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A series of metallacarboranes, incorporating the CpFe frag-
ment, were studied by electrochemical techniques, tempera-
ture-dependent Mössbauer effect (ME) spectroscopy, and X-
ray diffraction. The compounds studied include the parent
dicarbollide complex CpFeC2B9H11 (1) and its reduced form
[1]–, the charge-compensated ferradicarbollides 1-Cp-4-
L-1,2,3-FeC2B9H10 [L = SMe2 (2a), NMe3 (2b), py (2c)] and
their methylated analogs 1-Cp-2,3-Me2-4-SMe2-1,2,3-
FeC2B9H8 (2d) and 1-Cp*-4-SMe2-1,2,3-FeC2B9H10 (2e), the
isomeric ferratricarbollides CpFeC3B8H11 (3a–c), and the
amino-substituted derivative 1-Cp-12-tBuNH-1,2,4,12-
FeC3B8H10 (3d). The ferradicarbollides 2a–e were synthe-
sized by reactions of the charge-compensated dicarbollide
anions [9-L-7,8-R2-7,8-C2B9H8]– (R = H, Me) with [(C5R5)-
Fe(MeCN)3]+ cations. The structures of 1, [NMe3Ph][1], and
2b were investigated by X-ray diffraction. The ME spectro-
scopic study elucidated the relationship between the nature
of the five-membered carborane face coordinated to the me-

Introduction

Similar to ferrocene, the ferracarborane anion
[CpFeC2B9H11]– ([1]–)[1] can be easily oxidized to give the
neutral compound CpFeC2B9H11 (1) which contains FeIII.
However, different charges of the [C2B9H11]2– and Cp– li-
gands lead to significant differences in the properties of
[1]– and FeCp2. Usage of monoanionic carborane ligands
of two types, [9-L-7,8-C2B9H10]– and [C3B8H11]–, allows
one to obtain closer analogs of ferrocene such as charge-
compensated ferradicarbollides 2a–e and ferratricarbollides
3a–d (Scheme 1). Herein we describe the synthesis and
structural, electrochemical, and Mössbauer studies of these
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tal center and the hyperfine interaction parameters of the Fe
atom. Temperature-dependent recoil-free fraction studies
yielded the root-mean-square-amplitude-of-vibration
(rmsav) of the metal atom over a wide temperature range,
which proved to be in good agreement with crystallographic
Ui,j data for 1 and 3a,b. Electrochemistry shows that the iso-
meric ferratricarbollides 3a–c undergo reversible oxidation to
the corresponding FeIII derivatives at potential values higher,
on average, by about 0.4 V than those of the charge-compen-
sated complexes 2a–c and by about 0.8 V than that of the
parent ferradicarbollide [1]–. This result indicates the strong
electron-withdrawing ability of the extra carbon atom rela-
tive to that of the replaced boron atom. As a consequence of
the shift of the HOMO–LUMO frontier orbitals to the high
energy levels, the FeII/FeI reduction becomes accessible.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

compounds, along with a reinvestigation of key metallacar-
boranes 1 and [1]–.

Results and Discussion

Synthesis

The charge-compensated ferradicarbollides 2a–c were
prepared by reactions of anions [9-L-7,8-C2B9H10]– with the
acetonitrile complex [CpFe(MeCN)3]+ (Scheme 2).[2] The
starting iron complex is stable only below –40 °C,[3] and
therefore its in situ generation by irradiation of
[CpFe(C6H6)]+ in a mixture of MeCN/THF and further
complexation were carried out at low temperature. The
analogous reaction of [9-SMe2-7,8-Me2-7,8-C2B9H8]– gave
the cage-methylated derivative 2d. The ring-methylated
complex 2e was prepared by reaction of [9-SMe2-7,8-
C2B9H10]– with [Cp*Fe(MeCN)3]+.[4]

Ferratricarbollides 3a[5] and 3d[6] were recently obtained
by room-temperature photochemical reaction of the tricar-
bollide anions [7-R-7,8,9-C3B9H10]– (R = H, tBuNH) with
[CpFe(C6H6)]+, while compounds 3b and 3c were prepared
by stepwise thermal rearrangement of 3a.[5]
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Scheme 1.

Scheme 2.

Structures

The structure of ferradicarbollide 1 was studied by X-ray
diffraction in 1965, but the instrumental limitations of that
time resulted in approximate data only, with significant un-
certainty (ca. 0.05 Å) caused by large thermal motion.[7]

Low-temperature experiments allowed us to obtain highly
accurate structures of 1 and its reduced form [1]– (as a
[NMe3Ph]+ salt) with only minor librations of the Cp rings
(Figure 1 and Figure 2).[8]
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Figure 1. The molecular structure of anion [1]– (thermal ellipsoids
at 50% probability). Hydrogen atoms are omitted for clarity. Se-
lected interatomic distances [Å]: Fe1–C2 2.0101(7), Fe1–C3
2.0108(7), Fe1–B4 2.0709(7), Fe1–B5 2.1090(7), Fe1–B6 2.0749(8),
Fe1–C13 2.0721(7), Fe1–C14 2.0649(7), Fe1–C15 2.0514(7), Fe1–
C16 2.0441(7), Fe1–C17 2.0606(7), C3–C2 1.6324(10).

