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The single bead FTIR method has been used in quantitative analyses of solid-phase organic synthesis (SPOS)
such as the determination of reaction kinetics and conversion yield. These studies rely on data analysis
methods to extract quantitative information from IR spectra. However, the IR spectrum of a solid-phase
sample contains vibrational bands from the starting material, product, and the polymer support itself. The
coexistence of multiple chemical components causes severe spectral overlaps and sometimes makes
guantitative analysis extremely difficult. In some cases, it is impossible to extract qualitative and quantitative
information from overlapped IR spectra. In this paper, we use partial least squares (PLS), a chemometrics
method, to achieve qualitative and quantitative analysis of samples that generate severely overlapped IR
spectra. The primary loading factor obtained from a PLS calculation only displays those spectral features
that have undergone changes during a SPOS reaction. Disappearing and emerging organic functional groups
generate negative and positive signals, respectively, in the primary loading factor, thus allowing qualitative
analysis of the reaction with improved precision. The scores of the primary loading factors of spectra taken
at various times during a reaction provide quantitative information allowing the study of the reaction kinetics
directly on solid support. On the basis of the analysis of three diverse SPOS reactions, the PLS method has
demonstrated the unique capability of extracting quantitative and qualitative information from the overlapped
IR spectra. It is a powerful data analysis tool for the monitoring of SPOS reactions in combinatorial chemistry.

Introduction sample, and labor, but it is also detrimental to unstable

Combinatorial synthesigs becoming a powerful tool for ~ intérmediates and products. Methods capable of direct on-
many disciplines to discover novel leads and further optimize SUPPOIt analysis are ideal for monitoring reaction processes
these leads to generate new chemical entities (such as new! cOmbinatorial chemistry. One method used routinely for
drugs). Compared to solution-phase and liquid-phase (solubletis Purpose is single bead FTIR microspectroscopging
polymers) synthetic methods, solid-phase organic synthesistis method, a drop of resin suspension is taken at any time
(SPOS3 has advantages in several key aspects such as th&luring a reaction and washed with a solvent, and a few beads
realization of true combinatorial synthesis (such as split &€ compressed between two IR transparent plates (NaCl,
synthesis), the ease of reaction workup and automation, and<Br, diamond), and a spectrum is then taken by focusing
the use of a large excess of reagent to drive a reaction nearh®n & Single flattened bead on one side of the plate in
to completion without the requirement of purification. transmission mode. _ _
Because of these advantages, SPOS has become the most 1€ monitoring of reactions by FTIR is based on the facile
useful synthetic method in combinatorial chemistry. How- d&tection of the organic functional group interconversions
ever, reactions on solid phase also have a major disadvantage/ia chemical reaction or by appearance or disappearance of
i.e., solution-phase reactions must be first transferred to thefunctional groups carried by building blocks or protecting
dissimilar solid matrix. This reaction optimization process 9roups introduced or removed during a reaction. The
takes most of the time in solid-phase combinatorial synthesis. functional group to be monitored need not be directly

Although various analytical methods can assist the opti- involved in the reaction that is to be optimized. Therefore,
mization of the reaction procedures, most of the methods for the rehearsal of a library synthesis on solid support,
require the cleavage of the products from the support beforePuilding blocks can always be selected to contain an IR

analysis. This not only consumes excess amounts of time detectable group at a remote site. _
Besides the qualitative monitoring of the solid-phase
* Corresponding author: Dr. Bing Yan, ChemRx Advanced Technolo- reaction, single bead FTIR also provides quantitative infor-
gies, Inc., 385 Oyster Point Blvd., South San Francisco, CA 94080; Tel. mation such as on-resin conversion yield and reaction
650-829-1163; Fax 650-829-1266; E-mail bing_yan@axystech.com. kinetics? In f . . . d d. the sinal
t ChemRx Advanced Technologies, Inc. inetics? In fact, owing to its sensitivity and speed, the single

