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Abstract
The biosynthesis of fatty acids is essential for the survival of bacteria, and β-ketoacyl-acyl carrier protein synthase III 
(FabH) is a promising target for antibacterial drug development. Nickel(II) complex [NiL2] (1) and copper(II) complex 
[CuL2] (2), where L is (E)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)methylene)-N-phenylhydrazinecarbothioamide, 
were synthesized and characterized by elemental analysis, IR and 1H NMR spectroscopy and HRMS. Structures of the 
complexes were further studied by single crystal X-ray determination, which reveals that the nickel and copper atoms 
in the complexes are in tetrahedral geometry. These compounds were evaluated for their antibacterial and E. coli FabH 
inhibitory activities.
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1. Introduction
Coordination complexes have been extensively stud-

ied as potential inhibitors of FabH, a key enzyme involved 
in fatty acid biosynthesis.1 FabH inhibitors have attracted 
significant attention as potential therapeutic agents for the 
treatment of bacterial infections.2 Coordination complex-
es have been shown to inhibit FabH activity through a va-
riety of mechanisms, including binding to the active site of 
the enzyme and disrupting its catalytic activity.3 Some of 
the most promising complexes are those containing ruthe-
nium, rhodium, cobalt, and platinum. For example, the 
Copper complexes have been shown to bind to the active 
site of FabH and inhibit its enzymatic activity.4 Similarly, 
the cobalt and chromium complexes have also been shown 
to inhibit FabH activity.5

(E)-2-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)meth-
ylene)-N-phenylhydrazinecarbothioamide (L) is a poten-

tial antibacterial agent that belongs to the class of hydrazi-
necarbothioamide derivatives. It contains a dioxin ring 
system, a phenyl group, and a hydrazinecarbothioamide 
functional group, which are known to possess antibacteri-
al activity.6 The inhibitory activity of L against bacterial 
growth is believed to be due to its ability to target the FabH 
enzyme, which is essential for the biosynthesis of fatty ac-
ids in bacteria.7 The compound binds to the active site of 
FabH and inhibits its activity, thereby preventing the pro-
duction of fatty acids and disrupting bacterial growth. 
Overall, L has the potential to serve as a promising anti-
bacterial skeleton for the development of new therapeutics 
targeting FabH.

The synthesis of new metal complexes with antibac-
terial properties is a prominent subject in the fields of co-
ordination chemistry and bioinorganic chemistry.8 Addi-
tionally, Ni and Cu metals are frequently employed in 
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coordination chemistry due to their well-documented bio-
logical activities, especially their antimicrobial properties.9 
Moreover, previous studies have demonstrated the effec-
tive interaction of metals with the active site of FabH, lead-
ing to interference with its enzymatic activity. Conse-
quently, this study focuses on elucidating the crystal 
structures of nickel(II) and copper(II) complexes with the 
ligand L, as well as examining their antibacterial and FabH 
inhibitory activities. These findings provide valuable in-
sight into the potential clinical application of the hydrazi-
necarbothioamide complex as an antibacterial agent.

2. Experimental
2. 1. Materials and Methods

1,4-benzodioxane-6-formaldehyde, nickel acetate, 
copper acetate, hydrazine hydrate and phenyl isothiocy-
anate were obtained from Aladdin. All other chemicals 
were commercial obtained from Anhui Senrise Technolo-
gies Co., Ltd. HNMR spectra were measured on a Bruker 
AV-400 spectrometer at 25 °C and referenced to Me4Si. 
LC/MS spectra were recorded on a Waters G2-XSQTot 
Mass spectrometer. Chemical shifts were reported in ppm 
(δ) using the residual solvent line as internal standard. An-
alytical thin-layer chromatography (TLC) was performed 
on the glassbacked silica gel sheets (silica gel 60 Å GF254). 
Elemental analyses for C, H and N were performed on a 
Perkin-Elmer 240C elemental analyzer. FT-IR spectra 
were obtained on BrukerVertex 70 with samples prepared 
as KBr pellets. Single crystal X-ray diffraction was carried 
out on a Bruker SMART 1000 CCD diffractometer.

