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The potential energy surface of the,[B3;N,O] system in its electronic singlet ground state has been
investigated using second-order Mo Plesset perturbation theory (MP2) and coupled-cluster theory CCSD-
(T) with the 6-31%+G(d,p) basis set. Twenty-six (26) reactive intermediates relevant to e € NO
reaction channel have been identified. Methyl isocyad8tes calculated to be the most stable isomer. Two
mechanisms (mechanismdsand B) are found to operate competitively toward g€Hformation, and they
include reactive intermediates such t@ansnitrosoethylenel, cis-nitrosoethylene2, cyanomethanoll3,
isocyanomethanoll4, and the cyclic oxazet&. While the rate-limiting step in mechanism A is the
decomposition of the cyclic oxazet® in mechanism B it corresponds to a 1,3-H shift in thans
nitrosoethylend. The potential energies of both these critical transition structures are somewhat higher than
the energy of the reactantskz + NO, which explains the nonobservation of @MHin the low-temperature
pyrolysis of acetylene in the presence of NO. At low temperatures, the stabilized nitrosoetHlykmmd2

will be the dominant products, together with the cyclic compouddsd to a lesser extent, aldd. H,CO

+ HCN is predicted to be the predominant product at high temperatures. Conversion of NO to CO is kinetically
unfavorable due to the high barrier involved in the isomerization of fulmid&té isofulminatel6. The

most favorable mode of [22] cycloaddition between Ci# and HCN is the one wherein the carbon of the
carbonyl group adds on to the nitrogen end of the cyanide.

Introduction NO disappears in a bimolecular reaction with a radical produced
in the system during the bimolecular reactions gHg More
specifically, according to his scheme, NO radicals are not
involved in the initiation step. Low-temperature studies (625
745 K) were made by SilcocksHe reported a first-order
dependence of the NO loss rate ogHg and a fractional order
dependence (0.24) on NO. The third study was the single pulse
shock tube study by Ogutaat about 2.5 atm over the
temperature range of 116A650 K. This author observed~a

1:1 production of CO and HCN which accounted for about 90%

amounts of NO (0.£2%) inhibit the reactiort;?6.783e) during
the NO inhibited reaction, the NO is very slowly consumed of the NO consumed. CO anq HCN were fqrmed at abou.t 0.15
to 0.50 of the rate of formation of the major product, vinyl-

together with some acetylene, after which the reaction proceeds .
with its normal rate:2 and (f) above 2000 K, NO was fouffd ~ acetylene, in the second-order process frofiand NO. The
to have no effect on the pyrolysis of acetylene. Although the fadical chain mechanism was reported to be initiated by the
inhibiting effect by nitric oxide on the acetylene pyrolysis is of PiMmolecular reaction of acetylene, viz.,
interest in combustion chemistry, only a few studies have been
reported on the kinetics or the chemistry of the NQH. 2CH; — CHz + H
system.

Frank-KamenetsKystudied this reaction over the range of yielding 1-ethynyl and 2-ethynylvinyl radicals as the chain
673-973 K and reported that the rate of loss of NO during the carriers. However, the experimental observations of Ogura led

The pyrolysis of acetylene has been extensively studied over
the past sixty years. The salient aspects of this pyrolysis are (a)
from 400 to 700°C, the reaction is an auto-catalyzed radical
chain polymerizatio; 2 producing very few species smaller
than GHa; (b) the overall reaction rate is close to second order
in acetylene concentration?® (c) there is a distinct and
reproducible induction period, which decreases with increasing
temperature and increasing acetylene concentrafié(d) small

induction period is very slow but is second order isHg and BensoA to suggest a radical chain mechanism as follows:
virtually independent of the NO concentration. Based on his
experimental findings, he proposed a kinetic scheme wherein NO + C2H2—'> H + CO+ HCN
* Author for correspondence. E-mail: minh.nguyen@chem.kuleuven. 1 -
ac.be. H+ Csz - Csz(V )
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V" + C,H, = CH,=CH—CH=CH <=
CH,=CH—C=CH + H

Sumathi et al.

