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a b s t r a c t 

The iron (II) complex, [Fe(H 2 L)(H 2 O) 2 ](ClO 4 ) 2 (H 2 O) ( 1 ) of Schiff base ligand H 2 L [5-Methyl-1-H-pyrazole- 

3-carboxylic acid (1-pyridin-2-yl-ethylidene)-hydrazide] was prepared and structurally determined by X- 

ray crystal analysis. The complex 1 is being hepta-coordinated mononuclear system that adopts pentag- 

onal bipyramidal geometry. Moreover, the calf thymus DNA (CT-DNA) interaction with 1 was carried out 

by proper bio-physical methods. The complex 1 was observed to interact with CT-DNA by intercalation 

binding mode and the binding constant of this interaction was calculated as (1.5 ± 0.06) × 10 6 M 

−1 and 

that was obtained from fluorimetric spectral titration. Again the complex 1 is very much effective in the 

catalytic reaction of primary carbamate synthesis. In this procedure alcohols and eco-friendly sustainable 

〈 13:italic 〉 carbonylation 〈 /13:italic 〉 source urea were used for the synthesis of desired product. Both aro- 

matic alcohols as well as aliphatic alcohols were efficiently proceeded through the catalytic reaction and 

produced medium to high yield (up to 94%) of carbamate products under mild reaction conditions. The 

catalytic mechanism was also supported by DFT studies. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Pyrazole, a 5-membered heterocyclic ring, stands for a vital 

uilding block in organic chemistry as well as inorganic chemistry 

1–3] and bioorganic, medicinal chemistry [ 4 , 5 ]. It attracted a lot

f interest because of its simplicity in preparation and therapeutic 

otential as the foundation for cutting-edge medicinal applications. 

n the modern field of coordination chemistry, pyrazole-based hy- 

razones are of greater interest, and the variant substitutions in 

chiff base-based pyrazole containing ligands [6–10] are most pop- 

lar because of their structural flexibility and their major metal 

omplexes exhibiting antitumor [11] , antimicrobial [12] , catalytic 

ctivities [ 13 , 14 ], anticancer [15] which is due to their chelating

apability towards trace metal ions. 

Moreover, iron is an essential component of both heme and 

on-heme enzymes, supporting a number of physiological func- 

ions including oxygen consumption, nerve conduction, electron 
∗ Corresponding authors. 
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022-2860/© 2022 Elsevier B.V. All rights reserved. 
ransfer, control of intracellular osmotic pressure, and DNA syn- 

hesis [16] . The iron (II) chelators are utilized as antitumor an- 

ibiotic and act as potential anticancer agents due to their effi- 

iency to make oxidative damage in DNA, thus resulting of cancer 

ell’s death [17] . Recently, there has been a lot of interest in the 

xamination for the interaction between transition metals com- 

ound with DNA and these interactions [ 18 , 19 ] are covalent or in-

ercalative interactions which may accelerate the gene mutations 

20] . The major quantitative detection tools for the DNA in physico- 

hemical process are fluorescence and chemiluminescence [ 21 , 22 ]. 

herefore, compound to DNA binding experiments are at the fore- 

ront of the research field, and are useful for further applications 

n DNA molecular drugs and novel chemotherapeutic probes [23] . 

ell known fact that the DNA interacts with drugs or substances 

n three non-covalent pathways; namely intercalation, groove bind- 

ng and external interactions [24] . Fundamentally, the design and 

evelopment of iron complexes with Schiff base ligands in coordi- 

ation chemistry is of interest for this terrestrially abundant bio- 

ompatible element. 

