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A series of heterobimetallic g6-[(ferrocenyl)indene]-Cr(CO)3 complexes differing for the position of the
ferrocenyl group, 1-(ferrocenyl)indene and 2-(ferrocenyl)indene, and the degree of indene methylation
(tetramethyl- and hexamethyl-) have been prepared and studied with the aim to stabilise the mono-
and dications generated by chemical and electrochemical oxidation, and at same time to tune the
metal–metal electronic coupling in the mixed-valence cations. The magnitude of electronic delocalisation
and spin density in the cations have been monitored by means of optical techniques (UV–Vis, near-IR,
mid-IR) and EPR spectroscopy. The results have been rationalised in the framework of Marcus-Hush the-
ory and at quantum chemistry level by DFT and TD-DFT methods, establishing that a metal-to-metal elec-
tronic coupling occurs the magnitude of which depends on the degree of indene methylation.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction ferrocenyl)indene]-Cr(CO)3 (2). By combining these results with
Electronic communication in polynuclear complexes has re-
ceived, and currently receives, a great interest with special regard
to bimetallic complexes in which the two metals are linked by a p-
electron conjugated system [1]. In particular, much attention has
been paid to those systems in which two transition metal groups,
MLn, are bound to a fulvalenyl bridge [2]. Depending on the flexi-
bility of the bridge and the nature of the metal groups the degree
of coupling may vary to a large extent. In this regard, while com-
plexes featuring two equivalent redox centres as ferrocene
(M1 = M2; symmetric complexes) represent the most investigated
class, complexes with two different metals (M1 – M2; unsymmet-
rical complexes) have received much less attention likely because
of their synthetic difficulty.

Despite some important results on the communication in het-
erobimetallic complexes that have been obtained in recent years
[3], the effect of the ‘‘metal asymmetry factor” in determining
the extent of the communication is still little known.

In a preliminary communication [4], we have reported on the
structures and the electrochemical behaviour of two heterobime-
tallic isomers, g6-(3-ferrocenyl)indene]-Cr(CO)3 (1) and g6-(2-
All rights reserved.
the IR and near-IR data on the mixed-valence ions 1+ and 2+ ob-
tained at �80 �C by chemical oxidation with ferrocenium-BF4 in
CH2Cl2, it was shown that electronic coupling is principally in 2+

and much less in 1+. The stronger electronic coupling in 2+ was
attributed to the almost planarity of the bridging ligand and to
the cisoid conformation of the two metal groups. The planarity of
the two cyclopentadienyl-indene (Cp-indene) moieties favours
the p-electron resonance in the corresponding conjugated atom
grouping of the bridge. In contrast, in isomer 1 the metals exhibit
a transoid arrangement and the bridge shows a torsion angle about
the r-bond of around 30�.

Described in this contribution is a complete study of the elec-
tronic interaction occurring between the iron and chromium cen-
tres in the (ferrocenyl)indenyl complexes shown in Scheme 1.

The information gathered by EPR, near-IR spectroscopy, and
DFT calculations indicate that the cations of the parent complexes
1 and 2 and of the methylated complexes g6-[(3-ferrocenyl)
1,2,4,5,6,7-hexamethylindene]-Cr(CO)3 (3), g6-[(2-ferrocenyl) 4,
5,6,7-tetramethylindene]-Cr(CO)3 (4), and g6-[(2-ferrocenyl)
1,3,4,5,6,7-hexamethylindene]-Cr(CO)3 (5) (Scheme 1) belong to
the mixed-valence Class II according to the classification of Robin
and Day and that the extent of the metal-metal electronic interac-
tion can be modulated by the degree of methylation and cyclopen-
tadienyl-indene planarity. Accordingly, the results of the
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CO-substitution-P(OEt3)-addition reaction of 1+ and 2+ are in fa-
vour of an activation of chromium mediated by an oxidative pro-
cess at the iron atom.

The methylation of the indenyl skeleton, as expected, stabilises
both mono and dications due to the electronic and steric effects of
the methyl groups and modifies the planarity of the bridge to some
extent.

2. Results and discussion

2.1. Synthesis and structures

The synthetic procedure of heterobimetallic complexes 1 and 2
[4] was successfully applied to 3–5 starting from the correspond-
ing monometallic (ferrocenyl)indenes [5]. The crystal structures
of 3 and 5 have been obtained and compared with those of 1 and
2 previously reported [4] (Fig. 1, Tables 1 and 2). In this regard,
we could justify the transoid conformation of 1 (Fig. 1a) and the ci-
soid conformation of 2 (Fig. 1b) in terms of co-existence of bal-
anced weak intramolecular p-hydrogen bond interactions and
competitive van der Waals repulsive interactions, suggesting that
transoid or cisoid conformations are expected to be almost isoener-
getic for both 1 and 2. The molecular structure of 3 (Fig. 1c, Table 1)
supports this hypothesis at least for the case of complex 1. In Table
2 some geometrical parameters are reported.

Actually, in 3 the ferrocenyl group is bonded in a cisoid orienta-
tion, in contrast with the transoid conformation of 1, giving rise to a
p-hydrogen bond interaction between H12 and the carbonyl
C1@O1 at the distance H12. . .O1 of 2.84 Å. The Cr(CO)3 group as-
sumes a staggered endo-conformation. The observed molecular
conformation is tolerated in spite of the presence of the bulky
methyl groups which produce quite short and strongly repulsive
intramolecular non-bonded carbon–carbon contact distances in
the range of 3.00 Å (see C28. . .C5 = 3.04 Å), typical of an over-
crowded molecular structure.

It is to be noted that in the case of 1 an analogous cisoid confor-
mation would produce the same p-hydrogen bond interaction and
a very short contact between H5 and H19 at a distance of ca. 2.00 Å,
as it can be verified by exchanging the methyl group C28 with a H
atom in 3.

The torsion angle about the bond C4–C14 joining the ferrocenyl
group to the indene ligand is here around 45� similar to that in 1,
so excluding any relevant resonance effect in the Cp-indene. These
results lead to surmise that for 1 a similar cisoid conformation
would be reasonably predictable, although probably a little less
stable. A cisoid orientation of Cr(CO)3 with respect to the methyl
group C24 is clearly disfavoured for steric reasons; this fact is
not present in the case of the corresponding non-methylated com-
plex in the absence of the stereoisomeric centre on C16.
Interestingly, in the reaction conditions complex 3 undergoes a
1–3 (H16–H14) protonic shift giving rise to the isomeric molecular
structure 30 (Fig. 1e) in which very short intramolecular C. . .C con-
tact interactions are absent, thus favouring a decreasing of its
internal conformational energy. We think that this protonic shift
is promoted by the necessity to relieve the molecular constraints
present in the isomeric complex 3. We note that in the case of
the complex 1, where similar constraints are absent, this protonic
shift has not been observed. All the carbon-carbon non-bonded dis-
tances are larger than 3.20–3.25 Å. The ferrocenyl group is transoid
with respect to Cr(CO)3, which assumes here too a staggered endo-
conformation. The less common endo-staggered [5] conformations
of the Cr(CO)3 groups, observed both in 3 and in 30 in contrast with
the exo-staggered [5] conformation of 1, are likely someway
influenced by the vicinal methyl groups which form a number of
probable weak p-hydrogen bond interactions in the range of ca.
2.8–2.9 Å. Here too, the configuration having the Cr(CO)3 group
cisoid with respect to the ferrocenyl group appears to be more
disfavoured for steric reasons.

