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Cadmium(ll) complexes containing N,N -
dimethylvioluric acid as ligand or counteranion:
Synthesis, characterization, crystal structures
and DFT study

Rupak Banik,* Subhadip Roy," Antonio Bauza,” Antonio Frontera*® and Subrata
Das**¢

N,N’-dimethylvioluric acid mono hydrate (HDMV) (1'H,0) and two cadmium(ll) complexes with N-donor
ligands of formula [Cd(DMV),(Benzim),]'2H,0 (2) (Benzim= benzimidazole) and [Cd(H,0),(py).](DMV),]
(3) (py= pyridine) have been synthesized. Free N,N’-dimethyl violuric acid mono hydrate (HDMV) and
the complexes have been fully characterized by elemental analysis, IR, *H and **C NMR spectral
methods, fluorescence spectroscopy, TGA and structural X-ray crystallography. HDMV (2'H,0) which
remains in keto-oxime form in solid state undergoes to nitroso-enolato form in the complexes [(2) and
(3)]. A typical R*(6) motif with a bifurcating hydrogen bond is observed in all the three structures.
Dimethylviolurate anion acts as a bidentate ligand in (2), whereas in (3) it is present as a counter-ion,
outside the coordination sphere. In addition, DFT-D3 calculations have been performed to study
interesting noncovalent interactions observed in the solid states of (1) and (2) with special interest to

the lone pair(Ip)-m interactions and their interplay with n—m interactions.

Introduction

Even at low levels cadmium is an extremely toxic heavy metal
that can cause hepato, renal and neurotoxicity.'” But normal
human adult body usually contains some milligrams of it,*
mainly in metallothioneins, where it is bound to cysteinyl sulfur
atoms.’ In a newly discovered carbonic anhydrase the
cadmium(II) ion is also found to serve as the catalytic centre.®
In past few decades, cadmium(II) coordination complexes have
attracted considerable attention due to their widely reported
bioactivities, such as DNA binding ability,” antibacterial
activities® and antitumor properties.”'® Examples of applied
cadmium coordination chemistry also include wastewater
treatment and dealing with organic separation problems.'"'?
Researchers around the world continue to employ ''*Cd NMR
spectroscopy as a “spin spy” in the study of various Zn'-
containing proteins.”> On the other hand, due to its d'
configuration with no CFSE, cadmium(II) can display a flexible
geometry with possible coordination numbers ranging from
four to eight, corresponding to different geometries. The

This journal is © The Royal Society of Chemistry 2013

geometries and coordination numbers of cadmium(Il) are
generally governed by the steric needs of the ligands."*"'” This
fact also makes Cd" a key “player” in the fields of Crystal
Engineering and Metallosupramolecular Chemistry.'®""

In addition, violuric acid is a derivative of barbituric acid
containing an isonitroso group as a substituent. Many transition
and s-block metal complexes of violuric acid are reported in
literature.”®** The nitrogen atom of the isonitroso group and the
exocyclic oxygen atoms attached with the ring impart violuric
acid with good ligating property. In coordination compounds,
violurato derivatives show m-acceptor properties acting as
strong-field ligands.?® Violuric acid and its derivatives find
applications in analytical purposes for the identification and
determination of metal cations.”” These are also used as
antibacterial and antifungal agents®® and display applications as
redox mediators in enzymatic treatment of organic pollutants of
wastewater.”” Against cell lines human neuroblastoma (NB69),
human glioma (U373-MGQG) and three other human tumour cell
lines HL-60, BV-173 and SKW-3, violuric acid derivatives and
complexes have been shown to exert moderate antiproliferative

activity.**!
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N,N’-dimethylvioluric acid, besides being a polydentate ligand,
also possesses hydrogen bond donor and acceptor sites.
Moreover, in its structure the presence of a pyrimidine ring
favours zm-stacking interactions. Hence, it can be employed as a
building block for
assemblies.

the construction of supramolecular
Although crystal structures of several metal
of N,N’-dimethylvioluric

reported,”’®**3 the structure of the free ligand (or any other N-

complexes acid have been
alkyl violuric acid derivative) has not been determined earlier.

The use of nitrogenous ligands as building blocks in
supramolecular chemistry is very well-known; in this work we
have used benzimidazole and pyridine. Herein, we report the
syntheses, crystal structures, spectroscopic and DFT studies of
N,N’-dimethylvioluric acid mono hydrate and two new
cadmium(II) complexes viz. [Cd(DMV),(Benzim),]2H,0 and

[Cd(H20)4(py)2](DMV),].

Experimental

Materials and methods

Reagents for synthesis were purchased as reagent grade and
were used without further purification. Elemental analyses were
carried out in a Perkin Elmer CHN analyzer (2400 series II).
Infrared (IR) spectra were recorded as KBr disks using a
Perkin-Elmer Spectrum 100 FT-IR spectrometer. 'H-NMR
and >C-NMR spectra were recorded on a JNM ECS 400 MHz
NMR (JEOL) using
(TMS) as the internal standard. Thermogravimetric analyses

(TGA) of the samples were conducted using Shimadzu TG 50
1

spectrophotometer tetramethylsilane

thermogravimetric analyser with a heating rate of 10°C min
under nitrogen atmosphere. Fluorescence emission spectra were
recorded in H,O using Shimadzu Spectofluorophotometer RF-
5000. The fluorescence quantum yield of the compounds was
The
compound and the reference were excited at the same

determined using 2-aminopyridine as a reference.’’

wavelength maintaining nearly equal absorbance and the
emission spectra were recorded. The area of the emission
spectrum was integrated and the quantum yield was calculated
according to the following equation:

9 _ 2] (Abs)R]
Q)R R (Abs)g

Here, @5 and Oy are the fluorescence quantum yield of the
sample and reference, respectively. Ag and Ay are the area
under the fluorescence spectra of the sample and the reference
respectively, (Abs)s and (Abs)r are the respective optical
densities of the sample and the reference solution at the
wavelength of excitation, and ng and ny are the values of
refractive index for the respective solvent used for the sample
and reference.