Barr Laboratories, Inc. bead FTIR method has provided most of the kinetic data for
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solid-phase organic reactiofidIn these studies, the spectral Scheme 1

changes of individual reaction beads were used to monitor HN—(CHg)5 —~COOH
the time-dependent functional group transformations. By _N
using IR bands from polystyrene as internal standard, \NIO

guantitative analysis can be carried out by analyzing spectra
taken at various times from different beads with various {.
diameters and thickness. Because of the general lack of
kinetics information, solid-phase reactions are commonly
carried out for longer than necessary times (e.g242h)

before cleaving compounds for analysis. From single bead o
FTIR studies, we have found that most solid-phase organic CHQO—Q—CHZO—(")—(CHZ)S-NH
reactions proceed at a much higher rate than generally N
expected. Slow, incomplete reactions at intermediate steps o, :
will cause the accumulation of impurities in the final library. 2 N
However, extending reaction times beyond completion may

also increase the amount of impurities by promoting side
reactions or causing product decomposition. In multistep
syntheses, the timely completion of each reaction is crucial
to guarantee the quality of the final library. Knowledge of

CHZO—Q—CHZOH _Noee
DIC / DMAP

DMF
1

NO,

is needed to accurately characterize and quantitate organic
molecules generated in combinatorial chemistry.

In this investigation, we introduce a novel application of
the on-support conversion yield and reaction kinetics can the chemometrics _method of partial least squares (PI.'S) o

i . ; : " analyze complex single bead IR spectra from three diverse
guide the selection of optimal reaction conditions. SPOS reactions. Our results demonstrate that this chemo-

IR is a spectroscopic technique based on the detection of yetrics method can be applied to a broad range of SPOS
molecular vibrations. The vibrational modes observed for a gactions. A compelling advantage of this method is that it
given molecule are determined by its atomic composition, s capable of extracting both qualitative and quantitative
the type of chemical bonds present, molecular symmetry, jnformation from severely overlapped IR spectra. While
and effects from the surrounding environments. Any changes £T|R has been one of the most practical and useful methods
in these properties can result in perturbation of the spectral g, monitoring SPOS reactions, the analysis of spectral data
properties of the sample. For aratom nonlinear molecule, by chemometrics should greatly enhance the scope of the

there can be a maximum oh3- 6 degrees of vibrational  appjications available to this spectroscopic technigue.
freedom, and thereforen3— 6 fundamental vibrational