The molecular structure of 5 is shown in Fig. 1f and its geomet-
rical parameters are reported in Table 2. The conformation of the
(2-Cp)-hexamethylindene skeleton is almost the same as that of
the monometallic (2-ferrocenyl)hexamethylindene [6]. The torsion
angle C1–C2–C11–C12 is around 23�, as compared with 24–25�
there observed, proving that the conformation is still controlled
by the repulsive interactions between H3. . .H15 and H1. . .C24 at
distances of 2.31 and 2.88 Å, respectively. The Cr(CO)3 group as-
sumes an eclipsed conformation which allows probable p-hydro-
gen bonding interactions between O3. . .H10 and O3. . .H15 at
distances of 2.85 and 2.79 Å, respectively.

2.2. Electrochemistry

The electrochemical oxidation within cyclic voltammetry (CV)
experiments of the bimetallic complexes 1–5 (FeII–Cr0) into their
cationic and dicationic forms displays two fully reversible waves
(Fig. 2) occurring at Ep in the range of 0.51–0.59 (FeIII–Cr0) and
0.72–0.89 (FeIII–CrI) V versus SCE in CH2Cl2/0.1 M n-Bu4NPF6 (Table
3).

The DE1/2 values which are indicative of thermodynamic stabil-
ity of the cationic species with respect to disproportionation [7]
and the related values of the equilibrium constant (Table 3) for
the comproportionation, Kc (Eq. (1)), suggest that is possible to
characterise the mixed-valence cations 1+–5+ in solution.

½FeII � Cr0� þ ½FeIII � CrI� ¼ 2½FeIII � Cr0� ð1Þ

Interestingly, the peak separation of the two waves in 1–5 in the
range of 210–300 mV is almost the same found between the mono-
metallic compounds, i.e. ferrocene and (indene)Cr(CO)3 (6) or (hep-
tamethylindene)Cr(CO)3 (7) (Table 3). As the CVs of the bimetallic
complexes are approximately the sum of the CVs of monometallic
compounds, it might appear that communication at the level of
1+–5+ is almost absent. In contrast, chemical and optical data will
show that electronic communication between iron and chromium
exists (vide infra).

2.3. The addition-substitution reaction of 1+ and 2+ with P(OEt)3

It was determined [8] that the oxidation of benzene-Cr(CO)3 in
the presence of P(OEt)3 leads to rapid substitution of one CO
according to Scheme 2
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In addition, in (C6H5Fc)Cr(CO)3 the Fc group acts as a reversible
redox switch and activates the oxidative ligand substitution and
addition reactions at the chromium. In this case, the potential re-
quired for activation is far lower than otherwise needed. The small
Fig. 1. Molecular structures of (a) 1, (b) 2, (c) 3, (e) 30 , (f) 5, and (d) DFT calculated s
shift of the IR carbonyl stretching energies of the Cr(CO)3 group
upon oxidation demonstrate that in [(C6H5Fc)Cr(CO)3]+ the positive
charge is localised at the iron. However, the chromium centre ac-
quires sufficient radical character and undergoes very rapid CO
tructure of 4. In the ORTEP plots hydrogen atoms have been omitted for clarity.



Table 1
Crystallographic data for complexes 3 (c), 30(d), 5 (f)

Compound 3 (c) 30 (e) 5 (f)

Empirical formula C28H28O3CrFe C28H28O3CrFe C28H28O3CrFe
M 520.35 520.35 520.35
Crystal system Orthorhombic Triclinic Monoclinic
Space group P212121 P�1 P21/c
a (Å) 13.540(2) 7.957(2) 10.523(2)
b (Å) 14.476(3) 9.829(3) 13.455(3)
c (Å) 12.298(3) 16.496(3) 16.648(3)
a (�) – 105.65(3) –
ß (�) – 90.05(2) 91.02(3)
c (�) – 106.14(2) –
V (A3) 2410.5(8) 1189.3(5) 2356.8(8)
Z 4 2 4
Dcalcd. (g cm�3) 1.434 1.641 1.467
l (Mo Ka) (mm�1) 0.741 0.725 1.104
F(000) 1080 2688 1080
No. of reflections collected 2786 3941 5462
No. of reflections used [I P 2r(I)] 2461 3775 5181
Goodness-of-fit on F2 1.186 1.208 1.236
R =

P
|Fo| � |Fc|/

P
|Fo| 0.048 0.043 0.060

Rw ¼ f
P
½wðF2

o � F2
c Þ

2�=
P
½wðF2

oÞ
2�g1=2

0.103 0.110 0.171
Fig. 2. CVs of complexes 1-5 in CH2Cl2/0.1 M n-Bu4NPF6 at scan rate v; = 0.5 V s�1.

Table 3
Electrochemial dataa

Complex Ep (V) E1/2 (V) DE1/2
b (V) Kc

Fe Cr Fe Cr

1 0.591 0.899 0.556 0.865 0.309 2.1 � 105

2 0.566 0.869 0.532 0.835 0.303 1.6 � 105

3 0.525 0.788 0.486 0.757 0.271 4.6 � 104

4 0.510 0.720 0.475 0.691 0.216 5.2 � 103

5 0.516 0.781 0.487 0.751 0.264 3.5 � 104

Fc 0.512 – 0.480 – – –
6 – 0.810 – 0.760 – –
7 – 0.640 – 0.608 – –

a Solvent was CH2Cl2, supporting electrolyte 0.1 M n-Bu4NPF6, scan rate 0.5 V s�1.
All potentials are in Volts vs. SCE.

b DE1/2 = E1/2(Cr) � E1/2(Fe).
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substitution by P(OEt)3. Concomitant internal electron transfer
from chromium-to-iron occurs with the result that the ferroce-
nium group in [(C6H5Fc)Cr(CO)2P(OEt)3]+ reverts to ferrocenyl. Fur-
ther oxidation of Fc leads to the addition of a second phosphite and
formation of [(C6H5Fc)Cr(CO)2(P(OEt)3)2]2+ [8].

For comparison, we carried out the electrochemical oxidation of
the monometallic Cr(CO)3 complexes 6 and 7 in the presence of
P(OEt)3, and of the heterobimetallic complexes 1 and 2 in which
the (benzene)Cr(CO)3 and the Fc moieties are not directly con-
nected but spanned by a cyclopentadiene linkage. Complexes 6
and 7 leads to rapid substitution of one CO according to Scheme
2 and the electrochemical behaviour is shown in Fig. 3.

In the presence of 0.5 equivalent of nucleophile, the CV of 6
(Fig. 3b) shows a splitting of the initial oxidation wave which is ab-
Table 2
Selected interatomic distances (Å) and angles (�) of complexes 10/+, 20/+/2+, 30/+, 30 , 40/+/2+ and 50/+/2+;a relative energies (Erel, eV) and adiabatic ionization potentials (IP, eV)

FeAQ1
b FeAQ2

b Fe–Cr CrAQc Cr–COd C2–C11e D1f D2f Erel IP

1g 1.667 1.661 5.913 1.755 1.838 1.464 �28 �32
1.653(8) 1.635(9) 5.777(2) 1.747(8) 1.821(6) 1.464(6) �31.8(7) �34.3(4)

1+ 1.704 1.709 5.951 1.762 1.859 1.465 �30 �29 6.508
2g 1.671 1.658 6.404 1.761 1.83 1.451 �12 �10

1.642(6) 1.641(8) 6.269(2) 1.744(6) 1.827(5) 1.461(6) �10.2(7) �6.1(7)
2+ 1.702 1.710 6.419 1.770 1.857 1.447 �12 �6 6.370
22+(T) 1.747 1.739 6.599 1.808 1.889 1.457 �13 �6 10.124
3 1.663 1.668 5.739 1.767 1.831 1.481 48.1 40.9

1.648(7) 1.651(8) 5.639(2) 1.744(7) 1.816(8) 1.459(8) 50.1(9) 41.2(9)
30 1.665 1.669 6.408 1.760 1.835 1.536 �65.1 5.9

