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Five-, six- and seven-vertex dicarbaboranes, carborane anions and borane dianions have been
studied by DFT calculations at the B3LYP/6-311+G(d,p) level of theory, aiming at determining
the indirect nuclear spin-spin coupling constants with an emphasis on J&B,1B), J(*3C,11B) and
J(*3C,13C). The reasonable agreement with all experimental data suggests that the calculated data
can be used in the discussion of the bonding situation in these cluster compounds, for which many
coupling constants cannot be determined experimentally. The delocalisation of electron density is
reflected by changes in both magnitude and sign of the coupling constants. The trend in the coupling
constants between nuclei in antipodal positions points towards direct bonding interactions.
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Introduction

One intriguing starting point of carborane chem-
istry in the late fifties has been the report on a com-
pound with the composition C,B3Hs l1a [1], which
had been obtained in very low yield. The properties
of 1la did not agree with those of other organobo-
ranes and, although a classical structure could be sug-
gested [2], non-classical bonding as in polyhedral bo-
ranes or borates seemed more likely. Thus, compound
la turned out to be the smallest member of a class
of neutral deltahedral clusters (A; Scheme 1), the 1,5-
dicarba-closo-pentaborane(5). Only a few years later,
Koster et al. succeeded in the bench scale synthesis of
peralkylated derivatives C,B3Rs 1b [3], for which an
analogous structure was assigned. NMR studies of the
parent compound 1a [4] and the peralkylated deriva-
tives 1b [5] supported the structural assumptions. The
mechanism of the formation of compounds 1b was
reinvestigated [6, 7], and the molecular structure of
C,B3Ets was determined in the solid state [6, 8], con-
firming the non-classical bonding. The existence of po-
tential isomers of 1 has not been confirmed. A sub-
stituted carborane anion 2b is known [9], related to
the unknown closo-[1-CB4Hs]~ 2a. The borate dian-
ion closo-[BsHs]%~ 3aas well as derivatives of 3a are
unknown.
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Scheme 1. Schematic representation of the five-, six- and
seven-vertex closo structures studied here.

The six- and seven-vertex closo-structures are rep-
resented by B and C, respectively (Scheme 1). There
are two isomers known of closo-C,B4Hg, the 1,6-
dicarba-closo-hexaborane(6) 4a and the 1,2-dicarba
isomer 5a [10], and recently the hexaethyl deriva-
tive 4b has been reported [11]. Although the carbo-
rane anion closo-[CBsHg]~ 6a has been proposed to
be formed by deprotonation of closo-CBsH; [12], it
is poorly characterised so far, in contrast to the well-
known [13] dianion closo-[BgHg]?~ 7a.

There are four isomers of C,BsH7, 1,5-dicarba (8a),
1,2-dicarba- (9a), 2,3-dicarba- (10a), and 2,4-dicarba-
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closo-heptaborane(7) 11a, of which only 10a and 11a
are known as the parent compounds [14,15] or as
derivatives [11, 16]. Two possible isomers of the carbo-
rane anion [CBgH7]~ can exist, closo-[1-CBgH7]~ 12a
and closo-[2-CBsH7]~ 13a, of which only the latter
has recently been described [17]. The borane dianion
closo-[B7H7]>~ 14a is known [18] as a fairly reactive
species when compared with 7a.

The bonding situation in these five- to seven-vertex
clusters [19-21] should be mirrored by NMR param-
eters, in particular by nuclear spin-spin coupling con-
stants involving the nuclei B and *C ["J(}!B,}B),
nJ(3¢C,11B) and "J(*3C,13C), in addition to LJ(*B,1H)
and 1J(33C,*H)]. However, owing to the quadrupolar
nature of the 1B nucleus (I = 3/2), and also because of
the complex spin-systems present in all species 1- 14,
experimental information on "J(*'B,1!B), "J(*3C,}'B)
and "J(*3C,13C) is scarce, and experimental data
DJAB,MH) and *J(*3C,'H) are not very accurate.
The remarkable progress in the calculation of spin-
spin coupling constants [22-25] encourages to ap-
ply theoretical methods to polyhedral compounds, and
the small closo-clusters 1-14 can serve as instruc-
tive examples. Previous attempts in the application of
Density-Functional-Theory (DFT) based on optimised
molecular geometries (e.g. on the 6-311+G(d,p) or
comparable level of theory) to boron compounds have
met with success [26 — 28], and the agreement with ex-
perimental data, if available at all, has been satisfac-
tory.

