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The electronic structures of the electron-rich Fe(II) acetylide complexes (η2-dppe)(η5-C5-
Me5)Fe(CtCC6H4-X) (1a-j: dppe ) 1,2-bis(diphenylphosphino)ethane; X ) NO2, CN, CF3,
Br, F, H, Me, tBu, OMe, NH2) have been investigated using density functional theory
calculations. The crystal structures of the bromo- (1d), methyl- (1g), methoxy- (1i), and amino-
substituted complexes (1j) are reported to complement the available structural data. The
structural data, the first ionization potentials, and the relevant electronic and vibronic
transitions calculated for the model complexes are compared to the experimental data for
the corresponding Fe(II) complexes among 1a-j. The influence of the X substituent on the
electronic properties is then more specifically investigated by means of linear free-energy
relationships (LFERs). Correlations between the experimental data gathered for 1a-j and
electronic substituent parameters (ESP's) provide additional information on the way the
remote para substituent influences the electronic properties of these Fe(II) acetylide
complexes. This dual theoretical/phenomenological approach gives a consistent picture of
the bonding between the Fe(II) center and the functional phenylacetylide fragment.

Introduction

Over the past decade organometallic molecular as-
semblies incorporating metal atoms in organic π-net-
works have aroused a great deal of interest, owing to
the amazing properties that these combinations seem
to offer.2-5 In particular, architectures featuring a cen-
tral aromatic core exhibit very interesting prospects
for the design of new molecular-sized electronic de-
vices.2q,4,6-15 There is currently a strong need of basic
knowledge in this field in order to better delineate
structure-property relationships, allowing for the de-
sign of new molecular targets best suited to a given goal.
More precisely regarding “M-CtC” units, Manna et al.
already pointed out some years ago that “the question
of π-interactions between the alkynyl ligand and the
metal atom is central to the chemistry and the physical
properties of this fragment”.3 In fact, the “capability”
of the acetylene bridge to convey magnetic or electronic
information is strongly dependent on the interaction

occurring between the alkynyl linker and the metal
center M in a given redox state, as has now been clearly
established by several theoretical and experimental
studies.16-22 To address this question more specifically
in the case of electron-rich organoiron acetylides, we
have studied the family of Fe(II) and Fe(III) [(η2-
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dppe)(η5-C5Me5)Fe(CtCC6H4X)]n+(PF6)n- complexes (1a-
j, n ) 0; 1a+PF6

--1j+PF6
-, n ) 1; dppe ) 1,2-

bis(diphenylphosphino)ethane).

The first paper dealing with this topic was devoted
to the synthesis and characterization of these com-

plexes.1a The electronic influence of the X substituent
on the alkynyl bridge was then studied by means of
vibrational spectroscopy and electric field induced sec-
ond harmonic generation (EFISH).1b,c Infrared (IR)
spectroscopy clearly evidenced the decisive electronic
influence of X on the bond order and on the local
polarization of the alkynyl unit.1b The importance of
mesomeric factors was suggested by linear free energy
relationships (LFERs) involving IR data. Thus, consid-
ering the simple valence bond (VB) scheme that was
initially proposed as a working hypothesis to rationalize
the structural influence of the substituent in Fe(II)
complexes (Scheme 1),1a these contributions have fur-
ther evidenced the decisive role of B in the VB
description.1b

To refine this VB description and also to better
understand the electronic substituent effect in the
vicinity of the iron center, a density functional theory
(DFT) study was conducted on several [(PH3)2(η5-C5H5)-
Fe(CtCC6H4X)]n+(PF6

-)n model complexes (1a-H/1a-
H+PF6

- to 1j-H/1j-H+PF6
-) with varied substituents (n

) 0, 1; X ) NO2, CN, Br, H, OMe, NH2). We have also
pursued our phenomenological investigation of the
substituent effect by correlating other characteristic
thermodynamic or spectroscopic data of Fe(II) acetylides
1a-j with electronic substituent parameters (ESPs).23,24

The new LFERs obtained reveal in an empirical way
the significant substituent effects operative on remote
parts of the molecule. They usefully complement the
theoretical study for analyzing the electronic com-
munication between the metal and the X substituent
in these electron-rich Fe(II) acetylides. Such an under-
standing constitutes an important issue for the design
of new molecular devices based on the “Fe-CtC”
fragment.

Results

X-ray Structures of (η2-dppe)(η5-C5Me5)Fe(CtC)-
1,4-(C6H4)X Complexes with X ) Br (1d), Me (1g),
OMe (1i), NH2 (1j). Complexes 1d,g crystallize in the
triclinic space group with two molecules in the asym-
metric unit, while 1i,j crystallize in the monoclinic space
group with four molecules in the asymmetric unit
(Figures 1-4 and Table 1). Both crystalline arrange-
ments have previously been observed for analogous Fe-
(II) complexes.1a,d The bond distances and angles (Table
2) in the coordination sphere of the metal center appear
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Frenking, G.; Gladysz, J. A. J. Am. Chem. Soc. 1997, 119, 775-788.
(c) Kheradmandan, S.; Heinze, K.; Schmalle, H.; Berke, H. Angew.
Chem., Int. Ed. Engl. 1979, 18, 2270-2273. (d) Bruce, M. I.; Low, P.
J.; Costuas, K.; Halet, J.-F.; Best, S. P.; Heath, G. H. J. Am. Chem.
Soc. 2000, 122, 1949-1962. (e) Paul, F.; Meyer, W.; Jiao, H.; Toupet,
L.; Gladysz, J. A.; Lapinte, C. J. Am. Chem. Soc. 2000, 122, 9405-
9414. (f) Jiao, H.; Gladysz, J. A. New J. Chem. 2001, 25, 551-562. (g)
Jiao, H.; Gladysz, J. A.; Costuas, K.; Halet, J.-F.; Toupet, L.; Paul, F.;
Lapinte, C. J. Am. Chem. Soc. 2003, 125, 9511-9522. (h) Bruce, M. I.;
Ellis, B. G.; Low, P. J.; Skelton, B. W.; White, A. H. Organometallics.
2003, 22, 3184-3198.
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comparable to those commonly encountered in related
piano-stool complexes.1a,d,25 For the 1,4-bromo-, 4-tolyl-,
1,4-methoxy-, and 1,4-aminophenylethynyl ligands, the
triple-bond lengths are in the expected range (i.e. 1.210
Å).3 Considering the experimental standard deviations
(esds), the bond distances of all complexes compare to
those of the unsubstituted complex 1f‚C5H12 (X ) H),1
especially the Fe-C37 bond as well as the C38-C39
bond (1.894 and 1.430 Å, respectively). Bending of the
C37-C38-C39 axis (174.8, 175.8, 176.6, and 177.2° in
1d,g,i,j, respectively) has also previously been observed
with electron-withdrawing substituents.1a Concerning
the X substituents, the complexes 1d,g have classical
bond distances between C42 and X.26 Regarding the
corresponding bond in 1i, the coplanarity of the aryl and
methoxy substituents (dihedral angle of 3.9°) suggests
some conjugation with the ring. However, the slightly

longer C42-O1 (and significantly shorter C45-O1) bond
distances relative to their expected mean values (1.382/
1.383 Å vs 1.370/1.424 Å, respectively) indicate a
dominantly repulsive interaction between these frag-
ments.26 A similar statement can also be made for the
C42-X bond in 1j. Despite the apparent coplanarity
between the amino mean plane and the phenyl ring, the
C42-N1 distance is slightly longer than usually ob-
served for sp2-hybridized amino substituents (1.406 Å
vs 1.394 Å).26

Theoretical Study of the Model Complex Series
[(PH3)2(η5-C5H5)Fe(CtCC6H4X)]n+(PF6

-)n. A careful
analysis of the metal-ligand interactions in the [(PH3)2-
(η5-C5H5)Fe(CtCC6H4X)]n+(PF6

-)n series (n ) 0, 1; X )
NO2, CN, Br, H, OMe, NH2) is necessary to understand
the influence of the X substituent on the properties of
the molecule.

(25) Garcia, M. H.; Robalo, M. P.; Dias, A. R.; Duarte, M. T.;
Weenseleers, W.; Aerts, G.; Govaerts, E.; Cifuentes, M. P.; Hurst, S.;
Humphrey, M. G.; Samoc, M.; Luther-Davies, B. Organometallics 2002,
21, 2107-2118.

(26) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen,
A. G.; Taylor, R. J. Chem. Soc., Perkin Trans. 1987, 2, S1-S19.

Figure 1. Molecular structure of (η2-dppe)(η5-C5Me5)Fe-
(CtC)-1,4-(C6H4)Br (1d).

Figure 2. Molecular structure of (η2-dppe)(η5-C5Me5)Fe-
(CtC)-1,4-(C6H4)Me (1g).

Figure 3. Molecular structure of (η2-dppe)(η5-C5Me5)Fe-
(CtC)-1,4-(C6H4)OCH3 (1i).

Figure 4. Molecular structure of (η2-dppe)(η5-C5Me5)Fe-
(CtC)-1,4-(C6H4)NH2 (1j).
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1. Qualitative Analysis. The schematic extended
Hückel (EH) description of the interaction between
[(Cp)(L)2Fe]+ and [CtCPh]- fragments (Cp ) η5-C5H5,
L ) PH3) is illustrated in Figure 5. The pseudo-
octahedral [(Cp)(L)2Fe]+ fragment possesses four fron-
tier molecular orbitals (FMOs) susceptible to interact
with the organic moiety: one vacant σ-type orbital (3a′),
and three occupied d-type FMOs (1a′, 1a′′, 2a′) related
to the t2g orbital set of an octahedral ML6 system (see
the left-hand side of Figure 5).27 The latter set of orbitals
is composed of two nearly degenerated π-type orbitals,
π⊥ and π|, and a δ-type orbital. The FMOs of the
[CtCPh]- fragment are given on the right-hand side of
Figure 5. Six among them interact with the metallic
fragment: two nondegenerate occupied π-type orbitals,
π| (1a′′) and π⊥ (1a′), a σ-type orbital (2a′), and three
vacant π* orbitals (3a′, 4a′′, and 4a′). The bonding
between the metallic moiety and the arylacetylide
fragment is mainly governed by a strong σ-type interac-
tion between the high-lying σ FMO of the metallic
fragment (3a′) and the occupied FMO of the organic
moiety of the corresponding symmetry (2a′). This leads
to a strong donation from the arylacetylide toward the
metal center. This interaction is augmented by a weaker
π donation mainly from the two π-type metallic FMOs,
1a′′ (π|) and 2a′ (π⊥), to the π* FMOs of the CtCR
fragment (3a′, 4a′ (π⊥*), and 4a′′ (π|*) respectively), as
shown in Figure 5. The highest occupied molecular

orbital (HOMO) of (Cp)(L)2Fe(CtCPh) mainly results
from the antibonding combination of the former with
occupied FMOs of the acetylide ligand. It is roughly
equally delocalized over the Fe atom and the carbon
atoms of the arylacetylide ligand.

