Introduction to Flow Chemistry

_,\?‘.’ \.\2 “' [f "'\\ : ‘B 7 ..

fiStrbam=—u

\

A
'\ grystathzation

LS ®
| -

“PrOCess

control
S / g

Eric Alexy
Literature Meeting
December 141, 2018



Introduction to Flow Chemistry

."‘ -

RISsE

. OF THE
QAM:HlNes

iy
. T~

Eric Alexy
Literature Meeting
December 14™, 2018



Overview

I. flow chemistry basics and common techniques
- types of reactors
- continuous extraction and other purification methods

II. selected examples of flow synthetic methodology

III. application of flow chemistry toward API/natural product synthesis
- one-step processes
- multi-step continuous processes
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Reactor chip
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Overview

Reactor T mixer Y mixer Quad mixer Check Union Back-pressure
. valve regulator

BPR
X psi

*
"

>~ 4

Molecular sieve Packed-bed Liquid—liquid
column column separator

= S O

Static mixer

Jamison, Nat. Protocols 2017, 12, 2423—-2446.



Batch vs. Flow

reagent reagent Fluid & Reagent Delivery : Mixing Reactor EQuenching ' Pressure ' Collection
A B ' ' : . Regulation |
reagent N | :
A N : : , quench | :

reagent o 1
B < ! : : : :

key advantages of flow

-optimal heat transfer due to high surface area

-accelerated mixing/micromixing

-easy use of high pressure: heating solvents above their boiling point
-continuous setup requires minimal intervention once initiated
-increased performance of multiphasic reactions

Plutschack, Pieber, Gilmore, Seeberger Chem. Rev. 2017, 117, 11796—-11893.



Batch vs. Flow

reagent reagent Fluid & Reagent Delivery : Mixing Reactor EQuenching ' Pressure ' Collection
A B ' ' : . Regulation |
reagent N : :
A \“ : : | quench | :
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reagent o B
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key advantages of flow

-optimal heat transfer due to high surface area

-accelerated mixing/micromixing

-easy use of high pressure: heating solvents above their boiling point
-continuous setup requires minimal intervention once initiated
-increased performance of multiphasic reactions

both involve the same fundamental operations

Plutschack, Pieber, Gilmore, Seeberger Chem. Rev. 2017, 117, 11796—-11893.



Batch vs. Flow

reagent reagent Fluid & Reagent Delivery : Mixing Reactor EQuenching ' Pressure ' Collection
A B ' ' : . Regulation |
reagent N | : :
A A : : ! quench | :

| W D G O
reagent N Bl
B \ ! ! i

“A machine-assisted approach gives people more
time to think plan, and make discoveries.”
-Steve Ley

Plutschack, Pieber, Gilmore, Seeberger Chem. Rev. 2017, 117, 11796—-11893.



Liquid—Liquid Extraction

aqueous out

0.5 mL/min P aqueous /
Lon S5 O @O 2 // —
dyn.amic ? EEEEEN /// / %
mixer /
residence / / / // / /
~0 loop (48 s) . organic
hydrophobic pressure out
@ membrane diaphragm
PPT (2 mol%)
Cl, (0.5 M)
0.16 mL/min 4mL
CH,Cl,
@ 5mL
0.16 mL/min U H
CH,Cl, .
o™ O™ 0
CH,CI, (1.0 M) organic out

Hu, O’Brien, Ley Org. Lett. 2012, 14, 4246—4249.
Ley, Fitzpatrick, Ingham, Myers Angew. Chem., Int. Ed. 2015, 54, 3449-3464.



In-Line Solvent Removal/Swap

Solution i
Ley Group ‘7 olution in

Dittrich Group

Swagelok
%" — Yis” reducer

Swagelok %" tee¢ —— <—— Nebulizing gas in
|n|etN Outlet ‘
Swagelok Q
V" — %" reducer | ) o
"h waste

. .- |

Swagelok %" tee¢ ————— — Gas and vapors '"'et{eed Capi\lfar‘ie‘s:s
out i

Custom adapter 1 B i

(bored to 4")

cross section cross section ]
Glass column

15 mm x 100 mm

|—> Solution out

Ley, Fitzpatrick, Ingham, Myers Angew. Chem., Int. Ed 2015, 54, 3449-3464.
Cvetkovic, Lade, Marra, Arima, Rinaldi, Dittrich RSC Adv. 2012, 2, 11117-11122.



Simulated Moving-Bed (SMB) Chromatography

NO, NO, (\o
F

Morpholine (2.2 equiv) N\)

> +

=+
0.22 M, 1.0 mL min™! N N
F tes =10 min F [ j [ j
0 o

92 5

'Raffinate
para-2 3,4

Pump 5

' Morpholine / THF — Pump 1 - .
: 1/ THF —{ Pump 2 —»l 185°C

. Synthesis @ P

eg uwnjo) H ge uwmog)—T/

NO, (\o NO,
N F
3

THF/H,0— Pump 6
- |
/’\ "O E
Simulated g '
solid 3|
flow 5|
N :

| THF ——| Pump 3 ; :
! R } } - MColumn 2b H Column 2a }~| Pump 7 :

H,O | Pump 4 Back-pressure

. Dilution : regulator (8 bar) | Purification

Seeberger, Angew. Chem., Int. Ed. 2012, 51, 7028—-7030.



Microwave-to-Flow Paradigm

-paradigm states that reactions optimized in MW conditions easily translate to flow

N—N
I\Y
NaNs, AcOH | N

‘ 2 > H
220 OC

MW: 5 min, 98% yield
flow: 10 min, 96% yield

-in situ formation of toxic hydrazoic acid (HN;)

Me
OM Me )\ O/Y\N/Y\O
0 o/\/\N Me
H OH OH
Me NH, OH . Me" Me
——
EtOH, 1 M
OMe conditions OMe MeO
OMe
A B
entry conditions (psi) amine equiv temp °C time yield A yield B

1 batch MW (100) 1.2 150 30 min 69 28
2 flow (500) 4.0 240 15 s 91 6

Jensen, Jamison, Org. Process Res. Dev. 2010, 14, 432—440.
Kappe, Angew. Chem. Int., Ed. 2010, 49, 7101-7105.
Kappe, Chem. Eur. J. 2011, 17, 11956—11968.



