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Catalytic cleavage of the amide bond in urea using a Co(III) 

amino-based complex 

Bhawna Uprety,[a] Charmaine Arderne,* [a] and Ivan Bernal[b]  

 

Abstract: The urease mimetic activity of Co(III) amine complexes with 

respect to cleavage of urea was explored using SCXRD and 

spectroscopic techniques. The reaction of [CoIII(tren)Cl2]Cl (tren = 

tris(2-aminoethyl)amine) with urea results in the formation of an 

isocyanato complex ([CoIII(tren)(NH3)(NCO)]Cl2) and ammonia, 

following the cleavage of the amide bond. The reaction progress and 

the subsequent formation of cleavage products was confirmed by 

SCXRD analysis of the reactants as well as the products obtained 

during the reaction. The reaction was found to be pH and temperature 

dependent, and the reaction conditions were optimized to maximize 

conversion. The reaction kinetics was followed spectroscopically (1H 

NMR and UV-Vis), following the decrease in urea concentration or the 

increase in pH succeeding ammonia formation. A detailed kinetic 

study revealed an overall second order rate law and kobs was found to 

be 3.89 × 10-4 M-1 s-1.   

Introduction 

Urease (urea amidohydrolase; E.C.3.5.1.5) is a nickel–dependent 

dinuclear metallohydrolases, present in various plants and 

microorganisms, that catalyses the hydrolysis of urea to ammonia 

and carbon dioxide (and small amides to the corresponding 

carboxylic acids)[1–4]. This enzymatic hydrolysis causes an abrupt 

increase of  pH, having direct medical and agricultural 

consequences[3–6]. The enzyme plays vital roles in nitrogen 

metabolism of plants and microorganisms[7,8]. Urease is an 

interestingly skilled enzyme system, since its substrate urea, has 

a remarkable stability with a half-life of about 3.6 years; and it 

does not undergo spontaneous hydrolysis in aqueous 

solutions[9,10]. Instead its aqueous decomposition follows an 

elimination route, giving isocyanic acid or ammonium cyanate as 

one of the reaction products irrespective of the pH of the 

solution[7,11–13]. However, this non catalytic elimination proceeds 

sluggishly with a rate constant ranging from 8.3 × 10–10 – 1.2 × 

10–11 s–1 at 25 oC[14,15].  

At the active site, Urease contains two nickel ions bridged by a 

carbamylated lysine and a hydroxide ion[16–18]. Although, the exact 

mechanism of its action is still under debate, there are two globally 

accepted hypotheses. The first is: urea binds to one of the Ni 

centres through its carbonyl moiety, while the hydroxide 

coordinated to the second Ni then initiates a nucleophilic attack 

on urea, thus beginning the hydrolysis reaction. The second is: 

urea coordinates in a bidentate fashion to one of the Ni(II) centres 

and an amino acid residue on the second Ni(II) centre, leaving the 

hydroxide bridge intact. The hydroxide bridge then attacks the 

urea carbonyl group in a nucleophilic manner, initiating the 

hydrolysis[9,19–22]. Subsequently, the coordinated hydroxide ligand 

is crucial to the active site of Urease. This observation might play 

a pivotal role in designing synthetic Urease mimics, as was 

evident in our study as well. There is sufficient evidence of several 

Urease mimics based on polydentate as well as linear ligands 

documented in literature. Most of them report the coordination of 

urea to the metal centres via the carbonyl oxygen while 

coordination via nitrogen is rather scarce[23–26]. Nevertheless, the 

majority of synthetic urease mimics follow an elimination 

mechanism giving iso/cyanates as the major products along with 

ammonia, and therefore designing of a true Urease mimic has 

been an intriguing challenge globally. However, in a few cases, 

the subsequent decomposition of iso/cyanates into carbon 

dioxide and ammonia under suitable reaction conditions has also 

been observed[25,27–29].  

 

 Recently, there has been an emerging interest in the 

catalytic activity of Cobalt (III) complexes[30–32]. The mechanistic 

studies suggest catalytic activation via different kinds of 

interactions with diverse organic substrates[33]. The applicability of 

Co(III) amine complexes towards mediating peptide/amide bond 

hydrolysis in carnosine and pyrazine–2–monoamide, 

salicylaldehyde, etc. have been reported recently by some of 

us[34–36]. This encouraged us to examine whether these Co(III) 

amine complexes could also hydrolyse urea; and if so, could we 

determine the underlying mechanistic and/or kinetic pathways. 

Therefore, this study focuses on the catalytic activity of a 

compound of the tris(2-aminoethyl)amine (tren) ligand complexed 

to a Co(III) metal centre on urea. 

 

Results and Discussion 

[CoIII(tren)Cl2]Cl (1) was prepared in excellent yields following a 

two–step synthetic method as reported in literature[37]. The 

intermediate nitro complex, [CoIII(tren)(NO2)2]Cl[38] (1a) as well as 

the final [CoIII(tren)Cl2]Cl (1) compound, were well characterized 
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by various spectroscopic techniques (FT–IR, NMR, UV–Vis, 

HRMS) as well as by Single-crystal XRD (SCXRD) analysis. They 

are both air stable solids soluble in water, and sparingly soluble 

in alcohols. Compound (1) was recrystallized from both water and 

concentrated HCl (32%), resulting in two different complexes, 

([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3), ((1)2·(Cl)(H7O3)) and 

[CoIII(tren)Cl2]Cl·H2O, (1·H2O) respectively. The first is complex 

(I): Dichloro(tris-2-amino(ethylamine))cobalt(III) chloride hydrate 

whose crystals were obtained from the reaction mixture mother 

liquor and recrystallized from 32% HCl. The second is complex 

(II): Bis-(dichloro(tris-2-amino(ethylamine))cobalt(III)dichloride) 

dihydrate hydroxonium chloride whose crystals were obtained 

from the reaction mixture mother liquor and recrystallized from 

water. Therefore, the solvent of crystallization plays an important 

role in stabilizing the resulting structure of the compound. This 

was corroborated by recording the HRMS (Figures S1 and S2) of 

the complex before and after crystallization. The HRMS spectrum 

of the crude compound before crystallization displays an intense 

peak at 275.0232 which corresponds to [CoIII(tren)Cl2] (calc. 