The presence of a para substituent X on the aryl ring
slightly modifies the electronic structure of the molecule,
stabilizing or destabilizing the HOMOs. To analyze this
electronic influence, the DFT FMOs of the [CtCC6H4X]-

fragments (X ) NO2, CN, Br, H, OMe, NH2) were
computed (Figure 6). The major effect of this substitu-
tion is a destabilization of the FMOs as the electron-
releasing character of the substituent increases (from
NO2 to NH2). Consequently, both the π and σ framework
of the entire molecule (PH3)2(η5-C5H5)Fe(CtCC6H4X)
are affected. For X ) NO2, an extra nonbonding MO
(28a; see the left-hand side of Figure 6) is also added to
the FMO set previously described for the CtCPh
fragment.

2. DFT-Optimized Geometries and Electronic
Structures of the [(η2-dppe)(η5-C5Me5)Fe(Ct
CC6H4X)]n+(PF6

-)n Series (n ) 0, 1; X ) NO2, CN,
Br, H, OMe, NH2). The geometries of the model com-
plexes 1a-H, 1b-H, 1d-H, 1f-H, 1i-H, and 1j-H and their
corresponding radical cations 1a-H+, 1b-H+, 1d-H+, 1f-
H+, 1i-H+, and 1j-H+ were optimized. These optimiza-
tions were carried out without any symmetry constraint
(see the Experimental Section). The calculated bond
distances for [(H3P)2(η5-C5H5)Fe(CtCC6H4X)]n+(PF6

-)n
models (n ) 0, 1; X ) NO2, CN, Br, H, OMe, NH2) are

(27) Schilling, B. E. R.; Hoffmann, R.; Lichtenberger, D. L. J. Am.
Chem. Soc. 1979, 101, 585-591.

Table 1. Crystal Data, Data Collection Details, and Refinement Parameters for 1d,g,i,j
1d (X ) Br) 1g (X ) Me) 1i (X ) OMe) 1j (X ) NH2)

formula C44H43BrP2Fe C45H46P2Fe C45H46OP2Fe C44H45NP2Fe
fw 769.48 704.61 720.61 705.60
temp (K) 293(2) 293(2) 293(2) 293(2)
cryst syst triclinic triclinic monoclinic monoclinic
space group P1h P1h P21/n P21/c
a (Å) 12.0396(3) 12.1178(2) 12.0199(2) 15.4172(4)
b (Å) 12.2007(3) 12.3138(2) 19.9019(3) 11.0980(3)
c (Å) 15.2532(5) 15.4522(4) 16.0099(3) 22.3218(7)
R (deg) 72.8200(10) 73.213(1) 90.00 90.00
â (deg) 70.8570(10) 71.294(1) 91.7285(6) 107.535(1)
γ (deg) 61.2860(10) 61.120(1) 90.00 90.00
V (Å-3) 1830.52(9) 1887.22(7) 3828.13(11) 3641.8(2)
Z 2 2 4 4
Dcalcd (g cm-3) 1.396 1.204 1.250 1.287
cryst size (mm) 0.22 × 0.18 × 0.18 0.42 × 0.18 × 0.16 0.32 × 0.21 × 0.21 0.35 × 0.22 × 0.20
F(000) 796 744 1520 1488
diffractometer (NONIUS) Kappa CCD Kappa CCD Kappa CCD Kappa CCD
radiation Mo KR Mo KR Mo KR Mo KR
abs coeff (mm-1) 1.622 0.515 0.511 0.534
2θmax (deg) 54 54 60 54
no. of frames 147 162 145 130
Ω rotation (deg) 2.0 2.0 1.7 1.5
rate (s/frame) 400 40 34 75
θ range (deg) 2.07-27.52 1.41-27.49 2.05-27.48 2.00-27.53
hkl range 0-15, -13 to +15,

-18 to +19
0-15, -13 to +15,

-18 to +20
0-15, 0-25, -20 to +20 0-20, 0-14, -28 to +27

total no. of rflns 8347 8618 8761 8371
no. of unique rflns 8347 8618 8761 8371
no. of obsd rflns (I > 2σ(I)) 6582 6120 6755 4907
no. of restraints/params 0/434 0/434 0/443 0/440
aa 0.0469 0.0958 0.0584 0.0875
ba 4.9859 0.2134 1.6870 0.7416
final R 0.0516 0.0516 0.0431 0.055
Rw 0.1243 0.1395 0.1105 0.140
R indices (all data) 0.0741 0.0820 0.0633 0.1175
Rw (all data) 0.1380 0,1618 0.1219 0.1730
goodness of fit/F2 (Sw) 1.063 1.019 1.045 1.005
∆Fmax (e Å-3) 0.67 0.46 0.62
largest diff peak, hole (e Å-3) 0.676, -0.688 0.466, -0.416 0.372, -0.393 0.618, -0.368

a w ) 1/[σ2(Fo)2 + (aP)2 + bP] (where P ) [Fo
2 + Fc

2]/3).
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reported in Table 3, using the numbering shown in
Chart 1, and compared to the available X-ray data of
several [(η2-dppe)(η5-C5Me5)Fe(CtCC6H4X)]n+ com-
plexes (see the Discussion).1a,d,e

The atomic composition of the MOs of Fe(II) acetylides
is given in Table 4. In accordance with the preliminary
qualitative analysis (Figure 5), the first two HOMOs are
localized on the metal-arylacetylide framework. These
are shown in Figure 7 for X ) NO2 (1a-H) and NH2 (1j-
H). The HOMOs of the 1a-H, 1b-H, 1d-H, and 1f-H Fe-
(II) acetylides possess a strong iron and acetylide
â-carbon character (ca. 60% and 22%, respectively).
They correspond to the 2a′′ (π|) MO of the qualitative
diagram shown in Figure 5. For 1i-H and 1j-H, the 3a′
(π⊥) MO (see Figure 5) becomes the HOMO of the system
and shows a larger phenyl and X character (see Table
4). For all of the systems except X ) NO2, the LUMO is
an Fe-Cp antibonding orbital (corresponding to the 4a′′
MO of the qualitative diagram shown in Figure 5). With
X ) NO2 (1a-H), the corresponding MO is LUMO-1,
which is 0.13 eV higher in energy than the LUMO and
is localized on the aryl-NO2 moiety.28

With the exception of the NO2-containing complex 1a-
H, the HOMO-LUMO gap slightly decreases as the
substituent becomes more electron-releasing (Figure 8
and Table 5). This exception is due to an NO2 ligand
orbital which inserts between the HOMO and the first
antibonding vacant orbital. This peculiar structure
might impart slightly different optical properties to 1a
with respect to the rest of the series.29 As expected, with
the more electron donating substituents (X ) OMe,
NH2), the HOMO is slightly destabilized with respect
to the other substituents, leading to a smaller HOMO-
LUMO gap.

(28) The theoretical study of the model complex 1a-H with the (4-
nitrophenyl)alkynyl ligand in a different conformation (i.e. perpen-
dicular to the Cp plane) and with an imposed Cs symmetry has recently
been reported: the different conformation and symmetry apparently
leads to slightly different electronic transition energies.19c

(29) Barlow, S.; Bunting, H. E.; Ringham, C.; Green, J. C.; Bublitz,
G. U.; Boxer, S. G.; Perry, J. W.; Marder, S. R. J. Am. Chem. Soc. 1999,
121, 3715-3723.

Table 2. Selected Bond Lengths (Å) and Angles
(deg) for 1d,g,i,j

1d (X )
Br)

1g (X )
Me)

1i (X )
OMe)

1j (X )
NH2)

Bond Lengths
Fe-Cp*centroid 1.738 1.738 1.740 1.745
Fe-P1 2.1805(10) 2.1829(8) 2.1789(6) 2.1843(10)
Fe-P2 2.1906(10) 2.1924(7) 2.1884(6) 2.1875(10)
Fe-C37 1.898(4) 1.896(3) 1.899(2) 1.916(4)
C37-C38 1.222(5) 1.220(4) 1.215(3) 1.216(5)
C38-C39 1.440(5) 1.440(4) 1.437(3) 1.439(5)
C39-C40 1.408(5) 1.400(4) 1.383(3) 1.387(5)
C40-C41 1.389(5) 1.373(4) 1.378(4) 1.389(5)
C41-C42 1.379(6) 1.375(4) 1.377(4) 1.374(6)
C42-C43 1.394(5) 1.381(5) 1.383(3) 1.392(6)
C43-C44 1,393(5) 1.376(5) 1.387(3) 1.373(5)
C44-C39 1.405(5) 1.404(4) 1.389(3) 1.394(5)
C42-Br1 1.904(4)
C42-C45 1.512(4)
C42-O1 1.382(3)
C45-O1 1.383(4)
C42-N1 1.406(5)

Bond Angles
P1-Fe-P2 86.36(4) 86.25(3) 86.50(2) 85.87(4)
P1-Fe-C37 83.08(10) 82.91(8) 82.37(7) 86.74(11)
P2-Fe-C37 86.69(11) 86.03(8) 86.30(7) 80.20(11)
Fe-C37-C38 177.9(3) 178.7(3) 178.1(2) 177.2(3)
C37-C38-C39 174.8(4) 175.8(3) 176.6(2) 172.8(4)
C40-C39-C44 117.2(3) 116.5(3) 116.8(2) 115.8(3)
C41-C42-C43 120.9(3) 116.9(3) 119.7(2) 118.7(2)
C41-C42-Br1 120.4(3)
C43-C42-Br1 118.6(3)
C41-C42-C45 120.9(3)
C43-C42-C45 122.2(3)
C41-C42-O1 115.7(2)
C43-C42-O1 124.6(2)
C42-O1-C45 118.9(2)
C41-C42-N1 121.2(4)
C43-C42-N1 120.8(4)
Fe-Cp*centroid/

C39-C40a
83.5 77.4 -65.4 105.9

a Dihedral angle (Cp* ) pentamethylcyclopentadienyl ligand).

Figure 5. EH interaction diagram between the frontier
orbitals of the [(PH3)2(η5-C5H5)Fe]+ and the [(CtC)-1,4-
(C6H5)]- fragments.

Figure 6. Energy (eV) of the frontier orbitals of the [(Ct
C)-1,4-(C6H4)X]- fragment (X ) NO2, CN, Br, H, OMe,
NH2).

Chart 1
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Calculations on the Fe(III) cationic species reveal
that the HOMO of the neutral compound is formally
depopulated upon oxidation. Atomic Hirshfeld charges
for the neutral and cationic compounds are given in
Table 6.

