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Six [Feg(u4-0)4(u-4-R-pyrazolato);oX4] complexes containing an identical Feg(4-O)4 core have been structurally
characterized and studied by Mossbauer spectroscopy. In each case, an inner 14-O bridged Fe'" cubane core is
surrounded by four trigonal bipyramidal iron centers, the two distinct sites occurring in a 1:1 ratio. The Mossbauer
spectrum of each of the clusters consists of two quadrupole doublets, which, with one exception (X = NCS, R = H),
overlap to give three absorption lines. The systematic variation of X and R causes significant changes in the
Mossbauer spectra. A comparison with values for the same clusters computed using density functional theory allows
us to establish an unequivocal assignment of these peaks in terms of a nested model for the overlapping doublets. The
changes in Mossbauer parameters (both experimental and computed) for the 1-electron reduced species [Feg(u4-
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0)4(u-4-Cl-pyrazolato);,Cly] ~ are consistent with a redox event that is localized within the cubane core.

Introduction

Multinuclear metal clusters, most notably the di-, tri-, and
tetranuclear Fe/S-clusters of the ferredoxins, play a central role
in biological electron transfer." Their biological function de-
pends on the ability of these clusters to accept and release
electrons reversibly, and so the redox characteristics, which are
determined by both the intrinsic properties of the metal clusters
and the protein and solvent environment, are of paramount
importance.> Holm and co-workers have characterized several
redox-modified [Fe;S4-(SR)4]* species, which model the ana-
logous active centers of ferredoxins.*** Many of the accessible
redox states of these Fe, clusters are mixed valent, containing
Fe'' and Fe'" species, and the nature of this mixed valency has
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been investigated extensively: localized and delocalized (either
fully or partially) systems are known.* Mossbauer spectroscopy
has played an important part in the study of mixed valency in
these iron systems, as it can distinguish redox-inequivalent sites
on a typical time scale of 10~* s. For example, the Mossbauer
spectrum of the [4Fe-4S]*" active center of HiPIP(oxidized)
from C. vinosum consists of two quadrupole doublets of equal
intensity whose isomer shifts differ by ~0.06 mm/s, assigned to
one Fe’*—Fe*" and one delocalized Fe>>"—Fe*>" pair.’ Simi-
lar behavior has been also noted for the model complex,
[FeS4(S-2.4,6-i-PrsCeHs)4] % In contrast, the [4Fe-4S]*" ac-
tive center of HiPIP(reduced) from B. stearothermophilus, as
well as two of its model complexes, [Fe4S4(SPh),J*~ and [Fe,Sy-
(SCH,Ph),]*~, exhibits only a single doublet, indicating com-
plete delocalization (four Fe>>" centers with isomer shift
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Figure 1. Ball-and-stick diagram of the Feg cluster and its Feg(u4-O)4-
core denoting the outer and cubane Fe sites: yellow, Fe; red, O; blue, N;
green, X.

of ~0.4 mmy/s). For the [4Fe-4S]'" center of Fd(reduced) from
B. stearothermophilus (and the corresponding model complexes,
[FesS4(SCH,Ph),]>~ and [FesS4«(SPh),*"),” the Mdssbauer
spectrum shows two quadrupole doublets of almost
equal intensity assigned to one Fe*"—Fe?" and one Fe*"—
Fe?”" pair.

In contrast to the iron—sulfur proteins that are ubiquitous
in nature, iron-oxo analogues appear not to have such a
prominent role in biological electron transfer reactions,
despite the fact that iron oxide mineral sources are abundant.
Thus, although several metalloproteins with dinuclear Fe/O
active centers are known,® higher nuclearity Fe/O-clusters are
rare. A tetranuclear Fe,O, cluster has been identified in a
protein isolated from the blood of a mollusk, although its
structure remains uncertain; cubane or “Jacob’s ladder” struc-
tures have been proposed.” Recently, an octanuclear Fe™-oxo
cluster with a u.g value approximating the value previously
determined by some of us for a [Feg(u4-O)4(u-pz)1,Cly] com-
pound has been proposed as the unit exiting the oxireductase
site of ferritin and subsequently being added to its ferrihydrite
cluster core.'’ The intriguing possibility that Fe,O4 or Fe,Og
cores may have a previously unsuspected biological role has
motivated us to study a family of octanuclear [Feg(u4-O)4(u-4-
R-pz)1,X4] (Feg) clusters which contain a FegO,4 core supported
by pyrazole ligands bridging the cubane to four outer Fe'!
centers (Figure 1).!! The outer irons (Fe,) have a trigonal
bipyramidal coordination sphere composed of three nitrogens
from bridging pyrazolates in the equatorial positions and one
axial terminal ligand (a chloride in the complex shown in
Figure 1) trans to a us-oxo of the cubane. The Fe™ centers in
the cubane (Fe,) have pseudo-octahedral geometries composed
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Figure 2. Zero field ’Fe Mossbauer spectra of 1c¢ and 1¢~ (black).''®

Solid lines are theoretical simulations assuming two different iron sites
(red and blue) at a 1:1 ratio. Insets are the dependence of the error
parameter Xz of the fitting procedure of the experimental Mossbauer spectra
of 1c and 1¢™ on the isomer shifts for the two different sites. During the
fitting process, the ratio of the two sites was kept constant at 1:1.

of a facial array of three oxides and three nitrogens from the
bridging pyrazolates. Given that the likeliest role for these
clusters in nature is in electron transport, their redox proper-
ties are clearly critical. We have shown in preliminary cyclic
voltammetric studies that the clusters are stable over five
oxidation states, meaning that, at least in principle, they could
be even more versatile electron transfer agents than their sulfur
analogues. Moreover, the E, ), values across the manifold of
four reduction steps are sensitive to variations in both R and X
groups, making them an ideal platform for stabilizing and
characterizing the partially reduced derivatives using spectro-
scopic methods.'"™ Of particular interest in this regard is the
location (Fe. or Fe,?) and nature (localized, partially, or fully
delocalized?) of the redox event. An answer to this question will
rely heavily on the interpretation of redox-induced shifts in the
various parameters obtained from Mossbauer, UV/vis/NIR,
and X-ray photoelectron (XPS) spectroscopies.