Figure 2. The molecular structure of 1 (thermal ellipsoids at 50%
probability). Hydrogen atoms are omitted for clarity. Selected in-
teratomic distances [Å]: Fe1–C16 2.0651(11), Fe1–C2 2.0716(9),
Fe1–C3 2.0773(9), Fe1–C17 2.0893(11), Fe1–B6 2.0952(11), Fe1–
C15 2.0961(10), Fe1–B4 2.1017(10), Fe1–B5 2.1079(11), Fe1–C13
2.1356(11), Fe1–C14 2.1399(11), C2–C3 1.6002(13).

The structure of the 18-electron anion [1]– possesses a
classical sandwich geometry with the Fe···C2B3 and Fe···C5

distances equal to 1.437 and 1.663 Å, respectively. It is note-
worthy that the latter value is very close to that in ferro-
cene[9] (1.660 Å), confirming a similarity of their electronic
structures. The C2B3 and C5 rings are nearly eclipsed (tor-
sion angle 14°) and almost parallel (1.6°) to each other. The
C2B3 face is notably nonplanar with the central B5 atom
deviating from the B6–C2–C3–B4 plane by 0.061 Å away
from the iron atom. Similar distortion was previously ob-
served in structures of 3a,b.[5]

The structure of the 17-electron neutral compound 1 is
significantly different from anion [1]–. Both the Fe···C2B3

(1.487 Å) and Fe···C5 (1.723 Å) distances in 1 are ca. 0.05 Å
longer than those in [1]–. The latter distance is also longer
than that in the similar 17-electron [FeCp2]+ cation
(1.706 Å).[10] The C5 ring is almost perfectly eclipsed with
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C2B3 (torsion angle 4.5°) and inclined by 4.6° away from
the cage carbon atoms. The CCarb–CCarb and average CCp–
CCp distances in 1 (1.594 and 1.401 Å, respectively) are con-
siderably shorter than those in [1]– (1.640 and 1.430 Å,
respectively).

In order to arrive at a MO explanation for the difference
between the structures of 1 and [1]–, we carried out DFT
calculations (at B3LYP/6-31G* level) of the anion [1]–. It
was found that the HOMO (Figure 3) is similar to the e2g/
dx2–y2 orbital of ferrocene, with bonding for Fe···C2B3 and
Fe···Cp interactions and antibonding for CCp–CCp and
CCarb–CCarb interactions.[11] Accordingly, removal of one
electron from this orbital leads to the lengthening of

Figure 3. The plot of the HOMO of [1]–.

Figure 4. The molecular structure of 2b (thermal ellipsoids at 30%
probability). The second conformation of the disordered Cp ring
and hydrogen atoms are omitted for clarity. Selected interatomic
distances [Å]: Fe1–C2 1.995(3), Fe1–C3 2.018(3), Fe1–B4 2.108(4),
Fe1–B5 2.113(3), Fe1–B6 2.072(3), Fe1–C17 2.054(9), Fe1–C16
2.079(6), Fe1–C13 2.082(7), Fe1–C14 2.091(6), Fe1–C15 2.093(5),
C2–C3 1.632(5), N1–B4 1.611(4).

Table 1. 57Fe Mössbauer parameters for the compounds discussed in the text.

1 [NMe3Ph][1] 2a 2c 3a 3b 3c 3d Units

IS(90) 0.337(3) 0.357(3) 0.383(5) 0.380(4) 0.430(3) 0.439(4) 0.344(4) 0.344(3) mms–1

QS(90) 0.525(3) 2.431(3) 2.490(5) 2.480(4) 2.501(3) 2.471(5) 2.302(4) 2.360(3) mms–1

–d(IS)/d(T) 5.3(3) 5.5(4) 5.1(5) 6.8(1) 5.1(1) 4.0(1) 4.8(4) 4.8(1) 10–4 mms–1

–d(lnA)/d(T) 7.9(1) 15.9(2) 6.3(5) 5.4(2) 4.4(3) 5.9(3) 6.7(2) 11.3(11) 10–3 K–1

Meff 78(4) 76(5) 82(3) n.a. 100(1) 103(3) 86(3) 86(1) Da
ΘM 113 80 123 – 131 – 116 89 K
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Fe···C2B3 and Fe···Cp distances and shortening of CCp–CCp

and CCarb–CCarb distances.
The structure of the charge-compensated ferradicarbol-

lide 2b was also confirmed by X-ray diffraction (Figure 4).
In contrast to [1]– and 1, the Cp ligand is disordered over
two positions. The presence of the bulky NMe3 substituent
leads to the significantly bent sandwich geometry with a
9.7° angle between C5 and C2B3 planes. The Fe···Cp and
Fe···C2B3 distances (1.690 and 1.451 Å, respectively) are ca.
0.03 Å longer than those in [1]–, probably also a result of
the steric repulsion.

Mössbauer Study

Similar to other neutral, diamagnetic ferrocenoid com-
pounds, all of the cyclopentadienyl ferracarboranes exam-
ined in the present study, namely 1, [NMe3Ph][1], 2a,c, and
3a–d, display a ME resonance which consists of a single,
well-separated doublet spectrum characterized by its isomer
shift (IS), quadrupole splitting (QS), and area under the
resonance curve (A). A representative spectrum of 3c at
92 K is shown in Figure 5. The IS and QS values at 90 K,
as well as the parameters derived from the temperature-de-
pendent data for all of the compounds are summarized in
Table 1. In the following discussion, the trends in the ME
hyperfine parameters are discussed in some detail.

