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Vibrational Spectra of Eight-Coordinate Niobium and Tantalum Complexes
with Peroxo Ligands: A Theoretical Simulation
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A theoretical interpretation of the experimental observations
made by vibrational IR and Raman spectroscopy on eight-
coordinate peroxo complexes of niobium(v) and tantalum(v)
is carried out. The theoretical study, realised on stoichiomet-
ric models of general formula [M(O,)4]*", [M(O,)sL,]¥, cis-
and trans-[M(O,),L4]Y~ and [M(O,)Lg]* (M = NbV or TaV),
provides the normal modes of vibrations involving peroxo li-

gands, their corresponding calculated frequency and their
activity in IR and/or Raman spectroscopy. The theoretical re-
sults from the model complexes are compared with experi-
mental IR and Raman spectroscopic data.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

In the last decades, peroxo species of transition metals
have attracted considerable attention because of their ex-
tended coordination chemistry as well as their role in se-
veral challenging domains. Peroxo species of d° transition
metals, for example VY, Ti"V, MoY!, WY and NbY, are po-
tential oxygen donors to organic substrates in the liquid
phase.l' 3] They can act as stoichiometric oxidants or as cat-
alysts in the presence of oxidizing agents, such as H,O, or
tBuOOH, that are used to regenerate the starting peroxo
metal species in situ. Such peroxo complexes can oxidize
some electrophilic species and a large variety of nucleophilic
substrates, such as phosphanes, sulfides, alcohols, olefins,
enolates, imines, amides, etc.’]

A further interest in peroxo complexes results from the
important role they play in biological systems. For example,
peroxovanadium(v) complexes have been found to have
anti-tumour and insulin mimetic activities, while others
have been studied as functional models for the vanadium
haloperoxidase enzymes.[®71 Finally, because such peroxo-
type coordination compounds are most of the time soluble
in water, they are also of great interest as precursors for
the preparation of oxide materials and, more particularly,
multimetallic oxides involving highly polarizing d° transi-
tion metals like Ti'V, Zr'V, NbY or TaV, for which the avail-
ability of water-soluble compounds is very limited.[® '3 This
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“peroxo way” has recently been shown to be a valuable ap-
proach for the synthesis of mixed oxides containing ni-
obium and/or tantalum from well-defined and pre-isolated
complexes.!4!3]

The peroxo compounds of transition metals correspond
either to homoleptic complexes or to heteroleptic ones. In
the heteroleptic compounds, one to three coordinated per-
oxo groups are associated with one or more monodentate
or polydentate ligands. The various ways in which a peroxo
group is expected to coordinate to metals are illustrated in
Figure 1, but the most common type, observed for d° transi-
tion metals, is the so-called side-bonded peroxo ligand,
complexed in an 12 mode.
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Figure 1. Coordination modes of peroxo groups to metal atoms.

The coordination polyhedra in heteroleptic peroxo com-
pounds are fairly predictable. For the heavy group five ele-
ments niobium and tantalum, for example, coordination
number 8 with dodecahedral geometry has invariably been
observed. Several structural analyses of such heteroleptic
complexes have been carried out, revealing the actual coor-
dination spheres in each case.l'*16-211 However, most of the
time no crystal structure could be obtained, and the deter-
mination of the metal environment in the complex is ambig-
uous. In that context, vibrational spectroscopy is still essen-
tial to characterise complexes containing coordinated per-
oxo groups. In the case of side-bonded peroxo ligands, two
types of vibrational modes are expected: the peroxo stretch-
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ing, v(0O-0), and the metal-peroxo stretching, v[M(O,)]. As
far as niobium and tantalum compounds are concerned,
the determination of the number of peroxo ligands present
around the metal atom in heteroleptic complexes can be
deduced from the number of v(O-O) bands, occurring near
850 cm™!, by using an empirical rule which states that the
presence of two or three v(O-O) bands in the IR spectrum
indicates the formation of a diperoxo or triperoxo complex,
respectively.??l As far as homoleptic [M(0,)4]*” (M = NbY
or TaY) complexes are concerned, one broad or two v(O—
0O) bands are observed in the IR and two such bands in the
Raman spectra.?>2 A recent study reported the vi-
brational spectra of tetraperoxotantalate compounds with
several different counterions, (A);[Ta(0,)4] (AT = K*, Rb*,
Cs*). The authors determined the different vibrational
modes of the O-O and Ta-O stretching vibrations from the
site-group analysis of the [Ta(O,),]*~ anion (site group sym-
metry D,,;).2

