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We report the ab initio G2(MP2) and G2(MP2,SVP) standard enthalpies of hydrogenation and isomerization
(AnygH and AisorH) at 298 K of 23 G cyclic hydrocarbons, including methyl- and methylenecyclobutane,
spiropentane, and related unsaturated hydrocarbons, as well as methyltetrah@dai€®® and AisonH?%8

are found from the differences in total enerdig)(of the participants in the hydrogenation and isomerization
reactions. Combination of calculated,qH?%¢ and AisorH?8 with one experimentakenthalpy of formation
(AfH?%9) in the set yields\:H?%8 of all the rest. In those few instances for which reliable experimental results
can be found, agreement between experiment and calculation is within 1 kcgl mol

The G2 family of ab initio calculatiodsenables one to  (3df,2p), and QCISD(T)/6-311G(d,p) levels to estimate what
determine, to a good approximation, the total enefgy ¢f a the computed total enerdyp of a molecule would be at the
molecule at 0 K. The enthalpy of formation at 298 K can be QCISD(T)/6-31#-G(3d,2p) level had the last calculation been
obtained by some further calculations and minor approximations. practical, which, in general, it is not. Computed zero-point
A signal advantage of a G2 or similar method is that highly energies are included iBo.
unstable molecules, indeed those whose existence now or ever The G2(MP2,SVPY method is similar to G2(MP2) except
is unlikely, can be examined by the same procedure as thosethat the MP2/6-311G(d,p) point is replaced by an MP2/6-31G-
that have a long history of classical thermochemistry and that (d) calculation and the QCISD(T)/6-311G(d,p) point is replaced
provide secure thermodynamic benchmarks. Broader knowl- by a calculation at the QCISD(T)/6-31G(d) level. These
edge of the thermochemistry of small rings in particular leads simplifications result in a considerable saving of computer
to an increased understanding of the interaction of various kindsresources (amounting to 8®0% in some caséd, thereby
of strain and electron delocalizati8n.Parametrization of  opening the field to calculations on larger molecules. Compu-
semiempirical methods benefits from energy data for strained tational details were given in the previous papers in this sétfes.
molecules that may not be available experimentally. Although The ab initio calculations described here were carried out using
our special interest is in the thermochemistry of the ground state,the prograrh Gaussian 94, revision C.2. The more resource-
Pople, Curtiss, and co-workérapplied their methods to ions intensive calculations were carried out at the Pittsburgh Super-
and free radicals from the outset, making structural and computing Center.
thermodynamic information available on unstable intermediates  gtatistical thermodynamic correctiéris the total energy)
in chemical reactions, flames, and explosions. obtained by the G2 family of calculations @K lead toH??8,

Recently, we carried out a study on the G2(MP2) and G2- the total enthalpy at 298 K. Knowing 2® for a group of
(MP2,SVP) enthalpies of hydrogenation, isomerization, and hydrocarbons related to each other by hydrogenation or isomer-
formation (AnydH>%8, AisomH?%%, and AjH?%9) of disubstituted  ization (along with H98 for hydrogen), we calculaté,qH2%8
cyclopropenes, cyclopentene, bicyclopentane, and related threeand A;soH298 relating members of the group from differences
membered and five-membered ring compouhdshis study in H2% for reactants and products in the hydrogenation or
extends that series of calculations to 23 new &clic isomerization reaction. We then select one of the values
hydrocarbons by taking up the methyl-substituted cyclobutenes, obtained by either the G2(MP2) or G2(MP2,SVP) procedure,
methylenecyclobutane, ethyl-, vinyl-, and ethylidinecyclopro- identify it with the experimentalvalue of the enthalpy of
pene, spiropentane, and related saturated and unsaturategbrmation, A{H2%, of the selected hydrocarbon, and calculate
hydrocarbons, as well as methyltetrahedrane. Where possible A{H298 for all molecules in the set from\¢H2%8 of the selected
calculated and experimental results #wH?298 are compared hydrocarbon ana\n,qH2%8 and AisorH2% connecting the mem-
and discussed. bers of the set (see Schemes3).

