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PREFACE

More than 160 volumes of Chemical Analysis: A Series of Monographs on
Analytical Chemistry and Its Applications have been published by John
Wiley & Sons, Inc. since 1940. These volumes all focused on the most impor-
tant analytical issues of their times. In the past decade one of the most excit-
ing events has been the rapid development of combinatorial chemistry. This
rapidly evolving field posed enormous analytical challenges early on. The
two most-cited challenges are requirements for very high-throughput analy-
sis of a large number of compounds and the analysis of polymer-bound
compounds. Very impressive achievements have been made by scientists
working in this field. However, there are still formidable analytical chal-
lenges ahead. For example, the development of highly parallel analysis and
purification technologies and all methods associated with analysis to ensure
combinatorial libraries are “synthesizable,” “purifiable,” and “drugable.”
For these evident reasons, I almost immediately agreed to edit a volume on
the analysis and purification methods in combinatorial chemistry when the
series editor Professor J. D. Winefordner asked me a year ago.

In the past year it has been a great pleasure for me to work with all con-
tributors. The timely development of this volume is due entirely to their col-
laborative efforts. I have been impressed with their scientific vision and
quality work throughout the year. To these contributors, I owe my very
special thanks. I also owe a great debt to my colleagues especially Dr. Mark
Irving, and Dr. Jiang Zhao for their assistance in my editorial work. Finally
I wish to thank staff at Wiley for their professional assistance throughout
this project.

Part T of the book includes six chapters describing various approaches
to monitor reactions on solid support and optimize reactions for library syn-
thesis: Lucas and Larive give a comprehensive overview of the principle
and application of quantitative NMR analysis in support of synthesis in
both solution and solid phase. Salvino describes in detail the application of
YF NMR to monitor solid-phase synthesis directly on resin support.
Cournoyer, Krueger, Wade, and Yan report on the single-bead FTIR
method applied in monitoring solid-phase organic synthesis. Guiné and de
Miguel report on HR-MAS NMR analysis of solid-supported samples.

X



X PREFACE

A parallel analysis approach combined with chemometrics analysis in
materials discovery and process optimization is presented by Potyrailo,
Wroczynski, Lemmon, Flanagan, and Siclovan. Enjalbal, Lamaty, Martinez,
and Aubagnac report their work on monitoring reactions on soluble
polymeric support using mass spectrometry.

Part II of the book is dedicated to high-throughput analytical methods
used to examine the quality of libraries. Hou and Raftery review the devel-
opment of high-throughput NMR techniques and their own work on
parallel NMR method. Simms details the theory and application of micel-
lar electrokinetic chromatography as a high-throughput analytical tool for
combinatorial libraries. Zhang and Fitch describe Affymax’s approach on
quality control and encoding/decoding of combinatorial libraries via single-
bead analysis methods.

In Part III, various high-throughput purification techniques are dis-
cussed. Zhao, Zhang, and Yan review the chromatographic separation and
their application in combinatorial chemistry. Hochlowski discusses various
purification methods and the high-throughput HPLC and SFC methods
developed at Abbott. God and Gumm present the new generation of
parallel analysis and purification instruments and methods.

In Part I'V, analytical methods applied in postsynthesis and postpurifica-
tion stages are reviewed. Morand and Cheng report studies on stability
profile of compound archives. Tseng, Chang, and Chu discuss a novel quartz
crystal microbalance method to determine the binding between library
compounds and biological targets. Faller reviews high-throughput methods
for profiling compounds’ physicochemical properties. Lipinski presents a
detailed study of solubility issue in drug discovery and in combinatorial
library design. Villena, Wlasichuk, Schmidt Jr., and Bao describe a high-
throughput LC/MS method for the determination of log D value of library
compounds.

