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Abstract: A method to use matrix-assisted laser desorption/ionization mass spectrometry (MALDI-
MS) for real-time monitoring of organic reactions on polymeric supports used in solid-phase synthesis
is described. The strategy utilizes a synthetic construct that allows for the rapid and convenient direct
MALDI analysis of the attached substrates as well as their subsequent chemical cleavage as desired. We
have used this strategy to monitor nucleophilic substitutions, palladium-catalyzed coupling reactions,
and solid phase peptide synthesis reactions using both Boc- and Fmoc-based chemistries.
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Organic synthesis on polymeric supports, commonly known as solid phase synthesis,* offers several
advantages over solution-based techniques, including the ability to use concentrated reagents in large excess, to
easily isolate products, and to utilize solvents in which the reactants alone would be insoluble.? Solid phase
techniques have been exploited for many years in the synthesis of peptides® and oligonucleotides* and more
recently have proven invaluable in oligosaccharide’ synthesis as well as in many areas of combinatorial
chemistry.® However, one serious drawback of the use of insoluble supports in organic synthesis is the
difficulty associated with monitoring the progress of reactions and characterizing resin-bound reaction products.
Although NMR’ and IR® spectroscopy have been used with some success to characterize resin-bound molecules,
no convenient and general techniques exist for the routine monitoring of organic reactions on the solid phase.

Recently mass spectrometry (MS) has also proven useful for the analysis of resin-bound molecules.’
However, in most cases the application of MS to real-time solid phase reaction monitoring has been limited by
the need for cleavage of the molecules from the resin®™* or the inefficient ionization of the analytes.”" More
recently, Fitzgerald ef al.'® described a method where resin beads derivatized with a photocleavable linker and
then carried through cycles of solid phase peptide synthesis (SPPS) could be analyzed directly using MALDI-
MS. Although this approach did not require cleavage of the peptides from the resin prior to MALDI analysis, it
failed in the cases of fully-protected peptides, which apparently lacked sufficient protonation sites to effect their
ionization during MALDI analysis. This same limitation would also apply to many small molecule organic
compounds.

We have developed a simple, general method for the real-time analysis of small molecule organic reactions
on solid supports. Our method relies on the use of a derivatized resin that incorporates a dual linker strategy
and an ionization tag'® (Figure 1). A photocleavable linker is used to attach an ionization tag sequence to the resin
support. A chemically cleavable linker is then added to provide for synthesis and release of the target molecules.
The combination of the photocleavable linker and the ionization tag enables direct analysis of the resin beads by
MALDI-MS regardless of whether the attached reactants or products contain potential protonation sites for
MALDI. Additionally, the photocleavable linker/ionization tag combination provides a sufficient add-on mass
(~530 Da) so that the spectral peaks from small molecule synthetic organic compounds are not obscured by low
molecular weight matrix peaks (< 500 Da). At the completion of the synthetic manipulations, the chemically-
cleavable linker permits recovery of the desired products while leaving the ionization tag and photocleavable
linker sequences on the insoluble resin. The modular nature of this approach also allows it to be tailored for
different chemistries by the use of a variety of linkers and ionization tags as well as solid supports. To date we
have used a positively-charged ionization tag with various combinations of resins, photocleavable linkers, and
chemically-cleavable linkers.
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Figure 1. Schematic representation of the resin-bound construct and the resulting products after chemical
cleavage and photochemical cleavage (during MALDI analysis).

Here we illustrate how the strategy outlined above was used to monitor the reaction of resin-bound
bromoacetamide with potassium cyanide (~ 10 eq) in DMSO (Scheme 1)."* MALDI analysis of the reaction at 0
and 2 min is shown in Figure 2. At each time point ~50-100 resin beads'® were removed, washed with DMF (1
x 30 s), washed with 1:1 MeOH/CH,Cl; (1 x 30 s), and briefly dried (~1 min). The beads were then suspended
in 5-10 p of a saturated solution of frans-3-indoleacrylic acid (a common MALDI matrix chemical'’) in 1:1
CH3;CN/H,0 with 0.1% TFA. A 1.3 yl aliquot of this solution was placed on a stainless steel sample plate, air
dried, and subjected to MALDI analysis."® The total elapsed time for this procedure was < 10 min. The spectra in
Figure 2 indicate that complete conversion to the nitrile was effected in 2 min. At t =0 min the major species
detected is peak A (m/z = 941.2), corresponding to the product expected from the photocleavage of 1 (calc. MW
for MH' = 941.7 Da). At t=2 min two different signals are detected. The major species, peak B (m/z = 889.6),
corresponds to the product expected from the photocleavage of 2 (calc. MW for MH' = 887.9 Da). The minor
species, peak C (m/z = 904.6), is attributed to a (MH + 15)" adduct ion of peak B resulting from the desorption
process, although the identity of the species is unknown."” We verified that the MALDI spectra accurately
represented the reaction progress by chemically cleaving (TFA/CH;Cly, 9:1, 20 min) 50 mg of resin from the t =
2 min time point and analyzing the resulting solution by NMR. No 2-bromoacetamide methylene peak (5 =3.8
ppm, DMSO-ds) was seen, while the corresponding 2-cyanoacetamide methylene peak (5 = 3.6 ppm, DMSO-
dg) was clearly visible (data not shown). We have used this approach to follow other nucleophilic displacements
and a Heck reaction” on the solid phase as well as individual amino acid coupling reactions in SPPS using both
Boc- and Fmoc-based chemistries. In all cases we have been able to quickly and efficiently generate MALDI
spectra from the resin samples.
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Figure 2. MALDI mass spectra of resin samples removed at time = 0 and 2 min
during the conversion of 1 (peak A) to 2 (peak B).

