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Abstract—The application of the Suzuki coupling reaction to the preparation of small combinatorial libraries using 5-bromonicot-
inic acid as a scaffold onto three different types of solid support (Wang, Rink, and BAL resin) is described.
� 2004 Elsevier Ltd. All rights reserved.
The formation of carbon–carbon bonds on solid-phase1

is a particularly useful transformation but has been
slower in coming of age than other solid-phase reac-
tions. Pd-catalyzed coupling reactions2 are the most pre-
valent method for creating carbon–carbon bonds in
both solution and solid-phase. The Pd-catalyzed Suzuki
reaction of aryl halides with boronic acids has emerged
as a powerful tool in SPOS owing to its mild reaction
conditions, compatibility with most functional groups
and the wide availability of boronic acids.

Our group is developing strategies for generating pri-
mary screening small libraries3 from which pharmaceu-
tically attractive lead compounds may arise.

The success of a solid-phase synthesis is highly depen-
dent on both the starting solid support and linker used.
The relevance of these factors to the outcome of Suzuki
0040-4039/$ - see front matter � 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/j.tetlet.2004.11.153

Keywords: Combinatorial chemistry; Wang resin; Rink resin; Bal resin; 5-Br
* Corresponding author. Tel.: +34 934 034 705/06; fax: +34 934 037 109; e-m

Table 1. Representative conditions found for Suzuki Coupling on Wang Re

Entry Solvent Catalyst B

1 DMF 0.2 eq PdCl2(dppf)

2 DMF/H2O (9:1) 0.2 eq PdCl2(dppf) 1

3 DMF/H2O (9:1) 5% Pd(PPh3)4
4 Toluene/EtOH (9:1) 5% Pd(PPh3)4
5 DMF 5% Pd(PPh3)4
6 DME 5% Pd(PPh3)4
coupling reactions is demonstrated in this work. We
have thus found that Suzuki reactions employing either
Wang or amide-bound resins afford distinct results.
Application of the Suzuki coupling reaction to the pre-
paration of small combinatorial libraries on three differ-
ent types of solid-support using 5-bromonicotinic acid4

as a scaffold is discussed.

In the synthetic approach used, 5-bromonicotinic acid
was first attached to a commercial Wang resin using
1,3-diisopropylcarbodiimide (DIC) and 1-hydroxy-ben-
zotriazole (HOBt) in N,N-dimethylformamide (DMF)
in the presence of a catalytic amount of N,N-dimethyl-
aminopyridine (DMAP). In order to optimize the Suzuki
reaction conditions, several bases and palladium cata-
lysts were first studied using 3 equiv of 4-fluoro-
phenylboronic acid (Table 1). Reactions were carried
out on a 60 lmol scale, using Pd(PPh3)4 or [PdCl2(dppf)]
omonicotinic acid; Suzuki coupling; Solid-phase organic synthesis.
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sin

ase Purity (%) Yield (isolated) (%)

4 eq 2 M Na2CO3 75 50–60

0 eq Et3N 80 50

3 eq K3PO4 75 50

4 eq 2 M Na2CO3 50 60–80

3 eq K3PO4 >95 >80

3 eq K3PO4 80 70
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Scheme 1. Reagents and conditions: (i) 5-bromonicotinic acid, DIC,

HOBt, DMAP in DMF, (ii) see Table 1 for conditions, (iii) TFA/DCM

(1:1) (2 · 10 min).
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as catalyst; Na2CO3, K3PO4, or Et3N as base, and the
following degassed solvents: toluene/ethanol, dimeth-
oxyethane (DME), DMF and DMF/H2O. Reaction
mixtures were heated at 80 �C for 1 day to produce the
5-(4-fluorophenyl)-nicotinic acid 1 as its trifluoroacetate
Table 2. 5-Substituted nicotinic acids prepared from Wang resin
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a Yields (%) are based on the weight of crude material and are relative to th
b The purity of the crude material was estimated from analytical HPLC at k
c Confirmed by mass spectra (ESI).
salt after cleavage with trifluoroacetic acid (TFA)/
dichloromethane (DCM) (1:1) (Scheme 1). All reaction
steps were monitored by 1H NMR and mass spectro-
metry (MS) of cleaved resin aliquots.

In conclusion, Pd(PPh3)4 is a better catalyst than
PdCl2(dppf), which contaminates the final sample.
When K3PO4 was replaced with stronger bases, such
as Na2CO3 or Et3N, the observation of unreacted start-
ing material in the crude product led to the conclusion
that reaction completion requires an appropriate base
strength. The presence of water in the reaction is detri-
mental to the isolated yield, presumably because of
hydrolysis of the ester bond. Hence the use of water in
the reaction system should be avoided. DMF as a sol-
vent gave slightly better results.