Synthetic part
Synthesis of HDMV (1'H,0). HDMV was prepared according
to a procedure described in literature.*® Yield: 89%. Elemental
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anal. Calcd (%) for C¢HoN;Os: C, 35.47; H, 4.46; N, 20.68.
Found: C, 35.39; H, 4.53; N, 20.72. IR (cmfl): 937v(N-0),
1675v(C=0), 1725 v(C=0), 3503v(H,0); 'H-NMR (DMSO-
de): d(ppm) 3.11 (s, N—CH3), 3.17 (s, N—CH;); 'H-NMR
(CDCl3): 8(ppm) 3.11 (s, N—CHs3), 3.18 (s, N—CHj3;); 14.50 (s,
C5-N-OH); *C-NMR (DMSO-d¢): 8(ppm) 27.61 (C3), 28.28
(C5), 135.69 (C1), 150.69 (C4), 153.59 (C2), 158.26 (C6).

Synthesis of [Cd(DMYV),(Benzim),]2H,0 (2).
solution (20 mL) containing 0.5 mmol of cadmium(Il) nitrate
mmol of N,N’-
dimethylvioluric acid and 1 mmol of benzimidazole, both

An aqueous

was added, slowly with stirring to 1
dissolved in 15 mL methanol. The reaction mixture was stirred
at room temperature for ~3 h, filtered to remove any
undissolved residue, and kept at room temperature for several
days when pink crystals were formed. Yield: 55% based on Cd.
Elemental anal. Caled (%) for C,sH,,CdNoOg: C, 41.47; H,
3.75; N, 18.6; Found: C, 43.35; H, 3.42; N, 19.44; IR (cmfl):
1463v(N=0), 1606v(C=0), 1662v(C=0), 1717v(C=0),
3165v(N-H), 3402v(H,0); 'H-NMR (DMSO-dy): 8(ppm) 3.10
(s, N—CH3), 3.21 (s, N—CH3), 7.20-7.21 (m, ArH), 7.60-7.61
(m, ArH), 827 (s, ArH); C-NMR (DMSO-d¢): & (ppm)
26.32(C6), 28.54(C5), 108.30(C10), 120.80(C8), 122.03(C7),
137.60(C1), 142.30(C13), 167.54(C4), 170.40(C3), 176.46(C2).

Synthesis of [Cd(H,0)4(py):](DMV);] (3). To a methanolic
solution (25mL) of N,N’-dimethylvioluric acid (Immol) was
added 10 mL aqueous solution of cadmium(IIl) nitrate (0.5
mmol) and 0.5 mL of pyridine. The resulting solution was
stirred at room temperature for ~6 h, filtered and left to
evaporate at room temperature. By evaporation for several
days, pink crystals were formed. Yield: 74% based on Cd.
Elemental anal. Caled (%) for C,,H;iCdNgO,: C, 37.16; H,
4.25; N, 15.76. Found: C, 37.26; H, 4.28; N, 15.66. IR (cm™'):
629p,(H,0), 753p,(H,0), 1010-825v(C-H out-of-plane), 1223—
1085v(C-H in-plane), 1261v(C-0), 1471 v(N=0),
1654v(C=0), 1726v(C=0), 3510v(H,0).); 'H-NMR (DMSO-
de): d(ppm) 3.07 (s, N-CH3;), 3.29 (s, N-CH3), 7.43-7.44 (m,

ArH), 7.82-7.84 (m, ArH), 8.54-8.55 (d, ArH); "*C-NMR
(DMSO-dg): 8(ppm) 26.4(C9),  28.3(Cl1), 124.36(C2),
135(C3), 137.5(C4), 149.1(C1), 159.95(C8), 163.82(C10),
168.02(C6).

Crystal data collection and refinement

Intensity data of 1'H,0, 2 and 3 were collected on a Bruker
SMART APEX CCD area detector system [A(Mo-
Ka)=0.71073A] at 296 K using graphite monochromator with
o scan. Crystal cell refinement and data reduction were carried
out using Bruker SAINT.*®* Absorption effects in the
compounds were corrected using SADABS.*® Using Olex2,*
structures were solved with the olex2.solve structure solution
program, using the Charge Flipping solution method. The
models were refined with the ShelXL-2013*' refinement
package using Least Squares minimisation. All non-hydrogen
atoms were refined anisotropically. Hydrogen postions were
calculated geometrically and refined using the riding model. In

This journal is © The Royal Society of Chemistry 2012
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the structure of 1'H,0, the isonitroso group is disordered over
two positions with refined occupancies of approximately 58:42
for the major and minor disorder components. In 1'H,0O, the
U.nis values of atoms N1B and N1A have been constrained to
be identical (EADP) and restraints have been used to keep the
distances C1-N1B/N1A as well as those between NI1A-
O1A/N1B-O1B the same (SADI). For complex 2, the electron
density present in the voids is highly disordered and it was not
possible to obtain an atomic model. The solvent masking
procedure available from PLATON/SQUEEZE* was used to
calculate the size of the voids and to estimate the residual
electron density and revealed the presence of two water
molecules per complex. The crystallography data of compound
1'H,0, 2 and 3 are summarized in Table 1.

