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An automatic fluorous solid-phase extraction (F-SPE) technique is developed by usingHrsbrSPE
cartridges on the RapidTrace workstation. A 10-module workstation has the capability to complete a maximum
of 100 SPEs each round in=2 h. Another important feature of the RapidTrace system is that it has the
capability to load slurry samples onto the F-SPE cartridges. The F-SPE cartridge chatg2dwffluorous

silica gel is used to purify up to 200 mg of crude sample. Sample loading, elution solvent, cartridge reuse,
and SPE reproducibility are evaluated. The automatic SPE system is used for purification of a small urea
library generated from amine-scavenging reactions using fluorous dichlorotriazine, a 96-membered amide
library generated using 2-chloro-4,6-bis[(perfluorohexyl)propyloxy]-1,3,5-triazine as the coupling agent, and
another 96-membered library generated from fluorous Mitsunobu reactions. Approximately 90% of the
products have>90% purity after F-SPE.

Introduction e Each SPE cartridge has up to 3-mL volume for up to
2 g of silica gel.

o Cartridge conditioning, sample loading, elution, and
rinsing are automated.

Highly fluorinated (fluorous) organic molecules are lipo-
phobic and hydrophobic. This unique property has been
exploited for separation of fluorous molecules from mixtures

containing nonfluorous moleculésmong several fluorous » The autosampler handles solution samples and slurry
separation methods, fluorous solid-phase extraction (F-SPE)Samples, as well.
with FluoroFlashsilica gel containing a-Si(Me),CH,CH,- e The solvent pump operates at a back pressure up to

CgF17 Stationary phase has the capability to separate “light 100 psi and a maximum flow rate at 30 mL/min.
fluorous” molecules bearing perfluorinated chains, such as e Each module controls eight elution solvents and may be
CsF13 or CgF17.2 Since it was first introduced by the Curran  programmed to use mixtures of them.
group in 1997 F-SPE has been used for purification of  |on exchange resins, normal and reverse-phase silica gels,
reaction mixtures containing fluorous catalystgavengers,  and functionalized resins are the common packing materials
reagents, protecting group$,and biomolecules. for RapidTrace SPE. We envisioned that the RapidTrace
Even though F-SPE has great potential for rapid separation,system could be used for automatic F-SPE if fluorous silica
at the present time, most F-SPEs are still performed manuallygel was used as the separation medium.
on a 2x 12 SPE manifold. In the chemical |ibrary SyntheSiS Method Deve|opment_ Each Cartridge p|aced on the
setting, conducting F-SPEs in parallel or automatically can RapidTrace workstation was charged twi g of fluorous
significantly improve efficiency. We have recently reported sjlica gel (46-60-um particle size). On the basis of previous
the development of a 24-well plate-to-plate F-SPBe- experience of F-SPE, the mass loading (weight of crude
scribed in this paper is a complementary effort to use sample compared to the weight of fluorous silica gel) for
commercially available RapidTrace workstations for auto- thjs kind of cartridge should be less than 10%. Me€#$O

matic purification of library compounds. (80:20) was used as the fluorophobic solvent that elutes the
) . nonfluorous components and leaves the fluorous component
Results and Discussion on the SPE cartridge. The fluorous component can be eluted

RapidTrace Workstation. The RapidTrace SPE worksta- With 100% MeOH from the cartridge. Another good fluo-
tion is a product of Caliper Life Sciences (Figured)t rophobic solvent system is 90:10 DM#H;O, which has a
has been widely used for analytical and biological sample lower water content than the 80:20 Me©H,0O system.
preparations. The RapidTrace system has the following We first conducted a loading solvent test using 80:20

features: MeOH—H,0 (6 mL) as the fluorophobic elution solvent and
« The workstation has up to 10 modular units; each unit 100% MeOH (6 mL) as the fluorophilic solvent. The purpose
conducts 10 SPEs sequentially; a maximum ofx1Q0 = of this study was to detect the fluorous compound break-

100 SPE separations can be finished #21h unattended. through related to a loading solvent and its amount. The
elution flow rate was set at 12 mL/min for the fluorophobic

*To whom correspondence should be addressed. E-mail: w.zhang@ P@SS and 30 mL/min for th_e fluorophilic pass. A mixture of
fluorous.com. fluorous and nonfluorous triphenylphosphine oxide was used
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Figure 1. RapidTrace SPE workstation. (left, single modular unit for 10 cartridges; right, 10 units controlled by a PC).

