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Abstract: The design and synthesis of hydrolytically active macrocycles mimic the substrate selectivity 

and rate enhancements for the hydrolysis of various organic substrates in high/low temperatures and 

extreme pH conditions, which is extremely challenging. In the present study, we synthesized two 

CoIIHMTAA-14 and CoIIHMTAA-16 macrocycles (HMTAA=hexamethyl-dibenzo-tetraaza-azulene) 

and used them to promote the hydrolysis of 4-nitrophenyl-2-benzamide carbonate and 4-nitrophenyl-4-

benzamide carbonate esters. The effect of pH on hydrolysis of the carbonate esters was also studied at 

different pH 4.0, 6.5, and 8.5. The results of these studies showed that the reaction follows the first 

order with respect to ester concentration and is independent of the medium pH and water concentration. 

For the account of mechanism, hydrolysis of 4-nitrophenyl-2-benzamide carbonate and 4-nitrophenyl-

4-benzamide carbonate proceeds either through oxygen or nitrogen intermolecular attack and normal 

H2O or OH- attacks, respectively. The plots of logkobs vs. pKa of the conjugate acid nucleophile showed 

leveling beyond pKa of about β = 0.3. The present macrocyclic complexes were found to provide 

enhanced hydrolysis of the esters.  
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1. Introduction 

The metalloenzymes are of great importance in the field of catalysis in biological 

reactions, and their catalytic property depends upon the presence of a metal center [1]. Due to 

the complexity of enzyme structure, it is often more informative to carry out studies with model 

compounds with active structural features similar to the enzymes [2]. The most interesting 

feature of macrocyclic ligands is their tendency to stabilize the unusual oxidation states of 

metal ions [3-8]. Considering these facts, we have synthesized various macrocyclic complexes 

using different transition metal complexes [8-15]. The stable coordination conformation of the 

transition metal ion with macrocyclic ligands is supposed to be the essential factor for the bio-

functions of peptides and proteins. Thus, there have been intensive studies of the 

thermodynamic stability and kinetics of formation and dissociation of the macrocyclic 

complexes have been carried out. The cobalt complexes have been used for the hydrolysis of 

varieties of the substrate. The CoII and CoIII type catalysts were used in the asymmetric 

hydrolysis of epoxides to diols. The CoII complexes as mimic hydrolytic metalloenzyme were 

used in catalytic hydrolysis of bis(4-nitrophenyl) phosphate (BNPP) [16]. Also, the influence 

of an OH- coordinated to macrocyclic complexes on the intermolecular catalyzed hydrolysis of 

carbonate esters was studied. Considerable efforts have been expended to understand the 
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efficiency of intermolecular reactions compared to their bimolecular counterparts. The CoIII 

polyamine complexes were used as catalysts for the hydrolysis of phosphate esters and of DNA 

[17]. Two Schiff base Co(II) complexes containing crowned substituents were synthesized and 

employed for the hydrolysis of p-nitrophenyl picolinate (PNPP) in a buffered micellar solution 

[18]. These intermolecular reactions bear a striking resemblance to enzymatic reactions 

proceeding through an enzyme-substrate complex (the substrate is held close to the functional 

group in the active site) [19-27]. Transition metal macrocyclic complexes have proven to be a 

promising catalyst for hydrolysis of different esters [28-35]. 

Herein, the present study was designed for the catalyzed intermolecular hydrolysis of 

carbonate esters viz. 4-nitrophenyl-2-benzamide carbonate and 4-nitrophenyl-4-benzamide 

carbonate. Further, the influence of the chelate effect and the OH− in coordination at the axial 

position of macrocycles on this reaction was also studied.  

2. Materials and Methods 

2.1. Experimental. 

All chemicals used were of analytical reagent grade and were purchased from TCI 

India. These were used as such without further purification. Reactions were carried out using 

aqueous perchloric acid solution (0.1-0.5 mol/lit) purchased from Sigma Aldrich (72% m/v) 

adjusting ionic strength I = 0.1 M with sodium perchlorate (NaClO4). The dissociation of the 

macrocyclic nickel complex was carried out at 467 nm and the macrocyclic copper complex at 

510 nm. The concentration of macrocyclic complexes used in the kinetic study was 5x10-4 M. 

