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A capillary NMR flow probe was designed to generate high-
resolution 'H NMR spectra at 600 MHz from the cleaved product
of individual 160-,:m Tentagel combinatorial chemistry beads. By
injecting a dissolved sample sandwiched between an immiscible,
perfluorinated organic liquid directly into the probe, NMR spectra
of the product cleaved from single beads were acquired in just 1 h
of spectrometer time without diffusional dilution. Sample handling
efficiency on the single bead scale was comparable to that obtained
with a bulk sample. Using the relative intensity of the DMSO-dsH
versus the analyte signals in a fully relaxed CPMG spectrum, the
amount of product cleaved from a single bead was determined to be
540 £ 170 pmol in one of the samples. Following the NMR data
collection, the samples were examined with electrospray ioniza-
tion mass spectrometry to provide additional structural informa-
tion. By coupling with microliter-volume fluidic capabilities, the
capillary flow probe described here will enable multidimensional
characterization of single solid-phase resin products in an online
manner. © 2001 Elsevier Science

Key Words: Tentagel beads; microcoil; nanoliter; mass spectro-
metry; nuclear magnetic resonance.

INTRODUCTION

successful use of these types of libraries demands methods
chemical characterization that can provide detailed structural in
formation from the minute amounts of product synthesized or
an individual resin bead.

Within the past few years, various analytical techniques havi
been applied to the molecular characterization of single solid
phase synthesis (SPS) beads. While sensitivity remains the mc
fundamental requirement for analysis of these mass-limited san
ples, the structural information content provided by each metho
offers distinct advantages as well as limitations. For instance
Fourier transform infrared (FT-IR) spectroscopy has demon:
strated utility in several examples of single-bead analysis fo
reaction monitoring §, 10. However, since FT-IR provides
data only about chemical functionality, complete structural elu-
cidation of unknown compounds necessitates complementar
techniques. Mass spectrometry (MS) has also shown signifi
cant success in the characterization of individual beads bot
as a stand-alone methodll~13 and as a detector for high-
performance liquid chromatography (HPLQY. While high-
resolution MS can provide important structural data such a:
molecular formulas and fragmentation products, additional in-
formation may be required for the unambiguous identification

During the past decade, solid-phase synthesis technigues tatombinatorial products that are frequently isomeric.
were originally reported by Merrifieldlj have formed the foun- ~ Nuclear magnetic resonance (NMR) spectroscopy can prc
dation of the rapidly expanding field of combinatorial chemvide unparalleled data about molecular structure and dynarr
istry. Parallel synthetic methods have demonstrated the capalgi$-in a nondestructive manner, with applications ranging from
ity to generate enormously large numbers of compounds frgfatermination of three-dimensional protein conformatidri (
relatively simple sets of reagent®)(The concomitant devel- to characterization of complex mixturesg). However, NMR
opment of high-throughput screening assays has enabled rdpads the other primary methods of molecular characterizatior
identification of potential leads for targets in fields such as phdi-€., FT-IR and MS) by several orders of magnitude in terms
maceutical development, catalysis, and material sciede®.( of sensitivity (L7). Typically, SPS resin beads range in diameter
Approaches to screening analytes from single solid-phase refsrm 40 to 200um and contain between 0.1 and 1 nmol of
beads have a variety of advantages, not the least of which is thaterial per bead. NMR experiments can be conducted eithe
efficient application of split and pool synthesis methodology with the combinatorial product still bound to the resin or with
generate “one bead, one compound” librari@sg. However, the reaction product cleaved from the bead. Very few report:
have utilized NMR for characterization of the product from

