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1-1 7T aE7 L—r DA BALFHEE

NUBUNIRKREN D FFRICRFBIRFDER LG E T T L—
EWVD, TRETL—VOREBFRIL, /7nABy 7Y TR E-T, 18
JRWEHAFEANERCEX B DIEFICEH TH S (Scheme 1-1), £z, ~mbr -
BBASHL, TN LT, REFET =, RFET N ELTHFIA
T& 5, REFRAL, 7I9A4 VEROERIZH DD, 7ee7 L—U3E
by EE DD TEERM{EEM TH D,

Scheme 1-1. Examples of Chemical Reactions Using Bromoarene

cross-coupling reaction

halogen—metal exchange

Br
radical reaction

bromoarene >

aryne formation

caa g

FRRIZ, 7o ET L= BT, fa REELOOAEE RN AR ST
Wb, EDOBID—DIZ, AstraZeneca LA L7z ANRAX T A/ LD
AN ZFET BN 5 (Scheme 1-2)°, 7 oEE Y IV 1 ZHEMAE LT, B=1
IbEaW 2 L OFEREAHeck KRN L - T, B ARREF U HL 7 ARIERK 3
ZEBTWD, B 3 1Z=ETRE2RT, BANRREZFUHILT T ANLENN
TWb, 72, Y —ALFEHRASHIE, 7eeX0EBr2HWT, KOk
EARO EFLEEMELE L TR S D NPD (NN-EA(1-F 7 FL)-NN-V 7 =
SRV NDE R EERK LTS (Scheme 1-3), 7 rERE L 4 & 15
b e L, Aa g5 &3 0y MMl 2 EH S, 85°CIThi#E4 5 Z & T,
NPD %3 85% CTHTWDH, LD X Hic, 7rET L—rO7 mEREE2LT
EHOE SR E LT, HHERAEREEYREEICER STV,



Scheme 1-2. Synthesis of Rosuvastatin Calcium by Using a Bromopyrimidine

i X
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s A N_coyBu
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Br Pd(P'Bug),, Cy,NMe
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MeozS\N)\\N H,0, DMF

I
Me 1

3 steps

rosuvastatin calcium

Scheme 1-3. Synthesis of NPD by Using a Bromobenzene

(HO)ZB@N~
O Pda(dba)s, PBu3
Oy . .

toluene, H,O
85°C,24h

4 85% NPD

EEACAREEFMENE L TR S WD 2 ERFERILEM 2 6T DI,
Z DAEYTEMEOM B I T EHREONEIZ L > TRE BT 5708, Bk
DNLIE D I3 F 70 % B (IS RER) OMERN RGP EZE LD,

Me Me Me Me
HO / \ MeO / \
N Me N Me
MeO MeO
MeO

MeO OMe OH

6 OMe 7 OMe

MDA-MB-231 (ICs) >10 uM 1.7 uM

Figure 1-1. Biological activity of pyrrole analogues



Borker H1%, “ODOHEFREMNEMHRLI-E T —/L 6 ICBWT, BHHFROMEE A
NWEZDE, AMIEERM ELTEZ EE2HREL TV D (Figure 1-1)°, Er—/L 6
DRI MDA-MB-231 1Z%F 95 50%PHE R (ICs0)2Y 10 uM Z B 2 TN z—F
T, Er—/LTDICsIE 1.7uM LIRS, mWEMEREZ R L TnD, Lihio
T, BEHIEONLE D72 - TS BV RO 72 & BB OBRZIL, &V EYTE
PEZ & DEEGOMEMNEI BN T E P MR ORE 7 1 & TR W CIRE
ICHETH D, FEH1L, HEEEEROMEBEIGHRIZENT, 7rET L—r0ME
NI B RKRIBE R E 70D LB 2 T,

1.2 7ee7 L—rERICBT A8

W BRI A R T 288, 7 aET L— 0%, BN AR & 72
B ATREMEDY S D (Scheme 1-4), T72b b, EAWEHEL LT BET L—
> 8a X 8b ZARHMAE LT TENIE, BOEWMMEES 727 vEHo(b
FHEER T ERHWT, ZEBSERILAEY 9a B L OE OIS RMEE 9b % i)
SHRAIZERKRTE D, L L, 7uET L—2if, TeERoBHERE T
ZOERHGENRKREL B D, flziE, RENMICE-TTrETL—1 8a &
8b G AT HERIZ, HHEILAEY 10a DRFITES TH L5, HIEELEY 10b
DRFEDHELNWVEERSH D, BIRFIE LT, 7T BET L— O/ RIE
ELTHLND BFHELAEWORE T2 RFCS T, Wil @
Yo 11 TXz, AL, RNINL, AXNICERBNEANI N ZFEOMHE

Scheme 1-4. Bromoarene as a Synthetic Precursor for Multiply Substituted Arenes
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Scheme 1-5. Bromination of Mono-Substituted Benzene

FG FG FG FG
B .
© bromination ©/ f This work @\
_— + || | eeecccccccccee .
Br
11 Br 11_m
_ 11-o0 11-p ¢
FG = NR,, OR, alkyl meta
( 2 alkyl) ortho para
© bromination ©\ This WOI‘k @/ ©
12 12-m
(FG = NO,, CO3R) meta 12-0 12 p
ortho para

WERMRDE 2 5D (Scheme 1-5), RFLOBIRMEL, T TIZEAINL T
5'EREHR FG OFEFIZ L > T2, EHLGMEOERER (FG =NR;, OR, alkyl)
EHLORCE U1 ThE, 40 b ST BIRENTET L, -0 <° 11-p M55

— 5T, EFREIMEDOERER (FG=NO, COR)E H OB 12 THL
X, AZBBRICRBIRECDNEASN, 12-m 2525, LEEn->T, E1is
PEDOERELOLRND, AZIZRBRFEZLO2T7EET L—2 11-m %0, &
TRBIMEDERERERZ L LN O AN ML EZIINNTMICRBR 257 2E
T L= 12-0 R 12-p DAEFITEE LV, SRE IR BELRE T2 <, Bl
WAV MR~ a2 k>t (DoM: Directed ortho-metalation)'? %
BHLZERFZHOL, BERiEE LTSNS AT AT 2 ROA L
NMIZBRIRICEFETE 203, BLREEKIEOZRNDRET H 2 & i3m
LW, L7eDio T, BEERMEARDOBRICH DAV N, A%, NRIMICRBR 72
BASINTZFEEOTRET L—1, TNENSEBRGEFEILAEYE G
HETCEBEREALT 7T ay s ERDHICH 0L, EOMEN AR
EIXA ETHSL SN TR o 7o, Ria XTI, BEERMEEROBERICH LT T
T L — RIS T 5701, BRREO LN T U LFEERNES THH
HEREWT oKy, BOOBEISEAEIKICER Lz, T74hbb, 7rET L
— U -0 X° W-p DRFBJR 1% AZLLUZ, HLLITTRET L—2 12-m DRFHE



JRFZ AN N ETIANTAACBE CE UL, @ ORFBLORIRVETITERT
X WVWEBERE O 11-m 1270, 12p DAERTEDLLITRDEEZT,

1-3 nNgHFrEF R

ATENCIE, MEREAROBRICH D 7T L—r 25700, 7rE
FEOBEIISIZEH L7z (Scheme 1-6), #ERMEAROBERIZH LT RET L—
> 8a & 8b & TN AVERMERORRIZH 5 HF(LEY 10a & 10b 225 BE
BIZE > TART 2D TR, 77 L— 8a 2 A LI RICEBR 1%
B, 8b ~EHTEIE, F—DHRBIAY 10a 2 HV CTREIERMER 92
9b ZMEFERINCARTE D, RERFIIERL REHIEALEHTEX 5720, BER
FOBBEIRSIE, THERE SN TV D EFRER PR 27 L2 VAR =LK,
ZOMOBEREYOBEFIE LD BEN TS, LTER-T, 7rET L— 8a
D 8b ~DT B EROBEMIGZ#EE L, (LA K> TR ZeiE it
HOLEBRLEIHRLAY 9a 0 9b ORI ERED S LT,

Scheme 1-6. Transposition Reactions for the Synthesis of Multiple Arenes
with Diverse Substitution Patterns

® J
easy g Br easy @
. bromination O
8a 10a
Previous work This work
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(halogen dance)
J .
easy @ J difficult @ ®
Br bromination
9b 8b 10b
products synthetic precursors starting materials
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RERTEBIHSELGE LT, "ar X A8 N5 L m s i
TW5,Bunnett HlE, 7 X B o alr o H o A 2HE LTS (Scheme
1-7)', KT =T, VT —T WEBF T, 124- N T rE0P



(13)iZ%f L C, PhNHK Z{EF &8, 1,3,5-F U 72X (14) % IR 52%T
BTWb, "aFr LA AEFIHL, R 7T rENRCE 13 OEHREE L
THZEIHEPIL TN D,

Scheme 1-7. Halogen Dance of 1,2,4-Tribromobenzene

Br Br
/@:Br PhNHK (0.5 equiv) /@:H
Br H liquid NHa/Et,0 (1:1) Br B
1 —29°C,2h 14

52%

%7z, Frohlich 5L, ~T R EHFERE LTI RETFE 72O XA
A LT 5 (Scheme 1-8)!7, THF IR T 23-V 7 mEF A7 = (15T
LDA %#-80 °C TEH &, MesSiCl MMz 5 &, 35-7REFA 716 %
W T5% THTWD, 2B, TOMo a7 7o AOFNZ-OW T, Stanetty!™
X°, Mongin'%¢, FEF L PPANRFHAMEL TV D, Lo XS vy
X, 7rE7 L—r OEBERA A HEICERTE 720 DO THHATH L, L
ML, 7aE7 L—rOFEIZ L o> THREFIR RO TH D AR HETH 7,

Scheme 1-8. Halogen Dance of 2,3-Dibromothiophene

Br Br
/@\ LDA (1.0 equiv) /@\
H S Br THF, -80 °C Br S SiM63
15 then Me3SiCI 16

75%

WA ADRES T e T L— 2 LI E LT (Figure 1-2)18, o~
TREFRELT, TAH7=Y, YOOl B R T OS]
DHEIHILTWD, F72, Mongin X° Erb 673, 7xwut 2o 2o R
DWTCIFEBRANTR LTS, —FHT, F7V—AROFFH ) — 23 X
U EO~Tr EFRIINAT, FEREL L T KRB 1950
NaF U AE, REWRBICE EEoTnz (B, F-msM), UL
DL, RO e F AL, TRET L—r DBERER S ERTE 57
WIEFIZAEHATIEIH D00, BWHFRER7aET L— 2 OEN X DO TR



T TH o7 LT -T, AR TIE, RSN 2T L— 125

WerEomoNa S E o ADBRED S LT,

\'©N N Yy
o Q& ¢ 0O a7

thiophene pyridine ferrocene thiazole benzene oxazole quinoline
29 25 19 9 7 6 5

Figure 1-2. Number of reports on halogen dance reactions

HrEE7 s —

(148 reports)
SciFinder"

WHER LOSUBRR 28D 5T, RN T o F o AREIT Lo Te T
HET L—2 & =fEICHETE S 2 b o7 (Figure 1-3), fERHE S
TWenm S U B ABEIT LT WEEE LT, 472907702 7
VL 2B g da s nulis b o) UL MeeBHRKIF 5 (Figure
1-2), — 5T, RUSHRENRLZE COMISHHRET 27 0ET L—1r=, M
0 VR OBEINENWT 0T L—r D R A TIER STV )
STc, KiwlE, FFLORMIGREIZIRY ML, ~a 7o X AT T D HE

N S
Q03
work

mediated by organolithium

(Chapter 2)

halogen decomposition [N/;/Br In situ transmetalation
S

dance
transient azole mediated by organozinc

intermediate

Stepwise halogen dance
(Chapter 3)

aryne formation mediated by organozinc
benzene

~

slow halogen transfer N

Figure 1-3. This work: halogen dance of various bromoarenes

SN Catalytic halogen dance
| (Chapters 4 and 5)
mediated by organoboron
pyridine and organopotassium



DO—fxtEam EXE5Z L2 BHE LTz (Figure 1-3), WFFEDRER, O RSGH
EITT 7 0eF Ty —L (G EZR), 774 VIBRBSEITT 2B (6
“EESM), TuwROEGMINENE Y Uy FENE, BHESR) ool
B ABFER LT, RO a7 2 A0, KOs EEE LTEKY 77 408
—RETHoT- B, FELEEFE ETIRY F LR, FHNETITY T
UAERTES, FHRETIEV T U LEZD ) U LANERH L, (ERETT L2
SlenaF o8 A RB LT,

1-4  AHFFED B &R

AWFZETIE, BRrx REHRAZ b OLEHRTFRLEY & OE R K%
MIST 27 mET L—rNOMENICERT D720, 1RO UGS TITET
Lol 7 mET L= O 7o Z o 2zt L, BE—Eom Lz
LT, PERDORISEM T RISPEIT T 527 nET V—v (%), 7
TA VP ETT DT rER B (FEE), T rEEOBMPENT 7 E
vV Yronuy oA (FENE, HIE) ORISKEEZ T ETHETIZ 7
L, —ftEo@mn o F o2 ZAOBRBICES Lz Z & 2 WmiET 5,

55 % : Inoue, K.; Feng, Y.; Mori, A.; Okano, K. “Snapshot” Trapping of Multiple
Transient Azolyllithiums in Batch. Chem. Eur. J. 2021, 27, 10267-10273.

BT, EIERLSEBEHEM IO LT 4 T ey s e DT aET Y
— DN T AR LT, TT bl e N ORI R A S
BHY T NIEHGTHY, ~"aF X RS LTSN ET LT,
ZIT, VT IVERMASEE IR TR Y F U A2 B RAYCHIET S in
sitt F T AAZNALERRE L, S ETARLZETCHHINTZZ EDlehroTonnm
TR AR DOAY) T U LB AR SANCERT 52 LT, EhER
(XIS DA AR R A RIS L7, B LB, 77 Y — 7T
R, AIEY =), FRYPY—VCHEMATE, " o2 AZBiT 570
BT NVOREE A RIEIC ESET, 51T, IEAT oA RHIRIERK L
LTHLNAAXT Y — VEITT T Y —AFEKRE, T OEERME RO
B TR LT,



Afs — S

% — 7% : Inoue, K.; Mori, A.; Okano, K. Formal Halogen Transfer of Bromoarenes via
Stepwise Reactions. Org. Lett. 2023, 25, 6693—6698.

BT, TIA VIREDBET T R B Da S R AR LT,
NRUBUPLET T N UICRES S AR F U MTEEGTHY, T4
LB L, SIRRISHSERT Uiz, S A R LA e 7w 2
REFERT HT- DI, TEBEOBREER O S X R EER T, s TG
L7z insitu h T2 24 ZRIC Ko THEEY F 7 A5 JE S B - FHEH K
G Z REIE L, ZO®RZT NI Y = v — VRIGAIE ORI~ 714
& REFHNCLLDMRIZE - T, ZBEEOERN a2 22zl L
oo BBkt a2 AT, R E L CRh IR BRI TRl
~TuFEERE L TAREZEEERREY D, /200, VIV, FT7V
T BEATE, 4L TRESHERPTRL—RIEDO B 1 r 252
D EFA 2 RESL T E T2,

HUUEE : Inoue, K.; Hirano, K.; Fujioka, S.; Uchiyama, M.; Mori, A.; Okano, K. Lithium
Aryltrifluoroborate as a Catalyst for Halogen Transfer. ACS Catal. 2023, 13, 3788-3793.

HEINE T, TREEOEBMRENT BB Y Do daa S K R h il
HITIE S 7o, RIFRFTORER, =7 vbR v FEDB a7 2 2 5 eIz
RAET 2 2 & A H I A Uz, EER, 3R 7o —F b, REIGOED
fRIEEDS, GHEY T UL L =T AR UENRIC LA LT, BV VU DRART
W=7 oAb R U ENEASNTZT — MUAUREER (N 7 rdrRT—K) T
HHZEEHLMC LR, EE, N 7AA e R T — MMEFEREOKISH &
LT, 7rRA Ay 7 ) RISV Ry 7 AROGCRIH SN D23, AlEl, 7r
FIROBE) UG Z ABEAIINE S 5 A5 A & U C oz e rlRetE % A
H L7z,

% HE : Inoue, K.; Mori, A.; Okano, K. Ultrafast Halogen Dance Reactions Enabled by
Catalytic Potassium Hexamethyldisilazide. ChemRxiv 2023, in press, DOL:
10.26434/chemrxiv-2023-n89mz.
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BHETE, BUETHE L N 7t aRT— MINAT, @i, U UL
7R REHEE LTRSS KHMDS 723, filfftl LT a7 &0 2 % KRN
WIS Z & &R L7z, KHMDS il 365 12 @G, AlliE% 10mol% & L
2%, BOSKHEZ 1 732 F TRAMETE, 1ERIRE SNV o X v ¢ ik
IEEDMEN TV D & o7z, KHMDS Zfitlit &35 a7 2 X%, v Py,
AIBZ) =), FA Tz, 7T, RUB R EDIEINT aET L— 2
TE, HxRERHEXEZ b7 0®7 L— U ORI RMEE 2 TRE L Lz,

FNFETIL, H_ENDHEIEDONEZEL L, AUFEDIHIEIC W T .
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2-1 &8
EFELOBEIEFKE L THMONTWDLEWT YV — )L OB T A BT’ &
LT, 78ET Y —rONaF o B oAb Uiz, BMPRG 727 aEiks —
DHLOVTREFT Y= AEHELEL, e FOIICRESETEAKY FU
DDA AR LTS, REOSHET LTz, 22T, AU F U 4
DOFRAIE LT, HALHSH 7T I DV 7 I VRN R EYNGRIRT S &, e
B ARG THRAET HEBOEH Y T U LB KIS SUGA] & L TEHR
IR TE, T EROBEBRANE R 2B OMEREMEERE SR TE T,

222 TY— VOl e kU EEREL
2-2-1 T — VDAL EEER

TY=ME, 1 DL RO Y UUERENSITMA T, ~TrEFE LT, b
H(-S-), o —/LZEH#H(NR-), MBECO )R EEET 5 BT u R TH D
(Figure 2—1), ZHRFEADNEIZ L > T 1,3-7 =L & 12-7 V=L EEN5
N, ARHFEIE, L0 R 13- T Y = ERE TS, ZERT Y —E, B
XV Bl, BMJEREREE LTHMONTWD I THALE Y, DNV T AT
)7 FTE LTHREET DNV~ LTRSS, BEREAY
Toh b (Figure2-2), L72h-> T, ZEET V — /L OFERAGBIEDRFRE N KD
LTS,

N N N N
[ L (y Ly )
Y Y’ S ” O
1,3-azole 1,2-azole thiazole imidazole oxazole

Figure 2-1. Classification of azoles

N _N
\ \>—OEt N NH
N N=

H,N
=N :;:: coH vl VO
/\fNF{N)\ COZH O /H ’ N Q,
/» o Me N
HO S Cl O ‘O>_

candesartan
thiamin (vitamin B1) (angiotensin Il receptor blocker) calcimycin (Ca?* ionophore)

Figure 2-2. Application of the multiply substituted azoles
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SBIT N E AT B FELE LT, ()EBEEIL S 8 A OBt
KIS, Q)7 Y — L BROERD "o ET s,

(1) BRI EHRIEEDOBRILKS

T =V DA & LT, SRS O KRS 23 53TV D (Scheme
2-1)2, =S FOERIEAEMN ST Y — L BREASKT A E LT, P0s O
T U= A, FT20E PSs e EEHWEEEIRT I RoBkiES, BT v E=
U LE WSRO RAKMEGRET b D, £, ST OERIEEMH
57— VEERTARIGE LT, 7uesr o7 I ROPMANES, £/ =h
VL& 2 AT NVHEEROBILIS T DAL D, REIKIE, Bk s BAHONE
IBATELHMENR DL DD, < OBEBMEL b OEMERERILEMDOE K
W IRBAET OIREADR DD,

Scheme 2-1. Construction of an Azole Ring

P,05 (Y = 0)
R2 AcONH, (Y = NH)
NH , P,Ss (Y =S

R! }/-—R )
0 O \

2
Rfo 0 ACONH,4
)’L 3 \

R2
N
R1 Y>\R3

R2
I/o NH2 J
+ Y=S,NR, O
R" “Br Y)\R3
a tedious preparation
of acyclic compounds
_C" OR EtN
RZ\/N// + ,& S
R Ty R3=H

(2) TV —VEBROEL

SEHT S —NDH I —ODOEHERIEE LT, 7Y — VBB A B
AT B FERET b5, KL, BUMEAYOBARS (Scheme 2-1) & 1
B, TR0 T Y — Lk I kam & LCRIATE 5 AMER TS, IS,
7Y M BB EAT BB, () CXA X= ~RSY, RS )RR
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DNV IZERREEZEATLH030, b)C-HEAZE @EE%M#éﬁmkw@L
N BRI, RN BMEVY (Scheme 2-2)°1, L7235 T, AWFET
FAEhRIENT=T V) —VERiEE LT, (b)C-H %é%ﬁ%ﬁﬁ%%ft#éﬁm
WZHEH LT,

Scheme 2-2. The Concept of Direct Functionalization of Azoles

(a) Functionalization of C—X bond (X = halogen, pseudohalogen)

halogen—metal exchange
cross coupling reaction

N S\Ar reaction N
[»\X [»\R
Y Y

X=Cl, Br, |, OTf

(b) Functionalization of C—H bond

SgAr reaction
C—H arylation

N deprotonation N
[»\H > [»\R
Y Y

(b) 7V =D C-H #EHEEMT 5 FIEO DI, HEERE FERKS
(SEADRZET BbND, LivL, 7Y=L, EFREEERICMMESITOND T
W, BEBEREFEIEISE W TREFHOBANITA L TILZ2V (Scheme 2-3)7,

Scheme 2-3. Electrophilic Aromatic Substitution (SgAr) of Azoles

R? R?

R S 5 W

difficult R™
X =8, 0, NH

T, ERAEREMEEZFIH L, CH 7V —HbLORBIZE->T, 7/ —/b
NEEEBERAZEANT D Z ENAREL 72 572 (Scheme 2-4), 1997 4E, BAf, =
WMo, A I2Y =111, F7—=11(18), XV FFI V=1 EHEE L L
T, i EOFER T VT AL Y T 2= VIR AT UAFE T, TNENOREE
O C-HAEAZGWL, 7 == LHEEANL TS (Scheme2-4a)’?, £7-, #D
I%, F7 > —/L 20 |Z PdClx(dppb) & FERERAEH =&, REL TV 71K 21
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Z U 83% THF TN D (Scheme 2-4b)**, FHFF 1%, N Y A %4> — /L (19)ITxf
L, 7=/ —=)ViFER2 L=y VA ER S S5 &, T TFAENEANTE
52 LA BT LI (Scheme 2—4¢)*, C-H 7V —/uAkiE, C-H fE& 2 Yllr L,
FRBRZEEEATE L7200, JRFRICENTWD DS, EAREERE LR
SNDORBRRTH D, TOM, EBERAIEZ AWV C-H 7 U —/HEIZ2oWT
I%, Fu, Lautens, Fagnou, Catellani, You 5|2 & D EIL7ZEMNHRE ST 535,

Scheme 2-4. Transition Metal-Catalyzed C—H Arylation

(a) Transition metal-catalyzed C—H arylation (Nomura)

N Pd(OAc),, PPh N

I 2 8 ]\
H/C\,)\MwL Phl Ph/q)\lvle

|

Me

) 082003, DMF
Me 140 °C, 24 h
17 83%

N Pd(OAc),, PPh3, Cul N
H[»\H + PhI - Ph/[)\ph
S C32003, DMF S

18 120 °C, 47 h
66%
QN Pd(OAc),, PPhy QN
\ + Phl \
o)\ H Cs,CO3, DMF o)\ Ph
19 140 °C, 9 h
88%

(b) Palladium catalyzed C—H homocoupling of the thiazole (Mori)

\ PdCl,(dppb) N
MeO
H[»\Q AgOAe \Q\(s [ »\Q\
S . L s
DMSO, 60 °C, 23 h
oM : : N oM
20 ° 83% °

(c) Nickel catalyzed C—H/C-O coupling of azoles (Itami)
Ni(cod),, dcype

Q. 00— O
+ \
o)\H 1,4-dioxane O

120 °C, 12 h
22 ’
19 95%

FHHEBRIZT TR, WIRWEBELZBEATLFEL LT, 7 e b BUS A #f
H L7 sREFHIOEANZEIT 5415 (Scheme 2-5), Knochel 5 1%, 77 > —/1(18)
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ERELL, v~ RV ULT I RERE L T(TMP)MeCI-LiCl # {Ef &+, R/4E
SHIAE~ TR T LROCH 23 %, AL A VTREL, 2-X2 AL
F7 \/\‘“—/1/(24)7%1&%3 94% CAR LTV 5 (Scheme2-52)%, 7=, V7 unEF 7T
V—)L 2512, WEEHhT I R E LT, (TMP)Zn-2MgCl-2LiCl Z{EH &, i
45/\‘/\/4/1/&)iméﬁ‘%5 LT, S-RUV AT T V=)L 26 ZULE 84% TH
TV % (Scheme 2-5b)%7, HEd L Cldfn7edisn T I NER AR+ 52 & T,
BOEBICHRAZRENNY b7 ueikak LizE %, C-H HE0OEREL
DA[RE & 72~ 72, £772, Mongin 5%, X2 Y F7 Y —/L2TIZ, AL #ish TMEDA
& LiTMP ORAMEER SE 5 2 LT, 3 UHEK 28 ZULE 67% TH TS
(Scheme 2-5¢)*, LI ED X 51z, 7w b BRI LI, 7Y — VERA~RIA
WRE A ZALERIRPICEATE S, LEER- T, FEHIE, e bz
BHT 27V —VOEMIZEHR LTz, ok, ~ 737 A7 I RBXOHEHT I
RHEIEZFIH U7- C-H FEE OEAfRIZ-SU T, Knochel, /R B, Mulvey, Mongin,
NI S DN 7oA 3 K OHRBA I Hiu T2 10439,

Scheme 2-5. Deprotonation and Electrophilic Trapping of Azoles

(a) Deprotonation with magnesium amide base (Knochel)

N : N N
N (TMP)MgCI-LiCl N phcocl N g
ZS)\H Zs)\MgCI Zs)\W

0°C 94% %
23 24

(b) Deprotozincation with zinc amide base (Knochel)

1 CuCN-2LiClI
I (TMP),Zn-2MgCl,-2LiCl ) PhCOCI
)\Br )\Br

THF, 25 °C 25°C, 8 h
25 84%

(c) In situ transmetalation (Mongin)

ZnCl,"TMEDA (1.0 equiv)
N + LITMP (3.0 equiv) I QN
Q»\H »\l

THF, rt, 2 h 67% S
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2-2-2 HEMAKRY T UL

— RIS, BT e M UBRISIC R o TRATHIEMREE LT, Y T UL, A
~ TRy AROGH, BHEESNSHINFET Hivs  (Figure 2-3)Y, Hi%Y 7o
DL, B~ 7 32U AROGA], BREFESSH L g U, SOSERE <, Bkx
ALERE R R GITHELE T E 5720, BN GRATE TH 5 1%t Z D K,
HERVEMACIERN RS G EEZ T2 nd D,

base .
R-H —— R-M (M =Li, Mg, Zn)

R-Li R-MgX R—-ZnX
reactive less reactive
unstable stable

Figure 2-3. Organometallic species generated through deprotonation

LIF, HEMEHY F U LAOMIGE 73 E LTz (Scheme2-6), T 72 hH, (a) HLE
[k, (b) Fries BA(Z, (c) B Wi, (d)Brook Bz, (e) /N7 L ¥ U ANZET HLHY,
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Scheme 2-6. Representative Reactions of Reactive Organolithiums

(a) Self-reaction

Os~__OMe Os__OMe MeO\”/©\ Os~_OMe
n . Br Br
BulLi 0
— ’
THF 64%
Br Li

-100°C

O
(b) Anionic Fries rearrangement
SBulLi
0 NEtZ TMEDA NEt2 aq. NH,CI OH
NEt, [ = NEt,
H 78 oC LI 75%
then rt O 0
(c) B-Elimination Ph
O

Br  "BulLi Ph
L — L~ O‘BO

OTf THF oTf 90%

-78 °C benzyne
10 min
(d) Retro-1,3-Brook rearrangement
OSiMe; OSiMeg OLi OoTf
Br ”BuLl Li SiMe; | Tf0 SiMes
—_—
-100 °C -100 °C
92%
(e) Halogen dance
Br
s SR s G s G L 5
TS THF 95% sw v
-78°C

FROKISIE, Y F U LOEWEIEICENT 720, -78 °C LU T OIKIE
R, FUSHEDIRWARE~ 71 2 U A ROSARCA B ISR SOCAIOF I L0, il
TELLENH D 8, ks, HHEMARKRY F U LOKIGE LOZE M HIED
ML, EE OO SR E LT, BT, TY —VHROAKY FU LG
[FIRRIZ, BREAFFAMENME S, BIBRPUCS RSN ETT 5 Z L i ST
V% (Scheme 2-7)%,
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Scheme 2-7. A Ring Opening Reaction of Azolyllithiums

R? R?
I L I S g
\ e
R’ )\ R’ x)\'-' R"™ Ny

X=8,0,NH

VI EOWE LY, 263k, FIARRECH 727 Y —/VHEDOEHEMEKRY F ¥
LOERETAMEZ M LS, RIBOSZIH CENIE, 7 — VERAIRIA O E R
EEBEHENEATEDL LB T,

HHEOGEHRY) T U LAOERETFAEZ M ESED FIEO—DIZ, ERENB~A
7B A— VA —F =DM EZFIH L, BOSKMZ I U B EA THIC
5, 7a—~vA a7 72— RN T7a =GR G TG o4,
FHOIE, IANRI BT AT LT 2= L) F I LEERSE S L, 5
MAMY F 7530 N7 =/ X K 31 ~ Fries Ba(iz L, Wi 628 ms 127
BRXRAFVTUET L E, TIF 32 ZI0EK 9% THIEZ & xzHMbs L
(Scheme 2-8)*, —7J7, WHEFRZ 033 ms &9 % &, Fries B3I T3 D RID
HEMARY T L 30 HEOAERKY 33 ZILHE 86% TH T\ 5, BIfE, 7u—
~A a7y E—IE, EEMAKRY TV LENHTAENTFIETHDLNY,

Scheme 2-8. Selective Trapping of the Two Organolithiums
in Anionic Fries Rearrangement

©:O\H/NEt2
o}

NEt2 PhLi
: L|
30 R
anionic Fries residence time (t7) CICO,Me
rearrangement l 25°C
NEt2
31 o
\n/NEt2 002Me
COzMe NEtZ
33 32 ©
86% 89%
tR=0.33ms tR =628 ms

22



HHEY F 7 LDOFREEE LT, 7a b Is®ko, Amﬁwuu%?Aﬁ
BAOWEN LN S U235 C, AR T, FEBREMESHE /2 F KR
W, B b ko TRA LU= E 5w ﬁ%)??A@ﬂ%%%ébto

223 N"NuFUFUR

BT EERREEFEGAER) FULOKIEE LT, "aF B ARHT
Hd P GEEIE, B, 1-3), s, Y7 ueE®F 4723412 LDA %
TER &8, 3 b AFLTUET D L, 3,5-U7 0T 47 = 35MIE 95%
THERM Lz E#HE LTS (Scheme2-9)%¢, Z DfERIL, BAEL-HKY F 7 L
36 NF AT 34 b - UFULKZHL, )T RER 3T BRREELEL
%, B0 a - F 7 AR K 5T, BRI EER AR T
LIS WER LD EEZLND,

Scheme 2-9. Halogen Dance of 2,5-Dibromothiophene

Li .
/(S\ %[Bf/@&] %Brd&
36

THF s
o]
—78 °C, 30 min not observed

s” b s
0
H Br Br
Br/[g\Br [ Brmu] %o» BrmMe

S
34 38 35

BHFFRETIE, 7 EEOBI EVERRELEBmTE o \a o F R
ZRRL, 747 =, 77 OMEBERRIZ2ERECIZHE) LT 5 19eh26eddd)
Flo, Er—nona U X 2EFHL, AT Y CEOMBERNS BN A
L TW5 (Scheme2-10), fITTlX, Bu—io a2 2 %FH Lz
BRAEIREIR L L CHBNAT FANRZREZF L OERESRRS, Pa—iLlon
FURADK EREE LT ATV UETATV AL, T4 0T 04T
Y RUUBPOREHRLEHE L TWD, ~"abd U RE, BOERPRES 12T
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nEEERLIEEE, HEOFHK) FULERRATE 5720, BERANRLRD
BE OGN Z BIEIZERTE DR H 5, L L, BOSHEDIEFIZ
W, AFETRNFHIRELEERAR) F Uy L—EELIFIHINTI2ho
o 1542 22T, BEIL, a7 — D0 B AR TCTERT 5
MARKY FULEENZRIRICFIH CEE, ERomEEME K% R —o0
HRIEENOAMTE D EBR T,

Scheme 2-10. Total Syntheses of Lamellarins and Their Congeners

[ /Z_g\oozEt /Z—X\cozlzt
SEM EM

Br. H

.
Br CO,Et

Br

MCOZEt

N THF 82"/ N
SEM -78 °C S SEM
10 min
HO, OH HO HO
Ay LD el O o O Q
I N _0o o I\ 0
H N @\/[/\]
=0 HO o]
Lukianol A (X = H) Ningalin B Lamellarin S (R = H)
Lukianol B (X = 1) Lamellarin Z (R = Me)
OH

2-2-4 Insitu 8T R A Z AL

DM A R %WA%%IJﬁHﬁ“éi/iik LG, insitu b7 A X ZNALNZET S
% (Scheme2-11), %, FT7 U AAZ WKL, 7w M EJIICRBRAESETZA
e R-MX IZX LT, &BRE MXe 2% 00252 LT, @RE O
DHETT U, BRI EE A4 R R-MX DA T A5 TH 5 (Scheme 2—
1la), —J, insitu N7 AXZ AL, HOHNUOEREE MX, 211 TE<
LT, BAELLAKESRE R-MX ZSHKRFTELIC&BRmL, LVRE
7o AR R-MPX ~ T B S Td 53 (Scheme 2-11b), HEH D K7 2 A A
ZAL LR, HEMLOERE MXe 22 TBE, BHEMAKSE R-
MX Z 7212 BB BT D720, WIOITHRAE Lo EmAKSRE R-MX Hik
DREIFG P 2B <2 N TE D, RRIGE, EHFMAKSE R-MX OZE LN
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Scheme 2-11. The Concept of In Situ Transmetalation
(a) Transmetalation
M'X5

transmetalation

base
R-H

R-MX

R-MX +  MX,

X = halogen, M, M' = metal

(b) In situ transmetalation

base

R-H + MX,

R-MX |------------ > complex mixture
transient

| M'X,
= — R-M'X + MX,
in situ transmetalation

SRS Z MBI TE D Z LA T, W7 e b RSB ARIZRSE T HILTF
5 2 AW, BE R-H O 70 b U RIS ERETE D0 ERH 5,
Knochel 513, FA4 7 = 39 ([T LHER 2 A7 SHT2RET, VUF U LT
RER & LT LITMP Z{EH 5 &, AHRESALULH] 40 2354 L, 3 v HET
MBS 52 & T, A7 = 41 2 64% TH L TS (Scheme 2-12)%°, —
W, 732U AT 2 R E LT TMPMeCILICl Z/EfA &/ % &, 3 vHFEkik
42 #IZK 60% TR T D,

Scheme 2-12. Selective Formation of Two Organometallic Species
by In Situ Transmetalation and Deprotonation with TMPMgCI-LiClI

H ZnCly ZnCl |
LiTMP I,
e — e
H S COzEt THF () COzEt 64% S COzEt
39 —78 °C, 5 min 40 41
TMPMgCI-LiCl /@\ I,
25°C,3.5h 42

WIFREOMKIL, T4 7 =2 34 ZHE L L, Hbigh TMEDA> 2 77 S+
7-IRBET, LDA Z21EH &E 2 ¢, BAELEZTF =L F UL 36 27272 HIZAHE
TSRS A 43 ~FFEE L, T4 7 = 44 24T D (Scheme 2-13)Y, AIGHIC
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B DES)FHINCARZERAY T 7 L 36 OFIH?MIZ
WD TR LTz, AR, HEALBENIC YT R VAR S5 2 8¢, Hiblidh &
LDA DEELRWKR T U ARAZ I ALZIHI TE & HEL TS, £, L%
FOWHIL, FEEOSRMEZANT, 77 b BAESEEFEMAEKY) TU L0

e N SRAS T ha ) 2 A DA G AP R

L, ~NalFo xR

Scheme 2-13. Selective Trapping of the Transient Thienyllithium

A
Br Br
Brﬂ Lo dance. /s\ Li}i BF@E

Br —#— Br
not observed

34 THF
J’_
\N/_\N/ in situ _ ZnCl E
Y \Zn/ N transmetalation /U\ } E* /U\
CI/ ‘¢l Br s Br Br s Br
ZnCl,-TMEDA 43 44

DM RIS, TV —NOnaF o2 BT 2880 mFEm A

ANI=I=N
UF LK LT, insitu b7 ARX XU LEZFIHL, 5O SRR 45 &

46 DERAE D S LT (Scheme2-14), AEl, F7 Y —/, 4 I XYV —)b, FxH
V= EFE L L, insitu BT A A X NALORE S AR LT,

Scheme 2-14. This Work: Syntheses of Multiple Bromoazoles
by Using Halogen Dance Reaction and In Situ Transmetalation

Lk

halogen
LDA [ . dance . 1
R-H + ZnCl,-diamine R-Li R'-Li —— complex
| transient mixture
R, R' = thiazole
imidazole ) l l i
oxazole in si
R—ZnCl| R—znc| | NSt .
] transmetalation
JE JE
R-E R'-E
45 46
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2-3 FT YUY FULAOBRROTE

F, BOTBNES T uxeikit —Hob025-P 7 a0 F TV — /(47 % M
BHeL, e b FAbERB L, ZERT T —LOEMED I LI
(Eq. 1)e T7 V=472, L L TLDA % 0 °C TIEF &, 3 vFE T
L7k, FEHIHA L7z b o0, 3 v R RITE G o T, BHERESM O
R BT, ZORRNS, DT ueFT YL 4T HEROGHY F U LIRRE
ETHD LTz,

H
N LDA (1.5 equiv) 1, (2.0 equiv)
/ 2 i
complex mixture 1
Br s)\Br THF 0°C,1h W
a7 0 °C, 30 min

ZZTC, insitu T ARAZMUICE ST, BRELEEEGT T VLY T
LD RE)SZ T 5 2 & &2#F 2 72, Knochel & DO#HE ¥ 22BL, V7 rE
FT =) 4T ([T HE SR & e AF SETIRRE T, LDA Z#EH &, g v FETus
L7z (Table2-1), £ DGR, 4473 7 HRLIK 48 U= 13%, 5H73 0 FELK 49
IV 57% T2 (entry 1), 7235, 4073 U Rk 48 & 5473 7 FELIK 49 13,
KFEEZ G2 D, 'THNMR TIREETEY, #7570~ 7T 74—T
HLOBEECE RN, TNENOIEE, TE PCNMR (#7— Mi&7e kv
TH TV TEEFACTEHEAE L, o ZFEO 3 vHEIEK 48 & 49
DOREIEIL, X MRS ERRATIC L - TRE L8, Wi, e s Ab#fign s 7
NZED insitu BT R RAZ AL ERET LT (Figure 2-4)2, 77, A b#fidn
TMEDA R34 5 &, 4 (L= 7 FIK 48 % UK 89% THEERIYIZET- (entry 2),
ZORERNG, HALHESNZ TMEDA MENLT DL, T A RXAZ LR EL 7
D, Y F UL S0 HRD 4603 VFEMK A8 OLBFOENTEEZDBND,
—7J7, BEAbHi$H TMEDA <° 3 v1biligh TMEDA ZFIH4 2 &, AHY F v L 51
HSkED 53 v K 49 N EERM & L CHERR S 47 (entries 3and 4), Z Ok
REV, EACEgH TMEDA I%, R/ b#i$h TMEDA X°3 v kil TMEDA LV %
NT VAR Z AL ENZ LR o Tz, WIZ, 5003 7 FRBIK 49 OERRIZE
Wi ~a AL T T L v ERE LTz, B bEighY T I > & LT, TMEDA @
TF VUV UBEE V7 a2 2 b EEh TMCDA 2FH9 5L, 4 fif
I U HRGIK 48 Z IR 44%, 5 A3 U FEBIKR 49 ZU0R 30% T/ (entry 5), =
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72, TMEDA D * F )V 3% T VIR 2 72 b digh TEEDA %= W24, S
AL = 7 FAGIR 49 OFEIRPEN B L L72 (entry 6), T DFERNG, DEENTT
VEANL R L WAL X, FPTUARAAXNALOEENKTT LI LN

Table 2—-1. Effects of ZnX,-diamine on the In Situ Zincation of Thiazolyllithiums?

H Li halogen Br
N LDA (1.5 i N dance N
g WL LU I o S 5 8
Br™™s” 7B T (1.2 equiv) THF BrT e B HT e R
47 0 °C, 30 min 50 51

l

XZn Br
in situ I"\‘ I’}‘
transmetalation | g, S)\Br XZn S)\Br

I, (2.0 equiv) I, (2.0 equiv)
0°C,1h 0°C,1h
| Br
B D
Br S)\Br | S)\ Br
48 49
entry ZnX>-diamine 48 (%)" 49 (%)"
1€ ZnCl, 13 57
2 ZnCl, TMEDA 897 (914/) e
3 ZnBr» TMEDA 23 61
48 Znl, TMEDA 4 65
5 ZnCl; TMCDA 44 30
6 ZnClL TEEDA 13 54
7 ZnCl,-BuMeEDA 12 71
8 ZnCl,- TMPDA e 724(87%")
9 ZnCl,-DMP 16 69
10 ZnBr» TMEDA e 39
112 Znlb TMEDA 5 78

“Reaction conditions: 2,5-dibromothiazole (47; 1.0 equiv, 0.30 mmol), ZnX,-diamine (1.2 equiv,
0.36 mmol), THF (3.0 mL), then LDA (1.5 equiv, 0.45 mmol), 0 °C, 30 min, then iodine (2.0
equiv, 0.60 mmol), 0 °C, 1 h. *The yield was determined by a quantitative '>*C NMR technique.
“Recovery of 3% of 47. “Isolated yield. “Not observed in the '*C NMR spectrum of the crude
product. The reaction was performed using 10 mmol of 2,5-dibromothiazole (47). ¢The products
involved a minute amount (< 10%) of an inseparable byproduct. "The reaction was performed
using 7.5 mmol of 2,5-dibromothiazole (47).
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s I\

—N_ N— —N_ N— N NN
C o e a (28
Ccl Ci Cl CI Cl Ci

ZnCly,"TMEDA ZnCl,-TMCDA ZnCl,-TEEDA

M 0 N
N, N =N NT N, N
00N / 2z N o__J z \\/o
7N \ \
cl Ci Ccl Cl cl Cl
ZnCly,-BuMeEDA ZnCl,-TMPDA ZnCl,-DMP

Figure 2-4. Structures of zinc halide diamine complexes

bmrolz, TnrIEmnoTF LYy I rax b o bdish BuMeEDA #NZ %
&, ANLE UFRIR 48 MUK 12% THE SN2 b DD, 573 7RI 49 AL
F 71% TH7= (entry 7), BETOFER, TMEDA XV ZEERFEN —DO7E1T L0
TMPDA % & Ot #igh TMPDA R 5 &, 54603 7 FIKIK 49 Z UL 72%
TIBIRAIZIGTZ (entry 8), 72, ENAKRI 2L HOUT I UEAL & LT DMP
FIRIRT D L, 43 URLIK 48 & 5473 7 FEIK 49 DIRAEWA:4H D ER LT
(entry 9), 72k, HALHEH TMPDA = HW =54, INRIFETFLZboo, Hib
figh TMPDA & [FIERIZ, 5073 U FRILIK 49 Z3IRIITHF72 (entry 10), —F, =
vAbHigh TMPDA # 5 &, 5403 7 FE(MIK 49 & BEERRR 7R RIAER DIR A
WD AR L7z (entry 11), —FHEFHO = 7 R 0K 48 36 LU 49 2 =IRBIZ AT D
ENENOREFMT, 7T LA —VERMITHEH TE 72 (entries 2 and 8),
BHmMT T IVNIFTLAD insitu 7 ARXAZUARIZE TS, ~abF ik
HEN YT I v DR A #2595 (Scheme 2-15), Hifb#is) TMEDA Z W\ 5% &,
I FIK 48 ZBIRICHG 272 LD, IZLOICRELT-AKEY T 7 4 50
ZEHI insitu F 7 A XX AL L, BHEIERSONH] 52 AR S D720
%, Bz & L C TMEDA S ETh 5D Ebhrolz, ZOFEHRIX, TMEDA 23
LHESRICENIT 5 = & T, HALHSRIF OSSN REE L, A8V F 740
FTUARL AL Tpo Tl BT, £, T I VBN E N ESEL T
HZET, SALE UHER A OBIRENRH ELTZZ LD, hEFHWYT IV
BN LT, AY F 7L 50 OFIEHEENIELS 720, M e s &
VADBYSE LT, AU F LS Zinsitu F TV ARAZ AL TETZEE X
oo T72h, HEALHESH TMPDA 1L, (XU OICRAELT-FHHEY T 7 L 50 & Hifife
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L7Z2W—F5T, "aZ o X RGO/ T L S1 OSROGZEIHI L, B
WINIEA 83 2525, REARNIEIEZ LI ENHLMNE R 5T,

Scheme 2-15. Rationale for the Selective Trapping of Transient Thiazolyllithiums

halogen Br

I)\Br )\ & . )\ complex mixture

THF W|thout ZnCly-diamine
0°C 51

_|_

o in situ transmetalation
ZnX,-diamine

XZn Br.
N N
[ Br/zs»\Br ] [ XZn/E%Br ]
53

52
| llz Br l "
3 Dy
Br S)\Br | S)\Br
48 49

nE, BAELAKY T U LS50 & 51 OB ) PR R L EM 2 T 572D, DFT
FHRICE > T pKa ZHMLIEZ A GElIL, B, 2-8-6), F7 YV —/L 47
D4PNT T h D pKald 337, FT =25 D571 kD pKa k263 T
b o7 (Figure 2-5), ZOFERND, FT7 =L 47 ICHKTHHEY F7 4 50
MW, NBT B AN K o TR FRINCREERT 7 — /L 25 HkOF T VY
NWITFTLSI ~NEBHMIND Z ERbroT,

H Br.

45—N N
I /527\
Br/bs)\Br H S)\Br
47 25

pKa 33.7 26.3
(in DMSO)
Li halogen Br
/Z‘)\ dance Ig\
Li s Br
50 51

Figure 2-5. The pKa values of dibromothiazoles
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KKJDA’ié%fm%y’;ofﬁébkﬁ%U%?AmzxAmﬁy
B A LTWD Z & &N DT- (Table 2-2), & 522U, LDA & HALAREN
UM REIET %7:%5%_,y7u%%7/~ﬂ47%¢%é@,a
DR T LT, ZORER, WAL TMEDA, HE(L#igh TMPDA @ &5 & % 7]
HALESAED, BEEZEIL L7 (entries 1 and 2), Z DFEENE, T7 V' —/1 47
[FLDA ICL > T 1 b ENTEY, FT YV NI F T L S0 BIEELIE
W2, "NaF R ANEITT A Lol e, VED I UERIBENE LT
R D, HiEhT I N2 A S, RSO LDA Lif{bdighy 7 I v
DS BHICERFE L TV ENEZ LD,

Table 2-2. Deprotonation of Dibromothiazole with Zinc Amide Base

FUN :

N
Li Br / ; Br | B
. S r
DA (15 equ) PSS 4 1 (2.0 oquiv) N N
+ N > > »\ + »\
| Br s Br | s Br
ZnCl,-diamine THF ZnCl THF
(1.5 equiv) 0°C zinc amide 0°C 48 49
base
entry  ZnCly-diamine 47 (%)* 48 (%)° 49 (%)°
1 ZnCl,-TMPDA 59 trace trace
2 ZnClr TMEDA 62 trace trace

“The yield was determined by 'H NMR with 1,1,2,2-tetrachloroethane as an internal standard. *A
minute amount (< 5%) of thiazole 48 and 49 were determined by '3C NMR after purification of a
crude product by column chromatography.

