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Abstract Theoretical studies on the cyclopentadienyliron
chlorides Cp,Fe,Cl,, (n=6—1) with iron in the formal oxi-
dation states from +1 to +4 indicate that all the high-spin
species are predicted to be the lowest energy structures and
they are paramagnetic complexes with magnetic moments
between 2.8up and 5.9up. The mixed oxidation state de-
rivatives with odd number of chloride atoms have larger
magnetic moments than other species. In addition to
Cp,Fe,Cl, which has the largest magnetic moment, these
high-spin species have terminal Cp rings and bridging CI
atoms up to a maximum of two bridges. The Cp,Fe,Cly,
Cp,Fe,Cl; and Cp,Fe,Cl, derivatives are predicted to be
thermodynamically stable molecules with respect to exo-
thermic reactions for the loss of one Cl atom from
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Cp,Fe,Cl,. Moreover, the lowest energy Cp,Fe,Cl, (n=3,
4) derivatives can be derived by the oxidative addition re-
actions of Cp,Fe,Cl,_, + Cl, — Cp,Fe,Cl,.
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Introduction

Since the first sandwich-like compound ferrocene Cp,Fe
(Cp =n’-CsHs), was discovered in 1951 [1], the chemistry
of cyclopentadienyl metal complexes has developed rapidly.
In the past decades, a series of dicyclopentadienyl transition
metal sandwich-like complexes have been reported, such as
Cp,V, Cp,Cr, Cp,Co, and Cp,Ni etc. [2-5]. It is well known
that most of these isolable organometallic compounds are
low-spin species and they are diamagnetic, which satisfy the
closed-shell requirement. Whereas, some high-spin organo-
metallic complexes, which usually contain the 3d" (n=2-8)
transition metal atoms, have also been reported [6]. More-
over, these high-spin complexes have some special physical
properties, such as conductivity, magnetism, and optical
effects [7-9]. Among these complexes, there is a growing
interest in the chemistry of high-spin organometallic iron
compounds because the iron complexes play an important
role in magnetic materials [10].

For the organometallic iron complexes, some high-spin
paramagnetic complexes with iron in different formal oxidation
states have been found. Among them, the common paramag-
netic iron complexes are the ferrocenium cations with iron in
the +3 oxidation states, such as [Fe(CsH4CH,CsH,),Ru"]"
and [Fe"'Cp(CsH4CH,CsH,)CpRu'VI]*" which have one un-
paired electron [11-13]. However, some high-spin organome-
tallic iron complexes with iron in +1 and +4 formal oxidation
states have also been reported. For iron(I) complexes, Bursten
et al. [14] reported the preparation of an 18-electron species
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Cp*,Fe,(u-CO); (Cp* = CsMes), which has a triplet ground
state and exhibits paramagnetic. Its highest occupied molec-
ular orbital (HOMO) is a two-fold degenerate antibonding
orbital with 7t symmetry, which is similar to the electronic
structure of O,. For iron(IV) complexes, the dication
[Cp*,Fe]**, which can be stable for at least 4 h in solution
at —30 °C, is paramagnetic with two unpaired electrons [15].

Furthermore, many high-spin organometallic
iron(II) complexes have also already been found. For
instance, Girolam et al. [16] isolated a series of
iron(I) complexes FeR,(dippe) (R = CH,SiMes,
CHQCM63, CH2CM32Ph, CHzPh, CH2C6H4MC; dlppe
= 1,2-bis(diisopropyl phosphino) ethane) and found
that they are high-spin (four unpaired electrons) spe-
cies and possess magnetic moments characteristic (u=
4.9ug). Lapinte et al. [17] isolated the first paramag-
netic six-coordinated 18-electron iron(II) organometal-
lic complex, [Cp*Fe(n*-dppe)(c-O = CMe,] CF3S0;~
(dppe = Ph,PCH,CH,PPh,) with two unpaired elec-
trons. They also reported a half-sandwich iron(Il) 16-
electron complex [Cp*Fe(dppe)][PF¢] and confirmed
that it exhibits an effective magnetic moment piepr =
33up in tetrahydrofuran solution corresponding to
two unpaired electrons [18]. In addition to these
high-spin mononuclear iron(II) complexes, some
binuclear iron(II) halides with bulky substituted
cyclopentadienyl have also been reported. In 1996,
Sitzmann et al. [19] prepared the paramagnetic com-
plex [(CsHR4)FeBr], (R = CHMe,), containing d°
Fe(Il) with four unpaired electrons. Recently, Walter
et al. [20] synthesized three halide-bridged complexes
[Cp'FeX], (Cp’ = 1,2,4-Bu;CsH,; X = Cl, Br, 1),
which contain high-spin iron(I) centers with four
unpaired electrons. These discoveries indicate that
the introduction of extremely bulky substituted
cyclopentadienyl ligands into metallocene of the iron
metals may be required to generate maximum spin
cyclopentadienyl complexes [13].

Since the magnetic properties of the cyclopentadienyliron
complexes are influenced by substituents on the
cyclopentadienyl ligands, a question of interest is whether
the coordination numbers affect their magnetic properties. In
the present paper, a series of sandwich-like complexes
Cp,Fe,Cl, (n=6—1) with one to six chlorine atoms as
well as the iron atoms in the formal oxidation states
between +4 and +1 selected as model complexes have
been investigated by density functional theory (DFT) in
order to provide information on the equilibrium geome-
tries and the relative stabilities as well as magnetic
behavior of these complexes. The theoretical studies
reported in this paper were performed using the
unsubstituted 1°-CsHs ligand in order to simplify the
optimizations in this exploratory research.
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Theoretical methods

