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sulfide, followed by oxidation gives the stable sulfoxide 9. The
methyl derivative was chosen to avoid the thio-Claisen rear-
rangements which occur (at 80 °C) with phenyl propargyl
sulfoxide.!'" Compound 9 decomposes near 100 °C in the
presence of (MeO)sP to give ill-defined mixtures, but no al-
dehyde. In the presence of triethylamine at 80 °C, allene 10
is formed in low yield.
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CHa/ Y/ ~Er, CHs Y
R R
9, R =n-CH, 10

The dramatic lowering of the [2,3]sigmatropic shift acti-
vation energy in the selenium as compared to the sulfur ana-
logue has resulted in interesting and useful chemistry of the
selenium system not presently known for the sulfur analogues.
The difference in behavior of propargyl selenoxides and sul-
foxides is probably a consequence of the greater stability of
selenenate vs. selenoxide2b? (sulfoxides are usually more stable
than sulfenates).
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Electron Density Distribution of the Azide Ion.
Quantitative Comparison of Theoretical Calculations
with Experimental Measurements

Sir:

Recent progress in the experimental determination of
electron density distributions in solids by x-ray (and neutron)
diffraction' has generated renewed interest in theoretical
calculation of the density distribution and in comparison with
experiment.? Until now, the experimental difficulties in making
measurements on small molecules, for which good theoretical
calculations are available, and the computational difficulties
in treating larger systems, for which experimental densities
have been determined, have prevented comparisons between
theory and experiment on the same system. Reported here is
a quantitative comparison of the experimental electron density
distributions in crystals of NaN3; and KN3 with a thermally
smeared theoretical density of the azide ion.

The details of the electron density distribution are best
visualized in a plot of the deformation density, Ap, given by the
difference between the observed density and the density of an
assembly of spherical atoms placed at the atomic positions.
Values for the atomic positions and thermal vibration pa-
rameters unbiased by the valence electron distribution are
required. These have been obtained by independent neutron
diffraction experiments3 (Ap (X-N)) and by refinement of
high order x-ray data (Ap (X-X)).

The distribution of errors in the experimental deformation
densities has been calculated as described by Rees® considering
the contributions from errors in the x-ray intensity measure-
ments, in the refined parameters, and in the x-ray scale factor.
Assuming the contributions to be uncorrelated,

Uz(AP) = Uz(PobSd) + Uz(pcalcd) + pobsdzo'z(k)/k2

where k is the x-ray scale factor. While the first contribution
is relatively constant throughout the crystal (except near
symmetry elements), the second and third contributions peak
at the atomic centers, and differences between densities within
about 0.3 A of the nuclear positions cannot be considered
significant. _

Sodium azide crystallizes in space group R3m with the N3~
ion on a crystallographic 3m site. X-ray intensity measure-
ments were collected from a single crystal on a Picker card-
controlled diffractometer with graphite-monochromatized Mo
Ke radiation.> Anharmonic (third cumulant®) thermal pa-
rameters were included in a full-matrix least-squares refine-
ment of the structure. Refinement of 139 high order reflections
(0.65 <sin#/x < 1.25A~1) gave R = 2.6% and R,, = 1.7%.”
The Ap (X-X) deformation density was calculated using the
full data set (208 reflections with 0.0 < sin 8/\ < 1.25 A~1),
positional and thermal parameters from the high order re-
finement, and Hartree-Fock atomic scattering factors.® The
x-ray scale factor was determined by experimental measure-
ment.’

Potassium azide crystallizes in space group /4/mcm with
the N3~ ion occupying a site with mmm symmetry. Single-
crystal x-ray intensity measurements were collected on a Picker
FACS-I diffractometer using Nb-filtered Mo Ka radiation.
A total of 3463 reflections were measured in the range 0 <sin
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Figure 1. Deformation density of the azide ion with thermal motion as
in NaNj: (a) theoretical density, contours at 0.05 e/A3, negative contours
broken; {b) experimental density, contours at 0.05 ¢ /A3, atomic positions
and molecular axis are indicated; (¢) Error distribution in experimental
deformation density, contours at 0.015 /A3, lowest contour is 0.015 e/A3,
highest contours omitted and labeled within maximum values.

8/\ < 1.25 A-!, yielding 511 independent reflections. Re-
finement of 366 high order reflections (sin 8/ > 0.75 A=)
gave R = 6.6% and R,, = 2.2%. The Ap (X-X) density for
KN3 was calculated using the full data set and parameters
from the high order x-ray refinement. The scale factor was
determined by least-squares refinement with all other pa-
rameters fixed.

