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AL, LIT OGRS JOHEEEMH Lz,

Ac acetyl

ADDP 1,1'-(azodicarbonyl)dipiperidine
AFR advanced-flow reactor

API active pharmaceutical ingredient
aq. aqueous

Ar aryl

ATR attenuated total reflection

Bn benzyl

Boc tert-butoxycarbonyl

BPR back pressure regulator

Bu butyl

c concentration

°C degrees Celsius

CADD computer-aided drug design
calcd. calculated value

cat. catalytic amount or catalyst
CFD computational fluid dynamics
cm! wavenumber(s)

COBR continuous oscillatory baffled reactor
Conv conversion

CPME cyclopentyl methyl ether

CSTR continuous stirred tank reactor

) chemical shift

d doublet

DDQ 2,3-dichloro-5,6-dicyano-p-benzoquinone
DFT density functional theory
DMAP 4-(dimethylamino)pyridine
DMEDA N,N'-dimethylethylenediamine
DMPU dimethylpropyleneurea

DMSO dimethyl sulfoxide

DPEN diphenylethylenediamine
DPEphos bis[2-(diphenylphosphino)phenyl] ether
EIl electron impact ionization

equiv equivalent(s)



ESI electrospray ionization

Et ethyl

g gram(s)

G Gibbs free energy

GMP good manufacturing practice

h hour(s)

HIV human immunodeficiency virus

HPLC high performance liquid chromatography
HRMS high-resolution mass spectrometry

Hz hertz

i iso

ICH international council for harmonisation of technical requirements for pharmaceuticals

for human use

IR infrared

J coupling constant

L liter(s)

LDA lithium diisopropylamide
LHMDS lithium hexamethyldisilazide
LiTMP lithium 2,2,6,6-tetramethylpiperidide
u micro

M mol/L

m multiplet; milli

m meta

MAD methylaluminum bis(4-substituted-2,6-di-fert-4-methylphenoxide)
Me methyl

MFC mass flow controller

MIBK methyl isobutyl ketone

Min minute(s)

mol mole(s)

Mp melting point

MS mass spectrometry

m/z mass to charge ratio

n normal

NBS N-bromosuccinimide

NMI N-methylimidazole

NMR nuclear magnetic resonance
NOE nuclear overhauser effect
nor-AZADO 9-azanoradamantane N-oxyl



o

)4
PFR

PGA

Ph

PMB
ppm

Pr
PROTAC
PTZ

q

quant.

R

Rf

rpm
ROR

rt

s

sat.
SGLT
SM
SNIPER
t

t

TBAB
Temp
TEMPO
TFA
THF
TLC
TMEDA
TMP
TMPDA
TPAP
T3P

wt%

ortho

para

plug flow reactor

pyroglutamic acid

phenyl

4-methoxybenzyl

part(s) per million

propyl

proteolysis-targeting chimeras
phenothiazine

quartet

quantitative yield

alkyl

retention factor (in chromatography)
rotation per minute

retinoid-related orphan receptor

room temperature

singlet

saturated

sodium-glucose transporter

starting material

specific and nongenetic IAP-dependent protein eraser
triplet

tertiary

tetra-n-butylammonium bromide
temperature
2,2,6,6-tetramethylpiperidine 1-oxyl free radical
trifluoroacetic acid

tetrahydrofuran

thin layer chromatography
N,N,N',N'-tetramethylethylenediamine
2,2,6,6-tetramethylpiperidine
N,N,N'’,N'-tetramethyl-1,3-propanediamine
tetrapropylammonium perruthenate
propylphosphonic anhydride

weight percent

volume
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Establishment Discovery Optimization Selection

Target of of of of
Selection Evaluation Lead Lead Drug
System Compound Compound Candidate
Non-Clinical Clinical Application Manufacturing
Trial Trial Approval Launch

Figure 1-1. Flowchart for the drug development.
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Medicinal

Chemistry Process Chemistry
Q
i ©
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Sl & © 2 Clinical Trial  Phaselll/4 £
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ol o g = 20
. O C
multi-kg scale £ 2 i 9 Phase I 83>
5 - - = S ©
3 “6 © Q %
o £ 5 S
kg scale “g < £ 5
. c = Ko} —
multi-g scale S| © e { Application
= S ,Iu Approval
i 1
mg ~ g scale Animal <= | ms)p Human
Timeline

Figure 1-2. Supply of a drug substance according to the development stage.
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ERREICE S W TE BRI A 0 IAATERIT . RIS OBIENSSWE 7 0 7 7 A W
L7 bl e BEERR E 21T D0

[ H TR RE I Z Fs 1) 5 B R TG B EFIHZ LU TR (Figure 1-3), —fRANICITAHRS
HAEFR 2 FiE 2 VT, ROG, B, @i L0 R ZERE LTI HY, thz |1
TRE LT, ZEREO TREZR TREMICERLFEEI GOSN D,

« Addition of reagents

Reaction ;
« Aging

* Quench
Work-up - Separation
« Evaporation

+ Addition of anti-solvent
Crystallization - Evaporation
+ Cooling

» Under pressure

Filtration « Centrifugation

Drying

Figure 1-3. General procedures for manufacturing drug substances.
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AL LT INAHNRE L, BEOFEEIMET T2 LW I IRANZRREN DD, — 7,
B FERITROEGED A TH Y | BIERCN 72AAE LTHRESNL TV D,

FEARRETIRIZT R T GOMPIZ L » THEHE S FIE LTI R CTOBETRIENSCEIC L -
THIEIND, TOLEICHIE, HIC—EOME CERMNFIRZ ZEMMGT 2 2 &3k
Do, EOEBERROZYENEEGLHEHR Y RBICEO b L. w1 TEIES RO RS
EE U ORRIN, " LTHBIE T2, ZOEBETHT a2 FEHFITRD LN
L EREETH Y, RIS EOFRITEOF T BRIV EET T, ARG 05
ik, BN ATED LD DEENTE S,
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1.2 ERRREDILFEERES]

EEEOEIGLFEORE 7 0 AR EHNZHOWT, T HT I TR 2P AR L O%HE
a2 IR BREIT D,

1 SHEOHNX, VF /A FEEA—7 7 25K (RORyt) WFENHE L U TRl T2
%%éhﬁJAK&%a)@%L7uﬁx%%$mfhé“ RIFRBLBE DB RS IZ BN T, 7
cZe Fatb7F Y U BORMEDT=DIT Pictet-Spengler Ktz HWWTEY, T IKEF
7V HPLC 12 &k 0 5 \%#éiﬁﬂﬁEnfwtoKﬁﬁ%?%ﬁmkﬁéﬁgfi%<\
FTWATFUACOIHBKETH Y | FATFIEDBARABETH -7 Z LD, AR R A G
AR5 2 & & 72572 (Scheme 1-1),

Medicinal Chemistry Synthetic Route

OMe

phthalimide,
| Sy n-Bui HCHO)n Cv ADDP, BusP Q/\ _HaNNHzH,0 Cv
Z 37% 69% :/\< 92%

2

EtOZC OMe
4M HCI CPME (Boc)20 Et;N Mel, Ag2003 2 M LiOH | SN
82% 67% 89% quant. =
HO,C™ N
Boc
9

EtO,C N “Hel EtO,C EtO,C

F. NH, OMe OMe OMe
M S X N
e 10 Tl (N \ N
Me _— > >
H optical resolution H

3 steps H

T3P, DMAP, j-PryNEt F. N using chiral HPLC F. N el
_— g - g > N
81% Me o o 46% Me o °o° Me o OJ\&
Me Me Me
(-1 (R-11 COH

TAK-828F (1)

OMe
Z N 1) HCOONH,, F
U RUCI[(R,R)--BuSO,dpen](p-cymene)
2) (Boc),0 Cul-DMEDA
N N
72% (99%ee) Boc 91%
o
16
A
NH;
64%
OMe ethylene
AN PdCl,, DPEphos, 1) i-PrMgClI OMe
i Licl, PTZ, Et:,N 2) (E10CO), A
S = |
84% 94% 77% S
O~ "CONH, CONH, CO £t Br
15 12

Process Chemistry Synthetic Route

Scheme 1-1. Synthetic route to TAK-828F.

BELRDHDIE, Ve FaFT7F U P UEROMEELE ZNCHRS AFELTHD (15 > 16 —
17), KFEOBICL Y, TV HPLC IZ L D nElzmhitd 5 & &b, TREOENE
KRR m B Uiz, BRI e A RFIEOBFIC L 0 &R 4 il L Oh=®
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BT 2FHE. 7 AT ITOREHRMEESEL TS, E5HIZ, ADDP Kt K702l
FEBRMED O OGS FIRC R EE RS T3P 72 & D@l Z2 SOG A D IEBEEC AN U JFERRUSAI D =2 2
MEJ S R L TV 5,

2 DHOHIE LT, Pfizer 4L L7 SGLI2 [HEHK CTHH =LY 7 ) 7u v ofliEr o
T AR EG Z RS 2, BESHERAL ONRIEEN R RKORETH Y | I F I E TR D %
T AR A RE LT fE S, BiCIZ /v a— 2% —EEBR L%, B Rexo AT
HABANTLREAHRHA L TS, ROFENROE, B E T BFE L%, WEH
DT —ET v F b Uikaa P R 215 TV 55845 T %5 (Scheme 1-2), #Gfm e EAR
WH7e | EEORISEEEHE L TV DR E < R b, JRIEICFHFET L TRTS 3 ]KbE
G L LT D, A TR, FEHEEF A 24 (12381 B S ISEREOFIEITIINEE ThH - 72 b DD,
B AR UL TRRIZB W CERZ UL, BRI E T D R BMERICPOR S E 5 2 LT L
TW5, UL, 3 bEERH L LI-RBICG 7T ORMPBRENHEECTH 722 &b,
RUESTHRERLOBE V) 2 TREZHZ T, RtEPrEEE LT25 28 T0n5,

OBn

o
- OH 08BN O 4 steps o 9Bn @ +(COOH),
‘ . ——= bn NN — - YN
BnO' ‘OBn OBn OB K/N 0Bn OBn OBn K/N
OBn noEn “Me L
» 21 22
1) OBn
Li
Cr U =
cl OEt BnO.
23
2) TFA, Et;SiH BnO" “OBn

O-on
. (0]
Ac,0 ACOL. =i = & 1) NaOMe
pyridine 2) L-PGA
- ! .
AcO'

55-60% from 22 ‘OAc 85-90% from 25

OAc
25

ertuglifiozin (19) « L-PGA

Scheme 1-2. Synthetic route to ertugliflozin.

1.1 TRz XL 9ic, EEBFEOMETIIRAIE LT Lrv~ NF7 4 —IZX DK
ARG D MLERH D7D, EO L) RIS L7o2d o THE 2 HilEH 92 2223 3R D S B AR
AEAITH L CIHEEICEHETH S, T0-H, 1 DAOFEF L RARY fEF 0w 2R TS
AR & FTREZR IR D < 3725 Z E N ICEER LITR 6700,

BHEOGE LT, M/ WREAMEER & L CHEE SRR CRBE SN VA b U R T DOJE
HEGEEORBIZOWVWTREN TS B, LA ha v RATITEEOAGRTRERCT I ) F7
Y — VIR 31 B LOVZEFMFENR 30 NERIN, ENODORT A Ny T TS
HCTERMEPEIE 32 26T 5, TO%, MRS IRER TR ba VAT REELHFTND
(Scheme 1-3 and 1-4), “ZEEMEF LIR30 25T 2EFEICEHB VT, HL A bIZHi< Horner—
Wadsworth—-Emmons S35 & (ZITHivTWnH T2, REERT VT e REHEEL TW\WD &
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I EREN B o 7=, £ 7~ Horner—Wadsworth—Emmons it CEFA 4 2 KLY F 7 AP OKSIZ L
D . HREEHEEI0 N MK SHEINEZ ELRETHo 7=, FZTU VR y MR
1T, LDA Z Wikt 2@t & U CHW TRnDER b2 R L, BREEOEW

2 REETEIR 30 DA T1L% ML L7= (Scheme 1-3) 4,

Two-step Synthesis H;C
LDA, )—P(O)(OEY),
oic-N o =S =
s (HeL d LIOH-H,0
’ 55% CHO 68% l
cl
HO,C cl HO,C cl
- CH,
Z>co,Et
cl LDA, HsC cl
27 \ )—P(O)(OE), 30
OHC-N © EtO,C
| / 29 T

One-pot Synthesis 51%

Scheme 1-3. Synthetic route to the synthetic intermediate of lustrombopag.

— 7. BREHIRMA 32 13RS b T, FEHLEED £ EMKSFRIZ LV RIEZH T2z, i
ZPE D R E BN ER L L T D 2 ERHETH o7, 22T, ke LTy 7Y
7R E R & UTCHBET 272010, Kb ORE BTz, &S, SRTRHIE 32 &
DMSO iy & U CHEEST 5 Z L 12kZh L7z (Scheme 1-4)13, ZHUZ X0 WI/KAMRSS DR
(CHBERTRE /e AR AZ 5 E CE . RERMWEEBNAIRE L /oo 7o, ARG Y =& ABHFIC
BT, RO TRIZE W TS 28k L TA R ORI E K5 — 7T, FEE TR
[ZITWVARA > F T E 2> b e — L 2 B L2 2 B s T D, GG TR O B CHE I
IS UC, il 2 A A BRI L TS ZEREETH 5.

HOLL O o,

|
= 4
Wcoza o

o
cl N N
30 (PhO),P(O)CI, N={ Nt
EtN s cl s cl
NH, 3N, ~ i
/< then DMSO CHs NaOH CH,
N= _ cl — R cl =
- 95% OCH;, CO,Et 94% OCH; COM
/\/\/\ /\/\/\
H,C™ Y0 CH, o CH,
OCH,4 -DMSO
32 lustrombopag (26)

HiE7 O S A EH
3 31 3

Scheme 1-4. Synthetic route to lustrombopag.
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[N ﬁﬁﬁﬁl@ﬂiﬁﬁ:ﬁb\ﬁk%ﬂ&f CHMEIND, & ATEEMEIZOWT, EREENTT-
THREDOHEB L OWERTHIHNELND LWV ) mOERESBEREN D, 20D, b
B DT A —H OEBET D EE « IR~ FENRE ICHE S, ERLFERORE L
(2 % 45 2 O BRI LR ST b,

1 SHOEMEF L LT, B EMERICTfThR i HIV A > 7 7 7 —BRLER| O A 35 %
BT DD T IV K= VIS D S bz >V TR 5 (Scheme 1-5) 15, LHMDS % Fu»
o7V R—=)VEOSMZ W T, B2 BEIC LD 5T 100 kg A7 — /L ORGEIZIB WD TIRED
72-97%& —EET ., ZIUTKIIR U TIREL 34 OFRFENEET D &V I BN & -7, LHMDS
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Scheme 1-5. Synthetic route to key synthetic intermediate for HIV integrase inhibitors.
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Scheme 1-6. Synthetic route to lafutidine.
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Reaction pathway for genaraton of byproduct 42

N | N Ovﬁ\ o Hydrazmoly5|s Q/\C( \/\L
_N N

HoN-NH,

40 41
axidtion o

HN=NH

Reduction
N

H
o H s %
N | A J\[ o Hydrazinolysis
_N 5

[e]

Suppression of the formation of byproduct 42 by adding 1-hexene

O/\@(O\/j o H NNHZ.HZO Q /\G/ \/\L

N

Z N 1-hexene

(0] H ;
. 0 -
N A 1.50 area% (without 1-hexene)
| _N 0.05 area% with 1-hexene (1.5 equiv)
NH,

Scheme 1-7. Reaction pathway for the generation of hydrogenated byproduct.
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DFEAFICK LT, BABUSTZIMNRE TIER <. B 49 LK 47 12 X 28BSO S RE O
1 2 ThbH, LIENR-T, ZOLAITEBEIRE FHER 7 2 — A NRAN@ < FHl L 720 |
FEERIT 15%FRE DILRGE A ER L TWD, 7o —EORMEZTE L B L BT, RISA
B =R L% FEICREIRS DT T AR A B L, 7 a0 —A N AN D% Il & 7556 T
D,

NPMB

N““tBu o o _ +Bu” o 0 \(jY NHO 0
>s? 3
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47 48 49 cyclohexane-1,2-diamine 51

N H NH, HN-Me )\
TFA < I H d-o BrCN
N o Me O Me
F
52 verubecestat (46)
P 87-91% ield (fl
MESNEME oo, -91% assay yield (flow)
Ve vs
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Scheme 1-8. Synthetic route to verubecestat using batch or flow synthesis.
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Scheme 1-9. Mechanism for the recovery of the starting sulfinylimine.
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MeMgBr in THF
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H
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o & OH
o)
OMe
H
o 53 Flow Reactor

MeMgBr in THF
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OH

OMe

54
61%

OMe

54
91%

Scheme 1-10. Grignard reaction under continuous flow conditions.
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Scheme 1-11. Plausible mechanism for the generation of a trimerized byproduct.
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Reaction 1 Solvent Reaction 2 Reaction 3
PFR Exchange CSTR CSTR

Reaction 4 Quench Reaction 5-1 Reaction 5-2 Phase
PFR CSTR PFR Separation

Step C

Milling
(Batch)

Filtration

Evaporation Crystallization

MSMPR

Figure 1-4. Integrated continuous manufacturing equipment.
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Figure 1-5. Conventional strategy for application of continuous manufacturing.

ProjectA Project B Project C

Project D Project E Project F

(] Homogeneous B Liquid-Liquid I Gas-Liquid Solid-Liquid
System Biphasic System Biphasic System  Biphasic System

Figure 1-6. Data of reaction description in selected six projects.
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Flow Reactors

Figure 1-7. Limitation for application of continuous flow synthesis.



1.7 AR B

14 BEO 1.5 TRULIEK DI, ERAERNMIT L 0 RSERNE 7 v & ZBI% & ATREIC L,
L0 RMICER L E ST TE D AREE A LT D, 5, 16 Rl Hic, B
FE RS | a2 T T A BRICIE. WL O OERER T 5, FE IR IS
BT, ROy FERE AW RISEFIC X 2052727 7' v —F LA FEE & F v
AR T e —F O R T T —FEHE L E T o ABBICE L TaT b
(Figure 1-8), AMFZEA4 1 U T, 1.1 75 1.3 IZBWTR Lz K 9 2 b2 E & F VO 7o B 3R A UK
ORGE T 1 AR ORE A S B B &, BB ER G FEEREEOME OB L 15
ZEEARMEOBRIIE TS,

Chemical Drug Engineering
Approach Substances Approach

Batch Synthesis Flow Synthesis

Figure 1-8. Bilateral approach for process development toward manufacturing drug substances.
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2. Taylor vortex flow reactor Z ALV =iR-& 2 HBR 7 IL X ILIE RIGDREF & &k
miTE DA

21 IRERELEHW
211 B-R2HERTIVFIVERIEERT—ILT v T3 BEDRES

AT ALT NV F L EREERNC X 2 T VR AL I R G TFE TH B 23, (BEMED
FWT X AL E U CEERLFEMECS LIFULITHWSLR TS 3, K7 L% bz
Tl 72 b UM S LT X RRBESIH SN S, LarL, 7 2 FREEIZEW
WEEA L, DK ERIT 2720, 7 X NRBEZBRET 5720 O3B\ AE 3 5 7R
BN 272, ®WET v 2AmICRITHLHENRL Y, £, BEOHE THEHZ kT 5~
XREETH D 4,

— 7. FHBER BN & FIV - 2 AR T VR LRSI, i R A L. TSR
RO A Z B CE 572 8, TEAF— L TOREIZEZ OREEET D 3, £72. DIk
BRIEIC L0 SOGR H O MM 2 S RIICBR ET 2 Z L AEETH Y 3, 2O F FAMERECE
7T, BiET o AmIIB T 2R ELET 5,

LU, K- 2 FAR T NV F BRI R — R SR & 72 Do, B RIER ORI & g
LCEDORISHEITME T L, 2 HOIRGZDENRISHEICRE REBE 525, LR T,
TR — NV TARISEHEAT 7011, TRAZ— e TEA T — L TRAEDREZEL )
OB RO Z ENBEREN, TOEFDO-DIITEERMEFE T ROMEENER SRS Y,

212 H-HR2HHRT7IVFIVERISICHT H 7 O—ERGER

-7 2 FHSR T L F AL SOR DIR B 2R 2 i < In DB —I2k D 7oz, 7 v —&pdfr o i
DIRFT SN TWD, kbR bDIXT 2—T VT 78— HWTZAZ 7RIS TH D 3,
AT THRESTIL, AEEKEDOEZ A FRRBITER S ND T2, REBIEKRT S
L LBbiT, WEMERIKOBAEIZ IV MWIREIREBLIUOREWMIGEEZFEH TE L LB 6N
TWg ¥, Lo, AFEDOWEMIE, Z2<OHENER 1 mm L TFO~A 270 )7 7 2 —(ZR
HILTEY 3490 H100kg UL ED THER T — M ITxG T AHEHAMTTIER -7z,

ZTOHRT, BEFEEZR ESELTDO 70— T 72 —PEES BB I TS, RED
EIE LTRAET 4w 7 IFx =050, MlAZ < RIZRVIR D SV DERBHIFFC&
e A PRI IR WA IR E R T L 7 e — U 7 7 #— L LT, continuous
oscillatory baffled reactor (COBR) %> <° Corning 1A% L 72 advanced-flow reactor (AFR)72 E73 &
DA AL TN DR IEE A2 EAT L 203 m E b TR O A KOS OE A
MR L7200 o PLHBICHE A T & 2250 Tidleu,

2.1.3 Taylor vortex flow reactor M 4F#
AR O HEE L belk L C | Taylor vortex flow reactor % Figure 2-1 (278§ K 9 (23 7 V70 fi§iE T
&Y IIME L EHRED 727 HIERL S AL TN D 4, BRI O [EHALZ 1 D NERIZ Taylor A4 L |
Z @ Taylor #IZ LV mVRG RN BETE 5 2 E0HIFFSNLD ¥, WEDOHFEEITIE, AF
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BT HRAE 4 SOfT ¥ OTOITIEH SN TE 2, L L, EH DIIAREE K-’
2 FHRT X MALRORIZ L C7 v —G iz @A 2720 0N 7a—1U 7 7 2 —(T7 b
D EEZ, AEEOWMIZLY | FHIEFAETITEROBEM L0 bmWIRE R % 528
L. IRAT—VOERFERZ AL — R TEAr—)VITEAT A2 ENTREE R D L EZ 6
5 84 F 7o Taylor vortex flow reactor (F5CiR DI Y | A1ME & [BIHRHH D A0 HRERL S 5 72
W, PEHHEICERD Z EBRIRTHY BRI LAWEEOIRAZEG < &V 9 GMP _EOBLE D
OHHEEREWAFD 0, IHITF, ZOHRMARMEDTZOIZ, BRI EDMHAZE ST HEZ DI
<L EFETICBIEHTE 5 4752,

inlet-1 cylindrical tube
M / rotation axis
N\

OOOOOOOOOOOO0

bira
U/

G OO0O0O0O000O00

f I

inlet-2 outlet

Figure 2-1. Structure of Taylor vortex flow reactor.

Reprinted with permission from Asian J. Org. Chem. 2021, 10, 1414-1418. Copyright 2021
Wiley-VCH GmbH.

= R D BUE |2 3T SRR U s odifge A PESEE S BT R D Te D, 7 i —
B E TIOBE TR A A S BT A E S AT AOREEFIIR ST\ D 202853 DIE]
DEHL DR TIE, Fa—T7 ) 72 —EHnic7m—4HE CSTR & HW i fE s 2T
LNEREE LT % REORLEICEH T 2 BRI, T ENEH oMk EER R A e, TA
THVNENRDH D, ko X 912, Taylor vortex flow reactor % i3s3 & OVBATIZ i T & 4uif,
B AEPERR R ORI A RIL L. ZBBEOBRIELZ AT 2 3RS Ok EFE 2 RETE 5 &
FFSiLd,
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214 AHEOER
AWFFETIZ, A —22BO0F & U CHR-R 2 R T A F UALBOS 2 IR0 BT, 78RO A Z 7k
RAZT 4w 7 IF P —2 N7 —GRORAZH SN D, £72. Taylor vortex flow
reactor ZIEMH L, /Ny FELUERD 7 1 — G it & RS L0 SOSHEE 2 7R"d 2 & & 350k
T 5, IoITiE, AREELF BITERECHEHN LT, 7e—4k, BUMELE, 2K, T,
HE TOT X TOBMELZEEEE S AT AORTHA S, WHHED @B AERE S 2T A
FRETHZEEHNET D,
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22 BREBE

221 HB-BR2HERTILFIMERBIZCHW DB EDREL
W2 FHRT VX NALRIGDFEE E LT, 4-A F*v 7=/ —/L (58a) BL OB L Vv
ZAWT, ML UTKBR LT U oA FHEEE L LT TBAB Z ] L 72 (Scheme 2-1)

38a,38b
o
©/\ Br
NaOH \/@
/©/°H TBAB (cat.) /©/O
MeO MeO

4-methoxyphenol benzyloxyanisole
(58a) organic solvents / water (59a)

Scheme 2-1. Selected liquid-liquid biphasic reaction.

FTRISEEEDO A 7 ) —= 7 & L TKERRM L7 WEIEEL DB E 41T > 7= (Scheme 2-2
and Table 2-1), — &7 F 2—7 V7 7 X —% W= AT ZHRGEMEICEBWT 70 °C, #HEEFH 5
min CHEE L CRIGHALERZ R LTz, ~TZ > v ra~k$r Mz EombkE
RABEA I IIEE N EE LR, &2 WIEUSIMERPIEF RN &b AR E LT
R ThH D LW L7z (entries 1-3), £7o, =—T AR AT IV RDIEE T G L#IT
50%LL T CToh o7 (entries 4-8), 7 A X BIUMIBK #HW\5 & KISHEAMEED 50%
E A, OSIMEROR Ty 7aa A2 UoRnt o & BIFRFER%Z 5 272 (entries 9 and 10),
Trun AR ALTRAT =V TIINH SN S AR CTH 203, TOFMEDOE I 1D LHER
TV TCOFEMITHER S TR B, Fz, YZea A2 KA Th Y. miRTHRILE
Fhi 9 DIIEEE T CRISEIT O BERH L7280, TEAr—/LIZL Vi L7z MIBK Z23#E L
7o Fo. ARISIZBWTHEE 2 AT S 9, HPLC L0 B I D RIS bR & ]
BEDCRIZIZE OB H o 72720 LIBORF CIE ISR Z i LT, % O St HE
ZRHf L7= (entry 10),
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Organic solvents Pump A

OH Peristaltic pump . . ;
/©/ Residence Time: 5 min
M

o RLLEEETEEP L PP PR TP PR TR TEPTETE:
@ Jacket temperature: 70°C

58a (0.2 M) . : :
.0 mLimin :  PFA tube reactor :
Br T-Mixer :  (1omL) '
(1.2 equiv) through hole: : Inner diameter: 1.00 mm  :
Pump B 1.27 mm : :
Peristaltic pump :
Water R '
NaOH @ O BPR
(3.0 equiv, 0.6 M) .
TBAB 1.0 mL/min 6 bar
(0.1 equiv)
(e}

Scheme 2-2. Flow reactor setup for solvent screening in the slug flow reaction.

Table 2-1. Solvent screening for the liquid-liquid biphasic flow reaction.

