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Abstract

The synthesis of the iron allenylidene complexeg{CsMes)(*-dppe)Fe(=C=C=C(Ph)Ph)][Xb&, X = PF;, 95%;5b, X =
BPh,, 91%; dppe = 1,2-bis(diphenylphosphino)ethane) was achieved by reacting the conipies)(n>-dppe)FeCl 10)
with 1 equiv of 1,1-diphenyl-prop-2-yn-1-ol in methanol in the presence of¢iPNaBPHh. Surprisingly, when the reaction was
carried out in the presence of the tetraphenylborate anion, the final product containesb l@ottl the hydroxyvinylidene
[(n>-CsMeg)(n3-dppe)Fe(=C=C(H)C(OH)(PK)[BPh,] (14b) in the 1:1 ratio. Further treatment of the mixture with Amberlyst
15 in methanol provided the allenylidenBb as a pure sample. The allenylidene complexeg®-{sMes)(n?>-
dppe)Fe(=C=C=C(Me)Ph)][RF(6) and [(>-CsMes)(n*-dppe)Fe(=C=C=C(Me)EN)][PF (7) were prepared according to the
same procedure and they were isolated as purple powders in 90% vyield. The X-ray crystal structures were determined for the
vinylidene complexes {{>-CsMes)(n*-dppe)Fe(=C=CH)][PF] (3) and [(>-CsMes)(n>-dppe)Fe(=C=C(Ph)H)][PF (4), and
the allenylidene derivativéa. In the homogeneous series of complexeg{CsMes)(n>-dppe)Fe(=(CXR)R)][PF4], (n=1
R=H,R'=Me, X=PRk, 1, n=1,R=H,R"=0Me, X=PFkK, 23, n=1, R=H, R"=0Me, X=CEO0SO,,2b; n=2,R=R'=
H,X=PF;,3;n=2,R=H,R'=Ph,X=PE 4, n=3,R=R'=Ph, X=P[ 53, n=3,R=R"'=Ph, X=BP} 5b; n=3, R=Me,
R'=Ph,X=PR, 6;n=3,R=Me, R'=Et, X=PE, 7; n=3, R =Me, R'= OMe, X = BPJ 8), an empiric relationship between
the Mdssbauer parametedsandQS, was found. This observation would indicate that the positive charge on the iron nucleus
decreases with the Fe=C bond order. Moreover, in this series of iron cumulenylidene derivatives, comparison of the variation of
the metal—-carbon bond distances determined by X-ray analyses with the Mog9Baagres allows the observation of a linear
correlation R = 0.99).To cite this article: G. Argouarch et al., C. R. Chimie 6 (2003).
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Résumé

Lescomplexesdu fer aligand allénylidéne[(n>-CsMes)(n>-dppe) Fe(=C=C=C(Ph)Ph)][X] (5a, X = PFs, 95%; 5b, X = BPh,,
91% ; dppe = 1,2-bis(diphenyl phosphino)ethane) ont été obtenus par réaction du complexe (n°-CgMes)(n>-dppe)FeCl (10) avec
un équivaent de 1,1-diphényl-prop-2-yne-1-ol dans e méthanol, en présence de KPFg ou de NaBPh,. De fagon surprenante, en
présence de NaBPh,, les composés 5b et [(n>-CgMes)(n?-dppe)Fe(=C=C(H)C(OH)(Ph).)][BPh,] (14b) sont isolés en fin de
réaction dans le rapport 1:1. Un traitement ultérieur de ce mélange par I’ Amberlyst 15 dans |e méthanol conduit alaformation
du dérivé 5b pur. Les composés [(n>-CsMes)(n>-dppe)Fe(=C=C=C(Me)Ph)][PFs] (6) et [(Mm>-CsMes)(n*-
dppe)Fe(=C=C=C(Me)Et)][PF¢] (7) sont également préparés selon un protocole similaire et isolés sousforme de poudreviol ette,
avec un rendement de 90%. Les composés [(n°-CsMes)(n?-dppe)Fe(=C=CH.)][PFs (3), [(n>-CsMel)(n*
dppe)Fe(=C=C(Ph)H)][PFg] (4) et 5a ont été caractérisés par analyse radiocristallographique. Dans la série homogene des
métallacumulénes [(n°-CoMey) (n-dppe)Fe(=(C),, (R)R)][X] (h=1,R=H,R'=Me, X =PF,, 1; n=1,R=H,R =OMe, X =
PFs 2a;n=1,R=H,R =OMe, X = CF,0S0,,2b; n=2,R=R =H,X =PF;,3;n=2,R=H,R =Ph,X =PFg, 4; n=
3,R=R'=Ph,X=PFg5a;n=3,R=R' =Ph,X=BPh,,5b;n=3,R=Me, R =Ph, X =PF5;,6; n=3, R=Me R = Et, X
=PFs, 7; n=3,R=Meg, R'=OMeg, X = BPh,, 8), unerelation empirique entre les parametres M dssbauer J et QS a été trouvée.
Cette observation suggeérerait que la densité de charge positive sur le noyau fer diminuerait avec I’ ordre de laliaison Fe=C. En
outre, dans cette méme série de composés, une relation linéaire a été observée entre la distance fer—carbone et la valeur du

