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Figure 4. The low-energy structures of the L,R (A) and L,S (B) isomers
as formulated by NMR studies and computer simulations.! There is close
agreement between these structures and those from X-ray shown in
Figurc 1.

Table IV. Backbone Torsion Angles from X-ray Crystallographic
Analysis and Conformation Studies®

structure in

torsion crystal structure solution

angle L.R LS L.R LS
v 172.0 (5) 166.4 (7) 118 123
w -175.4 (5) 177.5 (6) 179 180
1) 104.4 (5) -99.7 (6) 8 21
¢’ -97.3 (6) 104.8 (6) 88 81
w 166.8 (5) -169.4 (5) 179 176
i -100.4 (6) 92.8 (6) 116 131

?Values in degrees. The estimated standard deviation of the least
significant figure is given in parenthesis for the torsions of the X-ray
structure.

The conformations of the L,R and L.S isomers determined from
NMR and computer simulations are shown in Figure 4. A
comparison of the torsions of the isomers in solution and in the
solid state is given in Table IV. The differences observed in the
torsions arise from the packing forces present within the crystal.
A comparison of the isomers in Figures 1 and 4 indicates a dif-

ference in the orientation of the amide NH's; an anti array in
solution and a syn array in the solid state. In the crystal structure
the ¢ and ¢’ torsions arise from the complementarity of structures
within the unit cell. In solution without the formation of the
intermolecular hydrogen-bonding pattern this complementarity
of conformations is not retained and the ¢ and ¢’ torsions are very
similar for the two diastereomers.

Despite these minor differences in the conformations found in
solution and solid state, largely derived from forces within the
crystal, the overall topologies of the isomers are quite similar. The
L,R diastereomer adopts the “L shape” both in the crystal structure
and in solution. The “reverse L” found for the L,S diastereomer
in the crystal can be converted to the “L shape” simply by a 180°
rotation about ¢ (Figure 1) which accounts for the preferred
structure in solution.

The results found from the three techniques used in the con-
formational analysis of the two diastereomers, X-ray crystallog-
raphy, NMR, and computer simulations, provide strong support
for the value of the unified approach employed in the study of
structure—taste relationships. The solid-state structures reported
here only require facile rotations about one or two of the backbone
torsions to obtain the structures found in solution which explains
the fact that both diastereomers are sweet.
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Abstract: The structures of 1-cyclopropyl-1-hydroxyethylium hexafluoroantimonate, 9, 1-(1’-methylcyclopropyl)-1-hydroxyethylium
hexafluoroantimonate, 10, and 2-hydroxybicyclo[4.1.0]heptan-2-ylium hexachloroantimonate, 11, have been determined by
single-crystal X-ray diffraction methods. The structures of these cations show major differences in their bond distances as
compared to those of the neutral cyclopropyl ketones with the distal bonds in the cyclopropy! ring being shortened, the vicinal
bonds lengthened, and the C(=0)—C(apex) bonds shortened. The cations adopt a conformation which is either bisected
(9) or closc to this (10, 11). The bond distances and conformation of these ions are fully consistent with those expected for
a bisected cyclopropylcarbinyl cation. Comparison of the structures of these cations with those of other protonated cyclopropyl
ketonces reveals systematic changes in bond distances that can be related to the degree of charge delocalization into the cyclopropyl
ring. Details of the structures of these cations and their crystal packing are discussed.

The cyclopropylcarbinyl cation is one of a series of closely
related isomeric C,H,* cations.? Entry into this series can be

(1) This work was supported by the Natural Science and Engineering
Research Council of Canada and 1BM Canada Ltd. under a cooperative
agreement with McMaster University. Technical assistance of Mr. R. Fag-
giani is gratefully acknowledged.

(2) For reviews, see: Tidwell, T. The Chemistry of the Cyclopropy! Group;
Rappoport, Z., Ed.; Wiley-Interscience: New York, 1987; Chapter 10.
Friedrich, E. C. The Chemistry of the Cyclopropy! Group; Rappoport, Z., Ed.;
Wiley-Interscience: New York, 1987; Chapter 11. Brown, H. C. (with
comments by Schleyer, P.v. R.) The Nonclassical Ion Problem; Plenum: New
York, 1977; Chapter 5. Richey, G. Carbonium lons 1972, 111, 1201-1294.
Wiberg, K. B.; Hess, B. A.; Ashe, A. J. Carbonium lons 1972, 3, 1295-1345.
Bartlett, P. D. Nonclassical lons; W. A. Benjamin Inc.: New York, 1965.
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achieved by ionization of cyclopropylcarbinyl, cyclobutyl, or
homoally! derivatives. In the parent system the product distri-
butions arising from ionization of each of these different materials
are remarkably similar suggesting the existence of common in-
termediates.

A long standing and continuing question is that pertaining to
the structure of the C4H,* cation(s). This has been investigated
by a large variety of methods including isotopic tracer experi-
ments,’ solvolytic studies,* detailed NMR studies on solutions of

(3) Roberts, J. D.; Mazur, R. H. J. Am. Chem. Soc. 1951, 73, 3542-3543.
Mazur, R. H.: White, W. N.; Semenow, D. A.; Lee, C. C; Silver, M. S,;
Roberts, J. D. J. Am. Chem. Soc. 1959, 81. 4390-4398.
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Structure of Cyclopropylcarbinyl Cations

Figure 1. Structure of 9.

the stable ions,’ and theoretical calculations.5 The conclusions
reached from this work are that the bisected cyclopropylcarbinyl
ion 1 and the bicyclobutonium cation 2 are both energy minima
on the potential energy surface, with the most recent calculations
showing that 1 and 2 are almost isoenergetic.9® NMR studies
of the ion in condensed phases indicate that 1 and 2 are in dynamic
equilibrium, with the energy barrier to their interconversion being
less than 2 kecal/mol.’

> + ey
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The relative stabilities of the various C,H,* isomers can be
changed by substitution. Thus the cyclopropylcarbiny! form can
be stabilized by placing electron-donating substituents at the
carbinyl carbon atom. For example, two methyl groups or a
hydroxy substituent at this carbon atom is quite sufficient to make
the cyclopropylcarbinyl form the only one which can be detected
in solutions of the ion in superacid media.’

In order to provide direct structural information on the cy-
clopropylcarbinyl cations and related systems we have embarked
on a program to determine the structures of these types of ions
with the use of X-ray crystallography. We have already described
the structures of 3 and 4% and the related systems 5.% 6,1 7,!! and

(4) (a) Poulter, C. D; Spillner, C. J. J. Am. Chem. Soc. 1974, 96,
7591-7593. Majerski, Z.; Schleyer, P. v. R. J. Am. Chem. Soc. 1971, 93,
665-671. Moss, R. A.; Shen, S.; Krogh-Jespersen, K.; Potenza, J. A.; Schugar,
H. J.; Munjal. R. C. J. Am. Chem. Soc. 1986, 108, 134-140. (b) Schleyer,
P.v. R.; Dine, G. W. V. J. Am. Chem. Soc. 1966, 88, 2321-2322.

