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InÑuence of the anion of FeIII salts on the product distribution in the
oxidative degradation of a tetrapyridyl ligand
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We have focused our interest on the tetrapyridyl ligand bis[di(2-pyridyl)methyl]amine (BDPMA) in order to
prepare mononuclear non-heme iron(III) complexes as catalyst precursors in oxidation reactions. The investigation
of corresponding iron(III) complexes has revealed the fragility of the BDPMA ligand. Di†erent degradation
products of the starting ligand have been crystallized and the distribution of these derivatives strongly depends on
the nature of the anion in the iron(III) salts.

Aromatic nitrogen heterocycles play an important role in
coordination chemistry and many studies have been devoted
to transition metal complexes containing such ligands.1 Due
to their electronic, magnetic and redox properties, polynuclear
complexes involving two or more metal centers have been
extensively studied in supramolecular chemistry and in energy
or electron transfer processes.2 From a bioinorganic chemistry
point of view, aromatic nitrogen ligands are of great impor-
tance because the N-ligand coordination can mimic a part of
the environment of the metal active site, particularly in the
case of non-heme iron proteins. Many di†erent dinuclear iron
complexes have been synthesized in the last past decade, in
order to model properties of metalloproteins that bind or acti-
vate dioxygen,3 including hemerythrin,4 the R2 subunit of
ribonucleotide reductase5 and the hydroxylase component of
methane monooxygenase.6 Several synthetic functional
models have also been described, mimicking a class of mono-
nuclear non-heme iron enzymes, catechol dioxygenases,7
which catalyze the oxidative cleavage of intra- or extra-diol
CÈC bonds of various catechols using molecular oxygen.8
These di†erent enzymes are able to oxidize poorly biodegrad-
able man-made molecules.

In our group, we have focused our interest on a tetrapyridyl
non-heme iron(III) complex, able to catalyze the oxidative deg-
radation of environmental pollutants9 such as 2,4,6-trichloro-
phenol (TCP), a poorly biodegradable molecule.10 The
mononuclear iron(III) complex, Fe(BDPMA)(NO3)3MBDPMA\ bis[di(2-pyridyl)methyl]amineN, is able to cata-
lyze the oxidative degradation of polychlorophenols in the
presence of potassium monopersulfate as oxidant.9 Unfor-
tunately, the oxidation stopped at the quinone level, without
formation of ring cleavage products, and the catalyst has a
limited lifetime. The fragility of the BDPMA ligand has been
evidenced during the preparation of manganese, iron and
cobalt complexes.11 Several degradation products of BDPMA
have been identiÐed by X-ray analysis, including fragments

coordinated to metal centers. In the presence of transition
metal salts, BDPMA is oxidatively converted in high yield
processes to the cationic species 1,3,3-tri(2-pyridyl)-3H-
imidazo[1,5-a]pyridin-4-ium (TPIP, see Scheme 1 for the
structure) or to derivatives of di-2-pyridyl ketone (DPK).11

In order to fully characterize the BDPMAÈiron(III) com-
plexes used in the catalytic oxidations of TCP, we decided to
prepare single crystals of the possible complexes generated
with BDPMA and di†erent iron(III) salts. Unfortunately, the
BDPMA ligand is not stable in the presence of iron(III) salts
and we obtained di†erent degradation derivatives depending
on the nature of the anion of the ferric salt. Here, we report
one of the structures of these degradation products and also
the unexpected strong inÑuence of the metal anion in these
BDPMA modiÐcations.

Results and discussion
A yellow complex was obtained in 25È30% yield in one hour
at room temperature during attempts to prepare an iron
derivative of BDPMA using as the iron salt. TreatmentFeCl3

Fig. 1 Crystal structure of (3). Selected bondFeIII(DPMA)Cl3lengths and angles (¡) : Fe1ÈN1 2.179(2), Fe1ÈN2 2.186(2), Fe1ÈN3(A� )
2.208(2), Fe1ÈCl1 2.261(1), Fe1ÈCl2 2.315(1), Fe1ÈCl3 2.305(1), N1È
Fe1ÈN2 74.73(8), N1ÈFe1ÈN3 72.75(8), N2ÈFe1ÈN3 80.36(8), N1ÈFe1È
Cl1 160.70(6), N2ÈFe1ÈCl1 92.22(6), N3ÈFe1ÈCl1 91.33(6),
N1ÈFe1ÈCl3 91.28(7), N2ÈFe1ÈCl3 88.92(6), N3ÈFe1ÈCl3 162.59(6),
N1ÈFe1ÈCl2 91.58(6), N2ÈFe1ÈCl2 164.26(6), N3ÈFe1ÈCl2 88.26(6),
Cl1ÈFe1ÈCl2 98.93(3), Cl1ÈFe1ÈCl3 102.83(3), Cl3ÈFe1ÈCl2 99.31(3).

