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Abstract—The synthesis and characterization of a new series of furan-3-carboxamides, from the aromatization of 4-trichloroacetyl-
2,3-dihydrofuran to 3-trichloroacetyl furan followed by nucleophilic displacement of the trichloromethyl group or the correspond-
ing carboxylic acid chloride by nitrogen-containing compounds, is presented. Preliminary in vitro antimicrobial activity of the title
compounds was assessed against a panel of microorganisms including yeast, filamentous fungi, bacteria, and alga. Some of the
furan-3-carboxamides exhibited significant in vitro antimicrobial activity. QSAR investigation was applied to find a correlation
between the different physicochemical parameters of the compounds studied and their biological activity.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Fungal infections are associated with rates of attribut-
able morbidity and mortality. Limited therapeutic
options for treating these infections, as well as concerns
over selection of non-Candida species with reduced
susceptibilities to the triazole agents, have warranted
surveillance for potential resistance development and
demonstrated the need for expansion of available
antifungal regimens.1–4

Furan derivatives, both obtained from synthetic and
natural sources, have been attracting much interest
due to the wide range of pharmaceutical applications
they have demonstrated.5–7 Many of the naturally
occurring furans have shown interesting biological activ-
ities, such as cytotoxic and antitumor properties,7,8 as
0968-0896/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2007.01.003

Keywords: Furan; Furan-3-carboxamides; Trichloroacetyl furan; Anti-

microbial activity; Minimal inhibitory concentration; MIC; QSAR.
* Corresponding authors. Tel./fax: +55 55 3220 8756 (N.Z.); fax: +55

55 3220 8906 (S.H.A.); e-mail addresses: zanatta@base.ufsm.br;

hartzsa@ccs.ufsm.br
well as antispasmodic,9 antimicrobial,10,11 and several
other potentially useful activities.12 A series of synthetic
nitrofuranyl amides showed good in vitro inhibitory
activity against Mycobacterium tuberculosis,13,14

especially 5-nitro-furan-2-carboxylic acid N-[4-(4-ben-
zylpiperazin-1-yl)-benzyl]-5-nitrofuran-2- carboxamide13

and 2-methyl-N-phenylfuran-3-carboxamide, commer-
cially known as Fenfuran,15 which is used as fungicidal
seed dressing for the control of bunts and smuts. In addi-
tion, furans are also present in commercially important
products such as agrochemical bioregulators, dyes and
photosensitizers, essential oils, cosmetics, and flavoring
and fragrance compounds.16–18

Although a variety of furan syntheses are known, the
development of new and convenient strategies to synthe-
size them is of considerable interest.19 Furans can be, in
principle, synthesized by either cyclization of acyclic pre-
cursors20–22 or by derivatization of the furan ring.23

Introduction of substituents at the 2- or 5-position of
furan is relatively easy to carry out by aromatic electro-
philic substitution,18 whereas a special strategy is neces-
sary to obtain 3- or 4-substituted furans.24 Many
methodologies to functionalize position 3 or 4 of furans
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have been reported, however, most of them involve mul-
ti-step synthesis,25–27 modification of butyrolactone
derivatives,28 or the use of expensive reagents.29 In addi-
tion, it is rare to find furan-containing carboxamide
groups at the 3- or 4-positions in the literature.30 For
these reasons, there is a clear demand for the develop-
ment of a modular and simple reaction to access strate-
gically substituted furans.

Recently, we reported a simple and convenient proce-
dure for preparing furan-3-carboxylic acid and deriva-
tives from the aromatization of the readily available
4-trichloroacetyl-2,3-dihydrofuran31 to 3-trichloroacetyl
furan followed by nucleophilic displacement of the tri-
chloromethyl group to give furan-3-carboxylic acids, es-
ters, and amides.32 These furan-3-carboxamides were
assessed against a panel of microorganisms including
yeast-like fungi, bacteria, and algae. Some of the fur-
an-3-carboxamides32 exhibited significant in vitro anti-
microbial activity.33 This encouraged us to synthesize a
new series of furan-3-carboxamides by reacting 3-tri-
chloroacetyl furan or the corresponding furan-3-carbon-
yl chloride with a series of nitrogen-containing
compounds to access an array of compounds with
promising antimicrobial activities. Thus, the aim of this
study was the synthesis and characterization of an
extended and planned series of new furan-3-carboxa-
mides through the reaction of 3-trichloroacetyl furan
or furan-3-carbonyl chloride derivatives with a series
of amines and related nitrogenated compounds such as
benzamidine, hydrazines, and imidazoles. The obtained
furan-3-carboxamides were assessed against a panel of
microorganisms including yeast, filamentous fungi, bac-
teria, and algae. Preliminary antimicrobial activity as-
says of some of the furan-3-carboxamides exhibited
significant in vitro antimicrobial activity.
2. Chemistry

The synthesis of furan-3-carboxamides, outlined in
Scheme 1, starts with the readily available 4-trichloro-
acetyl-2,3-dihydrofuran (1) whose synthetic versatility
for the synthesis of 3-amino-methylene-dihydro-furan-
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Scheme 1. Reactions and conditions: (i) NBS, m-CPBA(cat), CCl4, reflux,

N,N-DMF(cat), reflux, 2 h. For the structure of amines 4a–o and reaction c
2-ones,34 isoxazoles,35 pyrazoles,36 pyrimidines,37–39

and analogues of cyclophosphamide40 has been report-
ed. The aromatization of compound 1 was previously
reported.32

Reaction of 2 with benzamidine, primary and secondary
amines, furnished a series of furan-3-carboxamides, in
good yields. The amines used in this study, the reaction
conditions, and yields are reported in Table 1. It is inter-
esting to note that, probably, due to the higher boiling
point of the amines used in these reactions, the use of
a sealed tube was not necessary.32 For the reaction of
2 with benzamidine hydrochloride, the use of an equiv-
alent amount of sodium hydroxide solution was neces-
sary to obtain the amidine free base.

The reactions of 2 with the amines 4j, k, hydrazines 4l, m,
and amino triazole derivatives 4n and 4o did not furnish
the expected furan-3-carboxamides. In these reactions,
probably due to the low nucleophilicity of the nitrogen
atom, the reaction did not take place and the reagents
were recovered. This problem was circumvented by
converting the 3-trichloroacetyl furan (2) into the corre-
sponding furan-3-carbonyl chloride (3). This conversion
was done by reacting 2 with a solution of sodium hydrox-
ide to obtain the furan-3-carboxylic acid32 followed by
the treatment of this acid with thionyl chloride in ben-
zene in the presence of catalytic amount of N,N-dimeth-
ylformamide40,41 to obtain the intermediate 3, in good
yields. The reactions of 3 with amines and amino triazole
derivatives were carried out in toluene in the presence of
an equivalent amount of triethylamine at 30 �C for the
amines 4j, k and at reflux for the hydrazines 4l, m and
for the amino triazoles 4n and 4o (Table 1).

All compounds obtained in this study were analyzed by
1H and 13C NMR, GC–MS, and representative com-
pounds by elemental analysis.

