCI, 50 °C 8 3 2 —~
2 TMSCI, Nal, MeCN, rt 23 13 9 —
3 TESCI, Nal, MeCN, rt 24 23 12 —
4 1-dodecanethiol, NaOH, DMF, 130 °C 23 <1 404 1
5 NbCls (1.1 equiv), 1,2-dichloroethane, reflux 28 514 10 5
6 BBr; (1.5 equiv), CH,Cl,, ~78 °C to 0 °C < ¢ € 614
7¢ BB (1.0 equiv), CH,Cly, —78 °C to —60 °C 38 3 < 18
8 BCl; (1.5 equiv), CH,Cly, —78 °C to 0 °C 65¢ 20 - 10

“Yield determined from the 'H NMR spectrum of the crude product using 1,1,2,2-
tetrachloroethane as an internal standard. “Recovery of 70 in 63% yield. “Not observed.
solated yield. “Recovery of 70 in 41% yield.

AR A FABIZBW T, ZRAbR U FE L =LA U RN R DR
EH 2B, UTOXHICEZ TS (Scheme 3-3-5), Sargent ik, =i
bR T FEE AN 1,23-F U A R RV UFHEROA BRI 2 F 14k
BT A ERE L CRY, ST D 2-BE RrF i 13-UA FF B
PEFELILTVWD Y, ZONEERPEL, XUOBUVEROFEmEN LM L S, K
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HINZIRA D S TeBEAR O A N F VIEROBBEIRF O @A ZAEEMEZ > THL
BHEns, 7bb, BEAHYDO A M VEOBEIR 1 EOINLE*HE, <8
VERD 1 B REDOHENATGTH D7 DICIHERELL SIS L, BERT
DA ZFEIRMENEE D, =R U FE & ORNLMELIICETT Lz & BT
X%, Wilcox b b, Fifg & BALKFZEZH W 1,23-FU A FF T R_RB U DA
FIACIZ BT AALEZERPEE, BT A B U EONARHRIC L - TRl &
NAHZLERELTNA2, ZHHD2 >OMELIZRALY, SR =HbA v HE
WA L, 1-AF I BN —L 70 D C2 N THLA F AL EITLZ, 2D
frERRMEZ, UTFTOXIITBL L, £7, C-1LOAFVE LR SN A
v K= Om3E, 8T 25 C2 MBI C-4 AL A b U HEITk LTkl
LR, ZTOZODA MR VEERCBPUBROEHRAMIFFLETEEZ DN
5o T T, C2MFEZIT CANLD A F T FD A F IV L D SAREE D=
D, C3NDA FFVIOBBIR L= FVHE L O NRETHD &%
SND, £72, CANDA FFUHITEHET D7 = =V EOSARREEICINZ, 55
WEFREIMPEDRIZE Y, CANLD A R DA A EMIME T4 2 iTREM:
W2, 3D2DX MFVEDI L, ZRIARTURE =HbAUvHE (BXs) & DOk
WIDEANALIL, SRR I B 2B T2 C2 MDA b F TV EOERFRF - CHEERIZHE
TT5EB206N05, “RIbRUREEAWTESEET, C2ALITERTH A FFv
FEMPA TF AL I THRIKR 97 24K LI20b, RURBRIZ 07 A AR
RS TNDTZD C3 DA MFVEOBBIR NI LICKIGL, BT a—
WVIRT UHRRIR 98 AR T D LB DD, T, EERAERS L BRI L
O b, ZHAEARTRIFIZRALR TELD LA AR & EoRT, T2
b, ZHEARTRZEZHNTER LTFRIE 99 OFR T REFIL, FHEIK 97 ©
RUFZBRF L0 GV A RABEERGFWEHRETE S, LR ->T, ZHHOHRATF
JALDEITHN I, 17 2—/L 96 DULEN 10%IMK T L7cfER, B 2-v R
DX UY=L T NEEE E L TR LN ERFEEELBATE 5,
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1st demethylation 2nd demethylation

OMe

N
H
X~ g, X
97 (X 98 (X = Br)
X =Cl, Br 99 x CI) 100 (X = Cl)
l hydrolysis hydronS|s

“aly Ho

Scheme 3-3-5. A plausible reaction pathway for the regioselective demethylation of
the trimethoxycarbazole using boron trihalides

334 HANRY <AL A-D DERK

2-t Ra %I BNy =)L 71 ZRZERLTE DT, AN AT
A-D DERUTAETF L7z (Scheme 3-3-6) ,2-& R 1 3 2 B /L3y — )L TLITH LT,
0°C ThUZAm AL 2R BEAKRY (THO) & b =F T I ZfE
M, ST 25 8 77— b 72 Z BN 98% TRz, it T, hU AFL
7L =7 L DABCO DK (DABAL-Mes) & HWTIRED v 7V » 7 R
AT, WAL A (64) & HBEINE 95% TR, RIZ, WAV <A
A (64) ZARTREAE LTHY, ARV <A CEDDOARIZED
MATE, IRy ~A v A (64) IZxL, N-7BERAZ A I K (NBS) “P
AR &, MEBEIR 7 a2 bIic L 7 o003 — )0 101 % BEEEIER 94%
T W T, T R A RX MFY RE g o{bdiz 7= Ullmann 7 > 77 )
TRIGPIWZEY, Iy <Av 0D (75) 27T LA 7r—)b, HEEINER 96% T
AR LTz, 51T, BIEOMRGHIHEES &, WAL T TOREN 22 T 11k
WAL, AN <A D (75) ONEIRIRIRNA F Az FEh Lz,
bbb, IV ~A D (75) ZETe DMF BHRICK LT, 130°C T1-F7
N FA =N EKBIETFT N U LEEHSYE, DAY ~A2 0 C(14) 277
LA — b, HEEIER 85% T,
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DABAL-Me;

Tf,0 Pd,(dba)z-CHCI3 (2 mol%)
O O Et3 O O CyJohnPhos (4 mol%) O O
HO CH C| TiO 1,4-dioxane Me
80 °C

98% 95% Carbazomycin A (64)
NBS
MeCN
0°C, 94%
CHg(CHp)ySH ~ MeO NaOMe MeO,
O B O O
Me
DMF DMF
130 °C 80 °C
Carbazomycin C (74) 85% Carbazomycin D (75) 96%

Scheme 3-3-6. Synthesis of carbazomycins A, C, and D

Fo, ZOFEEFALTONAY A0 A (64) ZNLERIRAICHL A TV
fbL, I y<A42 0B HLERTE (Scheme 3-3-7), T 7¢bh, Y
~A T A ITKI LT, 1- T F A=V EKERMET B U U AEE S H,
AN <A B (13) 27T LR —)b, HEENER 80% T/,

MeO OMe CHj3(CHy)41SH MeO OH
CI D) o SIS
Me " DMF Me N
Me H 130°C Me H

Carbazomycin A (64) 80% Carbazomycin B (73)

Scheme 3-3-7. Synthesis of carbazomycin B
3-4 ME
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CEHEWE E LT, insitu N7 U AAZNMBIZ Ko TS T H I — KRB
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T, 1-ATF NN — VB ERTET, ZD%, bRV FEELH W LESR
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3-5 Experimental section

1. General Information

Unless otherwise stated, all reactions were conducted in a flame-dried glassware under
an inert atmosphere of argon, and a preheated oil bath was used for the reactions that
required heating. All workup and purification procedures were carried out with reagent-
grade solvents in the air. Unless otherwise noted, materials were obtained from
commercial suppliers and wused without further purification. Flash column
chromatography was performed on Wakogel® 60N (63-212 um, Wako Pure Chemical
Industries, Ltd.) or high-efficiency irregular silica (2540 pm, Santai Science Inc.).
Anhydrous THF (>99.5%, water content: <30 ppm) was purchased from Kanto Chemical
Co. and further dried by passing through a solvent purification system (Glass Contour)
prior to use. n-BuLi (1.6 M in n-hexane) was purchased from Kanto Chemical Co. and
used as received. Aminophenylboronic acid (88) was purchased from BLD Pharmatech
Ltd. and used as received. Freshly prepared ZnCl,>TMEDA, Pd(PPhs)s, and
Pdx(dba);-CHCl; were used in the following experiments. Analytical thin layer
chromatography (TLC) was performed on Wako 70 F»s4 glass sheets precoated with a
0.25 mm thickness of silica gel. Melting points (mp) were measured on a Yanaco MP-J3
and are uncorrected. Infrared (IR) spectra were recorded on a Bruker Alpha with an ATR
attachment (Ge) and are reported in wave numbers (cm™). '"H NMR (400 MHz) and
BC{'H} NMR (100 MHz) spectra were measured on JEOL ECZ400 spectrometer.
Chemical shifts for 'TH NMR are reported in parts per million (ppm) downfield from
tetramethylsilane with the solvent resonance as the internal standard (CHCl3: 6 7.26 ppm,
DMSO-ds: 6 2.50 ppm, and acetone-ds: 6 2.05 ppm), and coupling constants are given in
hertz (Hz). The following abbreviations are used for spin multiplicity: s = singlet, d =
doublet, m = multiplet, br = broad, dd = doublet of doublets, ddd = doublet of doublet of
doublets. Chemical shifts for 3C{'H} NMR are reported in ppm from tetramethylsilane
with the solvent resonance as the internal standard (CDCls: 6 77.16 ppm, DMSO-ds: &
39.52 ppm, and acetone-ds: 0 29.84 ppm). High-resolution mass spectroscopy (HRMS)
was performed on a JEOL JMS TI100LP AccuTOF LC-Plus [electrospray ionization
(ESD)] with a JEOL MS-5414DART attachment. X-ray crystallographic data were
collected on a Rigaku Saturn724 diffractometer with MoKa radiation. The structures were
solved by a direct method (SHELXT)” and refined using a full-matrix least squares
technique (SHELXL).”’

2. Preparation of the iodobenzene through in situ transmetalation (Scheme 3-3-2)
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OMe HCl OMe
Me0:©\ NaNO, CuCl Meoj@:H
MeO NH, H0 60 °C MeO cl

<5°C 65

66%
3,4,5-Trimethoxychlorobenzene (65)

A 300-mL round-bottomed flask equipped with a Teflon-coated magnetic stirring bar was
charged with commercially available 3,4,5-trimethoxyaniline (5.497 g, 30.0 mmol, 1.0
equiv), aqueous HCI (35 wt%, 80 mL), and distilled water (25 mL). The resulting
suspension was cooled to —4 °C. A solution of sodium nitrite (2.196 g, 31.8 mmol, 1.1
equiv) in distilled water (8.0 mL) was added dropwise to the flask while maintaining the
internal temperature below 5 °C. After the addition of an aqueous solution of sodium
nitrite, the reaction mixture was treated with a solution of copper(I) chloride (3.865 g,
39.0 mmol, 1.3 equiv) in aqueous HCI (35 wt%, 25 mL) and allowed to warm to room
temperature. After stirring at 60 °C for 3 h, the reaction mixture was filtered and washed
with diethyl ether (100 mL). The filtrate was extracted with diethyl ether (100 mL) three
times. The combined organic extracts were washed with brine (100 mL), dried over
sodium sulfate, and filtered. The filtrate was concentrated under reduced pressure to give
a crude product, which was purified by silica gel column chromatography (hexane/diethyl
ether = 5:1) to afford the title compound 65 as a colorless solid (4.024 g, 19.9 mmol, 66%),
whose 'H NMR spectroscopic data were identical to those reported in the literature.”® Ry
= 0.26 (hexane/diethyl ether = 5:1); Mp 60-62 °C; IR (ATR, cm™'): 2938, 1591, 1501,
1465, 1453, 1439, 1408, 1311, 1227, 1183, 1128. 996, 873, 814; 'H NMR (400 MHz,
CDCls): 6 6.58 (s, 2H), 3.85 (s, 6H), 3.82 (s, 3H); *C{'H} NMR (100 MHz, CDCl;): ¢
153.7, 136.8, 129.0, 106.0, 61.0, 56.3; HRMS (DART/TOF) m/z: [M+H]" Calcd for
CoH12*Cl103 203.0475; Found 203.0477.

OMe ZnCl, TMEDA OMe
MeO@:H then LITMP I Meoﬁl
MeO cl THfC —40°C MeO cl

65 —40 87

94%
1-Chloro-2-iodo-3.4,5-trimethoxybenzene (87)

A flame-dried 500-mL round-bottomed flask equipped with a Teflon-coated magnetic
stirring bar, a three-way stopcock, and a rubber septum under argon was charged with
1,2,3-trimethoxybenzene 65 (3.040 g, 15.0 mmol, 1.0 equiv), ZnCl>-TMEDA (3.790 g,
15.0 mmol, 1.0 equiv), and THF (96.0 mL). The resulting solution was cooled to —40 °C.
Through cannula transfer, LITMP (0.66 M, 41 mL, 27 mmol, 1.8 equiv) was added to the
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round-bottomed flask. After stirring at —40 °C for 30 min, the reaction mixture was treated
with iodine (7.639 g, 30.1 mmol, 2.0 equiv). After stirring at =40 °C for 30 min, the
reaction mixture was treated with saturated aqueous sodium thiosulfate (25 mL) and
aqueous ammonium chloride (25 mL). After being partitioned, the aqueous layer was
extracted with diethyl ether (20 mL) three times. The combined organic extracts were
washed with brine (50 mL), dried over sodium sulfate, and filtered. The filtrate was
concentrated under reduced pressure to give a crude product, which was purified by silica
gel column chromatography (hexane/diethyl ether = 10:1) to the title compound 87 as a
pale yellow solid (4.615 g, 14.0 mmol, 94%). Ry= 0.32 (hexane/diethyl ether = 10:1); Mp
32-33 °C; IR (ATR, cm™1): 2937, 1570, 1473, 1443, 1423, 1374, 1306, 1232, 1193, 1157,
1104, 1007, 929, 883, 824; '"H NMR (400 MHz, CDCl3): J 6.88 (s, 1H), 3.88 (s, 3H), 3.85
(s, 6H); PC{'H} NMR (100 MHz, CDCl3): § 154.6, 154.2, 141.0, 133.2, 109.1, 86.9, 61.2,
61.0, 56.4; HRMS (DART/TOF) m/z: [M+H]" Calcd for CoH11*>CIIO3 328.9441; Found
328.9456.

3. Optimization of Suzuki-Miyaura coupling to synthesize the aminobiphenyl (Table
3-3-1)

General procedure (Table 3-3-1, entries 1-6)

A 15-mL glass screw-thread tube equipped with a Teflon-coated magnetic stirring bar and
a screw cup under argon was charged with iodobenzene 87 (49.3 mg, 0.150 mmol, 1.0
equiv), (2-aminophenyl)boronic acid (88) (30.8 mg, 0.225 mmol, 1.5 equiv), Pd(PPh3)4
(3.5 mg, 3.0 umol, 2 mol%), base (0.450 mmol, 3 equiv), and solvent (1.5 mL). After
stirring the reaction mixture at the corresponding temperature for 2 h, the solution was
treated with saturated aqueous ammonium chloride (1 mL). After being partitioned, the
aqueous layer was extracted with diethyl ether (1 mL) three times. The combined organic
extracts were washed with aqueous sodium chloride (10 wt%, 2 mL) three times, dried
over sodium sulfate, and filtered. The filtrate was concentrated under reduced pressure to
give a crude product. The yields of 6'-chloro-2',3",4'-trimethoxy-[1,1'-biphenyl]-2-amine
(67), 5-chloro-1,2,3-trimethoxybenzene (65), and 1-chloro-2-i0do-3,4,5-
trimethoxybenzene (87) were determined by 'H NMR analysis using 1,1,2,2-
tetrachloroethane as an internal standard by comparing relative values of integration for
the peaks observed at 7.02 ppm (1 proton for 67), 6.58 ppm (2 protons for 65), and 6.88
ppm (1 proton for 87) with that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm.
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OMe TBAF-3H,0 OMe OMe
MeO | /@ Pd(PPhg), (2 mol%) MeO MeO H
+ > +
(HO)B 1,4-dioxane O NH,
MeO Cl NH, 100°C,2h MeO cl

87 88 67 65

Reaction performed under the optimal reaction conditions (Table 3-3-1, entry 1)

A crude product was obtained from iodobenzene 87 (49.8 mg, 0.152 mmol, 1.0 equiv),
(2-aminophenyl)boronic acid (88) (31.1 mg, 0.227 mmol, 1.5 equiv), Pd(PPh3)s4 (3.6 mg,
3.1 umol, 2 mol%), TBAF-3H>0 (142.6 mg, 0.452 mmol, 3 equiv), and 1,4-dioxane (1.5
mL) according to the general procedure at 100 °C. The yields of aminobiphenyl 67 and
chlorobenzene 65 were determined to be 91% and 5% by 'H NMR spectroscopy.

Scale-up synthesis under the optimal reaction conditions (Table 3-3-1, entry 1)

A 500-mL round-bottomed flask equipped with a Teflon-coated magnetic stirring bar, a
three-way stopcock, and a rubber septum under argon was charged with iodobenzene 87
(4.243 g, 12.9 mmol, 1.0 equiv), (2-aminophenyl)boronic acid (88) (2.655 g, 19.4 mmol,
1.5 equiv), Pd(PPh3)s (299.6 mg, 0.259 mmol, 2 mol%), TBAF-3H,O (12.38 g, 39.2
mmol, 3 equiv), and 1,4-dioxane (130 mL). After stirring the reaction mixture at 100 °C
for 2 h, the solution was treated with saturated aqueous ammonium chloride (40 mL).
After being partitioned, the aqueous layer was extracted with diethyl ether (15 mL) three
times. The combined organic extracts were washed with aqueous sodium chloride (10
wt%, 60 mL) three times, dried over sodium sulfate, and filtered. The filtrate was
concentrated under reduced pressure to give a crude product, which was purified by silica
gel column chromatography (hexane/diethyl ether/dichloromethane = 2:1:1) to afford the
title compound 67 as a pale yellow solid (3.511 g, 12.0 mmol, 93%). Ry = 0.30
(hexane/diethyl ether = 1:1); Mp 96-98 °C; IR (ATR, ecm™!): 3381, 2937, 1616, 1590,
1480, 1456, 1431, 1392, 1312, 1256, 1221, 1193, 1131, 1094, 1004, 933, 897, 832; 'H
NMR (400 MHz, CDCl3): 6 7.21 (ddd, 1H, J = 7.6, 7.6, 1.2 Hz), 7.02 (dd, 1H, J = 7.6,
1.2 Hz), 6.85 (s, 1H), 6.84 (ddd, 1H, J=17.6, 7.6, 1.2 Hz), 6.80 (dd, 1H, J = 7.6, 1.2 Hz),
3.90 (s, 6H), 3.64 (s, 3H), 3.54 (br s, 2H); *C{'H} NMR (100 MHz, CDCls): § 153.5,
152.9, 144.5, 141.7, 131.2, 129.2, 129.0, 124.8, 121.5, 118.4, 115.7, 109.1, 61.4, 61.3,
56.3; HRMS (DART/TOF) m/z: [M+H]" Calcd for CisHi7°CINO3 294.0897; Found
294.0906.

Reaction performed at 125 °C (Table 3-3-1, entry 2)

A crude product was obtained from iodobenzene 87 (49.5 mg, 0.151 mmol, 1.0 equiv),
(2-aminophenyl)boronic acid (88) (30.5 mg, 0.223 mmol, 1.5 equiv), Pd(PPh3)s4 (3.6 mg,
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3.1 umol, 2 mol%), TBAF-3H>0 (146.9 mg, 0.466 mmol, 3 equiv), and 1,4-dioxane (1.5
mL) according to the general procedure at 125 °C. The yields of aminobiphenyl 67 and
chlorobenzene 65 were determined to be 84% and 7% by 'H NMR spectroscopy.

Reaction performed with KF instead of TBAF-3H,0 at 125 °C for 14 h (Table 3-3-1,
entry 3)

A crude product was obtained from iodobenzene 87 (49.3 mg, 0.150 mmol, 1.0 equiv),
(2-aminophenyl)boronic acid (88) (30.2 mg, 0.221 mmol, 1.5 equiv), Pd(PPh3)s4 (3.6 mg,
3.1 umol, 2 mol%), potassium fluoride (27.1 mg, 0.466 mmol, 3 equiv), and 1,4-dioxane
(1.5 mL) according to the general procedure at 125 °C for 14 h. The yields of
aminobiphenyl 67, chlorobenzene 65, and the starting iodobenzene 87 were determined
to be 11%, 4%, and 83% by 'H NMR spectroscopy.

Reaction performed with CsF instead of TBAF-3H,O at 125 °C (Table 3-3-1, entry
4)

A crude product was obtained from iodobenzene 87 (49.5 mg, 0.151 mmol, 1.0 equiv),
(2-aminophenyl)boronic acid (88) (31.0 mg, 0.226 mmol, 1.5 equiv), Pd(PPh3)s4 (3.4 mg,
2.9 umol, 2 mol%), cesium fluoride (68.1 mg, 0.448 mmol, 3 equiv), and 1,4-dioxane (1.5
mL) according to the general procedure at 125 °C. The yields of aminobiphenyl 67,
chlorobenzene 65, and the starting iodobenzene 87 were determined to be 51%, 2%, and
38% by '"H NMR spectroscopy.

Reaction performed with CsF instead of TBAF-3H:O at 125 °C in 1,4-dioxane/H>O
(4:1) as the solvent (Table 3-3-1, entry 5)

A crude product was obtained from iodobenzene 87 (49.4 mg, 0.150 mmol, 1.0 equiv),
(2-aminophenyl)boronic acid (88) (31.1 mg, 0.227 mmol, 1.5 equiv), Pd(PPh3)s4 (3.5 mg,
3.0 umol, 2 mol%), cesium fluoride (69.0 mg, 0.454 mmol, 3 equiv), 1,4-dioxane (1.2
mL), and water (0.3 mL) according to the general procedure at 125 °C. The yields of
aminobiphenyl 67, chlorobenzene 65, and the starting iodobenzene 87 were determined
to be 50%, 31%, and 11% by 'H NMR spectroscopy.

Reaction performed with CsF instead of TBAF-3H,O at 125 °C in 1,4-dioxane/D>O
(4:1) as the solvent (Table 3-3-1, entry 6)

A crude product was obtained from iodobenzene 87 (49.4 mg, 0.150 mmol, 1.0 equiv),
(2-aminophenyl)boronic acid (88) (31.0 mg, 0.226 mmol, 1.5 equiv), Pd(PPh3)s4 (3.5 mg,
3.0 umol, 2 mol%), cesium fluoride (69.9 mg, 0.460 mmol, 3 equiv), 1,4-dioxane (1.2

77



mL), and deuterium oxide (0.3 mL) according to the general procedure at 125 °C. The
yields of aminobiphenyl 67 and chlorobenzene 65 were determined to be 85% and 7% by
"H NMR spectroscopy.

4. Effects of reaction temperature on the aryne-mediated one-pot carbazole

formation and methylation (Table 3-3-2)

oMo MeO OMe
O n-BuLi NH,4CI aq.
O NH: g ooty 400 . N
MeO Cl -78°Cto—-40°C 88% H H

67 89

2,3,4-Trimethoxy-9H-carbazole (89)
A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar

and a rubber septum under argon was charged with aminobiphenyl 67 (88.3 mg, 0.301
mmol, 1.0 equiv) and THF (3.0 mL). The resulting solution was cooled to =78 °C. n-BuLi
(1.56 M in hexane, 1.2 mL, 1.9 mmol, 6 equiv) was added to the Schlenk tube. After
stirring at —40 °C for 1 h, the reaction mixture was treated with saturated aqueous
ammonium chloride (2 mL). After being partitioned, the aqueous layer was extracted with
diethyl ether (2 mL) three times. The combined organic extracts were washed brine (3
mL), dried over sodium sulfate, and filtered. The filtrate was concentrated under reduced
pressure to give a crude product, which was purified by silica gel column chromatography
(hexane/diethyl ether = 1:1) to afford the title compound 89 as a colorless solid (68.4 mg,
0.266 mmol, 88%). Ry = 0.22 (hexane/diethyl ether = 1:1); Mp 154-155 °C; IR (ATR,
cm): 3404, 2938, 1632, 1611, 1500, 1468, 1456, 1424, 1360, 1312, 1277, 1248, 1197,
1146, 1113, 1101, 1070, 1005, 932, 880, 808; 'H NMR (400 MHz, CDCls): 6 8.18 (d, 1H,
J=17.6 Hz), 7.91 (brs, 1H), 7.37 (d, 1H, J= 7.6 Hz), 7.33 (ddd, 1H, J= 7.6, 7.6, 1.2 Hz),
7.21 (ddd, 1H, J=7.6,7.6, 1.2 Hz), 6.71 (s, 1H), 4.16 (s, 3H), 3.95 (s, 3H), 3.93 (s, 3H);
BC{'H} NMR (100 MHz, CDCl3): J 153.7, 148.8, 139.2, 136.6, 136.0, 124.4, 122.8,
121.9, 119.7, 110.2, 110.1, 89.7, 61.7, 61.0, 56.3; HRMS (DART/TOF) m/z: [M+H]"
Calcd for Ci5H16NOs3 258.1130; Found 258.1125.

M
OMe CuCN-2LiCl meo_ Me meo  OMe
O n-BulLi then Mel
O NH THF -78°Ctort N N
MeO cl 2 —78°Ctotemp Me H H H

67 70 89

General procedure (Table 3-3-2, entries 1-6)
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A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with aminobiphenyl 67 (88.1 mg, 0.300
mmol, 1.0 equiv) and THF (3.0 mL). The resulting solution was cooled to =78 °C. n-BuLi
(1.51 M in hexane, 1.2 mL, 1.8 mmol, 6 equiv) was added to the Schlenk tube. After
stirring at corresponding temperature for 1 h, the reaction mixture was cooled to —78 °C.
To the resulting solution was added CuCN-2LiCl (1.0 M in THF, 0.30 mL, 0.30 mmol, 1
equiv) and methyl iodide (90 uL, 1.4 mmol, 5 equiv). After warming to room temperature
and stirring for 1 h, the reaction mixture was treated with saturated aqueous ammonium
chloride (2 mL). After being partitioned, the aqueous layer was extracted with diethyl
ether (2 mL) three times. The combined organic extracts were washed with saturated
aqueous ammonium chloride (2 mL) and brine (2 mL), dried over sodium sulfate, and
filtered. The filtrate was concentrated under reduced pressure to give a crude product. The
yields of 2,3,4-trimethoxy-1-methyl-9H-carbazole (70), 2,3,4-trimethoxy-9H-carbazole
(89), and 6'-chloro-2',3',4'-trimethoxy-[ 1,1'-biphenyl]-2-amine (67) were determined by
"H NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard by comparing
relative values of integration for the peaks observed at 2.41 ppm (3 protons for 70), 6.71
ppm (1 proton for 89), and 3.64 ppm (3 protons for 67) with that of 1,1,2,2-
tetrachloroethane observed at 5.96 ppm. The other experiments (entries 2—6) were
performed at the corresponding reaction temperature according to the procedure. The
yields of carbazole 89, methylcarbazole 70, and the starting aminobiphenyl 67 were
determined by 'H NMR spectroscopy.

