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This paper describes a microfluidic system to screen and optimize a) carmier PEEK  reagent3 reagent 1
organic reaction conditions on a submicrogram scale. Optimization gas fluid reagent5 ~— Tee — +substrate , + substrate
of reaction conditions is required to achieve high efficiency and |, QIO O SOOI O 55 O U7/)
selectivity in organic reactions. Combinatorial metHaaisd high- | :;ca""dgﬁl;";te
throughput screenirigare powerful tools for optimization. To \ solution
perform solution-phase synthesis, typical microtiter plates or
reaction blocks for parallel synthesis run reactions on the scale of g 1. Workflow of the screening system. (a) Serial merging of the
mL/reactiot and are less applicable to precious substrates (e.g., substrate stream with reagent plugs from a cartridge. Blank solvent plugs
products of long synthetic sequences and natural products that carre not shown. (b) After incubation, the reaction plugs are deposited onto
be isolated only in small quantities). To address this problem, one 2 Sample plate for MALDI-MS.
approach used arrayed micro-wells in combination with a robotic scheme 1
liguid sampler on the scale o125 nL per reactiod.To reduce
the use of robotics and to minimize evaporation, others used
microchannels® to perform reactions, including synthesis of
pyrazoles with UV detection (BL per reactiony and optimization
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carrier fluid
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ouabain hexaacetate (Acg-OUA: R1~R5=Ac)
+ conditions (a), (b), (c)

. ", . = R0
of glycosylation conditiors(~2 mg reagent per reaction). R0 o (2) 85% y of Ac;-OUA ( R'~R%=H; R*~R%=Ac)
Here, we report a screening method that consumes substrates (b) 47% y of Ac,-OUA (mixture of isomers),
. . 2.0 19% y {(major isomer: R’ ,R°=H; R*~R"=Ac)
on the scale of less thanid per reaction. The system uses discrete RO" ) o On (c) 39% y of Acs-OUA (mixture of isomers),
. PO . pl=y. R2.R6=
droplets (plugs)as microreactoPsseparated and transported by a OR 25%y (major isomer: R'=H; R°-R°=Ac)

continuous phase of a fluorinated carrier fluid. Such approach is conditions (a) 0.06 M Na,CO; in MeOH/H;0, 18 °C, 1 h

not limited to microfluidics-fluorinated fluids were used previously o ,?{.‘2‘;';;:*,,‘:,“;;"::‘3{,‘.:’“;29'0" ool
to segment samples in NMRand PCRO in tubes to prevent
dispersion of sample solutions. Previously, we demonstrated the
use of a microfabricated PDMS plug-based microfluidic system to
perform assays and crystallization experiments in aqueous squtionsR
with optical detectiori! Here, we developed an approach that does
not require microfabrication of microfluidic devic&&is applicable

to synthetic reactions in organic solvents, and uses detection by
MALDI-MS.

used. Here, the low surface tension of the fluorinated carrier fluid
facilitated deposition of-30 nL droplets.

Control experiments were performed to characterize merging.
elative volumetric flow rates of substrate and reagent solutions
controlled the ratio in which they combined. Reagent plugs were
typically 15 nL in volume, and each combined with 11 nL substrate
solution during merging (established by high-resolution digital
. ) microphotographs). To avoid potential cross-contamination between

.Thel ls3ystem consisted of three components: prefqrmed ,Car'neighboring plugs during merging, we introduced one long “blank”
t”‘_jgel ' of reage.nt pI_ugs, a PEEK T_ee, and a receiving tubing solvent plug between every two reagehttdbout 22 nL of substrate
(Figure 1). A cartridge is an array of discrete plugs surrounded by solution was deposited into each blank plug. Fluorescence measure-

fluorinated carrier fluid; each plug is composed of a solution of @ .ot showed that the cross-contamination was below 1% (Sup-
different reagent. The cartridge was prepared by serially aspirating porting Information).

the reagents into a piece of Teflon tubing prefilled with carrier fluid. 14 test this screening system, we used as an example the
A commercially available PEEK Tee connected the cartridge and geacetylation (Scheme 1) of ouabain hexaacetatg-QAA). We

the inlet tubing, containing as little as a submicroliter volume of @ gre interested in derivatives of ouabain (OUA) because it is a
solution of the substrate. Fluorinated carrier fluid (FC-70) was used poisonous cardiac glycoside and is extensively used in studies of
to fill the two syringes (Figure 1) and the connecting tubing, neurond’ to block the sodium pump (NeK—ATPase). Selective
enabling no-loss manipulation of submicroliter volumes of solutions. geacetylation of A¢gOUA has been reported only to the ouabain
FC-70 has low miscibility with organic reagents and reasonably triacetate (Ag-OUA) in 22% yield!8

