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Abstract. The reaction of 1,3-bis(phenyl)triazene 1-oxide with
VOSO,-5H,0 in the presence of potassium ethanolate in ethanol
yields yellow vitreous crystals of [{CsHsNNN(O)C4Hs}V(O),-
(CsHsN)] (1) and [{O>2NCHaNNN(O)CeHs} V(0)o(CsHsN)] (2)
after recrystallization from acetone/pyridine. 1 and 2 complex mol-
ecules are associated to [{CsHsNNN(O)CgHs} V(0),(CsHsN)], and
[{O,NC¢H4NNN(O)CHs} V(0),(CsHsN)], dimeric units through
centrosymmetric C—H--O interactions, respectively. The centro-
symmetric dimers — related to each other by translation — are
connected to on-dimensional chains along to the crystallographic

direction [010] in the case of 1, and along to the crystallographic
direction [100] in the case of 2, generating a supramolecular 1-D
arrangement, respectively. The single-crystal X-ray structural
analysis of 1 and 2 are the first reported in the literature bearing a
triazenido 1-oxide anion stabilizing a cis-dioxovanadium(V) frag-
ment.
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Introduction

Vanadium in very small amounts occurs as an essential ele-
ment for biological relevant systems. In particular, oxovana-
dium cations, such as [VO]** and [VO,]* plays an import-
ant role for the synthesis of small molecules and its investi-
gation as mimetic species to understand the reactivity of
biologically relevant macromolecules including vanadium
on its active centre. On the other side, hydrogen bonding is
an important non-covalent interaction in structural investi-
gations and relative to the reactivity of molecules with bio-
logical importance. From this point of view, diverse biologi-
cal reaction mechanisms can be related to hydrogen bond-
ing due to its energy range situated between van der Waals
interactions and covalent bonds [1]. Related to the oxovana-
dium(V) chemistry including hydrogen bonding and its im-
portance in biologically relevant systems, recently was pub-
lished a structural study discussing vanadium(V) complexes
with N-salicylidenehydrazides as ligands [2].

In recent years, considerable attention has been given to
the investigation of metal complexes able to support ex-
tended molecular associations through intermolecular sec-
ondary non-covalent interactions. In the optic of this sub-
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ject of investigation including coordination polymers,
alternative strategies have been employed to promote self-
assembling of molecular entities. Intrinsic electronic and
structural modifications on multidentate ligand systems in
order to promote intermolecular associations, as for ex-
ample through metal-metal, metal-ligand, dipole-dipole,
Coulombic, metal-arene n, and n—m interactions [3, 4], are
fundamental with respect of the dimensionality of resulting
supramolecular arrays. From this point of view, molecular
self-assembly via classical and non-classical hydrogen
bonding are also noteworthy [3, 5, 6]. In particular concern-
ing peroxovanadium(V) complexes involving a central
VO(n?0,)" moiety, recently the single-crystal structure
analysis viewing the supramolecular arrangement via non-
classical C—H--O intermolecular interactions has been
published, in which paper the authors called attention
about the lack of structural studies of such compounds with
attention to the supramolecular arrangements through non-
covalent intermolecular interactions such hydrogen bond-
ing, as well as m—m interactions [7].

Beside the structural relations and the strategic func-
tionalization of the main ligand unit, the presence of sec-
ondary ligands on the coordination sphere of the metal
atom increases the tendency of the complex entities via sec-
ondary intermolecular interactions. From this point-of-
view, deprotonated triazene 1-oxides are of interest due to
its chelating coordination mode as four-electron donors and
the stabilization of metal-oxo cations. Despite that com-
plexes of vanadium(IV) and vanadium(V) (including the
[VO,]" moiety) with 3-hydroxy-1,3-diphenyltriazene has
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been described in 1963 [8], such complexes have not so far
been characterized by single-crystal X-ray structural analy-
sis. As part of our investigations of the crystal structure
of metal complexes with triazenido 1-oxide ligands able to
support supramolecular arrangements in the solid state,
herein we report the synthesis and the structure analysis on
single crystal of triazenido 1-oxide complexes including
cis-dioxovanadium(V) cations bearing an one-dimensional
arrangement via secondary hydrogen bonding.

