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However, the PES of ethers indicates that the two lone
pairs are energetically different,?? in accord with MO
calculations® that points to steric and energetic differences
for the two lone pairs. The situation is even less clear for
cation 4. Regardless of whether a sp? or sp® hybridization
of the oxygen atom is assumed, only one of the two cy-
clopropenylium = systems is in a geometry suited for ef-
ficient overlap with an oxygen lone pair.

Perhaps the conformations encountered in ions 3 and
4 are primarily dictated by the steric requirements of the
cationic substituents. For example, a bent-planar con-
formation like 2a may be excluded a priori, as the cations
of both 3 and 4 could not fit into a plane because of severe
steric interactions between the inside methyl groups (or
NMe, groups) in this hypothetical structure. Similar
reasons, but to a lesser extent, may prevent the molecule
from assuming a bent-perpendicular structure like 2b.
However, such steric factors are much less important or
nonexistent for the linear arrangements 2¢ and 2d, which,
therefore, may occur even in dication ethers with very
bulky substitutents.

B. The Anions and Crystal Structure. Because of
high thermal motion as well as in part due to disorder, the
geometry calculated for the triflate anions of both 3 and
4 is not very reliable. It should be mentioned that in
trifluoromethansulfonic acid monohydrate, which is com-
posed of oxonium ions and triflate anions, the following
average distances and angles have been observed at room
temperature:® S-O 1.436 A3 C-F 1.307 &, 0-S-0 114.4°,

(28) Dewar, M. J. S.; Worley, S. D. J. Chem. Phys. 1969, 50, 654667,

(29) Jorgensen, W. L.; Salem, L. “The Organic Chemist’s Book of
Orbitals”; Academic Press: New York, 1973; p 42.

(30) Spencer, J. B.; Lundgren, J.-O. Acta Crystallogr., Sect. B 1973,
B29, 1923.

0-S-C 104.0°, S-C-F 110.2°, F-C-F 108.7°.

The unit cell contents of 3 and 4 are depicted in Figures
4 and 5 (supplementary material). The closest contacts
between cations and anions are found between sulfonate
oxygen atoms and the atoms in the cation which share the
positive charge; they are in the range of 3.12-3.19 A in
structure 3 and 2.93-3.14 A in the crystal of 4. No fluo-
rine—cation contacts shorter than 3.40 A (except for F6-C4
= 3.24 A in 3) exist in both crystal structures.

In summary, these X-ray determnations confirm and
unambigiously establish the structure previously reported?
for these novel dication ethers as well as provide important
insight into their exact geometry and conformation in the
solid state. Specifically, both cations investigated prefer
a bent-nonplanar arrangement as the most stable con-
formation, despite the possibility of greater relief of steric
strains as well as perhaps better overlap in a linear form.
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The X-ray crystal structure of ditropenyliumyl ether bis(trifluoromethanesulfonate) [(C;Hg"),01[CF;S04] 5,
has been determined. The crystals are orthorhombic, Penbd (No. 60), with cell dimensions a = 7.985 (2) 3‘, b
= 18,571 (6) A, c = 12.984 (3) A, and Z = 4. Intensities were measured with a Syntex P2, diffractometer and
Mo Ka radiation. The structure was solved by Patterson and difference methods and refined to R; = 0.075,
R; = 0.042 for 1209 reflections. The cation contains a bent C-O-C system (125.3 (4)°) and the C-O bonds (1.356
() A) are short. There is extensive delocalization in the rings, and the average bond length (1.386 A) may be
shorter than in benzene. The two rings, which have a shallow boat structure, are twisted symmetrically about
the C(1)-0~-C(1) plane because of the interactions of the a-hydrogen atoms and have a dihedral angle of 113.0

(5)°.

Stang and co-workers'? have recently described the
preparation of a series of intriguing dication ether salts.
These were obtained by the reaction of triflic anhydride
with a variety of ketones. Ditropenyliumyl ether bis(tri-
fluoromethanesulfonate) (1) is a typical example of such
a salt.

(1) Stang, P. J.; Maas, G.; Fisk, T. E. J. Am. Chem. Soc. 1980, 102,
6361.