(5) Brittain, W. J.; Squillacote, M. E.; Roberts, J. D. J. Am. Chem. Soc.
1984, /06, 7280-7282. Saunders, M.; Siehl, H.-U. J. Am. Chem. Soc. 1980,
102, 6868-6869. Staral, J. S.; Roberts, J. D. J. Am. Chem. Soc. 1978, 100,
8018-8020. Staral, J. S.; Yavari, l.; Roberts, J. D.; Prakash, G. K. S.;
Donovan, D. J.; Olah, G. A. J. Am. Chem:. Scc. 1978, 100, 8016-8018. Olah,
G. A.; Jeuell, C. J.; Kelly, D. P; Porter, R. D. J. Am. Chem. Soc. 1972, 94,
146-156. Olah, G. A.; Kelley, D. P.; Jeuell, C. J.; Porter, R. D. J. Am. Chem.
Soc. 1970, 92, 2544-2546.

(6) (a) Saunders. M_; Laidig, K. E.; Wiberg, K. B.; Schleyer, P.v. R. J.
Am. Chem. Soc. 1988, 110, 7652-7659. (b) Koch, W.; Liu, B.; DeFrees, D.
J. Am. Chem. Soc. 1988, 110, 7325-7328. (c) Hehre, W. J.; Hiberty, P. C.
J. Am. Chem. Soc. 1972, 94, 5917-5928; 1974, 96, 302-304. (d) Bach, R.
D.; Blanchette, P. E. J. Am. Chem. Soc. 1979, 101, 46-50. (e) Schmitz, L.
R.; Sorensen, T. S. J. Am. Chem. Soc. 1982, 104, 2600-2604. (f) McKee,
M. L. J. Phys. Chem. 1986, 90, 4908-4910. Dewar, M. J. S; Reynolds, C.
H.J. Am. Chem. Soc. 1984, 106, 6388-6392. Cremer, D.: Kraka, E ; Slee,
T.S.; Bader, R. F. W.; Lau, C. D. H.; Nguyen-Dang, T. T.; McDougall, P.
J. J. Am. Chem. Soc. 1983, 105, 5069-5075. Levi, B. A.; Blurock, E. S.;
Hehre, W. J. J. Am. Chem. Soc. 1979, 101, 5537-5539. Radom, L.; Pople,
J. A.; Buss, V.; Schleyer, P.v. R. J. Am. Chem. Soc. 1970, 92, 6380-6382.
Wiberg, K. B. Tetrahedron 1968, 24, 1083-1096.

(7) (a) Pitmann, C. U., Jr; Olah, G. A. J. Am. Chem. Soc. 1965, 87,
5123-5132. (b) Schmitz, L. R.; Sorensen, T. S. J. Am. Chem. Soc. 1982, 104,
2600-2604. Kabakoff. D. S.: Namanworth, E. J. Am. Chem. Soc. 1970, 92,
3234-3235.

(8) Childs, R. F.; Faggiani, R.; Lock, C. J. L.; Mahendran, M.; Zweep,
S. D. J. Am. Chem. Soc. 1986, 108, 1692-1693.

(9) Chadda, S. K.; Childs, R. F.; Faggiani, R.; Lock, C.J. L. J. Am. Chem.
Soc. 1986, 108, 1694-1695.

(10) Childs, R. F.. Faggiani, R.; Lock, C. J. L.; Mahendran, M. J. Am.
Chem. Soc. 1986, 108, 3613-3617.
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8.12 While the last four ions represent special cases, in which
the cyclopropylcarbinyl cation is incorporated into an unsaturated
ring and questions of cyclic delocalization are raised, both § and
8 appear to have a cyclopropylcarbinyl-like structure. Each of
the cations 3-8 is relatively stable with, apart from 6, a hydroxy
function and a second charge stabilizing substituent at the carbiny!
carbon. The structures of two cyclopropyl-substituted cyclo-
propenium cations have also been reported.!’

D D
+
OHO
8

In this paper we describe the structure determination of three
less stable, protonated cyclopropyl ketones, 9, 10, 11, each of which
has an alkyl substituent on the carbinyl carbon. Cations 10 and
11 were selected for study so that the structural effect of further
alkyl substitution on the cyclopropane might be examined and
compared to the established reactivity patterns exhibited in the
solvolysis of cyclopropylcarbinyl derivatives.*® Salt 11 has the
additional constraint of the six-membered ring which restricts the
conformational mobility of the system and could prevent the
adoption of a fully bisected conformation.!

D
D

SbFg OH  SbClg

9 10 11

(11) Childs, R. F.; Varadarajan, A.; Lock, C. J. L.: Faggiani, R.: Fyfe, C.
A.; Wasylishen, R. E. J. Am. Chem. Soc. 1982, 104, 2452-2456.

(12) Childs, R. F.; Faggiani, R.; Lock, C. J. L.; Varadarajan, A. Acta
Crystallogr. 1984, C40, 1291-1294.

(13) Moss, R. A; Shen, S.; Krogh-Jespersen, K.; Potenza, J. A.; Schugar,
H. J.; Munjal, R. C. J. Am. Chem. Soc. 1986, 108, 134-140.

(14) The importance of a bisected conformation is well exemplified with
the cyclopropyl-substituted adamantyl systems. Schleyer, P. v. R.; Buss, V.
J. Am. Chem. Soc. 1969, 9/, 5880-5882. Martin, J. C.; Ree, B. R. J. Am.
Chem. Soc. 1969, 91, 5882-5883.
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Table I. Selected Interatomic Distances (A) and Angles (deg)

Childs et al.

compound compound
bond distance 9 10 11 angle 9 10 11

C(1)-0 1.256 (8) 1.268 (8) 1.293 (8) C(2)-C(1)-C(5) 122.6 (6) 124.6 (6) 124.5 (7)
C(1)-C(2) 1.405 (10) 1.461 (9) 1.403 (10) 0-C(1)-C(2) 116.5 (6) 115.0 (6) 114.7 (7)
C(2)-C(3) 1.516 (8) 1.529 (9) 1.534 (11) O-C(1)-C(5) 120.9 (7) 120.4 (7) 120.7 (6)
C(2)-C(4) 1.516 (8) 1.545 (8) 1.559 (12) C(1)-C(2)-C(3) 118.8 (5) 116.0 (6) 116.4 (7)
C(3)-C(4) 1.418 (12) 1.448 (9) 1.433 (13) C(1)-C(2)-C(4) 118.8 (5) 113.8 (6) 119.8 (7)
C(1)-C(5) 1.482 (9) 1.461 (10) 1.461 (19) C(3)-C(2)-C(4) 55.8 (3) 56.2 (4) 55.2 (6)
C(2)-C(6) 1.491 (10) C(2)-C(3)-C(4) 62.1 (4) 62.5 (4) 63.3 (6)
C(5)-C(6) 1.534 (11) C(2)-C(4)-C(3) 62.1 (4) 61.3 (4) 61.6 (6)
C(6)-C(7) 1.540 (11) C(2)-C(3)-C(7) 116.6 (7)
C(3)-C(7) 1.502 (11) C(3)-C(7)-C(6) 1127 (7)
C(7)-C(6)-C(5) 112.0 (6)
C(6)-C(5)-C(1) 116.0 (8)
C(4)-C(3)-C(7) 120.5 (7)