One of our primary goals is to use this Feg framework to
provide a spectroscopic fingerprint that will aid in the future
recognition of Fe4O4 cubanes in proteins, should they be
isolated. In an earlier communication, we reported Mossbauer
spectra for the archetype, 1a and also 1¢ (Figure 2), which show
only three distinct peaks rather than the four anticipated for
two distinct iron sites (two quadrupole doublets), indicating
that the two peaks overlap. Two other octanuclear Feg com-
plexes containing Feg(u4-O)4 cores similar to that of the pyra-
zolato complexes discussed here are known, but no Mossbauer
data have been reported in either case.'” The spectra of 1a and

(12) (a)Hahn, F. E.;Jocher, C.; Lugger, T. Z. Naturforsch. 2004, 59b, 855.
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1c can be deconvoluted into two overlapping doublets, 1 but
this deconvolution can, in principle, be carried out assuming
either a nested model, where one quadrupole doublet lies
entirely inside the second, or a crossed model, where the two
doublets ride on each other (Figure 2). The dependence of the
error parameter y~ of the fitting procedure for the isomer shifts
for the two different sites is shown in the inset of Figure 2. The
double-well structure shows that the nested and crossed models
provide fits of almost identical quality (5> = 0.5), as a result of
which it is not possible to distinguish between the two. How-
ever, the parameters that emerge are very different: the crossed
model inevitably yields a much larger difference in isomer shifts
for the Fe. and Fe, centers (0.52 and 0.30 mm/s, respectively)
compared to the nested model (0.46 and 0.36 mm/s).

In the absence of a clear distinction between nested and
crossed models based solely on the quality of the fit, we
resorted to literature precedents to distinguish between the
two possibilities. The trigonal bipyramidal i%eometry is,
however, a rather uncommon motif for Fe'™,!3 and the
dearth of Mossbauer parameters for such centers makes
direct analogues difficult to identify.'"* Nevertheless, the
dependence of the isomer shift on coordination number has
long been appreciated:'® while it might be anticipated that an
increase in the coordination number would result in a
decrease of isomer shift due to higher covalency, this is
generally more than offset by the accompanying increase in
metal—ligand distances, and the isomer shift typically in-
creases with increasing coordination number.'® The magni-
tude of the quadrupole splitting, AEq, is related to the
asymmetry of the metal coordination environment, and so,
we anticipate that the trigonal bipyramidal coordination of
the outer irons, Fe,, should lead to larger values than the
pseudo-octahedral geometry of the Fe, sites. Unfortunately,
both nested and crossed models are consistent with this
expectation, and therefore, a safe distinction between the
two possibilities cannot be made based solely on these
arguments.' '°

Ultimately, we aim to use the M0ossbauer parameters to
explore the nature of the mixed valency in reduced species
such as [Feg(us-O)4(u-4-Cl-pz);,Cly], a formally Fe'';Fe!!
species. The Mossbauer spectrum of this species again fea-
tures an overlapping pair of quadrupole doublets (Figure 2),
superficially very similar to the all-ferric cluster, and both
nested and crossed models again give reasonable fits to the
data. In this case, ° is lower for the crossed model (Figure 2,
inset). Although this suggests that the crossed model is more
appropriate for 1¢ ™, the difference is marginal and we feel
that stronger evidence is required for secure assignment. The
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correct choice of model is absolutely critical as the nested and
crossed variants lead to dramatically different conclusions
regarding the nature of the mixed valency: if the nested model
persists in the reduced species, then the parameters for the
outer iron centers change to the largest extent, although
distinct shifts are apparent in the cubane core as well,
suggesting a more delocalized redox event. If, in contrast, a
crossed model is adopted, then it is the parameters for the
inner irons that change most dramatically, implying a
cubane-localized redox event. The first of these possibilities
appears to be inconsistent with XPS data that indicate
delocalization in the core, and on this basis, we tentatively
proposed that the crossed rather than nested model was
appropriate for the singly reduced species.' '