(2) Stang, P. J.; Maas, G.; Smith, D. L.; McCloskey, J. A. J. Am. Chem.
Soc. 1981, 103, 4837.
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Several interesting structural questions arise with these
dication salts. First there is the question of the correctness
of the overall structure assignments. Second, one wonders
how the conformations of these unusual ethers resemble
those of the related diphenyl ethers® and whether the full

© 1983 American Chemical Society
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Table I. Selected Interatomic Distances (A) and Angles (deg)

C(1)-C(2) 1.410 (6) C(2)-C(3)

C(4)-C(5) 1.384 (7) C(5)-C(6)

C(7)-C(1) 1.385 (6) C(1)-0

S-0(2) 1.436 (3) S-0(3)

C-F(1) 1.325 (5) C-F(2)
C(T)-C(1)-C(2) 128.3 (5) C(1)-C(2)-C(3)
C(3)-C(4)-C(5) 127.3 (5) C(4)-C(5)-C(6)
C(6)-C(7)-C(1) 128.8 (5) 0-C(1)-C(2)
0(1)-8-0(2) 113.8 (2) 0(1)-8-0(3)
0(1)-8-C 103.4 (2) 0(2)-8-C
F(1)-C-F(2) 107.6 (4) F(1)-C-F(3)
F(1)-C-S 111.6 (4) F(2)-C-S
C(1)-0-C(1)’ 125.3 (4)

Figure 1. The cation (C;Hg),0* showing the atom numbering.

positive charge on each ring gives them some distinctive
geometries. In this latter regard Stang and co-workers in
their original papers speculated on the various possible
conformations available.? More recently Apeloig has re-
ported calculations on the dicyclopropeniumyl and di-
tropenyliumyl ether salts.* The latter system at the
MINDO/3 level was predicted to exist preferentially in a
linear conformation (C-0-C angle = 180°) with the two
seven-membered rings at right angles to each other. No
collinear C-O-C bonds have been found crystallographi-
cally to the best of our knowledge, and this prediction alone
merited experimental test. A third point of interest for
the salt 1 is the presence of two tropenylium rings. There
is a marked lack of structural data on simple tropenylium
cations.’

For the above reasons we have determined the structure
of 1 using single-crystal X-ray diffraction.®

Results
The salt 1 was prepared from tropone by the method
reported by Stang et al.l? Crystals were thermally stable
at room temperature in the absence of moisture. The
structure of 1 was determined by using X-ray diffraction
as outlined in the Experimental Section. Bond lengths and
angles are given in Table L.

Discussion
The overall structure found for 1, Figure 1, confirms that
it is indeed a ditropenyliumyl ether as was suggested by
Stang et al. It is also apparent, however, that the C-0-C
angle (125.3 (4)°) is not 180°, as suggested by Apeloig.*
Previous studies in this series have made use of solid-state
CPMAS and solution *C NMR spectra to establish the

(3) (a) Gopal, R.; Chandler, W. D.; Robertson, W. D. Can. J. Chem.
1978, 58, 658, and earlier papers by these authors. Camerman, N.; Cam-
erman, A. Science (Washington, D. C.) 1972, 175, 764. Cody, V.; Duax,
W. L.; Norton, D. A. J. Chem. Soc., Chem. Commun. 1971, 683. Cody,
V.; Shefter, E.; Lehmann, P. A. J. Cryst. Mol. Struct. 1976, 6, 223. (b)
van der Heijden, S. P. N,; Griffith, E. A. H.; Chandler, W. D.; Robertson,
B. E. Can. J. Chem. 1975, 53, 2084.

(4) Apeloig, Y.; Arad, D. J. Am. Chem. Soc. 1981, 103, 4258.

(5) Sundaralingam, M.; Chwang, A. K. Carbonium Ions 1976, 5, 2427.

(6) For earlier papers in this series see: Childs, R. F.; Varadarajan, A.;
Lock, C. J. L.; Faggiani, R.; Fyfe, C. A.; Wasylishen, R. E. J. Am. Chem.
Soc. 1982, 104, 2452.

1.367 (6) C(3)-C(4) 1.406 (7)
1.383 (7) C(6)-C(7) 1.370 (7)
1.356 (3) S-0(1) 1.434 (3)
1.446 (3) S-C 1.823 (5)
1.323 (6) C-F(3) 1.324 (6)
127.6 (5) C(2)-C(3)-C(4) 139.7 (5)
128.8 (5) C(5)-C(6)-C(7) 129.1 (5)
118.7 (3) 0-C(1)-C(7) 112.8 (3)
114.4 (2) 0(2)-S-0(3) 115.0 (2)
103.6 (2) 0(3)-8-C 104.7 (2)
107.9 (4) F(2)-C-F(3) 107.2 (4)
110.8 (4) F(3)-C-S 111.5 (4)

conformational identity of cations in the crystalline state
and in solution.® In this present case there was not enough
distinctiveness in the carbon resonances of 1 to allow a
meaningful comparison to be made.

