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Room temperature hydrolysis of benzamidines and benzamidiniums in 
weakly basic water 

Li-Juan Yu, Duncan A. Cullen, Mahbod Morshedi, Michelle L. Coote,* and Nicholas G. White* 

Benzamidinium compounds have found widespread use in both medicinal and supramolecular chemistry. In this work, we show that 

benzamidiniums hydrolyse at room temperature in aqueous base to give the corresponding primary amide. This reaction has a half-life of 300 

days for unsubstituted benzamidinium at pH 9, but is relatively rapid at higher pHs (e.g. t1/2 = 6 days at pH 11 and 15 hours at pH 13). Quantum 

chemistry combined with first principles kinetic modelling can reproduce these trends and explain them in terms of the dominant pathway being 

initiated by attack of HO– on benzamidine. Incorporation of the amidinium motif into a hydrogen bonded framework offers a substantial protective 

effect against hydrolysis. 

Introduction 

Compounds based on benzamidine or protonated 

benzamidinium functional groups are used in a wide range 

of biological and medicinal chemistry applications, and are 

seeing increasing use in supramolecular chemistry.1, 2 The 

high basicity of amidine and benzamidine derivatives 

means that they are protonated under physiological 

conditions and as a result have high water solubility, but 

potentially low bioavailability.  

Numerous drug molecules contain some form of 

amidine/amidinium functionality, and many are based on 

benzamidinium groups.3 Indeed, unsubstituted 

benzamidinium is an effective trypsin inhibitor,4 and  

several benzamidinium molecules have been developed 

as reversible serine protease inhibitors, acting by hydrogen 

bonding to a carboxylate residue in the enzymes’ active 

site.3, 5, 6 A wide range of drug molecules containing two 

benzamidinium moieties attached through simple linker 

groups are available, perhaps most notably pentamidine 

(Figure 1),7, 8 which is a World Health Organization 

Essential Medicine used for treatment of protozoan 

infections. 

Benzamidinium groups have also proven useful in 

supramolecular chemistry, both in the context of host–

guest chemistry and in self–assembly. Early studies by 

Nocera,9 Gale10, 11 and Diederich12, 13 demonstrated that 

strong interactions were possible between the 

benzamidinium group and carboxylates in solution 

(including polar organic solvents and water), and these and 

similar interactions have subsequently been used to 

prepare a range of self–assembled structures. Notably, 

Crego-Calama’s group pioneered the development of 

capsules based on benzamidinium∙∙∙carboxylate and 

benzamidinium∙∙∙sulfonate interactions,14, 15 and Yashima 

has developed a range of structures including catenanes, 

helices and capsules assembled via 

benzamidinium∙∙∙carboxylate hydrogen bonds.16-19 More 

recently, our group20-22 and the groups of Ben and 

Comotti23, 24 have demonstrated that benzamidinium 

groups can be used to form hydrogen bonded frameworks 

with carboxylate and sulfonate anions.  

 Given the relevance of these functional groups in both 

medicinal and supramolecular chemistry, it is important to 

understand their stability. Lewis and Wolfenden have 

completed a detailed study of the decomposition of 

alkylamidine and alkylguanidine derivatives at elevated 

temperatures: they showed that decomposition in water 

occurred via hydrolysis rather than elimination. 

Importantly, protonation of the neutral amidine/guanidine 

species dramatically slowed decomposition.25 We also 

note that commercially-available benzamidinium chloride 

is noted by at least one manufacturer to be sensitive to 

oxidation in aqueous solution.26  

In certain circumstances, we have isolated amide-

containing products when starting from benzamidiniums. In 

this report, we investigate the hydrolysis of 

benzamidiniums at room temperature. We show that while 

the rate of hydrolysis is negligible at neutral pH, it becomes 

significant under mildly basic conditions and rapid in strong 

aqueous base (e.g. t1/2 = 15 hrs at room temperature at pH 

13). We do not observe any evidence for oxidation, even 

upon standing for extended periods in O2-saturated D2O .27  

 

