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Although combinatorial chemistry was dominated by solid-
phase synthesis during its first decade,[1, 2] the solution-phase
synthesis remains to show indisputable advantages, for
example, in respect to the versatility of reactions applicable
and the accumulated knowledge of synthetic protocols.
Ideally, a synthetic strategy should be able to combine these
merits with the advantages of solid-phase synthesis protocols,
such as the possibility to use reagents in high excess, to
remove them by filtration, and to employ automated multiple
synthesizers. This combination can be realized in polymer-
assisted solution-phase (PASP) synthesis either by using
scavenger resins or by the implementation of polymeric
reagents.[3±5] Especially desirable is the substitution of chem-
icals which are highly toxic, explosive, or difficult to handle
during preparation, reactions, work-up, waste disposal, and in
large amounts. Many alkylating agents, such as diazoalkanes,
sulfate esters, sulfonate esters, and alkyl halogens belong to
this group of hazardous compounds.[6] Solid-supported sulfo-
nate esters have been employed in alkylations of amines and
thiols at elevated temperatures under basic conditions.[7]

Elemental nitrogen is an excellent leaving group in
alkylations. Therefore we focused our efforts on introducing
a novel concept of alkylating polymers based on the release of
carbenium ions and nitrogen from precursors bound to
insoluble polystyrene gels. The alkylating species are gener-
ated from solid-phase-bound 3-alkyl-1-aryltriazenes under
acidic conditions and we demonstrate their use as very
reactive, mild, and versatile alkylation reagents.[8] The chem-
istry and applications of triazenes have a long history dating
back to the 19th century.[9, 10] Their alkyl derivatives are stable
entities unless treated with acid.[11±14] They fragment into
radicals when moderately heated,[15] under irradiation[15] or by
one-electron oxidation.[16]

Electron-rich triazenes have higher reactivity,[17] and there-
fore para-alkoxy-substituted anilines were selected as effi-
cient starting materials. Solid-supported triazenes have been

important to gain insight into polymerization processes which
hamper the synthesis of molecular phosphorus suboxides. A
comparative study of phosphorus suboxides and phosphorus
subsulfide is underway.
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prepared by two research groups.[13, 14] We developed a
modified procedure (Scheme 1) via the solid-phase bound
nitroarene 1, which was reduced to the polymeric ammonium
hydrochloride 2. The best results in the diazotation reaction

Scheme 1. Preparation of reactive polymers 4 a ± e starting from the
chloromethyl ± polystyrene resin and employing the reaction sequence
alkylation, reduction, diazotation, and nucleophilic addition of an amine.
For details see the Experimental Section.

were obtained by directly employing the ammonium hydro-
chloride salt 2 with tert-butylnitrite in CH2Cl2 at ÿ18 8C, no
improvement was observed by adding further protic or Lewis
acids. The diazonium salt 3 was treated with methylamine, n-
butylamine, tert-butylamine, benzylamine, and 2-(2-amino-
ethyl)pyridine to furnish triazenes 4 a ± e, respectively, which
should be useful in the transfer of methyl-, n-butyl-, tert-butyl-,
benzyl-, and 2-(2-pyridylethyl) cations, respectively. Triazene
4 a was obtained with a loading of 1.54 mmol gÿ1 of reactive
sites by starting from polystyrene containing 2.0 mmol gÿ1 of
chloromethyl groups. When the mass increase during the
reaction sequence is taken into account this loading corre-
sponds to an excellent conversion (94 %) of chloromethyl
groups into triazenes. Completion of the reaction steps could
be monitored by following characteristic vibrational bands in
the attenuated total reflection IR spectrum (FT-ATR-IR)
directly from washed and dried resin samples. Products 4 a ± e
were stable at room temperature for at least several months
when kept in the dark.