Figure 5. 57Fe Mössbauer spectrum of 3c (“DSP-6”) at 92 K. The
velocity scale is with reference to the centroid of a room-tempera-
ture α-Fe spectrum which was also used for spectrometer cali-
bration.
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Isomer Shift

The IS parameters show a distinct partition into two
groups: those which pertain to the ferracarboranes in which
two carbon atoms of the five-membered carborane face in-
teract with the metal atom (e.g., 3c and 3d), and those in
which there are three carbon atoms in the pentagonal ring
(e.g., 3a and 3b). As is evident from the electronegativity of
carbon and boron and also in accordance with the results
of previous DFT calculations,[5] the C atoms of the frame-
work are more negatively charged than the B atoms. This
greater electron density, which is reflected in greater shield-
ing of the nearby iron nucleus, results in a larger IS, since
it is well established that δR/R for the 14.4 keV level of 57Fe
is negative.[12] The average difference in the IS parameter
between the B2C3 and B3C2 compounds is almost
0.1 mms–1, a value some 30 times greater than the experi-
mental errors in the individual measurements. An argument
which further bolsters this explanation is based on the ob-
servation that other iron carboranes, in which the carborane
ligand contains three carbon atoms (of which only two are
located in the pentagonal ring facing the metal atom) (e.g.,
3c and 3d), show an IS which is close to those reported for
the C2B3 complexes noted earlier.

The temperature dependence of the IS, –d(IS)/d(T), is
negative for all of the compounds examined, in consonance
with similar observations reported earlier for ferrocene-re-
lated complexes. For 3a–c, this temperature dependence is
linear within experimental error over the accessible range
of temperatures, and the corresponding values are included
in the data listed in Table 1. A representative data set is
shown in Figure 6. For [NMe3Ph][1], 2a, and 3d, the data
are better approximated by two linear segments, with a
minor break at T � 230 K. Again, a representative data set
is included in Figure 6. For 2c, the temperature dependence
of the IS parameter shows continuous curvature, and no
effort was made to separate two regions of the T range in
this case. As indicated in the literature,[13] the value of the
–d(IS)/d(T) parameter (in the high-temperature limit) can

Figure 6. Temperature dependence of the isomer shift for
[NMe3Ph][1] (“DSP-2”, filled circles) and 3b (“DSP-5”, open
circles).
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be used to extract an effective vibrating mass, Meff, for the
ME active atom, and the corresponding values for the cy-
clopentadienyl iron carboranes of the present study fall into
the range of 82±4 Da for the five B3C2 compounds and
102±4 Da for the two B2C3 compounds. The difference be-
tween these values and the “bare atom” iron mass of 57 Da
reflects the covalence of the metal–ligand interaction, and
is consistent with a larger electron density of the ring in the
latter than in the former compounds, as mentioned earlier.

Quadrupole Splitting

The QS parameters at 90 K are included in the data sum-
marized in Table 1. With the exception of the value for 1,
the data again fall into two groups: those with the B2C3

ring structure and those with the B3C2 configuration. At
90 K, the former have a QS � 2.49 mms–1, while the latter
have a QS � 2.36 mms–1. However, it should be noted that
the QS parameters are temperature-dependent, and (with
some minor variations) show the normal decrease with in-
creasing temperature because of the effects on the field gra-
dient arising from thermal expansion. A typical data set
showing this temperature dependence is shown in Figure 7.
An exception to the earlier generalization is the data for the
QS of 1, which is smaller by about a factor of 4.6 than the
values for the remainder of the carboranes reported here.
This difference is readily understood in terms of the formal
+3 oxidation state of the iron atom in 1 compared with
the divalent state in the remainder. As has been previously
noted[14] for ferrocene-related compounds, the removal of
one electron from the metal atom on oxidation incurs an
almost complete collapse of the QS, as has been discussed
in detail in a classic paper by Collins[14] and elsewhere.[15]

Typically, the change in the QS parameter on oxidation of
the neutral parent compound is from 2.57 to 0.15 mms–1

for octamethylferrocene and the corresponding cation as
BF4

– and PF6
– salts,[16] from 2.42 to 0.21 mms–1 for a bis-

(isodicyclopentadienyl)iron complex and the cation as a
PF6

– salt,[17] and from 2.41 to 0.15 mms–1 for ethynylocta-
methylferrocene and the cation as a PF6

– salt.[18] In the case
of 1, the QS parameter at 90 K is 0.525±0.003 mms–1, pre-
sumably due to the presence of both B and C atoms in the

Figure 7. Temperature dependence of the quadrupole splitting for
3a (“DSP-3”) and 3b (“DSP-5”) showing the “normal” decrease
with increasing temperature.
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five-membered ring facing the metal atom. This larger value
permits the resolution of the two components of the ME
spectrum and the detailed temperature dependence of the
QS parameter. The relevant data are summarized in Fig-
ure 8 which shows that in the low-temperature region (90
to �250 K) the QS parameter increases with increasing
temperature, and then decreases normally in the higher
temperature range. This relatively unusual behavior is not
observed for the remainder of the FeII complexes as men-
tioned earlier.