Electron correlation effects were included by employing
density functional theory (DFT) methods, which have
evolved as a practical and effective computational tool,
especially for organometallic compounds [21-29]. Three
DFT methods were used in this study. The first functional
is the B3LYP model, which is a hybrid HF-DFT method
using Becke’s three-parameter exchange functional (B3)
with the Lee, Yang, and Parr (LYP) correlation functional
[30, 31]. The second approach is the new generation func-
tional MPW1PW91, which is a combination of the modified
Perdew-Wang exchange functional with Perdew-Wang’s 91
gradient-correlation functional [32]. The third one is BP86
method, which combines Becke’s 1988 exchange functional
(B) with Perdew’s 1986 correlation functional method (P86)
[33, 34]. The B3LYP and MPW1PW91 methods have been
found to be suitable for predicting the molecular structures
of metallocenes, while the BP86 method usually provides
better vibrational frequencies [35, 36]. In the present study,
the B3LYP and MPW1PW91 methods agree with each other
well in predicting the structural characteristics of
Cp,Fe,Cl,. Thus, the B3SLYP and MPWI1PW9II results (ge-
ometries and energies) are discussed in the text, and the
BP86 results (geometries, energies, and vibrational frequen-
cies) are given in the Supporting information.

All computations were performed using double-(
plus polarization (DZP) basis sets. For carbon, the
DZP basis set used here adds one set of pure spherical
harmonic d functions (with orbital exponent oy(C) =
0.75) to the Huzinaga-Dunning standard contracted DZ
sets and is designated (9s5pld/4s2pld) [37, 38]. For
chlorine, the DZP basis set used here adds one set of
pure spherical harmonic d functions (with orbital expo-
nent x4(Cl) = 0.75) to the Huzinaga-Dunning-Hay stan-
dard contracted DZ sets and is designated
(12s8pld/6s4pld) [37, 38]. For hydrogen, a set of p
polarization functions (x,(H) = 0.75) is added to the
Huzinaga-Dunning DZ sets. For iron, the loosely
contracted DZP basis set (14s11p6d/10s8p3d) is the
Wachters primitive set [39] augmented by two sets of
p functions and a set of d functions following Hood,
Pitzer, and Schaefer [40].

The geometries of all of the structures were fully opti-
mized using both the DZP B3LYP, DZP MPWI1PW91 and
DZP BP86 methods. The harmonic vibrational frequencies
were determined at the same levels by evaluating analyti-
cally the second derivatives of the energy with respect to the
nuclear coordinates. The corresponding infrared intensities
were evaluated analytically as well. All of the computations
were carried out with the Gaussian 03 program [41]. The
fine grid (75, 302) was the default for evaluating integrals
numerically [42]. The finer grid (120, 974) was used for
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more precise resolution of the small imaginary vibrational
frequencies. The tight (10™® hartree) designation was the
default for the self-consistent field (SCF) convergence.

Since there is no wave function per se in the DFT
method, the evaluation of the expectation value of S is
problematic. The most realistic and practical method is to
evaluate (S?) using the single determinant constructed from
the appropriate DFT orbitals. When DFT methods for open-
shell systems perform poorly, one very often observes seri-
ous spin contamination in the sense defined here.

The structures for Cp,Fe,Cl,, (n=6—1) are labeled by the
number of Cl atoms, order of relative energies, and spin
state (sextets, quartets, triplets, doublets, and singlets desig-
nated as SE, Q, T, D and S respectively). For example, the
quartet energetically lowest-lying structure of Cp,Fe,Cls is
called 5CI-1Q. The upper and lower bond distances in the
Figs. were determined by the B3LYP and MPWI1PW91
methods, respectively.

Results

There are two general types of structures for Cp,Fe,Cl, de-
rivatives (n=6—1). Firstly, the coaxial structures, in which each
Cp ring is only bonded to a single metal atom so that the Cs
axes of the Cp rings are approximately collinear with the Fe—
Fe bond. Secondly, the perpendicular structures, in which each
Cp ring bridges both metal atoms so that the Fe-Fe axis is
approximately perpendicular to the Cs axes of the Cp rings.

Cp2F62C16

For Cp,Fe,Clg with the iron atoms in the formal oxidation
state of +4, there are one triplet and two singlet coaxial
structures (Fig. 1). They all have real vibrational frequencies,
indicating that they are genuine minima on the energy surface.
The global minimum predicted for Cp,Fe,Clg is a triplet C;
structure 6CI-1T with one three-electron donor bridging p-Cl
ligand and five terminal Cl ligands. The spin contamination is
not serious, ie., (S?y = 2.23 (B3LYP) or (S?) = 2.30

Fig. 1 Three optimized
structures for Cp,Fe,Clg
indicating the relative energies
(AE, in kcal mol ") by the
B3LYP and MPW1PW91
methods, respectively. The
distances are given in A. The
upper distances were obtained
by the B3LYP method, while
the lower distances were
obtained by the MPWIPWI91
method. The subsequent figures
have the same arrangement

6CI-1T (C4, 0.0, 0.0)

(MPW1PW91) versus an ideal S(S +1) = 2.00 for a triplet.
The Fe-Cl distances to the bridging Cl ligand are 2.304 and
2.459 A (B3LYP) or 2.284 and 2.402 A (MPW1PWO1). The
Fe-Fe distance in 6CI-1T is predicted to be 4.096 A (B3LYP)
or 4.006 (MPW1PW91), indicating the lack of a direct iron-
iron bond, which is required to give each iron atom the 17-
electron configuration for a binuclear triplet. Thus, each iron
atom in 6CI-1T has one unpaired electron and the calculated
magnetic moment of 6CI-1T is 2.8up.