https://doi.org/10.1016/j.molstruc.2022.134584
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.134584&domain=pdf
https://www.sciencedirect.com/topics/chemical-engineering/carbonylation
mailto:dolaimalay@yahoo.in
mailto:dolaimalay@gmail.com
https://doi.org/10.1016/j.molstruc.2022.134584
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Carbamates are very crucial organic compounds frequently 

ound in numerous medicines (like physostigmine, albendazole, 

upirtine, and retigabine, etc.) [25–27] , agro chemicals (as bac- 

ericides, herbicides, antiviral agents, and pesticides) [28–30] , or- 

anic fine chemicals, cosmetics, polymer and biologically active 

ompounds [31–33] . Carabamtes are extremely beneficial for the 

roduction of peptides because they protect the amino groups of 

ifferent amino acids [34–37] . Classically the said compounds are 

anufacture from alcohols and amines with the help of phos- 

ene (COCl 2 ) as carbonyl source [38–40] . But this method is disad- 

antageous due to poor atom economy, elongated reaction hours, 

se of poisonous phosgene reagent, and noxious waste production 

38–42] . In current scenario lots of attentions have been given to 

nd out green pathways to facilitate the above reaction by using 

lternative carbonyl sources like N -acylbenzotriazoles [43] , azides 

 44 , 45 ], 1,1,1-trichloromethyl formate (diphosgene) [46] , carbonate 

sters [47] ,cyanate or isocyanate salts [4 8] , isocyanides [ 4 9 , 50 ], 1,1-

arbonyldiimidazole (CDI) [ 51 , 52 ], trichloroacetylchloride [53] , di- 

lkylazodicarboxylate [54] , amides [55] , and CO 2 in position of 

OCl 2 [56–59] . Although various optional carbonyl sources are uti- 

ized for the compound synthesis but the developed methodolo- 

ies have the limitations of extreme reaction conditions, multi-step 

rocess, strong bases, expensive ligands and requirement of lethal 

etal-based catalysts. Now our concern is to build up an ecolog- 

cal, efficient and low-cost procedure for synthesis of carbamate 

roducts. The engagement of polyurea/urea as carbonyl sources for 

his derivative production is regarded as green and secure [ 60 , 61 ].

eller et. al. reported an environment friendly Lewis-acid FeBr 2 
atalyst for primary carbamates synthesis via carbamoylation re- 

ction from alcohols and urea [60] . Inaloo and his group has pub- 

ished very few publications where polyurea/urea was utilized as 

arbonyl sources for the manufacture of this derivatives [ 62 , 63 ]. M.

slam and his co-worker have published two different reports of 

rimary carbamates production from urea and alcohol in presence 

f transition metal-based catalyst [ 62 , 64 ]. Recently A. H. Seikh and

is group published a paper where a organo catalyst (graphene ox- 

de) is used for this compound preparation under ambient condi- 

ions [65] . In the present study, the effort s have been constructed 

o synthesize iron complex as [Fe(H 2 L)(H 2 O) 2 ](ClO 4 ) 2 (H 2 O) ( 1 )

f the Schiff base ligand H 2 L [5-Methyl-1-H-pyrazole-3-carboxylic 

cid (1-pyridin-2-yl-ethylidene)-hydrazide]. We have studied the 

nteractions with double stranded DNA through fluorimetry and 

alorimetry and supported by molecular docking studies. Interest- 

ngly, we have also studied that iron complex 1 has efficient cat- 

lytic property for the preparation of primary carbamates by using 

rea and alcohols at 70 °C within 5 h of reaction. 

. Experimental section 

.1. Materials and methods 

All chemicals were of reagent grade, purchased from commer- 

ial sources and used without further purification. Fe(ClO 4 ) 2 .xH 2 O 

nd 2,6-diacetylpyridine (97%) were purchased from Aldrich chem- 

cal company, USA and used without further purification. 

Caution! Although we have not encountered any problem, it 

hould be kept in mind that perchlorate compounds of metal ions 

re potentially explosive in the presence of organic ligands. Only a 

mall amount of the material should be prepared and it should be 

andled with care. 

.2. Physical measurements 

The Perkin-Elmer CHN analyzer 2400 at the Indian Association 

or the Cultivation of Science, Kolkata records. Elemental analysis 
2 
carbon, hydrogen and nitrogen) of complex 1 . The electronic spec- 

ra of the complex were determined on a Hitachi model U-3501 

pectrophotometer. IR spectra (KBr pellet, 50 0–40 0 0 cm 

−1 ) were 

arried out on a Perkin-Elmer model 883 infrared spectrophotome- 

er. 1 H NMR spectra was recorded on a Bruker AMX- 400 instru- 

ent using tetramethylsilane as internal standard. 

