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antimicrobial activity evaluation†
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Catalyst-free [3+2] cycloaddition coupling between [Ren(N3)n(CO)3nL] (n ¼ 1, L ¼ 1-ethyl-2-(pyridin-2-yl)

benzimidazole (L1) and n ¼ 2, L ¼ 1,10-(hexane-1,6-diyl)bis[2-(pyridin-2-yl)-1H-benzimidazole] (L2)) and

dimethyl acetylene dicarboxylate (DMAD) afforded mono- and binuclear triazolate complexes.

Spectroscopic data presented unambiguous evidence for isomerization of the kinetically formed N(1)

bound triazolate isomer into the N(2) analogue. The solvatochromism properties were assessed by UV/

Vis spectroscopy with the aid of time dependent density functional theory calculations. The free ligands

and their tricarbonyl triazolato Re(I) complexes were screened for their potential antimicrobial activity

against different bacterial and fungal pathogens.
Tricarbonyl rhenium(I) complexes have received much interest
because of their various photophysical and photochemical
properties making them useful for diverse applications such as
labelling of biomolecules,1 light emitting devices,2 and CO2

reduction.3 Based on the rich photophysical properties of the
complexes of Re(I), they were investigated in the context of
photoactivated therapy.4 Their mechanism of action against
some malignant cells involved the generation of singlet oxygen
similar to the conventional porphyrin based photodynamic
therapy agents.5–7 Bioconjugation of the Re(CO)3 motif to
a variety of biologically active molecules or drugs allows their
application as luminescent tags for tracing such bioactive
compounds.8

The chemoselective introduction of metal-based compounds
into biomolecules is one of the main challenges in the synthesis
of metal bioconjugates. A set of chemical reactions, known as
biorthogonal reactions, that is orthogonal to most functional
groups in the biological systems has so far shown favorable
applications in the biological research. Of these reactions,
azide–alkyne [3+2] coupling was extensively employed for
labelling of biologically active molecules.9 Organic molecules
functionalized with azide group reacted with alkynes affording
a mixture of 1,4-, and 1,5-disubstituted 1,2,3-triazole deriva-
tives.10 This reaction proceeded regioselectivity to 1,4-isomer by
addition of Cu(I) ion,11 and 1,5-isomer by using Ru(II)
compounds e.g., pentamethylcyclopentadienyl Ru(II) chloride.12

Metal azide was investigated in the context of click reaction via
coupling with alkyne, cyanide, and thiocyanate derivatives to
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the Royal Society of Chemistry
synthesize triazolate and tetrazolate based compounds.13,14

Massi and coworkers examined the photophysical and photo-
chemical properties of [Re(triazolateCOOCH3,COOCH3)(CO)3(NHC)]
complexes (where NHC ¼ N-heterocyclic carbene) (Fig. 1),
which formed via [3+2] cycloaddition coupling of their azide
analogues with DMAD.15 Their crystal structures presented
unambiguous evidence for the isomerization of the kinetically
formed N(1) triazolate isomer to the N(2) analogue. Their pho-
tophysical properties revealed a dependence on both the
heterocycle moiety and the auxiliary ligand (triazolate vs. azide).
Azide complexes emitted at longer wavelength than the tri-
azolate analogues. A red shi in the emission wavelength was
observed on changing the pyrimidine ring with pyridine in the
framework of the NHC ligand.15

The role of the axial ligand (triazolate vs. Br�) on controlling
the lysozyme binding affinity and the solvatochromism prop-
erties of terpyridine based Re(CO)3 complexes (Fig. 1) was re-
ported.16 No protein adducts were formed when soaked with
triazolate complex, while the bromo analogue reacted with that
protein affording four adduct peaks with Re+, Re(CO)(OH2)

+,
Fig. 1 Previously reported cases for the inorganic click reactions of
azido Re(CO)3

I based complexes with electron poor alkynes.
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Re(CO)3
+, and Re(CO)3(OH2)2

+ fragments. It has been concluded
that the probability of exchange of Br� with DMSO is the control
factor, which probably enables the binding to the model
protein.16

