Catalysis in Continuous Flow
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Introduction to Continuous Flow

Continuous input of starting material and output of product

Microreactor—a device where a small portion of the overall material is undergoing
reaction at a given time

Programmable conditions

Microwave
cavity

A

.SO3H g OMe

Boronic I @—» O
acid
Ary] Pd EnCatTM NO,
halide ] 31

9.34g, 40.8 mmol
0.2 mol% catalyst

BusNOAc 34h, 0.2 mL/min

Microreactors in Organic Synthesis and Catalysis. Wirth, T. ed.; Wiley-VCH: Weinheim, 2008, 103.



Comparison with Batch Chemistry

e Batch chemistry
— economy of scale
— homogenous product
— conventional glassware

— established procedures

Jahnisch. K.; Hessel, V.; Lowe, H. Baerns, M. Angew. Chem. Int. Ed. 2004, 43, 406-446.



Comparison with Batch Chemistry

e Batch chemistry
— batch-dependent output
— lack of scalability
— safety hazards
— stop and go synthesis

Jahnisch. K.; Hessel, V.; Lowe, H. Baerns, M. Angew. Chem. Int. Ed. 2004, 43, 406-446.



Comparison with Batch Chemistry

e Continuous Flow

Shorter time from input to application

Cascading steps enables rapid generation of chemical complexity
Scalability through numbering up or longer run of continuous process
Reproducibility

(a) traditional multi-step synthesis
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Iterative step-by-step batch synthesis
intermediates C and D isolated and purified

(b) continuous flow multi-step synthesis

¢ =) flow reactor 1
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Webb, D.; Jamison, T. Chem. Sci. 2010, 1, 675-680.



Comparison with Batch Chemistry

*  Process Intensification

— Hazardous conditions and intermediates are
only present in small quantities

— Point-of-source, point-of-use, and as needed

— Lower space, inventory, and transportation
requirements

— Lower capital investment

LeViness, S. et al. Improved Fischer-Tropsch Economics enabled by Microchannel Technology. Velocys: 2011.
Charpentier, J.-C. Chem. Eng. J. 2007, 134. 84-92.



Microreactors

Enhanced physical and chemical control of reaction conditions
— Large internal and interphasic surface to volume ratio
— More efficient mass and thermal transfer
— Precise stoichiometry and residence time
— Immediate use of unstable or hazardous intermediates

Reagent 1
———

Microreactors in Organic Synthesis and Catalysis. Wirth, T. ed.; Wiley-VCH: Weinheim, 2008.
Mason, B.; Price, K.; Steinbacher, J.; Bogdan, A.; McQuade, D.. Chem. Rev. 2007, 107. 2300-2318
Also 2007 group meeting by Joe Carpenter “Microreactors and Microfluidic Cells in Organic Synthesis” .



Heterogeneous Catalysis

 Advantages of heterogenous catalysis in flow

— Faster relative reaction rates due to larger ratio of contact area to reaction
volume, meaning a more efficient use of catalysts

— Facile recoverability and reuse of catalyst and exclusion from product
— Incorporation into multistep processes
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Frost, C.; Mutton, L. Green Chem. 2010, 12, 1687-1703.



a,B-Unsaturated Ester Synthesis

Acid- and base- catalyzed

synthesis of a,B-unsaturated coMe Naw
esters ©)\0Me A \/ 2 \\ECOQMe
. . Base |
— Two mutually incompatible Ph
catalytic conditions spatially

separated but run
simultaneously

Platinum A B
: ; Electrode
— Commercially available RESaOT
Amberlyst-15 resin as acid /
catalyst

] ] . Micro Porous
- Plperazme supported on silica Silica Frit

as base catalyst

A

Amberlyst-15 5 Silica-supported
Piperazine 6

Wiles, C.; Watts, P.; Haswell, S. Lab. Chip. 2007, 7, 322-330.



a,B-Unsaturated Ester Synthesis

e Catalyst integrity

20 substrates prepared by \/COQMe S CoMe
2
recycling the catalyst oe — ©) \[

Base

>200 turnovers per Ph
equivalent of catalyst

Yield > 99%
i o Platinum A B
Purlty >92.9% Electrode
/ Reservoir
Micro Porous
Silica Frit —¥]
£\
Amberlyst-15 5 Silica-supported

Piperazine 6

Wiles, C.; Watts, P.; Haswell, S. Lab. Chip. 2007, 7, 322-330.