.3. Synthesis of the ligand (H 2 L) 

The ligand H 2 L was synthesized according to our previously 

eported article [66] ( Scheme 1 ). M.P. ( °C) 138; Anal. Calc. for 

 19 H 21 N 9 O 2 : C, 56.01; H, 5.20; N, 30.94. Found: C, 55.97; H, 5.17;

, 30.89%. IR (KBr, cm 

−1 ): 1528 (py νC = N ), 1442 (pz νC = N ), 1682 

 νC = O ), 1081(pz νN = N ), 3271 ( νN-H ), m/z 407 (M 

+ , 100%). 1 H NMR

in d 6 -DMSO, d): 13.13 (s, 1NH, ring Pz), 10.29 (s, 1H, ring Pz), 8.08

d, J = 7.2 Hz, 2H, ring Py), 7.89 (t, J = 7.8 Hz, 1H, ring Py), 6.52 (s,

H, aliphatic NH), 2.46 (s, 6H, –CH 3 ). 

.4. Synthesis of [Fe(H 2 L)(H 2 O) 2 ](ClO 4 ) 2 (H 2 O) (1) 

Fe(ClO 4 ) 2 .xH 2 O (1 mmol, 0.254 g) was reacted with the ligand 

 2 L [66] (1 mmol, 0.407 g) in methanol solvent nearly at 60 °C 

n refluxing mode. The mixture was taken in 1:1 molar ratio. The 

olution turned brown after 2 h continuous stirring. 

The resulting solution was kept aside untouched for a week 

hen brown crystals of 1 ( Scheme 1 ) suitable for single crystal 

iffraction, were deposited. Then the crystals were washed and 

ollected by filtration with cold methanol and dried in air. (Yield: 

8.5%). Anal.Calc. for C 19 H 25 Cl 2 FeN 9 O 13 (MW 714.23): C, 31.92; H, 

.50; N, 17.64. Found: C, 31.89; H, 3.48; N, 17.67%. IR (KBr, cm 

−1 ):

037 (s), 1474 (s), 1664 (s), 3200 (m). 

.5. Crystallographic measurements 

The data collection for complex 1 were made using Bruker 

MART APEX CCD are a detector equipped with graphite 

onochromated Mo K α radiation ( λ = 0.71073 Å) source in ϕ and 

 scan mode. Cell parameters refinement and data reduction were 

arried out using Bruker SMART [67] and Bruker SAINT softwares 

or the complex. In 1 , structure was solved by conventional di- 

ect methods and refined by full-matrix least square methods us- 

ng F 2 data. SHELXS-97 and SHELXL-97 programs [68] were used 

or structure solution and refinement, respectively. In 1 , all non- 

ydrogen atoms were refined as anisotropic by Fourier full matrix 

east squares F 2 . Hydrogen atoms on nitrogen and oxygen atoms 

ere found from a Fourier difference map and were allowed to 

efine while all other hydrogen atoms were placed in calculated 

ositions. There are two non-coordinated water oxygen atoms are 

isordered throughout two positions with occupancy 0.5. Selected 

rystal data for 1 is given in Table S1 and selected metrical param- 

ters of the complex 1 are given in Table S2. 

.6. DNA binding measurements 

The details procedure is described in ESI file. 

.7. Fluorescence spectral titration with DNA 

The fluorescence spectral titrations [ 69 , 70 ] were performed 

s previous reports. The steady-state fluorescence measurements 

ere performed on a Shimadzu RF-5301 PC unit (Shimadzu Cor- 

oration, Kyoto, Japan) in fluorescence free quartz cuvettes of 1 cm 

ath length. The excitation wavelength for complex 1 was 350 nm. 

ll measurements were performed keeping an excitation and emis- 

ion band pass of 5 nm. The sample temperature was maintained 

t 298.15 ± 1.0 K using an Eyela Uni Cool U55 water bath (Tokyo 

ikakikai Co. Ltd., Tokyo, Japan). 
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Scheme 1. Schematic diagram for synthesis of ligand (H 2 L) and 1. 

