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for the formation of N-TMB from HMB.

Photolysis of B-TMB + N-TMB mixtures led to a solid
product identified as DMBE. The N-TMB was completely
consumed in the reaction, but most of the B-TMB was re-
covered unchanged, except for some hydrogen-methyl ex-
change. To account for this behavior it appears that the radical
formed from B-TMB reacts with N-TMB

>BCH,- + N-TMB - B-TMB + >NCH," 18)
Equation 18 implies that >NCHy- is thermodynamically more
stable than >BCH>-.

Acknowledgment. We are grateful for support of this work
by the National Science Foundation (Grant GH 33637)
through the Material Science Center, Cornell University, and
Grant No. CHE76-02477.

Registry No. N-MB, 21127-94-6; N-DMB, 23208-28-8; N-TMB,
1004-35-9; N-TEB, 7360-03-4; B-TMB, 5314-85-2; [H3B3N3H;-

CHa]a, 60607-08-1; [H3BsN3HCH3CHala, 60607-09-2; [H3Bs-

N3(CH3),CHzla, 54517-76-9; [H3BiN3(CH,CH3),CHCH3],,
60607-10-5; [CH2(CH3)2B3N3H3]2, 60607-11-6.
References and Motes

(1) L.J. Turbini, T.J. Mazenac, and R. F. Porter, J. Inorg. Nucl. Chem.,
37, 1129 (1975).

Inorganic Chemistry, Vol. 16, No. 1, 1977 15

(2) O.T. Beachley, Jr., Inorg. Chem., 8, 981 (1969).
3) z—l We)ltanabe, Y. Kuroda, and M. Kubo, Spectrochim. Acta, 17, 454
1961).
(4) P.Powell, P. J. Sherwood, M. Stephens, and E. F. H. Brittain, J. Chem.
Soc. A, 2951 (1971).
(5) A. Grace and P. Powell, J. Chem. Soc. A, 1468 (1966).
(6) W.V.Hough, G. W, Schaeffer, M. Dzurus, and A. C. Stewart, J. Am.
Chem. Soc., 77, 864 (1955). ‘
(7) D.T.Haworth and L. F. Hohnstedt, J. Am. Chem. Soc., 82, 3860 (1960).
(8) L. A. Meicher, J. L. Adcock, G. A. Anderson, and J. J. Lagowski, Inorg.
Chem., 12, 601 (1973).
(9) E. Wiberg and K. Hertwig, Z. Anorg. Chem., 255, 141 (1947).
(10) E.D. Loughran, C. D. Mader, and W. E. McQuiston, USAEC Report
No. LA-2368, Los Alamos Scientific Laboratory, Los Alamos, N.Mex.,
1960,
(11) R. I Wagner and J. L. Bradford, Inorg. Chem., 1, 93 (1962).
(12} A. Meller and R. Schlegel, Monatsh. Chem., 96, 1209 (1965).
(13) H.I Schlesinger, L. Horvitz, and A. B. Burg, J. Am. Chem. Soc., 58,
409 (1936).
(14) L. J. Turbini and R. F. Porter, Inorg. Chem., 14, 1252 (1975).
(15) R. H. Cragg in “Gmelins Handbuch der Anorganischen Chemie”, Vol.
23(5), Springer-Verlag, Berlin, 1975, Chapter 2.
(16) F.A. Bovey, “NMR Data Tables for Organic Compounds”, Interscience,
New York, N.Y., 1967.
(17) A. DeStefano and R. F. Porter, Inorg. Chem., 14, 2882 (1975).
(18) A. A. Bothner-By and C. Naar-Colin, J. 4m. Chem. Soc., 84, 743 (1962).
(19) F. A. L. Anet, J. Am. Chem. Soc., 84, 747 (1962).
(20) J.L. Adcock, L. A. Melcher, and J. J. Lagowski, Inorg. Chem., 12, 788
(1973).
(21) R. F. Porter and J. J. Solomon, J. Am. Chem. Soc., 93, 56 (1971).

Contribution from the Department of Chemistry,
University of Virginia, Charlottesville, Virginia 22901

Proton-Proton Spin Coupling in Metallocarboranes.
Triple-Resonance Nuclear Magnetic Resonance Spectroscopy

as a Structural Probe for Boron Compounds!