The discussion in the preceding paragraphs illustrates the
critical importance of the integrity of the assignment of the
peaks in the Mossbauer spectrum to nested or crossed
models. In both the all-ferric and the mixed valence cases,
it proved impossible to distinguish the two alternatives based
solely on the quality of the fit to the data, forcing us to rely on
literature precedent or cross-reference to other spectroscopic
signatures. In this paper, we report our efforts to establish a
definitive assignment for the Mossbauer spectra by expand-
ing the range of clusters sharing the Feg(us-O), core and
comparing the parameters obtained from nested and crossed
fits to the corresponding data computed using density func-
tional theory. We include examples where the terminal
ligand, X, can be any of Cl, Br, or NCS (labeled 1, 2, and
3, respectively) and the substituent R in the 4 position of the
pyrazolate ring can be H, Me, or Cl (labeled a, b, and c,
respectively). The structures with X = CI; R = H (1a), X =
CLLR = Me(1b),X = CI;R = Cl(I¢)and X = Br; R = H
(2a), have been reported previously, as have the Mossbauer
spectra of 1a and 1c. We report here the synthesis, structure,
and Mossbauer spectroscopy of the two further clusters, X =
NCS; R = H (3a) and X = NCS; R = CI (3¢). These new
experimental data are complemented by a series of calcula-
tions performed using density functional theory (DFT),
where we compute both 0 and AEq for all six of the Feg
clusters listed above. A number of authors have established
an excellent correlation between computed and measured
Méssbauer parameters for both mononuclear'’ and
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Table 1. Selected Bond Lengths (A) for Clusters 1a,% 1b,% 1¢,% 1¢™," 2a,% 3a, and 3¢
bond 1a(X = Q) IbX=C) leX=C) le (X=Cl 2a (X = Br) 3a (X = NCS) 3¢ (X = NCS)

Fe.—O  2.032(6)—2.066(7)  2.028(5)—2.066(5) 2.047(2) 2.039(2)—2.050(2) 2.033(6)—2.060(6) 2.029(4)—2.058(3) 2.031(4)—2.055(4)
Fe,—O  1.940(7)—1.960(6)  1.950(5)—1.970(5)  1.930(4)  1.919(2)—1.931(2) 1.943(6)—1.954(6) 1.938(2)—1.941(2) 1.934(4)—1.958(4)
Fe.~N  2.044(9)—2.086(8)  2.044(7)—2.080(7) 2.101(3) 2.086(3)—2.103(3) 2.048(9)—2.090(8) 2.054(5)—2.085(4) 2.058(6)—2.077(6)
Fe,—N  2.003(9)-2.038(10) 2.002(7)—2.034(6)  2.028(3)  2.012(3)-2.043(3) 2.008(9)—2.048(9) 2.016(6)—2.038(5) 2.006(6)—2.038(6)
Fe,—X  2271(4)-2274(4)  2.284(2)-2.291(2)  2293(2)  2.279(1)-2.299(1) 2.421(2)—2.425(2) 1.977(4)—1.996(4) 1.935(7)—1.964(6)

@Ref 11b. *Ref 11c.

polymetallic'**'® iron complexes across a wide range of

oxidation states and coordination environments. Thus, we
anticipate that only the correct model (nested or crossed) for
the experimental data will provide a satisfactory correlation
with the computed parameters.

Results and Discussion

The synthesis of complexes [Feg(us-O)4(u-pz)12Cly] (1a),
[Feg(u4-0)4(u-4-Me-pz),Cly] (1b), [Feg(us-0)4(u-4-Cl-pz),,-
Cly] (1c), and [Feg(us-O)4(u-pz)12Br,] (2a) by the reaction of
anhydrous FeX3 (X = Cl, Br) and the appropriate pyrazole
ligand in the presence of a base has been reported pre-
viously.''® The NCS-capped species (3a and 3c) were pre-
pared from the corresponding chlorides, 1a and 1lc, by a
metathetical reaction using an excess of NH4NCS in a
CH,Cl, solution. Satisfactory elemental analyses were ob-
tained for all samples used in the Mossbauer experiments.

8FeX; + 12(4-R-pzH) + 20(Et;N)
+4H,0 — [Feg(uy-0), (u-4-R-pz),,X4] + 20Et; NHX
X = CI(1),Br(2) R = H(a), Me(b),Cl(c)

[Feg(uy-0),(u-4-R-pz),,C14] + (excess) NH4NCS —
[Fes(us-O)4(u-4-R-pz) 5, (NCS),](3)

Crystallographic Description. Important bond lengths
and angles for 3a and 3c are summarized in Table 1, together
with the corresponding data for previously published 1a, 1b,
1c, and 2a for comparison. All six [Feg] complexes in the
series share the same 7—symmetric structural motif with a
Feg(u4-O) core supported by 12 4-R-pz ligands, forming
Fe.—(u-4-R-pz)—Fe, bridges, and four terminal X ligands.
The Fe.—O and Fe.—N distances are approximately 0.05—
0.1 A longer than their Fe,—O and Fe,—N counterparts,
reflecting the higher coordination number of the former.
With the obvious exception of the Fe,—X distances, there are
only very minor variations in bond lengths and angles across
the entire series.

Mossbauer Spectroscopy. The Mossbauer spectra of
complexes 1a, 1b, 1¢, 2a, 3a, and 3¢, all recorded at 78 K,

(18) (a) Hopmann, K. H.; Ghosh, A.; Noodleman, L. Inorg. Chem. 2009,
48, 9155. (b) Hess, C. R.; Weyhermiiller, T.; Bill, E.; Wieghardt, K. Angew.
Chem., Int. Ed. 2009, 48, 3703. (c) Martinho, M.; Xue, G.; Fiedler, A. T.; Que, L.,
Jr.; Bominaar, E. L.; Miinck, E. J. Am. Chem. Soc. 2009, 131,5823. (d) Han, W.;
Liu, T.; Lovell, T.; Noodleman, L. J. Comput. Chem. 2006, 27(12), 1292. (e)
Shoji, M.; Saito, T.; Takeda, R.; Kitagawa, Y.; Kawakami, T.; Yamanaka, S.;
Okumura, M.; Yamaguchi, K. Chem. Phys. Lett. 2007, 446, 228. (f) Liu, T.;
Lovell, T.; Han, W.; Noodleman, L. Inorg. Chem. 2003, 42(17), 5244. (g) Varnek,
V. A.; Kryuchkova, N. A.; Bushuev, M. B. J. Struct. Chem. 2006, 47(6), 1177. (h)
Barone, G.; Mastalerz, R.; Reiher, M.; Lindh, R. J. Phys. Chem. A 2008,
112, 1666.
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Figure 3. Zero field >’Fe—MGssbauer spectra of complexes 1a, 1b, 1c,
2a, 3a, and 3¢ measured at 78 K. Fitting according to the nested (left) and
crossed model (right) for cubane (blue) and outer (red) irons.