Fig. 1. Molecular view of 1 with partially labeled atoms (disorder water molecule 

is omitted for clarity). 
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. Result and discussion 

.1. Structural description of [Fe(H 2 L)(H 2 O) 2 ](ClO 4 ) 2 (H 2 O) (1) 

The single crystal X-ray analysis shows that complex 1 is 

rystallized in monoclinic system with space group C12/c1 . The 

symmetric unit is iron (II) mononuclear with the ligand H 2 L 

 Scheme 1 ), acted as a pentadentate chelator ( Fig. 1 ). However,

entral metal iron (II) is coordinated by three nitrogen atoms: 

ne pyridyl nitrogen atom (N5), two azomethine nitrogen atoms 

N4 and N4a) and two hydrazolyl oxygen atoms (namely O1 and 

1a) from ligand and spanning itself in the equatorial plane. 

he central atom iron is further coordinated by two apical water 

olecules (O2 and O2a) and attained pentagonal bipyramid geom- 

try with N 3 O 4 chromophore using a ligand molecule. The impor- 

ant bond distances and angles data (Table S2) are in well corrob- 
3 
rated with the reported similar hepta-coordinated Mn(II) com- 

lexes [ 22 , 71 ]. The M – N (pyridine) bond distance of complex 1

s Fe(1)-N(5) = 2.248(3) Å and other azomethine and hydrazone 

onds are in good agreement with previous report [71] . The ax- 

al water molecules coordinating the central metal ion is a little 

iverged from the linear arrangement and the angle is O(2)-Fe(1)- 

(2)a = 174.11(9) °. 
The complex 1 is stabilized through the intermolecular hydro- 

en bonding network ( Fig. 2 ). There are several types of inter- 

olecular hydrogen bonding interactions, remaining between (a) 

ydrogen atom of coordinated water molecule and nitrogen atom 

f pyrazole ring of another unit (H2A…N2 = 2.21(6) ̊A), (b) oxygen 

tom of perchlorate ion and hydrogen atom of coordinated water 

olecule (H2B…O3 = 2.16(5) ̊A) and (c) perchlorate oxygen atom 

nd hydrogen atom of pyrazole ring nitrogen (H1…O4 = 2.16(4) ̊A 

nd H1…O5 = 2.46(4) ̊A) forming 1D network along crystallo- 

raphic b axis ( Fig. 2 a). The 1D network further extended to 2D 

ramework in crystallographic ac plane ( Fig. 2 b). The details of the 

-bonding interactions are given in Table S3. 

.2. DNA binding tests 

.2.1. Fluorescence titrations 

Fluorescence spectral titration study is considered as the most 

idespread tool for estimating the binding of target drug agents 

ith nucleic acids (DNA or RNA). Generally, changes in the fluores- 

ence and/or the peak position shifting are the usual things when 

 drug molecule interacts with DNA making a complex [72] . The 

egree of interaction is very much related with the changes in the 

eak position. 

The emission titration of 1 with DNA was observed at 430–

00 nm wavelength zone upon excitation at 350 nm. The emis- 

ion titration studies were performed by titrating at static concen- 

ration of 1 (20 μM) with increasing amount of DNA. However, a 

.0-fold increase in the emission intensity of 1 was observed (with 
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Fig. 2. (a) The hydrogen bonded 1D network along crystallographic b axis, and (b) 2D H-bonding structural design in crystallographic ac plane for 1. 

Fig. 3. Fluorescence titration profile of 1 (20 μM) with incremental amount of CT 

DNA [0–32 μM]; inset: plot of emission maxima at 462 nm vs [DNA]. Excitation 

wavelength was 350 nm. 
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–32 μM DNA) at the fluorescence maxima at 462 nm ( Fig. 3 ). This

ncrease in the intensity upon addition to DNA proposed a strong 

inding of 1 with DNA. 