The interesting photophysical and photochemical properties
of complexes of Re(CO)3 featuring some heterocyclic
compounds e.g. 1,10-phenanthroline, and 2,20-bipyridine
derivatives in diverse applications such as luminescent biolog-
ical molecular probes, and light emitting devices17,18 encour-
aged me to synthesis new tricarbonyl Re(I) complexes with the
formula of [Ren(triazolate

COOCH3,COOCH3)n(CO)3nL] (n ¼ 1 and 2;
L ¼ benzimidazole ligands) (Scheme 1). The title complexes
were prepared in a catalyst-free cycloaddition coupling of azido
Re(I) analogues with DMAD. The effect of exchange of carbene
C,N-ligands with N,N-ligands on the nature of the isolated tri-
azolate bound isomer (N1 vs. N2) and the photophysical prop-
erties of the complexes were studied. The inuence of the axial
ligand (triazolate vs. bromide) on the electronic structure of the
complexes and the antimicrobial activity were investigated. The
electronic absorption transitions of the complexes were exam-
ined by executing time-dependent density functional theory
(TDDFT) calculations.
Results and discussion
Synthesis of the complexes

The pyridylbenzimidazole derivatives, (1-ethyl-2-(pyridin-2-yl)
benzimidazole (L1),19 and 1,10-(hexane-1,6-diyl)bis[2-(pyridin-2-
yl)-1H-benzimidazole] (L2)),20 were prepared in two-steps via the
deprotonation of 2-(20-pyridyl)benzimidazole, using DMF and
sodium hydride, and reaction with the appropriate alkyl halide.
Bromo Re(I)(CO)3 complexes (1 and 4) (Scheme 1) were synthe-
sized in one step literature procedure via reaction of L1,2 with
[ReBr(CO)5].21 The azide compounds [Ren(N3)n(CO)3nL] (n ¼ 1, L
¼ L1 and n ¼ 2, L ¼ L2) were prepared from the corresponding
Scheme 1 Synthesis of mono- and binuclear Re(I) triazolate
complexes under catalyst-free conditions via [3+2] inorganic click
reaction.

22716 | RSC Adv., 2021, 11, 22715–22722
bromide complexes by abstraction of the bromo ligand(s) of 1
and 4 with silver triate and reaction with a 2-fold excess of
sodium azide. The IR spectra (Fig. S1†) of 2 and 5 display strong
azide bands at 2055 and 2059 cm�1 respectively. The symmet-
rical and two anti-symmetrical stretching carbon monoxide
bands of 2 are found at 2001, 1879, and 1858 cm�1. Azide 5
displays only two bands at 2009 and 1863 cm�1 due to the latter
one appearing rather broad. The unique positively charged
mass fragments due to [M–N3]

+ (m/z 494.0496 (2) and 1054.1222
(5)) were detected in the mass spectra. The 13CO NMR signals
are observed at d ¼ (197.9, 197.4, 191.8) (2) and (198.4, 197.8,
192.3) (5) (Fig. S2 and S3†). In the spectra of the free ligands, the
1H NMR signals of pyridine-H6 are observed at 8.76 (L1), and
8.62 ppm (L2), while those of benzimidazole-H4 are seen at 7.90
(L1) and 7.70 ppm (L2).19,20 Upon the azide formation, the 1H
NMR resonances of pyridine-H6 (d ¼ 9.06 (2) and 9.16 ppm (5))
and benzimidazole-H4 (d ¼ 7.94 (2) and 8.00 ppm (5)) experi-
ence a major down eld shi with respect to the free ligands.

