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A condensation reaction between tais-[PtCl,(Hmtpo)] (where Hmtpe= 4,7-H-5-methyl-7-oxo[1,2,4]triazolo-
[1,5a]pyrimidine) molecules takes place in neutral aqueous media, givig@g{tpoy]-4H,O (1). The X-ray
structure of the recrystallization product dfin DMSO:EtOH (1:1) (DMSO= dimethyl sulfoxide), namely,
[Pta(u-mtpo)] - 2DMSO @) has been determined. Compouhdrystallizes in the orthorhombic space grdeipcn

with unit cell dimensionsa = 14.207(3) A,b = 15.187(3) A,c = 17.165(3) A, andZ = 4. The molecular
structure shows that the two Pt atoms are bridged by four mtpo ligands. Thus, it presents two face toface PtN
units with a Pt:+Pt 2.744(2) A separation. Compoufdas also been characterized¥yand®Pt NMR. The

very short Pt(1)--Pt(Il) contact suggests an interaction between the two metal centers, supported by the great
deshielding observed for the platinum nuclei in ##t NMR spectrumd = —2005 ppm) compared to a Pt(Il)

in a typical Ny environment. In order to make an approach to the possible bonding nature of the-Pt(ll)
interaction, a theoretical analysis has been performed on the basis of the properties of the electronic charge density
distribution, derived from ab initio MO calculations for the model compo{iR${NHCHN(C(CH,)(CHs))]4}

using RHF/LANL2DZ and B3LYP/LANL2DZ wave functions; both take into account relativistic effects and the
second electronic correlation also. A significant directional interaction between the two metal centers has been
found. Thus, a bond critical point appears between the two platinum nuclei, with a density of phar@056
e-bohr=3, which is half of that found for the platinum nitrogen bond. Moreover, a value of the energy density,
Eq(rp) < 0 (E4(r) = —0.0175 hartredohr3), at this point, shows the bonding nature of the interaction.

Introduction photochemical properti€sstabilization of rare states of oxida-
tion for platinun? and palladiunt?® or the utilization of the
platinum nucleus as a weakdonor ligand in the coordination
chemistry of metal ion&!

Association of square-planar complexes of Pt(Il) and other
d® metal ions in pairs or stacks is a well-known phenomenon,
both in the solid staf&? and in solutior®* These compounds
present MM contacts in the range 2:8.5 A, which is shorter The present paper reports the ability ofiaplatinanalogue,
than the sum of van der Waals radii. This association appearsnamely,cis{PtCl(Hmtpo-N(3)).]*? (where Hmtpo= 4,7H-5-
to be a key step in the formation of one-dimensional materials methyl-7-oxo[1,2,4]triazolo[1,5a]pyrimidine) for generating plati-
such as Pt mixed valence complet@s.One of the most num binuclear complexes. This compound presents the inter-
interesting subjects of research in this field has been the esting feature that the nitrogen donor ligand is able to participate
chemistry ofcisplatinand related compounds. Apart from the as a bridging ligand. Thus, it is possible to get a tetrabridged
anticarcinogenic properties of these compourtigy have been  platinum binuclear complex [Ri-mtpoN(3),N(4))4] (Figure
used with the help of secondary bridging ligands such as 1a), with an intermetallic distanceg-p; = 2.744(2) A) much
o-pyridone,a-pyrrolidone, 1-methyluracil, 1-methylcitosine, and  shorter than the doubly bridged compounds achieved from
analogous compounds, to prepare hoWi@nd heteronuclear cisplatin®
complexes. The resulting polynuclear compounds display
interesting properties due to the shortMl contacts, such as
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Figure 1. [Pt(u-mtpo)] (a) and model systedPL[NHCHN(C(CH,)-
(CHy)l4} (b).

Chart 1

Navarro et al.

Table 1. Crystallographic Data for [Rfju-mtpo)]-2DMSO @)

formula C23H32N1505Pt252 Z 4

fw, g/mol 1142.4 u, cnrt 77

space group Pbcn(No. 60) T,°C 20

a, 14.207(3) A 0.710 73

b, A 15.187(3) Pobs § €T3 2.06 pealc = 2.050
c, A 17.165(3) R(Fo)? 0.093 ( > 20(1))
v, A3 3704(1) Ru(Fod)P 0.154 (all data)

AR=Y||Fo| — [Fell/S|Fol. ® Ry = [IW[(Fo2 — F)/S (WF#)]V2 w
= 1/[(Fo)? + (0.048%)3, whereP = (F,2 + 2F2)/3.

