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The amide bond plays a major role in the elaboration and
composition of biological systems. It is one of the most
important linkages in organic chemistry and constitutes the
key functional group in peptides, polymers, and many natural
products and pharmaceuticals.! An in-depth analysis of the
comprehensive medicinal chemistry database revealed that
the carboxamide group appears in more than 25% of known
drugs.? For example, atorvastatin (1 in Figure 1, blocker of
cholesterol production), the top selling drug worldwide since
2003, contains an amide bond,'®? as do Reyataz (2, a
protease inhibitor used to treat HIV),* Gleevec (3, a protein-
tyrosine kinase inhibitor used to treat chronic myeloid
leukemia),” and Altace (4, an ACE inhibitor used to treat
hypertension and heart disease).®

Because of its importance in biological systems, formation
of the amide bond has been one of the most widely studied
reactions in organic chemistry.” Numerous methods have
been developed toward the synthesis of amides; contempo-
rary trends in amide formation, however, have been directed
toward the design and synthesis of efficient coupling re-
agents.® It has been taken for granted that amide bond
forming is realized by reacting an activated carboxylic acid
with an amine. Utilization of an activating strategy unavoid-
ably brings about problems associated with harmful waste
materials, of which dicyclohexyl urea arising from the
commonly used coupling reagent dicyclohexylcarbodiimide
(DCC) is a particularly troublesome example. The situation
is even worse in combinatorial liquid-phase synthesis of
amide libraries for drug discovery where there are the
difficulties of removing byproducts produced during coupling
reactions, as well as excessive activating agents. In other
words, the advantages of solution-phase synthesis over solid-
phase approaches, such as unlimited scale, easy manipulation,
easy analysis of the reaction progress, efficiency, ready
optimization of reaction conditions and cost effectiveness,
are compromised by the time-consuming purification pro-
cess.” On the basis of the current criteria of green chemistry,
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Figure 1. Chemical structures of marketed drugs containing an
amide bond.

amide libraries syntheses should be as efficient as possible
while being environmentally benign. Development of a new
method that could be used for the generation of amide
libraries in the solution phase is one of our interests. In this
paper, we report a convenient approach toward the synthesis
of amides, as well as amide libraries based on pyrolyzation
mediated by silica gel in the solution phase (Scheme 1).
Although amide bond formation by direct pyrolyzation of
salts generated by mixing an acid with an amine appears an
attractive method, little attention has been paid seriously to
this approach. Only a few attempts dealing with the synthesis
of amides under microwave irradiation conditions have been
discussed in the recent literature. High temperatures are
generally associated with pyrolyzation and thus preclude its
further application. In typical recent research, the synthesis
of amides by directly combining amines and carboxylic acids
under solvent-free microwave conditions has been studied;'°
however, it is less likely that the extremely high temperature
(250—300 °C) employed would be appropriate for a liquid-
phase generation of amide libraries. Besides, this microwave-
mediated method provided amides in only 10—25% yields
when secondary amines were used. Because solid medium,
such as silica gel, had been used previously as a solid support
for acylthiourea formation under solvent-free microwave
condition,'" we decided to try pyrolazation that was mediated
by silica gel in solution phase, aiming to develop a new
method for the synthesis of amides (Table 1). By screening
of solvents, we found that toluene was a good solvent for
amide formation. To our delight, treatment of phenoxyacetic
acid with phenylamine in toluene in the presence of silica
gel afforded the desired amide in 90% yield. Without addition
of silica gel, only a 28% yield was obtained after reflux for
16 h with azotropic removal of water. When silica gel was

Scheme 1. Preparation of Amides by Silica Gel-Mediated
Reaction
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Table 1. Attempts Towards the Synthesis of Amides”

[¢] [¢]
©/O\)I\0H . ©/NH2 Soli medlum ©/o\)J\N /©
16h, Reflux H

entry solvent solid medium yield (%)

1 benzene 0

2 1,2-dichloroethane 0

3 1,4-dioxane trace

4 toluene 28

5 xylene 31

6 toluene molecular sieves (4 A) 20

7 toluene anhydrous magnesium sulfate 15

8 toluene aluminum oxide 12

9 1,4-dioxane silica gel 56

10 toluene silica gel 90

“ A mixture of acid (1.2 mmol), amine (1.0 mmol) and solid medium
(500 mg) was stirred in solvent (10 mL) at reflux for 16 h.

