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Abstract

Reaction between the w-accepting tetracyanoethene (TCNE) or tetracyano-p-quinodimethane (TCNQ) ligands and the m-electron-rich
organometallic species Cp(dppe)Fe™ results in the formation of the complexes [{Cp(dppe)Fe} {n"-TCNX}](PFs), (n=1, 2 and 4).
Infrared spectroscopy, magnetic moment measurements, electron-spin resonance (ESR) and cyclic voltammetry data indicate a net transfer
of one m electron to the TCNX acceptor ligand. The polynuclear complexes have an intense intervalence electron transfer absorption band in
the near-infrared region. The values for the intervalence parameters o = 0.02-0.06 and V4, = 200-600 cm ~ * indi cate that these complexescan
be classified as class |1 according to Robin-Day. Estimation of the rate of electron transfer affords values in the order of 10° s~*, which are
compared and discussed with values estimated for other polynuclear systems containing TCNE and TCNQ ligands as bridges. The solvent
effect on the intervalence transition follows Hush' s prediction for highly polar solvents, thereby permitting eval uation of the reorganizational
energy. For therelated series [{ Cp(dppe) Fe} —(.-X) 1 (PFg) ., thereorganization energy appearsto depend mainly ontheinner reorganization
energy through changes to vibrational modes of the bridge. Reorganizational energy is not as important in determining the electron transfer
rate as the activation energy, E.. A linear relationship is found between the rate constant In(ky) and the activation energy. These results can
be discussed within the Marcus theory of electron transfer. The fast and efficient electron transfer between the metal fragmentsis discussed
using molecular orbital arguments. ©2000 Elsevier Science Ltd All rights reserved.
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1. Introduction NC~_____-CN—>MLn NCu, _  WCN
NCT NeN Ne~ 1 NeN

Tetracyanoethene (TCNE) and the related tetracyano-p- MLn
quinodimethane (TCNQ) are molecules that present inter- . (mn
esting acceptor properties, which are associated with their
unusual electrical and magnetic behaviour [1-4]. TCNE and
TCNQ can act as o ligands (viathe nitrile-N lone pair) asa
w-type arrangement (via the C=C olefinic bond in TCNE)
or ‘free’ (ionpair) modell (Fig. 1) [5].

Many coordination compounds with considerable metal
ligand delocalization have been reported [6-10]. Severa NeS _ CN NC~_
special features make such compounds interesting for prac- NeTT T e Ne”
tical purposes: (1) intense charge-transfer absorption bands TCNE TCNG

Nes /CN—le.[MLr;_l@ NC.,, WCN
NNGY

(1 (1v)

_CN

e
c=eT=e=c

in the visible and near-infrared regions can make such sys-
tems useful as dyes for information storage using optic fibre
and diode laser [11,12]; (2) the communication between
metal-connected ligands and/ or ligand-connected metal shas

* Corresponding author. Tel./fax: + 56-2-271-3888

Fig. 1. Coordination modes of TCNE and TCNQ ligands.

received attention in the area of low-dimensional polymers
with el ectron-propagating capabilities and within the concept
of ‘molecular electronics' [13]; (3) the existence of severa
close-lying and easily accessible redox transitions renders

0277-5387/00/$ - see front matter ©2000 Elsevier Science Ltd All rightsreserved.
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these compounds suitable as ‘ electron reservoirs’, especialy
because small structural changes during the redox transitions
of extensively delocalized systems favour rapid electron
transfer due to the small reorganization barriers [ 14-16].

Non-reduced TCNE and TCNQ arerather poor ligandsfor
metal centres; however, on el ectron uptake by back-donation
or full reduction with one or two electrons, they can bind
metal fragmentsviamodes |- V.

In connection with points (2) and (3), we report here the
preparation of the complexes [{Cp(dppe)Fe} {n™-TCNX} -
(PFg), and the study of the intermetallic electron transfer in
the following polynuclear systems:

[Cp(dppe) Fe(TCNE) ] PFg (@8]
[{Cp(dppe)Fe} o( TCNE] (PFe) 2 (2)
[Cp(dppe) Fe(TCNQ) 1 PFs (3)
[{Cp(dppe)Fe} 4( TCNQ] (PFs) .4 (4)

While several di- and polynuclear complexes with exten-
sive w delocalization including the metal centre have been
reported [ 6-10], no detailed quantitative studies on the el ec-
tron transfer via TCNE and TCNQ bridges have been
reported.