The present work deals with the theoretical simulation of
the experimental observations made by vibrational IR and
Raman spectroscopy on eight-coordinate peroxo complexes
of niobium(v) and tantalum(v). This study will provide the
normal modes of vibrations involving peroxo ligands, their
corresponding frequency and their activity in IR and/or Ra-
man spectroscopy and so constitute a guide to interpret ex-
perimental spectra. By validating the empirical rules men-
tioned so far for the interpretation of the vibrational spectra
of eight-coordinate peroxo complexes, this work provides
important tools to develop the coordination chemistry of
such compounds.

Results and Discussion

Theoretical calculations were performed at the DFT level
using various functionals for five stoichiometric models
corresponding to tetra-, tri-, di- and monoperoxo species,
of general formula [M(O5)4]*", [M(O»);L,]*", cis- and trans-
[M(O,),L4} and [M(O,)L¢J", respectively. The metal, M,
chosen for the simulation is niobium(v) and L corresponds
to the oxygen atoms of oxalate, which mimics a coordinated
atom from one or several mono- or polydentate ligand(s).
More details about the methodologies used and the choices
made for the computations are explicitly presented in the
Computational Details section (Figure 2).

The symmetry obtained after geometry optimisation for
the various compounds [M(O,)4]*", [M(O,);L,]*, cis- or
trans-[M(0,),L4} and [M(O,)Lg]* is D>y C,, C5, or D,
and C,, respectively. For the diperoxo species, their relative
stability is small and the results depend on the chosen meth-
odology. As mentioned in the Computational Details sec-
tion, the C,, symmetry (cis configuration) is more stable at
the Hartree—Fock level but the opposite is the case at the
DEFT level. More details about those structures are given in
the Supporting Information. For each one, a normal mode
analysis was realised at the harmonic level in order to ob-
tain vibration frequencies and to identify the normal modes
involving the peroxo functions.
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Figure 2. Schematic representation of model stoichiometries con-
sidered for the theoretical study (M = NbY and L = oxygen atom
from an oxalate ligand).

The theoretical values were compared with those of cor-
responding complexes described in the literature for each of
the tetra-, tri- and cis-diperoxo species studied. Because the
experimental vibrational data of peroxotantalum(v) com-
plexes are quite close to those of their niobium(v) equiva-
lents, some of them are also taken into account in this study
and compared to the calculated values. The stoichiometries
of the selected representative Nb and Ta complexes are
given in Table 1. As far as monoperoxo and trans-diperoxo
species are concerned, no such compounds with an eight-
fold coordination have been described so far in the litera-
ture. The IR data from complexes listed in Table 1 have
already been reported,[!416:17-22.27.28] \hile little information
from Raman spectroscopy is available.

Table 1. Stoichiometries of the peroxo complexes of niobium(v)
and tantalum(v) described in the literature and used in this work
for comparison (ox = oxalate, o-phen = 1,10-phenanthroline, picO
= picolinate N-oxide, tart = tartrate, edtaO, = ethylenediaminetet-
raacetate N,N'-dioxide).

Stoichiometry Ref.
g 1 (NH)NKO)] “‘”
B2 (qunlNb(O] 4
£ 3 (@uTaond o
4 K5[Nb(O2)3(0x)] =
g S K3[Nb(O;)3(0-phen)] e
B 6 Ki[TaOpso-phen)] )
57 (qualNb(Os(picO)] e
published
8 K3[Nb(O2)2F4} @2l
g 9 (NH)NbO2)(ox):] e
E 10 (gu)s[Nby(Op)s(Htart)tar)]-4H;0 08
T 11 (2unNb(Oa(edia0)]2H,0 el
g
12 (gu)s[Ta(0)x(edta0,)]-2H;0 ()

Tables 2-6 present the theoretical results obtained for
each of the five species considered and compare them to
the experimental results from IR and Raman spectroscopy
reported in the literature or obtained in the present work.
These tables list, for each normal mode, its corresponding
vibrational motion, its activity in IR and/or Raman (R), its
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calculated frequency (in cm™!) and finally its frequency (in
cm ') observed experimentally on the spectra.