Scale-up synthesis under the optimal reaction conditions (Table 3-3-2, entry 7)

A flame-dried 300-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with aminobiphenyl 67 (1.328 g, 4.52
mmol, 1.0 equiv) and THF (45.0 mL). The resulting solution was cooled to —78 °C. n-
BuLi (1.52 M in hexane, 18.0 mL, 27.4 mmol, 6 equiv) was added to the Schlenk tube.
After stirring at —40 °C for 1 h, the reaction mixture was treated with CuCN-2LiCl (1.0
M in THF, 4.5 mL, 4.5 mmol, 1 equiv) and methyl iodide (1.4 mL, 23 mmol, 5 equiv).
After warming to room temperature and stirring for 1 h, the reaction mixture was treated
with saturated aqueous ammonium chloride (30 mL). After being partitioned, the aqueous
layer was extracted with diethyl ether (10 mL) three times. The combined organic extracts
were washed with saturated aqueous ammonium chloride (20 mL) and brine (20 mL),
dried over sodium sulfate, and filtered. The filtrate was concentrated under reduced
pressure to give a crude product, which was purified by silica gel column chromatography
(hexane/diethyl ether = 4:1) to afford the title compound 70 as a colorless solid (1.022 g,
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3.77 mmol, 83%). Ry=0.27 (hexane/diethyl ether = 2:1); Mp 122-123 °C; IR (ATR, cm™
1):3365,2935, 1611, 1504, 1455, 1424, 1399, 1355, 1319, 1298, 1232, 1090, 1041, 1015,
982, 748; 'H NMR (400 MHz, CDCls): 6 8.21 (d, 1H, J = 8.0 Hz), 7.82 (br s, 1H),
7.43—7.39 (m, 1H), 7.36 (ddd, 1H, J= 7.6, 7.6, 1.2 Hz), 7.21 (ddd, 1H, J=7.6, 7.6, 1.2
Hz), 4.13 (s, 3H), 3.97 (s, 3H), 3.94 (s, 3H), 2.41 (s, 3H); BC{'H} NMR (100 MHz,
CDCl3): 0 151.0, 146.7, 140.0, 139.6, 135.8, 124.9, 122.9, 122.5, 119.7, 112.4, 110.3,
108.3, 61.7, 61.5, 61.0, 10.3; HRMS (DART/TOF) m/z: [M+H]" Calcd for CisHisNO3
272.1287; Found 272.1285.

5. Effects of the amount of n-BuLi on the aryne-mediated carbazole formation and
deuteration (Table 3-3-3)

OMe . MeO OMe MeO OMe

MeO n-BuLi CD3;0D O O . O O
O NH THF —40°Ctort  MeO N MeO \
MeO | D H H H

C -78 °Cto—40°C

67 90 89

Reaction performed with three equivalents of n-BuLi (Table 3-3-3, entry 1)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with aminobiphenyl 67 (88.3 mg, 0.301
mmol, 1 equiv) and THF (3.0 mL). The resulting solution was cooled to =78 °C. n-BuLi
(1.51 M in hexane, 0.6 mL, 0.9 mmol, 3 equiv) was added to the Schlenk tube. After
stirring at —40 °C for 1 h, the reaction mixture was treated with deuterated methanol (0.5
mL). After warming to room temperature and stirring for 1 h, the reaction mixture was
treated with saturated aqueous ammonium chloride (2 mL). After being partitioned, the
aqueous layer was extracted with diethyl ether (2 mL) three times. The combined organic
extracts were washed with brine (3 mL), dried over sodium sulfate, and filtered. The
filtrate was concentrated under reduced pressure to give a crude product, which was
purified by silica gel column chromatography (hexane/diethyl ether = 3:1) to afford an
inseparable mixture (63.4 mg) of 2,3,4-trimethoxy-9H-carbazole-1-d (90) (0.205 mmol,
68%) and 2,3,4-trimethoxy-9H-carbazole (89) (0.0390 mmol, 13%) as a colorless solid.
The ratio was determined by 'H NMR spectroscopy.

Reaction performed with six equivalents of n-BuLi (Table 3-3-3, entry 2)

A crude product was obtained from aminobiphenyl 67 (87.9 mg, 0.299 mmol, 1 equiv),
n-BuLi (1.51 M in hexane, 1.2 mL, 1.8 mmol, 6 equiv), deuterated methanol (0.5 mL),
and THF (1.5 mL) according to the above procedure. Purification was performed by silica

gel column chromatography (hexane/diethyl ether = 3:1) to afford an inseparable mixture
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(71.2 mg) of 2,3,4-trimethoxy-9H-carbazole-1-d (90) (0.261 mmol, 87%) and 2,3,4-
trimethoxy-9H-carbazole (89) (0.0140 mmol, 4.6%) as a pale brown solid. The ratio was
determined by '"H NMR spectroscopy. Physicochemical properties of 2,3,4-trimethoxy-
9H-carbazole-1-d (90): Ry= 0.22 (hexane/diethyl ether = 1:1); Mp 159-160 °C; IR (ATR,
cm'): 3402, 2938, 1627, 1610, 1573, 1499, 1456, 1413, 1359, 1313, 1275, 1197, 1147,
1113, 1098, 1085, 1003, 946, 930; 'H NMR (400 MHz, CDCl;): 6 8.18 (d, 1H, J = 7.6
Hz), 7.91 (br s, 1H), 7.37 (d, 1H, J = 7.6 Hz), 7.33 (ddd, 1H, J= 7.6, 7.6, 1.2 Hz), 7.21
(ddd, 1H, J = 7.6, 7.6, 1.2 Hz), 4.16 (s, 3H), 3.95 (s, 3H), 3.93 (s, 3H); BC{'H} NMR
(100 MHz, CDCls): ¢ 153.6, 148.8, 139.2, 136.5, 136.0, 124.4, 122.8, 121.9, 119.7,
110.14, 110.09, 89.4 (t, Jcp = 24.0 Hz), 61.7, 61.0, 56.3; HRMS (DART/TOF) m/z:
[M+H]* Caled for CisHis>HNO3 259.1193; Found 259.1194.

6. Product distributions in the regioselective demethylation of the 1-methylcarbazole

(Table 3-3-4)
MeO OMe
Me H

70
‘conditions
MeO OMe HO OMe MeO OH HO OMe
N N N N
Me H Me H Me H Me H
7 94 95 96
§ é l d _: ; , E § } 5 %
A Y J ) 4—0\ ] ¢ v s T ) X ) 7 -
CCDC: 2324242 CCDC: 2324243 CCDC: 2324244 CCDC: 2324245

The yields of 2,3,4-trimethoxy-1-methyl-9H-carbazole (70), 3,4-dimethoxy-1-methyl-
9H-carbazol-2-ol (71), 2,4-dimethoxy-1-methyl-9H-carbazol-3-o0l (94), 2,3-dimethoxy-
I-methyl-9H-carbazol-4-ol (95), and 4-methoxy-1-methyl-9H-carbazole-2,3-diol (96)
were determined by 'H NMR analysis using 1,1,2,2-tetrachloroethane as an internal
standard by comparing relative values of integration for the peaks observed at 4.01 ppm
(3 protons for 71), 2.45 ppm (3 protons for 94), 3.96 ppm (3 protons for 95), 4.06 ppm (3
protons for 96), and 2.41 ppm (3 protons for 70) with that of 1,1,2,2-tetrachloroethane
observed at 5.96 ppm.
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Reaction performed with aqueous HCI (Table 3-3-4, entry 1)

A 10-mL glass screw-thread tube equipped with a Teflon-coated magnetic stirring bar and
a screw cup was charged with 2,3,4-trimethoxycarbazole 70 (26.4 mg, 0.0973 mmol, 1.0
equiv) and aqueous HCI (35 wt%, 0.5 mL). After stirring at 50 °C for 18 h, the reaction
mixture was treated with water (1 mL). The resulting mixture was extracted with diethyl
ether (1 mL) three times. The combined organic extracts were washed with brine (2 mL),
dried over sodium sulfate, and filtered. The filtrate was concentrated under reduced
pressure to give a crude product. The yields of 2-hydroxycarbazole 71, 3-
hydroxycarbazole 94, 4-hydroxycarbazole 95, and the starting trimethoxycarbazole 70
were determined to be 8%, 3%, 2%, and 63% by 'H NMR spectroscopy.

Reaction performed with TMSCI and Nal (Table 3-3-4, entry 2)

A flame-dried 5-mL single-necked reaction tube equipped with a Teflon-coated magnetic
stirring bar and three-way stopcock under argon was charged with 2,34-
trimethoxycarbazole 70 (27.2 mg, 0.100 mmol, 1.0 equiv), sodium iodide (75.0 mg, 0.500
mmol, 5.0 equiv), and MeCN (0.3 mL). The resulting solution was cooled to 0 °C.
Trimethylsilyl chloride (65 uL, 0.52 mmol, 5.2 equiv) was added dropwise to the reaction
tube. After warming to room temperature and stirring for 22 h, the reaction mixture was
treated with water (1 mL). The resulting mixture was extracted with diethyl ether (1 mL)
three times. The combined organic extracts were washed with brine (2 mL), dried over
sodium sulfate, and filtered. The filtrate was concentrated under reduced pressure to give
a crude product. The yields of 2-hydroxycarbazole 71, 3-hydroxycarbazole 94, 4-
hydroxycarbazole 95, and the starting trimethoxycarbazole 70 were determined to be 23%,
13%, 9%, and 22% by '"H NMR spectroscopy.

Reaction performed with TESCI and Nal (Table 3-3-4, entry 3)

A crude product was obtained from 2,3,4-trimethoxycarbazole 70 (26.7 mg, 0.0984 mmol,
1.0 equiv), sodium iodide (75.4 mg, 0.503 mmol, 5.1 equiv), triethylsilyl chloride (85 uL,
0.51 mmol, 5.2 equiv), and MeCN (0.3 mL) for 48 h, according to the above procedure.
The yields of 2-hydroxycarbazole 71, 3-hydroxycarbazole 94, 4-hydroxycarbazole 95,
and the starting trimethoxycarbazole 70 were determined to be 24%, 23%, 12%, and 29%
by '"H NMR spectroscopy.
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MeO OH
N
Me H
95

Synthesis of 3-dimethoxy-1-methyl-9H-carbazol-4-o0l (95) with 1-dodecanethiol and
NaOH (Table 3-3-4, entry 4)

A flame-dried 50-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
under argon was charged with 2,3,4-trimethoxycarbazole 70 (271.2 mg, 1.00 mmol, 1.0
equiv), sodium hydroxide (380.5 mg, 9.51 mmol, 9.5 equiv), and DMF (10.0 mL). To the
mixture was added 1-dodecanethiol (0.36 mL, 1.5 mmol, 1.5 equiv) dropwise at room
temperature. After stirring at 130 °C for 12 h, the resulting suspension was treated with
aqueous HCI (1 M, 15 mL). The resulting mixture was extracted with ethyl acetate (10
mL) three times. The combined organic extracts were washed with aqueous sodium
chloride (10 wt%, 30 mL) three times, dried over sodium sulfate, and filtered. The filtrate
was concentrated under reduced pressure to give a crude product, which was purified by
silica gel column chromatography (hexane/diethyl ether = 3:1) and recrystallization
(hexane/chloroform = 4:1) to afford the title compound 95 as a pale grey solid (102.4 mg,
0.398 mmol, 40%). Ry = 0.22 (hexane/diethyl ether = 2:1); Mp 154—-156 °C; IR (ATR,
cm): 3426, 2935, 1639, 1614, 1508, 1454, 1415, 1359, 1324, 1305, 1243, 1196, 1147,
1110, 1087, 1025, 1002, 953, 929; '"H NMR (400 MHz, CDCls): 6 8.22 (d, 1H, J = 7.6
Hz), 7.78 (br s, 1H), 7.40 (d, 1H, J = 7.6 Hz), 7.34 (ddd, 1H, J= 7.6, 7.6, 0.8 Hz), 7.22
(ddd, 1H, J = 7.6, 7.6, 0.8 Hz), 6.11 (s, 1H), 3.96 (s, 3H), 3.92 (s, 3H), 2.38 (s, 3H);
BC{'H} NMR (100 MHz, CDCl3): J 149.8, 142.7, 139.5, 136.2, 133.4, 124.6, 123.3,
122.6, 119.8, 110.1, 107.3, 103.9, 61.7, 61.2, 9.9; HRMS (DART/TOF) m/z: [M+H]"
Calcd for Ci5H16NOs3 258.1130; Found 258.1132.

HO OMe
N
Me H
94
Synthesis of 2,4-dimethoxy-1-methyl-9H-carbazol-3-ol (94) with NbCls (Table 3-3-4,
entry 5)
A flame-dried 50-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar

under argon was charged with 2,3,4-trimethoxycarbazole 70 (237.0 mg, 0.874 mmol, 1.0
equiv), niobium(V) chloride (247.8 mg, 0.917 mmol, 1.1 equiv), and 1,2-dichloroethane
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(9.0 mL). After stirring at 85 °C for 1.5 h, the resulting suspension was treated with water
(10 mL). After being partitioned, the aqueous layer was extracted with CH>Cl> (10 mL)
three times. The combined organic extracts were washed with brine (20 mL), dried over
sodium sulfate, and filtered. The filtrate was concentrated under reduced pressure to give
a crude product, which was purified by silica gel column chromatography (hexane/diethyl
ether = 1:1) to afford the title compound 94 as a pale yellow solid (114.5 mg, 0.445 mol,
51%). Ry = 0.23 (hexane/diethyl ether = 1:1); Mp 127-128 °C; IR (ATR, cm™): 3419,
2930, 1614, 1513, 1456, 1406, 1341, 1319, 1302, 1254, 1225, 1192, 1170, 1149, 1128,
1111, 1080, 1015, 954, 933, 880, 813; 'H NMR (400 MHz, CDCl3): 6 8.18 (d, 1H,J=7.6
Hz), 7.78 (br s, 1H), 7.42 (d, 1H, J = 7.6 Hz), 7.36 (ddd, 1H, J= 7.6, 7.6, 1.2 Hz), 7.21
(ddd, 1H, J = 7.6, 7.6, 1.2 Hz), 5.39 (s, 1H), 4.10 (s, 3H), 3.92 (s, 3H), 2.45 (s, 3H);
BC{'H} NMR (100 MHz, CDCl3): J 145.5, 139.9, 139.7, 135.9, 133.3, 125.0, 122.5,
122.4, 119.6, 112.3, 110.5, 108.2, 61.6, 60.8, 10.5; HRMS (DART/TOF) m/z: [M+H]"
Calcd for Ci5H16NOs3 258.1130; Found 258.1131.

Ho  OMe
Nes®
Me H
96
Synthesis of 4-methoxy-1-methyl-9H-carbazole-2,3-diol (96) with 1.5 equiv of BBr3
(Table 3-3-4, entry 6)
A flame-dried 50-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 2,3 4-trimethoxycarbazole 70 (271.1
mg, 0.999 mmol, 1.0 equiv) and CH2Cl (10.0 mL). The resulting solution was cooled to
—78 °C. Boron tribromide (1.0 M in CH2Cly, 1.5 mL, 1.5 mmol, 1.5 equiv) was added to
the Schlenk tube. After stirring at 0 °C for 1 h, the resulting suspension was treated with
water (5 mL). After being partitioned, the aqueous layer was extracted with CH>Cl» (5
mL) three times. The combined organic extracts were washed with brine (10 mL), dried
over sodium sulfate, and filtered. The filtrate was concentrated under reduced pressure to
give a crude product, which was purified by silica gel column chromatography
(hexane/diethyl ether = 2:1) to afford the title compound 96 as a pale brown solid (148.6
mg, 0.611 mmol, 61%). Rr= 0.13 (hexane/diethyl ether = 1:1); Mp 168 °C (compound
was complete decomposition prior to melting); IR (ATR, cm™): 3424, 2930, 2915, 1640,
1632, 1619, 1525, 1455, 1429, 1356, 1319, 1284, 1216, 1171, 1150, 1074, 1002, 939,
888; 'H NMR (400 MHz, DMSO-ds): 6 10.72 (s, 1H), 8.41 (s, 1H), 8.35 (s, 1H), 7.93 (d,
1H, J="7.6 Hz), 7.36 (d, 1H, J= 7.6 Hz), 7.21 (ddd, 1H, J= 7.6, 7.6, 0.8 Hz), 7.04 (ddd,
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1H, J=17.6, 7.6, 0.8 Hz), 3.89 (s, 3H), 2.29 (s, 3H); *C{'H} NMR (100 MHz, DMSO-
de): 0 144.7,140.5, 139.4, 134.1, 131.4, 123.1, 122.0, 120.7, 118.1, 110.2, 107.4, 101.3,
59.8, 10.5; HRMS (DART/TOF) m/z: [M+H]" Calcd for CisHi1sNO3 244.0974; Found
244.0976.

Synthesis of 3,4-dimethoxy-1-methyl-9H-carbazol-2-ol (71) with 1.0 equiv of BBr; at
—60 °C (entry 7)

A flame-dried 3-mL single-necked reaction tube equipped with a Teflon-coated magnetic
stirring bar, a three-way stopcock, and a rubber septum under argon was charged with
2,3,4-trimethoxycarbazole 70 (27.2 mg, 0.100 mmol, 1.0 equiv) and CH>Cl, (1.0 mL).
The resulting solution was cooled to —78 °C. Boron tribromide (1.0 M in CH2Cl», 100 uL,
0.1 mmol, 1.0 equiv) was added to the single-necked tube. After stirring at —60 °C for 2.5
h, the resulting suspension was treated with water (1 mL). After being partitioned, the
aqueous layer was extracted with CH>Cl, (1 mL) three times. The combined organic
extracts were washed with brine (1 mL), dried over sodium sulfate, and filtered. The
filtrate was concentrated under reduced pressure to give a crude product. The yields of 2-
hydroxycarbazole 71, 3-hydroxycarbazole 94, catechol 96, and the starting
trimethoxycarbazole 70 were determined to be 38%, 3%, 18%, and 41% by 'H NMR

spectroscopy.

MeO OMe
Nes®
Me H
7
Synthesis of 3,4-dimethoxy-1-methyl-9H-carbazol-2-ol (71) with BClz (Table 3-3-4,
entry 8)
A flame-dried 50-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 2,3 4-trimethoxycarbazole 70 (1.228
g, 4.53 mmol, 1.0 equiv) and CH>Cl, (22.0 mL). The resulting solution was cooled to
—78 °C. Boron trichloride (1.0 M in CH2Cl,, 6.8 mL, 6.8 mmol, 1.5 equiv) was added to
the Schlenk tube. After stirring at 0 °C for 3 h, the resulting solution was treated with
water (5 mL). After being partitioned, the aqueous layer was extracted with CH>Cl» (5
mL) three times. The combined organic extracts were washed with brine (10 mL), dried
over sodium sulfate, and filtered. The filtrate was concentrated under reduced pressure to
give a crude product, which was purified by silica gel column chromatography
(hexane/diethyl ether = 1:1) to afford the title compound 71 as a colorless solid (760.4
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mg, 2.96 mmol, 65%). Ry= 0.32 (hexane/diethyl ether = 1:1); Mp 128-130 °C; IR (ATR,
cm'): 3431, 2937, 1616, 1517, 1456, 1409, 1341, 1320, 1297, 1251, 1167, 1150, 1079,
1036, 974, 881, 746, 640; 'H NMR (400 MHz, CDCl3): ¢ 8.15 (d, 1H, J= 8.0 Hz), 7.81
(brs, 1H), 7.40 (d, 1H, J= 8.0 Hz), 7.32 (ddd, 1H, J = 8.0, 8.0, 1.2 Hz), 7.20 (ddd, 1H, J
= 8.0, 8.0, 1.2 Hz), 6.03 (s, 1H), 4.09 (s, 3H), 4.01 (s, 3H), 2.39 (s, 3H); PC{'H} NMR
(100 MHz, CDCls): 0 146.5, 145.4,139.2, 136.6, 134.0, 124.3,123.2,121.9, 119.8, 110.2,
109.0, 100.4, 61.8, 60.7, 9.9; HRMS (DART/TOF) m/z: [M+H]" Calcd for CisHi1sNO3
258.1130; Found 258.1137.

7. Synthesis of Carbazomycins A, C, and D (Scheme 3-3-6)

szo MeO OMe

O O o ok )
HO CHgClz TfO .
Me H

71 98% 72

3,4-Dimethoxy-1-methyl-9H-carbazol-2-yl trifluoromethanesulfonate (72)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 2-hydroxylcarbazole 71 (731.9 mg,
2.84 mmol, 1.0 equiv), triethylamine (1.20 mL, 8.60 mmol, 3.0 equiv), and CH>Cl> (28.0
mL). The resulting solution was cooled to 0 °C. Trifluoromethanesulfonic anhydride (0.72
mL, 4.3 mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at 0 °C for 2 h,
the reaction mixture was treated with water (5 mL). After being partitioned, the aqueous
layer was extracted with CH>Cl (5 mL) three times. The combined organic extracts were
washed with brine (10 mL), dried over sodium sulfate, and filtered. The filtrate was
concentrated under reduced pressure to give a crude product, which was purified by silica
gel column chromatography (hexane/diethyl ether = 3:1) to afford the title compound 72
as a pale brown solid (1.080 g, 2.77 mmol, 98%). Ry= 0.18 (hexane/diethyl ether = 3:1);
Mp 87-88 °C; IR (ATR, cm™): 3444, 2944, 1506, 1456, 1415, 1313, 1246, 1211, 1136,
1059, 1038, 972, 887, 839, 751, 613; 'H NMR (400 MHz, CDCls): 6 8.26 (d, 1H, J= 8.0
Hz), 7.99 (br s, 1H), 7.48-7.41 (m, 2H), 7.30—7.24 (m, 1H), 4.15 (s, 3H), 3.99 (s, 3H),
2.50 (s, 3H); 3C{'H} NMR (100 MHz, CDCl3): J 146.6, 140.2, 139.9, 138.1, 135.0,
126.3,123.1,122.2,120.4,118.9 (q, 'Jc r =318 Hz), 115.8, 110.7, 108.6, 61.9, 60.9, 11.1;
HRMS (DART/TOF) m/z: [M+H]* Calcd for CisHi5F3NOsS 390.0623; Found 390.0613.
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DABAL-Meg

Meo  OMe Pdy(dba)g:CHClz 2 mol%)  Meo ~ OMe
O O CyJohnPhos (4 mol%) O O
TiO \ 1,4-dioxane Me N
Me  H go*c Me H
72 95% Carbazomycin A (64)
Carbazomycin A (64)

A flame-dried 300-mL round-bottomed flask equipped with a Teflon-coated magnetic
stirring bar, a rubber septum, and a three-way stopcock under argon was charged with
triflate 72 (2.415 g, 6.20 mmol, 1.0 equiv), bis(trimethylaluminum)-1,4-
diazabicyclo[2.2.2]octane adduct (DABAL-Me3) (1.594 g, 6.22 mmol, 1.0 equiv),
Pd»(dba);-CHCl3 (128.6 mg, 0.124 mmol, 2 mol%), 2-(dicyclohexylphosphino)biphenyl
(CyJohnPhos) (87.7 mg, 0.250 mmol, 4 mol%), and anhydrous 1,4-dioxane (124 mL).
After stirring at 80 °C for 4 h, the reaction mixture was treated with saturated aqueous
ammonium chloride (30 mL). After being partitioned, the aqueous layer was extracted
with diethyl ether (20 mL) three times. The combined organic extracts were washed with
brine (50 mL) five times, dried over sodium sulfate, and filtered. The filtrate was
concentrated under reduced pressure to give a crude product, which was purified by silica
gel column chromatography (hexane/diethyl ether = 3:1) to afford carbazomycin A (64)
as a pale yellow solid (1.505 g, 5.89 mmol, 95%), whose 'H and C{'H} NMR
spectroscopic data were identical to those reported in the literature.*>’! Ry = 0.38
(hexane/diethyl ether = 2:1); Mp 131-132 °C; IR (ATR, cm™): 3417, 3351, 2935, 1612,
1501, 1455, 1396, 1318, 1293, 1166, 1149, 1089, 1052, 1014, 745; '"H NMR (400 MHz,
CDCl3): 0 8.23 (d, 1H, J = 8.0 Hz), 7.82 (br s, 1H), 7.43—7.35 (m, 2H), 7.24-7.19 (m,
1H), 4.11 (s, 3H), 3.90 (s, 3H), 2.41 (s, 3H), 2.39 (s, 3H); BC{'H} NMR (100 MHz,
CDCl3): o 146.1, 144.6, 139.5, 136.5, 128.9, 125.2, 122.9, 122.6, 119.6, 114.5, 113.7,
110.4, 61.3, 60.7, 13.8, 12.8; HRMS (DART/TOF) m/z: [M+H]" Calcd for CicHi1sNO>
256.1338; Found 256.1348.

Meo_  OMe Meo_ OMe B
NBS
Me H 0°C Me H
Carbazomycin A (64) 94% 101
6-Bromo-3,4-dimethoxy-1,2-dimethyl-9H-carbazole (101)
A 200-mL round-bottomed flask equipped with a Teflon-coated magnetic stirring bar and

a rubber septum was charged with carbazomycin A (64) (1.618 g, 6.34 mmol, 1.0 equiv)

and MeCN (32.0 mL). The resulting solution was cooled to 0 °C. N-Bromosuccinimide
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(1.242 g, 6.98 mmol, 1.1 equiv) was added portionwise to the flask. After stirring at 0 °C
for 30 min, the reaction mixture was treated with saturated aqueous sodium thiosulfate
(10 mL). After being partitioned, the aqueous layer was extracted with diethyl ether (10
mL) three times. The combined organic extracts were washed with aqueous sodium
chloride (10 wt%, 10 mL) three times, dried over sodium sulfate, and filtered. The filtrate
was concentrated under reduced pressure to give a crude product, which was purified by
silica gel column chromatography (hexane/diethyl ether = 5:1) to afford the title
compound 101 as a colorless solid (1.989 g, 5.95 mmol, 94%). Ry= 0.27 (hexane/diethyl
ether =2:1); Mp 119-121 °C; IR (ATR, cm™): 3439, 3355, 2933, 1624, 1608, 1501, 1446,
1388, 1337, 1293, 1251, 1216, 1191, 1159, 1124, 1088, 1059, 1044, 1007, 971, 899, 882;
"H NMR (400 MHz, CDCl3): 6 8.33 (d, 1H, J = 2.0 Hz), 7.82 (br s, 1H), 7.45 (dd, 1H, J
= 8.6, 2.0 Hz), 7.28 (d, 1H, J = 8.6 Hz), 4.11 (s, 3H), 3.88 (s, 3H), 2.40 (s, 3H), 2.38 (s,
3H); BC{'H} NMR (100 MHz, CDCls): 6 146.1, 144.7, 138.0, 136.8, 130.0, 127.9, 125.2,
124.8, 113.8, 113.7, 112.2, 111.8, 61.1, 60.7, 13.8, 12.8; HRMS (DART/TOF) m/z:
[M+H]" Calcd for Ci6Hi7"°BrNO2 334.0443; Found 334.0436.