Integrated Operations

STEP 1. STEP 2. STEP 3.
Grignard Ritter Cyclization
L —— .
A Og NH
© Q00 =N 00 Y 00
2 3 4
STEP 5. STEP 4.
Hydrolysis o Ozonolysis
O
= - -
%9 Y e T
7 6 5
Q = quench SS = solvent switch

E = extraction F = filtration SR = solvent removal

Ley, Angew. Chem., Int. Ed 2015, 54, 144—148.




Integrated Operations

r

ad|(e

0.5 M THF
Sat. NH,Cl (aq) / H,O
A\ 0.30 mL/min 3:2 Toluene / Et,O (" Q0 Eiw A
M O— 1.2 mL/min | 0.5mLimin
1 P1 R1 i
. o= :
. d—] .
(> 4:;?;_-" Flotv_l!i ______________ _! BrMg0 "\ agitation
® 0.5 M 3:2 Toluene / Et,0 waste 8 mixer =
2 0.27 mL/min L
/ M2 =
X . % = 2
ovstiion @ vapors out N, @ @
(condenser) 1.4 bar W5
= 2 4]
S N\ organic ou;
§ HO "N gl charcoal
2 3 LB filter
) ] O m | | :
(N glass
= bead:
webcam MeCN webcam Vi eads
; 1.2 mL/min H
1 frmm i
! P7 Ps R2
[ ——— j aquezl:; [250psl ] S wide-bore
i JL peristaitic JIL JL residence tubing )
o = N
P8 ster2 Jif o)
rotating sinter
0.15 - 1.4 mL/min o M5 = wide-bore residence tubing B
M4 ¢ | P ” solids removed
~,
e 30 min replaceable filter
250C P10 |  KOH (4 M)
H,SO, 4:1 EtOH/H,0 cotton wool
0.05 mLimin 2 mL/min
o N 7
4 ™
STEP 3 5bar RS @
gasout <«+—() m
25min
(average) =
120°C NH
N O 4
3 KOH, EtOH
as-pressure
5 g f;pR 1.0 - 3.0 mL/min
=

Ley,Angew. Chem., Int. Ed 2015, 54, 144—-148.



Integrated Operations

N E..Y @ Oz + O‘3
2
5:1acetone /HO | ozonolysis reactor
0.25M Mg -
2 mL/min .
0, o, MnO,
ozone generator 1:5:8 HCI, AcOH, H.O
500 mL/min 0.25 mL/min
7-10% O,
(2-3 mmol/min)
R8
—=—J——o .
18 min 0.25 mL/min NH OH
150°C

(solvent evaporator)

Ley,Angew. Chem., Int. Ed 2015, 54, 144—-148.



Integrated Operations

AN
The synthesis

Engineering

Infermation

Ley,Angew. Chem., Int. Ed 2015, 54, 144—-148.



Packed-Bed Reactor

OMe conditions
o+ 3 mi >
min
N cl

OMe

M

e

3 4

entry  Pd Source (1 mol %) Base Solvent Yield
1 Pd(dba), KHMDS THF/Tol <5
2 Pd(dba), LiMHDS THF/Tol 12
3 2 LiHMDS THF/Tol 5
4 2 2.0 M KOH Tol/H,0 91

*with TBAB

Buchwald, Angew. Chem., Int. Ed. 2011, 50, 6396-6400.




Packed-Bed Reactor

OMe conditions
o+ 3 mi >
min
N cl

OMe

M

e

3 4

entry  Pd Source (1 mol %) Base Solvent Yield
1 Pd(dba), KHMDS THF/Tol <5
2 Pd(dba), LiMHDS THF/Tol 12
3 2 LiHMDS THF/Tol 5
4 2 2.0 M KOH Tol/H,0 91

*with TBAB

rapid/efficient mixing is crucial for high yields!

Buchwald, Angew. Chem., Int. Ed. 2011, 50, 6396-6400.




Buchwald, Angew. Chem., Int. Ed. 2011, 50, 6396—6400.

Packed-Bed Reactor OMe

OMe Pd cat 2, TBAB
ot >
N cl TOl/Hzo, 100 °C

\ t.c=90s
Me 4 res
3
94% vyield
Wy :
2.0 M NaH,PO4 BPR
C i -
EtOAc
one-step
é product
switch valve

Packed bed

solution C

CLuia—p—
RX
R =

2.0 M NaH,PQO4

Packed bed

BPR Sol. A: 3, 4 and internal standard in toluene;

Sol. B: 2 and AcOH in toluene;

Sol. C: KOH and TBAB in water;
two-step RX: neat alkyl halide or its solution;
product TBAB: tetrabutylammonium bromide.

H,N-Pd
/ “XPhos




Rapid Vortex Fluidics

(o)

o) 6950 rpm
NH, 45 ° tilt angle J\/\
+ )k/\ N
cl Et;N, CHCI, H

Raston, Chem. Eur. J. 2015, 21, 10660—10665.



NH
©/\ 2,
Cl

Fluid flow
__—-———_"

Rapid Vortex Fluidics

o) 6950 rpm

45 ° tilt angle
)l\/\ >
Et;N, CHCI;

Raston, Chem. Eur. J. 2015, 21, 10660—10665.



NH
©/\ 2,
Cl

Fluid flow
__—-———_"

Rapid Vortex Fluidics

o) 6950 rpm

45 ° tilt angle
)l\/\ >
Et;N, CHCI;

Raston, Chem. Eur. J. 2015, 21, 10660—10665.



Rapid Vortex Fluidics

6950 rpm O
I?Z . )C])\ 45 ° tilt angle - RZ“NJJ\W
n- N ~ge c1” R Et;N, CHCI, »
2.0 mL min™? R
80 seconds

0 Ph
(o)
/\)OJ\ V)L “\H © v)k /O
N N
H Ph I\/o V)LH N

95% yield

95% yield 99% yield 91% yield

Raston, Chem. Eur. J. 2015, 21, 10660—10665.

