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Abstract: The nuclear magnetic resonance relaxation behavior of complex spin systems containing both quadrupolar and spin
15 nuclei was investigated. Direct measurements of spin-lattice relaxation times for both !'B and ' H nuclei in carboranes and
metallocarboranes were obtained and found to be useful in assigning spectra and elucidating structures. Boron-11 relaxation
times were determined to be a function of both field gradient and molecular motion. Unexpectedly, T values of protons bound
to cage carbon atoms were found to be strongly affected by decoupling of !'B nuclei, indicating a heteronuclear cross-relaxa-

tion effect whose origin was demonstrated to be scalar.

The proliferation of commercially available Fourier trans-
form nuclear magnetic resonance (FT NMR) spectrometers
has greatly broadened the scope and power of the NMR
technique as a structural tool, particularly for relatively
complex molecules such as the polyhedral boron cage com-
pounds. In this laboratory, recent efforts to exploit FT NMR
structural capabilities have concentrated in two areas: the study
and measurement of long-range proton-proton coupling by
triple resonance NMR, presented elsewhere,? and the corre-
lation of !B and 'H spin-lattice relaxation times with mo-
lecular structure. The latter investigation is the concern of this
paper.

Although spin-lattice and spin-spin relaxation times of 'H,
13C, and other nuclei have found wide use in structural as-
signment,’ relaxation effects are particularly important in
molecules containing quadrupolar nuclei such as !!B, often
obscuring couplings and producing broad lines. In some cases,
modulation of the spin-spin coupling by the rapid relaxation
of the quadrupolar nucleus may act as a relaxation mechanism
for a spin ' nucleus such as 'H or !°F. This behavior has been
treated4-20 both theoretically and experimentally by many
authors and for many sets of coupled nuclei, including '*N-'H,
1B_!H, ''B-!9F, '0B-'H, and !9B-!9F. The experimental
exploitation of this phenomenon, sometimes labeled “thermal
decoupling”, has been used, together with relaxation theory,
to calculate T values for quadrupolar nuclei and/or spin
coupling constants.*’

One difficulty with this technique is that there are usually
too many variables to unequivocally characterize the inter-
action. In an attempt to reduce the number of unknowns, some
authors”9 have used the line width of the resonance of the
quadrupolar nucleus as a measure of 7;. While this approach
is valid for an isolated quadrupole, it cannot be used for a
molecule containing more than one such nucleus since, due to
quadrupolar spin-spin coupling, the line width in this case is
not entirely determined by relaxation effects. The boron hy-
drides furnish a good example of this effect, in that the !!B line
widths and relaxation times of B;Hg and BsHs do not correlate.
Allerhand, Odom, and Moll'® suggested that this was due to
unresolved !'B-!!B spin-spin coupling, a hypothesis which has
been supported recently by an application!®20 of line-nar-
rowing techniques to the !!B spectra.

For molecules containing spin-coupled quadrupolar nuclei,
a direct measurement of the spin-lattice relaxation time of the
quadrupolar nucleus is necessary in order to thoroughly un-
derstand the behavior of the spin system. In this work, multiple
resonance and relaxation techniques were used to probe the

systematics of a complex system of quadrupolar and spin 4
nuclei. Direct relaxation time measurements of both !!B and
'H nuclei were conducted under a variety of conditions in order
toidentify the salient relaxation mechanisms involved in spin
systems of this type, the ultimate goal being structural corre-
lation. Although motional differences prevented direct com-
parison of T’ values in different molecules, structural corre-
lations with both !1B and 'H relaxation times were possible
within individual samples. The quadrupolar Ty values of ! 'B
nuclei were found to be dependent upon local symmetry, re-
flecting the dominance of the quadrupolar interaction as a
relaxation mechanism. Quite unexpectedly, relaxation studies
of 'H nuclei revealed a significant heteronuclear cross-re-
laxation mechanism between !' B and ' H. This interaction was
found to be scalar in origin and very useful in interpreting
spectra.

Description of the Spin System, Spectral Features, and
General Theory

The compounds under investigation in this study—carbo-
ranes and metallocarboranes—are stable, diamagnetic, pol-
yhedral cage systems whose structures and !'B chemical shifts
are presented in Figure | and Table I, respectively. In each
instance, the primary concern was the central metallocarbo-
rane or carborane cage exclusive of exo-polyhedral ligands such
as CsHs. These cages contain many dissimilar nuclei including
"B (S =%),'%B (S =3),*Co (S =), '"H(S = ),and '3C
(S = '), all of which are dipolar and/or scalar coupled to each
other as demonstrated both in this work and in recent multiple
resonance studies.2 However, this investigation was restricted
to !'B (80% abundance) and 'H.

