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Abstract: Parallel synthesis on solid-phase is routinely applied in our combinatorial chemistry efforts for lead
finding and lead optimization in drug discovery. The synthetic products are released in solution, isolated
individually, and purified, but most of the synthetic process is carried out on solid-phase. This facilitates lab
automation and enhances throughput. The vastly increased synthetic productivity poses the question of how
to best characterize the quality of compound libraries in an efficient and accurate way. In order to provide
maximal information with minimal sample consumption, we have integrated a combination of analytical tech-
niques in our workflow. The techniques, comprising IR, NMR, LC-MS, and HPLC online nitrogen detection
(CLND), are illustrated on simple examples, but are usually applied to hundreds of molecules, and recurrently,
within the timeframe of a library production.
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1. Introduction

Solid-phase synthesis is a key methodology
in the industrial context of high-throughput
processes and laboratory automation. The
number of synthetic methods adapted to
the solid-phase format has increased signif-
icantly over recent years, [1] thus creating
new opportunities for useful applications.
For instance, the combinatorial derivatiza-
tion of solid-supported heterocyclic scaf-
folds represents nowadays a rich source
of novel drug-like compounds. This bur-
geoning synthetic activity poses the ques-
tion of how to characterize the quality of
compound libraries and the validity of their
preparation process in an efficient and ac-
curate way. A full characterization of each
library component by the ordinary routines
of analytical chemistry, including elemen-

tal analysis, may not be feasible (with
reasonable efficiency) for large arrays of
compounds obtained in non-crystalline form.
While liquid chromatography in conjunc-
tion with mass spectrometry (LC-MS) is
the most widespread methodology used for
high-throughput characterization of combi-
natorial chemistry samples, its information
content is evidently incomplete.

Here we briefly discuss how a variety
of analytical tools are used in microscale
formats, also for direct detection on solid-
phase, so as to integrate well with the over-
all workflow of combinatorial chemistry.

2. Monitoring ‘Tool Box’

In order to monitor effectively the qual-
ity of combinatorial chemistry processes

and products, it is advantageous to maintain
a set of carefully selected analytical tech-
niques. Key qualitative and quantitative
information must be obtained from (typi-
cally) amorphous samples in a timely fash-
ion, with minimal sample consumption.
The main selection of analytical tools ap-
plied in our parallel synthesis workflow is
summarized in the Table.

The individual peculiarities of each
technique ensure that all stages of a solid-
phase synthesis process, from synthesis
optimization to compound library produc-
tion, are covered with an appropriate mon-
itoring tool. None of the methods is, by
itself, indispensable. In principle, all tradi-
tional methodologies maintain their validi-
ty, as there is no intrinsic difference be-
tween compounds synthesized individual-
ly, and compounds obtained in a parallel

Technique Applicable directly
on solid phase

Quantitativea

(routinely)
Non-destructive Measuring format

(typical)

IR on resin yes - -b Solid resin beads (IR-ATR) or KBr pellet

Magic Angle Spinning NMR yes - yes 1-3 mg resin in 40 µl CD2 Cl2

NMR in solution: DMSO-d6 - yes yes 2 µMol as 3.33 mM DMSO-d6  sol.

Direct-injection NMR: DMSO-H6 - - yes 400 µl 4 mM sol. in DMSO-H6

LC-MS  - - - HPLC online (inj. 10 µl 1 mM sol. in DMSO)

Nitrogen Detection (CLND)c - yes - HPLC online (inj. 10 µl 1 mM sol. in DMSO)

a Routinely used for quantitation of samples; b Recovery of material is usually not worth pursuing; c Chemiluminescent Nitrogen Detection

Table. Principal analytical methods (‘Tool Box’) in combinatorial chemistry
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process. The outlined selection of modern
methods is solely based on the fact that
combinatorial chemistry compounds are fre-
quently obtained in large numbers, in small
amounts, in non-crystalline form, and often
via intermediates grafted on a solid support.

In this communication our commonly
deployed methods are discussed on a
scholastic case, which is representative of
more complex situations. While our focus
is on highlighting the role of various ana-
lytical techniques, also the synthetic steps
illustrated here have some general mean-
ing. They are initial steps, which could ex-
tend and diversify in a variety of different
pathways.