There was a concern about the correct structure of com-
pound 5k because the amine precursor could react with
the furan-3-carbonyl chloride through the sulfonamide
nitrogen or through the aniline nitrogen. To correctly
define the structure of 5k, an X-ray analysis was
CCl3

Cl

O

NRR'

O

O

NRR'

O

5a-i

5j-o

4a-i

4j-o

68-98%

63-94%

2 h, Ref. 32; (ii) a—NaOH, benzene, reflux, 16 h; b—SOCl2, toluene,

onditions to obtain compounds 5a–o, see Table 1.



Table 1. Reaction conditions to obtain the furan-3-carboxamides 5a–o

Compound Amine Reaction conditions Product Yielda (%) Mp (�C)

4a
NH2

HN

CH2Cl2, NaOH 1 M, rt, 0.25 h 5a 80 222–225

4b H2N(CH2)3OH MeOH, rt, 2 h 5b 70 Oil

4c NH(CH3)2 MeOH, reflux, 15 h 5c 68 Oil

4d
H2N

HO

MeOH, relux, 15 h 5d 80 160–162

4e H2N CH2 N(CH3)2 EtOH, reflux, 24 h 5e 71 145–148

4f H2N CH2

N
EtOH, reflux, 15h 5f 97 Oil

4g H2N CH2

N
EtOH, reflux, 15 h 5g 92 Oil

4h H2N CH2 N EtOH, reflux, 15 h 5h 98 Oil

4i NH (CH22 )2 N CH2 Toluene, Et3N, reflux, 15 h 5i 97 Oil

4j H2N NHSO2 CH3 Toluene, Et3N, 30 �C, 0.25 h 5j 94 195–198

4k H2N SO2NH2 Toluene, Et3N, 30 �C, 0.25 h 5k 91 275.3–275.8

4l H2N NH Toluene, Et3N, reflux, 4 h 5l 93 230–232

4m H2N NH

F F

F

FF

Toluene, Et3N reflux, 4 h 5m 94 183–184

4n

NH

N

N

H2N Toluene, Et3N reflux, 15 h 5n 85 Decomposition

4o H2N N
N

N
Toluene, Et3N reflux, 15 h 5o 63 Decomposition

a Yields after purification.

N. Zanatta et al. / Bioorg. Med. Chem. 15 (2007) 1947–1958 1949
performed.42 Figure 1 shows the ortep of 5k, which dem-
onstrates that the aniline nitrogen reacted with furan-3-
carbonyl chloride (3).
Figure 1. Ortep of compound 5k showing atoms’ labeling.
3. Biological activity

Fifteen of the new synthesized compounds 5a–o were
evaluated for their in vitro antimicrobial activity
against a panel of microorganisms including yeasts,



Table 2. In vitro antimicrobial activities of furan-3-carboxamides against yeast, alga, and pathogenic bacteria (MIC/MFC (MBC), lg/mL)

Compound MICa/MFCb (MBCc)

Yeast Alga Bacteria

C.a.d C.d.e C.g.f C.n.g S.c.h P.z.i S.a.j K.p.k E.c.l S.s.m P.a.n

5a —q —q —q 160/320 —q 160/320 320/ —q 320/ —q 320/ —q 320/ —q 320/ —q

5b 80/160 160/160 160/160 40/80 320/ —q 160/160 160/320 320/ —q —q —q 160/160

5c —q —q —q 320/ —q —q 320/ —q 320/ —q 320/ —q 320/ —q 320/ —q 320/ —q

5d 160/320 80/160 160/160 5/20 160/160 40/80 20/320 20/320 160/320 160/320 10/160

5e 80/160 80/160 80/160 160/320 160/ —q 320/ —q 80/80 160/160 160/ —q 320/320 160/160

5f —q —q —q 320/ —q —q 320/ —q 320/ —q 320/ —q 320/ —q 320/ —q 320/ —q

5g —q 320/ —q —q 160/320 320/320 160/160 320/ —q 320/ —q 320/ —q 320/ —q 320/ —q

5h —q 320/320 —q 320/320 —q 160/160 80/320 320/ —q 320/ —q 320/ —q 320/ —q

5i 160/320 160/160 320/320 320/ —q 80/160 320/320 40/160 160/320 160/320 320/ —q 20/ —q

5j —q —q —q 320/320 160/320 320/ —q 320/ —q 320/ —q 320/ —q 320/ —q 160/320

5k —q —q —q —q —q —q —q —q —q 160/ —q —q

5l 320/320 320/320 320/ —q 160/160 320/320 160/320 320/ —q 320/ —q 320/ —q 320/ —q 320/ —q

5m 320/320 160/320 320/ —q 320/320 —q 80/320 320/ —q 320/ —q 320/ —q 320/ —q 320/ —q

5n 80/80 40/80 80/80 20/80 160/320 160/160 160/160 320/320 320/ —q 320/ —q 160/320

5o 40/40 40/40 40/80 10/40 80/160 80/320 320/320 320/ —q 160/320 160/320 40/160

Fo 4.0 2.0 8.0 2.0 1.0

Ap 0.5

Ir 0.06 <4.0 0.06 <4.0 2.0

Control: oFluconazole; pAmphotericin; rImipenen.
a Minimal inhibitory concentration.
b Minimal fungicidal concentration.
c Minimal bactericidal concentration.
d Candida albicans ATCC 44373.
e Candida dubliniensis CBS 7987.
f Candida glabrata ATCC 10231.
g Cryptococcus neoformans var. neoformans (sorotype D) ATCC 28952.
h Saccharomyces cerevisiae ATCC 2601.
i Prototheca zopfii.
j Staphylococcus aureus ATCC 25923.
k Klebsiella pneumoniae ATCC 1003.
l Escherichia coli ATCC 25922.
m Salmonela setubal ATCC 19196.
n Pseudomonas aeruginosa ATCC 27853.
q No activity.
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filamentous fungi, bacteria, and alga by determining
their minimal inhibitory concentration (MIC) and
minimal fungicidal, bactericidal, and algacidal concen-
trations by broth microdilution methods according to
NCCLS standards.43–45 In order to classify the antimi-
crobial activity, we established comparisons with anti-
bacterial agents and two antifungal agents currently
employed in therapeutic treatment. For yeast-like fun-
gi, the compounds were compared with fluconazol;
thus, the range of MICs up to 10 lg/mL was consid-
ered to be significant activity; MIC-ranges between
20 and 40 lg/mL were interpreted as moderate activi-
ty, and concentrations above this range were not con-
sidered. For Prototheca zopfii, the MICs were
compared with those of amphotericin B. For filamen-
tous fungi, the compounds were compared with
amphotericin B; so MICs up to 1.0 lg/mL were con-
sidered to represent strong activity; MIC-ranges from
>1 to 4 lg/mL were considered as moderate activity
and values above this range were not considered.
For bacteria, compounds were compared with
imipenen, an important carbapen agent. All MICs un-
der 4.0 lg/mL were considered to be active and MICs
above this value were not considered (Tables 2 and 3).
The comparison between MICs and MCCs (minimal
cidal concentrations) showed that they were similar in
59% of cases (76/128) and showed that in 41% (52/128)
the MCCs were higher by one or more concentration.
When the MICs were 320 lg/mL, comparisons were
not established. Comparisons are important because
they indicate differences between compounds that are
only inhibitory and those able to inhibit and kill patho-
genic microorganisms.