Theoretical and Computational. Results

An overview of G2(MP2) and G2(MP2,SVP) calculation of  The set of G2(MP2) and G2(MP2,SVP) results containing
AnydH?%, AisorH?%8, and AtH?® of hydrocarbons was given in - Ay (429 and AisorH2%8 for 23 5-carbon hydrocarbons has been
the first three papers in this seriésReferences in those papers  divided into three subsets, which are shown as Schem&s 1
give the theory in more detail. ltalicized numbers are calculated by the G2(MP2,SVP) proce-

Briefly, G2(MP2)¢ is a three-point extrapolation using dure. Enthalpies of reaction involving simultaneous hydrogena-
calculated energies at the MP2/6-311G(d,p), MP2/64331 tion and isomerization are not shown because they are evident
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>< mol~! within a range of 5.6 (spiropentadiene) to 8.1 mhartrees
(2,2-dimethylpropane). Thermal corrections within any group
SCHEME 2 of isomers are about the same; henggH2%8 results are about
the same at 0 and 298 K. Exceptions are methyhethylene
é isomerizations in Scheme 2, which are about 0.4 kcal=ol
F;Z? more exothermic at 298 K than at 0 K, and the 1,1-dimethyl-
~ E(G 9.4 E(H 32,0 ,;{ cyclopropene— spiropentane isomerization in Scheme 1, which
9.8 -31 9 is 0.7 kcal mof™ more exothermic at 298 K than at 0 K. These
[-52.4 -27. differences, which are within the uncertainty of the method,
l L6 '61 ” l P appear to reflect the flexibility of the reactant molecule
E{ _, N/ compared to the product.
L-0.4 M27 N 15.6 With these exceptions in mind, the thermal correction of the
04 27 5.8 lojféz hydrogenation products in Schemes3lare about 0.1 or 0.2
kcal mol? larger than the reactants, leaving hydrogen as the
E( dominant contributor to the thermal correctionnyqH values

are about 1.9 kcal mot less exothermicteD K than their 298
from Hess’'s law addition of the two concomitant reaction K values shown in Schemes-B. This consistency of the
enthalpies. EnergyE, and enthalpyH2%8 for the compounds  thermal correction téisomH?9% and AnydH?%8 over a wide range
studied in this work obtained by both computational methods of hydrocarbons has been discussed in détail.
are given in Table A of the Supporting Information. The G2-  The difference betweey, calculated by the G2(MP2) method
(MP2,SVP) thermal correction to 298 K is the same as for the and the G2(MP2,SVP) procedure increases with the number of
G2(MP2) calculations because the frequency calculation, from hydrogen atoms in a hydrocarbon, evidently owing to the lack
which the thermal correction is estimated, is at the HF/6-31G- ¢ hydrogen p-orbital functions in G2(MP2,SVP). For example,
(d) level for both methods. the vinylcyclopropenes and ethylidine cyclopropengHgs have

The three subsets in Schemes-3l are connected by  G2(MP2) values that differ by less than 1 mhartree, while 2,2-
calculatedisomerization enthalpies. Sets 1 and 2 are connected dimethylpropane (€4:5) has a G2(MP2,SVP) value & that
by is almost 5 mhartrees higher than the G2(MP2) value. Error
cancellation occurs as indicated by spiropentadiergH{C
which has a G2(MP2,SVP) value f&p that islower than the
G2(MP2) value. These differences are regular as shown in

methylenecyclobutane- spiropentane
A H?*®=15.04 (15.36 kcal mol*

Isom

and sets 2 and 3 are connected by Flgur_e l i .
This linear function, which has a slope of 0.84 mhartree per
methylenecyclobutane- vinylcyclopropane added hydrogen atom, affords a way of estimating the G2(MP2)

