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th the new high-enthalpy compounds development,1 
namic directions in energy condensed systems is the 
ion of existing compositions.2 Application of various 
polymers as modifiers for energetic materials (EM) is 
vestigated.2–6 The most promising compounds in terms 
roperties are hyperbranched polymers (HBPs) which 
obtained effortlessly by ABn (n ³ 2) monomer 
ion.7–10 In particular, energetic azido-acetylenic 
s,11,12 the polycycloaddition products of which contain 
ant amount of 1,2,3-triazoles, can be used for that 
s-Triazine is suitable as a core for AB2 monomers11 
derivatives are often considered as promising EM 
ts.13,14 
eviously obtained azido-diacetylenic monomers of 
e, namely, 2-azido-4,6-bis(propargyloxy)-s-triazine 
12 and 6-azido-4,6-bis(propargylamino)-s-triazine 
.15 Gas-phase enthalpy of formation of ABPOT 
 using Gaussian-4 (G4) theory equals 630.3 kJ mol–1, 
alue for ABPAT is 929.6 kJ mol–1.16 Despite the heat 
e-alkyne polycycloaddition (AAC) reaching  

kJ mol–1,16–18 ABPOT- and ABPAT-based triazine-
BPs are highly promising for applications as high-
EM modifiers. However, ABPOT exhibits low 

 to spontaneous polymerization due to a low melting 
 °C), while this value for ABPAT is essentially higher 
 close to the onset temperature of thermal destruction. 
limits the possibility of obtaining ABPAT-based HBP 

in bulk. It can be assumed that 2-azido-4-propargylamino-6-
propargyloxy-s-triazine (APAPOT) (Scheme 1), an azido-
diacetylenic monomer containing each of azido, propargyloxy, 
propargylamino groups, should possess optimal thermal 
characteristics, and G4 enthalpy of formation of this ABB' 
monomer should be 778.8 kJ  mol–1.16

The main issue in the development of obtaining ABn 
monomers consists in avoiding spontaneous polymerization 
during the synthesis and in possibility to isolate the monomers. 
Therefore, the development of an efficient approach to the 
synthesis of a new monomer with non-symmetric structure is 
one of the main aims of the study. The presence of two 
nonequivalent propargyl groups in the desired monomer should 
be expected to affect the kinetics of polycycloaddition reaction 
and its direction, also the ratio of 1,4- and 1,5-disubstituted 
1,2,3-triazole fractions in the AAC products18 and the structure 
of obtained polymer.18 So, investigation of the combined effect 
of different kinds of propargyl substituents on the rate and 
regioselectivity of APAPOT polycycloaddition is also an 
important goal of the study. 

The reported12 synthesis of azide-diacetylenic monomer 
ABPOT comprising replacement of chlorine atoms in cyanuric 
chloride with azide groups is characterized by a low yield due to 
spontaneous AAC reactions. Therefore, in this study, two 
different methods were tested to obtain APAPOT (see Scheme 1) 
when the last step was the quickest and mildest (as possible) 
introduction of azido group into the structure. Synthesis of 
APAPOT generally includes a series of reactions of successive 
chlorine atom substitution in cyanuric chloride for propargyl
amino, propargyloxy, and hydrazine groups, followed by 
nitrosation to azide. The difference in these methods consists in 
the order in which the propargylamino and propargyloxy groups 
are introduced into the structure of key trisubstituted s-triazine 3. 
Method A is aimed at obtaining propargylamino-substituted 
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nal synthesis of a new non-symmetric energetic 
type monomer, 2-azido-4-propargylamino-6-
loxy-s-triazine, with a total yield of 40% involves 
ntial introduction of propargylamino, propargyloxy 
 groups into s-triazine. DFT investigation of azide-
cloaddition mechanism at M06-2X/6-311++G(d,p) 
theory for this monomer predicts that the 

ctivity of polycycloaddition reaction should increase 
number of propargylamino groups in the monomer 
 due to the stabilization of the transition state, 
 1,5-triazole regioisomer. 
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cyanuric chloride 1 first, and then the replacement of the rest 
chlorine atoms by propargyloxy groups to obtain compound 3. 
Method B implied the obtaining tris(propargyloxy)-s-triazine 2 
first, and then a selective substitution of one propargyloxy group 
for the propargylamino one. Method A looks more expedient 
since it provides 40% overall yield of APAPOT monomer over 
four synthesis steps, while the yield barely reaches 27% in case 
of method B. The structure and purity of all obtained compounds 
were determined and confirmed by IR spectroscopy, 1H and 13C 
NMR spectroscopy, as well as elemental analysis (see Online 
Supplementary Materials). The resulting monomer possesses 
crystalline structure and has Tm = 130–131 °C, which is expected 
to be significantly higher than Tm of the ABPOT containing two 
propargyloxy groups, lower than that of the ABPAT, azido-
bispropargylamine monomer, and, therefore, lower than the 
onset temperature of s-triazine-azide intense decomposition.20–22

To determine how the nature of substituent close to the triple 
bond affects the regioselectivity and rate of AAC reaction, 
quantum chemical study of the polycycloaddition mechanism of 
non-symmetric APAPOT and its symmetric counterparts, 
ABPOT and ABPAT, was carried out. Geometry optimization of 
monomers, transition states and products of dimerization 
reaction were investigated by DFT method at M06-2X/6-
311++G(d,p) level of theory through Gaussian 09. The use of 
functional M06-2X and basis 6-311++G(d,p) allows one to 
explain non-covalent, including hydrogen, interactions well and 
gives estimated geometric parameters of azido groups closest to 
experimental data.23–26 The QST3 approach was used to search 
for the transition state.27,28 Once the transition state geometry has 
been found for each reaction, the Hessian was evaluated to 
ascertain that the geometry in fact is a transition state with 
exactly one imaginary frequency (see Online Supplementary 
Materials for optimized geometry of monomers, transition states 
and products of the investigated reactions). 

