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The work described in this paper is part of a
physicochemical investigation which has as its
object the elucidation of the molecular struc-
tures and electronic states of borazole and its
derivatives. Previous papers of this series
have been concerned with the infrared absorp-
tions of some borazole derivatives®, the dipole
moments of borazole and its derivatives® and
the diamagnetic anisotropy of a borazole ring®.
The present paper presents the results of in-
vestigation on the proton magnetic resonance
of borazole. The problem is of particular
interest from the standpoint of both chemical
shifts and splittings for the following reasons.
In the first place, all the NMR spectra which
have ever been recorded on compounds having
hydrogen atoms attached to boron are outnum-
bered by the profusion of those on other
types of compounds. Secondly, the nuclei of
nitrogen N as well as those of boron isotopes,
1B and !B, have an electric quadrupole moment
capable of affecting through its spin-lattice
relaxation the relative broadening of multiplet
components. The B magnetic resonance was
also studied in order to facilitate assignments.

Experimental

Sample. — B-Trichloroborazole was prepared by
the same method as that described by Brown and
Laubengayer®>. After being sublimed several times
under reduced pressure, it was identified by its
melting point 83.5~84.5°C, the value reported in
the literature being 83.9~84.5°C %), The infrared
spectra® showed absorption bands characteristic of
a borazole ring. This compound was reduced to
borazole by essentially the same method as that
proposed by Schaeffer et al®. differing in that
NaBH,; was used as a reducing agent in place of
LiBH, and that triethylene glycol dimethyl ether
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rather than dibutyl ether was employed as a
solvent™. Triethylene glycol dimethyl ether having
a boiling point quite different from that of borazole
was more suitable than diethylene glycol dimethyl
ether suggested by Schaeffer®>. Hence, 23.5g. of
sodium borohydride was dissolved in 120cc. of
triethylene glycol dimethyl ether in an atmosphere
of dry nitrogen. To this solution, the suspension
of 30g. of B-trichloroborazole in 75 cc. of the same
solvent was gradually added at room temperature.
Stirring was continued for about 2 hr. After the
reaction was over, the product was distilled under
reduced pressure and was collected in a trap cooled
with dry ice. The yield of crude borazole was
about 10g. Vacuum distillation was repeated
several times before use.

Apparatus and Experimental Procedure. — The
proton magnetic resonance spectrum was recorded
at room temperature by means of a JNM-3 high-
resolution NMR spectrometer of Japan Electron
Optics Laboratory Company operating at 40 Mc./
sec. Cyclohexane was used as an internal standard.
Accordingly, corrections for the bulk magnetic
susceptibility of the sample were not required. It
was further confirmed that dilution with carbon
tetrachloride did not affect the spectrum in an
appreciable manner. The NMR absorption deriva-
tive spectrum of 1B was also recorded with the
same specirometer operated at 12.6 Mc./sec.

Results and Discussion

The proton magnetic resonance spectrume
obtained is shown in Fig. 1, in which the
absorption intensity is plotted against decreas-
ing magnetic field strength. Chemical shifts.
defined by

0=10°(Hs— H.)/H:

are also protted along the abscissa. Here, Hs
denotes the applied magnetic field for the
proton signal of the sample and H; is that of
cyclohexane used as a standard. The signal of
cyclohexane was identified by the increase in
its intensity on further addition of the standard.
Two peaks at 1.4; and — 1.4y were ascribed to
spinning side bands, because they shifted de-
pending on the spinning rate.

The spectrum is comprised of a triplet cen-
tered at —4.0; and less intense broad peaks at
2.1;, —13; and —8.2;. The triplet was un-
equivocally assigned to the proton signal of
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Fig. 1.
are given for major absorption peaks.

4NH with a spin coupling constant J(**NH) =
56 cps, because the signal is expected to split
into three equally spaced peaks owing to the
2I+1 orientations of a N spin with I=1.
The spin coupling constant is of the right order
of magnitude, since the value for “NH; is 46
cps®. In this triplet pattern, not all of the
peaks have the same height, the central line
being stronger than the two outer ones, which
have the same intensity. Deviation from a
simple 1:1:1 triplet, i.e., the partial collapse
of spin multiplets can be ascribed to the
presence of N nuclei having an electric
quadrupole moment, which gives rise to spin-
lattice relaxation in fluctuating electric field
gradients. A similar pattern has been shown
clearly by Ogg and Ray®, who compared the
proton spectra of anhydrous *NH; and *NH.
An approximate quantitative theory of this
collapse mechanism has been developed by
Pople!®, who showed that the broadening of the
outer components of the proton triplet spec-
trum should be three halves as great as that
of the central component. Strictly speaking,
the outer peaks of the triplet draw together
as they broaden. Consequently, the separation
between adjacent peaks does not correspond
exactly to the spin coupling constant. How-
ever, the effect is presumed to be very small
in the present case, in which the signals are
fairly sharp.