Figure 8. Temperature dependence of the quadrupole splitting for
1 (“DSP-1”).

Recoil-Free Fraction and Vibrational Amplitude

For an optically “thin” absorber, the area under the
resonance curve scales directly with the recoil-free fraction,
f, of the 14.4 keV gamma ray of 57Fe. Since f =
–exp(k2�x2�), where k is the wave vector of the gamma
ray and �x2� is the mean-square-amplitude-of-vibration
(msav) of the metal atom, detailed information on the tem-
perature dependence of the area under the resonance curve
can provide information on the dynamics of the iron atom
in a variety of environments. To this end, the temperature
dependence of the logarithm under the resonance curve,
–d ln[A(T)/A(90)]/dT, has been determined for the ferracar-
boranes of the present study. A representative data set is
summarized graphically in Figure 9 for [NMe3Ph][1] and
3b. Two qualitatively different types of behavior are re-
flected in the data listed in Table 1. In the case of 2c and
3b, the data are well-represented by a linear regression over
the whole temperature range. More frequently, however, as
in the case of the other compounds studied, the data are
better represented by two different linear functions: one at
low temperatures and one at high temperatures. In the case
of 3d, the data show continuous curvature over the access-
ible temperature range and have not been subjected to fur-
ther analysis. As has been shown previously, using the slope
of d ln[A(T)/A(90)]/dT it is possible to calculate �xave

2�
from the ME data and compare this to the corresponding
(average) value extracted from the Ui,j data acquired in sin-
gle-crystal X-ray diffraction studies. This comparison has
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been performed for three of the carboranes examined in this
work, and these will now be discussed in some detail.

Figure 9. Temperature dependence of the logarithm of the area un-
der the resonance curve for [NMe3Ph][1] (“DSP-2”) and 3b
(“DSP-5”) showing the two types of dependencies discussed in the
text.

For 1, the ME f slope is (8.00±0.09)·103 K–1 with a cor-
relation coefficient (R) of 0.992 for 11 data points. From
this slope, �x2

ave� = 0.021 Å2 at 120 K, while the X-ray
data yield a value of 0.0229 Å2 at this temperature. In ad-
dition, the early X-ray data of Zalkin et al.[7] reflected a
value of 0.053 Å2 at room temperature, while the present
ME data at 300 K yields �x2

ave� = 0.045 Å2 which is in
reasonable agreement. A similar comparison for 3a yields a
value of �x2

ave� = 0.0192 Å2 at 120 K from the X-ray data
of Kudinov et al.,[5] while the present ME data show
�x2

ave� = 0.0176 Å2 at the same temperature. Finally, for
3b, �x2

ave� calculated from the X-ray data at 120 K is
0.0210 Å2, while that extracted from the ME data is
0.0134 Å2 which is only in modest agreement. Nonetheless,
it is clear from this data, that the temperature dependence
of f can provide a reasonable estimate of the msav of the
metal atom in these compounds, and it can be used to com-
pare the rmsav of the iron atom in different bonding envi-
ronments.

The rmsav data for 3a and 3b at several different tem-
peratures are summarized in Table 2, along with the corre-
sponding data for ferrocene. This parameter is identical
(within experimental error) for 3a and ferrocene for all tem-
peratures in the indicated range. In this context, the follow-
ing correlation between the X-ray and ME data for 3a and
3b is significant. The corresponding rmsav data are dis-
played in Figure 10, which shows that this parameter is
larger for 3a than for 3b over the whole temperature range,
suggesting that the vibrational amplitude of the Fe atom in
3b is smaller than it is for 3a. This conclusion is in good
agreement with the X-ray data at 120 K, which show that
the average Fe–B bond lengths are 2.055 Å in 3b and
2.085 Å in 3a. Moreover, these results are also consistent
with the DFT calculations which show that 3b is
16.95 kcalmol–1 more stable than 3a.[5]
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Table 2. The rmsav [Å] for ferrocene, 3a, and 3b.

3b 3a FeCp2 T [K]

0.11 0.13 0.13 100
0.13 0.15 0.15 150
0.15 0.18 0.18 200
0.17 0.20 0.20 250
0.18 0.22 0.22 300

Figure 10. Temperature dependence of the rmsav of the iron atom
in 3a (“DSP-3”) and 3b (“DSP-5”). The larger vibrational ampli-
tude is associated with the longer Fe–B bond lengths in the former
than the latter compound as extracted from the 120 K X-ray data.

Electrochemistry

The redox activity of the FeII complexes shown in
Scheme 1 was studied by electrochemical techniques. Before
illustrating the redox aptitude of the ferratricarbollides, let
us compare the classical (cyclopentadienyl)ferradicarbollide
[1]– with the charge-compensated analogs 2a–e and bis(car-
boranyl) complex Fe(η-9-SMe2-7,8-C2B9H10)2 (4).

