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The complete analysis and assignment of the 'H NMR spectra of 2-exo-bromonorbornane (1) and
2-bromoadamantane is reported, using high-field NMR and COSY and proton—carbon correlation
experiments to assign the spectra. These data, together with those for the parent hydrocarbons, when
combined with previous analyses of 1-bromoadamantane, 1-bromooctadeuterocyclohexane and the simple
alkyl bromides, provide a data set of 38 proton SCS values for bromine in molecules of accurately known
geometry. The effect of solvent on the SCS was investigated for 1 in five common solvents of very different
polarity (CsD;, to DMSQO). Only small ( <0.1 ppm) solvent shifts were observed, apart from the 2-endo and
7s protons. A noteworthy feature of the SCS is the downfield shift of the CHX proton in all the series
investigated, as X changes from C1 to Br to I. This is the reverse of the ‘normal’ trend and cannot be

explained by present theories of SCS.

INTRODUCTION

The calculation and prediction of proton substituent
chemical shifts (SCS) has been of interest for many
years.2 As early as the 1950s Dailey and Shoolery*®
and Allred and Rochow?® were attempting to correlate
data obtained for monosubstituted methanes and
ethanes with substituent electronegativity. In doing so
they noted that there was an almost linear relationship
between chemical shifts for the methanes and the
difference in shifts [d(internal)] between the methyl
and methylene protons of the ethanes. Moreover,
both of these quantities were found to be linearly
related to the electronegativity of the substituent in
question, hence suggesting a method by which other
substituent electronegativities may be measured.

However, some anomalies arose in their treatment,
particularly when considering a-protons in isopropyl
halides (Cl, Br, I). Subsequent investigations® showed
that the SCS for bicyclic compounds such as
bicyclo[2.2.1]heptene derivatives were very ‘stereo-
chemistry’ dependent, and could not be explained
solely by the inductive effect of a substituent.

It has since been suggested* that the success of the
Dailey and Shoolery relationship was due to the
fortuitous cancellation of various ‘long-range’ effects
at the a and B positions. These ‘long-range’ effects
may be the result of the involvement of the C— X (X
being the substituent) bond electric dipole moment,
magnetic anisotropy, Van der Waals interactions or
changes in solute—solvent interactions, all of which
must be considered in order to provide a general
method for the calculation of the SCS. Zurcher®
studied the contributions of each of these factors in an
authoritative review of this problem. As Shoolery and
Dailey were limited to using data for «- and §-protons

* For Part 1, see Ref. 1.
t Author to whom correspondence should be addressed.

in alkyl groups, Zurcher was limited to using data
available for methyl groups in various steroid and
bornane derivatives.

Many of the problems encountered in these early
investigations have been caused by the lack of a set of
SCS values for a series of protons in different, but
precisely known, orientations from the substituent.
Such a data set would enable all possible cohtribu-
tions, stereochemical or otherwise, to be investigated.
Modern experimental NMR techniques make this a
feasible proposition, and we present here such a data
set for a common substituent, namely bromine. The
detailed theoretical treatment of these data will be
presented later.

To minimize the possibility of errors being brought
into our calculations, we chose to study molecules
with well defined geometries, in particular adaman-
tane, norbornane and cyclohexane derivatives.!

The analyses of the 'H NMR spectra of 1- and
2-bromoadamantane and axial and equatorial bromo-
cyclohexane have been reported;>® however, there
has been no reference to the 'H NMR spectrum of
2-exo-bromonorbornane, which is hardly surprising
when (as discussed later) we consider the complexity
of its NMR spectrum, even at 400 MHz.

The 'H NMR spectrum of 2,2,3,3,4,4,5,5-bromo-
cyclohexane-d; (4) has been analysed by Hofner et al.®
They studied various 1-substituted ds-cyclohexanes by
low-temperature NMR spectroscopy, allowing the 'H
chemical shifts of the 1- and 6-axial and 6-equatorial
protons to be measured in both the axial and
equatorial conformers. The values they obtained (and
which we have checked using the non-deuteriated
cyclohexane) for the axial and equatorial bromocyclo-
hexane are included here.

In 1965 Fort and Schleyer® reported the 'H NMR
spectra of adamantane and several of its 1-substituted
derivatives (3). The spectra of these molecules are
relatively simple, generally showing only three proton
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resonances, 3, vy and 6 (8. and 8, being accidentally
equivalent) and a feature of such highly symmetric
molecules was a ‘precise chemical shift additivity
relationship.’® In an attempt to rationalize the
observed substituent chemical shifts, Fort and
Schleyer found that virtually any measure of
substituent electronegativity correlated well with the
shifts they had measured. They also drew attention to
an interesting trend in O values for the halogen
derivatives. The p-proton of 1-fluoroadamantane
resonates to high field of the corresponding proton in
the chloro, bromo and iodo derivatives. This trend
reversed, and then reversed again, for the y- and
é-protons, respectively. This pattern, Fort and
Schleyer concluded, could only be explained by the
involvement of the C—X (X =halogen) bond
magnetic anisotropy in determining the chemical shift,
because electrostatic factors alone would not produce
such a result. However, other workers®!° have stated
that for halogen-substituted compounds the C—X
bond anisotropy is of minimal importance in
determining SCS values.