1.649(7) 1.653(7) 6.227(2) 1.734(6) 1.824(4) 1.522(6) �6.19(6) 8.4(6)
3+ 1.703 1.707 5.721 1.784 1.851 1.475 45.2 41.8 6.140
4 1.657 1.670 6.458 1.771 1.834 1.451 �13 �9
4+ 1.696 1.705 6.419 1.784 1.853 1.445 �14 �8 4.574
42+(T) 1.743 1.738 6.601 1.818 1.880 1.455 �10 �6 +0.001 9.475
42+(S) 1.742 1.739 6.583 1.816 1.882 1.455 �13 �8 0 9.474
5 1.656 1.670 6.413 1.769 1.833 1.462 �13.2 �8.8 –

1.642(4) 1.640(4) 5.886(2) 1.726(3) 1.830(4) 1.462 �22.9(6) �21.0(4)
5+ 1.697 1.707 6.354 1.776 1.850 1.452 �15.4 �6.3 6.049
52+(T) 1.741 1.738 6.443 1.813 1.879 1.460 �15.6 �7.2 +0.005 9.438
52+(S) 1.738 1.737 6.447 1.811 1.880 1.459 �15.6 �7.0 0 9.433

a Crystallographic data are reported in italics.
b Q1,2 denotes the centroid of the Cp rings of the ferrocenyl unit.
c Q is the center of the benzene moiety of the indenyl ring.
d Average distance.
e For 3 and 30 the C4–C14 and for 2 the C2–C12 bonds are reported.
f Dihedral angle describing the torsion about the C2–C11 bond.
g From Ref. [4].



Fig. 4. IR spectra in CH2Cl2 of (a) 7, (b) 7+, (c) 7P+ and (d) 7P2þ
2 . T = 20 �C.

Table 4
IR bands in the carbonyl region in CH2Cl2

~mCO (cm�1)

1 1956 1875
1+ 1961 1884
12+ 2070 1997
2 1954 1873
2+ 1960 1887
3 1940 1854
3+ 1944 1862
32+ 2053 1980
5 1939 1857
5+ 1943 1868
52+ 2058 1989
6 1954 1871
6+ 2067 2000–1979
7 1938 1852
7+ 2049 1976–1946
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sent in the CV of 7 (Fig. 3e). This occurs because there is a defi-
ciency of phosphite and the second-order reaction of the cation
with P(OEt)3 is very rapid and faster for 6+ than for 7+. By addition
of one equivalent of P(OEt)3 the initial oxidation wave becomes
chemically irreversible (Fig. 3c and f). The reversible wave appear-
ing in the cathodic scan reversal corresponds to the redox couples
[(indene)Cr(CO)2P(OEt)3] (6P/6P+) (0.27 V) and [(heptamethylind-
ene)Cr(CO)2P(OEt)3] (7P/7P+) (0.05 V). Due to the instability of
the non-methylated 6P+ only the formation of 7P+ was monitored
by IR (Fig. 4).

Oxidation of 7 (~mCOÞ = 2049, 1976–1946 cm�1) with equimolar
oxidising agent acetylferrocenium[BF4] shows a positive shift of
the carbonyl bands (~mCO) by around 110 cm�1 indicating that a po-
sitive charge is localised at chromium in 7+ (Fig. 4b). Oxidation in
the presence of one equivalent of P(OEt)3 results in the formation
of the purple species 7P+ with ~mCO at 1972 and 1886 cm�1

(Fig. 4c). Addition of a second equivalent of P(OEt)3 and oxidising
agent leads to the formation of the diphosphite dication [(heptam-
ethylindene)Cr(CO)2P(OEt)3]2+ (7P2þ

2 ) (Fig. 4d) which was isolated
and characterised.

Our purpose was to determine if the chromium site in the cat-
ions of g6-[(ferrocenyl)indene]-Cr(CO)3 complexes is activated to
CO substitution even though the iron and not the chromium centre
is oxidised.

The IR spectra of the cations 1+–5+ obtained by stepwise oxida-
tion in the range of 0.0–0.6 V of the neutral compounds in an OTTLE
spectroelectrochemical cell display almost complete reversibility
(P95%) upon cathodic scan reversal. At �45 �C all the cations 1+–
5+ display small positive shifts (4–11 cm�1) of the carbonyl stretch-
ing bands indicating that the positive charge is almost localised at
the iron centre. By increasing the potential up to the second oxida-
tion wave two new bands appear in the IR spectrum of 1+, 3+, 4+ and
5+ shifted at higher wavenumbers by around 120 cm-1 characteris-
tic of the corresponding dicationic species (Table 4).

The oxidation of 1 and 2 with and without P(OEt)3 was moni-
tored by CV and IR and the results for 2 are shown in Fig. 5. It ap-
pears from the comparison of Fig. 5a and b that 2+ reacts rapidly
with P(OEt)3. The main features are (i) partial loss of chemical
reversibility of the first oxidation wave; (ii) a new reversible oxida-
tion wave at Ep = 0.72 V; (iii) a reversible wave at around 0.2 V; (iv)
a chemically irreversible reduction wave at Ep = 0.26 V. The CVs of
Fig. 5b suggest the existence of a mechanism (Scheme 3) analogous
to that previously proposed by Sweigart [8] in which P(OEt)3 at-
tacks the chromium centre in 2+ and the stable complex [g6-(2-
ferrocenyl)indene]-Cr(CO)2[P(OEt)3]2

2+ (2P2þ
2 ) is formed.
Fig. 3. CVs in CH2Cl2/0.1 M n-Bu4NPF6 at scan rate v; = 0.5 V s�1of 3 mM
The preparation of an authentic sample of 2P2þ
2 was achieved by

chemical oxidation of 2 (1954 and 1873 cm�1) by addition of two
equivalents of acetylferrocenium[BF4] in the presence of two
equivalents of P(OEt)3. The purple complex was easily isolated
(a) 6 and (d) 7 in the presence (b,e) 0.5 and (c, f) 1 equiv. of P(OEt)3.



Fig. 5. Reactivity of 2+ with P(OEt)3. Cyclic Voltammetry in CH2Cl2/0.1 M n-Bu4NPF6 at scan rate v; = 0.5 V s�1 of (a) 3 mM 2; (b) 2 in the presence of 2 equiv, of P(OEt)3; (c)
anodic (dotted line) and cathodic scan (dashed line) of 2P2þ

2 . IR spectra in in CH2Cl2 of (d) 2 and (e) 2P2þ
2 .

Scheme 3.
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and characterised as the BF4 salt and its 1H and 31P NMR spectra
are consistent with the proposed structure. The isolated purple
species shows two ~mCO bands at 2020 and 1968 cm�1 (Fig. 5d and
e) similar to those of 7P2þ

2 .
The relative intensities of the IR bands of 2P2þ

2 imply a trans
rather than cis arrangement of the COs [8]. It appears that all
the new oxidation and reduction waves present in the CV of
Fig. 5b match to those of Fig 5c. The CV of 2P2þ

2 (Fig 5c) shows
reversible oxidation of the ferrocenyl at Ep = 0.72 V. The reduction
of 2P2þ

2 occurs irreversibly (Ep = 0.26 V) and the reversible wave at
E1/2 = 0.20 V after scan reversal is assigned to the redox couple
2P/2P+. The conclusion is that reduction of 2P2þ

2 is a 2-electron
process, generating 2P and free P(OEt)3. Similar electrochemical
and IR results have been obtained for 3 and the corresponding
dication 3P2þ

2 has been isolated and characterised, too. In partic-
ular, the reduction of 3P2þ

2 lead to the appearance of the revers-
ible redox couple 3P/3P+ at 0.28 V. The comparison of the E1/2

values found for 6P/6P+, 2P/2P+ and 3P/3P+ (0.26, 0.28 and
0.20 V, respectively) allows the evaluation of the ferrocenyl sub-
stituent effect on the oxidation potential of the chromium site.
This substituent effect, DE0, can be reasonably approximated as
60 mV when the ferrocenyl is in 2-position, and almost null in
3-position.
2.4. EPR spectroscopy

EPR spectra of monocations of monometallic 6+, 7+ and [(3-ferr-
ocenyl)hexamethylindene]+ (8+), and bimetallic complexes 1+, 2+

3+ and 5+, prepared by chemical oxidation, were obtained in frozen
solution at cryogenic temperatures. Details of the oxidation proce-
dure are reported in the Section 4. Fig. 6 shows the EPR spectrum of
7+ in CH2Cl2 glass at 10 K. A similar spectrum has been obtained for
the corresponding non-methylated complex 6+ (data not shown).
They exhibit a nearly axial powder spectrum, characterised by
unresolved features for the different components of the g-matrix.
The main component is larger (g = 2.04) than the free-electron va-
lue, as expected for a mononuclear Cr(I) species with a strong
metallic character in the single occupied molecular orbital [9–11].

