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The different attachment mode of the BH, group in the two
isomorphous copper and cobalt analogues is not surprising,
since the isomorphism of these complexes is mainly due to the
requirements of the triphos ligand. As a matter of fact, all
the compounds of the series (triphos)M(L) are isomorphous
in spite of the nature of the ancillary ligand (L = I1,'5 CS,,!6
S0,,% SO, Se0,,!” and BH,5'%).

Registry No. (triphos)Cu(BH,), 82678-89-5. :
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Studies of the kinetics behavior of the permanganate ion
with one-electron inorganic reductants in acidic media have
shown the Mn(VII) — Mn(VI) step to be rate determining,
although the MnO,~ ion is a strong multiequivalent oxidant.>3
Since the reductant ions have been limited to those that un-
dergo a one-electron change, it would be of interest to in-
vestigate the kinetic behavior of MnO,~ with a reductant
system that provides the opportunity of a two-electron change.
Such a reductant might represent conditions in which the
MnO, ion would react via a two-electron step (Mn(VII) —
Mn(V)). The reactions of Pt(II) — Pt(IV)* and U(IV) —
U(VI)’ with MnO,™ have been characterized, by means of
180-exchange experiments, as occurring via oxygen atom
transfer.

The bis(u-oxo)bis(oxomolybdate(V)) ion, M0,0,%*, was
chosen because of its dimeric nature,5® its ability to be
quantitatively oxidized to Mo(VI)® by MnQ,", and the possible
detection of a mixed-valence (Mo¥/Mo"!) intermediate.!©
There also exists the possibility of estimating the electrode
potential for the MoY, — MoYMoV"! + ¢ reaction.!! Mur-
mann has shown the rate of oxygen exchange between
Mo,0,2* and solvent and the rate of the opening of the
bridging ring to be slow.!? Redox experiments by Sykes have
led to the characterization of the aquo dimer as an outer-sphere
reactant.!?

Experimental Section

The bis(u-oxo)bis(oxomolybdate(V)) complex was prepared by three
different methods. (a) Reduction of Na,MoO, (8.0 g) in 250 mL
of 3 M HCI was accomplished at 80 °C by slow addition with stirring
of N,H,2HCI (6 g).>!* The brown Mo, solution was heated for
2~3 h to remove excess hydrazine and reduce the volume. This method

*To whom correspondence should be addressed at Eastern Michigan
University.

Table I. Rate Constants, kypeq, for the MnO,™/Mo,0,%* Reaction
(T'=25.0°C, [H*] =0.50 M, = 1.00 (LiCIO,))
10° X 10% x 10% x J0° X
[M0,0,*1,, [MnO, ],, kopsd, [M0,0,* o, [MnO, 1o, kopsas
M M s M M s

0.90 4.68 5.35 1.47 772 8.00
2.29 4.68 129 2,29 9.37 12.0
3.37 772 19.2 5.38 772 31.0
4.40 11.3 23.2 6.60 15.1 36.6¢
4.87 491 27.0 6.60 15.1 36.59
5.28 2.85  29.5¢

¢ [Mo(VD)], =4.2 X 1072 M. b [Mo(VD)], =2.1X 107 M.
¢ HCIO,/HTFMS mixture.

was discontinued as it gave low stoichiometric values and erratic rate
constants. The results were presumably due {p the presence of N,H,*.
(b) Reduction of the Na,MoO,4/3M HCI solution was accomplished
by shaking with metallic mercury."* The Hg and Hg,Cl, were filtered,
and the solution was stored at 5 °C over frésh Hg. (c) Dimerization
of monomeric Mo(V) was accomplished by dissolving weighed samples
of (NH,4),(MoOCl) (gift from Climax Molybdenum) in 2 M HCI,
followed by aquation for several hours.!’

Chloride-free solutions were obtained by diluting an aliquot of the
dimer/HCI solution with distilled water such that [H*] < 0.1 M and
collecting the dimer on a Dowex 50-X8 (50-100 mesh) or Amberlite
IR-120 ion-exchange column (acid form). The column was washed
free of Cl~ with deoxygenated distilled yater and the Mo,0,** ion
eluted with deoxygenated HCIO, or trifluoromethanesulfonic acid
(HTFMS) of the desired molarity and ionic strength (u = 1.0, LiClO,).
While the decomposition of the dimer is slower in HTFMS than in
HCIO,, identical kinetic results were obtained. The [Mo0,0,2*] was
determined spectrophotometrically at A = 384 nm (e = 103 M}
cm™).!6 Total Mo analysis was accomplished by H,0, oxidation.'”
LiClO, (G. F. Smith) was recrystallized twice from distilled water,
and stock solutions were standardized by ion-exchange methods. The
permanganate stock solution was standardized against As,0,. Re-
action MnO,~ solutions were prepared by diluting aliquots of the
standardized stock with distilled water or H*/LiClO, solutions of
known molarity and ionic strength. Solutions of HTFMS are slowly
oxidized by MnO,".

