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Substituent Chemical Shifts in NMR

Part 4“—!'H SCS in Some 2-Substituted Norbornanes and Bornanes

Raymond J. Abraham,} Andrew P. Barlow and Alan E. Rowan
School of Chemistry, University of Liverpool, P.O. Box 147, Liverpool L69 3BX, UK

The 'H chemical shifts and substituent chemical shifts (SCS) were recorded for several monosubstituted nor-
bornanes and bornanes. The observed substituent effects are generally similar for the two ring systems, but differ
considerably from those observed for the cyclohexanoid systems in steroids. A consistent trend for the eclipsed
C-2—C-3 fragment in this ring system is that all the substituents produce the largest SCS on the trans oriented
proton, rather than the spatially nearer cis oriented proton. Indeed, for the OH substituent these SCS are opposite
in sign, that for the cis oriented proton being negative (i.e. to high field). This trend is not observed in the cyclo-
hexane system, in which the distance dependence of the vicinal SCS is as expected. The major cross-ring SCS are of
the 2-endo substituents with the C-6 protons, giving a large positive SCS at the 6n proton and a small negative SCS
at the 6x proton. This trend is very similar to that observed in the cyclohexane ring (axial-axial SCS), and suggests

a similar electric field mechanism.
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INTRODUCTION

ASSIGNMENT OF THE SPECTRA

Previous parts of this series!~> have been concerned
with the analysis and assignment of the proton spec-
trum of some rigid molecules with one substituent, in
order to obtain the substituent chemical shifts (SCS) of
all the protons in these molecules. These data might be
of interest in the quantitative evaluation and calculation
of proton SCS.

The proton spectra and geometries of the parent mol-
ecules norbornene, norbornane and adamantane were
obtained' and subsequently the full analysis of the
proton spectra of some bromo? and cyano® derivatives
of these molecules was presented. This led to the deduc-
tion of the SCS of these groups at every proton in the
molecule, and mere inspection of these data showed
that present theories of proton SCS** failed to explain
these effects.

It was felt that comparative data for a wider range of
substituent groups may be of value in identifying the
major factors responsible for proton SCS in these mol-
ecules, and we report here the analysis and assignments
of the proton spectra of some monosubstituted chloro-,
iodo-, hydroxy- and keto-norbornanes and also the cor-
responding bornanes, together with the analysis of the
parent compound bornane. These results, taken
together with the previous results in this series, allow
the deduction of the proton SCS for a variety of substit-
uent groups in the norbornane and bornane series in
both the exo and endo positions. These SCS are com-
pared both within the bicycloheptane series and also
with analogous data for the cyclohexane®” and
steroid®® ring systems.

* For Part 3. see Ref. 3.
* Author to whom correspondence should be addressed.
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The proton spectrum of bornane has been reported
previously'® together with the spectra of a number of
substituted bornanes, but these studies were at 60 MHz
and thus could not resolve the majority of the ring
proton resonances. Indeed, the studies were concen-
trated on the methyl proton chemical shifts, all of which
coalesce in the parent compound at § 0.83. The spec-
trum of this molecule at 250 MHz is not first order (Fig.
1), and the methyl resonances are still unresolved. The
remainder of the spectrum consists of two large multi-
plets at ca. 1.20 ppm (with an integration of four
protons) and a large downfield muitiplet at 1.70 ppm
which, on closer examination, consists of two complex
mulitiplets (integration of two protons for each
multiplet) separated by a triplet at 1.60 ppm. With the
aid of a 'H-'C 2D correlated spectrum and the !3C
NMR assignment of Grutzner er al,'* a full analysis
was completed. Analysis of this 2D spectrum reveais a
correlation between C-4 and the triplet at 1.60 ppm.
This triplet can thus be assigned to the bridgehead
proton H-4 which couples to H-3x and H-5x [J(4, 2x)
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Figure 1. 250-MHz 'H NMR spectrum of bornane.