Fig. 7 compares the EPR spectra of 8+ with the corresponding
dinuclear complex 3+ in CH2Cl2 glass at 10 K, where no major dif-
ference can be observed. The EPR spectra of both complexes are
characterised by a large g-anisotropy (Dg = 1.9) and concomitant
rapid spin-lattice relaxation behaviour, which did not allow signal
detection above liquid helium temperatures. These magnetic prop-
erties are typical of low-spin Fe(III) systems and have been re-
ported also for ferrocenium ions [12,13]. Similar results have
been obtained when comparing the heterobimetallic cations 1+,



Fig. 6. X-band EPR spectrum of [(heptamethylindene)Cr(CO)3] (7+) (2 mM) in
CH2Cl2 glass at 10 K. Parameters are given in the experimental section.

Fig. 7. X-band EPR spectra of [(3-ferrocenyl)hexamethylindene]+ (a) and corre-
sponding bimetallic complex 3+ (b) in CH2Cl2 glass (2 mM) at 10 K. Parameters are
given in Section 4.

Fig. 9. Near-IR spectra of 3.0 mM 1+ and 3+ in CH2Cl2.

Fig. 8. Near-IR spectra of 3.0 mM 2+, 4+ and 5+ in CH2Cl2.
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2+and 5+, with the corresponding monometallic cations 8+ and [(2-
ferrocenyl)hexamethylindene]+ (9+): no reduction in the degree of
g-factor anisotropy has been observed in the dinuclear species at
cryogenic temperatures.

The value of Dg can be used to classify mixed-valence com-
plexes in terms of the rate of electron transfer between the metal
sites in the EPR time-scale [13]. The high degree of g-anisotropy
of the monometallic and bimetallic cations, is diagnostic of elec-
tronic localisation in the mixed-valence cations in the EPR time-
scale.

Furthermore, from helium temperatures up to 150 K no contri-
bution of the Cr(I) moiety to the EPR spectra of the heterobimetal-
lic 1+, 2+ 3+and 5+ has been found while the corresponding Cr(I)
signal in the monometallic complexes (6+ and 7+) has been de-
tected up to 150 K. The detrapping phenomenon, which would lead
to a reduction of the g-anisotropy of the EPR spectrum of the ferro-
cenium moiety and concomitant appearance of the signal due the
presence of Cr(I), could not be verified at temperatures higher than
150 K because of the presence of traces of decomposition above the
melting point of the solvent.
When considering whether there is delocalization between two
metal centers, the time-scale of the spectroscopic technique is an
important issue. We have verified that in the EPR time-scale, which
is longer than the optical spectroscopy time-scale, detrapping in
the heterobimetallic complexes does not occur at least at cryogenic
temperatures, suggesting electron transfer rates much slower than
108 s�1. Localized mixed-valent behaviour in frozen glass and
occurrence of delocalization only at higher temperatures or in fluid
solution was reported for both diferrocenyl and dichromium mon-
ocation complexes [13–15].

2.5. Near-IR spectroscopy

The near-IR is a spectral region diagnostic for donor-acceptor
charge transfer processes [16]. Measurements on 1+–5+ obtained
in CH2Cl2 by spectroelectrochemistry at �45 �C and by chemical
oxidation with ferrocenium[BF4] at �80 �C revealed the appear-
ance of a new band in the range 6000–10000 cm�1, the intensity
and energy of which depend on the position of the ferrocenyl
group and on the methylation of the indene moiety. The effect of



Table 5
Near-IR Data in CH2Cl2/n-Bu4NPF6

~mmax
a(cm�1) E0 (cm�1) emax [mol cm�3 cm�1] (D~m1=2Þobsd (cm�1) (D~m1=2Þcalcd (cm�1) Hab (cm�1) a DG– (kJ mol�1)

1+ b 9355 1775 289 3029 3359 328 0.035 30.8 (30.7c)
2+ b 7480 1451 960 3080 2996 468 0.063 22.7 (22.5c)
3+ c 7059 887 872 3104 3295 510 0.072 18.6
4+ c 6600 564 630d 3021 3258 372 0.056 17.4
5+ c 6626 448 1571 3207 3296 598 0.090 14.8

a ±4 cm�1.
b T = �80 �C.
c T = �45 �C.
d The cation 4+ decomposes during the acquisition.

Fig. 10. Optical energy (~mmax) of the near-IR transition vs. E0 for 1+–5+.
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both methylation of indene and position of ferrocene is evidenced
in Figs. 8 and 9.

In particular, the intensity of the band in the ‘‘linear” 2-isomers
2+, 4+ and 5+ is higher than in the ‘‘non linear” 3-isomers 1+ and 3+

(Table 5).
A powerful probe for evaluating the magnitude of the metal–

metal interaction in mixed-valence compounds is represented by
the analysis of the IT bands in the near-IR region by using the clas-
sical two-state electron transfer model (Hush theory) [17].

According to Robin and Day classification [16b], three classes of
mixed-valence systems can be distinguished on the basis of the
magnitude of metal–metal electronic coupling. The strength of
electronic interaction between the oxidised and reduced sites
ranges from essentially zero (Class I) to moderate (Class II), to very
strong electronic coupling (Class III). In the case of Class II regime
D~m1=2 can be calculated by using Hush Eqs. (2) and (3)

ðD~m1=2ÞHush ðcm�1Þ ¼ ½16RT ln 2ð~mmaxE0Þ�1=2 ð2Þ

The experimental half-bandwidth, ðD~m1=2Þobsd and that calcu-
lated by using Hush Eqs. (2) and (6), ðD~m1=2Þcalcd, are quite similar
as expected for a Class II mixed-valence species. In this regime,
the electronic coupling Hab is given by Eq. (3) [16,17]

Hab ¼
0:0205ðemax~vmaxD~v1=2Þ1=2

d
ð3Þ

a ¼ Hab

~vmax
ð4Þ

in which d represents the adiabatic electron transfer distance. This
distance can be considerably shorter than the geometrical metal–
metal separation when significant electronic coupling exists. By
using the iron–chromium distance in 1+–5+ obtained by DFT calcu-
lations, we estimate a lower limit of Hab (Table 5). The delocalisa-
tion coefficient a quantifies the fraction of valence electronic
charge transferred from the donor to the acceptor metal centres.
For an unsymmetrical Class II mixed-valence species the thermal
barrier DG� is given by Eq. (5) [18]

DGz ¼ k
4
þ E0

2
þ E2

0

4ðk� 2HabÞ
� Hab þ

H2
ab

ðkþ E0Þ
ð5Þ

The electron transfer parameters, Hab, a, and DG– are character-
istic of weakly coupled Class II mixed-valence systems. In particu-
lar, the values of the thermal barrier to the electron transfer reveal
that the rate increases in the order 1+ < 2+ < 3+ < 4+ < 5+ in the range
101–104 s�1.

