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Treatment of a solution of CuCl, in dimethyl phosphate (DMP) with DMSO under nitrogen atmosphere
afforded to alight blue fluorescence powder. Slow evaporation of H,O-DM SO solution of this powder resulted
inblue-sky crystals of anew polymeric Cu(l1) complex, with aunit cell composed of Cuy(DMP)4(DMSO), (1).
The crystal and molecular structure of the complex acquired crystallographically. Compound (1) crystallizes
in the monoclinic space group P2:/n with a= 12.8920(11) A, b = 13.1966(11) A, ¢ = 14.7926(13) A, = 90°,
B=98.943(2)°, y=90°, V= 2486.1(4) A3 and Z = 4. A square pyramidal environment for the metal center was
established by coordination of oxygen atoms of four bridging DMP ligands in the basal positions and binding
atri-centered oxygen atom of DM SO in the apical disposition of Cu(ll). The sixth position was also affected
by awesak interaction with the sulfur atom of another DM SO. The phosphorous atom in the bridging DMP was
arranged in a deformed tetrahedron with (gg) conformation for methyl esters with Cy sSymmetry.
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Introduction

One useful approach to the identification of metallo-
enzymes which catalyze the hydrolysis of phosphate esters
in biological molecules'™ is studying of similar model
complexes which mimic the enzymatic role, structure, and
reactivity of the active sites of these enzymes>® Variation
of ligands and changes in the coordination environment
of these biological analogues have provided a valuable
understanding of dstructure and function of important
biomolecules. To achieve this god, different polydentate
ligands have been widely applied in the synthesis of
discrete molecules with comparable structural and/or
functional meta environments to those found in the
enzymesg-lz

A widerange of metal complexeswith avariety of central
metal ions such as d-block transition metals™°*? and lan-
thanides''? are applied to investigate phosphate ester bonds.
Different Mononuclear,**® binuclear,’**" trinuclear,® tetra-
nuclear® and polymeric* heterometallic complexes bearing
monodentate, chelating, and bridging phosphate moieties are
being examined in order to find metal binding properties of
such ligands and to eucidate the importance of these
interactionsin biological systems.®

To the best of our knowledge, there are only a few papers
on the complexation of DM P to the transition metals such as
copper, nickel, and iron.* Now, we wish to introduce a novel
polymeric copper complex, as a unique case for bridging
coordination of DMP to Cu(ll), within which an asymmetric
binuclear congtellation consisting of two copper ions are
connected by four bridging DMP ligands and semi-bridging
of one DM SO.

Experimental Section

Materials. Chemica reagents were obtained from
commercial suppliers and used after further purification.
Copper chloride was recrystalized and solvents were used as
received or were ditilled prior to use.

Instrumentation. Infrared spectra recorded using KBr
disks on a Perkin-Elmer 8343 Spectrophotometer. 3P-nmr
spectra recorded in DO on a Bruker-DRX 500-Avance
Spectrometer. UV-vis spectra carried out on a Shimadzu-
3100 Spectrophotometer. Solution spectrarecorded inalcm
quartz cell. Microanalyses performed on a GNBH-West Ger.
elemental analyzer. Melting points obtained by using a
Thermal 9100 Certain.

X-ray Sructure Determination. The X-ray data were
obtained on a diffractometer (Mo K, 0.71073 A radiation,
graphite-monochromator) at 293(2) K. Data were collected
to amaximum 26 value of 58.0° and the structure was solved
by automatic direct methods using SHELXS-97. The
structure was refined by full-matrix least-square analysis on
F? with SHELXL. Goodness-of-fit on F> was 1.098. The
absorption correction was applied using the multi-scan
technique by SADABS. The non-hydrogen atoms were
refined anisotropically and al the hydrogen atoms were
located from subsequent difference Fourier maps and refined
with riding modd to a find R indices (all data) of Ry
(0.0456), and WR; (0.0936). Find R indices for 2677
reflection with [I > 20(1)] were Ry = 0.0408, and WR; =
0.0915. Independent reflections and absorption coefficient
were 6479[R(int) = 0.0217] and 2.127 mm*, respectively
(Table1).

ORTEP respective of Cuy(DMP)4(DMSO) accompanying
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Figure 1. An ORTEP view of Cuy(DMP)4(DMSO) with atomic
labeling scheme. Selected bond distances (A) and bond angles
(deg.): Cu(1)-O(11) 1.9312(18), Cu(1)-O(42)#1 1.9341(18), Cu(1)-
0O(31) 1.9589(19), Cu(1)-O(21) 1.959(2), Cu(1)-O(1S) 2.353(2);
O(11)-Cu(1)-O(42)#1 170.35(8), O(31)-Cu(1)-O(21) 171.75(9),
0O(11)-Cu(1)-0(1S) 98.22(8), O(21)-Cu(1)-O(1S) 95.06(8). Sym-
metry transformations used to generate equivalent atoms: #1 — x +
12, y-12,-z+1/2.

with the selected bond lengths and angles, and stereoview of
the unit-cell packing of (1) are presented in Figures 1 and 2,
respectively.

