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A new tool for analyzing compound libraries by NMR has been developed. Aliquots of solution-state samples
(between 120 and 356L) are directly injected, using a standard liquids handler, into an NMR (LC-NMR)
flow probe. Automated NMR software trackand suppressesntense signals arising from the nondeuterated
solvents used (if any) and acquires high-sensitivity one-dimensitha@llMR spectra. An 88-member
combinatorial library, dissolved in DMSO and stored in a 96-well microtiter plate, has been analyzed a
number of ways using this technique. This nondestructive technique, which we call direct-injection NMR
(DI-NMR) and which is embodied in our versatile automated sample changer (VAST) hardware, has proven
to be both routine and robust. Our success in automatically acquiring the NMR data for entire plates of
library compounds (within 48 h) has caused us to develop new ways to display and analyze the resulting
NMR data, as will be shown here.

Introduction Background

Combinatorial chemistry has clearly evolved into a useful
tool for many kinds of studies, especially those involving
drug discovery and optimizatidi?. It has long been recog-
nized, however, that one of the weaker aspects of combi-
natorial chemistry is the difficulty of obtaining a complete
sample analysi&.® This paper introduces a new and novel
method for the rapid and sensitive acquisition‘df NMR
spectra on solution-phase combinatorial-chemistry libraries.
The technique is based upon a direct-injection modification
of stopped-flow LC-NMR spectroscopy.

Because NMR spectroscopy is typically considered to be
one of the more powerful and information-rich analytical
techniques, we have been investigating ways to enhance th
role of NMR in combinatorial chemistry. We first pioneered
the techniques for acquiring high-resolutith NMR spectra
of compounds bound to solid-phase-synthesis résifis.
Although these techniques are effective and are now widely
usedt>13we also recognized that they might not be suitable
for the analysis of large libraries due to the difficulties of
automating the sample preparatidnAt the same time,
however, we were developing several new techniques in the ) . »
otherwise unrelated area of HPLC-NMRWe recognized and it uses smaller quantities of sample than traditional
that some of these LC-NMR techniques could be used to automatfad NMR systems. ] )
develop an automated sample changer based upon flow C_omblnatorlal chemlstry has_ also given chem|§ts the
NMR.12-1417 We are reporting here that the increased flexibility to produce any given library as either a mixture
automation and throughput of the resulting flow-NMR of compounds or as a collection of pure compounds and to

sample changer is lending itself nicely to the analysis of produce each of these either bound to solid-phase-synthesis
combinatorial-chemistry libraries. resins or in solution. Unfortunately, however, no one known
NMR technique has the flexibility to properly, rapidly, and

* To whom correspondence should be addressed. Phone: 650-424-5237 g sijly analyze all four resulting combinations of these sample
Fax: 650-852-9688. E-mail: paul.keifer@varianinc.com. . . .

tVarian. types. All combinatorial-chemistry samples are grouped by

* Agouron. NMR into one of two general categoriesolution-state

Combinatorial chemistry has several characteristics that
have contributed not only to its success but which also
present challenges to the analytical techniques that have
traditionally been used for compound characterization. First,
combinatorial chemistry typically produces larger numbers
of compounds than does conventional synthetic chemistry,
so any proposed analytical method should have an increased
throughput capacity. Second, it typically produces smaller
guantities of each compound, so the analytical method should
exhibit an increased sensitivity. Last, it has de-emphasized
the use of traditional glassware (such as round-bottom glass
flasks) for synthesis and has emphasized the use of 96-well

icrotiter plates to both store and transport (and sometimes
even to synthesize) the compounds of interest. This suggests
that the analytical method should be able to handle samples
stored in microtiter plates (as well as a wide range of other
standard sample containers). The flow-NMR sample changer
described here was designed to address all three of these
issues. It reduces the cost, time, and effort of sample
handling, it allows inexpensive sample containers to be used,

10.1021/cc990066u CCC: $19.00 © 2000 American Chemical Society
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Scheme 1 made up during a preliminary phase of this investigation were
0 R—NH, (|3| A 0 found to contain unintended solvent impurities that compli-
/(’3/ 2{1-11 _C-0n -H0 /é’ cated the data interpretation (see the Discussion section);
_o — ~G-NH — _N-R these plates were re-dried under vacuum and reconstituted
% i R (\;c\) with a higher-purity grade of DMS®s.

The NMR spectra were acquired on a standard UNITY-
INOVA 500 MHz spectrometer which was equipped with a
samples that are physically homogeneous (filterable) versusSt‘F’mdard VAST liquids-handler accessory, a stgnﬁ_aams-
everything else-because different NMR hardware (e.g., a PF? triple-resonance {C,N}) flow probe (maintained at
different probe) is required in each case to optimize the NMR 20 . C), and VNMR 6.1B software. The flow probe had an
analysis (for reasons which have been explained elsefyhere act_lye volume of 60uL and a total floyv—cell volume

Solution-state samples (or more specifically, those samples(.mm'm.um sample volumg) of 11AL. .TO fill t.h? system

(including the transfer tubing connecting the injector port to

which have a uniform magnetic susceptibility) can be - .
analyzed in any style of cylindrical tube which is aligned the probe), a total of 350L of sample was injected into the .
with the Z axis of the magnet. This includes not only the probe. (Much smaller sample volumes can b.e analyzeql i
conventional 5 mm precision glass sample tubes that arepuSh solvents_are used.) After NMR a_malysu;, the ent_|re
routinely used in NMR, but also samples contained in the samplt_e was withdrawn from the prope n §t_e1ndard fashion
flow-through detection cells found in the “flow probes” (described below) and _returned_to its original weII._ The
routinely being used for LC-NMR and related techniques. s!oe(itre; of the sarrvl\[/)IIEe_I'_s d|?so|\;ed n DMS?QNgre rur;);vnh
The growing popularity of these techniques is causing flow- S';.g et_ Lelqugncyé | sgc\:/grcj_?uppres ;Fo(m;sgg@a d lms
style probes to become widely accepted. In flow probes adjustable [ Z]. elay), ~Scan automatoan
(which usually have a fixed sample volume) the NMR gradient shimming; because there was no deuterated solvent
sensitivities are relatively high due to their increased filling gherel""a; .”ég,\'/losc&'” contrast, ”lﬁ spectra of th? Salmp"tas
factors. (Because the fixed flow cell does not allow sample ISsolved in d © v(\;erbe ;lﬁg;\”l OL" 32::"6 0 sdq vein
spinning, the rf coil can be mounted closer to the sample. sEppre_ssgrjrhanNMuse bo cic e;_n I gra:} 'Zn ith
This results in a slightly increased “filling factor” for the shimming.” the probewas automaticatly washed wi
coil, which produces an increased NMR sensitivity.) The D_MSO-he a_fter each sampl_e injection, except for the samples
direct-injection NMR (DI-NMR) technique presented here dissolved in DMSQds which used DMSQ8s as a wash
is based upon our use of this style of flow probe. (rinse) solvent. Thirty-two scans plus two dummy scans, DSP
oversampling? and a repetition rate of 1.95 s were used for

The analysis of samples which are not physically homo- h trum- this o NMR i F1
geneous, such as compounds bound to solid-phase-synthesf%"’_IC Spectrum, his gives an measurement ime o
min for each sample. Total recycle time for each sample,

resins, normally requires the use of other NMR techniques, . . A N o

such as magic-angle spinning (MAS). These techniques areInCIudIng sample. |nj§ctlon, shimming, acquisition, sample

discussed elsewhefel* The flow NMR technique presented recovery, probe rinsing (one cycle), and automated plotting
was 5.5 min per sample. Exponential line broadening (0.5

here is not appropriate for analyzing these kinds of samples.HZ)’ zero filling, and a single-frequency notch filter were

Experimental Section applied to all spectra.