2. 2 �Synthesis of (E)-2-((2,3-dihydrobenzo[b]
[1,4]dioxin-6-yl)methylene)-N-
phenylhydrazinecarbothioamide (L)
1,4-benzodioxane-6-formaldehyde (0.16 g, 1.0 

mmol) and hydrazine hydrate (0.13 g, 4.0 mmol) were 
mixed in 30 mL ethanol. The mixture was reflux for 4 h 
and the solvent was evaporated to give solid product b, 
which was re-crystallized from ethanol, yield 95%. Then 
the intermediate hydrazine compound b (0.14 g, 0.8 
mmol) and phenyl isothiocyanate (0.14 g, 1 mmol) was 
dissolved in chloroform (30 mL) and refluxed for 4 h. The 
solvent was evaporated under reduced pressure, and the 
ligand L was obtained by recrystallized from ethanol. 1H 
NMR (400 MHz, DMSO-d6) δ 11.69 (s, 1H), 10.07 (s, 1H), 
8.03 (s, 1H), 7.60–7.52 (m, 3H), 7.36 (m, 2H), 7.28 (m, 
1H), 7.20 (m, 1H), 6.89 (d, J = 8.3 Hz, 1H), 4.27 (m, 4H). 
13C NMR (101 MHz, DMSO-d6) δ 176.20, 145.79, 144.16, 
143.11, 139.61, 128.46, 127.88, 126.44, 125.72, 122.31, 
117.62, 115.96, 64.79, 64.44. Anal. calc. for C16H15N3O2S: 
C, 61.32; H, 4.82; N, 13.41; found: C, 61.17; H, 4.95; N, 
13.56%. HR-MS m/z: 314.0954 (M+H)+, calculated molec-
ular weight of C16H16N3O2S+: 314.0885 for (M+H)+.

2. 3. Synthesis of [NiL2] (1)
L (0.10 mmol) and nickel acetate (0.10 mmol) 

mixed in methanol (10 mL) were stirred at room temper-
ature for 30 min to give a clear earthy yellow solution. 
Needle-shaped dark purple crystals suitable for X-ray 
diffraction were grown from the solution upon slowly 
evaporation within 2 days. The crystals were isolated by 
filtration. 1H NMR (400 MHz, DMSO-d6) δ 9.71 (s, 1H), 
7.96 (d, J = 2.0 Hz, 1H), 7.74 – 7.47 (m, 4H), 7.30 (m, 
2H), 7.02 (m, 1H), 6.87 (d, J = 8.5 Hz, 1H), 4.50–4.16 (m, 
4H). Anal. calc. for C32H28N6NiO4S2: C, 56.24; H, 4.13; 
N, 12.30; found: C, 56.12; H, 4.27; N, 12.21%. HR-MS 
m/z: 683.1014(M+H)+, calculated molecular weight of 
C32H29N6NiO4S2

+: 683.0967 for (M+H)+.

2. 3. Synthesis of [CuL2] (2)
L (0.10 mmol) and copper acetate (0.10 mmol) mixed 

in methanol (10 mL) were stirred at room temperature for 30 
min to give a clear green solution. Half of the solvent was 
slowly evaporated at room temperature for 6 days to give sin-
gle crystals. Anal. calc. for C32H28N6CuO4S2: C, 55.84; H, 
4.10; N, 12.21; found: C, 565.76; H, 4.25; N, 12.16%. IR data 
(cm–1): 3474, 3146, 1541, 1509, 1421, 1294, 1063, 963, 811, 
679, 626, 553. HR-MS m/z: 688.0915(M+H)+, calculated mo-
lecular weight of C32H29N6CuO4S2

+: 688.0909 for (M+H)+.