Synthesis and Characterization Data. Cux(DMP)s-
(DMSO) (1) was prepared by mixing of a solution of CuCl,
(3.5 g) in dimethyl phosphate (14 mL) and DM SO (10 mL)
under nitrogen atmosphere a 50 °C for 1 h. Light blue
fluorescence powder (73% yield) was produced after ow
evaporation of solvent. This product melts at 196 °C with
found elementa analysis (%), C: 15.18; H: 3.86; P. 19.31.
Slow evaporation of water-DMSO solution (1: 1) of this
product afforded blue-sky crystals of (1) after two weeks
(vield 65%). And. Found for Cux(DMP)4(DMSO)(%), C:
16.86; H: 4.21; P. 17.5; S: 4.61. Cdcd for (1)(%), C: 17; H:
4.2; P. 17.6; S: 4.5. These findings confirmed the empirical
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Figure 2. Stereoview of the unit-cell packing of Cux(DMP)4
(DMS0).

formula of CioHsCuz PsO17S (FW., 705.36). *'P-NMR
revealed that all phosphorous atoms areidentical.

Major IR bands (KBr; v, cm™): 3000 w, 2959 w, 2859 w,
1461m, 1252 s sh, 1180 s, 1158 s, 1098 m, 1061 m, 1038 s,
849,832, 779 s, 551w, 521 s, 480 w.

Results and Discussion

Extensive quantum chemica studies have carried out on
phosphodiester model compounds.” These investigations
are employed to develop a comprehensive molecular force
field for the phosphate group and to explore the confor-
mational dependence of C-O-P-O-C skeletal vibrations.
Within each charge group, the number and chemical nature
of carbon substituent's aso influence the phosphate
geometry. These substituents affect the P-O bond distances
and the O-P-O bond anglesin the bridged bonds. Increasein
the number of carbon substituent’s shortens the bond length
by 002 A and enlarges the bond angle by 2-3° per
substituent.

Dimethyl phosphate anion (CH3-O)2-P(O), represents the
smalest redistic modd containing the C-O-P-O-C
phosphodiester linkage of the nucleic acid backbone and
phospholipids.>’ Common notations used in spectroscopy

6// O* 6’/, O* *”/, 3
o NN
(‘;>i ><(\?C i)/ \O/ (0] 0)
H;C %CH3 CHj
g8 gt tt

Figure 3. Gauche-gauche (gg), gauche-trans (gt) and trans-trans (tt) conformation of dimethyl phosphate anion.
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Figure 4. Simultaneous z-out and z-in distortions for DMP in
Cux(DMP)4(DMSO).

suggest conformations with C-O-P-O(«.¢) torsional angles
of ~+ 60 (deg.) as gauche (g), and those of ~180 (deg.) as
trans (t) foo DMP. So the conformations are shown as
gauche-gauche (gg), gauche-trans (gt), and trans-trans (tt),
(Fig. 3). The energies of different conformers of DMP are

Table 1. Crystalographic data and data-collection parameters for
the complex (1)

Chemical formula Cux(DMP)4(DMSO)
Empirica formula Cio Hao Cup P4O17S
Formulaweight 705.36

Temperature 120(2) K
Wavelength 0.71073 A

Crystal system Monoclinic

Space group P 2i/n

a=12.8920(11) A
b =13.1966(11) A
c=14.7926(13) A

Unit cell dimensions

o, deg 90°

p, deg 98.943(2)°

% deg Q°

Volume 2486.1(4) A3

Z 4

Density (calcul ated) 1.885 Mg/m®

Absorption coefficient 2.127 mm™

F(000) 1440

Crysta size 0.40 % 0.20 x 0.20 mm®

Thetarange for data collection 2.08t0 29.00°.

Index ranges -17<<h<16,-11<k <18,
-11<1£20

Reflections collected 13234

Independent reflections 6479 [R(int) = 0.0217]

Completeness to theta = 25.32° 98.0%

Max. and min transmission 0.9621 and 0.8251

Refinement method Full-matrix least-squares on F?

