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charge-transfer transition moves from the infrared
region (9000 cm~!) for PR; and AsR; toward the uv
region for EtsS and pyridine. The halogen transitions
remain unchanged throughout this process. The en-
ergy of the L — M transiton parallels the reducing
power of the ligand and we suggest that this may re-
flect the energy of the L o-bond orbitals relative to the
metal. Furthermore, we feel that the formation of
high-energy orbitals with consequent low-lying excited
states in the case of the phosphines and arsines may be
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responsible for the “‘softness” of these ligands particu-
larly since little evidence for = bonding from these can
be found experimentally.
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Intramolecular hydrogen exchange in tetraborane(10) has been studied by utilizing isotopic labeling in conjunction with

high-field nmr.

Both qualitative and quantitative evidence, obtained by studying the scrambling reactions of u-BsHoD and
u-BsDyH, has established that intramolecular hydrogen exchange proceeds at two different rates.

The faster exchange

involves the bridge and four terminal positions while the slower exchange involves the bridge and the remaining two terminal

positions.
are attached to the 2,4 boron atoms.

Further evidence established that the two unique terminal protons which were exchanging at the slower rate
Rate data are presented for both exchanges and possible mechanisms of exchange are

discussed. The gas-phase intermolecular exchange reaction of ByH;, and B»Ds was reinvestigated, since it had previously

been suggested that the 1,3 terminal positions exchange faster than the other positions in tetraborane(10).

was found to support this suggestion.

Introduction

Slow intramolecular hydrogen exchange was first
noted in tetraborane(10) by observing the ir spectrum
vs. time of tetraborane(10) which had been partially
deuterated in the terminal positions.?® A scrambling
of the deuterium from the terminal to bridge positions
was observed. Similar studies with the isotopically
labeled compounds, y,1-dideuteriotetraborane(10)* and
u-deuteriotetraborane(10)® confirmed that slow intra-
molecular exchange involving the interconversion of
bridge and terminal positions was taking place. In
each study only qualitative information about ex-
change rates could be obtained and nonpreferential
scrambling was assumed.

Further evidence for an intramolecular type of ex-
change in tetraborane(10) was found in the zero source
contact mass spectral analysis® of the specifically
labeled compound, u-B.H,D. The spectrum of the
scrambled material was found to be unchanged from
that of the labeled material which is inconsistent with
an intermolecular type of scrambling mechanism.

The introduction of new nmr spectrometers operating
at higher field strengths than previously attainable now
permits proton and deuterium nmr spectra to be a
useful tool for the boron chemist. We have therefore
applied these techniques to investigate intramolecular
exchange in tetraborane(10).
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Experimental Section

Preparation of Samples.—The standard high-vacuum tech-
niques used in this investigation are described elsewhere.?

Lithium aluminum deuteride (isotopic purity >99.59%) was
obtained from Metal Hydrides, Inc. Deuterium oxide was ob-
tained from the Atomic Energy Commission and was used with-
out further purification.

Isotopically enriched diborane, B:Dg, was prepared by the
reduction of BF;- O(CqHs ), with LiAlDy. Normal diborane, "BoHsg,
and tetraborane(10), »B;H,, were obtained from laboratory
supply. Pentaboranes(11) were prepared in a hot~cold circulat-
ing system described elsewhere.? ]

Isotopically labeled tetraboranes(10), u-B:HsD and u-B:D¢H,
were prepared by cleavage of B;Hy and ByDy with DO and
H,0, respectively.® Tetraborane(10) labeled with an “B in
the 4 position was prepared as reported.*

Spectroscopic Techniques.—Nuclear magnetic resonance spec-
tra were obtained with a Varian Associates HR-220 spectrometer
equipped with standard Varian variable temperature probe
accessories. Multiple scans were obtained using the Varian
Associates 1024 time averaging computer. Proton, deuterium,
and boron spectra were obtained at 220 MHz, 33.1 MHz, and
70.6 MHz, respectively. In each case special care was taken to
avoid saturation effects.

Procedure.—Scrambling reactions were carried out in the
liquid phase in standard medium wall precision nmr tubes.

