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Presentation Outline

* Fluorous separation technigues
— Solid-phase extraction (SPE)
— Flash chromatography
—Chromatography (HPLC)

 Combinatorial synthesis
—Microwave reactions
— Multicomponent reactions (MCR)

Parallel synthesis
Diversity-oriented synthesis (DOS)

~luorous Mixture synthesis (FMS)



What is Fluorous Technology?

Fluorous chemistry is a novel tagging ¢ — .'

technology that separates desired oW

molecules from complex mixtures. w e ¢
o0 AO©

Fluorous tagged molecules can be
separated from non-fluorous ¢ PPN

molecules exploiting fluorophilicity. - .' Ao

Molecules can be rendered fluorous

by the attachment of perfluorocarbon

domalns. Non-fluorous Fluorous
o o0

O
Fluorous technigues are marked by Yete o

high selectivity, low reactivity, and
exceptional breadth
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fluorous-modified surface7<o g




FOeruorous Examples of Fluorous Molecules

Compounds with permanent fluorinated domains (e.g. reagents):

pph, - VERSUS- PhZPAQ—L
CeFis
@Reag ent

Substrate >  Product + @_By-product

Compounds with temporary fluorous tags (e.g. substrates):
H H
o._N._CO,H o._N._COH
x \Cl)l/ \(Ph ~VERSUS- 8/\>< \(l)l/ \(Ph

reagent
—Substrate —— —Product + By-product
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Fluorous Separation Methods

s Liquid-Liquid Extraction - —
- “Heavy” fluorous technique Y 7

« Generally requires large F content, ~60%

m Fluorous Solid Phase Extraction (F-SPE)
- “Light” fluorous technique
» Separates fluorous from non-fluorous

= No fluorous solvents used

m Fluorous Chromatography (F-HPLC)

- Separates fluorous from fluorous m
« More fluorous = Greater retention NS




f® FLUOROUS Fluorous Tagging Strategies

m Tagging reagents/scavengers/catalysts

}Reagent
-0 [ B

clean product

E>—Derivative

m Tagging substrates for parallel and mixture syntheses

8 @ oo

——>‘+ F-SPE




f®FLuorous Fluorous Sorbent for Separation

HPLC Columns TLC Plates Bulk Silica
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f®FLuorous Fluorous SPE

0 HNCa

O HN.
C,H,

organic dye (blue)

Left tube: beginning of fluorophobic wash (80:20 MeOH:H20)
Center tube: end of fluorophobic wash
Right tube: end of fluorophilic wash (100% MeOH)

Fluorophobic Typical Solvents for F-SPE Fluorophilic

<« >
Water DMF DMSO MeOH ACN Acetone Toluene THF
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Fluorous/Resin-PPh,; Comparison

CO,H
GPPhZ H,0 Filter/Wash /©/

N3

> > » HoN
THF, rt rt-60°C Concentrate
36 hours 36 hours 26-60% conversion
(>86% purity)
/\/©/Pph2 o
H,0 FluoroFlash™ /O/
CeF13 » > » HoN
THF, t, 1 h 60°C SPE
3h 100% conversion

(93% yield, >98% purity)

Lindsley, C. et al, Tetrahedron Lett. 2002, 43, 4467)
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entry RN3 RNH, yield (%) purity (%)
CIWNg Cl_~ ‘ NH,
1 N N 86 98/95
o) o)
o) o)
BocHN OH BocHN,, OH
2 N 91 98/95
N3 “Z“NH,
NH, NH,
T T
3 | D
3 L AN SN 88 98/95
\
o) o)
O{K/ O{
/
o Nj 7ko /&NHZ
N3 NH2
4 |
o 92 98/95
H. . oy : oy
H H
H H
o) o)
5 e} N\< o._ N
oH Y oH Y
\/ijJ/\Me O N—"Me 82 95/92
Ny HoN'
6 N OH NH OH
¥ Oj\og\/ kEjOTOf 80 97/93
HO OH HO™ ™ ~OH
OH OH



f®FLuorous Plate-to-Plate F-SPE

24-Channel Plates 96-Well Ex-Block

« 3-4 g F-silica gel « up to 1.5 g of F-silica gel

e 10 mL receiving well « 3 mL receiving well

» 10-100 mg product purification e use large size (100 um) silica
* plate concentration by Genevac e gravity SPE

e vacuum or gravity SPE * plate can be reused

Zhang, W Loy e, Nagashime, Ik J. Comi, Chem:. 2005, 7, 893=8017.



f®FLuorous PTP F-SPE for Scavenging Reactions

c:8|:17

O N scavenger

Y

O

NCO THF  © PTP N__NRR'
RRNH  + /@ - - - /@ b
R" F-SPE R ©

1.2 equiv 1.0 equiv 0.4 equiv

Qy Do Fo

05(92)* 83(96) 95(93) 86(96)  92(91) 100(96)