Although the number of hydrogen atoms
attached to boron in a borazole molecule is
exactly the same as that of hydrogen atoms
bonded to nitrogen, the proton signal of BH
must be weak, because the abundance ratio of
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Proton magnetic resonance spectrum of borazole.

The numerical values of shifts

boron isotopes is B:'B=81.17% : 18.83%
and also because these isotopes have a greater
nuclear spin than that of “N, the abundance
of which amounts to as much as 99.635%.
Therefore, the proton signal of 'BH must split
into four equally spaced peaks in accordance
with the spin I=3/2 of !B, The separation,
3.4;, between the two peaks at 2.1, and —1.3;
is equal to half the difference, 6.9, between
those at —1.3, and —8.2;, suggesting the pres-
ence of another peak at —4.8,, which, although
masked by the ¥NH triplet, appears as a hump
between two peaks at —4.0; and —5.4s of the
triplet. These four peaks complete the proton
quartet of "BH with J(“BH)=138cps. This
assignment is also consistent with the B
NMR spectrum of the same sample. Fig. 2
reproduces the NMR absorption derivative
spectrum of B in a borazole molecule. The
curve is symmetric across a point, indicating

200cps.

Fig. 2. The NMR absorption derivative
spectrum of !B of borazole.
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the presence of two lines of equal intensity
separated by 140cps in good agreement with
138cps evaluated from the aforementioned
proton magnetic resonance spectrum. Philips et
al.’> has carried out the !'B magnetic resonance
study of boron compounds and reported that
J(*BH) was equal to 136 cps for borazole.

The three components of the proton quartet
of “BH have practicallv the same peak height.
Although the intensity of the fourth line,
which overlaps with the “*NH proton triplet,
is difficult to estimate exactly, it is very likely
that the peak height is the same as those of
other members of the quartet. The theory of
quadrupole relaxation has already been ex-
tended to cover the broadening of multiplet
components for protons bonded to nuclei with
spin greater than unity!®>, It is predicted that,
for spin 3/2, all components of the proton
1:1:1:1 quartet should be broadened equally,
instead of showing different peak heights as
in the NH proton triplet. The present results
are in agreement with Pople’s'®> prediction.
A similar quartet pattern having equal spacings
and equal peak heights has been shown most
clearly for sodium borohvdride, NaBH,!2:1%,
The partly resolved spectrum of the terminal
protons of diborane!® also appears to be consist-
ent with the prediction.

There are still two weak peaks at —1.9;
and —6.6; remaining unassigned. A possible
interpretation is afforded by the proton signal
of BH. If the peak at —6.6; is assumed to be
the outermost low-field member of seven peaks
predicted for the signal of protons bonded to
B with its nuclear spin equal to 3, the peak
at —1.9; can be considered to be the third
high-field member of the septet, because the
center of the 'BH quartet must coincide with
the central line of the '"BH septet. The ade-
quacy of this interpretation is strongly sup-
ported by an agreement between the observed
spin coupling constant J(**BH)=48cps and
the calculated one, 46cps, based on the ob-
served J(*BH)=138c¢ps and the gyromagnetic
ratios 7 of boron isotopes.

J('BH) _ 7(*B) _ 4.575
J(MBH)  7(¥B) = 13.660

where the numerical denominator and numer-
ator are, respectively, the NMR frequencies of
uUB and "B in Mec. for a 10 kilogauss field.
Three peaks between these two observed ones
will escape detection owing to overlap with the
strong “NH triplet. Two other peaks expected
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to appear at about —0.7 and +0.5 have not
been observed.

The nuclei of "B have also an electric
quadrupole moment. The broadening of multi-
plet components for protons bonded to nuclei
with spin equal to 3 presents an interesting
problem from the theoretical point of view.
However, it is not feasible to discuss the
broadening of the multiplet structure of the
septet on the basis of the present investigation.

The proton chemical shifts, —4.0; and —3.0;,
of NH and BH in borazole, as referred to
cyclohexane, lead to about —0.7 and +0.3,
respectively, referred to water as a standard'®,
The former differs definitely from the & values
4.3~4.5 for secondary alkyl amines'®, and is
intermediate between about 2.0 for secondary
aryl amines'® and about —2.1 for pyrrole'®.
This is quite reasonable since nitrogen atoms
in borazole assume sp? hybridization and =-
electrons are presumed to migrate to some ex-
tent from nitrogen to boron*'®, The chemical
shift and the spin coupling constant J(*!BH)
of a BH proton, +0.3 and 138 cps, in borazole
are closer to those of a terminal proton, +2.00
and 125cps, in diborane, respectively, than to
those of a bridge proton, +6.3 and 43cps, in
the same molecule'®.

Summary

The proton and !B magnetic resonances of
borazole were recorded at room temperature.
The proton magnetic resonance spectrum showed
a “NH triplet, a “BH quartet and a part of
WBH septet. The broadening of multiplet
structure was discussed and the peak heights
of the multiplet components were explained in
terms of the quadrupole relaxation of nuclei
bonded to hydrogen. The chemical shifts and
the spin coupling constants were compared with
those of related compounds.
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