Two singlet Cp,Fe,Clg structures were found, namely,
the trans (6CI-1S) and cis (6Cl1-2S) doubly bridged struc-
tures (Fig. 1). Structure 6CI-1S is a C structure which lies
16.2 keal mol ™" (B3LYP) or 17.0 kcal mol ™' (MPW1PW91)
above the global minimum 6CI-1T, while 6CI-2S is a C,,
structure and lies at the relatively high energy of 28.6 kcal
mol ' (B3LYP) or 30.7 kcal mol ' (MPWI1PW91) above
6CI-1T. The Fe-Fe distances in 6CI-1S and 6CI-2S are very
long, namely, 3.619 and 3.779 A by B3LYP or 3.559 and
3.715 A by MPWIPW91, respectively, indicating the ab-
sence of direct iron-iron bonds. Thus, in 6CI-1S and 6CI-2S,
each iron atom has an 18-electron configuration, corre-
sponding to a binuclear singlet.

szFCzClS

For Cp,Fe,Cls with iron atoms in an average formal oxida-
tion state of +3.5, two quartet structures SCI-1Q and 5CI-
2Q and one doublet structure 5CI-1D were found (Fig. 2).
All of these structures are predicted to be coaxial structures,
which have one three-electron donor bridging and four
terminal Cl ligands. The quartet C, trans structure SCI-1Q
is the global minimum with no imaginary vibrational fre-
quencies and little spin contamination with (S?) = 3.99 by
B3LYP or 4.05 by MPWI1PWO91, which is close to the ideal
value S(S +1) = 3.75. The Fe-Cl distances to the bridging Cl
ligand in 5C1-1Q are 2.333 A (B3LYP) or 2.301
(MPW1PWO91), and the Fe-Cl distances to the termial ClI
ligand are 2.214 and 2.228 A (B3LYP) or 2.196 and 2.207 A
(MPWI1PWO1). The Fe-Fe distance in 5CI-1Q is predicted
to be quite long at 4.056 A (B3LYP) or 3.980 A

2.302
2277 \

6CIl-1S (Cs, 16.2, 17.0) 6CI-2S (C2, 28.6, 30.7)
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Fig. 2 Three optimized

structures for Cp,Fe,Cls 3
indicating the relative energies

(AE, in keal mol ") by the
B3LYP and MPW1PW91
methods, respectively

4.056 / |

I

3. 980}',
t)xié_;
o)

5CI-1Q (C», 0.0, 0.0)

(MPWI1PW0O1), suggesting the absence of a formal iron-iron
bond in SCI-1Q. This gives one iron atom in SCI-1Q a 16-
electron configuration but the other iron atom a 17-electron
configuration, which is consistent with the quartet spin
multiplicity. Thus, there are three unpaired electrons in
5CI-1Q and the calculated magnetic moment of 5CI-1Q is
39,LLB

The other quartet Cp,Fe,Cls structure 5CI-2Q is a cis
structure with C; symmetry (Fig. 2). Structure 5CI-2Q has a
small imaginary frequency by B3LYP (18 cm ') and
MPWI1PWI1 (22i cm™ "), and lies 10.7 kcal mol ' (B3LYP)
or 11.3 kcal mol ' (MPW1PW91) above the global minimum
5CI-1Q. The spin contamination in 5CI-2Q is small with (Sz)
= 3.91 (B3LYP) or (S%)= 3.93 (MPWI1PW91). The Fe-Fe
distance in 5CI-2Q is long at 4.285 A (B3LYP) or 4212 A
(MPW1PW91), suggesting no significant iron-iron interac-
tion. This leads to a 16-electron configuration for one iron
atom and a 17-electron configuration for the other iron atom
for a binuclear quartet with three unpaired electrons.

The doublet structure 5CI-1D (Fig. 2) is a C; trans
structure with all real vibrational frequencies. The B3LYP
method predicts structure 5CI-1D to lie 7.2 kcal mol '
below 5CI-1Q, while the MPWI1PW91 method predicts
structure 5CI-1D to lie 4.6 kcal mol ! above 5CI-1Q. Struc-
ture SCI-1D is found to be problematic, having serious spin

Fig. 3 Four optimized
structures for Cp,Fe,Cly
indicating the relative energies
(AE, in keal mol™") by the
B3LYP and MPW1PW91
methods, respectively

4CI-1T (C., 0.0, 0.0)

@ Springer
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2. 333 T a285 2212
A /

4CI-2T (Ca, 7.4, 4.3)

5CI-2Q (Cs, 10.7,11.3)  5CI-1D (C4, -7.2, 4.6)
contamination with the spin expectation value (S%) = 2.07
(B3LYP) or 1.84 (MPW1PW91), which is much higher than
the ideal 0.75. This may result in relative lower energy than
that of the real state. In 5CI-1D, the Fe-Cl distances to the
bridging CI ligand are 2.291 and 2.444 A (B3LYP) or 2.248
and 2.422 A (MPW1PW91). The Fe-Fe distance for 5CI-1D
is very long, namely 4.190 A by B3LYP or 4.133 A by
MPWI1PWO1, indicating the absence of a chemical bond
between the two iron atoms.

Cp2F62C14

There are four possible singlet and triplet structures of
Cp,Fe,Cly with iron in the formal +2 oxidation state, name-
ly, the trans (4CI-1T, 4CI-1S) and cis (4CI1-2T, 4Cl-2S)
doubly bridged structures (Fig. 3). The two triplet structures
4CI-1T and 4CI-2T are predicted to be genuine minima with
all real vibrational frequencies. Structure 4CI-1T is predict-
ed to be global minimum with Cy symmetry, while 4C1-2T is
a C,, structure, which lies 7.4 kcal mol™' (B3LYP) or
4.3 keal mol”' (MPW1PW91) above 4CI-1T. There is very
little spin contamination for 4CI-1T and 4CI-2T, i.c., (S*) =
2.09 (B3LYP) or (S*) = 2.18 (MPW1PW91), which is close
to the ideal value S(S +1) =2.00. The Fe-Fe distance in 4Cl-
1T and 4CI-2T fall in the range 3.295 to 3.498 A,

4C1-1S (Czn, 43.9,445)  4CI-2S (C», 50.4, 55.1)
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respectively, suggesting no significant iron-iron interaction.
This gives each iron atom in 4Cl-1T and 4CI-2T a 17-
electron configuration corresponding to a binuclear triplet
with two unpaired electrons. Thus, the calculated magnetic
moment of 4CI-1T is 2.8 up.