AHEITIE, ~"aF o2 o AIB T ZEEOEFMT T VLY F U LE,
fBHEER T T 2 NS K - TEIRWIIZ insitu F T U A XX b L, RO ER
MREER LTz, £z, V7 I VM FORBIIZEL ST, T U AXZNALOHE
FEZFEBICHETE D LWV O FilcmA 2157, 7%, DFT dHRICE->T, F
7’/—/1/03/\1:1&/5’ ADBEBSIFRN L TERAGRRY F U LB ERT D A

T35 ENERTX T,
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2-4 A IFVINYFULOERRAFHE

WIZ, 2,5-V7BEAIXY—)L 54 BHELL, "u X RATRAETD
BEOA I ZY U Y F U LORRIHIE 2 5T L72 (Table 2-3), £, 1 3
Z =)V 54 TRV gh & e F SETRAE T, LDA 2/ &8, 3 R TRELL
AR, O 3 U HEIK 55-57 215372 (entry 1), FNEN ORI, X #RAS
BRI AT I o TUE L 729, I, M bt TMEDA # Hw/- & 2 5, ~78°C
TITEREDRFEI L 2072600, 0°C TiE, 1ZUDICRET L HKY T
LD T v FAVIR 55 AU 58% CTEINAYIZHS 72 (entries2and 3), — 5T, &
{LHfigh TMCDA 2 FIHT 2 &, ~Na v 20 A% = 7 1K 56 2 ILHE 64% T
7o (entry4), 733, Hfb#ish TEEDA M b ilign TMPDA # W -561%, I v
Tk 56 & 57 DIREWIN/ERK LT- (entries 5 and 6), FREFOREE, HHbdsH%
FIH LWL - T, 3 UHREE 57 22U 67% CTIEBIRIIZIET- (entry 7).
ULEDFRER NS, A I =)V, FT /=38R, ~aFoZ ATk
> CEMBOMERIEED AR AR TH D L bholz,
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Table 2-3. Effects of ZnCl,-diamine on the In Situ Zincation of Imidazolyllithiums?

H LDA Br Br
N (1.5 equiv) (2.0 equw) N N
PR I D D .
B o
TN BT THE 78°c,1h B Bro TN TBr - BN
Me —78 °C, 30 min
54 55 56 57
+
ZnCl,-diamine
(1.2 equiv)
entry  ZnCly-diamine 55 (%)” 56 (%)” 57 (%)°
1€ ZnCl, 17 2 3
2 ZnCl,> TMEDA 30 37 16
34 ZnCl, TMEDA 49 (58°) 4 —f
4 ZnCl,> TMCDA - 50 (59¢, 64°%) 24
5 ZnCl, TEEDA f 49 36
6 ZnCl,> TMPDA - 38 49
7 none —f 18 73 (67°)

“Reaction conditions: 2,5-dibromo-1-methyl-1H-imidazole (54; 1.0 equiv, 0.30 mmol),
ZnCly-diamine (1.2 equiv, 0.36 mmol), THF (3.0 mL), then LDA (1.5 equiv, 0.45 mmol), =78 °C,
30 min, then iodine (2.0 equiv, 0.60 mmol), =78 °C, 1 h. ®The yield was determined by '"H NMR
with 1,1,2,2-tetrachloroethane as an internal standard. “Recovery of 51% of 54. “The reaction was
performed at 0 °C. “Isolated yield./Not observed in the crude product. £The reaction was performed
using 1.0 mmol of 2,5-dibromo-1-methyl-1H-imidazole (54).

S A O

\N N/ N N— /\N N/\ —N N—
Zn N 4 \Zn/ N ( \Zn/ j 4 \Zn/ N
/ /N /N /N
Cl CI Cl ClI Ccl ClI Cl ClI
ZnCl, TMEDA ZnCl, TMCDA ZnCl,-TEEDA ZnCl,-TMPDA

BRESRE RN D, ~Na T Z o ADRoHEE Z#EE LT (Scheme 2-16), £ 7,
7w FBNZRAELTAIZ Y ULV F T LS80, A IFY—/L 54 Ln
FoVF UL, NI TaEALIXY—L 89 2D, K ZEIHD N
B F AL ST, AIFINAVITFTL 60 NEKRT D, £IF
VULV FTLA60 X, N TEERS) EAEE LT, AIXVILYTFULA

61 ~BME 95, ME LG TIE, A XXV VALV FTLSSN, 4IX

VULV FTL60, £ IX VLY F 761 ~BFRCEBEINS, T I

33



Bz & LT TMEDA % iV % & AREAR SR SUGTH 62 73, 1@ 127> S &V TMCDA
WD & AHEIENEUSH 63 723, AL YT I v ERFIH LA2AWEA A 2 4
VUL F L 61 DNEIRANCAER L, I UEICE > Ta 7HEE 55 L 56,
BRLOST A IR LB T,

Scheme 2-16. Plausible pathway of Halogen Dance Reaction of Imidazolyllithiums

ClZn

H Li
N LDA N ZnCl,-TMEDA N
/ I\ 2 |\
Br/FN)\Br Br N)\Br Br N)\Br
| | |
Me Me Me

54 X 58 62

s by
Br N)\LI Br N)\Br
Me Me

D&
H Br. Br
N N N
Br/Z/:l»\Br Li/ZT\I»\Br Br/zr»\Li
Me Me

54 60 61

l ZnCl,- TMCDA
Br.
N
/A
CIZn/Z;)\Br
Me

63

BIRHNC N1 7 o B ZSHEAT T D SO 2N EHLATREN & O 022 ] B )i
T oD, BHEY T L6008 61 (2B MEALT 20N T (Scheme2-17), I ¥
FES6 BELO ST 2 LAME L, it L TR T rEALAIX Y —/L 59
(13 mol%) % 77 W7 fRRET, 1 Y& "Buli 2#-78°C T30 fEA S, =
URTHIGEAFIESE e, ZORER, WThoa vEIEZEEE LI2GE S,
I UFEIR 56 & 57T DIREWEGT-, ZOMENL, AKY F UL 60 & 61 D
BHSITAL 23 % V), Scheme 2-16 T/R L7= & 5 7Bk I~ 27 L 2 A
FEHFETH DL Ebhotz, L, I UEIK 56 2 HBILEHE LIZEIC,
3 U BIER 57 DIRIZ 36% TH Y, Haifb L7z KIGSM: (Table 2-3, entry 7)iZ
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BWT, I UFEIKST NIER 713% THONT-ERER ST L 2o, L
7o o T, ERELORIGHEEE (Figure 2-6)72 1 Tlid7e <, IO RGHEEE (Figure
-NHLHEEIND, F7 V=V EFRERIZ, DFT fHEICE > THEY F 7 40

Scheme 2-17. Isomerization of 2,4- and 4,5-dibromoimidazolyllithiums

Br "BuLi Br Br
N (1.0 equiv) I N N
/N /2\ [ /
I/Z;)\Br )\Br I N)\Br * o N)\I
\ THF ~78°C, 1h \ \
—78 °C, 30 min
56 59 56 57
(13 mol%) 46% 36%
Br Br "BuLi Br. Br.
N N (1.0 equiv) I N N
Y e A [ S + gl 3
B';zf | B B | B B |
© N TN THF  —78°C,1h NTOER RN
Me Me —78 °C, 30 min
57 59 56 57
(13 mol%) 21% 85%

Br Br
by X Dy
Li N)\Br T - N)\Li
) |

60 61
H Br Br.
4)—N N N
/ 5/ I\z
AN, SN oA,
| | |
Me Me Me
54
pKa 39.7 33.1 34.4
(in DMSO)
Li halogen halogen Br. N
N
/AR dance I dance I\
Br/ZT\j)\ )\Br Br N)\Li
' Me
58 60 61

Figure 2-6. The calculated pKa values of dibromoimidazoles
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hal IR‘
alogen Li P~gr

dance

Li
D T R
Br N»\Br
|
s I
58 halogen )\LI

dance
61

Figure 2-7. Pausible pathway based on the calculated pKa values

BIP R EREZ BT 5 &, 2,5-P T u0EAIF S — /L 54 D AT hrD
pKa 73397, 24-7 0T A I XY — )LD ST 1 kD pKa B 33.1, 457
BEAIXSINVITFTLD2MT T hD pKa DS 34.4 Th o7z (Figure 2-6),
L7=o>7T, DET ftENSOIE, A XXV VAN VFTL60MNHAIX VLY F
T 561 ~FME(LT D B ORGSR IE, BIFERIR R EME D ZEN /NS N2
XFF ST, SR O OS2 R o /R 257, LinL, EEIL, A4
VUL F 7 L 61 DRI ERLEM A, pKa OFFREANE/NGEAR L TN B ARE
WEEZT, Tobb, AIXV VNV FUL6lE, _&EFEEZEKL, FHEME
E0b, BIOIFERICEENRSITND (pKa 23 344 L0 H/hSW) FIREMEN S
% (Figure2-8), 723, =xAF—iX, —FIEBO 0T X ATAIXVY
WU%?ASS%%&LK%,QEW64%ﬁW76 & T, ZEHO s
B AT LTo TR E 2 7R LT\ D, 12T Table 2-4,entry 8 T/ J" L 912, 2-
TOEAIFLS =)V 6S N, NOFUHE ALY 5-TaE2-9— KA I XY —
V66 ~ERANZEE I NISRERIL, EHRR OIS (Figure 2-6)7° —&AD
%W%%%ﬁkbf@ﬁbkk@k%i%h@ BE, A IZS =N EFT V) —
IO Z T 5 &, A I E Y =D 3 BBFEFN, FT7—LD 3L
BHEFF L0 BEEMENE W &Y, DFT HER L OSCEME 24587 5 8C
7o TWD, LTER ST, A IX—)VDFN, FT7—LLD %iﬁ?ié'fibi‘%Q

BERDIEENERTHLT-D, A I XY —NVEIRELE LEGEIS, A¥Y T
A61m%@5?$m¢57%abk,;@ﬁ®%ﬁﬁé%#ém@%tk%z
bND, DL 57, FEiREB IOFEMFRRERNS, BUEL, EREOK
JEREEE (Figure 2-6) & /I D G (Figure 2-7), W LR TH N
YHEUABETTHEEZTND,
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pKa

Reaction time

@N/H ©) ,H @N/H @N/H

]\ "\ I\ /A
BI'/(N)\BI' Br/C»\Br <7N) (S)
Me l\llle
pKa -3.4 -9.3 pKa (reference) 7.0 2.5
(in DMSO) (in H,0)

Figure 2—-8. Plausible mechanism of double halogen dance of 2,5-dibromoimidazole
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2-5 EEBIUORETFAI OB

RS LI FIED R 2 27 m BT Y — b~ FTRED iR~ 7o, 7 rET Y — )L
ZHE L L, HEAbiEgh TMEDA ¥ X OME/LEigsh TMPDA Z @bl E R L, —fE
MO G RIER 2 BIRIZ AR LT (Table 24), £9, 7ueE7=2=LF T
—)L 67 E L LA, HiAL#ESh TMEDA % 17 X ¥ 72 IRRE T LDA % 1/EH
S, aUREMZDLE, T URIK 68 ZILHE 91% THT- (entry 1), — 5, i
{LHEY TMPDA 2RI 2 &, ~a o2 ZANREITL, I 7HEBR 69 IR
91% THAR LT (entry 2), 7 BEA RFTF TV — 70 2 EHLT5 &, b
#figh TMEDA % 0 °C, #ifb#ign TMPDA %#—78 °C THRIHT 5 Z &, I vHEK
71 & 72 2 ENEIILER 83%FS KL OMNER 78% TiEERIICIG7- (entries 3 and 4),
TRET 2= )VAFY Y L 73 BB L LIGA BRI, 3 UEE 74 &
75 % ULER 85% L IR 91% TE% L7 (entries S and 6)%, 7 B EA I X —/L 65
I L L, HAbHEh TMEDA #-78°C THW% &, 3 U F#EIIK 76 ZILHE 71%
T2 (entry 7). —F, Hfb#ignZ oW e, ~a o XU ZARHEITL, U
FUIR 66 Z U 80% TH AL L7- (entry 8), MRAETHE R D, X UOIZHAET HH
FmT Y VY F U LEEREHE T 272010%, iy TMEDA 23
ThdEbholm, ¥72, T/ 7vEAIXY—/L 65 2HEL LI=HA,

Table 2-4. Selective In Situ Transmetalation Followed by lodination?

) LDA l,
_ " (1.5 equiv) (2.0 equiv)
bromoazole + N NT product
zn THF 0°C,1h
cl’ ¢ 0 °C, 30 min
ZnCl,-TMEDA (n = 1) or
ZnCl, TMPDA (n = 2)
entry bromoazole ZnCl,-diamine product yield (%)
H |
by by
1 Br S)\Ph ZnCly TMEDA Br S)\Ph 91
67 68
H Br.
by by
2 Br S)\Ph ZnCl, TMPDA | S)\Ph 91
67 69
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N /Z—N
3 Brjs Y oye ZnClTMEDA . /S»\OMQ 83
70 7
H Br
D by
4 oL Sowe  ZnCl2TMPDA A S ome 78
70 72
H |
g Py
5 o Sepn  ZnCl2TMEDA s S 85
73 74
H Br.
. by
6 oL epn  ZnCl2TMPDA . 91
73 75
L3 )
7¢ HTON7TBT ZnClL TMEDA TN 71
Me Me
65 76
L3 L3
8¢ H N~ Br none Br N 80
Me Me
65 66

“Reaction conditions: bromoazole (1.0 equiv, 0.30 mmol), ZnCl,-diamine (1.2 equiv, 0.36 mmol),
THF (3.0 mL), then LDA (1.5 equiv, 0.45 mmol), 0 °C, 30 min, then iodine (2.0 equiv, 0.60 mmol),
0 °C, 1 h. ’Isolated yield. “Reaction was performed at =78 °C.

H H H
N N N N
|\ /Zf\ /Zf\ /N
Br/c)\Ph Br S)\OMe Br O)\Ph H/(N)\Br
|
67 70 73 Me
65
pKa 36.8 36.8 36.9 37.3

(in DMSO)

Br. Br Br.
N N N N
H/%S»\Ph H/%S»\OMe H%»\Ph Br/[N»\H
Me

pKa 28.6 29.8 30.4 37.4
(in DMSO)
(ApKa)  (-8.2) (=7.0) (~6.5) (+0.1)

Figure 2-9. The pKa values of the thiazoles, oxazole, and imidazole
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AL SR TMPDA Z W5 &, I URMEK 66 Tid/r< I v FEIK 76 25 F AR
ME LTHERLEEERENS, 4 IF =)L 65 D a7 B ZAD R E D E
W ERNbo o Tz, EBE, DFT sHHEIC L > THIGT 2 Y F 7 L 0HE#RO
pKa ZHH L2 2 A, ~aF U X AORE Jj(o~Na v B ARk DFE Y
F 7 DO EED pKa DFE)N, DT V) — /L &l L TN W T & B HERR S
7= (Figure2-9), L7228->C, Figure2-8 CL7=LHIZ, 41 I XV —/L 65D
BT E R, CRIKROBE A BRE) ) & U CHETT L2 RTREEDN B R B D,

Wiz, F RSN ORETHI ZEHEAN LT (Table 2-5), Y7 0EFT V' —/L 47
FEE L L, HALTES TMEDA % W34, 4 Lo AR SIS,
CuCN2LiIClIZ XD F T v A A Z AL RETH &, T VL E RGN TE,
7V IBAR 77 2R 87% TH47- (entry 1), —J7, HAL#EN TMPDA % H\ /=35
ab, TUVMEREITL, 7 UK 77 EREERMERORRIZH DT U ALK 78
ZULER 65% CTAR LT (entry2), 7233, CuCN-2LiCl Z il L7aW&fClix,
{bHE#Y TMEDA 8 X OME(L#EE TMPDA O b5 2FH LIZEAL, 77—
VAT DB ERIN LT, TaET 2= VF TV —)L 67 L bHiE TMEDA 75
A ST A OSHNE, BIREGETH w7 & ATETE T, RED
PN TNZEDFT YL 79 SR 65% TEML ST (entry 3), £72, &
{b#ign TMPDA Z W5 &, & EMER 80 23R 78% TH L TE 72 (entry 4),
THREA RN UFT 70 BIE L LTEGA, FERAID) Z Ll 95 7 = =
INF A BT L, PREOINETIIH L DD, 7o=/LF4IK81 & 82 %
BIRAICED Z LN TE 72 (entriesSand 6), £/ 7 rEA I XY —)L 65 Lk
figh TMEDA 75 38/E ST AHESRPISANL, p-7 = A7 AT b R EIERIE
L7phodz, T, INAILE LT"BuMCI®% 2 Y E&Mx /=LA, A IFY
—JL 65 N 40%[EIN ENT= b DD, p-T = AT VT b R~DOREAMMNET L,
RN 83 ZUNE 32% T/ (entry 7)., —J5, HALHERZ N TICRAE S T4
SHE =)L 65 HEDEK) FULE, p-T=ATNTE REKIGSHED L, /N
0 B A% DAIIMA 84 ZIUHE 45% THEL T E 72 (entry 8),
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Table 2-5. Selective In Situ Transmetalation Followed by Electrophilic Trapping?

electrophile
) LDA (1.1-3.0 equiv)
_ " (1.5 equiv) additives
bromoazole + PANIAN product
Zn THF temp
Cl ClI 0 °C, 30 min
ZnCl,-TMEDA (n = 1) or
ZnCl, TMPDA (n = 2)
electrophile temp yield (%)°
] \
N ZnClL>TMEDA CuCN-2LiCl N
1 /) | 1t / »\
Br— g~ TBr N Br— g~ TBr
47 77 87%
H Br.
N . T4 N
) I\ ZnCl,>TMPDA CuCN-2LiCl 4\/2/’ N
Br— g~ TBr P rt s~ "Br
47 78 65%
MeO,
3 AN ZnCl, TMEDA Pd>(dba)s
I\ Ve 3 mol%
Br S Ph e P(4-CF3C6H4)3 ) ’;‘
11 mol% s D pn
67 | S
reflux
79 65%
, H ZnCl, TMPDA Pd;(dba); Br
4 / N 3 mol% / N
) MeO : }
Br~ Ng” "Ph \©\ P(4-CF5CsHa); oo s~ "Ph
) e
67 | 11 mol% 80 78%
reflux
H ZnCl,> TMEDA PhS
N N
s ) ? ooy 8
Br— g~ ~OMe mol~7o Br~ g~ ~OMe
N—SPh It
70 81 47%
(0]
H ZnCl,> TMPDA Br
N N
6° I\ O CU(OAC)2 I»\
Br s~ “OMe 7 mol% PhS s~ “OMe
70 N=SPh it 82 27%
(0]
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N
N n
T BuMgCl Ho /¥
] ya S ZnClaTMEDA g 7/(N)\Br

0°C

CHO AL
e AT g
65 MeO 83 32%
MeO

8¢ r

\ CHO —78°C b
65 MeO 84 45%

“Reaction conditions: bromoazole (1.0 equiv, 0.30 mmol), ZnCl,-diamine (1.2 equiv, 0.36 mmol),

THF (3.0 mL), then LDA (1.5 equiv, 0.45 mmol), 0 °C, 30 min, then electrophile (1.1-3.0 equiv).
’Isolated yield. “Reaction temperature: —78 °C.

7C

2-6 FERT A FRUIRIEFKDOEBERE AL
BOETHE LEFREZHWT, AT oA RHRRIER L ZORERMEED
AREER LTz, £7, COX-2 [HEAIE LTHbNDA XY —L 850D G Rk
WZHUY #LA 72, Norman Hid, k7 ho 86 ZHE L L, $HIRT IR =11k
A 87 ORKEAEZRBA LT, %P —)L 85 2/ L T\ 5D (Scheme 2—
18)"!, UL, $HiR 7 b 86 1%, 7 A m X Bohn —LETENLDTZO
AEBIEL, GFPNTRERZEST 2 88METH T,

Scheme 2-18. The Strategy for the Synthesis of COX-2 Inhibitor

F
‘BuMe,SiCl (TBSCI) OTBS O o
NaH ) mCPBA
/® O OTBS
M802S

\ TFA

O
MeO,S O MeOZS O OJ(PhWMeOZS O OH

COX-2 inhibitor

MeS
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Xiao B, 2H-7V VY 88 ZHEH L L, 7/7t K89 ZEH X, Jefilf)
JSE T, A X8 — L 85 ZUE 66% THHL L TV 5 (Scheme 2-19)"%, AKX
JiE, BIRICA Y —L 85 A TZ D0, JFEIOT U v 88 ORI
R, XYY —L 85 ~NEAFREREHRILO —BENZ L, ZOFHERD
B REE 2 SRRETH B,

Scheme 2-19. Synthesis of COX-2 Inhibitor Using Photoredox Catalysis
Mes

~ F
@
N
| ciof O

N /©/CHO Li,CO5 N

- + 7 W blue LED, rt /R
O s wos S
E 88 89 thegelig/ls)() MeO,S 85

AEl, AFH Y — 85 OERHIBRAE LT, AF ¥V —L 90 2R L7
(Figure 2-10), A F %> —/L 90 (X, £ [EIFHF LI FiEEZHOWL, dilko 7 =€
XY= T3 PORBICERTE D280, At BT —L 85 2
BRTEDEEZZ, £, AV —)L 85 OEERMK 01 LIFEKEIC, 7 r
TAXY V= T3 LA LAY =L 92 VAR, ATELLEE
2120 ARERAREEIX, O RRRE & bl U C TREEN D0 A, FHER o
FIE A TE DR TEALTWD,

F F
O Suzuki—-Miyaura in situ
N cross coupling N transmetalation
I\ I\
O o Ph Br—o~ Ph S
MeO,S 85 90 H
N
MeO,S I PN
Br~ g~ ~Ph
O Suzuki—-Miyaura Br 73
N cross coupling N
/ »\Ph [ »\Ph /
. ¢ ; o halogen
91 92 dance

Figure 2-10. This work: selective synthesis of COX-2 inhibitor and the constitutional isomer
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AIEID Table 2-4 TiE, HAL#EH TMEDA 5 X OME(L#ifh TMPDA % HW %
&, AFxRY Y — T3 0D ZRESHOMEERMER 74 L 75 DBRIRICERTE 5 2
EDRRA BN E ST, Lo T, Hfbdigh TMEDA & M {b#iéh TMPDA % H
WTORAE S BT AEHENSHIZZnEnRAL, A%y —1 85 & 91 D&
i % 6O & L7 (Scheme 2-20), fRFFOFER, A %> — L 73 [TH(LHiEH TMEDA
% A7 S RBE T, LDA Z{EH &+, Pd(PPhs)s % 5.0mol%, 1-7/L4 1-4-9
— R BUZ3.04EIMZ, 70°C TIET 5 &, A% —/1 90 Z I 67%
TAKTE =, &5, XYY —)L 73 (2 biigh TMPDA % 317 S H 72 0RkE
T, LDA %#-78°C T/EAH &, Pd(PPh3)s % 5.0mol%, 1-7/LA w-4-3— KX
Boxk 1.7 498z, 70 °C TMEAT 5 &, AF4 > —/L 92 ZUIE 80% TH K
TElz, XY — 92 DA TIE, A% —90 L, 1-7 /1741 4-
S— KRB OYBEZESFITEO LTH, BED Y 7V v 7N HIgICHEITT
HZ ENDNoTe, AR LICENZENORE R 90 & 92 (12X LT, 4(AF L
ANKR=WN)T ==/ e Vg, PA(PPhs)s, IRIEET T LAENNZ, DMF & 728K

Scheme 2-20. Synthesis of COX-2 Inhibitor and the Isomer by Using
In Situ Transmetalation

B(OH),
TN ONT /©/
SN F MeO,S
cl’ ¢l O\ R (2.0 equiv) R
| (3.0 equiv)

ZnCl, TMEDA Pd(PPhs), (5.0 mol%) O
(1.2 equiv) Pd(PPhs), (5.0 mol%) Cs,CO; (3.0 equiv)
N N
o /A _ 4 I\
then 70°C, 24 h Br O)\Ph DMF/H,0 = 4:1 o>Ph
LDA (1.5 equiv) 67% 110 °C, 3h \e0,s
THE 90 86 85

0 °C, 30 min
H
gl
Br (@) Ph
73

-~ MeOQS\©\
ANSAN | B(OH),
o Q/ (2.0 equiv)  MeO.S
(1.7 equiv)

ZnCl,-TMPDA F Pd(PPhj), (5.0 mol%) O
(1.2 equiv) Pd(PPh3), (5.0 mol%)  Br Cs,CO3 (3.0 equiv)
> > N > N
then 70°C, 24 h /O»\ph DMF/H,0 = 4:1 O /O»\ph
LDA (1.5 equiv) 80% = 110 °C, 5 h F
THF 92 82% 91
—78 °C, 30 min
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ROVEEE(4: D), 110°C TIET D &, SRl > 7V 7 WBRHEIT L,
HBYD COX-2 PHEHI 85 & % OREEERMIR 91 TN EHUE 86% L 82% T
7o 708, HEEEMER 901 OARRICB W T, KIGEEE 110 °C 205, 75 °C 12K
T e, HEOZE<EONT, A%V —1 92 2 EEMIZEIR LT,
{b#ighY 7 2 v & LT, Hifb#igh TMEDA, M b#ién TMPDA Z 23R L,
(DXQ@%%MS%&@%@%%&@%&l%Em%méﬁf%koKéﬁ%m

, TERANTREEZRETHAR STV COX-2 BHEHA] 85 DA MMRK %~ 2 T

ifﬁ%k(% [F— D I EW ) DRGSR 91 OB HIER TE T,
FNENOEEIL, X BRESEE T I L > TIRE L7,

WIZ, FEAT BA RIERRIERE LCHONE 7 = F TV v 7B R Lz,
Hogberg & 1%, 8Kk Mok alB L, 7= FT7HFy 7258 L T
% (Scheme2-21)"%, ¥ 726, " TRETHBM LIRS, F 93 & — TR THRHR
LT AT IRM 2~ 2700 2—TTI00°CIZIEAL, 7= FT7H 7 %hs
LTV D, RFEITEFIUTRELZET 58, RSFRRARWEDSHETH 72,

Scheme 2-21. The Synthesis of Fentiazac by Using Cyclization Strategy

cl AICI3 o Bro_
HO,C HO,C cl

B ————

N
DMF, 100°C HO,C, /| '\
microwave oven Ph
NH 10 min

FentlazaC
\@ S
py idi e/Et3

3 days 94

Al BRAVBLIC L > CRBICT =2 v F T v 7 ~ERATRER 7 = F T W v
7 tert-7 FIVT AT L(95) & E DOREERME 96 A L7z (Figure 2-11), 7 =
SIVFT Y=L 6T NOHEE LT TFT =L 97 ZIRES v ) k)
L, Z7=>F 7Yy 7HERIS 2555 AR LT, £z, 7V —
98 Z TR IUIL, HEEMMEA 96 AR FIREIC /2D & & 2 72,
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Cl Cl

Negishi in situ
coupling N transmetalation
'Bu0,C _ |\
’ )\ Br~ g~ ~Ph
Fentiazac tert-butyl ester (95) 97 H \
/N
Br/Z;)\Ph
" 67
BUO,C Negishi Br
coupling N
)\Ph [ gy _——
—
Cl cl S halogen
98 dance

Fentiazac tert-butyl ester isomer 96

Figure 2—11. Selective synthesis of Fentiazac tert-butyl ester and the isomer

EP, FTY—A 6T/ nu T == A EA LT (Scheme 2-22), F7
— /L 67 \ZHE L #ES) TMEDA % J:fF S 7-1RHE T, LDA Z{EH &4, Pdy(dba); &

Scheme 2-22. Synthesis of Fentiazac tert-Butyl Ester and the Isomer by
Using In Situ Transmetalation

C'\@\ ‘BuO,C._ ZnBr
— | Pdy(dba); (2.5 mol%)

—N_ N
7 zn N Pdy(dba); .
CI/ \Cl (25 mol%) Cl BU2P J h Ph Cl
ZnCly TMEDA P(4-CF3CgHa)s O O (c1> onmoﬁf)
(1.2 equiv) (10 mol%) °
N Buo,c. ) \
then 80°C,3h B ~Ph THF 2 e
LDA (1.5 equiv) 84% 65°C,24 h .
THF 97 51% Fentiazac
0 °C, 30 min tert-butyl ester (95)

H
P
Br S)\Ph
Cl 'BuO,C.__ ZnBr
Y \©\| Pda(dba)s (2.5 mol%)

— N—

N, ,
/ Zn/ AN sz(dba)3 ipr PtBUZ

Cll \CI (25 m0|°/o) i
ZnCly TMPDA  P(4-CF3CgH,)3 Pr O XPhos

(1.2 equiv) (10 mol%) (10 mol%)

. Br. iP
N ' ‘8u0,C \
\
then 80 °C, 24 h S)\Ph THF / -
LDA (1.5 equiv) 82% of 08 65°C,4h - S

THF 69%
0 °C, 30 min Fentiazac
tert-butyl ester isomer 96
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2.5 mol%, P(4-CF3C¢Hs)s % 10 mol%, 1-7 R u-4-3— KB % 3.0 HEM
Z, 80 °C TMEAT B &, F7—/L 97 ZIE 4% THK TE /=, £z, Hik
#i$Y TMPDA Z W% &, F7 2 —/L 97 OREE FAMER 98 Z IR 82% T15E7-,
B LT=F 7 —1 97 1% L C, Reformatsky [J&#l, Pda(dba)s, JohnPhos %
Z, THF H, 65 °C T24 KffINEAT 5 &, Wb > 7V o In#TL, 7o
FTY > 7 tert-7 F VT AT V(95 H W 51% Thile, 728, BE_HONEELE
Team LTI, BNZ & LT DavePhos WD &, 72T T W v tert-7 F v
T AT VOOS)DIENRIFICH E L7, 618, 7Y —/1951Zxf LT TFA %
EHSED L, tert-7 F VT AT NVORRENEITL, 72 F T W v 7 ORE
AR ZER L T\ 5, £72, F 7 —/L 98 |2, Reformatsky &7, Pda(dba)s,
XPhos Z /M z, THF H1, 65°C TA4KMMET 5L, 7= FT7 Wy 75HEED
15 FLVEIR 96 % =R 69% T157z, Pd fillfit & LT PA(PPhs)s & W 236X, &
AT 4 UEMIF & LT JohnPhos & W =841%, EH 6L BTG LN
T, FT Y98 ZEEMICIENN LT, 723, H_EONEEZ BT XN TIL,
Pd fifltfit & XPhos DY E AT 2 & THE MR 96 OIS EL, TFA %
BTz tert-7 FNVE AT VORI L > T, 720 FT7 Wy 7 BIERO G
FER LTS, UbXy, F7Y =67 aHILEMEL, 7= F TV v
tert-7 F LT AT )L(95) 3 LN OREERIEIK 96 N AR T E 7o, RERIEIZ LV,
B RGEEEE F6 KX ONOG R 2 B T &, MG R R OMRER GRS FIRE L 7e o7z,

2-7 #EE

FETE, VT U LALLM ~OGRZEATIA L, 7 — VDR
Mdl L, ~a o R LT, BALESh TMEDA 35 X OME b #fish TMPDA
DIRIRAI72 insitu N7 ARXAZLERHL, 7aERoEiEn R 58
B ORESEBYERZ BINMIC AR LT, E72, 4 ST AR ISR SOSHNTA Y
IZFIHFRETH Y, k& 22 REFAI 2 EBIRITEATE 5 L bnol,

T, T NLORER N R AT HEZHEBRE SN E o T
(Figure 2-12), 472 bH, F7—/L (Y=S), 4 I ¥V —/L (Y=NMe), 4 F
V=V (Y=0)%, 7REENSMUNS 4MN~BET L0 r X AR
IZHEIT L2, ZORERIE, WThoT Yy — B WnWTH AT S MEOA#K Y
F 7599 L 100 D pKa DZEEN 5.0 LA ETH Y, BAIIFEM R ZEMRICKE 72 78m
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Hol-T-beEZOND, 2B, A IFX =IOV TE, 7axXo 2 ind
SA~OBE) (5 ALY F AR 100 75 2 A2V FABIK 101 ~Dxa 7P 2
R) BT LD, FERICK L THAET L HEEOBAHY 77 A0 pKa DZEIX
0.1 AT Thotz, BEEIL, 7/ =0 THRY 3NEZFFOEIEMERE VA
IFY = VHROAEKRY F UL 101 OB ZEEKEFARIZEE LT <, pKa D
FHEMELL S, 2 60U FA{BIR 101 BB LI LB S AletE %25 2 7=,

Li halogen Br halogen Br
/4 N dance /4 N dance N
5 \ 5 \ 5 \2
Br x)\R |ApKa| >5.0 Li x)\R |ApKa| < 0.1 Br x)\Li
929 100 101
X =8, NMe, O X =S, NMe, O X = NMe
R =Br

Figure 2-12. Summary of azolyllithiums in a halogen dance

BRLTE T BET L—E S bR HIEFEMPETHY, TXH Y — g
WaERTLIEAT A FRO COX2 EHR, F7Y—VEgkaiT07=F
7Yy VFHER, S HICENEFNOBERMEARE G TE T, AEGRIEIZLY,
N U AERWTT n e BRI S, HEREEROBRICH HEkL 72
TaET L= EART DA OARMEEIGETE L, £, @FIE T e —
~A a7y H =l R RONEE WD NN B D EFHFm AR T
D, FEERBAENE G 123y FIOSERTHHTE, ZEBRT YV — L OEE IR G AL
DIR[HE & 72 o T,

2-8 Experimental Section

2-8-1 General

Analytical thin layer chromatography (TLC) was performed on Merck 60 F2s4 aluminum
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 wavenumbers (cm ™).
'"H NMR (400 MHz) and *C{'H} NMR (100 MHz) spectra were obtained on a 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: & 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,
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q = quartet, m = multiplet, and br = broad. Chemical shifts for '*C{'H} NMR are reported
in ppm from tetramethylsilane with the solvent resonance as the internal standard
(CDCl3: & 77.16 ppm, DMSO-ds: & 39.52 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.

2-8-2 Materials

Unless otherwise stated, all reactions were conducted in a flame-dried glassware under
an inert atmosphere of nitrogen. All workup 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 (45-75 um, Wako Pure Chemical
Industries, Ltd.). Anhydrous THF (>99.5%, water content: <10 ppm) and anhydrous
CH2Cl2 (>99.5%, water content: <1 ppm) were purchased from Kanto Chemical Co., Inc.
and further dried by passing through a solvent purification system (Glass Contour) prior
to use. Distilled water was purchased from Nacalai tesque, Inc. (Product number: 49506-
64). LDA (2.0 M in THF/heptane/ethylbenzene) was purchased from Sigma-Aldrich Co.
(Product number: 361798). "BuMgCl (2.0 M in THF) was purchased from Sigma-Aldrich
Co. (Product number: 291005).

2-8-3 Decomposition of Thiazolyllithium (Equation 1)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,5-dibromothiazole (47) (72.4
mg, 0.298 mmol, 1.0 equiv), and anhydrous THF (3.0 mL). The solution was cooled to 0
°C. LDA (2.0 M, 0.23 mL, 0.45 mmol, 1.5 equiv) was added to the Schlenk tube. After
stirring at 0 °C for 30 min, the reaction mixture was treated with iodine (161.5 mg, 0.636
mmol, 2.1 equiv). After stirring at 0 °C for 1 h, the reaction mixture was treated with
saturated aqueous sodium thiosulfate (1 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 water (3 mL), dried
over sodium sulfate, and filtered. The filtrate was concentrated under reduced pressure
to give a crude product (82.9 mg), whose signals in the '°C NMR spectrum were not

identical to those of 2,5-dibromothiazole (47), 4-iodothiazole 48, and 5-iodothiazole 49.
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2-8-4 Effects of ZnXz-diamine on the In Situ Zincation of Thiazolyllithiums (Table 2—1)
General Procedure A

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,5-dibromothiazole (47) (0.300
mmol, 1.0 equiv), ZnCl>-diamine (0.360 mmol, 1.2 equiv), and anhydrous THF (3.0 mL).
The solution was cooled to 0 °C. LDA (2.0 M, 0.23 mL, 0.45 mmol, 1.5 equiv) was added
to the Schlenk tube. After stirring at 0 °C for 30 min, the reaction mixture was treated
with iodine (0.600 mmol, 2.0 equiv). After stirring at 0 °C for 1 h, the reaction mixture
was treated with saturated aqueous sodium thiosulfate (1 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
water (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 = 50:1) to provide a mixture of 48 and 49. The
ratio of 48 and 49 was calculated by *C NMR spectroscopy using the inverse-gated 'H
decoupling sequence (the calculated signals of 48 and 49 were observed at 137.3 ppm
and 74.7 ppm, respectively. scans = 1024, relaxation time = 10 s). The relative values of
integration for the peaks observed at 137.3 ppm and 74.7 ppm were obtained using a
mixture of 48 (11.4 mg, 30.9 pmol, value of integration = 1.01) and 49 (11.7 mg, 31.7

umol, value of integration = 1.00).

2,5-Dibromo-4-iodothiazole (48) (Table 2—1, entry 2)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 50:1) to provide the title compound as a colorless solid (98.4 mg, 0.267 mmol, 89%)
from 2,5-dibromothiazole (47) (73.1 mg, 0.301 mmol, 1.0 equiv), ZnCl,-TMEDA (91.2
mg, 0.361 mmol, 1.2 equiv), and iodine (153.7 mg, 0.606 mmol, 2.0 equiv) according to
the general procedure A. Ry=0.33 (hexane/diethyl ether = 50:1); Mp 4243 °C; IR (ATR,
cm '): 1440, 1391, 1010, 991; 3C{'H} NMR (100 MHz, CDCls): § 137.3, 116.1, 100.1;
HRMS (DART") m/z: [M+H]" calcd. for C;H*BrINS, 367.7241; found, 367.7246.
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2,4-Dibromo-5-iodothiazole (49) (Table 2—1, entry 8)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
=100:1) to provide the title compound as a colorless solid (79.9 mg, 0.217 mmol, 72%)
from 2,5-dibromothiazole (47) (72.5 mg, 0.298 mmol, 1.0 equiv), ZnCl,-TMPDA (95.9
mg, 0.360 mmol, 1.2 equiv), and iodine (154.6 mg, 0.609 mmol, 2.0 equiv) according to
the general procedure A. Ry= 0.33 (hexane/diethyl ether = 50:1); Mp 88-90 °C; IR (ATR,
cm '): 1445, 1189, 1010, 816; *C{'H} NMR (100 MHz, CDCls): § 140.3, 134.0, 74.7;
HRMS (DART") m/z: [M+H]" calcd. for C;H’Br2INS, 367.7241; found, 367.7241.

Control Experiments

Reaction with a premixed ZnCl2*TMEDA and LDA

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with ZnCl.-TMEDA (113.5 mg, 0.450
mmol, 1.5 equiv) and anhydrous THF (3.0 mL). The solution was cooled to 0 °C. LDA
(2.0 M, 0.23 mL, 0.45 mmol, 1.5 equiv) was added to the reaction mixture. After stirring
at 0 °C for 30 min, the reaction mixture was treated with 2,5-dibromothiazole (47) (72.0
mg, 0.296 mmol, 1.0 equiv). After stirring at 0 °C for 30 min, the reaction mixture was
treated with iodine (161.8 mg, 0.638 mmol, 2.2 equiv). After stirring at 0 °C for 1 h, the
reaction mixture was treated with saturated aqueous sodium thiosulfate (1 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 water (3 mL), dried over sodium sulfate, and filtered. The filtrate was
concentrated under reduced pressure to give a crude product. The recovery yield of 2,5-
dibromothiazole (47) was determined to be 59% by 'H NMR analysis using 1,1,2,2-
tetrachloroethane (32.8 mg, 0.195 mmol) as an internal standard by comparing relative
values of integration for the peak observed at 7.52 ppm (1 proton for 47) with that of
1,1,2,2-tetrachloroethane observed at 5.96 ppm.
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Reaction with a premixed ZnCl:-TMPDA and LDA

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with ZnCl,-TMPDA (119.5 mg, 0.448
mmol, 1.5 equiv) and anhydrous THF (3.0 mL). The solution was cooled to 0 °C. LDA
(2.0 M, 0.23 mL, 0.45 mmol, 1.5 equiv) was added to the reaction mixture. After stirring
at 0 °C for 30 min, the reaction mixture was treated with 2,5-dibromothiazole (47) (73.2
mg, 0.301 mmol, 1.0 equiv). After stirring at 0 °C for 30 min, the reaction mixture was
treated with iodine (152.7 mg, 0.602 mmol, 2.0 equiv). After stirring at 0 °C for 1 h, the
reaction mixture was treated with saturated aqueous sodium thiosulfate (I 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 water (3 mL), dried over sodium sulfate, and filtered. The filtrate was
concentrated under reduced pressure to give a crude product. The recovery yield of 2,5-
dibromothiazole (47) was determined to be 62% by 'H NMR analysis using 1,1,2,2-
tetrachloroethane (35.7 mg, 0.213 mmol) as an internal standard by comparing relative
values of integration for the peak observed at 7.52 ppm (1 proton for 47) with that of
1,1,2,2-tetrachloroethane observed at 5.96 ppm.

2-8-5 Preparation of ZnX:-diamine Complexes

\N\ /N/
77N

cl’ T
ZnCl, TMEDA

General procedure for the preparation of ZnX:-diamine: ZnCl:*TMEDA

A 500-mL round-bottomed flask equipped with a Teflon-coated magnetic stirring bar, a
three-way stopcock, and a rubber septum was charged with ZnCl, (13.62 g, 99.8 mmol,
1.0 equiv). The flask was evacuated, flame-dried, left to cool under vacuum, and flushed
with argon. To the flask was added ethanol (100 mL) via a syringe. TMEDA (18.0 mL,
120 mmol, 1.2 equiv) was added dropwise to the resulting solution. The white precipitate
was formed with a slight evolution of heat. The resulting suspension was stirred at 25 °C
for 1 h, at which time the precipitate was collected by filtration, and washed with hexane
to give a crude solid, which was recrystallized from THF to provide the title compound
as colorless needles (19.12 g, 75.6 mmol, 76%), whose 'H NMR spectrum was identical
to that reported in the literature.>*® Mp 164—166 °C; 'H NMR (400 MHz, CDCls): § 2.73
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(s, 4H), 2.62 (s, 12H); *C{'H} NMR (100 MHz, CDCls): § 57.0, 47.9; Anal. Calcd. for
CsH1sN2ClaZn: C, 28.54; H, 6.39; N, 11.09. Found: C, 28.53; H, 6.42; N, 10.92.

ZnBr:*”TMEDA

The title compound was prepared in 79% yield (8.104 g, 23.7 mmol) as colorless needles
from ZnBr2 (6.750 g, 29.9 mmol, 1.0 equiv), ethanol (30 mL), and TMEDA (5.4 mL, 36
mmol, 1.2 equiv) according to the general procedure. Mp 174—177 °C; 'H NMR (400
MHz, CDCls): § 2.73 (s, 4H), 2.64 (s, 12H); *C{'H} NMR (100 MHz, CDCI3): & 56.9,
48.4; Anal. Calcd. for CeHisN2Br2Zn: C, 21.11; H, 4.72; N, 8.21. Found: C, 21.11; H,
4.71; N, 8.15.

Znl>> TMEDA

The title compound was prepared in 60% yield (6.189 g, 14.2 mmol) as a colorless solid
from Znl (7.532 g, 23.6 mmol, 1.0 equiv), ethanol (24.0 mL), and TMEDA (4.3 mL, 28
mmol, 1.2 equiv) according to the general procedure. Mp 196—199 °C; 'H NMR (400
MHz, CDCls): 6 2.73 (br, 4H), 2.68 (br, 12H); *C{'H} NMR (100 MHz, CDCls): § 56.8,
49.8; Anal. Calcd. for C¢HisN2IoZn: C, 16.55; H, 3.70; N, 6.43. Found: C, 16.54; H, 3.34;
N, 6.43.

— \\ /N/
724N
/7N
Ccl Cl
ZnCl,-TMCDA

ZnCL' TMCDA

The title compound was obtained in 71% yield (4.389 g, 14.3 mmol) as a colorless solid
from ZnCl, (2.730 g, 20.0 mmol, 1.0 equiv), ethanol (20.0 mL), and TMCDA"’ (4.6 mL,
24 mmol, 1.2 equiv) according to the general procedure. Mp >250 °C; IR (ATR, cm™'):
2932, 1461, 1014; '"H NMR (400 MHz, CDCl3): § 2.62 (s, 6H), 2.60-2.53 (m, 2H), 2.40
(s, 6H), 2.06—1.98 (m, 2H), 1.91-1.79 (m, 2H), 1.36—1.08 (m, 4H); *C{'H} NMR (100
MHz, CDCIl3): 6 64.6, 46.5, 40.3, 24.2, 22.2; Anal. Calcd. for C1oH22N>CloZn: C, 39.18;
H, 7.23; N, 9.14. Found: C, 39.06; H, 7.24; N, 9.05.
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ZnCl* TEEDA
The title compound was prepared in 78% yield (12.07 g, 39.1 mmol) as a colorless solid
from ZnCl, (6.826 g, 50.1 mmol, 1.0 equiv), ethanol (50.0 mL), TEEDA (13.0 mL, 60.7
mmol, 1.2 equiv) according to the general procedure. Mp 126—128 °C; IR (ATR, cm™!):
2987, 2972, 1471, 1453, 1383, 1126, 1021, 754, 724; 'H NMR (400 MHz, CDCls): §
3.20-3.09 (m, 4H), 2.85-2.74 (m, 8H), 1.16 (t, 12 H, J = 7.2 Hz); *C{'H} NMR (100
MHz, CDCIl3): 8 50.6, 46.1, 8.7; Anal. Calcd. for C10H24N2Cl2Zn: C, 38.92; H, 7.84; N,
9.08. Found: C, 38.66; H, 8.00; N, 8.99.

oA K
c’ ¢l

ZnCl,-BuMeEDA

ZnCl'BuMeEDA

The title compound was obtained in 70% yield (4.676 g, 13.9 mmol) as a colorless solid
from ZnCl, (2.707 g, 19.9 mmol, 1.0 equiv), ethanol (20.0 mL), and BuMeEDA" (5.8
mL, 24 mmol, 1.2 equiv) according to the general procedure. The 'H and '3C NMR
spectra were identical to those reported in the literature.” Mp 228-230 °C; IR (ATR,
cm '): 2978, 1481, 1192, 894; 'H NMR (400 MHz, CDCl;): & 3.44 (d, 2H, J = 9.0 Hz),
2.55 (s, 6H), 2.37 (d, 2H, J = 9.0 Hz), 1.42 (s, 18H); *C{'H} NMR (100 MHz, CDCl;):
8 59.9, 47.9, 38.9, 25.9; Anal. Calcd. for Ci12H2sN>CloZn: C, 42.81; H, 8.38; N, 8.32.

Found: C, 42.42; H, 8.24; N, 8.16.

\N\ /N/
/ /Zn AN

c’ ¢
ZnCly TMPDA
ZnCL' TMPDA
The title compound was obtained in 83% yield (11.11 g, 41.7 mmol) as a colorless solid
from ZnCl (6.857 g, 50.3 mmol, 1.0 equiv), ethanol (50.0 mL), and TMPDA (10.0 mL,
59.9 mmol, 1.2 equiv) according to the general procedure. Mp 221-223 °C; IR (ATR,
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em™!): 1478, 1459, 1036, 1005, 959, 816; 'H NMR (400 MHz, CDCls): § 2.86-2.82 (m,
4H), 2.58 (s, 12H), 1.94-1.86 (m, 2H); 3C{'H} NMR (100 MHz, CDCls): § 60.7, 47.5,
22.1; Anal. Caled. for C;HisN2ClZn: C, 31.55; H, 6.81; N, 10.51. Found: C, 31.50; H,
6.78; N, 10.39.

A~
O _J zdq \ _©°
Cl CI

ZnCl,'DMP

ZnCL'DMP

A 100-mL round-bottomed flask equipped with a Teflon-coated magnetic stirring bar, a
three-way stopcock, and a rubber septum was charged with 1,3-dibromopropane (5.563
g, 27.6 mmol, 1.0 equiv), morpholine (4.782 g, 54.9 mmol, 2.0 equiv), sodium hydroxide
(2.363 g, 59.1 mmol, 2.1 equiv), and water (16 mL). After stirring at 25 °C for 42 h, the
reaction mixture was treated with sodium hydroxide (4.365 g). The aqueous layer was
extracted with CHCl3 (15.0 mL) ten times. The combined organic extracts were dried
over sodium sulfate and filtered. The filtrate was concentrated under reduced pressure to
give a crude product as a mixture of DMP and morpholine, which was used for the next
reaction without further purification. The title compound was prepared in 53% yield (4.40
g, 12.6 mmol) as a colorless solid from ZnCl; (3.261 g, 23.9 mmol), ethanol (24.0 mL),
and the crude DMP (6.084 g, 28.6 mmol, 1.2 equiv) according to the general procedure.
Mp 242-243 °C; IR (ATR, cm™!): 1110, 967, 876, 619; 'H NMR (400 MHz, CDCls): &
4.44 (td, 4H, J = 12.2 Hz, 1.8 Hz), 3.81 (d, 4H, J = 12.8 Hz), 3.48 (d, 4H, J = 11.6 Hz),
3.00-2.92 (m, 4H), 2.45 (ddd, 4H, J=12.0 Hz, 11.6 Hz, 3.2 Hz), 1.99 (tt, 2H, J= 6.0 Hz,
5.6 Hz); BC{'H} NMR (100 MHz, CDCl3): § 63.7, 60.2, 56.4, 19.2; Anal. Calcd. for
C11H22N>02ClZn: C, 37.69; H, 6.33; N, 7.99. Found: C, 37.44; H, 6.21; N, 7.79.

ZnBr2-TMPDA

The title compound was obtained in 69% yield (4.885 g, 13.7 mmol) as a colorless solid
from ZnBr; (4.510 g, 20.0 mmol, 1.0 equiv), ethanol (20.0 mL), and TMPDA (4.0 mL,
24 mmol, 1.2 equiv) according to the general procedure. Mp >250 °C; IR (ATR, cm™'):
2959, 1461, 1034, 1001; '"H NMR (400 MHz, CDCl3): § 2.88—2.82 (m, 4H), 2.58 (s, 12H),
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1.94-1.89 (m, 2H); *C{'H} NMR (100 MHz, CDCls): 5 60.4, 47.8, 22.1; Anal. Calcd.
for C7H1sN2BraZn: C, 23.66; H, 5.10; N, 7.88. Found: C, 23.60; H, 4.99; N, 7.79.