Entry Solvents Reaction solution Conv
(area% in HPLC)? (%)°
58a 59a

1 n-heptane — — —
2 cyclohexane —° - —°
3 toluene 76.4 17.3 6
4 anisole 67.3 29.2 12
5 MTBE 73.8 16.9 6
6 CPME 82.8 12.7 4
7 2-MeTHF 343 61.4 35
8 AcOt-Bu 64.4 27.2 11
9 CH,Cl» 59 87.3 82
10 MIBK 12.3 84.8 68

(59a: 64%)¢
(58a: 33% recovery)*
[a] Reaction solution was quenched by aqueous solution of HCI, and then the organic phase was analyzed. [b] Conv = (area%
of 59a) / ((area% of 58a) x 3.302 + (area% of 59a)) x 100. 3.302: relative sensitivity coefficient on HPLC. [c] Flow
experiments could not be conducted due to low solubility at 50 °C. [d] The isolated yields are given in parentheses.
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222 RS TREAVEIO—EHEHTICE T HR-B 2 HRTIILTIVERIG

e ORI R4 5 7 v — G a2k iE OB DUV TR L 72 (Scheme 2-3 and Table 2-2),
Ny FERITIT 2 BOSFER 5 min O SR bR & O g 2 I EREE L7e (entry 1), 7238,
Ny FERD )G g & L TIE BasyMax B X OV =K BREEZFEH L, KKREHZETH S 1000
pm TR LTZ, Fa—7 U7 7 X —0ONEN 1.00 mm OFA, HEOHEIC L L TIRIFR%E
DR SHAMEEE TH > 72 (entries 2 and 3), F7o. MEIIISHALFICREREEL LTI 0o
72 (entries 3 and 4), —fXMIIZ, WEEZRELTDHELERTIRMICBIT L& T A MNONETE
BRIEAMER L, BOSHENRE <2505, ARG LR E TlEZ OBE R RITA b
Mol Ez Db, Fa—T7ONEERL LGS, PHED JUSELRIME T L7 (entries
5and 6), F = —7 OWNBERKRNGE, 2 O SUGHK D H R rRE 6 K OV ERIE BRI 0D 20 R 23 FH
BNCNEL 2 B2, KISIALROIE TFICORNoT- 2 E2 N5, 72, A¥T 47 1%
=W L72T =2—7 V7 7 Z—d, §Jli L7z T HIRW SR LR TH > 72 (entry 6),
AN AL T 4 v 7 IF P —[IARY) 2T n — B R DIRENEE @O DR EFFON, 4
[ERET L7 K 2 2 7 R A — L O SNSRI RO TE Tlx, ZOMRIIHELNRNoT b
BZobb, £lo, T —HORERITI Ny FAKE D b RIS LREIMEN -T2l SR
fbREZUET D552 I DITHER LT,

Fa—T7NEZ 05mm LM< LA, TRRICK U TRIGEEEMET L7z (entry 7). JRIA
fREAD 72012, K7 0 —B8HMEHCB TS, ZAE— R 2 52 AWT R T VRO 2T
L7- (Figure 2-2), % DfE%H, Table 2-2 @ entry 7 \Z81F 5 A7 ZHOREIFE (50 mm) % Table 2-2
D entry 3 (S5mm) & g U CHEALICR X W2 & AV L 7= (Figure 2-2a and Figure 2-2b), Z D =
EG, T-S XY =DV A X TFa—T VT 7 X —DODNRDO/NT LV ANRAT TROFEMRITK X
KEEBLRHE2TBY, ABRICREVWAT ZIROMRIZ L > T, 2 HOKSKO LR EFHHPMET L
TelEBEZOND, ZORZ7HROMBEEZEET 272012, T-TF P —ONEZ/NINH DK
BURRE 21T 272 (entry 8), ZOfER., AT 7 MOBREAEL 720 . KGR LERLE LD
DD, FDORISEALRIIN Yy FERDFER L VBN D ThHoTle, HENAAE—RIATE
FAWT, AT O 2 35 lciT > 72 & 2 A, Table 2-2 @ entry 8 IZHB VT D AT Jiil
ZORER 1 mm BETH-7-b D00, AT ZROMA2 3 mm FBREOHRHKE N DL E E
ITWDZEDHBI LTz, ZOMHTRERED ., R RZRFITL VAT DRI LY HE
B IOKER OB A FOBENEZ Y . #BONZHROIANA T 7B ER S LT
WHEDEEXT, EZ T RIS ERTEDLV Y ORI ATER LT E 2 A HEWRER (1
mm) #HTDHAT TIRELRECNITR L., Ny FEREEZ D RIGHEZFEERT 5 Z &0k
7= (entry 9 in Table 2-2 and Figure 2-2c),
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MIBK
OH Pump A . )
Q/ Residence Time: 5 min
N B .
MeO @ - : :
58a (0.2 M) Flow rate A . Jacket temperature: 70°C .
5 i PFA tube reactor
r : .
©/\ . T-Mixer : -
(1.2 equiv) . .
Pump B :
Water " "
NaOH @
(3.0 equiv, 0.6 M)
TBAB Flow rate B
(0.1 equiv)

Scheme 2-3. Flow reactor setup for flow conditions screening in the slug flow reaction.

Table 2-2. Reaction conversions for the slug flow reaction.

Entry Tube 1. D. Flow rate A Pump Reaction solution Conv
T-mixer I. D. Flow rate B (back pressure) (area% in HPLC)® (%)°
(mm) (mL/min) 58a 59a
1 Batch Batch N.A. 6.3 90.6 81
1.00 1.0 peristaltic 12.3 84.8 68
1.27 1.0 (6 bar)
3 1.00 1.0 peristaltic 13.0 84.0 66
1.27 1.0 (3 bar)
4 1.00 0.5 peristaltic 13.2 83.6 66
1.27 0.5 (3 bar)
5 2.18 3.7 peristaltic 13.8 82.4 64
1.27 3.7 (3 bar)
6 3.20°¢ 2.0 peristaltic 17.8 78.2 57
1.27 2.0 (3 bar)
7 0.50 0.2 peristaltic 16.4 78.5 59
1.27 0.2 (3 bar)
8 0.50 0.2 peristaltic 8.9 86.8 75
0.51 0.2 (3 bar)
9 0.50 0.2 syringe 53 91.2 84
0.51 0.2 (N.A)

N.A. = not applicable. [a] Reaction solution was quenched by aqueous solution of HCl, and then the organic phase was
analyzed. [b] Conv = (area% of 59a) / ((area% of 58a) x 3.302 + (area% of 59a)) x 100. 3.302: relative sensitivity coefficient
on HPLC. [c] Static mixer was equipped.
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B el

1mimim1mm

Figure 2-2. Images of the slug flow in Table 2-2. (a) Entry 3. (b) Entry 7. (c) Entry 9.
Reprinted with permission from Asian J. Org. Chem. 2021, 10, 1414-1418. Copyright 2021
Wiley-VCH GmbH.
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2.2.3 Taylor vortex flow reactor # FAL\f=i&-& 2 HR 7 L X ILIE RIE

A7 TiEROCDSE, EEREMORELIZE D Ny FEKRE Y b EOWRIGEAEEZ R T 2
ERHABMNE R ST, FRICTF 2 —T7NE, IXxH—0% A X R 7O Sk x 7248
ERERIC R E T D BRI WEIN TH D Z & 2R LTz, mEDOZEFICB N T, Fa—
A 1.0 mm £V BN EWHRICOBN Yy FEREYD bR ERZ R LTS 40,
L7=MRo T, AT ZWICKBRIGIEDRIL, 7uo—~A 20772 —%fH LT ETDHR
ICHRHETEDHLEEADN, TOAT—AT v 7EIRNETH D,

A % fi# S 3 B 7= 8 Figure 2-3 {279 Taylor vortex flow reactor Z i 35 Z & ZfRGE L7z,
AME OWARIE 12 mm, [FHEHENE 10 mm THH 72D . D7 V7 7 A X 1 mm & 725, 2 O Taylor
vortex flow reactor OWIEAEIL 34.54 mm? & FH S, — R TF 2 —7 U7 7 X —DONRIZHR
FY 2L 663 mmICHET D, ZORERBTEAIIENRRORZY Ted, A7 —1L7 v
T T HEEOR R/ D EFE 2 HiLb, Taylor vortex flow reactor DIRGZNEIL, FIZ AR O[A]
HREUTIRAE L %, AT TIRCAF T 4 v 7 IF% P — Ll LT, ZOREDENHEITKF L
RODOPRIREZFT AL %,

7a—Y 7T 7 X —OREREK % Scheme 2-4 |27~ 7, Taylor vortex flow reactor Z i LT, /v
FERI LOR T Fia AW T-BEO SR {EEE & Bl U7z (Table 2-3), 1000 rpm & U AIHREL
TIL, Taylor IZ RS 25 Z & RHIZKET, Taylor vortex flow reactor @ T % 2 FH D SIS MY
MNTLEW, FEFIEOSIGER LR (45%) 727 (entry 3), = I blalfistksd BifF s L &
BAZBUSHEA LD W B L, 2000 rpm (Z[EEREA EIF72BRICIE, &b mWBIGHEELREEL R LT
(entries 1, 2,4 and 5), /A AL — R AT ZHWTHINT L7 2 F8R O GHK DOk % Figure 2-4
(2R, [AHEE 1500 rppm & 2000 rpm TIEIEIH O KR E S SN2 D 2 HOBEMRIE TR
A ELTWD EEZBND, TORR, JUSMERS ZISCTdE SNz, o,
MREFEE 2 10 min £ TIEET 5 & IRIERISITTER L7 (entry 6),
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Organic
phase

Figure 2-3. Taylor vortex flow reactor.
Reprinted with permission from Asian J. Org. Chem. 2021, 10, 1414-1418. Copyright 2021
Wiley-VCH GmbH.

MIBK
OH Pump A Taylor vortex flow reactor
/©/ Residence Time: 5 min
Meo :III IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII :
58a (0.2 M) 0.80 mL/min  : Jacket temperature: 70°C '
Internal volume: 8 mL
Br . :
e L [OOOO000000|
(1.2 equiv) = )
Pump B I R -
Water
NaOH —@—o—
(3.0 equiv, 0.6 M) v@
TBAB 0.80 mL/min o
(0.1 equiv) /©/
MeO

Scheme 2-4. Flow reactor setup for the Taylor vortex flow reaction.
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Table 2-3. Reaction conversions using the Taylor vortex flow reactor.

Entry Reactor Pump Reaction solution Conv
(rotation axis) (back pressure) (area% in HPLC)? (%)°
58a 59a
1 Batch N.A. 6.3 90.6 81
2 Slug® syringe 53 91.2 84
(N.A)
3 Taylor syringe 26.6 71.5 45
(1000 rpm) (N.A)
4 Taylor syringe 5.8 91.1 83
(1500 rpm) (N.A)
5 Taylor syringe 33 93.9 90
(2000 rpm) N.A)
6% Taylor syringe 1.0 97.2 97
(2000 rpm) N.A)

[a] Reaction solution was quenched by aqueous solution of HCI, and then the organic phase was analyzed. [b] Conv = (area%
of 59a) / ((area% of 58a) x 3.302 + (area% of 59a)) x 100. 3.302: relative sensitivity coefficient on HPLC. [c] Result in entry
9 in Table 2-2. [d] Average value for 6 sampling points during long-run for 120 min. [e] Flow rates of Pump A and Pump B
were 0.4 mL/min and 0.4 mL/min, and the residence time was calculated to be 10 min.

Figure 2-4. Images of the Taylor vortex flow. (a) Rotating speed at 1500 rpm. (b) Rotating speed at
2000 rpm.

Reprinted with permission from Asian J. Org. Chem. 2021, 10, 1414-1418. Copyright 2021
Wiley-VCH GmbH.
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2.2.4 Taylor vortex flow reactor Z LM =/&-K 2 R 7 IILFILERIGCOEE — k1%

-7 2 FHSR 77 L WABKUEZ Taylor vortex flow reactor Z i35 Z & OF M2 —bd
HIeOIT, HE ML TG L7z (Table 2-4), kkx REHELET L7 =/ —VFHE RV
PVEEZRINT 223 L RBRICEBHRES L 72fER, SOSEMERD T 10%LL T TIEH 2 b DD,
Ry FERUTK U TROISEA LR O UGEDFR D H 72 (entries 1-6),

Table 2-4. Substrate scope using the batch, slug and Taylor systems.

Br B ]
/@ R, | 59a: R;=p-OMe, R, =H
LT S | mmmh,
R—— (1.2 equiv) N N (0] c.. 1:p- r, 2=
Z NaOH (3.0 equiv)  Rii— 69d: Ry =o-Ma, R, = H
: 59e: Ry = p-OMe, R, = Me
phenols TBAB (0.1 equiv) sof R. = p-OMe. R- = Br
58a-d MIBK / water 59a-f | 991 R =p » R 1
Entry Phenol Benzyl Reaction solution Conv
58a—d bromides (area% in HPLC)? (%)°
58a—d 59a—f
Batch Batch
Slug Slug
Taylor Taylor
1¢ O/OH ©ﬁa 6.3 90.6 81
I 53 91.2 84
58a 3.3 93.9 90
2¢ Of gBr 6.6 92.3 84
©/ 6.6 92.1 84
58b 5.7 92.9 86
3¢ OH @Br 2.3 96.7 93
Br/©/ 0.6 98.9 98
58¢c 1.2 97.8 96
4¢ O @Br 2.2 96.5 95
@( 2.3 96.3 94
58d 1.3 97.3 97
5¢ OOH /@Aar 8.1 87.8 76
MeO 6.9 89.6 79
58a 6.4 89.8 81
6° O gBr 3.1 96.3 90
/©/ Br 23 97.1 93

58a 1.5 98.2 95
[a] Reaction solution was quenched by aqueous solution of HCI, and then the organic phase was analyzed. [b] Conv = (area%
of 59a—f) / ((area% of S8a—d) x (relative sensitivity coefficient) + (area% of 59a—f)) x 100. Relative sensitivity coefficients
on HPLC were summarized in Experimental Section. [c] The residence times were 5 min (entries 1-4) and 3 min (entries 5
and 6). Other experimental details were described in Experimental Section.
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225 Z)—T v bALIZETERIEEHOREE

AT E TIZIBW T, KR 2 FHR 7 v WAL T Taylor vortex flow reactor ZiEMH 325 Z & D
BRAMZER SN Uiz, BRE L7 Jngeft% entry 1 (Table 2-5) (/R 28, AT 7 m—A5k
BB IRoTHE. ok 58a DIBLEE (ZL—7v 1) 1306 gh T THY ., TERr—LIZ
MIGTE DA N—TF v N TP o T2, ANV—T v hEEETLHEOIC, TNy FAERKIC
TGS LA Tl LTz, /Ny FTERD NS4 & LTl BasyMax 35 X OV =Heiz B3 2l
AL, HKEHEETH 2 1000 rpm THIHE L7z,

FOGHEE ZNNE S B 5720, W ZHIR L7z, OIS0 TH % 40 mL/g of MIBK /
40 mL/g of water 7> 10 mL/g of MIBK / 10 mL/g of water &£ C 1/4 & & U7z, ZDORER, RS EE
MNAFEICSE L, 70 °C, 3 min THUGTERE L72 (entry 2), VA% 5 mL/g of MIBK / 5 mL/g of
water £ THIRK L7c & 2 A, KBIZBWTEBIENSERITHERE LR oTo, 207280, HEED
A3 5 E TKREBIMLIZE ZA, 3mL/gofwater Bl L7= & ZATHERIZEM LT, Leno
T, HiE{AE% 5 mL/g of MIBK / 8 mL/g of water & 3 7E L7z, F7-. ik L7-EEEEIZB W
TiX, 70°C, 2 min THIGH5ERE L72 (entry 3),

FEWNT, DTt 2T XA —=ZZONWTiEL LT, FUSEEERD 97% D56, 5547 LT
JEEE 58a lZMATICB W TRABICRETE D 2 L 2R TE 20 (229 28, KIS LD I
HEIT 98% LA b & RRE LTz, RUSREE 2 T T < & JFBOZAF RSN L, 50 °C T 0.5 area%
(IGHALEE 98%FHY) & 72572 (entries 4 and 5), GHID EZRKT DR Z %3720, K&
IREENE 60 °C LRE LTz, RALRU V% 1.05 MiE TR 2 & B ORFNTFA TE 2
W ECHIBr L7z 728, BB UL 110 & & FE LT (entries 6 and 7), [RAERD FIET, TBAB
1% 0.08 % & (entries 8 and 9), /KEE{LT NV 7 A% 2.5 45 (entries 10 and 11) &FRE L7, LLE
DREFHRER LV | entry 10 2Ny FERMUTIES b gk & Lz,
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Table 2-5. Reaction screening under batch conditions.

BnBr,
/©/OH e, TEAD M@
. (@]
MeO MIBK / water /©/

58a MeO 59a
Entry MIBK BnBr NaOH TBAB Conditions Reaction solution Conv
(mL/g)/  (equiv) (equiv) (equiv)  (°C, min) (area% in HPLC)? (%)°
water 58a 59a
(mL/g)

1 40/40 1.20 3.0 0.10 70,5 6.3 90.6 81
2 10/10 1.20 3.0 0.10 70,3 0.0 98.7 100
3 5/8 1.20 3.0 0.10 70,2 0.0 98.5 100
4 5/8 1.20 3.0 0.10 60,2 0.0 99.2 100
5 5/8 1.20 3.0 0.10 50,2 0.5 99.1 98
6 5/8 1.10 3.0 0.10 60,2 0.4 99.1 99
7 5/8 1.05 3.0 0.10 60, 2 0.8 98.6 97
8 5/8 1.10 3.0 0.08 60, 2 0.6 98.8 98
9 5/8 1.10 3.0 0.05 60, 2 1.5 97.6 95
10 5/8 1.10 2.5 0.08 60, 2 0.6 98.5 98
11 5/8 1.10 2.0 0.08 60, 2 1.5 97.4 95

[a] Reaction solution was quenched by 10 wt% aqueous solution of HCI, and then the organic phase was analyzed. [b] Conv
= (area% of 59a) / ((area% of 58a) x 3.302 + (area% of 59a)) x 100. 3.302: relative sensitivity coefficient on HPLC.
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226 J7O0—&EHEHT TORGEHOREL

Ny FAERUC K o Thaifb L7z OGS 2 2 & LT, Taylor vortex flow reactor % V72~
7 — ARG T CO R LA TR LT, RO L AR RIS B R LR A
HL, Ny FERRICBIT DR & el L7 (Figure 2-5 and Table 2-6), [Fl#5% 1500 rpm 7> 5
3000 rpm F CAEN S W72 & 2 A BRI OIS U TRIGHA LR E L7272 (entries 2-4),
2500 rpm & 3000 rppm TIEBUGER LD Ny FERK &1 F% TdH - 72 (entries 1, 4 and 5), ZiL
B OFEFR B, 2500 rpm & 3000 rpm I KONy FERTIHIREGDENHom < Rz TED,
FOGERENFITE DB 7o 72 L& 2 Hiv5b, Taylor vortex flow reactor %z H 7= it B RFfE] 120 s
DEIETB N TG E FERE S D 72012, INREZ 70 °C £ T EiF72 & 2 A, 99%LL EO RIS
bR E 2 otz, LIZ3-> T, entry 6 2 7 0 —AREMETICBIT Dkt & Lz,
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(a)

MIBK Taylor vortex flow reactor
OH Pump A tube: 12 mm, axis: 10 mm
f\j @ 1500-3000 rpm
M = el eeeeesseeensennsennaann.
REAIL. 167 M) Flow rate A Jacket temperature: 60-70°C
1.80-9.50 Internal volume: 8 mL
©/\Br mL/min
(110 equiv) : OOOOOO |
Pump B
Water ESpmmmmmmmmmmmmmmsmmsmmagRenes !
NaOH —@ O
(2.5 equiv, 2.432 M)
TBAB Flow rate B °
(0.08 equiv) 2.20-11.40

mL/min /©/
MeO

59a

(b) 110
100 F —g
§ 9 e
S 8ot}
B / —u=— entry 1 (batch, 60°C)
g 70t —+— entry 2 (1500 rpm, 60°C)
S o | —— entry 3 (2000 rpm, 60°C)
o entry 4 (2500 rpm, 60°C)
50 ---o--- entry 5 (3000 rpm, 60°C)
- . . . . entry .6 (2500 rpm, 70°C)
0 20 40 60 80 100 120 140

Residence time (s)

Figure 2-5. Transition of the reaction conversion using a Taylor vortex flow reactor. (a) Flow setup for
evaluating the reaction conversion. (b) Transition of the reaction conversion at various rotating speeds.
Reprinted with permission from Org. Process Res. Dev. 2022, 26, 1531-1544. Copyright 2022

American Chemical Society.
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Table 2-6. Numerical data of the reaction conversion in Figure 2-5.

Entry* Reactor Rotating Temp Residence time (s)

speed (°C) 23 40 61 91 120

(rpm) Conv (%)"
1 Batch - 60 - 82 87 94 98

(vigorously
stirring)®

2 Taylor 1500 60 47 68 80 88 92
3 Taylor 2000 60 59 77 85 91 94
4 Taylor 2500 60 65 81 88 93 96
5 Taylor 3000 60 63 80 88 93 96
6 Taylor 2500 70 82 92 96 98 99

[a] Equivalents of the reagents and solvent volumes were set as entry 10 in Table 2-5. [b] Reaction solution was quenched by
10 wt% aqueous solution of HCI, and then the organic phase was analyzed. Conv = (area% of 59a) / ((area% of 58a) x 3.302
+ (area% of 59a)) x 100. 3.302: relative sensitivity coefficient on HPLC. [c] The reaction mixture was stirred using a
three-blade retreat curve impeller at 1000 rpm (maximum stirring speed in Easy Max).

223 (IR LK 91T, OGS 2 fGi b9 D R0 7 v —A I3\ T, Taylor vortex flow
reactor & W2 GAITIIN Yy T EKREL Y b EW RIS LR Z R Uiz, BOGSRIE & fcift L=
DHFLE DERIZOWTUTDO X DITEBR LT, RISHRHFZ R LT2% O 2 RO RIGHED
BT Z A A — RO A ZITTHNTT 5 & Figure 2-4 & L U TR S S c/h & Wz &
B L7= (Figure 2-6), il %1%, [EIHEEL 1500 rpm (233U T, Figure 2-4a TIIHEE O EAED 2 mm
BREDOHONRZWOIZXT LT, Figure2-6a T Imm L N TH D, DF V| Figure 2-4 (TR T1K
IRE DRGSR TIE, BEICEY 2 ORISE ORI M BT 5 /M55 STz
DITKF LT, Figure 2-6 (27~ 9 Bl k% O @i B O 4 Tld, 2500 rpm LA EO[EIEEFS L OV >
FARITB W T I FICH N . T~y a DX IMRREEL o TWB EEZ L
No, LIeD>T, 2 fOEMBRIIHIES 2o TEY,, USHEIZEN RN T L E R
T2 (entries 4 and 5 in Table 2-6 and batch conditions (entry 1 in Table 2-6)),
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Figure 2-6. Images of biphasic reaction solution taken with a high-speed camera at 60 °C. (a) Batch
conditions. (b) 1500 rpm (Taylor). (¢) 2000 rpm (Taylor). (d) 2500 rm (Taylor). (¢) 3000 rpm (Taylor).
Reprinted with permission from Org. Process Res. Dev. 2022, 26, 1531-1544. Copyright 2022

American Chemical Society.
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2.2.7 Taylor vortex flow reactor DEE N RIGERILFRIZE X HHE
g /XT A —H L LT, Taylor vortex flow reactor DftH = N3G LERIT 52 5 BT OV T
P L7z (Figure 2-7), ARBUGRICBWTHEE OEEIIKBOBE LY b/hSWed, AEE
TN LV KB LY & ERINCEITT %, Taylor vortex flow reactor 23K TR WIGES, D
NZEVERBEOFNY) 77 4 —NER@wmL, V77 X2 —NOEKE L KEDREILAR
ROBFEL D BT 2 ATREMED N 8 5, Table 2-7 12739 K 912, AHEEI 1.80 mL/min, K& (X
2.20 mL/min TEHE L TV 720, RUSHIOAREIEKEORREIIT 1/12 L7223 TH D, *
Tz, FOSHE DA & KB ORI Z Ny FEROBICERLIZE 2 A, /13 ThoTlo, Th
IEBET ORI DV NKISIC LI D EER S, BIAET 2RI MY U ARKBIZBITT S
TeORIERTE DR ETEB LI B2 b5, FEXIZBWT, EBRICKISZ{To72
#iZ, VT 72— L T2 HE & KB ORREH A FZRI L7 (Table 2-7), & DFER,
THEVEZEZRELSTHIEE, ARBEORIEN/ NS 2, AHEOME R NEL /2o T
WA Z EDIRENT (entries 1-4), HEX A 60°DHA (entry 4), HHESE & AKEOARREELR 1/2.1
Lo TEBY ., AROEBEDEFED T5%RRE L o> T e, ZORE. AHIEOMREFHRIX
RO D 75% T D 90s 7> TND B R b, ERICKOSEEERBET LTS
ZEWRENT, T OFHlFE R LV . KISKFX Taylor vortex flow reactor K2 fRD Z &
N, BEIOWEEE AR T D72 DICEETH D Lt 7=,

Figure 2-7. Tilt of the flow reactor.
Reprinted with permission from Org. Process Res. Dev. 2022, 26, 1531-1544. Copyright 2022

American Chemical Society.
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Table 2-7. Reaction conversions and volumetric ratios at various angles.

Entry* Tilt Reaction solution Conv Internal volume
(©) (area% in HPLC)® (%)° (organic / aqueous phase)
(mL)
58a 59a
1 0 1.3 98.1 96 35/45(=1/1.3)
2 15 1.7 97.7 95 29/51(=1/1.8)
3 30 1.6 97.6 95 29/51(=1/1.8)
4 60 2.4 96.5 92 26/54(=1/2.1)

[a] Flow rate A (Solution of 58a and BnBr in MIBK): 1.80 mL/min, flow rate B (aqueous solution of NaOH and TBAB):

2.20 mL/min, residence time: 120 s, jacket temperature: 60 °C, rotating speed: 2500 rpm. [b] Reaction solution was quenched
by 10 wt% aqueous solution of HCI, and then the organic phase was analyzed. [c] Conv = (area% of 59a) / ((area% of 58a) x
3.302 + (area% of 59a)) x 100. 3.302: relative sensitivity coefficient on HPLC.
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2.2.8 Long-run #&:E
ML LTe7 v — 3 AT ANRFHZERNCBE T 2 2 BRE3 272012, it L& T
long-run fRFEAAT > 72 (Figure 2-8), FUGHALH(E 240 min Z2E L TH Y . FXEREHICR T
LE=FV T RER L long-run MREERRICHG DT AEIE 2RO SEFHMI A RS CTh o722 &
MBS L2 B OB I 72\ EHIET L 72 (Table 2-9 and Figure 2-9), 535 V7= HHfE
Iy FRIFIZTAZ ) = NAKEERE AN TERfr S 8728 25 (229 2/) . HPLC 99.9 area%
VL EORIEE, HEENEE 95% T HAOY 59a # BifF T 7=,

MIBK oumo A Taylor vortex flow reactor
P tube: 12 mm, axis: 10 mm

oH
oo Q @ o 2500 rpm

SSaATBTIM | mi. ot s n[eetessssssesdsssssssasass

Flow rate A : | Jacket temperature: 70°C
1.80 mL/min . Internal volume: 8 mL .
Br : :
S L OOO0000] |
p Pump B : Residence time : 120 s
Water IIIIIIIIII: --------------- a
NaOH @ O Running
(2.5 equiv, 2.432 M) i
o Flow rate B for 240 min o\/©
(0.08 equiv) 2.20 mL/min

Me0/©/59a

Figure 2-8. Flow setup for the long-run experiment.
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Table 2-8. Reaction conversions during long-run experiment.

Entry® Running time Reaction solution Conv
(min) (area% in HPLC)® (%)°
58a 59a
1 5 0.3 98.9 99
2 30 0.3 99.0 99
3 60 0.3 99.1 99
4 90 0.3 99.0 99
5 120 0.3 99.0 99
6 150 0.3 99.1 99
7 180 0.3 99.1 99
8 210 0.3 99.1 99
9 240 0.3 99.0 99
10 organic phase 0.3 99.0 99

[a] Reaction solution was quenched by 10 wt% aqueous solution of HCI, and then the organic phase was analyzed. [b] Conv
= (area% of 59a) / ((area% of 58a) x 3.302 + (area% of 59a)) x 100. 3.302: relative sensitivity coefficient on HPLC.

120

100 re——e > ° ° ® ° ° ®
£ s}
=4 —e—Conversion (%)
.0
on 60 |
S
o
z
S 4ot
(8]

20 |

0

0 50 100 150 200 250

Running time (min)
Figure 2-9. Reaction conversion at the exit of the flow reactor.

Reprinted with permission from Org. Process Res. Dev. 2022, 26, 1531-1544. Copyright 2022

American Chemical Society.

JEUEL 58a DMLEEEE 1T 15.6 g/h (= 260.8 mg/min = 1.167 mmol/mL x 1.80 mL/min x 124.14
mg/mmol) & FHE X1, 59a OHEEEIE 95% & L CAEREEEZF T D L, 256 g/h (= 15.6 g/h x
214.26/124.14 x 0.95) & 705, A2 IV B9340 (feeding rate of 58a: 0.6 g/h) 775
20 (5L LA pEMED A FIZRED LTz,
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229 Ny FEHIZEITH5BRNE, ST

7 v — BRI R L S LT 7o oD, i < RALPREE, ST E D B b A N v FRIFITT
Fh Uiz, BOSHEICAF AL L AHEIEIX 40 °C LA TIXHAY 59a ORI 2720, 72K
1L 40°C & LTz, 7o, DMRIEZIET 572 10 wi%e Dk % iV CRUG &1 1L L7z #1C
DT DL Uiz, ZTORE, KBTOHNY 59213 0.1% T THY | EHTX 5 TH-

776

BENTIABEOIRE DO 7= D12, BB 59a OVEARE % J7E L7z (Table 2-9 and Figure 2-10), ~7" ¥
YRAL ) =L 5°C TS 2 wi%lh EDOWEMRE 2472 IR 2 -V 72 it TIE A RY
W) 59a % @R T D iL7en ECHIEF L 7= (entries 2 and 3), — 5. HBEUW) 59a DK ~DEEFREIE T
FEFITIRN =D, KBNAREEE L TH#EEYITH D (entry 4), MIBK E/KIZIRF LN &5,

B —I2 T & T2 12D OB L LTA S 7 — a2 Lz,

Table 2-9. Solubility of target product 59a in various solvents.