The singlet C,, structure 4CI-1S (Fig. 3) has all real
vibrational frequencies by B3LYP and MPWI1PW91. Struc-
ture 4CI-18 lies 43.9 kcal mol ' (B3LYP) or 44.5 kcal mol !
(MPWI1PWO1) above the global minimum 4CI-1T. The Fe-
Cl distances to the bridging and terminal Cl ligands are
2.277 and 2.279 A (B3LYP) or 2.240 and 2.256 A
(MPW1PWO1), respectively. The Fe-Fe distance in 4CI-1S
is 2.810 A (B3LYP) or 2.702 A (MPW1PW91), which can
correspond to a formal Fe-Fe single bond. However, this
presumed Fe-Fe single bond is ~0.3 A longer than the
experimental Fe-Fe single bond distance (2.523 A) in a
binuclear iron carbonyl derivative [43]. The formal Fe-Fe
single bond in 4CI-1S gives each iron atom the favored 18-
electron configuration.

The other singlet Cp,Fe,Cly structure 4CI-2S (Fig. 3) is a
C, structure with all real vibrational frequencies, which lies
50.4 kcal mol™' (B3LYP) or 55.1 kcal mol ' (MPW1PW91)
above 4CI-1T. The Fe-Cl distances to the bridging Cl ligands
are 2.318 and 2.328 A (B3LYP) or 2.286 and 2.296 A
(MPW1PW0O1), while those to the termial CI ligands are
2.201 A (B3LYP) or 2.180 A (MPW1PW91). The Fe-Fe
distances in 4CI-2S is long at 3.407 A (B3LYP) or 3.352 A
(MPWI1PW91) indicating the absence of a direct Fe-Fe bond.

szF 32C13

For Cp,Fe,Cls, which is formally a mixed oxidation state
derivative with one Fe(IIT) atom and one Fe(Il) atom, there
are seven energetically low-lying structures (Figs. 4 and 5).
The Cp,Fe,Cl; global minimum 3CI-1Q (Fig. 4) is predict-
ed to be a quartet C; structure with all real harmonic fre-
quencies. It has one bridging Cl ligands and the calculated
magnetic moment is 3.9up. Structure 3CI-1Q has some spin
contamination, i.e., (S%) = 4.82 (B3LYP) or (S?) = 4.84
(MPW1PWO1). In 3CI-1Q, the Fe-Cl distances to the

ﬁ'ﬁ\‘i;g:&

- 2.264

Fig. 4 Four optimized
structures for the quartet and e
doublet Cp,Fe,Cl; indicating
the relative energies (AE, in
kcal mol™') by the B3LYP and
MPWI1PWI1 methods,
respectively

3Cl-1Q(C,, 0.0,0.0)

3CI-2Q (C,, 22.8, 28.5)

bridging Cl ligand are 2.359 and 2.465 A (B3LYP) or
2.327 and 2.458 A (MPW1PW91). The other two Cl ligands
can be considered to be semibridging ligands with two short
Fe-Cl distances of ~2.3 A and two relatively long Fe-Cl
distances of ~2.6 A. The Fe-Fe distance is 3.052 A (B3LYP)
or 3.016 A (MPW1PWO1), suggests that there is no direct
iron-iron interaction for this structure.

Structure 3CI1-2Q is a C, trans structure with one bridging
and two terminal Cl ligands lying 22.8 kcal mol ' (B3LYP) or
28.5 keal mol ' (MPW1PW91) above 3CI-1Q. There is rela-
tively little spin contamination for 3C1-2Q, i.e., (S*) = 4.08
(B3LYP) or (S = 4.14 (MPW1PWO1). The Fe-Cl distances
to the bridging Cl ligand are 2.299 A (B3LYP) or 2.277 A
(MPWI1PW91), and these distances to the terminal Cl ligands
are 2.220 A (B3LYP) or 2.206 A (MPW1PW91). The Fe-Fe
distance in 3C1-2Q is 2.810 A (B3LYP) or 2.702 A
(MPW1PW91), indicating the iron-iron formal single bond
required to give one iron atom a 16-electron configuration and
the other iron atom a 17-electron configuration for a binuclear
quartet with three unpaired electrons.

The last quartet Cp,Fe,Cl; structure 3C1-3Q (Fig. 4) has
one bridging and two terminal Cl ligands with C; symmetry
and it lies above 3CIl-1Q by 35.8 (B3LYP) or 45.4 kcal
mol™' (MPW1PW91). Structure 3CI-3Q has a small imag-
inary frequency (21i cm ' or 49i cm™' by B3LYP or
MPWI1PW91) and samll spin contamination (S*) = 4.00
(B3LYP) or (S*) =4.05 (MPW1PW91). The Fe-Cl distances
to the bridging Cl ligand are 2.313 A (B3LYP) or 2.286 A
(MPW1PWO91), and those to the terminal Cl ligands are
2.176 A (B3LYP) or 2.162 A (MPW1PWO1). The Fe-Fe
distance in 3C1-3Q is 4.217 A (B3LYP) or 4.183 A
(MPW1PW91), indicating no direct chemical interaction
between the two iron atoms.

The only doublet Cp,Fe,Cl; structure 3CI-1D is a C, trans
structure with one bridging and two terminal CI ligands
(Fig. 4). Structure 3CI-1D has all real vibrational frequencies
by B3LYP, while it has an imaginary frequency by
MPWIPWO91 (102i cm '), lying 32.5 kcal mol ' (B3LYP)
or 39.8 kcal mol™' (MPWIPW91) above 3CI-1Q. It has
serious spin contamination with (S%) = 1.72 (B3LYP) or

3CI-3Q (C,, 35.8,45.4)  3CI-1D (C», 32,5, 39.8)

@ Springer
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Fig. 5 Three optimized
structures for the sextet
Cp,Fe,Cl; indicating the
relative energies (AE, in kcal
mol ") by the B3LYP and
MPWIPWO91 methods,
respectively

3CI-1SE (C4, 6.6, 9.2)

1.86 (MPW1PW91), which is much larger than the ideal value
S(S +1) = 0.75. The Fe-Cl distances to the bridging Cl ligand
are 2.275 A (B3LYP) or 2.255 A (MPW1PW91), and these
distances to the terminal Cl ligands are 2.206 A (B3LYP) or
2.192 A (MPWIPWO1). The Fe-Fe distance in 3CI-1D is
2.891 A (B3LYP) or 2.729 A (MPW1PW91), which is con-
sistent with the Fe-Fe single bond.