VERNON R. MILLER and RUSSELL N. GRIMES*
Received July 26, 1976

AIC60538N

Three-bond proton—proton spin coupling in 2,4-C2BsH7 and a number of metallocarboranes have been examined in detail
via triple-resonance NMR spectroscopy, in which !B and selective 'H decouplings are conducted simultaneously while
observing the proton NMR spectrum. Spin-spin coupling constants were obtained by direct measurement or by computer
simulation of line spectra. The ranges were 10-20 Hz for H-C-C-H, 1-10 Hz for H-C-B-H, and 0-4 Hz for H-B-B-H.
In the closo seven-atom cages, equatorial-equatorial proton interactions are stronger than those between equatorial and
apical nuclei. The triple-resonance technique is shown to be a useful tool for investigating structure, frequently removing
uncertainties in the interpretation of conventional NMR spectra and allowing unequivocal assignments of resonances.

Introduction

Proton nuclear magnetic resonance, in contrast to its ov-
" erriding importance to organic chemists, has been a tool of
only secondary interest to workers in the field of cage boron
compounds. In the usual proton NMR spectrum of a borane
or carborane, the resonances of hydrogen atoms bound to a
1B atom (80% natural abundance, spin 3/2) appear as broad,
widely spaced quartets (J ~ 180 Hz) which are difficult to
detect and often disappear entirely into the baseline noise.2
Even when the H-B quartets can be identified, they rarely add
significantly to the structural insights which are gleaned from
the !B NMR spectrum of the same compound.

Recently, however, it has become clear that the proton
spectra of carboranes contain inherently a wealth of in-
formation which is relevant to electronic and geometric
structure, to a degree comparable to that seen in organic
compounds. Several years ago we observed that certain
metallocarboranes exhibit proton NMR spectra (undecoupled)
in which the cage H-C resonances appear as multiplets instead
of the usual broad singlets, and we postulated H-C-B-H
proton-proton coupling as the cause of the observed fine
structure.?7 With the aid of !!B decoupling, Onak and Wan3
have found similar three-bond proton—proton interactions in
small carboranes; long-range coupling has also been reported

in some of the lower boron hydrides.” We became interested
in the systematic exploitation of proton—proton coupling as a
structural tool in boron chemistry and initiated the present
study which utilized a “triple-resonance” technique in which
both !'B decoupling and selective 'H decoupling are simul-
taneously employed during observation of the 100-MHz proton
NMR spectrum. The compounds examined included some
whose structures are established and others of less well-defined

_geometry in which the 'H-'H coupling patterns could be used

to remove structural ambiguities.

Experimental Section

Materials. The metallocarboranes studied were prepared by
previously described methods as cited in the text; closo-dicarba-
Heptaborane(7) (C,BsH7) was purchased from Chemical Systems,
Inc., and used as received. Solvents were reagent grade and used as
received.

Spectra. All metallocarboranes were examined in CDCl3 solution
in capped 5-mm tubes, while the C,BsH7 spectra were obtained in
acetone-ds solution in a sealed 5-mm tube under vacuum. Spectra
were recorded in the pulse Fourier transform mode on a JEOL PS-100
P/EC spectrometer, using a deuterium lock.

Double-resonance experiments involving decoupling of 'H and !B
were conducted with the standard JEOL accessories INM-OA-1M
and JNM-SD-HC, respectively. The only modification required for
triple-resonance experiments (decoupling !'B and 'H nuclei si-



16 Inorganic Chemistry, Vol. 16, No. 1, 1977
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Figure 1. Undecoupled and '! B-decoupled ! H NMR spectra of
2,4-C,B.H,.

multaneously) was the addition of a power supply for the hetero-
decoupling oscillator; this was provided by a standard JEOL RF unit
identical with that supplied for the observing frequency (100 or 94
MHz) of the PS-100 continuous-wave instrument.

Computer Simulation of Spectra. Simulated line spectra were
generated by a modified version of computer program LAOCN3, given
in ref 18. We are grateful to Professor Ekk Sinn for providing the
modified program.