1 To whom correspondence should be addressed at Analytical Technolog'gs(.j,l\”dua! b_eads_ b_ecause the sensitivity of mO_St conventiong
GlaxoSmithKline Medicines Research Centre, Stevenage, Hertfordshire S8¥stems is insufficient. For bulk on-bead analysis, one succes
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averaged the magnetic susceptibility-induced line broadenimgiume of the flow cell is sufficiently well matched to the sam-
to zero by spinning the sample at high speed at the magic e quantity so that the analyte is presented efficiently to the
gle (18). The availability of commercial magic angle spinningletector. This experimental arrangement has overcome the tr
(MAS) NMR microprobes with increased sensitivity has facilditional drawbacks in the detection of small quantities by NMR,
itated such measuremenf®). MAS-NMR combined with the of solvent impurities significantly contributing to the detected
use of larger (400—-7502m) resin beads that offer higher load-signal and prohibitive acquisition times to build up adequate
ing capacities has enabled single-bead NMR analg§isZ]). signal-to-noise%/N.
The incorporation of &3C-labeled moiety in the analyte has This work focused on one compound discovered in a serie
also proven useful in overcoming background impurity interfepublished on serine protease inhibito&S)( with leukotriene
ences for isotope-filtered NMR experiments on individual bea@g! (LTB4) receptor binding affinity. The key compound in this
of approximately 10Q:m in diameter 22). study has the structurde

While NMR data collection from analytes still bound to beads
provides important benefits, such as the ability to monitor reac- C2)
tion progress without interrupting the synthesis, several advan- [l
tages of characterizing the cleaved product from single beads N AT 5
merit its exploration. For example, peptides in solution may HO 16
adopt different conformations that are not evident from on-bead l L
NMR spectra 21). Furthermore, spinning sidebands in MAS- N1
NMR may interfere with analyte resonances and require data 6/7\
collection at several spinning speeds, thus lowering the over- // \s
all efficiency of the method. In addition, on-bead quantitation
by NMR has proven difficult. Although strategies have been 1019
presented to circumvent this problem by cleaving the analyte
from the bead after NMR data collection and using a fluorescentT© demonstrate the nondestructive nature of the NMR analy
tag as an intramolecular standa@lly or using the'3C reso- sis, MS data also were collected from the samples after the NM|
nances of the resin polymer itself (23), the broader applicabili§xPeriments were completed. Although not demonstrated her
of this approach to quantitation has not yet been demonstratiét flow probe configuration facilitates coupling to other ana-
Finally, while combinatorial chemistry originated from a founlytical systems such as UV-Vis spectroscopy, FT-IR, MS, etc.
dation of solid-phase synthesis, solution-phase combinatoffa@n online manner. As a result, the cleaved product from sin
approaches have been receiving increasing attensén23. gle beads can now be subjected to a plethora of characterizati
To our knowledge, only one example of the NMR analysis dechniques so that complete structural elucidation of single bes
the cleaved product from a single combinatorial chemistry beREPducts is feasible.
has appeared in the literatuggj. In this study, relatively large,
high-capacity resin beads were employed such that each bead EXPERIMENTAL

contained approximately 32 nmol of material. Although con- ] ] )
ventional liquid-phase NMR probes can be used with such aReéagents. Deuterium oxide (RO, 99.9% D) and dimethyl