Complexes 2 and 5 were examined for their efficiency in the
catalyst-free click cycloaddition reaction with DMAD. More
recently, both NMR and X-crystallographic analysis offered
conversant and realistic evidence that although the azide ligand
is terminally coordinated to Re(I) ion, the N(2) triazolate bound
isomer may be entirely the main isolated product from the
azide–alkyne [3+2] cycloaddition reaction.15,16 A non-equivalent
mixture of N(1) and N(2) triazolate isomers may be produced
from the click reaction.15 A search in the literature showed that
the type of the triazolate isomer, synthesized by the inorganic
click cycloaddition reaction, is inuenced by the bulkiness of
the electron poor coupling agent, geometry of the metal-based
compounds, synthetic and storing conditions.13,14 Herein, the
cycloaddition reaction proceeded at the room temperature in
CH2Cl2, from which the triazolate complexes 3 and 6 were easily
isolated by precipitation with hexane. The disappearance of
n(N3) mode and appearance of ester n(C]O) modes presented
a simple way for following the progress of the click reaction with
IR spectroscopy. The ester n(C]O) bands are observed at 1738
(3) and 1725 cm�1 (6) in the IR spectra (Fig. S4†). The CO
stretches of 2 and 5 moved to higher wavenumber values upon
the formation of 3 and 6. Two triazolate isomers (N(1) and N(2))
are expected to be formed from the reaction of azide
compounds 2 and 5 with DMAD. The triazolate coordination
mode of 3 and 6 was carefully investigated by NMR analysis
(Fig. S5 and S6†). The N(2) coordination mode in 3 is clearly
obvious from the presence of only one major ester methyl group
signal at d ¼ 3.60 ppm (6H) and a single methyl ester 13C signal
at 52.0 ppm. In the case of N(1) bound triazolate isomer, it is
expected that the methyl groups are seen as two separated
singlet signals. The 1H NMR spectrum of 6 shows two singlet
methyl signals of equal integrations at d ¼ 3.53 and 3.52 ppm.
By inspection of the 13C NMR spectrum of 6 (Fig. S6†), it seems
that each signal is a doublet or an overlapped of two resonances
(the 13C NMR signals of 6 were given as a median). The NMR
spectra of 6 show mainly signals for N2-bound isomer con-
taining two non-isoenergetic Re(CO)3 moieties in agreement
with the data of other complexes of the same ligand.19,20,22

Besides, the very small signals in the ester methyl range and in
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03063a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

0/
20

/2
02

5 
6:

33
:2

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the aromatic region may be attributed to presence of traces of
N(1) isomer formed as a side product in the cycloaddition
coupling of Re(I) azide with DMAD. These triazolate isomers
could not be separated.15

Electronic structure

The premise for the modication of the proximity of Re(I)
centres in the title complexes was to not affect the electronic
structures of the individual Re(CO)3 centres. A search in the
literature revealed that presence of a saturated linker in the
binuclear complexes will inhibit the substantial communica-
tion between the two metal centres.23 Comparing the electronic
absorption spectra of triazolate complexes 3 and 6 (in DMSO)
showed that lmax is the same at about 336 nm (Fig. S7†).
However, the molar absorptivity value of the binuclear complex
is higher than that of the mononuclear compound. The lmax of
the complexes did not alter on changing the Br� with triazolate
group (Fig. S7†). In fact, the biological activities such as
permeability, and the energetics of protein insertion are regu-
lated, in part, by variations in the polarity across the phospho-
lipid membrane. Environment polarity can also cause changes
in absorption or emission maxima, for a given compound. This
is known as solvatochromism.24 Other factors such as H-bond
interaction may be contributed to the net effect of the solvent
on a given species. The solvatochromic properties of 4 and 6
were examined by UV/Vis using diverse solvents of different
polarity and coordinating ability (DMSO, DMF, CH3CN, 1,4-
dioxane, CH2Cl2, and toluene). Unfortunately, compound 4 is
insoluble in the highly nonpolar tested solvents (toluene and
1,4-dioxane) as well as has poor solubility in CH3CN and
CH2Cl2. The inuence of the polarity of the solvent on the
position of the lowest energy band is not systematic although
there is a slight red shi on changing the highly polar solvents
(e.g., DMSO and DMF) with CH2Cl2. The exception is the UV/Vis
spectrum of 4 in acetonitrile revealing to the probability of
exchange of Br� with that solvent.25,26 As shown in Fig. 2, the red
shi of the lowest energy transition of 6 on changing the high
polar solvents such as DMSO and DMF (336 nm) with the less
polar solvents such as 1,4-dioxane (341 nm), and toluene (345
nm) may be attributed to negative solvatochromism,25 which is
well recognized for metal carbonyls attributable to reduction of
the excited-state electric dipole.27 Based on the obtained data,
Fig. 2 Electronic absorption spectra of 6 in different solvents.

