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Abstract: A detailed study of the addition of trifluoroacetic acid to norbornene, 2-methylenenorbornane, 1-methylnorbor-
nene, 5,5-dimethylnorbornene and 7,7-dimethylnorbornene was undertaken in order to establish the mechanism of the reac-
tion and the factors influencing both the direction and stereochemistry of the addition process. A study of the addition of
deuteriotrifluoroacetic acid to 7,7-dimethylnorbornene and to norbornene was also made in order to establish the stereo-
chemistry of the addition of the proton (deuteron) and to explore in this system the possibility of capturing the 2-norbornyl
cation in its unsymmetrical (classical) form before full equilibration. All additions proceed to_give the exo-trifluoroacetate,
even in 7,7-dimethylnorbornene. 2-Methylenenorbornene gives only the Markovnikov adduct, 2-methyl-exo-norbornyl triflu-
oroacetate, with a minor amount of the Wagner-Meerwein secondary isomer, consistent with a reaction proceeding through
carbonium ion intermediates. The remarkably fast addition of trifluoroacetic acid at 0° to norbornene and its methyl deriva-
tives is accompanied by the formation of considerable quantities of Wagner-Meerwein rearranged products, as well as of hy-
dride-shifted products, consistent both with the proposed reaction path involving the formation of carbonium ion intermedi-
ates and the relatively low nucleophilicity of trifluoroacetic acid. Protonation of 1-methylnorbornene occurs 42% at C2 and
58% at C3, while protonation of 6,6-dimethylnorbornene occurs 51% at C2 and 49% at C3. It is suggested that the low direc-
tive influence of methyl substituents on the direction of the addition is not compatible with the formation of a o-bridged in-
termediate. The additions of deuteriotrifluoroacetic acid to norbornene and 7,7-dimethylnorbornene proceed rapidly and
yield exo-cis products, ruling out mechanisms involving a concerted molecular addition. The exo-norbornyl-d trifluoroace-
tate product consisted of 37% of exo-3-d, 26% of syn-7-d, with the remainder representing hydride-shifted products. The ex-
cess of exo-3-d product is not compatible with a process proceeding solely through the formation of a symmetrical o-bridged
(nonclassical) 2-norbornyl cation. It is compatible with a process involving rapidly equilibrating unsymmetrical (classical)
cations which are captured prior to full equilibration. The presence of cesium chloride in the reaction mixture appears to in-
tercept the cationic intermediate. The product is largely exo-norbornyl chloride revealing both decreased amounts of hy-
dride-shifted material and increased yields of the unscrambled exo-3-d isomer. The results support the conclusion that the
2-norbornyl cation can be captured in the unsymmetrical (classical) form. The implications of the results for the nonclassi-

cal-ion problem are discussed.

The addition of hydrogen chloride to 2,3-dideuterionor-
bornene® and of deuterium chloride to norbornene* pro-
ceeds to give exo-norbornyl chloride containing more of the
adding proton (deuteron) in the exo-3 than in the syn-7 po-
sition. Clearly the addition cannot be proceeding through a
path involving formation of the symmetrical o-bridged
(nonclassical) 2-norbornyl cation® as sole intermediate (eq

(predicted values for the nonclassical ion intermediate)

1). The results are compatible with the proposed formation
of unsymmetrical rapidly equilibrating (classical) 2-nor-
bornyl cations® (eq 2).

It appeared desirable to explore the generality of this
phenomenon. Is the capture of the 2-norbornyl cation in the
unsymmetrical form restricted to the addition of hydrogen
chloride, or can it be observed in the addition of other acids
to norbornene?

Trifluoroacetic acid appeared to provide an especially se-
vere test case. It possesses exceptionally weak nucleophilic
characteristics and has been utilized extensively as a medi-
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um for the solvolysis of organic tosylates where it is desir-
able to minimize such nucleophilic contributions.”# More-
over, the addition of trifluoroacetic acid to olefins has been
shown to possess typical carbonium ion characteristics.® In-
deed, the data reveal that the addition of trifluoroacetic
acid to representative olefins exhibits inductive effects simi-
lar to those observed in the trifluoroacetolysis of the related
tosylates.!0

Accordingly, we undertook to examine the addition of
trifluoroacetic acid and deuteriotrifluoroacetic acid to nor-
bornene and representative related norbornene derivatives.

Results

Addition of Trifluoroacetic Acid. The addition of trifluo-
roacetic acid to these olefins was an exceedingly fast reac-
tion, even at 0°. Thus the addition to 2-methylenenorbor-
nane (2) was complete in approximately 15 sec, to norbor-
nene (1), 1-methylnorbornene (3), and 5,5-dimethylnorbor-
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nene (camphenilene, 4) in approximately 1-2 min, while
7,7-dimethylnorbornene (apobornylene, 5) required ap-
proximately 6-8 min.

The completion of the reaction and the composition of
the products were examined by GLC using appropriate col-
umns. Because of the observed instability under the analyti-
cal conditions of 2-methyl-exo-norbornyl trifluoroacetate
(6) and certain of the other trifluoroacetates produced from
the methylnorbornenes, the products from 2 to 5 were first
reduced to the alcohols by treatment with lithium alumi-
num hydride. It was established that the composition of the
alcohols realized in this treatment corresponds accurately to
the composition of typical synthetic mixtures of such triflu-
oroacetates.-

The addition is highly stereoselective. For example, nor-
bornene (1) gave 99.98% of exo- (7) and 0.02% of endo-
norbornyl trifluoroacetate (8) (eq 3). Even 7,7-dimethyl-

’i CF,CO,H, 0°
——
100%
1
+ 3
;bOZCCF3 @

7
0,CCF,

8
norbornene (8) exhibited a remarkably high stereoselectiv-
ity, with 99.92% exo (9) and 0.08% endo (10) (eq 4).

