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Abstract 

A plausible mechanism for the nucleophile-mediated ring expansion of 4-chloromethyl-1,2,3,4-

tetrahydropyrimidin-2-one into 2,3,6,7-tetrahydro-1H-1,3-diazepin-2-ones based on DFT calculations at 

B3LYP/6-31+G(d,p) level is discussed. This mechanism involves the following subsequent steps: N(1)H 

deprotonation under the action of nucleophile, intramolecular nucleophilic substitution of the chlorine 

atom to give cyclopropane bicyclic intermediate, nucleophile-promoted cyclopropane ring opening 

leading to 2,5-dihydro-1H-1,3-diazepin-2-one, and addition of nucleophiles to the C=N bond to afford 

the final diazepinones. 
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Introduction 

Monocyclic tetrahydro-1H-1,3-diazepin-2-ones, particularly alkyl 2-oxo-2,3,6,7-tetrahydro-1H-1,3-

diazepine-5-carboxylates (e.g. 1; Figure 1), are the representatives of rare heterocyclic scaffold.
1,2

 

 

 

 

Figure 1. Structures of Biginelli compounds 2 and their seven-membered homo-analogues 1. 

 

In contrast to their six-membered analogues, so-called Biginelli compounds (e.g. 2),
3
 which are 

readily available and widely studied heterocycles with remarkable biological activities,
4,5

 diazepines 1 



remain practically unknown. Some of them were shown to be useful in the treatment of cardiovascular 

disorders.
6
 However, extensive biological studies and synthetic applications of these heterocycles are 

hampered by their extremely low availability. 

The only described synthesis of diazepines 1 involves the reaction of ring expansion of methyl- or 

ethyl-4-chloromethyl-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylates 3a,b under the action 

of nucleophilic reagents (Scheme 1).
6,7

 

 

 

 

Scheme 1. Synthesis of 1,3-diazepines 1 from their pyrimidine precursors 3a,b. 

 

Principal limitations of this method are poor accessibility and low diversity of starting pyrimidines. 

The reported synthesis of the latter are specific and cannot be applied for the preparation of target 

pyrimidines with other substituents at C4, C5 and C6 positions.
7c,d

 

 Recently, we have developed a general five-step approach to various 5-functionalized 4-

chloromethyl-, 4-mesyloxymethyl- and 4-tosyloxymethyl-1,2,3,4-tetrahydropyrimidin-2-ones 4a-c and 

demonstrated that these compounds can be used for the synthesis of a number of tetrahydro-1H-1,3-

diazepin-2-ones 5 via nucleophile-mediated ring expansion reaction.
8
 

 

 

 

Scheme 2. Ring expansion of tetrahydropyrimidin-2-ones 4a-c into 1,3-diazepines 5. 

 

It is of great importance to study mechanism of the above transformation and related ring expansion 

reactions of nitrogen-containing heterocycles (1,4-dihydropyridines
9
 and 9,10-dihydroacridines

10
) with 

HN–CC–C–C–LG moiety (A, Scheme 3).
11

 

 

 



 

 

 

Scheme 3. Proposed one-carbon atom ring expansion pathway. 

 

The reported data indicate that the basicity of nucleophile plays an important role for initiation of all 

these reactions, since they start from the abstraction of proton from NH group to give anion B. 

Subsequent intramolecular substitution of good-leaving group results in bicyclic intermediates C whose 

transformations via cyclopropane ring opening lead to ring expansion products D. 

However, a general proposed mechanism of the ring expansion outlined in Scheme 3 was based 

mainly on speculative insights. No experimental evidence of the formation of cyclopropane 

intermediates C was reported. It should be noted that the reaction of ring expansion of N(1)-unsubstituted 

tetrahydropyrimidines to tetrahydro-1,3-diazepines could proceed not only via cyclopropane 

intermediates (Scheme 4, route a) but also via aziridine ones (route b). Ring expansion reactions 

involving aziridine intermediates are well documented.
12

 

 

 

 

Scheme 4. Two possible pathways of one-carbon atom ring expansion of pyrimidines. 

 

Obviously, formation of 7- or 6-substituted diazepines could be expected following pathway (a) or 

(b), respectively. Our experimental and reported data showed that the only isolated products were 7-

substituted diazepines, which proves that the reaction proceeds via pathway (a). Thus, we attempted to 

rationalize the mechanism of the pyrimidine ring expansion including the reason of exclusive formation 

of cyclopropane intermediates. Herein we describe this mechanism based on computational data. 

 

 



 

Results and discussion 

The calculations were performed for nucleophile-mediated ring expansion reaction of 4-chloromethyl-

1,2,3,4-tetrahydropyrimidin-2-one as a model compound. The geometry optimizations of all key 

stationary points were carried out at the B3LYP level of theory using Gaussian 09 suite of quantum 

chemical programs.
13

 Pople’s basis sets, 6-31+G(d,p), was employed for geometry optimization in the 

gas phase and in solution. The effect of continuum solvation was incorporated using the polarizable 

continuum model. Since MeCN was the typical solvent in the reactions studied, we chose the dielectric 

constant of MeCN (ε = 36.6) in the condensed-phase calculations. Enthalpies and Gibbs free energies 

were obtained by adding unscaled zero-point vibration energy corrections (ZPVE) and thermal 

contributions to the energies. All transition states were optimized and characterized as a first order 

saddle point by harmonic vibration frequency analysis. The only one imaginary frequency of the first-

order saddle point was subjected to visual inspection to examine whether it represented the desired 

reaction coordinate. The intrinsic reaction coordinate (IRC) analysis was performed to authenticate that 

the transition state pertains to the desired reaction coordinate. The IRC calculations were carried out at 

the B3LYP/6-31+G(d,p) level of theory. 