parametre Mossbauer QS (R = 0.99). Pour citer cet article: G. Argouarch et al., C. R. Chimie 6 (2003).
© 2003 Académie des sciences. Published by Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

For severa years now, we have been investigating
dinuclear organoiron complexes featuring various
carbon-rich central spacers and possessing the el ectro-
active terminal_iron site (n°>-C;Mes)Fe(n>-dppe), as
depicted in[Fig. 1][1]]} The detailed synthesis of most of
these compounds has already been presented else-
where‘[2_;9€|. These organometal lics possess promising
potential for the development of new nanoscopic de-
vices in molecular electronics and especialy for the
construction of molecular wires. The one-electron oxi-
dized complexes present a mixed-valence character
and, as monoradicals, they are paramagnetic. The un-
derstanding of their magnetic properties is quite easy
|| 1, 10, 11i. In particular, their magnetic susceptibility
obeys the Curie Law. Early investigations on the
diradical dication complexes deriving from the two-
electron oxidation of the neutral species have revealed
the paramagnetic character of these species. These
symmetric dicationic diradicals, bridged by sp* or
sp-carbon linkers, possess two metal sites carrying
each an unpaired electron in nearly degenerated singly
occupied molecular orbitals. If thereisasizeableinter-
action between the unpaired electrons, two different

spin configurations are expected, with different energy
levels. The triplet configuration presents a magnetic
moment and threefold degeneracy, whereas the singlet
configuration is diamagnetic and non-degenerated.
Depending on the ground state (triplet or singlet), the
electronic spinswill line up either inthe same or in the
oppositedirections and are respectively said to interact
in a ferromagnetic or antiferromagnetic fashion

Iﬂ). In addition, the singlet state can be stabilized by

electronic correlation with closed-shell configurations.
As aresult, geometrical changes are generally associ-
ated with spin transitions and the overall geometry is
usually driven toward a more-bonding arrangement of
theatomsin the singlet staterelative to thetriplet state.
However, in spite of its closed shell Lewis representa-
tion, the singlet ground state does not exactly corre-
spond to a cumulene structure, but has also an open-
shell (diredical) character. Whatever its correct
structure, the singlet stateis generally represented by a
cumulene structure, but it can be more accurately de-
scribed by the two Lewis structures A and B

Among the physical methods that have been used to
characterize the spin states, Mdssbauer spectroscopy
has proven to be a very efficient tool. Indeed, the
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Fig. 1. Dinuclear organoiron complexes featuring various carbon-rich central spacers and possessing the electro-active terminal iron site

(n>-CsMes)Fe(n-dppe).

quadrupole splitting (QS) of the >"Fe M éssbauer spec-
trum is closely related to the oxidation states of the
metal nucleus. In the dicationic complexes depicted in
, the open-shell configurations are closely related
toiron(l11) akynyl structures, whereasthe closed-shell
configuration presents an iron(l1) cumulene-like struc-
ture. It has been established on mononuclear model
compounds that the QS values for these two types of
structures range between 0.89 and 0.95 for theiron(111)
derivatives and between 1.0 and 1.4 for the second
group of compounds . Curiously, the Mdsshauer
spectra recorded at 80 K for the binuclear dications
represented in exhibit a unique doublet. Since
the two spins isomers are in equilibrium at this tem-
perature, as shown from magnetic susceptibility mea-
surements, this implies that they interconvert in the
solid state at a fast regime with respect to the Moss-
bauer timescale (107’ s). In the particular case of the
diradical with the 1,4-dimethoxy-butadiene-1,4-diyl