The 88-member (one-compound-per-well) test plate used
in this investigation was synthesized entirely using solution-
state methods. Because it was a test plate, and test plates In designing an NMR spectrometer to analyze combina-
are run to understand the scope and limitations of the torial-chemistry libraries, the first concept we addressed was
chemistry, not all reactions in the plate yielded the intended the fact that the system must be capable of analyzing
product. In the plate, eight different cyclic anhydrides thousands of samples without failure. Conventional auto-
1{1-8} were dissolved in an aprotic polar solvent and mated NMR sample changers (i.e., those based upon 5 mm
reacted with eleven different primary amirg{sl—11}, in a sample tubes) can have failure rates of several percent, and
combinatorial fashion, to afford the intermediate amide-acids so they are not considered to be reliable enough for this task.
3{1-8,1—-11} (Scheme 1). Cyclic dehydration at elevated Conventional sample changers can “fail” in a number of
temperatures, along with removal of the solvent under ways: the robot might mechanically break the tube, the
vacuum, afforded the 88 different crude imides automatic spinning of the sample can fail, the system may
4{1-8,1—11}. The resulting compounds were reconstituted not be able to automatically find tHél lock, the automatic
with either DMSOhg or DMSO-ds, dispensed into 96-well  shimming may fail, the automated receiver gain adjustment
microtiter plates, diluted to a known sample concentration may fail, or the automated processing may not properly adjust
(either 25 or 2.5 mM), and analyzed without further either the vertical scale or the phasing of the spectrum. We
purification. Three kinds of daughter plates were made using recognized that a sample changer designed around a flow
this 88-member library: a 25 mM plate in DMS@; a 2.5 probe, using simple modifications of our LC-NMR tech-
mM plate in DMSOhg, and a 2.5 mM plate in DMS@s. niques, could, with a few modest simplifications (vide infra),
The daughter plates contained 0.9 mL aliquots of each make many of these limitations disappear.
solution in separate wells of 1 mL volume (deep-well)  We also recognized that combinatorial chemistry was
polypropylene microtiter plates. Two plates which had been standardizing on a microtiter-plate format, so initially we

1{1-8} 3{1-8,1-11} 4{1-8,1-11}

Discussion: Data Acquisition
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NMR Probe injected sample solution (350L) was calibrated to be
[:] \ sufficient to fill both the transfer line and the active region
of the flow cell in the probe. The outlet port of the NMR
sun | | VR probe was connected to a switchable Valco valve that was
.| Workstation . .
: also connected to a source of high-pressure (55 psi) clean
dry nitrogen.
The analysis of each sample was accomplished by the use
Gilson 215 RF of a fluidic “protocol” (a text file, written in Tcl/Tk, that

Liquids Handler defines each step of the analysis) and a series of parameters

that controlled both the volumes and rates of all manipula-
tions of the fluids. The standard “protocol” used in this study
defined that the NMR flow cell started off empty, that the
flow cell was to be rinsed once for each sample (prior to
... sample loading), and that each sample was to be recovered
""""""""""""""""""""""" and returned to its original location after its NMR spectrum
was acquired. When a start signal was generated by the
NMR, the liquids handler aspirated a controlled volume of
rinse solvent from a rinse reservoir and injected it into the
probe at a controlled rate. When finished, the syringe
Figure 1. A block diagram of the VAST (versatile automated  reyersed its direction of flow and withdrew this rinse solvent
sample transport) DI-NMR (direct-injection NMR) system. from the flow cell; when complete the liquids handler moved

focused on the desire to acquire NMR data on samples stored® the solvent-waste container and disposed of the rinse
in 96-well microtiter plates. The primary goal was to solvent. The I!qmds han(_jler then movc_ad to the approprlate
eliminate the need to transfer the samples into the precisionSaMple container (here it was a well in a microtiter plate,
glass tubes that are typically used for high-resolution NMR Put it could be a sample location in any one of a variety of
spectroscopy. Much of the cost of traditional NMR spec- possible sample containers). A controlled volume of the

troscopy is incurred not only by the cost of the materials gample was aspirated from this container and then injected

used (glass tubes and deuterated solvents) but also in thdt0 the NMR probe via the injector port. When the sample
costs of drying the samples down (removing any protonated Niection was finished, a trigger was sent to the NMR to
solvents so that the samples can be reconstituted in deuterate§@'t the acquisition of all experiments listed in the experi-
solvents), transferring the solutions to precision glass tubes,MeNt queue for that sample. (In this study, only a single 32-
recovering the samples after analysis, and washing the glasS$¢an One-dimensionaH spectrum was acquired on each
tubes for re-use. Many of these problems could be addressed@MPIe, but the software allows any number of additional
by using an automated liquid-handling device to take a €XPeriments to be submitted into the experiment queue.)
sample solution stored in a microtiter plate and inject it YWhen the NMR acquisition was complete (and the experi-
directly into an NMR flow probe. This could be ac- ment queue for that sample is empty), the NMR sent a signal

complished with any of several liquid-handler systems; we Pack to the liquids handler, which used the syringe to
chose to use the Gilson Model 215 Liquids Han®flelue withdraw the sample from the probe (pulling it back out the

to its wide acceptance within the combinatorial-chemistry WaY it came in, as an intact column of liquid) and return the
community. sample to its original container.

The Comp|ete Samp|e-change|’ (VAST) System used for The operation of the syringe was Synchronized with the
this study (as described below) is commercially avaif#ble Valco air valve. During injection, the Valco valve was open
and was used without further modification. The hardware to the atmosphere, but during sample withdrawal, the Valco
consisted of a Gilson 215 liquids handler, a Varian NMR Valve was switched to pressurize the outlet port of the probe.
flow probe, a switchable air valve (Valco), and the connective This back pressure allowed the speed of sample withdrawal
tubing (see Figure 1). The Gilson 215 was connected by anto be increased. (The back pressure “pushes” the sample back
RS-232 control line to the spectrometer’s host comptiter. While the syringe pump simultaneously “pulls” the sample
All Gilson control codes were delivered by the software back.)

(VNMR) located on this workstatiof?. The standard Rheo- A significant advantage of the current DI-NMR technique
dyne injector valve located on the injector port was set to is that the maximum possible NMR sensitivity is obtained
the inject position and never switched. The outlet of this on each sample because the flow cell is empty when the
injector valve was connected to the inlet port of the NMR sample is injected. A second advantage is that this also allows
flow probe (using a 65 inx 0.010 in. ID PEEK transfer  the sample to be recovered in an unaltered (undiluted) state.
line). Samples were stored in 96-well deep-well microtiter This is in contrast to the behavior observed when the flow
plates that were covered with 4 ir.5 in. sheets of Teflon-  cell starts off full of solvent (as is typical in LC-NMR),
silicone-Teflon septudt and clamped into place inside because in this case, the solvent left in the flow cell can
Gilson 205H racks using the standard covers. Sample aliquotdilute the incoming sample, which can both decrease the
were aspirated from each well of the titer plate one-at-a- NMR sensitivity and alter (lower) the solution concentration
time and injected into the injector port. The volume of of any recovered samples. The differences between these two

