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Strain in organic molecules has long been of interest, and 
there are diverse ways of measuring its effect upon physical 
and chemical properties. With the advent of the powerful force 
field method for determining molecular structures and ener- 
gies,3 strained molecules have become a testing ground for 
those interested in this area of chemistry. The largest and 
most complete body of data available on the energies of mol- 
ecules is to be found in the heats of formation of hydrocar- 
bons.4 These are ordinarily determined by measurement of 
heats of combustion. Since heats of combustion are large 
numbers and are measured relative to the elements, for which 
the heats of combustion are also large numbers, the experi- 
mental determination of the heat of formation of a compound 
involves a relatively small difference between two large 
numbers, and the experimental measurements must be of very 
high accuracy in order to secure heat of formation data which 
are of only moderate accuracy. This problem has long been 
recognized, and one solution is to measure the energy differ- 
ence between two species in which one is interested, which is 
usually a much smaller quantity. In the case of unsaturated 
hydrocarbons, this is in principle easy. Heats of hydrogenation 
can be measured for alkenes and related compounds, and the 
heats of formatiion of the corresponding alkanes are usually 
known. Hence, the head of hydrogenation can be determined 
directly to ratheir high accuracy, and the heat of formation can 
usually be obtained for the alkene with an accuracy ap- 
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proaching tha t  which is available for the alkane. In practice 
there are some problems with experimental heats of hydro- 
genation. These can be determined in the gas phase, and this 
was the method used by Kistiakowsky in his classical inves- 
t i g a t i o n ~ . ~  For experimental convenience, subsequent mea- 
surements have usually been made in acetic acid solution. This 
presents some interpretive difficulty. The experimental 
technique used by Turner6 in his extensive studies on the 
heats of hydrogenation of alkenes is such tha t  in order to 
convert his data to gas-phase numbers, one needs to know the 
heats of solvation of the alkanes obtained in acetic acid solu- 
tion. These numbers are positive and often quite sizable since 
solvation of the hydrocarbon disrupts the liquid structure of 
the acetic acid. The  heats of solvation are not usually 
known. 

Recently, a technique for measuring heats of hydrogenation 
of unsaturated hydrocarbons in hexane solution a t  room 
temperature was de~e loped .~ ,g  The experimental technique 
is such that the directly measured number differs from the gas 
phase value only to the extent that the thermodynamic states 
of the reactant and product in very dilute hexane solution 
differ from the thermodynamic states of the gaseous product 
and reactant. We argue tha t  the absence of differential in- 
termolecular interactive forces makes this difference negli- 
gibly small. Hence, the values obtained pertain (to a very good 
approximation) to the actual molecular quantity desired, 
uncomplicated by solvation effects. 

The  cyclooctenes are a case of special interest in several 
ways. First, the heat of hydrogenation of cis-cyclooctene itself 
is known in the gas phase5 and in acetic acid solution,6 and 
these values can be compared with the value in hexane. More 
importantly, the trans isomer is a highly strained molecule, 
in which there is a bending (or rehybridization) deformation 
about the double Molecules with this deformation 
are scarce, hence the heat of hydrogenation of this compound 
is of interest. Since the heat of formation of cyclooctane is 
accurately known,4 the heats of hydrogenation give us the 
heats of formation for these compounds. 

Finally, there has been some question as to the structure 
of trans - c y c l o ~ c t e n e . ~ - ~ ~  The initial independently proposed 
structures arrived a t  from electron diffraction" and by mo- 
lecular mechanics calculationslO differed with respect to the 
stable conformation. More recent electron diffraction results12 
have borne out the calculations rather than the original elec- 
tron diffraction results. We feel it is especially important that 
the energy of this molecule, as well as its structure, be accu- 
rately calculated by any force field which is going to be useful 
for strained alkenes. 

We recently reported13 a new force field (MM2) which 
utilized low-order torsional terms as a key feature and which 
was shown to work extremely well for calculation of the 
structures and energies of saturated hydrocarbons. l j . l 4  In 
extending this force field to alkenes, we noticed that we were 
not able to reproduce very well the heat of formation of 
trans -cyclooctene, as estimated from the heat of hydrogena- 
tion in acetic acid by Turner.6 Our calculated structure was 
2-3 kcal/mol more strained than Turner'.; heat of hydroge- 
nation indicated. 

