is found in quartz crystals at low temperatures. For
wr £ 1 (\ > mean phonon path), no direct interaction
occurs between the sound phonons and lattice phonons,
but rather a modulation of the phonon energies by the
sound wave, and the relaxation of the phonons back to
their equilibrium states gives rise to the observed ab-
sorption. This absorption is proportional to 7 and
is, as long as 7 ~ 1/T (in good crystals), independent of
temperature. Considering the variation of wr with
temperature, the total shape of the loss-temperature
curves (Figure 5a) can thus be explained. Figures 1
and 2 demonstrate the same temperature dependence
in the case of dielectric absorption: at low temperatures
a T4 law and then the gradual transition to a rather
temperature-independent value. From this it seems
reasonable to assume that it is the same mechanism
which gives rise to absorption in both cases.

The Exponent # (1 <»n £ 4). Maris® and also Fraser
and Spencer? reported a flattening of the loss-tempera-
ture curves in the ultrasonic absorption with increas-
ing defects in the crystal structure. The same is found
in the dielectric case comparing, e.g., the quartz and
quartz glass curves of Figure 2. It seems to us that
this feature can be generalized, that the exponent n,
characterizing the intrinsic phonon absorption, is a
new and sensitive means to characterize a ‘lattice
quality.” In this line, the “lattice” of the quartz glass
does not show as much deviation from the ideal crystal
lattice of SiO; as, for instance, the over-all lattice quality
of a still 4097 crystalline polyethylene sample. This

(9) D. B. Fraser and W, J, Spencer, to be published.
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close similarity in the structures of crystalline and amor-
phous SiO; has often been suggested!® by different ap-
proaches. The sensitivity of the exponent # on the
lattice quality is clearly marked in the example of the
different polyethylenes. # can be chosen as a measure
of the degree of crystallinity (which again determines
the order in the amorphous as well as in the crystalline
phase!!). The polyoxymethylene fits well into this
line, with a crystal content of about 7097 and a slope
slightly less than the 759 crystalline polyethylene.
This again demonstrates that absorption of electro-
magnetic radiation in the considered range of frequency
and temperature is not dependent on polar units in the
structure but is, in fact, an intrinsic lattice property.

Summarizing we may say that there seemed to be
enough evidence for us to consider it worthwhile to
present our interpretation of microwave low-tempera-
ture absorption for further discussion and measure-
ments.
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Abstract:

The structures of norbornane and 1,4-dichloronorbornane in the vapor state, as determined by electron

diffraction, provide geometric parameters (i) for calculating strain and nonbonded interaction energies in a repre-
sentative rigid bicyclic hydrocarbon, and (ii) for assessing the influence on the skeletal structure due to substitution

of highly electronegative groups at the 1,4 positions.

Sectored diffraction photographs obtained at Cornell Uni-

versity and at the University of Oslo of the same samples gave scattered intensity which were in complete agreement
both in magnitude and angular scale over the regions they overlapped. The strain energy for norbornane as cal-
culated according to the scheme of Allinger was compared with the experimentally determined value.

Bicyclic molecules, particularly derivatives of bi-
cyclo[2.2.1]heptane, have held a prominent posi-
tion in the investigation of phenomena associated with
nonclassical ions.! While the interpretation of these
phenomena is still controversial,? there is general agree-
ment that the properties depend critically on the detailed
geometry of the molecules. In general, those properties

(1) T. P. Nevell, E. DeSalas, and C. L, Wilson, J, Chem. Soc.,
1188 (1939).

(2) (a) P. D. Bartlett, ‘‘Nonclassical Ions,” W, A. Benjamin, Inc.,

New York, N. Y., 1965; (b) G. D. Sargent, Quart. Rev. (London), 20,
301 (1966).

of bicyclic compounds wherein they differ from the
corresponding acyclic alkanes find rationalization in
terms of several types of ‘‘strain” imposed by their
geometries. Bicyclic molecules are of interest also
because, compared to acyclic molecules, the relatively
rigid structures of the carbon skeletons lead to unam-
biguous orientations and magnitudes of separation of
substituents. The absence of complications from hav-
ing to consider averages over several widely different
conformations has made this group of molecules useful
for testing numerous theories. ?
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Figure 1. Molecular experimental and theoretical intensity curves

for norbornane (CU data).

The present paper, the first of a series concerned
with the structures of strained hydrocarbons and their
derivatives as determined by gas-phase electron diffrac-
tion, is primarily focused on the structure of bicyclo-
[2.2.1]heptane. It has been the subject of an early
electron diffraction study by Berndt* and currently was
reinvestigated by refined electron diffraction techniques
in two laboratories, the University of Tokyo® and
Cornell University. With a precise structure available,
a preliminary test of several schemes for calculating
strain and nonbonded interactions is made, These are
to be compared with empirical calculations made for
the structure of norbornane;® a host of compounds
which incorporated the norbornane skeleton has been
extensively studied by X-ray crystal diffraction tech-
niques.’