2. 4. X-ray Crstallography
X-ray diffraction was carried out at a Bruker APEX II 

CCD area diffractometer equipped with MoKα radiation (λ = 
0.71073 Å). The collected data were reduced with SAINT,10 
and multi-scan absorption correction was performed using 
SADABS. 11 The structures of the complexes were solved by 
direct method, and refined against F2 by full-matrix least-
squares method using SHELXTL.12 For Cu complex, there is 
a thermal vibration in the crystal as a whole, so during refine-
ment, the center Cu is fixed and all organic frameworks com-
plexed with Cu are subjected to disordered treatment. The 
SIMU command allows for the simultaneous optimization of 
multiple atoms, ensuring the coordination geometry around 
Cu is accurately represented. The SADI command is em-
ployed to constrain the bond length variations between spe-
cific atoms, ensuring consistent bond lengths within the com-
plex. Lastly, the ISOR command helps model the thermal 
vibrations of atoms by assigning isotropic displacement pa-
rameters to capture their positional uncertainties. The ulti-
mate goal of related instructions is to make refinement more 
perfect and to make the structure converge. Crystallographic 
data and refinement parameters are given in Table 1, and im-
portant interatomic distances and angles are given in Table 2.

2. 5. Antibacterial Assay
The in vitro minimal inhibitory concentrations 

(MICs) of the synthesized derivatives were obtained 
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against two clinical Gram-positive bacterial strains: Bacil-
lus subtilis (B. subtilis), Staphylococcus aureus (S. aureus) 
and two clinical Gram-negative bacterial strains: Pseu-
domonas aeruginosa (P. aeruginosa), Escherichia coli (E. 
coli) by the agar dilution method recommended by Clini-
cal and Laboratory Standards Institute (CLSI) (CLSI 2012). 
The MIC was the lowest concentration in solid media at 
which no bacterial growth was observed.

2. 6. Enzyme Assay
The experiments were performed according to the 

previous reports.13 In a final 20 μL reaction, 20 mM Na2H-
PO4 containing 0.5 mM DTT, 0.25 mM MgCl2, and 2.5 μM 
holo-ACP were mixed with 1 nM FabH, and H2O was add-
ed to 15 μL. After 1 min incubation, a 2 μL mixture of 25 
μM acetyl-CoA, 0.5 mM reduced nicotinamide adenine 
dinucleotide (NADH), and 0.5 mM reduced nicotinamide 
adenine dinucleotide phosphate (NADPH) was added for 
FabH reaction for 25 min. The reaction was stopped by 
adding 20 μL of ice-cold 50% trichloroacetic acid (TCA), 
incubating for 5 min on ice, and centrifuging to pellet the 
protein. The pellet was washed with 10% ice-cold TCA and 
resuspended with 5 μL of 0.5 M NaOH. The incorporation 
of the 3H signal in the final product was read by liquid 
scintillation. When determining the inhibition constant 
(IC50), inhibitors were added from a concentrated DMSO 
stock such that the final concentration of DMSO did not 
exceed 2%.

3. Results and Discussion
3. 1. Chemistry

Synthetic route of the ligand (L) was shown in 
Scheme 1. 1,4-benzodioxane-6-formaldehyde reacts with 
hydrazine hydrate in ethanol solution to form 1,4-benzo-
dioxane-hydrazine, and then the intermediate hydrazine 
compound is stirred with phenyl isothiocyanate in metha-
nol solution to form the final ligand L. Finally, the ligand L 
and nickel acetate or copper acetate reacted in the ratio of 
2:1 separately to get the complex 1 and 2 in ethanol. Single 
crystals of the complexes were formed by slow evaporation 
of the solvent at room temperature.

shown in Figure 1. The Ni atom is coordinated in square 
planar geometry, with two S and two imino N atoms from 
two ligands. The coordination geometry around the Ni1 
atom exhibits a planar–square arrangement. Both ligands 
attached to Ni demonstrate a perfectly symmetric struc-
ture. Furthermore, it is evident that the N3–Ni1–N31 angle 
is 180°, similarly, the S11–Ni1–S1 angle also measures 
180°. Additionally, the Ni1 -S1 bond length is determined 
to be 2.181(2) Å, while the Ni1–N3 bond length measures 
1.915(6) Å, consistent with the expected values.

Figure 1. A perspective view of the molecular structure of complex 
1 with the atom labeling scheme.