)\/loj\ N\
A
H
88% yield



o)
A~ o~
H

95% yield

Rapid Vortex Fluidics

6950 rpm 0
2 o i
R . )Cj)\ 45 ° tilt angle o RZ“NJLFF
2.0 mL min™! R
80 seconds
o 0 Ph 0
“\H 0
H
k/o OH
95% vyield 99% vyield 91% yield

- ~ 3t 60 C
Heated Zone at Ot =

Sye — QLT
—>

Raston, Chem. Eur. J. 2015, 21, 10660—10665.

(o) Ph
PN
N
H
88% yield

Ph



Copper-Tube Reactor

// NaN,;, DMF N=N
aNg, N
* Br/\/OI-I > S 1
150 °C OH
copper tubing
5 min

71% yield

Sach, Adv. Synth. Catal. 2009, 351, 849-854.



Copper-Tube Reactor

NaN;, DMF N=R
aNg, N
* Br/\/OI-I o S 1
150 °C OH
copper tubing
5 min

71% yield

=

30 different triazoles prepared in a couple hours

Z NaNj, DMF "
+ CI N - NS
H 150 °C NH
copper tubing
5 min 0 \\

time output
12 min 115 mg
1 hour 575 mg
1 day 13.8¢g

Sach, Adv. Synth. Catal. 2009, 351, 849-854.



Copper-Tube Reactor
S

I JL
0
+  HN— e Ny N Nq
L } > 0
F CH4CN, 150 °C i

85% yield
CF, N j’\ CF,
SR S A ey Gy
DMF, 170 °C IR
92% yield
X
chom “CTFR” ;O/\H " FmH
N NMP, 250 °C N
96% yield

Jamison, Patel, Minolfi Org. Lett. 2011, 13, 280—2883. “CTFR” = copper tube flow reactor



Cross-Coupling in Flow

I (HO),B Pd cat.
FsC oM 50 °C, tos =4 S

e
99% yield

Uozumi, J. Am. Chem. Soc. 2006, 128, 15994—15995.



Cross-Coupling in Flow

| (HO),B Pd cat.
FsC OMe 50°C,tes=4s

e

99% vyield
B C
solution Aor C Z .
== PA-TAP-Pd
-> us layer (cataric membr
| —_— P
e

solution Bor D

Uozumi, J. Am. Chem. Soc. 2006, 128, 15994—15995.



Cross-Coupling in Flow: Synthesis of Imatinib

Buchwald-Hartwig I

| Me
H
N N.&

~N substitution
HN.s
| AN S“/©/

_N (o)
amide formation
HN N—Me 0 Cl
\_/
cl
5
2
N \\rNHz
| _N Me—QNHZ
7
| AN Br g
_N

Ley, Chem. Commun. 2010, 46, 2450-2452.



Cross-Coupling in Flow: Synthesis of Imatinib

Buchwald-Hartwig I\Ille
[Nj
N

nucleophilic
substitution

amide formation

U

HN N—Me 0 Cl
\__/
cl
5
2
N\\rNH2
|/N Me NH,
7
| S Br 3
_N

Ley, Chem. Commun. 2010, 46, 2450—2452.

—» Exhaust
Q—DVMAP  Q—NMe; il
: t uv
then : N
3,CHCl, [~ Waste HN/_\N_
\~_7/ 8 -
DMF J{ s50°C |
then Fraction collector/
DBU, 2:1 1,4-dioxane/tBuOH Autosampler
O—sosH : @Q—Nco CaCOs

(F—__—

30 min, 80 °C

s N

N NH, OMe
(7 =

~ N ,NH2

Pld MeO PCy,
7
iPr iPr

= | 10 mol%
~ S 8

L
4.0 equiv
tBuONa (4.0 equiv), 2:1 Dioxane/tBuOH

—l)—C —-

] Chromatography
30 min, 150 °C Water

iPr




Continuous Flow Hydrogenation (H-Cube)

t-BuOK

QP-TU
’

f : Pd(PPh3)4 (0.25 mol %)
;

t-BuOH H,O (4:1)
B(OH), 160 °C, 1 mL min™"

Kappe, Adv. Synth. Catal. 2010, 352, 3089—-3097.

Cl

l NO,

10% P/C, H,

Cl

@

>

30 °C
1 mL min™

l NH,

intermediate for
Boscalid, a funicide
made on >1000 tons/year



Continuous Flow Hydrogenation (H-Cube)

cl ] cl

t-BuOK
Pd(PPh3)4 (0.25 mol %) O . Q
ap-TU 10% Pt/C, H,
| | »> > >
N02 o NH2
t-BuOH: H20 (4:1) 1 n?f_) n?in"
B(OH), 160 °C, 1 mL min™"

intermediate for
Boscalid, a funicide
made on >1000 tons/year

16 ml

THALESNano

ThalesNano H-Cube

ThalesNano X-Cube

Kappe, Adv. Synth. Catal. 2010, 352, 3089-3097.



Gas-Liquid Transformations with Tube-in-Tube Reactor

to gas to gas
pressure release
regulator stopcock

substrate
outlet

-kq_'
s~

liquid in - [

Swagelok

Swagelok T-peice

T-peice

Ley, Acc. Chem. Res. 2015, 48, 349-362.