Experimental Section

Reactants and Methods. cis{PtCl,(HmtpoN(3)),]-3H.O was
prepared as previously report&d4,7-H-5-Methyl-7-oxo[1,2,4]triazolo-
[1,5a]pyrimidine was purchased from Aldrich Chemical Co. and used
as received. The other chemical reagents and solvents were supplied
from commercial sources. All experiments were performed in air.

Preparation of [Pty(z-mtpo-N(3),N(4))4]-4H.0, 1. A suspension
of cis{PtCl(Hmtpo-N(3))2]-3H.O (1.200 g, 1.93 mmol) in water (20
mL) was solubilized by adjusting the pH to 7 with NaOH (1 N). The
resulting clear yellow solution was refluxed and stirred for 63 h, giving
a pale yellow precipitate and a mother liquor with a lower pH gH
4.4). The precipitate was washed with water, with ethanol, and finally
with ether and dried overnight at #&. Adjusting the mother liquor
to pH 7 and refluxing for 24 h gives a smaller second fraction of the
precipitate; yield, 49%. Anal. Calcd (found) forfl2gN160sPh: C,

The heterocyclic Hmtpo ligand (Chart 1) is ideally suited for 57 5 (27.1).'H, 2.6 (2.5); N, 21.2 (21.2); Pt, 36.5 (35.5). IR (&m
the preparation of multinuclear metal complexes and study of 572 m, 1026 m, 1148 m, 1207 m, 1387 m, 1422 s, 1534 vs, 1591 m,

M—M interactions, providing at least four potential binding sites,
one of which (N4) requires deprotonation prior to metal ion

1682 vs, 3430 s.H NMR (DMSO-dg; ppm): & 8.55 (s, 1H, H(2)),
5.84 (s, 1H, H(6)), 3.05 (s, 3H, Me)i%Pt NMR (DMSOds; ppm): o

coordination. In previous studies, this ligand has exhibited a —2005 (s).

monodentate (via N3) coordination mode in two monomeric
Cu(ll) complexe¥® and multidentate behavior with participation
of N(1), N(3), N(4), and O(7) as donor sites in a polymeric
Ag(l) complexi4

The dynamic electronic correlation effects, which make
accurate calculations based on Hartréeck approximation so
difficult for transition metal complexes, appear to be treated
reasonably accurately with the new generation of “gradient
corrected” density functional theories (DFf). Thus, some

Preparation of [Pty(z-mtpo-N(3),N(4))4]-2DMSO, 2. [Pt(u-mtpo-
N(3),N(4))4]-4H20 (0.160 g, 0.150 mmol) was suspended in DMSO:
EtOH (1:1, 20 mL) and was heated until all of the material was
dissolved. The resulting yellow solution gave after 3 weeks a small
amount of prismatic yellow crystals. Elemental analysis data of single
crystals of2 (found: C, 28.4; H, 2.9; N, 18.4; S, 6.0) fit the description
as dihydrate better than as anhydrate in accord with the X-ray results.
Calcd for GgHagN160sS,PL: C, 28.3; H, 3.1; N, 18.9; S, 5.4'H NMR
(DMSO-ds; ppm): 6 8.55 (s, 1H, H(2)), 5.84 (s, 1H, H(6)), 3.05 (s,
3H, Me).

authors have obtained accurate results with this approach in the Instrumentation. Microanalysis of C, H, N, and S were performed
study of the binding energies of some metal complexes and With a Fisons-Instruments EA-1008 by the Instrumentation Center of

inorganic compound¥ Moreover, for heavy metal ions the
effect of relativity plays an important role. Thus, the use of
effective core potentials (ECPs), which replace the core

electrons, incorporate the effects of relativity, reducing the size

of the basis set to treat the molecule.

the University of Granada. Infrared spectra were recorded in the 180
4000 cnT! range on a Perkin-Elmer 983G spectrophotometer, using
KBr and polyethylene pellets. Thermogravimetric (TG) diagrams were
obtained on Mettler TA-3000 equipment provided with a Mettler TG-
50 thermobalance at a heating rate of 20 K mhjmising an atmosphere

of pure air (100 mL min%). NMR studies were carried out in the

Furthermore, Bader has introduced a theoretical approachDepartment of Chemistry of the University of Dortmund, recorded on

based on his theory of atoms in molecdlesy which all
information of the system is deduced from the properties of
the molecular electronic charge density. Thus, in order to
discern the nature of the M interaction in [P#(u-mtpo)] a
topological study of the electronic charge distribution for the
model compound PL[NHCHN(C(CH,)(CHs))]4} (Figure 1b)
has been carried out.
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(15) (a) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
Molecules Oxford University Press: Oxford, U.K., 1989. (b) Ziegler,
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a Bruker AC-200 FT NMR spectrometer*H NMR spectra were
recorded in DMSQds with TMS as internal standard!*Pt NMR
spectra were recorded in DMS@{(D0O, external kPtCl, reference).
Reported shifts are relative to [PtPr.