3. 3. Structure Description of Complex 2
Selected bond lengths and angles for complex 1 are 

listed in Table 2. Molecular structure of the complex is 
shown in Figure 2. The spatial arrangement of compound 
2 distinguishes it from compound 1, as evidenced by the 
crystallographic characterization provided in Figure 2. 
Notably, the Cu1 atom in compound 2 deviates from pla-
nar-square coordination, exhibiting a discernible angular 
distortion. The confirmation of this deviation stems from 
the measured S1–Cu1–S2 angle of 174.6 degrees and the 
N3–Cu1–N4 angle of 167.5 degrees. Additionally, despite 
the consistent selection of ligands forming metal bonds 
with Cu2+ in compound 2, the coordinated ligands do not 
maintain symmetrical structures around the central Cu at-
om. This asymmetry is substantiated by the determined 
bond lengths between the ligands and the metal ion: Cu1–

Scheme 1. Synthetic route of Ligand L.

3. 2. Structure Description of Complex 1
Selected bond lengths and angles for complex 1 are 

listed in Table 2. Molecular structure of the complex is 

S1 measures 2.185(13) Å, Cu1–S2 measures 2.258(13) Å, 
Cu1–N3 measures 1.85(2) Å, and Cu1–N4 measures 
2.215(19) Å.
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Figure 2. A perspective view of the molecular structure of complex 
2 with the atom labeling scheme.

The origin of this asymmetric coordination of ligands 
to the copper ion lies in the influence of their orientations 
and conformations within the molecular framework. While 
the ligands themselves possess inherent symmetry, their co-
ordination to the metal center can occur in variable orienta-
tions, thus culminating in an overall loss of symmetry with-
in the complex. The disruption of symmetry observed in the 
compound can be attributed to multiple factors, including 
the orientation and localized distortion of the ligands. The 
presence of neighboring molecules or ligands may induce 
perturbations, leading to local distortions upon coordina-
tion with the metal ion. These distortions contribute to spa-
tial asymmetry within the system. Additionally, the confor-
mational flexibility of the ligands plays a significant role in 
symmetry disruption. Despite sharing the same chemical 

formula, the ligands may exhibit diverse conformations, in-
fluenced by freely rotating bonds or other conformational 
degrees of freedom. This inherent flexibility allows the lig-
ands to adopt different coordination modes when binding 
to the metal center, further exacerbating the overall struc-
tural asymmetry. Consequently, the investigation and com-
prehension of this asymmetry necessitate in-depth explora-
tion via comprehensive structural analysis and sophisticated 
computational methods.

Table 2. Selected bond lengths (Å) and angles (o) for complexes

1

Ni1–S1I	 2.181(2)	 Ni1–N3I	 1.915(6)
Ni1–S1	 2.181(2)	 Ni1–N3	 1.915(6)
S11–Ni1–S1	 180.0	 N3–Ni1–S11	 94.42(17)
N3–Ni1–S1	 85.57(17)	 N31–Ni1–S1	 94.42(17)
N31–Ni1–S11	 85.57(17)	 N3–Ni1–N31	 180.0

2

Cu1–S1	 2.185(13)	 Cu1–N3	 1.85(2)
Cu1–S2	 2.258(13)	 Cu1–N4	 2.215(19)
S1–Cu1–S2	 174.6(8)	 S1–Cu1–N4	 94.6(8)
N4–Cu1–S2	 80.2(7)	 N3–Cu1–S2	 88.5(9)
N3–Cu1–S1	 96.6(11)	 N3–Cu1–N4	 167.5(11)

3. 4. Biological Activity
The MIC (Minimum inhibitory concentration, μM) 

