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Abstract The reaction of Cr(g6-CH3C6H5)2 with
dbcpH�NO2 (dbcpH�NO2 = 1-benzoyl-3-nitro-6-hy-
droxy-6-phenyl fulvene) proceeds with the evolution of
dihydrogen and formation of the ionic derivative [Cr(g6-
CH3C6H5)2][dbcp�NO2] (dbcp�NO2 = 1,2-dibenzoyl-
4-nitro-cyclopentadienyl anion) which was characterized
by X-ray diffraction, electrochemical and EPR tech-
niques. The cation [Cr(g6-CH3C6H5)2]

+, which in the
solid state presents an unprecedented cis-eclipsed
arrangement of the arene rings, undergoes a chemically
reversible, one-electron reduction to the corresponding
neutral derivative.

Keywords Chromium(I) complexes Æ Substituted phenyl
fulvene ligand Æ X-ray crystal structure Æ EPR
spectroscopy Æ Electrochemistry

Introduction

One of the interesting features of cyclopentadiene is
the fact that the proton acidity of the diene can vary
to a broad span by varying the ring substituents [1],
up to reaching the extreme case in which the proton is
no longer on the ring system. If the substituents carry
one or more oxygen atoms, it can be located on the

oxygen atoms themselves, thus actually transforming
the cyclopentadiene in a fulvene derivative, see Struc-
ture 1.

On reaching the fulvene extreme of this equilibrium,
the proton acidity will reach its maximum, as the proton
itself is no more vincolated to any carbon atom. A
search in the literature revealed that fulvene derivatives
bearing an hydroxyl group in position 6 show a strong
acidic behaviour due to intramolecular hydrogen
bonding, as demonstrated by the chemical shift of the
hydroxyl proton, always appearing in very low-field re-
gions of the 1H-NMR spectrum of solution of the
compounds in apolar solvents (complete ionization is
observed in polar solvents, see Structure 2) [2–4].

These ligands have the interesting peculiarity that, on
losing the hydroxyl proton during the redox reaction,
they can rearrange to aromatic p�systems with a cy-
clopentadienyl core, thus favouring even more the
course of the reaction.

In continuation of our studies concerning the syn-
thesis and the reactivity of transition metal g6-arene
derivatives [5–10], we have studied the reaction of Cr(g6-
CH3C6H5)2 with 1-benzoyl-3-nitro-6-hydroxy-6-phenyl
fulvene, dbcpH�NO2 [3], and in this paper, we report a
study concerning the preparation and the properties of
the ionic derivative [Cr(g6-CH3C6H5)2][dbcp�NO2]
(dbcp�NO2 = 1,2-dibenzoyl-4-nitro-cyclopentadienyl
anion), the first example of a bis-toluene chromium
cation containing a cis-eclipsed conformation of the g6 -
bonded aromatic rings.

Materials and methods

All manipulations of air and/or moisture-sensitive
compounds were performed under an atmosphere of
argon using standard Schlenk techniques. The reaction
vessels were oven-dried at 150 �C prior to use, evacuated
(10�2 mmHg) and then filled with nitrogen or argon.
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IR spectra were recorded with a Perkin Elmer mod.
FT 1725X spectrophotometer on nujol mulls prepared
under rigorous exclusion of air.

Chromium bis(toluene), Cr(g6 -CH3C6H5)2 [5], and 1-
benzoyl-3-nitro-6-hydroxy-6-phenyl fulvene [3] were
prepared as reported in the literature.

Materials and apparatus for electrochemistry and
joint EPR measurements were described elsewhere [11].
Potential values are referred to the saturated calomel
electrode (SCE). Under the present experimental con-
ditions, the one-electron oxidation of ferrocene occurs at
E�¢=+0.39 V.