The !B spectra contain doublets arising from !'B-'H spin
coupling between directly bonded nuclei. Spin-spin !'B-1!B
or ''B-3°Co coupling is unobservable, as is long-range ! 'B-'H
coupling, but line widths (50-200 Hz) are usually too broad
to be attributed to relaxation alone. In the 1H spectra both
resolved and unresolved !!B-'H couplings are observed, as are
"H-'H couplings. Terminal protons attached to boron-11 (spin
35) show the expected quartet, while protons linked to carbon
exhibit signals broadened by long-range 'H-!!B coupling.

Since calculations for spin systems of this size are themselves
very complex, we will assume, as a first approximation, that
each molecule in this study may be described by a number of
two-spin subsystems which, when combined, generate the
characteristics of the entire system. The behavior of the lon-
gitudinal magnetization vectors of a two-spin system of coupled
nuclei may be represented?! by a set of coupled differential
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Table I. ''B NMR Chemical Shifts Relative to BF::O(C;Hs),2

Compd

1B chemical shift?
(relative intensity)

2,4-C;BsH7, €

2,3-C2B4Hg, 114

1,2,3-(n*-CsHs)CoC,B3H7, III

2-CH3-1,2,3-(n%-CsHs)CoC»-
B4Hs, 1V

1,2,4-(n%-CsHs)CoC;B4He, V

1,4,5-(7]5-C5H5)C0CZB6H3, VI

1,7,2,3-(7*-CsHs)2Co,C;B3Hs,
VII

2-CH3- 1 ,7,2,3-(7]5-C5H5)2C02-
C,B3Hg, VIII

1,7,2,4-(*-CsHs)2Co,C,B3Hs,
IX

1,2,3,5-(n°-CsHs)2Co,C;B3Hs,
X

1,2,4,5-(7%-CsHs);Co,C;B3Hs,
XI

1,7,5,6-(n°-CsHs)2Co,C,BsHy,
XII

1,8,5,6-(n°-CsHs)2Co,C,BsH7,

~12.5(1), =9.2 (2), 16.4 (2)

1.9 (3), 53.0 (1)

—2.7(2),-2.0(1)

—13.1 (1), 8.0 (1), =3.0 (2)

—6.7(3), 1.4 (1)

—66.7 (1), —4.1 (1), 3.7 (1), 9.6
(1), 16.4 (1), 21.0 (1)

-533(1),=5.7(2)

—54.7 (1), =7.5 (2)

-21.2(2), -12.0 (1)

—48.7(1), -8.0 (2)

—44.7(2), -11.4 (1)

-80.3(1),2.9(2), 12.3 (2)

—116.3(1),-4.0(2), 11.6 (2)

XIHI

2 In CDCl; except where otherwise indicated. ¢ Positive signs de-
note shifts to higher field. ¢ Acetone-d solution. ¢ Benzene-d solu-
tion.

Table II. Boron-11 Spin-Lattice Relaxation Times for 2,4-C,BsH~
in CD;COCD;

1B signal Non-

chem shift?  Assign- decoupled Decoupled %
(rel area) ment T, ms T,, ms difference
—12.5(1) B(3) 38.5 38.8 1
-9.2(2) B(5,6) 50.9 45.8 10
16.4 (2) B(1,7) 69.1 67.6 2

9 Parts per million relative to BF;.O(C;Hs),.

equations first given by Solomon.22 These relations predict that
the relaxation of either nucleus is in general not describable
by a single exponential, but rather by a sum of exponentials due
to cross-relaxation.23-26 A semilog plot of the experimental
data, however, often fails to reveal the nonlinearity because
of experimental error.2? Saturation of either spin removes these
cross-relaxation mechanisms, and the relaxation of the un-
saturated spin reverts to a single exponential,?” although the
intensity of the resonance may change due to the nuclear Ov-
erhauser effect.2® Consequently, in studying the relaxation
behavior of complex spin systems, it is important to examine
the system under conditions of multiple resonance in order to
determine the extent of cross-relaxation and/or nuclear Ov-
erhauser effect (NOE). For !3C, decoupling all protons in the
molecule may increase the intensity of a !3C resonance by as
much as a factor of 3,28 but the observed relaxation time does
not usually change significantly.??

Theory, Results, and Discussion

Boron-11 Spin-Lattice Relaxation Times. Since for nuclei
with spins greater than ' the magnitude of the quadrupolar
interaction is generally much larger than internuclear cou-
plings, there should be no effective cross-relaxation mecha-
nisms or Overhauser effects to complicate the relaxation. This
expectation was demonstrated experimentally, as T, values
obtained while noise decoupling all protons in the sample were
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Figure 1. Structures and numbering systems of carboranes and metallo-
carboranes studied in this work. Connecting lines depict geometry only
and have no bonding significance.