© 2021 The Author(s). Published by the Royal Society of Chemistry
exchange of Br� with triazolate moiety has no effect on deter-
mining the position of the main electronic absorption band of
this class of Re(I) complexes.
DFT/TDDFT calculations

The nature of the observed transitions was examined by
attaining rst the local minimum structures of the complexes,
in the ground-state using Becke 3-parameter (exchange) Lee–
Yang–Parr (B3LYP)28 and the effective core potential (ECP) of the
Hady and Wadt, LANL2DZ basis set.29,30 The resulting geome-
tries were described as local minima via the harmonic
frequency analysis, presenting the absence of the imaginary
vibrations. The octahedron sphere around the Re(I) ion of 1 is
composed of three CO ligands (1.908–1.925 Å), bidentate pyr-
idylbenzimidazole L1 ligand (Re–N19 ¼ 2.153 and Re–N27 ¼
2.188 Å) and Br� (2.716 Å).21 In the case of 3 (Fig. 3), the octa-
hedral geometry is formed from three CO ligands [Re–C34 ¼
1.927, Re–C34 ¼ 1.926, and Re–C34 ¼ 1.922 Å], N,N-bidentate
ligand [Re–N19 ¼ 2.162, and Re–N27 ¼ 2.197 Å] and triazolate
ligand [Re–N41 ¼ 2.179 Å]. The triazolate ring is positioned
approximately perpendicular to the central axis of the pyridyl-
benzimidazole system and intersects the C35–Re–C36 angle
with a deviation of 3�. It looks like that the bond lengths of the
coordination sphere of 1 did not alter signicantly on changing
Br� with triazolate group except for the bond trans to the axial
monodentate ligand. The comparison between the calculated
bond lengths of 3 and the only two previously reported crystal
structures of a triazolate coordinated to a fac-Re(CO)3 unit,
[Re(triazolateCOOCH2CH3,CF3)(CO)3(terpy–k

2N1,N2)] (ref. 16) and
[Re(triazolateCOOCH3,COOCH3)(CO)3(NHC)] (ref. 15) reveals that
the Re–triazolate bond of 3 and the reported values are identical
reecting the suitability of the applied DFT method for such
size of the complexes. Similar, the axial C34–Re–N41 angle
Fig. 3 Local minimum structures of the triazolate Re(I) compounds (a)
3 and (b) 6.

RSC Adv., 2021, 11, 22715–22722 | 22717
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Fig. 5 Selected frontier molecular orbitals of 3 obtained at B3LYP/
LANL2DZ and main calculated electronic transitions obtained at CAM-
B3LYP/LANL2DZ.
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(175.5�) approaches the linearity in agreement with the values
of the previously published structures.15,16 Like 1 and 3, opti-
mization of 6 was done at the same level of theory with RMS
Gradient Norm of 0.0056. The root means square difference of
the bond lengths between the two coordination spheres of 6 is
about 0.01 Å.

In the singlet state, the lowest 30 spin-allowed excitation
states of 3 and 6 were calculated at CAM-B3LYP (ref. 31)/
LANL2DZ level of theory using PCM keyword to introduce the
solvent effect. The calculations were done using TDDFT
method. The absorption spectra were simulated using GAUSS-
SUM. Each excited state was included by a Gaussian convolu-
tion with the full-width at half-maximum (FWHM) of 3000. The
results of the triazolate compounds (3 and 6) were compared
with those of the published bromo complexes.21 As reported, the
calculated spectra of 1 and 4 show one broad band at around
343 nm allocated for HOMO–1 / LUMO [d(Re)/p(pyridine)/
p(Br) / d(Re)/p(CO)/p(Br)].21 The calculated spectrum (Fig. 4)
of 3, in the singlet state, displays two main bands at 222 and
294 nm, a shoulder at 251 nm as well as a weak transition at
343 nm allocated for HOMO–5 / LUMO, HOMO–2 / LUMO,
HOMO / LUMO+2, and HOMO / LUMO, respectively.

As shown in Fig. 5, the transition at 343 nm has a ground
state composed of d(Re)/p(CO) and excited of p*(CO)/p*(L1)
forming MLCT. Both 1 and 3 have a transition at 343 nm ruling
out the contributing of the orbitals of the axial ligand in
determining the wavelength of the lowest energy transition in
agreement with the experimental ndings. For the lowest
energy transition, a discrepancy of 7 nm is observed between
the theoretical and experimental nding. Triazolate group
contributes only to the highest energy transition at 222 nm.