275.0241). However, the HRMS spectrum for the complex (II) 

obtained after crystallization from water, has an intense molecular 

ion peak at 735.1824 which can be attributed to 

([CoIII(tren)Cl2]Cl)2·(Cl)(3H2O)(Na) (calc. 735.5320) in solution. All 

reactions of [CoIII(tren)Cl2]Cl (1) were carried out using complex 

(II), ([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3), ((1)2·(Cl)(H7O3)), as we 

reasoned that since our reactions were aqueous, we should use 

catalysts purified from water. The crystal structures of both 

complex (1·H2O) and ((1)2·(Cl)(H7O3)) are presented and 

discussed in this work for completeness.  

The application of Co(III) amine complexes similar to 

[CoIII(tren)Cl2]Cl (1) towards hydrolysis of several bio–relevant 

substrates such as phosphoesters, phosphodiesters, as well as 

some dipeptides etc. are well documented in literature[34–36,39–41]. 

The present work explores the ability of [CoIII(tren)Cl2]Cl (1) to 

catalyse the hydrolysis of amide bonds. For this purpose, we have 

employed the simplest amide molecule – urea (Scheme 1). The 

catalytic reactions were monitored by 1H NMR as well as UV–Vis  

spectroscopy following the decrease in Urea concentration and 

the formation of ammonia respectively.   

  

 

 

 

Scheme 1. Hydrolysis of urea at pH 9  0.05 in the presence of LiOH and 

catalysed by ([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) ((1)2·(Cl)(H7O3)) at 45 oC in water.  

 

Catalytic hydrolysis of urea: UV–Vis studies 

Urease like hydrolysis of urea yields ammonia and carbamate 

which decomposes to yield a second molecule of ammonia and 

bicarbonate. The catalytic reaction induces an overall increase in 

pH[3]; consequently, the reaction progress can be monitored 

passively, with the help of a pH dependent colour indicator assay. 

Similar Urease studies involving different pH dependent indicator 

assays such as phenol red and phenolphthalein are well 

documented in literature[4,8,42,43]. We have performed our 

reactions using phenolphthalein indicator assay to measure the 

catalytic activity of ([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) ((1)2·(Cl)(H7O3)). 

Phenolphthalein is a good indicator of choice in this case, since it 

shows a visible colour change in alkaline pH range 8.2 – 12. The 

catalytic reactions were performed at pH 9  0.05 in the presence 

of hydroxide ions. Interestingly, no reaction was observed in the 

absence of hydroxide, whereas the reaction was too slow to be 

quantified at lower pH ranges.  

In a typical reaction, an aqueous solution of 

([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) ((1)2·(Cl)(H7O3)), (10 mL, 4.5 × 10–

4 M) was set to pH 9  0.05  using 1 % LiOH solution, and was 

then allowed to incubate at the same pH at room temperature for 

about 1 hr, to stabilize the pH of the solution. Over the 1 hr of 

incubation, the colour of the solution changed from purple to red 

indicating the complete replacement of coordinated chlorides to 

the aqua and/or hydroxide ligands. This conversion was also 

monitored by UV–Visible spectroscopy following the progressive 

addition of LiOH solution to a solution of 

([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) ((1)2·(Cl)(H7O3)) in water; and the 

results are presented in supplementary information (Figure S3). 

Next, an aqueous solution of urea (2 mL, 1 × 10–2 M) was mixed 

with a pH adjusted aqueous solution of the catalyst (2 mL, 4.5 × 

10–4 M). The pH of the reaction mixture at this stage was still 9  

0.05. Phenolphthalein indicator (1 mL, 1 %) was added to this 

solution and the resulting reaction mixture was incubated at 45 oC. 

The reaction was then followed by monitoring the increase in 

absorbance at 552 nm, due to the alkaline quinone form of 

phenolphthalein which is only prevalent at basic pH, for a period 

of 1 hr to obtain initial rates for the relevant kinetic calculations. 

(Figure 1).  

 

 

 

 

 

 

 

 

Figure 1. Increase in absorbance at 552 nm and the progress of reaction as 

monitored by UV–Visible spectroscopy with the aid of phenolphthalein indicator.  

 

Co(III) chlorido systems are known to undergo rapid hydrolysis in 

aqueous systems, giving the corresponding [CoIII(L)(OH)(H2O)]2+ 

species in solution. The [CoIII(L)(OH)(H2O)]2+ species is believed 

to be the dominant species at alkaline pH and is actively involved 

in catalysing hydrolysis reactions[44]. This can be corroborated 

with the actual Urease enzyme activity; where the carbamate 

bridge between the two Ni centres is hydrolysed to a hydroxide 

bridge initiating the catalytic activity in Urease[16–18]
. Therefore, 

formation of the hydroxido active intermediate can be considered 

crucial to catalytic activity. This can partly explain the inactivity of 
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the precursor [CoIII(tren)(NO2)2]Cl (1a) complex towards urea 

hydrolysis, since the nitro groups are resistant to hydrolysis under 

alkaline aqueous conditions.  The formation of this active 

intermediate hydroxide species in solution during our reaction, 

was followed by sequential additions of an aqueous solution of 

LiOH (1 × 10–3 M) to an aqueous solution of 

([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) ((1)2·(Cl)(H7O3)), (25 mL, 4.5 × 10–

4 M) at room temperature. The reaction was monitored by UV–

Visible spectroscopy and the results are included in the SI section.  

The catalytic reaction conditions were optimized to maximize 

reaction conversion. For this, some reaction parameters such 

as reaction pH, temperature and catalyst amount were 

evaluated. As mentioned earlier, the reaction was too slow at 

pH below 9 to be quantified kinetically. The reaction did not 

proceed at all at acidic pH; therefore, the reaction pH was 

incubated to alkaline pH using the mild base LiOH. Similar 

results have been reported by some of us, in the investigation 

of conglomerate crystallization, where the cleavage of amide 

bonds in small peptide molecules mediated by [Co(tren)Cl2]Cl 

was observed[34–36]. Therefore, a reaction pH of 9  0.05 was 

concluded essential for catalytic activity.  

Next, the effect of catalyst concentration was evaluated. A set 

of different reactions, with the same conditions as described 

above, but with varying catalyst concentration were performed. 

The reaction progress was monitored by UV–Visible 

spectroscopy as described above. Three parallel reactions 

were set using 4.5 × 10–5 M, 4.5 × 10–4 M and 4.5 × 10–3 M 

catalyst concentrations (~ 1:1000, 1:100, 1:10 catalyst : 

substrate ratio respectively) set at pH 9  0.05 with LiOH and 

1×10–2 M urea solution at 45 oC in the presence of 

phenolphthalein indicator (1 ml, 1%). The resulting spectral 

changes are presented in Figure 2. As can be seen from Figure 

2, increasing the catalyst concentration increased the rate of 

the reaction, a common observation in catalysed reactions. 