Acetate buffer 3.6-4.4 pH range was also prepared in double-distilled water by using an 

appropriate amount of 0.1M CH3COONa (sodium acetate) and 0.1M CH3COOH (Glacial 

acetic acid). The kinetic experiment was carried out after an interval of time (2 min, 120 sec), 

and absorbance was recorded. It has been observed that absorbance increases with time. The 

values of Kobs were determined by plotting a graph between absorbance and time (t). The 

kinetic study is limited till there is no precipitation and no change in maximum wavelength 

(λmax) during an experiment in each kinetic run. The following methods prepared the 

compounds which were not commercially available. 

2.2. Physical measurements. 

All chemicals were of analytical reagent grade and purchased from TCI India and used 

as such without further purification. The bacteria used in the present study were purchased 

from IMTECH, Chandigarh. The elemental analysis (C, H, and N) and mass spectral (in 

positive mode of fragmentation) studies of NiII and CuII macrocyclic complexes were carried 

out at Central Instrumental Laboratory (CIL) Panjab University, Chandigarh, India (Eager 

Xperience (Thermo Fisher Scientific) and TOF MS ES+6018e (Shimadzu)). The molar 

conductance of these complexes was recorded on auto-ranging Conductivity/TDS Meter-TCM 

15+ (Toshcon) in methanol solvent containing 10-3 M complex. The electronic spectra of these 

tetraazamacrocyclic complexes were recorded on a double beam spectrophotometer (Shimadzu 

2450 spectrophotometer) in methanol solvent containing 10-3 M complex. 
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2.3. Synthesis of macrocyclic complexes. 

To prepare the CuIIHMTAA-14 macrocyclic complex, 3,4-diamine toluene or 2,4-

diamine toluene (0.244 g), acetylacetone (0.200 g) and anhydrous CoCl2 (0.130 g) were 

dissolved in methanol (50 mL) in round bottom flask. The reaction mixture was then refluxed 

for 5-6 hr. The reaction mixture was then concentrated on a rotatory evaporator and kept in a 

desiccator overnight. Brown-colored crystals of the macrocyclic complex appeared and were 

recrystallized in methanol. The purity of the complex was checked by TLC. The obtained 

complex was characterized by multiple spectroscopic techniques. Following a similar strategy, 

the macrocyclic complexes, CuIIHMTAA-16 was also prepared and characterized similarly as 

CuIIHMTAA-14 complex. 

Analytical data of CuIIHMTAA-14; Yield: 0.36 g, 69%, M.P. 225 oC, Mol. Wt. 506.6 

g/mol, Molar Conductance: 25 ohm-1cm-2mol-1, C, H, N, analysis: C, 66.89; H, 6.50; N, 13.00; 

Found: C, 66.67; H, 6.43; N, 12.94. 

Analytical data of CuIIHMTAA-16; Yield: 0.43 g, 69%, M.P. 216 oC, Mol. Wt. 506.6 

g/mol, Molar Conductance: 23 ohm-1cm-2mol-1, C, H, N, analysis: C, 66.89; H, 6.50; N, 13.00; 

Found: C, 66.67; H, 6.43; N, 12.94.  

4-Nitrophenyl-2-benzamide carbonate (1) 

4 g of 2-hydroxybenzamide (0.02 mole) was dissolved in about 100 mL dry ether, and 

1.58 g of pyridine (0.02 mole) was added to it. 4.02 gm 4-nitrophenyl chloroformate (0.02 

mole) was dissolved separately in another 100 mL of dry ether and then added dropwise in 

about two hours to the above solution, with constant stirring. The mixture was allowed to be 

stirred for another two hours and then precipitated pyridine hydrochloride was removed by 

decantation. The decanted liquid was then rapidly filtered through a pre-pleated paper. The 

filtrate was taken to dryness on a rotary evaporator, leaving a yellowish solid. The residue was 

dissolved in a minimum amount of hot ethyl acetate and hexane added to the cloud point. On 

allowing to stand and cool, an off-white crystalline product was filtered off, washed with 

hexane, and dried in vacuum product was further purified by recrystallizing three times using 

this method it showed a m.pt. of 99 °C 
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(1)4-Nitrophenyl-2-benzamido carbonate  

4-Nitrophenyl-4-benzamide carbonate (2) 