Results and Discussion

2,4-C,BsH;. Although this paper is concerned primarily
with metallocarboranes, the small carborane closo-dicarba-
heptaborane(7) illustrates the use of the method. Figure 1
(top) depicts the undecoupled proton spectrum, which contains
an H-C singlet and several overlapping H-B quartets. Shown
below is the !!B-decoupled spectrum in which the H-B res-
onances appear as intense peaks, some of which have fine
structure as does the H-C resonance. In Figure 2, the top line
shows these proton resonances with a 20-fold horizontal scale
expansion which clearly reveals the individual line shapes. An
interpretation of these spectra given earlier by Onak® attributes
the main features to H-C-B-H coupling between Hs (or Hy)
and Hj and between H4 and Hs (or Hy and Hg); the 1,7
resonance is a sharp singlet, suggesting little or no apical-
equatorial proton coupling. The spectra in the top line of
Figure 2 are similar to that reported earlier,® except that
additional fine structure is visible in the H3 and Hs g reso-
nances. It was possible to explore these latter observations
as well as to confirm the postulated H-H interactions by
decoupling selected protons while maintaining the 1'B de-
coupling as shown in the remainder of Figure 2. Irradiation
at the resonance frequency of the H-C (2,4) protons collapses
both the H3 and Hs ¢ peaks to singlets; similarly, decoupling
either H3 or Hs ¢ drastically alters the appearance of the H-C
resonance. Thus, H3 and Hs¢ are both clearly coupled to
H-C, and the magnitudes of the coupling constants (J) can
be determined by direct measurement or from computer-
simulated spectra (direct measurement of Js5 ¢ is not possible
from this second-order spectrum). Decoupling Hi 7 does not
have a noticeable effect on the Hj 4 or Hs¢ resonances but
it does eliminate the secondary “triplet-of-triplets” effect in
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Figure 2. ''B-Decoupled proton resonances of 2,4-C,B_H,, with
the decoupling frequency adjusted in each case to produce max-
mum resolution. In the top line, only boron is decoupled;in the
remaining spectra, the boron nuclei and selected protons are de-
coupled simultaneously (triple resonance).

H; (Figure 2, bottom line) thus demonstrating slight (~1 Hz)
coupling between the apex protons and Hji. Finally, simulated
spectra indicate that the asymmetry in the Hs ¢ doublet arises
from coupling between Hs and Hg (J =~ 2 Hz). All possible
nearest-neighbor equatorial H-H couplings are thus shown
to occur, with apical interactions not observed except for
H;~Hs.

Although the structure of 2,4-C,BsH7 is well defined from
microwave studies,!? it is worth noting that the proton—proton
coupling patterns described above allow one to conclusively
differentiate between the 2,4 and 2,3 (adjacent-carbon)
isomers. The latter compound has been reported only in trace
quantity!! and was unavailable to us, but it is clear from
metallocarborane studies described below that the presence
of adjacent equatorial CH groups in a pentagonal-bipyramidal
C;BsH7 molecule will produce quite different H~H couplings,
including a characteristically large H-C—~C-H interaction. No
such clear distinction between 2,3- and 2,4-C2BsH7 is possible
from !B or 'H NMR peak area ratios and chemical shifts
alone, inasmuch as these species are symmetrically equivalent
(Cyp point group).!? Thus, proton—proton spin couplings can
provide an additional “handle™ on structure which augments
the commonly determined NMR parameters in a highly useful
way. This is particularly evident in the metallocarborane area,
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Figure 3. Triple-resonance proton NMR of 1,7,2,4-(n*-C H,),-
Co,C,B,H,. Individual H-C and H-B resonances are shown with
a horizontal scale expanded by 10X compared to the original spec-
frum.

as illustrated by the following examples.
1,7,2,4-(n°-CsH;s)>C0,C;B3Hs.1? The triple-decker sand-
wich geometry (Figure 3), analogous to that of 2,4-C,BsH>
with the apex BH groups replaced by (C5H5)Co units, has
been confirmed in an x-ray diffraction study!4 and the effects
of substituents on the !H and !B NMR spectra have been
examined in some detail.!> In Figure 3 are shown the un-

decoupled-proton NMR spectrum, the !B-decoupled (dou-

ble-resonance) spectrum, and several !'B-, 'H-decoupled
(triple-resonance) spectra. From the observed patterns it is
clear that the H-C protons (H24) are coupled both to Hs and
to Hj; in addition, computer analysis indicates that Hs and
Hg (which are chemically but not magnetically equivalent)
are weakly coupled to each other with J ~ 1 Hz. The observed
and calculated J values for these and all other H-H inter-
actions in this study are listed in Table I. The 2-methyl
derivative exhibits slightly different coupling constants but has
the same pattern of interactions as the parent compound.