modes. Therefore, a vibrational spectrum is extremely rich Materials and Methods

in information content. In principle, comparison of the IR \jaterials. All the resins used in this study were purchased
spectra from a starting material and a product can detectfom NovaBiochem (San Diego, CA). Resins are based on
changes in any chemical reaction. In reality, the rich spectral 104 cross-linked divinylbenzene-styrene copolymer. They are
features in resin IR spectra often lead to severe spectraligo—200 mesh with a loading of 0-6L.2 mmol/g. All
overlap, making it difficult to quantify changes in starting reagents, if not specified, were purchased from Aldrich
material and product. Because of this, a tremendous ”eeCtMinaukee, wi).
ex_is_ts for the quantitative evaluation of complex spectra Single Bead FTIR MicrospectroscopyAll spectra were
arising from two or more components. collected on a Nicolet Magna 550 IR spectrophotometer
If an IR band from the product is well separated from those coupled with a Nic-Plan IR microscope, using OMNIC
of the starting material and the polymer, the relative amount software. The microscope is equipped with a 15X cassegrain
of each resin-bound component can be estimated by simplyobjective and a liquid-nitrogen-cooled merctigadmium-
comparing integrated peak areas. In other cases, IR bandselluride (MCT) detector. The view mode aided in locating
of the product are overlapped with the starting material, the a single bead. The transmission mode was used for the whole
resin, or most likely, both. In this case, peak fitting programs bead measurement. The general procedure for IR measure-
have occasionally been used to extract quantitative informa-ment is as in ref 3. A flattened bead with a diamond window
tion from slightly overlapped spectPaHowever, analyses  (SpectraTech, Shelton, CT) was used throughout experi-
performed using either single peak integration or peak fitting ments in transmission mode. A clean diamond window
methods are subject to errors in measurement, integration,(SpectraTech, Shelton, CT) was used to collect the back-
and peak fitting procedure and to baseline drift. In some ground spectrum. Data were collected at 4 &mesolution,
reactions, the formation of a product only generates over- and 64 scans were averaged.
lapped spectral features. Solid-phase samples from these Solid-Phase Synthesis. (1) Synthesis of Zhe reaction
reactions show no distinguishable change in the IR spectrumis shown in Scheme 1. Wang resin60 mg, 1.0 mmol/g)
other than in the fingerprint region in which the spectral was swollen with 4 mL of DMF for 15 min and then drained.
overlapping problem is more serious because resin backbone®iisopropylcarbodiimide (89 mg, 0.3 mmol) was added to a
and the attached organic molecule all have extensive solution of succinimidyl 64(-(7-nitrobenz-2-oxa-1,3-diazo-
vibrational signals in this region. This problem has prevented 4-yl)Jamino)hexanoate (38 mg, 0.3 mmol) in 1 mL of dry
the analysis of a portion of SPOS reactions by FTIR methods. DMF. The mixture was added to the resin after being stirred
Therefore, a more reliable and versatile data analysis methodfor 5 min. Then 4-{,N-dimethylamino)pyridine (DMAP)
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Scheme 2 frequency. Recent advances in instrumentation and computer
technology have facilitated the use of multivariate calibration
methods], which rely on the concerted changes in many
frequencies to extract information from the process of study.
Multivariate calibration provides an estimate of physical
and chemical properties of materials and the component
concentration on the basis of their infrared spetitas no
longer necessary to identify isolated analyte bands or to
perform subjective baseline corrections for analysis. Many
frequencies or even the entire spectral region can be used to
perform a qualitative or quantitative analysis on spectral data.
These methods can also achieve increased precision from
the redundant information in the spectra, account for baseline
variations, and provide outlier detection (outliers are those
4 minor component spectra or data which are different from
the major component of detection or not associated with the
Scheme 3 process of concern).

CHN, One of the multivariate calibration methods is the PLS
O o method. The PLS method has been designed to extract factors
“ o.& that explain the covariance between a set of “Y-block”
O < dependent variables (e.g., absorbance values across a spectral
9 O region) and one or more “X-block” dependent variables (e.g.,
C'OH “ an analyte concentration that is closely related to reaction
ethyl acetate O
5

time in this study). The tremendous data compression of PLS
also leads to a signal-to-noise enhancement over the original
spectral data and a significant improvement in precision.

(7.3 mg, 0.06 mmol) was added to the resin suspension. The "€ mathematical algorithm for PLS analysis can be
reaction mixture was then mixed at room temperature for Simplified as
specified times.

(2). Synthesis of 4The reaction is shown in Scheme 2.
In a 1 mL Supelco filtration tube was added 10 mg (11.7 ) o )
umol) of resinl. The sealed tube was shaken with 0.5 mL WhereA is the spectral data matriis the score matrix-

of DMF on an orbital shaker for 15 min and then drained S the loading factorE is the spectral residuals, is the
on a visiprep vacuum manifold. 9-Anthroylnitrila (ap- ~ Number of spectrgp is the number of data point, arfds

proximately 2-fold molar ratio relative to the loading on the number of the rank, which is chosen to produce the
resin) in 200uL of DMF and 20uL quinuclidine (0.23 mg/ optimal prediction. All the data were mean centered before
uL) were added to the resin. The mixture was mixed on a the PLS calculation. The spectral data matrix is transformed
Glas-Col Laboratory rotator (32 rpm) at room temperature into a new full-spectrum representation that requires only a

for specified times. Resin beads were taken at various times,[€W 10ading factors. A loading factor results from changes
rinsed with THF (1 mLx 10) and DCM (1 mLx 10), and in the coordinate system of the spectral data. These factors

drained. The beads were analyzed by single bead FTIR. form a set of fu_II-sp_ectrum basis fac_tor_s which will reproduce

