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nmr (CDCl;, TMS) = 5.81 (2 H, m), 6.98 (3 H, s), 7.18 (2 H, m),
7.4-8.3 (8 H, m).

Anal. Calcd for C11H15N302: C, 597, H, 6.85; N, 19.0.
Found: C,599; H,6.79; N, 19.1.

(d) Cyclobutylazoxyalkane 13. See cis-azoxyalkanes, Method
B, and Table IV. For computations ¢f. ref. 42 for the CNDO
paramaterization,

Azoxymethane (27a-b) and 2,3-Diazabicyclo[2.1.1]-hexene 2-
N-Oxide (28). For the two conformations of frans-azoxymethane,
27a and 27b, five simplifying structural assumptions have been
made: (1) (CH) = 1.09 A, (ii) tetrahedral carbon angles (109.47°),
(i) ZNNICy = ZNiNGCs® (iv) r(NiCy) = »(N,Cs),® and (v)
planarity for all atoms except the four methyl hydrogens H-7, H-8,
H-10, and H-11. Remaining bond lengths and angles have been

(50) Separately minimized NNC bond angles fall within the very
narrow range 117 =+ 2.4°.%3% This compares well with the 115.5 and
117.7° angles for 27a and 27b obtained by using assumption iii. Like-
wise separately minimized r(NC) distances fall within the limits 1.384 =+
0.007 A5

derived by minimization of the bonding energy with respect to
molecular geometry (27a/27b): r(NN) = 1.220/1.220 A, #(NO) =
1.267/1.272 A, (NC) = 1.383/1.388 A, ZNNO = 125.8/126.7°,
ZNNC = 117.7/115.5°. A fixed geometry calculation for N-oxide
(28) made use of the following input: r(NN) = 1.23 A, (NO) =
1.25A,7(NC) = 1.53 A, (CH) = 1.10A, ZNNO = 121.4°.
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Abstract:

A plot of the nmr chemical shifts of H(1) vs. H(3) (average) for a series of substituted 2-aryl-2-norbornyl

cations shows a marked deviation from linearity for substituents on the aryl group more electron withdrawing than

hydrogen.

A similar plot for 2-arylbicyclooctyl cations is very closely linear over a wider range of substituents al-
though some deviation is apparent for p-trifluoromethylphenyl.

Calculation of the maximum concentration of

rearranged classical ion that could be in equilibrium with unrearranged classical ion indicates that a rapid equilibra-

tion between classical ions accounts for no more than 197 of the deviation for the norbornyl cations.

The results

are consistent with the onset of C(1)~C(6) ¢ bond delocalization or “nonclassical’ stabilization in those norbornyl

cations more electron demanding than the 2-phenylnorbornyl cation.

A rearrangement which exchanges H(1) and

H(6) endo but not H(6) exo is detected in these cations by the ‘‘double irradiation spin saturation transfer” (DISST)

technique.
hydrogens H(6) exo and endo.

Searching for nonclassical character in the norbornyl
cation (1, R = H) has been a favorite pastime for
hosts of chemists for many years. The often elusive,
and sometimes recalcitrant, nature of the problem has
extracted an enormous expenditure of time and energy,
has trained a generation (perhaps two) of physical-
organic chemists in the difficult art of casting subtle
structural questions in experimental form, and has re-
sulted in a mind-boggling flood of literature. To con-
tribute to the flood at this point may seem curious, or
even superfluous, but we enjoy making our ripple as
much as the next man, and, because we had so much to
learn, we learned much from the effort. Most of the
literature has been reviewed recently,? and in an earnest

(1) Abstracted in part from the Ph.D. thesis of Anthony D. Wolf,
Michigan State University, 1972. Supported by the National Science
Foundation under Grants GP 10734 and GP 27994,

(2) H. C. Brown, Chem. Brit, 199 (1966), Chem. Eng. News., 45,
87 (1967); G. D. Sargent, Quart. Rev., Chem. Soc., 20, 299 (1966),
P. D. Bartlett, ‘‘Nonclassical Ions,” W, A. Benjamin, New York, N. Y.,

1965; T. D. Swartz, "'Solvolytic Studies of Brendyl, Brexyl, and Nor-
bornyl Systems,” Ph.D. Thesis, Johns Hopkins University, Baltimore,

This experiment also reveals a large nuclear Overhauser effect (ca. 509 enhancement) for geminal

desire to avoid confusing both ourselves and our
readers, we have chosen to restrict ourselves to a brief
discussion of the two contributions which seem to
delineate most clearly the limited aspect of the non-
classical ion problem to which we want to direct our at-
tention. We will try to avoid a pitfall of this approach,
unrecognized bias, by stating our bias where it seems im-
portant and we are able.

Ar X
H 3
H

H(3)
H) A
S A
H(1)

H()

From an extensive study of the stable norbornyl
cation (1, R = H) in solution in powerful acids, Olah

Maryland, 1966; G. D. Sargent in *‘Carbonium Ions,” Vol. LI, G. A.
Olah and P. v. R. Schleyer, Ed., Wiley-Interscience, New York, N. Y.,
1972, p 1099.
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has concluded that the ion under these conditions is non-
classical.® We, too, are convinced that his data,
especially the cnmr and esca spectra of the ion, are not
compatible with a pair of rapidly equilibrating classical
ions and require some change in hybridization at C(1)
not ordinarily found in classical carbonium ions.

From a thorough investigation of the solvolysis of 2-
aryl-2-norbornyl derivatives, Brown has concluded that
there is no evidence for nonclassical participation in the
transition states leading to the cationic intermediates*
(1, R = aryl). Thus, the solvolysis rate constants
show a linear free energy relationship over the range of
substituents from p-methoxyphenyl to p-trifluoro-
methylphenyl, about 60 %7 of the difference in activation
energy between 2-p-methoxyphenylnorbornyl and nor-
bornyl derivatives. The onset of nonclassical participa-
tion would be expected to result in a change of slope in
the linear free energy relationship. We find Brown’s
arguments here quite convincing, particularly in view of
the application of a similar approach by Gassman,
Richey, and Winstein to 7-aryl-7-norbornenyl deriva-
tives (2).° Gassman and Fentiman found that the
linear free energy relationship changed slope sharply at
the p-methoxyphenyl derivative. They concluded that
the transition state for the p-methoxyphenyl derivative
was just classical, while those for the other derivatives
were nonclassical. This conclusion was consistent with
the collaborative observation that the nmr spectrum of
the 7-p-methoxyphenyl-7-norbornenyl cation was quali-
tatively different from those for the other ions. The
observation of a clear case in which nonclassical partici-
pation does result in a sharp change in slope for the
linear free energy relationship strengthens Brown'’s
claim that the absence of such a deviation in the 2-
arylnorbornyl systems indicates the absence of non-
classical participation.

We can now phrase in terms of the above experiments
the question which we felt we could answer. Thus, if
the transition states to the several 2-aryl-2-norbornyl
cations studied by Brown are clearly classical, and
the 2-norbornyl cation in fluorosulfonic acid-antimony
pentafluoride studied by Olah is clearly ‘“‘nonclassical,”®

+

then where between these limits of electron demand
at C(2) does nonclassical participation become de-
tectable?” Since our analysis and comparison of the
nmr spectrum of the 2-phenyl-2-norbornyl cation (1,
R = C¢H;) with those of model compounds had con-

(3) G. A. Olah, A. M. White, J. R. DeMember, A. Commeyras,
and C. Y. Lui, J. Amer. Chem. Soc., 92,4627 (1970).