2.74 g of 4-hydroxybenzamide (0.02 mole) was dissolved in about 100 mL dry ether, 

and 1.58 g of pyridine (0.02 mole) was added to it. 4.02 gm 4-nitrophenyl chloroformate (0.02 

mole) was dissolved separately in another 100 mL of dry ether and then added separately in 

another 100 mL of dry ether and then added dropwise in about two hours to the above solution, 

with constant magnetic stirring. The mixture was allowed to stir for another two hours and then 

precipitated pyridine hydrochloride was removed by decantation. The decanted liquid was then 

rapidly filtered through a pre-pleated filter paper. The filtrate was taken to dryness on a rotary 
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evaporator leaving behind a yellowish solid. The residue was dissolved in a minimum amount 

of hot ethyl acetate and hexane added to the cloud point. On allowing to stand and cool, an off-

white crystalline product was filtered off, washed with hexane, and dried in vacuum product 

was further purified by recrystallizing in three times using this method it showed m.p. of 150 
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3. Results and Discussion 

The macrocyclic complexes enhance the rate of hydrolysis about 40 times with respect 

to metal complexes. The kinetics of hydrolysis of 4-nitrophenyl-2-benzamide carbonate (1) 

and 4-nitrophenyl 4-benzamide carbonate (2) was studied by following the appearance of 4-

nitrophenol at 315 nm at pH less than 7.0 and at 400 nm at pH greater than or equal to 7.0. The 

proposed hydrolysis profile of (1) is shown in Schemes 1 and 2.  
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Scheme 1. The proposed hydrolysis profile of 4-nitrophenyl-2-benzamide carbonate.  

This reaction assumes an intramolecular nitrogen attack during the cyclization process. 

If an oxygen attack is assumed, the reaction scheme would be Scheme 2. On the other hand, 

thy hydrolysis of (2) can be represented as follows Scheme 3. 

The plot of logkobs vs. pH shows slopes of (1) and (2) respectively at higher pH, which 

is changed at lower pH values (Figure 1). This observation indicates the involvement of an 

attack by an anionic nucleophile. KOH values showed that the hydrolysis of (1) is faster than 

that of (2) by a factor of about 900. Since these compounds' rate vs. pH profiles are similar to 

those observed for (1) and (2), all the reactions must follow a similar mechanism. 
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Scheme 2. The proposed hydrolysis profile of 4-nitrophenyl-2-benzamide carbonate following the 

intramolecular nitrogen attack during the cyclization process. 
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Scheme 3. The proposed hydrolysis profile of 4-nitrophenyl 4-benzamide carbonate. 
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In both these reactions, ionization with pKapp of 5.3 and 8.2 is observed for (1) and (2), 

respectively. In the hydrolysis of (1), the attack is initiated by nitrogen of the adjacent amide 

group. This has been confirmed by the isolation of the cyclic intermediate and also the final 

product, Salicylamide.  

 

(a)                                                                            (b) 

Figure 1. The plot of log kobs vs pH for the hydrolysis of (a) 4-nitrophenyl-2-benzamide carbonate and (b) 4-

nitrophenyl-4-benzamide carbonate. The drawn lines are the theoretical best fits of the experimental data. 

The isolated products show a melting point, and UV spectra are identical to the authentic 

samples prepared separately. In order to confirm the formation of the cyclic intermediate (A) 

its hydrolysis was separately monitored. This compound undergoes hydrolysis at a very slow 

rate at a very high pH. Its rate of hydrolysis was, therefore, measured in 0.1 M KOH, and kobs 

were found to be 3.02 × 10-4 at 30 ᵒC. In another experiment, the CH3CN solution of (1) was 

injected into 0.1 M KOH solution mentioned at 50 oC. At this pH and temperature, compound 

(1) is expected to hydrolyze spontaneously into the cyclic intermediate (A). The hydrolysis rate 

of the solution was monitored, and the kobs were found to be 2.92 × 10-4 s-1 which is very 

close to the rate which was determined separately for (A), so here confirmed the formation of 

(A) as an intermediate and also that the reaction is proceeding through an intermolecular attack 

by nitrogen of the adjacent amide group. This, therefore, rules out the mechanism involving an 

intramolecular oxygen attack (Scheme 2). The hydrolysis of (1) can be represented as scheme 

1. The experimental data for their hydrolysis is given in Table 1. 

Table 1. Rate data for hydrolysis of 4-nitrophenyl-2-benzamide carbonate (1), and 4-nitrophenyl-4-benzamide 

carbonate (2) at 30 oC, I = 0.1 M adjusted with KCl. 

