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The question whether carbocations are bridged first
arose in connection with attempts to describe the
short-lived intermediates in the solvolysis of bicyclic
halides and sulfonates, notably of norbornane deriva-
tives.? But it is now clear that the question relates
to carbocation structure in general.

The advent of new and powerful spectroscopic tech-
niques has extended the field of inquiry to long-lived
carbocations that, however, tend to undergo deep-seated
rearrangements to more stable structures.? Of late,
greatly refined and hence more trustworthy theoretical
calculations have been brought to bear on the problem.*

This Account is concerned with the original question,
namely, the structure and reactions of the transient
carbocations that are formed in the solvolysis of acyclic
and cyclic halides and arenesulfonates. It describes a
new approach based on the assumption that through-
space induction and bridging are related phenomena.
Bridging

Concerned mainly with the bonds between adjacent
C atoms, organic chemists have tended to neglect in-
teractions between alternate C atoms, i.e., between C-1
and C-3 in the structure 1, which are the next nearest
C atoms and maintain a constant distance of ca. 2.5 A.
In fact, electron density maps as well as space-filling
molecular models show that the electrons that link a
chain of atoms also occupy the space between alternate
nuclei. Nevertheless, interaction between the latter
does not result in bonding as long as C-1 is tetracoor-
dinate and surrounded by an octet of electrons. This
is no longer the case when extrusion of the nucleofuge
X leads to a cationic center at C-1 that attracts the
surrounding electrons. Spectroscopic evidence shows
that the electron deficiency is spread over neighboring
atoms.?

The crucial question is whether the electrons around
C-3, or even more remote C atoms, move directly, i.e.,
through space, toward C-1 and thereby give rise to a
secondary bonding interaction illustrated by the dashed
line in cation 2. This so called 1,3-bridging converts
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the tetracoordinate C-3 into a pentacoordinate atom
and should be accompanied by shortening of the C-1
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to C-3 distance. Furthermore, bridging should direct
the attack of an external nucleophile Y to the unbridged
side of cation 2 and therefore lead to a product 3 with
the same configuration as 1. Bridging, as described
here, results from electrophilic attack of a cationic
center on a neighboring tetrahedral C atom or, con-
versely, as a nucleophilic attack of the latter at the rear
of a C-X bond in the manner of a Sy2 reaction.
Therefore, the following conditions should be fulfilled
for bridging to occur to an appreciable extent.

(1) Attack by nucleophilic solvents at the rear of C-1
must be strongly hindered in order to prevent compe-
tition by a bimolecular (Syn2) displacement reaction by
the solvent, i.e., by a k, process.> This is the case when
the nucleofuge X is attached to a tertiary C atom, es-
pecially if the latter is situated at the bridgehead of a
polycyclic system but also when X is located adjacent
to a tertiary C atom, as in neopentyl- and pinacolyl-like
structures. As recently pointed out,? rearside hindrance
also occurs in bi- or tricyclic molecules in which X is
next to one or two bridgehead atoms. In all such cases
reaction takes place without nucleophilic solvent par-
ticipation, i.e., by a k. or k, process.> Since the positive
charge generated in the ionization step cannot be di-
rectly transferred to the solvent, it seeks to undergo
stabilization by other means, such as induction, hy-
perconjugation, rearrangement, fragmentation, or hy-
drogen shifts. If these internal models of charge dis-
persal are also lacking, very low reactivity will result.

(2) Substituents R on the bridging atom C-3 in 2
should act as electron donors relative to the incipient
cationic center at C-1, for only then can C-3 facilitate
ionization by dispersing the positive charge generated
at C-1 in the transition-state 4.
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(3) Both C atoms involved in bridging, i.e., C-1 and
C-3, should be able to adopt, at least approximately, the
trigonal-bipyramidal configuration favored by penta-
coordinate atoms.” Deviations from this preferred
arrangement will lead to a strained transition state and
hence reduce bridging and rate.
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Figure 1. Plot of log & for 3-substituted-1-adamantyl tosylates
18 vs. inductive substituent constants a4,

As defined here, bridging is strongly controlled by
stereoelectronic factors.

