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Abstract: We have recently reported a 
deprotonation induced valence 
inversion within a phenoxido-bridged 
mixed-valent diiron(II,III) complex. 
The initial aniline coordinated to the 
FeII site reacts with triethylamine and 
the resulting complex contains an 
anilide ligand coordinated to the FeIII 
ion. The behaviour of these complexes 
in acetonitrile is indeed more intricate. 
Owing to the very distinctive
spectroscopic signatures of the 
complexes, the conjunction of NMR, 

Mössbauer and UV-visible absorption 
spectroscopies allows evidencing two 
isomerisation reactions, one involving 
the aniline linked to the FeII, the other 
the anilide on the FeIII. Aniline in cis
position versus the bridging phenoxide 
is shown to be the most stable isomer 
while the anilide trans to the phenoxido 
bridge is favoured. The trans isomer of 
the aniline complex is more acidic than 
the cis one by one pKa unit. 
Isomerisation of the anilide complex is 
six times faster than the analogous 

isomerisation of the aniline complex. 
Both reactions are proposed to proceed 
through a unique mechanism. This is 
the first time that such isomerisation 
reactions are evidenced in dinuclear 
complexes. 

Keywords: cis-trans isomerisation 
• iron complexes • aniline ligand • 
anilide ligand • Mössbauer 
spectroscopy 

 

Introduction 

Aniline is among the least coordinating nitrogen ligands and only a 
few aniline iron complexes have been structurally characterised. 
Most of these complexes involve chelating anilines, the formation of 
the chelate assisting the binding of aniline. This view is supported 
by the fact that the Fe-Naniline distances in hexacoordinate high-spin 
FeII complexes average 2.29 Å when the aniline is unsupported[1] 
and 2.20 Å when it is chelating.[1c, 2] With the goal to obtain 

potential biomimetic models of arylamine oxygenases[3] we 
prepared a diiron complex of a binucleating aniline ligand [Fe2(L-
BnNH2)(mpdp)](ClO4)2•H2O (1).[4] The X-ray structure revealed 
that 1 possesses a triply-bridged core [FeIII(μ-OPh)(μ2-
mpdp)FeII(NH2Bn)] (mpdp2– = m-phenylenedipropionate) and bears 
a terminal aminobenzyl ligand in trans position with respect to the 
bridging phenoxide (Scheme 1). Interestingly we found that, upon 
addition of a nitrogeneous base (e.g. triethylamine), the 
aminobenzyl ligand can be reversibly deprotonated to the anilide 
complex 2, whose core [FeII(μ-OPh)(μ2-mpdp)FeIII(NHBn)] features 
an inversion of the iron valences. This was the first example of a 
(de)protonation-induced valence inversion for both a homodinuclear 
complex and first-row transition metals. A thorough electrochemical 
study indicated that the electron transfer and the proton exchange 
are concerted events.[5] In order to gain more insight into the 
deprotonation induced valence inversion, we investigated further the 
solution behaviour of 1 and 2 and discovered that in acetonitrile 
solution the aniline complex 1 transforms spontaneously over 2h 
into another species of the same formula. Similarly 2 transforms into 
another species over a shorter time scale of 20 min. This article 
describes an in-depth study of these transformations using 
Mössbauer monitoring and NMR and UV-visible kinetic studies. 
Indeed both 1 and 2 possess very rich and distinctive spectroscopic 
properties that allow to monitor and quantitate their transformations. 
These studies strongly suggest that the transformations under 
consideration are most probably the same isomerisation of the 
ligand within the two complexes, the aniline or anilide and pyridine 
arms exchanging their respective positions cis and trans to the 
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bridging phenoxide. Accordingly, we note 1t the initial form of 1 
obtained upon dissolution of the solid into acetonitrile and 1c the 
one after transformation. Similarly, we note 2t the major 
deprotonated form obtained after equilibration and 2c the other one. 
The transformations are summarised in Scheme 2. 

 

Scheme 1. The ditopic ligand HL-BnNH2 and related ones (left) and structure of 
complex 1 [FeIII(µ2-mpdp)FeII(NH2Bn-L)]2+ according to the published X-ray 
diffraction studies (right).[4] Only the two hydrogen atoms of the aniline group are 
indicated. 

 

Scheme 2. Interconversion between the forms 1t and 1c of complex 1 on one hand and 
2t and 2c of complex 2 on the other with the equilibrium constant K1 and K2 expressed 
as a function of the kinetic constants. The deprotonation of complexes 1t and 1c by 
NEt3 is associated with the acidic constants Kt and Kc, respectively. 

Results 

The aniline and anilide complexes were obtained as previously 
described.[4] The evolution of 1 was followed by NMR and UV-
visible absorption spectroscopy. Kinetic analyses of the changes in 
these signatures allowed the rate of the transformation to be 
estimated. This transformation was also investigated by Mössbauer 
spectroscopy and mass spectrometry. The same techniques were 
then used to study the deprotonation and investigate the resulting 
two forms of 2.  

 
Spontaneous evolution of complex 1: 1H-NMR spectroscopy: A 
first evidence of the spontaneous evolution of complex 1 is given by 
1H-MNR spectroscopy. The trace (a) of Figure 1 reproduces the low 
and high field ranges of the spectrum recorded immediately after 
complex 1 was dissolved in deuterated acetonitrile. The full 
spectrum is shown in the Supporting Information (Figure S1). This 
spectrum changes with time as shown by those obtained 20 and 120 
minutes after dissolution (traces (b) and (c), respectively). Indeed, 
upon time, the initial resonances decreased in intensity and new 
ones appeared and grew. Spectra were recorded every 5 minutes 
during 2 hours after which no further modification of the 1H-NMR 
spectrum was observed. This suggests that complex 1 exists under a 

single form immediately after dissolution, denoted hereafter 1t, and 
that a second form, denoted 1c, is spontaneously generated from 1t.  

Trace (a) is reminiscent of the spectrum recorded for the 
complex [FeIII(µ2-mpdp)FeII(NCCH3)(Bn-L)]2+ (see Scheme 1), 
indicating that the FeIII is in the bis-pycolylamine site.[6] It is thus 
reasonable to assume that the structure of 1t is identical to the X-ray 
structure with the aniline ligand coordinated to the FeII ion in trans 
position with respect to the bridging phenoxide. When the evolution 
is complete, both forms coexist. The 1H-NMR spectrum associated 
to 1c indicates that it is a mixed valent diiron species, as 1t. This 
will be further confirmed by Mössbauer spectroscopy (see below). 

 

Figure 1. 550 to 130 and 0 to –80 ppm domains of the 1H-NMR spectra recorded 

immediately (trace a, light grey line), 20 minutes (trace b, dark grey line) and 120 

minutes (trace c, black line) after complex 1 was dissolved in CD3CN. A vertical shift 

was operated on the right part to evidence the increasing intensity of the –19 ppm signal. 

To demonstrate that the two forms 1t and 1c are in equilibrium, 
we recorded 1H-NMR spectra between 258 and 313 K. The spectra 
are shown in the Supporting Information (Figure S2). The first 
spectrum within this series was recorded at room temperature and 
corresponds to spectrum (c) in Figure 1. It is remarkable to see that 
the spectrum was recovered after the temperature had been 
decreased down to 258 or increased up to 313 K. Such behaviour 
strongly suggests that 1t and 1c interconvert. Upon increasing 
temperatures, the spectrum range narrowed. The temperature 
dependence of the peak positions is close to the Curie law in 
agreement with the expected weak antiferromagnetic exchange 
interaction between the high-spin FeII and FeIII ions that is mediated 
by the phenoxido bridge.[7] Varying the temperature not only led to 
shifts in the peak positions but also to drastic broadening of many 
resonances, the latter effect precluding a reliable quantitative 
analysis of the equilibrium. 

Assuming that equilibrium occurs between the two forms 1t and 
1c (see top of Scheme 2), we considered the spectra recorded at 
293 K to analyse the kinetics of the transformation. To determine 
the proportion of 1c, we selected the peak at –19 ppm that increases 
upon time. The choice was governed by the small linewidth and the 
important separation with the other resonances. We then looked for 
1t for a peak in the same spectral range. Three resonances exist at –2, 
–4 and –5.5 ppm. Due to their close proximity, we chose to consider 
these three peaks all together. From previous work, we assumed that 
each of these four observed resonances is associated to a single 
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proton. The time dependence of proportion of 1c is shown in Figure 
2. It continuously increases to reach a plateau at ≈0.65. Therefore, 
when the spontaneous evolution of complex 1 is complete, the 
resulting solution is a mixture of 1t and 1c in a ≈35:65 ratio. The 
same conclusion was reached when we looked at the behaviour of 
the peaks located at 438, 310 and 304 ppm on one hand versus those 
at 520 and 258 ppm on the other, these sets being characteristic of 
1c and 1t, respectively (see Supporting Information, Figure S3). A 
value of 1.8 ± 0.3 is thus obtained for the equilibrium constant K1. 
Assuming that the forms 1t and 1c interconvert with kinetic 
constants k1t and k1c, respectively (see top part of Scheme 2) and that 
only 1t is present initially, the proportion of 1c is given by Eq. 1, 
where t stands for the time elapsed since dissolution of complex 1: 

1c

1t + 1c
=

k1t
k1t + k1c

1− exp − k1t + k1c( ) t⎡⎣ ⎤⎦{ }  (Eq. 1) 

The fit of the data leads to (k1t + k1c) = 0.03(1) min–1. Owing to 
the relation between K1, k1t and k1c, one gets k1t = 0.02(1) min–1 and 
k1c = 0.01(1) min–1. 

 

Figure 2. Time dependence of the proportion of form 1c since dissolution of complex 1 

in acetonitrile (black dots). The solid line corresponds to the best fit according to Eq. 1 

(see text for parameters). 

Mössbauer spectroscopy: Mössbauer spectroscopy is the most 
appropriate tool to characterize iron species and we used it to 
monitor the changes of the iron sites associated to the evolution of 
complex 1. Figure 3 reproduces the spectra recorded at 80 K and 
zero-field on a freshly prepared (spectrum (a)) and an equilibrated 
(spectrum (b)) CH3CN solutions of complex 1. The two spectra are 
very similar. However, the shoulder at –0.36 mm.s–1 in spectrum (a) 
is clearly better resolved in spectrum (b) and superposition of the 
two spectra scaled to the same area reveal that the two central lines 
at 0.26 and 0.65 mm.s–1 are more intense in spectrum (a). 

 

Figure 3. Zero-field Mossbauer spectra scaled to the same area recorded at 80 K (hashed 

lines) on an acetonitrile solution of complex 1 frozen either briefly or 4 hours after 

dissolution. The black solid lines correspond to the theoretical spectra calculated 

according to the parameters listed in Table 1. Contributions of complexes 1t and 1c are 

shown as solid grey and dotted black lines, respectively. 

The analysis of the spectra was conducted in two sequential 
steps. As a first approach in agreement with the results of 1H-NMR 
spectroscopy, it was assumed that a single species is responsible for 
spectrum (a) and that it contributes to 35% to spectrum (b). The 
signature of the resulting 65% in (b) was found to be composed of 
two equally intense quadrupole doublets characteristic of a mixed 
valent FeIIFeIII complex (see Supporting Information, Figure S4). 
This confirms the dinuclear structure of complex 1c as well as the 
oxidation states of the two iron ions. To improve the determination 
of the nuclear parameters of the iron nuclei in complexes 1t and 1c 
we then assumed that both species contribute also to spectra (a) (see 
Table 1). Indeed, freezing the sample induced a delay that allowed 
the initial solution to evolve. Eventually simulation of both spectra 
with the same set of nuclear parameters gave relative contributions 
in perfect agreement with the solution compositions issued from 1H-
NMR investigations. The isomer shift values (δ = 0.46(1) and 
1.19(1) mm.s–1 for 1t and 0.49(1) and 1.14(1) mm.s–1 for 1c) are 
characteristic of high-spin FeIII and high-spin FeII ions in N/O 
environment. The quadrupole splittings determined for the ferric 
centre of 1t and 1c (∆EQ = 0.41(2) mm.s–1 and 0.52(2) mm.s–1, 
respectively) are similar and in the range of those measured for a 
FeIII ion in the bis-pycolylamine site in analogous complexes.[6, 8] In 
contrast, the ∆EQ values of the FeII sites (∆EQ = 2.67(2) mm.s–1 for 
1t and 3.00(2) mm.s–1 for 1c differ significantly. 

Table 1. Mössbauer parameters for complexes 1t, 1c, 2t and 2c in acetonitrile solution. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 20 40 60 80 100 120

P
ro

p
o

rt
io

n
 o

f 
1c

t / min

-6 -4 -2 0 2 4 6

R
el

at
iv

e 
tr

an
sm

is
si

on

Velocity / mm.s–1

1 %

1 %

(a)

(b)

49



 

 δ (mm.s–1) ∆EQ 
(mm.s–1) 

% in spectrum 
(a) [a] 

% in spectrum 
(b) [a] 

1t 
FeIII 

FeII 

0.46(1) 

1.19(1) 

0.41(2) 

2.67(2) 
89 33 

1c 
FeIII 
FeII 

0.49(1) 
1.14(1) 

0.52(2) 
3.00(2) 

11 67 

2t 
FeIII 

FeII 

0.56(1) 

1.15(1) 

1.75(2) 

2.55(2) 
44 77 

2c 
FeIII 

FeII 

0.39(1) 

1.16(1) 

0.80(2) 

3.15(2) 
56 23 

[a] Labels of Mössbauer spectra refer to Figure 3 for complexes 1t and 1c and to Figure 

8 for complexes 2t and 2c. 

Mössbauer spectroscopy thus confirms the presence of two 
mixed valent species in a ≈35:65 ratio in the equilibrated acetonitrile 
solution of 1. In addition, the differences of the ∆EQ values strongly 
suggest that the transformation involves the FeII site rather than the 
FeIII ion. 

ESI-Mass spectrometry: To get further insights into the chemical 
nature of 1t we resorted to ElectroSpray Ionisation Mass 
Spectrometry. ESI-MS spectra were recorded immediately and 4 
hours after complex 1 was dissolved in CH3CN. The two spectra, 
reproduced in the Supporting Information (see Figure S5), are 
undistinguishable and dominated by the 437.6 m/z peak 
corresponding to the dicationic [FeIII(µ2-mpdp)FeII(NH2Bn-L)]2+ 
complex. Consequently, the two complexes 1t and 1c must present 
the same chemical formula except for coordinated solvent molecules 
if any. 

UV-visible absorption spectroscopy: Phenoxido-bridged mixed 
valent FeIIFeIII complexes present a moderately intense absorption in 
the visible domain (500-600 nm) that corresponds to a phenoxide-
to-FeIII charge transfer.[7a] Investigation of its time dependence 
allows getting insight in the kinetics of the spontaneous evolution of 
complex 1. Figure 4 reproduces the evolution of the UV-visible 
spectra recorded during 2.5 hours. The starting spectrum presents a 
maximum at 564 nm with ε564 = 875 M–1.cm–1 that shifts to 574 nm 
with ε574 = 950 M–1.cm–1 when the conversion of 1t into 1c is 
complete. These variations (see inset of Figure 4) can be reproduced 
within the frame of the top part of Scheme 2 using the derived 
equations (see Eq. 2a-c). The best fit of the absorption at 565 nm 
leads to (k1t + k1c) = 0.02(1) min–1, in agreement with the value 
deduced from 1H-NMR spectroscopy. Similar values are obtained 
whatever the wavelength. 

ε λ, t( ) = ε λ, t→∞( )
+ ε λ, t = 0( ) −ε λ, t→∞( ){ }× exp − k1t + k1c( ) t⎡⎣ ⎤⎦

 (Eq. 2a) 

ε λ, t = 0( ) = ε1t λ( )  (Eq. 2b) 

ε λ, t→∞( ) = k1c
k1t + k1c

ε1t λ( )+ k1t
k1t + k1c

ε1c λ( )  (Eq. 2c) 

 

Figure 4. Evolution of the UV-visible absorption spectrum of complex 1 upon 

dissolution in CH3CN. A selection of 16 spectra recorded each 10 minutes during 2.5 

hours are reproduced (the first and last spectra are shown as black solid lines). The 

signature of 1c is shown as the black dotted line. The arrow is a guide to indicate the 

increase in intensity. The inset reproduces the time dependence of the extinction molar 

coefficient at 565 nm. Experimental data are drawn as full dots while the best fit 

corresponds to the solid black line. 

The spectrum of 1t coincides with the first recorded spectrum. 
However, the determination of the UV-visible signature of complex 
1c requires the additional knowledge of at least one of the kinetic 
constants or their ratio K1. The spectrum of 1c is reproduced in 
Figure 4 as the black dotted line, assuming K1 = 1.8 as deduced from 
1H-NMR. The signatures of 1t and 1c are quite similar. Nevertheless, 
it may be noticed that 1c presents a less energetic phenoxide-to-FeIII 
charge transfer transition with an increased intensity compared to 1t 
(1t: λmax = 564 nm, ε564 = 875 M–1.cm–1; 1c: λmax = 583 nm, ε583 = 
1000 M–1.cm–1). Since the observed absorption involves the FeIII site, 
such small variations are perfectly consistent with the 
transformation occuring on the FeII site that was suggested by 
Mössbauer investigations (see above). 