are presented in Figure 3; the spectra of 1a and 1c have
been presented in earlier reports.''™ Fitted Mossbauer
parameters, 0 and A Eq, for all six complexes are collected
in Table 2. As was the case for the previously reported
spectra of 1la and 1e¢, the spectra consist of three lines
attributed to an overlapping pair of quadrupole doublets
arising from the two distinct Fe'! centers. The only excep-
tion in this regard is 3¢, where the feature at high velocity
splits at approximately +0.8 mm/s, allowing the identifica-
tion of four distinct peaks: the similar intensities of the outer
and the inner pair confirm unambiguously the nested model
in this case. In the remaining five cases, however, deconvo-
lution using nested or crossed models again yields fits of
identical quality (Figure 3), leaving the correct choice of
model unresolved. In both models, the isomer shifts, 0, and
d., for the outer and cubane sites, respectively, fall in a
narrow range (nested model: 0.36 < d, < 0.40 mm/s, 3, 5y =
0.38 mm/s, estimated standard deviation ¢ = 0.02 mm/s;
0.44 < 6. = 0.47 mm/s, O oy = 0.46 mm/s, 0 = 0.01 mm/s.
crossed model: 0.29 < d, =< 0.34 mm/s, 0,y = 0.32 mm/s,
o = 0.02mm/s; 0.48 < §, < 0.54 mm/s, O oy = 0.51 mmy/s,
o = 0.02 mmy/s). The range of isomer shifts for the two types
of iron center is comparable to the uncertainties in the
experimental measurements (£0.01 mmy/s), indicating that



Article

Table 2. Experimental and Calculated Values of 6 and AEq (mm/s) for the two
Fe'! Sites in Clusters la—c, 2a, and 3a,c*

1a 1b 1c 2a 3a 3c

expt nested Fe. O 044 044 046 046 046 047
AEq —031 —0.24 —0.27 —0.33 —0.35 —0.35
Fe, 0O 036 040 036 040 038 0.38
AEg —0.65 —0.56 —0.70 —0.61 —0.86 —1.00
crossed Fe. o 048 0.50 0.52 0.50 0.54
AEG —0.40 —0.36 —0.47 —0.40 —0.51
Fe, o0 0.31 034 030 036 029
AEg —0.56 —0.45 —0.49 —0.54 —0.68
DFT Fe. o0 039 039 043 039 038 040
AEq —0.33 —0.30 —0.26 —0.31 —0.32 —0.31
Fe, o 030 030 030 030 031 031

AEg —0.62 —0.47 —0.66 —0.55 —0.80 —1.09

“All computed AEq are negative. In the case of la, analysis of
Mossbauer spectra recorded at 4.2 K in the presence of external
magnetic fields indicated that AEqG < 0."® Experimental data obtained
by fitting to both the nested and crossed models are shown. The
estimated standard deviation, o, for all data listed is 0.01 mm/s

the isomer shifts are not affected in a statistically significant
way by the variation of either the R or X groups, irrespective
of the model adopted.

Computed values of the isomer shifts and quadrupole
splittings for the broken-symmetry state (BS1 (Mg = 0),
Scheme 1) of the all-ferric clusters 1a, 1b, 1¢, 2a, 3a, and 3¢
are shown in Table 2. The corresponding values for the
state of maximum multiplicity (HS (Mg = 20)), where all
spin vectors are aligned parallel, are very similar and are
collected in Table S2, Supporting Information. The cal-
culated parameters (0 and AEG) are plotted against the
experimental fits to the nested (red) and crossed (blue)
models in Figure 4. The computed values of the isomer
shift also reflect the effect of coordination number, with
Oc > O,, and fall into two rather narrow bands between
0.29 and 0.30 mm/s (Fe,) (0o av = 0.303 mm/s, o = 0.005
mm/s) and 0.38—0.43 (Fe.) (0c.y = 0.397 mm/s, 0 =
0.018 mmy/s). Given the uncertainty in the experimental
data (£0.01 mm/s) and the fact that the error in calculated
isomer shifts is typically of the order of 0.1 mm/s,"’ the
correlations between experiment and theoretical isomer
shifts within each class (Fe. and Fe,) are statistically
meaningless. However, we anticipate that the differences
in electron density, po>(0), between the two types of ferric
site should be accurately modeled by the computational
procedure and so, therefore, should the difference in iso-
mer shifts Adeo = 0c — 0o = a[po>(0)e — po>(0)c]. The
computed densities yield Ad., = 0.094 mm/s (¢ = 0.019)
which compares well with Ad,, = 0.08 mm/s (¢ = 0.02
mmy/s) obtained for the nested case but rather poorly with
Adco = 0.19mm/s (0 = 0.03 mm/s) for the crossed model.
The computed isomer shifts, therefore, clearly support
the nested model.

