1454 [Inorganic Chemistry, Vol. 15, No. 6, 1976

of Br(SO3F)3* with the highest SO stretch at 1490 cm™.

From a comparison of the Raman spectra listed in Table
11 it appears that the bands in the region of 640750 cm™! are
not found for the potassium salt and are most likely due to
the [Hal(SO3F);]" ion. Since both SO;F stretching and
deformation modes are generally not found in this region and
are rarely so intense, assignment of these bands as halo-
gen—oxygen skeletal vibrations is plausible. The following
assignment is suggested: »(BrO,), at 745 cm™! and »(BrQ,),
at 652 and 640 cm™'; ¥(10,)4 at 712 and 690 cm™! and »(I0,),
at 663 and 650 cm™!. The observed splittings of some of the
modes may be due to a slight nonequivalence of the two
[Hal(SOsF),]™ ions in the cation. A band at 309 cm™! for
the bromine compound and at 284 cm™ for the iodine
compounds may be the BrO; or the 10, bending mode, re-
spectively. These assignments of the Br—O and I-O skeletal
vibrations suggest that our previous* assignments of these
vibrations in I(SO3F); and Br(SO4F); are probably too low
and should be revised.

All bands in the lower frequency range are not distin-
guishable from the anion vibrations, perhaps with the exception
of the bending mode at ~625 cm™! which is also present in
[I(SO3F)4]". The Raman bands at 308, 462, and 1242 cm™
reported by Gillespie and Morton’ for solutions of Br(SQ;F);
in superacid and ascribed to the [Br(SO3F),]™ cation are all
observed as strong bands for solid [Br(SO;F);]2[Sn(SO;F)¢]
in approximately the same region.

Experimental Section

The chemicals S,06F3,'? Sn(SO3F)4, 13 I(SO;F)3,! and BrSO;F?
were synthesized according to published methods. Raman spectra
were obtained on a Cary 81 spectrometer equipped with a Spectra
Physics Model 125 He-Ne Laser. The samples were contained in
flat-bottom Pyrex tubes (5-mm o.d.) Solids were handled in a
“Dri-Lab”, Model No. HE-re-2 (Vacuum Atmospheric Corp.), filled
with purified dry nitrogen and equipped with a “Dri-Train”, Model
No. HE-93 B. The Mossbauer spectrometer has been described
elsewhere.’

All synthetic reactions were carried out in Pyrex reactors of
~ 100-ml volume, equipped with Teflon stem valves and Teflon-coated
magnetic stirring bars. Generally 10-20 ml of S;0¢F; was added
to the reaction mixture by vacuum distillation. Details of the synthesis
are given in the Discussion. The solid materials were obtained after
removal of the solvent. In the case of [I(SO3F);];[Sn(SO3F)¢] a
yellowish liquid mass was formed initially which solidified only after
3-3 days.

Characterization of the Compounds. [I(SO3F)2]5[Sn(SO1F)¢] is a
yellowish white, very hygroscopic solid (mp 74-75 °C). Quantitative
analysis was performed by Alfred Bernhardt, Elbach, West Germany.
Anal. Caled: 1, 18.63; S, 23.49; F, 13.87. Found: I, 18.77; S, 23.53;
F, 14.23.

[Br(SO;F),1[Sn(SO;F)g] is a pale yellow to white, very hygroscopic
solid, melting to a yellow liquid at 48-50 °C. Anal. Caled: Br, 12.60;
S, 25.22; F, 14.90. Found: Br, 12.86; S, 25.47; F, 15.15.
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(13) The interaction of SnCly with SO¢F; is rather vigorous and may lead
occasionally to an explosion. It is advisable to warm the mixture rather
carefully.
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Coordination of N20 to Ru(II) enormously increases the
rate of reduction of the oxide by Y2+ or by Cr2+,! A possible
explanation of the effect is that Ru(II) assists in the reduction
of the coordinated N20, with the internal and the external
reducing agents cooperating in producing a 2e- reduction of
N20. On the basis of this hypothesis, it seemed reasonable
to suppose that pyrazine oxide when coordinated to Ru(II)
would also undergo reduction more rapidly than does free
pyrazine oxide. Accordingly, we undertook to study the rate
of reduction of both

/A
(NH3)sRuN O N2+
=/

and

O

The expected effect was not observed, and as a result our
understanding of how Ru(II) enhances the reducibility of N20
has not been much advanced. Because results we have ob-
tained may nevertheless be of interest in other contexts, we
make a brief report of them here.