bridge , the M dssbauer spectroscopy allowsthe
simultaneous observation of two doublets. Their spec-
troscopic signatures (QS) remain clearly distinct be-
tween 4.5 and 293 K, and the relative amount of the
spin isomers changes reversibly with the temperature,
evidencing the thermal equilibrium between both spe-
cies Coalescence was not approached, meaning
that the exchange lifetime must be far above 107° s.
Moreover, the variable temperature ratio of both iso-
mers computed from the M ossbauer doublets surface
areas allows the determination of singlet/triplet energy
gap (AEgr = —27 cm™). This value is in good agree-
ment with the value computed from the magnetic sus-
ceptibility measurements. In addition, the isomeric
shift (¢) and quadrupole splitting parameters are sug-
gestive of a Fe(I1)=C bonding for the singlet state
(0 =023 mms?vsFe QS=1.06 mm s™) and a
Fe(I11)—C for the triplet state (6 = 0.48 mm s vs Fe,
QS=0.83mms™).
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Fig. 2. Diradical with the 1,4-dimethoxy-butadiene-1,4-diyl bridge.

Concomitantly to our activity on binuclear systems
represented in we have also an ongoing
interest in the synthesis of mononuclear compounds to
develop new spectroscopic meansfor investigating the
electronic structure of the new compound.
As aresult of our previous research on model com-
pounds in the (n°-CiMe,)Fe(n>-dppe) series, we
found that the quadrupole splitting is diagnostic not
only of the oxidation state of the iron nucleus, but also
of the bond order of the iron—carbon bond between the
metal and the end-bound carbon ligand. In particular,
we have shown how mononuclear compounds having a
cumulene structure , structure B) can be differ-
entiated from those having an alkynyl structure ,

.R
[Fe]—(c:sc}nn1 [[Fe]=(C)‘r-'1C\R; [+
n=0,1,2 n=0,1,2
A B
[Fel-c=C)Ri]"
n=0,1,2

Cc

Fig. 3. Mononuclear compounds with a cumulene structure (struc-
ture B) and with an alkynyl structure (structures A and C).

structures A and C). We have also noted that the QS
value is significantly larger for compounds having a
heteroatom on the o or y carbon atoms of the carbon-
rich ligand, suggesting that the QS value increases
when the bond order decreases|12]

In order to obtain more in depth information on the
nature of the Fe=C bond in compounds possessing the
(n°-CsMes)(n>-dppe)Fe framework and a cumulene-
like ligand, we have carefully studied the variation of
the iron-carbon bond distances determined by X-ray
diffraction with the QS value of the M &ssbauer spec-
trum for a selection of mononuclear iron complexes
bearing carbene, vinylidene and allenylidene ligands
as shown in For this purpose: (i) the M 6ssbauer
data available in the literature for the compounds 4
[16] 8[12] and 9[[17]] were collected; (ii) we have
determined the Méssbauer parameters for the known
carbene derivatives 1, and 2a; (iii) have run the M oss-
bauer spectra for the vinylidene 3; (iv) the new alle-
nylidene complexes5a, 5b, 6, and 7 were prepared and
their spectroscopic characterizations achieved includ-
ing the determination of the M dssbauer parameters; (v)
single crystals suitable for X-ray diffraction analyses
were grown for 3, 4, and 5a; (vi) in addition, M&ss-
bauer spectrawere run for the complexes 2b and 5b to
investigate the possible effect of the counter-anions.



G. Argouarch et al. / C. R. Chimie 6 (2003) 209-222 213

Me OMe

Fé=CC X Fé=¢ X
Pp H Pe H
1, X=PFe 24, x = PF;

2b, X = CF3080,

H Ph
R F?—C=C X :Fé":C:C X
Pp H P p H
N 3,x=PF J 4.x=pr
Ph Me
r)\:F‘e—-C=C=C\ X _Fe=C=C=C_ X
p Ph P g Ph
5a, X = PFg (J 6 X=PFg
5b, X = BPh,
OMe
Fg=c=Cc=C_ X
P p Me
8, X = BPh,
_Fe—CH,3
P
g 9

Fig. 4. Mononuclear iron complexes bearing carbene, vinylidene
and alenylidene ligands.