However, to perform kinetic studies, and have quantifiable 

results, the average ratio (~ 1:100) for catalyst and substrate 

concentration was chosen for kinetic experiments.  

 

 

 

 

 

Figure 2. Change in absorbance at 552 nm during the course of reaction, 

with different catalyst to substrate ratios.  

However, the reaction was also performed with larger 

quantities, in an attempt to isolate any possible intermediates 

and/or products. Therefore, to an aqueous solution of urea (17 

mmol, 30 mL) was added 0.535 g (0.75 mmol) of 

([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) ((1)2·(Cl)(H7O3)). The pH of the 

resulting solution was set to 9  0.05 with freshly prepared 

10 % LiOH solution, and the solution was stirred at 45 oC for 

about 2 hr. The reaction was then allowed to cool and stand at 

room temperature, for a few days, after which diffraction quality 

orange rod–like crystals precipitated out. The isolated product, 

has a molecule of ammonia and an isocyanato group 

coordinated to the metal centre, along with the base ligand, 

tris(2–aminoethyl)amine [CoIII(tren)(NH3)(NCO)]Cl2 (2). The 

isocyanic acid and ammonia are proposed to be the catalytic 

products of urea cleavage reactions.  

Next, the effect of temperature on the reaction rates was 

evaluated. For this, six reactions, with the conditions as 

described above, but with temperatures between 20 – 45 oC 

were performed. Thus, a solution of urea (2 mL, 1 × 10–2 M) 

was treated with a solution of ([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) 

((1)2·(Cl)(H7O3)) (2 mL, 4.5 × 10–4 M) set at pH 9  0.05  with 

LiOH at six temperatures, 20 oC, 25 oC, 30 oC, 35 oC, 40 oC 

and 45 oC in the presence of phenolphthalein indicator (1 ml, 

1%). The reactions were monitored by UV–Visible 

spectroscopy on a kinetic run mode and the initial rates were 

obtained as triplicates assuming pseudo first order kinetics. As 

can be seen from Figure 3, the rate of the reaction increased 

with increasing temperature and thus 45 oC was chosen as the 

ideal temperature for catalytic activity.   

 

 

 

 

 

Figure 3. Effect of temperature on the increment in absorbance at 552 nm 

with time for the hydrolysis of urea (1 × 10–2 M) catalysed by 

([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) ((1)2·(Cl)(H7O3)) (4.5 × 10–4 M) at pH 9  0.05, 

in the presence of LiOH, at temperature ranging from 20 – 45 oC. 

 

Furthermore, the initial rates obtained at different temperatures 

were then fitted to the Arrhenius equation, according to 

equation 1 (Figure 4). The activation energy, Ea, for the 

generation of ammonia during the initial steps of urea 

hydrolysis was found to be 10.2 kJ mol–1. The literature 

activation energy values for the actual Urease enzyme ranges 

between 18 – 30 kJ mol–1[42]. The optimised temperature and 
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pH for the catalytic reaction were found to be considerably 

higher than the enzymatic hydrolysis. The intermediate 

isolated during the catalytic reaction, 

[CoIII(tren)(NH3)(NCO)]Cl2 (2) contains isocyanato and 

ammonia ligands coordinated to the metal centre, both of 

which are proposed to result from an elimination mechanism 

rather than hydrolytic cleavage of urea (vide infra). 

 

k = A exp (-Ea/RT)                                               Equation (1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Arrhenius plot for ([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) ((1)2·(Cl)(H7O3)) 

catalysed hydrolysis of urea at pH 9  0.05. Reaction conditions: urea (2 ml, 

1 × 10–2 M), [Co(tren)Cl2]Cl (2 mL, 4.5 × 10–4 M), phenolphthalein (1 ml, 1%), 

temperature ranging from 20 – 45 oC. 

Catalytic hydrolysis of urea: NMR studies 

 The catalytic hydrolysis of urea was also followed by 1H 

NMR spectroscopic reaction monitoring. The reaction progress 

was analysed by following the decrease in urea concentration 

over time. In a typical reaction, urea (0.240 g, 4.0 mmol) was 

added to a solution of ([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) 

((1)2·(Cl)(H7O3)) (0.124 g, 0.17 mmol, 10 mL D2O) and 

adjusted to pH 9  0.05  with LiOH. A small aliquot of the 

reaction mixture (0.5 µL) was withdrawn into an NMR tube and 

analysed by 1H NMR spectroscopy at 45 oC in the presence of 

CH3OD as the internal reference, every 15 minutes on a 12 hr 

time scale. Figure 5 presents the spectral changes during the 

initial two hours.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 1H NMR monitoring of the hydrolysis of urea catalysed by 

([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) ((1)2·(Cl)(H7O3)) at pH 9  0.05, in the 

presence of LiOH, at 45 oC. Reaction conditions: urea (4 mmol), 

([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) ((1)2·(Cl)(H7O3)) (0.17 mmol), pH 9  0.05, 

temperature  45 oC, solvent D2O + CH3OD. (The signals for the catalyst are 

not seen prominently due to low concentration as compared to the catalyst 

as well as the internal standard) 

 

As the reaction progressed, the intensity of the urea signal 

decreased over time. The formation of ammonia could not be 

ascertained from 1H NMR studies, since the reactions were 

performed in D2O, and therefore the ammonia protons could 

not be seen in the spectra. It is important to note that although 

the urea amine protons also merge with the signal for D2O, the 

integration with respect to the internal standard at t = 0 time 

was six, allowing a possible kinetic monitoring of the reaction, 

following the decrease in urea concentration. The reaction was 

monitored for a period of 12 hr during which a total conversion 

of 60 % was estimated. However, since the signals for 

ammonia protons could not be properly identified, the exact 

conversion cannot be stated unequivocally.  

 All kinetic calculations were performed assuming pseudo 
first order kinetics, thus maintaining an ~ 25-fold excess of 
substrate concentration with respect to the catalyst 
concentration. All calculations were performed using initial 
reaction rates. The rate of the catalytic reaction can be 
obtained by considering the integrated rate law (equation 2). 
The plot of log of decrease in concentration of urea with time 
is shown in Figure 6.  Since the concentration of the catalyst 
can be assumed to be remaining almost constant during the 
reaction, the reaction can be assumed to be following first 
order kinetics with respect to the substrate, i.e. urea. This is 
also apparent from the straight-line fit obtained in Figure 6. 
Consequently, the resulting pseudo first order rate constant 
was found to be 3.5 × 10–5 s–1.  