Injector

fluids
(samples)
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scenarios (injecting the sample into an empty flow cell versus which saves time and also facilitates quantitative compatri-
into a flow cell full of solvent) illustrate how VAST, which ~ sons, since each spectrum will be acquired under identical
is a specific implementation of DI-NMR, is very different conditions (i.e., same number of transients). (D) It reduces
from its possible alternative, flow-injection-analysis NMR the likelihood of autoscaling failures during processing (since
(FIA-NMR).121425 FIA-NMR, also known as “columnless  each spectrum can be plotted with the same vertical scale).
LC-NMR” because there is no compound separatfdijs It will be shown later how useful it can be to have each
analogous to LC-NMR in that the sample and solvent flow spectrum from every well in a plate displayed in a directly
in only one direction. This different fluid behavior of DI- comparable way. This can only happen if the receiver gain,
NMR (as compared to FIA-NMR) influences many perfor- the number of transients, and the plotted vertical scale are
mance aspects of the analysis such as carryover, detectiorll held constant.
efficiency, recovery efficiency, and speed. As a consequence, The third reason for using DI-NMR is that, in combina-
DI-NMR has both advantages and disadvantages as comparegbrial chemistry, the structures of the compounds located in
to FIA-NMR.? The biggest disadvantage of DI-NMR (which  each well are usually known (or at least suspected), and the
is addressed by FIA-NMR) is the possibility that the tubing structures of the starting materials are known as well. This
in the system could become clogged with particulate matter increases the likelihood of success in applying computer
if unfiltered samples are injected. databases and/or spectral prediction software to simplify the
We have also investigated the use of bubbles in DI-NMR problems of data interpretation.
to separate the sample and the solvent, and deemed this to The success of VAST has depended critically upon our
be both unnecessary and undesirable in the current config-yse of a wide variety of otherwise unrelated NMR tools that,
uration. This is in accordance with other studies of the although initially developed for other NMR disciplines, have
behavior of fluids in the presence of separating bubt#és.  pecome important parts of the NMR toolkit for VAST. These
Although this automated DI-NMR sample changer (VAST) tools include WET solvent suppression, the SCOUT-scan
can be used in a wide range of applications, it is ideally suited technique, DSP notch filterdH and?H gradient shimming,
to the analysis of combinatorial-chemistry libraries for three high-sensitivity NMR flow probes, and pre-existing software
reasons. The first reason is that all members of a singlefor the automation of conventional NMR spectroscépy.
combinatorial library are typically dissolved in the same  The first core tooFWET solvent suppressiéh-is a
solvent (or solvent mixture). This simplifies the NMR  technique that itself depends upon developments in shaped
analysis in six ways: (A) It eliminates the need to worry pulses, shifted laminar puls&spulsed-field gradients, and
about rinsing and drying the flow cell as completely as would 13c decoup|ingl_5 The advantages of WET are numerous.
be needed if immiscible solvents were allowed to be injected WET can suppress mu|tip|e NMR resonances at any number
one after another. (B) It eliminates sudden changes in solventof frequencies and can do so with controllable (and different)
composition that could cause sample precipitation and hencepandwidths. It has a controllable shape of frequency selectiv-
plug up the plumbing. (C) This also lessens the chance ofity (depending upon the shaped pulse used) and can
creating physical heterogeneities of any sdrtibbles,  selectively suppress thEC satellites of organic solvent
suspensions, emulsions, or partictlesused by the previous  resonances without “bleaching” solute resonances located
sample or solvent, which, if present in the flow cell, could ynderneath these satellites. (This allows resonances hidden
cause the NMR resonances to become broad and unshimynder theseC satellites to be observéd). It does place
mable. (D) It lessens the need for an operator to modify or extreme demands upon the quality of the NMR hardware
optimize the acquisition or solvent-suppression parameters(hoth in the linearity and phase-shift timing of the rf as well
from sample to sample. (E) It lessens the shimming require- as in the blanking behavior of the PFG amplifier), but if the
ments from sample to sample (which saves time). (F) It spectrometer is up to it, WET suppression has proven to be
lessens the need to tune the probe on each sample (whiclyery “robust” in the NMR sense. More so than any other
also saves time), and this also allows the spectral phasing toequivalent solvent suppression technique, WET tolerates
remain constant (which makes automated plotting more misset parameters (misset pulse widths, rf power levels, probe
reliable). tuning, or small frequency offsets), and because it requires
The second reason for using DI-NMR is that most no parameter tweaking to make it work, it is easy to
combinatorial libraries are composed of roughly equimolar- automate. Other solvent suppression schemes (like presat)
concentration solutions. This simplifies the analysis problem have been evaluated and can be used if desired, but the
in four ways: (A) It reduces the problems caused by sample- advantages listed above may be lost. WET now allows us
to-sample carryover (if the carryover averages 1%, the NMR to routinely acquiréH NMR spectra on samples dissolved
spectrum of any given sample would be significantly in either traditional deuterated solvents or in nondeuterated
compromised if the previous sample was 100-fold more (protonated) solvents or solvent mixtures. (This should
concentrateetthis is much less of a problem if all the facilitate a user’s ability to use the same plates for both mass
samples are the same concentration). (B) It lessens the needpectrometric and NMR analyses. A typical NMR solvent
to optimize the receiver gain on each sample (the automatedike D,O can complicate the mass spectral data if variable
adjustment of the receiver gain not only takes time, but, as amounts ofH exchange occur within the sample.) Typical
mentioned above, it is one of the possible failure modes of protonated solvents used to date have includegGDH CHs-
conventional NMR automation). (C) It lessens the need for OH, DMSO, HO, THF, CHC}, and mixtures thereof.
an operator to interact with the parameter set for each sample Although WET is capable of suppressing multiple and/or
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broad resonances (as would be observed for a solvent likebe several hertz away from the frequency the same solvent
ethanol), any solute signals at those frequencies will be lost;resonance would have if it were unsuppres$edhe
hence it is desirable to use solvents with singlet proton NMR magnitude of this shift typically increases as the size of the
resonances. unsuppressed signal gets larger.

The second core tool is the SCOUT-scan technigiéis While these tools now allow us to acquire data on samples
tool allows us to automatically track the frequencies of the dissolved in fully protonated solvents, this is not meant to
largest NMR resonances. The software allows a user tosuggest that the resulting spectra are fully identical to those
control at least four different parameters in the SCOUT-scan acquired using deuterated solvents. A typical example is
search algorithm, including how many frequencies should shown in Figure 2. Here, the bottom two spectra contrast
be suppressed and how wide their corresponding suppressioithe effect of acquiring data on the same sample dissolved to
bandwidths should be. The SCOUT-scan output information the same concentration in either DM$®@¢using both WET
is then used to drive the WET suppression (described above)suppression and a DSP notch filter) or DM$using no
the DSP suppression (described below), and the resetting ofsolvent suppression or processing filter). The two spectra
the observe transmitter to an organic-solvent resonanceare essentially identical (neglecting differences in solvent
(which affords us an activéH lock and a chemical-shift ~ impurities) except for the 0.4 ppm wide region around the
reference). The sequence of events in a SCOUT-scan are asolvent resonance at 2.5 ppm.
follows: the current solvent-suppression parameters are A final tool which we depend upon is high NMR
temporarily stored, and the NMR parameters reset for a one-sensitivity, which is influenced by both the probe and the
scan, small-tip angle<(1°), no-solvent-suppression experi- NMR console. We were encouraged by our initial efforts in
ment. A spectrum is acquired and then analyzed accordingthis project in which we were able to produt¢ NMR data
to the SCOUT algorithm (in accordance with parameters on samples as small asi/®.! (A solution containing 5ug
entered by the user). The resulting information is used to of solute within the 6Q:L active region of the rf coil can
both reset the transmitter to the appropriate reference lineproduce spectra with a signal-to-noise of about 30:1 in about
and to create the multiple-frequency selective pulse used fora minute.) Clearly, however, the minimum threshold of
the WET suppression. Finally, the original solvent-suppres- signal-to-noise that is acceptable in a spectrum depends upon
sion parameters are retrieved, updated, and the signalwhether one is trying to (1) determine the structure of a total
averaged NMR spectrum is acquired. SCOUT-scan automa-unknown de novo (the typical goal in a natural products
tion and WET suppression were used to acquire all the dataprogram); (2) verify the structure of a known compound and
in this paper shown on samples dissolved in DMIKO- determine its purity level (the typical goal in combinatorial

Another solvent-suppression tool we can use is a frequency-chemistry), or (3) merely detect the presence of a known
selective notch filtera low-pass form of digital signal ~compound. One of the goals of this paper is to document
processing (DSP). This data-processing technique is athe typical performance of a VAST system and to verify
standard, readily available tool which has proven itself useful that it can be used as an analytical tool for combinatorial-
in many fields of NMR2° Like WET, it can eliminate solvent ~ chemistry libraries.
resonances, but because it is a form of data processing and
is applied only after the acquisition is complete, its effects
are reversible (or can be “undone”). This is in stark contrast  After developing this method to acquire NMR data on
to acquisition-time solvent suppressiotinat which is con- every well in a microtiter plate (i.e., VAST), it rapidly
trolled by the pulse-sequenc@hose effects are a permanent became apparent that more sophisticated ways of dealing
part of the data. (The effects of WET suppression, for with the resulting mass of data were required. Previously,
example, cannot be “undone” without re-acquiring the NMR  the default output from a conventional (non-VAST) NMR
data.) The effects of the notch filter are fully user-customi- automation run was always just a stack of paper containing
zable. If the desired effect is not achieved the first time, the one spectrum per page. While this mode of plotting can still
processing parameters can be altered and the data rebe used for titer plate samples, the resulting stacks of paper
transformed using different values of the filter width, filter may start to overwhelm synthetic chemists as much as it
selectivity, and filter offset parameters (ssfilter, ssntaps, and helps them. We recognized that we could facilitate the
sslsfrq, respectively, in VNMR software). In addition, since analysis of DI-NMR data by using some of the data-
the filter offset parameter (sslsfrq) can be arrayed, multiple processing tools that we had developed for LC-NMR.
resonances can be eliminated from the NMR spectrum quite  The first tool is a process we call “gluing”, in which a
easily. Because the DSP notch filters behave differently than collection of related one-dimension# spectra are added
the WET suppression, we find it particularly convenient to together to form one single larger file. The parameters of
be able to choose either one at will and to have both this larger file are modified to enable the collection to be
techniques available for use either simultaneously (on thetreated (processed and plotted) as either an array of one-
same resonance) or separately (on different resonances). Welimensional spectra or as a pseudo-2D data set. This allows
often default to applying the postacquisition DSP filter to ys to use a wide variety of pre-existing tools developed for
all resonances that were suppressed with WET. displaying and plotting both arrayed and 2D data sets. This