Meo. M€ B Naome  Meo. PME ome
S0 — w5
Me# DME Me”
Me H 80 °C Me  H
101 96% Carbazomycin D (75)
Carbazomycin D (75)
A 500-mL oven-dried three-necked round-bottomed flask equipped with a Teflon-coated
magnetic stirring bar, a rubber septum, a three-way stopcock, and a condenser under argon
was charged with MeOH (45.0 mL). Sodium metal (4.100 g, 0.178 mol) was added
portionwise over 1.5 h to the flask. After stirring at room temperature for 1 h, the fresh
sodium methoxide (4 M in MeOH, 45 mL) was obtained as a pale yellow solution. To the
resulting solution was added bromocarbazole 101 (1.824 g, 5.46 mmol, 1.0 equiv),
copper(I) iodide (2.080 g, 10.9 mmol, 2.0 equiv), and DMF (55.0 mL). After stirring at
80 °C for 16 h, the reaction mixture was treated with saturated aqueous ammonium
chloride (30 mL). After being partitioned, the aqueous layer was extracted with ethyl
acetate (20 mL) three times. The combined organic extracts were washed with aqueous
sodium chloride (10 wt%, 50 mL) three times, dried over sodium sulfate, and filtered.
The filtrate was concentrated under reduced pressure to give a crude product, which was
purified by silica gel column chromatography (hexane/diethyl ether = 3:1) to afford
carbazomycin D (75) as a colorless solid (1.492 g, 5.23 mmol, 96%), whose 'H and

BC{'H} NMR spectroscopic data were identical to those reported in the literature.’”?*"’
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Ry = 0.28 (hexane/diethyl ether = 2:1); Mp 114-116 °C; IR (ATR, cm™): 3356, 2934,
1629, 1583, 1501, 1483, 1461, 1439, 1391, 1339, 1290, 1260, 1215, 1192, 1178, 1143,
1110, 1088, 1051, 1031, 1008, 973, 902, 851, 805; 'H NMR (400 MHz, acetone-ds): &
9.86 (br s, 1H), 7.70 (d, 1H, J= 2.6 Hz), 7.34 (d, 1H, J= 8.8 Hz), 6.97 (dd, 1H, J = 8.8,
2.6 Hz), 4.06 (s, 3H), 3.87 (s, 3H), 3.83 (s, 3H), 2.41 (s, 3H), 2.33 (s, 3H); 3C{'H} NMR
(100 MHz, acetone-ds): 0 154.4, 146.6, 144.6, 138.6, 135.8, 129.1, 123.8, 115.0, 114.7,
114.6,112.0,105.8,61.0, 60.6, 56.0, 13.7, 12.7; HRMS (DART/TOF) m/z: [M+H]" Calcd
for C17H20NO3 286.1443; Found 286.1446.

MeQO OMe OMe CH3(CH,)41SH MeO OH OMe
NaOH
v {
N DMF N
Me H H

130 °C Me

Carbazomycin D (75) 85% Carbazomycin C (74)

Carbazomycin C (74)

An oven-dried 200-mL round-bottomed flask equipped with a Teflon-coated magnetic
stirring bar, a rubber septum, and a three-way stopcock under argon was charged with
carbazomycin D (75) (1.375 g, 4.82 mmol, 1.0 equiv), sodium hydroxide (2.050 g, 51.3
mmol, 10.6 equiv), and DMF (48.0 mL). To the mixture was added dropwise 1-
dodecanethiol (1.7 mL, 7.1 mmol, 1.5 equiv) at room temperature. After stirring at 130 °C
for 12 h, the resulting suspension was treated with aqueous HCI (2 M, 30 mL). The
resulting mixture was extracted with ethyl acetate (20 mL) three times. The combined
organic extracts were washed with aqueous sodium chloride (10 wt%, 50 mL) three times,
dried over sodium sulfate, and filtered. The filtrate was concentrated under reduced
pressure to give a crude product, which was purified by silica gel column chromatography
(hexane/diethyl ether = 3:1) to afford carbazomycin C (74) as a yellow solid (1.115 g,
4.11 mmol, 85%), whose 'H and *C{'H} NMR spectroscopic data were identical to those
reported in the literature.””* Ry = 0.18 (hexane/diethyl ether = 2:1); Mp 198-199 °C; IR
(ATR, em™): 3440, 3334, 2937, 1637, 1590, 1503, 1484, 1161, 1438, 1409, 1323, 1294,
1215, 1190, 1176, 1138, 1108, 1084, 1028, 1002, 886, 850, 805; 'H NMR (400 MHz,
acetone-de): 0 9.73 (br s, 1H), 8.05 (s, 1H), 7.76 (d, 1H, J=2.8 Hz), 7.31 (d, 1H, J= 8.8
Hz), 6.92 (dd, 1H, J= 8.8, 2.8 Hz), 3.85 (s, 3H), 3.74 (s, 3H), 2.37 (s, 3H), 2.34 (s, 3H);
BC{'H} NMR (100 MHz, acetone-ds): § 154.3, 143.7, 139.0, 138.9, 135.6, 128.0, 124.7,
113.9, 111.6, 110.8, 109.8, 106.1, 61.4, 56.0, 13.3, 12.8; HRMS (DART/TOF) m/z:
[M+H]" Calcd for Ci6H1sNO3 272.1287; Found 272.1291.

8. Synthesis of carbazomycin B (Scheme 3-3-7)
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Meo OMe CHa(CHy)11SH meo, M
0D o i)
Me N DMF Me N
Me H 130°C Me H
Carbazomycin A (64) 80% Carbazomycin B (73)

Carbazomycin B (73)

An oven-dried 200-mL round-bottomed flask equipped with a Teflon-coated magnetic
stirring bar, a rubber septum, and a three-way stopcock under argon was charged with
carbazomycin A (64) (1.502 g, 5.88 mmol, 1.0 equiv), sodium hydroxide (2.413 g, 60.3
mmol, 10 equiv), and DMF (59.0 mL). To the mixture was added dropwise 1-
dodecanethiol (2.1 mL, 8.8 mmol, 1.5 equiv) at room temperature. After stirring at 130 °C
for 13 h, the resulting suspension was treated with aqueous HCI (2 M, 35 mL). The
resulting mixture was extracted with ethyl acetate (30 mL) three times. The combined
organic extracts were washed with aqueous sodium chloride (10 wt%, 100 mL) three
times, dried over sodium sulfate, and filtered. The filtrate was concentrated under reduced
pressure to give a crude product, which was purified by silica gel column chromatography
(hexane/diethyl ether = 4:1) to afford carbazomycin B (73) as a pale yellow solid (1.141
g, 4.73 mmol, 80%), whose 'H and *C{'H} NMR spectroscopic data were identical to
those reported in the literature.*"7!7227% R ;= (.26 (hexane/diethyl ether = 2:1); Mp 148
150 °C; IR (ATR, cm™'): 3433, 3385, 2940, 1640, 1614, 1502, 1454, 1412, 1322, 1301,
1244, 1146, 1085, 1003, 874; 'H NMR (400 MHz, CDCl3): J 8.24 (d, 1H, J = 8.0 Hz),
7.78 (br s, 1H), 7.42—7.32 (m, 2H), 7.28—7.18 (m, 1H), 6.03 (s, 1H), 3.83 (s, 3H), 2.40 (s,
3H), 2.38 (s, 3H); *C{!H} NMR (100 MHz, CDCls): 6 142.1, 139.3, 138.5, 136.9, 127.1,
124.9, 123.4, 122.8, 119.6, 110.1, 109.4, 61.7, 13.4, 12.9 (one aromatic carbon signal is
missing because of overlapping); 3C {'H} NMR (100 MHz, acetone-dc): § 143.8, 140.8,
139.4, 138.1, 128.0, 124.9, 124.3, 123.1, 119.2, 111.0, 110.6, 109.7, 61.4, 13.4, 12.8;
HRMS (DART/TOF) m/z: [M+H]" Calcd for C1sHisNO> 242.1181; Found 242.1183.

90



9. X-Ray Crystallographic Data

MeQO OMe
Wen?
N
Me H
71
CCDC: 2324242

3,4-Dimethoxy-1-methyl-9H-carbazol-2-ol (71)

The single crystals were obtained by vapor diffusion crystallization from hexane/ethyl
acetate. X-ray crystallographic data were collected at —173 °C on a Rigaku Saturn724
diffractometer with MoKa radiation. X-ray crystallographic data were collected on a
Rigaku Saturn724 diffractometer with MoKa radiation. The structures were solved by a

direct method (SHELXT)! and refined using a full-matrix least squares technique
(SHELXL).

Space Group: C 2/c
Cell: a 16.2213(8)A b 16.5859(8)A ¢ 18.3221(9)A, a 90° 5 94.863(4)° y 90°

-

Figure S1. ORTEP drawing of the molecular structure of compound 71 with thermal
ellipsoids at 50% probability levels.
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HO OMe
N
Me H
94

CCDC: 2324243

2,4-Dimethoxy-1-methyl-9H-carbazol-3-ol (94)

The single crystals were obtained by vapor diffusion crystallization from hexane/diethyl
ether. X-ray crystallographic data were collected at —173 °C on a Rigaku Saturn724
diffractometer with MoKa radiation. X-ray crystallographic data were collected on a
Rigaku Saturn724 diffractometer with MoKa radiation. The structures were solved by a

direct method (SHELXT)! and refined using a full-matrix least squares technique
(SHELXL).2

Space Group: Pna21
Cell: a 13.489A b 8.262A ¢ 11.593A, o 90° 5 90° y 90°

-

Figure S2. ORTEP drawing of the molecular structure of compound 94 with thermal
ellipsoids at 50% probability levels.
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MeO o

weo{_ )

Y

95

CCDC: 2324244
3-Dimethoxy-1-methyl-9H-carbazol-4-ol (95)
The single crystals were obtained by vapor diffusion crystallization from hexane/ethyl
acetate. X-ray crystallographic data were collected at —173 °C on a Rigaku Saturn724
diffractometer with MoKa radiation. X-ray crystallographic data were collected on a
Rigaku Saturn724 diffractometer with MoKa radiation. The structures were solved by a
direct method (SHELXT)! and refined using a full-matrix least squares technique
(SHELXL).

Space Group: Pbca
Cell: a 11.6001(6)A b 11.1395(7)A ¢ 19.9966(11)A, & 90° 5 90° y 90°

—

Figure S3. ORTEP drawing of the molecular structure of compound 95 with thermal
ellipsoids at 50% probability levels.
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HO OMe
oL
N
Me H
96
CCDC: 2324245

4-Methoxy-1-methyl-9H-carbazole-2,3-diol (96)

The single crystals were obtained by vapor diffusion crystallization from hexane/ethyl
acetate. X-ray crystallographic data were collected at —173 °C on a Rigaku Saturn724
diffractometer with MoKa radiation. X-ray crystallographic data were collected on a
Rigaku Saturn724 diffractometer with MoKa radiation. The structures were solved by a

direct method (SHELXT)! and refined using a full-matrix least squares technique
(SHELXL).2

Space Group: P 21/n
Cell: a 7.5329(4)A b 9.6129(4)A ¢ 17.1761(8)A, a 90° B 101.946(5)° y 90°

-

Figure S4. ORTEP drawing of the molecular structure of compound 96 with thermal
ellipsoids at 50% probability levels.
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10. Tabular comparisons of NMR Data of carbazomycins A-D

10.1 Tabular comparisons of NMR data of carbazomycin A

Table S5. Chemical shifts of 'H NMR in CDClI; for natural and synthetic carbazomycin

A

Natural (100 MHz)*" Our Synthetic (400 MHz) A
8.25(dd, 1H,J=17.0, 2.0 Hz) 8.23 (d, 1H, J=8.0 Hz) -0.02
7.89 (brs, 1H) 7.82 (brs, 1H) 0.07
7.42-7.13 (m, 3H) 7.43-7.35 (m, 2H), 7.24-7.19 (m, 1H) | -
4.13 (s, 3H) 4.11 (s, 3H) -0.02
3.92 (s, 3H) 3.90 (s, 3H) -0.02
2.40 (s, 3H) 2.41 (s, 3H) 0.01
2.40 (s, 3H) 2.39 (s, 3H) -0.01

Table S5. Chemical shifts of 'TH NMR in CDCls for Knélker’s and our synthetic

carbazomycin A

Knélker’s Synthetic (200 MHz)”! | Our Synthetic (400 MHz) A
8.23 (dd, 1H,J=17.6, 0.5 Hz) 8.23 (d, 1H, J=8.0 Hz) 0.00
7.82 (brs, 1H) 7.82 (brs, 1H) 0.00
7.45-7.15 (m, 3H) 7.43-7.35 (m, 2H), 7.24-7.19 (m, 1H) |-
4.10 (s, 3H) 4.11 (s, 3H) 0.01
3.89 (s, 3H) 3.90 (s, 3H) 0.01
2.40 (s, 3H) 2.41 (s, 3H) 0.01
2.38 (s, 3H) 2.39 (s, 3H) 0.01
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Table S6. Chemical shifts of *C{'H} NMR in CDCl; for natural and our synthetic

carbazomycin A

Natural (25 MHz)*" Our Synthetic (100 MHz) A
145.9 146.1 0.2
144 .4 144.6 0.2
1394 139.5 0.1
136.4 136.5 0.1
128.7 128.9 0.2
125.0 125.2 0.2
122.8 122.9 0.1
122.5 122.6 0.1
119.4 119.6 0.2
114.4 114.5 0.1
113.5 113.7 0.2
110.3 110.4 0.1
61.1 61.3 0.2
60.5 60.7 0.2
13.6 13.8 0.2
12.6 12.8 0.2
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Table S7. Chemical shifts of *C{'H} NMR in CDCI; for Knélker’s and our synthetic

carbazomycin A

Knélker’s Synthetic (75 MHz)”! | Our Synthetic (100 MHz) A
146.1 146.1 0.0
144.6 144.6 0.0
139.5 139.5 0.0
136.5 136.5 0.0
128.9 128.9 0.0
125.1 125.2 0.1
123.0 122.9 0.1
122.6 122.6 0.0
119.5 119.6 0.1
114.6 114.5 0.1
113.5 113.7 0.2
110.3 110.4 0.1
61.1 61.3 0.2
60.5 60.7 0.2
13.6 13.8 0.2
12.6 12.8 0.2
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10.2 Tabular comparisons of NMR data of carbazomycin B

Table S8. Chemical shifts of 'H NMR in CDCI; for natural and synthetic carbazomycin

B

Natural (100 MHz)*" Our Synthetic (400 MHz) A
831(dd, 1H,J=7.0,2.0Hz) | 8.24 (d, 1H,J=8.0 Hz) 0.07
7.71 (brs, 1H) 7.78 (brs, 1H) —0.07
7.38-7.14 (m, 3H) 7.42-7.32 (m, 2H), 7.28-7.18 (m, 1H) | —
6.21 (brs, 1H) 6.03 (s, 1H) 0.18
3.80 (s, 3H) 3.83 (s, 3H) 0.03
236 (s, 3H) 2.40 (s, 3H) 0.04
2.28 (s, 3H) 2.38 (s, 3H) 0.10

Table S9. Chemical shifts of 'H NMR in CDCl; for Knélker’s and our synthetic

carbazomycin B

Knélker’s Synthetic (300 MHz)"' | Our Synthetic (400 MHz) A

8.24 (d, 1H, J=17.7 Hz) 8.24 (d, 1H, J= 8.0 Hz) 0.00
7.77 (brs, 1H) 7.78 (brs, 1H) 0.01
7.45-7.15 (m, 3H) 7.42-7.32 (m, 2H), 7.28-7.18 (m, 1H) | —

6.04 (s, 1H) 6.03 (s, 1H) ~0.01
3.82 (s, 3H) 3.83 (s, 3H) 0.01
2.39 (s, 3H) 2.40 (s, 3H) 0.01
237 (s, 3H) 2.38 (s, 3H) 0.01

Table S10. Chemical shifts of 'H NMR in CDCIs for Moody’s and our synthetic

carbazomycin B

Moody’s Synthetic (270 MHz)”>* | Our Synthetic (400 MHz) A
8.25(d, 1H, J=17.8 Hz) 8.24 (d, 1H, J=8.0 Hz) -0.01
7.77 (brs, 1H) 7.78 (brs, 1H) 0.01
7.42-7.32 (m, 2H) 7.42-7.32 (m, 2H) _
7.22 (t, 1H, J = 6.9 Hz) 7.28-7.18 (m, 1H) -
6.05 (s, 1H) 6.03 (s, 1H) -0.02
3.83 (s, 3H) 3.83 (s, 3H) 0.00
2.40 (s, 3H) 2.40 (s, 3H) 0.00
2.37 (s, 3H) 2.38 (s, 3H) 0.01
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Table S11. Chemical shifts of 3C{'H} NMR in CDCl; for natural and our synthetic

carbazomycin B

Natural (25 MHz)*" Our Synthetic (100 MHz) A
142.0 142.1 0.1
139.3 139.3 0.0
138.5 138.5 0.0
136.8 136.9 0.1
127.0 127.1 0.1
124.7 124.9 0.2
123.3 123.4 0.1
122.7 122.8 0.1
119.5 119.6 0.1
110.0 110.1 0.1
110.0 not observed —
109.3 109.4 0.1
61.4 61.7 0.3
13.1 13.4 0.3
12.7 12.9 0.2
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Table S12. Chemical shifts of 3C{'H} NMR in acetone-ds for natural and our Synthetic

carbazomycin B

Natural (25 MHz)"** Our Synthetic (100 MHz) A
143.6 143.8 0.2
140.7 140.8 0.1
139.3 1394 0.1
137.9 138.1 0.2
127.8 128.0 0.2
124.8 124.9 0.1
124.3 124.3 0.0
123.1 123.1 0.0
119.2 119.2 0.0
111.0 111.0 0.0
110.6 110.6 0.0
109.7 109.7 0.0
61.3 61.4 0.1
13.3 13.4 0.1
12.8 12.8 0.0
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Table S13. Chemical shifts of *C{!H} NMR in CDCIls for Knolker’s and our synthetic

carbazomycin B

Knélker’s Synthetic (75 MHz)”! | Our Synthetic (100 MHz) A
142.1 142.1 0.0
139.3 139.3 0.0
138.5 138.5 0.0
136.8 136.9 0.1
127.0 127.1 0.1
124.7 124.9 0.2
123.3 123.4 0.1
122.7 122.8 0.1
119.5 119.6 0.1
110.0 110.1 0.1
109.5 not observed —
109.4 109.4 0.0
61.5 61.7 0.2
13.1 13.4 0.3
12.7 12.9 0.2

101




10.3 Tabular comparisons of NMR data of carbazomycin C

Table S14. Chemical shifts of 'H NMR in acetone-ds for natural and synthetic

carbazomycin C

Natural (100 MHz)"* Our Synthetic (400 MHz) A

9.76 (brs, 1H) 9.73 (brs, 1H) —0.03
8.06 (s, 1H) 8.05 (s, 1H) -0.01
7.77 (d, 1H, J = 2.4 Hz) 7.76 (d, 1H, J = 2.8 Hz) ~0.01
731 (d, 1H, J = 8.8 Hz) 731 (d, 1H, J = 8.8 Hz) 0.00
6.91 (dd, 1H, J= 8.8, 2.4 Hz) 6.92 (dd, 1H, J= 8.8, 2.8 Hz) 0.01
3.84 (s, 3H) 3.85 (s, 3H) 0.01
3.74 (s, 3H) 3.74 (s, 3H) 0.00
2.36 (s, 3H) 237 (s, 3H) 0.01
2.33 (s, 3H) 2.34 (s, 3H) 0.01
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Table S15. Chemical shifts of '*C{'H} NMR in acetone-ds for natural and our synthetic
carbazomycin C

Natural (25 MHz)"** Our Synthetic (100 MHz) A
154.0 154.3 0.3
143.6 143.7 0.1
139.0 139.0 0.0
138.9 138.9 0.0
135.6 135.6 0.0
127.9 128.0 0.1
124.7 124.7 0.0
113.9 113.9 0.0
111.5 111.6 0.1
110.8 110.8 0.0
109.8 109.8 0.0
106.2 106.1 —0.1
61.3 61.4 0.1
56.0 56.0 0.0
13.4 13.3 —0.1
12.8 12.8 0.0
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10.4 Tabular comparisons of NMR data of carbazomycin D

Table S16. Chemical shifts of 'H NMR in acetone-ds for natural and synthetic

carbazomycin D

Natural (100 MHz)"* Our Synthetic (400 MHz) A

9.98 (brs, 1H) 9.86 (brs, 1H) 0.12
7.71 (d, 1H, J=2.4 Hz) 7.70 (d, 1H, J= 2.6 Hz) -0.01
7.36 (d, 1H, J= 8.8 Hz) 7.34 (d, 1H, J= 8.8 Hz) -0.02
6.97 (dd, 1H, J=8.8,2.4Hz) | 6.97 (dd, 1H, J=8.8, 2.6 Hz) 0.00
4.06 (s, 3H) 4.06 (s, 3H) 0.00
3.87 (s, 3H) 3.87 (s, 3H) 0.00
3.83 (s, 3H) 3.83 (s, 3H) 0.00
2.40 (s, 3H) 2.41 (s, 3H) 0.01
232 (s, 3H) 2.33 (s, 3H) 0.01

Table S17. Chemical shifts of 'H NMR in acetone-ds for Catellani’s and our synthetic

carbazomycin D

Catellani’s Synthetic (300 MHz)”” | Our Synthetic (400 MHz) A

9.88 (brs, 1H) 9.86 (brs, 1H) —0.02
7.71 (d, 1H, J= 2.6 Hz) 7.70 (d, 1H, J= 2.4 Hz) —0.01
7.36 (d, 1H, J= 8.6 Hz) 7.34 (d, 1H, J= 8.8 Hz) —0.02
6.98 (dd, 1H, J=28.6, 2.6 Hz) 6.97 (dd, 1H, J= 8.8, 2.6 Hz) —0.01
4.07 (s, 3H) 4.06 (s, 3H) —0.01
3.88 (s, 3H) 3.87 (s, 3H) —0.01
3.84 (s, 3H) 3.83 (s, 3H) —0.01
2.42 (s, 3H) 2.41 (s, 3H) 0,01
2.34 (s, 3H) 2.33 (s, 3H) 0,01
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Table S18. Chemical shifts of '*C{'H} NMR in acetone-ds for natural and our synthetic

carbazomycin D

Natural (25 MHz)"** Our Synthetic (100 MHz) A
154.4 154.4 0.0
146.6 146.6 0.0
144.5 144.6 0.1
138.7 138.6 0.1
135.9 135.8 —0.1
129.0 129.1 0.1
123.8 123.8 0.0
115.0 115.0 0.0
114.5 114.7 0.2
114.5 114.6 0.1
112.0 112.0 0.0
105.9 105.8 —0.1
61.0 61.0 0.0
60.6 60.6 0.0
56.0 56.0 0.0
13.7 13.7 0.0
12.7 12.7 0.0
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Table S19. Chemical shifts of 3C{'H} NMR in acetone-ds for Catellani’s and our synthetic

carbazomycin D

Catellani’s Synthetic (75 MHz)”’ | Our Synthetic (100 MHz) A
154.4 154.4 0.0
146.7 146.6 —0.1
144.6 144.6 0.0
138.7 138.6 0.1
135.9 135.8 —0.1
129.1 129.1 0.0
123.8 123.8 0.0
115.0 115.0 0.0
114.6 114.7 0.1
114.6 114.6 0.0
112.0 112.0 0.0
105.8 105.8 0.0
61.0 61.0 0.0
60.6 60.6 0.0
56.0 56.0 0.0
13.7 13.7 0.0
12.7 12.7 0.0
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4-1 FFiG

BT, ECEROVBVWRAERETH T 2- a7 ==L F i AN, Ak
HEN T I R E N in situ BT AR ZIARIZ Ko TRPHAREIZ 2 % 2
LERLT, T78bb, li7a M ALICK VAR LI xe 7 ==L T 7 A,
insitu N7 S ARXZNALE N, RERAEHIFE~ LB IND, SHICSES
FRREAHEDORISIZEY, WS T 20XV UHEERN DRI ARR T
X5, AETIE, ZOFEORKE ML e v Zzofio~Ta7T7 L—
YANEPEBRL, insitu NTUAAZNMUIZ L DS ESERATEHT L—2 D C2
NORIN 72 B RERLIZ W TRER T 5,

4-2 ~u v’ DUBEED C2 MBI ERE

v U UBERE, EIRM, B, KRR SR HFIEL TN D 09, KE
BEEZRESF (FDA) 12X 25O L, @5 10 4R (2013-2023 4)
[ZHGRE T2 320 Oy TIEEFEMLD 2 6, S4FENRE Y VVRAEATED,
U UUVRN T OERREGE L SN TS0, X SICHEEMAT O E,
S DA DK 90% 12BN T C2 MAICEBENEAINTWS Z ENH G
Mmelolz, LIehRoT, VU VUFHERIZEIT S C2 MR ERERbiE
DOBFEIE, BT LOEELFEFR IS T THEERFREETH 5,

il v b i) FA I, MERIRMEE 7 b A= 2 ) I —I2ER, FEREES
MOBREETIEL LTS FHAIN TS 220 L, BU AT D0
7u b ) FAME, BREFIZHEET S C2 TR, —RIZRbERME
FEDE C-4 (\iTHEITTHZERMBNTWD I ZOFKNE, ZEHRETOIE
HHEFRNCEDBEFORIFEICEY, 2. DY F 7 LFEOREMZE L K
TESEHHTH L2,