In this study, Candida spp. susceptibilities to furan-3-
carboxamides did not show significant activity. The
best activity was shown for 5n and 5o, which could
be interpreted as moderate activity. On the other
hand, in general, Candida dubliniensis was more sus-
ceptible than Candida albicans and Candida glabrata
following the pattern observed with conventional
antifungal agents such as polyene and azoles.46

Compound 5a was more active against C. albicans
than against C. dubliniensis and this finding may
establish new diagnostic tools in order to differentiate
these species; the phenotypic identification of
C. dubliniensis is a concern that is under intensive
investigation (Table 2).



Table 3. In vitro antimicrobial activities of furan-3-carboxamides against filamentous pathogenic fungi (MIC/MFC, lg/mL)

Compound MICa/MFCb

Filamentous fungi

R.sppc S.s.d F.s.e A.fl.f A.f.g A.n.h A.t.i P.b.j

5a 320/320 320/320 320/— k —k 320/320 320/—k 320/320 160/160

5b 320/320 320/320 320/320 —k 320/—k 320/—k 320/320 320/320

5c 320/320 160/320 —k —k —k 320/—k —k 160/320

5d 320/320 320/320 320/—k 320/—k 160/320 320/320 320/—k 160/160

5e 320/—k 320/—k —k 320/—k 320/—k 320/—k —k 40/320

5f 320/—k 320/—k 320/—k 320/320 —k —k 320/—k 320/320

5g 320/320 320/320 320/—k —k 320/320 320/320 320/—k 160/160

5h 320/320 320/320 320/—k —k 320/—k 320/320 320/320 320/320

5i 320/—k 20/—k 320/—k 320/—k 320/—k 320/—k 320/—k 40/80

5j 320/—k 160/—k 320/—k 320/—k 320/320 —k 320/—k 160/160

5k —k —k —k 320/320 —k 320/320 —k —k

5l 320/320 10/320 2.5/2.5 10/20 20/20 20/40 40/40 10/320

5m 320/320 320/320 80/80 —k —k 320/320 320/320 —k

5n 320/—k 160/320 320/—k —k 320/—k 320/—k —k 320/320

5o 320/—k 320/—k 320/—k —k 320/320 320/—k 320/320 —k

Al 1.0 0.5 1.0 1.0 1.0 1.0 2.0 4.0

a Minimal inhibitory concentration.
b Minimal fungicidal concentration.
c Rhizopus orizae (clinical isolate).
d Sporothrix schenckii ATCC 1146.
e Fusarium solani (clinical isolate).
f Aspergillus flavus (clinical isolate).
g Aspergillus fumigatus (clinical isolate).
h Aspergillus niger (clinical isolate).
i Aspergillus terreus (isolado clı́nico).
j Pseudallescheria boydii (clinical isolate).
k No activity.
l Control: amphotericin B.
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Cryptococcus neoformans is a yeast-like encapsulated
fungi and an etiologic agent of meningoencephalitis
affecting 5–30% of AIDS patients, from which 10–25%
die.47 Of the furan-3-carboxamides, compounds 5d
(MIC = 5 lg/mL) and 5o (MIC = 10 lg/mL) showed
excellent inhibitory activity. New and detailed studies
deserve attention in order to evaluate the ability of these
compounds to pass through the hematopoietic barrier as
well as their activity against C. neoformans isolates that
show resistance to amphotericin B and 5-flucytosine or
azole agents. Compounds 5d and 5o did not show any
significant or moderate activity against other yeast-like
microorganisms studied.

The activity of the series of compounds against a clini-
cally important panel of bacteria was poor. The best
activity was observed with 5d (MIC = 10 lg/mL) and
5i (MIC = 20 lg/mL) against Pseudomonas aeruginosa,
an opportunistic gram-negative rod. It is curious
because, in general, the gram-positive cocci, here repre-
sented by S. aureus, are usually more sensitive than the
gram-negative rods. On the other hand, P. aeruginosa is
one of the species that show the most dramatic resis-
tance problems related with nosocomial infections and
multiresistant strains.48

As for the filamentous fungi, the activity of furan-
3-carboxamides was tested against the most frequent
agent of subcutaneous mycosis (Sporothrix schenckii),
the four most frequent agents of aspergillosis (Aspergillus
fumigatus, Aspergillus flavus, Aspergillus niger, Aspergil-
lus terreus), an etiologic agent most frequently isolated
from zygomycosis (Rhizopus orizae), and two agents of
hyalohyphomycosis, Fusarium solani and Pseudallesche-
ria boydii. It is important to comment that the antifungal
therapy for all these microorganisms is difficult and ther-
apeutic failures are frequent.49

With this panel of filamentous fungi, compound 5l
was the only one that showed a strong antifungal
activity, although, restricted to F. solani (MIC =
2.5 lg/mL). Table 3 shows that 5l was also able to kill
the fungi at the same concentration, so we can affirm
that 5l is a compound with inhibitory and fungicidal
activities. These characteristics are more important
when considered in conjunction. Immunocompromised
and neutropenic patients require fungicidal agents to
treat their infections due to immunologic system fail-
ures.49–52 Compound 5l deserves more attention be-
cause the genus Fusarium frequently shows a
refractory profile to conventional systemic antimycot-
ics resulting in mortality rates around 80% among leu-
kemic patients.49

As explained above, the breaking points for amphoteri-
cin B are not well defined, thus, we cannot reject activity
with MIC = 10 lg/mL, as was observed against S. sche-
nckii, A. flavus, and P. boydii. The activity against P.
boydii is especially important because this mold shows
intrinsic resistance in vivo to amphotericin B.
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Another interesting point is absence of activity in 5m
against all the filamentous fungi studied, when com-
pared with 5l. The incorporation of fluorine at the aro-
matic ring resulted in the loss of antifungal activities.
This shows that substituents on the phenyl ring can
bring about significant differences in antimicrobial
activities.

One hundred and fifty well-known microbial species
cause human mycosis, but emergent species causing
opportunistic mycosis are increasing rapidly. They rep-
resent a tremendous problem because the world of fungi
encompasses 250.000 species, thus, new and more potent
compounds are needed and the series, here presented,
can be studied again with another panel including
emergent fungus pathogens.
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4. QSAR analysis

In an attempt to rationalize the molecular requirements
for antimicrobial activity showed for furan-3-carbox-
amides 5a–o, we have performed linear regression stud-
ies for the physicochemical, steric, electronic, and
structural molecular descriptors with the antimicrobial
activity shown for these compounds.

