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Thermochemistry of CH3CN, CH3NC, and Their Cyclic Isomers and Related Radicals,
Cations, and Anions: Some Curious Discrepancies between Theory and Experiment
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The heats of formation of four 13N molecules and the three most stabiei@N cations, namely, cyanomethyl,
isocyanomethyl, and azirinyl, together with their corresponding radicals and anions, have been calculated at
the G2, G2(//QCI), CBS-Q, and CBS-RAD levels of theory. In addition, bond dissociation enthalpies and
gas-phase acidities of the molecules and the electron affinities and ionization energies of the free radicals
have been derived. Comparison of the theoretical results with available experimental values shows generally
good agreement with directly measured experimental data but significant discrepancies in several instances

for derived quantities.

1. Introduction

The determination of the thermochemical properties of small
organic molecules remains a fundamental goal in chemistry. In
particular, the bond strengths, proton affinities, and acidities of
molecules are key values in understanding chemical behavior.
The experimental determination of such properties is often
difficult and fraught with large potential uncertainties, and so
theory can make important contributions. In particular, ab initio
calculations at the G2 level of thedryhave contributed
significantly to the thermochemical knowledge of small mol-
ecules, including heats of formatié#-¢97 proton affinitiest 2>
gas-phase aciditi¢;" and bond dissociation enthalpie%.9-

One of the most common solvents in chemistry is acetonitrile,
CH3CN. While the heats of formation of acetonitrile and its
isomer, isocyanomethane, are known to reasonable preéision,
the C—H bond dissociation enthalpies in these two molecules
are less certain, owing primarily to the uncertainities in the
experimentally determined heats of formation of the free
radicals,"CH,CN and*CH,NC 3> There is very little known
about the thermochemistry of the cyclic isomers of;CN and
CH3NC such as H- or 2H-azirine.

A key to determining some of the thermochemical properties
of these molecules is knowledge pertaining to thEl 8! family
of radicals, cations, and anions (see also Figure 1):

A
c=c.,

s

The cyanomethyl radicallf has been included in many
theoreticel and experiment& "7 investigations of free radical
stability. Similarly, the cyanomethyl catiod) has been the
subject of investigations concerning the stability of substituted
methyl cation$e’ These species are also of significance to
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interstellar chemistry since&CH,CN is an interstellar species
and the related H species have been detected in interstellar
clouds® The ionization energies 6€H,CN and*CH,NC have
been determined through recent high-level ab initio calculafions,
and there have been very recent experimental investigations
of the ionization energy ofCH,CN. The H-azirin-1-yl cation
(3") is a prototype example of an aromatic species, while the
anion 3~ is an example of a potentially antiaromatic species.
We present here a high-level ab initio study of the thermo-
chemistry of the @H3sN molecules acetonitrile (C4CN, 1H),
isocyanomethane (GNC, 2H), and two cyclic isomers, I2-
azirine BH,) and H-azirine BHy). The heats of formation of
the GH3N molecules and the cyano- and isocyano-substituted
methyl radicals, cations, and anions, along with corresponding
values for the H-azirin-1-yl isomer (referred to for simplicity
in this paper simply as azirinyl), are calculated at several levels
of theory. In addition, the €H bond dissociation enthalpies
and gas-phase acidities of theHgN molecules and the electron
affinities and ionization energies of the free radicals are derived.
The calculated values are compared with available experimental
data.

2. Computational Methods

Standard ab initio molecular orbital calculatibhsere carried
out using the GAUSSIAN 9% suite of programs. Geometry
optimizations were performed at the HF. MP2(full), B3-LYP,
and QCISD levels of theory with the 6-31G(d) basis set. The
composite methods G2,G2(//QCI)2 CBS-Q!* and CBS-
RAD?®5 were employed to calculate the total energies of each
species. Extensive testing has shown these methods to be
generally reliable to within 10 kJ mol. The lack of diffuse
functions in the basis set for the optimization of the geometry
of 1~ has previously been found not to introduce significant
errorg and thus should not present a problem in the present
work.

G2 theory effectively corresponds to a QCISD(T)/6-31G-
(3df,2p) energy calculation on a geometry optimized at the MP2-
(full)/6-31G(d) level of theory. A zero-point vibrational energy
(ZPE) correction is made using the scaled (by 0.8929) harmonic
vibrational frequencies calculated at the HF/6-31G(d) level. An
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empirical higher level correction (HLC) is also included to free radicals were obtained as the negative of the calculated
account for residual basis set deficiencies. The standard G2enthalpy changes of reaction 3:

approach has been found to generally predict molecafar

values to withinilo k\_J mof? accuracy (and typic_ally doe_s A"+e —A” (3)
better than this), but it performs less well for highly spin-

contaminated situatiort$. The G2(/QCI)*variant of G2 theory Their jonization energies (IE) were obtained as the calculated
incorporates a geometry optimized at the QCISD/6-31G(d) level. gnthalpy changes of reaction 4:

It has been found that improvement of the level of theory used
to optimize the geometry for open-shell species showing
significant spin contamination can lead to considerable improve-
ment in the predicted thermochemistpy.

