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ABSTRACT. Optimized structures and energies were 
calculated for 57 small- and medium-ring strained 
polycyclic aliphatic hydrocarbons using ab initio HF/3-21G, 
HF/6-31G* and HF/6-31G** as well as P (semiempirical) 
and MMX (force field) methods. Best fit CH2, CH and C 
group increments relating ab initio total energies to heats 
of formation were derived from the experimentally known 
∆Hf. The ab initio increments deviate little from those 
previously reported by Wiberg and by Ibrahim and 
Schleyer, yielding the expected conclusion that the 
intrinsically isodesmic group increment approach extends 
efficiently to small- and medium-ring strained systems. For 
the present data set, the standard deviation between 
experimental and calculated heats of formation, from ab 
initio total energies and group increments, is 1.81 kcal/mol 
for the RHF/6-31G*//RHF/6-31G* calculation, and 1.74 
kcal/mol for RHF/6-31G**//RHF/6-31G**, respectively. 
Less successful results are obtained from the HF/3-21G, 
PM3 and MMX data. As expected, systems with fused 
small rings are especially problematic for the latter 
methods. 

 
 
 INTRODUCTION 
 In the course of a study of hybridization and 13C-1H NMR 
coupling constants,1 we recently obtained RHF/6-31G*//RHF/6-31G* 
wavefunctions and ab initio total energies for a large number of small- 
and medium-ring strained polycyclic hydrocarbons. Roughly half of this 
number have had experimental heats of formation reported. It was of 
interest to examine the performance of the Wiberg2 and 
Ibrahim/Schleyer3 (IS) hydrocarbon group increments in calculating 
heats of formation from ab initio energies for these compounds, as most 
previous work has focused on unstrained or small-ring systems. This 
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paper provides such an analysis for 57 hydrocarbons, of which several 
were beyond the range of practical computational tools when the above 
papers appeared. The new best fits for the CH2, CH and C fragments 
deviate little from those previously reported, yielding the expected 
conclusion that the intrinsically isodesmic group increment approach 
extends effectively to medium-ring strained systems. 
 
 RESULTS AND DISCUSSION 

 The heat of formation of a compound is a useful characteristic, 
traditionally determined from combustion measurements. However, the 
accumulation of computational data at a consistent level for a wide variety 
of molecules and their correlation with experimental results allow an 
evaluation of their heats of formation from ab initio energies, as well. The 
ability to produce reliable estimates depends upon the computational 
method that is chosen. Molecular mechanics (MM) or semiempirical 
methods are not as generally useful, since the former method needs good 
experimental data, not always available, for parametrization,4 while the 
latter approximates minimal basis-set calculations which frequently handle 
strained small-ring compounds unevenly.5 
 Conversion of ab initio calculated energies to heats of formation is 
commonly done by the use of isodesmic comparisons with closely related 
compounds of known thermochemistry, such that errors due to 
inadequacies of basis set or electron correlation treatment largely cancel 
out.6 An isodesmic reaction is defined as a hypothetical thermoneutral 
process in which the number of formal bonds of each type is identical on 
both sides of the reaction. By appropriately choosing the components of the 
isodesmic reaction, the unknown heat of formation can be calculated from 
the corresponding energy differences. The absolute errors are likely to be 
comparable and can be assumed to cancel in calculation of the energy 
differences between related molecules. Isodesmic comparisons can provide 
a test of the reliability of the computational method by comparing the 
computed results with known experimental values. 
 The heat of formation of a compound may be estimated from 
tabulated data pertaining to individual structural fragments. Procedures 
have been developed for estimating thermodynamic characteristics by 
summing the contributions of the constituent groups. As was pointed out 
by Wiberg2, such group equivalent schemes can be viewed as a subset 
of isodesmic reactions in which the substitution levels of all C sites are 
maintained constant. Thus, Wiberg2 and subsequently, Ibrahim and 
Schleyer3, empirically determined sets of group and atom equivalents, 
which, when subtracted from a compound’s ab initio energy, yield its 
heat of formation, ∆Hf(calcd). Accordingly, ∆Hf(calcd) is expressed as 
the difference between the molecule’s total energy and the summed 
increments of the component groups, as shown by the following relation: 
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where ET is the ab initio total energy, n represents the number of atoms 
or groups of each sort, and E is the corresponding atom or group 
equivalent. Following these reports, simplified schemes with reduced 
number of parameters have been proposed,7 and individualized atom or 
group parameters were developed for particular classes of compounds.8 
Bond/group equivalents have also been derived for alkanes from density 
functional calculations.9 In a series of recent articles, Allinger et al.10 
outlined an alternative method which combines bond energy with group 
increments, while it includes terms to explicitly account for statistical 
mechanical effects of populating a molecule’s higher energy 
conformations and low-lying vibrational states, as well as its translational 
and rotational motions. 
 The present study confirms that group equivalent-based heats of 
formation can be calculated with an accuracy close to that from 
experiments (see Table 1 and Figure 1). The wide variety of small- and 
medium-ring strained hydrocarbons used in this work provide a stringent 
test of the method. Heats of formation may also be estimated for species 
where experimental values are not available or difficult to obtain. In 
addition, strain energies have been calculated for all the compounds 
recorded in Table 1.11 The experimental heats of formation, ∆Hf(exp), 
and calculated RHF/3-21G12, RHF/6-31G*13 and RHF/6-31G**13 ab initio 
total energies for the compounds considered in this study are listed in 
Table 1. All quantum-chemical calculations (ab initio and semiempirical) 
were carried out using the SPARTAN program (version 5.0, Wavefunction 
Inc., Irvine, CA) running on a SGI Indigo2 workstation and include full 
geometry optimization. Three gaussian basis sets were used in the ab 
initio calculations; the resulting enthalpies of formation become more 
accurate with the use of systematically improved basis sets and point to 
the necessity of inclusion of d-type functions (basis sets 6-31G* and 6-
31G**) in the basis set for more accurate predictions. The calculated 
values refer only to the lowest energy conformation, although in several 
cases the compounds exist as a Boltzmann distribution of different 
conformational isomers with somewhat different energies. 