CTFRs

* Copper tube flow reactors (CTFR)
— Prepared from commercially available 1.0 mm id copper tubes
— Flow and temperature control by Vapourtec R4 module

— Leached copper efficiently scavenged by Quadrapure Thiourea resin (QP-TU)
(Sigma-Aldrich)

Zhang, Y.; Jamison, T.; Patel, S.; Mainolfi, N. Org. Lett. 2011, 13, 280-283.



CTFRs

 Ullman condensations in CTFR
— No added ligand or metal
— Backpressure regulator allows high pressure and temperature

S
Ar-| CTFR JL .
BU4NOAC f(@m@)\ CD/\H NH; . R\N/R
R. _R
W omeeNn Y gpqu Ar
H 150°C
250 psi
2h
o —
O U ¢ (O
74% yield 76% yield 92% yield 83% vield 95% yield

Zhang, Y.; Jamison, T.; Patel, S.; Mainolfi, N. Org. Lett. 2011, 13, 280-283.



CTFRs

Sonogashira coupling in CTFR

— Glaser-Hay products not observed in flow

S
CTFR JL ,
Ar-| N~ ~NH Ar
BU4NOAC 0000000 H 2 Ar /
= () ~ 7 el
Arl DMF QP'TU Ar' /
170°C Ar'
30 min not observed
o] Ph
Ph
/
Ph _N
90% vyield 90% vyield 92% vyield 87% yield 78% vyield

Zhang, Y.; Jamison, T.; Patel, S.; Mainolfi, N. Org. Lett. 2011, 13, 280-283.



Pd EnCat

* Polyurea microcapsule polymers loaded with Pd(ll) salt
e Several forms Commercially available (Sigma Aldrich)

* Pd EnCat 30 and 40

« Pd EnCat TPP 30 — Pd(Il)ePPh,

* Pd EnCat TOTP 30 — Pd(ll) eP(o-tolyl),

—NCO NCO y
H,O ol H,O N PdX,
nonpolar s droplet —> 0O ——
linker ~ N
NCO H
NCO

Frost, C.; Mutton, L. Green Chem. 2010, 12, 1687-1703.
Ramarao, C.; Ley, S.; Smith, S.; Shirly, I.; De Almeida, N. Chem. Commun. 2002, 1132-1133.




Pd EnCat

Suzuki coupling
— Pd EnCat conveniently packed in HPLC columns
— Short residence time (4 min)
— Mild conditions (40°C)
— Catalyst recycled 4 times with minimal loss in efficiency

40°C, 4 min

B(OH). Bu,NOH O
PdEnCat —>
1:9 MeOH: Wi y
Me ! Me

toluene

85% vyield

Lee, C.; Holmes, A.; Ley, S.; McConvey, |.; Al-Duri, B.; Leeke, G.; Santos, R.; Seville, J. Chem. Commun. 2005, 2175-2177.



Pd EnCat

Microwave-heated Suzuki
couplings
— 65sresidence time in
microwave cavity

— In-line scavenging of base
and excess boronic acids

— Clean products isolated by Mictowave
evaporation of solvent
O/SO3H O OMe
e (GB) (5 —
™
Ay (2 L Pd EnCat o,

halide \_~_/

Buy,NOAc

9.34g, 40.8 mmol
0.2 mol% catalyst
34h, 0.2 mL/min

Baxendale, I.; Griffiths-Jones, C.; Ley, S.; Tranmer, G. Chem. Eur. J. 2006, 12, 4407-4416.