There are potentially four basic conformations for bent
diaryl ethers. These are the planar, butterfly, twist, and
skew conformations.? All the diaryl ethers studied pre-
viously preferentially adopt skew conformations in which
one aryl ring is close to being coplanar to the plane defined
by the C-O-C atoms and the other ring tends to be at 90°
to this plane. The twist conformation found here for 1
differs markedly from this pattern of behavior for diaryl
ethers. The dication salt has a C, axis through the oxygen,
and both rings are twisted by 33.5 (5)° from the C-O-C
atom plane. Some twisting is necessary because of severe
nonbonded interactions between the two ortho hydrogen
atoms on the tropenylium ring. The H(2)---H(2)’ distance
of 2.9 (1) A is possibly slightly larger than the van der
Waals distance (2.58 A), but it is clear that the twisted
geometry is preferred over the skewed conformation. In
comparing 1 with other diaryl ethers it should be borne
in mind that the majority of other structures determined
have markedly dissimilar substituents on the two aryl rings
and in addition bulky groups in the ortho positions. In
general the aryl ring with electron-withdrawing substitu-
ents tends to be coplanar with the C-O-C plane. The salt
1 possesses two equivalent rings, which are both electron
withdrawing.

The C-O bond distance (1.356 (3) A) in 1 is quite short
and even shorter than the average of the two C-0 bonds
in aryl ethers. This suggests that there is significantly more
multiple bonding in the C—O-C system of 1 arising from
conjugation of the oxygen atom with the rings than with
diaryl ethers. The C-0-C angle found here for 1 is com-
parable to that observed for diaryl ethers® and substantially
larger than that for dialkyl ethers.” This again is con-
sistent with conjugation between the rings and the oxygen
atom.

In the accompanying paper, Stang and Maas® report the
structure determinations of the two additional dication
ether salts 2 and 3. Both of these have bent rather than

Ha/C C\Hs (CH3 )N N(CH3)z
A /A\

+) =+
/N’I\O)\‘N\ (CH3)oN 0 N(CH3)z
CH3 CHs 3

2

linear *C-0-C™* assemblies. Unlike the dication salt 1

(7) {a) Schomaker, V., quoted by Allen, P. W.; Sutton, L. E. Acta
Crystallogr. 1950, 3, 46. (b) Kimura, K.; Kubo, M. .J. Chem. Phys. 1959,
30, 151. (c) Kasai, P. H.; Myers, R. J. Ibid. 1959, 30, 1096.

(8) Stang, P. J.; Maas, G. .J. Org. Chem., preceding paper in this issue.
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Figure 2. Packing of [(C;Hg);0][CF3S0;] within the unit cell; b and ¢ are parallel to the bottom and side of the page respectively

and view is down a.

studied here, these systems do not exhibit a C; symmetry
axis through the oxygen atom and neither dication ether
exists in a twist conformation. The C-0O bond lengths are
again short.

The cation 1 contains two equivalent tropenylium rings,
each of which bears a positive charge. This dication rep-
resents the simplest tropenylium ions for which structural
information is available.5 The parent ion is disordered,
and no accurate bond distances are known.® Other ex-
amples are complex fulvenylium type systems in which the
positive charge is extensively delocalized over more than
onering.! The C-C bond lengths for 1 are, as would be
expected, intermediate between expected single and double
bond distances. Compared to tropone!! the single-double
bond alternation is reduced, although the increase in the
“double bond” length is only significant in C(4)-C(5)
furthest from the oxygen atom (1.385 (7) vs. 1.347 (9), 1.327
(9) A). No significant increase is observed for the “double
bonds” adjacent to the oxygen atom (1.367 (6) and 1.370
(7) vs. the range 1.348 (9)-1.365 (9) A). The single bonds,
however, are shortened (range 1.383 (7)-1.410 (6) vs. range
1.415 (9)-1.459 (9) A). The residual alternation is con-
sistent with some degree of conjugation of the oxygen atom
with the seven-membered ring and reinforces the conclu-
sions reached above on the length of the C-O bonds. The
average C—C length in the seven-membered rings (1.386
A) is substantially less than that estimated for the disor-
dered parent ion.” Furthermore, it is interesting that the
average C—-C bond length obtained here for 1 may be
somewhat shorter than that of the C-C bond length of
benzene (1.395 A)!2 although the errors preclude a definate
conclusion. Calculations on the tropenylium ring suggest
the reverse and that its bond distance should be greater
than that of benzene.'> More simple tropenylium ion
structures need to be examined before the generality of
this finding can be established.