Results

The reaction stoichiometry in 0.4-1.0 M HCIO, (¢ = 1.0)
was shown by visual and spectrophotometric titrations at 384
and 524 nm (A,,(MnO,)) to correspond to the ratio of 2.51
+ 0.30 (mol of M0,0,** consumed/mol of MnO,~ added).
The overall reaction can be represented by the equation

2MnY! + 5MoY, — 2Mn!! + 10Mo"!

With use of pseudo-first-order conditions ([Mo0,0,%*], =
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Notes

Table 1. Dependence of k, on Hydrogen Ion Concentration
(e = 1.0 (LiC10,), T =25.0 °C)

1072k, 1073k,
[H*], M M-t [H*], M Mt st
0.06 5.689 0.65 5.619
0.12 5.439 0.70 5.559
0.18 5.309 0.70 5.789
0.30 5.60 0.75 5.708
0.30 5.4310.39 1.00 5.779
0.40 5.51 1.00 5.82
0.50 5.59 £ 0.18 1.00 5.61
0.50 5.45 1.20 57598
0.50 5.48¢9 1.20 5.73%
0.60 5.55 1.50 5.80%
0.60 5.65 1.50 5.950.b

@ HCIO,/HTFMS mixture. Y u= [H].

Table III. Dependence of k, on Temperature ([H*] = 0.50 M,
= 1.0 (LiClO,))
1073k, 107%k,, 107%k,,
7.,°C M1's! T.°C Mist T.°C Migt
12.0 2.38 17.8 3.67 25.0 5.63

14.5 2.60 21.5 442 25.0 5.55¢
15.0 2.77 23.7 5.10 26.5 6.00

¢ HC10,/HTFMS mixture.

25[MnQy]p), the decay of the MnO, absorbance at 524 nm
was followed via stopped-flow instrumentation. The rate ex-
pression —d[MnOy7] /dt = 2K 4q[MnO,"] was found to be valid
for more than 4 half-lives. The rate constant, k.4, Was ob-
tained by a computer fit of the expression In (A4, — 4..) vs. time.
A; and A, represent the absorbances at time 7 and infinite time,
respectively. A plot of kg vs. [M0,0,2*], (Table I, Figure
1) was linear with a zero intercept and showed no trend as
[MnO,™], was increased (Figure 1). This indicated the ex-
pression rate = k,[MnO,"] [Mo,0,2*] was adequate to account
for the behavior of the reaction. Plots from several experiments
in which the buildup of products was appreciable (stoichio-
metric ratio <15) showed no significant deviation from linear
first-order behavior.

Experiments performed between 350 and 475 nm showed
no evidence of an absorbing intermediate. The absorbance
values at t = 0, 4,, agreed with values calculated with use of
the appropriate molar absorption coefficients and initial
reactant concentrations.

A plot of k, vs. [H*] was linear (Table II) with a nonzero
intercept, and the expression k, = kg + k,z[H*] was used to
describe the dependence of the reaction between Mn(VII) and
the Mo(V) dimer on hydrogen ion concentration. The values
for the acid-independent, kg, and -dependent, k,y, pathways
are (5.42 £0.42) X 10° M 157! and (2.44 £ 0.21) X 102 M2
s7!, respectively. Alteration of the ionic strength from g = 0.5
tou = 1.03 ([H*] =0.50 M, T = 27.0 °C) and from g = 0.7
tou = 1.50 ([H*] = 0.70 M, T = 25.0 °C) showed no var-
iation in k,.

The activation parameters, AH* = 10.8 & 0.5 kcal/mol and
AS* = -5.1 % 1 eu, were obtained from a least-squares fit of
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Figure 1. Plot of kg vs. [M0,0,2*],.
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Figure 2. Plot of In (k,/T) vs. 1/[T (K)].

In (k,/T) vs. 1/[T (K)] (Table III and Figure 2).

Discussion

The presence of a proton-independent and proton-dependent
pathway has come to be a recognized feature for reactions of
MnO,~ with inorganic ions. The observed rate equation and
hydrogen ion dependence can be accommodated by the
mechanism given by eq 1-3. In these reactions, the proton-

k
MnO,” + Mo,0,2* — products (1)
H+ + Mrl04. = HMHO4 (2)
Kyp = 2.99 X 107 M-118
X
HMnO, + Mo,0,2* — products 3)

Table IV. Data Summary for Several Mo, 0,** and VO?** Oxidation Reactions

AH?, ast,
reactants kK'g, M s ko, M s kKygliM!gt? keal/mol cal/(mol K) ref
Mo,0,%* + Fe(phen),®* 6.0 31 10.9, 8.9 -18.4, -21.7 13
+ IrCl, >~ 0.052 0.114 13
+ [(Co(NH,),),0,1% 4.3 %107 18.5 -21 13
+ MnO,~ 5.42x 103 97.0 x 103 10.8 -5.1 this work
VO?* + MnO,~ 72.9 9.63 x 103 10.8 -13 2
+ IrCl %~ 97 x 10° 0.027 24
+ Mn?®* 0.38 x 10° 88.7 9.6,11.1 -14, ~-11.5 25b

@ The rate constants refer to the expression where &, =k"zgK[H']"' + kg + A'gK[H*]. P u=3.0 M (NaCIO,).
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dependent pathways remain the more rapid step due to the
large thermodynamic driving force of the redox reaction de-
rived from the couple HMnO,/HMnO, (E° ~ 1.11 V)2