3. Application Case: Reductive
Amination of a Formyl Resin for
Subsequent Derivatization

Support-bound aldehyde linkers are use-
ful starting points for combinatorial syn-
theses on solid-phase [2]. In our example,
a first site of diversity is introduced via
reductive amination with a primary amine,
generating a supported secondary amine,
ready for subsequent derivatization steps
[3]. If a whole set of different amines is re-
acted in parallel, a variety of intermediates
can be prepared (Scheme). The potential
use of such resin-bound secondary amines
is very broad.

Analytical tools have an important role
not only as quality control elements of a
library production, but also in the investi-
gational phase, before inception of produc-
tion. The combinatorial synthesis scheme
needs to be validated, i.e. the envisaged
preparation process must be assessed for
its broad applicability and robustness. The
applied emphasis and significance of in-

dividual analytical technologies vary as the
process evolves from an exploratory study
to the actual production. The techniques,
which we frequently use in our laboratories,
are listed in the Table and exemplified in the
following sections (see also the Scheme).

The preliminary evaluation of step 1 in-
volved the reaction of a series of diverse
primary amines with the commercially
available (4-formyl-3-methoxyphenoxy)-
butyrylaminomethyl resin (AMEBA) [2] in
parallel, in a systematic comparison of dif-
ferent reaction conditions. The various test-
ed conditions influence the product yield
and purity. The analytical characterization
provides information on the key factors
affecting the reaction. A full report of the
systematic study is beyond the scope of this
article. The experiments reported here were
chosen for their value in illustrating a
method’s role and are not a documentation
of optimized conditions.

The second step was carried out, as an
example, with 48 compounds in parallel:
carboxamido, sulfonamido, and urea deriv-
atives were prepared [4].

3.1. Infrared Spectroscopy (IR)
IR spectroscopy is a straightforward,

simple monitoring tool for the evaluation of
reaction steps directly on solid-phase [5]. The
development of diagnostic absorption bands
of starting materials or products can be fol-
lowed with comparative measurements.
The decrease of an absorption band is a meas-
ure of the starting material conversion. Fig. 1
illustrates the disappearance of the alde-
hyde stretching band at 2765 cm–1 upon
completion of the reductive amination [6]. 

For absolute quantitation, the amount
loaded on the resin must be determined first
by other methods (e.g. post-cleavage with
UV spectrophotometry, CLND or quantita-

tive NMR). If IR spectra are recorded from
KBr pellets, 1–3 mg of resin are needed and
the sample is not recovered.

Internal reflection spectroscopy, also
known as attenuated total reflectance (ATR),
is a non-destructive technique, which meas-
ures on the surface of the analyte [7]. In
combinatorial chemistry, internal reflection
spectroscopy can be applied to both spheri-
cal beads [8], as well as to polymer sub-
strates such as pins or crowns [5].

3.2. Nuclear Magnetic Resonance
(NMR)

NMR is a most powerful tool, which
could potentially answer all major ana-
lytical questions a combinatorial chemist
would ask. In practice, its use is limited
to some extent for reasons of efficiency,
considering the lack of (sufficiently robust)
fully automated spectra interpretation soft-
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the undesired appearance of reduced linker
(-CH2OH function) can be seen. 

We also acquired homonuclear 2D dou-
ble-quantum (DQ) MAS NMR spectra [14]
to confirm the presence of the pyridine
moiety [15] (see Fig. 4).

Depending on the chemistry envisaged
for subsequent synthesis steps, the presence
of free aldehyde and alcohol functions
could be harmful. With only a convention-
al HPLC analysis of cleaved intermediates
in solution, this kind of problem could not
be brought to the chemist’s attention. The
fact that commercial resins are, unfortu-
nately, rarely characterized by NMR in the
manufacturer’s lab, prompted us to control
the quality of derivatized and pre-loaded
resins routinely by NMR. Indeed we have
been confronted with sporadic cases of
faulty resin batches.

Occasionally, we also use NMR for
semi-quantitative assessments of incomplete
chemical transformations on solid-phase
(see Fig. 5).