T, AHE) T LRI E T I ok E W 3o e B Y Y r o C-2 (ifiE
RO 72 BERERAL OB NS ZFLTur 2 101e101d1026.102¢,103 5] 2 13 1983 4E(Z
Quéguiner 5%, n-BuLi & DABCO O#EkZ W5 Z & T, 3-74w) v
D C2 MR Y F 7 b A HE L TS (Scheme4-2-1) 1020, 3.7 04’y
VU EETe O TAIRIC R LT, —60 °C T n-BuLi & DABCO DO#ER % 1EfH S+,
WIRIEDIRNE Y D) F o AR ER STV D, 512, TMSCL &K
oL, 35 R U AF T U AR ZIER 80% THTW D, Z ONLEZERME
%, Bi7'm b AEDSEERRIIZ LD ARe C2 AL TH#EAT L, ARk L7c D
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EIRMEDIRSIZ LY, BRI ZE R C-4 Mi~D RIS D & PR
TE 2,

| ~F n-BuLi~-DABCO (j: TMSCI (ji
N H EtzO Li-DABCO | 80%

—60 °C

Scheme 4-2-1. Lithiation of 3-fluoropyridine using a n-BuLi-DABCO chelate

F£ 7=, 2001 4|2 Fort 1%, n-BuLi & LIDMAE O§{AZ AW T 3-7 o’y
> D C2NEIRA Y F o b A& ERK L TV 5 (Scheme4-2-2) 0% 3.7 o 'Y
VU B ETe AT UTAIRIC R LT, —60°C T n-BuLi & LiDMAE O K& 1EH &
B, IBICIUREEML, JETDHI— KT L—2%IE 66% THHE LTS,

| O nBuL| LiIDMAE C' Iy (ICI
N” H hexane 66%
—60 °C L
\ 1-

Scheme 4-2-2. Lithiation of 3-chloropyridine using a n-BuLi-LiDMAE chelate

UF 7 LR TERRBEEDOEWEE (g~ 72U L) LI
AET I NEETHLAEHATH S, BlxiE, 2001 IR E 51X, +-BuZn(TMP)Li
ZRALT3-7re ) ool e b ifEgnb 28545 LT 5 (Scheme 4-
2-3) 12¢, 3.7 mE Y VU EGT EbO WIRICKT LT, il T -BuZn(TMP)Li %
TEH S8, RERAKHESPREZAER L TWD, 20%, aUREMx, *Hie
959 — K7 L—2 %R 68% CTH TV D,

B +BuZn(TMP)LI BT I B
N~ H Et,0 N~ ~Zn(t-Bu),Li | 68% N7

rt

Scheme 4-2-3. Zincation of 3-bromopyridine using a TMP—Zincate base

W7 e o ALRISIC LY, 3-7AaFut )Yy, 3-suat’ Yy, 5N
3-7BEEY VUACBNTE C2 OB EREESZER SN TNDHO
O, FEROFEZ 3-3— Y P UCEHAT A Z EITREETH 5, Z ORI
i7" a b AUIZ L > TERSND I — RE Y DL U F 7 ARECHNBEESE
EERIL, BUXANEEBRIND 2O THD 1%, —J, 8 _F T, insitu b
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TUAABZNMANERANWTCIE— R 7 2=V F U LAERIETE D5 2 ENRE N

(Scheme 4-2-4), T 7205, 1,4-v 38— RV o L L#iSh TMEDA $5{K% &
i¢ THF #AHRIC%F L C, —40°C CTLITMP #{EH & #7724, A Liza— K7
==L Y F U LNRE(LTER TMEDA $5(KE N7 U A A Z b, BERT =
=nignic B I NTz, S5, FUEREEHSHE, fHETH ) I — X8
> w I 90% CTH37-, Hi b #igh TMEDA 51K % H\% in situ b7 > A X X LAk,
%, 3—R7=2=V U FULEZHROICHIETE L Z R LNIR ST,

— N/ \N _
/ \Z 7 \ - - .
n in situ transmetalation

c’ ‘ci
' LiTMP | ' I, !
—_—
[ H THF I Li I Zncl | 90% I I

—40°C
Scheme 4-2-4. in situ Trapping of 2-iodophenyllithium using ZnCl,- TMEDA

U EDBEZNG, KRR, insitu T 2 ARXAZALEER L, @EFORN
3-3— R U VU5, SESER YV UBIUNT BT L— BT
% C2 BRI EREALIEOMENL Z HAY & LTz,

4-3 insitu FT UV ARZIZE B I —FEYU DAY FULAOHHIR
4-3-1 LiTMP ZRH W7z insitu b5 2 A X 2 VAL

F9, B OBEOWHICESNT LITMP 2% E LTHY, 3-3— ey o

(102a) O insitu b7 2 A A ZNALGMZ G LT (Table4-3-1), 3-3— RtV
¥ (102a) & HE{bHiER TMEDA #5144 & e THF ¥H&ICx LT, —40°C T LiTMP
M2 T 1R Lz, S6icavFELz, FRICHFRL T 1 FFERIGS
BfER, B0 23-Ua— R Y P2 (103a) 28U 92% THE G, kRt
KTHD34-Ua— U V> (103a") (XIZIEMR SN0 o7 (entry 1), —
J, BACEER Y T I R E WA WESIX, LiITMP ORINEZ ISR E
L, MEDORWEIKRIZR > T, ZORM T T, 23-Y3—RFE U 22 (103a),
34-3—KE U Y2 (103a"), BLO3-3— R U Y (102a) DWW HHE
mENehote (entry 2), ZORERIE, AR LIza— R YL F 07 AN
WD TARLZETHY, WO THZ EA2REB LTS, RIS, V7 IR
AL TMEDA % /> & &V TMPDA IZEE L7z & 2 A, 103a DYHED 83%I2MK
TUL7 (entry3), F£7o, insitu 872 AAZNALE-T8°C, 0°C, BLO=EIET
FEhin U735 A1E, 103a OURITIZIELE D S 20 o 7= (entries 4-6) . S BT, insitu
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b T YA XS MALEERTITV, FOEKH % 5 3 EfE L7z & 25, B 103a
Z BLBEIN R 79% T3 72 (entry 7).

Table 4-3-1. Optimization of in situ transmetalation of 3-iodopyridine using a
combination of LITMP and ZnCl;-diamine complex”

ZnCl,-diamine

! then LITMP I, ! !
| NG THF ” temptort, 1h ~ | N7 ' | NG
102a temp, Th 103a 1032’
\/N\/Z”:N\/ -/N\/Zﬁ\N\—
c’ ‘ol c’
ZnCl, TMEDA ZnCl, TMPDA
entry ZnX,-diamine temp (°C) 103a (%)’ 103a' (%)°
1 ZnCl,>TMEDA —40 92 2
2¢ none 40 - <
3 ZnCl,> TMPDA —40 83 1
4 ZnCl,>TMEDA —78 88 5
5 ZnCl, TMEDA 0 88 3
6 ZnCl,> TMEDA rt 91 3
7¢ ZnCl,> TMEDA rt 88 (79) 3

“Reaction conditions: iodopyridine 102a (0.30 mmol, 1.0 equiv), ZnCl>-diamine (0.30
mmol, 1.0 equiv), LiTMP (0.53 mmol, 1.8 equiv), and I> (0.6 mmol, 2 equiv). *The yield
was determined from the 'H NMR spectrum of the crude product, using 1,1,2,2-
tetrachloroethane as an internal standard. “The iodopyridine 102a was not observed. “Not

observed. “in situ Transmetalation was performed for 5 min. /Isolated yield.
4-3-2 HTROVF U LT I FERAW insitu v 7 AR ZAL

LiTMP {3 SUGHEAN E—TJ5 T, THF 8 TR ORFAREETSH Y,
RIET T 12 BERRGET 5 &) S0% D RIEMELT 2 Z ERMBNTNSY, Z0
72, LITMP O HFHMBNLETH D, £/, LITMP i3 572D TMPH I
Bl CHY R LR, 250 mL 720 69,200 M), = A ME»H bHARE
NoHb, 2T, TIROUVF LT I ROREEZFH7- (Table4-3-2), ILHMED
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FWLDA ZHW= & 2 A, ARD23-a— R U Y (103a) & RERMAE
ThbH 34-a— YT (103a") BENEIEE 43%E 16%THHIL, 3-
I— R U (102a) 2MER 29% TR 47z (entry 1), Z DA, LDA
L v SR TMEDA SEARPMEBE L TRIS L, HEMEOFIWEERT I RVER L
Tl ThirEE 2T, ZOLELRVRIRILNEIFIT B 72O, insitu N7 2 A
A B NALZ-T8°C THER L7c, ZORER, TAIZK L T 103a 13U 19% T L
BFoiT, 103a'% EARY & L CTILER 60% TR 7= (entry2), SUGIFR] % 1 IRFRH]
IZIER L CTH, 103a'Z HEEINER 49% T2 (entry 3), LITMP & FIW 72 2R & 2
72 DALEZBRMEICOWTE, LFO L DIZE X TS, LDA FDO U F 7 LA A
U 3-3— R UV (102a) OEZREA EHAFEHT LHEMRH 512 H 030
5T, LITMP (pKa37.3) 'O & bhifs U TR (pKa35.7) ' 72®, LDA
ZRWER T a oAb, K VBHEOSEW C-4 (L CEEICHET LT L BET
x5, EHICEVEEMEOBRNY F 7 LAFH AF LT K (LIHMDS) &
HY DAY RAF LT Ke384, 103a & 103a' OV T v b 1551
7, 102a & EILE IR 64% & 56% TR L7,

Table 4-3-2. Optimization of in situ transmetalation of 3-iodopyridine using a
combination of commercially available base and ZnCl,*TMEDA complex”

ZnCly TMEDA
| AN | then base (I (ﬁ/
NG THF temp tort, 1 h
102a temp, 5 min

103a 103a’

entry base temp (°C) 103a (%) 103a' (%)*? recovery of 102a (%)

1 LDA rt 43 16 29
2 LDA 78 19 60 7
3¢ LDA 78 25 55 (49%) 4
4 LiHMDS rt d d 64
5 KHMDS rt d d 56

“Reaction conditions: iodopyridine 102a (0.30 mmol, 1.0 equiv), ZnCl>-TMEDA (0.30
mmol, 1.0 equiv), base (0.53 mmol, 1.8 equiv), and I> (0.6 mmol, 2 equiv). “The yield
was determined from the 'H NMR spectrum of the crude product, using 1,1,2,2-
tetrachloroethane as an internal standard. “Prolonged reaction time to 1 h . “Isolated yield.

¢Not observed.
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4-4 XFEXFEhA~ATuTL—r0O C2MBRODEIREN

insitu 87 AAZNMLE W 3-9— R U U2 (102a) @ C-2 hLiERAY 722
AUFEEBA L0, ~T a7 L—2ORKETHO—BMEEBRET Lic, £,
UEINC L > T insitu N T U ARXAZIALNEHTE D~T a7 L—r%
FH~_7- (Table 4-3-3), ~7T 17 L — 102 & HAV#i$) TMEDA $8{A % & ¢e THF
WIRIZHRELC, S|IECLITMP 212 C 5 ol L=, =0k, avEzz
TELIC IS S B, C3flc7rEit 7anEsE6T4 0 20 102b
£ 102¢ B IE, ®ET D C2AH 3 Vb SN2 103b & 103¢ ZZLE i
I 76% & 67% CTHLEIRIRAICIS -, 2,6- 3 — RE U Yr (103d) 1%, 2-3—
FEU Y (102d) 7> HULEE 44% TFEHAED, insitu BT 2 A A Z ALD G
Refl 2 20 771C3ER L T8 102d 23U 36% TR S ivfz, 24- ey P
102e¢ & 102f 225103, *ET5 2,46-FU v U 2 103e & 103f NENEH
HEENE 57%E 3% CEbhic, —J, 2-7/44r4-3— KU T (102g)
EREFH L7254, B e oAb C-3 M TiiE X, 234- R e ) P 103g %
IR 69% Tz, 2-7 ma-4-3— KU U0 102f) 2 Wi R & i35 &,
7 v BRRAOFENRICL o THNL MIOT 0 F o OBMEENSGED, L0
MPEOE C3 fLTHT 1 FALREIT LI LB 2 bz Wiz, EED—
etk F 47 = VBERICILIE Lc, " F 47 = > 102h-j & L HiE TMEDA
S5 D THF RIS LITMP Z{/EA S, S 5123 VR CRBLE B /R, *HSd
53— RFA7 x> 103h-j IR 55%89% CHM LTz, -7 uETF 47 =

(102k) ZHW=35E, 2-3— RF 47 =2 103k UK 43% TEZ0, fEdER
HORIAER bSOz, 7aETF 47 2102k D C3 N THEEHWT o E ki
WIFET D78, % LDA ICE & #z, RUGK % 20 3ITIER 55 2 & T,
103k DOULRT 75%I21f E LTz, &HIT, C3NITA My v T Eafm+
HFAT7 1021 £ 102m 22 61%, xficTHI— RFAF7 =2 1031 £ 103m %
TNENIE 62% L 44% TEK LT, £z, 7aE7 721020 % LT, in
situ N7 AXZIALEEH L=, LDA ZHV, insitu b7 2 A RX XL E 20
pRIFERLZEZ A, 3-7rE2-9— K77 (103n) & 3-7oE-5-3— K7
7Y (103n") DRAEMEINE 52% T, RIS, ERFFPREEINT-Y
0 — ViR AR LTz, RUB AR =V (SOPh), p- b A LR =)L
B (Ts), 24,6-8 VA YT ENRE U ALK VHE (Trisyl), NN-¥ A F )b
AR =VHE (SONMe,) ', BXDOtert-7 bF v VA=) F (Boc) BT
% N-Efi T —/L 1020-s 225X, ¥fIET 2 2-3— K —/L 1030-s Z[XFE
48%-96% CT1H7=,
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Table 4-3-3. Reaction of generated organozinc species with iodine*

ZnCl, TMEDA
/\/L then LITMP I, N
FG-r Ar > FG-r Ar
VN nTsHF. i, 1h SN
102 2 min 103
N Br N Cl x
N7 N7 N7
103b 103c 103d?
76% 67% 44%¢
Br I I
X X I X
W W |
Br” "N ClI” N7 F7 N
103e 103f 103g
57% 73% 69%

s s s
103h 103i 103
89% 76% 55%

Br OMe CN
3 3 3
s~ ! s~ I s~ !
103k 1031 103m’
43%9, 75%b.€ 62% 44%
Br
RS 0 03
Ts SO,Ph
103nbe 1030 103p
52% (83:17) 48% 61%

N N )

Trisyl SO,NMe, Boc
103q 103r 103s
82% 96% 83%
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“Reaction conditions: heteroarene 102 (0.30 mmol, 1.0 equiv), ZnCl,-TMEDA (0.30
mmol, 1.0 equiv), LITMP (0.33-0.53 mmol, 1.1-1.8 equiv), and I> (0.6 mmol, 2 equiv).
bin situ Transmetalation was performed for 20 min. ‘Recovery of 102d in 36% yield. “The
yield was determined from the 'H NMR spectrum of the crude product, using 1,1,2,2-
tetrachloroethane as an internal standard. ‘Using LDA instead of LiTMP.

insitt 8T AZXENMERWZEESE AT T L—r 0 C-2 MLEIRA
RAUFEILEZER L0, AR LT U — NVl SAZ VY, RETH o —
BAEIZOWTHET L7e (Table4-3-4), 7V NVEB L7 == vF A HiE, vt
U2 102a & 102¢ O C-2 (CIEIRAJITEA I 4L, KT 5 2E/ 103t & 103u %
I 60% & 56% THM LIz, AFER, n B AESEFBE~T ARILEMTH D
B U UHERO C2 MRIR B RERALICR T 2807 FBTH 5108, £ 7=,
S—RFA 7=z 102h IR L TCHOARFELZEALIZE ZA, SIS D EMY
103v & 103w ZIUE 95% & 61% Tz, /N7 U0 M2 W= iE 7 » 7Y
v TS EAT o728 2 A, N-Boe- B 11—/ 103x 38 L TN 103y 2 Z L F IR 79%
L 88% THRL LTz,

Table 4-3-4. Reaction of generated organozinc species with various electrophiles®

ZnCl, TMEDA
/j then LITMP E* N
FaL Ar ~ - FG—:/Ar\/L
X H L SxPE
102 > o min 103
! el
B B A\
N X N >sph I~ >s
103t 103u? 103v
60% 56% 95%
CuCN-2LiCl Cu(OAC),-H,0 CuCN-2LiCl
allyl bromide, rt Phth—SPh, rt allyl bromide, rt

s '.“ N
Boc o Boc
103w? 103x 103y
61% 79% 88%
Cu(OAc),'H,0 Pd,(dba); CHCly Pd(PPhs),

Phth—SPh, rt

(4-CF3CgHy4)3P
benzoyl chloride, 60 °C

iodobenzene, 60 °C
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“Reaction conditions: heteroarene 102 (0.30 mmol, 1.0 equiv), ZnCl,-TMEDA (0.30
mmol, 1.0 equiv), LITMP (0.36-0.53 mmol, 1.2—1.8 equiv), and electrophile (0.45 mmol,
1.5 equiv). ’Phth-SPh was employed in 1.05 equiv.

4-5 =

ARE T, HALHEL TMEDA $5(K%Z = in situ b7 ARXA X AL ZEHEE L
T, Sk ~T a7 L— B 5 C2 (LRI ERERLZR L, HE
A E D AR C2 AT = b AEDEITL, R LTe~T e 7 U —L]
F LI, insitu BT U ARAZNMAGIZ K o TEERT U —/Vligphfa~ B I
Do ZHUZXY, B X0 AR e oo Rk, xa U R, T
TA DFEL WS T BA ISR ST, Bon/=T U — Liligh
FIZ S ESERREFFNEIEL, ~T 1T U —)VEE&E ORI EHE A 7]
REL 7ol ROV F U LT I REHWDFELITER Y, RFEITERIRSM
B LT, BIRICBWTH BRGRRISEEZ R LT, £z, 3-3a— KB
XD e R R B REEMRIE, AW OMER] & 70D, RFEIZLY
Bon=E87n C2 fpcavFEibaniz~T a7 Lb— %, /axby 7Y
TS Z T C-CBEIPCNFEADOEENARETHY, ~T ulREKEAT 5
EIMLBLOREO TREHIAEHATH S EHIfF s D,
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4-6 Experimental section

1. General Information

Unless otherwise stated, all reactions were conducted in a flame-dried glassware under
an inert atmosphere of nitrogen, and a preheated oil bath was used for the reactions that
required heating. All work-up and purification procedures were carried out with reagent-
grade solvents in the air. Unless otherwise noted, materials were obtained from
commercial suppliers and wused without further purification. Flash column
chromatography was performed on Wakogel® 60N (63-212 um, Wako Pure Chemical
Industries, Ltd.) or high-efficiency irregular silica (2540 pm, Santai Science Inc.).
Anhydrous THF (>99.5%, water content: <30 ppm) was purchased from Kanto Chemical
Co. and further dried by passing through a solvent purification system (Glass Contour)
prior to use. n-BuLi (1.6 M in n-hexane) and TMPH were purchased from Kanto
Chemical Co. and used as received. Freshly prepared THF solution of LiTMP (0.66 M),
ZnClo-TMEDA, Pd(PPh3)s, THF solution of CuCN-2LiCl (1.0 M), and Pdx(dba)s-CHCl3
were used in the following experiments. Analytical thin layer chromatography (TLC) was
performed on Merck silica gel 60 Fas4 glass sheets precoated with a 0.25 mm thickness
of silica gel. Melting points (mp) were measured on a Yanaco MP-J3 and are uncorrected.
Infrared (IR) spectra were recorded on a Bruker Alpha with an ATR attachment (Ge) and
are reported in wave numbers (cm™). "TH NMR (400 MHz) and '3C {'H} NMR (100 MHz)
spectra were measured on JEOL ECZ400 spectrometer. Chemical shifts for 'H NMR are
reported in parts per million (ppm) downfield from tetramethylsilane with the solvent
resonance as the internal standard (CHCl3: 0 7.26 ppm), and coupling constants are given
in hertz (Hz). The following abbreviations are used for spin multiplicity: s = singlet, d =
doublet, t = triplet, sept = septet, m = multiplet, dd = doublet of doublets, ddd = doublet
of doublet of doublets, ddt = doublet of doublet of triplets. Chemical shifts for 3C{'H}
NMR are reported in ppm from tetramethylsilane with the solvent resonance as the
internal standard (CDCls: 6 77.16 ppm and acetone-ds: 0 29.84 ppm). High-resolution
mass spectroscopy (HRMS) was performed on a JEOL JMS T100LP AccuTOF LC-Plus
[electrospray ionization (ESI)] with a JEOL MS-5414DART attachment. HPLC with a
preparative SEC column (JAI-GEL-1H, JAI-GEL-2H) was performed with JASCO PU-
4087.

2. Optimization of in situ transmetalation of 3-iodopyridine using a combination of
LiTMP and ZnCl; -diamine complex (Table 4-3-1)
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ZnCl,-diamine

! then LITMP I ! !
| - - | + |

N/ . THF1 A temptort,1h N/ I N/
102a emp; 103a 1032’

General procedure (Table 4-3-1, entry 1)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 3-iodopyridine (102a) (61.3 mg, 0.299
mmol, 1.0 equiv), ZnCl,-TMEDA (75.6 mg, 0.299 mmol, 1.0 equiv), and THF (2.0 mL).
The resulting solution was stirred at —40 °C. LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8
equiv) was added to the Schlenk tube. After stirring at —40 °C for 1 h, the reaction mixture
was treated with iodine (154.1 mg, 0.607 mmol, 2.0 equiv). After stirring at room
temperature for 1 h, the reaction mixture was treated with saturated aqueous sodium
thiosulfate (2 mL). After being partitioned, the aqueous layer was extracted with ethyl
acetate (2 mL) three times. The combined organic extracts were washed with brine (2
mL), dried over sodium sulfate, and filtered. The filtrate was concentrated under reduced
pressure to give a crude product. The yields of 2,3-diiodopyridine (103a) and 3,4-
diiodopyridine (103a') were determined to be 92% and 2% by 'H NMR analysis using
1,1,2,2-tetrachloroethane as an internal standard by comparing relative values of
integration for the peaks observed at 8.34 ppm (1 proton for 103a) and 8.91 ppm (1 proton
for 103a') with that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm.

Reaction performed in the absence of ZnCl,*TMEDA (Table 4-3-1, entry 2)

A crude product was obtained from iodopyridine 102a (61.9 mg, 0.302 mmol, 1.0 equiv),
LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), iodine (150.2 mg, 0.592 mmol, 2.0
equiv), and THF (2.0 mL) according to the general procedure. Neither 2,3-diiodopyridine
(103a), 3,4-diiodopyridine (103a'), nor 3-iodopyridine (102a) was observed by |H NMR

spectroscopy.

Reaction performed using ZnCl,'TMPDA instead of ZnCl,>TMEDA (Table 4-3-1,
entry 3)

A crude product was obtained from iodopyridine 102a (60.9 mg, 0.300 mmol, 1.0 equiv),
ZnCly-TMPDA (80.5 mg, 0.302 mmol, 1.0 equiv), LITMP (0.66 M, 0.80 mL, 0.53 mmol,
1.8 equiv), iodine (151.6 mg, 0.597 mmol, 2.0 equiv), and THF (2.0 mL) according to the
general procedure. The yields of 2,3-diiodopyridine (103a) and 3,4-diiodopyridine (103a'")
were determined to be 83% and 1% by '"H NMR spectroscopy.

Reaction performed at —78 °C (Table 4-3-1, entry 4)
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A crude product was obtained from iodopyridine 102a (61.5 mg, 0.300 mmol, 1.0 equiv),
ZnCl,-TMEDA (75.7 mg, 0.300 mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol,
1.8 equiv), iodine (152.0 mg, 0.599 mmol, 2.0 equiv), and THF (2.0 mL) according to the
general procedure at —78 °C. The yields of 2,3-diiodopyridine (103a) and 3.4-
diiodopyridine (103a') were determined to be 88% and 5% by 'H NMR spectroscopy.

Reaction performed at 0 °C (Table 4-3-1, entry 5)

A crude product was obtained from iodopyridine 102a (61.1 mg, 0.298 mmol, 1.0 equiv),
ZnCl-TMEDA (75.7 mg, 0.300 mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol,
1.8 equiv), iodine (160.4 mg, 0.632 mmol, 2.1 equiv), and THF (2.0 mL) according to the
general procedure at 0 °C. The yields of 2,3-diiodopyridine (103a) and 3,4-diiodopyridine
(103a'") were determined to be 88% and 3% by '"H NMR spectroscopy.

Reaction performed at room temperature (Table 4-3-1, entry 6)

A crude product was obtained from iodopyridine 102a (61.6 mg, 0.300 mmol, 1.0 equiv),
ZnCl;-TMEDA (76.2 mg, 0.302 mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol,
1.8 equiv), iodine (152.8 mg, 0.602 mmol, 2.0 equiv), and THF (2.0 mL) according to the
general procedure at room temperature. The yields of 2,3-diiodopyridine (103a) and 3,4-
diiodopyridine (103a') were determined to be 91% and 3% by 'H NMR spectroscopy.

Reaction performed at room temperature for S min (Table 4-3-1, entry 7)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 95:5) to provide the 2,3-diiodopyridine (103a) as a pale yellow solid (78.3 mg, 0.237
mmol, 79%) from iodopyridine 102a (61.6 mg, 0.300 mmol, 1.0 equiv), ZnCl,-TMEDA
(76.3 mg, 0.302 mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv),
iodine (146.0 mg, 0.575 mmol, 1.9 equiv), and THF (2.0 mL) according to the general
procedure at room temperature for 5 min. Ry= 0.38 (hexane/diethyl ether = 5:1); Mp 58—
60 °C; IR (ATR, cm™"): 1543, 1418, 1373, 1215, 1108, 1046, 994; '"H NMR (400 MHz,
CDCl3): 0 8.34 (dd, 1H, J=4.8,2.0 Hz), 8.01 (dd, 1H, J= 8.0, 2.0 Hz), 7.02 (dd, 1H, J =
8.0, 4.8 Hz); BC{'H} NMR (100 MHz, CDCl3): § 148.8, 146.6, 130.2, 123.7, 108.1;
HRMS (DART/TOF) m/z: [M+H]" Calcd for CsHaloN 331.8433; Found 331.8443.The
yields of 2,3-diiodopyridine (103a) and 3,4-diiodopyridine (103a') were determined to
be 88% and 3% by 'H NMR spectroscopy.

3. Optimization of in situ transmetalation of 3-iodopyridine using a combination of
commercially available base and ZnCl,> TMEDA complex (Table 4-3-2)
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ZnCly TMEDA

| AN | then base I | AN I | AN |
> > +

NG t TH5F _ temptort, 1h N NG

102a emp. > min 103a 103’

General procedure (Table 4-3-2, entry 1)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 3-iodopyridine (102a) (61.0 mg, 0.298
mmol, 1.0 equiv), ZnCl,-TMEDA (75.7 mg, 0.300 mmol, 1.0 equiv), and THF (2.0 mL).
The resulting solution was stirred at room temperature. LDA (2.0 M in
THF/heptane/ethylbenzene, 0.27 mL, 0.54 mmol, 1.8 equiv) was added to the Schlenk
tube. After stirring at room temperature for 5 min, the reaction mixture was treated with
iodine (154.1 mg, 0.607 mmol, 2.0 equiv). After stirring at room temperature for 1 h, the
reaction mixture was treated with saturated aqueous sodium thiosulfate (2 mL). After
being partitioned, the aqueous layer was extracted with ethyl acetate (2 mL) three times.
The combined organic extracts were washed with brine (2 mL), dried over sodium sulfate,
and filtered. The filtrate was concentrated under reduced pressure to give a crude product.
The yields of 2,3-diiodopyridine (103a), 3,4-diiodopyridine (103a'), and 3-iodopyridine
(102a) were determined to be 43%, 16%, and 29% by 'H NMR analysis using 1,1,2,2-
tetrachloroethane as an internal standard by comparing relative values of integration for
the peaks observed at 8.34 ppm (1 proton for 103a), 8.91 ppm (1 proton for 103a'), and
8.84 ppm (1 proton for 102a) with that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm.