Table 1. Loading Test with a Triphenylphosphine Oxide Mixture
loading solvent

CH,CI, DMF THF MeOH MeCN acetone
volume (mL) 0.2 0.3 0.5 0.4 0.5 0.8 0.2 0.3 05 0.2 0.3 0.5 0.2 0.3 05 0.2 0.3 0.5
PhPO recovery (%) 100 96 100 100 100 100 93 93 125 86 93 100 86 94 100 89 89 103
F-PhP(O)Ph 88 90 90 86 92 90 88 88 88 77 85 92 74 83 92 82 86 91

recovery (%)
aFrom 80:20 MeOH-H,0 fraction.” From 100% MeOH fraction F-PhP(O)Phwas detected.

as a test sample. Each sample contained 0.1 mmol each of 2P!€ 2. Reproducibility Test on 10 SPE Cartridges

PhPO andp-CgF,,CH,CH,PhP(O)Ph (F-PhP(O)Ph. Six cartridge no.

different solvents (THF, CkCl,, MeOH, MeCN, acetone, 1 2 3 4 5 6 7 8 9 10
and DMF) were tested in a volume range from 0.2 to 0.8 pppQ recovery (%) 93 93 93 96 93 96 96 93 93 96
mL. The fluorophobic and fluorophilic fractions were F-PhP(O)Ph 88 89 90 93 92 92 92 92 92 92

submitted to LC/MS for purity analysis and also concentrated ~ recovery (%)

to determine the recovery. The results listed in Table 1 show 2 Loading sample, PRO (28 mg) and F-PhP(O)R(72 mg) in
that for a 2-g fluorous silica gel cartridge at 5% mass loading 0.5 mL of DMF.* From 90:10 DMF-HO fraction.® From 100%
(28 mg of PRPO and 72 mg F-PhP(O)PhF-PhP(O)Pp ~ MeOH fraction.

breakthrough was detected when 0.3 and 0.5 mL of THF, Taple 3. Single Cartridge Reuse Tést

0.5 mL of CHCI, or acetone were used as the loading F-SPE run no.

solvents. No F-PhP(O)RIbreakthrough was detected when

MeOH or MeCN up to 0.5 mL, and DMF up to 0.8 mL 1 23 456 78910
were used as the loading solvents. These results are consistert'sPO recovery (%) 93 89 93 93 93 93 93 93 93 93
with the fluorophilicity of these solvents: THF acetone, F-fgci(\/%)rskzw 94 94 92 94 94 94 94 94 94 94
CH,Cl;, MeCN, MeOH > DMF. Among _the SiX Ioao!ing = Loading sample, PO (28 mg) and F-PhP(O)P72 mg) in
solvents we have tested, the best one is DMF, which has, 5 "¢ Sme b From 90:10 DMF-H,0 fraction. ¢ From 100%
low fluorophilicity and good solubility for many organic  peoH fraction.

compounds. We found that when 2 mL of DMF was used

as the loading solvent and 90:10 DMH O as the fluoro-  both PRPO and F-PhP(O)BhThe reproducibility of 10
phobic elution solvent, no fluorous breakthrough was de- samples on 10 different cartridges is excellent.

tected. To allow a reasonable margin of error, we still  The capability to reuse F-SPE cartridges is an attractive
recommend the use of1 mL of DMF as loading solvent  feature of fluorous technology. After collecting both non-
In common practice. fluorous and fluorous fractions, the cartridge can be washed

To test the reproducibility of the RapidTrace F-SPE with THF, reconditioned with 80:20 MeOHH,O or 90:10
process, samples of the same mixture of the two triphen- DMF—H,0, and is ready for the next round of F-SPE. All
ylphosphine oxides in 10 different sample vials were of these operations are easily programmed and controlled
subjected to sequential F-SPE using 10 different cartridgesby a PC. A 10-round reuse test with one cartridge was
on two SPE units. The 90:10 DMMH,0 was used for  conducted, and results are listed in Table 3. Again, good
fluorophobic elution, and 100% MeOH was used for fluo- recovery for both P#PO and F-PhP(O)BHractions were
rophilic elution. Results in Table 2 show good recovery for obtained. The reproducibility was excellent.
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Table 4. Urea Formation Reactions Using F-DCT as an Amine Scavenger
F-DCT