Benesi −Hildebrand (B-H) plots [73] were used to calculate the 

pparent equilibrium constant ( K ) for 1 −DNA binding. B-H plot 

as obtained by using the spectra from emission titrations data. 

rom B-H plot, the apparent equilibrium constant value K BH was 

alculated as (1.5 ± 0.06) × 10 6 M 

−1 . 
4

On the other hand, the binding stoichiometry of 1 with DNA 

as calculated from Job’s plot [72] . The plot of ( �F), emission in-

ensity changes at 462 nm ( λmax ) versus mole fraction were drawn 

or 1 and the cutting point ( χ ) was calculated to be 0.497, and the

toichiometry was detected as 1.06 (Fig. S6). 

.2.2. Competitive dye displacement studies with ethidium bromide 

Ethidium bromide was used as emission probe that exhibited 

trong emission with interaction of DNA due to its solid intercala- 

ion in between adjacent DNA base pairs [71–73] . The method was 

howing that this strong emission may be decreased as quench by 

rug agent which could intercalate with DNA by entering and re- 

lacing EB from its DNA binding sites. The emission spectral titra- 

ion of EB bind to DNA and with complex 1 (0–78 μM) is shown 

n Fig. 4 . 

The adding of 1 to DNA pre-treated with EB lead to almost 

8.6% decreased in emission intensity. The notable droping in 

mission intensity of EB-DNA gave a solid proof for intercalation 

f the complex 1 into the double helixed DNA by displacing the 

ound EB. 

.2.3. Molecular docking studies 

Molecular docking study is well recognized tool in drug discov- 

ry field for experiencing the binding mode and interaction be- 

ween drug molecule as complex 1 and double helix DNA [71] . 

rom docking study ( Fig. 5 ), it is shown that the 1 was well seated

n between the helix of the DNA. The docking conformation ex- 

ibits that the pyrazole ring (pz), Fe atom of 1 were intensely 

xed into the DNA strand through intercalation mode and there 

re hydrogen bonding interactions and π…methyl interactions viz . 

 Thymine •••H pz , O phosphate •••H pz and πphosphate …(methyl) pz and 
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Fig. 4. Fluorescence emission spectra of the competition between the EB–DNA 

complex ( λexc : 350 nm) and 1. C EB = 1.91 μM and C DNA : 20 μM, C complex 1 : 0.0–

78 μM. 

Scheme 2. Catalytic preparation of primary carbamates from urea and alcohols. 
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ery few electrostatic bindings (Fig. S2). The docking score was 

ained at −10.7 kcal �mole −1 as binding energy. Hence, docking 

imulation exhibited that interaction between 1 and DNA was the 

nergetically preferable binding path and that was evidenced by 

thidium bromide displacement assay experiment. 

.3. Catalytic production of primary carbamates using urea and 

lcohols 

After achieving very good interaction of iron complex 1 with 

NA, we have tried another application of the complex in the field 

f catalysis. The complex 1 showed an excellent catalytic activity in 

ynthesis of industrially important primary carbamates from envi- 

onmentally benign urea and alcohols ( Scheme 2 ). 
ig. 5. Capped sticks model viewed into the intercalation of DNA by 1. There is colored 

ydrogen bonding interactions between different sections of the 1 −DNA complex are illus

