using standard deviations in rate constants and the accuracy of
=+0.01° in temperature measurements, Deviations in the values of
AAH? represent the estimated error. The error, here, was deter-
mined by a complete treatment of all primary errors.

Activation entropies, AS¥, were determined from k = (eKT/h)
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exp(— E./RT) exp(AS*/R), and at a given temperature, the free
energy of activation, AG¥ = AH* — TAS+.
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Abstract:

Heats of formation of the following gaseous substances at 25° were determined by combustion calorim-

etry: nortricyclene (1), +14.82 = 0.54 kcal mol—!; norbornene (2), +15.12 = 0.42 kcal mol~!; norbornadiene

(3), +50.59 = 0.26 kcal mol—!; and quadricyclane (4), +60.54 = 0.26 kcal mol—.

and literature values are discussed.

Because of their manifold and fascinating reactions,
nortricyclene (1), norbornene (2), norbornadiene
(3), and quadricyclane (4) have been the subject of

&y Ay A7 2

numerous chemical investigations in the past two dec-
ades. The reactivity displayed by these compounds
suggests that they are highly strained, and estimates of
their strain energies and heats of formation obtained
in various ways have been published. In this paper we
present a brief study of the heats of formation, obtained
by combustion calorimetry, of these compounds.

Results

Compounds 14, purified by distillation and prepara-
tive gas chromatography, were subjected to combus-
tion in a rotating bomb calorimeter, and the enthalpies
of combustion and of formation were calculated by
standard procedures. Vapor pressures were measured
over a range of temperatures and from these data the
enthalpies of vaporization were calculated. With the
aid of these values, the enthalpies of formation for the
materials in their condensed phases were corrected to
the vapor state at 25°. The details of the experiments
are given in Tables I-V and are summarized in Table
V11, along with those of previous investigators.

Comparison with the Results of Previous Investigators.
Norbornane. The enthalpies of formation of the vari-
ous bicyclic hydrocarbons, which are the subject of
this report, have been studied by Turner and his col-
leagues.? Their experimental approach consisted of

(1) Address communications to this author: Department of Chem-
istry, University of Arizona, Tucson, Ariz. 85721,

(2) (a) R. B. Turner, W. R. Meador, and R, E. Winkler, J. Amer.
Chem. Soc., 719, 4116 (1957); (b) R. B, Turner, P. Goebel, B. J. Mallon,
W9. vc;n E. Doering, J. F. Coburn, Jr., and M. Pomerantz, ibid., 90, 4315
(1968).

Discrepancies between these

the determination of the enthalpies of hydrogenation
(or hydrogenolysis) of the hydrocarbons in acetic acid
solution. By combination of these data with a value
for the enthalpy of formation of norbornane (5), en-

A

5

thalpies of formation of the other hydrocarbons could
readily be deduced.

Turner and coworkers took —8.4 kcal mol~! as the
enthalpy of formation of gaseous norbornane. This
value was obtained by combining an experimental en-
thalpy of combustion for solid norbornane® with an
estimated enthalpy of vaporization. Recently, how-
ever, Boyd and his coworkers* directly determined the
enthalpy of vaporization, obtaining a value of 9.59 kcal
mol-!. Our independent determination (Table V)
agrees well with this value, 9.40 kcal mol-!. This
causes the enthalpy of formation of gaseous bicyclo-
heptane to become —12.4 kcal, and leads to a down-
ward revision of the values deduced by Turner and his
coworkers. These revised values are also listed in
Table VIIL

The earlier workers calculated strain energies of the
various hydrocarbons by comparing their values of the
enthalpies of formation with hypothetical ‘‘strainless”
values calculated by the method of Franklin.® Re-
cently, however, Schleyer, Williams, and Blanchard®
showed that this type of calculation is not appropriate
for bicyclic hydrocarbons, and that the “single confor-
mation increment” method of Benson and Buss™3

(3) A.F. Bedford, A, E, Beezer, C. T. Mortimer, and H. D. Springall,
J. Chem. Soc., 3823 (1963).

(4) R, H. Boyd, S. N. Sanwal, S. Shary-Tehrany, and D, McNally,
J. Phys. Chem., 75, 1264 (1971).

