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The structure of 7-oxabicyclo[2.2.1]heptane (7-oxanorbornane) in the gas phase has been investigated by
making joint use of the electron diffraction intensities measured in the present study and the rotational constants
reported by Creswell. The thermal average bond lengths are: 7,(C—C,)=1.53340.014 A, r,(C,~C;3)=1.5714
0.015 A, r,(C~0)=1.44240.010 A, and r,(C-H)=1.1174-0.008 A. The bond angles in the zero-point average
structure (r,,) are: /C-0O-C=94.542.2° 6 (the dihedral angle between the C,~Cy—C;3-C,; and C—C;—Ce-C,
planes)=113.540.8° and /H-C-H=1054-5° The uncertainties represent the estimated limits of experimental
error. The C,-C; bond is longer than the C,—C; bond, and the latter distance is nearly equal to that of a normal
C-C single bond. The C—O bond is about 0.02 A longer, and the C-O—C bond angle is about 17° smaller than
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the corresponding parameters in dimethyl ether.
and 7-thianorbornane.

As part of our systematic studies of the structures
of polycyclic molecules,®~? norbornane (bicyclo[2.2.1]-
heptane)? and 7-thianorbornane® have recently been
studied by gas electron diffraction. The effect of
intramolecular strain is clearly demonstrated in the
valence angles of skeletal atoms. In particular, the
C-C,—C, and C,—S-C, angles are both smaller than
the corresponding angles in propane and dimethyl
sulfide, respectively, by about 19°. Furthermore, the
weighted averages of their C-C bond lengths are sig-
nificantly longer than a normal C-C single bond. A
further analysis of the norbornane structure suggested
that the C,-C, and Cy;—C3; bonds were appreciably
longer than the C,—-C,; bond, which seemed to be
nearly normal. However, it was difficult to precisely
determine the individual C-C bond lengths since the
rotational constants were not available. Similar cir-
cumstances were also encountered in the analyses of
thianorbornane,® quadricyclene,® and nortricyclene?
using electron diffraction data only. On the other
hand, a set of rotational constants for 7-oxanorbornane
(Fig. 1) for the normal isotopic species in the ground
vibrational state has now become available, and hence,
a joint analysis®1? of electron diffraction intensities
and the rotational constants should be sufficient to
uniquely determine the skeletal structure. There is no
previous structure work on this molecule except in two
theses.®'® Thus it is the purpose of the present study
to apply this method to a cyclic system for the first
time to examine whether there is any significant dif-

Fig. 1.

7-Oxanorbornane.

These trends are analogous to those observed for norbornane

ference between the C,—C, and C,-C,; bond lengths
and whether the oxygen valence angle follows the same
trend as that observed in the carbon and sulfur valence
angles in norbornane and thianorbornane.

Experimental

A commercial sample (Aldrich), kindly supplied by Pro-
fessor Dewitt Coffey, Jr. of California State University,
San Diego, was used after distillation (bp 115°C). A gas
chromatographic analysis indicated that the sample was at
least 99.9%, pure.

Diffraction photographs were taken at camera lengths of
107.8 and 243.2 mm with an apparatus equipped with an
ri-sector.'® The accelerating voltage was about 40kV,
During the exposure the sample was maintained in thermal
equilibrium with its liquid phase at room temperature. The
vapor pressure was about 10 Torr. The scale factors of the
diffraction patterns were calibrated to within 0.10% with
reference to the r,(C=0) distance of carbon dioxide (1.1646 A)
measured under nearly the same experimental conditions.
Other experimental details are described elsewhere.1%:15)

10 20
Fig. 2. Molecular intensities for 7-oxanorbornane. Ob-
served values are shown as open circles, and the solid
curve represents the best-fit theoretical intensity. The
lower solid and broken curves represent the residuals
and the error limits, respectively, in the sM(s) to a
fractional error of 1 x 102 in the original photocurrent.
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. TABLE 1. ESTIMATED FORCE CONSTANTS FOR
7-OXANORBORNANE®
K({C-C) 2.3 H(C-C-0) 0.28 F(C-C-O) 0.6
K(C-0) 2.8 H(C-C-C) 0.32 F(C-C-C) 0.2
K(C-H) 4.3 H(C-0-C) 0.53 F(CG-O-C) 0.47
Y(C-Q)g 0.17» HH-C-O) 0.26 FMH-C-O) 0.74
Y(C-Q), 0.11™ H(H-C-C) 0.2 FH-C-C) 0.48
Y(C-O0) 0.15 H(H-C-H) 0.42 FH-C-H) 0.07

'\

1 )

Fig. 3. Experimental (open circles) and the theoretical
radial distribution curves for 7-oxanorbornane. Verti-
cal bars represent principal atom pairs. A damping
factor, exp(—0.0022s%), was used. The residuals are
shown below in the same scale.

