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Abstract

A comparative study of the electrochemical properties, 57Fe NMR and Mössbauer spectroscopic data of compounds
[(g5-C5H5)Fe{(g

5-C5H4)–C(R
1)@N–R2}] {R1 = H, R2 = CH2–CH2OH (1a), CH(Me)–CH2OH (1b), CH2C6H5 (1c), C6H4–2Me (1d),

C6H4–2SMe (1e) or C6H4–2OH (1f) and R1 = C6H5, R2 = C6H4–2Me (2d)} is reported. The X-ray crystal structure of
[(g5-C5H5)Fe{(g

5-C5H4)–CH@N–C6H4–2OH}] (1f) is also described. Density functional theoretical (DFT) studies of these systems have
allowed us to examine the effects induced by the substituents of the ‘‘–C(R1)@N–R2’’ moiety or the aryl rings (in 1d–1f) upon the elec-
tronic environment of the iron(II) centre.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, great interest has been generated in the synthe-
sis and study of ferrocene derivatives containing one or
more heteroatoms with good donor abilities, since these
derivatives or their transition metal complexes have poten-
tial applications in several areas [1,2]. However, while 57Fe
NMR spectroscopy has been used to examine a variety of
iron(II) compounds [3–6], its application to ferrocene deriv-
atives is less common [6–10]. Most papers refer to [(g5-
C5Me5)Fe(g

5-C5Me5)], ferrocenophanes and simple
mono-substituted ferrocene derivatives of the type [(g5-
C5H5)Fe(g

5-C5H4R)] {with R = Cl, Br, I, CN, Et, CH2OH,
CHO, C(O)Me, CO(Bu), CH(OH)Me, C(O)C6H5,
CH(OH)C6H5, CO2Me, C„CH, SiCl3, SiMe3, SiMe2Cl
or SnMe3} [7,8] as shown in Fig. 1(a). A few articles on
0022-328X/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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57Fe NMR spectra of 1,1 0-disubstituted derivatives [8c,8d]
have also been published and, recently, such studies have
also been extended to ferrocenylamines of general formula:
[(g5-C5H5)Fe{(g

5-C5H4)–N(R1)(R2)}] (Fig. 1(b)) [9].
In the last decade a wide range of ferrocenyl Schiff bases

of the type [(g5-C5H5)Fe{(g
5-C5H4)–C(R

1)@N–R2}] {with
R1 = H, Me, C6H5 and R2 = alkylic or arylic groups} have
been described and some of these bases have also been char-
acterised by X-ray diffraction [11–14]. These compounds
are stable and highly soluble in the common solvents used
for NMR experiments and so they are especially attractive
for 57Fe NMR studies. However, to our knowledge, no such
study has been reported to date. To assess the relative
influence of the electronic and steric properties of the sub-
stituents (R1 and R2) [15] in compounds [(g5-C5H5)-
Fe{(g5-C5H4)–C(R

1)@N–R2}] upon the electronic environ-
ment of the iron(II) we investigated the 57Fe NMR spectra of
the ferrocenyl-aldimines [(g5-C5H5)Fe{(g

5-C5H4)–C(H)@
N–R2}] {with R2 = CH2CH2OH (1a), CH(Me)–CH2OH

mailto:conchi.lopez@qi.ub.es


Fe

C N
R 2

R1

R1 R2 Compound

H CH2-CH2OH 1a
H CH(Me)-CH2OH 1b
H CH2-C6H5 1c
H C6H4-2-Me 1d 
H C6H4-2-SMe 1e
H C6H4-2-OH 1f
C6H5 C6H4-2-Me 2d

Fe

N( R1)(R 2)

Fe

R1

a b c

R1 R2

H H
H SiHMe2

H SiMe3

H BEt2
H BR3

2

SiMe3 BEt2
SiMe3 BR3

2

R1

Cl
Br
I
CN
Et
CH2OH
C=CH
CHO
C(O)Me
C(O)C6H5

CH(OH)Me
CH(OH)C6H5

CO2Me
SiCl3
SiMe2Cl
SiMe3

SnMe3

Fig. 1. Schematic view of the mono-substituted ferrocene derivatives studied by 57Fe NMR spectroscopy (a and b) and the ferrocenyl Schiff bases under
study (c). (The R3 group represents: 9-borabicyclo[3.3.1]nonyl).
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(1b), CH2C6H5 (1c), C6H4–2Me (1d), C6H4–2SMe (1e) and
C6H4–2OH (1f)} (Fig. 1(c)). We also attempted to correlate
the 57Fe chemical shifts with other properties of these com-
pounds (such as the quadrupolar splitting value obtained
from Mössbauer spectroscopy or their propensity to oxi-
dise). Comparison of data for 1a–1f may reveal the influ-
ence of the nature of the R2 on the imine nitrogen and the
effect of the electronic and steric properties [15] of the sub-
stituent on the ortho site of the aryl rings (Me, SMe or OH)
in compounds 1d–1f upon the electronic environment of the
iron. The extension of these studies to complex 2d may also
clarify the effects of a hydrogen (in 1d) or a phenyl (2d) in
the imine carbon.