Entry Solvent Temp Solubility of 59a
O (Wt%0)
1 MIBK 5 15.82
25 25.36
45 45.08
2 heptane 5 2.18
25 2.92
45 547
3 MeOH 5 2.09
25 3.40
45 7.47
4 water 5 0.00
25 0.00
45 0.00
50.00
=0 —e—MIBK
. 4000 r —=—Heptane
§ A0l I MeOH
< 3000 F ——Water
E 2500 |
3 2000 |
& 1500 |
1000
500 =
n e ————————
0.00 o 1 - ' .
0 10 20 30 40 50

Temperature (°C)

Figure 2-10. Solubility of target product 59a in various solvents.

Reprinted with permission from Org. Process Res. Dev. 2022, 26, 1531-1544. Copyright 2022

American Chemical Society.
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HREJEIZxE LT, A ¥ 7 — /L8 L OUKE BeBERITIN 2 CaaAT O %@ 2 345 L 7= (Scheme 2-5),
AFFT 14 mL/g of MeOH 35 L OY 10 mL/g of water Z 12 72L& Z A, 5°C T ¥ — 7ok % il
T 5 ENTE T, AR A RHE T O HEOY 59213 5°C TI3%RETHDHZ &b,
B E & LTI 14 mL/g of MeOH 35 &2 Y 10 mL/g of water % 85%7E L7,

Biphasic MeOH Water Miscible
reaction solution
<— Quenched with & mlig u vesiat 250 &l
10 wt% aqueous - +2mL/g No (at 25°C)
solution of HCI +2mL/g = No (at 25°C)
— +2 mlL/g No (at 25°C)
+2mLig — No (at 25°C)
Organic phase Aqueous — +2 mL/g No (at 25°C)
phase +2mllg  — No (at 25°C)
<— MeOH / water * - +2mL/g No (at 25°C)
+2mL/g - No (at 25°C)
- +2mL/g No (at 25°C)
Yes (at 25°C)
* [mL/g] was based on +2mlig - No (at 5°C)
the starting material 58a
+2mL/g — Yes (at 25 and 5°C)

14mL/g 10mL/g (total)

Scheme 2-5. Optimization of volumes of anti-solvents MeOH/water.

YL EOFREICHS & Ny FRBICTRITEEL i L 72 (Scheme 2-6), 40 °C (23T 14
mL/g of MeOH 3 L' 3 mL/g of water Z 1272 & Z A, HEW 59a M LIZ L=, HHh
ToEtT A7 U —OIREIEILRAFTH Y | RUCHARDBE~DOAE bR E 2T oo, 2D
%, BT ATV =k LCKE 7 mL/g B L7205, AT U —RRITE(L Lisyo T2, T Dk,
T AT U —% 5 CIZHAILTEN EDOLT AT U —IREMETRAF CTh o7 UL EORE LY,
A EATHERIEIC L0 R < BE9Y) 59a OFEEAHEECE 5 2 L 2 FEE LT,

Biphasic |
reaction solution

Crystallization slurry

<«— Quenched with

10 Wt_% aqueous <«— Water 7 mL/g* at 40°C
solution of HCI

cooled to 5°C

Organic phase Aqueous o
phase Filtration
<— MeOH 14 mL/g/ Isolated
water 3 mL/g* at 40°C target product 59a
Precipitation at 40°C * [mL/g] was based on

the starting material 58a

Scheme 2-6. Crystallization procedure under batch conditions.
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2.2.10 EfrmfT DR

WE-R 2 FHSR 7 IV ARG T %} L C, Taylor vortex flow reactor % fV 72 7 1 —& Rk oD
B L7728, [ Taylor vortex flow reactor A #fGtantiZ &M TE 25T L7z, Taylor
vortex flow reactor % 7 H—& AldS K OEE AR AT O W 7 I AU, BB 5 TS D SRR |2kt
THALTF U ADBBEITORN D,

Taylor vortex flow reactor D EGESLHT~D 1 H °] 5 Z MFET 5729, HAEIY 59a & MIBK 1A
AR & U CHUWTRRGE L 72 (Figure 2-11a), [Fl#5%c% 2500 rpm & BXE L, FERIR & A & ) —
NWIKEERZIRE ST & ZA TS ENTHBRALE L | Taylorifd DA H L CHERE L7 (Figure
2-12), AR T ORI ARATEEO A Y DA f*aa@l%mu&b LRI, ZRLIADE
AL CIEEE RO bV d o> 7= (Figure 2-13a), Z OFEFEIC HHEIRE O P EN RS I N
728 B long-run MREEIC L W AR Y 27 27 L7,

(b)
Taylor vortex flow reactor ( Organic phase Taylor vortex flow reactor
Pump tube: 12 mm, axis: 10 mm pump tube: 12 mm, axis: 10 mm

v@ > Internal volume 8 mL
s 'E';;';;;li;{.;';'"'6"1'6'56' Meo@

Simulated solution

Encrustation 5°C :
Clogging :

"\f\(j/ \/‘)( \f\

Not clogging 59

OOOO0 50°C in MIBK
Pump
MeOH / S A
e water —{ B O ) MeOH / water —
(c) (d)
[ simitatsd solition | Taylor vortex flow reactor Simulated solution Taylor vortex flow reactor
pump tube: 12 mm, axis: 10 mm pump tube: 12 mm, axis: 10 mm
v@ = Internal volume 8 mL VC Internal volume 8 mL
0. —(>‘-<>— 0. N —
1 x e R P TILT ; /©/ B TTTT NS
— H N s : Less 40°C :
MeO 59a : MeO 59a ~" encrustation ;
50°C in MIBK : 50°C in MIBK : | YOOOOO F
Pump | : Pump J :
MeOH / water —(>4H A MeOH / water ~@m __—Clogging

containing 1-10 wt%
of seed crystals
wt% was based on
the starting material 58a

(e)

AT Y Y Y
OO0

Organic phase

Taylor vortex flow reactor
tube: 12 mm, axis: 10 mm
Internal volume 8 mL

Less encrustation 5°C : :
“ Not cloggmg

Pump

Water 4(>> O 0

Figure 2-11. Flow setups for continuous crystallization. (a) Anti-solvent crystallization using the

simulated solution. (b) Anti-solvent crystallization using the actual organic phase. (c) Seed crystallization.
(d) Anti-solvent and cooling crystallization. (e¢) Anti-solvent crystallization by mixing with methanol

prior to mixing with water.
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Figure 2-12. Images of Taylor vortices.
Reprinted with permission from Org. Process Res. Dev. 2022, 26, 1531-1544. Copyright 2022

American Chemical Society.

Px v MEEZ 0°CITHRE L., B2 VT 3 h Ok EIR AT~ 72, EFikErE=
Z N TF 5T, dTEEE O R Y 7Y L, HPLCIZ L Y BB ARELS L —
P— BT R EE A EEE I K VR ES M AR Lz, TR, EEARE TR GE
BNORELTERY , R 1 min ZINIZEHE T O B B9 59a 73 3%HH 41272 5 AR £
TFR->TND & &R TE T (Figure 2-14), £72, RiESMM b —ED AR ER>TNDH T
LR Tz (Figure 2-15), L72735 T, Taylor vortex flow reactor 3 2 & 0 3B 72 ST 23
A[E L 72 o7z, 3h OEFHEEE T, BRI NAHTOEEILEE T, BRI b
Mol



Figure 2-13. Encrustation under various conditions. (a) Image of Figure 2-11a. (b) Image of Figure
2-11c using 1 wt% of seed crystals. (c) Image of Figure 2-11c using 10 wt% of seed crystals. (d) Image
of Figure 2-11d. (e) Image of Figure 2-11e.

Reprinted with permission from Org. Process Res. Dev. 2022, 26, 1531-1544. Copyright 2022

American Chemical Society.
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8.00
700
6.00
500 F
400 |
3.00
200 F
1.00
0.00 Sdheddd—d——dr—d—d——dTd—A——d——d——k—dA |

0 50 100 150 200
Running time (min)

Supernatant concentration (wt%)

Figure 2-14. Transition for the supernatant concentration at the exit of the crystallizer.
Reprinted with permission from Org. Process Res. Dev. 2022, 26, 1531-1544. Copyright 2022

American Chemical Society.

1.40

130 f —@—Taylor_30min
120 —@— Taylor_60min
™ 110 —@— Taylor_90min
S 100} —@—Taylor_120min
£ 090 | —@—Taylor_150min

0.80 —@— Taylor_180min
0.70 —@— Batch

Distribution densi
o
3

0.1 10 10.0 100.0 1,000.0
Particle size (um)
Figure 2-15. Transition for the particle size distribution.
Reprinted with permission from Org. Process Res. Dev. 2022, 26, 1531-1544. Copyright 2022

American Chemical Society.

LU, EBRO3 W% OARIE 2 2 & HftEEs 30 min F2E TA Y DA I E K23 HERT
L. @frdEE o A OfHEPAZE L7- (Figure 2-11b), #EEEK & it L T RO OEIERA)
REHAL B T ED D20, B 59a N E VAT LT <20 AY BT OHZELZ RN
leEEZND, £ T MELUET D ORI OFMF 2 B L,
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% AT 2 72 dic, Fifh ANz 72 (Figure 2-11c), FREAGOFINC LV AR EB L OV 2 &
AL B & 720 | TR CORY) AR CE 2 L MifF L ¥, LaL,
EAZI0Wt%E THEL TH . [EEB X OMELUETE ) o 72 (Figure 2-13b and Figure 2-13c),
AEEBRER CIIABMZ —RICRE T 2RISR 5720, irEERE CORY AL D
&% FICifl CE TV ARNEZ 2 bND, Lo T, MfafoESWE L VKL T57-
DIZ, 1 D HDOEITEBIZIB W TREE LB E%IZ 40 °C T 1 IREHT L721%12, 2 D H O&TEE
BIZBWTHAT D LW ) EEMERICET Lz (Figure 2-11d), TOFEE, 1D HOMTEEEIC
BT 5EER L OMEITRMICSKES N (Figure 2-13d), D%, 1 SDHORITEEED 2 5
HOBITEEA~AT Y —2BiET 50, BETF 2 — 7 CTREPHERE L, BER L 7T
FENRE LT, 1| DHOMITEECTY Y7y M 2 Bl 3 57 CEEER K EodEo R dH
D8, EEEREOEM T D700, K0 AR E A A FEREE LT,

DEE DR & A 5 ) — VKRR —RUTIRA T DA Bto TuNizizd | ke 2 Sl
\ZAZ ) =)V TR UTAZITKEIRE T D HEEMAICZE T LT (Figure 2-11e), FHIZA X /) —
NEIRET D EIZRY T EEASA D ERERORENSERT 5720, ANV AfHEDREE R
FOPHZED Y 27 M BERTE D LB 2o, ALEBEM T 2 h O#EGEIEZ{To72L 2A, AV
FHE COREE T HIFRE Y B8k S 4 (Figure 2-13¢), PAZEZ RIS 2 Z LIkl L, ZE L7
et 2N FIRE & 72 > 72 (Figure 2-16),

8.00
7.00

6.00
500 |
400 r
300
200 |
1.00 |

0.00

Supernatant concentration (wt%)

0 50 100
Running time (min)

Figure 2-16. Transition for the supernatant concentration at the exit of the crystallizer.

Reprinted with permission from Org. Process Res. Dev. 2022, 26, 1531-1544. Copyright 2022

American Chemical Society.
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2211 EfREEICH T ERRIEOMEIRET
AR Clpc il 72 e pb T Stk 2 Bl NE L7272 D | SE 7 AL pE D FEBLC AT T, - 2 FER T
xR ACEOG, BOSELE, 731K, datT. AT X TOBEOHE ZMEE L7 (Figure 2-17), X
JEFE IR CSTR & W TATVY, S RITBUKMERE 2 258 U 7o ik-lk e S L — 2 Z [N T T2 72 9,
71 —E R L OEREERHT O 72 9 IZ RO Taylor vortex flow reactor 2 L, 15 &7z fdr A
Z V) —Z BRI AT DR ERR S Lo, AOH A X1 4 h @ long-run FRFEDIEH TAHL
T OMENRIRNE DI, FHRERYA XD A2 BE LT,

(a)

Pump C
V22 10 wt% aqueous solution
MIBK Pump A S Cof HCI Pump E
OH Taylor vortex flow reactor 1 5°°r‘?1’|_‘/am?n (2.0 equiv, 2.860 M) Flow rate E
3.65 mL/min (14 mL/g)
Mo N2 | A T 0 reciild 2 Organic phase
58a (1.167 M) P A 70°C: \—* S '—'—o—é }—MeOH
1e0mumin : |Residence time:2min
©/\Br i ~ : | PumpD  Phase Taylor vortex flow reactor
(1.10 equiv) : (_)(\0(3(\( g 5 :Ig\g:s’sn Separation (a3 crystallizes)
10,
PumpB | React'on at i I o
Na:’,:!er LRy pmmm———— L : o 1 8¢t
) : esidence time: 1 min  }
(2.5 equiv, 2.432 M) “ Quenching at 40°C Aqu:eous : =
TBAB Flow rate B Residence time: phase i [ OXOOOOO
(0.08 equiv) 2.20 mL/min :

o 44 :
/@/ o & : | Crystallization :
o o Pump F N it el .

~

Water — |/\>/~—0; E
Flow rate F o\/© =

2.61 mL/min (10 mL/g) O/ Ypm

MeO (59a) i

Filtration @

Taylor vortex K< I &
flow reactor ‘ Taylor vortex
4 flow reactor
(as crystallizer)

Masterflex
pumps

Vapourtec
V-3
pumps
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Taylor vortex
flow reactor
(as crystallizer)

Taylor vortex
flow reactor

From phase separaon
+
MeOH

Aqueous phase

Organic phase

D
N

Biphasic reaction solution

Figure 2-17. Integrated flow setup. (a) Integrated flow conditions. (b) and (c) Images of the integrated

flow setup. (d) Image of a liquid-liquid separator.
Reprinted with permission from Org. Process Res. Dev. 2022, 26, 1531-1544. Copyright 2022

American Chemical Society.
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FP. ROSEAEFRITFRTICMEE L7 long-run FRFED & X L[AARTH Y (Table 2-8 and Figure
2-9), FUSHALERE L O BB IEEAERIT 4 h OEfizh 22 € LW - (Figure 2-18), L2>L, H
BB RIS 88% & /X F AT L72/E R (95%) & W AR > 7=, JRIKZ A L7 A, /o ikie i Rl
WD Z LDy inoTe, WR-IKENSL—ZITBUKMHERIC X - CTHE#EEE L, KEITFRER T
DT, RN IR FTRERIEE Th 5, FERRIZ, DB EDOZERRIAT -T2 2 A,
MR < i Re T o7, —T7, EBROMLEMA TIL, ARENIIESEMITEA~ LB SN
TS, TOETJRRICIVEHAE L TWD B2 HND, ZOEBOEMILY | B
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Figure 2-18. Reaction conversion at the exit of the flow reactor and the supernatant concentration at
the exit of the crystallizer.
Reprinted with permission from Org. Process Res. Dev. 2022, 26, 1531-1544. Copyright 2022

American Chemical Society.
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Figure 2-19. X-ray powder diffraction analysis of the target product.
Reprinted with permission from Org. Process Res. Dev. 2022, 26, 1531-1544. Copyright 2022

American Chemical Society.

1.20

110 f

1.00

o
©
o

—@— Continuous
crystallization
(integrated system)

0.80
0.70
0.60
0.50
040
030
0.20
0.10
0.00

—B— Batch crystallization

Distribution density (q3*)

10.0
Particle size (um)

0.1 10 100.0 1,000.0
Figure 2-20. Particle size distribution of the target product obtained from the integrated system.
Reprinted with permission from Org. Process Res. Dev. 2022, 26, 1531-1544. Copyright 2022
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Figure 2-21. Images of crystals of the target product 59a. (a) Batch crystallization. (b) Continuous
crystallization (integrated system).
Reprinted with permission from Org. Process Res. Dev. 2022, 26, 1531-1544. Copyright 2022

American Chemical Society.
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Figure 2-22. Pilot-scale flow setup (a) Reaction conditions. (b) Image of the pilot-scale Taylor vortex
flow reactor.
Reprinted with permission from Org. Process Res. Dev. 2022, 26, 1531-1544. Copyright 2022

American Chemical Society.
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VI VII
(2-1)
LI, .1 11,11, |11
Hriw; PTG W
dl dl
(2-2)
Vi kinetic viscosity [m?-s™']
ri inner diameter of the rotation axis [mm]
d: gap between the cylindrical tube and the rotation axis [mm]
;i angular velocity [rad-s™]

IR viscosity [Pa-s]

/NA vy MRS —/L® Taylor vortex flow reactor (Z351F A EHREIT T REBRHO U 727 7 —
1500 rpm % 52 FHE L7z (1500 rpm, entry 2 in Table 2-10), X 2-1 3 L O 2-2 (2 HS VT )
A B v b A —/L® Taylor vortex flow reactor (23317 2 [EIHEELIZ 60 rpm 5 & OV 1500 rpm & 1L
STz o 60 rpm TIXHA O NZEHEE A AR L TR Y, BT 2 ORISR 6 2MZIREG T
X TV RWZ L EMER LTz, —J7, 1500 rpm THERS 5 &, TR A7 —/L EIZIEFRZEDO s
Wb TH D Z & & FEFE L 72 (entries 1 and 2 in Table 2-10), < D%, 70 °C I[Z{RE % EIF CTHEBR
AT &L IRIERISE S SEDH T ENTET (entry 3), LEDOFER LI, HAWISTI—EIC
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NT y TRREC K 25 DR —n T v TR LT,

ARIDONSA 1y A —/Z L% Taylor vortex flow reactor FEERIFOD FUGHK DAL T-H /A A
v — KB A Z & W CHEYT L7272 (Figure 2-6 and Figure 2-23), & DA X732 ENBIXIRAIR
ERF%ETH D EHMIHW CE oo 7ed ik T = L— 3 (CFD) 72 EZ WGt
FIC K DMGREL M EToH D, Taylor vortex flow reactor (2 X 5 27— /L7 » 7 EEGITBAE— (b
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A PRI EE DD BRI L OVERMH 22D S HRDBREN LI TH 5 4662,
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Table 2-10. Reaction conversions at laboratory scale and pilot scale.

Entry® rild® Rotating Temp Reaction solution Conv
(mm) speed °O) (area% in HPLC)® (%)?
(rpm) 58a 59a
1 10/1 1500 60 2.6 96.7 92
2 50/5 1500 60 2.9 96.5 91
3 50/5 1500 70 1.3 98.1 96

[a] Flow rate A (Solution of 58a and BnBr in MIBK): 1.80 mL/min (entry 1) and 45.5 mL/min (entries 2 and 3), flow rate B
(aqueous solution of NaOH and TBAB): 2.20 mL/min (entry 1) and 54.6 mL/min (entries 2 and 3), residence time: 120 s. [b]
ri: inner diameter of the rotation axis, di: gap between the cylindrical tube and the rotation axis. [c] Reaction solution was
quenched by 10 wt% aqueous solution of HCI, and then the organic phase was analyzed. [d] Conv = (area% of 59a) / ((area%
of 58a) x 3.302 + (area% of 59a)) x 100. 3.302: relative sensitivity coefficient on HPLC.

Figure 2-23. Images of biphasic reaction solution taken with a high-speed camera at 60 °C using the

pilot-scale Taylor vortex flow reactor.
Reprinted with permission from Org. Process Res. Dev. 2022, 26, 1531-1544. Copyright 2022

American Chemical Society.
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ek, TARA— &A1y F A —/L® Taylor vortex flow reactor [ZDUVNT, EHIKFEIZ
T D E TORKEM A Ll L7z (Table 2-11), ZOFEHR, TR A —/L TR 77 4 —RKED
2 R SR TIVEEFIRBIZEL TV b 0N, M ey MR —)LCld 5 [FRREXRKT S
VEND Tz, N vy hAT— VBT LHZRE 27 VT 7 A K0 R R 040 23 A <
ROl ZEMBERTHDHEZEZLND, LTEN-T, WEIRICR ENMEICREREEL 52

BEISROBEITEESLETH B,

Table 2-11. Running time required to reach the steady state.

Running time Conv (%)™
(min) Laboratory-scale Pilot-scale
Taylor vortex flow reactor Taylor vortex flow reactor
4 92 -
5 92 86
7 - 90
9 - 90
10 - 91

11 — 91

[a] Reaction solution was quenched by 10 wt% aqueous solution of HCI, and then the organic phase was analyzed. [b] Conv
= (area% of 59a) / ((area% of 58a) x 3.302 + (area% of 59a)) x 100. 3.302: relative sensitivity coefficient on HPLC. [c]
Reaction conditions were described in entry 1 in Table 2-10. d Reaction conditions were described in entry 2 in Table 2-10.
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2.3 KRB

General Information

All reactions were run under a nitrogen atmosphere. Solvents and reagents were purchased from
commercial sources and used without further purification. Starting material 4-methoxyphenol (58a) was
purchased from FUJIFILM Wako Pure Chemical Corporation or Tokyo Chemical Industry Co., Ltd.
High performance liquid chromatographic (HPLC) analysis was carried out using a Shimadzu
LC-2010CHT. '"H NMR (400 MHz) and 3C{'H} NMR (100 MHz) spectra were recorded on a Bruker
AVANCE III HD. Crystal polymorphs were analyzed using Rigaku MiniFlexIl. Particle size distribution
was measured using Sympatec HELOS&RODOS (HELOS/BR, RODOS/M). The images of the obtained
crystals were taken using OLYMPUS microscope BX50. A batch reaction was conducted using Mettler
Toledo EasyMax 102 with a three-blade retreat curve impeller. T-shape mixers were purchased from
M&S Instruments Inc. (P-633, through hole 0.05 inch (= 1.27 mm), P-632, through hole 0.02 inch (=0.51
mm)) or EYELA Co., Ltd. (JTF-320, through hole 2.0 mm). A tube reactor equipped with static mixer
was purchased from Vapourtec Ltd (large diameter tubular reactor for rapid mixing, inner diameter: 3.20
mm, internal volume: 20 mL). A backpressure regulator was purchased from DFC Co. Ltd
(FC-BPV1-250). A liquid-liquid separator was purchased from Zaiput Flow Technologies (SEP-10) with
a hydrophobic PTFE membrane (OB-900). The images of biphasic reaction solutions were taken using a
high-speed camera from Photron Limited (FASTCAM Mini WX100).

Taylor vortex flow reactor (laboratory scale) was produced by Asahi Glassplant Inc. The rotation axis
is a smooth rod. The inner diameter of the cylindrical tube is 12 mm, and the rotation axis is 10 mm, and
the internal volume is 8 mL. In this case, the gap between the cylindrical tube and the rotation axis is 1
mm. The cross-sectional area is calculated as follows. 6 (mm) x 6 (mm) x 3.14 — 5 (mm) X 5 (mm) X
3.14 = 34.54 mm?. The inner diameter of the tube reactor (D) is calculated as follows. D/2 (mm) x D/2
(mm) x3.14 = 34.54 (mm?), D = 6.63 mm. The internal temperature was measured at the exit of the
Taylor vortex flow reactor and confirmed the same temperature as that in jacket.

Taylor vortex flow reactor (pilot scale) was produced by Laminar Co., Ltd. The rotation axis is a
smooth rod. The inner diameter of the cylindrical tube is 60 mm, and the rotation axis is 50 mm, and the
internal volume is 200 mL. In this case, the gap between the cylindrical tube and the rotation axis is 5
mm. The cross-sectional area is calculated as follows. 60 (mm) % 60 (mm) x 3.14 — 50 (mm) x 50 (mm)
x 3.14 = 3454 mm? = 34.54 cm?. The internal temperature was measured at the exit of the Taylor vortex

flow reactor and confirmed the same temperature as that in jacket.
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The solutions were fed using the Vapourtec V-3 pump (peristaltic pump), HARVARD Econoflo
syringe pump (70-2205) (syringe pump), EYELA tube pump (MP-1000) (peristaltic pump), Masterflex
L/S (07528-20) with Masterflex L/S Pump Head for PTFE Tubing (77390-00) (peristaltic pump), and
Bronkhorst mass flow pump (M14-RAD-22-0-S) (gear pump).

Flow rates were calibrated manually as follows: the weight of the fed amount was measured for 1 min
using MIBK (pump A and D), water (pump B, C and F), and MeOH (pump E). The measured weight was

converted to the volume using the density.
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The flow procedures for solvent screening in Table 2-1

Two solutions were fed by the Vapourtec V-3; solution A was a solution of 4-methoxyphenol (58a)
(1.00 g, 8.06 mmol) in organic solvent (40 mL, 0.2 M) with benzyl bromide (1.65 g, 9.65 mmol, 1.2
equiv), solution B was a solution of NaOH (966.7 mg, 24.17 mmol, 3.0 equiv) in water (40 mL, 0.6 M)
with tetrabutylammonium bromide (260.0 mg, 0.81 mmol, 0.1 equiv). Flow rate of solution A was set as
1.0 mL/min, that of solution B was set as 1.0 mL/min, so that the equivalent of NaOH would be adjusted
to 3.0 equiv. Solution A and B were mixed by a T-shape mixer (through hole 1.27 mm), and the slug flow
was passed through a PFA tube reactor (inner diameter: 1.00 mm, internal volume: 10 mL, residence
time 5 min) at 70 °C for jacket temperature under 6 bar. The obtained biphasic solution was poured for
30 sec into a solution of MIBK (500 uL) / 10% aqueous solution of HCI (500 pL). The quenched organic
phase (10 pL) was diluted in MeCN/H,0O (990 uL, 80/20 (v/v)), and analyzed by HPLC.

The isolating procedure in entry 10 in Table 2-1

Two solutions were fed by the Vapourtec V-3; solution A was a solution of 4-methoxyphenol (58a)
(1.00 g, 8.06 mmol) in MIBK (40 mL, 0.2 M) with benzyl bromide (1.65 g, 9.65 mmol, 1.2 equiv),
solution B was a solution of NaOH (966.7 mg, 24.17 mmol, 3.0 equiv) in water (40 mL, 0.6 M) with
tetrabutylammonium bromide (260.0 mg, 0.81 mmol, 0.1 equiv). Flow rate of solution A was set as 1.0
mL/min, that of solution B was set as 1.0 mL/min, so that the equivalent of NaOH would be adjusted to
3.0 equiv. Solution A and B were mixed by a T-shape mixer (through hole 1.27 mm), and the slug flow
was passed through a PFA tube reactor (inner diameter: 1.00 mm, internal volume: 10 mL, residence
time 5 min) at 70 °C for jacket temperature under 6 bar. The obtained biphasic solution (1: 200.0 mg
(1.61 mmol) scale) was poured into a solution of MIBK (8.4 mL) / 10% aqueous solution of HCI (8.4
mL). The aqueous phase was separated and extracted from MIBK again (15 mL). The combined organic
phases were evaporated and purified by flash column chromatography (n-henane/AcOEt=95/5 to 50/50)
to give the recovery of 58a (66.2 mg, 33%) and the mixture of benzyloxy anisole (59a) and benzyl
bromide. The mixture of 59a and benzyl bromide was crystallized from MeOH / water to give the
purified 59a as a white solid (220.4 mg, 64%). '"H NMR (400 MHz, CDCl;): & 7.43-7.28 (5H, m), 6.93—
6.80 (4H, m), 5.01 (2H, s), 3.76 (3H, s); BC{'H} NMR (100 MHz, CDCl3): § 154.16, 153.14, 137.50,
128.68, 128.01, 127.61, 116.04, 114.82, 70.90, 55.87; MS (EST"): m/z 215 [M+H]".

These NMR spectra were consistent with the previously reported spectra.®
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The batch procedure for reaction conditions screening in Table 2-2

A solution of 4-methoxyphenol (58a) (250.0 mg, 2.01 mmol) in MIBK (10 mL, 0.2 M) with benzyl
bromide (413.3 mg, 2.42 mmol, 1.2 equiv) was heated to 70 °C in a batch reactor (EasyMax 50 mL). A
solution of NaOH (241.7 mg, 6.04 mmol, 3.0 equiv) in water (10 mL, 0.6 M) with tetrabutylammonium
bromide (64.9 mg, 0.20 mmol, 0.1 equiv) was kept warm at 70 °C and added to the batch reactor. The
reaction mixture was stirred using three swept wings at 1000 rpm (maximum stirring speed in Easy Max)
for 5 min at 70 °C. A solution of MIBK (10 mL) / 10% aqueous solution of HCI (10 mL) was added to
the reaction mixture. The quenched organic phase (10 pL) was diluted in MeCN/H,O (990 uL, 80/20
(v/v)), and analyzed by HPLC.