QOsH @®cH

usually identical with those obtained in the absence of decou-
pling. Differences were in all cases within experimental ac-
curacy (estimated at 10%) and of a random nature. Table II
gives the T'; values for both decoupled and nondecoupled
spectra for 2,4-C,BsH; (Figure |, compound I).

Thus, for the !'B resonances the observed time constant will
be an accurate estimate of T'j, uncomplicated by cross-relax-
ation. For nuclei with spins greater than !5, the dominant
contribution to Ty will be the quadrupole interaction, caused
by modulation of the tensor coupling I-A-I between the nuclear
spin and the electric field gradient at the nucleus by the re-
orientation of the molecule in solution:2!.30

1_=L=i< 21 +3 ><e2Q4>2
T, T, 0\rCi-n/\"rn /™

where e2Qq/h is the nuclear quadrupole coupling constant,
dependent on the field gradient, 7 is the nuclear spin of the
quadrupole nucleus, and r. is the molecular correlation time,
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Table IIL. ''B Spin-Lattice Relaxation Times

Table IV. Apical and Nonapical Spin-Lattice Relaxation Times
for Some Polyhedral Molecules

Relative
Compd 4, ppm? area Assignment® T, ms Compd? I I \' X X1
I -12.5 1 B(3) 38.6 Apex T, ms 68.3 939 147 9.08 6.64
-9.2 2 B(5,6) 47.7 Longest nonapex 7, ms 477 470 9.70 5.60 6.39
16.4 2 B(1,7) 68.3
I 1.9¢ 31" BEle,)5,6) 4;.0 @ See Figure | for identification of compounds.
53.0 B 93.9
11 -2.7 2 B(4,6) 13.9
-2.0 1 B(5) 16.0 et al., have suggested'® that the difference in the T values of
Iv -13.1 1 B(5) or B(7) 6.60 the apex and equatorial boron nuclei in BsHj is a manifestation
-8.0 1 B(7) or B(5) 5.83 of field gradient differences, as the apex boron has a more
v :2(7)( g( 1138’2)6) ;3(1) symmetric environment tl!an the equatorial borons, '1_'hus, the
—l4 | B(7,) ' 147 apex boron should experience a sn_laller. ﬁeld gradle_nt and
VI —667 I see toxt 16.6 hence show a longer T';. We agree with this interpretation and
—4 1 1 12.1 feel that, more generally, the differences in the 7', values of
3.7 1 145 apical and nonapical borons observed both in this work and in
9.6 1 14.4 previous studies!®3! are a consequence of this nonuniformity
16.4 1 16.8 of field gradients. Furthermore, the symmetry-field gradi-
21.0 1 11.8 ent- T, relationship may in some cases be expanded to include
vl =533 1 B(5) 4.47 comparisons between nonapical borons in the same molecule.
=57 2 B(4,6) 3.19 This restriction negates any motion differences, as all borons
X —21.2 2 B(5,6) ;gl may be considered to have identical correlation times (ac-
X :‘1‘5(7) % gg; 5 68 cepting, for the present, isotropic reor_ientation). Estimates of
_8.0¢ 5e B(3.7) 9.08 the degree of symmetry may be obtained via a simple model
XI —44.7 5 B(3,6) 6.39 and then compared to the observed T'; values. The method we
—11.4 1 B(7) 6.64 employ is to consider the !'B nucleus in question as the origin
XI1 —80.3 1 B(4) 7.01 of a coordinate system and then to draw vectors to all bonded,
2.9 2 B(2,8) or B(3,9) 8.00 neighboring nuclei. The direction of the vector can be simply
12.3 2 B(3,9) or B(2,8) 9.72 obtained from relevant crystal structures, and the magnitude

@ Relative to BF3:O(C,Hs), = 0. ? See Figure 1. ¢ Overlapped
nonequivalent !'B signals.

describing molecular reorientation. Hence, alterations in the
spin-lattice relaxation time may be attributed to changes in
the nuclear quadrupole coupling constant and/or the corre-
lation time.