Results and Discussion
Comparison of experimental and cal culated data

Numerous *J(*1B,1H) values have been reported for
polyhedral boron compounds [29, 30]. However, fre-
quently these data are not accurate since the *H or }'B
resonance signals are broad and the complex spin sys-
tems have not been analysed. This is also true in most
cases for the few 1J(13C,1H) values [26, 31], although
the influence of the complex spin-systems on these
data is less important. Very few examples for coupling
constants *1J(**B,1B) in the frameworks of deltahe-
dral boranes and carboranes have been measured, and
the magnitude was found between less than 10 and
25 Hz [26,30]. Coupling constants 1J(**C,!'B) and
nJ(3C,183C) (n = 2) have been determined solely for
the 1,5-dicarba-closo-pentaboranes(5) 1a [4], 1b [5],
and 13b [17], where 13C labelling was used in the
case of the parent compound 1a [4] in order to mea-
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1a |L | 1b
[caled.] Me [caled.]
14("B,™H) 189 [+182.3] 14(13C(1),3Cpe) 53 [+52.2]
14(13C,"H)192 [+183.7] 14("3Cg,,"'B) 78 [+68.6]

1J(13C,V1B) 20 [+22.4]
14("B,""B) <10 [-2.0]
2J(13C,3C) n.m. [+22.2]

14(*3c,1"B) 18 [+20.5]

14("B,"B) n.m. [-0.6]

2J(3c,3c) 15 [+16.2]

3J(13C,"H) 19.8 [+18.8]

4J("H,TH) .10.8 [+9.0]
Scheme 2. Comparison of experimental (n.m. means not
measured) and calculated spin-spin coupling constants for
1,5-dicarba-closo-pentaboranes(5) 1a [4] and 1b [5]. In the
case of 1b, the experimental data have been measured for
the 1,5-Me,-2,3,4-Et3-derivative, and calculated data are for
1,5-C,B3Mes.
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1413C,11B) <15 [+12.6] J(1°C(2),"'B(3)) 20 [+16.7]

1J(13C(2),"B(1)) n.m. [+1.8]
2J(**c(2),"'B(4)) n.m. [+5.2]
15(""B(1),"H) 151 [+137.7]
14("'B(3),"H) 138 [+140.2]
14("'B(4),"H) 150 [+135.1]
14(*C(2),"H) n.m.[+157.0]
Scheme 3. Comparison of experimental (n.m. means not
measured) and calculated spin-spin coupling constants
for hexaalkyl-1,6-dicarba-closo-hexaborane(6) 4b (experi-
mental data for the hexaethyl and calculated data for
the hexamethyl derivative), and for the 2-carba-closo-
heptaborate(1™) 13a.

sure 2J(*3C,13C). As shown in Scheme 2, there is good
agreement between experimental and calculated cou-
pling constants for 1aand 1b.

In principle, the information on J('B,'B),
J(*c,11B) and J(*3C,12C) in polyhedral boron com-
pounds is present in the line width of the B or
13C NMR signals, for which the broadening can be
traced to partially relaxed scalar 1*B-11B and 13C-11B
spin-spin coupling. However, it is difficult to extract
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Table 1. Selected calculated coupling constants [Hz] for the five- to seven vertex boron clusters 1a—14a, and 1b and 4b.

LHMBH) L®Bch) LyHB,B) Ly®Bclip) J®c.Be) Other J values
1a +182.3 (2) +183.7(1) 06 (2-3) +20.5 (1-2) +16.2 (1-5) +18.8 (C1-H5)
1,5-C,B3Hs +9.0 (H1-H5)
1b? +68.6 +52.2 -2.0 (2-3) +22.2 (1-2) 22.7 (1-5) -
1,5-C,B3Mes (2-13Cpe) (1-3Cpe)
2a +148.2 (2) +170.6 +1.4 (2-3) +18.8 - +18.0 (C1-B5)
[1-CB4sHs]~ +138.3 (5) +23.3 (2-5) +2.0 (B5-H1)