-CO, carboxylation of Grignards
-CO methoxycarboxylation

-Me,NH/CO
dimethylaminocarbonylation

-ethylene Heck-vinylation
-CO/H, hydroformylation
-NH3; Paal-Knorr

-0, Wacker Oxidation



laming Hazardous Reagents Using Flow

(a)
COzH CO,Me CO,Me CO,Me
0.3 M Diazald 1a ©/ /O/ /©/

MeOH 0.15 M in THF 2a, 80% MeO 2b, 99% Br 2c, 93%
200 pL/min 200 pL/min 196 mg/h 296 mg/h 360 mg/h
0.6 M KOH CO,Me

MeOH/H,0 1:1 /O/
200 pL/min 2d, 98%
320 mg/h 97% (15:85)
280 mg/h
aqueous waste gz

CO,Me ’COMe

©/ A, O 4, 76% 5, 59%

2a 294 mg/h 170 mg/h

Kappe, Org. Lett. 2013, 15, 5590-5593.



laming Hazardous Reagents Using Flow

PGHN\)J\
<~ TOH

=
176
DIPEA, DMF

o
Cle )k ccl

177
MeCN

47
DIPEA, CH,Cl, (0.1 M)

________

Ley, Stevens, Chem. Soc. Rev. 2016, 45, 4892—4928.

________

\

50 (95%)



Generation/Reaction of Arynes in Flow

o o
Meo\)j\
HJ\Ph 0
TMS TBAT Ph
OT§ MeCN, 80 °C

NH
via: )\/OMe
| o)
Batch: 35% yield

Flow: 52% yield

—increased mass/heat transfer in flow allows for highly reactive intermediates to react with higher selectivity

Herestsch, Christman Org. Lett. 2018, 20, 7611-7664.



Generation/Reaction of Arynes in Flow

o o
Meo\)j\
HJ\Ph 0
TMS TBAT Ph
OT§ MeCN, 80 °C

NH
via: )\/OMe
| o)
Batch: 35% yield

Flow: 52% yield

—increased mass/heat transfer in flow allows for highly reactive intermediates to react with higher selectivity

\/\o o \/\o O OH O

OH OH
KO1Bu OMe 150°c X OMe
—_— —_—
POk ® e L
NH N~ Y0 N~ Yo

H
)\/OMe
(o)

I

X OMe Ru cat.
-«
Me
N 0 N Me
aniduquinolonec H Me

Herestsch, Christman, Org. Lett. 2018, 20, 7611-7664.



Flow Photochemistry

0.5 mol % Ru(bpy)sCl,

BrCCl; (3.0 equiv)
DMF N
“Ph then MeNO,

les=30s
5.75 mmol/h NO,

Stephenson, Isr. J. Chem. 2014, 54, 351-360.



Flow Photochemistry

100+

2
L . /
80 - ¢ R
g
A e P
60 S
¢ N
OA,T 40~ n A L ] .
A - .
20_ n A L
] 4 A A ¢
0 1 . 8 . . - *
0 0.2 0.4 0.6 0.8 1

d/nm ——

Figure 1. The percent transmittance versus distance from the wall (d)
as calculated from the Beer—Lambert law. @ 0.5 mm [Ru(dmb),]*",

A 1 mm [Ru(dmb);]**, m 2 mm [Ru(dmb),]*".

Gagne, Angew. Chem. Int., Ed. 2012, 51, 4140—4143.



Flow Photochemistry

iPr,NEt

OAc 24 OAc
AcO 0 A~ 1 mol% [Ru(dmb);] AcO 0
Acoﬁ + 2 "CHO —; > AcO 0
AcO L iBu-HEH, CH,Cl; AcO
2 3 1 H

t [h] 2mmol Conv. [%] TOF [h™]

25 mL flask 24 2.43 85 3.5
5mmNMR tube 1 0.06 73 70
OP iPryNEt OP
PO 0 1 mol% [Ru(dmb)s]** PO 0
Pol?\([ + Z CHO — > PO o
PG iBu-HEH, CH,Cl, hv PG
Br 3 0.12M, 24 hr H
2-P = Ac 0.1 mL/min 1:P=Ac
4: P =Piv 5: P =Piv
85% yield
55¢g

Gagne, Angew. Chem. Int., Ed. 2012, 51, 4140—4143.



Flow Photochemistry

T 1-.'m SOMMAMAA A RO 1y 408
Mt N

TERNAA R M A4 0

Gagne, Angew. Chem. Int., Ed. 2012, 51, 4140—4143.



Flow Photochemistry

VN
N
P
W

W
N

NN

W

Edubs



Flow Photochemistry

ey

3 3

_SH > R,S\CF
MeCN, 24W CFL

R 3

S
Cl

Batch: 1 h, 78% yield
Flow: 1 min, 96% yield

Batch: 30 min, 95% vyield
Flow: 1 min, 98% yield

S
H,N

Batch: 2 h, 65% yield
Flow: 1 min, 91% yield

S S
U o R
~N

Batch: 1.5 h, 88% yield
Flow: 1 min, 73% yield

Noel, Chem. Sci. 2014, 5, 4768—-4773.

Batch: 2.5 h, 41% yield
Flow: 30 min, 59% yield

Batch: 1 h, 91% yield
Flow: 1 min, 91% yield



Flow Photochemistry

_SH

R

S
©/ “CF,

Batch: 30 min, 95% vyield
Flow: 1 min, 98% yield

S
H,N

Batch: 1.5 h, 88% yield
Flow: 1 min, 73% yield

Ru(bpy);Cl;
Et;N, CFl

MeCN, 24W CFL

S
F

Batch: 2 h, 65% yield
Flow: 1 min, 91% yield

s
O/ “CF,

Batch: 2.5 h, 41% yield
Flow: 30 min, 59% yield

—segmented gas-liquid flow
—flow requires only 1.1 equiv of CF;l (batch uses 4 equiv)

Noel, Chem. Sci. 2014, 5, 4768—-4773.

)
™  R7TNCE

3

S
Cl

Batch: 1 h, 78% yield
Flow: 1 min, 96% yield

S
XY~ "CF,

~-N

Batch: 1 h, 91% yield
Flow: 1 min, 91% yield



Natural Product Total Synthesis Using Flow:
Spirocyclic Polyketides

spirangien A (R = H)

spirangien A methyl ester (R = Me) spirodienal A

Ley, Angew. Chem. Int., Ed. 2014, 53, 4915-4920.