1,7,2,3-(°-CsHs)2Co,C;B3Hs.6 The isomeric triple-decker
species has also been structurally confirmed by a crystal
structure analysis,3 and studies of substituent NMR effects
in our laboratory!s support the presence of a localized car-
bon—carbon double bond in the central ring. The spectrum
is second-order and the individual peaks (Figure 4) are less
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Table I. 'H NMR Chemical Shifts and Coupling
Constants in CDCl,

Chem shift, H-H
Compd Hz? (assignment) J, Hz® interactn
2,4-C,B,H,¢ 5.89.(H,,,) 6.7¢ H,-H,
0.03 (4, ,) 10.0¢ H,-H,
4.05 (H, () <1 H,-H,
4.93 (H,) 2 H,-H,
1.2¢ H -H,
<1  H,-H,
1,2,3 5.76 (H, ;) 10 H,-H,
(C,H,)CoC,B,H, 3.70 (H, ) 3.7¢ H,-H,
4.15 (H,) 43¢ H,-H,
1.15 (H,) <1 H,-H,
4.88 (C,H,) <1 H,-H,
1,2,4 3.97(H,,) 5  H,-H,
(C,H,)CoC,B,H,  4.77 (H,) 6  H,-H,
4.08 (H, () 2 H,-H,
1.10 (H,) <1 H,-H,
4.87 (C,H,) <1 H,-H,
<1 H,-H,
3-C,,H,-1,2,4- 433 (H,.,) 5.84 H,-H,
(C;H)CoC,B,H,  4.31 (H, ) <1  H,-H,
1.47 (H,)
4.81 (C,H,)
7.61¢ (naphthyl)
8.04¢€ (naphthyl)
8.55 (naphthyl)
1,7,2,3- 5.62 (H, ;) >10  H,-H,
(C,H,),Co,C,B,H, 3.49 (H, ) 3 H,-H,
6.21 (H,) 2.0¢ H,-H,
4.49 (C,H,)
1,7,2,4 238 (H, ) 3.4 H,-H,
(C,H,),Co,C,B,H, 5.68 (H,) 2.6¢ H,-H,
4.84 (H, ) 1 H,-H,
4.44 (C H,)
2-CH,-1,7,2,4- 2.38 (H,) 2.9¢ H,-H,
(C,H,),Co,C,B,H, 5.57 (H,) 2.9¢ H,-H,
4.73 (H, ) <1 H,-H,
1.96 (CH,)
4.43 (C,H,)
1,2,4,5- 5.19 (H, ;) >20  H,-H,
(C(H,),Co,C,B,H, 6.79 (H, ) 6.0¢ H,-H,
1.86 (H,) 1 H,-H,
4.56 (C,H,) 1 H,-H,
4.90 (C,H,)
1,2,3,5 8.30 (H,) 5  H,-H,
(C,H,),Co0,C,B,H, 4.52(H,) 4  H.H,
3.74 (H,) 6  H,-H,
7.20 (H,) <1 H,-H,
1.72 (H,) <1 H,-H,
4.57 (C.,H,) <1 H,-H,
5.06 (C,H,) 3 H,-H,
1,8,5,6- 13.11 (H,) 449 H,-H,
(C,H,),Co,C,B,H, 0.11(H, ) 3 H,-H,
4.21 (H,,) 3  H,-H,
3.91 (H, ) <l H,-H,
4.82 (C.H,) <1 H,-H,
1,7,5,6- 9.57 (H,) 4  H,-H,
(C,H,),Co,C,B,H, 1.63(H, ) 3 H,-H,
3.10 (M, ,) 3 H,-H,
2.86 (H,) 2 H,-H,or
8.63 (H,) H,-H,
4.71 (C,H,)

% Ppm relative to tetramethylsilane; positive values denote shift
to lower field. - Peak area ratios are in all cases in agreement with
assignments. Estimated uncertainties are <l Hz except where
otherwise indicated. € Acetone<, solvent. d Estimated uncer-
tainty is <0.5 Hz. € Most intense peak of multiplet.

well resolved than in the spectrum of the 1,7,2,4 isomer.
However, J values were obtained (Table I) for all nearest-
neighbor H~H couplings in the carborane ring, the largest of
which was 210 Hz for H-C-C-H. Once again the obser-
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Figure 4. Proton NMR resonances of 1,7,2,3-(n*-C,H,),Co,C,-
B,H,, 11B decoupled with the frequency adjusted to produce max-
mum resolution.

vation of H-H coupling patterns provides structural in-
formation (i.e., adjacent CH groups) which could not be
obtained from conventional !'B and 'H NMR spectra, in this
case distinguishing between the symmetry-equivalent (n°-
CsHs)2Co02C,B3Hs isomers.