For each data point the nmr tube was placed into a slush bath
and timing started 15 sec after immersion. After an appropriate
time interval the nmr tube was removed and quenched at —196°
to stop the reaction. To prevent further scrambling while the
spectrum was taken, the nmr probe was cooled below —10°.
Normally 16 sweeps were accumulated at each point with the aid
of a time averaging computer. The time averaged spectrum
was then printed and subsequently integrated by weighing:
The nmr tube was then removed from the probe and the above
procedure repeated. At various intervals a wider sweep width
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Figure 1.—Typical data curves of u-B4HD scrambling reactions
at 19.0°.

was selected to check for resonances arising from any decomposi-
tion products.
slush), 11.8° (p-dioxane slush), 19° (acetophenone slush), and
22.5° (water at room temperature) are believed to be accurate
to £0.5°.

Mass spectra were obtained on the CH-7 mass spectrometer of
selected samples before and after scrambling had occurred.
Within experimental error, no difference in the mass spectrum
was observed which is in agreement with previous results.®

Calculations.—All calculations were made on the 'CDC 6600
computer.

Solutions of the rate equations for the various models tested
were found with a computer program obtained from McLaughlin
and Rozett of Fordham University. This program can treat
kinetic situations linking up to four components by first-order
reversible reactions. The above program was modified to be
compatible with the available subroutine STEPIT,® a program
capable of curve fitting.

The general procedure for curve fitting was to guess initial
values of the rate constants, calculate a theoretical curve (de-
crease in bridge deuterium concentration us. time), and compare
the residuals obtained at each data point with the residuals ob-
tained when the procedure was repeated with the rate constants
varied slightly. Several different initial guess values were
utilized for each model to test for false minima.

The results obtained from the calculations above for the first
rate constant were compared with the results obtained by treat-
ing the initial data in Figure 1 as a simple first-order equilibrium
reaction involving the bridge and four terminal positions.

For the general case

k1
A==
k1
it can be shown!? that the rate equation can be integrated to give
the expression

Ao — Ao .
In Ao — A, = (ky + k1)t

where 4, = initial concentration of A, 4. = equilibrium concen-
tration of A, and 4 = experimentally determined concentration
at time £. :

The boron scrambling reaction of 4-1'B1°B;H;, was also treated
using this equation. In both cases a general least-squares pro-
gram was used to obtain a satisfactory fit.
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The temperatures for the reactions 5.5° (benzene
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Figure 2.—Dmr (83.8 MHz) of u-BsHyD scrambling reaction.

B.H;~B:D; Exchange Reaction.—Several experiments were
performed with conditions duplicating those used previously.?3
In a typical experiment B;H;; (30 mm) and B:Ds (100 mm) were
placed in a 500-ml reaction flask and warmed to 45° in a constant
temperature bath. Reaction times of 10, 30, and 45 min were
used, after which the reaction was quenched to —196°. The
tetraborane(10) was then purified and sealed into an nmr tube.

Two additional exchange reactions were carried out in the
liquid phase by sealing the reactants into nmr tubes which were
then warmed to —30° and 0°, respectively.

Due to the low concentrations of deuterium present in the ex-
changed tetraborane(10) it was necessary to obtain 64 scans
using the time average computer before satisfactory spectra
could be obtained.

Results

Typical experimental curves representing the de-
crease in bridge deuterium concentration vs. time for u-

deuteriotetraborane(10), u-BHD, are presented in

Figure 1. Previous ir studies of the scrambling reac-
tion of u-BHD had assumed nonpreferential scram-
bling of deuterium from bridge to terminal positions.
However, when we treated the data in Figure 1 as a
simple first-order equilibrium between bridge and ter-
minal positions, a satisfactory fit could not be obtained.

 Typical deuterium spectra from which the data in

Figure 1 were obtained are presented in Figure 2.
Preliminary examination of these spectra suggested that
the resonances arising from the 1,3 and 2,4 terminal
positions were initially growing at equal rates and not at
the 1:2 rate predicted by nonpreferential scrambling.
This tentatively indicated that the 2,4 equatorial (e)
and axial (a) positions were exchanging at different
rates, which was not surprising since previous exchange
studies of BsD¢ and B¢His have established that protons
on —BH; groups may be chemically nonequivalent.
Unfortunately, the small chemical shift difference and
the large line widths made it impossible to distinguish
between 2,4e and 2,4a positions in the deuterium nmr.