Detection of Bridging

Earlier studies in this laboratory have shown that the
solvolysis rates of saturated cyclic and acyclic halides
and sulfonates are determined by the inductive effect
of neighboring substituents, provided these do not in-
duce fragmentation or participate in cyclization.? This
conclusion follows from the linear correlation between
the logarithms of the first-order rate constants (log k)
and the respective inductive substituent constants %
Since the latter were derived from the pK, values of
4-substituted quinclidinium perchlorates 5, in which
steric, conjugative, and hyperconjugative effects are
negligible or absent,? a linear correlation indicates that
ionization rates are controlled by the inductive effect
of the substituents alone and that the Hammett-Taft
equation log (k/ky) = po1? applies (k and &, denote the
rate constants for the substituted and unsubstituted
substrate, respectively).

Figure 1 illustrates the linear relationship observed
for the reaction of 3-substituted-1-adamantyl toluene-
sulfonates (tosylates) 18 in 80 vol % ethanol.%¢ This
solvent was chosen because it offers the combination
of ionizing power and nucleophilicity required for ready
ionization of tosylates and capture of the intermediate
carbocations. The reaction constant p, derived from the
slope of the regression line, is a measure of the sensi-
tivity of the reaction rate to the I effect of the sub-
stituents, i.e., the inductivity of the system. The p
values for the solvolysis of various acyclic and cyclic
compounds have been determined by this method and
shown to vary over a wide range, although the 1,3-dis-
tances and the conformations are practically the same
in many cases (Chart I).

The primary bromides 6 and 7 provide a suitable
starting point for a discussion of p values because they
undergo concerted nucleophilic displacement by the
solvent in a k, process.®d Since the charge developed
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Chart 1
Reaction Constants p (in brackets)
Determined in 80 vol % Ethanol

CH3
}
R—CHCHCH2CH28r R—CH2CH2CH2Br R—CHzCHC—CI
CH3
5 (0) 7 (-0.12) 8 (-0.71)
H R
8 (-2.0) 10 (-0.72) 11 {-0.78) 12 (-1.75)
8
7
R L~ OTs R R OTs
R OTs OTs
13 (-0.94) 14 {-1.5) 15 (-1.0) 16 (-0.82)
7 R R
6 8
)
RLIZT @*m’ ﬁ;&
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0OTs
17 (-0.53} 18 (-1.26) 19 (-1.09)

at C-1 in the transition state is negligible, very little
electrostatic interaction with the substituent R occurs,
which accounts for the observed low p values of zero and
—0.12, respectively. The tertiary chlorides 8, however,
ionize with far less nucleophilic assistance by the solvent
and therefore react essentially by way of a carbocation,?
which leads to a much higher p value of —0.71.8b

Before employing p values to gauge inductivity, it
should be ascertained that true cationic processes are
being observed. This has been demonstrated for the
solvolysis of 2-exo- and 2-endo-norbornyl toluene-
sulfonates 9 and 10, R = H, respectively, and the cor-
responding bromides in 90% ethanol and in 2-meth-
oxyethanol, which react in first-order processes even in
the presence of strong nucleophiles, such as KOH and
CgH;SNa.® It should, therefore, also apply to the re-
lated secondary structures 14-17, R = H. The solvolysis
of the bridgehead sulfonates 18 and 19 are necessarily
cationic processes and therefore serve as models for this
type of reaction.

Inductivity and Bridging

Widely different inductivities are observed for the
6-exo-substituted-2-exo-norbornyl tosylates 9 (p =
-2.0)!! and their 7-anti-2-endo and 6-exo-2-endo isomers
10 (p = —0.72)2 and 11 (o = —0.78),!! respectively. These
spectacular logarithmic differences can be rationalized
by assuming that through-space induction, which ac-
companies through-bond induction,'®!% involves 1,3-
bridging.2!! The latter is strong in the transition states
for the ionization of 9 because the back lobe of the R—-C
orbital at C-6 overlaps well with the p orbital of the
cationic center in the resulting cation as illustrated in
20. This is shown by plastic framework models
(Prentice Hall), using trigonal-bipyramidal metal
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clusters to indicate the orientation of the orbitals at C-2,
C-6, and C-7. A simplified picture 21 shows only the
respective orbital axes (dotted lines) that converge and
intersect. Put in yet another way, 1,3-bridging in the
cation from 9 subdivides a six-membered ring into
quasi-five- and -three-membered rings, as illustrated in
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In contrast, the orbital axes at C-7 and C-2 in the ion
pair 24 from 10 converge but do not intersect. Overlap