2. Results and discussion

2.1. Synthesis of the allenylidene complexes 5-7

Very few iron alenylidene complexeswerereported
in the [(n°-C5Rs)(n?-dppe)Fe(=C=C=CR'R?)][X] se-
ries. To our knowledge, the preparation of [(n®-
CsHs)(n*-dppe)Fe(=C=C=CPh,)][BF,] by photo-
activation upon irradiation a 280 nm of [(n>-
CsHs)(n>-dppe)Fe(CO)][BF,] in the presence of the
propargylic alcohol H-C=C—C(Ph),OH constitutes a
very rare examplefor such acomplex To accessto
our synthetic targets, we followed the classical thermal
procedure. This efficient method was first employed
for the preparation of a ruthenium complex , but

has found widespread application with other transition
elements.

Complex (n°>-CMe.)(n*-dppe)FeCl (10) reacts
with 1 equiv of 1,1-diphenyl-prop-2-yn-1-ol in metha-
nol at 20 °C in the presence of KPF4 for 12 hto givethe
purple alenylidene complex [(n°>-CMe)(n*-
dppe)Fe(=C=C=C(Ph)Ph)][PF¢] (5a, 95%). The ana-
Iytically pure complex was characterized by IR and
NMR. The IR spectrum of 5a shows typical ve_c-c
and vpee a 1896 and 839 cm™, respectively. The
3P{*H} NMR of 5ain CDCl, displaysasinglet for the
dppe ligand and a septuplet characteristic of the PFg
anion. The allenylidene derivatives are often formed
from their hydroxyvinylidene precursors by spontane-
ous loss of H,O, but sometimes this step requires
assistance: for example, an acidic catalysis (Fig. 5). A
salt effect can also facilitate the dehydration step. In-
deed, in order to prepare the diphenylallenylideneiron
complex asatretraphenyl borate salt, weworked in the
same conditions, replacing KPFg by NaBPh,. Surpris-
ingly, 5b wasisolated as amixture with the hydroxyvi-
nylidene  [(n°-CsMes)(n*dppe)Fe(=C=C(H)C(OH)
(Ph),)]1[BPh,] (14b) in the 1:1 ratio. The vinylidene
intermediate was identified in the mixture by its IR
characteristic vibration modes ve_c and vy, a 1616
and 3560 cm™, respectively. The *H NMR spectrum of
complex 14b shows characteristic signalsat o 1.49 (s)
and 4.82 (t, J,p = 5 HZz), corresponding to the reso-
nances of the protons of the CsMe; ligand and the 3
carbon of the vinylidene fragment. A resonance at 88.6
ppm was &l so observed in the **P NMR spectrum. This
signal presents the same intensity than that of 5b,
alowing the determination of the ratio 5b/14b in the
crude product. The salt effect on the dehydration step
could be explained by the ability of the hexafluoro-
phosphate to give hydrogen bonds with acidic protons.
For example, a hydrogen bond was recently observed
by X-ray between aPF4 anion and an acidic hydrogen
atom in an organometallic compound . In the case
of the mixture of 5b and 14b, treatment of the crude
product with Amberlyst 15 in methanol provides the
alenylidene 5b as a pure sample. The preparation of
Bb was also carried out in the presence of Amberlyst
15. In this case, the vinylidene intermediate was not
observed and 5b was directly obtained in 91% yield.
The alenylidene complexes 6 and 7 were prepared
according to the same procedure and they were iso-
lated as purple powders in 90% yield. Subseguent
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Fig. 5. Formation of alenylidene derivatives from their hydroxyvinylidene precursors by spontaneous loss of H,O with the assistance of an

acidic catalysis.

crystallization gave analyticaly pure compounds
which were characterized by IR, *H-, 1*C-, 3'P-NMR
Spectroscopies.