It is possible to calculate the conversion
of a reaction or the relative content of a
side-product, assuming each signal is as-
signed. The example of Fig. 5 shows over-
lapped signals originating from the desired
product (H(9) with X = NH-Py), two com-
mon groups (H(8), H(18)) and a side-prod-
uct (H(9) with X = OH). After a computa-
tional deconvolution of the spectral region,
a list of individual signals and their relative
integrals (indicative of the relative amount
of the two compounds) is produced [16].

ware. Other limiting factors to consider are
the investment costs required for enhancing
sensitivity and automation. The versatility
of NMR is outstanding, ranging from analy-
ses on swollen resin beads to precise quan-
titation of final products (not to mention
the multitude of applications beyond the
combinatorial chemistry area).

3.2.1. NMR on Solid-supported
Intermediates

Historically, high-resolution 1H-NMR
spectra of resin-bound compounds were
usually acquired on special supports [9],
bearing highly flexible spacers, such as
polyoxyethylene chains (e.g. TentaGelTM

from Rapp-Polymere GmbH), in order to
minimize line-broadening effects. The so
called ‘magic angle spinning’ (MAS) tech-
nique [10] was soon applied more often al-
so on more common, all-polystyrene resins.
Fig. 2 gives an impression of the MAS ex-
periment types run in our laboratories [11].

The superpositioned 1D traces indicate
how simple 1D experiments may be tuned
to provide reasonably well-resolved spectra
from common polystyrene. The method
leverages on the use of a spin-echo pulse
sequence with appropriate delay times,
leading to the suppression of signals from
the rotationally restricted polymer atoms.
The spin-echo series of spectra is produced
by the CPMG-T2 pulse sequence [12],
where a variable delay (the spin-echo delay)
discriminates the signals on the basis of
their mobility. As these delays increase, the
signals of the bulk resin are the first to
disappear, followed by the signals of the

linker, and then by those of the bound moi-
eties. In this way, it is possible to ‘extract’
the signals of the bound compounds that are
obscured by the broad (polystyrene) hump,
e.g. the signal around 6.5 ppm. The signals
of residual solvents (e.g. DCM, DMF, etc.)
are not much affected by this method and
are easily identified.

The gradient-enhanced heteronuclear
single-quantum correlation [13] (gHSQCe)
2D spectrum is one of the many indirect de-
tection heteronuclear (1H-13C) correlation
experiments available in the NMR litera-
ture. We use the edited version (the ‘e’ in
the acronym), because it allows the dis-
crimination of CH2 vs. CH and CH3 on the
basis of the opposite phase of their signals
produced by the experiments. CH2 groups
are generally displayed as negative, while
the CH and CH3 groups are positive. A
further discrimination of CH vs. CH3 is pos-
sible by means of the 1H and 13C chemical
shifts. The signals around 3.5 ppm in the 1H
dimension (F2) and at about 50 ppm in the
13C dimension (F1) are clearly derived
from the Ar-O-CH3 moieties.

NMR analysis can provide invaluable
information about the quality of solid-sup-
ported intermediates. Side-products or un-
desirable functionalities can be detected
even if they cannot be cleaved and released
in solution. Fig. 3 and Fig. 4 illustrate analy-
ses of the reductive amination of AMEBA
resin [2] with 2-aminopyridine [3]. Fig. 3
provides evidence that the reaction did not
proceed optimally.

The residual presence of unreacted
linker (CHO function) is visible, but also
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3.2.2. NMR in Solution
3.2.2.1. Accurate NMR Quantitation
with BTMSB Standard

A robust, validated NMR procedure for
the generic quantitation of small organic
molecules in DMSO-d6 solution was de-
veloped in the analytical laboratories, which
(in our organization) are responsible for the
final quality control of the newly synthe-
sized research compounds [17]. The method
is based on the comparison of a mole-
cule’s diagnostic signals with the internal
reference signal of a novel silane standard,
1,4-bis-trimethylsilylbenzene (BTMSB).
This is an easily weighable solid with low
volatility, which is stable for at least one
month in DMSO solution, and possesses
a strong singlet in a region usually free of
signals (Fig. 6).