2. Results and discussion

The ferrocenyl Schiff bases: [(g5-C5H5)Fe{(g
5-C5H4)–

C(R1)@N–R2}] {with R1 = H and R2 = CH2CH2OH
(1a), CH2–C6H5 (1c), (SC)-CH(Me)–CH2OH (1b), C6H4–
2Me (1d) or C6H4–2SMe (1e) or R1 = C6H5 and
R2 = C6H4–2Me (2d)} (Fig. 1(c)) were prepared as de-
scribed previously [11–14]. In addition, [(g5-C5H5)Fe{(g

5-
C5H4)–CH@N–C6H4–2OH}] (1f) was obtained using the
general procedure described before for the synthesis of ferr-
ocenyl Schiff bases of general formula [(g5-C5H5)Fe{(g

5-
C5H4)–CH@N–R2}], where R2 represents a phenyl, benzyl
or naphthyl group [11,12,16]. This procedure consists of
the reaction of equimolar amounts of ferrocenecarboxalde-
hyde and the corresponding amine H2N–R2 in refluxing
benzene. A Dean-Stark apparatus was used to remove
the benzene–water azeotrope formed during the reaction.
For the preparation of 1f, 2-amino-phenol was used and
the reaction yielded deep red crystals suitable for X-ray dif-
fraction. Compound 1f was characterised by elemental
analyses, FAB+mass spectra and infrared spectroscopy as
well as mono- and two-dimensional {NOESY, COSY,
HSQC and HMBC} NMR spectroscopy and by X-ray
diffraction.

The elemental analyses (see Section 3) were consistent
with those expected for [(g5-C5H5)Fe{(g

5-C5H4)–
C(H)@N–(C6H4–2OH)}] (1f). The most outstanding fea-
ture of the infrared spectrum of 1f is the presence of three
absorption bands in the range 1550–1650 cm�1. The band
at highest wavenumber was assigned to the stretching of
the �C@N– functional group [11–14,16], and the other
two were attributed to the stretching of the �C@C� moie-
ties of the aromatic phenyl group. Proton and 13C{1H}
NMR spectroscopic data for 1f are presented in Section
3. Signals were assigned using mono- and two-dimensional
{HSQC and HMBC} NMR experiments. The {1H–1H}
NOESY spectrum showed cross-peaks between the signals
due to the imine proton and that of the H60 proton. This
indicates that the ferrocenyl Schiff base adopts the anti-

(E) conformation in solution.



Fig. 2. Molecular structure and atom labelling scheme for the two non-equivalent molecules (I and II) found in the crystal structure of [(g5-C5H5)Fe{(g
5-

C5H4)–C(H)@N–(C6H4–2OH)}] (1f).
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The remaining compounds (1a, 1c–1e and 2d) were char-
acterised by 1H NMR spectroscopy, and in all cases the
number of signals as well as their multiplicities agreed with
the results reported in the literature [11–13].

The two non-equivalent molecules of [(g5-C5H5)Fe{(g
5-

C5H)–CH@N–(C6H4–2OH)}] (hereafter referred to as I
Table 1
Selected bond lengths (in Å), bond angles (in �) of [(g5-C5H5)Fe{(g

5-
C5H4)–CH@N–(C6H4–2OH)}] (1f)

Molecule I Molecule II

Selected bond lengths

C(10)–C(11) 1.457(7) C(10A)–C(11A) 1.446(7)
C(11)–N(1) 1.247(6) C(11A)–N(1A) 1.274(6)
N(1)–C(12) 1.425(6) N(1A)–C(12A) 1.425(5)
C(12)–C(13) 1.372(7) C(12A)–C(13A) 1.394(6)
C(13)–O(1) 1.359(6) C(13A)–O(2) 1.365(5)
C(13)–C(14) 1.383(7) C(13A)–C(14A) 1.376(6)
C(14)–C(15) 1.368(9) C(14A)–C(15A) 1.395(8)
C(15)–C(16) 1.370(9) C(15A)–C(16A) 1.351(7)
C(16)–C(17) 1.394(8) C(16A)–C(17A) 1.391(7)
Fe–Ca 2.029(9) Fe–Ca 2.029(8)
C–Ca 1.40(2) C–Ca 1.41(2)