We have selected the fragment Cp(dppe) Fe™ becauseits
electron richness permits efficient electronic delocalization
[11-21], it binds strongly to nitrogen cyanide containing
ligands [ 22—25] and theiron in the fragment is el ectrochem-
icaly active [11-21].

2. Results and discussion

2.1. Mononuclear complexes

Cp(dppe) Fel reactswith an excessof TCNE or TCNQ in
the presence of NH,PFs or TIPF; in CH;OH or CH,Cl,,

respectively, to give dark black—green solids whose ele-
mental analysis and spectroscopic properties agree with the
mononuclear formulation [Cp(dppe)Fe(TCNX) ]PFs. As
observed for another d® paramagnetic mononuclear complex
[ (CsRs)MN(CO)»(Mm*-TCNX)] and others [8-10], mag-
netic resonance investigations of complexes 1 and 3 have
been hampered by the paramagnetism of the complexes. The
dark-black colour is typical of complexes of the type
Cp(dppe)Fe'" [19-21]. Additional evidence for the reduc-
tion of the TCNX ligand is provided by from IR spectra [ 5]
(see Table 1). Asfor other monodentate TCNX complexes,
three vy bands were observed [ 26] asexpected for the non-
symmetrically bound ligands [5,27-33]. The vy IR bands
arequiteintense and shifted tolower wavenumberscompared
to those of the free, non-reduced ligands. This indicates
nitrile-N coordination and sizeable back-donation of  elec-
tron density from the metal fragments to the TCNX ligand
[5,27-33]. The vy wavenumber of the complexes lies
between those of the free anion radicals and the valuesfound
for the dianions.

Thus, the mononuclear complexes are distinguished from
polynuclear complexes and from the free ligands asthe high-
est intensity is displayed by the low-energy band for the
polynuclear systems [ 6-10]. In the IR spectra of complexes
1 and 3 the highest intensity corresponds to the high-energy
band. IR bands for the Cp(dppe) Fe™ fragment appear nor-
mally [34]; themain values are displayed in Table 1.

2.1.1. Magnetic measurements

Magnetic moments for complexes 1 and 3 aretypical val-
ues for [Cp(dppe)FeX 1™ complexes [19,20], correspond-
ing to one unpaired electron in low spin F€'"'. The unpaired
electron arising from the radical TCNX™ could not be

observed due to spin coupling between them in solid state.

Tablel

IR datafor complexes 14 2

Complex v(CsHs) P v(dppe) © v(PFg) v(CN)
Solid Solution

TCNE 2257 2251
2220 2210

[Cp(dppe) Fe(TCNE) ]PFg (1) 1098 696 843 2171 2200
2059 2136
1995 2065

1994

[{Cp(dppe)Fe} ,(TCNE) ] (PFg)2 (2) 1106 706 847 2197(sh) 2197(sh)
2173 2173

TCNQ 2223 2223

[Cp(dppe) Fe(TCNQ) ] PR (3) 1094 694 847 2173 2185
2128 2129
2067

[{Cp(dppe) Fe} 4,(TCNQ) ] (PFg) 4 (4) 1096 697 838 2099 2114
2032 2035

21n KBr pellets, unless other indicated; datagivenincm™*.
b §(C-H) bending in-plane vibration.
¢ 8(C—H) bending out-of-plane vibration.
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Table2

Long-wavelength absorption maxima A (nm), magnetic and ESR datafor TCNX complexes

Complex Amax & (CHLCI,) w (eff) © ESR © g1, 02, 03

1 545 (1187), 619 (1245) 18 2.0189; 2.1912; 2400
2 441° (2262), 512 (1769) °, 1073 (969) 0.7 1.9880; 2.2086; 2.420
3 498 (1189) 19 1.9883; 2.0095; 2.2439
4 498 (5741), 1008 (14300) 25 1.9940; 2.0393; 2.2417

@Molar extinction coefficients (M ~*) are given in parentheses.
® Shoulder.
°In solid state.
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Fig. 2. ESR spectra of complex 1 in CH,CI, solution (a) and in solid state
(b) at room temperature.