The above studies evidenced that the form 1t obtained 
immediately after dissolution of complex 1 retains the structure 
revealed by crystallography. This structure is altered in 1c in spite of 
the fact that it has a similar chemical composition and is also a 
mixed valent compound. To identify its nature, we took advantage 
of the acidic character of the aniline ligand and investigated the 
behaviour of acetonitrile solutions of complex 1 upon addition of 
NEt3. 

Deprotonated complexes: 1H-NMR spectroscopy: A first evidence 
of the generation of two different complexes upon deprotonation of 
complexes 1t and 1c is given by 1H-NMR. Spectra were recorded 
after the addition of 1.5 equivalents of NEt3 on a CD3CN solution of 
complex 1 that was left to evolve for 4 hours. This solution is indeed 
composed of the two complexes 1t and 1c in a 35:65 ratio. The full-
scale spectra are shown in the Supporting Information (see Figure 
S6) and two domains are enlarged in Figure 5. Firstly, it should be 
noticed that no resonances originating from complexes 1t or 1c are 
detected. Owing to the paramagnetic nature of the complexes that 
contributes to broaden the resonances, this suggests that the action 
of NEt3 is almost quantitative and that no more than 5 to 10% of 
complex 1, whatever the form, remains in solution. Secondly, the 
recorded spectra reveal that the species present in solution are mixed 

0

200

400

600

800

1000

500 600 700 800 900

ε 
/ M

–1
.c

m
–1

λ / nm

875

900

925

950

0 25 50 75 100 125 150

εε 5
65

 / 
M

–1
.c

m
–1

t / min

50



 

valent diiron complexes. Thirdly, a close inspection of the series of 
spectra reveals the progressive disappearance of a set of resonances 
(see the dotted lines in Figure 5). The other set of peaks present in 
the first recorded spectrum concomitantly increases. This behaviour 
reveals that NEt3 reacts on the two complexes 1t and 1c present in 
solution leading to the generation of two new complexes that will be 
further denoted 2t and 2c (see bottom part of Scheme 2). One of 
these complexes spontaneously evolves into the other and 
completion is reached after ≈20 minutes at room temperature. The 
major species that remains in solution is characterised by two 
signals at very negative chemical shifts, namely at –214 and –243 
ppm (see Figure S6). They are indeed the signature of the anilide 
coordinated to the FeIII site trans to the phenoxido bridge (see 
below). 

 

Figure 5. 1H-NMR spectra recorded immediately (trace a), 1 minute (trace b) and 17 

minutes (trace c) after addition of 1.5 eq of NEt3 on a CD3CN solution of complexes 1t 

and 1c in a 35:65 ratio. The dotted lines indicate the decreasing resonances. 

UV-visible absorption spectroscopy: As previously published, 
deprotonation of complex 1 induced an intense absorption around 
700 nm.[4] To confirm that complex 2 indeed exists in two forms, 
namely 2t and 2c, we took advantage of the slow evolution of 
complex 1 to add base on solutions that differ in their 1t:1c ratio. As 
it will be demonstrated, these experiments allowed the 
determination of the signatures of both forms and the kinetics of the 
2t�2c conversion. In addition, a difference in the acidic strength of 
complexes 1t and 1c is evidenced. 

Aliquots of 1.5 eq of NEt3 were added to CH3CN solutions of 
complex 1 that were allowed to evolve for a time period from 50 s to 
120 min after dissolution of complex 1. Figure 6 presents the 
evolution of the absorption when the addition of base is performed 
on a 1t:1c 35:65 mixture (grey solid lines). The analogous series of 
spectra recorded on solutions with larger 1t:1c starting ratios are 
reproduced in the Supporting Information (see Figure S7). The last 
spectra within each series, recorded 18 minutes after the addition of 
NEt3 are superimposable. This indicates that all final solutions have 
the same composition. The chromophore is characterised by a strong 
absorption at 730 nm with an ε value of 4715 M–1.cm–1. Such an 
intense transition is reminiscent of that assigned to an anilide-to-FeIII 
LMCT in a mononuclear trianilinetriazacyclononane FeIII 
complex.[9] This strongly suggests that NEt3 indeed deprotonates the 
aniline group in both species leading to complexes bearing an 
anilide group coordinated to the FeIII ion. By contrast, the first 

spectra recorded within each series are different (see Figure S8). 
This reflects the different compositions of the 1t:1c starting 
mixtures. 

 

Figure 6. Evolution of the UV-visible absorption spectra when 1.5 eq of NEt3 are added 

on 1t:1c 35:65 solution (grey solid lines). The arrow is a guide to indicate the increase 

in intensity. The spectra of complexes 2t and 2c are shown as black dotted and black 

solid lines, respectively. 

All these data sets can be fully accounted for upon assuming that 
the two starting complexes have been converted to 2t and 2c that 
further interconvert (see bottom of Scheme 2). The evolution of the 
absorption spectra after deprotonation on NEt3 addition can be 
reproduced by using equations analogous to the set of Eq. 2 
reflecting the conversion between species 1t and 1c (see Eq. 3a-c). 
In these equations, t is the time in the course of the evolution of 
complex 1 when NEt3 is added while t’ stands for the time evolved 
since the addition of the base. Previous electrochemical studies 
demonstrated that the rate of the deprotonation of complex 1 by 
NEt3 is fast with a second order constant of ≈ 2 107 M–1.min–1.[5] 
Therefore, in the present UV-visible investigations performed on 
0.18 mM solutions, deprotonation is not the rate-limiting step. The 
absorption measured just immediately after the addition of the base 
is thus due to a 2t:2c mixture with the composition of the initial 
1t:1c mixture (see Eq. 3b). The fits of the time dependence of the ε 
values at a given wavelength lead to (k2t + k2c) = 0.30(2) min–1, 
whatever the composition of the starting solution and whatever the 
wavelength. The fits for λ = 720 nm are reproduced in the 
Supporting Information (see Figure S9). Moreover, the variations of 
the absorbance of the solutions immediately after deprotonation lead 
to (k1t + k1c) = 0.03(1) min–1, in perfect agreement with the studies 
presented above (see Supporting Information, Figure S10). This 
allows the determination of the absorption spectra of 2t and 2c (see 
black traces in Figure 6). At last, these signatures lead to the 
determination of the composition of the solution once the 
interconversion between species 2t and 2c is complete: the two 
species 2t and 2c are present in an ≈83:17 ratio. Consequently, the 
equilibrium constant K2 is equal to 0.20(5) and the two kinetic 
constants k2t and k2c are equal to 0.05(2) and 0.25(2) min–1, 
respectively. 

ε λ, t, t '( ) = ε λ, t '→∞( )
+ ε λ, t, t ' = 0( ) −ε λ, t '→∞( ){ }× exp − k2t + k2c( ) t '⎡⎣ ⎤⎦

 (Eq. 3a) 
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ε λ, t, t ' = 0( ) = k1c
k1t + k1c

ε2t λ( )+ k1t
k1t + k1c

ε2c λ( )

+ ε2t λ( )−ε2c λ( ){ } k1t
k1t + k1c

exp − k1t + k1c( ) t⎡⎣ ⎤⎦
 (Eq. 3b) 

ε λ, t '→∞( ) = k2c
k2t + k2c

ε2t λ( )+ k2t
k2t + k2c

ε2c λ( )  (Eq. 3c) 

The spectroscopic signatures of species 2t and 2c differ slightly 
in the wavelength of the absorption maximum, 730 nm for 2t vs 700 
nm for 2c, and mostly by the associated value of the molar 
extinction coefficient, ε730 = 5240 M–1.cm–1 for 2t vs ε700 = 2175 M–

1.cm–1 for 2c. Since these transitions involve the ferric site, such 
large variations in the intensity strongly suggest that the change 
between the two forms occurs on the FeIII centre. 

To determine the acidic strength of complexes 1t and 1c, 
increasing aliquots of NEt3 were added to 1t:1c 35:65 mixtures. 
Absorption spectra were regularly recorded during 20 minutes after 
the addition of the base. A plateau is reached after ≈14 min. Figure 7 
reproduces the spectra recorded 17 minutes after the addition of up 
to 4 equivalents of NEt3. Two isosbestic points are observed at 485 
and 547 nm, indicating that two chromophores coexist in solution. 
At first glance, isosbestic points are not expected due to the presence 
of four mixed valent diiron complexes, namely 1t, 1c, 2t and 2c. 
However, these spectra have been recorded at a time where a plateau 
had been reached, attesting the completion of the evolution of the 
solutions. This plateau certifies that the equilibria between species 
1t and 1c on one hand and species 2t and 2c on the other are reached. 
Consequently the two chromophores that are evidenced here are the 
1t:1c 35:65 and the 2t:2c 83:17 mixtures. The insert in Figure 7 
shows the variations of the molar extinction coefficient at 720 nm as 
a function of the number of added equivalents of NEt3. These data 
can be satisfyingly reproduced by considering the deprotonation of 
the 1t:1c 35:65 chromophore by NEt3 leading to the 2t:2c 83:17 
chromophore in addition to Et3NH+. A Kapp = 34(3) is determined 
for the equilibrium constant associated to this reaction (see Eq. 4a). 
Such a value indicates that 95% of complex 1 is deprotonated upon 
the addition of 1.5 eq. of NEt3, thus validating the previous analyses. 

ε λ,neq( ) = ε1t:1c λ( )+ ε2t:2c λ( )−ε1t:1c λ( ){ }

×
neq +1( )Kapp − neq −1( )

2
Kapp
2 + 4neqKapp

2 Kapp −1( )

 (Eq. 4a) 

Kt = Kapp ×
1+K1
1+K2

 (Eq. 4b) 

Kc = Kapp ×
1+K1
K1

×
K2

1+K2

 (Eq. 4c) 

The above analysis shows that base addition to the mixture of 
aniline complexes causes a complete reequilibration of the two 
mixtures of aniline and anilide complexes. In this respect, the 
relative short time period (< 20 min) required for reaching 
equilibrium contrast with the large one (2h) necessary for 
equilibration of the mixture of aniline complexes in the absence of 
base. This apparent contradiction can be explained by calculating 

the time dependence of the contribution of the four complexes to the 
total absorption of the solution for a fixed NEt3 addition. Figure S11 
in the Supporting Information illustrates these variations at 720 nm 
when 0.5 eq of NEt3 are added. Less than 10% of the total variation 
is indeed detected after 15 min, attesting the validity of the previous 
analyses. This calculation shows that the interconversion between 
complexes 1t and 1c is indeed controlled by the conversion between 
the deprotonated complexes 2t and 2c and the fast acido-basic 
equilibriums. Moreover, in conjunction with the two other 
equilibrium constants K1 and K2, the acidic strengths Kt and Kc of 
the two aniline complexes 1t and 1c can be determined (see Scheme 
2 and Eq. 4b-c). One gets Kt = 83(10) and Kc = 9(3), indicating that 
the form 1t is ca one order of magnitude more acidic that the form 
1c. 

 

Figure 7. Evolution of the UV-visible absorption spectrum of an CH3CN solution of 

complexes 1t:1c in a 35:65 ratio upon addition of 0 (curve (a)) to 4 eq (curve (b)) of 

NEt3. The inset reproduces the evolution at 720 nm as a function of the number of 

added equivalents of NEt3 (full circles). The black solid line corresponds to the best fit 

according to Eq. 4a. 

Mössbauer spectroscopy: As already mentioned, Mössbauer 
spectroscopy is appropriate to evidence changes on the iron sites and 
was thus used to investigate the 2t:2c mixtures. 1.5 eq. of NEt3 were 
added to an CH3CN solution of complexes 1t and 1c in a 35:65 ratio 
and the solutions were frozen shortly to maximize the proportion of 
species 2c and at different times. Figure 8 reproduces the spectra 
recorded at zero-field and 80 K on solutions frozen shortly after the 
addition of the base (spectrum (a)) or 10 minutes after (spectrum 
(b)). Two additional spectra are shown in the Supporting 
Information (see Figure S12). Spectra in Figure 8 clearly evidence a 
change upon time in the solution composition. The line detected at 
0.77 mm.s–1 in spectrum (a) has almost vanished in spectrum (b). In 
concert, the line at 1.40 mm.s–1 increases. The relative intensities of 
the two lines detected at 2.40 and 2.70 mm.s–1 are also reversed and 
the shoulder observed at –0.04 mm.s–1 is less pronounced in 
spectrum (b) compared to spectrum (a). These spectra can be well 
reproduced by assuming the presence of two diiron complexes in 
different proportions (see Table 1). The isomer shift values (2t: 
0.56(1) and 1.15(1) mm.s–1; 2c: 0.39(1) and 1.16(1) mm.s–1) are 
consistent with mixed valent FeIIFeIII species with high-spin ions, in 
agreement with the 1H-NMR data. Since the UV-visible studies have 
demonstrated that species 2t becomes the major species, this guided 
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us to attribute the Mössbauer nuclear parameters to the two 
complexes 2t and 2c. It must be underlined that the ∆EQ values of 
the FeIII ion are very large in both complexes, and even larger in 2t 
than in 2c (1.75(2) vs 0.80 mm.s–1, respectively). This large 
variation sustains a change on the ferric centre between the two 
forms 2t and 2c. 

 

Figure 8. Zero-field Mössbauer spectra recorded at 80 K after the addition of 1.5 eq. of 

NEt3 on an CH3CN 1t:1c 35:65 solution (hashed marks) that was frozen shortly (top 

part, spectrum (a)) or 10 minutes (bottom part, spectrum (b)) after the addition of the 

base. The black solid lines correspond to the theoretical spectra calculated according to 

the parameters listed in Table 1. Contributions of complexes 2t and 2c are shown as 

solid grey and dotted black lines, respectively. 

It is worth noticing that the relative proportions of complexes 2t 
and 2c determined from the four recorded Mössbauer spectra (full 
dots in Figure 9) are perfectly in agreement with the theoretical 
evolutions calculated according to the values of k2t and k2c 
determined from UV-visible investigations (solid and dotted lines in 
Figure 9). 

 

Figure 9. Time dependence of the relative proportions of complexes 2t (full circles) and 

2c (full squares) as obtained from simulations of Mössbauer spectra (see caption of 

Figure S12). t’ stands for the time since the addition of 1.5 eq of NEt3 on a 1t:1c 35:65 

solution. The solid and dotted lines correspond respectively to the theoretical 

distribution of complexes 2t and 2c calculated by assuming k2t = 0.05 min–1and k2c = 

0.25 min–1 as determined from UV-visible absorption experiments. 

Discussion 

 The above results have revealed that both the aniline and 
anilide complexes exist in two different forms that interconvert 
between them (1t � 1c and 2t � 2c) and through (de)protonation 
(1c,t � 2c,t). The form 1t has been previously characterised in the 
solid state and shown to have the aniline group bound to the ferrous 
ion in trans position with respect to the bridging phenoxide[4] but the 
coordination of 1c must be assessed. Similarly, the binding of the 
anilide group to the ferric ion trans to the phenoxido bridge has been 
previously substantiated in 2t by NMR and Mössbauer 
spectroscopies[4] but the coordination of 2c must be assessed. Once 
the nature of 1c and 2c has been found, the mechanism for the 
interconversions (1t � 1c and 2t � 2c) and the difference in the 
properties of the two forms will be addressed.  

Structure of 1t and 1c complexes: ESI-MS data reveal that 
complexes 1t and 1c contain the same dicationic species [FeIII(µ2-
mpdp)FeII(NH2Bn-L)]2+. However, the presence of additional 
coordinated solvent molecules cannot be excluded if the aniline 
group is not bound since these molecules dissociate in the ESI-MS 
experiments. Three hypotheses can thus be envisioned for the 
structure of 1c: (i) a valence isomer [FeII(µ2-mpdp)FeIII(NH2Bn-
L)]2+ where the FeII and FeIII sites are interchanged, (ii) a 
coordination isomer where the aniline and pyridine have 
interchanged position, the pyridine being trans and the aniline cis to 
the bridging phenoxide, (iii) an acetonitrile complex [FeIII(µ2-
mpdp)FeII(NCCH3)(L-BnNH2)]2+ where the solvent has replaced the 
aniline that is not bound anymore, and (iv) an aqua complex 
[FeIII(µ2-mpdp)FeII(OH2)(L-BnNH2)]2+ where water binding is 
assisted by an H-bond from unbound aniline. We believe that 
hypothesis (i) is not likely since in all MIIIMII complexes of these 
ligands with M = Fe or Mn, the MIII ion is always bound in the bis-
picolylamine site.[6, 10] Moreover, in the FeIIIFeII complexes the 
intervalence transition was observed at ca 9000 cm–1 (1100 nm), too 
high in energy to consider that the two valence forms can easily 
coexist. Hypotheses (iii) and (iv) can be probed by spectroscopy. 
Indeed, we showed earlier that the Mössbauer quadrupole splitting is 
sensitive to the coordination of the FeII ion in complexes of the 
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ligand bearing a benzyl group in place of the aniline. The complex is 
isolated in the solid state with a water molecule bound to FeII trans 
to the bridging phenoxide ([FeIII(µ2-mpdp)FeII(OH2)(L-Bn)]2+),[10a] 
but in acetonitrile solution the solvent is coordinated ([FeIII(µ2-
mpdp)FeII(NCCH3)(L-Bn)]2+).[6] Replacement of the acetonitrile 
ligand by an aqua ligand requires addition of 1000 eq of water. 
These studies provide benchmarks of the coordination of ligands as 
illustrated in Scheme 3 (part a). The quadrupole splitting determined 
for 1c (∆EQ = 3.00(2) mm.s–1) does not match those for either the 
acetonitrile or the aqua complex (∆EQ = 3.14(1) mm.s–1 and ∆EQ = 
2.41(2) mm.s–1, respectively).[6] Note that the difference is 
significant since it exceeds 4 times the standard deviation. 
Accordingly, these hypotheses are disfavoured. This conclusion is 
further supported by consideration of NMR spectra. Firstly, the 
observed signatures of complexes 1t and 1c are significantly 
different from that of [FeIII(µ2-mpdp)FeII(S)(L-Bn)]2+ with S = 
CD3CN or D2O.[6] However, since the signature of the water adduct 
can be altered by H-bonding, we checked the consequences of the 
addition of D2O on an equilibrated solution 1t:1c. No change was 
indeed observed (see Figure S13 in the Supporting Information). 
Accordingly hypotheses (iii) and (iv) were rejected. We are thus left 
with hypothesis (ii) considering that 1c is a geometrical isomer of 1t 
with the aniline cis and the pyridine trans to the bridging phenoxide 
(see Scheme 4). Several X-ray structures of complexes with a 
pyridine bound in this position indicate that such a coordination is 
feasible.[7a, 11] 

 

Scheme 3. ∆EQ values determined for relevant ferrous and ferric sites within dinuclear 
complexes. Classification is made to compare to complexes 1t (part (a)), 1c (part (b), 2t 
(part (c)) and 2c (part (d)). Details on the complexes are given in the Supporting 
Information (see Table S1) [a] This work. [b] See ref [6]. [c] See refs [7a, 7c, 12]. [d] 
See refs [7a, 13]. [e] See refs [12b, 12e]. 