TABLE 1: CCSD(T)/6-311++G(d,p)//MP2(fu)/
6-3114++G(d,p) Computed Heats of Reaction and Activation
Barriers for the Various Processes on [G,H3,N,0] PES
Relevant to the GH3; + NO Reaction

V' 4+ NO = C,H,;NO — CH,O + HCN reaction AE Ea reaction AE Ea

1—2 3.6 7.4 2—3 0.9 35.3
@n. yvhich chains are bo'gh star}ed and stoppegl by NO. The g:g :‘112:; ‘51;:2 g:g 21:8 Z%:i
initiation step is not a direct bimolecular reaction and could g—7 —225 14.2 7—8 —325 23.4
proceed via one or more intermediates, and therefore it was 8—9 24.3 71.3 8—29 -4.8 85.8
difficult to select the rate-determining step for the overall path.  8—30 35.0 78.5 7—29 427 253
In our recent ab initio studi2 we characterized the potential 7—z2r -3Lz 609  8—25 526 825
energy surface (PES) of the{Ei,,N,O] system and established 11: gi l;'g ég'i i: E 335, 'g g; 'g
the main mechanism for the formation of HGOHCN in the 13— 14 165 509 13— 28 265 655
reactions of GH, + NO. However, as commented by Kiefér, 14— 27 —5.0 49.3 1—15 -54 65.8
it is essential to derive an understanding about the radical 12— 15 —8.4 61.2 15— 16 24.2 97.2
termination reaction viz., $; + NO, to understand what 16—17 —56.6 274 17—19  -251 58.0
actually happens during the pyrolysis of acetylene in the %9_’20 19.1 66.0  20—29 —6.8 69.1
o X . 0—21 35.2 735 21—22 -9.8 26.6

presence of nitric oxide. Furthermore, a knowledge about this  55_. 54 —165 208

reaction is equally important to understand the chemistry of the
fuel-rich reburn zone with ethadé? ethené;2® and propentc
as the reburn fuels.

Sherwood and GunniAg!*produced vinyl radical at 300 K
by the Hg-sensitized photolysis of,l8, with added NO and

structures. Due to the large number of reaction pathways
considered and since the higher level CCSD(T)/6-81G-
(d,p)/IMP2/6-31%#+G(d,p) results compare quite well with
MP2/6-31H+G(d,p) results (as shown in Table 1 and Figure

showed that HCN, CpO, propynal, and CO (1:0.4:0.5:0.1) were  4), the MP2-relative energies will be employed for the discus-
the major products. The HCN quantum yields were pressure- sion. Therefore, we put less importance on the guantitative
sensitive and reached a maximum at about 7 torr, suggestingdescription of the PES but rather focus on its global shape in

the quenching of the vibrationally excited,MzNO species.
However, the mechanism for the formation of &MHin the
reaction of vinyl radical with NO is not yet clear. Furthermore,
in addition to CHO + HCN, one can expect other products
viz., CH,O + HNC, CO + CH;NH, CO + HoNCH. Of the
latter, the COt+ CH,NH fragments are thermochemically more
stable than HCO + HCN. To our knowledge, the existing
theoretical work® on [C,,H3,N,Q] are largely confined to the
determination of the equilibrium structure of the various isomers
of [Cz,H3,N,0] and often only at the Hartred-ock level of
characterization. The only previous theoretical study on the
decomposition reaction of nitrosoethylene toCH- HCN was

by Ugaldé®2and was done at the HartreBock level of theory.
Hence, the main goal of the present work is to map out the
global features of the singlet PES of ;JJ83,N,0O] and to
investigate all isomerization and fragmentation pathways. After
a brief outline of the calculation methods, we present the re-
sults of our investigation and subsequently discuss the vari-
ous possible channels and mechanisms for HCN and CO
formation.

Methods of Calculation

Ab initio molecular orbital calculations were carried out using
the Gaussian 94 set of prografisAll the geometries on the
PES have been optimized without any symmetry constraints at
the second-order Moller Plesset perturbation level by including
all electrons for the correlation correction and by using the
standard 6-31G(d,p) and 6-3t*G(d,p) basis sets. Vibrational

order to understand the mechanism of the reaction under
consideration.