CBS-Q“is a method that attempts to approximate the energy
of a species at the infinite basis set limit by performing an
extrapolation of the energies of pair natural orbitals at the MP2
level. The effects of going from MP2 to QCISD(T) are
accounted for with an additivity scheme. The geometry is
obtained at the MP2/6-31iGevel of theory, while the ZPE used unl therwise stated. all i i tioned
is the scaled (by 0.9135) HF/6-31Galue. For open-shell . ' co> OMEIWISE STated, ai geomeHic parameters mentione

. . . A in the paper are QCISD/6-31G(d) values.
systems, there is also a correction for spin contamination in the
unrestricted HartreeFock wave functipn. The CBS-Q method 3. Results and Discussion
has been shown generally to yield reliabi¢i°® values for small
molecules# 3.1. Structural Information. The optimized geometric

The CBS-RAD procedure was formulated with a view to parameters of the €3N molecules and &4-N radicals, cations,
obtaining reliable free radical heats of formation for severely and anions, as obtained at the QCISD, MP2, and B3-LYP levels
spin-contaminated speci&s. It differs from CBS-Q in that it~ of theory with the 6-31G(d) basis set, are shown in Figure 1.
employs an improved geometry and ZPE and replaces the a. The GH3N Molecules. The parent molecules GEN
QCISD(T)/6-3HG' single-point calculation with a CCSD(T)  (1H) and CHNC (2H) both haveCs, symmetry, and each are
calculation with the same basis set. The spin-correction factor similarly described at all three levels of theory (Figure™l).
of CBS-Q is retained in CBS-RAD and is a key factor in the Acetonitrile displays a QCISD/6-31G(d)-€C bond length of
good performance of CBS-RAD for spin-contaminated radicals. 1.470 A and a &N bond length of 1.168 A, which are in
The particular CBS-RAD variant used in the present study is reasonable agreement with experimental values (from micro-
CBS-RAD(QCISD,B3-LYP)® which employs a geometry ~Wwave spectroscopy) of 1.457 and 1.156 A, respectitly.
optimized at QCISD/6-31G(d) and a ZPE calculated from scaled Isocyanomethane has-@l and N=C bond lengths of 1.430
(by 0.98063¢ B3-LYP/6-31G(d) harmonic vibrational frequen- and 1.183 A, respectively, again in reasonable agreement with
cies. For simplicity, these calculations are referred to as CBS- experimental values of 1.426 and 1.166°A.

RAD in the present paper, but it should be emphasized that the The lowest energy cyclic neutral i$i2azirine @H,), having
CBS-RAD(QCISD,B3-LYP) variant was used throughout. Cssymmetry. Itis characterized by a forma=8l double bond

Heats of formation 80 K (AfH°,) were derived from the  of 1.264 A, along &N single bond of 1.551 A, and a slightly
G2, G2(//QCI), CBS-Q, and CBS-RAD total energies using the shortened €C single bond of 1.451 A. A second cyclic
atomization method as outlined by Nicolaides e¥f’alVe note isomer, H-azirine @Hp), also hasCs symmetry?! It displays
that for charged species this entails balancing the ionization two formally single G-N bonds of 1.521 A and a short=€C
reaction with an electron, which of course has zero energy. G2 double bond of 1.284 A. The NH bond lies out of the CNC
heats of formation at 298 K were obtained fronre K values ~ plane by 81.8 while the two C-H bonds are slightly out of
using the calculated scaled (by 0.8929) HF/6-31G(d) vibrational the plane by 7.8 Optimization under &, symmetry constraint
frequencies of the species of interest together with-hgg — leads to aC,, structure with one imaginary frequency (corre-
H°, thermal corrections of the elements in their standard stétes. sponding primarily to out-of-plane motion of the-¥ bond).
CBS-Q values were corrected to 298 K employing scaled (by ~b. The GH2N Free Radicals.The cyanomethyl radicallf
0.9135) HF/6-31Gfrequencies, while CBS-RAD values at 298 has Cy, symmetry and &B; ground state at the HF, MP2,

K were obtained with scaled (by 0.9989B3-LYP/6-31G(d) RMP2, B3-LYP, QCISD, QCISD(T), and CCSD(T) levels of

A—A" +e (4)