The ESR data discussed below are also in agreement with
this argument. Values are shown in Table 2.

2.1.2. ESR spectra
The ESR spectra of mononuclear complexes 1 and 3 at
room temperature in solid state exhibit one single signal,

Table3
Electrochemical data®for TCNX ligands and their complexes

characteristic of Cp(dppe) Fe'"'X complexes [ 35-37]. Three
well-separated features corresponding to the three compo-
nents of the g tensor — expected for low symmetry pseudo-
octahedral piano—stool complexes—wereobserved (seeFig.
2). Dataare shown in Table 2. Thisindicates that the signal
observed in both cases may correspond to the unpaired elec-
tron centred on the metal. The signal corresponding to the
TCNE™ and TCNQ™ radical ligandswasnot observed, prob-
ably due to intramolecular spin coupling between the
TCNX ™~ moleculesin the solid state. Consistent with this, in
CH,CI, solution the ESR spectra of 1 and 3 exhibit severa
complex signals with various features (see Fig. 2), which
presumably include the signal of Cp(dppe)Fe'"'L aswell as
the signals of TCNX~. As found for other LnM(xn*
TCNX ) complexes [38,39], owing to the lowered sym-
metry, 16 (four different nitrogen) or 1296 (four different
nitrogen and four different *H) lines for TCNE and TCNQ,
respectively, could be observed.

2.1.3. Cyclic voltammetry

Mononuclear systems are reduced at more negative poten-
tialsthan TCNX ligands (Table 3). Thisisaconsequence of
metal-to-ligand electron transfer in the ground state, which
leaves either the single reduced ligand or the oxidized metal
fragment available for reduction at relatively negative
potentials.

Oxidation of the complexesis amost awaysirreversible;
it may thus be safely assumed that these are metal-based.
Thus peak potentials of about 0.7-0.8 V versus SCE

Compound EY, (metal) E™(0/1—)¢ EXd(—/2—)d
TCNE 0.18 -0.85
[Cp(dppe) Fe(TCNE) ]PF (1) 0.83° —0.61 —0.95
[{Cp(dppe)Fe} ,(TCNE) ] (PFg)., (2) 0.89,0.70°¢ —053 -0.88
TCNQ 0.25 -031
[Cp(dppe) Fe(TCNQ) ] PF¢ (3) 0.78° —0.49 -0.70
[{Cp(dppe)Fe} 4(TCNQ) 1 (PF) 4 (4) 0.93,0.75°¢ —0.65 —-0.80

#1n CH,Cl,—0.1 M Bu,NPF; potential (inV) vs. SCE.
b Anodic peak potential are given for irreversible oxidation processes.
¢ Two very near quasi-reversible waves were observed.

9 Quasi-reversible waves.
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(saturated calomel electrode) for complexes [Cp(dppe)-
Fe(nitrile) ] PF5 have been observed [ 22-25].

2.1.4. Electronic spectroscopy

Complexes 1 and 3 exhibit intense bands at about 545 and
619 nm, which are typica of the absorption behaviour of
[Cp(dppe)Fe'"'L] (PFs), complexes [17-21] (Fig. 3).
Table 2 summarizes the data obtained. No absorption was
observed above 700 nm. This constitutes strong evidencefor
the Fe"'-(TCNX ™) state because Fe'-NCR complexes
exhibit only one band at about 450 nm [40].

2.2. Polynuclear complexes

TCNE or TCNQs react with an excess of Cp(dppe)Fel in
the presence of NH,PFs or TIPF; in CH;OH or CH,Cl,,
respectively, to give black—green solids of composition
{ [Cp(dppe)Fe], TCNE} (PFs), and {[Cp(dppe)Fels-
TCNQ} (PFg) 4. Similarly tocomplexes1and 3, NMR studies
are precluded due to the paramagnetism of the complexes. In
agreement with this, the related complex [Ru(NHs3) ]~
(m-TCNX) 1'°* isalso paramagnetic [ 7]. No suitable crys-
tals were obtained for X-ray structural determination of the
complexes.