Results and Discussion

Nearly 39 bound, topologically different,83;NO isomers
have been identified, and they include open-chain (around 15),
cyclic (6 three-membered rings, 5 four-membered rings, and 1
bicylic species), and electron-deficient (6 carbenes and 1 nitrene)
structures. However, 13 of these isomers are not really relevant
in the study of the reaction between vinyl radical and NO and
hence will not be included hereafter for discussion. The
optimized structures of these isomers are shown in Figurés 1
along with their relative energy with respectttans-nitroso-
ethylenel. The reactions investigated in this study are shown
in Scheme 1 and are further categorized into five different
pathways, i.e.,A, A’', B, C, and D. PathwayD includes
rearrangements to carbenes and the cyclization of carbenes into
three-membered rings. A schematic representation of the
potential energy surface (PES) for theHz + NO reaction is
presented in Figure 4. Each of the stationary points in Figure 4
and Scheme 1 is labeled with a number in order to facilitate
the discussion. While the various isomers of the,l{z,N,O]
system are associated with numbiefiom 1 to 26, the various
product limits viz., HCO + HCN, H,CO + HNC, CO +
CHzNH, CO + CHNH,, and GH3; + NO are labeled, respec-
tively, from 27 to 31. Figure 5 displays the MP2 optimized
transition-state structures on theHz + NO PES leading to
H,CO + HX (X = —CN, —NC) products as per mechanisms

frequencies, calculated at the MP2/6-31G(d,p) level, have beenA andB. Figure 6 shows the transition structures involved in

used for characterizing the stationary points as equilibrium and
transition structures and for estimating zero-point energy (ZPE)
corrections. The identity of each first-order stationary point is
determined by intrinsic reaction coordinate (IRC) calculations.

mechanism<C, leading to the CO product, arid, to cyclic
intermediates. The transition structures associated with mech-
anismA' are displayed in Figure 7. In Figures-3 and 5-7,
bond lengths are given in angstroms and bond angles in degrees.

To calibrate the relative energies, single-point electronic energiesAs for a conventionj/j stands for a transition structure con-

using coupled-cluster theory, which includes all single and
double excitations plus perturbative corrections for triples,
CCSD(T)/6-31#+G(d,p), have also been computed using
MP2/6-311+G(d,p) optimized geometries for a number of

necting the equilibrium structurésandj. The harmonic vibra-
tional frequencies of the various §El3,N,O] isomers and tran-
sition structures for isomerization and dissociation are available
as supporting material. Table 1 records the relative energies
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Figure 1. MP2/6-311-+G(d,p) optimized geometries of the open-chain intermediates relevanHgiCNO reaction in [G,H3,N,O] PES. Bond
lengths are given in A and bond angles in degrees.

Figure 2. MP2/6-31H+G(d,p) optimized geometries of the cyclic intermediates relevant.td; G- NO reaction in [G,H3N,0] PES. Bond
lengths are given in A and bond angles in degrees.

obtained using single-point CCSD(T)/6-3t1+G(d,p) calcula- a planartrans-nitrosoethylene, EC=CH—NO 1 (ONCC 180)

tions on the MP2 geometries. In general, the magnitude of the or to cis-nitrosoethylene2 as the initially formed energized

relative energies are not significantly modified in going from adduct. The energy difference between the reactant lirpliz C

MP2 to CCSD(T). As mentioned above, for the sake of + NO, and the addudtis about 54.0 kcal/mol. It is appropriate

consistency, the values quoted hereafter refer to the MP2 resultsto mention that both €43 and NO radicals have a degenerate
Equilibrium Structures. The combination of the NO radical  ground state and hence their energy cannot be obtained exactly

with the vinyl radicals proceeds without a barrier and leads to by the single configuration approach that we have employed