changed to molecular sieves, only a 20% yield of the amide
was obtained under identical conditions. For some acids and
amines, elevation of the temperature by using xylene as
solvent provided better yields (Table 2, compounds III-
7—1I1-18 and III-25—1II1-30). A number of amides were
synthesized and the results are summarized in Table 2.'% It
is noteworthy that purification of the amide products was
easy to handle and pure samples could be obtained by
filtration and washing with aqueous sodium bicarbonate to
remove excess acid. The silica gel can be reused several times
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without any significant loss of activity after being washed
with acetone and ethanol and dried at 120 °C in an oven
overnight.

The cytotoxic potential of all synthesized amides was
evaluated in vitro against AGZY, U937, and PC12 tumor
cell lines according to procedures described in the literature.'?
The results are summarized in Table 2 (ICs, value is defined
as the concentration corresponding to 50% growth inhibition).
From Table 2, it has been found that cinnamic amides III-
15, III-16, III-17, III-18, and III-28 possess moderate
cytotoxic activities, although cinnamic amides III-13 and
III-14 were inactive. Among them, compound III-17,
prepared from an electron-rich cinnamic acid and an electron-
rich arylamine, was the most active. These results suggested
that cinnamic amides with an electron-rich substitution on
both of the aromatic rings may play a vital role in the
modulation of the cytotoxic activities.

With the optimized reaction conditions in hand, we
turned our attention next to the synthesis of amides with
the aim of finding more potent compounds. On the basis
of the above cytotoxic activities, we selected 3.4,5-
trimethoxycinnamic acid (I-17) as the starting acid. We
synthesized cinnamic amides I'V-1 to IV-10, respectively,
by using 3,4,5-trimethoxycinnamic acid and ten amines
(including five arylamines and five alkylamines) via silica
gel-mediated reaction (Table 3). The cytotoxic potential

Table 2. Synthesis of Amides via Silica Gel-Mediated Reaction” and Cytotoxic Activities in Vitro® (ICsy, #M)

Silica gel, Toluene o
)?\ . HN/ R or Xylgne, Reflux R )LN _R,
R1 OH AN 1
R; 'IQ
| I mee
o P yleld IC50 IC5() IC50
compound acid (D amine (II) (%) for AGZY for U937 for PCI2

III-1 phenylpropanoic acid o-anisidine 92 >100 >100 >100
1I1-2 phenoxy acetic acid 2-amino-4,6-dimethylpyrimidine 94 >100 >100 >100
III-3 phenoxy acetic acid diethylamine 77 >100 >100 >100
111-4 phenoxy acetic acid 2-aminopyridine 84 >100 >100 >100
III-5 1-cyclohexenecarboxylic acid 3,4-dimethoxyphenylethanamine 83 >100 >100 >100
I11-6 sorbic acid 3,4-dimethoxyphenylethanamine 88 >100 >100 >100
I-7 sorbic acid morpholine 55" >100 63.3 >100
II1-8 3,4,5-trimethoxybenzoic acid morpholine 74> >100 >100 >100
II1-9 3,4,5-trimethoxybenzoic acid o-anisidine 620 87.4 >100 >100
1I1-10 nicotinic acid morpholine 78° >100 >100 >100
III-11 isobutyric acid 3.4,5-trimethylaniline 75" >100 >100 >100
II1-12 3-iodobenzoic acid 3,5-dimethylaniline 61° 44.6 >100 32.6
111-13 3-chlorocinnamic acid 2-aminopyridine 90” >100 >100 >100
II1-14 3,4-dimethoxycinnamic acid morpholine 91° >100 >100 >100
II1-15 3,4-dimethoxycinnamic acid 1-adamantylamine 81° 39.1 39.1 72.8
111-16 3,4,5-trimethoxycinnamic acid 2-amino-4,6-dimethylpyrimidine 55" 76.5 82.6 88.5
II1-17 3,4,5-trimethoxycinnamic acid m-anisidine 75° 18.8 25.3 29.9
II1-18 3,4-dimethoxycinnamic acid 2-aminopyridine 86" 55.7 41.5 19.8
11-19 phenoxy acetic acid 1-adamantylamine 70 >100 >100 >100
1I1-20 phenoxy acetic acid 2,4,6-trimethylaniline 88 >100 >100 >100
11-21 phenoxy acetic acid benzylamine 92 >100 >100 >100
111-22 4-methoxylphenylacateic acid 2-aminoethanol 78 >100 >100 >100
1I1-23 phenoxy acetic acid 8-aminoquinoline 80 >100 >100 >100
111-24 phenoxy acetic acid 2,4-dimethoxybenzenamine 88 >100 >100 >100
1I1-25 4-nitrobenzoic acid p-anisidine 75° >100 >100 >100
1I1-26 3,5-dinitrobenzoic acid p-anisidine 51° >100 >100 >100
1II-27 4-methoxylphenylacateic acid p-nitroaniline 88" >100 >100 >100
II1-28 3,4,5-trimethoxycinnamic acid p-nitroaniline 70" 82.1 78.3 66.2
111-29 4-nitrobenzoic acid p-nitroaniline 38 >100 >100 >100
1I1-30 3,5-dinitrobenzoic acid p-nitroaniline 310 >100 >100 >100

