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Abstract: The most common reason for fungal infections is the development of Candida yeasts. Candida naturally
is occurs on the skin and on most mucosal surfaces. It is proven that 90% of infections are caused by five Candida
species: Candida albicans, Candida glabrata, Candida tropicalis, Candida parapsilosis, and Candida krusei. Herein
we’ve reviewed isolated and fused heterocyclic compounds that exhibit antifungal activity against Candida strains.
Over 200 potential fungicidal agents were described, and some of the particularities which affect the action values
were determined. Thus, it was noted that the presence of nitro-, methoxy-, trifluoromethyl-, and/or halogeno-
containing groups at the specific positions in the benzene ring could significantly increase the inhibition of yeasts
growth. That’s why using these patterns together with heterocycles while designing target compounds could speed
up the search for new antifungal drugs.

Keywords: Candida sp.; heterocyclic compounds; fungicidal drugs; MIC; 1Cs. ©2022 ACG Publication. All right
reserved.

1. Introduction

The most common reason for fungal infections is the development of Candida yeasts.}? Candida
naturally is found on the skin®# and on most mucosal surfaces.>” It is proven that 90% of infections are
caused by five Candida species: Candida albicans, Candida glabrata, Candida tropicalis, Candida
parapsilosis, and Candida krusei.? Patients with an impaired immune system are the most sensitive to
fungal diseases. Thus, cancer,® HIV'® and diabetes!! promote the growth of fungus.

Unfortunately, it has been observed that Candida species are resistant to many of antifungal
drugs.?%¢ Searching for new agents that could inhibit fungal growth is an important task for pharmacists
and chemists.'”® Among well-known and freshly obtained substances with antifungal activity,
heterocyclic compounds lead as the most efficient and easy-to-produce class.?%2

In our current review, we have summarized studies that include data on fungicidal action against
Candida yeasts. The article is divided into sections according to the heterocyclic moiety, and more than
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200 significant compounds are described. The importance of this study might be explained by the
observed particularities concerning substituents that raise antifungal activity. As a consequence, it will
help to design and synthesize target fungicidal agents.

2. Literature Review

2.1. Thiophene Derivatives
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1 0
| D—r R=
S ‘<
2 0 0
H;CO

Figure 1. Chemical structure of thiophene derivatives 1-3

All the described compounds?? were found to be as active as ketoconazole against Candida
parapsilosis, whereas they showed no significant anticandidal activity against Candida krusei.
Especially compound 1 was the most effective against Candida albicans (MIC=50 uM/mL).
Comparatively, thiophene 1 four-fold greater effect on Candida albicans than ketoconazole (Table 1).
The testing was carried out by the standard microdilution method, and the results are presented by
minimal inhibitory concentration in uM/mL.%

Table 1. Antifungal activity of thiophene derivatives 1-3 (MIC, uM/mL)

Microorganism 1 2 3 Ketoconazole
Candida albicans 5 100 100 200

Candida glabrata 100 200 100 200

Candida krusei 100 100 100 3.125

Candida parapsilosis 200 200 200 200

2.2. Pyrazole Derivatives

=
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4-9
Figure 2. Chemical structure of pyrazole derivatives 4-9

The results clearly depict that the compounds substituted at position 4 in the benzene ring, in
the pyrazoline moiety with ferrocenyl, phenyl ethyl, phenyl, hydroxyl and bromo groups, gave average
antimicrobial activity against the tested fungi strains.?* All compounds 4-9 gave a range of MIC values
between 32-64 ug/mL against C. tropicalis. Evaluation of fungicidal action was performed by broth
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microdilution protocol,® and the comparing compound fluconazole was used. The results of
antibacterial activity are summarized in Table 2.

Table 2. Antifungal activity of pyrazole derivatives 4-9 (MIC, pug/mL).

Microorganisms 4 5 6 7 8 9 Fluconazole
Candida albicans 128 128 128 128 128 128 64
Candida dubliniensis 256 256 256 256 128 128 64
Candida glabrata 128 64 64 64 64 64 64
Candida parapsilosis 128 64 128 64 128 64 64
Candida tropicalis 64 32 64 32 64 32 64
Candida kefyr 128 64 128 256 128 128 64
Candida krusei 128 128 128 128 128 128 64

2.3. Thiazole Derivatives

HO

l I 0
Njg R = H (10); Br (11); Cl (12); CHj, (13);
S

OCH,; (14); NO, (15); OH (16); C,H; (17)

10-17

Figure 3. Chemical structure of pyrazole derivatives 10-17

The antifungal activity of compounds 10-17 was determined against three commercially known
fungicides (C. albicans, patient isolate C. glabrata and C. krusei) by measuring the minimum inhibitory
concentration (MIC), expressed in pg/mL (Table 3).26 It should be noted that the most significant result,
according to the antifungal summary, showed compound 15 with the nitro group as the substituent at
the 4™ position of the benzene ring. The in vitro fungicidal action of the compounds 10-17 was tested
by the tube dilution technique.?” As standards, miconazole and fluconazole were used.

Table 3. Antifungal activity of thiazole derivatives 10-17 (MIC, pg/mL).
Compounds Candida albicans Candida glabrata  Candida krusei

10 22 23 10.5
11 25 22 11.75
12 21 22 11.55
13 20 25 12.45
14 25 23 11.5
15 12.5 25 6.25
16 22 23 12
17 20 21 11.85
Miconazole 6.25 3.125 1.56
Fluconazole 125 3.125 3.125

2.4. Oxadiazole Derivatives

2N N’N\>_S S R =H (18); {"Cl (19); 1.7—N02 (20);
SN J\ s/\“\O m-NO, (21); m-Cl (22); 2,4-C1 (23)

18-23
Figure 4. Chemical structure of oxadiazole derivatives 18-23
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The biological results indicate that C. albicans (clinical isolate) is the most susceptible fungus
to compounds 18, 19, and 22 (Table 4).2¢ These compounds exhibit the strongest inhibitory activity
against C. albicans (clinical isolate) with a MIC value of 0.015 mg/mL, when compared with the
standard antifungal ketoconazole, which exhibits inhibitory activity with a MIC value of 0.007 mg/mL.
This outcome confirms that phenyl and chlorophenyl groups may have a considerable influence on
antifungal activity against the tested clinical C. albicans isolate. It can be attributed to the + & effect of
phenyl and chlorophenyl groups. Compounds 20 and 21 exhibit lower inhibitory activity against C.
albicans (clinical isolate) which may be due to -x effect of the nitro substituent. The standard strain C.
albicans (ATCC 90028) showed an inhibition range with MIC values of 0.03—0.06 mg/mL of the tested
compounds 18-23 suggesting moderate inhibitory activity compared to the clinical isolate versus
ketoconazole. The other tested C. albicans strain (NRRL Y-12983) was less susceptible to the tested
compounds, with a MIC = 0.03-0.125 mg/mL. The testing was done by microbroth dilution assay.

