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Abstract—The 'C NMR spectra of a series of 2,4-disubstituted adamantanes with the substituents in various
configurations are reported and discussed in terms of through-bond and through-space interactions of the
substituents. Through-bond interactions in equatorially disubstituted adamantanes and equatorially substituted
adamantanones are attributed to overlapping of free-¢lectron pairs and bond orbitals in symmetrically favoured

orientations.

Although C NMR spectroscopy has become a routine
method for organic chemists during the last few years,
the 'C chemical shift is not yet well understood. Thus
the prediction of "*C chemical shifts and the signal
assignments can still be difficult for larger molecules.

In general, substituent effects on °C chemical shifts
(SCS) are additive within a limit of about +1 ppm so
that the chemical shifts of polyfunctional molecules can
be calculated with good accuracy, when the SCS of the
single substituents at the same molecular skeleton are
known. However, this additivity may no longer be valid
if there is a through-space or through-bond interaction
between the substituents. For example, in 1,3-disub-
stituted compounds with steric interaction between the
substituents it is often found that the signals of the
substituent-bearing carbons appear at lower field than
expected® (see also below). Very recently, we reported
“C NMR spectra of B substituted adamantanones’
which reveal SCS-non-additivities at certain carbons
which are caused obviously by through-bond interactions
between carbonyl groups and heterosubstituents (OR,
Hal). These interaction even affect unsubstituted car-
bons.

RESULTS

In Table 1 the '*C chemical shifts of a series of
2,4-disubstituted adamantanes are reported. For two
different substituents X and Y four epimers are possible
which are depicted in Scheme 1. The abbreviations ee,
aa, ea and ae represent the substituents’ orientation at
C-2 and C-4 relative to the highest substituted ring
which is formed by the carbons 1, 2, 3, 4, 5and 9, ¢
standing for equatorial and a for axial.

The values in parentheses in Table 1 are deviations of
the experimental chemical shifts from those calculated
by a simple rule which implies that the SCS obtained
from the spectra of the monosubstituted adamantanes
(Table 2) are additive.” Deviations smaller than 1ppm
upfield or downfield will not be discussed and are con-
sidered to be negligible.

Additivity of the SCS is found for the signals of most
carbons with remarkable accuracy except some of them
which are in a distinguished position:

Type A (diequatorial). Non-additivities occur at the
two substituted carbons C-2 and C—4 and, additionally,

17

at the unsubstituted C-9, due to through-bond inter-
actions of the two substituents. All deviations are nega-
tive, i.e. the signals appear at higher field than expected.
These effects will be discussed in the next section.

Type B (diaxial). Non-additivities of SCS are also
observed for the signals of the substituted carbons. But
in contrast to the Type A adamantanes the deviations are
positive. Similar observations were published recently by
Dijerassi et al® who interpreted these deviations by
assuming a direct throughspace interaction of the sub-
stituents and, additionally, by the lack of a y-gauche
interaction with a hydrogen for each substituent which
occurred in the corresponding monosubstituted com-
pounds. Likewise, we reported positive deviations from
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Table 1. C chemical shifts of 2,4-disubstituted adamantanes and deviations between the experimental and
calculated shifts (in parentheses), in ppm*