Znl;> TMPDA

The title compound was obtained in 95% yield (8.542 g, 19.0 mmol) as a colorless solid
from Znl; (6.384 g, 20.0 mmol, 1.0 equiv), ethanol (20.0 mL), and TMPDA (4.0 mL, 24
mmol, 1.2 equiv) according to the general procedure. Mp >250 °C; IR (ATR, cm™!): 1474,
1456, 1000; "H NMR (400 MHz, CDCl3): § 2.92—2.87 (m, 4H), 2.59 (s, 12H), 1.97-1.92
(m, 2H); BC{'H} NMR (100 MHz, CDCls): § 60.0, 48.4, 22.4; Anal. Calcd. for
C7HisNo2IoZn: C, 18.71; H, 4.04; N, 6.23. Found: C, 18.73; H, 3.88; N, 6.14.

2-8-6 The pKa Values of Dibromothiazoles (Figure 2-5)
All calculation studies on equilibrium geometry at ground state were performed on
density functional theory by Spartan version 18 (Wavefunction, Inc). The standard
reaction Gibbs free energies (AG®) of deprotonation were calculated using B3LYP/6-
311+G™ level of theory in polar solvent at 298 K and 1 atm (Eq. 2).

AG®

R® 4+  H*solvent (2)

R-H + solvent

Based on pKa table by Evans®, the obtained AG® values were converted into pKa values

by the calibration curve shown in Figure S1.

70 H H
A ~ Ka 49
60 pKa = 0.1663AG° — 195.84 H © P
R2? =0.9999

— 50
Qo
e
§ 40 |
(4]
D 30 B Ph._so,P,h  pKa 30.7
= H><H
€ 20
Q.

0T C MeO><COPh pKa 22.85

H H

1300 1350 1400 1450 1500
AG® [kJ/mol] calculated by DFT

Figure S1. The calibration of AG® values into pKa value
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The calculated pKa values (in DMSO) of thiazole 47 and 25 were as follows.

R-H R™ (anion) AG° [kJ/mol]  pKa (in DMSO)
H " @/N
\
BF/Z; - Bri_s)\sr 1380.5 33.7
47
B B
by by
- ol S, 1335.5 26.3
25
Br. Br.
N N
BF/Z/; ) Br/fs Yo 1346.8 28.1
N N
- ol S, 1362.8 30.8
A3 L)
Br— g ~H B0 O 1362.7 30.8
) N 1443.7 443

2-8-7 Effects of ZnClx:diamine on the In Situ Zincation of Imidazolyllithiums (Table 2-3)

2,5-Dibromo-4-iodo-1-methyl-1H-imidazole (55) (Table 2-3, entry 3)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 10:1) to provide the title compound as a colorless solid (63.2 mg, 0.173 mmol, 58%)
from 2,5-dibromo-1-methyl-1H-imidazole (54) (72.0 mg, 0.300 mmol, 1.0 equiv),
ZnCl-TMEDA (90.2 mg, 0.357 mmol, 1.2 equiv), and iodine (153.5 mg, 0.605 mmol,
2.0 equiv) according to the general procedure A (see Chapter 2, 2-8-4). Ry = 0.41
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(hexane/diethyl ether = 1:1); Mp 106-108 °C; IR (ATR, cm™!): 1476, 1403, 1185, 958;'H
NMR (400 MHz, CDCls): § 3.68 (s, 3H); "*C{'H} NMR (100 MHz, CDCl3): § 119.8,
112.7, 85.1, 35.4; HRMS (DART") m/z: [M+H]" caled. for C4Hs”’Br2IN2, 364.7786;
found, 364.7769.

General Procedure B

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,5-dibromo-1-methyl-1H-
imidazole (54) (0.300 mmol, 1.0 equiv), ZnCl>-diamine (0.360 mmol, 1.2 equiv), and
anhydrous THF (3.0 mL). The solution was cooled to =78 °C. LDA (2.0 M, 0.23 mL, 0.45
mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at —78 °C for 30 min, the
reaction mixture was treated with iodine (0.600 mmol, 2.0 equiv). After stirring at =78 °C
for 1 h, the reaction mixture was treated with saturated aqueous sodium thiosulfate (1
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 water (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.

Br.
by
\
| ’\Il)\ Br
Me
56

2,4-Dibromo-5-iodo-1-methyl-1H-imidazole (56) (Table 2-3, entry 4)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
=10:1) to provide the title compound as a colorless solid (229.3 mg, 0.627 mmol, 64%)
from 2,5-dibromo-1-methyl-1H-imidazole (54) (234.5 mg, 0.977 mmol, 1.0 equiv),
ZnCl-TMCDA (368.8 mg, 1.20 mmol, 1.2 equiv), anhydrous THF (10 mL), LDA (2.0
M, 0.75 mL, 1.5 mmol, 1.5 equiv), and iodine (508.1 mg, 2.00 mmol, 2.1 equiv) according
to the general procedure B. Ry = 0.47 (hexane/diethyl ether = 1:1); Mp 99-101 °C; IR
(ATR, cm'): 2926, 1472, 1213, 962; 'H NMR (400 MHz, CDCls): § 3.67 (s, 3H);
BC{'H} NMR (100 MHz, CDCls): § 124.1, 119.6, 76.0, 37.4; HRMS (DART") m/z:
[M+H]" calcd. for C4H4""Br2INy, 364.7786; found, 364.7801.
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4,5-Dibromo-2-iodo-1-methyl-1H-imidazole (57) (Table 2-3, entry 7)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 10:1) to provide the title compound as a colorless solid (74.5 mg, 0.204 mmol, 67%)
from 2,5-dibromo-1-methyl-1H-imidazole (54) (73.2 mg, 0.305 mmol, 1.0 equiv) and
iodine (160.0 mg, 0.630 mmol, 2.1 equiv) according to the general procedure B. Ry=0.58
(hexane/diethyl ether = 1:1); Mp 138-139 °C; IR (ATR, cm™'): 2916, 1382, 1219, 970; 'H
NMR (400 MHz, CDCl): § 3.65 (s, 3H); *C{'H} NMR (100 MHz, CDCl;5): § 118.3,
106.4, 88.0, 37.2; HRMS (DART") m/z: [M+H]" calcd. for C4H4""Br2IN>, 364.7786;
found, 364.7803.

Control Experiment (Scheme 2-17)

Isomerization of 2,4-dibromoimidazolyllithium

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,4-dibromo-5-iodo-1-methyl-1H-
imidazole (56) (36.5 mg, 0.0998 mmol, 1.0 equiv), 2.4,5-tribromo-1-methyl-1H-
imidazole (59) (4.0 mg, 0.013 mmol, 13 mol%), which was prepared according to the
procedure described in Chapter 5, 5-8-6, and anhydrous THF (1.0 mL). The solution was
cooled to —78 °C. "BuLi (1.51 M, 70 uL, 0.11 mmol, 1.1 equiv) was added to the Schlenk
tube. After stirring at —78 °C for 30 min, the reaction mixture was treated with iodine
(56.0 mg, 0.221 mmol, 2.2 equiv). After stirring at —78 °C for 1 h, the reaction mixture
was treated with saturated aqueous sodium thiosulfate (1 mL) and saturated aqueous
ammonium chloride (1 mL). After being partitioned, the aqueous layer was extracted with
ethyl acetate (1 mL) three times. The combined organic extracts were dried over sodium
sulfate and filtered. The filtrate was concentrated under reduced pressure to give a crude
product. The yields of 2,4-dibromo-5-iodo-1-methyl-1H-imidazole (56) and 4,5-
dibromo-2-iodo-1-methyl-1H-imidazole (57) were determined to be 46% and 36% by 'H
NMR analysis using 1,1,2,2-tetrachloroethane (31.1 mg, 0.185 mmol) as an internal

standard by comparing relative values of integration for the peaks observed at 3.67 ppm
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(3 protons for 56) and 3.65 ppm (3 proton for 57) with that of 1,1,2,2-tetrachloroethane
observed at 5.96 ppm.

Isomerization of 4,5-dibromoimidazolyllithium

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 4,5-dibromo-2-iodo-1-methyl-1H-
imidazole (57) (38.3 mg, 0.105 mmol, 1.0 equiv), 2,4,5-tribromo-1-methyl-1H-imidazole
(59) (4.3 mg, 0.013 mmol, 13 mol%), which was prepared according to the procedure
described in Chapter 5, 5-8-6, and anhydrous THF (1.0 mL). The solution was cooled to
—78 °C. "BuLi (1.51 M, 70 pL, 0.11 mmol, 1.0 equiv) was added to the Schlenk tube.
After stirring at —78 °C for 30 min, the reaction mixture was treated with iodine (61.8 mg,
0.243 mmol, 2.3 equiv). After stirring at —78 °C for 1 h, the reaction mixture was treated
with saturated aqueous sodium thiosulfate (1 mL) and saturated aqueous ammonium
chloride (1 mL). After being partitioned, the aqueous layer was extracted with ethyl
acetate (1 mL) three times. The combined organic extracts were dried over sodium sulfate
and filtered. The filtrate was concentrated under reduced pressure to give a crude product.
The yields of 2,4-dibromo-5-iodo-1-methyl-1H-imidazole (56) and 4,5-dibromo-2-iodo-
1-methyl-1H-imidazole (57) were determined to be 21% and 85% by 'H NMR analysis
using 1,1,2,2-tetrachloroethane (30.8 mg, 0.184 mmol) as an internal standard by
comparing relative values of integration for the peaks observed at 3.67 ppm (3 protons
for 56) and 3.65 ppm (3 proton for 57) with that of 1,1,2,2-tetrachloroethane observed at
5.96 ppm.

2-8-8 The Calculation of pKa Values (Figure 2—6 and 2-8)

The pKa values of azoles were calculated as the procedure described in Chapter 2, 2-8-6.

R-H R AG° [KJ/mol]  pKa (in DMSO)
H
Q
N N
I\
Br/Z/T\I»\Br Br/(N)\Br 1416.6 39.7
,\I/Ie '\l/le
38
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N N
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Br /N»\H Br /N»@
Me Me
®H
e AR 1157.0
Br N Br Br N Br
Me Me
®H
N N
Br /S\ Br Br/Q»\Br 11215

33.1

34.4

-3.4

—9.3

2-8-9 Selective In Situ Transmetalation Followed by lodination (Table 2—4)

5-Bromo-4-iodo-2-phenylthiazole (68) (Table 2—4, entry 1)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 50:1) to provide the title compound as a colorless solid (99.0 mg, 0.270 mmol, 91%)
from 5-bromo-2-phenylthiazole (67) (71.6 mg, 0.298 mmol, 1.0 equiv), ZnCl>-TMEDA
(91.2 mg, 0.361 mmol, 1.2 equiv), and iodine (152.3 mg, 0.600 mmol, 2.0 equiv)
according to the general procedure A (see Chapter 2, 2-8-4). Ry = 0.16 (hexane/diethyl
ether = 50:1); Mp 72-74 °C; IR (ATR, cm™!): 1739, 1460, 1438, 760; 'H NMR (400 MHz,
CDCl3): & 7.89-7.81 (m, 2H), 7.49-7.40 (m, 3H); *C{'H} NMR (100 MHz, CDCls): §
171.0,132.3,131.0, 129.2, 126.3, 113.4, 103.0; HRMS (DART") m/z: [M+H]" calcd. for

CoHe*'BrINS, 367.8429; found, 367.8421.
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4-Bromo-5-iodo-2-phenylthiazole (69) (Table 2—4, entry 2)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
= 20:1) to provide the title compound as a colorless solid (99.6 mg, 0.272 mmol, 91%)
from 5-bromo-2-phenylthiazole (67) (71.7 mg, 0.299 mmol, 1.0 equiv), ZnCl,-TMPDA
(96.3 mg, 0.361 mmol, 1.2 equiv), and iodine (160.6 mg, 0.633 mmol, 2.3 equiv)
according to the general procedure A (see Chapter 2, 2-8-4). The 'H and '*C NMR spectra
were identical to those reported in the literature.®! Ry=0.16 (hexane/diethyl ether =20:1);
Mp 93-95 °C; IR (ATR, cm™'): 1462, 1250, 984, 754; '"H NMR (400 MHz, CDCls): §
7.90-7.83 (m, 2H), 7.50-7.41 (m, 3H); *C{'H} NMR (100 MHz, CDCl3): § 173.5, 135.8,
132.2,131.1, 129.2, 126.2, 71.8; HRMS (DART") m/z: [M+H]" calcd. for CoHe *BrINS,
365.8449; found, 365.8465.

5-Bromo-4-iodo-2-methoxythiazole (71) (Table 2—4, entry 3)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
=50:1) to provide the title compound as a colorless solid (79.2 mg, 0.248 mmol, 83%)
from 5-bromo-2-methoxythiazole (70) (58.3 mg, 0.300 mmol, 1.0 equiv), ZnCl,-TMEDA
(91.2 mg, 0.361 mmol, 1.2 equiv), and iodine (159.5 mg, 0.628 mmol, 2.1 equiv)
according to the general procedure A (see Chapter 2, 2-8-4). Ry = 0.32 (hexane/diethyl
ether = 50:1); Mp 4446 °C; IR (ATR, cm™'): 1520, 1415, 1253, 817; 'H NMR (400 MHz,
CDCl3): & 4.07 (s, 3H); *C{'H} NMR (100 MHz, CDCls): § 175.1, 103.8, 94.5, 58.7;
HRMS (DART") m/z: [M+H]" calcd. for C4Hs¥'BrINOS, 321.8221; found, 321.8235.

Br
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4-Bromo-5-iodo-2-methoxythiazole (72) (Table 2—4, entry 4)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
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= 50:1) to provide the title compound as a colorless solid (73.9 mg, 0.231 mmol, 78%)
from 5-bromo-2-methoxythiazole (70) (57.5 mg, 0.296 mmol, 1.0 equiv), ZnCl,-TMPDA
(96.3 mg, 0.361 mmol, 1.2 equiv), and iodine (158.8 mg, 0.626 mmol, 2.1 equiv)
according to the general procedure B (see Chapter 2, 2-8-7). Ry = 0.20 (hexane/diethyl
ether = 50:1); Mp 54-56 °C; IR (ATR, cm ™ !): 1520, 1415, 1258, 1217, 836; 'H NMR (400
MHz, CDCls): § 4.08 (s, 3H); *C{'H} NMR (100 MHz, CDCl;): & 178.0, 128.0, 61.3,
59.0; HRMS (DART") m/z: [M+H]" caled. for C4Hs3'BrINOS, 321.8221; found,
321.8213.
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5-Bromo-4-iodo-2-phenyloxazole (74) (Table 2—4, entry 5)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
=20:1) to provide the title compound as a pale yellow solid (91.0 mg, 0.260 mmol, 85%)
from 5-bromo-2-phenyloxazole (73) (68.6 mg, 0.306 mmol, 1.0 equiv), ZnCl,- TMEDA
(90.1 mg, 0.357 mmol, 1.2 equiv), and iodine (152.0 mg, 0.599 mmol, 2.0 equiv)
according to the general procedure A (see Chapter 2, 2-8-4). Ry = 0.42 (hexane/diethyl
ether =20:1); Mp 83-85 °C; IR (ATR, cm™'): 1446, 1451, 1190, 1012, 990; 'H NMR (400
MHz, CDCls): § 8.00-7.96 (m, 2H), 7.49-7.44 (m, 3H); *C{'H} NMR (100 MHz,
CDCl3): 8 164.4,131.4, 129.0, 127.6, 126.3, 125.9, 87.3; HRMS (DART") m/z: [M+H]"
calcd. for CoHs”’BrINO, 349.8677; found, 349.8668.

4-Bromo-5-iodo-2-phenyloxazole (75) (Table 2—4, entry 6)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
=10:1) to provide the title compound as a colorless solid (94.9 mg, 0.271 mmol, 91%)
from 5-bromo-2-phenyloxazole (73) (66.6 mg, 0.297 mmol, 1.0 equiv), ZnCl.-TMPDA
(96.7 mg, 0.363 mmol, 1.2 equiv), and iodine (157.0 mg, 0.619 mmol, 2.1 equiv)
according to the general procedure B (see Chapter 2, 2-8-7). Ry = 0.29 (hexane/diethyl
ether = 30:1); Mp 97-98 °C; IR (ATR, cm™!): 2922, 1512, 990, 703; 'H NMR (400 MHz,
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CDCls): § 8.02-7.97 (m, 2H), 7.50-7.43 (m, 3H); 3C{'H} NMR (100 MHz, CDCls): &
166.5, 131.5, 129.0, 127.5, 126.4, 126.0, 89.2; HRMS (DART") m/z: [M+H]" calcd. for
CoHe¥'BrINO, 351.8657; found, 351.8665.
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2-Bromo-5-iodo-1-methyl-1H-imidazole (76) (Table 2—4, entry 7)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
=10:1) to provide the title compound as a colorless solid (61.5 mg, 0.214 mmol, 71%)
from 2-bromo-1-methyl-1H-imidazole (65) (48.8 mg, 0.303 mmol, 1.0 equiv),
ZnCl- TMEDA (90.4 mg, 0.358 mmol, 1.2 equiv), and iodine (156.4 mg, 0.616 mmol,
2.0 equiv) according to the general procedure B (see Chapter 2, 2-8-7). Ry = 0.19
(hexane/diethyl ether = 10:1); Mp 163-164 °C; IR (ATR, cm'): 2924, 1400, 1244, 816;
'"H NMR (400 MHz, CDCl): § 7.12 (s, 1H), 3.63 (s, 3H); 1*C{'H} NMR (100 MHz,
CDCls): § 137.3,120.2, 71.6, 35.8; HRMS (DART") m/z: [M+H]" calcd. for C4Hs*BrINa,
286.8681; found, 286.8687.
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5-Bromo-2-iodo-1-methyl-1H-imidazole (66) (Table 2—4, entry 8)

A crude product was purified by silica gel column chromatography (hexane/diethyl ether
=10:1) to provide the title compound as a colorless solid (69.8 mg, 0.243 mmol, 80%)
from 2-bromo-1-methyl-1H-imidazole (65) (49.1 mg, 0.305 mmol, 1.0 equiv), and iodine
(157.8 mg, 0.622 mmol, 2.0 equiv) according to the general procedure B (see Chapter 2,
2-8-7). Ry= 0.12 (hexane/diethyl ether = 10:1); Mp 116-118 °C; IR (ATR, cm™'): 1443,
1251, 1136, 921; 'TH NMR (400 MHz, CDCl3): § 7.07 (s, 1H), 3.62 (s, 3H); 3C{'H} NMR
(100 MHz, CDCl3): & 132.5, 105.2, 89.6, 35.7; HRMS (DART") m/z: [M+H]" caled. for
C4Hs°BrINa, 286.8681; found, 286.8688.
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2-8-10 Selective In Situ Transmetalation Followed by Electrophilic Trapping (Table 2-5)
Preparation of a THF solution of CuCN-2LiCl

A THF solution of CuCN-2LiCl was prepared according to the procedure described in the
previous report.®> Commercially available LiCl (4.074 g, 96.1 mmol) was heated with a
heat gun under vacuum for 15 min in a Schlenk tube. After cooling to room temperature,
anhydrous CuCN (4.299 g, 48.0 mmol) and THF (48 mL) was added to the Schlenk tube.
The reaction mixture was stirred at room temperature for 3 h to provide a THF solution

of CuCN-2LiCl, which was used as a 1.0 M solution in the following experiments.

2,5-Dibromo-4-(2-propenyl)-thiazole (77) (Table 2-5, entry 1)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,5-dibromothiazole (47) (72.3 mg,
0.298 mmol, 1.0 equiv), ZnCl,>TMEDA (91.1 mg, 0.361 mmol, 1.2 equiv), and
anhydrous THF (3.0 mL). The solution was cooled to 0 °C. LDA (2.0 M, 0.23 mL, 0.45
mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at 0 °C for 30 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 iodide (40 pL, 0.44 mmol, 1.5 equiv). The resulting mixture was warmed
to 25 °C for 2 h, at which time the reaction mixture was treated with 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 water
(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 = 50:1) to provide the title compound as a colorless
oil (73.4 mg, 0.259 mmol, 87%); Ry=0.19 (hexane/diethyl ether = 50:1); IR (ATR, cm™!):
1261, 1097, 1020, 799; 'H NMR (400 MHz, CDCl5): § 5.99-5.82 (m, 1H), 5.21-5.09 (m,
2H), 3.48 (dd, 2H, J = 6.4, 0.8 Hz); *C{'H} NMR (100 MHz, CDCl3): § 154.0, 134.7,
133.4, 117.4, 106.5, 34.0; HRMS (DART") m/z: [M+H]" calcd. for CeHe’Br'BrNS,
283.8567; found, 283.8575.
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2,4-Dibromo-5-(2-propenyl)-thiazole (78) (Table 25, entry 2)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,5-dibromothiazole (47) (72.4 mg,
0.298 mmol, 1.0 equiv), ZnCl>>TMPDA (96.6 mg, 0.362 mmol, 1.2 equiv), and
anhydrous THF (3.0 mL). The solution was cooled to 0 °C. LDA (2.0 M, 0.23 mL, 0.45
mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at 0 °C for 30 min, the
reaction mixture was treated with copper(I) cyanide di(lithium chloride) complex (1.0 M,
0.45 mL, 0.45 mmol, 1.5 equiv) and allyl iodide (30 pL, 0.330 mmol, 1.1 equiv). The
resulting mixture was warmed to 25 °C for 3 h, at which time the reaction mixture was
treated with 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 water (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 = 50:1) to provide
the title compound as a pale yellow oil (55.1 mg, 0.195 mmol, 65%); R = 0.17
(hexane/diethyl ether = 50:1); IR (ATR, cm™!): 1507, 1409, 1192, 1019; 'H NMR (400
MHz, CDCI3): 6 5.98-5.82 (m, 1H), 5.22-5.10 (m, 2H), 3.48 (ddd, 2H, /=64, 1.4, 1.4
Hz); 3C{'H} NMR (100 MHz, CDCl5): § 136.6, 134.0, 133.4, 122.6, 118.4, 32.1; HRMS
(DART") m/z: [M+H]" calcd. for C¢Hes""BraNS, 281.8588; found, 281.8578.

Control Experiments

Reaction with allyl iodide without CuCN-2LiCl (Table 2-5, entry 1)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,5-dibromothiazole (47) (72.4 mg,
0.298 mmol, 1.0 equiv), ZnCl,>TMEDA (90.6 mg, 0.359 mmol, 1.2 equiv), and
anhydrous THF (3.0 mL). The solution was cooled to 0 °C. LDA (2.0 M, 0.23 mL, 0.45
mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at 0 °C for 30 min, the
reaction mixture was treated with allyl iodide (41 pL, 0.45 mmol, 1.5 equiv). The
resulting mixture was warmed to 25 °C for 3 h, at which time the reaction mixture was

treated with saturated aqueous ammonium chloride (1 mL). After being partitioned, the
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aqueous layer was extracted with diethyl ether (2 mL) three times. The combined organic
extracts were washed with water (3 mL), dried over sodium sulfate, and filtered. The
filtrate was concentrated under reduced pressure to give a crude product. The recovery
yield of 2,5-dibromothiazole (47) was determined to be 66% by 'H NMR analysis using
1,1,2,2-tetrachloroethane (43.3 mg, 0.258 mmol) as an internal standard by comparing
relative values of integration for the peak observed at 7.52 ppm (1 proton for 47) with
that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm. None of allylated thiazole 77 was
observed in the 'H NMR spectrum.

Reaction with allyl iodide without CuCN-2LiCl (Table 2-5, entry 2)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,5-dibromothiazole (47) (73.8 mg,
0.304 mmol, 1.0 equiv), ZnCl>>TMPDA (96.5 mg, 0.362 mmol, 1.2 equiv), and
anhydrous THF (3.0 mL). The solution was cooled to 0 °C. LDA (2.0 M, 0.23 mL, 0.45
mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at 0 °C for 30 min, the
reaction mixture was treated with allyl iodide (30 pL, 0.330 mmol, 1.1 equiv). The
resulting mixture was warmed to 25 °C for 3 h, at which time the reaction mixture was
treated with 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 water (3 mL), dried over sodium sulfate, and filtered. The
filtrate was concentrated under reduced pressure to give a crude product. The filtrate was
concentrated under reduced pressure to give a crude product. The recovery yield of 2,4-
dibromothiazole was determined to be 69% by 'H NMR analysis using 1,1,2,2-
tetrachloroethane (36.6 mg, 0.218 mmol) as an internal standard by comparing relative
values of integration for the peak observed at 7.21 ppm (1 proton for 2,4-dibromothiazole)
with that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm. None of allylated thiazole
78 was observed in the '"H NMR spectrum.

67



MeO

5-Bromo-4-(4-methoxyphenyl)-2-phenylthiazole (79) (Table 2-5, entry 3)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 5-bromo-2-phenylthiazole (67)
(71.9 mg, 0.299 mmol, 1.0 equiv), ZnCl,- TMEDA (90.7 mg, 0.359 mmol, 1.2 equiv), and
anhydrous THF (3.0 mL). The solution was cooled to 0 °C. LDA (2.0 M, 0.23 mL, 0.45
mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at 0 °C for 30 min, to the
reaction mixture was added a THF solution (1.0 mL) of Pd2(dba)s (7.5 mg, 8.2 pmol, 2.7
mol%) and tris[4-(trifluoromethyl)phenyl]phosphine (15.1 mg, 32.4 pmol, 10.8 mol%).
After addition of 1-iodo-4-methoxybenzene (211.1 mg, 0.902 mmol, 3.0 equiv), the
reaction mixture was stirred at 80 °C for 21 h. The reaction mixture was treated with
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 water (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 = 20:1) to provide the title compound
as a pale yellow solid (67.2 mg, 0.194 mmol, 65%); Ry = 0.32 (hexane/diethyl ether =
20:1); Mp 94-95 °C; IR (ATR, cm'): 1610, 1480, 1252, 1177; '"H NMR (400 MHz,
CDCl3): 6 7.98 (d, 2H, J=9.2 Hz), 7.94-7.91 (m, 2H), 7.47-7.43 (m, 3H), 7.00 (d, 2H, J
=9.2 Hz), 3.87 (s, 3H); *C{'H} NMR (100 MHz, CDCls): § 167.0, 159.8, 153.0, 133.2,
130.5,130.1,129.1, 126.3, 126.2, 113.8, 102.1, 55.4; HRMS (DART") m/z: [M+H]" calcd.
for C16H13"”BrNOS, 345.9901; found, 345.9896.
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4-Bromo-5-(4-methoxyphenyl)-2-phenylthiazole (80) (Table 2-5, entry 4)
A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar

and a rubber septum under nitrogen was charged with 5-bromo-2-phenylthiazole (67)
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(71.8 mg, 0.299 mmol, 1.0 equiv), ZnCl,-TMPDA (96.3 mg, 0.361 mmol, 1.2 equiv), and
anhydrous THF (3.0 mL). The solution was cooled to 0 °C. LDA (2.0 M, 0.23 mL, 0.45
mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at 0 °C for 30 min, to the
reaction mixture was added a THF solution (1.0 mL) of Pd2(dba)s (7.5 mg, 8.2 pmol, 2.7
mol%) and tris[4-(trifluoromethyl)phenyl]phosphine (16.1 mg, 34.5 umol, 11.5 mol%).
After addition of 1-iodo-4-methoxybenzene (215.7 mg, 0.922 mmol, 3.1 equiv), the
reaction mixture was stirred at 80 °C for 3 h. The reaction mixture was treated with
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 water (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 = 20:1) to provide the title compound
as a pale yellow solid (80.6 mg, 0.233 mmol, 78%); Ry = 0.34 (hexane/diethyl ether =
20:1); Mp 94-96 °C; IR (ATR, cm™'): 1530, 1419, 1247, 740; 'H NMR (400 MHz,
CDCl3): 6 7.95-7.91 (m, 2H), 7.63 (d, 2H, J= 8.8 Hz), 7.47-7.43 (m, 3H), 6.99 (d, 2H, J
= 8.8 Hz), 3.87 (s, 3H); *C{'H} NMR (100 MHz, CDCl5): § 166.0, 160.1, 133.2, 132.8,
130.6,129.1,126.2,122.5,122.4,114.3, 114.2, 55.5; HRMS (DART") m/z: [M+H]" calcd.
for C16H13¥'BrNOS, 347.9881; found, 347.9895.

5-Bromo-2-methoxy-4-(phenylthio)thiazole (81) (Table 2-5, entry 5)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 5-bromo-2-methoxythiazole (70)
(57.6 mg, 0.297 mmol, 1.0 equiv), ZnCl,-TMEDA (91.5 mg, 0.362 mmol, 1.2 equiv), and
anhydrous THF (3.0 mL). The solution was cooled to 0 °C. LDA (2.0 M, 0.23 mL, 0.45
mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at 0 °C for 30 min, the
reaction mixture was transferred to a mixture of N-phenylthiophthalimide (229.3 mg,
0.898 mmol, 3.0 equiv) and copper(Il) acetate monohydrate (3.8 mg, 21 umol, 7.0 mol%)
in anhydrous THF (0.5 mL). After stirring at 25 °C for 24 h, the reaction mixture was
treated with saturated aqueous ammonium chloride (1 mL). After being partitioned, the

aqueous layer was extracted with diethyl ether (2 mL) three times. The combined organic
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extracts were washed with water (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 = 50:1) to provide
the title compound as a red oil (42.5 mg, 0.141 mmol, 47%); Ry= 0.22 (hexane/diethyl
ether = 50:1); IR (ATR, cm™!): 1530, 1419, 1247, 740; '"H NMR (400 MHz, CDCl3): §
7.34-7.18 (m, 5H), 4.03 (s, 3H); 3C{'H} NMR (100 MHz, CDCl5): § 173.0, 140.0, 134.5,
129.3, 129.1, 126.8, 104.8, 58.5; HRMS (DART") m/z: [M+H]" caled. for
C10Ho*'BrNOS>, 303.9289; found, 303.9284.
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4-Bromo-2-methoxy-5-(phenylthio)thiazole (82) (Table 2-5, entry 6)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 5-bromo-2-methoxythiazole (70)
(57.6 mg, 0.297 mmol, 1.0 equiv), ZnCl,- TMPDA (95.5 mg, 0.358 mmol, 1.2 equiv), and
anhydrous THF (3.0 mL). The solution was cooled to =78 °C. LDA (2.0 M, 0.23 mL, 0.45
mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at —78 °C for 30 min, the
reaction mixture was transferred to a mixture of N-phenylthiophthalimide (229.9 mg,
0.901 mmol, 3.0 equiv) and copper(Il) acetate monohydrate (2.7 mg, 15 umol, 5.0 mol%)
in anhydrous THF (0.5 mL). After stirring at 25 °C for 24 h, the reaction mixture was
treated with 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 water (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 = 100:1) to provide
the title compound as a yellow oil (24.6 mg, 81.4 pmol, 27%); Ry= 0.22 (hexane/diethyl
ether = 50:1); IR (ATR, cm™'): 1512, 1410, 1249, 1225; '"H NMR (400 MHz, CDCls): §
7.34-7.19 (m, 5H), 4.10 (s, 3H); *C{'H} NMR (100 MHz, CDCl5): § 176.3, 135.8, 130.2,
129.4,127.8,127.0, 115.2, 58.9; HRMS (DART") m/z: [M+H]" calcd. for C1oHo*' BINOS,
303.9289; found, 303.9276.
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(2-Bromo-1-methyl-1H-imidazol-5-yl)(4-methoxyphenyl)methanol (83) (Table 2-5, entry 7)
A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2-bromo-1-methyl-1H-imidazole
(65) (48.8 mg, 0.303 mmol, 1.0 equiv), ZnCl,-TMEDA (90.2 mg, 0.357 mmol, 1.2 equiv),
and anhydrous THF (3.0 mL). The solution was cooled to 0 °C. LDA (2.0 M, 0.23 mL,
0.45 mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at 0 °C for 30 min,
the reaction mixture was treated with "BuMgCl (2.0 M, 0.30 mL, 2.0 equiv). After stirring
at 0 °C for 10 min, the reaction mixture was treated with 4-methoxybenzaldehyde (110
pL, 0.905 mmol, 3.0 equiv). After stirring at 25 °C for 3 h, the reaction mixture was treated
with saturated aqueous ammonium chloride (1 mL). After being partitioned, the aqueous
layer was extracted with ethyl acetate (2 mL) three times. The combined organic extracts
were washed with water (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/ethyl acetate = 1:1) to provide the title compound
as a colorless solid (29.2 mg, 98.3 umol, 32%); Ry= 0.15 (hexane/ethyl acetate = 1:1);
Mp 134-135 °C; IR (ATR, cm™'): 3216, 2925, 1512, 1248; 'H NMR (400 MHz, CDCl;):
67.31(d,2H,J=8.8 Hz), 6.92 (d, 2H, J= 8.8 Hz), 6.64 (s, 1H), 5.79 (d, 1H, J=4.4 Hz),
3.83 (s, 3H), 3.54 (s, 3H), 2.34 (br s, 1H); PC{'H} NMR (100 MHz, CDCls): § 159.3,
137.0, 132.6, 128.4, 127.7, 121.6, 113.9, 67.3, 55.4, 33.0; HRMS (DART") m/z: [M+H]"
caled. for Ci2H14"’BrN202, 297.0239; found, 297.0232.
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84
(5-Bromo-1-methyl-1H-imidazol-2-yl)(4-methoxyphenyl)methanol (84) (Table 2-5, entry 8)
A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2-bromo-1-methyl-1H-imidazole
(65) (48.9 mg, 0.304 mmol, 1.0 equiv) and anhydrous THF (3.0 mL). The solution was
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cooled to =78 °C. LDA (2.0 M, 0.23 mL, 0.45 mmol, 1.5 equiv) was added to the Schlenk
tube. After stirring at —78 °C for 30 min, the reaction mixture was treated with 4-
methoxybenzaldehyde (110 pL, 0.905 mmol, 3.0 equiv). After stirring at =78 °C for 3 h,
the reaction mixture was treated with saturated aqueous ammonium chloride (1 mL).
After being partitioned, the aqueous layer was extracted with ethyl acetate (2 mL) three
times. The combined organic extracts were washed with water (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/ethyl acetate
= 1:1) to provide the title compound as a colorless solid (40.3 mg, 0.136 mmol, 45%); Ry
=0.13 (hexane/ethyl acetate = 1:1); Mp 147-149 °C; IR (ATR, cm'): 3242, 1511, 1247,
787; 'TH NMR (400 MHz, CDCls): § 7.23 (d, 2H, J = 8.6 Hz), 7.00 (s, 1H), 6.89 (d, 2H, J
= 8.6 Hz), 5.78 (s, 1H), 3.80 (s, 4H), 3.33 (s, 3H); *C{'H} NMR (100 MHz, CDCl;): &
159.4, 150.1, 132.3, 127.8, 126.9, 114.1, 105.2, 69.5, 55.4, 31.8; HRMS (DART") m/z:
[M+H]" caled. for C12H14°BiN202, 297.0239; found, 297.0226.

2-8-11 The pKa Values of the Thiazoles, Oxazole, and Imidazole (Figure 2-9)

The pKa values of azoles were calculated as the procedure described in Chapter 2, 2-8-6.

R-H R™ (anion) AG [kJ/mol] pKa (in DMSO)
H
S &
B ~ph BF/Q . 1398.7 36.8
67
Br Br.
N N
Hl; . @E»\Ph 1349.3 28.6
H
N Si N
BrIS Nome . IS L. 1398.9 36.8
70
Br. Br.
N Z’N
HIS»\OMe ol Some 1357.1 29.8
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5-Bromo-4-(4-fluorophenyl)-2-phenyloxazole (90)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2-phenyl-5-bromooxazole (73)
(447.0 mg, 2.00 mmol, 1.0 equiv), ZnCl,-TMEDA (606.8 mg, 2.40 mmol, 1.20 equiv),
and anhydrous THF (20.0 mL). The solution was cooled to 0 °C. LDA (2.0 M, 1.5 mL,
3.0 mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at 0 °C for 1 h, the
reaction mixture was treated with Pd(PPh3)4 (116.2 mg, 0.101 mmol, 5.0 mol%) and 1-
fluoro-4-iodobenzene (700 pL, 6.00 mmol, 3.0 equiv). After stirring at 70 °C for 24 h, the
reaction mixture was treated with saturated aqueous ammonium chloride (14 mL). After
being partitioned, the aqueous layer was extracted with diethyl ether (20 mL) three times.

The combined organic extracts were washed with water (60 mL), dried over sodium
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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
=100:1) to provide the title compound as a colorless solid (427.4 mg, 1.34 mmol, 67%);
Ry = 0.24 (hexane/diethyl ether = 100:1); Mp 107-109 °C; IR (ATR, cm™'): 1501, 1232,
973, 840, 705; '"H NMR (400 MHz, CDCls): § 8.09-8.06 (m, 2H), 8.03 (dd, 2H, J = 9.0
Hz, 5.4 Hz), 7.51-7.47 (m, 3H), 7.16 (dd, 2H, J = 9.0 Hz, 9.0 Hz); 3C{'H} NMR (100
MHz, CDCls): § 162.8 (d, 'Je—r = 247.3 Hz), 162.3, 137.6, 131.0, 129.0, 128.6 (d, *Jc-r
= 7.6 Hz), 126.7, 126.4, 116.4, 115.7 (d, >Jc—r = 21.1 Hz) (one aromatic carbon signal is
missing due to overlapping); *C{'H} NMR (100 MHz, DMSO-ds): § 162.1 (d, 'Jcr =
244.3 Hz), 161.6, 136.7, 131.4,129.3, 128.3 (d, *Jcr = 7.7 Hz), 126.1 (d, *Jc-r = 2.9 Hz),
126.0, 125.8, 117.6, 115.9 (d, 2Jc—r = 21.1 Hz); HRMS (DART") m/z: [M+H]" calcd. for
C15H10”BrFNO, 317.9930; found, 317.9936.
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4-(4-Fluorophenyl)-5-[4-(methylsulfonyl)phenyl]-2-phenyloxazole (85)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 5-bromo-4-(4-fluorophenyl)-2-
phenyloxazole (74) (474.4 mg, 1.49 mmol, 1.0 equiv), Pd(PPh3)4 (87.8 mg, 76.0 umol,
5.1 mol%), 4-(methylsulfonyl)phenylboronic acid (606.6 mg, 3.03 mmol, 2.0 equiv),
cesium carbonate (687.3 mg, 2.11 mmol, 1.4 equiv), DMF (12.5 mL), and distilled water
(3.0 mL). After stirring at 110 °C for 3 h, the reaction mixture was diluted with CH>Cl,
(20 mL). After being partitioned, the aqueous layer was extracted with CH>Cl, (20 mL)
three times. The combined organic extracts were washed with water (200 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
(CH2Cly/hexane = 5:1). The obtained product was washed with hexane (20 mL) to provide
the title compound as a yellow pale solid (502.0 mg, 1.28 mmol, 86%), whose '"H NMR
and 3C NMR spectra were identical to those reported in the literature.”> Ry = 0.19
(CH2Clo/hexane = 5:1); Mp 203-204 °C; IR (ATR, cm!): 1510, 1315, 1151, 777; 'H
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NMR (400 MHz, CDCl3): 6 8.19-8.14 (m, 2H), 7.95 (d, 2H, J = 8.4 Hz), 7.85 (d, 2H, J
=8.4 Hz), 7.68 (dd, 2H, J= 8.6 Hz, 5.4 Hz), 7.54-7.49 (m, 3H), 7.16 (dd, 2H, J= 8.8 Hz,
8.4 Hz), 3.10 (s, 3H); *C{'H} NMR (100 MHz, CDCls): § 163.2 (d, 'Jcr = 248.2 Hz),
161.3, 143.5, 139.8, 138.8, 134.0, 131.2, 130.4 (d, *Jcr = 7.7 Hz), 129.1, 128.1, 126.8,
126.6, 116.2 (d, 2Jc-r = 22.1 Hz), 44.6 (twoaromatic carbon signal is missing due to
overlapping); *C{'H} NMR (100 MHz, DMSO-ds): § 162.4 (d, 'Jc—r = 245.3 Hz), 160.3,
143.6, 140.5, 137.6, 132.7, 131.3, 130.3 (d, *Jc-r = 8.9 Hz), 129.3, 127.9 (d, *Jcr = 2.8
Hz), 127.8, 126.7, 126.4, 126.2, 116.0 (d, 2Jc—r = 21.1 Hz), 43.4; HRMS (DART") m/z:
[M+H]" calcd. for C22Hi17FNO3S, 394.0913; found, 394.0909.
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4-Bromo-5-(4-fluorophenyl)-2-phenyloxazole (92)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2-phenyl-5-bromooxazole (73)
(447.8 mg, 2.00 mmol, 1.0 equiv), ZnCl,-TMPDA (641.5 mg, 2.41 mmol, 1.20 equiv),
and anhydrous THF (20.0 mL). The solution was cooled to =78 °C. LDA (2.0 M, 1.5 mL,
3.0 mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at —78 °C for 30 min,
the reaction mixture was treated with Pd(PPh3)4 (114.0 mg, 98.7 umol, 4.9 mol%) and 1-
fluoro-4-iodobenzene (400 pL, 3.42 mmol, 1.7 equiv). After stirring at 70 °C for 24 h, the
reaction mixture was treated with saturated aqueous ammonium chloride (14 mL). After
being partitioned, the aqueous layer was extracted with diethyl ether (20 mL) three times.
The combined organic extracts were washed with water (60 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
=100:1) to provide the title compound as a colorless solid (71.0 mg, 0.193 mmol, 62%);
R;= 0.24 (hexane/diethyl ether = 100:1); Mp 106-107 °C; IR (ATR, cm™'): 1499, 1238,
976, 835, 710; 'H NMR (400 MHz, CDCls): § 8.11-8.05 (m, 2H), 7.99 (dd, 2H, J = 8.6
Hz, 5.0 Hz), 7.51-7.46 (m, 3H), 7.18 (dd, 2H, J = 8.8 Hz, 8.8 Hz); *C{'H} NMR (100
MHz, CDCl): 6 162.8 (d, 'Jc-r = 248.2 Hz), 160.1, 145.5, 131.1, 129.0, 127.5 (d, *Jcr
= 8.6 Hz), 126.4, 126.3, 123.4 (d, *Jcr = 2.9 Hz), 116.1 (d, 2Jcr = 22.1 Hz), 112.5;
HRMS (DART") m/z: [M+H]" calcd. for C15sH1o”’BrFNO, 317.9930; found, 319.9922.
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5-(4-Fluorophenyl)-4-[4-(methylsulfonyl)phenyl]-2-phenyloxazole (91)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 5-bromo-4-(4-fluorophenyl)-2-
phenyloxazole (90) (477.8 mg, 1.50 mmol, 1.0 equiv), Pd(PPh3)s (86.4 mg, 7.48 pmol,
5.0 mol%), 4-(methylsulfonyl)phenylboronic acid (600.4 mg, 3.00 mmol, 2.0 equiv),
cesium carbonate (693.0 mg, 2.13 mmol, 1.4 equiv), DMF (12.5mL), and distilled water
(3.0 mL). After stirring at 110 °C for 5 h, the reaction mixture was diluted with CH>Cl»
(20 mL). After being partitioned, the aqueous layer was extracted with CH2Cl, (40 mL)
three times. The combined organic extracts were washed with water (200 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 (CH2Cl>) to
provide the title compound as a yellow pale solid (485.5 mg, 1.23 mmol, 82%); Ry=0.21
(CH2Cly/hexane = 5:1); Mp 168-170 °C; IR (ATR, cm™'): 1510, 1314, 1150, 777; 'H
NMR (400 MHz, CDCI3): 6 8.16-8.11 (m, 2H), 7.97 (d, 2H, J= 8.8 Hz), 7.94 (d, 2H, J =
8.8 Hz), 7.65 (dd, 2H, J=9.0 Hz, 5.4 Hz), 7.53-7.49 (m, 3H), 7.15 (dd, 2H, J = 8.8 Hz,
8.4 Hz), 3.09 (s, 3H); *C{'H} NMR (100 MHz, CDCIs): § 163.3 (d, 'Jc—r = 249.1 Hz),
160.8, 146.4, 139.9, 138.1, 134.7, 130.9, 129.2 (d, *Jcr = 8.6 Hz), 129.0, 128.6, 127.9,
126.9, 126.6, 124.6 (d, *Jc—r = 2.9 Hz), 116.4 (d, 2Jc—r = 22.1 Hz), 44.6; HRMS (DART")
m/z: [M+H]" caled. for C22H17FNOsS, 394.0913; found, 394.0896.
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5-Bromo-4-(4-chlorophenyl)-2-phenylthiazole (97)
A flame-dried 20-mL round-bottomed flask equipped with a Teflon-coated magnetic
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stirring bar and a rubber septum under nitrogen was charged with 5-bromo-2-
phenylthiazole (67) (72.4 mg, 0.30 mmol, 1.0 equiv), ZnCl,-TMEDA (90.3 mg, 0.358
mmol, 1.2 equiv), and anhydrous THF (3.0 mL). The solution was cooled to 0 °C. LDA
(2.0 M, 0.23 mL, 4.6 mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at 0
°C for 30 min, to the reaction mixture was added a THF solution (1.0 mL) of Pd>(dba)3
(7.3 mg, 8.0 umol, 2.6 mol%) and tris[4-(trifluoromethyl)phenyl]phosphine (14.4 mg,
30.9 umol, 10 mol%). After addition of 1-iodo-4-chlorobenzene (215.8 mg, 0.905 mmol,
3.0 equiv), the reaction mixture was stirred at 80 °C for 3 h. The reaction mixture was
treated with saturated aqueous ammonium chloride (2 mL). After being partitioned, the
aqueous layer was extracted with diethyl ether (3 mL) three times. The combined organic
extracts were washed with water (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 = 100:1) to provide
the title compound as a colorless solid (89.0 mg, 0.254 mmol, 84%); Ry = 0.14
(hexane/diethyl ether = 100:1); Mp 128-130 °C; IR (ATR, cm™!): 1477, 1092, 827, 760;
"H NMR (400 MHz, CDCls): § 7.99 (d, 2H, J = 8.4 Hz), 7.94-7.90 (m, 2H), 7.48-7.42
(m, 5H); *C{'H} NMR (100 MHz, CDCl5): § 167.5, 152.1, 134.6, 133.0, 132.1, 130.7,
130.1, 129.2, 128.7, 126.4, 103.8; HRMS (DART") m/z: [M+H]" caled. for
CisH10*' Br°CINS, 351.9385; found, 351.9384.
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Fentiazac tert-butyl ester (95)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 5-bromo-4-(4-chlorophenyl)-2-
phenylthiazole (97) (35.0 mg, 0.100 mmol, 1.0 equiv), Pdx>(dba)s (2.4 mg, 2.6 umol, 2.6
mol%), JohnPhos (5.3 mg, 17.8 umol, 18 mol%). The separately prepared fert-butyl 2-
bromozincacetate®> (0.075 M, 2.0 mL, 0.15 mmol, 1.5 equiv) was added to the solution
via a syringe. After stirring at 65 °C for 24 h, the reaction mixture was treated with

saturated aqueous ammonium chloride (3 mL). After being partitioned, the aqueous layer
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was extracted with diethyl ether (2 mL) three times. The combined organic extracts were
washed with water (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 = 30:1) to provide the title compound
as a pale yellow solid (19.5 mg, 50.5 pmol, 51%); Mp 93-95 °C; IR (ATR, cm™'): 1732,
1484, 1149, 763; 'H NMR (400 MHz, CDCl3): § 8.00-7.95 (m, 2H), 7.66 (d, 2H, J = 8.4
Hz), 7.47-7.41 (m, 5SH), 3.82 (s, 2H), 1.49 (s, 9H); *C{'H} NMR (100 MHz, CDCl5): &
169.3, 166.3, 152.7, 134.2, 133.6, 133.3, 130.3, 130.2, 129.0, 128.8, 126.6, 125.6, 82.4,
34.6, 28.1; HRMS (DART") m/z: [M+H]" calcd. for C21H21°>>CINO2S, 386.0982; found,
386.0969.
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4-Bromo-5-(4-chlorophenyl)-2-phenylthiazole (98)