Table 4. Antifungal activity of oxadiazole derivatives 18-23 (MIC, ug/mL)

Microorganisms 18 19 20 21 22 23 Ketoconazole
C. albicans clinical isolate 0.015 0.015 0.06 0.125 0.015 0.03 0.007
C. albicans ATCC 90028 0.03 0.03 0.03 0.06 0.03 0.06 0.007
C. albicans NRRL Y-12983 0.03 0125 0.06 0.06 0125 0.06 0.003
C. glabrata clinical isolate 0.015 0.015 0.015 0.06 0.06 0.06 0.001
C. krusei NRRL Y-7179 0.06 0.06 0.03 0.06 0.06 0.06 0.001
C. parapsilosis NRRL Y-12696  0.06 0.06 0.06 0125 0.06 0.06 0.001
C. tropicalis NRRL Y-12968 0.06 0.03 0.03 0.06 0.03  0.015 0.001

2.5. Thiadiazole Derivatives
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R! = H (25); 2-Cl (26); 4-CHj (27); 4-C1 (28); 2-CHj, (29); 3-C1 (30); 4-OH (31,32)
R2 = H (25); 2-C1 (26); 4-CH; (27); 4-C1 (28); 2-CHj (29); 3-C1 (30); 4-OH (31); 3-OCH; (32)

Figure 5. Chemical structure of oxadiazole derivatives 24-32

Antimicrobial evaluation of compound 24 and 1,1-bis(2-phenyl-5-arylidine-1,3- thiadiazolidin-
4-one)cyclopropanes 25-32 revealed that the conversion of compound 24 into Schiff bases 25-32
enhances biological potency.? Compounds 27, 31, and 32 displayed the most potent antifungal spectra
(Table 5). Thus, 4-methyl, 4-hydroxy and 3-methoxy phenyl substituents were found to be the most
potent for raising the fungicidal action. For determination of the preliminary activity, the disk diffusion
method was used.*
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Table 5. Antifungal activity of thiadiazole derivatives 24-32 (inhibition zone, mm)

Compounds  C.glabrata C.albicans C. krusei
24 - 5 -
25 - - -
26 8 10 10
27 5 5 -
28 10 8 12
29 - - 6
30 10 12 13
31 6 - 5
32 8 - -
Fluconazole 15 16 15

2.6. Pyrroloquinoline Derivatives
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Figure 6. Chemical structure of pyrroloquinoline derivatives 33-45

R! = CH; (33-35); C,H; (36-45)

R? =H (33-44); F (45)

R® = H (33,36); CH; (34,37); CH;0 (35,38);
OH (39); F (40,45); Cl (41); Br (42); 1 (43); CF; (44)

Among the tested compounds 33-45, the most active against all three fungi species were 39 and
44 (Table 6).3! It means that hydroxy and trifluoromethyl groups connected with and an aryl substituent
could considerably increase the antifungal activity. Pyrroloquinoline derivatives were tested in vitro for

their growth inhibitory activity against pathogenic fungi by the standard method.*

Table 6. Antifungal activity of pyrroloquinoline derivatives 33-45 (MIC, pg/mL)

Compounds C. albicans C.tropicalis C. krusei
33 >100 >100 50
34 100 100 12.5
35 >100 >100 12.5
36 >100 6.3 >100
37 >100 3.2 12.5
38 >100 12.5 >100
39 3.2 0.6 12.5
40 >100 6.3 >100
41 >100 3.2 >100
42 50 3.2 >100
43 25 3.2 25
44 6.3 0.8 6.3
45 1.6 50 25
Fluconazole 125 6.3 25
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2.7. Quinazoline Derivatives
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R2 = H (46-50,54,56-58); F (52,55); CH; (51,53)
R3 = H (52-54,57); CH; (50,51); CH;0 (47);
OH (58); F (46,55,56); Cl (48); Br (49)

Figure 7. Chemical structure of quinazoline derivatives 46-60

Fungicidal action with quinazoline derivatives is much more efficient than that above described
pyrroloquinolines. The authors used the same standard method in their investigation.*> Many of
compounds 46-60 were comparable to those of 5-fluorocytosine against Candida krusei. The activities
of compounds 46 or 53 were superior to those of 5-fluorocytosine against C. neoformans (Table 7).%

Table 7. Antifungal activity of quinazoline derivatives 46-60 (MIC, pg/mL)

Compounds C. albicans C.tropicalis C.krusei C. neoformans
46 1.6 6.3 12.5 1.6
47 25 25 3.2 6.3
48 6.3 12.5 3.2 6.3
49 6.3 50 6.3 12.5
50 12.5 6.3 6.3 50
51 12.5 125 125 3.2
52 6.3 25 12.5 1.6
53 3.2 12.5 25 0.8
54 6.3 6.3 6.3 25
55 12.5 6.3 12.5 6.3
56 6.3 6.3 12.5 1.6
57 6.3 6.3 12.5 1.6
58 3.2 3.2 25 12.5
59 12.5 12.5 6.3 6.3
60 25 >50 12.5 6.3
5-Fluorocytosine 50 6.3 25 6.3
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61-72

Y = H (62,64,66,68,70,72); Br (61,63,63,67,69,71);
R = CHj (61,62,65,66,69,70); C4H; (63,64,67,68,71,72);
X = 4-C4H, (61-64); CH, (62-68); 4-C(H, (69-72)

F
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73-82

N-N
7 N |
RS =T
N’N
Cre
R =H (73); 4-N(CHs;), (74);

4-OH (75); 4-OCH; (76); 3-OCHs (77);
3,4,5-(0OCH;); (78); 3-OCH;-4-OH (79);
2-C1 (80); 4-Cl (81); 4-NO, (82)

Figure 8. Chemical structure of quinazoline derivatives 61-82

For the screening of fungal activity of quinazoline derivatives 61-82, the cup-plate method was
used.** Compounds 64, 67, 70, 71, 78, and 82 exhibited moderate to good antifungal activity (Table
8).%53 Phenyl substituent, methoxy and nitro groups in aromatic rings promote the increase of

quinazoline action.