For reasons that are at least partly understood, we havegluing process also allows the data from an entire titer plate
found that the DSP filter frequency required to optimally to be handled as one file; this facilitates bookkeeping, data
remove a residual (suppressed) solvent signal may need taarchiving, and quantitative analyses (because identical

Discussion: Data Analysis
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Figure 2. Proton NMR spectra acquired on a typical well (G8; 58) of the 25 mM DM @tate (top), the 2.5 mM DMS® plate

(middle), and the 2.5 mM DMSd; plate (bottom). The similar appearance of all three spectra shows that all three conditions (25 mM or
2.5 mM; DMSO4; or DMSO+g) can be used to acquire VAST data within 1 min (32 scans). Note that the chemical shift for the broad
anilide NH resonance is different in the 25 mM spectrum than in the 2.5 mM spectra (8.8 ppm versus 8.4 ppm). The3p&Dra (top

and middle) were acquired with single-frequency WET solvent suppression (at 2.5 ppm) and a single-frequency DSP notch filter (ssfilter
= 80). Neither solvent suppression nor notch-filter processing were used to acquire the @\dgé&xtrum (bottom). The 25 mM spectrum

was plotted with a 18 lower vertical scale to facilitate intensity comparisons with the 2.5 mM spectra. Otherwise, the same data acquisition,
processing, and display parameters were used for all three spectra.

processing and plotting can easily be used for the entire about the “alphabetical” or the “numerical” axis of a plate.
collection of data). (Although the focus of this paper is to Some of these definitions are meaningful only if the
describe the use of glue in analyzing samples stored in orientation of the plate (“portrait” or “landscape” mode) is
microtiter plates, any number of spectra acquired on samplesdefined, and this convention also seems to be ill-defined. In
stored in any kind of sample container can be “glued” this paper we do not attempt to (re-)define any of these terms
together.) or conventions; the portrait-style layout of the Gilson liquid

Once the data are glued, we can reshuffle, or display, or handler dictated our initial choice of orientation. We only
plot the data in a number of ways. Some of these data hope to demonstrate that the ability exists to display NMR
presentations work best as hardcopy (paper) plots, while otherdata in a variety of formats, each of which offers unique
presentations are more effective as interactive displays on aperspectives on the interpretation of these data. It has already
computer monitor. Some presentations work well for long- been recognized that separate examinations of analytical data
term archiving of the data, while others are better suited for aligned along both axes of a plate is a useful tool for the
a detailed analysis of the data. Some presentations facilitateinterpretation of other analytical data (like TLE).
comparisons between the wells that are aligned along Once the data are glued, a user has a choice of displaying
columns, while other displays emphasize comparisons alongthe data as either a matrix plot of the entire plate (Figure 3)
the (perpendicular) rows. or in a 2D-NMR style format. The 2D-NMR style format

In our work, we (Varian) have struggled with the fact that can be plotted as either a contour map (Figure 4) or as a
the terminology of “rows” versus “columns” appears not to vertical stacked plot (discussed later; Figure 8c,d). The
be universally (or consistently) defined. In a 96-well plate, interpretation and utility of Figure 3 is usually self-explana-
passions seem to vary widely about whether a row is definedtory, whereas Figure 4, which is different but equally
as running along the long (12-well) or the short (8-well) axis powerful, is sometimes confusing for the uninitiated. The
of the plate, or whether you call these directions “across” or horizontal (F2) axis in Figure 4 displays thel chemical
“down” (instead of rows or columns). One could also talk shift, while the vertical axis represents the spectra from wells
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Figure 3. An 8 x 11 matrix plot of the 88 one-dimensiondd NMR spectra acquired on the 25 mM DMS@+plate. This represents one

way to plot the data from an entire titer plate on one page. The position of each spectrum represents the corresponding position of each
sample in the microtiter plate; each spectrum is also labeled with its alphanumeric position coordinates. Each spectrum was acquired,
processed, and plotted with identical parameters. The entire proton spectrumi I®7ppm) is displayed. Although the data presentation
differs, these data are identical to the data shown in Figure 4.

1 through 88 (or 96), stacked up in order. This presentation makes it easier to see the chemical shift patterns in a matrix
allows one to quickly and simultaneously scan all spectra plot. If desired, integral traces can also be added to the matrix
within the plate for characteristic patterns in the chemical plot (see Figure 16a).
shifts. Both figures (Figures 3 and 4) display the same data, The NMR data shown here were used, along with LC-
and both presentations have characteristic utilities, strengthsMS and TLC data, to determine that some of the reactions
and weaknesses. The matrix plot tends to emphasize patterngid not go to completion. Figure 6 shows the aromatic
in peak intensities and is uniquely capable of displaying regions of the proton NMR spectra of the samples located
spectral patterns along two axes simultaneously. It is also ain the “C” column wells (wells C1 through C11; products
good format for verifying injection performance (as discussed 4{3,1-11}) of the 2.5 mM DMSOks plate. This stacked
below and in Figure 16). On the other hand, the 2D contour plot was quickly extracted from the fully processed data for
plot tends to emphasize subtle chemical shift changes (butthe entire plate (using a template generated by the “plateglue”
not intensities) and tends to emphasize relationships andsoftware described later and shown in Figure 9c,d). All 11
trends along only one plate axis at a time (although that axis spectra can be directly and quantitatively compared. Such a
can be selected as discussed below). plot is useful for quickly determining either the reaction
Although a matrix plot that shows a wide spectral width cleanliness or yield in a series of wells. This figure (Figure
may be useful for permanently documenting the data from 6) shows the reaction of a cyclic anhydridg3} with 11
an entire titer plate on only one page (Figure 3 displays a different primary amineg{1—11} (Scheme 2). In these 11
10.5 ppm spectral width), it does not facilitate any detailed wells, the aromatic resonances of the imide prodd{gsl—
spectral interpretations. The data interpretation usually 11} were both simple and characteristi¢d(resonances at
becomes more difficult as the frequency range of the plot is 7.8 ppm [four-line multiplet], 8.3 ppm [four-line multiplet],
increased, especially if this wider spectral width includes and 8.6 ppm [singlet]), and the presence of undesired
large resonances (from either unusually strong aliphatic byproducts was readily apparent by simple inspection of the
resonances or water). Figure 5, which displays only a 3.2 proton NMR spectra. Hence, we can clearly see that wells
ppm spectral width, illustrates that a narrower spectral width C7 and C8 (whose amines contained additional unsaturated
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Figure 4. A contour plot of the entire proton spectrum (8.71.2 ppm) of all 88 one-dimensiondfi NMR spectra acquired on the 25 mM

DMSO-+g plate. This represents an alternative way to plot the data from an entire titer plate on one page. This style of data presentation

is especially useful when it can be displayed on the computer screen in an interactive mode. In such a mode, a user can simply slide the
cursor up and down the contour display and instantly see the corresponding one-dimensional spectrum for each individual well at the top
of the screen. This capability is represented by the conventional plot of the one-dimensional spectrum from well G9 at the top of this figure.
Each spectrum was acquired, processed, and plotted with identical parameters. Although the data presentation differs, these data are identical
to the data shown in Figure 3.

resonances) contain fairly clean compound9@—95%), as In an analogous manner for a perpendicular set of wells,
do wells C4 and C5 (whose amines did not). Wells C2, C9, Figure 7 was used to analyze the eight products contained
C10, and C11 (whose amines had additional unsaturatedin wells A7 through H7. These wells contain the products
resonances) contain dirtier products (from 0 to 75% pure), of the reaction of eight different cyclic anhydrid&gl—8}
as do wells C1, C3, and C6 (whose amines did not). Wells with a primary amine{ 7} that contains resonances at%
C1, C5, and C7 exhibit the highest yield of pure compound, ppm (singlet, 2H), 7.8 and 8.2 ppm (doublets, 2H each), and
wells C2, C3, C4, C6, and C8 exhibit slightly lesser yields 11 ppm (singlet, 1H). By simple inspection of these well-
(<70%), while wells C9, C10, and C11 clearly exhibit much resolved resonances, especially the amide proton signal at
lower (<25%) yields. Well C9 is a particularly clear example 11 ppm, we can see that wells A7, C7, F7, and G7 each
of an incomplete reaction that yielded a number of products contain a clean compound in high yield, whereas wells B7,
and byproducts. D7, E7, and H7 were each the result of unoptimized reactions
Because this particular reaction does not drastically change(since each well contains two or more products, each of
the appearance of the aromatic resonances of the cyclicsignificantly lower yield). Similar information can be
anhydride moiety, it is not easy to distinguish between clean obtained by examining the-<b ppm region and the aromatic
product and clean unreacted starting material from this plot region. All this can be gleaned by relatively simple inspection
alone. This distinction would be easier, however, if the NMR of the spectra, assuming one knows either the starting
spectra of the unreacted starting materials were readily materials or their correspondifgi NMR spectra.
available for comparison. This would happen automatically It is useful to have more than one region to examine; notice
if the starting materials were placed in the wells along the that the aromatic region of the spectrum from well E7
two perpendicular edges of the titer plate and analyzed suggests a clean reaction (and relatively high yield), while
simultaneously. While this is not a common procedure, its the singlets near-45 and 11 ppm indicate instead that at
advantages for NMR interpretation are obvious, and we least four products have been formed (and a maximum yield
(Alanex) think it will be worthwhile to do this, at least until  of <60% for any one product). In this particular reaction,
a database of thtH NMR data of all the starting materials the chemists determined that it was more correct to analyze
(dissolved in identical concentrations in identical solvents) the amide proton resonances (near 11 ppm) than the aromatic
is obtained. resonances, because the amide moiety was closer to the
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Figure 5. An 8 x 11 matrix plot of the 88 one-dimension# NMR spectra acquired on the 2.5 mM DMS#®@plate. This figure contains