The flow procedures for reaction conditions screening in Table 2-2

Two solutions were fed by the Vapourtec V-3 or syringe pumps; solution A was a solution of
4-methoxyphenol (58a) (2.50 g, 20.1 mmol) in MIBK (100 mL, 0.2 M) with benzyl bromide (4.13 g,
24.1 mmol, 1.2 equiv), solution B was a solution of NaOH (2.42 g, 60.5 mmol, 3.0 equiv) in water (100
mL, 0.6 M) with tetrabutylammonium bromide (649.2 mg, 2.01 mmol, 0.1 equiv). Flow rate of solution
A was set as 0.2-3.7 mL/min, that of solution B was set as 0.2-3.7 mL/min, so that the equivalent of
NaOH would be adjusted to 3.0 equiv. Solution A and B were mixed by a T-shape mixer (through hole
1.27 mm or 0.51 mm), and the slug flow was passed through a PFA tube reactor (inner diameter: 0.50—
3.20 mm, internal volume: 2-37 mL, residence time 5 min) at 70 °C for jacket temperature under 0—6 bar.
The obtained biphasic solution was poured for 10-120 sec (sampling amount of the reaction mixture:
around 1 mL) into a solution of MIBK (500 uL) / 10% aqueous solution of HCI (500 pL). The quenched
organic phase (10 uL) was diluted in MeCN/H>O (990 pL, 80/20 (v/v)), and analyzed by HPLC.

The flow procedures using Taylor vortex flow reactor in Table 2-3

Two solutions were fed by syringe pumps; solution A was a solution of 4-methoxyphenol (58a) (2.50 g,
20.1 mmol) in MIBK (100 mL, 0.2 M) with benzyl bromide (4.13 g, 24.1 mmol, 1.2 equiv), solution B
was a solution of NaOH (242 g, 60.5 mmol, 3.0 equiv) in water (100 mL, 0.6 M) with
tetrabutylammonium bromide (649.4 mg, 2.01 mmol, 0.1 equiv). Flow rate of solution A was set as 0.8
mL/min, that of solution B was set as 0.8 mL/min, so that the equivalent of NaOH would be adjusted to
3.0 equiv. Solution A and B were fed in Taylor vortex flow reactor, and the reaction mixture was passed
through Taylor vortex flow reactor (internal volume: 8 mL, residence time 5 min, 10002000 rpm) at
70 °C for jacket temperature. The obtained biphasic solution was poured for 30 sec into a solution of
MIBK (500 pL) / 10% aqueous solution of HCI (500 pL). The quenched organic phase (10 pulL) was
diluted in MeCN/H>O (990 pL, 80/20 (v/v)), and analyzed by HPLC.
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The batch procedures in Table 2-4

A solution of phenol (58a-d) (2.01 mmol) in MIBK (0.2 M) with benzyl bromides (1.2 equiv) was
heated to 70 °C in a batch reactor (EasyMax 50 mL). A solution of NaOH (3.0 equiv) in water (0.6 M)
with tetrabutylammonium bromide (0.1 equiv) was kept warm at 70 °C and added to the batch reactor.
The reaction mixture was stirred using three swept wings at 1000 rpm (maximum stirring speed in Easy
Max) for 3 or 5 min at 70 °C. A solution of MIBK (10 mL) / 10% aqueous solution of HCI (10 mL) was
added to the reaction mixture. The quenched organic phase (10 puL) was diluted in MeCN/H2O (990 pL,
80/20 (v/v)), and analyzed by HPLC.

The flow procedures using slug-flow in Table 2-4

Two solutions were fed by syringe pumps; solution A was a solution of phenols (58a-d) in MIBK (0.2
M) with benzyl bromides (1.2 equiv), solution B was a solution of NaOH (3.0 equiv) in water (0.6 M)
with tetrabutylammonium bromide (0.1 equiv). Flow rate of solution A was set as 0.20 or 0.33 mL/min,
that of solution B was set as 0.20 or 0.33 mL/min, so that the equivalent of NaOH would be adjusted to
3.0 equiv. Solution A and B were mixed by a T-shape mixer (through hole 0.51 mm), and the slug flow
was passed through a PFA tube reactor (inner diameter: 0.50 mm, internal volume: 2 mL, residence time
3 or 5 min) at 70 °C for jacket temperature under 0 bar. The obtained biphasic solution was poured for
90-150 sec (sampling amount of the reaction mixture: around 1 mL) into a solution of MIBK (500 puL) /
10% aqueous solution of HC1 (500 pL). The quenched organic phase (10 pL) was diluted in MeCN/H,O
(990 pL, 80/20 (v/v)), and analyzed by HPLC.

The flow procedures using Taylor vortex flow reactor in Table 2-4

Two solutions were fed by syringe pumps; solution A was a solution of phenols (58a-d) in MIBK (0.2
M) with benzyl bromides (1.2 equiv), solution B was a solution of NaOH (3.0 equiv) in water (0.6 M)
with tetrabutylammonium bromide (0.1 equiv). Flow rate of solution A was set as 0.80 or 1.34 mL/min,
that of solution B was set as 0.80 or 1.34 mL/min, so that the equivalent of NaOH would be adjusted to
3.0 equiv. Solution A and B were fed in Taylor vortex flow reactor, and the reaction mixture was passed
through Taylor vortex flow reactor (internal volume: 8 mL, residence time 3 or 5 min, 2000 rpm) at
70 °C for jacket temperature. The obtained biphasic solution was poured for 20-40 sec (sampling
amount of the reaction mixture: around 1 mL) into a solution of MIBK (500 uL) / 10% aqueous solution
of HCI (500 pL). The quenched organic phase (10 pL) was diluted in MeCN/H2O (990 pL, 80/20 (v/v)),
and analyzed by HPLC.
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Typical Batch Procedure for Optimizing Reaction Conditions (entry 10, Table 2-5)

A solution of 4-methoxyphenol (58a) (1.50 g, 12.1 mmol) in MIBK (7.5 mL, 5 mL/g) with benzyl
bromide (2.27 g, 13.3 mmol, 1.10 equiv) was heated to 60 °C in a batch reactor (EasyMax 50 mL). A
solution of NaOH (1.21 g, 30.3 mmol, 2.5 equiv) in water (12 mL, 8 mL/g) with tetrabutylammonium
bromide (312.0 mg, 0.97 mmol, 0.08 equiv) was kept warm at 60 °C and added to the batch reactor. The
reaction mixture was stirred using a three-blade retreat curve impeller at 1000 rpm (maximum stirring
speed in Easy Max) for 2 min at 60 °C. 10 wt% aqueous solution of HCI (15 mL) was added to the
reaction mixture. The quenched organic phase (10 uL) was added to MeCN/H2O (990 uL, 80/20 (v/v)).
The sample solution was diluted 10 times with MeCN/H»O (80/20 (v/v)) and analyzed by HPLC.

Flow Procedures Using Taylor Vortex Flow Reactor in Figure 2-5 and Table 2-6

A Taylor vortex flow reactor (laboratory scale) was set horizontally. Two solutions were fed by
Vapourtec V-3 pumps; solution A was a solution of 4-methoxyphenol (58a) (20.00 g, 161.1 mmol) in
MIBK (100 mL, 5 mL/g, 1.167 mmol/mL) with benzyl bromide (30.31 g, 177.2 mmol, 1.10 equiv),
solution B was a solution of NaOH (16.11 g, 402.8 mmol, 2.5 equiv) in water (160 mL, 8 mL/g, 2.432
mmol/mL) with tetrabutylammonium bromide (4.15 g, 12.9 mmol, 0.08 equiv). Flow rate of solution A
was set as 1.80-9.50 mL/min, that of solution B was set as 2.20-11.40 mL/min (two V-3 pumps were
used when the flow rate exceeded 10 mL/min) so that the equivalent of NaOH would be adjusted to 2.5
equiv. Solution A and B were fed in the Taylor vortex flow reactor (the feeding lines of solutions were
heated to 60—70 °C with a ribbon heater), and the reaction mixture was passed through the Taylor vortex
flow reactor (internal volume: 8 mL, residence time 23—120 s, 1500-3000 rpm) at 60—70 °C for jacket
temperature. After 2 residence times, the obtained biphasic solution was quenched with 10 wt% aqueous
solution of HCIL. The quenched organic phase (10 uL) was added to MeCN/H>O (990 pL, 80/20 (v/v)).
The sample solution was diluted 10 times with MeCN/H»O (80/20 (v/v)) and analyzed by HPLC.
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Long-Run Experiment and Crystallization Procedure in Batch (See Figure 2-8 for Reactor
Setup)

A Taylor vortex flow reactor (laboratory scale) was set horizontally. Two solutions were fed by
Vapourtec V-3 pumps; solution A was a solution of 4-methoxyphenol (58a) (70.00 g, 563.9 mmol) in
MIBK (350 mL, 5 mL/g, 1.167 mmol/mL) with benzyl bromide (106.09 g, 620.3 mmol, 1.10 equiv),
solution B was a solution of NaOH (56.38 g, 1.410 mol, 2.5 equiv) in water (560 mL, 8 mL/g, 2.432
mmol/mL) with tetrabutylammonium bromide (14.54 g, 45.10 mmol, 0.08 equiv). Flow rate of solution
A was set as 1.80 mL/min, that of solution B was set as 2.20 mL/min so that the equivalent of NaOH
would be adjusted to 2.5 equiv. Solution A and B were fed in the Taylor vortex flow reactor (the feeding
lines of solutions were heated to 70 °C with a ribbon heater), and the reaction mixture was passed
through the Taylor vortex flow reactor (internal volume: 8 mL, residence time 120 s, 2500 rpm) at 70 °C
for jacket temperature. During the long-run demonstration, the obtained biphasic solution was transferred
to downstream operations in batch (for 240 min (running time: 5-245 min), the input amount of starting
material 58a was calculated to be 62.58 g (= 1.167 mmol/mL x 1.80 mL/min X 240 min x 124.14
mg/mmol / 1000)). The obtained biphasic solution was subsequently quenched with 10 wt% aqueous
solution of HCI1 (375.5 g, 6 wt, 2.0 equiv). The organic phase was separated at 40 °C, and MeOH (693.45
g, 14 mL/g) was added to the separated organic phase. After addition of water (187.74 g, 3 mL/g), the
precipitation started at 40 °C. The obtained slurry was stirred for 10 min at 40 °C, and water (438.06 g, 7
mL/g) was further added to the slurry for 5 min. The slurry was cooled to 5 °C for 35 min and stirred at
5°C for 30 min. The slurry was filtered, and the obtained crystals were washed with MeOH/water (438
mL (7 mL/g)/250 mL (4 mL/g)) at 5 °C and dried at 50 °C to give the target product 59a (102.84 g,
95.2% yield, >99.9 area% purity, the loss of the mother/washing liquor: 2.6%). HPLC analysis showed
that approximately 0.1 area% of benzyl alcohol was generated during the reaction and was completely
purged in the crystallization step. HPLC analysis also showed that the residual benzyl bromide was
completely purged in the crystallization step. 'H NMR (DMSO-ds) analysis showed that
tetrabutylammonium bromide partially remained in the organic phase (1 mol% based on the target

product 59a) and was completely purged in the crystallization step.

78



Experimental procedures for investigating continuous crystallization using a Taylor vortex flow

reactor as a crystallizer

Flow procedure for Figure 2-11a

The simulated solution was used as the feed solution in Figure 2-11a. The simulated solution was
prepared by dissolving 4-benzyloxyanisole (the target product 59a) (113.49 g) in MIBK (329 mL) at
50 °C and held at this temperature during the crystallization because the solution was unsaturated under
40 °C. The concentration of the solution was approximately equal to that of the actual organic phase. The
feeding line of the solution was heated to 50 °C with a ribbon heater to avoid clogging caused by
precipitation of 59a in the line. Flow rate of the solution was set as 2.0 mL/min. Methanol/water (14/10
v/v) was used as an anti-solvent, and flow rate of the anti-solvent was set as 9.6 mL/min. The residence
time was calculated to be 41 s (= 0.69 min = 8 (mL) / (2.0 + 9.6) (mL/min)). The jacket temperature was
set at 10 °C. Before starting continuous crystallization, the crystallizer was filled with anti-solvent. To
generate Taylor vortices, the rotating speed of the axis was set as 2500 rpm. When the jacket temperature

was further cooled to 0 °C, a long run experiment for approximately 3 h was conducted.

Flow procedure for Figure 2-11b

The actual organic phase after quenching kept at 50 °C was fed in the Taylor vortex flow reactor (flow
rate: 1.80 mL/min), and MeOH /water (14/10 v/v) as an anti-solvent was fed in the Taylor vortex flow
reactor simultaneously (flow rate: 6.26 mL/min). The crystallization slurry was passed through the
Taylor vortex flow reactor (laboratory scale, residence time: 1 min, 2500 rpm) at 5 °C for jacket
temperature. However, clogging occurred at the inlet of the reaction solution in the crystallizer after

operation for approximately 30 min, and stable operation unfortunately failed.

Flow procedure for Figure 2-11c

To investigate the effect of seeding on the amount of encrustation, seeds were added to the anti-solvent
Methanol/water (14/10 v/v) at a rate of 1-10 wt% based on the amount of the starting material 58a fed
into the crystallizer. The flow rates were identical to those for Figure 2-11a. The crystallization slurry
was passed through the Taylor vortex flow reactor (laboratory scale, 2500 rpm) at 5 °C for jacket

temperature. After continuous crystallization for 18 min, seeding could not reduce encrustation.
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Flow procedure for Figure 2-11d

Two Taylor vortex flow reactors were used as crystallizers to carry out anti-solvent and cooling
crystallization separately, that is, anti-solvent crystallization was carried out in the first one at higher
temperature, and then the cooling crystallization was carried out in the second one. The first one is the
same type as the second one (laboratory scale, 2500 rpm). The flow rates were identical to those for
Figure 2-11a. When the anti-solvent crystallization was done at 40°C for 18min, encrustation decreased
dramatically. After that, two continuous Taylor vortex crystallizers were connected by PFA tube (I.D. 4
mm) through a peristaltic pump, and the slurry coming out from the first crystallizer was fed to the
second one where the jacket was cooled at 5 °C. During the slurry transfer from the first crystallizer to

the second one, solids settled in the tubing, causing clogging at the pump.

Flow procedure for Figure 2-11e

The actual organic phase after quenching (flow rate: 1.80 mL/min) kept at 40 °C was mixed with
MeOH (flow rate: 3.65 mL/min, 14 mL/g based on the starting material 58a) at a T-shape mixer at 40 °C.
The combined solution was transferred to a Taylor vortex flow reactor (laboratory scale, 2500 rpm), and
water as an antisolvent was fed in the Taylor vortex flow reactor (flow rate: 2.61 mL/min, 10 mL/g based
on the starting material 58a) simultaneously. The crystallization slurry was passed through the Taylor
vortex flow reactor (laboratory scale, residence time 1 min, 2500 rpm) at 5 °C for jacket temperature. To
monitor the steady state, the slurry coming out from the crystallizer was sampled periodically, and its

supernatant concentration was monitored by off-line HPLC.
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Integration Studies for Multiple Operations (See Figure 2-17 for Reactor Setup)

A Taylor vortex flow reactor for the flow reaction (laboratory scale) was set horizontally. Two
solutions were fed by Vapourtec V-3 pumps; solution A was a solution of 4-methoxyphenol (58a) (70.00
g, 563.9 mmol) in MIBK (350 mL, 5 mL/g, 1.167 mmol/mL) with benzyl bromide (106.09 g, 620.26
mmol, 1.10 equiv), solution B was a solution of NaOH (56.38 g, 1.410 mol, 2.5 equiv) in water (560 mL,
8 mL/g, 2.432 mmol/mL) with tetrabutylammonium bromide (14.54 g, 45.10 mmol, 0.08 equiv). Flow
rate of solution A was set as 1.80 mL/min (Pump A), that of solution B was set as 2.20 mL/min (Pump B)
so that the equivalent of NaOH would be adjusted to 2.5 equiv. Solution A and B were fed in the Taylor
vortex flow reactor (the feeding lines of solutions were heated to 70 °C with a ribbon heater), and the
reaction mixture was passed through the Taylor vortex flow reactor (internal volume: 8 mL, residence
time 2 min, 2500 rpm) at 70 °C for jacket temperature.

The biphasic reaction solution was fed directly from the flow reactor outlet into a two-necked flask
with a stirring bar under gravity (see Figure 2-17¢), and 10 wt% aqueous solution of HCI was fed using a
Vapourtec V-3 pump (Pump C, flow rate: 1.50 mL/min, 6 wt, 2.860 mmol/mL, 2.0 equiv) into the
two-necked flask simultaneously. The tip of the withdraw port was placed at the liquid level in the
two-necked flask, and the internal volume was maintained as 4 mL at 40 °C. The quenched biphasic
solution was transferred from the two-necked flask to a liquid-liquid separator using a Masterflex pump
(Pump D, flow rate: 5.50 mL/min). The separated organic phase was mixed at 40 °C (heated with a
ribbon heater) with MeOH using a Masterflex pump (Pump E, flow rate: 3.65 mL/min, 14 mL/g) at a
T-shape mixer.

The combined solution was transferred to a Taylor vortex flow reactor (laboratory scale, as a
crystallizer), and water as an anti-solvent was fed in the Taylor vortex flow reactor (as the crystallizer)
using EYELA tube pump (Pump F, flow rate: 2.61 mL/min, 10 mL/g) simultaneously. The crystallization
slurry was passed through the Taylor vortex flow reactor (internal volume: 8 mL, residence time 1 min,
2500 rpm, as the crystallizer) at 5 °C for jacket temperature.

During the continuous operation for 4 h, the slurry was filtered directly from the exit of the Taylor
vortex flow reactor (as the crystallizer) for 90 min (running time: 30-120 min) (input amount of the
starting material 58a was defined as 23.47 g (= 1.167 mmol/mL x 1.80 mL/min x 90 min x 124.14
mg/mmol / 1000)). Once product collection ceased, the filtered crystals were washed with MeOH/water
(164 mL (7 mL/g)/94 mL (4 mL/g)) at 5 °C and dried at 50 °C to give the target product 59a (35.71 g,
88.2% yield, >99.9 area% purity, the loss of the mother/washing liquor: 3.6%).
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Scale-up Demonstration

A Taylor vortex flow reactor (pilot scale) was set horizontally. Two solutions were fed by Bronkhorst
mass flow pumps; solution A was a solution of 4-methoxyphenol (58a) (80.00 g, 644.4 mmol) in MIBK
(400 mL, 5 mL/g, 1.167 mmol/mL) with benzyl bromide (121.25 g, 708.9 mmol, 1.10 equiv), solution B
was a solution of NaOH (64.44 g, 1.611 mol, 2.5 equiv) in water (640 mL, 8§ mL/g, 2.432 mmol/mL)
with tetrabutylammonium bromide (16.62 g, 51.56 mmol, 0.08 equiv). Flow rate of solution A was set as
45.5 mL/min, that of solution B was set as 54.6 mL/min so that the equivalent of NaOH would be
adjusted to 2.5 equiv. Solution A and B were fed in the Taylor vortex flow reactor (the feeding lines of
solutions were heated to 60—70 °C with water baths (the internal volume for preheating: 11 mL)), and the
reaction mixture was passed through the Taylor vortex flow reactor (internal volume: 200 mL, residence
time 120 s, 1500 rpm) at 60-70 °C for jacket temperature. After 5 residence times, the obtained biphasic
solution was quenched with 10 wt% aqueous solution of HCIL. The quenched organic phase (10 uL) was
added to MeCN/H,0 (990 uL, 80/20 (v/v)). The sample solution was diluted 10 times with MeCN/H,O
(80/20 (v/v)) and analyzed by HPLC.
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HPLC method for liquid-liquid biphasic reaction

Column: Waters Xbridge C18, 4.6 X 150 mm, 5 um

Mobile phase A: 10 mM CH3COONHy4 in purified water. Mobile phase B: MeCN.

B concentration (Gradient): 0.0-12.0 min 15-90%, 12.0-15.0 min 90%, 15.0-15.1 min 90-15%,
15.1-20.0 min 15%.

Flow rate: 1.0 mL/min

Injection volume: 5 pL.

Column temperature: 35 °C

Wavelength: 210 nm

The peaks of solvents and the peak of benzyl bromide were excluded for analysis.

Table 2-12. Summary of relative sensitivity coefficients.

Item Relative sensitivity coefficient
58a/59a 3.302
58b/59b 2.616
58¢/59¢ 3.110
58d/59d 2.498
58a/59e 3.387
58a/59¢f 3.389
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Detailed description of the equipment used for continuous flow synthesis

Immersed with
water bath
(70°C)

Figure 2-24. Detailed description of the equipment used for continuous flow synthesis -1.
Reprinted with permission from Asian J. Org. Chem. 2021, 10, 1414-1418. Copyright 2021
Wiley-VCH GmbH.

Ribbon heater

Aqueous

Organic vl Sampling
phase at the exit
— of the reactor

Figure 2-25. Detailed description of the equipment used for continuous flow synthesis -2.
Reprinted with permission from Asian J. Org. Chem. 2021, 10, 1414-1418. Copyright 2021
Wiley-VCH GmbH.
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Figure 3-1. Honeycomb reactor (outer dimensions: ®30x50 mm). (a) Photograph. (b) Schematic
diagram.

Reprinted under CC BY license from Beilstein J. Org. Chem. 2023, 19, 752-763.
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TEMPO & Lb# L CEE SN2, TORSIRITERETH Y | %ﬁ#m%trwéﬂkoﬂ@%
RN TH o7, W7 71— GRS TICB W TN E T > CWieha, V772 —0
PAZEIZIR A D720, REHIIREVITH D LB X T,

UEDA T Y == TRERIND mw3@*##ﬁﬁﬁofﬁé# VR SR IR L BOG &1 T
ITDDOMER T D LEX, RINEELZRET HT-DICE bR 55645 EIT)>Z L L
77
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Table 3-1. Reaction screening for acrobic oxidation of 4-methoxybenzylalcohol 60a.

o
MeO

catalysts, open air

solvent, temp, time

COOH
/©AO [ )/
MeO MeO

60a 61a 62a
Entry? Catalysts Solvent Description ~ Temp Time HPLC (area%) Conv
(equiv) (mL/g) (°C) 60a 61a 62a (%)
1 TEMPO (0.05), MeCN brown to 25 30 min 00 977 0.4 100
Cu(MeCN)+OTf (0.05), (12) green
2,2’-bipyridyl (0.05), solution
NMI (0.10)°
2 nor-AZADO (0.01), AcOH pale yellow 25 15 min 8.9 90.3 0.0 42
NaNO:z (0.20) (14) solution 60 min 0.0 999 0.0 100
3 TEMPO (0.05), AcOH orange 25 60 min 493 50.7 0.0 7
Fe(NO3)3-9H20 (0.05) 7) solution 23h 0.0 988 0.5 100
4 TEMPO (0.05), AcOH blue 25 60 min 26.9 64.2 0.0 14
Cu(NOs)2:3H20 (0.075) 7 solution 20 h 0.0 98.9 0.4 100
5 TEMPO (0.05), AcOH pale yellow 25 60 min 68.8 29.9 0.0 3
Zn(NO3)2-6H20 (0.075) (7) solution 20h 00 983 0.7 100
6 Pd(OAc): (0.05), Toluene pale brown 50 60 min 24.8 72.8 0.0 17
pyridine (0.10) (7) slurry 20h 44 884 7.2 59
7 Cu(OAc)2H20 (0.05), Toluene blue 50 360 min  97.7 1.9 0.1 0
pyridine (0.60) 7 slurry
8 Ni(OH)2 (0.10) Toluene green 50 60 min 98.1 1.8 0.0 0
(7) slurry
9 DDQ (0.10), AcOH black 25 60 min 1.1 95.9 0.0 86
NaNO:z (0.10) (7) slurry 360 min 0.0 970 0.0 100
10 DDQ (0.05), AcOH black 25 60 min 5.5 92.7 0.0 54
Fe(NO3)3-9H20 (0.05) 7 solution 360 min 0.6 979 0.1 92

[a] 1.0 mmol of 4-methoxybenzyl alcohol (60a) was used. The reaction was conducted under open air in EYELA
ChemiStation (PPS-1511) with a cross-shaped stirring bar. [b] Conv (%) = (area% of 61a) / ((area% of 60a) x 14.083 +
(area% of 61a)) x 100. 14.083: relative sensitivity coefficient on HPLC.
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322 Ny FEHICHEIT 2BRRRILRIGCEHOREL
Entry 3 in Table 3-1 Z 558 & LT, UG Z A E S 5G4 1T > 72 (Table 3-2), £7°. B
HCRINHEEFEFRHA TICAEE L, BESEE LT (entry 1-4), TORE, H|iR T L, BE
SyEZE BT b b b P ROSEE LR Lo Tz, —J5, 60 °CIZRWT, BREFRAK T T
XEOGIEEEDSBIRIZ A U, BOGIE 20 min CoEfs L7c, HEE S D ARERR RIS O il o
7 )V % Scheme 3-1 |(Z/R§ 100,106,107 - S2yR R CII R SR A A DYRMRFE D LB B < . BAR W A DY
fiR B D3 BEFR T DAL 1 7 Vv A DS ORBEBEMETRWEE X b, TOME, RISEEN
BEGR EEBE SRR T CREL LD ol tELZ NS, — . KSNREE EiFTn &
FeSe 7T A DEEMEIMET L, 60 °C TIFAMEY 1 7 v A BEUS DR Ie o7 L F 2 B
Do EDOFER, MBBEFEMRA T CORISIENGED L/, MEEs 0.02 YEICEBSEE 2
% (entry 5), MSZEMEET 60 min #FEL7-, £ T, &5 80 °C FTHE I ®HD &,
Fe(NOs3)s/TEMPO % 0.02 & & L CHJisiE 20 min THEfE L7 (entry 6), 80 °C 235\ T filtfit
B 001 ¥EE TEBIED L, KSR 60 min £ THER L2720, 72—/ I3 S 72
WS CToH D (entry 7). LA EOREIHFERIZIED X | entry 6 DIERIRLIISSIED, ~N=T
LTI =7 e —EGRICEAT 5 -0 ORE R & TH D &l LT,
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Table 3-2. Reaction optimization for aerobic oxidation of 4-methoxybenzyl alcohol 60a.
Fe(NO3)3'9H20

MeO AcOH MeO MeO
60a open air or O, balloon 61a 62a
temp, time
Entry? Catalysts Solvent  Oxidant Temp Time HPLC (area%) Conv
Fe(NO3);-9OH:0/  (mL/g) (°0C) 60a 61a 62a (%)°
TEMPO (equiv)

1 0.05/0.05 AcOH open air 25 30 min 65.1 349 0.0 4
(@) 60 min 49.3 50.7 0.0 7

150 min 23.8 75.6 0.0 18

23 h 0.0 9838 0.5 100

2 0.05/0.05 AcOH Oz balloon 25 60 min 539 446 0.0 6
7 180 min 16.4 82.3 0.0 26

3 0.05/0.05 AcOH open air 60 10 min 7.5 90.9 0.0 46
) 20min 26  96.1 0.0 72

30 min 04 982 0.0 95

40 min 00 984 0.2 100

4 0.05/0.05 AcOH Oz balloon 60 10 min 0.5 97.5 0.0 93
7 20 min 0.0 985 0.6 100

5 0.02/0.02 AcOH Oz balloon 60 10 min 333 62.4 0.0 12
3) 20 min 16.3 81.0 0.0 26

30 min 8.5 86.5 0.0 42

40 min 39 946 0.1 63

50 min 0.5 98.0 0.1 93

60 min 0.0 9838 0.3 100

6 0.02/0.02 AcOH Oz balloon 80 10 min 2.8 95.3 0.1 71
3) 20 min 00 98.1 0.7 100

(=99)°
(94)°

7 0.01/0.01 AcOH Oz balloon 80 10 min 20.0 76.8 0.0 21
(1) 20 min 8.9 89.0 0.0 42

30 min 4.2 94.0 0.1 61

40 min 1.7 96.7 0.1 80

50 min 06 979 0.1 92

60 min 0.0 98.6 0.1 100

[a] The charge amount of 4-methoxybenzyl alcohol (60a): 1.0 mmol (entries 1-4), 2.5 mmol (entries 5-6) and 5.0 mmol
(entry 7). The reaction was conducted in EYELA ChemiStation (PPS-1511) with a cross-shaped stirring bar. [b] Conv (%) =
(area% of 61a) / ((area% of 60a) x 14.083 + (area% of 61a)) x 100. 14.083: relative sensitivity coefficient on HPLC. [c]
Quantitative yield using an authentic sample on HPLC. [d] Isolated yield (60a: 3.6 mmol scale).
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Fe' o
2H* H*
! A
: oFell | /@/\OH
: i MeO
: 60a
Cycle B
1/20, o
2Fe!l
MeO
OH H* 61a

Scheme 3-1. Proposed catalytic cycle for aerobic oxidation using Fe(NO3)3;/TEMPO.
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3.2.3 RILFE DT
7 u =GOS - T, KIRFRALFIS DO ROSEE FZR LTz, —RANCHRILSOS IR

(AT D ATREMED & D WIRD LB D355 FOSEEE O IEME7ZL MR EE & 72 5720,
DR A FANZEHMN L7,

OGO e — k7 a—bH et S5 KSEUE 161 kI/mol (J5UEF 60a Z:7E) GEMIZFEERDOE
34 22 RIS, £ RISBADIAERE ) D ARIGIE 0 RETH 0 | T OB T
FEREIRAT L2\ & D33 h o> 72 (the red line in Figure 3-2), Table 3-2 @ entries 3 33X M 4
TR L2 £ 91T, ARG OEHEREE Scheme 3-1 OfifiiE 14 7 VA Th D LB 2 b, KER
FEIZARAE L7200 &0 ) SOBBADR AR LT — 2 L P JE L7y, 72, WiEAAIRIT 138 K FEAHIT
FEBRROW 3.4 2BW) LEHENE, LER- T, THEBEY KEARFEEC K NEA EFT5
URZBREWEHIE L7z, ZORNIEEA 28T 572012, HWDERO&E % 3 mL/g 775 120
mL/g ~ 40 {52 E Lo, RERIC KV WEFEIRIZ S KUUTICHH TE 5720, L FD7r—
BRICE T D SOGIHEE 2 & 0 BRI LG © & 5,

Fe(NO3)3*9H,0 (0.02 equiv)
/@/\OH TEMPO (0.02 equiv) /@AO
MeO AcOH (3 mL/g) MeO
60a O, balloon, 80°C 61a
(57.9 mmol)

100
90
80
70
60
50
40
30
20
10

0 lllllllllllllll
0 2 4 6 810121416 18 20 22 24 26 28 30

Reaction Time [min]

-=Heat of Reaction

Heat of Reaction [%]
Addition of Substrate [%)]

- Addition of Substrate

Figure 3-2. Time course of the heat of reaction for aerobic oxidation.