The optical energy Eop ¼ ~mmax of an IT band is related to the elec-
trochemical potential difference DE by Eq. (6) [9,10]

~mmax ¼ DEþ DE0 þ k ð6Þ

Here, DE0 represents the difference between the FeII/III oxidation
potential with the oxidized (indene)Cr(CO)3 and the measured FeII/III

potential, and k the reorganisational energy. On the basis of the
oxidation potential for 6P/6P+, 2P/2P+ and 3P/3P+ (vide supra)
DE0 can be reasonably approximated as 60 mV when the ferrocenyl
is in 2-position, and almost null in 3-position. Provided that k is
constant, a plot of ~mmax versus E0 = (DE + DE0) is linear and this
occurs for the 1+–5+ series (except 1+), the only variable being
the position and the indene methylation. The least square fit of
the data (Fig. 10) gave a slope of 0.91 ± 0.11 with R = 0.9995 in
good agreement with the theoretical value of unit.

An inspection of the molecular structures along the series 1-5
reveals that the non correlation of 1+ can be interpreted on the ba-
sis of the transoid conformation of the metal groups in 1 in contrast
with the cisoid conformation in the other complexes. Assuming
that the same conformations are maintained in the cations and
in solution, the reorganisational energy k for transoid 1+ should
be substantially higher than those for cisoid cations. As a conse-
quence, the optical energy (~mmax) of the near-IR transition is ex-
pected to be higher and the correlation fails for 1+.

The molar absorption coefficient (emax) of the IT bands in the
oxidised complexes 1+–5+ (Table 5) increases by decreasing E0.
For a Gaussian shaped peak the oscillator strength (f) is related
to emax and can be experimentally determined by using Eq. (7)
where D~v1=2 represents the half-band width [16d,17a]

f ¼ ð4:6� 10�9ÞemaxD~v1=2 ð7Þ

A quite good trend of f with E0 within the series of the cations 1+–5+

(except 4+ which partially decomposes during the acquisition) is
found (Fig. 11).

This behaviour clearly indicates that the smaller E0 is, the great-
er the oscillator strength in the charge transfer transition results.



Fig. 11. Oscillator strength (f) of near-IR transition vs. E0 for 1+–5+.

S. Santi et al. / Journal of Organometallic Chemistry 693 (2008) 3797–3809 3805
On the basis of the linear correlation of both ~vmax and f with E0 it
follows that more efficient charge transfer corresponds to smaller
E0. Similar correlations have been previously observed for other
LMCT transitions in Fc-conjugated cations [19]. In particular, the
dependence of f from E0 very recently found by us for the
corresponding series of (ferrocenyl)indenes [6] is reinforced along
1+–5+. Actually, the slope of the linear plot is much higher in the
heterobimetallic series (0.095) than in the corresponding
monometallic series (0.04).

2.6. DFT analysis

The molecular electronic features of 1 and 2 have been previ-
ously described by means of DFT calculations [4]. The present com-
putational analysis describes the mixed-valence isomers 1+ and 2+.
The effect of the presence of methyl substituents in the indenyl
ring, which has been recently investigated in detail in some ferr-
ocenyl precursors [6], is theoretically explored in 3, 4 and 5 and
in their charged derivatives, which were found to display larger
stability than 1+ and 2+ complexes.

The radical cations 1+ and 2+, obtained by full optimization of 1
and 2 reducing their electron count by one to mimic the effects of
oxidation, do not exhibit significant structural difference when
compared to their neutral precursors. The most relevant calculated
interatomic distances and angles are reported in Table 2, using the
numbering scheme reported in Fig. 1. Upon oxidation when going
Table 6
Fe and Cr metal d orbitals percentage composition of the frontier Kohn–Sham MOs of com

Fe dxy Fe dxz Fe dyz Fe dx2�y2 Fe dz2 C

1 H 15.1 12.2 15.4 24.0 11.4 –
L 1.1 3.4 – 2.1 – 1

2 H – 1.4 19.5 34.5 16.1 –
L 5.2 3.6 – 6.2 1.9 –

3 H 17.8 1.4 17.0 – 41.2 –
L – 6.5 1.4 – 3.1 –

30 H 8.2 6.0 – 13.8 51.6 –
L – – – – – –

4 H 2.0 36.5 6.4 7.5 9.3 –
L 8.5 5.9 4.4 – – 2

5 H – 1.5 17.2 33.6 14.1 –
L 5.8 5.2 – 6.8 1.6 1
from 2 to 2+ the distances between Fe and the centroids of the
coordinated Cp rings, Q1 and Q2, increase by approximately
0.04 Å. In contrast, the increase of the distance between Cr and
the centre of the benzene moiety Q is smaller (0.02 Å). The average
distance between Cr and the CO ancillary ligands increases by
0.02 Å, suggesting that these bonds in the cation are more labile
and their substitution is easier, as experimentally found [8]. It is
worth noting that these variations are predicted in all the couples
neutral complex/radical cation of the present study. In fact, analo-
gous, albeit less enhanced structural changes are computed also
when going from 1 to 1+ (Table 2). No peculiar deformations of
the bridging ligand are observed, as expected, since the HOMOs
of both 1 and 2 are strongly iron d orbitals centered (Table 2).

The geometry of the dication 22+ converged with triplet multi-
plicity. Both the distances FeAQ1,2 and CrAQ increase by about
0.04 Å with respect to 2+ with concerted lengthening of the Cr–
CO bonds (Table 2). Any attempt to obtain 12+ failed at the em-
ployed level of theory.

Full geometry optimization starting from the couple of crystal-
lographic structures 3 and 30 was carried out (Table 2); 3 was found
energetically more stable and was used as starting point to com-
pute the geometry of the radical cation 3+

. The presence of the
methyl groups induces significant torsion of the bridging ligand
about the bond C4–C14, but the metals, which are disposed in ci-
soid conformation are closer by approximately 0.2 Å than in 1.

The relevant geometric parameters computed for 4 and 5 and
reported in Table 2 are very similar, the latter molecular structure
being in good agreement with the crystallographic data, except in
the distances involving chromium. In fact the Cr–benzene interac-
tion is fairly diffuse [20] and is the part of the molecule most sen-
sitive to basis set choice and electron correlation. As stated above,
upon oxidation increase of the distances FeAQ1,2 CrAQ and CrACO
is predicted analogous to that observed in the non-methylated iso-
mers 2/2+ (Table 2). Interestingly, the geometries of the dicationic
species 42+ and 52+ converged both as triplet and as singlet, but the
calculations do not indicate significant differences between the
structural parameters optimised for the two spin state configura-
tions (Table 2). In addition the two electronic states are energeti-
cally close.