Pd EnCat

uW
]

EtOH [Pd EnCat]—[A-15]—> Ar—Ar

]
65s heating
225s total residence time

Z
/ \ | IS \N
S CN N7
81% yield 76% yield 95% yield
98% purity 98% purity 82% purity
NO,
g
0

97% yield F 89% yield

91% purity 98% purity

(from ArQTf) (from ArCl)

Baxendale, I.; Griffiths-Jones, C.; Ley, S.; Tranmer, G. Chem. Eur. J. 2006, 12, 4407-4416.



PASSflow

PASSflow (polymer-assisted solution phase synthesis)

— Monolithic polymer-glass composite produced by crosslinking polymer
beads and their container

— Efficient flow between beads gives high contact area with supported
reagents and low pressure drops

— Contact with walls of container minimize bypass
— Few problems associated with polymer swelling

glass

pore

pressure-resistant housing diffusor

o !

~ 3 monolithic polymeriglass composite

7 4
PTFE tube HPLC fittings

polymer polymer bridge

Kirshning, A.; Altwicker, C.; Drager, G.; Harders, J.; Hoffman, N.; Hoffman, U.; Schonfeld, H.; Solodenko, W.;
Kunz, U Angew. Chem. Int. Ed. 2001, 40, 3995-3998.



PASSflow

* Copolymer of styrene, polyvinylchlorobenzene, and divinylbenzene
— Anionic reagents supported by counterion exchange
— Reduction of ionically bound PdCl;" gives 7-10 nm Pd particles

O/\CI NMe; Nme, _NagPdCly O/\NMe 1. NaBH, NMe, C
cr

PdCly™ 2. HCI ®

Variety of soIid-supported reagents

Br(OAc),

Kirshning, A.; Altwicker, C.; Drager, G.; Harders, J.; Hoffman, N.; Hoffman, U.; Schonfeld, H.; Solodenko, W.;
Kunz, U Angew. Chem. Int. Ed. 2001, 40, 3995-3998
Frost, C.; Mutton, L. Green Chem. 2010, 12, 1687-1703.



PASSflow

* Transfer hydrogenation

CO.Et Pd(0) CO.E
O / — -
Ph

PASSflow o/ s
' 70°C, 4h 98% yield
* Heck coupling
! CO,n-B
9 Pd(O) D i
Me On-Bu~ |
| PASSrow
NEt;, NMP, 130°C O 78% yield
* Sonogashira coupling o
4
(0)
Me Me
PASSflow '
© NBu,OAc, NMP, 110°C O  81% yield

Kirshning, A.; Altwicker, C.; Drager, G.; Harders, J.; Hoffman, N.; Hoffman, U.; Schonfeld, H.; Solodenko, W.;
Kunz, U Angew. Chem. Int. Ed. 2001, 40, 3995-3998
Frost, C.; Mutton, L. Green Chem. 2010, 12, 1687-1703.



PASSflow

* Ligand-free Heck reaction
— High temperature in EtOH
— Pd impurities effectively scavenged by Quadrapure thiourea column
— Catalyst recycled up to 20 times

+ .
O/\NMes cl

e OW ™
Et.N Pd(0)
Ar—l 2 Ng S | QP-TU AN
EtOH )
25 min, 130°C
Ph _~

" /\/©/ o \/\Q N= > / < 2

BuO.C™ "X N <\—N/ CN

N 86% yield 87% vyield 73% yield 78% yield
99% purity 95% purity 99% purity 99% purity

Nikbin, N.; Ladlow, M.; Ley, S. Org. Proc. Res. Dev. 2007, 11, 458-462.