Rate = kobs[Urea]a[Catalyst]b    Equation (2) 

Rate = k1[Urea]a  

(assuming pseudo first order kinetics)  Equation (3) 

where k1 = kobs[Catalyst]b    Equation (4) 

lnk1 = lnkobs + bln[Catalyst]    Equation (5) 
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Figure 6. Variation of [Urea] with time for the catalytic hydrolysis reaction of 

urea catalysed by ([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) ((1)2·(Cl)(H7O3)) at pH 9  

0.05, in the presence of LiOH, at 45 oC. Reaction conditions: [Urea]0 = 4 

mmol, [catalyst] = (0.17 mmol), solvent D2O + CH3OD. 

Using equations 2 – 5, the order of the reaction with respect to 

the catalyst can also be determined. Thus, the initial rates for 

the hydrolysis of urea by ([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) 

((1)2·(Cl)(H7O3))  at pH 9  0.05, in the presence of LiOH, at 45 
oC were determined for different initial concentrations of the 

catalyst (and consequently LiOH). The reactions were 

performed similarly as explained above and the resulting plot 

from equation 5 is shown in Figure 7. Thus, the order of the 

reaction with respect to the catalyst was found to be 0.81, and 

kobs for the catalytic hydrolysis of urea was found to be 3.89 × 

10–4 M–1 s–1. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Plot of ln k1 versus ln[catalyst] for the hydrolysis of urea catalysed 

by ([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) ((1)2·(Cl)(H7O3))  at pH 9  0.05, in the 

presence of LiOH, at 45 oC. 

The overall integrated rate law for the hydrolysis of urea in the 

presence of excess alkali can be represented as: 

 

 Rate = kobs
 [Urea][catalyst]  at 45 oC and pH = 9  0.05.  

    
                  kobs = 3.89 × 10–4 M–1 s–1 

 

Based on all the kinetic calculations using UV–Visible and 1H 

NMR reaction monitoring, we propose the following catalytic 

mechanism (Scheme 2). The catalyst (precursor) 

([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) ((1)2·(Cl)(H7O3)), reacts with 

LiOH to give the active catalytic species, [CoIII(L)(OH)(H2O)]2+, 

the formation of which is quite well documented in 

literature[41,44]. This active catalytic species then hydrolyses 

urea to yield ammonia and possibly isocyanic acid, which 

coordinates to the metal centre yielding 

[CoIII(tren)(NH3)(NCO)]Cl2 (2), the formation of which was 

confirmed by SC–XRD studies. However, the formation of 

[CoIII(tren)(NH3)(NCO)]Cl2 (2) is reversible, otherwise it would 

lead to catalyst poisoning rendering the catalyst inactive for the 

next catalytic cycle; our reactions worked even at 1:1000 

catalyst to substrate ratio, indicating the catalytic nature of the 

reaction.  The possibility of catalyst poisoning is also negated 

by the fact that the order of the reaction with respect to the 

catalyst was found to be close to unity. However, it must also 

be noted that no signal due to the isocyanato carbon could be 

observed in the reaction mixture even after 12 hr of reaction 

time. Interestingly, most synthetic Urease models coordinate 

urea via the carbonyl oxygen resulting in the formation of 

cyanato complexes and the liberation of ammonia. However, 

the coordination of urea to the metal centre via one of the 

nitrogen atoms has also been observed in a few cases, 

especially with soft metal centres. Some of these reports also 

account for an increased tendency of the coordinated urea to 

decompose into ammonia and carbon dioxide[14,29,45].  A similar 

elimination reaction pathway is proposed to operate in our 

reactions as well. The reaction is initiated by the coordination 

of urea to the Co(III) centre through nitrogen which is followed 

by a subsequent electrophilic attack by the coordinated 

hydroxide ligand onto the carbonyl carbon of urea (Scheme 2). 

This coordination of urea is substantiated by the isolation of 

[CoIII(tren)(NH3)(NCO)]Cl2 (2). Thus, we can conclude that 

([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) ((1)2·(Cl)(H7O3)) successfully 

hydrolyses the amide bond in urea to give ammonia and 

possibly a molecule of isocyanic acid. The liberation of 

ammonia and the subsequent increase in reaction pH was 

confirmed and monitored by UV–Visible spectroscopy. 

However, the exact fate of isocyanic acid and/or its 

decomposition into carbon dioxide could not be ascertained 

unambiguously. All the determined kinetic data has been 

compiled in Table 1.  

 

Table 1. Kinetic data obtained for the catalytic hydrolysis of urea catalysed 

by [Co(tren)Cl2]Cl  at pH 9  0.05, in the presence of LiOH, at 45 oC. 

Catalyst kobs Ea*  TOF h-1 

(TON) 

([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3), 

((1)2·(Cl)(H7O3)) 

3.89 × 10–4 

M–1 s–1 

10.2 kJ 

mol-1 

1.2 

(14.11) 

* The activation energy corresponds to only the genration of ammonia and 
does not necessarily relate to the overall reaction.  
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Scheme 2. Proposed mechanism for the hydrolysis of urea by 

[Co(tren)Cl2]Cl at pH 9  0.05, in the presence of LiOH, at 45 oC (showing 

urea attack via nitrogen atom)  

 

Structural characterization 

 

Bis-(dichloro(tris-2-amino(ethylamine))cobalt(III) chloride) 

hydroxonium chloride, ([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3), 

((1)2·(Cl)(H7O3)) 

