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Figure 2. Normal-pulse voltammogram at Pt for oxidation of 16 mM
Mo,Clg* (z, = 50 ms). Melt is basic AlCl,-ImCl containing 0.4 M
EtAICl,. Voltage is scanned from the open circuit potential in anodic
direction.

in the presence of a large excess of EtAICl,.

The second one-electron-oxidation wave at the Pt electrode is
relatively broad and shifts from 0.3 to 0.4 V as v is increased from
10 to 500 mV/s. Also, at the higher scan rates, the ratio I,2/»!/2
decreases. These observations are indicative of an electrochemical
process coupled with a homogeneous chemical reaction.!> This
is expected since the final product of the second oxidation has been
shown to be Mo,Clg*, the formation of which requires a degree
of structural rearrangement of Mo,Clg*".!

The Mo,Clg*" oxidations were also examined by using nor-
mal-pulse voltammetry at the Pt electrode. Pulse widths, ¢,, were
varied from 50 to 1000 ms. After each analysis pulse, the melt
was stirred for 2 s and then left unstirred for S s before applying
the next more anodic pulse. A normal-pulse voltammogram is
shown in Figure 2. Three distinct waves are apparent corre-
sponding to first, a one~electron oxidation of Mo,Clg* to Mo,Clg™,
second, a one-electron oxidation of Mo,Clg*~ to Mo,Cly*, and
finally, a one-electron oxidation of Mo,Clg*~ to Mo,Clg*". The
position and shapes of the first and third oxidation waves remained
essentially invariant with changing pulse width as expected for
reversible processes.'* The limiting current plateau, iy, for the
second oxidation, however, was not easily discernible especially
at the shorter pulse widths. Despite the less than ideal second
wave, the ratios of limiting currents for the three oxidations were
approximately 1:1:1 as expected for electrochemical processes
under diffusion control. A plot of i, vs. #,!/2 for the first oxidation
wave is linear and passes through the origin. From the slope of
this plot, a D value of (2.61 £ 0.03) X 1077 ¢cm?/s for Mo,Clg*
was calculated.!® This value is consistent with previously de-
termined dimer diffusion coefficients.!

Conclusions

In the acidic AICl;-ImCl molten salt, the molybdenum dimers,
Mo,Clg* and Mo,ClgH?*", are easily interconverted by using
ImHCI, as a proton source and EtAICl; as a proton-removing
reagent. The presence of excess EtAICl, in the melt does not alter
the electrochemistry of Mo,Clg*. These two reagents should prove
useful in examining the interaction of hydrogen with other metal
clusters in these unique solvent systems.
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The complex and highly variable spin-state structures of [Fe,S,]
and [Fe,S,] proteins and synthetic analogues are now well ap-
preciated!™ but not well understood. Here, we propose and solve
a simple Hamiltonian for the spin states of oxidized high-potential
[FesS4°* (HP) clusters. The relative energies of the low-lying
spin states are analyzed including conditions for state crossings.
We then use the vector model originally developed by Middleton®
for reduced [Fe,S,]* and utilized by him also for [Fe,S,]** to
approximately evaluate effective isotropic g and A4 values. Im-
portant early experimental work on this system is due to Anta-
naitas and Moss.>* Middleton’s vector model®® for [Fe,S,]%* is
essentially correct, but one must also show how to generate the
correct spin-state energies from the basic physics of the problem.
Recent developments*® in the spin coupling theory of mixed-va-
lence antiferromagnetic (AF) complexes combined with quanti-
tative calculations’® make further progress possible.

To obtain the proper spin-state ordering for [Fe,S4]°* clusters
requires at least two Heisenberg AF coupling parameters J and
also one resonance delocalization parameter B for the mixed-
valence pair Fe’*-Fe?*. In HP complexes, Mossbauer spec-
troscopy shows that four Fe sites occur in two internally equivalent
pairs!® designated 3 for the Fe3*-Fe’* and « for the Fe’*~Fe?*
mixed valence (equivalently Fe>**). Quantitative Xa-VB cal-
culations™ on [Fe,S,]**** models in C,, symmetry show that the
electron undergoing delocalization resides in an orbital largely
confined (=85%)" to one Fe,S, layer with bonding along the
Fe-Fe axis. It appears, therefore, that one B parameter confined
to the mixed-valence pair is sufficient to describe resonance or
double exchange in HP. The Heisenberg AF coupling constant
should be largest in the Fe3*-Fe3* pair and decrease in the order
Fe**-Fe** > Fe**-Fe?5* > Fe3*—Fe?*; the second term represents
an interlayer pair, and the third, the mixed-valence pair. (In the
notation above, Fe**-Fe?5* is used, since the relevant Heisenberg
coupling links a ferric center with a mixed-valence center.) This
order is verfied by our Xa—VB calculations on [Fe;S,]* clusters®®
and has been assumed in fitting [Fe,S,] susceptibility data by
others.1¢

The Mossbauer hyperfine structure of [Fe,S,]* gives the
surprising result that the effective 4 values of the Fe**~Fe3* pair
are positive,!? so that the ferric pair spins are aligned oppositely
to the net system spin S = !/, in a magnetic field. (All 4 values
are with reference to the ground-state magnetic moment of the
5Fe nucleus.) Miinck and Papaefthymiou!! have proposed that
Sy’ = 4 is then required for the ferric pair spin. But how and
why does this occur?