of complex 1 and complex 2 against these bacterial strains 

Table 1. Crystallographic and refinement data for the complexes

Complexes	 1	 2

Empirical Formula	 C32H28N6NiO4S2	 C32H28CuN6O4S2
Formula Weight	 683.43	 688.26
Crystal System	 Triclinic	 Monoclinic
Space group	 P–1	 Cc
a (Å)	 6.570(4)  	 19.396(3)
b (Å)	 7.296(5) 	 17.857(3) 
c (Å)	 16.768(10)	 8.6520(13)
α (°)	 85.557(18)	 90
β (°)	 80.676(18)	 95.578(4) 
γ (°)	 69.897(18)	 90
V (Å3)	 744.6(8)	 2982.5(8)
Z	 1	 4
Dc (g cm–3)	 1.524	 1.533
F(000)	 354	 1420
μ(Mo-Kα) (mm–1)	 0.842	 0.922
Reflections collected	 6565	 12152
Data/restraints/parameters	 2556/0/205	 5060/2208/709
Independent reflections (Rint)	 2556 (0.0703)	 5060 (0.0657)
Goodness-of-fit on F2	 1.037	 1.027
Final R1, wR2 indexes [I >= 2σ (I)]	 0.0780, 0.1930	 0.0768, 0.1339
Final R1, wR2 indexes [all data]	 0.1504, 0.2661	 0.1959, 0.1765
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are tested by MTT method and the activity data was pre-
sented in Table 3. Based on the data obtained, we found 
that the two compounds showed some inhibitory activity. 
In particular, the inhibitory effect on Gram-negative bac-
teria was significantly stronger than that of Gram-positive 
bacteria, and the inhibitory activity was comparable to the 
positive control kanamycin. Among them, complex 2 has 
the highest inhibitory activity against two Gram-negative 
bacteria (MIC = 3.13 μΜ for P. aeruginosa, MIC = 2.5 μΜ 
for E. coli).

Table 3. Antibacterial activity of synthetic complex 1 and 2.

Compound		  Minimum inhibitory concentration, μM
	                            Gram-negative	                  Gram-positive
	 E. coli 	  P. aeruginosa	 B. subtilis	 S. aureus

1	 6.25	 6.25	 12.5	 12.5
2	 2.5	 3.13	 6.25	 12.5
kanamycin	 2.5	 2.5	 2.5	 1.25

E. coli FabH inhibition potency of complex 1 and 
complex 2 was examined and the results are summarized 
in Table 4. As shown in Table 4, all of the two compounds 
tested exhibited a certain inhibitory activity against E. coli 
FabH wherein the compound having the highest inhibito-
ry activity remained complex 2 (IC50 = 3.67 μΜ). This re-
sult indicates that the 1 E)-2-((2,3-dihydrobenzo[b][1,4]
dioxin-6-yl)methylene)-N-phenylhydrazinecarbothioam-
ide complexes can inhibit the function of FabH and the 
antibacterial effect was produced partly by interaction of 
FabH protein and the compounds.

Table 4. E. coli FabH inhibitory activity of synthetic complex 1 and 2.

Compound	 E. coli FabH (IC50±SD), μM

1	 10.15±0.329
2	   3.67±0.165

3. Conclusions
In this manuscript, we describe a novel hydrazine-

carbothioamide metal complex and present our findings 
on its crystal structures, antibacterial activity, and FabH 
inhibitory activity. Our results demonstrate that Complex 
2 exhibits effective inhibition of FabH activity against E. 
coli, indicating its potential as a novel FabH inhibitor.

Coordination complexes as FabH inhibitors have 
high surface area-to-volume ratios and heterogeneity, 
which can enhance their biological availability and effica-
cy. However, more studies are needed to evaluate their 
safety and bioavailability before they can be developed in-

to therapeutic agents. Future studies could focus on opti-
mizing the pharmacological properties and antimicrobial 
activity of these complexes, as well as exploring their po-
tential as therapeutic agents for the treatment of bacterial 
infections.
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Povzetek
Biosinteza maščobnih kislin je bistvenega pomena za preživetje bakterij, β-ketoacil-acyl transportni protein sintaza III 
(FabH) pa je obetavna tarča za razvoj antibakterijskih učinkovin. Nikljev(II) kompleks [NiL2] (1) in bakrov(II) kompleks 
[CuL2] (2), kjer je L (E)-2-((2,3-dihidrobenzo[b][1,4]dioksin-6-il)metilen)-N-fenilhidrazinkarbotioamid, sta bila sin-
tetizirana in okarakterizirana z elementarno analizo, IR in 1H NMR spektroskopijo ter HRMS. Strukture kompleksov so 
bile določene z monokristalno rentgensko analizo, ki razkriva, da so nikljevi in bakrovi atomi v kompleksih v tetraedrični 
geometriji. Določili smo antibakterijsko in FabH inhibitorno delovanje teh dveh spojin na E. coli.
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