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AM1 Studies on the Mechanism of Hydrolysis 
of Dini tro sern i-gl ycolu rii 

Li Yumin Xiao Heming' 

(Department of chemistry, Nanjing University of Science and 

Technology, Nanjing 21 001 1. P. R. China) 

Abstract 
Theoretical calculations on the hydrolyses of dinitro semi-glycoluril 

in neutral, acidic and alkaline media, have been performed by using 

AM1 method. The geometries of reactant, activated, and product com- 

plex for the hydrolysis processes have been fully .optimized. Both in neu- 
tral and acidic media, activated complexes with four-membered ring 

structure have been obtained, and reaction-coordinate eigenvectors reveal 

their concerted feature of component processes involved. In contrast, in 

alkaline media, the hydrolysis is relatively easy, since it proceeds without 

activation of reactant complex, and the potential energy curve of this hy- 

drolysis process obtained is also indicative of this. The calculated activa- 

tion energies for the hydrolyses of dinitro semi-glycoluril in neutral and 
acidic media are 217. 233 kJ/mol and 218. 856 kJ/mol respectively. 

Introduction 
It is well known that cyclic urea nitroamines are important energetic 

materials with many advantages such as high density. high energy. high 

zxpiosive speed and the like. However, the bad hydrostability of cyclic 
urea nitroamines Limits their practical use. Obviously theoretical study of 

their hydrolysis mechanism has certain significance in guiding the design 
of cyclic urea nitroamines with good characters. With reference to the 
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theoretical study concerning their hydrostability , only one example in- 
volving the quantum chemical calculations on the molecules of cyclic urea 
nitroarnines was reported by our group"], the results show that their hy- 
drostabilities are in relation to net charge on carbonyl carbon atom and 
influenced by steric hindrance, the presence of electron-withdrawing 
group bonded with the nitrogen atom adjacent to the carbonyl carbon 
atom is favourable to the hydrolysis. In order to investigate the hydroly- 
ses of cyclic urea nitroamines further, the AM1 semi-empirical MO 
method was used to calculate the dynamic property of hydrolysis of dini- 
tro semi-glycoluril, one of cyclic urea nitroamines, in neutral, acidic 
and alkaline media, the mechanism of the hydrolysis was discussed in this 

paper- 

Computational Method and Results 
Semi-empirical quantum-chemical calculations have been performed 

with MOPACs prograd'], as implemented locally on a Hp-9000-842 
computer at the National key laboratory of our university, using the 
AM1 hamiltonianC31. At this level, the geometry optimization was per- 
formed. saddle points were located with use of a combination of the 
SADDLE"] and NLLSQC5] algorithms, and confirmed by vibrational fre- 
quency analysis. 

The optimized structures for the reactant complex, activated com- 
plex and product complex for each of the hydrolysis processes of dinitro 
semi-glycoluril are shown in Figure 1, l R ,  1T and 1P (first row) for 
the hydrolysis process in neutral medium and 2R,  2T; 2P(second row) in 
acidic medium; The potential energy curve and optimized geometry of 
product complex for the hydrolysis of dinitro semi-glycoluril in alkaline 
medium are shown in Figure 2. Also shown are the lengths (in A)of the 
making and breaking bonds and the angles (in degree) between these 
bonds. Although all internal degrees of freedom were optimized, the val- 
ues of the remaining geometrical parameters are not listed here for 
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brevity’ s sake. Table 1 contains the heats of formation for various 
species optimized with AM1 method. 

Figure 3 shows pauling bond ordersC6] for making and breaking 
bonds of the activated complex, these are calculated from the data of Fig- 
ure 1, according to: 

where R(B) is the length of a bond of order B and values of R(1 )  for 
bonds with orders assumed to be unity, are taken from O1,-Hlf in 1R 
and from OII-CC~,CI-OIO,O~~-HI~ in 1P for 1T; from Ols-HIJin 2R 
and from Ola-Cz,C~--NI,NI-Hlg in 2P for 2T; Figure 3 also shows 
net atomic charges from Mulliken population analyses at the AM1 level 

for the optimized structures 1T and 2T. Figure 4 shows net atomic 
charges for AM1 optimized neutral and carbonyl oxygen protonated dini- 
tro semi-glycoluril , also include the structure parmeters mentioned in the 