Biological activity data, reported as MIC values (Tables
2 and 3), are first transformed to pMIC (�logMIC) on a
molar basis and used as dependent variables to obtain
the linear relationship in these studies. The pMIC values
were, therefore, correlated with different molecular
descriptors such as the calculated log of octanol–water
partition coefficient (C logP), surface area (SA), molecu-
lar volume (MV), molar refractivity (MR), polarizability
(Polar), energy of highest occupied molecular orbital
(EHOMO) and lowest unoccupied molecular orbital
(ELUMO), hardness, dipole, net charge on the nitrogen
of the amide, carbonyl carbon, and oxygen atom
(NH1, C2, and O3 charge, respectively) (Table 4). The
indicator variables, ICH2, INH, and ICH2/NH, denoted
the presence or absence of CH2, NH, and CH2 or NH
attached at the nitrogen of the amide, respectively (Ta-
ble 4). Correlation coefficient values (r) of different
molecular descriptors of furan-3-carboxamides with
their antimicrobial activities (pMIC) for yeast, alga,
and bacteria are presented in Table 5 and the correlation
coefficient r for the antifungal activity of furan-3-carb-
oxamides and their molecular descriptors is presented
in Table 6. Table 7 shows significant Hansch 2D-QSAR
models53 obtained for the antimicrobial activity of
furan-3-carboxamides 5a–o.

Although, few significant 2D-QSAR models (Table 7)
have been obtained from antimicrobial activity of fur-
an-3-carboxamides, a regression coefficient analysis pre-
sented in Tables 5 and 6 showed some tendency with
regard to molecular requirements for the activity of
these compounds. The coefficients (in bold) were found
to be significant at or above 90% confidence level
(Tables 5 and 6). Therefore, the following conclusions
can be obtained from the data presented in Tables 5
and 6: (i) Except for S. cerevisiae, which showed a better



Table 6. Correlation coefficient ra between the antifungal activity of furan-3-carboxamides and their molecular descriptors

Filamentous fungi

R. spp. S.s. F.s. A.fl. A.f. A.n. A.t. P.b.

C logP 0.88 0.46 0.39 0.16 0.39 0.13 0.42 0.69

SA 0.90 0.54 0.12 �0.23 0.14 �0.12 0.23 0.62

MV 0.89 0.56 0.11 �0.22 0.14 �0.12 0.22 0.62

MR 0.89 0.57 0.15 �0.18 0.19 �0.09 0.28 0.66

Polar 0.85 0.56 0.11 �0.17 0.17 �0.13 0.24 0.64

EHOMO 0.26 0.30 0.32 0.05 0.40 �0.20 0.43 0.61

ELUMO �0.43 0.15 �0.14 0.09 0.04 �0.46 0.02 0.05

Hardness �0.63 �0.17 �0.41 0.04 �0.41 �0.19 �0.37 �0.56

Dipole �0.04 �0.35 �0.38 �0.48 �0.42 �0.10 �0.35 �0.44

ICH2 �0.16 �0.12 �0.33 �0.35 �0.33 �0.50 �0.34 �0.07

INH 0.46 0.45 0.72 0.67 0.69 0.68 0.66 0.51

ICH2/NH 0.23 0.28 0.32 0.29 0.22 0.08 0.28 0.33

NH1 charge 0.28 0.12 0.15 �0.05 0.15 0.21 0.20 0.10

C2 charge �0.42 �0.39 �0.62 �0.48 �0.55 �0.40 �0.59 �0.48

O3 charge �0.06 �0.11 0.04 0.39 �0.05 0.73 0.03 �0.18

a r Coefficients with statistical significance P90% level are indicated in bold.

Table 7. Significant 2D-QSAR models obtained for antimicrobial activity of furan-3-carboxamides 5a–o

Model Regression equation Statistical parameters

n r s F q2

a1 pMICC.n. = �1.323(±0.315)ICH2/NH + 4.269(±0.273) 12 0.946 0.215 85.3 0.819
a2 pMICC.n = 0.190(±0.180) C logP � 1.514(±0.321) ICH2/NH + 4.423(±0.272) 12 0.967 0.179 64.6 0.866
b3 pMICS.c. = 0.014(±0.008) MR + 2.15123(±0.532) 8 0.862 0.162 17.3 0.575
c4 pMICK.p. = 0.010(±0.002) MR + 2.220(±0.128) 12 0.961 0.049 119.4 0.850
b5 pMICE.c. = 0.010(±0.004) MR + 0.156(±0.119) EHOMO + 3.763(±1.223) 12 0.925 0.082 26.5 0.754
b6 pMICE.c. = 0.003(±0.001) MV + 0.168(±0.111) EHOMO + 3.871(±1.124) 12 0.934 0.077 30.6 0.780

7 pMICR.spp. = 0.006(±0.001) MR � 0.091(±0.032) ELUMO + 2.445(±0.059) 14 0.976 0.024 109.2 0.898
d8 pMICA.n. = 0.962(±0.356) INH + 15.683(±7.331) O3 charge + 8.549(±2.630) 12 0.947 0.200 39.2 0.537

a Obtained without compounds 5a and 5b.
b Obtained without compound 5o.
c Obtained without compounds 5d and 5e.
d Obtained without compound 5n.

Table 5. Correlation coefficient values (r) of different molecular descriptors of furan-3-carboxamides with their antimicrobial activities (pMIC)a

Yeast Alga Gram-positive

bacteria

Gram-negative bacteria

C.a. C.d C.g. C.n. S.c. P.z. S.a. K.p E.c. S.s. P.a.

C logP �0.47 �0.13 �0.37 �0.39 0.42 0.19 0.24 0.41 0.47 0.20 0.16

SA �0.06 �0.01 �0.22 �0.33 0.64 �0.04 0.44 0.40 0.72 0.64 0.42

MV �0.05 0.00 �0.21 �0.31 0.66 �0.04 0.47 0.42 0.73 0.65 0.45

MR �0.07 0.02 �0.19 �0.29 0.67 �0.01 0.48 0.44 0.74 0.66 0.45

Polar �0.04 �0.01 �0.19 �0.28 0.65 �0.03 0.50 0.45 0.73 0.60 0.46

EHOMO �0.17 0.22 �0.07 0.17 0.15 0.05 0.48 0.68 0.47 0.16 0.38

ELUMO 0.21 �0.03 0.02 0.04 �0.11 �0.47 0.22 0.08 �0.04 �0.28 0.06

Hardness 0.39 �0.27 0.10 �0.13 �0.25 �0.46 �0.29 �0.61 �0.52 �0.42 �0.33

Dipole 0.25 0.26 0.38 �0.14 �0.10 �0.33 �0.30 �0.18 �0.36 �0.04 �0.35

ICH2 0.34 �0.43 �0.03 �0.48 �0.08 �0.61 0.19 �0.04 0.25 �0.01 �0.05

INH �0.80 �0.28 �0.60 �0.26 �0.13 0.20 �0.30 �0.07 �0.05 �0.05 �0.16

ICH2/NH �0.38 �0.71 �0.57 �0.77 �0.20 �0.49 �0.06 �0.10 0.20 �0.06 �0.20

NH1 charge �0.10 0.41 0.26 0.08 0.21 0.11 �0.16 �0.03 0.00 0.39 0.08

C2 charge 0.53 0.45 0.38 0.37 0.06 �0.03 0.26 0.18 �0.03 �0.23 0.18

O3 charge 0.20 0.32 0.44 0.30 0.14 0.32 �0.22 �0.35 �0.23 �0.09 �0.07

a r Coefficients with statistical significance at P90% level are indicated in bold.