After synthesis, work-up and purifica-
tion, combinatorial chemistry compounds
are usually dissolved in DMSO to form
a stock solution. The concentration is esti-
mated either on assumptions or on sample
weights. The latter are usually an inaccurate
measure, when small amounts of amor-
phous residues (~1–15 mg) are handled,
and contaminants (e.g. solvent inclusions,
salts) may be present. Spectral interpreta-
tion is mandatory for the application of this
quantitation method. Keeping in mind this
limitation, the NMR measurements are an
excellent measure for the determination of
compound purity (1–2% accuracy) on mul-
tiple samples, using a single reference
compound. Under the defined experimental
conditions of the validated protocol, we can
use NMR as a universal quantitation detec-
tor, because the response factor is propor-
tional to the number of nuclei associated
with a given signal [18]. Fig. 7 represents
the normal, favorable situation, where a
distinct diagnostic signal can be assigned,
measured and compared with the internal
reference signal upfield. Usually this kind
of experiments is run in deuterated DMSO
as described [18], but also measurements in
non-deuterated DMSO-H6 (with direct-
injection in a high-throughput mode) are
possible, if an appropriate solvent suppres-
sion pulse sequence is applied (see next
Section). As indicated in Fig. 7, the 70%
strength values determined in these two
different formats coincide. They also match
very well with the 72% peak area inte-
gration value of the HPLC-UV trace (at
220 nm wavelength).

In Fig. 8 a more problematic situation
occurs, because the UV trace is not able to
reveal the presence of important amounts
of contaminating cycloaliphatic material,
which had not been effectively washed off
from the resin. The NMR spectrum resolves
this problem by giving a more complete,
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realistic picture of the actual sample com-
position (21% rather than 72% desired prod-
uct). As explained in Section 3.4. (Fig. 10),
an HPLC method including chemilumines-
cent nitrogen detection (CLND) leads to a
similar result with a much smaller sample
consumption than the NMR experiment
(<100 nMol, as opposed to 2000 nMol).

3.2.2.2. Direct-Injection NMR in
DMSO-H6

New flow probes in conjunction with
liquid-handling automation and the appli-
cation of solvent-suppression algorithms
enable NMR analyses in a high-throughput
mode. Without reaching the 2% accuracy
of the standardized method described in
Section 3.2.2.1, the same quantitation
principle (with the BTMSB standard) can
also be used in a flow probe mode, in 
non-deuterated solvent. As an example, a
48-membered library was characterized
by direct-injection NMR (DI-NMR) in an
automated overnight process [19]. The total
recycle time for each sample, including
sample injection, acquisition, sample recov-
ery and probe rinsing, was about 10 min
per sample. A representative spectrum is
shown in Fig. 9.

The direct-injection NMR technology is
useful for the acquisition of analytical data
on a large number of samples, which may
be heterogeneous in terms of purity and
material recovery (obtained amount) after a
library production. The produced data, which
is complementary to the routinely acquired
LC-MS data, (see Section 3.3.), helps to
weed out failed samples and identify the
nature of main contaminants.

3.3. Liquid Chromatography – 
Mass Spectrometry (LC-MS)

High-pressure liquid chromatography
coupled to both UV and MS detection [20]
is probably the most widespread method-
ology used for the characterization of
combinatorial chemistry processes [21].
The extraordinary utility of LC-MS remains
undisputed. Its versatility and throughput
capacity are often exploited also for the
indirect characterization of solid-phase
synthesis intermediates. Small resin sam-
ples are subjected to premature cleavage
with appropriate reagents and the material
is released in solution for subsequent analy-
sis. While qualitative and semi-quantitative
information is readily accessible, an exact
quantitation of solutes is cumbersome (for
lack of appropriate reference compounds),
whenever a large number of new com-
pounds must be analyzed. The variability of
UV and MS response factors make LC-MS
a questionable choice for accurate purity
and concentration measurements. Coupling

Fig. 5. Deconvolution of the region from 3.5 to 4.7 ppm of a 1H HR-MAS NMR spectrum
containing overlapped signals. The boxes highlight the numerical results of individual lines, their
frequencies and their integrals, as produced by the method. The actually measured spectrum
is the trace at the top. The calculated (Full Fit) and the individual component signals are shown
underneath. The quality of the fit can be judged easily by visual comparison of the actual and
the ‘Full Fit’ spectrum.