1,2,3-(n°-CsHs)CoC3BsH.b Formal replacement of an apex
BH unit by a (CsHs)Co group in 2,3- and 2,4-C;BsH7 (or,
equivalently, substitution of BH for one (CsHs)Co in the
1,7,2,3- and 1,7,2,4-(CsH;s)2C02CoB3Hs species discussed
above) generates the respective (CsHs)CoC,B4Hj isomers (the
actual synthesis from C,BsH7™ ion, CoCly, and Na*CsHs™ is
described in ref 6). The 1,2,3 species exhibits a proton NMR
spectrum similar to that of 1,7,2,3-(CsHs)2C0,C;B3iHs, with
H» 3 appearing as a distorted triplet, Hs as a resolved triplet,
and Hag¢ as a broad resonance with triplet structure; the apical
H- resonance (identified from its high-field chemical shift)
is a singlet (w12 = 4 Hz) with no fine structure. Direct
measurement together with computer simulation yielded the
J values given in Table I. Again, the patterns of strong
equatorial H-C—C-H, intermediate equatorial H-B~C-H and
H-B-B-H, and weak apical-equatorial couplings are followed.

1,2,4-(n°-CsH;s)CoC>B4Hs. In the undecoupled spectrum
the H-C (Hy,4) resonance is a triplet, which on !B decoupling
changes to a multiplet (Figure SA). In order to assign these
peaks it was necessary to employ partial relaxation in concert
with !B and 'H decoupling. In Figure 5B the high-field
portion of the !!B-decoupled spectrum has been nearly nulled
out by a 180°-7-90° pulse sequence, and in Figure 5C the
same conditions prevail except that H3 has been decoupled;
clearly the homodecoupling has little effect. In Figure 5D the
low-field area of the spectrum has been almost nulled by
adjustment of the 180°-7m-90° sequence (spectra D and E are
obtained as negative peaks and are inverted here for ease of
comparison with A—C). When 'H decoupling of Hj is applied
under these conditions, the triplet in D collapses to a rough
doublet (Figure 5E) which appears as the reverse of the
doublet in spectrum B; this is precisely what one would expect
for a second-order spectrum, Thus, the H-C protons (H2,4)
are coupled to H; and to Hs¢ with J = 5 and 6 Hz, re-
spectively. From computer-simulated spectra it can be shown
that the Hs—Hg coupling is approximately 2 Hz.

3-Cy0H7-1,2,4-(9%-CsHs)CoC;BsHs., The 3-naphthyl de-
rivative of the 1,2,4 isomer discussed in the preceding par-
agraph provided an interesting case. The undecoupled 'H
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onances: A, !B decoupled. B, '!'B decoupled and partially re-
laxed via a 180°~7-90° pulse sequence to nearly null out the high-
field portion; C, same as B except that H, is decoupled; D, ''B
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peaks; E, same as D but with H, decoupled. D and E appeared as
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Figure 6. Cage H-C region of the proton NMR spectrum of 3-
naph-1,2,4-(n*-C,H,)CoC,B,H,, showing the effect of ' B hetero-
nuclear decoupling: A, undecoupled; B, ''B decoupled. Relative
intensities and peak positions are on comparable scales.

NMR spectrum contains an H-C (H> 4) doublet with J = 5.8
Hz (Figure 6A), readily attributed to coupling of Hy(4) with
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Figure 7. Structures of 1,2,3,5- and 1,2,4,5-(n*-C,H,),Co,C, B,-
H,.
Hg(s). However, on 1B decoupling the H-C region contains
a singlet of enhanced intensity with shoulders on either side
(Figure 6B), as well as a singlet at 1.47 Hz which is assigned
to Hy from its high-field chemical shift. No separate peak
assignable to Hs ¢ can be seen, but from area integrations and
the fact that partially relaxed spectra show that the CsHjs
resonance does not obscure an H~B peak, it is clear that the
Hs 6 resonance falls under the H-C peak. The strange ap-
pearance of the signals in Figure 6B is explained by computer
simulations which demonstrate that in a strongly coupled
system, effects such as that shown can be produced by reducing
a large coupling constant (e.g., Ju-p =~ 150 Hz) to zero, as
is done in ''B decoupling. Treating the system as AA’BB’XX’
with AA’ = Hs ¢, BB’ = Hy 4, and XX’ = Bs ¢ and employing
a spin of !/, for !B (due to the inability of the program to
handle spin 3/, nuclei, a factor which would not be expected
to significantly affect the region of the spectrum of interest
here), one can simulate the doublet in Figure 6A by assuming
a value of 150 Hz for Jy-g. When this constant is changed
to zero, the appearance of the computed second-order spectrum
approximates that in Figure 6B.