Unrestricted reference wave functions were used in all
calculations on open-shell species. All calculations involving
electron correlation employed a frozen core, except for the MP2/
6-31G(d) geometry optimizations, which incorporated correla-
tion of all electrons (MP2(full)). For simplicity, the term MP2
is used throughout the text instead of MP2(full).

frequencies. theory?15192.22 The QCISD/6-31G(d) structure has &=
Theoretical bond dissociation enthalpies were obtained as thelength of 1.182 A, a €C length of 1.399 A and aAlHCC
calculatedAH values of reaction 1: angle of 120.0, which may be compared with the results of a
recent microwave study which yielded &0l length of 1.192
AH — A"+ H° 1) A and a C-C length of 1.368 &® The elongated &N bond

and shortened €C bond in1 compared withlH may be
Gas-phase acidities at 298 K were obtained as the calculatedattributed to delocalization involving the unpaired electron and

AH values of reaction 2: ther ands* orbitals of the G=N triple bond.
The isocyanomethyl radica®) also hasC,, symmetry and a
AH—A +H" 2) 2B, ground state at the HF, MP2, B3-LYP, and QCISD levels

of theory?22 The QCISD/6-31G(d) structure has ar=R bond
Since the HLC in G2 theory is the same on both sides of reaction length of 1.196 A, a €N bond length of 1.353 A, and an
2, all G2 calculations of acidities presented in this paper are DJHCN bond angle of 118°8 The N=C bond is only slightly
purely ab initio. The same cannot be said of the two CBS longer than that irf2H, but the shortened-€N bond (1.353 vs
methods, for which the corrections for the parent molecule and 1.430 A) indicates significant delocalization of the unpaired
product anion are distinct. The electron affinities (EA) of the electron.
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Figure 1. Selected optimized geometric parameters for thel;8 molecules(1H—3H) and the GH:N radicals (—3), cations {*—3%), and
anions (~—37). QCISD/6-31G(d) values are shown in bold print, MP2(full)/6-31G(d) values in italics, and B3-LYP/6-31G(d) values in normal
type.

The cyclic azirinyl radical § has C; symmetry and a The cyclic azirinyl cation 3*) also hasC,, symmetry,
geometry similar to that dH,, with the removal of a hydrogen  associated with the cyclic delocalization of the twelectrons
atom from the methylene grodp. There is one formal &N in a formally aromatic specie8. The structure is characterized

double bond (1.294 A) and one format®! single bond (1.518 by three similar bond lengths, two-@N bonds of 1.343 A and

A). The C-C bond has partial double-bond character (1.393 one C-C bond of 1.346 A. The MP2, B3-LYP, and QCISD

A) due to delocalization of the unpaired electron. However, as geometries are in close agreement.

in the isoelectronic cyclopropenyl radical, full cyclic delocal- d. The GH,N Anions. The anionsl™ and 2~ exhibit Cs

ization does not take plaéé. symmetry due to the competing influences of interaction
In a recent assessment of theoretical procedures for the studybetween the formal lone-pair orbital on C and ttteorbital on

of free radicals, we found that in cases of high spin contamina- CN or NC, which would favor a planaz,, structure, and four-

tion, UMP2 geometries can differ significantly from the results electron repulsion between the carbanion lone pair andrthe

of higher level treatments such as QCISDIn that study, the orbital on CN or NC, which would favor retention of pyrami-

*CH,CN radical (, (F0= 0.978) was explored in some detail, dalization at the carbanion carbon (Figuréd)The short G-C

and differences between UMP2 and QCISD geometries wereand long G=N lengths in1~ (1.404 and 1.192 A, respectively)

noted. We find here that this is also the case for radiRals do nevertheless indicate significant delocalization of the lone

((%= 0.835) and3 ([F= 0.938), though the differences are pair to the CN group. It is clear from Figure 1 ttat exhibits

not as pronounced f&. We also find that B3-LYP reasonably less delocalization thad™, since the &N and N=C bond

approximates the QCISD results for these two radicals, in lengths are very similar to those in the parent mole@hg

agreement with the conclusions reached in our earlier study. and the degree of pyramidalization at the carbanion carbon is
c. The GHxN Cations. In contrast to the above results for greater in2~ than in1~. This is probably due to the partial

the free radicals, we find that the geometries of the three cationsnegative charge already present on the terminal carbon in the

are not very sensitive to level of theory, there being only isocyano species, making a further contribution of negative

moderate geometric changes in going from MP2 and B3-LYP charge density unfavorable.

to QCISD?1%25 The cyanomethyl and isocyanomethyl cations ~ The addition of an electron to the azirinyl radical can lead to

