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The first synthesis of nitroacetylene was recently reported by Zhang et al. (Zhang, M.-X.; Eaton, P. E.; Steele,
[.; Gilardi, R. Synthesi2002 2013). They found it to react in a seemingly anomalous fashion with furan and
with vinyl ethers, yielding nitrovinylisoxazoles. Mechanisms were proposed that would account for these
unexpected products. We have investigated these mechanisms computationally in vinyl methyl ether at the
B3PW91/6-311G(3df,2pd) level, calculatindd and the activation barrier for each of the 10 steps. Our results
fully support the interpretation of Zhang et al. All of the steps were found to be exothermic and to have low
barriers, between 1 and 14 kcal/mol. Using other computational procedures, we also determined the molecular
geometry of nitroacetylene, its gas and liquid phase heats of formation, and its molecular surface electrostatic

potential.

1. Introduction

Zhang et al. recently achieved the first synthesis of ni-
troacetyleneX).! This is viewed as the initial step in a possible
route to octanitrocubane2), via the tetramerization of dini-
troacetylene ), shown in eq 1:

4 HC=C-NO, —= — 4 O,)N-C=C-NO; — —
1 3

M

Octanitrocubane is potentially a very important high-perfor-
mance energetic compouAd} which was finally synthesized
in 2000 after many years of effortFor practical purposes,

5. In both instances, isomeric nitrovinylisoxazoles resulted; for
example,1 + 5 produced a mixture ofa and6b.

0—C,H, 0—CH, R X
= H,C= \ /'
H 3 K, HC=CH,
4 5

6a: R;=H, R,=NO,
6b: R;=NO,, R)=H

Zhang et al. have suggested two possible mechanisms to
account for these observations, as shown in Schehie @which
the vinyl ether is taken to be J8=CH—OCH; (7). The [4+
2] cycloaddition1l + 7 — 8 was proposed by analogy to the
known behavior of nitroalkenésZhang et al. anticipate that
the strain in the resulting addu8tcould lead to fragmentation,
producing vinyl nitrile oxidel0, which would undergo [3+ 2]
cycloadditions withl to yield 6a and 6b. These could react
with more 10 to give another pair of isomeric nitrovinyl-

however, a more economical preparative procedure is neededjsoxazoles,11a and 11b, which were among the products

hence the interest in eq 1.

A two-step conversion of dinitroacetylene to octanitrocubane,
3 (4 equiv)— 2, has been investigated computationally at
the Kohn-Sham B3P86/6-31G** level and was found to be
thermodynamically feasibleAG = —99 kcal/mol® Unfortu-
nately, dinitroacetylene is presently not known, nor, until
recently, was nitroacetylene.

obtained from nitroacetylene plus vinyl butyl ethéhe structure

of 11b was established crystallographicallplternatively, 8
might add tol, forming 12aand12b, which could split off an
ester to give6a and 6b. Zhang et al. speculate that either or
both of these pathways could be involved in the reaction of
nitroacetylene with a vinyl ether.

Our objectives in this computational study have been

Zhang et al. made no attempt to isolate nitroacetylene, but twofold: (a) to further characterize nitroacetylene itself, in terms

they characterized it spectroscopically in solution (IR and NMR)
and explored some of its chemisfri.hey found that it reacts

of its gas and liquid phase heats of formation, its molecular
geometry, and its molecular surface electrostatic potential, and

rapidly with nucleophiles and, as expected, behaves as a(b) to determine the energetics, including activation barriers,

dienophile toward cyclopentadiene, giving the Diefdder
adduct. Surprisingly, however, this did not occur with furan;
instead of a Diels'Alder reaction, two isomeric nitroisoxazoles

were obtained. In trying to understand this, Zhang et al. looked

at the reactions of nitroacetylene with two vinyl ethetsnd

of the various reaction steps in Scheme 1, to better assess the
likelihood of the proposed mechanisms.

2. Physical Properties

*To whom correspondence should be addressed. E-mail: ppolize@ 2-1. Gas Phase Heat of FormatiorWe found the gas phase
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heat of formation of nitroacetylene by applying the definition
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and calculatingAH(298 K) for the following reaction: guantitatively in terms of certain statistically defined features

of the electrostatic potential¥(r), on the molecules’ surfaces.
2C(s)+ ,H,(g) + ,N,(g) + O,(g) — H—C=C—NO,(g) V(r) is defined by