2 NCO tHE  0.02mmol  MP-CO N NRR
RRNH + R 3 R2-©/ Y
DIPEA F-SPE o
0.12 mmol 0.10 mmol
iMCBF17
NN

Z

Cl N" Cl rpCT

NH
" o OO
BuNH, FDA U/\NH l\NN Q

/

NCO

@ AT%(93%)*  63%(94%)  64%(94%)  89%(96%) 92%(90%) 96%(80%)
NCO

] O 67%(96%)  S8%(96%) 52%(96%)  63%(95%) ST%(94%) 48%(97%)

NCO
O 57%(T7%)  T7%(98%)  87%(90%) 96%(86%) 93%(80%) 79%(87%)
Me

* yield% (purity% by LCMS with UV254 detection)

Table 5. Ninety-Six Parallel Fluorous Mitsunobu Reactions and RapidTrace F-SPE Purifications
F-DIAD F-Ph,p  THF

RXH + R'OH R/X\R'
0.055 mmol 0.05 mmol 0.06 mmol 0.06 mmol 1 mL X=0 N
(@] (o}
Cer(CHz)a\oJ\N:NJ\O/(CHz)sCeF‘s p-CqF 1;CH,CH,PhPPh,
F-DIAD F-Ph,P
RXH (1-12)

J@/COOH /©/COOH /©/COOH /©/COOH /©/COOH @ACOOH
OH ON /@/
" & O
COOH
\'Lf\ COOH \@Q D/ MeO,C

7 8 12
R'OH (A-H)
Ph~—>0oH Phj/\/OH )VAOH Hy3Ce~~-CH
A B C D
o O O
MeO F
E F G H
1 2 3 4 5 6 7° 8 9 10 11 12
A 562 99 54 99 60 96 60 99 55 98 60 69 50 86 66 99 62 99 59 99 59 99 56 99
B 56 99 54 99 60 96 54 99 55 99 60 82 50 87 57 99 62 99 59 88 59 97 56 99
C 58 99 42 99 36 99 48 99 43 98 36 99 32 96 20 99 51 99 36 99 39 96 42 99
D 43 99 55 99 53 99 55 99 56 99 53 97 45 99 59 99 57 99 53 99 54 97 50 99
E 98 93 69 99 71 94 70 99 63 99 71 99 57 98 79 99 64 99 70 99 68 99 66 99
F 100 99 79 99 75 96 66 99 73 99 75 99 67 99 93 99 61 99 74 99 79 99 70 99
G 58 94 62 95 63 92 63 95 57 91 63 8 52 75 69 97 51 83 46 90 48 94 59 70
H 53 99 58 99 57 99 58 99 59 97 57 94 54 90 64 99 47 99 57 97 57 98 62 99

aYield %. ® Purity % by LC/MS with UV254 detectiorf.UV230 detection.

Purification of Libraries. After method development, we reactions of three isocyanates and six amines. The amines
used the automatic F-SPE system for purification of the were used in slight excess (1.2 equiv) to push the reaction
products of a small library produced by 8 6 parallel to completion. The unreacted amines were scavenged by
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Figure 2. Purity distribution of 96-Mitsubonu reaction products. Figure 3. Purity distribution of 96 F-CDMT amide coupling

fluorous dichlorotriazine (F-DCT) in the presence of diiso- Products.

propylethylamine (DIPEA) as the ba¥eUpon completion _ o _ . _

of the scavenging reaction, each reaction mixture was treatediSt 0f acids included aliphatic, aromatic and CBz-protected
with a macroporous polystyrene anion-exchange resin (MP-amino acids. All the substrates a.md'the reagents in THF stock
CO;) to free the DIPEA base. The free base in the product s_olutlon (0.27_50.55 M) were distributed to the plate by a
fraction was later removed with the solvent during vacuum Six-channel pipet. Equal amount of the acid and F-CDMT
concentration. The resin was removed by filtration, and the (0-055 mmol) and 0.1 mmol dé-methylmorpholine (NMM)
filtrate was concentrated, dissolved in 0.5 mL of DMF, and Were mixed and shaken for 30 min at'd5 before treatment
then queued up for RapidTrace F-SPE. Me€H}O (80: Wlth 0.05 mmol c_)f amines. Upon the completion of reaction
20) was used for fluorophobic elution for the products. The In 2 h, the reaction mixtures were transferred to a 96-well
fluorous component retained on the cartridge was washedP!ate charged with silica gel-supported SAX ion-exchange
with THF to the waste bottle. Results summarized in Table "Sin (CQ counterion, 0.8 meg/g, 0.25 g) to remove excess
4 show that the yields of ureas are in a range between 4gacids and free the NMM base. After the resin was rinsed

and 96%, and 13 out of 18 products have purities greaterWith THF, the combined filtrate collected in a plate was
than 90%. concentrated, redissolved in 1 mL of DMF, and transferred