= J(4, 5x) = 44 Hz]; this is in agreement with pre-
viously observed couplings for bridgehead protons.?
Correlation can also be seen between C-2, C-6 and the
multiplet at ca. 1.50 ppm and also to the downfield half
of the multiplet at ca. 1.18 ppm. The C-3 and C-5
carbons couple to the multiplet at ca. 1.70 ppm and also
to the upfield part of the multiplet at ca. 1.18 ppm. The
two correlations observed for each carbon are to their
respective endo and exo protons. By comparison with
norbornane,! where the signals of the exo protons are
downfield of those of the endo protons, the upfield
multiplet at ca. 1.18 ppm can be assigned to the endo
resonances H-2n, H-6n (1.23 ppm) and H-3n, H-5n (1.13
ppm). The multiplet at 1.71 ppm can be attributed to
H-3x, H-5x and the multiplet at 1.49 ppm to H-2x,
H-6x, showing the large shielding effect of the bridge-
head methyl.

Exo derivatives

2-exo-Norbornyl chloride. The spectrum at 250 MHz
(Fig. 2(A)), despite not being first order, is relatively easy
to assign owing to the similarities with the 2-exo-bromo
derivative.2 The assignments of H-2, H-1 and H-4
follow from the bromo assignment. The large multiplet
at 1.70-200 ppm is due to three protons (by
integration), which by comparison with previous assign-
ments can be assumed to be due to H-3n, H-3x and
H-7s. The quartet of doublets clearly visible on the
downfield side of the multiplet can be assigned to H-3n
[J(3n, 3x) = 13.9 Hz, J(3n, 2n) = 7.1 Hz, J(3n, 7a) = 2.1
Hz]. This splitting pattern is characteristic of the H-3n
resonance in monosubstituted exo derivatives.*!? The
remainder of the multiplet, consisting of the two reson-
ances H-7s and H-3x, on closer examination reveals a
doublet of quintets on the upfield side which can be
assigned to H-7s, with a large coupling to H-7a [J(7s,
7a) = —10.0 Hz] and smaller couplings to H-1, H-4

and H-6n, H-5n giving this characteristic splitting
pattern. The H-3x resonance can hence be assigned to
the centre of the multiplet at 1.80 ppm and H-6x and
H-5x to 1.61 and 1.47 ppm, respectively, by comparison
with the bromo derivative. The doublet of quintets at
1.24 ppm is characteristic of an H-7 resonance in exo
derivatives and hence can be assigned to H-7a, coupling
to H-7s, H-1 and H-4 [J(7a, 4) = 1.4 Hz]. The final
multiplet at ca. 1.10 ppm (with an integration of 2) is
due to the overlap of the two remaining unassigned res-
onances, H-6n and H-5n. The splitting pattern of this
multiplet suggests, by comparison with that of the indi-
vidual resonances of H-6n and H-5n, that one reson-
ance can be assigned to the upfield part of the multiplet
(1.07 ppm) and one to the downfield part (1.14 ppm).
Comparison with previous assignments in the bromo
derivative indicates that the upfield resonance is that of
H-5n and the downfield resonance H-6n.

2-exo-Norbornyl iodide. At 250 MHz, like that of the
chloro derivative, the spectrum is not completely first
order (Fig. 2(B). The low-field complex doublet at 3.98
ppm is the H-2n resonance, with a large coupling to
H-3n [J(2n, 3n) = 7.7 HZz]. The large doublet at 2.60
ppm is from the bridgehead H-1 proton, which is
deshielded rather more by the C-2 iodo substituent than
by the chloro substituent. The multiplet at 2.24 ppm
(with an integration of 2) arises from the overlap of the
signals of the bridgehead proton H-4 and of H-3x
which, like H-1, has been deshielded by the C-2 iodo
substituent.

The protons H-3n, H-7s which formed the large
multiplet at ca. 1.80 ppm in the chloro derivative are
now clearly resolved upfield of the H-3x signal. The
quartet of triplets at 2.11 ppm can be attributed to
H-3n, coupling to H-3x [J(3n, 3x) = 15.7 Hz], H-2n,
H-7a and unlike the chloro and bromo derivative
(where the splitting pattern was a quartet of doublets)
to another resonance, probably that of H-4. This is
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Figure 2. 250-MHz 'H NMR spectra of (A) 2-exo-norbornyl chloride and (B) 2-exo-norbornyl iodide.

probably due to virtual coupling, as H-3x and H-4 are
very strong coupled. The doublet of quintets (1.92 ppm)
can be easily assigned to H-7s, the large coupling being
to H-7a [J(7s, Ta) = —10.0 Hz]. The multiplet at ca.
1.50 ppm from two protons can be attributed to the
merger of the H-6x and H-5x signals, the former being
assigned to low field of the latter (1.57 and 1.49 ppm)
from the splitting pattern and by comparison of the
relative shifts in the analogous chloro and bromo deriv-
atives. The remaining three resonances are first order
and can be attributed to H-7a 1.35 ppm, H-6n 1.23 ppm
and H-5n 1.10 ppm.

