Theoretical Study on Solvent Effect on Cycloaddition Reaction: HN,; + NH, CN—5-AT 479

TEHE . 1006-9941(2013)04-0479-06

Theoretical Study on Solvent Effect on Cycloaddition Reaction; HN, + NH,CN—5-AT

LAl Wei-peng, LIAN Peng, YU Tao, CHEN Xiao-fang, QlIU Shao-jun, CHANG Hai-bo

( Xi"an Modern Chemistry Research Institute, Xi’an 710065, China)

Abstract: Cycloaddition reaction HN,; + NH,CN — 5-AT has been theoretically investigated by B3LYP, QCISD and MP2 methods with 6-311 + G~
basis set. The solvent effects on the geometries, reaction path properties, energies, thermodynamic, and kinetic characters in four solvents ( carbon
tetrachloride, dimethylsulfoxide, aceton, and water) have been studied by using self-consistent reaction field (SCRF) approach with the polarizable
continuum model (PCM). Results show that effects of solvent on the geometric characters and reaction path properties are negligible. The equilibri-
um constant in dimethylsulfoxide solvent is the largest, so the reaction easier occurred spontaneously in dimethylsulfoxide solvent thermodynamically.
The rate constant in the solvents is smaller kinetically than that in gas phase, and 300 to 350 K is the most feasible temperature to the reaction.
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1 Introduction

Cycloaddition reaction is a pericyclic chemical reaction,
in which two or more unsaturated molecules or parts of the
same molecule combine with the formation of a cyclic adduct
in which there is a net reduction of the bond multiplicity. Cy-
cloadditions are usually described by the backbone size of the
participants, which include the [4 +2] cycloaddition and the
[3 +2] cycloaddition. The [3 +2] cycloaddition is one of
widely used organic chemical reaction, and has been exten-
sively studied for the synthesis of 5-membered heterocy-
cles' 7?7,

5-Amino-1H-tetrazole (5-AT), which was discovered by
Thiele in 1893, is one of the most important intermediates for
preparation of the high-energy density materials (HEDMs). In
the past few years, a number of experiments have been carried
out to explore the synthetical methods of 5-AT and derivatives
thereof”> ">’ The reaction of hydrazoic acid (HN,) combing
with the cyanamide (NH,CN) is a useful method to synthize
5-AT, which is a typical [3 +2] cycloaddition (Scheme 1).

//NH /NH? H ' H

N + ,//l . N/’ ‘\\\ Lo NH, e N,/ —-NH,
/e aiie U

R1 R T8 P

Scheme.1 Mechanism of the title reaction

To the best of our knowledge, less theoretical study on
the title reaction has been reported ' ~'77.
ide anion cyloaddition to nitriles was studied by Jursic, and
the calculations agreed with the fact that electron-withdrawing

substituents on the nitrile group decreased the activation barri-
[13]

The 1, 3-polar az-

er and facilitated the reaction . The transition states of both
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HCN + HN,—H,CN, and HCN + N, "—HCN, " reaction were
investigated by Chen, and it was found that the latter reaction
was more favored than the former one in view of the chemical
kinetics and thermodynamics, tetrazole (H,CN, ) and tetrazo-
late anion (HCN, ~) were formed more easily in an alkali en-
vironment than in other systems''*!. The mechanisms of tet-
razole formation by addition of azide to nitriles and why the
reaction catalyzed by zinc( Il ) salts were studied by Fahmi.
The calculations indicated that coordination of the nitrile to the
zinc ion was the dominant factor affecting the catalysis, this
coordination substantially lowered the barrier for nucleophilic
attack by azide ' ~'®. The mechanism of the azide-nitrile cy-
cloaddition mediated by the dialkylltin oxide-trimethylsilyl az-
ide catalyst system and a new vilsmeier-haack type organocat-
alyst was investigated by David, and it was shown that as
compared to the dialkylltin oxide-trimethylsilyl azide method,
the organocatalytic system presented herein had the advantage
of higher reactivity, in situ generation from inexpensive materi-
als, ‘and low toxicity "7,
perform an intensively theoretical calculation for the solvent
effect of the title reaction using B3LYP and high-electron-corre-

lation QCISD and MP2 methods with 6-311 + G~ basis set.