Data/ restraints/ parameters 6479/0/ 317

Goodness-of-fit on F2 1.098

Fina Rindicesfor 2677 refl. With  R1 = 0.0408, wR2 = 0.0915
[1>20(1)]

Rindices (al data)
Largest diff. peak and hole

R1 = 0.0456, wR2 = 0.0936
1.027 and-1.016 e. A3
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caculated in order to determine the relative stability of the
(99), (gt), and (tt) conformations with avariety of theoretical
models using HF3-21G(*) and 6-31G" and a large body of
other works®* These studies and aso Monte-Carlo
simulations of agueous solvation of DMP*#! have reveded
that the (gg) conformer to be the most stable, followed by
(gt) and (tt) conformations. The phosphate groups in
Cuy(DMP)4(DM S0O) are arranged as a deformed tetrahedron.
The average phosphate group has a 2-fold axis bisecting the
two P-O bonds. Considering tetrahedral environment around
the phosphorous, it is delineated that the dihedral angles are
unequal. According to the data in Table 2, the angles of
methoxy substituent’s are unexpectedly smaller than the
bridging oxygens. For example, the bond angle of MeO(13)-
P(1)-O(14)Me moiety is 105.58° whereas the bond angle of
0O(11)-P(1)-0(12) speciesis 120.49°. Subsequently, asimul-
taneous z-in and z-out distortions are suggested for DMP
(Fig. 4). Presumably, there are no significant steric hin-
drances between methoxy substituent’s in gauche-gauche
dispositions.

Three distinct weak sharp bands of 2859, 2959, and 3000
cm™ in the infrared spectral region belong to the stretching
vibrations of methyl groups. Strong phosphate stretches at
1252 cm . Five strong sharp bands at 1180, 1158, 1098,
1061, and 1038 cm* fit with the O-C stretches in P-O-C
species and with the S-O stretches indicating the presence of
DMSO. Band at 841 cm™ corresponds to v (P-O) of P-O-C
phosphate ester fragment. Several bandsin the 480-550 cm™
spectral region are assigned to the v (P-O-M) and v (S-O-M)
stretching vibrations. However, position of v(SO) in
SOM(1)M(2) species bearing athree-centered oxygen, 15-O,
is not reported for DMSO. Therefore, it seems that v (S-O)
stretching vibration overlaps with v(C-O) vibration of
P-O-C species and v (M-O) vibration of S-O-M fragment,
and determine the spectral pattern observed in the frequency
region of v (P-O-M) stretching vibrations (480-600 cmi™).*?
Our experimental interpretations of the individua vibra-
tiona bands confirm the results of the previous findings on
the infrared spectrum of solid NaDMP* and other ab initio
computational calculations such as norma coordinate
analysis of DMP*

The agueous solution electronic spectrum of (1) in which
the central atom was surrounded in a square pyramidal
environment, exhibits two strong d — d absorption maxima
at 200-250 nm with aweak shoulder at 220 nm and a broad
band at ~780 nm, which are in the typical range for (dx>-y?)*
electronic ground-state of Cu(ll) complexes with distorted
square pyramidal geometry, commonly formed by DMP and
DMSO ligands. These bands are in agreement with the d2
— Ohe.y2 and dyy — diz.y2 electronic trangtions.®

Crystal Sructure of Cux(DMP)4(DMSO). An x-ray
gructura  analysis established that (1) consists of
Cuz(DMP)4(DMSO) fragments. ORTEP plot confirms two
copper(I1) ions are linked together via two O-P-O bridges
and one oxygen atom of DMSO. The phosphate esters
around each Cu stand nearly above the plane defined by four
oxygen atoms of esters, and are directed to the DMSO
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Table 2. Sdlected bond distances (A) and bond angles (deg) in (1)