Although the form of the rate law provides no detailed
information concerning an inner- or outer-sphere mechanism,
the aquomolybdenum(V) dimer has been compared in recent
studies to aquovanadium(IV).!>?° Both jons are d' systems
and are similar in their overall structure as both contain
terminal oxo groups. Solid-state structural data show a
lengthening of the bond to the trans ligand for various com-
pounds of both ions, and it is thought that the terminal oxo
group weakens the bond trans to it.2! This weakened bond
is felt to be responsible for the rapid exchange of the trans
ligand with solvent in M0,04(NCS)¢*.2 A comparison of
the rate constants from the expression k, = ko + k'yKyma[H*]
for the reaction of MnO,~ with the aquo dimer and VO?*
shows the dimer is more rapidly oxidized. The sizes of the
ratios ko(dimer) /ko(VO*) =~ 74 and k'y(dimer)/k’(VO?)
~ 10 appear to suggest a similar mechanism for these ions with
MnO,~.23:4

Sykes has called the (H,0)¢Mo,0,* ion an outer-sphere
reductant from comparison of rate and thermodynamic data
from the reaction of Mo,O,>* and Mo,0,(EDTA)? with those
for the reaction of IrCls>" and Fe(phen),**, both outer-sphere
oxidants.!> Table IV presents data from the oxidation of
Mo,0,* and VO** by MnO, and several other oxidants. It
is interesting to note that, while the values of AH* for the
reactions of MnO,~ with Mo,0,>* and VO?* are similar and
not unlike those of the Mo0,0,>*/Fe(phen);>* reaction, the
activation entropy, AS*, values differ considerably. It has been
shown?®? that AS* values for a group of outer-sphere reac-
tant/MnO,~ reactions tend to be much more positive (—5.6 to
+36.5 cal/(mol K)) than AS* for a set of inner-sphere reac-
tants (-13 to —30 cal/(mol K)).*® An isokinetic plot using
AH* and AS* values from various reductant/MnQ,~ reactions
also shows the aquo dimer behaves as an outer-sphere re-
ductant and not an inner-sphere reactant like VO?*.

Since the aquo Mo(V) dimer can be considered a one-
electron reductant with MnQ,~, an E®° value was estimated
for the reaction MoV, — MoYMo"Y! + ¢, from a plot of the
rate constants for the unprotonated pathways, log kg, vs.
E°(reductant) for a series of MnO,/inorganic ion reactions.?’
The value, —0.53 V, is in reasonable agreement with the
one-electron value of —0.52 to —0.56 V estimated by Pope from
studies of Mo(V)-substituted “Keggin anions”.!!

Results (AH*, kcal/mol; AS*, cal/(mol K)) from com-
plexation studies of SCN~ with (H,0)¢Mo", (11.3, -0.3) and
VO?* (10.8, -3.7) have been interpreted as indicating sub-
stantial involvement of the equatorial position with the in-
coming ligand.!® It is likely that the interaction of the per-
manganate ion with these two ions is similar. We are presently
examining this idea.
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Numerous metal halide complexes of the type MAIX, (M
is a mono- or divalent metal; X is a halogen) have recently
been studied in the vapor phase by various physicochemical
techniques.? Experimental evidence has indicated that these
complexes exist as edge-bridged structures in which the two
metal atoms are bridged by two of the halogen atoms. There
has also been some experimental work suggesting that these
complexes have face-bridged structures (three halogens in the
bridge) or C; structures (a nonplanar edge-bridged ring).
Questions as to the exact structure of these MAIX, complexes
and the mobility of the cation fragment (MX, ,*) in the
complex, which could make structural determination difficult,
have not yet been completely resolved.

In previous work we addressed the question of the relative
stabilities of corner- (one fluorine in the bridge), edge-, and
face-bridged structures of MAIX,-type complexes by carrying
out ab initio molecular orbital calculations on LiAlF,,’ Be-
AlF,,* and MgAIFs.* In all three cases the edge-bridged
structure was most stable (by 5-25 kcal mol™?) and could be
described as an AlF,~ anion interacting with an MF,_,* cation
(Li*, BeF*, or MgF*). Others® have similarly found the
edge-bridged structure for the related LiBeF,; complex to be
most stable.

In the work presented here we have calculated energies of
points on the pathway for migration of the cation between
edge, face, and corner bridges in LiAlF, and MgAIlFs. The
motivation for these calculations was to shed light on the
following unresolved questions concerning MAIX, complexes:

(1) Are the less stable bridging structures (face and corner
bridges) metastable enough to be observed; i.e., what are the
barriers for transition from the less stable structures to the
equilibrium structure? (2) Does the potential energy of this
path allow for easy migration of the cation over the entire anion
MX,? (3) Is the potential energy curve in the region of the
edge-bridged structure shallow enough to explain the C,
structure observed in electron diffraction studies?

Computational Methods

Calculations were carried out by using standard LCAO-SCF
methods® with an extended-basis set. The 6-31G basis was used on
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