CF,CO,H, 0°
27%
5
+ @
0Q,CCF;
0,CCF,
10

In the latter reaction, the major product is 12, attribut-
able to a 6:2 hydride shift in the carbonium ion correspond-
ing to 11 (eq 5, X = CF;CO5-).

CF,CO,H
5 —— + +
X X

9 2% 11 5%
+ )
X
12 67% 13 1%

The addition of trifluoroacetic acid to 5,5-dimethylnor-
bornene (4) proceeds with almost no selectivity between the
two positions of the double bond (eq 6). All of these secon-
dary trifluoroacetates were established to be stable to the
reaction conditions.

CF,CO,H
——— +

0° X
4 13 49%

X+9+1 (8

12 47% 3% 1%

On the other hand, the addition of trifluoroacetic acid to
2 gave predominantly the tertiary ester 6, but this was un-
stable to the reaction conditions and was slowly trans-
formed into the isomeric secondary isomer 14 (eq 7). Ex-
trapolation of the results to zero time indicates that the ini-
tial product must be essentially pure tertiary ester 6.

CF,CQ,H
——
CH,
2
+ O]
CF,CO.
0,CCF, e
CH,
CH, 14
6
15sec 9% 3%
3min 88% 12%

Addition of trifluoroacetic acid to 1-methylnorbornene
(3) proceeded to give predominantly the secondary trifluo-
roacetate 15 and the tertiary derivative 6. In 15 sec, the
product was 56:2:42 (eq 8). Here also the minor amount of
the secondary isomer 14 is attributed to an isomerization of
the initially formed tertiary product 6.

CF,CO,H
CH,
3
X X
CH, CH;,
CH, 14 2% 15 42%
6 56%

Addition of Deuteriotrifluoroacetic Acid. The addition of
deuteriotrifluoroacetic acid to 1 and § gave the same com-
position of products which revealed the same remarkably
high stereoselectivity for the trifluoroacetate group as the
addition of trifluoroacetic acid mentioned earlier (eq 3, 4).

In order to establish the stereochemistry of the addition
of the deuteron to §, a mixture of the monodeuterated tri-
fluoroacetates, 9-d and 12-d, was separated from the other
products by preparative GLC over tricresyl phosphate. The
esters were converted into the alcohols with lithium alumi-
num hydride. Then 7,7-dimethyl-exo-norbornanol-d (16)
was isolated by liquid-phase chromatography over alumina
and converted into the tosylate 17. Treatment of the tosyl-
ate with sodium 2-cyclohexylcyclohexoxide in triglyme!!
yielded the olefin 5 with only 3% of the deuterium in the
vinyl position. Under identical conditions, a synthetic sam-
ple of exo-3-d-7,7-dimethyl-exo-norbornyl tosylate was
converted into 5 containing 5% of the original deuterium in
the vinyl position.!! Consequently, the present result estab-
lished that the alcohol 16 could not have had a significant
amount of endo-3-d, but could have some 40% of the origi-
nal deuterium at C5 as a result of a 6:2 hydride shift.

The position of the deuterium atom in the exo-norbornyl-
d trifluoroacetate (7-d) produced in the addition of deuter-
iotrifluoroacetic acid to norbornene 1 was determined both
by '"H NMR analysis of the corresponding exo-norborna-
nol-d (18) and the E2 elimination product of the corre-
sponding tosylate!! 19 (eq 9).
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The 60-MHz and 100-MHz spectra of 1 M solutions of
18 in 95% pyridine-5% deuterium oxide exhibited the most
satisfactory separation of signals of the bridgehead protons
and the syn-7 proton among all of the spectra taken at a va-
riety of concentrations in different solvents. By analyzing
the shape of the a-methine proton at 6 3.89 and by measur-
ing the relative intensity of the syn-7 proton at § 1.88, the
deuterium distribution could be determined!? (eq 10).
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Table L. Product Analyses for the Reaction of Norbornene with
Deuteriotrifluoroacetic Acid at 0° in the Presence of Dissolved
Cesium Chloride

Deuterium
CF ;- distribution
C0,D, 1, CsCl, 7-d, 20d?  exo-3d:syn-
ml mmol mmol % % 7-d:other
15 5 5 9 91 48:36:16
15 5 20 3 97 61:34:5

21t was established that 20~7 was stable to the reaction conditions.

It has been suggested that the mechanism for additions to
strained olefins might be different from those involving un-
strained olefins.!> Consequently, it may be desirable to ex-
ercise caution in extrapolating Peterson’s results and con-
clusions based on the study of relatively simple unstrained

CF,CO,D, 0°
—_ D +
0,CCF,

1
!H NMR of alcohol 18: 37
!4 NMR of olefin I-d: 36

D
0,CCF;

26 37
25 39

The analysis based on the 'H NMR examination of the
alcohol was confirmed by a 60-MHz 'H NMR analysis (eq
10) of the olefin derived from 18 through the E2 elimina-
tion of the tosylate 19 (eq 9). The amount of deuterium at
the exo-3 position was also confirmed by mass spectral
analysis of the olefia 1-4.