The seven-membered rings in 1 are not completely
planar but exist in a very shallow boat conformation. The
conformation can be defined in terms of three planes in-
volving C(1)C(2)C(7) (A), C(2)C(3)C(6)C(7) (B), and C-
(3)C(4)C(5)C(8) (C), with the angles between these planes
being A-B 2.7 (5)° and B-C, 3.9 (5)°. The crystal structure

(9) Kitaigorodskii, A. L; Struchkou, Y. T.; Khotsyanova, T. L.; Volpin,
M. E;; Kursanov, D. N. Izv. Akad. Nauk. SSR., Otd. Khim. Nauk. 1960,
39.

(10) Kabuto, C.; Oda, M.; Kitahara, Y. Tetrahedron Lett. 1960, 96.

(11) Barrow, M. J.; Mills, O. S.; Filippini, G. J. Chem. Soc., Chem.
Commun. 1973, 66.

(12) “Tables of Interatomic Distances and Configuration in Molecules
and Ions”. Chemical Society: London; Special Publications, No. 11, 1958;
No. 18, 1965.

(13) Bingham, R. C.; Dewar, M. J. S.; Haddon, R. C; Li, W. K., quoted
in Radom, L.; Poppinger, D.; Haddon, R. C. Carbonium Ions 1976, 5,
2303. Hehre, W. J. J. Am. Chem. Soc. 1974, 96, 5207, 66.

of tropone itself'! and several other simple tropones shows
a similar very shallow boat conformation.!* In addition
to the bending of the ring, the oxygen atom is significantly
out of the C(1)C(2)C(7) plane (0.116 (3) A). The oxygen
can be regarded as being in a pseudo-equatorial position
of the very shallow boat conformation of the seven-mem-
bered ring.

The packing is shown in Figure 2. The cations are in
layers parallel to the ab plane at z = !/, 3/, with the
cations roughly along b. Cation—cation contact along b is
at y = 0, !/, with the hydrogen atoms of the rings on
adjacent cations (up a) interleaved. The anions are in
similar layers at z = 0, !/,, but the anions align themselves
across these planes parallel to ac and the two ends thus
interleave with cations in a pair of parallel layers. Since
the part of a cation above an anion (up a) is oriented in
the same way as the translationally equivalent cation be-
low, the twist in the cation is not designed to permit easier
cation anion packing. Thus we conclude that the twist in
the cation is not caused by packing. One final feature of
the twisting of the cations and the packing is there are
channels along bat x =0,z =0,and x = 1/2,2z = 1/2
which are bordered solely by hydrogen and oxygen atoms,
perhaps indicating some very weak hydrogen bonding in
this region.

Molecular structure can be used as a criterion of aro-
maticity. Qualitatively, it is expected that an aromatic
molecule will have C-C bond lengths that are intermediate
between those of conventional single and double bonds.!
This approach to the definition of aromaticity has been
quantified by taking the mean square deviations of the
bond lengths from the average value.'® When this ap-
proach is used, the aromaticity constant (A) of each tro-
pylium ring of 1 is 0.97 as compared to benzene where A
= 1. Thus on this geometric definition of aromaticity, the
tropylium ion, as exemplified by 1, is essentially as aro-
matic as benzene. This result agrees with the conclusions
reached by Dauben and co-workers based on a comparison
of the magnetic susceptibility exaltations of benzene and
tropylium ions'? and is in line with other estimated'®'® or
calculated values.!® It should be noted that the A value

(14) (a) Hamor, M. J.; Hamor, T. A. Acta Crystallogr., Sect. B 1976,
B32, 2475. (b) Cruiskshank, D. W. J.; Filippini, G.; Mills, Q. 8. J. Chem.
Soc., Chem. Commun. 1972, 101. Forbes, E. J.; Gregory, M. J.; Hamor,
T. A. Watkins, D. J. Ibid. 1966, 114. Guy, J. J.; Hamor, T. A; Jenkins,
C. M. J. Fluorine Chem. 1975, 5, 89.

(15) Albert, A. “Heterocyelic Chemistry”™; Athlone Press: London,
1959; p 201.

(16) Julg, A.; Francois, Ph. Theor. Chim. Acta 1967, 8, 258.

(17) Dauben, H. J., Jr.; Laity, J. In Laity, J. Ph.D. Dissertation,
University of Washington, 1968, p 67.

(18) Vincow, G.; Dauben, H. J., Jr.; Hunter, F. R.; Volland, W. V. J.
Am. Chem. Soc. 1969, 91, 2823,

(19) Lewis, D.; Peters, D. “Facts and Theories of Aromaticity”; Mac-
millan: London, 1975; p 71.