H o H
H,NBuU Q}

©/NCO
NCO
O 83(100) 81(99) 79(100) 81(100) 83(100) 90(100)
Cl
QNCO 100(80) 100(96) 100(97) 100(94) 100(96) 100(99)
Me /©/NCO
MeO

100(94) 100(99) 100(100) 100(100) 100(100) 100(100)

* yield% (purity%, UV254)
yield 79-100%, product purity >90% (one exception)

zZhang, We; Lo, Yo, Nagashinme, Ik J. Cemi. Chem:. 2005, 7, 8938017,



poELunoUS Automated F-SPE by RapidTrace™

Caliper Life Sciences (formerly Zymark Corp)

Single unit (10 Cartridges) 10 units parallel (10x10 cartridges)

* Automatic sample loading (including samples containing suspended solids)
 Pump-controlled solvent delivery system with a choice of 8 solvents

» Automatically conditions, rinses and elutes cartridges

» 10 Cartridges sequential, up to 10 modules parallel and controlled by a PC



f®FLuorous Large Scale Flash Chromatography

variable cartridge size, gradient solvent, UV-trigged fraction collection

ISCO Biotage FlashMaster Il

Ph
| EDCI (1.5 equiv)

o) o)
>_NC:3>_CO'* NN HOBTOequv) s
7o . P GYO e,

Rfs(CHz K N Et;N (2.0 equiv)
H CHCl,, 1t, 2 h
1.0 equiv 1.5 equiv

FLASHTrack [mV] - Instantaneous value
H

333333333333



#®FLuorous Fluorous HPLC for Demixing

Bu
F X O
N
~
N N\ /
OSi(iPr)ZCHZCHZRf
R
1 2 3 4 5 6 7

Rf C3F7 C:4F9 CGFlO C:7|:15 C8Fl7 C9F19 C10F21
Rl Me Pr Et s-Bu i-Pr ¢-C4H,, CH,CH,-c-C;H,

1 2 3 4 5 6 7

N I T I

e,
2 w
B Y e
-, LF
i Co,

- i
L I o by
""l'-d.r,p-.l L iy
Lo d

| I I |
0 min 10 20 30

F-HPLC column (20 x 250 mm, 5 mm), gradient 88:12 MeOH-H,O
to 100% MeOH in 28 min, then to 100%THF in 7 min, 12 mL/min

Separation fluorous mixture based on fluorine content



/®FLuorous Features of Fluorous Synthesis

1) Solution-phase reaction kinetics

2) Easy adaptation of literature procedures, short method
development time

3) Easy reaction monitoring by common analytical methods (TLC,
HPLC, IR and NMR)

4) Separation by fluorous methods as well as conventional
methods (distillation, crystallization and chromatography)

5) Light fluorous molecules soluble in many organic solvents, no
fluorous solvents for reactions and separations

6) More than one fluorous reagent possible for a single reaction

7) Good “combinatorial” capability with existing technologies
(microwave, microarray, MCR, DOS, SPS....)

8) Recover fluorous materials after separation
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o8
Br

2 equiv

O,H
o
+
Me

Reaction Monitoring

F-DCT (1 equw) /@)}\

NMM
2 equiv THF
THF-dg coH O/V\C8F17
2V © R
| F-DCT
l d o oA
A Y L R — (2:1)
NN
| i CFy

activated acid

0
| C O* Ao
H
e ____..__.._..l I Br Me
amide product
J __L |
S | SR S |

F-SPE purified product

-

Q
=}
o

Zhiang, Wi Lo, Yo QSAR Coml. Science 2006, 1Rl press



f¥eLoonous Fast Fluorous Synthesis System

MW Reactor Plate to Plate F-SPE SpeedVac

fluorous compounds are for parallel separation for c_orlcentration of SPE
stable under uw irradiation receiving plates

Zhang, W. Chimica Oggi/Chemistry Today 2005, 23, 3, Xl



p@ FLUOROUS F-Tin Oxide for Transesterifications

Me,,,

OMe catalyst (10%)
HO ~ CeH:Cl
CO,Me >
OM v
€ 200 °C, 10 min
F-SPE
| Bu\ /Bu CI\ _Bu
C‘ T” C" T, catalyst yield
Bu
\Sn—O—Sn—Cl [[Me(CHz)s]zsno]n
7 )
Bu/ \CI Bu \Bu 1 60/0
1 3 2 78%
Rf.h,. Rfh, cl Rf.h
ciG—Z\T’n—Goz—‘Trj o 3 27%
Rf.h
Rf_h. 62
R: ; ST o—Sn—¢l [[CF,(CF,).CH,CH,],Sn0], 4 80%
62 (I Rfehz Rf6h2
2 4