Table 8. Antifungal activity of quinazoline derivatives 61-82 (MIC, pug/mL)

Compounds C. albicans C. krusei

82
Fluconazole

11
21
20
8
20
18
7
10
17
5
7
15
12
17
20
0.9
10
17
10
7
25

10
22
18
5
22
24
9
11
20
8
9
18
20
0.8
9
12
20
17
8
0.7
0.8
28
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2.8. Benzoxazoles Derivatives

83-90

R! = allyl (83,85,87,89); propyl (84,86,88,90);
R? = H (83,84); CI (85,86); OCHj, (87,88); NO, (89,90)

Figure 9. Chemical structure of benzoxazole derivatives 83-90

Four benzoxazole derivatives (83, 86, 87, 90) showed activity against pathogenic and
opportunistic species of Candida spp (Table 9).3” The results were calculated using the inhibitory
concentration of 50% microbial growth, and the interpretative criteria were those proposed by the
document M27A3 from the Clinical and Laboratory Standards Institute.*

Table 9. Antifungal activity of benzoxazole derivatives 83-90 (ICso, UM)
Compounds  C. albicans C. krusei  C. parapsilosis C. glabrata

83 380 - - -
84 - - - -
85 - - - -
87 331 - - 338
88 - - - -
89 - - - -
90 321 321 - -
Fluconazole 1.6 104.3 3.3 52.2
* “.“_not detected activity.
0 /©io/> < > R2
RI\)J\N N
H  91-102

R! = morpholinyl (91,94,97,100); 4-methylpiperazine (92,95,98,101);
piperazinyl (93,96,99,102);
R? = C,H; (91-93); H (94-96); F (97-99); C(CH,); (100-102)

Figure 10. Chemical structure of benzoxazole derivatives 91-102

The antifungal investigation of benzoxazole derivatives 91-102 was performed by the standard
method.®? All compounds showed notable activity against C. albicans, C. krusei, and C. glabrata with
MIC values of 3.12-50 ug/mL (Table 10). There were no significant results when the role of the
substitution of the acetamido group on C-5 of benzoxazole for C. albicans was considered. Furthermore,
compounds 92, 101, and 102 were found to be more active against C. glabrata than the others with a
MIC value of 12.5 pg/mL. Moreover, compound 101 was also the most active among the compounds
having a MIC value of 3.12 pg/mL against C. krusei. The compounds 93 and 100 were also very active
ones in these series against C. krusei with a MIC value of 6.25 pug/mL. It is noted that those possessing
a p-tert-butyl substituent of phenyl ring at the C-2 position of benzoxazole showed enhanced antifungal
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activity against C. krusei and C. glabrata. Consequently, for developing new antifungal agents against
C. krusei, compound 101 could be the lead for further studies.*
Table 10. Antifungal activity of benzoxazole derivatives 91-102 (MIC, pg/mL)
Compounds C. albicans C. krusei C. glabrata

91 25 125 25
92 25 125 125
93 50 6.25 25
94 50 25 25
95 50 25 25
96 50 25 25
97 50 25 25
98 25 50 25
99 25 25 25
100 50 6.25 25
101 50 3.12 125
102 25 125 125
Oxiconazole 6.25 - -
Haloprogin 3.125 - -
Micanazole 3.125 1.56 3.125

2.9. Benzimidazole Derivatives

N R?
4 </ j@ 3 N
o O,
R

103-111
-0 112-123
R = C¢Hs (103); 4-F-CH, (104); R'=NO, (112-114,118-120 ); NH, (115-117,121-123);
4-Cl-C4H, (105); 4-Br-CH, (106); R? = Et (112,113,115,116 ); Me (118,119,121,122);
4-CF3-CgH, (107); 2,4-Cl1,-CgH; (108); cyclopentyl (114,117); cyclopropyl (120,123);
2,6-Cl,-CgH3 (109); 2,5-Cl,-CgHj (110); R3=H (112,115,118,121); Br (113,114,116,117,119,120,122,123 )

3,4-C1,-CgHy (111)
Figure 11. Chemical structure of benzimidazole derivatives 103-123

All the benzimidazole derivatives 103-12340-4® were tested for their in vitro growth inhibitory
activity against C. albicans, patient isolates C. glabrata and C. krusei (Table 11) according to the
standard protocol®2 and the tube dilution technique.?’

Thus, compounds 113-116, 118, 120, 121, and 123 possessed comparable activity to fluconazole
and cotrimoxazole against C. albicans with a MIC of 12.5 pug/ mL. However, none of the compounds
was superior to the standards used against any fungi.

N R!
4
AT
R2
124-128
R! = H (124); CH; (125); NO, (126);
4'NO, (127); COOH (128);
R? = H (124-127); CH; (128)
Figure 12. Chemical structure of benzimidazole derivatives 124-128
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Table 11. Antifungal activity of benzimidazole derivatives 103-123 (MIC, pug/mL)

Compounds C.albicans C.krusei C.glabrata Reference
103 25 50 NT 40
104 50 50 NT 40
105 25 50 NT 40
106 25 50 NT 40
107 50 25 NT 40
108 12.5 25 NT 40
109 - - NT 40
110 50 25 NT 40
111 50 50 NT 40
112 25 12.5 25 41, 42
113 12,5 6.25 6.25 41, 42
114 25 12.5 12.5 41
12.5 6.25 25 42
115 25 12.5 12.5 41
12,5 12.5 25 42
116 12,5 6.25 6.25 41
12.5 12.5 12.5 42
117 25 12.5 12.5 41
25 6.25 25 42
118 12.5 6.25 6.25 43
119 25 12.5 25 43
120 12,5 6.25 25 43
121 12.5 12.5 25 43
122 25 6.25 25 43
123 12,5 12.5 12.5 43
Fluconazole 1.56% 2540 3.125443
12,5443 3.125443
Miconazole 0.19% 0.78% 1.56%
6.254143 1.56443 3.125%24
Cotrimoxazole 12,5443 3.125%243  3,125%243

* < _not detected activity; “NT” — not tested.

313

Among the benzimidazole derivatives 124-128 the compounds bearing a nitro group, located at
the 5th and 4th positions of the benzimidazole phenyl ring (compounds 126 and 127). The activity
pattern was totally changed when the location of the nitro group switched to the 4th position. Compound
126 has a greater antibacterial efficacy because the nitro group is located at the 5th position, whereas
the inactive compound (compound 127) has the nitro group at the 4th position.*

Table 12. Antifungal activity of benzimidazole derivatives

124-128 (MIC, pg/mL).