In this paper the structure of 1,4-dichlorobicyclo-
[2.2.1]heptane is also investigated. It not only serves
as a comparison for the structures of the bicyclic ring
system but also as an indicator of the influence of sub-
stitution of two highly electronegative groups at the
1,4 positions and the consequent distortion of the
skeletal geometry.

Experimental Section

Samples of norbornane and 1,4-dichloronorbornane were pre-
pared in this laboratory.® Sectored diffraction photographs were
taken with the first Cornell apparatus,® using a 40-kV electron beam,
During the taking of the photographs, the norbornane was kept
at —20°, while the 1,4-dichloronorbornane was maintained at
room temperature. Kodak projection slide plates were used.
The diffraction patterns were read with a Leeds and Northrup micro-
densitometer; during scanning the plates were oscillated about their
centers of diffraction to minimize fluctuations due to emulsion

(3) For examples, see E. L. Eliel, “‘Stereochemistry of Carbon Com-
pounds,” McGraw-Hill Book Co., Inc.,, New York, N. Y, 1962, Chapter
10.

(4) A. F. Berndt, Ph.D. Thesis, California Institute of Technology,
1957.

(5) Y. Morino, K. Kuchitsu, and A. Yokozeki, Bull. Chem. Soc.
Japan, 40, 1552 (1967).

(6) (a) A. J. Kitaygorodsky, Tetrahedron, 9, 183 (1960); 14, 930
(1961); (b) C. F. Wilcox, Jr., J. Am. Chem. Soc., 82, 414 (1960).

(7 (a) G. Ferguson, C. J. Fritchie, J. M. Robertson, and G. A. Sim,
J. Chem. Soc., 1796 (1962); (b) D. A. Brueckner, R. A, Hamor, J. M.
Robertson, and G. A. Sim, ibid,, 799 (1962); (¢) A. C. MacDonald
and J. Trotter, Acta Cryst., 18, 243 (1965); 19, 456 (1965); (d) A. V.
Fratini, K. Britts, and I, L. Karle, J, Phys. Chem., 71, 2482 (1967).

(8) C. F. Wilcox, Jr., and J. G. Zajacek, J. Org. Chem., 29, 2209
(1964).

(9) J. M. Hastings and S. H. Bauer, J. Chem. Phys., 18, 13 (1950).
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Figure 2. Complete radial distribution curve for norbornane.
The lower oscillating curve is the difference between the experimental
f(r) and that calculated for the final model.

granularity. Gold foil patterns were taken concurrently for wave-
length calibration. The method for reduction of data has been
described previously. 10

The experimental total intensities for these two compounds as
obtained in this labotatory were compared with photographs taken
by Bohn!! in Oslo University (courtesy of Professor Otto Bastian-
sen); portions of the same samples were used. For norbornane, the
range of g values recorded at CU was ¢ = 22 to 96, while the Oslo
data extended from ¢ = 5 to 140. The reduced experimental
intensities for these two sets of data agree to within the random
fluctuations of adjacent intensity readings over the range they
overlap. For 1,4-dichloronorbornane the CU patterns extended
fromg = 13 to 96, while the Oslo data coverg = 5to 155. Here
also there is excellent agreement between the two sets of diffraction
curves.

Analysis and Results

Norbornane. The reduced experimental intensity
curve (CU) and the theoretical intensity for the best
models are shown in Figure 1. The final refined ex-
perimental radial distribution curve, and the difference
between the theoretical and experimental radial distri-
bution curves, are shown in Figure 2, computed with a
damping factor y = 0.00022.

The first peak at 1.115 A is a superposition of the
bonded C-H distances. The second peak, at 1.555 A,
is replotted on an enlarged scale in Figure 3. It is
resolved into the bonded C-C distances, i.e,, Ci—C,
= 1.556 A, C;-C; = 1551 A, C,-C; = 1.559 A, The
atoms are numbered in conventional sequence as shown
in Figure 10. The third peak at r = 2.420 A was re-
solved into 15 nonbonded C---C and C- - -H distances
(Figure 4), Oftheseonly C,--:C; = 2452 A,C,---C,
= 2317 A, Cy+--Cs = 2440 A, and C,- - -C; = 2411
A contribute significantly. The remaining peaks
are due to more distant nonbonded C---C, C---H,
and H---H distances. Since there are 28 such con-
tributions, which if shown in detail would lead to a
confusing graph, only the positions of the maxima of

(10) J. L. Hencher and S. H. Bauer, J. Am, Chem. Soc., 89, 5527

(1967).
(11) R. K. Bohn, private communication.
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Figure 3. Resolution of the 0.8-1.8-A region of Figure 2.

these peaks were drawn in as vertical lines, with the
height of each set equal to C;; = nyZ,Z)/r,;, where ny
is the number of atom pairs separated by the distance,
7y, between atoms of atomic number Z,and Z.