Results and Discussion

Crystal data and experimental parameters are given in
Table 1. Selected bond distances and angles of the title
complexes are listed in Table 2; Figure 1 and Figure 2
shows the molecular structure of the entities of
[{CsHsNNN(O)C6Hs} V(0)o(CsHsN)] (1) and
[{O,NC¢H4NNN(O)CgHs} V(0),(CsHsN)] (2) in a thermal
ellipsoid representation [9]. Figure 3 and Figure 4 show
the unit cells of 1 and 2 slightly inclined toward the [001]
direction including a section of the one-dimensional ar-
rangement via secondary C—H---O interactions.

The single asymmetric = mononuclear  entities
[{CsHsNNN(O)CsHs} V(0),(CsHsN)] and
[{O,NC¢H4NNN(O)CsHs} V(0),(CsHsN)] show one de-
protonated 1,3-bis(phenyl)triazenido 1-oxide and 1-phenyl-
3-(4-nitrophenyl)triazenido 1-oxide ion, acting as bidentate
ligands (four-electron donors), respectively. Both the molec-
ular structures of 1 and 2 shows the commonly observed

Table 1 Crystal data and structure refinement for complexes 1
and 2

1 2
Empirical formula C7HsN,O;V C7H 4NsO5V
Formula weight 374.27 419.27

T/K R 295(2)
Radiation, 4/ (A) 0.71073

Crystal system, space group _ monoclinic, P2;c
Unit cell dimensions, a, b, ¢ /A a = 16.1661(4)

295(2)

0.71073
monoclinic, P2,c¢
a = 11.0089(14)

b = 6.75510(10) b = 23.182(3)
¢ = 16.6738(4) ¢ = 7.3528(10)
R p = 113.781(2) £ = 109.050(7)
Volume /A3 1666.24(6) 1773.7(4)
Z, Calculated Density /g.cm™3 4, 1.492 4,1.570
Absorption coefficient /mm~'  0.620 0.601
F(000) 768 856
Crystal size /mm 0.31x0.12x0.12  0.36 x 0.05 x 0.03
Theta range /° 2.96 to 25.50 3.42 to 25.50
Index ranges -9=h=19 -13=h=13
8=k=8 -27T=k=28
-20=7/=20 —8=/=8
Reflections collected 14684 15551
Independent reflections 3100 [Riy = 0.0360] 3292 [R;,, = 0.1009]
Completeness to theta max. 99.9 % 99.6 %

0.9294 and 0.8311  0.9822 and 0.8127
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 3100/ 0/ 226 3292 /0/253
Goodness-of-fit on F? 1.076 0.840

Max. and min. transmission

Final R indices [/ >2a(1)] R, = 0.0347 R, = 0.0461
wR, = 0.0886 wR, = 0.0995

R indices (all data) R, = 0.0474 R, = 0.1158
wR, = 0.0949 wRy = 0.1121

Largest diff. peak and hole leA73 0.212 and —0.276  0.239 and —0.391
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Table 2 Selected bond lengths / A and angles / ° for complexes 1
and 2

1 2
V-0l 1.974(2) 1.991(2)
V-02 1.612(2) 1.601(2)
V-03 1.613(2) 1.614(2)
V-NI1 2.074(2) 2.066(3)
V-N31 2.1202) 2.115(3)
NI13-01 1.339(2) 1.338(3)
NI12-NI11 1.305(2) 1.315(3)
NI12-N13 1.285(2) 1.276(3)
N11-C21 1.428(3) 1.411(4)
NI13—Cl1 1.423(3) 1.439(4)
NI-C24 - 1.453(4)
NI-0l1 - 1.220(3)
NI-012 - 1.221(4)
NI1-V-01 73.76(6) 73.85(9)
02-V-03 109.88(9) 124.05(12)
02-V-01 126.26(9) 126.64(11)
03-V-01 123.76(8) 124.05(12)
02-V-NI1 97.65(8) 95.89(11)
03-V-NII 97.64(8) 100.50(11)
O1-V-NII 73.76(6) 73.85(9)
02-V-N3l 94.71(7) 95.76(11)
03-V-N31 98.36(8) 96.25(11)
01-V-N31 81.48(6) 81.58(9)
NI1-V-N31 155.09(7) 155.14(10)
CI1-NI13-01 118.5(2) 119.2(3)
CI1-NI3-NI2 121.6(2) 120.2(3)
N12-N13-01 119.9(2) 120.5(2)
NI13-NI12-NI11 111.5(2) 111.5(3)
NI12-N11-C21 113.8(2) 111.9(3)
011-N1-012 - 123.13)