(1t and2™) haveC;, structures and show evidence of cumulenic anion3~, which has a ring-opened structure. The ring-opened

contributions. Thus, the €C bond in1* has a length almost  anion3~ hasC, symmetry and is almost linear, havingl&NC

characteristic of a double bond (1.377 A), while tr&IEbond angle of 170.4. A second ring-opened isomer with ar-i8H—

is lengthened slightly to 1.189 A. This reflectsdonation by CH skeleton (andC; symmetry) lies more than 70 kJ mél

the cyano group, as a result of which there is a significant higher in energy tha~ (at the G2 level of theory) and was

contribution to the bonding in this cation from the cumulenic not pursued further. We were unable to isolate a ring-closed

resonance contributor GHC=N*. The geometry of2* anion at the levels of theory used in this study.

suggests an even greater contribution from the cumulenic form, 3.2. Heats of Formation. The heats of formation at 298 K

CH;=N=C", as reflected in the very short-a\ bond of 1.290 of the GH3N molecules and the £I,N radicals, cations, and

A and elongated BC bond (1.230 A). anions are listed in Table 1 together with experimental values
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TABLE 1: Comparison of Calculated and Experimental
AfH °298 Valuest

G2 G2(//QCl) CBS-Q CBS-RAD experiment

1H 75.6 74.4 78.3 781 T4 1°

2H 1746 174.2 177.5 178.6 1#31°

3H, 273.3 266.8 279.8 279.5

3H, 408.1 408.2 416.3 4145

1 267.2 263.1 261.8 262.6 245100250+ 8¢
243+ 129253+ 9

2 363.1 363.0 359.6 363.1 402129310+ 13
334+ 89336+ 11°

3 497.0 490.3  498.8 491.1 ~33¢9

1™ 1249.0 12485 12559 1257.9 12483912464 18"

2t 1265.0 1264.7 1268.8 1269.9 126319

3t 1198.0 11984 1208.0 1207.0<1138

1~ 1141 113.3 117.5 118.1 105120101+ 8

2= 2487 2485 2555 256.8 20813232+ 89

3~ 3570 3578 364.1 368.3

2n kJ mol ™. ° Lias et al® ¢ Moran et af2 4 Holmes and Mayet’
¢ Calculated from data in Berkowitz et &alSee also Shea et &P
fMoran et af® 9 Matimba et aP? " Shea et al%2

from the literature:+5ab.di10a|n the discussion that follows,
the range of values predicted by our four high-level theoretical
procedures is generally presented. For comparisons involving
open-shell systems, we believe that the CBS-RAD values are
the most reliablé®

a. The GH3N Molecules. Both the G2-based and CBS-based
values for the heats of formation of GEIN and CHNC agree
well with experiment (Table 1). TheHazirine molecule8H,
is predicted to lie almost 100 kJ mdlhigher in energy than
CH3NC, though theAtH®,95 value depends moderately on level
of theory, ranging from 266.8 kJ mdl at G2(//QCI) to 279.8
kJ mol! at CBS-Q. H-Azirine (3Hy) is significantly less
stable thar8H,, with a predicted\;H,9s range of 408.1+416.3
kJ molL. The high energy o8H, may be associated with the
fact that this species would be formally antiaromatic in a
hypothetical planar structure.

b. The GH:N Free Radicals. The *CH,CN radical () is
the lowest energy isomer on the;HGN surface, having a
AfH°29g Of 262.6 kJ mot! at the CBS-RAD level of theory
(Table 1). This value is almost 20 kJ mdlhigher than the
value quoted in Lias et &(245 4+ 10 kJ mot?), which was

J. Phys. Chem. A, Vol. 102, No. 35, 1998077

determined by Matimba et &f.of 334 4 8 kJ mol! (derived
using their experimentally measured gas-phase acidity af CH
NC, 1589+ 8 kJ mof1) and Moran et af® of 310 + 13 kJ
mol~! (derived using their experimentally measured electron
affinity of *CH,NC, 1.059+ 0.024 eV) and the value of 336

11 kJ moi? derived from the bond dissociation enthalpy
reported by Berkowitz et dl. It is intriguing that the calculated
value of 363.1 kJ mott lies in the middle of the range spanned
by the four experimental values.