H?% = 2.01 (1.87) kcal mol'* (and by extension G2) values Bf from the result at the G2-
(MP2,SVP) level. The usefulness of such an estimate is
where the differences iR2% calculated by the G2(MP2,SvP)  questionable because Curtiss et al. have shown that the G2-
method and converted to kcal mélare shown in italics. (MP2,SVP) method using the standard “atomization” method
The network ofAnydH2% and AisonH2% values in Schemes of obtainingAsH produces better agreement than the G2(MP2)
1-3 yields A{H2%8 for 22 of the 23 hydrocarbons if onH2%8 method when tested on their 148-compound G2 tes€s&his
in Table 1 is known. We have chosen tleperimentatesult superiority is especially noteworthy for the hydrocarbons among
AsH?%§methylenecyclobutané)= 29.03 kcal mat?, indicated their test set. Indeed, for hydrocarbons, G2(MP2,SVP) does
by an asterisk in Table 1, as the thermochemical reference point.better than G2 by the ratio of 0.77 kcal mbto 1.29 kcal mot?,
Thermal corrections o€y to H2%, which are essentially  respectively, in their average absolute differeri¢@s-However,
classical except for the contribution to the heat capacity from by use of a different empirical reference point, our results do
vibrational motion, average about 6.5 mhartreest.1 kcal not agree with those of Curtiss et al. in this respAgt| obtained

A

isom
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TABLE 1: A¢H?®8from G2(MP2) ab Initio Calculations and from Experimental Measurements?

G2(MP2) G2(MP2,SVP) exptl A(exptl — calcd)
spiropentadiene 152.6 151.1
spiropentene 99.3 98.7
1,1-dimethylcyclopropene 52.2 52.2
spiropentane 44.1 44.4 443+ 0.2 0.2,-0.1
1,1-dimethylcyclopropane 21 -1.2 —-2.0+£0.2%8 0.1,-0.8
2,2-dimethylpropane —39.7 —38.1 —-40.2+ 0.2 —05,-21
methyltetrahedrane 119.3 118.1
methylcyclobuta-1,3-diene 91.2 90.0
methylenecyclobut3-ene 59.2 58.1
methylenebicyclobutane 814 80.6
methylenecyclobutane 29.03* 29.03* 29.03+£0.% 0.0*,0.0*
1-methylcyclobutene 28.6 28.6
3-methylcyclobutene 31.3 31.3
methylbicyclobutane 46.9 46.9
methylcyclobutane -1.3 -0.3 —-4.0+0.3(?Y -2.7,-3.7
1-vinylcyclopropene 79.1 78.1
3-vinylcyclopropene 84.1 83.0
ethylidinecyclopropene 86.7 85.8
vinylcyclopropane 31.0 30.9 35.3+ 1.0 (?}° 43,44
ethylidinecyclopropane 38.7 38.7
3-ethylcyclopropene 55.4 55.7
1-ethylcyclopropene 52.6 52.8
ethylcyclopropane 2.7 3.6 0.1+ 0.2%% 2.6,3.5
—3.0+£ 1.0 (?}° 5.7,6.6
a Units are kcal mol*
5 - In addition to the insensitivity oAsH2% of the cyclopropene
* double bond to what is attached to thé sprbon, we note the
4 large exothermic isomerization enthalpy of 1,1-dimethylcyclo-
propene to spiropentandfomH2%® = —8.1 (—7.8) kcal moi™).
= ] .
E i We have already seen that “escape” of the endocyclic double
§ 3+ bond in 1,2-dimethylcyclopropene to methylmethylenecyclo-
p=3 propane is exothermic in the amount of 11.1 kcal Thbly G2-
S ) : (MP2) calculatiorg?
uIJ° | Addition of hydrogen to bring about ring opening seen in
= : Scheme 1 is not self-consistent nor is it consistent with the
3 1 . AnydH?°8 observed in the cleavage of cyclopropdfheRing
N . opening of spiropentene to produce 1,1-dimethylcyclopropene
2 5 i hasApygH?%8 = —47.1 kcal mof* (G2MP2,SVP~46.5), which
& $ is comparable to cleaving the cyclopropane ring in reaction B,
uf . Scheme 1, and reaction D, Scheme 1, but not to reaction E,
-1 4 Scheme 1, or to hydrogenation of cyclopropane to propane
(AnygH?98 = —38.6 kcal mot! by G2)32 The cyclopropenyl
or cyclopropanyl group opposite the-© bond that is cleaved
-2 ' ' ! ' during hydrogenation causes an increase in magnitude of slightly
4 6 8 10 12 less than 10 kcal mot in ApygH2%,
Hydrogen Atoms A strongly exothermic “escape” of a double bond is also seen

Figure 1. Differences (in mhartree) betwe&p calculated by the G2-
(MP2) and G2(MP2,SVP) procedures as a function of the number of
hydrogen atoms in £hydrocarbons. The slope is 0.840.06 mhartree/
atom (95% confidence limits).

from G2(MP2,SVPXE, values agree less well with experimental
results than G2(MP2) for the larger hydrocarbons that we have
studied.