Reaction of Norbornene with Deuteriotrifluoroacetic Acid
in the Presence of Dissolved Cesium Chloride. Cesium chlo-
ride proved to be quite soluble in trifluoroacetic acid. When
norbornene (1) was added to trifluoroacetic acid at 0° con-
taining dissolved cesium chloride, there was a rapid reac-
tion. The major product, however, was not the trifluoroace-
tate 7, but exo-norbornyl chloride (20). An increase in the
amount of dissolved cesium chloride resulted in a reduction
in the amount of the trifluoroacetate and an increase in the
yield of the chloride.

The reaction of norbornene with deuteriotrifluoroacetic
acid and cesium chloride proceeded similarly. From the
mixture of 20-d and 7-d thus produced, the former could be
readily isolated by GLC. The distribution of deuterium in
20-d was estimated both by 60-MHz 'H NMR analyses of
the chloride itself and of the olefin produced by E2 elimina-
tion of 20-d.# The results are summarized in Table I.

Discussion
Addition of Trifluoroacetic Acid as a Carbonium Ion Pro-
cess. The remarkably fast reaction of a variety of olefins
with trifluoroacetic acid exhibits all of the characteristics of
a carbonium ion process.” The addition proceeds to give the
Markovnikov products cleanly, indicative of the develop-
ment of considerable positive charge at the carbonium ion
center.? Indeed, it was observed that a 4-chloro substituent
exerted essentially the same rate-retarding effect in the tri-
fluoroacetolysis of 2-butyl tosylate (eq 11) as in the addi-
tion of trifluoroacetic acid to the corresponding olefins!®
(eq 12).
CH.CH,CHCH; + CF;CO,H — CH,CH,CHCH; 11

X OTs X O,CCF;
relative rate for X = H/X = Cl: 329/1

CH,CH,CH=CH, + CF;CO,H — CH,CH,CHCH, 12)

X X
relative rate for X = H/X = Cl: 421/1

O,(CF;

olefins to highly strained bicyclic olefins of the norbornene
type.l4

However, the present results clearly support a carbonium
ion process for the additions examined in this study. Thus
the addition of trifluoroacetic acid to 2-methylenenorbor-
nane requires only 15 sec at 0°. The product (extrapolated
to zero time) is essentially pure tertiary trifluoroacetate (eq
7). Such a powerful directive effect, in accordance with
Markovnikov orientation, is normally considered to involve
a carbonium ion intermediate.!> The reaction must proceed
via an initial transfer of a proton to the primary carbon
atom, forming the tertiary carbonium ion which adds triflu-
oroacetate with the usual preference for exo stereochemis-
try exhibited by the norbornyl system!6 (eq 13).

+ CF,CO,H —> + CF,CO,” —
+
CH,

(13)
0,CCF,

CH,
6

The addition of trifluoroacetic acid to norbornene yields
99.98% exo- and 0.02% endo-norbornyl acetate. This re-
markably high stereoselectivity is essentially identical with
that realized in the acetolysis of exo-norbornyl tosylate.!’
This similarity in the stereoselectivity supports the conclu-
sion that both reactions must be proceeding through the
same intermediate, the 2-norbornyl cation.

The carbonium ion character of the addition reaction is
further supported by the large amounts of Wagner-Meer-
wein rearranged and hydride-shifted products observed in
these additions. For example, the predominant product in
the addition of trifluoroacetic acid to 7,7-dimethylnorbor-
nene (5) is 12 (eq 5), which must involve a 6:2 hydride shift.

Question of a Molecular Addition. It is possible to ac-
count for the production of unsymmetrically tagged nor-
bornyl derivatives, such as were realized in our earlier hy-
drochlorination studies? and in the reaction summarized in

CH,
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eq 10, by postulating two concurrent addition processes, one
involving the usual symmetrical o-bridged cation and the
other involving a cyclic molecular addition.!®-1° We believe
that the present results clearly rule out the incursion of a
cyclic molecular addition in amounts sufficient to disturb
the present results.

First, a molecular addition of trifluoroacetic acid to 1-
methylnorbornene (3) would be expected to yield approxi-
mately equal amounts of the two secondary trifluoroace-
tates 14 and 15. These are stable to the reaction conditions.
However, the observed products are the secondary deriva-
tive 8 and the tertiary derivative 6 (eq 8). Clearly, the pro-
posed molecular addition cannot be significant.

We have proposed 7,7-dimethylnorbornene (5) as a diag-
nostic tool to test for such cyclic molecular additions. Typi-
cal cyclic additions, such as epoxidation and hydroboration,
proceed readily with norbornene (1) to give products with
exo-cis orientation but proceed with great difficulty with
7,7-dimethylnorbornene (5) to give the endo isomers pre-
dominantly.?®

The present results reveal exo-cis addition of deuteriotri-
fluoroacetic acid to 5. Moreover, the exo isomer 9 consti-
tutes 99.92% of the unrearranged product, with only 0.08%
of the endo isomer 10 (eq 4). Although we did not attempt
to establish the relative rates of addition of trifluoroacetic
acid to 5§ and 1, the reaction times for complete reaction at
0°, 6-8 min for § and 1-2 min for 1, reveal the absence of
any major difference in reactivity always observed for cyclic
addition processes.2’

Directive Effects in the Addition Reaction. The nonclassi-
cal formulation of the 2-norbornyl cation was originally
represented as a resonance hybrid of three canonical struc-
tures® (21). This interpretation suggests that the introduc-

Eﬂb ”lb “/b
+
21b 2lc

21a

tion of methyl groups at position 6 should stabilize the ca-
nonical structure 21c and thereby stabilize the resonance
hybrid 21.