2.2.1. Infrared spectra

Aspointed out by Kaim [8] and others [ 28], for [MLn],—
(TCNX) complexes some information about the structure of
the complexes can be obtained from IR spectroscopy. The
number and the pattern of bands observed by IR depend on
the symmetry of the complexes; for the binuclear systems
[MLn]—(n-TCNX) three isomers can be expected: 1,2-
trans (C,y,), 1,2-cis (C,,) or 1,1’ (C,,). According to their
symmetry, two or four bands could be observed for the iso-
mers 1,2-trans, 1,1-cis or 1,2-cis, respectively. Thisis con-
sistent with IR data for [MLn],—(p-TCNX) complexes

Absorption

A lnm) 1100

Absorption

L i 1 1 1. 1 1 1
350 1100
A (om)

Fig. 3. Electronic absorption spectra of complexes 1 and 2 in CH,Cl,
solution.

Tuesday Feb 01 09:29 AM

having a 1,2-trans geometry: [(PPhg),(CO)Ir],TCNE
[29], (2176(m), 2097 vs); [L'L,Cu(pn-TCNE)CuL,],
[30], (2190, 2147); [Rh,(O,CCF;),]1,TCNE [31], (2230,
2210); [TI(18-crown-6)TCNQ] [32], (2181, 2154);
[Ru(PPh3),]1,TCNQ [33] (2170, 2140).

In agreement with this, the binuclear complex 2 exhibits
two bands (one as a shoulder), suggesting the 1,2-trans con-
figuration for thiscomplex. Thisisthefavoured configuration
for bulky fragments [5] such as CpFe(dppe). As expected
for tetranuclear complexes (with a dlightly perturbed D,
symmetry), two bands are observed for complex 4. Thus
complexes [RU(NH3)s—(ws,-TCNX)] and [CsMes—
Mn(CO),],~(ps-TCNX) exhibit bands at: 2163, 2121
cm~* for the Ru=TCNE complex; 2153, 2096 cm ™ * for the
RU-TCNQ complex; 2160, 2110 cm~* for the Mn-TCNE
complex; and 2170, 2105 cm ™ * for the Mn-TCNQ complex.
As observed for similar (MLN),TCNX"" and (MLn),-
TCNX"* complexes the highest intensity isdisplayed by the
low-energy band, behaviour that is characteristic of polynu-
clear systems [6-10].

2.2.2. Magnetic measurements

The low magnetic moment for the binuclear complex 2
could be due to the delocalization of the unpaired electron
between the two iron atoms, which couple antiferromagnet-
ically with the unpaired electron of the TCNE™ ligand. On
the other hand the tetranuclear complex 4 exhibitsthe highest
magnetic moment, which could be due to the complex inter-
action of several paramagnetic F€'"' centres. Similar mag-
netic moments have been observed for tetranuclear
{[Cp*Mn(CO),],~(p-TCNE)} complexes [6-10].

800 F

400

-400 -

-800 =
2600 3000 3400 3800 4200

400

-200 —

-400 & . . S : .

2000 2500 3000 3500 4000 4500 5000
(6]
Fig. 4. ESR spectraof compound 2 in CH,Cl, solution (&) and in solid state
(b) at room temperature.
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Table4

Intervalence band parameters and derived electronic coupling parameter for the mixed-valence complexes®

Complex Vimax (€M™ 1) (M tem™h) Avy, (cm™h) a d(A) Ve (Cm™1) E,(cm™%) E,(cm™Y) K (seg™h)
2 9320 968 1635 0.027 9.9 253 2330 9320 2.18x 108
4 9978 5960 3159 0.063 14.2 625 2480 9921 1.22x 10°

@1n CH,CI, solution.

2.2.3. ESR spectra

The ESR spectrum of compound 2 in solid state shows a
broad line exhibiting recognizable anisotropic features (Fig.
4), behaviour typical of delocalized mixed-valence systems
[35-37]. The spectrum of compound 4 displays a similar
pattern withthe g factorssummarizedin Table 3. Asobserved
for other multinuclear Ru—=TCNX compounds [ 7], the ESR
signal for the radical TCNX ™ ligand was not observed. In
CH,CI, solution, similarly to the mononuclear complexes,
the signal of the iron centre as well as the complex signal of
the organic TCNX ~ radical were observed (seeFig. 4).