The promising preliminary results obtained from the small 0 Eppendorf tubes for F-SPE. The product yields and purities
urea library encouraged us to conduct F-SPE purification of for FPE are shown in Table 6, and the purity distribution is
bigger libraries. Following the procedure reported by Curran Shown in Figure 3. Among 96 products, 87 have purities
and Dandaparfi, we performed an array of 8 12 >90% by LC/MS analysis at UV210.

Mitsunobu reactions in a 96-well plate at 0.05-mmol scale.
Slight excesses of nucleophiles (1.1 equiv) and F-DIAD and
F-PhPPh (1.2 equiv) were used. All the substrates and the  In this study, we explored the utility of the RapidTrace
reagents in THF stock solution (6:B.25 M) were distrib- workstation for automatic F-SPE. The 2-g fluorous SPE
uted to a 96-well, deep-well plate using a six-channel pipet. cartridge has the capability to purify up to 200 mg of crude
The reactions were completed 1 h atroom temperature. ~ sample. A unique feature of the RapidTrace system is that
The reaction mixtures were transferred to a 96-well plate it has the capability to deal with slurry samples. Important
charged with silica gel-supported SAX ion-exchange resin issues such as sample loading, elution, cartridge reuse, and
(OH counterion, 0.25 meg/g, 0.2 g) to remove the unreacted reproducibility were evaluated. The reaction mixtures gener-
nucleophiles. After rinsing the resin with THF, the combined ated from parallel reactions were subjected to simple workup
filtrate collected in a plate was concentrated, redissolved in and then dissolved in an appropriate loading solvent, such
0.5 mL of DMF, and transferred to Eppendorf tubes for as DMF, for RapidTrace F-SPE. Product purities obtained
F-SPE. The product was collected in the 90:10 DMEO from three demonstration libraries meet the general standard
(6-mL) fraction. The cartridge and the tubing were flushed for parallel synthesis. This automated F-SPE technique
with THF before reuse. The results are shown in Table 5, €nhances the capability of fluorous technologies in high-
and the purity distribution is shown in Figure 2. Among 96 throughput, solution-phase synthesis of compound libraries.
products, 87 have purities90% by LC/MS analysis with
UV254 detection. Since two sets of products generated from
acids6 and7 have low UV254 response, their purities were ~ General Methods. All fluorous reagents and silica gel
analyzed at UV230. (40—60-um particle size) are available from Fluorous

We also conducted 96 parallel reactions using 2-chloro- Technologies, Iné® Other reagents and solvents were
4,6-bis[(perfluorohexyl)propyloxy]-1,3,5-triazine (F-CDMT) obtained from commercial sources. The RapidTrace SPE
as an amide coupling agent. A similar reagent has beensystem was purchased from Caliper Life Scienéas/hat-
developed by Dembinski and demonstrated in dipeptide man 96-well plates were used for parallel reactions and
synthesis? The selection of amines included six primary postreaction workugt LC/MS spectra were obtained on an
amines, four secondary amines, and two amino esters. TheAgilent 1100 system. Genevac EZ-2 vacuum centrifuge was

Conclusion

Experimental Section



894 Journal of Combinatorial Chemistry, 2006, Vol. 8, No. 6 Zhang and Lu

Table 6. Ninety-Six Parallel F-CDMT Amide Coupling Reactions and RapidTrace F-SPE Purifications