Previous studies!! have demonstrated that equa-
torial and axial resonances are resolved in the 220 MHz
pmr of tetraborane(10). Examination of the spectra
of u-B4H D 2s. time (Figure 3) gave further proof that

(11) J. B. Leach, T. Onak, J. Spielman, R. R. Reitz, R. Schaeffer, and
L. G. Sneddon, Inorg. Chem., 9, 2170 (1870).
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the 2,4e and 2,4a positions were exchanging at different
rates. Initially, the quartets arising from the 2,4e and
2,4a protons were present in equal intensity, but after
deuterium scrambling was allowed to take place for 6
and 26 min at 22.5° (Figures 3b and ¢, respectively),
the low-field quartet (the peaks indicated by X’s in
Figure 3) of the BH, set became diminished indicating
that deuterium was entering this position. The high-
field quartet of the BH, set appeared unaffected at these
initial times, but after longer reaction times (Figure 3d),
the two BH; quartets again appeared to be equal in in-
tensity indicating that deuterium had equilibrated
throughout the molecule.

For final proof of the above observations, the com-
pound, u-ByD¢H was synthesized and its scrambling
reaction vs. time monitored by 220 MHz pmr. The
spectra in Figure 4 confirmed that the 1,3 and one 2,4
terminal position increase initially and that only upon
longer reaction times does the other 2,4 terminal posi-
tion exchange.

Several possible mechanisms for intramolecular ex-
change which fit the above qualitative information
were suggested. (I) Two parallel first-order equilib-
rium reactions in which deuterium scrambles into the
terminal positions by two different mechanisms

1,3 and 2,4 (e and a)

%

bridge

N

2,4 (e ora)

(II) Two consecutive first-order equilibrium reac-
tions in which deuterium scrambles first into the 1,3
and one 2,4 position before it can scramble into the
other 2,4 position.

K2
1,3and 2,4 (eora) =24 (eora)

slow

K
bridge ===
fast

(III) A combination of I and II involving consecutive
and parallel equilibrium reactions.

1,3
7
bridge _‘K_‘ 24 (eora) = 24 (eora)

In all cases we have assumed that equilibration of 1,3
to 2,4e and 2,4a by any direct process is negligible and
the effective rate constant is K,, = (k, + k_,) where
k, = k_,.

These models were tested by computer curve fitting
of the experimental curves similar to those in Figure 1.
A satisfactory fit of the data could be obtained for only
mechanism I above. The values of the rate constants
at various temperatures based on mechanism I are given
in Table I.

If an initial rate method is used and the data treated
as a simple first-order equilibrium between bridge and
four terminal positions, a value for the effective rate
constant is obtained which is in good agreement with
the first rate constant obtained from mechanism I
above. These values are also presented in Table I.
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Figure 3.—Pmr (220 MHz) of u-B4H,D scrambling reaction.

! |
I
0 min, '/’\\\\
// \\\
Vv \f\,ijfx\wwﬂwwv/ / \ \\\

\AJ\’ M\/\

) 3min. | oA )
( 4

A \ M IR
wﬂ(/w\\/ \/ \f'\w J"r \\ \\
f \ /‘v\/\/\ 15 min. ,‘/ \\
A muxn
J‘ ,
” /\ } ﬂ 34min. ,’ \\

\\jm\,\j\

i
i

,,JJ”

/'\ “r \, \ Omin,
Pl k

200 min,

L 24 \
Bridge

Figure 4.—Pmr (220 MHz) of u-BsD¢H scrambling reaction.
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TABLE 1
RATE CONSTANTS? FOR u-BH D SCRAMBLING REACTIONS
Temp, °C K1, min-1? K1, min-1¢ Ks, min=1¢
22.5 0.104 (4) 0.096 (4) 0.0031 (4)
19.0 0.050 (2) 0.050 0.0014
’ 0.0581 (7) 0.050 0.0025
0.043 (11) 0.041 0.0019
11.9 0.021 (2) 0.022 0.00071
0.022 (2) 0.025 0.00075
5.5 0.0095 (6)

e The effective rate constant, K, = kB, + k_,. P Rate constant
obtained by neglecting the effect of the second rate. Standard
errors are given in parentheses. ¢ Rate constants were obtained
by curve fitting. Etrors are estimated on the basis of the devia-
tion of the values at 19°,

TaBLE II
AcTIVATION ENERGIES BASED ON DATA IN TABLE I
AEgqt,* keal AEgot,? keal
K, 18.5 (4) 18.5 (17)
K. 21.5 (18)

a Value obtained when K; was determined by neglecting the
effect of K;. ® Values obtained when K; and K; were determined
by curve fitting of all data.