2.2.4. UV-Vis spectra

The UV—-Vis spectra of complexes 2 and 4 revealed, in
addition to absorptions typical for Cp(dppe) Fe'''L [17-21]
and Cp(dppe)Fe'L [40] chromophores, a new absorption
band at about 1100 nm. Theel ectronic spectrum of compound
2in CH,Cl, isshownin Fig. 3.

These observations coupled with data on similar
Cp(dppe) Fe'"'-L—Fe" (dppe) Cp systems [11-21] allow us
to assign this near-IR band to an intervalence transfer tran-
sition. Thus, on reducing the mixed valence complexes2 and
4 with Red Al, sodium bis(2-methoxyethoxy)a uminium
hydride, the interval ence absorption disappears.

2.2.5. Cyclic voltammetry

The reduction potential of the polynuclear complexeswith
TCNE and TCNQ (Table 3) are more negative than those of
the corresponding free ligands; this is consistent with the
electron transfer involved in the formation of the complexes,
leaving the ligands as TCNX ~ or TCNX?".

Table5

Electronic interaction parameter and electron transfer rate constantsfor 2, 4
and other polynuclear mixed-valence complexes containing TCNE and
TCNQ bridges

Complexes Va (CM™1) ke (SEQ™H)
[{Cp*™(CO) Mn},(1-TCNE) ] * 1302 1.27 X 10%°
[{ (NH3)sRU} o(-TCNE) ] (PFg)® 2980 27X 10°
[{ (NH3)sRU} ,(u-NCC(t-Bu)CN)1 @ 1256 1.26 % 10°
[{ (NH3)sRU} 4,(.-TCNQ) ] (PFg)® 1860 2.1x10°
[{ Cp(dppe) Fe}»(u-TCNE) ] (PFg),"° 253 2.2x 108
[{Cp(dppe)Fe} ,(u-TCNQ) ] (PFs),° 625 6.2% 10°

@ Determined using Eq. (4) and literature data [ 11-16,27-33] for theinter-
valence transition.
b Thiswork.

Tuesday Feb 01 09:29 AM

(Cp(dppe)Fe") * + TCNX — (Cp(dppe)Fe"'-[ TCNX])"~

(1)

In the oxidation region of the metal fragment, the cyclic
voltammogram exhibits two non-well-defined waves which
probably involve the oxidation of the metal centres. The dif-
ference in peak potential indicates a considerable coupling
between the metal centres. From the wave separation, the
comproportionation constant, K, relative to the following
equilibrium:

Fe'-TCNX-Fe' + Fe"'-TCNX—Fe" & 2F¢'-TCNX—Fe'"

(2)

can be computed as K, = 1626 and 1202 for complexes 2 and
4, respectively. Therelatively high K. valuesindicate a con-
siderable el ectronic interaction between the iron atoms.

2.2.6. Electronic interaction in the mixed-valence species

Information about the degree of metal-metal interactionin
the mixed-val ence complexes can be obtained from theinter-
valence absorption band using the Hush formalism [11—
16,41-45]. According to this, the degree of delocalization
parameter is given by the formula:

. (42X107%) ema AV 5

Vimaxd >

(3)

where Ay, ,, isthe bandwidth at half-maximum (cm™1), gmax
is the maximum extinction coefficient, 1. isthe band posi-
tion (cm~?1) and d isthe metal-metal distancein A. Because
no X-ray determination is available for complexes 2 and 4,
the metal-metal distance was estimated from structural data
for similar complexes [ 46-48]. The a valuesshownin Table
4indicateaclass |l Robin-Day system.