Reprinted under CC BY license from Beilstein J. Org. Chem. 2023, 19, 752-763.
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324 JO—EREHTIZE TS RIEGEE DT
— IR T 2 —T VT IR — e AZT 4 I I XY —NEDOF 2 —T VT I X — - N=T A
U772 —%HWT, 7 —&Et TICB T 2RI D RS 2 57 L 72 (Scheme
3-2, Figure 3-3 and Table 3-3), AT OFERND | FiEO &% 120mL/g & LT, RKISAIOY &L K
OMREE I Table 3-2 D entry 6 ([ZHEDWTERE LT, o & ENAREDOHITTXTOY 77 #—
T—EBILRDEICHE LT, Ta—T VT 7 X2—IZBW\WT, A7 7HNPER S, KISisb
FX 47% Th o7 (entry 1), TEDHENNZ L D SUGSEHEE~OEEEZFMT 57201, iEx 3
B LT3EY T 7 & — |2k L CRMEi L72 (entry 2), JREDIINILEN, AT 7RO NERE
BRIEAER L, IRENENSGE LT, FOCHEEFEN 67%E T kL, A47 47 IFx
P—NEDF 2—7 VT 7 Z =BT, RIS EREARIT RN T 2—7 V7 742 —L10
HWE SN, MEOREIXITE A L7205 7= (entries 3 and 4), AXT 4 v 7 I XV —Nj
DF 22— V7 7 Z—3E EF 2 —TNREED 32mm & K< 25720 FREE R K E <K
TLUREDEB LORSHEICEZ DHEPNNEL RolcbBZOND NI LV T 7 X —
ZACECRRE L725E (entry 5), SUGHHMERIZF 2a—T V77 4 —LRBETH-T-, —H,
INEH WY T U B = EEICHE LEHA (entry 6), RISHEIRE< M EL, A¥T 4 v 7
XY —NEDOT 2—T VT I X —LRRBREL ST, N AU T I X —% KEICERE LT
Bt BEAANN T 7 X —0 Lz, WEN) 7 74 —O T et n@EB L TLE> =
EMBZ OND, EORY—72REIRIEIC X VIRAZVEMET L, IS EEOKTIZ o720 -
meZBZoND, FRICNA=ALVT 7 2 —%FET DIMEIZE-T, HIY 61a DT IR
DARE VT NEA DT=H Y U TIZL VT U, T ORER, KSR E L -BE O R 5y
MR ELY A RICEWZ ERNHL N Rolzlnd, ERERZ XTI AR o7
(3.2.7 M), FT-MEROT-HIZ, BPR ZH Y FRUNT entry 6 O FEER & [RIEROFER 21T > 72 fE 5,
FOSHAAEZRIIRIBITART L7z (entry 7). EFIEDORANT L0 BRFR AT A D FLDNT OEFEHIN Uk
BN EL 725 & LB, WRT~OBRFREOWMENME T L7ofE R, RIS EEMET L
EBEZ LD, fiiEE BT C3EN=A LY T 7 X —ITlK L7122 (entry 8), SUGHR(LER
1X95% L b EmWMEZ R LT-, £72. 3 00O N=h L 77 X —EEHNER L HAICE. 1
DDV T 7 H—IZ 3 EHER ST 55 L REDOKIGEAEE & 72572 (entry 9), FEEEDO#LE~D
W ZA8E LT23A. entry 9 \REEERERR O FAHEY TH 508, BPORISHRE T — % 2 1
1595 2 EHE D729 entry 8 DIEEAERRL D SN T RER LIFEHNTH 5, Mikic, BHIE
TR RIREN A 22V ERR T~ 5 72012, 120 min OIS HES 2T =2 U o 7 LTz, kil
= & ORIGHAL RO EEIFE O LA/ D > 7= (Scheme 3-3 and Table 3-4),
ULEDFRERLD . "= LV T 7 2 —DZAEREMPALT v 7 IFH—L L THRET S
ZEiITkY, ZVEWEESEL LORICELEEZER TE -, ZOFMEMSRIZLD . A=
ALV T 78— 2RO 7 v —EICx L TAEN R T NA A ThHDHZ ENEIETE T,
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Pump A Mrsssmmsssssssassmsnsssenzsesnenasenes .
: Jacket temperature: 80°C
O— .
: : BPR: 8 bar
Fe(NO3)3-9H20 (0.02 equw) . . atmospheric pressure
TEMPO (0.02 equw) 60a: ) : T-Mixer : 1 bar
in ACOH (120 mL/g) 0 06 mmol/mL/ % through hole: b— Flow Reactor |~
i 1.0mm :
MeO
61a
Entry 1-2 Entry 3-4 Entry 5-7
Standard Tube reactor with Honeycomb reactor
tube reactor a static mixer
Inner diameter: 1 mm Inner diameter: 3.2 mm T —tT]
Internal volume: 20 mL Internal volume: 20 mL Yo

Scheme 3-2. Flow setup for aerobic oxidation using various flow reactors.
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i

Figure 3-3. Photographs of the various reactors. (a) Standard tube reactor. (b) Tube reactor with a
static mixer. (c) Honeycomb reactor.

Reprinted under CC BY license from Beilstein J. Org. Chem. 2023, 19, 752-763.
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Table 3-3. Evaluation of the reaction rate using various flow reactors.

Entry  PumpA/ Reactor Internal Cycle(s) HPLC (area%) Conv
MFC volume
(mL/min) (mL) 60a 6la 62a (%)*

1 0.5/8.0 standard tube 20 1 7.5 92.1 0.1 47

2 1.5/24.0 standard tube 20 1 19.6 80.0 0.0 22

(3 cycles: 60) 2 8.6 91.0 0.1 43

3 34 963 0.1 67

3 0.5/8.0 static mixer 20 1 1.1 98.2 0.2 86

4 1.5/24.0 static mixer 20 1 16.3 83.2 0.0 27

(3 cycles: 60) 2 5.5 94.1 0.1 55

3 1.2 98.1 0.2 85

5 0.63/10.0 honeycomb 25 1 6.7 923 0.4 49

(horizontal)

6 0.63/10.0 honeycomb 25 1 1.3 97.2 0.6 84
(vertical, upflow)

7 0.63/10.0 honeycomb 25 1 6.8 92.1 0.0 49
(vertical, upflow)®

8 1.88/30.0 honeycomb 25 1 9.9 89.5 0.1 39

(vertical, upflow) (3 cycles: 75) 2 1.9 97.3 0.3 78

3 04 983 0.6 95

9 1.88/30.0 honeycomb 25x3b 1 04 984 0.6 95

(vertical, upflow)

[a] Conv (%) = (area% of 61a) / ((area% of 60a) x 14.083 + (area% of 61a)) x 100. 14.083: relative sensitivity coefficient on
HPLC. [b] Three honeycomb reactors were connected in series. [c] BPR: not applicable.
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BPR: 8 bar

atmospheric pressure
1 bar

o
MeO

60a ”
i 0.63 mL/min '
Fe(NO3)s+ 9H,0 (0.02 quiv) (.06 mmol/mL) ¢  T-Mixer
TEMPO (0.02 equiv) -
ACOH (120 mL/g)

! MeO

+ through hole:
H 61a

1.0 mm

Internal volume: 25 mL

Scheme 3-3. Flow setup for evaluation of the transition of reaction rate using the honeycomb reactor.

Table 3-4. Transition of reaction rate using the honeycomb reactor.

Pump A/ MFC Internal Running HPLC (area%) Conv
(mL/min) volume time (%)*
(mL) (min) 60a 61a 62a

0.63/10.0 25 80 1.2 97.4 0.6 85

90 1.3 97.3 0.6 84

100 1.3 97.2 0.6 84

110 1.3 97.3 0.6 84

120 1.3 97.2 0.6 84

[a] Conv (%) = (area% of 61a) / ((area% of 60a) x 14.083 + (area% of 61a)) x 100. 14.083: relative sensitivity coefficient on
HPLC.
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325 NZALYTHU2—FRAW:RIL—T vy F&mKRILH&E
AIHE COMGEIZ LD "= LV T 7 X —2BBRCONCEAT 2 A EZ R L, K
HTIE, A=y FORKIEEAT ) T2l WEHOREZ /Ny FE R & [75% (AcOH: 3
mL/g) IZF%E L7 (Scheme 3-4 and Table 3-5), Z DA TNHN=H LY T 7 ¥ —% H T 3 [BLEHK
SHET A, 2 [HIHOMEK CRICHTERM LTz, EEREN ENR -T2 L2k, KISEIT

LZNIR EFANBEICRY , TONE LA OREETRKIENTHRLNCTE B LI EEZOND,

HPLC & MW 2UIXER1T 98.3% CTh b | imRIER(bIK L L THIIVR R 62a 28 1.3%DINETH LI
7o JIVIR UFE 62a 1XIREEKSET N U U A 8 & WM O 3 E TR S 2R E FTEE

HO ., WEEORBET RV, LLEOKRFFERELY, Av—""> NI 14 kg/day (= 57 gh =
1.83x3.75x138.17=948 mg/min) T EL, 227 NI HOV 77 X —THhXu /7 A
AT —=)VDERRPARETH D Z L wmR LT,

BPR: 8 bar

atmospheric pressure
1 bar

o
MeO

60a 3.75mbU/min  :
Fe(NOs)s* 9H,0 (0.02 equiv) (1.83mmol/mL) : T-Mixer
TEMPO (0.02 equiv) : ‘
AcOH (3 mL/g) : thr:ugh hole:
.0mm

e
i MeO

61a

' Internal volume: 25 mL
60.0 mL/min e eessseasessssssEEsssssEssssssssssssssenens H

Scheme 3-4. Flow setup for high-throughput aerobic oxidation using the honeycomb reactor.

Table 3-5. Reaction rate for high-throughput aerobic oxidation using the honeycomb reactor.

Pump A / MFC (mL/min) Internal volume Cycle(s) HPLC (area%) Conv
(mL) 60a 6la 62a (%)*
3.75/60.0 25 (3 cycles: 75) 1 4.5 91.9 3.0 59
2 0.0 95.2 4.2 100
(98.3) (1.3
3 0.0 94.2 5.2 100

[a] Conv (%) = (area% of 61a) / ((area% of 60a) x 14.083 + (area% of 61a)) x 100. 14.083: relative sensitivity coefficient on
HPLC. [b] Quantitative yield using an authentic sample on HPLC.
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326 NZALYTIR—FRW-EE SR
N H BV T I E—DFERAMEE S DITIERT 272012, RE—EEORGEZIT o7, S~
VUNTNa—NVHEREE LT, Fa—T V77X —BLUON=A LT 7 X —EHWTlE
FIRALSL % 1T > 72 (Scheme 3-5 and Table 3-6), X /L7 /L a2 —/LEB L4 /ZIZ OMe, Me,
Br. CF: BLXNCOMe ZHT AR AT La— 2B LN A R EEETEHN
YIONT N a—VEHERR LT, TOE. N=h AT I H—E WA IS RSO NNED
RO B, HWEEMLARITIEE A CERT S L BEEEMICHIST 27 LT e RBED
7= (entry 1-8), Table 3-1 T Fe(NOs3)y/TEMPO &[RRIt U CHRET 2 2 L &2 LTz
Cu(NO3), %V M&E Zn(NOs3)/TEMPO Z W T h | FERICAN=T LV 7 7 X —OEAMEZ T 2
EMMTETMN, ZORISIEZNFIE Fe(NO3)s/TEMPO fitifi 2 L 0 [RERI TdH > 7= (entry 9 and
10), 245 OfRESRIZI VTR, Mfﬁx®@mﬁﬂﬁﬁpﬁm@¢@&ﬁfi@mi EMED
REENTZ, THOOEMIZRY . BEROWMRE DSOS DHEEEME TH 25T W T, ~=
ALY T T H—| ﬂM@Ma%%%%b\7H“%%x#TZ BT D BOUSHEE % /31 80 5 2R3
bHHEF D,

Pump A CCCEE LT e L e L EEEE R P EEEEE .
Jacket temperature: 80°C
" 60an : BPR: 8 bar

Fe(NO3);*9H,0 (0.02 equw) . atmospheric pressure
TEMPO (0.02 equiv) T-Mixer : 1 bar

< 60a-h: :
in AcOH 0.06 mmol/mL) . : through hole: F Flow Reactor :
i 1.0mm
MFC : :

61a-h
Honeycomb reactor a: R=4-OMe
Standard b: R=H
tandar Internal volume: 25 mL c: R=4-Me
tube reactor d: R=4-Br
Inner diameter: 1 mm e: R=4-CF;
Internal volume: 20 mL f. R=4-CO,Me
g: R=2-OMe
@ B RaoMe

Scheme 3-5. Flow setup for substrate scope and additional screening.
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Table 3-6. Substrate scope and additional screening for aerobic oxidation using the standard tube

reactor and the honeycomb reactor.

a: R=4-OMe
on  Fe(NOs)s9H;0 (0.02 equiv) o 'gf S = E -
g TEMPO (002 equiv) @A P
R 60a-h AcOH (60a-h: 0.06 mmol/mL) R g, o f 2;328232 M
68U, Oz g: R =2-OMe
| h:R=3O0Me |
Entry R Reactor Conv (%)* Quantitative yield (%)°

1 4-OMe standard tube® 47 47
honeycomb¢ 84 83
2 H standard tube® 42 43
honeycomb? 85 85
3 4-Me standard tube® 39 39
honeycomb¢ 81 79
4 4-Br standard tube® 49 48
honeycomb? 83 82
5 4-CF3 standard tube® 56 54
honeycomb! 84 82
6 4-CO:Me standard tube® 64 61
honeycomb¢ 84 81
7 2-OMe standard tube® 51 51
honeycomb¢ 74 70
8 3-OMe standard tube® 61 61
honeycomb¢ 80 79
9 4-OMe* standard tube® 46 45
honeycomb¢ 54 52
10 4-OMef standard tube® 31 32
honeycomb¢ 44 43

[a] Conv (%) = (area% of 61a—h) / ((area% of 60a—h) x (relative sensitivity coefficient) + (area% of 61a—h)) x 100. Relative

sensitivity coefficients on HPLC were summarized in Experimental Section. [b] Quantitative yield using an authentic sample

on HPLC. [c] Reaction conditions were described in entry 1 in Table 3-3. [d] Reaction conditions were described in entry 6 in
Table 3-3. [e] Cu(NOs3)2- 3H20 (0.03 equiv) was used instead of Fe(NO3)3* 9H20 (0.02 equiv). [f] Zn(NO3)2- 6H20 (0.03

equiv) was used instead of Fe(NOs)3: 9H20 (0.02 equiv).
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3.2.7 #REE : Inline R ZAWN\ZHLY T I 2 —I2E T 5 HEHE S ROEM

HIMCH D p-7 = AT /T B K (61a) 10.00 g 2 AcOH 190.00 g (ZIAfR & B 7= 1A % 3 UEHA
R U Cr R s 4340 2 38 L 7=, Vapourtec V-3 78> 7 % FIV T, 2.50 mL/min O & TEHE L
Too N=ALVT 72 —DMER XLOSHERMOZERN G2 5NAEEIL 25 mL ThHh L7
ﬁ%ﬁ%iwmmkﬁﬁéﬂéoEMQST)Z%WT\%EEL%@NiMm®*ﬁT@
AELTZ, N ALY T 7 X —OHAERKIC ReactlR D7 o —R/LEFHFAL, VT7AE A LE=
&) 7 %5 NE L7 (See Scheme 3-6 for the flow setup)s

AEHRIR 2 5T A AN, FRNSEBEOFRTY 77 2 —NEjli7 LTl &, BN AIR
BALAEIRFZ 0 min & L72, 60 min slEHAWK 2 5K L 7o 12, FFOWERE A 5K L, B R S
N D ECHEERARUT 2, 2B, FEREHIZT v AR Y 2 — L DREZR L HITHIEL
TWn5,

IR DY TNAEALE=LZY L TIZBNT, wnmﬂ@8~7%é%%MLta&6%;w
1538 cm! & HHEIZ 2 AR — R T A UAHIEE ), F7o. FERA SO 1602 cm! 281 HE—7
B EZELSIWT 0 SIEZITo 7o, WEMRIZE O E F BB OMREREH A 2R3 2 &I
725, ZILEH DL IV HIE th#k 2 BEm Eh AR & bl U 72 (Figure 3-4), N AV T 7 X —% 1

ELICRRE L, 2> 8bar OFE F CTHIE L7z #i#) i b AMIZS 7 b L (Figure 3-4c), /~=H L
V778 —DONREERRBIIEHTETCWD I T 7 X —OREFIETHDLZ ERnrol,

BPR: N.A. or 8 bar

atmospheric pressure
1 bar

Set horizontally No
or vertically
MeO

Flow cell

Pump A \/ 61a
g 2 Internal volume: 25 mL
nACOH 5 50 mL/min
(5.00 wt%)

Scheme 3-6. Flow setup for investigating the residence time distribution.
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Figure 3-4. Residence time distribution using ReactIR in the honeycomb reactor: (a) Set horizontally
without back pressure. (b) Set vertically without back pressure. (c) Set vertically under 8 bar.

Note that unexpected inclusion of air in the flow cell temporarily disturbed the IR measurement in (b),
which was included in the reactor when the flow channel was switched from AcOH to solution of 61a.

Reprinted under CC BY license from Beilstein J. Org. Chem. 2023, 19, 752-763.
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3.4 RERDER

General Information

Solvents and reagents were purchased from commercial sources and used without further purification.
Benzyl alcohols (60a—h) and authentic samples (61a, 62a and 61b—h) were purchased from Tokyo
Chemical Industry Co., Ltd. TEMPO was purchased from Tokyo Chemical Industry Co., Ltd. and
Fe(NO3)3-9H,O was purchased from FUJIFILM Wako Pure Chemical Corporation. High performance
liquid chromatographic (HPLC) analysis was carried out using a Shimadzu LC-2010CHT. '"H NMR (400
MHz) and BC{'H} NMR (100 MHz) spectra were recorded on a Bruker AVANCE III HD. A batch
reaction was conducted using EYELA ChemiStation PPS-1511 with a cross-shaped stirring bar unless
otherwise noted. The heat of reaction was evaluated using a Mettler Toledo EasyMax 102 (100 mL). IR
spectra were measured using Mettler Toledo ReactIR 702L with a TE-MCT detector connected with a
flow cell (DS dicomp micro flow cell, internal volume: 50uL). Differential Scanning Calorimetry (DSC)
was carried out using a Mettler Toledo Thermal Analysis System DSC 3+.

A standard tube reactor was purchased from Vapourtec Ltd (Vapourtec standard coiled tubular reactor,
inner diameter: 1.0 mm, internal volume: 20 mL (10 mLx2)). A tube reactor equipped with a static mixer
was purchased from Vapourtec Ltd (large diameter tubular reactor for rapid mixing, inner diameter: 3.2
mm, internal volume: 20 mL). A T-shape mixer was purchased from EYELA Co., Ltd. (JTF-310, through
hole 1.0 mm). A backpressure regulator (BPR) was purchased from DFC Co. Ltd (FC-BPV1-250). The
Vapourtec V-3 is a peristaltic pump. Mass flow controller (MFC) was purchased from Bronkhorst
High-Tech B.V. (FG-201CV-RGD-11-E-DA-000, the indicated volume of O means the volume at the
standard conditions (273K, 1 atm), not the observed volume).

Flow rates were calibrated manually as follows: the weight of the fed amount was measured for 1 min
using AcOH and the measured weight was converted to the volume using the density (pump A). The
volume of the fed O, gas was collected for 1 min over water, and the measured volume was converted to

that under standard conditions (273K, 1 atm) according to Boyle-Charles law (MFC).
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Detailed Information for the Honeycomb Reactor (See also Figure 3-1)

Porous material: Cordierite (2MgO-2A1,03-5S10z)

Average pore diameter of the porous material: 12 pm

Porosity of the porous material: 48%

Outer dimensions of the honeycomb reactor: ®30x50 mm

Cell number of the honeycomb reactor: 300 cells/in?

Size of each cell: 1.14 mm on a side (cross section of each cell: square)

Thickness of the porous walls: 300 um

Internal volume: 25 mL

The honeycomb reactor was coated with fluorine-based film for leak prevention ' and was contained

in a housing made of stainless steel (See also Figure 3-3c).

[Cleaning method]
After the use of the honeycomb reactor, the reaction solvent was fed under 8 bar until the remaining
O, gas was not observed. After feeding the reaction solvent, the BPR was eliminated, and the honeycomb

reactor was flushed with inert N> gas until the reaction solvent was not observed.

108



Representative Batch Procedure for Reaction Screening (Entry 3 in Table 1)

AcOH (1 mL, 7 mL/g) was added to the mixture of 4-methoxybenzyl alcohol (60a) (138.1 mg, 1.00
mmol), TEMPO (7.80 mg, 0.05 mmol, 0.05 equiv) and Fe(NO3);-9H,O (20.1 mg, 0.05 mmol, 0.05
equiv). The reaction solution was vigorously stirred at 25 °C in open air. The reaction solution (10 puL)
was sampled and diluted in MeCN/H,O (80/20 (v/v), 1.5 mL). The diluted sample was analyzed by
HPLC.

Representative Batch Procedure for Reaction Optimization (Entry 6 in Table 2)

(Reaction monitoring and calculation of quantitative yield)

AcOH (1 mL, 3 mL/g) was added to the mixture of 4-methoxybenzyl alcohol (60a) (345.3 mg, 2.50
mmol), TEMPO (7.80 mg, 0.05 mmol, 0.02 equiv) and Fe(NO3);-9H,O (20.2 mg, 0.05 mmol, 0.02
equiv). The reaction solution was vigorously stirred at 80 °C under an O, balloon. The reaction solution
(10 uL) was sampled and diluted in MeCN/H2O (80/20 (v/v), 1 mL). The diluted sample was further
diluted 4 times with MeCN/H,O (80/20 (v/v)) and analyzed by HPLC (In the calculation of quantitative
yield: The reaction solution (200 mg) was sampled and diluted in a measuring flask (100 mL) with
MeCN/H,O (80/20 (v/v)). The quantitative yield was calculated using the authentic sample 6la on
HPLC.

(Calculation of isolated yield)

AcOH (1.5 mL, 3 mL/g) was added to the mixture of 4-methoxybenzyl alcohol (60a) (500.9 mg, 3.63
mmol), TEMPO (11.3 mg, 0.07 mmol, 0.02 equiv) and Fe(NO3);-9H,O (29.2 mg, 0.07 mmol, 0.02
equiv). The reaction solution was vigorously stirred at 80 °C under an O; balloon for 20 min. After the
completion of reaction confirmed by HPLC, the reaction solution was quenched with AcOEt (20 mL) /
7.5 wt% aqueous solution of Na,CO; (20 mL). The aqueous phase was extracted with AcOEt (20 mL).
The combined organic phases were washed with water (10 mL) and evaporated, and the residue was
purified by the flash column chromatography (r-heptane/AcOEt = 9/1) to give p-anisaldehyde (61a) as
colorless oil (462.7 mg, 94%). '"H NMR (400 MHz, CDCls): 6 9.89 (1H, s), 7.84 (2H, d, J = 8.8 Hz),
7.01 (2H, d, J = 8.8 Hz), 3.89 (3H, s); 3C{'H} NMR (100 MHz, CDCl;): & 190.90, 164.76, 132.11,
130.15, 114.46, 55.71. These NMR spectra were consistent with the previously reported spectra ',
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Evaluation of the Heat of Reaction (Figure 3-2)

TEMPO (180.9 mg, 1.16 mmol, 0.02 equiv), Fe(NO3)3-9H-O (468.0 mg, 1.16 mmol, 0.02 equiv) and
AcOH (24.18 g) were mixed in EasyMax 102 (100 mL). The catalyst solution was heated to 80 °C under
an O balloon. To the catalyst solution was added 4-methoxybenzyl alcohol (60a) (8.00 g, 57.9 mmol)
for 3 min, and the vessel of 60a was washed with AcOH (1.00 g) (total amount of AcOH: 25.18 g, 24 mL,
3 mL/g), which was added to the reaction solution. The reaction solution was vigorously stirred at 80 °C
under the O balloon until the exotherm was not detected in EasyMax. After the exotherm was not
detected, the reaction solution (10 pL) was sampled and diluted in MeCN/H,O (80/20 (v/v), 1 mL). The
diluted sample was further diluted 4 times with MeCN/H,O (80/20 (v/v)) and analyzed by HPLC, which
confirmed the completion of reaction.

The time course of 7r — Tj was shown in Figure 3-5, and 4H and AT,s were calculated from the
following formulae. AHr was calculated to be 161 kJ/mol, and 474 was calculated to be 138 K (=
161x0.05790 / (0.03383x2.0)).

q=U XA X (T, —T;)

f;; tqdt
AHRp = o
AH, XM
AT,y = m
q: amount of heat transfer [J/s]
U: overall heat transfer coefficient [J/m?-K-s] (188 J/m? K s)
A: heat transfer area [m?] (0.00422 m?)
T internal temperature [K] (See Figure 3-5)
T jacket temperature [K] (See Figure 3-5)
AHR: heat of reaction [kJ/mol]
To: time at the start of reaction [s]
T time at the end of reaction [s]
t reaction time [s]
M: input amount of starting material 60a [mol] (0.0579 mol)
AT adiabatic heating [K]
W: reaction mass [kg] (0.03383 kg)

Cy: specific heat [kJ/kg-K] (2.0 kJ/kg-K)
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Figure 3-5. Time course of 7r — 7j.
Reprinted under CC BY license from Beilstein J. Org. Chem. 2023, 19, 752-763.
DSC analysis of the reaction solution did not show any exotherms (Table 3-7).
Table 3-7. Summary of DSC data.
Sample name? Process temp Tonset Enthalpy
69 69 Jg)
4-Methoxybenzyl alcohol - - -
TEMPO - 37 —40 (melting point)
Fe(NO3)3;-9H,0 — 54 —209 (melting point)

178 214

Reaction Solution 80
[a] Measured temperature range: 30-250 °C, thermal analysis crucibles made of stainless steel, 10.00 K/min, N2 40.0
mL/min.
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Flow Procedures for Evaluating the Reaction Rate (Table 3-3)

(Entry 1)

The reaction solution was fed by the Vapourtec V-3, and O, gas was fed by MFC; the reaction solution
was a solution of 4-methoxybenzyl alcohol (60a) (1.00 g, 7.24 mmol), TEMPO (22.6 mg, 0.14 mmol,
0.02 equiv) and Fe(NO3)3-9H»0 (58.5 mg, 0.14 mmol, 0.02 equiv) in AcOH (120 mL) (0.060 mmol/mL).
Flow rate of the reaction solution was set as 0.50 mL/min, that of O, gas was set as 8.0 mL/min.

The equivalent of O, gas was calculated to be 12 equiv (excess amount).

The detailed calculation of the equivalent was shown as follows: feeding rate of 60a: 0.060x0.50 =
0.030 mmol/min, feeding rate of O, gas: 8.0/22.4 = 0.357 mmol/min, 0.357/0.030 = 12.

The reaction solution and O gas were mixed by a T-shape mixer (through hole: 1.0 mm), and the slug
flow was passed through the standard tube reactor (internal volume: 20 mL) at 80 °C for jacket
temperature under 8 bar (atmospheric pressure: 1 bar).