A flame-dried 20-mL round-bottomed flask equipped with a Teflon-coated magnetic
stirring bar and a rubber septum under nitrogen was charged with 5-bromo-2-
phenylthiazole (67) (71.3 mg, 2.97 mmol, 1.0 equiv), ZnCl, TMPDA (96.2 mg, 0.361
mmol, 1.2 equiv), and anhydrous THF (3.0 mL). The solution was cooled to 0 °C. LDA
(2.0 M, 0.23 mL, 4.6 mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at 0
°C for 30 min, to the reaction mixture was added a THF solution (1.0 mL) of Pdz>(dba);
(7.2 mg, 7.9 umol, 2.6 mol%) and tris[4-(trifluoromethyl)phenyl]phosphine (14.3 mg,
30.7 umol, 10 mol%). After addition of 1-iodo-4-chlorobenzene (216.7 mg, 0.909 mmol,
3.1 equiv), the reaction mixture was stirred at 80 °C for 24 h. The reaction mixture was
treated with saturated aqueous ammonium chloride (3 mL). After being partitioned, the
aqueous layer was extracted with diethyl ether (3 mL) three times. The combined organic
extracts were washed with water (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 = 100:1) to provide
the title compound as a pale yellow solid (85.6 mg, 0.244 mmol, 82%); Ry = 0.19
(hexane/diethyl ether = 20:1); Mp 119-120 °C; IR (ATR, cm™): 1473, 1093, 823, 762;
"H NMR (400 MHz, CDCls): § 7.96-7.92 (m, 2H), 7.64 (d, 2H, J = 8.8 Hz), 7.48-7.42
(m, 5H); *C{'H} NMR (100 MHz, CDCl3): § 166.9, 135.0, 132.5, 131.9, 130.9, 130.4,
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129.15, 129.10, 128.7, 126.3, 123.4; HRMS (DART') m/z: [M+H]" calcd. for
CisH10®'Br°CINS, 351.9385; found, 351.9389.
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Fentiazac tert-butyl ester
isomer 96

Fentiazac tert-butyl ester isomer (96)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 4-bromo-5-(4-chlorophenyl)-2-
phenylthiazole (92) (35.2 mg, 0.100 mmol, 1.0 equiv), Pdz(dba)z (5.0 mg, 5.5 pumol, 5.5
mol%), XPhos (9.5 mg, 19.9 umol, 20 mol%). The separately prepared tert-butyl 2-
bromozincacetate®* (0.035 M, 4.3 mL, 0.15 mmol, 1.5 equiv) was added to the solution
via a syringe. The solution was heated to 65 °C. After stirring at 65 °C for 4 h, the reaction
mixture was treated with saturated aqueous ammonium chloride (2 mL). After being
partitioned, the aqueous layer was extracted with diethyl ether (3 mL) three times. The
combined organic extracts were washed with water (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 = 30:1) to
provide the title compound as a pale yellow solid (26.6 mg, 0.0689 mmol, 69%); Mp 93—
94 °C; IR (ATR, cm): 1732, 1486, 1146, 762; 'H NMR (400 MHz, CDCl3): § 7.95-7.92
(m, 2H), 7.48-7.39 (m, 7H), 3.76 (s, 2H), 1.46 (s, 9H); *C {'H} NMR (100 MHz, CDCl5):
0169.9, 165.9, 146.2, 134.5,133.7, 133.5, 130.6, 130.2, 130.1, 129.1, 129.0, 126.5, 81.5,
37.2,28.2; HRMS (DART") m/z: [M+H]" calcd. for C21H21CINO,S, 386.0982; found,
386.0984.
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3-1 &S

BT, RUISRPTREBIZARY F U L2 AR RUSH~4 8 2
T 5 insitu T UAAZALEREEICHBIL, EEmMT Y VNV Y F U LD B
éfb/éf:/;K%fﬁéﬁ%ES%tfio%ﬁ"fa'f - e 17| b NV QIR c 7 VAN = B AN %

I H L, 88 LR, B lmkomEmaRY 77 MIRELET,
%iﬁwN/%4/@%ﬁW%LT%okoﬁ%)%?A%ﬁmbtAmﬁy
B UANNEETH o T, RETIE, AHY F U L2 GEEESA~ insitu
FTURARABZNMMETHZ LT, RoB oo aF o B oA Uiz, L
[FERIZ in situ b T 2 A X X AKIZ X » THBEHSARSH & R 4E S 71, %%
B2 o T T o X U ZAO@EFREZ AR S, fit A EERM R RFE -~
I LI, REFHNOBENZ L > TEENRIE xa F o2 R % mb
ko%fAD€V§VXWioT TaERCE T TR, BNV T B
BRI ATRE 7 —RIED w7 o & A D RS SAF et LTz,

322 BRANm S TR

B, BOETHRELIE, /R, TueF AT P07 o) Y
O pooa o X RAFEESME SN TE T, —F, TarEXRVEURED
D ~T B HFHFERO /N B AO ] 1002508 3R] 5 3Tz, 4l 21X, Bunnett
1%, MV 7eExXvBro a2 AE@E L T05 (Scheme 3-1a)'6,
U7 e ¥ 2 13 124 LT, PANHK 2iEKT o227, YoFLo—T
WEBERCER &4, 1,35-F ) 7o X_U B A4)E IR 52% TH TV 5,

Scheme 3-1. Halogen Dance of Bromobenzenes Under Classical Conditions

(a) Halogen transfer with PANHK (Bunnett)
Br Br
Br  PhNHK (0.5 equiv) liq. NH3 H
> —
Br H lig. NH3/Et,O (1:1) Br 52% Br Br

-29°C,2h
13 14

(b) Halogen transfer with Li'BuSA (Mongin, Schlosser)
Bu., _SiMe,Bu
N

Br Il_i Br Br Br
Br Br Li'BuSA (1 equiv) Br Br Br Li co, Br CO,H
L —_— R
H THF, =75 °C Li Br| 50% Br
2h
104 106 107 105
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AL, BTV DA 102 BEESTY 75103 ~a o X oA L, WIKT
VE=TICLoTTr b EN S ETH#ITLIEEE A OND, L,
Bunnett D FETIE, 7'v b DA OREFHNIRFT S TOZRWANRETH
72, ¥£72, Mongin & Schlosser |, a7 X AZHEMRELXE LT, VF
U I tert-T7 F oV (tert-7 TNV AF T Y )T IR (LiBuSA)ERE LT\ 5
(Scheme 3-1b)%, h VU 7~ ¥ 104 |2 Li'BuSA Z1EH &, “WbikE%
EF &5 2 & C, REFRFHER 105 2K 50% TH TN\ D, ARUGIE, 5
HELTZABY F7 L5106 D2 2Tk T, AHY F 74 107 DNERK
LETLIEEZEZHZ D, LL, NI TaEXRVCEY 104 O U R
LISMT, Li'BuSA 23 H S fllTdE S TR 6T, —miEREmn_r B0
INB T B ZADROGGRIFIIRFFE Th o7z,

Dbk Xz, narFo X o 20EEE L THHTEZ 77 L— R
HILTWAIIES E =, L0 —BEREW e T o Z o 2D RGO B
FhOE L, RUPBroraF oA ZAO—FENMENEE L LT, Na s
o RZBT HRISHREDOERY T U LIRNT T4 VR LIRS 52 &N
EZ2 55, Chen HlE, 12-V7 1 ¥ (108)IC "BuLi Z1/EH &, %4
SHELTrET Y =AU FTL109 BIEFITALET, 727261 LiBr Oz
o TRUPFAL L MO)BTERL SN D LA LT % (Scheme 3-2)%, 84 L7z~
YA M0) T, REFENELS, 7T V=L UF T A 109 LSL, B
TIU—=NYFULIM &5 272%, BUERHEOBRLEIZ LT, 2-7 87 =
=M2)E TNV T = =)v 113 ZZNENIE 30% L 43% THTWD, TOMMd
TuRETIV—=NIFULDOT I K, Flcvun—<A 0l T7 74—

Scheme 3-2. Aryne Formation of the Short-Lived Bromoaryllithium

Br ngyLi (1 equiv) ©: ©|
Br BET

108 —-40°C 109 110

O | |
D QO e O

Br Li

113 112 111
43% 30%
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B~ 7 x> L, AEESEOCHZFIH LT 74 VI OBHIHIEIZ SN
TIE, FEH ORI N ZHEL TV,

NG ZADRIEHEEE LT, BELET e VA ) FULRT T
A aWNTHEFHP O FHORFE-V T LALZHEREY KT Z ENMLITH
5B EEL, BEMTaET VA FTLAORERNT T A USRI
Jis dedelSh ZAmE T X LR, NP oNa U XU ANERTE D EEZT, &
T, BMR=EORBIE, EEa7eEeT7 V—/L U F UL 114-Li % in situ F T A
A LAY S8 S CEIRICHIIE L, 7 74 VTEROIHENZKED L T\ D
(Scheme 3-3)¥, 3 E TRAYE L= FiE L FRRIC, ~mXEBr 114 L ildh
TMEDA DOIEGWIZX LT, LITMP 2/EHEE 5 &, BELEEMAHKY F
U A 4-Li 13X A 2 NS 2T, 7272 BICA R SH] 114-Zn ~ &
B, RETHNCLDHRICE > TP 116 2505,

Scheme 3-3. Trapping of Haloaryllithium by In Situ Transmetalationin a Batch Reactor

in situ zincation

X —N  N—  LiTmP v AN X E* X
R | LA ST —»R—\l —>R—\| —»R—\l
NH o’ o THF Li zZncCl E
X=FCLBLI o tmepa 0O 114-Li " 114-zn 116
114 : ]
! =
--------- NS
aryne AN
formation L
15

ABFFE I, insitu N T U AR ZALEFIR L, 754 VTR EIH Li-~_y
Brona o X AEZZ LT (Scheme 3-4), £7, 7rEXEY 117
HRAESETZAY F U 117-Li O in situ b7 2 A X Z AR &> THETS
BOGH] N7-Zn 254 S 2tk, REICL > T a P rF o AOgpEgR S L
EZONTVWDREFMAE U8 2157-, 51T, EtMeCl & V727 &R IRE 72 R
R~ TR T LM, REFANZ L DR ZRT, Bk e®7 L
— NI ~EH LTz, 7aET L—r U8 DA UL BAHICB T, HE
REEVEE I EE SO L DA~ 7 2 U A 117-Mg IZH5H L, IRAVKE
FHRIOBENCKT Lz, “TRERZELT, 7ax7 Lb—2r N1 05, 7aTio
BN EN L L7 e T Lb—r 119 BB ER a7 F o A E T
ARTED LI otz
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Scheme 3-4. This Work: Stepwise Halogen Dance Through In Situ Zincation
Without Aryne Formation

in situ zincation

A8 0 N~ LTwP BT AN B
R—Ar| * /0N ———| R{Ar| R Ar |
N n 2 . A
H % THF Li ZnCl

Cl
—40 °C

17 117-Li 117-Zn

regioselective ¢ Br,
magnesiation

= E E+ = ~‘ = Br
R Ar | ~<——| R Ar| -« R— Ar|
X Br X Br J X Br

119 (19 examples) 117-Mg 118

FT, UMREOHEN TS L2 Liigh TMEDA & LITMP OfiA & bE %
HAW=o7aExrE82 108 O insitu 87 2 A XX AL STIZONT, KSRt
ZERH L7 (Table3-1), Y7 mE~_0 P 108 7> 534 SH 72 108-Zn D R34
bk, sthREEZ 52 50, HEREEROBRIZH D 120 & 121 IZxIET 5
FFH O AR 108a-Zn & 1082°-Zn % X3 5728, RFELLOMRDVIZT TR
{bZ2Em L7, Y7 aEX B 108 & bdish TMEDA @ THF &iKiZ 1.8 4
BOLITMP Nz 7=, KISREZ-40 °C & L, LITMP % 1 FE/ER S H 7214,
I UETUHE LR, 3 vRIK 120 200K 92% THE72 (entry 1), SR
AR Lo 24, =78°C L 0°C I, HEOY 7T mE~N T 108 DI ED
¥4 L 7= (entries 2 and 3), ¥EAbHi$H TMEDA ZFIH L722 WS CIE, BHERIR
BWDIAERC LT (entry 4), — 5T, B bHiSh A2 W 2356, ZFEHO 3 7R K
120 & 121 2157 (entry 5)*, ZHHOFERN G, H(L#iEH TMEDA 73 —B:HEH
D7 v F U SICHEI THD Ebhotz, VF U LT I R L L TLDA %
ERESESD L, FEO 12-071E0 P (108)% 39%[A0T L 72 (entry 6), %
7=, ¥ & LU C, (TMP)ZnCI-LiCI¥, (TMP)2Zn-2MgCl,-2LiCI*7, (TMP)MgCI-LiCI%¢
ZRAWD &, BRIZFEE R L7 (entries 7-9), LA EDFER NS, HALTESH
TMEDA & LiTMP OfAEED, xthsd 2 A HEn < GA] 108a-Zn % R84 S
TELTEDITARIRTHD Loz,
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Table 3—1. Optimization for In Situ Zincation of 1,2-Dibromobenzene?

Br Br Br
Br \N/—\N/ LiTMP Br ZnClI
Y THF > *
H c’ e _40°C. 1h ZnCl Br
108 ZnCl,- TMEDA 108a-Zn 108a'-Zn
L
Br Br
o X
| Br
120 121
entry deviations 108 (%)” 120 (%)” 121 (%)°
1 none 4 92 (88°) —
2 -78°C 19 77 A
3 0°C 13 79 —
4 without ZnCl,> TMEDA - — -
5 ZnCl; instead of 13 25 12
ZnCl,> TMEDA
6  LDA instead of LITMP 39 31 -
7 (TMP)ZnCl-LiCl instead 87 A A
of LiTMP and
ZnClr> TMEDA
8  (TMP)>Zn-2MgCl,-2LiCl 92 - -
instead of LiTMP and
ZnCl>> TMEDA
9  (TMP)MgCI-LiCl instead 98 A A
of LITMP

“Reaction conditions: 1,2-dibromobenzene (108; 1.0 equiv, 0.30 mmol), ZnCl, TMEDA (1.0
equiv), THF (3.0 mL), then LiTMP (1.8 equiv), —40 °C, 1 h, then iodine (2 equiv), =40 °C, 1 h.
bYield determined by '"H NMR with 1,1,2,2-tetrachloroethane as the internal standard. “Isolated
yield. “Not detected.
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Scheme 3-5. Effects of the Zinc Chloride Diamine to Prevent the Aryne Formation

Br Br in situ zincation Br
Br —N N— LiITMP Br | ZnCl,-TMEDA Br
0N >
/Zn\ THF
H Cl Cl _40°C Li ZnCl

108 ZnCl,-TMEDA 108a-Li 108a-Zn
| aryne ¢ |
Y formation 2
Br Br
O .y
|
122 120

HALHEY TMEDA & LiTMP & W 2356, FVBICH Y v b o BOSHHELT L7z
FERNG, RUSHEREZH#EE L= (Scheme3-5), £, Y7 nE~X¥ 10813,
LiTMP (2 X 2070 b B ) FARIC L T, AU F 7 L 108a-Li ~ZE#i &
b, BAELT-ARKY F 7 A 108a-Li 1L, H(LHi$H TMEDA |2 X - Tinsitu b7
YAAZ ARSI, kT D AR SOSA] 108a-Zn (ZEND, AR FU
2 108a-Li L (LA OGS, HALHEH TMEDA & OJE LV &R EERAE
B (Table 3—1, entry 5)I%, & _FEDFEERFER (Table 2-1, entry 1) & —E L T\ 5,
AL ESh TMEDA % H\\ 72/ 72354 (Table 3—1, entry 4), fHFEMRAHKY F ¥
2 108a-Li 1%, 7742 122 DFRIC L > THfELT= P LB 2 T 5, AR
ERPGAI108a-Zn 1, I UFERENTDHE, T—FRUEBU120 252D,

BHREHE LI BUSSMEIC L » TORAE S - AN UGA] 108a-Zn 1T, T ¥
FALE T TR, BFELLARETH - 72 (Scheme 3-6), I VEDRD Y IZR
FEEHSEL A, OTrERU P 108 DEFEBEITL, INE 92%T
1,23- R U 70X B 10403 STz,

Scheme 3-6. Bromination of 1,2-Dibromobenzene by Using In Situ Transmetalation

Br Br
Br —N  N— LiTMP Br, Br
N > >
H c’ c THF rt,1h Br
— ° [
108 ZnCl, TMEDA 40°C. 1h 92% 104
then
—40°Ctort
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33 TrETL—rOEE Rk

RUBVORNB T U F AR ERT DO, R T rERXCE 104 D
LO=ZDDORIF[FTF DI L, IbNIEWLED 2 (O RFF T 28R R
T~ IR T ARSI D Grignard OSA A fRE L7Z (Table3-2), MU 7€
R 104 1% LT, Grignard SOGAIZE 1.5 Y EEH S, XUXT7 V7 e R
#-20°C T3 KIS S ¥z, £F, RIFE-~ 7 R0 DLW —RAICHIT S
D ENZW, PrMgClL-LICP? 2 W= & Z A, BHEOAIMA 119a % [ 54%
TR0y, BERVEMER 11927 H IR 8% THEM LTZ (entry 1), Z DRI,
INEFENA Y T a EVIEONRREIZ L - T, SRS T W TNLE O BT
IZBITDRF~ TR T LTBRPEIT LT o lefcd EBF 2 bhvd, BiER
192’ DINRZE T ESHD720, A V7l HREBRFN—2Dp 0T
FNFE%E H D EtMgCl Z W2 & 2 A, BRYOAIMA 1192 Z IR 71% TRy
(AR 72 (entry2), —77 T, EHITIKHRILF D L7z MeMgBr & iz & 2 4,
JFBHa B EIIZEU L7 (entry 3), 7235, MesSiCHMgCl-LiCl & W 723554 4 [F]
FRIZFEENZ BN L72 (entry4), F7=, 4 V70 EVED L ) ki ohiuigiEs b
T2 WES O "BuMgCl ZEfl sS85 &, XXk Ka—/L 119a OYLEIL 62%
7257z (entry 5), 7238, A4 V7o il bIRFELEN—DO%\ BuMeCl % H
W AT, BN EEAICEIY L7 (entry 6), LA EDFERNS, WEICHSE
VN EtMgCl @B 72 BB~ TR U AR T D & brolze, ¥ 71
ERE 108 D in situ b7 A RX X UfbEHWEREN, BLOERK L B
U7 mEXE 2 104 O EtMeClIZ K DB BT~ 7 320 AAZ % Eli
L, ZEEOER a7 R R LT,
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Table 3—-2. Screening of Grignard Reagents for Selective Bromine—Magnesium Exchange?

Br PhCHO HO PP Br OH Br
Br 2.0 i
@[ _ (2.0 equiv) ‘ Br dph H
> - + +
Br TOHF -20°C,3h Br Br Br
104 —20°C,1h 119a’ 119a 123
entry Grignard reagent 108 (%)° 1192’ (%)° 1192 (%)° 123 (%)”  ratio®
1 PrMgCI-LiCl 17 8 54 8 7
2 EtMgCl 9 4 71 15 18
3 MeMgBr 92 - — - _d
4 Me;SiCH,MgCI-LiCl quant — — d d
5 "BuMgCl d 4 62 28 16
6 ‘BuMgCl 76 — —d -d _d

“Reaction conditions: 1,2,3-tribromobenzene (104; 1.0 equiv, 0.15 mmol), THF (1.5 mL), then
Grignard reagent (1.5 equiv, 0.23 mmol), —20 °C, 1 h, then PhCHO (2.0 equiv, 0.30 mmol), —20 °C,
3 h. ®The yield was determined by '"H NMR with 1,1,2,2-tetrachloroethane as the internal standard.
“Ratio for the yield of 119a and 119a’. “Not detected.

BRIz Lo oe 7o 5 A D HE — e 23~ 7- (Table 3-3), £, Table
—1, Table3-2 T/RL7ZXE DT, —BEFEHD 12-07 0EX B (108)DRFE
@iﬂl% 92% CHETT L, _EtfEH @&%ﬂi'é’ﬂj%%—v TR LB LR AT
VT B RICE DS 69% CTHEIT L7 (entry 1), R U m X Er 104 X°
17c-d ZHRBILEMET D &, RFBEDUE 85-95% THET L, #i < &N
RRFB~ TR LM, RUXT AT REDOKISIZEY, T 50X
bt R —/L 119b-d %K 52%-85% THH7= (entries 2-4), if:, RSN St
Hnwae, vorer=Y— 17k, M) T7rET7="—/L 118 Z#%MH L,
R Xk Fa—/L 119e ~UHE 62% TE)OILTE (entry 5), S HIZ, 7T aEXE
¥ 17f-h ORFERIE, I 64%-86% THAITL, N> Xk Rr—/L 119f-h 53U
F 71%-86% T3 HAL7- (entries 6-8), At TlE, RFEIRFORXM L 1,3-#55
SOGINER STz, 7aE_BUACNA T, 7aes~7u7T L—rDREFRT
OB EMERIRE Ch o7z, KESMFEZHNT, 2«(MV ZrFdr A F e Y ¥
YN AT eEEY UV U8 AR 1191 ~FNEFUE 71% & 62%T“2§
HaTE 7 (entry9), A FFI U117 &7’ Y0 117k D RFEL
MMHCHETT L7223, EtMgCl Z W e~ 7 2 Az W, C3{irL C4 mx
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JG LT U OIREMEST- (C3/C4=2.9:1for 117j, 2.1:1 for 117k), A % /AL,
DEUGH & Bt L7ofES, PhLi # WD &, 3-E U P A X /7 —)L 119 ZIE
29% CHEIRMIIZ G- 272 (entry 10), £72, Y7 mr Y > 117k (2% LT, "BuLi
FEREES L, 3-BU P A% 7 —)L 119k DMK 28% CTERWIIZHE ST
(entry 11), 2D DFERMNE, FEELIAKRY) F U LB 0 S Z o 22k - T,
B KO RER - BV N FULRONFMAT HEEZ -, V7 aEF
UV NN O UBEKGE, M) 7aeEx /U 18l & 3-F /) A X
J =V 191 & EENNE 91% & 64% TH- X7 (entry 12), U I 117Tm”!
EFTY =AM i, Y7 uET7 L—2 118m & 118n, 1A 119m & 119n (2
TIVENLE 41% & 81%, T6% & 53% T I L7 (entries 13 and 14), F7
—/V WTn O~ 7 UBEISIE, —RIZT T — D C2 L TO a7 A
VATRELEINTWA YL E NG Z L2, FRICHEIT LT, 72,
RBr7e, ¥/ V217, BYITV 11Tm, 7V —/L UTn NHRES
HleT UV —n~T R0 AE, 7Ty, WERE?, BEDy 7Y TG Y,
T U AR RHEIT L, ZNENAMO T 07 L— 1 11901 & UL 49%75%
T1572 (entries 15-18), LA ED L 912, BRI F o X AN, Hixle7 vt
TLU—rDERE L TORBERFIETHDL Lol
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Table 3-3. Range of Bromoarenes Applicable to the Stepwise Halogen Transfer?

oo vl
R—- Ar |
X

product

B N—  LTMP B
R—Ar| 00N 4>—>R—Ar|
Ny N THF rt,1h X"pr
CI Cl —40°C,1h
substrate bromoarene
entry substrate bromoarene
Br Br
1 [:i:I:Br Br
H Br
108 104 92%
Br Br
2 Br\©:8r Br\©:8r
H Br
104 118b 88%
Cl Cl
3 Br< i :Br Br< t :Br
H Br
117¢ 118¢c 85%

Br

n
@
T

17d

OMe

5 Br Br

&

117e

Cl
Br

d

Cl
117f

Br Br

Qﬂ

Br

118d 95%

Br

o

<

(0]
T @

118e

Br Br

ag

Cl
118f 86%

THF —20°C,3h
-20°C,1h
product
Br OH
Ph
Br
119a

B

B

B

Br

Br.

Br OH

r
Ph

=

119b 58%

Cl  OH

r
Ph

=

119¢c 52%°

r

oY) :
=
T
>

119d

OMe OH

oe] >>:
=
)
>

119e 62%°"

Cl OH

Ph

o

Cl
119f 79%

69% (84%9)

E

Br



10

11

12

13

14

117i

OMe
117j

Cl Cl

17k

Br

117n

F
Br\©:8r
F

118g 64%

118h 67%9

Br
- | Br
NS

N CF53
18i 71%

Br

OMe
118j 94%

118k 82%

Br

Zg\ /; a

Br
1181 91%

N7 Br
|
N Br
118m 41%

Br.
by
Cl S)\Br

118n 81%9

94

F OH
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“Reaction conditions: substrate (1.0 equiv, 3.0 mmol), ZnCl,-TMEDA (1.0 equiv), THF (30 mL),
then LiTMP (1.8 equiv), —40 °C, 1 h, then bromine (2 equiv), rt, 1 h. ’Isolated yield. “Reaction
conditions: bromoarene (1.0 equiv, 0.15 mmol), THF (1.5 mL), then EtMgCl (1.5 equiv), —20 °C,
1 h, then PhCHO (2 equiv), —20 °C, 3 h. ‘Reaction using 3.0 mmol of 1,2,3-tribromobenzene
(104). “Reaction temperature was —40 °C instead of —20 °C. /Reaction time was 5 h instead of 3
h. €Reaction with LDA (2.0 equiv) instead of LiTMP. "Reaction conditions: 2-methoxypyridine
(117j; 1.0 equiv, 0.15 mmol), THF (1.5 mL), then PhLi (1.2 equiv), =78 °C, 50 min, then PhCHO
(2 equiv), =78 °C , 3 h. '‘Reaction conditions: 2,6-dichloropyridine (117k; 1.0 equiv, 0.15 mmol),
THF (1.5 mL), then "BuLi (1.2 equiv), —78 °C, 50 min, then PhCHO (2 equiv), =78 °C to 1t, 1 h.
/Reaction with ethyl cyanoformate (2 equiv), —40 °C, 3 h. “Reaction with trichloroacetyl chloride
(2 equiv), —20 °C, 5 h. 'Reaction with Pd(PPhs)s (11 mol%), 4-iodoanisole (2 equiv), 60 °C, 4 h.
"Reaction with CuCN-2LiCl (1.5 equiv), ethyl 2-(bromomethyl)acrylate (2 equiv), rt, 3 h.
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Scheme 3-7. One-Pot Halogen Dance of 1,2-Dibromobenzene
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3-6 Experimental Section
3-6-1 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 wavenumbers (cm™'). '"H NMR
(400 MHz), 3C{'H} NMR (100 MHz), and '°F NMR (376 MHz) spectra were measured
on a 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 (CHCls: 6 7.26 ppm, DMSO-ds: 6 2.50 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, and br = broad. Chemical shifts for *C {'H}
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NMR are reported in ppm from tetramethylsilane with the solvent resonance as the
internal standard (CDCls: § 77.16 ppm, CDsCN: § 118.26 ppm). Chemical shifts for '°F
NMR are reported in ppm from CFCl; with the solvent resonance as the internal standard
(C6HsCF3 in CDCl3: § —62.61 ppm®7). 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.

3-6-2 Materials

All workup and purification procedures were carried out with reagent-grade solvents in
air. Unless otherwise noted, materials were obtained from commercial suppliers and used
without further purification. Flash column chromatography was performed on Wakogel®
60N (63212 pm, FUJIFILM Wako Pure Chemical Co., Ltd.) or high-efficiency irregular
silica (25—40 pm, Santai Science Inc.). Anhydrous THF (>99.5%, water content: <30
ppm) was purchased from Kanto Chemical Co., Inc. and further dried by passing through
a solvent purification system (Glass Contour) prior to use. LDA (2.0 M in
THF/heptane/ethylbenzene), ‘PrMgCl-LiCl (1.3 M in THF), (TMP)>Zn-2MgCl,-2LiCl
(12 wt% in THF/toluene), and TMPMgCl-LiCl (1.0 M in THF/toluene) were purchased
from Sigma-Aldrich Co. and used as received. EtMgCl (2.0 M in THF) was purchased
from Tokyo Chemical Industry Co., Ltd. and used as received. "BuLi (1.6 M in hexane)
was purchased from Kanto Chemical Co. and used as received. Substrates 108 (Product
Number: D0168), 104 (Product Number: T3329), 117e (Product Number: D1943), 117f
(Product Number: B0983), 117g (Product Number: D1943), 117h (Product Number:
B3392), and 117k (Product Number: B4935) were purchased from Tokyo Chemical
Industry Co., Ltd. and used as received. Substrates 117¢ (Product Number: BD215130),
117d (Product Number: BD231692), 117i (Product Number: BD212864), 117 (Product
Number: BD3459), and 117n (Product Number: BD157684) were purchased from BLD
Pharmatech Ltd. and used as received. Substrate 117m (Product Number: 036376) was
purchased from Oakwood Pharmacy Ltd. and used as received. Substrate 1171 was
prepared according to the procedure described in Chapter 3, 3-6-4. Freshly prepared
Pd(PPh;)s °®® and ZnCl>TMEDA *° were used in the following experiments.
Trimethylsilyl chloride (Me3SiCl) was purchased from Tokyo Chemical Industry Co.,
Ltd. and distilled over CaH,.
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3-6-3 Optimization for In Situ Zincation of 1,2-Dibromobenzene (Table 3-1)
Preparation of a THF solution of LITMP

A THF solution of LiTMP was prepared according to the procedure described in our
previous report.! A flame-dried 50-mL Schlenk tube equipped with a Teflon-coated
magnetic stirring bar and a rubber septum under nitrogen was charged with TMPH (0.60
mL, 3.5 mmol) and THF (2.4 mL). To a THF solution of TMPH was added "BuLi (1.52
M in hexane, 2.30 mL, 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, which was used as a 0.66 M

solution in the following experiments.

Br Br Br Br
@:Br — N\~ LTme I, @i& @i' @i"'
" THFE . —40°C.Ah " ’

108 " o e orcn | 120 | 121 o 123 >

entry? deviations 108 (%)° 120 (%)° 121 (%)? 123 (%)?
1 none 4 92 (88°) — d
2 -78 °C 19 77 - —d
3 0°C 13 79 - —d
4 without ZnCl,>TMEDA - —d d —d
5 ZnCl; instead of ZnCl, TMEDA 13 25 12 6
6 LDA instead of LiTMP 39 31 U 3
7 TMPZnCl-LiCl instead of 87 A — d
ZnCl,> TMEDA/LiTMP
8 (TMP)2Zn-2MgCl,-2LiCl instead 92 A - d
of ZnCl,' TMEDA/LiTMP

9 TMPMgCI-LiCl instead of LiTMP 98 - —d —d

“Reaction conditions: 1,2-dibromobenzene (108; 1.0 equiv, 0.29-0.31 mmol), ZnCl,-TMEDA (1.0 equiv,
0.30 mmol), THF (3.0 mL), then LiTMP (1.7-2.0 equiv, 0.53 mmol), —40 °C, 1 h, then iodine (2 equiv,
0.6 mmol), —40 °C, 1 h. *The yield was determined by 'H NMR with 1,1,2,2-tetrachloroethane as the
internal standard. ‘Isolated yield. “Not detected.
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Br
Br

.

120
1,2-Dibromo-3-iodobenzene (120) (Table 3—1)
A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2-dibromobenzene (108) (71.6
mg, 0.304 mmol, 1.0 equiv), ZnCl,-TMEDA (78.7 mg, 0.312 mmol, 1.0 equiv), and
anhydrous THF (3.0 mL). The solution was cooled to —40 °C. LiTMP (0.66 M, 0.80 mL,
0.53 mmol, 1.7 equiv) was added to the Schlenk tube. After stirring at —40 °C for 1 h, the
reaction mixture was treated with iodine (178.4 mg, 0.703 mmol, 2.3 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 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 as a colorless solid
(96.1 mg, 0.266 mmol, 88%), whose 'H and '*C NMR data were identical with those
reported in the literature.!’! Ry = 0.69 (hexane); Mp 74-75 °C; IR (ATR, cm™!): 1546,
1420, 1386, 768; '"H NMR (400 MHz, CDCl3): § 7.82 (dd, 1H, J=7.7, 1.2 Hz), 7.60 (dd,
1H, J=8.0, 1.2 Hz), 6.84 (dd, 1H, J= 8.0, 7.7 Hz); *C{'H} NMR (100 MHz, CDCl5): §
139.3, 133.5, 132.0, 129.7, 124.6, 102.3.

Reaction at —78 °C (Table 3—1, entry 2)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2-dibromobenzene (108) (70.2
mg, 0.298 mmol, 1.0 equiv), ZnCl,>TMEDA (75.8 mg, 0.300 mmol, 1.0 equiv), and
anhydrous THF (3.0 mL). The solution was cooled to —78 °C. LiTMP (0.66 M, 0.80 mL,
0.53 mmol, 1.7 equiv) was added to the Schlenk tube. After stirring at —78 °C for 1 h, the
reaction mixture was treated with iodine (187.6 mg, 0.739 mmol, 2.5 equiv). After stirring

at —78 °C for 1 h, the reaction mixture was treated with saturated aqueous sodium
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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 dried over sodium sulfate and filtered. The filtrate was
concentrated under reduced pressure to give a crude product. The yields of 1,2-
dibromobenzene (108), 1,2-dibromo-3-iodobenzene (120), 1,3-dibromo-2-iodobenzene
(121), and 1,3-dibromobenzene (123) were determined to be 19%, 77%, 0%, and 0% by
"H NMR analysis using 1,1,2,2-tetrachloroethane (36.9 mg, 0.220 mmol) as an internal
standard by comparing relative values of integration for the peaks observed at 7.17 ppm
(2 protons for 108), 7.82 ppm (1 proton for 120, whose chemical shift was identical with
those reported in the literature!°!), 7.56 ppm (2 protons for 121, whose chemical shift was
identical with those reported in the literature'%?), and 7.44 ppm (2 protons for 123, whose
chemical shift was identical with those reported in the literature'%®) with that of 1,1,2,2-

tetrachloroethane observed at 5.96 ppm.

Reaction at 0 °C (Table 3—1, entry 3)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2-dibromobenzene (108) (67.9
mg, 0.288 mmol, 1.0 equiv), ZnCl,-TMEDA (76.7 mg, 0.304 mmol, 1.1 equiv), and
anhydrous THF (3.0 mL). The solution was cooled to 0 °C. LiTMP (0.66 M, 0.80 mL,
0.53 mmol, 1.8 equiv) was added to the Schlenk tube. After stirring at 0 °C for 1 h, the
reaction mixture was treated with iodine (175.2 mg, 0.690 mmol, 2.4 equiv). After stirring
at 0 °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 dried over sodium sulfate and filtered. The filtrate was concentrated under
reduced pressure to give a crude product. The yields were calculated according to the

procedure described in Table 3—1, entry 2.

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

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2-dibromobenzene (108) (67.3
mg, 0.285 mmol, 1.0 equiv) and anhydrous THF (3.0 mL). The solution was cooled to —
40 °C. LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.9 equiv) was added to the Schlenk tube.
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After stirring at —40 °C for 1 h, the reaction mixture was treated with iodine (160.1 mg,
0.631 mmol, 2.2 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 dried over sodium sulfate
and filtered. The filtrate was concentrated under reduced pressure to give a crude product.

The yields were calculated according to the procedure described in Table 3—1, entry 2.

Reaction with ZnCl: instead of ZnCl2-*TMEDA (Table 3—1, entry 5)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum was charged with ZnCl (41.3 mg, 0.303 mmol, 0.99 equiv). The
Schlenk tube was heated with a heat gun under vacuum for 5 min. After cooling to room
temperature, the Schlenk tube was charged with 1,2-dibromobenzene (108) (73.0 mg,
0.309 mmol, 1.0 equiv) and anhydrous THF (3.0 mL). The solution was cooled to —40
°C. LiTMP (0.66 M, 0.80 mL, 0.53 mmol, 1.7 equiv) was added to the Schlenk tube. After
stirring at —40 °C for 1 h, the reaction mixture was treated with iodine (161.6 mg, 0.637
mmol, 2.1 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 dried over sodium sulfate and filtered.
The filtrate was concentrated under reduced pressure to give a crude product. The yields

were calculated according to the procedure described in Table 3—1, entry 2.

Reaction with LDA instead of LiTMP (Table 3—1, entry 6)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2-dibromobenzene (108) (72.2
mg, 0.306 mmol, 1.0 equiv), ZnCl,-TMEDA (75.7 mg, 0.300 mmol, 0.98 equiv), and
anhydrous THF (3.0 mL). The solution was cooled to —40 °C. LDA (2.0 M, 0.30 mL, 0.60
mmol, 2.0 equiv) was added to the Schlenk tube. After stirring at —40 °C for 1 h, the
reaction mixture was treated with iodine (166.2 mg, 0.655 mmol, 2.1 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
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combined organic extracts were dried over sodium sulfate and filtered. The filtrate was
concentrated under reduced pressure to give a crude product. The yields were calculated

according to the procedure described in Table 3—1, entry 2.

Preparation of TMPZnCl-LiCl

A THF solution of TMPZnClI-LiCl was prepared according to the procedure described in
the previous report.%’ A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated
magnetic stirring bar and a rubber septum was charged with ZnCl (1.069 g, 7.84 mmol,
1.1 equiv). The Schlenk tube was heated with a heat gun under vacuum for 5 min. After
cooling to room temperature, the Schlenk tube was charged with anhydrous THF (8.0
mL). The resulting solution was transferred to a THF solution of LiTMP (0.66 M, 10.5
mL, 6.9 mmol, 1.0 equiv) via cannula at room temperature. The resulting solution was
stirred at room temperature for 1 h to provide a THF solution of TMPZnCI-LiCl (0.23
M).$3

Reaction with TMPZnCl-LiCl instead of ZnCL-TMEDA and LiTMP (Table 3—1, entry 7)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2-dibromobenzene (108) (73.4
mg, 0.311 mmol, 1.0 equiv) and anhydrous THF (3.0 mL). The solution was cooled to —
40 °C. TMPZnCI-LiCl (0.23 M, 2.6 mL, 0.60 mmol, 2.0 equiv) was added to the Schlenk
tube. After stirring at —40 °C for 1 h, the reaction mixture was treated with iodine (164.5
mg, 0.648 mmol, 2.1 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 dried over sodium
sulfate and filtered. The filtrate was concentrated under reduced pressure to give a crude
product. The yields were calculated according to the procedure described in Table 3—1,

entry 2.

Reaction with (TMP)2Zn-2MgCl2-2LiCl instead of ZnCl2-TMEDA and LiTMP
(Table 3—1, entry 8)
A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar

and a rubber septum under nitrogen was charged with 1,2-dibromobenzene (108) (72.3
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mg, 0.306 mmol, 1.0 equiv) and anhydrous THF (3.0 mL). The solution was cooled to —
40 °C. (TMP)2Zn-2MgCl>-2LiCl (12 wt%, 1.8 mL, 0.61 mmol, 2.0 equiv) was added to
the Schlenk tube. After stirring at —40 °C for 1 h, the reaction mixture was treated with
iodine (163.7 mg, 0.645 mmol, 2.1 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 dried
over sodium sulfate and filtered. The filtrate was concentrated under reduced pressure to
give a crude product. The yields were calculated according to the procedure described in

Table 3—1, entry 2.

Reaction with TMPMgCl-LiCl instead of LITMP (Table 3—1, entry 9)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2-dibromobenzene (108) (72.7
mg, 0.308 mmol, 1.0 equiv), ZnCl,-TMEDA (76.5 mg, 0.303 mmol, 0.98 equiv), and
anhydrous THF (3.0 mL). The solution was cooled to —40 °C. TMPMgCI-LiCl (1.0 M,
0.60 mL, 0.60 mmol, 1.9 equiv) was added to the Schlenk tube. After stirring at —40 °C
for 1 h, the reaction mixture was treated with iodine (167.3 mg, 0.659 mmol, 2.1 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 dried over sodium sulfate and filtered. The filtrate was
concentrated under reduced pressure to give a crude product. The yields were calculated

according to the procedure described in Table 3—1, entry 2.

3-6-4 Range of Bromoarenes Applicable to the Stepwise Halogen Transfer
(Scheme 3-6, Table 3—-2 and 3-3)

Br
Br

Br
104

1,2,3-Tribromobenzene (104) (Scheme 3—6 and Table 3-3, entry 1)
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A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2-dibromobenzene (108) (709.8
mg, 3.01 mmol, 1.0 equiv), ZnCl,-TMEDA (757.9 mg, 3.00 mmol, 1.0 equiv), and
anhydrous THF (30 mL). The solution was cooled to —40 °C. LiTMP (0.66 M, 8.0 mL,
5.3 mmol, 1.8 equiv) was added to the Schlenk tube. After stirring at —40 °C for 1 h, the
resulting mixture was treated with bromine (310 uL, 6.01 mmol, 2.0 equiv) at room
temperature. After stirring at room temperature for 1 h, the reaction mixture was treated
with saturated aqueous sodium thiosulfate (20 mL) and saturated aqueous ammonium
chloride (20 mL). After being partitioned, the aqueous layer was extracted with diethyl
ether (15 mL) three times. 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) to provide the title
compound as a colorless solid (873.0 mg, 2.77 mmol, 92%), whose 'H and 1*C NMR data
were identical with those reported in the literature.!® R;=0.63 (hexane); Mp 77-79 °C;
IR (ATR, cm™): 1551, 1424, 1394, 769; '"H NMR (400 MHz, CDCl3): § 7.58 (d, 2H, J =
7.8 Hz),7.03 (t, 1H, J=7.8 Hz); *C{'H} NMR (100 MHz, CDCl5): § 132.6, 129.3, 127.7,
126.3; HRMS (EI) m/z: [M]" caled. for CéH3""Br,*'Br, 313.7764; found, 313.7764.

Screening of Grignard reagents (Table 3-2)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2,3-tribromobenzene (104) (47.2
mg, 0.150 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was cooled to —
20 °C. Grignard reagent (0.23 mmol, 1.5 equiv) was added to the Schlenk tube. After
stirring at —20 °C for 1 h, the reaction mixture was treated with benzaldehyde (31 pL,
0.30 mmol, 2.0 equiv). After stirring at —20 °C for 3 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 dried over sodium sulfate and filtered. The filtrate was concentrated under reduced
pressure to give a crude product The yields of 1,2,3-tribromobenzene (104), (2,3-
dibromophenyl)phenylmethanol (119a”), (2,6-dibromophenyl)phenylmethanol (119a),
and 1,3-dibromobenzene (123) were determined by 'H NMR analysis using 1,1,2,2-
tetrachloroethane (32.4 mg, 0.193 mmol) as an internal standard by comparing relative

values of integration for the peaks observed at 7.03 ppm (1 proton for 104), 6.23 ppm (1
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proton for 119a’, whose chemical shift was identical with those reported in the
literature®’), 6.65 ppm (1 proton for 119a), and 7.44 ppm (2 protons for 123, whose
chemical shift was identical with those reported in the literature'®*) with that of 1,1,2,2-

tetrachloroethane observed at 5.96 ppm.

Br OH
Ph

Br
119a

(2,6-Dibromophenyl)phenylmethanol (119a) (Table 3-3, entry 1)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2,3-tribromobenzene (104) (46.5
mg, 0.148 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was cooled to —
20 °C. EtMgClI (2.0 M, 120 pL, 0.24 mmol, 1.6 equiv) was added to the Schlenk tube.
After stirring at —20 °C for 1 h, the reaction mixture was treated with benzaldehyde (31
pL, 0.30 mmol, 2.1 equiv). After stirring at —20 °C for 3 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 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 as a colorless
oil (34.7 mg, 0.101 mmol, 69%); Ry= 0.23 (hexane/diethyl ether = 10:1); IR (ATR, cm™
1): 1740, 1430, 1019, 801, 734, 697; 'H NMR (400 MHz, CDCls): § 7.60 (d, 2H, J = 8.2
Hz), 7.36-7.26 (m, 5H), 7.07 (t, 1H, J = 8.2 Hz), 6.65 (d, 1H, J=11.0 Hz), 3.52 (d, 1H,
J =11.0 Hz); BC{'H} NMR (100 MHz, CDCls): § 141.5, 140.2, 133.6, 130.4, 128.4,
127.3, 125.7, 125.1, 76.4; HRMS (DART") m/z: [M—OH]" calcd. for Ci3Ho*'Br,
326.9030; found, 326.9033.

Reaction run on a 3 mmol scale

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2,3-tribromobenzene (104) (944.4
mg, 3.00 mmol, 1.0 equiv) and anhydrous THF (30 mL). The solution was cooled to
—20 °C. EtMgCl (2.0 M, 2.30 mL, 4.6 mmol, 1.5 equiv) was added to the Schlenk tube.
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After stirring at —20 °C for 1 h, the reaction mixture was treated with benzaldehyde (610
puL, 5.98 mmol, 2.0 equiv). After stirring at —20 °C for 3 h, the reaction mixture was
treated with saturated aqueous ammonium chloride (20 mL). After being partitioned, the
aqueous layer was extracted with diethyl ether (15 mL) three times. 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 = 10:1) to  provide (2,6-
dibromophenyl)phenylmethanol (119a) as a colorless oil (857.9 mg, 2.51 mmol, 84%).

Br
Br Br

o

118b

1,2,3,4-Tetrabromobenzene (118b) (Table 3-3, entry 2)
A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2,3-tribromobenzene (104) (948.9
mg, 3.01 mmol, 1.0 equiv), ZnCl,-TMEDA (753.5 mg, 2.98 mmol, 0.99 equiv), and
anhydrous THF (30 mL). The solution was cooled to —40 °C. LiTMP (0.66 M, 8.0 mL,
5.3 mmol, 1.8 equiv) was added to the Schlenk tube. After stirring at —40 °C for 1 h, the
resulting mixture was treated with bromine (310 pL, 6.01 mmol, 2.0 equiv) at room
temperature. After stirring at room temperature for 1 h, the reaction mixture was treated
with saturated aqueous sodium thiosulfate (20 mL) and saturated aqueous ammonium
chloride (20 mL). After being partitioned, the aqueous layer was extracted with diethyl
ether (15 mL) three times. 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) to provide the title
compound as a colorless solid (1.042 g, 2.65 mmol, 88%), whose 'H and '*C NMR data
were identical with those reported in the literature.!® R;=0.70 (hexane); Mp 51-52 °C;
IR (ATR, cm™): 1410, 1330, 1162, 805; 'H NMR (400 MHz, CDCls): & 7.46 (s, 2H);
BC{'H} NMR (100 MHz, CDCls): § 132.9, 129.2, 124.9; HRMS (EI) m/z: [M]" calcd.
for CsHa""Br®'Brs, 395.6829; found, 395.6847.
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Phenyl(2,3,6-tribromophenyl)methanol (119b) (Table 3-3, entry 2)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2,3,4-tetrabromobenzene (118b)
(58.7 mg, 0.149 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was cooled
to —20 °C. EtMgCl (2.0 M, 120 pL, 0.24 mmol, 1.6 equiv) was added to the Schlenk tube.
After stirring at —20 °C for 1 h, the reaction mixture was treated with benzaldehyde (31
pL, 0.30 mmol, 2.0 equiv). After stirring at —20 °C for 3 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 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 = 91:9) to provide the title compound as a colorless
oil (36.3 mg, 0.0862 mmol, 58%); Ry=0.27 (hexane/diethyl ether = 10:1); IR (ATR, cm™
1): 1424, 1155, 1055, 1024, 810, 756, 736, 698; 'H NMR (400 MHz, CDCls): § 7.51 (d,
1H, J= 8.6 Hz), 7.47 (d, 1H, J= 8.6 Hz), 7.37-7.23 (m, 5H), 6.73 (d, 1H, J=10.8 Hz),
3.59 (d, 1H, J = 10.8 Hz); *C{'H} NMR (100 MHz, CD;CN): & 144.5, 142.3, 135.2,
134.9, 129.0, 128.3, 127.8, 127.2, 126.4, 124.7, 76.8; HRMS (DART") m/z: [M-OH]"
calcd. for C13Hs”Br®'Br, 404.8135; found, 404.8150.

Cl

Br\©:8r
Br

118¢
1,2,4-Tribromo-3-chlorobenzene (118¢) (Table 3-3, entry 3)
A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,3-dibromo-2-chlorobenzene
(117¢) (814.5 mg, 3.01 mmol, 1.0 equiv), ZnCl,-TMEDA (752.6 mg, 2.98 mmol, 0.99

equiv), and anhydrous THF (30 mL). The solution was cooled to —40 °C. LiTMP (0.66
M, 8.0 mL, 5.3 mmol, 1.8 equiv) was added to the Schlenk tube. After stirring at —40 °C

107



for 1 h, the resulting mixture was treated with bromine (310 pL, 6.01 mmol, 2.0 equiv) at
room temperature. After stirring at room temperature for 1 h, the reaction mixture was
treated with saturated aqueous sodium thiosulfate (20 mL) and saturated aqueous
ammonium chloride (20 mL). After being partitioned, the aqueous layer was extracted
with diethyl ether (15 mL) three times. 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) to
provide the title compound as a colorless solid (891.3 mg, 2.55 mmol, 85%); Ry= 0.60
(hexane); Mp 51-52 °C; IR (ATR, cm™): 1415, 1340, 1167, 804; 'H NMR (400 MHz,
CDCls): § 7.46 (d, 1H, J = 8.6 Hz), 7.40 (d, 1H, J = 8.6 Hz); *C{'H} NMR (100 MHz,
CDCl): & 136.6, 132.9, 132.1, 126.9, 125.4, 122.3; HRMS (EI) m/z: [M]" calcd. for
CsH2Bra®'Br’Cl, 349.7352; found, 349.7343.

Cl  OH

Br
Ph

Br
119¢

(3,6-Dibromo-2-chlorophenyl)(phenyl)methanol (119¢) (Table 3-3, entry 3)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2,4-tribromo-3-chlorobenzene
(118c¢) (51.9 mg, 0.149 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was
cooled to —40 °C. EtMgCl (2.0 M, 120 pL, 0.24 mmol, 1.6 equiv) was added to the
Schlenk tube. After stirring at —40 °C for 1 h, the reaction mixture was treated with
benzaldehyde (31 pL, 0.30 mmol, 2.1 equiv). After stirring at —40 °C for 3 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 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 = 91:9) to provide the title compound
as a colorless oil (29.1 mg, 0.0773 mmol, 52%); Rr= 0.28 (hexane/diethyl ether = 10:1);
IR (ATR, cm™): 1428, 1162, 1069, 1025, 808, 742, 698; 'H NMR (400 MHz, CDCls): §
7.50 (d, 1H, J= 8.8 Hz), 7.44 (d, 1H, J = 8.8 Hz), 7.37-7.25 (m, 5H), 6.69 (d, 1H, 11.0
Hz), 3.44 (d, 1H, 11.0 Hz); BC{'H} NMR (100 MHz, CDCl;): § 141.3, 141.0, 135.5,
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134.0, 133.2, 128.6, 127.5, 125.4, 124.3, 124.0, 75.6; HRMS (DART") m/z: [M—-OH]*
calcd. for C13Hg”’Br¥'Br*°Cl, 358.8661; found, 358.8677.