Figure 1 Structure of benzamidine, benzamidinium, and pentamidine, and 

diagram showing the use of poly-amidiniums to prepare hydrogen bonded 

frameworks. 
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Results and discussion 

Isolation of tetra-amides from tetra-amidinium 

crystallisations: Our group has prepared a range of hydrogen 

bonded frameworks from benzamidinium and carboxylate 

tectons. We typically prepare the tetrabutylammonium (TBA) 

salts of the carboxylates and use these in the reaction, however 

we were interested to see whether it was possible to directly 

use the carboxylic acids and deprotonate in situ using an 

aqueous base such as NaOH or NH3. In many cases, this is 

possible, and indeed we have used this methodology when 

encapsulating enzymes within our hydrogen bonded 

frameworks.28 However, when we tried to make frameworks 

from the tetra-amidinium 24+ and anthracenedicarboxylate or 

bromoterephthalate in this way,29 we obtained single crystals 

not of the desired hydrogen bonded frameworks but of the tetra-

amide compound 4 (Figure 2). Similarly, when we attempted to 

prepare frameworks from the silicon-centred tetra-amidinium 

34+ and bicarbonate, we sometimes obtained crystals of the 

silicon tetra-amide 5. It was notable that in both of these cases, 

crystallization took a long time (several days). In fact in the case 

of the silicon-based system, if we used higher concentrations, 

crystallization occurred more rapidly and we did not obtain the 

tetra-amide 5, but instead obtained a hydrogen bonded salt of 

the tetra-amidinium.30  

 The crystal structures of 4 and 5 are isostructural and 

crystallize in the tetragonal space group P42/n. The structures 

assemble through N–H···O=C amide···amide hydrogen bonds, 

which have a double helical arrangement (Figure 2). While 

related systems based on self-complementary hydrogen bonds 

and tetraphenylmethane or tetraphenylsilane components form 

large solvent-filled channels,31-33 4 and 5 are close-packed and 

do not contain any solvent. Attempts to synthesize bulk 4 or 5 

by standing 2·Cl4 or 3·Cl4 in aqueous base did not result in 

clean conversion; the solid products appeared to be 

contaminated with amidine derivatives, i.e. on a bulk scale 

precipitation occurs before complete conversion to the amide. 

 

NMR study of hydrolysis of benzamidinium: To gain an 

understanding of the decomposition process, we initially 

investigated the hydrolysis of benzamidinium chloride (1∙Cl) 

using 1H NMR experiments in D2O. We initially studied what 

happened when 1∙Cl was exposed to the relatively weak bases, 

sodium hydrogencarbonate and sodium carbonate. After 24 hrs 

in the presence of one equivalent of Na2CO3, approximately 

15% of the benzamidinium cation had been hydrolysed to give 

benzamide, rising to approximately 50% after eight days. When 

only 10 mol% Na2CO3 was present, hydrolysis was slower with 

only 6% hydrolysis within 24 hours and 20% hydrolysis after 

eight days. In contrast hydrolysis was very slow when NaHCO3 

was used (approximately 10% hydrolyzed after three weeks in 

the presence of four equivalents of NaHCO3). 

 Given the apparent dependence on pH, we next studied 

hydrolysis of 1∙Cl in deuterated buffers. At pH 10, negligible 

hydrolysis was observed in the first few hours and after 30 

hours, less than 2% of 1+ had been hydrolyzed. Increasing pH 

dramatically increased the rate of hydrolysis, with 11% of 1+ 

hydrolyzed after 30 hours at pH 11, and 36% of 1+ hydrolyzed 

after 30 hours at pH 12 (Figure 3). Rate constants for these 

reactions are provided in Table 1, as well as rate constants in 

aqueous hydroxide (0.10 or 1.0 M), which are faster again. 

Interestingly the rate does not increase substantially on going 

from 0.10 to 1.0 M NaOH(aq), and these rates are only slightly 

faster than phosphate buffer at pH = 12. 