The calculated electronic spectrum of 6 (Fig. S8†) is charac-
terized by three main transitions at 255, 295 and 366 nm cor-
responding to HOMO–2 / LUMO+2, HOMO–5/HOMO–6/
LUMO+1 and HOMO/ LUMO+1, respectively. The description
of Frontier molecular orbitals and the relocation of the electron
density of 6 are given in Table S1.†HOMO is composed of d(Re)/
p(triazolate)/p(CO) character, and LUMO+1 is of p*(L1) forming
LLCT/MLCT.
Fig. 4 Calculated electronic spectra of 3 at TD/PCM(DMSO)/CAM-
B3LYP/LANL2DZ level of theory in the singlet state.

22718 | RSC Adv., 2021, 11, 22715–22722
Antimicrobial activity

The antimicrobial activity of the triazolate compounds (3 and 6)
was assessed against two pathogenic fungi (Candida albicans
ATCC 90028 and Cryptococcus neoformans var. grubii H99; ATCC
208821), Gram-positive bacterium (Staphylococcus aureus ATCC
43300) and four Gram-negative bacterial strains (Escherichia coli
ATCC 25922, Pseudomonas aeruginosa ATCC 27853, Klebsiella
pneumoniae ATCC 700603 and Acinetobacter baumannii ATCC
Fig. 6 Comparison between the antimicrobial activities of free L1,2 and
their Re(I) complexes against some representative microbes. All the
experiments were carried out at 32 mg mL�1 in triplicate and the mean
results are given using the negative control (media only) and positive
control (bacteria without inhibitors) on the same plate as references.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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19606) at 32 mg mL�1. The results were compared with those of
the free ligands (L1,2), bromo complexes (1 and 4)21 as well as
three reference drugs (Fluconazole, Colistin, and Vancomycin).
As shown in Fig. 6, the tested ligands and their Re(I) compounds
exhibited partially or no inhibitory activity against the tested
microbes. Coordination of L1,2 to ReBr(CO)3 reduced the anti-
bacterial activity against Staphylococcus aureus, which further
decreased on changing Br� with triazolate moiety. Escherichia
coli was the most resistant bacterium to the tested compounds.
The difference in the activity may be attributed to the cell wall
structure of the bacteria.32 Alternatively, the free ligands and
their complexes were inactive against Cryptococcus neoformans.
In the case of Candida albicans, coordination of L1,2 to
ReBr(CO)3 improved the antifungal activity, which reduced
upon the introduction of the triazolate moiety in the complex.
In general, the title compounds exhibited weak or no inhibitory
activity against the tested microbes compared to the reference
drugs.
Conclusions

The antimicrobial activity of [Ren(triazolate
COOCH3,COOCH3)n(-

CO)3nL] (n ¼ 1, L ¼ 1-ethyl-2-(pyridin-2-yl)benzimidazole (L1)
and n ¼ 2, L ¼ 1,10-(hexane-1,6-diyl)bis[2-(pyridin-2-yl)-1H-
benzimidazole] (L2)), formed by catalyst free [3+2] cycloaddition
coupling of the azide analogues with dimethyl acetylene dicar-
boxylate, was evaluated using ve Gram-positive and Gram-
negative bacterial strains as well as two pathogenic fungi,
Candida albicans and Cryptococcus neoformans. NMR data
conrmed that while the azido ligand is terminally coordinated
to fac-Re(CO)3 unit, the kinetically formed N(1) triazolate bound
isomer favoured mainly the isomerization to N(2) analogue. The
antibacterial activity of L1,2 against Staphylococcus aureus
diminished upon the complex formation and reached the
minimum values on changing the axial bromo ligand(s) with
the triazolate moiety. On the contrast, the antifungal activity of
the ligands against Candida albicans improved upon the
formation of bromo Re(I) complexes, and then reduced by
introduction of the triazolate moiety. With the aid of time
dependent density functional theory (TDDFT) calculations, the
solvatochromism properties of the bromo and triazolate
complexes were investigated. The red shi of the longest
wavelength band in the absorption spectrum of the triazolate
compound on changing the polar solvents with the less polar
solvents may be accounted for the negative solvatochromism
because of the reduction of the excited-state electric dipole. The
effect of the solvent on the absorption spectrum of the bromo
complex was not systematic revealing to the probability of
exchange of Br�with the coordinating solvents such acetonitrile
and DMSO. Comparison of the maxima of the lower-energy
bands in the complexes indicated that exchange of Br� with
triazolato ligand has no effect in determining the wavelength of
the lowest energy transition as theoretically found. Besides, the
lmax of the absorption spectra of the mono- and binuclear
complexes are typical. An investigation of the scope of the
catalyst free cycloaddition reactions using azido metal based
© 2021 The Author(s). Published by the Royal Society of Chemistry
compounds of Mn(I), Re(I), Ru(II), Rh(III), Ir(III), etc. with electron
decient systems is currently underway in our research group.
Experimental section
Materials and instruments