Reaction performed at —78 °C (Table 4-3-2, entry 2)

A crude product was obtained from iodopyridine 102a (61.7 mg, 0.301 mmol, 1.0 equiv),
ZnCl>TMEDA (76.3 mg, 0.302 mmol, 1.0 equiv), LDA (20 M in
THF/heptane/ethylbenzene, 0.27 mL, 0.54 mmol, 1.8 equiv), iodine (160.1 mg, 0.631
mmol, 2.1 equiv), and THF (2.0 mL) according to the general procedure at —78 °C. The
yields of 2,3-diiodopyridine (103a), 3,4-diiodopyridine (103a'), and 3-iodopyridine
(102a) were determined to be 19%, 60%, and 7% by 'H NMR spectroscopy.

Reaction performed at —78 °C for 1 h (Table 4-3-2, entry 3)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 97:3) to provide the 3,4-diiodopyridine (103a') as a colorless solid (48.2 mg, 0.146
mmol, 49%) from iodopyridine 102a (61.8 mg, 0.301 mmol, 1.0 equiv), ZnCl,-TMEDA
(75.8 mg, 0.300 mmol, 1.0 equiv), LDA (2.0 M in THF/heptane/ethylbenzene, 0.27 mL,
0.54 mmol, 1.8 equiv), and iodine (158.9 mg, 0.626 mmol, 2.1 equiv) according to the
general procedure at =78 °C for 1 h. Ry=0.32 (hexane/diethyl ether = 5:1); Mp 98-99 °C;
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IR (ATR, cm™): 1547, 1447, 1389, 1265, 1174, 1104, 1055, 1003, 995, 829; 'H NMR
(400 MHz, CDCls): 6 8.91 (s, 1H), 8.16 (d, 1H, J = 4.8 Hz), 7.84 (d, 1H, J = 4.8 Hz);
BC{'H} NMR (100 MHz, CDCl3): ¢ 156.6, 148.3, 1349, 118.8, 108.3; HRMS
(DART/TOF) m/z: [M+H]" Calcd for CsH4IoN 331.8433; Found 331.8441. The yields of
2,3-diiodopyridine (103a), 3,4-diiodopyridine (103a'), and 3-iodopyridine (102a) were
determined to be 25%, 55%, and 4% by '"H NMR spectroscopy.

Reaction performed with LIHMDS instead of LDA (Table 4-3-2, entry 4)

A crude product was obtained from iodopyridine 102a (61.6 mg, 0.300 mmol, 1.0 equiv),
ZnCl,-TMEDA (76.3 mg, 0.302 mmol, 1.0 equiv), LIHMDS (1.0 M in THF, 0.54 mL,
0.54 mmol, 1.8 equiv), iodine (165.1 mg, 0.650 mmol, 2.2 equiv), and THF (2.0 mL)
according to the general procedure. Both 2,3-diiodopyridine (103a) and 3.4-
diiodopyridine (103a') were not observed, and the yield of 3-iodopyridine (102a) was
determined to be 64% by '"H NMR spectroscopy.

Reaction performed with KHMDS instead of LiTMP (Table 4-3-2, entry 5)

A crude product was obtained from iodopyridine 102a (61.2 mg, 0.299 mmol, 1.0 equiv),
ZnCl,-TMEDA (76.5 mg, 0.302 mmol, 1.0 equiv), KHMDS (0.5 M in toluene, 1.1 mL,
0.55 mmol, 1.8 equiv), iodine (164.8 mg, 0.649 mmol, 2.2 equiv), and THF (2.0 mL)
according to the general procedure. Both 2,3-diiodopyridine (103a) and 3.4-
diiodopyridine (103a') were not observed, and the yield of 3-iodopyridine (102a) was
determined to be 56% by '"H NMR spectroscopy.

4. Reaction of generated organozinc species with iodine (Table 4-3-3)

ZnCl, TMEDA
/j then LITMP I N
FG Ar > > FG Ar

S THE i 1h SN
102 > min 103

General procedure

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with heteroarene 102 (0.30 mmol, 1.0
equiv), ZnCl,>TMEDA (0.30 mmol, 1.0 equiv), and THF (2.0 mL). LiTMP (0.66 M,
0.33-0.53 mmol, 1.1-1.8 equiv) was added to the Schlenk tube. After stirring at room
temperature for 5 min, the reaction mixture was treated with iodine (0.60 mmol, 2.0
equiv). After stirring at room temperature for 1 h, the reaction mixture was treated with
saturated aqueous sodium thiosulfate (2 mL). After being partitioned, the aqueous layer

was extracted with ethyl acetate (2 mL) three times. The combined organic extracts were
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washed with brine (2 mL), dried over sodium sulfate, and filtered. The filtrate was
concentrated under reduced pressure to give a crude product, which was purified by silica
gel column chromatography or preparative SEC-HPLC (chloroform) to provide the

corresponding iodinated heteroarene 103.

Cr
P
N I
103b

3-Bromo-2-iodopyridine (103b)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 95:5) to provide the title compound 103b as a colorless solid (64.6 mg, 0.228 mmol,
76%) from 3-bromopyridine (102b) (47.2 mg, 0.299 mmol, 1.0 equiv), ZnCl,-TMEDA
(75.5 mg, 0.299 mmol, 1.0 equiv), LiTMP (0.66 M, 0.68 mL, 0.45 mmol, 1.5 equiv), and
iodine (165.7 mg, 0.653 mmol, 2.2 equiv) according to the general procedure. The 'H and
BC{'H} NMR spectroscopic data were identical to those reported in the literature.!”” Ry
= 0.35 (hexane/diethyl ether = 5:1); Mp 45-47 °C; IR (ATR, cm™!): 1550, 1422, 1380,
1126, 1109, 1048, 1004; '"H NMR (400 MHz, CDCls): 6 8.32 (dd, 1H, J = 4.8, 1.6 Hz),
7.82 (dd, 1H, J= 8.0, 1.6 Hz), 7.17 (dd, 1H, J = 8.0, 4.8 Hz); *C{'H} NMR (100 MHz,
CDCl3): 6 148.4, 139.9, 130.1, 124.2, 123.8; HRMS (DART/TOF) m/z: [M+H]" Calcd
for CsH4"BrIN 283.8572; Found 283.8576.

L
P
N I
103c

3-Chloro-2-iodopyridine (103c)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 05:5) to provide the title compound 103c as a colorless solid (48.0 mg, 0.200 mmol,
67%) from 3-chloropyridine (102¢) (33.9 mg, 0.299 mmol, 1.0 equiv), ZnCl,-TMEDA
(75.6 mg, 0.299 mmol, 1.0 equiv), LiTMP (0.66 M, 0.68 mL, 0.45 mmol, 1.5 equiv), and
iodine (160.8 mg, 0.634 mmol, 2.1 equiv) according to the general procedure. The 'H and
BC{'H} NMR spectroscopic data were identical to those reported in the literature.'” Ry
= 0.35 (hexane/diethyl ether = 5:1); Mp 41-42 °C; IR (ATR, cm™!): 1552, 1426, 1385,
1136, 1105, 1050, 1022; 'H NMR (400 MHz, CDCIl3): 6 8.27 (dd, 1H, J = 4.8, 2.0 Hz),
7.67 (dd, 1H, J = 8.0, 2.0 Hz), 7.23 (dd, 1H, J = 8.0, 4.8 Hz); *C{'H} NMR (100 MHz,
CDCl3): 6 148.1, 138.5, 136.4, 123.7, 121.7; HRMS (DART/TOF) m/z: [M+H]" Calcd
for CsH4*CIIN 239.9077; Found 239.9078.
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2,6-Diiodopyridine (103d)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 95:5) to provide the title compound 103d as a colorless solid (43.5 mg, 0.131 mmol,
44%) from 2-iodopyridine (102d) (61.6 mg, 0.300 mmol, 1.0 equiv), ZnCl,-TMEDA
(75.9 mg, 0.301 mmol, 1.0 equiv), LiTMP (0.66 M, 0.81 mL, 0.53 mmol, 1.8 equiv), and
iodine (153.2 mg, 0.604 mmol, 2.0 equiv) according to the general procedure for 20 min.
The 'H and C{'H} NMR spectroscopic data were identical to those reported in the
literature.''® Ry= 0.25 (hexane/diethyl ether = 10:1); Mp 165-166 °C; IR (ATR, cm™"):
1541, 1526, 1408, 1371, 1168, 1120, 1084, 1068, 974; 'H NMR (400 MHz, CDCl3): §
7.69 (d, 2H, J = 8.0 Hz), 6.94 (t, 1H, J = 8.0 Hz); *C{'H} NMR (100 MHz, CDCl;3): §
138.5, 134.4, 116.4; HRMS (DART/TOF) m/z: [M+H]" Calcd for CsH4IoN 331.8433;
Found 331.8444. The yield of 2-iodopyridine (102d) was determined to be 36% by 'H
NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard by comparing
relative values of integration for the peaks observed at 8.38 ppm (1 proton for 102d) with
that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm.

103e
2,4-Dibromo-6-iodopyridine (103e)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 95:5) to provide an inseparable mixture (71.0 mg) of the title compound 103e (0.171
mmol, 57%) and 2,6-dibromo-4-iodopyridine (S1) (0.025 mmol, 8%) as a colorless solid
from 2,4-dibromopyridine (102e¢) (71.1 mg, 0.300 mmol, 1.0 equiv), ZnCl,-TMEDA
(75.8 mg, 0.300 mmol, 1.0 equiv), LiTMP (0.66 M, 0.81 mL, 0.53 mmol, 1.8 equiv), and
iodine (165.4 mg, 0.652 mmol, 2.2 equiv) according to the general procedure. The 'H
NMR spectroscopic data of 2,6-dibromo-4-iodopyridine (S1) was identical to that
reported in the literature.!'! The ratio was determined by '"H NMR spectroscopy. Ry =
0.67 (hexane/diethyl ether = 5:1); Mp 63-64 °C; IR (ATR, cm™'): 1531, 1518, 1506, 1486,
1337, 1271, 1258, 1151, 1089, 850; '"H NMR (400 MHz, CDCl3): J 7.89 (s, 1H), 7.65 (s,
1H); *C{'H} NMR (100 MHz, CDCl3): § 141.1, 136.6, 134.1, 130.4, 115.7, HRMS
(DART/TOF) m/z: [M+H]" Calcd for CsH3””Br.IN 361.7677; Found 361.7688.

125



103f

2-Chloro-4,6-diiodopyridine (103f)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 97:3) and washed with MeOH to provide the title compound 103f as a pale yellow solid
(80.5 mg, 0.220 mmol, 73%) from 2-chloro-4-iodopyridine (102f) (71.9 mg, 0.300 mmol,
1.0 equiv), ZnCl,-TMEDA (76.6 mg, 0.303 mmol, 1.0 equiv), LiTMP (0.66 M, 0.81 mL,
0.53 mmol, 1.8 equiv), and iodine (155.1 mg, 0.611 mmol, 2.0 equiv) according to the
general procedure. Ry = 0.62 (hexane/diethyl ether = 5:1); Mp 122-123 °C; IR (ATR,
cm1): 1529, 1512, 1485, 1342, 1259, 1158, 1093, 851; 'H NMR (400 MHz, CDCl3): ¢
8.05 (s, 1H), 7.69 (s, 1H); *C{'H} NMR (100 MHz, CDCl3): 6 150.7, 141.6,132.3, 115.7,
107.1; HRMS (DART/TOF) m/z: [M+H]" Calcd for CsH33*CILLN 365.8043; Found
365.8049.

103g

2-Fluoro-3,4-diiodopyridine (103g)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 95:5) to provide the title compound 103g as a colorless solid (71.7 mg, 0.206 mmol,
69%) from 2-fluoro-4-iodopyridine (102g) (66.4 mg, 0.298 mmol, 1.0 equiv),
ZnCl,-TMEDA (75.9 mg, 0.301 mmol, 1.0 equiv), LiTMP (0.66 M, 0.54 mL, 0.36 mmol,
1.2 equiv), and iodine (151.6 mg, 0.597 mmol, 2.0 equiv) according to the general
procedure. The 'H and '*C{'H} NMR spectroscopic data were identical to those reported
in the literature.!'> Ry = 0.50 (hexane/diethyl ether = 5:1) Mp 101-102 °C; IR (ATR,
cm): 1554, 1518, 1448, 1427, 1366, 1273, 1216, 1111, 1023, 1012, 872, 825; 'H NMR
(400 MHz, CDCl3): 6 7.86 (d, 1H, J = 5.2 Hz), 7.66 (d, 1H, J = 5.2 Hz); BC{'H} NMR
(100 MHz, CDCIl3): 6 162.1 (d, 'Jcr = 237 Hz), 147.1 (d, *Jcr = 15 Hz), 132.3 (d, *Jcr
= 4.8 Hz), 123.6, 92.3 (d, 2Jc_r = 44 Hz); HRMS (DART/TOF) m/z: [M+H]" Calcd for
CsH3FIoN 349.8339; Found 349.8355.
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2,5-Diiodothiophene (103h)

A crude product was purified by silica gel column chromatography (hexane) to provide
the title compound 103h as a pale yellow solid (90.0 mg, 0.268 mmol, 89%) from 2-
iodothiophene (102h) (63.2 mg, 0.301 mmol, 1.0 equiv), ZnCl,-TMEDA (76.7 mg, 0.304
mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), and iodine (149.0
mg, 0.587 mmol, 2.0 equiv) according to the general procedure. The 'H and *C{'H}
NMR spectroscopic data were identical to those reported in the literature.'’> Ry = 0.60
(hexane); Mp 35-36 °C; IR (ATR, ecm™!): 1499, 1388, 1202, 1094, 1053, 950, 922; 'H
NMR (400 MHz, CDCls): § 6.94 (s, 2H); *C{'H} NMR (100 MHz, CDCls): 6 138.9,
76.3; HRMS (DART/TOF) m/z: [M+H]* Calcd for C4sH312S 336.8045; Found 336.8059.

Br/@\I

S
103i

2-Bromo-5-iodothiophene (103i)

A crude product was purified by silica gel column chromatography (hexane) to provide
the title compound 103i as a pale yellow oil (90.0 mg, 0.227 mmol, 76%) from 2-
bromothiophene (102i) (48.9 mg, 0.300 mmol, 1.0 equiv), ZnCl,-TMEDA (76.5 mg,
0.303 mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), and iodine
(159.3 mg, 0.628 mmol, 2.1 equiv) according to the general procedure. The 'H and '*C{'H}
NMR spectroscopic data were identical to those reported in the literature.''* Ry = 0.60
(hexane); IR (ATR, cm™): 1509, 1398, 1203, 970, 930, 906; 'H NMR (400 MHz, CDCl3):
67.04 (d, 1H, J=4.0 Hz), 6.75 (d, 1H, J= 4.0 Hz); *C{'H} NMR (100 MHz, CDCls): §
137.6, 131.8, 115.3, 72.4; HRMS (DART/TOF) m/z: [M+H]" Caled for C4H3"BrIS
288.8184; Found 288.8183.

oL

s
103

2-Chloro-5-iodothiophene (103j)

A crude product was purified by silica gel column chromatography (hexane) to provide
the title compound 103j as a pale yellow oil (40.9 mg, 0.167 mmol, 55%) from 2-
chlorothiophene (102j) (36.0 mg, 0.304 mmol, 1.0 equiv), ZnCl,-TMEDA (76.5 mg,
0.303 mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), and iodine
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(162.4 mg, 0.640 mmol, 2.1 equiv) according to the general procedure. Ry=0.63 (hexane);
IR (ATR, cm™1): 1515, 1408, 1204, 1062, 1002, 934; '"H NMR (400 MHz, CDCl3): 6 7.06
(d, 1H, J=4.4 Hz), 6.62 (d, 1H, J = 4.4 Hz); 3C{'H} NMR (100 MHz, CDCl3): J 136.6,
133.5, 128.0, 70.0; HRMS (DART/TOF) m/z: [M+H]" Calcd for C4H3*"CIIS 246.8659;
Found 246.8652.

103k

Synthesis of 3-bromo-2-iodothiophene (103k) using LiTMP

A crude product was obtained from 3-bromothiophene (102k) (49.3 mg, 0.302 mmol, 1.0
equiv), ZnCl,-TMEDA (76.4 mg, 0.303 mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53
mmol, 1.8 equiv), and iodine (152.8 mg, 0.602 mmol, 2.0 equiv) according to the general
procedure. The yield of 3-bromo-5-iodothiophene (103k) was determined to be 43% by
"H NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard by comparing
relative values of integration for the peaks observed at 6.90 ppm (1 proton for 103k) with
that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm.

Synthesis of 3-bromo-2-iodothiophene (103k) using LDA

A crude product was purified by silica gel column chromatography (hexane) to provide
the title compound 103k as a colorless oil (64.5 mg, 0.223 mmol, 75%) from 3-
bromothiophene (102k) (48.6 mg, 0.298 mmol, 1.0 equiv), ZnCl,>TMEDA (76.1 mg,
0.301 mmol, 1.0 equiv), LDA (2.0 M in THF/heptane/ethylbenzene, 0.27 mL, 0.54 mmol,
1.8 equiv), and iodine (146.9 mg, 0.579 mmol, 1.9 equiv) according to the general
procedure for 20 min. The 'H and '*C{'H} NMR spectroscopic data were identical to
those reported in the literature.!'> Ry=0.50 (hexane); IR (ATR, cm™'): 1489, 1387, 1336,
1144, 958, 856; 'H NMR (400 MHz, CDCls): § 7.41 (d, 1H, J= 5.6 Hz), 6.90 (d, 1H, J =
5.6 Hz); “C{'H} NMR (100 MHz, CDCl3): § 132.3, 130.5, 120.7, 77.0;, HRMS
(APCI/TOF) m/z: [M+H]" Calcd for C4H33'BrIS 290.8163; Found 290.8160.

1031

2-lIodo-3-methoxythiophene (1031)
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A crude product was purified by silica gel column chromatography (hexane) to provide

the title compound 1031 as a green oil (44.5 mg, 0.185 mmol, 62%) from 3-

methoxythiophene (1021) (34.2 mg, 0.300 mmol, 1.0 equiv), ZnCl>-TMEDA (76.0 mg,

0.301 mmol, 1.0 equiv), LiTMP (0.66 M, 0.68 mL, 0.45 mmol, 1.5 equiv), and iodine

(156.3 mg, 0.616 mmol, 2.1 equiv) according to the general procedure. The 'H and *C{'H}
NMR spectroscopic data were identical to those reported in the literature.!'® Ry = 0.40

(hexane/diethyl ether = 10:1); IR (ATR, cm™'): 1541, 1458, 1376, 1246, 1174, 1104, 1067,

977,914, 827, 'H NMR (400 MHz, CDCl3): 6 7.44 (d, 1H, J= 5.6 Hz), 6.70 (d, 1H, J =

5.6 Hz), 3.89 (s, 3H); *C{!H} NMR (100 MHz, CDCl3): § 159.8, 130.1, 115.8, 59.3, 53.5;

HRMS (DART/TOF) m/z: [M+H]* Calcd for CsHsIOS 240.9184; Found 240.9192.

CN

S
103m

2-Iodo-3-thiophenecarbonitrile (103m)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 95:5) to provide the title compound 103m as a pale yellow solid (31.0 mg, 0.132 mmol,
44%) and 2,5-diiodo-3-thiophenecarbonitrile (103m') as a pale yellow solid (33.9 mg,
0.094 mmol, 31%) from 3-cyanothiophene (102m) (33.0 mg, 0.302 mmol, 1.0 equiv),
ZnCl,-TMEDA (76.3 mg, 0.302 mmol, 1.0 equiv), LiTMP (0.66 M, 0.54 mL, 0.36 mmol,
1.2 equiv), and iodine (156.6 mg, 0.617 mmol, 2.1 equiv) according to the general
procedure for 20 min. The 'H and '*C{'H} NMR spectroscopic data were identical to
those reported in the literature. ''” Physicochemical properties of 2-iodo-3-
thiophenecarbonitrile (103m): Ry= 0.20 (hexane/diethyl ether = 10:1); Mp 50-51 °C; IR
(ATR, em™): 3115, 2953, 2922, 2853, 2226, 1462, 1414, 1213, 984, 930, 885, 821; 'H
NMR (400 MHz, CDCl3): 6 7.48 (d, 1H, J= 5.2 Hz), 7.11 (d, 1H, J = 5.2 Hz); BC{'H}
NMR (100 MHz, CDCl3): 6 133.0, 130.4, 120.6, 115.5, 86.8; HRMS (DART/TOF) m/z:
[M+H]" Calcd for CsH3INS 235.9031; Found 235.9030. Physicochemical properties of
2,5-diiodo-3-thiophenecarbonitrile (103m'): Ry= 0.30 (hexane/diethyl ether = 10:1); Mp
118-119°C; IR (ATR, ecm™'): 3103, 2918, 2233, 1391, 1177, 997, 839; 'H NMR (400
MHz, CDCls): § 7.22 (s, 1H); BC{'H} NMR (100 MHz, CDCls): 6 139.1, 122.3, 113.9,
89.7, 78.2; HRMS (DART/TOF) m/z: [M+H]" Calcd for CsH2IbNS 361.7997; Found
361.7996.
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3-Bromo-2-iodofuran (103n)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 95:5) to provide an inseparable mixture (42.7 mg) of the title compound 103n (0.129
mmol, 43%) and 3-bromo-5-iodofuran (103n') (0.027 mmol, 9%) as a colorless oil from
3-bromofuran (102n) (44.2 mg, 0.301 mmol, 1.0 equiv), ZnCl,- TMEDA (75.7 mg, 0.300
mmol, 1.0 equiv), LDA (2.0 M in THF/heptane/ethylbenzene, 0.27 mL, 0.54 mmol, 1.8
equiv), and iodine (151.8 mg, 0.598 mmol, 2.0 equiv) according to the general procedure
for 20 min. The "H NMR spectroscopic data of 3-bromo-2-iodofuran (103n) was identical
to that reported in the literature.''® The ratio was determined by 'H NMR spectroscopy.
Physicochemical properties of 3-bromo-2-iodofuran (103n): Ry= 0.55 (hexane); IR (ATR,
cm1): 2922, 1540, 1465, 1457, 1188, 1142, 1109, 1092, 1036, 960, 944, 922, 901, 879;
"HNMR (400 MHz, CDCls): 6 7.54 (d, 1H, J=2.4 Hz), 6.45 (d, 1H, J= 2.4 Hz); 3C{'H}
NMR (100 MHz, acetone-ds): 6 150.2, 116.0, 111.3, 95.0; HRMS (DART/TOF) m/z:
[M+H]" Calcd for C4H38'BrIO 274.8392; Found 274.8402.

Ts
1030

2-lIodo-1-[(4-methylphenyl)sulfonyl]-1H-pyrrole (1030)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 97:3) and preparative SEC-HPLC (chloroform) to provide the title compound 1030 as
a pale yellow solid (64.0 mg, 0.184 mmol, 61%) from 1-tosylpyrrole (1020) (66.3 mg,
0.300 mmol, 1.0 equiv), ZnCl,-TMEDA (76.4 mg, 0.303 mmol, 1.0 equiv), LiTMP (0.66
M, 0.54 mL, 0.36 mmol, 1.2 equiv), and iodine (160.1 mg, 0.631 mmol, 2.1 equiv)
according to the general procedure. Ry=0.20 (hexane/diethyl ether = 10:1); Mp 68-69 °C;
IR (ATR, cm™): 1596, 1419, 1366, 1262, 1207, 1190, 1171, 1141, 1079, 1048, 961, 812;
"H NMR (400 MHz, CDCls): 6§ 7.81 (d, 2H, J = 8.4 Hz), 7.57 (dd, 1H, J = 3.2, 1.6 Hz),
7.32 (d, 2H, J = 8.4 Hz), 6.51 (dd, 1H, J= 3.2, 1.6 Hz), 6.25 (dd, 1H, J = 3.2, 3.2 Hz),
2.43 (s, 3H); *C{'H} NMR (100 MHz, CDCls): ¢ 145.5, 135.3, 130.0, 128.1, 126.71,
126.66, 114.6, 63.6, 21.8; HRMS (DART/TOF) m/z: [M+H]" Calcd for Cii1H11INO>S
347.9555; Found 347.9546.
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2-lTodo-1-(phenylsulfonyl)-1H-pyrrole (103p)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 97:3) and preparative SEC-HPLC (chloroform) to provide the title compound 103p as
a colorless solid (48.1 mg, 0.144 mmol, 48%) from 1-(phenylsulfonyl)-/H-pyrrole (102p)
(62.4 mg, 0.301 mmol, 1.0 equiv), ZnCl,-TMEDA (75.7 mg, 0.300 mmol, 1.0 equiv),
LiTMP (0.66 M, 0.54 mL, 0.36 mmol, 1.2 equiv), and iodine (153.6 mg, 0.605 mmol, 2.0
equiv) according to the general procedure. Ry=0.32 (hexane/diethyl ether = 5:1); Mp 85—
87 °C; IR (ATR, cm™'): 1448, 1419, 1364, 1260, 1206, 1185, 1168, 1137, 1083, 1050,
816; 'H NMR (400 MHz, CDCl3):  7.95-7.90 (m, 2H), 7.67-7.61 (m, 1H), 7.59 (dd, 1H,
J=3.2,2.0Hz), 7.57-7.50 (m, 2H), 6.52 (dd, 1H, J= 3.2, 2.0 Hz), 6.27 (dd, 1H, J=3.2,
3.2 Hz); *C{'H} NMR (100 MHz, CDCl3): § 138.3, 134.3, 129.4, 128.0, 126.9, 126.8,
114.8, 63.7, HRMS (DART/TOF) m/z: [M+H]" Calcd for C1o0HoINO2S 333.9399; Found
333.9393.