NMM Amine  Si-CO, F-SPE
Acid + F-CDMT —» ———» ———p» ———p Amide
THF

0.055 mmol  0.055 mmol 0.1 mmol  0.05 mmol 0.2 mmol

ClTNmN/O\/\/CBF"
NS
Y
O Cfr  F-CcOMT
Acid (A-H)
COH
COH O/
BooHN” " "COH /O/ O/ N
Me
A
xCOH
OMe
E F
Amine (1-12)
BuNH, (jA NH, /@A \©/\ /R NN,
MeO D\/ 2 N .~
1 2 3 4 5 6
NH NH (N
§ (:GNH Ph/@ U\’(N\) HCI-H,NAIaOMe HCI-H,NPheOMe
7 8 9 10 1 12
1 2 3 4 5 6 7 8 9 10 11 12
A 642 9% 74 99 75 99 85 99 78 92 68 99 74 94 75 98 69 96 71 99 73 99 66 99
B 49 99 69 99 71 99 75 99 84 99 62 99 29 99 64 8 29 99 60 99 60 99 74 99
c 17 99 83 93 91 96 67 99 71 96 66 94 42 87 76 98 75 99 77 96 36 80 14 62
D 71 93 80 99 75 99 78 99 65 97 69 99 67 99 64 73 70 99 77 99 73 99 72 99
E 23 99 72 99 73 99 71 99 57 99 61 99 33 99 40 73 10 93 25 99 77 99 75 99
F 76 99 59 99 67 98 60 99 54 99 37 96 73 98 48 85 68 99 47 99 48 98 59 94
G 65 99 82 98 76 98 73 99 58 97 49 56 60 99 70 83 64 93 56 99 81 99 84 99
H 65 99 77 99 64 99 75 99 66 99 71 99 52 99 72 99 71 99 67 99 61 95 80 73

aYield %. P Purity % by LC/MS with UV210 detection.

used for solvent evaporation. Products purities were deter-with 6 mL of DMF/H,O (12 mL/min); (2) load 1 mL of
mined by LC/MS with a Gg column. sample in DMF onto cartridge (15 mL/min); (3) add 1 mL
General Procedures for RapidTrace F-SPEWe have of 90:10 DMFH,0 to the sample vial, rinse twice, and load
only two modular units in our lab. The workstation has the onto the cartridge (15 mL/min); (4) elute the cartridge with
capability to control 10 modular units. Each unit has 10 3-mL 4 mL of 90:10 DMFH;O (12 mL/min); (5) wash the
SPE cartridges charged Wi g of fluorous silica gel. It cannula with 6 mL of THF twice and 6 mL of DMFH,0
can purify 10 samples sequentially if only one fraction (either once (24 mL/min); and (6) wash the cartridge with 6 mL of
nonfluorous or fluorous) is collected. If two fractions are THF 3 times (18 mL/min). Fractions from steps -2 were
collected, each unit can purify 5 samples. The syringe pump collected in the test tube. All other elution went to waste.
can handle a flow rate up to 30 mL/min and back pressure The total run time for each cartridge is around 9 min.
up to 100 psi. The crude samples are usually dissolved in  General Procedures for Using F-DCT as an Amine
0.5-1 mL of DMF and transferred to an Eppendorf Scavengerin Urea Formation Reactiond! Each isocyanate
centrifuge tube for sample loading. The Eppendorf tube was distributed into a row of six vials placed in a 24-well
reduces the residue volume after sample loading. Two plate (0.1 mmol in 0.1 mL of THF each vial). Each amine
standard test tubes (16 100 and 13x 100 mm) are used  was distributed into a column of three vials placed in the
for collection of elution fractions. The F-SPE on the same plate (0.12 mmol in 0.1 mL of THF each vial). The
RapidTrace usually has five steps: conditioning of the plate was shaken at 600 rpm for 1 h. DIPEA (0.05 mmol in
cartridge, loading sample, rinsing sample vial and loading, 0.1 mL of THF) and F-DCT (0.02 mmol in 0.2 mL of THF)
eluting and collecting, and washing the cartridge and cannula.were added to each vial, and the plate was shaken at 600
General procedures for purification of two 96-demonstration- rpm for 1 h atroom temperature before MP-G@®.2 mmol)
library samples are as follows: (1) condition the cartridge was added. The reaction mixtures were shaken at 600 rpm
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for 1 h atroom temperature, filtered through a 24-well filter Supporting Information Available. Spectra of repre-
plate, and rinsed with THF (1 mL). After concentration of sentative compounds. This material is available free of charge
the filtrate, the residues were dissolved in DMF (0.5 mL) via the Internet at http://pubs.acs.org.

and transferred to 2-mL Eppendorf centrifuge tubes.
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