In this present work, we attempt to

2 Computational Methods

The geometries of all reactants (HN, and NH,CN) , tran-
sition state, and product (5-AT) have been fully optimized by
B3LYP, QCISD, and MP2 methods at 6-311 + G* level.
B3LYP is a DFT method using Becke’s three-parameter nonlo-
cal exchange functional with the nonlocal correlation of Lee,
Yang, and Parr’"®~""’. QCISD is an extension of configuration
interaction that corrects for size-consistency errors in the all
singles and double excitation configuration interaction meth-
ods™~**'. MP2 stands for the second-order Moller Plesset per-
turbation theory "', 6-311 + G~ is a split-valence triple-{ po-
larization basis set augmented with diffuse functions™’. The
structures and imaginary frequencies of transition states were
confirmed by the vibration analysis and the intrinsic reaction
coordinate (IRC) method at the same level. The changes of
the bond lengths for the reaction as a function of the intrinsic
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reaction coordinate s were obtained at B3LYP/6-311 + G " lev-
el from —-3.00 to 3.00 (amu)'” bohr using the IRC method
with a step size of 0.1 (amu)'’? bohr "**7%*'. The single-point
energies of all stagnation points were calculated at same lev-
els. The statistical thermodynamic method [ Eq. (1) ] and Ey-
ring transition state theory with Wigner correction [ Eq. (2) ]
were used to determine the thermodynamic functions and rate
constants of all reactions from 200 to 450 K.

AH=7% Hproduu -2 Hredclanl

AH™ = HTS -2 Hreaclan(

AS=3% Sproducl -2 sreac(anl

AS” = STS -z Srca((anl (1 )

AG=AH-TAS

AG” =AH” - TAS™

Kﬂ :e( -AG/RT)

k(T) =g(k,T/h)exp(A/S, /R-A] H, /RT)

g=1+(hv* /k,T)?/24 (2)

A=g(k,T/h)exp(A] S, /R)

where k( T), reaction rate constant. g, Wigner emenda-
tion factor. A, reaction frequency factor. k,, Boltzmann fac-
tor, and h Planck’s constant. A7 H_ and A7 S, are the mole
activation enthalpy and mole activation entropy of a reaction
system, and v” is the imaginary frequency of a transition state.

To further explore the solvent effects, the above calculations
were carried out using self-consistent reaction field ( SCRF)
approach with the polarizable continuum model (PCM) of the
Tomasi’s group ! in four solvents (carbon tetrachloride,
dimethylsulfoxide, aceton, and water). All calculations are
carried out using the Gaussian 09 software package "**'.

3 Results and discussion

3.1 Geometries

The geometric parameters of the reactants ( HN, and
NH,CN), products (5-AT), and TS optimized at B3LYP/6-
311 + G” level of theory in the gas phase and four different
solvents ( carbon tetrachloride, acetone, dimethylsulfoxide,
and water) are shown in Fig. 1 and Table 1. It is shown that
the bond lengths participated in the reaction in TS increases in
gas phase and in four solvents compared with those of the cor-
responding bonds in the reactants. The lengths of C1—N2
bond in TS are longer than that in HN,CN. The other bond
lengths, such as N6—N7 and N7—N8, have similar trend.
All above bond lengths are further enlongated in 5-AT com-
pared with those in TS. The distance of C1—N8 and N2—N6
have reversed trend in order to form the 5-membered heterocy-
cle. It is also seen that the bond angles participated in the re-
action in TS and product are decreased in comparison with
those of the corresponding bonds in the reactants.