Structure of 2t and 2c complexes: Spectroscopic studies evidenced 
that the action of NEt3 on 1t:1c solutions leads to the generation of 
two different complexes, 2t and 2c. In these complexes the valence 
of the two Fe ions are inverted, the FeII ion being bound in the bis-
picolylamine site. Complex 2t is the major species that exists in 
solution 20 minutes after the addition of the base. Two particular 
spectroscopic features lead to assign the coordination of the anilide 
to the FeIII ion trans to the bridging phenoxide. The first feature is 
the presence of two characteristic 1H-NMR upfield resonances at –
214 and –243 ppm. Such negative values are very peculiar and 

reminiscent of those observed at –100 and –105 ppm on the mixed 
valent complex [FeII(µ-O2P(OPh)2)2FeIII(OBn-L)]2+ where HL-
BnOH is analogous to HL-BnNH2 with a 2-hydroxybenzyl group in 
place of the 2-aminobenzyl arm (see Scheme 1).[7a] They have been 
respectively attributed to the para and ortho protons of the 
phenoxido ring that is coordinated to the FeIII ion in trans position 
with respect to the bridging phenoxide. The second feature is the 
unusually large Mössbauer quadrupole splitting determined for the 
FeIII ion ∆EQ = 1.75(2) mm.s–1. In general, values lying between 
0.30 and 0.55 mm.s–1 are observed for ferric ions in similar 
environments.[6, 7c, 11] In contrast, values higher that 0.95 mm.s–1 
have been previously observed for FeIII sites in similar systems 
exclusively when an anionic ligand is coordinated trans to the 
phenoxido bridge as summarised in Scheme 3 (part c) and are 
reminiscent of those of µ-oxo-diferric entities.[14] 

The quadrupole splitting of the FeIII site in 2c is also large (∆EQ 
= 0.80(2) mm.s–1), but not as large as in 2t (∆EQ = 1.75(2) mm.s–1). 
A similar difference in the ∆EQ values of the ferric centre has been 
previously observed in the bisferric complexes [FeIII(BBPPNOL)(µ-
X)2FeIII]+ (0.89 and 1.27 mm.s–1 for X=AcO–[12e], 0.65 and 1.17 
mm.s–1 for X=(PhO)2PO2

–[12b]) where H3BBPPNOL stands for 
N,N’,N,N’-bis[(2-hydroxybenzyl)(2-pyridylmethyl)]-2-hydroxy-1,3-
propanediamine. Neves et al. suggest that it could be due to the 
different coordination of the two terminal phenoxido ligands vs the 
bridging alkoxide, namely a cis position on one iron and a trans on 
the other.[12e] This was confirmed by the X-ray structure of the bis-
diphenylphosphato bridged complex.[12b] Since the larger ∆EQ value 
indeed originates from the site with a trans coordination of the 
terminal phenoxide, the lower one is attributed to the cis. Therefore, 
the ∆EQ value of 0.80(2) mm.s–1 found for 2c is consistent with a cis 
coordination of the anilide on the FeIII ion vs the bridging phenoxide. 
This assignment is supported by the observation that for related 
complexes in this series of ligands ∆EQ values in the range of 0.5-
0.6 mm.s–1 are associated with the binding of anionic ligands in cis 
position to the bridging phenoxide (Scheme 3, part d).[7a, 11] 

Significant differences were also evidenced in the UV-visible 
absorption properties of the 2t and 2c complexes: λmax = 730 and 
700 nm with ε = 5240 and 2175 M–1.cm–1, respectively. Whereas the 
change in energy of the absorption maximum is only modest ca 600 
cm-1, the change in absorption coefficient by ca 3000 M–1.cm–1 is 
quite substantial. This difference is reminiscent of that observed 
between the two bis-ferric complexes [FeIII(BBPPNOL)(µ-
OAc)2FeIII]+ and [FeIII(BBPMP)(µ-OAc)2FeIII]+ (H2BBPMP = 2,6-
bis[(2-hydroxybenzyl)(2-pyridylmethyl)-aminomethyl]-4-
methylphenol). Both binucleating ligands indeed present two 
terminal phenoxides but while both phenoxides are trans to the 
bridge in the latter complex, the former contains one trans and one 
cis phenoxide. In CH3CN, the former complex is characterised by an 
intense absorption band at 540 nm with ε = 4400 M–1.cm–1[12e] while 
the latter presents a more intense transition at 601 nm with ε = 7700 
M–1.cm–1.[12d] The two complexes differ also by the nature of the 
bridge: an alkoxide in the former and a phenoxide in the latter. 
Whereas the bridging alkoxide does not contribute to any absorption 
in the visible, a phenoxide�FeIII LMCT absorption is associated to 
the bridging phenoxide at ca 575 nm with an extinction coefficient 
of 970 M–1.cm–1. Accordingly the difference in the bridge may 
contribute only a third of the extinction coefficient change between 
the two complexes and therefore the main difference is due to the 
change from a cis to a trans coordination of the terminal phenoxides. 
This observation is quite in line with the difference noted for 2t and 
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2c and in turn further supports that they differ by the cis vs trans 
coordination of the anilide (see Scheme 4). 

 

Scheme 4. Isomerisation reactions of the aniline (complex 1, n=2) or anilide (complex 2, 
n=1) from a trans to a cis position with respect to the bridging phenoxide. The aniline 
(resp. anilide) is coordinated to the FeII (resp. FeIII) ion in 1 (resp. 2). 

It is interesting to note that 1c and 2t are the preponderant 
isomers once equilibrations are reached. Since pyridine is a better 
ligand than aniline but weaker than anilide, the major isomer 
presents in both cases the better ligand in trans position to the 
phenoxido bridge. 

Isomerisation processes: All the spectroscopic data accumulated 
on the solution changes of the aniline and anilide complexes can 
thus be accounted for by cis/trans isomerisation processes (see 
Scheme 4). The most common isomerisation mechanism of 
hexacoordinated metal complexes involves a twist of two opposite 
faces of the octahedron.[15] Such a Bailar type mechanism cannot be 
envisaged in the present case owing to the structural rigidity brought 
about by the binucleating ligand and the presence of the three 
bridges. By contrast, a dissociative mechanism is more likely due to 
the presence of weak or labile ligands in the iron coordination 
sphere. Since dissociation of a ligand will give a pentacoordinate 
complex, a mechanism involving a Berry rotation appears 
attractive.[15] Dissociation of a carboxylate cannot explain the 
aniline(anilide)/pyridine interconversion because the Berry rotation 
followed by the recoordination of the carboxylate will not generate 
the desired isomer but its enantiomer. However, dissociation of 
either the aniline or the pyridine can account for 1t→1c and 2c→2t 
transformations as illustrated in Scheme 5 where L+ stands for the 
pyridine in complex 1 or for the anilide in complex 2 while L– 
represents the aniline ligand in 1 or the pyridine in 2. Dissociation of 
the weaker ligand L– occurs in the first step. The resulting square-
based pyramid can rearrange in two trigonal bipyramid (TBP) that 
differ on the axial ligands, either the tertiary amine Na and the 
oxygen Of of the mpdp2– bridge or the nitrogen atom of the L+ 
ligand and the oxygen Ob of mpdp2–. In the first case, the Berry 
rotation that maintains the ligand Ob leads to a new TBP with the 
axis now along the L+–Fe direction that encompasses the bridging 
phenoxide. Recoordination of the L– ligand trans to the oxygen Ob 
of the mpdp2– gives the desired isomer (see Scheme 5). In the 
second case, the Berry rotation that puts Of and Na in axial positions 
and re-entry of L– trans to Ob reform the desired octahedron (see 
Supporting Information, Scheme S1). This latter mechanism is 
however disfavoured because the bridging phenoxide and the 
tertiary amine would then belong to the equatorial plane of the 
starting TBP with a corresponding O–Fe–Na angle approaching 120°, 
a value difficult to attain in the ligand framework. By contrast, the 
O–Fe–Na angle remain at ≈90° in the mechanism depicted in 
Scheme 5. 

 

Scheme 5. 1t→1c and 2c→2t favoured isomerisation mechanisms through Berry 
rotation. Na stands for the tertiary amine. Of and Ob are the carboxylate oxygen atoms of 
mpdp2– coordinated in front and in back of the plane formed by the two iron atoms and 
the bridging oxygen, respectively. 

To validate this mechanistic proposal, we have attempted to 
measure the kinetics of both isomerisation processes in other 
solvents. The too low solubility if any of complex 1t limited the 
choice for solvents. For instance methanol and dichloromethane 
were prohibited. 1H-NMR spectra recorded on DMF or acetone 
solutions of complex 1 do not reveal any significant change in the 
1t:1c ratio at equilibrium. In addition, the UV-visible absorption 
measurements at room temperature lead to values for (k1t + k1c) and 
(k2t + k2c) that differ from that obtained in acetonitrile by less than 
one order of magnitude. Such small variations may originate from 
differences in the solvatation of the proposed intermediates. 

The two isomerisation processes 1t→1c and 2c→2t can be thus 
rationalised by a similar mechanism. We propose that the leaving 
ligand is the aniline in the case of complex 1 while it is the pyridine 
in complex 2. In addition the two processes involve the iron centres 
in two different oxidation states: FeII in 1 and FeIII in 2. These 
differences may explain the factor 10 observed in the isomerisation 
rates (k1t = 0.02(1) min–1 vs k2c = 0.25(5) min–1). A slow process for 
complex 1 is compatible with the common neutral charge of the 
pyridine and aniline ligands that are indeed coordinated to the FeII 
ion. This contrasts with the higher rates measured for complex 2 
where a negatively charge anilide ligand and a neutral pyridine are 
involved, both being linked to the ferric ion. A possible explanation 
for these differences lies in the strong and more covalent bonding of 
the ferric site with respect to the softer ferrous one. 

Conclusion 

The present study has revealed a number of interesting features 
related to the intrinsic properties of position isomers of metal 
complexes. To the best of our knowledge such a detailed study is 
unprecedented and was achievable only owing to the very rich and 
distinctive properties of the systems investigated. Cis/trans 
isomerisation processes within the coordination sphere of a metal 
have been scarcely reported in the literature. The most investigated 
ones concern complexes with monodentate ligands such as CO,[16] 
H–[17] or Cl–.[18] Cis and trans isomers involving aniline or anilide 
ligands have been previously reported in square planar [PtL2] 
complexes where the chelating ligand L is the (o-
aminophenyl)diphenylphosphine or its deprotonated form.[19] More 
relevant to the present work are Carrano's studies of homoleptic 
complexes [ML2] of tridentate ligands containing two pyrazole and 
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one phenol groups. NMR spectroscopy indicates that the sandwich 
complexes [ML2] (M=CoII, NiII) can exist in the cis and trans forms, 
the rate of the conversion being strongly dependent on the steric 
bulk of the ligand.[20] In addition, when the two pyrazoles are 
methylated in 3 and 5 positions, it has been shown that the cis 
isomer is more stable for the ferrous complex [FeL2] while the trans 
isomer is favoured for the ferric species [FeL2]+.[21] A similar 
dependence has been noted for molybdenum complexes of the same 
ligands: the MoVI complex [LMoO2Cl] favours the cis isomer 
whereas the MoV complex [LMoOCl2] favours the trans.[22] 
Interestingly a structure dependence was observed in oxygen atom 
transfer reaction by the MoVI complexes, the trans isomer reacting 
20 times faster than its cis counterpart. So these isomerisations are 
non-innocent in terms of electronic structure and associated 
properties and reactivities. The present work indeed substantiates 
these observations. For the anilides 2t/2c the two isomers differ in 
several spectroscopic features: extinction coefficient of the UV-
visible absorption, Mössbauer quadrupole splitting and NMR 
properties. Indeed, the spectral range of the NMR spectrum of the 
trans isomer 2t extends to ca –250 ppm with the two resonances 
corresponding to the ortho- and para-anilide protons occurring at –
214 and –243 ppm. By contrast those of the cis isomer 2c appear in 
the range 0 to –15 ppm. This illustrates a very strong spin 
delocalisation over the anilide when it is trans to the bridging 
phenoxide. Similarly the very large quadrupole splitting observed 
for 2t (ΔEQ = 1.75 mm.s–1) with respect to 2c (ΔEQ = 0.80 mm.s–1) 
reflects a very strong covalency of the anilide bonding. It is thus of 
interest that this interaction manifests itself also in the different 
acidities of the aniline complex isomers: 1t being more ca one order 
of magnitude more acidic than 1c (Kt = 83 and Kc = 9). Work is 
currently underway in our laboratory to further assess the influence 
of the isomerisation of the ligand on the acidic and redox properties 
of the complexes. 

Experimental Section 

Materials: Complex 1 was prepared according to the published 
procedure.[4] Acetonitrile for spectroscopic measurements was 
distilled under argon over CaH2 and stored within an inert-
atmosphere glovebox. All other reagents were reagent grade quality 
and used as received. 

Physicochemical studies: 1H-NMR spectra were recorded in 
deuterated acetonitrile on a Bruker AC 200 with a 5 mm indirect 
detection as described previously.[7a] Mass spectra were obtained in 
the electrospray ionisation mode on a LCQ-Finnigan Thermoquest 
spectrometer equipped with an octupolar analyser and an ion trap. 
Electronic absorption spectra were recorded in acetonitrile (0.18 
mM solution with 1 cm optical length cuvettes) on a Varian Cary® 
50 spectrometer. A Peltier device was used for temperature control 
(298 K). Mössbauer spectra were recorded on 2-4 mM solutions of 
57Fe-fully enriched complexes. The experiments were performed 
using a horizontal transmission cryostat (Oxford Instruments) and a 
50 mCi source of 57Co(Rh) as previously described.[4] All velocity 
scales and isomer shifts are referred to the metallic iron standard. 
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ABSTRACT: The kinetics of proton-induced intervalence
charge transfer (IVCT) may be measured electrochemi-
cally by generating one of the members of the IVCT
couple in situ and following its conversion by means of the
electrochemical signature of the other member of the
couple. In the case of the diiron complex taken as an
example, the reaction kinetics analysis, including the H/D
isotope effect, clearly points to the prevalence of the
concerted proton−intervalence charge transfer pathway
over the stepwise pathways. A route is thus open toward
systematic kinetic studies of proton-induced IVCT aiming
at uncovering the main reactivity parameters and the
factors that control the occurrence of concerted versus
stepwise pathways.

For almost four decades,1 intervalence charge transfer (IVCT)
has attracted continuously renewed experimental and theoreti-
cal attention,2 being illustrated by organic systems3 and mostly
by transition-metal complex systems.4−8 In the latter case, these
systems involve two metal centers that may be identical or not,
although systems comprising more than two metal centers have
also been considered. The metal centers are held together by a
common ligand and may or may not be connected by a more or
less conducting ligand. The various situations are symbolized by
the general diagram shown in Scheme 1.

Electron transfer can be triggered by proton transfer.
Examples of such electron transfer have been reported for
dinuclear complexes upon deprotonation of a bridging
ligand.9−11 In addition, such symmetric dinuclear mixed-valent
systems may present localized or delocalized valences depend-
ing on pH. A single example of IVCT triggered by a proton
transfer on a terminal ligand (Scheme 2) has been reported to
date.12 B is an external base that serves as an acceptor for the
proton delivered by the protonated ligand LH, thus triggering
the IVCT, in which an electron is transferred from the right-

hand to the left-hand metal center. The reaction in Scheme 2 is
thus a typical proton-coupled electron transfer (PCET)
process. The system is a bistable construct wherein the passage
from one state to the other may be triggered by a change in pH.