F-catalyst 4 has the best result

Beeler, A.B; Acquilano, D.E.; Su, Q.; Yan, F.; Roth, B.L.; Panek, J.S.; Porco, Jr J.A. J Comb Chem., 2005, 7, 673



#®rLuorous F-Thiol as Amine Scavenger

o LA O A%
© PS-DIEA amine scavenger O R2
+ RIR2NH > -
© excess DCM F-SPE O
250C

NH2
: X
NH2
hw KW\ EtOH/HOAC
220 °C 120 °C

40 min 10 min

_R?
: ()
R |
/N R2
-
g

_ _ library of allosteric
unnatural canthine alkaloids Akt kinase inhibitors

CONHNH,

NH,OAc HOAC

Lindsley, C. W. et. al. Bioorg Med Chem Lett 2005, 15, 761.Tetrahedron Lett. 2005, 46, 2779.



f®FLuorous F-Benzaldehyde Protecting Group

OMe

Rfshg—O@CHo 1) NaBH(OAC), OMe
CH,CL,, 1t, 3 h . R
"R 2 F-SPE e N B
- n
H,N—=),

1) R?2B(OH),
Pd(Ph;P), K;PO, 1) R3SOCI, MTDA
CH.,Cl,, rt, 18 h

OMe
uw , 120 °C, 20 min R
> Rfh—0 mRZ >
2) F-SPE N, 2) F-SPE
OMe
- 1) TEA/TES/H,O/CH,CI, RL
Rfh—0 WRZ (5:5:05:89.5) 1t, 3h HJX_@RZ
N~ 2) F-SPE n

/
R3-S0, R*-S0,

Villard, A-L.; Warrington, B. H.; Ladlow, M. J Comb Chem 2004,6, 611



f®FLuorous F-Sulfonates for Pd-catalyzed Couplings

Qm
L C-C bond ] HO

+ [C-H bond I

C.F.-.SO.F
@ R1 e /@421
0 R?PhB(OH), l HCO,H H
AN

R2 Suzu

RZCHZCH2 R2SH

R2R3NH

Heck R1
S
= W
R3

L C-S bond]

R2

[ c=c-C bond ]

| C-N bond I

Three functions of the fluorous tag: 1) OH protecting group; 2) F-tag for
easy intermediate purification; 3) Activation of phenol for coupling



FOChuorous Biaryl-Substituted Hydantoins

ot
C.F.0,50 NaBH(OAC); ¢k o 5o Et N, DCM
AcOH, DCM F-SPE
F-SPE 85%
o Cl B(OH), O
N N
%N Cl -~ Cl }/N
CgF1,0,80 0 \©\ Pd(dppf)Cl,, K,CO, O O e
OMe |\ (150°C,10min) cl
20% F-SPE 74%

Zhang, W.; Chen, C. H.-T.; Lu, Y.; Nagashima T. Org. Lett. 2004, 6, 1473.



f®FLuorous Fluorous-Enhanced MCRs

F-component

93

substitutive/cyclative .

MCR = tag cleavage
+ _— L
‘ . F-SPE F-SPE
excess non-fluorous F-intermediate fished clean product
components out by F-SPE

Zhang, W. Chem. Rev. 2004, 104, 2531.



FOEONOUS Ugi/de-Boc/Cyclization Synthesis

NH

2
\© CN-R2
Step 1 )\JL )Y Step 2 Rl
+
o) Q o)
1 o Boc TFA-THF j\i :@
R1” "H RS

H

BOC/N 0

@)
2.0 equiv
Step 1 Step 2
normal Boc:! 36-48h, double scavenging 4-24 h, flash
to remove aldehyde and acid chromatgraphy
F-Boc + uw:2 120 °C, 20 min, F-SPE 120 °C, 20 min, F-SPE

The microwave + fluorous approach is faster and easier

1 Nixey, T.; Tempest, P.; Hulme, C. Tetrahedron Lett. 2002, 43, 1637.
2 Zhang, W.; Tempest, P. Tetrahedron Lett. 2004, 45, 6757.



f®FLUOROUS

Biaryl Substituted Imidazo[1,2-a]pyridines

CgF,,0,S0

8 17
NCO

1.1 -1.5 equiv

X
7
N

eOQCHO

p-MeO-PhB(OH),

cat. Sc(OTf)3 HN Pd(dppf)Cl, NS
S5 > MeO /
MeOH / N K,CO, N/ a
uw (1500c, MeO N7 /" actoneltoluene/H,0
Fl%nI;)E C.F..0.SO at) O
8 172 pw (150°C, 20m)
90% e VO 70%

RfSSOZOOCHO MeoO
RfSOZSOOCHO Q

Rf,0,S0

MeO

CL L")
~ s |
N NH, N NH, N/ NH,
Me
shae!