However, the addition of acetic acid to 6,6-dimethylnor-
bornene 4 failed to reveal any significant preference for pro-
tonation at positions 2 or 3.2! Similarly, 6,6-dimethyl-exo-
norbornyl tosylate failed to exhibit an enhanced rate of sol-
volysis.??

The nucleophilic properties of trifluoroacetic acid are far
lower than those of acetic acid. For example, the trifluoroa-
cetolysis of even so open a structure as 2-propyl tosylate is
believed to be limiting or nearly s0.2> Consequently, ¢ par-
ticipation, if it can occur in the 2-norbornyl cation, would
be anticipated to be especially favored in this medium. Yet
the addition of trifluoroacetic acid to 4 gives essentially
equal quantities of the two isomeric secondary products:
47% of 12 and 49% of 13 (eq 6).

Consequently, the present results confirm the conclusion
that canonical form 21c does not contribute to the reso-
nance hybrid.2? We are left with the problem as to whether
21a and 21b are canonical contributors to a symmetrical
o-bridged cation,?* 21, or whether they represent a rapidly
equilibrating pair of unsymmetrical (classical) cations.®

1-Methylnorbornene (3) is an interesting system. Irre-
spective of the question as to whether ¢ participation is im-
portant in symmetrical 2-norbornyl derivatives, it would be
anticipated that protonation would be favored at position 3
as the system passes over a stabilized transition state (22)
leading to the tertiary carbonium ion 23 (eq 14).

HA_ 14)

CH,
3

CH3
23

However, it was previously observed that there is little
discrimination between protonation at C2 and C3 in the ad-
dition of formic acid?® and of hydrogen chloride.* The use
of trifluoroacetic acid does not alter the situation signifi-
cantly (eq 8). Clearly, ¢ participation cannot be very signif-
icant in the transition states produced by the transfer of a
proton from the acid to C2 or C3.

Capture of an Unsymmetrical 2-Norbornyl Cation. Trans-
fer of a deuteron from deuteriotrifluoroacetic acid to C2 or
C3 of norbornene takes place from the exo direction to give
the 2-norbornyl cation with a deuterium tag, If this ion pos-
sesses the symmetrical o-bridged (nonclassical) structure, it
must react with the anion to give exo-norbornyl trifluo-
roacetate with an equal distribution of deuterium between
the exo-3 and syn-7 positions (eq 15). However, an equal

CF,C0,D D
—p —_—

A .

+ CF,CO,”

D
D
+ ‘ (15)
0,CCF, Q,CCF,
50% 50%

(predicted distribution)
distribution was not realized. The product contained more
of the deuterium at the exo-3 than at the syn-7 position (eq
10). The observed distribution is compatible with the for-
mation of a rapidly equilibrating pair of cations which is
captured prior to full equilibration (eq 16).

Ay 2 o A
CF,CO,D D
— —_—

+ CF,CO,” + CF,C0,
l l (16)
D
Ay A
0,CCF; Q,CCF;
3% 26%

A considerable quantity of hydride-shifted isomers is pro-
duced (37%). This was not a problem in the hydrochlorina-
tion experiments reported earlier* Presumably, in those ex-
periments, the presence of a more favorable nucleophile,
chloride ion, made possible a faster capture of the first
formed cation, exo-3-d, before it was as fully converted to
the syn-7-d isomer and simultaneously avoided diversion of
the intermediates into the hydride-shifted path.

These considerations suggested adding an external, more
favorable nucleophile to the trifluoroacetic acid. Many of
the materials we attempted to use were insoluble in the
acid. Fortunately, cesium chloride is quite soluble in this
acid. Moreover, hydrogen chloride is a stronger acid than
trifluoroacetic acid.?¢ Consequently, the chloride ion should
largely exist as such.?’

Indeed, the system behaved as predicted for the existence
of the intermediate as a rapidly equilibrating pair. The
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reaction proceeded very rapidly, just as rapidly as the origi-
nal addition of trifluoroacetic acid. However, the product
was diverted to the formation of the chloride. With deuter-
iotrifluoroacetic acid containing 1.33 M CsCl, the product
was only 3% exo-norbornyl-d trifluoroacetate and 97%
exo-norbornyl-d chloride. The ratio of exo-3-d to syn-7 was
61:34. Thus, in contrast to eq 16, chloride ion appears to
capture the first intermediate at a considerably enhanced
rate (eq 17). Moreover, the amount of hydride-shifted iso-
mers was reduced to 5% (Table I).

D

CF,C0O,D D
———— —

+ CF,CO,~ + CFCO,~

fastl CsCt fast leCl an
D
D
Cl Cl
61% 34%

Implications for the Nonclassical-Ion Problem. In 1946, it
was proposed that rates of solvolysis of highly branched ter-
tiary derivatives can be facilitated by relief of steric
strain.® A number of systems were investigated, and the re-
sults strongly supported the proposal.?® The concept was
adopted and utilized to correlate data for many systems.3°

However, in the early 1950’s, a new concept, stabilization
through ¢ bridging, was advanced as an alternative expla-
nation.’ This concept was utilized to account for the fast
rates of solvolysis of such derivatives as camphene hydro-
chloride,?! tri-tert-butylcarbinyl p-nitrobenzoate3? and cy-
clodecyl tosylate.3?