Two photographic plates taken at the long camera length
and three at the short camera length were selected for intensity
measurements. Molecular intensities in the ranges s=3.1—
18.8 and 7.9—32.0 A-! were obtained from the long and
short distance data, respectively, by use of hand-drawn
backgrounds. Since they agreed with each other in the
overlapping region within experimental error, they were
joined at s=12.6 A-1, The elastic and inelastic scattering
factors and the phase shifts were taken from the tables pre-
pared by Schifer ef al.1® A typical molecular intensity curve
is shown in Fig. 2,** and the corresponding radial distribution
curve is shown in Fig. 3. Most of the calculations were
carried out on a HITAC 8800/8700 in the Computer Center
of the University of Tokyo.

Analysis

Preliminary Analysis of Electron Diffraction Data.

The molecular intensities were analyzed by a least-
squares method with the following initial assumptions:

1) The molecule had C,, symmetry.

2) The H-C,-H plane was perpendicular to the
C;—C4—C; plane and bisected the C,—C,-C; angle, and
vice versa.

3) The C-C-H angles and the O-C-H angle at
the bridgehead were equal to one another, i.e.,
£CyC-H=/C¢-C;-H=~0-C-H.

4) All the C-H bond lengths were equal.

5) The C,—C; and Cy-C; bond lengths were equal.
6) The H-C-H bond angles were equal to 110°.
With these approximations, the structure was defined
by five parameters: the weighted average C-C bond
length, the C—O bond length, the weighted average
C-H bond length, the C,~O-C, angle and the dihedral
angle between the C;-C,-Cy3-C, and C,~Cy;-CeC;
planes (denoted as 6). Assumptions 1—4 were main-
tained throughout, but constraints 5 and 6 were released
in a later stage of the joint analysis of diffraction and

spectroscopic data.

** Numerical experimental data of the leveled total
intensity and the background have been deposited with the
Chemical Society of Japan (Document No. 7503).

a) Estimated force constants taken from cyclohexane!®
and ethyl ether.'® The torsional force constants (Y) are
in md.A, and the others are in md/A units. b) Symbols
g and ¢ represent the C-C axes which have gauche and
cis C..-C atom pairs, respectively.

TaBLE 2. MEAN AMPLITUDES (/;;) AND SHRINKAGE
CORRECTIONS (7, —7,) FOR 7-OXANORBORNANE®

Uiy ry—r1. Sy oty
C-C, 523 10 C,---Hg, 1131 22
C,-C, 522 23 C;---Hg, 1131 22

C,-0 501 4  C,--H, 978 15
C,-H, 771 78 C,-H,, 1062 31
-C; 609 0 CpHy 1501 ~11

0

CpCy 727 —1 C,---H, 916 20
C,-C, 565 —2 C,-H,, 1054 17
CyCy 832 —15 C,-H,, 1659 —38
C,--O 608 1  O.-H 977 24
Cy-H, 1055 47 O.--H,, 1331 2
C,--H, 1037 23 O..-H,, 988 36
C,-H; 1055 61 H,---H, 1267 116

a) Calculated at 20°C (in 1074A).

The mean amplitudes and the vibrational corrections
for shrinkage effects (r,—r.)1"1® for all the internuclear
distances were calculated on the basis of an estimated
force model using the Urey-Bradley force field listed
in Table 1: the force constants were transferred from
cyclohexane®) and ethyl ether.2) The numerical results
listed in Table 2 were used as fixed constants in the
analysis. The asymmetry parameter ¢ for the C-H
bond was estimated to be 1x10-% A3 by a diatomic
approximation.?) The & parameters for other atom
pairs were ignored.