Various reactions of the novel polymeric reagents 4 a ± e
were then investigated. First esterifications were studied with

acids representing a broad range of pKa values, size, steric
hindrance, as well as chemical lability and additional func-
tionality. As the reaction requires acidic conditions and is
initiated supposingly by protonation of the triazene moiety,
the pKa value is a possible determinant of the reaction.
Furthermore, there is evidence pointing to carbenium ion
intermediates either as ion pairs in the case of benzyl ions or
through a concerted mechanism in the case of primary alkyl
ions.[18]

Sterically demanding benzilic acid (7) was used to optimize
the reaction conditions in respect to reagent excess and
reaction time. Complete conversion (99%) of benzilic acid to
the corresponding methyl ester was obtained with two
equivalents of alkylating polymer 4 a after 6 h, while 96 %
conversion was obtained with resin 4 b (Figure 1). The
polymer-supported reaction of 4 a (2 equiv) with p-nitrophe-
nylacetic acid (5, 1 equiv, 2 mg mLÿ1) in CH2Cl2 was analyzed
after various reaction times by HPLC. A 53 % conversion
from the acid to the ester product was observed after 5 min;
data analysis[19] indicated a second-order reaction as observed
in homogeneous solution.[17]

The results of esterifications are summarized in Table 1. A
diverse selection of acids was converted into highly pure ester
products when treated with five equivalents of the alkylating
polymers 4 a, 4 b, 4 d, and 4 e for 2 ± 6 h. Typical yields for the
conversion of 5 mg acid were in the range of 80 %. In case of

Figure 1. HPLC chromatogram of 7 (top) and after 6 h reaction with five
equivalents of 4 b (bottom). The n-butyl ester was formed in a purity of
96% (see Table 1).
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the esterification of acid 5 with resin 4 b NMR analysis was
employed to prove the structure of the n-butyl ester; the
NMR spectrum did not display any signals of an isobutyl ester
by-product formed by rearrangement. In contrast, alkylation
to the tert-butyl ester (4 c) failed, though the generation of
gaseous products indicated decomposition of the triazene
moiety. Possibly, the intermediary tert-butyl cation reacts
under proton abstraction to yield isobutene. The reagents
tolerate the presence of non-acidic hydroxy groups (7,
entries 6 ± 8), enolizable carbonyl functions (9, entries 10
and 11), and nitrogen heterocycles with limited basicity such
as in pyridine (pKa 5.25) and pyrazole systems (13, entry 15).
The reaction fails in the case of alkylic amines such as the
unprotected amino acids. The conversion of acid-sensitive
structures is exemplified with penicillin V (11, entry 13).
Esterification of this especially labile structure failed under
acidic and basic conditions as well as with diazomethane.[20]

After conversion of the potassium salt of penicillin V into the
free acid by employing ion-exchange resin Amberlyst 15 in
dioxane/water, the ion exchanger was removed and the
remaining solution was treated immediately with polymeric
reagent 4 a to yield the respective penicillin ester. A penta-
decapeptide bearing various acid-labile side protecting groups
and having a mass of 2924.5 Da (12, entry 14) was investigated
in the reaction with resin 4 a (5 equiv). After 6 h the starting
peptide was consumed and the product was formed as analyzed
by HPLC and ESI-MS. The etherification of alcohols was
attempted without significant formation of product.[21]

Finally, the conversion of a collection of druglike molecules
was investigated, since this process might be useful for lead
optimization in a medicinal chemistry program. An equimolar
mixture of 20 pyrazolecarboxylic acids 15 a ± u[22] was synthe-
sized by a split-and-combine approach via solid-phase-bound
b-dicarbonyl compounds that were cyclized regioselectively
with various aldehydes and arylhydrazines. One portion of
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15a : R = Me
15b : R = Et
15c : R = i Pr
15d : R = Phe

15e : R = Me
15f  : R = Et
15g : R = i Pr
15h : R = Phe

15i  : R = Me
15k : R = Et
15l  : R = i Pr
15m: R = Phe

15n : R = Me
15o : R = Et
15p : R = i Pr
15q : R = Phe

15r  : R = Me
15s : R = Et
15t  : R = i Pr
15u : R = Phe

Table 1. Conversion of a diverse collection of various acids with the
alkylating polymers 4a, b, d, e. The purity was determined by HPLC with
UV detection at 214 nm.