Fig. 1 View of the molecular structure with atom-labeling scheme
of [{CsHsNNN(O)CgHs}V(0),(CsHsN)] [9]. Displacement ellip-
soids at the 50 % level and H atoms with arbitrary radii.

trans stereochemistry about the N11—N12 fragment with
double-bond character of the triazenido 1-oxide ligand.
Compared with non-coordinated triazene l-oxides, a typi-
cal feature of the coordinated deprotonated triazenido
1-oxide ligand is the lengthening of the N—O bond. These
bond distances [N13—01 = 1.339(2) (1) and 1.338(3) A (2)]
are comparatively longer than the N—O bond length ob-
served in  3-(o-carboxyphenyl)-1-ethyltriazene 1-oxide
[N=O = 1.288(3) A] [10]. The V=0 bond lengths of the
[VO,]" moiety [V-02 = 1.612(2), V=03 = 1.613(2) A )
and V-02 = 1.601(2), V=03 = 1.614(2) A (2)] are in good
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Fig. 2 View of the molecular structure with atom-labeling scheme
of [{O,NC¢H,NNN(O)CeHs}V(0),(CsHsN)] [9]. Displacement
ellipsoids at the 50 % level and H atoms with arbitrary radii.

Fig. 3 View of the

supramolecular,
[{CsHsNNN(O)C¢Hs} V(0),(CsHsN)] toward the slightly inclined
[001] direction. The one-dimensional arrangement occurs along to
the crystallographic direction [010] via non-classical Hydrogen

1-D assembling of

bonds (indicated as dashed lines) C32—H32:--02" and
C35—H35---03"; symmetry codes ('): x, 1+y, z, ("): —x, —y, —z.
Atoms with arbitrary radii. Hydrogen atoms different to the non-
classical hydrogen bonding omitted for clarity.

agreement with those found in the similar compound (pyri-
dine-2-carbaldehyde N'-(4-(dimethylamino)benzoyl)hydra-
zonato-N,N",0)-dioxo-vanadium(V), hereafter 3 [V—-0 =
1.612(5) A and 1.615(11) A] [11]. The V—0O bond lengths
including the N-oxide moiety [V—01 = 1.974(2) (1) and
1.991(2) A (2)] are similar with the V—Oyzna bond dis-
tance observed in (3) [V—0O = 1.952(12) A] [11]. The dis-
torted trigonal-bipyramidal coordination geometry of each
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Fig. 4 View of the supramolecular, 1-D assembling of
[{O,NC¢H4NNN(O)CHs} V(0),(CsHsN)] toward the slightly inc-
lined [001] direction. The one-dimensional arrangement occurs
along to the crystallographic direction [100] via non-classical Hy-
drogen bonds (indicated as dashed lines) Cl4—H14--02" and
C36—H36---O11" ; symmetry codes ('): 1+x, y, z, ("): —x, —y, —z.
Atoms with arbitrary radii. Hydrogen atoms different to the non-
classical hydrogen bonding omitted for clarity.

vanadium(V) ion is established by two terminal oxo ligands
in positions cis to each other, and one neutral pyridine, in
which the axial angles N31—-V—NI11 of 155.09(7)° (1) and
155.14(10)° (2), deviates significantly from the ideal angle.
The V—Np, bond lengths [V—N31 = 2.120(2) (1) and
2.115(3) A (2)] are similar with the V—N bond distance in-
cluding the pyridine fragment in 3 [V-N = 2.116(10) A]
[11], but shorter than those V—Np, bond lengths found in
the similar compound chloro-dioxo-dipyridine-vanadium
[V—Npy = 2.130 and 2.133 A] [12].

The interplanar angles between the terminal phenyl rings
and between the phenyl rings and the NNNO moiety, indi-
cates the lack of planarity of the triazenido 1-oxide ligand
in both the complexes 1 and 2. For 1 [the angles between
the C11—Cl16 phenyl ring and NI1/N12/N13/O1 plane,
C21—C26 phenyl ring and N11/N12/N13/01 plane, and be-
tween the phenyl rings C11—C16 and C21—C26 are 9.2(2)°,
11.0(1)°, and 17.0(1)°, respectively], and for 2 [the angles
between the C11—C16 phenyl ring and N11/N12/N13/01
plane, C21—C26 phenyl ring and N11/N12/N13/O1 plane,
and between the phenyl rings C11—C16 and C21—C26 are
5.0(1)°, 9.9(1)°, and 5.4(1)°, respectively]. Due to the inter-
molecular non-classic hydrogen bonds C—H--O, the pyri-
dine ring and the NNNO moiety are not co-planar in com-
plex 1 [angle between the N31—C36 ring and N11/N12/
N13/01 plane is 29.7(1)°], and in complex 2 [angle between
the N31—C36 ring and N11/N12/N13/O1 plane is 35.2(1)°].
The intermolecular non-classic hydrogen bonds C—H---O
in complex 2 also hinder the co-planarity between the
O11/N1/NOI12 nitro group and the C21—-C26 ring
[11.4(4)°].
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Table 3 Hydrogen-bonding geometric parameters /A, ° for com-
plexes 1 and 2