Compounds C. albicans C. krusei
124 - 50
125 - 50
126 100 -
127 - 50
128 50 50
Fluconazole 0.78 50

* “.“_not detected activity



314

Heterocyclic compounds with promising antifungal activity against Candida species

2.10. Coumarin Derivatives

SN Het
O
O
129-137
Het = imidazol-1-yl (129); pyrazol-1-yl (130);

1,2,4-triazol-1-yl (131); tetrazol-1-yl (132);
4-carbethoxyimidazol-1-yl (133); benzimidazol-1-yl (134);

Het
0 cl
I
R
Z o~ o I
138-147

Het = imidazol-1-yl (138-142);
benzimidazol-1-yl (143-147);
R = 6-CH; (138,143); 7-CH; (139,144);

2-trifluoromethylbenzimidazol-1-yl (135);
benzotriazol-1-yl (136); 4-chloropyrazol-1-yl (137)

6-OCHj; (140,145); 6-CCl (141,146);
7,8-Benzo (142,147)

Figure 13. Chemical structure of coumarin derivatives 129-147

Among the coumarins the most active compound was derivative 132 (Table 13), possessing a
tetrazole substituent. Other similar compounds 129-131, with parent heterocycles, pyrazole, imidazole,
and triazole as substituents, showed antifungal potential, with triazole derivative 131 being not just very
active.®®

Compound 142 bearing 7,8-benzo substituted coumarin registered 4 pug/mL of MIC exhibited
200 to 400% improved efficiency against all three strains, viz., Candida albicans, Candida utilis and
Candida krusei. The introduction of the benzimidazole moiety (i.e., compound 147) in place of
imidazole in 132 registered enhanced potency that is on par with the standard drugs against Candida
albicans, and Candida utilis, whereas 50% diminished inhibitory activity is achieved against Candida
krusei. From the overview of in vitro antifungal data for the tested compounds, it is very clear in general
that benzimidazole substitution in place of imidazole and, in particular, aza-coumarin ethers in place of
coumarin ethers demonstrated phenomenal inhibitory roles against all the tested yeast fungi.*®

Table 13. Antifungal activity of coumarin derivatives 129-147 (MIC, ug/mL)
Compounds  C. albicans C. krusei  C. parapsilosis  C. utilis

129 62.5 - - NT
130 31.2 >500 >500 NT
131 20 125 >500 NT
132 15.6 62.5 125 NT
133 62.5 >500 >500 NT
134 - - - NT
135 150 - - NT
136 - - - NT
137 5 125 >500 NT
138 16 62.5 NT 62.5
139 62.5 125 NT 125
140 31.25 16 NT 62.5
141 16 62.5 NT 31.25
142 4 4 NT 4
143 2 8 NT 4
144 4 2 NT 2
145 8 8 NT 16
146 8 31.25 NT 16
147 1 2 NT 1
Itraconazole 1 1 NT 1
Miconazole 1 1 NT 1
Voriconazole 7.8% Resistant* Resistant*

* “.“ _not detected activity; “NT” — not tested.
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2.11. Benzothiazole Derivatives

N,
LL
R S

148-170

X = NH (148-162); S (163-170);
R = H (148,163); OCH; (149,170); OC,H; (150); OPh (151,165); OBn (152,166);

O(CH,),Ph (153); O(CH,);Ph (154); O(CH,),Ph (155); CH,OPh (156);
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F (157,169); C1 (158,168); CF; (159,167); OCF; (160,164); 4-CIBnO (161); 4-CIPhO (162)

Figure 14. Chemical structure of benzothiazole derivatives 148-170

Derivative 161 showed the highest antifungal activity against C. albicans (MIC: 4 mg/mL),
followed by compounds 152, 153, and 162 (MIC: 8 mg/mL). Compound 161 was also very active
against C. tropicalis, showing the same MIC value as the reference (4 mg/mL), followed by compounds
161, and 162 (MIC: 8 mg/mL). Compound 162 was the best of the series against C. parapsilosis (MIC:
4 mg/mL) followed by compounds 152,161 (MIC: 8 mg/mL). Both compounds 153 and 154 were indeed
two-fold more potent than the reference compound fluconazole against C. krusei. The presence of the
substitution at position 2 of the heterocyclic moiety is crucial for the benzothiazole derivatives activity:
2-amino derivatives were more potent against fungi. The study*’ suggests that 2-amino-1,3-
benzothiazoles 161, 162 are promising scaffolds for the development of novel antifungal agents against

Candida spp.

Table 14. Antifungal activity of benzothiazole derivatives 148-170 (MIC, pg/mL)
Compounds C. albicans C. parapsilosis  C. tropicalis  C. krusei
148 >512 >512 >512 >512
149 256 256 256 512
150 128 128 128 256
151 128 16 32 32
152 8 8 8 64
153 8 16 32 16
154 32 16 16 16
155 512 128 512 >512
156 32 16 16 64
157 256 128 256 256
158 64 64 64 128
159 16 64 64 64
160 64 64 128 128
161 4 8 4 64
162 8 4 8 32
163 32 32 32 32
164 32 32 16 32
165 >512 >512 >512 >512
166 >512 >512 >512 >512
167 16 64 16 32
168 4 32 8 16
169 32 64 64 32
170 32 64 64 64
Fluconazole 2 2 4 32
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The compounds of series 163-170 showed high activity except for compounds 165, and 166,
which were inactive.*® Among the tested compounds, 168 was the most active, showing MIC values of
4 and 8 pg/mL against C. albicans and C. tropicalis, respectively. Position and electronic properties of
the substituent on the aromatic moiety seems not to be crucial for determining any variation in activity
(Table 14).