Entry Acid R1 of 4 Purity

1
O2N

OH

O

5

Me 96

2 5 nBu 95
3 5 C2H4-C5NH4 92

4
O

OH

O
6

nBu 91

5 6 C2H4-C5NH4 91

6
OH

O
HO

7

Me 99

7 7 nBu 96
8 7 C2H4-C5NH4 94

9
OH

O

O2N

O O

OH

8

9

Me 90

10 Me 86

11 9 nBu 87

12 Me 96

13 Me 92

14 Me 82

15 Bn 90

16 Me 91
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this mixture was treated with resin 4 a (5 equiv) for 6 h to yield
the methyl esters of the pyrazolecarboxylic acids. Both the
mixtures of acids and esters were analyzed by electrospray
ionization Fourier transform ion cyclotron mass spectrometry
(ESI-FT-ICR-MS) using both direct infusion measurements
and coupling to micro-HPLC. All 20 pyrazolecarboxylic acids
(15 a ± u) could be assigned in the starting mixture (Figure 2,
top) as well as the corresponding 20 methyl esters (Figure 2,
bottom) in the product mixture. Assignment was based on
accurate mass determination with a relative mass error of less
than 2.2 ppm.

Figure 2. LC-MS contour plots (mass-to-charge ratio versus retention
time) using HPLC-ESI-FT-ICR-MS. A collection of 20 pyrazole acids
15a ± u (top) were converted into their corresponding methyl esters 16a ± u
(bottom) by treatment with resin 4a. Coeluting compounds 16 d and 16t
were resolved having a mass difference of 0.042 Da.

In summary, we have demonstrated that the alkylating
polymers 4 a, b, d, and e are very efficient and versatile
esterification reagents that allow the conversion of diverse,
highly functionalized substrates under extremely mild reac-
tion conditions. The novel reagents might be of value
especially in the parallel conversion of mixtures of highly
functionalized compound collections such as those used in
lead-optimization efforts. Alkylating polymers should be
useful as well in flow-through applications allowing in situ
conversions, for example, in gas chromatography. Further
potential applications of the presented alkylation reagents can
be expected for other nucleophiles besides carboxylates, such
as for alcohols, phenols, amines, thiols, and various C-nucle-
ophiles including the cyanide ion.

Experimental Section

Attachment of para-nitrophenol to Merrifield resin: Chloromethylated
polystyrene resin (0.5 g, 1.0 mmol, 200 ± 400 mesh cross-linked with 1%
divinylbenzene, loading 2.0 mmol gÿ1) was suspended in a solution of para-
nitrophenol (5 mmol, 696 mg) in DMF (5 mL). Cs2CO3 (2 mmol, 652 mg)
was added and the reaction mixture was agitated for 3 h at 80 8C. The resin
was washed at RT with DMF, CH2Cl2, MeOH, CH2Cl2, and MeOH (each
five times) and dried in vacuo to furnish resin 1. IR: W� 1339, 1495,
1592 cmÿ1.

Reduction of the nitro group and diazotation: Resin 1 was treated with a
2m solution of SnCl2 ´ 2 H2O in DMF (450 mg per mL solution) for 16 h at
RT and subjected to the washing and drying procedure described above to
furnish resin 2 (IR: W� 2581 cmÿ1 (NH3

�)) with a loading of 1.63 mmol gÿ1

(elemental analysis). Resin 2 (1.0 mmol) was suspended in CH2Cl2 and
cooled to ÿ18 8C. tert-Butylnitrite was then added (10 mmol, 988 mL).
After 4 h the diazonium resin 3 was washed with cold CH2Cl2 (five times)
and cooled again to ÿ18 8C. IR: W� 2238 cmÿ1 (N2

�).

Triazene formation: The intermediate diazonium resin 3 was treated with a
2m solution of an amine in THF at ÿ18 8C and warmed to RT. After 4 h,
washing and drying furnished resins 4a ± e with a loading of 1.54 mmol gÿ1

for resin 4a starting from 2.0 mmol gÿ1 of chloromethyl groups. For further
loadings of 4 a ± e consult the Supporting Information.