low viscosity (Supporting Information). To perform the reactions,  \We envisioned that screening for optimal conditions would
the flow was induced with the two syringes, and the reagent plugs consist of two stepsscreening a large number of reagents to
were sequentially merged with the substrate solution. After all evaluate reactivity rapidly, and then repeating the screening with a
resulting plugs flowed out of the Tee into the receiving tubing, the narrower set of reagents while varying reaction conditions (time,
flow was stopped, and the receiving tubing was sealed. After solvents, and concentrations). To determine the best reagents to
incubation, the reaction plugs were deposited onto a MALDI plate, prepare Ag-OUA, we merged six cartridges containing 44 reagents
evaporated, and then a solution of MALDI matrix was deposited with 0.01 M Acs-OUA solution in 1:1 dioxane:ethanol, incubated
over, dried, and analyzed by MALDI-M&415We were helped the reaction plugs fol h at 18°C, deposited the plugs to the

by work on single-neuron analysiwhere~150 nL droplets were MALDI-plate, and quenched the reactions by adding acidic matrix
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Figure 2. Testing hydrolysis of A¢OUA to Acs-OUA with 44 reagents.
Fraction ofAac,-oua Was the ratio of the peak area of AOUA in MALDI-

MS over the total area of all the peaks that contain derivatives of OUA.
Dashed (versus gray) bars indicate excessively (versus insufficiently)
hydrolyzed products as major impurities. The error bars are one standard
deviation based on three parallel experiments. The identity of reagents is
given in Supporting Information.
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Figure 3. The relative concentrations of species (approximated as fraction
of peak areas in MALDI-MS) during the hydrolysis of &OUA at 18°C.
(Left): reagent= cyclohexanemethylamine, substrat®.01 M Ac-OUA

in DMF. Asterisk &) indicates the reaction time used in the large-scale
reaction. (Right) reagent 0.3 M 1:2 NaOPh:PhOH in 2:1 methano}®)|,
substrate= 0.01 M Ac-OUA in 1:1 ethanol:dioxane.

solution. To evaluate the reaction efficiency by MALDI-MS, we
compared the fraction of peak are@) (0f Acs-OUA (defined as

A, —oualZAail oua derivativeg fOr each reagent (Figure 2). MALDI-
MS can be used to characterize reactions quantitatively or semi-
guantitatively?415We confirmed that there was a strong correlation
between the fraction of peak area in MALDI-MS of the compound

and its actual fraction in the sample. Measurements among samples

with different salt additives were reproducible (Supporting Informa-
tion).

Consuming~20 ug of the substrate~2 uL of solution), we
established that inorganic bases showed the highest reactivity for
hydrolysis, followed by several organic amines, and all the Lewis
acids and lipases tested showed very low reactivity. On the basis
of this screening, we chose reagent 39 (0.06 MO\@; in 1:2 H,O:
methanol) for 0.1 mmol scale-up reaction. Using 83.7 mg of- Ac
OUA, we obtained 60.3 mg of Ae€OUA (85% isolated yield)
(Scheme 1).

To optimize reaction conditions on a submicrogram scale, we
followed the reaction progress with amines or inorganic bases as
the reagents (Figure 3). Regioisomers of ouabain tetraacetage (Ac
OUA) and ouabain pentaacetate §X8UA) are unstable intermedi-
ates in hydrolysis of A¢OUA, and their syntheses have not been
reported. By quenching reactions at different times, we were able
to follow the reaction course in solvents, including DMF, dioxane,
acetonitrile, methanol, and water. Using the optimized conditions,
we performed 0.1 mmol (83.7 mg) scale reactions and obtained
Acs-OUAs and Ag-OUAs, with isolated yields of 39% (25% of
major regioisomer) and 47% (19% of major regioisomer), respec-
tively (Scheme 1).

A potential problem of microfluidic approaches is large overhead
consumption of substrate during interfacing of the chip with the
macroscopic worlg-while an experiment itself may consume only
a few microliters of solution, a much larger volume of solution
may be lost to fill the connecting lines and delivery channels. To

demonstrate the no-loss handling of substrate with this system from
start to finish, we dissolved /g of Acs-OUA in 0.8 uL of DMF,
merged the solution with 14 reagent plugs, and obtained MALDI-
MS data consistent with other screens.