2.12. Indole Derivatives

0 0,
R!
A\
N
H2
0 R
171-183

R! = CH, (171, 173-183); C,Hs (172);

R2 = CH, (171,172); C4Hs (173); 4-F-C¢H, (174); 4-C1-CH, (175);

4-Br-C4H, (176); 4-1-C4H, (177); 4-CH,-CgH, (178); 4-CH;30-CgH, (179);
3,4-(CHs),-C4Hj (180); 4-CF30-C¢H, (181); 4-C,Hs-C¢H, (182); 4-iC5H,-C¢H, (183)

Figure 15. Chemical structure of indole derivatives 171-183

The synthesized 1H-indole-4,7-diones 171-183, were tested in vitro for their growth inhibitory
activity against pathogenic fungi by the standard method.*> The MIC values were determined by
comparison with 5-fluorocytosine as a standard agent. As indicated in Table 15, most of the 1H-
indole4,7-diones 171-183 generally showed potent antifungal activity against Candida krusei. In
contrast, compounds 171-183 did not show significant antifungal activity against C. albicans and C.
tropicalis, although compounds 173, 175, and 183 exhibited good activity. The activities of compounds
173, 175 were superior or comparable to those of 5-fluorocytosine against all tested fungi. The
compounds 173, 175 completely inhibited the growth of all fungal species tested at the MIC level of
1.6-25 pg/mL.*°

Table 15. Antifungal activity of indole derivatives 171-183 (MIC, pg/mL)

Compounds C. albicans C. tropicalis  C. krusei
171 >100 >100 3.2
172 >100 25 50
173 3.2 125 1.6
174 >100 >100 3.2
175 125 125 0.8
176 50 6.3 50
177 25 125 50
178 >100 >100 3.2
179 >100 50 3.2
180 125 >100 0.8
181 >100 >100 6.3
182 25 50 50
183 125 100 100

5-Fluorocytosine 6.3 125 6.3
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2.13. Thiazine Derivatives

1
F |\ SIR
(=
3 N~ "R?
R H
184-198

R! = H (184-195); C(Hs (196-198);

R? = H (184-186); CH; (187-189); CH; (190-192); O= (193-198);
R? = 5-Cl(184,187,190,193,196); 6-Cl (185,188,191,194,197);
8-C1(186,189,192,195,198)

Figure 16. Chemical structure of thiazine derivatives 184-198

There are some facts concerning on the fungal data of thiazine compounds 184-198: derivative
195, which has a chlorine atom at the C8 position of the heterocycle, displayed moderate activity against
the fungi Candida parapsilosis and Candida tropicalis with MIC values of 64 mg/mL. Interestingly, the
introduction of a phenyl group at the C2 position of the 7-fluoro-2H-1,4-benzothiazin-3(4H)-one
analogues (196-198) led to a decrease to the antimicrobial profile.>°

Table 16. Antifungal activity of thiazine derivatives 184-198 (MIC, pug/mL)
Compounds C. albicans C. parapsilosis C. tropicalis C. krusei

184 32 8 32 32
185 R 500 500 -
186 500 500 500 -
187 R R R -
188 128 64 256 256
189 128 32 128 256
191 - - - -
193 500 500 500 -
194 512 512 512 512
195 250 64 64 -
196 250 250 250 -
197 250 250 250 -
198 R R R -
Fluconazole 05 - 1
* “-“ _not detected activity; “R” — resistant.

2.14 Naphthyridine derivatives

199,200

R = CH, (199); C,Hj (200)

Figure 17. Chemical structure of naphthyridine derivatives 199, 200.
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As was reported,®* compound 199 isn’t active against fungal strains. More interestingly,
compound 200 was active against all microbial strains, with 1Cso values in the range 4.5— 20 uM. The
most sensitive to 200 was the fungus C. krusei (4.5 uM). It is noteworthy that the substitution of a methyl
group (199) for an ethyl group (200) produces such a change in the activity profile.

2.15. Phtalazine Derivatives

Table 17. Antifungal activity of naphthyridine
derivatives 199, 200 (ICso, UM).

Microorganisms 199 200

C. albicans >100 20 (x1.0)
C. glabrata >100 18 (x1.3)
C. krusei >100 4.5(x1.6)

C. nivariensis >100 16 (x1.1)

C. parapsilosis >100 20 (x0.6)
* Values expressed as ICsp are given in uM and
are means of three to six experiments, standard
deviation is given in parentheses.

H 1
oo
|
N X R2
0
201-213

X = C1(201-208); H (209-213);
R! = H (201-203,205,206,209-212); C (204);

F (207); CF; (208); CH, (213);

R2 = H (201,204,208); F (202,207,209); CI (203);
Br (205,210); I (206); CH,0 (211); CH; (212,213)

Figure 18. Chemical structure of phtalazine derivatives 201-213

The activities of compounds 204, 205, 211, and 212 were superior or comparable to those 5-
fluorocytosine against all tested fungi (Table 18). The compounds 204, 205, 211, and 212 completely
inhibited the growth of all fungal species tested at the MIC level of 3.2-25 pg/mL.>?

Table 18. Antifungal activity of phtalazine derivatives 201-213 (MIC, pg/mL)

Compounds C. albicans C. tropicalis  C. krusei
201 50 25 25
202 50 50 50
203 12.5 12.5 6.3
204 25 25 25
205 25 125 25
206 125 125 125
207 25 3.2 >100
208 25 125 100
209 50 25 25
210 12.5 3.2 12.5
211 125 6.3 125
212 6.3 125 125
213 3.2 100 50

5-fluorocytosine 25 12.5 50
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2.15. Selenium Containing Compounds

Cl

R!
Q—é/R3
\ Se
1

R2
214-218
R! =H (214,216-218); CN (215);
R? =H (214-216); Me (217); Ph (218);
R® = Ph (214,215,218); 3-MeCgH, (216); 4-BrCH, (217)

Figure 19. Chemical structure of compounds 214-218

The antifungal activity of selected heterocycles (214-218) was studied, against several strains
of Candida. The minimum inhibitory concentrations (MIC) are given in the Table 19; nystatin and
fluconazole were used as comparators. It was observed that Candida krusei was among the most
susceptible microorganisms and compound 216 was the most active against all the yeasts; this might be
caused by the presence of a methyl group at the 3 position of benzene ring.%

Table 19. Antifungal activity of compounds 214-218 (MIC, ug/mL)

Microorganisms 214 215 216 217 218 Nystatin Fluconazole
C. albicans 151.2 >562.3 290.1 472.1 411.8 1.7 81.7

C. tropicalis 151.2 >562.3 18.1 236.1 103.0 1.7 163.3

C. krusei 4.7 4.4 4.5 14.8 205.9 3.4 81.7

C. parapsilosis 151.2 281.2 290.1 472.1 205.9 1.7 5.1

C. dublienses 151.2 >562.3 72.5 118.0 103.0 1.7 10.2

C. glabrata 302.4 >562.3 290.1 472.1 3.2 3.4 10.2

2.16. Tellurium Containing Compounds

Cl Cl
IO SN
\S N
O,N N-N O,N N-N
\ / Te \ / Tel,
2 2
O,N 219-221 / O,N 222-224 /
R =Br (219); CH; (220); OCH; (221) R = Br (222); CH; (223); OCH; (224)

Figure 20. Chemical structure of compounds 219-224

The antifungal activity for Tellurium-containing pyrazole derivatives 219-224 were assayed
against Candida albicans ATCC2091.>* Data of inhibition zones and MIC affirm that telluride
compounds 219-221 were more active against the fungi than the other compounds and the control
(amoxicillin) (Figure 20, Table 20).
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Table 20. Antifungal activity of compounds 219-224 against C. albicans:MIC, pg/mL and inhibition

ZOnes, mm
Activity 219 220 221 222 223 224 Amoxicillin
MIC 50 200 50 120 110 110 100
Inhibition zones 41 30 33 27 18 22 30

It was reported® that iodo-substituted 5,6-dihydro[1,3]thiazolo[2,3-c][1,2,4]triazole 225 has
weak antifugal activity, whereas the introducing trihalogenotellurium moiety leads to significant
increasing of bioactivity of compounds 226-233 (Figure 21, Table 21).