Preparation of [Cr(g6-CH3C6H5)2][dbcp–NO2]

The compound Cr(g6 -CH3C6H5)2 (0.404 g, 1.71 mmol)
was added to a well-stirred suspension of an equimolar
amount of 1-benzoyl-3-nitro-6-hydroxy-6-phenyl ful-
vene (0.540 g, 1.71 mmol) in THF (120 ml). The mixture
turned immediately bloody red with abundant solid at
the bottom of the flask. As soon as the gas evolution (H2

by gas-chromatography) ceased, the suspension was fil-
tered leaving an orange–yellow precipitate, which was
washed with THF (5 ml) and vacuum-dried. The com-
pound [Cr(g6 -CH3C6H5)2][dbcp�NO2] (0.619 g, 66%
yield) was recovered as a bright yellow powder. A
sample of this solid was suspended in THF, refluxed for
20 min and then filtered while hot; by slow cooling,
crystals of the compound, as thin yellow rectangular
slabs, were obtained. Anal. found (calc.) for
C33H28CrNO4: C 69.1% (70.5), H 4.7% (5.0), N 2.5%
(2.5). IR (nujol, cm�1): 3,058 w, 1626 m, 1,606 s,
1,574 s, 1,495 w, 1,400 s, 1,357 m, 1,250 s, 1,212 s,
1,150 m, 1,074 m, 942 m, 867 m, 840 m, 814 m, 781 m,
758 m, 725 s, 706 m.

X-Ray Structure Determination for
[Cr(g6 -CH3C6H5)2][dbcp–NO2]

Crystal data and structure refinement are given in Ta-
ble 1. A prismatic red–orange crystal was lodged in
Lindemann glass capillary and sealed in nitrogen
atmosphere and centred on a four-circle Philips

PW1100 diffractometer operating in h/2h scan mode
with graphite-monochromated MoKa radiation, fol-
lowing standard procedures at room temperature. The
intensity data were corrected for Lorentz-Polarization
effects and for absorption, as described by North et al.

Table 1 Crystal data and structure refinement

Compound [Cr(g6-CH3C6H5)2][dbcp–NO2]

Empirical formula C33H28CrNO4

Formula weight 554.56
Temperature (K) 293(2)

Wavelength (Å) 0.71073
Crystal system monoclinic
Space group P21/ a
Unit cell dimensions a=11.470(3) Å

b=20.370(4) Å
c=11.886(3) Å
b=103.57(3)�

Volume (Å3) 2700(1)
Z 4
Dc (Mg/m3) 1.364
l (mm�1) 0.463
F(000) 1156
h range for data collection 3�22�
Index ranges �12 £ h £ 11, 0 £ k £ 21, 0 £ l £ 12
Reflections collected 2,658
Independent reflections 2,533 [Rint=0.0255]
Data/restraints/parameters 2533/0/356
Goodness-of-fit on F 2 1.316
Final R indices [ I ‡ 2r(I)] R1=0.097; w R2=0.195

Structure 1 Equilibrium
between the cyclopentadiene
(CpH) and the fulvene forms of
an oxygen-containing group
substituted cyclopentadiene

Structure 2 Proton chemical
shifts (CCl4, RT) of the
hydroxyl proton in 6-hydroxyl
substituted fulvenes
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[12]. The structure was solved by standard direct meth-
ods (SIR 97) [13]. Refinement was carried out by full-
matrix least-squares techniques on F 2. All non-hydrogen
atoms were refined with anisotropic thermal parameters.
The H-atoms were placed in calculated at idealized
positions using a riding model with fixed isotropic
thermal parameters (1.2 Uequiv. of the parent carbon
atom). Structure refinement and final geometrical cal-
culations were carried out with SHELXL-97 program
[14], implemented in the WinGX package [15].

Results and discussion

The reaction of dbcpH�NO2 with Cr(g6-CH3C6H5)2 is
fast as formation of a yellow solid occurs within minutes
from mixing of the reagents, see eq. 1.

Crðg6-CH3C6H5Þ2 þ dbcpH-NO2

! ½Crðg6-CH3C6H5Þ2�½dpcp-NO2� þ
1

2
H2 ð1Þ

After many attempts, recrystallization from boiling
THF affords crystals suitable for an X-ray investigation.
Although the low quality of crystals did not allow a high
quality structural study, some interesting evidences have
been collected. The structure consists of separated
[Cr(g6-CH3C6H5)2]

+ cations and [dbcp�NO2]
� anions.