(5) J. L. Franklin, Ind. Eng. Chem., 41, 1070 (1949).

(6) P.v. R. Schleyer, J. E. Williams, and K. R. Blanchard, J. Amer.
Chem. Soc., 92, 2377 (1970).

(7) S. W, Benson and J. H. Buss, J. Chem. Phys., 29, 546 (1958).
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Table I. Nortricyclene
C:Ho Mol wt 94,158 Cp 1.17 cal deg=! g71 d*, 0.7 g ml™! (est)
E.,J AE,°, kcal
Expt  Mass sample At, °K Qi J Qs J On J Om, J Qw J deg™! mol~1
1 0.516762 1.950646 2.76 79.2 21.3 9610 8.70 0.60 —1004.72
2 0.444724 1.915867 2.89 75.0 18.7 12300 7.32 0.62 —1003.68
Temp, °C 29.5 36.0 41.5 4.5 48.6 54.4 60.0 64.0
Vapor pressure, mm 49.0 68.0 89.0 101.0 121.0 157.0 199.0 230.0
Results, kcal mol~!
AE,° An AH,%1 AH:°, AH,° AH; %
—1004.20 —2.50 —1005.68 5.74 9.08 14.82
+0.52 +0.52 +0.52 +0.02 +0.54
Table II. Norbornene
C:Ho Mol wt 94.158 Cp 1.38 J deg™! g1 g0, 0.7 g ml~! (est)
E,]J AE,°, kcal
Expt  Mass sample At, °K Qi J Qs J Qo J Om, J Ow, ¥ deg-! mol~!
1 0.725179 2.512753 13.4 75.4 22.0 9700 13.1 2.52 —1005.96
2 0.617369 2.218038 81.0 20.5 9600 10.8 1.89 —1005.15
Temp, °C 28.0 29.0 33.3 38.3 42.0 47.0 55.0 64.0 67.5 69.5 74.0 77.0
Vapor pressure, mm 68.0 70.0 850 108.0 125.0 154.0 209.0 287.0 324.0 346.0 403.0 443.0
Results, kcal mol™!
AE° An AH,% AH:°, AH,° AH:°
—1005.56 —2.50 —1007.04 7.09 8.03 15.12
+0.40 +0.40 +0.40 +0.02 +0.42
Table III. Norbornadiene
C/H, Mol wt 92,142 C,1.26 J deg=1g-1d?,0.7 g ml~! (est)
E.,J AE,°, kcal
Expt Mass sample At, °K 0, ] Qs ] On, ¥ Onm, J Qv J deg™! mol~1!
1 0.519582 2.190462 2.89 79.2 21.3 13800 9.96 0.66 —972.86
2 0.504676 2.284437 1.92 80.9 32.2 16000 9.50 0.63 —973.54
3 0.626266 2.503413 2.76 74.1 30.2 14300 12.3 0.79 —973.10
Temp, °C 27.0 32.0 37.0 42.0 46.0 54.0 55.0 62.0 66.5 69.0 71.2 78.5 79.5
Vapor pressure, mm  74.0 92.0 1140 142.0 1650 2250 230.0 306.0 345.0 390.0 403.0 526.0 529.0
Results, kcal mol~1
AE,° An AH % AH:®1 AH,° AH;:°,
—973.17 —2.00 —974.35 42.72 7.87 50.59
+0.24 +0.24 +0.24 +0.02 +0.26
Table IV. Quadricyclane
C:H, Mol wt 92.142 Cp 1.51 J deg™1 g=1 4%, 0.7 g mi~1 (est)
E,J AE,°, kcal
Expt Mass sample A, °K Qi J Qs J Qn, ¥ Om, J Ow, J deg! mol™!
1 0.469006 2.046053 2.13 68.8 28.3 13400 8.76 0.70 —982.39
2 0.273364 1.601332 2.13 77.0 11.5 14600 4.90 0.41 —981.92
Temp, °C 29.5 37.4 44.0 50.5 58.0 71.2 81.3 90.3 99.0
Vapor pressure, mm 34.0 51.0 69.5 91.0 124.0 208.0 297.0 408.0 540.0
Results, kcal mol-1
AE,° An AH,% AH:° AH,° AH:%
—982.15 —-2.00 —983.34 51.70 8.84 60.54
+0.26 +0.26 +0.26 +0.004 +0.26
should be used. Schleyer and coworkers calculated Norbornene. Our value for the enthalpy of formation

the “‘strainless” enthalpies of formation for the hydro-
carbons studied in the present paper; those values are
quoted in Table V1.