quantity, these types of resins do not currently enjoy widespredifoxideds (DMSO-ds, 99.9% D) were from Cambridge Iso-
applicability. tope Lab; (Andover, MA). Deuterium chloride (DCI, 99.5% D
While increased magnetic field strengths have yielded signid/ Wt% in D;O), deuterated methanol (99.5% D), and imi-
cantgains in NMR sensitivity over the years, escalating costs dif0le (99%) were obtained from Aldrich (Milwaukee, WI).
formidable technical obstacles have motivated additional strafdifiuoroacetic acid (TFA) and the dipeptide alanine—-aspartic
gies such as polarization transfer techniques, cryogenic prol@dd (Ala-Asp) were purchased from Sigma (St. Louis, MO).
and reduced-diameter radiofrequency (RF) cdllg, (27—3(. Potassium hydrogen .phthalate (KHP) anq hydroflqorlc acic
The cumulative effects of these advances have greatly extenffdff, 49%) were obtained from Fisher Scientific (Pittsburgh,
the range of mass-limited NMR experiments. Solenoidal nftA)- Tentagel beads (160m) from Rapp Polymere (Tubingen,
crocoil probes, which have observe voluma,Q of 5 nL— Germany) were used in the sohd—_phasg synthesis W|tH_4-(4
1 uL, have shown even further improvements in mass seng)droxy-3-methoxyphenoxy)-butyric acid (Senn Chemicals,
tivity (31, 32. We report here the use of a custom-built NvPielsdorf, SW|t'zerand) as the Imkgr. .The SPS .reagents wer
microprobe to generate high-resolutiii NMR spectra from 4-_fo_rmy|ben20|c acid and 2-phenylimidazole (Slgma-AIdr_lch,
the cleaved product of individual 160m Tentagel beads. By in- Gillingham, Dorset, UK). All reagents were used as received
jecting a dissolved sample sandwiched between an immiscidie© was dispensed from a Milli-Q water purification system
perfluorinated organic liquid directly into a capillary microcoifMillipore, Bedford, MA).
flow probe, NMR spectra of the product cleaved from single Capillary NMR probe. A bubble-type NMR flow cell was
beads were acquired in juk h of NMR spectrometer time. The made by localized etching of a capillary according to previously
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reported procedure84). Briefly, an~10-cm-long segment of Waters Corp., Milford, MA) that had been prerinsed withCH
75-um inner diameter (i.d.)/80@:m outer diameter (0.d.) un- and dried in an oven{110°C) for >1.5 h. For the single-bead
coated quartz capillary (Polymicro Technologies, Phoenix, AZ)eavage reactions, 2/5L of freshly prepared 90% TFA/10%
was threaded through the center of a 1-cm-long solenoid mddigd was added to each vial. After 3 h, the TFAM solution
from Nichrome wire. As the wire was heated resistively, freshas transferred into a separate clean vial and blown dry unde
HF solution (10% HF in HO) was flushed through the capil-nitrogen. An additional gL of freshly prepared 90% TFA/10%
lary with a syringe. The localized heating produced an enlargbdO was added to each bead-containing vial. After 2.5 h, the re
region with a bubble-type geometry (as illustrated in Fig. 1). maining solution was transferred to the corresponding vial con
A solenoidal RF coil was constructed from copper wirgaining the dried product from the first cleavage. The sample:
(California Fine Wire Co., Grover Beach, CA) to produce were blown to dryness under nitrogen and placed in a vacuur
Vobs Of ~800 nL as determined by volume displacement, injeatlesiccator overnight. For one set of single-bead NMR studies
ing a visible dye under a microscope. To fit within the bore &.5 uL of DMSO-ds was added to the cleaved product in the
the magnet, the capillary flow cell was bent into a “U” shapeials. In a separate set of single-bead NMR analysesuP.5
with an acetylene/oxygen torch. The solenoidal coil was conf DMSO-ds acidified with 0.1 vol% DCIl was added to the
nected electrically to the proper impedance matching circuitcjeaved product in the vials. In both cases, the resulting analyt
for a proton observation channel (600 MHz) with a deuteriusplution was loaded into a 10k syringe with a fused silica nee-
lock channel (92 MHz). For magnetic susceptibility matchingdle (Hamilton, Reno, NV), bracketed on both sides with an im-
purposes, the microcoil was enclosed by a 10-mL polyethyleméscible perfluorinated organic liquid (Fluorinert, FC-43, 3M,
bottle filled with a perfluorinated organic liquid (MF-1, MRM St. Paul, MN), and injected into the microcoil NMR probe. The
Corp., Savoy, IL). Each end of the flow cell capillary (#Bai.d./ probe was initially shimmed and locked on DMSig-When
800m o.d.) was attached to approximately 65 cm ofii#e/ the FC-43 entered thé,,s, the lock signal was lost. As the solu-
360 um polyimide-coated fused silica capillary via a custontion continued to flow, the lock level approached its initial value,
machined PEEK union. The static linewidth at half-maximumhich indicated that the sample entered the detection region c
for this probe was 1.4 Hz. The 9@ulse width was 7.s fora the flow cell.
transmitter attenuation of 36 dB on a Varian Inova console. For the multibead experiment, an approximately 9-mg quan