An ORTEP plot of the molecular structure is shown in
Fig. 1, while selected bond lengths and angles are in
Table 2.

The C–C distances within the arene rings of the
cation [1.38(2) Å, av.], the perpendicular distances
[1.61(1) Å, av.] from the Cr atom to the arene planes,
the angle between the arene ligands [175.4(5)�] and the
distances Cr-C(arene) are in the range observed in
other bis(g6 -toluene) chromium(I) derivatives [16–23].
The striking feature of this derivative is the confor-
mation of the arene rings in the cationic moiety that
represent the first example of almost cis-eclipsed con-
formation of the toluene ligands, see Fig. 2, whereas
all of the [Cr(g6-CH3C6H5)2]

+ cations known to date
adopt invariably a trans-eclipsed conformation of the
arenes [16–23].

The anion reported in this paper represents a novel
species, only the synthesis of the protonated derivative
and its molecular structure being reported in the lit-
erature [3]. The five-membered ring of the anion shows
C-C bond distances and angles similar to those ob-
served in the protonated species and are comprised
between 1.36(1) and 1.40(1) Å, except for C(15)-C(16)
distance which is to 1.45(1) Å in the anion and
1.467(2) Å in the fulvene [3]. The nitro group is sub-
stantially coplanar with the cyclopentadienyl ring; the
dihedral angle being 1.5� in the protonated species and
2.4� in our compound. The C(18)–N bond distance of

Fig. 1 ORTEP diagram of
[Cr(g6-CH3C6H5)][dbcp–NO2].
Thermal ellipsoids are drawn at
30% probability level

Table 2 Selected bond lengths (Å) and angles (�) for [Cr(g6-
CH3C6H5)2][dbcp–NO2]

Cr–C(5) 2.09(2) Cr–C(11) 2.10(1)

Cr–C(4) 2.10(1) Cr–C(12) 2.11(1)
Cr–C(10) 2.12(1) Cr–C(13) 2.12(1)
Cr–C(3) 2.13(1) Cr–C(6) 2.14(1)
Cr–C(2) 2.19(1) Cr–C(9) 2.15(1)
Cr–C(8) 2.16(1) Cr–C(1) 2.18(1)
O(1)–C(20) 1.23(1) O(2)–C(27) 1.24(1)
O(3)–N 1.21(1) O(4)–N 1.25(1)
N–C(18) 1.42(1) C(15)–C(19) 1.39(1)
C(15)–C(16) 1.45(1) C(15)–C(20) 1.45(1)
C(16)–C(17) 1.36(1) C(16)–C(27) 1.47(1)
C(17)–C(18) 1.40(1) C(18)–C(19) 1.40(1)
C(20)–C(21) 1.49(1)
O(3)–N–O(4) 123.5(9) O(3)–N–C(18) 120.5(9)
O(4)–N–C(18) 116.1(9) C(19)–C(18)–C(17) 109.4(8)
C(19)–C(18)–N 123.6(9) C(17)–C(18)–N 126.9(9)
O(1)–C(20)–C(15) 122.3(8) O(1)–C(20)–C(21) 118.8(8)
O(2)–C(27)–C(16) 120.3(8) O(2)–C(27)–C(28) 119.9(8)
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1.42(1) Å is similar to that observed in dbcpH-NO2

[1.433(4) Å ] [3].
Although the large standard deviations, a signifi-

cative difference between the protonated and the
deprotonated species is observed for the C=O and the
Ccarbonyl–Cfive-membered ring bond distances whose aver-
aged values amount to 1.22(1) and 1.46(1) Å, the
corresponding distances in dbcpH-NO2 being 1.279(4)
and 1.425(4) Å [3]. Short C–O and long C–C distances
are observed in 1,2 aroyl substituted aromatics such
as 1,2-dimesitoylbenzene [C=O: 1.214, 1.213 Å;
Caromatic–Ccarbonyl: 1.502, 1.501 Å] [24] and 4,5,12,13-
tetrabenzoyl[2,2]paracyclophane [C=O: 1.218(3) av. Å;
Caromatic-Ccarbonyl: 1.500(3) av. Å] [25]. The shorter
C–O distances and the longer C–C ones suggest that
the electron delocalization typical of dbcpH-NO2,
which involves the five-membered ring and the proton
located in between the two carbonyl oxygen atoms, is
lost and that the electron delocalization of the
resulting species is limited to the five-membered ring
which can be thus considered a cyclopentadienyl
anion.