3. Energy Decomposition of the Fe-C Bond in
Fe(II) Acetylides. The Fe-C bond dissociation energy
was computed for 1a-H-1j-H of Cs symmetry, consider-
ing an heterolytic process, i.e. the bonding energy (BDE)
between [(H3P)2(η5-C5H5)Fe]+ and [(CtC)-1,4-(C6H4)X]-

fragments. The latter can be split according to the
general transition state method of Ziegler and Rauk (eq

Table 3. Selected Bond Distances (Å) Computed
for [(PH3)2(η5-C5H5)Fe(CtCC6H4-X)]n+(PF6

-)n
Compared to the X-ray Data Available for the
[(η2-dppe)(η5-C5Me5)Fe(CtCC6H4X)]n+(PF6

-)n
Complexes (n ) 0, 1; X ) NO2, CN, Br, H, OMe,

NH2)a

1a-H 1a-H+ 1b-H 1b-H+

X NO2 NO2 CN CN

Fe-Ca 1.89 (1.88) 1.85 (1.89) 1.89 (1.88) 1.85 (1.89)
Ca-Cb 1.24 (1.22) 1.24 (1.21) 1.24 (1.22) 1.25 (1.22)
Cb-C1 1.42 (1.42) 1.42 (1.44) 1.42 (1.43) 1.42 (1.44)
C1-C2 1.42 (1.41) 1.41 (1.39) 1.42 (1.39) 1.42 (1.40)
C2-C3 1.38 (1.36) 1.39 (1.38) 1.39 (1.36) 1.38 (1.38)
C3-C4 1.40 (1.37) 1.39 (1.36) 1.41 (1.39) 1.41 (1.40)
C4-C5 1.40 (1.37) 1.39 (1.36) 1.41 (1.38) 1.41 (1.40)
C5-C6 1.39 (1.37) 1.39 (1.38) 1.39 (1.37) 1.38 (1.39)
C6-C1 1.42 (1.39) 1.41 (1.39) 1.42 (1.41) 1.42 (1.40)
Fe-Cpb 1.75 (1.74) 1.79 (1.79) 1.74 (1.74) 1.79 (1.77)
Fe-P 2.26 (2.19) 2.31 (2.24) 2.26 (2.19) 2.33 (2.25)

2.26 (2.18) 2.31 (2.26) 2.26 (2.18) 2.31 (2.27)
C4-X 1.46 (1.45) 1.48 (1.47) 1.43 (1.44) 1.43 (1.43)
δc 90 (116) 90 (90) 90 (109) 86 (90)

1d-H 1d-H+ 1f-H 1f-H+ d

X Br Br H H

Fe-Ca 1.91 (1.90) 1.85 (1.88) 1.91 (1.89) 1.85 (1.92)
Ca-Cb 1.24 (1.22) 1.25 (1.23) 1.24 (1.21) 1.25 (1.21)
Cb-C1 1.42 (1.44) 1.41 (1.43) 1.43 (1.43) 1.41 (1.44)
C1-C2 1.42 (1.41) 1.42 (1.41) 1.41 (1.38) 1.42 (1.41)
C2-C3 1.39 (1.39) 1.39 (1.38) 1.39 (1.38) 1.39 (1.34)
C3-C4 1.39 (1.38) 1.40 (1.38) 1.40 (1.34) 1.40 (1.39)
C4-C5 1.39 (1.39) 1.40 (1.39) 1.40 (1.36) 1.40 (1.38)
C5-C6 1.39 (1.39) 1.39 (1.38) 1.39 (1.38) 1.39 (1.40)
C6-C1 1.41 (1.40) 1.42 (1.40) 1.41 (1.38) 1.42 (1.36)
Fe-Cpb 1.74 (1.74) 1.78 (1.78) 1.74 (1.74) 1.78 (1.77)
Fe-P 2.26 (2.19) 2.29 (2.25) 2.26 (2.17) 2.28 (2.25)

2.26 (2.18) 2.32 (2.26) 2.26 (2.19) 2.31 (2.26)
C4-X 1.95 (1.90) 1.92 (1.90) 1.09 1.09
δc 90 (83) 85 (90) 90 (111) 92 (41)

1i-H 1i-H+ 1j-H 1j-H+

X OMe OMe NH2 NH2

Fe-Ca 1.91 (1.90) 1.85 (1.89) 1.91 (1.92) 1.84 (1.86)
Ca-Cb 1.24 (1.21) 1.25 (1.22) 1.24 (1.22) 1.25 (1.22)
Cb-C1 1.43 (1.44) 1.40 (1.44) 1.43 (1.44) 1.40 (1.43)
C1-C2 1.41 (1.38) 1.42 (1.41) 1.41 (1.39) 1.43 (1.41)
C2-C3 1.39 (1.38) 1.37 (1.38) 1.39 (1.37) 1.38 (1.38)
C3-C4 1.40 (1.38) 1.41 (1.40) 1.41 (1.39) 1.42 (1.39)
C4-C5 1.40 (1.38) 1.41 (1.39) 1.40 (1.37) 1.42 (1.42)
C5-C6 1.39 (1.39) 1.38 (1.39) 1.39 (1.39) 1.37 (1.36)
C6-C1 1.41 (1.39) 1.42 (1.40) 1.41 (1.44) 1.42 (1.41)
Fe-Cpb 1.74 (1.74) 1.78 (1.78) 1.74 (1.74) 1.78 (1.77)
Fe-P 2.26 (2.19) 2.29 (2.24) 2.27 (2.19) 2.30 (2.25)

2.26 (2.18) 2.30 (2.26) 2.26 (2.18) 2.30 (2.24)
C4-X 1.38 (1.38) 1.35 (1.37) 1.41 (1.41) 1.36 (1.37)
δc 87 (115) 96 (97) 89 (106) 90 (24)

a Refer to Chart 1 for labeling (experimental values are given
in parentheses). b Cp ) Cp centroid. c Dihedral angle Fe-Cp-C1-
C6. d Experimental value given for a selected molecule in the
asymmetric unit.1e

Table 4. Energy, Electron Occupancy, and FMO
Decomposition of (PH3)2(η5-C5H5)Fe(CtCC6H4X)

Model Complexes (X ) NO2, CN, Br, H, OMe, NH2)
MO for 1a-H (X ) NO2)

55a 54a 53a 52a 51a 50a 49a 48a 47a

e (eV) -1.39 -1.27 -2.90 -3.03 -4.64 -4.83 -5.27 -6.04 -6.15
occ 0 0 0 0 2 2 2 2 2
% Fe 14 61 55 2 61 53 69 48 1
% Cp 23 21 23 0 8 3 8 20 0
% P 3 5 17 0 2 0 2 3 0
% Ca 1 3 0 7 6 8 4 18 1
% Cb 0 0 0 0 22 17 4 4 0
% C

(Ph)
3 0 0 28 0 15 5 22 0

% NO2 2 0 0 63 0 4 1 2 97

MO for 1b-H (X ) CN)

51a 50a 49a 48a 47a 46a 45a 44a 43a

e (eV) -1.31 -2.13 -2.19 -2.82 -4.55 -4.70 -5.17 -5.89 -6.34
occ 0 0 0 0 2 2 2 2 2
% Fe 0 18 44 56 61 51 68 50 25
% Cp 0 7 13 23 8 2 9 2 2
% P 0 11 4 16 2 0 2 0 1
% Ca 0 14 10 0 6 9 5 16 42
% Cb 0 0 0 0 22 17 3 2 27
% C

(Ph)
100 47 16 0 0 16 5 22 0

% CN 0 13 5 0 0 3 1 5 0

MO for 1d-H (X ) Br)

50a 49a 48a 47a 46a 45a 44a 43a 42a

e (eV) -1.11 -1.36 -1.96 -2.61 -4.33 -4.40 -4.95 -5.57 -6.06
occ 0 0 0 0 2 2 2 2 2
% Fe 0 3 57 55 59 44 68 53 26
% Cp 0 1 19 23 8 2 9 1 2
% P 1 1 5 16 2 0 2 0 1
% Ca 0 15 9 0 6 12 5 7 41
% Cb 0 2 0 0 22 18 2 1 27
% C

(Ph)
97 68 0 0 0 19 5 21 0

% Br 0 3 0 0 0 3 1 9 0

MO for 1f-H (X ) H)

47a 46a 45a 44a 43a 42a 41a 40a 39a

e (eV) -0.95 -1.10 -1.83 -2.48 -4.18 -4.24 -4.80 -5.46 -5.88
occ 0 0 0 0 2 2 2 2 2
% Fe 13 7 56 55 59 45 67 56 0
% Cp 1 2 18 23 8 2 9 2 0
% P 19 7 6 17 2 0 2 0 0
% Ca 5 11 9 0 7 12 5 14 0
% Cb 0 1 0 0 23 19 2 2 0
% C

(Ph)
27 50 0 0 0 20 6 22 100

% H 0 0 0 0 0 0 0 0 0

MO for 1i-H (X ) OMe)

53a 52a 51a 50a 49a 48a 47a 46a 45a

e (eV) -0.82 -0.95 -1.74 -2.41 -4.04 -4.13 -4.66 -5.21 -5.83
occ 0 0 0 0 2 2 2 2 2
% Fe 2 16 56 57 35 57 64 57 24
% Cp 0 0 16 21 0 5 6 0 0
% P 3 27 9 18 0 0 1 0 0
% Ca 7 2 8 0 13 6 4 5 38
% Cb 0 0 0 0 16 21 0 0 24
% C

(Ph)
85 11 0 0 23 0 4 20 0

%
OMe

1 0 0 0 4 0 2 7 0

MO for 1j-H (X ) NH2)

50a 49a 48a 47a 46a 45a 44a 43a 42a

e (eV) -0.72 -0.91 -1.70 -2.36 -3.91 -4.08 -4.59 -5.07 -5.77
occ 0 0 0 0 2 2 2 2 2
% Fe 0 17 56 54 30 59 65 62 27
% Cp 0 3 18 23 1 7 10 0 2
% P 0 20 7 17 0 2 3 0 1
% Ca 0 1 9 0 16 7 4 1 40
% Cb 0 0 0 0 15 23 0 2 25
% C

(Ph)
99 6 0 0 28 0 7 18 0

% NH2 0 0 0 0 9 0 3 11 0

2058 Organometallics, Vol. 23, No. 9, 2004 Costuas et al.
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1) into separate terms (see the Experimental Section
for computational details).30,31

∆Eorb itself can further be decomposed into contribu-
tions representing the σ donation (∆Eσ), the metal-to-

ligand back-donation (∆EπMfL), and the ligand-to-metal
forward-donation (∆EπLfM) terms (Table 7).