According to these calculations the strain energy of
norbornane is 17.6 kcal mol-!.

(8) S. W. Benson, F. R. Cruikshank, D. M. Golden, G. R. Haugen,
H. E. O’Neal, A. S. Rodgers, R. Shaw, and R, Walsh, Chem. Rev., 69,
279 (1969).

of gaseous norbornene is 15.14 kcal mol-!. This is
not in good agreement with the revised value of Turner
and coworkers, 20.7 kcal mol~!. Possibly the differ-
ence in media is responsible. The present data refer
to the gas phase at 25°, whereas the hydrogenations were
done in acetic acid solution. The discrepancy seems
very large to be attributed solely to a medium effect,
however.
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Table V. Norbornane

Temp, °C 27.042.6 52.7 58.2 70.0 79.6 90.5
Vapor pressure, mm 31.0 68.7 109.5 137.7 228.2 328.6 485.0

AH,° = 9,40 =+ 0.03 kcal mol™?

Table VI. Strain Energies of the Bicycloheptane Hydrocarbons

“Strainless” AH;°;, Strain energy,

kcal mol~1 ¢ kcal mol-1!
Nortricyclene (1) —24.0 38.8
Norbornene (2) —2.5 17.6
Norbornadiene (3) 25.0 25.6
Quadricyclane (4) —18.1 78.7
Norbornane (5) —30.0 17.6

s Calculated values from ref 6.

The strain energy of this molecule is 17.6 kcal mol-1,
which, coincidentally, is identical with that of the sat-
urated hydrocarbon.

Norbornadiene. Skuratov® gives 48.0 kcal mol-! as
the enthalpy of formation of liquid norbornadiene. In
order to facilitate comparisons, we combine this with
our enthalpy of vaporization to give a value of +55.9
kcal mol~-! as the enthalpy of formation of gaseous
norbornadiene. This is in excellent agreement with
Turner’s value, revised as noted above, of +55.7 kcal
mol~!. However, our value is significantly lower,
+50.59 kcal mol—1.

The strain energy of norbornadiene is 25.6 kcal mol—?,
appreciably higher than the value for the monoolefin.

Nortricyclene. The enthalpy of formation for this
compound is 14.8 kcal mol~!, and differs from that of
norbornene (15.5 kcal mol—!) by only 0.7 kcal mol~-1.
This small difference between two large numbers is in
gratifying agreement with the results of Schleyer,
who obtained a value of 0.9 kcal mol—! for the differ-
ence in free energies by directly equilibrating the two
hydrocarbons over a silica-alumina catalyst. No
medium effect is to be expected in such conditions.

The strain energy for this molecule is 38.8 kcal mol—.

Quadricyclane. The biggest discrepancy between
our results and those of preceding investigators comes
in the case of quadricyclane. Combination of the
enthalpy of hydrogenation with the revised enthalpy of
formation of norbornane, in the style of Turner,
et al.,? gives a calculated value of 79.4 kcal mol-! for
the enthalpy of formation of quadricyclane. Our
value is 60.6 kcal mol—!. We can offer no explanation
for such a large discrepancy.

The strain energy for this compound is 78.7 kcal
mol-1.

Conclusions

The enthalpies of formation of hydrocarbons 1 and
4 have been determined and their strain energies have
been calculated. Our results give somewhat lower
values for the strain energies of 1-4 than those given in
the literature, a matter for which no very convincing
explanation can be offered. Nevertheless the strain
energies are still ample to be responsible for the high
reactivities and rearrangement reactions undergone by
this remarkable series of compounds.