Three sextet Cp,Fe,Cl; structures were found (Fig. 5).
Structure 3CI-1SE (Fig. 5) is a C; structure with two bridg-
ing and one terminal Cl ligands. It has all real harmonic
frequencies, lying 6.6 kcal mol™' (B3LYP) or 9.2 kcal mol ™
(MPWI1PWO1) above 3CI-1Q. The spin contamination in
3CI-SE is very little with (S?) = 9.04 (B3LYP) or (S%) =
9.10 (MPW1PW91), which is close to the ideal value S(S +
1) =8.75. The Fe-Cl distances to the two bridging CI ligands
are in the range of 2.306 to 2.478 A, and that to the terminal
ClI ligand is 2.191 A (B3LYP) or 2.183 A (MPW1PW91).
The long Fe-Fe distance in 3CI-1SE of 3.431 A A (B3LYP)
or 3.372 A (MPW1PW091) suggests that there is no direct
iron-iron interaction for this structure with two three-
electron donor bridging Cl ligands. In addition, the calcu-
lated magnetic moment of the binuclear sextet structure 3CI-
1SE is 5.9up.

The next sextet Cp,Fe,Clj structure 3CI-2SE (Fig. 5) is a
C, structure. Structure 3CI-2SE has some spin contamination,
i.e., (%Y =9.72 by MPW1PWO1, which is much larger than
that given by B3LYP. It has one bridging and two terminal Cl
ligands, lying 23.8 kcal mol ' (B3LYP) or 71.6 kcal mol
(MPWI1PWO1) in energy above 3CI-1Q. 3CI-2SE is predict-
ed to have all real harmonic frequencies by MPW1PW91, but
it has an imaginary frequency (75 cm ') by B3LYP. In 3CI-
2SE, the Fe-Cl distances to the bridging Cl ligand are 2.324 A
(B3LYP) or 2.305 A (MPW1PWO91), and those to the terminal
Cl ligands are 2.161 A (B3LYP) or 2.248 A (MPWI1PWO1).
The Fe-Fe distance in 3CI-2SE is 4.151 A (B3LYP) or
3.868 A (MPWI1PWO91), clearly indicating the absence of a
direct iron-iron bond. Thus, one of the iron atoms in 3CI-2SE
has a 15-electron configuration but the other iron atom has a
16-electron configuration, consistent with the sextet spin mul-
tiplicity. Thus, this leads to five unpaired electrons in 3Cl-
2SE.

@ Springer

3CI-2SE (Cs, 23.8, 71.6)

3CI-3SE (Cs, 44.0, 49.4)

Another sextet Cp,Fe,Cl; structure 3CI-3SE (Fig. 5) is a
C, perpendicular structure with one bridging and two termi-
nal Cl ligands, lying 44.0 kcal mol™' (B3LYP) or 49.4 kcal
mol™' (MPWI1PWO1) in energy above 3Cl-1Q. The spin
contamination (S°) for 3CI-3SE is 9.59 by B3LYP or 9.74
by MPWI1PWO1. Structure 3CI-3SE has a small imaginary
frequency (54i cm ' or 64i cm ') by B3LYP and
MPWI1PWOII. The Fe-Cl distances to the bridging Cl ligand
are 2.406 A (B3LYP) or 2.395 A (MPW1PW91), and those
to the terminal CI ligands are 2.224 A (B3LYP) or 2.215 A
(MPW1PW91). In 3CI-3SE, the Fe-Fe distance is 2.496 A
(B3LYP) or 2.485 A (MPWI1PWO1).

szFCzClz

Three low-lying structures (one triplet and two singlet) were
found for Cp,Fe,Cl, with iron in the formal +2 oxidation
state (Fig. 6). The global minimum 2CI-1T is predicted to be
a triplet C, doubly bridged structure. The spin contamina-
tion for 2CI-1T is not serious, i.e., (S*) = 2.12 (B3LYP) or
(S?) = 2.20 (MPW1PWO91). Structure 2CI-1T has a small
imaginary frequency (8; cm™ ') by B3LYP, while this imag-
inary frequency becomes real when a finer (120, 974) inte-
gration grid is used, which indicates that the small
imaginary frequency arises from numerical integration error.
In 2CI-1T, the Fe-Cl distances to the bridging Cl ligand are
2.290 and 2.300 A (B3LYP) or 2.268 and 2.277 A
(MPW1PW91). The Fe-Fe distance in 2CI-1T is 2.410 A
(B3LYP) or 2.378 A (MPWI1PWO1), which is consistent
with the single bond needed to give both iron atoms the
17-electron configurations, thereby leading to one unpaired
electron per Fe atom and the calculated magnetic moment of
2CI-1T is 2.8 up.