The azirinyl radical 8) is calculated with CBS-RAD to have
a AfH°29g of 491 kJ mot?®. This is much higher than the only
previous estimate of 339 kJ mdlby Holmes and MayeY. The
latter was based on their measured heat of formatioCb-
CN (2434 12 kJ mof™) and the known difference in{H°»9s
(96 kJ mot?t) between the propargyl radicaliCH,C=CH
(AfH 208 = 343 kJ mot?1),3 and the cyclopropenyl radical,
c-CsHz" (AfH%208 = 439 kJ moi?1).327 The present results
indicate that the azirinyl radical is considerably less stable
relative to the acyclic isomer than is the cyclopropenyl radical.

c. The GHoN Cations. The theoretical values in Table 1
for AsH®,9g Of 1™ range from 1249 to 1258 kJ mdl These
are significantly higher than the experimental value of 1218
8 kJ mot reported by Holmes and May&r.Their experimental
value is based on the appearance energy of3DH from ICH,-

CN. Mass spectrometry experimetishowed that this process
probably occurs at threshold with little or no reverse energy
barrier, and there was no reported evidence of a kinetic or
competitive shift (though these effects in any case would make
the experimental value too high rather than too low). One
potential problem may be the heat of formation of KGNl (151

kJ mol?), which was estimated from group additivity.
However, we have calculated thgH°,9g5 of ICH,CN at the

G2 level of theory from the isodesmic reaction with £&hd
found a similar value, 153 kJ mdl. There is much closer
agreement between the theoretidaH®,qs for 1* and the very
recent experimental value of 1246 18 kJ moi? derived by
Shea et al%@ Their result was obtained from thettH°,gg for
*CH,CN and their measured ionization energy f6H,CN of
10.30+ 0.04 eV.

The AfH®;95 of 2 reported by Holmes and May&&(1203+

derived from gas-phase pyrolysis studies of cyanoethane and23 kJ mol?) is based on their experimentally determined

cyanopropane, and the value derived by Holmes &t(@l3 +

12 kJ mot?) from the monoenergetic electron impact appear-
ance energy measurements for the formation of H/Clkbm
HOCH,CH,CN and CHOCO" from CH;OCEO)CH,CN.
Somewhat closer is a value obtained by Moran & €250 +

8 kJ molY), derived by combining their experimentally
measured electron affinity ®€H,CN (1.543+ 0.014 eV) with
the acidity of CHCN (1557 & 8 kJ moi1)26 and AsH®,gg Of
CH3CN (74 kJ moth).3 Finally, Shea et al%2derive aAsH208

for *CH,CN of 2534 9 kJ mol-! from the heat of formation of
acetonitrile (74 kJ mol)3 and its C-H bond dissociation
enthalpy (397 kJ mof).* This is within 10 kJ mot?! of the
CBS-RAD value of 262.6 kJ mot. We note that in a recent
evaluation of theoretical procedures for obtaining free radical
thermochemistd? we found that further increasing the level
of theory does not change the calculat®H®,95 of 1 to any
significant extent.

The*CH,NC radical @) has a calculated{H°,95 0of 363.1 kJ
mol~! at the CBS-RAD level (Table 1). This differs substan-
tially from an experimental determination by Holmes and
Maye#' of 4024 12 kJ mot? (derived from the monoenergetic
electron impact appearance energy of 080" from CHs-
OC(E=O)CH;NC) and also differs significantly from the values

AfH°,98 for 17 coupled with earlier theoretical evaluations of
the relative energies dft and2".2% It is considerably lower
than the present calculated range of 126270 kJ mot?,

The azirinyl cation ") is predicted by theory to be the lowest
energy GHoN™ isomer with aA¢H®,9g 0of 1198-1208 kJ mot™.
This is significantly higher than the experimentally estimated
upper limit of 1138 kJ mol! reported by Holmes and Maye,
obtained from the measured appearance energy of the cation
from |H-1,2,3-triazole. The experimental value is reported as
an upper limit to the true value due to the competition from a
lower energy dissociation. It is difficult to understand the
discrepancy between the experimental and theoretical values,
especially since the experimental value is the lower of the two.
Quite apart from the lower energy dissociation complication,
factors such as the presence of a kinetic shift or a reverse energy
barrier would also make the experimental value too high rather
than too low. One possibility is that there is another, lower
energy GH,N cation that is being formed in the dissociative
ionization of H-1,2,3-triazole. However, previous studies of
the cation surface give no indication of an isomer with energy
lower than that o8%.25 Another potential source of uncertainty
is theAsH°,9g 0f IH-1,2,3-triazole used in the experimental study.
The value listed by Lias et 81(247 kJ mot?) was derived by
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TABLE 2: Comparison of Calculated and Experimental
C—H and N—H BDEgg Values®

Mayer et al.