2-exo-Bornyl alcohol (isoborneol). The spectrum at 500
MHz (Fig. 3) of the exo alcohol is very complex. The

downfield resonance at 3.60 ppm can be assigned to
H-2n. On removal of the CH-OH coupling (D,0
shake), the H-2n resonance becomes a quartet, coupling
to H-3n and H-3x only [J(2n, 3n) = 7.4 Hz, J(2n, 3x)
= 4.0 Hz]. The multiplet at ca. 1.75 ppm has an inte-
gration of four. Using the observed SCS values for exo-
norborneol'? and the chemical shifts for bornane, the
resonances constituting this large multiplet are assigned
as H-3n, H-3x, H-4 and H-5x; this is in agreement with
the chemical shifts obtained using lanthanide shift tech-
niques.'> On decoupling H-2n, the upfield part of the
multiplet remains unaffected and hence, owing to its
complexity, can be assigned to H-5x (1.66 ppm). The
H-4 resonance is also unaffected by decoupling H-2n
but has the characteristic triplet at 1.72 ppm. The
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Figure 3. 500-MHz "H NMR spectrum of isoborneol.

remainder of the multiplet is significantly altered by
decoupling H-2n, confirming the presence of H-3n and
H-3x (no other resonance is affected by decoupling
H-2n). Liu,'3 from the extrapolation of the lanthanide-
shifted spectrum back to zero concentration of lantha-
nide, predicted these chemical shifts as 1.74 (H-3x) and
1.69 (H-3n). Using this assignment together with the
observed splitting pattern (Fig. 3) gives an estimate of
the observed shifts as 1.75 (H-3x) and 1.739 (H-3n), in
good agreement with Liu’s extrapolated figures. The
triplet of doublets at 1.50 ppm can be assigned to H-6x
using the SCS value. This is verified by the splitting
pattern, which consists of the two virtually identical
couplings to H-5x and H-6n giving the deceptively
simple triplet structure, and a smaller coupling to H-5n
{J.[(6x, 6n) = 120 Hz, J,/(6x, 5x) = 120Hz and J(6x,
5n) = 3.5 Hz]. The remaining multiplet at ca. 1.0 ppm
is due to H-6n and H-5n (SCS predicted values are 1.10
and 0.97 ppm, respectively), and on this basis and the
observed splitting pattern we assign the signal of H-6n
(1.01) to low field of that of H-5n (0.96).

Endo substituents

2-endo-Norbornyl alcohol. The analysis of this spectrum
(Fig. 4) was aided considerably by the previous assign-
ment of the endo-cyano derivative®> The complex
pattern at 4.23 ppm is due to H-2x [J(2x, 3x) = 10.2 Hz,
J(2x, 3n) = 3.4 Hz], and the two triplets at 2.25 and
2.17 ppm are due to the two bridgehead protons H-1
and H-4. By comparison with the cyano derivative the
downfield signal can be assigned to H-1. Analysis of the
COSY plot confirms, by the correlation to H-2x, that
the assignment is correct. The H-2x proton couples to
two other protons (Fig. 4), which give a large multiplet
at ca. 1.9 ppm (integration of 2) and a doublet of triplets

at 0.84 ppm. Comparison with endo-cyanonorbornane
suggests that the large multiplet comprises H-3x and
H-6n; correlation of the downfield part of this multiplet
to H-4 and to H-2n assigns H-3x at 1.95 ppm, and
hence H-6n absorbs as the upfield half at 1.87 ppm. The
upfield doublet of triplets at 0.84 ppm (H-3n) couples to
H-2x, H-3x and H-7a [J(3n, 3x) = 12.9 Hz, J(3n, 2x)
= J(3n, 7a) = 3.4 Hz]. The multiplet at 1.57 ppm can
be assigned to H-5x by the large correlation to H-4 and
small correlations to H-6n and H-3x. The remaining
large multiplet at ca. 1.34 ppm has an integration of 4
and can be attributed to H-7a, H-7s, H-6x and H-5n.
Expansion of this multiplet reveals a doublet of quintets
on the upfield side involving coupling to H-3n, indicat-
ing that the resonance is due to H-7a (a ‘W’ coupling).
The downfield part of the multiplet has a large coupling
to H-5x and can be assigned to either 6x or 5n.