The two singlet Cp,Fe,Cl, structures 2CI-1S and 2CI-2S
are genuine minima with no imaginary vibrational frequen-
cies (Fig. 6). Structure 2CI-18 is a C,, structure with two
bridging Cl ligands, which has similar geometries to 2Cl-
1T, and lies 8.2 kcal mol™' by B3LYP or 9.6 kcal mol ™' by
MPWI1PWO91 above 2CI-1T. The Fe-Cl distances to the
bridging Cl ligand in 2CI-1S are 2.291 A (B3LYP) or
2.267 A (MPWI1PWO91). The Fe-Fe distance in 2CI-18 is
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Fig. 6 Three optimized
structures for Cp,Fe,Cl,
indicating the relative energies
(AE, in keal mol ") by the
B3LYP and MPW1PW91
methods, respectively

2CI-1T (C», 0.0, 0.0)

2.949 A (B3LYP) or 2.871 A (MPWI1PW91), which is
about 0.5 A longer than that in 2CI-1T.

The other singlet Cp,Fe,Cl, structure 2CI-2S (Fig. 6) is a
C, trans isomer with two terminal Cl ligands and lies 36.8 kcal
mol ! (B3LYP) or 39.3 kcal mol ' (MPW1PW91) above 2Cl-
1T. In 2CI-2S, the Fe-Cl distances to the terminal Cl ligands
are 2.174 A (B3LYP) or 2.164 A (MPW1PW91). The Fe-Fe
distance in 2CI-2S is 2.493 A (B3LYP) or 2.483 A
(MPW1PWO1), which is found to be shorter than that in the
doubly bridged structure 2CI-18S.

szFCzCl

Four energetically low-lying structures were found for
CpyFe,Cl in which the iron atoms have an average formal
oxidation state of +1.5 (Fig. 7), including two sextet and two
quartet structures. Here, the doublet structures are not shown
because of their higher energies. The global minimum for
Cp,Fe,Cl (1CI-1SE) is a C; sextet structure with a terminal
Cl ligand, which has all real vibrational frequencies and the
calculated magnetic moment is 5.9ug. There is relatively
small spin contamination, i.e., (S*) = 8.88 (B3LYP) or 8.91
(MPWI1PWO1), which is close to the ideal value S(S +1) =

H
%i A
|
=€ |
¢ g 17
2.253 ic1
2.241

1CI1SE (Cy, 0.0, 0.0)

@

1CI1-2SE (C, 10.5, 14.4)

2CI-1S (C2y, 8.2,9.6)  2CI-2S (C», 36.8, 39.3)

8.75. Structure 1CI-1SE is an interesting structure in which
one iron atom is bonded to a portion of the two Cp rings and
the other iron atom is only bonded to one of the two Cp
rings. In 1CI-1SE, the Fe-Cl distances to the termial CI
ligand is 2.188 A (B3LYP) or 2.184 A (MPWIPW9I).
The Fe-Fe distance in 1CI-1SE is 2.551 A by B3LYP or
2.526 A by MPW1PW91, which can be interpreted as a Fe—
Fe single bond.

The next energy higher lying structure for Cp,Fe,Cl
(Fig. 7), namely, the C, sextet structure 1CI-2SE has a
bridging CI ligand with small spin contamination, i.e., (S*)
= 8.90 (B3LYP) or 8.91 (MPWI1PWO1). Structure 1CI-2SE
is predicted to lie 10.5 kcal mol™" (B3LYP) or 14.4 kcal
mol~' (MPW1PW91) above the global minimum 1CI-1SE.
It has all real vibrational frequencies by B3LYP and
MPW1PWO1. The Fe-Cl distances to the bridging C1 ligand
is 2.277 A (B3LYP) or 2.257 A (MPW1PW91). The Fe-Fe
distance in 1CI-2SE is 2.253 A (B3LYP) or 2.241 A
(MPWI1PWO1) in 1CI-2SE, close to the experimental Fe—
Fe triple bond distance (2.177 A) in the binuclear iron
carbonyl derivative [44].

The lowest lying quartet structure of Cp,Fe,Cl (Fig. 7),
1CI-1Q with C, symmetry and a bridging Cl ligand is

‘H.___&

2.296

2.280
y—e

2.086
2.055

1€11Q (€, 23.0, 30.4)

1€1-2Q (Czv, 39.8, 43.0)

Fig. 7 Four optimized structures for Cp,Fe,Cl indicating the relative energies (AE, in kcal mol™') by the B3LYP and MPW1PW91 methods,

respectively
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geometrically similar to 1CI-2SE. It has all real vibrational
frequencies and lies 23.0 kcal mol ™' (B3LYP) or 30.4 kcal
mol~' (MPWI1PW91) above the global minimum 1CI-1SE.
Structure 1CI-1Q has some spin contamination, (S%) = 4.31
(B3LYP) or 4.62 (MPW1PW91). In 1CI-1Q, the Fe-Cl dis-
tances to the bridging Cl ligand is 2.297 A (B3LYP) or
2.279 A (MPWI1PWO1). The Fe-Fe distance in 1CI-1Q is
2.308 A by B3LYP or 2.318 A by MPW1PW91, which is
slightly larger than the experimental Fe—Fe triple bond dis-
tance (2.177 A) in the binuclear iron carbonyl derivative [44].

The second quartet Cp,Fe,Cl stationary point 1CI1-2Q is
a C,, perpendicular structure with one terminal Cl ligand
and two bridging Cp rings (Fig. 7), which lies above 1Cl-
1SE by 39.8 kcal mol™' (B3LYP) or 43.0 kcal mol™'
(BP86). There is a relatively small degree of spin contami-
nation, ie., (S%) = 3.94 (B3LYP) or 4.07 (MPWI1PW91).
Structure 1CI-2Q has a small imaginary vibrational frequen-
cies of 58/ cm ' by B3LYP and 80i cm ' by MPWI1PW91.
In 1CI1-2Q, each iron atom is bonded to six carbon atoms of
the two Cp rings (three carbon atoms from each ring). The
Fe-Cl distance to the terminal Cl ligand is 2.296 A (B3LYP)
or 2.280 A (MPW1PW91). The Fe-Fe distance in 1C1-2Q of
2.249 A (B3LYP) or 2.245 A (MPW1PW91) is close to the
experimental Fe-Fe triple bond distance (2.177 A) in the
binuclear iron carbonyl derivative [44]. The Fe-Fe triple
bond gives one iron atom a 16-electron configuration and
the other iron atom a 17-electron configuration for a
binuclear quartet with three unpaired electrons.