2 2
7
R P@%u R
H - H 2901’:
26 27

and bridging are therefore reduced. Furthermore,
bridging of C-2 by C-7 would subdivide a five-mem-
bered ring into highly strained four- and three-mem-
bered rings. The observed p value of ~0.72 must then
be mainly due to through-bond induction. Since
bridging affects rates, differential bridging strain should
lead to spectacular differences between the rates of
stereoisomeric tosylates.

However, bridging strain alone does not account for
the low inductivity of —0.78 observed for 6-exo-substi-
tuted-2-endo-norbornyl tosylates 11. In this case,
bridging by C-6 in the resulting contact ion-pair 25 is
inhibited by the anion that is located on the endo side
until it is removed by dissociation in the protic solvent.
In contrast, the counterion in the ion-pair 2 from 9 is
not in a position to interfere with bridging. Conse-
quently, transmission of the inductive effect in the
transition states is not hindered.

The widely different inductivities of the 2-exo- and
2-endo-tosylates 9 and 11, respectively, are responsible
for the large variations of the exo/endo rate ratios with
the substituents.!! For R = t-C;Hy, COOCHj, and Br,
the respective kq/k,; ratios are 2388, 4, and 0.37; i.e.,
the exo/endo rate ratios are reversed when the 6-exo-
substituent is strongly electron withdrawing. For the
unsubstituted tosylates 9 and 11 (or 10), the exo/endo
rate ratio is 425 at 70 °C, which corresponds to a free
energy difference between the two transition states of
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5.5 keal/mol. This frequently debated difference!® can,
therefore, be ascribed to differential bridging in the two
transition states. However, inductivity is also sensitive
to the orientation of the substituent at C-6 as shown
by the p value of -1.75 for the 6-endo-substituted 2-
exo-tosylates 12.17 Apparently the R to C-6 bond is
more polarizable in the W-like configuration 9 than it
is in the sicklelike configuration 12.

The I effect of substituents at C-6 in the solvolysis
of the 2-exo-tosylate 9 also has important stereochem-
ical consequences in that 2-exo-substitution products
only are obtained when R is an electron donor, such as
hydrogen or alkyl, whereas 2-exo- and 2-endo-substi-
tution products are produced when R is an electron-
attracting group, such as F, COOCHj;, or CN, which
strongly reduce bridging.!''® This observation supports
the hypothesis that induction involves graded bridging.

Substituents at C-8 also affect the ease with which
the typical Wagner—-Meerwein rearrangements of 2-
norbornyl cations take place.”®* Thus, strongly bridged
cations 22 should undergo rapid and reversible con-
version to epimeric cations 23 because the new bond is
already partly formed. In fact, when the substituent
R is an electron donor, rearrangement of the cations 22
and 23 is faster than capture by a nucleophilic solvent.
In such cases 9 and 12, which are the precursors of the
cations 22 and 23, afford the same yields of the same
products. However, when R is an electron acceptor,
rearrangement is slower than capture by solvent, and
different product compositions result. Thus, not only
are the relative rates of 2-exo- and 2-endo-norbornyl
derivatives determined by the degree of bridging but
also the structure and configuration of the derived
products.

This conclusion is at variance with Brown'’s steric
explanation!® for the high exo/endo rate ratio and the
exclusive formation of 2-exo-substitution products ob-
served in the solvolysis of unsubstituted 2-exo- and
2-endo-norbornyl sulfonates 9 and 11, R = H.1® Ac-
cording to his hypothesis, rates and products reflect
hindered ionization of 2-endo-sulfonates by the C-6-
endo-H atom and hindered endo attack of nucleophiles
at C-2 of the intermediate unbridged 2-norbornyl cat-
ion. But as mentioned above, exo/endo rate ratios vary
over a range of more than 6000 as the 6-exo-substituent
changes and both 2-exo- and 2-endo-substitution
products are obtained when bridging is reduced by
electron-attracting substituents at C-6. Furthermore,
substitution of a methyl or a bulky tert-butyl group for
a 6-exo- or a 6-endo-H atom in the tosylates 11 and 13
has only a small effect on the rate.!® Steric effects are
therefore not the key to the problem.