only a portion of each proton spectrum (the-58ppm region). This facilitates detailed interpretations of the data, although all of the NMR

data from an entire plate is no longer represented on one page. Each spectrum was acquired, processed, and plotted with identical parameters
and labeled with its alphanumeric coordinates.

reaction center. The same argument could be made for theemphasize the column relationships (depending upon the
singlet methylene resonances located ab4ppm, but in orientation of the plot, as discussed above). The contour plot
some cases thefiH resonances are less isolated (for example, in Figure 8a shows that all of the 16-71.0 ppm resonances
wells G7 and F7 contain additional resonances from the otherarise from compounds found in only one clustered group of
reactants) and this makes them more difficult to inspect. wells (wells 49-56) and nowhere else. It is hard to say,

We found during this study that different data-presentation however, if all eight wells contain this resonance, due to the
formats can change the way one views and analyzes data. Aight clustering in the plot. In contrast, the contour plot shown
useful way to illustrate this is to take the same subset of in Figure 8b, in which the same data are assembled serially
data and present it a number of different ways, as is done inacross the other axis of the titer plate, clearly shows that all
Figures 8 through 12. No single presentation format is eight wells do contain this resonance. Furthermore, Figure
superior to another. A careful examination of each figure, 8b more easily shows that at least several of these eight wells
however, shows that each different data-presentation formatcontain multiple resonances in this 18.71.0 ppm region
allows different (but mutually compatible) information to be (which demonstrates that these wells do not contain pure
obtained. compounds).

Each of the different figures shown in Figures B are The contour plots (Figure 8a,b) are good at emphasizing
a different representation of the same set of NMR data; thatrow or column relationships, whereas the stacked plots
is, the 9.7-11.1 ppm region of théH NMR data acquired (Figure 8c,d) are better at showing relative peak heights. This
on each of the 88 wells in the 2.5 mM DMS-iter plate. is clearly evident, for example, in Figure 8d, which easily
In Figures 8, 9, and 10, the left-most plots were assembledshows the peak heights of the minor resonances in relation-
serially (from well 1 through 88) in groups of eight wells at  ship to the each major resonance. Figure 8c shows that many
a time across the short (“alphabetical”) axis of the plate, while of the resonances at 10.05 ppm are actually quite small, and
the right-most plots were assembled in groups of 11 wells shows that none of the wells in the first half of the plate
at a time across the long (“numerical”) axis of the plate. If contain compounds with resonances between 10.3 and 11.1
the left-hand plots are said to emphasize the row relationshipsppm. (In any of these plots, expansions along either the
within the plate, the right-hand plots would then be said to vertical or the horizontal axes can be made, although no plots
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Figure 6. A stacked plot of the proton spectra<{9 ppm) acquired on the “C” wells (wells C1 through Citbp to bottom) of the 2.5 mM
DMSO-hg plate. This represents the library members produced from the reaction of one cyclic antyehidre11 different primary
amines2 (products4{3,1—11}; see Scheme 2). Each spectrum was acquired, processed, and plotted with identical parameters.

Scheme 2 and to a lesser extent F7 exhibit fairly clean singlet
0 0 resonances at 10-71.0 ppm (and so look like fairly pure
(/;/ (/;/ compounds), while wells B7, D7, E7, and H7 all appear to
0 + RNH; ——> “: contain multiple components. This is the same conclusion
(\3\ (\’\ arrived at by examination of Figure 7, but it was ac-
o) o]

complished by looking at patterns in the data from the entire
1{3} 2{1-11} 4{31-11} plate (as one might do in an initial survey-mode examination
of the plots). Likewise, by focusing on the 9.84 ppm
resonances in wells A9H9, we can see that wells A9, B9,
C9, and D9 have a high yield of the compounds that contain
this resonance, while wells E9, F9, and H9 contain less than
half this amount. Well G9, which is second from one side,

oes not contain a compound with this resonance (its tall
signal is actually at a different chemical shift).

with an expansion along the vertical axis are shown here.
Spectra from wells in selected rows or columns in the titer

plate can also be plotted or displayed; Figures 6 and 7 are
but two simple examples of this capability.)

In a similar way we can use these plots to analyze
resonances at 9.84 ppm. Figure 8a shows that the 9.84 pp
resonances all arise from one “alphabetical” set of eight wells ) )
(wells 65-72), but it requires the use of Figure 8b to clearly ~ Although Figure 9a allows the peak amplitudes to be
show that only seven of the eight wells contain this compared more easily, Figure 9bke Figure 8b-allows
resonance. the peak frequencies to be compared more easily. The data

Figures of the type shown in Figure 9a,b, called “matrix are the same, only the rotation of the plot differs. (A closer
plots”, provide a more intuitive (graphical) correlation €xamination of Figures 9b, 9a, 8d, and 8b suggests that the
between the NMR data and the layout of the plate. We can 9-84 ppm resonance expected for well G9 has been shifted
see that wells A#H7 contain the 10.711.0 ppm resonances ~ downfield to 10.2 ppm and that it exists in high yield. This
(which are the tallest peaks on the left-hand side of the hypothesis could only be answered by studying the reaction
plotted spectral width) while wells A9H9 contain the 9.84  chemistry for that well in more detail.)
ppm resonances (which are the tallest peaks on the right- To facilitate both the gluing and the redisplay of wells in
hand side of the plotted spectral width). Wells A7, C7, G7, different orders (as was used in the preceding figures) we
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Figure 7. A stacked plot of the proton spectra (3.51.5 ppm) acquired on the “7” wells (wells A7 through-Hfop to bottom) of the 2.5
mM DMSO-hg plate. This represents the library members produced from the reaction of eight different cyclic anhgdnidlesone
primary amine2 (products4{7,1—8}). Each spectrum was acquired, processed, and plotted with identical parameters.

H?

developed the software tool called “plateglue” which is (Figure 11a). This text file can be used alone, or it can be
shown in Figure 9c,d. By using a computer mouse to selectimported into a personal computer spreadsheet (Figure 11b).
wells (or rows of wells) in a specific order, a template is Even more interesting is to import these data into another
created which can be used to define either the glue order orspftware tool we developed, called “combiplate”, that
the display order of the spectra in any plate. Following the displays numerical information as a color density (Figure
convention established in the preceding figures, Figure 9¢ 12). This use of color facilitates a rapid visual quantitative
shows the software defining that the spectra will be as- comparison of the data (in this case, the 9.7 to 11.1 ppm
sembled along the “alphabetical” axis, while Figure 9d shows integral intensities for each well in the plate). Figure 12 uses
the software defining a “numerical” axis assembly. Figures ne same data that was displayed in Figuresl8 but

6 and 7 (as well as other similar plots and displays) were yresents it in a manner that is both new and novel to NMR
also created with this tool by creating single-row or single- spectroscopy. (The use of color to help “mine” mass spectral

column templates. data has recentl
L . ) y been shov#.
In contrast to the preceding figures, which display the . . -
P 979 e The combiplate displays shown in Figure 12 can be

spectral data, Figures 10, 11, and 12 are displays of the 4 to the table of Lval H icall
corresponding integral information (from the same data set). compared to the table of integral values shown numerically