5 
In the beginning, the catalytic reaction was started by taking 

rea (5 mmol) and benzyl alcohol (8 mmol) in acetonitrile solvent 

t 70 °C in presence of complex 1 (0.01 mmol). To our delight, 

he reaction afforded 61% of benzyl carbamate product after 5 h 

f reaction ( Table 1 , entry 1). Despite of using excess alcohol only 

ne side nucleophilic substitution reaction was proceeds, so cor- 

esponding dibenzyl carbonate product formation is inhibited. The 

ame reaction was performed in the absence of complex 1 ; only 

9% of desired product was obtained in 5h of reaction ( Table 1 ,

ntry 2). Therefore, our synthesized iron complex 1 has definitely 

 strong catalytic activity in this carbamate formation reaction. All 

hese initial data encourage us to optimize the catalytic conditions 

f the reaction. Solvent is the very important parameter for any 

atalytic reaction, so we carried out the above reaction in presence 

f various solvents ( Table 1 , entries 3–11). Although all solvents ex- 

ept water and n-dibutylether (n-Bu 2 O) gave us moderate to high 

ield of benzyl carbamate product; 1,4-dioxane was the most suit- 

ble solvent for the reaction that produced 80% yield of the prod- 

ct ( Table 1 , entry 9). The reaction was monitored in the absence

f any solvent but that did not create any hopeful result ( Table 1 ,

ntry 12). Then the model reaction was explored in the presence 

f various iron metal precursors as catalyst instead of complex 1 

 Table 1 , entries 13–17). Only moderate amount of desired prod- 

ct yield was obtained. Reaction temperature is another key factor 

or any catalytic reaction. So, we started optimization of reaction 

emperature afterward ( Table 1 , entries 18, 19). When the reaction 

emperature was reduced from 70 °C to 60 °C, the yield percentage 

f the product also decreased due to diminution number of fruit- 

ul collisions between substrate and active site of catalyst ( Table 1 , 

ntry 18). Again, with increasing reaction temperature the product 

ield did not alter very much from 80% ( Table 1 , entry 19). 

Finally, the effect of catalyst amount on the reaction was 

hecked at 70 °C. Fig. 6 clearly shows that with increment of cata- 

yst loading (up to 0.02 mmol) also increased the percentage of de- 

ired product yield. Further enhancement of catalyst amount (from 

.02 to 0.025) did not produce any extra amount of preferred prod- 

ct. So, 0.02 mmol catalyst is enough for the maximum yield of the 

roduct (92%). 

After completion of optimization of the catalytic reaction con- 

itions we went for substrate tolerance for the reaction. Different 

ypes of alcohols such as benzyl alcohols, aromatic alcohols and 

liphatic alcohols smoothly went through the catalytic reaction and 
grey, white, red, blue and orange, (C, H, O, N and Fe, respectively). The important 

trated with yellow dashed lines. 
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Table 1 

Optimization table for catalytic benzyl carbamate synthesis reaction a . 

Entry Solvent Catalyst Temperature ( °C) % yield of benzyl carbamate b 

1 Acetonitrile 1 70 61 

2 Acetonitrile - 70 29 

3 Dichloromethane 1 70 53 

4 Chloroform 1 70 56 

5 Benzene 1 70 68 

6 Toluene 1 70 70 

7 DMSO 1 70 71 

8 DMF 1 70 73 

9 1,4-Dioxane 1 70 80 

10 Water 1 70 Trace 

11 n-Bu 2 O 1 70 Trace 

12 No solvent 1 70 Trace 

13 1,4-Dioxane Fe(ClO 4 ) 2 .xH 2 O 70 52 

14 1,4-Dioxane FeCl 2 70 54 

15 1,4-Dioxane Fe(NO 3 ) 3 70 49 

16 1,4-Dioxane FeBr 2 70 55 

17 1,4-Dioxane Fe(OAc) 2 70 50 

18 1,4-Dioxane 1 60 66 

19 1,4-Dioxane 1 80 82 

a Reaction conditions: Urea (5 mmol), benzyl alcohol (8 mmol), catalyst (0.01 mmol), 5 h. 
b isolated yield. 

Fig. 6. Effect of catalyst loading on benzyl carbamate formation reaction [condition: 

Urea (5 mmol), benzyl alcohol (8 mmol), catalyst (0.01 mmol), 70 °C, 5 h]. 
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roduced moderate to high yield of corresponding carbamate prod- 