Selected bond angles

C(10)–C(11)–N(1) 125.5(5) C(10A)–C(11A)–N(1A) 123.7(5)
C(11)–N(1)–C(12) 118.0(4) C(11A)–N(1A)–C(12A) 120.3(4)
N(1)–C(12)–C(13) 119.1(5) N(1A)–C(12A)–C(13A) 116.3(4)
N(1)–C(12)–C(17) 121.4(5) N(1A)–C(12A)–C(17A) 125.6(4)
C(12)–C(13)–O(1) 121.6(4) C(12A)–C(13A)–O(2) 116.6(4)
O(1)–C(13)–C(14) 118.3(5) O(2)–C(13A)–C(14A) 122.0(4)

Standard deviations are given in parentheses.
a Average value for the ferrocenyl moiety.
and II) present in the unit cell of 1f together with the atom
labelling scheme are depicted in Fig. 2 and a selection of
bond lengths and angles is presented in Table 1.

The �C@N– bond lengths [1.247(6) Å in I and 1.274(6)
Å in II] are consistent with the values reported for related
ferrocenyl Schiff bases of general formula: [(g5-
C5H5)Fe{(g

5-C5H4)–C(R
1)@N–R2}], with R1 = H, Me or

C6H5 [11–14,16]. The values of the torsion angles: C(10)–
C(11)–N(1)–C(12) (179.2�) and C(10A)–C(11A)–N(1A)–
C(12A) (178.2�) indicate that the imine adopts the anti-
(E) form in the two molecules in good agreement with
the results obtained for most Schiff bases derived from fer-
rocene [17].

Bond lengths and angles of the ferrocenyl moiety
agree with those reported for most ferrocene derivatives
[16]. In the two molecules the pentagonal rings are pla-
nar1 [18,19], nearly parallel (tilt angles: �2.69� and
1 In molecule I, the least-squares equations of the planes defined by the
set of atoms [C(1)–C(5)] and [C(6)–C(10)] are: (0.7109)XO +
(0.2410)YO + (0.6670)ZO = 0.8948 and (0.7426)XO + (0.2373)YO +
(0.6262)ZO = 4.6278, respectively. Deviations from the plane: C(1),
0.004; C(2), �0.014; C(3), 0.019; C(4), �0.016; C(5), 0.008; C(6),
�0.001; C(7), �0.002; C(8), 0.004; C(9), �0.004 and C(10), 0.003 Å. In
molecule II, the least-squares equations of the planes defined by the set of
atoms [C(1A)–C(5A)] and [C(6A)–C(10A)] are: (0.3711)XO +
(0.7103)YO + (�0.5982)ZO = 3.1708 and (0.3479)XO + (0.6769)YO +
(�0.6487)ZO = �0.6159, respectively. Deviations from the plane: C(1A),
0.002; C(2A), �0.003; C(3A), 0.003; C(4A), �0.002; C(5A), 0.000; C(6A),
0.006; C(7A), �0.006; C(8A), 0.004; C(9A), �0.001 and C(10A),
�0.003 Å.



Table 2
Selected structural data for compounds [(g5-C5H5)Fe{(g

5-C5H4)–C(R
1)@N–R2}] with R1 = H, R2 = CH2CH2OH (1a), CH2–C6H5 (1c), C6H4–2SMe (1e),

C6H4–2OH (1f) or R1 = C6H5 and R2 = C6H4–2Me (2d)

Compound 1aa 1cb 1ec,d 1fd 2de

N–C(11) 1.252(5) Å 1.262(7) Å 1.268(4) Å 1.260(6) Å 1.294(13) Å
C(11)–C(10) 1.459(6) Å 1.464(7) Å 1.453(2) Å 1.451(7) Å 1.44(2) Å
Fe–Cf 2.017(5) Å 2.035(6) Å 2.04(10) Å 2.029(9) Å 2.029(15) Å
C(11)–N–C(12) 117.6(4)� 116.8(5)� 118.2(3)� 119(2)� 125.4(10)�
C(10)–C(11)–N–C(12) 173.8(5)� 178.6(6)� 179.1(4)� 179.2(4)� 176.2(16)�
Tilt angle 0.59� 1.9(6)� 1.3� 3.2� 2.7�
Twist angle �3.4(6)� 4.3(1) � 5.1(4)� 1(1)� 2(2)�

Numbering of the atoms corresponds to the schemes shown below.
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a Data from [11c].
b Data from [11d].
c Data from [12].
d Average values for the two non-equivalent molecules found in the crystal structures.
e Data from [13c].
f Average value for the ferrocenyl unit.
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3.72� for I and II, respectively) and they deviate by ca.
�0.65� (in I) or 2.67� (in II) from the ideal eclipsed
conformation.

The phenyl rings are planar2 [20] and their main planes
form angles of 54.5� (in I) and 17.6� (in II) with the imine
moiety.

In the crystal two neighbouring molecules of the same
type (I or II) are linked by hydrogen bonds between –OH
moiety and the nitrogen of a proximal molecule3 [21].
These dimers are also connected by C–H� � �p interactions
[18].