2.2. Crystal structures of 3, 4-C,H,,0,
and 5a-C,H,,0

The crystal structures of 3, 4-C,H,,0 and
5a-C,H,,0 were determined as outlined in|Table 1} and
the * Experimental’ section. The molecular structures
are shown in|Figs. 6-8 Key distances and angles are
givenin General features, such astheformally
octahedral geometry at the iron centres, accord with
past structures in this seri&s. The Fe=C bond
distancesin 3 (1.763(7) A) and 4-C,H,,0 (1.760(5) A)
are very similar and consistent with a bond order of
about two. However, it can be observed that the Fe=C
bond length in 3 and 4-C,H,,0O are shorter than the
Fe=C bond in the related iron carbene 1 (1.787(9) A)
or in the allenylidene 5a-C,H,,0 (1.781(9) A). It
is also noteworthy that theoretical calculations have
shown that the metal—carbon bond in metallavi-
nylidene derivatives possesses a partia triple bond
character The C,—Cg bond distances in 3
(1.224(9) A) and 4-C,H,40 (1.295(5) A) arerelatively
short for a C=C double bond The Fe-C,—C;

angle slightly deviates from linearity as it was previ-
ously noted in the closely related vinylidene
[(CsHs)(dppm)Fe(=C=C(Me)Ph)]I [[24]] and aso in
many other mononuclear complexes bearing a vi-
nylidene Iigand Moreover, the positions of the
hydrogen atoms on C; were found by analysis of the
X-ray data allowing the observation of a partia pyra-
midalization of the B carbon. In contrast, this carbon
presents a planar geometry in the complex 4-C,H;,0.
Note that very few complexes of primary vinylidene
with transition metal were X-ray characterized, and for
thefirst row of the d-elements there is only one prece-
dent

Although calculations have predicted that the plane
of the vinylidene ligand should be perpendicular to
the molecular plane in complexes of the type
M(CCR,)(L,)(CsRs) the barrier to rotation was
computed to be only ca 15 kJ mol™, so that this
preference is often overridden by steric or packing
effects . This is the case in complex 3, where
the val ues of the torsion angles defined by Cp’ .o —Fe-
CagHp and Cp' oo Fe-Cag—Hp are 91.1 and 125.6°,
respectively. A similar behaviour is aso noted in the
case of complex 4-C,H,,0, for which the torsion
angles Cp’ goy—Fe-Cag—Cagand Cp o—Fe-Cog—H are
equal to 74.3 and 104.5°, respectively.
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Table 1
Crystallographic data for 3, 4-C,H,,0 and 5a-C,H,,0O
3 4.C,H,,0 5a-C,H,,0
Molecular formula CygH i FeFePs CyH4sFgFeP;.C,H, O Cs1H4FgFeP;:C4H, .0
Molecular weight 760.51 910.68 998.78
Crystal system orthorhombic monoclinic triclinic
Space group P2,2,2, P2,/c P-1
Cell dimensions
a(A) 12.606(2) 12.072(3) 9.726(3)
b(A) 16.576(3) 14.609(3) 14.701(6)
c(R) 17.515(5) 26.054(9) 18.794(5)
a (deg) 90.00 86.84(3)
P (deg) 90.00 102.41(3) 79.32(3)
y (deg) 90.00 72.52(4)
V(A3 3660(2) 4488(2) 2519(2)
4 4 4 2
Temperature (K) 293 293 293
Oeaic (@ cm ™) 293K 1.380 1.348 1.317
Absorption coefficient (mm™) 0.595 0.503 0.455
F(000) 1576 1904 1044
Crystal dimensions (mm) 0.28x0.33x 0.35 0.45x0.38 x 0.35 0.35x0.35x0.32
Diffractometer CADA4 Nonius CADA4 Nonius CADA4 Nonius
Radiation (A) Mo Ka(0.71073) Mo Ka(0.71073) Mo Ka (0.71073)
Data collection method l20, 20, = 54° l20, 20,4 = 54° wl20, 20,4 = 54°
tma/Measure (s) 60 60 60
range/indices (h,k,l) 0, 16; 0, 21; 0, 22 0, 15; 0, 18; -33, 33 0,12; -18, 18; 23, 23
0 range 1.69t0 26.99 1.61t026.97 1.10t0 26.97
Reflections measured 4471 10 245 11500
Independent reflections 3048 9778 10964
Obsd data, | >20(l) 2810 5612 5500
Number of variables 543 528 571
Final R 0.0503 0.0513 0.0748
Rindices (all data) 0.0859 0.696 0.1824
Rw 0.047 0.194 0.203
GOF 0.979 1.042 1.021

