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A new monoperoxo complex of vanadium(V) of composition [where isCs[VO(O2)(CEIDA)] ÉH2O H2CEIDA
N-(carbamoylethyl)iminodiacetic acid] was prepared and characterized by IR, UV-VIS and 51V NMR
spectroscopies. Thermal analysis showed that after crystal water release the anhydrous isCs[VO(O2)(CEIDA)]
formed, which is stable over a relatively large temperature interval and can be isolated by interruption of the
dynamic heating in that interval. The X-ray structure analysis of revealed aCs[VO(O2)(CEIDA)] ÉH2O
mononuclear structure of the complex anion with a typical distorted pentagonal bipyramidal arrangement around
vanadium formed by two peroxo oxygens bound in an g2-fashion, two oxygens from the deprotonated carboxylic
groups and a nitrogen in the equatorial plane, and an oxo ligand and an oxygen from the carbamoyl group in the
apical positions. The heteroligand is thus bound as a tetradentate CEIDA(2[)-N,O,O,O ligand to form one
six-membered and two glycinate rings.

Determination of the crystal structures of the native and per-
oxide forms of the vanadium-containing chloroperoxidase
from Curvularia inaequalis fungus showed that vanadium
atom in the active site of the enzyme is coordinated by four
non-protein oxygens and one nitrogen atom from a histi-
dine.1,2 The peroxide form can thus be regarded as a mono-
peroxo complex with the peroxo ligand coordinated in an
g2-fashion, which is the same as found in structures of all
mono- and dinuclear vanadium(V) monoperoxo complexes.
The study of such complexes with heteroligands containing
one nitrogen and several oxygen atoms completing the coordi-
nation sphere of vanadium is important, as these complexes
provide useful models for intermediates formed on interaction
of the vanadium haloperoxidase with hydrogen peroxide. To
date, the monoperoxo complexes of vanadium(V) with
nitrilotriacetate(3[) (NTA),3h8 hydroxyethyliminodi-
acetate(2[) (HHEIDA)9 and N-(carbamoylmethyl)iminodi-
acetate(2[) (ADA)9,10 as tetradentate ligands, all containing
an donor set, have been prepared and structurallyO3Ncharacterized. We report here the preparation, thermal and
spectral properties and the crystal and molecular struc-
tures of where CEIDA is N-Cs[VO(O2)(CEIDA)] ÉH2O,
(carbamoylethyl)iminodiacetate(2[). The study of [VO(O2)-(CEIDA)]~ ion formation in aqueous solution (pH 1È4) has
been reported earlier by one of us.11

Experimental

Chemicals and apparatus

was prepared by thermal decomposition ofV2O5 NH4VO3(Loba Chemie). was synthesized from 3-H2CEIDA
chloropropionamide and iminodiacetic acid (Aldrich) as
described in the literature.12 All other chemicals were supplied
by Lachema.

Vanadium content was determined by titration with FeSO4(diphenylamine as indicator) in a sample that was previously
annealed in a Pt crucible. C, H and N were determined on a
Carlo Erba 1106 analyzer. Caesium was estimated on a iso-
tachophoretic analyzer ZTKI 01 (URVST Slovakia).

The IR spectra were measured on a Nicolet Magna 750 FT
IR spectrophotometer, the UV-VIS spectra on a Hewlett
Packard 8452 spectrometer and 51V NMR spectrum on a
Bruker DRX 500 spectrometer with as external stan-VOCl3dard. The thermal analysis was performed on a Q-1500 Deri-
vatograph (MOM, Budapest) with the following conditions :
sample weight, 100 mg; heating rate, 0.6 ¡C min~1 ; air atmo-
sphere.

Syntheses

Synthesis of (1). (0.091 g,Cs [VO(O
2
)(CEIDA) ] ÆH

2
O V2O55 mmol) was dissolved in 2 ml of 30% The solutionH2O2 .

formed was diluted by 20 ml Solid CsCl (0.168 g, 1H2O.
mmol) and (0.204 g, 1 mmol) were then slowly dis-H2CEIDA
solved in the diluted peroxovanadium(V) solution. The crys-
tallization was initiated by dropwise addition of 96% ethanol
to the orange-red solution (pH 2.1) until formation of a stable
weak turbidity. The microcrystalline orange product, which
formed within 2 days, was washed with ethanol and dried at
room temperature. The monocrystals for X-ray analysis were
obtained by recrystallization from a waterÈethanol solution at
pH 2.4. Anal. calcd (%) for Cs 29.40, VCsVC7H12N2O9 :
11.27, C 18.60, H 2.68, N 6.20 ; found : Cs 29.20, V 10.94, C
18.64, H 2.58, N 6.11. 51V NMR (5 ] 10~3 mol dm~3 in