C(1)-C(2)-C(6) 117.7 (6)

C(3)-C(2)-C(6) 119.7 (7)

C(4)-C(2)-C(6) 119.0 (6)

Anions (9 and 10, X = F; 11, X = Cl)
Sb-X(1) 1.848 (4) 1.916 (4) 2.356 (2) X(1)-Sb-X(2) 92.7 (2) 88.7 (2) 89.7 (1)
Sb-X(2) 1.841 (4) 1.858 (4) 2.402 (2) X(1)~Sb-X(3) 88.9 (2) 84.4 (2) 177.9 (1)
Sb-X(3) 1.856 (5) 1.871 (4) 2.370 (2) X(1)-Sb-X(4) 89.6 (2) 88.5 (2) 90.4 (1)
Sb-X(4) 1.837 (5) 1.872 (4) 2.351 (2) X(1)-Sb-X(5) 179.6 (1) 90.1 (1)
Sb-X(5) 1.856 (4) 2.368 (2) X(1)-Sb-X(6) 87.8 (2) 91.6 (1)
Sb-X(6) 1.861 (4) 2.341 (2) X(2)-Sb-X(3) 90.5 (2) 89.7 (2) 88.3 (1)
X(2)-Sb-X(4) 90.9 (2) 89.8 (2) 89.6 (1)
X(2)-Sb-X(5) 91.0 (2) 88.0 (1)
X(2)-Sb-X(6) 176.5 (2) 177.7 (1)
X(3)-Sb-X(4) 178.0 (3) 90.1 (2) 90.2 (1)
X(3)-Sb-X(5) 91.8 (2) 89.3 (1)
X(3)-Sb-X(6) 89.9 (2) 904 (1)
X(4)-Sb-X(5) 91.3(2) 177.5 (1)
X(4)-Sb-X(6) 90.5 (2) 92.3 (1)
X(5)-Sb-X(6) 92.5 (3) 90.1 (1)
Results

The cations 9 and 10 were prepared as their hexafluoro-
antimonate salts by treatment of CH,Cl, solutions of the corre-
sponding ketones, 12 and 13, with HF/SbF; at -78 °C, Reaction
of 14 with HCI/SbCl; in CH,Cl, at -78 °C gave 11 as its hex-
achloroantimonate salt. The precipitated solids in these reactions
were recrystallized from CH,Cl, to give single crystals suitable
for X-ray crystallography. The salts were moisture sensitive and
relatively thermally unstable undergoing facile isomerizations when
kept at room or higher temperatures.!> The occurrence of these
facile recarrangements has thus far limited the extension of our
studies to other related cyclopropylcarbinyl cations.

<

R
O
12 R=H
13 R=Me 14

The crystalline salts were characterized by 'H and 13C NMR
spectroscopy. Solutions of 9 and 10 in CD,Cl, exhibited almost
identical NMR spectra to those previously reported for the cor-
responding protonated ketones in strong acid media.’>!6!” The
spectra of 11 were fully consistent with the assigned structure.

The structures of 9, 10, and 11 were determined by use of X-ray
diffraction at low temperatures. The structures are shown in

(15) These salts rearrange to give substituted 2H-3,4-dihydrofuranylium
cations: Burke, N. A. D.; Childs, R. F. Third North American Chemical
Congress, Toronto, Canada, June 1988, Abstract No. ORGN-E-426. Pittman,
C. U.. Jr; McManus, S. P. J. Am. Chem. Soc. 1969, 91, 5915-5918. Ward,
H. R; Sherman, P. D., Jr. J. Am. Chem. Soc. 1968, 90, 3812-3817.

(16) (a) Olah, G. A.; Westerman, P. W.; Nishimura, J. J. Am. Chem. Soc.
1974, 96. 3548-3559. (b) Butler, A. R. J. Chem. Soc., Perkin Trans. 11 1976,
959-963. McClelland, R. A.; Reynolds, W. F. Can. J. Chem. 1976, 54,
718-725.

(17) Olah, G. A,; Spear, R. J.. Hiberty, P. C.; Hehre, W. J. J. Am. Chem.
Soc. 1976, 98, 7470-7475.

Figure 3. Structure of 11.

Figures 1-3, selected interatomic distances and angles are given
in Table I, and the crystal packing is shown in Figures 4-6. Full
information is given in the tables in the supplementary material
associated with this paper. In the case of 9 it was not possible
to locate the third hydrogen atom of the methyl group, and the
position of the hydrogen atom on C(2) is somewhat anomalous.
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Figure 5. Crystal packing of 10.

Figure 6. Crystal packing of 11.

All of the hydrogen atoms were found in 10 and 11.

Discussion

The structures of 9-11 are fully consistent with that expected
for cyclopropylcarbinyl cations. Thus each of the cations has a
conformation which is either bisected or close to bisected, bond
distances which are far removed from those of a conventional
cyclopropy! ketone, and a configuration about the carbonyl group
that indicates the presence of an sp? hybridized oxygen. While
the structures obtained show similar trends to those previously
described for 3 and 4, the structural changes described here re-
sulting from oxygen protonation of the cyclopropyl ketones 12,

13, and 14 are much more pronounced.

Cyclopropane Bond Distances. The bond distances in the cy-
clopropane rings of 9 are remarkable in terms of the extent to
which the ring is distorted from a symmetrical structure. Cation
9 exhibits the largest distortions of any of the cyclopropylcarbinyl
cations or indeed, to the best of our knowledge, any cyclopropy!
compound whose structure has yet been determined.!®1? It is
worth noting that the C(3)-C(4) (distal) bond length (1.418 (12)

(18) Allen, F. H. Acta Crystallogr. 1980, B36, 81-96; 1981, B37, 890-900.
(19) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen, A.
G.; Taylor, R. J. Chem. Soc., Perkin Trans. I! 1987, S|-S19.
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Table II. Summary of Bond Distances of Cations

bond (A) torison
compd  av cyclopropyl distal C(1)-C(2) angle?
9 1.483 1.418 (12) 1.405 (10) 0.0
10 1.507 1.448 (9) 1.461 (9) -173.5
11 1.509 1.433 (13) 1.403 (10) 176.3
3 1.506 1.448 (4) 1.417 (8) -7.0
4 1.509 1.468 (3) 1.430 (2) 180.0

0.0

5 1.52 1.501 (8) 1.474 (7)
8 1.51 1.471 (9) 1.439 (10)
neutral 1.504 1.478 1.474

@Torsion angle O-C(1)-C(2)-(midpoint C(3)-C(4)).

A) is the same within experimental error as that of benzene. This
means that the distal bond in 9 has an order which approaches
1.5!