Since the FeIII complex 1, in MeCN solution, undergoes
reversible reduction to the corresponding FeII

monoanion,[20] it is not unexpected that [1]–, in CH2Cl2
solution, affords the complementary reversible FeII/FeIII

oxidation. In fact, exhaustive one-electron oxidation makes
the original golden-yellow solution turn wine-red, and in
confirmation of the chemical reversibility of the [1]–/1 cou-
ple also in the long timescale of macroelectrolysis, cyclic

Table 3. Formal electrode potentials [V vs. SCE], peak-to-peak separations [mV], and color changes [λmax in nm] accompanying the FeII/
FeIII oxidation of the dicarbollide complex [1]– and the related charge-compensated complexes 2a–e and 4 in CH2Cl2 solution.

Complex E°� ∆Ep
[a] Original color [λmax] Color of the oxidized solution [λmax]

[1]– –0.18 84 yellow red-wine (570)
2a +0.47 72 orange (475) gray (594)
2b +0.40 72 orange (470) pink-brown (580)
2c +0.40 62 red (415) gray-green (593)
2d +0.49 65 pink-orange (470) green (615)
2e +0.21 66 pale-orange (478) olive-green (636; 710)
4a +0.55 80 pink pink-orange
FeCp2 +0.39 80 yellow green (618)

[a] Cf. with ref.[20]
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voltammetric tests show a profile quite complementary to
the original profile.

Similar behavior is displayed by complexes 2a–e, except
that the FeII/FeIII oxidation occurs at markedly higher po-
tential values, as illustrated in Table 3.

The charge compensation of the carborane ligand in 1-
Cp-4-L-1,2,3,4-FeIIC2B9H10 makes the oxidation notably
difficult with respect to the unsubstituted dicarbollyl ligand
in [1]–, which is not only because of Coulombic effects, but
in part also from the intrinsic electronic effect of the half-
unit 9-L-7,8-C2B9H10, as testified by the positive shift of
the bis(carboranyl) derivative 4 relative to 2a.[21] On the
other hand, the methyl substitution at the carbon atoms of
the carboranyl ligand in 2d does not substantially have any
effect with respect to 2a, whereas the permethylation of the
cyclopentadienyl ring in 2e makes the oxidation signifi-
cantly easier.

In order to evaluate the electronic effects played by the
introduction of a third carbon atom in the framework of
the classical dicarbollide dianion [C2B9H11]2–, Figure 11
compares the cyclic voltammetric behavior of complex 3c
with that of [1]– in CH2Cl2 solution.

Figure 11. Cyclic voltammetric responses recorded at a platinum
electrode in CH2Cl2 solutions of [1]– (1.3·10–3 moldm–3) and 3c
(1.2·10–3 moldm–3); [NBu4][PF6] (0.2 moldm–3) as supporting elec-
trolyte; scan rate 0.2 Vs–1.

Similar to [1]– and its charge-compensated derivatives, 3c
undergoes the reversible FeII/FeIII step, but the oxidation
is further shifted towards positive potential values. In fact,
analysis of the cyclic voltammograms with scan rates vary-
ing from 0.02 to 2.00 Vs–1 shows that (i) the current func-
tion ipa·v–1/2 decreases by about 10% for each 10-fold in-
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crease of the scan rate, (ii) the current ratio ipc/ipa remains
constantly equal to 1, and (iii) the peak-to-peak separation
progressively increases from 84 to 154 mV. These param-
eters are diagnostic for a one-electron, chemically reversible,
and electrochemically quasireversible process, in the short
times of cyclic voltammetry.[22] Controlled-potential
exhaustive oxidation (Ew = +1.0 V) consumes one electron
per molecule. The original yellow solution turns pale green,
and also in this case, the cyclic voltammetric test shows a
profile quite complementary to the original profile.

Figure 12 compares the spectral changes accompanying
the progressive passage from [1]– to 1 (top) with those from
3c to [3c]+ (bottom).

Figure 12. Spectral changes recorded in an OTTLE cell upon pro-
gressive oxidation of (a) [1]– and (b) 3c; CH2Cl2 solution with
[NBu4][PF6] (0.2 mol dm–3) as supporting electrolyte.

In both cases, the appearance of the isosbestic point
([1]–/1: λ = 238 nm; 3c/[3c]+: λ = 228 nm) further supports
the chemical reversibility of the pertinent oxidation pro-
cesses. The bands arising in the UV region are conceivably
assigned to LMCT transitions. In agreement with the final
pale-green color of the solution of [3c]+, a weak band also
appears at λmax = 620 nm (inset of Figure 12).

A similar redox activity holds in THF solution, except
that, because of the larger cathodic window of this solvent,
a reduction process can also be detected, which possesses
features of chemical reversibility in the cyclic voltammetric
timescale (see Figure 13).
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Figure 13. Cyclic voltammetric response recorded at a gold elec-
trode in THF solution of 3c (1.0·10–3 moldm–3); [NBu4][PF6]
(0.2 moldm–3) as supporting electrolyte; scan rate 0.2 Vs–1.

The extremely negative potential value of the process pre-
vented the experimental measurement by controlled-poten-
tial coulometry of the number of electrons involved, but the
similarity of the peak height with that of the anodic process
suggests it is a one-electron process. In the first instance, we
therefore assign it to the FeII/FeI passage; a redox change
not too unusual in organometallic chemistry,[23] but quite
new in ferracarborane chemistry. The separation between
the one-electron oxidation and the one-electron reduction
(3.2 eV) can be roughly considered as an experimental mea-
surement of the HOMO–LUMO separation.