(9) S. M. Skuratov, cited in ref 2a.
(10) P.v.R. Schleyer, J. Amer. Chem. Soc., 80, 1700 (1958).
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Table VIII. Determination of Energy Equivalent of Calorimeter, E, by Combustion of Benzoic Acid

Mass of benzoic E,J
Expt acid in vacuo, g AR,, ohm At, °K qi, J g, ¥ Gn, J deg1 E,, J deg™!
1 1.100724 0.175781 1.736748 2.88 94.93 15.52 2.31 16,816.7
2 1.180437 0.207506 2.051271 2.13 83.60 16.73 2.93 16,812.5
3 1.248468 0.199454 1.971697 3.60 90.96 15.06 2.98 16,794.8
4 1.169664 0.186735 1.846029 2.13 92.87 20.88 2.61 16,808.9
5 1.153119 0.184128 1.820259 2.76 95.98 17.53 2.54 16,806.9
6 0.966579 0.154428 1.526695 2.76 90.33 14.48 1.78 16,804.4
7 0.965609 0.154273 1.525159 2.34 93.26 13.89 1.78 16,805.8

Av 16,807.1 = 4.9

Experimental Section

Materials. Norbornene was a Union Carbide Corp. sample,
which was purified by precision fractional distillation. Hydrogena-
tion of norbornene was followed by preparative gas chromatog-
raphy. Nortricyclene was synthesized by acid-catalyzed treatment
of norbornene.” Pure material could not be obtained by fractional
distillation, so preparative gas chromatography was employed.
Norbornadiene, an Eastman Kodak Co. sample, was purified by
preparative gc. Quadricyclane was synthesized by irradiation of
norbornadiene and purified by preparative gc.!! All samples were
>99.9 9 pure as shown by gc and by nmr spectroscopy.

As an example of gc purification procedure, nortricyclene was
purified on a 2-m (New Prep) column of 259 silicone gum nitrile
on Gas Chrom R at 50° with a flow rate of 300 ml of helium/min,
The sample size was 0.5 ml. Material with retention time of 61.8
min was collected as nortricyclene (norbornene was taken at 49.1
min). The products from 68 such runs were combined and sub-
jected to bulb-to-bulb distillation under nitrogen. The nmr spec-
trum of the final product showed no vinyl absorption, and agreed
perfectly with the spectrum expected for nortricyclene.

Calorimetry Equipment.1? The calorimeter was constructed ac-
cording to the U. S. Bureau of Mines drawings 63-01 through 63-31,
The bomb was Parr Model 1004-C which is interchangeable with
the U. S. Bureau of Mines bomb. The bomb had an internal
volume of 342 ml and its internal fittings and linings were of plati-
num. The specimen to be burned was placed in a platinum crucible
which was supported by gimbols in the bob. The bucket was
chrome plates and its shape was exactly the same as the cavity in the
isothermal jacket except that it was ¥/; in. smaller in overall dimen-
sions. A hollow cover fitted over the cavity.

The jacket temperature of the circulating water was controlled
by a Hallikainen *“Thermotrol” unit at 25 == 0.001°, The com-
plete system was housed in a room Kept at 23.0 == 0.03°, The tem-
perature of the water in the calorimeter and the bucket was mea-
sured by Leeds and Northup platinum resistance thermometers of
the totally enclosed, necked sheathed type (Model 8160) in conjunc-
tion with a Leeds and Northup *“Mueller’’ bridge, Model 9835-B, a
guarded Nanovolt detector, Type 9838, and an Azar Type H recor-
der. This equipment enabled a change in resistance of 0.000007273
ohm (7.86 X 107% °) to be recorded as 0.01 of full scale on the Azar
recorder paper.

Oxygen from a cylinder was passed through a purifier of four
columns, the first packed with wire-form CuO at 550°, the second
with Ascarite, the third with Mg(ClOy),, and the fourth with P;Os.

Procedure for Calibration of the Calorimeter. The energy equiva-
lent of the calorimeter, E,, was determined via the combustion of
benzoic acid, National Bureau of Standards Sample No. 39-i, under
the standard conditions recommended by Coops, Jessup, and van
Nes.1? The benzoic acid was pelleted and mercerized cotton
served as fuse. The only difference from the usual procedure was
to fire the bomb at ~23° so that the projected final temperature was
25.000000°, This method was preferred because it led to linear
before and after portions of the resistance-time plot and made the
determination of AR, easy. The gaseous contents of the bomb
after combustion were sampled and analyzed mass spectrometri-
cally; no significant amount of CO, NO, or NO; was ever found.
The liquid contents were titrated potentiometrically with 0.1 N

(11) C. D. Smith, Org. Syn., 51, 133 (1971).