Natural Product Total Synthesis Using Flow:
Spirocyclic Polyketides

0 H, (20 bar)
Ao (R.R)-6
(2.5 mol%),
0 B \0 cHcl, [LillPPh, QP-BZA 5 O CH:CIZ |
0\ 0.06 40°C 0L 025 20mL
4 mL/min 5; 95% mL/min 7; >99%; dr >71
0 basic _©
)J\/\/zl alumina QP-BZA
IRA-743/ —< ) ~No7 acetone 0.35
silica = oﬁﬁ mbL/min
| PhMe 0.15
ReactIR 8; >99% 30 mL FeCl,
.E “““““““ mbL/min (10 mol%),
: DiComp Pressure AcOH
P sensor —( ) 1 M DIBALH in PhMe (1.0 equiv.) (2.5 equiv.)
. Bn Bn | BAr |
Y B
ReactIR W C OH OH
) : Q/\N OH
1.5M(S,5)-9 10 mL DiComp I oH oH
in PhMe -78°C
10; 78%; dr = 11:1 (R,R)-6 IRA-743

Ley, Angew. Chem. Int., Ed. 2014, 53, 4915—4920.




Natural Product Total Synthesis Using Flow:
Spirocyclic Polyketides

OMe OMe OMe
o ) o)
wo Me Wittig o (o) Me |r-L* H, WO Me
0 Me — > MeO z Me — Me0” Me
OMe Me OMe Me OMe

| OH 0
. 1. DIBAL
FeCl
\\(\é/\(\o - MeoJl\é/Y\o 4—3
acetone
Me Me O\IQ 0 o commr Me O\IQ
/ i

B
74% yield overall =" ‘o
11:1 dr

COgiPr

Ley, Angew. Chem. Int., Ed. 2014, 53, 4915-4920.



ozone

2 generator
3-way valve
0, 15M (RR)-9 )
CHCl, 500 mL/min in PhMe PS-hydroxide/
10 celite
mL/min
TESOTf (1.7 equiv.), vent
DIPEA (2.0 equiv.) 12; 74%; dr = 16:1
) filter acetone
0.25 mL/min - 0.2 mL/min
PS-PPh; 11: 84%
+ BF4-Et,0 (30 mol%) QP-SA
ozone
saturated
NH,Cl solution ganereoe Swayvalve . Cl-MeOH (1:1)
>< Q TBSOTf (1.7 equiv.), 0, 2.0 mL/min X
PEA (2.0 equiv. "
0”0 otBS 7%3%& DIPEA (2.0 equiv.) 500 mL/min 5
28 . CH,CI N
23 2Ll
e} O_ H 25 m: 1.0 mL/min X vent 4— o
1mL 28 Q 9 aqueous 13; 85%
15; 89% 0°C _< ) O 25 25 workup
aqueous 4—6 =
waste saturated
ab 14; 99% NaBH,, MeOH, 0 °C NaS;0; solution
X NIS (5.0 equiv.) @—
0" "0 OTBS CH,Clp—
28 A MeCN (1:1)
23
25 ]
(|) i QXO oOTBS . QXO OTBS 0.25 mL/min
MeOH 28 2 & 23
16 0|._(/J75 » F 7% — | Y725
mL/min : ) E aqueous
Ohira—Bestmann 1mL  16mL 1T- 79% PhMe,Si<™ ! 18 waste
reagent (1.5 equiv.), 40°C 40°C 9%
KOt-Bu (2.0 equiv.) X
TEMPO (20 mol%) . Q O OTBS 4 . C_) O OTBS
Y 25 2 < H 25 =
CHzclz a1 s | 3 H
0.5 mL/min QXO OH THE 20 19; 80%
28 . "
23 23 0.16 mL/min
31 : 20 mL
50°C 1 M TBAF in THF (2.0 equiv.)

Ley, Angew. Ch " 14, 53, 4915-4920.

21;>99%

+ BAIB (2.0 equiv.)



2 ozone

o = generator
%,(5 3-way valve
03
10 CH,Cl, 500 mL/min
0.26 mL/min
. 16 mL
TESOTf (3.4 D, vent
DIPEA ((4 0 ::l:': )) O 0°C 80°C
’ ’ TESO TESO (I) a TESO TESO OH TMS
filter : :
MeOH z H 17 : . : 13
0.06 mL/min AcO 2 AcO
PS-PPh;
23; 54% 25; 95%; dr=7:1
acetone
0.1 mL/min
CH,Cl, TEMPO (20 mol%)
025 mumin pY4 PS 0204
CH,Cl, QP-SA
0.25 mL/min >< -20°C
OH o” 0 T™MS
Br.—_Br 1 A
hd —20°C :
o B e
26; >99%
T™S + BAIB (2.0 equiv.)

IRA-743/
silica

CH,Cl,
28; 72% 0.25 mL/min

OH i

1 M DIBALH in CH,Cl, (2.5 equiv.) 0°C TESOTf (1.7 equiv.),
29: 94% 2,6-lutidine (2.0 equiv.)
saturated 1 MHCI QP CH,Cl, QP
H4Cl soluti 0.5 mL/min
NH,CI solution solution
0 mb 1.0 mL/min
mbar
cmp 0 mbar
< FLLEX - CmP
']—' e L= 1
31; >99% 1mL
’ aqueous 0°C
waste
aqueous
waste

Ley, Angew. Chem. Int., Ed. 2014, 53, 4915—4920.



Natural Product Total Synthesis Using Flow:
Spirocyclic Polyketides

Lo o
M
nBuLi
+
87% yield

>< 2.7:1dr

AuClI (10 mol %)
= PPTS

30% yield

Ley, Angew. Chem. Int., Ed. 2014, 53, 4915—4920.



Natural Product Total Synthesis Using Flow:
Spirocyclic Polyketides

1. Pd(PPhy),, Cul

|\/\/OH
2. Zn(Cu/Ag)
3. Mn°2

MeO
HO™ Me

spirodienal A

1. TESOTf

2. NIS, AgNO,
3. NBSH, Et;N
4.CSA

Pd,(dba),, AsPh,

MeO
CO,R

XX

A

SnBu, spirangien A methyl ester

Ley, Angew. Chem. Int., Ed. 2014, 53, 4915—4920.