New J. Chem., 1999, 23, 773È776 773



N N

O

NH2

N N

N N

N N

N

NN

NN

NH NN

py

TPIP
BDPMA

N

N

DPK

DPMA

1

NHN

py

N

N

H

FeIII Fe(NO3)3

+ H2O

FeCl3

FeCl3

2

N

H2N Fe

Cl

Cl

Cl

3

N

of the crude reaction mixture with KCN in order to demetal-
late the formed iron complex(es) provided the di-2-pyridyl
ketone (58% yield) and traces of DPMA [DPMA\ di(2-
pyridyl)methylamine], but not the initial ligand BDPMA.
These data are reproducible, but we do not understand why
the amount of recovered DPMA ligand is below the expected
value, a 1 : 1 ratio with the ketone, despite the easy KCN
demetallation of the isolated iron(III) complex of DPMA as
demonstrated below. It should be noted that BDPMA alone is
perfectly stable in solution with or without KCN, but is
apparently quickly converted to di†erent products at room
temperature in the presence of iron(III) salts.

The KCN demetallation of the yellow complex gave only
DPMA, suggesting that this complex contained only DPMA
as ligand, which was generated during the decomposition of
the initial BDPMA tetrapyridyl ligand in the presence of

The X-ray analysis of a single crystal of this yellowFeCl3 .
complex conÐrmed that this compound was an iron derivative
of DPMA, namely trichloro[di(2-pyridyl)methylamine]iron(III),

3. The IR spectrum of this monocrystal wasFe(DPMA)Cl3 ,
identical to that of the yellow powder (see Experimental for
data on the main bands). The fragility of BDPMA was
already observed when this ligand was mixed with iron(III)
nitrate at room temperature, but in this case a di†erent degra-
dation product, namely TPIP (an imidazopyridinium
derivative) was obtained.11

The structure of complex 3 has been determined by X-ray
di†raction (Fig. 1). The mononuclear neutral Fe(DPMA)Cl3entity is best described as a distorded octahedron, in which
the two pyridine nitrogens are cis coordinated while the sec-
ondary amine nitrogen occupies an axial position. The facial
coordination mode of the DPMA ligand is similar to that pre-
viously reported in the trichloro[bis(pyridin-2-ylmethyl)-
amine]iron(III) complex and in contrast to the(FeL1Cl3),12meridional coordination of the bis(benzimidazol-2-ylmethyl)-
methylamine ligand observed in the corresponding mono-
nuclear trichloroiron(III) complex Several features(FeL2Cl3).13are common to these complexes. Firstly, the bondFeÈNpyridinelengths are comparable with a mean value of 2.199 and 2.183

for and respectively. Secondly, theA� Fe(DPMA)Cl3 FeL1Cl3 ,
three FeÈCl bond distances are di†erent and the shortest one
is always trans to the amine nitrogen [FeÈCl(2)\ 2.261(1) A�
in The major di†erence in these complexesFe(DPMA)Cl3].resides in the bond length. The secondary [FeÈFeÈNamineN \ 2.216(13) and the tertiary [FeÈN \ 2.374(7)A� ]12 A� ]13
amine nitrogens in and respectively, areFeL1Cl3 FeL2Cl3 ,

less strongly bound to the high-spin iron(III) center than
the heterocyclic nitrogens. This is also the case in the
low-spin iron(II) complex which[Fe(DPMA)2](ClO4)2 ,
exhibits mean bond distances of 1.952(3) forA� FeÈNpyridineand 1.999(3) for the latter bond lengths beingA� FeÈNamine ,14shorter compared to those in iron(III) complexes due to the
di†erence in the spin state of the iron. These observations are
in contrast with the suprisingly short bond distanceFeÈNamineof 2.182(2) in complex 3, even though the ligands discussedA�
above are relatively similar in terms of steric constraints and a
weaker interaction of the sterically hindered secondary amine
would be expected. The noticeable strain in the Ðve-membered
chelate rings is illustrated by the following angles : 103.5¡ for

a mean value of 114.4¡ for andFeÈNamineÈC, FeÈNpyridineÈC,
72.7¡ and 74.6¡ for N(1)ÈFeÈN(2) and N(1)ÈFeÈN(3), respec-
tively.