The Pauli term in the Fe-C bond is mostly due to a
repulsive interaction between the filled π orbitals of the
acetylide and the filled π-type orbitals (with strong d
character) of the metallic fragment. This term decreases
throughout the series, corresponding to an increasing
repulsive interaction. Its variations dominate those
corresponding to the ∆EπMfL and ∆EπLfM terms (i.e.
bonding contributions to the BDE). The latter are
identified as back-bonding (∆EπMfL terms), which cor-
responds to a net electron transfer from occupied
metallic orbitals toward the empty π* orbitals of the

(30) Ziegler, T.; Rauk, A. Inorg. Chem. 1979, 18, 1558-1565.
(31) Bickelhaupt, F. M.; Baerends, E. J. Rev. Comput. Chem. 2000,

15, 1-86.

Figure 7. Plot of the HOMO (left) and HOMO-1 (right) of (H3P)2(η5-C5H5)Fe(CtC)-1,4-(C6H4)X complexes: (a, b) X )
NO2; (c, d) X ) NH2. The contour value is 0.05 [e/bohr3]1/2.

Figure 8. Energy (eV) of the frontier orbitals of the complexes (H3P)2(η5-C5H5)Fe(CtC)-1,4-(C6H4)X (1a-H-1j-H; X )
NO2, CN, Br, H, OMe, NH2).

Table 5. HOMO-LUMO Gaps (∆E) for
[(PH3)2(η5-C5H5)Fe(CtCC6H4X)]n

+(PF6
-)n Model

Complexes (n ) 0, 1; X ) NO2, CN, Br, H, OMe, NH2)
and Ionization Potentials for Fe(II) Parents (n ) 0)

1a-H 1b-H 1d-H 1f-H 1i-H 1j-H

X NO2 CN Br H OMe NH2

∆E 1.610 1.733 1.723 1.700 1.632 1.543
IPa 6.665 6.571 6.301 6.222 5.941 5.817
∆IPb 0.140 0.140 0.143 0.101 0.161 0.209

a Vertical IPs. b ∆IP ) IP(vertical) - IP(adiabatic).

BDE(∆H) ) ∆Eel + ∆Eorb + ∆EPauli (1)

Electron-Rich Piano-Stool Iron σ-Acetylides Organometallics, Vol. 23, No. 9, 2004 2059
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alkynyl ligand, and forward-bonding (∆EπLfM terms),
which corresponds to the transfer of electronic density
from the filled π MO of the acetylide fragment to empty
MOs of the metallic fragment. For compounds with
substituents presenting ESPs with relatively “moderate”
values (1d-H-1i-H), the variations of ∆EπMfL and
∆EπLfM terms partly cancel each other. This indicates
an overall constancy of the bonding π interactions in
these complexes. Similar trends are observed in both
the perpendicular and parallel π manifold relative to
the phenyl plane, but as expected, the changes are less
pronounced in the π manifold which is not conjugated
with the substituent (see the Experimental Section).

Hammett Linear Free Energy Relationships for
Fe(II) Acetylides. Although the Hammett methodology
is often criticized because of its essentially empirical
foundation, it constitutes an interesting way to inves-
tigate more specifically the influence of the X substitu-

ent on various electronic properties of the [(η2-dppe)(η5-
C5Me5)Fe(CtCC6H4X)]n+(PF6

-)n complexes (n ) 0, 1; X
) NO2, CN, CF3, Br, F, H, Me, tBu, OMe, NH2).1b Thus,
in conjunction with the DFT computations presently
made for the model complexes [(PH3)2(η5-C5H5)Fe(Ct
CC6H4X)]n+(PF6

-)n (n ) 0, 1; X ) NO2, CN, Br, H, OMe,
NH2), we have looked for linear free energy relation-
ships (LFERs) with electronic substituent parameters
(ESPs), involving characteristic redox and spectroscopic
data of the experimentally isolated complexes.

A very good linear correlation (R ) 0.99; eq 2) is
obtained between the σ Hammett ESPs32 and the redox
potentials corresponding to the iron-centered Fe(III)/Fe-
(II) oxidation of 1a-j (Figure 9). The weak solvent

dependence of the slope confirms the dominant in-
tramolecular nature of the electronic effect. The positive
slope reflects the fact that an electron-releasing sub-
stituent renders the iron-centered oxidation more facile,
whereas an electron-withdrawing one has the reverse
effect and shifts it anodically.

Correlation of the energy (in cm-1) of the lowest lying
electronic (MLCT) transition in 1a-j with σ gives a poor
linear fit (R ) 0.88). However, a much better fit is
obtained when the σ- ESPs are used in place of σ
(R ) 0.95; Figure 10 and eq 3).32 The negative slope
reflects the bathochromic shift exerted by electron-
withdrawing substituents, while the use of σ- reveals

(32) Hansch, C.; Leo, A.; Taft, R. W. Chem. Rev. 1991, 91, 165-
195.

Table 6. Calculated Hirshfeld Charges for [(PH3)2(η5-C5H5)Fe(CtCC6H4X)]n
+(PF6

-)n Complexes (n ) 0, 1; X
) NO2, CN, Br, H, OMe, NH2)

1a-H 1a-H+ 1b-H 1b-H+ 1d-H 1d-H+ 1f-H 1f-H+ 1i-H 1i-H+ 1j-H 1j-H+

X NO2 NO2 CN CN Br Br H H OMe OMe NH2 NH2

Fe -0.073 +0.009 -0.074 +0.001 -0.076 -0.014 -0.076 -0.011 -0.078 -0.025 -0.078 -0.032
Ca -0.157 -0.140 -0.162 -0.136 -0.170 -0.130 -0.174 -0.133 -0.178 -0.128 -0.179 -0.128
Cb -0.110 -0.011 -0.114 -0.020 -0.118 -0.036 -0.114 -0.026 -0.118 -0.050 -0.118 -0.058
C1 +0.014 +0.013 +0.010 +0.015 +0.003 +0.014 -0.001 +0.011 -0.013 +0.009 -0.016 +0.008
C2 -0.048 -0.033 -0.051 -0.030 -0.051 -0.024 -0.059 -0.031 -0.058 -0.025 -0.058 -0.026
C3 -0.046 -0.029 -0.041 -0.020 -0.066 -0.041 -0.060 -0.032 -0.080 -0.053 -0.079 -0.049
C4 +0.019 +0.040 -0.005 +0.028 -0.010 0.023 -0.066 -0.016 +0.060 0.105 +0.033 +0.080
C5 -0.046 -0.029 -0.041 -0.021 -0.066 -0.041 -0.060 -0.031 -0.074 -0.045 -0.079 -0.049
C6 -0.048 -0.033 -0.051 -0.032 -0.051 -0.025 -0.059 -0.031 -0.056 -0.028 -0.058 -0.025
X +0.190 +0.206 +0.060 +0.076 -0.047 +0.066 +0.045 +0.070 -0.117 -0.070 -0.205 -0.125

Table 7. Heterolytic Bond Energies (BDEs) and
Bond Energy Decomposition of the Fe-C Bond in
(PH3)2(η5-C5H5)Fe-CtCC6H4X Complexes (X ) NO2,

CN, Br, H, OMe, NH2)
1a-H 1b-H 1d-H 1f-H 1i-Ha 1j-H

X NO2 CN Br H OMe NH2

∆EPauli -7.37 -7.37 -7.58 -7.61 -7.36 -8.10

∆Eorb
b +3.82 +3.97 +3.85 +3.79 +3.91 +4.23

∆Eσ +1.74 +1.95 +1.86 +1.85 +1.90 +2.15
∆EπMfL +1.68 +1.59 +1.52 +1.44 +1.48 +1.52
∆EπLfM +0.40 +0.43 +0.47 +0.50 +0.53 +0.56

∆Eel +10.20 +10.19 +10.47 +10.69 +10.56 +11.06

BDE(∆H) +6.66 +6.77 +6.72 +6.87 +7.13 +7.16
a Obtained for the less stable conformation with the OMe

substituent perpendicular to the phenyl ring. b ∆Eorb ) ∆Eσ +
∆EπMfL + ∆EπLfM (i.e. the sum of the three values given in
italics).

Figure 9. Plot of the Fe(III)/Fe(II) oxidation potentials (V)
of the complexes [(η2-dppe)(η5-C5Me5)Fe(CtC)-1,4-(C6H4)X]+-
(PF6)- (X ) NO2, CN, CF3, F, Br, H, Me, tBu, OMe, NH2)
vs Hammett ESPs (σ) in CH2Cl2.

Figure 10. a. Plot of the MLCT energy (cm-1) vs σ- ESPs
for (η2-dppe)(η5-C5Me5)Fe(CtC)-1,4-(C6H4)X complexes (X
) NO2, CN, CF3, F, Br, H, Me, tBu, OMe, NH2).

E0 (V) ) 0.157σ - 0.154 (2)
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the dominance of mesomeric interactions in this sub-
stituent effect.

Finally, a very good correlation is obtained as well
with the 13C NMR shifts of the R-carbon of the acetylide
ligand (Figure 11) using σ- (eq 4a; R ) 0.99). This
clearly indicates that the strongest electron-withdraw-
ing substituents induce a marked deshielding of the
corresponding 13C NMR shift. In contrast, a very poor
correlation is stated for the 13C NMR shift of theâ-
carbon atom with σ- ESPs (eq 4b; R ) 0.78).