D—H+A4 D—H H4 DA D—-H+A4
Complex 1

C32—H32--02' 0.93 2.54 3.293(3) 138
C35—-H35--03" 0.93 2.60 3.290(3) 132
Complex 2

C36—H36--011" 0.93 2.56 3.294(5) 136
Cl4—HI14--02' 0.93 2.44 3.350(4) 166

(D = donor atom, 4 = acceptor atom)
Symmetry codes: (') x, 1+, z, (") —x, —y, —z for complex (1)
Symmetry codes: () 1+x, y, z, (") —x, —y, —z for complex (2)

In complex 1 the [{CsHsNNN(O)C4Hs}V(O),(CsHsN)]
molecules are associated to [{CsHsNNN(O)CgHs}V(O),-
(CsHsN)], dimeric units through centrosymmetric non-
classical C—H:--O hydrogen bonds [C35-03" =
3.290(3) A; symmetry code: (") —x, —y, —z] (Table 3). The
dimers compose a twelve-membered ring with a chair con-
formation in which the V and V” atoms are distanced at
6.2523(7) A. The dimeric units — related to each other by
translation — associate to one-dimensional chains along to
the crystallographic direction[010] via additional centro-
symmetric non-classical C—H--O hydrogen bonds
[C32:-02" = 3.293(3) A; symmetry code: (') x, 1+, z]
(Table 3). In the 1-D supramolecular arrangement of com-
plex 1, two pyridine molecules related to each other by an
inversion centre, acts as bridges between two [VO,]* frag-
ments — equivalent by an inversion centre — via non-classi-
cal C—H--O hydrogen bonds involving terminal oxo-li-
gands attached to the vanadium centres.

Complex 2 attains a supramolecular arrangement similar
to 1. [{O,NCsH4NNN(O)CeHs}V(0),(CsHsN)], dimeric
units results from [{O,NCsH4;NNN(O)CcHs}V(O),-
(CsHsN)] complex molecules associated through centro-
symmetric non-classical C—H--O hydrogen bonds
[C36--O11" = 3.294(5) A; Symmetry code: (") —x, —y, —z]
(Table 3). Compared with 1, the distance between the va-
nadium atoms at 7.797(1) Ais significantly longer. The di-
meric units associate by translation to one-dimensional
chains along to the crystallographic direction [100] via ad-
ditional centrosymmetric non-classical C—H--O hydrogen
bonds [C14:-O2" = 3.350(4) A; symmetry code: ()1 +x, y, z]
(Table 3). In the case of complex 2, the 1-D supramolecular
arrangement includes NC¢H4NO moieties belonging to a
centrosymmetric pair of [O,NCsH4NNN(O)CgHs]™ li-
gands, acting as bridges between two [VO,]* fragments
equivalent by inversion. The resulting dimeric units are then
connected via non-classical C—H--O hydrogen bonds in-
volving terminal oxo-ligands attached to the vanadium
centres.

The single-crystal X-ray structural analysis of the title
compounds are the first reported in the literature related to
triazenido 1-oxide anions stabilizing cis-dioxovanadium(V)
fragments.
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Experimental Section

A single crystal fixed on a glass fiber was used for the X-ray data
collection. Data were collected with a Bruker APEX II CCD area-
detector diffractometer and graphite-monochromatized Mo-K,,
radiation using COSMO program [13]. Cell refinement, data re-
duction and the absorption correction were performed using
SAINT and SADABS programs, respectively [13]. The structure of
complexes 1 and 2 were solved by direct methods [14] and refined
on F? with anisotropic temperature parameters for all non H atoms
[15]. H atoms of the aromatic groups were positioned geometrically
(C—-H = 0.93 A for Csp? atoms) and treated as riding on their
respective C atoms, with Usso(H) values set at 1.2U,(Csp?. The crys-
tallographic parameters and details of data collection and refine-
ment are given in Table 1.