BING YAN

August 2003
South San Francisco, California
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PART
I

ANALYSIS FOR FEASIBILITY
AND OPTIMIZATION OF
LIBRARY SYNTHESIS






CHAPTER
1

QUANTITATIVE ANALYSIS IN ORGANIC SYNTHESIS
WITH NMR SPECTROSCOPY

LAURA H. LUCAS and CYNTHIA K. LARIVE

1.1. INTRODUCTION

The development of combinatorial methods of synthesis has created a great
need for robust analytical techniques amenable to both small- and large-
scale syntheses as well as high-throughput analysis. A variety of spectro-
scopic methods such as mass spectrometry (MS), infrared spectroscopy
(IR), and nuclear magnetic resonance (NMR) spectroscopy have been
widely used in the combinatorial arena.'™ Many of these methods have
been coupled online with high-performance liquid chromatography
(HPLC), and such hyphenated techniques afford high-resolution structural
data on library compounds.” NMR has an advantage over other spectro-
scopic techniques because it is a universal analytical method that poten-
tially reveals the identity and purity of any organic compound. Since organic
molecules contain 'H and "C, nuclei that are NMR active, no analyte deriv-
itization is necessary. NMR can also distinguish isomers or structurally
similar compounds that may coelute when analyzed by HPLC. This selec-
tivity is especially important when attempting to resolve and quantitate
structures of library compounds or natural products.® Furthermore the non-
invasive nature of NMR allows the sample to be recovered for additional
analyses or used in a subsequent reaction.

Although traditionally thought of as a low-sensitivity technique, techno-
logical improvements in NMR instrumentation have significantly reduced
sample mass requirements and experiment times. Sensitivity enhancements
have been achieved with higher field magnets, small-volume flow probes for
solution-phase analysis,’” the introduction of cryogenically cooled NMR
receiver coils and preamplifiers,'”"? and high-resolution magic-angle spin-
ning (HR-MAS) NMR technology for solid-phase systems, making routine
analysis of ug quantities (or less) possible.'*"> These advancements com-

Analysis and Purification Methods in Combinatorial Chemistry, Edited by Bing Yan.
ISBN 0-471-26929-8 Copyright © 2004 by John Wiley & Sons, Inc.
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4 QUANTITATIVE ANALYSIS IN ORGANIC SYNTHESIS WITH NMR SPECTROSCOPY

bined with developments in automated sample handling and data process-
ing have improved the throughput of NMR such that entire 96-well micro-
titre plates can be analyzed in just a few hours.'

Besides the structural information provided by NMR, quantitation is
possible in complex mixtures even without a pure standard of the analyte,
as long as there are resolved signals for the analyte and reference com-
pound. This is a particular advantage in combinatorial chemistry, where the
goal is the preparation of large numbers of new compounds (for which no
standards are available). Since the NMR signal arises from the nuclei (e.g.,
protons) themselves, the area underneath each signal is proportional to the
number of nuclei. Therefore the signal area is directly proportional to the
concentration of the analyte:

Area

o< C trati 1.1
Number of nuclei oncentration (1.1)

This relationship holds true when experimental parameters are carefully
optimized, which may require some additional experimental time.

Consider the example shown in Figure 1.1 for the quantitation of a
maleic acid solution, containing a known concentration of the primary stan-
dard potassium hydrogen phthalate (KHP). A primary analytical standard
is a material of very high purity for which the mass of the compound can
be used directly in the calculation of solution concentration. The area of the
KHP peak is divided by 4.0, the number of protons that contribute to the
KHP aromatic resonances, so that its normalized area is 1773.1. Similarly
the maleic acid peak area is normalized by dividing by 2.0 to give a nor-
malized area of 1278.3. A simple proportion can then be established to solve
for the concentration of maleic acid:

Normalized areauicicaciay _ NOrmalized areaxup)
[Maleic acid] B [KHP] ’
[KHP] x Normalized areayaeic acia)

[Maleic acid] = - )
Normalized areaxup)
28.5mM x 1278.3
Maleic acid] =
[Maleic acid] 17731 ,

[Maleic acid] = 28.5mM x 0.72094.