Alpha-Chlorination

* Lectka’s organocatalytic asymmetric alpha-chlorination reaction

tBu—N_ NEt, Ci

' cl
O N»P\N.Me Cl CL (0]
o8 g, —-=0 g cl y
Cl Cl OC,4Cl
— I 6v'5
BEMP 10 mol% cat
THF, -78°C THF, -78°C
CI,’ (0]
/ OMe
BnNH, NHBn  809% yield cat = J
THF 99% ee N X
I
Z : "'N
OBn

Wack, H.; Taggi, A.; Hafez, A.; Drury, W.; Lectka, T. J. Am. Chem. Soc. 2001, 123, 1531-1532.



Chlorination Mechanism

Cl, ) Cl

7/““\ _

+
OBn | OBn | Cl

Ph

Wack, H.; Taggi, A.; Hafez, A.; Drury, W.; Lectka, T. J. Am. Chem. Soc. 2001, 123, 1531-1532.



Alpha-Chlorination

Motivations for developing a continous flow reaction

— Reaction needs cryogenic temperatures to avoid side reactions with highly
reactive intermediates

— Flow would allow immediate consumption of reactive ketene and
pentachlorophenyl ester

— Integration into a multistep synthesis
— Highly selective reaction with easily scavenged byproducts ideal for flow

Cl 9 OMe
. cl aL o cat = p
—=0 cl cl N
OC,Cls |

Cl - _
10 mol% cat :
THF, -78°C OBn

Wack, H.; Taggi, A.; Hafez, A.; Drury, W.; Lectka, T. J. Am. Chem. Soc. 2001, 123, 1531-1532.



Flow Synthesis of BIVIS-275291

* Wang-resin bound cinchona
alkaloid catalyst

— Ketene formation and
alpha-chlorination without
exogenous base in the
same step

— Jacketed column and ice
bath

— Piperazine resin scavenges
excess acyl chloride to
give a high purity
intermediate

Me

Me Me |

cat

cat =

France, S.; Bernstein, D.; Weatherwax, A.; Lectka, T. Org. Lett. 2005, 7, 3009-3012.



Flow Synthesis of BMS-275291

Solid-phase synthesis of dipeptide

fragment in flow
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France, S.; Bernstein, D.; Weatherwax, A.; Lectka, T. Org. Lett. 2005, 7, 3009-3012.



Flow Synthesis of BMS-275291

Product prepared in 15h

o Cl Me
— 34% yield )\\NWO ve
| . e P
— 83% diasteromeric excess y Mo OCeCls  p,N N SNHMe
° ) tBu

— 55 mg product Me
— Cinchona alkaloid catalyst
cleanly recyclable
Celite
THF

4 ™ |
O SH @] tBu Me
: H | __Me
N NHMe N
Me\N N/\/\n/ - H O/+ Me
A o) - 0 __/ HS-
Ve ! o Me//\j

e Me

L BMS-275291 J BMS-275291

France, S.; Bernstein, D.; Weatherwax, A.; Lectka, T. Org. Lett. 2005, 7, 3009-3012.



Multiphase Catalysis in Flow

* Microreactors can promote efficient mixing of phases
* Facile separation of phases at the end of reaction

— Gaseous or agueous reagents can be conveniently used in excess

— Continuous extraction of byproducts

— Recycling of catalysts and expensive solvents (florous solvents, ionic

liquids)

* Dangerous gases (H,, O;) can be both produced and consumed continuously

Peristaltic

pump

Noel, T.; Buchwald, S. Chem. Soc. Rev. 2011, 40, 5010-5029.



Multiphase Catalysis in Flow

Segmented Flow Annular Flow
Liquid
(@)
P Liquid
Gas flow direction
c—> c T " flow direction - "~ Microreactor wall
Microreactor wall (b)

Semipermeable
Membranes

Noel, T.; Buchwald, S. Chem. Soc. Rev. 2011, 40, 5010-5029.