After running for 30 min, the obtained reaction solution (100 pL) was sampled and diluted in

MeCN/H0 (80/20 (v/v), 0.9 mL). The diluted sample was analyzed by HPLC.

(Entry 2)

The reaction solution was fed by the Vapourtec V-3, and O, gas was fed by MFC; the reaction solution
was a solution of 4-methoxybenzyl alcohol (60a) (2.00 g, 14.5 mmol), TEMPO (45.2 mg, 0.29 mmol,
0.02 equiv) and Fe(NO3);-9H,O (117.0 mg, 0.29 mmol, 0.02 equiv) in AcOH (240 mL) (0.060
mmol/mL). Flow rate of the reaction solution was set as 1.50 mL/min, that of O, gas was set as 24.0
mL/min.

The equivalent of O, gas in each cycle was calculated to be 12 equiv (excess amount).

The detailed calculation of the equivalent was shown as follows: feeding rate of 60a: 0.060x1.50 =
0.090 mmol/min, feeding rate of Oz gas: 24.0/22.4 = 1.071 mmol/min, 1.071/0.090 = 12.

The reaction solution and O gas were mixed by a T-shape mixer (through hole: 1.0 mm), and the slug
flow was passed through the standard tube reactor (internal volume: 20 mL) at 80 °C for jacket
temperature under 8§ bar (atmospheric pressure: 1 bar).

The obtained reaction solution was stored at 15 °C for 30 min (running time: 10-40 min) (the first
cycle).

The stored reaction solution was fed in the similar manner to the first cycle (the second cycle). The
obtained reaction solution was stored at 15 °C for 20 min (running time: 10-30 min).

The stored reaction solution was fed in the similar manner to the second cycle (the third cycle). After
running 10 min, the obtained reaction solution (100 pL) was sampled and diluted in MeCN/H,O (80/20
(v/v), 0.9 mL). The diluted sample was analyzed by HPLC.
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(Entry 3)

Entry 3 was conducted using the tube reactor with static mixer (internal volume: 20 mL) in the similar
manner to entry 1 using the standard tube reactor.

After running for 50 min, the obtained reaction solution (100 pL) was sampled and diluted in

MeCN/H0 (80/20 (v/v), 0.9 mL). The diluted sample was analyzed by HPLC.

(Entry 4)

Entry 4 was conducted using the tube reactor with static mixer (internal volume: 20 mL) in the similar
manner to entry 2 using the standard tube reactor.

The obtained reaction solution was stored at 15 °C for 45 min (running time: 15-60 min) (the first
cycle).

The stored reaction solution was fed in the similar manner to the first cycle (the second cycle). The
obtained reaction solution was stored at 15 °C for 30 min (running time: 15-45 min).

The stored reaction solution was fed in the similar manner to the second cycle (the third cycle). After
running 15 min, the obtained reaction solution (100 pL) was sampled and diluted in MeCN/H,O (80/20
(v/v), 0.9 mL). The diluted sample was analyzed by HPLC.

(Entries 5, 6 and 7)

Entries 5, 6 and 7 were conducted using the honeycomb reactor (internal volume: 25 mL) in the
similar manner to entry 1 using the standard tube reactor.

After running for 90 min, the obtained reaction solution (100 pL) was sampled and diluted in

MeCN/H0 (80/20 (v/v), 0.9 mL). The diluted sample was analyzed by HPLC.

(Entry 8)

Entry 8 was conducted using the honeycomb reactor (internal volume: 25 mL) in the similar manner to
entry 2 using the standard tube reactor.

The obtained reaction solution was stored at 15 °C for 70 min (running time: 30—100 min) (the first
cycle).

The stored reaction solution was fed in the similar manner to the first cycle (the second cycle). The
obtained reaction solution was stored at 15 °C for 40 min (running time: 30—70 min).

The stored reaction solution was fed in the similar manner to the second cycle (the third cycle). After
running 30 min, the obtained reaction solution (100 pnL) was sampled and diluted in MeCN/H,O (80/20
(v/v), 0.9 mL). The diluted sample was analyzed by HPLC.
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(Entry 9)

The reaction solution was fed by the Vapourtec V-3, and O, gas was fed by MFC; the reaction solution
was a solution of 4-methoxybenzyl alcohol (60a) (2.00g, 14.5 mmol), TEMPO (45.2 mg, 0.29 mmol,
0.02 equiv) and Fe(NO3);-9H,O (117.1 mg, 0.29 mmol, 0.02 equiv) in AcOH (240 mL) (0.060
mmol/mL).

The reaction solution and O gas were mixed by a T-shape mixer (through hole: 1.0 mm), and the slug
flow was passed through the three honeycomb reactors in series (internal volume: 75 mL) at 80 °C for
jacket temperature under 8 bar (atmospheric pressure: 1 bar). After running for 90 min, the obtained
reaction solution (100 puL) was sampled and diluted in MeCN/H2O (80/20 (v/v), 0.9 mL). The diluted
sample was analyzed by HPLC.
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Flow Procedure for Maximizing the Throughput (Table 3-5)

The reaction solution was fed by the Vapourtec V-3, and O, gas was fed by MFC; the reaction solution
was a solution of 4-methoxybenzyl alcohol (60a) (60.00 g, 434.2 mmol), TEMPO (1.36 g, 8.70 mmol,
0.02 equiv) and Fe(NO3)3-9H,0 (3.51 g, 8.69 mmol, 0.02 equiv) in AcOH (180 mL) (the concentration
of 60a was calculated to be 1.83 mmol/mL). Flow rate of the reaction solution was set as 3.75 mL/min,
that of O, gas was set as 60.0 mL/min.

The equivalent of O3 in each cycle was calculated to be 0.4 equiv.

The detailed calculation of the equivalent was shown as follows: feeding rate of 60a: 1.83x3.75 =
6.863 mmol/min, feeding rate of O, gas: 60.0/22.4 = 2.679 mmol/min, 2.679/6.863 = 0.4.

The reaction solution and O gas were mixed by a T-shape mixer (through hole: 1.0 mm), and the slug
flow was passed through the honeycomb reactor (internal volume: 25 mL) at 80 °C for jacket
temperature under 8 bar (atmospheric pressure: 1 bar).

The obtained reaction solution was stored at 15 °C for 35 min (running time: 15-50 min) (the first
cycle).

The stored reaction solution was fed in the similar manner to the first cycle (the second cycle). The
obtained reaction solution was stored at 15 °C for 20 min (running time: 15-35 min). The stored reaction
solution was fed in the similar manner to the second cycle (the third cycle). After running 15 min, the
reaction solution (10 pL) was sampled and diluted in MeCN/H,O (80/20 (v/v), 1 mL). The diluted
sample was further diluted 4 times with MeCN/H,O (80/20 (v/v)) and analyzed by HPLC. (In the
calculation of quantitative yield: The reaction solution (200 mg) was sampled and diluted in a measuring
flask (100 mL) with MeCN/H,O (80/20 (v/v)) The quantitative yields were calculated using the authentic
samples 61a and 62a on HPLC.

115



Flow Procedures for Substrate Scope (Table 3-6)

The reaction solution was fed by the Vapourtec V-3, and O, gas was fed by MFC; the reaction solution
was a solution of benzyl alcohols (60a—h) (7.24 mmol), TEMPO (22.6 mg, 0.14 mmol, 0.02 equiv) and
Fe(NO3)3-9H20 (58.5 mg, 0.14 mmol, 0.02 equiv) in AcOH (120 mL) (0.060 mmol/mL). In the case of
entries 9 and 10, Cu(NO3)2-:3H,0 (52.5 mg, 0.22 mmol, 0.03 equiv) and Zn(NO3),-6H>0 (64.6 mg, 0.22
mmol, 0.03 equiv) were used instead of Fe(NO3)3-9H,0 (0.02 equiv), respectively.

(Standard tube reactor)

Flow rate of the reaction solution was set as 0.50 mL/min, that of O, gas was set as 8.0 mL/min.

The reaction solution and O gas were mixed by a T-shape mixer (through hole: 1.0 mm), and the slug
flow was passed through the standard tube reactor (internal volume: 20 mL) at 80 °C for jacket
temperature under 8 bar (atmospheric pressure: 1 bar).

After running for 30 min, the obtained reaction solution (200 mg) was sampled and diluted in a
measuring flask (10 mL) with MeCN/H2O (80/20 (v/v)). The diluted sample was analyzed by HPLC.

The quantitative yields were calculated using the authentic samples 61a—h on HPLC.

(Honeycomb reactor)

Flow rate of the reaction solution was set as 0.63 mL/min, that of O, gas was set as 10.0 mL/min.

The reaction solution and O» gas were mixed by a T-shape mixer (through hole: 1.0 mm), and the slug
flow was passed through the honeycomb reactor (internal volume: 25 mL) at 80 °C for jacket
temperature under 8§ bar (atmospheric pressure: 1 bar).

After running for 90 min, the obtained reaction solution (200 mg) was sampled and diluted in a
measuring flask (10 mL) with MeCN/H2O (80/20 (v/v)). The diluted sample was analyzed by HPLC.

The quantitative yields were calculated using the authentic samples 61a—h on HPLC.
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HPLC Method for Aerobic Oxidation

Column: Waters Xbridge C18, 4.6 X 150 mm, 5 um

Mobile phase A: 0.3% TFA in purified water. Mobile phase B: MeCN.

B concentration (Gradient): 0.0-15.0 min 15-20%, 15.0-17.0 min 20-85%, 17.0-22.0 min 85%,
22.0-22.1 min 85-15%, 22.1-30.0 min 15%.

Flow rate: 1.0 mL/min

Injection volume: 5 pL.

Column temperature: 40 °C

Wavelength: 254 nm

Sample was diluted with MeCN/H-0O (80/20 (v/v))

The relative sensitivity coefficients at 254 nm were determined to calculate Conv (%) and summarized

in Table 3-8.

Table 3-8. Summary of relative sensitivity coefficients.

Item Relative sensitivity coefficient
60a/61a 14.083
60b/61b 72.552
60c/61c 76.628
60d/61d 85.399
60e/61e 10.266
60f/61f 3.806
60g/61g 24.192

60h/61h 24.904
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Detailed Description of the Setup for the Honeycomb Reactor

L

Figure 3-6. Detailed description of the setup for the honeycomb reactor. (a) Honeycomb reactor set

vertically. (b) Immersed honeycomb reactor in water bath. (c) Overview.

Reprinted under CC BY license from Beilstein J. Org. Chem. 2023, 19, 752-763.
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4. EEICHEEINGWIAEEY PILFA I VOMESHEERK

41 ARERLHW
411 JA—ABORRE
7 —&ElE, HEREROREERIENC L0 . BRSO PR A BRI 95 2 & 03T
HETHD, PlZIE, 23-U7 0T 47 = IZ DA Z#EHSES &, 7 e F kB L OFER
W< e F U BRSO K0 T a R NS (Ne S X R) THT ERNA LT
% (Scheme 4-1a) "', FH OFTET HIFLEDFATHRIZIB W T OARRKINZ 7 = —A R Z A L,
NRF U ANRELEON T e b AL E A REFAIC LV ERETE L 2 LA R L
(Scheme 4-1b) "2, — 5, 25-U7 uETF A7 = F3 7 e oAb LB L CToa AU X AD
BOGHFE DS N2 80, IR OB HIEZ 0 Tl e bAbRE R T 202 b5y
o TWD, T, Bire b AL SZEAZIC insitu b7 2 A X ZAKIZE Y T HL0ITH
MR ZMIRT 22 L2 HIEL T, HLHE YT I VERARF SN TV D, TORR, HblE
#i TMEDA $EEZIRINI L= & 2 A, 7 —BM CTITMIE TE R o727 m h oAbk E Ny F
ARIZBW TR T2 Z LN A[fE & 72 57 (Scheme 4-1¢) '3,
EROMFEF R L DI, T e —ARIIEERIE A RIS T 2 8IN TIEH 2 b 0D, G
HWEEBLZOLDEEZD ZEIXTERNWD, TORGITHNDEEIEKTFT 5, Lichio
T, WSRO ANy FHRE AW ROGEITRIC L DT 7o —F 35 R BERETH D,
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(a)
Br Halogen Br

B LDA dance E*
D e T W N 8 1
Br S H Br s Li Li S Br -
63 63-Li 64-Li /n
E S Br
64
Li Halogen Br
LDA dance + T
g ] o D = D, | —F
r Br S Br Li s Br
65-Li 64-Li
(b)
Relatively
63-Li 64-Li
Fast trapping E* Br
using flow reactor /m\
Br S E
66
Relatively
fast Br
n n n =
E s Br
65-Li 64-Li 64

Not trapping

E* E
@ I /m\
Br S Br
67
(c)

H
® n 11
Br Br ZnClz‘TMEDA

65 65-Li 64-Li
In situ Cizn i E
transmetalation E*
/\ — / \
Br— g~ "Br Br— g~ "Br
65-Zn | 67

Scheme 4-1. Functionalization of dibromo thiophenes. (a) Reaction pathway for halogen dance. (b)

Fast trapping using flow synthesis. (c) In situ transmetalation using ZnCl,-TMEDA in batch synthesis.
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412 FAITzUoBELUVEYPILFA Tz o OERM

FAT = TEYTEEDE B TME S ELTHERARAT e EFR THDH, T, T
7 = DOBLRIC LV AR T 2 F 47 2o VR Nk, BB P U FHE R~ LS A b
IR RRHEMAR N6 S I IR A r =Y —)L 1T L LTHWLATWS, FORMNTYH,
EU LT HT 2 TR BT U — VR & U CRR A 2 REICBE T A RS R AU T
TRV, EHKLE 18 g-helix X° B-strand 72 E DT F R I w7 190 SJ@HHIRA 120121 7 4 K
7na sy oyt RS T B ADICHOREENREINLTWD, 20D, BU VLT
F7 = UBHOIGHZ S It S5 700IiE, MBS E e BB R R 0 D
BRFIEOBRBEN AR TH D,

413 FAT I UDFELENAT UV F UV RADER

FAT = AT RN, SREFEHSOG 24 B7e oAk B0 s a7 TR 12
RECEVERRENSEAIND, FIOMIETIE, C-HIEHLIZ L > TERREZEAT D HIE
BRI SN TS 1Y, EROFBT HM5EETIE, B7'm N AbZ R R &3 5 RISEHTS
1o THEY, ZOFTH AT VBRI E SN THEFR FOT a2 Lb 50 L d —
REDENL T D1 7 H o ARISIZAE B LCE Tz 128129, JefTHFeic 38U T ARG 2 HilfH L
THERTF A7 2 OERITHLE L TWD 129, a2 2370 b oAb L Fh
ZAIRET 50y -~ a 7 BB AHSORIC S Tosd 18130 o FURT R R D T e T
BRICERBEZEATE L ZLBFETHY  BAEO T T3S 522 55K 5 RIS T
%, Lo, W7 e b ALOAEIT S FER EOBEBILOETFHH 2 WITSLIR 2 2RI X D
R R L ORI S TR Y B E52, ~"a v 0 AT ZC X0 ZE
T =AU EERT D X ICHETT S, Lo T, WEHEOEBE MG D WIESLIRI 2 FiPE I )
L2 BREIAL OB A IXNEE L ST,

414 EYDIFA I UICKHEEHIREFEICEAT 5 SRR

BV UNFAT = AERELZEAT LG, VU U ITmAREMEL LTRSS Z &
NEZ LD, EEIC, BBRERBMEEZ AW CH BRRELISICB WL, BV D uIckii
THTFAT7 2D 3B ERNCERE LIS Z EnHESN TS 2, 70, BV VLT
FT7 O m FARIZBWTS, UGB E L TY=F =T vHLWNET FFk K
77 ERWDE, 3MLHDHVE S MLOBT 1 R ALPRIRINZETTT A Z ENHMBNTND
(Scheme 4-2a) '3, ZEH OFTET HMEEDOTATHRICE N T, BEREOFEIZLY F47 =
v EOBT e NALONENEL L, ZFRTECTa U X ADNENERT D 2 L &
HEL TS 1290029 = 5 DM9ENG, BV LT FT7 20D AN EEREETHZ LT,
VYOt &V ERIREZ RO B 20ERHH7-0, D TEHEENFEWE FHEIN
Do

Z OREZ RIS 5 72 8O O BAR) 705 B & LN IZ7R T (Scheme 4-2b), miflkdh & L TAF
HREZR 2-(5-7 R E 2-T =B U U (T1) OB e R ALTIEL, 2 FEED B-A X AbE U ¥
NFFT 2 MBI TYRER LGS, ER LB T v b AbRiI e F o2 225D a-
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ALZALE Y DLTFFHT7 2 TOB L RNISICER S NS, ZbOBT 7 b ABIRITRE 1Al
WLV S, T ERERE 525, —Ji. EEOFET 2REOKATIRICE
WT, N AT YT I VR ERINT A Z SIS0, Na U A AEMfICE DL Z L
AL TS B RTIRISEUI RN YT 2 VA RIRT 5 2 L 12 X0 EEMN ) ORIRK
K E BN RS D A TFIETH D, LIER-> T, KIGDRE LRI T 1 b ALDALE 2 #5
XU, AFIELMAB DY T4 REOEERMEEREEY 2T D Z ENATREE 72 D,

(a) Kauffmann et al.

Li
4 3 .
7\ N~ n-BulLi ]\ N n 7\ N~
5 2 ’ Li
S \ Y S \ Y S \ Y
68
l Me;SiCl l Me;SiCl
SiMe;
/ \\_ Nx . / \\_ Nx
e3ol
S \ y S \ y
69 70
Et,0, 20°C 65% 14%
THF, 0°C 4% 93%
(b) This work
M M
4 3 i
. N\ N Deprotonatlon‘ . [\ N or . I\ N
r’s r r
s s\ s\
71 72’ 73
Halogen Halogen
dance dance
Br
" / \\  Nx or
S \ p
74'

Scheme 4-2. Approaches to generate isomeric metalated pyridylthiophenes (a) Previous work:
pyridine as a directing group in deprotonative lithiation. (b) Our strategy: combination of selective

deprotonation and halogen dance.
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415 KHEOEH
ABFIETIE, &R T X NI I, RINFR X OSSR 72 £ ORGSO Falibic £ v |
VU UNTFFT = CEREORIRI T 7 b AbB L e P X A RHIET 5, KA
MFECEY, BB E LTEY VL F A7 20 71 AN T, 4D 3 vHR sz
PERZED 35 Z &2 ET 5,
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42 fEREBE
421 EYDILFA Tz UoOMESHRMEESRKICH T KRG EH&RE

2-(5-7BrE 2-FZ= Y U () ZFEEE LT, @B7 I FEEEZHWTH T2 F vk
EHeth, FUVEEAOCCHIGEEI Lz, Z0%, AT 2543 7HELIK 72-75 O NMR YL
FAEPE LT, TORPPIEZFHN L7z, i, &3 U RIEROMEET X BB EEHET 2 FH v
THRIEL TS (Table 4-1) 35, FFIXATHFIEICHE, LDA ZHWT-78°C THL7' = b1k L
el A B aF o AT L, 3 VR T4 B LDV TS RENEN 48%, 13% T
HiLTe (entry 1), ZOFRERED, 2-B U DUEENEIMEE L U THEEL . 7 = EXED 1,3 #5708
B LEZEEZ NS 120129 Z = ¢ Kauffmann HOEIRIZEE-SX 1332 THF LY &0
BN MV U BREEE LTHWEE ZA B Y UATF 47 =2 74 SILE 70% CEHRIICE B
7o (entry 2), ZOFRERIL, U F U LA AU NIENLT S THF R4 LicTicd, KEOE Y VU
FIT- DY F 7 A~OEN PSRN SN0 TH D EEZ BN D (Scheme 4-32), © D
fER, FAT7 = 3MTOEBRMZRM T 1 AP EITL, U F A LINTF A7 = 3Rk
T2, FO%., VFAEE 72 L FEENTL ORI Ta AU F I ASNEZ Y | oV F A
76°L T UETFT AT = 7T BEKRT D, HZIZ, 2EIBEONB S -0 FULAZHIZLD | o
UF AR 74 LIEE T BNEAT S, 9 1ODBEX LN E LT, B-U F k720 ¥
TREFF T2 TTORON 0T - FULZHIC LY VT 0ETF 47 = 77 il LT
BERE L. o- U FAAIK 14D T D, TN DORIGREEZZET 5L, DMPU 2 EDOEY Vv
E0 bR, R AFEHTIUE, VF U LA~OE ) v EOERAFOBRMINATHEY . il
7'a R AL ORIRMED RS D & B S D (Scheme 4-3b) 136, DA, FA T = 4L THL
7'a F AT U B-U F AR 73 3R L 721412, Scheme 4-3a & [AIEROREE T/ o &
VAREIT L, a-U FAR IS DA T D, EBEZ, THE/DMPU (1:1, viv)& W TR %17 -
e ZA BV VAT F T2 IS BREARY E L THE L (entry 3), DMPU D% Fif %
(THE/DMPU =4:1,v/v) &, B U PNF A7 = 75 DILRIT 76% £ Tl L L7z (entry 4), — 7,
DMPU & FRBDO#EEZF- L #HF S5 HMPA Zi [ LZBIZBARER 2GR o7
(entry 5),

UFHLINTZEY) OVFAT7 22 18 BIO 195255 FERAH SN b, KRIC
UF AR 720 BL O T3 25T D Mat 21T - 7o lE O 7 1 R ALDO S TIET A0
B aly B 2T 579012, Fbiish TMEDA $5(K 2 3N L 7=, #ibi#ish TMEDA
BEARDTINZ LY, 7w R AIZE Y AERT 2HY) F U L83 T HLNIT in situ b T AR
LS, LV LERAEEINIERIND LB X DD (entry 6) P43, THF 1, i bdin
TMEDA S5/ T CTLDA Z{EH S 2 A, HifFl ~a o Z o 2Rl Sh, 3 vk
SNV DVTF AT = 72 B LT3 BIE 74% B L O 13% T bz, ZolEFIEY
DNFF T =TI O T v b ACOERIZHIE L TEY (entry 1 IZBITAHAEY VLF AT =
74 B TS OHBLHENH L Z L 2R TEI, BV VAT T 72 ZERNITHED
7=lz, M= oA EHSh TMEDA SR DMAG DR ZME LIzE 2 A, BAOE Y VLT
7 = 72 BRI S, REIO RIS BTz (entry 7), AEMFIZA T U —DOfiE)
PERIERITEL | HEPREDRETH 572720, UGB ERICETE T RN ETE LI &5 %
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b5, £, TORBREERRY S EROFHEEICOBEN D - 72720, RS2 R
L7z, FxatORER, Knochel-Hauserbase BB Z#FH L, BV UNVTFFH 7 = 72 #H—AKY
& LTULER 67% THD Z LTI L= (entry 8), AT DA~ 27 % 7 A3 60 °C THEE
(S (entry 9), 7 R T ANDE Y VR OENLAXICEE LIz LB X2 T
W% (Scheme 4-3a), F\W\\ T, IUFE SN ONTF AT 20 B 2T AR E LTHDT-
WIZ, DMPU (2 X DIEIERNE (entries 3 and 4) & HELAEgH TMEDA $5K12 X % in situ b7 > A
A Z AL (entry 6) DFAG DO ZMEF L7, THF/DMPU (1:1, viv) FT-78 °C, b
TMEDA $8(1F/E T LDA MWl 2 A, TRICK L TR T U Z U A% H3Ic il T & 72
Moty Thbb, "aF U F U ANEIT LI E Y DT 47 =2 75 B L OUFEHAI GRS 5
7= (entry 10), THF/DMPU (1:1, v/v) TIZ DMPU O #ERE <, insitu b7 A A X ALK Y
bART U APRESNTZEEBEZ BND, FIGHIE A DIEFREACHER YT I Rk D
A AR T 570 EORGT A RR TN R RERD G ONR o772 (4.2.6 B ), DMPU
DE#Z TP, THF/DMPU (4:1,v/v) & LTHET L7z, £OREE, insitu b7 A X ZAKIT K
Do BB ZARMMEIESh, aUELENEZE Y AT F 72 BREARDE L TEON
% £ 91272572 (entry 11 and Scheme 4-3b), FUGNREEZ 50 °C £ T EIF% & insitu b7 A X
A IALDOHRIZE HICH B L7, 20ROV ICETOBT 1 R ALOBREDOIK T & RO
PAFOENMDFRD Bl (entry 12), BUSREZ BIF7-#55%, LDA & M kg TMEDA &R 03
FEIZRIET D, HDWIELDA & THF Nl IST 57289, LDA 3@ LT v k oAbs+57
AT Lol bEX bILD, £Z T, KISHIB L OB EZ 2 5l LcE 24, BT
BITHK L, BV UL TH T = 13 BEAY & L TIEE 68% TR L2 (entry 13), LA ED
MR LY, B0 YV VLF4 720 T OB LT, USSREORRICE D | 1 BRET
AFED I VRSN BRI ZAED 53 FICE I LT, B m R AR 72275133 v R 721 T
SHLOKREFANC L DR O ARETHY . FBONTLE Y DVF AT =0 72-75 177 £k
LI — FEZXBI L TEHRLFEMICNAETH D 13,
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Table 4-1. Screening of reaction conditions to obtain the four constitutional isomers.