Largest diffraction peak and hole (e A=)

residual Ap <0.38

residual Ap<0.9

residual Ap<1.21

Structural parameters have been reported for alarge
number of mononuclear alenylidene complexes with
many transition metals [20, 27]; however, only one
precedent is known in the iron series|[28]} As men-
tioned above, the Fe=C bond distance in the ale-
nylidene 5a-C,H,,0 is 0.02 A longer than in the vi-
nylidene 3, but it compares very well with the value
determined for the corresponding alkylidene derivative
1 Asusud, in the three-carbon chain, the C,~Cg
distances (1.257(7) A) is shorter than the C;—C, dis-
tance (1.361(7) A) [20]} These observed distances are
not far from the values reported for similar diphenyl
allenylidene complexes of ruthenium and osmium and
indicate a contribution of the canonica form

[M]-(C=CC*Ph,)|[20, 29]} Such an electronic contri-
bution isalso supported by EHMO cal culations, which

show that there is an aternation of electron density
along unsaturated carbon chain. These studiesindicate
that C, and odd-numbered carbon atoms are electro-
philic centres, while Cy and even-numbered atoms are
electron rich

The C, fragment is nearly linear, the angles at C,
and Cg being close to 180°. The plane defined by the
carbon atom and the two ipso carbon atoms of the
phenyl rings is amost perpendicular to the Cp” plane,
since the torsion angles Cp oy—Fe-CsCyo and
CP con—Fe-C35—C,5 are equal to 6.4 and 170.5°, re-
spectively. The weak deviation from the orthogonal
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Fig.6. Molecular  structure  of  [(n°-CsMes)(m-dppe)-
Fe(=C=CH,)][PFs] (3). Non-hydrogen atoms are represented by
50% probability thermal ellipsoids.

orientation theoretically expected for these two planes
was also noted in severd cases and can be ex-
plained by the small barrier to rotation for alenylidene
ligands, which was computed to be 11.3 kJ mol™ for

[(CsHs)(CO),Fe (=C=C=CH,)] *[22, 26]}

2.3. Investigation of the iron—carbon bonding by
Mdsshauer spectroscopy

In the carbon-chain ligands (L =:C(=C),RR’), the
factors governing the meta-ligand interaction are
electronic in character, as it was clearly established by
studieson therelative orientation of the CR, planewith

[(n®-CsMes)(n>dppe)-

structure  of
Fe(=C=C(Ph)H)][PF¢] (4). Non-hydrogen atoms are represented by
50% probability thermal ellipsoids.

Fig. 7. Molecular

Fig.8. Molecular  structure  of

[(N[(n®>-CsMes)(n*-dppe)-
Fe(=C=C=C(Ph)Ph)][PF¢] (5a). Non-hydrogen atoms are represen-
ted by 50% probability thermal ellipsoids.

respect to the symmetry plane of the CpML, fragment
and the determination of the rotation barrier for the
unsaturated carbon fragment [22, 26]] The important
orbitals in the description of the iron—carbon bonding
arethe empty = orbital, and thelone pair on the carbon
fragment, which isinvariably the HOMO. The charac-
teristic feature of these ligands is the presence of one
(carbene) or more t bonds between the metal and the
terminal carbon, which presents a carbene character.
The strength of the Fe-C & bond is the resultant of the
balance between attractive and repulsive interactions
that vary with the number of carbon atoms and the
nature of the termina R groups The usual spec-
troscopic properties like IR, *H and *C NMR, or
UV—Visible do not provide clear information on the
metal-carbon bonding. The more reliable data on the
metal carbon-rich ligand interaction have been ob-
tained by theoretical calculations and X-ray determi-
nation

M Ossbauer spectroscopy can shed somelight on the
strength of the n-bonding to cumulenylidene ligands.
Indeed, the isomeric shift of the spectrum (J) provides
arough indication of the electronic density at the iron
nucleus and the width of the quadrupole doublet (QS)
depends on several parameters including the anisotro-
pic electron distribution in the valence shell of the
M Gssbauer atom Therefore, one can expect that
the variation of the QS value mainly depends on the
Fe=C bond distance. The zero-field M ésshauer spectra
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Table 2

Key distances (A) and angles (deg) for 3 4-C,H,,0, and 5a-C,H,,0
3

Fel-P1 2.2219(15)

Fel-P2 2.2185(16)

Fel-C37 1.763(7)

C37-C38 1.224(9)

C38-C39

C39-C40

C39-C46

Fel-CsMeés (centroia) 1.767

P1-+Fel-P2 84.85(6)

P1-Fel-C37 91.5(2)

P2—Fe1-C37 86.29(19)