(4) (a) H. C. Brown and K. Takeuchi, J. Amer. Chem. Soc., 90, 2691
(1970); (b) K. Takeuchi and H. C. Brown, ibid., 90, 2694 (1970).

(5) P. G. Gassman and A. F. Fentiman, Jr., J. Amer. Chem. Soc., 92,
2549 (1970); H. G. Richey, Jr., J. D. Nichols, P. G. Gassman, A. F.
Fentiman, Jr., S. Winstein, M. Brookhart, and R. K. Lustgarten, ibid.,
92,3783 (1970).

(6) We take the term “nonclassical”” to mean any ‘‘significant’* re-
organization of the geometry which results in an increase in bonding
between C(2) and C(6), a decrease in bonding between C(1) and C(6),
and dispersal of charge to C(1) from C(2); i.e., the ion is better repre-
sented by the following resonance hybrid of two (not necessarily equal)
contributors rather than by either one of them alone.

(7) The absence of nonclassical character in the transition state for
formation of an ion does not necessarily mean, of course, the absence
of nonclassical character in the more electron demanding ion itself (see
Discussion).
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vinced us that the ion was classical,® we chose to ex-
amine the nmr spectra of ions with more and less elec-
tron demanding substituents than phenyl to try to de-
tect the onset of nonclassical character. It seemed likely
that, if all the ions were classical, a plot of the chemical
shifts of the key protons H(1) and H(3) against one
another would be linear (i.e., both would be affected
proportionately by the positive charge‘at C(2)), while, if
there were a nonclassical mechanism for leakage of
charge to C(1), its onset would be manifested by a
change in the slope of the plot.* We felt we could

c{2) = c(6)

overlap

c(2) - aryl

overlap

use the plot of H(1) vs. H(3) for the 2-aryl-2-bicyclo-
octyl cations (3) as a model for classical behavior (or at
least, more nearly classical behavior) to provide an in-
dependent check on our assumptions. We discuss here
the results of this examination which lead us to conclude
that, for aryl substituents more electron demanding
than phenyl, nonclassical leakage of charge to C(1) is
detected by our probe.!!

Results

Determination of the Chemical Shifts. Standard
procedures were used to prepare the cations in strong

() D. G. Farnum and G. Mehta, J. Amer. Chem. Soc., 91, 3256
(1969).

(9) If nonclassical leakage of charge to C(1) and delocalization of
charge onto the aryl group were independently additive, then a plot of
H(1) vs. H(3) would be linear over the whole range of substituents
whether or not nonclassical leakage was present; i.e., such a plot would
be the sum of two independent linear plots. That such a situation is
not likely is shown both by Gassman and Richey’s results with the
7-aryl-7-norbornenyl cations and by the following arguments. Since
nonclassical leakage of ¢harge results in rehybridization about trigonal
C(2), and sp? hybridization is preferred at C(2) for delocalization of
charge onto the aryl group, nonclassical leakage of charge results in
less effective delocalization of charge onto the aryl group. Also, since
an MO description of the mixing of the C(2) and C(6) orbitals in the non-
classical ion requires a different symmetry than an MO description of
the mixing of C(2) with the p orbitals of the aryl group, these cannot
be additive. In pictorial terms, an increase in bonding overlap be-
tween the “‘endo” lobes at C(2) and C(6) can occur only at the expense of
bonding overlap between the ‘‘ex0” lobe of C(2) and the aryl group p
orbitals. Conversely, bonding overlap between C(2) and the aryl group
p orbitals can occur only at the expense of bonding overlap between
C(6) and the ‘‘endo” lobe of C(2) (see structures below). It is not clear
to us that *vertical stabilization” as proposed by Traylorlo as an ex-
planation for the solvolytic behavior of the norbornyl system would
result in a change in slope of the correlation line., Since it does not
require rehybridization to be effective, it might well be independently
additive with aryl delocalization and give a linear correlation over the
whole range.

(10) T. G. Traylor, W. Hanstein, H. J. Berwin, N. A. Clinton, and
R.S. Brown, J. Amer. Chem. Soc., 93, 5715 (1971).

(11) We have restricted ourselves to the 2-aryl derivatives in order to
minimize the effects of changing the magnetic anisotropy of the sub-
stituent at C(2) on the chemical shifts of H(1) and H(3). Itis true that
rapid equilibration between a classical 2-aryl-2-norbornyl and a classi-
cal l-aryl-2-norbornyl cation provides a mechanism for leakage of
charge to C(1). However, given the expected relative energies of the
two ions (ref 4 and 8), we were convinced that the l-aryl-2-norbornyl
cation could not contribute sufficiently to the equilibrium to affect the
chemical shifts. We were also convinced intuitively that a classical
equilibration would only impose another linear relationship on the plot
and result in a new straight line of different slope, rather than a sharp
change in slope (see ref 9), It was unnecessary to explore this intuition
more analytically since a fortunate circumstance gave us a simpler way
to rule out equilibrating classical ions as a quantitatively acceptable
explanation of our data (see Discussion).
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acid solution for this study. The details are presented
in the Experimental Section. The chemical shifts of the
protons of interest, i.e., H(1) and H(3) in cations 1 and 3
at 100 MHz, are listed in Tables I and II, respectively.

Table I. H(1) and H(3)® Chemical Shifts® in
2-Aryl-2-norbornyl Cations¢
Cations1  Aryl group H(1) H(3) Ay, Hz
a® p-CH;0C¢H, 5.68-5.71 6.72 br s¢
b p-HOCH, 5.64 6.69 br s¢
¢ 3,4-(CH;).:CeH;  5.34 6.48 9
d p-CHyCsH, 5.32 6.46 10
e p-FCeH, 5.27 6.42 11
f p-CICe¢H, 5.22 6.38 14
g p-BrCeH, 5.22 6.47 19
h p-IC¢H, 5.25 6.63 28
if C:Hs 5.17 6.34 14
j m-BrCeH, 5.09 6.32 16
k m-CIC¢H, 5.08 6.32 17
m p-CF,CeH, 4.93 6.25 22
n 3,5-(CF3):CsH; 4.75 6.20 26
p 3,5-(Cl)s-4- 4.63 6.34
N*(CD;).H

¢ Average chemical shift of H(3) exo and H(3) endo. ?r values
relative to internal standard of tetramethylammonium tetrafluoro-
borate (r 6.87).8 ¢ Determined at —60° unless otherwise indicated.
@ Center of H(3) exo, H(3) endo multiplet. ¢1a (30°), 1p (—100°).
/ Literature values.

Table II. H(1) and H(3) Chemical Shifts® in
2-Aryl-2-bicyclo[2.2.2]octyl Cations?
Cations 3 Aryl group H(1) H(3)
a p-CH;0C¢H, 6.03 6.42
b 3,4-(CH;),C¢H; 5.75 6.17
C p-CHgCGHq 5.74 6.15
d p-FCeH4 5.68 6 .09
e p-CIC¢H, 5.66 6.09
f p-BrCqH, 5.65 6.19
g p-IC:H, 5.66 6.36
he C¢H; 5.57 6.02
i m-BrC¢H, 5.53 5.96
j m-CICeH, 5.52 5.95
k¢ p-CF;CeH, 5.33 5.83
m 3,5-(CF3),CeH; 5.15-5.29 5.78

@ 7 values relative to internal standard of tetramethylammonium
tetrafluoroborate (r 6.87).8 ? Determined at —60° unless other-
wise indicated. < Literature values. ¢ 3k (—90°).