To sum up, data presented in Table 2 reveal that the
structural parameters obtained for 1f do not differ substan-
tially from those obtained for the ketimines 1a, 1c, 1e and
2d. However, comparison of the X-ray crystal structures of
1e and 1f shows that the nature of the substituent in the
ortho site of the phenyl ring influences the type of intermo-
2 The least-squares equations of the planes defined by the set of atoms
[C(12)-C-(17)] (in molecule I) and [C(12A)–C(17A)] (in molecule II) are:
(�0.1112)XO + (0.7414)YO + (0.6618)ZO = �1.5728 and (0.3384)-
XO + (0.7758)YO + (�0.5326)ZO = �0.1487, respectively. Deviations
from the planes: C(12), 0.008; C(13), �0.010; C(14), 0.001; C(15), 0.010;
C(16),�0.012; C(17), 0.003; C(12A), 0.011; C(13A), �0.010; C(14A), 0.002;
C(15A), 0.003; C(16A), �0.001 and C(17A),�0.006 Å.
3 Donor–acceptor separation O� � �N = 2.845(7) Å (in I) and 2.929(7) Å

(in II).
lecular interactions: C–H� � �S and C–H� � �p (in 1e) or O–
H� � �N and C–H� � �p (in 1f). This, in turn, affects the assem-
bly of structural units: dimers (in 1f) or tetramers (in 1e).

In order to ascertain the influence of the substituents on
the electronic environment of the iron(II), 57Fe Mössbauer
studies were performed. In all cases the spectra consisted of
a single quadrupole doublet (Fig. 3), thus indicating a sin-
gle iron site. The isomer shift, quadrupole splitting param-
eters and line-widths are presented in Table 3. In ferrocene
derivatives electron-donating groups increase the quadru-
pole splitting (DEq) relative to that of ferrocene, whereas
electron-pulling groups produce a decrease of the DEq

parameter [19]. For all the ferrocenyl-aldimines (1a–1f),
the quadrupole splitting was smaller than that of ferrocene
[20] (DEq = 2.37 mm s�1 at room temperature or
2.41 mm s�1 at 80 K), thus indicating that the �C@N– is
a stronger electron-withdrawing group than the hydrogen
in ferrocene. Moreover, the electron-pulling ability of the
—CH@N—R2 moieties was dependent on the nature
of the R2 fragment and increased according to the
sequence: CH(Me)–CH2OH 6 CH2C6H5 < CH2CH2OH <
C6H4–2Me 6 C6H4–2SMe < C6H4–2OH.

On the other hand, it is also well known that the study of
the electrochemical properties of ferrocene derivatives pro-
vides useful information about the effect induced by the sub-
stituents on the proclivity of the iron(II) to oxidise [21]. In



Fig. 3. Mössbauer spectra (at 80 K) of compounds: [(g5-C5H5)Fe{(g
5-

C5H4)–C(H)@N–R2}] with R2 = CH2CH2OH (1a), CH(Me)CH2OH (1b),
CH2–C6H5(1c), C6H4–2Me (1d) and C6H4–2OH (1f).
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view of this and in order to gain further insight into the ef-
fects induced by the substituents (R1 and R2) of the ferroce-
nyl Schiff bases upon their electrochemical properties, cyclic
voltammetric studies were carried out. Cyclic voltammo-
grams for 1b–1d and 1e are presented in Fig. 4 and the most
relevant electrochemical data are summarised in Table 3.

Except for 1a, the cyclic voltammograms exhibited an
anodic peak with a directly associated reduction in the re-
verse scan. For 1b–1d and 1e the separation between peaks
(DE) departs appreciably from the value of 59 mV (theoret-
ically expected for an electrochemical reversible one-
electron step oxidation–reduction process [22]), suggesting
that a structural reorganisation takes place on oxidation.
It is widely accepted that oxidation involves the loss of
one electron located on the highest occupied molecular
orbital (HOMO), and the results obtained from the theo-
retical studies described below indicate that the HOMO
is not solely iron based. For 1a, the presence of the peak
due to the reduction process could not be clearly identified
under these experimental conditions.