PCET reactions are currently under active scrutiny from both
experimental and theoretical viewpoints.13 Mechanism analysis
based on the kinetics of the reaction has mostly focused on the
distinction between stepwise pathways in which protonation
and electron transfer take place successively [initial proton
transfer followed by electron transfer (PET pathway) or vice
versa (EPT pathway)] and a concerted proton−electron
transfer (CPET) pathway in which the two events take place
in concert. The advantage of the CPET pathway over the
stepwise pathways is that it avoids going through high-energy
intermediates. This is a way of exploiting the driving force
advantage offered by the coupling between proton and electron
transfers, an advantage that becomes effective if the kinetic
price that may have to be paid is not too high. A delineation of
the various pathways in the present case of proton-coupled
IVCT is summarized in Scheme 3. Such a mechanism analysis
requires the determination of the rate constant of the PCET
reaction, which has not been the case for the systems in which
proton transfer triggers IVCT as reported to date.

The purpose of the present communication is to describe a
method that allows such rate constant determinations to aid in
establishing the reaction mechanism. The main thrust in this
connection is the distinction between the concerted and
stepwise pathways. The method is based on the recording and
analysis of the cyclic voltammetric responses of the complexes
involved. It is illustrated by the diiron complex depicted in
Scheme 4, where, with reference to Schemes 2 and 3, M1 = M2
= Fe, n = II, and the ligand L is defined in Scheme 4.14

The first step of the analysis deals with the description of the
thermodynamic framework in the form of a Pourbaix diagram
(variation of the apparent standard potentials of the system, E0,
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with pH) as reported in Figure 1, which shows the diagram
itself and the various experiments that allowed its establish-
ment. The four cyclic voltammograms (CVs) allowed the
derivation of the four characteristic standard potentials; the
most negative one is approximate since the corresponding wave
is not reversible. The pK of FeIIIFeIILH was obtained from the
variation of its UV−vis spectrum upon addition of NEt3 (Figure
1f,g) according to the expression

−
−

= + − + − −
−

=
→∞ =

A A
A A

n n n K
K

1 ( 1) 4 (1 )
2(1 )

n

n n

0

0

2

in which n is the number of NEt3 equivalents and K is related to
the pK of interest as

= − +K 10 K Kp pFeIIIFeIILH Et3NH

K was thus found to be 0.1, which, in combination with
pKEt3NH

+ = 18.6,15 gave pKFe
III

Fe
II
LH = 17.6. These E0 and pK data

allowed the Pourbaix diagram shown in Figure 1 to be drawn,
thus leading to pKFe

III
Fe

III
LH = 9.9 and pKFe

II
Fe

II
LH ≈ 27.9 [see the

Supporting Information (SI) for details].
Once the thermodynamic scene had been set, we employed

the following electrochemical method to determine the rate
constants of the proton-coupled IVCT on the basis of the
reactions depicted in the scheme shown in Figure 2a. Starting
with the initial complex FeIIIFeIILH in the presence of a mixture
of B (i.e., NEt3) and its corresponding acid BH+, the potential

of the working electrode was set at 0.4 V vs SCE for an in situ
pre-electrolysis (10 s), at the end of which FeIIIFeIIIL was the
only complex present in the solution surrounding the electrode,
together with a preset mixture of B and BH+. At the first
cathodic peak (Figure 2b), FeIIIFeIIIL was reduced at ca. 0.235
V to give FeIIFeIIIL, which, thanks to the BH+ present, was

Scheme 3

Scheme 4. FeIIIFeIILHa

aOnly the H atoms at the site where proton transfer occurs are shown.

Figure 1. (a) Pourbaix diagram. (b−e) CVs of 0.65 mM FeIIIFeIILH
complex in CH3CN + 0.1 M NBu4BF4 on a 3 mm diameter glassy
carbon disk electrode at scan rates (v) of (b−d) 0.1 and (e) 0.5 V/s:
(b) oxidation; (c) reduction; (d) oxidation in the presence of 10 equiv
of NEt3; (e) reduction in the presence of 10 equiv of NEt3. (f)
Increase in the UV−vis band of the FeIIFeIIIL complex upon addition
of NEt3 to FeIIIFeIILH. (g) Variation of the normalized peak
absorbance with the number of NEt3 equivalents, n.

Figure 2. (a) Reaction scheme for determining the rate constants of
proton-coupled IVCT. Standard potentials (E0) are given in V vs SCE
and forward (kf) and backward (kb) rate constants in M−1 s−1. K’s are
equilibrium constants. (b) CV of 0.65 mM FeIIIFeIILH complex in
CH3CN + 0.1 M NBu4BF4 on a 3 mm diameter glassy carbon disk
electrode at v = 1 V/s in the presence of a mixture of NEt3 (4 mM)
and Et3NH+ (2 mM) after a pre-electrolysis at 0.4 V to convert the
initial complex into FeIIIFeIIIL.
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partly converted into FeIIIFeIILH according to the reaction of
interest. Addition of BH+ in these experiments was necessary to
ensure that its concentration was constant throughout the
diffusion−convection layer. FeIIIFeIILH was reduced at ca. 0.0
V, whereas the remainder of FeIIFeIIIL was reduced at a much
more negative potential (ca. −0.6 V). The second wave on the
voltammogram involved a typical chemical reaction preceding
electron transfer (CE) process16 (bold arrows and symbols in
Figure 2a) in which the electroactive species, FeIIIFeIILH, was
reduced at the electrode and continuously regenerated by the
transformation of FeIIFeIIIL with an efficiency that depended on
the scan rate (v). The second wave decreased with increasing
NEt3 concentration at a given v (Figure 3a) and with increasing

v at a given NEt3 concentration (Figure 3b), as expected for a
CE mechanism.16 The third wave was consistently observed to
vary in the opposite manner.

With knowledge of the equilibrium constant of the reaction
(see the above thermodynamic analysis), the second wave of
the voltammograms could be simulated17,18 according to the
CE mechanism (bold arrows and symbols in Figure 2a) and
compared to the experimental data after subtraction of the
current due to the first wave, corresponding to FeIIIFeIIIL
reduction (its simulation is represented as a dashed line in
Figure 3a). The rate constant of the PCET reaction for
conversion of FeIIFeIIlL into FeIIIFeIlLH was found to be log(kf)
= 4.5 ± 0.1. Examples of simulations are given in Figure 4
(other simulations and details are available in the SI).

The results gathered to this point are compatible with the
CPET pathway but also with the two stepwise pathways, PET
and EPT, as shown in Schemes 3 and 5. To discriminate
between these mechanisms, the same experiments were
repeated with another base, pyrrolidine (pK = 19.6)15b (see
the SI), which gave log(kf) = 4.0 ± 0.1. Relating the decrease in
the rate constant to the 1 pK unit decrease of the driving force
entails a value of the symmetry factor α = (d log kf/d log K) ≈
0.5 ± 0.05.19 This value is compatible with the CPET
mechanism insofar it is characterized by a quadratic activation
driving force law,20 which can be linearized over the small range
of driving forces considered here. Such a value of the symmetry
factor is not compatible with either of the two stepwise
pathways for the following reasons. With simple amines such as
those used here, the rate constants of the protonation and
deprotonation reactions are expected to be at the diffusion limit
in the thermodynamically favorable direction,21 as sketched in

Scheme 5. The resulting expressions for kf for the two stepwise
mechanisms are given in Scheme 5. It is seen that α is predicted
to be 1 for the PET pathway and 0 for the EPT pathway, thus
ruling out these two possibilities.19b

If the reaction does follow the CPET pathway, an H/D
kinetic isotope effect (KIE) would be expected. That this is
indeed the case is shown in Figure 5, where experiments with
NEt3 as a base performed in the presence of 1% MeOH were
repeated in the presence of 1% MeOD. It is a purely kinetic
effect because the equilibrium constant K had the same value in
the presence of either 1% MeOH or 1% MeOD, as checked by
UV−vis experiments (see the SI). A quantitative estimation of
the effect (KIE = 2 ± 0.2)22 was obtained by means of
simulations (see the SI). A clear confirmation that the proton-
coupled IVCT reaction follows the concerted pathway is thus
provided.22b No significant KIE would be expected with the
stepwise pathways since, as already noted, the rate constants of
the protonation and deprotonation reactions would be at the
diffusion limit in the thermodynamically favorable direction.

In summary, we have shown that the kinetics of proton-
induced IVCT may be measured electrochemically by
generating one of the members of the IVCT couple in situ
and following its conversion by means of the electrochemical
signature of the other member of the couple.

Figure 3. CVs of 0.65 mM FeIIIFeIlLH complex after a 10 s pre-
electrolysis at 0.4 V in the presence of 2 mM Et3NH+. (a) Variation
with the NEt3 concentration at v = 0.05 V/s: 4 mM (blue); 8 mM
(green); 12 mM (red). Dotted line: simulation of the first wave. (b)
Variation with v at [NEt3] = 8 mM: 0.05 V/s (blue); 0.2 V/s (green);
1 V/s (red). The current at the starting potential was set to zero for
the sake of an easier comparison.

Figure 4. CVs of 0.65 mM FeIIIFeIlLH complex under the same
conditions as in Figure 3 after subtraction of the simulated first wave. v
(V/s): 0.05 (blue) 0.2 (green) 1 (red). [Et3NH+] = 2 mM. (a, a′)
[NEt3] = 4 mM; (b, b′) [NEt3] = 8 mM. (a, b) experimental; (a′, b′)
simulated (see the text).

Scheme 5
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In the case of the diiron complex used as an example in the
present study, application of the method to the determination
of the H/D isotope effect and variation of the rate constant
with the driving force clearly points to the prevalence of the
concerted proton−intervalence charge transfer pathway over
the stepwise pathways.

A route is thus open toward a systematic kinetic study of
proton-induced IVCT aimed at uncovering the main reactivity
parameters and the factors that control the occurrence of
concerted versus stepwise pathways. Work is in progress to
investigate the dependence of the CPET intervalence kinetics
upon temperature in order to evaluate reorganization and
proton tunneling factors.
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1. Experimental Details 

Chemicals. Acetonitrile (Fluka, > 99.5 %, stored on molecular sieves), the supporting electrolyte NBu4PF6 (Fluka, puriss.), NEt3 
(Prolabo, HPLC grade), HNEt3Cl (Aldrich, 98%), pyrrolidine (Aldrich, 99%), HClO4 (Prolabo, Normapur), methanol and CD3OD 
(Eurisco-top, 100%) were used as received. 
Cyclic voltammetry. The working electrode was a 3-mm diameter glassy carbon (GC) electrode disk (Tokai) carefully polished 
and ultrasonically rinsed in absolute ethanol before use. The counter-electrode was a platinum wire and the reference electrode an 
aqueous SCE electrode. All experiments were carried out under argon at 23°C, the double-wall jacketed cell being thermostated by 
circulation of water. Cyclic voltammograms were obtained by use of a Metrohm AUTOLAB instrument. 
UV-vis. Spectra were recorded on a Specord S600 spectrophotometer (Analytik Jena) at room temperature with a 0.5 cm quartz 
cuvette. 
 

2. Construction of the Pourbaix diagram (fig 1S): 

CV recorded in absence of base allows the determination of the FeIIIFeIIILH/FeIIIFeIILH and FeIIIFeIILH/FeIIFeIILH standard potential thus 
giving rise to horizontal lines 1 and 2 in the Pourbaix diagram.  

CV recorded in large excess of base (NEt3) allows the determination of the FeIIIFeIIIL/FeIIFeIIIL and estimation of the FeIIFeIIIL/FeIIFeIIL 
standard potential thus giving rise to horizontal lines 3 and 4 in the Pourbaix diagram.  

UV-vis determination of the pKa of the FeIIIFeIILH /FeIIFeIIIL gives rise to the vertical line 5 joining lines 2 and 3. 

Diagonal lines 6 and 7 joining lines 1 and 3 and 2 and 4 respectively corresponds to 1 e-  – 1 H+ processes thus corresponding to a RT/F 
ln(10) slope. Drawing those lines from 2-5 and 3-5 corners allows the determination of both III IIIFe Fe LH

9.9pK � and II IIFe Fe LH
27.9pK . 
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Fig. 1S. Pourbaix diagram. 

3. Data with pyrrolidine as a base: 
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Fig. 2S. Cyclic voltammetry of 1 mM FeIIIFeIlLH complex after a 10 s pre-electrolysis at 0.4 V in presence of 2 mM +HB (B = pyrrolidine; +HB is 
obtained by mixing HClO4 and an equal amount of B). v = 0.05 V/s. a: experiments (except dotted black line: first wave simulation), b: second 
wave after subtraction of the first wave. c: simulation with kf = 104 M-1s-1. Blue: [B] = 2 mM; Green: [B] = 3 mM; Red: [B] = 5 mM. 
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4. Additional data for KIE : 
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Fig. 3S. Cyclic voltammetry of 0.65 mM FeIIIFeIlLH complex after a 10 s pre-electrolysis at 0.4 V in presence of 2 mM +HNEt3. Blue: in presence 
of 1% MeOH. Red: in presence of 1% MeOD. a, b, c: [NEt3] = 4 mM; d, e, f: [NEt3] = 8 mM; g, h, i: [NEt3] = 12 mM. a, d, g: v = 0.05 V/s. b, e, h: 
v = 0.2 V/s. c, f, i: v = 1 V/s. Current at the starting potential was set to zero for the sake of an easier comparison. 

 

5. Determination of the equilibrium constant K in deuterated medium: 

The constant K in deuterated medium is obtained from the variation of its UV-Vis spectrum upon addition of NEt3 (figure 4S) in presence 

of 1% MeOD using the following equation:
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where n is the number of triethylamine equivalents. K is found equal to 0.1 as in the case of hydrogenated medium.  
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Fig 4S. left: Increase of the UV-Vis band of the II IIIFe Fe L complex upon addition of NEt3 in presence of 1% MeOD. Right: variation of the nor-
malized peak absorbance with the number of NEt3 equivalents, n. 

84



 

 

4S 

 

6. Simulations 

The second waves of the voltammograms shown in figures 3, 2S and 5S have been simulated according to the CE mechanism depicted in 
the scheme below. The rate constant kf was used as the only adjustable variable in the simulation. Initial concentrations of the various 
species were calculated according to the introduced concentrations of complex and the equilibrium constant. The diffusion coefficients 
were taken as equal 10-5 cm2s-1 and 5×10-5 cm2s-1 for of all complexes on the one hand and B and +HB on the other. Finite diffusion with a 
convection layer of 0.01 cm was considered to take into account natural convection in order to get a correct description of the pre-
electrolysis procedure (finite diffusion procedure is an option available in Digielch CV-properties). 

II IIIFe Fe L
K = 0.1 B

kfBH+

E0 = 0.0
III IIFe Fe LH

e-

ks = 1 cm/s

III IIFe Fe LH

 

Below, simulations are compared to experimental data (figure 5S) and kf were estimated for both hydrogenated and deuterated media. The 
second waves observed in figures 3, 2S and 5S are extracted from the whole voltammograms through subtraction of the simulated first 
wave. Simulation of this first wave was obtained from the reaction shown below starting with FeIIFeIIIL species. The diffusion coefficients 
were taken as equal 10-5 cm2s-1. Finite diffusion with a convection layer of 0.01 cm was considered to take into account natural convection. 
Simulation of the 10 seconds pre-electrolysis at 0.4 V was obtained by performing a first scan (at 0.01 V/s) between 0.5 V and 0.4 V. 
Simulation fits well with the experimental first wave (see figure 3a).  
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Fig. 5S. Cyclic voltammetry of 0.65 mM FeIIIFeIlLH complex in the same conditions as in figure 3 after subtraction of the simulated first wave. 
Left: in the presence of 1% MeOH; right: in the presence of 1% MeOD. Scan rates (V/s): 0.05 (blue) 0.2 (green) 1 (red). [+HNEt3]=2 mM. a, a': 
[NEt3] = 4 mM, b, b': [NEt3] = 8 mM. b, b': [NEt3] = 12 mM. a, b, c: experimental, a',b', c’: simulated: left: kf = 3 104 M-1s-1. Right: kf = 1.5 104 M-

1s-1. 
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INTRODUCTION 

Intervalence charge transfer (IVCT) has attracted continuous interest among inorganic 

chemists for several decades.1 In most cases, it occurs through a ligand bridging two metals 

in different oxidation states, these metals being identical or not.2-5 We recently reported that 

such an IVCT can be induced in a mixed-valent Fe2
II,III complex 1 by deprotonation of an 

aniline ligand bound to the ferrous site,6 as illustrated in Scheme 1. 

��
 

Scheme 1 

A similar process has been described only in an heterodinuclear RuOs complex7 and in the 

semimet forms of the dioxygen carrier hemerythrin, albeit in the latter case the system 

switches between a ferrous pentacoordinate site and an hydroxo-bound ferric center.8 The 

thermodynamic and kinetic aspects of the reaction were investigated by spectroscopic and 

electrochemical techniques.9 Moreover, thorough electrochemical experiments showed that 

this process could be described as a concerted proton-electron transfer. Owing to the 

singularity of this system it appeared of interest to investigate further how the reaction is 

influenced by the redox potential difference of the two Fe sites and the pKa of the group that 

is deprotonated. The modularity of the ligand constitution and its sequential synthesis10

(Scheme S1) allow to vary the complexing branch of each metal. In the present work, we 
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used it to vary the redox potential of the ferric site in the starting aniline complex by 

replacing the bis((pyridyl-2-yl)methyl)amine branch by a bis((1-methylbenzimidazol-2-

yl)methyl)amine in complex 4 (Scheme 2). To fully assess the effect of this substitution on 

the properties of complex 4, we also prepared the symmetric complex with two bis((1-

methylbenzimidazol-2-yl)methyl)amine branches 2 and the asymmetrical complex 3

incorporating the two kinds of complexing branches (Scheme 2). This article describes the 

syntheses, the structural and spectroscopic properties of 2-4 and the deprotonated form of the 

latter 4’ together with their electrochemical study. 