The chemical shift of proton H(1) in cation 1a is re-
ported as a range of values ¢ 5.68-5.71 because this
resonance appeared as a shoulder (actually the lower
field portion of a broad doublet) of the methyl resonance
of the p-methoxy group. That this assignment was
correct was verified by decoupling experiments. It was
reported previously that in 2-phenyl-2-norbornyl cation
1i, H(1) is coupled to H(6) exo with an unusually large
coupling constant.?

H,
J=6 szHl CeH;
i

When 1 was irradiated in the region in which H(6) exo
was expected to absorb, the shoulder due to H(1) col-
lapsed under the p-CH;O resonance thereby confirming
the assignment. The range 7 5.68-5.71 is the limit

over which the center of the H(1) resonance could be
found.

The chemical shift of H(1) in cation 3-m is also re-
ported as a range of values albeit for a completely dif-
ferent reason. Careful ionization of olefin 4 in fluoro-

i CF,
CF;
4

sulfonic acid-sulfuryl chlorofluoride to which was added
antimony pentafluoride (to ensure complete ionization)
at —120° gave a mixture of cations as noted by the
nmr spectrum at —100°. Since the cation of interest
was a minor component of the mixture, precise identi-
fication of H(1) was not possible. However, the range
of = values within which H(1) could absorb is re-
ported. The broad singlet (2 H) for H(3) in 3-m (r
5.78) could be identified.!?

All chemical shifts are reported at —60° for cations 1
and 3 with the exceptions of cations 1i, 3h (literature
values?), 1a, 1p, and 3k. The chemical shifts of cation
1a are reported at —30°, since at this temperature H(1)
is better resolved from the p-CH;O resonance. At
—60° resolution of H(1) is quite poor because of viscos-
ity broadening by fluorosulfonic acid. The chemical
shifts of cation 3k are reported at —90°, since at —60°
this cation is rapidly converted to a mixture of cations
in which 3k is"a minor component.!? The activation
energy for rearrangement of 3k is greater than it is for
cation 3m; thus we were able to determine its chemical
shifts prior to rearrangement.

Cation 1p undergoes a rapid Wagner-Meerwein—-6,2-
shift!415-Wagner—~Meerwein rearrangement. Thus, at
—60° the H(1) and H(3) resonances are broadened due
to averaging with other protons in the system. This
interesting rearrangement will be discussed in detail in a
later section.

It has been reported that under some conditions of
ionization 2,2-dichloronorbornane (5) yields a mixture

Cl
a +

Cl C1 7
5 6

of both 2-chloronorbornyl cation 6 and protonated 4-
chloro-2-norbornyl cation 7. We have never been
able to observe cation 1q. Ionization of olefin 8 in
fluorosulfonic acid-antimony pentafluoride~sulfuryl
chlorofluoride even at temperatures lower than —100°
produced cation 9. This assignment was based on a

(12) The observation that a mixture of cations results on ionization
of 4 has led us to make a thorough study of the equilibration that occurs
among certain arylbicyclooctyl cation isomers. We have reported
these results elsewhere, 13

(13) D. G. Farnum and A. D. Wolf, J. Amer. Chem. Soc., 96, 5175
(1974).

(14) J. A. Berson and P. W. Grubb, J. Amer. Chem. Soc., 87, 4016
(1965).

(15) B. M. Benjamin and C. J. Collins, J. Amer. Chem. Soc., 88,
1556 (1966).

(16) G. A. Olah, P. R, Clifford, and C. L. Jewell, J. Amer. Chem.
Soc., 92, 5531 (1970).
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comparison of the nmr spectrum of 9 with that reported
for 7 and the 2-norbornyl cation 1 (R = H) (Table
II1).1¢  There is a broad singlet (2 H) at = 2.14 which is

Table III. Proton Chemical Shifts (r Values) in Related
2-Norborny!l Cations
H(1), H(2),
Hsexo, H(3), H(5),
Cation H; endo H(7) H(4) Ar

7e 4.70 7.58

1(R = H)* 4.65 7.80 6.85

9b 4.62 7.52 2.14

¢ Chemical shift relative to capillary tetramethylsilane.?1®
b Chemical shift relative to internal tetramethylammonium tetra-
fluoroborate.

assigned to the two aromatic protons.” There is
another broad singlet (4 H) at lower field which is as-
signed to H(1), H(2), H(6) exo, and H(6) endo. These
protons are equivalent as a result of a rapid 6,1,2-
hydride shift.!® As a result of this same rearrange-
ment H;, H;, and H; are also equivalent. Thus this
spectrum is consistent with the assigned structure and
analogous to those of 7 and 1 (R = H) which have al-
ready been characterized. !®

Since we found it necessary to report some of the
data at temperatures other than —60° and since the
chemical shift difference between H(1) and H(3) for 1
and 3 is important to the interpretation of our data, we
determined the change in these chemical shifts over a
100° temperature range (—60 to +40°). These data
are reported in Table IV.

There is a distinct shift to higher field for protons
H(1) and H(3) in every cation in Table IV when the
temperature is raised 100°. The explanation for this
observation is not clear. What is clear, however, is
that this effect is operating to the same magnitude and
in the same direction (i.e., higher field with increasing
temperature) for both H(1) and H(3). Thus the chem-
ical shift difference between protons H(1) and H(3) is
constant over a wide temperature range and our inter-
pretation of the data in Table I should not be signifi-

(17) We do not know for certain if the CN group in 9 is protonated.
The chemical shift of the aromatic protons in 9 is 0.51 ppm to lower
field compared to the aromatic protons in olefin 8 and 0.21 ppm to lower
field compared to the corresponding 2-aryl-2-endo-norbornanol. Olah
and coworkers have reported that alkyl nitriles are completely proto-
nated in FSO;H/SbF;/SO:.18 This report coupled with the shift of
the aromatic protons to lower field compared to starting materials sug-
gests that the CN group is protonated.

(éS) G. A. Olah and T. E. Klousky, J. Amer. Chem. Soc., 90, 4666
(1968).
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Table IV. The Effect of a 100° Temperature Difference
(—60 to +40°) on the Chemical Shifts of H(1) and H(3) in 1

H(1) H@3®  H(1) HQB)e AH1)P AHQG)s

Cation (—60°) (—60°) (440°) (+40°) ppm  ppm
1a 6.75 6.72 0.03
1d 5.33 6.46 5.37 6.51 0.04 0.05
le 5.27 6.42 5.32 6.47 0.05 0.05

1f 5.22 6.41 5.28 6.46 0.06 0.05
1g 5.22 6.47 5.29 6.54 0.07 0.07
1h 5.25 5.63 5.31 6.70 0.06 0.07

1i 5.16 6.35 5.19 6.39 0.03 0.04
a Average chemical shift of H(3) exo and H(3) endo. ? H(1)-
(+40°) — H(1)(—60°). < H(3)(+40°) — H(3}(—60°).
cantly affected by any temperature variation. It is

interesting nevertheless that the magnitude of this
effect is variable from one cation to another. We will
return to this point when we discuss the para-halogen
cations.