F
Br Br

pe s

118d

1,2,4-Tribromo-3-fluorobenzene (118d) (Table 3-3, entry 4)
A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,3-dibromo-2-fluorobenzene
(117d) (764.3 mg, 3.01 mmol, 1.0 equiv), ZnCl,-TMEDA (754.0 mg, 2.99 mmol, 0.99
equiv), and anhydrous THF (30 mL). The solution was cooled to —40 °C. LiTMP (0.66
M, 8.0 mL, 5.3 mmol, 1.8 equiv) was added to the Schlenk tube. After stirring at —40 °C
for 1 h, the resulting mixture was treated with bromine (310 pL, 6.01 mmol, 2.0 equiv) at
room temperature. After stirring at room temperature for 1 h, the reaction mixture was
treated with saturated aqueous sodium thiosulfate (20 mL) and saturated aqueous
ammonium chloride (20 mL). After being partitioned, the aqueous layer was extracted
with diethyl ether (15 mL) three times. 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) to
provide the title compound as a colorless solid (952.1 mg, 2.86 mmol, 95%); Ry= 0.63
(hexane); Mp <33 °C; IR (ATR, cm™'): 1441, 1397, 1172, 1075, 875, 801, 752; 'H NMR
(400 MHz, CDCls): 6 7.40 (dd, 1H, J = 8.5, 6.4 Hz), 7.33 (dd, 1H, J = 8.5, 1.4 Hz);
BC{'H} NMR (100 MHz, CDCl5): § 156.7 (d, 'Jcr =248.2 Hz), 132.7, 129.5 (d, 3Jcr =
3.8 Hz), 125.2, 114.2 (d, 2Jc_r =23.0 Hz), 108.7 (d, 2Jc_r = 23.0 Hz); '°F NMR (376 MHz,
CDCls): —89.8; HRMS (EI) m/z: [M]" calcd. for CeH2”Br2*'BrF, 331.7670; found,
331.7661.

F  OH

Br\i)\/k
Ph
B

r
119d

(3,6-Dibromo-2-fluorophenyl)(phenyl)methanol (119d) (Table 3-3, entry 4)
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A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2,4-tribromo-3-fluorobenzene
(118d) (53.0 mg, 0.159 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was
cooled to —20 °C. EtMgCl (2.0 M, 120 pL, 0.24 mmol, 1.5 equiv) was added to the
Schlenk tube. After stirring at —20 °C for 1 h, the reaction mixture was treated with
benzaldehyde (31 pL, 0.30 mmol, 1.9 equiv). After stirring at —20 °C for 3 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 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 = 9:1) to provide the title compound
as a colorless oil (48.7 mg, 0.135 mmol, 85%); Rr= 0.29 (hexane/diethyl ether = 10:1);
IR (ATR, cm™): 1449, 1145, 1041, 1025, 891, 803, 699; 'H NMR (400 MHz, CDCls): §
7.42-7.25 (m, 7H), 6.40 (dd, 1H, J=9.4, 1.4 Hz), 2.94 (dd, 1H, J=9.4, 3.8 Hz); *C{'H}
NMR (100 MHz, CDCls): 8 158.1 (d, 'Jer = 251.1 Hz), 141.2, 133.6, 132.1 (d, 2Jcr =
14.3 Hz), 129.9 (d, 3Jcr = 3.8 Hz), 128.7, 127.9, 125.6, 122.6 (d, *Jc_r = 4.7 Hz), 109.7
(d, 2Jcr = 22.0 Hz), 73.6; '°F NMR (376 MHz, CDCls): —104.7; HRMS (DART") m/z:
[M—OH]" calcd. for C13Hs’*Br®!BrF, 342.8956; found, 342.8973.

OMe

Br Br
L

118e
1,2,4-Tribromo-3-methoxybenzene (118e¢) (Table 3-3, entry 5)
A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,3-dibromo-2-methoxybenzene
(117e) (777.2 mg, 2.92 mmol, 1.0 equiv), ZnCl,-TMEDA (758.2 mg, 3.00 mmol, 1.1
equiv), and anhydrous THF (30 mL). The solution was cooled to —40 °C. LiTMP (0.66
M, 8.0 mL, 5.3 mmol, 1.8 equiv) was added to the Schlenk tube. After stirring at —40 °C
for 1 h, the resulting mixture was treated with bromine (310 pL, 6.01 mmol, 2.1 equiv) at
room temperature. After stirring at room temperature for 1 h, the reaction mixture was

treated with saturated aqueous sodium thiosulfate (20 mL) and saturated aqueous

ammonium chloride (20 mL). After being partitioned, the aqueous layer was extracted
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with diethyl ether (15 mL) three times. 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) to
provide the title compound as a colorless solid (842.8 mg, 2.76 mmol, 94%); Ry= 0.57
(hexane); Mp <25 °C; IR (ATR, cm™!): 1454, 1421, 1367, 1000, 801; '"H NMR (400 MHz,
CDCls): § 7.39 (d, 1H, J= 8.6 Hz), 7.29 (d, 1H, J = 8.6 Hz), 3.89 (s, 3H); *C{'H} NMR
(100 MHz, CDCl3): & 155.7, 132.8, 129.9, 125.0, 122.2, 117.0, 60.6; HRMS (EI) m/z:
[M]" caled. for C7Hs""Br2®'BrO, 343.7870; found, 343.7882.

OMe OH

Br
Ph

Br
119e

(3,6-Dibromo-2-methoxyphenyl)(phenyl)methanol (119¢) (Table 3-3, entry 5)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2,4-tribromo-3-methoxybenzene
(118e) (42.9 mg, 0.140 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was
cooled to —40 °C. EtMgCl (2.0 M, 120 pL, 0.24 mmol, 1.7 equiv) was added to the
Schlenk tube. After stirring at —40 °C for 1 h, the reaction mixture was treated with
benzaldehyde (31 pL, 0.30 mmol, 2.1 equiv). After stirring at —40 °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 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 = 91:9) to provide the title compound
as a colorless solid (32.5 mg, 0.0874 mmol, 62%); Ry=0.32 (hexane/diethyl ether = 10:1);
Mp 58-60 °C; IR (ATR, cm™): 1454, 1389, 1040, 1026, 995, 802, 744, 700; 'H NMR
(400 MHz, CDCI3): 6 7.39 (d, 1H, J = 8.4 Hz), 7.37-7.33 (m, 4H), 7.31 (d, 1H, J= 8.4
Hz), 7.29-7.24 (m, 1H), 6.32 (d, 1H, J=11.8 Hz), 4.00 (d, 1H, J= 11.8 Hz), 3.27 (s, 3H);
BC{'H} NMR (100 MHz, CDCls): & 156.6, 143.6, 139.4, 134.0, 130.0, 128.5, 127.4,
125.2,123.1, 117.0, 74.5, 61.6; HRMS (DART") m/z: [M—OH]" calcd. for C14H1;”Br20,
352.9177; found, 352.9193.
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1,3-Dibromo-2,4-dichlorobenzene (118f) (Table 3-3, entry 6)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2-bromo-1,3-dichlorobenzene
(117f) (674.2 mg, 2.98 mmol, 1.0 equiv), ZnCl,-TMEDA (771.9 mg, 3.06 mmol, 1.0
equiv), and anhydrous THF (30 mL). The solution was cooled to —40 °C. LiTMP (0.66
M, 8.0 mL, 5.3 mmol, 1.8 equiv) was added to the Schlenk tube. After stirring at —40 °C
for 1 h, the resulting mixture was treated with bromine (310 pL, 6.01 mmol, 2.0 equiv) at
room temperature. After stirring at room temperature for 1 h, the reaction mixture was
treated with saturated aqueous sodium thiosulfate (20 mL) and saturated aqueous
ammonium chloride (20 mL). After being partitioned, the aqueous layer was extracted
with diethyl ether (15 mL) three times. 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) to
provide the title compound as a colorless solid (779.0 mg, 2.56 mmol, 86%); Ry= 0.60
(hexane); Mp 44-46 °C; IR (ATR, cm™): 1420, 1346, 1172, 807; 'H NMR (400 MHz,
CDCl5): 6 7.54 (d, 1H, J= 8.8 Hz), 7.26 (d, 1H, J= 8.8 Hz); 'H NMR (400 MHz, DMSO-
ds): 87.85(d, 1H, J=8.8 Hz), 7.59 (d, 1H, J= 8.8 Hz); *C{'H} NMR (100 MHz, CDCl;):
& 136.8, 135.5, 132.5, 128.8, 124.8, 121.6; HRMS (EI) m/z: [M]" calcd. for
CeH>”Br¥'Br’°Cl, 303.7878; found, 303.7878.

Cl  OH

Br
Ph

cl
119f
(3-Bromo-2,6-dichlorophenyl)(phenyl)methanol (119f) (Table 3-3, entry 6)
A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,3-dibromo-2,4-dichlorobenzene
(118f) (47.3 mg, 0.155 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was
cooled to —20 °C. EtMgCl (2.0 M, 120 pL, 0.24 mmol, 1.5 equiv) was added to the
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Schlenk tube. After stirring at —20 °C for 1 h, the reaction mixture was treated with
benzaldehyde (31 pL, 0.30 mmol, 1.9 equiv). After stirring at —20 °C for 3 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 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 3:2) to provide the title
compound as a colorless oil (40.8 mg, 0.123 mmol, 79%); Ry=0.52 (hexane/diethyl ether
=3:2); IR (ATR, cm'): 1433, 1164, 1094, 1025, 745, 699; 'H NMR (400 MHz, CDCI;3):
6 7.58 (d, 1H, J= 8.8 Hz), 7.37-7.26 (m, 5H), 7.24 (d, 1H, J= 8.8 Hz), 6.69 (d, 1H, J =
11.0 Hz), 3.39 (d, 1H, J = 11.0 Hz); "*C{'H} NMR (100 MHz, CDCI3): § 141.0, 140.0,
135.5, 134.3, 133.7, 130.0, 128.5, 127.5, 125.4, 123.3, 73.4; HRMS (DART") m/z: [M—
OH]" calcd. for C13Hs*'Br*°Cl,, 314.9166; found, 314.9179.

F
Br Br

jes

118g

1,3-Dibromo-2.,4-difluorobenzene (118g) (Table 3-3, entry 7)
A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2-bromo-1,3-difluorobenzene
(117g) (577.0 mg, 2.99 mmol, 1.0 equiv), ZnCl,-TMEDA (761.1 mg, 3.01 mmol, 1.0
equiv), and anhydrous THF (30 mL). The solution was cooled to —40 °C. LiTMP (0.66
M, 8.0 mL, 5.3 mmol, 1.8 equiv) was added to the Schlenk tube. After stirring at —40 °C
for 1 h, the resulting mixture was treated with bromine (310 pL, 6.01 mmol, 2.0 equiv) at
room temperature. After stirring at room temperature for 1 h, the reaction mixture was
treated with saturated aqueous sodium thiosulfate (20 mL) and saturated aqueous
ammonium chloride (20 mL). After being partitioned, the aqueous layer was extracted
with diethyl ether (15 mL) three times. 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) to
provide the title compound as a colorless oil (522.4 mg, 1.92 mmol, 64%); Ry = 0.50
(hexane); IR (ATR, cm™): 1466, 1449, 1431, 1416, 1007, 806, 699; 'H NMR (400 MHz,
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CDCls): § 7.50 (ddd, 1H, J = 8.9, 7.4, 5.2 Hz), 6.90 (ddd, 1H, J = 8.9, 7.6, 2.0 Hz);
BC{'H} NMR (100 MHz, CDCl3): § 159.4 (d, 'Jcr =249.2 Hz), 156.6 (d, 'Jc_r = 246.2
Hz), 132.1 (d, *Jcr = 8.6 Hz), 112.9 (d, %Jc_r = 24.0 Hz), 104.6 (dd, 2Jc r =22.1 Hz, *Jc_
r=3.9 Hz), 99.4 (dd, 2Jcr = 25.9, 24.9 Hz); '°F NMR (376 MHz, CDCls): —-95.4,-105.1;
HRMS (EI) m/z: [M]" calcd. for CéHo"°Br®' BrF,, 271.8471; found, 271.8465.

F  OH

B
\©fk
F

1199

(3-Bromo-2,6-difluorophenyl)(phenyl)methanol (119g) (Table 3-3, entry 7)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,3-dibromo-2,4-difluorobenzene
(118¢g) (41.1 mg, 0.151 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was
cooled to —20 °C. EtMgCl (2.0 M, 120 pL, 0.24 mmol, 1.6 equiv) was added to the
Schlenk tube. After stirring at —20 °C for 1 h, the reaction mixture was treated with
benzaldehyde (31 pL, 0.30 mmol, 2.0 equiv). After stirring at —20 °C for 3 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 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 3:2) to provide the title
compound as a colorless solid (38.7 mg, 0.129 mmol, 86%); Rr= 0.41 (hexane/diethyl
ether = 3:2); Mp 49-50 °C; IR (ATR, cm™): 1614, 1470, 1271, 1219, 1174, 1005, 808,
698; '"H NMR (400 MHz, CDCl3): § 7.52-7.44 (m, 1H), 7.42-7.33 (m, 4H), 7.32-7.27
(m, 1H), 6.85 (ddd, 1H, J=9.4, 8.8, 1.7 Hz), 6.25 (s, 1H), 2.70 (br s, 1H); *C{'H} NMR
(100 MHz, CDCl3): § 159.9 (dd, 'Jcr = 248.2 Hz, 3Jcr = 6.7 Hz), 157.1 (dd, 'Jcr =
247.7Hz, *Je—r = 8.1 Hz), 141.5,132.8 (d, *Jc—r = 8.6 Hz), 128.7, 128.0, 125.6, 121.1 (dd,
2Jcr=17.3,17.2 Hz), 113.2 (dd, 2Jc_r = 24.0 Hz, *Jc_r = 3.9 Hz), 104.7 (dd, 2Jc_r=22.0
Hz, *Jcr = 3.8 Hz), 68.0; I°F NMR (376 MHz, CDCls): —106.2, —114.7; HRMS (DART")
m/z: [M—OH]" calcd. for C13Hs*'BrF», 282.9757; found, 282.9768.
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2,4-Dibromo-1,3-difluoro-5-methoxybenzene (118h) (Table 3-3, entry 8)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2-bromo-1,3-difluoro-5-
methoxybenzene (117h) (668.4 mg, 3.00 mmol, 1.0 equiv), ZnCl,-TMEDA (757.4 mg,
3.00 mmol, 1.0 equiv), and anhydrous THF (30 mL). The solution was cooled to —40 °C.
LDA (2.0 M, 3.0 mL, 6.0 mmol, 2.0 equiv) was added to the Schlenk tube. After stirring
at —40 °C for 1 h, the resulting mixture was treated with bromine (310 pL, 6.01 mmol,
2.0 equiv) at room temperature. After stirring at room temperature for 1 h, the reaction
mixture was treated with saturated aqueous sodium thiosulfate (20 mL) and saturated
aqueous ammonium chloride (20 mL). After being partitioned, the aqueous layer was
extracted with diethyl ether (15 mL) three times. 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) to provide the title compound as a colorless solid (604.3 mg, 2.00 mmol, 67%);
Ry= 0.24 (hexane); Mp 78-79 °C; IR (ATR, cm™): 1605, 1581, 1474, 1440, 1422, 1369,
1199, 1103, 1081, 1046, 817, 695; 'H NMR (400 MHz, CDCls): § 6.60 (dd, 1H, J=9.8,
1.8 Hz), 3.90 (s, 3H); *C{'H} NMR (100 MHz, CDCls): § 159.5 (dd, 'Jc_r = 245.3 Hz,
3Jcr = 6.7 Hz), 157.2 (dd, 'Jcr = 243.4 Hz, *Jcr = 7.6 Hz), 156.9 (dd, *Jcr = 11.5, 5.7
Hz), 96.5 (dd, 2Jc_r =27.8 Hz, *Jcr = 2.9 Hz), 95.3 (dd, 2Jcr = 25.0 Hz, *Jc_r = 3.8 Hz),
89.5 (dd, 2Jcr = 26.9, 25.8 Hz), 57.1; ’F NMR (376 MHz, CDCl;): —95.6, —104.8;
HRMS (EI) m/z: [M]" calcd. for C7H4’Br,F,0, 299.8597; found, 299.8601.

F OH
Br.
T
MeO F
119h

(3-Bromo-2,6-difluoro-4-methoxyphenyl)(phenyl)methanol (119h) (Table 3-3, entry 8)
A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar

and a rubber septum under nitrogen was charged with 2,4-dibromo-1,3-difluoro-5-

115



methoxybenzene (118h) (45.2 mg, 0.150 mmol, 1.0 equiv) and anhydrous THF (1.5 mL).
The solution was cooled to —40 °C. EtMgCI (2.0 M, 120 pL, 0.24 mmol, 1.6 equiv) was
added to the Schlenk tube. After stirring at —40 °C for 1 h, the reaction mixture was treated
with benzaldehyde (31 pL, 0.30 mmol, 2.0 equiv). After stirring at —40 °C for 3 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 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 = 9:1 to 3:2) to provide the title
compound as a colorless oil (34.9 mg, 0.106 mmol, 71%); Ry=0.30 (hexane/diethyl ether
= 3:2); IR (ATR, cm™): 1625, 1196, 1158, 1092, 684; '"H NMR (400 MHz, CDCls): §
7.41-7.27 (m, 5H), 6.52 (dd, 1H, J=11.8, 1.8 Hz), 6.20 (d, 1H, J= 8.4 Hz), 3.89 (s, 3H),
2.60 (ddd, 1H, J= 8.4, 1.8, 1.6 Hz); *C{'H} NMR (100 MHz, CDCls): & 160.4 (dd, 'Jc-
F=246.3 Hz, 3Jcr = 10.5 Hz), 158.0 (dd, 'Jc_r = 245.3 Hz, *Jcr = 10.5 Hz), 157.2 (dd,
3Jcr=12.5,6.7 Hz), 142.1, 128.6, 127.8, 125.6, 112.9 (dd, Jc-r = 19.2, 18.2 Hz), 96.5
(dd, 2Jer = 27.8 Hz, *Jcr = 2.8 Hz), 95.2 (dd, %Jcr = 24.4 Hz, *Jcr = 3.9 Hz), 67.7,
56.9; ’F NMR (376 MHz, CDCl3): ~106.0, -113.9; HRMS (DART") m/z: [M—OH]" calcd.
for C14H19”°BrF»0, 310.9883; found, 310.9891.

Br
— Br

|

N “CF,
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3,4-Dibromo-2-(trifluoromethyl)pyridine (118i) (Table 3-3, entry 9)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 3-bromo-2-
(trifluoromethyl)pyridine (117i) (662.7 mg, 2.93 mmol, 1.0 equiv), ZnCl,-TMEDA
(756.6 mg, 3.00 mmol, 1.0 equiv), and anhydrous THF (30 mL). The solution was cooled
to —40 °C. LiTMP (0.66 M, 8.0 mL, 5.3 mmol, 1.8 equiv) was added to the Schlenk tube.
After stirring at —40 °C for 1 h, the resulting mixture was treated with bromine (310 pL,
6.01 mmol, 2.1 equiv) at room temperature. After stirring at room temperature for 1 h,
the reaction mixture was treated with saturated aqueous sodium thiosulfate (20 mL) and

saturated aqueous ammonium chloride (20 mL). After being partitioned, the aqueous
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layer was extracted with diethyl ether (15 mL) three times. 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 =49:1) to provide the title compound as a colorless solid (637.1 mg,
2.09 mmol, 71%); Ry= 0.24 (hexane/diethyl ether = 49:1); Mp 39—-40 °C; IR (ATR, cm™
1): 1306, 1205, 1142, 697; 'H NMR (400 MHz, CDCls): § 8.41 (d, 1H, J= 5.0 Hz), 7.79
(d, 1H,J=5.0 Hz); *C{'H} NMR (100 MHz, CDCl3): 6 147.9 (q, 2Jc_r = 33.9 Hz), 147.1,
139.2, 131.5, 121.8, 120.8 (q, 'Jcr = 274.7 Hz); "°F NMR (376 MHz, CDCl3): —66.2;
HRMS (DART") m/z: [M+H]" calcd. for C¢H3Br,F3N, 303.8584; found, 303.8581.

Br OH
= | Ph
NS

N~ CF,

119i

(4-Bromo-2-(trifluoromethyl)pyridin-3-yl)(phenyl)methanol (119i) (Table 3-3, entry 9)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 3,4-dibromo-2-
(trifluoromethyl)pyridine (118i) (42.5 mg, 0.139 mmol, 1.0 equiv) and anhydrous THF
(1.5 mL). The solution was cooled to —20 °C. EtMgCl (2.0 M, 120 uL, 0.24 mmol, 1.7
equiv) was added to the Schlenk tube. After stirring at —20 °C for 1 h, the reaction mixture
was treated with benzaldehyde (31 pL, 0.30 mmol, 2.2 equiv). After stirring at —20 °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 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 = 9:1 to 3:2) to
provide the title compound as a colorless solid (28.7 mg, 0.0864 mmol, 62%); Ry= 0.30
(hexane/diethyl ether = 3:2); Mp 136-138 °C; IR (ATR, cm™'): 1310, 1176, 1129, 739,
697; 'H NMR (400 MHz, CDCls): § 8.47 (d, 1H, J= 5.2 Hz), 7.76 (d, 1H, J = 5.2 Hz),
7.38-7.27 (m, 3H), 7.24-7.19 (m, 2H), 6.47 (d, 1H, J=9.6 Hz), 3.20 (d, I1H, J= 9.6 Hz);
BC{'H} NMR (100 MHz, CDCls): § 148.5, 147.8 (q, *Jcr = 32.9 Hz), 140.6, 137.0,
136.0, 133.3, 128.6, 127.7, 125.8, 121.6 (q, 'Jcr =262.3 Hz), 71.0; '°F NMR (376 MHz,
CDCl3): —64.3; HRMS (DART") m/z: [M+H]" calcd. for Ci13Hi0’BrF;NO, 331.9898;
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found, 331.9899.
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3,4-Dibromo-2-methoxypyridine (118j) (Table 3-3, entry 10)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 3-bromo-2-methoxypyridine (117j)
(560.9 mg, 2.98 mmol, 1.0 equiv), ZnCl,-TMEDA (758.0 mg, 3.00 mmol, 1.0 equiv), and
anhydrous THF (30 mL). The solution was cooled to —40 °C. LiTMP (0.66 M, 8.0 mL,
5.3 mmol, 1.8 equiv) was added to the Schlenk tube. After stirring at —40 °C for 1 h, the
resulting mixture was treated with bromine (310 pL, 6.01 mmol, 2.0 equiv) at room
temperature. After stirring at room temperature for 1 h, the reaction mixture was treated
with saturated aqueous sodium thiosulfate (20 mL) and saturated aqueous ammonium
chloride (20 mL). After being partitioned, the aqueous layer was extracted with diethyl
ether (15 mL) three times. 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 =49:1) to
provide the title compound as a colorless solid (745.8 mg, 2.79 mmol, 94%), whose 'H
and C NMR data were identical with those reported in the literature.!% Ry = 0.33
(hexane/diethyl ether = 49:1); Mp 81-83 °C; IR (ATR, cm™!): 1562, 1462, 1377, 1045,
1011; "H NMR (400 MHz, CDCls): § 7.90 (d, 1H, J = 5.6 Hz), 7.14 (d, 1H, J = 5.6 Hz),
4.01 (s, 3H); *C{'H} NMR (100 MHz, CDCl3): § 161.3, 145.0, 136.5, 121.8, 110.3, 55.1;
HRMS (DART") m/z: [M+H]" caled. for CéHes"*Br®'BrNO, 267.8796; found, 267.8805.

Br OH
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(4-Bromo-2-methoxypyridin-3-yl)(phenyl)methanol (119j) (Table 3-3, entry 10)
A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar

and a rubber septum under nitrogen was charged with 3,4-dibromo-2-methoxypyridine
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(118j) (40.5 mg, 0.152 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was
cooled to —78 °C. A separate flame-dried 20 mL Schlenk tube equipped with a Teflon-
coated magnetic stirring bar and a rubber septum was charged with iodobenzene (36.9
mg, 0.181 mmol, 1.2 equiv) and anhydrous THF (1.0 mL). After the solution of
iodobenzene was cooled to —78 °C, "BuLi (1.56 M, 125 pL, 0.195 mmol, 1.3 equiv) was
added to the Schlenk tube. The resulting mixture was stirred at —78 °C for 30 min, at
which time the resulting solution was transferred to the THF solution of 3,4-dibromo-2-
methoxypyridine (118j) via cannula. The reaction mixture was stirred at —78 °C for 50
min. To the solution was added benzaldehyde (31 pL, 0.30 mmol, 2.0 equiv). After the
resulting mixture was stirred at —78 °C for 3 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
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 = 9:1 to 7:3) to provide the title compound as a colorless oil (13.0
mg, 0.0442 mmol, 29%); Ry = 0.25 (hexane/diethyl ether = 7:3); IR (ATR, cm™): 1563,
1460, 1386, 1224, 1020, 737, 701; 'H NMR (400 MHz, CDCl3): § 7.91 (d, 1H, J=5.4
Hz), 7.36-7.24 (m, 5H), 7.18 (d, 1H, J= 5.4 Hz), 6.29 (d, 1H, J=11.8 Hz), 4.09 (d, 1H,
J = 11.8 Hz), 3.90 (s, 3H); *C{'H} NMR (100 MHz, CDCl3): § 161.9, 146.0, 142.2,
134.4,128.4,127.5,125.6,125.5, 122.2, 73.4, 54.3; HRMS (DART") m/z: [M+H]" calcd.
for C13H138'BrNO», 296.0109; found, 296.0122.

Z | Br
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3-Bromo-4-iodo-2-methoxypyridine (S1) (Table 3-3, entry 10)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 3-bromo-2-methoxypyridine (117j)
(271.1 mg, 1.44 mmol, 1.0 equiv), ZnCl,- TMEDA (389.8 mg, 1.54 mmol, 1.1 equiv), and
anhydrous THF (15 mL). The solution was cooled to —40 °C. LiTMP (0.66 M, 4.0 mL,
2.6 mmol, 1.8 equiv) was added to the Schlenk tube. After stirring at —40 °C for 1 h, the

resulting mixture was treated with iodine (763.8 mg, 3.01 mmol, 2.1 equiv) at room
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temperature. After stirring at room temperature for 1 h, the reaction mixture was treated
with saturated aqueous sodium thiosulfate (10 mL) and saturated aqueous ammonium
chloride (10 mL). After being partitioned, the aqueous layer was extracted with diethyl
ether (8 mL) three times. 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 to hexane/diethyl ether
=19:1) to provide the title compound as a colorless solid (433.3 mg, 1.38 mmol, 96%).
R;=0.20 (hexane); Mp 130-132 °C; IR (ATR, cm'): 1563, 1459, 1367, 1040, 1004, 812;
'"H NMR (400 MHz, CDCl5): § 7.74 (d, 1H, J= 5.0 Hz), 7.35 (d, 1H, J= 5.0 Hz), 3.98 (s,
3H); *C{'H} NMR (100 MHz, CDCl3): § 160.5, 145.2, 128.2, 115.4, 114.5, 55.2; HRMS
(DART") m/z: [M+H]" calcd. for C¢He*!BrINO, 315.8657; found, 315.8664.

HO Ph
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(3-Bromo-2-methoxypyridin-4-yl)(phenyl)methanol (S2) (Table 3-3, entry 10)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum wunder nitrogen was charged with 3-bromo-4-iodo-2-
methoxypyridine (S1) (49.4 mg, 0.157 mmol, 1.0 equiv) and anhydrous THF (1.5 mL).
The solution was cooled to —40 °C. 'PrMgCI-LiCl (1.3 M, 175 pL, 0.23 mmol, 1.5 equiv)
was added to the Schlenk tube. After stirring at —40 °C for 1 h, the reaction mixture was
treated with benzaldehyde (31 pL, 0.30 mmol, 1.9 equiv). After stirring at —40 °C for 3 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 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 = 3:1) to provide the
title compound as a colorless oil (28.6 mg, 0.0972 mmol, 62%); Rr= 0.28 (hexane/ethyl
acetate = 3:1); IR (ATR, cm™): 1590, 1468, 1383, 1038, 1017, 701; '"H NMR (400 MHz,
CDCl): 6 8.11 (d, 1H, J=5.0 Hz), 7.43-7.38 (m, 2H), 7.37-7.27 (m, 3H), 7.23 (d, 1H, J
= 5.0 Hz), 6.16 (d, 1H, J = 4.0 Hz), 4.00 (s, 3H), 2.42 (br s, 1H); *C{'H} NMR (100
MHz, CDCl): 6 160.3, 153.7, 145.4, 141.0, 128.8, 128.4, 127.3, 116.0, 106.9, 74.4, 54.8;
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HRMS (DART") m/z: [M+H]" calcd. for C13H13¥'BrNO,, 296.0109; found, 296.0120.

Control Experiment

Reaction of 3,4-dibromo-2-methoxypyridine (118j) with EtMgCl

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 3,4-dibromo-2-methoxypyridine
(118j) (40.2 mg, 0.151 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was
cooled to —40 °C. EtMgCl (2.0 M, 120 pL, 0.24 mmol, 1.6 equiv) was added to the
Schlenk tube. After stirring at —40 °C for 1 h, the reaction mixture was treated with
benzaldehyde (31 pL, 0.30 mmol, 2.0 equiv). After stirring at —40 °C for 3 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 dried over sodium sulfate and filtered. The filtrate was
concentrated under reduced pressure to give a crude product. The yields of (4-bromo-2-
methoxypyridin-3-yl)(phenyl)methanol (119j) and (3-bromo-2-methoxypyridin-4-
yl)(phenyl)methanol (S2) were determined to be 57% and 20% by "H NMR analysis using
1,1,2,2-tetrachloroethane (25.9 mg, 0.154 mmol) as an internal standard by comparing
relative values of integration for the peaks observed at 6.29 ppm (1 proton for 119j) and

6.16 ppm (1 proton for S2) with that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm.
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3,4-Dibromo-2,6-dichloropyridine (118k) (Table 3-3, entry 11)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 3-bromo-2,6-dichloropyridine
(117k) (683.1 mg, 3.01 mmol, 1.0 equiv), ZnCl>>TMEDA (760.0 mg, 3.01 mmol, 1.0
equiv), and anhydrous THF (30 mL). The solution was cooled to —40 °C. LiTMP (0.66
M, 8.0 mL, 5.3 mmol, 1.8 equiv) was added to the Schlenk tube. After stirring at —40 °C
for 1 h, the resulting mixture was treated with bromine (310 pL, 6.01 mmol, 2.0 equiv) at
room temperature. After stirring at room temperature for 1 h, the reaction mixture was

treated with saturated aqueous sodium thiosulfate (20 mL) and saturated aqueous
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ammonium chloride (20 mL). After being partitioned, the aqueous layer was extracted
with diethyl ether (15 mL) three times. 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 to
hexane/diethyl ether = 99:1) to provide the title compound as a colorless solid (752.1 mg,
2.46 mmol, 82%); Ry= 0.33 (hexane); Mp 78-79 °C; IR (ATR, cm'): 1526, 1516, 1294,
1134, 772; 'H NMR (400 MHz, CDCl3): & 7.55 (s, 1H); *C{'H} NMR (100 MHz,
CDCl3): 8 151.3, 148.8, 139.0, 127.5, 122.7; HRMS (DART") m/z: [M+H]" calcd. for
CsH2*'Bra®CIN, 307.7890; found, 307.7902.

Br OH
= Ph
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119k
(4-Bromo-2,6-dichloropyridin-3-yl)(phenyl)methanol (119k) (Table 3-3, entry 11)
A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 3,4-dibromo-2,6-dichloropyridine
(118k) (46.2 mg, 0.151 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was
cooled to—78 °C."BuLi (1.56 M, 120 uL, 0.19 mmol, 1.2 equiv) was added to the Schlenk
tube. After stirring at —78 °C for 50 min, the reaction mixture was treated with
benzaldehyde (31 pL, 0.30 mmol, 2.0 equiv). The reaction mixture was allowed to warm
to room temperature with stirring over 1 h, at which time 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 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 the title compound as a colorless oil (14.2 mg,
0.0426 mmol, 28%); Ry=0.31 (hexane/diethyl ether = 3:1); IR (ATR, cm™): 1547, 1525,
1271, 874, 714; 'TH NMR (400 MHz, CDCl3): § 7.60 (s, 1H), 7.39-7.27 (m, 5H), 6.59 (d,
1H, J=10.2 Hz), 3.19 (d, 1H, J=10.2 Hz); *C{'H} NMR (100 MHz, CDCl;): § 150.6,
149.7, 139.9, 137.4, 135.1, 128.7, 128.2, 127.9, 125.4, 73.2; HRMS (DART") m/z:
[M+H]" caled. for C12Ho*' BrCLLNO, 333.9224; found, 333.9239.
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3-Bromo-2,6-dichloro-4-iodopyridine (S3) (Table 3-3, entry 11)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 3-bromo-2,6-dichloropyridine
(117k) (340.3 mg, 1.50 mmol, 1.0 equiv), ZnCl,-TMEDA (379.0 mg, 1.50 mmol, 1.0
equiv), and anhydrous THF (15 mL). The solution was cooled to —40 °C. LiTMP (0.66
M, 4.0 mL, 2.6 mmol, 1.7 equiv) was added to the Schlenk tube. After stirring at —40 °C
for 1 h, the resulting mixture was treated with iodine (764.6 mg, 3.01 mmol, 2.0 equiv)
at room temperature. After stirring at room temperature for 1 h, the reaction mixture was
treated with saturated aqueous sodium thiosulfate (10 mL) and saturated aqueous
ammonium chloride (10 mL). After being partitioned, the aqueous layer was extracted
with diethyl ether (8 mL) three times. 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 to
hexane/diethyl ether = 49:1) to provide the title compound as a colorless solid (282.5 mg,
0.801 mmol, 53%). Ry= 0.28 (hexane/diethyl ether = 49:1); Mp 118-120 °C; IR (ATR,
em'): 1523, 1504, 1371, 1287, 1140, 746; '"H NMR (400 MHz, CDCls): § 7.76 (s, 1H);
BC{'H} NMR (100 MHz, CDCls): § 149.3, 148.7, 133.9, 127.2, 116.4; HRMS (DART")
m/z: [M+H]" caled. for CsH,*'Br*>CI*’CIIN, 355.7742; found, 355.7758.

(3-Bromo-2,6-dichloropyridin-4-yl)(phenyl)methanol (S4) (Table 3-3, entry 11)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 3-bromo-2,6-dichloro-4-
1odopyridine (S3) (53.8 mg, 0.153 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The
solution was cooled to —40 °C. PrMgCI-LiCl (1.3 M, 175 uL, 0.23 mmol, 1.5 equiv) was
added to the Schlenk tube. After stirring at —40 °C for 1 h, the reaction mixture was treated
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with benzaldehyde (31 pL, 0.30 mmol, 2.0 equiv). After stirring at —40 °C for 3 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 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 3:2) to provide the title
compound as a colorless solid (29.4 mg, 0.0883 mmol, 58%); Rr= 0.26 (hexane/diethyl
ether = 3:2); Mp 92-94 °C; IR (ATR, cm'): 1560, 1526, 1336, 1316, 1218, 1133, 699;
'"H NMR (400 MHz, CDCls): § 7.73 (s, 1H), 7.41-7.32 (m, 5H), 6.04 (d, 1H, J= 3.2 Hz),
2.46-2.41 (m, 1H); *C{'H} NMR (100 MHz, CDCl3): § 157.3,150.8, 149.4, 139.5, 129.1,
127.7, 122.1, 118.6, 75.1 (one aromatic carbon signal is missing due to overlapping);
BC{'H} NMR (100 MHz, CD3;CN): § 159.9, 150.9, 149.7, 141.2, 129.5, 129.2, 128.9,
123.2, 119.2, 75.1; HRMS (DART") m/z: [M+H]" caled. for Ci2Ho®'Br*>CI*’CINO,
335.9195; found, 335.9209.

Control Experiment (Table 3-3, entry 11)

Reaction of 3,4-dibromo-2,6-dichloropyridine (118k) with EtMgCl

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 3,4-dibromo-2,6-dichloropyridine
(118Kk) (44.9 mg, 0.147 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was
cooled to —40 °C. EtMgCl (2.0 M, 120 pL, 0.24 mmol, 1.6 equiv) was added to the
Schlenk tube. After stirring at —40 °C for 1 h, the reaction mixture was treated with
benzaldehyde (31 pL, 0.30 mmol, 2.0 equiv). After stirring at —40 °C for 3 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 dried over sodium sulfate and filtered. The filtrate was
concentrated under reduced pressure to give a crude product. The yields of (4-bromo-2,6-
dichloropyridin-3-yl)(phenyl)methanol (118k) and (3-bromo-2,6-dichloropyridin-4-
yl)(phenyl)methanol (S4) were determined to be 49% and 23% by 'H NMR analysis using
1,1,2,2-tetrachloroethane (40.2 mg, 0.240 mmol) as an internal standard by comparing
relative values of integration for the peaks observed at 6.59 ppm (1 proton for 118k) and

6.04 ppm (1 proton for S4) with that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm.
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2,3-Dibromoquinoline (1171) (Table 3-3, entry 12)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 3-bromoquinoline (1.032 g, 4.96
mmol, 1.0 equiv), ZnCl,-TMEDA (1.269 g, 5.03 mmol, 1.0 equiv), and anhydrous THF
(33 mL). The solution was cooled to —40 °C. LiTMP (0.66 M, 14 mL, 9.2 mmol, 2.2
equiv) was added to the Schlenk tube. After stirring at —40 °C for 1 h, the resulting mixture
was treated with bromine (520 pL, 10.1 mmol, 2.4 equiv) at room temperature. After
stirring at room temperature for 1 h, the reaction mixture was treated with saturated
aqueous sodium thiosulfate (20 mL) and saturated aqueous ammonium chloride (20 mL).
After being partitioned, the aqueous layer was extracted with diethyl ether (15 mL) three
times. 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/ethyl acetate = 20:1) to provide
the title compound as a colorless solid (1.225 g, 4.27 mmol, 86%), whose '"H and *C
NMR data were identical with those reported in the literature.'” Ry=0.31 (hexane/ethyl
acetate = 20:1); Mp 97-99 °C; IR (ATR, cm™): 1485, 1360, 1115, 950, 754; '"H NMR
(400 MHz, CDCls): 6 8.40 (s, 1H), 8.03 (d, 1H,J=9.2 Hz), 7.78-7.72 (m, 2H), 7.61 (ddd,
1H,J=8.0,7.0, 1.5 Hz); 3C{'H} NMR (100 MHz, CDCl5): 5 146.8, 142.9, 140.5, 131.0,
128.8, 128.2, 128.1, 126.8, 119.8; HRMS (DART") m/z: [M+H]" calcd. for CoHs"*BroN,
285.8867; found, 285.8876.

Br

Br
X
/
N Br
118l

2,3,4-Tribromoquinoline (1181) (Table 3-3, entry 12)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromoquinoline (1171) (855.1
mg, 2.98 mmol, 1.0 equiv), ZnCl,-TMEDA (758.7 mg, 3.00 mmol, 1.0 equiv), and
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anhydrous THF (30 mL). The solution was cooled to —40 °C. LiTMP (0.66 M, 8.0 mL,
5.3 mmol, 1.8 equiv) was added to the Schlenk tube. After stirring at —40 °C for 1 h, the
resulting mixture was treated with bromine (310 uL, 6.01 mmol, 2.0 equiv) at room
temperature. After stirring at room temperature for 1 h, the reaction mixture was treated
with saturated aqueous sodium thiosulfate (20 mL) and saturated aqueous ammonium
chloride (20 mL). After being partitioned, the aqueous layer was extracted with diethyl
ether (15 mL) three times. 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 = 50:1) to
provide the title compound as a colorless solid (991.5 mg, 2.71 mmol, 91%), whose 'H
and *C NMR data were identical with those reported in the literature. Ry = 0.23
(hexane/diethyl ether = 50:1); Mp 121-122 °C; IR (ATR, cm™'): 1531, 1475, 1274, 1174,
758; '"H NMR (400 MHz, CDCls): § 8.20 (d, 1H, J = 8.8 Hz), 8.03 (d, 1H, J = 8.4 Hz),
7.81-7.76 (m, 1H), 7.71-7.65 (m, 1H); 3C{'H} NMR (100 MHz, CDCl3): § 146.5, 142.6,
137.4,131.4,129.3,129.2, 128.2, 128.1, 124.1; HRMS (DART") m/z: [M+H]" calcd. for
C9oHs*' B3N, 369.7911; found, 369.7916.

Br OH
| N Ph
~
N Br

1191

(2,4-Dibromoquinolin-3-yl)(phenyl)methanol (1191) (Table 3-3, entry 12)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3,4-tribromoquinoline (1181)
(52.8 mg, 0.144 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was cooled
to —20 °C. EtMgCl (2.0 M, 120 pL, 0.24 mmol, 1.7 equiv) was added to the Schlenk tube.
After stirring at —20 °C for 1 h, the reaction mixture was treated with benzaldehyde (31
pL, 0.30 mmol, 2.1 equiv). After stirring at —20 °C for 3 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 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 2:1) to provide the title compound as a
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colorless solid (36.4 mg, 0.0926 mmol, 64%); Rr= 0.43 (hexane/diethyl ether = 2:1); Mp
147-148 °C; IR (ATR, cm™!): 1552, 1477, 1053, 759, 720; '"H NMR (400 MHz, CDCl5):
6 8.30 (d, 1H, J= 8.3 Hz), 8.06 (d, 1H, J=8.3 Hz), 7.81 (ddd, 1H, J=8.7, 8.3, 1.3 Hz),
7.72 (ddd, 1H, J = 8.7, 8.3, 1.3 Hz), 7.38-7.27 (m, 5H), 6.92 (d, 1H, J= 11.0 Hz), 3.64
(d, 1H, J = 11.0 Hz); *C{'H} NMR (100 MHz, CDCl;5): § 147.6, 141.9, 140.9, 137.6,
134.9, 131.7, 129.01, 128.99, 128.6, 127.9, 127.6, 127.5, 125.6, 76.0; HRMS (DART")
m/z: [M+H]" calcd. for C16H12”Br¥'BrNO, 393.9265; found, 393.9280.

NS\/l[Br

N~ Br

118m
4,5-Dibromopyrimidine (118m) (Table 3-3, entry 13)
A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 5-bromopyrimidine (117m) (477.1
mg, 3.00 mmol, 1.0 equiv), ZnCl,-TMEDA (760.2 mg, 3.01 mmol, 1.0 equiv), and
anhydrous THF (30 mL). The solution was cooled to —40 °C. LiTMP (0.66 M, 8.0 mL,
5.3 mmol, 1.8 equiv) was added to the Schlenk tube. After stirring at —40 °C for 1 h, the
resulting mixture was treated with bromine (310 pL, 6.01 mmol, 2.0 equiv) at room
temperature. After stirring at room temperature for 1 h, the reaction mixture was treated
with saturated aqueous sodium thiosulfate (20 mL) and saturated aqueous ammonium
chloride (20 mL). After being partitioned, the aqueous layer was extracted with diethyl
ether (15 mL) three times. 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 = 97:3 to
19:1) to provide the title compound as a pale yellow solid (294.5 mg, 1.24 mmol, 41%);
Ry=0.32 (hexane/diethyl ether = 10:1); Mp <36 °C; IR (ATR, cm™): 1613, 1468, 1390,
1181; 'HNMR (400 MHz, CDCl5): § 8.85 (s, 1H), 8.77 (s, 1H); *C{'H} NMR (100 MHz,
CDCl3): & 158.9, 156.3, 154.1, 124.4; HRMS (DART") m/z: [M+H]" caled. for
C4H3%'BraNy, 240.8622; found, 240.8629.
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(4-Bromopyrimidin-5-yl)(phenyl)methanol (119m) (Table 3-3, entry 13)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 4,5-dibromopyrimidine (118m)
(36.0 mg, 0.151 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was cooled
to —20 °C. EtMgCl1 (2.0 M, 120 pL, 0.24 mmol, 1.6 equiv) was added to the Schlenk tube.
After stirring at —20 °C for 1 h, the reaction mixture was treated with benzaldehyde (31
pL, 0.30 mmol, 2.0 equiv). After stirring at —20 °C for 3 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 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 = 17:3 to 3:7) to provide the title compound as a
colorless oil (30.6 mg, 0.115 mmol, 76%); Ry = 0.34 (hexane/diethyl ether = 3:7); IR
(ATR, cm™): 1537, 1417, 1385, 752, 699; 'H NMR (400 MHz, CDCls): & 8.89 (s, 1H),
8.79 (s, 1H), 7.43-7.30 (m, 5H), 6.06 (d, 1H, J = 3.2 Hz), 2.93 (br s, 1H); *C{'H} NMR
(100 MHz, CDCl3): 6 157.6, 156.4, 152.8, 140.4, 138.0, 129.1, 128.9, 127.3, 73.1; HRMS
(DART") m/z: [M+H]" calcd. for C11Hi10”’BrN,0, 264.9977; found, 264.9990.

Br

D
Cl— g~ ~Br

118n

2,4-Dibromo-5-chlorothiazole (118n) (Table 3-3, entry 14)
A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2-bromo-5-chlorothiazole (117n)
(603.8 mg, 3.04 mmol, 1.0 equiv), ZnCl,- TMEDA (758.3 mg, 3.00 mmol, 1.0 equiv), and
anhydrous THF (30 mL). The solution was cooled to —40 °C. LDA (2.0 M, 3.0 mL, 6.0
mmol, 2.0 equiv) was added to the Schlenk tube. After stirring at —40 °C for 1 h, the
resulting mixture was treated with bromine (310 pL, 6.01 mmol, 2.0 equiv) at room

temperature. After stirring at room temperature for 1 h, the reaction mixture was treated
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with saturated aqueous sodium thiosulfate (20 mL) and saturated aqueous ammonium
chloride (20 mL). After being partitioned, the aqueous layer was extracted with diethyl
ether (15 mL) three times. 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 to hexane/diethyl ether
= 97:3) to provide the title compound as a colorless solid (686.5 mg, 2.48 mmol, 81%);
Ry=0.27 (hexane); Mp 29-30 °C; IR (ATR, cm'): 1471, 1406, 1205, 1038, 1014, 826;
BC{H} NMR (100 MHz, CDCl5): § 133.1, 125.2, 124.3; HRMS (DART") m/z: [M+H]"
calcd. for C3H®'Br?’CINS, 281.7815; found, 281.7826.

Br
Ty e
cl S)\(
119n M

(4-Bromo-5-chlorothiazol-2-yl)(phenyl)methanol (119n) (Table 3-3, entry 14)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,4-dibromo-5-chlorothiazole
(118n) (42.6 mg, 0.151 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was
cooled to —20 °C. EtMgCl (2.0 M, 120 pL, 0.24 mmol, 1.6 equiv) was added to the
Schlenk tube. After stirring at —20 °C for 1 h, the reaction mixture was treated with
benzaldehyde (31 pL, 0.30 mmol, 2.0 equiv). After stirring at —20 °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 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 = 10:1) to provide the title compound
as a colorless solid (24.6 mg, 0.0807 mmol, 53%); Ry=0.26 (hexane/ethyl acetate = 10:1);
Mp 92-94 °C; IR (ATR, cm'): 1488, 1454, 1218, 1153, 1046, 856, 705; '"H NMR (400
MHz, CDCls): § 7.47-7.34 (m, 5H), 5.96 (d, 1H, J=3.6 Hz), 3.05-2.98 (m, 1H); *C{'H}
NMR (100 MHz, CDCls): 8 172.5, 140.1, 129.2, 129.1, 126.7, 124.8, 124.3, 74.2; HRMS
(DART") m/z: [M+H]" calcd. for C1oHs*'Br*’CINOS, 307.9149; found, 307.9158.
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Ethyl 3,6-dibromo-2-chlorobenzoate (1190) (Table 3-3, entry 15)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2,4-tribromo-3-chlorobenzene
(118c¢) (52.6 mg, 0.151 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was
cooled to —40 °C. EtMgCl (2.0 M, 120 pL, 0.24 mmol, 1.6 equiv) was added to the
Schlenk tube. After stirring at —40 °C for 1 h, the reaction mixture was treated with ethyl
cyanoformate (29 pL, 0.30 mmol, 2.0 equiv). After stirring at —40 °C for 3 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 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 = 24:1 to 23:2) to provide the title
compound as a colorless solid (38.6 mg, 0.113 mmol, 75%); Ry = 0.65 (hexane/diethyl
ether = 10:1); Mp 40-41 °C; IR (ATR, cm™'): 1737, 1433, 1379, 1265, 1248, 1175, 1153,
1066, 811; 'H NMR (400 MHz, CDCls): 6 7.52 (d, 1H, J= 8.8 Hz), 7.35 (d, 1H, J= 8.8
Hz),4.47 (q, 2H,J=7.3 Hz), 1.42 (t, 3H, J= 7.3 Hz); *C{'H} NMR (100 MHz, CDCl5):
5 164.9, 137.4, 134.9, 132.3, 131.9, 122.5, 118.5, 62.8, 14.2; HRMS (DART") m/z:
[M+H]" caled. for CoHg”"Br2*>Cl0,, 340.8580; found, 340.8591.