Figure 10 is a graphical representation of the integral N Figure 11b. Figure 12a, which uses the dynamic range of
intensities for a particular frequency range for all 88 wells ©nly one color and is normalized to the maximum integral
at once. Since this plot uses the matrix format, it is very value, visualizes wells whose integral values range from a
easy to quickly scan the data for trends in quantitation. (The oW of 9 to a high of 84 (the maximum). Figure 12b, which
integral can be plotted either with the spectral data, as is also uses only one color but with the color intensity scaled
shown in Figure 16a [discussed below], or without, as shown SO as to emphasize smaller integral values, differentiates wells
here. Although the accuracy and precision of integral data whose integral values range from a low of 3 to a high of 23.
in VAST have not yet been evaluated, quantitation data for Figure 12c illustrates the use of combining the colors shown
another flow NMR techniqueFIA-NMR—has recently been in Figure 12a,b to achieve a wider dynamic range of
measured®) Once these integral regions have been defined, information. All of the integral intensities ranging from 3

it is possible to write this integral information to a text file up to 84 can be observed and discriminated; the shades of
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Figure 8. Four different representations of the same NMR data, acquired on the 88 library members in the 2.5 mvhPM&©-Each

plot emphasizes different aspects of the data and allows different questions to be answered. The contour plots on the top (8a and 8b)
emphasize pattern relationships, while the stacked plots on the bottom (8c and 8d) facilitate more quantitative comparisons. The plots on
the left (8a and 8c) were “glued” in groups of eight along the short axis of the titer plate, while the plots on the right (8b and 8d) were
“glued” in groups of 11 along the long axis of the plate. For comparisons, see Figuleés Bor clarity, only the NH region at 9-711.1

ppm is shown here.

green reflect the range of smaller integral values, while the  In addition to the example shown in Figure 12, combiplate
shades of white reflect the range of larger integral values. can also be used to make Boolean logic queries (display the
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Figure 9. The matrix plots on the top are two more different representations of the NMR data shown in Figure 8. The matrix plot on the
top left (9a) was “glued” in groups of eight along the short axis of the titer plate, while the matrix plot on the top right (9b) was “glued”

in groups of 11 along the long axis of the plate. For comparisons, see Figures 8-ah@. Fbr clarity, only the data from the NH region

at 9.711.1 ppm is shown here. The lower half of this figure shows how the “plateglue” software can be used to define the gluing or
display pattern. Figure 9c represents the format used to create Figures 8a and 8c, while Figure 9d shows the format used to create Figures
8b and 8d.

methoxy integrals in red and the NH integrals in green). It dissolved in protonated (rather than deuterated) DMSO, and
can display peak heights or integral areas of an internal (2) what concentration of sample was needed? If nondeu-
standard, which helps in quantifying or verifying the sample terated solvents could be used, this would allow the same
injections of an entire plate, as is shown in Figure 16b titer plate to be used for other analyses (including mass
(discussed below). Combiplate is a general tool that can bespectrometry) and would also reduce the cost of the analysis.
used to represent any type of numerical data, including directIf the required sample concentration could be kept low,
numbers (NMR peak height, bioassay activity, compound problems that might arise from limited solubility or sample
mass, etc.), ratios of numbers (the ratio of a compound’s precipitation could be reduced. (Additional experimental
integral area to the integral of an internal standard, as would issues-such as what is the minimal sample volume, and how
be used to calculate a quantitative yield), or differences from fast can the analysis be ruwill be covered elsewhere.)
an average (to verify reproducibility). To help answer these questions, we acquired NMR data
Two additional questions we hoped to answer during this on three different plates of our 88-member library, each of
study were (1) could usable data be acquired from sampleswhich had been reconstituted in one of three different
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Figure 11. Two additional (different) representations of the integral
data shown in Figures 10 and 12. Again this displays information

He o8 Fe ke o8 ce 88 A8 on the same NH region at 9-11.1 ppm for the 88 library members
’j H s ’J J in the 2.5 mM DMSOkg plate. The leftmost display (Figure 11a)
- p- - o - p - P shows the initial portion of a text file written to disk by the VNMR

software. The header of the file shows the frequency limits for each

integral region. The rest of the file shows the integral area for each
H,J/H PP ;—;o—fﬁ PP { PP Efﬁ of th(_a integral regions for egch well in the plate. In th(_a dis_play on
the right (Figure 11b), the integral values from the first integral
region (from 9.74 to 11.26 ppm) have been imported into a
ni 611 Fi1 E11 b1t c11 Bit ALL spreadsheet from the file shown in 11a. This allows the numerical
data to be redisplayed in a matrix format.

Figure 10. Another representation of the data shown in Figures
8—9 and 11-12; this time a matrix plot of the integral region for . .
each well. Again this displays information on the same NH region the **C satellites of the DMS@ samples; however, this

at 9.7-11.1 ppm for the 88 library members in the 2.5 mM DMSO- one is visible in the 25 mM and the DMS@-spectra, but

he plate. One can immediately see that the “7s” and “9s” (wells not in the 2.5 mM DMSGChs spectrum. Arrowc3 points to

A7 through H7, and A9 through H9, respectively) possess the largest |y ster of resonances that are different in all three spectra,

NMR integrals, while the “2s” and the “10s” possess smaller . . .-
integrals. 1qhe iﬁtegral area for well A10 seems aﬁlomalously large, with the 2'5 mM DMSOh6 data gggln providing the Iea;t
while the integral for well E9 seems anomalously smail. For amount of information. Arrond4 indicates a resonance in
comparisons, see Figures-8 and 11-12. which this difference is even more pronounced. Arre%s
points to an area in which the 2.5 mM DMSdg-spectrum
ways: 25 mM in DMSORe, 2.5 mM in DMSOhg, and 2.5  contains more data than either the 25 mM or (especially)
mM in DMSO-ds. Side-by-side comparisons of the three data the 2.5 mM DMSOhRs spectra. Arrowfé points to a signal
sets are shown in Figures 13, 14, and 15. (Figure 2 was alsathat is only visible in the spectrum run in deuterated solvent.
prepared from these data sets.) The data from all three data The spectral “ridges” that run vertically in Figure 15 (along
sets look equally good, which indicates that any of the the entire length of the spectra) are caused by either solvent
conditions (25 mM or 2.5 mM; DMS@ or DMSO-g) can impurities or residual solvent resonances. The ridge at 2.5
be used to acquire data with VAST. (Of course a 25 MM ppm is caused by the main resonance of DMSO, while the
spectrum will always have better signal-to-noise than a 2.5 ridges at 2.36 and 2.64 ppm (left and middle spectra only)
mM spectrum, and this will always facilitate the observation are caused by residual signals from the suppres3gd
of minor components in impure samples.) Virtually all of satellites of the DMSQ. The ridge at 3.5 ppm is from water
the significant differences between these three data sets ar¢hat has been absorbed into the DMSO. The ridges at 1.1
located in the region around the DMSO solvent resonanceand 1.2 ppm (a triplet and a singlet, respectively), as well as
and are caused by solvent suppression (Figure 15). Thethe smaller ridge at 2.95 ppm (singlet), are due to impurities
ability to see signals underneath the solvent resonances isn the DMSOhs.
dependent upon both the NMR acquisition parameters (i.e., This illustrates that solvent purity can have a significant
the shape and the bandwidth of the selective WET pulses)impact upon data quality. All solvents can absorb atmo-
and the NMR processing parameters (i.e., the parametersspheric water, which adds an additional (often broad)
controlling the software DSP solvent-suppression notch resonance into the proton spectrum, but DMSO is especially
filters). problematic because it is very hygroscopic. The resonance
Examples of some of the few observable differences are frequency of water in DMSO can be present in a wide
highlighted in Figure 15. Arronal indicates a resonance region—anywhere between 3 and 4 ppm depending upon the
that is visible in all three data sets, even though it is almost amount of absorbed water. This resonance can make solute
underneath &C satellite of the DMSO. Arrovb2 indicates resonances that are located at the same chemical shift difficult
a resonance that, like sigreal, is also essentially underneath to observe. The SCOUT-scan technique can easily track and
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Figure 12. Another form of displaying the integral data shown in Figures 10 and 11. Here the integral intensities are represented by color
densities that are arranged in a matrix format. The VNMR software tool (“combiplate”) that generates this display allows three colors to
be used to represent different integral regions. The colors can be used in different combinations to illustrate different ways of visualizing
data. (All data shown here are from the same NH region at 9.7 to 11.1 ppm of the same 88 library members in the 2.5 mi plstSp-

In Figure12a purple is used (red and blue combined); the intensity of the purple was normalized to the well with the strongest response
(well C9 had an integral area of 84; see Figure 11b). In Figure 12b, green is used; the intensity of the green was set (with the slider bars)
to saturate intensity differences in the “7s” and “9s” row in an effort to better visualize the minor components in the “2s” and “10s” rows.