The chemical shifts observed for H(3) exo and H(3)
endo in cation 1 deserve some comment. As men-
tioned earlier we reported the average chemical shift
here since an AB quartet having a variable chemical
shift difference is observed. For example, in cation 1a
and 1b the H(3) exo and H(3) endo protons give a broad
singlet in the nmr spectrum. However, in all the other
cations of the arylnorbornyl series, the H(3) endo
proton is the lower field component of an AB quartet
having a chemical shift difference dependent upon the
magnitude of the positive charge at C(2)'® (except for
cations 1f, 1g, and 1h which will be discussed). As
more potent electron withdrawing aryl groups are
placed at C(2), the magnitude of the chemical shift
difference Ay between H(3) exo and H(3) endo increases
as shown in Table I.20

Hydride Shifts in 2-Aryl-2-norbornyl Cations.
Among the interesting phenomena encountered in this
study is the Wagner-Meerwein—6,2-hydride shift-
Wagner~Meerwein rearrangement (W,M-6,2 H~-
W,M) which we have observed for a number of cations
in the norbornyl series 1. This degenerate rearrange-
ment is formally depicted in Scheme I. A considerable
simplification of the nmr spectrum is observed because
of the symmetrization which is imposed when the
hydride shift in 1-1 is rapid on an nmr time scale as
shown below for cation 1m at 20°. The complicated
multiplets at higher field for protons on C(5) and C(7)
collapse to an AB quartet centered at 7 7.95, while the
aromatic protons and H(4) remain invariant. The

(19) In the earlier works the assignment of H(3) exo and endo for
2-phenyl-2-norbornyl cation was not secured and should be inter-
changed. This is based on the observation that in the nmr spectrum
of cation i produced from partially deuterated olefin ii the higher field

Al AV
H

D D

ii i

portion of the AB quartet due to H(3) exo and H(3) endo has col-
lapsed and is of greater intensity than the lower field component of the
quartet. Assuming exo protonation by FSO;H, H(3) endo must be
at lower field. In extending this assignment to the other cations in
series 1 (except 1f, 1g, and 1h which we are not assigning) it is assumed
that no factors are operating that would interchange H(3) exo and H(3)
endo.

(20) We will show later that this effect is independent of charge leak-
age to C(1).
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Scheme 1
WM ,2H -~
H\@ = ==
Ar Ar
1 1-1
WM
H P
+
Ar Ar

H(3) exo and H(3) endo AB quartet collapses to a
singlet. H(6) endo and H(1) average to a singlet with
the same chemical shift as H(6) exo. Thus it was not
possible to tell whether H(6) endo, H(1), and H(6) exo
were all exchanging or if only H(6) endo and H(1) were
exchanging, while H(6) exo was remaining invariant.
We were able to distinguish between these two pos-
sibilities by using the double irradiation spin saturation
transfer (DISST) technique that was applied recently by
Sorensen, Huang, and Ranganayakulu to methyl-sub-
stituted norbornyl cations. 2!

{ H,
7.9, 8.4(n) ! Hés.ZS(br s)

H)

His 14, 6.38

§.7(m) H G

H
8.4(m)H 4.93(d)

n n

rapid 6,2-Hv

The success of the DISST technique depends upon
the half-life for chemical exchange being shorter than
the half-life for proton relaxation. At —10° the cou-
pling of H(6) exo to H(1) in cation 1m is nearly wiped
out as a result of the onset of chemical exchange. If
H(1) is irradiated at this temperature (exchange is
slow), the two-proton multiplet at highest field de-
creases by 259 (or 5097 of the integrated intensity of
H(6) endo).2?2 The integral in the region in which H(6)
exo and H(4) absorb is increased?® by 2597 which cor-
responds to an increase of approximately 509 for
H(6) exo! Presumably this represents an increase in
the intensity of H(6) exo rather than H(4). Thus H(6)
exo is not exchanging with H(1) or H(6) endo. H(6)
exo also increases in intensity by 45-5097 on irradiation
of H(6) endo under slow chemical exchange. This
large positive nuclear Overhauser effect is the maximum
enhancement predicted for geminal protons. 23

A recent review?® cites many examples of chemical
systems in which the nuclear Overhauser effect (NOE)
has been observed. However, there were no cases of
molecules cited having geminal methylene hydrogens
exhibiting an NOE enhancement. This may simply be
a result of a practical problem. A substantial chemical
shift difference between the observed and irradiated
protons (25 Hz)?®" is necessary for a successful deter-
mination of an NOE enhancement. In most structures

(21) E. Huang, K. Ranganayakulu, and T. A. Sorensen, J. Amer.
Chem. Soc., 94,1779, 1781 (1972).

(22) This observation allows us to assign the chemical shift of H(6)
endo.

(23) (@) J. H. Nogle and R. E. Schirmer, “The Nuclear Overhauser
Effect,” Academic Press, New York, N. Y., 1971; (b) R. A. Bell and
J. K. Saunders, Can,J. Chem., 48,1114 (1970).

having geminal methylene protons the chemical shift
difference between these protons is small. In 2-sub-
stituted norbornyl cations, however, the chemical shift
difference between the geminal protons at C(6) can be
substantial. For example, in cation 1m the difference
between H(6) exo and H(6) endo is 170 Hz. The closest
analogs reported in the literature are structures having
geminal methylidene protons. In these cases the pro-
tons are also very close together (in space, as are gem-
inal methylene protons) and the NOE enhancements are

large. For example, in methyl methacrylate (10) ir-
H, CH,
H, CO,CH,
10

radiation of H, gives rise to a 487 increase in the in-
tegrated intensity of Hy. %
Table V summarizes the approximate coalescence

Table V. Data on Hydride Shifts in 1 at 100 MHz

Cation 6,2 H~, deg 3,2 H~, deg
1j 440
1k 4-80
1m +20 + 607
in —40 +70¢
1p —40-0 +30 to +40

@ Approximately lowest temperature for which complete co-
alescence is observed as a result of 6,2 H~. ? Temperature at
which broadening is observed as aresult of 3,2 H~. ¢ See text.

temperatures for the 6,2 H~ in several cations. Cation
1q presumably would have a 6,2 H~ with a coalescence
temperature nearer that of norbornyl cation.®* We also
list in Table V the temperature for which we observe the
onset of a second reversible process. We believe that
this broadening is a result of a 3,2-hydride shift com-
pletely analogous to the 3,2 H~ in norbornyl cation.2*
The cations decompose, however, before this process
results in complete coalescence. Thus cation 1n, al-

®
N

3,2H~
—
e e
CF; CF;
In In—1
+
oy
6,2H~
—_—

——— etc.

=

CF3
In—11

ready undergoing rapid 6,2 H~ at +69°, undergoes
further changes due to a 3,2 H~. The Ab quartet due

(24) M. Saunders, P. v. R. Schleyer, and G. A. Olah, J. Amer. Chem.
Soc., 86, 5680 (1964).
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Figure 1. Plot of H(1) vs. H(3) chemical shifts in 2-aryl-2-nor-
bornyl cations, 1,

to protons on C(5) and C(7) collapses to a very broad
signal (58-Hz width at half-height). At lower field the
signals due to protons on C(1), C(3), C(4), and C(6)
collapse to a broad singlet also. This process is re-
versible. The expected singlet which would result
from total exchange of all protons in the system is not
observed, since the sample decomposes.