Discussion

In Scheme 1, addition of Hacross one double bond in

spiropentadiene, spiropentene, and 1,1-dimethylcyclopropene,

i.e., saturation of a cyclopropene ring, is consistent in its
exothermicity Qny,gH?® = —53.3 kcal mof? by reaction A,
—55.2 kcal mof? by reaction B, and-54.3 kcal mot?! by
reactions C+ D, respectively) at the G2(MP2) level and is
consistent with cyclopropene itself\f,qH?%® = —54.4 kcal
mol~1 by prior calculatio® and AjH?%8 = —53.5 + 0.6 kcal
mol~! by experiment}3

in the isomerization of methylcyclobuta-1,3-diene to methyl-
enecyclobutene in reaction H, Scheme 2, which can be viewed
as a manifestation of the antiaromatic nature of cyclobutadiene.
This remarkable isomerization enthalpy, the largest in the set,
is as strongly exothermic as the hydrogenation enthalpy of
ethene QpygH?%8 —32.4 kcal mof?).142 |nstability of
methylbuta-1,3-diene is also reflected in hydrogenation J, which
is more than twice as exothermic as the “normal” hydrogenation
seen in reaction K. Escape of a lone double bond to the
exocyclic location in reaction L is not energetically favored.

The energetically favored location of the double bond in
cyclopropylethene is seen in reactions U, V, and W in Scheme
3. Hydrogenation of cyclopropylethene to cycloropylethane has
a calculatedAnyqH?%¢ = —28.9 kcal mot?, which is slightly
less than that of but-1-ene-80.34 0.1)'40 but larger than the
enthalpy of partial hydrogenation of buta-1,3-diene to but-1-
enel“cindicating weak stabilization of the terminal double bond
analogous to hyperconjugative stabilization. Hydrogenation of
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the endocyclic double bond in reaction T, Scheme 3, is about Table 1 shows that the most serious discrepancies come from
6 kcal mol! less exothermic than cyclopropene itself, suggest- methylcyclobutane, vinylcyclopropane, and ethylcyclopropane.
ing conjugative stabilization of the reactant. Examination of the original papers shows that the experimental
AH2%  CalculatedAsH2%8 values are given in Table 1 along  Vvalues of all three are open to serious question. Gobds
with experimental results where the latter can be found. In observed that in a group of alkylcycloalkanes, the result for
addition to the experimental values, Curtiss et al. have calculatedmethylcyclobutanis “an apparent misfit”. If Humphrey and
AnydH?%® by the G2, G2(MP2), and G2(MP2,SVP) methods Spitzer's result for methylcyclobutane is corrected by 3.0 kcal
using the standard “atomization” method to arrive\gi2% from mol~* to conform with Good's results, the interpolatagH2%8
the computeds, valuest? Their results for spiropentane, the is —1.0 kcal mof?, in agreement with our calculation.
only compound appearing in both their paper and this, are 45.7, Two of the remaining three experimental results at the bottom
46.7, and45.4kcal mot for the three G2 procedures compared of Table 1 are given in one reference sodfcas being by

with our results of 44.1 and4.4and the experimentaly,H2%® Fierens and Nasielsk?,but a reading of the original paper shows

= 44.3 £ 0.2 kcal mof'! measured by Frazer and Progen. that they did not carry out these experiments. Rather, they
The same group has analyzed 19a@d G hydrocarbons by referred to unpublished National Bureau of Standards data as

the “bond-separation” techniqd& which we have treatéa® their source. Cox and Pilchéralso refer to “NBS measure-

throughAnydH2% and AisorH2%8. Their average absolute devia- Ments” but give neither a citation nor an experimental uncer-

tion from experiment was 0.77 kcal mdlfor G2(MP2,SvP)  tainty, entering the values as “358 " and “~3.0 & 7,

for a test set of 22 hydrocarbons compared with about 0.9 kcal 'espectively. We were unable to locate either of these results

mol~1 for obtaining AfH2%8 throughAnydH2%8 and AisorH228 in in the Journal of the National Bureau of Standards.