Whereas the isomer shifts of the two different iron sites
for the six Feg complexes examined here are not affected
in a statistically significant way by the variation of either
the R or X groups, the quadrupole splitting parameters
prove to be quite sensitive to both R and X. The value of
R? is much greater for the nested model (0.96) than the
crossed alternative (0.59), and the former gives a gradient
and intercept close to one and zero, respectively (0.96 and
0.04 vs 0.39 and 0.31 for the crossed model). Thus, our

(19) Neese, F. Coord. Chem. Rev. 2009, 253, 526.
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computed quadrupole splittings, like the isomer shifts,
correlate strongly only with those obtained from the
nested model, providing compelling evidence that this,
rather than the crossed alternative, is appropriate for the
description of the spectra of all six all-ferric clusters and
not just 3¢, where the presence of two clearly resolved
doublets provides an unambiguous assignment.

Mossbauer Spectra of the Reduced Species, 1¢. With a
secure assignment of the peaks in the all-ferric cluster in
hand, we can now return to the singly reduced species and
re-evaluate our earlier interpretation'' of the Mossbauer
spectrum, shown in Figure 2. We have emphasized earlier
that both nested and crossed models gave acceptable fits
to the data for both oxidized and reduced species; the
resulting parameters, 0 and AEq, are collected in Table 3.
The nested model for the all-ferric case has been verified
above, but the choice of model for the mixed-valence species
remains unresolved and has significant implications for our
model of mixed valency. If the nested model is correct for
both redox states, then the substantial changes in Mossbauer
parameters for both Fe.and Fe, suggest that the redox event
is delocalized over the entire Feg framework. If, in contrast,
the crossed model is valid then only the parameters for the
Fe, centers shift significantly, suggesting that the redox event
is localized in the cubane core. We have previously adopted
the crossed model as it appeared more consistent with XPS
data, which indicates a cubane-based reduction. The multi-
plicity of the ground state of 1¢~ was determined using
X-band electron paramagnetic resonance (EPR) spectro-
scopy. Figure 5 shows the 4.2 K spectrum (solid line) of a
glass sample of 1¢ ™ in dichloromethane. The spectrum from
1c (dotted line) is also shown for comparison. While 1¢ is
EPR silent at 4.2 K (as expected for a singlet ground state),
1c exhibits a strong derivative feature at g ~ 1.97, with
a peak to peak width AH,, = 75 G, consistent with an S’ =
1/2 state. The temperature dependence of this signal indi-
cates that it arises from the ground state.

We have shown previously''® that the dominant exchange
pathway in the all-ferric cluster is an antiferromagnetic one
between the cubane and outer irons, and the broken-sym-
metry state BS1, therefore, provides a reasonable first order
description of the ground-state electron density. Computa-
tion of the parameters of the singly reduced species using a
single determinant methodology is more problematic be-
cause the distribution of the additional electron is, to a large
extent, determined by the alignment of spin vectors on the
irons. Thus, for example, in the all-ferric broken-symmetry
state BS1 (Ms = 0) shown in Scheme 1, all the spin-a
orbitals of the iron centers in the cubane core are occupied,
as are the spin-{ orbitals on the peripheral irons. Using this
initial density, an additional electron (spin-a. by con-
struction) must, therefore, necessarily be localized on one
or more of the outer irons in the resultant broken-symmetry
BS1 (Mg = 1/2) state (Scheme 1). When the polarization of
the initial electron density is inverted, it is possible to
converge to an alternative, but physically identical, all-ferric
broken symmetry state BS1’ (Mg = 0), where the spin-o. and
spin- manifolds are reversed. Addition of an extra elec-
tron to this density generates a mixed-valent analogue BS1’
(Ms = 1/2) where reduction is necessarily localized on the
cubane irons. Only in the HS (Mg = 39/2) state, where the
coupling is ferromagnetic and the spin-f orbitals on all eight
irons are vacant, is the additional electron free to delocalize
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Figure 4. Correlation of ’Fe Mssbauer parameters obtained from DFT with those from nested (red) and crossed (blue) fits to the experimental data. For

the isomer shifts, the filled points represent the centers of gravity of the clusters of data points corresponding to Fe. and Fe,. The dashed black line for the
AEgq plot has a slope of 1.0 and intercept of 0.0.

Scheme 1. Alignment of Spin Vectors in the High-Spin (HS) and Broken-Symmetry (BS1 and BS1’) States of the All-Ferric (Fe'"'s) and Singly-Reduced

(Fe"',Fe'") Clusters
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over the whole cluster. The relationship between the energies
of the high-spin and broken-symmetry states and the true
ground state of the mixed-valence species is a complex one,
involving both Heisenberg and double exchange terms in the
spin Hamiltonian.”® However, in the present context where
our interest centers on Mossbauer parameters that are
determined largely by the (4s) electron density at the iron,
we can take advantage of the localization imposed in the
broken-symmetry states to explore how the Mossbauer

(20) Clemente-Juan, J. M.; Borras-Almenar, J. J.; Coronado, E.; Palii,
A. V.; Tsukerblat, B. S. Inorg. Chem. 2009, 48, 4557.

parameters would vary in the (hypothetical) limits where
the redox event is localized on the core (BS1" (Mg = 1/2))
and on the periphery (BS1 (Mg = 1/2)). When the match
between experiment and theory for HS (no restrictions) is
compared, BSI (reduction on outer irons) and BSI’
(reduction on cubane irons), we hope to validate (or refute)
our adoption of the crossed model for the Mossbauer
spectrum of the mixed-valent species with its implication
of a cubane-based redox process.