Discussion

Figures 1 and 2 contain in graphic form the informa-
tion presented in Tables I and II, respectively. Before
discussing the meaning of the data we will first note
several features which are apparent from the graphs.
First the ordering of the points in general follows the
ot values for these substituents.?s A strong electron
releasing group places relatively little positive charge at
C(2); hence, the nmr chemical shifts of protons H(1)
and H(3) occur at relatively high field, while a strong
electron withdrawing group places relatively more
positive charge at C(2); hence, the nmr chemical shifts
of H(1) and H(3) occur at relatively lower field. There
are several exceptions to this trend which are note-
worthy. For example, in the arylnorbornyl series of
cations (Figure 1) a p-methoxy substituent stabilizes a
positive charge better than a p-hydroxy group. This is
opposite to what would be expected on the basis of ¢+
values.? One possible explanation involves a rapid
protonation equilibrium between cations 1b and 1b-1.
Since it would be expected that 1b-I would have H(l)
and H(3) chemical shifts at considerably lower field

( égg; H. C. Brown and Y. Okamoto, J. Amer. Chem. Soc., 80, 4979
1 .

511
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5.1 pm
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Figure 2. Plot of H(1) vs. H(3) chemical shifts in 2-aryl-2-bicyclo-
[2.2.2]octyl cations, 3.

+ FSOH
OH =—
H
1b ; o0&
H

than 1b, the averaging due to the rapid equilibrium
would cause the observed values of H(1) and H(3) for
1b to be at lower field than expected.?® This argument
will hold as long as the extent of protonation of cation
1b is greater than it is for 1a. It is not at all clear,
however, that this should be the case.

A second possible explanation lies in the origin of the
ot values. Brown and Okamoto? have reported ot
values for p-HO and p-CH;O substitutents which they
have calculated from the data of various reactions.
These results are shown in Table V1.

Table VI. ¢+ Values Calculated from Various Reactions?
Reaction As B Ce
p —12.14 —4.32 —3.44
p-HO —0.969 —0.933 —0.833
p-CH;0 —0.826 —-0.736 —0.721

e Uncatalyzed bromination of aromatic derivatives in acetic
acid at 25°.2%2 ® Protonolysis of substituted triphenylmethylsilanes
by perchloric acid in aqueous methanol at 51.2°.27> < Jonization
of triphenylcarbinols in aqueous sulfuric acid: N. C. Deno and
A. Schriesheim, J. Amer. Chem. Soc., 77, 3051 (1955); N. C. Deno
and W. L. Evans, ibid., 79, 5804 (1957).

(26) As long as charge leakage to C(1) is not extensive in cation 1b-I,
the net effect of the rapid equilibrium would be a displacement of the
point for the p-HOC¢H, derivative to lower field along the straight line
portion of the curve shown in Figure 1.

(27) (a) P. B. D. de la Mare, J. Chem. Soc., London, 4450 (1954).
(b) C. Earborn, J. Chem. Soc., London, 4858 (1956).
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In the case of reaction A it has been postulated that
the observed substituent effects simply reflect more
effective hyperconjugation by H vs. CH;.?* On the
other hand, to explain the results in reaction B, Ear-
born has claimed that equally important to any hyper-
conjugative effect would be a hydrogen bonding inter-
action between solvent and hydroxyl group in deter-
mining the relative ¢+ values for p-HO and p-CH;0.%®
Thus it is possible that weakening of the protonated
oxygen—hydrogen bond in 1b by the weak base fluoro-

.-O80,F
A
0 H
+
b

sulfonic acid would be much less important than it
would be for the more basic solvents used in the deter-
mination of ¢+t values in Table VI. Thus there might
be a reversal of these two ¢* values in fluorosulfonic
acid.

A curved line? in the case of Figure 1 and a line with
less curvature in the case of Figure 2 satisfactorily ac-
commodate the bulk of the data in Tables I and II, re-
spectively. There is some unusual effect which is pres-
ent in the case of the para-halogen substituted cations,
however, which causes these points to fall “off the
line” in both the arylnorbornyl and arylbicyclooctyl
series. From o+ values we can estimate that the para-
halogen derivatives should fall between phenyl (¢t =
0)?% and m-bromo (¢+ = 0.405)?% and would have H(1)
and H(3) chemical shifts at about = 5.12 and 5.32, re-
spectively. The approximate chemical shift differences
between observed and expected values are shown in
Table VII?® along with the chemical shift differences

Table VII. Chemical Shift Deviations in Para-Halogen Cations

AH(1), AHQ3),
Para-halogen gte Hz Hz Ay, Hz
p-Cl 1f 0.114 9 5 14
p-Br 1g 0.150 9 15 19
p-1 1h 0.135 12 31 28

@ Values fromref 25. ® 7 H(1) observed — 7 H(1) expected. ¢~
H(3) observed — 7 H(3) expected. ¢ Chemical shift difference be-
tween H(3) exo and H(3) endo.

between H(3) exo and H(3) endo. While H(1) is rela-
tively constant, H(3) is variable and in the case of the
p-iodo derivatives the magnitude (31 Hz) is rather
dramatic. We have also included the chemical shift
difference between H(3) exo and H(3) endo (Aw) to
point out further that there is some unusual effect
operating in the para-halogen derivatives. We noted
earlier that Ay increased with increasing positive charge
at C(2). A comparison of the para-halogen derivatives
with the other data given in Table I indicates that for
p-Br and p-I Av is larger than expected. This does not

(28) We have not included the point for 1p in the curve, since the
chemical shift of H(3) is not known with complete certainty. Labeling
experiments ‘are necessary to verify this assignment. The present
assignment is based on the fact that at —100° the 6,2 H~ in 1p is slow
on an nmr time scale, but H(3) exo, H(3) endo, and H(6) exo are in-
distinguishable. At higher temperatures a broad singlet is formed at
7 6.34 before H(1) (and presumably H(6) endo) coalesces to a broad
singlet in the same region of the spectrum. This singlet is probably
due to the averaged H(3) exo and H(3) endo protons.

(29) The chemical shift difference between observed and expected
values for H(1) and H(3) in the para halogen bicyclooctyl analogs is of
about the same magnitude as it is for the norbornyl series. For sim-
plicity only the norbornyl derivatives are discussed.

mean that there is more positive charge at C-2 in these
ions, since the chemical shifts for H(1) and H(3) are at
higher field than expected. Although the general fea-
tures of the para-halogen cation nmr spectra are typical
of other 2-aryl-2-norbornyl cations, the temperature
effects on chemical shifts in cations 1f, 1g, and 1h were
larger than for the other derivatives studied (see above).

While we have not discovered the nature of the effect
causing the deviations observed in the para-halogen
cations, the above observations point to a temperature-
dependent equilibrium which favors the para-halogen
cation (or its nmr equivalent): The other species [X]

Iz[X]

1h
in the equilibrium in the case of 1b, for example, should
have the effect of decreasing charge at C(2) so that H(1)
and H(3) appear at higher field than expected while at
the same time Ay should be larger than expected on the
basis of ¢+ values and the trend set for Ay by the other
cations in Table I. Furthermore, the equilibrium con-
tribution of [X] should be much less important for the
meta-halogen derivatives.’® A possible structure for
[X] (though not an entirely satisfying one) is the “equil-
ibrating dimer” 11. We have investigated this pos-

N —
+
I
I

1
+

11
sibility by a dilution study. Over a 50-fold change in
concentration there was only a 2-Hz shift of H(1) and
H(3) to lower field. Thus, if 11 is the species present,
it is not in equilibrium with significant amounts of
monomer at these concentrations.

Deno has calculated ¢+ values for a number of sub-
stituents from four independent reaction series and he
has noted that ¢* values calculated for para-halogens do
not show good agreement.’! Thus unusual behavior
for para-halogen derivatives is not unique for the aryl-
norbornyl and arylbicyclooctyl cations.