Theoretical methods

The energies of all complexes included in this study were
computed at the BP86-D3/def2-TZVP level of theory. The
geometries have been fully optimized unless otherwise noted.
For instance to evaluate the noncovalent interactions observed
in the solid state, we have used the -crystallographic
coordinates. The calculations have been performed by using the
program TURBOMOLE version 6.5.** For the calculations we
have used the BP86 functional with the latest available
correction for dispersion (D3).** For 1'H,0, only the major
component of the disordered isonitroso group was considered
for DFT calculations.

Table 1 Selected crystallographic data for compounds 1.H,O, 2and 3

RSC Advances

Results and discussion

Synthesis

Generally, in a strong acid medium hydrolysis of 6-amino-1,3-
dimethyl-5-nitrosouracil (HDANU) occurs to produce HDMV
and it is a common process reported in literature.’ It is also
found that substitution on the amino group facilitates this
process.*® An alternative method for preparation of HDMV is
the treatment of 1,3-dimethylbarbituric acid with nitrous acid.*
In a literature report a three component reaction involving
copper(Il) perchlorate or copper(ll) chloride, HDANU and 2,2"-
bipyridine in EtOH/water medium yielded mixed ligand
complexes [Cu(DANU)(bipy)(H,0)]C104H,O and
[Cu(DMV)(bipy)C1]-0.5H,0.%° Though formation of the former
complex is unexceptional but in case of latter existence of the
in-situ HDMV (N,N’-dimethylvioluric acid) ligand proceeded
from the HDANU hydrolysis. In the present study acid
hydrolysis of 6-amino-1,3-dimethyl-5-nitroso uracil with HCI
was carried out to yield HDMV which was fully characterized
and then reacted with cadmium(Il) nitrate tetrahydrate and
benzimidazole/pyridine in aqueous methanolic solution at room
temperature to produce two novel metal complexes (2 and 3).
The complexes have been characterized by routine
physicochemical techniques as well as by X-ray single-crystal
structure analysis.

It is important to mention here that the ligand HDMV contains
one ionizable proton that can be involved in a ketoneoxime =

nitrosoenol tautomeric equilibrium (Scheme 1),**7® but single

Empirical formula

CsHsN305 (1.H,0)

Formula weight 203.16
Temperature/K 296(2)
Crystal system monoclinic
Space group P2i/n
alA 8.3766(8)
b/A 6.2427(6)
c/A 17.4768(17)
a/° 90
p/e 102.314(6)
y/° 90
Volume/A® 892.88(15)
V4 4
Peateg/om’ 1.511
wmm™ 0.133
F(000) 424.0
Crystal size/mm’ 0.47 x 0.12 x 0.08
Radiation MoKa (A =0.71073)
20 range for data collection/® 4.772 to 51.99
-10<h<10
Index ranges -7<k<7
-21<1<21
Reflections collected 7970
Independent reflections 1753 [Rine = 0.0238, Ryigma = 0.0180]
Data/restraints/parameters 1753/2/144
Goodness-of-fit on F* 1.046

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole /eA~

R; =0.0495, wR, = 0.1397
R;=0.0563, wR, = 0.1490
0.33/-0.21

This journal is © The Royal Society of Chemistry 2012

Ca6HasCdN Oy (2)

CpH30CdNgOy; (3)

752.98 710.94
296(2) 296(2)
trigonal triclinic
R-3c¢ P-1
27.5068(12) 8.4597(5)
27.5068(12) 9.1787(5)
24.343(2) 10.2999(6)
90 88.351(2)
90 85.190(2)
120 62.638(2)
15950.9(19) 707.75(7)
18 1
1.411 1.668
0.679 0.848
6876.0 362.0
0.54 x 0.124 x 0.121 0.3x0.1x0.1

MoK (A= 0.71073)
4.784 10 60.12

MoK (A= 0.71073)
4.998 to 51.996

37<h<38 S10<h<10
38 <k <38 A11<k<l1l
33<1<34 -12<1<12
153107 12467
5189 [Riy = 0.0547, Rygma = 0.0224] 2766 [Rine = 0.0250, Ryjgma = 0.0166]
5189/0/204 2766/12/215
1.113 1218

R; =0.0368, wR, = 0.0856
R;=0.0672, wR; = 0.1045
0.53/-0.33

R;=0.0231, wR, = 0.0644
R;=0.0233, wR; = 0.0646
0.43/-0.48

J. Name., 2012, 00, 1-3 | 3
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crystal diffraction confirmed the presence of the tautomeric
ketone-oxime form for free acid (HDMV) in solid state.

OH O O OH o o
H3C\N)\IN ch\NJ\/EN HiCo I N
o)\hu 0 o)\ly 0 O)\lﬂ OH

 CH CH, CHs,

Scheme 1 Tautomeric equilibrium in HDMV

3 I

Crystal structure of 1'H,O

The ligand N, N’-dimethylvioluric acid
monohydrate [1'H,0], has bond distances and angles that are
largely unexceptional. The only exception is the deviation of
the exocyclic angles at atom C1 from the ideal trigonal value of
120°. The molecular structure is shown in Fig.1. In the structure
the isonitroso group is disordered over two positions; the
occupancies are competitively refined to 58:42 ratio. This
disorder is not unprecedented in literature and a common
occurrence for violuric acid and other related compounds.***’In
violuric acid, an R*(8) hydrogen bonding motif between N-H
and C=0 groups typically leads to sheet-like structures.*’">°
Since this bonding motif is not possible in 1'H,O, we were
interested in investigating how the presence of N-substituents
affects the crystal packing of 1'H,O.