N. Zanatta et al. / Bioorg. Med. Chem. 15 (2007) 1947–1958 1953
correlation with the steric and polarity descriptors, the
activity against yeasts showed a negative correlation
with the indicator variables IR(NH) and IR(CH2/NH) sug-
gesting that the absence of CH2 and NH as the spacer
groups between the furan-3-carboxiamide scaffold and
the rest of the side chain is a correlated factor to
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improve the activity of compounds 5a–o. (ii) Similarly,
the activity against alga P. zopfii is related with the ab-
sence of CH2 and NH as the spacer group in the side
chain of the tested compounds. (iii) On the other hand,
the activity of compounds 5a–o against gram-positive
and gram-negative bacteria is related, generally speak-
ing, to the increase of the steric volume and the polariz-
ability of compounds since their activity was positively
correlated with molecular descriptors such as MV,
MR, and polarity, and negatively correlated with Hard-
ness. Hardness, in a qualitative definition, is closely
related to polarity since a decrease of the energy gap be-
tween HOMO and LUMO usually leads to easier polar-
ization of the molecule.54 In addition, the activity of
gram-positive S. aureus and K. pneumoniae and gram-
negative Escherichia coli bacteria showed an increase
in activity as the HOMO energy increased, suggesting
that the antibacterial activity of compounds 5a–o in-
volves an electron transfer with the substrate.55 (iv)
Although, for compounds 5a–o, only one significant
model of QSAR was obtained for filamentous fungi
(R. orizae), one can suggest that the presence of a NH,
as the spacer, is directly related to the activity presented
by these compounds. The absence of the NH tends to
decrease the activity of compounds 5 against this micro-
organism. (v) Table 7 shows the statistically significant
Hansch 2D-QSAR models53 obtained for the antimicro-
bial activity of furan-3-carboxamides 5a–o. Some of the
obtained models capture more than 80% of variance of
antimicrobial activity. (vi) For C. neoformans, two mod-
els (1 and 2) endowed with good predictive capacity
were obtained. These models indicate that the absence
of a spacer (CH2 or NH) is a determinant factor for
improving the activity of compounds against this yeast.
Nevertheless, the use of C logP in model 2 confers more
predictive power than that of model 1 (Table 7). (vii)
The models 3–5 and 7 showed that an increase of the
molar refractivity (MR) increased the activity of com-
pounds 5 against S. cerevisiae, K. pneumoniae, E. coli,
and R. orizae. The molar refractivity reflects the effect
of size and polarity of groups, therefore, MR places a
positive contribution toward the expressed biological
activity, possibly due to the steric interaction in the po-
lar space. Our results clearly indicate that compounds
with higher molar refractivity values exhibited increased
inhibitory action on the growth of the tested bacteria
and fungi. It has generally been assumed that a positive
coefficient with an MR term in a correlation equation
suggests a binding action via dispersion forces.56 (viii)
In models 5–7, the contribution of frontier orbital ener-
gies (HOMO and LUMO) suggests the existence of a
charge transfer interaction via the consequent interac-
tion of HOMO or LUMO of the compounds with the
HOMO or LUMO of the possible active site that gov-
erns the antimicrobial activity.55 Since the frontier
molecular orbital plays a major role in governing many
chemical reactions, these quantum-chemical descriptors
have been extensively used in QSAR studies represent-
ing interactions in the complex drug-receptor.54 (ix)
Finally, model 8 (for A. niger) indicated that the pres-
ence of the spacer NH, from the hydrazine function,
contributed positively to the increase of the activity of
compounds 5a–o against this microorganism. In addi-
tion, the increase of negative charges on the oxygen
showed a tendency to increase the activity against this
fungus. Such atomic charges are suitable for characteriz-
ing interactions according to the classical point-charge
electrostatic model. The electrostatic model may involve
matching parts of the electric fields of the two interact-
ing species, which have opposite signs, rather than
matching point charges.55
5. Conclusion

In conclusion, a series of fifteen new furan-3-carboxa-
mides were synthesized from 3-trichloroacetylfuran (2)
or furan-3-carbonyl chloride (3). The obtained com-
pounds have a great interest because there have been
few reports on the synthesis and antimicrobial studies
of furan-3-carboxamides cited in the literature. In the
present study, the in vitro antimicrobial activity of
compound 5l exhibited the best results, which were very
significant against F. solani, a threatening agent of
hyalohyphomycosis. Moreover, quantitative structure–
activity relationship studies allowed to draw the follow-
ing conclusion about the antimicrobial activities of
the synthesized furan-3-carboxamides: (i) yeasts and
P. zopfii showed a negative correlation with the indica-
tor variables IR(NH) and IR(CH2/NH) suggesting that the
absence of CH2 and NH as the spacer groups between
the furan-3-carboxamide scaffold and the rest of the side
chain is a correlated factor to improve the activity,
except for S. cerevisiae, which showed a better correla-
tion with the steric and polarity descriptors; (ii) gram-
positive and gram-negative bacteria correlate with the
increase of the steric volume and the polarizability
parameter and negatively correlated with Hardness;
(iii) for filamentous fungi, it seems that the presence of
a NH, as the spacer, is directly related to the activity
exhibited by the tested compounds. In general, filamen-
tous fungi such as R. orizae, S. schenckii, and P.boydii
correlate with the increase of the steric volume and the
polarity of groups. The QSAR study has provided key
information regarding the structure of the furan-3-carb-
oxamides which we believe will help to design more
potent antimicrobial compounds.
6. Experimental

The solvents were purified and dried before being used
and the 4-trichloroacetyl-2,3-dihydrofuran was pre-
pared according to the literature procedures.35 Melting
points were determined on a Reichert Thermovar
apparatus and are uncorrected. 1H and 13C NMR spec-
tra were registered on a Bruker DPX 200 spectrometer
or on a Bruker DPX 400 in CDCl3 or DMSO-d6 using
TMS as the internal reference. Mass spectra were reg-
istered on a HP 5973 MSD connected to a HP 6890
GC and interfaced by a pentium PC. The GC was
equipped with a split-splitless injector, autosampler,
and cross-linked HP 5 capillary column (30 m of
length, 0.32 mm of internal diameter, and 0.25 lm of
film thickness), and helium was used as the carrier
gas. Crystallographic measurements were performed
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on a Bruker Kappa Apex II ccd diffractometer and
graphite-monochromatized Mo Ka radiation (k =
0.71073 Å). The structure was solved by direct methods
(SHELXS-97) and additional atoms were located in the
difference Fourier map and refined on F2 (SHELXL-
97). The CHN elemental analyses were performed on
EA 1110 Carlo Erba Instruments (University of São
Paulo, São Carlos, SP, Brazil).