On the other hand the electronic coupling term, V,, can
be determined by the following formula [ 41-45]:

Vab:al/zvmax (4)

Thecalculated values, displayedin Table4, indicateamore
or less strong metal—-metal coupling, although somewhat less
than for the cyanide ligand. From intervalence transfer tran-
sition data for other organometallic systems, the interaction
parameter V,, was estimated using Eq. (4). Vauesshownin
Table 5 for other complexes indicate that metallic fragments
such as (NH3) sRu permit astronger interaction than theiron
fragment, which can be due to steric hindrance of the
Cp(dppe)Fe* arising from the bulky dppe [46]. From data
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Fig. 5. Plot of intervalence absorption energy for Eg, vs. (1/Dg,—1/Dy).

075

in Table 5, it can aso be concluded that the interaction
between the metal centresis highly dependent on the nature
of the organometallic fragment.

An approximate estimation of the rate of electron transfer
between the metal centresin complexes 2 and 4 can be made
using the expression [41-45]:

27V x| _E,
k[h_l: h :| |:KTEm:| I:e( RT):l (5)

where E,,=E,, and E,=[(E,)*/4E,]. E,, the total reor-
ganization energy, has two components: the outer-reorgani-
zation energy E,, and theinner-reorganization energy E;; thus
E.=E+E,.

Although these equations differ in absolute values from
those measured experimentally, comparison for a related
series of compoundsisvalid [18]. The values about 108 s™*
calculated for compounds 2 and 4 indicate a fast electron
transfer between the iron atoms. Similar rates are obtained
using Eq. (5) for other organometallic systems, as can be
seen in Table 5. The similar k values, notwithstanding the
different organometallic fragment, mean that the nature of
thebridgeismost important in determining theelectrontrans-
fer rate. It is interesting to compare the TCNX ligands as
bridges with the cyanide bridging ligand for which electron-
transfer rates of 10* s~ ! were estimated in the mixed-
valence complexes [Cp(dppe) Fe-CN-MLn]PFg; (MLn=
Cp(dppe) Fe, Mn(CO),(dppm) P(OPh);) [18].

Table6
Solvent dependence of the intervalence transition in complexes 2 and 4

The solvent effect on the intervalence transition gives
information about the reorganization energy arising from
rearrangements of the inner and outer coordination spheres
[49,50]. With the assumption of a dielectric continuum
model, the dependence of E,,, on solvent polarizationisgiven

by:
E.,=E+E, (6)

2( 111 ) ( 11 )
Ep=E+el —+——-|X| ——-—
2a;, 2a, d Doy Ds

The intercept of a plot of E,, versus (1/D,,— 1/Ds) for
several solvents affords the E; values (Fig. 5 and Table 6).
From Eq. (6) the outer-sphere reorganizational parameters
E, can be estimated. Values for complexes 2 and 4 and for
other complexes containing the CpFe(dppe) moiety are
shown in Table 6. Some comments can be made from this
data: comparing the E values for complexes 2 and 4, mostly
larger variations on the outer-reorganizational parameters
than for the inner-reorganization values are observed (dif-
ferences of 21% on E; and of 43% on E, are observed). This
can be explained by the similar metal—ligand vibration modes
involved in the electron-transfer process. Attention must be
drawn to the high inner-reorganization energies involved in
electron-transfer eventsin the complex { [ Cp(dppe) ] —( -
S-CsHsN)} (PFg) . Thismay be due to an enhanced change
on vibrational modes of thethiopyridineligand upon el ectron
transfer.

It is interesting to note that, although the complexes dis-
played in Table 7 al have the same fragment CpFe(dppe),
the reorganization energy is very different. For instance,
compare E,,=12697 cm~* for [CpFe(dppe)]—(u-S-
CsH:N) 1 (PFg), [21] with E,,=6038 cm™~* for {[CpFe-
(dppe) 1 ,—.-CN1} PR, [18].

Thismeansthat, for this series, thereorgani zational energy
is highly dependent on some properties of the bridge ligand.
Becausethedatain Table 7 indicatethat themain contribution
to the reorganizational energy arises from the inner-reorgan-
ization energy, the observed variations E,,, might stem from
changesin the vibrational mode of the bridging ligand.