[583.3 ppm. UV-VIS LMCT bandH2O): (H2O): (L \ O22~)
at 438 nm, e \ 390 mol~1 dm3 cm~1. IR (Nujol, cm~1) :
415vw, 450w, 470m, 495w, 534w, 564s 621s, 670m,[l(VwOp)],698s, 734m, 800vw, 830m, 916vs 958vs[l(OpwOp)],[l(VxO)], 1026m, 1055vw, 1095sh, 1110m [l(CwNcoord)],1206m, 1238w, 1265m, 1298s, 1325vs, 1375vs, 1415s, 1600È
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Table 1 Crystal data and structure reÐnement for
Cs[VO(O2)(CEIDA)] ÉH2O

Empirical formula C7H12CsN2O9VFormula weight 452.04
T /K 150.0(2)
j/Ó 0.71073
Crystal system Monoclinic
Space group P2g/na/Ó 6.121(4)
b/Ó 8.959(2)
c/Ó 23.532(12)
a/¡ 90
b/¡ 96.28(5)
c/¡ 90
U/Ó3 1282.7(11)
Z 4
Dc/g cm~3 2.341
k/mm~1 3.617
F(000) 872
Crystal size/mm 0.70 ] 0.20] 0.10
h range for data collection/¡ 1.74È25.08
Index ranges [7 O h O 0, 0 O k O 10,

[7 O lO 27
ReÑections collected 2481
Independent reÑections 2238 (Rint \ 0.0536)
Observed reÑections (I[ 2pI) 1960
ReÐnement method Full-matrix least-squares

on F2
Data/restraints/parameters 2238/0/211
Goodness-of-Ðt on F2 1.020
Final R indices (I[ 2pI)a R1\ 0.0476, R

w2\ 0.1273
R indices (all data)a R1\ 0.0553, R

w2\ 0.1355
Largest di†. peak and hole/e Ó~3 1.396 and [1.694

aR1\ &p Fo o [ oFc p/oFo o ; Rw2\ M&[w(Fo2[ Fc2)2]/&[w(Fo2)2]N1@2.

1665 vs, br [l(CxO)carbamoyl , las(COO), d(NH2), d(H2O)] (Opis peroxo oxygen).
Preparation of (2). 2 was prepared byCs [VO(O

2
)(CEIDA) ]

interruption of dynamic heating during the thermal analysis of
1 at 105 ¡C. It was identiÐed by CHN analysis and its IR spec-
trum, which still exhibits all characteristic bands of the mono-
peroxo complex.

Anal. calcd (%) for C 19.37, H 2.32, NCsVC7H10N2O8 :
6.45 ; found : C 18.97, H 2.43, N 6.22. IR (Nujol, cm~1) : 455w,
483w, 525m, 550s, 570s 624s, 684w, 735m, 820m,[l(VÈOp)],838m, 924vs 950vs [l(VxO)], 1026m, 1062w,[l(OpwOp)],1094w, 1126m 1200m, 1239m, 1280s, 1307s,[l(CwNcoord)],1333s, 1405m, 1630vs, 1653vs [l(CxO)carbamoyl , las(COO),
d(NH2)].

X-Ray structure determination

Low-temperature X-ray measurements of 1 were made on a
KUMA KM4 di†ractometer with graphite monochromated

radiation using the uÈ2h scan technique. No signiÐ-Mo-Kacant decay of the intensity of three standard reÑections
recorded after every 90 reÑections was observed. The data
were not corrected for absorption e†ects. 2238 unique reÑec-
tions were obtained, of which 1960 with were classiÐedI[ 2pIas observed. Additional crystal data and reÐnement results are
given in Table 1.

The structure was solved by a combination of Patterson
and di†erence Fourier methods, and reÐned by a full-matrix
least-squares procedure (SHELXL-93) on oF2 o.13 Non-
hydrogen atoms were reÐned anisotropically. The hydrogen
atoms of the and groups were obtained from a dif-CH2 NH2ference Fourier map and were reÐned isotropically with Ueqequaled to of the atom to which they are bonded.1.2] UeqTwo hydrogen atoms from the water molecule were not iden-
tiÐed. The Ðnal reÐnement was carried out with the weighting
scheme wherew\ 1/[(p2(Fo2) ] (0.0950P)2 ] 6.4342P] P\

and with 2238 independent reÑections. The(Fo2 ] 2Fc2)/3,
reÐnement converged at andR1(F)\ 0.0476 Rw2(F2)\ 0.1273

for the observed reÑections and 211 reÐned parameters. The
largest positive and negative peaks in the di†erence map were
1.40 and [1.69 e respectively. CCDC reference numberA� ~3,
440/076.