(2) r r
Za p(r') dr

We used the Gaussian 98 cddmd two composit@b initio v(r) = Z - f ; 4)
procedures, the CBS-QB3which reproduces atomization IRy — 1 Ir' —r|

energies with a mean absolute deviation from experiment of
0.58 kcal/mol, and the G3(MP2)which gives heats of inwhichZ,is the charge on nucleus A, locatedRat, andp(r)
formation for substituted hydrocarbons with an average absoluteis the molecular electronic density. For these purpoggs.is
deviation of 0.74 kcal/mol. After taking into account the evaluated on the molecular surface, which is taken to be the
sublimation energy of carbon, 171.29 kcal/flye find the ~ 0.001 electronsfocontour ofp(r).*® We found thatAH,4p can
CBS-QB3AH(298 K) for reaction 2 to be 67.8 kcal/mol, while ~ be expressed By
the G3(MP2) one is 66.6 kcal/mol. Our predicted gas phase
heat of formation for nitroacetylene is therefore 67 kcal/mol. AHyop= oA+ B(rol )+ y (5)

2.2. Liquid Phase Heat of Formation.Since Zhang et al.
believe that the boiling point of nitroacetylene is between 60 whereA is the surface area and,, andv are defined by egs 6
and 100°C ! its liquid heat of formation is more relevant than and 7:
the gas phase valuAH;(liquid) can be determined if the heat
of vaporization is known:

i 12, I Y
=0t 40t =S IVS() ~ VI S IVS(r) — Vil

AHq(liquid) = AH(gas)— AH,,, 3) ©6)
We have shown, in a series of studies, that heats of vaporiza- ate
tion,!* as well as a variety of other condensed phase properties v @)

- 2
that depend on noncovalent interactidfis? can be represented [Otzot]
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Figure 2. Computed B3PW91/6-311G(3df,2pd) structures of transition
statesTS1andTS2. In TS1, the distances between the atoms forming
bonds are as follows: £- -Cs, 2.058 A; Q- - -C;, 2.948 A. InTS2,

the separations of the atoms between which bonds are being broken
are as follows: M - -0, 1.756 A; G- - -Cy, 1.630 A.

Figure 1. Computed HF/6-31G* electrostatic potentials on the ) ) )
molecular surfaces of (a) nitroacetylene and (b) acetylene. The surfacesTABLE 2: Computed Reaction Energetics for Scheme 1, in
are defined by the 0.001 electrorisfiontour of the electronic density. ~ Kilocalories per Mole

Color ranges, in kilocalories/mole: red, more positive than 15; yellow, reaction AH(298 K) AHac(298 K)
between 15 and 0; green, between 0 arid; blue, between-10 and
—20; purple, more negative than20. 1+7—~TS1—38 —19.46 11.7

8—TS2—9+ 10 —59.46 4.6
TABLE 1: Computed Energetic Data for Scheme 1, in 10+1—TS3—6a —84.9 11.2
Hartrees 10+ 1—TS4—6b —-82.1 13.3

6a+ 10— TS5—1la -35.1 12.1

zero-pt+ 6b+ 10— TS6— 11b —36.4 13.2
moleculé Emir? thermal terrfy H(298 K) 84+1—TS7— 12a —94.4 1.42

1 —281.79123  0.03652 —281.75471 8+1—TS8—12b —90.3 112
7 —193.10622  0.09113 —193.01509 12a—TS9—6a+9 —49.9 6.8
TS1(1+7—8) —474.88010  0.12899 —474.75111 12b—TS10—6b+9 —51.3 5.4
8 —474.93310 0.13229 —474.80081 o o )
TS2(8— 9+ 10) —474.923 92 0.13038 —474.79354 ofm as indicative of the variability of the surface potential,
9 —229.05747  0.06818 —228.989 29 Vs(r), while v measures the degree of balance between the
10 —245.96779  0.06152 —245.906 27 strengths of the positive and negative regions. The parameters
g§3(10+ 1—69 :gg;-ggé gg 8-‘1)83 g? :gg;-%‘g gg a, 3, andy were obtained by fitting eq 5 to the experimental
TS4(10+ 1— 6b) 57773827 009853 —527.639 74 heats of vaporization of a wide varlety of liquitlsusing a
6b —527.89534  0.10353 —527.79181 Hartree-Fock STO-5GVs(r). However, Rice et al. have recently
TS5(6a+ 10— 118 —773.84915 0.16599 —773.68316 reparametrized eq 5 at the density functional B3LYP/6-31G*
1la —773.92845  0.16999 —773.758 46 level in terms of 21 organic energetic compounds, primarily