(12) H. K. Hall, Jr.,, and J. H. Baldt, J. Amer. Chem. Soc., 93, 140
(1971).

(13) J. Coops, R. S. Jessup, and K. van Nes in “Experimental
Thermochemistry,” F. D. Rossini, Ed., Interscience, New York, N. Y.,
1965, p 27.

NaOH to determine the amount of nitric acid formed. No soot
was ever observed in the combustions.

Calibration Calculations. The calculation followed those de-
scribed by Prosen, but for 25°. The quantity AUs (25°) for a

Qrotar = 26,433.38 T g1 (ms + q: + g + q1)
Qtotar = (Es + Comp)At,

benzoic acid sample was specified by the National Bureau of Stan-
dards as 26.4338 == 0.0026 absolute kJ g=1. The quantity msg is the
mass of benzoic acid corrected in vacuo. The quantity g; was the
heat evolved from ignition of the primary platinum fuse. The
quantity g, the heat evolved from formation of 0.1 N nitric acid,
was calculated from the value of 57.8 kJ mol~!. The quantity g,
the heat of combustion of mercerized cotton, was taken as 17.02
k¥ g=1. The value of C, for benzoic acid, 1.21 J g~7, was that given
by Prosen.1* The thermochemical calorie is taken equal to 4.1840
absolute J. All calculations were done in Fortran V on a Univac
1108 computer. The E, values refer to the calorimeter plus all con-
tents except the substances to be burned (Table VIII).

Heat of Combustion of Polyethylene Film. Liquid samples for
combustion were sealed in three bags of medium density (0.92 g
cc1), medium slip polyethylene. We preferred this to polyester
film because it was much easier to seal, It was necessary to deter-
mine the heat of combustion of this particular sample (Table IX).
The value of C, at 25° was taken as 2.33 J g~? deg~1.13 The quan-
tity m, is the mass of film corrected in vacuo.

Preparation of Samples. As mentioned above, the samples were
enclosed in polyethylene film. Particular care was taken to avoid
loss of material through the film bags. If the specimen plus bag
did not come to constant weight immediately, then the specimen
plus bag was placed into a second bag; if it still did not come to
constant weight, a third bag was employed. Detection of the
penetrating odor of these substances was a good preliminary indica-
tion of incomplete sealing, and correlated with failure to achieve
constant weight. In no case was the specimen odor detectable when
three bags were employed. The procedures used follow the table
below.

Film weight used No. of bags used
1

0.07-0.12 g
0.12-0.19 2
0.19-0.25 or 0.30 3

Calculation of Heat of Combustion. We calculated —AE,, in
kcal mol™! as follows:1418 —AE’°, = (Es + Cp24°mgAt, —
i — gt — qa — ga + q(M/m)1073/4.1840). The term C,24°m,
is listed as E.. The heat capacities C, at 24° were determined for
each sample using a Du Pont scanning calorimeter. The Wash-
burn correction g. was calculated as described by Prosen?¢ but for
25°, by interpolation in the constants. The value m; is the mass of
sample corrected iz vacuo. M is the molecular weight of the com-
pound. The atomic weights were the 1961 values: C, 12.0115;
H, 1.00797; N, 14.0067; O, 15.9994. The enthalpy of combustion
was calculated as: AH,° = AE.° — AnRT. The values of
AH¢°, for CO, and H,O were taken from Klotz!" leading to A H: ®ze.

(14) E.J. Proseninref 13, p 129,

(15) F. S. Dainton, D. M. Evans, F. E. Hoare, and T. P. Melia,
Polymer, 3, 277 (1962).

(16) A. F. Bedford, J. G. Carey, I. T. Miller, C. T. Mortimer, and
H. D. Springall, J. Chem. Soc., 3895 (1962).