The 6-exo-substituted-2-exo- and 2-endo-bicyclo-
[2.2.2]octyl tosylates (14 and 15) resemble the respective
2-norbornyl tosylates 9 and 11 in that the conformations
and the distances between the substituents and the OTs
groups are practically the same. Nevertheless, the in-
ductivity of 14 (p = —1.50) is smaller than that of 9 (p
= —2.0), whereas the inductivity of 15 (o = -1.0) is larger

(18) See, for example: (a) Brown, H. C. “The Nonclassical Ion
Problem”, with comments by Schleyer, P. v. R.; Plenum Press: New
York, 1977. (b) Brown, H. C., accompanying paper in this issue.

(17) Grob, C. A.; Giinther, B.; Hanreich, R. Helv. Chim. Acta 1981, 64,
2312,

(18) Grob, C. A.; Herzfeld, D. Helv. Chim. Acta 1982, 65, 2443.

(19) Grob, C. A.; Ginther, B.; Hanreich, R. Helv. Chim. Acta 1982, 65,
2110.
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than that of 11 (p = —0.78). The smaller p value for the
exo-tosylates 14 is evidently due to the fact that the
orbital axes at C-2 and C-6 of the cation 26 intersect
at a smaller angle than in the cation 21 from 9 Hence,
overlap or bridging is reduced. On the other hand,
bridging of C-2 by C-7 is stronger in the cation 27 from
15 than in the cation 25 from 11. Therefore, more
positive charge is transferred from C-2 to C-1 in 27,
where it increases the inductive through-bond interac-
tion with the substituent at C-6.

The diequatorial 4-substituted-2-adamantyl tosylates
16 have the same W-like conformation of the R-C-C-
C-X sequence as 9 and 14 and also react by a cationic
process.”’ If through-bond induction were the only
factor, the inductivities of all three series would be
similar. In fact, p for 16 is only —0.82 compared to —2.0
for 9 and -1.50 for 14. The reason for the strikingly low
p value for 16 could be that effective bridging of C-2 by
C-4 would require these atoms to adopt trigonal-bipy-
ramidal conformations in the cation 28 and that this
would strongly distort the ideal chair conformations of
the cyclohexane rings. Bridging is therefore severely
reduced, even when R in 16 is an electron donor, such
as H and CH;. In agreement with this conclusion,
solvolysis of 16 is comparatively slow and occurs with
almost equal retention and inversion at C-2. Further-
more, less than 0.5% rearrangement is observed.?® It
is noteworthy that the relative inertness of cyclohexyl
halides in Sy2 reactions has for a long time been at-
tributed to the ring distortion caused by incorporating
a pentacoordinate C atom in the transition state.?!

The p value of —0.53 for the 2(a)-adamantyl tosylate
17 corresponds to the lowest inductivity yet observed
for a cationic process. In this case induction is restricted
to a through-bond interaction, because overlap of the
orbitals involved in bridging of C-2 and C-4 is excluded.

The R-C-C-C-0Ts sequence in the 3-substituted-
1-adamantyl tosylates 18 has the W-like conformation
also present in 9, 14, and 16. However, the substituent
and the OTs group are both located at bridgehead
positions. The p value of —1.26 indicates a fairly large
interaction between C-1 and C-3, although bridging in
the derived cation 29 should cause flattening of the
bridgehead C atoms and hence generate strain.®
However, the orbital axes at C-1 and C-3 intersect inside
the cage, i.e., in a region of high electron density, which
is apparently conducive to induction. This view is
supported by the 'H NMR spectrum of the 1-
adamantyl cation 29, R = H, under stable ion condi-
tions; for all three, bridgehead H atoms are more de-
shielded, namely, by 0.90 ppm, than the six H atoms
adjacent to the cationic center.?? Selective withdrawal
of electron density from the bridgehead atoms amounts
to triple 1,3-bridging, as shown in 29.