Figure 3 shows the X-band EPR spectra of [Cr(g6 -
CH3C6H5)2][dbcp�NO2] in CH3CN solution, under
different experimental conditions. The pertinent experi-
mental parameters are collected in Table 3.

The temperature-dependent line shape analysis is
suitably performed accounting for the S=1/2 Spin
Electron Hamiltonian (isotropic in fluid solution,
rhombic both in glassy solution and in the solid state)
with noticeable resolution of hyperfine (hpf) splittings in
fluid solution.

The glassy spectrum, Fig. 3a, is characterized by
three signals with significant resolution for the low- and
medium-field spectral regions, whereas the high-field
region is broad and totally unresolved.

Even if the gi and ai parameters are typical of a
doublet paramagnetic species, in which the electron is

mainly delocalized on the aromatic ligands, a significant
metallic character is undoubtedly present (gi „ gelec-
tron=2.0023; reduced DHisotropic). The direct magnetic inter-
action of the unpaired electron with the ‘‘5 + 5’’ 1H
nuclei of the two aromatic rings should afford eleven hpf
signals (relative intensities ratio:
1:10:45:120:210:252:210:120:45:10:1) in the three aniso-
tropic spectral regions.

As a matter of fact, the intermediate-field absorption
(gm) exhibits nine hpf lines, probably because of both the
different line widths (DHi), and the eventual line
broadening effects played by the coordinating ability of
the solvent (CH3CN).

It looks credible that the overall anisotropic features
(i.e. spectral rhombicity, different gi regions broadening,
partial hpf resolution) might arise from some distortions
in the primary coordinating geometry triggered by the
steric effects of the peripheral methyl groups.

No 53Cr isotopic satellite peaks are detectable
(53Cr:I=3/2, natural abundance=9.55%).

As shown in Fig. 3b–c, at the glassy-solution transi-
tion (T=229 K), the anisotropic features collapse in
broad and poorly resolved isotropic absorptions, which
in the second derivative display resolution of only seven
hpf lines.

Because of the presence of reduced structural
anisotropy under fast motion condition [26, 27], the
fluid solution exhibits limited mI(

1H) dependence of the
paramagnetic splittings. Tentatively, this could arise
from different paramagnetic interactions of the ortho-
para vs. the meta 1H nuclei, even if it cannot be ruled
out that the relatively limited spectral resolution might
mask a higher number of 1H signals. The isotropic
spectrum exhibits two broad 53Cr isotopic satellite
wings again testifying to the small, but detectable,
metallic character.

The average glassy features well fit those at room
temperature, thus confirming the basic maintenance of

Fig. 2 View of the [Cr(g6-
CH3C6H5)2]

+ cation in [Cr(g6-
CH3C6H5)][dbcp–NO2] along
the toluene-Cr-toluene axis
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the primary geometry under different experimental
conditions.

In the solid state, at room temperature, [Cr(g6 –
CH3C6H5)2]

+ exhibits a broad axial lineshape (first
derivative). The absence of any hpf resolution as well as
of the 53Cr satellite signals is due to the active spin–spin
paramagnetic interactions which accelerates the Electron
Spin relaxation mechanisms [26]. At low temperature,
the spectrum exhibits a lineshape quite similar to that
detected at room temperature, even if the actual line-
width is significantly broader as a consequence of more
effective Electron Spin relaxation mechanisms. This
further supports that, in very different experimental
conditions and aggregation states, the main geometry of
the Cr(I) complex is basically retained.

Figure 4 shows the cathodic cyclic voltammetric
behaviour of the monocation [Cr(g6-CH3C6H5)2]

+ from
[Cr(g6-CH3C6H5)2][dbcp–NO2] in deaerated MeCN
solution.