 

Figure 2  a) Conversion of tetra-amidiniums to single crystals of tetra-amides; b) 

diagram showing packing in crystal structure of 4 (C–H hydrogen atoms omitted 

for clarity), c) diagram showing double helical hydrogen bonding arrangement in 

crystal structure of 4. The structure of 5 is isostructural with 4 (Figures S3 and 

S4).  

 

Figure 3  Truncated 1H NMR spectra showing conversion of 1+ to benzamide 

(10 mM 1∙Cl in 100 mM phosphate buffer at pH = 12 in D2O, 400 MHz, 298 K).  
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Table 1  Rate constants for hydrolysis of 1∙Cl.  

Condition Rate constant, k (s–1)a t1/2 

Buffer,b pH = 9 2.7(6) × 10–8 300 days 

Buffer,b pH = 10 1.7(2) × 10–7 47 days 

Buffer,b pH = 11 1.3(1) × 10–6 6 days 

Buffer,b pH = 12 6.0(2) × 10–6 32 hrs 

0.10 M NaOHc  

initial pH = 13 

1.3(1) × 10–5 15 hrs 

1.0 M NaOHc  

initial pH = 14 

1.4(1) × 10–5 14 hrs 

a Estimated standard errors of the regression are given in parentheses. b10 mM 

1∙Cl, 100 mM phosphate buffer in D2O. c10 mM 1∙Cl and NaOH in D2O.  

 

Computational Study. To understand the pH-dependence 

of the hydrolysis rate, density functional theory calculations 

were performed at the M062X/Def2-TZVP//M06-2X/6-

31+G(d,p) level of theory using an SMD-based cluster 

continuum model to take into account solvent effects in 

water. A previous theoretical study of this substrate only 

considered reactions with water,34 though experimental25 

and computational35 studies of related substrates suggest 

HO– attack is likely to be involved, at least at some pH 

values.         

Thus, in the present work five pathways were 

considered corresponding to initial attack by either HO– or 

H2O on either benzamidinium or benzamidine. In the latter 

case, two different pathways for HO– attack were 

considered, one of which involves a subsequent H+ attack 

during the hydrolysis and is labelled HO– / H+. For each 

pathway, pseudo first order rate coefficients were 

calculated as a function of pH using analytical steady state 

kinetic models, that were derived based on the reasonable 

assumption that the final step in the process was 

irreversible, and that the concentrations of [HO–] and [H+] 

remained constant. Full methodological details and results 

are provided in the SI (the individual steps in each pathway 

are shown in Scheme S1). Table 2 provides the rate 

coefficients for each pathway as a function of pH, as well 

as the overall weighted rate coefficient, weighted by the 

speciation of benzamidinum versus benzamidine at each 

pH, as calculated using the experimental pKa of 

benzamidinium (11.6).36 

The dominant pathway involves HO– attack on the 

benzamidine, and even at low pH where the benzamidine 

concentration is 400 times smaller than the 

benzamidinium, the hydrolysis of benzamidine still makes 

the major contribution to the weighted rate coefficient. The 

low pH sensitivity of this dominant pathway stems from the 

fact that the first step involves attack by HO– but a 

subsequent step involves protonation, resulting in a rate 

coefficient for benzamidine is that is largely pH 

independent. The pH dependence of overall hydrolysis 

rate is governed largely by the pH dependence of the 

benzamidinium:benzamidine speciation. As a result, we 

predict computationally a smooth decrease in half-life as 

pH increases, and these results agree well with experiment 

(Figure 4).  

 

 

Figure 4 Comparison of computational and experimental half-lives for hydrolysis 

of 1∙Cl. 