28 2 30

(20) Pritt, J. R.; Whiting, M. C. J. Chem. Soc., Perkin Trans. 2 1975,
1458. Bentley, T. W.; Schleyer, P. v. R. J. Am. Chem. Soc. 1976, 98, 7658,
Lenoir, D.; Schleyer, P. v. R. J. Chem. Soc. D 1970, 941,

(21) Brown, H. C.; Fletcher, R. S.; Johannesen, R. B. J. Am. Chem.
Soc. 1951, 73, 212.
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Table I
Relative First-Order Rate Constants in 80 vol %
Ethanol at 70 °C and Exo/Endo Rate Ratios

compd kel Rexo/Rendo
endo exo 4
31 1125 (at 130 °C)
e endo 4x 107
exo 3113
32 e 425
endo 7.3

exo 279
33 endo 51
endo 5.5
exo
o exo 247
34 13
erdo endo 18.7
exo 8.4
35 13
exo endo endo 0.65
exo 338
36 . 1.8
ene endo 189
37 322

£
38 @ 1

The p value of —1.09 observed for the solvolysis of the
4-substituted-1-bicyclo[2.2.2]octyl p-nitrobenzene-
sulfonates 19792 is surprisingly large considering that
1,4-bridging in the derived cation produces the strained
propellane-like structure 30. On the other hand, the
three equivalent through-bond interactions should also
contribute to overall inductivity.

Relative Rates of Epimeric Tosylates

Secondary bonding or bridging, as defined above, was
inferred from observed relationships between the
structure and inductivity of model compounds, a me-
thod that calls for the synthesis and investigation of
numerous derivatives. A less tedious way to detect
bridging is to determine the rates and products of ep-
imeric exo and endo bicyclic sulfonates.?* These
exo/endo rate ratios frequency differ considerably
(Table I) although the same carbocations are involved
as intermediates. Provided that both epimers react
essentially by cationic processes, their relative rates and
products are indicative of the degree of bridging in the
respective transition states. Several such cases are listed
in Table II, where exo and endo denote a secondary exo
or endo tosyloxy group at the reaction center. Bridging
involves a 3-methylene group; the “substituents” are
therefore hydrogen atoms, the steric effects of which
are small.

The 8-exo-bicyclo[3.2.1]octyl tosylate 31 reacts ca. 10°
times faster than the endo epimer. Since the orbital
axes converge more in the cation 39 from exo-31,
overlap and, hence, bridging should be stronger than
in the cation 40 from endo-31. This also follows from

(23) p values for p-nitro- and p-methylbenzenesulfonates do not differ
significantly.

(24) Grob, C. A. Angew. Chem., Int. Ed. Engl. 1982, 21, 87. Grob, C.
A.; Waldner, A. Tetrahedron Lett. 1981, 22, 3235. Grob, C. A., Zutter,
U. Ibid. 1982, 23, 2849.
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a consideration of the bridging strains generated in the
quasi-small rings in 41 and 42. It is confirmed by the
formation of the exo-alcohol 31 with retention from
ex0-31 and with inversion from endo-31. Additional
products derive from the rearranged bicyclo[3.3.0]-
octyl-2-yl cation 43 only and not from the far more
strained bicyclo[4.2.0]Joct-2-y] cation 44. Differential
bridging strain in the ionization of epimeric tosylates
thus explains relative rates and products.
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This principle also applies to the 2-exo- and 2-endo-
norbornyl tosylates 32, which show a similar rate ratio
of 425 at 70 °C and yield 2-exo-alcohols 32 exclusively.
This finding confirms that bridging by C-6 as in 45
involves less strain than bridging by C-7, as in 46.