N
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2-Todo-1-[(2,4,6-triisopropylphenyl)sulfonyl]-1H-pyrrole (103q)
A crude product was purified by silica gel column chromatography
(hexane/dichloromethane = 4:1) and preparative SEC-HPLC (chloroform) to provide an
inseparable mixture (125.1 mg) of the title compound 103q (0.245 mmol, 82%) and 2,5-
diiodo-1-[(2,4,6-triisopropylphenyl)sulfonyl]-1H-pyrrole (S2) (0.021 mmol, 7%) as a
pale yellow oil from 1-[(2,4,6-triisopropylphenyl)sulfonyl]-1H-pyrrole (102q) (100.2 mg,
0.300 mmol, 1.0 equiv), ZnCl,-TMEDA (76.6 mg, 0.303 mmol, 1.0 equiv), LiTMP (0.66
M, 0.54 mL, 0.36 mmol, 1.2 equiv), and iodine (156.0 mg, 0.615 mmol, 2.1 equiv)
according to the general procedure. Ry= 0.62 (hexane/diethyl ether = 5:1); IR (ATR, cm™"):
1599, 1506, 1458, 1418, 1373, 1348, 1206, 1172, 1140, 1082, 1048, 909, 883; 'H NMR
(400 MHz, CDCl3): 6 7.59 (dd, 1H, J = 3.6, 1.6 Hz), 7.18 (s, 2H), 6.45 (dd, 1H, J = 3.6,
1.6 Hz), 6.24 (dd, 1H, J=3.6, 3.6 Hz), 4.04 (sept, 2H, J= 6.8 Hz), 2.92 (sept, 1H, J= 6.8
Hz), 1.26 (d, 6H,J=6.8 Hz), 1.12 (d, 12H, J= 6.8 Hz); *C{'H} NMR (100 MHz, CDCl5):
0 155.2, 151.8, 131.0, 125.5, 125.0, 124.2, 112.9, 63.5, 34.4, 29.9, 24.4, 23.7, HRMS
(DART/TOF) m/z: [M+H]" Calcd for C19H27INO2S 460.0807; Found 460.0815.
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2-Iodo-N,N-dimethyl-1H-pyrrole-1-sulfonamide (103r)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 4:1) to provide the title compound 103r as a pale yellow solid (87.9 mg, 0.293 mmol,
96%) from N,N-dimethyl-/H-pyrrole-1-sulfonamide (102r) (53.0 mg, 0.304 mmol, 1.0
equiv), ZnCl,-TMEDA (76.0 mg, 0.301 mmol, 1.0 equiv), LiITMP (0.66 M, 0.54 mL, 0.36
mmol, 1.2 equiv), and iodine (167.1 mg, 0.658 mmol, 2.2 equiv) according to the general
procedure. Ry= 0.30 (hexane/diethyl ether = 5:1); Mp 75-77 °C; IR (ATR, cm™!): 1457,
1419, 1380, 1273, 1261, 1206, 1171, 1132, 1086, 1050, 972, 955, 811; 'H NMR (400
MHz, CDCl3): 6 7.35 (dd, 1H, J = 3.6, 2.0 Hz), 6.56 (dd, 1H, J= 3.2, 2.0 Hz), 6.21 (dd,
1H, J = 3.6, 3.2 Hz), 2.92 (s, 6H); *C{'H} NMR (100 MHz, CDCl3): 6 127.6, 125.9,
113.2, 63.2, 38.7; HRMS (DART/TOF) m/z: [M+H]" Calcd for C¢H1oIN202S 300.9508;
Found 300.9502.

103s

tert-Butyl 2-iodo-1H-pyrrole-1-carboxylate (103s)

A crude product was purified by silica gel column chromatography (hexane) to provide
the title compound 103s as a yellow oil (73.7 mg, 0.251 mmol, 83%) from N-Boc-pyrrole
(102s) (50.3 mg, 0.301 mmol, 1.0 equiv), ZnCl,-TMEDA (76.3 mg, 0.302 mmol, 1.0
equiv), LiTMP (0.66 M, 0.50 mL, 0.33 mmol, 1.1 equiv), and iodine (164.0 mg, 0.646
mmol, 2.1 equiv) according to the general procedure. The 'H and C{'H} NMR
spectroscopic data were identical to those reported in the literature.!'> Ry = 0.52
(hexane/diethyl ether = 10:1); IR (ATR, cm™!): 1745, 1430, 1371, 1321, 1286, 1153, 1082,
1051, 976, 846; 'H NMR (400 MHz, CDCls): 6 7.40 (dd, 1H, J = 3.2, 1.6 Hz), 6.53 (dd,
1H, J= 3.2, 1.6 Hz), 6.17 (dd, 1H, J = 3.2, 3.2 Hz), 1.62 (s, 9H); *C{'H} NMR (100
MHz, CDCl3): 6 148.4, 125.6, 125.0, 113.7, 85.1, 63.3, 28.2; HRMS (DART/TOF) m/z:
[M+H]" Caled for CoH13INO2 293.9991; Found 293.9982.

5. Reaction of generated organozinc species with various electrophiles (Table 4-3-4)
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3-Iodo-2-(2-propen-1-yl)pyridine (103t)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 3-iodopyridine (102a) (61.5 mg, 0.300
mmol, 1.0 equiv), ZnCl,-TMEDA (76.5 mg, 0.303 mmol, 1.0 equiv), and THF (2.0 mL).
LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv) was added to the Schlenk tube. After
stirring at room temperature for 5 min, the reaction mixture was treated with CuCN-2LiCl
(1.0 M in THF, 0.45 mL, 0.45 mmol, 1.5 equiv) and allyl bromide (38 pL, 0.45 mmol,
1.5 equiv). After stirring at room temperature for 1 h, the reaction mixture was treated
with saturated aqueous ammonium chloride (2 mL). After being partitioned, the aqueous
layer was extracted with ethyl acetate (2 mL) three times. The combined organic extracts
were washed with brine (2 mL), dried over sodium sulfate, and filtered. The filtrate was
concentrated under reduced pressure to give a crude product, which was purified by silica
gel column chromatography (hexane/ethyl acetate = 5:1) to provide the title compound
103t as a pale yellow oil (44.0 mg, 0.180 mmol, 60%). Rr= 0.17 (hexane/diethyl ether =
10:1); IR (ATR, cm™'): 1639, 1566, 1438, 1421, 1129, 1066, 1005, 916; 'H NMR (400
MHz, CDCl3): 6 8.51 (dd, 1H, J = 4.8, 1.6 Hz), 8.09 (dd, 1H, J = 8.0, 1.6 Hz), 6.86 (dd,
1H, J=28.0,4.8 Hz), 6.06 (ddt, 1H, J=17.2, 10.4, 6.8 Hz), 5.21-5.12 (m, 2H), 3.78 (ddd,
2H,J=7.2,1.2,1.2 Hz); 3C{'H} NMR (100 MHz, CDCl3): 6 161.0, 148.9, 147.1, 134.5,
122.8,117.2,96.4, 45.7; HRMS (DART/TOF) m/z: [M+H]" Calcd for CsHoIN 245.9780;
Found 245.9781.
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3-Chloro-2-(phenylthio)pyridine (103u)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 3-chloropyridine (102¢) (34.4 mg,
0.303 mmol, 1.0 equiv), ZnCl,- TMEDA (76.4 mg, 0.303 mmol, 1.0 equiv), and THF (2.0
mL). LiTMP (0.66 M, 0.68 mL, 0.45 mmol, 1.5 equiv) was added to the Schlenk tube.
After stirring at room temperature for 5 min, the reaction mixture was treated with N-
phenylthiophthalimide (80.1 mg, 0.314 mmol, 1.04 equiv) and copper(Il) acetate
monohydrate (3.3 mg, 16.5 umol, 5 mol%). After stirring at room temperature for 2 h, the

reaction mixture was treated with saturated aqueous ammonium chloride (2 mL). After
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being partitioned, the aqueous layer was extracted with ethyl acetate (2 mL) three times.
The combined organic extracts were washed with brine (2 mL), dried over sodium sulfate,
and filtered. The filtrate was concentrated under reduced pressure to give a crude product,
which was purified by silica gel column chromatography (hexane/diethyl ether = 10:1) to
provide the title compound 103u as a pale yellow solid (37.5 mg, 0.169 mmol, 56%). The
'"H and "“C{'H} NMR spectroscopic data were identical to those reported in the
literature.''” Ry= 0.37 (hexane/diethyl ether = 3:1); Mp 52-53 °C IR (ATR, cm™!): 2883,
1561, 1478, 1438, 1389, 1058, 1023; '"H NMR (400 MHz, CDCl3): 6 8.21(dd, 1H, J=4.8,
1.6 Hz), 7.60-7.54 (m, 3H), 7.46-7.40 (m, 3H), 6.97(dd, 1H, J = 8.0, 4.8 Hz); 3C{'H}
NMR (100 MHz, CDCls): 6 157.6, 147.6, 136.4, 135.6, 129.8, 129.3, 129.2, 128.8, 120.8;
HRMS (DART/TOF) m/z: [M+H]" Calcd for C1iHoCINS 222.0144; Found 222.0141.

/ \
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103v
2-Iodo-5-(2-propen-1-yl)thiophene (103v)
A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 2-iodothiophene (102h) (63.0 mg,
0.300 mmol, 1.0 equiv), ZnClz- TMEDA (76.6 mg, 0.303 mmol, 1.0 equiv), and THF (2.0
mL). LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv) was added to the Schlenk tube.
After stirring at room temperature for 5 min, the reaction mixture was treated with
CuCN-2LiCl (1.0 M in THF, 0.45 mL, 0.45 mmol, 1.5 equiv) and allyl bromide (38 pL,
0.45 mmol, 1.5 equiv). After stirring at room temperature for 1 h, the reaction mixture
was treated with saturated aqueous ammonium chloride (2 mL). After being partitioned,
the aqueous layer was extracted with ethyl acetate (2 mL) three times. The combined
organic extracts were washed with brine (2 mL), dried over sodium sulfate, and filtered.
The filtrate was concentrated under reduced pressure to give a crude product, which was
purified by silica gel column chromatography (hexane) to provide the title compound
103v as a pale yellow oil (71.1 mg, 0.284 mmol, 95%). Ry= 0.46 (hexane); IR (ATR,
cm1): 1640, 1428, 1042, 990, 943, 919; 'H NMR (400 MHz, CDCl3): 6 7.07 (d, 1H, J =
3.6 Hz), 6.50 (dt, 1H, J = 3.6, 0.8 Hz), 5.94 (ddt, 1H, J = 16.8, 10.0, 6.8 Hz), 5.19-5.08
(m, 2H), 3.54 (dd, 2H, J= 6.8, 1.6 Hz); *C{'H} NMR (100 MHz, CDCl5): J 149.3, 136.9,
135.9, 126.6, 116.9, 70.6, 34.5; HRMS (DART/TOF) m/z: [M+H]" Calcd for C7HsIS
250.9391; Found 250.9398.
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2-Iodo-5-(phenylthio)thiophene (103w)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 2-iodothiophene (102h) (62.7 mg,
0.299 mmol, 1.0 equiv), ZnCl,- TMEDA (75.8 mg, 0.300 mmol, 1.0 equiv), and THF (2.0
mL). LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv) was added to the Schlenk tube.
After stirring at room temperature for 5 min, the reaction mixture was treated with N-
phenylthiophthalimide (80.9 mg, 0.317 mmol, 1.06 equiv) and copper(Il) acetate
monohydrate (3.0 mg, 15.0 umol, 5 mol%). After stirring at room temperature for 11 h,
the reaction mixture was treated with saturated aqueous ammonium chloride (2 mL).
After being partitioned, the aqueous layer was extracted with ethyl acetate (2 mL) three
times. The combined organic extracts were washed with brine (2 mL), dried over sodium
sulfate, and filtered. The filtrate was concentrated under reduced pressure to give a crude
product, which was purified by silica gel column chromatography (hexane) to provide the
title compound 103w as a pale yellow oil (57.7 mg, 0.181 mmol, 61%). R/= 0.40 (hexane);
IR (ATR, cm™'): 1580, 1477, 1440, 1393, 1201, 1114, 1081, 1068, 1024, 986, 936, 907,
"H NMR (400 MHz, CDCl3): § 7.30-7.16 (m, 6H), 6.96 (d, 1H, J = 3.6 Hz); *C{'H}
NMR (100 MHz, CDCl3): 6 138.0, 137.9, 137.3, 137.1, 129.3, 127.7, 126.7, 78.2; HRMS
(DART/TOF) m/z: [M+H]" Caled for CioHsIS> 318.9112; Found 318.9113.
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tert-Butyl 2-benzoyl-1H-pyrrole-1-carboxylate (103x)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with N-Boc-pyrrole (102s) (50.0 mg, 0.299
mmol, 1.0 equiv), ZnCl,-TMEDA (76.2 mg, 0.302 mmol, 1.0 equiv), and THF (2.0 mL).
LiTMP (0.66 M, 0.54 mL, 0.36 mmol, 1.2 equiv) was added to the Schlenk tube. After
stirring at room temperature for 5 min, the reaction mixture was treated benzoyl chloride
(52 uL, 0.45 mmol, 1.5 equiv), Pda(dba)s;-CHCIz (15.7 mg, 15.2 pmol, 5 mol%), and
tris[4-(trifluoromethyl)phenyl|phosphine (14.2 mg, 30.5 umol, 10 mol%). After stirring
at 60 °C for 15 h, the reaction mixture was treated with saturated aqueous ammonium
chloride (2 mL). After being partitioned, the aqueous layer was extracted with ethyl

acetate (2 mL) three times. The combined organic extracts were washed with brine (2
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mL), dried over sodium sulfate, and filtered. The filtrate was concentrated under reduced
pressure to give a crude product, which was purified by silica gel column chromatography
(hexane/diethyl ether = 95:5) to provide the title compound 103x as a pale yellow solid
(64.1 mg, 0.236 mmol, 79%). The 'H and C{'H} NMR spectroscopic data were
identical to those reported in the literature.'?° Ry=0.23 (hexane/diethyl ether = 10:1); Mp
90-92 °C; IR (ATR, cm™'): 1744, 1641, 1452, 1435, 1411, 1372, 1309, 1277, 1261, 1203,
1162, 1122, 1022, 913, 877, 848, 838; 'H NMR (400 MHz, CDCl3): J 7.86 (dd, 2H, J =
7.6, 1.2 Hz), 7.60-7.54 (m, 1H), 7.49-7.42 (m, 3H), 6.66 (dd, 1H, J=3.2, 0.8 Hz), 6.26
(dd, 1H,J=3.2,3.2 Hz), 1.38 (s, 9H); *C{'H} NMR (100 MHz, CDCI3): 6 186.5, 148.7,
138.2, 132.9, 132.8, 129.6, 128.5, 126.3, 121.4, 110.6, 85.2, 27.6; HRMS (DART/TOF)
m/z: [M+H]" Calcd for Ci1sHisNO3 272.1287; Found 272.1295.
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tert-Butyl 2-phenyl-1H-pyrrole-1-carboxylate (103y)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with N-Boc-pyrrole (102s) (50.1 mg, 0.300
mmol, 1.0 equiv), ZnCl,-TMEDA (76.5 mg, 0.303 mmol, 1.0 equiv), and THF (2.0 mL).
LiTMP (0.66 M, 0.54 mL, 0.36 mmol, 1.2 equiv) was added to the Schlenk tube. After
stirring at room temperature for 5 min, the reaction mixture was treated iodobenzene (50
uL, 0.45 mmol, 1.5 equiv), Pd(PPh3)s (35.1 mg, 30.4 pmol, 10 mol%). After stirring at
60 °C for 15 h, the reaction mixture was treated with saturated aqueous ammonium
chloride (2 mL). After being partitioned, the aqueous layer was extracted with ethyl
acetate (2 mL) three times. The combined organic extracts were washed with brine (2
mL), dried over sodium sulfate, and filtered. The filtrate was concentrated under reduced
pressure to give a crude product, which was purified by silica gel column chromatography
(hexane/diethyl ether = 97:3) to provide the title compound 103y as a pale yellow oil
(63.9 mg, 0.263 mmol, 88%). The 'H and C{'H} NMR spectroscopic data were
identical to those reported in the literature.'?! Ry= 0.50 (hexane/diethyl ether = 10:1); IR
(ATR, cm™): 1738, 1470, 1396, 1370, 1337, 1313, 1257, 1146, 1074, 1044, 972, 881, 841,
815; 'TH NMR (400 MHz, CDCl3): § 7.37-7.29 (m, 6H), 6.23 (dd, 1H, J = 3.6, 3.2 Hz),
6.20-6.17 (m, 1H), 1.35 (s, 9H); 13C{'H} NMR (100 MHz, CDCl5): 6 149.5, 135.2, 134.6,
129.3, 127.7, 127.3, 122.6, 114.5, 110.7, 83.7, 27.7, HRMS (DART/TOF) m/z: [M+H]"
Calcd for Ci5H1sNO7 244.1338; Found 244.1341.
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5-1 Fis

B OENLENETIE, LiITMP &I T I 8K E W in situ N7
VARA AL EREL LT, SESERATT L— 2 OMERING A ERERELIC
DOWNWTIRARTz, ZOFEITLY, ERZEBEERAVE L L D e T L—
VIBEARNEICARRATREE 72D, SBICKI O N AR <AV AD DT T
LA —IVERIZHISH S, —F, RFEICB T 7 1 N ACRIS O E
EIRMET, TRV B AL MIZRE STz, AFETIE, Lewis Hiks
& LITMP Ok AZ IV, ~a 7 L—r o7 a b oAb E R 2 o 7
JA DA ZNLA~FREA T X =D CTHRIET D, AR LIEARLER 3-~a 7 U —L Y
F AT, insitu ST U ARXZNABIC L o THIES I, N T L— U DO EBER 7R
A ZALRIREEREIAL &2 FEBL L 7=,

5-2 Lewis HEZ AW 7 v b U ALOALEBIRMEDHIHE

FEFACEM DA R A XL TIE, —RICHEEFR LoV A AEEMEEZ A
THRMBEDRNA ABEERET L2V T UL A EHAEEHL, RbEH#ETS
A METHL T v R AL ETT D Z ERMBNTWD Y ZORIGIE, HER
AICHIE S TR Y, BAkeEVFULL T EOMAERICE > TEWLE
BIRMEERT, —FH, VFTLAF 0%, D Lewis iR & & 50 U O ANEH
THZEIL o TERAMEENZILL, Bire R ALONLESRIRE N iR 5 2
EHLMELTNDEI2

il 21X, 2023 42 Thomas Hi%, NUVARNIERUTY IEAT 4o FFT R
(TPPA) 'ZDOAF(E F T +-BuLi Z vy, 7 r~2 (104) Ofii 7o b AIZEIT 5
NMEFEREEZHIECX 5 Z L 2#HE L TW5D (Scheme5-2-1) 1220, $7pbth, 7
1< (104) % & ¢ THF JARICXT L C, —78°C T t-BuLi Z#{EH & ®7= & Z A,
7 a b oAV E AT 5 4L METHITL T\, D%, I3 — KX
2 UTHBEET 52 LT, RUBUVENP AT HUEEINTZZ v~ 105a 2K 41%
THTWD, —J, BUGSRIZ TPPA 22 723858121, 7 v b i ALBRE 21
WX VREIRR DN~ EB LTS, S—RAZ U EDORISIZED, 105a
TGN T, RUTVNANLTAF LI N7 v~ 105b IR 83% TH3 T
Wb, ZORKIE, TPPA 37 0~ U ORFER LD b EV LA ZAEEEEZA L,
t-BuLi 2MESEHIIZ TPPA L BUNLT 5729, BRI T-IZEL M S5 40 R A 2 Al
DENH S, LVBEEOE W DAL TOR T 7 R ALDESEICHEIT L
mEEZLND,
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Me

Lewis base
@\/j t-BuLi (1.0 equiv) Mel @
- > +
0 THF -78°Ctort fe) fe}

104 105a 105b
O Lewis base  none 41% 0%
N TPPA 0% 83%
o]
o)
TPPA

Scheme 5-2-1. Regioselectivity in the metalation of chromane

2024 FITLIFTEEOMAE HIX, NN-DCAF L7 ra L RFE (DMPU) 2%
v, 7 ka2 A28 P F AT 106 OFLT 0 b ALONL B M
ZHIEARECTH D Z L A EE LTS (Scheme 5-2-2) 120 VY PNLFF T =
106 (\Z%F L, insitu N7 AAZALERIZ T 0 b opya o R EFEE L L
A, 3= FFFT7 = 107a & OMHEEEMEMR 107b 2 Z 12 1UER 74%356 &
W 13%TEHTWD, ZOMNEZRMEE, BV P oERFEF0NEEEE LTE
fdsEE20N5, —J7, KIGRIZDMPU ZINL7ZE 24, 107b & E4ERK
W& UTCULER 48% TIH TV 5, ZORKIE, DMPU 38 Y VUV DEZFRF LV
bRV RAEFEMEZEFD, LDA OV F U LA A U AEEINIENL L7272 T
HbH, IHIZ, BV E0 L7 aEROFENRDRN D, K0 EBEEDR
W7 B ERDOBEN TOMT 1 b AL EITTH EERL TV,

Lewis base | |
ZnCl,- TMEDA
I\ N then LDA I I N\ N + I\ N
Br - - Br Br
S S S
L/ THF -78°C L/ \_/
106 —78°C 107a 107b
° Lewis base  none 74% 13%
\N)LN/ DMPU 17% 48%
DMPU

Scheme 5-2-2. Regioselectivity in the metalation of brominated pyridylthiophene
EROHEE R 2B E X, ABIETIE, Lewis EREIC L2 U F U LT I ROiE

MALZEELE U, insitu BT 2 ARXAZNALE W= 7 L—2 D A ZALGER 7R
W7 e ho A X ALDERZ B LT,
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5-3 Lewis BEZH W - a7 L —2 DX ZOALGBRE X Z VL
5-3-1 DMPU ZHW= a7 L—r DX ZMLOBRIRA A Z V4L

BT, insitu NT U AAZILEBL T, SEIER AR B ATH
T OMESEIRA R E R FEBL LT, IBAW X B AZBNT, i e b
AT FEC e F o OB THITT 2 Z E MR S N2, —F, 13-Va—F
Ry (6lo) W2 LT, insitu FT U AAZMEEERLI-EZ A, 1,3,5-F
U a— KRBy (m-630) BDEAEKY & LTI 35% TH H AL, 610 23 43%
TEIL S 417z (Scheme 5-3-1), Z OFERIL, I 7R DK E 72 PR E O E
2R, BHERINCKE SN AT v b AL LRI L0 FH] 7 A 2 AL THE
TTHZEERBLTND, LL, 20X ZNOBRMEENMEN =D, bl
FouRm FiXREECTH - 72,

in situ transmetalation

\ ' ZnCl, TMEDA ' ' '
H then LITMP I
— >
THF i 38%
H | F Li | Cizn | I |
HX —40 °C

630

610
43% recovery
Scheme 5-3-1. meta-selective metalation of 1,3-diiodobenzene through in situ

transmetalation

PLEOHRIZESNT, £, 1,3-3— RRXUBaxt LT Lewis ¥ £ 23
7'a N AL E SRR X ORI 5 2 5 5B DWW Tt L7 (Table 5-
3-1), £, 1,3-va— KB (61lo) (Zxf LT, insitu N7 AL X%
EE L7z, FORE, R I—RFRXUEL m-630 & 0-630 1TFNFRUE 42%
& 14% THEH G, 610 MR 43% TR S L7z (entry 1), RIS, ~FH AT L
UoBE s U7 2 K (HMPA) %\, Lewis ¥R OWRMZNR 2 78 L7, HMPA
L, VF LA T U EDOERA AT L THROGENEZ A L, $5RDOEKZ
U TR EMLERIRMEZ S5 Z b nTng 1, Va— R
> 6lo, HifbHih TMEDA $&(K L& 1 24 E 0 HMPA % & ¢e THF IARICK LT, —
40°C TLITMP Z 2 T 1 B L2, SHICa vELEHSEEE, Y
g— FXUE L m-630 DUEE 58% TR HIL, 6lo IR 22% TEIN Eivfz, A
AR 5.3:1.0 Z/r L7z, (entry 2), 725, HMPA 2T %5 Z &IT X
D, AZNLERVE & BROSTHEOWT b M L Le, —77, HMPA (X ARk 5%
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WAMEN B DT, L OEEMEDE WL A AE LD 21T T, FMEOEWN
13-V AF N2 A IFV YT (DMD PEHNWEZEZ A, FERTIZEEDD
7272 (entry 3), DMPU # MW b 2 A, A ZERMEN 7.0:1.0 12\ EL7=

(entry 4), X HIZDMPU O&E% 5 Y &I L2 E 2 A, m-630 NIEE 77%,
A ZERME 77:1.0 TH LD, 61 UL 17% TEIUX L7Z (entry 5), 61o D[H]
IWENEWVERRE, 3 VREOETRAERThHoT B 1 bND, £2T, 3
UEREZRNMLEZOL, FIRICHEL T 1 FEEL LR, HAD m-630 % H
HEIER 90% TH372 (entry 6), LA EDOFERNG, 8 8 CTHENL LTz insitu ST
A A Z AT Z, DMPU 23252 L2k 0, 13-Va— KB roA ¥
AERINAY 72 3 0 F(b 2 SR D E@ IR ME TRk L 72,

Table 5-3-1. Effect of Lewis base on the regioselectivity of the deprotonation of 1,3-

diiodobenzene”
| Lewis base | [ |
ZnCl, TMEDA
@\ then LITMP Iy /@\ I\©\ @[I
> > + +
I THF —40°C,1h | I I |
610 —40°C, 1h m-630 0-630 0-630
Q 0 Q
“N-P-NT \N)J\N/ \NJ\N/
I _N_\ L v
HMPA DMI DMPU
entry Lewis base 1,0,0"-630 (%)° meta-selectivity® recovery of 610 (%)°
1 none 42 14 <1 3.0:1.0 43
2 HMPA 58 10 | 5.3:1.0 22
3 DMI 58 11 1 4.8:1.0 27
4 DMPU 63 6 1 7.0:1.0 25
54 DMPU 77 1 <1 77 :1.0 17
6e DMPU 90 (90)f 1 <1 90:1.0 7

“Reaction conditions: iodobenzene 610 (0.30 mmol, 1.0 equiv), ZnCl,-TMEDA (0.30
mmol, 1.0 equiv), ligand (0.30 mmol, 1.0 equiv), LITMP (0.53 mmol, 1.8 equiv), and I»
(0.6 mmol, 2 equiv). “The yield was determined from the "H NMR spectrum of the crude
product using 1,1,2,2-tetrachloroethane as an internal standard. “The meta-selectivity,
expressed as m-630/(0-630+0'-630), was determined by 'H NMR spectroscopy. ‘DMPU
(1.5 mmol, 5.0 equiv) was used. “lodination was performed at room temperature. /Isolated

yield.
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5-3-2 Me;TACN ZH W= a7 L—r DX ZALEIRE A Z vk

EROFERICESNT, 13- — FRUB U L0 SEREEND RN -7 e '
3-3— R EB 2 (108a) D A ZLiEIRAY 7 = 7 # k% Gt L7z (Table 5-3-2),
T aERY L 108a & HALAEEY TMEDA $&{k % & ¢ THF 7% % LT, —40°C
TLITMP Nz C1EMEHL LZ0b, avHEEZMATEHIC 1 RS SE
7o ZOFEE, IUHELENTEZTOERCE Y m-109a DR 14% TH 5N,
108a MR 21% TR S vfz, A Z3ERPEIT 1:3.7 Z7- L7z, (entry 1), LiTMP
ZRAWET7TaE_XoE108a D70 b iAbl, FICRBFEAICEETHVET
HITLTEZ EDNA LN/ 572, DMPU ZIRI L7 & 2 A, m-109a DYLEEIT 61%
W2 B9 5l E bl A ZEIRPEN 2.9:1 (IZHEH#A L 7= (entry2), TMEDA % %N
LTI EAT - ToAE R, Lewis #1200 L 722 WGA S IZIEFREBROFE RS B
72. (entry 3), RUT I NNNN'N'-XRUHEAFLIZZF L M) T I

(PMDTA) 2> Z W= & Z 5, m-109a DULRIT 14% IR T L7222y, A 2 @R
£ 1.5:1 Z7/r L7 (entry4), PMDTA MBELBRZEWIRINZN R 2R Lol s, $ko
PMDTA 2Rz T, BIRO YT I 14,7-b Y AF-147- RV T7H o)
72 (MesTACN) %23 L7-, ZOfER, HIIO m-109a DIEED 61%I A LT
LBz, AXBRMED 31:1 128 L7223, 108 AR 19% CTlalN X317z (entry
5)e SHIZ, MesTACN O &% 2 Y EIZHO L7 2 A, AZEREND UIKT
L7223, BEYD m-109 Z L= 78% CHA L= (entry 6),

VL EDFER S, DMPU & il L, MesTACN (% LiTMP & OFAAERIZ LY
EWIEE R LTz, 3 TR0 HREEN/NE L, B S0 R ER
FIZRLTH, MesTACN & W=7 1 b ABIZRFZIFR A D A X L TEIAIZ
HEITT D2 ENA[gEE e oTz, F7z, IR O OHE 222D NT, A Z RN
72 BERERAL 2 T D720 in situ b TV ARXNMALDNEETH S, M
72 hAGIZ KV ER LAY 70 LAFEERIZIEFICALETH Y, EERA
BeA RIS A L2 T U, oI B X 0 BRIZREISOE D EITT 5
ZEDBHABENT 0T,
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Table 5-3-2. Effect of Lewis base on the regioselectivity of the deprotonation of 1-
bromo-3-iodobenzene®

Lewis base

Br ZnCly TMEDA Br Br Br
then LITMP I» I I
- - + +
I THF —40°C,1h | I I |
108a —40°C, 1h m-109a 0-109a 0-109a
| PP T '
NN AN SN N
N | </|T1J
TMEDA PMDTA Me3sTACN

entry Lewis base 1,0,0-109a (%)° meta-selectivity® recovery of 108a (%)”

1 none 14 43 9 1.0:3.7 21
2 DMPU 63 21 1 2.9:1.0 7
3 TMEDA 15 40 1 1.0:2.7 29
4 PMDTA 14 4 5 1.5:1.0 14
5 Me;TACN 61 1 1 31:1.0 19
64 Me;TACN 78 5 2 11:1.0 11

“Reaction conditions: bromobenzene 108a (0.30 mmol, 1.0 equiv), ZnCl,-TMEDA (0.30
mmol, 1.0 equiv), ligand (1.5 mmol, 5.0 equiv), LiTMP (0.53 mmol, 1.8 equiv), and I
(0.6 mmol, 2 equiv). “The yield was determined from the "H NMR spectrum of the crude
product using 1,1,2,2-tetrachloroethane as an internal standard. “The meta-selectivity,
expressed as m-109a/(0-109a+0'-1092a), was determined by 'H NMR spectroscopy.
Me;TACN (0.61 mmol, 2.1 equiv) was used.