Dissociation, disproportionation and oxidative addition
reactions

Table 1 lists the dissociation energies for the reactions
CpyFe,Cl, — Cp,Fe,Cl,—; + 14, Cl, based on the lowest
energy structures. The reaction for the loss of one Cl atom
from Cp,Fe,Clg (6CI-1T) and Cp,Fe,Cls (5CI-1Q) are pre-
dicted to be exothermic by —12.6 and —3.4 kcal mol '
(B3LYP) or —10.9 and —2.8 kcal mol ' (MPW1PW91), re-
spectively, suggesting that Cp,Fe,Clg and Cp,Fe,Cls are ther-
modynamically unstable molecules. This is consistent with
the relative instability of high-valent iron species, which are
proposed as active intermediates [45]. While the reactions for
the loss of one Cl atom from Cp,Fe,Cly (4CI-1T), Cp,Fe,Cls
(3CI-1Q) and Cp,Fe,Cl, (2CI-1T) are predicted to be

endothermic and the dissociation energies for these reactions
are larger than 3.9 kcal mol . This indicates that Cp,Fe,Cly,
Cp,Fe,Cl; and Cp,Fe,Cl, with iron in formal oxidation states
from +1 to +3 appear to be energetically favorable with
respect to extrusion of a chlorine atom.

The energies of the disproportionation reactions
2CpyFe,Cl, — Cp,Fe,Cl, . + CpyFe,Cl,—; (Table 2) sug-
gest that Cp,Fe,Cls, Cp,Fe,Cly and Cp,Fe,Cl; are likely to
be thermodynamically stable molecules owing to endother-
mic disproportionation. However, the analogous dispropor-
tionation energy of Cp,Fe,Cl, into Cp,Fe,Cl; and Cp,Fe,Cl
is predicted to be exothermic by —18.2 kcal mol ™' (B3LYP)
or —28.4 kcal mol™' (MPW1PW91).

In order to explore the possible synthetic route to these
cyclopentadienyl iron chlorides, the oxidative addition re-
actions of Cp,Fe,Cl,, + Cl, — Cp,Fe,Cl, are also inves-
tigated (Table 3). For these reactions of Cp,Fe,Cl (1CI-1SE)
and Cp,Fe,Cl, (2CI-2T), the values of the Gibbs free ener-
gy changes are all negative, indicating that Cp,Fe,Cl; and
Cp,Fe,Cly may be derived by oxidative addition of Cl, to
Cp,yFe,Cl and Cp,Fe,Cl,, respectively. However, for the
oxidative addition reactions of Cp,Fe,Cl; (3CI-1Q) and
Cp,Fe,Cly (4CI-1T) to give Cp,Fe,Cls(5CI-1Q) and
CpyFe,Clg (6CI-1T), the Gibbs free energy changes are
larger than 3.7 kcal mol ' Thus, Cp,Fe,Cl; and Cp,Fe,Cly
seem to be more stable than Cp,Fe,Cls and Cp,Fe,Clg with
respect to the oxidative addition reactions, which is consis-
tent with the results of the dissociation reactions (Table 1).

Discussion

The lowest energy structures of Cp,Fe,Cl, (n=6—1) except
for Cp,Fe,Cl have terminal Cp rings and bridging Cl ligands
up to a maximum of two bridges. All of these complexes are
generally paramagnetic high-spin species with magnetic mo-
ments between 2.8up and 5.9up. Therefore, these magnetic
complexes can be comparable to the substituted high-spin
cyclopentadienyliron complexes [19, 20]. In addition, these
high-spin species with odd number of chloride atoms, which
are mixed oxidation state derivatives have larger magnetic
moments than other species with even number of chloride
atoms. Furthermore, the monochloride Cp,Fe,Cl with a ter-
minal Cl ligand has the largest magnetic moment.

Table 1 The dissociation ener-

gies (kcal mol ') including zero- Reactions B3LYP MPWIPWI1

point vibrational energy (ZPVE)

corrections for Cp,Fe,Cl, — Cp,Fe,Clg (6CI-1T) — Cp,Fe,Cls (5CI-1Q) + 1 ClL, -12.6 -10.9

CpaFeyCl, 1+ Y5 Cly Cp,Fe,Cls (5C1-1Q) — Cp,Fe,Cl, (4CI-1T) + % Cl, 3.4 -2.8
Cp,Fe,Cl, (4C1-1T) — Cp,Fe,Cl; (3CI-1Q) + % Cl, 12.8 39
Cp,oFe,Cls (3CI-1Q) — Cp,Fe,Cl, 2CI-1T) + ' Cl, 59.1 67.3
Cp>Fe,Cl, (2CI-1T) — Cp,Fe,Cl 1CI-1SE) + ', Cl, 40.9 39.0
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Table 2 The dissociation ener-

gies (kcal mol™!) including Reactions B3LYP MPWI1PWI1

ZPVE corrections of the dispro-

portionation reactions for the 2Cp,Fe,Cls (5C1-1Q) — Cp,FeyClg (6CI-1T) + Cp,Fe,Cly (4CI-1T) 9.2 8.1

Cp,FeyCl, derivatives 2Cp,Fe,Cly (4CI-1T) — Cp,Fe,Cls (5CI-1Q) + Cp,Fe,Cl; (3CI-1Q) 16.2 6.6
2Cp,Fe,Cl; (3CI-1Q) — Cp,Fe,Cly (4CI-1T) + Cp,Fe,Cl, (2CI-1T) 46.3 63.5
2Cp,Fe,Cl, (2CI-1T)—Cp,Fe,Cl; (3CI-1Q) + Cp,Fe,Cl (1CI-1SE) -18.2 -28.4

The global minimum structure of Cp,Fe,Clg (Fig. 1) in
which the iron atoms are in the +4 formal oxidation state is
the triplet singly bridged structure 6CI-1T with two unpaired
electrons and a long non-bonding Fe-Fe distance of ~4.0 A.
In 6CI-1T, the bridging chlorine atom (considered as a
neutral ligand) is formally a two-electron donor to one iron
atom and a one-electron donor to the other iron atom, giving
each iron atom the 17-electron configuration. Thus, the
calculated magnetic moment of 6CI-1T is 2.8up.