I t  was concluded that it would be worthwhile to remeasure 
the heats of hydrogenation of the cyclooctenes in a hexane 
solvent so as to avoid the solvation problem. In addition, we 
now have available better criteria for determining the purity 
of the compounds than were available to Turner, and finally, 
we are now aware of the fact tha t  trans-cyclooctene poly- 
merizes to some extent upon distillation, and presumably also 
upon simply standing a t  room temperature. The purity of the 
samples was established by gas chromatography. 

The heats of hydrogenation were determined, and the data 
are summarized in Table I. Indeed, the czs -cyclooctene value 
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Table I. Heats Qf Hydrogenation (-A"*, kcal/mol) a for  
the Cyclooctenes 

Cis Trans Solvent Ref 

22.98 f 0.10 32.24 f 0.21 Acetic acid 6 

23.04 f 0.17 34.41 f 0.43 Hexane This work 

a Under Turner's conditions in acetic acid, the magnitude of 
the heat of hydrogenation will he smaller than the gas-phase value 
by the heat of solvation of cyclooctane in acetic acid (about 0.4 
kcal/mol). Kistiakowsky'!; measurements were at  82 "C, and heats 
of hydrogenation are generally slightly greater in magnitude a t  
elevated temperatures. 

23.53 f 0.04 - Gas phase 5 

is quite comparable with earlier values, as anticipated. The  
trans-cyclooctene value is approximately 2 kcal greater in 
magnitude than that reported by Turner. The  difference is 
attr ibuted in par t  to  solvation but mainly to sample purity, 
as discussed above. The  predictive value of the force field 
calculations is again borne out. From the heat of hydrogena- 
tion obtained herein, we can estimate the heats of formation 
and strain energies of the cyclooctenes. Taking the heat of 
formation of c y ~ l o o c t a n e ~ ~  as -29.73 f 0.28, we obtain Hf" 
values for the  gas phase at 25 O C ,  as: trans, +4.68 0.71 
kcal/mol, and cis, -6.69 f 0.45 kcal/mol. An independent 
literature value4a gives: cis, -6.45 f 0.30 kcal/mol. 

The  calculated inherent strain energies3a for cyclooctane, 
and cis- and trans -cyclooctene are respectively 14.15,10.36, 
and 21.99 kcal/mol.13 While these numbers are quantitatively 
different from earlier values, the interpretation is the same, 
namely that cyclooctane contains considerable strain from van 
der Waals repulsion and unfavorable torsion, which is partly 
relieved in cis-cyclooctene. The  trans-cyclooctene, on the 
other hand, contains a large amount of bending and twisting 
strain about the double bond. 

Exper imenta l  Section 
The apparatus and technique used for the heat of hydrogenation 

measurements has been previously described.8 1-Hexane was used 
as the standard (.FIH~ = - 30.004b kcal/mol). Samples of compound, 
0.15-0.30 g, were weighed to fO.01 mg and made up to volume with 
hexane. Forty-microliter aliquots were added to the hydrogenation 
vessel, which contained the Pd/C catalyst suspended in hexane. 

cis-Cyclooctene was purchased from Columbia Carbon Co., 
Princeton, N.J., and was distilled. GLC showed it to be quite pure (SE 
30 capillary column). The trans isomer was furnished by Dr. R. Bach, 
and had been prepared by elimination from the 1,2-diol. It was 
shipped in pentane. The pentane was removed by distillation and the 
trans-cyclooctene was distilled. A polymeric residue remained. This 
sample of trans-cyclooctene was shown by GLC not to contain any 
detectable amount of the cis isomer. It did contain 1.8 f. 0.5% pentane, 
which was allowed for in calculation of the heat of hydrogenation. 

The trans-cyclooctene sample described above was both used as 
described and partly redistilled (to give a second sample), which now 
was found by GLC to contain 0.45 f 0.15% pentane. The heat of hy- 
drogenation was also measured with this sample. Uncertainties in 
Table I are 95% confidence limits on nine replicate samples plus an 
estimated uncertainty on the correction due to pentane in the trans 
sample. 

Acknowledgment. The authors are grateful to Dr. Robert 
D. Bach, Wayne State LTniversity, for furnishing them with 
the trans -cyclooctene sample used in this work. 