1908 J. Phys. Chem. A, Vol. 104, No. 9, 2000 Sumathi et al.

Rearrangements in trans- and cissH,C=CHNO. The
energizedrans-nitrosoethylene formed in the reaction oftG
+ NO can undergo any one of the following reactions: (i}-cis
trans isomerization, (i) 1,2-H migration leading to methyl
fulminate, 15, (iii) 1,3-H migration leading tol2, and (iv)
cyclization to give rise to the N-oxid&1. We have investigated
all these reactions and have identified the transition structures
for each of these processes. The most favored unimolecular
reaction channel frort is the cis-trans isomerization; the cisoid
conformation of the conjugated nitrosoalkene is less stable (3.9
kcal/mol), and the magnitude of the isomerization barrier is
calculated to be around 8 kcal/mol. Even though methyl
fulminate15lies energetically below thieans-nitrosoethylene,
the 1,2-H-migration faces such a high barrier (66 kcal/mol) that
the transition structurg/15 (Figure 6) is disposed energetically
above the @Hs + NO limit (Figure 4). The 1,3-H migration to
form 12is slightly endothermic (2.3 kcal/mol) and involves an
\ almost equally high barrier (62.0 kcal/mol). The introduction
“;‘“ of the electron-withdrawing nitroso group enhances the elec-
trophilicity of the 8 carbon atom, which can then form a bond
Figure 3. MP2/6-311++G(d,p) optimized geometries of the electron-  with the lone pair of nitrogen via a#12 cycloaddition. The
deficient intermediates relevant tolds + NO reaction in [G,Hz,N,O] valency of nitrogen has been extended from three to five in
PES. Bond lengths are given in A and bond angles in degrees. this cyclic isomerl1 and because of the ring strain, this isomer
o . is relatively unstable compared to the open-chain isomer. We
here. Twelve open-chain isomers 0f;[H5,N,O], as shown in 5064 the PES for cyclization and located the transition structure
Figure 1, have been found on the singlet MP2 potential energy 1/11 (Figure 7). As can be seen from Figure 4, cyclization is a

SEJtrface- -Lh?'tvfréou?h olpen;chaig 2isorpers corresgond dto () preferred process as compared to 1,2-H and 1,3-H shifts.
nitroso-substituted ethylened @nd 2), (i) cyano- (3) an The cisoid isomer can further undergo the intramolecular

isocyano- 14) substituted methanol, (iii) C-formyl8f and i~ . S -
) : o : ) : [2+2] cycloaddition reaction, which is characteristic of th-
N-formyl (20) substituted imine, (iv) methyl-substituted [CNO] Unsaturated nitro compounds. The resulting 1,2-oxageie

functionalities (5, 16, 17, and19), (v) hydroxy-keteneimine ) e . . )
(9), and (vi) substituted oximes1?). Note that an earlier nearly isoenergetic with theis-C,H3NO isomer, and this process

[ i : [ iated with a barrier height of 33.8 kcal/mol. Ugtitle
theoretical studyf® using HF and MP2/6-31G(d) calculations 'S @ssociated with a b _
considered only five isomers. From the present study, the mostestlmated a barrier height of 49.9 kcal/mol for this path at the

stable isomer is computed to be methyl isocyanate; REO MP3/6-31G(d)//HF/6-31G(d) level. Bensbassumed this step

(29), which lies approximately 70.7 kcal/mol below the initially to be. endqthermic b.y apout 18 keal/mol from thermochemica!
formed transnitrosoethylene, bC=CH—NO (1). This is in considerations, and in his proposed mechanism for the pyrolysis

accordance with the earlier findiHgthat the isocyanic acid, of acetylene in the presence of nitric oxide, he suggested this
HNCO, is the most stable structure among the isomers of step to be the rate-determining step for the termination process
[H,C,N,O]. Methyl cyanatd 7, lies by 27.4 kcal/mol higher than in the pyrolytic mechanism. However, as will be discussed later,

CHsNCO. The relative stability of methyl substituted cyanate, IS Step is not the rate-determining step for the HCN formation
isocyanate, fulminate, and isofulminate is found to be;eH 1N the GHs + NO reaction. The €N bond distance i2/3is

NCO 19 > CHs—OCN 17 > CHs—CNO 15 > CHs—ONC 16. smaller than th_at i1, while the N=O bond length is longer. In
The isomers of substituted methanol, cyanomethah8), ( accordance with the Hammond postulate for a thermoneutral
and isocyanomethanol4) are found to be more stable than reaction, the TS lies more or 'Iess in the c.entef of the reacti.on
the fulminates 15). As can be seen from Figure 1, the relative Path. The calculated activation energy is slightly large in
energy ordering among the open chain isomers is-MCO comparison W|th the usual thermal activation energies of 12
19 < CH,(OH)CN 13 < HC(O)CHNH8 < HC(O)N=CH, 20 24 keal/mol typical of symmetry-allowed reactions such as
< CH3—OCN 17 < CHy(OH)NC 14 < CH(OH)=C=NH 9 < conrotatory ring closures. As concluded by UgalERIhls high
CH3;—CNO 15 < trans C,HsNO 1 < CH,—C=NOH 12 < cis- barrier could be taken as an indication for the reaction to follow

C,HaNO 2 < CH;—ONC 16. Since all these isomers lie the high energy Mbius aromatic pathway.