The theoretical deformation density of the azide ion was
obtained from an ab initio SCF molecular orbital calculation
using the program HONDO'? and an extended basis set of
Gaussian orbitals. Experience has shown that the density
distribution is highly sensitive to the quality of the wave
function, and considerably larger than minimal basis set cal-
culations are required to obtain reliable theoretical densities 2
A set of 11s, Sp, 1d primitive Gaussians was contracted to five
sets of s, three sets of p, and one set of d type orbitals on each
nitrogen.

To minimize the effects of the basis set, the theoretical dif-
ference density was obtained by subtracting atomic densities
calculated using the same basis set. Such spherical densities
for nitrogen were obtained in a closed shell calculation with
half occupancy assigned to the p orbitals.

Since the experimental densities represent a time average
over the thermal motions of the molecule, thermal smearing
has been applied to the theoretical densities for comparison.
Molecular scattering factors corresponding to each experi-
mental measurement were calculated by Fourier transfor-
mation of the wave function. Then a temperature factor was
applied, and the smeared density obtained by an inverse Fou-
rier transformation, The temperature factor included both
translational and librational terms corresponding to the rigid
body thermal motion found experimentally for each of the
crystal structures. In this manner, in addition to thermal
smearing, the effects of finite resolution (due to the finite
number of terms in the Fourier series) are included in the
theoretical as well as the experimental densities. Dynamic
densities have been calculated for thiourea by a similar pro-
cedure.'! When Hartree-Fock atomic densities are subtracted
rather than atomic densities calculated with the extended basis
set, the theoretical difference density is lower by about 0.15
e/A? near the nuclear positions and higher by about 0.04 ¢/A3
in the bonds and lone pairs.

In Figure 1, the theoretical deformation density of the azide
ion is compared with the experimental Ap (X-X) density of
NaN3i. Also included is the distribution map of the estimated
standard deviation in the experimental deformation density.
Note the difference in contour levels in the error map.

Figure 2. Deformation density of the azide ion with thermal motion as
in KN3. Contours as given for Figure 1: (a) theoretical density; (b) ex-
perimental density; (c) error distribution, lowest contour is 0.045 ¢/A3,

The significant features of the deformation density are large
peaks in the N-N bonding regions and peaks at each end of the
molecule commonly associated with lone pair density on the
end nitrogens. The experimental peak heights are 0.52 and 0.23
¢/A3 with estimated standard deviations of 0.05 and 0.03 ¢/A3
for the bond and lone pair peaks, respectively. The corre-
sponding peak heights of the thermally smeared theoretical
density are 0.44 and 0.26 ¢/A3. Comparison of the dimensions
(width at half-height) of the bond and lone pair densities is
good except for the bond peak which is more exténded in the
direction of the molecular axis in the experimental density.
Sections perpendicular to the molecular axis through the bond
and lone pair peaks show these features to be very nearly cyl-
indrically symmetric.

In Figure 2, the theoretical and experimental (Ap (X-X))
deformation densities and error distribution are plotted for
KN3;. The experimental peak heights are found to be 0.46 and
0.37 ¢/A3 with standard deviations of 0.06 and 0.05 /A% in
the bond and lone pair regions. The corresponding peak heights
of the thermally smeared theoretical density are 0.55 and 0.40
e/A3, respectively. The shape of experimental bond and lone
pair peaks are again in good agreement with the theoretical
results except for the width of the lone pair peak which is
considerably more extended perpendicular to the molecule in
the theoretical density. As in NaNj, the experimental bond
peak is more extended along the molecule axis.

Except in the areas noted, the overall agreement between
theory and experiment is excellent (within ~2¢(Ap)) in both
NaN3 and KN 3. Although the theoretical results may suffer
somewhat from the neglect of crystal forces in the calculation
and internal vibrations in the smearing, the remaining dis-
crepancies are more likely due to basis set truncation and ne-
glect of electron correlation in the theoretical maps. Com-
parison of the unsmeared N3~ theoretical density with the
Hartree-Fock density for N,'2 suggests that even the extended
basis set employed here may be deficient in the bonding region,
and account for the lack of extension along the molecule of the
theoretical bond peaks.