a somewhat smaller hydrocarbon sul3aét. If the three questionable results are ignored, only four results
Agreement with Experimental Results. ApgH. Three  remairb’”4 (other than the reference point). For these few

enthalpies of hydrogenation connecting compounds in Table 1 Points the mean arithmetic unsigned differences between

have been measured d"’ectly by hydrogen Ca'or"'njétry Ca|CU|a'[I0n and expel’iment are 09 a:hﬁ kcal morl. These
means are comparable to our previous work, though it is difficult

to rely on a comparison with such a depleted experimental data
A H2%% = 28 5 keal mof” set. Whatever the reason, the GZ(MP.Z). agreement is good in
— hvd (29.2) Schemes 1 and 2 (mean average deviation of 0.9) and poor in
Scheme 3 (mean average deviatiomef kcal moi?).
Conclusions
[K AnyaH2%8 = 229 4 kcal mol'! Results for 15 hydrocarbons in Schemes 1 and 2 support the
(-30.1) semiempirical procedure of determiningH2°8 from differences
in H2%® and a single referencésH2% but in Scheme 3,
agreement with experimental values is poor.

-
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to account for solvent effects concurrent with the hydrogenation ) ) ) _ o
reactiont® The second (double) parenthesized value for ethy- ~ Supporting Information Available: = Table A, containing
lidinecyclopropane has an added correction made by the originalcalculated enthalpies, and a listing of computational results for
authord® to account for uptake of more than the quantitative Cs hydrocarbons (11 pages). Ordering information is given on
amount of hydrogen, presumably in breaking the cyclopropane @ny current masthead page.
ring. TheApyH?*®values obtained by summing the appropriate
reaction sequences in Schemes 2 and 3-&.9,—30.3, and
—36.0, respectively, leading to differences between experimental (1) (a) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JA.
and computedn,H?% of 0.7, 0.2, and 0.3 kcal mot. G2- Chem. Phys.1991, 94, 7221. (b) Curtiss, L. A.; Carpenter, J. E.;

_ _ i Raghavichari, K.; Pople, J. A. Chem. Phys1992 96, 9030. (c) Curtiss,
(MP2,SVP) values are-28.7, =29.1 and —35.1, leading to "0 rie vk ol Bonle, J. Al Chem. Phys1993 98, 1293, (d)
differences from eXpe”m_ema| \{alues_eD_S,—_l_o,and—O.G Curtiss, L. A.; Redfern, P. C.; Smith, B. J.; Radom, L.Chem. Phys.
kcal moft. The mean arithmetic unsigned differences for the 1996,104 5148-5152.
G2(MP2) and G2(MP2,SVP) methods are 0.4 and 0.7 kcal (2) Glukhovtsev, M. N.; Bach, R. D.; Laiter, $t. J. Quantum Chem.

mol~1, respectively. 1997, 62, 373.

Beyond the hydrogenation results, it is difficult to assess (b) g’ggg)nggevr\f_‘.Dmgy_gf';g%aﬁgng_’.Fﬁ,gagggﬁi'ncrfng,?gﬁf:’ (13?178?“

agreement between experimenajH?° and computed results 1996 100, 17148. (c) Rogers, D. W.; McLafferty; F. J.; Podosenin, A. V.
in Table 1 because of the sparse and scattered nature of the. Phys. Chem1997 101, 4776.

experimental data. Theverall mean average differences (4) Frisch, M. J; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
between all experimental results in the standard reference;\]/loct'r?é%’r‘ﬁfrfi F;f’;bgéghQ}écchh;fs}?f‘%ia?ég"emAT:;' ;gtk‘“:fefz’:kff"'
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methylenecyclobutane) is poor. Mean average differences areNanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W,;

1 i i Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
2.3 and3.0kcal mol  for unsigned differences and1.0 and Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
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