The geometrical parameters introduced to character-
ize the model are the bridge angle, defined as the angle
at £C,C;Cy; the flap angle, defined as the angle be-
tween the two planes C,C,C;Cs and C,CeC;sCs; all
bonded distances C,-C,, C-C;, C,-C;, and C-H;
and the angles of ZH,C.H; and ZH,C;H,, which
bisect the angles £C,C;C; and £ C,C;C,, respectively.
A least-squares refinement program on the experi-
mental intensity was then applied.

During the first runs of the least-squares program
the flap angle, the length of the C-H bond, ZH:C,H;,
and ZH, CH, were constrained to values experi-
mentally observed in unstrained hydrocarbons. After
14 cycles the iteration converged to a minimum in the
squares of the sum of residuals and of errors. During
the second execution of the program the eight geo-
metrical parameters listed in Table I and the root-
mean-square amplitudes /i, L, s, /7, and Jo—y were
allowed to vary. H, and H, were constrained to the
plane of C,C;C,; the plane of H,C:H; was set to bisect
£C,C;C; (refer to Figure 10) [that is, (6, + 6:) =
£C,CCs; 6, + 8, = £H:C.H;), and the constraint
was set such that the ratios of 6,/6: = 1 and &,/8, were
equal to 1. Also, the plane of H,,C:Hi; was set to
bisect £C,C;C.. All the remaining /,;’s were set at
reasonable values. These constraints had to be im-
posed, as otherwise no convergence was obtained in the
least-squares analysis. In particular, the ratio (6,/8:)
showed a high correlation with the magnitude of (3,
+ 82). A third set of calculations were then run with
#,/8: = 0.90, 1.00, and 1.10. The standard deviations
for the variables tested were quite close for the ratios
0.90 and 1.00 but were somewhat higher for 1.10.
Hence, within the specified uncertainties one may
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Figure 4. Resolution of the 1.8-4.2-A region of Figure 2.
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Figure 5. Molecular experimental intensity and theoretical in-

tensity curves of 1,4-dichloronorbornane (CU data).

accept either 6,/6, = 0.9 with §, + & = 108 = 1.0°
or #,/6; = 1.00 with 8, 4+ 6, = 105 = 2°. The other
parameters, several deduced nonbonded distances, and
the corresponding /;;’s are listed in Table I. The
Cartesian coordinates of the atoms for the model with
6,/6. = 0.90 are given for reference in Table II. The
estimated uncertainties were taken to be three times the
calculated standard deviations. An error matrix, the
diagonal elements of which are the square roots of
standard calculated errors and the off-diagonal elements
are the square roots of the products of the standard
errors for the corresponding pairs of parameters, is
presented in Table III.

The experimental and final theoretical intensities are
shown in Figure 1; the difference between the theo-
retical and experimental radial distribution curves,
plotted in the lower part of Figure 2, is within the
generally acceptable range. Models with C, symmetry
(bonds C.—C; and C;-Cs not parallel) and various bond
distances and angles were tested. No combination was
found which fitted the experimental intensity and radial
distribution curves as well as the C,, model. When the
twist parameter was allowed to vary in the least-squares
calculation, it reduced to zero in the converged structure.

1,4-Dichloronorbornane. The reduced experimental
intensity and the theoretical intensity curves are given
in Figure 5. The refined radial distribution curve is
plotted in Figure 6 along with the difference between the

Chiang, Wilcox, Bauer | Structures of Norbornane and 1,4- Dichloronorbornane
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Table I. Distances in Norbornane