Considering only the major part of the disordered isonitroso
group, co-crystallized water forms a R?,(6) motif with 1, with a
bifurcating hydrogen bond of H5D with two oxygen atoms
O1A and O4, (Fig. 2, Table 2). The same motif, containing a
bifurcating hydrogen donor, is found in the water and methanol
adducts of violuric acid.*”>°

structure of free

Table 2 Geometrical parameters of hydrogen-bonding interactions in 1.H20

D H A dD-HYA dH-AYA dD-AYA  D-H-AP
OlA HIA O5 0.82 1.72 2.534(3) 171.1
OIB HIB 05 0.82 1.80 2.617(5) 176.7
05 H5D OlAl 085 2.19 2.807(3) 129.1
05 HSD 041 0.85 2.08 2.809(2) 142.9
05 HSE 022 0.85 1.93 2.752(2) 163.7

11—)(,Z—y,l—2;22—x,2—y,1—z

Fig. 1 Crystal structure of 1-H,0. Thermal ellipsoids are drawn at 50% probability.

4| J. Name., 2012, 00, 1-3

In the structure inversion symmetry leads to a R*y(8) motif
(O1A, OS5 and symmetry equivalents) and the formation of a
hydrogen-bonded water-bridged dimer. Again, the structure
shows high similarity to the methanol adduct of violuric acid, in
which the same R*(8) motif was formed between two
molecules of violuric acid and two molecules of methanol.*’
However, while involvement of NH group in further hydrogen
bonding causes the formation of a two-dimensional sheet
structures for violuric acid, this is not possible for 1. Instead,
only the co-crystallized water molecule is involved in further
hydrogen bonding, resulting in one-dimensional chains parallel
to the a-axis, connected by a R*,(16) motif involving O1A, O2
and OS5 (Fig. 2). Since the N-methyl groups prevent the
formation of a two-dimensional layered structure, chains of
dimericl form tilted stacks along the b-axis (Fig. S1 in the
ESIT). Perpendicular (C4=)O4-C4'(=03") interactions are
observed between stacks with a distance of 2.9 A. Similar
interactions with a (C=)O—C’(=0") distances of 3.0-3.2 A were
observed in N,N’-dimethylbarbituric acid, which likewise was
unable to form a 2D-sheet structure due to the N-substitution.*!
For the lower (42%) occupancy of the disordered isonitroso
group, the R?(6) motif with the bifurcating O5-H5D hydrogen
bond and R*4(8) motif are replaced by a straightforward R*,(16)
motif (Fig. 3). Since the isonitroso group does not participate in
other hydrogen bonding than the formation of the water-bridged
dimer, its disorder does not have any impact on the crystal
packing.

Fig. 2 Left: Hydrogen-bonded dimer of 1 bridged by co-crystallized water. Right:
One-dimensional chains of the hydrogen-bonded dimers of 1. The minor disorder
component has been ignored.

o
04 15 905 11 OB
e

N'B

C6

oo O = - S
l 0B HB 051}H5D 04

Fig. 3 The hydrogen bonded dimer (1-H,0}, using the minor component of the
disordered isonitroso group.

This journal is © The Royal Society of Chemistry 2012
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Crystal structures of 2 and 3

Given the strong implication of the isonitroso group in
hydrogen bonding in the free N,N’-dimethylvioluric acid, we
were interested to explore the respective hydrogen-bonding
network of and outer-sphere ion pairs of the
dimethylviolurate anion. Thus we determined structures of
cadmium complexes 2 and 3, the former containing a metal-
coordinated dimethylviolurate anion, the latter having a
coordinatively saturated metal center and a non-coordinated
dimethylviolurate anion. To the best of our knowledge,
complex 2 is the first cadmium violurate coordination complex
structurally characterised.

inner-

RSC Advances

ARTICLE

slightly longer C2—O1 distances in 2 compared to the free acid,
indicate some degree of delocalisation of the negative charge to
the metal coordinated oxygen atom. O2 and O3 of the
dimethylviolurate ligand, together with H3 of benzimidazole
from a neighbouring molecule related by a C,-axis, form the
hydrogen-bonded R?,(6) motif already observed in the crystal
structure of the free acid 1'H,O. Combined with the
crystallographic C,-symmetry of the molecules, this leads to the
formation of 1D-hydrogen-bridged chains (Fig. 5, Table 3)
parallel to the c-axis, in which each complex is connected via
four R?,(6) motifs to its neighbours.

Fig. 4 The crystallographically derived structure of 2 (thermal ellipsoids are
drawn with 50% probability)

Fig. 5 Hydrogen-bridged one-dimensional chains parallel to the c-axis.

Complex 2 crystallizes as a distorted octahedron with
crystallographic C,-symmetry. Molecular view of the complex
is shown in Fig. 4. As typically observed, metal coordination is
achieved via coordination of the N-atom of the NO-group, to
form a five-membered metallacycle. The reduced bite angle of
the dimethylviolurate ligand [O—Cd-N=68.32(7) A] results in
distortion from ideal octahedral geometry with coordination
angles ranging from 69° to 107°. The two ancillary
benzimidazole ligands are in cis-position, in contrast to other
bis(violurate) complexes containing monodentate ancillary
ligands,  trans-(violurate),Cu(OH,),***%°***  and
(violurate),Co(OH,),.>* The configuration of the latter two
complexes is, however, more likely a consequence of their d’-
and d’-metal centers, than caused by a difference between
benzimidazole and water as a ligand. The Cd1-N2 bond
distance [2.286(2) A] falls within the range of values typically
observed in six-coordinate Cd benzimidazole complexes [2.22—
2.37 A, 19 structures].”® The dimethylviolurate ligand displays a
N1-02 bond which is significantly shorter [1.265(3) A] than
the corresponding N—-OH bond distance in dimethylvioluric
acid monohydrate (1'H,0) [1.356(4) A], indicating strong
double bond character of the N-O bond. The C1-N1 distance
of 1.337(3) A is, however, notably shorter than the distance of
1.35-1.40 A expected for a ky—coordinated aromatic C—nitroso
complex.’® This, together with slightly shorter C1-C2 and

trans-

This journal is © The Royal Society of Chemistry 2012

Further packing interactions between the 1D-chains involve
intermolecular carbonyl-m interactions between O4 and
dimethylviolurate and m-stacking interactions
dimethylviolurate and benzimidazole. The latter is most likely
responsible for the slightly bent coordination of the
benzimidazole ligand.