Paper 

Discussion 
1. Hydrolysis in neutral medium. 
Calculation on the neutral moleculer of dinitro semi-glycoluril slows 

that the net charge in carbonyl carbon atom is as high as 0. 41 (see Fig- 
ure 4) ,  this is because both nitrogen atoms adjacent to this carbon atom 
are bonded with strongly electron-withdrawing nitro group, obviously, 
the carbon atom is liable to be attacked by nucleophiles. So the addition 
of water to carbonyl in dinitro semi-glycoluril may be the ‘key step of the 

hydrolysis of this compound. 
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NO, 

Recently, we have carried out the AM1 calculations on the hydroly- 
sis of n i t ro~rea~ '~ ,  and found that the hydrolysis of nitrourea in neutral 
medium features four-center carbonyl-addition reaction, in this reaction, 
bonding of nucleophile (HzO) with carbonyl carbon atom and transfer of 
one proton of the nucleophile to carbonyl oxygen proceed simultaneously, 
activated complex formed has cyclic structure, and this indicates a con- 
certed reaction. Ab initial and AM1 studies on the addition of neutral nu- 
cleophiles to carbonyls have been reported by I. H. Williams, et alC8-sl, 
they obtained similar results. It is expected that the hydrolysis of dinitro 
semi-glycoluril occurs according to the mechanism similar to the above- 
mentioned one due to the similar structure feuture between dinitro semi- 
glycoluril and nitrourea 

Calculation on reaction show that in the process of this reaction, 
with the attack of water to the carbonyl carbon atom, the distance Oll- 
C1 decreases, OI1 - Hlz increases, Hlz - 0 1 0  decreases and Ol0 - Cl in- 
creases gradually. When the distance Oll-C1 equal to 1. 584A, the ac- 
tivated complex with four-membered ring (Figure 1, 1T) forms, which 
has only one negative eigenvalue in force constant matrix and only one 
imaginary vibration, the activation energy was calculated to be 217. 233 
kJ/mol. With continuing of the reaction, the distance 011 - C1 decreases 
further, when it is equal to 1.400A , the reaction ends to produce the 
relatively stable intermediate. Obviously, in the whole process of the re- 
action, from reactant complex to activated complex, to final product 
complex, with the decrease of the distance 011 -C1 from 3. 101 to 1. 
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584A to final 1. 400A. the distance Oll-Hlz from 0.964A to 1. 251 
A to final 2. 115-A and the distance Olo-Hlz from 2. 228 to 1. 402K 
to 0. , nj974 -$. In other words, two component processes involved by 
reaction 1 :PT or proton transfer (the transfer of the proton from the nu- 
cleophilic reactant to the carbonyl oxygen) and HAR , or heavy-atom re- 
organization (the formation of carbon-nucleophile bond and the concomi- 
tant fission of carbonyl n-bond) are concerted. This is also shown by 
eigenvectors of the reaction coordinates of the activated complex 1T 
whase bond-order data (Figure 3) suggest that PT and HAR have oc- 
curred to the extent of 24% and 54% respectively. 

It is also noted that from reactant complex to activated complex to 
final product complex, the dihedral angle involving the oxygen of attack- 
ing water O11-C1-Nz-N4 changes from 126" to 117" to 124", the re- 
lated angle OI1-CCI-N~ from 82" to 115" to finial 119"; the dihedral 
angle involving the oxygen atom of carbonyl Olo-C1-NNz-N4 changes 
from -180" to -140" to -120" the related angle Olo--C1-N2 changes 
from 126" to 117" to 107". Obviously, the hybrization state of carbonyl 
carbon atom changes from initial sp2 in reactant complex to the find sp3 
in product complex. 
2. Hydrolysis in acidic media 