Bonded Fijy A lijy A
C-C,, Cs-C,, C-Cs, Ci-Cs 1.556 & 0.012 0.057 = 0.004
Co-C;y, C—Cs 1.551 & 0.015 0.057 = 0.004
C-C, C-C; 1.559 £+ 0.015 0.057 &= 0.004
(C-H),. 1.115 £+ 0.015 0.080 £+ 0.002
Bridge angle 96.0 £ 1.00°
Flap angle 108.0 & 1.50°
£ZHnC:H, 108.0 &+ 1.5°
£ H.C;H;, 108.0 = 1.0°
(Assume 6,/6: = 0.90 and §,/8, = 1.00)
Nonbonded Internuclear Distances (A)
C:-Cy 2.317 £ 0.020 0.093 £ 0.009
CCy, G Cy, G- C5, Cy - - Cs 2.453 £ 0.030 0.083 & 0.008
CoCo, Cir -G 2.440 &= 0.033 0.083 £ 0.008
C - C,Cy G, G5+ C, G- G 2.411 £ 0.027 0.085 & 0.007
Gy oG5, Cy---Cs 2.891 £ 0.036 0.086 + 0.009
Table II. Cartesian Coordinates for Least-Squares Models
Norbornane (6,/6, = 0.90)y——— — —_— 1,4-Dichloronorbornane—— —
x y z x y z
C 1.158 0 0 1.115 0 0
C; 0.776 1.220 —0.886 0.777 1.229 —0.892
C; —-0.776 1.220 —0.886 —0.777 1.229 —0.892
C, —1.158 0 0 —1.115 0 0
Cs —-0.776 —-1.220 —0.886 —-0.777 —1.299 —0.892
Cs 0.776 —1.220 —0.886 0.777 —-1.229 —0.892
G 0 0 1.043 0 0 1.061
H, 2.138 0 0.532 1.201 2.153 —0.411
H, 1.152 2.184 —0.472 1.201 1.028 —1.914
H, 1.152 1.123 —1.931 —1.201 2.153 —0.411
H, —1.152 2.184 —0.472 —1.201 1.028 —1.914
H; —1.152 1.123 —1.931 —1.201 —2.153 —0.411
H, —2.138 0 0.532 —1.201 —1.028 —1.914
H; —1.152 —2.184 —0.472 1.201 —2.153 —0.411
H; —1.152 —1.123 —1.931 1.201 —1.028 —1.914
H, 1.152 —2.184 —0.472 0 —0.918 1.710
Hj, 1.152 —1.123 —1.931 0 0.918 1.710
Hy 0 0.902 1.699
H» 0 —0.902 1.699
2.792 0 0.572 Cl
—2.792 0 0.572 Cl,
Table ITI. Error Matrix for Norbornane (6,/6, = 0.90)«
Bridge Flap £LHCH £LHCH
C-C; C-C; Co—C; C-H angle angle at G at Co he hs le—m
C-C 0.0040
C-C; —0.0056 0.0051
C-Cs —0.0030 0.0044 0.0050
C-H 0.0008 —0.0010 0.0009 0.0049
Bridge angle 0.0075 —0.0075 —0.0071 0.0051 0.0056
Flap angle 0.0092 0.0059 0.0081 0.0010 0.0050 0.0085
ZHCH at C; —0.0091 0.0070 0.0069 —0.0015 0.0089 0.0064 0.0120
ZHCH at C; —0.0061 0.0060 0.0060 —0.0020 —0.0067 —0.0058 0.0090 0.0090
he 0.0059 0.0048 0.0064 0.0007 —0.0075 0.0052 —0.0085 0.0040 0.0015
hs 0.0032 —0.0029 —0.0029 0.0005 0.0034 —0.0030 —0.0031 0.0020 —0.0020 0.0030
len 0.0062 0.0060 —0.0035 0.0004 —0.0059 0.0052 0.0025 —0.0061 0.0018 0.0050 0.0010

e Units for distances in A; for angles in radians.

[B] = 1wV

(11), [J1is the Jacobian matrix, [w] is the weight matrix.

The elements in the matrix are given by o.; = sgn[(BJ~D) BTV | xv/(nq — 1p)1'/3;
xr is the sum of the squares of the residuals, n4 is the number of observations (75), #, is the number of variable parameters
w = exp[—wiq — Pl.g <aq,

=1Lq<g<q w=expl—wlg — q)l,q > q

The error limits cited in Table I are three times the magnitudes of the o..’s.

theoretical and experimental curves. Figure 7 shows
in detail the resolution of the asymmetric peak into
Gaussians which correspond to C-C; = 1.556 A,
C~C: = 1539 A, C-C; = 1.553 A, and C-Cl, =
1.773 A; there are also two nonbonded H- - -H peaks
which contribute a small amount to the total; these
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are represented by vertical lines at H,---H, = 1.877
A and H,---Hi = 1.836 A. The third and fourth
peaks for » = 2.0-3.6 A are resolved in Figure 8. These
are due to nonbonded distances; only the ones which
contribute considerably to the total area were plotted,
ie,CCy=22294,C - Cy =24264,C--C
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Figure 6. Complete radial distribution curve of 1,4-dichloronor-
bornane.
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Figure 7. Detailed analysis of the 1,3-2.0-A region of Figure 6,

= 24354, Cy--Cy = 2459 &, G- CL, = 2.778 A,
Cr-+Cl, = 2835 A, H,---Cl, = 2852 A, Gy -Cs
= 2909 A, Hy---Cl, = 3.125 A, and H,---Cl, =
3.152 A. The remaining distances were represented by
vertical lines.

The fifth peak is shown resolved in Figure 9. It is
due to nonbonded distances Hs--Hy = 3.920 A,
G---Hs = 3948 A, Hi--‘He = 4.260 A, Hy - Hy
4.285 A, H, - -H; = 4.306 A, C;---Cl, = 3.949 A,
Cy+-Cl, = 4.049 A. The sixth peak is a superposition
of Hy--:Cl; = 4.642 A, H,---Cl, = 4.815 A, and
H,---H; = 4.930 A, and the last peak is clearly the
single nonbonded Cl, - - - Cl; distance.
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Figure 8. Detailed analysis of the 2.0-3.6-A region of Figure 6.