Representative example of the alkylation of acids: Acid 5 a (5 mg) was
dissolved in CH2Cl2 (5 mL) (or CH2Cl2/MeOH 9/1, or THF, or dioxane) and
treated with resin 4b (5 equiv) for 6 h. The resin was washed with CH2Cl2,
MeOH, and CH2Cl2 (each two times with 2.5 mL) and the solvent was
removed by evaporation to furnish 5.3 mg of the n-butyl ester (79.5 %
yield). HPLC analysis was conducted to determine the purity of the
products (see Table 1).

Received: October 4, 2000 [Z 15899]

[1] Combinatorial ChemistryÐSynthesis, Analysis, Screening (Ed.: G.
Jung), Wiley-VCH, Weinheim, 1999.

[2] Combinatorial Peptide and Nonpeptide Libraries (Ed.: G. Jung),
VCH, Weinheim, 1996.

[3] D. L. Flynn, R. V. Devraj, W. Naing, J. J. Parlow, J. J. Weidner, S. L.
Yang, Med. Chem. Res. 1998, 8, 219 ± 243.

[4] J. Rademann, W. Kraas, B. Dörner, Nachr. Chem. 2000, 48, 280 ± 283,
and references therein.

[5] A. Akelah, D. C. Sherrington, Chem. Rev. 1981, 81, 557 ± 587.
[6] Encyclopedia of Reagents for Organic Synthesis (Ed.: L. A. Paquette),

Wiley, Chichester, 1995.
[7] J. K. Rueter, S. O. Nortey, E. W. Baxter, G. C. Leo, A. B. Reitz,

Tetrahedron Lett. 1998, 39, 975 ± 978.
[8] E. H. White, H. Scherrer, Tetrahedron Lett. 1961, 21, 758 ± 762.
[9] A. Baeyer, C. Jaeger, Ber. Dtsch. Chem. Ges. 1875, 8, 148 ± 150.

[10] H. Goldschmidt, J. Holm, Ber. Dtsch. Chem. Ges. 1888, 21, 1016 ± 1026.
[11] O. Wallach, Justus Liebigs Ann. Chem. 1886, 235, 233 ± 255.
[12] M. L. Gross, H. D. Blank, W. M. Welch, J. Org. Chem. 1993, 58, 2104 ±

2109.
[13] J. K. Young, J. C. Nelson, J. S. Moore, J. Am. Chem. Soc. 1994, 116,

10841 ± 10 842.
[14] S. Bräse, J. Köbberling, D. Enders, R. Lazny, M. Wang, S. Brandtner,

Tetrahedron Lett. 1999, 40, 2105 ± 2108.
[15] T. B. Patrick, R. P. Willaredt, D. J. DeGonia, J. Org. Chem. 1985, 50,

2232 ± 2235.
[16] L. Dunsch, B. Gollas, A. Neudeck, A. Petr, B. Speiser, H. Stahl, Chem.

Ber. 1994, 127, 2423 ± 2429.
[17] A. A. R. Laila, Gazz. Chim. Ital. 1989, 119, 453 ± 456.
[18] E. H. White, H. M. Maskill, D. J. Woodcock, M. A. Schroeder,

Tetrahedron Lett. 1969, 11, 1713 ± 1716.
[19] 5 (2 mgmLÿ1) was treated with resin 4a (2 equiv) in CH2Cl2. In order