The exo/endo rate ratio for the more flexible 2-exo-
and 2-endo-bicyclo[3.3.1]nonyl tosylates 33 of 51 (Table
I) is considerably smaller than that for 32. In these
compounds 1,3-bridging leads to contraction of an eight-
to a quasi-seven-membered ring and of a six- to a
quasi-five-membered ring, as in 47 and 48, respectively.
As models show, incorporating two pentacoordinated
C atoms in one cyclohexane ring, as in 48, entails more
strain than incorporating them in different rings, as in

47.
‘\
~—9/90Ts
Sots
3] 48
OoT1s

i }‘ l !’ ©1s
49 50

The exo/endo rate ratio for the 2-exo- and 2-endo-
bicyclo[3.2.1]octyl tosylates 34 is only 13 (Table I). In
these epimers 1,3-bridging would lead to the cations 49
and 50 in which the seven- and six-membered rings are
contracted to a quasi-six-membered and a slightly more
strained five-membered ring, respectively. Hydrolysis
of the exo-tosylate 34 yields the exo-alcohol 34 with
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retention of configuration. The more weakly bridged
endo-tosylate 34 yields 8% of the inverted exo-alcohol
beside the endo-alcohol 34.

The rate ratio for the 6-exo- and 6-endo-bicyclo-
[3.2.1]octyl tosylates 35 is also 13 (Table I). In these
epimers 1,3-bridging would lead to the cations 51 and
52 in which the seven- and five-membered rings are
contracted to the respective quasi-six- and -4-membered
rings. Again, the presumably more strongly bridged
cation 51 yielded the exo-alcohol 35 with retention,
whereas the less bridged cation 52 afforded the inverted
endo-alcohol 35.
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According to molecular models, the bridging strains
in the cations 53 and 54 from the 6-exo- and 6-endo-
bicyclo[3.2.2]nonyl tosylates 36 are not appreciably
different. The observed very small exo/endo rate ratio
of 1.8 is therefore not surprising, the larger and more
flexible bridge again providing more assistance to ion-
ization. Since only rearranged alcohols and olefins are
obtained, stereochemical evidence for bridging is lack-
ing. Finally, the stereoisomers of bicyclo[2.2.2]oct-2-yl
tosylate 37 are enantiomers and therefore chemically
equivalent.

Relative Rates of Secondary Bicyclic Tosylates

The relative rates of the unsubstituted secondary
tosylates 31-37 in Table I emphasize the importance
of bridging strain in determining their reactivity. The
2-adamantyl tosylate 38 was chosen as the standard (&,
= 1) because of its resistance to bridging and conse-
quent low rate. On this scale, 2-exo-norbornyl tosylate
32 reacts more than 10° times faster. Larger bridging
strain and, hence, lower inductivity account for the ca.
tenfold lower rate of 37 as compared to the structurally
similar ex0-32. The exo-tosylates 33, 34, and 36 and the
endo-tosylate 36 as well as 37 react 10103 times faster
than 38. It is, therefore, assumed that their ionization
involves less bridging strain than in the case of exo0-31,
endo-32, endo-33, and endo-34, the relative rates of
which vary between 4 and 19. Relative rates of endo-31
and endo-35 are below that for 38, probably because
bridging involves contractions of a five-membered ring
to a quasi-four-membered ring.

However, further factors must be involved as evi-
denced by the very small &, of 4 X 1073 for endo-31.
In the resulting bicyclo[3.2.1]octyl 8-cation 55 from

endo-31 and exo-31, hyperconjugation of the 3-CH
bonds at C-1 and C-5 is excluded because they are or-
thogonal to the p orbital at C-8. Furthermore, enlarging
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the bond angle at C-8 toward 120° in the five- and
6-membered rings increases strain. However, consid-
eration of all factors concerned confirms the prevailing
role of bridging strain.

Symmetrical and Unsymmetrical Bridging

In his original papers, Winstein?® suggested the sym-
metrically bridged “nonclassical” structure 56 for the

oA

I8
56

2-norbornyl cation. The latter was considered to be a
resonance hybrid of the contributing forms 56a-c¢ and