Boron-11 spin-lattice relaxation times determined for a
number of carboranes and metallocarboranes are presented
in Table ITI. Examination of the data reveals some interesting
systematics. First, the carboranes examined (compounds I and
IT) have longer T, values than analogous monometallocar-
boranes, which in turn have longer Ty values than the corre-
sponding dimetallocarboranes. This trend is exemplified by
the B(3) and B(5,6) T, values in 2,4-C,BsH7 (1), 1,2,4-(n>-
CsHs)CoC,BsHs (V), and 1,7,2,4-(n°-CsHs)2Co,C,B3Hs
(IX). It will be seen that the T, values of the B(3) and B(5,6)
resonances are progressively shorter as (7°>-CsHs)Co units are
introduced into the molecule, formally replacing BH units.
Similar progression is shown by the series 2,3-C;B4Hg (II),
1,2,3'(715'C5H5)C0C2B3H7 (III)v and ]171213'(175'C5H5)2'
C02C2B3H5 (VII)

A second trend observed is the fact, previously reported !#:3!
for a number of boron hydrides and some carboranes, that the
T, values of apical boron atoms are generally longer than those
of nonapical boron nuclei. This is demonstrated clearly in the
pentagonal pyramidal and pentagonal bipyramidal structures
where apex and equatorial borons are quite distinct, in contrast
to a regular icosahedron in which no such variance exists. Table
IV summarizes some of the details of this effect. It is evident
that in each case the apex boron T, value is the longest in the
mdecule, although for ],2,4,5-(175-C5H5)2C02C2B3H5 (XI)
the difference is not striking.

As we indicated earlier, the trends discussed above can be
ascribed to differences in the field gradients and /or correlation
times (motion) between the various boron nuclei. Allerhand,

taken to be the atomic number of the bonded atom. These
vectors are then added and the magnitude of the resultant
vector is taken as a measure of the field gradient of the !!B
nucleus in question. Although crude, the model works sur-
prisingly well for the compounds studied in this work, as il-
lustrated in Table V. In 2,4-C,BsH>, for example, the expected
order of !'B T, magnitudes (remembering that the apex T
is longest) is B(1,7) > B(5,6) > B(3), in agreement with ob-
servation. Similarly, the model implies that in the triple-decker
sandwich species VII the T of the area 2 resonance [B(4,6)]
should be shorter than that of the area 1 signal [B(5)], while
the reverse should be true in the isomeric triple-decker IX, i.e.,
T, [B(5,6)] > T, [B(3)]. The results in Table V are in accord
with this prediction.

Some precautionary notes are in order. First, the apical-
nonapical separation can be applied to systems where such a
distinction is obvious, e.g., pyramidal and bipyramidal struc-
tures, but a more general correlation between high coordination
numbers and high T, values has not been established. Second,
the symmetry considerations break down when comparing two
atoms of different coordination number. Third, field gradient
arguments are generally invalid for comparison of individual
boron nuclei in two different molecules, as differences in mo-
lecular motion may enhance or negate any differences in field
gradients (this does not, of course, preclude the comparison
of trends between molecules as in the cases of VII and IX
above).

The effect of motion is best seen by analysis of the previously
described shortening of the !'B T, when a boron atom is re-
placed by cobalt, as in the series I, V, and IX. It is perhaps
tempting to attribute the shortening of T'; values to an increase
in the field gradient due to the presence of cobalt. However,
the order of magnitude change in T’ is too large to be attrib-
uted solely to an increase in the field gradient, as T values in
the same molecule, where motion differences should be mini-
mal, differ at most by a factor of 2 in this series of compounds
despite the variety of molecules studied. Consequently, the
decrease in T, upon addition of (7°-CsHs)Co is probably due
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Table V. Boron-11 Field Gradient Estimates and Spin-Lattice
Relaxation Times for Equatorial Boron Atoms in Pentagonal
Bipyramidal Systems

Magnitude
of vector
Compd Resonance sum T, ms
I B(3) 13.13 38.6
B(5,6) 12.57 47.7
VII B(5) 43.06 4.5
B(4,6) 43.66 32
IX B(3) 44.24 2.9
B(5,6) 43.66 3.6

to a combination of motion and field gradient effects; this is
reasonable, since the addition of the bulky (7°-CsHs)Co moiety
must certainly slow the molecular motion, increasing 7. and
therefore shortening 7'y. This interpretation is further sup-
ported by the fact that H T, values also decrease significantly
upon addition of (3°-CsHs)Co.

While generalizations about motional differences between
molecules can be made (as above), they seem inherently un-
reliable, as anisotropic rotation may be present, invalidating
the concept of a single correlation time. Indeed, anisotropic
motion has been shown?# to be particularly important for
quadrupolar nuclei. Consequently, correlations between dif-
ferent samples are at best doubtful even if motion has been
considered. This may be illustrated by attempting to predict
the T, of the area 2 resonance in the !'B spectrum of
1,2,4,5-(n°-CsHs),Co0,C,B3Hs (XI) by comparison with an
analogous monocobalt system, 2-CH3-1,2,3-(5°-CsHjs)-
CoC,B4H;s (IV), whose area 2 resonance has a Ty value of 5.91
ms. Addition of another (°-CsHs)Co moiety should (a) in-
crease the field gradient and (b) slow the molecular tumbling,
both of which should result in a substantial shortening of 77,
yet the observed T, for this signal, 6.39 ms, is comparable to
(actually longer than) that obtained for the monocobalt system.
This type of behavior is probably due to anisotropic reorien-
tation and exemplifies the problems associated with general-
izations between different molecules. In principle it is also
possible for anisotropic motion to complicate field gradient
effects within a single sample. However, we have not seen any
experimental evidence requiring the use of more than one ef-
fective correlation time for individual molecular systems.