Computed values for the three relevant states for 1e™
are collected in Table 3, along with the spin densities.
Data for the all-ferric cluster 1c are also shown again for
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Table 3. Computed Values of 0, AEq (mm/s), and Spin Density for 1¢ and Its One-Electron Reduced Counterpart, e~
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a

experiment DFT
1c lc” lc” 1c BSI 1c” BSI le BSU 1c” BSI 1c HS 1¢” HS
nested nested’ crossed’ (Mg =0) (Ms=1/2) (Ms=0) (Ms=1/2) (Ms=20) (Ms=39/2)
Mossbauer parameters  Fe, o 0.46 0.51 0.59 0.43 0.43 0.43 0.52 0.42 0.50
|AEq  0.27 0.40 0.56 —0.26 —0.36 —0.26 0.74 =0.17 0.69
Fe, o 0.36 0.44 0.35 0.30 0.40 0.30 0.31 0.30 0.31
|AEql  0.70 0.87 0.73 —0.66 1.43 —0.66 —0.79 —0.69 —0.80
Mulliken spin densities Fe, 4.25 4.25 —4.25 —4.14 4.34 4.25
Fe, —4.16 —4.05 4.16 4.17 4.22 422
Cl 0.25 0.22

@ Experimental data obtained from the nested fit (1¢) and nested and crossed fits (1¢ ) obtained from ref 11c are shown for comparison. ® The signs of
the quadrupole splitting for 1¢™ are unknown, so only the magnitudes are shown.

3400 3600 3800

B (G)

3000 3200

Figure 5. X-band EPR spectra of a dichloromethane glass of 1¢™ (solid
line) and 1e (dotted line) at 4.2 K; microwave power, 2.2 mW; modulation
amplitude, 2.5 G,,,; microwave frequency, 9.41 GHz.

comparison. We emphasized above that there are no
restrictions on the localization of the additional electron
in the HS (Mg = 39/2) state because the spin-f5 compo-
nents of the d orbitals on both core and outer irons are
available. Nevertheless, the changes in spin density at self-
consistency clearly indicate that the redox event is localized
primarily on the cubane iron centers (ApFe. = —0.09 e,
ApFe, = 0.00 e™), while changes at the outer irons are
minimal. There are, however, non-negligible changes in
the spin density at the terminal chloride ligands, suggest-
ing that the impact of the redox process extends to the
covalency of the Fe,—Cl bond. This partial delocalization
is clearly reflected in the contour plot of the occupied
spin-f Kohn—Sham orbital, which is indeed localized
primarily on the cubane core but has significant deloca-
lization tails on the outer iron centers (Figure 6). The
changes in computed Mossbauer parameters are consis-
tent with the changes in spin density: reduction to the HS
(Ms = 39/2) state leads to a dramatic increase in both o
(0.42t0 0.50 mm/s) and AEq (—0.17 to 0.69 mm/s) for the
Fe, centers. The parameters for the peripheral irons, in
contrast, are affected to a much lesser extent by the
reduction (A = 0.01 mm/s, AAE, = —0.11 mm/s).
These computed shifts are much more consistent with the
crossed model than the nested alternative: most conspicu-
ously, only the former replicates the invariance of the
parameters for Fe, as well as the significant increase in
AEg for the cubane irons. On this basis, we conclude that
the crossed model yields parameters that are fully con-
sistent with the changes predicted for a redox event, where
the additional electron is primarily localized within the

Figure 6. Highest occupied spin-f Kohn—Sham orbital in the HS
(Ms = 39/2) state of 1¢ ™.

cubane core, but with distinct delocalization tails on the
outer iron centers.

The computed parameters for the two broken-symme-
try states corroborate our view that the Mossbauer data
are inconsistent with a redox event localized on the outer
irons. Thus, in BS1 (Mg = 1/2), where the reduction is
localized by construction on the outer irons, we see
dramatic increases in the computed values of both ¢
and AEq. In fact, the unpaired electron is localized over
only two of the four outer irons, and 0 and AEq, for these
centers increase to ~0.5 and ~+2.1 mm/s, respectively
while the other two remain almost unchanged (~0.30,
~—0.72). This should lead to the appearance of three
distinct quadrupole doublets in the spectrum (in a 2:1:1
intensity ratio), a prediction that is clearly inconsistent
with the experimental data. Even if the parameters for the
four outer iron centers are averaged, the predicted
changes are inconsistent with either nested or crossed
models. Given that the self-consistent electron density in
the HS (Mg = 39/2) state indicates that the excess S-spin
is localized almost entirely on the cubane irons, it is un-
surprising that the parameters for the BS1’ (Mg = 1/2)
state, where the additional electron is on the cubane by
construction, are very similar. Indeed, the two sets of
parameters are equally consistent with experiment, and
so, while the crossed model clearly indicates a primarily
cubane-based redox event, we are unable to discount the
possibility that a small amount of electron density is
delocalized onto the outer irons as shown in Figure 6.
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Conclusion