 

Scheme 2. Mixed-valent diiron complexes studied in this work. 

RESULTS AND DISCUSSION 

Syntheses of the ligands and complexes. The three ligands used in the present work were 

synthesized according to the already described procedure10 (Scheme S1) adapted for inserting 

the desired bis((pyridyl-2-yl)methyl)amine, bis((1-methylbenzimidazol-2-yl)methyl)amine

and ((2-pyridyl-2-yl)methyl)-(1-amino-2-methylphenyl)amine branch.6 Complexes 2-4 were 

prepared by usual procedures.11,12 They were all characterized by ElectroSpray Ionization-

Mass Spectrometry (ESI-MS) and spectroscopic techniques (see below). 
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Characterization of complexes 2 and 3. Solid state studies. 

X-ray structure of 3(ClO4)2. Figure 1 shows the structure of the dicationic complex 3. The 

crystal parameters are listed in Table 1, and important bond lengths and angles are given in 

Table 2. The two iron ions are bridged by the oxygen atom of the phenoxide of the 

deprotonated ditopic ligand and by the two carboxylates of benzene-1,3-dipropionate (mpdp2–

). The coordination spheres of the two metal ions are completed by three nitrogen atoms of 

the ditopic ligand, one is a tertiary amine function and the two others are either from the 

pyridine or the benzimidazole rings. The presence of the two perchlorate anions per diiron 

complex is in agreement with a mixed valent FeIIFeIII composition. The average of the metal-

ligand distances for Fe2 is smaller than that for Fe1 (2.16 vs 2.06 Å, respectively), indicating 

that the FeIII site is in the bispicolylamine cavity while the FeII ion is coordinated by the two 

methylbenzimidazoles. This is counterintuitive since the methylbenzimidazole is a better 

electron donor than pyridine and was expected to favor the +III oxidation state. The metal-

ligand bond lengths compare well with those determined on similar complexes with either 

four pyridine rings,13 [(bpmp)Fe2(μ-OPr)2]
2+, or with four N-methylimidazole groups,14 

[(bimp)Fe2(μ-O2CPh)2]
2+. 

  

Figure 1. X-ray structure of 3. 
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Table 1. Summary of crystal data ans structure refinement for compound 3(ClO4)2. 

chemical formula C51H51Cl2Fe2N8O13 

formula weight 1166.60 

crystal system triclinic 

space group P-1 

a (Å) 10.0771(11) 

b (Å) 13.4513(16) 

c (Å) 20.341(2) 

α (deg) 86.427(8) 

β (deg) 84.643(9) 

γ (deg) 70.346(10) 

V (Å3) 2583.8(5) 

Z 2 

Dcalcd (g cm–1) 1.499 

λ (Å), μ (mm–1) 0.71073, 0.738 

T (K) 150(2) 

θθ  range (deg) 3.282 to 24.713 

reflns collected 18131 

unique reflns 8743 

data/restraints/parameters 8743/0/688 

R1, wR2 (I > 2σ(I)) 0.0715, 0.1393 

 

Table 2. Selected bond lengths (Å) and angle (°) in 3(ClO4)2. 

Fe1–O1 2.127(5) Fe2–O1 1.944(5) 

Fe1–O41 2.065(5) Fe2–O42 1.956(5) 

Fe1–O43 2.134(5) Fe2–O44 1.948(5) 

Fe1–N1 2.310(6) Fe2–N2 2.221(6) 

Fe1–N3 2.132(6) Fe2–N7 2.138(6) 

Fe1–N5 2.174(5) Fe2–N8 2.175(6) 

Fe1 … Fe2 3.443 Fe1–O1–Fe2 115.5(2) 
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Mössbauer spectroscopy. Figure 2 reproduces the spectra recorded at 80 K and zero-field 

on solid-state samples of complexes 2 and 3. Each spectrum comprises four components and 

can be satisfyingly reproduced by two quadrupole doublets of equal area. The isomer shift 

and quadrupole splitting values deduced from the simulation (Table 3) are in the range 

expected for one high-spin ferric and one high-spin ferrous ions. These spectra thus indicate 

that the valences of the two Fe ions are localized in these conditions. These parameters 

should be informative on the location of the valences in the asymmetric complex 3. 

Comparison of the parameters of 3 with those of the two symmetric analogs 2 (with 

methylbenzimidazole donors) and [(bpmp)Fe2(μ-OPr)2]
2+ (with pyridine donors)13 reveal that 

the parameters of the ferrous ion are closer to that of [(bpmp)Fe2(μ-OPr)2]
2+ while those of the 

ferric ion are closer to those of 2. This suggests that in the powder, the location of the 

valences of the two Fe ions is inverted with respect to that found in the X-ray crystal 

structure. However, it must be noticed that for Hbpmp based mixed valent complexes, the 

quadrupole splittings of both iron sites may differ by ±0.2 mm.s–1 depending on the bis-

carboxylato bridge and on the counterion. Therefore the present assignment may be taken as 

tentative only. 
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Figure 2. Mössbauer spectra (hashed lines) of complexes 2 (a) and 3 (b) recorded at 80 K 

and zero-field. The theoretical spectra are shown as the solid black lines. The FeII and FeIII 

contributions are shown above the spectra as the solid gray and dashed gray lines, 

respectively. 

 

Table 3. Isomer shifts and quadrupole splittings for complexes 2 and 3 and related species. 

Complex δ (mm.s–1) ΔEQ (mm.s–1) Γfwhm (mm.s–1) Relative area (%) 

2 FeII 1.16 2.69 0.30 50 

FeIII 0.46 0.31 0.32 50 

3 FeII 1.16 2.90 0.33 50 

FeIII 0.46 0.33 0.39 50 

[(bpmp)Fe2(μ-OPr)2]
2+ FeII 1.13 2.91 0.29 48 

FeIII 0.48 0.54 0.30 52 
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Solution studies 

1H-NMR spectroscopy. Figure 3 reproduces the 1H-NMR spectra of complexes 2 and 3 

recorded in CD3CN solutions. They expand over a large chemical shift domain, 340 and 

370 ppm for 2 and 3, respectively. This is reminiscent of what was observed for the 

complexes [(bpmp)Fe2(μ-OPr)2]
2+ 13 and [(bimp)Fe2(μ-OAc)2]

2+ 14 whose spectra extend over 

390 and 350 ppm, respectively. According to the peak assignments that were achieved for 

these two complexes, the thin peaks observed above 150 ppm can be attributed to protons of 

the six methylene groups of the binucleating ligand, two bound to the phenoxide (N–CH2–Ph) 

and four bound to the amine donor (N–CH2–Amine). A single of these protons appear in this 

range, the other resonating more up-field. For the latter complexes, only three peaks are 

observed for these groups owing to the symmetry of the ligand and to an intervalence 

exchange between the two equivalent mixed valent forms FeIIFeIII and FeIIIFeII that is fast on 

the 1H-NMR time scale. In addition, for [(bpmp)Fe2(μ-OPr)2]
2+ 13 two additional resonances 

are observed which are associated to the four ortho-pyridinyl protons; these resonances are 

broad owing to the short distance of these protons to the Fe ions. Extensive 1H-NMR studies 

have led to assign the methylene resonances in decreasing chemical shifts to the (N–CH2–Ph) 

and then the two (N–CH2–Amine) groups.  

The spectrum of complex 2 is very similar to that of [(bimp)Fe2(μ-OAc)2]
2+ 14 with only 

three signals in the 400-150 ppm domain, in accord with a fast intervalence exchange. Also 

by analogy with [(bpmp)Fe2(μ-OPr)2]
2+ 13 the peak at 337.5 ppm can be attributed to the (N–

CH2–Ph) group and the two signals at 198.5 and 170.1 ppm to the two (N–CH2–Amine) 

groups. For complex 3, owing to the asymmetry of the ligand, the methylene groups are non 

equivalent and indeed six narrow peaks are observed above 140 ppm. In addition two broad 

signals are detected at 198.1 and 152.6 ppm that can be attributed to the two ortho-pyridinyl 

protons. As for 2, the observed positions are indicative of a delocalized mixed valent 
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complex on the NMR time scale. A tentative assignment of the methylene protons of 3 can be 

proposed from an analysis of their positions in the symmetrical complexes 2 and 

[(bpmp)Fe2(μ-OPr)2]
2+. These protons occur at higher chemical shifts in the latter compound 

than in 2 (396, 265 and 198 vs 337.5, 198.5 and 170.1 ppm): therefore the signals at 361.7, 

235.7 and 180.3 ppm are attributed to methylene groups of the bis((pyridyl-2-

yl)methyl)amine branch whereas those at 355.8, 208.6 and 163.1 ppm would originate from 

the CH2 groups of the bis((1-methylbenzimidazol-2-yl)-methyl)amine arm. The first signal 

out of the three within each of the two series would be assigned to the N–CH2–Ph group. 

�

	�
��


��
�	

����
�	

����
�	

��
�	

�
�����������

������5�������	��

δ�&,,�3


�
�
�

�

�
�

��
�




�
�
�

��
�
�

��


�

��
�
�

��
�
�

�

�����

�����

������

������

�����

������

������


�����

�������
�����

������������

δ�&,,�3




�
�

��
�
�

��
�
�

  

Figure 3. 1H-NMR spectra of complexes 2 (bottom) and 3 (top) in CD3CN solution. 

UV-visible absorption spectroscopy. Figure 4 reproduces the UV-visible absorption spectra 

recorded on 0.3 mM acetonitrile solutions of complexes 2 and 3. The more intense bands are 

respectively observed at λmax = 560 and 575 nm with molar extinction coefficient values of 
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740 and 595 mol–1.L.cm–1. This is reminiscent of the phenoxide-to-FeIII charge transfer 

transition observed in [(bpmp)Fe2(μ-OPr)2]
2+ at λmax = 554 nm with ε = 950 mol–1.L.cm–1 13 

and that at λmax = 523 nm with ε = 660 mol–1.L.cm–1 detected for [(bimp)Fe2(μ-OAc)2]
2+.14 
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Figure 4. UV-visible absorption spectra of complexes 2 (solid black line) and 3 (gray dashed 

line) recorded on 0.3 mM acetonitrile solutions. 

Electrochemistry. Cyclic voltammograms were recorded on millimolar acetonitrile 

solutions of complexes 2 and 3. They are shown on Figure 5. For both complexes, one 

reversible oxidation process is observed at Eox
1/2 = 0.52 V (Eap = 0.55 V, Ecp = 0.48 V, ΔE = 

0.07 V) for 2 and at Eox
1/2 = 0.58 V (Eap = 0.63 V, Ecp = 0.54 V, ΔE = 0.09 V) for 3. A 

reduction process is also detected at Ered
1/2 = –0.18 V (Eap = –0.14 V, Ecp = –0.21 V, ΔE = 0.07 

V) for 2 and at Ered
1/2 = –0.12 V (Eap = –0.08 V, Ecp = –0.15 V, ΔE = 0.07 V) for 3. These can 

be attributed to one electron processes, namely the oxidation of the mixed valent complexes 

into the bis-ferric species and to their reduction into the bis-ferrous systems. These redox 

potentials indicate a 700 mV stabilization domain for both mixed valent complexes, that is a 

value close to that observed for similar mixed valent complexes.10,11,15 The two symmetric 

complexes [(bpmp)Fe2(μ-OPr)2]
2+ 13 and [(bimp)Fe2(μ-OAc)2]

2+ 14 present similar one-

electron transfers at 0.69 and 0.44 V in oxidation and at –0.01 and –0.22 V in reduction. 

Redox potentials can be ordered according to Hbpmp > HL-(BzImMe)2(Py)2 > HL-
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(BzImMe)4 > Hbimp. This indicates a greater stabilization of the FeIII state when 

methylbenzimidazoles vs pyridines are present: substitution of a bis((1-methylbenzimidazol-

2-yl)methyl)amine (in 2) by a bis((pyridyl-2-yl)methyl)amine (in 3) in a complexing branch 

leads to a 60 mV increase in the potentials of the two redox couples.  The valence location in 

3 as determined from the X-ray structure is thus surprising.  
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Figure 5. Cyclic voltammograms recorded on acetonitrile solutions of complexes 2 (black 

solid line) and 3 (gray dashed line). 

 

Characterization of complex 4. 

1H-NMR spectroscopy. Figure 6 (top) illustrates the 1H-NMR spectrum of complex 4. This 

spectrum departs from those of 2 and 3 by the drastically enlarged spectral range that extends 

over ca 500 ppm instead of 340-370 ppm. Such a high spectral range is commonly observed 

for complexes bearing significantly different complexing branches i.e. either with a non-

bonding benzyl group or a strongly binding phenoxide,10,12 and was observed for 1.6 This 

extended spectral range is indicative of a higher localization of the valences of the two Fe 

ions on the 1H-NMR time scale. A second notable feature is the high number of signals (> 16) 

present in the 500-140 ppm range. This high number of resonances can not be due to the 
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asymmetric nature of the ligand since 3 presents about half that number in the corresponding 

range. It is therefore indicative of the occurrence of two isomers as observed for the original 

aniline complex 1 where the aniline group can occupy either the trans or the cis position with 

respect to the bridging phenoxide.16 Indeed, the spectrum of 4 bears a significant resemblance 

with that of 1 except for a slightly smaller spectral range that is quite in line with the shorter 

range observed for 2 vs 3 when a bis((1-methylbenzimidazol-2-yl)methyl)amine is replaced 

by a bis((pyridyl-2-yl)methyl)amine. A notable difference between 4 and 1 resides in the 

different kinetics of isomerization. Indeed, for 1 it takes ca 2h to reach the equilibrated cis-

trans mixture upon dissolution of the trans isomer, whereas for 4 the equilibrated mixture is 

detected immediately after dissolution. 
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Figure 6. 1H-NMR spectra of complexes 4 before (top) and 4’ after (bottom) addition of 3 eq. 

NEt3 in CD3CN solution. 

UV-visible absorption spectroscopy. The UV-visible spectrum of 4 presents a broad 

unfeatured absorption plateau near λ = 588 nm. By analogy with 2 and 3 this band can be 

assigned to the phenoxide-to-FeIII charge transfer transition characteristic of these kinds of 

complexes.10,13 Interestingly, this spectrum does not show any evolution over a period of 

several hours, thus confirming the 1H-NMR observation that the isomers are formed very 

rapidly upon dissolution or are present in the powder. It is not thus possible to distinguish 

them and assign their individual UV-visible spectra. 
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Figure 7. UV-visible monitoring of the deprotonation of complex 4 by addition of NEt3 in 

acetonitrile solution. 

 

Mössbauer spectroscopy. The Mössbauer spectra of 4 were recorded in the solid state and 

in acetonitrile solution and are depicted in Figure 8a,b. They can be accounted for by 

considering the presence of two doublets of equal intensity, the parameters of which deduced 

from the simulation correspond to a high-spin FeII and a high-spin FeIII ion (Table 4). At first 

sight, this is at odds with the results of 1H-NMR spectroscopy which revealed the presence of 

two isomers. However, the Mössbauer spectra recorded in both conditions exhibit rather 

broad lines, especially for the FeII site (Γfwhm > 0.5 mm.s–1), which can be due to the presence 

of two closely similar species, the contributions of which are not resolved. The similarity of 

the parameters of 4 with those of the two isomers of 1 is consistent with this possibility. 
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Figure 8. Mössbauer spectra of 4 recorded at 80 K in the solid state (top), in acetonitrile 

before (middle) and after of 4’ after addition of triethylamine (bottom) to a solution of 4. The 

contribution of a ferric impurity (7 %) was subtracted from the three spectra. The solid and 

dashed lines underneath the spectra illustrate the contributions of the ferrous and ferric site, 

respectively, as deduced from the simulations. 
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Table 4. Isomer shifts and quadrupole splittings for complex 4 in solid and solution state and 

after deprotonation by NEt3. 

Complex δ (mm.s–1) ΔEQ (mm.s–1) Γfwhm (mm.s–1) Relative area (%) 

4 (solid state) FeII 1.07 2.19 0.73 50 

FeIII 0.43 0.37 0.37 50 

4 (acetonitrile) FeII 1.14 2.98 0.50/0.67 50 

FeIII 0.50 0.49 0.40 50 

4' (acetonitrile) FeII 1.14 2.97 0.26/0.30 50 

 FeIII 0.48 0.51 0.33 50 

 

 

Deprotonation of complex 4. 