It appeared that 2-norbornyl provided the most favorable
example of this new phenomenon. It had long been recog-
nized that the rearrangements of carbonium ions in bicyclic
terpenes are unusually facile.** Consquently, the transfor-
mation had to involve a relatively stable o-bridged transi-
tion state (Figure 1). In essence, the proposal was that this
relatively stable o-bridged species was not a transition state
but was instead a relatively stable symmetrical intermediate
so stable that there was no longer any need to consider the
original equilibrating unsymmetrical cations®® (Figure 1).
Accordingly, we undertook a research program to test this
proposal of ¢ bridging as a major factor in facilitating sol-
volyssiﬁs by making an intensive study of the 2-norbornyl sys-
tem.

In essence, the proposal in its original form was that both
exo- and endo-norbornyl derivatives undergo solvolysis to
produce a symmetrical, stabilized o-bridged norbornyl cat-
ion® (21). This o-bridged species was considered to be par-
tially formed in the transition state for the exo isomer, but
not in the case of the endo isomer, thereby accounting for
the observed exo:endo rate ratio of approximately 300
(1100 to 1600 if one allows for internal return).?

The formulation of the proposed g-bridged structure as
21 requires the delocalization of charge from the 2 to the 1
and 6 positions. However, a variety of tests for such charge
delocalization by the introduction of appropriate substitu-
ents failed to confirm the phenomenon.16-36

'H NMR studies of the 2-phenyl- and 2-p-anisyl-2-nor-
bornyl cations revealed these cations are classical, with no
evidence for ¢ bridging.>” Yet the solvolysis of 2-p-anisyl-
2-norbornyl p-nitrobenzoates revealed an exo:endo rate
ratio (284)% comparable to that observed in the acetolysis
of 2-norbornyl tosylates (280).22
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Figure 1. Proposed transformation of the relatively stable transition
state responsible for the rapid equilibration of 2-norbornyl cations into
a stabilized symmetrical intermediate sufficiently stable so as to make
unnecessary further consideration of the unsymmetrical 2-norbornyl
cations as intermediate.

These results led to the suggestion that, in the solvolysis
of 2-norbornyl derivatives, bridging may lag behind ioniza-
tion.>® This proposal could account for the failure to detect
any delocalization from the 2 to the 1 and 6 positions in the
solvolysis of 2-norbornyl derivatives.36:40

This proposal made it desirable to shift the emphasis of
our study from the factor or factors responsible for the high
exo:endo rate ratio to the nature of the carbonium ion inter-
mediate produced in the 2-norbornyl system.

The isolation of inactive exo-norbornyl acetate in the ac-
etolysis of active exo-norbornyl brosylate® establishes that
the intermediate cannot be the classical 2-norbornyl cation
24. This cation does not possess a plane of symmetry.

24

The nonclassical ion 21 does possess a plane of symmetry.
However, a rapidly equilibrating pair of unsymmetrical
classical cations (25) can behave as though it possesses a
plane of symmetry provided the rate of equilibration is
rapid compared with the rate of reaction of the intermedi-

ate with solvent.
25

Originally the solvolysis of such derivatives was interpret-
ed as going through the formation of the free ions.’ It was
considered inconceivable that the rate of equilibration could
exceed the rate of reaction of secondary cations with sol-
vent.?®

There have been three significant developments which re-
quire a reconsideration of this position. First, there is now
considerable evidence that the solvolysis of such secondary
tosylates leads to the formation of tight ion pairs.4! Such
ion pairs may have a relatively long life, permitting many
equilibrations before solvent finally penetrates the ion pair
and converts it to product.*? Second, a large number of cat-
ions under stable-ion conditions have been characterized as
rapidly equilibrating classical cations.#> Many of these sys-
tems equilibrate so rapidly that the equilibration is not fro-
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zen out even at temperatures in the range of —150°. Final-
ly, Fong has applied relaxation theory to such equilibrating
systems and has concluded that rates of equilibration as
high as 10'2 sec™! are entirely feasible for 2-norbornyl and
related equilibrating cations.44

It is quite clear that there is one distinct difference be-
tween the symmetrical o-bridged (nonclassical) 2-norbornyl
cation (21) and the pair of unsymmetrical rapidly equili-
brating (classical) cations. A probe which is sufficiently fast
should achieve the capture of the latter in the unsymmetri-
cal form. On the other hand, such a probe, no matter how
fast, cannot achieve the capture of the symmetrical species
in the unsymmetrical form.

The 2-norbornyl cation has not been captured in unsym-
metrical form in some 11 different reactions.

1. Deamination of optically active exo-norbornylamine
to give exo-norbornanol with approximately 10% of residu-
al activity.*s

2. Addition of hydrogen chloride to 2,3-dideuterionorbor-
nene.

3. Reaction of 2,3-dideuterionorbornene with deuter-
iobromic acid.?

4, Acid-catalyzed O-alkylation of phenol with 2,3-dideut-
erionorbornene.?

5. Addition of deuterium chloride to norbornene.

6. Addition of deuteriotrifluoroacetic acid to norbor-
nene.4

7. Chloride ion capture of the 2-norbornyl cation in tri-
fluoroacetic acid.4¢

8. Addition of deuterioacetic acid to norbornene. 4748

9. Acid-induced addition of deuterioacetic acid to nor-
bornene.*

10. Capture of the hydride-shifted tagged 2-norbornyl
cation in the acetolysis of 2-(A3-cyclopentenyl)ethyl-2-14C
tosylate.49:50

11. Capture of the hydride-shifted tagged 2-norbornyl
cation in the acetolysis of exo-norbornyl-4-13C brosylate.>!

Consequently, the accumulating evidence supports the
original position® that a ¢ bridge may not be involved in the
high exo:endo rate and product ratios observed in the solvol-
ysis of 2-norbornyl derivatives. The intermediate produced
is evidently not the symmetrical o-bridged (nonclassical)
species, but a rapidly equilibrating pair of unsymmetrical
(classical) cations.