Consider a system spin Hamiltonian:

H= J(gl‘gz + gl'g:; + §1'§4 + 52‘53 + 52'54 + §3'§4) +
B(S34 + 1) + AJ1(S108y) + AT34(S3Sy) (1)

S, and S, are site spins for Fe**-Fe3*, and S; and Sy, site spins
for Fe**-Fe*, 505, = S, = 3/,, 83 = 3/,,and S, = 2. (The last
two spin values can be interchanged without affecting the argu-
ment.) The interlayer coupling constant linking one site of pair
« with one site of pair 3 is J describing four equal interlayer site
couplings, while the ferric (8) pair and mixed-valence (a) pair
couplings are Jy, = J + AJ); and Jyy = J + AJy,, respectively.
In a more general context, the B resonance term can be derived
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Figure 1. Plot of £/Jvs B/J for S =1/,and 3/, at AJ;; = AJ3, = 0.
The lower minus roots are represented by solid lines; the upper plus roots,
by dashed lines.

from a transfer operator that generates the appropriate Racah
coefficient.*

The general solution to this problem follows immediately, but
it is useful to consider first the simpler case where all site AF
couplings are J, so AJy; = 0, AJ3, = 0, and the state energies are?

E(S3/,S) = (J/D)IS(S + 1)] ® B(S3¢ + 1) (2)

with the pair spin vectors §12’ and S,;¢. The detailed states are
enumerated via the triangle inequality.!? S, has the unrestricted
range 0 < S},’ < 5; for 83, 1/, < 83 <%/, Since Sy’ + 834
= §, the corresponding quantum numbers also obey triangle
inequalities. For specific S and Ss, the S}, values are also
restricted to

(S + 83) 2 8, 2|5 - 83| 3)

This relation is symmetric in the three spin vectors, so the range
of each is similarly restricted; for example, (S;,’ + S3) =25 2
|S12” = S34’). Equations 2 and 3 demonstrate that, for equal J
values, the states are degenerate in S;,”. In Figure 1, we give a
plot of eq 2 for some of the low-lying spin states |S34" S)._.. As
the minus roots of eq 2 are always lower than the plus roots for
positive B, we will focus on these. For all /s equal, [°/,!/,)- is
the ground state for the whole range of B/J when J is positive
(AF) This is in contrast to the analogous reduced [Fe;S,]° ground
state where the mixed-valence dimer spin Syp and total spin S
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Figure 2. The four lowest states in Figure 1 plotted at B/J = 2 for
AJy3/J > 0and AJ;, = 0. This plane perpendicular to that in Figure 1,
and AJ is AJj,.

change as a function of B/J.* However, the physically important
case includes AJ, = 0.
The general solution to eq 1 is

E(S53/,8,51)) = (J/D)IS(S + )] £ B(S34/ + W) +
(AT /2812812 + D] + (AJ34/2)[S34 (S5 + )] (4)

Our notation for complete spin states is [Si4’ S (S12")). With all
J's equal, the ground |°/, !/,). is degenerate with S;,’ = 4 and
5 as the sublevels. The AJ,, perturbation is positive since
J(Fe**-Fe’*) is the strongest AF coupling parameter, so |°/, !/,
(4)) is always lower in energy than |°/, 1/, (5))_by 5AJ,,. We
have, therefore, predicted by energetic considerations alone the
correct |°/, 1/, (4)) substate necessary to explain the Méssbauer
A tensor data. According to the present scheme, the lowest excited
state is |°/ 3/, (3)) since for |°/,3/,) the sublevels Sy’ = 3, 4,
5 are possible. This state is found at AE = 3/,J — 4AJ,; above
1°/21/5 (4)), as seen in Figure 2. A state crossing is found at
AJ/J =3/g with |°/5 3/, (3)) the ground state for larger AJ/J.
Our calculatjons on oxidized and reduced [Fe;S,]*° clusters®?
give a typical AJ/J of about 0.25 and B/J 2 1.4, which is within
the expected range for a |°/, !/, (4)) ground state in HP. Since
the lowest S = 3/, excited state would be of considerable interest
for ESR, NMR, and magnetic susceptibility measurements, we
will estimate its position. For a typical Fe** pair J;, value of J
+ AJ = 450 cm™! and AJ = 90 cm™}, we find AE = 180 cm™
approximately, which may be observable. Also, |’/ !/, (5)) would
lie at about SAJ = 450 cm™!. This would be difficult to observe
unless AJ were much smaller. All other state energies are cal-
culable from eq 4. If the AJ;4 term for the mixed-valence pair
is negative, this simply reinforces the Sy’ = 9/, stability, the effect
being the same on all states with the same S;,”. The most in-
teresting phenomena occur when B is drastically reduced. Then
modest changes in AJ;, and AJ3, can lead to radically different
spin-state orderings. This apparently happens in certain forms
of reduced [Fe Ses)* and [Fe,S,]* clusters.””3 The normal |/,
1/, (4)) ground state is replaced by those with § =3/, 0r 7/, and
the parallel alignment of spins in the mixed-valence pair is de-
stroyed;'™ see eq 4 and Figure 1 for small B/J. In HP complexes,
however, B is evidently large, probably of the order of 500 cm™,
as we have calculated in [Fe,S,]* and [Fe;S,]° clusters.””®
Quantitative calculations on HP models are currently in progress.