Proton Relaxation Times. Numerous experimental studies
on '3C relaxation have been published, primarily demon-
strating the predominance of the dipole-dipole interaction with
protons as a relaxation mechanism,32:® but also noting excep-
tional cases and recognizing the importance of the spin rota-
tion, scalar, and chemical shift anisotropy relaxation mecha-
nisms in many instances.’3-4! Proton relaxation is also bel-
ieved? to be dominated by dipole-dipole interactions with
other protons, but multiple resonance studies have not in
general been attempted, since the spin system is usually much
more complex and there is no convenient test such as the NOE
with which to judge the relative importance of the dipolar
mechanism. This is not to say that there would be no theoretical
NOE for the proton-proton case, but rather that the number
of instances where a meaningful NOE measurement could be
obtained is at best small. Thus, testing for the presence of other
relaxation mechanisms is in general more difficult for protons
than for carbon-13, not only due to the absence of a quick
reference such as the NOE, but also due to the myriad “sec-
ond-order” effects such as strong couplings,*? cross-correla-
tions,43-46 intermolecular dipole-dipole contributions,*’-48
“saturation” arising from sampling a nonequilibrium state,*°
chemical exchange,?!-#7-5%5! and other phenomena. While the
dipolar and/or scalar coupling of protons with quadrupolar
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Figure 2. Semilog plots of 'H relaxation in 2,4-C;BsH; with and without
1B decoupling: (a) no decoupling; (b) saturating B(1,7); (c) saturating
B(5,6); (d) saturating B(3).

nuclei in a large molecule will certainly further complicate the
system, heteronuclear decoupling should allow the determi-
nation of the relative importance of these effects.

In the molecules examined here, the H-B protons appear
as broad quartets which are observed with difficulty, if at all.
Therefore, in order to compare the relaxation before and after
heteronuclear decoupling and /or observe any NOE, one must
use the C-H resonances, readily observable in all the spectra
obtained. The greater distance between these C-H protons and
any boron coupled to them attenuates both the dipolar and
scalar coupling, resulting in many ramifications. First, 27 T,J
< I and hence the C-H resonance is not split into a quartet by
the scalar !'B-'H coupling, but rather appears as a broad
singlet. Second, the boron-proton separation is now so large
that heteronuclear dipole-dipole contributions to both T and
T, are negligible at the correlation times encountered in this
study.32 Third, since the T, of the quadrupolar nucleus is now
short compared to the reciprocal of the coupling constant in
radians/second, the rapid relaxation of the !!B nucleus, which
the proton “sees” as a rapidly fluctuating magnetic field, may
act as a relaxation mechanism with contributions?!?7to 1/ T
and 1/ T,. The scalar contribution to T'; is significant (one of
the reasons the C-H singlet is broad), but the scalar contri-
bution to 7'y is small due to the large difference in the Larmor
frequencies of ''B and 'H (w; ~ ws ~ 108 rad s~1).

These considerations suggested that the heteronuclear de-
coupling of !!B would not significantly alter the 'H spin-lattice
relaxation, as the combination of the long internuclear distance
and large difference in the Larmor frequencies of !'B and 'H
results in very inefficient relaxation mechanisms and therefore
small contributions to T, and cross-relaxation. Narrowing of
the C-H resonance would be expected due to the collapse of
unresolved coupling and the attenuation of the scalar contri-
bution to T, but ''B decoupling could be anticipated to have
no measurable effect on T';. This expectation, to our consid-
erable surprise, proved altogether wrong. Table VI compares
the T, values of the C-H protons with and without irradiation
of selected boron nuclei; in each instance a substantial
lengthening of T is noted on decoupling. Figure 2 presents
semilog plots of the proton relaxation for 2,4-C,BsHj7, in which
the effect was particularly dramatic. The magnitude of in-
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Table VI. Double Resonance 'H Relaxation Data