N
1052 1153 1600

energetically below the initial reactant limito8s + NO, it is The cyclic isomerll, once formed, will be in equilibrium
essential to consider the dissociation and decomposition channelavith 1 because of the available excess energy. However, this
arising from these isomers. excess energy (25.2 kcal/mol) is not sufficient for its decom-

The well-knowrd® unimolecular reactions of nitrosoalkenes position into GHz + NO, 31 (E; = 63.1 kcal/mol). Even though
is the intramolecular cyclization leading to the four-membered this decomposition reaction plays a less significant role in the
oxazetes, which in turn can decompose to form the carbonyl kinetics of the title reaction, the transition structure for this
compound and nitrile oxide. We have optimized the structure reaction is interesting from the theoretical point of view, and
of both 1,2- and 1,3-oxazete3 énd5), of which the lattei5 is its geometry is shown in Figure 7. The eigenvectors of the
found to be more stable th&as well as the nitrosoethylerie negative eigenvalue of the force constant matrix (0.89dR,
(Figure 4a). Besides oxazetes, a few other four-membered ring— 0.26 Re—¢ — 0.54 0 ONC — 0.23 0 CCN) suggest the
isomers of [G,H3,N,Q] have been identified (Figure 2). Among simultaneous formation of the cyclic-N bonds. The forming
the various three-membered rings considered in this study, theC—N bonds11/31are too long (1.66 and 2.28 A) and the=N
rings 11, 22, and 26 are stable relative to the reactant limit O bond length is close to its value in the isolated NO molecule.
(Figure 2). The reactionll — 31 is an endothermic reaction, and th#&/
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SCHEME 1
CH,0 + HCN HC—C 4
27 L CH,0 + HNC
O0—NH 28
CH,0 + HNC 4
28 HZC(OH)NC
14 H u A
B \~.~ A H, H
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13 3 A’
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5
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OHC-NH-CH A CH,0_+ HCN
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HOHC=NCH A
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A!

D OHC-CH=NH HOC-CH=NH

D 25
/N D
CH,0CN HOH C——CH ) y
2 A’ H /c OH
17 C, H, +NO
H

HT:CH

CH,C(O)N HOHC=C=NH
N 3 9
18 O0—NH
H,C— C-OH Jc 10
22

26

H,C=NCOH ~———H,C=NCHO - H,CNH+CO

21 20 29

31 geometry is close t@1, as expected for an endothermic 3* and hence at ordinary temperatures, the reaction between
reaction from the Hammond postulate. Similarly, the transition vinyl radical and nitric oxide cannot proceed beyond the oxazete
structure for the endothermic cyclizationbfo 11 has structural formation. This subsequently provides a possible explanation
parameters close tbl but very different from11/31. for the nonobservation of Ci® in the experimental studies of
Formation of CH,0 + HCN. A quick glance at Scheme 1  Ogurd and Silcock3 at lower temperatures.
reveals that ChD formation can occur through various isomers  |f we now analyze this reaction from the reverse direction,
depending upon the entrance channel into theHESIO] viz., the [2+2] cycloaddition of HCO and HCN, it can proceed
potential well, and the product distribution will depend heavily in two ways depending upon whether the carbon of the hydrogen
upon the available energy of the initially formed adduct. The cyanide adds on to the carbon or the oxygen end of the aldehyde.
nascent internal energy distribution of the resultingOhvill As discussed earlier, the product of the latter addition is
depend on the mechanism of its formation. The 1,2-oxaZete thermodynamically more stable among the two possible cyclic
can undergo a pericylic ring opening reaction to form the adducts. Hence, we have searched for the path of the latter
aldehyde, whose transition struct@@7 (Figure 5) has all four  addition and identified the corresponding transition structure
ring atoms lying nearly in the same plane and both theCC  27/5 (Figure 7). It lies nearly 40 kcal/mol belo®/27 and it
and N-O bonds elongated. If we consider the following lies well below the GH3 + NO limit. This result motivated us

pathway (mechanism A) for the formation of gbj to further investigate the PES in looking for possible modes of
Vo s a7 formation of 1,3-oxazetes and in turn its unimolecular
CH;+NO31—1—2—3—H,CO+ HCN 27 dissociation channels.