Complexes 3b and 3d also display a chemically reversible
one-electron oxidation. However, in contrast to 3c, no re-
duction process is detected in THF for complex 3d, whereas
complex 3b gives rise to an irreversible reduction. Upon
exhaustive oxidation, the original orange solution of com-
plex 3b turns brown, and the spectroelectrochemical trend
in the UV region is very similar to that illustrated for 3c. A
similar spectroelectrochemical pattern was recorded in the
UV region during the golden-yellow/maroon transition
from 3d to [3d]+, except for a new band at 350 nm (see Sup-
porting Information).

Finally, the one-electron oxidation of complex 3a in
CH2Cl2 solution is accompanied by chemical complica-

Table 4. Formal electrode potentials [V vs. SCE], peak-to-peak sep-
arations [mV], and current ratios for the redox activity of the ferra-
tricarbollides 3a–d.

Oxidation Reduction Solvent
E°� ∆Ep

[a] ipc/ipa
[a] E°� ∆Ep

[a] ipa/ipc
[a]

[1]– –0.18 84 1.0 – – – CH2Cl2
–0.04 89 1.0 – – – THF

3a +0.74 72 0.8[b] – – – CH2Cl2
+0.91 103 0.5 –1.56 74 0.5 THF

3b +0.82 73 1.0 – – – CH2Cl2
+0.94 72 –2.05[c] – 1.0 THF

3c +0.80 82 1.0 – – – CH2Cl2
+0.96 96 1.0 –2.29 127 0.8[d] THF

3d +0.60 73 1.0 – – – CH2Cl2
+0.77 78 1.0 – – – THF

FeCp2 +0.39 80 1.0 – – – CH2Cl2
+0.53 82 1.0 – – – THF

[a] Measured at 0.1 Vs–1. [b] Accompanied by chemical complica-
tions (see text). [c] Peak-potential value for irreversible processes.
[d] Because of the close solvent discharge, the present value is of
limited accuracy as far as the extent of chemical reversibility is
concerned.
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tions. The current ratio ipc/ipa is lower than unity at low
scan rate and progressively tends to increase with an in-
crease of the scan rate. In fact, exhaustive one-electron oxi-
dation leads to a presently unknown species, which reduces
at E°� = +0.34 V. The FeII/FeI reduction in THF (in such
solvent the complex is stable only for short times) is also
partially chemically reversible and occurs at potential val-
ues less negative than that of 3c. In fact, a HOMO–LUMO
separation of 2.5 eV can be calculated. The formal electrode
potentials of the mentioned electrode processes are com-
piled in Table 4.

Conclusions

The X-ray diffraction study revealed that the Fe···C2B3

and Fe···Cp distances in 17-electron ferracarborane 1 are
significantly longer than those in its 18-electron congener
[1]–, in accordance with one-electron removal from the
bonding HOMO. The electrochemical investigation re-
vealed that the FeII-tricarbollide complexes are more diffi-
cult to oxidize than the charge-compensated dicarbollide
analogs, which in turn are more difficult to oxidize than
the parent ferracarborane [1]–. The location of the FeII/FeIII

couple for 3a–c at highly positive potential values makes
the FeII/FeI reduction accessible. The fact that the redox
changes of the different isomers occur at different potential
values constitutes a further supporting technique in their
selective recognition. Temperature-dependent 57Fe Möss-
bauer effect spectroscopy (TDMES) was used to elucidate
the hyperfine interaction parameters of the neutral carbol-
lide complexes, as well as the dynamical aspects of the iron
atom motion as a function of temperature. For a number
of ferracarboranes studied in detail, modestly good agree-
ment, within experimental error, was obtained for the msav
extracted from single-crystal X-ray diffraction studies and
TDMES.

Experimental Section
General Remarks: All reactions were carried out under argon in
anhydrous solvents which were purified and dried using standard
procedures. The isolation of products was conducted in air. Ferra-
carboranes 1, [NMe3Ph][1],[20] and 3a–d[5,6] were prepared as de-
scribed in the literature. The solutions of sodium salts Na[9-L-7,8-
R2-7,8-C2B9H8] were obtained by reaction of the corresponding
carborane with NaH in THF.[24] Irradiation was conducted in a
Schlenk tube using a high-pressure mercury-vapor lamp with a
phosphor-coated bulb (400 W). The 1H- and 11B NMR spectra
were measured with a Bruker AMX-400 instrument at room temp.
in [D6]acetone unless otherwise stated. Materials and apparatus for
electrochemistry and spectroelectrochemistry have been described
elsewhere.[25] All the potential values are referred to the saturated
calomel electrode (SCE).