2-Norbornyl Cation in Superacids. The problem of the
proposed g-bridged structure for the 2-norbornyl cation is
now entering a third phase, its nature in superacids.

In the first phase, emphasis was placed on the high exo:
endo rate and product ratios as an argument for the o par-
ticipation presumed to lead to the o-bridged cation.’ How-
ever, the demonstration that highly stabilized 2-aryl-2-nor-
bornyl derivatives, which yield classical 2-aryl-2-norbornyl
cations,?” exhibit high exo:endo rate and product ratios3®
comparable to those of 2-norbornyl itself eliminated this
basis for the proposed nonclassical interpretation.

The discussion then entered a new, second phase. It was
proposed that bridging lags behind ionization®® so that ki-
netic studies which provide information on the transition
state could not disprove the proposed formation of a sym-
metrical o-bridged species as the intermediate. However, as
discussed in the last section, the many reactions which have
now trapped the norbornyl cation in the unsymmetrical
form appear to refute this position.

THe norbornyl cation can be prepared and observed spec-
troscopically in superacid media.’? Olah has been the most
active worker in this area and has applied 'H NMR,52 13C
NMR,*? Raman,’* and ESCA3S to the problem. He has
concluded “. .. the long standing controversy as to the na-
ture of the 2-norbornyl cation is unequivocally resolved in
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favor of the nonclassical carbonium jon,” 35

Unfortunately, there are major difficulties with the re-
sults and conclusions.*® For example, Kramer points out
that the 13C shifts in the 2-propyl cation fail to provide a
reasonable calculated value’® for the 13C shift’? observed in
the rapidly equilibrating pair of 2-butyl cations.5®

If one cannot extrapolate the 2-propyl data to calculate
the observed shifts for an equilibrating pair of classical 2-
butyl cations, what reliance can be placed on the existence
of a similar discrepancy between the calculated and ob-
served values for the !3C shifts in 2-norbornyl based on a
much greater extrapolation to provide the basis for the con-
clusion that the 2-norbornyl cation must be present as the
o-bridged species? There is certainly no agreement between
the observed shifts and those calculated for the nonclassical
ion (no one has suggested a means of calculating shifts for
such a species).>®

Major problems, both practical and theoretical, with the
ESCA technique and results have been discussed earlier®-5¢
and need not be repeated here.

Finally, the point needs to be emphasized that it has not
yet been established as to how pertinent are the results and
conclusions for studies under stable-ion conditions to the
behavior of cations under solvolytic conditions. For exam-
ple, the 2,3,3-trimethyl-2-butyl cation exists in superacid as
a rapidly equilibrating system in which the methyl migra-
tion cannot be frozen out even at —150° .60

However, methanolysis of the tagged p-nitrobenzoate at
100° yields the methyl ether without detectable scrambling
of the tag.%! Clearly caution is in order before we extrapo-
late results and conclusions from the superacid systems to
solvolytic systems.

Conclusion

With the passage of the years, all of the original cases
where ¢ bridging was proposed to account for fast rates of
solvolysis3!-33 have been reconsidered.!'® The 2-norbornyl
cation may now be considered to be the last of the classical
nonclassical structures still under active study.

The fact is that the o-bridged symmetrical structure of
the 2-norbornyl cation was originally proposed to account
for certain solvolytic behavior of 2-norbornyl derivatives.
Detailed study of these phenomena have failed to support
the original proposal. The present results, as well as related
studies, clearly establish that the 2-norbornyl cation can be
captured in its unsymmetrical (classical) form. Before addi-
tional effort is devoted to the proposal for the existence of a
symmetrical o-bridged (nonclassical) intermediate, there is
a real need for careful consideration and analysis of the
huge mass of data now available and a clear statement as to
why these data are not convincing to those who continue to
favor the symmetrical o-bridged species.

Experimental Section

Material. Reagent grade chemicals were used without purifica-
tion. Trifluoroacetic acid was distilled and stored under nitrogen.
Olefins were prepared as previously described.* 6,6-Dimethylnor-
bornene, bp 131-133°, was kindly supplied by Dr. S. Ikegami of
this laboratory.

Gas Chromatography. All the GLC analyses were accomplished
on a Perkin-Elmer Model 226 instrument equipped with a 150 ft X
0.01 in. or a 50 ft X 0.02 in. Golay column. For preparative pur-
pose, an Aerograph Model A90C instrument was employed.

'H NMR Analyses. The 60-MHz spectra were taken with a Var-
ian A-60A spectrometer using tetramethylsilane as internal refer-
ence. The 100-MHz spectra were run on a Varian HA-100 spec-
trometer. We are grateful to Professor L. M. Stock of the Univer-
sity of Chicago for providing this instrument for our study.