OH
N~
N~ N
N 4

@4 iy R I

N .

g active S
225 none-active 226-233

R = NH,(226,227); AllyINH (228,229); Ph (230,231); 2-HOCH, (232,233)
Hal = CI (226,228,230,232); Br (227,229,231,233)

Figure 21. Chemical structure of compounds 225-233
Table 21. Antifungal activity of compounds 225-233 against C. albicans CCM 885.

Activity 225 226 227 228 229 230 231 232 233 Ketoconazole
Inhibition zones, mm - 14 14 12 14 11 10 22 27 14

2.17. Pyridine/Piperidine Derivatives

Ph
2 X H
R \ O N
Ox N -CHs N
_— Ph _~
H3CU NH
0
240
234-239
Ph
234: R = R? = 4-CICH,; 235: R! = R? = 4-CH,CgH, (Tol); S i
236: R! = R? = C4Hs; 237: R! = R? = 4-CH;0C¢H,; O N
238: R! = R? = 3,4-(CH;0),C¢Hs; 239: R' = R? = Het N
Tol<__~
NH OCF,
0
241
Tol Ph

Figure 22. Chemical structure of phtalazine derivatives 234-241
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The mean inhibitory concentration (MIC) assay was used to test the antifungal activity of
compounds 234-241 (Figure 21, Table 21).%%%" Fungal strain Candida albicans was acquired from
ATCC resource after 48 h of incubation. It should be noted that the saturation of azine cycle leads to
decreasing of antifungal activity as well as the introducing inductive or mesomeric electro-donating
substituents such as methyl- or methoxy- on the aromatic rings led to a decrease in biological activity.

Table 21. Antifungal activity of compounds 234-241 against C. albicans: MIC, pg/mL
Activity 234 235 236 237 238 239 240 241  Fluconazole
MIC 125 25,0 450 50.0 50.0 450 2.0 8.0 0.5

3. Conclusion

Herein, we’ve reviewed isolated and fused heterocyclic compounds that exhibit antifungal
activity against Candida strains. Over 200 potential fungicidal agents were described, and some of the
particularities that affected the action values were determined; nystatin, 5-Fluorocytosine and
fluconazole were mainly used as comparators. Thus, it was noted that the presence of nitro-, methoxy-,
trifluoromethyl-, and/or halogen-containing groups at the specific positions in the benzene ring could
significantly increase the inhibition of yeasts growth. That’s why using these patterns together with
heterocycles while designing target compounds could speed up the searching of new antifungal drugs.

ORCID

Nataliya Korol: 0000-0001-7155-1676

Dzhosiya Molnar-Babilya: 0000-0003-1063-013X
Mikhailo Slivka: 0000-0003-4788-0511

Mikhajlo Onysko: 0000-0001-6121-828X

References

[1]  Kaushik, N.; Pujalte, G. G. A.; Reese, S. T. Superficial Fungal Infections. Prim. Care Clin. Office Pract.
2015, 42, 501-516.

[2] Umme, H.; Hosakote, G.S.; Rudra, V.; Riyaz, A.M.O.; Atul, S. Candidiasis: A fungal infection- current
challenges and progress in prevention and treatment. Infect. Disord. Drug Target. 2015, 15, 42-52.

[3] Kuihbacher, A.; Burger-Kentischer, A.; Rupp, S. Interaction of Candida species with the skin.
Microorganisms 2017, 5, 32.

[4]  Espinosa-Herndndez, V.M.; Morales-Pineda, V.; Martinez-Herrera, E. Skin infections caused by emerging
Candida species. Curr. Fungal. Infect. Rep. 2020, 14, 99-105.

[5] Nikou, S.-A.; Kichik, N.; Brown, R.; Ponde, N.O.; Ho, J.; Naglik, J.R.; Richardson, J.P. Candida albicans
interactions with mucosal surfaces during health and disease. Pathogens 2019, 8, 53.

[6] Millet, N.; Solis, N.V.; Swidergall, M. Mucosal IgA prevents commensal Candida albicans dysbiosis in
the oral cavity. Front. Immunol. 2020, 11, 555363.

[71  Naglik, J.R.; Kénig, A.; Hube, B.; Gaffen, S.L. Candida albicans—epithelial interactions and induction of
mucosal innate immunity. Curr. Opin. Microbiol. 2017, 40, 104-112.

[8]  Turner, S.A.; Butler, G. The Candida pathogenic species complex. Cold Spring Harb. Perspect. Med. 2014,
4,a019778.

[9] Ramirez-Garcia, A.; Rementeria, A.; Aguirre-Urizar, J.M.; Moragues, M.D.; Antoran, A.; Pellon, A;
Abad-Diaz-de-Cerio, A.; Hernando, F.L. Candida albicans and cancer: Can this yeast induce cancer
development or progression? Crit. Rev. Microbiol. 2016, 42, 181-193.

[10] Suryana, K.; Suharsono, H.; Antara, 1.G.P.J. Factors associated with oral candidiasis in people living with
HIV/AIDS: A case control study. HIV AIDS (Auckl) 2020, 12, 33-39.

[11] Rodrigues, C.F.; Rodrigues, M.E.; Henriques, M. Candida sp. infections in patients with diabetes mellitus.
J. Clin. Med. 2019, 8, 76.


https://orcid.org/0000-0001-7155-1676
https://orcid.org/0000-0003-1063-013X
https://orcid.org/0000-0003-1063-013X
https://orcid.org/0000-0003-4788-0511
https://orcid.org/0000-0003-4788-0511
https://orcid.org/0000-0001-6121-828X

[12]
[13]

[14]

[15]
[16]

[17]
(18]

[19]

[20]
[21]
[22]
[23]

[24]

[25]

[26]
[27]
[28]

[29]

(30]

(31]

[32]

[33]

[34]
[35]
[36]

[37]

322

Heterocyclic compounds with promising antifungal activity against Candida species

Berkow, E.L.; Lockhart, S.R. Fluconazole resistance in Candida species: a current perspective. Infect. Drug
Resist. 2017, 10, 237-245.