In Figure 12c, the purple and green displays in 12a and 12b are combined to increase the effective dynamic range. The resulting shades of
white (produced by the combination of purple and green) represent the integral areas of the highest concentration samples (brighter whites
represent larger integrals), while shades of green represent the integral areas of the lowest concentration samples (brighter greens represent
larger integrals). This tool can be used to visualize any type of numerical data, including ratios of numbers.

suppress the water resonance (if desired), but both NMRwere reconstituted and heat sealed with automation equip-
suppression and DSP notch-filter processing can also elimi-ment, which allowed the DMSO in each well to remain
nate those solute resonances that are located at the samelatively dry; however, the water still ended up being the
chemical shift. One advantage of the notch-filter processing largest peak in every spectrum.)

is that it does offer the user a chance to either re-optimize  Other impurities in the solvent can also be an issue. We
or eliminate its effects long after the data has been acquired.have struggled with this problem in LC-NMR for some time,

If possible, however, it is always better to try to keep the where even 0.01% impurities in the solvents are detectable.
solvent as dry as possible in the first place so that none of As shown in Figure 15, these impurities will appear in a
these tools need to be used. (The plates used in this studycontour plot as a long ridge that complicates the analysis.
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Figure 13. A comparison of the 69 ppm regions from the 25 mM DMS@s data set (left), the 2.5 mM DMS@®s data set (middle), and
the 2.5 mM DMSO¢d; data set (right), shown as contour plots. The identical appearance of each plot shows that all three conditions (25
mM or 2.5 mM; DMSOés or DMSO+hg) can be used to acquire VAST data. Note, however, that some broad anilide NH resonances exhibit
a different chemical shift in the 25 mM spectrum (8.8 ppm) than in the 2.5 mM spectra (8.4 ppm). Single-frequency WET solvent suppression
and DSP notch filters (ssfilter) were used to acquire the DMiz@ata (left and middle), but not the DMS@-data (right). The 25 mM
data were plotted with a 20 lower vertical scale to facilitate intensity comparisons with the 2.5 mM data sets. All data acquisition,
processing, and display parameters were otherwise the same for all three plots.
We have found that all of the commercial grades of DMSO- a combinatorial library now exists and has become essentially
hs we have studied (including glass-distilled grades) exhibit routine. Now the questions are what do you do with all the
an additional resonance at 2.9 ppm. The intensity of this data, and what does a chemist hope to get by having all this
signal is variable, depending upon the grade and supplier ofNMR data? Already, many combinatorial-chemistry pro-
the solvent; however, it is not present in DM3R-It has grams routinely obtain mass spectrometry and HPLC-UV
been proposed that this resonance is due to the presence dphotodiode-array detection) data on all their samples. They
dimethyl sulfone that is created by the autodissociation of would like to use NMR as a “universal” detectgpreferably
DMSO into dimethyl sulfide (which is volatile) and dimethyl as one that does not require an HPLC “front end$ a
sulfone?? method to see all the products, as neither MS or UV are
During the analysis of our first batch of plates in this study, universal detectors. (Of course all methods have their
we detected a constant set of unknown resonances that werémitations;*H NMR cannot detect the presence of inorganic
present in every well. Because these resonances were presesglts.) The simplest way to deal with the mass of information
in every well at the same concentration, we assumed thatis to merely archive all of the NMR data in an electronic
they were unrelated to the compounds (or the chemistries)database (without interpretation) for long-term documentation
used to make the library members themselves. Thesepurposes. This goal can be fully realized now, although some
resonances (a doublet at 3.12 ppth=f 5.2 Hz] and a groups (justifiably) question whether this use alone can
corresponding quartet at 4.05 ppm) were subsequentlyjustify the expense and effort of obtaining NMR data. The
identified as belonging to methanol dissolved in the DMSO. second goal is to use this NMR data to confirm the suspected
This methanol impurity was tracked down as being intro- structures of each library member. This can be accomplished
duced via the DMSO solvent that was used to reconstitute today by using manual (and laborious) interpretation of each
the dried compounds in each well of the plate. As a spectrum by the chemist, although the capabilities of
consequence, the manufacturing step that unnecessaril}computer-assisted structural assignments software are rapidly
introduced this methanol into the DMSO-dilution equipment improving2* The third goal is to use the NMR data to assess
was discontinued for all subsequent microtiter plates (at leastcompound purity, while the fourth goal is to determine yield.
those destined for NMR analysis). Assessing compound purity requires detailed information
At this point we have demonstrated that the capability to about chemical-shift assignments, but yield measurements
acquire one-dimension&i NMR data on every member of  can be used instead to place an upper boundary on the purity.
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Figure 14. A comparison of the 9511 ppm regions from the 25 mM DMS@)-data set (left), the 2.5 mM DMS®; data set (middle),

and the 2.5 mM DMSQJ; data set (right), shown as contour plots. The identical appearance of each plot shows that all three conditions
(25 mM or 2.5 mM; DMSOd; or DMSO+hg) can be used to acquire VAST data. Single-frequency WET solvent suppression and DSP
notch filters (ssfilter) were used to acquire the DM8§data (left and middle), but not the DMS@-data (right). The 25 mM data were
plotted with a 16 lower vertical scale to facilitate intensity comparisons with the 2.5 mM data sets. All data acquisition, processing, and
display parameters were otherwise the same for all three plots.

Yield measurements typically use internal standards for it would be useful to identify each of the products. In
comparisons; however, some chemists are excited about thexddition, a common way to speed up any analysis is to make
potential of doing quantitation just by plotting the integral it parallel, and one way to attempt this in NMR is to
intensity of a particular chemical-shift range in the 96-well purposely analyze mixturés?? By definition, mixture
(matrix) format (Figure 10). The relative importance of analysis requires some means of resolving the individual
determining either the purity or the yield will depend on the components. Although this is typically done with some form
intended final use of the product. Reaction optimization of chromatography, some spectroscopic methods do exist.
groups probably consider yield information more important Chromatographic separations can be accomplished using
than purity, whereas bioassay groups are probably moreeither traditional off-line fractionation prior to the NMR
concerned about purity. analysis, or with on-line fractionation as is used in LC-
Clearly, the data analysis stage has now become theNMR.*3 Spectroscopic methods for analyzing mixtures
biggest stumbling block in the entire process, and the needinclude diffusion-ordered spectroscoffy®relaxation-edited
for better automated data analysis tools should present arspectroscopy! diffusion-edited “affinity NMR”? isotope-
engaging challenge to the computational groups of the world. filtered affinity NMR,*¢ diffusion-ordered TOCSY? and
Already, there are tantalizing developments being made in SAR-by-NMR“8 |t is also appropriate to recognize that a
the fields of database matching and spectral prediétion, one-dimensional proton NMR spectrum, which separates
Bayesian spectral analysis3®spectral simplificatior¥! and nuclei into groups of discrete resonance frequencies with
filter diagonalization methods (FDMY,“°among others. The  integratable signal intensities, by itself affords a certain
FDM method in particular offers significant possibilities for degree of mixture analysis.
reducing data acquisition times and data storage require- A third area of potential growth is the increased use of
ments. Clearly, all aspects of this field of combinatorial NMR for quantitation. Alanex currently uses internal stan-
chemistry are still evolving, and additional techniques for dards to determine both yield and/or purity in their samples
the automated computer analysis of VAST spectra are in analyzed by NMR and expects to continue this practice with
development. VAST. (Previously they used TLC to analyze sample purity;
A second area of potential growth is the analysis of now MS and HPLC supplant this, soon to be followed by
mixtures. If a particular reaction yields a variety of products, NMR data.) Internal NMR standards which can (or have)
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Figure 15. A comparison of the 0:93.9 ppm regions from the 25 mM DMS&-data set (left), the 2.5 mM DMS@®s spectrum (middle),

and the 2.5 mM DMSQgs spectrum (right), shown as contour plots. The arrows, circles, and boxes indicate regions of special interest for
comparison purposes (see text). Single-frequency WET solvent suppression and DSP notch filters (ssfilter) were used on tiie DMSO-
spectra (left and middle), but not on the DMSI@spectrum (right). The 25 mM data were plotted with ax1@wer vertical scale to