Previous electrochemical studies on mono-substituted
ferrocene derivatives have demonstrated that the presence
of electron donor groups increase the proclivity of the ferr-
ocenyl unit to oxidise, which is reflected in a shift of the
anodic peak to more cathodic potentials. On the other
hand, for derivatives holding electron-withdrawing groups
the trend is the opposite [21]. For compounds 1a–1f, the
anodic peaks appeared at higher potentials than for ferro-
cene, thus suggesting that the –C(H)@N–R2 groups have
a greater electron-withdrawing ability than the hydrogen
in ferrocene. Moreover, comparison of data presented in
Table 3 indicate that the Epa values are also dependent on
the nature of the R2 group and increase according to the
sequence: CH2CH2OH � CH(Me)–CH2OH 6 CH2C6H5 <
C6H4–2Me < C6H4–2SMe < C6H4–2OH. These findings
suggest that the replacement of the Me group in [(g5-
C5H5)Fe{(g

5-C5H4)–CH@N–(C6H4–2Me)}] (1d) by a
SMe (in 1e) or a OH (in 1f) hinders the oxidation of the ferr-
ocenyl moiety. Although these changes take place further
away from the ‘‘(g5-C5H5)Fe(g

5-C5H4)‘‘ fragment than in
1a or 1b, they appear to influence the electronic environ-
ment of the Fe(II), modifying the proclivity of the ferroce-
nyl unit to oxidise and the quadupolar splitting parameters
obtained from Mössbauer spectroscopy.

Previous studies on 57Fe NMR spectroscopy of the
mono-substituted derivatives: [(g5-C5H5)Fe(g

5-C5H4R)]
shown in Fig. 1(b) have revealed that the presence of elec-
tron-pulling R groups produces a decrease of the electronic
density of the iron (II) which is commonly associated with
a downfield shift of the signal [8]. Compounds 1a–1f were
also characterised in solution by 57Fe NMR spectroscopy
and the chemical shifts are presented in Table 3.

Since the chemical shifts obtained for all the compounds
under study are greater than that of ferrocene [d57Fe =
1535 ppm under identical experimental conditions], these
findings confirm the electron-withdrawing nature of the
‘‘–CH@N–R2’’ moieties in good agreement with the results



Fig. 4. Cyclic voltammograms of compounds [(g5-C5H5)Fe{(g
5-C5H4)–

C(H)@N–R2}] with R2 = CH(Me)CH2OH (1b), CH2–C6H5(1c), C6H4–
2Me (1d) and C6H4–2OH (1f).

Table 3
Iron-57 Mössbauer hyperfine parameters (at 80 K) [isomer shift (i.s.), quadrupole splitting (DEq) and full-width at half-height (in mm s�1) (standard
deviation parameters are given in parentheses)], summary of electrochemical data [anodic (Epa) and cathodic potentials (Epa), half-wave potentials,
E1/2(Fc), separation of the peaks for the samples (DE) and the intensity ratio: Ipa/Ipc, all these values were obtained using a scan rate t = 100 mV s�1 and
the potentials are given in mV] and 57Fe NMR-chemical shifts (in ppm) for the ferrocenylimines [(g5-C5H5)Fe(g

5-C5H4)–C(R
1)@N–R2}] (1a–1f)

Compound R1 R2 Mössbauer hyperfine parameters Electrochemical data 57Fe NMR data

i.s. DEq C Epa Epc E1/2(Fc) DE Ipa/Ipc d(57Fe)

1a H CH2–CH2OH 0.528(1) 2.260(1) 0.256(2) 192 a a 144 a 1720.6
1b H CH(Me)CH2OH 0.529(1) 2.280(1) 0.258(2) 195 58 126 135 1.30 1721.5
1c H CH2–C6H5 0.523(1) 2.277(2) 0.271(2) 202 98 150 104 1.4 1722.3
1d H C6H4–2-Me 0.525(2) 2.255(4) 0.237(4) 232 157 194 75 1.05 1754.4
1e H C6H4–2-SMeb 0.502(5) 2.251(4) 0.36(1) 250 191 184 132 c 1771.7
1f H C6H4–2-OH 0.527(1) 2.219(1) 0.278(2) 258 178 218 80 1.82 1789.9

a In this case the position of the cathodic peak in the reverse scan could not be clearly detected.
b Data from [12].
c Data not given.

4 For 2d: d(57Fe) = 1789.9 ppm under identical experimental conditions.
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obtained from Mössbauer spectroscopy and the electro-
chemical studies described in the previous paragraphs.
Additionally, comparison of the data shown in Table 3
indicates that the 57Fe-chemical shifts increase according
to the sequence: 1a 6 1b 6 1c < 1d < 1e < 1f. This trend is
very similar to that obtained from the electrochemical stud-
ies. Moreover, in this case, tiny changes in the nature of the
group bound in the ortho site of the phenyl ring also appear
to induce greater modifications in the environment of the
iron than when the substitution takes place on the alkylic
chain of 1a and 1b. In addition, for 1d and 2d, which differ
in the nature of the R1 group on the imine carbon, the
replacement of the H (in 1d) by the phenyl (in 2d)4 pro-
duces a downfield shift of the signal of ca. 35 ppm, indi-
cating a greater electron-withdrawing character of the
‘‘–C(C6H5)@N–(C6H4–2Me)’’ fragment when compared
with that of the ‘‘–CH@N–(C6H4–2Me)’’.