Solid-phase synthesisThe samples were synthesized udlity of beads containing the desired prodaatas collectively
ing Tentage| beads (16Qm from Rapp P0|ymere) and 4- cleaved USing 1 mL of 90% TFA/lOO/OZ ina 1.50-mL pOlye-
(4'-hydroxy-3-methoxyphenoxy)-butyric acid linker. The 4hylene centrifuge vial, using the same procedure as mentione
formylbenzoic acid was attached to the linker, activated, af@pove for the single beads. After evaporation to dryness, th
the 2-phenylimidazole added as describgs).( resultant fine film was redissolved in 60 of DMSO-ds.

Sample preparation for bead analysisTo remove nonco-  NMR spectroscopy.A *H NMR spectrum of the multibead
valently bound synthesis impurities, the solid-phase resin beadsnple was measured at 400 MHz on a Bruker DPX400 (9.4 T
were rinsed with deuterated methanol and dried prior to cleavagpectrometer at room temperature2@5 K) with a 30 pulse
and analysis. Individual beads were isolated using a finely draflip angle. A total of 16 transients with a pulse repetition
capillary tip under a microscope. The beads were placed itb 3.0 s and a SW of 8223 Hz (20.5 ppm) were collected
the bottom of conical, low-volume vials (Total Recovery Vialsinto 32,768 data points. A line broadening apodization of

600 MHz NMR
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FIG. 1. Schematic of the capillary NMR flow probe used for the single-bead analyses by NMR. The inset illustrates the bubble-type geometry of the flow
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0.5 Hz was used prior to Fourier transform, phasing, andtion pulse. No correction for transversk) relaxation was
integration. required due to the short 18pulse train used.

All single-bead NMR experiments were conducted at room Mass spectrometry. Cleaved bead samples were collected in
temperature {295 K) using a 600-MHz (14.1 T) spectrome-separate vials after the NMR measurements, blown dry under n
ter with a 51-mm bore. The shims, probe tuning, and matchif@gen, and then dried overnightvacuo The recovered product
were checked for each sample. For the standard one-dimensig@@ acidified with formic acid for electrospray ionization in
single-pulse and the Carr Purcell Meiboom Gill (CPMG) expepositive ion mode. The samples were analyzed using a qua
iments @6, 37), 1216 transients (NT) were collected with &60rupole—hexapole—quadrupole mass spectrometer (Quattro
flip angle, an acquisition time (AT)fd s per transient with Micromass, Manchester, UK). Data acquisition and processin

no additional relaxation delay (d1), a spectral width (SW) Gfere controlled by the Micromass MassLynx NT data system.
10,000 Hz, and 60,000 complex points (NP). The CPMG ex-