Fel-C37-C38 173.8(6)

C37-C38-H38A 131.9

C37-C38-H38B 129.2

C37-C38-C39

C38-C39-C40

C38-C39-C46

C40-C39-C46

4.C,H, 0 5a-C,H; 0
2.2482(14) 2.2344(18)
2.2319(14) 2.2186(16)
1.760(5) 1.785(5)
1.295(5) 1.257(7)
1.474(7) 1.361(7)
1.479(8)
1.470(7)
1.796 1.766
84.83(5) 85.55(7)
90.33(15) 88.24(15)
84.89(15) 85.59(15)
175.9(4) 177.4(4)
113.8
132.3(5) 177.6(5)
119.9(5)
120.7(7)
120.7(5)

of the complexes 1-8 wererun at 80 K and the charac-
teristic parameters were computed. Careful examina-
tion of the datacollected n providesinteresting
information: in thishomogeneous series of complexes,
thed and QS parameters roughly increase according to
the same sequence (3<4<5a<7<6<5b<1<2a).
This observation suggests that the positive charge on
the iron nucleus decreases with the Fe=C bond order
or, in other words, with the increase of the distance
between the iron and the a carbon atom. Such a result
isfully consistent with the valence bond (VB) analysis
of the electronic structure of metallacumulenylidenes,
as depicted in@. When the i acidity of the carbon-

Table3

rich ligand decreases, the weight of the VB structure B
become less negligible; concomitantly, the electronic
density onthe metal increases and the Fe=C bond order
decreases. In addition, in the case of R groups that
contain an heteroatom, the predominance of the VB
structure C would occur, especidly in the case of
metallacumul ene possessing an odd number of carbon
atoms . Interestingly, a significant linear
correlation (R = 0.81) between the M dssbauer param-
eters 0 and QS clearly shows the dependence of the
electronic density ontheiron centre and the Fe=C bond

distance for these complexes . This relation-
ship indicates a trend, but must be considered with

M&ssbauer parameters and Fe=C bond distances for the metallacumulenes 1-8

Compound X Vem(@pec o (mms?) QS(mms?t) Ir(mms?)  %aea drecy (B)?  Reference
(Nujol, cm™)

1 PFg 0.148 1.095 0.150 100 1.787(9)

2a PFg 0.164 1.153 0.117 100 1.82(2)

2b CH;0S0, 0.216 1.223 0.131 100

3 PFg 1612 0.086 1.032 0. 100 1.762(8) thiswork

4 PFg 1613 0.126 1.096 0.137 100 1.760(5) thiswork

5a PR 1896 0.139 1.077 0. 100 1.781(9) thiswork

5b BPh, 1888 0.158 1.135 0.146 100 thiswork

6 PFg 1913 0.145 1.129 0.143 100 thiswork

7 PFg 1931 0.141 1.123 0.143 100 thiswork

8 BPh, 1947, 1938 0.160 1.451 0.171 100

9 — — 0.15 1.95 — 100 2,075 [17]

2 Determined by X-ray analyses, ® determined by DFT calculations; see[[34]
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A B
Fig. 9. Electronic structure of metallacumulenylidenes.

caution, even in a homogenous series. Indeed, the
methoxyallenylidene 8 lies far above the correlation
depicted in , suggesting that the Fe=C bond in
thiscomplex ismuch weaker than one can deduce from
the electronic density on the iron nucleus.

An alternative meansto investigate the effects of the
structural variation of theligand L on the metal—carbon
bonding in this series of iron cumulenylidene deriva-
tivesisto correlate the QSval ues determined by M éss-
bauer spectroscopy with the Fe=C bond distances ob-
tained by X-ray analyses.[Fig. 11]displaysagood linear
dependence of these two terms (R = 0.99). However,
considering that X-ray data are available for only the
five complexes 1, 2a, 3, 4, and 5a, this observation has
to betaken with caution. Nevertheless, it seemsthat for
homogeneous series of metallacumulenes, the varia-

13

QS (mm/s)
1,25

2b

(mm/s)

0,07 0,09 0,11 0,13 0,15 0,17 0,19 0,21

Fig. 10. Plot of the M éssbauer quadrupole splitting (QS, mm s™) of
[(n>-CsMes)(n?-dppe)Fe(=C(=C),,RR’)][X] complexes (1-7) vsthe
isomeric shift (5, mm s vs Fe).