The total solvent-accessible volume of the unit cell is 3837.3
A3, which is 24.05 % of the unit cell volume. Fig. 6 was
obtained during the solvent masking procedure available from
SQUEZE/PLATON.

between

Fig. 6 A view of the unit cell along the c reveals two of the three symmetry-
equivalent channels that run through this structure. The third channel is
composed of partial channels along the cell edges.

J. Name., 2012, 00, 1-3 | 5
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Table 3. Geometrical parameters of hydrogen-bonding interactions in 2

D H A dD-HYA dH-AYA  dD-AYA  D-H-AP
N3 H3 02 0.858(2) 2.1422)  2.839(3)  138.14(15)
N3 H3 03" 085802 2.116Q2)  2.826(3)  139.84(16)
C13 HI3 022 09302) 2.2891(19)  3.0303)  136.29(18)

2/3+y — x,4/3 — x,1/3+2; 22/3 — y+x,4/3 - y,5/6 — z

In complex 3 dimethylviolurate forms an outer-sphere ion pair
with a coordinatively saturated metal cation, here
[(CsH;sN),Cd(OH,),]*", which crystallizes with crystallographic
inversion symmetry. Molecular view of the complex is shown
in Fig. 7. Bond distances and angle of the octahedral cadmium
cation fall well in the normal range observed in octahedral
cadmium complexes [Cd-OH,: 2.32(4) A, 1225 structures; Cd-
py: 2.37(4) A, 55 structures].’! As in the metal-coordinated
dimethyviolurate in 2, bond distances in the non-coordinated
dimethylviolurate anion indicate some degree of delocalisation
of the negative charge to oxygen O4, which is involved in
hydrogen bonding interactions. Hydrogen bonding between the
dimethylviolurate anion and the cadmium-bound water
molecules leads, again, to the formation of one-dimensional
chains, parallel to the a-axis (Fig. 8, Table 4). One water
molecule forms a bifurcating hydrogen bridge involving HIWA
and oxygen atoms Ol and O4 of the dimethylviolurate anion,
giving rise to same R*(6) motif observed in the crystal
structure of the free acid (1'H,0O) and in 2. A second water
molecule of the same cation forms a R',(6) motif, with H2ZWA,
H1WA and O4. Bridging interaction of the oxime group (N2
and O1) with a neighbouring cation forms a R*(7) motif
involving H2WB and H1WB. Finally, the presence of a second
bridging dimethylviolurate related by
symmetry, forms a central R*,(8) motif involving hydrogens
HIWA and H1WB of two cations and Ol of two anions.
Packing of the chains along the b-axis (Fig. S2 in the ESIY)
involves m—stacking between the pyridine rings and zn-stacking
between dimethylviolurate anions (strongly shifted).

In summary, strong hydrogen bonding is observed in all three
structures. In all cases, the NO group of dimethylvioluric
acid/dimethylviolurate is involved in formation of a typical
R*,(6) motif with a bifurcating hydrogen bond to the NO group
and a neighbouring CO group. In fact, the same motif can be
found in most other dimethylviolurate structures in the presence
of slightly acidic hydrogens, such as for example
(DMV),Cu(OH,),,” [(DMV);Fe][Fe(OH,)6]-H,0,*
[(DMV);Ru][H;0]-H,0,* or [(DMV)Re(CO);(OH,)].*

anion inversion

6 | J. Name., 2012, 00, 1-3

Fig. 7 Molecular view of the complex 3 (thermal ellipsoids are drawn with 50%
probability).

Table 4 Geometrical parameters of hydrogen-bonding interactions in 3

D H A dD-HYA dH-AYA  dD-AYA  D-H-AP
OlW HIWA Ol 0.822(8) 2.086(17) 2.784(2)  143(2)
OlW HIWA 04 0.822(8) 2280(16) 2.9602(19)  140(2)
02W H2WA 04  0.822(8) 2.094(15) 2.8432)  151(3)
02W H2WB 021 0.822(8)  237(2)  3.048Q2)  141(3)
02W H2WB N21 0.822(8) 2.186(16)  2.9102)  147(3)
OlW HIWB OI2 0.822(8) 1.880(8)  2.6992)  174(2)

Fig. 8 Hydrogen bonding network leading to one-dimensional chains of
dimethylviolurate bridged cadmium cations.

Theoretical study

The theoretical study is focused to the analysis of the
interesting noncovalent interactions observed in the solid state
architecture of 1'H,O and 2 with special interest to the lone
pair(lp)—= interactions (see Fig. 9A and B). Both compounds
exhibit very short Ip—m contacts (< 2.90 A) that are expected to
be strong due to the electronic nature (m—acidity) of the six
membered ring of dimethylvioluric acid. We have also studied
the hydrogen bonded involving two N,N’-
dimethylvioluricacid and two water molecules (Fig. 9C).

tetramer
Moreover, we have analyzed the formation of the self-

assembled hexameric structure observed in compound 2 where
six simultaneous lp—m/a—assemblies are formed (Fig. 9A).