1 2 3 4 5 A 7 2] 9 10 others
35P 33,3 71.4  41.2  7T1.4  33.3 M. 27,0 3.1 313.1 P48
(=0.,1) (=0,1) (+0,4) (=0,1) (=0.1) ( 0.0) ( 0.0) { 0,0} (=2,2) (40,
2a 33,2  73.6 42.4 64,7 34.6 31.0° 26.9 31.2° 34,9 24,9
( 0.0) (=1.6) (+0.2) (=2.3) (=0.7) (=0.1) ( 0.0) (=0.1) (=2.3) (+0.4)
3A 33.3  73.8  42.9  58.9  35.1 318 26,9 31.4  35.5 25.A
(4061) (=1,9) (40,2) (=3.7) (=0.2) (+0.1) (=0.1) { 0.0) (=2.7) (+0.5)
4A 33.6  73.4 44,1 40,2 36,3 33,3  27.7 32.0 35.9 27.0
(40.3) (=2.3) (+0.3) (=5.7) (=0,1) (+0,3) (+0a1) (+0,4) (=1.8) (+0.6)
5A 30.6 52.9  39.3 64.8  34.6 30,9 2A.5 32,0 3I6.0 25,7  168,4 (C=0)
( 0,0) (=1.1) (=0.3) (=2.8) (=0.2) (=0,1) ( 0.0) (=0,1) (=1.8) (+0.4) ?3.5 (Cﬂq)
6A 30.8  53.3  40.0  59.4  35.2  31.8% 26,7 32.4C 3R.7 264 169,72 (Ca0)
(4042) (=142) (=0.1) (=3.7) (=0.7) (40.2) (+0.1) (+0.2) (=1.6) (+0,5) 23.5 (CHB)
A 34,3 64.6 42,8 4.6 3.3 31,1 26,7 3.1 366 24,8
(=0e2) (=4,0) (=0,7) (=4.0) (=0.2) (=01) ( 0,0) (=N,1) (=2,2) (&7,4)
8A 34,A  S8,0 43,5 S2.0 34,8 32.1  2a.9 32,1 3,0 2R,.1
(=0e2) (=6.7) (=1.0) (=6.7) (=0,2) (+0,2) ( 0.0) (+0,2) (=1.%) (+0.,%)
9A 36,2 3R,1 45,3 38,1 3R.2 33,9 27,4 33,9 39,0 ?27,R
( 0.0) (=9.3) (=744) (=90,3) ( O,") (40,5) (+0.3) (+0,5) (=0.8) (+M.4)
n 3,7 TR0 37,7 TR.O 34.6 3.3 25.R  3R.3 25,31 35,2
(40.R) (47,9) {(=2.2) (47.9) (40.68) (=0.4) (=0.3) (=0,4) (+0.7) (=0.4)
2R 4,5 75,7 A0.5  67.1 35,8 Q.4 25,8 36,6 24.8 38,0
(407 (47.7) (=127 (+5.6) (+0,5) (+0.1) ( 0.0) (=0.2) (+0.3) (+0.8)
3R .4 TSR 41,0 60,1 A6 39,2 2.0 IR.B 25.6 39,2
(+0.5) (47.2) (=1.7) (+3.0) (+0.B) (+0.4) (40.2) (=0.17) (+0.5) (41.5)
ach 14,0  A7.3 40,9 74,0 13,5 3.1 26,3 30,9 29,95 30,2
(40.1) (#1,7) (4041) (+2.5) (+0.1) (~0.4) (=0.2) (=0.2) ( 0.0) (40.3)
2c 34,3 6R.97 41,9  AR.0C 35.1 3R, 26.2 31,0 30.6 32,1
(+0.5) (+0.9) (=0.3) (+1.0) (+0.3) (=0,2) (~0.1) (=0.3) (+0.6) (+0.4)
ac 34,1 69,5 42,4 67.3  35.8  38.9 26,3 31,47 31.2° 33,0
(+0.5) (40.9) (=0.3) (40.3) (+0.5) (+0,1) ( 0,0) ( 0,0) (+0.6) (+0,.8)
c 35,07 F2.0 42,8 A7.9  14.87 RW,2 261 0,9 31.9 31,9
(#041) (40,G6) (~0.7) (=0.7) (+0.3) (=0.7) ( 0.0) (=0.,3) (+0.3) (+0.,3)
8c 35,8 87,2 43,7 62,3 35.5% 39,1 26,2 3.8 33.2° 33.4F
(40,1) (4064) (=0.8) (=?e4) (+0.5) (+0a1) ( 0.0) (=0,1) (=0.5) (+0.7)
an 33,7 7R.0  A42.5  A3.3 38,5 31,0 PR.,S 36,5 32,0 30,2
(+0.6) (40.R) (40,3) (#1,R) (+0.2) (=0,1) (+0.1) (=0.3) (+0,3) (+0,2)
an 3.7 TR.2 43,0 BR.6 36,0 31,7 26.5 36,7 3I2.5 31.0
(4+0.5) (40.5) (+043) (#1a5) (+0,2) ( 0.,0) ( 0.0) (=042) (+0.3) (40.4)
4n 22,8 TS.T  AA?  ADLE 37,1 33,1 2R.T 37.1 32,5  32.5
(#0.5) ¢ 0.0) ($0.4) (40.8) (+0.2) (+0.1) (40.1) ( 0.0} (+0.3) (+0.6)

