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A decisive advantage of combinatorial organic solid-phase
chemistry[1±5] for finding lead structures is its higher through-
put compared to previous synthetic methods, as easily
automated reactions are preferentially carried out on polymer
resins.[6] Further improvement of the efficiency is directed to
an increasing miniaturization of the synthesis as well as
screening of the prepared compounds. Resin-bead analysis
plays an important role in the development of such technol-
ogies. With the techniques that have now been established for
analyzing single resin beadsÐsuch as NMR spectroscopy,[7, 8]

matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry, and FT-IR microsco-
py[9±11]Ðonly polymer-bound single compounds could be
analyzed so far. In combinatorial chemistry, however, techni-
ques are needed with which a large number of compounds can
be analyzed simultaneously.

Owing to its high sensitivity, the simplicity of the apparatus,
and the high sample throughput, IR microscopy is suited for
parallel analysis. The combination of a FT-IR microscope with
a motor-driven x-y stage allows the automatic spectral
mapping of surfaces and objects embedded in them. If single
resin beads are embedded in a KBr window by pressing, they
can be visualized with this measuring arrangement in the form
of an IR map. The superpositioning of the visible video image
of several resin beads with the corresponding IR map
(Figure 1) shows the good correlation of both types of
representations. In this case, for the IR reconstruction the
typical polystyrene combination vibration at 1942 cmÿ1 was
chosen.

Through mapping of larger areas, hundreds of embedded
resin beads can be detected and the compounds bound to
them identified. To exhibit the potential of this method, a
model library of isoxazolidines[12] on Rink amide A RAM
resin was synthesized by the split-and-combine method[13]

(Scheme 1). The polymer-bound library obtained consists of
a total of 18 compounds. If one considers the different
building blocks of the synthesis, a nitro group or the
carboxamidomethyl residue is found in 50 % each of the

Immobilization of 1 ± 3 on the transducer surface: The surface of the glass is
cleaned with a freshly prepared Piranha solution (H2SO4/H2O 2/1) (1 h),
washed with water, and dried at room temperature (RT). The silanization
takes place with a solution of 3-glycidoxypropyltrimethoxysilane (20 % in
toluene; 4 h at 110 8C). To link the cyclopeptides to the surface, a solution
of 1, 2, or 3 (0.1 mgmLÿ1) in phosphate buffer (50 mm, pH 8) is added (24 h,
RT). Then it is washed with brine (1m) and water. To characterize the
cyclopeptide-functionalized glass supports, static contact-angle measure-
ments were carried out with six different solvents and the polar (sP) and
disperse share (sD) in the surface energy were determined. Immobilized
cyclopeptide 1: sD� 23.51 mN mÿ1, sP� 21.37 mN mÿ1. Immobilized cyclo-
peptide 2 : sD� 23.18 mN mÿ1, sP� 23.49 mN mÿ1. Immobilized cyclopep-
tide 3 : sD� 23.27 mN mÿ1, sP� 25.63 mN mÿ1.
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Figure 1. UV/Vis video image and IR reconstruction of four polystyrene
resin beads with a diameter of about 80 mm. The IR map was obtained with
a motor-driven x-y stage in combination with an IR microscope. For the
reconstruction of the resin beads the integral of the polystyrene combina-
tion vibration at 1942 cmÿ1 was used.

Scheme 1. Solid-phase synthesis of isoxazolidines according to the split-
and-combine method. a) Distribution of the resin into two equal portions,
coupling of bromocarboxylic acids with N,N'-diisopropylcarbodiimide
(DIC), combination of the resin, substitution with hydroxylamine; b) dis-
tribution of the resin into three equal portions, condensation with three
different aromatic aldehydes to the corresponding nitrones, combination of
the resin; c) distribution of the resin into three equal portions, cyclo-
addition with three different dipolarophiles to isoxazolidines, combination
of the resin.

compounds; a cyano, N,N-dimethylamino, or trifluoromethyl
group in 33 % each; and a succinimide, N-methylsuccinimide,
or sulfone group in 33 % each. To verify that this library was
successfully synthesized, a portion of the resin was removed,
and the compounds were cleaved from the polymer with
trifluoroacetic acid and analyzed with HPLC electrospray
ionization mass spectrometry. All the compounds shown
could be identified. Upon cycloaddition of the maleimides
endo/exo isomers and, in the case of the vinylsulfones,
regioisomers were obtained. This led to complex chromato-
grams of isomer compound mixtures; coelution occurred
often. A quantification of the single compounds is not
possible, and the peak area in the UV trace (detection at
214 nm) did not correlate with those of the total ion current
chromatogram in the mass spectrum.

The isoxazolidine library prepared according to Scheme 1
was embedded in a KBr window by pressing. An area of 3�
3 mm2 was automatically mapped. When the polystyrene
absorption at 1942 cmÿ1 was used to visualize the IR map, all
resin beads contained on the surface were detected (Figure 2).

Figure 2. IR map of an area (3� 3 mm2) of a KBr window in which resin
beads of the isoxazolidine library are embedded. By application of the
polystyrene absorption at 1942 cmÿ1 all resin beads were detected. White
region: KBr window; colored region: resin beads. There are a total of 297
resin beads in the scanned area.

Through choice of different absorption bands for visual-
ization, those resin beads carrying a specific functional group
can be selectively ªfished outº from this library of 297 resin
beads. For example, the resin beads with the N-methylsuccin-
imide group are extracted spectroscopically from the resin-
bead mixture by visualization by means of the carbonyl
absorption at 1715 cmÿ1. In the scanned area there are a total
of 112 resin beads (39.1 %) with this functional group
(Figure 3). Analogous IR maps could be obtained for further
functional groups (Figure 4).