[\
Br \
4 3 metal amide base, V/
]\ N additive then I,
Br—s S 2 \ >
7 Ivent, temp, time
- SO ) P Br Br
: / \ : / =
Ay \
74
Entry Base (equiv) Solvent Temp Time "H-NMR yield (%)*
Additive (equiv) (min) 71 72 73 74 75
1 LDA (1.5 equiv) THF® =78 °C 60 - - - 48 13
2 LDA (1.5 equiv) toluene® 78 °C 90 - - - 70 -
(66°)
3 LDA (1.5 equiv) THF/DMPU =78 °C 60 - - 7 60
(1:1, v/v)®
4 LDA (1.5 equiv) THF/DMPU =78 °C 60 - - 16 76
(4:1, v/v)P (74°)
5 LDA (1.5 equiv) THF/HMPA =78 °C 60 - - - 24 27
(4:1, v/v)P
6 ZnClo-TMEDA (1.5 equiv) THF® =78 °C 60 - 74 13 - -
then LDA (1.5 equiv)
7 ZnCl2*TMEDA (1.5 equiv) toluene® =78 °C 60 17 82 — -
then LDA (1.5 equiv)
8 (TMP)MgCI-LiCl THF tt 150 - 67 - -
(2.0 equiv) (539
9 (TMP)MgCI-LiCl THF® 60 °C 120 - 50 - - -
(2.0 equiv)
10 ZnClo*TMEDA (1.5 equiv) THF/DMPU =78 °C 60 45 - 8 <5 39
then LDA (1.5 equiv) (1:1, v/v)®
11 ZnCl2*TMEDA (1.5 equiv) THF/DMPU =78 °C 60 14 17 48 <5 18
then LDA (1.5 equiv) (4:1, v/v)®
12 ZnCl2*TMEDA (1.5 equiv) THF/DMPU =50 °C 60 32 21 42 <5 5
then LDA (1.5 equiv) (4:1, v/v)®
13 ZnClo-TMEDA (3.0 equiv) THF/DMPU =50 °C 60 - 22 68 <5 8
then LDA (3.0 equiv) (4:1, viv)¢ (66°

[a] Yield was determined by "H NMR spectrum of the crude product with 1,1,2,2-tetrachloroethane as an internal standard.
[b] Concentration of a solution of 71: 0.2 M. [c] Isolated yield. [d] Concentration of a solution of 71: 0.1 M
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(a) Solvent: THF or toluene (coordination of pyridine to metal amide preferred)

Halogen
dance
g I\ Nx B I \_ N
i r
S\ Sy
Br-Li 76' Br-Li 7
exchange exchange

Knochel-Hauser
base

N \
>/ Lin0s N
( ﬁ/\) halogen

H s dance
4 3
/ \\  Nx A\ Nx 7 \_ Nx<
Br—5 572 \ Li s \ Br s \
Z 76' / 4
4 Br-Li Br-Li 7
exchange exchange
LDA
Li Br Br
r r i
S \ S \
73 78 7 lt Y

transmetalation I

In situ ‘ ZnCIonMENi——// \

CliZn I, I Br
% (- %
s~ s” T\ s

73" / 73 7 75 \/

Scheme 4-3. Rationale for the solvent effect on the regioselective formation of the thienylmetal

species in the halogen dance reaction.
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422 thOBRAEZETHFA4 7 = o ~DEM

v U UBRBIRTOMEIL L DEBEEMRT H720IZ, 3-(5-7 2E2-F==/E'Y T2(79)
1Z5%F LT toluene 18 X O THE/DMPU FCHL.7 1 b L AbB LU Na o X o R 52{To 72112,
T X ) — &AW TG EEIE L2 (Scheme 4-4a), 2-(5-7 B E-2-F =)L) > (71) O
HERZY . DTHROBEFICENTS 47 aEF 47 81 REAERWE LTHELIL, 3-
THRETA T2 80T 5% T ThHoTz, LN ST 3-(5-7 BE2-F==/L)EY ¥ (79) T
X, 3-B U UERKIT 2-E Y UAERO X S RELAEE LTTIERLS, 7= VA EFEOE
L L TEL 7201 190, WIEIZ O FT AN FEIIH T r hAbShiz B2 65,

2-v Y UL L FIRRICEL MR E UTHERE LIS A = AT V2 BT 2 HEICK LT, [AEkOME
Z1T->7- (Scheme 4-4b), h/LHTLDA Z{EHS® 5 &, 2-B°U DK L RIERIC 3 ALt
0 R ABKIZHEFRT D 3-T rETF AT = 83a MRIERZR N LIBINIZHE Lz, Fil T
THE/DMPU HICRILZAT D & BRI G- Tz, FATHFRICEB W T, THF T 3-
TuEFAT 2 83a BELNTND Z ED 2% THF/DMPU I CIZAER LM~ v ~ 1b
EOZEMEMES . DL TWDHEEZX bR, 22T, 7w bkl 22
%OV F AR EHIE T 572012, HALHE TMPDA $5(K B 23RN L7z & 2 A, RILERA N
SHIFRR Y O BRSO, 4-7 0T 47 o 84a DEERME L TELNT, LR
T, BHEE L TZAT AV EFTLHTF A7 2B LTH, 2-(5-7 BE2-FTZ= 1)) U
(71) ERERIC, BEIEORFUZ L > T 7 R ALDOENIERTE 5 2 2oLz, —
F. ZATNERIBEOBE 2T 5L HFFSNDA I BT HRBROMRET AT o 7223, i
1 b ACDONLE A T X 72 v o 72 (Scheme 4-dc), —JE ) F U h~A I UNENLT D EL ZD
i e S A RV EEERAYIC DMPU OB AN E &4, DMPU DL A A EMEZ I T E 2o T2
AREMEN & D03, FEMZRER R IS O W IR T & TR0y,
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4 A\ - LDA
Br—5 s72 \
Y solvent,
79 -78°C, 60 min
then EtOH
toluene

THF/DMPU (4:1, v/v)

YN o LDA
Br 5 g2

OEt solvent,
82a —78°C, 60 min
then EtOH

toluene
THF/DMPU (4:1, v/v)

Br—s s72

solvent,
85 —78°C, 60 min
i~Pr then EtOH
B toluene
Ar = % THF/DMPU (4:1, v/v)

[\ =
H s \ i
V
80
<5%
<5%
Br
I\ 0O
. S OEt
83a

24%

\

OEt

ND

ND (decomposed) (10%*) ND (decomposed) (32%*)
THF (quenched by H,0, ref129e)  75%

<5%

*ZnCl,*TMPDA was added.
Br Br
]\ _NAr 7\ _NAr
H™ g " g
86 87

ND (recovery of 85)

47%

THF (quenched by H,0O, ref129e)  54%

i~Pr

ND (recovery of 85)
23%
35%

Scheme 4-4. Substrate scope for regiodivergent synthesis of thiophene derivatives.
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423 HEAEZZRAVVRITO F EHEEOER

FHREALZE VT, EBR TV RE R L O O ERYERD pKa ZHH L72 (Scheme 4-5),
TR T 1 N AL S D ALENE pKa OETZT T < SRR RSB Zh e 70 &R EE RGN 72
(SR EZ T D0 B EORERB T 7 R ARSI T WD T2 D DY IR L 72 D,
FZOFER, 2-(5-7BE2-FTZ= /BT V2 (T1) IZOWTIEL, DTNRETIEH L0, 4 (Lo
FRPERE RN EAVHIBA L7z, L722%> T, THE/DMPU H CIXENL IR SRR 55 < | B
EOEW 4 fipii7 e hAbIhictEZ2 oD, —FH, M UoRTE, B UV UERET
D LDA ~DEMAIZ L0 | RN 3R 1 b AbENRT K otz HHNTE Y D
BREDETEENTRDLZ EIZED 3MOMBMENERY, L7 e hAbaned <o
mEEZLND, 3-(5-7BE2-TT=/NE U V2 (19) ([ZOWTIE, 3-8 U DV EL A AL &
L CHREE T, WL DO O TRIEE DS W 4 7 e hAfbIh, 2% \n v
WEIT LT B2 b, FRFERETFELRY, ZATALBIOS IV EFTHEE X, #HE
FERNDIZ2-5-7 nE2-FZ= /B Y P (T1) L RO EZ2RT ETHREND, FEEIC
AT NERTLIEEICON T, BERERNS 2-5-7 rE2-F==/L)E' U P (T1) LIEEED
Bz Lz, Lor L, A 8D TR, BT TR~ 72l B RRi 7o 28 o0 rREMEIZ LV . DMPU
DOENIZNENHTBETE TN EE 2 TN 5,

37.19 37.78 Br Br
7\ N 46.04 / \\_ Nx
Br— g v 30.35 33.32 \g (
. 43.63 Y
4313
71 88 89
36.62 37.94 Br
43.21
B,ﬂ\g T4 ~n
S \ ) 46.01 33.04 °s
40217 \/
79 43.07 80 81
35.22 35.74 Br Br
gt - r3-
Br— g~ ~COOEt 28.72 N\~ ~COOEt 31.23 .~ ~COOEt
82a 83a 84a
35.93 37.08 Br o
L AN m"‘ U\%"
Br g 29.43 ¢ 31.78 N
85 86 87

Scheme 4-5. pKa calculation for thiophene derivatives.
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424 HEEMDFADIGAHRE

Finey Hbi%, BV VAT H 7 = Oatthn L L TOMEZMEL T b, TDE /) ~v—4&
RIZBWTC, 3-FIFATA 72 DOHBE LTy T 72T ERBRKERELTND
(Scheme 4-6)!2%, L7=M o> TAREMFIEICBWTCE, F47 =20 EOTFNIEE BB
DT ENTERY, T THREIFRE L-FEEZHNT, KT~ —~OB BN FEED R
L 72 (Scheme 4-7), ZDfEFR., BV @ 2{7IZ +-BuO &= H T HHEE 90 TiE, HEtic L 6T
FH T2 O 43T v M AL SN e S o X ARETT S 2 E B LT, AR
T a e HE A R T B AT UL 4 M OMIERBILREE CH DA, 3 ML~ OREERE TN
HThd, UV O2MINET D -BuO HiTdm <, B P UERF T O LDA ~OENLAH
FE S HL, Bl s U THRE L R o2 & B2 6D, B U VVBRONRNZRERE L OE
THRBERIZE > TiE, BT e R ALOBIREOIRBNREECTH 5 LR sz oo, KED
WA Z LT 5720120F, 287 2 REE L VA ABEOMAB DRSS S HICk
BT LOMERDH D,

Ot-Bu
Br \N\
Bu g Bu
4)y— 3 91 4)Y— 3 Ot-Bu Ot-Bu
]\ [\ N= —
§ g2 ZnBr Pd coupling 5772 1\ p
90 92

Scheme 4-6. Synthetic route for a monomer of fluorescent compound.

Br Br
4 3 Ot-Bu Ot-Bu Ot-Bu
o N Ns LDA G N Ns G N Ns
rs 2
S \ Y solvent, S \ Y . \ 7
93 temp, 60 min 94 95
then EtOH
THF, -78°C <5% 84% (recovery of 93: <5%)
toluene, -78°C <5% <5% (recovery of 93: 84%)
toluene, —40°C <5% 22% (recovery of 93: 44%)
Et,0, -78°C <5% 9% (recovery of 93: 90%)

Scheme 4-7. Synthetic Procedure for a pyridyl thiophene derivative.
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425 R : LA ABEZE OB RER R A

MOT Fa—F L LT, VA RAEEERT I NEERIZ X2 BIRMEFIE OB 217> 7=,
Knochel 52387 LTV 5 BF; B2 WIS EWV B(CeFs); °MAD 72 E DLV A AL BT I K
IO AE DY Z/KE L7 (Table 4-2 and Table 4-3) 141, Z DifES:, LDA <° Knochel-Hauser ¥
& BF;X° B(CoFs)s & W5 E, ROGITEITTE T RICEREIN CTh - 72, £72. mmlyvbA
AfETIH D MAD Z W2 & 2 A RISITETT 2 b D0 £ OIERPEIZ- OV TIX MAD Z i
LRWGE L RES B LR o T, U EOBEHERND, VA AL SBT I FEEADM A
BOEIZELD T e —FIZBWTH AR RITAE DL TR,

Table 4-2. Investigation for combination study of Lewis acids and metal amide bases-1.

LDA Br Br
4 /] \3 N Lewis acid (1.5 equiv) EtOH I\ N N\ N
I N S ———— L) YL,
71 88 89
Entry Lewis acid Equiv "H NMR yield (%)

71 88 89
1 none - 67 19
2 MAD 1.0 — 53 10
3 B(CeFs)3 1.0 quant. — —
4 BF;-OEt, 1.0 87 - -
52 BF;-OEt, 1.0 32 -2 -2

[a] TMPMgCl-LiCl (2.0 equiv) was used instead of LDA (1.5 equiv), and the reaction was quenched by iodine. Only the
starting material 71 was recovered.

MAD = o, .0
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Table 4-3. Investigation for combination study of Lewis acids and metal amide bases-2.

LDA Br Br

4—3 o .
I\ o Lewis acid (1.5 equiv)  EtOH 7\ O ]\ o
Brs g2 H™ g H™ s

solvent, t  -78°C, 60 min

82a-c R 83a-c R 84a-c R

82a: R = OEt

82b: R = Ot-Bu

82c: R = Ni-Pr,

Entry R Lewis acid Equiv Solvent "H NMR yield (%)
82a—c 83a—c 84a—c

1 OEt none — THF - 69 trace
2 OEt MAD 1.0 THF - 73 trace
3 OEt B(C¢Fs)3 1.0 THF trace 9 trace
4 OEt MAD 1.0 toluene <20 23 trace
5 Ot-Bu none — THF - 84 trace
6 Ot-Bu MAD 1.0 THF - 61 -
7 Ni-Pr; none — THF - 76 5
8 Ni-Pr, MAD 1.0 THF 74 25 —
9 Ni-Pr BF;-OEt, 1.0 THF 35 - -
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426 #HREREE  BTIEF. €EE7I FERESIVIELLHERBOTIVEBER ) —=2TI12& 5
insitu kS 2R A4 LIEDEET

THF/DMPU (1:1, v/v) HCHi{b#iigh TMEDA $5(R17(E T LDA % F 35 J5{% (entry 10 in
Table 4-1) TiL, B 713 % EABEM & L TR LN -T2, £ 2 C, WA EFE LT,
Z DD RS MGt LTz LDA I EWIRZTH T 0 KO ICHIEFRIRA LT LI L 2 A,
NaF v Z0MEIEN DTN E L, Raen b B 13 OIERM E L
(Scheme 4-8), & Z C, FEIRIEZ M T3 2 FMICBWTE 572 D & 5 L7- (Table 4-4),
LDA XV $ & @0 LITMP Z 5t L7228 a7 o X0 23 C X 720> 7= (entries 1 and 2),
FENT, ~Na A UALEER ST I VR E R 7 U —= 2 7 Lmd, HALEE - RALESS - 3 Ak
ffi 1> TMEDA S35 L UM gy TMPDA 85K % W CHBHE 22T R O3, B0 73 1%
IR ZRIZHE £ > 7= (entry 1 and entries 3-5),

Addition order-1

4 3

B/\ N<

rs 2

s\
71

Addition order-2

LDA
(1.5 equiv)

ZnCl,*TMEDA (1.5 equiv),
then LDA (1.5 equiv) then I,

THF/DMPU (1:1, v/iv),

~78°C, 60 min
4 3
& I\ Nx
r—-s 2
s\
71

ZnCl*TMEDA (1.5 equiv)  then I,

THF/DMPU (1:1, viv),
~78°C, 60 min

I
B/\ N B/\ N<
s \ s \
72 73
Br Br
I/\ N I/\ N=
s\ Ly
74 75

H NMR vyield (%)

71 73 74 75
Addition order-1 45 8 <5 39
Addition order-2 59 17 <5 10

Scheme 4-8. Investigation for the addition order.
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Table 4-4. Screening of metal amide bases and zinc halide diamine complexes.

4,3 I I
/ \_ Nx
Br s g2 \ / \ N~ I\ N~
Y Br s \ Br s \
71 Y Y
. 72 73
metal amide base Zn complex (1.5 equiv) then I,
1.5 equiv
(1:5 equiv) THF/DMPU (1:1, viv), B BI
~78°C, 60 min 7\ N= / \_ Nx
| |
S \ y S \ y
74 75
Entry Metal amide Base Zn complex "H-NMR yield (%)?

71 72 73 74 75

1 LDA ZnCl>> TMEDA 59 11 17 <5 10

2 LiTMP ZnCl> TMEDA 45 <5 12 6 32

3 LDA ZnBr>* TMEDA 32 12 19 12 18

4 LDA Znl>> TMEDA 32 7 20 7 20

5 LDA ZnCl,> TMPDA 37 <5 10 5 25
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4.3 #Em
2-(5-7rE 2-FT=)NE Y VA E—-OIEEE LT, LA A THZD DMPU ORI
WCEWFAT7 v EOfiT v M ALDALEZERR LT-, 72, Fi o Z o ZOHI#EIC X
0 4 FEOHEERMEARE 1 BEBECTIEY 25 Z LICkE Lz, ATRIL, SAaERL Lz Ho
UIONFHT = UHEROMBERARRICTF S TE L LHIfFIND,
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4.4 EEROER

General Information

Analytical thin layer chromatography (TLC) was performed on Wako 70 Fas4 glass sheets precoated
with a 0.25 mm thickness of silica gel. Melting points (mp) were measured on a Yanaco MP-J3 and are
uncorrected. Infrared (IR) spectra were recorded on a Bruker Alpha with an ATR attachment (Ge) and are
reported in wave numbers (cm™). "H NMR (400 MHz) and '3C{'H} NMR (100 MHz) spectra were
measured on JEOL ECZ400 spectrometer. Chemical shifts for "H NMR are reported in parts per million
(ppm) downfield from tetramethylsilane with the solvent resonance as the internal standard (CHCls: &
7.26 ppm, DMSO-ds: & 2.50 ppm), and coupling constants are given in hertz (Hz). The following
abbreviations are used for spin multiplicity: s = singlet, d = doublet, m = multiplet. Chemical shifts for
BC{'H} NMR are reported in ppm from tetramethylsilane with the solvent resonance as the internal
standard (CDCls: 8 77.16 ppm, CD3CN: & 118.26 ppm). High-resolution mass spectroscopy (HRMS)
was performed on a JEOL JMS T100LP AccuTOF LC-Plus [electrospray ionization (ESI)] with a JEOL
MS-5414DART attachment, and [electron ionization (EI)] with a JEOL JMS-700 MStation.

Unless otherwise stated, all reactions were conducted in a flame-dried glassware under an inert
atmosphere of argon, and a preheated oil bath was used for the reactions that require heating. All
work-up and purification procedures were carried out with reagent-grade solvents in air. Unless
otherwise noted, materials were obtained from commercial suppliers and used without further
purification. Flash column chromatography was performed on Wakogel® 60N (63-212 pum, Wako Pure
Chemical Industries, Ltd.). Anhydrous THF (>99.5%, water content: <30 ppm) was purchased from
FUJIFILM Wako Pure Chemical Corporation or Kanto Chemical Co. and further dried by passing
through a solvent purification system (Glass Contour) prior to use. LDA (2.0 M in
THF/heptane/ethylbenzene) was purchased from Sigma-Aldrich Co. (Product number: 361798) and used
as received. TMPMgCI-LiCl (1.0 M in THF/toluene) was purchased from Sigma-Aldrich Co. (Product
number: 703540) and used as received. DMPU was purchased from Tokyo Chemical Industry Co., Ltd.
(Product number: D2014) and used as received. Toluene was purchased from Nacalai Tesque, Inc.

134a

(Product number: 34121-25) and used as received. Freshly prepared ZnX,-diamine complexes were

used in the following experiment.
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Screening for Reaction Conditions (Table 4-1)

2-(5-Bromo-3-iodothiophen-2-yl)pyridine (72) (entry 8)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar and a rubber
septum under argon was charged with 2-(5-bromothiophen-2-yl)pyridine (71) (100.0 mg, 0.416 mmol,
1.0 equiv) and THF (1.0 mL). TMPMgCI-LiCl (1.0 M, 0.83 mL, 0.83 mmol, 2.0 equiv) was added to the
Schlenk tube at room temperature. After stirring at room temperature for 150 min, iodine (211.9 mg,
0.835 mmol, 2.0 equiv) was added to the reaction mixture in one portion (the septum was removed
temporarily). After stirring at room temperature for 30 min, the reaction mixture was treated with diethyl
ether (10 mL) and saturated aqueous sodium thiosulfate (10 mL). After being partitioned, the aqueous
layer was extracted with diethyl ether (5 mL). Each of the organic layers was washed with water (5 mL).
The combined organic extracts were concentrated under reduced pressure to give a crude product. The
assay yield of 2-(5-bromo-3-iodothiophen-2-yl)pyridine (72) was determined to be 67% (0.277 mmol) by
1H NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard by comparing relative values of
integration for the peak observed at 7.77 ppm (1 proton for 2) with that of 1,1,2,2-tetrachloroethane
observed at 5.96 ppm. The crude product was purified by silica gel column chromatography
(hexane/diethyl ether = 9:1) to provide 2-(5-bromo-3-iodothiophen-2-yl)pyridine (72) as a pale yellow
solid (80.9 mg, 0.221 mmol, 53%). Rr= 0.33 (hexane/diethyl ether = 9:1); Mp 45.7-46.9 °C; IR (ATR,
cm 1): 1583, 1567, 1509, 1460, 1435, 1424, 994, 985, 819, 802, 775, 738, 661; 'H NMR (400 MHz,
CDCl): 6 8.60-8.57 (m, 1H), 8.28-8.24 (m, 1H), 7.77 (ddd, 1H, J= 7.6, 7.6, 1.6 Hz), 7.25 (ddd, 1H, J=
7.6, 5.0, 0.8 Hz), 7.13 (s, 1H); BC{'H} NMR (100 MHz, CDCl3): & 151.4, 149.7, 144.5, 139.8, 136.5,
123.1, 120.4, 116.6, 75.6; HRMS (EI") m/z: calcd. for CoHsBrINS, 364.8365 [M]"; found 364.8370.
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2-(5-Bromo-4-iodothiophen-2-yl)pyridine (73) (entry 13)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar and a rubber
septum under argon was charged with 2-(5-bromothiophen-2-yl)pyridine (71) (100.0 mg, 0.416 mmol,
1.0 equiv), ZnCl,> TMEDA (315.5 mg, 1.250 mmol, 3.0 equiv), THF (3.2 mL), and DMPU (0.8 mL). The
resulting solution was cooled to —50 °C. LDA (2.0 M, 0.62 mL, 1.2 mmol, 3.0 equiv) was added to the
Schlenk tube at —50 °C. After stirring at —50 °C for 60 min, iodine (422.8 mg, 1.666 mmol, 4.0 equiv)
was added to the reaction mixture in one portion (the septum was removed temporarily). The reaction
mixture was warmed to room temperature and stirred at room temperature for 30 min. The reaction
mixture was treated with diethyl ether (20 mL) and saturated aqueous sodium thiosulfate (20 mL). After
being partitioned, the aqueous layer was extracted with diethyl ether (10 mL). Each of the organic layers
was washed with water (10 mL). The combined organic extracts were concentrated under reduced
pressure to give a crude product. The assay yield of 2-(5-bromo-4-iodothiophen-2-yl)pyridine (73) was
determined to be 68% (0.282 mmol) by "H NMR analysis using 1,1,2,2-tetrachloroethane as an internal
standard by comparing relative values of integration for the peak observed at 7.37 ppm (1 proton for 73)
with that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm. The crude product was purified by silica gel
column chromatography (hexane/diethyl ether = 20:1) to provide 2-(5-bromo-4-iodothiophen-
2-yl)pyridine (73) as a pale yellow solid (101.1 mg, 0.276 mmol, 66%). Rr= 0.27 (hexane/diethyl ether =
9:1); Mp 93.0-93.4 °C; IR (ATR, cm'): 1582, 1564, 1461, 1432, 1410, 1315, 1288, 1158, 995, 771; 'H
NMR (400 MHz, CDCls): 6 8.53 (d, 1H, J=4.8 Hz), 7.69 (ddd, 1H, J=17.6, 7.6, 1.6 Hz), 7.54 (d, 1H, J
=7.6 Hz), 7.37 (s, 1H), 7.18 (ddd, 1H, J = 7.6, 4.8, 1.2 Hz); 3C{'H} NMR (100 MHz, CDCls): § 150.7,
149.8, 147.6, 137.0, 131.6, 122.9, 119.6, 118.3, 86.4; HRMS (EI') m/z: caled. for CoHs”’BrINS,
364.8365 [M]"; found 364.8374.
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2-(3-Bromo-5-iodothiophen-yl)pyridine (74) (entry 2)

In the case of calculation of the assay yield

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar and a rubber
septum under argon was charged with 2-(5-bromothiophen-2-yl)pyridine (71) (100.0 mg, 0.416 mmol,
1.0 equiv) and toluene (2.0 mL). The resulting solution was cooled to —78 °C and changed into the slurry.
LDA (2.0 M, 0.32 mL, 0.64 mmol, 1.5 equiv) was added to the Schlenk tube at =78 °C. After stirring at
=78 °C for 90 min, the dissolution of the precipitation was confirmed, and iodine (211.4 mg, 0.833 mmol,
2.0 equiv) was added to the reaction mixture in one portion (the septum was removed temporarily). The
reaction mixture was warmed to room temperature and stirred at room temperature for 30 min. The
reaction mixture was treated with diethyl ether (10 mL) and saturated aqueous sodium thiosulfate (10
mL). After being partitioned, the aqueous layer was extracted with diethyl ether (10 mL). Each of the
organic layers was washed with water (10 mL). The combined organic extracts were concentrated under
reduced pressure to give a crude product. The assay yield of 2-(3-bromo-5-iodothiophen-yl)pyridine (74)
was determined to be 70% (0.290 mmol) by 'H NMR analysis using 1,1,2,2-tetrachloroethane as an
internal standard by comparing relative values of integration for the peak observed at 8.25 ppm (1 proton

for 74) with that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm.
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In the case of isolation

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar and a rubber
septum under argon was charged with 2-(5-bromothiophen-2-yl)pyridine (71) (200.4 mg, 0.835 mmol,
1.0 equiv) and toluene (4.0 mL). The resulting solution was cooled to —78 °C and changed into the slurry.
LDA (2.0 M, 0.62 mL, 1.2 mmol, 1.5 equiv) was added to the Schlenk tube at —78 °C. After stirring at
—78 °C for 90 min, the dissolution of the precipitation was confirmed, and iodine (422.8 mg, 1.666 mmol,
2.0 equiv) was added to the reaction mixture in one portion (the septum was removed temporarily). The
reaction mixture was warmed to room temperature and stirred at room temperature for 30 min. The
reaction mixture was treated with diethyl ether (20 mL) and saturated aqueous sodium thiosulfate (20
mL). After being partitioned, the aqueous layer was extracted with diethyl ether (20 mL). Each of the
organic layers was washed with water (20 mL). The combined organic extracts were concentrated under
reduced pressure to give a crude product. The crude product was purified by silica gel column
chromatography (hexane/diethyl ether = 20:1) to provide 2-(3-bromo-5-iodothiophen-yl)pyridine (74) as
a pale yellow solid (200.6 mg, 0.548 mmol, 66%). Ry = 0.37 (hexane/diethyl ether = 9:1); Mp 66.8—
67.7 °C; IR (ATR, cm™!): 1582, 1567, 1518, 1460, 1435, 1423, 1305, 1154, 994, 975, 821, 776, 738, 713,
659; 'H NMR (400 MHz, CDCl3):  8.57 (d, 1H, J=4.8 Hz), 8.25 (d, 1H, J= 8.4 Hz), 7.76 (ddd, 1H, J =
7.8,7.8, 1.6 Hz), 7.23 (ddd, 1H, J=7.8, 4.8, 1.2 Hz), 7.20 (s, IH); *C{'H} NMR (100 MHz, CDCl;): §
150.7, 149.7, 145.2, 141.3, 136.7, 123.0, 120.3, 107.3, 77.0; HRMS (EI") m/z: calcd. for CoHs""BrINS,
364.8365 [M]"; found 364.8373.
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2-(4-Bromo-5-iodothiophen-2-yl)pyridine (75) (entry 4)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar and a rubber
septum under argon was charged with 2-(5-bromothiophen-2-yl)pyridine (71) (100.3 mg, 0.418 mmol,
1.0 equiv), THF (1.6 mL), and DMPU (0.4 mL). The resulting solution was cooled to —78 °C. LDA (2.0
M, 0.32 mL, 0.64 mmol, 1.5 equiv) was added to the Schlenk tube at —78 °C. After stirring at =78 °C for
60 min, iodine (211.4 mg, 0.833 mmol, 2.0 equiv) was added to the reaction mixture in one portion (the
septum was removed temporarily). The reaction mixture was warmed to room temperature and stirred at
room temperature for 30 min. The reaction mixture was treated with diethyl ether (10 mL) and saturated
aqueous sodium thiosulfate (10 mL). After being partitioned, the aqueous layer was extracted with
diethyl ether (10 mL). Each of the organic layers was washed with water (10 mL). The combined organic
extracts were concentrated under reduced pressure to give a crude product. The assay yield of
2-(4-bromo-5-iodothiophen-2-yl)pyridine (75) was determined to be 76% (0.319 mmol) by 'H NMR
analysis using 1,1,2,2-tetrachloroethane as an internal standard by comparing relative values of
integration for the peak observed at 7.56-7.54 ppm (1 proton for 75) with that of
1,1,2,2-tetrachloroethane observed at 5.96 ppm. The crude product was purified by silica gel column
chromatography (hexane/diethyl ether = 20:1) to provide 2-(4-bromo-5-iodothiophen-2-yl)pyridine (75)
as a pale yellow solid (112.6 mg, 0.308 mmol, 74%). Ry= 0.23 (hexane/diethyl ether = 9:1); Mp 101.3—
103.0 °C; IR (ATR, cm™'): 1584, 1564, 1461, 1433, 1408, 1321, 1289, 994, 979, 813, 772; 'H NMR (400
MHz, CDCl3): 6 8.56-8.53 (m, 1H), 7.71 (ddd, 1H, J="7.8, 7.8, 1.2 Hz), 7.57-7.53 (m, 1H), 7.32 (s, 1H),
7.19 (ddd, 1H, J= 7.8, 4.8, 1.2 Hz); C{'H} NMR (100 MHz, CDCls): & 150.80, 150.78, 149.8, 137.1,
126.7, 123.0, 120.9, 118.3, 80.3; *C{'H} NMR (100 MHz, CD3;CN): 8 152.0, 151.2, 150.4, 138.3, 127.8,
124.2,121.4,119.3, 81.5; HRMS (EI") m/z: calcd. for CoHs7°BrINS, 364.8365 [M]*; found 364.8374.
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Substrate scope for regiodivergent synthesis of thiophene derivatives. (Scheme 4-4)

Br Br
4 3
I\ ~N LDA I\ ~N I N\ ~nN
Br—s 572 \ H S \ H s \
VY solvent, V/ Y
79 —78°C, 60 min 80 81
then EtOH
toluene <5% 54%
THF/DMPU (4:1, viv) <5% 96%

Halogen dance reaction in toluene using 79

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar and a rubber
septum under argon was charged with 3-(5-bromothiophen-2-yl)pyridine (79) (100.0 mg, 0.416 mmol,
1.0 equiv) and toluene (2.0 mL). The resulting solution was cooled to =78 °C. LDA (2.0 M, 0.31 mL,
0.62 mmol, 1.5 equiv) was added to the Schlenk tube at —78 °C. After stirring at =78 °C for 60 min, the
reaction mixture was treated with EtOH (1.0 mL). The reaction mixture was warmed to room
temperature. The reaction mixture was treated with diethyl ether (10 mL) and water (10 mL). After being
partitioned, the aqueous layer was extracted with diethyl ether (10 mL). Each of the organic layers was
washed with water (10 mL). The combined organic extracts were concentrated under reduced pressure to
give a crude product 3-(4-bromothiophen-2-yl)pyridine (81) and 3-(3-bromothiophen-2-yl)pyridine
(80), whose '"H NMR spectroscopic data were identical to those reported in the literature. The assay yield
of 3-(4-bromothiophen-2-yl)pyridine (81) was determined to be 54% (0.227 mmol) by '"H NMR analysis
using 1,1,2,2-tetrachloroethane as an internal standard by comparing relative values of integration for the
peak observed at 8.06 ppm (1 proton for 81 in DMSO-d6) with that of 1,1,2,2-tetrachloroethane observed
at 6.93 ppm ¥, The assay yield of 3-(3-bromothiophen-2-yl)pyridine (80) was determined to be 1%
(0.002 mmol) by '"H NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard by comparing
relative values of integration for the peak observed at 7.98 ppm (1 proton for 80 in CDCIl3) with that of
1,1,2,2-tetrachloroethane observed at 5.96 ppm 43,
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Halogen dance reaction in THF/DMPU using 79

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar and a rubber
septum under argon was charged with 3-(5-bromothiophen-2-yl)pyridine (79) (100.0 mg, 0.416 mmol,
1.0 equiv), THF (1.6 mL), and DMPU (0.4 mL). The resulting solution was cooled to —78 °C. LDA (2.0
M, 0.31 mL, 0.62 mmol, 1.5 equiv) was added to the Schlenk tube at —78 °C. After stirring at =78 °C for
60 min, the reaction mixture was treated with EtOH (1.0 mL). The reaction mixture was warmed to room
temperature. The reaction mixture was treated with diethyl ether (10 mL) and water (10 mL). After being
partitioned, the aqueous layer was extracted with diethyl ether (10 mL). Each of the organic layers was
washed with water (10 mL). The combined organic extracts were concentrated under reduced pressure to
give a crude product 3-(4-bromothiophen-2-yl)pyridine (81) and 3-(3-bromothiophen-2-yl)pyridine (80),
whose 'H NMR spectroscopic data were identical to those reported in the literature. The assay yield of
3-(4-bromothiophen-2-yl)pyridine (81) was determined to be 96% (0.398 mmol) by '"H NMR analysis
using 1,1,2,2-tetrachloroethane as an internal standard by comparing relative values of integration for the
peak observed at 8.06 ppm (1 proton for 81 in DMSO-d6) with that of 1,1,2,2-tetrachloroethane observed
at 6.93 ppm.'*> The assay yield of 3-(3-bromothiophen-2-yl)pyridine (80) was determined to be 2%
(0.009 mmol) by '"H NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard by comparing
relative values of integration for the peak observed at 7.98 ppm (1 proton for 80 in CDCIl3) with that of
1,1,2,2-tetrachloroethane observed at 5.96 ppm.'#?
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ﬂs\(o LDA I\__p I\__p
Brs g2 > H7 g H™ g

OEt solvent, OEt OEt
82a -78°C, 60 min 83a 84a
then EtOH
toluene 24% ND
THF/DMPU (4:1, v/v) ND (decomposed) (10%*) ND (decomposed) (32%*)
THF (quenched by H,O, ref129e)  75% <5%
* ZnCl,*TMPDA was added.