Continuous Flow Synthesis of Ibuprofen

o
Friedel-Crafts “iodine”

: ' o
acylation CH(OCHj),, H*
OMe  saponification OH

o
o) o

ibuprofen

McQuade, Angew. Chem. Int., Ed. 2009, 48, 8547—-8550.



Continuous Flow Synthesis of Ibuprofen

20 equiv KOH
+ 3
HOJK/ 150 °C in MeOH/H,O 65 °C

Phi(OAc)2 , TMOF ——— = 2 min
1 equiv 4 equiv
in MeOH

McQuade, Angew. Chem. Int., Ed. 2009, 48, 8547—-8550.

4
ibuprofen
68% crude yield
51% vyield after
recrystallization

OH



Continuous Flow Synthesis of Ibuprofen

----------------------------------

.............. \ { HCOMe)s! | | | i NaOH HS(CH,),0H !
+ IMHCl(aq) } i DMF i : Vo H,O, MeOH ;

..............

.............

...............

llllllllllllllllllllllllllllllllllllll

87 °C, 1 min g 200 psi K

O > : o]

3 » s
------ 6.36M Membrane : ONa
S Separator LS AR ..
s 0 E 200 psi .
N G K Production rate
 © AlCI : (250 pL reactor) ,s=====mmmmmmmmn e (3.9 mL reacto (initial 250 pL reactor):
) 3 '

S v S ! ! oo o R 135 mg min~"
6.5m P9 : o OMe 8.oggg h-"
41 O s

—initial Friedel-Crafts performed neat

—total 3 min of retention time

—ICl is heated and pumped in neat, as solutions of ICI slowly decompose
—total size of reactor setup is approximately half a fume hood

Jamison, Angew. Chem. Int., Ed. 2015, 54, 983—-987.
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Continuous Flow Synthesis of Rolipram

MeO CHO MeO X _NO,
CH3NO, malonate
Si-NH,, CaCl, PS-(S)-pybox-CaCl,
o o o >
? 75°C 0°C

d 94% ee
0
0 0
RO OR RO

H, (1 atm) NH NH

MeO NO:  pybmpsi.c  MeO Si—-COOH MeO

y
100 °C 120 °C
o) 0 0

O & O

(R)-Rolipram
50% yield over 4 steps

PS = polymer supported
DMPSI-C = dimethylpolysilane

Kobayashi, Nature 2015, 520, 329-332.



Continuous Flow Synthesis of Rolipram

Flow 1 Flow 2 Flow 3 Flow 4
Si-NH2/CaCI2

N =

Si-COOH

i

/
\Y
|

A
N
[
\

o

a II-1 II-2 m

Pd\

T I my 100 ° %_j

120 °C

WA

T b lo°c ‘ , Y
(! ’| PS-pybox-CaCl, E—

Reservoir 1 Receiver 1 Reservoir 2 Receiver 2 Receiver 3 Reservoir 4  Rolipram (1)
ArCHO (2, 0.1 M) Malonate (5, 0.11 M) o-xylene

CH,NO, (3, 0.12 M) Et;N (0.016 M)

in toluene in toluene

Kobayashi, Nature 2015, 520, 329-332.



End-to-End Continuous Manufacturing

N o'V" Strbamw/up% i

-process
control =

Jamison, Jensen, Myerson, Science 2016, 352, 61—-67.



End-to-End Continuous Manufacturing

Me
' (o] Et

N,
HN ~Et

oHCI
O O Me Me eHCI

Diphenhydramine
hydrochloride
(Benadryl)

Lidocaine hydrochloride

/l:::]/CF3
(o)

NHMe
eHCI

Fluoxetine hydrochloride
(Prozac)

Diazepam
(Valium)

Jamison, Jensen, Myerson, Science 2016, 352, 61—-67.



End-to-End Continuous Manufacturing

i Downstream

aquec:us " CF,
waste i1 HCVEt,0 @
oo @) o}

CF3!
KOtBu /@ " NHMe
18-crown-6 in H,0 TBME 't —.—l— ©)\/\. HCl
DMSO ©)\/‘NHMe:

(34)
aqueous (32)

100°C |
waste
1.6 MPa
| (10)
aqueous
F4C F

(30)  T,=135°C
tg =10 min
Reactor Il

o

@J’wc.

! (in toluene, 1 eq.)
(26)

THF

fluoxetine hydrochloride (4)
100-200 doses/24 h

IDIBAL in toluene

: (1eq) i ; waste aqueous

E @7 tg =10 min tg =3.3 min Reactor IV \Waste :
: 1.6 MPa 13eq.inDMSO T4 =140°C "
: (33) tg = 2.6 min i

....................................................................................................................................................................................................................

Jamison, Jensen, Myerson, Science 2016, 352, 61—-67.



End-to-End Continuous Manufacturing

Downstream

aquec:us : CF3
waste i1 HCVEt,0 @
D) 0

CF3;)!
KOtBu /@ " NHMe
18-crown-6 in H,0 TBME 9 —.—l— ©)\/\. HCl
DMSO (j " NHMe |

(30) T;=135°C
tg =10 min
Reactor Il

o

@J’wc.

THF (34

fluoxetine hydrochloride (4)

! (in toluene, 1 eq.) N %2 e | 100-200 doses/24h | |
(26) 1.6 MPa *T == " !
' 10 " H
' DIBAL in toluene \10) i :
' (1 eq.) Ty=nt ) ) aqueous R . ey i :
E (27) tg =10 min tg = 3.3 min waste 3 Raactor IV queou , i
: pbchnbiie 1.3eq.inDMSO  Tq=140°C H :
H (33) tg = 2.6 min " ;

| Upstream i b Downstream :

; NH, (7 eq.) . organic o ;

MesNH o in MGOH/H,0 2w waste ¥ :

i (21) = Nac'(aQ) H E E '

5 Ph (22) T H ;

L ¢l Reactor | H((:2I o ¥ i

! (in NMP, 1 eq.) . ¥ i

L (18) \/ ¥ :

: 0 S i diazepam (3) | !