We suggested in the introduction that charge leakage
to C(1) would be detectable in a series of 2-aryl-2-
norbornyl cations 1 (R = aryl) by nonlinear behavior
in a graph of H(1) vs. H(3) chemical shifts. Figure 1
illustrates just this relationship. The fractional distri-
bution of charge at C(2) remains constant from 2-p-
methoxyphenyl through 2-phenylnorbornyl cation.?®?
Substituents more electron withdrawing than phenyl,

(30) The chemical shifts for the meta-halogen derivatives in both
series 1 and 3 cannot be largely different from their true values. (See
Figures1 and 2.)

(31) N. C. Deno and W. L. Evans, J. Amer. Chem. Soc., 79, 5804
(1957).

(32) We have made a least.squares fit of this portion of the data (ex-
cept cations la, 1g, and 1h). For a given value of H(1), H(3) was fitted
by a least-squares method. The standard deviation for 6 points was
0.005 ppm. The slope was 0.74.
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however, lead to a “break” in the linear relationship
between H(1) and H(3). This effect is rather dramatic
in the case of cations 1m and In. For H(1) chemical
shifts of 4.93 and 4.75, the H(3) chemical shifts should
be within 0.005 ppm of the straight line. They are off
the line by 0.08 and 0.17 ppm, respectively.

By contrast the behavior of H(1) and H(3) chemical
shifts in 2-aryl-2-bicyclooctyl cations 3 with increasing
positive charge is linear from p-methoxyphenyl through
m-chlorophenyl. With cation 3k it seems possible that
we are observing the onset of charge leakage to C(1).
This effect is not nearly so dramatic in this case as it is
in the norbornyl system. H(1) at = 5.33 should have
H(3) within 0.01 ppm of the line.?® H(3) is 0.04 ppm
from the line. Due to the uncertainty in the H(1)
chemical shift of 3m, the data do not permit any fur-
ther conclusions concerning the electronic structure of
these cations.

We must now turn to the critical question which has
so often rendered contributions to this problem am-
biguous; can these results be accommodated by a rapidly
equilibrating pair of classical ions 1 2 1-I (Scheme II)?

Scheme 1T
H(X) H(X)
- — -
H(NY AN H(NY”
R R
1 1-1
u 32H~
+
H(X) . Wt H(X)
P —
H(NY H(N)Y
R R
3,2H~lT
H(X)
\ + WM
H(N)
R
H(X)
[r— W R
HIN) H(N)
+ !
R H(X)

There are reasons for rejecting this possibility a priori
(see ref 11), but the fortunate observation that the H(5)
exo and H(5) endo AB quartet did not collapse to a singlet
below 70° for cations 1 (R = aryl) allowed a simple,
rigorous rejection of the equilibrating classical ion ex-
planation. Thus, if there were any ion 1-I in equilib-
rium with 1, than a mechanism for exchange of H(5)
exo and H(5) endo through a rate-controlling 3,2 hy-
dride shift in 1-I would be available as in Scheme II.
The observed rate (k;) of this process in hertz for the equi-
librium population 1 = 1-1 would be the product of the
rate constant for the 3,2 hydride shift in 1-I (k) and the
mole fraction of 1-I in the equilibrium mixture (X),
k: = kX. An upper limit to k. of 71 sec™! at 70° can
be established for cation 1n by the observation that, at

(33) A least-squares fit of the points for cations 3a-3e and 3h has a
slope of 0.87. The standard deviation of these points is 0.01 ppm.
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70°, the AB quartet in the nmr for H(5) exo and endo is
just coalescing to a broad singlet.3* A lower limit to k
of 6.5 X 10% sec—! at 70° can be established by extrap-
olation of the data for the 3,2 hydride shift in the
norbornyl cation in powerful acids.?® It seems likely
that the 3,2-hydride shift in a classical cation 1-1 would
be at least as fast as that in the nonclassical cation 1
(R = H).¥ We can now calculate the maximum mole
fraction, X = k./k, of 1-1 in equilibrium with In as
approximately 104 The effect of 1-I on the nmr
chemical shift of H(1) can be estimated to be approxi-
mately 10 ppm downfield, since it places a full positive
charge at C(1).3® Therefore, a contribution of 10~¢ to
the equilibrium mixture would cause a downfield shift
of 0.001 ppm, i.e., not detectable. In fact, the ob-
served downfield deviation of the chemical shift of
H(1) from the classical cation line in Figure 1 is 0.2
ppm, a factor of 200 greater.*® We therefore conclude
that equilibrating classical cations cannot account for
our data.

Our data, then, require some mechanism for leakage
of positive charge to C(1) in cations 1 (R = aryl) not
ordinarily found in classical carbonium ions. What-
ever electronic description is ultimately settled upon for
this charge dispersal, it is clear that its effect is detect-
able in the cations before it is detectable in the transi-
tion states to them in the solvolysis reactions studied by
Brown.* It seems reasonable that the more electron
demanding cations would benefit more than the transi-
tion states from electron donation from nearby bonds.
In fact, a similar phenomenon has been observed by
Gassman and Richey in their study of the 7-aryl-7-
norbornenyl cations (2) referred to earlier.’

We have incidentally observed a remarkable effect
on the shift of H(6) exo protons in cations 1. For ex-
ample, in 1a H(6) exo appears at 7 7.47, while in 1n it
appears at 7 6.5. The chemical shift difference be-
tween them of 1 ppm is the same as that for H(1) in
these two systems. While it is difficult to identify the
shift of H(6) endo with precision, it is close to = 8.4, and
changes less than 0.4 ppm in these two systems. The
differential effect of the charge at C(2) on H(6) exo and
endo may simply reflect the difference in angle between
the charge vector and the bond vector as discussed by
Musher, although the difference seems too large.*!

(34) The value is obtained by substitution of Ay = 32 Hz for the AB
quartet in the expression & = wAw/V'2,% where k is the exchange fre-
quency.

(35) J. D. Roberts, “Nuclear Magnetic Resonance,”” McGraw-Hill,
New York, N, Y., 1959, p 64.

(36) G. A. Olah, A. M., White, J. R. DeMember, A. Commeyras, and
C.Y.Lui,J. Amer. Chem. Soc., 92,4627 (1970).

(37) Any steric influence of the aryl group at C(1) on the rate of 3,2
hydride shift in 1-I should only accelerate it in terms of Schleyer’s tor-
sional effects, 38

(38) P.v.R.Schleyer, J. Amer. Chem. Soc., 89, 701 (1967).

(39) G. Fraenkel and D. G. Farnum in “Carbonium Ions,” Vol. 1,
G. A. Olah and P. v. R, Schleyer, Ed., Wiley-Interscience, New York,
N. Y., 1968, p 237.

(40) For simplicity we make the reasonable assumption that the in-
fluence of leakage of charge to C(1) is felt predominantly at H(1) rather
than H(3). Even if the influence is distributed equally, the deviation
is still 0.1 ppm or 100-fold greater.

(41) J. 1. Musher, J. Chem. Phys., 37, 34 (1962). The magnitude of
the effect of the charge at C(2) on the chemical shifts of H(6) exo and
endo calculated from Musher’s equations is critically dependent on the
precise geometry taken for the norbornyl cation, since the H(6) endo
bond vector is so nearly perpendicular to the charge vector (i.e., small
changes in geometry result in large changes in Musher's cos 8 term).
Nonetheless, the effect on H(6) exo was not more than 0.5 ppm greater
(downfield) than that on H(6) endo for a number of reasonable geome-
tries. The observed difference is 1-2 ppm.
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Table VIII. Preparation of 2-Aryl-2-endo-norbornanolse.?