4-nitrophenyl-2-benzamido carbonate (1) 4-nitrophenyl-4-benzamido carbonate (2) 

Buffer pH kobs, s
-1 log kobs Buffer pH kobs, s

-1 log kobs 

HCl/KCl 2.15 1.71 × 10-4 -3.767 Tris 7.05 3.11 × 10-4 -3.507 

Formate 3.55 1.58 × 10-4 -3.801 Tris 7.25 2.98 × 10-4 -3.525 

Formate 4.10 1.57 × 10-4 -3.793 Tris 7.75 3.37 × 10-4 -3.472 

Acetate 4.55 1.57 × 10-4 -3.802 Tris 8.10 3.71 × 10-4 -3.430 

Acetate 5.10 1.61 × 10-4 -3.797 Tris 8.35 4.10× 10-4 -3.386 

Acetate 5.30 1.72 × 10-4 -3.764 Tris 8.36 9.06 × 10-4 -3.042 

Acetate 5.50 3.32 × 10-4 -3.478 Carbonate 8.80 1.69× 10-4 -2.770 

Carbonate 5.95 1.18 × 10-4 -2.926 Carbonate 9.20 4.96 × 10-4 -2.304 

Carbonate 6.25 2.71 × 10-4 -2.567 Carbonate 9.45 7.65 × 10-4 -2.116 

Tris 7.00 1.13 × 10-4 -1.947 Carbonate 9.80 1.79 × 10-4 -1.746 

Tris 7.45 4.94 × 10-4 -1.306 Carbonate 10.15 3.84 × 10-4 -1.415 
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CoIIHMTAA-14 and CoIIHMTAA-16 promoted hydrolysis of the esters. The base 

hydrolysis of 4-nitrophenyl acetate was studied at 25 ᵒC and I = 0.1 M. These studies gave a 

value of KOH = kobs/[OH-] = 9.5 M-1 s-1. The same hydrolysis was later examined in the pH 

range 8.85, 9.46 at 25 ᵒC at I = 0.1 M, which gives a value KOH = 16.6 M s . The hydrolysis 

of 4-nitrophenyl acetate has also been studied in the presence of [CoHMTAA]n+ macrocycles. 

Further studies on this hydrolysis in the presence of [CoHMTAA]n+ macrocycles have been 

studied at pH 9 with I = 0.1 M adjusted using sodium perchlorate. In all the reactions, the ester 

concentration was 1.84 × 10-4 M, and the macrocycles were present in at list 10-fold excess. In 

the range 2×10-3 to 7×10-3 of concentrations, the results give excellent second-order 

dependence on ester concentration, and the values of kobs as the function of the concentration 

of the macrocycles showed the linear way with positive intercept as shown in Figure 2.  

 

Figure 2. The [CoHMTAA]n+ macrocycles promoted hydrolysis of 4-nitreophenyl acetate at 25 ᵒC, I = 0.1 M at 

pH 9.0 as a function of concentration of [CoHMTAA]n+. 

The rate expression for the hydrolysis of 4-nitrophenyl acetate in the presence of 

macrocyclic complex can be written as   

kobs = kO + kN[CoHMTAA]n+  

Where kO is the rate of hydrolysis in the absence of the macrocyclic complex and kN is 

the rate of hydrolysis for the base hydrolysis corresponding to the macrocyclic complex which 

bound OH- catalyst. Since KOH = kO/ [OH-], the value of KOH can be evaluated from KO values 

obtained from Figure 2 and rate data for the [CoHMTAA]n+ macrocycles, which promoted the 

hydrolysis of 4-nitrophenyl acetate at 25 ᵒC, I = 0.1 M at pH 9.0. The experimental data are 

given in Table 2, while the values of the rate constant for the base hydrolysis of 4-nitrophenyl 

acetate in the presence of various nucleophile and the macrocyclic complexes are given in 

Table 3.  

 The hydrolysis of (1) and (2) has also been studied at 25 ᵒC in the presence of 

[CoHMTAA]n+ with I = 0.1 M adjusted using sodium perchlorate. In these studies, the ester 

concentration was 1.84 × 10-4 mole, and the macrocyclic complexes were present in the range 

1× 10-3 to 6 × 10-4 M of concentration. The results for this hydrolysis reaction give excellent 

first-order dependence on the ester concentration. The value of Kobs as a function of the 
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concentration of the metal complex is linear with positive intercepts and is shown in Figure 3 

(a-b).  