An important feature of our approach is that the desired final products can be isolated free of the linker
sequences. For example, peptides synthesized by SPPS using our linker were chemically cleaved from the resin
and analyzed by HPLC and ESI-MS to assess their purity. The desired peptides were cleanly separated from the
linker/ionization tag sequences, which appear by MALDI analysis to remain firmly attached to the resin. Thus the
ionization tag/photocleavable linker combination indeed allows identification of the resin-bound products at any
stage of the syntheses without interfering with subsequent isolation of the products released into solution.

The approach we have developed can be used to rapidly and routinely monitor organic reactions on solicl
supports. Similar to the use of thin layer chromatography for reactions in solution, this technique will allow
convenient study of myriad reactions that previously would have required extensive protocols for analysis. The
ability to obtain approximate product ratios and mass spectral information in real-time for resin-bound substrates
should prove invaluable for solid phase strategies to synthesize small organic compounds, peptides,
oligosaccharides, oligonucleotides, and even combinatorial libraries. Work to expand the repertoire of useful
linkers, resins, and ionization tags for broad application of the principles described in this work is in progress.

ACKNOWLEDGMENTS

We thank Ciphergen, Inc. for providing our MALDI-TOF mass spectrometer. M. C. F. thanks both
Amgen and the National Institutes of Health for post-doctoral fellowships.

REFERENCES AND NOTES

1. Onleave: Eisai Co. Ltd., Tokodai 5-1-3, Tsukuba, Ibaraki 300-26, Japan

2.  a) Merrifield, R. B. J Am. Chem. Soc. 1963, 85, 2149-2154. b) Lloyd-Williams, P.; Albericio, F.;
Giralt, E. Tetrahedron 1993, 49, 11065-11133.

3. Leznoff, C. C. Acc. Chem. Res. 1978, 11, 327-333.

4. Beaucage, S. L,; Iyer, R. P. Tetrahedron 1992, 48, 2223-2311.

5. Yan, L; Taylor, C. M.; Goodnow Jr., R ; Kahne, D. J Am. Chem. Soc. 1994, 116, 6953-6954.

6. a)Chen, C; Ahlberg Randall, L. A.; Miller, R. B; Jones, A. D.; Kurth, M. J. J Am. Chem. Soc.

1994, 116, 2661-2662. b) DeWitt, S. H.; Czarnik, A. W. Acc. Chem. Res. 1996, 29, 114-122. ¢)
Ellman, J. A. Acc. Chem. Res. 1996, 29, 132-143. d) Gordon, E. M; Gallop, M. A ; Patel, D. V. Acc.
Chem. Res. 1996, 29, 144-154.

7. a)Blossey, E. C,; Cannon, R. G.; Ford, W. T.; Periyasamy, M.; Mohanraj, S. J. Org. Chem. 1990, 35,
4664-4668. b) Fitch, W. L ; Detre, G.; Holmes, C. P.; Shoolery, J. N.; Keifer, P. A. J. Org. Chem.
1994, 59, 7955-7956. c) Look, G. C.; Holmes, C. P.; Chinn, J. P.; Gallop, M. A. J. Org. Chem.

1994, 59, 7588-7590. d) Anderson, R. C.; Jarema, M. A.; Shapiro, M. J; Stokes, J. P; Ziliox, M. J.



6334

10.

11.
12.

13.

14.
15.

16.

17.
18.

19.

20.