+16.5 (C1-Hb5)
+6.2 (H1-H5)
3a +124.7 (1) - +25.6 (1-2) - - +20.6 (B1-B5)
[BsHs]2~ +128.4 (2) +2.8 (2-3) +14.1 (B1-H5)
+3.4 (H1-H5)
4a +183.4 (2) +175.9 (1) +10.0 (2-3) +12.4 (1-2) +14.1 (1-6) +5.0 (B2-B4)
1,6-CoB4Hg +13.4 (B2-H4)
+21.1 (C1-H6)
+11.7 (H1-H6)
4pd 75.7 475 +10.4 (2-3) +12.6 (1-2) +22.2 (1-6) +9.9 (B2-B4)
1,6-C2BsMes (2-33Cme) (1-3Cme)
5a +178.3 (3) +190.2 (1) +15.0 (3-4) +7.4 (1-3) -3.4 (1-2) +6.5 (B1-B6)
1,2-C,B4Hg +164.4 (4) +26.2 (4-6) +8.4 (2-6) +12.7 )B1-H6)
+6.1 (H1-H6)
6a +141.3 (2) +161.1 (1) +14.4 (2-3) +8.9 (1-2) - +8.6 (B2-B4)
[CBsHg]~ +130,1 (6) +20.2 (2-6) +11.7 (C1-B6)
+13.6 (B2-H4)
+15.7 (B6-H1)
+19.7 (C3-H6)
+8.5 (H1-H6)
+5.9 (H2-H4)
7a° +114.9(1) - +18.1 (1-2) - - +11.5 (B1-B6)
[BsHs]?~ +14.7 (B1-H6)
+...(H1-H6)
8a +190.0 (2) +189.9 (1) +13.9 (2-3) +6.1 (1-2) +10.8 (1-7) +1.7 (B2-B4)
1,7-C,BsH;7 +20.9 (C1-H7)
+14.1 (H1-H7)
9a +170.1 (3) +180.3 (1) +19.0 (3-4) 2.0 (1-3) 7.7 (1-2) +3.5 (C1-B7)
1,2-C,BsH;7 +171.4 (4) +179,8 (2) +15.9 (4-5) +2.9 (1-4) +9.8 (B7-H1)
+161.1 (7) +9.1 (3-7) +15.7 (2-3) +18.7 (C1-H7)
+21.5 (4-7) +0.1 (2-7) +10.7 (H1-H7)
10a +170.0 (1) +180.9 +10.4 (1-4) 2.4 (2-1) +8.0 (2-3) +1.5 (B1-B7)
2,3-CyBsHy +165.0 (4) +18.8 (1-5) +19.7 (2-6) +5.7 (B4-B6)
+157.2 (5) +20.9 (4-5) +4.8 (C2-B5)
+10.1 (B1-H7)
+8.3 (H1-H7)
1lla +171.6 (1) +175.0 (2) +2.7 (1-3) +5.3 (2-1) +5.0 (1-3) +1.0 (B1-B7)
2,4-CyBsHy +175.2 (3) +11.2 (1-5) +29,6 (2-3) +2.0 (N3-B5)
+168.3 (5) +24.7 (5-6) +14.3 (2-6) +9.2 (B1-H7)
+7.9 (H1-H7)
12a +145.4 (2) +155.2 (1) +17.1 (2-3) +1.8 (1-2) - +3.8 (B2-B4)
[1-CBgH71~ +129.7 (7) +16.7 (2-7) +4.5 (C1-B7)
+11.2 (B7-H1)
+20.5 (C1-H7)
+10.9 (H1-H7)
13a° +137.7 (1) +157.0 (2) +8.2 (1-3) +1.8 (1) - +1.2 (B1-B7)
[2-CBgH7]~ +140.2 (3) +16.8 (1-4) +16.7 (3) +5.2 (C2-B4)
+135.1 (4) +22.7 (3-4) +8.0 (B1-H7)
+18.9 (4-5) +10.7 (H1-H7)
l4a +114.2 (1) - +13.5 (1-2) - - +1.8 (B1-B7)
[B7H7]? +116.9 (2) +20.4 (2-3) +6.0 (B2-B4)
+12.1 (B1-H7)
+6.8 (H1-H7)

2 See also Scheme 2 for experimental data;  see also Scheme 3 for experimental data; © calculated data from ref. [28].
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reliable data from the broadened NMR signals, con-
sidering that the relevant nuclei are often chemically
equivalent and magnetically non-equivalent, giving
rise to complex spin systems, and/or that the spin-spin
coupling arises from several different interactions.