Addition of triethylamine to an acetonitrile solution of 4 causes a drastic color change from 

violet-blue to green as the deprotonated complex 4’ is formed. As illustrated in Figure 7, this 

corresponds to the appearance of an intense band at λmax = 725 nm which is at slightly higher 

energy (E = 13793 cm-1) than the transition observed for complex 1’ (λmax = 730 nm, E = 

13699 cm-1) obtained by deprotonation of 1.6 This energy difference results mostly from the 

effect of the substitution of a bis((pyridyl-2-yl)methyl)amine by a bis((1-

methylbenzimidazol-2-yl)methyl)amine in the complexing branch on the energy of the FeIII 

orbitals.  

Figure 6 (bottom) shows the 1H-NMR spectrum of 4’ formed by addition of triethylamine 

to a CD3CN solution of 4. When compared to the spectrum of 4, two main differences appear 

clearly. First, the spectral range has even increased to ca 760 ppm from 524 to –237 ppm. 

This is in agreement with a localization of the valences of the Fe ions. Moreover the 

occurrence of two highly upfield shifted resonances at –207.6 and –237.6 ppm is the 

signature of an anilide ligand bound to a ferric ion in a trans position with respect to the 
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bridging phenoxide, these resonances being associated to the ortho and para anilide protons. 

Similar resonances were observed in the original deprotonated aniline complex 1’6,16 as well 

as in the corresponding phenoxide.10 Second, the number of resonances is drastically reduced 

to eight in the 550-100 ppm range that is similar to the spectrum of 3. This observation 

indicates that a single isomer of the anilide complex is present in solution as opposed to the 

situation noted for 4, 1 and 1’ where two isomers coexist. This shows that the substitution of 

a bis((pyridyl-2-yl)methyl)amine by a bis((1-methylbenzimidazol-2-yl)methyl)amine in the 

complexing branch has a significant and distinct effect on the respective stabilities of the two 

isomers in the protonated and deprotonated forms.  

The Mössbauer spectrum of 4’ is depicted on Figure 8. It is clearly composed of four lines 

of equal intensity that can be decomposed in two doublets associated to a high-spin ferrous 

and a high-spin ferric site. Examination of the parameters listed in Table 4 clearly shows that 

the deprotonation has not occurred: indeed the only difference with the spectrum of 4 in 

acetonitrile is in the line widths which are drastically reduced. Careful deprotonation under 

UV-visible or 1H-NMR monitoring will be undertaken to solve the problem.  

 

Electrochemistry of complex 4. 

Preliminary electrochemical experiments of 4 have been performed to characterize its 

redox properties and its reduction behavior. Two redox couples are detected in cyclic 

voltammetry corresponding to one-electron transfers to form the diferrous (Ered
1/2 ca –0.23 V) 

and the diferric (Eox
1/2 ca 0.46 V) form. The stability domain of the mixed-valent is thus close 

to 0.7 V in line with the other compounds in this study. Addition of increasing amounts of 

triethylamine causes a decrease of the oxidation couple together with the appearance of a new 

reversible couple at 0.11 V. At the same time an irreversible oxidation wave is formed at ca 

0.8 V. This could correspond to the oxidation of triethylamine, showing that it is not totally 
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consumed by the deprotonation reaction. This hypothesis would explain the difficulty 

encountered for preparation of the Mössbauer sample of 4’. However, more experiments are 

needed to ascertain it. Whatever the nature of this wave, these experiments show that upon 

deprotonation of the aniline, the oxidation of the FeII center is facilitated by ca 0.35 V. This 

effect is comparable to that observed for the same process in 1 (ca 0.45 V) and about the 

double of that linked to deprotonation of a benzimidazole ligand.17  
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Figure 9. Cyclic voltammetric curves of 4 recorded on millimolar solutions in acetonitrile 

with addition of increasing amounts of triethylamine: 0.16 (black), 0.33 (red), 0.49 (light 

blue), 0.66 (dark blue), 0.82 (violet), 0.99 (mauve), 1.15 (orange) and 1.32 (green) equivalent 

of base. 

 

SUMMARY 

In this work we have prepared 4 that is an analog of 1 with a different arm complexing the 

ferric ion. We showed with related complexes 2 and 3 that the modification introduced, 

replacement of two pyridines in 1 by two 1-methylbenzimidazoles in 4, lowers the redox 

potential of the system by ca 60 mV. A second difference concerns the isomerization 

processes observed to be slow in 1 but which are not detected in 4. Although the presence of 

similar isomers was detected in 1H-NMR, it is possible that the different structural constraints 
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within the ligand are responsible for this difference. Most importantly, the electronic 

structure of the two complexes are very similar and especially the localization of the valences 

of the two Fe ions. This feature will make possible the study of the deprotonation-induced 

electron transfer to assess the redox potential influence. 

 

EXPERIMENTAL SECTION 

General methods. 

Materials: Acetonitrile for spectroscopic measurements was distilled under argon over 

CaH2 and stored within an inert atmosphere glovebox. All other reagents were of reagent 

grade quality and used as received.  

Physicochemical studies: 1H-NMR spectra were recorded in deuterated acetonitrile on a 

Bruker AC 200 with a 5 mm indirect detection as described previously.10 Mass spectra were 

obtained in the electrospray ionization mode on a LCQ-Finnigan Thermoquest spectrometer 

equipped with an octupolar analyser and an ion trap. Electronic absorption spectra were 

recorded in acetonitrile (0.18 mM solution with 1 cm optical length cuvettes) on a Varian 

Cary® 50 spectrometer. Mössbauer spectra were recorded on 2-4 mM solutions of 57Fe-fully 

enriched complexes. The experiments were performed using a horizontal transmission 

cryostat (Oxford Instruments) and a 50 mCi source of 57Co(Rh) as previously described.6 All 

velocity scales and isomer shifts are referred to metallic iron foil at room temperature. 

bis((1-methylbenzimidazol-2-yl)methyl)amine. Dechlorhydratation of the N-methyl-o-

phenylenediamine was performed at first. 4 g (20.5 mmole) of the N-methyl-o-

phenylenediamine dihydrochloride was dissolved in 40 mL of CH2Cl2. 6 mL of a saturated 

aqueous solution of NaHCO3 were added to the flask. Small quantities of NaHCO3 were 

added until the end of CO2 release. The solution was then carefully filtered, stirred 30 min 

with Na2SO4, and evaporated. Six washings with 5 mL of CH2Cl2 were performed and the 
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resulting solution was evaporated using the rotating evaporator. 2.46 g (20.1 mmole) of the 

N-methyl-o-phenylenediamine were collected as a red highlighted dark liquid (ρ = 98%). It 

was introduced as it is in a flask with 965 mg (7.25 mmole) of finely grinded iminodiacetic 

acid and maintained under circulating argon. The flask with a Y-shape condensation column 

at the top was placed into an oil bath preliminary heated at 192°C. After 90 min, the mixture 

was allowed to cool at room temperature. Chromatography on silica was performed to 

separate the desired product from the starting diamine. Firstly CH2Cl2 was used as the eluent 

that was slowed added by 2 and 4% of CH3OH. The bis((1-methylbenzimidazol-2-

yl)methyl)amine was obtained as a whitish orange powder of 90 to 95% purity.  

Binucleating ligands. 

The syntheses of the two asymmetrical ligands were realized according to the published 

synthetic scheme that involves successive condensation of the two desired secondary amines 

to the chloromethylphenol derivatives. The general procedure for the condensation is 

described below. 1 mmol of the chloro derivative is dissolved in 10 mL of THF and added to 

a 10 mL THF solution of 1 mmol of the secondary amine containing an excess of 

triethylamine (600 μL, 4.3 mmol). After one hour, the mixture is filtered and the filtrate is 

evaporated. The oil is dissolved in 3-20 mL dichloromethane, dried on Na2SO4 and 

evaporated to give the final product (ρ ≈ 90%).  

2,6-bis[bis(((1-methylbenzimidazol-2-yl)methyl)amino)methyl]-4-methylphenol. Under 

argon, 200 mg (0.59 mmole) of bis((1-methylbenzimidazol-2-yl)methyl)amine (90% purity) 

was dissolved in 18 mL of THF with 560 μL (4 mmole) of NEt3. The solution was added to 

66 mg (0.32 mmole) of 2,6-bis(chloromethyl)-p-cresol dissolved in 2 mL of THF. The 

mixture was gently stirred under argon for 30 h at least with regular 1H-NMR control. A 

white precipitate of triethylamine hydrochloride formed. The orange solution was then 

filtered, washed with THF and evaporated to dryness. The solid product was dissolved in 
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12 mL of CH2Cl2, washed twice with 8 mL of saturated NH4Cl aqueous solution, and then 

three times with 8 mL of H2O before drying on Na2SO4. Evaporation of the solution leads to 

187 mg (0.25 mmole) of a whitish orange solid (ρ = 85 %). 

2-(bis((1-methylbenzimidazol-2-yl)methyl)aminomethyl)-6-(N-(2-amino)benzyl-N-(2-

picolyl)aminomethyl)-4-methylphenol. The last step of the ligand synthesis aims at reducing 

the nitro group by tin in presence of hydrochloric acid. The synthetic protocole is adapted 

from the previously published one for 2-(bis(2-picolyl)aminomethyl)-6-(N-(2-amino)benzyl-

N-(2-picolyl)aminomethyl)-4-methylphenol.6 

Syntheses of complexes 2-4. The general procedure is as follows. 0.18 mmol of the 

binucleating ligand and 0.18 mmol of the dicarboxylate salt Na2mpdp are dissolved in 5 - 10 

mL of degassed solvent (MeOH for 1, CH3CN for 2 and 3). When CH3CN is used, some 

Na2SO4 is added to trap residual water. To this solution was added dropwise 0.36 mmol of 

ferrous perchlorate dissolved in 8 mL of degassed MeOH. The solution was stirred under 

argon for 1h-1h30 at room temperature and if required filtrated under Ar. Dioxygen was 

bubbled in the solution (ca 15 min). After 1 day, a small quantity of precipitate was formed 

and the solution was kept at ca 6 °C. The precipitate was carefully filtered and dried under 

vacuum. (ρ ≈ 60%) 
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INTRODUCTION 

It is well established from Pearson theory that oxidation of a metal ion makes it a harder 

acid and that similarly deprotonation of a ligand makes it a harder base. As a consequence it 

has been often observed that deprotonation of a ligand within a complex is connected to 

oxidation of the metal. This link has been recently thoroughly studied by Mayer and 

coworkers in their seminal work on proton coupled electron transfers.1-3 In this work they 

established the thermodynamic cycles of mononuclear iron bi-imidazoline complexes. We 

recently reported that the deprotonation of an aniline ligand can induce the oxidation of a 

ferrous center. This process occurs within a dinuclear mixed-valent FeIIIFeII complex 1 and 

the oxidation of the FeII center is compensated by the reduction of the FeIII center leading to 

an overall intervalence transfer as shown in Scheme 1.4 This reaction can be viewed as a 

proton-coupled electron transfer (PCET). 

 

Scheme 1 

A similar process has been described only in an heterodinuclear RuOs complex5 and in the 

semimet forms of the dioxygen carrier hemerythrin, albeit in the latter case the system 

switches between a ferrous pentacoordinate site and an hydroxo-bound ferric center.6 The 

thermodynamic and kinetic aspects of the deprotonation reaction of 1 were investigated by 

spectroscopic and electrochemical techniques. A thorough electrochemical study of its redox 
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properties and isotope labeling experiments have revealed that the deprotonation-induced 

intervalence transfer is indeed a concerted proton-electron transfer (CPET).7 Owing to the 

peculiarity of this system, it appeared of interest to assess how the redox potentials of the iron 

centers and the acidity of the protic ligand influence this singular PCET. The modularity of 

the ligand constitution and its sequential synthesis8 (Scheme S1) allow to vary the 

complexing branch of each metal. In this article we changed the nature of the protic ligand 

replacing the aniline by a benzimidazole. This allowed us to prepare complex 3 that differs

from 1 by the aniline/benzimidazole replacement and complex 4 that derives from 3 by the 

additional replacement of the bis((pyridyl-2-yl)methyl)amine branch by a bis((1-

methylbenzimidazol-2-yl)methyl)amine. In addition, as a reference complex, we prepared 

complex 2 that features two protic groups in a bis((benzimidazol-2-yl)methyl)amine branch, 

the other branch being constituted by a bis((pyridyl-2-yl)methyl)amine (Scheme 2).  

 

Scheme 2. Mixed-valent diiron complexes studied in this work. 

RESULTS 

Syntheses of the ligands and complexes. The three ligands used in the present work were 

synthesized according to the already described procedure (Scheme S1) adapted for inserting 

the desired bis((pyridyl-2-yl)methyl)amine, bis((1-methylbenzimidazol-2-yl)methyl)amine 

and N-(pyridyl-2-yl)methyl-N-(benzimidazol-2-yl)methylamine and bis((benzimidazol-2-

yl)methyl)amine branches. Complexes 2-4 were prepared by usual procedures.9,10 They were 
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all characterized by ElectroSpray Ionization-Mass Spectrometry (ESI-MS) and spectroscopic 

techniques (see below). 

X-ray structure of 2(ClO4)2•2CH3CN. Figure 1 displays the X-ray structure of the dicationic 

complex 2. The crystal parameters are listed in Table 1, and important bond lengths and 

angles are given in Table 2. The two iron ions are bridged by the phenoxide oxygen O1 and 

the two carboxylato groups of the m-phenyl-dipropionate ligand (mpdp2–). The coordination 

of Fe1 and Fe2 is complemented by the three nitrogen atoms of the bispicolylamine branch or 

those of the bis((benzimidazol-2-yl)methyl)amine branch, respectively. The overall N3O3 

coordination around Fe1 and Fe2 corresponds to a rhombically distorted octahedron. 

Examination of the metal-ligand distances listed in Table 2 shows that they average 2.122 Å 

around Fe1 and 2.069 Å around Fe2. These values are close to those observed in 

[(bpmp)Fe2(μ-OPr)2]
2+ (5)11 (2.131 and 2.057 Å) or in [(bimp)Fe2(μ-OBz)2]

2+ (7)12 (2.145 and 

2.063 Å). They indicate two different valences for the iron ions, namely a FeII and a FeIII, that 

can be assigned to Fe1 and Fe2, respectively. The mixed valent character is fully consistent 

with the presence of two perchlorate anions per diiron units. This location of the valences is 

consistent with the better donating character of the benzimidazole compared to that of the 

pyridine. 

The two benzimidazole rings are hydrogen bonded to the perchlorate anions. Three out of 

the four oxygen atoms for the two perchlorate anions are disordered. Only oxygen O11 on 

Cl1 and O21 on Cl2 present 100% occupancy. H7N on the N7 atom is located at 2.167 Å 

from the O21 while H8N on the N8 atom is separated by 2.192 Å (resp. 2.056 Å) from O14 

(resp. O14B) with 81.8% site occupancy (resp. 18.2%). These hydrogen bonds give a slight 

benzimidazolide character to the ligands, thus further stabilizing the +III oxidation state of 

Fe2. 
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Figure 1. X-ray structure of the dicationic species 2. Only the hydrogen atoms bond to the 

nitrogen atoms of the benzimidazole rings are shown. 

Table 1. Summary of crystal data and structure refinement for compound 2(ClO4)2•2CH3CN. 

chemical formula C53H53Cl2Fe2N10O13 

formula weight 1220.65 

crystal system triclinic 

space group P-1 

a (Å) 12.3827(9) 

b (Å) 13.2351(7) 

c (Å) 18.8207(11) 

α (deg) 74.765(5) 

β (deg) 71.367(6) 

γ (deg) 71.904(5) 

V (Å3) 2732.0(3) 

Z 2 

Dcalcd (g cm–1) 1.484 

λ (Å), μ (mm–1) 0.71073, 0.703 

T (K) 150(2) 

θθ  range (deg) 3.34 to 28.28 

reflns collected 28892 

unique reflns 13554 

data/restraints/parameters 13554/12/987 

R1, wR2 (I > 2σ(I)) 0.0528, 0.0974 
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Table 2. Selection of bond lengths (Å) and angle (deg) for compound 2(ClO4)2•2CH3CN. 

Fe1–O1 2.0745(18) Fe2–O1 1.9588(17) 

Fe1–O41 2.1413(17) Fe2–O42 1.9531(18) 

Fe1–O43 2.0014(7) Fe2–O44 2.0102(18) 

Fe1–N1 2.208(2) Fe2–N2 2.267(2) 

Fe1–N3 2.176(2) Fe2–N5 2.115(2) 

Fe1–N4 2.128(2) Fe2–N6 2.109(2) 

Fe1…Fe2 3.388 Fe1–O1–Fe2 114.27(8) 

 

1H-NMR Spectroscopy. Figure 2 reproduces the 1H-NMR spectra in the range 450-130 ppm 

recorded on CD3CN millimolar solutions of complexes 2-4. The domain from 130 to –20 

ppm is shown in Figure S1 of the Supporting Information. These spectra can be analyzed by 

comparison with the previously published spectra of the symmetric complexes [(bpmp)Fe2(μ-

OPr)2]
2+ (5),11 [(bimp)Fe2(μ-OAc)2]

2+ (7)12 and [(L-BzImMe4)Fe2(μ2-mpdp)]2+ (8),13 and the 

asymmetric one [(L-(BzImMe)2(Py)2)Fe2(μ2-mpdp)]2+ (9).13 

The first notable feature of the spectra of 2-4 is their range, 366 ppm for 2, 432 ppm for 3 

and 379 ppm for 4, which are similar to those observed for 5, 7, 8 and 9, 390, 350, 340 and 

366 ppm, respectively. This relatively narrow spectral ranges are associated with an 

intervalence exchange between the two equivalent mixed valent forms FeIIFeIII and FeIIIFeII 

that is fast on the 1H-NMR time scale. This is supported by the number of peaks detected for 

complexes 5, 7 and 8 based on symmetrical ligands that is about half the number of protons 

of the molecule. The similar chemical shift window observed for complexes 2-4 suggests a 

similar behavior in spite of the asymmetry of the ligand. Indeed, it has been previously 

observed within this family of complexes that a high asymmetry in the coordination of the 

iron centers induced a localization of the valences that led to a wider 1H-NMR spectral 

range.8 For instance, the 1H-NMR spectrum of [(L-Bn)Fe2(μ2-mpdp)(S)]2+ (S = CH3CN or 
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H2O) spreads over more than 600 ppm.9,10 So, the less than 450 ppm spectral window is a 

strong indication of an intramolecular electron transfer within the Fe pair that is fast on the 

1H-NMR time scale.  
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Figure 2. 450-130 ppm domain of the 1H-NMR spectra of complexes 2 (top black trace), 3 

(middle red trace) and 4 (bottom blue trace) recorded on CD3CN solutions for 2 and 3 and on 

a CD3CN:d7-DMF (400:150 v:v) solution for 3. 