Results and discussion
The IR spectra of 1 and 2 exhibit in the expected regions all
characteristic VxO, and stretches, whichVwOp OpwOpallow the compounds to be identiÐed as monoperoxo com-
plexes.3h5,14h17 The IR spectra indicate that the CEIDA
ligand is bound in both complexes via the imino nitrogen
[shift of the band corresponding to the l(CwN) vibration
from 1193 cm~1 in the uncoordinated ligand to 1110 cm~1 in
1 and 1126 cm~1 in 2] and via both deprotonated carboxylate
groups [absence of the l(COOH) vibration observed in

at 1705 cm~1]. Involvement of the carbamoylH2CEIDA
group in the coordination with vanadium in 1, due to the
complexity of the spectrum in the 1600È1665 cm~1 region,
could not be identiÐed by IR.

The thermal analysis of 1 was performed under the given
conditions in the temperature interval 20È180 ¡C. The weight
loss, 3.9%, corresponding to the endothermic process in the
interval 50È73 ¡C agrees with the calculated value, 3.98%, for
loss of one water molecule. In the interval 75È155 ¡C no
weight loss was observed ; the decomposition product, obvi-
ously the anhydrous monoperoxo complex 2, is stable in this
temperature interval. A further sudden exothermic decomposi-
tion process occurred at 155 ¡C. The weight loss correspond-
ing to this process, 29%, exceeds the calculated value, 7.08%,
for active oxygen release. The oxygen release thus proceeds
simultaneously with decomposition of the CEIDA ligand.

The crystal structure of 1 is built up of [VO(O2)(CEIDA)]~
anions, Cs` cations and water molecules held together mainly
by electrostatic forces and hydrogen bonds. Their arrange-
ment in the unit cell is shown in Fig. 1. The structure of the
complex anion is shown in Fig. 2 and selected interatomic
distances and angles are given in Table 2. The vanadium atom
is seven-coordinated. The coordination polyhedron of vana-
dium is a distorted pentagonal bipyramid with carboxylic
oxygens O(1), O(3), peroxo oxygens O(7), O(8) and imino

Fig. 1 Arrangement of the unit cell in the structure of
Cs[VO(O2)(CEIDA)] ÉH2O.
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Table 2 Selected interatomic distances and bond angles (¡) for(Ó) Cs[VO(O2)(CEIDA) ÉH2O

VwO(1) 2.041(4) O(1)wC(2) 1.279(8) Cs É É É O(5)ii 3.106(5)
VwO(3) 2.038(5) O(3)wC(4) 1.301(8) Cs É É É O(9)w 3.205(6)
VwO(5) 2.231(5) O(5)wC(7) 1.264(8) Cs É É É O(3)ii 3.248(4)
VwO(6) 1.594(4) N(1)wC(1) 1.479(8) Cs É É É O(3)i 3.259(4)
VwO(7) 1.881(5) N(1)wC(3) 1.490(8) Cs É É É O(4)iii 3.276(5)
VwO(8) 1.870(5) N(1)wC(5) 1.503(8) Cs É É É O(7) 3.279(5)
VwN(1) 2.165(5) Cs É É É O(7)i 3.089(5) Cs É É É O(6)i 3.340(4)
O(8)wO(7) 1.439(7) Cs É É É O(8) 3.103(5) Cs É É É O(7)ii 3.450(6)

O(1)wVwO(3) 149.7(2) O(5)wVwO(7) 83.6(2) O(8)wVwN(1) 153.8(2)
O(1)wVwO(5) 82.7(2) O(5)wVwO(8) 83.6(2) O(7)wO(8)wV 67.9(3)
O(1)wVwO(6) 95.7(2) O(6)wVwO(7) 102.6(2) O(8)wO(7)wV 67.0(3)
O(1)wVwO(7) 124.4(2) O(6)wVwO(8) 102.5(2) C(2)wO(1)wV 118.3(4)
O(1)wVwO(8) 79.9(2) O(7)wVwO(8) 45.1(2) C(4)wO(3)wV 117.4(4)
O(3)wVwO(5) 83.7(2) O(1)wVwN(1) 75.7(2) C(7)wO(5)wV 123.6(4)
O(3)wVwO(6) 94.7(2) O(3)wVwN(1) 76.1(2) C(1)wN(1)wV 104.7(4)
O(3)wVwO(7) 80.5(2) O(5)wVwN(1) 84.1(2) C(3)wN(1)wV 105.5(4)
O(3)wVwO(8) 125.2(2) O(6)wVwN(1) 89.3(2) C(5)wN(1)wV 117.1(4)
O(5)wVwO(6) 173.4(2) O(7)wVwN(1) 154.5(2)