The trend of the adiabatic first ionization potentials nicely re-
flects the trend of the E1/2 of the voltammetric first wave:
4 < 5 < 3 < 2 < 1. In Table 6 the metal d percentage composition of
the frontier Kohn–Sham MOs is reported. The HOMOs have signif-
icant contribution of Fe d orbitals (above 60%); Cr d orbitals per-
centage contribution is found in the HOMOs of 2, 4 and 5, i.e. in
the isomers with the ‘‘linear” bridge. The Fe/Cr d orbitals contribu-
tion to the LUMOs drastically diminishes (less than 25%); in fact
the LUMOs are mainly composed by carbon p(p) lobes. The topo-
logical features of the frontier MOs of 1–5 and the energy gaps
plexes 1–5

r dxy Cr dxz Cr dyz Cr dx2�y2 Cr dz2 Fetot Crtot

– – – – 78.1 –
.7 1.0 – 1.3 – 6.6 4.0

4.0 – – – 77.9 4.0
– – – – 16.9 –
–– – – – 77.4 –
– – – 1.2 11.0 1.2
– – – – 79.6 –
3.5 – – – – 3.5
– 1.2 3.3 7.0 61.7 11.5

.2 – – 1.2 1.5 18.8 4.9
6.9 – – – 66.4 6.9

.1 4.0 – – – 19.4 5.1



Table 7
Energy gaps (eV) between frontier Kohn–Sham MOs

HOMO–LUMO HOMOa–LUMOa HOMOb–LUMOb

1 2.154 – –
1+ – 2.273 0.071
2 1.968 – –
2+ – 2.069 0.240
22+(T) – 2.274 0.267
3 2.182 – –
30 2.354 – –
3+ – 2.266 0.107
4 1.986 – –
4+ – 2.153 0.215
42+(T) – 2.082 0.469
42+(S) – 0.710 0.569
5 2.009 – –
5+ – 2.050 0.271
52+(T) – 2.084 0.498
52+(S) – 0.573 0.686

Table 8
Voronoi charges and Mulliken spin densities

Voronoi charge Spin density

Fe Cr Fe Cr

1 �0.076 0.298 – –
1+ �0.015 0.310 0.6598 0.3460
2 �0.071 0.298 – –
2+ �0.008 0.313 0.6901 0.3774
22+(T) 0.043 0.341 1.1647 0.8734
3 �0.075 0.299 – –
30 �0.070 0.298 � �
3+ �0.019 0.313 0.6074 0.3978
4 �0.070 0.298 – –
4+ �0.018 0.317 0.6021 0.4418
42+(T) 0.043 0.341 1.1451 0.9096
42+(S) 0.043 0.341 1.1335 �0.9032
5 �0.070 0.298 – �
5+ �0.014 0.315 0.6320 0.3759
52+(T) 0.043 0.341 1.1352 0.9081
52+(S) 0.041 0.341 �1.1041 0.8814

Fig. 12. Kohn–Sham molecular spin orbitals involved in the main monoelectronic
transitions contributing to the near-IR absorption of 5+.
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(Table 7) allow to assign with confidence the lowest energy
absorptions that occur in the visible region of these neutral com-
plexes to metal-to-ligand charge transfer (MLCT) bands.

Upon oxidation mixing of the levels occurs and the topology of
the Kohn–Sham frontier MOs changes significantly. For oxidized
open-shell species the analysis of the Voronoi charges and of the
spin densities distributions, which are reported in Table 8, is useful
Table 9
Calculated excitation energies, oscillator strengths and assignment for the mixed-
valence complexes 2+ and 5+

Transitions Oscillator
strength

Excitation energy
(eV/cm�1)

Assignment

2+ 98a ? 102a 0.107
101a ? 102a �0.206 0.024 1.212/9780 MMCT
101a ? 104a 0.104
95b ? 101b 0.180
97b ? 101b �0.118
100b ? 101b 0.961
100b ? 102b 0.107

5+ 122a ? 126a �0.134
125a ? 126a �0.264 0.029 1.171/9445 MMCT
119b ? 125b 0.260
121b ? 125b 0.142
124b ? 125b 0.933
to probe the delocalization of the unpaired electron(s). The iron
center is calculated to be electron-rich relative to the chromium
center to a less extent in the monooxidized complexes than in their
neutral precursors. The evolution of the charges in the cations and
dications indicate that both metals lose electron density upon oxi-
dation, as expected. In all the studied radical cations most of the
spin density is asymmetrically localized on the metal centers, a
picture consistent with trapped valence behaviour. The ratios spin
density on iron / spin density on chromium are: 4+ (1.36) < 3+

(1.53) < 5+ (1.68) < 2+ (1.83) < 1+ (1.91). It is clear that the spin den-
sity on chromium is larger in the methylated ions than in 1+ and 2+.

The interpretation of the spectroscopic near-IR absorption and
the assignment of the electronic transitions was explored by TD-
DFT approach at PCM-B3LYP/LANL2DZ, 6-31G** level of theory
(see Section 4.8) for 2+ and 5+. The calculated excitation energies
are reported in Table 9 together with their assignment and oscilla-
tor strengths. The main contribution comes both for 2+ and for 5+

from the monoelectronic transitions HOMOb ? LUMOb and
HOMOa ? LUMOa. These molecular spin orbitals are shown in
Fig. 12 for complex 5+. The nature of the near-IR absorption can
be clearly assigned to a chromium-to-iron charge transfer band
(MMCT).
3. Conclusions

The evaluation of the electronic communication between two
metal sites necessitates the assemblage of different experimental
techniques supported by computational investigation. This work
combines the structural parameters with the electrochemical data,
the reactivity, and the analysis of the IT transition in the near-IR of
a series of heterobimetallic g6-[(ferrocenyl)indene]-Cr(CO)3 com-
plexes differing from the position of the ferrocenyl group and the
degree of indene methylation. Moreover it has been enriched with
computational results.

The outcomes reported herein provide important experimental
evidence that ‘‘redox matching” of donor and acceptor oxidation
potentials results in greater electronic coupling. Furthermore, we
have demonstrated that 1+–5+ are electrochromic systems in which
~mmax can be predicted for the redox asymmetry E0 and the absorp-
tion band in the near-IR can be switched on and off by the ferroce-
nyl redox couple.

This is a rare example of linear correlation of the energy and
oscillator strengths of the near-IR transition with E0 for a series
of heterobimetallic complexes. TD-DFT calculations indicate that
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the nature of the near-IR absorption can be clearly assigned to a
chromium-to-iron charge transfer band.

Finally, Hush analysis has allowed to estimate the values of the
thermal barrier of the electron transfer evidencing that the rate of
the metal-to-metal electron transfer increases in the order
1+ < 2+ < 3+ < 4+ < 5+.
4. Experimental

4.1. General procedure

All reactions and complex manipulations were performed in an
oxygen and moisture-free atmosphere utilizing standard Schlenk
techniques or in a Mecaplex glovebox. Solvents were dried by re-
flux over the appropriate drying agent and distilled under stream
of argon. Acetylferrocenium tetrafluoroborate was prepared fol-
lowing the procedure previously reported [21].

4.2. General procedure for the synthesis of [g6-(ferrocenyl) indenes]-
Cr(CO)3 (1–5)

Complexes [g6-(3-ferrocenyl)-1,2,4,5,6,7-hexamethylindene]-
Cr(CO)3 (3), [g6-(2-ferrocenyl)-4,5,6,7-tetramethylindene]-Cr(CO)3

(4), and [g6-(2-ferrocenyl)-1,3,4,5,6,7-hexamethylindene]-Cr(CO)3

(5), were prepared by using the same procedure previously de-
scribed for the synthesis of [g6-(3-ferrocenyl)-indene]-Cr(CO)3

(1) and [g6-(2-ferrocenyl)-indene]-Cr(CO)3 (2) [4] starting from
the corresponding ferrocenyl-indenes [6].

[g6-(3-Ferrocenyl)-1,2,4,5,6,7-hexamethylindene]-Cr(CO)3 (3):
Cr(CO)6 (0.4 g, 1.8 mmol), CH3CN (20 mL), (3-ferrocenyl)hexame-
thylindene (0.384 g, 1.0 mmol) and THF (20 mL) were used as
starting materials for the synthesis of 3 (0.281 g, 0.54 mmol,
58%). Crystals suitable for X-ray analysis were grown from slow
diffusion of n-hexane into CH2Cl2 solution at �30 �C.