6.1. General procedure for the synthesis of compounds
5a–i

To a solution of 3-trichloroacetylfuran (0.43 g, 2.0 mmol)
and the appropriate solvent (15.0 mL) (dichloromethane
for 5a, methanol for 5b–d, ethanol for 5e–h, and toluene
for 5i), amines 4 (2.0 mmol) were added under stirring
at rt. For the synthesis of compound 5a, a 1 M solution
of NaOH (2.0 mL, 2.0 mmol) was added to liberate the
benzamidine from its hydrochloric salt. The stirring was
continued at room temperature or under reflux for the
time indicated in Table 1. The solvent was removed by
rotatory evaporator. Compounds 5a, 5d, and 5e were ob-
tained as solids and were recrystallized from a mixture of
chloroform and methanol (1:1). For the other com-
pounds, obtained as oils, ethyl acetate (15.0 mL) was add-
ed and the solution was washed with water (3· 15.0 mL)
and the aqueous layer was extracted with ethyl acetate
(3· 15.0 mL). The organic layers were combined, dried
(MgSO4), and the solvent removed by rotatory evapora-
tor. Compounds 5b, 5c, and 5f–i were obtained as oils
and were purified by column chromatography in silica
gel Aldrich 60A (230–400 Mesh) with a plug of NaSO4

and active carbon, using chloroform (compounds 5b
and 5c) or methanol (compounds 5f–i) as the eluants.
Yields and melting points of compounds 5a–i are present-
ed in Table 1. 1H and 13C NMR, mass spectrometry, and
elemental analysis data are reported in the experimental
section.

6.1.1. N-[imino(phenyl)methyl]furan-3-carboxamide (5a).
1H NMR (DMSO-d6, 400 MHz) d 6.55 (d, JH4–H5 =
1.2 Hz, 1H, H-4), 7.54 (d, JH5–H4 = 1.2 Hz, 1H, H-5),
7.60 (t, 2H, J = 8.0 Hz, Ph), 7.70 (t, 1H, J = 8.0 Hz,
Ph), 7.81 (s, 1H, H-2), 7.82 (d, 2H, J = 7.2 Hz, Ph),
10,43 (br s, 2H, NH); 13C NMR (DMSO-d6,
100 MHz) d 111.0 (C-4), 126.8 (C-3), 127.5, 128.8,
129.3, and 133.1 (Ph), 142.6 (C-5), 144.9 (C-2), 166.3
(C@N), 168.5 (C6); Anal. Calcd for C12H10N2O2: C,
67.28; H, 4.71; N, 13.08. Found: C, 67.30; H, 4.22; N,
13.43.

6.1.2. N-(3-hydroxypropyl)furan-3-carboxamide (5b).
MS-EI (70 ev): m/z (%) = 169 (M+, 5), 151 (4), 125 (9),
95 (100); 1H NMR (DMSO-d6, 200 MHz) d 1.49–1.67
(m, 2H, –CH2–), 2.65 (t, 1H, J = 6.8 Hz, OH), 3.20–
3.26 (m, 2H, –NCH2–), 3.41–3.47 (m, 2H, –CH2OH),
6.84 (d, 1H, JH4–H5 = 1.5 Hz, H-4), 7.70 (d, 1H,
JH5–H4 = 1.5 Hz, H-5), 8.15 (s, 1H, H-2), 8.16 (br s,
NH); 13C NMR (DMSO-d6,100 MHz) d 32.5 (–CH2–),
35.9 (–NCH2–), 58.5 (–CH2OH), 108.9 (C-4), 122.9
(C-3), 143.9 (C-5), 145.0 (C-2), 161.7 (C-6); Anal. Calcd
for C12H10N2O2: C, 56.80; H, 6.55; N, 8.28. Found: C,
56.40; H, 6.19; N, 8.04.
6.1.3. N,N-dimethylfuran-3-carboxamide (5c). MS-EI
(70 ev): m/z (%) = 139 (M+, 16), 110 (42), 95 (100), 72
(6), 67 (8); 1H NMR (DMSO-d6, 200 MHz) d
2.92–3.03 (s, 6H, 2 NMe2), 6.64 (d, JH4–H5 = 1.6 Hz,
1H, H-4), 7.66 (d, JH5–H4 = 1.6 Hz, 1H, H-5), 8.00 (s,
1H, H-2); 13C NMR (DMSO-d6,100 MHz) d 34.0 and
37.0 (2 NCH3), 110.7 (C-4), 121.2 (C-3), 143.1 (C-5),
143.9 (C-2), 163.5 (C-6).

6.1.4. N-(2-hydroxyphenyl)furan-3-carboxamide (5d). MS-
EI (70 ev): m/z (%) = 203 (M+, 24), 185 (6), 95 (100); 1H
NMR (DMSO-d6, 200 MHz) d 6.85 (t, 1H, J = 7.8 Hz,
Ph), 6.89–7.03 (m, 2H, Ph), 7.56 (d, 1H, J = 7.8 Hz, Ph),
6.95 (br s, 1H, H-4), 7.78 (br s, 1H, H-5), 8.40 (s, 1H,
H-2), 9.31 (br s, 1H, OH), 9.68 (br s, 1H, NH); 13C
NMR (DMSO-d6,100 MHz) d 110.4 (C-4), 115.7, 117.4,
119.3, 121.8, 123.0, 149.2 (Ph), 126.4 (C-3), 145.1 (C-5),
152.0 (C-2), 176.5 (C-6); Anal. Calcd for C11H9NO3:
C:, 65.02; H, 4.46; N, 6.89. Found: C, 65.32; H, 4.85;
N, 7.03.

6.1.5. N-[4-(dimethylamino) benzyl]furan-3-carboxamide
(5e). MS-EI (70 ev): m/z (%) = 244 (M+, 73), 215 (7), 201
(3), 134 (100), 95 (60); 1H NMR (DMSO-d6, 200 MHz)
d 2.85 (s, 6H, NMe2), 4.30 (d, 2H, J = 6.0 Hz, NCH2),
6.68 (d, 2H, J = 8.7 Hz, Ph), 6.86 (d, 1H, JH4–H5 =
1.4 Hz, H-4), 7.12 (d, 2H, J = 8.7 Hz, Ph), 7.70 (d, 1H,
JH5–H4 = 1.4 Hz, H-5), 8.18 (s, 1H, H-2), 8.05 (br s,
1H, NH); 13C NMR (DMSO-d6,100 MHz) d 40.5
(N(CH3)2) 41.5 (NCH2), 108.9 (C-4), 112.3, 126.9,
128.2, 143.8 (Ph), 122.8 (C-3), 144.9 (C-5), 149.5 (C-2),
161.2 (C-6); Anal. Calcd for C14H16N2O2: C, 68.83; H,
6.60; N, 11.47. Found: C, 69.05; H, 6.20; N, 11.04.

6.1.6. N-(pyridin-2-ylmethyl)furan-3-carboxamide (5f).
MS-EI (70 ev): m/z (%) = 202 (M+, 15), 107 (100), 95
(44); 1H NMR (DMSO-d6, 200 MHz) d 4.52 (d, 2H,
J = 6.0 Hz, NCH2), 6.91 (d, 1H, JH4–H5 = 1.2 Hz, H-4),
7.24–7.33 (m, 3H, Py), 7.75 (d, 1H, JH5–H4 = 1.2 Hz,
H-5), 8.24 (s, 1H, H-2), 8.51 (d, 1H, J = 4.2 Hz, Py),
8.85 (br s, 1H, NH); 13C NMR (DMSO-d6,100 MHz)
d 44.0 (NCH2), 108.9 (C-4), 121.0, 122.0, 136.7, 143.9,
158.6 (Py), 122.5 (C-3), 145.2 (C-5), 148.6 (C-2), 161.7
(C-6); Anal. Calcd for C11H10N2O2: C, 65.34; H, 4.98;
N, 13.85. Found: C, 65.76; H, 4.63; N, 13.50.