*Recorded in deuterochloroform with tetramethylsilane as internal standard unless otherwise noted.
®Recorded in dimethylsulphoxide-d.
Signals may be interchanged.

additivity for some 4-substituted adamantanones with the Type C and D (equatorial + axial). No obvious trends
substituent in axial position. The C-9 signals of the Type of deviations can be seen. Whereas calculated and
B adamantanes are not affected here. The deviations at  experimental chemical shifts agree excellently for all
C-3 in these compounds may be due to non-additive unsubstituted carbons there are positive and negative
changes in the geometrical arrangement of those carbons  deviations as well for the signals of C-2 and C—4. When
caused by the substituents’ through-space interaction. the compounds are arranged according to the sub-
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Table 2. C chemical shifts and substituent effects (in parentheses) of 2-substituted adamantanes, in ppm™*

1/3 2 4/9 S 6 7 8/10 others

H 28.5 37.8 37.8 28.5 37.8 28.5 37.8
OH 34.7  74.7 31.2 27.8 37.8 27.3 36,7
{ 6e?) (36,9) (=646) (=0.7) ( 0.0) (=1.2) (-1.1)
OHC  34.2  T7.4 30.8 27.3 37.4 ?6.8 36,2
( Feb) (3543) (=643) {=0.3) (+0,3) (=0.8) (=0.9)

NHAe  32.1  S3.5  32.0 27.4 37,7 27.3  37.3 169.2 (C=0)

{ 3.6) (15.7) (=5.8) (=1.1)} (=0.1) (=1.2) (=0.5) 23.6 (CH,)
c1 36,0  BR.1 31,1  27.6 37,9 27.0 38.3
( 7.5) (30.3) (=647) (=0.9) (+0.1) (=1.5) (+0.5)
Rr 36,5 63,7 3.7 7.7 8.0 27.0  38.8
{ Ra0) (25.9) (=FRe1) (=N,R) (+0.2) (=1.5) (+1,0)
1 17.6 46,4 33,0 27.8 38.2 27.1 38.8

( 9.1) ( 8.6) (=4.8) (-0.7)

(+0.4) £=1.4) (+1.0)

*Recorded in deuterochloroform with tetramethylsilane as internal standard unless otherwise noted.

®Taken in part from Ref. 3.

“Recorded in dimethylsulphoxide-dg; SCS obtained by comparison with adamantane chemical shifts in the same

solvent: CH, 37.1 ppm, CH 27.6 ppm).

stituents’ polarizabilities, as they are in the series 1C, 2C,
3C, 7C and 8C, a monotonous sequence can be found for
the C-4 signals ranging from +2.5ppm to — 2.4 ppm.
However, this trend can not yet be correlated with the
substituents’ nature, their configuration or any other
substituent property. More experimental data are neces-
sary.

DISCUSSION

The substituent effect on chemical shifts of y-gauche
situated carbons, the so-called “steric y effect”, has been
investigated thoroughly during the last few years* and is
a valuable aid in peak assignment. However, SCS on
chemical shifts on y carbons in antiperiplanar configura-
tion attracted much less attention. Eliel et al.® suggested
that the y..; SCS may be originated by hyperconjugative
interaction of the substituents’ free-electron pair with the
C®~C*5 bond orbitals involving the & bond orbital be-
tween the y carbon and the & positioned atom (Fig. 1).

£ o ,
x c? @Y
0 \Oc"ﬁ \Gc"

Fig. 1. Hyperconjugative interaction of a substituent X on a y
carben in antiperiplanar configuration.