Vector Model for g and A Tensors. With assignment of all the
spin quantum numbers, the vector model can be used as a con-
sequence of the Wigner—Eckart theorem. Middleton et al. applied
this method quantitatively to reduced [Fe,S;]* centers®® and
qualitatively to high-potential [Fe,S,]>*.*® The observed effective
A, are related to the intrinsic site hyperfine a; by*

(Slz>
A,- = a,'(_sz7 = K,ﬂ,' (5)

while for g.¢
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gerr = LKigi (6)

Successive application of the Wigner—Eckart theorem to the site
spins and pair spins gives

(Slz) ary
- = 7
Ki=K= gy =g ™)
(S3) _ e _ (Sqz) _ f_z_f
K=ty %G Th ®

where

a=[S)(S1) + 1) +S1(S; + 1) - S5(S; + 1)]/2
[S(S+ 1)+ S17(S1y" + 1) = S34/(S3d’ + 1)]/2

A =8+ DSES + 1)
[S(S + 1) + S3/(S5 + 1) - 8,/(Sy’ + 1)]/2
8 = [S3/(S3d + 1) + S3(S3; + 1) - Sy(Ss + 1)]/2
8y = [S34/(S3d" + 1) + Sy(Sq + 1) - S5(Sy + 1)] /2
Ay = S3(Ss’ + DS(S + 1) %

Since the sites 3 and 4 form a mixed-valence pair, it is necessary
to average A; and A, for these sites. (We assume S = °/, and
S, = 2 as a convention.) Site a values for typical monomeric
compounds are a(Fe**) = -20 MHz and a(Fe?*) = -22 MHz,*
so that for HP in the ground |°/, !/, (4)) state we predict K| =
~*/3 Ky = /5, Ky = */p, and

A, = A, = +26.7 MHz
A; ' = —38.5 MHz (10)

compared with 4, = +20.2 and A, = -32.0 MHz experi-
mentally. For the excited substate [/, !/, (5)), we predict A4,
= A, = -40 MHz and A4;,* = +31.3 MHz, in contrast to ex-
periment. For the excited |°/, 3/, (3)) state, we find 4, = +12
MHz and A4, = -23 MHz, which can be compared with the
observed hyperfine coupling only after the S = ¥/, state is iden-
tified and its hyperfine coupling obtained by ENDOR or magnetic
Maéssbauer spectroscopy. This is not presently available.

If there were three local 5/, spins and one local S, = 2 spin
with g(Fe*) = 2.002 and g,(Fe?*) = 2.002 + Ag,, then gy =
2.002 + #/,,Ag,. With a ferrous Ag,® = 0.05 (see ref 7a), we
calculate g.4*' = 2.08, in good agreement with typical HP g,, =
2.06. However, the §;-S, pair is totally delocalized, so it is better
to calculate Agy, for the complete S35’ = %/, subdimer.

Detailed quantitative calculations on HP models are under way
and experiments are planned to more thoroughly explore this
theoretical model.
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The [nido-2,4-C,B,H;]™ ion has been previously prepared from
a cage-opening reaction of closo-1,6-C,B,H¢ with metal hydrides
or from the treatment of 5-(CH,);N-nido-2,4-C,B,Hg with a metal
hydride.l? Both reactions are very slow and, of course, depend

upon the availability of closo-1,6-C,B4Hg. One of the most ac-
cessible small carboranes®= is closo-2,4-C,BsH>, and thus it be-
came desirable to find a method for the removal of a boron from
this C,B; cage compound with the prospect of finding another
route to the [nido-2,4-C,B,H,] ion.