One purpose in preparing this series of ions was to probe the
effect of substituents on the cyclopropyl ring. An a-methyl group
has been shown to have a small stabilizing effect on a cyclo-
propylcarbinyl cation,**2 and, on the basis of NMR evidence,
it would appear that charge delocalization into the three-membered
ring is enhanced by the introduction of this group.'” In terms of
structure, as can be seen from the data in Table I, the introduction
of a methyl group onto C(2), 10 as compared to 9, makes no
significant difference in the lengths of the C(2)—C(3) or C(2)—(4)
bonds (differences 1.1 and 2.60, respectively, where ¢ = v/(0,2
+ ,%). On the other hand, the C(1)-C(2) bond in 10 is sig-
nificantly lengthened as compared to the comparable bond in 9
(difference 4.2¢). It is interesting that the calculations reported
by Sorensen on methyi-substituted cyclopropylcarbinyl cations
suggest that the presence of an a-methyl will cause an elongation
of both the vicinal and C(1)-C(2) bonds of 10 as compared to
9.%21 |t may well be that with further structures of cyclo-
propylcarbinyl cations a difference in the vicinal bond lengths as
a function of an a-substituent may be observed; however, on the
basis of this work the effect will likely be small.

The bicyclic cation 11 with an alkyl substituent at C(3), one
of the 8-ring carbons of the cyclopropane, would have been ex-
pected to show a marked elongation of the C(2)-(3) as compared
to the C(2)-(4) vicinal bond.* However, within the error limits
of the structure determination there is no difference in the lengths
of the two vicinal cyclopropane bonds (difference 1.5¢). Overall,
the cyclopropane bond distances in 11 are very similar to those
of 9 with the short distal bond length (C(3)-C(4)) being par-
ticularly noticeable.

It is instructive to compare the cyclopropyl bond distances found
here for 9-11 with those previously reported for 3-5 and 8, Table
1. As can be seen from these data, the degree of distortion of
the three-membered ring in these cations away from a symmetrical
structure varies considerably. However, in each case the average
cyclopropyl bond distance in each of the cations 3-5 and 8-11
is approximately the same as is found for cyclopropane, Table
11.'81% This means that the lengthening of the vicinal bonds is
on average half the contraction of the distal bond. A similar
coupling of the vicinal and distal bond distances has been noted
for cyclopropylketones.!® The average cyclopropyl carbon—carbon
bond distances in the tricyclopropyl- and dicyclopropylphenyl-
cyclopropenium cations were also found to be the same as that
of a neutral cyclopropane.!?

Associated with these changes in the cyclopropyl ring bond
distances is a marked contraction of the C(1)~C(2) bond of all
these protonated cyclopropyl ketones as compared to the neutral

(20) Kushner, A. S. Ph.D. Dissertation, The Pennsylvania State University,
University Park, PA., 1966. Data quoted in ref 16.

(21) The structure of the a-methylcyclopropylcarbinyl cation has been the
matter of some debate. See: Saunders, M.; Rosenfeld, J. J. Am. Chem. Soc.
1970, 92, 2548-2549. Olah, G. A.; Jeuell, C. L.; Kelly, D. P.; Porter, R. D.
J. Am. Chem. Soc. 1972, 94, 146-156. Olah, G. A.; Prakash, G. K. S.;
Donovan, D. J.; Yavari, l. J. Am. Chem. Soc. 1978, 100, 7085-7086. Kirchen,
R. P; Sorensen, T. S. J. Am. Chem. Soc. 1977, 99, 6687-6693. Siehl. H.-U.
J. Am. Chem. Soc. 1985, 107, 3390-3392, and ref 17.
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Figure 7. Correlation between C(1)-C(2) and C(3)-C(4) bond distances.
The position of a neutral cyclopropyl ketone is indicated by ().

ketones, Table 11. The average C(=0)—C(cyclopropane) bond
distance of a cyclopropy! ketone in a bisected conformation is 1.474
(4) A.'® In9and 11 this distance is 1.405 (10) and 1.403 (10)
A, respectively, values which are significantly smaller than the
corresponding bond of the neutral ketone (differences 6.3 and 6.54,
respectively).

The bond distance changes observed in the cyclopropane rings
of these cations are linked to the changes occurring in the C-
(1)-C(2) bond distance. This is shown in Figure 7 where the
C(1)—-C(2) and C(3)—C(4) bond distances for cyclopropylcarbiny!
cations 3-5 and 8-11 are correlated. It is clear that apart from
two exceptions there is a good linear relationship between these
two bond distances.

The two exceptions to the correlation shown in Figure 7 are
10 and 5. These differ from the rest of the cations by having a
methyl substituent at C(2) (or its equivalent position in §) and
as such might not be expected to fall on the same line as the other
systems which lack this methyl group.?? It has been suggested
that the unusually long C(1)~C(2) bond in 5 is caused by an
unfavorable cyclic 47 electron configuration;’ however, this looks
unlikely given that a comparable elongation of the C(1)—C(2) bond
also occurs in 10.

One way of viewing the correlation shown in Figure 7 is that
the systematic geometry changes in the cyclopropane ring and
the C(1)-C(2) bond reflect the degree of involvement of the
cyclopropane in electron delocalization; the greater the degree of
delocalization, the greater the distortion. The variable in these
systems is the second substituent on the carbony!l carbon of the
protonated ketone.?* The better this group is at stabilizing a
positive charge, the less the call on the cyclopropane to become
involved and, consequently, the less the geometric distortion.
Understood in these terms the correlation shown in Figure 7
represents a means whereby the charge stabilizing ability of the
second substituent on the carbonyl group of these protonated
cyclopropyl ketones can be gauged and related to other thermo-
dynamic or kinetic measures of substituent effects. Because of
the relatively large errors associated with the measurement of bond
distances, the precision of this structural approach is lower than
that normally associated with a linear free energy relationship
generated under more conventional conditions. However, a
qualitative examination of the order of the substituents shown in
Figure 7 leads to the conclusion that methy!l (9) is a poorer charge
stabilizing group than phenyl (3) which is itself poorer than
cyclopropyl (4). The relative order of these groups in terms of
their charge stabilizing ability has been the subject of a consid-

(22) A similar effect elongation of a C-C bond is seen with both alkanes
and alkenes, ref 19.

(23) A further variable in these structures is the extent to which H-bonding
which occurs of the OH proton and the consequent variation in the amount
of charge induced on the carbonyl carbon. This is particularly important in
the case of 8 where the system exists as a dimeric cation. This point has been
discussed in ref 24.
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H
H<_+
1
1.356 3
(1.355) 1.415
1.645 (1414) 1.530
(1.644)
Bisected Perpendicular

Figure 8. Calculated bond distances (A) of bisected and perpendicular
cyclopropylcarbinyl cation: numbers without parentheses (ref 6a) and
numbers in parentheses (ref 6b).

erable amount of controversy,'*?5 and it would appear that no
simple order exists.® The order found here is one that has
commonly been found by other techniques including thermody-
namic measurements in the gas phase.?’