' aqueous P '

’ Br Cl T1 =90°C TZ =130°C EtgaAC waste E E 3000 doses/24 h :

| (12eq) ngyp tR=93min  tg=3.9min 23) ¥ ) !

: (19) (20 £ E

Jamison, Jensen, Myerson, Science 2016, 352, 61—-67.



Kilogram-scale Continuous Flow Synthesis

Ng_-CN =N
NH, ] JI /j/ HN—<__/)—CN
{ cI” N OMe N

OMe O NH.NH... AcOH OMe 1 \
2NH,, Ac N-ethylmorpholine N
CN  MeOH/THF, 130 °C NfN DIASO. 85 °C N’
- : = H
90% yield H
° i N
K/\NHBoc | k/\NHBoc i NHBoc
— - _(:N
N _<__/>_ oN HN—( _/)—CN
OMe N lactic acid OMe \ N
formic acid / \N distillation / N
25 oc N, THF/H20 H
—_—
89% yield H 75-85% yield
2 steps o Ok/\ X = L-Lactate
K/\NHZ NH,X

Cole, Science 2017, 356, 1144—1150.




Kilogram-scale Continuous Flow Synthesis

OMe O

NH,NH,, AcOH
MeOH/THF, 130 °C
e
90% yield

NHBoc

Step 1

@ -

12.7 mL/min

NH2NH:

in AcOH,
MeOH,

Waler’y” g g mi/min

Stage 1

Heat
Exchanger

130 °C, 70 min,
300 psig

Condensation
PFR

9

1.56 kg/4 hr

8

Toluene, THF,

Counter Current
Extraction

2.4 kg/4 hr

8
in DMSO

60°C&20L
2 hour cycle time

Rotary Evaporator
Concentration

Cole, Science 2017, 356, 1144—1150.




Kilogram-scale Continuous Flow Synthesis

N\ CN —N
NH, JI j/Q HN—<__/)—CN
~
OMe cl N N

/ \ OMe \
/N N- i l
N ethylmorpholine N
H DMSO, 85 °C N
> H
OK/\ then formic acid 0
NHBoc I\/\ NH,
8 1

Step 2 Formic <MTBE> <MeOI-> Step 3
e .
1139 g/shot< 228 g/shot< 212 g/shot 6.8 mL/min
in DMSO ﬁ l

42.0 mL/min
10.2 mL/min §

,_]_\

| Jilgil

0\
T l\ Ambient &
0.75 hours

15.6 mL/min

Ice Bath
SURGE

V

i

80 °C & 3 hours 20 °C & 60 min Waste  \yaste 20t 25 °C & 4 hours
5.4 mL/min 6" Diameter, 3.7 L, 1 hour
SnAr Crystallization Filtration/ Deprotection
Stage II PFR MSMPR Dissolution Reaction

in Formic
Acid

Cole, Science 2017, 356, 1144—1150.




Kilogram-scale Continuous Flow Synthesis

—N —N
HN—<__)—CN HN—<__)—CN
/ lactic acid /

/AY N distillation a/AY N
N THF/H,0 N’
H 75-85% yield H
o) (o) X = L-Lactate
K/\ NH, K/\ NH,X
1 12

Step 4 Continuous |:> Batch

1
in Formic ~20 kg/ batch
Acid 6366 g/cycle ~90 kg/batch
2384 glcycle ~1500 g/cycle @
1451 g/cycle <>Q -
()
5 &
760 g/cycle Waste SURGE
20 L flask, 9500 g/cycle, 5 hours 15 L 200 L 109 L
Stage III Rotary Evaporator Crystallization Filtration

Concentration

Cole, Science 2017, 356, 1144—1150.




Automated Reaction Optimization

Design Synthesis Path Load Modules AlutomatJed Obtain

Select Unit Operations and Reagents Oqg_mizgﬁbn Product + Data

Reagent 3 Reagent 4 Reagent 5 Reagent 6

Bay 1 T( Bay 2 ]T
__

©_
Reagent 2 c J

In-line

Bay 5 Analytics

(Each bay can host any available module)

Available Modules:

Complete system
= including software

Photo (LED)  Heated Cooled and '""!;‘°da"a'3'fti°s ”
Reactor Reactor Reactor in Specitied conriguration
00000
Eza I I @— = Pump (reagent addition)
Packed Bed Liquid-liquid Bypass ® = T-Mixer (mixing of reagents)
Reactor Separator

Jensen, Jamison, Science 2018, 361, 1220-1225.



Automated Reaction Optimization

Integrated

Pumps - - Software Control

Reagent Feeds -

~ Collection and/or
In-Line Analytics

Module Area
(Interchangeable)

Jensen, Jamison, Science 2018, 361, 1220-1225.



A MeO—@—Br

1
1M 2-MeTHF

@_
a2V

Automated Reaction Optimization

NaOH 4
1M MeOH

BrettPhosPdG; 3
0.002M THF

PhMe H,0
6

@

Bay 4

» Aqueous waste

Bay 5 |

Bay 1 T Bay 2 T Bay 3 J
[

1M 2-MeTHF

H
N

) |
I Cl.

<>_

Me0/©/
HPLC

MeO—@—Br

+

MeO—@—NHZ

2

Experiment

Optimized
Conditions

Product (7)

BrettPhosPdG; 3
1 NaOH 4

B Auto-Optimization of Buchwald-Hartwig Cross-Coupling

00000

Number of variables optimized = 5
Number of experiments = 32
Total optimization time =21 h

1 1.0 equiv, 2 1.2 equiv,
3 1.4 mol%, 4 1.5 equiv
T (Bay 3) 100 °C, tg 1.80 min

72% yield, 436 mg/h

C

NO,

- Meoofom S

8 72%
508 mg/h

@UU@ Oy oM

12 99%
816 mg/h

Substrate Scope Under Optimized Conditions

H
Nm Me
" , /@/\/
o \ Ny NN
: 11 78%
456 mg/h

10 89%
579 mg/h

9 98%
813 mg/h

H

N
JISADS
cl N
M

15 85%
576 mg/h

13 94%
629 mg/h

14 83%
430 mg/h

Jensen, Jamison, Science 2018, 361, 1220-1225.