The surprising structure of this iron(III) complex, containing
a fragment of the original BDPMA ligand, could not be
explained by the usual oxidative degradation mechanism of
BDPMA leading to TPIP (Scheme 1). To obtain additional
information on the formation of complex 3, we decided to
synthesize it in a more simple way, directly from the amine
DPMA and Indeed, immediately after combining stoi-FeCl3 .
chiometric amounts of and DPMA in methanol,FeCl3complex 3 precipitated in high yield. The absence of conduc-
tivity showed that complex 3 did not dissociate in solution,
conÐrming its stability.

Since a completely di†erent degradation product of
BDPMA, namely TPIP, was observed in the presence of

(Scheme 1), the complex 4 obtained with DPMAFe(NO3)3and was also synthesized. Because no single crystalsFe(NO3)3could be obtained, complex 4 could not be characterized
unambiguously. The FAB mass analysis suggested that, in
contrast to complex 3, two molecules of DPMA are coordi-
nated to the iron center. The conductivity measurement
emphasized the di†erent nature of these two iron complexes.

(4) behaves as an electrolyte. A conduc-Fe(DPMA)2(NO3)3tivity of cm2 )~1 mol~1 was obtained in DMF cor-KM \ 150
responding to a 2 : 1 electrolyte (literature value for a 2 : 1
electrolyte is in the range of 130È170 cm2 )~1 mol~1).15
These two di†erent methods of characterization suggested a
hexa- or heptacoordination sphere of iron(III) in complex 4,
involving two tridentate DPMA ligands, one nitrate anion
and two nitrates as counterions.

The di†erent coordination spheres around the iron(III) in
(3) and (4) are due to theFe(DPMA)Cl3 Fe(DPMA)2(NO3)3

Scheme 1 Oxidative degradation of BDPMA to TPIP initiated by or to DPMA initiated and trapped byFe(NO3)3 FeCl3 .
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stronger coordination ability to the metal center of chlorides
when compared to nitrates. The strong inÑuence of the anions
Cl~ and on the di†erent degradation pathways whenNO3~BDPMA is exposed to iron chloride or iron nitrate is also
well illustrated by the di†erent product distributions observed
in the oxidative degradation of this tetrapyridyl ligand. In
both reaction pathways (Scheme 1), the Ðrst reasonable inter-
mediate is the formation of imine 1, by a two-electron oxida-
tion of BDPMA in the presence of an iron(III) salt. In the
presence of the interaction of imine 1 with the ironFe(NO3)3 ,
center should be weaker with respect to due to theFeCl3 ,
greater lability of and consequently a weaker stabiliza-NO3~tion of a possible iron complex. Thus, an imidazolium ring
can be formed by intramolecular nucleophilic attack on a
pyridine unit, and then continue on to form TPIP. In contrast,
with interactions of the pyridine moieties and the ironFeCl3 ,
center should be stronger, probably because of the electro-
negativity of the Cl~ ligands, which helps to remove the elec-
tron density provided by the pyridyl ligand to the metal
center. Consequently, the intramolecular cyclization is dis-
favored and the hydrolysis of imine 1 becomes predominant.16
The amine DPMA, once liberated, will immediately form a
stable complex 3 with FeCl3 .

Conclusion
In the present work, we have shown that the BDPMA ligand
is oxidatively degraded by FeIII salts. The product distribution
in the iron-mediated degradation of this tetrapyridyl ligand is
dependent on the nature of the anions in the metallic salts
used. As Cl~ anions are more electronegative and by far
better X~ ligands than anions, the interaction ofNO3~ FeCl3with the ligand and its degradation products is stronger. The
stable interaction of with the imine 1 directs the reac-FeCl3tion pathway towards the degradation product DPMA, giving
rise to complex 3. Because the intramolecular ring closure by
a nucleophilic attack of a pyridine nitrogen is disfavored, the
hydrolysis of imine 1 predominates, leading to the formation
of the iron complex of the DPMA amine.