6.1.7. N-(pyridin-3-ylmethyl)furan-3-carboxamide (5g).
MS-EI (70 ev): m/z (%) = 202 (M+, 25), 173 (50), 107
(12), 95 (100); 1H NMR (DMSO-d6, 200 MHz) d 4.45
(d, 2H, J = 5.8 Hz, NCH2), 6.90 (br s, 1H, H-4), 7.36
(dd, 1H, J = 8.0, 4.7 Hz, Py), 7.72 (d, 1H, J = 8.0 Hz,
Py), 7.74 (br s, 1H, H-5), 8.25 (s, 1H, H-2), 8.46 (d,
1H, J = 4.7 Hz, Py), 8.54 (s, 1H, Py), 8.91 (br s, 1H,
NH); 13C NMR (DMSO-d6, 100 MHz) d 40.2 (NCH2)
108.9 (C-4), 122.5, 135.0, 135.2, 144.1, 148.1 (Py) 123.5
(C-3), 145.3 (C-5), 148.8 (C-2), 161.8 (C-6).

6.1.8. N-(pyridin-4-ylmethyl)furan-3-carboxamide (5h).
MS-EI (70 ev): m/z (%) = 202 (M+, 20), 173 (41), 107
(8), 95 (100); 1H NMR (CDCl3, 400 MHz) d 4.55 (d,
2H, J = 6.0 Hz, NCH2), 6.69 (br s, 1H, H-4), 6.98 (br
s, 1H, NH), 7.20 (d, 2H, J = 6.0 Hz, Py), 7.43 (br s,
1H, H-5), 7.99 (s, 1H, H-2), 8.48 (d, 2H, J = 6.0 Hz,



1956 N. Zanatta et al. / Bioorg. Med. Chem. 15 (2007) 1947–1958
Py); 13C NMR (CDCl3, 100 MHz) d 42.2 (C-8), 108.3
(C-4), 122.4 (Py), 143.9 (C-5), 145.1 (C-2), 147.9 (Py),
149.6 (Py), 162.9 (C-6).

6.1.9. N-[2-(1-benzylpiperidin-4-yl)ethyl]furan-3-carbox-
amide (5i). MS-EI (70 ev): m/z (%) = 312 (M+, 8), 221
(65), 95 (35), 91 (100); 1H NMR (CDCl3, 200 MHz) d
1.22–1.29 (m, 4H, 2 CH2), 1.51–1.71 (m, 3H, CH,
CH2), 1.89–2.03 (m, 4H, 2 CH2), 2.85–2.90, 3.40–3.50
(m, 2H, CH2), 3.49 (s, 2H, CH2), 5.85 (br s, 1H, NH),
6.59 (br s, 1H, H-4), 7.26–7.29 (m, 5H, Ph), 7.42 (br s,
1H, H-5), 7.91 (s, 1H, H-2); 13C NMR (CDCl3,
100 MHz) d 32.0 (2 CH2), 33.5 (CH2), 36.3 (CH),
37.26 (CH2), 53.5 (2 CH2), 63,2 (CH2), 108.3 (C-4),
122.7 (C-3), 127.0, 128.1, 129.3, 138.0 (Ph), 143.6 (C-
5), 144.5 (C-2), 162.6 (C-6).

6.2. General procedure for the preparation of compounds
5j–o

To a solution of furan-3-carbonyl chloride (0.26 g,
2.0 mmol), toluene (15.0 mL), and triethylamine
(2.0 mmol), the amines 4j–o (2.0 mmol) were added under
stirring at rt. The stirring was continued at the tempera-
tures and times indicated in Table 1. Compounds 5j–o
were obtained as solids and were recrystallized from a
mixture of chloroform and methanol (1:4).

6.2.1. N 0-tosylfuran-3-carbohydrazide (5j). MS-EI (70 ev):
m/z (%) = 280 (M+, 5), 202 (7), 95 (100); 1H NMR
(DMSO-d6, 400 MHz) d 2.36 (s, 3H, CH3), 6.78 (br s,
1H, H-4), 7.33 (d, 2H, J = 7.6 Hz, Ph), 7.70 (br s, 1H,
H-5), 7.71 (d, 2H, J = 7.6 Hz, Ph), 8.18 (s, 1H, H-2),
9.95 (br s, 1H, NH), 10.36 (br s, 1H, NH); 13C NMR
(DMSO-d6, 100 MHz) d 20.9 (C-13), 108.7 (C-4), 119.8
(C-3), 127.5, 129.2, 136.3, 143.1 (Ph), 144.1 (C-5), 145.7
(C-2), 160.5 (C-6); Anal. Calcd for C12H12N2O4S: C,
51.42; H, 4.32; N, 9.99. Found: C, 51.27; H, 4.64; N,
10.24.

6.2.2. N-(4-sulfamoylphenyl)furan-3-carboxamide (5k).
MS-EI (70 ev): m/z (%) = 266 (M+, 14), 95 (100); 1H
NMR (DMSO-d6, 400 MHz) d 7.01 (d, JH4–H5 =
1.2 Hz, 1H, H-4), 7.25 (br s, 2H, NH2), 7.80 (d, 2H,
J = 8.8 Hz, H-9), 7.81 (d, JH5–H4 = 1.2 Hz, 1H, H-5),
7.89 (d, 2H, J = 8.8 Hz, Ph), 8.42 (s, 1H, H-2), 10.21
(br s, 1H, NH); 13C NMR (DMSO-d6, 100 MHz)
d 109.1 (C-4), 119.5, 126.5, 138.5, 141.7 (Ph), 122.6
(C-3), 144.3 (C-5), 146.1 (C-2), 160.7 (C-6); Anal. Calcd
for C11H10N2O4S: C, 49.62; H, 3.79; N, 10.52. Found:
C, 49.30; H, 3.35; N, 10.61.