 

  

Table 2 Computed pseudo-first order rate constants for hydrolysis of 1+.a 

pH 
[𝒃𝒆𝒏𝒛𝒂𝒎𝒊𝒅𝒊𝒏𝒆]

[𝒃𝒆𝒏𝒛𝒂𝒎𝒊𝒅𝒊𝒏𝒊𝒖𝒎]
 

Rate constant, k (s–1) 

half-life benzamidinium   benzamidine 
overall 

H2O HO–  H2O HO– HO– / H+ 

9 2.51 × 10–3 8.22 × 10–12 5.27 × 10–12  1.91 × 10-20 4.29 × 10–11 1.09 × 10–5 2.73 × 10–8 294 days 

10 2.51 × 10–2 2.61 × 10–11 5.27 × 10–11  1.91 × 10-20 4.29 × 10–10 1.16 × 10–5 2.84 × 10–7 28 days 

11 2.51 × 10–1 3.34 × 10–11 5.27 × 10–10  1.91 × 10-20 4.29 × 10–9 1.17 × 10–5 2.34 × 10–6 82 hrs 

12 2.51 3.43 × 10–11 5.27 × 10–9  1.91 × 10-20 4.29 × 10–8 1.17 × 10–5 8.38 × 10–6 23 hrs 

13 25.1 3.44 × 10–11 5.27 × 10–8  1.91 × 10-20 4.29 × 10–7 1.17 × 10–5 1.16 × 10–5 17 hrs 

14 251 3.44 × 10–11 5.27 × 10–7  1.91 × 10-20 4.29 × 10–6 1.17 × 10–5 1.59 × 10–5 12 hrs 
a Calculated using quantum-chemical predicted rate and equilibrium coefficients for the individual steps in each hydrolysis pathway shown in Scheme S1 

of the Supporting Information. The solution was assumed to be buffered at the specified pH for all calculations. The overall rate coefficient for hydrolysis 

is calculated as a weighted sum of those for benzamidinium and benzamidine, weighted by their speciation at the given pH. 
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NMR study of hydrolysis of poly-amidiniums: We were 

interested to see how charge affects the rate of hydrolysis of 

polycationic species such as 24+ and the bis-amidinium 62+. 

Unfortunately, it was not possible to study 24+ or 62+ in 

phosphate buffer, as they did not dissolve, which we attribute 

to the formation of insoluble (hydrogen)phosphate-containing 

networks. The same thing was observed when we attempted to 

use carbonate as base to study the hydrolysis of 24+, which we 

attribute to a similar phenomenon. The compounds 24+ and 62+ 

also did not dissolve in aqueous sodium hydroxide, which we 

attribute to formation of the insoluble bis/tetra-amidines.37 

 Using 1% NH3 in D2O, we were able to study the hydrolysis 

of 1+, 24+ and 62+. When 1+ was studied, all species stay in 

solution; however hydrolysis of 24+ and 62+ gives insoluble 

products, so we studied the disappearance of the starting 

material against a 1,4-dioxane standard. The rate of hydrolysis 

of 1+ in this solvent was 1.7(1) × 10–6 s–1, i.e. between the rates 

of buffer at pH 11 and 12, as would be expected given the pH 

of 1% NH3 in D2O (~11.5). Both the bis-amidinium 62+ and tetra-

amidinium 24+ hydrolyzed more rapidly than 1+, by a factor of 

approximately four for 62+ and three for 24+ (Table 2). These 

systems are not directly comparable with one another, as both 

amidinium moieties are attached to the same benzene ring in 

62+, while in 24+ the four amidinium moieties are on separate 

rings. Nevertheless, it is clear that poly-amidinium compounds 

hydrolyze more rapidly than simple 1+. 

 

Table 3  Rate constants for hydrolysis amidinium species in 1% NH3(aq).a  

Compound Rate constant, k (s–1)a t1/2 

1∙Cl 1.7(1) × 10–6 5 days 

2∙Cl4 5.4(2) × 10–6 36 hrs 

6∙Cl2 6.6(3) × 10–6 29 hrs 

a All compounds 10 mM, 1% NH3 is approximately 540 mM and has a pH of 

approximately 11.5.  b Estimated standard errors of the regression are given in 

parentheses. 

 

NMR study of hydrolysis of amidinium carboxylate 

frameworks: We were interested to see how robust 

amidinium∙∙∙carboxylate frameworks are in the present of base. 