H-Cube Hydrogenations

H, produced continuously by hydrolysis of H,O

When combined with a solid-supported catalyst cartridge (Pd/C),
hydrogenation can be carried out in flow

Automated fraction collection, followed by offline analysis, allows for rapid
optimization of catalytic conditions

| 100 -y
|
‘HydroMate™" | !
software | 90
| HPLC
: pump 80 4
— |
I ) System 70 4
Loading syringe | Injection vaive with |l solyent
l sample loop < 504
c
: 2
H-Cube™ £ 50
| ; o
I . 2 N
I S 40
| Waste ©
: 4 ——0.05 M 60°C 1mL/min
| ; 3017 =01 M 60°C 1mL/min
: i 204 | —#=01MRT0.5 mLimin
T ®‘ —4—0.05 M RT 1mL/min
Samples  Hydrogenation : Switching vaive 10 +4— ——0.1 MRT 1mL/min
products |
L I
[ | 0
Automated liquid ! High pressure circuit 1 2 3 4 5 6 7
. |
handiling robot |

Knudsen, K.; Holden, J.; Ley, S.; Ladlow, M.; Adv. Synth. Catal. 2007, 349, 535-538.



Tube-in-Tube Hydrogenations

* Semipermeable Teflon AF-2400 tube separates reaction phase from gas
phase allowing efficient transfer of H, to the reaction

— Also applied for ozonolysis in flow

318 mmod.

inner Teflon
AF-2400 tube

O’Brien, M.; Taylor, N.; Polyzos, A.; Baxendale, I.; Ley, S. Chem. Sci. 2011, 2, 1250.



Tube-in-Tube Hydrogenations

Catalyst and substrate are combined then allowed to absorb H,
Additional residence time optimized for hydrogenation to run to completion

In-line quantification of H,-consumption by “bubble counting” the offgassed
H, after the back pressure regulator

(0] 1.0m
S RT
O e B
1 DCM
1.0 mL/min

additional
residence
loop

[ICOD)(PCy3)I"PFs” 3 mL

R.T.
2 back -
DCM ::.:g:f:,;i 3_
1.0 mL/min 1
Unigsys Flowsyn ¢
0O

©/\)L

O’Brien, M.; Taylor, N.; Polyzos, A.; Baxendale, I.; Ley, S. Chem. Sci. 2011, 2, 1250.



Tube-in-Tube Hydrogenations

* Quantitative conversions via homogenous hydrogenation

[Ir(COD)(PCy3)]PFg (0.1 mol%)
H, tube-in-tube R
e Y > RN
CH,Cly, r.t
250 psi

Quantitative hydrogenation of:

©/\/0025t ©/\/Ph ©/\/\OH
X _Me M
/©/\/ RGN
Me 16

O’Brien, M.; Taylor, N.; Polyzos, A.; Baxendale, I.; Ley, S. Chem. Sci. 2011, 2, 1250.



Tube-in-Tube Hydrogenations

Sequential hydrogen absorption, heterogenous catalysis, and offgassing

tube- |n -tube back-pressure

@ Pd/C regulator
o~ - )
250 psi \\

off-gassing
Hy

Quantitative hydrogenation of:

)OS . L

130 min 360 min 120 min
Me Me MeO _
= ) O
250 min 110 min 120 min

O’Brien, M.; Taylor, N.; Polyzos, A.; Baxendale, I.; Ley, S. Chem. Sci. 2011, 2, 1250.



Oxidative Heck in Flow

e Dual channel reactor
separated by
polydimethylsiloxane
(PDMS) membrane allows
absorption

Park, C.; Kim, D.-P. J. Am. Chem. Soc. 2010, 132, 10102-10106.



Oxidative Heck in Flow

* Continuous absorption of oxygen and optimization of residence time allows
efficient oxidative Heck coupling, with selectivity over alcohol byproduct
5 mol% Pd(OAc),

5 mol% 2,2'-bpy
we @

r.t PDMS membrane
Ar/B(OH)z S O, absorption

. _CHO X _CHO O
o C Soh

R OH
Ar/\/ Ar”

80% vyield 77% yield 80% vyield
8% alcohol 10% alcohol 10% alcohol
MeO Br
79% vyield 85% yield
7% alcohol 7% alcohol

Park, C.; Kim, D.-P. J. Am. Chem. Soc. 2010, 132, 10102-10106.