TABLE 3: Comparison of Calculated and Experimental
AacidH %298 valuest

G2 G2(/IQCl) CBS-Q CBS-RAD experiment G2 G2(//QCl) CBS-Q CBS-RAD  experiment
1H 409.6 406.7 401.5 4025 389100394+ 8¢ 1H  1569.2 1568.2 1568.0 1568.8 156011°
3894 124397+ 9° 1557+ 8&°
2H 406.5 406.8 400.1 4025 447129355+ 13/ 2H  1604.8 1603.6 1606.8 1607.0 1565129
379+ 89381+ 9° 1589+ 8°
3H." 441.7 4415 437.0 429.6 3HS 1613.0 1620.3 1613.1 1617.7
3H, 306.9 300.1 300.5 294.6 3H, 1478.2 1478.9 1476.6 1482.7

a|n kJ mof . P Using the radicalAfH®,9s value from Lias et at.
¢Moran et aR? 9Using the radicalAsH,9s value of Holmes and
Mayer> ¢Berkowitz et att fMoran et af® 9Matimba et afd
h Methylene C-H BDE forming 3.

Joshi from a bond energy additivity schefieWe calculate
the G2 A¢H°,98 to be 278 kJ mall, accounting for 31 of the
approximately 60 kJ mol discrepancy between the theoretical
and experimental values for thgH,qg of 37.29

d. The GH:N Anions. The discrepancies between the present
theoretical AfH®,9g values for the anionsl™ — 3~ and
experimental values reported by Moran eb@and Matimba

et al®@ are less than those discussed above for the radicals an

cations. The present results of 113118.1 kJ mot?! for
AfH®298 (17) lie only about 16-15 kJ mot?® higher than those
reported in Lias et @.and by Moran et at2and agree with the
former experimental value within the quoted precision. The
AtH®,98 values for2~ obtained in the present study (248.5
256.8 kJ mot?) are roughly 20 kJ mol higher than the
experimental value of 232 8 kJ moi! reported by Matimba
et al>d and more than 40 kJ mol higher than that of Moran et
als® (208 + 13 kJ motl). The ring-opened aniod~ is
calculated to have A¢H°,95 Of between 357 and 368 kJ mél
3.3. Bond Dissociation Enthalpies.The 298 K C-H bond
dissociation enthalpies (BRE) of 1H, 2H, and3H, and the
N—H BDEgg of 3H;, are shown in Table 2 along with available
experimental valueg*5ab.df The theoretical BDE values for
CH3CN and CHNC are very similar, ranging from 400 to 410
kJ mol1, depending on the level of theory. This indicates that
the stabilizations of the two radicalsand?2 relative tolH and
2H are similar (and would result in similar radical stabilization
energy values). The results for the-8 BDE,gg in 1H and
2H are in closest agreement with the values of Berkowitz et
al? of 397 £ 9 and 3814 9 kJ mofl, respectively. The
methylene C-H bond strength in B-azirine BHy) is larger than
that for acetonitrile and isocyanomethane by roughly 30 kJ
mol~1. The BDE value ranges from 429.6 kJ mbl(CBS-
RAD) to 441.7 kJ mot! (G2). Donation from a pseudo-
orbital on the methyl group to the* orbital of the triple bond
weakens the €H bonds in1H and2H. The corresponding
interaction with thex* orbital of the C=N bond in the cyclic
isomer3H, is much weaker on symmetry grounds. In addition,
the greater s character in the-€& bonds of the strained three-

aln kJ molL PLias et al® ¢Bartmess et & 9Filley et al>
¢ Matimba et af? fAcidity of methylene hydrogens.

TABLE 4: Comparison of Calculated and Experimental EA
Valuest

G2  G2(//QCl) CBS-Q CBS-RAD experiment
1 158 1.54 1.49 1.49 1.5430.014
2 117 1.17 1.06 1.08 1.050 0.024
3 145 1.37 1.40 1.27

aln eV. P Moran et aF? ¢Moran et akP

TABLE 5: Comparison of Calculated and Experimental I1E

dvalues’
G2 G2(//QCl) CBS-Q CBS-RAD experiment
1 10.18 10.21 10.30 10.32 10.630.11°10.30+
0.04¢10.28+ 0.0
2 935 9.35 9.42 9.40 8.3(0.26
3 7.27 7.34 7.35 7.42 >8.28

21n eV. P Using AsH° values for the cation and radical in Table 1.
¢ Shea et at’ 4 Thorn et alt%®

experiment for the acidities dH and2H is nevertheless better
than that observed tor the BDE values. It should be noted that
the experimental,.idH° 298 values are directly measured quanti-
ties and do not rely on ancillary thermochemistry, in contrast
to the BDE values which are often indirectly obtained. The
smaller AacidH 2908 Values for CHCN compared with CENC

are consistent with a greater stabilizing interaction with the
carbanion center by CN compared with NC.