ComCly
2702 o=

) —

o
~J
o

380 3.90 4.00 4.0 4.20 4.30 4.40
r (Z) —

Figure 9. Detailed analysis of the 3.7-4.7-A region of Figure 6,

The structural parameters for the carbon skeleton
were defined as for norbornane. Six additional vari-
ables had to be introduced: 8., ¢,, 8, ¢. define in polar
coordinates the positions of the hydrogen atoms 1,
2; re—cy and rqy...q locate the chlorine atoms at-
tached to C, and C,.

In the first execution of the least-squares program the
following parameters and /;’s were allowed to vary:
Cl—Cg, Cl—C7, Cg—Ca, brldgc anglCS, C—Cl, 112, (117, 123),
L3, and lc—c1.  In the second set, no constraints were
imposed on any of the geometrical parameters and on
the following l;/’s:  ls, L, lo—cy, and le_y. After 14
cycles, the squares of the sum of the residuals and errors
converged to a minimum, This set is listed in Table
1V and the corresponding Cartesian coordinates for all
the atoms are given in Table II. The error matrix for
1,4-dichloronorbornane is presented in Table V. The
quoted uncertainties were taken at three times the
calculated standard deviations.

Chiang, Wilcox, Bauer | Structures of Norbornane and 1,4- Dichloronorbornane
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Table IV. Distances in 1,4-Dichloronorbornane

Bonded ¥ij, 1& [,‘j, 1&

C1-GC,, Cs—Cy, C—C;, C-C¢ 1.556 &£ 0.011 0.058 =+ 0.003
C:-C;, C:-Cs 1.553 = 0.015 0.058 =& 0.003
C-G, GG 1.539 & 0.015 0.058 == 0.003
(C-H)av 1.124 & 0.021 0.079 =& 0.003
C-Cl 1.773 £+ 0.008 0.056 & 0.003
Bridge angle 92.8 £ 1.0°

Flap angle 108.1 & 1.8°

6 64.65 £ 1.5°

1 65.31 £ 1.5°

0: 155.30 = 2.0°

b2 —25.40 = 1.8°

Nonbonded Internuclear Distances (A)

G---Cy 2.229 + 0.009 0.130

C 0 Cyy G-+ Cy, G+ 0G5, Cy- - - Cs 2.426 + 0.009 0.073

Co oG, Cye -G 2.459 + 0.010 0.077

Co G, Gy - Cp, G-+ C, Gy 1 G 2.435 £ 0.008 0.077

Cy G5, Cye - Cs 2.909 + 0.011 0.110

Cl- - Cl 5.585 £ 0.003

Discussion of Structures

The structure of norbornane as derived from this
study is shown in Figure 10, The bridge angle is 96.0°;
the average C-C bond distance is 1.555 A, essentlally
like that reported by Berndt.* The flap angle is 108°,

Hll

N 2B98ALN

-

~

Figure 10. Norbornane.

but the angle C,C,Cs is smaller than that calculated
by Kitaygorodsky.®* It is close to the corresponding
angle in anti-7-norbornylbromobenzoate™ and anti-8-tri-
cyclof3.2.1.0%4]octyl-p-bromobenzenesulfonate.’  The
bond angles as derived from this study check those
calculated by Wilcox® using a simple bending force
field; they are less than tetrahedral, indicating consider-
able strain in the carbon skeleton. A comparison of
bond lengths and bond angles for norbornane and its
related compounds is presented in Table VI. A pre-
liminary electron diffraction study of norbornane was
reported by Morino, et al.;* they cited 1.547 A for
the average C-C bond dlstanccs this is 0.008 A shorter
than that found in this study. However, the two struc-
tures agree within the stated experimental errors.

In considering the structure of 1,4-dichloronorbor-
nane, note that the nonbonded distances between Cl;
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and H,, H,, and H; place the chlorine atom in a position
which is almost equidistant from all nearest neighboring

hydrogen atoms; ze, Cl,---H, = 2.852 A, Cl,---H,
= 3125 A, Cl,---H, = 3.152 A, etc. ZH,CH, is
113° and HA Hs (2 056 A) is closer than is the corre-

sponding nonbonded H;- - - H,( (2.267 A) in norbornane,
In assigning geometric parameters for this compound,
we allowed three degrees of freedom for the hydrogen
atoms; i.e., we defined all hydrogen atoms except Hy
and H,y in polar coordinates, Thus 8, ¢, and C-H
define the position of H, while 8,, ¢, and C-H define
H.; H; and H; are located by C,, symmetry, Even

1,4-Dichloronorbornane.