The concentration of maleic acid in this solution is therefore about 72%
that of the primary standard KHP. In this example the concentration of the
KHP is 28.5mM and the calibrated concentration of maleic acid is 20.5 mM.
Even though maleic acid is not a primary standard, this standardized maleic
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Figure 1.1. 600 MHz 'H NMR spectrum of potassium hydrogen phthalate (KHP) and maleic
acid dissolved in D,0O. The KHP is a primary standard by which the maleic acid concentration
can be quantitated. The data represents 8 FIDs coadded into 28,800 points (zero-filled to 32K
points) across a spectral width of 7200.1 Hz. An exponential multiplier equivalent to 0.5Hz
line broadening was then applied.

acid solution can now be used to quantitate additional samples in a similar
manner (e.g., ibuprofen as discussed in more detail below). This approach
allows the selection of a quantitation standard based on its NMR spectral
properties and does not require that it possess the properties of a primary
analytical standard.

1.2. FUNDAMENTAL AND PRACTICAL ASPECTS OF
THE QUANTITATIVE NMR EXPERIMENT
1.2.1. Experimental Parameters
For a detailed description of NMR theory and practice, the reader is encour-

aged to see one of the many excellent books on the subject.'”? A brief
description of the NMR experiment is presented below, with an emphasis
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z z
MO
90x,°
—
x’ Yy x

Figure 1.2. The equilibrium population difference of the nuclei in an applied magnetic field
can be represented as a vector M,. Disturbing this macroscopic magnetization away from its
equilibrium position creates the NMR signal. This is accomplished by application of a radio
frequency pulse (90° along the x” axis in this example) to tip the magnetization into the x’y’
plane of the rotating frame of reference. During a time delay ¢, following the pulse the
detectable magnetization M., decays by 7 relaxation in the transverse plane while the lon-
gitudinal magnetization M, begins to recover through 7 relaxation.

on the important parameters for proper acquisition and interpretation of
spectra used for quantitation. When the sample is placed in the magnetic
field, the nuclei align with the field, by convention along the z” axis in the
rotating frame of reference, as illustrated in Figure 1.2 by the vector, M,,
representing the macroscopic magnetization. A radio frequency pulse (B))
applied for time ¢, tips the magnetization through an angle, 6:

0=7Bi,, (1.2)

where vyis the gyromagnetic ratio of the nucleus of interest. A 90° radio fre-
quency (rf) pulse along the x” axis tips the magnetization completely into
the x’y’ plane to generate the observable signal, M,. After the pulse the
magnetization will relax back to equilibrium via two mechanisms: spin-spin
(T, transverse) relaxation and spin-lattice (77, longitudinal) relaxation. This
is shown in Figure 1.2 as a decrease in the magnitude of the x"y’ component
of the vector M,, and an increase in the magnitude of the z” component at
time ¢ following the pulse. Acquisition of M, for all nuclei in the sample
as a function of time results in the free induction decay (FID), which upon
Fourier transformation is deconvolved into the frequency domain and dis-
played as the familiar NMR spectrum. The FID decays exponentially
according to 75, the spin-spin or transverse relaxation time. In addition to
the natural 7), relaxation times of the nuclei that comprise the FID, mag-
netic field inhomogeneity contributes to the rate at which the transverse
magnetization is lost. The apparent transverse relaxation time, 7%, is the
summation of the natural relaxation time and the component induced by
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magnetic field inhomogeniety and can be calculated from the width at half-
height of the NMR signals:

1

_— 1.
nT% (1.3)

Wi =

The acquisition time during which the FID is detected is often set to three
to five times 75 to avoid truncation of the FID.

1.2.2. T, Relaxation

Just as the NMR signal decays exponentially in the transverse plane, the
magnetization also relaxes back to its equilibrium state in an exponential
fashion during the time ¢ following the rf pulse. For the longitudinal com-
ponent (M., this occurs as a first-order rate process:

M, =M, {1 - exp(;—tﬂ. (1.4)

1

Equation (1.4) reveals that when the magnetization is fully tipped into the
xy’ plane by a 90° pulse, the magnetization will recover to 99.3% of its equi-
librium value along z” at t = 5T,. The T relaxation time can be measured
with an inversion-recovery experiment,”’ where a 180° pulse inverts the
magnetization to the negative z’ axis and allows the magnetization to
recover for various times until the curve described by Eq. (1.5) is ade-
quately characterized:

M, - M0[1 - Zexp[;—tﬂ. (1.5)

1

Equation (1.5) is equivalent to (1.4), except the factor of 2 reflects the use
of a 180° pulse, meaning that the magnetization (signal intensity) now
should take twice as long to recover as when a 90° pulse is used. The results
of the inversion-recovery experiment are illustrated in Figure 1.3, where the
recovery of ibuprofen and maleic acid resonances are shown as a series of
spectra and as signal intensities (inset) fit to Eq. (1.5).