Attempts to study further effects of the various parameters
in the simulated spectrum were inconclusive due to the
complexity of the system. ‘

1,2,3,5- and 1,2,4,5-(1-CsHs)3Co,C2B3Hs. 513 These
metallocarboranes are isomeric with the 1,7,2,3 and 1,7,2,4
triple-decker species dealt with earlier in this paper and indeed
are intermediates in the thermal rearrangement of the 1,7,2,3
to the 1,7,2,4 system.13 In contrast to the latter species, the
structures of the 1,2,3,5 and 1,2,4,5 isomers have not been
crystallographically established; the geometries shown in
Figure 7 were based on !!B and 'H chemical shifts>!3 and the
assumption that no more than one cobalt atom may occupy
an equatorial vertex in a pentagonal bipyramid. In the case
of the 1,2,4,5 isomer, the alternative 1,2,3,6 structure (which
also contains a mirror plane) could not be ruled out on this
basis. Thus, these species furnished an excellent opportunity
to utilize proton—proton spin coupling in gaining more con-
fident structural characterizations. The !B-decoupled proton

spectrum of the 1,2,3,5 isomer exhibits all five cage proton .

resonances as well as the two CsHs peaks. The low-field H-C
(H3) signal is a doublet of doublets, which changes to a doublet
when either the middle H-B (Ha) or the high-field H-C (Hs)
is decoupled; thus, Hj is coupled to both Hs and Hs. The
H;3~Hj interaction (J = 3 Hz) is the only example of four-bond
(H-C-B—C-H) coupling detected in this study; all previously
reported cases of such very long-range coupling?® in carboranes
occur between trans nuclei, e.g., the H-C protons in 1,5-
C,B3Hss.

The Hy peak is nearly obscured by a CsHs resonance but
was observed by partial relaxation of the latter. Although it
has no apparent fine structure, Hs is clearly coupled to both
Hj3 and Hs, as shown by the collapse of the H3 resonance to
a doublet and the loss of fine structure by the Hs signal, when
H, is decoupled. The high-field H-C (Hs) resonance exhibits
a five-line multiplet which results from coupling to three other
protons with similar J values, identified as Hq, Hg, and Hs.
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Figure 9. Proton NMR spectrum of 1,7,5,6-(n°-C,H,),Co,C, B,-
H,; with ''B broad-band decoupling only.

Finally, the high-field H-B, assigned to H7 from its chemical
shift, appears as a poorly resolved doublet arising from weak
coupling (J <'1 Hz) to Hs, as demonstrated by conversion of
the Hy signal to a singlet on homonuclear decoupling of the
latter resonance. All of the above assignments are in accord
with the structure originally postulated (Figure 7).

The more highly symmetrical (C;) 1,2,4,5 isomer (Figure
7) displays a simple 11B-découpled proton spectrum, consisting
of a cage H-C (Hys) resonance, two H-B peaks in a 2:1 area
ratio, and two CsHs singlets. The high-field H7 resonance is
a very poorly resolved triplet which collapses on decoupling
Ha4s. The Has and Hj 6 signals are apparent triplets, each
of which becomes a singlet on decoupling the other. From
computer simulations it is clear that the H-C protons are
strongly coupled to each other with a J value of at least 20
Hz. Thus, the 1,2,4,5 structure with adjacent equatorial
carbon atoms is supported by these findings, and alternate
possibilities such as the 1,2,3,6 geometry can be effectively

.discounted.