The nature of the bond between the y carbon and the &
positioned atom plays an important part could recently
be shown by inspecting the spectra of some bridgehead-
substituted triamantanes.® While the ... SCS on car-
bons with coplanar C*-HS bond orbitals show the
“regular” values and are similar to those obtained from
the corresponding adamantanes and diamantanes, those
on the quarternay C-1 carbons are about 5 ppm smaller
(in the & scale) for all substituents OH, Br and Me.

The effectiveness of this mechanism should be
enhanced by coplanarity of the participating atoms.
This could be confirmed by us, at least for bridgehead-
substituted compounds in a recent publication.’ The non-
additivities of the SCS at C-2, C-4 and C-9 of the 2°,
4°-disubstituted adamantanes (Type A) can be explained
using the same through-bond interaction mechanism:

o 4

Fig. 2.

In the disubstituted compounds the interactions of the
free-electron pairs at X with the C*-Y bond orbital via
the C3-C? bond orbital of course are not identical with
those with the C*-H bond orbital in the monosubstituted
adamantanes. Thus the substituent effect of X must also
be different in the two cases. The same is valid for Y,
leading to chemical shifts at C-2 and C—4 which cannot
be predicted by simply adding the individual SCS to the
chemical shift value of a methylene carbon in adamantane
itself.

The value of the deviation at a given carbon, C-2 or
C-4, strongly depends on the characters of both sub-
stituents, the directly bonded and the y positioned one.
Generally it can be stated that the effect increases in the
seriess NHAc =~ OH < Cl<Br<I. Whereas for example
in the adamantanediol the deviation is zero, it will be
enhanced at both carbons by replacing one OH group by
a halogen atom, more at the halogen substituted atom



250 H. Dubpeck

C—4 and less at the OH substituted C-2. If also the
second OH group is replaced by the same halogen, the
deviation is nearly doubled compared with that at C—4 in
the former compound.

Apparently, the interaction mechanism is supported by
increasing the substituents’ polarizabilities. On the other
hand, electronegativity seems not to play an important
part. The non-additivity at C-9 can be explained by the
following considerations: The introduction of Y at C—4
causes a perturbation in the electronic environment of
C-2. Thereby the interaction of the p orbital at X with
the coplanar C°-H § bond orbital will be changed.
Analogously, the effect of Y on C-9 is altered by the
introduction of X. Both perturbations are reflected in the
non-additivity of the two SCS of X and Y at C-9 (Fig. 3).

In contrast to the substituted carbons the deviations at
C-9 are astonishingly uniform (about — 2 ppm); only for
the diiodoadamantane it is only - 0.8 ppm.

Fig. 3.

All these observations correspond to those made by us
earlier’ for 4°-substituted adamantanones, although the
magnitude of the non-additive effects is somewhat smal-
ler than that for the adamantanones.

Fig. 4.

Recent investigations’ led us to the conclusion that
indeed free-electron pairs at Y are necessary to observe
non-additivities. So these effects appear to be very weak
for 4°-substituted adamantanones with Y =CH,0H and
CH,OTs (Ts= p-toluenesulphonyl). Furthermore, no

effect could be detected at C-5 of 3-methylcyclohex-
anone. This cannot be due to the conformational flexi-
bility of that system, since the signal for C-5 of 3-
methoxycyclohexanone appears about 3.5 ppm at higher
field than predicted assuming additivity.

For an effective interaction at an unsubstituted carbon
in 8 position to the CO and v,., to the substituent X
these two substituents must be in B position to each
other also, just as they are in the adamantanones or
cyclohexanones. This can be deduced from the fact that
in the case of 38-substituted Sa-cholestan-7-ones (Fig. 5)
perfect additivity at C-5 and only minor deviations at
C-3 and C-7 are found.