A recent calculation of the density corresponding to a CI
wave function of N»,'3 gives a maximum increase of 0.13 ¢/A?
relative to the HF density. The maximum in the CI-HF dif-
ference density is located near the nitrogen but displaced ~0.3
A off the molecular axis. Such a discrepancy between HF and
CI densities, if confirmed by further calculations, would ac-
count for the higher experimental density found in those re-
gions, giving the bond peaks their somewhat square shape.

Although the experiment yields only the density and not the
molecular wave function, it does provide a powerful criterion
for judging theoretical calculations. In addition, with appro-
priate attention to experiment design and distribution of errors
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in the result, densities may be determined for much larger
systems of chemical interest.
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Methods for the Preparation of 1,5-Dienes. A
Metathetical Route to Medium-Sized Carbocycles
Sir:

The development of methods for the synthesis of medium-
sized carbocycles is stimulated by the occurrence of such
moieties in multifarious natural products of biological interest.
Important synthetic targets among such naturally occurring
carbocycles include the germacradienes,' a sesquiterpene
family characterized by a ten-membered ring nucleus 1. In-
terest in the synthesis of compounds of this structural type
arises, in part, from the reported in vivo activity? of various
germacradienes against carcinosarcoma in rats and lympho-
cytic leukemia in mice and their further use in biogenetically
modeled syntheses of other sesquiterpene skeletons.? In con-
nection with these considerations, we wish to report the syn-
thetic salience of a metathetical route (a) to medium-sized
carbocycles following the strategy outlined in Scheme I. A
variation (b) of this merged cycloaddition-retrocycloaddi-
tion sequence is also described which allows for the addition
of differentiated vinyl groups across a carbon-carbon double
bond.

The previously unreported photocycloaddition of methyl
cyclobutenecarboxylate (2)4 with cycloalkenes provided a
convenient route to the tricyclic intermediates in the above
sequence. For example, irradiation® (3 h) of a 0 °C degassed
methylene chloride solution of ester 2 and cyclopentene af-
forded photoadduct 3% (67% yield; IR (neat) 1725 cm~!; NMR
(CDCl3) 6 3.66 (s, 3), 1.47-3.08 (m, 13)), which was initially
used to evaluate the above strategy. When photoadduct 3 (0.2
M benzene, sealed Pyrex tube) was heated at 180 °C for 3 h,
ester 4 was obtained in 70% yield along with unreacted starting
material. The structure of 4 is indicated by its spectroscopic
properties (IR (neat) 1730 cm~!; NMR (CDCl3) 6 6.17 (bs,
1), 4.69-5.70 (m, 3), 5.44 (bs, 1), 3.69 (s, 3), 2.72-3.23 (m, 2),
and 1.33-2.22 (m, 6)) and conversion (O3, HOAc/EtOAc, 0
°C; H20,, 65 °C, 12 h) to cis-1,2-cyclopentanedicarboxylic
acid (mp 135-136 °C).” The formation of ester 4, in this in-
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stance, may be explained by kinetic cleavage (a) of photoad-
duct 3 or cleavage (b) followed by a Cope rearrangement.®
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That the course of the above rearrangement and, hence,
product formation can be subject to experimental control was
demonstrated in a second pyrolysis experiment using pho-
toadduct 3 (0.2 M benzene, 225 °C, 3.5 h). Under these con-
ditions, cyclononadiene ester 5 and ester 4 (2:1 mixture) were
obtained in a combined yield of 90%. The structure of §is as-
signed from its spectroscopic data (IR (neat) 1710 and 730
cm~!'; NMR (CDCl3) 66.80 (t, 1,/ = 9Hz),5.77 (dt, 1, J =
8 and 10.5 Hz), 542 (dt, 1,J = 8 and 10.5 Hz), 3.72 (s, 3), and
1.44-2.50 (m, 10)), conversion to cyclononanecarboxylic acid®
(anilide, mp 140-141 °C),% and interconversion with ester 4.%
Since the same ratio of esters (5/4 = 2/1) is obtained when
ester 4 is subjected to the above pyrolysis conditions, product
formation, in this case, is thermodynamically controlled.

This approach is readily extended to the cyclodecadiene
system. Thus, irradiation (Pyrex filter)®!0 of 2 0 °C degassed
methylene chloride solution of isophorone and ester 2 afforded
ketoester 6 (85% yield based on ester 2). The isomeric purity
of this product is indicated by its homogeneity by thin-layer
chromatography and the presence of only four methyl singlets
in its NMR spectrum (partial NMR (CDCl3) 6 3.54 (s, 3),

1.29 (s, 3), 1.01 (s, 3), 0.94 (s, 3)) and corresponding
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