Preparation of exo-Norbornyl Trifluoroacetate (7). Peterson’s
procedure’ was followed. Three mililiters of trifluoroacetic anhy-
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dride was added to 1.12 g of exo-norbornanol (0.01 mol) in 10 ml
of pyridine at 0°. After being stirred for 1 min, the mixture was
poured into a mixture of 50 ml of ice~water and 15 ml of ether.
The ether layer was separated, and the aqueous layer was extract-
ed with 10 ml of ether. The combined ether solution was washed
with two 30-ml portions of chilled 1 N hydrochloric acid and sub-
sequently with water, two 20-ml portions of 5% sodium carbonate,
and again water, Then it was dried and decolorized, and the ether
was stripped off on a rotary evaporator. There was obtained 1.89 g
(91%) of the product with about 98% purity. Further purification
by GLC on a 4 ft X ! in. column of 20% TCP on 60-80 Celite at
85° gave the pure trifluoroacetate: n20p 1.4019; ir (film) 5.58 o
(CF3CO); 'H NMR (CCly) 8 4.78 (a-methine H, doublet with J
~ 7, which is further split into a doublet, J ~ 0.5, of doublet, J ~ 3
Hz).

Anal. Caled for CoH105F3: C, 51.91: H, 5.32. Found: C, 52.15;
H, 5.27.

Preparation of 7,7-Dimethyl-exo-norbornyl Trifluoroacetate (9).
Using the same procedure, 0.01 mol of 7,7-dimethyl-exo-norbor-
nanol (1.40 g) yielded 2.09 g (89%) of about 98% pure trifluo-
roacetate. GLC purification with 20% TCP column at 100° gave
the pure product: n2°p 1.4145; ir (film) 5.57 u (CF3CO): 'H
NMR (CCls) & 1.03 (singlet, CH3), 1.16 (singlet, CHj3), 4.82
[doublet (J ~ 4) of doublet (J ~ 7 Hz), a-methine H].

Anal. Caled for Cy;H,s05F3: C, 55.93; H, 6.40. Found: C,
56.03; H, 6.48.

Preparation of endo-Norborny! Trifluoroacetate (8). Twenty mil-
imoles of endo-norbornanol in 20 ml of pyridine was allowed to
react with 6 ml of trifluoroacetic anhydride at 0°. The esterifica-
tion was not complete in 1 min. After work-up in the usual proce-
dure and solvent removal, the endo-norbornyl trifluoroacetate was
isolated by distillation in vacuo: bp 62° (17 mm); n2°p 1.4022; ir
(film) 5.58 u (CF3CO); 'H NMR (CCly) 8 5.14 [doublet (J ~ 4)
of doublet (J ~ 10 Hz), a-methine H].

Addition of Trifluoroacetic Acid to Norbornene (1). Ten milli-
moles of norbornene (0.94 g) was added to 10 ml of trifluoroacetic
acid (ca. 130 mmol) chilled in an ice bath. The solid olefin was
completely dissolved in 1-2 min with vigorous stirring. Then the
product was poured into 150 ml of ice-cooled 5% aqueous sodium
carbonate. After the generation of carbon dioxide ceased, 15 ml of
ether was added, and the organic layer was separated. The aqueous
layer was extracted with two 10-ml portions of ether. The com-
bined ether solution was washed with water, dried, and decolor-
ized. GLC analysis using a 150 ft X 0.01 in. Apiezon L column in-
dicated the absence of 1 or exo-norbornanol. With a 50 ft X 0.02
in. tricresyl phosphate column at 100°, the product was shown to
contain 99.98% 7 and 0.02% 8.

Addition of Trifluoroacetic Acid to 7,7-Dimethylnorbornene (5).
The reaction was carried out under the same condition as for nor-
bornene and was complete in 6-8 min. GLC analysis using a 50 ft
X 0.02 in. TCP column at 100° and a nitrogen flow of 20 psi
showed four components with retention time of 26, 27, 29, and
34.6 min. They were identified as 6,6-dimethyl- (13), 3,3-dimeth-
yl- (11), 5,5-dimethyl- (12), and 7,7-dimethyl-exo-norbornyl tri-
fluoroacetate (9), respectively. The two main components, 9 and
12, were isolated by GLC on a 4 ft X ' in. column of 20% TCP on
60-80 Celite at 100°, one of which was identical with 9. The other
one, n2°D 1.4091, was identified as 5,5-dimethyl-exo-norbornyl
trifluoroacetate (12) by reduction with lithium aluminum hydride
to 5,5-dimethyl-exo-norbornanol, mp 59-60° (lit.62 mp 60-61°).
The infrared spectrum (film) of 12 shows the characteristic car-
bonyl absorption at 5.56 u (CF3CO), and the 'H NMR spectrum
(CCly) exhibited 6 0.99 (singlet, CHj3), 1.02 (singlet, CH3), and
4.77 [doublet (J ~ 3) of doublet (J ~ 7 Hz), a-methine H].

Anal. Caled for C;;H;s0,Fs: C, 55.93; H, 6.40. Found: C,
55.91; H, 6.50.