TS 5-AT
Fig.1 Optimized geometries of the reactants, transition states (TS),
and products

Table 1 Bond parameters of all species optimized at B3LYP/6-311 +G* level of theory (bond length in A, bond angle in °)

species bond parameters gas phase carbon tetrachloride  acetone dimethylsulfoxide  water
NH,CN C1—N2 1.158 1.158 1.160 1.160 1.161
N2—C1—N3 177.248 177.196 177.076 177.072 177.076
HN, N6—N7 1.131 1.131 1.131 1.131 1.133
N7—N8 1.239 1.236 1.233 1.233 1.227
N6—C7—N8 170.867 171.197 171.528 171.554 172.324
TS C1—N2 1.202 1.197 1.199 1.199 1.196
N6—N7 1.163 1.160 1.160 1.160 1.159
N7—N8 1.286 1.275 1.269 1.267 1.281
C1—N8 1.876 1.913 1.899 1.899 1.914
N2—N6 2.096 2.124 2.147 2.148 2.118
N2—C1—N3 145.442 147.172 146.909 147.024 146.899
N6—C7—N8 132.210 134.260 134.550 134.640 133.989
5-AT C1—N2 1.319 1.322 1.328 1.327 1.331
N6—N7 1.280 1.281 1.283 1.283 1.283
N7—N8 1.367 1.364 1.361 1.360 1.357
C1—N8 1.350 1.349 1.348 1.348 1.348
N2—N6 1.363 1.359 1.357 1.357 1.356
N2—C1—N3 126.279 126.235 126.340 126.345 126.272
N6—C7—N8 105.833 105.873 105.917 105.894 106.148
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3.2 Reaction Path Properties

The variations of the bond lengths with the IRC are shown
in Fig. 2. The trends of all bond lengths changing with the in-
trinsic reaction coordinate s are similar in the gas phase and in
four solvents. The bond lengths of C1—N8 and N2—N6
change dramatically with s. In contrast, the bond lengths of all

the other bonds change little. As the reaction proceeds from
reactants to products, the length of the forming bond C1—NS8
and N2—N6 remains minor changed until the intrinsic reac-
tion coordinate reaches —0.1 (amu)'”? Bohr, where they start

to fast decrease almost linearly with an increasing s, and the
1/2

decreasing trend, however, slow after reaching 0.1 (amu)

Bohr. Synchronously, the elongating bond length, such as
C1—N3, C1—N2, N6—N7, and N7—N8, increase slowly
and almost linearly with s.

It is clear that C1 and N2 are in one molecule (NH,CN) ,
and N6 and N8 are in another molecule (HN,) at the starting
of cycloaddition. With the reaction proceeding, C1 (or N2)
and N8 (or N6) are slowly closed with each other until the
distance of C1 (or N2) and N8 (or N6) match the condition
of forming a single bond. The elongating bond lengths, how-
ever, remain almost unchanged comparing with the forming
bond during the reaction due to they are not broke but only
changing the kind of bonds.

261 264

244> 2447
227 < 221
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3 44 2 181
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e. carbon tetrachloride

Fig.2 Changes of the bond lengths (in A ) as a function of the intrinsic reaction coordinate s (amu)1/2 bohr at the B3LYP/6-311 + G~ level of theory

3.3 Energies

The zero-point energies ( E,,;) and total energies ( E) of
all species are calculated by using B3LYP, QCISD, and MP2
method with 6 =311 + G level of theory (Table 2). The po-
tential energies profile of the reaction ( corrected by the zero-
point energies, emendation factors were 0.96 341y are shown
in Fig. 3. The activation energy barriers are increased with the
solvent polarity. It indicates that the reaction become more dif-
ficult in polar solvent than in non-polar solvent.

3.4 Thermodynamics and Kinetics

The gas-phase thermodynamic and kinetic properties of the
reaction are calculated from 200 K to 450 K with a step size of
50 K (Table 3). Itis shown that AH and AS of the reaction de-
creases with increasing of temperature, and the equilibrium

CHINESE JOURNAL OF ENERGETIC MATERIALS

constant (K®) is similar to them. AG of the reaction increase
with temperature, and it will become positive when the tem-
perature is higher than 450 K. It indicates that the reaction eas-
ily occurs at low temperature, and it will not carry out sponta-
neously when the temperature exceeds 450 K. According to
Van't Hoff equal pressure equation, the equilibrium constants
of the reaction is increased with the decreasing of temperature
because it is an exothermic reaction. So the reaction has advan-
tage to be taken place at low temperature thermodynamically.