A secure assignment of the Mossbauer parameters is
critical to our ongoing effort to characterize and understand
the nature of the mixed valency in reduced analogues of the
all-ferric Feg clusters. In this paper, we have expanded the
family of all-ferric clusters of generic formula [Feg(u4-O)4( u-
4-R-pz)X4] to include the members with X = NCS and
R = Hand Cl. Structural characterization reveals little varia-
tion within the Feg(u4-O)4 cores. The availability of a range of
clusters with ligands (both terminal, X, and 4-R-pyrazolate)
with rather different electronic properties provides a sensitive
platform for probing the influence of substitution on the
Mossbauer spectrum. Comparison with DFT-computed
parameters suggests that the two quadrupole doublets from
the structurally distinct iron centers (Fe. and Fe,) form a
nested rather than crossed pair in the all-ferric clusters, the
larger quadrupole splitting corresponding to the 5-coordi-
nate Fey,-atoms. Although superficially similar, the spectrum
of the reduced species is better fit to a crossed model, where
the isomer shift and quadrupole splitting of the cubane irons
is greatly enhanced due to localization of the additional
electron in the core.

Experimental Section

Reagents obtained from commercial sources (FeCls,
FeBrs, pyrazole, 4-methylpyrazole, and NEt;) were used as
received. Solvents were purified prior use. The ligands
4-chloropyrazole, 4-bromopyrazole, 4-iodopyrazole, and
4-ethylpyrazole were synthesized according to the literature
procedures.21 Infrared, '"H NMR, and UV—vis spectra were
recorded on a Nicolet FT-IR 6000, Bruker ADVANCE
DRX-500, and Varian CARY 500 Scan, respectively.

Synthesis. Complexes [Feg(u4-O)4(u-pz)12Cly] (1a), [Feg(uq-
0)4(u-4-Me-pz)12Cly] (1b), [Feg(ug-0)a(u-4-Cl-pz)12Cly] (1c),
and [Feg(iu4-0)4(ﬂ-pz)12Br4] (2a) were prepared as previously
reported.'®

[Feg(p4-O)4(u-pz)12(NCS),4] (3a). A flask charged with 0.100 g
of 1a, 10 mL of CH,Cl,, and ~50-fold excess of NH4SCN was
stirred overnight, and a gradual color change to dark pink took
place. The reaction was filtered, and X-ray quality crystals were
obtained by slow Et,O diffusion into the CH,Cl, filtrate. IR
(KBr disk, cm™'): v = 2011 (s), 1491 (w), 1417 (w), 1363 (m),
1267 (m), 1168 (m), 1146 (w), 1046 (s), 764 (m), 614 (W), 559 (w),
476 (s).

[Feg(p4-0)4(u-4-Cl-pz)1,(NCS)4] (3¢). A flask charged with
0.100 g of 1¢, 10 mL of CH,Cl,, and ~50-fold excess of
NH4SCN was stirred overnight. A color change to a dark pink
color was observed. The reaction was filtered, and X-ray quality
crystals were obtained by slow Et,O diffusion into the CH,Cl,
filtrate. IR (KBr disk, cm™"): v = 2000 (s), 1382 (m), 1355 (m),
1298 (s), 1190 (m), 1152 (w), 1042 (s), 994 (w), 967 (m), 850 (w),
608 (m), 473 (s).

X-ray Crystallography. X-ray diffraction data, taken from a
single crystal mounted atop a glass fiber with a Siemens
SMART 1K-CCD diffractometer (298 K, A = 0.71073 A), were
collected on a Bruker AXS SMART 1K CCD, area detector
with graphite monochromated Mo Ka radiation (A = 0.71073
A) at room temperature using the program SMART-NT and
processed by SAINT-NT.?*?* An empirical absorption correc-

(21) Ehlert, M. K.; Rettig, S. J.; Storr, A.; Thompson, R. C.; Trotter, J.
Can. J. Chem. 1991, 69, 432.

(22) SMART-NT Software Reference Manual, version 5.059; Bruker AXS,
Inc.: Madison, WI, 1998.

(23) SAINT+ Software Reference Manual, version 6.02; Bruker AXS, Inc.;
Madison, WI, 1999.

Table 4. Crystallographic Data for 3a and 3¢
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3a- CH2C]7_ 3c
formula CyoHyCly- C4oH»4Cl -
F€8N2804S4 FCgN2804S4
formula weight 1717.86 1961.31
temperature (K) 298(2) 298(2)
crystal system monoclinic monoclinic
space group P2y/n P2y/n
a(A) 20.073(4) 13.528(3)
b(A) 16.004(3) 22.157(4)
c(A) 21.505(4) 27.626(6)
B (deg) 106.775(3) 99.49(3)
V(A) 6614(2) 8167(3)
z 4 4
Dicany (g cm ™) 1.725 1.595
u (mm ) 2.053 1.927
crystal size (mm) 0.24 x 0.19 x 0.18 0.25 x 0.18 x 0.08
reflection 50188/56.02 29650/55.04
collected/26 max
unique reflections/ 14824/9114 18580/8976
1> 20()
number of parameters/ 811/0 865/0
restraints
R/R,, 0.0464/0.1014 0.0727/0.1787
F (000) 3440 3872
goodness of fit 1.003 0.790

tion was applied by the program SADABS. The structures were
solved by direct methods and refined by full-matrix least-squares
methods on F2.>* All nonhydrogen atoms were refined anisotropi-
cally. H-atoms were placed in calculated positions with their
thermal parameters riding on those of their C-atoms. Crystal-
lographic details for 3a and 3c are summarized in Table 4.