2,1

dFe=C (=
205 &° =) 9

OS (mm/s)

0,9 1,1 1,3 1,5 1,7 1,9 2,1

Fig. 11. Plot of the iron-carbon bond distances (A) of [(n®-
CsMey)(n-dppe)Fe(=C(=C),RR")][X] complexes (1-5) and the
[(°-CsMes)(n-dppe)Fe(CH,)] derivative 9 vs the quadrupol e split-
ting (QS, mms™).

c (M"=n-1)

tion of the QS terms provides an indication on the
strength of the r-bonding between the metal and the
ligand. Itisnoteworthy that, in thelimit of the accuracy
of the X-ray determination, only 4 deviates from this
linear correlation. Such a behaviour, which results
from a shorter Fe=C bond distance that can be pre-
dicted from the QSvalue, could berelated to the partial
triple bond character of the Fe=C bond in the vi-
nylidene derivatives, as pointed out by theoretical cal-

culations

Support on this conclusion can also be obtained by
considering the iron akyl complex (n°>-CsMeo)(n*
dppe)Fe(CH,) (9) for which there is no m-bonding
between the metal and the akyl fragment. The QS
value determined for this complex, which possesses a
Fe-C bond with a pure o-character, can be regarded as
the limit value expected when the nt-bonding interac-
tion does not exist. The Fe—C bond distance was not
determined by X-ray analysisfor complex 9, but it was
computed by DFT method (2.075 A) [[34]] The corre-
lation in was complemented by the data ob-
tained for compound 9. Interestingly, these values con-
firm the trend observed for the cumulene derivatives
and thefit remained unchanged (R=0.99). Theempiric
dependence between the Fe=C distances and the QS
valueis given by equation (1).

de. =034 QS+ 141 @)

The Mosshauer spectroscopy constitutes a conve-
nient mean to obtain apowerful characterization of the
double bond between the iron centre and the carbon-
chain ligands. It isimportant to note that for the given
(n°>-CsMes)(n?-dppe)Fe metal fragment, the Moss-
bauer parameters are very sensitive to the structure of
the cumulene ligand L. However, the great sensitivity
of the Mo&sshauer spectroscopy to the nature of the
counter anion must be also emphasized. Indeed, com-
parison of the data obtained for the couples of com-
pounds 2a/2b and 5a/5b clearly shows that the effect
induced on the M dsshauer response of theiron nucleus
by the replacement of the PFs~ counter anion by
CF;0S0," or BPh, can be much larger than the effect

(Fe=C)
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of the structural modifications on the cumulene frag-
ment. Indeed, the quadrupole splitting (QS) results
from the interaction between the nuclear quadrupole
moment and the electric field gradient (EFG) at the
nucleus. Distant ions which surround the Mdssbauer
atom clearly contribute to the total EFG, and conse-
quently, anions with different volumes and symmetry
could give rise to different QS values[[31]]

On the other hand, the relationship between the QS
and & parameters depicted in[Fig. 1q shows that both
the couples of complexes 2a, 2b and 5a, 5b fit very
well with the other data of this empiric correlation. In
addition, the absorption corresponding to the ve_c—c
stretch is shifted to lower wavenumbers in 5b (1888
cm™) relative to 5a (1896 cm™), in accord with a
weaker Fe=C bond in 5b than in 5a. The nature of the
cation-anion interaction is not currently clear, but nev-
ertheless these results suggest that the anion could
contribute either to strengthen or to weaken the Fe=C
double bonds in these cationic metallacumulenes. Ex-
amination of the X-ray crystal structures of 1, 2a, 3, 4,
and 5a does not reveal any short distances between the
fluorine atoms of the hexafluorophosphate anion and
hydrogen atoms of the cationic moiety as recently
evidenced in the organometallic compound
[(CsHg)Fe(p-MeCgH ) -NHN=CH-CzH ,~CH=CH-
(C5H4)Fe(C5H5)]+PF6‘ In the absence of struc-
tural determination with anions different from the
hexafluorophosphate, it is assumed that the influence
of the anions is probably due to either Coulombic
interactions or packing effects. According to the em-
piric relationship represented by equation (1), the re-
placement of the hexafluorophosphate by triflate or
tetrapheny! borate in 2a or 5a could induce alengthen-
ing of the Fe=C bond of ca 0.2 A. In the absence of
experimenta