Colombo, A.L.; Janior, J.N.A.; Guinea, J. Emerging multidrug-resistant Candida species. Curr. Opin.
Infect. Dis. 2017, 30, 528-538.

Whaley, S.G.; Berkow, E.L.; Rybak, J.M.; Nishimoto, A.T.; Barker, K.S.; Rogers, P.D. Azole antifungal
resistance in Candida albicans and emerging non-albicans Candida species. Front. Microbiol. 2017, 7,
2173.

Sanguinetti, M.; Posteraro, B.; Lass-FIorl, C. Antifungal drug resistance among Candida species:
mechanisms and clinical impact. Mycoses 2015, 58, 2-13.

Bohner, F.; Papp, C.; Gécser, A. The effect of antifungal resistance development on the virulence of
Candida species. FEMS Yeast Res. 2022, 22, foac019.

Houst, J.; Spizek, J.; Havli¢ek, V. Antifungal drugs. Metabolites 2020, 10, 106.

Van Daele, R.; Spriet, I.; Wauters, J.; Maertens, J.; Mercier, T.; Van Hecke, S.; Briiggemann, R. Antifungal
drugs: What brings the future? Med. Mycol. 2019, 57, S328-S343.

Zhao, S.; Zhang, X.; Wei, P.; Su, X.; Zhao, L.; Wu, M.; Hao, C.; Liu, C.; Zhao, D.; Cheng, M. Design,
synthesis and evaluation of aromatic heterocyclic derivatives as potent antifungal agents. Eur. J. Med.
Chem. 2017, 137, 96-107.

Yang, L.; Bo Xu, W.; Sun, L.; Zhang, S.; Hua Jin, C. SAR analysis of heterocyclic compounds with
monocyclic and bicyclic structures as antifungal agents. ChemMedChem 2022, 17, e202200221.
Kathiravan, M.K.; Salake, A.B.; Chothe, A.S.; Dudhe, P.B.; Watode, R.P.; Mukta, M.S.; Gadhwe, S. The
biology and chemistry of antifungal agents: A review. Bioorg. Med. Chem. 2012, 20, 5678-5698.

Unver, H.; Canturk, Z. New thiophene bearing dimethyl-5-hydroxy isophtalate esters and their
antimicrobial activities. Anadolu Univ. J. Sci. Technol. A — Appl. Sci. and Eng. 2018, 19, 43-49.

Clinical and Laboratory Standards Institute, methods for dilution antimicrobial susceptibility tests for
bacteria that grow aerobically approved standard; Wayne, PA, USA, 2006.

Parveen, H.; Alatawi, R.A.S.; El Sayed, N.H.; Hasan, S.; Mukhtar, S.; Khan, A.U. Synthesis,
characterization and biological evaluation of some novel nitrogen and sulphur containing organometallic
heterocycles. Arab. J. Chem. 2017, 10, 1098-1106.

Hasan, S.; Danishuddin, M.; Adil, M.; Singh, K.; Verma, P.K. Efficacy of E. officinalis on the cariogenic
properties of Streptococcus mutans: A novel and alternative approach to suppress quorum-sensing
mechanism. PLOS ONE 2012, 7, e40319.

Al-Ebaisat, H.S.; Ababneh, T.S.; Al-Shboul, T.M.; Jazzazi, T.M. Synthesis, characterization and antifungal
activity of some substituted 4-thiazolidinone derivatives. J. Pure App. Chem. Res. 2015, 5, 125-130.
Haulser, R.; Haltom, J.; Powels, S. Correlation between membrane effects and resistance to graminicides.
Plant Physiol. 1997, 1,1035-1043.

Kaplancikli, Z.A. Synthesis of some oxadiazole derivatives as new anticandidal agents. Molecules 2011,
16, 7662-7671.

Kumar, R.; Panwar, H. Synthesis and pharmacological evaluation: antimicrobial, anti-inflammatory,
analgesic, ulcerogenic properties of several bis-heterocyclic derivatives. Indonesian J. Pharm. 2015, 26, 1-
10.

Cruickshank, R.; Duguid, J.P.; Marion, B.P.; Swain, R.H. In: Medicinal Microbiology, Churchill
Livingstone, London, U.K., 1975, 12.

Ryu, C.-K.; Lee, J.Y.; Jeong, S.H.; Nho, J.-H. Synthesis and antifungal activity of 1H-pyrrolo[3,2-
g]quinoline-4,9-diones and 4,9-dioxo-4,9-dihydro-1H-benzo[f]indoles. Bioorg. Med. Chem. Lett. 2009, 19,
146-148.

Mcginnis, M. R.; Rindali, M. G. In Antibiotics in Laboratory Medicine; Lorian, V., Ed., 4th ed.; Williams
and Wilkins: Baltimore, 1996, 176-211.

Ryu, C.-K.; Kim, Y.H.; Im, H.A.; Kim, J.Y.; Yoon, J.H.; Kim, A. Synthesis and antifungal activity of 6,7-
bis(arylthio)-quinazoline-5,8-diones and furo[2,3-flquinazolin-5-ols. Bioorg. Med. Chem. Lett. 2012, 22,
500-503.

Barry, A.L.; Hoeprich, P.D.; Saubolle, M.A. The antimicrobic susceptibility test: principles and practices.
Biology 1976, 180-000.

Desai, A.R.; Desai, K.R. Niementowski reaction: microwave induced and conventional synthesis of
quinazolinones and 3-methyl-1H-5-pyrazolones and their antimicrobial activity. Arkivoc 2005, 13, 98-108.
Desai, K.G.; Naik, J.I.; Raval, J.P.; Desai, K.R. Microwave-induced and conventional heterocyclic
synthesis: An antimicrobial entites of newer quinazolinyl-A2-pyrazolines. Arab. J. Chem. 2014, 7, 597-603.
de Carvalho, L.1.S.; Alvarenga, D.J.; do Carmo, L.C.F.; de Oliveira, L.G.; Silva, N.S.; Dias, A.L.T.; Coelho,
L.F.L.; de Souza, T.B.; Dias, D.F.; Carvalho, D.T. Antifungal activity of new eugenol-benzoxazole hybrids
against Candida spp. J. Chem. 2017, 5207439.