A least squares fit14 of experimental vs. calculated heats of 
formation using equation 1 with the increments for CH2, CH and C groups 
as adjustable parameters, yielded ∆Hf(calcd) values at the 3-21G, 6-31G* 
and 6-31G** basis set levels as listed in Table 1, along with the group 
increments in Table 2. For a range of ∆Hf(exp) from -60 to +150 kcal/mol, 
the standard deviation of experimental vs. calculated heats of formation is 
1.81 kcal/mol for the RHF/6-31G*//RHF/6-31G* calculation and 1.74 
kcal/mol for RHF/6-31G**//RHF/6-31G**, respectively, (see Table 2). 
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Figure 1.  Plot of experimental heats of formation,  ∆Hf (exp), vs. calculated 

values, ∆Hf(calcd), from the HF/6-31G* group equivalents evaluated in this 
work, for the compounds in Table 1. Slope 1.00 was taken for the correlation 

line. 
 
 
 The thermochemical measurements recently reported for a 

variety of spirocyclopropanated cyclopropane and cyclobutane 

derivatives15 allowed to establish unambiguously an equivalent for the 

quaternary carbon atom, which was not available from the work of 

Ibrahim and Schleyer3, while Wiberg’s2a value for this parameter is 

based only on neopentane and spiropentane. The equivalents derived in 

this work for the CH2, CH and C fragments (see Table 2) are essentially 

unchanged from those previously reported, supporting the consensus 

that errors due to incompleteness in basis set correlation treatment, and 

vibrational contributions scale linearly with the numbers of each group. 

They are absorbed in the group parameters, to yield calculated heats of 

formation of accuracy comparable to experimental measurements. The 



HEATS OF FORMATION OF MEDIUM-RING STRAINED CYCLO- AND OLYCYCLOALKANES 
 
 

 161 

improved 6-31G** basis set gives ∆Hf(calcd) basically unchanged from 

the 6-31G* values, which appears to be the minimal basis set necessary 

to appropriately describe systems incorporating small strained rings. The 

∆Hf(calcd) values derived for the 3-21G basis set show large errors 

especially in the case of cyclopropane derivatives, where the flexibility 

afforded by inclusion of polarization functions into the basis set is 

essential for a proper description of these compounds. 

 Analogous values for the semiempirical PM3 method16 are 

included in Table 1 for comparison. In general, it can be stated that the 

ab initio calculations are more reliable whereas semiempirical 

calculations are faster in terms of computer time. The semiempirical 

PM3 method is claimed to reliably estimate energies, however, in this 

work the resulting semiempirical heats of formation show unacceptably 

large errors; the standard deviation for the best linear fit between PM3 

calculated and experimental heats of formation for the compounds listed 

in Table 1 is 8.0 kcal/mol. Unlike ab initio methods where self-

consistency is achieved by iterative procedures and complex 

calculations with fewer assumptions, the accuracy of empirical methods 

is limited to the accuracy of the data used in parameterization, whereby 

parameters are included in the protocol to  

adjust the results to match experimental data. Semiempirical methods 

should be applied with care when employed in prediction of properties or 

compounds not used in the parameterization, where frequent 

comparison of calculated and experimental results is imperative. 

 The MMX method, derived from Allinger’s17 MM2 force field, was 

also employed to compute heats of formation for the compounds 

included in Table 1.18 Usually, MM reproduces well the thermodynamic 

properties of hydrocarbons; e.g., the new MM4 force field applied to 56 

alkanes and cycloalkanes, excluding small rings, calculates ∆Hf with a 

standard deviation of 0.4 kcal/mol vs. experimental values.19 However, 

the MMX results in Table 1 show that although most compounds have 

MMX ∆Hf(calcd) within experimental accuracy, in some cases there are 

large discrepancies between experiment and calculation (5 compounds 

in Table 1 have MMX ∆Hf(calcd) in error vs. ∆Hf(exp) with more than 10 

kcal/mol). Thus, the performance of the MMX method (the best linear fit 
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of ∆Hf(exp) vs. ∆Hf(calcd) gives a s.d. of 4.2 kcal/mol for the compounds 

listed in Table 1), although much better than that of PM3 or HF/3-21G 

models, is not entirely consistent, leaving the ab initio HF/6-31G* or 

HF/6-31G** group equivalent schemes as the most reliable when 

compared to experiment. 

 

 CONCLUSIONS 

 The estimates of the enthalpies of formation using the 6-31G* or 6-

31G** basis sets are in fair agreement with experimental measurements. 

As expected, the equivalents at the unpolarized 3-21G basis set cannot be 

used safely for strained compounds since polarization functions are known 

to be needed to properly describe small ring carbocyclics. These 

calculations can be used when experimental results for heats of formation 

are unavailable, or as an independent check when an experimental result of 

a particular heat of formation is in question. 
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