 We performed the B3LYP/6-31+G(d,p) calculations for both routes (a and b) of reaction of 

compound 6 with cyanide-ion in the gas phase and in MeCN solution (Scheme 5). 

 

 

 

Scheme 5. Two plausible pathways of the ring expansion of pyrimidine 6 into diazepine 7 

under the action of cyanide-anion. 

 



Three principal steps for both the proposed pathways were calculated: (a) deprotonation of N(1)H and 

N(3)H in 6 under the action of nucleophile resulting in the corresponding anions A and B; (b) formation 

of cyclopropane or aziridine bicyclic intermediates C and D from anions A and B, respectively; (c) 

cyclopropane ring opening in intermediate C to give ring expansion products followed by their 

transformation into the final diazepinone 7. 

Calculations showed that deprotonation of the N(1)H group to give anion A was much more 

preferable than formation of anion B. Higher stability of anion A compared with B (ΔG = 5.29 kcal/mol 

in the gas phase and 4.09 kcal/mol in MeCN) can be explained by effective delocalization of negative 

charge in this anion. Thus, the equilibrium concentration of anion B leading to aziridine intermediate D 

(route b) is extremely low, therefore the ring expansion proceeds via cyclopropane intermediate С (route 

a). 

Intramolecular nucleophilic substitution of chlorine in the most stable conformations of pyrimidine 

anions A and B with antiperiplanar relationship between chlorine and the C5 or N(3) atoms, respectively, 

lead to intermediates C and D. For both reactions relatively low activation barriers (ΔG = 8.04 and 9.10 

kcal/mol in the gas phase, 8.74 and 9.52 kcal/mol in MeCN, respectively) and a decrease in the Gibbs 

free energies were found (Figure 2). 

 

 

Figure 2. Gibbs free energy profiles (B3LYP/6-31+G(d,p)) for cyclopropane and aziridine intermediates 

formation via intramolecular nucleophilic substitution of chlorine in N(1)- and N(3)-anions of 4-

chloromethyl-1,2,3,4-tetrahydropyrimidin-2-one (6) in gas phase. Free energies in kcal/mol at 298 K and 

1 atm. 



Under basic conditions, bicycle C can transform into intermediate dihydrodiazepinone H following 

two possible pathways (Scheme 5): (1) NH deprotonation followed by ring expansion (C → E → F → 

H) or (2) electrocyclic opening of cyclopropane ring (C→ G → H). The energy barrier ΔG for 

transformation of C into G was found to be 10.31 kcal/mol in the gas phase and 8.12 kcal/mol in MeCN. 

In contrast, anion E resulted from NH deprotonation of C is extremely unstable. This anion undergoes 

ring expansion to give diazepine anion F without energy barrier (ΔG = 0 kcal/mol) in the gas phase or 

with a very low barrier (ΔG = 0.06 kcal/mol) in MeCN. Further detailed calculations using CN-anion as 

a base showed that the pre-reaction complex of cyclopropane intermediate C with this anion undergoes 

both the zero-bridge cleavage and NH deprotonation with an activation barrier of ∆G = 4.45 kcal/mol 

(the gas phase, 298 K, 1 atm) to give the post-reaction complex of anion F with HCN. Ring expansion of 

the pre-reaction complex of intermediate C and CN-anion in MeCN solution proceeds via zero-bridge 

cleavage with an energy barrier of G = 6.17 kcal/mol to provide the complex G·CN
-
. The initial ring 

expansion products further form dihydrodiazepinone H followed by the addition of HCN to the C=N 

double bond to give the target diazepine 27. It should be noted that transformation of bicycle C into 

diazepine H promoted by bases is a thermodynamically favorable process with ∆G = –9.86 kcal/mol and 

∆G = –8.16 kcal/mol in the gas phase and MeCN, respectively (298 K, 1 atm). 

We believe that the nucleophile-promoted ring expansion of 5-functionalized pyrimidines 4a-c into 

diazepines 5 proceeds, in general, analogously to that described above for compound 6 (Scheme 6). 

However, we suppose that the presence of an electron-withdrawing group at the C5 in the starting 

compounds may assist the reaction. 

 

 

 

Scheme 6. Plausible pathway of ring expansion of pyrimidines 4a-c under action of nucleophiles. 

 

According to the above discussed mechanism, transformation of pyrimidinones 4a-c into 

diazepinones 5 includes two consecutive reaction sets. The first set is the pyrimidine ring expansion 

controlled only by basicity of the nucleophile to result in dihydrodiazepinones A, and the second is 

nucleophilic addition to the latter determined by nucleophilicity of the nucleophile to give the final 

products. 



Conclusion 

A plausible mechanism of pyrimidine ring expansion in 4-chloromethyl-1,2,3,4-tetrahydropyrimidin-2-

one based on the DFT calculations at B3LYP/6-31+G(d,p) level was proposed. This mechanism 

involved the following subsequent steps: N(1)H deprotonation under the action of nucleophile, 

intramolecular nucleophilic substitution of chlorine atom to give the cyclopropane bicyclic intermediate, 

nucleophile-mediated cyclopropane ring opening leading to 2,5-dihydro-1H-1,3-diazepin-2-one, and 

addition of nucleophiles to the C=N bond to afford the final diazepinones.  
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