The r, structure'® was determined with a conventional
diagonal matrix?? by a least-squares analysis of molec-
ular intensities. The 7, and 7, structures with estimated
limits of error are listed in Table 3.

The estimated error limits contain contributions from
several sources:%2?3 1) random errors estimated from
the standard deviations of the least-squares analysis

TABLE 3. PRELIMINARY ANALYSIS OF THE ELECTRON
DIFFRACTION DATA FOR 7-OXANORBORNANE

(in A and degree)

Ta Te R
(C-C),y 1.543, 1.546, 0.007
C-O 1.440 1.444 0.014
C-H 1.103 1.116 0.012
~£C0C 96.2 — 2.6
0 112.2 — 1.4
HCH (110.0) —_ assumed

a) Estimated limits of error.
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and the discrepancies observed in each refined param-
eter among different plates, 2) experimental sys-
tematic errors originating mainly from the uncertainties
in the scale factors (0.079) and sector imperfections
(0.05%), 3) the uncertainty in the C-H bond length
caused by the assumed value for »(C-H) (0.002 A),
(The uncertainties in the other # parameters ignored
cause negligible errors.) 4) the effect of the uncertainties
in the fixed mean amplitudes, 5) uncertainties originat-
ing from assumption 5 on the C-C bond lengths, and
6) those from assumption 6 on the H-C-H bond angle.

In order to estimate the errors due to source 4, the
following method?® was employed. The uncertainties
in the calculated mean amplitudes are essentially caused
by those in the assumed force constants; they were
tentatively assumed to be 109, for bonded atom pairs
and 209, for nonbonded atom pairs.® Least-squares
refinements were carried out by separately varying each
of the fixed mean amplitudes systematically to the limit
of the estimated uncertainty. This procedure was
applied to all the fixed mean amplitudes except for the
H---H pairs, which had only a negligible effect. The
uncertainties due to sources 5 and 6 were similarly
estimated: the maximum difference between the C;-C,
and C,—C; bond lengths was estimated to be 40.03 A,
and the H-C-H bond angle was assumed to be 1104-5°.
Uncertainties arising from the fixed mean amplitudes
are appreciable for all parameters, those from equal
C-C bond lengths are appreciable only for the angles,
and uncertainties from the assumed H-C-H bond angle
are almost negligible.

Joint  Analysis of Electron Diffraction Intensities and
Rotational Constants. The rotational constants for
the ground vibrational state, 4, By, and Gy, determined
by Creswell® from microwave spectroscopy, were trans-
formed into 4,, B,, and C, by making vibrational
corrections.'? The uncertainties in 4,, B,, and C,
(listed in Table 4) mainly originating from the un-
certainties in these corrections'? were tentatively esti-
mated to be 209, of the total vibrational corrections.

The r. structure determined in the foregoing analysis
was extrapolated to zero Kelvin!?:18) by use of a diatomic

Molecular Structure of 7-Oxanorbornane
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TABLE 4. OBSERVED AND CALCULATED ROTATIONAL
CONSTANTS FOR 7-OXANORBORNANE® (in cm™)

o z% ) av®
4 0.1309502(2) 0.130916(8) 0.1309(7) 0.130916(5)
B 0.1102560(1) 0.110232(4) 0.1102(2) 0.110232(4)
C  0.0949851(9) 0.094954(6) 0.096 (2) 0.094953(5)

a) Uncertainties attached to the last significant digits are
given in parentheses. b) Observed rotational constants
for the ground vibrational state. Ref. 8. c) Average
rotational constants calculated from 4,, B, and C, with
corrections for vibrational effects. The limits of error are
estimated from the uncertainties in the quadratic force
constants used for calculating the corrections. d) Rota-
tional constants calculated from the 7,° structure given in
Table 3. €) Best-fit rotational constants corresponding
to the r,, structure, listed in Table 5, derived from the
combined analysis of diffraction and microwave data.
Uncertainties represent 2.5 times the estimated standard
deviations.

approximation for bond stretching anharmonicity and
the quadratic force constants for the perpendicular
amplitudes, and the corresponding rotational constants,
AL, B, and C.% were calculated from the 7,0 structure.
They agree with the corresponding rotational constants
derived from microwave spectroscopy within their un-
certainties, as shown in Table 4. Therefore, the latter
constants were merged into a joint least-squares analy-
sis.?-12)

The weights for the rotational constants were adjusted
so that the 2.5 times the standard deviations for the
rotational constants were approximately equal to their
uncertainties. They were 5x10% 7x10°% and 5x10°
for 4,, B,, and C,, respectively, in comparison with
unit weights assigned to the molecular intensities from
5s=6.3 to 26.7 A-1 taken at /10 intervals.