Lewis OB R AR LT-DH, 1-7 0 E-3-T— NP oD A Z R
723 U FAb O SRS Beafl L7= (Scheme 5-3-2), § 725, FHHEL L 7= LiTMP
@ THF #HRIZ% LT 0 °CT MesTACN Z ANz T 10 7rffE#E L, LITMP &
MesTACN @ THF iR Z i L7z, Z ORI, WO EMRE AN Dt~ 4
bz, D%, 1-7 v E-3-3— R P o L HLlE) TMEDA §5K % & ¢e THF
WRIRIZ% L C=78 °C T LITMP & MesTACN % & ¢ THF 1% & I 2 C 2 WFRE s
S¥T, Z20%, FUREZUHIETAER, BIIO m-109 % HEENE 87% T
Tmo AXBIRMEIL15:1.0 Zn L7z, £72, 1,3-aF— R (61o) ([ZkL T
IS E2E 25, m-630 DHDER 61% TH LT,
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ZnCl, TMEDA (1.0 equiv)

Br LiTMP (1.8 equiv) Br
Me3sTACN (1.8 equiv) I, (2 equiv)
| THF —78°Ctort, 1h | |
108a -78°C,2h 109a
87%, 5%, 1%
(15:1.0)

| ZnCly TMEDA (1.0 equiv) |

LiITMP (1.8 equiv)
@\ Me3sTACN (1.8 equiv) I> (2 equiv) /@\
I THF -78°Ctort,1h I |
610 -78°C,2h m-630

61%
Scheme 5-3-2. Optimization of the deprotonation of iodobenzene derivatives by a

combination of LiTMP and Me;TACN

54 SFEIERuTL—rDRXFZNNBREAZ VL

B L7 e T L= DA ZNERA A ZACDOFERMEZH BT 5720
W2, SUFEEISICE o Tae T L—rO—iEE A2~/ (Table 5-4-1), "7
L—2 108 EXPiT 2 a7 Abligh YT 2 e R A G e THF IARICx L, —
78 °C T LiTMP & MesTACN @ THF &R 24 C 2 KR L=, S bica v
FREMA, BRICHIE LSO 1SS Y, 7 ke F4 53— RFX»
Y 108b S SE2E 2 A, HEID m-109b 2SR 68% CTHF Hiv, A ZiER
P1% 2.8:1.0 27k L7z, —J7, Me;sTACN Z W22 W AT, m-109b (FUN=R 4% L
DFEHALT, 0-109b & 0"-109b 23 F FLETUNER 30% & 44% TR LTz, 13-V 7
2ENRE Y (108c) (T3 L TGS/ & 2 A, m-109¢ 1FUF 83% T H i,
A B ERMENT 5.2:1.0 TH o 72, Me;sTACN & AN R WA D A 2 EIRPEN 1.0:23
TholoZ b, W7u b ALOALEBIRMEIZ AV ML B A Z AL~ L ER
THZEDNHALNI ST, LVNEREEOD W v ks G357 1EN
B 108d W E T A, m-109d 1FUE 58% TH: H L7275, MesTACN % H
W2 WEEAITIE m-109d 2 2< S b7enoTz, S HIZ, 33— R E L (108e)
ERWEZEZ A, m-109e DBMBULR 9% T L=, —J7, Me;TACN & 7
WA, 109e 5T, FEEHEIN L=, &kiZ, EEO—BEE2EY UV
ERICHERE L2, 2-3— R U P2 (108f) ZsSE-E A, BHD m-109f
ZUE 84% TRz, —J, 3-a— KB U Y (108g) ZLSEZEZ A, m-
109g DULRN 40%IIK F L7z, £/, I— R U D AIMZ T, 7==/LHkL
TFNLEAZ SO Y P 108h & 108i (b HEH Tho7-, 77205, MesTACN
& LiTMP & Tz in situ b T 2 A A Z WAL Z FEhE L7 /65, m-109h & m-109i
EENENIEIN%E T1% TEK LT, 6T, R THDLH=2F 2 (108))
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(% U CIRBRD SUG 2 560 L7=/5 5, HED A 2 3 0 R m-109) % IR 73%

TA LT,

Table 5-4-1. Scope of the meta-metalation of haloarenes”

ZnXo,-diamine
FG 2 FG FG FG
LITMP : I
T
> > + +
X THF -78°Ctort 1 X X X
108 -78°C m-109 0-109 0109
™ M\ Y
TN, NT =N NT N, N —N_ N—
770N 720N 770N / ,ZQ \
/ \ / / \
¢’ ‘al [ cl’ ¢ cl cl
ZnCl,-TMEDA Znl,"TMEDA ZnCly,-BuMeEDA ZnCl,-TMPDA
Cl Br Cl
| | I~ i Br 1 i Br
109b 109¢c 109d
(ZnCl, TMEDA) (ZnCl, TMEDA) (Znl, TMEDA)

68%, 9%, 15% (2.8:1.0)
w/o L: 4%, 30%, 44% (1.0:19)

H

£,

109e?

(ZnCl,'BuMeEDA)
9%, 0%, 0%
wloL: -¢ -° -°¢

109h

(ZnCl, TMPDA)
91%

83%, 5%, 11% (5.2:1.0)
w/o L: 4%, 31%, 60% (1.0:23)

|
N7
109f

(ZnCl, TMPDA)
84%

109i

(ZnCl, TMPDA)
71%

58%, 0.5%, 20% (2.8:1.0)
w/o L: €, 3%, 48%

109g

(Znly TMEDA)
40%

from nicotine, 109j

(ZnCl, TMPDA)
73%

“Reaction conditions: haloarene 108 (0.30 mmol, 1.0 equiv), ZnX,-diamine (0.30 mmol,
1.0 equiv), a THF solution of LiTMP and Me;TACN (0.53 mmol, 1.8 equiv), THF, -78 °C,
2 h, then I, (0.6 mmol, 2 equiv), room temperature. “The meta-selectivity, expressed as
m-109/(0-109+0'-109), was determined by 'H NMR spectroscopy and is shown in

parentheses. “Not observed. “The deprotonation was performed at —40 °C.
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(&Y, insitu b7 A XX AW ZIEALHEER VT X VIR A R T LA
B EHZ, A XA A U R AT, ~a 7 L —2 108, Me;TACN,
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Table 5-4-2. meta-Metalation of haloarenes using boron reagents

FG FG
conditions /@\
| (RO),B |
108 m-109
substrate conditions product
Br Br
B(OPr)3, Me;TACN
LiTMP, THF, =78 °C to rt
| then HCI (2 M), rt (HO),B |
108a m-109k
50%
Br Br
B(OPr)3, Me;TACN
LiTMP, THF, =78 °C to rt
| then AcOH, neopentyl glycol, rt (neop)B |
108a m-109I
41%
H H
B(OPr)3, Me;TACN
LiTMP, THF, —40 °C
| then AcOH, neopentyl glycol, rt (neop)B |
108e m-109m

65%

55 S

AMFIETIL, MesTACN #HW =it 7 e b ALRISEB KX Winsitu b7 2 A A X
MMEIC LY, SE8FEhh a7 L—r OEFENR A ZAOEIREREEL A2 91D
THEH L7, Me;sTACN OFEE F T LITMP # W=7 1 b oAkix, ~ue s
JF- DA ML TIEAR<, ZZMMICE D GRIRA XL CTHITT 5 2 &N AlEE
ot B hARIC KX VAR L 3o a7 U — LY F AL, el Uk
HER T I VIR E D R T AR Z AL R TRIERT U — NVl b~ &
TSN, EBIZ, IURLEOIGICE Y, A ZMLERW T v HFELEZFEH L
oo Fl2, RUEKIE N insitu 8T ARXAZNALERT, "B T L—rO
A ZAOBRRAYR AR T RIS O Lo, TEREEERAZZE L TnWea —RFT7 b
—UHERB L OAEEAR U FE LA OERKIEL, AFEICEY 1 TR THEEIZZA
ST, =7, AW TIE, KIGEMECTEETREROBRIZIIE->TELT, 4%
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5-6 Experimental section

1. General

Analytical thin layer chromatography (TLC) was performed on Merck silica gel 60 Fas4
glass sheets precoated with a 0.25 mm thickness of silica gel. Melting points (mp) were
measured on a Yanaco MP-J3 and are uncorrected. Infrared (IR) spectra were recorded
on a Bruker Alpha with an ATR attachment (Ge) and are reported in wave numbers (cm™
. 'TH NMR (400 MHz) and "*C{'H} NMR (100 MHz) spectra were measured on JEOL
ECZ400 spectrometer. Chemical shifts for 'H NMR are reported in parts per million
(ppm) downfield from tetramethylsilane with the solvent resonance as the internal
standard (CHCI3: 6 7.26 ppm and acetone-ds: 6 2.05 ppm), and coupling constants are
given in hertz (Hz). The following abbreviations are used for spin multiplicity: s = singlet,
d = doublet, t = triplet, q = quartet, m = multiplet, br = broad, dd = doublet of doublets,
dt = doublet of triplets. Chemical shifts for *C{!H} NMR are reported in ppm from
tetramethylsilane with the solvent resonance as the internal standard (CDCl3: 0 77.16 ppm
and acetone-ds: 0 29.84 ppm). High-resolution mass spectroscopy (HRMS) was
performed on a Bruker compact ESI-Q-TOF MS spectrometer equipped with a Shimadzu
LC (LC 40D XR) [electrospray ionization (ESI)], and [electron ionization (EI)] with a
JEOL JMS-700 MStation.

2. Materials

Unless otherwise stated, all reactions were conducted in a flame-dried glassware under
an inert atmosphere of argon. All work-up and purification procedures were carried out
with reagent-grade solvents in air. Unless otherwise noted, materials were obtained from
commercial suppliers and wused without further purification. Flash column
chromatography was performed on Wakogel® 60N (63-212 um, Wako Pure Chemical
Industries, Ltd.) or High-efficiency irregular silica (2540 um, Santai Science Inc.).
Anhydrous THF (>99.5%, water content: <30 ppm) was purchased from Kanto Chemical
Co. and further dried by passing through a solvent purification system (Glass Contour)
prior to use. n-BuLi (1.6 M in n-hexane) and TMPH were purchased from Kanto
Chemical Co. and used as received. MesTACN was purchased from BLD Pharmatech Ltd.
and used as received. Freshly prepared ZnCl>TMEDA, ZnCl-TMPDA,
ZnCl-BuMeEDA, and Znl,- TMEDA were used in the following experiments.

3 Preparation of a THF solution of LITMP and Me;TACN
To a solution of TMPH (0.41 mL, 2.4 mmol) in THF (1.6 mL) was added n-BuLi (1.6
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mL, 1.51 M in n-hexane, 2.4 mmol) dropwise at —78 °C. The resulting solution was stirred
at 0 °C for 30 min. To the solution was added MesTACN (0.47 mL, 2.4 mmol) dropwise
at 0 °C. The resulting solution was stirred at 0 °C for 10 min to provide a THF solution
of LiTMP and Me;TACN (0.59 M).

4. Effect of Lewis base on the regioselectivity of the deprotonation of 1,3-
diiodobenzene (Table 5-3-1)

| Lewis base | I |
ZnCl, TMEDA
@\ then LITMP I /@\ |\©\ @[I
> - + +
| THF -40°C,1h | I | I
610 —40°C,1h m-630 0-630 0-630

General procedure for the synthesis of 1,3,5-trimethoxybenzene (m-630)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 1,3-diiodobenzene (610) (99.0 mg,
0.300 mmol, 1.0 equiv), ZnCl,-TMEDA (75.7 mg, 0.300 mmol, 1.0 equiv), Lewis base
(0.300 mmol, 1.0 equiv), and THF (2.0 mL). The resulting solution was cooled to —40 °C.
LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv) was added to the Schlenk tube. After
stirring at —40 °C for 1 h, the reaction mixture was treated with iodine (152.3 mg, 0.600
mmol, 2.0 equiv). After stirring at —40 °C for 1 h, the reaction mixture was treated with
saturated aqueous sodium thiosulfate (2 mL) and saturated aqueous ammonium chloride
(2 mL). After being partitioned, the aqueous layer was extracted with diethyl ether (2 mL)
three times. The combined organic extracts were washed with brine (2 mL), dried over
sodium sulfate, and filtered. The filtrate was concentrated under reduced pressure to give
a crude product. The yields of 1,3,5-triiodobenzene (m-630), 1,2,4-triiodobenzene (o-
630), 1,2,3-triiodobenzene (0'-630), and 1,3-diiodobenzene (610) were determined by 'H
NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard by comparing
relative values of integration for the peaks observed at 8.00 ppm (3 protons for m-630),
8.18 ppm (1 proton for 0-630), 7.85 ppm (2 protons for 0’-630), and 8.07 ppm (1 proton
for 610) with that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm.

Reaction performed in the absence of a Lewis base (Table 5-3-1, entry 1)

A crude product was obtained from 1,3-diiodobenzene (610) (99.6 mg, 0.302 mmol, 1.0
equiv), ZnCl,>TMEDA (75.7 mg, 0.300 mmol, 1.0 equiv), LiTMP (0.66 M, 0.80 mL,
0.53 mmol, 1.8 equiv), iodine (154.5 mg, 0.608 mmol, 2.0 equiv), and THF (2.0 mL)
according to the general procedure. The yields of 1,3,5-triiodobenzene (m-630), 1,2,4-

triltodobenzene (0-630), 1,2,3-triiodobenzene (0'-630), and 1,3-diiodobenzene (610) were
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determined to be 42%, 14%, <1%, and 43% by '"H NMR spectroscopy.

Reaction performed with HMPA (Table 5-3-1, entry 2)

A crude product was obtained from 1,3-diiodobenzene (610) (99.4 mg, 0.301 mmol, 1.0
equiv), ZnCl,> TMEDA (76.1 mg, 0.301 mmol, 1.0 equiv), HMPA (52 pL, 0.30 mmol, 1.0
equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), iodine (168.9 mg, 0.665 mmol,
2.2 equiv), and THF (2.0 mL) according to the general procedure. The yields of 1,3,5-
triitodobenzene (m-630), 1,2,4-triiodobenzene (0-630), 1,2,3-triitodobenzene (0'-630), and
1,3-diiodobenzene (610) were determined to be 58%, 10%, 1%, and 22% by 'H NMR

spectroscopy.

Reaction performed with DMI (Table 5-3-1, entry 3)

A crude product was obtained from 1,3-diiodobenzene (610) (99.2 mg, 0.301 mmol, 1.0
equiv), ZnCl,-TMEDA (76.0 mg, 0.301 mmol, 1.0 equiv), DMI (33 pL, 0.30 mmol, 1.0
equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), iodine (152.1 mg, 0.599 mmol,
2.0 equiv), and THF (2.0 mL) according to the general procedure. The yields of 1,3,5-
triitodobenzene (m-630), 1,2,4-triiodobenzene (0-630), 1,2,3-triiodobenzene (0'-630), and
1,3-diiodobenzene (610) were determined to be 58%, 11%, 1%, and 27% by 'H NMR

spectroscopy.

Reaction performed with DMPU (Table 5-3-1, entry 4)

A crude product was obtained from 1,3-diiodobenzene (610) (99.1 mg, 0.301 mmol, 1.0
equiv), ZnCl,>TMEDA (75.9 mg, 0.301 mmol, 1.0 equiv), DMPU (36 pL, 0.30 mmol,
1.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), iodine (150.8 mg, 0.594
mmol, 2.0 equiv), and THF (2.0 mL) according to the general procedure. The yields of
1,3,5-triiodobenzene (m-630), 1,2,4-triiodobenzene (0-630), 1,2,3-tritodobenzene (o'-
630), and 1,3-diiodobenzene (610) were determined to be 63%, 6%, 1%, and 25% by 'H
NMR spectroscopy.

Reaction performed with 5 equivalents of DMPU (Table 5-3-1, entry 5)

A crude product was obtained from 1,3-diiodobenzene (610) (99.0 mg, 0.300 mmol, 1.0
equiv), ZnCl,-TMEDA (76.1 mg, 0.301 mmol, 1.0 equiv), DMPU (0.18 mL, 1.5 mmol,
5.0 equiv), LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv), iodine (162.4 mg, 0.640
mmol, 2.1 equiv), and THF (2.0 mL) according to the general procedure. The yields of
1,3,5-triiodobenzene (m-630), 1,2,4-triiodobenzene (0-630), 1,2,3-tritodobenzene (o'-
630), and 1,3-diiodobenzene (610) were determined to be 77%, 1%, <1%, and 17% by
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"H NMR spectroscopy.

Reaction performed with 5 equivalents of DMPU and iodination performed at room
temperature (Table 5-3-1, entry 6)

A crude product was purified by silica gel column chromatography (hexane) to provide
the 1,3,5-triiodobenzene (0-630) as a colorless solid (122.2 mg, 0.268 mmol, 90%) from
1,3-diiodobenzene (610) (98.7 mg, 0.299 mmol, 1.0 equiv), ZnCl,-TMEDA (76.3 mg,
0.302 mmol, 1.0 equiv), DMPU (0.18 mL, 1.5 mmol, 5.0 equiv), LiITMP (0.66 M, 0.80
mL, 0.53 mmol, 1.8 equiv), iodine (154.0 mg, 0.607 mmol, 2.0 equiv), and THF (2.0 mL)
according to the general procedure and iodination preformed at room temperature. The
"H and BC{'H} NMR spectroscopic data of 0-630 were identical to those reported in the
chapter 2. Ry= 0.58 (hexane); Mp 173-174 °C; IR (ATR, cm™!): 3078, 3045, 1532, 1395,
1100, 846, 701, 657; '"H NMR (400 MHz, CDCIl3): 6 8.00 (s, 3H); 3C{'H} NMR (100
MHz, CDCl3): 6 144.6, 95.4; HRMS (ET") m/z: calcd. for CsHsl3, 455.7369 [M]"; found
455.7368. The yields of 1,3,5-triiodobenzene (m-630), 1,2,4-triiodobenzene (0-630),
1,2,3-triiodobenzene (0'-630), and 1,3-diiodobenzene (610) were determined to be 90%,
1%, <1%, and 7% by "H NMR spectroscopy.

5. Effect of Lewis base on the regioselectivity of the deprotonation of 1-bromo-3-
iodobenzene (Table 5-3-2)

Lewis base
Br ZnCly, TMEDA Br Br Br
then LITMP I I [
> > + +
| THF —40°C, 1 h I | | |
108a -40°C,1h m-109a 0-109a 0-109a

General procedure for the synthesis of 1-bromo-3,5-diiodobenzene (m-109a)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 1-bromo-3-iodobenzene (108a) (84.9
mg, 0.300 mmol, 1.0 equiv), ZnCl,-TMEDA (75.7 mg, 0.300 mmol, 1.0 equiv), ligand
(1.50 mmol, 5.0 equiv), and THF (2.0 mL). The resulting solution was cooled to —40 °C.
LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv) was added to the Schlenk tube. After
stirring at —40 °C for 1 h, the reaction mixture was treated with iodine (152.3 mg, 0.600
mmol, 2.0 equiv). After stirring at —40 °C for 1 h, the reaction mixture was treated with
saturated aqueous sodium thiosulfate (2 mL) and saturated aqueous ammonium chloride
(2 mL). After being partitioned, the aqueous layer was extracted with diethyl ether (2 mL)
three times. The combined organic extracts were washed with brine (2 mL), dried over

sodium sulfate, and filtered. The filtrate was concentrated under reduced pressure to give
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a crude product. The yields of 1-bromo-3,5-diiodobenzene (m-109a), 1-bromo-2,5-
diiodobenzene (0-109a), 1-bromo-2,3-diiodobenzene (0’-109a), and 1-bromo-3-
iodobenzene (108a) were determined by 'H NMR analysis using 1,1,2,2-
tetrachloroethane as an internal standard by comparing relative values of integration for
the peaks observed at 7.98 ppm (1 proton for m-109a), 7.55 ppm (1 proton for 0-109a),
6.89 ppm (1 proton for 0’-109a), and 6.97 ppm (1 proton for 108a) with that of 1,1,2,2-

tetrachloroethane observed at 5.96 ppm.

Reaction performed in the absence of a Lewis base (Table 5-3-2, entry 1)

A crude product was obtained from 1-bromo-3-iodobenzene (108a) (84.5 mg, 0.299
mmol, 1.0 equiv), ZnCl,>TMEDA (76.1 mg, 0.301 mmol, 1.0 equiv), LiTMP (0.66 M,
0.80 mL, 0.53 mmol, 1.8 equiv), iodine (171.5 mg, 0.676 mmol, 2.3 equiv), and THF (2.0
mL) according to the general procedure. The yields of 1-bromo-3,5-diiodobenzene (m-
109a), 1-bromo-2,5-diiodobenzene (0-109a), 1-bromo-2,3-diiodobenzene (0'-109a), and
1-bromo-3-iodobenzene (108a) were determined to be 14%, 43%, 9%, and 21% by 'H
NMR spectroscopy.

Reaction performed with DMPU (Table 5-3-2, entry 2)

A crude product was obtained from 1-bromo-3-iodobenzene (108a) (85.5 mg, 0.302
mmol, 1.0 equiv), ZnCl,>TMEDA (76.3 mg, 0.302 mmol, 1.0 equiv), LiTMP (0.66 M,
0.80 mL, 0.53 mmol, 1.8 equiv), DMPU (0.18 mL, 1.5 mmol, 5.0 equiv), iodine (152.1
mg, 0.599 mmol, 2.0 equiv), and THF (2.0 mL) according to the general procedure. The
yields of 1-bromo-3,5-diiodobenzene (m-109a), 1-bromo-2,5-diiodobenzene (0-109a), 1-
bromo-2,3-diiodobenzene (0'-109a), and 1-bromo-3-iodobenzene (108a) were
determined to be 63%, 21%, 1%, and 7% by '"H NMR spectroscopy.

Reaction performed with TMEDA (Table 5-3-2, entry 3)

A crude product was obtained from 1-bromo-3-iodobenzene (108a) (84.2 mg, 0.298
mmol, 1.0 equiv), ZnCl,>TMEDA (76.1 mg, 0.301 mmol, 1.0 equiv), LiTMP (0.66 M,
0.80 mL, 0.53 mmol, 1.8 equiv), TMEDA (0.22 mL, 1.5 mmol, 5.0 equiv), iodine (161.0
mg, 0.634 mmol, 2.1 equiv), and THF (2.0 mL) according to the general procedure. The
yields of 1-bromo-3,5-diiodobenzene (m-109a), 1-bromo-2,5-diiodobenzene (0-109a), 1-
bromo-2,3-diiodobenzene (0'-109a), and 1-bromo-3-iodobenzene (108a) were
determined to be 15%, 40%, 1%, and 29% by '"H NMR spectroscopy.

Reaction performed with PMDTA (Table 5-3-2, entry 4)

155



A crude product was obtained from 1-bromo-3-iodobenzene (108a) (85.2 mg, 0.301
mmol, 1.0 equiv), ZnCl,>TMEDA (76.3 mg, 0.302 mmol, 1.0 equiv), LiTMP (0.66 M,
0.80 mL, 0.53 mmol, 1.8 equiv), PMDTA (0.31 mL, 1.5 mmol, 5.0 equiv), iodine (150.5
mg, 0.593 mmol, 2.0 equiv), and THF (2.0 mL) according to the general procedure. The
yields of 1-bromo-3,5-diiodobenzene (m-109a), 1-bromo-2,5-diiodobenzene (0-109a), 1-
bromo-2,3-diiodobenzene (0'-109a), and 1-bromo-3-iodobenzene (108a) were
determined to be 14%, 4%, 5%, and 14% by '"H NMR spectroscopy.