Steven’s Oxidation in Flow

Phase-transfer catalyzed NaOCl| oxidation

Bu,NBr
OH A 0
)\ NaOCI (12.6% / H,0) )]\
r
R' R EtOAc, r.t. R' R
NN N
Substrate, L
TBAB (cat.)
t Na;SOj; (aq) Quench
NaOCI (12.6%) = . Separatory Funnel
Mixing Y
10 ml Syringes v UV U .
Total Flow Rates: 25 - 150 pl/min. 3.88m0.5 mmid.
(tr = 5 - 30 min.) PFA tube reactor (750 pl)

RT

Leduc, A.; Jamison, T.; Org. Proc. Res. Dev. 2012. In press.



Steven’s Oxidation in Flow

Ketones

10 mol% Buy4NBr 0
2 eq NaOCI (12. 6% / HZO) )]\
R' R

EtOAc, r.t.

ot o ol ek

>95% vyield

Esters

R

/\

H

76% yield >95% vyield >95% yield
20 mol % BuyNBr o)
2 eq NaOClI (12.6% / HQO) )l\

R oM
MeOH, EtOAC, r.t. ©

/O\ COsMe
CO,Me
CO,Me O/ /\M; 2

>95% yield

93% vyield 80% yield 62% yield
Leduc, A.; Jamison, T.; Org. Proc. Res. Dev. 2012. In press.



Steven’s Oxidation in Flow

 Aldehydes
— Overoxidation minimized by controlled mixing and residence time

OH BuyNBr (20 mol%)

J 2 eq NaOCl (12.6% / H,0) j\
1 > 1
R EtOAc, r.t. R H
o o . O
\©/ Br OMe
95% vyield 95% vyield 93% vyield 95% vyield

Leduc, A.; Jamison, T.; Org. Proc. Res. Dev. 2012. In press.



Clogging in C—N Cross Couplings

* Buchwald-Hartwig cross couplings often involve inorganic bases and produce
insoluble byproducts

« Standard conditions in flow generate clogs (NaCl in the image)

X-Phos precat.

H
Cl NaOtBu N
o
1,4-dioxane
MeO HoN 80°C MeO

+ NaCl

Hartman, R.; Naber, J.; Zaborenko, N.; Buchwald, S.; Jensen, K. Org. Proc. Res. Dev. 2010, 14, 1347-1357.



Clogging in C—N Cross Couplings

Phase transfer conditions allows use of agueous base and continuous
extraction of byproducts

Packed bed reactor consisting of fine stainless steel spheres for efficient

mixing of two phases
L= BrettPhos

05 o iPr Me
.5 mol%
:
7,04
MeO HoN Pd\
cl’
toluene Packed bed reactor
- Q 1@
(.0 100°C, 6 min 98% yield

2 M KOH, BuyNBr

@
@ Q

Naber, J.; Buchwald, S. Angew. Chem. Int. Ed. 2010, 49, 9469-9474.



Aryl Fluorinations in Flow

CsF finely ground and sieved to 45-106um particles packed in a stainless steel
packed bed reactor

20 min residence time needed at 120°C
Yields 60-85%

CsF Packed-Bed Reactor

Vs =30 ! i L] |

: BPR
Syringe (5 psi)
Pump
(toluene)
\j F\\' Ar=F

Reagent Loop
Ar—OTf (0.2 v)
[Pd(cinnamyl)Cl],
tBuBrettPhos
toluene (5 mL)

ﬂow directio,

Hartman, R.; Naber, J.; Zaborenko, N.; Buchwald, S.; Jensen, K. Org. Proc. Res. Dev. 2010, 14, 1347-1357.
Noel, T.; Buchwald, S. Chem. Soc. Rev. 2011, 40, 5010-5029.