In the tetraperoxometallate anion, the stretching vi-
brations of the peroxo groups, v(O-0), belong to the A,
B, and E modes. The first one is only Raman active and is
due to the total symmetric vibration where all four peroxo
groups vibrate in phase. The second one is only IR active,
while the third one is active in IR as well as in Raman.
These theoretical results are in agreement with the experi-
mental IR and Raman spectra of complexes 1-3, which
each display two v(O-O) bands beyond 800 cm™' (see
Table 2). Haeuseler et al. have observed only one v(O-O)
band in the IR spectrum of corresponding tantalum com-
pounds with several counterions. This band was attributed
to the v(O-O) belonging to the E mode. As far as the me-
tal-peroxo stretching v[M(O,)] vibrations are concerned,
two modes occur and correspond to E and A species; the
first one is active in both techniques while the second one
is only Raman active. These bands are observed near 550
and 530 cm™!, respectively, in the experimental spectra of
complexes 1-3 (see Table 2).

Table 2. Theoretical results for the tetraperoxo species [M(O,)4]*
compared to the experimental results for compounds 1-3.

Calculated  Observed frequency
Schematic representation B
© Activity  frequency!® [em™]
of the normal mode [ _1]
om 1 2 3
40—-0-»
6\\ // + R 849 849 840
Ay | - \\g 886
SRR R v
40-—0»
b \/ R 818 825 817
B, \>M<% 860
0 /\ d R
0==0
(;O\_/O» R v 813 818 810
EY \M< 861
-
o /\ d R v 812 822 814
0—o0
0—0
o \\ // IR v 540 554 551
ED) ‘>M<?/ 502
/NN g v 534 539 550
0—o0
0—0
o \\\ /Q} IR 520 527 536
A | /M\? 483
07 0 R v
0—0

[a] The theoretical frequencies obtained at the B3LYP/6-31+G(d)
level cannot be directly compared to the experimental ones but
must be scaled by some empirical factor. [b] Doubly degenerate
vibrational mode.

In the case of the heteroleptic tri- and cis-diperoxo com-
plexes, the theoretical results confirmed the empirical rule
which states that the presence of two or three v(O-O) bands
in the IR spectrum indicates the formation of a diperoxo or
triperoxo complex, respectively.[’?l Moreover, according to
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the theoretical results obtained, the same rule can be ap-
plied in the case of Raman spectroscopy.

The triperoxo species [M(O,);L,]* shows three vibration
modes which involve the O-O stretching and which are all
active in both IR and Raman spectroscopy. This result is in
agreement with the experimental spectra illustrated in Fig-
ure 3 in the case of (gu),[Nb(O,);(picO)] (7), which each
display three v(O—O) bands near 850 cm™!. The additional
bands occurring in the IR spectrum of compound 7 in that
zone (871 and 811 cm™!) are due to the bending vibration
of the N-oxide group, 8(N-O), present in the picolinato li-
gand. The triperoxo complex also shows two v[M(O,)] vi-
brations which are both IR and Raman active, as confirmed
by the experimental observations (see Figure 2). As illus-
trated in Table 3, the first v[M(O,)] mode implies the pres-
ence of two peroxo ligands, while the second one implies
the presence of only one.
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Figure 3. Experimental IR (top) and Raman (bottom) spectra of
(8u)2[ND(O,)3(picO)] (7).

As far as the cis-diperoxo species [M(O,),L4]” is con-
cerned, the theoretical calculations provide two v(O-O) vi-
brations. As shown in Table 4, in the first mode, of B; sym-
metry, the peroxo ligands vibrate out of phase, while in the
second one, of symmetry Aj, they vibrate in phase. The
diperoxo complex also displays two v[M(O,)] vibrations,
which are both active in IR and Raman spectroscopy. The
theoretical results are in agreement with the experimental
ones, which are illustrated in Figure 4 in the case of (NHy)s-
[Nb(O2)x(0x)2] (9).

As illustrated in Table 5, the trans-diperoxo model com-
pound shows two peroxo stretching modes. The antisym-
metric mode is active in both IR and Raman spectroscopy
while the symmetric one is only Raman active. This species
also displays four metal-peroxo stretching vibrations,
V[M(O,)], which belong to the By, Bs;, B, and A modes,
respectively. Only the first and third ones show a fair ac-
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Table 3. Theoretical results for the triperoxo species [M(O,);L,]*
compared to the experimental results for compounds 4-7.
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Table 4. Theoretical results realised for the cis-diperoxo species
[M(O,),L4} compared to the experimental results for compounds
8-12.