(38]

[39]

[40]
[41]
[42]
[43]
[44]

[45]

[46]

[47]

[48]
[49]

[50]

[51]

[52]

[53]

[54]

(58]

[56]

[57]

323
Korol et al., Org. Commun. (2022) 15:4 304-323

Clinical and Laboratory Standards Institute (CLSI), Reference Method for Broth Dilution Antifungal
Susceptibility Testing Yeasts, Approved Standard, M27-A3, CLSI, Wayne, PA, USA, 3rd edition, 2008.
Temiz-Arpaci, O.; Ozdemir, A.; Yalcin, I.; Yildiz, 1.; Aki-Sener, E.; Altanlar, N. Synthesis and
antimicrobial activity of some 5-[2-(morpholin-4-yl)acetamido] and/or 5-[2-(4-substituted piperazin-1-
yl)acetamido]- 2-(p-substituted phenyl)benzoxazoles. Arch. Pharm. Chem. Life Sci. 2005, 338, 105-111.
Guven, 0.0.; Erdogan, T.; Goker, H.; Yildiz, S. Synthesis and antimicrobial activity of some novel furyl
and benzimidazole substituted benzyl ethers. J. Heterocyclic Chem. 2007, 44, 731-734.

Al-Ebaisat, H.S. Synthesis and biological activities of some benzimidazoles derivatives. J. Appl. Sci.
Environ. Manag. 2011, 15, 451-454,

Niknafs, B.N.; Ahmadi, A. Synthesis, characterization of some novel benzimidazole derivatives of 1-
bromo-2,4-dinitrobenzene and their antifungal activities. Rev. Chim. 2012, 63, 136-138.

Ahmadi, A.; Nahri-Niknafs, B. New benzimidazoles derivatives: Synthesis, characterization and antifungal
activities. J. Appl. Chem. Res. 2013, 7, 85-91.

Ates-Alagoz, Z.; Yildiz, S.; Buyukbingol, E. Antimicrobial activities of some tetrahydronaphthalene-
benzimidazole derivatives. Chemotherapy 2007, 53, 110-113.

Simic, M.; Paunovic, N.; Boric, |.; Randjelovic, J.; Vojnovic, S.; Nikodinovic-Runic, J.; Pekmezovic, M.;
Savic, V. Functionalised isocoumarins as antifungal compounds: Synthesis and biological studies. Bioorg.
Med. Chem. Lett. 2016, 26, 235-239.

Sutar, S.M.; Savanur, H.M.; Malunavar, S.S.; Pawashe, G.M.; Aridoss, G.; Kim, K.M.; Lee, J.Y;
Kalkhambkar, R.G. Synthesis and molecular modelling studies of coumarin and 1-aza-coumarin linked
miconazole analogues and their antimicrobial properties. ChemistrySelect 2020, 5, 1322 —1330.

Catalano, A.; Carocci, A.; Defrenza, I.; Muraglia, M.; Carrieri, A.; Van Bambeke, F.; Rosato, A.; Corbo,
F.; Franchini, C. 2-Aminobenzothiazole derivatives: Search for new antifungal agents. Eur. J. Med. Chem.
2013, 64, 357-364.

Defrenza, |.; Catalano, A.; Carocci, A.; Carrieri, A.; Muraglia, M.; Rosato, A.; Corbo, F.; Franchini, C. 1,3-
Benzothiazoles as antimicrobial agents. J. Heterocyclic Chem. 2015, 52, 1705— 1712.

Ryu, C.-K.; Lee, J.Y.; Park, R.-E.; Ma, M.-Y.; Nho, J.-H. Synthesis and antifungal activity of 1H-indole-
4,7-diones. Bioorg. Med. Chem. Lett. 2007, 17, 127-131.

Armenise, D.; Muraglia, M.; Florio, M.A.; De Laurentis, N.; Rosato, A.; Carrieri, A.; Corbo, F.; Franchini,
C. 4H-1,4-Benzothiazine, dihydro-1,4-benzothiazinones and 2-amino-5-fluorobenzenethiol derivatives:
design, synthesis and in vitro antimicrobial screening. Arch. Pharm. Chem. Life Sci. 2012, 345, 407-416.
Rudys, S.; Rios-Luci, C.; Perez-Roth, E.; Cikotiene, I.; Padron, J.M. Antiproliferative activity of novel
benzo[b][1,6]naphthyridines in human solid tumor cell lines. Bioorg. Med. Chem. Lett. 2010, 20, 1504—
1506.

Ryu, C.-K.; Park, R.-E.; Ma, M.-Y.; Nho, J.-H. Synthesis and antifungal activity of 6-arylamino-
phthalazine-5,8- diones and 6,7-bis(arylthio)-phthalazine-5,8-diones. Bioorg. Med. Chem. Lett. 2007, 17,
2577-2580.

Martins, G.A.M.; do Carmo, G.; Morel, A.F.; Kaufman, T.S.; Silveira, C.C. A convenient and atom-
economic one-pot SeCl,-mediated synthesis of 2-arylselenopheno[2,3-b]indoles and their antifungal
activity. Asian J. Org. Chem. 2019, 8, 369-375.

Sabti, A.B.; Al-Fregi, A.A.; Yousif, M.Y. Synthesis and Antimicrobial Evaluation of Some New Organic
Tellurium Compounds Based on Pyrazole Derivatives. Molecules 2020, 25, 3439.

Slivka, M.; Fizer, M.; Mariychuk, R.; Ostafin, M.; Moyzesh, O.; Koval, G.; Holovko-Kamoshenkova, O.;
Rusyn, 1.; Lendel, V. Synthesis and antimicrobial activity of functional derivatives of thiazolo[2,3-
c][1,2,4]triazoles. Lett. Drug Design Discov. 2022, 19, 791-799.

Lawsona, S.; Arumugamb, N.; Almansour, A.l.; Kumar, R.S.; Thangamani, S. Dispiropyrrolidine tethered
piperidone heterocyclic hybrids with broadspectrum antifungal activity against Candida albicans and
Cryptococcus neoformans. Bioorg. Chem. 2020, 100, 103865.

Mena, L.; Billamboz, M.; Charlet, R.; Despres, B.; Sendid, B.; Ghinet, A.; Jawhara, S. Two new compounds
containing pyridinone or triazine heterocycles have antifungal properties against Candida albicans.

Antibiotics 2022, 11, 72.

publications
© 2022 ACG Publications



	References