Br

SN Cl

7
N Br
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2,4-Dibromo-3-chloroquinoline (119p) (Table 3-3, entry 16)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3,4-tribromoquinoline (1181)
(56.3 mg, 0.154 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was cooled
to —20 °C. EtMgCl (2.0 M, 120 pL, 0.24 mmol, 1.6 equiv) was added to the Schlenk tube.

After stirring at —20 °C for 1 h, the reaction mixture was treated with trichloroacetyl

130



chloride (34 pL, 0.30 mmol, 1.9 equiv). After stirring at —20 °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 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 = 14:1) to provide the title compound
as a colorless solid (35.7 mg, 0.111 mmol, 72%); Ry= 0.41 (hexane/diethyl ether = 14:1);
Mp 121-122 °C; IR (ATR, cm!): 1553, 1538, 1477, 1345, 1281, 1181, 758; 'H NMR
(400 MHz, CDCl3): 6 8.17 (dd, 1H, J=8.1, 1.3 Hz), 8.05 (dd, 1H, J=8.1, 1.4 Hz), 7.77
(ddd, 1H, J= 8.4, 8.1, 1.4 Hz), 7.70 (ddd, 1H, J = 8.4, 8.1, 1.3 Hz); *C{'H} NMR (100
MHz, CDCl): é 146.1, 140.8, 134.3, 131.3, 131.0, 129.3, 129.2, 128.0, 127.6; HRMS
(DART") m/z: [M+H]" calcd. for CoHs”’Br,*>CIN, 319.8477; found, 319.8493.

OMe
N?IQ/
k\N

Br
119q

4-Bromo-5-(4-methoxyphenyl)pyrimidine (119q) (Table 3-3, entry 17)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 4,5-dibromopyrimidine (118m)
(37.2 mg, 0.156 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was cooled
to —20 °C. EtMgCl (2.0 M, 120 pL, 0.24 mmol, 1.5 equiv) was added to the Schlenk tube.
After stirring at —20 °C for 1 h, the reaction mixture was treated with ZnCl,-TMEDA
(45.9 mg, 0.182 mmol, 1.2 equiv). The reaction mixture was allowed to warm to room
temperature with stirring over 1 h, at which time the reaction mixture was treated with
Pd(PPh3)4 (20.3 mg, 17.7 pmol, 11 mol%) and 4-iodoanisole (73.9 mg, 0.316 mmol, 2.0
equiv). After stirring at 60 °C for 4 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 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 1:1) to provide the title compound as a colorless solid (20.2
mg, 0.0762 mmol, 49%); Ry= 0.48 (hexane/diethyl ether = 1:1); Mp 89-90 °C; IR (ATR,
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em™): 1523, 1515, 1393, 1249, 826, 756, 673; 'H NMR (400 MHz, CDCl3): & 8.88 (s,
1H), 8.56 (s, 1H), 7.39 (d, 2H, J= 8.8 Hz), 7.03 (d, 2H, J= 8.8 Hz), 3.88 (s, 3H); *C{'H}
NMR (100 MHz, CDCls): & 160.4, 157.3, 156.9, 153.0, 137.7, 130.7, 127.2, 114.3, 55.5;
HRMS (DART") m/z: [M+H]" calcd. for C11Hi0””BrN-0, 264.9977; found, 264.9988.

Br.

IN CO,Et
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S
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Ethyl 2-((4-bromo-5-chlorothiazol-2-yl)methyl)acrylate (119r) (Table 3-3, entry 18)
A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,4-dibromo-5-chlorothiazole
(118n) (41.4 mg, 0.149 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was
cooled to —20 °C. EtMgCl (2.0 M, 120 pL, 0.24 mmol, 1.6 equiv) was added to the
Schlenk tube. After stirring at —20 °C for 1 h, the reaction mixture was treated with
CuCN-2LiCl (1.0 M, 225 uL, 0.23 mmol, 1.5 equiv) and ethyl 2-(bromomethyl)acrylate
(41 pL, 0.30 mmol, 2.0 equiv). The reaction mixture was allowed to warm to room
temperature with stirring over 3 h, at which time 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
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 as a colorless oil (22.5 mg,
0.0724 mmol, 49%); Ry=0.27 (hexane/diethyl ether = 10:1); IR (ATR, cm™!): 1715, 1486,
1211, 1176, 1161, 1045, 850, 649; 'H NMR (400 MHz, CDCls): § 6.39 (s, 1H), 5.84 (d,
1H, J=1.0 Hz), 4.23 (q, 2H, J=7.1 Hz), 3.93 (d, 2H, J= 1.0 Hz), 1.30 (t, 3H, J= 7.1
Hz); BC{'H} NMR (100 MHz, CDCl3): § 166.5, 165.9, 136.0, 129.3, 124.5, 123.0, 61.5,
37.0, 14.3; HRMS (DART") m/z: [M+H]" calcd. for CoH1o®'Bri’CINO,S, 313.9254;
found, 313.9257.
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4-Bromo-5-chloro-2-(trimethylsilyl)thiazole (S5) (Table 3-3, entry 18)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,4-dibromo-5-chlorothiazole
(118n) (40.9 mg, 0.147 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was
cooled to -20 °C. EtMgCl (2.0 M, 120 pL, 0.24 mmol, 1.6 equiv) was added to the
Schlenk tube. After stirring at -20 °C for 1 h, the reaction mixture was treated with
Me;SiCl (38 pL, 0.30 mmol, 2.0 equiv). After stirring at —20 °C for 3 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 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 = 49:1 to 24:1) to provide the title
compound as a colorless oil (13.9 mg, 0.0514 mmol, 35%); Ry = 0.40 (hexane/diethyl
ether = 30:1); IR (ATR, cm™): 1455, 1371, 1253, 1208, 1041, 998, 844, 826; 'H NMR
(400 MHz, CDCls): § 0.39 (s, 9H); *C{'H} NMR (100 MHz, CDCls): § 174.8, 128.6,
126.2, —1.2; HRMS (DART") m/z: [M+H]" calcd. for CsHio"”Br*>CINSSi, 269.9175;
found, 269.9181.

3-6-5 One-Pot Halogen Dance of 1,2-Dibromobenzene (Scheme 3-7)

Br

CO,Et

119s

Ethyl 2-(2,6-dibromobenzyl)acrylate (119s)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2-dibromobenzene (108) (70.3
mg, 0.298 mmol, 1.0 equiv), ZnCl,-TMEDA (76.6 mg, 0.303 mmol, 1.0 equiv), and
anhydrous THF (3.0 mL). The 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 bromine (31 pL, 0.60 mmol, 2.0 equiv) at room
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temperature. After stirring at room temperature for 1 h, the solution was cooled to —40 °C.
PrMgCl (1.3 M, 930 pL, 1.2 mmol, 4.1 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, 450
pL, 0.45 mmol, 1.5 equiv) and ethyl 2-(bromomethyl)acrylate (250 uL, 1.81 mmol, 6.1
equiv). The reaction mixture was allowed to warm to room temperature with stirring over
3 h, at which time the reaction mixture was treated with saturated aqueous ammonium
chloride (2 mL). After being partitioned, the aqueous layer was extracted with diethyl
ether (3 mL) three times. 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 to hexane/diethyl ether
= 93:7) to provide the title compound as a colorless oil (59.6 mg, 0.171 mmol, 57%); Ry
= 0.48 (hexane/diethyl ether = 10:1); IR (ATR, cm™'): 1715, 1430, 1280, 1255, 1134, 773,
713; '"H NMR (400 MHz, CDCls): § 7.55 (d, 2H, J = 7.8 Hz), 6.99 (t, 1H, J = 7.8 Hz),
6.22-6.19 (m, 1H), 4.98-4.94 (m, 1H), 4.29 (q, 2H, J = 7.2 Hz), 4.02 (dd, 2H, J = 2.0,
1.6 Hz), 1.35 (t, 3H, J=7.2 Hz); *C{'H} NMR (100 MHz, CDCl;): § 166.7, 138.0, 136.4,
132.4, 129.4, 126.2, 124.6, 61.1, 38.7, 14.4; HRMS (DART") m/z: [M+H]" calcd. for
C12H137Br,02, 346.9282; found, 346.9274.

Control Experiments

Optimization of Grignard reagents

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1,2-dibromobenzene (108) (70.8
mg, 0.300 mmol, 1.0 equiv), ZnCl,-TMEDA (75.5 mg, 0.299 mmol, 1.0 equiv), and
anhydrous THF (3.0 mL). The 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 bromine (31 pL, 0.60 mmol, 2.0 equiv) at room
temperature. After stirring at room temperature for 1 h, the solution was cooled to —40 °C.
PrMgCI-LiCl (1.3 M, 930 pL, 1.2 mmol, 4.0 equiv) was added to the Schlenk tube. After
stirring at —40 °C for 1 h, the reaction mixture was treated with iodine (493.4 mg, 1.94
mmol, 6.5 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 dried over sodium sulfate and filtered.
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The filtrate was concentrated under reduced pressure to give a crude product. The yields

were calculated according to the procedure described in Table 3—1, entry 2.

\N/\ /N\ —
/ Zn\ AN
Br c’ ¢l Br Br Br Br
—_— _— + +
H THF Br —40°C, 1h | Br Br
108 —40°C, 1 h 104 then I 120 121 123
then Br,
—40°Ctort
entry® Grignard reagent 108 (%)> 104 (%) 120 (%)° 121 (%)* 123 (%)’
1 PrMgCI-LiCl (2.0 equiv)© 10 29 5 43 13
2 PrMgCl-LiCl (4.0 equiv) 10 - 13 66 12
3 MeMgBr (4.0 equiv) 4 83 -4 9 -4
4 MesSiCH2MgCl-LiCl (4.0 equiv) 12 80 — A —
5 EtMgCl (4.0 equiv) 12 48 2 44 —
6 "BuMgCl (4.0 equiv) 16 79 d d d
7 BuMgCl (4.0 equiv) 9 86 d d d

“Reaction conditions: 1,2-dibromobenzene (108; 1.0 equiv, 0.30 mmol), ZnCl,-TMEDA (1.0 equiv, 0.30
mmol), THF (3.0 mL), then LiTMP (1.8 equiv, 0.54 mmol), —40 °C, 1 h, then bromine (2.0 equiv, 0.60
mmol), rt, 1 h, then Grignard reagent, —40 °C, 1 h, then iodine (6.0—6.5 equiv, 1.8-2.0 mmol), —40 °C, 1
h. *The yield was determined by 'H NMR with 1,1,2,2-tetrachloroethane as the internal standard.
“Reaction with iodine (3.0 equiv, 0.90 mmol). “Not detected.

3-6-6 Calculation of pKa Values
The calculated pKa values in DMSO were as follows (see Chapter 2, 2-8-6).

R-H R™ (anion) AG° [kJ/mol]  pKa (in DMSO)
H
- Br /6 Br
g o 1400.4 37.0
N OMe N OMe
117j
Br Br
o~ N0
| | 1385.4 34.5
N OMe N OMe
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S
~ Br = Br
Jj\/l[ g 1367.5 316
Cl N Cl Cl N Cl

117k
Br Br
o~ N0
< < 1359.4 30.2
Cl N Cl Cl N Cl
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4-1 &S

o, BT, VT ULARLH OB AHEE L, LERWIE
FIeeT 74 U AEMH LR s, 7a®7 L—ronna 2o 2 e £l
L, E— ML RIEICm LS, BUETIE, VFULNLRUE~DOER
RS, 17 ORBENROG & IR S5 Z L2 A L=, 720D,
filiitED =7 AbAR U FEEH WD &, a2 ZAREIR DR AN
IND & Lol FOSHEMEZFEMICNTC/R R, A F oLt =7 vibky
RONROS LA LT, VFULT V=L M) IAduRT— BT aEhox
FHEL AT 5 Z Enbhotz, DFTRIAEIZE ST, VF U L7 v AL
R d 20 FRNe 7 RS OEE b g L X =R TS, e s
VH ARSI E RSN L,

4-2 VA ABRDOKRE

WFIC RO TSR], N H o AZET DA O B 201801372 <, b7
BEimE DN A AE W= T v b RS O E MR E Y O 5t A2 LTz
(Scheme 4-1), Knochel 1%, iy b @@L 7 v F o & L THEI B 5 DoM
B 1Mz LT, =7 bR v R E Y DA GDED, e ko
MEZZSELTOICAETH D LHEL TWD (Schemed-1a)''!, 7= =)L
B U 2 124 |2 TMPMgCI-LiCl Z#EHS®E5 &, Bi7we honsdiTL, 3 v#E
BIZ &> T, a— R B 125 2K 85% THRTWDH, —F, {LFER=ED
Z7 MR TRV TN T VIR BFOEL M2 5 L, I—KEY VU 126
MR 83% CTHEM L TV D, ZOfERIEL, N-BFi:EU VY RT'EBEMR S,
U UVERBROBBM TR e FoMEELZ720 B DD, BRI, O
REBEL, EOIFEROER L D70 EE 6OV 70EEY U 1280
7w b OALEZ B SE D Z & ailA 7= (Scheme 4-1b), T 725, 23-v
THEEEY V128 LDA ZEASE S L, RLBEEOE W CANL O T a k
VAT R hrEh, aUHEICLE-oT4I—FEI YU 129 NEHNE EE
2T, —JTC, [P EMED BFsOBb x5 &, N-BFis U 2130 & 5.2,
Bi7m RS CoRLTHEITL, 6-F— RE U VU 131 G615 EWfF LT,
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Scheme 4-1. N-BF; Pyridine: Switching of Deprotonation Site
(a) Switching deprotonation site of 2-phenylpyridine (Knochel)

=
\N | TMPMgCI-LiClI
then |,
H 0,
124 85%
BF3OEt2
(1.1 equiv)
TMPMgCI-LiCl
then |,

83%
N-BF 3 pyridine 127

(b) Attempt to switch deprotonation site of 2,3-dibromopyridine (initial idea)

H |
= | Br LDA - _ | Br
NS NS
N~ Br then I N~ Br
128 129
BF3OEt2
(1.1 equiv)
= Br % | Br
o LDA N
HOOSNT DBr | -omememmmeee e > 17N Br
BF, then |, 131

N-BF3 pyridine 130

F£9°, BF;-OEt 27 1 b U RUGNTH 2 D% FJ1~7= (Table 4-1), ¥ 7' 1
TE Y Y 128 O THF A2 LDA #-78 °C T | Bff/EA &8, 3 v H TG
PARIE S H Tz, ZOME, 3—FEU U129 & 132 22 NFHUE 77% & 8%
T2 (entry 1), TOREEMND, BV U 128 D7 1 b X C4 L THEATL,
ZD%, BRINETEH L LD\ F U A AREITL, I—FEY P 13208
kT2 Ebhotz, A O kI, Mongin 5 LiITMP & (TMP).Zn % /-
WEMLFE L CThHoTz, WIZ, 1 ¥ED BFOEh ZHWW=L 2 A, 3— KRt
U129 TAERET, B U2 128 ZEEMICEIL LT (entry 2), 72d5, YW
ELTWERT e hrOALENEN LT AR 131 135 o nkenote, —5F,
BF3-OEt Z 10mol% i x. % &, TASMI S, 3-9— FE U 20132 Z UL 76% T
5372 (entry 3), UL EDOFERNG, {LFEFwmED BFs-OEL 37 1 F o OfLE %
BALSER o720, fEE D BF;-OEL 23 N0 7 o Z 0 A & BRI INE S+
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Table 4-1. Screening of Lewis Acids?

= | Br I(_ft\)N 'nicif/g (. 1LE$U|v) d ﬁ\/E
Woe o T
128 132 CCDC 2077481
entry Lewis acid amount 128 (%)° 129 (%)” 132 (%)’
1 none none — 77 8
2 BF;-OEt; 1.0 equiv 77 - -
3 BF;-OEt; 10 mol% 8 - quant (76%)
4 BCl3 10 mol% 91 — —
5 BBr3 10 mol% 79 - -
6 BEt; 10 mol% 9 68 19
7 B(C¢Fs)3 10 mol% 24 48 12
8 B(O'Pr)3 10 mol% 12 27 26
9 AlF3 10 mol% - 77 8
10 ZnF; 10 mol% - 75 10
11 TiCl4 10 mol% 22 25 32
12 Sc(OTf); 10 mol% 33 28 25

“Reaction conditions: 2,3-dibromopyridine (128; 1.0 equiv, 3.0 mmol), Lewis acid, THF (30 mL),
=78 °C, 10 min, then LDA (1.1 equiv, 3.3 mmol), =78 °C, 1 h, then iodine (2.0 equiv, 6.0 mmol),
—78°C, 1 h. "Yields determined by "H NMR with 1,1,2,2-tetrachloroethane as the internal standard.
“Not detected. “Isolated yield.

HEbrole, ZOMDNA AR ERGFT L& Z A, BC<X° BB 2 W56
%, 7 aEEY U128 ZEEMICEI L7 (entries4 and 5), [FIFEIZ, BEG X
B(CeFs)s, 7213 B(OPr)s # W =840, 3-3— REU U0 132 2003 12-26%
THET2 (entries 6-8), RUFRIRT A2 T2V A ABERET LT L Z A, AR
ZnF2 1%, 3-3— BV U 132 OYR L [ LS WD) o7 (entries 9 and 10), £
72, TiCls=° Sc(OT); 1%, 3-F— FE U P 132 2 Z UK 32% & 25% T 5
X 7z (entries 11 and 12), LA XD, FASMNI S, fililf&Ed BFs-OEL 23 FF A7)
SEIIINa U X AENMREE D 2 ERbhoTe, b TSN ORE R
ZtHT 572012, N-BFs B U 2 130 23R L 7= Al REME 2 fED D 7=,
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4-3 flETEHEORE

F£7, 'THNMR FEBRIZ Lo T, N-BF: 85K AR L 72 WTREME Z gD~ 7= (Figure
4-1), Y7 uEEY T 128 O THF-ds I§KIZ 0.5 X &D BF;-OEL 1%, 'H
NMR Z#IE L7z (Figure4—la), L2 L, 20°C (2B W C, Y= F/L=—F /b (3.38
ppm & 111 ppm)LIS D772 7 F /BRI &3, N-BFs Y U 130 O
JFMIBE EN R o2, RIE NMR ZHIE L722%, —100 °C I2BW\WTH

@ o, BFyOEt, —==_ [ i
N/ Br (0.50 equiv) N/ Br
128 (1.0 equiv) BF,
BF5-OEt, 130
none 22°C 1 I l ] |
05equiv 20°C T [ | |
0.5equiv 0°C o 1] [
0.5 equiv. —20°C l I I “ Ll
0.5 equiv. —40°C I | l “ l l
0.5 equiv. —60 °C [T [ I
0.5 equiv —80°C “ | ll l lL
L05equiv -100°c ]| | I L
2 11 10 9 8 7 6 5 4 3 2 1 0
Br Br
(b) (j/Br + BF3OEt, —<—=> || N
N7 (0.50 equiv) NT
133 (1.0 equiv) éF3
BF5-OEt, 134
none 22 °C J I ] 1 .
0.5equiv 20°C l ‘ l M l l .JLL
05equv___0°c |yl A -
0.5 equiv. —20°C l il ;_l ' k
0.5 equiv. —40 °C l;l,l 1 J ) l
0.5 equiv. —60 °C l A 1“ % l
05equiv. —-80°C | y() . A L
0.5 equiv —100°C| |{] A A
2 11 10 9 8 7 6 5 4 3 2 1 0

Figure 4-1. (a) "H NMR (400 MHz, THF-dg) spectra of a mixture of 2,3-dibromopyridine
(128; 1.0 equiv) and BF;-OEt, (0.5 equiv). (b) "H NMR (400 MHz, THF-dg) spectra of
a mixture of 3,4-dibromopyridine (133; 1.0 equiv) and BF3-OEt, (0.5 equiv).
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N-BF3; BV 2130 O > 7 F /W38 S 72 52> 7213, Knochel & 2388 L 72 N-
BR BV 12T 25257 ==L U 12411 L3RI, 23-U7 1%
U Ur128)iF, C2HALDO T B EROVREEL L OE FREIRICL-T=T
bR TR EOBMINREI N EE 2 LNDM, C2HALO T aEIDORN R % i
MO DT, RIBERE LT 34-U7 0 Y A3 EHWTRBED ST
"HNMR % L7 (Figure 4-1b), = DOfER, —100 °C 7>5 20 °C OIRFEFHIK T
EU Y133 10 b EEEE (ERs) N E) L7z, N-BFs &5k 134 (205 )& 7]
BBy 7T v a2 L2, Z o RIT, FEEROFRE O TS
DR E—HLTWD GEMIE, FHIUE, 4-7-5),

N-BF; BV ¥ OERNAF] L ohoT-0DT, BEOfi: LT C-BF; B Vv
135-Li #4222 L, £ OE A L ORI 2307~ 72 (Scheme4-2), ¥ 7 v E
B U2 128 (12 LDA #/EH &4, pinBOPr' TR ZEIE S5 &, T bR
BURE T a— L= AT 0136 IR 84% THRLNTE, VF U LT U—/L Y 7
NABRT—NOEMEE L THE— LI TWD Batey b OHENIIHEST, E
FTa— T ATV 136 127 AUKFBHREER S8, KBILY 50 LA TREELTZ,
L22L, Batey 5O 7 = =)L v RS a— /L= A7 VOWE & IFRRY, VT
U A TIE e < e b AR 135-H Z ISR 49% TR 7o, ZORERIE, NtBv
L0 LBEEMENRENEY DUR, Ta bR EER LT oo ld E B Z
bbb, UV rRue Byl a—L T ATV 136 1%, 7 v{bKERAEN S
72%, BwNOH T, YU BNV BT Lrua~ NI T 7 4 —THERT D L,
T N ZTFNT =T LM 135-NBus 2 UK 62% TH- 277,

Scheme 4-2. Synthesis of Trifluoroborates 135-H and 135-NBu,

) aq. HF
LDA Bpin then BFs'—'
Br -78°C Br LiOH Br
| ~ _— A —_— @
N” D Br pInBOPr) “NZ “Br  49% N Br
128 84% 136 135-Li
135H CCDC: 2179136
aq.HF
then
o ®
Bus;NOH BF3NBuy
62% o Br
L ]
~
N Br Y
135-NBu, CCDC: 2151176

143



fii7a o) FAic k> TV F LT Y=L F Y 74 aRT— |k 135-
Li ~Z v i 72 Al ERiERA 135-H 2 5 C& 72D T, 7V —/ M 7 F R
7 — |} 135-H & 135-NBug O filt 5 2 514 L 7= (Scheme 4-3), = DfER, 71
N ATIIMARI3S-H 3e 7 o o Al L, 3-3— FE U 20 132 IR 77%
THZ -, ZOREND, YPAEE L TV N-BF EY VU Tidil, VF UL
TU—=nN RN TrFdraRT—h, F7205 C-BF B'Y ¥ 135-Li 23, EOfl
ERDBIENDNoT, B, T R TFAT =T A 135-NBug 1E, KW
BT A R LT

Scheme 4-3. Trifluoroborate-Catalyzed Halogen Dance

H C-BF; pyridine (10 mol%) | Br
(ﬁ:Br LDA (1.1 equiv) R (\/[Br o !
N" > Br IGO N” Br N” > Br

128 then 1, 129 132

135-H 2% 7%

135-NBu,  57% 19%

4-4 DFT #HE % B\ 72 RS o Az
FERAE FAZ T W T HEE SOSHEE 22 7k 3 (Scheme 4-4, pathway A), U F 7 LT
U—L N U Z7FdaRT— b 135-Li 1%, ~[EO5FHREE-U F U A5 H % fillt
T 5, £9, 23-U7uwe U DA e U FARIC L T, BV
N F T L13T BEAL, 7272 BIC BFOEL &L, UFTAT Y —/Lk
U7 NFAaRT— b135-Li &5 %5, Bk L2t &o 135-Li 1%, Bloror
VPNV F L3 ERFE-VTFULLHL, VLI FULI8E N TR
TEY V139 BAEKT S, EUVPALIFULALI8 LN T rEEY PV 139
DA HDORF-V F U LWL - T, i 135-Li OFAZENRN 5, B
LHNCER B EZERBEY DU F A 140 BESND, TV =L R 74
RT— R NDIT B —T1FF L DE (Scheme4-3) 6, BV DU F 07 L137
£ 135-Li DRF-V F U LASZHMBEER 141 ZRB LEITTL WD EEZBND,
U7 REEY U128 DX AL, Quéguiner HIZ X o THAE STV
% 20098 RIS LTS & VIBOCHEE DN B 72 5> TV % (Scheme 44, pathway
B), T74&bb, VUL IF UL 13T ORFBLICL > TRELEZN) T rEY
U139 MY DU F 7 A 137 5 140 ~O B L 2 il LT 5,
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Scheme 4-4. Plausible Pathway for Halogen Dance

H Br
Br
AN Br ® = N
| Lind_ |
= N\
N Br |: LI
128
BF-OEt, E%il:
(0.10 equiv) NT OB
LDAl 141 -
. o
| Li BF3L|
X Br Iy X Br X Br
(T =] ——1
N"Br .- N N
129 137 c- BF3 pyrldme 135 Li
i - Br - OF,Li®
‘i/“\ X Br L|
vy | Z /
\ L °N” Br | N
\ 139
Br T~ Br 1
oedine
N~ > Br L N Br pathway A ——
132 140 pathway B -----

SO O DFT sH8 & i L, il 135-Li 23 lym v 208 U7 B i 2 57
(Figure 4-1), DFT FHEICET 2 2 CORMEMIIL, HREPFIEE O FERKFERE
BESE A FERL OB = —HdR (Be IR R FERRENTEEE T R) & N ILEME
EHIC L > TUThbhiz, #HEIE, M062X/6-31+G* & Lanl2DZ(Br)+PCM(THF)|Z J&
SNTW5B, £9, VAV FUL 13T RV T LT Y—/L N 74 R
Z— M 135-Li SFEL L, 850K CPla 2525, J5CR SMA MDD DRFE-Y F U A
HADNERSIRRE TS1a Z8&H L, +23.0 kcal mol ! OiEMAb = 2L —TILAY
138 & 139 DK CP2a BT D, AR OTEMAL = 2L —13, TR
7= pathway B O SMe 725 TS1g ~DEFE -V F 7 A5 # LV ¢, 3.7 keal mol ™!
INSEWE Do T, FT2, ERBIREE TS1A 1281 5 F-Li & Br-Li OJ5 7[R
1%L, ZNENDJFD van der Waals -5 (Li, 1.82 A; F, 1.35 A; Br, 1.85 A)?DFn
LV bENoT, ZO/REND, F-Li #HAEERPICL T, BU)IFMICAZE
VIV FULINEMLIZEBZ X biLD, F-LifHAEEAIC L2 RFE-V
F 7 D ONEN FNL, T T T FAT E =7 LM 135-NBus 8 1F & A Ll
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PR 2 IR S22 o T2 EERAE I (Scheme 4-3) & —E L TV 5121 $E(K CP2A 0 5
CP3a ~DFHAfEA(H0. T kcalmol VD H &, “EHDRFE -V F 7 LAZHI TS2 (+4.3
kcal mol )& #EH L, CP4a Z 5 2721, 3-UFAE U T 140 DNERLL, filfil
135-Li A ZILD (PDA), VO DFERN D, REUSIES) FAI K & ZZE R
YUY FT L 140 OERERE )& LTEITLTWD Ebhoalz, F£75,
F-Li fHAEERIZE T, TS1a & TS2A NETEALEINTNDZ ELHLNITR -
7=o BBl @E 7 v A0y 7 TSPV Ry 7 ZARES, BERKE
BN, EOMmOF A P AR P b EmEORISH & LTHH S
T M) 7t RT— e, 7aTiOZ 0 E L2 IR S8 5 Ak s
LTHALEMO TOBITH S,

AG (kcal/mol) Wi t
— — THE R F &=
/ ' e
a5 ;T8N s THF Br M E P
[ & " U F ' BB h  —
== Bry o - N TS2s ~
o ¥ @ o U, / 3 e Pt [
20 - L7 =N . A ! o]
T THF +9.6 T_““ \ B !!Mb
7 8.1 THF o 1 N B\
Y a3 Y ¢ ¥ N
- . cr2 0.7 C =5 B 7 Y (': Li Br
15 \
- . / \ THF
3 vy L
N;} LisTHF gy cP2 03 e W\
23.3 \ 4
B’  Br fx ™ \
Ly 243
10 + B ES N Ly
Br Vo
o \
.
+6.2 vy e N
SMa I Halogen Dance & id B—{
0 Lithiation of Catalyst ge | =
sM, —03 CPin Regeneration of Catalyst \ o THEL= - Fg

F
. 5.4
Sl W v ™ ot ) | .. PDa
B b B ALl By = 4 WG e
. r\?j TR N i PR PDs
N ;- Briscl pathway A: L CP4x "
-10 |- a’ B THF Bri. F. F
Li--Fs g o L
pathway B:  — 7N _B _
N=¢ TLiF [
B | Br N
THF  Br

Figure 4-1. DFT calculations of the halogen dance catalyzed by lithium aryltrifluoroborate
based on the level of M062X/6-31+G* and Lanl2DZ(Br)+PCM(THF). Distances between
atoms (A) are as follows: red, C—Br; blue, Li—Br.

4-5 vV VUBEEOLE MR

fibfit 135-Li 1%, #ix 27 vet’) oo al o H L X fiflt L7~ (Table 4—
2), Y7 uEEY I 128 (entryl) & [FERIZ, 3-7RE2-Z7mRbEY P (142)E
BF;-OEt; (10 mol%)?® THF ¥R (Z LDA (1.1 24 )% —78 °C T 4 FFEEA &87- &
A, 3-3—REU T 143 BNE 62% TARR L, FE 142 & 20%IR1IX L 7=
(entry 2), #~7-2-7 vl U 142 ZERIHEE SE D720 LDA (1.5 4
E)EEH S0, BAD3-3— KRB U U0 143 OIRN 15% K F L2, =
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DOFfERIT, LDA & BF3-OEt DRSS HEIT L, AR OWRAEE SN0
EEZ %mé —J7C, fRERTERIA 135-H 2\ 5 &, LDA(1.5 Y8E)E1EH &
BB Y D142 ZEE TX,3-3— R Y 20 143 2R 70% THE -,
u‘:z’»of, L RTBEAAR 135-H 1%, BF3-OEt; L 0 HEL-fillit & U CHEEET 5
ZENbnolz, TUV—= NV NI 7 FERT—N135-H (L, 2-7 04 Y U
144 LERICHE TE, 3-3— FE U V0 145 2K 84% TH- 2 7= (entry 3), &
WL U=, 2-7 v 4 m-6-v¥'a ) 146 1A T, 3-9— F-6-£"22 )
147 D3UF 74% THRL L7z (entry 4), RIZ, C6 (IZEHIELZ HHOE Y P D
a A AR LT, 6-7 ==L P 148 & fIERTERAR 135-H &
TROSTIE, A% — NV TRIGEEIREESEDE, 24-70EE Y U2 149 Z UK
89% CTHF7= (entry 5)'%6, filfRiERIA 135-H 1X, 6-AF U LE Y T 150, 6-7 =
ST F =YV A5, 6-v 7 u T a ) D152 OoNa U B A
RS, 95 24-U70EE Y V0 153-155 % 5 2 7= (entries 6-8),
FERNG, C-BFs B U Do hinaF URA O L 2 INE S 5272 LT
BN TNWDZ ERHLNE ST,

Table 4-2. Range of Bromopyridines Synthesized by Lithium Aryltrifluoroborate-Catalyzed

Halogen Dance

H BF3-OEt;, or E

C-BF; pyridine 135-H LDA id
= | Br (10 mol%) (1.1 equiv) = | Br | E
SNTOR THF - 78°Cthen SN B SN Br
-78 °C E* (I, or MeOH) A B
entry substrate product catalyst yield (%)° (A:B)
Br none 779
Br |
| (I & BF3-OEt —¢:100 (76%)
NS NS
N Br N Br A
128 132 135-H 2:77
(E"=1y)
Br none 90:4
Br |
2 7 ~ BF3 OEt* —:62
NS NS
Nl N~ Cl , ' :
142 143 BF;-OEt/ 70:15
(E*=1p) 135-H/ 2:82 (70%)
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Br none 22:74
B I
o ﬁ\/{ BF:-OEt, 3:70
N~ F SNTOF ) d
144 145 135-H¢ 6:93 (849
(E*=1y)
Br none <45
B |
as f\/( BF;-OEt, 11:50
Me N F Me \N F c. d
146 147 135-H/ —€:79 (749
(E* =1y
Br none 50:46
Z Br Z H
| | BF;-OEt; 70:28
Ph N Br Ph N Br j c. d
148 149 135-H —:90 (899
(E* = MeOH)
none 62:37
= Br
N(I Nf\/[ BF;-OEt 54:24
PR XN B PR ; . d
150 153 135-H 6:91 (829
(E* = MeOH)
none 6:43
= Br
| /f\/[ BF3-OFEt, 16:53
=" N” "Br ; c. d
= 151 154 135-W —:61 (469
= MeOH)
none 55:41
= Br
| BF;3;-OEt 62:28
o 135-H* 8:82 (719
= MeOH

“Reaction conditions are as follows: bromopyridine (1.0 equiv, 3.0 mmol), catalyst (10 mol%), THF
(30 mL), then LDA (1.1 equiv, 3.3 mmol), —78 °C, 1 h, then iodine (2.0 equiv, 6.0 mmol), —78 °C,
1 h. ®Yield determined by 'H NMR with 1,1,2,2-tetrachloroethane as the internal standard. “Not
observed. “Isolated yield. “The reaction was performed with LDA (1.1 equiv) for 4 h./The reaction
was performed with LDA (1.5 equiv) for 4 h. The reaction was performed with LDA (1.5 equiv)
for 1 h. "The reaction was performed using 0.30 mmol pyridine. ‘Reaction conditions are as follows:
bromopyridine (1.0 equiv, 0.15 mmol), catalyst (10 mol%), THF (1.5 mL), then LDA (1.1 equiv,
0.17 mmol), =78 °C, 1 h, then MeOH (2.0 mL), —78 °C, 5 min. /The reaction was performed with
LDA (1.5 equiv, 0.23 mmol) for 3 h. “The reaction was performed with LDA (1.5 equiv, 0.23 mmol)
for 5 h.
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4-7 Experimental Section

4-7-1 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 wavenumbers (cm™'). '"H NMR
(400 MHz), 3C{'H} NMR (100 MHz), '’F NMR (376 MHz), !'B NMR (128 MHz)
spectra were obtained on a 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 (CHCls: & 7.26 ppm, THF-d7: 6 1.72 ppm, DMSO-ds:
0 2.50 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,
and br = broad. Chemical shifts for *C{'H} NMR are reported in ppm from
tetramethylsilane with the solvent resonance as the internal standard (CDCl3: 6 77.16 ppm,
DMSO-de: § 39.52 ppm). Chemical shifts for !°F NMR are reported in ppm from CFCls
with the solvent resonance as the external standard (C¢HsCF3 in CDCls: —62.61 ppm”’).
Chemical shifts for 'B NMR are reported in ppm from BF3-OEt, with the solvent
resonance as the external standard (BF3-OEt; in CDClI3: 0.00 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.
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4-7-2 Materials

All workup and purification procedures were carried out with reagent-grade solvents in
air. Unless otherwise noted, materials were obtained from commercial suppliers and used
without further purification. Flash column chromatography was performed on Wakogel®
60N (63-212 um, Wako Pure Chemical Industries, Ltd.) or high-efficiency irregular
silica (25—40 pm, Santai Science Inc.). Anhydrous THF (>99.5%, water content: <30
ppm) was purchased from FUJIFILM Wako Pure Chemical Co. and further dried by
passing through a solvent purification system (Glass Contour) prior to use. Distilled water
was purchased from Nacalai tesque, Inc. (Product number: 49506-64). LDA (2.0 M in
THF/heptane/ethylbenzene) was purchased from Sigma-Aldrich Co. (Product number:
361798) and used as received. BF3-OEt: (45-49 wt% as BF3) was purchased from Nacalai
tesque, Inc. (Product number: 05306-02) and used as received. Freshly prepared
Pd(PPhs)+”® and ZnCl,-TMEDA?®® were used in the following experiments.

4-7-3 Screening of Lewis Acids (Table 4-1)

H . . I Br
Lewis acid LDA
= | Br  (10mol%) (1.1 equiv) dBr d'
> > +
NS — ° NS NS
r THF 78 °C N~ Br N~ Br
129

-78 °C then |,
132 CCDC 2077481

Reaction without Lewis acid (Table 4-1, entry 1)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromopyridine (128) (708.0
mg, 2.99 mmol, 1.0 equiv) and anhydrous THF (30 mL). The solution was cooled to —78
°C. LDA (2.0 M, 1.65 mL, 3.3 mmol, 1.1 equiv) was added to the Schlenk tube. After
stirring at —78 °C for 1 h, the reaction mixture was treated with iodine (1.578 g, 6.22
mmol, 2.1 equiv). After stirring at —78 °C for 1 h, the reaction mixture was treated with
saturated aqueous sodium thiosulfate (25 mL) and saturated 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 dried over sodium sulfate and
filtered. The filtrate was concentrated under reduced pressure to give a crude product. The
yields of 2,3-dibromo-4-iodopyridine (129) and 2,4-dibromo-3-iodopyridine (132) were
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determined to be 77% and 9% by 'H NMR analysis using 1,1,2,2-tetrachloroethane (95.9
mg, 0.571 mmol) as an internal standard by comparing relative values of integration for
the peaks observed at 7.91 ppm (1 proton for 129, whose 'H NMR data were consistent
with those reported in the literature?*®) and 8.12 ppm (1 proton for 132, whose 'H NMR
data were consistent with those reported in the literature®®) with that of 1,1,2,2-

tetrachloroethane observed at 5.96 ppm.

Reaction with stoichiometric BF3-OEt: (Table 4-1, entry 2)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromopyridine (128) (716.9
mg, 3.02 mmol, 1.0 equiv), BF3-OEt; (380 puL, 3.03 mmol, 1.0 equiv), and anhydrous
THF (30 mL). The solution was cooled to =78 °C and stirred at —78 °C for 10 min. LDA
(2.0 M, 1.65 mL, 3.3 mmol, 1.1 equiv) was added to the Schlenk tube. After stirring at
—78 °C for 1 h, the reaction mixture was treated with iodine (1.552 g, 6.12 mmol, 2.0
equiv). After stirring at =78 °C for 1 h, the reaction mixture was treated with saturated
aqueous sodium thiosulfate (25 mL) and saturated 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 dried over sodium sulfate and filtered. The
filtrate was concentrated under reduced pressure to give a crude product. The yield of 2,3-
dibromopyridine (128) was determined to be 77% by 'H NMR analysis using 1,1,2,2-
tetrachloroethane (84.7 mg, 0.505 mmol) as an internal standard by comparing relative
values of integration for the peak observed at 8.33 ppm (1 proton for 128) with that of
1,1,2,2-tetrachloroethane observed at 5.96 ppm.

2,4-Dibromo-3-iodopyridine (132) (Table 4—1, entry 3)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromopyridine (128) (712.5
mg, 3.01 mmol, 1.0 equiv), BF3-OEt> (38 uL, 0.30 mmol, 0.10 equiv), and anhydrous
THF (30 mL). The solution was cooled to =78 °C. LDA (2.0 M, 1.65 mL, 3.3 mmol, 1.1
equiv) was added to the Schlenk tube. After stirring at —78 °C for 1 h, the reaction mixture
was treated with iodine (1.544 g, 6.08 mmol, 2.0 equiv). After stirring at —78 °C for 1 h,
the reaction mixture was treated with saturated aqueous sodium thiosulfate (25 mL) and

saturated aqueous ammonium chloride (25 mL). After being partitioned, the aqueous
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layer was extracted with diethyl ether (20 mL) three times. The combined organic extracts
were washed with water (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/diethyl ether = 50:1) to provide the title compound
as a colorless solid (827.7 mg, 2.28 mmol, 76%), whose '"H NMR and '*C NMR data
were consistent with those reported in the literature.?d Ry= 0.40 (hexane/diethyl ether =
50:1); Mp 90-92 °C; IR (ATR, cm™!): 2924, 1528, 1406, 1320, 1180; 'H NMR (400 MHz,
CDCls): § 8.13 (d, 1H, J= 5.0 Hz), 7.49 (d, 1H, J = 5.0 Hz); *C{'H} NMR (100 MHz,
CDCl3): 8 149.9, 148.9, 142.3, 126.7, 108.3; HRMS (DART") m/z: [M+H]" calcd. for
CsH3"Br:IN, 361.7677; found, 361.7690.

Reaction with Lewis acids (Table 4-1, entries 4—-12)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromopyridine (128) (712.4
mg, 3.01 mmol, 1.0 equiv), Lewis acid (0.30 mmol, 0.10 equiv), and anhydrous THF (30
mL). The solution was cooled to =78 °C. LDA (2.0 M, 1.65 mL, 3.3 mmol, 1.1 equiv)
was added to the Schlenk tube. After stirring at —78 °C for 1 h, the reaction mixture was
treated with iodine (1.547 g, 6.10 mmol, 2.0 equiv). After stirring at =78 °C for 1 h, the
reaction mixture was treated with saturated aqueous sodium thiosulfate (25 mL) and
saturated 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 dried over sodium sulfate and filtered. The filtrate was concentrated under reduced
pressure to give a crude product. The yields of 2,3-dibromopyridine (128), 2,3-dibromo-
4-iodopyridine (129), and 2,4-dibromo-3-iodopyridine (132) 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 8.34 ppm (1 proton for 128), 7.91
ppm (1 proton for 129), and 8.13 ppm (1 proton for 132) with that of 1,1,2,2-

tetrachloroethane observed at 5.96 ppm.
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4-7-4 '"H NMR Experiments (Figure 4-1)

[ ¥ BFyORy = [ i

N~ ~Br (0.50 equiv) N~ “Br
128 (1.0 equiv) BF,
130

BF3OEt2

none 22°C l' | ] l |
0.5equiv.20°C || | [l | |
0.5 equiv o°c (| | 1| |
0.5 equiv -20°C | I I “ l l
0.5 equiv —-40°C l l I U l l
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Reaction of 2,3-dibromopyridine (128) and BF3-OEft:

A 50-mL vial equipped with a Teflon-coated magnetic stirring bar and a rubber septum
was charged with 2,3-dibromopyridine (128) (18.1 mg, 0.0764 mmol, 1.0 equiv),
BF;-OEt; (4.7 uL, 0.037 mmol, 0.5 equiv), and THF-dg (750 pL). After stirring at 25 °C
for 10 min, the reaction mixture was analyzed by variable temperature 'H NMR
spectroscopy. The signals of 2,3-dibromopyridine (128) were observed at 8.30 ppm (1
proton), 8.02 ppm (1 proton), and 7.25 ppm (1 proton) at 20 °C. New signals assigned as
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2,3-dibromopyridine-BF3 complex (130) were not detected.

Br Br
Br Br
A A
| + BFgoEtz —~— |
N (0.50 equiv) N
133 (1.0 equiv) BF,
134
BF3OEt2
none 25°C I l .

0.5 equiv. 20°C l L )

0.5equiv. 0°C |, [\ |
0.5equiv. -20°C | i, |

0.5equiv._-40°C | | |

0.5 equiv —-60°C I oA

0.5 equiv -80°C l A

— =

o b o [
-

e
:-PF
r

N B e

0.5 equiv -100 °Cl I l_l LA
1.0 equiv —100 °C I I N J_L
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Reaction of 3,4-dibromopyridine (133) and BF3-OEt:

A 50-mL vial equipped with a Teflon-coated magnetic stirring bar and a rubber septum
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was charged with 3,4-dibromopyridine (133) (17.1 mg, 0.0721 mmol, 1.0 equiv),
BF;-OEt (4.7 uL, 0.037 mmol, 0.5 equiv), and THF-ds (750 puL). After stirring at 25 °C
for 10 min, the reaction mixture was analyzed by variable temperature 'H NMR
spectroscopy. The signals of 3,4-dibromopyridine (133) and new signals assigned as 3,4-
dibromopyridine-BF3; complex 134 were observed at 8.96 ppm (1 proton for 133), 8.76
ppm (1 proton for 133), 8.54 ppm (1 proton, for 134), 8.35 ppm (1 proton for 134), 8.26
ppm (1 proton, for 133), and 7.75 ppm (1 proton for 134) at 20 °C.

4-7-5 Calculation of Equilibrium Constant of the Complexation of Pyridine and BF3

All calculation studies on equilibrium geometry at ground state were performed on
density functional theory by Spartan version 18 (Wavefunction, Inc.). The standard
reaction Gibbs free energies (4G°) of the coordination were calculated using B3LYP/6-

311+G"" level of theory in polar solvent at 298 K and 1 atm [Eq. (3)].

N AG° N

BF,

The calculated equilibrium constant (K values in DMF) of pyridine and BF; were as

follows.
pyridine pyridine-BF; AG® (kJ/mol) pK K/K\
complex (in DMF)
A Br S Br
. » ~72.0 ~12.6 (K1) 1.00
N Br N Br
BF,
Br Br
Br B
B b ~1.09x102 191 3.07x100
N N/
B B 10
B N By . -18.3 —3.21 3.82x10
BF,
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4-7-6 Synthesis of Trifluoroborates 135-H and 135-NBu4 (Scheme 4-2)

] aq. HF © X =
H LDA Bpin then BF;
N\ Br -78°C \-Br LiOH B
D end P e
N~ ~Br pinB(O'Pr) “N” “pr  49% N~ "Br v
128 84% 436 A '
135-H CCDC: 2179136
aq.HF
then
Bu,NOH

62%

135-NBu, CCDC: 2151176

2,3-Dibromo-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (136)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromopyridine (128) (1.182
g, 4.99 mmol, 1.0 equiv) and anhydrous THF (25 mL). The solution was cooled to —78
°C. LDA (2.0 M, 3.30 mL, 6.6 mmol, 1.3 equiv) was added to the Schlenk tube. After
stirring at —78 °C for 1 h, the reaction mixture was treated with 4,4,5,5-tetramethyl-2-(1-
methylethoxy)-1,3,2-dioxaborolane (2.00 mL, 9.80 mmol, 2.0 equiv). After stirring at
—78 °C for 1 h, the reaction mixture was treated with MeOH (20 mL). After stirring at
—78 °C for 5 min, to the reaction mixture was added aqueous HCI1 (1 M, 10 mL) and brine
(10 mL). After being partitioned, the aqueous layer was extracted with ethyl acetate (20
mL) three times. 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/ethyl acetate = 4:1 to
3:1, gradient) to provide the title compound as a colorless solid (1.526 g, 4.21 mmol,
84%): Ry=0.57 (hexane/ethyl acetate = 1:1); Mp 92-94 °C; IR (ATR, cm™!): 1361, 1335,
1140, 856; 'H NMR (400 MHz, CDCls): 6 8.28 (d, 1H, J= 4.4 Hz), 7.35 (d, 1H, J= 4.4
Hz), 1.38 (s, 12H); *C{'H} NMR (100 MHz, CDCl3): § 147.2, 144.8, 128.3, 127.8, 85.4,
24.8 (one aromatic carbon signal is missing due to poor sensitivity of the carbon atom
attached to the boron atom); HRMS (DART") m/z: [M+H]" caled. for
C11Hi5''B7Br¥! BrNO», 363.9542; found, 363.9554.
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2,3-Dibromo-4-(trifluoro-A*-boraneyl)-124-pyridine (135-H)

A 200-mL round-bottomed flask equipped with a Teflon-coated magnetic stirring bar and

a rubber septum was charged with 2,3-dibromo-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)pyridine (136) (2.888 g, 7.96 mmol, 1.0 equiv) and MeOH (16 mL).

After stirring at 25 °C for 5 min, the reaction mixture was treated with hydrofluoric acid

(4.4 M, 5.45 mL, 24 mmol, 3.0 equiv). After stirring at 25 °C for 1 h, the reaction mixture

was concentrated under reduced pressure to give a crude product, which was washed with

CHCI; (50 mL). The crude product was treated with aqueous LiOH (0.78 M, 20 mL). The

aqueous layer was extracted with ethyl acetate (50 mL) three times. The combined

organic extracts were dried over sodium sulfate and filtered. The filtrate was concentrated

under reduced pressure to give the title compound as a colorless solid (1.180 g, 3.87 mmol,
49%); Ry=0.30 (ethyl acetate); Mp >250 °C; IR (ATR, cm™'): 1648, 1340, 1174, 995; 'H

NMR (400 MHz, DMSO-dp): 6 8.07 (d, 1H,J=4.4 Hz), 7.34 (d, 1H, J=4.4 Hz); *C{'H}

NMR (100 MHz, DMSO-dp): 6 146.5, 143.7, 128.0, 127.3 (one aromatic carbon signal is

missing due to poor sensitivity of the carbon atom attached to the boron atom); '’F NMR
(376 MHz, DMSO-ds): 6 —140.7; "B NMR (128 MHz, DMSO-d): § 3.26 (q, 'Js-r=5.5

Hz); HRMS (ESI/TOF) m/z: [M—H] calcd. for CsH>!'B”Br,"°FsN, 301.8599; found,

301.8612.