In 4-substituted bicyclo[2.2.2]octanones the carbons
C-6 and C-7 are enantiotopic and correspond to C-9 in
the adamantanones (Fig. 6). Already in an earlier study®
we reported that there are no significant deviations from
SCS additivity at these carbons. This becomes clear, if
one considers that none of the adjacent C*’-H bond
orbitals is coplanar with the Y-C*-C°-C®-moiety (or the
Y-C*-C*-C"-moiety respectively). However, the equa-
torial hydrogen at C-9 in the adamantanones in coplanar
and can be affected by the through-bond mechanism (see
above and Figs. 3 and 4). Morris® recently investigated
SCS in 4-substituted camphors and related compounds.
He also observed that the SCS on the y,,, positioned
C-6 carbons are very small and mostly negative, whereas
introduction of a 4°-substituent in the adamantanone
skeleton causes a strong upfield shift of the C-9 signal
(corresponding to C-6 in the camphors). Therefore Mor-
ris’ findings seem to indicate that just as in the case of
the bicyclo[2.2.2]octanones there are no significant non-
additive substituent effects at the C-6 carbons again.

Oy

Fig. 6.

It is generally agreed that among all contributions to
the total nuclear shielding the paramagnetic contribution
is the decisive one:*'"®

8,=~ %(AE)" (5)» (q.u- > qAB)

BrA

R=H, CH,,COCH,

Fig. 5.
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In this equation AE represents the mean excitation
energy, r the distance between 2p electrons and nucleus
and q.. and g.p are terms describing the bond order and
the charge density. Morris® pointed out that apparently it
is not the AE™" term which is responsible for the chem-
ical shift dependence of the carbony! carbons in the
camphor series, since no significant differences appeared
in the UV spectra of these compounds with various
substituents. Likewise, we found that the A,.. of all

°.substituted adamantanones are similar.” Even if the
CO group is replaced by a 1,1-dicyanovinylen group their
UV spectra show no essential dependence on the sub-
stituents’ nature.” That means that the interaction in-
volved must be of another type than the o coupled
transition discussed by Verhoeven et al."' On the other
hand, in the "C NMR spectra of their compounds they
found no remarkable evidence for such an interaction.

Further investigations in this field, expecially with
different 7 electron chromophors are in progress in this
laboratory.

EXPERIMENTAL

Chemical. The adamantanediols and the haloadamantanocis
(substituent code numbers 1 to 4) were obtained by reduction of
the corresponding hydroxy- and haloadamantanones,’ respec-
tively, with zinc borohydride.'> Both isomeric ademantanediols
or haloadamantanols resulted from the reduction experiments in
various ratios with good overall yiclds. They were separated by
column chromatography (silicagel with ligroinfacetone mixtures)

and characterized by 'H NMR, IR and mass spectra. In aff cases’

the derivatives with the newly generated OH group in axial
position were eluated first followed by the isomer with the
equatorial OH. Reduction of the axial iodoadamantanone gave
several compounds, some of them in traces. Among them the two
epimers with the I atom in equatorial position could be detected.
One more iodoadamantanol was isolated which, however, did not
fit the sets of calculated chemicel shifts for 4B and 4C. This
reaction is still to be investigated in this laboratory.

The configuration of the OH group was determined by 90 MHz
'H NMR spectra: The chemical shifts of the protons at C-2 and
C-4 were calculated using the SCS of the monosubstituted com-
pounds assuming additivity.'* The deviations between calculated
and observed chemical shifts are small. 3A could aiso be identified
by comparison with the spectrum of an authentic sample. This as
well as compounds $A and 6A were kindly supplied by Prof. H.
Wynberg, Groningen, The Netherlands. 7A,7C, 8A, 8C and 9A were
prepared according to known procedures.’

Measurements. The *C NMR spectra were recorded at natural
abundance in the PFT mode at 22.64 MHz using a Bruker WH-90
spectrometer with internal deuterium lock. The samples were run

in deuterated chloroform with 5% TMS as internal standard if
not otherwise noted. Positive values of chemical shifts cor-
respond to deshielding. Accuracy of chemical shifts is about
*+ (.05 ppm. The signal assignment is based on spectra obtained
under 'H off-resonance irvadiation conditions, by which the
number of adjacent hydrogens could be determined for the
carbons unambiguously, even for superimposing signals. 'H
NMR spectra were recorded using a Bruker HFX-90 spec-
trometer in the CW mode.
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