A variety of 24 boronic acids were tested in Suzuki reac-
tion5 (representative examples are shown in Table 2)
employing the optimized conditions (entry 5: Pd(PPh3)4,
K3PO4, and DMF as solvent). 5-Substituted nicotinic
Yielda (%) Purityb (%) MSc [M+H]+

84 93 220

75 78 248

80 94 246

79 90 260

81 96 208

75 89 190

e initial loading of the resin.

= 210 nm.
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acids were isolated in good yield (75–89%) and purity
(78–96%). All products were identified by LC-MS
equipped with a diode array detector (Table 2). The re-
sults illustrate the tolerance of the reaction for a broad
array of boronic acids. The final conditions allowed
for a wide variation in arylboronic acids; good results
were obtained for neutral, electron-withdrawing, and
electron-donating functionalities alike.

In order to introduce an additional point of diversity
into the library and to check the scope and limitations
of the previously optimized Suzuki reaction conditions,
additional syntheses were performed. Fmoc-amino acids
were loaded onto Wang resin and, after Fmoc removal,
were subsequently acylated at their free amines with
5-bromonicotinic acid under standard coupling
conditions.3b

When aminoacyl-bromonicotinic ester-bound resins
were treated with 4-fluorophenylboronic acid under
the aforementioned reaction conditions (Table 1, entry
5), the resulting products were obtained with high purity
and in good yield (see Scheme 2). These results show
that the optimized Suzuki reaction conditions also work
well when an aliphatic ester is bound to the polymer
support.

Another point of diversity has been introduced into our
libraries by using Rink and BAL resins3 as a solid sup-
port in order to prepare primary and secondary amides,
respectively. Thus 5-bromonicotinic acid was incorpo-
rated onto commercial Rink and alkylamino-BAL resins
via standard conditions. Application of the best Suzuki
reaction conditions found for Wang-ester resin gave
Scheme 2. Reagents and conditions: (i) Fmoc-LL-AA-OH, HOBt, DIC, DMA

acid, DIC, HOBt, DMAP in DMF, (iv) see Table 1, entry 5, for conditions

Scheme 3.
inferior results (44% of conversion) on Rink-amide re-
sin. These results are in agreement with earlier findings
by Lago et al., who reported that heating Suzuki cou-
pling reactions on Rink resin at 90–95 �C in toluene/eth-
anol (9:1) for 24 h is required in order to achieve total
conversion (see Scheme 3). Taking these findings into
consideration, a small library of 24 nicotinamides was
prepared in high purity (>80%).

In the BAL approach, primary amines (the second point
of diversity for the case at hand) are attached to a 4-form-
yl-3-dimethoxyphenyloxymethyl-functionalized poly-
styrene resin (BAL) via reductive amination, and used
to make alkylamino resins, which were subsequently
acylated with 5-bromonicotinic (see Scheme 4).
Although total conversion was achieved when 5-bromo-
nicotinamide-BAL resins were reacted under the opti-
mal Suzuki reaction conditions found for Wang resin
(entry 5 in Table 1), compounds were obtained in
slightly higher purity when the BAL resins were reacted
under the optimized Rink conditions.6 Using the latter
reaction conditions a small library of 180 secondary nico-
tinamides was thus obtained7 in good yield (75–85%)
and high purity (71–96%) (representative examples are
shown in Table 3).

In summary, libraries of 5-substituted nicotinic acid
derivatives were prepared in extremely good yield and
high purity on three different solid supports (Wang,
Rink, and BAL resin) via the Suzuki cross-coupling
reaction. Fine tuning of the experimental conditions
for each resin was required. For amide resins, the best
reaction conditions employed aqueous Na2CO3 in tolu-
ene/EtOH (9:1) as solvent. In the case of ester-bound
P in DCM/DMF (1:1), (ii) piperidine/DMF (4:1), (iii) 5-bromonicotinic

, (v) TFA/DCM (1:1) (2 · 10 min).



Table 3. 5-Substituted nicotinamides prepared from BAL resin

R1 R2 Product Yielda (%) Purityb (%) MSc [M+H]+
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a Yields (%) are based on the weight of crude material and are relative to the initial loading of the resin.
b The purity of the crude material was estimated from analytical HPLC at k = 210 nm.
c Confirmed by mass spectra (ESI).

Scheme 4.
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resins, however, anhydrous conditions using K3PO4 in
DMF were required for optimum results.
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