1B Signal T of cage
Compd decoupled C-H resonance,? s
I None 10.5
-12.5 25.1
-9.2 23.1
16.4 15.8
I None 11.4
1.9 19.2¢
53.0 19.3
Iv None 3.14
—13.1 8.61¢
-8.0 8.01¢
-3.0 8.78¢
\% None 3.15
-6.7 3.72¢
-1.4 2.724
VI None 2.62 1.77
—66.7 4,70 2.25
-4.1 4.40 2.74
3.7 5.52 3.17
9.6 4.70 3.50
16.4 5.27 2.71
21.0 5.29 2.23
VIII None 2.32
—54.7 3.30
=75 3.63
IX None 2.75
=212 3.58
-12.0 3.51
X None 4.91 2.49
—48.7 5.16 2.104
-11.4 5.35 3.40
XI None 2.43
—44.7 341
-11.4 3.24
XII None 4,72 1.80
-80.3 6.43 1.65¢
2.9 9.19 1.774
12.3 4,75 1.544
XII1 None 2.28
—-116.3 2.054
-4.0 1.514
11.6 (2) 2.594

Table VII. Observed T as a Function of Decoupler Power, H,

@ Parts per million relative to BF3-O(C;Hs)2. ® Where two values
are given, the first corresponds to the downfield C-H resonance. ¢ This
value is ambiguous due to overlap of !B signals. 4 This value is am-
biguous due to overlap of B-H and C-H resonances.

crease in T} was found to be a function of the decoupler power
applied to the resonance, which is not unreasonable considering
the large power requirement for saturation of a !'B signal.?!

H2>» 1/ysX(T)s(T2)s

The exact response of the observed C-H time constant to the
decoupler power applied to the apex ! !B resonance is given in
Table VII.

These observations suggested that heteronuclear cross-re-
laxation was occurring to a significant degree, notwithstanding
the large internuclear separation and difference in Larmor
frequencies. The exact relaxation mechanism appeared to be
a scalar interaction, since “‘saturation” of the three different
1B signals produced different changes in the observed C-H
spin-lattice relaxation time, yet the boron atoms associated
with these signals are all at a comparable distance from the
proton(s) in question. As a test of this hypothesis, the 7'y of the
apex proton in 2,4-C,BsH7 was measured with and without
saturation of the directly bonded !B nucleus, and found to be
5.93 s without irradiation and 6.40 s when the boron was sat-
urated. This finding rules out a dipolar mechanism (which

Decoupler Decoupler
T, s power, W T,s power, W
10.5 0 . 10
10.8 2 15.8 20
1.1 5

would have produced an enormous lengthening of T'; due to
the short internuclear distance) and indicates that the
lengthening of the C-H T value on irradiation of boron is a
scalar effect.>? The observed small increase in T in the ex-
periment just described is probably real, and may arise from
an effective dipolar mechanism at this shorter internuclear
separation. The longer range mechanism, however, is clearly
demonstrated to be scalar in origin.

Two questions now arise: (1) Why does the large difference
in Larmor frequencies fail to “insulate” the !'B and 'H spin
systems from each other as predicted? (2) What is the func-
tional form of the scalar contribution to cross-relaxation?
While these problems must ultimately be resolved by a detailed
theoretical treatment of the spin system, we propose the fol-
lowing qualitative assessment. The eigenfunctions used in
previous theoretical treatments of scalar relaxation are of the
type |mims), where m; and mg are the spin quantum numbers
of the I and S nuclei, respectively. The use of these functions,
however, specifically neglects the mixing of wave functions
due to scalar coupling. Thus, in the completely accurate rep-
resentation of the system, including all couplings, the eigen-
functions will be complex linear combinations of the | mms)
wave functions, and the net result will be an increase in the
numbers of eigenstates and allowed transitions. Some of these
“new” transitions may be between states sufficiently close in
energy to “short circuit” the “insulation” formerly provided
by the difference in Larmor frequencies. While the exact
functional form of the interaction cannot be stated a priori, it
should be somewhat similar to the scalar contribution to T,
in that there should be a dependence upon both the coupling
constant J and the quadrupolar spin-lattice relaxation time
T.

Application of Double Resonance T, Measurements in
Structure Determination. For !'B nuclei with similar relaxation
times, the magnitude of the interaction between boron and a
C-H proton, just described, should be dependent only on the
coupling constant; hence the change in T for that proton
(AT)) induced by saturation of a given !'B nucleus will be
indicative of Jpy and, therefore, in a general sense, distance.
In the case of 2,4-C,BsH7 (I), saturation of each equatorial
!B resonance (6 ~12.5 and —9.2) produces comparable AT’s
(Table V1) in accordance with the fact that all equatorial BH
groups are adjacent to CH. The isomers 1,7,2,3-, 1,7,2,4-, and
],2,4,5-(175-C5H5)2C02C2B3H5 (VII, IX, and XI) pI‘OVidC
further examples. In IX, saturation of either ' !B resonance has
nearly the same effect on the Ty of the cage CH proton, as
expected since both BH units are adjacent to CH. In VIII (the
C-CHj; derivative of VII) and XI, however, saturation of the
area | '!'B resonance induces a smaller increase in the cage CH
T, than does saturation of the area 2 !'B signal. In VIII this
is a consequence of the fact that B(5) is not adjacent to (and
hence further from) either cage CH group; in XI, the coupling
constant for the interaction of the CH proton with the apex
boron is undoubtedly small, as was seen in 2,4-C;BsH>.