Complex II, [2(C6H18Cl2CoN4Cl2)∙2H2O H3O+ Cl−], is a dimeric 

neutral Co(III) complex bearing two tris(2-aminoethyl)amine 

(tren) ligands coordinated to two Co(III) cations. Charge 

balance on the Co(III) occurs via four coordinated and two free 

Cl− anions; one hydroxonium (H3O+) cation is found to be 

present in the structure and this cation is charge balanced with 

one chloride anion. There are also two water molecules 

present, both of which are adjacent to the H3O+, yielding a 

combined hydroxonium ionic aggregate of the form H7O3
+, 

which stabilizes the entire structure. The complex crystallizes 

in the centrosymmetric space group, P21/n (see Figure 8). As 

mentioned above, this complex is an example of a molecular 

ionic aggregate as described by Bernal and Watkins[47] in the 

form H7O3
+. This is derived from the fact that the hydroxonium 

ion hydrogen bonds to the two water molecules resulting in 

three oxygen atoms and seven hydrogen atoms in the 

aggregate. As previously mentioned, the hydroxonium cation 

is charged balanced by a corresponding chloride anion. In 

each of the cations, there are four N atoms of the tren ligand 

that bind to one each of the Co(III) atoms in a quadridentate 

mode, resulting in a tripodal-type conformation with Co−N 

bond distances ranging from 1.935(2) – 1.966(2) Å. The 

coordination environment of the both of the Co(III) atoms is 

observed to have distorted octahedral geometry where the 

bond angles range from 86.28(9) – 95.17(7) . (Refer to the 

Supplementary Information for detailed geometrical 

parameters). These distances and angles are similar to related 

complexes that have been published previously where a full 

geometry check carried out with the Mogul Geometry Check 

tool[46], within the CSD suite of programs, showed no unusual 

geometrical parameters. 

 

There is evidence of hydrogen bonding present in this structure 

(see Figure 8 – indicated by the dashed lines). Details of the 

hydrogen bonding geometry appears in Table 2 below: 

 

 

 

Table 2. Hydrogen-bond geometry of [CoIII(tren)Cl2]Cl)2·(Cl)(H7O3), 

(1)2·(Cl)(H7O3) (Å, º) 

 D—H···A D—H H···A D···A D—H···A 

N2—H2A···Cl4i 0.87 (1) 2.69 (2) 3.417 (2) 142 (2) 

N2—H2B···Cl1ii 0.88 (1) 2.58 (2) 3.331 (2) 144 (2) 

N3—H3A···Cl2i 0.87 (1) 2.65 (2) 3.380 (2) 143 (2) 

N3—H3B···Cl7i 0.88 (1) 2.43 (2) 3.290 (2) 165 (3) 

N4—H4A···Cl1ii 0.86 (1) 2.66 (2) 3.483 (2) 161 (3) 

N4—H4B···Cl7i 0.86 (1) 2.53 (2) 3.281 (2) 146 (2) 

N6—H6C···Cl6iii 0.90 (3) 2.58 (3) 3.325 (3) 141 (2) 

N6—H6D···Cl5iii 0.73 (3) 2.68 (3) 3.359 (3) 155 (3) 

N7—H7A···Cl7iv 0.88 (1) 2.45 (2) 3.270 (2) 154 (2) 

N7—H7B···Cl5iii 0.87 (1) 2.41 (1) 3.279 (2) 176 (3) 

N8—H8A···Cl2i 0.88 (1) 2.54 (2) 3.409 (2) 170 (2) 

N8—H8B···Cl7iv 0.88 (1) 2.57 (2) 3.425 (2) 165 (2) 

O1S—

H1SA···Cl5v 

0.85 (1) 2.16 (2) 2.997 (2) 169 (3) 

O1S—

H1SB···O2Svi 

0.86 (1) 1.62 (2) 2.472 (3) 177 (3) 

O1S—

H1SC···O3Si 

0.86 (1) 1.61 (2) 2.460 (3) 173 (3) 

O2S—

H2SA···Cl5iv 

0.85 (1) 2.26 (2) 3.098 (2) 173 (3) 

O2S—

H2SB···Cl6i 

0.85 (1) 2.16 (2) 2.991 (2) 166 (3) 

O3S—

H3SA···Cl6i 

0.83 (1) 2.20 (2) 3.021 (2) 170 (3) 

O3S—

H3SB···Cl7 

0.84 (1) 2.35 (2) 3.134 (2) 155 (3) 

Symmetry codes:  (i) −x+1, −y+1, −z+1;  (ii) −x+3/2, y+1/2, −z+3/2;  (iii) x, 

y−1, z;  (iv) −x+1/2, y−1/2, −z+1/2;  (v) −x+1/2, y−1/2, −z+3/2;  (vi) −x+1, −y, 

−z+1. 

 

The classification of this structure as a molecular ionic 

aggregate comes from the analysis of the hydrogen-bonding 

pattern that arises from a chain of hydrogen bonding evident 

between a centralized hydroxonium cation and two adjacent 

water molecules (see Figure 8). This structure fits in perfectly 

with the previous analysis[47] carried out, especially for H7O3
+ 

cases. The O∙∙∙O distance between O1S and O2S = 2.472(3) 

Å and between O1S and O3S = 2.460(3) Å, which fits their 

description and analysis of these complexes and thus adds to 

their work on these aggregates.  
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Figure 8. Molecular structure of ([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3), 

((1)2·(Cl)(H7O3)) with displacement ellipsoids drawn at 50% probability, 

showing the atomic numbering scheme where the heteroatoms have been 

labelled only for clarity. Dashed red and green lines indicate hydrogen 

bonds. 

 

Ammonio(tris-2-amino(ethylamine))isocyanatocobalt(III) 

dichloride  [CoIII(tren)(NCO)(NH3)]Cl2 (2) 

Complex III, [C7H21CoN6O∙2(Cl)], is a neutral Co(III) complex 

bearing one tris(2-aminoethyl)amine (tren) ligand coordinated 

to the Co(III) cation. Charge balance on the Co(III) occurs via 

one coordinated isocyanato group (NCO−) and two free Cl− 

anions. The complex crystallizes in the centrosymmetric space 

group, Pnma (see Figure 9). A portion of this crystal structure 

exhibits disorder – atoms N4, C4 and C5 (together with their 

bonded H-atoms) are disordered over a mirror plane and the 

occupancies for these atoms have been refined to 0.5. For the 

cation, there are five N atoms of the tren ligand that bind to the 

Co(III) atom in a quadridentate mode, resulting in a tripodal-

type conformation with Co−N bond distances ranging from 

1.920(3) – 1.960(2) Å. There is a sixth N atom coordinated to 

the Co(III) atom in the form of an ammonio-group (NH3). We 

postulate that the ammonio-coordination results from the fact 

that NH3 is generated from the cleavage of the amide bond of 

urea and because Co has a high nitrogen affinity, coordination 

results from the free NH3 generated. The coordination 

environment of the Co(III) atom is observed to have distorted 

octahedral geometry where the bond angles range from 

86.54(8) – 93.49(8) . (Refer to the Supplementary Information 

for detailed geometrical parameters). These distances and 

angles unfortunately could not be compared to other related 

structures in the CSD as this complex is the first Co(III) 

isocyanato compound reported of its kind. A full geometry 

analysis was performed with the Mogul Geometry Check 

tool[46], within the CSD suite of programs. This analysis yielded, 

in many instances, no comparable hits while unusual 

geometrical parameters were highlighted simply because the 

database had nothing to actually compare the geometry with. 