Figure 11.

though each H atom has three degrees of freedom,
H,- - -H; was found to be equal to H- - -H,4 (2.402 A).
Likewise, H, in norbornane is also oriented as to be
approximately equidistant from its nearest neighboring
hydrogen atoms, i.e., Hi---Hy = 2.580 A, H, ---Hs
= 2860 A, H, Hu = 2.598 A, etc. These non-
bonded Cl, - -H and H; - - - H distances for 1,4-dichloro-
norbornane and norbornane are shown in Figures 10
and 11, respectively. The shortening of the Hz---Hs
in 1,4-dichloronorbornane is probably due to the at-
tractions between Cl, (or Cl,) and H,, Hs (or Hy4, He).
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Table V. Error Matrix for 1,4-Dichloronorbornane
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= Both norbornane and the 1,4-dichloride show a

§. marked distortion of the bridgehead (C; and Cy) angles

from tetrahedral values. This distortion can be gauged

=8 by comparing the sum of the three internal skeletal angles

ii around the bridgehead atom (308° for norbornane and

313° for the dichloride) with the sum expected for a

S8a tetrahedral arrangement, 325°. An alternate, more
388 easily visualized, means for tifying this di i

223 y , or quantifying this distortion

[ is to compare the perpendicular distances of the bridge-

oo = head carbons above the plane defined by C,;, Cs and

§§§§ C;. For a tetrahedral arrangement, using an averaged

cocoo C-C distance appropriate for these molecules, the

Il perpendicular distance is 0.52 A.  The observed value

ez g:g fog norbornane is 0.69 A while in the dichloride it is

282 0.64 A.

co ol' co This manner of expressing the distortion also high-

lights the significant flattening of the bridgehead posi-

SARARA tion in the dichloride relative to the parent unsub-

888 83 stituted norbornane, As has been suggested elsewhere?

°eggeee the flattening accompanying substitution by two

strongly electronegative atoms may be responsible in

gé%%gé% part for the relative difficulty in forming the mono-

------- lithium derivative of the dichloride compared with the
formation of the dilithium derivative of the parent.
00D [~ O = The decrease in the internal skeletal angles of nor-
28888S88 bornane compared to tetrahedral values implies an
codcssss increase in the p character of the orbitals of the bridge-
' head carbons used in forming the C,-C,, C,-Cs, and

21 ILRESS C,-C; bonds, and a corresponding increase in s char-
8 228 S é 288 acter of the bridgehead orbital used to form the external
cscs ?' cc Ol' oo bonds to hydrogen. These implied changes in hybrid-

ization are qualitatively consistent with the data and

NEEQAXIREDS suggestions of Tori, et al.,!? on the C!*H coupling
858838258 § constant for bridgehead C-H bonds of norbornane (J =
ceegeeee? T 142 + 2 cps). The simple expression for relating
o 00 O 0 500 6 O D fractional s character to coupling constant, 7s =
°8° § °8° § § 'é § '§ § é’ g Jcu_g/500, gives 2897 for the external C, and C; or-

---------- bitals. This is considerably less than the 48 %7 which
would be predicted were the orbitals constrained to lie
N oYY oo along the lines of centers joining the C, atom to C,,
$888 g £8888 g8 Cs, and C;.  Like in cyclopropane, however, “banana”

coccocSccocooo bonds may be present so that the observed value is
! b L reasonable and our structure consistent with it.

52NNV UNNE2] The strain energy of norbornane has been estimated
§ °8°§ §§ 8 § § OSO .é OSO g8 by Bedford, er al.,'® to be 18.5 * 0.4 kcal/mole, by
°eeeg999eg9ee e equating it to the enthalpy increment for the hypothet-

ical reaction shown below. The magnitude was obtained

g32 'g g SSRE8S8 % g from the measured heat of combustion of solid nor-
8. 8 8 > © 8 8 8 8 8 8 . bornane, a reasonable estimate of the heat of fusion of
ccocococococoee .
TT T 77T 7 1 norbornane and literature values for the heats of forma-
NG 0T NG 00 S e D tion of liquid methylcyclohexane and liquid 3-methyl-
La Bl [ a) [ Nsa)-] o o N
S888 %sss§s§ g8 hexane.
cococococococcocococo® CH
TT T T | *u
QRSB 8BTRESREREE +Z§, =24,
CEEEUZZENEZEEECS CH: )
cooococoooccoococoo 8
111711 T 71 H, CH,
eI NPRENEEESREEES H H
EEEESE8E855E88888 + ®
L e L EEL R R
g U The identification of the norbornane strain with the
£ -;2’0 5] S enthalpy change for this reaction presumes that methyl-
99 u='§°25~: 53 12) K. Torl, et al., Can.J. Chem., 41, 3142 (1963
-'—z‘;l'ﬂ“’m?—l 2 g (12) K. Tori, et al,, Can.J. Chem., 41, ( ).
CUUUAENUD sS4 88 ° (13) A. F. Bedford, et al., J. Chem. Soc., 3823 (1963).
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Table VI. Comparison of Bond Angles (degrees) of Norbornane and Related Compounds
@‘\z g
B
g
——Norbornane———————
This Morino, Kltay- Longi-
Compound study eral/. Berndt Wilcoxe® gorodskya folene®
Bridge angle  96.0 93.2 96.3 94-96 93
Flap angle 108.0 113.0 109.0 .
£CGCs 103.5 107.2 105.2 109. 5 104 105] 108\ 110. 7
105.5 f106 106 109.8
LC3CCs 103.5 107.2 105.2 e 109.5 107 107 114 Ce. 103 108.9
LCCCs 104.3  105.1 L 104 103 101 103 107] 106] 104 102.3
f102.5 f103.5 f104‘5 103.5 102.6
£C,C,Cy 104.3  105.1 o 104 103 104 103 100 103 103 102. 9
Ref 5 4 6b 6a Tc 7a 7b