Unfortunately, no correlation is seen to H-2x
(expected ‘w’ coupling) and the small correlation to H-1
is not conclusive. The H-7s resonance can be assigned
to the large central peaks in the multiplet (1.34 ppm)
and the two remaining protons, H-6x and H-5n, are
assigned at 1.36 and 1.34 ppm, respectively, by compari-
son with other endo derivatives (see later).

2-endo-Bornyl alcohol (1-borneol). Despite much interest in
this molecule in connection with the LIS technique,!?*3
no complete proton assignment has been given. The
spectrum at 250 MHz (Fig. 5) is almost first order
except for the resonance at ca. 1.25 ppm (integration of
two protons). The methyl resonances at 0.87, 0.86 and
0.85 ppm can be assigned following Liu'3 to 9-Me,
8-Me and 10-Me, respectively. The doublet at 4.00 ppm
can be immediately assigned to H-2x [J(2x, 3x) = 9.5
Hz, J(2x, 3n) = 3.5 Hz]. From COSY DQF one can see
three correlations to H-2x, two large couplings to reson-
ances at ca. 2.25 and 0.95 ppm and a small coupling to
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Figure 4. 250-MHz 'H/'H COSY for 2-endo-norborneol.

a resonance at 1.23 ppm. The small coupling is a ‘W’
coupling to H-6x and the two large couplings are to
H-3n and H-3x. Comparison with the endo-norborneol
chemical shifts confirms the doublet of doublets as the
H-3n resonance (a characteristic pattern for H-3n in
endo-bornane derivatives), coupling to H-3x and H-2x
[J(3n, 2x) = 3.45 Hz and J(3n, 3x) = 13.35 Hz], which
also assigns H-3x at 2.3 ppm. H-3x is involved in coup-
ling with the characteristic H-4 triplet at 1.60 ppm [J(4,
5x), J(4, 3x) = 4.50 Hz), confirming the assignment for
H-3x. This resonance in turn couples to a multiplet at
1.73 ppm which can be assigned as H-5x. The remaining
large multiplet (integration of 2) at 1.23 ppm is due to
the H-6x and H-5n resonances, confirmed by correla-
tions to H-2x, H-6n and H-5x. The small width of this
multiplet suggests that both resonances have the same
chemical shift, 1.24 ppm.

2-endo-Bornyl chloride. This spectrum was obtained at
250 and 500 MHz. The spectrum of bornyl chloride at
250 MHz (Fig. 6(A)), like that of the alcohol, is not com-
pletely resolved but at 500 MHz the proton resonances
are separated. The methyl resonances at 0.93 and 0.88

ppm (integration of 6) can be assigned as to 10-Me and
8-Me and 9-Me, respectively, and the doublet of quar-
tets at 4.17 ppm to H-2x. Here, all the couplings for
H-2x can be obtained, J(2x, 3n) = 4.3 Hz, J(2x, 5x)
= 2.5 Hz, J(2x, 3x) = 10.5 Hz. The multiplet at 2.45
ppm is from H-3x which couples to four other protons
H-4, H-2x, H-3n and H-5x [J(3x, 3n) = 13.8 Hz, J(3x, 4)
= 4.6 Hz and J(3x, 5x) = 3.4 Hz], and those at 2.07
and 1.75 ppm can be assigned to H-6n and H-5x,
respectively. The characteristic triplet of the H-4 proton
can clearly be seen, just upfield of the H-5x resonance,
at 1.68 ppm. On decoupling this triplet, a loss of coup-
ling is observed for H-3x and H-5x, confirming their
assignments. The remaining multiplet at 1.30 ppm has
an integration of three protons. The large doublet of
doublets clearly visible on the downfield side of the res-
onance can be instantly assigned to H-3n. The remain-
ing part of the multiplet can be assigned to the two
resonances H-6x and H-5n, which can be fully resolved
at higher fields. Analysis of the couplings of the two res-
onances confirms H-5n to absorb upfield of H-6x at
1.27 and 1.34 ppm, respectively [J(5n, 5x) = 11.8 Hz,
J(5n, 6x) = 9.2 Hz, J(5n, 6n) = 4.2 Hz].