In acidic medium, protonation of some electron-donating atoms such 
as oxygen and nitrogen should be considered firstly. Calculation on the 
protonation of dinitro semi-glycoluril shows that carbonyl oxygen atom 
other than the other atoms is protonated predominately. So the hydrolysis 
of dinitro semi-glycoluril in acidic medium is, in fact ,a reaction between 
water and protonated dinitro semi-glycoluril. The determining step should 
be the nucleophile attack of water to the protonated carbonyl group, since 
the protonation of carbonyl is more favorable to such a attack (net charge 
on the protonated carbonyl carbon is as high as 0.44, as shown in Figure 

4)  
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011  0 1 0  

AM1 calculation on the reaction (2)  show. that with the attack of 
water, namely decrease of the distance Ola-CCt, the distance Cz -NI in- 
creases, N1 - HI9 decreases, HIS - OM increases. When the distance 0 1 1  
-Cz is equeal to 1. 480A, activated complex with four-membered ring 
structure forms, which is confirmed by only one negative eigenvalue in 
force constant matrix and only one imaginary vibration, the activation 
energy was calculated to be 218.856 kJ/rnol. With the continuing of the 
reaction, the distance Ol8--Cz decreases further, when it is equal to 1. 
336 A , obtaining relatively stable intermediate. Obviously, during the 
whoIe process of the reaction, with the distance 018 - CZ decrease progres- 
sively from 2. 699A to 1. 480A to final 1. 3 3 6 A ,  the distance ON- 
HI9 changes from 0.965A to 1.352A to final 4. 581A, the distance C2 

-N1 changes from 1. 387A to 1. 533A to 3. 1 7 4 A ,  the distance HIS- 
N1 changes from 4.6lOk to 1. 359A to final 1. 016A simultaneously. 
In other wards the three component processes involved: @the attack of 
oxygen atom of water to carbonyl carbon atom, @transfer of one proton 
of water to the one amine nitrogen connected with nitro group, @the fis- 
son of the bond between carbonyl carbon atom and nitrogen atom to 
whom the proton is transferred take plact at  the same. Additionly, the 
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bond-order data of the activated complex. as marked in Figure 3, suggest 
that the above-mentioned three component, have occurred to the extent 
62%, 28% and 38%, respectively. It can be concluded from these 
studies that the hydrolysis of dinitro semi-glycoluril in acidic medium is 
also a typical concerted reaction. 
3. Hydrolysis in alkaline medium 

OHe is a well-known strong nucleophile reagent, therefore, the hy- 
drolysis of dinitro semi-glycoluril in alkaline medium is the reaction be- 
tween OH0 and dinitro semi-glycoluril. 

01 4 
\ /  

During the calculation on the reaction, it is found that as the attack- 
ing reagent Ow approaches to the carbonyl carbon atom, the energy of 
the reactant complex decreases until the formation of product complex, 
no transition state forms. The potential curve for the hydrolysis is shown 
in Figure 2. 

The optimized structure for the product complex and dinitro semi- 

glycoluril are noted in Figure 2 and Figure 4 respectively. It is also noted 
that, from reactant complex to product complex, the bond length be- 
tween carbonyl oxygen and its carbon in dinitro semi-glycoluril changes 
from 1. 227 A to 1. 264 A ; the dihedral angle involving the oxygen 
atom of carbonyl 010-C1-N2-N4 changes from -177" to -116"; the 
related angle Olo-Ct--Nz changes from 126" to 113", remarkablely, the 
hybrization state of carbonyl carbon atom changes from sp' to sp'. 
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Conclusion 
As expected, the hydrolysis of dinitro serni-glycoluril is similar to 

that of nitrourea in some cases. But in alkaline medium, the hydrolysis 
of dinitro semi-glycoluril is quite different from that of nitrourea, in for- 
mer case, hydrolysis can proceed without the activation of reactant com- 
plex, while the activation energy required for the hydrolyses in latter case 
is calculated to be 245. 333 kJ/mol. The hydrolysis of dinitro semi-gly- 
coluril in neutral or acidic media involve activated complexes with four- 
membered ring structure, and can be regarded as concerted reactions. 
The remarkable difference between the hydrolysis in neutral medium and 
in acidic medium is that one proton of attacking water transfers to car- 
bony1 oxygen atom in neutral medium, while in acidic medium the corre- 
sponding proton to one of the two nitrogen atoms bonded with nitro group 
in dinitro semi-glycoluril. 
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