This journal is © The Royal Society of Chemistry 2012
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Fig. 9 X-ray structures of compounds 1'H,0 (right) and 2 (left).

First we have focused our attention to the position of the
hydrogen atom of the hydroxyl group that, surprisingly, it is not
forming an intramolecular O—H---O=C hydrogen bonding. We
have optimized both possibilities at the BP86-D3/def2-TZVP
level of theory and, as expected; the conformer that present the
intramolecular H-bond is 7.9 kcal/mol more stable (Fig. 10)
than the other one. As aforementioned the hydroxyl group
participates as an H-donor/acceptor group in the formation of a
tetrameric assembly in the solid state where six H-bonds are
formed. The interaction energy for this assembly (using the X-
ray coordinates) is AE;= -21.0 kcal/mol that largely
compensates 15.8 kcal/mol required to stabilize two violuric
acid moieties in a conformation where the intramolecular H-
bond is not formed. We have also optimized this tetrameric
assembly starting from the X-ray coordinates. Interestingly, it is
also stable in the gas phase, indicating that it is a strong binding
motif in the solid state of 1'H,O. The interaction energy is
much larger (in absolute value) in the optimized tetramer than
in the X-ray structure because some H-bonds are shorter. This
is due to the absence in the gas phase optimization of the
additional interactions with the neighboring molecules that are
present in the solid state.

We are also interested in studying the influence of the
conformation adopted by the violuric acid on the =m-binding
ability of the ring. Therefore we have computed the molecular
electrostatic potential (MEP) surface of compound 1'H,O,
exploring several conformations and complexes (see Fig. 11).
The energetic value at the m-hole (region of positive
electrostatic potential over the ring) is more positive when the
intramolecular H-bond is formed (5 kcal/mol). Interestingly,
when a water molecule is included in the calculation of the
MEP in the same position that is found in the crystal structure,
the energetic value at the m-hole is identical to the conformer
with the intramolecular H-bond. Therefore the ability of the
ring to establish lp—= interactions is enhanced by the presence
of the water molecule.

This journal is © The Royal Society of Chemistry 2012

Opt. X-ray
LN
\
, Y
Erel = 7.9 keal/mol
1,56
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\
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AER'= 434 kcallmol  AE}{= -21.0 keal/mol

Ere; = 0.0 kcal/mol
Fig. 10 Left: BP86-D3/def2-TZVP optimized geometries of two conformers of
compound (1). Relative energies are also indicated. Right: Interaction energies of

the tetrameric assembly using both X—ray and optimized coordinates. Distances

inA

SONT TN TNEEM-+70

' +44 l +39 l

Fig. 11 Molecular Electrostatic Potential surfaces of compound (1.H,0) in two
conformations (right, middle) and interacting with a water molecule (left)

Finally, we have computed the interaction energy of the lp—n
complex that is crucial to explain the solidstate architecture of
compound 1'H,O (Fig. 9, top-right). We have evaluated the
interaction using two theoretical dimers (Fig. 12) in order to
evaluate the two contributions to the total binding energy. That
is, in the lp—n complex observed in the solid state there are two
secondary interactions (C—H:--O=C) that have been represented
using green dashed lines in (Fig. 12). In order to evaluate the
Ip—n without the contribution of these interactions we have used
a model where the methyl groups have been replaced by
hydrogen atoms in the lp donor molecule. The interaction
energy of this model AE, = —5.0 kcal/mol that corresponds to
-3.0
kcal/mol corresponds to the contribution of both C-H:--O=C

the lp—m interaction and the difference AE; — AE, =

secondary interactions. We have also computed these binding
energies using the MP2 level of theory and the same basis set in
order to assess the quality of the energies calculated with the
dispersion corrected functional. The values are shown in
parenthesis in Fig. 12 and a good agreement is found. The
contribution of both C—H:--O=C secondary interactions at this
level of theory is 2.1 kcal/mol that is slightly lower than the

J. Name., 2012, 00, 1-3 | 7
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value obtained at the DFT-D3 level. The lp—m interaction
energy is identical at both levels of theory (—5.0 kcal/mol).

9
AE; =-5.0 (5.0) kcal/mol

9 9
AE; =-8.0 (7.1) kcal/mol

Fig. 12 Theoretical models used to evaluate the different contributions to the
total interaction energy (MP2 values in parenthesis). Distances in A.

In compound 2 we have focused our attention to evaluate the
energetic contributions of the different noncovalent interactions
that are involved in the formation of the fascinating hexameric
assembly (Fig. 9A). Remarkably, the geometric features of lp—n
interaction are almost equivalent in both compounds (1'H,O
and 2). Taking into consideration that 2 is totally different (a
transition metal coordination complex where N,N’-
dimethylviolurate and benzimidazole coexist as coligands), the
existence of the same binding motif in the solid state clearly
indicates that it is an important supramolecular synthon. The
different X-ray fragments and theoretical models used to
analyze the interactions in compound 2 are shown in Fig. 13. In
the left part (Fig 13A) we show the elementary fragment that
generates the hexameric self-assembly. It is stabilized by a