The activation energies given in Table II were ob-
tained by an Arrhenius plot of the datain Table I.

The spectrum given in Figure 5 is typical of those ob-
tained in the B,DgB.Hys gas-phase exchange reactions.
In all cases, the 33.8 MHz deuterium spectra showed
negligible concentrations of deuterium in the 1,3 ter-
minal positions. In all cases, deuterium was found to be
present in both bridge and the 2,4 terminal positions,
the majority being in the 2,4 positions.

The B,D¢B.Hy, liquid-phase exchange reactions re-
sulted in negligible deuterium exchange.

Discussion

The nature of the experiments yielding rate data
must at best be considered crude. The error involved
in spectral reproducibility as well as evaluation of the
integrals precludes any firm conclusions based only on
the values of the rate constants. For this reason, the
activation energies must be regarded as only approxi-
mations.

Several important conclusions, however, can be
drawn. Both qualitative and quantitative evidence
presented above establishes that intramolecular hy-
drogen exchange in tetraborane(10) proceeds by two
different rates. The faster rate involves the bridge and
four terminal positions while the slower involves the
bridge and the remaining two terminal positions.

On the basis of our kinetic results it would be fool-
hardy to propose any firm mechanism for intramolecular
hydrogen exchange; however, one mechanism which
equilibrates bridge to terminal (1,3 and 2,4€¢ or a) posi-
tions and leaves the other 2,4 position unaffected may
be visualized as a boron rotation mechanism with the
requirement that rotation about the 2,4 boron atom
can occur readily in only one direction as in Figure 6A
or B.

Failure to fit model IT or III above indicates that the
rate for deuterium equilibration to the second 2,4 posi-
tion is independent of deuterium scrambling to other
terminal positions, so it is possible that scrambling to
this last 2,4 terminal position is accomplished by a
second, slower rotation approximately perpendicular to
the first rotation (Figure 6A or B). These rotational
motions in the molecule seem reasonable since they are
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Figure 6.—Possible mechanisms for exchange in tetraborane-
(10).

- consistent with a combination of the predicted vibra-

tional modes in tetraborane(10).12

Another possibility for deuterium migration to the
last 2,4 terminal positions is that the rate depends upon
the rate of intramolecular boron exchange. To test
this possibility, rate data were obtained for the scram-
bling reaction of 4-'*B¥BsHy by monitoring its 70.6
MHz !B nmr spectrum vs. time. The results were
very crude, probably due to the large line widths and
saturation effects, but a value of 5.7 X 10~ ¢ min—! was
obtained for the scrambling of !B from the 4 position
to the 1,3 position. This gives a value of 1.14 X
10—3 = 1.0 X 10~¢for the rate of 2,4 to 1,3 intercon-
version in tetraborane(10) at 19°. Referral to Table I
indicates that K, for the exchange of deuterium in
BH,D is approximately the same and may be depen-
dent on the rate of intramolecular boron exchange.
However, any conclusions drawn from these data must
be considered tentative since the sensitivity of measure-
ment for the data on which these two rate constants are

“based is very low.

Previous studies of the B,;D¢B,H;y, gas-phase deu-
terium exchange reaction had demonstrated that two
hydrogen positions in tetraborane(10) exchange at a
faster rate than the other hydrogens in the molecule.
It was suggested that the faster rate led to the forma-
tion of 1,3-B4HgD.. This suggestion is inconsistent
with our present findings since we have shown that the
1,3 terminal positions are involved in a rapid intra-
molecular exchange with the bridges and one 2,4 ter-
minal position. However, it seemed reasonable that a
2,4-B,H;D; labeled compound could be formed (la-
beled in the 2,4 position not involved in the rapid
intramolecular exchange) and we duplicated the orig-
inal experiments to. investigate this possibility. We
found no evidence for the formation of a 1,3-B4HgD,.
All deuterium spectra of the gas-phase reactions indi-
cated large concentrations of deuterium in the 2,4
terminal and bridge positions and negligible amounts
in the 1,3 positions.

Although these results appear to exclude the forma-
tion of 1,3-BsHgD; in the ByH1o—B;Dg exchange reaction
it is still possible that a 2,4-B4H;Ds is formed initially,
but all attempts to prepare this compound were un-
successful.
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