Si

Si

Fig. 6. Two areas of the quantitative 1H-NMR spectrum of a library compound. The aromatic
and the upfield signals of BTMSB (7.48 and 0.22 ppm respectively) are marked with an asterisk.
The vertical scale expansion is indicated (factor 16 and 1 respectively). The two resonances
used for the sample quantitation are marked with the integral values.
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with a chemiluminescent nitrogen detector
(CLND) has helped to broaden the method’s
scope in that respect.

3.4. Chemiluminescent Nitrogen
Detection (CLND)

A new method development area, which
we have adopted with good results, is the
application of chemiluminescent nitrogen
detection (CLND) [22] for routine, ‘material-

saving’quantitation of compounds obtained
in small amounts [23]. CLND is a destruc-
tive method but requires minimal amounts
of sample (0.1 µMol in our standard proto-
col). Nitrogen-containing compounds are
transformed into NO, which is converted to
excited NO2 by reaction with ozone. Upon
reassuming the ground state, a photon is re-
leased and measured by a photomultiplier.
Most initial limitations of HPLC online

CLND have been overcome (aside from
the obvious requirement of the presence of
nitrogen in the analyte). Usually, an equimo-
lar response is observed from all nitrogen
atoms in a molecule. This generally allows
for the use of a single reference compound
for calibration [24], without the need for
purified reference samples of each analyte.
Significant exceptions may occur, but these
cases are usually related to the presence of
N–N bonds, and they are fairly predictable.
In such cases it is advisable to run cali-
brations with a representative molecule of
the same chemical class, bearing the same
nitrogen atom distribution (e.g. the core
scaffold of a library). This minimizes the
risk of an underestimation of the nitrogen
content related to some formation of stable
molecular nitrogen, which would escape
the detection mechanism. We have noticed
that if one of the vicinal nitrogen atoms is
fully substituted, the detection response is
mostly unaffected by this problem. 

We routinely run CLND analyses on
newly produced combinatorial libraries
(see example in Fig. 10) and store the
determined strength factors in a database.
Normally, this data is complemented with
analogous information obtained from quan-
titative NMR measurements, as long as
sufficient compound material has been iso-
lated. These correction factors are used for
the calculation of the actual concentration
of our liquid samples.

4. Conclusions

We have incorporated a selection of
analytical tools into the standard workflow
of our combinatorial chemistry operations.
The use of LC-MS is ubiquitous, as it
allows to monitor the qualitative progress
of new synthesis protocols, but enabling
also routine in-process controls and a qual-
ity assessment of produced libraries. NMR
complements this area of application, but
provides more in-depth analyses and ex-
tends its use to purity and exact quantity de-
termination of final compounds. In general,
the consumption of material for a full
analytical characterization, including NMR,
is low (3.5 µMol/sample). HPLC online
quantitation with CLND is optimal for min-
imizing material loss of precious samples,
as 0.1 µMol are more than sufficient for an
LC-MS-CLND analysis (excluding NMR). 

Some general considerations are worth
mentioning:
(a) In our experience, NMR quantitation vs.

standard is the most accurate quantita-
tive method with a throughput capable
of processing ‘parallel chemistry com-
pounds’ with sufficient efficiency. The
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method becomes impractical if all com-
pounds in a sample series are available
in <1 mg amounts, and if a series com-
prises many hundreds of samples de-
livered at once. 

(b) We have learned to beware of quanti-
tation by weighing of amorphous sam-
ples <5 mg (films, evaporation residues),
as unpredictable weight inconsistencies
may occur. 

(c) Nitrogen detection (HPLC online with
CLND) has excellent throughput and is
our method of choice for the quantita-
tion of small samples of large libraries. 

(d) Initial concerns on analytical limitations
of solid-phase chemistry have been
overcome. On one hand it is common
practice to rapidly cleave an aliquot
from resin into solution, whenever an
intermediate needs to be characterized.
On the other hand, IR and especially
MAS NMR on solid-phase give good
qualitative and semi-quantitative infor-
mation, although the interpretation of
spectra (computational deconvolution)
is more demanding.
The implemented combination of tech-

nologies (‘Tool Box’) has been tuned to
provide maximal information with minimal
sample consumption, in an efficient man-
ner. Thorough analytical characterization
does not significantly delay the availability
for biological testing of newly synthesized
compounds, even if hundreds of molecules
are generated simultaneously, and recur-
rently, within the time frame of a library
production.
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