In the case of the hexaethyl-1,6-dicarba-closo-
hexaborane(6) 4b, we have measured a severely broad-
ened 13C(1,6) NMR signal [11]. Taking into account
the relaxation rate of the 1B nuclei [T1(}1B) ~ 0.01 5],
the magnitude of 1J(}3C,}1B) < 15 Hz can be esti-
mated [splitting of the 13C NMR signal would be-
come observable if 27J(*3C,1B)T1(*B) > 1], This
is in reasonable agreement (Scheme 3) with the cal-
culated value 1J(**C,}'B) = +12.6 Hz for the hexa-
methy| derivative.

Rather different 3C-11B spin-spin coupling interac-
tions are conceivable for the anion closo-[2-CBgH7]~
13b, for which the 13C NMR signal has been ob-
served as a multiplet caused by 1J(*3C,1B) ~ 20 Hz.
The pattern of the multiplet can be best explained as
the result of spin-spin coupling between 3C and two
adjacent 1B nuclei. Apparently, other potential one-
bond or two-bond *C-1*B spin-spin coupling interac-
tions are not resolved and cause only further broaden-
ing of the 13C NMR signal. The calculations for 13b
(Scheme 3) indicate that the magnitude of the coupling
constant 1J(*3C,11B(3,6)) is substantial (+16.7 Hz),
whereas the other coupling constants 1J(**C,11B(1,7))
and 2J(*3C,1'B(4,5)) are much smaller (+1.8 Hz and
+5.2 Hz, respectively).

In all cases where experimental data for coupling
constants are available, the agreement with calculated
data is reasonably good. Therefore, the calculated cou-
pling constants for species which have not been stud-
ied experimentally or which are not accessible at all
so far can be assumed to be meaningful. Table 1 lists
the calculated one-bond and some long-range coupling
constants for the compounds 1-14.

The bonding situation in five- to seven-vertex clusters
in the light of coupling constants

In a simplified approach, the cluster “oc bonding”
results from the mutual overlap of the radial orbitals,
one for each cluster atom, and the “z-bonding” arises
from overlap of the tangential p orbitals, two for each
cluster atom. The fourth orbital belonging to each clus-
ter atom possesses high s character, similar to the ra-
dial orbital, and is engaged in the respective exo-B-H
or C-H bond. This simple model predicts that n clus-

ter atoms require (2n+ 2) electrons to form a closo-
structure, as shown in the electron counting rules [32].
The question of overlap, in particular of the tangen-
tial orbitals is important for the relative stability of the
clusters and therefore, both the shape of the cluster and
the origin of the orbitals (e.g. centred at boron or car-
bon) will have a significant influence [19-21].