Experimental Section

Materials and Handling of Chemicals. The parent closo-carborane
2,4-C,BsH; was obtained from R. E. Williams and used without further
purification. Standard high-vacuum techniques were used in the handling
of all chemicals.

Instrumentation. Proton (400- and 500-MHz) spectra were obtained
by use of Bruker AM and Bruker WM instruments, respectively. All !'B
NMR chemical shift data are based on §(BF;OEt;) = 0.00 with negative
values upfield.

Reaction of closo-2,4-C,BsH, with Lithium Amides. (a) With
Li{N(CH,),]. To a 3-mm NMR tube, equipped at one end with a 2.5-mL
bulb, was added Li[N(CHj,),] (Aldrich, 0.19 mmol) under a nitrogen
atmosphere. After the tube and its contents were attached to a high-
vacuum apparatus, closo-2,4-C,BsH; (0.13 mmol) was condensed into
the tube at —195 °C. The mixture was subsequently warmed to room
temperature, mixed well by shaking the sample, and then allowed to stand
for approximately 2 min. After the sample was cooled back to =195 °C,
CH;CN (Wilmad, 2 mmol) was added and the tube sealed and warmed
to ambient temperature. The sample slowly turned to a clear yellow
liquid, with no solids present. After the sample was kept at room tem-
perature for 5.5 h, a ''B NMR spectrum indicated the presence of (a)
[nido-2,4-C,B,H;]™ (2%) (!'B NMR: §(B(1)) -52.0, J(BH) = 158 Hz;
8(B(3)) +21.3, J(BH) = 121 Hz; 4(B(5,6)) +1.2, J(BH) = 133 Hz),?
(b) starting material, closo-2,4-C,BsH,® (97%), and traces of other
compounds. After 28 h at ambient temperature the quantity of [2,4-
C,B4H;]" increased to 10% at the expense of the C,BsH,. After 12 days
at room temperature, four boron-containing cage compounds were evi-
dent: C,BsH, (48%), [2,4-C,B,H;]" (29%), compound A (6%) ''B
NMR: §-39.1 (d), J(BH) = 153 Hz; 6 +7 (d); 6 +21 (d); 6 +49 (d)),
and compound B (7%) (high-field B(1) resonance at é -50), and ap-
proximately 10% of other boron-containing species with an assortment
of resonances appearing in the regions of § +28, +15, -5, —10 to —20, and
-44. One month later the percentage of [2,4-C,B,H,]" climbed to 76%,
and after 2 months 95% of all of the boron content was attributed to this
ion with the remaining !!B resonances found at § 7 and —15 to -25; no
evidence of the starting material C,BsH,, nor of compounds A and B,
was found.

(b) With Li{N(C,H;),]. In a manner similar to that described in
section a Li[N(C,Hs),] (Aldrich, 0.195 mmol), closo-2,4-C,BsH, (0.195
mmol), and CD;CN (2 mmol) were mixed. After 1 day at ambient
temperature the clear liquid sample was yellow with no solids present.
NMR data revealed the presence of (a) [nido-2,4-C,B,H,]~ (39%) ('B
NMR: §(B(1)) -52.9, J(BH) = 158 Hz; 8(B(3)) +20.7, J(BH) = 119
Hz; 8(B(5,6)) +0.4, J(BH) = 136 Hz. 'H NMR: 3(H(1)) -1.59, J(HB)
= 157 Hz; 6((Hg)) —4.57 (broad)),? (b) starting material, closo-2,4-
C,BsH,® (45%), and small amounts of compounds A (11%) and B (5%).
1B NMR data for A: §-39.1 (area 1), J(BH) = 154 Hz; 6 +6.7 (area
2), J(BH) = 131 Hz; 6 +21.0 (area 1), J(BH) = ca. 118 Hz; 5 +48.5
(area 1) (half-width ca. 260 Hz, which narrows to 170 Hz upon proton
decoupling). !'B NMR data for compound B: 6 —48.1 (area 1), J(BH)
= 151 Hz; 6 ca. -21 (area 2), J(BH) = 176 Hz; 6 +20.7 (doublet, area
1). After the mixture was left to stand at room temperature for an
additional 6 days, the !'B NMR spectrum of the sample exhibited the
same resonances as observed before, but with slightly different intensities,
leading to the following composition assessment: [nido-2,4-C,B,H;]",
37%; closo-2,4-C,BsH,, 49%; A, 7%; B, 7%. After 1 month at room
temperature nearly equal amounts of the starting material, closo-2,4-
C,B:H,, and [nido-2,4-C,B,H,]™ were present, as assessed by the !'B
NMR pattern. No further change occurred with time.

In another experiment with C,BsH,/Li[N(C,Hs),] (0.25 and 0.17
mmol, respectively) dissolved in 1.5 mmol of deuteriated acetonitrile, the
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