Mossbauer Spectroscopy. Mossbauer measurements were
recorded on a constant acceleration conventional spectrometer
with a *’Co (Rh matrix) source. Variable-temperature spectra
were obtained using Oxford cryostats, operating at 4.2—300 K.
Isomer shift values (0) are quoted relative to iron foil at 293 K.
Analysis of the experimental spectra were performed with the
WMOSS software (SEE Co, Edina, Minnesota). The Xz param-
eter of the fitting is given by the relation:

_ D —T})?
Xz = (Ndata_Nvar) ! (10,721)
1

i=1,Ndata

where the sum is over all the points of the spectra, D; is the i
experimental datum, T7; is the i" theoretical point, o; is the
estimate of the noise in D;, Ngu, is the total number of data
points, and N, is the number of free variables. For the
preparation of the error plots shown in the insets of Figure 2,
the ratio between the ferric sites was constrained to 1 and the
isomer shift of either d. or d, was kept constant.

EPR Spectroscopy. X-band EPR measurements were per-
formed with dichloromethane solutions (~1.0 mM) of 1¢ and
1c¢ with a Bruker ER 200D instrument equipped with an ESR-9
Oxford cryostat and an Anristsu microwave frequency counter.

Computational Details. DFT calculations were performed on
1a, 1b, 1¢, 2a, 3a, 3¢, and 1¢~ with the ORCA program25 using
the crystallographically determined structural parameters. The
B3LYP? functional was used in conjunction with the CP(PPP)

(24) (a) Sheldrick, G. M. SHELXS-90, Program for the Solution of Crystal
Structure; University of Gottingen: Gottingen, Germany, 1986. (b) Sheldrick,
G. M. SHELXL-97, Program for the Refinement of Crystal Structure;
University of Gottingen, Gottingen, Germany, 1997. (¢) SHELXTL-NT Soft-
ware Reference Manual, version 5.1; Bruker AXS, Inc.: Madison, WI, 1998.

(25) Neese, F. ORCA-an ab initio, Density Functional and Semiempirical
Program Package, 2.6—35; University of Bonn: Bonn, Germany, 2008.

(26) (a) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785. (b)
Becke, A. D. J. Chem. Phys. 1992, 96, 2155. (c) Becke, A. D. J. Chem. Phys.
1992, 97, 9173. (d) Becke, A. D. J. Chem. Phys. 1993, 98, 5648.
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basis set>’ for Fe and TZVP?® for the remaining atoms. The
broken symmetry configuration was obtained with the “Flip-
Spin” approach in ORCA, and all calculations were performed
with increased integration grids (Grid4) and tight SCF criteria.
For the Fe ions, the overall integration accuracy was increased
to 7.0.

The Mossbauer parameters, specifically isomer shift (d) and
the quadrupole splittin% (AEg), of a given iron center are related
to the electron density.”® The isomer shift (0) depends critically
on the local environment of the Fe nucleus in the absorber and
has been shown to be proportional to the electron density at the
Fe nucleus (py):

o= ?:rZS(Z)eozR2 (%R) [06™(0) = py*(0)]

where Z is the nuclear charge of the Mossbauer absorber, S(Z) is
the relativistic correlation factor, ¢ is the elementary charge, R
is one-half of the sum of the radii of the Mossbauer nucleus in
the ground (R,) and the excited states (R.), O R is the difference of
the two radii, py*(0) is the nonrelativistic electron density at the
nucleus for the Mdssbauer absorber, and py>(0) is the same
quantity for a given standard. The above equation can be
simplified to

8 = alp, (0)~ ]+

and the constants a, b and C of this expression can be estimated
by plotting calculated values of poA(O) versus experimental

(27) Schaefer, A.; Horn, H.; Ahlrichs, R. J. Chem. Phys. 1992, 97, 2571.

(28) Schaefer, A.; Huber, C.; Ahlrichs, R. J. Chem. Phys. 1994, 100, 5829.

(29) (a) Long, G. J., Ed. Méssbauner Spectroscopy Applied to Inorganic
Chemistry; Plenum Press: New York1984—1989, pp 1—3. (b) Solomon, E. L.,
Lever, A. B. P, Eds. Inorganic Electronic Structure and Spectroscopy; John
Wiley & Sons: New York, 1999; Vol. 1, pp 161—211.

(30) Neese, F. Inorg. Chim. Acta 2002, 337, 181.

(31) Romelt, M.; Ye, S.; Neese, F. Inorg. Chem. 2009, 48, 784.
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isomer shifts for a variety of Fe-based complexes. Neese and
co-workers have established suitable fit parameters for Fe-based
complexes using various DFT functionals,’*>! and the values of
a=—0.366,b = 2.852,and C = 11810 reported in reference 31
are adopted in this work. In the absence of magnetic interaction
(i.e., zero external magnetic field), the effect of the electric
quadrupole interaction in a Mossbauer nucleus with 7 = 3/2
in the excited state and 7 = 1/2 in the ground state gives rise to a
doublet splitting, which can be expressed as

AEo = +ieoV L)
QT Fptz 3

where 7 is the asymmetry parameter of the electric field gradient
tensor, 7 = (Vix—Vyy/V22), Vixs Vyy, and V,,, are the principal
components of the electric field gradient tensor, e is the electric
charge, and O(>’Fe) (the nuclear quadrupole moment) is taken
as 0.16 barn. The principal components V; are defined as |V,| >
[Vyyl = Vixl, and the asymmetry parameter 7, therefore, lies in
the range 0 <y < 1.
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