The important conclusion to be drawn from Figure 7 is the
existence of a systematic change in the geometry of a cyclopropane
conjugated to a positive center that depends on the electron de-
mand of the cationic carbon. This result can be considered to
be the structural counterpart to the concept of increasing neigh-
boring group participation, advanced by Gassman and Fentiman
and later formalized as the “tool of increasing electron demand”.2®
It is interesting to note that the magnitude of the structural
changes observed with these cations, as a function of substituent,
are much larger than are normally encountered with neutral
molecules. Indced Topsom in a recent review has argued that
substituent-induced structural changes in neutral molecules are
generally very small and difficult to detect.?®

There are two factors contributing to the contraction of the
C(1)-C(2) bond in these cations; the enhanced conjugation be-
tween the cationic site and the cyclopropane discussed above and
the shortening that will result from the presence of a positive
charge on C(1). It would be attractive to be able to separate these
two factors and determine their relative magnitudes. One way
this could be done is by comparing the C(1)—C(2) distance of one
of these bisected protonated cyclopropyl ketones with a similarly
substituted system which is held in a perpendicular conformation.
In the latter case conjugative effects would be eliminated, and
the contraction observed would be caused solely by the charge
effect. Allen has used a similar approach to analyze conjugative
and hybridization cffects in his comparison of the relative con-
jugative abilities of vinyl and cyclopropyl groups.’®

No structures of perpendicular cyclopropylcarbinyl cations with
hydroxy substituents have yet been determined, and this approach
cannot be used with the systems studied here. However, it can
be used for the parent system by using the calculated structures
of the cyclopropylcarbinyl cation in bisected and perpendicular
conformations, Figure 8, and comparing the C(1)-C(2) bond
distances of these systems with that of the comparable bond in
vinyleyclopropane (1.470 (6) A).2® As can be seen, the shortening
of the C(1)—C(2) bond in the parent cation which can be attributed
to charge cffect is the dominant component.

In principle an alternative method for estimating the magnitude
of the charge-induced contraction expected in the C(1)-C(2) bond
in these systems is through the correlation shown in Figure 7 and
placing on it a point corresponding to a neutral cyclopropyl ketone
(marked as W in Figure 7). The charge effect will have its major

(24) Childs, R. F.; Mahendran, M.; Zweep, S. D,; Lock, C. J. L. Manu-
script in preparation.

(25) Arnett, E. M.. Hofelich, T. C. J. Am. Chem. Soc. 1983, 105,
2889-2995.

(26) Jost, R.; Sommer, J.; Engdahl, C.; Ahlberg, P. J. Am. Chem. Soc.
1980, /02, 7663-7667.

(27) Aue, D. H.; Bower, M. T. Gas Phase Ion Chemistry, Academic Press:
New York, 1979; Vol. 11.

(28) Gassman, P. G.; Fentiman, A. F., Jr. J. Am. Chem. Soc. 1969, 9/,
1545-1546.

(29) Topsom, R. D. Prog. Phys. Org. Chem. 1987, 16, 85-124. Cf.: Allen.
F. H.. Kennard, O.; Taylor, R. Acc. Chem. Res. 1983, 16, 146-153.

(30) Allen, F. H. Acta Crystallogr. 1981, B37, 890-900.
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impact on the C(1)-C(2) bond but comparatively little effect on
the more remote distal bond C(3)-C(4). Conjugation of the
cyclopropyl group with the charged center on C(1) will affect both
bonds. As such the vertical discrepancy between the position of
the neutral cyclopropyl ketone and the line linking the cationic
systems will largely reflect the charge-induced contraction of the
C(1)-C(2) bond.

A similar charge-induced contraction of the C(1)-C(5) bonds
would also be expected in these protonated systems when compared
to those bonds in a neutral ketone (1.511 (15) A).” However,
the differences observed in these bonds in 9-11 and the model
ketone are less than 3¢ in each case and are not significant. The
C(1)-C(5) bond distances in 9 and 10 are the same within ex-
perimental error to that calculated for the C-C bond in O-
protonated acetaldehyde (1.466 A).3!

It is informative to compare the structure of 9, the simplest
cyclopropylcarbinyl cation described here, with the results of the
best theoretical calculations on the parent system, Figure 8.62°
It is immediately apparent that there are some considerable
discrepancies between the two results. It is not unexpected that
the replacement of the hydrogens at C(1) with a hydroxy and
methyl substituents would result in an elongation of this bond.
For example, this effect of methyl substituents on the C(1)-C(2)
bond of the cyclopropylcarbinyl cation has been seen in calculations
on substituted systems.%420 However, the lengths of the vicinal
bonds in 9 are considerably shorter than those estimated for the
parent cation despite there being a reasonable correspondence in
the distal bond lengths. It is clear that the average cyclopropyl
bond distance in the calculated structures of the parent cation is
substantially different from the normal cyclopropane bond distance
and that the type of correlation shown in Figure 7 would not seem
to apply. Further structures of less highly substituted cyclo-
propylcarbinyl cations are needed in order to link the structures
of the hydroxy-substituted systems studied here with that of the
parent cation.

Conformation. As is fully evident from inspection of the pro-
jection shown in Figure 1, 9 has adopted a fully bisected geometry.
The angle between the plane defined by the cyclopropyl group
and carbonyl plane is 90.0 (4)°. Compound 10 also has a 90°
angle between the carbony! and cyclopropyl planes (Table III),
but this cation is not completely bisected. For 10 to be completely
bisected the torsion angle 7, defined as O-C(1)-C(2)~(midpoint
of C(3)—C(4) bond), will be 0 or £180°. In 10 this angle is —173.5
(5)° which means that this cation still has a conformation which
is close to bisected. Both 9 and 10 have a planar configuration
about the carbonyl carbon with C(1) lying in the plane defined
by C(2)-C(5)-0, Table I1I.

In the case of 11, the presence of the six-membered ring fused
to the cyclopropane imposes some restraint on the conformational
degrees of freedom. Even in this case, however, the angle between
the cyclopropyl and carbony! planes is 82.2 (6)°, Table 111, and
the torsion angle 7 is 176.3 (8)°. In order to achieve this relative
arrangement the six-membered ring of 11 adopts a pseudoboat
conformation. Kelly et al. have examined the conformation of
bicyclo[4.1.0]heptan-2—-ylium cation and its 2-methyl derivative
with the use of 1*C/'H coupling constants as a probe and con-
cluded that these ions exist in either an anti pseudoboat or a
pseudochair (twist) conformation.?? A twist conformation would
seem to be adopted by the parent ketone, bicyclo[4.1.0]heptan—
2-one.®* One interesting feature of the conformation of 11 is
that the protonated carbonyl group is no longer planar as it is in
the other structures determined here. The possible reasons for
this nonplanarity are discussed below.

The torsion angles 7 for the cyclopropylcarbinyl cations whose
structures have been determined are given in Table II. It is clear
in every case studied so far that the cations have either a bisected
conformation or one which is very close to this. It is interesting

(31) Nokes, R. H.; Radom, L. Chem. Phys. Letr. 1983, 99, 107-111.

(32) Kelly, D. P.; Leslie, D. R.; Smith, B. D. J. Am. Chem. Soc. 1984, 106,
687-694.