The IR analysis of polymer-bound molecules is made
difficult by the strong absorption of the polymer matrix itself.
In the IR spectrum containing polymer and anchor absorp-
tions, for example, signals for neither the N,N-dimethylamino
nor the carboxamidomethyl groups can be recognized. How-
ever, as all further functional groups can be cleary differ-
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entiated from one another, the number of resin beads carrying
a specific group is given by the exclusion principle. If this
method is applied to all resin beads, the distribution of all
functional groups can be determined by single counting of the
resin beads by data processing programs (Table 1).

Despite the relatively small amount of resin beads in the
scanned regions, no significant deviations from the expected
statistical distribution of the individual functional groups are
observed. Although the carboxamidomethyl, cyano, and N-
methylimide groups are somewhat overrepresented, their
contributions are on the same order of magnitude. When
applied together with a LC-MS analysis, IR mapping allows a
statistical investigation and thus a rapid quality control of the
library synthesized by the split-and-combine method.

The decisive advantage of this technique is that IR analysis,
in contrast to mass spectrometry, can be carried out without
destruction of the sample and with spatial resolution.
Furthermore, a direct identification of resin-bound molecules
is possible through superpositioning of the IR maps. If, for
example, the maps of the imide (1730 cmÿ1), nitro

(1360 cmÿ1), and cyano absorptions (2225 cmÿ1) are placed
on top of each other, the resin beads that carry exclusively
compound 1 can be identified with spatial resolution in the
overlapping regions (stars in Figure 5) of the functional
groups. The FT-IR spectra of the individual resin beads
extracted from the maps clearly confirm attachment of 1 to
the resin bead (Figure 6).

Figure 5. ªFT-IR taggingº by superpositioning of the IR maps of imide
(1730 cmÿ1), nitro (1360 cmÿ1), and cyano absorptions (2225 cmÿ1). Resin
beads on which 1 is immobilized were identified through overlapping
regions of all IR maps.

In summary, a method has been developed that allows the
spatially resolved and destruction-free characterization and
quality control of polymer-bound compound libraries. Fur-
thermore, by superpositioning of different IR maps, com-
pounds immobilized on individual resin beads can be identi-
fied. Through improved embedding techniques, even larger
areas with many resin beads can be mapped very quickly. This

Table 1. Statistical distribution [%] (the theoretical values are given in
parentheses) of resin beads with specific functional groups.

Figure 3. ªN-Methylsuccinimideº resin beads extracted from the library
by visualization over the carbonyl absorption at 1715 cmÿ1.

Figure 4. ªSuccinimideº resin beads extracted from the library by visual-
ization over the carbonyl absorption at 1730 cmÿ1.



COMMUNICATIONS

3314 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 1433-7851/98/3723-3314 $ 17.50+.50/0 Angew. Chem. Int. Ed. 1998, 37, No. 23

Ba3Ge4: Polymerization of Zintl Anions in the
Solid and Bond Stretching Isomerism**
Fabio Zürcher and Reinhard Nesper*

In memory of Jean Rouxel

In the fast-growing family of Zintl phases, an ever-increas-
ing number of completely new bonding patterns of main
group element clusters, Zintl anions, are being discovered.
These oligo anions or polyanions often carry relatively high
formal charges, which can be determined in accordance with
the Zintl ± Klemm concept.[1] In the solid, stabilization is
achieved through a large number of surrounding cations. The
transfer to solution has only been successful in a few cases
until now, most of which were Zintl anions with low formal
charges.[2] It has not yet proved possible to directly dissolve
the smaller, highly charged oligomeric anions of Group 14
elements such as E4ÿ

4 ,[3] E6ÿ
4 ,[4] E16ÿ

8 ,[5±7] E21ÿ
12

[6±8] from the Zintl
phase into solution. Apart from E4 in the form of a
tetrahedron[9] or a butterfly anion, none of these has even
been synthesized as a molecular compound.

We investigated the different effects of cations on the Zintl
anions in a series of experiments and were able to detect a
strong relationship between the polyanion Emÿ

n formed and
the type of cation used. Small, polarizing cations, in particular
Mg2� and complex cations such as M6X10� (M�Ca, Sr, Ba;
X�O) thus favor the formation of highly charged end groups
or isolated E4ÿ ions. In contrast, large mononuclear cations
preferentially stabilize EÿE bonds, whereby the E atoms are
less highly charged.[7] According to the Zintl ± Klemm con-
cept, semiconductor structures can only be formed in which
the polyanions Emÿ

n follow the 8ÿN rule or the cluster
counting rules. There are often several structural solutions for
a given composition and valence electron number, however,
and then the factors mentioned above also play a part in
determining the form of the Zintl anion formed. The influence
of cation size in determining the structure of the polyanion
type for a given electron number has been little investigated

Figure 6. FT-IR spectrum of an individual resin bead on which 1 is
immobilized.

method can thus provide a valuable contribution to the
development of miniaturized syntheses on individual resin
beads. The combination of IR mapping with MS and HPLC-
MS analysis means that tagging concepts can be abandonned;
technical procedures of automatic sorting of resin beads could
even be developed.

Experimental Section

The FT-IR mapping was carried out with a Bruker IRScope II instrument.
The resin beads modified according to Scheme 1 were embedded in a KBr
window under a slight pressure. An area of 3� 3 mm2 was mapped with an
IR microscope. With a step width of 50 mm 60 data points were measured in
the x as well as the y direction, so that a total of 3600 IR spectra were
registered for the IR mapping. For a resolution of 4 cmÿ1 and a summation
of 4 scans per data point, the measurement time was 5 h.
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