3046 J. Org. Chem., Vol.

Table II.

48, No. 18, 1983

Crystal Data

Childs et al.

Table III. Atomic Positional Parameters (X10)

compound

fw
cryst size (mm)
systematic absences

space group
unit cell, A

volume, A®

z

Pealed; § cm™’

p, cm-!

max 26, reflctns meas

standard reflctns (esd)

temp, °C

unique refletns

no. withI > 0

no. of variables

final R,; R,

final shift/error max (av)

final difference map
max; min e A2

x (secondary extinction)

weighting

error in an observation

[(C,H,),0]**[CF,80,7],,
12% 6 ™2

494 .4

0.30 X 0.30 x 0.35, rough cube

hkO,k=2n+ 1;h0lL h + 1=
2n+ 1;0klL,I=2n+ 1

Penb

a=17.985(2); b= 18.571 (6);
c=12.984 (3)°

1925.6 (9)

4

1.705

3.76

45°, h,k,xl

303(0.043); 2 23(0.013)

-55

1274

1209

160

0.075;0.042

0.027, 0.002

0.40;-0.53
0.00079
w=o(F)?
1.0785

of unit wt

@ This cell can be transformed to the standard setting,
Pben, o= 7.985 (2), b= 12.984 (3), c = 18.571 (8), R by
the matrix (100/00-1/010). ® R, = ZIFyi- IFI/ZF,};
R, = [Ew(IFyl— IFg)/swF o2,

of 1 found here differs markedly from those estimated for
various tropones.!4

Experimental Section

All manipulations were carried out in a drybox under a nitrogen
atmosphere. Solvents were dried with freshly activated molecular
sieves prior to use.

Ditropenyliumyl ether (trifluoromethanesulfonate) was pre-
pared by the method of Stang et al.?2 Crystals of the salt were
obtained as pentagonal prisms by precipitation from an aceto-
nitrile solution, diethyl ether being added by vapor diffusion.

Collection of the X-ray Data. A near cubic crystal was sealed
in a Lindemann tube with a nitrogen atmosphere, transferred to
a Syntex P2, diffractometer, and cooled to ~55 °C. Unit cell
parameters were obtained from a least-squares fit of x, and 26
for 15 reflections in the range 20.4° < 26 < 32.1° were recorded
on the diffractometer with use of graphite monochromated Mo
Ko, radiation (A 0.70926 A). Crystal data are summarized in Table
II. The density of the crystal was not measured because of its
instability. Intensities were measured with the P2, diffractometer
with use of a coupled 6(crystal)-26(counter) scan. The methods
of selection of scan rates and initial data treatment have been
described.??! Corrections were made for Lorentz—polarization

(20) Lippert, B.; Lock, C. J. L.; Rosenberg, B.; Zvagulis, M. Inorg.
Chem. 1977, 16, 314.

atom x y z

S 2618 (2) 3889 (1) 335 (1)
L(1) 1717 (4) 3222 (2) 278 (2)
0(2) 1655 (4) 4504 (2) 20 (2)
0(3) 3570 (4) 3985 (2) 1272 (2)
C 4191 (7) 3802 (3) -645 (4)
F(1) 3497 (4) 3684 (2) -1586 (2)
F(2) 5097 (4) 4396 (2) -747 (3)
F(3) 5238 (4) 3266 (2) -482 (2)
C(1) 4114 (6) 1975 (2) 2803 (4)
C(2) 3193 (6) 2153 (2) 1913 (3)
C(3) 2206 (6) 1708 (2) 1334 (4)
C(4) 1918 (6) 965 (3) 1432 (4)
C(b) 2449 (7) 517 (2) 2219 (4)
C(6) 3433 (6) 682 (3) 3063 (4)
C(7) 4177 (6) 1323 (3) 3318 (4)
6] 5000 2500 3283 (3)

factors but not for absorption. This will make a maximum error
in Fy of 2.0%.

Solution of the Structure. The sulfur atom was found from
a three-dimensional Patterson synthesis, and all other atoms were
found from electron density difference syntheses. The coordinates
of all non-hydrogen atoms were refined with the use of full-matrix
least-squares minimizing S w(|Fg| - |F.|)?, until the maximum
shift/error was 0.1. At this stage the positional parameters of
all atoms were refined. The non-hydrogen atoms were then refined
a further three cycles until the shift/error was 0.01. Throughout
the scattering curves were taken from the International Tables.?
Secondary extinction corrections were applied by using SHELX.
The positional parameters for non-hydrogen atoms are given in
Table III;* temperature factors and parameters for hydrogen
atoms have been deposited.
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