Tetrabutylammonium trifluoro(2,3-dibromo-4-pyridinyl)borate (135-NBu4)

A 50-mL round-bottomed flask equipped with a Teflon-coated magnetic stirring bar and
a rubber septum was charged with 2,3-dibromo-4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)pyridine (136) (498 mg, 1.37 mmol, 1.0 equiv) and MeOH (3.4 mL).
After stirring at 25 °C for 5 min, the reaction mixture was treated with hydrofluoric acid
(44 M, 1.18 mL, 5.2 mmol, 3.8 equiv). After stirring at 0 °C for 1 min, the reaction
mixture was warmed to 25 °C for 1 h, at which time the reaction mixture was treated with
aqueous tetrabutylammonium hydroxide (1.5 M, 1.12 mL, 1.7 mmol, 1.2 equiv). After
stirring at 25 °C for 1 h, the reaction mixture was diluted with CH>Cl> (2 mL). After being
partitioned, the aqueous the aqueous layer was extracted with CH2Clz (2 mL) three times.
The combined organic extracts were washed with water (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 (CH2Cl; to ethyl acetate,
gradient) and recrystallization (hexane/EtOH = 5:2) to provide the title compound as a
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colorless solid (464.1 mg, 0.850 mmol, 62%); Rr= 0.32 (ethyl acetate); Mp 73-74 °C; IR
(ATR, cm™'): 2964, 1331, 1161, 1024; 'H NMR (400 MHz, CDCl;5): & 8.09 (d, 1H, J =
4.4 Hz), 7.51 (d, 1H, J = 4.4 Hz), 3.20-3.11 (m, 8H), 1.64—1.53 (m, 8H), 1.40 (qt, 8H, J
=7.4Hz 7.4 Hz),0.99 (t, 12H, J = 7.4 Hz); *C{'H} NMR (100 MHz, CDCl;): § 146.4,
144.4, 128.4, 128.1, 58.8, 24.0, 19.8, 13.7 (one aromatic carbon signal is missing due to
poor sensitivity of the carbon atom attached to the boron atom); '°’F NMR (376 MHz,
CDCl;): & —142.7; "B NMR (128 MHz, CDCl;): & 3.23; Anal. caled. for
C21H33BBF3Na: C, 46.18; H, 7.01; N, 5.13, found: C, 46.11; H, 7.10; N, 5.13.

4-7-7 Trifluoroborate-Catalyzed Halogen Dance (Scheme 4-3)

H C-BF; pyridine (10 mol%) | Br
(\/[Br LDA (1.1 equiv) (\/[Br S I
.
N” > Br s N”Br N" > Br
128 - ’ 129 132
then |,
135-H 2% 77%
135-NBu, 57% 19%

Reaction with precatalyst 135-H

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromopyridine (128) (711.7
mg, 3.00 mmol, 1.0 equiv), 2,3-dibromo-4-(trifluoro-A*-boraneyl)-11*-pyridine (135-H)
(93.2 mg, 0.30 mmol, 10 mol%), and anhydrous THF (30 mL). The solution was cooled
to =78 °C. LDA (2.0 M, 1.65 mL, 3.3 mmol, 1.1 equiv) was added to the Schlenk tube.
After stirring at —78 °C for 1 h, the reaction mixture was treated with iodine (1.574 g,
6.20 mmol, 2.1 equiv). After stirring at —78 °C for 1 h, the reaction mixture was treated
with saturated aqueous sodium thiosulfate (25 mL) and saturated 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 dried over sodium sulfate
and filtered. The filtrate was concentrated under reduced pressure to give a crude product.
The yields of 2,3-dibromo-4-iodopyridine (129) and 2,4-dibromo-3-iodopyridine (132)
were determined to be 2% and 77% 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 7.91 ppm (1 proton for 129) and 8.13 ppm (1 proton for 132) with that of 1,1,2,2-
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tetrachloroethane observed at 5.96 ppm.

Reaction with catalyst 135-NBu4

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromopyridine (128) (707.5
mg, 299 mmol, 1.0 equiv), tetrabutylammonium trifluoro(2,3-dibromo-4-
pyridinyl)borate (135-NBu4) (163.4 mg, 0.30 mmol, 0.10 equiv), and anhydrous THF (30
mL). The solution was cooled to =78 °C. LDA (2.0 M, 1.65 mL, 3.3 mmol, 1.1 equiv)
was added to the Schlenk tube. After stirring at —78 °C for 1 h, the reaction mixture was
treated with iodine (1.567 g, 6.17 mmol, 2.1 equiv). After stirring at —78 °C for 1 h, the
reaction mixture was treated with saturated aqueous sodium thiosulfate (25 mL) and
saturated 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 dried over sodium sulfate and filtered. The filtrate was concentrated under reduced
pressure to give a crude product. The yields of 2,3-dibromo-4-iodopyridine (129) and 2,4-
dibromo-3-iodopyridine (132) were determined to be 57% and 19% 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 7.91 ppm (1 proton for 129) and 8.13 ppm (1 proton
for 132) with that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm.
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4-7-8 Calculation of pKa Values
The calculated pKa values in DMSO were as follows (see Chapter 2, 2-8-6).

R-H R™ (anion) AG° [kJ/mol]  pKa (in DMSO)
H B N Br
e L~ 1382.1 34.0
~ N~ "Br
N Br
5
Br Br
| o | N, © 1367.5 31.6
N B N> Br
€]
BF3 BFs
| -t | N © 1441.0 43.8
N Br N Br

4-7-9 Range of Bromopyridines Synthesized by Lithium Aryltrifluoroborate-
Catalyzed Halogen Dance (Table 4-2)

¥ Br
|
N Cl
S6

3-Bromo-2-chloro-4-iodopyridine (S6) (Table 4-2, entry 2)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 3-bromo-2-chloropyridine (142)
(58.2 mg, 0.302 mmol, 1.0 equiv), ZnCl,-TMEDA (90.8 mg, 0.360 mmol, 1.2 equiv), and
anhydrous THF (3.0 mL). The solution was cooled to 0 °C. LDA (2.0 M, 0.225 mL, 0.45
mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at 0 °C for 1 h, the reaction
mixture was treated with iodine (159.4 mg, 0.628 mmol, 2.1 equiv). After stirring at 0 °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 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
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chromatography (hexane/diethyl ether = 49:1) to provide the title compound as a colorless
solid (88.6 mg, 0.278 mmol, 92%); Ry= 0.38 (hexane/diethyl ether = 5:1); Mp 130-131
°C; IR (ATR, cm™): 1543, 1341, 1189, 827; '"H NMR (400 MHz, CDCls): § 7.94 (d, 1H,
J=5.0Hz), 7.72 (d, 1H, J= 5.0 Hz); *C{'H} NMR (100 MHz, CDCl5): § 150.6, 147.3,
134.1, 128.6, 115.0; HRMS (DART") m/z: [M+H]" calcd. for CsH3”’Br*>CIIN, 317.8182;
found, 317.8187.

Br

Z I

NS

N- Cl
143
CCDC 2195350

4-Bromo-2-chloro-3-iodopyridine (143) (Table 4-2, entry 2)

The yields of 3-bromo-2-chloro-4-iodopyridine (S6) and 4-bromo-2-chloro-3-
iodopyridine (143) 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 7.94 ppm (1 proton for S6) and 8.14 ppm (1 proton for 143) with that of 1,1,2,2-
tetrachloroethane observed at 5.96 ppm.

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 3-bromo-2-chloropyridine (142)
(572.7 mg, 2.98 mmol, 1.0 equiv), 2,3-dibromo-4-(trifluoro-A*-boraneyl)- 11*-pyridine
(135-H) (92.7 mg, 0.304 mmol, 10 mol%), and anhydrous THF (30 mL). The solution
was cooled to —78 °C. LDA (2.0 M, 2.25 mL, 4.5 mmol, 1.5 equiv) was added to the
Schlenk tube. After stirring at —78 °C for 4 h, the reaction mixture was treated with iodine
(1.604 g, 6.32 mmol, 2.1 equiv). After stirring at =78 °C for 1 h, the reaction mixture was
treated with saturated aqueous sodium thiosulfate (25 mL) and saturated 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
water (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/diethyl ether = 49:1) to provide the title compound as a colorless
solid (662.3 mg, 2.08 mmol, 70%), whose '"H NMR and '*C NMR spectra were consistent
with those reported in the literature.'?® R;= 0.38 (hexane/diethyl ether = 5:1); Mp 88-89
°C; IR (ATR, cm ™ !): 1537, 1414, 1333, 1189; 'H NMR (400 MHz, CDCl5): § 8.14 (d, 1H,
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J=5.0 Hz), 7.46 (d, 1H, J = 5.0 Hz); 3C{'H} NMR (100 MHz, CDCls): § 156.6, 148.6,
143.1, 126.5, 104.0; HRMS (DART") m/z: [M+H]" caled. for CsH3*'Br¥CIIN, 319.8162;
found, 319.8168.

— Br
o
N F
S7

3-Bromo-2-fluoro-4-iodopyridine (S7) (Table 4-2, entry 3)

A flame-dried 500-mL two-necked flask equipped with a Teflon-coated magnetic stirring
bar, a three-way stopcock, and a rubber septum under nitrogen was charged with 3-
bromo-2-fluoropyridine (144) (1.769 g, 10.0 mmol, 1.0 equiv), ZnCl,-TMEDA (3.022 g,
12.0 mmol, 1.2 equiv), and anhydrous THF (100 mL). The solution was cooled to 0 °C.
LDA (2.0 M, 7.50 mL, 15.0 mmol, 1.5 equiv) was added to the Schlenk tube. After stirring
at 0 °C for 30 min, the reaction mixture was treated with iodine (5.161 g, 20.3 mmol, 2.0
equiv). After stirring at 0 °C for 1 h, the reaction mixture was treated with saturated
aqueous sodium thiosulfate (40 mL) and saturated aqueous ammonium chloride (40 mL).
After being partitioned, the aqueous layer was extracted with diethyl ether (50 mL) three
times. The combined organic extracts were washed with water (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 = 99:1) and recrystallization (hexane) to provide the title compound as a colorless
solid (1.965 g, 6.51 mmol, 65%); Ry= 0.48 (hexane/diethyl ether = 5:1); Mp 100-101 °C;
IR (ATR, cm™): 1562, 1447, 1377, 878; '"H NMR (400 MHz, CDCl3): § 7.82 (d, 1H, J =
5.0 Hz), 7.66 (d, 1H, J = 5.0 Hz); *C{'H} NMR (100 MHz, CDCls): § 159.2 (d, Jcr =
237.7 Hz), 145.8 (d, *Jcr = 14.3 Hz), 133.0 (d, *Jc_r = 4.8 Hz), 116.5, 114.2 (d, 2Jc5 =
38.3 Hz); '%F NMR (376 MHz, CDCls): § —56.3; HRMS (DART") m/z: [M+H]" calcd.
for CsH3"BrFIN, 301.8478; found, 301.8483.
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4-Bromo-2-fluoro-3-iodopyridine (145) (Table 4-2, entry 3)

The yields of 3-bromo-2-fluoro-4-iodopyridine (S7) and 4-bromo-2-fluoro-3-
iodopyridine (145) 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 7.82 ppm (1 proton for S7) and 7.99 ppm (1 proton for 145) with that of 1,1,2,2-
tetrachloroethane observed at 5.96 ppm.

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 3-bromo-2-fluoropyridine (144)
(522.0 mg, 2.97 mmol, 1.0 equiv), 2,3-dibromo-4-(trifluoro-A*-boraneyl)-11*-pyridine
(135-H) (90.9 mg, 0.298 mmol, 10 mol%), and anhydrous THF (30 mL). The solution
was cooled to =78 °C. LDA (2.0 M, 2.25 mL, 4.5 mmol, 1.5 equiv) was added to the
Schlenk tube. After stirring at —78 °C for 1 h, the reaction mixture was treated with 1odine
(1.611 g, 6.35 mmol, 2.1 equiv). After stirring at =78 °C for 1 h, the reaction mixture was
treated with saturated aqueous sodium thiosulfate (25 mL) and saturated 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
water (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/diethyl ether = 49:1) to provide the title compound as a colorless
solid (756.1 mg, 2.51 mmol, 84%), whose 'H NMR and '3C NMR spectra were consistent
with those reported in the literature.'” Ry= 0.48 (hexane/diethyl ether = 5:1); Mp 74-76
°C; IR (ATR, cm™): 1562, 1433, 1378, 828; 'H NMR (400 MHz, CDCl3): § 7.99 (d, 1H,
J=5.6 Hz), 7.43 (d, 1H, J = 5.6 Hz); *C{'H} NMR (100 MHz, CDCl5): § 163.3 (d, 'Jc-
F=235.8 Hz), 147.2 (d, *Jcr = 16.3 Hz), 144.1, 125.9 (d, *Jc_r = 4.8 Hz), 85.6 (d, *Jc_r
=45.1 Hz); 'F NMR (376 MHz, CDCl;3): § —46.4; HRMS (DART") m/z: [M+H]" calcd.
for CsH3*' BrFIN, 303.8457; found, 303.8450.
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3-Bromo-2-fluoro-4-iodo-6-methylpyridine (S8) (Table 42, entry 4)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 3-bromo-2-fluoro-6-
methylpyridine (146) (57.6 mg, 0.303 mmol, 1.0 equiv), ZnCl,-TMEDA (91.3 mg, 0.362
mmol, 1.2 equiv), and anhydrous THF (3.0 mL). The solution was cooled to 0 °C. LDA
(2.0 M, 0.225 mL, 0.45 mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at
0 °C for 1 h, the reaction mixture was treated with iodine (157.4 mg, 0.620 mmol, 2.0
equiv). After stirring at 0 °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 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 = 49:1 to 19:1,
gradient) to provide the title compound as a colorless solid (81.1 mg, 0.257 mmol, 85%);
Ry = 0.52 (hexane/diethyl ether = 5:1); Mp 102-103 °C; IR (ATR, cm'): 1570, 1433,
1364, 800; 'H NMR (400 MHz, CDCls): § 7.54 (s, 1H), 2.41 (s, 3H); *C{'H} NMR (100
MHz, CDCls): § 158.1 (d, 'Jcr =236.7 Hz), 156.4 (d, *Jcr = 14.3 Hz), 132.3 (d, *Jcr =
4.8 Hz), 116.5, 110.1 (d, 2Jc_r = 39.3 Hz), 23.0; 'F NMR (376 MHz, CDCls): § —57.2;
HRMS (DART") m/z: [M+H]" caled. for CéHs””BrFIN, 315.8634; found, 315.8649.

147

NS

4-Bromo-2-fluoro-3-iodo-6-methylpyridine (147) (Table 4-2, entry 4)

The yields of 3-bromo-2-fluoro-4-iodo-6-methylpyridine (S8) and 4-bromo-2-fluoro-3-
iodo-6-methylpyridine (147) 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 7.54 ppm (1 proton for S8) and 7.31 ppm (1 proton for 147) with
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that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm. The signals of 3-bromo-2-fluoro-
4-i0do-6-methylpyridine (S8) were identical with the spectrum obtained by the following
procedure.

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 3-bromo-2-fluoro-6-
methylpyridine (146) (57.2 mg, 0.301 mmol, 1.0 equiv), 2,3-dibromo-4-(trifluoro-A*-
boraneyl)-1\*-pyridine (135-H) (9.8 mg, 0.032 mmol, 11 mol%), and anhydrous THF
(3.0 mL). The solution was cooled to =78 °C. LDA (2.0 M, 0.225 mL, 0.45 mmol, 1.5
equiv) was added to the Schlenk tube. After stirring at —78 °C for 4 h, the reaction mixture
was treated with iodine (157.5 mg, 0.621 mmol, 2.1 equiv). After stirring at —78 °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
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 =49:1 to 19:1, gradient) to provide the title compound as a colorless
solid (70.1 mg, 0.222 mmol, 74%); Ry= 0.51 (hexane/diethyl ether = 5:1); Mp 83-84 °C;
IR (ATR, cm™!): 1573, 1523, 1358, 821; "H NMR (400 MHz, CDCl5): § 7.31 (s, 1H), 2.44
(s, 3H); BC{'H} NMR (100 MHz, CDCl3): § 162.4 (d, 'Jcr =234.8 Hz), 157.9 (d, *Jc ¢
=14.4 Hz), 143.8 (d, *Jcr=2.9 Hz), 125.3 (d, *Jc_r = 4.8 Hz), 80.8 (d, 2Jc_r = 45.0 Hz),
23.3; F NMR (376 MHz, CDCls): § —47.4; HRMS (DART") m/z: [M+H]" calcd. for
CeHs*'BrFIN, 317.8614; found, 317.8627.

2,3-Dibromo-6-iodopyridine (S9)

A 100-mL round-bottomed flask equipped with a Teflon-coated magnetic stirring bar and
a rubber septum was charged with 2-amino-6-bromopyridine (3.459 g, 20.0 mmol, 1.0
equiv) and DMF (11.7 mL). The solution was cooled to 0 °C. NBS (3.561 g, 20.0 mmol,
1.0 equiv) was added to the flask for 4 min. After stirring at 25 °C for 3.5 h, the reaction
mixture was poured into saturated aqueous sodium thiosulfate (100 mL), at which time a

colorless solid was precipitated. The solid was collected by filtration and dried under
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reduced pressure to give a crude 2-amino-5,6-dibromopyridine (S10) as a colorless solid
(5.134 g), which was used for the next step without further purification.

A 300-mL round-bottomed flask equipped with a Teflon-coated magnetic stirring bar, a
rubber septum, and a reflux tube was charged with 2-amino-5,6-dibromopyridine (S10)
(2.833 g, 11.2 mmol, 1.0 equiv), copper(I) iodide (3.221 g, 16.9 mmol, 1.5 equiv), CHz2l»
(25.00 g, 93.3 mmol, 8.3 equiv), isoamyl nitrite (6.00 mL, 45.1 mmol, 4.0 equiv), and
anhydrous THF (22.5 mL). The flask was placed in a preheated oil bath and heated at
60 °C for 1 h. After cooling to room temperature, the resulting mixture was treated with
saturated aqueous sodium thiosulfate (50 mL). After being partitioned, the aqueous layer
was extracted with CH2Cl, (20 mL) three times. The combined organic extracts were
washed with brine (100 mL), and 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 = 100:0 to 2:1, gradient) and
recrystallization (hexane/CHCI3 = 20:1) to provide the title compound as a colorless solid
(2.499 g, 6.89 mmol, 61%); Ry = 0.57 (hexane/diethyl ether = 5:1); Mp 71-72 °C; IR
(ATR, cm™): 1527, 1388, 1316, 1002; 'H NMR (400 MHz, CDCl3): § 7.55 (d, 1H, J =
7.6 Hz), 7.49 (d, 1H, J = 7.6 Hz); 3C{'H} NMR (100 MHz, CDCl;): & 143.1, 142.6,
135.0, 124.4, 112.9; HRMS (DART") m/z: [M+H]" calcd. for CsH3"*Br¥!'BrIN, 363.7657;
found, 363.7669.

= Br
|

Ph N Br
148

2,3-Dibromo-6-phenylpyridine (148) (Table 4-2, entry 5)

A 100-mL round-bottomed equipped with a Teflon-coated magnetic stirring bar, a three-
way stopcock, and a rubber septum under nitrogen was charged with 2,3-dibromo-6-
iodopyridine (S9) (1.087 g, 3.00 mmol, 1.0 equiv), phenylboronic acid (385.6 mg, 3.16
mmol, 1.1 equiv), Pd(PPh3)4 (177.8 mg, 0.154 mmol, 5 mol%), potassium carbonate
(12.53 g, 90.7 mmol, 30 equiv), toluene (12 mL), and distilled water (12 mL). After
stirring at 110 °C for 3 h, the reaction mixture was quenched with saturated aqueous
ammonium chloride (10 mL). After being partitioned, the aqueous layer was extracted
with CH>Cl, (15 mL) three times. The combined organic extracts were washed with water

(30 mL), dried over sodium sulfate, and filtered. The filtrate was concentrated under
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reduced pressure to give a crude product, which was purified by silica gel column
chromatography (hexane/CH>Cl> = 19:1) to provide the title compound as a colorless
solid (755.7 mg, 2.41 mmol, 81%); Ry= 0.32 (hexane); Mp 66-68 °C; IR (ATR, cm™!):
1536, 1414, 1004, 773; '"H NMR (400 MHz, CDCl3): § 7.99-7.96 (m, 2H), 7.92 (d, 1H,
J = 8.4 Hz), 7.57 (d, 1H, J = 8.4 Hz), 7.51-7.42 (m, 3H); *C{'H} NMR (100 MHz,
CDCl3): 8 156.8, 143.5, 142.3, 136.8, 130.1, 129.1, 127.0, 121.9, 120.1; HRMS (DART")
m/z: [M+H]" calcd. for C11Hs’Br2N, 311.9024; found, 311.9032.

149

2,4-Dibromo-6-phenylpyridine (149) (Table 4-2, entry 5)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromo-6-phenylpyridine
(148) (47.1 mg, 0.150 mmol, 1.0 equiv), 2,3-dibromo-4-(trifluoro-A*-boraneyl)-11*-
pyridine (135-H) (5.2 mg, 0.017 mmol, 11 mol%), and anhydrous THF (1.5 mL). The
solution was cooled to =78 °C. LDA (2.0 M, 0.115 mL, 0.23 mmol, 1.5 equiv) was added
to the Schlenk tube. After stirring at —78 °C for 3 h, the reaction mixture was treated with
MeOH (2 mL). After stirring at =78 °C for 5 min, to the reaction mixture was added
saturated aqueous ammonium chloride (1 mL). After being partitioned, the aqueous layer
was extracted with CH>Cl, (2 mL) three times. 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 = 100:1) to provide the title compound as a colorless oil (42.1 mg,
0.135 mmol, 89%); Ry=0.33 (hexane/diethyl ether = 100:1); IR (ATR, cm™): 1560, 1530,
1364, 751; '"H NMR (400 MHz, CDCl3): § 7.99-7.93 (m, 2H), 7.84 (d, 1H, J = 1.4 Hz),
7.61 (d, 1H, J= 1.4 Hz), 7.51-7.44 (m, 3H); *C{'H} NMR (100 MHz, CDCls): § 159.4,
142.4, 136.6, 134.5, 130.4, 129.1, 128.8, 127.2, 122.6; HRMS (DART") m/z: [M+H]"
calcd. for C11Hs”’Br¥!'BrN, 313.9003; found, 313.9003.
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2,4-Dibromo-3-iodo-6-phenylpyridine (S11) (Table 4-2, entry 5)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromo-6-phenylpyridine
(148) (47.1 mg, 0.150 mmol, 1.0 equiv), 2,3-dibromo-4-(trifluoro-A*-boraneyl)-1A*-
pyridine (135-H) (4.4 mg, 0.014 mmol, 10 mol%), and anhydrous THF (1.5 mL). The
solution was cooled to —78 °C. LDA (2.0 M, 0.115 mL, 0.23 mmol, 1.5 equiv) was added
to the Schlenk tube. After stirring at —78 °C for 3 h, the reaction mixture was treated with
iodine (79.5 mg, 0.313 mmol, 2.1 equiv). After stirring at =78 °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 CH2Clz (2 mL) three times. 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 to
hexane/CH>Cl> = 99:1, gradient) to provide the title compound as a colorless solid (45.5
mg, 0.104 mmol, 69%); Ry= 0.30 (hexane/CH>Cl> = 50:1); Mp 98-99 °C; IR (ATR, cm"
N: 1546, 1321, 1207, 741; '"H NMR (400 MHz, CDCl3): § 7.99-7.93 (m, 2H), 7.90 (s,
1H), 7.50-7.45 (m, 3H); '*C{'H} NMR (100 MHz, CDCl5): & 157.7, 149.5, 142.6, 135.8,
130.6,129.1, 127.0, 123.0, 105.2; HRMS (DART") m/z: [M+H]" caled. for C11H7*'BrzIN,
441.7949; found, 441.7969.

150
2,3-Dibromo-6-[(1E)-2-phenylethenyl]pyridine (150) (Table 4-2, entry 6)
A 100-mL round-bottomed equipped with a Teflon-coated magnetic stirring bar, a three-
way stopcock, and a rubber septum under nitrogen was charged with 2,3-dibromo-6-
1odopyridine (S9) (547.0 mg, 1.51 mmol, 1.0 equiv), (£)-phenylethenylboronic acid
(235.2 mg, 1.59 mmol, 1.1 equiv), Pd(PPh3)s (88.9 mg, 0.0769 mmol, 5 mol%),
potassium carbonate (6.276 g, 45.4 mmol, 30 equiv), toluene (6.0 mL), and distilled water
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(6.0 mL). After stirring at 110 °C for 4 h, the reaction mixture was quenched with
saturated aqueous ammonium chloride (7 mL). After being partitioned, the aqueous layer
was extracted with CH2Cl> (10 mL) three times. 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/CH>Cl, =49:1 to 7:3, gradient) to provide the title compound as a colorless solid
(442.1 mg, 1.30 mmol, 86%); Rr=0.55 (hexane/CH>Cl, = 7:3); Mp 81-82 °C; IR (ATR,
cm 1): 1561, 1420, 1350, 1145; '"H NMR (400 MHz, CDCls): § 7.83 (d, 1H, J = 8.2 Hz),
7.64 (d, 1H,J=16.2 Hz), 7.57 (d, 2H, J= 7.8 Hz), 7.38 (dd, 2H, J=17.8, 6.9 Hz), 7.33 (t,
1H, J=6.9 Hz), 7.21 (d, 1H, J= 8.2 Hz), 7.04 (d, 1H, J = 16.2 Hz); *C {'H} NMR (100
MHz, CDCl3): & 155.3, 143.4, 141.9, 136.1, 135.2, 129.1, 129.0, 127.5, 125.5, 121.6,
121.0; HRMS (DART") m/z: [M+H]" calcd. for Ci3Hio”’Br¥'BrN, 339.9160; found,
339.9172.

153

2,4-Dibromo-6-[(1E)-2-phenylethenyl]pyridine (153) (Table 4-2, entry 6)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromo-6-[(1E)-2-
phenylethenyl]|pyridine (150) (50.9 mg, 0.150 mmol, 1.0 equiv), 2,3-dibromo-4-
(trifluoro-A*-boraneyl)-1A*-pyridine (135-H) (4.8 mg, 0.016 mmol, 10 mol%), and
anhydrous THF (1.5 mL). The solution was cooled to =78 °C. LDA (2.0 M, 0.115 mL,
0.23 mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at =78 °C for 3 h, the
reaction mixture was treated with MeOH (2 mL). After stirring at =78 °C for 5 min, to the
reaction mixture was added saturated aqueous ammonium chloride (1 mL). After being
partitioned, the aqueous layer was extracted with CHCl> (2 mL) three times. 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 = 50:1) to provide the title compound
as a colorless solid (41.7 mg, 0.123 mmol, 82%); Ry= 0.30 (hexane/diethyl ether = 50:1);
Mp 65-66 °C; IR (ATR, cm™'): 1556, 1524, 1147, 753; '"H NMR (400 MHz, CDCls): §
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7.68 (d, 1H, J=16.0 Hz), 7.56 (d, 2H, J= 7.2 Hz), 7.51 (d, 1H, J= 1.6 Hz), 7.47 (br s,
1H), 7.42-7.36 (m, 2H), 7.36-7.31 (m, 1H), 7.00 (d, 1H, J = 16.0 Hz); *C{'H} NMR
(100 MHz, CDCIl3): 6 157.9, 142.3, 136.1, 135.9, 134.1, 129.3, 129.0, 128.5, 127.6, 125.2,
124.0; HRMS (DART") m/z: [M+H]" calcd. for C13H10”°BraN, 337.9180; found, 337.9195.

Br
|
4 N Br
Ph 151

=

2,3-Dibromo-6-(2-phenylethynyl)pyridine (151) (Table 4-2, entry 7)

A 100-mL round-bottomed equipped with a Teflon-coated magnetic stirring bar, a three-
way stopcock, and a rubber septum under nitrogen was charged with 2,3-dibromo-6-
iodopyridine (S9) (1.086 g, 2.99 mmol, 1.0 equiv), phenylacetylene (0.365 mL, 3.32
mmol, 1.1 equiv), Pd(PPh3)4 (176.3 mg, 0.153 mmol, 5 mol%), copper(I) iodide (59.6 mg,
0.313 mmol, 0.10 equiv), and diisopropylamine (20.0 mL). After stirring at 25 °C for 1 h,
the reaction mixture was quenched with saturated hydrochloric acid (1.0 M, 10 mL). After
being partitioned, the aqueous layer was extracted with CH>Cl, (15 mL) three times. 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/CH2Cl, = 97:3 to 7:3, gradient) to provide the title
compound as a colorless solid (690.6 mg, 2.05 mmol, 68%); Ry=0.59 (hexane/CH>Cl; =
7:3); Mp 6668 °C; IR (ATR, cm™!): 2222, 1556, 1411, 755; '"H NMR (400 MHz, CDCl5):
6 7.87 (d, 1H, J= 7.8 Hz), 7.61-7.56 (m, 2H), 7.43-7.36 (m, 3H), 7.34 (d, 1H, J="7.8
Hz); BC{'H} NMR (100 MHz, CDCl3): § 143.4, 142.1, 141.6, 132.2, 129.6, 128.6, 126.9,
123.1, 121.6, 92.0, 86.9; HRMS (DART") m/z: [M+H]" caled. for Ci3Hs”’BrN,
335.9024; found, 335.9030.

Ph 154

2,4-Dibromo-6-(2-phenylethynyl)pyridine (154) (Table 2, entry 7)
A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar

and a rubber septum under nitrogen was charged with 2,3-dibromo-6-(2-
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phenylethynyl)pyridine (151) (50.3 mg, 0.149 mmol, 1.0 equiv), 2,3-dibromo-4-
(trifluoro-A*-boraneyl)-1A*-pyridine (135-H) (5.4 mg, 0.018 mmol, 12 mol%), and
anhydrous THF (1.5 mL). The solution was cooled to —78 °C. LDA (2.0 M, 0.115 mL,
0.23 mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at =78 °C for 5 h, the
reaction mixture was treated with MeOH (2 mL). After stirring at —78 °C for 5 min, to the
reaction mixture was added saturated aqueous ammonium chloride (1 mL). After being
partitioned, the aqueous layer was extracted with CH>Cl, (2 mL) three times. 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/CH>Cl> = 19:1 to 4:1, gradient) to provide the title
compound as a colorless solid (23.1 mg, 0.0685 mmol, 46%); Ry= 0.38 (hexane/CH>Cl,
=4:1); Mp 73-74 °C; IR (ATR, cm™'): 2220, 1553, 1523, 1148, 757; 'H NMR (400 MHz,
CDClL): 8 7.64 (d, 1H, J=2.0 Hz), 7.64 (d, 1H, J = 2.0 Hz), 7.61-7.56 (m, 2H), 7.44—
7.34 (m, 3H); BC{'H} NMR (100 MHz, CDCls): § 144.6, 142.1, 133.8, 132.4, 130.0,
129.8, 129.3, 128.7, 121.5, 92.4, 86.6; HRMS (DART") m/z: [M+H]" caled. for
Ci3Hs”Br¥'BrN, 337.9003; found, 337.9015.

= Br

|
N Br

152

2,3-Dibromo-6-cyclopropylpyridine (152) (Table 4-2, entry 8)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromo-6-iodopyridine (S9)
(1.080 g, 2.98 mmol, 1.0 equiv), PdCl2(dppf)-CH2Cl> (493.0 mg, 0.604 mmol, 20 mol%),
and anhydrous THF (5.0 mL). The separately prepared cyclopropylzinc bromide!*® (0.27
M,312.2 mL, 3.3 mmol, 1.1 equiv) was added to the solution via a syringe. After stirring
at 50 °C for 13 h, the reaction mixture was treated with saturated aqueous ammonium
chloride (20 mL). After being partitioned, the aqueous layer was extracted with CH>Cl,
(10 mL) three times. The combined organic extracts were washed with water (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/CH>Cl> = 20:1 to 10:1, gradient) to provide the title compound as a colorless
solid (421.7 mg, 1.52 mmol, 51%); Ry= 0.33 (hexane); Mp 37-38 °C; IR (ATR, cm™!):
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1579, 1538, 1428, 1008; '"H NMR (400 MHz, CDCl3): § 7.68 (d, 1H, J= 8.0 Hz), 6.95 (d,
1H, J = 8.0 Hz), 1.99-1.92 (m, 1H), 1.04-0.98 (m, 4H); 3C{'H} NMR (100 MHz,
CDCl3): 8 163.3, 143.0, 141.2, 121.3, 119.2, 16.8, 10.9; HRMS (DART") m/z: [M+H]"
caled. for CsHs®*' BroN, 279.8983; found, 279.8996.

Br

= H
NS

N Br
155

2,4-Dibromo-6-cyclopropylpyridine (155) (Table 4-2, entry 8)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromo-6-
cyclopropylpyridine (152) (41.8 mg, 0.151 mmol, 1.0 equiv), 2,3-dibromo-4-(trifluoro-
A\*-boraneyl)-1A*-pyridine (135-H) (5.0 mg, 0.016 mmol, 11 mol%), and anhydrous THF
(1.5 mL). The solution was cooled to =78 °C. LDA (2.0 M, 0.115 mL, 0.23 mmol, 1.5
equiv) was added to the Schlenk tube. After stirring at —78 °C for 5 h, the reaction mixture
was treated with MeOH (2 mL). After stirring at —78 °C for 5 min, to the reaction mixture
was added saturated aqueous ammonium chloride (1 mL). After being partitioned, the
aqueous layer was extracted with CH>Cl> (2 mL) three times. 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/CH2Cl> = 97:3 to 19:1, gradient) to provide the title compound
as a colorless oil (29.5 mg, 0.107 mmol, 71%); Ry=0.30 (hexane); IR (ATR, cm™!): 1565,
1530, 1329, 748; '"H NMR (400 MHz, CDCl3): § 7.40 (d, 1H, J = 1.4 Hz), 7.24 (d, 1H, J
= 1.4 Hz), 1.98-1.90 (m, 1H), 1.07-0.99 (m, 4H); *C{'H} NMR (100 MHz, CDCl5): §
166.1, 142.0, 133.5, 127.1, 123.5, 17.2, 11.0; HRMS (DART") m/z: [M+H]" calcd. for
CsHg”’Br¥'BrN, 277.9003; found, 277.9010.

4-7-10 Accession Codes

Deposition Numbers 2077481 (for 132), 2179136 (for 135-H), 2151176 (for 135-NBuy),
2195350 (for 143), and 2151209 (for 145) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via

www.ccdc.cam.ac.uk/data request/cif, or by emailing data request@ccdc.cam.ac.uk, or
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by contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: + 44 1223 336033.
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5-1 #E

FWUETIE, VFULNLRUFE~OBERRZMUI L > TRETDHITF VLT
U= b7V FaRTd—ERnar o X A0 705 2 L2 R LT,
BHETIE, VFULADRDLH Y ULASOEBBEBZBN, ~Na o2 A I 5T
WEEDZ ERNDhoTo, RETOFER, 7V 7 A7 I R E LTI F A
415 KHMDS 78, & D& T WMl EME 2 R4 2 & 0SB ICH 6027 o 7,
KHMDS 134 F THE SN2 WT OB X 0 B2 miEE2 Al TH 0, fil
72 10mol% & Lz & &, RUCKEH Z 1 7012 % THfE T & 72, KHMDS filifiic
KXo arZ o B R, BV TR, AIXY ), FTHE T, TT
v, RUBP U EDIEIENT BT L— AT, fEx B Ls Lo
DET L — EARTXT,

52 HUULTY—)VEY ZNFaRT— s OflEEHEAR

FUETIE, VFULT U=V ) A aiRT— b OMBEEM 2 DT,
Lo, B, UV F U 20 LML PN ZE R ) U LT
U—n hY 7t aRT— k REBBIORHAR K TH L, LIzR->T, £F
VLT Y=/ MY T FdaR T — ~OREEME A7 (Scheme 5-1), ¥
TaEEY U128 O THF IWRIZKI LT, BV DAT YV —/L RN 7t aRT
— k 135-K % 10 mol%/iN %, LDA #-78°C T 1 Bfffl{fEf &, I VHETKIE%E
ik Uiz, ZORE, ~a v X ARET LI 3-3— R Y U2 132 2
88% CIHT-. VT U LT T TTFNT VB LNINZRTZT NI TF VT

Scheme 5-1 Halogen Dance Reactions Catalyzed with Potassium Aryltrifluoroborates

H | Br
B catalyst B |
Xr " (10 mol%) LDA (1.1 equiv) Xy =" X
| — | — + —
N Br N Br

N Br THF -78°C,1h

128 —-78°C, 5 min then |2 129 132
®BF3K® ®BF3K® ®BF3K®

B AN

L L

catalyst = N Br N
135-K 156-K 157-K

yields of

129 and 132 = 3% and 88% 0% and 73% 0% and 84%
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=7 LM 135-NBus GEAMIIE, DU, Scheme 4-3) &IIxfHRMIIC, UF DA%
AV TP ZTIA) LT V=L FY 7t aRT— b 135-K 23 @ 0O s
MERTZEnbnote, £, BHEN LI, RIBFR 2 L7220 U A
# 156-K & i WMfEME A2 R L, 3-3— RE U 20 132 # UK 73% TH 2 77,
EHC, BEESFELERWHY YA T 2= ) 74 R T — F157-K) b
BRI L 22 D Z L RN b otz TuEEE LRV U T A 156-K X°
157-K 23 @ WIEEE 2 7R L2 /R B, BN E T m RO L2 S
B VF LT V=V N T7AFaRT— e, &< 8L RISHEME T e
P AN EIT LT b T,

5-3 AV U AN O R
VT LR T H AN Z DBk e b D, T A N T

Table 5-1. Screening of Halogen Dance Catalysts?

H catalysis LDA | Br
| \/ Br (10 mol%) (1.1 equiv) @Br X (ji'
N"Br  THF THF N Br N B
128 -78°C 42);%; h 129 132
entry catalyst 128 (%)° 129 (%)’ 132 (%)°
1 none - 77 8
2 KO'Bu - - 92
3 KOH - 70 12
4 K>COs — 74 12
5 KOAc = 63 21
6 KF - 66 15
7 KI - 64 24
8 KHMDS < < 94 (86%)
9 NaHMDS - 8 64
10 LiHMDS - 54 15

“Reaction conditions: 2,3-dibromopyridine (128; 1.0 equiv, 3.0 mmol), catalyst (10 mol%, 0.30
mmol), THF (30 mL), then LDA (1.1 equiv, 3.3 mmol), =78 °C, 1 h, then iodine (2.0 equiv, 6.0
mmol), =78 °C, 1 h. *Yield determined by 'H NMR with 1,1,2,2-tetrachloroethane as internal
standard. “Not observed. “Isolated yield.
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(Table 5-1), £, ®MREBRE LT, VY7 Y P 128 1% LT, THF T
LDA (1.1 H&E)Z-78 °C TMX, 1 KR URTRICEIFIESEZE A,
3-3— FE U 2132 U3 8% T1537- (Table 5-1, entry 1 and Table 41, entry 1),
BY YUY 128 DEWART X RAENEIELH72H, Y U LEOTING)R
BT, T, REEE LTRETLIAKRY FULORIGEEZ N ESE 572
¥, Lochmann—Schlosser #i4& ("BuLi/KO'Bu)'*2IZHf]H & 415 KO'Bu % fil it &0 .
T2 T ORER, 10mol%?D KOBu 3127 L &2 A RIEICIEL, 3-3— Y
U 132 DLEE 2% TEIRMICIS AL (entry 2), —FH T, T NLEE S
7272V KOH ZHWD &, 3-3— RE U U2 132 OILEEIT 12%72 > 7= (entry 3),
gaEE kD U v AL LT, KoCOs, KOAce, KF Z WA, KINEE T 3-
S— RFNE VU U 132 24572 (entries 3-6), FEEH KDY 7 A E LTKI #H
W2, F ORETEMEIIR D > 72 (entry 7). 7 U U AR A RRE L2 RS, KO'Bu
L0 MR EV KHMDS 2 HW 256, 3-3— RE Y 20 132 2R 94%
THF7= (entry 8), LA EDFERN G, s E L CRHIHS A Y UL LT,
KHMDS & KOBu W EWMETEME 2 "3 L bhoTe, T2, WU 2 —HFF
YEAVULNG, TRITA UFULNHZLHE, 3-3— KU 1320
MK T L7z (entries 9 and 10), LA EDFERING, U 0 LA A2 035\ il
EMHEICHL BRI R THD EbhoT,

5-4 KHMDS 2RI Uiz a7 u &2 2O K )GE EE BT

KHMDS OfiiiEME %2 KOBu=C b 7 £ U 20 13922 L 425 72012,
B FE BT 2 8 Z 72 o 7= (Figure 5-1), £7°, SJSKEREICKIL T 3-3— R
U U132 DINFEE T vy b L7z (Figure 5-1a), KHMDS (10 mol%) % f 7=

(a) Yields of 3-iodopyridine vs. reaction time

H Br
Br catalyst LDA |
| X (10 mol%) (1.1 equiv) | X
~— —
N Br THF THF N Br
128 -78 °C —78 °C, time 132
then 1,
catalyst Br
| XN Br
KHMDS  KO'Bu N” >Br  none
139
o A | X
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(b) Yields of 3-iodopyridine vs. catalyst loading

H catalyst LDA Br
X Br (catalyst loading) (1.1 equiv) X I
P P
N~ Br THF THF N~ Br
128 -78 °C —78 °C, 60 min 132
then I,
100
_ 0t o © ) ¢ 4
= 8o | A
2
5 01 A |
E_» 60
S 50 u
8
b 40 ®
©
@ 30 ]
E 20 -
10 P """""""""""""""""""""""""""""""""
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.0 25 5.0 7.5 10.0

Catalyst loading [mol%]

Figure 5-1. Kinetic analysis of KHMDS-catalyzed halogen dance reactions. (a) Plots
of the yields of 3-iodopyridine 132 (average of two runs) vs. reaction time
upon treatment of 2,3-dibromopyridine (128; 1.0 equiv) and a catalyst (10 mol%) in
THF with LDA (1.1 equiv), =78 °C, 1-60 min, then iodine (2.0 equiv), —=78 °C, 1 h. (b)
Plots of the yields of 3-iodopyridine 132 (average of two runs) vs. catalyst loading
upon treatment of 2,3-dibromopyridine (128; 1.0 equiv) and a catalyst (0.1—10 mol%)
in THF with LDA (1.1 equiv), =78 °C, 1 h, then iodine (2.0 equiv), —=78 °C, 1 h.
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B, ROGREEZ 143 LT, 3-3— RE U U0 132 BUE 2% T LT,
7285, KOBu Z [FREDO SR THWD &, B 132 23R 78% TR LT,
L7 > T, KHMDS 7° KOBu £V & mWEEHESHE Z oL bhoTe, &
HIT, HERRESNTWE MY 7 aEE Y 20 1392% (10 mol%) il 2 Fv 72
WERIETIE, 3-3— FE Y U0 132 OICEITIRIBICK T L7z, WwIC, fiiahn &
DRI H 2 BN R 27 ~7= (Figure 5-1b), BLARINEICXT LT, 3-3— KBV
VU132 DNFEE T a v b LiER, KHMDS Offii &% 1.0 mol%, &R
1R E LA T, 3-9— RE U U0 132 BUIER 87% T b vz, 77,
KOBu %[ROSR THWZHATEL, KHMDS # W55 Xk0 b 3-3—
REU U132 OIEMET L2, 512, P 7rEEY U139 % 1.0mol%
s, 3-9— KRV P2 132 OIERIT 15% Th o 72, LLEOFER S, KHMDS
X, KOBuh U 7 aEL Y P L0 b EWABEE,EZ R3 & boodz,

5-5 HEHELRETFHO—BE

LDA & il #:0> KHMDS OfiAH b EZHWT, a7 aE®T7 L— 1O
0o A G LT (Table5-2), £7, 2-7rBu-3-7RrEE U U (142)&
KHMDS (10 mol%)DiEAIZ, LDA (1.5 equiv)Z—78 °C T 15 ZSRIWEA &8,
YATNVTE R (2.0 equiv)d 2 RIS S ET2, ZORER, K 158 233
72% CERPICHE ST (entry 1), — 5T, KHMDS %= HW\ e WiGA, B
FLVEIR 159 DMH 63% CTHRK LT-, 7pds, 40z 971, ROGKHZ 5 RefH
ELTHEERWMIIE 159 IR 67% TH LN Z 226, KHMDS 23 @&
fBE M2 b OB CH D L bhol, 72 =AY U 148 b [REIBEIS,
KHMDS ZH\\5% &, 7% F—/1 & DOFIME 160 230 66% Tl RANIZ AR L
72 (entry 2), 78k, MREEZNNZ 72WGE, (IO 160 & EZYE(K 161 2N E i
IZR 49% & 32% T H L7z, KHMDS itz o a7 o 2 o 203, 5 BT
BEANTEY L—UICHEHTE, A I XY —/L 54 & KHMDS @O /L= 3%
RIZXE LT, LDA #-78 °C T 15 pfEH &, v ormu~xt /e ssE
5L, MK 162 Z I 89% THE7- (entry 3), filifEZ W e WiGE, v 7 a~
XY — L DOBEMEKIIE SN DT, N P Z o ZAD PRI 59 GERNE,
%5 &, Scheme 2-16) M 60% THOic, FA T = 15 b At % H
WhHE, Mg choNn A X AREITL, pinBOPr & DG 104
XoT, AT A7 163 ML 86% T H L7 (entry 4), KHMDS % H
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W WA, Au R ATV 163 & F O BMIK 164 13 FILE UL 55% &
3% THLNTZ, EHIZ, TRET T 165 DT /F U F A 204 filtt g o
KHMDS (Z L » TImEE iz, 7 uE 772 165 & KHMDS (19 mol%)? THF &
I LITMP % 1.5 Y&EEHIEL L, FEO7aE7 7 165 BIELL,

Table 5-2. Range of Bromoarenes Synthesized by the KHMDS-Catalyzed
Halogen Dance Reaction?

Br E
KHMDS (10 mol%)
B LDA (1.5 equiv) B X B
| Ar/ > | Ar/ + | Ar/
N~ Br 8 O(T:H1F5 _ N~ Br N~ Br
- y min .
then E* product isomer
entry substrate E* product (%)” byproduct (%)
H Br OH HO._Ph
1 | X Br 0 | X Ph | N Br
N" el HJkPh N7 cl N
142 158 159
with KHMDS 72 (729 3
without KHMDS 16 63
without KHMDS? 16 67
H Br OH HO
PN B WO Ph N7 Br P N7 Br
148 160 161
with KHMDS 66 (61°) 13
without KHMDS 49 32
H o) Br Br
N N N
3t I\ /Zf\ QH I
Br N)\BI' Br N Br /N ) Br
Me Me Me
54 162 59
with KHMDS 89 (809) 11
without KHMDS 23 60
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Br

Br

Br

4 H/Q\Br pinB—0O'Pr Br/@\Bpin pinB/Q\Br
15 163 164
with KHMDS 86 (57°) 2
without KHMDS 55 43
H
= HO
sfi - . o Br Ph
° HJ\Ph / \_ Ph 7\
OH
0 166 167
Re X )
o
with KHMDS 38/ (27°) 4
without KHMDS Ik 47
CO,Et CO,Et
6! Br CO,Et
CI\©:CI Bre_ AL cl cl cl cl
H CuCN: 2LiCl Br H
17f 168 169
with KHMDS 53 (429) 4
without KHMDS 40 29

“Reaction conditions: bromobenzene (1.0 equiv, 0.30 mmol), KHMDS (10 mo1%, 0.03 mmol), THF
(3 mL), then LDA (1.5 equiv, 0.45 mmol), —78 °C, 15 min, then electrophile (2.0 equiv, 0.60 mmol),
—78 °C, 2 h. *Yield determined by '"H NMR with 1,1,2,2-tetrachloroethane as internal standard.
“Isolated yield. “Reaction time was 5 h. “Reaction time was 1 h. /Reaction using 0.15 mmol of
bromoarene. éReaction was performed in toluene. "Reaction was performed in toluene/THF (60:1).
‘Reaction with KHMDS (19 mol%) and LiTMP (1.5 equiv, 0.23 mmol) for 1 h. /Yield determined
by 'H NMR with 1,3,5-trimethoxybenzene as internal standard. “Not observed. ‘Reaction
conditions: bromobenzene (117f; 1.0 equiv, 0.30 mmol), KHMDS (10 mol%, 0.03 mmol), THF (3
mL), then LDA (1.5 equiv, 0.45 mmol), =78 °C, 5 h, then CuCN-2LiClI (1.5 equiv, 0.45 mmol) and
ethyl 2-(bromomethyl)acrylate (2.0 equiv, 0.60 mmol), =78 °C to rt, 2 h.