(3). Synthesis of 6The reaction is shown in Scheme 3. each of the_ ca_llbratlon spect_ra to vylthm the error represe_nted
A total of 10 mg (2.6umol of carboxyl groups) of resif by E Quahtgtwe and chemically interpretable mforma_tlon
was added to a 1.0 mL Supelco filtration tube. The sealed &€ included in loading factors. The scores can be considered
tube was shaken with 0.5 mL of ethyl acetate on an orbital @S spectral intensities in the new full-spectrum coordinate
shaker for 15 min. The solvent was drained on visiprep system of the loading factors. Scores are related to the gnqute
vacuum manifold. PDAM (approximately 2-fold excess concer)tratlons and can be used to perform quantitative
relative to the loading of the resin) in 500 of ethyl acetate ~ @nalysis on spectral data. o
was added. The tube was sealed with a polystyrene plug All precalcglaﬂon. data processing in this study_was
vented with a small needle to avoid pressure buildup from Performed using Win-IR software (Bio-Rad, Cambridge,
nitrogen gas produced during the reaction. The reaction MS). Multivariate calculations were carried out with the Win-
mixture was rotated on a Glas-Gol laboratory rotator at (32 'R/PLS Plus program.
rpm) at room temperature for specified times.

Partial Least Square (PLS) Method.Chemometricsis
a suite of mathematical and statistical methods for solving To establish the generality of the PLS method in the
chemical problems. It can be employed to obtain maximum qualitative and quantitative analysis of SPOS reactions, three
information from experimental data. Traditional methods of different types of reactions involving diverse compound
information recovery from a spectroscopic experiment gener- features and covering a wide range of spectral characteristics
ally involve the measurement of a signal at a single selectedin the IR spectra were studied in this investigation.

room temp

6

Anp = Snf l:fp + Enp

Results and Discussions
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Table 1. Peak Assignments for the Starting Material and

(=]
B Product in Reactions-13
frequency
compound  (cm™%) assignment
product2 1730 —C=0
8 1622 —N=C~—
ks ¢ ° 1500 —NO, asymmetric
s @ 1530 —CN-H
) - 1348 —NO; symmetric
1117 —C-0-C—
1722 —C=0
240 min b product4 1235 —C—0—C— asymmetric
1149 —C-0-C—
0 min a 890 anthryl,—C—H out-of-plane bending
. . : : . . . . 1720, 1689 —C=0
2200 2000 1800 1600 1400 1200 1000 800 reactan6 1281 —C-0
4 1721 —C=0
Wavenumber (cm™) products 1269 -Cc-0-C-
Figure 1. IR spectrum of (al (starting material); (b2 (product); 1096 —C-0-C-
(c) the primary loading factor for the spectral changes during the 846 pyrene out-of-plane-€H bending

synthesis of2.

. . . information is not obtainable by simple integration. There-
Single Bead FTIR Microspectroscopy. Single bead fore, the first task of our investigation is to prove that the

analysis is required for one-bead-one-compound library o, o analysis method can obtain accurate kinetics information
analysis. However, the choice of single bead IR analysis in in a spectral overlapping situation. In this reaction, a totall
this work is not due to sample limitation, but rather due to b bping ) ' y

o ; . ) isolated band at 1730 crhfrom 2 is also available for single
the better spectral quality in comparison with that obtained : . . i .
’ peak integration analysis. Therefore, this reaction can be
from other macro sampling methotis.

) . , ) monitored by both the PLS analysis method and the single
Solid-phase organic reactions, when properly agitated, cany ey integration method. Comparison of these two methods

occur rather uniformly. Bead-to-bead variation in rea_ct_ion provides a way of validating the PLS analysis method in
yield has been found to be very small for most mixing o analysis of overlapping IR spectra.