periments employed a total transverse relaxation timeof RESULTS AND DISCUSSION
2 ms, using a delay of 0.5 ms between the“}@@ses. The total
NMR experimental time per spectrum was 1 h. For processingThe cleavage products from SPS beads examined in these ¢
purposes, data were zero-filled to 131,072 points and exponpariments were part of a series synthesized as trypsin-like se
tially multiplied by a line broadening (LB) value of 2 Hz. Theine protease inhibitor3@). These analytes were used as model
baselines of the CPMG spectra were corrected by a spline fitasfmpounds to demonstrate the utility of the experimental ap
selected spectral regions. To determine the quantity of analpt@ach reported here. Figure 2 shows the 400-MHZANMR
produced by cleavage of a single bead, a fully relaxed CPMgpectrum of the material cleaved from approximately 9 mg o
spectrumwas measured for one sample dissolved in neat DM3€&xsin containing many thousands of beads. This reference spe
ds, using parameters similar to those described previously (éxim provided a measure of comparison between the exper
ceptfor NT=2500 and dt 10 s). The total NMR experimental ments performed with bulk samples and those performed wit
time for this spectrum was 9 h. The DMS#gH T; relaxation individual SPS beads in terms of both sample handling and NMF
time was reduced to less tha s due to the high water content ofprobe sensitivity.
the single-bead sample. Data were processed in the same mann@ptimal sample handling procedures are paramount in an
as above. To aid in the resonance assignments and to evaluatatteenpt to generate NMR spectra from single SPS beads wil
effects of pH on a distinct yet structurally similar molecule, speacceptablé&/N in a reasonable amount of time. Highly sensitive
tra were also acquired from a sample of imidazole in DM&O- NMR probes must be combined with efficient sample loading sc
under both acidic and basic conditions. The residual protonathdt the maximal amount of analyte is present within\hg of
signal from DMSOdsH was used as an internal chemical shifthe probe. Consequently, the experimental strategy reported he
reference at 2.49 ppm. uses an immiscible, perfluorinated liquid to prevent diffusional
For quantitation purposes, a solution of 23.4 mM KHP andilution during the measurement and a bubble-type NMR flow
18.5 mM Ala-Asp was prepared in 60% DMS#40% D,O. cell to maximize the observation efficiency of the RF coil. After
Single-pulse and CPMG spectra of this solution were acquiretkavage and removal of the stripping solution from the product
with a 90 excitation pulse, NE16,d1=15s,and = 0.002s the analyte was dissolved in a minimal amount (2L5 of sol-
(for the CPMG experiment). The apparent DM8@eoncen- ventand loaded into the probe. With this particular arrangemen
tration in the sample was determined based upon the relataygproximately one-third of the total sample resided within the
integrated signal intensity of the KHP aromatic signals with r&00 nL Vs, although this sample handling approach has gen
spect to the residual protonated DM$KH in the sample. The erated observation efficiencies of up to 70% in previous wor}
DMSO-dsH concentration in the standard solution was correct¢89). Such improvements in future work would allow the same
for incompleteT; relaxation 88) and extrapolated to a solventquality NMR spectra to be acquired in less than 15 min. While
composition of 100% DMSQ@s. TheT; relaxation times of the manual sample handling was employed in these experiment
KHP and DMSOQOedsH protons in this sample were determinedhe system is certainly amenable to automation since the use
to be 3.1, 2.3, and 10.5 s, respectively, in separate inversiomicroliter-volume fluidics is now routine. The coupling of cap-
recovery experiments using relaxation times more than six timi#lary NMR flow probes with automated sample loading would
greater thar;. It should be noted that thg relaxation times generate significant improvements in the overall throughput o
measured in the microcoil NMR probe are consistently shortirese types of measurements.
than those obtained for similar samples measured in 5-mm NMRAIthough this custom-built microcoil NMR flow probe
tubes at the same field. While a variety of factors may contributemonstrated higher mass sensitivity than commercial probe
to this phenomenon, we attribute the shoffietimes measured with larger diameter RF coils, it also produced a significaht
with the microprobe atleast in part to enhancedi@solutionas NMR background signal. While this very broad signal likely
the sample is drawn into a microliter syringe and loaded into tlaeose from epoxy that was used in the probe fabrication pro
probe. The integrated NMR signal intensities from the cleavegss, some of the spectral background can be attributed to re
bead samples were calculated and corrected for thee€i- dual protons in the magnetic susceptibility matching fluid tha
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FIG.2. Reference 400-MHZH NMR spectrum of~580 ug of cleaved product in 60QL of DMSO-de.