(17) I. M. Klotz, “Chemical Thermodynamics,” 2nd ed, W. A.
Benjamin, New York, N. Y., 1964, p 64.
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Table IX
Mass film
Expt in vacuo, g AR,, ohm At, °K g, J gqs, J gn, J E, J deg™? —AEp/m,* ¥ g1
1 0.616070 0.172328 1.703355 3.01 94.52 4.02 3.96 46,310
2 0.527113 0.148468 1.466834 3.31 90.29 3.97 3.43 46,660
3 0.557100 0.156014 1.542409 3.56 96.61 5.15 3.59 46,350

Av 46,440 = 110

The several values were averaged and the standard deviation was
calculated. Densities were taken from Beilstein or estimated.
As the heat contributed by the film was only ~10% of the total, we
did not make a separate correction for the heat capacity of the film.

Enthalpies of Vaporization. Vapor pressures were measured by
use of a sickle cell, a differential pressure measuring device (glass
Bourdon gauge).1®:1® The sickle cell pressure indicator pointer is
displaced from its null point when a pressure difference exists be-
tween the open and closed parts of the cell to bring the measuring
pointer to its null position, thus equalizing the pressure in both
parts of the system. The pressure in the open part is then read by
a McLeod gauge or mercury manometer and is taken as the pres-
sure of the closed part of the system.

Measurements were made by attaching the 225-ml cell to a vac-
uum system and bringing both parts of the cell to a pressure of
105 mm. The cell was then brought to atmosphereic pressure by
adding dry nitrogen to both parts. The specimen was introduced
into the cell and frozen by immersing in a mixture of Dry Ice-ace-
tone. While the specimen remained frozen, both sections of the
cell were evacuated to a pressure of 1078 mm and the sample en-
trance port was sealed off. The cell was then allowed to reach
room temperature and was placed into a controlled bath of Dow-
Corning 550 silicone oil. The temperature of the bath was then
brought to a constant temperature of 30 == 0.05° and allowed to
stand for 20-25 min. The pressure of the open part of the system

(18) F. Daniels, J. Amer, Chem. Soc., 50, 1115 (1928).
(19) A. W, Laubengayer and F. B, Schermer, ibid., 62, 1578 (1940).

[2.2.2](1,3,5)Cyclophane and Its Derivatives.

was adjusted to match the pressure of the closed part of the system

by admitting dry air. This brought the measuring pointer of the

sickle cell to its null point and the pressure of the open part of the

system was read. Additional pressures were read in increments of

15-20° up to the boiling point of the specimen under investigation.
Enthalpies of vaporization were calculated from

log P, — log P,

T, = 1T, ]2.303R

=

There were no discontinuities in the vapor pressure plots for the
solid hydrocarbons at the melting points. Plots were linear over
the range studied. The vapor pressure data are collected in
Tables I-V.

A variety of compounds for which we obtained satisfactory agree-
ment with literature values is given in ref 12,
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Example of Face-to-Face Crowding of Aromatic Rings'
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Abstract:

The reaction of 1,3,5-tris(bromomethyl)benzene with sodium sulfide yields 2,11,20-trithia[3.3.3](1,3,5)-

cyclophane (6) which, on subjection to a Stevens rearrangement followed by a Hofmann elimination, leads to
[2.2.2](1,3,5)cyclophane-1,9,17-triene (11). The average distance between the two aromatic rings of 11 is only
2.80 A and represents the most extreme example of face to face crowding of two aromatic rings presently known.
The physical and chemical properties of 11 and its derivatives are discussed. The chemical effects of this inter-
facial crowding are especially evident in the facile conversion of 15 to the novel cage structure 24.

Recently, we have described a procedure for the
transformation of a sulfide linkage to a carbon-
carbon double bond.? This involved a Stevens rear-
rangement followed by a Hofmann elimination and
has been utilized for syntheses of cis- and trans-15,16-
dimethyldihydropyrene, 3¢ trans-15,16-dihydropyrene,?

.(1) We thank the National Science Foundation for their support of
this investigation.

(2) National Science Foundation Predoctoral Fellow, 1968—1970.
( 9(%)R. H. Mitchell and V. Boekelheide, Tetrahedron Lett., 1197
1 .
( 9(%)R. H. Mitchell and V. Boekelheide, Chem. Commun., 1555
1 .

(5) R. H. Mitchell and V. Boekelheide, J. Amer. Chem. Soc., 92,
3510 (1970).
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