methods? Reactions studied in this work were carried out As depicted in Figure 1, many spectral changes are
using the optimal mixing method on the basis of previous i, e in this reaction. An intense and well-isolated band
experiments. Although asingle bead is "?‘9900' representation, 1730 cmt is due to the €0 stretching vibration of the

of the entire population of beadsguantitative analysis is ester carbonyl ir2. Many other bands in the fingerprint
still questionable because bead to bead variation in size andregion below 1670 crrt are significantly overlapped. The
thickness (path length) renders their_sp.ectra in a wide integration of the band area at 1730 dmis used as a
absorbance range. To perform quantitative analysis, thereference to compare with the PLS calculation of spectral
polystyrene band near 1946 or 1874 ¢mvas selected as changes in the fingerprint region (862670 cntl) where

the internal standard peak. Reactive linkers are distributedSpectral features are overlapped

evenly throughout beads with various sizes. The ratio of the The PLS calculation of a serie.s of spectra taken at 0, 5
product signal to that of the polystyrene is constant for beads10 20, 60, and 240 min. for the region from 800 to 16,701
with various diameters. Therefore, it is not necessary to Cle yi,elde,d a primary loading factor with a weight of 90%
analyze_klnetlcs on.the.same bgad throughout a reaCt'on'(Figure 1c). This loading factor reflects all the correlated
CO”.‘pa”“g bgads with different d|ameFers or beads ﬂattenedspectral changes involved in this reaction. The PLS calcula-
to different thicknesses does not constitute a problem as Iongtion also generated two other minor loading factors (5%

as polystyrene bands are used as internal standard peaks'each). These minor loading factors showed no correlation
Finally, the need for an internal standard to correct effects \yith the primary loading factor. The origin of these features
from variable bead sizes or thicknesses is only required for \y45 not considered in this work. Some of the assignable
single bead integration and peak-fit analysis methods. gpeciral features & in this loading factor are listed in Table
Variability in bead sizes and thicknesses is no longer a 1 gome changes of spectral features due to the formation
problem for the chemometric analysis method. of 2 are marked in Figure 1c. A number of key IR bands,
Analysis of Reaction 1.The reaction in Scheme 1 was which are previously buried due to overlapping, now become
analyzed first in order to validate the analysis method. unambiguously resolved and identified in the loading factor
Spectra of the starting resin the produc®, and the spectra  (Figure 1c): the peak at 1622 cfassigned to the €N
taken at various times during the course of the reaction weredouble bond stretching vibration & and the NQ asym-
recorded. The spectra df and 2 are shown in Figure 1 metric stretching mode at 1500 ciaMost vibrational bands
(spectra a and b). are much better resolved in the loading factor. These include
When an IR band of the starting material or the product the NQ, symmetric stretching vibration at 1348 chand
does not overlap with other bands, the kinetics of the reactionthe C-N—H bending vibration at 1530 cmy(Figure 1c). On
can be analyzed based on the time-dependent changes in itthe other hand, vibrational bands that do not undergo changes
peak area. When bands overlap, however, clear-cut kineticsduring the reaction did not show up in the loading factor
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1199
1149

890

ey
(=]
L

o
-4
A

4 -1 1722
k=4.2x10"" s ' (solid line)

Fraction of product formation

0.6 A
3.7x 104 57! (dotted line)
0.41 b
40 min
0.2-
a
0 min
0.0
0 50 100 150 200 250 2000 1800 1600 1400 1200 1000 80O

Wavenumber (cm'1)

Figure 2. Time course for the synthesis 2based on the analysis ~ Figure 3. IR spectrum of (aB (starting material); (0% (product);
of spectra taken at 0, 5, 10, 20, 60, and 240 min during the (€) the primary loading factor for the synthesis4f

reaction: (a) from PLS calibration method (filled symbols and the _ ) ) )
best fit as a solid line); (b) from integration of the single peak area tion of the PLS method in the analysis of reaction 1 is further

in the range from 1670 to 1780 cth(open symbols and the best  corroborated by the analysis of the following reaction.
fit as a botted line). Analysis of Reaction 2.The synthesis o is shown in
Scheme 2. IR spectra taken at 0, 1, 2, 4, 8, 12, 20 and 40
min were used in PLS analysis. This reaction was studied

1375 and 1028 cnt. A few negg‘uve bands are algo -to further validate the ability of PLS to analyze severely
observed. They represent the species where concentration '%verlapping IR spectra. As in the previous example, the
decreasing during the reaction. As demonstrated in this; '

; . . solated ester carbonyl band at 1722 énallowed single
example, the loading factor provides augmented and enrlcheoL)eak analysis to be performed for comparison. The spectra
information about the changes of all spectral features in a

. h . licati h of 1 and4 are shown in Figure 3a and b, respectively. The
SPOS reaction. Therefore, an important application of the primary loading factor (70% weight) is shown in Figure 3c.