The reaction rate is remarkably increased analyzing from
the kinetics, and the reaction is favored with increase of tem-
perature. There is very little change in the reaction frequency
factor (A), and A is considered to be a constant, so the reac-
tion belongs to the Arrhenius-type reaction. Synthetically con-
sidering the thermodynamics and kinetics, the best reaction
temperature is from 300 K to 350 K.
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The thermodynamic and kinetic properties of the reaction
in gas phase and solvents are shown in Table 4. All reactions
are exothermic, entropy-decreasing, and spontaneous, and the
equilibrium constants (K®) are large. Analyzing from the ther-
modynamics, AH and AG of the reaction in dimethylsulfoxide
solvent are the most negative, and K is the largest, so the reac-
tion easier occurred spontaneously in dimethylsulfoxide solvent.
Eeach rate constant in the solvents is smaller than that in gas

phase, so the reaction is favored in gas phase kinetically.

The reaction rate in this calculation is smaller than the ex-
perimental data of the [3 +2] reaction, because catalysts such
as Rh, zinc bromide, aluminium chloride, lewis acid are used
to accelerate the reaction process, and increase the reaction
rate in experiment. The reaction energy barrier can be de-
creased about 6 ~ 16kcal/mol by catalysts, and the reaction
rate can be increased about 10° ~10°" 77},

Table 2 Zero-point energies ( E,p;) and total energies ( E) of all species in gas phase and four solvents calculated at B3LYP/6-311 +G* , QCISD/

6-311 +G ", and MP2/6-311 + G " level of theory (298.15 K)

E/a.u

Species Espe/a.u _ v em-!
B3LYP/6-311 +G* QCISD/6-311 +G~ MP2/6-311 +G~
HNj, 0.021304 -164.8317576 -164.4043082 -164.4089712
h NH,CN 0.034197 -148.8286211 -148.4258251 -148.4140825
as phase
gas p TS 0.058689 -313.6188214 -312.7836098 -312.785651 525.72i
5-AT 0.06376 -313.6965831 -312.8712032 -312.8611076
HN, 0.021144 -164.8337735 -164.4062717 -164.4111198
NH,CN 0.034087 -148.8327197 -148.4294095 —-148.4177948
carbon tetrachloride .
TS 0.058508 -313.6238967 -312.7877901 -312.7898134 529.50i
5-AT 0.063737 -313.7056079 -312.8805669 -312.8708407
HNj, 0.021053 -164.8382109 —-164.4106985 -164.4158098
NH,CN 0.033937 -148.8395734 —-148.4357437 —-148.4242916
acetone
TS 0.058185 -313.6330062 -312.7959031 -312.7978861 532.62i
5-AT 0.063552 -313.717324 -312.8928486 -312.8836343
HN; 0.021229 -164.8379698 -164.4104475 -164.4155765
. ) NH,CN 0.033938 —148.8394054 —148.4355235 —148.4240816
dimethyl sulfoxide .
TS 0.05819 -313.6328982 -312.7956627 -312.797575 533.16i
5-AT 0.063554 -313.7179338 -312.893514 -312.8843367
HN, 0.020742 -164.8461527 -164.419061 -164.4251235
NH,CN 0.033103 —148.8470399 —148.4421904 —-148.4309619
water
TS 0.056499 -313.6453606 -312.8097439 -312.8135068 537.28i
5-AT 0.062262 -313.7295193 -312.9109117 -312.9024068
140 1 B3LYP/6-311+G 140 ] QCISDIE-311+G* 120 7 MP2/6-311+G*
120 1 1204 100 7
100 1 100 1 801
80 1 80 1 = 60
< 601 5 607 240
2404 £ 40 224 /7
2 ‘-/" 2 201 . E _4/"/‘/ "‘ 0.00
27 w0l 000 { pEeat
0 fsriy(0.00) FNNH,CN 20
-20 -40
404 -604 — — gasphase )
60 /gg% 80 __ :irel:gpetetrachlonde
71 . — - - = dimethylsulfoxide
-804 i ~100=EEEE water
853