(33) Lightner, D. A.; Jackman, D. E. Tetrahedron Lerr. 1975, 3051-3054.
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Table III. Least-Squares Planes for Compounds 9-11

Childs et al.

distance® of atoms from plane

dihedral angle?
between planes

distance from plane D/ of nearest contacts to

compd AC B4 Ce Aand B cm H(0)

9 (0] 0.00 (1) 226 (1) 90.0 (4) F(1) 2.99 (1) F(4) 0.00 (2)
C(1) 0.00 (1) 1.18 (1) F(1y -2.99 (1)
C(2) 0.00 (1) 0.00 (1)
Cc(3) 0.71 (1) 0.00 (1)
C(4) -0.71 (1) 0.00 (1)
C(5) 0.00 (1) 117 (2)

10 O 0.00 (1) 1.20 (2) 90.3 (5) F(4) 291 (1) F(1) -0.133 (9)
C(1) 0.005 (9) 1.28 (3) F(2) -3.010 (9)
C(2) 0.00 (1) 0.00 (1)
C(3) 0.59 (1) 0.00 (1)
C(4) -0.85 (1) 0.00 (1)
C(5) 0.00 (1) 2.59 (1)
C(6) 0.68 (2) -1.24 (2)

11 O 0.000 (8) 0.000 (8) 0.53 (1) 82.2 (6) CI(1) -2.56 (3) Cl(2) -1.10 (5)
C(1) 0.027 (9) -1.18 (2) -0.01 (1) Cl(4) 2.41 (3)
C(2) 0.00 (1) 0.00 (1) 0.20 (1)
C(@3) 0.61 (2) 0.00 (1) -0.01 (1)
C(4) -0.81 (2) 0.00 (2) -1.20 (1)
C(5) 0.00 (1) =2.51 (1) -0.53 (2)
C(6) 0.31(2) -2.52.(1) -0.86 (2)
C(7) 1.17 (2) -1.24 (2) 0.10 (1)

@ All distances in A. ®All angles in deg. ¢Plane of C(2)-C(5)-O.

C(1)-O-H(O).

that while a bisected conformation is the preferred one for neutral
cyclopropyl ketones, there is a broad energy minimum with the
potential well corresponding to 7 ranges of £30°.18 It is likely
in the case of the cations that as more examples come available
the potential well will be found to be narrower than that of the
neutral ketones.

A further conformational aspect of these systems is the relative
position of the cyclopropane with respect to the carbonyl oxygen.
Allen has shown in his analysis of the structures of cyclopropyl
systems that the ketones generally prefer to adopt a conformation
that is close to bisected with the cyclopropane and carbony! group
in an s-cis configuration.'® With those cations described in this
and the earlier paper.® in which rotation about the C(1)-C(2) bond
is possible, both s-cis and s-trans conformations are found. Thus
9, 3, and one of the cyclopropyl rings of 4 each has an s-cis
arrangement of the cyclopropyl and carbonyl groups. It should
be noted that in each of these cases the OH proton, with an
attendant counterion hydrogen bonded to this proton, and the s-cis
cyclopropyl ring have a trans conformation about the C(1)-O
bond. The parent ketone 12 has been shown to prefer a bisected
conformation with an s-cis configuration about the C(1)-C(2)
bond.3*

Olah and colleagues have examined the variable-temperature
NMR spectra of 9 and 10 and shown that at =90 °C it is possible
to slow down rotation about the C(1)-C(2) bond sufficiently so
as to observe an equilibrium mixture of two conformations in ca.
a 4:1 ratio.'® For each cation it was found that the major con-
formation present was one in which the OH group and cyclo-
propane have a trans configuration about the C(1)-C(2) bond.
Thus it seems that the difference in conformation of 9 and 10 in
the crystalline phase is attributable to crystal packing.

Cations 9~11 each have relatively large C(2)—C(1)—C(5) angles
of 122.6 (6), 124.6 (6), and 124.5 (7)°, respectively. These are
larger than the comparable angle in cyclopropy! ketones.® Similar
large bond angles are found for 3 and 4 and in other protonated
ketones such as substituted benzophenones.?® and these have been
attributed to the increased electronegativity of the O in a pro-
tonated ketone.

Interactions within the Crystal Lattice. The cations 9 and 10
each have a F atom and 11 a Cl atom in an anion which is situated
close to the carbonyl plane (plane D, Table I11) and arranged such

(34) Bartell, L. S.; Guillory, J. P.; Parks, A. T. J. Phys. Chem. 1965, 69,
3043-3048.

(35) A survey was made of all the cyclopropyl ketone structures retrieved
by Allen, ref 18.

4Plane of C(2)-C(3)-C(4). ¢Plane of C(1)-C(2)-C(3)-C(7). /Plane of
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Figure 9. Bond angles around the protonated carbonyl group.

Table IV. Bond Angles Around C(1) of Cations®

angle (deg) substituent
compd a b c R1 R2
9 116.5(6) 122.6 (6) 1209 (7) cpr Me
10 1150(6) 124.6(6) 120.4(7) cpr Me
11 114.7(7) 1245(7) 1207 (6) alkyl cpr
3 116.1 (6) 123.8(6) 120.1 (6) cpr phenyl
117.2(6) 122.1(7) 1207 (6) cpr phenyl
4 115.6 (4) 123.7(6) 1208 (6) cpr cpr
8 116.2(7) 124.1 (5) 1195(7) cpr vinyl

aCyclopropane is denoted as cpr.

that it forms a hydrogen bond with the OH proton. The O-F
or O—Cl distances (9, O-F(4) 2.557 (6) A; 10, O-F(1) 2.601 (6)
A: and 11, O-Cl(2) 3.286 (7) A) are all shorter than the sum
of the van der Waals radii of the respective atoms indicating the
presence of strong hydrogen bonds. In the case of 11 the Sb—Cl(2)
bond is significantly lengthened as compared to the other Sb—Cl
bonds in the anion. The C(1)-O-F (or Cl) angles (9, C(1)-O-
F(4) 115.3 (2)°; 10, C(1)-O-F(1) 119.6 (2)°; 11, C(1)-O-CI(2)
112.9 (1)°) and C(2)C(1)-+OF (or Cl) torsion angles (9, C(2)-
C(1)-OF(4) 180.0 (2)°; 10, C(2)C(1)-+OF(1) -179.3 (2)°; 11,
C(2)C(1)~-OCI(2) 17.4 (1)°) indicate the presence of an sp?
hybridized oxygen atom in these cations.

The presence of the anionic atom which is hydrogen bonded
to the OH proton appears to effect distortion of the geometry about
the carbonyl carbon atom. It has already been mentioned that
the C(2)~C(1)~C(5) angle (designated “b” in Figure 9) in these
cations is larger than would have been expected for a typical
ketone. In addition there is a systematic distortion in the other
two angles, “a” and “c”, Figure 9.