Journal Name
combination of Ip-n, m—m and secondary (C—H:---O=C)
interactions that have been represented using green dashed
lines. The interaction energy of this complex is large and
negative, AE; = —21.4 kcal/mol. The other two theoretical
models used to evaluate the individual contribution of each
interaction are also shown in Fig. 13 (B and C) In the model
shown in Fig. 13 B we have replaced the methyl groups by
hydrogen atoms in the Ip donor moiety (one violurate ligand)
and, as a result, the interaction is reduced to AE; = —16.8
kcal/mol, indicating that the contribution of the H-bonds is
AEyg = AE; — AE, = —4.6 kcal/mol, which is more favorable
than the previously computed for compound 1'H,O (-3.0
kcal/mol, Fig. 12) likely due to the coordination of the oxygen
atom to Cd metal center. In the last model (Fig. 13C), we have
replaced the benzimidazole ligand by an HCN to eliminate the
contribution of the m—m interaction. As a result the interaction
energy is reduced to AEs = —13.5 kcal/mol. By means of AE;,
AE, and AE;s interaction energies, the individual contributions
of the lp—m and n-7t interactions can be estimated. That is, AE,
= AE; — AEs = —7.9 kcal/mol and AE, , = AE; — AE, , — AEyp
= —8.9 kcal/mol. The stacking interaction is favored by the fact
that the violurate ring is electron poor and the benzene ring of
the benzimidazole is electron rich. Moreover the Ip—=n
interaction is stronger than that computed for 1'H,O due to the
influence of the coordination of the ligand to cadmium that
enhances the w-acidity of the ring.

Finally, we have performed a search in the Cambridge
Structural Database (CSD) in order to further analyze the -
binding ability of N,N’-dimethylvioluric ring. It is well-known
that the CSD is a convenient and reliable tool for analyzing
geometrical parameters.”’ Interestingly, we have found only 14
X-ray structures where the N,N’'-dimethylviolurate ligand is
coordinated to transition metals. In 12 out of 14 structures the
ring participates in Ip—m and anion—n interactions,*® which is an

AE3 = -21.4 kcal/mol x()“

AEpg = AE3—AE, = —4.6 kcal/mol

AE, = -16.8 kcal/mol

AE,_. = AE3—AEg = -7.9 kcal/mol

AEg = -13.5 kcal/mol {/&,

AEIp—n = AE3—AEHB—AE,[_" =-8.9 kcal/mol

Fig. 13 Left: partial view of the crystal packing of compound 2 with indication of the different noncovalent interactions. The equations used to evaluate the

energetic contributions are also shown. Distances in A.

8 [J Name., 2012, 00, 1-3
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indication of the ability of this ring to interact with electron rich
molecules. Some examples are shown in (Fig. S3, see ESI)
illustrating the importance this interaction in the solid state. In
one example (JIFBOP)*? the binding mode is very similar to the
observed in compounds 1'H,O and 2 and generates a self-
assembled dimer in the solid state (Fig. S3 left). In the other
two selected examples the electron rich moiety is anionic
(NIDHIR)* and YEVBIK)® and the anion—m contacts are
evident. The Ip/anion—r interaction distances range 2.76-3.15 A
that are shorter than usual for this type of bonding.’'%* This
result agrees well with the large binding energies obtained in
the DFT energetic analysis (vide supra).

Spectral study

IR studies

A comparative study of the IR spectral data of the complexes
with that of the free ligand gives supportive evidences towards
better understanding of the coordinating behaviour of the ligand
molecule. In the IR spectra of free ligand (1'H,0), the
appearance of a broad band at ca. 3503 cm’' indicates the
presence of a hydrogen bonded water molecule, consistent with
the single-crystal X-ray diffraction results. Among the 2—, 4—
and 6—carbonyl groups (according to [UPAC nomenclature),
the 4—and 6—carbonyl groups being substantially equivalent, the
free ligand displays two bands at ca. 1725 and 1675 cm™ which
may be assigned to coupled vibrational activity of carbonyl
groups. In addition, the presence of a sharp band at ca. 937 cm™
is attributed to v(N-O) from the oxime group which further
lends support to the single crystal X-ray studies that the free
ligand (1'H,0) remains in ketone-oxime form in solid state.

In case of complex 2, the metal-ligand coordination through the
oxygen atom of one carbonyl group is clearly indicated by the
changes in the v(C=0) bands, which are all shifted to lower
wavenumbers with respect to their position in the IR spectrum
of the free ligand. Upon complexation, the 4—and 6—carbonyl
groups remain no longer equivalent, and three bands at ca.
1717, 1662 and 1606 cm’' may be assigned to coupled
vibrational activity of carbonyl groups. The appearance of a
sharp band at ca. 1463 cm™' assignable to v(N=0) from the
nitroso group is indicative of the fact that upon complexation,
the ketone-oxime form of the free ligand no longer exists and
completely becomes the nitroso-enolato one. In the spectrum,
the band around 3165 cm™ is assignable to v(N-H) of
benzimidazole ligands. A weak band® at ca. 3402 cm’ is
tentatively assigned to O—H stretching of disordered solvate
water molecules. Free benzimidazole ring system has strong
absorption band in the range 1450-1650 cm™' for —C=N-
stretching. But in the spectra of 2, the band for v(C=N) could
not be distinguished and could possibly be masked by the
v(C=0) and v(N=0) vibrations from dimethylviolurate which
also fall in the same region. The appearance of bands in the far
IR region at 427-412 cm™ in the complex may be assignable to
Cd—N frequency.

In the IR spectrum of 3, the broad band around 3510 cm’!
confirms the presence of water molecules. The IR spectrum

This journal is © The Royal Society of Chemistry 2012
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also shows bands corresponding to p,(H,0) (ca. 753 cm™) and
pu(H,0) (ca.629 cm™) which indicate the presence of
coordinated water molecules. For coordinated pyridine
molecules, the C—H out-of-plane bending falls in the FTIR
values of ca. 1010-825 cm™”. The C-H in-plane bending
vibrations are assigned to the region ca. 1223-1085 cm™. We
also observe two bands at about 1726 and 1654 cm’', which
corresponds to the v(C=O) stretching vibration of the two
carbonyl groups from the non-coordinated dimethylviolurate
anion. The bands appearing at ca. 1471 and 1261 cm™ are
mainly due to v(N=0O) and v(C-O) vibrations which further
confirm the single crystal X-ray studies that non-coordinated
dimethylviolurate anion is present in nitroso-enolato form.
Thus, IR spectral data clearly lend support to the structures
determined by X-ray diffraction method.