“ Yields represent isolated yield. ” Xylene as solvent. © Cytotoxicity, as ICs for each cell line, is the concentration of compound which reduced by

50% the optical density of treated cells with respect to untreated cells using the MTT assay.
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Table 3. Synthesis of Cinnamic Amides via Silica Gel-Mediated Reaction” and Cytotoxic Activities in Vitro? (ICsp, uM)

o] o
MeO. S on . HN/RZ Silica F%Zlf,hi)((ylene, MeO. S N/Rz
MeO Ry MeO ||23
OMe OMe
| U cinnamic amide IV
entry amine (II) yield (%) HepG2 Hep-2 EJ Raji
Iv-1 m-anisidine 75 27.9 36.3 26.8 54.5
1v-2 m-toluidine 69 47.6 46.1 84.7 >100
1v-3 o-anisidine 72 69.5 >100 53.8 >100
1v-4 aniline 76 9.0 11.2 12.0 16.9
V-5 2-aminopyridine 67 >100 >100 >100 >100
1v-6 1-adamantylamine 78 >100 >100 >100 >100
v-7 4-methoxyphenylethanamine 66 >100 >100 >100 >100
Iv-8 cyclohexylamine 85 >100 >100 >100 >100
Iv-9 morpholine 90 >100 >100 >100 >100
1vV-10 diethylamine 72 >100 >100 >100 >100
DDP 13.6 18 7.9 4.1

“Yields represent isolated yield. ? Cytotoxicity, as ICs, for each cell line, is the concentration of compound which reduced by 50% the optical

density of treated cells with respect to untreated cells using the MTT assay.

of all synthesized cinnamic amides was evaluated in vitro
against liver carcinoma (HepG2), laryngeal carcinoma
(Hep-2), bladder carcinoma (EJ), and lymphoma (Raji).
Cisplatin (DDP) was used as the reference drug. The
results of the cytotoxicity studies are summarized in Table
3. The results of the cytotoxicity studies showed that
arylamines (IV-1—IV-5) exhibited higher cytotoxic activi-
ties than alkylamines (IV-6—IV-10). From Table 3, it has
been found that cinnamic amide IV-4 displayed significant
potency with the in vitro cytotoxic activities comparable
to DDP. Additionally, cinnamic amide IV-1 (III-17)
exhibited moderate cytotoxic activities.

In conclusion, an efficient, functional group tolerant, and
environmentally benign process for the synthesis of amides
was developed. Our protocol provides an alternative for the
combinatorial liquid-phase synthesis of amide libraries for
drug discovery. No activation reagents or scavengers are
required in this process. Purification of desired compounds
is easy, and cost-effective. By this method, a number of
amides were prepared and evaluated in vitro against a panel
of human tumor cell lines. Cinnamic amide I'V-4 was found
to be the most potent compound synthesized against four
human tumor cell lines. Further utilization of this method
for the synthesis of complex and active amides is under
investigation.
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