Crystallographic data for the structural analyses have been de-
posited with the Cambridge Crystallographic Data Centre CCDC
no. 638028 and 638029. Further details of the crystal structures
investigations are available free of charge via www.cedc.cam.ac.uk/
conts/retrieving.html (or from the CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033; e-mail:
deposit@ccdc.cam.ac.uk).

Preparation of [{CcHsNNN(O)CgHs} V(0),(CsHsN)),
[1,3-Bis(phenyl)triazenide 1-oxide-k>N3,O|pyridine-
cis-dioxovanadium(V) (1)

Pale-yellow 1,3-bis(phenyl)triazene 1-oxide (50 mg, 0.23 mmol) was
dissolved in 15 mL of ethanol at 35 °C, and treated with one KOH
pellet. Stirring was maintained for 10 min, while the reaction mix-
ture turns dark-yellow. A solution of VOSO,4-5H,O (60 mg
0.24 mmol) in water (5 mL) was added under continuous stirring.
After 10 min an olive-green solid was formed. The precipitation
was completed after keeping the reaction system at 5 °C. This solid
was filtered-off, washed with small portions of cool water, and
vacuum dried over P,Os. Yellow crystals of complex 1, suitable for
X-ray analysis, were obtained within 60 days at room temperature
by recrystallization from a acetone (15 mL)/pyridine (2 mL) mix-
ture.

Properties: yellow block-shaped with vitreous brilliancy crystals.
C7H5N4O3V (374.27). Yield: 70 mg (0.19 mmol), 80 % based on
VOSO,-5H,0. Melting point: 139 °C.

Solid free ligand C¢HsN(H)—N=N(—0)C¢H;s (213.23). IR (KBr),
bands as a whole: 3146 [s, v(N—H)], 1605 [vs, W(C=C)], 1517
[vs, S(N—H)], 1444 [s, vqN=N)], 1293 [w, W(N—O)], 1215 [vs,
Vs(N—=N)], 1180 cm™! [s, v,i(N—O)].

C;7H4N505V (419.27). IR (KBr), bands as a whole: the yYN—H
band is absent. 1244 [s, W(N—O)], 1181 [w, v(N—N)], 1069 [m,
Ve (N—0)], 937 cm ™" [vs, ¥(V=0)].

Preparation of
[{0.NCHNNN(O)C6Hs}V(0),(CsHsN)], [1-phenyl-
3-(4-nitrophenyl)triazenide 1-oxide-k>N3,0]pyridine-
cis-dioxovanadium(V)

Yellow  1-phenyl-3-(4-nitrophenyl)triazene  1-oxide  (0.05 g,
0.19 mmol) was dissolved in 10 mL of ethanol at 35 °C, and treated
with one KOH pellet. Stirring was continued for 10 min, while the
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reaction mixture changed to dark-purple. A solution of
VOSO,-5H,0 (50 mg 0.20 mmol) in water (5 mL) was added under
continuous stirring. After 10 min an olive-green solid was formed.
The precipitation was completed after keeping the reaction system
at 5 °C. This solid was filtered-off, washed with small portions of
cool water, and vacuum dried over P,Os. Yellow crystals of com-
plex 1, suitable for X-ray analysis, were obtained within 40 days
at room temperature by recrystallization from a acetone (15 mL)/
pyridine (2 mL) mixture.

Properties: yellow block-shaped with vitreous brilliancy crystals.
C7H 4N5O5V (419.27). Yield: 60 mg (0.15 mmol), 75 % based on
VOSO, - 5H,0. Melting point: 211 °C.

Solid free ligand O.NCsH4,N(H)—N=N(—0)CsHs (258.23). IR
(KBr), bands as a whole: 3200 [s, v(N—H)], 1605 [vs, W(C=C)],
1525 [vs, ((N—H)], 1517 [vs, v,s(NO,)], 1470 [s, v{(N=N)], 1336 [vs,
V(NO,)], 1298 [w, w(N—O)], 1225 [s, vy(N—N)], 1181 cm™!
[s, vas(N—O)].

C7H 4NsO5V (419.27). IR (KBr), bands as a whole: the YN—H
band is absent. 1515 [s, v,s(NO,)], 1333 [vs, vs(NO,)], 1239 [vs,
v(IN=0)], 1185 [m, v(N—=N)], 1112 [m, v,(N—0)], 934 cm™!
[s, W(V=0)].
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