Recent studies of electron transfer in the mixed-valence
systems [(NC)sM"-CN-RuU'""(NH3)s]~ (M =Fe or Ru)

Complex Solvent Eq (cm™h) (1/Dop—1/Dy) E (cm™1) E,(cm™) En
2 Dimethylsulfoxide (DM SO) 9128 0.6551 6621 2587 9128
2 Acetone 9238 0.6886

2 MeOH 9208 0.7234

2 CH,Cl, 9320 0.5899

4 DMSO 9501 0.6550 8394 1448 9501
4 MeOH 9872 0.7234

4 Ethyl methyl ketone 9799 0.6722

4 Acetone 9780 0.6886

4 CH,CI, 9978 0.5899
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Table7

Solvent reorganization energies @ for complexes 2, 4 and other related complexes containing the moiety CpFe(dppe) ©

Complex E (cm™1) E,(cm™%) E,(cm™1)
[{CpFe(dppe)} —~(u-TCNE) ] (PFe). 83%4 1448 9842
[{CpFe(dppe)} ,—(-TCNQ) ] (PFg) 4 6621 2587 9208
[{CpFe(dppe)} ,—(-S-CsHiN) 1 (PFg) » 12470 227 12697
[{CpFe(dppe)} —(-CN) ] PFg 2096 3942 6038

*Vauesof E,, E; and E, were determined from E,, vs. (1/Dy,— 1/Dy) plots. Values for complexes other than complexes 2 and 4 were taken from [11-21].

have shown that a large part of the reorganization energy
comes from modes assigned to the bridging ligand [51,52].

Comparing the reorganizational values with electron-
transfer rates it can be observed that there does not exist a
correlation between them. According to semiclassical elec-
tron-transfer theory [41-45], electron-transfer reaction rates
(ky) are governed by three parameters (Eq. (5)): (1) the
electronic coupling (V4,) between reactants and products,
(2) the free-energy change for the reaction (AG®) and (3)
the total reorganization energy.

From Tables5and 7 it can be seen that no correl ation exists
between k, and the electron coupling or the reorganization
energy. However, the electron-transfer rate appears to be
related to AG® through therelation E, = (E,,) %/ (Eqp— AG®).
In fact, alinear correlation between In(ky,) and E, holds, as
shown in Fig. 6. Furthermore, this expression has the shape
of the most general and simple relationship between k, and
E., the classical Marcus equation k= Ae( —E,) [41-45].
We believe that this is aremarkable example where the gen-
eral electron rate theory of Marcus works well in mixed-
valence complexes.

2.3. Nature of the electron transfer in binuclear complexes
2and4

The efficient and fast electron transfer between the metal
centresin complexes 2 and 4 can be explained by considering
themolecular orbitalsinvolvedinthe Fe-N interaction. These
can be adequately established from an orbital interaction dia-
gram built from the molecular orbital (MO) fragments of
CpFe(dppe) * and nitriles [53-56]. As shown in Fig. 7, the
HOMO of complexes involves a w-delocalized molecular
orhital throughout the Fe~=TNCX—-Fe moiety.

3. Experimental

All operations were conducted under a pure dinitrogen or
argon atmosphere using standard Schlenk and glovebox tech-
niques. Solvents were dried according to established proto-
cols and degassed prior to use. Unless otherwise specified,
reagents were obtained from commercial supplies and used
as received. Magnetic measurements were carried out by
Gouy’ smethod at room temperature using aJohnson Matthey
magnetic susceptibility balance with tetrathiocyanate cobal -
tate(11) as calibrant balance. ESR spectra were recorded on
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Bruker ECS 106 spectrometer. FTIR spectra were recorded
on an FT-R Perkin EImer 2000 spectrophotometer. Elec-
tronic absorption spectra were recorded on a Shimadzu UV
160. Cyclic voltammetry was performed on athree-electrode
configuration ( glassy-carbon working electrode, satured cal-
omel as reference) with 0.1 M solution of NH,PF; as elec-
trolyte support in CH,Cl,. Cp(dppe)Fel was prepared as
previously reported [22-25].

20
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Fig. 6. Estimated electron-transfer rates vs. activation energy E, for
complexes 2, 4, {[CpFe(dppe)]—(n-S-CsHJN)}(PFs), (5) and
{ [CpFe(dppe) 1-~(-CN)} PFg (6).