It was now possible to release the constraint on the
C—C bond lengths, since the rotational constants 4, and
B, were sensitive to the C;—Cy and C,—C, bond lengths,
respectively.  Furthermore, three mean amplitudes,
(C-C), I(Cy4:-O), and I(C-H) were also varied: the
two C-C amplitudes, [(C,—C;) and {(Cy—Cj), were

TaBLE 5. ERROR MATRIX FOR 7-OXANORBORNANE®

X, X, X, X, X; X, X, A A A k, ky
X, 20 —23 8 —11 33 —20 30 14 10 —19 —20 37
X, 35 —10 15 —40 28 44 —18 -7 21 36 —19
X, 19 —7 10 15 47 8 —11 —19 —14 —45
X, 28 —12 17 55 -7 2 10 17 27
X 57 —35 45 24 18 —31 —-37 65
X, 30 58 —14 —13 8 27 —47
X, 230 24 11 —59 65 62
L 14 10 —13 —11 39
ly 30 11 10 67
A 32 27 45
k, 101 66
ky 257

a) X,=GC,-C,, X,=C,C,;, X;=C-0O, X,=C-H, X;=_C-0-C, X;=60, X,=H-CH, [,=(C-C), l,=(C-H),
1;=(C,--+0O), k,;, k,=indices of resolution for the long and short distance data (0.92+0.03 and 1.024-0.07),

respectively.
those for the indices are dimensionless.

Units (X 1074) for the distances and mean amplitudes are A, those for the angles are rad, and
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assumed to be equal to each other. The mean am-
plitudes {(C-O) and [(C;---C;) were not varied, how-
ever, since they were correlated strongly with the other
refined parameters. Therefore, ten independent para-
meters were now refined. The corresponding error
matrix is given in Table 5.

Chiang et al.?) suggested that the methylene group
in norbornane could have a structure distorted from
local C,, symmetry. However, it was not necessary
to release assumption 2) and introduce an additional
parameter representing the distortion in any of our
analyses of norbornane, thianorbornane® and oxa-
norbornane (the present study) to fit the experimental
electron diffraction intensities to within the estimated
experimental error.

The error limits were estimated by the method
described in the preceding section. Since it was pos-
sible to release the constraints 5) and 6) and to vary
a part of the mean amplitudes, the systematic un-
certainties due to these constraints were eliminated in
the present joint analysis. The final structure and
mean amplitudes with estimated error limits are listed
in Tables 6 and 7.

TABLE 6. STRUCTURE OF 7-OXANORBORNANE FROM
DIFFRACTION AND MICROWAVE DATA®
(in A and degree)

Tov T 8b) ravc) eb)
C,C, 1.528, 1.533 0.014 ,C,C,C, 100.3 0.6
CC, 1.567, 1.571 0.015 GeC,C, 110.7 0.4
C-O  1.437; 1.442 0.010 C,G,O 103.6 1.3
CH  1.103, 1.117 0.008 L H,GC, 112.7 0.6
~COC 945 — 2.2 ~H,G,C, 113.0 1.5
g 113.5 — 0.8
ZHCH 105 — 5

a) Final result of the present study. b) Estimated
limits of error. c¢) Calculated from the independent
parameters.

TABLE 7. OBSERVED MEAN AMPLITUDES FOR
7-OXANORBORNANE (in A)

lobsda) lcalcda’b)
PN 0.048 (10) 0.052, ( 5)
C-H 0.071 (19) 0.077, ( 8)
C,--O 0.076 (18) 0.060; (12)

a) Estimated limits of error in 1073A are given in
parentheses. b) Taken from Table 2. Uncertainties
are tentatively estimated to be about 109, for C-C
and G-H and about 209, for C,---O. c¢) I(C,-C,)
and /(C,—C,) are assumed to be equal to each other.