s Calculated values,

cyclohexane and 3-methylhexane are devoid of strain.
The group additivity corrections of the Franklin scheme
for calculating heats of formation of organic mate-
rials!* suggests that molecules containing a cyclohexane
ring have a small negative strain (stabilization) of about
— 0.5 kcal/mole. This lowers the apparent strain energy
of norbornane to 17.5 kcal/mole. An additional cor-
rection should be made, since n-heptane rather than 3-
methylhexane should be used for the reference com-
pound. In this way one not only balances changes in
bonds but also changes in the groups (CH, CH;, CHjy)
that accompany the relief of strain in norbornane.
The additional correction raises the norbornane strain
energy to 18.2 kcal/mole.

An alternate deduction of the strain energy of nor-
bornane is to use the Franklin group additivity method
to calculate the energy of a hypothetical strainless
molecule containing five CH; groups and two CH
groups. One then concludes that the strain in gaseous
norbornane is [4.8 + AH.,), which with a reasonable
value, for the sublimation energy of 13 kcal/mole leads
to 17.8 kcal/mole. The two estimates are in reasonably
satisfactory accord. The maximum error in the strain
energy appears to be less than +2 kcal/mole.

It is of considerable interest to compare this magni-
tude with a value calculated according to the scheme
of Allinger,'® using the atomic coordinates obtained in
this investigation. His procedure, and others closely
related to it,'=2 has been strikingly successful for
estimating differences in the energies of conformational
isomers. Calculation of the total “strain” of a single,

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

(15) N. L. Allinger, J. A, Hirsch, M. A. Miller, I. Tyminski, and
F. A. VanCatledge, J. Am. Chem. Soc., 90, 1199 (1968). In the original
version of this manuscript calculations were made using Allinger’s first
model [N, L. Allinger, et al., ibid., 89, 4345 (1967)]. Because of major
improvement in the prediction of strain energies of highly strained
molecules afforded by the new model, the manuscript was revised.
We thank Dr. Allinger for making a copy of his manuscript available
to us prior to its publication.

(16) G. J. Gleicher and P. von R, Schleyer, J. Am. Chem. Soc., 89,
582 (1967).

(17) J. B. Hendrickson, ibid., 83, 4537 (1961); 84, 3355 (1962); 86,
4854 (1964); 89, 7036, 7043, 7047 (1967).

(18) K. B. Wiberg, ibid., 87, 1070 (19635).

(19) M. Bixon and S. Lifson, Tetrahedron, 23, 769 (1967).

(20) It was our intention at the outset to include in this analysis the
interesting scheme proposed by L. S. Bartell, J. Chem. Phys., 32, 827
(1960);, 47, 3736 (1967). However, establishing the appropriate zero
reference energies appears to be very tedious, and worthy of a separate
detailed analysis.
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b A, F. Cesur and D. F. Grant, Acta Cryst., 18, 55 (1965),

highly distorted molecule like norbornane is, however,
a more challenging test. In the Allinger scheme one
assumes that the strain is the sum of bond stretching,
angle bending, torsion, and nonbonded interaction

contributions. Table VII lists values for each of these
Table VII. Contributions to the Strain Energy of Norbornane
(kcal/mole) According to Allinger!s
Bond stretching 3.85
Angle bending 7.47
Torsional 6.14e
Nonbonded interactions 0.04
Total (uncorrected for reference state) 17.50
Correction for reference compounds —0.38
Total strain 17.12

2 Of this total 1.45 kcal/mole arises from 1,4 nonbonded inter-
actions.

for norbornane. Note that Allinger’s scheme is based
on reproducing internuclear distances as deduced from
microwave data. To make this procedure compatible
with rg electron diffraction distances which are generally
larger 2l an avcragc increment of 0.006 A was added to
Allinger’s rec® values, Allinger’'s second schemels
differs from his first (and from others) in its use of a
sigmoid relation for angles distorted by 0.5° or more,
rather than the usual quadratic potential. This diminu-
tion of the effective bending force constant with in-
creasing departure from the minimum leads to a strik-
ing drop in the angle bending strain.?? In Table VII,
the 1,4 nonbonded interactions have been included as
part of the torsional contribution. This allows direct
comparison of the torsional contribution with that of
other schemes.