It should be noted that if the sample contains multiple components, the
90° pulse will not be exactly the same for all spins. Equations (1.3) to (1.5)
will not hold rigorously, leading to errors in 7; measurements. Correction
factors can be performed mathematically”® or by computer simulation,
depending on the complexity of the sample. In practice, the average 90°
pulse or the 90° pulse for the peaks of interest is used.
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Figure 1.3. Inversion-recovery experimental results for determining 7) relaxation times of
ibuprofen and maleic acid. The spectral region from 5.6 to 7.6 ppm is displayed as a function
of the variable delay time . The ¢ values used were (from left to right across the figure):
0.125s, 0.25s, 0.50s, 1.0s, 2.0s, 4.0s, 8.0s, 165, 32s, and 64s. The acquisition and processing
parameters are the same as for Figure 1.1. The inset shows the signal intensities of the maleic
acid peak (5.93ppm) fit to Eq. (1.5).

1.2.3. Repetition Time

As mentioned previously, the 7) relaxation time affects the repetition time
(acquisition time + relaxation delay), which must be carefully chosen to
ensure that the magnetization returns to equilibrium between pulses. If the
time between FIDs is insufficient to allow for complete relaxation, the
intensity of the detected magnetization will be reduced:

M, {1 - exp(_Tt')] sin 0
Mx'y' = ¢ ! ) (1’6)
[1 - exp(nrﬂ cos

where ¢, is the repetition time and 0 is the tip angle.** If the sample contains
multiple components, #, should be set based on the longest 77 measured for
results to be fully quantitative. The 'H spectrum in Figure 1.4 for an ibupro-
fen-maleic acid mixture measured using an average 90° pulse shows that
the ibuprofen T; relaxation times range from 0.721 to 2.26s, but maleic acid
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Figure 1.4. 600 MHz "H NMR spectrum of the ibuprofen-maleic acid mixture. The average T,
relaxation times are displayed above each peak. The asterisk (*) indicates the maleic acid peak
while the ibuprofen peaks are labeled a to g to correspond with the structure. The acquired
data were zero-filled to 32K, and other acquisition and processing parameters are as listed for
Figure 1.1.

has a 7 of 5.16s. Therefore, to quantitate the ibuprofen concentration using
the internal standard maleic acid, the repetition time should be >25s if a
90° pulse is used. Because multiple relaxation mechanisms exist (e.g.,
dipole-dipole interactions, chemical shift anisotropy, and spin-rotation
relaxation),” T, values for different functional groups may vary signifi-
cantly, as illustrated by ibuprofen.

The consequences of a truncated repetition time are shown in Figure 1.5
for the ibuprofen aromatic protons and maleic acid singlet. Repetition times
of 0.7, 1, 3, and 57, (based on the measured T; of maleic acid, 5.16s) were
used. The intensities of the ibuprofen aromatic proton resonances are less
affected by decreased repetition times, since their 7; values are much
shorter, and appear to have recovered fully when a repetition time of 37
(15.55) is used. The intensity of the maleic acid singlet is more significantly
affected because its 7T is longer. The integral of the maleic acid resonance
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Figure 1.5. 'H spectra for the ibuprofen-maleic acid mixture acquired with different repeti-
tion times. Only the spectral region including the aromatic ibuprofen protons and maleic acid
singlet is shown. The repetition times were selected on the basis of the measured 7 of maleic
acid (5.16s) and are as follows: 0.77} (3.57s), 1T} (5.16s), 3T, (15.5s), and 57 (25.8s). All
spectra were acquired and processed as described for Figure 1.1.

is the basis for the quantitation of the ibuprofen concentration, and repe-
tition times shorter than 57 lead to reduced integral values for maleic acid.
This results in positive systematic errors in the calculated ibuprofen con-
centration as shown in Table 1.1. The quantitation errors are greater when
shorter repetition times are used, resulting in a gross overestimation of the
ibuprofen concentration.