1H NMR (400.13 MHz, CD2Cl2, d ppm, 298 K, TMS): d 4.67 (m,
1H, Ha0), 4.30 (m, 2H, Hb, Hb0 ), 4.25 (m, 1H, Ha), 4.19 (s, 5H, Cp),
3.43 (q, 1H, J(H, CH3) = 7 Hz, H1), 2.44 (s, 3H, 2-CH3), 2.25 (s, 3H,
6-CH3), 2.34 (s, 3H, 7-CH3), 2.09 (s, 3H, 5-CH3), 1.93 (s, 3H, 4-
CH3), 1.30 (d, 3H, J(H, CH3) = 7 Hz, 1-CH3). 13C NMR (100.61 MHz,
CD2Cl2, d ppm, 298 K, TMS): d 236.32 (Cr(CO)3), 148.45 (C2),
131.18 (C3), 120.66 (C7a), 112.18 (C3a), 106.98 (C5), 105.89 (C4,
C6), 104.11 (C7), 82.69 (Cj), 71,85 (Ca0 ), 71.62 (Ca), 67.58 (Cb0 ),
69.91 (CCp), 66.77 (Cb), 47.89 (C1), 17.81 (4-CH3), 17.35 (7-CH3)
17.11 (1-CH3), 16.84 (5-CH3), 16.14 (6-CH3), 15.31 (2-CH3). Anal.
Calc. for C28H28CrO3Fe: C, 64.63; H, 5.42. Found: C, 64.92; H, 5.51%.

[g6-(2-Ferrocenyl)-4,5,6,7-tetramethylindene]-Cr(CO)3 (4):
Cr(CO)6 (0.4 g, 1.8 mmol), CH3CN (20 mL), (2-ferrocenyl)tetrame-
thylindene (0.356 g, 1.0 mmol) and THF (20 mL) were used as
starting materials for the synthesis of 4 (0.197 g, 0.4 mmol, 40%).

1H NMR (400.13 MHz, CD2Cl2, d ppm, 298 K, TMS): d 6.61 (m,
1H, H3), 4.58 (m, 1H, Ha0 ), 4.49 (m, 1H, Ha), 4.38 (m, 1H, Hb0 ),
4.36 (m, 1H, Hb), 4.17 (s, 5H, Cp), 3.71–3.80 (q AB, 2H, J(H,
H) = 22 Hz, H1endo, H1exo), 2.37 (s, 3H, 7-CH3), 2.35 (s, 3H, 4-CH3),
2.24 (s, 3H, 6-CH3), 2.23 (s, 3H, 5-CH3). 13C NMR (100.61 MHz,
CD2Cl2, d ppm, 298 K, TMS): d 119.71 (C3), 119.57 (C2), 116.77
(C3a), 111.48 (C7a), 106.92 (C5), 105.10 (C6), 104.53 (C7), 101.10
(C4), 69.77 (Cb, Cb0 ), 69.71 (CCp), 67.03 (Ca), 66.30 (Ca0 ), 40.19
(C1), 16.28 (4-CH3, 7-CH3), 15.81 (5-CH3, 6-CH3). Anal. Calc. for
C26H24CrO3Fe: C, 63.43; H, 4.91. Found: C, 63.81; H, 5.39%.

[g6-(2-ferrocenyl)-1,3,4,5,6,7-hexamethylindene]-Cr(CO)3 (5):
Cr(CO)6 (0.4 g, 1.8 mmol), CH3CN (20 mL), (2-ferrocenyl)hexame-
thylindene (0.384 g, 1.0 mmol) and THF (20 mL) were used as start-
ing materials for the synthesis of 5. From purification of the crude
product by MPLC were obtained the two isomers (1-endo-
CH3)-[g6-(2-ferrocenyl)-1,3,4,5,6,7-hexamethylindene]-Cr(CO)3(5-
endo) (42 mg, 0.08 mmol, 8%) and (1-exo-CH3)-[g6-(2-ferrocenyl)-
1,3,4,5,6,7-hexamethylindene]-Cr(CO)3 (5-exo) (0.224 g, 0.43 mmol,
43%) using petroleum ether/diethyl ether (80:20) as eluent. Crystals
suitable for X-ray analysis of the complex 5-exo were grown from
slow diffusion of n-hexane into CH2Cl2 solution at �30 �C.

5-endo. 1H NMR (400.13 MHz, CD2Cl2, d ppm, 298 K, TMS): d
4.51 (m, 1H, Ha0 ), 4.43 (m, 1H, Ha), 4.37 (m, 2H, Hb, Hb0 ), 4.14 (s,
5H, Cp), 3.60 (q, 1H, J(H, CH3) = 7 Hz, H1), 2.51 (s, 3H, 3-CH3),
2.47 (s, 3H, 4-CH3), 2.38 (s, 3H, 7-CH3), 2.32 (s, 3H, 5-CH3), 2.17
(s, 3H, 6-CH3), 1.41(d, 3H, J(H, CH3) = 7 Hz, 1-CH3). 13C NMR
(100.61 MHz, CD2Cl2, d ppm, 298 K, TMS): d 236.52 (Cr(CO)3),
150.06 (C2), 130.98 (C3), 120.77 (C3a), 118.04 (C7a), 111.55 (C5),
109.51 (C7), 101.50 (C6), 97.99 (C4), 79,70 (Cc), 70.88 (C0a), 69,70
(CCp), 69.45 (C0b), 69.00 (Cb), 68.56 (Ca), 45.29 (C1), 22.98
(1-CH3), 16.65 (4-CH3), 16.56 (3-CH3), 16.52 (5-CH3), 16.44
(6-CH3), 16.12 (7-CH3). Anal. Calc. for C28H28CrO3Fe: C, 64.63; H,
5.42. Found: C, 64.66; H, 5.58%.

5-exo .1H NMR (400.13 MHz, CD2Cl2, d ppm, 298 K, TMS): d 4.38
(m, 1H, Ha), 4.49 (m, 1H, Ha0 ), 4.35 (m, 2H, Hb, Hb0 ), 4.19 (s, 5H,
Cp), 3.71 (q, 1H, J(H, CH3) = 7 Hz, H1), 2.53 (s, 3H, 4-CH3), 2.50
(s, 3H, 3-CH3), 2.39 (s, 3H, 7-CH3), 2.26 (s, 3H, 6-CH3), 2.22 (s,
3H, 5-CH3), 1.20 (d, 3H, J(H, CH3) = 7 Hz, 1-CH3). 13C NMR
(100.61 MHz, CD2Cl2, d ppm, 298 K, TMS): d 236.32 (Cr(CO)3),
147.91 (C2), 130.71 (C3), 119.75 (C7a), 114.12 (C3a), 107.84
(C5), 106.45 (C6), 103.77 (C7), 103.66 (C4), 79.58 (Cc), 70.04
(Ca0 ), 69.65 (Cb), 68.59 (Cb0 ), 69.61 (CCp), 68.46 (Ca), 45.70 (C1),
18.31 (1-CH3), 17.32 (7-CH3), 16.62 (3-CH3), 16.50 (5-CH3), 16.27
(6-CH3), 16.09 (4-CH3). Anal. Calc. for C28H28CrO3Fe: C, 64.63; H,
5.42. Found: C, 64.83; H, 5.35%.
4.3. Synthesis of [[g6-(3-ferrocenyl)-indene]-Cr(CO)2[P(OEt)3]2][BF4]2,
[1P2][BF4]2, [g6-(2-ferrocenyl)-indene]-Cr(CO)2[P(OEt)3]2][BF4]2,
[2P2][BF4]2 and [g6-(1,2,3,4,5,6,7-heptamethyl)-indene]-
Cr(CO)2[P(OEt)3]2][BF4]2, [7P2][BF4]2

Complexes [1P2][BF4]2, [2P2][BF4]2 and [7P2][BF4]2 were pre-
pared with the same method previously described by Sweigart
et al. [8] for the synthesis of [[g6-(ferrocenyl)-benzene]-
Cr(CO)2[P(OEt)3]2].