The net value of 17.5 kcal/mole must be corrected for
the residual strain left in the reference compounds used
ineq 1. From the data given by Allinger on the alkanes
one may estimate that n-heptane would have a calcu-
lated strain energy of 0.86 kcal/mole, so that with his
value of 0.62 kcal/mole for one methylcyclohexane the
calculated energy change for reaction 1 in the absence of

Q1) D. R. Lide, Jr., Tetrahedron, 17, 125 (1962); L. S. Bartell and
D. A. Kohl, J. Chem. Phys., 39, 3097 (1963).

(22) For example, with a quadratic law and typical valence force
constants the angle strain of norbornane is of the order of 16-19

kcal/mole. In Allinger’s model (see Table VII), it drops to 7.5 kcal/mole.
Schleyer’s scheme!s leads to a total strain energy of 28 kcal/mole.



strain in norbornane is +0.38 kcal/mole. Subtracting
this amount gives the total calculated strain of 17.1
kcal/mole for norbornane. ??

Although the calculated value for the energy is in
striking agreement with that observed (17.8-18.2 kcal/
mole), Allinger’s deduction of the geometry of nor-
bornane at minimum energy is regrettably in poor agree-
ment with observation. While the angles he calcu-
lated24 correspond fairly well to our measured ones,
all the C-C internuclear distances are smaller by about
0.03 A, even after adding the 0.006 A for conversion to
the microwave scale.2! Worse yet, the model calcula-
tion predicts (Co~Cs) 2 (C~Cy) > (C,—C;) while the ob-
served distances decrease in the reverse order. Finally,
Allinger found that his minimum energy structure had
a strain energy of 12 kcal/mole; consequently, corre-

(23) This is not entirely correct since the calculated value is for a
single linear conformation rather than for the mixture actually present
in n-heptane, in terms of which the strain energy of norbornane is
defined. Properly, the energy of any single species should be weighted
over the energies of the different conformations accessible to the system.
A calculated energy based on the single most stable species tends to be
too negative, the more so as the number of accessible states increases.
On the other hand, the parameters of the model have been selected
to reproduce heats of isomerization such as that accompanying s#-butane
to isobutane, and thus indirectly the requisite weighting has already
(but approximately) been included.

(24) N. L. Allinger, private communication.
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spondence of the value calculated in this paper with
the observed magnitude of (17.8-18.2) kcal/mole must
be largely fortuitous. It appears that, despite the
success of both of Allinger’s models in calculating
differences in conformational energies of flexible mole-
cules, they do not satisfactorily reproduce the value
or the character of strain present in norbornane.

The present analysis suggests a hierarchy of difficulties
in testing theory against experiment. All of the strain
models in use today appear to be successful in reproduc-
ing conformational energy differences. Less accurately,
but still acceptably, is the applicability of the models
in seeking the correct minimum energy structure. The
least reliable results appear to be the calculated strain
energies of highly distorted molecules.
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Abstract:

Starting from Debye’s concept of dielectric dispersion, it is shown how chemical relaxation effects can

contribute to the frequency dependence of dielectric permittivity. Since for rapidly orienting dipole molecules the
chemical effect is nonlinear, it can be observed only if a very strong dc field is superimposed to the alternating field.
The chemical-field effect could be identified for dimerization and association processes involving H-bond chelation.
The dispersion range was found to be in the MHz region and thus clearly separated from the orientational relaxation

in the microwave range.,

The magnitude of the chemical effect is very small and requires very sensitive methods of

detection. The technique opens the possibility of studying the elementary steps of base pairing as involved in the

information transfer in nucleic acids.

I. The Debye Curve of Dielectric Dispersion

mong Peter Debye’s various achievements, the
interpretation of the phenomena of electrical
polarization stands up as a landmark in molecular
physics. Actually, this subject intrigued him so much,
that the only book he wrote! was dedicated to this field.
It was especially the dynamic behavior of polar mole-
cules on which he centered his interest.

The anomalous dispersion of the dielectric constant
of certain substances was already observed by Drude?
as early as 1895, but it was Debye?® who could show that
this phenomenon was due to the existence of polar

(1) P. Debye, “Polare Molekeln,” S. Hirzel Verlag, Lelpzig, 1929;
“Polar Molecules,” New York, N. Y., 1929.

(2) P. Drude, Z. Physik. Chem., 23,267 (1897).
(3) P.Debye, Verhandl. Deut. Phys. Ges., 15,777 (1913),

molecules, which can be oriented by an electric field.
The dielectric dispersion then can be explained by a
delay of orientation due to the viscous motion of the
molecular dipoles. The temporal delay can be char-
acterized by a time constant 7. In an alternating
field of the (angular) frequency w (= 1/7,), the polariza-
tion will lag behind the orienting field with a phase
angle ¢ = arc tan (w7,;). At the same time the ampli-
tude of the orientational polarization will decrease,
and an energy loss will occur showing up as a contribu-
tion to electrical conductivity.

Both amplitude dispersion and energy loss can be
described by a complex dielectric permittivity

€€y
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