The lowest energy Cp,Fe,Cls structure 5CI-1Q (Fig. 2)
with the iron atom in an average +3.5 oxidation state is a
trans quartet structure. SCI-1Q has one bridging and four
terminal chlorine atoms with three unpaired electrons, and
the calculated magnetic moment of SCI-1Q is 3.9ug. The
predicted Fe-Fe distance in 5CI-1Q is ~4.0 A, indicating the
absence of a direct iron-iron bond and giving one iron atom
in 5CI-1Q a 16-electron configuration but the other iron
atom a 17-electron configuration.

The lowest lying Cp,Fe,Cly structure 4CI-1T (Fig. 3) with
iron in the formal +3 oxidation state is a trans dibridged triplet
structure, which has two unpaired electrons and the calculated
magnetic moment is 2.8 5. The distance between the two iron
atoms in 4CI-1T is very long, namely, ~3.3 A, clearly indi-
cating the absence of a direct bond. This allows each iron atom
in 4CI-1T to achieve the 17-electron configuration.

The trichloride Cp,Fe,Cl; (Figs. 4 and 5) with one Fe(Il)
atom and one Fe(III) atom is formally a mixed valence com-
pound with an average iron oxidation state of +2.5. The global
minimum Cp,Fe,Cl; structure is the quartet 3CI-1Q (Fig. 4)
with one bridging Cl ligand and two terminal Cl ligands. 3CI-
1Q has three unpaired electrons and the calculated magnetic
moment is 3.9up. The Fe-Fe distance in 3Cl-1Q is ~3.0 A
indicating the lack of a direct iron-iron bond.

The lowest energy structure of the dichloride Cp,Fe,Cl,
2CI-1T is a triplet C, structure with iron in the formal +2
oxidation state as well as two bridging Cl ligands and two
terminal Cp rings (Fig. 6). 2CI-1T has two unpaired

electrons and the calculated magnetic moment of 2CI-1T
is 2.8up. The Fe-Fe distance in 2CI-1T is predicted to be
~2.4 A in accord with the single bond required to give each
iron atom a 17-electron configuration consistent with the
triplet electronic state.

The monochloride Cp,Fe,Cl with one Fe(I) atom and one
Fe(I) atom is formally a mixed oxidation state derivative with
an average iron formal oxidation state of +1.5. The global
minimum 1CI-1SE (Fig. 7) is a sextet structure with one
terminal Cl ligand. 1CI-1SE has five unpaired electrons and
possesses the largest magnetic moment (5.9u) among these
cyclopentadienyliron chlorides. In 1CI-1SE, one iron atom is
bonded to a portion of the two Cp rings but the second iron
atom bonded to a portion of one Cp ring and the Cl ligand.
Structure 1CI-1SE has a Fe-Fe distance of about 2.5 A.

A study of the dissociation reaction Cp,Fe,Cl, —
CpoFe,Cl,— + 1/2 Cl, suggests that the Cp,Fe,Clg and
Cp,Fe,Cls derivatives with the iron atoms in an average +
4 and +3.5 oxidation states, respectively, are likely to be
thermodynamically disfavored molecules. This also proved
that the high-valent iron species have relative instability in
most coordination environments [45]. Whereas, the lowest
energy structures Cp,Fe,Cl; and Cp,Fe,Cly can be formally
derived from the lowest energy Cp,Fe,Cl and Cp,Fe,Cl,
structures by oxidative addition of Cl,, respectively. The
Cp,Fe,Cls, Cp,Fe,Cly and Cp,Fe,Cls structures are predict-
ed to be thermodynamically stable molecules with respect to
endothermic disproportionation reactions.

Conclusions

The lowest energy structures of the cyclopentadienyliron
derivatives Cp,Fe,Cl, (n=6—1) are all predicted to be
high-spin species, which are potential paramagnetic mate-
rials and the calculated magnetic moments are from 2.8y to
5.9up. Compared to the complexes with even number of

Table 3 The Gibbs free energy

changes (kcal mol™) including Reactions B3LYP MPWI1PW91

ZPVE corrections and thermal

corrections for Cp,Fe,Cl,—, + Cp,Fe,Cl (1CI-1SE) + Cl, — Cp,yFe,Cl; (3CI-1Q) -90.1 —96.0

Cl, — CpaFex(l, Cp,Fe,Cly (2CI-1T) + Cl, — Cp,Fe,Cl, (4CI-1T) -63.9 -61.1
Cp,Fe,Cl; (3CI-1Q) + Cl, — Cp,Fe,Cl5(5CI-1Q) 3.7 11.3
Cp,Fe,Cly (4CI-1T) + Cl, — Cp,Fe,Clg (6CI-1T) 26.6 24.7
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chloride atoms, species with odd number of chloride atoms
as well as the iron atoms in the mix oxidation states have
larger magnetic moments, and Cp,Fe,Cl possesses the larg-
est magnetic moment. All of the high-spin species have
terminal Cp rings and bridging chlorine atom up to a max-
imum of two bridges except for Cp,Fe,Cl. The Cp,Fe,Cls,
Cp,yFe,Cly and Cp,yFe,Cl; structures appear to be stable
according to the disproportionation reactions. The lowest
energy Cp,Fe,Cl, (n=3, 4) structures can be formally de-
rived from the lowest energy Cp,Fe,Cl, (n=1, 2) structures
by oxidative addition of Cl,, respectively. However, with
respect to the dissociation reactions Cp,Fe,Cl, —
Cp,Fe,Cl, | + ' Cl,, Cp,FesClg and Cp,Fe,Cls with iron
in the formal +4 and +3.5 oxidation states are likely to be
thermodynamically disfavored molecules.
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