To efficiently utilize instrument time, it may be necessary to use repeti-
tion times less than 57;. Theoretically the signal intensities obtained using
a repetition time less than 57 should be correctable according to Eq. (1.1).
For example, the data acquired with a repetition time of 17, (5.16s) should
give a maleic acid signal that is 63.2% recovered. The ibuprofen aromatic
proton signals are 91.6% recovered at this repetition time because of their
faster 7, recovery. The signal areas can be corrected to determine their
value at 100% recovery. Using the corrected integrals, an ibuprofen con-
centration of 50.4mM was obtained. This result reflects an approximate
10% error relative to the fully relaxed data (acquired with a repetition time
of 5T) and may result from pulse imperfections as well as 7, differences
for the two ibuprofen aromatic protons (which were not completely base-
line resolved and hence integrated together). These results show that the
repetition time is probably the most important experimental parameter in
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Table 1.1. Quantitation Accuracy of Ibuprofen against Maleic Acid as an Internal
Standard Using Various Repetition Times and Tip Angles

Repetition Time Tip Angle (°) [Ibuprofen] (mM) Measured Error”

ST, (25.85) 90 56.6 N/A?
3T, (15.55) 90 58.0 2.5%
1T; (5.165) 90 73.0 29.0%
1T, (5.165) 51 63.1 11.5%
0.7T; (3.57s) 90 80.5 422%

“ Measured errors in concentration were determined relative to the fully relaxed spectrum
acquired with a repetition time of 57;.
® Not applicable.

quantitation by NMR, and that proper quantitation can take time. (The
fully relaxed spectrum was acquired in 27.5 minutes.)

1.2.4. Signal Averaging

Proper quantitation may require even longer experimental times when a
limited amount of sample is available and signal averaging is necessary
to improve the spectral signal-to-noise ratio (S/N). Coherently adding
(coadding) successive single-pulse experiments increases the S/N by a
factor of v N, where N is the number of FIDs added together. This is shown
by the improvements in the spectral S/N in Figure 1.6 for the ibuprofen and
maleic acid spectra as more FIDs are coadded. As shown in Table 1.2, the
increases in S/N observed for increasing numbers of FIDs are very close to
those predicted. The quantitation precision is not significantly affected by
the number of FIDs co-added in this example, since both components are
present at fairly high (millimolar) concentrations. However, the precision
with which resonance intensities are determined directly depends on the
error in the integrals. Therefore the precision of concentration determina-
tions may be limited by the spectral S/N for more dilute solutions unless
signal averaging is employed.

The signal intensity lost due to incomplete relaxation when repetition
times less than 57} are used can often be regained by signal-averaging.” As
shown by Rabenstein, when a 90° tip angle is used, S/N reaches a maximum
when the repetition time is 1.257) (compared to using a 57 repetition time
in an equivalent total experimental time).** The S/N is affected by both
the repetition time and the tip angle. A tip angle less than 90° generates
less signal (since the magnetization is not fully tipped into the x’y” plane),
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Figure 1.6. 'H spectra for the ibuprofen-maleic acid mixture acquired with 1 (A), 8 (B), and
64 (C) FIDs coadded to improve the spectral signal-to-noise ratio (S/N). Again, only the
ibuprofen aromatic and maleic acid peaks are displayed. The actual S/N values for each spec-
trum are shown in Table 1.2. Acquisition and processing parameters match those given for
Figure 1.1.