Experimental
Commercially available reagents and all solvents were pur-
chased from standard chemical suppliers and used without
further puriÐcation. Di(2-pyridyl)methylamine (DPMA) and
bis[di(2-pyridyl)methyl]amine (BDPMA) were synthesized
according to literature methods.17 Elemental analyses were
carried out by the ““Service de Microanalyse du Laboratoire
de Chimie de Coordination.ÏÏ Mass spectrometry analyses
were performed on a Nermag R1010 apparatus [FAB`/meta-
nitrobenzyl alcohol (MNBA) in DMSO] by the ““Service de
Spectrome� trie de Masse de Chimie UPS-CNRS de Toulouse.ÏÏ
1H NMR spectra were run on a Bruker AM 250 (250 MHz),
chloroform as internal standard. UV-visible spectra were
obtained on a HewlettÈPackard 8452A diode array spectro-
photometer, using cuvettes of 1 cm pathlength. EPR spectra
were recorded on a Bruker ESP 300 in X-band, with an
ER035 M gaussmeter (NMR probe) and an EIP 548 hyper-
frequency meter. Powdered samples were loaded in 3 mm
cylindrical quartz tubes. Variable-temperature magnetic sus-
ceptibilities were determined by the Faraday method in the
range 85È285 K, with a matrix (c/HgCo(SCN)4g \ 16.44] 10~6 emu cgs). The diamagnetism of the ligands
was corrected using PascalÏs constants. EPR and magnetism
data were obtained by the ““Service de Mesures Magne� tiques
du Laboratoire de Chimie de Coordination.ÏÏ Infrared spectra
were recorded on a Perkin-Elmer 983 spectrophotometer and
samples were run as KBr pellets. Electrochemical experiments
were performed at room temperature in an airtight cell con-
nected to a vacuum argon line. Cyclic voltammograms were

obtained with a three-electrode cell comprised of a platinum
working electrode (1 mm diameter), a platinum spiral counter
electrode (1 cm2 apparent surface area, 8 cm long and 0.5 cm
diameter) and a SCE reference electrode. For electrolysis
experiments, a platinum gauze was used. The supporting elec-
trolyte was and the solventBu4NPF6 CH3CN.

Trichloro [di(2-pyridyl)methylamine ] iron(III), Fe(DPMA)Cl
3(3)

From BDPMA and BDPMA (100 mg, 0.283 mmol)FeCl
3
.

and (70 mg, 0.260 mmol) were dissolved separa-FeCl3 É 6H2Otely in a total volume of 1 mL MeOH. The solutions were
combined and stirred at room temperature for 1 h. The
solvent was evaporated and the residue dried under vacuum.
This reddish brown residue was extracted with dichloro-
methane and the remaining yellow powder (obtained in
25È30% yield) analyzed as an iron(III) complex. After treat-
ment of this yellow powder with excess KCN, the released
ligand was obtained in low yield and identiÐed as being
DPMA, not BDPMA. In order to fully characterized this
complex, 10 mg of the yellow material were dissolved in a
minimum of ethanol. After three weeks, a long (3 mm) orange
crystal suitable for X-ray analysis was obtained. This complex
was in fact the iron derivative of DPMA, namely
trichloro[di(2-pyridyl)methylamine]iron(III), 3.Fe(DPMA)Cl3 ,
The IR spectrum of this monocrystalline material was identi-
cal to that of the initial yellow powder (main bands at 3289,
3233, 1608, 1600, 1467, 1446, 1296, 1285, 1054, 1024, 858, 832
and 789 cmv1).

Demetallation. The reaction was Ðrst performed as
described above. After stirring for 1 h, the solvent was evapo-
rated and the crude reaction mixture dissolved in 10 mL

KCN (600 mg, 9.21 mmol, 32.5 equiv.) dissolved inCH2Cl2 .
10 mL of was added to the organic solution and theH2Oheterogeneous mixture vigorously stirred for 2 h. The organic
layer was then washed with (5] 50 mL) and dried withH2OAfter evaporation of the solvent, 30 mg (58%) ofMgSO4 .
di-2-pyridyl ketone and traces of the DPMA amine were
obtained and characterized by 1H NMR (250 MHz, CDCl3).Di-2-pyridyl ketone is commercially available.

Control reaction. 50 mg (0.142 mmol) of BDPMA was dis-
solved in 0.5 mL MeOH and stirred for 1 h. The solvent was
evaporated and the residue dissolved in 5 mL 300CH2Cl2 .
mg (4.61 mmol) of KCN and 35 mg (0.130 mmol) of inFeCl35 mL of were added to the organic solution and theH2Oheterogeneous mixture vigorously stirred for 2 h. After the
treatment described above, 42 mg (84%) of BDPMA was iso-
lated and characterized by 1H NMR (250 MHz, (seeCDCl3)reference 17).

From DPMA and DPMA (200 mg, 1.08 mmol) andFeCl
3
.