Discussion

Electronic Structures of Electron-Rich Fe(II)
and Fe(III) Model Complexes. DFT calculations
indicate overall an energetic ordering and spatial dis-
tribution of the frontier MO’s similar to that previously
found for piano-stool Fe(II) acetylide complexes contain-
ing electron-poorer metal fragments, such as (CO)2(η5-
C5H5)Fe-CtCPh (2) for instance.16-18 In accordance

with the more electron-rich nature of the metal center
in complexes 1a-H-1j-H, the occupied frontier orbitals
are slightly higher in energy than in 2.16,19,20b Due to
the σ-polarization of the M-C bond with electron-rich
metal centers, the R-acetylide carbon atom is more
negatively charged in these complexes than in 2. A
similar feature was also recently noticed by Low and
co-workers from DFT calculations carried out on the
related model complexes 3a-3c.20b Similarly to 2 and
despite the more electron-releasing nature of the
“(Ph3P)2(η5-C5H5)Fe” fragment relative to ”(CO)2(η5-
C5H5)Fe”, the largest ligand-based contribution to the
HOMO comes from the â-carbon atom of the Fe-CtC
fragment along the whole series from 1a-H to 1j-H
(Table 4), regardless of the nature of the X substituent.18a

Upon oxidation, the negative charge on the Fe-CtC
fragment decreases, the largest change taking place at
the metal center.33 The metal atom itself bears some
positive charge only with the most electron-withdrawing
substituents (X ) NO2, CN, Br). The acetylide ligand
still carries a negative charge, with most of it located
at CR. The electronic structures of the Fe-CtC frag-
ment in Fe(III) model complexes 1a-H+-1j-H+ resemble
those of their Fe(II) parents, a slight shortening being
computed for the Fe-C bond upon oxidation. This can

easily be understood by considering the counteracting
structural influences operating at this fragment upon
oxidation. Indeed, oxidation (i) diminishes the metal-
to-acetylide back-donation due to contraction of the
metal orbitals but oppositely (ii) promotes M-C bonding
by transforming a repulsive four-electron-two-orbital
π-type interaction into a more favorable three-electron-
two-orbital one. This results in the strengthening of the
σ-type interaction between the metal and the acetylide
fragment.17a,19a As a result, neither the Fe-C nor the
CtC bond lengths constitute truly reliable tags for
probing the oxidation state of the metal center, as
already stated for (η2-dppe)(C5Me5)Fe fragments in
polynuclear analogues.15b,c This statement is confirmed
by the X-ray data (see below).1a,e

Substituent Effect on the Strength of the Fe-C
Bond in Fe(II) Model Complexes. The heterolytic
Fe-C bond energies (BDE) were derived for Fe(II)
model complexes with imposed Cs symmetry (Table 7).
The data show an overall increase of 7% in the total
Fe-C BDE on going from the nitro to the amino
substituent, relative to the mean value for the series
(6.88 eV/158.6 kcal). This is a relatively important effect
(ca. 11 kcal) for a substituent positioned six bonds apart,
which reveals the capability of the phenylalkynyl spacer
to efficiently convey electronic interactions. This sig-
nificant increase actually results from interplay of
conflicting influences, as revealed by the decomposition
of the bond energy made, as shown hereafter (eq 1).34

The present computations indicate that, for all com-
plexes, net back-bonding (∆EπMfL) largely overcomes
net forward-bonding (∆EπLfM). For electron-poorer
acetylides such as 2, Lichtenberger and others have
shown that the repulsive d-π interaction dominates
over π interactions and that back-donation is at best
very small.16,17a,c,18a Back-donation is still weak for the
compounds 1a-j but appears to be relatively more
important than in 2. Indeed, it represents a sizable
contribution to the bond energy, especially for the
compounds bearing the most electron-withdrawing sub-
stituents such as 1a-H and 1b-H, where it amounts to
more than 15% of the total heterolytic BDE (Table 7).

As shown in Figure 12a, when the data are plotted
with respect to σ ESPs, back-donation, represented by
∆EπMfL, first decreases along the series from 1a-H to(33) For all Fe(III) model complexes 1a-H+-1j-H+, calculations

indicate that the electronic hole is mostly located on the metal
fragment. In the corresponding Ru complex 3a, approximately half of
the positive charge originates from the metal center and half from the
alkynyl ligand.20b

(34) Ziegler, T. Metal-Ligand Interactions: From Atoms, to Clusters,
to Surfaces; Kluwer: Dordrecht, The Netherlands, 1992.

ΕMLCT (cm-1) ) -7622 σ- + 28 876 (3)

δCR (ppm) ) 20.20σ- + 136.6 (4a)

δCâ (ppm) ) 2.3σ- + 119.8 (4b)

Figure 11. Plot of the alkynyl 13C NMR shifts (ppm) of
CR (b) and Câ (O) vs σ- ESPs for (η2-dppe)(η5-C5Me5)Fe-
(CtC)-1,4-(C6H4)X complexes (X ) NO2, CN, CF3, F, Br,
H, Me, tBu, OMe, NH2).
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1f-H and then increases slightly again for 1i-H and 1j-
H, which bear the less electron-withdrawing substitu-
ents. In contrast, forward-donation increases steadily
from 1a-H to 1j-H, giving a very good linear correlation
with Hammett ESPs (R ) 0.99). With these ESPs, a
comparable linear correlation (Figure 12b) is observed
with the ∆EPauli + ∆EπMfL + ∆EπLfM sum (R ) 0.99).35

This sum, which increases for electron-withdrawing X
substituents, can be viewed as representing roughly the
relative stabilization originating from π electronic over-
lap along the Fe-C bond. Consequently, the important
decrease of the Fe-C π bond order stated for electron-
releasing substituents mainly results not only from an
enhancement of the repulsive four-electron-two-orbital
d-π interactions between the Fe(II) center and the
R-acetylide carbon atom but also, to a smaller extent,
from the concomitant decrease of the stabilizing metal-
to-ligand back-bonding π interactions. Finally, a good
linear correlation (R ) 0.99) is also obtained with the
∆Eelect term (Figure 12b).35 In contrast with the previous
π contribution, this contribution becomes more and more
stabilizing as the electron-releasing capability of the X
substituent increases. This reflects the increasing elec-
trostatic stabilization of the Fe-C bonding, which is also
concomitant with a decrease of its local polarization
(Table 6). This contribution is mostly responsible for
the computed increase in heterolytic BDE from 1a-H
to 1j-H.

Computed vs Experimental Data for Fe(II) and
Fe(III) Acetylides. Comparison between theoretical
data computed for 1a-H/1a-H+PF6

- through 1j-H/1j-H+-
PF6

- and the experimental data gathered for 1a/1a+-
PF6

- through 1j/1j+PF6
- provides a simple way to

validate the predictive values of computationally sim-
pler model complexes for discussing the electronic
properties of the latter.

1. Bond Lengths. For all the Fe(II) and Fe(III)
acetylides, DFT-computed Fe-Cpcentroid and Fe-P bond
distances (Table 3) are systematically a few hundredths
of an angstrom longer than the corresponding X-ray
values (ca. 0.05 and 0.07 Å, respectively). Similarly, the
computed Fe-CR bond lengths are respectively slightly
longer and shorter (0.01-0.05 Å) in the Fe(II) and

Fe(III) model complexes than in the solid-state struc-
tures. To some extent, this can be ascribed to the use of
C5H5 and PH3 ligands in place of C5Me5 and dppe,
respectively.22d,36 The computed Fe-CR bond lengths
appear to be hardly affected by the nature of the X
substituent. They slightly lengthen in Fe(II) model
complexes from 1.89 Å for 1a-H (X ) NO2) to 1.91 Å for
1j-H (X ) NH2) and conversely shorten in Fe(III)
complexes from 1.85 Å for 1a-H+ (X ) NO2) to 1.84 Å
for 1j-H+ (X ) NH2). Such a trend is also apparent in
the X-ray data for 1a/1a+PF6

- through 1j/1j+PF6
-.1a,e

Calculations suggest an overall quinone-like deforma-
tion of the functional aryl group of the 1,4-arylethynyl
ligand in Fe(II) acetylides. Experimentally, this is
hardly detectable, given the esds.1a In fact, after oxida-
tion of the metal center, the bond distances within the
phenylethynyl core are not significantly altered, accord-
ing to the X-ray data. The largest change takes place
in the metal atom coordination sphere and around the
X substituent. Thus, a slight expansion of the coordina-
tion sphere is observed, which results from the de-
creased back-donation toward the cyclopentadienyl and
phosphorus FMOs.37 Actually, a lengthening of the Fe-
Cp*centroid and Fe-P distances of 0.02-0.05 and 0.02-
0.07 Å, respectively, is stated for all compounds upon
oxidation. Conversely, an overall shortening (ca. 0.01
Å) takes place for the Fe-CR bond. However, in agree-
ment with the DFT data, the contraction is slightly
overestimated by the computations (0.04-0.06 Å). In-
terestingly, all conformations found after geometry
optimization show a dihedral angle among the Fe atom,
the Cp centroid, and the phenyl ring of close to 90°,
which roughly corresponds to the conformations ob-
served in the solid state. In conclusion, the agreement
between theoretical and experimental values is quite
satisfactory. With a maximum deviation of 0.05 Å, the
few discrepancies existing with the experimental bond
distances remain within experimental error. The weak
structural differences between the Fe(II) and Fe(III)
parents suggest already that λin, the internal contribu-
tion of the reorganization energy (λ ) λin + λout)
associated with the oxidation of the Fe(II) center, will
be weak (see below).38

2. Ionization Potentials. Gas-phase vertical ioniza-
tion potentials (IPs) were computed for the Fe(II)
acetylide complexes (Table 5). These data can be com-
pared to the corresponding redox potential values
derived from cyclic voltammetry (CV) experiments.
Indeed, for redox species with similar diffusion rates at
the electrode, a simple relationship between gas-phase
IPs and redox potentials can be derived from thermo-
chemical cycles (eq 5).39 In eq 5, the ∆(∆F°)solv term

()∆F°[Fe(II)]solv - ∆F°[Fe(III)]solv) mainly corresponds
to the change in free energy of solvation between the
two redox species involved in the process and is mostly

(35) The data for the methoxy compound 1i-H have been omitted,
since these values do not correspond to the most stable conformation.

(36) Costuas, K.; Saillard, J.-Y. Organometallics 1999, 18, 2505-
2512.

(37) Orpen, A. G.; Connelly, N. G. Organometallics 1990, 9, 1206-
1210.

(38) Astruc, D. Electron Transfer and Radical Processes in Transi-
tion-Metal Chemistry; VCH: New York, 1995.

(39) Streitweiser, A., Jr. Molecular Orbital Theory for Organic
Chemists; Wiley: London, 1961.

Figure 12. Plots of relative energies (eV) for various
contributions to the heterolytic BDE computed for
(PH3)2(η5-C5H5)Fe(CtC)-1,4-(C6H4)X complexes (X ) NO2,
CN, Br, H, OMe, NH2) vs Hammett ESPs (σ): (a) (∆EπMfL)x
- (∆EπMfL)H (b) and (∆EπLfM)x - (∆EπLfM)H (O); (b)
(∆EPauli+ ∆EπMfL + ∆EπLfM)x - (∆EPauli + ∆EπMfL +
∆EπLfM)H (b) and (∆Eelec)x - (∆Eelec)H (O).

E° (V) ) (IP)gas + ∆(∆F°)solv + Csolv (5)

2062 Organometallics, Vol. 23, No. 9, 2004 Costuas et al.

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Ju
ly

 4
, 2

00
9

Pu
bl

is
he

d 
on

 M
ar

ch
 2

3,
 2

00
4 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

03
06

30
k



determined by the solvent used. In addition, this term
also incorporates solvent-dependent entropic contribu-
tions and terms associated with the relaxation of the
oxidized species at the electrode surface.40 Finally, the
additional term Csolv includes the contribution of the free
energy change of the electron at the electrode, [(∆F°)e]electr/
F, which should be constant for a given solvent/electrode
system.39 Thus, when the ∆(∆F°)solv term is constant, a
linear relationship with a slope of unity results between
experimental redox potentials and gas-phase vertical
IPs.