5-AT

Fig.3 Potential energy profile of the reaction

Table 3 Calculated thermodynamic and kinetic properties of the reaction in the gas phase at B3LYP/6-311 + G " evel (200 K to 450 K)

T AH AH™ AS AS™ AG AG™ N k(T)

/K /k)+mol="  /kj-mol™ /Je-mol™ - K  /Jemol" - K" /kJ-mol™" /K- mol ! 7 g A /s~

200 -79.05 112.37 —-181.86 -166.96 -42.68 145.77 1.40 x10'"" 1.60 1.26 x10* 5.64 x10 %
250 -80.06 112.08 -186.39 -168.28 -33.46 154.15 9.82x10° 1.38 1.17x10* 4.44x10°%
300 -80.88 111.94 -189.37 -168.82 -24.07 162.58 1.55x10* 1.27 1.20x10* 3.88x10°'°
350 -81.48 111.90 -191.23 -168.93 —-14.55 171.03  148.24 1.20 1.31x10* 2.60x10°"
400 -81.87 111.95 -192.28 -168.80 -4.96 179.47 4.44 1.15 1.46 x10*  3.50x10°"
450 -82.06 112.08 -192.74 -168.51 4.68 187.91 0.29 1.12 1.65x10%  1.62x107°
Chinese Journal of Energetic Materials, Vol.21, No. 4, 2013 (479 —484) 4 Re A A www. energetic-materials. org. cn
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Table 4 Thermodynamic and kinetic properties of the reaction in gas phase and four solvents at B3LYP/6-311 + G level of theory (298.15K)

AH AS AG o AH” AS™ AG” Ve
-1 -1 -1 -1 -1 -1 -1 -1 -1 8 A k( T)

/k) - mol™" /J+mol™" - K=" /kJ + mol /kl +mol ™" /) +mol™" «+ K™ /kJ - mol ™" /cm
gas phase -80.87 -189.27 —24.43 1.91 x10* 112.68 -170.26 163.44 525.72i 1.27 1.01 x10* 1.83x107'°
carbon tetrachloride —-88.01 -190.21 -31.30 3.05 x10° 115.66 -169.93 166.33 529.50i 1.27 1.05 x10* 5.72x107"
acetone -88.92 —-190.04 -32.26  4.49 x10° 121.41 -168.38 171.61 532.62i 1.28 1.27 x10* 6.79 x10°'®
dimethylsulfoxide -91.94 -189.42 -35.46  1.63 x10° 120.26 -168.15 170.39 533.16i 1.28 1.30x10* 1.11 x107"
water —80.40 -187.88 —-24.39 1.87 x10* 128.90 —-162.44 177.33 537.28i 1.28 2.60 x10* 6.80 x10~"

4 Summary

In this work, we have analyzded the reaction paths, ther-
modynamic and kinetic properties and solvent effects for the
cycloaddition reaction of hydrazoic acid with cyanamide. The
B3LYP, QCISD and MP2 methods with 6-311 + G* level of
theory are employed to optimize the geometries of all stationa-
ry points in gas phase and four solvents.

By analyzing MEP of the reaction, it is found that the re-
gions of occurrence of the cycloaddition reaction in gas phase
mainly occurs in the range of s= —=0.1 to 0.1 (amu)'”* bohr
on the MEP of the reaction. The trends of all bond lengths
changing with s in the gas phase and four solvents are similar.

The equilibrium constant in dimethylsulfoxide solvent is
the largest, so the reaction easier occurred spontaneously in
dimethylsulfoxide solvent thermodynamically. Rate constant in
the solvents is smaller than that in gas phase kinetically. In gas
phase, the reaction is favored with increase of temperature,
but has advantage to take place at low temperature thermody-
namically, and 300 K to 350 K is the most feasible temperature
to the reaction.
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