Finally, we shall illustrate the use of this effect to elucidate
the structure of a metallocarborane, (7°-CsHs)CoC,BgsHs
(VI), whose structure was not previously established. Several
different geometries are compatible with the chemical shifts,
coupling constants, and signal area ratios of the !!B and 'H
NMR spectra; two possibilities>* are shown in Figure 3 (in both
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Figure 3. Two proposed geometries>4 for (°-CsHs)CoC,BsHg: structure
A, left; structure B, right.

cases, the gross geometry of a tricapped trigonal prism was
assumed for these nine-vertex cage systems). The 1'B and 'H
spectra do little to resolve the problem of which structure, if
either, is correct as both A and B will produce NMR spectra
consistent with complete absence of symmetry.

The multiple resonance 'H relaxation data (Table VI),
however, distinguishes the two isomers. Saturation of four
resonances, 6 ~4.1, 3.7, 9.6, and 16.4, results in a substantial
change in the 7'y of the upfield C-H, while a large change in
the T'; of the downfield C-H is produced upon saturation of
three signals, 6 3.7, 16.4, and 21.0. This implies that in the
correct geometry one carbon is directly bonded to four boron
atoms, while the other carbon is adjacent to only three borons.
Both proposed structures fulfill this requirement. However,
in structure A, saturation of the signals corresponding to B(2)
and B(8) should produce a significant change in the T’y of both
C-H resonances, while in structure B, only B(3) is bonded to
both carbons. The experimental observation that upon satu-
ration of two signals, 6 3.7 and 16.4, the T of both C-H res-
onances is significantly lengthened suggests that structure A
is correct. Additional confirmation is provided by the T be-
havior of the C-H resonances upon saturation of the !'B signal
at  —66.7. This signal can be assigned to B(6) in structure A
and B(4) in structure B, on the basis of the well-established
observation®* that four-coordinate BH groups adjacent to Co
or Fe in polyhedra of eight or more vertices exhibit low field
(<—40 ppm) !B chemical shifts. In the present case, satura-
tion of the signal at § ~66.7 causes only a small change in the
T, of either C-H resonance, again consistent with structure
A, but incompatible with structure B.

In implicating structure A as the correct one, we have also
partially assigned the !'B and 'H spectra. We now attempt to
complete this assignment on the basis of relaxation studies.
From double resonance T’ values, the upfield and downfield
C-H signals may be attributed to the protons bonded to C(5)
and C(4), respectively. As discussed previously, B(6) may be
assigned to the !'B signal at § —66.7. Of the three resonances
which upon saturation cause a large change in the 7' of the
downfield, C(4)-H signal, the resonance at 6 21.0 must cor-
respond to B(7), as upon saturation of this signal, no large
change in the T of the upfield C(5)-H resonance is observed.
The two !B resonances at § 3.7 and 16.4, which upon satura-
tion result in significant lengthening of both C-H signals, must
correspond to B(2) and B(8). Boron-11 relaxation times permit
the further assignment of the resonances at § 3.7 (T, = 14.5
ms) to B(2) and 6 16.4 (T'; = 16.8 ms) to B(8) on the basis of
symmetry arguments, as B(2) has a less uniform environment
(due to its proximity to cobalt) than B(8), and hence should
have a shorter T';. Exactly analogous arguments result in the
assignment of the remaining two boron atoms; the !! B signal
at 6 —4.1 (T; = 12.1 ms) corresponds to B(3) and the final
resonance at 4 9.6 (T} = 14.4 ms) can be assigned to B(9).