6.2.3. N 0-phenylfuran-3-carbohydrazide (5l). MS-EI
(70 ev): m/z (%) = 202 (27), 111 (7), 95 (100), 77 (3);
1H NMR (DMSO-d6, 200 MHz) d 6.74 (m, 3H, Ph),
6.93 (d, 1H, JH4–H5 = 1.3 Hz, H-4), 7.14 (d, 2H,
J = 7.8 Hz, Ph) 7.78 (t, 1H, JH5–H4 = 1.3 Hz, H-5) 7.89
(br s, 1H, NH), 8.29 (s, 1H, H-2), 10.08 (br s, 1H,
NH); 13C NMR (DMSO-d6, 100 MHz) d 108.7 (C-4),
112.1, 118.5, 128.6, 144.1 (Ph), 120.8 (C-3), 145.3
(C-5), 149.3 (C-2), 161.6 (C-6); Anal. Calcd for
C11H10N2O2: C, 65.34; H, 4.98; N, 13.85. Found: C,
65.00; H, 4.58; N, 13.94.
6.2.4. N 0-(pentafluorophenyl)furan-3-carbohydrazide (5m).
MS-EI (70 ev): m/z (%) = 292 (M+, 11), 197 (2), 95 (100);
1H NMR (DMSO-d6, 200 MHz) d 6.88 (d, JH4–

H5 = 1.0 Hz, 1H, H-4), 7.77 (d, JH5–H4 = 1.0 Hz, 1H,
H-5) 8.20 (br s, 1H, NH) 8.25 (s, 1H, H-2), 10.49 (br
s, 1H, NH); 13C NMR (DMSO-d6, 100 MHz) d 108.6
(C-4), 120.1 (C-3), 124.8 (m, 1C, Ph), 133.5 (d,m, 1C,
1JC–F = 244.5 Hz, Ph), 137.4 (d, m, 4C, 1JC–F =
239.4 Hz, Ph), 144.2 (C-5), 145.5 (C-2), 161.8 (C-6);
Anal. Calcd for C11H5F5N2O2: C, 45.22; H, 1.72; N,
9.59. Found: C, 45.77; H, 1.70; N, 9.72.

6.2.5. N-(1H-1,2,4-triazol-3-yl)furan-3-carboxamide (5n).
1H NMR (DMSO-d6, 200 MHz) d 7.05 (br s, 1H, H-4),
7.80 (br s, 2H, H-5, N@CH), 8.51 (s, 1H, H-2), 11.71 (br
s, 1H, NH), 13.52 (br s, 1H, NH); 13C NMR (DMSO-d6,
100 MHz) d 109.2 (C-4), 121.2 (C-3), 144.5 (C-5), 146.9
(C-2), 148.5 (2C, imidazole), 160.3 (C-6); Anal. Calcd
for C7H6N4O2: C, 47.19; H, 3.39; N, 31.45. Found: C,
47.70; H, 3.33; N, 31.06.

6.2.6. N-(4H-1,2,4-triazol-4-yl)furan-3-carboxamide (5o).
MS-EI (70 ev): m/z (%) = 178 (M+, 4), 95 (100); 1H
NMR (DMSO-d6, 200 MHz) d 6.97 (d, 1H, JH4–H5 =
1.2 Hz, H-4), 7.87 (d, 1H, JH5–H4 = 1.2 Hz, H-5), 8.45
(s, 1H, H-2), 8.79 (s, 2H, imidazole), 12.07 (br s, 1H,
NH); 13C NMR (DMSO-d6, 100 MHz) d 108.6 (C-4),
119.2 (C-3), 143.8 (2C, imidazole), 144.8 (C-5), 146.9
(C-2), 161.2 (C-6).

6.3. Biological assays

The in vitro antimicrobial activity of the furan-3-car-
boxamide compounds was assessed against a panel of
microorganisms including yeast-like fungi, filamentous
fungi, an alga, and bacteria, according to Tables 2 and 3.

The minimal inhibitory concentration (MIC) and mini-
mal fungicidal, bactericidal, and algacidal concentra-
tions were determined by broth microdilution methods
according to NCCLS standards.43–45 Compounds were
dissolved in DMSO and the solutions were diluted with
a culture medium. By further progressive dilutions with
the test medium, the required concentrations (320, 160,
80, 40, 20, 10, 5, 2.5, and 1.25 lg/mL) were obtained.
The antimicrobial activities were evaluated based on
the minimal inhibitory concentration (MIC) according
to the NCCLS M27-A2 procedures43 for yeast-like fungi
and algae. The filamentous fungi were tested based on
the NCCLS M38-A44 procedures and for the bacteria,
the procedures described in NCCLS M7-A445 were em-
ployed. Bacteria were initially inoculated into Mueller–
Hinton agar and, after overnight growth, four or five
colonies were directly suspended in saline solution until
the turbidity matched the turbidity of the McFarland
standard (approximately 108 cfu/mL). The suspensions
were diluted to 1:100 in saline followed by a new dilu-
tion to 1:20 in Mueller–Hinton broth, resulting in a final
inoculum concentration of 5 · 104 cfu/mL per well.
Yeasts and P. zopfii were inoculated on potato dextrose
agar and the procedures of inoculum standardization
were similar; the test medium was RPMI 1640 broth.
The filamentous fungi were initially inoculated on pota-
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to dextrose agar; after the time required for each species
to induce conidium and sporangiospore formation, the
inoculum standardization followed that described in
the M38-A44 methodology. Briefly, each well of the mic-
rodilution tray was filled with 100 lL of compound
diluted in 100 lL of the inoculum. The plates were incu-
bated at 35 �C/24 h for the bacteria and Candida species;
S. cerevisiae, C. neoformans and P. zopfii required up to
72 h of incubation. Growth or a lack of growth in the
wells containing the antimicrobial agent was determined
by comparison with the growth control, indicated by
turbidity. The lowest concentration that completely
inhibited visible growth of the organism was recorded
as the MIC. All tests were carried out in duplicate and
accepted when coincident. When the tests were not coin-
cident they were repeated in duplicate, again.

The minimal fungicidal, bactericidal, and algacidal con-
centrations were determined by subculture of 20 lL of
the content of each well that remained clear. The media
employed were Sabouraud dextrose agar for fungi and
P. zopfii, and Mueller–Hinton agar for bacteria. The
plates were incubated at 35 �C during the same time
periods for MIC determination and the lowest concen-
tration required to demonstrate complete growth
absence was named cidal.

The interpretation of the results was based on fluconaz-
ole and amphotericin B breakpoints for the fungi and
based on imipenem for bacterial pathogens; all accord-
ing to M27-A243, M38-A,44, and M7-A445 techniques,
respectively.

6.4. QSAR analysis

To calculate the quantum chemical descriptors, a geom-
etry of all the compounds 5 has been completely opti-
mized using the Polak–Ribiere algorithm, a conjugated
gradient method, calculated with the semi-empirical
AM157 and PM358 (for sulfurated compounds) method
incorporated in the Hyperchem package (Hypercube
Inc. version 7.52).59 The C logP, SA, MV, MR, and
Polar of optimized geometry were also computed by
Hyperchem software. Hardness is defined as the energy
difference between frontier orbitals (HOMO and
LUMO).

The linear regression analyses were carried out using the
SPSS and BuildQSAR60 software. For the multivariate
relations, predictor variables with lower intercorrelation
(r < 0.5) were only considered. The C logP, SA, MV,
MR, and Polar were obtained as collinear pairs (data
not shown) and were not used in the same model. The
overall quality of the obtained 2D-QSAR models was
indicated by the correlation coefficient (r), the standard
error of regression (s), Fischer (F-value), and Student’s
t-distribution (used to assess the significance of the indi-
vidual regression terms). A correlation matrix was used
to correlate the biological activity with the various
molecular descriptors. Forward-stepping regression
was used to build, when possible, each QSAR model.
A data point was considered an outlier when its residual
value exceeded 1.8·the standard error of estimate of the
model. Self-consistency of the derived models was en-
sured using the leave-one-out (loo) process. The predict-
ability of each model was assessed using cross-validated
r2, usually called q2.
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