For nuclei such as 'H, 1*B and *3C, the mechanism
of spin-spin coupling interactions [33,34] is domi-
nated by the Fermi contact term (FC). Non-contact
contributions from the spin-orbital term (SO) or the
spin-dipole term (SD) are of minor importance in most
cases (vide infra for exceptions), as it has been as-
sumed [26] and is evident now from the calculations
in this work. Thus, the magnitude of the coupling con-
stants and also their sign depend on the s overlap in-
tegrals of the respective orbitals. The inspection of the
data for the trigonal bipyramidal clusters 1—3 shows
that the coupling constants *J(*1B,1B) for the 1B
nuclei in the trigonal plane are small and even nega-
tive, in contrast with the coupling constants involving
the 1'B nuclei in the plane and the 3C or B nuclei
in the caps. In the six-vertex clusters, the magnitude
of the coupling constants 1J(*'B,*'B) in the tetrago-
nal plane increases at the cost of the coupling inter-
actions with the nuclei in capping positions. It is re-
markable that in 5a the sign of 1J(}3C,13C) is negative
(—3.6 Hz), indicating a negligible o bond character
of the C-C bond [35]. This can be explained assum-
ing that the s electron density donated by the carbon
atoms to the cluster bonding is used almost entirely
for the 13C-11B and B-!B spin-spin interactions, re-
flected by the rather large magnitude of 1J(}3C,11B)
and 1J(*'B,11B). In the seven-vertex clusters, the over-
lap between tangential orbitals of capping atoms and
those of the atoms in the corresponding pentagonal
planes is less efficient than in the octahedral clusters.
At the same time the s electron density in the ra-
dial orbitals is distributed between more atoms. This
means that the magnitude e.g. of 13(*3C(1),}1B(2) in
8a (+6.4 Hz) is much smaller than in 4a (+12.1 Hz).
The case 9a is the second example for a negligible
o bond character of a bond between a capping car-
bon and a carbon atom in a plane [1J(*3C(1),'3C(2))
= —7.7 Hz], and the reason is the same as for the anal-
ogous situation in 5a. The sign of the coupling con-
stant 1J(*3C(2),3C(3)) = +8.0 Hz in 10a is positive
although its magnitude is still rather small, when com-
pared with “normal” C-C single bonds [36]. Therefore,
the spin-spin coupling interactions between the *B nu-
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clei in the pentagonal plane should benefit from the s
electron density provided by the carbon atoms. This is
reflected e.g. by *J(**B(4),*B(5)) = +20.9 Hz, simi-
lar to the comparable data for 13a and 14a.

In 1J(*3C(2),13C(3)) = +8.0 Hz in 10a, there is a
substantial contribution from the paramagnetic spin-
orbital term (PSO = —4.5 Hz) which is about half
of the magnitude of the PSO term usually found for
1J(*3C,13C) of olefinic double bonds. In ethene, the
PSO term has been connected with CC(pp)x bond-
ing [37], in addition to the o bond, for which the PSO
contribution is small. Indeed, the C(2)-C(3) bond in
10a can be considered a 7 bond with small ¢ bond
character. Although for all other one-bond coupling
constants between the heavy nuclei in 1-14 the PSO
contributions are smaller, their sign is always nega-
tive in the range from —0.7 to —2 Hz and not to be
neglected. By contrast, contributions from the spin-
dipole term are small (SD < 0.1 Hz in most cases) and
can be neglected. Both PSO and SD contributions are
associated with energetically low-lying excited states
which are not present in these closo-clusters.

Interactions between nuclei in antipodal positions in
the closo-clusters

An important question regarding the closo-
structures concerns bonding interactions between
atoms in antipodal positions, which should be re-
flected by B-1B, 13C-1'B or 33C-13C spin-spin
coupling. Early experimental evidence for such cou-
pling between 13C nuclei has been presented in the
case of l1a [4], confirmed by the present and previous
calculations [26] (Scheme 2). Since the spin-spin
coupling between the antipodal nuclei is formally a
two-bond coupling, the interactions can in principle
be transmitted across several equivalent coupling
pathways. However, then the magnitude of this type of
coupling constants should increase with the number
of coupling pathways in going from the five- to
the seven-vertex clusters. The comparison between
calculated 2J(*3C,13C) values for 1a (16.2 Hz), 4a
(14.1 Hz), and 8a (10.8 Hz) shows the opposite
trend. Similar changes are calculated for the capping
nuclei with 2J(*3C,1'B) (2a, 6a, 12a) and 2J(*'B,'!B)
(3a, 7a, 13a, 14a). The magnitude of these coupling
constants is not related to the distance between the
antipodal nuclei: the coupling constants become
smaller, whereas the distances between the capping
nuclei become shorter in going from the five- to the

seven-vertex clusters. Therefore, it is concluded that
the increasing number of atoms participating in the s
electron density in the radial orbitals is responsible for
the smaller magnitude of the antipodal “two-bond”
couplings in the seven-vertex clusters. The positive
sign, calculated for these coupling constants, also
indicates that a direct through-bond interaction is more
important than two-bond coupling pathways. Methyl
groups as substituents at the cluster atoms should lead
to an increase in the s electron density in the cluster.
The calculations predict a large influence on the an-
tipodal couplings in the permethylated derivatives 1b
and 4b, where the magnitude of 2J(*3C,'3C) increases
by 6.1 and 8.1 Hz, respectively, in contrast to very
small changes of the 1J values. The analogous effect,
although somewhat smaller (4.9 Hz), is observed
for 2J(*'B,11B) in 4b, when compared with 4a. The
distances between the antipodal carbon atoms in both
1b and 4b, or boron atoms in 4b, are calculated to
be slightly longer than in the parent compounds la
and 4a.