TS6(6b+10—11h) —773.84261  0.16563 ~—773.67698 nitro derivativesy’ with an average absolute deviation of 1.3
11b —773.925 66 0.16961 —773.756 05

kcal/mol.
IZS; @+1—129 _;gg:géi (7)2 g:igg gg _;ggﬁgg SS Using the original eq 5 and HF/STO-5G data, we fitilyap
TS8(8+ 1— 12b) —756.72358 0.16984 —756.55374 for nitroacetylene to be 8.4 kcal/mol; with the parameters of
12b —756.87381  0.17444 —756.699 37 Rice et al. and a B3LYP/6-31GV(r), AHvag(nitroacetylene)
TS9(12a—6a+9) —756.86726  0.17215 ~—756.69511 = 10.0 kcal/mol. Since the approach of Rice et al. is presumably

TS10(12b—6b+9) —756.86252 0.17172 —756.690 80 the more accurate one for a nitro derivative, then we conclude,

3 TS = transition state. The reaction in which it appears is shown in using eq 3, that
parenthese$.B3PW91/6-311G(3df,2pd) energy at 0 K, not including o
zero-point contribution® B3PW91/6-31G(d) (see text). AH,,{liquid nitroacetylenej= 67 — 10= 57 kcal/mol (8)

\7;r and V are the averages of the positive and negative  2.3. Molecular Geometry.The CBS-QB3 procedure that was
vaIues,V;r(ri) andVg (ry), of V(r) on the surface. We interpret  used in calculating the gas phase heat of formation includes a
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Figure 3. Computed B3PW91/6-311G(3df,2pd) structures of transition sE®&s-TS6. The distances between the atoms forming bonds are as
follows. TS3: Oy « *Co, 2.144 A; G+ - +Ciq, 2.316 A TS4 O - -Co, 2.338 A; G- - *C1p, 2.199 A TS5: Cs + *Cy7, 2.159 A; G+ « -On5, 2.446 A.

TS6. Cs + +Cis, 2.133 A; G+ - -O13, 2.447 A

B3LYP/6-311G(2d,d,p) geometry optimizatiihe predicted
bond lengths in nitroacetylene are€, 1.064 A; G-C, 1.197
A; C—N, 1.403 A; and N-O, 1.222 A. The 6-N—0 angle is
126.8. The G=C and N—O distances and the-eN—O angle
are quite typical®°while the C-H and C-N distances show

triple bond potential is essentially completely gone in ni-
troacetylene; the only negative region is that due to the nitro
oxygens. The hydrogen is now much more positive, and a
particularly interesting feature is the strongly positive potential
above the &NO; bond. This has been observed earlier in nitro

the significant shortening that characterizes single bonds adjacentlerivatives of a variety of molecul#s?> and represents a

to multiple bondg0-21

3. Chemical Reactive Behavior

3.1. Molecular Surface Electrostatic Potential.Zhang et

possible channel for the approach of a nucleop¥ile.

3.2. Reaction with Vinyl Methyl Ether. Many of the
participants in Scheme 1 (taking into account also the transition
states) are too large to be treated by the CBS-QB3 or G3(MP2)

al. assume that the nitroacetylene triple bond is “extremely procedures (with our processors); accordingly, we calculated

electron deficient” and thus vulnerable to nucleophilic attack.
We have confirmed this by plotting the HF/6-31G* electrostatic
potential,V(r), (eq 4) on the molecular surface (as defined by
the 0.001 electrons?lzontour of the electronic densif). This

is shown in Figure la. To put it into perspective, it should be
compared toV(r) on the surface of unsubstituted acetylene
(Figure 1b). (For earlier two-dimensional plots wf{r) for

the energetics of these reactions at the density functional
B3PW91/6-311G(3df,2pd) level. This functional combination
is known to be effective for obtainindhH2728 and has the
advantage that the PW91 correlation correcfiasmithe one used

by Becke in parametrizing his B3 hybrf@ Since the zero-point
and thermal contributions t6(298 K) require that the vibration
frequencies be determined, which is very time-consuming, we

acetylene and nitroacetylene, see ref 22.) Acetylene has a stronglid this with the smaller 6-31G(d) basis set. In seven test cases,
negative region associated with the triple bond, that gradually we found that the maximum effect upa@H (298 K) was only
becomes positive as the hydrogens are approached. The negative.49 kcal/mol. All energy minima and transition states were
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TS7

Figure 4. Computed B3PW91/6-311G(3df,2pd) structures of transition
statesTS7 and TS8. The distances between the atoms forming bonds
are as followsTS7: Os - +Cy7, 2.603 A; G- - -Cyg, 2.331 A. TSS:

Os+ + *Ci7, 2.690 A; G- - -Cyq, 2.383 A

TS10

Figure 5. Computed B3PW91/6-311G(3df,2pd) structures of transition
statesTS9 and TS10. The separations of the atoms between which
bonds are being broken are as followkS9: Ni - +O4 1.876 A;