There is evidence of hydrogen bonding present in this structure 

(see Figure 9 – indicated by the dashed lines). Details of the 

hydrogen bonding geometry appears in Table 3 below: 

 

Table 3. Hydrogen-bond geometry of [CoIII(tren)(NCO)(NH3)]Cl2 (2) (Å, º) 

 D—H···A D—H H···A D···A D—H···A 

N3—H3A···Cl1ii 0.88 (1) 2.47 (2) 3.243 (3) 146 (3) 

N3—H3B···Cl1i 0.88 (1) 2.40 (2) 3.232 (3) 160 (3) 

N6—H6A···Cl1ii 0.88 (2) 2.50 (5) 3.326 (2) 157 (10) 

N6—

H6B···Cl1iii 

0.88 (2) 2.46 (4) 3.326 (2) 168 (14) 

N6—H6C···O1iv 0.87 (2) 2.10 (2) 2.952 (5) 167 (4) 

N4—H4A···Cl1 0.88 (2) 2.34 (2) 3.2222 (16) 177 (6) 

N4—H4B···Cl1i 0.88 (2) 2.58 (4) 3.2222 (16) 131 (5) 

Symmetry codes:  (i) x, −y+1/2, z;  (ii) −x+1/2, y−1/2, z+1/2;  (iii) −x+1/2, 

−y+1, z+1/2;  (iv) x, y, z−1. 

The yield of this material was extremely low with only a few 

single crystals obtained and therefore this complex was only 

characterized by Single-crystal X-ray Diffraction. There was 

insufficient material for analyses by FTIR, NMR and UV-VIS.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Molecular structure of [CoIII(tren)(NCO)(NH3)]Cl2 (2) with 

displacement ellipsoids drawn at 50% probability, showing the atomic 

numbering scheme where the heteroatoms have been labelled only for 

clarity, and showing the atoms that are disordered across the mirror plane. 

Dashed green lines indicate hydrogen bonds. 

 

Conclusions 

[CoIII(tren)Cl2)]Cl can be prepared in excellent yields following a 

two step synthetic protocol using CoCl2.6H2O and tris(2-

aminoethyl)amine (tren) under ambient conditions. The solvent 

used for crystallization plays a crucial role in stabilizing the 

resulting compound by involvement in intermolecular H bonding. 

The complex isolated by crystallizing in water, displays a rare 

hydroxonium (H7O3)+ molecular ion aggregate mediated by 

extensive hydrogen bonding, which stabilizes the dimeric 

asymmetric unit by intermolecular H bonds.  

The said compound successfully cleaves urea, following a 

dissociation mechanism forming isocyanic acid and ammonia. 

The isocyanic acid then coordinated to the metal centre and was 
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isolated as an isocyanato complex (2). The products are 

eventually released, generating the catalytic species available for 

the next catalytic cycle. Although, the results are similar to some 

of the reported Urease mimics in literature, to the best of our 

knowledge, the cobalt-isocyanato complex (2) is the first of its kind 

to be reported in literature. The reaction mechanism does not fit 

well into the Michaelis-Menten enzyme kinetics equation. 

Nevertheless, the reaction follows a first order kinetics with 

respect to both urea as well as the catalyst.  

 

 

Experimental Section 

Materials and instrumentation  

All chemicals were used as received without further purification and were 

of the analytical grade. CoCl2.6H2O(Sigma Aldrich), tris(2–

aminoethyl)amine (Sigma Aldrich), Urea (Saarchem) were used as 

obtained. FT-IR spectra were recorded in Attenuated total reflection mode 

on a Spectrum BX, Perkin Elmer FT–IR spectrometer. Electronic spectra 

of complexes were recorded in water on a Shimadzu 1800 UV–Vis 

spectrophotometer. 1H NMR and 13C NMR spectra were recorded in 

D2O/CH3OD on a Bruker Ultrashield 400 Nuclear Magnetic Resonance 

Spectrometer. NMR kinetics were performed on a Bruker Ascend 500 

Nuclear Magnetic Resonance Spectrometer. High resolution mass spectra 

(HRMS) in positive ion electrospray ionization mass spectrometry mode 

were obtained on a Waters Synapt G2 mass spectrometer in CH3CN. 

SCXRD data were obtained on a Bruker Apex – II Duo CCD diffractometer. 

Syntheses 

[Co(tren)(NO2)2]Cl (1a): NaNO2 (7.2664 g, 0.105 mol) was added to a 

solution of CoCl2·6H2O (11.9819 g, 0.05 mol) in 10 mL deionised H2O in a 

100 mL side–arm flask. To this solution, a solution of HCl (4.4 mL, 32%) 

and 7.5 mL tris(2–aminoethyl)amine (tren) in 10 mL deionised H2O was 

added and placed in an ice bath. Air oxidation was done for 2 hours and 

then a yellow–brown product was obtained and collected by suction 

filtration. The product was recrystallized in a minimum amount of warm 

water and recovered by suction filtration and dried. Yield: 9.7931 g, 67.3%. 

Selected IR bands (Figure S4) (ѵmax, cm–1): ѵ(N–H): 3281, 3156, 3091; 

ѵ(N–O) 1589; ѵ(CH2) 1474; ѵ(NO2) 1339, 1304; ѵ(C–N) 1146; ѵ(NH) 827; 

ѵ(CH2) 745. UV-Vis (Figure S10) (H2O): 438 nm (ε, 46.33 M-1 cm-1), 322 

nm (ε, 788 M-1 cm-1). 1H NMR (Figure S5) (D2O, 400MHz): δ (ppm) 3.48 – 

3.24 (m, 8H, –N–CH2–CH2–N–), 3.08 – 3.01 (m, 4H, –N–CH2–CH2–NH2). 
13C NMR (Figure S6) (D2O + CH3OD, 400 MHz): δ (ppm) 62.46, 60.22, 

44.43.  