1-Cp-4-SMe2-1,2,3-FeC2B9H10 (2a): To a solution of [CpFe(C6H6)]-
PF6 (344 mg, 1 mmol) in a mixture of THF (16 mL) and MeCN
(4 mL) which was chilled to –78 °C, was added a solution of Na[9-
SMe2-7,8-C2B9H10] in THF (4 mL, 1 mmol). The resulting mixture
was irradiated with stirring at –60 to –40 °C within 1 h, and the
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solvents evaporated in vacuo. The residue was washed several times
with MeOH giving red solid 2a which was 95% pure according to
1H- and 11B NMR spectroscopy. The analytically pure sample was
obtained by reprecipitation using heptane from CH2Cl2. Yield
255 mg (80%). 1H NMR: δ = 4.54 (s, 5 H, Cp), 4.08 (br. s, 1 H,
cage CH), 3.52 (br. s, 1 H, cage CH), 2.73 (s, 3 H, SMe2), 2.73 (s,
3 H, SMe2) ppm. 11B NMR (J, Hz): δ = –6.04 (d, 136, 1B), –6.04
(s, 1B, BSMe2), –10.20 (d, 142, 1B), –11.30 (d, 142, 1B), –13.24 (d,
142, 1B), –17.87 (d, 138, 1B), –24.55 (d, 152, 1B), –27.11 (d, 165,
1B), –28.71 (d, 202, 1B) ppm. C9H21B9FeS (314.46): calcd. C 34.38,
H 6.73, B 30.94, Fe 17.76; found C 34.32, H 6.48, B 30.80, Fe
17.44.

1-Cp-4-NMe3-1,2,3-FeC2B9H10 (2b): Compound 2b was synthe-
sized in a similar manner to 2a. However, when the irradiation was
finished, the reaction tube was placed into a Dewar vessel with an
acetone/dry ice mixture, and the reaction mixture was additionally
stirred for 24 h with gradual rising of temp. to 20 °C. Yield 32%.
1H NMR: δ = 4.63 (s, 5 H, Cp), 4.56 (br. s, 1 H, cage CH), 3.58
(br. s, 1 H, cage CH), 3.19 (s, 9 H, NMe3) ppm. 11B NMR (J, Hz):
δ = 5.27 (s, 1B, BNMe3), –5.45 (d, 129, 1B), –10.13 (d, 130, 1B),
–10.84 (d, 109, 1B), –13.31 (d, 156, 1B), –14.94 (d, 151, 1B),
–24.85 (d, 152, 1B), –26.08 (d, 157, 1B), –28.30 (d, 167, 1B) ppm.
C10H24B9FeN (311.44): calcd. C 38.57, H 7.77, N 4.50; found C
38.59, H 7.91, N 4.54.

1-Cp-4-py-1,2,3-FeC2B9H10 (2c): To a solution of [CpFe(C6H6)]PF6

(172 mg, 0.5 mmol) in a mixture of THF (3 mL) and MeCN (3 mL)
which was chilled to –78 °C, was added a solution of Na[9-py-7,8-
C2B9H10] in THF (10 mL, 0.5 mmol). The resulting mixture was
irradiated with stirring at –60 to –40 °C within 3 h, treated with
MeOH (1 mL), and filtered. The filtrate was evaporated in vacuo,
and the residue was eluted on a silica gel column (7 cm) with a
CH2Cl2/petroleum ether (1:1) mixture. The bright-red band was
collected, evaporated in vacuo, and washed several times with ether
to give dark-red crystals of 2c. Yield 60 mg (48%). 1H NMR: δ =
9.00 (d, 5.6, 2 H, C5H5N), 8.46 (t, 7.6, 1 H, C5H5N), 8.00 (t, 7.2,
2 H, C5H5N), 4.72 (br. s, 1 H, cage CH), 4.15 (s, 5 H, Cp), 3.53
(br. s, 1 H, cage CH) ppm. 11B NMR (J, Hz): δ = 2.56 (s, 1B,
Bpy), –5.68 (d, 129, 1B), –9.83 (d, 147, 1B), –11.03 (d, 158, 1B),
–12.64 (d, 141, 1B), –13.72 (d, 139, 1B), –23.03 (d, 153, 1B), –25.92
(d, 151, 1B), –28.05 (d, 167, 1B) ppm. C12H20B9FeN (331.43):
calcd. C 43.49, H 6.08, B 29.35; found C 43.49, H 6.02, B 29.08.

1-Cp-2,3-Me2-4-SMe2-1,2,3-FeC2B9H8 (2d): Compound 2d was
prepared in a similar manner to 2a. Yield 220 mg (64%). 1H NMR:
δ = 4.48 (s, 5 H, Cp), 2.86 (s, 3 H, SMe2), 2.60 (s, 3 H, SMe2), 2.44
(s, 3 H, CMe), 2.22 (s, 3 H, CMe) ppm. 11B NMR (J, Hz; CD2Cl2):
δ = –1.65 (s, 1B, BPy), –4.86 (d, 157, 1B), –6.20 (d, 155, 1B), –9.35
(d, 142, 1B), –12.66 (d, 138, 1B), –17.68 (d, 130, 2B), –18.55 (d,
140, 1B), –20.64 (d, 150, 1B) ppm. C11H26B9FeS (343.52): calcd. C
38.46, H 7.63; found C 38.39, H 7.21.