Experimental Section

Pyrazine oxide was prepared following the procedure described by
Klein and Berkowitz.2 The product obtained was recrystallized from
benzene and then subjected to analysis. Anal. Caled: C, 50.0; H,
4.2; N, 29.2. Found: C, 49.4;H,4.23; N, 29.3. The ir and uv spectra
agreed well with those described.2

The ion Ru(NH3)sC4HaN202*+ was prepared by mixing Ru-
(NH3)sOH22+ with pyrazine oxide, the former in 10% excess, under
an atmosphere of argon. After complexation was complete, saturated
sodium bromide was added. The solid was collected, washed, and
dried. Anal. Caled for [Ru(NH3)sCaHaN20]Br2: C, 10.87; N, 22.18;
H, 4.33; Br, 36.14. Found: C, 10.56; N, 21.97; H, 4.28; Br, 36.98.

Solutions containing V(II) and Cr(II) were prepared by standard
procedures.

The spectrophotometric method was used in determining reaction
rates. In all cases, experiments were done under pseudo-first-order
conditions, with the reducing agent being used in excess. For V(II)
in reaction with uncomplexed ligand, measurements were made at
214 nm; this wavelength is at a band maximum for pyrazine oxide,
the product pyrazine showing much weaker absorption. Advantage
was taken of the 7* <— wd charge-transfer transition in measuring
the rate of reduction of the complex of pyrazine oxide with Ru(II).
The band maxima for the reactant complex and the product?

Ru(NHz)sN NH3Y
uthinzig \O,

in acid solution coincide (A 527 nm) but there is enough difference
in the extinction coefficients to make it possible to follow the reaction
using light in the visible region of the spectrum. With Cr2+ as
reductant, reaction is too rapid for the rate to be measured by ordinary
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Table I. Rate of Reduction of Pyrazine Oxide and of Its Complex
with Pentaammineruthenium(1I) by V¥*(aq)?®

k,Mtsm b at

Oxidizing agent 25.0°C 199°C 14.8°C  9.8°C
Free ligand 2.29 1.79 1.36 1.03¢
Complex 0.204 0.159 0.117 0.088¢

@ =0.10; oxidizing agent at 6.5 X 107* M. b Each experiment
is the mean of three in which {V2*(aq)] covers the range of (ca.
9.0-4.3) X 107* M, and [H*], the range of (ca. 5.0-2.3) X 107 M
There is no trend in the values of k over thls range. The average
deviation from the mean is ca. 2%. € AH and AS* from E rmg
plots are 8.1 0.5 kcal/mol and —18 + 2 cal mol™' deg™*.
and AS¥ are 10.0 + 0.5 kcal/mol and —17 + 2 cal deg™ mol'

spectrophotometric means, and a stopped-flow apparatus was used
for this system.

Under our conditions with V(II) as reductant, reaction is effectively
arrested when the ligand is reduced to pyrazine, whether pyrazine
oxide is complexed or uncomplexed. The net change in the first stage
with V(II) in excess then is

2V?* + C,H,N,O + 2H* = 2V* + C,H,N, + H,0

With Cr(II) as reductant, when the ligand is complexed, reaction again
is arrested at the pyrazine level of oxidation, but with uncompiexed
ligand, reduction proceeds beyond the pyrazine state. The chemistry
of this system was not investigated in any detail and the only ob-
servation of note made in the study is that there is a great decrease
in the reactivity of pyrazine toward Cr2*+ when the ligand is complexed,
amounting to a factor of at least 10-3. With Cr2+ at 0.01 M, there
is no detectable reaction with Ru(NH3)sCsH4N22+ in 10 min, but
with uncomplexed ligand, reaction appears to be complete on mixing
(t1/2 < 55).4
Results

The large bathochromic shift in the #* < wd transition
(from 472 to 527 nm) caused by adding O to the remote end
of pyrazine when this is coordinated to Ru(II) has already been
noted—the shift in fact is as large as that produced by H*.
The extinction coefficient at the band maximum is 1.4 X 104
M-! cm~!. The infrared spectrum is also of interest in
characterizing pyrazine oxide when it is coordinated to ru-
thenium(II). Measurements were made on [Ru(NH3)sC4-
H4N20]Br2. The region of the spectrum in which the N-O
stretching frequency is expected to appear shows bands at 1293
and 1258 cm! there possibly being weak shoulders at 1286
and 1265 cm™!. The band at 1258 cm™! is most likely the N-O
stretch while that at 1293 cm~! can be assigned to 6(NH3).

The results of the measurements of the rate of reduction
by V2+ of pyrazine oxide as free ligand and in the penta-
ammineruthenium(II) complex are summarized in Table I.