This solution-phase screening method can be extended to
multistep synthesi8 and generates little waste. It will be comple-
mentary to the methodologies using substrates attached to solid
surfaces.®>To optimize this system, we are developing a merging
method that will eliminate cross-contamination without introducing
blank solvent plugs. Performing reactions under anhydrous and/or
anaerobic conditions was not demonstrated here, but it should be
possible to use this compact system in a glovebox. Screening
reactions at elevated temperatures requires further study to evaluate
the dissolution of reagents in carrier fluid. As a preliminary step,
we performed several deacetylation reactions &Cland obtained
data consistent with the expected reactivity of reagents. In this study,
we used MALDI-MS to follow the reaction progress. It is
semiquantitative but cannot easily distinguish between isomers.
Integrating micro separation and characterization methods (e.g.,
capillary-LC or microcoil-NMR) into this system will improve it
further. This simple system for performing submicrogram, nanoliter
scale reactions should become useful for optimizing reactions of
precious substrates over a large chemical space.

Acknowledgment. This work was supported by the NIH (R01
EB001903), NSF CRC CHE-0526693, and DuPont Young Profes-
sor Award. R.F.l. is an Alfred P. Sloan Research fellow. T.H. is a
research fellow of the Japan Society for the Promotion of Science.

Supporting Information Available: Materials and methods, control
experiments, and additional MALDI-MS data. This material is available
free of charge via the Internet at http://pubs.acs.org.

References

(1) Bannwarth, W.; Felder, EEombinatorial Chemistry A Practical Approach
Wiley-VCH Verlag Gmbh: Weinheim, Germany, 2000; Vol. 9.

(2) Ishiwata, A.; Ito, Y.Tetrahedron Lett2005 46, 3521—3524.

(3) Schober, A.; Schlingloff, G.; Gross, A.; Henkel, T.; Albert, J.; Mayer,
G.; Wurziger, H.; Doring, M.; Tietz, HMicrosyst. Technol2004 10,
281-292.

(4) de Bellefon, C.; Tanchoux, N.; Caravieilhes, S.; Grenouillet, P.; Hessel,
V. Angew. Chem., Int. E®00Q 39, 3442-3445.

(5) Ratner, D. M.; Murphy, E. R.; Jhunjhunwala, M.; Snyder, D. A.; Jensen,
K. F.; Seeberger, P. Chem. Commur2005 578-580.

(6) Garcia-Egido, E.; Spikmans, V.; Wong, S. Y. F.; Warrington, BLBb
Chip 2003 3, 73—-76.

(7) Song, H.; Tice, J. D.; Ismagilov, R. Angew. Chem., Int. E2003 42,
768-772.

(8) (a) Kobayashi, J.; Mori, Y.; Okamoto, K.; Akiyama, R.; Ueno, M.;
Kitamori, T.; Kobayashi, SScience2004 304, 1305-1308. (b) Nagaki,

A.; Togai, M.; Suga, S.; Aoki, N.; Mae, K.; Yoshida, J. Am. Chem.
So0c.2005 127, 11666-11675. (c) Nagaki, A.; Kawamura, K.; Suga, S.;
Ando, T.; Sawamoto, M.; Yoshida, J. Am. Chem. So2004 126,
14702-14703.

(9) Kautz, R. A.; Goetzinger, W. K.; Karger, B. I. Comb. Chen005 7,
14-20.

(10) Curcio, M.; Roeraade, Anal. Chem2003 75, 1-7.
(11) Zheng, B.; Ismagilov, R. FAngew. Chem., Int. EQ2005 44, 2520~
2523.

(12) Quevedo, E.; Steinbacher, J.; McQuade, DJ.TAm. Chem. So2005
127, 10498-10499.

(13) Linder, V.; Sia, S. K.; Whitesides, G. Minal. Chem2005 77, 64—71.

(14) Sleno, L.; Volmer, D. AAnal. Chem2005 77, 1509-1517.

(15) Su, J.; Mrksich, MLangmuir2003 19, 4867-4870.

(16) ggé:]e, J. S.; Rubakhin, S. S.; Sweedler, Ahal. Chem2002 74, 497—

(17) (a) Johnson, S. W.; Seutin, V.; North, R. Bciencel992 258 665—
667. (b) Doll, C. J.; Hochachka, P. W.; Reiner, P./An. J. Physiol.
1991, 260, R747-R755.

(18) Templeton, J. F.; Ling, Y.; Zeglam, T. H.; Marat, K.; Labella, FESr.
J. Med. Chem1994 29, 799-804.

(19) Shestopalov, I.; Tice, J. D.; Ismagilov, R.Lab Chip2004 4, 316-321.

JAO57720W

J. AM. CHEM. SOC. = VOL. 128, NO. 8, 2006 2519