Ce * *C7, 1.633 A.-TS10 Ng + Oy 1.874 A; G-+ -C7, 1.633 A

10

Figure 6. Computed B3PW91/6-311G(3df,2pd) structures of inter-
mediates3 and10. Some key bond lengths and angles are as follows.
8: C1—Cy 1.331 A; G—Cs, 1.490 A; G—C, 1.554 A; Q—C;, 1.428

A; N3—0,, 1.469 A; G—N3, 1.315 A; N\—Os, 1.198 A; G—0,,, 1.384

A; Cl_N3_O4, 112, Cl_Cz_CG, 118’, Cl—N3_05, 133’, Cz—Cl_

N3, 120°; N3—0O,—Cy, 107. 10. C;—C,, 1.334 A; G—Cs, 1.414 A;
Cs—Ny7, 1.160 A; N—Og, 1.197 A; G—C,—Cs, 124; C,—Cs—Ny, 174;
Cs—N7;—0Og, 179.

confirmed by verifying that they have zero and one imaginary
frequencies, respectivelyand in some instances by determining
the intrinsic reaction coordinate (IRC).

In Table 1 are presented the computed energies and enthalpies
relevant to Scheme 1, including those for the transition states.
These data were used to find the heats of reactid#, and
activation barriers,AH,, that are given in Table 2. The
transition states are shown in Figures® they all correspond
to concerted reactions.

The reactions in Scheme 1 involve three pairs of structural
isomers: 6a and 6b, 11a and 11b, and 12a and 12b. Within
each of these pairs, the first is the more stable at 298 K, by 2.8,
1.5, and 4.2 kcal/mol, respectively (Table 1). The activation
barriers for the formation or reaction of each isomeric pair are
quite similar, differing by no more than 2.1 kcal/mol (Table 2).

For the process that we have investigated, nitroacetylene
reacting with vinyl methyl ether7), our calculations clearly
support the mechanisms proposed by Zhang étAdll.of the
steps are predicted to be exothermic, and all of the activation
barriers, low 14 kcal/mol).

As expected, 8 fragments readily, witlAHae being only 5
kcal/mol. Its optimized structure, in Figure 6, supports the
depiction (Scheme 1) in which it has adjacertC and G=N
double bonds; the 1.331 A,€C; distance is typical of a €C
double bond, while the £-Ns, N3—0,, and Nv—Os bond
lengths are similar to the corresponding ones observed in furoxan
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Figure 7. Computed B3PW91/6-311G(3df,2pd) structures of inter-
mediatesl2aand12b. For 125 some key bond lengths and angles are
as follows: G—Cy, 1.331 A; G—Cs, 1.500 A; G—C7, 1.525 A; Q—

Cs, 1.453 A; N—0y, 1.402 A; G—Nj, 1.440 A; N—Os, 1.438 A; G-

C17, 1.329 A; Q7_C13, 1.347 A; QS_NZQ, 1.421 A; Q_CZ—CG, 1210;
C,—Cs—Cy, 112; O4—C7—Cg, 110°; N3—04—Cy, 104; C1—N3—0O,
109°, CZ_C]_—N3, 119’, Cl—clg—C17, 1080, 05_C17_C13, 113’, N3—
05—Cy7, 106°; N3—C;—Cyg, 103. The values fod2b are very similar

to the corresponding ones f@Pa

(13).1° The adjacent double bonds at an angle of°1@@uld

presumably introduce strain, facilitating the fragmentation of

the ring in8. This produces the vinyl nitrile oxid&0, also shown

in Figure 6. The computed structure D indicates that it is

best represented in terms of & triple bond (Scheme 1%

for example, the 1.414 A £-Cs distance is very close to the

1.427 A distance of the analogous—C bond in TCNQ
Qi+ _0—

(tetracyanoquinodimethan&4).
N? C . :CN
A Ne” CN

Even more favored kinetically than the fragmentatiorBpf
however, is the alternative route where®ydds tol and the
adducts {2a and 12b) then lose9 to produce the nitrovinyl-
isoxazolea and6b; the additions are almost barrier-freeq
kcal/mol), and the loss 09 has AHat < 7 kcal/mol. (The
optimized geometries df2a and 12b are in Figure 7.) Since
the first steps in both pathway®,— 9 + 10and8 + 1 — 12a
and12b, have very low barriersAHae; < 5 kcal/mol, it can be
anticipated that both routes &a and 6b will be followed.

13 14

4. Summary

Politzer et al.

The electron-deficient nature of the triple bond in nitroacety-
lene, predicted by Zhang et alhas been verified by means of
the computed molecular surface electrostatic potential, which
also shows the characteristic buildup of positive potential above
the C-NO; bond. Finally, to further characterize the structure
and properties of nitroacetylene, its calculated molecular
geometry and gas and liquid phase heats of formation are
presented.
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