cts ( Table 2 ). Benzyl alcohol reacts with urea and formed 92% iso- 

ated yield of benzyl carbamate after 5 h of reaction ( Table 2 , en-

ry 1). 4-methoxybenzyl alcohol produced slightly greater amount 

f corresponding carabamate (94%) due to the presence of electron 

onating methoxy group ( Table 2 , entry 2). Whereas benzyl alcohol 

aving moderate electron withdrawing group (-Br) produced lesser 

mount of carabamate product (82%) in 5.5 h. Again, more reduc- 

ion of product yield (64%) was observed when strong electron 

ithdrawing group containing 4-nitro benzyl alcohol was taken 

art in the reaction ( Table 2 , entry 4). From phenol, we got 78%

ield of phenyl carbamate ( Table 2 , entry 5). While electron do- 

ating group containing 4-methyl and 4-methoxy phenol yielded 

etter quantity of desired products ( Table 2 , entries 6, 7). Again 4-

itro phenol gave only 59% of carbamate product due to the pres- 

nce of strong electron withdrawing nitro group in para position 

 Table 2 , entry 8). Additionally aliphatic alcohols (such as propyl 

lcohol, butyl alcohol and isopropyl alcohol) produced high yield 

 > 83%) of respective carbamate products via this catalysis reaction 

 Table 2 , entries 9–11) relatively in lower reaction duration (4 h). 

A comparison between previously published methodologies 

ith our developed protocol for the synthesis of benzyl carbamate 
6 
rom urea and benzyl alcohol is sum up in Table 3 . Almost all

revious reports required high temperature ( > 120 °C) for the pro- 

uction of high yield benzyl carabamate 42a, 44b, 45a . Only one re- 

ort produced high percentage of benzyl carbamate (96.7%) at mild 

emperature (80 °C) 45b . Our developed protocol synthesized high 

ield of the said product (92%) at relatively lower temperature (i.e. 

0 °C) after 5h of reaction. 

.4. A probable reaction mechanism for catalytic synthesis of 

arbamate 

The single crystal structural view of complex 1 exhibited that 

here was a hepta-coordinated Fe(II) center which is able to coor- 

inate to urea through the O-atoms of urea that is the key leading 

orce for the enriched catalytic carbamate synthesis. 

To realize the mechanism of the carbamate synthesis reaction 

etween benzyl alcohol (ROH) and urea catalyzed by complex 1 , 

he theoretical calculations were accomplished using DFT/LanL2Dz 

or full catalytic observations (theoretical calculation details are 

n ESI). From former results [60–65] and the experimental out- 

omes, it was compared that urea molecule is initiated by the 

nterface of the iron atom of complex 1 by the oxygen donor 

tom of urea (structure-I) which can take responsibility to initi- 

te the said catalytic reactions. The respective energies for all in- 

ermediates involve in catalytic reaction of ROH and urea in at- 

endance of complex 1 is presented in Fig. 7 . The catalytic site 

f complex 1 is primarily considered as zero for the whole cal- 

ulations. Firstly, the complex 1 removed its one neutral water 

olecule and simultaneous coordination of Fe(II) ion with oxy- 

en atom ( d Fe(II)…O urea = 3.58 ̊A) from urea and was grown the 

lectrophilic character at the carbonyl carbon in urea which was 

ending to the formation of intermediate-I ( −17.03 × 10 3 kcal 

ol −1 ) [62] . Further, the catalytic reaction was continued forward, 

n where the very reactive nucleophilic such as benzyl alcohol 

ROH) tended at the carbonyl carbon of urea as electron lacking 

enter to form an intermediate –II (structure II) with respective en- 

rgy of −20.61 × 10 3 kcal mol −1 [65] . 

Then, the intermediate-II was simultaneously, undergoing an 

ntramolecular proton transfer from protonated benzyl alcohol 

ROH) to the amine group of urea and form an intermediate-III 

 −20.64 × 10 3 kcal mol −1 ) which was the iron coordinated ammo- 

ium intermediate. Both intermediate -II and –III were in equilib- 

ium by their relative energy. In the last moment of the catalysis, 
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Table 2 

Substrate scope for primary carbamates formation reaction a . 

Entry Alcohol Products Time (h) Yield (%) b 

1 5 92 

2 5 94 

3 5.5 82 

4 6 64 

5 5 78 

6 5 80 

7 5 81 

8 6 59 

9 4 86 

10 4 91 

11 4 84 

a Reaction conditions: Urea (5 mmol), alcohols (8 mmol), catalyst (0.02 mmol), 1,4-dioxane (6 ml), 70 °C. 
b isolated yield. 