Table 2. Rate data for the [CoHMTAA]n+ macrocycles promoted hydrolysis of 4-nitrophenyl acetate at 25 °C, I 

= 0.1 M at pH 9.0  

[CoHMTAA]n+ macrocycles 

[CoHMTAA-14]n+ kobs s
-1 [CoHMTAA-16]n+ kobs s

-1 

0.001 2.59 0.001 2.76 

0.002 2.94 0.002 3.25 

0.003 3.35 0.003 3.81 

0.004 3.70 0.004 4.18 

0.005 4.14 0.005 4.78 

0.006 4.51 0.006 5.25 

Table 3. Rate constant for the hydrolysis of 4-nitrophenyl acetate by various bases at 25 °C. 

Bases kN M-1s-1 pKa Ref. 

 OH- 16.5 15.5 18 

Imidazole 0.58 14.0 19 

[Co(NH3)5(Im)]+2 10.02 - 19 

Carbonic anhydrase 460.0 - 19 

[Co(NH3)5(OH)]+2 1.52 × 10-3 7.5 19 

[CoLM[14]](ane)(OH)]+ 9.30 × 10-3 6.3 18 

[CoHMTAA-14]n+ 3.83 × 10-2 6.0 This work 

[CoHMTAA-16]n+ 4.64 × 10-2 5.9 This work 

     
Figure 3. (a) The [CoHMTAA]n+ promoted the hydrolysis of 4-nitrophenyl-2-benzamido carbonate at 30 ᵒC, I = 

0.1 M at pH 6.2 as a function of [CoHMTAA]n+. (b) The [CoHMTAA]n+ promoted hydrolysis of 4-nitrophenyl-

2-benzamido carbonate at 30 C, I = 0.1 M at pH 6.2 as a function of concentration of [CoHMTAA]n+. 

The hydrolysis of (2) and (3) in the presence of [CoHMTAA]n+ macrocycles can be 

described by the same equation as that for the hydrolysis of 4-nitrophenyl acetate. The kN 

values for base hydrolysis corresponding to the macrocyclic complex bound OH- catalyst is 

listed in Table 4 and Table 5. 

Table 4. Rate data for the [CoHMTAA]n+ promoted hydrolysis of 4-nitrophenyl-2-benzamide carbonate at 25 

ᵒC, I = 0.1 M at pH 6.20 at 25 ᵒC, I = 0.1 M at pH 8.95. 

[CoHMTAA-14]n+ [CoHMTAA-16]n+ 

[CoHMTAA-14]n+ kobs s
-1 [CoHMTAA-16]n+ kobs s
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0.000 2.08 0.000 3.07 
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[CoHMTAA-14]n+ [CoHMTAA-16]n+ 

[CoHMTAA-14]n+ kobs s
-1 [CoHMTAA-16]n+ kobs s

-1 

0.003 4.67 0.003 7.13 

 0.004 5.82 0.004 8.19 

0.005 6.63 0.005 9.53 

0.006 7.65 0.006 10.74 

Table 5. Rate data for the [CoHMTAA]n+ promoted hydrolysis of 4-nitrophenyl-4-benzamide carbonate at 25 

ᵒC, I = 0.1 M at pH 8.95. 

[CoHMTAA-14]n+ [CoHMTAA-16]n+ 

[CoHMTAA-14]n+ kobs s
-1 [CoHMTAA-16]n+ kobs s

-1 

0.000 1.09 0.000 1.60 

0.001 1.49 0.001 1.98 

0.002 1.62 0.002 2.46 

0.003 2.28 0.003 3.23 

0.004 2.71 0.004 4.34 

0.005 4.51 0.005 5.23 

4. Conclusions 

Based on the results, a general conclusion can be drawn that the oxygen nucleophile on 

metal clusters will have nucleophilicity, equating with their basicity. The kinetic data suggest 

greater inertness of HMTAA-14 macrocyclic ligand towards CoII than HMTAA-16. For their 

dissociative process, the ligand field activation energy also contributes to CoII metal ion's case 

with macrocyclic ligands. The observed rate depends upon acid due to the formation of 

protonated conjugated acid from metal complexes. The result is compatible with the solvating 

process of released metal ions and macrocyclic ligands. Tetraazamacrocyclic ligands 

equilibrated very slowly with the labile CoII metal ion and formed a stable complex that does 

not decompose even in the high HCl range over a period of several weeks.  
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