facilitate intensity comparisons with the 2.5 mM data sets. All data acquisition, processing, and display parameters were otherwise the same
for all three plots.
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been used by Alanex include tetramethylsilane (TMS), in that well. This helps monitor both the integrity of the
hexamethyldisiloxane (HMDS), 1,3,5-trichlorobenzene, 1,3,5- sample and the injection (e.g., a lack of air bubbles and
trimethoxybenzenep-dimethoxybenzene, and 2,2,3,3-tet- particulates in the flow cell, and a sufficient sample volume)
ramethylbutane. As expected, the integrity of the integral and the reliability of the gradient shimming, since any such
areas of an internal standard decreases if the NMR repetitiondeficiencies will cause a distorted line shape. Third, the
rate is short compared to the proton T1 value. Clearly, all consistent height of the superimposed integral trace is further
the usual precautions for acquiring quantitative NMR data verification that both the quantity of injected sample and the
should be observed if purity and yield information are to be NMR acquisition were reproducible. (Monitoring the integral
obtained. We (P.A.K.) have also observed that for identical area by itself may be insufficient since additional coincident
resonances in equimolar-concentration solutions, the T1resonances could alter the integral area. Monitoring the peak
values can vary depending upon whether the samples weréheight by itself is insufficient since it is overly sensitive to
dissolved in DMSCQOds or DMSO-+hg. small changes in T1 and spectral resolution. A bad line shape
An additional advantage of using an internal standard in accompanied by a constant integral area, however, would
DI-NMR is that an inspection of one of the internal help indicate that a small foreign body is in the flow cell.)
standard’s resonances (especially a sharp singlet) can serve Another method of rapidly visualizing the integral area
as a quality control check of the integrity of the sample- of an internal standard is shown in Figure 16b. The
injection, shimming, and NMR-acquisition processes. An uniformity of the red color shown for each well is an
example of this is shown in Figure 16. These data contain indication of the uniform quantity of the internal standard.
information about the singlet resonance from an internal In contrast to Figure 16a, the display in Figure 16b allows
standard dissolved at constant concentration in every wella user to more rapidly discern small (5%) changes in the
of the plate. Two different representations of the data are integral areas. Either data presentation mode could probably
shown. The data presentation on the left (Figure 16a) be improved by also displaying thdifference of each
superimposes three bits of information. First, it uses alpha- measured value from its corresponding averge.
numeric labels to show the spatial position of each spectrum  Finally, the issue of whether the starting materials should
(i.e., how each spectrum maps to a distinct position within be included in the plate and subjected to NMR analysis
the plate). Second, each spectrum conveys information aboushould be summarized. There are four advantages to doing
the NMR resolution and line shape obtained on the samplethis. First, it would allow the spectra of the starting materials



Direct-Injection NMR Journal of Combinatorial Chemistry, 2000, Vol. 2, No. 269

a b
N L 1 . 1 1 1
O G G G A A G
H1 ;(_,_G‘ .|r,_,—FI }f,_EI }f'_nl II.’_FC‘ },_,_EI .i:f_,—ﬂi ‘;’_—

NN N NN N IS
We G2 —F ) &2, 0 -_r,__ca — | —* | —
i 1 | | I i i

CombiPlate

- 0% Field selected for Red: |s

- 100% Integral 3.73 to 4.00 (ppm)

* variable| 1090100%) has a value of ...
ariable 3.024

| =]
~2.0000.000 2.000 4.000 6.00¢

A el Sl S S il el el o * ox Field selected for Green: |[3
! i i fl 1 f i j Integral 3.73 to 4.00
.TJH;J‘_FJLHEJ_“EJEE:J_EJE;JW = IOO:aM 10:(91002} has a va1ue(::n}
4 \ 4 ) L ) L— 1 1 [} W, e
— :(— :(—— j,—— r,— If—— _rf—— r/—— ~ Variable e
e~ et et~ -t et~ = ~2.0000.000 2.000 4.000 6.00¢
| i | [ i | i { -
i I I I I\ I + 0% Field selected for Blue: |[3
;J,“—arjf—;{j:;”,;;{;aj.;;{;;{; o 100y |Intesral 3.75 1o 4.00 Copm)
;‘(—F 1/_— i f i i { i « variable| 109(100%) has a value of ...
N N N N N N NS 3.024
HF |r__s".r —F | —F |0 T 8 W B
| | i ! | -2,0000,000 2,000 4,000 6.00(

| - { f f
w08 ) —F | —Es !.f__m % — | —= | —

I 1 § 1 i i | §

Current cell - a5

Weight - Red [85  Green[os] |Bluefos

W —G ) —Fo ) B ) Do 08 ) B ) A ) — Integral region 1 - 9.56 to 9.98 (ppm} [A\

C I el R e

| i il i \ il | ntegral region 3 - 3, . pom
;{f‘—a{‘—;‘;}“—he—“fl‘—;ﬁ‘—aj}—aj‘—hmjf—ﬂ Integral region 4 - 3.03 to 3.50 (ppm)} |—
T o " Thtearal reaion 5 — 2.03 to 2.81 (nomy |/

i i ] i i I I N T -
Y S S N Y | R L N Load. .. | Save. .. | Display | Clear | Help | Exit

_—

f—
HIl I(—'_GH TTEN BN 0 T | B AN (d
{ ¥ i i 1
| 1 i 4 1

__j:'\_ __z'f .'\_ E_J :'\._ E_J .:\_ a_j L_ __J' L_ __J .'\._ __4’] :\_

Hiz Gz oz Bz mz

Figure 16. Two different representations of using an internal standard to monitor the reproducibility of NMR automation. The concentration

of the internal standard was constant across the plate, as were the NMR acquisition, processing, and plotting parameters. The well-to-well
consistency of the data is a measure of the consistency of automated sample injection, gradient shimming, and NMR acquisition. The
display on the left (16a) is an 8 12 matrix plot that shows the spectrum, the integral, and the corresponding alphanumeric label for each
well. The display on the right (16b) is a color-coded representation of the integrals. (All data monitors the same NMR signal arising from
the lowest-fieldN-methyl resonance of caffeine dissolved in DM8§-Each spectrum represents a 100 Hz wide region around this 3.83

ppm resonance. Each spectrum was acquired with VAST automationitsign@gdient shimming and 32 scan acquisitions and was plotted

in an absolute intensity mode.)

to be glued together with the spectra of the compounds of problem, however, could easily be solved by placing the
interest, and this would facilitate the analysis of the products. starting materials in a different plate (or series of vials) for
Second, this would negate and all solvent-, concentration-, subsequent NMR analysis.

or temperature-dependent effects in the NMR spectrum.
Third, these spectra could then be incorporated more easily
into a spectral database (to improve the accuracy of the
computer-based spectral-prediction softwéf&ourth, these This paper has described our development of a novel
data help evaluate the reactivity of the starting materials with technique, which we call direct-injection NMR (DI-NMR),
the solvents. If used for this purpose, one needs to decidethat has proven useful as an automatic sample changer for
whether the Starting materials should be SUbjeCted to theNMR Details of our Specific imp|ementation of DI-NMR,
reaction conditions before analysis. If so, then the reactivity cglled VAST, have been described. We have shown that data
of the starting materials, its contaminants, or solvent can pe acquired on samples dissolved in either deuterated
degradation byproducts of the solvent can also be monitored., protonated solvents, and we have discussed the use of
Some of the compounds analyzed in this study were found ytema) standards and NMR quantitation. We have shown

to contain unexpected impurities, which were later shown 4 \AST can be used to acquire one-dimensidhaNMR
to arise from reactions with a solvent-degradation byproduct. data on every member of a combinatorial library. This

Thlzlwas evlznrt]uallybdetecteld 3nd correc;gld,'?l;[]hough.thecapabi"ty is now becoming routine, both for us and for
problem could have been solved more readily it the starting o 5051 The success of the data-acquisition aspects,

materials were also carried through the reaction conditions however, has made it apparent that data processing is now
and then analyzed by VAST.
the next challenge. As a result, we have also presented

The analysis of the starting materials, however, has two . . . .
. . . g several new processing and display options that facilitate
disadvantages. First, it effectively decreases NMR sample .
faster, easier, and more powerful (but manual) analyses of

throughput (since it would increase the number of spectra ) N . )
ghput ( b the resulting NMR data. The varieties of display options,

being acquired). Second, if the starting materials are placed ; o .
in the same titer plate as the products (where they would some of which are similar to the displays used for 2D-NMR

occupy one row and one column of each pragetotal of up data, are changing how chemists interact with NMR data.
to 19 wells) the resulting plate format (which could then

hold only a maximum of 77 “real” samples) would create a  Acknowledgment. The authors are gratefully indebted
format mismatch with most other titer plate applications. This to Dan Iverson, Greg Brissey, Ron Haner, Chris Kellogg
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