Reaction performed with Me;TACN (Table 5-3-2, entry 5)

A crude product was obtained from 1-bromo-3-iodobenzene (108a) (85.1 mg, 0.301
mmol, 1.0 equiv), ZnCl,>TMEDA (76.4 mg, 0.303 mmol, 1.0 equiv), LiTMP (0.66 M,
0.80 mL, 0.53 mmol, 1.8 equiv), MesTACN (0.29 mL, 1.5 mmol, 5.0 equiv), iodine (155.3
mg, 0.612 mmol, 2.0 equiv), and THF (2.0 mL) according to the general procedure. The
yields of 1-bromo-3,5-diiodobenzene (m-109a), 1-bromo-2,5-diiodobenzene (0-109a), 1-
bromo-2,3-diiodobenzene (0'-109a), and 1-bromo-3-iodobenzene (108a) were
determined to be 61%, 1%, 1%, and 19% by '"H NMR spectroscopy.

Reaction performed with 2 equivalents of Me3TACN (Table 5-3-2, entry 6)

A crude product was obtained from 1-bromo-3-iodobenzene (108a) (85.0 mg, 0.300
mmol, 1.0 equiv), ZnCl,>TMEDA (76.7 mg, 0.304 mmol, 1.0 equiv), LiTMP (0.66 M,
0.80 mL, 0.53 mmol, 1.8 equiv), Me;TACN (0.12 mL, 0.62 mmol, 2.1 equiv), iodine
(161.0 mg, 0.634 mmol, 2.1 equiv), and THF (2.0 mL) according to the general procedure.
The yields of 1-bromo-3,5-diiodobenzene (m-109a), 1-bromo-2,5-diiodobenzene (o-
109a), 1-bromo-2,3-diiodobenzene (0'-109a), and 1-bromo-3-iodobenzene (108a) were
determined to be 78%, 5%, 2%, and 11% by "H NMR spectroscopy.

6. Optimization of the deprotonation of iodobenzene derivatives promoted by a
combination of LITMP and Me3;TACN (Scheme 5-3-2)

Br ZnCl, TMEDA (1.0 equiv)

LiTMP (1.8 equiv)
@\ MesTACN (1.8 equiv) I> (2 equiv) /@\ \@\ @i
I THF -78°Ctort, 1 h

108a -78°C,2h m-109a 0-109a 0-109a
87% 5% 1%

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 1-bromo-3-iodobenzene (108a) (84.5
mg, 0.299 mmol, 1.0 equiv), ZnCl,-TMEDA (76.3 mg, 0.302 mmol, 1.0 equiv), and THF
(2.0 mL). The resulting solution was cooled to —78 °C. A THF solution of LiTMP and

156



Me;TACN (0.59 M, 0.92 mL, 0.54 mmol, 1.8 equiv) was added to the Schlenk tube. After
stirring at —78 °C for 2 h, the reaction mixture was treated with iodine (161.4 mg, 0.636
mmol, 2.1 equiv). After stirring at room temperature for 1 h, the reaction mixture was
treated with saturated aqueous sodium thiosulfate (2 mL) and saturated aqueous
ammonium chloride (2 mL). After being partitioned, the aqueous layer was extracted with
ethyl acetate (2 mL) three times. The combined organic extracts were washed with brine
(2 mL), dried over sodium sulfate, and filtered. The filtrate was concentrated under
reduced pressure to give a crude product, which was purified by silica gel column
chromatography (hexane) to provide an inseparable mixture (113.5 mg) of 1-bromo-3,5-
diiodobenzene (m-109a) (0.260 mmol, 87%), 1-bromo-2,5-diiodobenzene (0-109a)
(0.0150 mmol, 5%), and 1-bromo-3-iodobenzene (0'-109a) (0.0030 mmol, 1%) as a
colorless solid. The 'H and "*C{'H} NMR spectroscopic data of m-109a were identical
to those reported in the literature.'*? The ratio was determined by 'H NMR spectroscopy.
Physicochemical properties of 1-bromo-3,5-diiodobenzene (m-109a): R,= 0.60 (hexane);
Mp 123-125 °C; IR (ATR, cm™!): 1540, 1439, 1394, 1099, 997, 846; '"H NMR (400 MHz,
CDCl3): 6 7.98 (t, 1H, J = 1.2 Hz), 7.82 (d, 2H, J = 1.2 Hz); *C{'H} NMR (100 MHz,
CDCl3): 6 144.0, 139.2, 123.5, 95.0.

2

m-63o0
1,3,5-Triiodobenzene (m-630)
A crude product was purified by silica gel column chromatography (hexane) to provide
the title compound m-630 (82.8 mg, 0.182 mmol, 61%) as a colorless solid from 1,3-
diiodobenzene (610) (98.9 mg, 0.300 mmol, 1.0 equiv), ZnCl,-TMEDA (76.1 mg, 0.301
mmol, 1.0 equiv), a THF solution of LiTMP and Me3TACN (0.59 M, 0.92 mL, 0.54 mmol,
1.8 equiv), and iodine (164.1 mg, 0.647 mmol, 2.1 equiv) according to the above

procedure.

7. Scope of the meta-metalation of haloarenes (Table 5-4-1)

FG ZnXZ_'diamine (1.0 gquiv) FG FG FG
LITMP (1.8 equiv) I I
MesTACN (1.8 equiv) I, (2 equiv)
- - + +
X THF —78°Ctort,1h | X X X
108 —-78°C,2h m-109 o-109 0-109

General procedure
A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
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and a rubber septum under argon was charged with haloarene (108) (0.300 mmol, 1.0
equiv), zinc halide diamine complex (0.300 mmol, 1.0 equiv), and THF (2.0 mL). The
resulting solution was cooled to =78 °C. A THF solution of LiTMP and Me3;TACN (0.59
M, 0.92 mL, 0.54 mmol, 1.8 equiv) was added to the Schlenk tube. After stirring at =78 °C
for 2 h, the reaction mixture was treated with iodine (152.3 mg, 0.600 mmol, 2.0 equiv).
After stirring at room temperature for 1 h, the reaction mixture was treated with saturated
aqueous sodium thiosulfate (2 mL) and saturated aqueous ammonium chloride (2 mL).
After being partitioned, the aqueous layer was extracted with ethyl acetate (2 mL) three
times. The combined organic extracts were washed with brine (2 mL), dried over sodium

sulfate, and filtered. The filtrate was concentrated under reduced pressure to give a crude

product.
Cl Cl Cl
| |
2,0, -
| [ | |
m-109b 0-109b 0-109b

1-Chloro-3,5-diiodobenzene (m-109b)

A crude product was purified by silica gel column chromatography (hexane) to provide
an inseparable mixture (85.1 mg) of the title compound m-109b (0.206 mmol, 68%) and
1-chloro-2,5-diiodobenzene (0-109b) (0.0280 mmol, 9%) as a colorless solid, and 1-
chloro-2,3-diiodobenzene (0’-109b) (16.9 mg, 0.0464 mmol, 15%) as a colorless solid
from 1-chloro-3-iodobenzene (108b) (71.7 mg, 0.301 mmol, 1.0 equiv), ZnCl,-TMEDA
(76.5 mg, 0.303 mmol, 1.0 equiv), A THF solution of LiTMP and Me;TACN (0.59 M,
0.92 mL, 0.54 mmol, 1.8 equiv), and iodine (164.0 mg, 0.646 mmol, 2.1 equiv) according
to the general procedure. The 'H and '*C{'H} NMR spectroscopic data of m-109b were
identical to that reported in the literature.!’* The ratio was determined by 'H NMR
spectroscopy. Physicochemical properties of 1-chloro-3,5-diiodobenzene (m-109b): Ry=
0.60 (hexane); Mp 80-82 °C; IR (ATR, cm™!): 1545, 1444, 1398, 1385, 1355, 1215, 1104,
1005, 847, 804; 'H NMR (400 MHz, CDCls): 6 7.94 (t, 1H, J= 1.2 Hz), 7.67 (d, 2H, J =
1.2 Hz); *C{'H} NMR (100 MHz, CDCl3): 6 143.6, 136.7, 135.7, 94.6.

Br Br Br
I |
JeRRheNiet
| Br Br Br
m-109¢c 0-109¢ 0™-109¢c

1,3-Dibromo-5-iodobenzene (m-109¢)
A crude product was purified by silica gel column chromatography (hexane) to provide

158



an inseparable mixture (106.9 mg) of the title compound m-109¢ (0.248 mmol, 83%),
1,3-dibromo-4-iodobenzene (0-109¢) (0.0149 mmol, 5%), and 1,3-dibromo-2-
iodobenzene (0’-109¢) (0.0328 mmol, 11%) as a colorless solid from 1,3-dibromobenzene
(108¢) (70.4 mg, 0.298 mmol, 1.0 equiv), ZnCl,-TMEDA (76.0 mg, 0.301 mmol, 1.0
equiv), A THF solution of LiTMP and Me3;TACN (0.59 M, 0.92 mL, 0.54 mmol, 1.8
equiv), and iodine (157.1 mg, 0.619 mmol, 2.1 equiv) according to the general procedure.
The 'H and *C{'H} NMR spectroscopic data of m-109¢ were identical to that reported
in the literature.'** The ratio was determined by '"H NMR spectroscopy. Physicochemical
properties of 1,3-dibromo-5-iodobenzene (m-109¢): Ry = 0.67 (hexane); Mp 95-97 °C;
IR (ATR, cm™1): 1547, 1399, 1097, 846; 'H NMR (400 MHz, CDCl3): 6 7.80 (d, 2H, J =
1.6 Hz), 7.64 (t, 1H,J=1.6 Hz); 3C{'H} NMR (100 MHz, CDCls): 6 138.7, 133.8, 123.5,
94.6.

Cl Cl cl
2,0, O
| Br Br Br
m-109d 0-109d 0-109d
1-Bromo-3-chloro-5-iodobenzene (m-109d)
A crude product was purified by silica gel column chromatography (hexane) to provide
an inseparable mixture (56.3 mg) of the title compound m-109d (0.176 mmol, 58%) and
1-bromo-3-chloro-4-iodobenzene (0-109d) (0.0008 mmol, 0.5%) as a colorless solid, and
1-bromo-3-chloro-2-iodobenzene (0'-109d) (18.9 mg, 0.0596 mmol, 20%) as a colorless
solid from 1-bromo-3-chlorobenzene (108d) (58.0 mg, 0.303 mmol, 1.0 equiv),
Znl> TMEDA (130.6 mg, 0.300 mmol, 1.0 equiv), A THF solution of LiTMP and
Me;TACN (0.59 M, 0.92 mL, 0.54 mmol, 1.8 equiv), and iodine (152.7 mg, 0.602 mmol,
2.0 equiv) according to the general procedure. The 'H and '*C {'H} NMR spectroscopic
data of m-109d were identical to that reported in the literature.'*> The ratio was
determined by '"H NMR spectroscopy. Physicochemical properties of 1-bromo-3-chloro-
5-iodobenzene (m-109d): Ry= 0.67 (hexane); Mp 69-71 °C; IR (ATR, cm™!): 1553, 1404,
1388, 1215, 1113, 1097, 1007, 848; 'H NMR (400 MHz, CDCl3): 6 7.76 (dd, 1H, J= 1.6,
1.6 Hz), 7.65 (dd, 1H, J=1.6, 1.6 Hz), 7.49 (dd, 1H, J= 1.6, 1.6 Hz); 3C{'H} NMR (100
MHz, CDCl): 6 138.2, 136.0, 135.8, 131.1, 123.2, 94.1.
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1,3-Diiodobenzene (m-109¢)

A crude product was purified by silica gel column chromatography (hexane) to provide
an inseparable mixture (13.4 mg) of the title compound m-109e (0.0283 mmol, 9%) and
1,3,5-triiodobenzene (0-630) (0.0089 mmol, 3%) as a pale yellow amorphous solid from
iodobenzene (108e) (61.4 mg, 0.301 mmol, 1.0 equiv), ZnCl,-BuMeEDA*® (101.0 mg,
0.300 mmol, 1.0 equiv), A THF solution of LiTMP and Me3TACN (0.59 M, 0.92 mL,
0.54 mmol, 1.8 equiv), and iodine (164.1 mg, 0.647 mmol, 2.1 equiv) according to the
general procedure at —40 °C. The 'H and 3C{!H} NMR spectroscopic data of m-109e
were identical to that reported in the literature.!*® The ratio was determined by 'H NMR
spectroscopy. Physicochemical properties of 1,3-diiodobenzene (m-109e): Ry = 0.58
(hexane); IR (ATR, cm™!): 1553, 1448, 1099, 1074, 1046, 992; 'H NMR (400 MHz,
CDCl3): 6 8.07 (dd, 1H, J=2.0, 2.0 Hz), 7.66 (dd, 1H, J=2.0, 2.0 Hz), 6.84 (dd, 1H, J =
8.0, 8.0 Hz); 3C{'H} NMR (100 MHz, CDCls): § 145.3, 136.8, 131.7, 95.1.

el
|
N
109f

2,4-Diiodopyridine (109f)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 95:5) to provide the title compound 109f (83.7 mg, 0.253 mmol, 84%) as a colorless
solid from 2-iodopyridine (108f) (61.4 mg, 0.300 mmol, 1.0 equiv), ZnCl,-TMPDA (80.6
mg, 0.302 mmol, 1.0 equiv), A THF solution of LiTMP and MesTACN (0.59 M, 0.92 mL,
0.54 mmol, 1.8 equiv), and iodine (158.7 mg, 0.625 mmol, 2.1 equiv) according to the
general procedure. Ry= 0.47 (hexane/diethyl ether = 3:1); Mp 67-68 °C; IR (ATR, cm™"):
2924, 1540, 1522, 1438, 1341, 1115, 1083, 1069, 816; 'H NMR (400 MHz, CDCl3): §
8.14 (d, 1H, J=1.6 Hz), 8.03 (d, 1H, J=5.2 Hz), 7.63 (dd, 1H, J= 5.2, 1.6 Hz); *C{'H}
NMR (100 MHz, CDCl3): ¢ 150.8, 143.0, 132.4, 118.2, 106.1; HRMS (ESI/TOF) m/z:
[M+H]" Calecd for CsH4IoN 331.8428; Found 331.8426.

1099

3,5-Diiodopyridine (109g)
A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 95:5) to provide the title compound 109¢g (39.4 mg, 0.119 mmol, 40%) as a colorless
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solid from 3-iodopyridine (108g) (61.7 mg, 0.301 mmol, 1.0 equiv), Znl,-TMEDA (130.7
mg, 0.300 mmol, 1.0 equiv), A THF solution of LiTMP and Me;TACN (0.59 M, 0.92 mL,
0.54 mmol, 1.8 equiv), and iodine (160.1 mg, 0.631 mmol, 2.1 equiv) according to the
general procedure. The 'H and "*C{'H} NMR spectroscopic data were identical to that
reported in the literature.'’” Ry = 0.67 (hexane/diethyl ether = 3:1); Mp 160-161 °C; IR
(ATR, cm™): 3069, 3000, 1529, 1411, 1400, 1216, 1108, 1069, 999, 989, 875; 'H NMR
(400 MHz, CDCls): 0 8.75 (d, 2H, J = 2.0 Hz), 8.36 (t, 1H, J = 2.0 Hz); 3C{'H} NMR
(100 MHz, CDCl3): 0 154.3, 151.6, 94.0.

109h
3-Iodo-5-phenylpyridine (109h)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 85:15) to provide the title compound 109h (77.3 mg, 0.275 mmol, 91%) as a colorless
solid from 3-phenylpyridine (108h) (46.8 mg, 0.302 mmol, 1.0 equiv), ZnCl,-TMPDA
(80.7 mg, 0.303 mmol, 1.0 equiv), A THF solution of LiTMP and Me;TACN (0.59 M,
0.92 mL, 0.54 mmol, 1.8 equiv), and iodine (157.7 mg, 0.621 mmol, 2.1 equiv) according
to the general procedure. The 'H and *C{'H} NMR spectroscopic data were identical to
that reported in the literature.!*® Ry=0.26 (hexane/diethyl ether = 5:1); Mp 69-71 °C; IR
(ATR, cm™1): 2923, 1572, 1497, 1452, 1421, 1406, 1379, 1171, 1102, 1077, 1044, 1022,
1010, 881; 'H NMR (400 MHz, CDCls): ¢ 8.80 (d, 1H, J = 2.0 Hz), 8.78 (d, IH, J=2.0
Hz), 8.22 (dd, 1H, J=2.0, 2.0 Hz), 7.57-7.53 (m, 2H), 7.51-7.40 (m, 3H); *C{'H} NMR
(100 MHz, CDCl3): 6 154.4, 146.8, 142.7, 138.7, 136.4, 129.3, 128.8, 127.3, 93.8; HRMS
(ESI/TOF) m/z: [M+H]" Calcd for C11HoIN 281.9774; Found 281.9770.

109i

3-Ethyl-5-iodopyridine (109i)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 85:15) to provide the title compound 109i (48.9 mg, 0.210 mmol, 71%) as a colorless
oil from 3-ethylpyridine (108i) (31.7 mg, 0.296 mmol, 1.0 equiv), ZnCl,-TMPDA (79.8
mg, 0.299 mmol, 1.0 equiv), A THF solution of LiTMP and Me;TACN (0.59 M, 0.92 mL,
0.54 mmol, 1.8 equiv), and iodine (160.8 mg, 0.634 mmol, 2.1 equiv) according to the
general procedure. Ry = 0.33 (hexane/diethyl ether = 3:1); IR (ATR, cm™!): 2967, 1573,
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1547, 1461, 1454, 1419, 1308, 1160, 1095, 1054, 1019, 972, 877, 818; 'H NMR (400
MHz, CDCls): 6 8.65 (d, 1H, J = 1.6 Hz), 8.40 (d, 1H, J = 1.6 Hz), 7.86 (s, 1H), 2.61 (q,
2H, J = 7.6 Hz), 1.25 (t, 3H, J = 7.6 Hz); *C{'H} NMR (100 MHz, CDCls): & 153.3,
148.2, 143.8, 141.6, 93.6, 25.9, 15.2; HRMS (ESI/TOF) m/z: [M+H]* Caled for C7HoIN
233.9774; Found 233.9770.

109j

(8)-3-Iodo-5-(1-methylpyrrolidin-2-yl)pyridine (109j)

A crude product was purified by silica gel column chromatography (hexane/diethyl
ether/triethylamine = 100:25:1) to provide the title compound 109j (63.1 mg, 0.219 mmol,
73%) as a pale yellow oil from (S)-3-(1-methylpyrrolidin-2-yl)pyridine (108j) (49.0 mg,
0.302 mmol, 1.0 equiv), ZnCl,-TMPDA (80.4 mg, 0.302 mmol, 1.0 equiv), A THF
solution of LiITMP and Me3sTACN (0.59 M, 0.92 mL, 0.54 mmol, 1.8 equiv), and iodine
(156.5 mg, 0.617 mmol, 2.0 equiv) according to the general procedure. The 'H and
BC{'H} NMR spectroscopic data were identical to that reported in the literature.!*® Ry=
0.22 (hexane/diethyl ether/triethylamine = 100:25:1); IR (ATR, cm™!): 2968, 2943, 2779,
1457, 1432, 1416, 1355, 1293, 1229, 1214, 1160, 1086, 1044, 1018, 902, 879; 'H NMR
(400 MHz, CDCl3): 6 8.70 (d, 1H, J = 2.0 Hz), 8.45 (d, 1H, J = 2.0 Hz), 8.05 (dd, 1H, J
=2.0,2.0 Hz), 3.23 (td, 1H, J=7.6, 2.0 Hz), 3.05 (t, 1H, J= 8.4 Hz), 2.31 (q, 1H, /= 8.8
Hz), 2.26-2.14 (m, 1H), 2.18 (s, 3H), 2.02-1.89 (m, 1H), 1.87-1.77 (m, 1H), 1.74-1.65
(m, 1H); BC{'H} NMR (100 MHz, CDCl3): 6 154.7, 148.1, 143.2, 141.5,94.0, 68.3, 57.1,
40.6, 35.5, 22.8; HRMS (ESI/TOF) m/z: [M+H]* Calcd for CioH14IN2 289.0196; Found
289.0195.

8. meta-Metalation of haloarenes using boron reagents (Table 5-4-2)

Br

(H0)23/©\|

m-109k
3-Bromo-5-iodophenylboronic acid (m-109k)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 1-bromo-3-iodobenzene (108a) (84.2

mg, 0.298 mmol, 1.0 equiv), triisopropyl borate (0.14 mL, 0.61 mmol, 2.0 equiv),
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Me;TACN (0.12 mL, 0.62 mmol, 2.1 equiv), and THF (2.0 mL). The resulting solution
was cooled to =78 °C. LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv) was added to the
Schlenk tube. After stirring at —78 °C for 2 h and then warming to room temperature with
further stirring for 3 h, the reaction mixture was treated with aqueous HCI (2 M, 2 mL).
After stirring at room temperature for 20 min and being partitioned, the aqueous layer
was extracted with ethyl acetate (2 mL) three times. The combined organic extracts were
washed with brine (2 mL), dried over sodium sulfate, and filtered. The filtrate was
concentrated under reduced pressure to give a crude product, which was purified by silica
gel column chromatography (hexane/diethyl ether = 2:1) to provide the title compound
m-109K as a pale green solid (48.5 mg, 0.148 mmol, 50%), whose 'H and '*C {'H} NMR
spectroscopic data were identical to those reported in the literature. ** Ry = 0.17
(hexane/diethyl ether = 2:1); Mp >200 °C; IR (ATR, cm™"): 1536, 1461, 1404, 1342, 1282,
1261, 1182, 1101, 864; 'H NMR (400 MHz, acetone-ds): 6 8.17 (s, 1H), 7.98 (s, 2H), 7.58
(br's, 2H); *C{'H} NMR (100 MHz, acetone-de): 6 142.6, 141.6, 136.9, 123.4, 95.3 (one
aromatic carbon signal is missing due to poor sensitivity of the carbon atom attached to
the boron atom); HRMS (ESI/TOF) m/z: [M-H]* Calcd for C¢HsB”’BrlO, 324.8538;
Found 324.8539.

Br

(neop)B/©\l

m-1091

2-(3-Bromo-5-iodophenyl)-5,5-dimethyl-1,3,2-dioxaborinane (m-1091)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with 1-bromo-3-iodobenzene (108a) (84.4
mg, 0.298 mmol, 1.0 equiv), triisopropyl borate (0.14 mL, 0.61 mmol, 2.0 equiv),
Me;TACN (0.12 mL, 0.62 mmol, 2.1 equiv), and THF (2.0 mL). The resulting solution
was cooled to =78 °C. LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv) was added to the
Schlenk tube. After stirring at —78 °C for 2 h and then warming to room temperature with
further stirring for 3 h, the reaction mixture was treated with acetic acid (0.2 mL) and
neopentyl glycol (50.3 mg, 0.483 mmol, 1.6 equiv). After stirring at room temperature
for 1.5 h, the reaction mixture was diluted with dichloromethane (2 mL) and washed with
aqueous potassium dihydrogen phosphate (10 wt%, 2 mL) three times. The combined
water phase was extracted with dichloromethane (2 mL). The combined organic extracts
were dried over sodium sulfate and filtered. The filtrate was concentrated under reduced

pressure to give a crude product, which was purified by silica gel column chromatography
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(hexane/diethyl ether = 3:1) to provide the title compound m-1091 as a pale yellow oil
(47.8 mg, 0.121 mmol, 41%). Ry = 0.27 (hexane/diethyl ether = 3:1); IR (ATR, cm™"):
1537, 1478, 1425, 1376, 1322, 1290, 1255, 1241, 1138, 976, 909, 864, 813; 'H NMR
(400 MHz, CDCl3): 6 8.03 (dd, 1H, J= 1.6, 0.8 Hz), 7.89 (dd, 1H, J= 1.6, 1.6 Hz), 7.86
(dd, 1H, J= 1.6, 0.8 Hz), 3.75 (s, 4H), 1.01 (s, 6H); 1*C{'H} NMR (100 MHz, CDCl3): §
141.6, 141.3, 136.0, 123.0, 94.7, 72.6, 32.1, 21.9 (one aromatic carbon signal is missing

due to poor sensitivity of the carbon atom attached to the boron atom).

H |
RN RNINe
(neop)B | (neop)B | (neop)B
m-109m S2 S3

2-(3-Iodophenyl)-5,5-dimethyl-1,3,2-dioxaborinane (7-109m)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under argon was charged with iodobenzene (108e) (61.1 mg, 0.300
mmol, 1.0 equiv), triisopropyl borate (0.14 mL, 0.61 mmol, 2.0 equiv), Me3TACN (0.12
mL, 0.62 mmol, 2.1 equiv), and THF (2.0 mL). The resulting solution was cooled to
=78 °C. LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.8 equiv) was added to the Schlenk tube.
After stirring at —40 °C for 1 h, the reaction mixture was treated with acetic acid (0.2 mL)
and neopentyl glycol (50.6 mg, 0.486 mmol, 1.6 equiv). After stirring at room temperature
for 1.5 h, the reaction mixture was diluted with dichloromethane (2 mL) and washed with
aqueous potassium dihydrogen phosphate (10 wt%, 2 mL) three times. The combined
water phase was extracted with dichloromethane (2 mL). The combined organic extracts
were dried over sodium sulfate and filtered. The filtrate was concentrated under reduced
pressure to give a crude product, which was purified by silica gel column chromatography
(hexane/diethyl ether = 3:1) to provide an inseparable mixture (74.7 mg) of the title
compound m-109m (0.196 mmol, 65%), 2-(1,3-diiodophenyl)-5,5-dimethyl-1,3,2-
dioxaborinane (S2) (0.0207 mmol, 7%), and 5,5-dimethyl-2-phenyl-1,3,2-dioxaborinane
(S3) (0.0193 mmol, 6%) as a colorless solid. Rr= 0.27 (hexane/diethyl ether = 3:1); IR
(ATR, cm™1): 1478, 1425, 1377, 1335, 1308, 1292, 1270, 1257, 1249, 1216, 1136, 968,
813; 'H NMR (400 MHz, CDCl3): 6 8.13 (s, 1H), 7.77-7.72 (m, 2H), 7.09 (dd, 1H, J =
7.6,7.6 Hz), 3.76 (s, 4H), 1.01 (s, 6H); *C{'H} NMR (100 MHz, CDCl5): § 142.9, 139.6,
132.9, 129.7, 94.7, 72.5, 32.0, 22.0 (one aromatic carbon signal is missing due to poor

sensitivity of the carbon atom attached to the boron atom).
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Scheme 6-1-1. Deprotonative generation and trapping of halophenyllithium
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® Gram-scale synthesis
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Scheme 6-1-2. Gram-scale synthesis of carbazomycins A—D
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Scheme 6-1-3. Regioselective deprotonative metalation of heteroarenes
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Scheme 6-1-4. meta-Selective deprotonative lithiation of (halo)arenes
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