Formaldehyde can also be formed via the 1,2-elimination of
the rate-determining step is actually the decomposition of HCN from substituted methanols, which in turn can be obtained
oxazete. This is in contrast to the expectations of Behbah from 1 via successive 1,3-H and 1,2-OH migrations, as shown
in agreement with the experimental findings of Weiser and in mechanism B (Figure 4b). The rate-determining step in
Berndt2® The latter authors found that the heating ofe?t mechanism B is the first step giving rise to the substituted oxime
butyl-3,3-dimethyl-1-nitroso-1-butene at 220 resulted in the 12 It should be noticed that the potential energy of the transition
oxazete derivative and that a further heating to temperaturesstructure involved in this step is nearly the same as that for the
above 240°C resulted in ketone and hydrogen cyanide. rate-determining transition structure in mechanism A (Figure
Ugalde’®@ in his calculations at the MP3/6-31G(d) level, 4a). Hence, one should expect a competitive involvement of
reported a barrier height of 73.9 kcal/mol for this step. As is both the mechanisms. The rearrangement frb2nto cya-
obvious from Figure 4a, the barrier involved in the last step of nomethanol13 involves two successive 1,2-OH migrations
the above pathway is more than the available excess energy ofnstead of a single 1,3-OH migration. However, we were not
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Figure 5. MP2/6-31H1+G(d,p) optimized geometries of the transition structures involved in mechasisamsiB. Bond lengths are given in A
and bond angles in degrees.

able to optimize the equilibrium structure of hydroxyvinylni- less importantly, to oxazetd or the cyclic three-membered
trene, and all our attempts invariably led to cyanomethanol. isomer 11 as the product, and not to GB and HCN. We
Hence, we expect it to be a point of inflection on the PES. The investigate, therefore, the various primary pathways for the
1,2-elimination of H and CN groups frodB proceed through  formation of CO in such reactions.

a five-membered ring transition structutr8/28 resulting in the Scheme 1 reveals the likely formation of CO from N-formyl
formation of HNC and CHO. A second exit channel of 20and C-formylformaldimine8 and formylaminomethylen@
cyanomethanol, which is energetically somewhat more favor- (Mechanisms C and ‘A Formation of N-formylformaldimine
able, involves isomerization to isocyanomethaivlfollowed 20 from 1* involves successive 1,2- and 1,3-methyl migra-
by elimination of HCN via the five-membered transition tions in the [CNO] chromophore (mechanis@), viz.,
structurel4/27. Once the reactants cross the barrier for the initial _~NQ 13 _ONC 1.2 _OCN 12- —C(O)N 12 ~NCO. In

step in mechanism B, all other steps are energetically feasibleqqragt 1o the preferential 1,2-hydrogen migrations in the [CNO]
and Wlll drive .to CHgO_ and I—_ICN/HNC products. T_hus, in the chromophore in [H,C,N,0] system, 1,3-methyl migrations are
reacnon 'of V|n.yl radical with NO, HQN formation occurs preferred in the [§Ha,N,0] system. Due to the bulkiness of
competitively via bothA andB mechanisms. _ the —CHsz group compared to the H atom, cyclic isomers of
Forma_non of CO and [CH;N]_Isom(_ars._As stated_ln _thg [CNO] become unstable in the jEis,N,0] system. The rate-
Introduction, the most extensive investigation of NO inhibition limiting step in mechanisnC (Figure 4) is the conversion of
on acetylene pyrolysis was done by Ogéiraho found HCN the fulminatel5 to isofulminatel6, the transition structure of

and CO in substant_ial _and e_qggl amounts_in his experiments.,, hich (15/16 lies approximately 37.6 kcal/mol above theHG
CO can be formed in (i) the initiation reaction + NO limit. This, thereby, limits the primary formation of CO
in the GH3 + NO reaction.
CH, + NO—H+ CO+HCN N-Forzm;Iaminomethylen@ can be obtained from 1,3-oxazete
. . . 5(mechanismA’, see Figure 4a), and once formed can decom-
or (i) from the secondary decomposition of the initially formed g6 into CO and formaldimine spontaneously. The present
formaldehyde in the &1 + NO reaction, or (iii) could be @ raqyits suggest that the{2] cycloaddition of CHO + HCN