Van Deursen and co-workers’ reported the results
of an extensive study of 2-substituted and 2,4-

disubstituted adamantanes. In their initial report™
they analysed the 'H NMR spectra of OH, Cl, Br, I
and NH, 2-substituted adamantanes, making chemical
shift assignments on the basis of ‘expected’ chemical
shift differences and consideration of structural
features. For example, protons C-D of 2 are
distinguished on the basis that C experiences a
1,3-diaxial interaction with the substituent which is
deshielding, hence the low-field doublet must be
assigned to C. They reported chemical shift values for
protons A, B, C, D and I, but, because of the
limitations of the low-field instrument used (Varian
HA 100), the shift values for E, F, G and H appeared
to be equivalent. In a later study involving analysis by
the use of INDOR* of disubstituted adamantanes,
Van Deursen and co-workers estimated the chemical
shifts for E and F, placing E to high field of F.

Since the 'H NMR spectrum of 2 bromoadamantane
at 100Mz is only partially resolved, we recorded
the spectrum at 400 MHz in an attempt to clarify
and confirm the chemical shift assignments made by
Van Deursen and co-workers. This analysis, together
with that of 2-exo-bromonorbornane, is discussed
below.
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RESULTS AND DISCUSSION

2-exo-Bromonorbornane

The 'H NMR spectrum of 2-exo-bromonorbornane (1)
at 400 MHz is virtually first order in appearance (Fig.
1), the complexity of the splitting patterns clearly
indicating the many paths available in this rigid cyclic
system for normal and long-range spin-spin
coupling.!!

The spectrum consists of 10 separate resonance
patterns (this is an 11 spin system, but two protons
have almost equivalent chemical shifts). The lowest
field pattern at ca 6 4.0 is obviously assigned to the 2n
(CHBr) proton, and the resonances at ca é 2.5 and
2.3 can be assigned to the bridgehead protons 1 and 4
(although we have not, as yet, determined the order).
There is very little structure in these resonances, as
would be predicted for these positions where there are
possibilities for spin—spin couplings to six or seven
other protons, all of which are relatively small in size
and not distinguishable. (These broad peaks are
characteristic of bridgehead protons in all un-
symmetrical norbornane and norbornene derivatives.)
Although many simple one-dimensional homonuclear
decoupling experiments were performed to clarify the
assignments, the result of a COSY two-dimensional
experiment'? is sufficient to permit unambiguous
assignment of all but two chemical shifts.

7s
3x 3n
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Figure 2 shows the result of a COSY two-
dimensional experiment, and our analysis proceeded
as follows. We have already assigned H-2n and made
relative assignments of the bridgehead proton shifts. If
we first consider correlations between H-2n and other
protons, it is seen that there is a large coupling to the
two protons at ca 62.0, a smaller coupling to the
proton at 6 1.3 and a smaller coupling again to the
bridgehead proton at ca 6 2.5. On the basis of these
observations, and consideration of the orientation of
2n with respect to the other protons in the molecule,
we can assign the peak at ca 2.0 to the 3x/3n
protons, the peak at 61.3 to 7a (four-bond ‘W’
coupling), and tentatively assign the peak at 6 2.5 to
H-1 (a normal one-dimensional homonuclear decou-
pling experiment in which the resonance frequency of
this proton is saturated shows a loss of a coupling of
approximately 0.6 Hz at H-2n).

If correlations with the bridge proton 7a are now
considered, couplings are seen to the two bridgehead
protons, to the high-field side of the 3x/3n resonance
and to a proton at & 1.85. These observations allow
the assignment of the resonance at 6 1.85 to 7s and
the high-field side of the 3x/3n resonance to 3n (‘W’
arrangement as for 2n). (This ‘high-field’ coupling is
distinguished by comparing its position with that of a
coupling which we know to be to 3x, as discussed
below.)

Proton 7s is coupled to the protons giving rise to
peaks at ca 61.18 and 1.08; these must therefore
belong to 6n and 5n, although we cannot state in
which order.
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Figure 1. The 400 MHz "H NMR spectrum of 2-exo-bromonorbornane (0.13 m in CDCl; solution).
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Figure 2. A COSY 2D contour plot 2-exo-bromonorbornane.
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Figure 3. A "H'3C correlation diagram of 2-exo-bromonorbornane.

Assignment of protons 6x/5x is straightforward
owing to the large correlation shown with the 5n/6n
protons, and the relative assignments can be
determined on the basis of their couplings with the
bridgehead protons. Proton H-1 shows a strong
correlation with the low-field exo proton (hence 6x)
and H-4 with the high-field (5x), the assignment of
H-1 and H-4 being unambiguously determined on the
basis of the observed large coupling of 3x/3n to the
high-field (H-4) proton. Therefore, on the basis of this
one two-dimensional experiment, it has been possible
to assign the chemical shifts of nine of the protons and
make relative assignments of the other two.
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In order to distinguish between the 5n and 6n
protons, we performed a 'H/C correlation
experiment'® which shows the connectivity of the
proton and carbon atoms. Figure 3 shows the results.
The C spectrum of 2-exo-bromonorbornane has
been analysed,'* and our proton shift assignments
allow us to verify that analysis. The experiment clearly
shows that the low-field endo-proton is attached to the
same carbon atom as the 6-exo-proton and, hence,
can be assigned as 6n (cf. for high-field endo-proton).

Although we have been able to assign all the
chemical shifts, we could not directly measure
accurate values for the 3x and 3n protons. To