1-Cp*-4-SMe2-1,2,3-FeC2B9H10 (2e): A solution of Na[9-SMe2-7,8-
C2B9H10] in THF (2 mL, 0.5 mmol) was added to a solution of
[Cp*Fe(MeCN)3]BF4 (200 mg, 0.5 mmol) in THF (10 mL) at 0 °C.
The resulting mixture was stirred at this temp. for 1 h, and com-
pound 2e was isolated in a similar manner to 2a. Yield 155 mg
(80%). 1H NMR: δ = 5.32 (br. s, 1 H, cage CH), 3.58 (br. s, 1 H,
cage CH), 2.59 (s, 6 H, SMe2), 2.39 (s, 6 H, SMe2), 2.35 (br. s, 1
H, cage CH), 1.79 (s, 15 H, Cp*) ppm. 11B NMR (J, Hz): δ =
–4.90 (d, 195, 1B), –6.02 (s, 1B, BSMe2), –9.19 (d, 144, 1B), –12.90
(d, 130, 1B), –13.80 (d, 130, 1B), –18.18 (d, 138, 1B), –25.28 (d,
159, 1B), –27.27 (d, 176, 1B), –29.13 (d, 227, 1B) ppm.

Mössbauer Spectroscopy: The solid compounds were transferred to
plastic sample holders and examined by standard transmission
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Table 5. Crystal data and structure-refinement parameters for 1, [NMe3Ph][1], and 2b.

Compound 1 [NMe3Ph][1] 2b

Empirical formula C7H16B9Fe C16H30B9FeN C10H23B9FeN
Formula weight 253.34 389.55 310.43
Crystal color, habit violet plate red plate red prism
Crystal size [mm] 0.30×0.10×0.10 0.40×0.10×0.10 0.30×0.20×0.20
Temperature [K] 120(2) 120(2) 120(2)
Crystal system monoclinic monoclinic orthorhombic
Space group P21/c P21/n Pna21

a [Å] 11.4669(1) 8.2460(2) 14.846(2)
b [Å] 6.4619(1) 16.9626(5) 8.788(1)
c [Å] 16.6791(2) 14.3504(4) 11.827(2)
β [°] 100.650(1) 96.8406(16) 90
V [Å3] 1214.60(3) 1992.95(9) 1543.1(4)
Z(Z�) 4(1) 4(1) 4(1)
F(000) 516 816 644
Dcalcd. [g cm–1] 1.385 1.298 1.336
Linear absorption, µ [cm–1] 11.99 7.57 9.59
Tmin/Tmax 0.7150/0.8895 0.7516/0.9281 0.7619/0.8314
Scan type ω ω ω
θ range [°] 1.81–45.00 1.87–50.34 2.69–30.01
Completeness of dataset [%] 98.4 98.1 99.9
Reflections measured 36197 71800 11745
Independent reflections 9862 [Rint = 0.0456] 20808 [0.0396] 4327 [0.0276]
Observed reflections [I � 2σ(I)] 7912 15599 3148
Parameters 218 364 247
Final R(Fhkl):R1 ratio 0.0435 0.0431 0.0475
wR2 0.0981 0.0894 0.1169
GOF 1.014 0.993 0.945
∆ρmax, ∆ρmin [eÅ–3] 0.628, –0.636 0.669, –0.544 0.969, –0.760

Mössbauer effect spectroscopy (MES) using a 50 mCi 57Co/Rh
source as described previously.[26] Spectrometer calibration was per-
formed using a 10 mgmcm–2 α-Fe foil at room temp., and all iso-
mer shifts are referred to the centroid of such a spectrum. ME data
acquisition times varied from 7 to 30 h (depending on the temp.),
and since one of the objectives of this research was to elucidate the
temperature-dependent parameters extracted from the ME data,
the thermal variation with time was continuously monitored using
the Daswin program of Glaberson and Brettschneider.[27] The temp.
uncertainties are estimated as ±0.1 K over the data acquisition in-
tervals.

Calculation Details: All calculations were performed using
Gaussian 98 package.[28] The structure of [1]– was optimized at
B3LYP/6-31G* level in Cs symmetry. The molecular orbital visual-
ization was performed by ChemCraft software, version 1.5
(www.chemcraftprog.org).

X-ray Crystallography: Crystals of 1 and [NMe3Ph][1] suitable for
X-ray diffraction were grown by slow evaporation of CH2Cl2 solu-
tions. Crystals of 2b were grown by slow diffusion in a two-layer
system, solution of the complex in [D6]acetone/petroleum ether,
placed in an NMR tube. X-ray diffraction experiments were carried
out with a Bruker SMART 1000 CCD area detector, using graph-
ite-monochromated Mo-Kα radiation at 110 K. Low temp. of the
crystals was maintained with a Cryostream (Oxford Cryosystems)
open-flow nitrogen gas cryostat. Reflection intensities were inte-
grated using SAINT software,[29] and absorption correction was
applied semi-empirically using SADABS program. The structures
were solved by direct method and refined by the full-matrix least-
squares against F2 in anisotropic approximation for non-hydrogen
atoms. All polyhedron hydrogen atoms were located from the Fou-
rier density synthesis and refined in isotropic approximation. Crys-
tal data and structure-refinement parameters for 1, [NMe3Ph][1],
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and 2b are given in Table 5. All calculations were performed using
the SHELXTL software.[30]

CCDC-291166 (for [NMe3Ph][1]), -291167 (for 1), and -291168 (for
2b) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crys-
tallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (for details see the footnote on the first
page of this article): Spectroelectrochemical data for transition
from 3d to [3d]+ and the optimized coordinates from DFT calcula-
tions of [1]–.
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