NUAXT VT B REDKISIZE T, (MK 166 % IUH 38% CTiRERAIIZIFT-,

Fx BLARTHE U7z KOBu 2 b & O D St 2094 &0, il & > KHMDS
WD TR 5, KHMDS Z W72 WiGa, B 167 &R 165 232
FUDR 47% & 25% CTHREH S vz, il B> KHMDS (12 & - THEMSTEE Sz
FERMND, KHMDS (3 1 7 -8B ac#i7-1F C72 <, Lochmann—Schlosser ¥ 4 132
IR, B e bbbl s w5 EbhoT, (bFEREDO KOBu # V%
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1# % @ Lochmann-Schlosser #iJk & thig L, SRIO&E#HE a7 &2 AT, fil
e KHMDS #FIH L=, &S, 7ees_X0B U icbmfiETd -
oo 7HRERCEY NI 1EL, KHMDS Zfiilit b Lic a7 o 2o 2 @il v
27 VAL BB AT L, 7 e BN BE) L2 T 7 U LR T /L 168 DL 53%
THEONZ, —J7 T, KHMDS 2z 72\WGA, 77 U LVEBR=F )L 168 L 7 1
EDEEL 727 7 U ViR TV 169 OBENEERIBEM a1, BERNWT 7
UNBRTTF V169 1%, ~uF o Z o ZOH[ERE LTHALTZAKRY F UL GE
A, BB, 2-2-3) S, T UMBENAER LTI EB X TS, L ED X DI,
LDA & il 50> KHMDS OFLAFDEDN, BIANT BET L—rona o g
VARG EBIHNCINE S E 2 2 ERAL N E o Tz,

5-6 ISHEEODOHETE

AT ADKEHEREE LT, KHMDS &7 eEE Y Y2 170 23
592 T oo SO B 2 HEE L2 (Scheme 5-2), 9, YrEE U U2 170 8
LDA IZk-oTl7m b s, BRIV FULIN 2525, AHYFU L 171
\Z KHMDS 232795 &, Lochmann—Schlosser ¥adkd L 512, Li & K & H o
t > mixed aggregate?* & LIXNHEEREEZ L OAKERE 172 2 525, A
/172 1, ALV U A EBOCWAEOIMMEREL, BT 170 &
DRF- B BAZIRDELNITHEATL, ARERE173 L7 rE ) V114 2 5
25, HFHER1731E, V7 n®t’ ) Y0 174 L ORI RE-Y F 7 LATH
WZED, Bl b ZEBRAKRESRE 175 # 52, BV Y0 170 BEET D
(FEAMIL, ZBPUEE, Schemed—4), AFEEE 175 2> KHMDS AEEL, AHEY
F UL 176 PAERT D LT, IS O A 7 LN FERET D, B
=, Figure4—1 © DFT ftHEOFRER ML, —EHOEHER 172 LY U 170 O
BFE-VFUAREPHHEEFETH O, il 0> KHMDS 2> 53848 87 BUGHE
MWEWEKESRE 172 23, BF-VFULLZHRE MRS G- B2 TWD, @,
Lochmann—Schlosser ¥iJ&ld, {bFEfmED KOBu ZHWW T v k> BUsZ
WL, ARBFZEIL, & o KHMDS 7> 5 %4 &7~ mixed aggreagate 73 5
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Scheme 5-2. Plausible Mechanistic Pathway for the Ultrafast Halogen Dance Reaction,

Which Proceeds Through a Dual Catalytic Cycle
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Schlosser-type OFEHEERIIN 7 7 M ISR SE 525, A, ARY FU
Il D KHMDS 237" 1 b o721 T <, RE-U F U Lg% KIgL2n
WEEDZ L E2HIZ A LT,

5-8 Experimental Section

References
5-8-1 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 wavenumbers (cm'). '"H NMR
(400 MHz), *C{'H} NMR (100 MHz), '°F NMR (376 MHz), and ''B NMR (128 MHz)
spectra were measured on a 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 (CHCls: & 7.26 ppm, DMSO-ds: 6 2.50 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, and br = broad.
Chemical shifts for *C{'H} NMR are reported in ppm from tetramethylsilane with the
solvent resonance as the internal standard (DMSO-ds: 6 39.52 ppm, CDCl3: 6 77.16 ppm,
CDsCN: § 118.26 ppm). Chemical shifts for ’F NMR are reported in ppm from CFCls
with the solvent resonance as the external standard (CéHsCF3 in CDCls: 6 —=62.61 ppm®7).
Chemical shifts for "B NMR are reported in ppm from BF3-OEt, with the solvent
resonance as the external standard (BF3-OEt; in CDClI3: 0.00 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.

5-8-2 Materials

All workup and purification procedures were carried out with reagent-grade solvents in
air. Unless otherwise noted, materials were obtained from commercial suppliers and used
without further purification. Flash column chromatography was performed on Wakogel®
60N (63-212 um, FUJIFILM Wako Pure Chemical Co., Ltd.) or high-efficiency irregular
silica (25-40 um, Santai Science Inc.). Anhydrous THF (>99.5%, water content: <30
ppm) was purchased from Kanto Chemical Co., Inc. and further dried by passing through
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a solvent purification system (Glass Contour) prior to use. "BuLi (1.6 M in hexane) was
purchased from Kanto Chemical Co. and used as received. LDA (2.0 M in
THF/heptane/ethylbenzene), ‘PrMgCI-LiCl (1.3 M in THF), and KHMDS (0.5 M in
toluene), which was used as a 0.50 M solution in the following experiments, were
purchased from Sigma-Aldrich Co. and used as received. KO'Bu was purchased from
Tokyo Chemical Industry Co., Ltd., stored in a glove box, and used as received. Substrate
128 (Product Number: BD9517), 142 (Product Number: BD9518), and 15 (Product
Number: BD9372) were purchased from BLD Pharmatech Ltd. and used as received.
Potassium aryltrifluoroborates 156-K (Product Number: P1684), 157-K (Product
Number: P1582), and substrate 117f (Product Number: B0982) were purchased from
Tokyo Chemical Industry Co., Ltd. and used as received. Substrate 54 (Product Number:
738867) was purchased from Sigma-Aldrich Co. and used as received. Freshly prepared
Pd(PPh3)s”® and ZnCl,-TMEDA®® were used in the following experiments.

5-8-3 Halogen Dance Reactions Catalyzed with Potassium Trifluoroborates (Scheme 5-1)
Potassium (2,3-dibromo-4-pyridyl)trifluoroborate (135-K)

Bpin @BF3K®
Br . . Br
| A aqg. HF (3.0 equiv) KOH (1.1 equiv) | N
N” Br MeOH 0°Ctort, 1h N D Br
rt, 3 min 51%
136 thenrtto 0 °C 135K

A 50-mL round-bottomed flask equipped with a Teflon-coated magnetic stirring bar and
a rubber septum was charged with 2,3-dibromo-4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)pyridine (136) (541.4 mg, 1.49 mmol, 1.0 equiv) and MeOH (3.0 mL).
After stirring at room temperature for 1 min, the reaction mixture was treated with
aqueous hydrofluoric acid (4.4 M, 1.0 mL, 4.4 mmol, 2.9 equiv). After stirring at room
temperature for 3 min, the reaction mixture was cooled to 0 °C. After stirring at 0 °C for
1 min, the reaction mixture was treated with potassium hydroxide (93.8 mg, 1.67 mmol,
1.1 equiv). After stirring at room temperature for 1 h, the reaction mixture was treated
with CH2Cl, (2 mL) and water (10 mL). After being partitioned, the aqueous layer was
washed with CH>Cl (3 mL) ten times. The aqueous layer was treated with potassium
hydroxide (190.0 mg, 3.39 mmol, 2.3 equiv). After stirring at room temperature for 1 min,
the aqueous layer was extracted with ethyl acetate (8 mL) three times. The combined

organic extracts were dried over sodium sulfate and filtered. The filtrate was washed with
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CHCI3 (50 mL) to provide the title compound as a colorless solid (261.5 mg, 0.763 mmol,
51%); Ry = 0.35 (ethyl acetate); Mp >250 °C; IR (ATR, cm™'): 1339, 1230, 1173, 1124,
1035, 992, 850; 'H NMR (400 MHz, DMSO-ds): 6 8.06 (d, 1H, J=4.4 Hz), 7.33 (d, 1H,
J = 4.4 Hz); BC{'H} NMR (100 MHz, DMSO-ds): § 146.6, 143.8, 128.1, 127.4 (one
aromatic carbon signal is missing due to poor sensitivity of the carbon atom attached to
the boron atom); '’F NMR (376 MHz, DMSO-ds): § —140.8; "B NMR (128 MHz,
DMSO-ds): & 1.88 (q, 'Jsr = 41.5 Hz); HRMS (DART") m/z: [M—K] caled. for
CsHy''"B”Br®'BrF;N, 303.8579; found, 303.85809.

Reaction with catalyst 135-K

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromopyridine (128) (713.6
mg, 3.01 mmol, 1.0 equiv), potassium (2,3-dibromo-4-pyridyl)trifluoroborate (135-K)
(106.6 mg, 0.311 mmol, 10 mol%), and anhydrous THF (30 mL). The solution was cooled
to =78 °C. LDA (2.0 M, 1.65 mL, 3.3 mmol, 1.1 equiv) was added to the Schlenk tube.
After stirring at —78 °C for 1 h, the reaction mixture was treated with iodine (1.526 g,
6.01 mmol, 2.0 equiv). After stirring at —78 °C for 1 h, the reaction mixture was treated
with saturated aqueous sodium thiosulfate (25 mL) and saturated aqueous ammonium
chloride (25 mL). After being partitioned, the aqueous layer was extracted with ethyl
acetate (20 mL) three times. The combined organic extracts were dried over sodium
sulfate and filtered. The filtrate was concentrated under reduced pressure to give a crude
product. The yields of 2,3-dibromo-4-iodopyridine (129) and 2,4-dibromo-3-
iodopyridine (132) were determined by 'H NMR analysis using 1,1,2,2-tetrachloroethane
(79.4 mg, 0.473 mmol) as an internal standard by comparing relative values of integration
for the peaks observed at 7.91 ppm (1 proton for 129, whose '"H NMR data were identical
with those reported in the literature?*®) and 8.12 ppm (1 proton for 132, whose 'H NMR
data were identical with those reported in the literature’®!) with that of 1,1,2,2-

tetrachloroethane observed at 5.96 ppm.
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5-8-4 Screening of Halogen Dance Catalysts (Table 5-1)

i talysi LDA ' Br
catalysis
| B (10 mol%) (1.1 equiv) (%[Br ﬁj'
+
’ THF THF N“Br N B

N Br
-78 °C -78°C,1h
then 1,

129 132

Preparation of a THF solution of KO'Bu (0.10 M)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with KO'Bu (841.5 mg, 7.50 mmol) and
anhydrous THF (7.5 mL). The reaction mixture was stirred at room temperature for 1 min

to provide a THF solution of KO'Bu (0.10 M).

Reaction with KHMDS (Table 5-1, entry 8)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromopyridine (128) (711.6
mg, 3.00 mmol, 1.0 equiv) and anhydrous THF (30 mL). The solution was cooled to —78
°C. KHMDS (0.50 M, 600 pL, 0.30 mmol, 10 mol%) was added to the Schlenk tube.
After stirring at —78 °C for 5 min, LDA (2.0 M, 1.65 mL, 3.3 mmol, 1.1 equiv) was added
to the Schlenk tube. After stirring at =78 °C for 1 h, the reaction mixture was treated with
iodine (1.560 g, 6.15 mmol, 2.0 equiv). After stirring at =78 °C for 1 h, the reaction
mixture was treated with saturated aqueous sodium thiosulfate (25 mL) and saturated
aqueous ammonium chloride (25 mL). After being partitioned, the aqueous layer was
extracted with ethyl acetate (20 mL) three times. The combined organic extracts were
dried over sodium sulfate and filtered. The filtrate was concentrated under reduced
pressure to give a crude product. The yields of 2,3-dibromo-4-iodopyridine (129) and 2,4-
dibromo-3-iodopyridine (132) were determined by 'H NMR analysis using 1,1,2,2-
tetrachloroethane (92.6 mg, 0.552 mmol) as an internal standard by comparing relative
values of integration for the peaks observed at 7.91 ppm (1 proton for 129, whose 'H
NMR data were identical with those reported in the literature?*?) and 8.12 ppm (1 proton
for 132, whose "H NMR data were identical with those reported in the literature®*®) with
that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm. The crude product was purified
by silica gel column chromatography (hexane/ethyl acetate = 20:1) to provide the title
compound as a colorless solid (934.8 mg, 2.58 mmol, 86%), whose 'H and '3*C NMR data
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were identical with those reported in the literature.?’ "TH NMR (400 MHz, CDCl5): § 8.12
(d, 1H, J=5.2 Hz), 7.49 (d, 1H, J = 5.2 Hz); *C{'H} NMR (100 MHz, CDCl;): § 149.9,
148.9, 142.3,126.7, 108.3.

5-8-5 Kinetic Analysis of KHMDS-Catalyzed Halogen Dance Reactions (Figure 5-1)

H Br

Br — Ny — Br
~ /N\ /N\ LDA (2.0 equiv) Bry (2.0 equiv) X
P G B
N~ Br cl’ ¢l THF t1h NZ Br
128 ZnCly, TMEDA -40thC, 1h 85% 139
i en
(1.0 equiv) —40 °C to rt

2,3,4-Tribromopyridine (139)

A flame-dried 500-mL two-necked flask equipped with a Teflon-coated magnetic stirring
bar, a three-way stopcock, and a rubber septum under nitrogen was charged with 2,3-
dibromopyridine (128) (2.350 g, 9.92 mmol, 1.0 equiv), ZnCl>-TMEDA (2.498 g, 9.89
mmol, 1.0 equiv), and anhydrous THF (100 mL). The solution was cooled to —40 °C.
LDA (2.0 M, 10.0 mL, 20 mmol, 2.0 equiv) was added to the Schlenk tube. After stirring
at —40 °C for 1 h, the resulting mixture was treated with bromine (1.00 mL, 19.4 mmol,
2.0 equiv) at room temperature. After stirring at room temperature for 1 h, the reaction
mixture was treated with saturated aqueous sodium thiosulfate (75 mL) and saturated
aqueous ammonium chloride (75 mL). After being partitioned, the aqueous layer was
extracted with ethyl acetate (20 mL) three times. The combined organic extracts were
washed with water (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/ethyl acetate = 10:1) to provide the title compound
as a pale yellow solid (2.650 g, 8.39 mmol, 85%), whose 'H and '3C NMR data were
identical with those reported in the literature.'*> Ry=0.53 (hexane/diethyl ether = 10:1);
Mp 74-75 °C; IR (ATR, cm™): 1536, 1522, 1455, 1417, 1378, 1333, 1189, 820; '"H NMR
(400 MHz, CDCl5): & 8.11 (d, 1H, J = 5.0 Hz), 7.52 (d, 1H, J = 5.0 Hz); *C{'H} NMR
(100 MHz, CDCl3): 6 147.9, 144.9, 136.9, 127.9, 127.1; HRMS (DART") m/z: [M+H]"
calcd. for CsH3Br®'BrN, 317.7775; found, 317.7790.
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Effects of Reaction Time

Reaction with KHMDS for 1 min (Figure 5-1a)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromopyridine (128) (714.1
mg, 3.01 mmol, 1.0 equiv) and anhydrous THF (30 mL). The solution was cooled to —78
°C. KHMDS (0.50 M, 600 pL, 0.30 mmol, 10 mol%) was added to the Schlenk tube.
After stirring at —78 °C for 5 min, LDA (2.0 M, 1.65 mL, 3.3 mmol, 1.1 equiv) was added
to the Schlenk tube. After stirring at —78 °C for 1 min, the reaction mixture was treated
with iodine (1.568 g, 6.18 mmol, 2.1 equiv). After stirring at =78 °C for 1 h, the reaction
mixture was treated with saturated aqueous sodium thiosulfate (25 mL) and saturated
aqueous ammonium chloride (25 mL). After being partitioned, the aqueous layer was
extracted with ethyl acetate (20 mL) three times. The combined organic extracts were
dried over sodium sulfate and filtered. The filtrate was concentrated under reduced
pressure to give a crude product. The yields of 2,3-dibromo-4-iodopyridine (129) and 2,4-
dibromo-3-iodopyridine (132) were determined by 'H NMR analysis using 1,1,2,2-
tetrachloroethane (112.0 mg, 0.667 mmol) as an internal standard by comparing relative
values of integration for the peaks observed at 7.91 ppm (1 proton for 129, whose 'H
NMR data were identical with those reported in the literature?*?) and 8.12 ppm (1 proton
for 132, whose '"H NMR data were identical with those reported in the literature>*?) with
that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm.

(a) Yields of 3-iodopyridine vs. reaction time?

H catalyst LDA I Br
BT (10 mol%) (1.1 equiv) - Br !
» L+
N~ "Br THF THF N~ "Br N~ “Br
128 -78 °C —78 °C, time 129 132
then 1,
catalyst Br
»d
KHMDS KOBu N” Br none
139

191



catalyst  time 128 (%)” 129 (%)’ 132 (%)’
Istrun  2nd run Istrun  2ndrun  Istrun  2ndrun  average

KHMDS 60 min < < < - 98 93 96
KHMDS 30 min — = = 2 97 93 95
KHMDS 15 min - - 1 2 96 91 94
KHMDS 5 min < < 1 2 94 88 91
KHMDS 1 min 3 6 6 10 85 78 82
KOBu 60 min - - < 1 92 89 91
KOBu 30 min - - 2 — 89 92 91
KOBu 15 min - - 1 2 89 85 87
KO'Bu 5 min - - 2 3 82 78 80
KO'Bu 1 min - - 8 9 78 78 78
139 60 min < < 34 23 65 75 70
139 30 min - - 38 49 59 51 55
139 15 min 3 - 41 47 54 50 52
139 5 min 13 < 39 49 53 48 51
139 1 min 15 15 43 51 46 38 42
none 60 min [e] 3 77 67 9 13 11
none 30 min [c] 5 69 59 13 13 13
none 15 min [e] 5 72 59 9 14 12
none 5 min 15 - 84 71 4 6 5
none 1 min 17 6 82 91 4 3 4

“Reaction conditions: 2,3-dibromopyridine (128; 1.0 equiv, 3.0 mmol), catalyst (10 mol%, 0.30 mmol),
THF (30 mL), then LDA (1.1 equiv, 3.3 mmol), —78 °C, then iodine (2.0 equiv, 6.0 mmol), -78 °C, 1
h. ®Yield determined by 'H NMR with 1,1,2,2-tetrachloroethane as internal standard. “Not observed.

Effects of Catalyst Loading

Reaction with 1 mol% of KHMDS (Figure 5-1b)

A flame-dried 100-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromopyridine (128) (711.9
mg, 3.01 mmol, 1.0 equiv) and anhydrous THF (30 mL). The solution was cooled to —78
°C. KHMDS (0.50 M, 60 pL, 0.030 mmol, 1.0 mol%) was added to the Schlenk tube.
After stirring at =78 °C for 5 min, LDA (2.0 M, 1.65 mL, 3.3 mmol, 1.1 equiv) was added

to the Schlenk tube. After stirring at =78 °C for 1 h, the reaction mixture was treated with
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iodine (1.571 g, 6.19 mmol, 2.1 equiv). After stirring at —78 °C for 1 h, the reaction
mixture was treated with saturated aqueous sodium thiosulfate (25 mL) and saturated
aqueous ammonium chloride (25 mL). After being partitioned, the aqueous layer was
extracted with ethyl acetate (20 mL) three times. The combined organic extracts were
dried over sodium sulfate and filtered. The filtrate was concentrated under reduced
pressure to give a crude product. The yields of 2,3-dibromo-4-iodopyridine (129) and 2,4-
dibromo-3-iodopyridine (132) were determined by 'H NMR analysis using 1,1,2,2-
tetrachloroethane (100.2 mg, 0.597 mmol) as an internal standard by comparing relative
values of integration for the peaks observed at 7.91 ppm (1 proton for 129, whose 'H
NMR data were identical with those reported in the literature?*?) and 8.12 ppm (1 proton
for 132, whose '"H NMR data were identical with those reported in the literature>*?) with
that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm.

(b) Yields of 3-iodopyridine vs. catalyst loading®

H catalyst LDA I Br
X B (catalystloading) (1.1 equiv) x-Br =
| . L
N™ "Br THF THF N~ “Br N "Br
128 ~78°C ~78°C,1h 129 132
then |,
catalyst Br
|\ Br
KHMDS KOBu N” Br none
139
catalyst  loading 128 (%)” 129 (%)” 132 (%)°

Istrun 2ndrun  Istrun  2nd run Istrun  2ndrun  average

KHMDS 10 mol% — — — — 98 93 96
KHMDS 5 mol% — — = 5 94 92 93
KHMDS 2.5 mol% — — 1 — 94 91 93
KHMDS 1 mol% — — 8 11 86 &7 87
KHMDS 0.1 mol% — 2 45 44 44 40 42
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KO'Bu 10 mol% — = £ 1 92 &9 91

KO'Bu 5 mol% — — — 2 91 86 &9
KOBu 2.5 mol% — — 6 4 83 &4 84
KO'Bu 1 mol% — — 20 25 73 64 69
KOBu 0.1 mol% — — 61 61 20 17 19
139 10 mol% — — 34 23 65 75 70
139 5 mol% - — 49 49 49 51 50
139 2.5 mol% — — 68 71 29 26 28
139 1 mol% — — 72 84 18 11 15
139 0.1 mol% — — 71 70 15 14 15

“Reaction conditions: 2,3-dibromopyridine (128; 1.0 equiv, 3.0 mmol), catalyst, THF (30 mL), then
LDA (1.1 equiv, 3.3 mmol), —=78 °C, 1 h, then iodine (2.0 equiv, 6.0 mmol), —78 °C, 1 h. ®Yield
determined by 'H NMR with 1,1,2,2-tetrachloroethane as internal standard. “Not observed.

5-8-6 Range of Bromoarenes Synthesized by the KHMDS-Catalyzed
Halogen Dance Reaction (Table 5-2)

Br OH

I\ Ph
~

N °CI
158

(4-Bromo-2-chloropyridin-3-yl)(phenyl)methanol (158) (Table 5-2, entry 1)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 3-bromo-2-chloropyridine (142)
(57.3 mg, 0.298 mmol, 1.0 equiv) and anhydrous THF (3.0 mL). The solution was cooled
to =78 °C. KHMDS (0.50 M, 60 pL, 0.030 mmol, 10 mol%) was added to the Schlenk
tube. After stirring at —78 °C for 5 min, LDA (2.0 M, 225 pL, 0.45 mmol, 1.5 equiv) was
added to the Schlenk tube. After stirring at —78 °C for 15 min, the resulting mixture was
treated with benzaldehyde (62 pL, 0.61 mmol, 2.0 equiv). After stirring at —78 °C for 2 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 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 = 9:1 to 7:3) to
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provide the title compound as a colorless solid (64.3 mg, 0.215 mmol, 72%), whose 'H
and 3C NMR data were identical with those reported in the literature.?’® Ry = 0.34
(hexane/diethyl ether = 7:3); Mp 114-116 °C; IR (ATR, cm™'): 1553, 1536, 1512, 1454,
1435, 1377, 1183, 1043, 828; 'H NMR (400 MHz, CDCl3): § 8.18 (d, 1H, J = 5.0 Hz),
7.55 (d, 1H, J=5.0 Hz), 7.38-7.26 (m, 5H), 6.63 (d, 1H, J=10.4 Hz), 3.34 (d, 1H, J =
10.4 Hz); *C{'H} NMR (100 MHz, CDCl3): § 151.7, 148.7, 140.3, 136.3, 128.6, 128.4,
127.7, 125.5, 73.6 (one aromatic carbon signal is missing due to overlapping); *C {'H}
NMR (100 MHz, CD3CN): 6 152.5, 149.7, 142.0, 137.6, 136.8, 129.6, 129.0, 127.9, 126 .4,
72.9; HRMS (DART") m/z: [M+H]" caled. for C12Hi0*'Br’’CINO, 301.9584; found,
301.9588.

HO Ph

\Br

—

N™ °CI
159

(3-Bromo-2-chloropyridin-4-yl)(phenyl)methanol (159) (Table 5-2, entry 1)

The yields of (4-bromo-2-chloropyridin-3-yl)(phenyl)methanol (158) and (3-bromo-2-
chloropyridin-4-yl)(phenyl)methanol (159) 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 6.63 ppm (1 proton for 158) and 6.11 ppm (1 proton
for 159) with that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm. The spectra of (3-
bromo-2-chloropyridin-4-yl)(phenyl)methanol (159) were obtained according to the
following procedure.

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 3-bromo-2-chloro-4-iodopyridine
(S6) (47.6 mg, 0.150 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was
cooled to —40 °C. 'PrMgCI-LiCl (1.3 M, 175 pL, 0.23 mmol, 1.5 equiv) was added to the
Schlenk tube. After stirring at —40 °C for 1 h, the reaction mixture was treated with
benzaldehyde (31 pL, 0.30 mmol, 2.0 equiv). After stirring at —40 °C for 3 h, the reaction
mixture was treated with saturated aqueous ammonium chloride (1 mL). After being
partitioned, the aqueous layer was extracted with ethyl acetate (1 mL) three times. 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
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gel column chromatography (hexane/ethyl acetate = 10:1 to 4:1) to provide the title
compound as a colorless oil (31.1 mg, 0.104 mmol, 70%), whose 'H and '*C NMR data
were identical with those reported in the literature.?* R, = 0.38 (hexane/ethyl acetate =
2:1); IR (ATR, cm™'): 1573, 1455, 1436, 1357, 1340, 1184, 1053, 1026, 817; 'H NMR
(400 MHz, CDCl3): 6 8.38 (d, 1H, J=5.2 Hz), 7.65 (d, 1H, J=5.2 Hz), 7.38-7.32 (m,
5H), 6.11 (d, 1H, J = 3.6 Hz), 2.46-2.41 (m, 1H); *C{!H} NMR (100 MHz, CDCls): §
155.2,151.7, 147.8, 140.2, 129.0, 128.8, 127.6, 121.5, 120.2, 75.1; HRMS (DART") m/z:
[M+H]" caled. for C12Hi10*'Br*CINO, 299.9614; found, 299.9623.

Br OH

= "Pr

P
Ph N™ "Br
160

1-(2,4-Dibromo-6-phenylpyridin-3-yl)butan-1-ol (160) (Table 5-2, entry 2)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromo-6-phenylpyridine
(148) (44.9 mg, 0.143 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was
cooled to —78 °C. KHMDS (0.50 M, 30 pL, 0.015 mmol, 10 mol%) was added to the
Schlenk tube. After stirring at —78 °C for 5 min, LDA (2.0 M, 120 pL, 0.24 mmol, 1.7
equiv) was added to the Schlenk tube. After stirring at =78 °C for 1 h, the resulting mixture
was treated with butyraldehyde (27 pL, 0.30 mmol, 2.1 equiv). After stirring at =78 °C
for 2 h, the reaction mixture was treated with saturated aqueous ammonium chloride (1
mL). After being partitioned, the aqueous layer was extracted with ethyl acetate (1 mL)
three times. 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/ethyl acetate = 19:1 to 17:3) to
provide the title compound as a colorless oil (33.9 mg, 0.0880 mmol, 61%); Ry = 0.48
(hexane/ethyl acetate = 9:1); IR (ATR, cm™!): 1564, 1547, 1513, 1493, 1453, 1416, 1198,
1069, 838; 'H NMR (400 MHz, CDCl3): § 7.98-7.94 (m, 2H), 7.90 (s, 1H), 7.51-7.44 (m,
3H), 5.40 (ddd, 1H, J= 9.6, 9.4, 5.7 Hz), 2.80 (d, 1H, J = 9.4 Hz), 2.17-2.05 (m, 1H),
1.95-1.84 (m, 1H), 1.71-1.57 (m, 1H), 1.49-1.35 (m, 1H), 1.01 (t, 3H, J = 7.6 Hz);
BC{'H} NMR (100 MHz, CDCl3): § 157.1, 142.4 (br), 136.0, 135.8, 134.9 (br), 130.3,
129.1, 127.1, 125.1 (br), 74.3, 37.4, 19.4, 14.0; *C{'H} NMR (100 MHz, CD;CN): §
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157.2, 143.5 (br), 137.4, 136.8, 135.6 (br), 131.1, 129.9, 127.7, 126.3 (br), 73.9, 37.2,
20.0, 14.1; HRMS (DART") m/z: [M+H]" calcd. for CisHi6"°BroNO, 383.9599; found,
383.9615.

H |
Br Br
S TN NT LDA (2.0 equiv) I, (2.0 equiv) X
| D L 7 zr AN | P
Ph N Br Cl CI THF —-40°C,1h Ph N Br
148 zZnCl, TMEDA ~ —40°C.1h 40% s12

(1.0 equiv)

2,3-Dibromo-4-iodo-6-phenylpyridine (S12) (Table 5-2, entry 2)

A flame-dried 50-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromo-6-phenylpyridine
(148) (249.5 mg, 0.797 mmol, 1.0 equiv), ZnCl,-TMEDA (206.3 mg, 0.817 mmol, 1.0
Equiv), and anhydrous THF (8.0 mL). The solution was cooled to —40 °C. LDA (2.0 M,
0.80 mL, 1.6 mmol, 2.0 equiv) was added to the Schlenk tube. After stirring at —40 °C for
1 h, the resulting mixture was treated with iodine (409.4 mg, 1.61 mmol, 2.0 equiv). After
stirring at —40 °C for 1 h, the reaction mixture was treated with saturated aqueous sodium
thiosulfate (6 mL) and saturated aqueous ammonium chloride (6 mL). After being
partitioned, the aqueous layer was extracted with ethyl acetate (8 mL) three times. 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 to hexane/diethyl ether = 9:1) to provide the title
compound as a colorless solid (139.0 mg, 0.317 mmol, 40%); Ry = 0.23 (hexane); Mp
126-128 °C; IR (ATR, cm™'): 1544, 1511, 1503, 1487, 1385, 1323, 1257, 1205; '"H NMR
(400 MHz, CDCls): § 8.14 (s, 1H), 7.97-7.91 (m, 2H), 7.49-7.44 (m, 3H); *C {'"H} NMR
(100 MHz, CDCIls): 8 156.3, 142.2, 135.5, 130.7, 130.4, 129.15, 129.08, 127.1, 114.4;
HRMS (DART") m/z: [M+H]" caled. for C11H7”°Br®!BrIN, 439.7970; found, 439.7974.

161

1-(2,3-Dibromo-6-phenylpyridin-4-yl)butan-1-ol (161) (Table 5-2, entry 2)
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The yields of 1-(2,4-dibromo-6-phenylpyridin-3-yl)butan-1-o0l (160) and 1-(2,3-dibromo-
6-phenylpyridin-4-yl)butan-1-ol (161) 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 5.40 ppm (1 proton for 160) and 5.12-5.07 ppm (1
proton for 161) with that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm. The spectra
of 1-(2,3-dibromo-6-phenylpyridin-4-yl)butan-1-ol (161) were obtained according to the
following procedure.

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromo-4-iodo-6-
phenylpyridine (S12) (65.3 mg, 0.149 mmol, 1.0 equiv) and anhydrous THF (1.5 mL).
The solution was cooled to —40 °C. ‘PrMgCl-LiCl (1.3 M, 175 uL, 0.23 mmol, 1.5 equiv)
was added to the Schlenk tube. After stirring at —40 °C for 1 h, the reaction mixture was
treated with butyraldehyde (27 pL, 0.30 mmol, 2.0 equiv). After stirring at —40 °C for 3
h, the reaction mixture was treated with saturated aqueous ammonium chloride (1 mL).
After being partitioned, the aqueous layer was extracted with ethyl acetate (1 mL) three
times. 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/ethyl acetate = 10:1) to provide
the title compound as a colorless solid (44.0 mg, 0.105 mmol, 71%); Ry = 0.32
(hexane/ethyl acetate = 10:1); Mp 105-106 °C; IR (ATR, cm™!): 1518, 1468, 1454, 1398,
1378, 1358, 1197, 1031; 'H NMR (400 MHz, CDCI3): § 8.03—7.98 (m, 2H), 7.91 (s, 1H),
7.50-7.42 (m, 3H), 5.12-5.07 (m, 1H), 2.13-2.10 (m, 1H), 1.84-1.75 (m, 1H), 1.68-1.47
(m, 3H), 1.00 (t, 3H, J = 7.2 Hz); *C{'H} NMR (100 MHz, CDCls): § 157.1, 156.6,
144.5, 136.9, 130.0, 129.0, 127.0, 120.4, 117.5, 73.3, 39.1, 19.1, 13.8; HRMS (DART")
m/z: [M+H]" caled. for C1sHi6’BraNO, 383.9599; found, 383.9609.

Br
/Z"ﬂ OH
Br N)\O
Me
162

1-(4,5-Dibromo-1-methyl-1H-imidazol-2-yl)cyclohexan-1-o0l (162) (Table 5-2, entry 3)
A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar

and a rubber septum under nitrogen was charged with 2,5-dibromo-1-methyl-1H-
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imidazole (162) (36.2 mg, 0.151 mmol, 1.0 equiv) and anhydrous toluene (1.5 mL). The
solution was cooled to =78 °C. KHMDS (0.50 M, 30 pL, 0.015 mmol, 10 mol%) was
added to the Schlenk tube. After stirring at —78 °C for 5 min, LDA (2.0 M, 120 uL, 0.24
mmol, 1.6 equiv) was added to the Schlenk tube. After stirring at —78 °C for 15 min, the
resulting mixture was treated with cyclohexanone (31 uL, 0.30 mmol, 2.0 equiv). After
stirring at —78 °C for 2 h, the reaction mixture was treated with saturated aqueous
ammonium chloride (1 mL). After being partitioned, the aqueous layer was extracted with
ethyl acetate (1 mL) three times. 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
= 2:1) to provide the title compound as a colorless solid (40.9 mg, 0.121 mmol, 80%); Ry
= 0.33 (hexane/diethyl ether = 2:1); Mp 164-166 °C; IR (ATR, cm™'): 1512, 1453, 1378,
1235, 980, 973, 820; 'H NMR (400 MHz, CDCls): & 3.84 (s, 3H), 2.08-1.98 (m, 2H),
1.94-1.87 (m, 2H), 1.83 (br's, 1H), 1.71-1.63 (m, 5H), 1.38-1.25 (m, 1H); *C{'H} NMR
(100 MHz, CDCl3): 8 152.9, 114.6, 105.9, 72.2, 36.5, 34.8, 25.3, 21.6; HRMS (DART")
m/z: [M+H]" caled. for C1oH5%'BraN2O, 340.9510; found, 340.9523.

Br.
Dy
\
Br N)\Br
|
Me
59

2,4,5-Tribromo-1-methyl-1H-imidazole (59) (Table 5-2, entry 3)

The yields of 1-(4,5-dibromo-1-methyl-1/-imidazol-2-yl)cyclohexan-1-ol (162) and
2,4,5-tribromo-1-methyl-1H-imidazole (59) 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 3.84 ppm (3 protons for 162) and 3.64 ppm (3
protons for 59) with that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm. The spectra
of 2,4,5-tribromo-1-methyl-1H-imidazole (59) were obtained according to the following
procedure.

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,5-dibromo-1-methyl-1H-
imidazole (54) (72.9 mg, 0.304 mmol, 1.0 equiv), ZnCl,-TMEDA (75.7 mg, 0.30 mmol,
0.99 equiv), and anhydrous THF (3.0 mL). The solution was cooled to —40 °C. LDA (2.0
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M, 0.30 mL, 0.60 mmol, 2.0 equiv) was added to the Schlenk tube. After stirring at —40
°C for 1 h, the resulting mixture was treated with bromine (31 pL, 0.60 mmol, 2.0 equiv)
at room temperature. 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 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
=10:1) to provide the title compound as a colorless solid (85.0 mg, 0.267 mmol, 88%),
whose 'H NMR data was identical with that reported in the literature.'*® Ry = 0.29
(hexane/ethyl acetate = 10:1); Mp 88-89 °C; IR (ATR, cm!): 1511, 1496, 1453, 1404,
1216, 968; 'H NMR (400 MHz, CDCls): § 3.64 (s, 3H); *C{'H} NMR (100 MHz,
CDClz): & 118.5, 116.4, 105.8, 35.0; HRMS (DART") m/z: [M+H]" calcd. for
C4H4*'Br3Ny, 322.7863; found, 322.7853.

Br/ﬂ\Bpin

S
163

2-(3,5-Dibromothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane  (163)
(Table 5-2, entry 4)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromothiophene (15) (72.2
mg, 0.298 mmol, 1.0 equiv), anhydrous toluene (3.0 mL), and anhydrous THF (50 puL).
The solution was cooled to —78 °C. KHMDS (0.50 M, 60 pL, 0.030 mmol, 10 mol%) was
added to the Schlenk tube. After stirring at —78 °C for 5 min, LDA (2.0 M, 225 nL, 0.45
mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at —78 °C for 15 min, the
resulting mixture was treated with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(122 pL, 0.60 mmol, 2.0 equiv). After stirring at —78 °C for 2 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 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 hexane/ethyl acetate = 10:1) to provide the title compound as
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a pale yellow solid (62.3 mg, 0.169 mmol, 57%); Rr=0.55 (hexane/ethyl acetate = 10:1);
Mp 45-47 °C; IR (ATR, cm!): 1511, 1431, 1343, 1319, 1142, 1027, 853; '"H NMR (400
MHz, CDCl3): § 7.04 (s, 1H), 1.34 (s, 12H); *C{'H} NMR (100 MHz, CDCl;): § 134.8,
119.4, 119.2, 84.7, 24.9 (one aromatic carbon signal is missing due to poor sensitivity of
the carbon atom attached to the boron atom); HRMS (DART") m/z: [M+H]" caled. for
CioH14!"B7Br®'BrO:S, 368.9154; found, 368.9153.

pinBﬂ\Br

S
164

2-(4,5-Dibromothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (164)
(Table 5-2, entry 4)

The yields of 2-(3,5-dibromothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(163) and 2-(4,5-dibromothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (164)
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 7.04 ppm
(1 proton for 163) and 7.39 ppm (1 proton for 164) with that of 1,1,2,2-tetrachloroethane
observed at 5.96 ppm. The spectra of 2-(4,5-dibromothiophen-2-yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (164) were obtained according to the following procedure.

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2,3-dibromothiophene (15) (190.1
mg, 0.786 mmol), 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (298.4 mg, 1.60
mmol), and anhydrous hexane (4.0 mL). The solution of 2,3-dibromothiophene (0.20 M,
1.5 mL, 0.30 mmol, 1.0 equiv) was added dropwise for 2 min to the separately prepared
hexane solution (1.5 mL) of LDA (2.0 M, 300 pL, 0.60 mmol, 2.0 equiv) at =78 °C. After
stirring at —78 °C for 2 h, the resulting 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 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
hexane/ethyl acetate = 10:1) to provide the title compound as a pale yellow solid (62.6
mg, 0.170 mmol, 57%); Ry= 0.47 (hexane/ethyl acetate = 10:1); Mp 60-62 °C; IR (ATR,
em'): 1528, 1513, 1417, 1340, 1141, 853; 'H NMR (400 MHz, CDCls): § 7.39 (s, 1H),
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1.32 (s, 12H); *C{'H} NMR (100 MHz, CDCls): § 139.5, 118.3, 115.6, 84.8, 24.8 (one
aromatic carbon signal is missing due to poor sensitivity of the carbon atom attached to
the boron atom); HRMS (DART") m/z: [M+H]" calcd. for C1oH14!'B¥'Br20,S, 370.9133;
found, 370.9152.

Preparation of a THF solution of LiTMP

A THF solution of LiTMP was prepared according to the procedure described in Chapter
3, 3-6-3. A flame-dried 50-mL Schlenk tube equipped with a Teflon-coated magnetic
stirring bar and a rubber septum under nitrogen was charged with TMPH (0.13 mL, 0.73
mmol) and THF (0.62 mL). To a THF solution of TMPH was added "BuLi (1.56 M in
hexane, 0.46 mL, 0.72 mmol) dropwise at —78 °C. The resulting solution was stirred at
0 °C for 30 min to provide a THF solution of LITMP, which was used as a 0.60 M solution

in the following experiments.

Br
Ovﬂ\(Ph

AL
(3-Bromo-5-(5,5-dimethyl-1,3-dioxan-2-yl)furan-2-yl)(phenyl)methanol (166)
(Table 5-2, entry 5)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 2-(5-bromofuran-2-yl)-5,5-
dimethyl-1,3-dioxane (165)*® (40.2 mg, 0.154 mmol, 1.0 equiv) and anhydrous THF (1.5
mL). The solution was cooled to =78 °C. KHMDS (0.50 M, 60 pL, 0.030 mmol, 19 mol%)
was added to the Schlenk tube. After stirring at —78 °C for 5 min, LiTMP (0.60 M, 375
uL, 0.23 mmol, 1.5 equiv) was added to the Schlenk tube. After stirring at —78 °C for 1
h, the resulting mixture was treated with benzaldehyde (31 pL, 0.30 mmol, 2.0 equiv).
After stirring at —78 °C for 2 h, the reaction mixture was treated with saturated aqueous
ammonium chloride (1 mL). After being partitioned, the aqueous layer was extracted with
ethyl acetate (1 mL) three times. 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/ethyl acetate
= 9:1) to provide the title compound as a colorless oil (15.0 mg, 0.0408 mmol, 27%),

whose 'H and '*C NMR data were identical with those reported in the literature.?®¢ 'H
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NMR (400 MHz, CDCLy): § 7.45-7.39 (m, 2H), 7.38-7.33 (m, 2H), 7.32-7.26 (m, 1H),
6.52 (s, 1H), 5.95 (d, 1H, J= 5.2 Hz), 5.38 (s, 1H), 3.70 (ddd, 2H, J = 11.3, 2.8, 2.8 Hz),
3.55 (dd, 2H, J = 11.3, 4.6 Hz), 2.42 (d, 1H, J = 5.2 Hz), 1.23 (s, 3H), 0.77 (s, 3H);
13C{'H} NMR (100 MHz, CDCL3): 5 151.5, 151.2, 140.2, 128.6, 128.1, 126.4, 111.5, 98 4,
95.7,77.4, 68.2, 30.5, 23.0, 21.9.

HO
Ph

7C’ o B

O 167
(2-Bromo-5-(5,5-dimethyl-1,3-dioxan-2-yl)furan-3-yl)(phenyl)methanol (167)
(Table 5-2, entry 5)

The yields of (3-bromo-5-(5,5-dimethyl-1,3-dioxan-2-yl)furan-2-yl)(phenyl)methanol
(166) and (2-bromo-5-(5,5-dimethyl-1,3-dioxan-2-yl)furan-3-yl)(phenyl)methanol (167)
were determined by 'H NMR analysis using 1,3,5-trimethoxybenzene as an internal
standard by comparing relative values of integration for the peaks observed at 6.52 ppm
(1 proton for 166, whose 'H NMR data were identical with those reported in the
literature?*?) and 5.74 ppm (1 proton for 167, whose '"H NMR data were identical with

those reported in the literature®®®) with that of 1,3,5-trimethoxybenzene observed at 6.09

Preparation of a THF solution of CuCN-2LiCl
A THF solution of CuCN-2LiCl was prepared according to the procedure described in
Chapter 2, 2-8-10.

CO,Et

Cl Cl

Br
168

Ethyl 2-(3-bromo-2,6-dichlorobenzyl)acrylate (168) (Table 5-2, entry 6)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1-bromo-2,6-dichlorobenzene
(117f) (67.3 mg, 0.298 mmol, 1.0 equiv) and anhydrous THF (3.0 mL). The solution was
cooled to —78 °C. KHMDS (0.50 M, 60 pL, 0.030 mmol, 10 mol%) was added to the
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Schlenk tube. After stirring at =78 °C for 5 min, LDA (2.0 M, 225 uL, 0.45 mmol, 1.5
equiv) was added to the Schlenk tube. After stirring at =78 °C for 5 h, the resulting mixture
was treated with CuCN-2LiCl (1.0 M, 450 pL, 0.45 mmol, 1.5 equiv) and ethyl 2-
(bromomethyl)acrylate (85 pL, 0.62 mmol, 2.1 equiv). The reaction mixture was allowed
to warm to room temperature with stirring over 2 h, at which time 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 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 = 49:1) to provide the title compound as a colorless
oil (42.8 mg, 0.127 mmol, 42%); Ry=0.50 (hexane/diethyl ether = 10:1); IR (ATR, cm™!):
1721, 1714, 1502, 1434, 1281, 1257, 1161, 1137, 1089, 1024, 806; 'H NMR (400 MHz,
CDCl3): 6 7.51 (d, 1H,J=8.8 Hz), 7.22 (d, 1H, J= 8.8 Hz), 6.19 (t, I1H, J= 1.6 Hz), 4.97
(t, 1H, J=1.8 Hz), 4.28 (q, 2H, J= 7.2 Hz), 4.02 (dd, 2H, J= 1.8, 1.6 Hz), 1.35 (t, 3H, J
=7.2 Hz); BC{'H} NMR (100 MHz, CDCl5): § 166.6, 137.1, 136.5, 136.0, 135.2, 132.6,
128.9, 124.5, 122.0, 61.2, 34.6, 14.3; HRMS (DART") m/z: [M+H]" caled. for
C12H12”Br’CL 0., 340.9339; found, 340.9337.

CO,Et

Cl Cl

169

Ethyl 2-(2,6-dichlorobenzyl)acrylate (169) (Table 5-2, entry 6)

The yields of ethyl 2-(3-bromo-2,6-dichlorobenzyl)acrylate (168) and ethyl 2-(2,6-
dichlorobenzyl)acrylate (169) 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 4.02 ppm (2 protons for 168) and 3.95 ppm (2 protons for 169) with
that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm. The spectra of ethyl 2-(2,6-
dichlorobenzyl)acrylate (169) were obtained according to the following procedure.

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar
and a rubber septum under nitrogen was charged with 1-bromo-2,6-dichlorobenzene
(117f) (34.5 mg, 0.153 mmol, 1.0 equiv) and anhydrous THF (1.5 mL). The solution was
cooled to —40 °C. 'PrMgCI-LiCl (1.3 M, 175 pL, 0.23 mmol, 1.5 equiv) was added to the
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Schlenk tube. After stirring at —40 °C for 1 h, the reaction mixture was treated with
CuCN-2LiCl (1.0 M, 225 uL, 0.23 mmol, 1.5 equiv) and ethyl 2-(bromomethyl)acrylate
(42 pL, 0.30 mmol, 2.0 equiv). The reaction mixture was allowed to warm to room
temperature with stirring over 2 h, at which time the reaction mixture was treated with
saturated aqueous ammonium chloride (1 mL). After being partitioned, the aqueous layer
was extracted with ethyl acetate (1 mL) three times. 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 =49:1 to 24:1) to provide the title compound as a colorless oil (28.4
mg, 0.110 mmol, 72%); Ry = 0.50 (hexane/diethyl ether = 10:1); IR (ATR, cm™!): 1715,
1437, 1278, 1255, 1173, 1135, 1090, 1029, 949; 'H NMR (400 MHz, CDCls): § 7.33 (d,
2H, J=8.0 Hz), 7.15 (t, 1H, J= 8.0 Hz), 6.19 (td, 1H, J= 1.6, 0.9 Hz), 4.97 (td, 1H, J =
2.2,0.9 Hz), 4.28 (q, 2H, J="7.3 Hz), 3.95 (dd, 2H, J=2.2, 1.6 Hz), 1.35 (t,3H, J=7.3
Hz); 3C{'H} NMR (100 MHz, CDCl3): § 166.8, 136.5, 136.3, 135.0, 128.6, 128.3, 124.5,
61.1,33.0, 14.3; HRMS (DART") m/z: [M+H]" calcd. for C12H13*°Cl,02, 259.0293; found,
259.0296.
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ol 6T, BWHARREENEDO TR TW e a2
AW Z TR LT, — e @ Wi 72 22 SO St 2 B L, @A
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NSl aET L= Da o AR ER LT (Scheme 6-1),

BB TIE, UCHFENARLET, A F U L 2R 20RO OS5
TIE, PDREPETT A7 a7 — o a2 2 e #IT 8% -, Ak
UF U L% insitu BT AR ZMUIZE - T, AEIERSIGAI~EHT 5 &, 4
RIS ZME T, FT7 Y=o aF o X AR FEBTE 2, By T
YEMWz Insitu b7 AR Z AR RIETH D, IR I R 2
L&, NuaFUE ARIBOAHKY T U LEZTERRIERIECHifE &, BFL
oS, T7 =TT, A IXY =, XV — /I bEH
RETHY, AT rA NRIIRIESE & 2 O ERMEROE B AR LTz,

N X

mediated by organolithium

halogen decomposition [N\/Br In situ transmetalation
S) (Chapter 2)

dance
transient azole mediated by organozinc

intermediate

Stepwise halogen dance
(Chapter 3)

aryne formation mediated by organozinc
benzene

N Catalytic halogen dance
| (Chapters 4 and 5)

= .
slow halogen transfer N mediated by organoboron
pyridine and organopotassium

Figure 6—1. Summary of halogen dance of bromoarenes using in situ transmetalation
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[N\/Br In situ Stepwise | ~ Catalytic
S) transmetalation halogen dance N/ halogen dance
azole (Chapter 2) benzene (Chapter 3) pyridine (Chapters 4 and 5)

ARRICSHRHFSNIEEHER

1 ERGPBEEMHORRIOLAOKIES HIEE

2 HIBHE BT ORT

3 MIIARRS— e FREELTRIRTIH LB S ORT

Figure 6-2. Impacts and future perspectives of this work
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