primary product of the €4z + NO reaction. We have shown | yitimately lead to CO and CBNH at higher temperatures
in our earlier work® on GH, + NO that at low temperatures, i5

below 1500 K, NO is not involved in the chain initiation step

(in other words, CO cannot be formed through the pathway (i) 5/27 _ 5/6 _ 6/7 7129
above). So at lower temperatures, NO radical inhibits the CH2O +HCN—==5—=6—HC(O)NHCH7—
pyrolysis by reacting with the chain carriers such abl£and CO+ CH,NH
C4Hs. However, as discussed above, at low temperatures, the

inhibition will lead mainly to the nitrosoethylendsand2, or As mentioned earlier, we have looked for processes leading
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Figure 6. MP2/6-31H1+G(d,p) optimized geometries of the transition structures involved in mechad@sanslD. Bond lengths are given in A
and bond angles in degrees.

to the formation of5 and thereby to mechanis#’ through thermochemically indefensible. Therefore, thermochemically
some other isomers of [{H3,N,0]. One possible step is the feasible pathways for £1 and CO formation still remain to be
intramolecular [2-2] cycloaddition in N-formylformaldimine investigated.

CH,=N - C(O)H20—5 Concluding Remarks

We have also investigated this step and identified a transition ~ Electronic structure calculations have been used to character-
structure5/20 at the HF/3-21G level. Our further extensive i€ the GHs+ NO reaction on its lowest singlet potential energy
attempts to obtain the same at MP2/6-3#G(d,p) were not  Surface. While some of the equilibrium structures were inves-
successful. However, as discussed in the beginning of this tigated earlier, we considered nearly all possible isomers and
section, formation 00 is unfavorable due to the involvement  transition states connecting them. While geometries and energies
of the 15 — 16 conversion. Hence, in the low-temperature for stationary points on the PES are determined with the MP2
pyrolysis of acetylene in the presence of nitric oxide, NO is and CCSD(T) levels of theory using the 6-31+G(d,p) basis
likely not involved in the chain initiation step, and NO inhibits ~ Set, the V|bra_t|onal frequencies are o_btalned with a smaller basis
the pyrolysis by reacting with the chain carriegH. However, set. The main features of the reaction surface are as follows:
NO inhibition at low temperatures is expected to lead to products (1) A PES consisting of 26 stable intermediates has been
other than CHO. Furthermore, CO is not a primary product of characterized, and the relative order of their thermodynamic
the inhibiting reaction viz., g4z + NO. In the experiments of  stability was obtained.

Ogura, HCN and CO are formed in substantial and equal (2) Cis—trans isomerization followed by intramolecular{2]
amounts at a rate first-order in both NO argHg In the present cycloaddition is expected to be the favorable unimolecular
investigation, we could not find ways to form CO in the same reaction channel of nitrosoethylenes.

amounts as HCN. Ogura explains his experimental observations (3) Combination of the reactantsi@s + NO to form GHaz-

by assuming the ethynyl ¢8) radical to be the chain carrier  NO occurs without a barrier. Two isomerization pathways are
instead of GH3. It is appropriate to mention our earlier wétk open for the energized adduct formed from the reactants even
on the GH + NO reaction using the B3LYP/6-3%H-G(d,p) at low temperatures, both leading to cyclic addu8tarfd11).
level of theory, wherein we have identified a pathway for the However, at low temperatures none of these contain enough
formation of HCN+ CO products without any activation of  energy for subsequent dissociation to products other thieig C
the initial reactants. However, the formation of thgHGadical + NO. Therefore, at low temperatures only the addd¢g 3,
from acetylene and NO @&, + NO — C,H + HNO) is and 11 can result, and the £3 + NO reaction will behave
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Figure 7. MP2/6-31H+G(d,p) optimized geometries of the transition structures involved in mechakxiisBond lengths are given in A and bond
angles in degrees.

kinetically as a combination reaction, hence becoming fastonly ~ Supporting Information Available: Unscaled MP2/
at sufficiently high pressures. However, at higher temperatues,6-31G** harmonic vibrational frequencies of the stationary
the internal energy of the adducts2, and3 will become high points on the PES of [§3NO] system. Zero-point energies
enough for isomerization/dissociation pathways to open (mech-are given in kcal/mol. This information is available free of
anisms A and B) that ultimately result in GB and HCN charge via the Internet at http:/pubs.acs.org.

formation.
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