([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) ((1)2·(Cl)(H7O3)): [Co(tren)(NO2)2]Cl 

(7.0008 g, 0.021 mol) was added into a 100 mL beaker and then 32% HCl 

(50 mL) was added to it. The solvent was then evaporated on a hot water 

bath to dryness and then the precipitate was dissolved in a minimum 

amount of warm deionised H2O. The precipitate was isolated by vacuum 

filtration and washed with cold deionised H2O and MeOH. Yield: 5.9011 g, 

90%. Selected IR bands (Figure S7) (ѵmax, cm–1): ѵ(N–H): 3234, 3135, 

3081; ѵ(CH2) 1591, 1480; ѵ(C–N) 1160, 1032; ѵ(NH) 896; ѵ(CH2) 743. 

UV-Vis (Figure S10) (H2O): 533 nm (ε, 561 M-1 cm-1), 370 nm (ε, 385 M-1 

cm-1). 1H NMR (Figure S8) (D2O, 400MHz): δ (ppm). 3.60 – 3.56 (m, 2H, –

N–CH2–CH2–N–), 3.39 – 3.32 (m, 4H, –N–CH2–CH2–N–), 3.25 – 3.22 (t, 

2H, –N–CH2–CH2–N–), 2.86 – 2.82 (m, 2H, –N–CH2–CH2–N–), 2.74 – 2.70 

(t, 2H, –N–CH2–CH2–N–). 13C NMR (Figure S9) (D2O + CH3OD, 400 MHz): 

δ (ppm) 61.04, 60.00, 44.63, 43.47.  

[CoIII(tren)(NH3)(NCO)]Cl2 (2): Urea (1.0020 g, 17 mmol) was dissolved in 

30 mL deionised H2O and then [Co(tren)Cl2]Cl (0.535 g, 0.75 mmol) was 

added to the stirring solution. The pH of the solution was adjusted to 9.0 

with freshly prepared 10% LiOH and then stirred at 40 ºC for 2 hours. The 

reaction was allowed to cool to room temperature and then left to stand 

and evaporate at room temperature for a couple of days after which orange 

rod–like crystals suitable for SC–XRD precipitated out. The concentrations 

of LiOH used for pH regulations were adjusted according to the 

concentration of the catalyst used for analysis to obtain a pH range of 9 – 

9.2.    

Catalytic hydrolysis of Urea as monitored by 1H NMR 

A solution of ([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3), ((1)2·(Cl)(H7O3)) (0.124 g, 0.17 

mmol) in 10 mL D2O was incubated at pH 9  0.05  for 2 h in the presence 

of LiOH. Urea (0.240 g, 4.0 mmol) was added to this solution, and 0.5 mL 

of the solution was sealed in an NMR tube and the solution was maintained 

at 45 °C for about 12 h. The progress of reaction was monitored by 

recording 1H NMR spectra of the reaction mixture every 15 minutes.  

Catalytic hydrolysis of Urea as monitored by UV–Vis  

The Ureases activity of ([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) ((1)2·(Cl)(H7O3)) was 

also analysed by monitoring the release of NH3 by use of suitable dye 

indicators – phenolphthalein. Therefore, the reaction was followed 

employing UV–Visible spectroscopy by monitoring the absorbance 

increment at 552 nm due the alkaline quinone form of phenolphthalein. 

The reaction was initiated by adding an aqueous solution of Urea (2 mL, 1 

× 10–2 M) to an aqueous solution of ((1)2·(Cl)(H7O3)) (2 mL, 4.5 × 10–3 M) 

pH incubated at 9  0.05 with 1 % LiOH  solution in water. Phenolphthalein 

(1 mL, 1%) was added to this reaction mixture, and it was incubated at 

45 °C. The UV–Visible spectrum of the resulting reaction mixture was then 

recorded every 2 minutes as a function of time in repeat scan mode for 2 

h. Steady state kinetics was performed similarly over a period of 3 minutes 

at different temperatures ranging from 20 °C to 50 °C, and the initial rates 

were calculated from the slope of absorbance vs time plots. The initial 

rates were then fitted to Arrhenius plot to calculate activation energy Ea for 

the reaction from nonlinear curve fit using Origin 8.0 software. The stability 

of the indicator, phenolphthalein at the reaction pH was monitored by 

UV/Vis spectroscopy (see Figure S 11). 

Single Crystal Data - Experimental 

Dichloro(tris-2-amino(ethylamine))cobalt(III) chloride hydrate, 

[CoIII(tren)Cl2]Cl·H2O, (1·H2O) 

Single purple block-shaped crystals of Complex I were obtained by 

recrystallisation from concentrated hydrochloric acid (32% solution). A 

suitable crystal (0.27×0.18×0.13) mm3 was selected and mounted on the 

tip of a MiTeGen MicroMount© and then placed on a Bruker APEX-II CCD 

diffractometer. The crystal was kept at T = 100(2) K during data collection. 

Using Olex2[48], the structure was solved with the ShelXT 2014/5[49,50] 

structure solution program, using the Intrinsic Phasing solution method. 

The model was refined with ShelXL-2017/1[49,50] using Least Squares 

minimisation.  

A detailed structural description is included in the SI. 

 Bis-(dichloro(tris-2-amino(ethylamine))cobalt(III) chloride 

hydroxonium chloride, ([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3), ((1)2·(Cl)(H7O3)) 

Single clear dark violet plank-shaped crystals of Complex II were obtained 

by recrystallisation from water. A suitable crystal (0.39×0.29×0.20) mm3 

was selected and mounted on the tip of a MiTeGen MicroMount©.and then 

placed on a Bruker APEX-II CCD diffractometer. The crystal was kept at T 

= 100.1 K during data collection. Using Olex2[48] the structure was solved 
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with the ShelXS−97[49,50] structure solution program, using the Direct 

methods solution method. The model was refined with ShelXL-2017/1[49,50] 

using Least Squares minimisation. 

Ammonio(tris-2-amino(ethylamine))isocyanatocobalt(II) chloride 

[CoIII(tren)(NCO)(NH3)]Cl2 (2)  

Single clear dark brown block-shaped crystals of Complex III were 

obtained by recrystallisation from the mother liquor of the catalytic reaction 

mixture. A suitable crystal (0.15×0.14×0.14) mm3 was selected and 

mounted on the tip of a MiTeGen MicroMount©.and then placed on a 

Bruker APEX-II CCD diffractometer. The crystal was kept at T = 100(2) K 

during data collection. Using Olex2[48], the structure was solved with the 

ShelXS−97[49,50] structure solution program, using the Direct methods 

solution method. The model was refined with ShelXL-2017/1[49,50] using 

Least Squares minimisation. 