The ligands 1-ethyl-2-(pyridin-2-yl)benzimidazole (L1) and 1,10-
(hexane-1,6-diyl)bis[2-(pyridin-2-yl)1H-benzimidazole] (L2) were
prepared as reported in the literature.19,20 Bromo Re(I)
complexes (1 and 4) were prepared by following the published
procedures.21 Bromo pentacarbonyl rhenium(I), DMAD, sodium
azide and solvents were obtained from the commercial sources
and used as received. Electronic absorption spectra of the azide
and triazolate complexes were recorded on Specord 200 Plus
spectrophotometer. Infrared spectra were registered on Nicolet
380 FT-IR spectrometer. CHN analyses of the synthesized
compounds were carried out by Elementar Vario MICRO cube
CHN analyzer or an EA 3000 elemental analyser from HEKtech.
The reported error (>0.4%) in the elemental analysis of the
synthesized azide and triazolate compounds is expected.33,34

The source of water of hydration that is assumed to be in the
molecular formula of 2 and 3, is the aqueous solution of NaN3

though the complexes kept under vacuum for at least one week.
The {1H, and 13C} NMR analyses were done using Bruker-Avance
500 (1H, 500.13 MHz; and 13C{1H}, 125.77 MHz) spectrometer.
Electrospray ionization mass spectra (ESI MS) were run on
ThermoFisher Exactive Plus instrument with an Orbitrap mass
analyzer at a resolution of R ¼ 70.000 and a solvent ow rate of
50 mL min.
Synthetic procedures

Synthesis of azide compounds (2, 5)
Caution. Azide compounds are subjected to unexpected

violent decomposition and thus handling and purication with
great care is so critical.

To a round-bottom ask charged with bromide Re(I)
complexes (1, 114 mg and 4, 234 mg) and CH2Cl2 (50 mL),
Ag(SO3CF3) (0.5 mmol; 128 mg) was added. The reaction
mixtures were stirred at the room temperature for two days.
Silver bromide was ltered off through Celite. Then aqueous
solution (0.5 mL) of NaN3 (1, 40 mg and 5, 80 mg) was added to
the reaction mixture. Stirring was continuing for 3 days. Small
quantity of AgN3 was cautiously ltered off and then the solvent
was removed under vacuum. The resulting orange precipitate
was washed with water (3 � 5 mL), hexane (3 � 5 mL) and dried
under vacuum.

2. Yield: 81% (87 mg, 0.16 mmol). IR (ATR, diamond): n ¼
2927 (w, CH), 2055 (s, N3), 2001 (vs., C^O), 1879 (vs., C^O),
1858 (vs., C^O), 1605, 1487, 1439, 1336, 1266, 1135, 746. 1H
NMR (DMSO-d6, 500.13 MHz): d ¼ 9.06 (d, 3JH,H ¼ 5.5 Hz, 1H,
py-H6), 8.49 (d, 3JH,H ¼ 8.0 Hz, 1H, py-H3), 8.32 (td, 3JH,H ¼
7.4 Hz, 4JH,H ¼ 1.5 Hz, 1H, py-H4), 7.94 (m, 1H, bim-H4), 7.76
(m, 2H, bim-H7/py-H5), 7.53 (m, 2H, bim-H5/H6), 4.81 (q, 3JH,H