With Cr2+ as reductant, the stopped-flow apparatus’ was
used for the measurements. Experiments at 25.0 °C in
NaClO4-HClO4 (¢ = 0.11, [H*] = 5.7 X 10-2 M) yielded
for k the values 13.8, 13.2, 12.8, and 13.8 M1 s~ for reduction
of the coordinated oxide. Owing to complications arising from
the further reduction by Cr2+ of the intermediate product
pyrazine, we have no estimate of the rate at which free py-
razine oxide is reduced by Cr2+,

Comments

When pyrazine oxide coordinates to Ru(NH3)52+, the N-O
stretching frequency is reduced from 1313 ecm-! for the free
ligand5 to 1258 cm~! implying then that #d—7* back-bonding
is antibonding for the N-O interaction. Even if the assign-
ments of the N-Q stretch and 6(NH3) are interchanged, this
conclusion still follows. However, though the force constant
for the NO bond is decreased, the reduction by V2+ of the
coordinated oxide, which does involve N-O bond rupture, is
not facilitated. In fact, at 25 °C the rate of reduction of the
coordinated ligand is less than that of the free, but in view of
the somewhat different value of AH* for the two reactions,
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the rates will reverse at sufficiently high temperature.

It is, of course, not necessary that a decrease in the N-O
force constant will result in an increase in rate of reduction.
In assessing the effect of coordination, we need to take account
of the stability changes for the whole system rather than
focusing on the N-O bond. The shift in the 7* < #d tran-
sition, from 472 nm for coordinated pyrazine to 527 nm for
pyrazine oxide, shows that there is a considerable increase in
the back-bonding interaction when coordinated pyrazine is
transformed to the oxide. This extra stabilization is lost on
reduction, and this loss of stability could well be reflected at
least partially in the activated complex for the reaction.

For reactions in which substitution on V(H20)62t by a
ligand carried in a complex of net charge 2+ is rate deter-
mining, specific rates of the order of 10 M~! s7! are observed.”8
Even though the values of AH* and AS* recorded for the
reaction of V(H20)62+ with Ru(NH3)s5CsH4N202+ are
similar to those observed for the reactions mentioned in ref
7 and 8, the specific rate at 25 °C of 0.20 M-! 51 recorded
for our system is so low that, if an inner-sphere precursor
complex is formed, it can be assumed that the complex is
substantially at equilibrium with the reactants and that the
slow step involves internal electron transfer or some other mode
of decomposition of the inner-sphere complex. ‘For the reaction
of V(H20)62+ with the free ligand, the kinetic parameters are
so different from those observed for the exchange of water
between V(H20)2+ and solvent? that it again seems unlikely
that substitution is rate determining. Here only the values of
AH* are directly comparable owing to the difference in
molecularity in the processes; AH* for water exchange is 16.4
% 0.6 kcal/mol while for the reduction of pyrazine oxide by
V(H20)2+ it is 8.1 £ 0.5 kcal/mol. Thus it seems safe to
conclude that the comparison of rates in our systems is not
vitiated because the rate of one or other reaction is controlled
by substitution.

The stabilization of pyrazine when it is coordinated to
Ru(II) to reduction by Cr2+ is also worthy of note. Here again
the stabilization can be attributed to back-bonding, this
stabilization being lost when pyrazine is reduced.

No change in the rate.of reduction of the free ligand or of
the complex was registered over the range of acidity which
was covered by our experiments. In view of the fact that
protonated pyridine oxide has a pKa value!© of less than 1, it
is unlikely that pyrazine oxide is significantly protonated at
the acidities used in our studies.

Our work on these systems is admittedly incomplete, and
a serious shortcoming in this respect is that the nature of
vanadium and chromium products was not established. In the
presence of excess V(II), the final vanadium product will be
V(III), but VO2+, if it were formed as an intermediate,!!
should be identifiable in the present system at lower acidity.
A 2e- change in oxidizing Cr2+ would be expected to produce
the chromium(III) “dimer”, which can readily be identified
by cation-exchange techniques.
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Interest in the mode of bonding of Cu(I) to the BioH102~
framework in {{(CsHs)3P]2Cu}2BioH1o has recently been
rekindled by an x-ray study and the solid-state infrared
spectrum of this compound! and that of Cu2B10H10.2 The
current results imply Cu—H-B bridge bonding as a significant
mode of interaction in the solid state, as well as the previously
considered three-center bonding of Cu(I) with a B-B edge of
each B1oH102- polyhedron. Since one of the primary pieces
of evidence for Cu—H-B bonding is based upon studies of
infrared spectra as mulls, it is of interest to determine if the
solution infrared spectrum of {{(CsHs)3P]2Cu}2B1oH 10 also
displays a band which can be attributed to Cu-H-B inter-
action. It is also of interest to determine if the NMR spectra
of this compound (*H and 1!B) are consistent with a fluxional
system, Fluxiona] character appears to be a property of
bis(triphenylphosphine)copper(I) derivatives of borane anions,?
with the exception of 2,3-u-[(Ce¢Hs)3P]2CuBsHs and its methyl
derivatives.?