Discussion

The 7,-r,, structure of 7-oxanorbornane determined
in the present study is consistent with the rotational
constants determined by Creswell.®) This structure is
compared in Table 8 with those of norbornane® and
7-thianorbornane.®) The following points may be noted:

1) Weighted averages of the C,—~C, and Cy-C3 bond
lengths in these molecules are essentially equal to one
another and about 0.01 A longer than the normal

[Vol. 48, No. 3

TaBLE 8. COMPARISON OF SKELETAL STRUCTURES®)
(in A and degree)

A5 A5 A2

(C-C),,» 1.545 (10)® 1.546 ( 8)  1.549 (3)
Cy-Cy 1.539 (12)  1.533 (14) —
Cy—Cs 1.557 (25)  1.571 (15) —
0 113.1 (18) 113.5(8) 115.3 (2)
£C,C,Ce® 103.3(7)  100.3 ( 6)  105.8 (8)

a) Distances in r, and angles inr, (r,, forc). Un-
certainties represent estimated limits of error attached
to the last significant digits. b) Bicyclo[2.2.1]hep-
tane, Ref. 4. c¢) 7-oxanorbornane, the present study.
d) 7-thianorbornane, Ref. 5. e) The weighted ave-
rage value of the C;—C; and C;-C; bond lengths.
f) Calculated from the C;—C, and C,-C,; bond lengths
reported in Ref. 4. g) Calculated from the indepen-
dent parameters.

single C~-C bond length.

2) The Cy;—C; bond in oxanorbornane is longer than
the C,-C, bond which is similar to a normal single
bond. The C,;~C; bonds of norbornane and bicyclo-
[2.2.2]octanel) are also longer than the C,—C, bonds,
but in oxanorbornane, the difference appears to be
larger (ca. 0.04A). The Cz—C bond length of 1,4-
diazabicyclo[2.2.2]octane? is also about 0.02 A longer
than that of cyclohexane.?%)

3) The dihedral angle 6 in oxanorbornane is nearly
equal to that in norbornane and about 2° less than
that in thianorbornane.

TABLE9. COMPARISON OF THE SKELETAL STRUCTURES
OF RELATED MOLECULES®)
He” \c“3 Q Eb
Cc-O 1.418 ( 3)» 1.428 (2) 1.442 (10)
~ZCOoC 111.5 (15)a  106—1119 94.5 (22)av
C-S 1.805 ( 3) 1.841 (2) 1.837 ( 6)
~ZCSC 99.0( 3)av  93.4 (5)a 80.1( 8)a
32) 33 4)
CH
2
o ()
C-C 1.532 ( 3) 1.546 (1) 1.564 (24)
£ CCC 112.4 (12)a  102—1069 93.1(17)e

a) r, distances in A and r, (a), 7, («), and r,, (av)
angles in degree with the uncertainties quoted in the
literature attached to the last significant digits.
b) The present study. c) Estimated from the r, dis-
tances reported in the literature by addition of #2/r,.
d) Pseudorotation.
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4) Oxanorbornane has the smallest C,—C,~C, angle
among the three, this angle being about 9° less than
the tetrahedral angle.

The structure of oxanorbornane is compared in
Table 9 with those of tetrahydrofuran?”2) (a mono-
cyclic ether), and dimethyl ether??) (an acyclic ether).
The C-O-C bond angle in oxanorbornane is about
17° smaller than that in dimethyl ether and in tetra-
hydrofuran (nearly free pseudorotation). Also the C—-O
bond in oxanorbornane is longer than those in tetra-
hydrofuran and dimethyl ether by about 0.0l and
0.02 A, respectively.

These trends conform to those observed in the
corresponding hydrocarbons and sulfides?0-3%) (except
that the C-S bond in tetrahydrothiophene seems to be
slightly longer than or nearly equal to that in thia-
norbornane), and present a quantitative basis for semi-
empirical or empirical calculations®® of the effect of
intramolecular strain in bicyclic compounds.

The authors wish to thank Professor I. M. Mills, the
University of Reading, for sending to us information
on the rotational constants for 7-oxanorbornane
measured by Dr. R. A. Creswell prior to publication.
They are also indebted to Dr. Ken-ichi Karakida for
his helpful comments on the manuscript.
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