Cu(1)-0(11) 1.9312(18)
Cu(1)-O(42)#1 1.9341(18)
Cu(1)-0(31) 1.9589(19)
Cu(1)-0(21) 1.959(2)
Cu(1)-0(19) 2.353(2)
Cu(1)-S(1) #2 3.1702(8)
P(1)-O(11) 1.485(2)
P(1)-0(12) 1.487(2)
P(1)-0(13) 1577(2)
P(1)-O(14) 1.5900(19)
0(13)-C(13) 1.443(4)
0(14)-C(14) 1.442(3)
S(1)-0(19) 1.5234(19)
S(1)-C(1S) 1.770(4)
S(1)-C(29) 1.775(4)
O(11)-Cu(1)-O(42) #1 170.35(8)
O(11)-Cu(1)-O(31) 89.44(8)
0(42) #1-Cu(1)-0(31) 89.30(8)
O(11)-Cu(1)-0(21) 91.52(8)
0(42) #1-Cu(1)-0(21) 88.38(8)
O(31)-Cu(1)-0(21) 171.75(9)
O(11)-Cu(1)-O(1S) 98.22(8)
0(42) #1-Cu(1)-O(1S) 91.39(7)
0O(31)-Cu(1)-0(1S) 92.91(8)
0(21)-Cu(1)-0(1S) 95.06(8)
O(11) -Cu(1)-S(1) #2 89.91(6)
0(42) #1-Cu(1)-S(1) #2 81.44(6)
0O(31) -Cu(1)-S(1) #2 80.73(6)
0(21) -Cu(1)-S(1) #2 91.09(6)
O(1S) -Cu(1)-S(1) #2 170.43(5)
O(11)-P(1)-0(12) 120.49(12)
O(11)-P(1)-0(13) 111.44(12)
0(12)-P(1)-0(13) 105.16(12)
O(11)-P(1)-O(14) 103.76(11)
0(12)-P(1)-O(14) 109.55(12)
O(13)-P(1)-O(14) 105.58(11)
P(1)-O(11)-Cu(1) 149,09(13)
P(1)-0(12)-Cu(2) 146.75(14)
C(13)-0(13)-P(1) 118.92(19)
C(14)-0(14)-P(1) 118.57(18)
P(2)-0(21)-Cu(1) 128.04(12)
P(2)-0(22)-Cu(2) 151.83(15)
P(3)-O(31)-Cu(1) 130.93(12)
O(1S)-S(1)-C(19) 107.11(15)
O(19)-(1)-C(29) 105.85(15)
O(19)-S(1)-C(29) 98.5(2)
O(1S)-S(1)-Cu(1) #1 132.89(8)
C(19)-S(1)-Cu(1) #1 98.38(13)
C(29)-S(1)-Cu(1) #1 108.78(12)
S(1)-0(15)-Cu(1) 132.90(11)
Cu(2) #1-0(1S)-Cu(1) 111.95(8)

Symmetry transformations used to generate equivalent atoms: #1 x +
V2,y-12,-z+12. #2x+1U2,y+12,-z+1/2

ligand. Therefore, according to the selected bond angles and
bond lengths, each Cu(ll) center occupies a distorted square
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pyramidal (sp) geometry with the DM SO ligand in the apica
and phosphate oxygen's in the basa dispositions. Conse-
quently, the central atom asa*“pivot atom” is displaced from
the basal plane and the sulfur atom of the rear could not form
the sixth bond completely (S(1)-Cu(1), 3.170 A). Longer
Cu(1)-O(1s) distance (2.353 A), oxygen of DMSO in the
apical position, than the other basa Cu-O distances is
expectedly due to Jahn-Teller distortion in the d® Cu(ll)
center (Table 2). The Cu-O distances in the basal positions
are typical of Cu(ll) complexes for which the oxygen of
either phosphate or phosphate diester is bound in an
equatorial position.?*° For comparison, the Cu-O distances
of the apically coordinated phosphate moieties are ca. 0.2-
0.3 A longer.3>4

The phosphorous atom environment in the ester adopts a
significant distorted tetrahedral geometry. The distances of
bridging phosphoryl oxygen’s (ca. 1.485 A) are shorter than
the remaining P-O bonds of ester (ca. 1.590 A), but are in
typical range of copper-bound phosphate moieties.?® Differ-
ences in bond angles of bridging and non-bridging O-P-O
and R-O-P-O-R, respectively, fragments in (1) are more
distinct than in similar compounds.?®

Binding and position of DMSO in (1) are also consider-
able. According to the x-ray measurements and datain Table
2, thereis aweak interaction between S(1A) and Cu(l). The
distance of S(1A)-Cu(1) is 3.170 A, which confirms weak
coordination of the sixth ligand to Cu(1). The oxygen of
DMSO in (1) acts unexpectedly as atri-centered nuclel. It is
coordinated to the two copper centers and one sulfur atom.
According to the bond lengths and angles around O(1s), it's
environment appears as a planar triangle. Large bond angle
of Cu(1)-O(1s)-5(1), 132.9°, may belongs to the steric
hindrances induced by methyl groups of DMSO with the
Cu(1) environment. It is expected that O(1s) can be
exchanged with analogous atoms and induces effective
catalytic activity to the complex.

Since the phosphate group is an essential component in a
variety of biologicad macromolecules® synthesis and
characterization of (1) provides further insights into the
study of model compounds, that are important in several
biological transformations. Investigations on the relevance
of (1) to the phosphoryl transfer reactions and cleavage of
phosphate esters are under consideration.

Crystallographic data for the structure reported here have
been deposited with the Cambridge Crystallographic Data
Center (Deposition No. CCDC-250661 (1)). These data can
be obtained free of charge via http://www.ccdc.cam.ac.uk/
contgretrieving.html or from CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK, email: deposit@ ccdc.cam.ac.uk.
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