surrounded the sample and cd@llj. As shown in Fig. 3A, the were ambiguous. We hypothesized that the discrepancy betwet
detection of these species resulted in a broad background tihat reference spectrum and the single-bead spectra arose frc
was evident even in the presence of resonances with very geodifference in pH. The shifts of a model compound which also
S/N. For signals that were closer to the limit of detection, thieas an azole moiety (i.e., imidazole) revealed similar spectrs
spectral background proved more of a problem. To alleviate tlsBifts as a function of pH. To further examine this hypothesis, ¢
interference, a CPMG pulse sequence with a very short trassfies of single-bead experiments were conducted in which th
verse relaxation time was used. Figure 3B illustrates that tllged product was dissolved in DMS@-acidified with DCI. In
approach eliminated the broad background signals without pali-cases, the analytes in acidified DM$RYyielded spectra (see
turbing the phase of the analyte resonances. Furthermore, sifice 4B) that matched the reference spectrum. Based upon the
such a short (2 ms) transverse relaxation time was used, the sggonances, the structure of the model compalimehs con-
nal intensity of the analyte signals was not measurably affectéidned according to the spectral assignments listed in Table 1
In the course of acquiring the NMR data from single SP®/hile the spectra in both Figs. 4A and 4B are consistent with
beads, it became apparent that the single-bead spectra didthestructure given for compourgthe better spectral resolution
match the spectrum of the bulk sample. After cleavage and dof-the signals in the acidified solution facilitates the resonanc
ing of the product from single beatsvacuotheH NMR spec- assignments.
tra in the microcoil probe consistently resembled that shown inThe flat baseline provided by the CPMG pulse sequence nc
Fig. 4A. While the majority of the resonances could be identifiezhly eliminated background interference but also aided quanti
despite slight frequency shifts, the signals from protons 4 anddgion (linewidths are very similar). Using the relative intensity



220 LACEY ET AL.

A
Background
H,0 DMSO-d,H HO
|° \
8 \=0
1 2 1 H3C 6
T/ | OH 38\i/ \NH—2<
5
3
3\4 o Ala-Asp 's\;le /
. 3 O:4\
HP o Kk Ala-Asp || Ala-Asp
21 7 Ala-Asp OH
%
.
6 5 4 3 2 1 0 -1 ppm

FIG.3. (A) Standard single-pulse NMR spectrum of a solution of 23.4 mM KHP and 18.5 mM Ala-Asp in 60% Ddg80% D,O. (B) The CPMG spectrum
measured for this solution shows a significant reduction in the probe background signal during the 2-ms transverse relaxation time.
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FIG. 4. ThelH CPMG spectra obtained from the cleaved product of a single bead: (A) dissolved in neat BM®@+B) dissolved in acidified DMS@s.
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TABLE 1
NMR Spectral Assignments for the Product Cleaved from the Bead
Structure and Assignment and Chemical Multiplicity and coupling
m/zion observed nucleus in bold shift ppm) constants (J Hz 0.2)
[1] 279.3 4 CH 7.915 d 2.0
(ﬁo 5 CH 7.924 d 2.0
e s 7,9,11  CH 7.68 m
He! \if/ \\r 4\/ \/qH* 8,10 CH 7.61 t 7.3
q
15\14//13\12/y§_2\ 12 CH 5.32 S
6 —7, 14,18 CH 7.21 d 8.2
4 Ne 1517 cH 7.88 d 8.2
N\ o=+ 21 COOH 12.2 b

Note.b, broad; d, doublet; m, multiplet; s, singlet; t, triplet.

of the DMSO4dsH versus the analyte signals in a fully relaxedentagel combinatorial beads. As such, the primary bottlenec
CPMG spectrum obtained from one of the single-bead samplesthe molecular characterization of single SPS beads by multipl
the amount of product cleaved from the bead was determingghlytical techniques has been substantially widened by thes
to be 5404+ 170 pmol (with approximately 180 pmol actuallycapillary NMR flow probes. With the development of microflu-
present within théV,,s). This result is comparable to the valuddics suitable for automated cleavage and sample delivery to th
of 500-600 pmol estimated from the typical loadings providddMR probe, this approach has broad implications for single-
by the manufacturer of the Tentagel resin. The error in the NMbead structural characterization. While this approach generate
measurement was calculated from the standard deviation of tigh-quality*H NMR spectra from single combinatorial beads,
result obtained for each resolved resonance of the analyte. s&mple throughput could be increased further by improvement
though this error is considerably greater than can be achievedample loading, reduced analyte adsorption to the vials, an
by NMR in other situations40), it is reasonable considering theautomated cleavage.
S/N of the spectrum and the purity of the sample. Finally, as dis-
cerned by comparison of the resonance integrals in the spectra of ACKNOWLEDGMENTS
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