Clogging in C—N Cross Couplings

Sonication shown to minimize clogging by “bridging”

Increased flow rate causes abrasive conditions that break up channel deposits
Rates comparable to batch, with residence times as low as 20 s

BrettPhos

precatalyst NaOtBu
X (0.1-1mol %) (1.4 equiv)

o AN EtOAc/H,O
a) I jcati
[ g Sonication
P flow direction +
Y "
i NH, -
Microreactor wall : A 2 0°C
R'——
R e
D, t D, . (1.2 equiv)
flow direction
o

Microreactor wall

ZTIT

NaX
Hartman, R.; Naber, J.; Zaborenko, N.; Buchwald, S.; Jensen, K. Org. Proc. Res. Dev. 2010, 14, 1347-1357.
Noel, T.; Buchwald, S. Chem. Soc. Rev. 2011, 40, 5010-5029.



In-Line Microdistillation

* Sequential formation of aryl triflate and Heck coupling in flow
— Formation of aryl triflates occurs most efficiently in CH,CI,

— Byproducts need to be extracted with aqueous workup

— CH,Cl, detrimental to Pd-catalyzed reaction (needs DMF or toluene and
elevated temperatures)

OBu
OB
o 1 THO, ELNiPr ot 7 ’
/©/ CH,Cl, /@/ Pd(OAc),/dppp
' o
BU 2. HCI/H,0O BU base, DMF B

work up

Hartman, R.; Naber, J.; Buchwald, S.; Jensen, K. Angew. Chem. Int. Ed. 2010, 49, 899-903..



In-Line Microdistillation

 Triflation followed by HCI/H,O extraction in segmented flow

— Two phases effectively separated in flow

Feed

Agueous

Membrane
Phenol Organic

Et,NiPr
AN TfOH,
CH,Cl, oo [ EtNiPr-HCI
L e
Y ArOT
v —
T1,0 o CH,Cl,
CHCl, 2.0 M
HCI

Hartman, R.; Naber, J.; Buchwald, S.; Jensen, K. Angew. Chem. Int. Ed. 2010, 49, 899-903..



In-Line Microdistillation

* Dilution with DMF and off distillation of CH,Cl, at elevated temperature
— Segmentation with N, slugs and heating transfers CH,Cl, to vapor phase
— Separation of vapor and solution phase with semipermeable PTFE

membrane
120°C
N,, CH,CI
N2 R} (R} (A (A} ° : °
S A
SREEE R '; ~---=—=  PTFE membrane
AFOTf I|| l: ||| l: '|| ': ||| l: Y
CH.Cl, ArOTf,
DMF PMF

Hartman, R.; Naber, J.; Buchwald, S.; Jensen, K. Angew. Chem. Int. Ed. 2010, 49, 899-903..



In-Line Microdistillation

In line reaction with olefin, Pd(OAc),/dppp, and base in DMF gives desired
product in 69%

Membrane

OBu

Condenser

l micro- Product/ ———

Membrane CH,Clof micro-
Organic \ N, gas distillation
e

4

LLE Olefin
Agueous Pd(OAc),/dppp
Base/DMF
micro-

DMF (or Toluene)/N, gas

reactor

Phenol
DIEA 1,0

CH,Cl, CH,Cl

Aqueous Triflate/ CH,Cl,/
DMF DMF

Hartman, R.; Naber, J.; Buchwald, S.; Jensen, K. Angew. Chem. Int. Ed. 2010, 49, 899-903..



Photochemistry in Flow

Use of a microreactor with a
high surface area increases ’W‘é""" 5 g
efficiency of irradiation when c‘iss '1}2'

penetration depth is short Wifrubor  resction Pg:::{;;:" N ey "
Process intensiﬁcaﬁon batch reactor: SET flow reactor:
inefficient irradiation Processes direct irradiation
advantages for large scale limited scale up unlimited reaction scale
prolonged reaction times short reaction times

— Greater energy efficiency
when a greater fraction reactor cabinet

of radiation is absorbed - '
H,0 In = —»H,0 Out

— Lower power, space, and ' '

thermal dissipation § :
F o

requirements with a

smaller photoreactor

med-pressure Hg lnmo

Gutierrez, A.; Jamison, T. Org. Lett. 2011, 13, 6414-6417.
Tucker, J.; Zhang, Y.; Jamison, T.; Stephenson, C. Angew. Chem. Int. Ed. 2012, 51, in press.