1,8,5,6- and 1,7,5,6-(n°-CsHs)>2Co2C;BsH7.45  In com-
parison with the smaller seven-vertex cage systems discussed
up to this point, the spectra of many larger heteroboranes are
apt to present formidable difficulties in unraveling all of the
proton—proton interactions. However, the nine-vertex (n°-
CsHs)2Co2C,BsH7 isomers (Figures 8 and 9) are structurally
well characterized from x-ray studies'® and appeared
worthwhile candidates for investigation. Complete inter-
pretation of the spectra was not possible due to the number
of protons involved and other factors, but certain relations were
obvious, and from these other couplings could be deduced. In
the !!B-decoupled spectrum of the 1,8,5,6 isomer (Figure 8)
the low-field H-B of area 1 (H4) does not appear to be
significantly coupled to any other protons. The high-field H-B
of area 2 is a doublet which collapses to a singlet on irradiation
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of the H-C (Hs¢) resonance and hence is assigned to Hy 7;
the remaining area 2 H-B signal must then be due to the Hag
protons, Furthermore, the H-C and H3 o multiplets are clearly
coupled to each other, as shown by homonuclear 'H-decoupling
experiments, in accord with their nearest-neighbor relationship
in the molecule.

In the 1,7,5,6 isomer (Figure 9) the area 1 H-B resonance
is again readily assigned to the unique (Hy4) proton. The
low-field H-C resonance is attributed to Hg due to its
proximity to the cobalt atoms, an assignment supported by the
proton—proton coupling patterns in the molecule. From ho-
monuclear decoupling it is shown that Hg is split into a triplet
by the low-field area 2 BH, which is consequently assigned
to Hi g (the nearest pair of equivalent H-B protons); in turn,
the H3 g resonance is split into a doublet by Hg. As expected,
the H3 o protons are also coupled to the other H-C proton,
Hs. The Hs resonance is split into a triplet by the remaining
pair of H-B protons Hjg; the latter nuclei are also coupled
to another proton that could not be identified but may be Ha.

Conclusions

The existence of proton—proton coupling in carboranes and
metallocarboranes is not in itself surprising, but the extent to
which it was found to occur in this study was not anticipated.
These results lead us to suggest the following generalizations:

1. All three-bond couplings (H-C-B-H, H~-B-B-H,
H-C-C—H) can be expected to occur, with four-bond coupling
rarely observed except for protons in trans locations.

2. The magnitudes of these interactions are strongly and
characteristically influenced by the nature of the attached
atoms (i.e., boron vs. carbon) and by the coordination number
of the occupied vertex. The ranges of observed J values are
10-20 Hz for H-C-C-H, 1-10 Hz for H-C-B-H, and 0-4
Hz for H-B-B~H. In pentagonal-bipyramidal cages,
equatorial protons are more strongly coupled to each other than
to apical protons; apical-equatorial interactions are usually
small (/ < 1 Hz) and are frequently not directly observed.

3. H-B and H-C resonances are inherently sharp, with
natural line widths of ~1-2 Hz (as determined from 7}
measurements!’). The broad H-B and H-C peaks observed
in undecoupled spectra are, as suggested by Onak,® due
primarily to unresolved coupling which can be removed with
1B and 'H découpling. From this work as well as from
extensive 71 measurements in this laboratory,!” it is clear that
although !'B quadrupolar relaxation contributes broadness to
1B NMR spectral lines, it is not a significant factor in 'H
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NMR line broadening. This fact is important to recognize,
since it means that with appropriate decoupling the 'H spectra
of many boron compounds can be analyzed in detail in much
the same manner as those of organic compounds, with 'H
NMR thereby assuming the role of a major structural tool.
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The near-ultraviolet spectra of (C¢Hs)3B, (CsHs)3Ga, and (C¢Hs)sIn are recorded in methylcyclohexane to locate the
charge-transfer bands and to determine their periodic trend. The charge-transfer excited states fall in the energy series
of B « Ga < In. The charge-transfer energy trend compares favorably to the !3C chemical shift of the carbon atom para
to the central atom in the pseudoisoelectronic series (C¢Hs)sM, M = C*, B, Ga, In. Ring substitution by CHj3, CH3CH,,
(CH3)3C, CH30, F, Cl, and Br in the para position of triphenylgallium causes Ect to vary according to the ionization
potential of the monosubstituted benzene. Meta and ortho substitution causes Ect to behave as though the gallium atom,
perhaps through steric effects, has been removed from any active participation in the electronic changes occurring in the

phenyl ring.

Introduction
The group 3A elements react in a variety of ways in an effort
to obtain a coordinately saturated valence shell. The dramatic

behavior of boron and aluminum are, of course, well known.!
For the heavier elements, gallium and indium, less unusual
bonding patterns occur but the desire of these elements to