to determine the reaction order the ratio between the starting
materials and products was measured after 0, 5, 10, 20, 30, 90, and
330 min. The inverse concentration of the starting acids were plotted
against the reaction time. Linear regression indicated a second-order
reaction (R� 0.9932). The rate constant was determined to be (0.38�
0.02) mÿ1 sÿ1, which corresponds to a t1/2 of 4 min.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2001, 40, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 1433-7851/01/4002-0385 $ 17.50+.50/0 385
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Recent developments in supramolecular chemistry and
nanotechnology have stimulated interest in the design and the
construction of molecular signaling systems capable of
performing photo- and substrate-induced logic functions or
redox-based switching actions.[1] At the molecular level,
photons, that is their absorption or emission, often are the
vehicle of choice for transduction of an electrochemically[2] or
photochemically[3] generated signal. Examples range from
photonic switches[4] to photo- or electrochromic devices[5] and
to advanced micro- or nanomachines.[6] In particular, multi-
functional dyes that are sensitive toward both external
physical and chemical triggers provide a versatile basis for
the construction of sophisticated switches that communicate,
for instance, through changes in electrochromic and/or
fluorescence properties. Over the past few years, the bor-
on ± dipyrromethene (BDP) chromophore has gained in
importance in the design of such systems[2c, 3b, 7±9] since the
BDP core is comparatively readily oxidized and reduced,[2c] a
prerequisite for fluorescent switches relying on electron or
charge transfer (CT),[3b, 7, 8] as well as for the generation of
stable radical ions that show electrogenerated chemilumines-
cence upon charge recombination.[2c] In these systems, the
meso-substituted BDP chromophore acts as in donor(D) ±
acceptor(A)-substituted biaryls so that the switching process
hardly influences the absorption and emission wavelengths.
However, for the design of more advanced molecular
ensembles it would be highly desirable to generate signal
changes by substrate interaction at a site conjugated to the
BDP core. Since experience has shown that creation of an

extensively delocalized amino radical cation would result in
strong electrochromism, introduction of a proton-sensitive
amino donor group seemed most suitable for the construction
of such a multifunctional electro- and photochemical molec-
ular switch. Here, we report the synthesis and spectroscopic
and electrochemical properties of the 3-dimethylaminostyryl-
substituted dye 1, which, to the best of our knowledge, is the
first example of an unsymmetrically substituted BDP dye
carrying an analyte-sensitive (donor) group conjugated to the
core.

N
B

N

F

F

(H3C)2N

1

Compound 1 was synthesized by condensation of the
tetramethyl derivative[7b] with p-dimethylaminobenzaldehyde
using piperidinium acetate as catalyst.

Owing to the introduction of a donor-styryl-spacer group at
the 3-position the spectrosocpic behavior of 1 is more
reminiscent of D ± A stilbenes[10a,b] or styryl bases,[10c] in
contrast to meso-donor-substituted BDP dyes, where no
direct electronic conjugation exists between both aryl sub-
units.[3b, 7b] As follows from Table 1 and Figure 1, the absorp-

Figure 1. Absorption (normalized; absorption A) and emission spectra
(fluorescence intensity F) of 1 at 298 K (ÐÐ: in hexane, &: in Bu2O, *: in
THF, - - - -: in MeCN; absorption spectra in THF and Bu2O omitted for
better clarity, experimental conditions, see Table 1). In the inset, a plot of
lnknr versus the emission maximum is shown (ÐÐ fit; r� 0.999).
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Table 1. Spectroscopic data of 1 and 1-H� in different solvents at 298 K.[a]

Solvent labs emax lf Ff tf kf
[b] knr

[b]

[nm] [mÿ1 cmÿ1] [nm] [ns] [108 sÿ1] [108 sÿ1]

1 MeCN 597 75000 731 0.13 0.94 1.4 9.2
1 THF 603 89000 672 0.58 3.21 1.8 1.3
1 Et2O 594 98000 638 0.83 3.88 2.1 0.4
1 Bu2O 598 101 000 630 0.87 3.73 2.3 0.3
1 hexane 596 n.d.[c] 611 0.97 3.84 2.5 0.1

1-H� MeCN 553 100 000 563 0.97 4.38 2.2 0.1
1-H� THF 558 100 000 566 0.85 4.02 2.1 0.3
1-H� Et2O 556 101 000 563 0.90 4.24 2.1 0.2

[a] Experimental conditions: c(1)� 1� 10ÿ6m, lexc� 545 and 595 nm for steady-
state, 500 and 578 nm for time-resolved fluorescence measurements, proton
source HClO4. [b] kf�Ff/tf, knr� (1ÿFf)/tf. [c] Not determined due to low
solubility.