NMR studies

'"H-NMR and "C-NMR spectra of HDMV (1'H,0), 2 and 3
were recorded in DMSO-dg.. '"H-NMR spectrum of HDMV was
also recorded in CDCl;. Due to high polarity of DMSO-de, 'H
NMR spectrum of free HDMV in DMSO-dg the peak related to
exchangeable NOH proton is not observed which is otherwise
observed at 14.5 ppm in CDCl;. The 'H NMR spectra of
complex 2 and 3 show signals which are assignable to aromatic
hydrogens of benzimidazole, pyridine and as well as DMV
(dimethylviolurate). These signals undergo small shift with
the free
coordination of ligands to metal. A comparison of the '*C NMR

respect to ligands and provide evidence for
spectra of the complexes with those of the free ligands shows

downfield shifts in the carbon signals upon complexation.

Thermal Studies

The stability of the compounds was studied by
thermogravimetric analysis (TGA), see Figs S4-S6 (ESI). The
degradation of free dimethylvioluric acid monohydrate
molecule shows that dehydration of the acid starts at around
78°C and finishes at 133°C, yielding the anhydrous acid. The
observed weight loss of 9.2% along this temperature range
corresponds to one molecule of water. The theoretical value
(8.9%) calculated from this elimination is in good agreement
with the experimental value. Finally pyrolysis of violuric acid
as volatile gases such as HCN, N,, CO and CO, occurs at
165°C and finishes above 360 °C.

The TGA data indicates that complex 2 undergoes solvent-loss
mass changes over 110-150°C (clathrated molecules). Further
weight loss of 32.42% in temperature range 165-225°C occurs
with release of two benzimidazole units which is close to the
calculated value of 32.9%. After this, pyrolytic decomposition
of the organic moiety takes place, finishing around 700°C. The
remaining weight is attributed to the formation of CdO (obsd,
17.36%; caled, 17.1%).

In case of complex 3 in the 65-107°C temperature range weight
loss effect is observed for dehydration involving the four co-
ordinated water molecule (obsd, 9.45%; calcd, 10.01%). After
that the complex shows the weight loss of 24.7% (calcd,
25.3%) with in temperature range 107-265°C at which two

J. Name., 2012, 00, 1-3 | 9



RSC Advances

pyridine molecules were expelled. This is followed by
decomposition of the organic part till a constant weight, in
which the CdO residue (obsd, 17.9%; calcd, 18.02%) is formed
as final product.

Fluorescence properties

Photophysical properties of HDMYV, 2 and 3 were studied using
fluorescence spectroscopy. Fig. 15 shows the emission data of
the compounds in aqueous solution at room temperature (107
M). The emission spectrum of HDMYV at 314 nm displays three
bands at 342, 407 and 428 nm. Emissions for benzimidazole are
observed at 333, 423 and 457 nm (A= 242 nm) and pyridine is
non-fluorescent.** The complexes exhibit emission peaks at
357, 419 and 440 nm upon excitation at 325 nm for 2 and 355,
423 and 450 nm upon excitation at 322 nm for 3. Since the Cd**
ions are difficult to oxidize or to reduce due to their d'°
configuration these emission bands are neither metal-to-ligand
charge transfer (MLCT) nor ligand-to-metal charge transfer
(LMCT) in nature,% but rather can be attributed to intraligand
emission. The fluorescence quantum yield (@) of HDMV, 2
and 3 are found to be 0.17, 0.39 and 0.23 respectively.
Generally the band position, multiplicity and the emission

quantum yield are strongly dependent on the structure and its
66

rigidity of the underlying complex.

500 — HDMV
i ——— 3
400 2
Benzim

Intensity
w
o
b

200+
1004
0-
300 350 400 450 500
Wavelength

Fig. 14 Emission spectra of HDMV, Benzimidazole, 2 and 3

Conclusions

In this present work, we synthesized and characterized N,N’-
dimethylvioluric acid mono hydrate (HDMV) (1'H,0) and two
cadmium(Il) complexes (2 and 3) obtained from reactions
involving HDMV different  N-donor
(benzimidazole and pyridine). Hydrogen bond interactions are

and ligands
found to govern the primary structures. A common feature in
compounds 1'H,O and 2 is the formation of a strong binding
motif in the solid state dominated by an Ilp—m interaction.
Moreover, in compound 2 this interaction together with a =-
stacking interaction involving the benzimidazole coligand is
responsible for the formation of a hexameric self-assembled
supramolecular structure. From the DFT study in compound
1'H,0 we have demonstrated that the molecular electrostatic

10 | J. Name., 2012, 00, 1-3

potential over the center of the ring is enhanced either by the
intramolecular hydrogen bond or the presence of a water
molecule in the same position than it has in the X-ray structure.
The contributions of the different binding forces have been
evaluated using several models that confirm the importance of
both lp—=m and n—n interactions. Finally, by means of the CSD
search we have demonstrated the ability of the violuric ring to
participate in m-interactions with neutral and anionic electron
rich molecules.
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The synthesis and X-ray characterization of two N,N’-dimethylvioluric acid (1) derivatives of
formula [Cd(DMV),(Benzim),] (2) (Benzim= benzimidazole) and [Cd(H,0)(py),](DMV), (3) (py=
pyridine). They present interesting assemblies in the solid state dominated by H-bonding, n—n
and Ip—m interactions.
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