Symmetry transformations used to generate equivalent atoms : i[x, [y ] 1, [z ; ii x ] 1, y, z ; iii[x [ 1, [y ] 1, [z ; w represents oxygen from
water molecule.

nitrogen N(1) in the equatorial plane, and with the carbamoyl
group oxygen O(5) and doubly bonded oxygen O(6) in the
apical positions.

The Ðve atoms in the equatorial plane are nearly coplanar,
the maximum deviation from the plane is 0.016(3) TheÓ.
vanadium atom is displaced from this plane by 0.226(2) Ó
towards the terminal oxygen O(6). The vanadiumÈapical
oxygen O(5) bond length, generally elongated due to the struc-
tural trans inÑuence,18 is 2.231(5) in the six-memberedÓ
chelate in 1 ; this value is not signiÐcantly longer than in NTA,
ADA and HHEIDA monoperoxo complexes with Ðve-
membered chelates (2.108È2.218 The distorted pentagonalA� ).
bipyramid is almost symmetric : the O(5), V, N(1), O(6) plane
passes nearly through the midpoint between the O(8) and O(7)
peroxo oxygens [deviations of 0.730(7) and [0.709(7) andÓ],
also the carboxylic oxygen atoms O(1) and O(3) are symmetri-
cally placed with respect to this plane [deviations of 1.967(5)
and [1.970(5) The symmetry of the anion with respect toÓ].
this plane is disturbed by the carbon atoms C(6) and C(7) of
the six-membered ring, which deviate from this plane by
1.015(9) and 0.773(8) respectively. The O(7)wO(8) distanceÓ,
found, 1.439(7) is identical with the average value found forA� ,
this bond length in eight monoperoxo complexes containing a
heteroligand with an donor set.4h10 TheO3N V(OpwOp)group is nearly symmetric, the di†erence in the two VwOpdistances is 0.011 The most signiÐcant di†erence in theA� .
structure of 1 when compared with the structures of NTA,
ADA and HHEIDA complexes containig a Ðve-membered

Fig. 2 ORTEP plot of the anion at 50% prob-[VO(O2)(CEIDA)]~
ability level for non-hydrogen atoms.

apical chelate is the enlargement of the O(6)wVwO(5) angle
from 165.87È167.7¡ for NTA, ADA and HHEIDA mono-
peroxo complexes4h8 to 173.4(2)¡ in 1 (Table 2).

Within a distance of approximately 3.50 which corre-Ó,
sponds to the highest coordination number (12) of caesium
surrounded by oxygens,19 the Cs` cation is in close contact
with nine peroxo and carboxylic oxygen atoms belonging to
four anions in di†erent equivalent positions, and the O(9)w
oxygen from the water molecule (Table 2).

The data on crystal structures with coordinated CEIDA
ligand are very scarceÈonly three structures of CoIII, CuII and
NiII complexes have been determined so far.12,20,21 The struc-
tures of 1, CuII and NiII complexes indicate an oxophilic
nature of these central ions : the carbamoyl group is preferably
coordinated via oxygen and not the nitrogen atom. In the
CoIII complex, CEIDA is coordinated as a tridentate ligand
via two carboxylic oxygens and imino nitrogen.

The characterized complex isCs[VO(O2)(CEIDA)] ÉH2Othe fourth complex of vanadium(V) with a heteroligand con-
taining an donor set and the Ðrst one with a ligandO3Nforming two Ðve- and one six-membered chelates. The thermal
stability study showed that the heteroligands discussed stabil-
ize the group : oxygen release occurs at temperaturesVO(O2)above 150 ¡C. The maintaining of the complex anion structure
on dissolution, proved by a single chemical shift in the 51V
NMR spectrum, provide a possibility for using this complex
in a study of oxidation ability in the reaction with halides,
that is, as functional model for haloperoxidase, or in oxygen
transfer reactions.
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