' . Caloulated Observed frlequency . . s .
Schematic representation Activit . @l [em™] Schematic alculate Observed frequency [em™]
y requency' . .- [a)
of the normal mode . representation of the  Activity frequency
fem™] 4 5 6 7 - 8 9 10 1 12
normal mode [em™]
—— _0—> B
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A \M/? 911 S\
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L L L
——
iy .
\ / 4 R v 834 815 805 833 go\/o» R v 860 851 850 857 857
A ~v 884 NG L
/M\\ A | oM 895
? / R v - - - 836 - \L
L L ? R v ~ 850 851 854 861
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r L | M=
0//\ L R Vv - 573 570 638 636
O\ /0 R v 568 - - 603 L
A" O\Mt% 567 0—0 44
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L L 1
=0 o/'/ L R v ~ 532 531 559 555
o \ / R v 513 - - 547 L
A M 559
0 / \ 0 R v - - - 54 [a] The theoretical frequencies obtained at the B3LYP/6-31+G(d)

[a] The theoretical frequencies obtained at the B3LYP/6-31+G(d)
level cannot be directly compared to the experimental ones but
must be scaled by some empirical factor. [b] Unreported value.

tivity in IR spectroscopy, while the A mode is Raman
active. No comparison can be made in this case with experi-
mental data because such complexes have not been de-
scribed in the literature so far.

Finally, in the case of the monoperoxo species [M(O,)-
Le]7, the results are quite simple because only one v(O-O)
mode and two v[M(O,)] vibrations — the symmetric and
antisymmetric ones — are obtained (see Table 6). These
three vibrational modes are all active in IR and Raman
spectroscopy. Here also no comparison with the literature
can be made because such compounds with an eightfold
coordination are not yet known.

Conclusions

Theoretical interpretations of the experimental observa-
tions made by vibrational IR and Raman spectroscopy on
eight-coordinate peroxo complexes of niobium(v) and tan-
talum(v) have been carried out. This study provides the
normal modes of vibrations involving peroxo ligands, their
corresponding calculated frequency and their activity in IR
and/or Raman spectroscopy. This work thus validates the
empirical rules mentioned so far for the interpretation of
the vibrational spectra of eight-coordinate heteroleptic per-
oxo complexes, and provides important tools to develop the

Eur. J. Inorg. Chem. 2005, 4118-4123 www.eurjic.org

level cannot be directly compared to the experimental ones but
must be scaled by some empirical factor. [b] Unreported value.
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Figure 4. Experimental IR (top) and Raman (bottom) spectra of
(NH4)3[Nb(O2)2(0x),] (9).
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Table 5. Theoretical results obtained for the trans-diperoxo species
[M(Oy),L4]".

Sehemat ot Calculated
chematic representation Activity frequency
of the normal mode fem™]
4k s R v
B, T>\M/<B 948
AN R v
L L
4 K b R
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o IR 2]
B, |>\1Q/I/<T 568
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L L
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=

[a] The theoretical computation gives a very small IR activity.

Table 6. Theoretical results for the monoperoxo species [M(O,)LgJ .

Calculated
Schematic representation o et
of the normal mode Activity frequency
fem™
- ) =~
L \ R v
~\/_~L
M 937
7 \\L
/ R v
L L
T o
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/M\ 598
N
L L R v
/
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Ry
N 481

M=
L// \\L R v
L L

4122 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

coordination chemistry of peroxo species as it could be ex-
tended to equivalent complexes of other transition metals.

Experimental Section

General: The NbY and TaY complexes 1-3 and 9-12 (see Table 1)
were prepared according to procedures described elsewhere.!!416-18]
The IR spectrum of compound 7 was recorded with an FTS-135
Bio-RAD spectrometer, using KBr pellets containing ca. 1 wt.-%
of the powder. FT-Raman spectra of complexes 1-3, 7 and 9-12
were recorded with a Bruker spectrometer (type RFS100/S) at a
wavelength of 1064 nm. Measurements were carried out on pow-
ders sampled on an aluminium support.