Automated Reaction Optimization

A Meo—O—Br BrettPhosPdG; 3 NaOH 4 PhMe H,0
0.002M THF 1M MeOH 6
1
1M 2-MeTHF @
®_ J » Aqueous waste
Bay 1 Bay 2 Bay 3 Bay 4 Bay 5 |
IR :
MeO—@—NH2 /©/N\©\
L J { J L MeO 7 OMe
1M 2-MeTHF HPLC
B Auto-Optimization of Buchwald-Hartwig Cross-Coupling C Substrate Scope Under Optimized Conditions

BrettPhosPdG; 3
NaOH 4

4 : NO; ©/ m Me
—_— N
+ MeO” : : “OMe ©/ m & \ >\j @; AN /©/\/
Sy ’ o
—_ N 00000 : 872% 9 98% 10 89% 11 78%

2 508 mg/h 813 mg/h 579 mg/h 456 mg/h

Experiment Number of variables optimized = 5
Number of experiments = 32

Total optimization time =21 h [ j/
Optimized 1 1.0 equiv, 2 1.2 equiv, ©/ \©/ I/j:) \Q\L) \© \(\J /@ m
Conditions 3 1.4 mol%, 4 1.5 equiv

T (Bay 3) 100 °C, tg 1.80 min : 12 99% 13 94% 14 83% 15 85%

Product (7 72% yield, 436 mg/h 816 mg/h 629 mg/h 430 mg/h 576 mg/h
4(_). ° ]

also applied to:
HWE olefination, reductive amination, Suzuki-Miyaura coupling, SyAr, photoredox cyanation, ketene-alkene [2+2]

Jensen, Jamison, Science 2018, 361, 1220-1225.



Automated Reaction Optimization

6.25 mol% Pd(OAc), I
12.5 mol% of 12 Ligands
\E:(j \©\/\ 2.5 equiv of 8 Bases THP-p
1 min, 100 °C N=
T Sacd THP Flow rate 1 mL/min at 100 bar j
f 1a-g D & 2a-d ) / Ligands: \ (" Bases: ) Solvents: )
1aR. = Cl _ Ly P(Bu)s L7 SPhos B4 None S; MeOH/H,0 9:1
1b R: = Br 2a R, =BOH); || L, PP, Lg dtbpf By EtsN s; THF/H202 9:1
R, 6Tt 2b R; = Bpin L; AmPhos Ly XPhos B, LiOtBu S; MeCN/H,O 9:1
1 R1 - 2c R; = BF;K L4 P(Cy)s L1o dppf By CsF S4 DMF/H,0 9:1
iI= \2d R;=Br ]| Ls P(o-Tol); L4 Xantphos || Bs K3PO, 4
1e Ry = B(OH), Lg CataCXium A L4, None Bg KOH
1f R, = Bpin \ 4 B; NaHCO;
\ 19 Ry =BF:K ) \_Bs NaOH )

—-segmented flow
—run through ~1500 reaction combinations over 24 hours
—optimization scale is 0.05 mg each reaction

Perera, Richardson, Sach, Science 2018, 359, 429-434.



Automated Reaction Optimization

| Autosampler

| ==, A
Solvent ‘E‘Eﬁ
Selection E8>2
© O]
C © = © on
OO ®O®
\Qfmo_lmj

i ».( Reactor Coll ]

Glove Boxed
O, <20 ppm
H,O < 20 ppm

Key:

Reaction Segment
Preparation Unit

Glove Box LC-MS 1 LC-MS 2
HPLC GB 12 port solvent
Pump switch valve

6 port switch valve
with sample loop

DAD - Diode Array Detector
MSD - Mass Spectrometer

Perera, Richardson, Sach, Science 2018, 359, 429-434.

>

Fraction
Collector
or Waste

Vs

7

&

Column Column
Separation Separation
2 Yy 7
1 |
. N
DAD-1 & DAD-2 &
MSD-1 MSD-2




2a,
Boronic
Acid

2b,
Boronic
Ester

20,
Trifluoro-
borate

2d,
Bromide

Automated Reaction Optimization

DMF MeCN THF MeOH
[ L VT L \ 1 I\ - It \
< < < <
£ E £
4 ) s 4 = w 2 8 = o 2 8 = o 2 ——
< = 0 o X < = 0. o < 5 ,0 . o < = 0 o -
O o —_ ™ 0w v o o —_on ("] o o _—_o " u o o —_— o [ 3"}
Q =<c —0Q Qo Y =L 53 =0 Q. Y =L 53 =0 Q. —— —_—L 53 =0
(] - 3 [~ 3N~] Q = [<3N] [ - [<3N~] (] | =] [<3N~]
e R R IR RS I RO L L None
ks P e b e I L i ettt Pttt it L it L bt Lk Et,N
LI B | LI B B A | LI B | LI B B | LI B B B | LI B | LI B B | LI R B B | LI B | LI B B | LI D B B ) { I

1a, 6-C1-Q { B1-B8
1b, 6-Br-Q { B1-88 {
1c, 6-OTf-Q {31-38 {
1d,61-Q { B1-88 |
1a, 6-cl-q { B1-88 {
1b, 6-Br-Q { B1-B8 |
1c, 6-0Tf-Q | B1-B8 |
1d, 6--Q $B1-Bs ]
1a, 6-C1-Q { B1-B8 1
1b, 6-Br-Q { B1-B8 1
1c, 6-0Tr.Q | B1-B8 |
1d, 6-4-Q | B1-B8 |
e, 6-B(OH),-Q | B1-B8 |
1f, 6-BPin-Q | B1-88 |

1g, 6-BF ,K-Q{ B1-B8 -

LiOtBu
CsF
K;PO,
KOH
NaHCO,
NaOH

80 90 100

-I Product yield as % area UV

Perera, Richardson, Sach, Science 2018, 359, 429-434.