(270 mg, 1.00 mmol) were dissolved separatelyFeCl3 É 6H2Oin a total volume of 5 mL of MeOH. After combining the two
solutions, a yellow solid precipitated immediately. After addi-
tional stirring for 30 min, the solid was collected by Ðltration
and dried under vacuum. A yellow microcrystalline powder
(316 mg, 91%) was obtained. Anal. calc. for FeC11H11N3Cl3 :
C 38.03 ; H 3.19 ; N 12.09. Found: C 37.83 ; H 3.20 ; N 11.63%.
FAB-MS, m/z (%) : 311 (12) 276 (60)[FeIII(DPMA)Cl2]`,
[FeII(DPMA)Cl]` (the iron(III) complex is reduced in the mass
spectrometer during the analysis). UV-Vis (MeOH), jmax/nm
(e/mol L~1 cm~1) : 258 (4516), 324 (3095). IR (cm~1, KBr) :
3289, 3234, 3152, 1600, 1474, 1466, 1446, 1296, 1285, 1054,
1024, 789, 772, 762, 570.

An EPR measurement on a solid sample showed a very
broad resonance around g \ 2.0 at 100 K, which could not be
assigned unambiguously. A Faraday balance measurement on
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a powder sample gave an e†ective magnetic moment per
mononuclear complex of 5.7 which is consistent with akB ,
high-spin iron(III) complex. Conductivity of a solution in
DMF was cm2 )~1 mol~1, indicating that complexKM\ 25
3 is neutral (for a 1 : 1 electrolyte cm2 )~1KM \ 65È90
mol~1).15 A cyclic voltammogram of inFe(DPMA)Cl3(0.1 M tetrabutylammonium hexaÑuorophosphate,CH3CN
scan rate 100 mV s~1) shows a one-electron (conÐrmed by
bulk electrolysis) quasi-reversible (peak-to-peak separation

mV) electrochemical reduction at [11 mV vs.*Ep\ 112
SCE. The ratio of 0.64 is indicative of poor chemicalipc/ipastability of the reduced iron(II) species.

Crystal data for 3. M \ 347.43, mono-C11H11Cl3FeN3 ,
clinic, a \ 11.257(2), b \ 8.671(1), c\ 14.644(2)P21/n, A� ,
b \ 107.33(2)¡, U \ 1364.5(3) Z\ 4, Mg mv3,A� 3, oc \ 1.691
F(000)\ 700, j \ 0.71073 T \ 183(2) K, k(Mo-Ka)A� ,
\ 1.676 mm~1, crystal size 0.5 ] 0.4] 0.2 mm, 2.76¡
O h O 24.09¡, 10040 reÑections (2097 independent, Rint\were collected at low temperature using an oil-coated0.0553)
shock-cooled crystal18 on a STOE-IPDS di†ractometer. The
structure was solved by direct methods (SHELXS-97)19 and
175 parameters were reÐned using the least-squares method
on F2.20 Largest electron density residue : 0.337 e [forA� ~3, R1F[ 2p(F)]\ 0.0298 and (all data) withwR2 \ 0.0830 R1 \

and&pFo o[ oFcp/& oFo o wR2\ [&w(Fo2 [ Fc2)2/&w(Fo2)2)0.5.CCDC reference number 440/117. See http ://www.rsc.org/
suppdata/nj/1999/773/ for crystallographic Ðles in .cif format.

(4)Fe(DPMA)
2
(NO

3
)
3

DPMA (200 mg, 1.08 mmol) and (270 mg,Fe(NO3)3 É 9H2O1.00 mmol) were dissolved separately in a total volume of 5
mL of MeOH. A few minutes after combining the two solu-
tions, an orange brown solid precipitated. After stirring for
30 min, the solid was collected by Ðltration and dried
under vacuum. An orange brown microcrystalline powder
(288 mg, 47%) was obtained. Anal. calc. for

C 40.76 ; HFe(DPMA)2(NO3)3 É 2H2O (FeC22H26N9O11) :4.04 ; N 19.44. Found: C 41.09 ; H 3.62 ; N 19.65%. FAB-MS,
m/z (%) : 488 (100) 303 (79)[FeII(DPMA)2NO3]`,

(the iron(III) complex is reduced in the[FeII(DPMA)NO3]`mass spectrometer during the analysis).
A Faraday balance measurement on a powder sample gave

an e†ective magnetic moment per mononuclear complex of 2.6
which was consistent with a 80 :20 mixture of low- andkB ,

high-spin iron(III) complexes, respectively. An EPR measure-
ment on a solid sample showed a resonance centered at
g \ 4.6 at 100 K, which is typical for a high-spin iron(III)
species. At room temperature, measurements suggested a
mixture of high and low spin in the ground state. The conduc-
tivity measurement in DMF gave a 2 : 1 electrolyte with

cm2 )~1 mol~1 (literature value for a 2 : 1 electro-KM \ 150
lyte is around 150 cm2 )~1 mol~1).15 This is in accordance

with the mass spectrum, where one nitrate was also coordi-
nated to the metal center.
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