As can be seen from the data given in Table IV, angle a which
is anti to the H--anion grouping, is significantly smaller than angle
b. A survey of other reported cyclopropy! ketone structures shows
that these two angles may vary significantly from the ideal 120°
but that this variation would seem to be random and not simply
associated with the presence of the cyclopropane.® In this work
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Table V. Crystal Data?
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compd 9

fw 320.75

crystal size (mm) 0.30 X 0.25 X 0.35
rough cube

systematic absences hOl, h + 1 = 2n
hk0, k = 2n

spacc grou Pmnb

unit ccll (A and deg) a = 8.516(2)
b =10.136 (2)
c=11.608 (1)

volume (A%) 1002 (3)

Z 8

Peatc (8 <) 4.2

g (em™) 56.82

max. 20, reflcns meas 50°, h.k,x!

std reficns (csd) (2, -2, 5) 1.66%
(1, 3,-6) 2.83%

temp (°C) -65+ 5

no. uniquc rcflens 1997

no. with / > 0 943

final Ry. R, 0.0371, 0.0374

final shift/crror max (av) 0.001 (0)

x (sccondary cxtinctn) -0.0062

final diffcrence map 0.553

max (e/A7), location (0.41, 0.66, 0.46)

min (¢/A3) -0.525

weighting (a¥(F,) + 0.00014F 2y

crror in obs of unit wt 2.3372

10 11

334.89 44547

0.20 X 0.20 X 0.10 0.30 X 0.20 X 0.35
plate rough cylinder
hOl, h + 1 = 2n 0kl, 1 = 2n

0k0, k = 2n hkO, k = 2n
P2/c Pc2,b°

a =11.569 (3) a=6.824 (1)
b= 8.209 (1) b =13.323 (2)
c= 12621 (8) ¢ = 15657 (2)

B8 =119.57 (2)

1042.5 (4) 1423.6 (4)

4 4

2.13 2.08

26.79 28.76

50°, h,xk, £l 50°, hk.xl
(-4,-4,2) 1.27% (0, 5, 8) 1.67%
(2, -5, -5) 1.40% (1,7, -8) 1.68%
-65% 5 -65%5

1965 2824

1827 1321

0.0618, 0.0678 0.0298, 0.0337
0.001 (0) 0.001 (0)
0.00655 0.00133

2.304 1.351

(0.15, 0.79, -0.11) (0.01, 0.50, 0.84)
-1.499 -1.027

(a¥(F,) + 0.0050F 2! (a}(F,) = 0.0017F 2!
1.0876 0.8653

Ry = T|IFe - FCI/E:[FOII: R, = [Z;»)(IFQ— F)?/ T wF,"2 ®This cell may be transformed into the standard cell, space group Pmna, a = 10.136
(

(2) A, b=28516(2) A, c= 11608

by the matrix (0 1 0/-1 0 0/0 0 I). “This cell may be transformed into the standard cell, space group

Pca2;, a = 15.657 (2) A, b = 6.824 (1) A, ¢ = 13.323 (2) A by the matrix (00 1/-100/00 1),

the distortion about the carbonyl carbon does not appear to be
linked to the presence of either an s-cis conformation of the
cyclopropyl/carbonyl functions in that the same phenomenon is
found with 10 which has an s-trans configuration or the inter-
change of the cyclopropane between R, and R, in Figure 9. This
distortion of the angles around the carbonyl carbon atoms seems
to be a general property of protonated ketones.?* It should be noted
that a similar distortion is found in the results of high level
calculations of the geometry of protonated formaldehyde in the
gas phase.%

In the crystal lattices cations 9 and 10 have in addition to the
fluorine atom of an SbF4~ group hydrogen bonded to the OH
proton, two further fluorines placed about 3 A above and below
the plane of the protonated carbonyl group, Table 111.2437 In both
cases the positioning of the fluorines is similar to that commonly
found for protonated carbonyl compounds being placed over
(under) the C(1)-O bond.

As was mentioned above, in the case of 11 C(1) is significantly
displaced (0.027 (9) A) from the carbonyl, C(2)C(5)O, plane.
Examination of the crystal packing shows that in addition to CI(2)
which is hydrogen bonded to the OH proton, 11 is unique among
the systems studied here in that it has only one further chlorine
atom, CI(1), in close proximity to the carbonyl carbon, C(1). The
chlorine atom, CI(1), is situated within the sum of the van der
Waal's radii of C and Cl, 3.465 (7) A from C(1) directly over
the C(1)~0 bond with a Cl(1)-C(1)-O angle of 84.6 (1)°. The
carbonyl carbon atom, C(1), is displaced from the carbonyl plane
toward Cl(1). A second chlorine (ClI(4)) on the opposite side of
the carbonyl plane from Cli(1) is significantly further removed
from C(1) (3.586 (7) A). A similar specific interaction of a Lewis
base with the carbonyl carbon of a protonated ketone has been
observed in a protonated benzophenone.’” Once more this in-
teraction in this case leads to a nonplanar arrangement around
the carbonyl carbon. This type of interaction can be considered

to represent a model for the attack of a nucleophile on a protonated
carbonyl group.®

Conclusion

With the results described in this work there is now a range
of protonated cyclopropy! ketones whose structures have been
determined. There is no question that these structures fully
confirm the basic bonding picture for the cyclopropyl carbinyl
cation. Further it is clear that there are systematic changes in
the structures of these cations as a function of substituent, and
these variations reflect the degree of involvement of the cyclo-
propane in charge delocalization. The challenge that remains is
to determine the structures of cyclopropylcarbinyl cations which
have groups on C(1) which are less charge stabilizing than the
those used in this work and to relate the structures of these ma-
terials to those calculated for the parent cation. The propensity
of cyclopropylcarbinyl cations to rearrange will make the extension
of these studies to simpler systems a difficult challenge.

Experimental Section

General Methods. Solution 'H and '*C NMR spectra were obtained
by using Bruker AM500 and Varian EM390 spectrometers. Ketones 12
and 13 which are commercially available were dried over 4A molecular
sieves and distilled before use. The bicylic material 14 was prepared from
2-cyclohexenone according to the procedure of Kuhn and Trischmann®
and had identical spectroscopic properties to those previously reported.*®

Preparation of Cations. The hexafluoroantimonate salts of 12 and 13
were prepared by slow addition of HF/SbF; (1:1, 0.5 equiv) to a cooled
solution (-78 °C) of the corresponding ketone (~2 mmol) in dry CH,Cl,
(~15 mL) under an inert N, atmosphere as previously described.?* The
hexachloroantimonate salt of 14 was prepared by adding at -78 °C a
CH,Cl; (~10 mL) solution of SbCl (~1 mmol) which had been satu-
rated with HCI gas to a CH,Cl, solution (~10 mL) of the corresponding
ketone (~1 mmol). The salts were recrystallized from CH,Cl, at -20
°C. The crystals obtained were very sensitive to moisture and temper-
ature, and all manipulations were carried out under a controlled atmo-
sphere. The NMR spectra of CD,Cl, solutions of 9 and 10 were very

(36) Cremer, D.; Gauss, J.; Childs, R. F.; Blackburn, C. J. Am. Chem. Soc.
1988, /07, 2435-244]. Wiberg, K. B.; Laidig, K. E. J. Am. Chem. Soc. 1987,
109, 5935-5943.

(37) Childs, R. F.; Mahendran, M.; Zweep, S. D.: Shaw, G.; Chadda, S.;
Burke, N.; George, B.; Faggiani, R.; Lock, C. J. L. Pure Appl. Chem. 1986,
58, 111-128.