A linear relation is presently found between the DFT-
computed vertical IPs of 1a-H-1i-H and the Fe(III)/Fe-
(II) redox potentials of the corresponding 1a-i acetyl-
ides in various solvents of differing polarity. Good linear
correlations with comparable slopes are obtained (Fig-
ure 13). The nature of the solvent hardly modifies the
slopes of the regression lines (0.26-0.30) but shifts the
potentials by a constant value. This solvent-induced
shift in the values of the Fe(III)/Fe(II) redox potentials
is quite important for a given compound and can exceed
the range spanned by all substituents in a given solvent
(ca. 0.26 V in CH2Cl2). However, in contrast with what
had been previously stated with the closely related
complexes (η2-dppe)(η5-C5Me5)FeX complexes recently
reported by Tilset and co-workers (X ) F, Cl, Br, Me,
H, I; 5a-f),41 the observed slopes differ from unity and
are much closer to 0.30, which represents a severe
dampening of the IP influence. This suggests that, at
least in part, the ∆(∆F°)solv term in eq 5 is presently
not constant across the 1a-j series, but more and more
negative in proportion to the increasing IPs, to account
for the linear fits obtained. After having verified that
the vertical IPs used in the correlations did scale
linearly with the Hammett ESPs (see the Supporting
Information), we think that the nonunity slopes reveal
the determining role of the X substituent in the solva-
tion effects (∆(∆F°)solv) during the oxidation process at
the electrode.

Thus, while clearly confirming the expected linear
dependence of the vertical IPs with the X substituent,

the present correlations also suggest a dependence of
(part of) the differential solvation term ∆(∆F°)solv in eq
5 on the substituent. That particular substituent effect
along the 1a-H-1i-H series is much larger in magnitude
than the related change between the computed gas-
phase relaxation energies (∆IP in Table 5). In relation
to Marcus theory,38 ∆IP can be envisioned as an
approximation of the internal contribution (λin) to the
reorganization energy λ. When λ is approximated as
∆(∆F°)solv, these data confirm that λin must be quite
weak and roughly constant in comparison to λ (i.e. λout
. λin). This means in turn that the outer contribution
(λout) to the reorganization energy during oxidation of
(η5-dppe)(η5-C5Me5)Fe-CtC-1,4-(C6H4)X complexes is
more sensitive to the nature of the X substituent than
the internal contribution (λin).

3. Spectroscopic Data. Some characteristic infrared
and UV-vis spectroscopic transitions were computed for
the model complexes 1a-H-1j-H and compared to the
corresponding experimental data available for 1a-j.1a,b

The calculated and experimental CtC stretching fre-
quencies are summarized in Table 8. Most of the
computed values agree with the experimental ones
within 10 cm-1. For 1a-H and 1b-H, calculations do not
reproduce the Fermi coupling observed for 1a,b.1b The
computed values certainly correspond to the Fermi-
decoupled νCtC fundamental stretching modes, since the
corresponding wavenumbers are bracketed by the two
absorptions experimentally found. In addition, calcula-
tions indicate a slight coupling between the triple-bond
stretching mode and the tC-Caryl stretching for all
model complexes investigated. A combination mode or
a harmonic mode involving the latter stretch is likely
at the origin of the Fermi coupling observed for 1a-
c.1b

The TD-DFT calculated lowest excitation energies of
selected allowed transitions for 1a-H-1j-H are listed
in Table 9. These are tabulated together with experi-
mental absorption peak maxima.1a Only a few transi-
tions below 4.0 eV have a significant oscillator strength
(f) and might be experimentally observed. None of these
correspond to a simple electronic transition between two
MOs. Indeed, calculations indicate that there is a
considerable orbital mixing/configuration interaction for
the most important transitions, involving more than two
MOs (Figure 5). The maximum of the low-energy
absorption band reported for 1a-j agrees roughly with
the most intense transitions computed for the model
complexes 1a-H-1j-H within 0.4 eV (ca. 3200 cm-1). In
the 900-300 nm spectral range (ca. 1.4-4.0 eV), several
peaks are observed only in the case of 1a (X ) NO2)
and 1d (X ) Br). However, the non-Gaussian shape of

(40) Li, J.; Fisher, C. L.; Chen, J. L.; Bashford, D.; Noodleman, L.
Inorg. Chem. 1996, 35, 4694-4702.

(41) Tilset, M.; Fjeldahl, I.; Hamon, J.-R.; Hamon, P.; Toupet, L.;
Saillard, J.-Y.; Costuas, K.; Haynes, A. J. Am. Chem. Soc. 2001, 123,
9984-10000.

Figure 13. Plot of the redox Fe(II)/Fe(III) oxidation
potentials (V) vs computed vertical ionization potentials
(eV) for (η2-dppe)(η5-C5Me5)Fe(CtC)-1,4-(C6H4)X complexes
(X ) NO2, CN, Br, H, OMe, NH2) in THF (O), acetone (]),
CH3CN ([), and CH2Cl2 (dotted line).

Table 8. Computed νCtC (cm-1) Values for
(PH3)2(η5-C5H5)Fe(CtCC6H4X) Model Complexes vs

Experimental Values for the Corresponding
(η2-dppe)(η5-C5Me5)Fe(CtCC6H4X) Complexes (X )

NO2, CN, Br, H, OMe, NH2)
1a-H 1b-H 1d-H 1f-H 1i-H 1j-H

X NO2 CN Br H OMe NH2

νCtC
computed 2036 2044 2050 2051 2050 2059
exptla 2036 (vs) 2050 (vs) 2054 2053 2058 2060

2008 (s) 2025 (vs)
a Recorded in CH2Cl2 at 25 °C.1a,b
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the low-energy peak of most complexes also suggests
the existence of several overlapping electronic transi-
tions. Vibrational progressions would not satisfactorily
rationalize these features, especially since in some cases
the spectral envelope of this absorption appears to be
solvent-dependent, as shown for 1b in Figure 14. More
importantly, the TD-DFT computations confirm that the
low-energy absorption (2.084-3.856 eV) in 1a-j corre-
sponds to a metal-to-ligand charge transfer (MLCT).
This is in agreement with the experimental (and
computed) hypsochromic shift of this band when X

becomes more and more electron-releasing.1a Analogous
results based on DFT calculations were recently re-
ported with related transition-metal acetylides.28,42

Phenomenological Approach of the Electronic
Substituent Effect in Fe(II) Acetylides. Linear
correlations found between redox potentials or charac-
teristic spectroscopic data of the Fe-CtC fragment and
ESPs (Figures 9-11) for 1a-j, here and in previous
work,1b constitute unprecedented21 observations for
transition-metal acetylides.43,44 Such LFERs provide
information about the relative importance of π (meso-
meric) vs σ (inductive) MO effects with respect to the
transmission of the electronic influence between the X
substituent and the aryl ring.45,46

1. Correlation of Hammett ESPs with the Fe(III)/
Fe(II) Redox Potentials. The good correlation which
is obtained (Figure 9) indicates that the substituent
effect results from a balanced situation between π and
σ effects.44a-e In classical LFERs, the nature of the ESPs
is strongly connected to the ground state (GS) VB
structure of the aryl ring bearing the X substituent in
the reactant and product. Presently, the use of Hammett
ESPs indicates that none of them does present a marked
cumulenic character.23 In agreement with previous
suppositions,1a possible VB mesomers different from A

(42) Powell, C. E.; Cifuentes, M. P.; Morall, J. P.; Stranger, R.;
Humphrey, M. G.; Samoc, M.; Luther-Davies, B.; Heath, G. A. J. Am.
Chem. Soc. 2003, 125, 602-610.

(43) For selected LFERs on organic acetylenes, see: (a) Cook, C.
D.; Danyluk, S. S. Tetrahedron 1962, 19, 177-185. (b) Charton, M. J.
Org. Chem. 1972, 37, 3684-3687. (c) Eaborn, C.; Eastmond, R.; Walton,
D. R. M. J. Chem. Soc. B 1971, 127-130. (d) Eaborn, C.; Walton, D.
R. M. J. Organomet. Chem. 1965, 4, 217-228. (e) Veschambre, H.;
Dauphin, G.; Kergomard, A. Bull. Soc. Chim. Fr. 1967, 2846-2854.
(f) Veschambre, H.; Dauphin, G.; Kergomard, A. Bull. Soc. Chim. Fr.
1967, 134-139.

(44) For selected LFERs on organometallic complexes, see: (a)
Mason, J. G.; Rosenblum, M. J. Am. Chem. Soc. 1960, 82, 4206-4208.
(b) Hoh, G. L. K.; MacEwen, W. E.; Kleinberg, J. J. Am. Chem. Soc.
1961, 83, 3949. (c) Gubin, S. P.; Perevalova, E. G. Dokl. Chem. 1962,
143, 346-349. (d) Little, W. F.; Reiley, C. N.; Johnson, J. D.; Lynn, K.
N.; Sanders, A. P. J. Am. Chem. Soc. 1964, 86, 1376-1381. (e) Gubin,
S. P.; Khandkarova, V. S. J. Organomet. Chem. 1970, 22, 449-460. (f)
Müller, T. J. J.; Ansorge, M.; Lindner, H. J. Chem. Ber. 1996, 129,
1433-1440.

(45) March, J. Advanced Organic Chemistry. Reactions, Mechanisms
and Structures, 4th ed.; Wiley: New York, 1992.

(46) Katritzky, A. R.; Topsom, R. D. Angew. Chem., Int. Ed. Engl.
1970, 9, 87-99.