The PSO and SD contributions to the antipodal 2J
values are small (< 1 Hz), but the sign of the PSO con-
tribution has changed to positive (negative for all 1J
in the clusters), and the SD contributions to 2J values
(very small and almost negligible for 1J in the clus-
ters) are always positive and greater than those from
the PSO term. This reminds of the changes in the sign
and magnitude of PSO and SD in going from ethene
to ethyne, except that the magnitudes of the respec-
tive terms are much smaller in the clusters. In ethane,
for comparison, where the C-C bond can be consid-
ered as a bond with dominant o character and where
energetically low-lying excited states are absent, the
calculation, at the same level of theory, shows that
the PSO contribution to 2J(*3C,*3C) is only +0.01 Hz
and SD = +1.1 Hz, also very small when compared
with the FC contribution of +33.2 Hz (X = 34.3; note
the excellent agreement with the experimental value of
34 Hz).

Conclusions

The reasonable agreement between experimental
and calculated spin-spin coupling constants for nu-
clei forming closo-clusters is encouraging to fur-
ther use the calculated data in the discussion of the
bonding situation in known or still unknown cages
with closo structures. The electron delocalisation in
these electron-deficient species causes smaller mag-
nitudes of the 1J values when compared with data
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for 1J(*B,1B) [30,38,39] 1J(*3C,}'B) [27,31] and
1J(13¢,18C) [36] typical of 2e/2c bonds. The calcu-
lated negative sign of some values *J(*3C,*3C) is in-
dicative of a small s overlap integral of the C-C bonds.
The trends in the spin-spin coupling interactions be-
tween antipodal nuclei are more readily explained by
direct bonding rather than by two-bond coupling path-
ways. In comparison with the Fermi contact term, the
non-contact contributions to the spin-spin coupling, al-
though small, cannot be neglected. The trends in these
non-contact terms are opposite for the 1J and antipodal
2J values.

Experimental Section

The Gaussian 03 program package [40] served for all opti-
misations of the gas phase geometries for the compounds 1-
14, using DFT methods (B3LYP) [41] and the 6-311+G(d,p)
basis set [42]. The optimised geometries were characterised
as minima (absence of imaginary frequencies) on the respec-
tive potential energy surface by calculating analytically the
frequencies of the stationary points. In the case of 1b, the
X-ray structural analysis has been carried out for the pen-
taethyl derivative and the calculations were done for the pen-
tamethyl compound. The agreement betweeen experimental
and calculated structural data is shown in Table 2.

Table 2. Comparison of experimental® and calculated
structural data for 1b (X-ray structural analysis for 1,5-
C,B3Ets [6, 8] and calculation for 1,5-C,B3zMes).

1,5-C,B3Rs

Bond lengths [pm] Bond angles [°]

exp. calcd. exp. caled.
C(1)-C(5) 2275 225.3 B-C-B 732 737
C(1)-B(2,34) 156.9 156.3 C-B-C 92.3 92.3
B-B 187.7 187.3

@ Mean distances and angles.

The spin-spin coupling constants for all clusters 1-
14 were calculated for the optimised geometries at the
same level of theory [B3LYP/6-311+G(d,p)]. As in previous
work [27, 28], it was observed that the most consistent results
were obtained with the B3LYP method. The significance of
the different contributions (FC, SO, SD) to the spin-spin cou-
pling constants, which are experimentally inaccessible, was
investigated carefully. In the case of the spin-orbital contri-
bution (SO), only the paramagnetic spin-orbital term (PSO)
was found to be of appreciable magnitude, whereas the dia-
magnetic spin-orbital term (DSO) was negligible (< 0.1 Hz)
in all cases studied. Various reasons for deviations between
experimental and calculated data, in particular when H nu-
clei are involved, have been discussed previously [26].
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