Table 1 shows the values of the Gibbs free energy of the 
products (DG1.4, DG1.5), of the TS (DG≠

1.4, DG≠
1.5), and also the 

ratio of rate constants of 1,4- and 1,5-disubstituted 1,2,3-triazoles 
formation (k1.5/k1.4) during ABPOT, APAPOT and ABPAT 
polycycloaddition.

Comparing the DG≠ values of AAC reactions of ABPOT, 
APAPOT and ABPAT monomers featuring azido and 
propargyloxy/propargylamino groups indicates that formation 
of  1,5-regioisomers proceeds most quickly for all monomers 
(see Table 1). The k1.5/k1.4 ratio of polycycloaddition rate 
constants increases in an ABPOT–APAPOT–ABPAT row by 
almost three orders of magnitude. The difference between the 

rates of obtaining different regioisomers should lead to the fact 
that the content of 1,5-disubstituted AAC products will be 83, 
96.5 and 99.96%, respectively, and AAC reaction will be more 
and more regiospecific. That difference in reaction ways can be 
explained by special structure of transition states for APAPOT 
and ABPAT AAC reaction (Figure 1). Transition states are 
stabilized by hydrogen bond between the NH of propargylamino 
group and the N atom of the s-triazine cycle.

Detailed analysis of products of the APAPOT AAC reaction is 
of greatest interest, since both 1,4- and 1,5-disubstituted 
1,2,3-triazoles can be formed as a result of azido groups 
interaction with triple bonds in propargyloxy (APAPOT_O) and 
propargylamino (APAPOT_N) groups. Based on DG≠

1.4 and DG≠
1.5 

values of APAPOT_O and APAPOT_N, the propargylamino 
group is more reactive, since the rate constant ratio of 
propargylamino and propargyloxy groups in AAC reaction is 
~3.4. It should be expected that triazole groups in APAPOT-
based HBPs would consist of azido and propargylamino groups 
by ~70% (Figure 2).

It should be noted that the difference in the reactivity of 
propargyl groups is not severely crucial in terms of obtaining 
HBP based on this monomer. Calculation reveals that APAPOT-
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Scheme  1  Reagents and conditions: i, HCºCCH2NH2, NaHCO3, acetone–H2O, 15 °C, 40 min; ii, HCºCCH2OH, NaOH, acetone–H2O, 5 °C (for 2) or 
room temperature (for 3); iii, HCºCCH2NH2, THF, room temperature, 2 weeks; iv, N2H4·H2O, PriOH, reflux, 2 h; v, NaNO2/HCl, H2O, 0–5 °C, 30 min.

Table  1  Kinetic parameters of ABPOT, ABPAT and APAPOT 
polycycloaddition obtained through DFT calculations.

Monomer
DG≠

1.5/
kJ mol–1

DG≠
1.4/

kJ mol–1 k1.5/k1.4
DG1.5/ 
kJ mol–1

DG1.4/
kJ mol–1

ABPOT 122.5 126.4   4.8 –212.8 –216.8
APAPOT_Oa 122.4 130.6 26.8 –210.3 –221.4
APAPOT_Nb 119.4 127.5 26.2 –211.7 –221.4
ABPAT 111.9 131.5 2767 –211.2 –223.4

a Reaction between propargyloxy and azido groups of monomer APAPOT. 
b Reaction between propargylamino and azido groups of monomer APAPOT.

1.9765 Å 1.9694 Å

1.9044 Å

1.8332 Å
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2.2677 Å

(a) (b)

Figure  1  Structures of transition states for (a) APAPOT and (b) ABPAT 
AAC reaction with the formation of 1,5-disubstituted 1,2,3-triazoles 
featuring propargylamino group. 
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based HBP degree of branching equals 0.42, while it is 0.5 for 
the case of AB2 monomer random polycycloaddition (see Online 
Supplementary Materials). Considering the structure of 1,4- and 
1,5-disubstituted 1,2,3-triazoles, we can conclude that the 
essential formation of 1,5-regioisomers upon AB2 monomer 
polycycloaddition may contribute to a tighter packing of polymer 
macromolecules, and therefore, to HBPs obtaining with higher 
density. In this case, APAPOT-based HBPs should possess the 
highest density that, without any doubts, would have a further 
positive effect on the specific energy characteristics of triazine-
triazole HBPs. 

In conclusion, we have developed an efficient synthesis of a 
new azido-diacetylenic monomer of the ABB' type, namely, 
2-azido-4-propargylamino-6-propargyloxy-s-triazine. It can 
serve as a base for obtaining new high-enthalpy HBPs. DFT 
study of its polycycloaddition mechanism showed that the 
process should occur with the selective formation of 
1,5-disubstituted 1,2,3-triazoles, and the difference in reactivity 
of propargyloxy and propargylamino groups does not exceed 3.5 
times towards propargylamino group. 

This work was performed in accordance with the state 
tasks no. 0089-2019-0008 (state registration no. 
AAAA-A19-119041090087-4), no. 0074-2019-0014 
(AAAA-A19-119101590029-0), no. 0089-2019-0005 
(AAAA-A19-119101690058-9), using the equipment of the 
Multi-User Analytical Center of IPCP RAS.

Online Supplementary Materials
Supplementary data associated with this article can be found 

in the online version at doi: 10.1016/j.mencom.2022.07.012.
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Figure  2  The predicted structure of APAPOT-based HBP. 