 

For complexes 7 and 8, owing to the symmetry of the ligand and to the valence 

delocalization, only three peaks are detected above 130 ppm which are associated to 

methylenic protons bound to the phenoxide (N–CH2–Ph) or to the two aromatic amines (N–

CH2–Amine) of each branch. In 5, two additional signals are detected in this region that 

correspond to two ortho-pyridinic protons.11 They present a larger linewidth than the 

previously mentioned CH2 proton signals owing to their short distances to the Fe ions. We 

will resort on these features to analyze the signals detected above 130 ppm for complexes 2-

4. Owing to the complexity of the spectra a precise assignment of a resonance to a single 
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proton of the methylene group is precluded at this stage but 1H-NMR monitoring of the 

deprotonation reaction will provide insights into these assignments (see below).  

 

Table 3. Chemical shift values (in ppm) in complexes 2-5 and 7-9 for methylenic protons 

directed toward the iron centers, ortho-pyridinic protons when present, and the methyl group 

in para position of the bridging phenoxide. 

  N–CH2–Pha N–CH2–Aminea o-Py CH3-Pha ref 

5  377 262 

184 

197.5 

152.4 

72.1 11 

7  342 214 

175 

 65.7 12 

8  337.5 198.5 
170.1 

 65.5 13 

9  361.7 / 355.8 235.7 / 208.6 

180.3 / 163.1 

198.1 

152.6 

66.0 13 

2  372.9 / 355.1 248.9 / 209.3 

180.9 / 173.7 

200.7 

159.2 

68.9 This 
work 

3 isomer 1 (75%) 

 

 

isomer 2 (25%) 

420.7 / 331.2 

 

 

387.1 / 381.1 

283.1 / 221.8 

259.0 / 224.8 

 

202.5 / 150.2 

188.7 / 146.6 

198.9 

180.3 

? 

205.5 

195.3 

164.0 

71.4 

 

 

54.9 

This 
work 

4 isomer 1 (55%) 

 

isomer 2 (45%) 

369.1 / 325.7 

 

374.1 / 329.1 

244.5 / 178.5 

181.9 / 164.0 

217.0 / 189.2 

187.3 / 162.1 

167.8 

 

≈184 

67.2 

 

65.3 

This 
work 

a Ph stands for the central phenoxide ring while Amine is the pyridine, benzimidazole or 1-
methylbenzimidazole arm. 

 

Table 3 lists the chemical shift values associated to the more downfield shifted methylenic 

protons. For 5, 7 and 8, the most downfield shifted proton is associated to the methylene 

group linked to the phenoxide (noted N–CH2–Ph), while the two narrow peaks at lower 

chemical shift belong to the methylene groups linked to the aromatic amine (noted N–CH2–
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Amine).11-13 For 9, a chemical asymmetry exists and each of these three signals is split in two 

components.13 The same phenomenon is observed for 2 and six peaks are indeed detected. 

The 1H-NMR signatures of complexes 3 and 4 are more intricate because of the increased 

number of peaks detected even in the 450–130 ppm domain. For both complexes, based on 

the peak intensities, a close inspection of the spectrum (see Figure 2) reveals two different 

sets of resonances, for both the methylenic and ortho-pyridinic protons. In addition, it is 

worth noticing that two signals originate from the methyl group in para position of the 

phenoxide bridge for 3 and 4 (see Figure S1 and Table 3) with the same intensity ratio as the 

methylenic protons. These combined features strongly suggest that two different isomers 

coexist in solution for 3 and 4. We have previously evidenced that in acetonitrile solution the 

aminobenzyl group of 1 can be either trans or cis to the bridging phenoxide, the cis isomer 

being favored.14 Similarly, we thus propose that the benzimidazole ligand in 3 and 4 may 

either coordinate the iron in cis or trans position with respect to the bridging phenoxide. The 

resonances for each isomer are listed in Table 3. The population ratios will be close to 75:25 

for 3 and 55:45 for 4. However it is difficult to assess if these values correspond to the 

cis:trans ratio or to the reverse. 

 

Addition of triethylamine. UV-visible absorption spectroscopic monitoring. Addition of 

base on the three complexes 2-4 was investigated. The goal was to generate the 

benzimidazolide. At first, the reaction was monitored using UV-visible absorption 

spectroscopy. A typical experiment is shown in Figure 3 where the spectra recorded on a 

CH3CN solution of complex 4 upon addition of NEt3 are reproduced. The corresponding 

titration experiments performed for complexes 2 and 3 are given in Figures S2 and S3 in the 

Supporting Information. 
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Figure 3. Evolution of UV-visible absorption spectra recorded upon addition of aliquots of 

0.3 eq of NEt3 on a 0.4 mM acetonitrile solution of 4.  

 

A single band at 550 nm with a molar extinction coefficient value of 1285 M–1.cm–1 is 

observed in the starting spectrum of 4. Upon addition of NEt3 an intense band at 528 nm 

develops with a molar extinction coefficient close to 3800 M–1.cm–1 and the transformation 

occurs with an isosbestic point at 448 nm. Similar behaviors are observed for complexes 2 

and 3. The initial spectra exhibit a single band at 540 nm with ε540 = 1020 M–1.cm–1 and at 545 

nm with ε545 = 1080 M–1.cm–1 for complexes 2 and 3, respectively. Addition of NEt3 induces 

the increase of an intense absorption respectively at 533 (ε533 ≈ 3800 M–1.cm–1) and 528 nm 

(ε528 ≈ 3800 M–1.cm–1) with a single isosbestic point at 705 nm for 2 and two at 403 and 682 

nm for 3. The similar λmax- and ε-values for the spectra of species 2-4 are fully consistent with 

phenoxide-to-FeIII charge transfer transitions as usually observed within this family of 

complexes.8,10,11 The two isomers for 3 and 4 evidenced by 1H-NMR spectroscopy differ by 

the coordination of the benzimidazole and the pyridine groups on one iron site. We showed 

that for 1 where the spectra of the two isomers can be kinetically resolved that the 
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pyridine/aniline exchange on the ferrous site causes only minor spectral modifications on the 

PhO– → FeIII charge transfer transition.14 It is likely that these changes would be too small 

even if occurring on the FeIII site. Action of NEt3 leads to identical features whatever the 

starting complex indicating a common origin. Accordingly, we propose that NEt3 indeed 

induces the deprotonation of the benzimidazole ligand and that the intense band at ≈530 nm 

would originate mainly from a benzimidazolide–to–FeIII charge transfer transition. We will 

further denote 2’-4’ the generated complexes. A contribution of the PhO– → FeIII charge 

transfer to this transition is likely but is not expected to be dominating owing to the moderate 

values of their molar extinction coefficient. This assignment is supported by the observation 

that the original anilide complex 1’, the deprotonated form of complex 1 (see Scheme 1), 

exhibits absorptions that are significantly different both in energy (λmax = 730 vs 530 nm, E = 

13700 vs 18870 cm–1) and in intensity (ε533 = 5250 vs 3800 M–1.cm–1).4,14 

The observed variations upon the addition of NEt3 of the extinction coefficient value can be 

satisfyingly reproduced using Eq. 1 that is derived according to the deprotonation reaction of 

the complexes 2-4 by the added base characterized by the equilibrium constants K1-3 (see 

Figures 3, S2 and S3). In Eq. 1, a stands for the addition index, δn for the number of 

molecules of NEt3 in each aliquot and n0 for the starting number of molecules of the complex 

2-4. 

εobs a( ) = εCxH + εCx −εCxH( )
K 1+ a

δn
n0

⎛

⎝
⎜

⎞

⎠
⎟− K 2 1− a

δn
n0

⎛

⎝
⎜

⎞

⎠
⎟

2

+ 4K a
δn
n0

2 K −1( )
 (Eq. 1) 

 

The best fit gives K1 = 11.5 ± 1.5, K2 = 9.7 ± 1.0 and K3 = 9.1 ± 0.7. The acidic strengths of 

the three complexes 2-4 are comparable consistently with the identical nature of the 

deprotonated ligand. 
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1H-NMR spectroscopy. Figure 4 gathers the 1H-NMR spectra recorded after addition of ≈3 

eq of NEt3 on CD3CN solutions of complexes 2-4. The missing 105 to –30 ppm domain is 

reproduced in Figure S4 of the Supporting Information. The observed spectra are relevant of 

mixed valent diiron complexes. One major difference with the 1H-NMR spectra shown in 

Figure 2 and recorded prior the addition of NEt3 is the enhanced spectral window measured 

here: from 490 to –23 ppm, 530 to –27 ppm and 515 to –25 ppm for 2’, 3’ and 4’, 

respectively. This is a strong indication that the iron valences have become localized on the 

1H-NMR time scale.8 This trap of the iron valences is in full agreement with the 

deprotonation of the benzimidazole ligand, the generated benzimidazolide stabilizing the +III 

oxidation state for the iron, as evidenced by the LMCT transition observed in UV-visible 

absorption spectroscopy (see above).  
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Figure 4. 550-105 ppm domain of the 1H-NMR spectra of complexes 2’ (top black trace), 3’ 

(middle red trace) and 4’ (bottom blue trace) recorded on CD3CN solutions for 2-4 after the 

addition of 3 to 4 equivalents of NEt3. 
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The spectrum of 2’ exhibits only eight peaks in the 550-105 ppm domain what is 

reminiscent of those of [(L-PhO)Fe2(μ2-mpdp)]+ and of [(L-BnO)Fe2(μ2-mpdp)]+ where the 

terminal phenoxide binds the FeIII site.8,9 By analogy with these compounds, the three most 

downfield shifted signals at 490.0, 319.7 and 239.0 ppm can be assigned to methylenic 

protons that are on the FeIII side that is from Ph–CH2–N–(CH2–BzImH)(CH2–BzIm–), N–

(CH2–BzIm–) and N–(CH2–BzImH) groups, respectively. Interestingly, the first two signals 

are clearly split in two components in complexes 3’ and 4’. The same holds for the signal 

issued from the methyl group in para position of the bridging phenoxide. The peak at 56.2 

ppm for 2’ is split in two at 59.6 and 54.8 ppm for 3’ and at 58.8 and 54.8 ppm for 4’ (see 

Figure S4 in the Supporting Information). In addition the relative intensities of the signals 

within each pair of resonances within one complex are similar. This clearly indicates that two 

forms also exist for 3’ and 4’ after deprotonation as was observed for 1’. Accordingly, we 

propose that the two forms evidenced by 1H-NMR in 3’ and 4’ are the cis and trans isomers, 

depending on the coordination of the benzimidazolide with respect to the phenoxide bridge. It 

may appear surprising that a single isomer is detected for 2’ in 1H-NMR. As a matter of fact, 

the existence of a cis and a trans isomer cannot be ruled out, but owing to the presence of the 

monodeprotonated bis((benzimidazol-2-yl)methyl)amine branch the two forms in 2’ would 

differ only by the localization of a single benzimidazole NH proton. It is likely that the 

exchange of the proton between the benzimidazole and the benzimidazolide may occur 

rapidly on the NMR time scale thus averaging the two sets of peaks of the isomers. 

 

1H-NMR spectroscopic monitoring of the deprotonation. Titration experiments were run on 

2-4 and monitored by 1H-NMR spectroscopy. Figure 5 shows the series of spectra in the 550–

60 ppm range recorded on a CD3CN solutions of 2 and 4 with increasing amounts of 

triethylamine. Spectra in the domain ranging from 100 to –100 ppm are shown in Figures S5 
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and S6 in the Supporting Information. The experiment was also performed on complex 3 but 

the DMF required to dissolve the complex unfortunately leads to a broadening of the peaks.  
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Figure 5. Series of 1H-NMR spectra recorded on a CD3CN solution of complexes 2 (top) and 

4 (bottom) with increasing amounts of NEt3: For 2: (a) 0, (b) 0.26, (c) 0.79, (d) 1.32, (e) 1.59, 

(f) 2.11 and (g) 2.64 eq. For 4: (a) 0, (b) 0.56, (c) 0.83, (d) 1.11, (e) 1.39, (f) 1.67, (g) 1.95, 

(h) 2.22, (i) 2.78 and (j) 3.34 eq. 
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Figure 6. Dependence upon the addition of NEt3 of the position of the signals A-D, F and J 

of complex 2. Experimental points are shown are color dots while the solid lines is the best fit 

obtained according to Eq 1 adapted with δ in place of ε. 

 

The evolutions upon the addition of base of the positions of the A-D, F and J signals of 

complex 2 are shown in Figure 6. Their variations can be perfectly reproduced by assuming 

that the observed position is the average of those observed in 2 and 2’ weighted by the 

proportion of the two species. This equation is the transcription of Eq 1 with δ in place of ε. 

The six curves lead to a unique value of the equilibrium constant K1 associated to the 

deprotonation of 2 by NEt3: K1 = 18.5 ± 5. This value is consistent with that determined from 

the evolution of the UV-visible absorption spectra. The determination of a single value for K1 

allows us to validate the proposed signal assignments which are based on symmetric 

evolution of the resonances associated to related methylene groups. Signals A and D, which 

are the most downfield shifted in 2, are associated to the N–CH2–Ph groups with signal A 

belonging to that on the bis((benzimidazol-2-yl)methyl)amine side and D that on the 

bis(pyridyl-2-yl-methyl)amine side. These assignments stem from the fact that in 2’ the 

valences are localized with the FeIII ion on the side of the monodeprotonated 

bis((benzimidazol-2-yl)methyl)amine what identifies A. Signals B and C originate from the 
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N–CH2–BzImH groups, since they move downfield upon deprotonation of the benzimidazole 

group in agreement with being located close to the FeIII ion. Signals F and J are thus 

associated to the N–CH2–Py groups of the bis(pyridyl-2-yl-methyl)amine branch. The peak 

assignment for complex 2 is summarized in Figure S7 of the Supporting Information. 

A similar studied can be performed for complex 4. However, it is more intricate owing to 

the existence of two forms both before and after addition of NEt3.  

 

Mössbauer spectroscopy. Zero-field Mössbauer spectra were recorded at 80 K on 

acetonitrile solutions of complexes 2-4, DMF being added to solubilize 3. The left column of 

Figure 7 presents the spectra prior to the addition of triethylamine. Four lines can be 

distinguished and the spectra can indeed be reproduced with two equally intense quadrupole 

doublets. The isomer shift and quadrupole splitting values deduced from the simulation of the 

spectra are listed in Table 4. They are in full agreement with the presence of high-spin FeII 

and high-spin FeIII sites. For complexes 3 and 4 the spectra can be simulated upon taking into 

account a single FeIIFeIII species whereas two isomers have been detected by 1H-NMR 

spectroscopy. Benzimidazole and pyridine are both neutral amine ligands that coordinate 

through a nitrogen atom. In addition, the metallacycle formed upon coordination is a 5-

membered one whatever the ligand. This can explain why the two isomers would present 

highly similar parameters in Mössbauer spectroscopy. The two isomers of 1 were 

distinguished by Mössbauer spectroscopy but in this case the two amines were less similar, 

the aminobenzyl ligand giving rise to a 6-membered metallacycle on the FeII ion as opposed 

to the 5-membered one with the (pyridyl-2-yl)methyl arm.14 
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Figure 7. Experimental (hashed lines) zero-field and 80 K Mössbauer spectra recorded on 

solutions of complexes 2 (top), 3 (middle) and 4 (bottom) prior (left column) and after (right 

column) the addition of 3 eq of NEt3. Simulations are shown as solid black lines. 

Contributions of the FeII and FeIII ions are reproduced above the spectra as solid and dotted 

grey lines, respectively.  
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Table 4. Nuclear parameters for complexes 2-4 and 2’-4’ from the simulation of the 

Mössbauer spectra presented in Figure 7. 