Table 9. Energy (eV) and Composition of the First
UV-Vis Electronic Transitions for

(PH3)2(η5-C5H5)Fe(CtCC6H4X) Model Complexes vs
Experimental Values (eV) for Corresponding the

(η2-dppe)(η5-C5Me5)Fe(CtCC6H4X) Complexes (X )
NO2, CN, Br, H, OMe, NH2)

compd
(X)

calcda

νmax
(f b) composition major assignt

obsda

νmax
(εc)

1a-H 2.10 61% 50a f 52a Fe f C6H4NO2 2.084
(NO2) (0.10) 30% 49a f 52a Fe f C6H4NO2 (13.0)

2.43 62% 49a f 52a Fe f C6H4NO2
(0.22) 28% 50a f 52a Fe f C6H4NO2

3.31 67% 48a f 52a Fe f C6H4NO2 3.712
(0.17) 17% 49a f 54a Fe f Cp (11.6)

4% 50a f 52a
1b-H 2.70 69% 46a f 49a Fe f C2-C6H4CN/Cp 2.786

(CN) (0.09) 28% 45a f 49a Fe f C2-C6H4CN/Cp (16.4)
3.09 66% 45a f 49a Fe f C2-C6H4CN/Cp 3.203

(0.28) 23% 46a f 49a Fe f Cp (10.3, sh)
1d-H 3.27 59% 45a f 51a Fe f C2-C6H4Br 3.204

(Br) (0.05) 35% 45a f 49a Fe f C2-C6H4Br (11.2, sh)
3.45 32% 45a f 49a Fe f C2-C6H4Br 3.482

(0.12) 32% 45a f 51a Fe f C2-C6H4Br (13.8)
26% 44a f 49a Fe f C2-C6H4Br

3.72 40% 45a f 53a
(0.09) 38% 44a f 49a

7% 43a f 48a
7% 45a f 49a

3.83 34% 43a f 48a C2-C6H4Br f Cp 3.838
(0.14) 16% 44a f 49a Fe f C2-C6H4Br (16.4)

12% 45a f 53a
10% 44a f 51a
9% 45a f 49a
6% 44a f 48a
4% 43a f 49a

1f-H 3.53 52% 38a f 44a C2 f Fe-Cp
(H) (0.06) 14% 42a f 46a

12% 42a f 47a
5% 41a f 45a
5% 41a f 47a
5% 41a f 46a

3.57 27% 42a f 47a Fe f Ph/PH3 3.542
(0.06) 23% 38a f 44a C2 f Fe-Cp (13.6)

23% 41a f 46a Fe f Ph
13% 42a f 46a
8% 40a f 45a

3.94 35% 41a f 46a Fe f Ph
(0.18) 14% 41a f 47a Fe f Ph/PH3

11% 40a f 45a
11% 42a f 46a
10% 42a f 47a
5% 40a f 46a
3% 42a f 49a

1i-H 3.68 31% 49a f 54a Fe f C2-Ph 3.723
(OMe) (0.11) 12% 47a f 52a Fe f PH3 (13.2)

11% 46a f 51a
11% 47a f 54a
9% 49a f 53a

1j-H 3.75 46% 44a f 49a Fe f PH3 3.856
(NH2) (0.13) 31% 46a f 51a Fe f C2-C6H4NH2 (17.6)

6% 44a f 51a
5% 46a f 55a

a In eV (the calculated excited states are 1A). b Computed
transition moment. c Experimental absorption coefficients (ε) in
103 M-1 cm-1.

Figure 14. Plot of the low-energy transition for (η2-
dppe)(η5-C5Me5)Fe(CtC)-1,4-(C6H4)CN (1b) in various sol-
vents: (1) n-pentane; (2) toluene; (3) diethyl ether; (4)
dichloromethane; (5) acetone; (6) acetonitrile; (7) methanol.
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must therefore have only a small relative weight in the
GS of most Fe(II) acetylides investigated here (Scheme
2).

Proceeding from eq 2 to a MO-based understanding
of the electronic substituent effect is not straightfor-
ward.47 In low symmetry (C1) molecules such as 1a-j,
mixing between the π- and σ-type MO manifolds is
allowed to some extent and the electronic perturbation
induced by the X substituent is distributed over many
MOs. An alternative attempt for relating such empirical
correlations to the computed data relies on the postulate
initially made by Hammett.23,48 The latter states that
the ESP values are proportional to the charge induced
by the X substituent of the carbon atom bearing “the
reacting site” relative to the unsubstituted molecule.49,50

Owing to nodal properties of the HOMO in 1a-H-1j-H,
the “reacting site” for oxidation is mostly the whole (η2-
dppe)(C5Me5)Fe-CtC fragment. We have therefore
examined the changes in charge distribution in the Fe-
CtC-(C1) unit in the model complexes (Table 6). A very
weak increase in negative charge takes place on iron
(0.005 e) and on Câ (0.008 e) with electron-releasing
substituents, but the trend is much more pronounced
for CR (0.022 e) and C1 (0.030 e). For these atoms, good
linear correlations (see Supporting Information) are
obtained between the Hammett ESPs and the Hirshfeld
charges on Fe (R ) 0.96), CR (R ) 0.96) and C1 (R )
0.98). Therefore, the substituent effects on the redox
potentials in eq 2 can be understood as a global charge
effect resulting from different polarizations of the
complete Fe-CtC side chain in Fe(II) complexes.20b

2. Correlation of ESPs with the Energy of the
MLCT Absorption. Equation 3 shows the electronic
influence of the X substituent on the energy of the
optical transition between the ground state (GS) and
the first excited state. In this correlation, mesomeric
substituent effects appear to be predominant over the
inductive effects, the best fit being achieved with the
σ- ESPs rather than with σ ESPs. Given the peculiar
form of this LFER, substituent effects in both the
ground and excited states are now reflected, in contrast
to the previous situation (eq 2).51 TD-DFT computa-
tions on 1a-H-1k-H have established that this excita-
tion does involve electrons which are promoted from
MOs with a dominant metal character toward mostly
phenylalkynyl-based MOs. Considering the large me-
someric influence of the substituent evidenced here, the
VB formulation A*, analogous to B, could typically
represent the excited MLCT state, especially for 1a or
1b (Scheme 3).52 In accordance with the polar nature
of such an excited state, we observe a weak but overall

positive solvatochromy for this transition for 1a (ca. 40
nm) and 1b (g10 nm; Figure 14).53,54 A related EFISH
study on 1a-k strongly suggested that this first excited
state plays a crucial role with respect to the second-
order polarizability exhibited by the Fe-CtC fragment
in Fe(II) complexes, especially when electron-withdraw-
ing substituents are tethered to the aryl ring.1c In terms
of perturbational approach,52 this means that a VB
mesomer such as B increases its weight in the GS
representation under the influence of an electromag-
netic field. Conversely, this also indirectly evidences
that this VB mesomer already has a small weight in
the unperturbed GS of electron-rich Fe(II) acetylides
such as 1a-k.

3. Correlation of ESPs with the 13C NMR Shift
of the R-Carbon of the Acetylide Linker. The last
correlation (eq 3) also involves spectroscopic data and
clearly evidences the substituent influence on the 13C
NMR shifts of the R-carbon. For carbon atoms directly
linked to a metal center, the so-called paramagnetic
contribution to the shift (δpara) is most often determi-
nant55 but difficult to calculate with accuracy, relying
on a very accurate description of the excited state.56 This
paramagnetic contribution principally originates from
the contribution of low-lying excited states, presenting
a strong localization on the R-carbon atom. The low-
lying MLCT state might therefore constitute an impor-
tant contributor to the 13C NMR shifts in 1a-k.
Accordingly, a crude correlation (R ) 0.91) is observed
between the 13C NMR shifts and the wavelength of the
first electronic transition (i.e. the MLCT).57,58

Alternatively, eq 3 also suggests that there might be
a relationship between the charge distribution of the
R-carbon induced by the substituent and its 13C NMR
shift for this series of Fe(II) acetylide complexes.49,59

(47) (a) Guérillot, C.-R. J. Chim. Phys. 1962, 59, 1039-1047. (b)
Guérillot, C.-R. J. Chim. Phys. 1960, 57, 110-124.

(48) Hammett, L. P. J. Am. Chem. Soc. 1937, 59, 96-103.
(49) Topsom, R. D. Acc. Chem. Res. 1983, 16, 292-298.
(50) (a) Jaffé, H. H. J. Am. Chem. Soc. 1954, 76, 5843-5846. (b)

Jaffé, H. H. J. Chem. Phys. 1952, 20, 279-284. (c) Jaffé, H. H. J. Chem.
Phys. 1952, 20, 778-780.

(51) Ulman, A. J. Chem. Phys. 1988, 92, 2385-2390.
(52) Dehu, C.; Meyers, F.; Brédas, J. L. J. Am. Chem. Soc. 1993,

115, 6198-6206.

(53) Reichardt, C. Chem. Rev. 1994, 94, 2319-2358.
(54) No clear solvatochromy is observed for complexes such as 1g

containing more electron-releasing substituents (see the Supporting
Information).

(55) Czech, P. T.; Ye, X.-Q.; Fenske, R. F. Organometallics 1990, 9,
2016-2022.

(56) Evans, J.; Norton, J. R. Inorg. Chem. 1974, 13, 3042-3043.
(57) Sebald, A.; Wrackmeyer, B.; Beck, W. Z. Naturforsch. 1983, 38b,

45-56.
(58) Connor, J. A.; Jones, E. M.; Randall, E. W.; Rosenberg, E. J.

Chem. Soc., Dalton Trans. 1972, 2419-2424.

Scheme 2 Scheme 3
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This assumption is supported by the good linear cor-
relation (R ) 0.99) observed between the 13C NMR shift
of the R-carbon in 1a-j and the Hirshfeld charge
computed for the corresponding model complexes 1a-
H-1j-H. In 1a-k, the R-carbon atom is π-conjugated
with the aryl p-X carbon, resulting in a charge depen-
dence between these centers, as expected from the
alternant nature of the arylethynyl ligand. Considering
that the 13C NMR shifts for most aromatic compounds
are determined by the paramagnetic term60,61 which also
depends on the local atomic charge, in particular that
of π-type,62-64 we believe likewise that local changes in
charge are important in determining the shift of the
R-carbon for 1a-j. In this connection, recent NBO
calculations of Low and co-workers on 3a-c show that
π charges are much more affected than σ charges by a
change of the X substituent.20b Our calculations on 1a-
H-1j-H do not provide an easy access to local π charges
on the R-acetylide carbon; however, the decisive role of
local π charge polarization is revealed when these 13C
NMR shifts are plotted vs the difference between the
∆EπMfL and ∆EπLfM terms previously determined for
the heterolytic Fe-C BDE (Table 7). Indeed, considering
that ∆EπMfL and ∆EπLfM are related to the weights of
the VB isomers B and C, respectively (Scheme 2), the
difference (∆P) between these terms should reflect the
π polarization at the R-carbon atom. A good correlation
is obtained, especially when the data for the unsubsti-
tuted (X ) H) complex 1f are not included (Figure 15).
The downfield 13C NMR shift of the R-carbon in 1a-j
might therefore reflect the “cumulenic” character in-
duced by a given substituent, i.e. resulting from the
balance between back- and forward-bonding, or between
formulas B and C in terms of VB description (Scheme
2).63a,65-67 Accordingly, the 13C NMR signals for the
R-carbon atom in carbene or cumulene complexes are

strongly deshielded relative to those of related alkynyl
complexes.22a,68,69

Valence Bond (VB) Representation of the Ground
State (GS) for Electron-Rich Fe(II) Acetylides. DFT
computations on 1a-H-1j-H and LFERs confirm that
1a-k are mostly described by the VB formula A in the
GS, the weight of other VB contributors remaining weak
(Scheme 3).1a,b Among the various polar structures
previously envisioned to rationalize π-interactions which
emphasize the role of the metal fragment as electron
donor, such as B/B1 in Scheme 1 or B′/B′′ given below,1b

we favor B, since it presents main-group atoms which
obey the octet rule. Furthermore, as pointed out previ-
ously, the weight of this VB mesomeric form in the GS
certainly increases when compounds containing electron-
withdrawing substituents are placed in an electromag-
netic field (Scheme 3).1c In addition to B, the DFT
computations suggest also the participation of ionic
structures such as D and E. Indeed, in comparison to
metal acetylides such as 2, these VB structures reflect
the strong ionic character of the metal-acetylide inter-
action in electron-rich Fe(II) complexes such as 1h.
Thus, D explains more specifically the decrease in Fe-C
heterolytic BDE with electron-withdrawing substitu-
ents, whereas E rationalizes the presence of negative
charge density on the R-alkynyl carbon atom with
electron-releasing substituents in the GS, which is not
explained by B alone (Scheme 4). A close examination
of charge distribution reveals that the positive fractional
charge on the [Fe]+ fragment due to B, D, and E is
actually distributed over the phosphorus atoms rather
than localized at the iron nucleus, as already stated for
3a-c.20b In Scheme 3, the VB structure D counteracts
to some extent the increase in metal-carbon bond order
induced by π-interactions (B), which would explain the
relative constancy of the Fe-C bond distance observed
experimentally in many Fe(II) representatives (Table
3). The canonical structures B, D, and E have similar
influences with respect to the direction and magnitude
of the molecular dipole moments in the GS1b and are
possibly at the origin of the strong influence of σ-induc-
tive/polar effects exerted by the alkynyl ligand on the
first ionization potential.19a,20b,41