~
N° ONH, N” CNH,

Rf,0,SO

CHO

B(OH),

B(OH);

o

2

£

ch

NC

Lu, Y.; Zhang, W. QSAR Comb. Sci. 2004, 23, 827.



f®FLuorous Fluorous Mixture Synthesis (FMS)

Tag and mix Mixture synthesis Demix and detag |
| | o
. CEO
- @ { 5
. @ W
7 '} a 1. = |
N ‘e

- fluorous tag ‘ e building blocks products



f®FLUOROUS
0
R1 CO; (CHZ)SRf 7-split
NH TFA + RN
0
M-5{1-5} 6{1-7} 7{1-4}

1 mixture of five

Q y R.cor (CHZ)SRf

detag

[

demix

@_,10

M—10{1—5,1—7,1—4,1—12} 10{1-5,1-7,1-4,1-12}
420 compounds

84 mixtures of five

H Rl CO; (CH,);Rf
_Niji\/NH 12-split

M-8{1-5,1-7,1-4}
7 mixtures of five

5-Component FMS

OCN
Cre

9{1-12}

R

e

11{1-5,1-7,1-4,1-12}
420 compounds

Rf/RY{1-5} R{1-7} R3 {1-4}
{1} C,F/i-Bu {1} H {5} p-F {1} Et

{2} C,FyBn {2} p-Me {6} p-Cl {2} t-Bu
{3} C4F4/p-CIBn {3} p-Br {7} m-Me {3} c-CeHy,
{4} C,F,,/ Me {4} p-OMe {4} Bn

{5} CF,,/Et

R4{1-12}
{1} H {7} p-CF3
{2} p-Me {8} 3,4-diCl
{3} p-Br {9} m-Me
{4} p-OMe {10} m-Br
{5} p-F {11} m-F
{6} p-CI {12} m-ClI

420 Ureas M-10 (84 x 5) by 91 FMS reactions (7 cycloaddition + 84 isocyanatereactions)
Could need 455 parallel reactions (35 cycloadditions + 420 isocyanate reactions)



#®¢LuoR0US A Typical HPLC Demixing
F

M-10{1-5,5,3,3}

.COz (CH2)3Rf

A Rf=CF; C.Fo CoFis CoFrr CoFi

f\ | 1
\ | \ Jr |/

| i

L] | .
Y | | B
|—‘M MJ L/\._/\J ]LMH w\_n_} L\/, Hk‘“”\_ffx___.

0 min 5 10 15 20 25

FluoroFlash® column (20x250 mm, 5 xm), gradient 80:20 MeOH-H,O to 100% MeOH
in 23 min, then THF for 4 min, 20 mL/min.
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4-Channel H

0.2mgimL §0{70)-85% ACN+TFA 3mLimin/column
F-5 mix- 4-12_03_0103-7

05-Jan-2005

2. Diode Array
254

3.37ed
2.88

R

Fﬁml}-{d I:IﬁEI

WLMLA_/LL

2 Dinde Array
254
19e4

Fﬁmma’l DIII5III

z Dmde Alray

Demixing and purification of 20 (4x5) compounds in 5 min

090 254
100 41984
272
s e A e e e T T T T
F-§ rilx- 3-10_05_0105-7 2 Dlnde Array
254
100 0,60 132 . 5.38e4
: 374
. 277 10
082
-0 Time
0.50 1.00 150 2.00 2.80 3.00 350 4100 4 50

PLC Demixing
O HR1 CO,(CH,),Rf

-B—Nij:\—?
- OH <N;>HQ

Cl

OMe
M-10{1-5,4,2,12}

0 iR co; (CH2)3Rf

N—-’<

OH HQ

Q ¢
OMe

M-10{1-5,4,2,11}

t-Bu-N

o) ,_Rl COZ(CHZ)zRf
t-Bu-N N—"<
OH HQ
Q Br
OMe
M-10{1-5,4,2,10}
e) |_R1 COZ(CHz)st
t-Bu-N N—<
oH HQ
O e
Br

M-10{1-5,3,2,10}

Zhang, W.; Lu, Y.; Chen, C. H.-T. Zeng, L; Kassel, D. B. J. Comb. Chem. 2006, 8, 5, 687
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Summary

Advantages of fluorous synthesis
- Homogeneous reaction
- Intermediate analysis/purification
- Selective orthogonal separation

Enhances existing technologies

- Microwave-assisted synthesis
Multicomponent reactions
Parallel and mixture synthesis
Diversity-oriented synthesis
SPE and chromatography
Preparative parallel LC
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