As a first attempt to explain why for 1d–1f the properties
of the iron(II) appear to be more sensitive to the substitu-
ent effects than for compounds 1a–1b, we performed DFT
calculations of the imines 1d and 1f and to compare the re-
sults obtained with those recently reported for complex 1e

[12]. All the calculations were carried out using the B3LYP
hybrid functional [23] and the LANL2DZ basis set [24]
implemented in the GAUSSIAN 98 program [25]. The geome-
tries were optimised without imposing any restriction.

For 1f, bond lengths and angles obtained for the opti-
mised geometry were consistent with those obtained from
the crystallographic studies (the differences do not clearly
exceed 3r). However, in the optimised geometry the phenyl
ring and the OH group were nearly co-planar with the
imine moiety. This finding differs from the results obtained
from the X-ray crystal structure, which showed that two
neighbouring molecules were assembled in the crystal
forming a dimeric unit. It should be noted that the proce-
dure used to optimise the geometry of 1d and 1f does not
takes intermolecular contacts into account.

As shown in Figs. 5(a)–(d), the HOMO and LUMO
orbitals for 1d and 1f are not solely iron based. Moreover,
the comparison of the HOMO orbitals for 1d and 1f reveals
that the replacement of the Me (in 1d) by a OH group (in
1f) produces a considerable increase of the contributions
of: (a) the 2pz atomic orbital of the imine carbon and (b)
the non-bonding p orbital of the aryl ring. For 1f the 2pz
atomic orbital of the oxygen is also involved in the HOMO.



Fig. 5. HOMO and LUMO for the imines 1d (a and b) and 1f (c and d).
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As a consequence of these findings the degree of the contri-
bution of the atomic orbital of the iron is greater in 1d
(0.28) than in 1f (0.20). The LUMO orbitals of 1d and 1f

(Fig. 5(b) and (d)) are similar and the contribution of the
atomic orbitals of the iron does not differ significantly.

On the other hand, the values of the Mulliken charges
on the Fe(II) for the three complexes [�0.1556 (for 1d),
�0.1546 (for 1e) and �0.1537 (for 1f)] increase according
to the sequence 1d < 1e < 1f.

Recently, some authors have reported that the 57Fe
shielding and the chemical shifts of ferrocene and Fe(CO)5
are determined by the d–d occupied-virtual couplings, and
the magnitude of this coupling is inversely proportional to
the energy difference between the orbitals involved [10],
and the stronger deshielding observed for ferrocene when
compared with that of [Fe(CO)5] was rationalised on the
basis of the smaller HOMO–LUMO gap in ferrocene
{2.77 eV versus 3.72 eV in [Fe(CO)5]} [4,10]. For 1d–1f,
the HOMO–LUMO gap decreases according to the se-
quence: 1d (4.11 eV) > 1e (3.86 eV) > 1f (3.79 eV). As ex-
pected, this follows the opposite trend observed for the
57Fe-chemical shifts (Table 3).

3. Experimental

3.1. Materials and methods

The ferrocenyl-aldimines: [(g5-C5H5)Fe{(g
5-C5H4)–CH@

N–R2}] {with R2 = CH2CH2OH (1a), (SC)-CH(Me)-
CH2OH (1b), CH2–C6H5 (1c), C6H4–2Me (1d) and
C6H4–2-SMe (1e)} and [(g5-C5H5)Fe{(g

5-C5H4)–
C(C6H5)@N–(C6H4–2Me)}] (2d) were prepared as
described previously [11–14]. The preparations described
below require the use of highly hazardous materials, as ben-
zene, which should be handled with caution!

Elemental analyses (C, H and N) were carried out at
the Serveis de Recursos Cientifics i Tècnics (Universitat
Rovira i Virgili, Tarragona). FAB+ mass spectra were
performed at the Servei d�Espectrometria de Masses (Uni-
versitat de Barcelona) using 3-nitrobenzylalcohol (NBA)
as matrix. Infrared spectra were obtained with a Nicolet
400-FTIR instrument using KBr pellets. Routine 1H
NMR spectra and 13C{1H} NMR spectra were obtained
with a Gemini-200 MHz and a Bruker 250-DXR. High
resolution 1H NMR spectra and the two-dimensional
[{1H–1H} NOESY and COSY or {1H–13C}-heteronuclear
single quantum coherence (HSQC) and heteronuclear
multiple bond coherence (HMBC)] NMR experiments
were recorded with either a Varian VRX-500 or a Bruker
Advance DMX-500 instrument at 20 �C. In all cases the
solvent used for the 1H and 13C{1H} NMR as well as
for the two-dimensional NMR experiments was CDCl3
(99.8%) and SiMe4 was used as internal reference. The
chemical shifts (d) are given in ppm and the coupling con-
stants (J) in Hz.