PLS, as shown in this reaction, is that the loading factor 11 e “are two other loading factors (15% each). These

pLOVIquI enhgncgd u:fordm_atlohn abouf[ the nature of the variations were totally random as the reaction progresses.
chemical species involved in the reaction. These were not considered.

The scores obtained from PLS analysis of IR spectra of as shown in Figure 3, an intense, well-isolated ester
samples taken at various times during the reaction can becarbonyl band at 1722 crhfrom 4 was also observed during
considered as intensities of the loading factor and can bethjs chemical reaction. The integration of the band at 1722
used for quantitative analysis of the spectral data. On the ;1 is used as a reference for a further validation of the
basis of IR changes, this reaction is complete aft@rh. PLS method by comparing with results from the analysis of
The scores are therefore normalized by assigning the scorehe overlapped fingerprint region.
at 240 min to 1. The normalized scores of the primary  The pLS calculation was performed on a series of spectra
loading factor are shown in Figure 2 as solid circles. The {gken at 0,1,2,4,8,12, 20, and 40 min during the synthesis
best fit to a pseudo first-order reaction rate equation was using the fingerprint region (8661670 cnty). In the primary
plotted as a solid line. Curve-fitting analysis yielded a rate |oading factor, a few distinguishable spectral features are
constant of 4.2« 104 s7* for the PLS calibration method.  marked (Figure 3c). The positive bands frdrare G-O—C
These scores were obtained from the analysis of all the asymmetric and symmetric vibration at 1235, 1149 tfor
Spectral intensities in the Ovel’lapped fingerprint region 6800 the ester functional group, and a band at 890 tfor the
1670 cm). As a comparison, the time course that was c—H out-of-plane bending vibration of anthracene. The latter
calculated from the integration of peak areas of the isolated pand is blurred in Figure 3b, but it is clearly observed in
carbonyl band at 1730 crhfor 2 s also shown in Figure 2 Figure 3c. The detailed peak assignments are included in
as open symbols and the best fit as a dotted line. The rateTaple 1. Negative bands are observed. They represent the
constant derived from the single peak area integration is 3.7 decreasing concentration 8for some perturbation on resin
x 107 s™h during the reaction.

As shown in Figure 2, time courses calculated from both ~ The normalized scores of the primary loading factor for a
spectral regions are very similar. The analysis of this reaction series of spectra taken at various times during the synthesis
also demonstrates another valuable feature of the PLSof 4 are shown in Figure 4 as filled circles. They are derived
method, i.e., it can extract quantitative information for a from the analysis of the fingerprint region (860670 cnt?)
chemical reaction even though severe spectral overlappingand represent the time course for the synthesid.cdfhe
is encountered. When spectral overlapping severely blursbest fit to a pseudo first-order reaction rate equation is plotted
spectral changes, PLS is the method of choice to extractas a solid line. The rate constant was determined to be 6.6
quantitative information during a SPOS reaction. The valida- x 1072 s . The time course obtained from the integration

Time (min)

such as the strong resin signal at 1600 €mnd signals at
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Figure 6. Time course for the synthesis 6fbased on the PLS
analysis of spectra taken at 0, 2, 8, 16, and 32 min. Experimental
data are shown as filled symbols and the best fit as a solid line.