Several limitations and difficulties inherent in the double
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Figure 4. A portion of the 'H NMR spectrum of 1,8,5,6-(n°-
CsHjs),Co,C,BsH4, recorded while selectively decoupling the !B reso-
nance at | 1.6 ppm. Due to the band width of the decoupler, the !B reso-
nance at —4.0 ppm is also partially saturated, causing the directly bonded
proton to appear as a broad peak which is seen to be overlapping the cage
C-H resonance. The CsHs 'H singlet has been omitted for clarity.

resonance Ty measurements will be briefly mentioned. In
32.1-MHz !B spectra, saturation of a given signal may result
in partial saturation of a different resonance if the two peaks
are overlapped. In proton spectra, a problem encountered oc-
casionally is the overlap of B-H and C-H signals, producing
an observed T, value which does not accurately describe the
relaxation rate of either nucleus. An example is 1,8,5,6-(n>-
CsHs)»Co,C,BsH7 (XIII): in the absence of decoupling, there
is no overlap of C-H and B-H resonances, and the observed
T, of the C-H proton is 2.28 s. However, on decoupling the
area 2 !'B signal at —4.0 ppm, overlap of B-H and C-H sig-
nals (Figure 4) results in an observed time constant of 1.51 s,
Similar problems are encountered with the upfield C-H res-
onances of 1,7,5,6-(n3-CsHs),Co,CyBsH; (XII) and
1,2,3,5-(n°-CsHs),Co,C;B3Hs (X). The downfield C-H
resonances of these two compounds, however, are not plagued
by this problem and yield useful information consistent with
the known structures.

Summary

In this work we have attempted to develop correlations be-
tween !'B and 'H-C spin-lattice relaxation times and mo-
lecular geometry, and to reconcile the observed Ty values with
existing theory as far as practicable for these complicated spin
systems. The results suggest that 7, measurements can be
profitably employed as a routine structural technique for
carboranes and metallocarboranes, augmenting the conven-
tionally observed NMR parameters such as chemical shift and
signal area ratios as well as the more recently exploited mea-
surements of proton-proton spin coupling constants.262 The
entirely unexpected observation of variation of Ty for CH
protons on !'B decoupling, indicating heteronuclear cross-
relaxation, has been utilized empirically as an additional
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structural probe, but the full implications of this finding in the
development of NMR theory for polyhedral cluster molecules
remain to be determined.

Experimental Section

Materials. 2,4-Dicarba-closo-heptaborane(7) (C,BsH;) was ob-
tained from Chemical Systems, Inc. and purified by GLC (30% Ap-
iezon L on Chromosorb W at 35 °C). 2,3-Dicarba-nido-hexabo-
rane(8) (C,B4Hg) was prepared by the method of Onak.5® The re-
maining metallocarboranes studied in this work were prepared by
previously described methods.540.56-58

Spectra. Boron-11 and proton magnetic resonance studies were
performed on a JEOL PFT-100 P/EC 100 FT NMR spectrometer
at 32.1 and 100 MHz, respectively. T values were measured accu-
rately (£10%) with the 180°-7-90° pulse sequence’® at 25 °C. The
width of the 90° pulse was typically 15-20 us for boron and 25-30 us
for proton nuclei. For the T spectra, the free induction decays con-
tained 8K data points and improvement of signal to noise was achieved
by a combination of phase shifting techniques, exponential filter, and
coherent addition of successive free induction decays. Typically, ten
values of 7 were obtained for proton 7'} measurements, while 15-20
values of 7 were used for boron-11 runs. Reduction of the data was
accomplished by an external least-squares fit program and plotting
routine utilizing a CDC 6400 computer.

In scattered samples during the !B studies, some phase difficulties
arose for short values of 7, due to spin-echo effects. These phase errors
have been previously described’9-¢! and manifest themselves when
the pulse interval is short compared to the spin-spin relaxation time,
T». The difficulty can be eliminated*9-6! by the application of a ho-
mospoil pulse immediately following the 180° pulse (this technique
prevents the buildup and refocusing of any transverse magnetization,
which is the cause of the problem). However, our instrument is not
equipped for this procedure and an alternate solution had to be found.
Since the magnitude of this effect varies in a cyclic manner as a
function of offset from resonance,® the frequency of the exciting pulse
was set as close as possible to resonance without distorting the trans-
formed spectrum. This procedure was found to minimize and nearly
eliminate any phase errors for those peaks near the pulse frequency.
Peaks which were offset far from the exciting frequency, however, still
exhibited the phase errors. The problem was overcome in the following
manner. If a sample contained two groups of resonances which were
spaced relatively far apart such that the phase problem could only be
eliminated for one set of resonances, then the pulse frequency was first
set below the lowest frequency peaks and a Ty determination was
performed, yielding T'; values without phase errors for the low-fre-
quency resonances. The pulse frequency was then set above the highest
frequency peaks and the entire spectrum “folded over”,?” rephased,
and another T, determination performed, yielding accurate T values
for the high-frequency peaks. While this procedure is admittedly more
time consuming than the homospoil technique, it does reduce or
eliminate the phase problem and could be of use to those lacking ho-
mospoil capabilities.
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