Photolytic Activation of CpRu*

* CpRu(MeCN),(PF;) is a highly labile Lewis-acidic catalyst
* Generated in batch by photodissociation of a benzene ligand
* More efficient irradiation in flow increases flux of photolysis

+ +
@ “Cl., _cCl @ @ ho @ .
R SR > Ru  PF¢ > _Ru_PFy 99% yield
cl Cl K,CHO, @ MeCN, 60°C MeCN'/“NCMe 0.158g/h
NH,4PFg 12-48 h
EtOH, 60°C  80% yield
+
reactor cabinet l@ 99% yield
] o veon- e 1.59
h'U eMeCN e 1 569/h
5 min

Gutierrez, A.; Jamison, T. J. Flow. Chem. 2011, 1, 24-27.



Ru-Catalyzed Ene Reaction in Flow

Photolytic activation of CpRu+ catalyst
In situ catalytic ene reaction to generate complex dienes

" ' : @ﬁm |
2 2
R PFe acetone
R1/\/ \RS @ 6 > R1\/\)\/R3

hv
10 min
10 mol% T™S
C4H9 O C4H9 M602C /
HOY A AN G oo Ao o
I 6
° . Me . M

93% vyield 62% vyield 90% e

(3:1)

HO A xS )J\M/\/\)\/C4H9

6 Me 6
65% vyield 93% vyield

Gutierrez, A.; Jamison, T. Org. Lett. 2011, 13, 6414-6417.



Photoredox Catalysis in Flow

* Ru(bpy);Cl, has a high molar extinction coefficient (13000 M-icm) at the
wavelength being used (blue LED)

— At 1 mM concentration 99% of radiation is absorbed in 1.5 mm
 Commercially available perfluoroalkoxy alkane (PFA) tubing

— Inner diameter of 0.762 mm

— 90% of incident radiation absorbed

Ag mirror

peristaltic

Substrate, pump

l PFA tubing
Ru(bpy)sCle —( )

Fmm=m=—mm— e m e e — ===

Tucker, J.; Zhang, Y.; Jamison, T.; Stephenson, C. Angew. Chem. Int. Ed. 2012, 51, in press.



Photoredox Catalysis in Flow

* Benzyl iminium ions generated in flow and trapped offline with nucleophile

* Excess of nucleophiles can be generated under conditions not compatible
with photoredox reaction

Ru(bpy)sCls
C@ (0.5 mol%) Nu
—_—
N\Ph 3.0 eq BrCClj blue LED = N N
DMF Tr=230s ~Ph Ph
5.75 mmol/h Nu
: } Ph Ph Ph Ph
CN Me
O,N | |
89% 79% 85% 89% Ph

Tucker, J.; Zhang, Y.; Jamison, T.; Stephenson, C. Angew. Chem. Int. Ed. 2012, 51, in press.



Photoredox Catalysis in Flow

* Efficient source of malonyl radicals

0

N

MGOZC

Br
COQMe
COQMe
Br
/
CO,Me

Ru(bpy)3Cl,
1.0 mol% / \\ CO:Me
Sonar ()

N co,Me 91% yield
2 eq BusN blue LED
DMF Tr=1 min

Ru(bpy)sCly Me
(1.0 mol%) (mm MeOC 299% vield
>  MeO,C % yie
2 eq EtzN blue LED 2

DMF Tr=1min

Tucker, J.; Zhang, Y.; Jamison, T.; Stephenson, C. Angew. Chem. Int. Ed. 2012, 51, in press.