[1P2][BF4]2: P(OEt)3 (0.13 mL), 1 (50 mg, 0.11 mmol), acetylf-
errocenium tetrafluoroborate (69 mg, 0.22 mmol) and CH2Cl2

(8 mL) were used as starting materials for the synthesis of
[1P2][BF4]2 (24 mg,0.026 mmol, 24%).

1H NMR (400.13 MHz, CD2Cl2, d ppm, 298 K, TMS): d 7.48 (4H,
Ar), 7.17 (1H, H2), 4.74 (2H, Ha, Ha0 ), 4.50 (2H, Hb, Hb0 ), 4.20 (5H,
Cp), 4.11 (12H, OCH2), 3.89 (1H, H1), 3.67 (1H, H1), 1.50 (18H,
OCH3). 31P NMR (161.98 MHz, CD2Cl2, d ppm, 298 K, H3PO4

(85%)): d 159.7.
[2P2][BF4]2: P(OEt)3 (0.13 mL), 2 (50 mg, 0.11 mmol), acetylf-

errocenium tetrafluoroborate (69 mg, 0.22 mmol) and CH2Cl2

(8 mL) were used as starting materials for the synthesis of
[2P2][BF4]2 (64 mg, 0.07 mmol, 64%).

1H NMR (400.13 MHz, CD2Cl2, d ppm, 298 K, TMS): d 6.62
(4H, Ar), 6.34 (1H, H3), 4.78 (4H, Ha, Ha0 , Hb, Hb0 ), 4.36 (5H,
Cp), 4.24 (12H, OCH2), 3.92 (2H, H1), 1.47 (18H, OCH3). 31P
NMR (161.98 MHz, CD2Cl2, d ppm, 298 K, H3PO4 (85%)): d
161.8.

[7P2][BF4]2: P(OEt)3 (0.13 mL), 7 (38 mg, 0.11 mmol), acetylf-
errocenium tetrafluoroborate (69 mg, 0.22 mmol) and CH2Cl2

(8 mL) were used as starting materials for the synthesis of
[7P2][BF4]2 (18 mg,0.022 mmol, 20%).

1H NMR (400.13 MHz, CD2Cl2, d ppm, 298 K, TMS): d 4.23 (12H,
OCH2), 3.60 (1H, H1), 2.67–2.16 (18H, CH3 Ar, 2-CH3, 3-CH3), 1.39
(3H, 1-CH3), 1.26 (18H, OCH3). 31P NMR (161.98 MHz, CD2Cl2, d
ppm, 298 K, H3PO4 (85%)): d 164.3.
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4.4. X-ray crystallography

The X-ray structures were obtained by collecting the intensities
data at room temperature using a Philips PW1100 single-crystal
diffractometer (FEBO system) using a graphite-monochromated
(Mo Ka) radiation, following the standard procedures. All intensi-
ties were corrected for Lorentz polarization and absorption [22a].
The structure was solved by direct methods using SIR-97 [22b].
Refinement was carried out by full-matrix least-squares proce-
dures (based on F2

o) using anisotropic temperature factors for all
non-hydrogen atoms. The H-atoms were placed in calculated
positions with fixed, isotropic thermal parameters (1.2Uequiv of
the parent carbon atom). The calculations were performed with
the SHELXL-97 program [22c] implemented in the WINGX package
[22d]. IR spectra were recorded on a Bruker Equinox 55 FT-IR
spectrometer.

4.5. NMR analysis

1H and 13C NMR spectra were obtained on a Bruker Avance DRX
spectrometer (T = 298 K) operating at 400.13 and 100.61 MHz,
respectively. The assignments of the proton resonances were per-
formed by standard chemical shift correlation and NOESY experi-
ments. The 13C resonances were attributed through 2D-
heterocorrelated COSY experiments (HMQC [23a] using pulsed
field gradients for coherence and quadrature detection in F1
achieved by using the TPPI method [23b–d] for the H-bonded car-
bon atoms, HMBC [23e,f] for the quaternary ones).

4.6. Electrochemistry and spectroelectrochemistry

CV experiments were performed in an air-tight three electrode
cell connected to a vacuum/argon line. The reference electrode was
a SCE (Tacussel ECS C10) separated from the solution by a bridge
compartment filled with the same solvent/supporting electrolyte
solution used in the cell. The counter electrode was a platinum
spiral with ca. 1 cm2 apparent surface area. The working electrodes
were disks obtained from cross section of gold wires of different
diameters (0.5, 0.125 and 0.025 mm) sealed in glass. Between suc-
cessive CV scans the working electrodes were polished on alumina
according to standard procedures and sonicated before use. An
EG&G PAR-175 signal generator was used. The currents and poten-
tials were recorded on a Lecroy 9310L oscilloscope. The potentio-
stat was home-built with positive feedback loop for
compensation of ohmic drop [24]. Mid-IR, near-IR and visible spec-
troelectrochemistry experiments at variable temperatures were
carried out with a cryostated (low-T) Optically Transparent Thin-
Layer Electrochemical (OTTLE) cell (IDEAS!UvA B.V., University of
Amsterdam, The Netherlands) [25] equipped with CaF2 windows.
Pt working (80% transmittance), Pt auxiliary minigrid electrodes,
and pseudo-reference Ag wire are melt-sealed in the insulating
polyethylene spacer with optical path of 0.023 cm.

4.7. EPR spectroscopy

EPR spectra were recorded using a Bruker ECS 106 X-band spec-
trometer equipped with a standard TE102 rectangular cavity and an
Oxford Instrument ESR-900 helium flow cryostat. EPR experimen-
tal conditions were as follows: temperature, 10 K or 150 K; micro-
wave frequency, 9.4 GHz, microwave power, 20 mW, modulation
amplitude, 10 Gauss.

The oxidized species were generated by adding acetylferroceni-
um tetrafluoroborate (1.0 equiv.) to a CH2Cl2 solution of the neutral
complexes (2 mM) at 228 K. After stirring for 10 min 200 lL of
reaction mixture were quickly transferred by cannula into an EPR
tube, which was immediately frozen in liquid nitrogen.
4.8. Computational details

Density functional theory (DFT) calculations were carried out
using the Amsterdam density functional (ADF) program [26]. Elec-
tron correlation was treated within the local density approxima-
tion (LDA) in the Vosko-Wilk-Nusair parametrisation [27] and
the non-local corrections of Becke [28] and Perdew [29] were
added to the exchange and correlation energies. The basis set used
for the atoms in the optimisation procedures are TZP (triple-v Sla-
ter-type orbital (STO) basis, extended with a single-z polarization
function) for H, frozen core up to 2p for Fe and Cr, frozen core up
to 1s for C and O. Single point calculations were subsequently car-
ried out on the optimised geometries employing TZ2P basis set
(triple-STO basis, extended with a double-z polarization function)
for H, frozen core up to 2p for Fe and Cr, frozen core up to 1s for
C and O and the results obtained with this basis set are reported
in the tables and discussed in the text.

Spin contamination in the open-shell calculations was carefully
monitored to assess the reliability of the wavefunction.

Excitation energies were calculated using TD-DFT implemented
in GAUSSIAN03 [30]. The hybrid B3LYP functional was employed.
Standard LANL2DZ-ECP [31] basis sets were used for the metal nu-
clei, 6-31G** [31] was employed for O, C and H (B3LYP/LANL2DZ, 6-
31G**). Solvent effects were modelled with PCM [32]. A standard
cavity was used and the parameters for dichloromethane were
chosen e = 2.02 and r = 2.27 Å.

Supplementary material

CCDC 694519, 694520 and 694521 contain the supplementary
crystallographic data for 3(c), 30(d) and 5(f). These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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