Figure 4. Time course for synthesis dfbased on the analysis of
spectra taken at 0, 1, 2, 4, 8, 12, 20, and 40 min during the
reaction: (a) from PLS calibration method (filled symbols, the best
fit as a solid line); (b) peak area integration in the range of 1670
1780 cnr'(open symbols, the best fit as a dotted line). tion band appears at 1689 cinand is assigned to the
carbonyl stretching vibration of the carboxylic acid fr&m

It underwent a decrease in intensity because it is the starting
material for the reaction. The positive absorption band at
1721 cm! is assigned to the carbonyl stretching vibration
of the ester group fron6. This band has an increased
intensity, and it is coincidentally overlapped with the one of
the carbonyl bands from carboxylic acid. These changes in
band intensity indicate the conversion of an acid to an ester.
The C-0O stretching vibration at 1281 crhis shown in
Figure 5a and b, but does not appear in Figure 5¢c because it
is not changed in this reaction process. The asymmetric
stretching vibration of €O—C at 1269 cm is overlapped
with the band at 1281 cm in Figure 5b, but it can easily
identified in Figure 5c. The out-of-plane bending vibration
of pyrene at 846 cnt is overlapped with a band nearby in
Figure 5b, but it is better defined in Figure 5c. All the peak
assignments fob and6 are listed in Table 1.

The normalized scores of the loading factors from the
analysis of spectra of various samples taken at different times
of the isolated peak at 1722 cis also shown in Figure 4 during the synthesis o8 are plotted in Figure 6. Curve-
as open circles and the best fit as a dotted line. The ratefitting analysis yields a rate constant of 321073 s2,
constant obtained from this analySiS is identical with the PLS Due to the Spectra' Ove”ap’ the Conventiona| peak integra_
analysis. tion method cannot be used to give accurate quantitative

PLS analysis of the reaction kinetics in this example results. The quantitative information can only be obtained
indicates that the method can be applied to reactions thatusing PLS analysis. The analysis of this reaction demon-
involve only minimal spectral features in the loading factor strates again the unique capability of the multivariate method
and demonstrates again that reliable reaction kinetics datain obtaining quantitative information on SPOS reactions

1269
1721 1096 846

1689

32 min

0 min

1400

T

2000 800

1800 1600 1200 1000
Wavenumber (cm™)

Figure 5. IR spectrum of (ap (starting material); (b% (product);
(c) primary loading factor for the synthesis @f

can be obtained by the analysis of the fingerprint region.
Analysis of Reaction 3.The synthesis 06 as shown in

when there is no isolated spectral feature.
Validation of the PLS Method. The compelling advan-

Scheme 4 is also studied. This reaction includes the disap-tage of PLS is the capability to extract qualitative and
pearance of a carboxylic acid group and the formation of an quantitative information from severely overlapped IR spectra.

ester group. The IR spectra®ind6 are displayed in Figure
5 (a and b). All the primary bands frohand6 suffer from
certain interference due to overlapping bands.

This has been demonstrated repeatedly by the analysis of
three reactions in this investigation. First, the analysis of
reactions 1 and 2 has provided a head-to-head comparison

PLS analysis was performed on a series of spectra takenof the PLS method with the single peak integration method.
at0, 2, 8, 16, and 32 min using the spectral region from 800 The nearly identical results obtained by these two different
to 2270 cm?. The primary loading factor (71%) from the methods showed that the PLS method can be as accurate as
PLS calibration is shown in Figure 5c. As indicated, there the analysis of an isolated signal. The analysis of reaction 3
are many changes during this reaction. The negative absorp{further provided direct evidence that totally overlapped
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spectra can be analyzed and quantitative information can bespectral features that have undergone changes during a
obtained using PLS analysis. Quantitative analyses using thereaction. Disappearing and emerging organic functional
PLS method have been instrumental for the kinetic charac- groups generate negative and positive signals in the primary
terization of all reactions in this investigation. loading factor, allowing enhanced qualitative analysis of the
Enhanced Information Content. Compared with con-  reaction. The scores of the primary factors of spectra taken
ventional isolated peak analysis, the PLS method can provideat various times during a reaction provide quantitative
greatly enhanced information content. First, one of the information, allowing the study of the reaction kinetics
advantages in PLS analysis is that only vibrational modes directly on solid support. On the basis of analysis of three
that undergo changes during a chemical reaction show updiverse SPOS reactions, the PLS method has demonstrated
in the primary loading factor. The vibrational modes that the unique capability of extracting quantitative and qualitative
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