Single Crystal Data and Structure Quality Indicators 

Bis-(dichloro(tris-2-amino(ethylamine))cobalt(III) chloride) 

hydroxonium chloride, ([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3), ((1)2·(Cl)(H7O3)) 

C12H43Cl7Co2N8O3, Mr = 713.55, monoclinic, P21/n (No. 14), a = 

19.732(3) Å, b = 8.0255(12) Å, c = 20.161(3) Å,  = 118.466(3)°,  =  = 

90°, V = 2806.7(7) Å3, T = 100.1 K, Z = 4, Z' = 1, (MoKa) = 1.879, 39625 

reflections measured, 7021 unique (Rint = 0.0830) which were used in all 

calculations. The final wR2 was 0.0770 (all data) and R1 was 0.0356 (I > 

2(I)). Data were measured using  and  scans of 0.50 ° per frame for 10 

s using MoK radiation (graphite monochromated, 50 kV, 30 mA). The 

total number of runs and images was based on the strategy calculation 

from the program APEX2[51]. The maximum resolution achieved was  = 

28.387°. Cell parameters were retrieved using SAINT[52] software and 

refined using SAINT[52] on 3885 reflections, 10 % of the observed 

reflections. Data reduction was performed using the SAINT[52] software 

which corrects for Lorentz polarisation. The final completeness is 100.00 % 

out to 28.387° in . A multi-scan absorption correction was performed 

using SADABS-2012/1[54] was used for absorption correction. wR2(int) was 

0.0728 before and 0.0648 after correction. The ratio of minimum to 

maximum transmission is 0.8776. The /2 correction factor is 0.0015. The 

absorption coefficient  of this material is 1.879 mm-1 at this wavelength 

( = 0.71073Å) and the minimum and maximum transmissions are 0.6544 

and 0.7457. Structure refinement was carried out such that all non-

hydrogen atoms were refined anisotropically Most hydrogen atom 

positions were calculated geometrically and refined using the riding model, 

but some hydrogen atoms were refined freely. The H atoms that were 

allowed to refine freely were, in most cases, restrained by DFIX 

parameters as their refinement had a slight tendency to become unstable, 

resulting in unequal N−H bond lengths. 

Ammonio(tris-2-amino(ethylamine))isocyanatocobalt(III) dichloride 

[CoIII(tren)(NCO)(NH3)]Cl2 (2) 

C7H21Cl2CoN6O, Mr = 335.13, orthorhombic, Pnma (No. 62), a = 

16.162(3) Å, b = 11.562(2) Å, c = 7.1615(12) Å,  =  =  = 90°, V = 

1338.2(4) Å3, T = 100(2) K, Z = 4, Z' = 0.5, (MoKa) = 1.677, 12702 

reflections measured, 1763 unique (Rint = 0.0810) which were used in all 

calculations. The final wR2 was 0.1053 (all data) and R1 was 0.0414 (I > 

2(I)). Data were measured using  and  scans of 0.50 ° per frame for 10 

s using MoK radiation (graphite monochromated, 50 kV, 30 mA). The 

total number of runs and images was based on the strategy calculation 

from the program APEX2[51]. The maximum resolution achieved was  = 

28.391. Cell parameters were retrieved using SAINT[52] software and 

refined using SAINT[52] on 1483 reflections, 12 % of the observed 

reflections. Data reduction was performed using the SAINT[52] software 

which corrects for Lorentz polarisation. The final completeness is 100.00 % 

out to 28.391° in . A multi-scan absorption correction was performed 

using SADABS-2012/1[54] was used for absorption correction. wR2(int) was 

0.0695 before and 0.0645 after correction. The ratio of minimum to 

maximum transmission is 0.8852. The /2 correction factor is 0.0015. The 

absorption coefficient  of this material is 1.677 mm-1 at this wavelength 

( = 0.71073Å) and the minimum and maximum transmissions are 0.6602 

and 0.7458. Structure refinement was carried out such that all non-

hydrogen atoms were refined anisotropically Most hydrogen atom 

positions were calculated geometrically and refined using the riding model, 

but some hydrogen atoms were refined freely. The value of Z' is 0.5. This 

means that only half of the formula unit is present in the asymmetric unit, 

with the other half consisting of symmetry equivalent atoms. 

Some details of the crystal structure determination are also given in Table 

5. CCDC 1848991 ([CoIII(tren)Cl2]Cl·H2O, (1·H2O)), 1848992 

(([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) ((1)2·(Cl)(H7O3))) and 1848993 

([CoIII(tren)(NH3)(NCO)]Cl2 (2)) contain the supplementary crystallographic 

data for the structures reported in this paper. These data can be obtained 

free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from 

the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge 

CB2 1EZ, UK; fax: (+44) 1223 336 033; or e–mail: 

deposit@ccdc.cam.ac.uk. Supplementary data associated with this article 

can be found, in the online version, at doi: $$$$$. 

Table 5. Crystal data and structure refinement for  ([CoIII(tren)Cl2]Cl)2·(Cl)(H7O3) 

((1)2·(Cl)(H7O3)), [CoIII(tren)(NH3)(NCO)]Cl2 (2) 

 (1)2·(Cl)(H7O3) (2) 

Formula 2(C6H18Cl2CoN4)·3(Cl)·H3O·2(H2O) C7H21CoN6O·2(Cl) 

T   100 K 100 K 

Wavelength, 

Å 

0.71073 Å 0.71073 Å 

Formula 

weight  

713.55 335.13 

Crystal 

System 

Monoclinic  Orthorhombic,  

Space 

Group 

P21/n Pnma 

a 19.732 (3) Å 16.162 (3) Å 

b 8.0255 (12) Å 11.562 (2) Å 

c 20.161 (3) Å 7.1615 (12) Å 

   118.466 (3)°  

V   2806.7 (7)  Å3 1338.2 (4)  Å3 

Z   4 4 

F(000)  1472 696 
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Dx   1.689 Mg m-3 1.663 Mg m-3 

 1.88 mm-1 1.68 mm-1 

   2.3–28.3° 2.5–26.5° 

Rint   0.083 0.081 

Crystal Size 0.39 × 0.30 × 0.20 mm 0.15 × 0.14 × 0.14 

mm 

Goodness–

of–fit on F2 

1.01 1.01 

R[F2 > 

2(F2)] 

0.036 0.041 

wR2 (all 

data) b 

0.077 0.105 

Largest 

differences 

peak and 

hole (eÅ–3) 

0.59 and –0.57 2.74 and –0.53 
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