Lithium Aluminum Hydride Reduction of the Mixture of Dimeth-
ylnorbornyl Trifluoroacetate, To a mixture of 10 mmol of lithium
aluminum hydride (95% pure, 0.4 g) in 10 ml of anhydrous ether, a
solution of the dimethylnorbornyl trifluoroacetate mixture (ca. 8
mmol) was added dropwise at ice-bath temperature. After being
stirred at 0-2° for 2 hr, the product was isolated by the following
procedure 53

Ten mililiters of chilled water, 10 ml of chilled 15% sodium hy-
droxide, and 30 ml of chilled water were added to the reaction mix-
ture in succession. After a vigorous stirring for another 20 min, the
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mixture was filtered with suction, and the white granular precipi-
tate was washed thoroughly with ether. The combined ether solu-
tion was washed with ice-water and then dried over anhydrous
magnesium sulfate. The composition of the resultant alcohol mix-
ture was then examined by GLC using a 150 ft X 0.01 in. UCON
polar column at 100°. The results were shown in eq 5 and 6. The
ratio of 9/10 was estimated from the ratio of 7,7-dimethyl-exo-
norbornanol/7,7-dimethyl-endo-norbornanol,  99.92:0.08. The
composition of this alcohol mixture has been proved to be the same
as that of the original trifluoroacetates.

Addition of Trifluoroacetic Acid to 6,6-Dimethylnorbornene (4).
The reaction was complete in 2 min at 0°. The trifluoroacetate
mixture was reduced to the corresponding alcohol mixture which
was analyzed by GLC (eq 2).

Preparation of 1-Methyl-exo-norbornyl Trifluoroacetate (14).
From l-methyl-exo-norbornanol and trifluoroacetic anhydride, 14
was obtained. Pure 14, after GLC purification, showed n!%°D
1.4030, vc—o (film) 5.60 .

Anal. Caled for CgH,30,F3: C, 54.05; H, 5.90. Found: C,
54.00; H, 6.17.

Addition of Trifluoroacetic Acid to 2-Methylenenorbornane (2).
The reaction was complete in 15 sec, and it was also allowed to
react for 3 min. The product was reduced with lithium aluminum
hydride, and the resulting alcohols were analyzed by GLC (eq 7).

Addition of Trifluoroacetic Acid to 1-Methylnorbornene (3). By
employing the general procedure, 3 was allowed to react with tri-
fluoroacetic acid for 15 sec. The product was reduced to the alco-
hols which were then analyzed by GLC.

Preparation of Deuteriotrifluoroacetic Acid. A 200-ml round-
bottomed flask, equipped with a drying tube-protected Dry Ice
condenser, a magnetic stirrer, and a side arm with serum cap, was
flame dried under nitrogen flow. It was cooled to 0°, and 105 g of
trifluoroacetic anhydride (0.5 mol) was introduced with a syringe
through the side arm. Then 10 g (0.5 mol) of deuterium oxide
(99.5% pure) was slowly injected with stirring. The resultant deu-
teriotrifluoroacetic acid was stored under nitrogen. 'H NMR anal-
ysis using chloroform as internal standard showed an isotopic pu-
rity of 98%. .

Addition of Deuteriotrifluoroacetic Acid to Norborneme. The
same procedure as described for the addition of trifluoroacetic acid
was followed, except the deuteriotrifluoroacetic acid was cooled
under dry nitrogen. The product was isolated, and the ratio of exo-
to endo-trifluoroacetate was also found to be 99.98 to 0.02 by
VPC.

Reduction of exo-Norbornyl-d Trifluoroacetate. The exo-nor-
bornyl-d trifluoroacetate (99.98% pure) was reduced with lithium
aluminum hydride in ether at 0° to give 90% yield of exo-norbor-
nanol-d (18). 'H NMR analysis was performed with a 1 M solu-
tion in 95% pyridine-5% deuterium oxide.

Elimination of exo-Norbornyl-d Tosylate (19). The alcohol 17
was converted into tosylate which was treated with tenfold excess
of sodium 2-cyclohexylcyclohexoxide in triglyme at 80°. The prod-
uct was purified by GLC on a 5% silver nitrate column to remove
the trace amount of nortricyclene (ca. 0.5%). 'H NMR analysis
was taken with a 10% chloroform solution. The amount of deuteri-
um (exo-3-d) eliminated was confirmed by mass spectral analysis
of the norbornene (63% 4, and 37% dg) at 5.5 eV.

Addition of Deuteriotrifluoroacetic Acid to 7,7-Dimethylnorbor-
nene (5). A similar procedure to that of addition of trifluoroacetic
acid to 5 was used. The product was isolated, and a mixture of 9-d
and 12-d was separated from others by GLC using a tricresyl
phosphate column at 100°. This mixture was reduced to the corre-
sponding alcohols which were separated by chromatography on
deactivated alumina (94% neutral alumina and 6% water). The al-
cohol 16 was eluted with petroleum ether (35-37°), and the 5,5-
dimethyl-exo-norbornanol-d was eluted with ether—petroleum
ether (35-37°) mixture. Then 16 was converted into the tosylate
17 which was eliminated by tenfold excess of sodium 2-cyclohexyl-
cyclohexoxide in triglyme at 80°.

Reaction of Norbornene with Cesium Chloride and Deuteriotri-
fluoroacetic Acid. Cesium chloride (99.9%, Fisher Scientific Co.)
was dried and placed in a flame-dried flask equipped with a sam-
pling port and protected by a drying tube. Under nitrogen flow, the
flask was cooled in an ice bath for 10 min. The deuteriotrifluoroa-
cetic acid was introduced with a syringe. The mixture was stirred
with a magnetic stirrer until all the solid was dissolved. Norbor-
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nene was then added all at once. After being stirred vigorously for
2 min, the product was isolated by the same procedure used for the
addition of trifluoroacetic acid. The resulting mixture of chloride
and trifluoroacetate was analyzed by GLC and by 'H NMR. The
chloride was separated by GLC on a 4 ft X % in. 20% tricresyl
phosphate column at 85°.
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