Oxidation Studies. Ce(IV) tritations of1 were carried out in 0.7
M H2SQO, with Ce(SQ); (dissolved in 0.7 M HSQ,). The concentration
of the complex was % 10~ M and that of Ce(IV) was 5 1072 The
Pt combination electrode (Metrohm, Ag/AgCl reference) used to
monitor the redox reactions was standardized in a solution of chinhy-
drone in a pH 4 buffer = 259+ 5 mV).

X-ray Crystallography. Relevant crystallographic data and details
of refinement for2 are presented in Table 1. A crystal, of dimensions
0.08 x 0.1 x 0.5 mm, was mounted on a Stoe-Siemens AED-2
diffractometer. A total of 3660 unique reflection intensities were
measured in the range<820 < 60°. The intensity data were corrected
for Lorentz and polarization effects and empirically §cans) for
absorption (transmission range is 0-1%13). The structure was solved
by the heavy atom and Fourier methods applying the SHELXTL PLUS
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program packag® Full matrix least-squares refinement (Bf was
performed with anisotropic thermal parameters for non-hydrogen atoms
with the exception of the DMSO molecules (the two DMSO molecules
were found to be disordered in two positions with occupancie€’s,of
each) using the SHELX-93 program package.

Computational (MO Calculation) Work. Ab initio MO calcula-
tions for the model compour{dPL[NHCHN(C(CH,)(CHs))]4} (Figure
1b) have been performed through the GAUSSIAN-94 Revision C.2
series prografi using restricted HartreeFock (RHF) and density
functional theor$? (DFT) on a SGI Power Challenger machine. Among

the characteristics of this code are the use of Gaussian basis functions,

the avoidance of auxiliary functions, the implementation of large grids,
and the availability of analytical first and second derivatites.

In hybrid methods the exchange-correlation energy)(is repre-
sented by the following general equation:

EXC = aOEXUEG+ (1 _ aO)ExHF 4 axAEx + ECUEG + aCAEC (1)

where ExYE¢ is the density functional for the exchange energy of the
uniform electron ga% E.YEC the corresponding correlation contribu-
tion 2% E4F is the Hartree-Fock exchange, and th&E terms are the
gradient correction contributions to exchange and correlation. A hybrid
method is further qualified as self-consistent when gradient correction
and HF exchange are not simply computed using a converged LSD
wave function (or, more traditionally, LSD and gradient correct
contributions added to a converged HF wave function), but the SCF
process is performed with the complete density functional. The B3LYP
variant is obtained using the Becke gradient correction to exch#nge,
and the Lee-Yang—Parr (LYP) correlation function&p. Since the LYP
functional contains both a local part and a gradient correction, only
the latter contribution should be used to obtain a coherent implementa-
tion. It is, however, expedient to use the approximation

AE, ~ ECLYP _ ECVWN

A number of tests showed that values of the three semiempirical
coefficients appearing in eq 1 near 0.80 provide the best results,
irrespective of the particular form of the different functionals. The
values g = 0.80,ax = 0.72,a. = 0.81) determined by Becke from a
best fitting of the heats of formation of a standard set of moleéules
have been used.

Full geometry optimization fof PL[NHCHN(C(CH,)(CHs))]4} was
carried out by taking the experimental geometry ofy(#mtpo)],
keeping the originaCi symmetry. The LANL2DZ basis set has been
used throughout the calculation which uses B8 first and Hay and
Wadt's large-core quasirelativistic effective core potential (LANE2)
on the Pt atom.
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B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petterson, G. A.;
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Figure 2. Molecular structure of [Bfu-mtpo)]-:2DMSO. Thermal
ellipsoids are drawn at the 30% probability level. The two disordered
DMSO solvation molecules are not drawn.

Topological analysis of the charge density was performed by means
of the AIMPAC series of prograrwith the GAUSSIAN-94 results
as input. Representation has been realized in the plane defined by
C(3aA), C(3aB), C(3aA) C(3aB), and the plane defined by one of
the two PtN4C; rings.