It undergoes a reduction process exhibiting features
of chemical reversibility in the cyclic voltammetric time
scale (E�¢=�0.90 V; DEp=68 mV at 0.1 Vs�1). Con-
trolled potential coulometry failed in determining the
number of electrons involved in such cathodic step, in
that relatively fast reoxidation triggered by traces of air
continually tended to regenerate the original monoca-
tion. Nevertheless, periodical control by cyclic voltam-
metry on the partially reduced solution afforded
responses similar to the original ones, thus confirming
that no decomposition of the original framework takes
place upon reduction.

Just to prove that, as happens for related Cr(I)
complexes [10], the reduction process involves a one
electron per molecule, an equimolar amount of 1,1¢-
ferrocenedimethanol was added as an internal standard.
As a matter of fact, such ferrocendiyl derivative, which
undergoes a one-electron oxidation at E�¢=+0.37 V,
possesses a molecular weight similar to that of the Cr(I)

Fig. 4 Cyclic voltammogram recorded at a gold electrode in a
MeCN solution containing [Cr(g6-CH3C6H5)2][dbcp–NO2]
(1.2·10�3 M). [NBu4][PF6] (0.2 M) supporting electrolyte. Scan
rate 0.2 Vs�1

Table 3 X-band EPR experimental parameters of the cation [Cr(g6-CH3C6H5)2]
+ in [Cr(g6-CH3C6H5)2][dbcp–NO2] under different

experimental conditions

Physical state gl
a gm

a gh
a dga Ægæa giso

a al
b,c am

b,c ah
b,c Æaæb,c aiso

b,c DHiso
b

MeCN solution 2.006 1.988 1.959 0.047 1.984 1.988 3 4 £ 20/6 £ 3 4 13
Solid state 2.001d 1.984d 1.968d 0.033d 1.984d £ 15f £ 13g £ 13h £ 13i

2.002e 1.984e 1.969e 0.033e 1.985e £ 13f £ 12g £ 10h £ 12i

Ægæ=1/[3(gl+ gm + gh)], Æaæ=1/[3(al + am + ah)], ÆDHæ=1/[3(DHl + DHm + DHh)]
agi: ±0.005
baisotropic, aanisotropic in Gauss
caanisotropic: ±3 G, aisotropic: ±1 G
dT=105 K
eT=298 K
fExperimental DHl
gExperimental DHm
hExperimental DHi

iExperimental ÆDHæ

Fig. 3 X-Band EPR spectra recorded in MeCN solution of [Cr(g6-
CH3C6H5)2]

+ in [Cr(g6-CH3C6H5)2][dbcp�NO2]. a Second deriv-
ative spectrum under glassy condition (T=105 K), b first and c
second derivative profiles in fluid solution (T=298 K)
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monocation (246 vs. 236), thus implying comparable
diffusion coefficients [11].

Analysis of the reduction process with scan rate
progressively varying from 0.02 Vs�1 to 2 Vs�1 confirms
the occurrence of a simple one-electron process, coupled
to weak adsorption of the reagent at the electrode sur-
face. In fact, the current function ipcÆv

�1/2 tends to in-
crease with the scan rate, whereas the current ratio ipa/
i_pc, which is 1 at low scan rate, tends to decrease with
the scan rate [11].

The electrochemical reversibility of the Cr(I)/Cr(0)
passage, as testified by a peak-to-peak separation
constantly close to the theoretical value of 59 mV,
suggests that the reduced neutral complex maintains
substantially the structural geometry of the monocation
precursor.

As shown in Fig. 4, [Cr(g6-CH3C6H5)2][dbcp–NO2]
exhibits a further reversible reduction (E�¢=�1.79 V),
which is assigned to the NO2/NO2

Æ process from the
counteranion.

Even if not shown in the figure, an irreversible oxi-
dation is also present (Ep=+0.89 V) in the cyclic vol-
tammogram, which is tentatively assigned to the
oxidation of the Cr(I) monocation to a quite unstable
Cr(II) dication (no return peak was detected even at scan
rates of 10–20 Vs�1).
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