(38) Cf. the analysis of the approach of a nitrogen atom to a carbonyl
group. Birgi, H. B.; Dunitz, J. D. Acc. Chem. Res. 1983, 16, 153-161. Biirgi,
H. B.; Dunitz, J. D.; Shefler, E. J. Am. Chem. Soc. 1973, 95, 5065-5067.

(39) Kuhn, R.; Trischmann, H. Ann. Chem. 1958, 611, 117.

(40) House, H. O.; Prabhu, A. V.; Wilkins, J. M.; Lee, L. F. J. Org. Chem.
1976, 41, 3067-3076.
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similar to those previously reported.#' The 'H NMR spectrum of 11
(CD,Cl,) exhibited resonances at & 1.78 (1 H, Hqq, m), 1.92 (2 H,
protons on Cq, m), 2.18 (1 H, Hygy, br d, Jygiransea ~ 15.4 Hz), 2.33 (1
H, Hyeor dd, Jaa¢s ~ Ja2 ~ 15.5 Hz), 2.60 (1 H, Hy¢ngo. m), 2.68 (1
H, Hsrane m), 2.77 (1 H, Hy, m), 2.98 (1 H. H;, dd), and 3.04 (1 H,
H; . br d). The corresponding spin-decoupled *C-NMR spectrum in
CH,Cl, displayed resonances at & 14.68 (C,), 19.09 (Cq), 25.04 (C,),
25.04 (C,), 33.51 (Cs), 34.48 (C,), and 234.01 (C)).

Collection of Crystal Data. Suitable single crystals were sealed in
0.3-mm diamectcr Lindemann capillary tubes with the aid of a drybox
equipped with microscope and cold block at -40 °C. All crystallographic
manipulations were carried out at low temperature (~-65 °C) on a
Syntex P2, diffractometer with use of graphite monochromated Mo Ko
radiation (A = 0.71069 A). The low-temperature crystal environment
was maintaincd by passing a thin stream of cold N, gas along the ¢ axis
of the diffractometer. To prevent frosting of the Lindemann tube, a
heater was used to warm the outer periphery of the cold stream. Because
of thermal instability of thesc crystals, it was not possible to obtain
Precession photographs. Alternatively axial photographs were taken.
Unit cell parameters were obtained from a least-squares fit of x, ¢, and
20 for reflections of the crystal under investigation in the range 19° <
20 < 25° for 9. 20° < 26 < 30° for 10, and 19° < 20 < 38° for 11. All
intensity data were collected at —65 °C with the use of a coupled ©-
(crystal)-26(counter) scan. Intensities were measured with an upper 26
limit of 50° Reflections having 75° < x < 90° were converted into their
Friedel cquivalents with available software in order to avoid collision
between the x circle and the low-temperature apparatus. For each
crystal, two internal standard reflections were measured every 48 re-
flections to monitor crystal stability. Corrections were made for Lor-
entz-polarization factors but not for absorption. This will lead to a
maximum error in F, of 11.0%, 6.1%, and 10.5% for 1-3, respectively.
Scan rate sclection and preliminary data treatment were as described
previously. 424 Density measurements for the crystals were made under
inert atmosphere by suspending crystals in a mixture of two solvents, one
less and onc morc dense than the crystals themselves. Data relating to
the crystals 9-11, the collection of their intensity data, and their structure
refincment arc given in Table V.

Structure Solutions. General Methods. Computations were performed
by using VAX 8600 and YAX 8650 mainframe computers. The XRAY76
package* and the XTAL program suite** were used for preliminary data
treatment. Three-dimensional Patterson syntheses, electron difference
synthescs, and full-matrix least-squares refinement cycles were performed
with usc of the SHELX* program. Least-squares refinements which

(41) (a) Olah, G. A.; Westerman, P. W.: Nishimura, J. J. Am. Chem. Soc.
1974, 96, 3548-3559. (b) Olah, G. A.: Spear, R. J.; Hiberty, P. C.; Hehre,
W. J. J. Am. Chem. Soc. 1976, 98, 7470-7475.

(42) Lippert, B.. Lock, C. J. L.; Rosenberg, B.; Zvagulis, M. Inorg. Chem.
1977, 16, 1525-1529.
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minimized 3 w(|F,| - |F¢})? were terminated when the maximum shift/
error was 0.001. X-ray scattering curves were taken from ref 46.
Anomalous dispersion corrections from ref 47 were also applied to the
scattering factors of the heavy atoms involved.

1-Cyclopropyl-1-hydroxyethylium Hexafluoroantimonate (9). The
clear colorless crystal 9 was determined to be orthorhombic, and data
were collected in the uniquely defined nonstandard space group Pmnb.
The antimony atom was found by direct methods with the use of 943
reflections with |E| = 1.5 and 20 sets of starting phases. All remaining
atoms were found from subsequent electron difference maps. The co-
ordinates of all atoms were refined by use of full matrix least-squares
refinement cycles. Before locating the hydrogen atoms, the temperature
factors of all non-hydrogen atoms were made anisotropic and refined. U,
and U,; were fixed at 0 A3 for those atoms occupying special positions.
Hydrogen atoms were then located, and their positions and isotropic
temperature factors were varied through three least-squares refinement
cycles before being fixed. For final refinement a variable weighting
scheme was imposed.

1-(V-Methylcyclopropyl)-1-hydroxyethylium Hexafluoroantimonate
(10). The clear colorless crystal 10 was found to be monoclinic having
the uniquely defined space group P2,/c. The antimony atom in 10 was
located by direct methods by using 1827 reflections with |E} = 1.5 and
20 sets of starting phases. The positions of the remainder of the atoms
were revealed from subsequent electron difference maps. All non-hy-
drogen atoms and their isotropic temperature factors were refined
through a series of full-matrix least-squares refinement cycles before
anisotropic refinement. Hydrogen atoms were then located; their coor-
dinates and isotropic temperature factors were varied over three cycles
of least-squares refinement before being fixed. Introduction of a variable
weighting scheme did not improve the trial structure, hence a fixed
weighting scheme was employed which led to a value closest to unity for
the error in observation of unit weight, S.

2-Hydroxybicyclof{4.1.0]heptan-2-ylium Hexachloroantimonate (11).
The clear colorless crystal 11 was determined to be orthorhombic, and
data were collected in the uniquely defined nonstandard space group
Pc2,b. A three-dimensional Patterson synthesis revealed the position of
the antimony atom. The remaining atom positions were found and re-
fined by using a series of full-matrix least-squares refinement cycles. All
non-hydrogen atoms were refined anisotropically before the hydrogen
atoms were located and isotropically refined before being fixed. In the
final stage of the structure refinement a variable weighting scheme was
imposed.

Supplementary Material Available: Tables of atomic positional
parameters and equivalent temperature factors, anisotropic tem-
perature factors, hydrogen atom positional parameters and iso-
tropic temperature factors, and bond lengths and angles involving
hydrogen atoms (10 pages); tables of observed and calculated
structure factors (24 pages). Ordering information is given on
any current masthead page.
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