Results and Discussion

Solubilization ofcis{PtCL(Hmtpo-N(3)),] was accomplished
after deprotonation of Hmtpo ligands by treatment with NaOH
(1 N) until pH= 7. The deprotonation of the ligand activates
the N(4) position, facilitating its possible involvement in a
nucleophilic attack. Thus, when the solution is refluxed for a
long time, a condensation reaction takes place betweewgitvo
[PtCl(mtpoN(3))2]% species (or any of its hydrolysis products)
giving the dimeric compound [Ri-mtpo-N(3),N(4))4] -4H.0
(2) (Figure 1a). Compountiremains unaltered in air for several
months. Thermogravimetric analysis bshows that after the
dehydration process (6110 °C) it is thermally stable up to
400°C.

Recrystallization ofl from EtOH/DMSO (1:1) gave [Rfu-
mtpoN(3),N(4))4]-2DMSO @), the structure of which was
studied by X-ray crystallography.

X-ray Structure of [Pt a(#-mtpo)4]-:2DMSO (2). The mo-
lecular structure o is shown in Figure 2. Crystal data are
collected in Table 1, and selected interatomic distances and
angles are listed in Table 2.

The structure consists of centrosymmetric dimerig{fRt
mtpoN(3),N(4))4] units, in which the four mtpo ligands bridge
the two platinum atoms, and disordered DMSO solvation
molecules.

The coordination geometry of the metal atoms is square-
pyramidal. The basal positions are occupied by four N-mtpo
donor groups and the apical site by the other metal center of
the dimer. The equatorial Pi$quare has theis configuration,
which is consistent with the preparation method. Both platinum
atoms are directed away from each other; deviations from the
respective equatorial positions are 0.14 A. TheRuistances
are in good agreement with the values found for other platinum
complexes with similar ligand®.

(29) Biegler-Kig, F. W.; Bader, R. F. W.; Tang, T. H. Comput. Chem.
1982 3, 317.
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Table 2. Comparison of Geometries for X-ray
[Pty(u-mtpo)]-2DMSO @) and Geometrical Optimization for Model
Compound [P{NHCHN[C((CH,)(CH3))]}4] by RHF/LANL2DZ

and B3lyp/LANL2DZ Method3

Navarro et al.

atoms in all of these complexes is supported by the presence of
four bridging ligands. However, the intermetallic separation
for 2 is considerably longer than the-NC—N bite of mtpo
ligands, which is 2.45 A. This increase may not be attributed

X-ray RHF/LANL2DZ B3lyp/LANL2DZ to steric interactions between both metal centers, but to the steric

Bond Distances (A) demand of the triazolo ring annelated to the pyrimidine, since
Pt-Pt 2.743(2) 2.754 2.751 the donor orbitals of N(3) and N(4) are not parallel. This
g::mgg‘g igg((% g'ggg é'gjg behavior is also observed in Agf¥)and Cu(I¥° dimers with
PL-N(4AY 2:05(2) 2095 2086 analogous ligands, which display longer metaletal distances
Pt—N(4B)' 2.06(2) 2.094 2.086 than those found in compounds with ligands built by two
N(3A)—C(3aA) 1.38(3) 1.317 1.336 annelated six-membered rin$fs. Thus, Pt--Pt separation for
C(3aA)—N(4A) 1.31(3) 1327 1.346 [Pt(CH3CSS)] is 0.17 A shorter than the distance between the
N(3B)—C(3aB) 1.35(3) 1.317 1.336 P : .
C(3aB)-N(4B) 1.36(3) 1327 1346 c_enters of the §c_oord|nat|on plane® while fo_r [Ptz(N,_N -

diphenylformamidinata] and [Pt(4-methylpyridine-2-thiola-

Bond Angles (deg) . . . S .
N(3A)—Pt-N(3B) 87.9(7) 80 82 90.33 t0)a], in spite .of th.e short intermetallic distance, there is no
N(3A)—Pt—N(4B) 89.9(7) 89.59 89.57 appreciable distortion from the square-planar geometry around
N(3A)—Pt—N(4A)' 171.6(8) 169.20 169.99 the metal centers. Both facts suggest that a significartM
N(3B)—Pt-N(4A)' 89.5(7) 89.55 89.56 interaction takes place, which allows the two metal centers to
Hgﬁgfg:}{fg‘f&, é;lé?g ) ég%fo ég%fo optimize their interatomic distances.
N(4A)—C(3aA)-N(3A) 132(2) 126.91 126.56 However, a diminution in the number of bridging ligands or
C(3aA)-N(3A)—Pt 122(2) 125.47 125.15 their absence in Pt(ll) dimers makes the intermetallic distance
C(3aA)—N(4A)—Pt 114(2) 118.36 118.19 longer, in the range 2:93.1 A ®4Lfor covalently bridged dimers
“Sﬁg:g{:?t 88%'%3((% 88%'%% 8827'% and 3.2-3.3 A for the unbridged onés2 It should be noted
N(3B)-C(3aB)-N(4B) 128(2) 126.92 126.56 that in the two latter sets of compounds, extra torsional strains
C(3aB)-N(3B)—Pt 125(2) 125.50 125.15 are introduced by the nonbridging interligand interactions, which
C(3aB)-N(4B)—Pt 117(1) 118.32 118.19 have an important role modulating the intermetallic separation.
mgigg:m__'jpft 88‘(‘5'_%(8 88%'_%)77 8827'_% In order to discern the nature of the-fPt interaction in