3.2. Preparation of [(g5-C5H5)Fe{(g
5-C5H4)–CH@N–

C6H4–2OH}] (1f)

A suspension formed by ferrocenecarboxaldehyde
(1.024 g, 4.78 · 10�3 mol) and 50 mL of benzene was stir-
red at room temperature (ca. 20 �C) for 20 min and filtered
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out. Then the stoichiometric amount of H2N–(C6H4–2OH)
was added to the filtrate. The reaction flask was connected
to a condenser equipped with a Dean-Stark apparatus. The
mixture was refluxed until ca. 15 mL of the benzene–water
azeotrope had condensed on the Dean-Stark apparatus.
The hot solution was filtered out and concentrated to ca.
5 mL. Slow evaporation of the solvent at room tempera-
ture (ca. 20 �C) produced deep red crystals suitable for
X-ray analyses. (Yield: 1.21 g, 82%).Characterisation data:
Anal. (%) Calc. for C17H15NOFe (found): C, 66.91
(67.3); H, 4.95(5.0) and N, 4.59 (4.7). MS (FAB+): m/z
= 305.2, [M+]. IR (in cm�1): 1619, m(�C@N–); 1593 and
1579 m(�C@C�). 1H NMR-data: d = 8.56 [s, 1H, –CH@
N–], 4.23 [s, 5H, C5H5], 4.82 [t, 2H, H2 and H5, 3J = 2],

4.53 [t, 2H, H3 and H4, 3J = 2], 6.99 [dd, 1H, H30 ,
3J = 8.0 and 4J = 1.5], 6.90 [td, 1H, H40 , 3J = 8.0 and
4J = 1.5], 7.17 [td, 1H, H50 , 3J = 8.0 and 4J = 1.5], 7.23
[dd, 1H, H60 , 3J = 8.0 and 4J = 1.5] ppm and the signal
due to the proton of the OH moiety was partially masked
by the resonance of the H60 proton of the aryl ring.13C{1H}
NMR data: d = 158.7 [–CH@N], 69.5 [C5H5], 80.4 [C1],
69.2 [C2 and C5], 71.7 [C3 and C4], 151.5 ½C10 �, 136.6 ½C20 �,
114.7 ½C30 �, 120.1 ½C40 �, 127.8 ½C50 � and 115.6 ½C60 � ppm.

3.3. 57Fe Mössbauer spectra

Mössbauer spectra were recorded using powdered solid
samples. The samples were placed in liquid N2, quenched
to 80 K and transferred to an Oxford Instrument cryostat.
The spectra were collected at 80 K using a constant accel-
eration Mössbauer spectrometer with a 57Co/Rh source.
The source was moved via triangular velocity wave and
the c-counts were collected in a 512 multi-channel analyser.
The data were folded, plotted and fitted by a computer pro-
cedure. Velocity calibration was done using a 25 lm thick
metallic iron foil and the Mössbauer spectral parameters
(presented in Table 3) are given relative to this standard
at room temperature.

3.4. Electrochemical studies

Electrochemical data for compounds under study were
obtained by cyclic voltammetry under nitrogen at 20 �C
using acetonitrile HPLC grade as solvent and tetrabuty-
lammonium hexafluorophosphate, {(Bu4N)[PF6]} (0.1 M)
as supporting electrolyte and a potentiostat M263A from
EG&G instruments. The half-wave potentials E1/2 were
referred to an Ag–AgNO3 (0.1 M in acetonitrile) electrode
separated from the solution by a medium porosity fritted
disk. A platinum wire auxiliary electrode was used in con-
junction with a platinum disc working Tacussel-Edi rota-
tory electrode (3.14 mm2). Cyclic voltammograms of
ferrocene were recorded before and after each sample to
ensure the stability of the Ag–AgNO3 electrode. Cyclic
voltammograms of freshly prepared solutions (10�3M)
of the samples in acetonitrile were run and the average
values of the potentials were then referred to ferrocene.
In all the experiments, the cyclic voltammograms were
registered using scan speeds varying from t = 10 to
100 mV s�1.
3.5. 57Fe NMR studies

A Bruker DRX 500 spectrometer, equipped with a low-c
triple resonance probe head (5 mm o.d. tubes with satu-
rated solutions of the compounds in CD2Cl2, at 23 �C),
was used for measuring the 16.2 MHz 57Fe NMR spectra.
The 57Fe{1H} NMR spectra were recorded with single
pulse technique. 30� Pulses were applied (10000–20000
transients, 6–12 h of spectrometer time), and the duration
of the 90� pulse was 80 ls, calibrated by determining the
pulse length for the 73Ge NMR signal of GeCl4.