The AacidH®208 Of the methylene hydrogens inHz2azirine
(3H,) is predicted to be larger than the,idH 298 values for
1H and2H, the calculated values falling between 1613.0 and
1620.3 kJ mot?, while the N-centered acidity ofH-azirine
(3Hp) is predicted to lie in the range 1476-6482.7 kJ motL.

3.5. Free Radical Electron Affinities. The electron affini-
ties of 1, 2, and3 are compared with experimental values in
Table 4. The G2-based electron affinitieslof1.58 and 1.54
eV) are in close agreement with experimental values derived
by Moran et al. (1.543+ 0.014 eV) from photodetachment
spectroscopy of the anialr.52 The CBS-based results (1.49
eV) are slightly lower. In the case &; it is the CBS-based
results that are in good agreement with experiment,-11068
eV as compared with 1.058 0.024 eV measured by Moran et

membered ring would contribute to a greater bond strength. Theal3® The EA of the azirinyl radical J) is calculated to lie

N—H bond strength ir8Hy, is predicted to be 294-6306.9 kJ
mol~2.

3.4. Gas-Phase Acidities.The calculated 298 K gas-phase
acidities are compared with available experimental valefs
in Table 3. The acidities calculated for @EN (1568-1569
kJ mol1) agree fairly well with the experimental value quoted
by Lias et af (15604 11 kJ moi?), being within the quoted
uncertainty limits. The calculatetiacidH 295 values of CHNC
(1603.6-1607.0 kJ mott) are somewhat higher than the
experimental value of 1582 8 kJ mol ! reported by Matimba
et al®@ and much higher than that reported by Filley efcal.
(1565 £ 12 kJ moit). The agreement between theory and

between 1.27 and 1.45 eV. This spread in values is attributable
to the range of values obtained for theH®,95 of 3 and3™. As
with the acidities, we note good agreement between theory and
experiment for the directly measured experimental EA values.
3.6. Free Radical lonization Energies. The ionization
energies of the free radicals 2, and3 are listed in Table 5.
The CBS-based results are consistently slightly higher than the
G2-based values. The cyanomethyl radical is predicted to have
the highest IE of the three (10.180.32 eV), while that of the
isocyanomethyl radical is almost 1 eV lower (9:3%42 eV),
and the IE of3 almost 3 eV lower (7.277.42 eV). These very
different values reflect the change in relative stabilities of the
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radicals and cations. The cyanomethyl radical is the most stableChem.1995 99, 17838. (f) Wiberg, K. B.; Castejon, Hl. Org. Chem.

radical, while the cyclic catior8* is the most stable cation.
Our calculated IEs fot and2 are close to recent high-level ab
initio predictions of Botschwina and co-workérsf 10.20 +
0.03 and 9.36+ 0.03 eV, respectively. Agreement between

theory and experiment is quite poor in the cases where the
experimental values are derived from the differences in the heats

of formation of the neutral and catiéh. Agreement is greatly
improved for'CH,CN when the theoretical value is compared

1995 60, 6327. (g) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople,
J. A.J. Chem. Physl997, 106, 1063. (h) Armstrong, D. A,; Yu, D.; Rauk,
A. J. Phys. Chem. A997, 101, 4761. (i) Mayer, P. M.; Glukhovtsev, M.
N.; Gauld, J. W.; Radom, L1. Am. Chem. So@997, 119, 12889. (j) Mayer,
P. M.; Radom, LJ. Phys. Chem. A998 102 4918.
(3) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
D.; Mallard, W. G.J. Phys. Chem. Ref. Date988 17 (Suppl. 1).
(4) Berkowitz, J.; Ellison, G. B.; Gutman, 0. Phys. Chem1994
98, 2744.

(5) (a) Moran, S.; Ellis, H. B.; DeFrees, D. J.; McLean, A. D.; Ellison,
G. B. J. Am Chem. Soc1987 109, 5996. (b) Moran, S.; Ellis, H. B.;

with two very recent direct experimental measurements of the parrees D. J.- McLean, A. D.: Paulson, S. E.: Ellison, G.B\m. Chem.

ionization energy?°

4. Concluding Remarks

The heats of formation of four ££3N molecules and three

C;H2N radicals, cations, and anions have been calculated at four

levels of theory, G2, G2(//QCI), CBS-Q, and CBS-RAD-

Soc.1987 109 6004. (c) Filley, J.; DePuy, C. H.; Bierbaum, V. Am.
Chem. Soc1987 109 5992. (d) Matimba, H. E. K.; Crabbendam, A. M.;
Ingemann, S.; Nibbering, N. M. Mnt. J. Mass Spectrom. lon Processes
1992 114, 85.(e) Holmes, J. L.; Lossing, F. P.; Mayer, P. @hem. Phys.
Lett. 1993 212 134, and references therein. (f) Holmes, J. L.; Mayer, P.
M. J. Phys. Chem1995 99, 1366.