Registry No.-cis-Cyclooctene, 931-87-3; trans-cyclooctene, 
931-89-5. 

References and Notes 
(1) Supported by Grant NSF CHE74-08071 from the National Science Foun- 

dation. 

(2) On leave from the Chemistry Department, The Brooklyn Center, Long Island 
University, Brooklyn, N.Y. 11201. 

(3) For reviews see: (a) N. L. Allinger, Adv. Phys. Org. Chem., 13, 1 (1976); 
(b) 0. Ermer, Struct. Bonding (Berlin), 27 (1976); (c) C. L. Altona and D. 
H. Faber, Top. Cum Chem.,'45, 1 (1874); (d) J. E. Williams, P. J. Stang, and 
P. v. R. Schleyer, Ann. Rev. Phys. Chem., 19, 531 (1968). 

(4) For compilations of data, see for example: (a) J. D. Cox and G. Pitcher, 
"Thermochemistry of Organic and Organometallic Compounds", Academic 
Press, New York, N.Y., 1970; (b)D. R. Stult, E. F. Westrum, Jr., and G. C. 
Sinke, "The Chemical Thermodynamics of Organic Compounds", Wiley, 
New York, N.Y., 1969; (c) American Petroleum Institute, Tables, Project 
44; S. W. Benson, F. R. Cruickshank, D. M. Golden, G. R .  Haugen, H. E. 
O'Neal. A. S. Rodgers, R. Shaw, and R. Walsh, Chem. Rev., 69, 279 
(1969). 

(5) J. 6. Conn, G. 6. Kistiakowsky, and E. A. Smith, J, Am. Chem. Soc., 61, 
1868 (1939). 

(6) R .  6. Turner and W. R .  Meador, J. Am. Chem. Soc., 79, 4133 (1957). 
(7) D. W. Rogers, P. M. Papadimetriou, and N. A. Siddiqui, Mikrochim. Acta, 

(8) D. W. Rogers and S. Skanupong, J. Phys. Chem., 78, 2569 (1974). 
(9) N. L. Allinger, J. Am. Chem. Soc., 80, 1953 (1958). 
10) N. L. Allinger and J. T. Sprague, J. Am. Chem. Soc., 94, 5734 (1972). 
11) R. M. Gavin, Jr., and 2. F. Wang, J. Am. Chem. Soc., 95, 1425 (1973). 
12) M. Traetteberg, Acta Chem. Scand.. 829. 29 (1975). 
13) (a) N. L. Allinger, J. Am. 'Chem. Soc.. in press; (b) N. L. Allinger, D. 

14) L. S. Bartell. J. Am. Chem. Soc., 99, 3279 (1977). 

389 (1975). 

Hindman, and H. Honig, J. Am. Chem. SOC., 99, 3282 (1977). 

React ion of Methyl  and ter t -Butyl  Hypochlor i te  
with Cyclopentadiene 

Gene E. Heasley,* Waden E. Emery 111, and Robert Hinton 

Department of Chemistry, Bethany Nazarene College, 
Bethany, Oklahoma 73008 

Dale F. Shellhamer, Victor L. Heasley, 
and Stephen L. Rodgers 

Department of Chemistry, Point Loma College,  
San Diego, California 92106 

Received May 31,1977 

Recently, we reported studies on the ionic and radical ad-  
dition of methyl hypochlorite to  acyclic, conjugated dienes1 
In order to examine the stereochemistry of this reaction, we 
decided to  explore the addition of alkyl hypochlorites to  cy- 
clopentadiene (1). The  reaction of 1 with tert-butyl hypo- 
chlorite has been reported2 hut without identification of the 
stereoisomers and without a discrimination between ionic and 
radical addition mechanisms. 

The  products obtained from 1 and methyl and tert- butyl 
hypochlorite are identified in Scheme I. The ratios of products 
obtained under ionic and radical conditions are listed in Ta-  
bles I and 11, respectively. Both of the hypochlorites give a 
rapid radical reaction (molecule-induced homolysis) with the 

Scheme I 
R 
I OR (-$ + G+ Q C I + O ~ C l  

5% b Ok 
4a, b "Cl 3 

2a, b 

ROC1 fionic conditions 

+ 4a,  b 
1 'OR 7 + 5a,b 

radical conditions 

1 
6a, b 

I 

a, R=CH, b, R =tert-butyl 
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