Complex Site δ (mm.s–1) ΔEQ (mm.s–1) Γfwhm (mm.s–1)a Relative Area (%) 

2 FeII 1.12 2.64 –0.53 50 

FeIII 0.47 0.51 0.41 50 

3 FeII 1.16 2.60 0.50 50 

FeIII 0.46 0.44 0.37 50 

4 FeII 1.16 2.68 0.54 50 

FeIII 0.46 0.36 0.36 50 

2’ FeII 1.13 2.51 –0.54 50 

FeIII 0.52 1.72 0.36 50 

3’ FeII 1.07 2.34 0.58 50 

FeIII 0.46 0.52 0.50 50 

4’ FeII 1.17 2.83 0.40 50 

FeIII 0.46 0.51 0.41 50 

a Negative value indicates convolution with a pseudo-Voigt profile. 

 

Spectra recorded under similar conditions after the addition of 3 eq. of NEt3 on complexes 

2-4 are displayed on the right column of Figure 7. Four lines can clearly be identified in the 

spectrum of 4’. Three lines are evidenced in the spectra of species 2’ and 3’, with the low 

velocity line presenting a shoulder. The three spectra can be satisfyingly reproduced by two 

quadrupole doublets of identical area (see Table 4), in full agreement with a FeIIFeIII 

composition. The three deprotonated species differ by the quadrupole splitting value 

determined on the FeIII site: 1.72 mm.s–1 for 2’ versus 0.52 and 0.51 mm.s–1 for 3’ and 4’, 

respectively. According to the previous studies on phenoxide8 and anilide4,14 complexes, this 

large ΔEQ value strongly suggests that an anionic ligand is coordinated to the FeIII ion in trans 

position with respect to the bridging phenoxide. Thus, only the trans isomer of 2’ with the 
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benzimidazolide arm on the FeIII site trans to the phenoxide bridge is formed upon 

deprotonation. Conversely, only the cis isomer is detected by Mössbauer spectroscopy for 3’ 

and 4’ whereas two forms were evidenced by 1H-NMR spectroscopy. 

 

Cyclic voltammetry. The cyclic voltammograms were recorded on millimolar acetonitrile 

solutions of complexes 2-4, with addition of DMF to get complete dissolution of 3. For all 

complexes two reversible one-electron transfers are observed, one in oxidation and one in 

reduction (see Table 5). The potential difference between the two redox waves is very similar 

for the three complexes. This ≈0.7 V separation value is commonly observed in mixed valent 

Hbpmp-derived diiron complexes.8,10,11,15 Substitution of one pyridine ligand in 5 by a 

benzimidazole group (3) leads to a ≈0.1 V decrease in potentials. The second substitution of a 

pyridine ligand is less efficient owing to the ≈0.05 V diminution observed between 3 and 2. It 

may be noticed that the redox potentials of complex 2 are very similar to that of 6 where four 

benzimidazole groups are present. Complexes 4, 8 and 9 share a common bis-1-

methylbenzimidazole amine arm. The redox potentials of 4 are in between those of 8 and 9, 

in agreement with the presence of two 1-methylbenzimidazoles and two pyridines in 8 and 9, 

respectively versus the mixed benzimidazole-pyridine arm in 4. Redox potentials of 2 and 4 

are very similar. The dependence of the redox waves upon the scan rate has been investigated 

(see Figure S8). The separation between the anodic and cathodic peaks increases upon 

increasing scan rate thus evidencing a slow electron transfer for both processes whatever the 

complex. 
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Table 5. Redox potentials (in V vs SCE) measured for complexes 2-4 and a few related 

systems.  

Complex Ered
1/2 Eox

1/2 ΔE ref 

2 –0.14 0.58 0.72 this work 

3 –0.09 0.63 0.72 this work 

4 –0.14 0.56 0.70 this work 

5 –0.01 0.69 0.70 11 

6 –0.12 0.56 0.68 15 

7 –0.22 0.44 0.66 12 

8 –0.18 0.52 0.70 13 

9 –0.12 0.58 0.70 13 

 

Progressive addition of triethylamine to the three complexes was performed and their CV 

recorded. They all behave in the same manner and Figure 8 illustrates that of 4 (see also 

Figures S11 and S12 in the Supporting Information). Upon addition of NEt3, the oxidation 

wave at 0.56 V decreases and a new oxidative process at 0.37 V concomitantly increases. 

This is in agreement with the deprotonation of the benzimidazole ligand and the formation a 

benzimidazolide complex (4’) that expectedly is oxidized at a less positive potential. By 

contrast, upon reaction with NEt3, the cathodic process is mostly unaffected. Such a behavior 

was already observed for the hydroxide [(L-Bn)Fe2(μ2-mpdp)(OH)]+ complex.10 This suggests 

that the bis-ferrous deprotonated species is not stable and becomes rapidly reprotonated.  
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Figure 8. CV recorded at 100 mV.s–1 upon addition of NEt3 on an acetonitrile solution of 4. 

The black, light blue, red, dark blue and purple traces correspond to the addition of 0, 0.28, 

0.56, 0.83 and 1.11 eq of base, respectively. The oxidation wave at 0.87 V is associated to the 

oxidation of free NEt3. 

 

DISCUSSION 

Valence (de)localization within the mixed-valent complexes. As illustrated in Scheme 1 the 

original process evidenced on compound 1 was the valence inversion induced by the 

deprotonation of the aniline bound to FeII. Indeed, in 1 1H-NMR showed that the valences of 

the two Fe were localized with the ferrous center bound to the aniline.4 It was later found that 

1 can exist as two position isomers, with the aniline occupying either the cis or the trans 

position with respect to the bridiging phenoxide.14 But the exchange of pyridine and aniline 

ligands within the FeII coordination sphere did not change the localization of the valences.  

The conclusion that in 1 the valences of two Fe ions were localized was based on the X-ray 

structure and confirmed by 1H-NMR which revealed a spectral range of ca 550 ppm. Indeed, 

it was noticed that the FeIIFeIII complexes of the symmetrical Hbpmp ligand (complex 5) 

extend over ca 390 ppm, and that replacing one pyridine of the ligand by an other group 
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resulted in a drastic enlargement of the spectrum.8-10 Indeed, whatever the nature of the new 

group, phenoxide or solvent molecule when the pyridine was replaced by a non-bonding 

group, the chemical shift domain extended over ca 600 ppm. 

It was assumed that replacing the aniline by a benzimidazole would not bring a too 

important change and that the new complex would still be localized. The 1H-NMR studies 

reported above for complex 4 strongly suggests that the reverse is true and that the valences 

are delocalized. The same conclusion applies to 2 and 3.  

Benzimidazole deprotonation. 1H-NMR and Mössbauer spectroscopies and electrochemical 

studies have evidenced that triethylamine treatment of 2-4 induces the deprotonation of a 

benzimidazole group. 3 and 4 exhibit closely similar behaviors. 1H-NMR reveals the presence 

of two isomers as for 1’, and this was already the case for the protonated form. However, the 

occurrence of a single isomer was sufficient to account for the Mössbauer spectra of 3’ and 

4’, as well as 3 and 4. One may argue that the presence of a second isomer can be hidden by 

the broadness of the Mössbauer lines. This explanation might work for 3 and 4, the two 

isomers having similar nuclear parameters, as found for 1. It does not hold, however, for 3’ 

and 4’. Indeed, in the deprotonated species the position of the anion (deprotonated ligand) 

with respect to the bridging phenoxide strongly influences the quadrupole splitting of the 

ferric site to which it is bound. Very large quadrupole splittings are characteristic of the trans 

isomer: 1.77 mm.s–1 for 1’ for example. In this respect, it is worth noting that the Mössbauer 

spectrum of 2’ strongly departs from those of 3’ and 4’ by the presence of a line at ca 1.3 

mm.s–1 corresponding to the high velocity line of the quadrupole doublet of the ferric site that 

possesses a very large quadrupole spitting 1.72 mm.s–1. This value suggests that in 2’ the 

trans isomer of the benzimidazolide is formed. In addition, this shows that no trans isomer is 

present in the Mössbauer spectrum of 3’ and 4’. The absence of an isomer in the Mössbauer 

spectrum may be due to the different recording conditions: room temperature for 1H-NMR 
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and frozen solution at 80 K for Mössbauer spectroscopy. Indeed, it is quite possible that 

during the cooling of the Mössbauer samples, the equilibrium between the two isomers be 

displaced in favor of the most stable one. This did not occur in the case of 1, but the kinetics 

of isomerization of both 1 and 1’ were slow, 120 and 20 min respectively. For 3 and 4 there 

was no evidence in either UV-visible or 1H-NMR for any slow process, which suggests that 

the isomerizations are fast.  

As far as redox properties are concerned, the electrochemical studies have revealed again 

that 3 and 4 behave in a very similar manner (Figures 8 and S12). In particular, the 

deprotonation of the benzimidazole facilitates the oxidation of the FeII center by the same 

amount 0.19 V. This is less than half the effect linked to deprotonation of the aniline in 1 (ca 

0.45 V). This reduced effect is in agreement with the negative charge of the benzimidazolide 

ligand delocalized on the two nitrogen atoms of the imidazole ring compared to the location 

on the single coordinated nitrogen atom of the anilide.  

 

EXPERIMENTAL SECTION 

General methods. 

Materials: Acetonitrile for spectroscopic measurements was distilled under argon over 

CaH2 and stored within an inert atmosphere glovebox. All other reagents were of reagent 

grade quality and used as received.  

Physicochemical studies: 1H-NMR spectra were recorded in deuterated acetonitrile on a 

Bruker AC 200 with a 5 mm indirect detection as described previously.16 Mass spectra were 

obtained in the electrospray ionization mode on a LCQ-Finnigan Thermoquest spectrometer 

equipped with an octupolar analyser and an ion trap. Electronic absorption spectra were 

recorded in acetonitrile (0.18 mM solution with 1 cm optical length cuvettes) on a Varian 

Cary® 50 spectrometer. Mössbauer spectra were recorded on 2-4 mM solutions of 57Fe-fully 
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enriched complexes. The experiments were performed using a horizontal transmission 

cryostat (Oxford Instruments) and a 50 mCi source of 57Co(Rh) as previously described.4 All 

velocity scales and isomer shifts are referred to metallic iron foil at room temperature. 

Syntheses. 2-chloromethylbenzimidazole. 1 g of 2-hydroxymethylbenzimidazole 

(M=148.16 g.mol–1, 6.75 mmol) is dissolved in 10 mL CH2Cl2. An excess of SOCl2 (3 mL, 41 

mmol) is added and the mixture is stirred for 18 hrs. A white solid is formed that is filtered 

and washed with 20 mL of CH2Cl2. 1.12 g of 2-chloromethylbenzimidazole are obtained 

(M=166.61 g.mol–1, 6.72 mmol, ρ = 100%).  

N-(pyridyl-2-yl)methyl-N-(benzimidazol-2-yl)methylamine. 1 g of 2-chloromethyl-

benzimidazole (M=166.61 g.mol–1, 6.0 mmol) dissolved in 10 mL of THF is added to 649 mg 

of 2-picolylamine (M=108.14 g.mol–1, 6.0 mmol) dissolved in 20 mL of THF with 2 mL of 

triethylamine (M=101.19 g.mol–1, 14.3 mmol). The solution is stirred. After 3 days, a white 

suspension and a colorless solution is obtained. The mixture is filtered and the solid is 

washed with THF (20 mL). A first purification by a SiO2 column eluted with ethyl acetate 

(only impurities migrate) and with methanol gives the product and few impurities. Further 

purification is obtained by forming the chlorhydratation (ethanol/HCl) and crystallization in 

hot isopropanol yields 300 mg of the chlorhydrated amine (M=311.21 g.mol–1, 0.96 mmol, ρ 

= 16%).  

Binucleating ligands. 

The syntheses of the three ligands were realized according to the published synthetic 

scheme that involves successive condensation of the two desired secondary amines to the 

chloromethylphenol derivatives. The syntheses of the 2-chloromethyl-6-bis((pyridyl-2-

methyl)amino)methyl-4-methylphenol and the 2-chloromethyl-6-bis((1-methylbenzimidazol-

2-yl-methyl)amino)methyl-4-methylphenol have been previously described.8,13 The general 

procedure for the condensation is described below. 1 mmol of the chloro derivative is 
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dissolved in 10 mL of THF and added to a 10 mL THF solution of 1 mmol of the secondary 

amine containing an excess of triethylamine (600 μL, 4.3 mmol). After one hour, the mixture 

is filtered and the filtrate is evaporated. The oil is dissolved in 3-20 mL dichloromethane, 

dried on Na2SO4 and evaporated to give the final product (ρ ≈ 90%).  

  

Syntheses of complexes 2-4. The general procedure is as follows. 0.18 mmol of the 

binucleating ligand and 0.18 mmol of the dicarboxylate salt Na2mpdp are dissolved in 5-10 

mL of degassed solvent (MeOH for 2, CH3CN for 3 and 4). When CH3CN is used, some 

Na2SO4 is added to trap residual water. To this solution was added dropwise 0.36 mmol of 

ferrous perchlorate dissolved in 8 mL of degassed MeOH. The solution was stirred under 

argon for 1h-1h30 at room temperature and if required filtrated under Ar. Dioxygen was 

bubbled in the solution (ca 15 min). After 1 day, a small quantity of precipitate was formed 

and the solution was kept at ca 6 °C. The precipitate was carefully filtered and dried under 

vacuum. (ρ ≈ 60%) 

ESI-MS. 3: m/z = 450.1 [(L-(Py)2(Py)(BzImH))Fe2(μ2-mpdp)]2+ (100%). 4: m/z = 503.1 

[(L-(BzImMe)2(Py)(BzImH))Fe2(μ2-mpdp)]2+ (100%). 

Crystals of 2(ClO4)2•2CH3CN. A solution of diethylether was allowed to slowly diffuse into 

a 5 mL CH3CN solution containing 5 mg of complex 2. 
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insert shows the variations at 532 nm (dots) and the best fit (red curve) according to 
Eq. 1. 
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Eq. 1. 
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 Figure S5. Evolution of the 1H-NMR spectra of 2 upon addition of NEt3. (a) 0, (b) 
0.26, (c) 0.79, (d) 1.32, (e) 1.59, (f) 2.11 and (g) 2.64 eq.  

 Figure S6. Evolution of the 1H-NMR spectra of 4 upon the addition of NEt3. For 
4:(a) 0, (b) 0.56, (c) 0.83, (d) 1.11, (e) 1.39, (f) 1.67, (g) 1.95, (h) 2.22, (i) 2.78 and (j) 
3.34 eq.  
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 Figure S11. Evolution of the cyclovoltammogramms of 2 upon the addition of NEt3. 
The black, light blue, red, dark blue, purple, violet, maroon and green traces 
correspond to the addition of increasing amounts of base. The oxidation wave at 0.95 
V is associated to the oxidation of free NEt3. 
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addition of 0, 0.25, 0.50, 0.75, 1.00 and 1.25 eq of base, respectively. The oxidation 
wave at 0.85 V is associated to the oxidation of free NEt3. 
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Scheme S1. General scheme of ligand syntheses 
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Figure S1. 1H-NMR spectra of complexes 2-4 in the 130 to –20 ppm domain. 
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Figure S2. Titration of complex 2 with NEt3. Each added aliquot corresponds to 0.24 eq of 
base. 0 and 2.45 eq of NEt3 were added for curves (a) and (k), respectively. The insert shows 
the variations at 532 nm (dots) and the best fit (red curve) according to Eq. 1. 
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Figure S3. Titration of complex 3 with NEt3. Each added aliquot corresponds to 0.18 eq of 
base. 0 and 2.71 eq of NEt3 were added for curves (a) and (p), respectively. The insert shows 
the variations at 528 nm (dots) and the best fit (red curve) according to Eq. 1. 
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Figure S4. 1H-NMR spectra of complexes 2’-4’ in the 105 to –30 ppm domain. 
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Figure S5. Evolution of the 1H-NMR spectra of 2 upon addition of NEt3. (a) 0, (b) 0.26, (c) 
0.79, (d) 1.32, (e) 1.59, (f) 2.11 and (g) 2.64 eq.  
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Figure S6. Evolution of the 1H-NMR spectra of 4 upon the addition of NEt3. For 3:(a) 0, (b) 
0.56, (c) 0.83, (d) 1.11, (e) 1.39, (f) 1.67, (g) 1.95, (h) 2.22, (i) 2.78 and (j) 3.34 eq.  
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Figure S7. Tentative assignment of the signals detected on the 400–140 ppm range of the 1H-
NMR spectrum of complex 2. This assignment relies on the monitoring of the addition of 
NEt3 on a CD3CN solution of complex 2 (see Figures 5A and 6). 
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Figure S8. Dependence on the scan rate of the cyclovoltammogramms of 2. 
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Figure S9. Dependence on the scan rate of the cyclovoltammogramms of 3. 
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Figure S10. Dependence on the scan rate of the cyclovoltammogramms of 4. 
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Figure S11. Evolution of the cyclovoltammogramms of 2 upon the addition of NEt3. The 
black, light blue, red, dark blue, purple, violet, maroon and green traces correspond to the 
addition of increasing amounts of base. The oxidation wave at 0.95 V is associated to the 
oxidation of free NEt3. 
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Figure S12. Evolution of the cyclovoltammogramms of 3 upon the addition of NEt3. The 
black, light blue, red, dark blue, purple and violet traces correspond to the addition of 0, 0.25, 
0.50, 0.75, 1.00 and 1.25 eq of base, respectively. The oxidation wave at 0.85 V is associated 
to the oxidation of free NEt3. 
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