Fig. 7. Proposed HOMO-LUMO of complexes 2 and 4.
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3.1. [Cp(dppe)Fe{TCNE)] PF¢ (1)

A solution of Cp(dppe)Fel (70 mg, 0.10 mmol) in 20 ml
of CH;OH was added dropwise over 0.03 g, 0.23 mmol of
C,(CN), and 0.03 g, 0.18 mmoal of NH,PFs. The mixture
wasstirred at roomtemperaturefor 24 h. Thereactionmixture
was then evaporated to dryness, and the solid residue redis-
solved in 30 ml and the solution filtered through Celite and
evaporated to about 15 ml. After this a black solid was
formed, which was decanted and washed twice with hexane—
ether and dried in vacuo. Yield: 28 mg (29%). Anal. Calc.
for CyH,oFsN,PsFe- CHLCL,: C, 52.08; H, 3.54; N, 6.38.
Found: C, 51.73; H, 4.02; N, 5.90%.

3.2. [{Cp(dppe)Fe}~(u-TCNE)] (PFe). (2)

To asolution of Cp(dppe) Fel, 0.15g, 0.23mmol in 10 ml
of CH;OH, was added dropwise slowly over 0.015 g, 0.11
mmol of C,(CN), in 20 ml of CH;OH in the presence of
NH,PFg (0.03 g, 0.18 mmol). The mixture was stirred at
room temperature for 24 h and then concentrated to dryness
under reduced pressure. The solid was dissolved in CH,Cl,
(30 ml) and filtered through Celite. The solution was con-
centrated in vacuum to about 15 ml and the black solid pre-
cipitated was washed twice with hexane—ether and dried
in vacuo. Yield: 0.045 g (28%). Anal. Cdc. for
C,oHssF1oNgPsFes: C, 62.26; H, 4.4; N, 5.0. Found: C, 61.7;
H, 5.0; N, 5.0%.

3.3. [Cp(dppe)Fe«TCNQ)] PF¢ (3)

A solution of Cp(dppe)Fel, 0.15 g, 0.23 mmol in 10 ml
of CH;OH, was added dropwise over 0.07 g, 0.34 mmol of
TCNQ and in the presence of NH,PF (0.06 g, 0.36 mmol).
Following the procedure outlined for separation and purifi-
cation of compound 1, 0.2 g of black solid was obtained.
Yield: 68%. Anal. Cdc. for C,HssFeN,PFe- CHLCl,: C,
55.43; H, 3.6; N, 5.8. Found: C, 54.3; H, 3.0; N, 4.8%.

3.4. [{Cp(dppe)Fe},~(u-TCNQ)] (PFe). (4)

To asolution of Cp(dppe)Fel, 0.15 g, 0.23 mmol in 20 ml
of CH;OH, was added dropwise slowly over 0.03 g, 0.14
mmol of TCNQ in 20 ml of CH;OH in the presence of
NH,PFs (0.04 g, 0.25 mmol). The mixture was stirred at
room temperature for 24 h. Separation and purification pro-
cedures similar to that for compound 3 afforded a black pow-
der. Yield: 0.2 g (48%). Anal. Calc. for C,zgH 120F24N4P4-
Fe,- 2CH,Cl,: C, 57.09; H, 4.2; N, 1.96. Found: C, 55.39; H,
4.26; N, 2.6%.

3.5. Preparation of complexes 1-4 using TIPF¢ as halide
abstractor and CH,CI,, as solvent

Similar compounds were obtained using the following
typical procedure.
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3.5.1. [Cp(dppe)Fe(TCNE)] PF4

A mixture of 0.15 g, 0.25 mmol of Cp(dppe)Fel, 0.04 g,
0.31 mmol of TCNE and 0.16 g, 0.45 mmol of TIPF4 (cau-
tion: thallous salts are very poisonous and should be handled
with care) in30 ml of CH,Cl, wasstirred at roomtemperature
for 3 days. The solution was then filtered through Celite and
the filtrate was removed in vacuo to about 15 ml. The black
solid precipitated was isolated by decantation and washed
twice with n-hexane—ether, and dried in vacuo to give 0.12
g, 60% yield.
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