In the Nujol mull infrared spectrum of {[(CeHs)3P]2-
Cu}2B10H 10, broad weak bands between 2150 and 2400 cm~!
have been assigned to Cu-H-B bridge stretching modes.!
Similar bands are also reported for the solid-state spectra of
Cu2BioH10 (2100-2300 ¢cm1),22 [(CsHs)3P]2CuBH4 (2010
cm1),5 and [(CsHs)3P]2CuB3Hs (2045, 2100 cm~1).6 Figure
1a shows the Nujol mull spectrum of {{(CsHs)3P]2Cu}2B1oH 0.
The bands assigned to Cu~H-B stretching modes are of low
intensity, comparable to the triphenylphosphine deformations
at ca. 1600 cm-!. Figure 1b shows the spectrum of this
compound in CHCI3 solution. The intensity of the region
assigned to the Cu—H-B bridging bands is markedly enhanced,
thus implying Cu—H-B interaction in solution.

The compound 2,3-u-[(CsHs)3P]2CuBsHs is related to
{[(CeH5)3P]2Cu}2B10H10 in that the Cu(I) is bound to a boron
framework which has only single terminal protons, i.e., no
—BH2 groups. The available evidence is consistent with the
Cu(I) being bound directly to two basal borons without
significant Cu~H-B interaction.# The Nujol mull spectrum
of 2,3-u-[(CsHs)3P]2CuBsHs has slight absorptions at ca. 2280
and 2325 cm™! (Figure 1c¢), but these bands are characteristic
of the BsHs™ anion (see inset to Figure 1¢). The solution
spectrum of 2,3-u-[(CsHs)3P]2CuBsHs shows little or no
evidence for the bands at 2280 and 2325 cm~!. It should be
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Figure 1. (a) Nujol mull spectrum of {[(CbHs)aPhCu}zBmH,o;
(b) CHCI, solution spectrum of {[ (C¢H,)sP],Cu}, B,oHyo; (¢)
Nujol mull spectrum of 2,3-u-[(C¢H;),P],CuB,Hy; (d) CHCI; so-
lution spectrum of 2,3-u-[{C,H;),P],CuB,H,.

noted that these bands in the solid state and in solution are
appreciably weaker, compared to the triphenylphosphine
bands, than the Cu—H-B bands in the spectrum of {[(Cs-
Hs)3P]2Cu}2B1oHio.

The pulsed Fourier transform 'H NMR (90 MHz) spec-
trum of {[(CsHs)3P]2Cu}2B10H 10 was obtained at +30 °C and
at =60 °C in CDCls. The only difference between the two
spectra is that, at the lower temperature, the peaks are
somewhat sharper. The spectrum consists of a large peak due
to the phenyl protons and two peaks due to boron hydride
protons. The two peaks have chemical shifts of = 6.35 and
9.15. These compare to 7 5.7 and 9.1 for KaBioH10.7 The
proton resonances in {{(C¢Hs)3P]2Cu}2B1oH10 are severely
broadened. The resonance at 7 9.15 (—60 °C) has a half-width
of the same order as other Cu~H-B bridged species (100 Hz).3
The presence of single axial and equatorial resonances is
consistent with a fluxional system. While fluxional behavior
does not necessarily imply Cu~H-B interaction, this property
occurs in other Cu~H-B bridged Cu(I) boranes:3 [(Ce-
Hs)3P]2CuBH4 and [(CsHs)3P]2CuB3sHs. The ''B NMR
spectrum of {[(CeHs)3P]2Cu}2B1oH1o is the same, with respect
to chemical shifts, as that of a 'H-decoupled spectrum of
K2BioH107 except that the peaks are broader.

The fluxional behavior of the Bio species contrasts sharply
with that of 2,3-u-[(CsHs)3P])2CuBsHs. This salt has a 'H
NMR spectrum consistent with a static structure in which the
Cu(I) is directly bound to two borons.# The half-widths of
the basal terminal resonances are about 30 Hz which is much
less than that observed for Cu—-H-B bridges species. Two
distinct terminal basal proton peaks are seen, consistent with
insertion of Cu(I) into a basal boron—boron site (see I). This

H\ H H
B/“\B/

H{ >—B/<H>-Cu[P(CGH5)3]2
H/B\,:/B\H
1

contrasts to the Bio species where there is only one peak due
to the terminal equatorial protons.