Org. Chem. 1995, 60, 2650-2651. e) Garigipati, R. S.; Adams, B.; Adams, J. L; Sarkar, S. K. J. Org.
Chem. 1996, 61, 2911-2914.

a) Crowley, J. I; Rapoport, H. J. Org. Chem. 1980, 45, 3215-3227. b) Yan, B.; Kumaravel, G ;
Anjaria, H; Wu, A; Petter, R. C.; Jewell Jr., C. F.; Wareing, J. R. J. Org. Chem. 1995, 60, 5736-
5738. ¢) Gosselin, F.; Di Renzo, M,; Ellis, T. H.; Lubell, W. D. J. Org. Chem. 1996, 61, 7980-7981.
d) Russell, K.; Cole, D. C.; McLaren, F. M.; Pivonka, D. E. J. Am. Chem. Soc. 1996, 118, 7941-
7945.

a) van Veelen, P. A;; Tjaden, U. R.; van der Greef, J. Rapid Commun. Mass Spectrom. 1991, 5, 565-
568. b) Brummel, C. L; Lee, I. N. W.; Zhou, Y; Benkovic, S. J.; Winograd, N. Science 1994, 264,
399-402. c) Stankova, M.; Issakova, O.; Sepetov, N. F.; Krchnak, V; Lam, K. S.; Lebl, M. Drug Dev.
Res. 1994, 33, 146-156. d) Zambias, R. A ; Boulton, D. A ; Griffin, P. R. Tetrahedron Leitt. 1994,
4283-4286. e) Brown, B. B.; Wagner, D. S; Geysen, H. M. Molecular Diversity 1995, I, 4-12. f)
Egner, B. J; Langley, G. J,; Bradley, M. J. Org. Chem. 1995, 60, 2652-2653. g) Haskins, N. J;
Hunter, D. J.; Organ, A. J.; Rahman, S. S.; Thom, C. Rapid Commun. Mass Spectrom. 1995, 9, 1437-
1440. h) Drouot, C.; Enjaibal, C.; Fulcrand, P.; Martinez, J.; Aubagnac, J.-L.; Combarieu, R.; de Puydt,
Y. Rapid Commun. Mass Spectrom. 1996, 10, 1509-1511. i) Ching, J.; Voivodov, K. I.; Hutchens, T.
W. Bioconj. Chem. 1996, 7, 525-528.

Fitzgerald, M. C.; Harris, K. H,; Shevlin, C. G.; Siuzdak, G. Biocorg. Med. Chem. Lett. 1996, 6, 979-
982.

Tam, J. P.; Tjoeng, F. S.; Merrifield, R. B. J Am. Chem. Soc. 1980, 102, 6117-6127.

a) Bartlet-Jones, M_; Jeffery, W. A ; Hansen, H. F; Pappin, D. J. C. Rapid Commun. Mass Spectrom.
1994, 8, 737-742. b) Liao, P. C,; Allison, J. J Mass Spectrom. 1995, 30, 511-512.

The particular resin construct used in this example can be easily made using published procedures for 3-
nitro-4-aminomethyl-benzoyl amide resin,'* solid phase peptide synthesis,"” and ionization tag
derivatization'” and appropriate commercially available reagents. As noted, the modular strategy allows
for various procedures to create equally functional constructs.

Rich, D. H; Gurwara, S. K. Tefrahedron Lett. 1975, 301-304.

Schnélzer, M.; Alewood, P_; Jones, A.; Alewood, D.; Kent, S. B. H. Int. J. Pept. Protein Res. 1992,
40, 180-193.

Although we used large numbers of resin beads for ease in sample handling, single bead analysis is
possible.'’

Chou, J. Z.; Kreek, M. J.; Chait, B. T. J. Am. Soc. Mass Spectrom. 1994, 5, 10-16.

All MALDI mass spectra were generated on a Ciphergen Biosystems Massphoresis System time-of-flight
mass spectrometer. Typical resolution (m/Am, where Am = full width at half maximum) for these samples
on this instrument was 100-200. All spectra were calibrated internally on matrix peaks.

In our spectra we find varying amounts of signal at (MH+15)" for any given substrate. Separate solution
photolyses (354 nm, DMF, 1h) followed by ESI-MS analysis, along with other experiments, have
indicated that these peaks are an artifact of the MALDI process. Our experiments have also shown that the
extent of adduct formation is highly dependent on a combination of factors including the chemical nature of
the substrate and photocleavable link as well as the MALDI matrix used.

a) Heck, R. F. Acc. Chem. Res., 1979, 12, 146-151. b) Yu, K.-L.; Deshpande, M. S.; Vyas, D. M.
Tetrahedron Lett. 1994, 35, 8919-8922.

(Received in USA 25 June 1997; accepted 10 July 1997)