Table 3 

Comparison table for catalytic synthesis of benzyl carbamate with previous reports. 

Entry Catalyst Reaction conditions Yield (%) Ref. 

1 FeBr 2 urea (0.5 mmol), benzyl alcohol (0.75 mmol), catalyst (0.01 mmol), 1,4-dioxane (1 mL), 150 °C, 6 h 92 60a 

2 MNP-Fe 3 O 4 urea (2 mmol), benzylalcohol (1 mmol), [ChCl][ZnCl 2 ] (3 mL), catalyst (10 mol %), 130 °C, 6 h 90 63b 

3 Fe II (Anthra-Merf) benzyl alcohol (3 mmol), urea (2 mmol), catalyst (0.020 g), 1,4-dioxane (3.5 mL), 120 °C, 6.5 h 97 63a 

4 Cu-NPs@TzTa-POP benzyl alcohol (5 mmol), urea (4 mmol), catalyst (20 mg), 1,4-dioxane (4 ml), 80 °C, 4 h 96.7 64b 

5 Complex 1 urea (5 mmol), benzyl alcohol (8 mmol), catalyst (0.02 mmol), 1,4-dioxane (6 ml), 70 °C, 5 h 92 This work 

7 
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Fig. 7. Relative free energy frame for complex 1 catalyzed carbamate synthesis from urea and benzyl alcohol (ROH). 

Fig. 8. Probable mechanism for the carbamate synthesis by the reaction of urea with benzyl alcohol catalyzed by complex 1 (cited bond lengths are in angstrom). 

8 
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he ammonia molecule was removed from intermediate –III after 

uto-decomposition of the ammonium compound by breaking of 

xygen to iron co-ordinate bond ( d Fe(II)…O urea = 2.67 ̊A) and re- 

eased the final product carbamate. After releasing of carbamate, 

he Fe(II) was coordinated with one water molecule to give re-birth 

f complex 1 , which is the main criteria of a catalyst that remains

ntact and unaffected after completion of catalytic reaction cycle. 

The above-mentioned major steps were compiled with three in- 

ermediates between start the journey of catalysis and final prod- 

ct. The respective energies attained for Int-1, Int-2, Int-3 and 

roduct were −17.03 × 10 3 , −20.61 × 10 3 , −20.64 × 10 3 and 

0.32 × 10 3 kcal mol −1 , respectively. 

The probable mechanism is structured ( Fig. 8 ) upon the evi- 

enced from experimental results and theoretical simulations for 

he catalytic reaction of urea and benzyl alcohol to form ben- 

yl carbamate (BC). The above-mentioned mechanism is the good 

greement with previous reported articles [60–65] . 

. Conclusion 

In conclusion, the Schiff base based iron complex 

Fe(H 2 L)(H 2 O) 2 ](ClO 4 ) 2 (H 2 O) (ligand H 2 L [5-Methyl-1-H-pyrazole- 

-carboxylic acid (1-pyridin-2-yl-ethylidene)-hydrazide]) was 

ynthesized and structurally characterized through single crystal 

RD. The structural analysis showed that the mononuclear iron 

enter in complex, adopted the pentagonal bipyramidal geometry. 

hen the interactions of this complex with double stranded DNA 

ere studied by fluorometric processes and the binding constant 

f this interaction was about (1.5 ± 0.06) × 10 6 M 

−1 . The EtBr 

isplacement studies also showed that the interaction was par- 

ial intercalation. The mentioned interaction was supported by 

olecular docking studies and that is favored by energy about 

10.7 kcal �mole −1 . Moreover, the said complex 1 showed its 

fficiency as a catalyst for the conversion of urea and alcohols to 

rimary carbamates at 70 °C within 6 h of reaction. Both aliphatic 

nd aromatic alcohols had been efficiently undergone the catalytic 

ath and produced very high isolated yield (up to 94%) of desired 

roduct. Then the probable catalytic mechanism of the catalytic 

onversion was well corroborated with literatures and framed on 

he basis of theoretical calculations. 
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