Conclusions. The combined theoretical/phenomeno-
logical approach carried out here fully establishes the
good electronic communication existing between the iron
center and the X substituent through the phenylalkynyl
linker in complexes 1a-j. The substituent effect can be
understood in terms of changes in charge distribution
within the Fe-CtC fragment. This contribution also
points out the decisive importance of π-interactions with
respect to the spectroscopic properties of electron-rich
Fe(II) alkynyls. Notably, iron-to-alkynyl back-bonding

(59) Chapman, N. B.; Shorter, J. Advances in Linear Free Energy
Relationships; Plenum Press: London, 1972.

(60) Rosenberg, D.; Drenth, W. Tetrahedron 1971, 27, 3893-3907.
(61) Mason, J. J. Chem. Soc. A 1971, 1038-1047.
(62) Bloor, J. E.; Breen, D. L. J. Phys. Chem. 1968, 72, 716-722.
(63) (a) Bromilow, J.; Brownlee, R. T. C.; Craik, D. J.; Sadek, M.;

Taft, R. W. J. Org. Chem. 1980, 45, 2429-2438. (b) Bromilow, J.;
Brownlee, R. T. C.; Lopez, V. O.; Taft, R. W. J. Org. Chem. 1979, 45,
2429-2438.

(64) Maciel, G. E.; Natterstad, J. J. J. Chem. Phys. 1965, 42, 2427-
2435.

(65) Olah, G. A.; Spear, R. J.; Westerman, P. W.; Denis, J.-M. J.
Am. Chem. Soc. 1974, 96, 5855-5859.

(66) Whittall, I. R.; Humphrey, M. G.; Hockless, D. C. R.; Skelton,
B. W.; White, A. H. Organometallics 1995, 14, 3970-3979.

(67) Akita, M.; Chung, M.-C.; Terada, M.; Miyauti, M.; Tanaka, M.;
Moro-oka, Y. J. Organomet. Chem. 1998, 565, 49-62.

(68) Coat, F.; Guillemot, M.; Paul, F.; Lapinte, C. J. Organomet.
Chem. 1999, 578, 76-84.

(69) Connelly, N. G.; Gamasa, M. P.; Gimeno, J.; Lapinte, C.; Lastra,
E.; Maher, J. P.; Le Narvor, N.; Rieger, A. L.; Rieger, P. H. J. Chem.
Soc., Dalton Trans. 1993, 2575-2578.

Figure 15. Plot of the alkynyl 13C NMR CR shifts (ppm)
in (η2-dppe)(η5-C5Me5)Fe(CtC)-1,4-(C6H4)X complexes vs
the ∆P ()∆EπMfL - ∆EπLfM) difference (eV) computed for
the Fe-C heterolytic BDE in the corresponding model
complexes (X ) NO2, CN, Br, H, OMe, NH2).
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was evaluated. Although weak on average, this stabiliz-
ing π-interaction increases with electron-withdrawing
substituents to become more and more influential. From
a VB point of view, the series of Fe(II) acetylides 1a-j
should not depart significantly from the typical alkynyl
structure A in the ground state (Scheme 3). Neverthe-
less, strong electron-withdrawing substituents can in-
duce a sizable polarization of the π-manifold, repre-
sented by the structure B. In addition, as pointed out
by the present work, the iron-alkynyl bonding presents
also a non-negligible ionic character, exemplified by VB
structures D and E. Finally, the electronic structure of
the stable and isolable Fe(III) redox parents 1a+PF6

-

through 1j+PF6
- was also briefly investigated. The data

reveal that only slight structural modifications take
place upon oxidation, regardless of the X substituent,
and suggest that the inner contribution to the reorga-
nization energy (λin) will also remain weak for the redox-
active (η2-dppe)(η5-C5Me5)Fe(CtC)-1,4-(C6H4)- frag-
ment in larger molecular assemblies.

Experimental Section

Computational Details. DFT calculations were carried out
using the Amsterdam Density Functional (ADF) program.70,71

The model compounds Fe(η5-C5H5)(PH3)2(p-C6H4X)n+ (X ) NO2,
CN, H, OMe, NH2; n ) 0, 1) were used in order to reduce
computational effort. Electron correlation was treated within
the local density approximation (LDA) in the Vosko-Wilk-
Nusair parametrization.72 The nonlocal corrections of Becke73

and Perdew74 were added to the exchange and correlation
energies, respectively. The numerical integration procedure
applied for the calculations was developed by te Velde et al.70

The basis set used for the metal atoms was a triple-ú Slater-
type orbital (STO) basis for Fe 3d and 4s and a single-ú
function for Fe 4p. A triple-ú STO basis set was employed for
H 1s and for 2s and 2p of C, N, and O, extended with a single-ú
polarization function (2p for H; 3d for C, N, and O) for X
groups. The valence orbitals of the atoms of the other groups
(C5H5, PH3) were described by a double-ú STO basis set. Full
geometry optimizations (assuming C1 symmetry) were carried
out on each complex, using the analytical gradient method
implemented by Verluis and Ziegler.75 Spin-unrestricted cal-
culations were performed for all the considered open-shell
systems. Time-dependent density functional theory (TD-DFT)
calculations were performed on the optimized structures of the
Fe(II) series employing the same functional and basis set than
described above.76 The excitation energies and oscillator
strengths were calculated by following the procedure described
by van Gisbergen and co-workers.76

Most of the theoretical data were obtained from optimized
conformations in which the phenyl plane is roughly parallel
to the C5Me5 plane. However, the energy difference between
conformers where the metal fragment is rotated around the
Fe-C bond is less than 0.5 kcal/mol (0.3 and 0.4 kcal for X )
NO2, NH2, respectively, for a 90° rotation). Finally, to evaluate

the approximation made when using hydrogen-substituted
model complexes, the electronic structure of complex 1a was
theoretically computed and compared to that obtained of 1a-
H. Similar results were obtained. This gave confidence in
results obtained for the model complexes 1a-H-1j-H.

Decomposition of the Fe-CR interaction energy was done
according to the transition state method of Ziegler and Rauk.
In this method, the interaction energy can be split up into
different physically meaningful terms: ∆E ) ∆Eel + ∆Eorb +
∆EPauli. ∆Eel is the classical electrostatic interaction between
the charge distributions of the interacting fragments in their
unrelaxed geometry and is generally attractive (>0). ∆EPauli

roughly corresponds to the energy issued of the interaction
between the occupied orbitals of the fragments. ∆Eorb mainly
accounts for the interaction between occupied and vacant
orbitals. The latter can be decomposed into σ and π (parallel
and perpendicular to the plane of the phenyl ring) components,
which were calculated using the procedure implemented in the
ADF code: ∆Eorb ) ∆Eσ + ∆EπMfL + ∆EπLfM. Optimized
geometries with Cs symmetry were used.30,31 The latter were
calculated not to be more than 1 kcal/mol less stable than the
fully optimized systems, with the exception of that containing
the substituent X ) OMe. In that particular case, imposing
Cs symmetry consists of rotating the OMe substituent by 90°
(OMe plane perpendicular to the phenyl ring), which is quite
destabilizing (4.1 kcal/mol). Representation of the molecular
orbitals was done using MOLEKEL4.1.77

Crystallography. Crystals of 1e,g,i,j were obtained by slow
evaporation of a solution of the complexes under argon in
diethyl ether (1e,g), CHCl3 (1i), or C6H6 (1j). The samples were
studied on a NONIUS Kappa CCD with graphite-monochro-
mated Mo KR radiation. The cell parameters were obtained
with Denzo and Scalepack with 10 frames (ψ rotation: 1° per
frame).78 Data collection79 (2θmax, number of frames, ω rotation,
seconds per frame, and hkl range as given in Table 1) gives
22 360, 25 985, 39 160, and 29 159 reflections for 1e,g,i,j,
respectively. Data reduction with Denzo and Scalepack78 gave
the independent reflections (Table 1). The structures were
solved with SIR-97, which reveals the non-hydrogen atoms.80

After anisotropic refinement, the remaining atoms were found
by a Fourier difference map. The whole structures were then
refined with SHELXL-9781 by full-matrix least-squares tech-
niques (use of F2 magnitude; x, y, z, âij for Fe, P, C, N, and/or
O atoms, x, y, z in riding mode for H atoms with variables
“N(var.)”, observations, and “w” used as defined in Table 1).

Atomic scattering factors were taken from the literature as
given in the manual for SHELXL-97.82 ORTEP views of 1e,g,i,j
were realized with PLATON98.83 All the calculations were
performed on a Pentium NT Server computer.
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Supporting Information Available: Tables of ESPs,
tables of electrochemical data for 1a-j, figures giving the
solvatochromy of the MLCT absorption for complex 1g, a
detailed table of orbital contributions for the heterolytic BDE
of the Fe-C bond in 1a-H-1j-H, plots of computed IPs or
Hirshfeld charges (for selected atoms) vs Hammett ESPs, plots
of the 13C NMR shift of CR vs the Hirschfeld charge computed,

and X-ray structural information for 1e,g,i,j, including tables
of atomic positional parameters, bond distances and angles,
and anisotropic and isotropic thermal displacement param-
eters.This material is available free of charge via the Internet
at http://pubs.acs.org.

OM030630K
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