We have previously demonstrated that enzymes encapsulated 

in frameworks are stable at pH 4–10, but decompose at pH 

14.28 We also only observed formation of 4 from 24+ when 

crystals of the amidinium∙∙∙carboxylate framework did not form 

rapidly – both of which suggest that crystallization may offer 

some form of protection against hydrolysis. To study this, we 

studied two hydrogen bonded frameworks: a 2D material 

formed from 62+ and terephthalate,38, 39 and a 3D network 

formed from 24+ and tetrakis(4-carboxyphenyl)methane20 (see 

Supporting Information for structures).  

Suspensions of these frameworks (10 mM) in 1% NH3 in 

D2O were stored at room temperature for seven days, and 

monitored by 1H NMR spectroscopy. If the amidinium 

compound decomposed, it would be expected that this would 

release the carboxylate into aqueous solution, however 

negligible leaching of any organic compounds into solution was 

observed. After seven days, the suspensions were filtered and 

the solid material analyzed by powder X-ray diffraction (PXRD), 

which revealed that both frameworks remained crystalline 

during this treatment (Figures S42 and S43). The solid 

materials were digested with DCl(aq), dissolved in d6-DMSO and 

analyzed by 1H NMR spectroscopy. This revealed negligible 

decomposition for the framework assembled from 62+, and 

minimal (~ 5%) decomposition for the framework prepared from 

24+. It appears that incorporation into a solid state framework 

offers a significant protective effect, given that free 62+ and 24+ 

are > 95% hydrolyzed within one week. When the frameworks 

were suspended in 100 mM NaOH(aq) (i.e. a starting pH of 13), 

significant decomposition was observed. 

Conclusions 

Benzamidinium containing molecules hydrolyze relatively 

rapidly at room temperature in weakly basic water, but do 

not appear to oxidize under these conditions. The rate of 

hydrolysis increases with increasing pH, primarily due to 

the effect of pH on the protonation state of the 

benzamidinium. DFT calculations combined with kinetic 

modelling reproduces the experimental results and 

indicates that the dominant pathway over the pH range 

studied (pH 9 – 14) is HO– attack on the benzamidine, 

followed by protonation of the intermediate species prior to 

hydrolysis. This individual pathway has a rate coefficient 

that is largely pH independent, but its rate declines with 

decreasing pH as benzamidine is increasingly protonated 

into its less reactive benzamidinium form. As a result, 

incorporating benzamidinium groups into a hydrogen 

bonded framework offers significant protection against 

hydrolysis. 

Experimental Section 

Benzamidinium chloride hydrate was recrystallized from 

1.0 M HCl(aq) before use.40 Characterization by X-ray 

crystallography revealed that crystals fresh from the 

mother liquor were the dihydrate, while thermogravimetric 

analysis indicated that the dried product was the 

monohydrate (see Supporting Information). The tetra-

amidinium compounds 24+ 22 and 34+
,
30 and the bis-

amidinium 62+ 38 were prepared as previously described, 

as were the hydrogen bonded frameworks assembled from 

62+ and terephthalate,39 and from 24+ and tetrakis(4-

carboxyphenyl)methane.20 Other compounds were bought 

from commercial suppliers and used as received. 

Computational methods 

All the geometry optimizations and single point energy 

calculations were performed with the Gaussian 16 software 

package.41 Geometries were optimized in water at the M06-

2X/6-31+G(d,p) level of theory42 with SMD solvent model,43 and 
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frequencies were also calculated at this level. Geometries were 

verified either as local minima (possessing no imaginary 

frequencies) or transition states (possessing only one 

imaginary frequency). Entropies, thermal corrections, and zero-

point vibrational energies were calculated using frequencies 

scaled by the recommended scaling factors based on solution 

phase optimized geometries.44 Improved single-point energies 

in gas phase were calculated using the Def2-TZVP basis set45 

with the same DFT functional. Reported Gibbs free energies in 

solution at 298 K were obtained via a thermocycle method in 

which electronic energy in gas phase at M062X/Def2-TZVP, 

was combined with entropies, thermal corrections, and zero-

point vibrational energies at M062X/6-31+G(d,p), solvation 

energies calculated at M062X/6-31+G(d,p) with SMD solvent 

model and the necessary phase change correction term.46 
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