¼ 7.3 Hz, 2H, CH2), 1.39 (t, 3JH,H ¼ 7.8 Hz, 3H, CH3) ppm.
13CNMR (DMSO-d6, 125.75 MHz): d ¼ 197.9 (C^O), 197.4
(C^O), 191.8 (C^O), 154.6 (py-C6), 151.9 (py-C2), 146.0 (bim-
RSC Adv., 2021, 11, 22715–22722 | 22719
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C2), 141.18 (py-C4), 139.4 (bim-C3a), 135.1 (bim-C7a), 128.2 (py-
C5), 126.2 (bim-C5), 125.8 (bim-C6), 125.1 (py-C3), 117.8 (bim-
C7), 112.4 (bim-C4), 40.8 (CH2), 14.4 (CH3) ppm. ESI-MS (posi-
tive mode, methanol): m/z ¼ 494.0496 [M–N3]

+. C17H13N6O3-
Re$2H2O: C 35.72, H 3.00, N 14.70, found C 35.34, H 3.04, N
12.36.

5. Yield: 74% (162 mg, 0.30 mmol). IR (ATR, diamond): n ¼
2931 (w, CH), 2059 (s, N3), 2009 (vs., C^O), 1863 (vs., C^O),
1604, 1439, 1259, 1168, 1030, 746. 1H NMR (DMSO-d6, 500.13
MHz): d ¼ 9.18 (d, 3JH,H ¼ 5.4 Hz, 4JH,H ¼ 1.2 Hz, 1H, py-H6),
8.53 (d, 3JH,H ¼ 8.0 Hz, 1H, py-H3), 8.40 (td, 3JH,H ¼ 7.8 Hz,
4JH,H ¼ 1.6 Hz, 1H, py-H4), 8.00 (m, 1H, bim-H4), 7.86 (m, 2H,
bim-H7/py-H5), 7.63 (m, 2H, bim-H5/H6), 4.84 (m, 2H, NCH2),
1.84 (m, 2H, NCH2CH2), 1.43 (m, 2H, NCH2CH2CH2) ppm. 13C
NMR (DMSO-d6, 125.75 MHz): d ¼ 198.4 (C^O), 197.8 (C^O),
192.3 (C^O), 155.2 (py-C6), 152.6 (py-C1), 146.6 (bim-C2), 141.0
(py-C4), 139.7 (bim-C3a), 136.2 (bim-C7a), 128.7 (py-C5), 126.7
(bim-C5), 126.3 (bim-C6), 125.6 (py-C3), 118.3 (bim-C7), 113.1
(bim-C4), 45.7 (NCH2), 29.3 (NCH2CH2), 25.9 (NCH2CH2CH2)-
ppm. ESI-MS (positive mode, acetone): m/z ¼ 1054.1222 [M–

N3]
+. C36H28N12O6Re2: C 39.41, H 2.57, N 15.32, found C 39.64,

H 3.11, N 14.99.
Synthesis of triazolate compounds (3, 6). Dimethyl acetylene

dicarboxylate (57 mg, 0.40 mmol) was added to the solutions of
2 (53 mg, 0.1 mmol) and 5 (100 mg, 0.1 mmol) in dichloro-
methane (20 mL) and then the reaction mixtures were stirred at
the room temperature for 7 d. The volumes of the solutions were
reduced to 10 mL and then hexane was added, whereupon
orange precipitates were formed. The products were washed
with hexane (3 � 5 mL) and dried under vacuum.

3. Yield: 58% (39 mg, 0.07 mmol). IR (ATR, diamond): n ¼
2956 (w, CH), 2021 (vs., C^O), 1899 (vs., C^O), 1738 (s, C]O),
1442, 1202, 1088, 756. 1H NMR (DMSO-d6, 500.13 MHz): d ¼
9.19 (d, 3JH,H ¼ 5.0 Hz, 1H, py-H6), 8.62 (d, 3JH,H ¼ 8.8 Hz, 1H,
py-H3), 8.41 (t, 3JH,H ¼ 8.4 Hz, 1H, py-H4), 8.03 (m, 1H, bim-H4),
7.85 (m, 1H, bim-H7), 7.78 (m, 1H, py-H5), 7.59 (m, 2H, bim-H5/
H6), 4.92 (m, 2H, CH2), 3.60 (s, 6H, CH3