Mass spec
(parent peak)

% Molecular —C, ——~ —H, ¥{— —X"——~ —N, %Z——~ m/e mfe
Aryl Group yield Mpor bp, deg  formula Caled Found Caled Found Caled Found Caled Found (caled) (found)
p-CH,OC¢Hs< ¢ 40 46.5-47.0¢0 C,H,s0
p-HOCeH ¢ 38 146-147.5 C1:H;60; 76.42 76.25 7.90 7.68 204 204
3,4-(CH;):.CsH;/ 55.8 130-145¢ Ci6H200 83.28 83.62 9.32 8.93 216 216
(0.6-1 mm)
p-CH,CH b 69.2  46-47 Ci1:Hi1s0 83.12 83.70 8.97 8.91 202 202
p-ICH 61.2 98-99 Ci3Hy:I0 49.68 49.80 4.81 4.85 40.41 40.36 314 314
p-BrC¢H, 70.2 93-94.5 Ci3Hi;:BrO  58.42 58.38 5.66 5.62 29.92 29.94 268, 266 268, 266
p-CIC¢H ¢ 68.8 85-86.5 C1;Hi1:ClO 70.09 69.90 6.79 7.12 15.92 15.85 224,222 224,222
p-FCH, 45.2  63-64 CiHi:FO 75.66 75.86 7.38 7.44 9.21 9.18 206 206
CeHsm? 70.0 41-42 Ci3H,60
m-CICcH * 27 42-43.5 Ci:H,1:Cl10 70.36 6.73 15.79 224,222 224, 222
m-BrCe¢H, 40.2 54.5-56.5 CisHisBrO 58.42 58.47 5.66 5.68 29.92 29.90 268, 266 268, 266
p-CF;CeH, 32.6 64.0-65.5 Ci:Hy;F:0 65.58 65.79 5.94 597 22.23 22.27 256 256
3,5<(CF;).CeH; 54.5 75.0-76.5 Ci:H1.FsO 55.56 55.67 4.35 4.40 35.15 35.08 324 324
3,5-(Cl)o-4- 59.9 152-158 Ci:H1:CLNO 59,98 6.43 23.61 4.66 4.89 301,299 301, 299
N(CHs)zCstl (03 mm)
3,5-(Cl),-4- 24,4 102.5-103.0 C.H;;CLNO 59.59 59.59 4.64 4.61 25.13 25.18 4.96 4.89 283,281 283, 281
CNCH,™

e Endo alcohol unless otherwise indicated.
less otherwise indicated. ¢ Olefin. ¢ See ref 45.
addition of 2-norbornanone (at the reflux temperature).

ture for 2 hr prior to the addition of 2-norbornanone (at room temperature).
 Butyllithium in hexane was added to p-dilodobenzene at —20°.

prepared by the Grignard reaction.
4-10°.
k Not analyzed.
butyllithium below —60°.
halogen atom.

In any event, it is curious that H(6) exo and endo iso-
tope effects on solvolysis rates in norbornyl systems are
reported to be the same. 42

Experimental Section

Melting points (uncorrected) were measured on a Thomas-
Hoover capillary melting point apparatus. Infrared spectra were
taken on a Perkin-Elmer 137 instrument. Nmr spectra were mea-
sured at 60 MHz on a Varian T-60 or A 56/60 D or at 100 MHzona
Varian HA-100 instrument. (Tetramethylammonium tetrafluoro-
borate (7 6.87)8 was used as an internal standard for carbonium ion
spectra.) Mass spectra were measured on a Hitachi Perkin-Elmer
RMU-6 instrument. Combustion analyses were performed by
Spang Microanalytical Laboratories.

Preparation of Carbocations. The acid to be used was chosen so
as to ensure complete ionization of the carbocation precursor;
essentially identical spectra were obtained in acids differing signifi-
cantly in acidity. The carbocations were formed by solution of the
precursor in a suitable solvent and then slow dropwise addition to
rapidly stirred acid (under N, atmosphere). For example, CFCl;
was a convenient solvent for many of the precursors when FSO;H
was used. If very low temperatures were desired and/or any SbF;
was added to the FSO;H, then SO.CIF (25-75%) and/or SO.F,
(25-759,) was used as the solvent for the precursor. About a 5
wt 7 final solution concentration of the carbocation was found to
be ideal in most cases. The sample was then transferred to the
nmr tube.

Carbocation Precursors. The alcohols used for this study were
formed by the reaction of the desired organometallic reagent with
the appropriate ketone 2-norbornanone or bicyclo[2.2.2]octan-
2-one.4%44 The organometallic reagent was formed by the Gri-

(42) B. L. Murr, A. Nickon, T. D. Swartz, and N. H. Werstrik, J.
Amer. Chem. Soc., 89, 1730 (1967); J. M. Jerkunica, S. Borcic, and D. E.
Sunko, ibid., 89, 1732 (1967).

(43) P. K. Freeman, D. M. Balls, and D. J. Brown, J. Org. Chem.,
33, 2211 (1968).

(44) J. Hine, J. A, Brown, L. H. Zalkow, W. E. Gardner, and M.
Hine, J. Amer. Chem. Soc., 77, 594 (19553).

After all of the p-dilodobenzene dissolved the temperature was lowered to —20°.
¢ Satisfactory elemental analysis was not obtained.
The ketone was then added. At all times the reaction was kept below —60°.4

b The organometallic reagent was prepared by the halogen-metal interconversion reaction un-
¢ The lithium reagent was prepared at 0°.
/ The lithium reagent was prepared at 0°.

It was then refluxed for 2.5 hr prior to the
It was then stirred at room tempera-
¢ Short-path distillation. * The organometallic reagent was
The temperature was then raised to
2-Norbornanone was then added. 7 See ref 45,
m The lithium reagent was prepared by adding the aryl bromide to
» X refers to the appropriate

gnard reaction® or the halogen-metal interconversion reactiont
(HMIR).

General Procedure for Alcohol Synthesis Using the HMIR. Ether
was distilled into a dried 50-ml three-neck flask containing a weighed
amount of the desired aryl halide. The flask was equipped with a
low-temperature thermometer, a magnetic stirring bar, N inlet, and
15-m] constant pressure addition funnel. About a 10-30%7 by
volume solution of the aryl halide in ether was used. The solution
was cooled to about —40° using a Dry Ice-acetone bath. To this
solution was added dropwise a 109 molar excess (over the halide)
of commercial n-butyllithium in hexane. The reaction was kept
between —30 and —40° during the addition and then allowed to
warm to —10° for about 5 min. After the addition of the butyl-
lithium was complete, the temperature of the reaction mixture was
again lowered to —40°. A solution of the ketone (1 equiv) in an-
hydrous ether was added at a rate such that the temperature of the
reaction mixture did not rise above —30°. Following the addition
of the ketone, the Dry Ice-acetone bath was removed and the tem-
perature of the reaction mixture was allowed to warm slowly to
room temperature, The reaction mixture was then hydrolyzed
with saturated aqueous NH.Cl solution and extracted with ether.
Drying the ether solution with MgSO, followed by evaporation of
the ether led to a crude oil or solid which was then purified.

The desired organometallic reagent was formed from the aryl
bromide except in the case of p-iodophenyllithium. In this case p-
diiodobenzene was used. All the aryl halides were commercially
available with the exception of 4-bromo-2,6-dichlorobenzonitrile
and 4-bromo-2,6-dichloro-N,N-dimethylaminobenzene.  The
latter compound was prepared in 9597 yield by methylation of 2,6-
dichloro-4-bromoaniline#” with dimethyl sulfate. 4-Bromo-2,6-
dichlorobenzonitrile was prepared according to the procedures of
Gassman and Fentiman.