Table 1.2. Improvements in the Signal-to-Noise Ratio (S/N) Gained by
Co-adding Successive FIDs for Ibuprofen (IB) and Maleic Acid (MA)

Number SIN SIN Predicted Actual Actual Concentration
of FIDs 1B MA SIN S/IN SIN 1B
Increase  Increase Increase
1B MA
1 987.3 2,041.7 N/A® N/A N/A® 56.9mM
8 2,737.5 6,450.3 2.83° 2.77° 3.16° 56.5
64 7,164.8 17,358 8.00° 7.26° 8.50° 56.6

“ Not applicable.
b Calculated relative to the result for 1 FID.
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Figure 1.7. "H NMR spectra for the ibuprofen-maleic acid mixture acquired in 27.5 minutes.
Spectrum (A) was acquired with 64 FIDs and a repetition time of 57 (25.8s), using a 90° tip

angle. Spectrum (B) was acquired with 320 FIDs and a repetition time of 17} (5.16s), with a
50.8° tip angle as calculated by Eq. (1.7).

but less time is required for the magnetization to relax to equilibrium,
affording more time for signal averaging. If the 7} of the analyte and desired
repetition time are known, the optimum tip angle (i.e., the Ernst angle) is
calculated with

cosf= exp(;—tj. (1.7)
1

Using the known 7 of maleic acid (5.16s) and a desired repetition time of
1Ty, the Ernst angle calculated for this solution is 50.8°. Figure 1.7 shows
the improved S/N achieved when a shorter tip angle is used. Spectrum A
represents 64 FIDs acquired with a 90° pulse and a repetition time of 57.
The total experimental time was 27.5 minutes. When a 50.8° pulse and 17
repetition time were used, 320 FIDs could be co-added in an equivalent
experimental time (Figure 1.7B). The S/N ratios achieved by acquiring 320
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FIDs with a reduced tip angle increased by a factor of 1.74 for ibuprofen
and 1.54 for maleic acid relative to the S/N obtained with 64 FIDs and a
90° tip angle. This is again attributed to the differences in 7; for the two
molecules and leads to an inflated ibuprofen concentration (63.1 mM com-
pared to 56.6mM). While the error might be less if the T} relaxation times
are nearly the same for the standard and the analyte, in many quantitation
experiments a 90° tip angle and repetition time of >57] are used, especially
if extensive signal averaging is not required.”

1.2.5. Defining Integrals

When considering the inversion-recovery experiment, it is illustrative to
monitor the exponential recovery of signal intensity. However, relative peak
heights vary based on their widths and shapes, so peak areas must be mea-
sured for quantitation.” Because NMR signals exhibit Lorentzian line-
shapes, the peaks theoretically extend to infinity on either side of the actual
chemical shift. Given that the peaks are phased properly and digital reso-
lution is sufficient, Rabenstein has reported that 95% of the Lorentzian
peak area can be described if the integral region encompasses 6.35 times
the line width at half-height.”® In most cases this will be impractical since
other resonances will be present in this frequency range. But does it make
a difference how wide the integral regions are? Figure 1.8 shows the inte-
grals determined for ibuprofen and maleic acid using three different
methods: truncating the integrals on either side of the main peak, truncat-
ing the integrals where the *C-satellites are baseline resolved, and extend-
ing the integral regions on either side of the peak so that the total region
integrated is three times the width between the "C satellites. Table 1.3
shows that including "C satellites does make a small difference in the peak
areas but extending the integral regions past the satellites does not. This
result is not surprising, especially if baseline correction is applied near the
peaks that may truncate the Lorentzian line shapes. As shown in Table 1.3,
failing to apply baseline correction results in significant errors in quantita-
tion (10% in this example) when wider integral regions are used. Since line
widths are not constant for all peaks, it is important to define integral
regions based on individual line widths rather than a fixed frequency
range.” For example, if a constant integral region of 92 Hz is used to quan-
titate the example shown in Figure 1.8, the resulting ibuprofen concentra-
tion is 56.6 mM. Since the ibuprofen and maleic acid peaks have similar line
widths in this example, the resulting concentration is not drastically
affected. Significantly different results could be expected if products teth-
ered to solid-phase resins were analyzed, since the heterogeneity of the