COOMe), 1.50 (t, 3JH,H ¼
7.0 Hz, 3H, CH3) ppm. 13C-NMR (DMSO-d6, 125.75 MHz): d ¼
198.1 (C^O), 197.7 (C^O), 193.9 (C^O), 162.3 (C]O), 155.4
(py-C6), 153.8 (py-C2), 147.7 (bim-C2), 141.7 (py-C4), 140.1
(OOC–C¼C–COO), 139.1 (bim-C3a), 135.6 (bim-C7a), 128.4 (py-
C5), 126.4 (bim-C5), 126.1 (bim-C6), 125.3 (py-C3), 118.3 (bim-
C7), 112.8 (bim-C4), 52.0 (OCH3), 41.1 (CH2), 15.0 (CH3) ppm.
ESI-MS (positive mode, acetone): m/z ¼ 679.0923 [M + H]+.
C26H19N6O5Re$3H2O: C 42.45, H 3.43, N 11.42, found C 42.13, H
3.83, N 10.95.

6. Yield: 64% (81 mg, 0.15 mmol). IR (ATR, diamond): n ¼
2949 (w, CH), 2019 (vs., C^O), 1881 (vs., C^O), 1725 (s, C]O),
1440, 1226, 1169, 1088, 744. 1H NMR (DMSO-d6, 500.13 MHz):
d ¼ 9.19 (m, 1H, py-H6), 8.52 (m, 1H, py-H3), 8.35 (m, 1H, py-
H4), 7.97 (m, 1H, bim-H4), 7.84 (m, 1H, bim-H7), 7.77 (m, 1H,
py-H5), 7.56 (m, 2H, bim-H5/H6), 4.83 (m, 2H, NCH2), 3.53 (s,
3H, CH3), 3.52 (s, 3H, CH3), 1.85 (m, 2H, NCH2CH2), 1.49 (m,
2H, NCH2CH2 CH2) ppm. 13C-NMR (DMSO-d6, 125.75 MHz): d¼
198.2 (C^O), 197.6 (C^O), 193.9 (C^O), 162.4 (C]O), 155.7
(py-C6), 153.8 (py-C1), 147.6 (bim-C2), 141.6 (py-C4), 139.9 (bim-
C3a), 139.1 (OOC–C¼C–COO), 136.1 (bim-C7a), 128.5 (py-C5),
22720 | RSC Adv., 2021, 11, 22715–22722
126.5 (bim-C5), 126.2 (bim-C6), 125.2 (py-C3), 118.5 (bim-C7),
113.0 (bim-C4), 52.0 (CH3), 52.0 (CH3), 45.6 (NCH2), 29.5
(NCH2CH2), 26.0 (NCH2CH2CH2) ppm. ESI-MS (positive mode,
acetone): m/z ¼ 1196.1604 [M–triazolate]+, 1139.1498 [M–2CO–
triazolate]+, 1029.1272 [M–6CO–triazolate]+, 928.2286 [M–3CO–
Re–triazolate]+. C48H40N12O14Re2: C 41.74, H 2.92, N 12.17,
found C 41.71, H 2.86, N 10.26.
Density functional theory calculations

Ground-state geometry optimization and harmonic frequency
analysis of the complexes were executed using B3LYP (ref. 28)
functional and the effective core potential (ECP) of the Hady
and Wadt, LANL2DZ basis set.29,30 In the singlet state, TDDFT
calculations were performed at CAM-B3LYP (ref. 31)/LANL2DZ
level of theory and the PCM keyword to introduce the effect of
the solvent. All the calculations were carried out using
Gaussian03.35 Visualization of Frontier molecular orbitals and
local minimum structures were done using Gaussview.36
Biological activity testing

Antimicrobial screening of the synthesized compounds was
performed by CO-ADD (The Community for Antimicrobial Drug
Discovery), funded by the Wellcome Trust (UK) and The
University of Queensland (Australia). The antimicrobial activity
was examined against some representative fungi and bacteria as
given within the main text at 32 mg mL�1 according to standard
broth microdilution assays.37 For toxic compound, a follow-up
hit conrmation is triggered, where the toxicity is established
by means of a dose–response assay against the same microbe
strain. No animals were used in this study. Cell lines (bacteria,
fungi, mammalian) were sourced from the American Type
Culture Collection (ATCC). Human blood was sourced from the
Australian Red Cross Blood Service with informed consent and
its use in haemolysis assays was approved by The University of
Queensland Institutional Human Research Ethics Committee,
Approval Number 2014000031.
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