o -2

therefore to enjoy extra stabilization. In fact, the
transition-state energy for the ionization of exo-32
(Table I) is exceptionally low as evidenced by its high
rate relative to the endo-epimer 32 and to other sec-
ondary bicyclic tosylates (Table I). This can be ascribed
to its large inductivity (o = —2.0, Chart I), which reflects
unusually strong bridging in the transition state and in
the resultant ion-pair 45. The cation in the latter was
therefore formulated as an unsymmetrically bridged
species, like its C-6-substituted derivatives 22, R =
alkyl, which are necessarily unsymmetrical due to the
absence of a plane of symmetry. It should also be
pointed out that the ability of carbocations to undergo
symmetrical bridging, as assumed for the 2-norbornyl
cation,? does not by itself guarantee special stability.
This is shown by the behavior of endo-34 and exo-35,
which could ionize directly to the symmetrically bridged
cations 57 and 58, respectively. Yet endo-34 is less
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57 58
reactive than the exo-epimer 34, which cannot form 57
directly. Likewise, ex0-35 reacts only 13 times faster
than endo-35 and is unreactive compared to exo-32
(Table II). Unsymmetrically bridged structures are
therefore preferred for the above secondary bicyclic
cations.

Nevertheless, the unsubstituted 2-norbornyl cation
could be a special case because the large strain already
present in norbornane (17 keal/mol)?® would tend to
reduce the energy difference between a symmetrically
and an unsymmetrically bridged structure. In fact,
recent theoretical calculations at the most advanced

level by Schaefer et al.* imply that these structures are
essentially of equal energy. On the other hand, recent

(25) Engler, E. M.; Androse, J. D.; Schleyer, P. v. R. J. Am. Chem. Soc.
1973, 95, 8005.
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NMR spectroscopic studies of the long-lived norbornyl
cation, employing highly refined techniques, have led
Olah?® and Saunders? to uphold Winstein’s symmetri-
cally bridged structure 56. It should be stressed, how-
ever, that these studies were carried out at very low
temperatures on static-free cations in nonnucleophilic
media, whereas in solvolyses the rates of formation of
ion pairs and their subsequent reactions in protic sol-
vents are studied at ambient temperatures. The cat-
ionic species involved might therefore differ slightly. In
fact, the reversible rearrangement of unsymmetrically
bridged norbornyl cations 22 and 23 could become so
fast as to be indistinguishable from a skeletal vibra-
tion.!! In view of the above results, the discussion needs
no longer to be centered on whether the norbornyl
cation is bridged or unbridged but whether bridging is
symmetrical or unsymmetrical. In fact, Schleyer and
Olah have recently discussed unsymmetrical or partial
bridging in other secondary carbocations under stable
ion conditions.?

But an important distinction between these descrip-
tions remains. According to Winstein,? the symmetrical
norbornyl cation 56 derives it stabilization from delo-
calization of the C-1 to C-6 s-bond with concomitant
formation of a three-center two-electron bond. Ac-
cording to the hypothesis presented here, all the elec-
trons around C-6, and particularly the C-6-exo-H elec-
trons in 45, participate in the bridging of C-6 to C-2.
The total interaction, which depends so strongly on the
I effect of the substituent R, can be roughly disected
into a through-bond and a through-space component,
which, in this context, is referred to as bridging.

Concluding Remarks

As these results show the solvolytic ionization rates
of several alicyclic arenesulfonates are directly related
to the inductive constants of neighboring substituents;
furthermore, the sensitivity of the rate constants to the
I effect, i.e., the inductivity of the system, varies
strongly with structure, even when through-bond dis-
tances and conformations are the same. It also appears
that through-space induction dominates when induc-
tivity is high.

The experimental results can be explained if the as-
sumption is made that through-space induction involves
graded bridging of the cationic carbon by a neighboring
pentacoordinate carbon atom. Being a bonding inter-
action, bridging is strengthened by electron donors and
weakened by electron acceptors on the bridging carbon.
Therefore, it controls the rate of formation of carbo-
cations as well as the stereochemical outcome of their
reactions. The inductivities of model compounds make
it evident that through-space induction and, hence,
bridging are directional interactions. They also provide
a rationale for the frequently observed differences be-
tween the rates and products of epimeric alicyclic
sulfonates, notably of norbornyl derivatives.

(26) Saunders, M.; Kates, M. R. J. Am. Chem. Soc. 1980, 102, 6867.

(27) Schleyer, P. v. R.; Lenoir, D.; Mison, P.; Liang, G.; Surya Prakash,
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