(6) (a) Pasto, D. J1. Am. Chem. S0d988 110,8164. (b) Leroy, G.;
Sana, M.; Wilante, CJ. Mol. Struct. (THEOCHEM1991, 228, 37. (c)

(QCISD,B3LYP). Extensive testing has shown these levels of Lehd, M.; Jensen, FJ. Org. Chem. 1991, 56, 884. (d) Jursic, B. S.;

theory to generally produce thermochemical data with an
accuracy of within 10 kJ mot. Bond dissociation enthalpies
and gas-phase acidities of theHgN molecules and electron
affinities and ionization energies of the free radicals were
derived.

The theoretical acidities, electron affinities, and ionization
energies were found generally to be in fair agreement with

directly measured experimental values. However, the results

for the heats of formation of the radicals and cations (and

Timberlake, J. W.; Engel, P. $etrahedron Lett1996 37, 6473. (e) Korth,
H.-G.; Sicking, W.J. Chem. Soc., Perkin Trans.1®97 715.
(7) Bordwell, F. G.; Zhang, X.-M.; Alnajjar, M. SI. Am. Chem. Soc.
1992 114 7623.
(8) (a) Smith, D.Chem. Re. 1992 92, 1473. (b) Herbst, EAnnu.
Rev. Phys. Chem1995 46, 27.
(9) Horn, M.; Oswald, M.; Oswald, R.; Botschwina, Ber. Bunsen-
Ges. Phys. Chenl995 99, 323.
(10) (a) Shea, D. A.; Steenvoorden, R. J. J. M.; Ched, Phys. Chem.
A 1997 101,9728. (b) Thorn, R. P.; Monks, P. S.; Stief, L. J.; Kuo, S. C;
Zhang, Z.; Ross, S. K.; Klemm, R. B. Phys. Chem. A998 102 846.
(11) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JARInitio

consequently molecular bond dissociation enthalpies and derivedMolecular Orbital Theory Wiley: New York, 1986.

radical ionization energies) showed discrepancies between theory (12) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

. 1 Johnson, B G.; Robb, M. A.; Cheesman, J. R.; Keith, T.; Petersson, A.;
and experiment much greater than the expected 10 kJ*mol Montgomery, A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V. G.;

accuracy of the theoretical predictions. A pertinent observation ortiz, J. V.; Foresman, J. B.; Cioslowski. J.; Stefanov, B. B.; Nanayakkara,
is that, in contrast to the directly measured acidities, electron A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.;
affinities, and ionization energies, the properties showing Andres. J. L. Replogle, E. S.; Gomperts, R.; Martin, R. L.; Fox, D. J.;

L . . Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-Gordon, M.;
significant differences between theory and experiment are not gonzalez, C.: Pople, J. AGAUSSIAN 94Gaussian Inc.: Pittsburgh, PA,

directly measured by experiment, but rather have been derived1995.

indirectly from experimentally measured quantities such as

dissociative ionization appearance energies or reaction rate

constants.

Our results are in close agreement with very recent measure-

ments of the ionization energy of th€H,CN radical, and we
believe that it would also be worthwhile to experimentally revisit
the thermochemistry of the otherld;N radicals and cations.
It would seem unlikely, on the basis of the established

performance of the theoretical methods used in the present study
that more elaborate theoretical treatments will alter the present

(13) Curtiss, L. A.; Raghavachari, K.; Pople, J.JAChem. Physl995
1034192.

(14) Ochterski, J. W.; Petersson, G. A.; Montgomery, JJAChem.
Phys.1996 104, 2598.

(15) Mayer, P. M.; Parkinson, C. J.; Smith, D. M.; RadomJLChem.
Phys.1998 108 604.

(16) Scott, A. P.; Radom, LJ. Phys. Chem1996 100, 16502.

(17) Nicolaides, A.; Rauk, A.; Glukhovtsev, M. N.; Radom,J.Phys.
Chem.1996 100, 17460.

(18) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. H.;
Halow, |.; Bailey, S. M.; Churney, K. L.; Nuttall, R. LJ. Phys. Chem.
Ref. Datal982 11 (Suppl. 2).

(19) For other theoretical studies on €EN and CHNC, see: (a)

results to any great extent. The eventual agreement betweerDelbeq, F.J. Mol. Struct.1983 93, 353. (b) Dixon, D. A.; Eades, R. A;
theory and experiment for these simple species derived from Frey. R.; Gassman, P. G.; Hendewerk, M. L.; Paddon-Row, M. N.; Houk,

acetonitrile and its isomers is a highly desirable goal.
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