Halogen dance reaction in toluene using 82a

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar and a rubber
septum under argon was charged with ethyl 5-bromothiophen-2-carboxylate (82a) (100.4 mg, 0.427
mmol, 1.0 equiv) and toluene (2.0 mL). The resulting solution was cooled to —78 °C. LDA (2.0 M, 0.32
mL, 0.64 mmol, 1.5 equiv) was added to the Schlenk tube at =78 °C. After stirring at —78 °C for 90 min,
the reaction mixture was treated with EtOH (1.0 mL). The reaction mixture was warmed to room
temperature. The reaction mixture was treated with diethyl ether (10 mL) and 1 M hydrochloric acid (10
mL). After being partitioned, the aqueous layer was extracted with diethyl ether (10 mL). Each of the
organic layers was washed with water (10 mL). The combined organic extracts were concentrated under
reduced pressure to give a crude product ethyl 3-bromothiophen-2-carboxylate (83a), whose 'H NMR
spectroscopic data were identical to those reported in the literature.!** The assay yield of ethyl
3-bromothiophen-2-carboxylate (83a) was determined to be 24% (0.103 mmol) by 'H NMR analysis
using 1,1,2,2-tetrachloroethane as an internal standard by comparing relative values of integration for the
peak observed at 7.46 ppm (1 proton for 83a in CDCl3) with that of 1,1,2,2-tetrachloroethane observed at
5.96 ppm.
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Halogen dance reaction in THF/DMPU using 82a

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar and a rubber
septum under argon was charged with ethyl 5-bromothiophen-2-carboxylate (82a) (100.0 mg, 0.425
mmol, 1.0 equiv) ZnCl,-TMPDA (170.0mg, 0.638 mmol, 1.5 equiv), THF (1.6 mL), and DMPU (0.4
mL). The resulting solution was cooled to —78 °C. LDA (2.0 M, 0.32 mL, 0.64 mmol, 1.5 equiv) was
added to the Schlenk tube at —78 °C. After stirring at —78 °C for 60 min, the reaction mixture was treated
with EtOH (1.0 mL). The reaction mixture was warmed to room temperature. The reaction mixture was
treated with diethyl ether (10 mL) and 1 M hydrochloric acid (10 mL). After being partitioned, the
aqueous layer was extracted with diethyl ether (10 mL). Each of the organic layers was washed with
water (10 mL). The combined organic extracts were concentrated under reduced pressure to give a crude
product ethyl 3-bromothiophen-2-carboxylate (83a) and ethyl 4-bromothiophen-2-carboxylate (84a),
whose "H NMR spectroscopic data were identical to those reported in the literature.'#+145 The assay yield
of ethyl 3-bromothiophen-2-carboxylate (83a) was determined to be 10% (0.041 mmol) by '"H NMR
analysis using 1,1,2,2-tetrachloroethane as an internal standard by comparing relative values of
integration for the peak observed at 7.46 ppm (1 proton for 83a in CDCI3) with that of
1,1,2,2-tetrachloroethane observed at 5.96 ppm. The assay yield of ethyl 4-bromothiophen-2-carboxylate
(84a) was determined to be 31% (0.132 mmol) by 'H NMR analysis using 1,1,2,2-tetrachloroethane as
an internal standard by comparing relative values of integration for the peak observed at 7.43 ppm (1

proton for 84a in CDCls) with that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm.
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N Nar LDA T\ NAr T\ NAr
Brs g2 H™ g H g
solvent,
85 -78°C, 60 min 86 87
i-Pr then EtOH
toluene ND (recovery of 85) ND (recovery of 85)

Ar= § THF/DMPU (4:1, v/v) 47% 23%

. THF (quenched by H,O, ref129e)  54% 35%

i-Pr

Halogen dance reaction in toluene using 85

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar and a rubber
septum under argon was charged with (£)-1-(5-bromothiophene-2-yl)-N-(2,6-diisopropylphenyl)-
methaneimine (85) (145.7 mg, 0.416 mmol, 1.0 equiv) and toluene (2.0 mL). The resulting solution was
cooled to =78 °C. LDA (2.0 M, 0.31 mL, 0.62 mmol, 1.5 equiv) was added to the Schlenk tube at =78 °C.
After stirring at —78 °C for 90 min, the reaction mixture was treated with EtOH (1.0 mL). The reaction
mixture was warmed to room temperature. The reaction mixture was treated with diethyl ether (10 mL)
and saturated aqueous ammonium chloride (10 mL). After being partitioned, the aqueous layer was
extracted with diethyl ether (10 mL). Each of the organic layers was washed with water (10 mL). The
combined organic extracts were concentrated under reduced pressure to give the recovery of
(E)-1-(5-bromothiophene-2-yl)-N-(2,6-diisopropylphenyl)-methaneimine (85). The assay yield of
recovery of (E)-1-(3-bromothiophene-2-yl)-N-(2,6-diisopropylphenyl)-methaneimine  (85) was
determined to be 96% (0.399 mmol) by "H NMR analysis using 1,1,2,2-tetrachloroethane as an internal
standard by comparing relative values of integration for the peak observed at 8.15 ppm (1 proton for 85

in CDCl3) with that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm.

149



Halogen dance reaction in THF/DMPU using 85

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar and a rubber
septum under argon was charged with (E)-1-(5-bromothiophene-2-yl)-N-(2,6-diisopropylphenyl)-
methaneimine (85) (145.7 mg, 0.416 mmol, 1.0 equiv), THF (1.6 mL), and DMPU (0.4 mL). The
resulting solution was cooled to =78 °C. LDA (2.0 M, 0.31 mL, 0.62 mmol, 1.5 equiv) was added to the
Schlenk tube at —78 °C. After stirring at —78 °C for 60 min, the reaction mixture was treated with EtOH
(1.0 mL). The reaction mixture was warmed to room temperature. The reaction mixture was treated with
diethyl ether (10 mL) and aqueous ammonium chloride (10 mL). After being partitioned, the aqueous
layer was extracted with diethyl ether (10 mL). Each of the organic layers was washed with water (10
mL). The combined organic extracts were concentrated under reduced pressure to give a crude product
(E)-1-(3-bromothiophene-2-yl)-N-(2,6-diisopropylphenyl)-methaneimine  (86) and (£)-1-(4-bromo-
thiophene-2-yl)-N-(2,6-diisopropylphenyl)-methaneimine (87), whose '"H NMR spectroscopic data were
identical to those reported in the literature.!?®® The assay yield of (E)-1-(3-bromothiophene-2-yl)-
N-(2,6-diisopropylphenyl)-methaneimine (86) was determined to be 47% (0.196 mmol) by 'H NMR
analysis using 1,1,2,2-tetrachloroethane as an internal standard by comparing relative values of
integration for the peak observed at 835 ppm (1 proton for 86 in CDCI3) with that of
1,1,2,2-tetrachloroethane observed at 5.96 ppm. The assay yield of (E)-1-(4-bromothiophene-2-yl)-
N-(2,6-diisopropylphenyl)-methaneimine (87) was determined to be 23% (0.096 mmol) by 'H NMR
analysis using 1,1,2,2-tetrachloroethane as an internal standard by comparing relative values of
integration for the peak observed at 821 ppm (1 proton for 87 in CDCIl3) with that of
1,1,2,2-tetrachloroethane observed at 5.96 ppm.
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Synthetic Procedure for a pyridyl thiophene derivative 95
Br Br

4 3 Ot-Bu Ot-Bu Ot-Bu
ol N Ns LA G N Ns g L
r7s 2
s \ Y solvent, S \ Y/ S \ Y/
93 temp, 60 min 94 95
then EtOH
THF, -78°C <5% 84% (recovery of 93: <5%)
toluene, -78°C <5% <5% (recovery of 93: 84%)
toluene, -40°C <5% 22% (recovery of 93: 44%)
Et,0, -78°C <5% 9% (recovery of 93: 90%)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar and a rubber
septum under argon was charged with 2-(1,1-dimethylethoxy)-6-(5-bromothiophen-2-yl)pyridine (93)
(145.2 mg, 0.465 mmol, 1.0 equiv) and THF (2.5 mL). The resulting solution was cooled to =78 °C.
LDA (2.0 M, 0.35 mL, 0.70 mmol, 1.5 equiv) was added to the Schlenk tube at =78 °C. After stirring at
=78 °C for 60 min, the reaction mixture was treated with EtOH (1.0 mL). The reaction mixture was
warmed to room temperature. The reaction mixture was treated with diethyl ether (10 mL) and water (10
mL). After being partitioned, the aqueous layer was extracted with diethyl ether (10 mL). Each of the
organic layers was washed with water (10 mL). The combined organic extracts were concentrated under
reduced pressure to give a crude product 2-(1,1-dimethylethoxy)-6-(4-bromothiophen-2-yl)pyridine (95).
The assay yield of 2-(1,1-dimethylethoxy)-6-(4-bromothiophen-2-yl)pyridine (95) was determined to be
84% (0.389 mmol) by 'H NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard by
comparing relative values of integration for the peak observed at 7.39 ppm (1 proton for 95 in CDCls)
with that of 1,1,2,2-tetrachloroethane observed at 5.96 ppm. The crude product was purified by silica gel
column chromatography (hexane/dichloromethane = 97:3) to provide 2-(1,1-dimethylethoxy)-6-
(4-bromothiophen-2-yl)pyridine (95) as a colorless oil (115.9 mg, 0.371 mmol, 80%). The position of
bromo group in the target product 95 was determined by 2D NMR. Ry= 0.43 (hexane/dichloromethane =
9:1); IR (ATR, ecm™'): 2978, 1591, 1568, 1445, 1326, 1248, 1173, 1151, 1046, 933, 914; '"H NMR (400
MHz, CDCl3): 6 7.52 (dd, 1H, J= 8.4, 7.2 Hz), 7.39 (d, 1H, J= 1.2 Hz), 7.23 (d, 1H, J= 1.2 Hz), 7.13 (d,
1H, J= 7.2 Hz), 6.54 (d, 1H, J = 8.4 Hz), 1.65 Hz (s, 9H); *C{'H} NMR (100 MHz, CD3CN): § 164.1,
148.7, 147.4, 140.6, 127.2, 1259, 113.0, 111.6, 110.8, 80.7, 28.7, HRMS (DART") m/z: caled. for
C13H15’BrNOS, 312.0052 [M+H]*; found 312.0053.
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2D NMR spectra of 95
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Typical procedure in Table 4-2 (entry 4)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar and a rubber
septum under argon was charged with 2-(5-bromothiophen-2-yl)pyridine (71) (100.1 mg, 0.417 mmol,
1.0 equiv), BF3-OEt; (52 pL, d = 1.14 g/mL, 0.42 mmol, 1.0 equiv), THF (2.0 mL). The resulting
solution was cooled to —=78°C. LDA (2.0 M, 0.31 mL, 0.62 mmol, 1.5 equiv) was added to the Schlenk
tube at —78°C. After stirring at —78°C for 60 min, the reaction mixture was quenched by saturated
aqueous ammonium chloride (10 ml). After the reaction mixture was warmed to room temperature,
diethyl ether (10 mL) was added. After being partitioned, the aqueous layer was extracted with diethyl
ether (5 mL). Each of the organic layers was washed with water (5 mL). The combined organic extracts
were concentrated under reduced pressure to give the recovery of 71. The assay yield of 2-(5-
bromothiophen-2-yl)pyridine (71) was determined to be 87% (0.361 mmol) by '"H NMR analysis using
1,1,2,2-tetrachloroethane as an internal standard by comparing relative values of integration for the peak

observed at 8.53 ppm (1 proton for 71 in CDCIl3) with that of 1,1,2,2-tetrachloroethane observed at 5.96
ppm.

Typical procedure in Scheme 4-8 and Table 4-4 (entry 1)

A flame-dried 20-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar and a rubber
septum under argon was charged with LDA (2.0 M, 0.32 mL, 0.64 mmol, 1.5 equiv) and THF 1.0 mL.
The resulting solution was cooled to —78 °C. A solution of 2-(5-bromothiophen-2-yl)pyridine (71) (100.3
mg, 0.418 mmol, 1.0 equiv), ZnCl,> TMEDA (158.0 mg, 0.626 mmol, 1.5 euiqv) and DMPU (1.0 mL)
was added to the Schlenk tube at —78 °C. After stirring at —78 °C for 60 min, iodine (211.4 mg, 0.833
mmol, 2.0 equiv) was added to the reaction mixture in one portion (the septum was removed
temporarily). The reaction mixture was warmed to room temperature and stirred at room temperature for
30 min. The reaction mixture was treated with diethyl ether (10 mL) and saturated aqueous sodium
thiosulfate (10 mL). After being partitioned, the aqueous layer was extracted with diethyl ether (10 mL).
Each of the organic layers was washed with water (10 mL). The combined organic extracts were
concentrated under reduced pressure to give a crude product. The assay yields of 71-74 were determined
by 'H NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard in the similar manner to

Table 4-1.

153



Preparation of Starting Materials

4 3
5 / \\  Nx
rs 2
S \/
71

2-(5-Bromothiophen-2-yl)pyridine (71)

A 300-mL round-bottomed flask equipped with a Teflon-coated magnetic stirring bar and a rubber
septum under argon was charged with 2-(thiophen-2-yl)pyridine (2.00 g, 12.4 mmol, 1.0 equiv) and
dichloromethane (60 mL). The resulting solution was cooled to 0 °C. Bromine (2.97 g, 18.6 mmol, 1.5
equiv) was added to the flask at 0 °C. After stirring at 0 °C for 10 min, bromine (0.99 g, 6.2 mmol, 0.5
equiv) was added, and the reaction mixture was stirred at 0 °C for 10 min. The reaction mixture was
treated with saturated aqueous sodium thiosulfate (100 mL) and saturated aqueous sodium hydrogen
carbonate (30 mL). After being partitioned, the aqueous layer was extracted with dichloromethane (30
mL). The combined organic extracts were washed with water (60 mL) and concentrated under reduced
pressure to give a crude product. The crude product was recrystallized from hexane/dichloromethane to
provide 2-(5-bromothiophen-2-yl)pyridine (71) as a colorless solid (2.24 g, 9.33 mmol, 75%), whose 'H
and BC{'H} NMR spectroscopic data were identical to those reported in the literature.'# Ry = 0.20
(hexane/diethyl ether = 9:1); "TH NMR (400 MHz, CDCls): & 8.53 (d, 1H, J= 4.8 Hz), 7.67 (ddd, 1H, J=
7.8,7.8,2.0 Hz), 7.56 (d, 1H, J=7.8 Hz), 7.30 (d, 1H, J=4.0 Hz), 7.15 (ddd, 1H, J= 7.4, 4.8, 1.6 Hz),
7.05 (d, 1H, J = 4.0 Hz); 3C{'H} NMR (100 MHz, CDCl3): § 151.9, 149.7, 146.5, 136.9, 131.0, 124.5,
122.3,118.2, 115.2.
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4—3
5 / \ =N
5 g2
S \ y
79

3-(5-Bromothiophen-2-yl)pyridine (79)

A 20-mL round-bottomed flask equipped with a Teflon-coated magnetic stirring bar and a rubber
septum under argon was charged with 3-(thiophen-2-yl)pyridine (500.0 mg, 3.101 mmol, 1.0 equiv) and
dichloromethane (10 mL). The resulting solution was cooled to 0 °C. Bromine (743.8 mg, 4.654 mmol,
1.5 equiv) was added to the flask at 0 °C. After stirring at 0 °C for 10 min, bromine (248.0 mg, 1.552
mmol, 0.5 equiv) was added, and the reaction mixture was stirred at 0 °C for 10 min. The reaction
mixture was treated with saturated aqueous sodium thiosulfate (25 mL) and saturated aqueous sodium
hydrogen carbonate (10 mL). After being partitioned, the aqueous layer was extracted with
dichloromethane (10 mL). The combined organic extracts were washed with water (20 mL) and
concentrated under reduced pressure to give a crude product. The crude product was purified by silica
gel column chromatography (hexane/diethyl ether = 1:1) to provide 3-(5-bromothiophen-2-yl)pyridine
(79) as a pale yellow solid (566.1 mg, 2.358 mmol, 76%), whose 'H and *C{'H} NMR spectroscopic
data were identical to those reported in the literature.'*” Ry= 0.20 (hexane/diethyl ether = 2:1); '"H NMR
(400 MHz, CDCl3): 6 8.78 (d, 1H, J=1.6 Hz), 8.52 (dd, 1H, J=4.8, 1.2 Hz), 7.75 (ddd, 1H, J=17.6, 1.6,
1.6 Hz), 7.29 (ddd, 1H, J = 8.0, 4.4, 0.8 Hz), 7.09 (d, 1H, J = 4.0 Hz), 7.05 (d, 1H, J = 4.0 Hz); *C{'H}
NMR (100 MHz, CDCls): 6 148.9, 146.7, 141.9, 132.8, 131.2, 129.7, 124.6, 123.8, 112.9.

i-Pr
4 3
g
Brs~g 27
85 i-Pr

(E)-1-(5-bromothiophene-2-yl)-N-(2,6-diisopropylphenyl)-methaneimine (85)

The starting material 85 was synthesized according to the literature.!>*
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V
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2-(1,1-dimethylethoxy)-6-(5-bromothiophen-2-yl)pyridine (93)

A 50-mL Schlenk tube equipped with a Teflon-coated magnetic stirring bar and a rubber septum under
argon was charged with 2-bromo-6-(1,1-dimethylethoxy)pyridine (1.05 g, 4.56 mmol, 1.0 equiv),
2-thiopheneboronic acid (1.17 g, 9.14 mmol, 2.0 equiv), pottasium carbonate (2.52 g, 18.2 mmol, 4.0
equiv), Pd(PPh3)s (263.7 mg, 0.228 mmol, 0.05 equiv), 1,4-dioxane (18 mL), and water (4.5 mL). The
resulting mixture was heated to 90 °C and stirred at 90 °C for 24 h. After cooling to room temperature,
the reaction mixture was treated with diethyl ether (150 mL) and water (100 mL). After being partitioned,
the aqueous layer was extracted with diethyl ether (80 mL). The combined organic extracts were washed
with water (50 mL) and concentrated under reduced pressure to give a crude product. The crude product
was purified by silica gel column chromatography (hexane/dichloromethane = 9:1) to provide
2-(1,1-dimethylethoxy)-6-(thiophene-2-yl)pyridine as a colorless solid (1.00 g, 4.29 mmol, 94%). Rf =
0.29 (hexane/dichloromethane = 9:1); Mp 54.5-55.8 °C; IR (ATR, cm™'): 2977, 1591, 1568, 1447, 1435,
1363, 1325, 1249, 1174, 1151, 1039, 1023, 931, 912; 1H NMR (400 MHz, CDCls): 6 7.53 (dd, 1H, J =
3.6, 0.8 Hz), 7.51 (dd, 1H, J= 8.2, 7.2 Hz), 7.34 (dd, 1H, J= 5.0, 0.8 Hz), 7.18 (d, 1H, J = 7.2 Hz), 7.09
(dd, 1H, J = 5.0, 3.6Hz), 6.51 (d, 1H, J = 8.2 Hz), 1.67 (s, 9H); *C{'H} NMR (100 MHz, CDCls): &
163.3, 149.5, 145.9, 138.9, 128.1, 127.0, 123.8, 111.3, 110.4, 79.9, 28.7; HRMS (DART") m/z: calcd. for
Ci3Hi6NOS, 234.0947 [M+H]*; found 234.0950.

A 50-mL round-bottomed flask equipped with a Teflon-coated magnetic stirring bar and a rubber
septum under argon was charged with 2-(1,1-dimethylethoxy)-6-(thiophene-2-yl)pyridine (360.5 mg,
1.545 mmol, 1.0 equiv), dichloromethane (12 mL). The resulting solution was cooled to 0°C. NBS
(302.5 mg, 1.700 mmol, 1.1 equiv) was added to the Schlenk tube at 0°C. After stirring at 0°C for 4 h 30
min, the reaction mixture was treated with dichloromethane (8 mL) and saturated aqueous sodium
thiosulfate (15 mL). After being partitioned, the aqueous layer was extracted with dichloromethane (5
mL). The combined organic extracts were washed with water (10 mL) and concentrated under reduced
pressure to give a crude product. The crude product was purified by silica gel column chromatography
(hexane/dichloromethane = 19:1) to provide 2-(1,1-dimethylethoxy)-6-(5-bromothiophene-2-yl)pyridine
(93) as a colorless solid (257.7 mg, 0.825 mmol, 53%). Ry = 0.39 (hexane/dichloromethane = 9:1); Mp
90.4-92.1°C; IR (ATR, cm™): 2979, 1590, 1568, 1439, 1364, 1249, 1175, 1151, 1042, 968, 929; 1H
NMR (400 MHz, CDCl3): & 7.50 (d, 1H, J= 8.4, 7.2 Hz), 7.23 (d, 1H, /= 4.0 Hz), 7.10 (d, 1H, J= 7.2
Hz), 7.02 (d, 1H, J = 4.0 Hz), 6.51 (d, 1H, J = 8.4 Hz), 1.64 (s, 9H); *C{'H} NMR (100 MHz, CDCl;):
6 163.3, 148.7, 147.5, 139.0, 131.0, 123.6, 114.4, 111.7, 109.7, 80.1, 28.7; HRMS (DART") m/z: calcd.
for C13H5s""BrNOS, 312.0052 [M+H]"; found 312.0054.
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pKa calculation

All calculations studies on equilibrium geometry at ground state were performed on DFT by Spartan
ver. 18 (Wavefunction Inc.)

AG? values were calculated using B3LYP/6-311+G** level of theory in polar solvent at 298K and 1
atm.

R-H + solvent R + H@-solvent

Based on pKa values in DMSO by Evans,'* the obtained 4G° values were converted into pKa values

in DMSO by the calibration curve according to the similar procedure shown in the literature.!?’™
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5. #a1&

H2ETIL, 70 —BRE AR ROCRICEH LAt s LT, #K-iR 2 #5527 V% AbX
I D BIFENZ DU TR 7=, Taylor vortex flow reactor D HIZ L W BRHE 72 7 0 — & BEDRESLIZ
R LTz, £7c, AT —NAT v IRREEAT o 7o iR, 10 kg/day UL EDOJREM A LB T X 5 F Tl
ApEMEZ T ESE, BEBRELZ X 7T A2 — L TG TE 28 a ML Lz, S HIT,
WZ-1Z 2 FHA D 7 o — &I H = 6 D & [RZELO Taylor vortex flow reactor Z e s T (2 & 1 FH
DI LTI L, RIS D Al E TOBERTEEFAERES AT LOFRTHRAT S Z LITHK
Dliz, Zhudle TRl WERMHOMR ALDOEFTICHBMTE 2/MRTH D LF R D,

H3ETIE, 7 —8E AN — R OSRICHE A LI2afgE & LT, K-k 2 fH R ORI L
JEDBFEIZDONWTIR T, N=B LY T 72 —OEMAIZEVIERD AT TFRSPAZT 4 v 7
X —I 0 bEWRISI LR Z R T Z & 2 FERE LT, EAEEMER L7 ORR 2 FEhi L,
IRDZ RN 7 7 2 =280 TH 1 kg/day LA EOAFEMA R TE HZ & A FEFE LT, AN
ZEIC XD Ny FTIHIERDOERME: O R LSOE DO MICHIRTE 2 EHIfF SN D, £/,
NEJ LTI H =TT CICHEEE RSO CIEERNICEH SN TV EETH L7290,
IS REICAT I EEIIR S TH Y | [AR2 RO 7 v —8 a7 O BROEER R 7 v —
V77 2—¢& L THERTE D REMEZHD TV D,

H4ETIE, 7 —AROMEH TR EE LW e R AL OBRFPERIE R L0 e
Z o ADRGSVERIENZ BT 2 W5E 24T o T2 7Ny F RIS THBEO VA AWM 2 iHE LTz &
ZAH BV OATFAT = OB T 0 P ALDMERIRIEZFIETE 2 2B A L, Zh
Wz, €E7 I FOSRERGFHCHENSEAR DI EZ G INERMED & bR Dt 21T > 124
B NaF U AORKIENAEEE 720 . R OB T v b I ARIZ K DAL ERIR S & A D
BT, 1 DORENS 4 FONERMEIKREZIED 51725 2 LIS Lic, KRFEIL, ZEROY
UPNFHT = CFEEREAED 31, SREREREZ AR TE 5720, AIFLFEOH THEEA
W C&E 5, £lo. FEROLADME~EHRIEANTE ZARFEL, GREOMF LTS
Lm0, T AMEFEOREICLTET D,

AWFFENTIBN T, FFITUERD Ny FEME AW ROSBRFRIC KL 57 7 e —F &
e PERAT 2 WSS RY 22 T 7 e —F DWW CHFGE 24T - 72 (Figure 5-1), AHFZEZ @ U T,
&V IRHZR SOGSHEIRITH IS TE 2 7 v —E AR OB 217V B — RIS BOS LIS D L Fi %
FRIALPRIGIC 7 o — G A CE 2 L 92 oTo, Fo, ALE RO GBS
JEOHEZ2 & 7 v — G R TIIMERN R #2235 LT, 18k FERE VT2 b
W72 7 7o —F 2B U TR A R U7z, BEEMFIFREIC RN T, 7 u—a o i
TR DAEERRT T a—F LHEROLTFR R T 7 a —TF & B R0 TR O RS FFMEIZIG
CTEW T BT, X0 EVEEOERGFRROEE 7 0 AR REIC R D L E X T
W5,
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Chemical Drug Engineering
Approach Substances Approach

Batch Synthesis Flow Synthesis
» Deprotonation + Liquid-liquid biphasic alkylation
* Halogen dance » Aerobic oxidation
> Regioselective reaction » Heterogeneous reaction

» Competitive reaction

Figure 5-1. Investigated bilateral approach for process development toward manufacturing drug

substances.

FIFRERAIZIZ, 2D 2 2OT7 Fu—F 2 lAiGbE T, S6R5/ET v AFEOR)
FALIZI D A TN E B TWD, B2, 5 4 ORI LIoLiE ek A &M Lo A cRE
X, B m R ACIRO RPN ESEIRYE DR T 285 < 7o 12, R IR Z HI 3~ & ST
b, LTenoT, 7u—58RIC X D8E T A —& ORERIE LA DEIR, RO
WRIEDOHIE N LV EZ b LW END, 2 DOT7 Fa—F 23T 57200 T, M
FNTIE R T EAUE, R0 Rk E 7 v AR A ATRBIC L. #HITx T 5 E G OZER D
ORI HRTEH L E X TN D,
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