57Fe chem-
ical shifts are given relative to neat [Fe(CO)5] (d

57Fe = 0
with N(57Fe) = 3.237798).
3.6. Crystallography

A prismatic crystal (0.1 · 0.1 · 0.2 mm) of [(g5-
C5H5)Fe{(g

5-C5H4)–CH@N–(C6H4–2OH)}] (1f) was
selected and mounted on a MAR345 diffractometer with
image plate detector. Unit-cell parameters were determined
from automatic centring of 6447 reflections (3� < H < 31�)
and refined by full-matrix least-squares method. Intensities
were collected with a graphite monochromatised Mo Ka
radiation. The number of reflections measured in the range
2.00� 6 H 6 25.02� was 15366, of which 8571 were non-
equivalent by symmetry {Rint(on I) = 0.057. The number
of reflections assumed as observed applying the condition
I > 2r(I) was 2591. Lorentz-polarisation corrections were
made but absorption corrections were not.

The structure was solved by Direct methods using
SHELXS computer program [26] and refined by full-matrix
least-squares method with the SHELX97 computer program
[27] using 6447 reflections (very negative intensities were
not assumed). The function minimised was

P
w||Fo|

2 �
|Fc|

2|2, where w = [r2(I) + (0.0722P)2]�1 and P = |Fo| +
2|Fc|

2/3 were taken from the literature [28]. Twenty-six
hydrogen atoms were located from a difference synthesis
and refined with an overall isotropic temperature factor.
Six hydrogen atoms were computed and refined using a rid-
ing model with an isotropic temperature factor equal to 1.2
times the equivalent temperature factor of the atom to
which is linked. The final R (on F) factor was 0.052, wR
(on |F|2) = 0.117 and other relevant parameters concerning
the resolution and refinement of this crystal structure are
presented in Table 4.
3.7. Theoretical studies

Calculations were carried out at the B3LYP computa-
tional level [23] with the GAUSSIAN 98 package [25] using
the LANL2DZ basis set [24]. Geometry optimisations were
performed without any geometry restriction.



Table 4
Crystal data and details of the refinement of the crystal structure of [(g5-
C5H5)Fe{(g

5-C5H4)–C(H)@N–(C6H4-2-OH)}] (1f)

1f

Empirical formula C17H15FeNO
Formula weight 305.15
Crystal size (mm ·mm · mm) 0.1 · 0.1 · 0.2
Temperature (K) 293(2)
Wavelength (Å) 0.71069
Crystal system Monoclinic
Space group C2/c
a (Å) 25.4260(12)
b (Å) 17.7992(8)
c (Å) 15.3070(10)
a = c (�) 90.000(2)
b (�) 126.9410(10)
Volume (Å3) 5536.7(5)
Z 16
Dcalc (Mg m�3) 1.464
Absorption coefficient (mm�1) 1.083
F(000) 2528
H range for data collection (�) 2.00–25.02
Index ranges �23 6 h 6 30,

�20 6 k 6 20 and
�17 6 l 6 0

No. of reflections collected 15366
No. of unique reflections [Rint] 8571 [0.0570]
No. of data 6447
No. of parameters 465
Goodness of fit on F2 0.989
Final R indices [I>2r(I)] R1 = 0.0522, wR2 = 0.1170
R indices (all data) R1 = 0.1146, wR2 = 0.1372
Largest difference peak and hole (e Å�3) 0.436 and �0.533

Standard deviation parameters are given in parentheses.
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4. Supplementary materials

Crystallographic data for the structural analyses of
[(g5-C5H5)Fe{(g

5-C5H4)–CH@N–(C6H4–2OH)}] (1f) have
been deposited at the Cambridge Crystallographic Data
Centre: CCDC No. 273566. Copies of this information
can be obtained from: The Director, CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: +44 1233 336 033;
e-mail: deposit@ccdc.ac.uk or www.ccdc.cam.ac).
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(c) C. López, A. Caubet, S. Pérez, X. Solans, X. Font-Bardı́a, Chem.
Commun. (2004) 540.

[14] (a) Y.J. Wu, S.Q. Huo, Y. Zhu, J. Organomet. Chem. 485 (1995) 161;
(b) J. Silver, J.R. Miller, A. Houlton, H.T. Ahmet, J. Chem. Soc.,
Dalton Trans. (1994) 3355;
(c) A. Houlton, J.R. Miller, J. Silver, N. Jassim, T.L. Axon, D.
Bloor, G.H. Gross, Inorg. Chim. Acta 205 (1995) 67;
(d) T. Tsutsumi, M. Okubo, N. Kasahara, Y. Katsube, Bull. Chem.
Soc. Jpn. 61 (1988) 237.

[15] C. Hansch, A. Leo, D. Koekman, Exploring QSAR. Hydrophobic
Electronic and Steric Constants, ACS, Washinghton, USA, 1995.
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