Computational Details: Theoretical calculations were performed at
the Hartree—Fock and DFT levels for five stoichiometric models
corresponding to tetra-, tri-, di- and monoperoxo species, of gene-
ral formula [M(O,),]>", [M(O,);Lo]*, cis- and trans-[M(O,),L4J"~
and [M(O,)L¢)*, respectively. The metal, M, chosen for the simula-
tion is niobium(v) and L corresponds to the oxygen atoms of oxa-
late, which mimic a coordinated atom from one or several mono-
or polydentate ligand(s). For the central metal atom, an effective
core potential was used to represent all but the valence nd and
(n+1)s and outer core ns and np electrons. The latter were described
with a double-zeta basis set, this combination being referred to as
the LANL2DZ basis set. In order to check the functional depen-
dence of the obtained results, the computations were completed
using Becke’s three-parameter hybrid functional (B3LYP), the Per-
dew 86 functional (P86) and finally the Perdew—Burke—Ernzerhof
(PBE) hybrid functional. These anionic complexes require fairly
good basis sets to obtain reliable results. In particular, polarisation
functions are needed on the ligands to introduce enough flexibility
into the wave function. The introduction of diffuse orbitals also
improves the long-range spatial distribution required by the pres-
ence of negative charges. To check this point, we used two basis
sets to represent the non-metal atoms, namely. the standard 6-
31G(d) basis as starting point, completed afterwards by 6-31+G(d),
which introduces diffuse functions on each atom. These basis sets
are those available in the Gaussian series of programs.*! Concern-
ing the geometry optimisation, trial structures of the selected spe-
cies were taken from available crystallographic data to yield the
starting points for full optimisation. All structures were optimised
without any symmetry constraints and the point group was de-
duced from the optimised geometries. A single minimum was ob-
tained for all n values except when n equals two, where two minima
appear. Within numerical precision, the symmetry deduced for the
various compounds [M(O,)]*, [M(O,);L.]¥, cis- or trans-
[M(O,),L4F~ and [M(O,)L¢) is Dy, C,, C,, or D, and Cj, respec-
tively, regardless of the method or basis set being used. These struc-
tures are, of course, “gas-phase” structures that do not consider
the nature of the counterion or the incidence of the solid-state envi-
ronment. We report the relative stabilities obtained for the diperoxo
species in Table 7. While B3LYP gives no significant energy differ-
ence between both structures, Hartree—Fock results give a C,, sym-
metry (cis configuration) that is some 27 kJmol! more stable than
the D, symmetry (trans configuration). Finally, the P86 and PBE
functional favour the D, structure slightly. A normal mode analysis
was realised at the harmonic level for each obtained structure in
order to obtain vibrational frequencies and to identify the normal
modes involving the peroxo functions. At this level of methodology,
the theoretical frequencies cannot be directly compared to the ex-
perimental ones but must be scaled by an empirical factor. As it is
not useful to give all the results here, Table 8 gives an example of
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the wavenumbers obtained for [M(O,);L,]*" at all levels of method-
ology. They show that the numbers obtained at the B3LYP and P86
levels are close to the experimental values and that even though a
slight improvement is obtained with the diffuse basis set, it is not
really significant. Hartree—Fock results, as is well known, are over-
estimated by some 20%, but the PBE functional does not behave
very well as it overestimates the frequencies by about 10%. As the
best fit was obtained with the B3LYP and P86 functionals using
the diffuse basis functions, the data referred to in the above dis-
cussion are those obtained at the B3LYP level. The optimised XYZ
coordinates of the niobium complexes are given in the Supporting
Information (see footnote on the first page of this article). The
reported data contain the DFT/B3LYP level results obtained with
a LANL2DZ pseudopotential for Nb and the 6-31+G(d) basis sets
for C and O atoms.

Table 7. Relative stability [kJmol '] between cis- and trans-
[M(O,),L4)*.

Method 6-31G(d) With diffuse functions
B3LYP 0.3 -3.7
P86 -12.0 -16.1
PBE -6.0 -13.6
HF 27.0 27.0

Table 8. Comparison between a selected experimental and various
theoretically!®! obtained wavenumbers of [M(O,);L,]* [cm™].

Exp  B3LYP P86 PBE HF
513 551(553)  525(534) 567 (572) 641 (634)
568 559 (568)  535(544) 579 (583) 642 (644)
825  881(900) 844 (863) 931 (947) 1015 (1025)
834 884 (902)  845(864) 933 (948) 1024 (1032)
852 911 (928)  870(888) 959 (974) 1053 (1061)

[a] 6-31+G(d) and 6-31G(d) (in parentheses) basis sets.
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