Tables VIII and IX are a summary of the pertinent data on com-
pounds prepared by the methods mentioned above.

(45) D. C. Kleinfelter and P. v. R. Schleyer, J. Org. Chem., 26, 3740
(1961).

(46) R. G. Jones and H. Gilman, “Organic Reactions,” Wiley, New
York, N. Y., 1951, p 339.

(47) P. G. Gassman and A. F. Fentiman, Jr., Tetrahedron Lett.,
1021 (1970).
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Table IX. Preparation of 2-Aryl-2-bicyclo[2.2.2]octanols®

Mass spec
(parent peak)
A Molecular —C, 4—— —H, T— —X,°%—— mfe mfe
Aryl group yield Mp or bp, deg formula Calcd Found Caled Found Caled Found (caled) (found)
p-CH;OCH 4 18.5 56.5-58.¢ C1:His0 214 214
3,4-(CH;).CeH* 70.4 60-100 (0.3 mm)/  C,eH2O0 230 230
p-CH;CeH £.9.¢ 76 100 (0.33 mm)® CieHis 90.85 89.45 9.15 9.07 198 198
p-ICH 7 60 100 (0.2-0.4 mm)/  CiHplO 328 328
p-BrCH,* 120 (5-10 mm)* C Hy;BrO 282, 280
p-CICeH ¥/ 40-60 125-145 (3 mm)* C Hy,CIO 238, 236 238, 236
p-FCeH, 8.6 55-56 CHi,FO 76.29 76.10 7.84 17.78 8.62 8.62 220 220
CeH:™ 45.4 135-152 (15 mm) C1Hi50
m-BrCeH, 55 60 (0.25 mm)/ C,Hy;BrO 59.78 59.75 6.10 6.06 28.43 28.43 282,280 282, 280
m-CICeH 24 60 (0.3 mm)/ Ci Hi,ClO 238, 236 238, 236
p-CF,CeH o 25.5 90 (10 mm)>/ CisHis5F; 71.38 70.98 6.04 6.04 22.58 252 252
3,5+(CF;),CsH 2\ 19.8 98-99¢ CieHi4Fe 60.00 59.55 4.41 4.24 3559 36.17 320 320

e« Aleohol unless otherwise indicated. Alcohols were prepared by the halogen-metal interconversion reaction unless otherwise indicated.
b Olefin, ¢ Dehydrated with KHSO, during distillation (see ref 45). ¢ The organometallic reagent was prgpared by‘the Grignard reaction.
e The lithium reagent was prepared at 0°. It was then stirred at room temperature for 2 hr prior to the ad;ilt;on pf bicyclo[2.2.2]octan-2-one
(at room temperature). / Molecular distillation. ¢ Dehydrated by overheating the a}}cohol. h Butylhthlum in hexane was added to p-
diiodobenzene at —20°, The temperature was then raised to +10°,  After all the p-duodpbenzene d1§sqlveq the temperature was lowered
to —20°. Bicyclo[2.2.2]octan-2-one was then added. ¢ Not analyzed. 7 Partial dehyd'ratlc.m during distillation. * Short-path dls_tillation.
! The yield of crude product was actually much greater than this value. Molecular distillation of the crude prqduct produced a mixture of
alcohol and olefin from which the alcohol was obtained pure after three recrystallizations from hexane. The yield of pure product was re-
duced in the fractional crystallizations. ™ Seeref8. * The alcohol was dehydrated in the presence of H;SO, by heating to the boiling point
under reduced pressure. ¢ X refers to the appropriate halogen atom.

The nmr and ir spectra of the alcohols and olefins in the nor- H), 6.22 (s, 3 H), 6.98 (br s, 1 H), 7.38 (br d,J = 7 Hz, 1 H), 8.52

bornyl and bicyclooctyl series of compounds were consistent with
the assigned structures. The following are typical nmr spectra for
an alcohol and olefin in each series of compounds.

Norbornyl System. 2-p-Iodophenyl-2-endo-norbornanol: nmr
(CCly) 7 2.51 (AA’BB’, Ay = 26 Hz, Jaz = 9Hz,4 H),7.70 (m, 4
H), 843 (m, 7 H). 2-p-Methoxyphenyl-2-norbornene: nmr
(CCly) 7 3.04 (AA’BB’, Ay = 31 Hz, Jas = 9 Hz, 4 H), 3.96 (d,

(ABq,Av = 17Hz,J = 9Hz,8§ H).*

Acknowledgments. We are indebted to Mr. Steven
Fettinger, Mr. Robert Bruggenmeier, and Miss E.
Irene Pupko for technical assistance with some of the
preparations and to Mr. Wayne Burkhardt and Mr.
Eric Roach for assistance in the determination of some

J = 3.5Hz, 1 H), 6.28 (s, 3 H), 6.76 (br s, 1 H), 7.06 (br s, 1 H),
8.12-9.0(m, 6 H).

Bicyclooctyl System. 2-p-Fluorophenylbicyclo[2.2.2]octan-2-01:
nmr (CCl,) 7 2.58 (m, 2 H), 3.09 (m, 2 H), 7.5-8.8 (m, 13 H). 2-p-
Methoxylphenylbicyclo[2.2.2]oct-2-ene: nmr (CCly) 7 2.98 (AA'-
BB’, Av = 31 Hz, Jaz = 9 Hz, 4 H), 3.62(dd,J = 7Hz,2Hz,1

of the spectra.

(48) Decoupling experiments showed that the 2-Hz coupling at 3.62
is between the olefinic proton and the broad singlet at 6.98. Compari-
son of a 100-MHz spectrum with a 60-MHz spectrum of this compound
indicates that the absorption centered at 8.52 is indeed an AB quartet
(or two overlapping AB quartets with similar chemical shifts).
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Abstract: The following cations were characterized at —90° by a 'H nmr study: 2-p-trifluoromethylphenyl-2-
bicyclo[2.2.2]octyl cation (2a), 2-p-trifluoromethylphenyl-2-bicyclo[3.2.1]octyl cation (9a), and 6-p-trifluoromethyl-
phenyl-6-bicyclo[3.2.1]octyl cation (11a). Warming any of these cations to —60° produced the same equilibrium
mixture. By 1°F nmr the order of stability was found to be 11a > 2a 3> 9a. The equilibrium constant between
2a and 11a at —80°1is 3.2. Other thermodynamic parameters are presented and a mechanism for the equilibrium
is discussed.

During the course of this study we observed that
upon ionization of their respective precursors at —78°,
cations of type 2 in which X was a strongly withdrawing
substituent (e.g., 2a, X = p-CF;) gave proton nmr
spectra substantially different from cations in which X
was electron donating (e.g., 2b, X = p-F).'®» Since

Recently we have found it desirable to examine cer-  2.1®
tain chemical shifts in a series of 2-aryl-2-nor-
bornyl cations 1 and 2-aryl-2-bicyclo[2.2.2]octyl cations

(1) (a) This work was supported by the National Science Foundation
under Grants GP 10734 and GP 27994; (b) for a related paper, see D. G.
Farnum and A. D. Wolf, J. Amer. Chem. Soc., 96, 5166 (1974).

Wolf, Farnum | °F and \H Nmr Study of Arylbicycloocty! Cations