aPrime indicates-x, —y, —z

The most interesting feature in this complex is the short
Pt(I1)---Pt(ll) contact fppr = 2.744(2) A), being 0.70.9 A
shorter than the van der Waals radii stirand close to the
Bragg—Slater radii sun¥?

this compound!®3Pt NMR studies have been carried out for
as well as molecular orbital calculations for the model compound
{ PEINHCHN(C(CHy)(CHg))] 4} .

NMR Studies. (i) 'H NMR Spectroscopy. The'H NMR
spectrum ofl in DMSO-ds is indicative of complex formation.
It consists of three peaks only, suggesting the equivalence of
the four mtpo ligands in solution'H NMR resonances of H(2)

The mtpo ligands are almost planar, with the methyl group and CH appear, respectively, 0.35 and 0.72 ppm deshielded
0.14 A away from the least-squares plane, this fact being awith respect to free Hmtpo, while H(6) appears unaltered.
consequence of the steric interaction with the methyl group of pjatinum binding to the N(3) position results in a downfield

the other mtpo moiety (distance C(51AE(51B), 3.78 A).
The two disordered DMSO molecules show only van der
Waals interactions with the complex while §Rt-mtpo)]

shift of H(2), in a way similar to that of purine bases H(8) after
metal binding to N(7¥2 The large downfield shift of Cklis a
consequence of the methyl disposition over the platinum

molecules in the crystal stack by interaction of the mtpo ligands coordination plane after binding to N(4). This fact may be

labeled “B” (separation, 3.37 A).
The Pt(Ily--Pt(Il) separation found in other platinum (I1)

diagnostic of the involvement of N(4) in the coordination of a
d® metal ion?* and it may also be indicative of a weak-M

tetrakis-bridged dimeric compounds are as follows: 2.649(1) interaction (P+-H separation, about 2.7 A§:46

A for [Pto(N,N'-diphenylformamidinata),33 2.680(2) A for [Pt
(4-methylpyridine-2-thiolata),3* 2.767(1) A for [PH(CHs-
CSS)],352.795(2) A for [P#((CH3),CHCSS)],36 and 2.925(1)
A for K 4[Ptx(diphosphitey]-2H,0.37 The Pt--Pt distance in our

compound is within this range. The close approach of metal
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shows only one resonance peak, indicating the equivalence of
both metal centers9%Pt resonanced(= —2005 ppm) occurs
ca. 500 ppm downfield with respect to a Pt(ll) in a typical N
system. Thé*Pt downfield shift trend is comparable to that
found for heteronuclear PHg,*” Pt—Pd?® and PtAg*°
complexes where a dative bond-PtM is proposed. However,
in our case it could be postulated that a perturbation of the
charge distribution around the metal centers may take place, as
a result of a possible PtPt interaction.

Reactivity of 1 toward Oxidation. Due to the short
intermetallic Pt--Pt separation found for compourd it was

thoughtl could be a good starting compound for the preparation Eﬁ%ﬂ:(a 5 e
of dimeric species of the type [Pt(HPt(lI)] © (d®—d”) and/or £ %\ J““B’ X} @ e~
[Pt(1)] 2 (d’—d") with bond order (BO) of 0.5 and 1 respectively, ) :

after oxidation of the initial [Pt(I1)] (d®—d®) species in a one-  Figure 3. Representation off PLINHCHN(C(CHy)(CHs)]s} geo-
or two-electron process. Several compounds of this type havemetrically optimized from ab initio calculations by B3LYP/LANL2DZ
been characterized, with the-MV/ separation being in the same  method.

range as that found fdr. for example, for (8—d”) K,[Pt,Cl,-
(diphosphite)] (BO = 1, dp—pt = 2.695 (1) A¥° and for other
platinum species with BG= 0, cis{[(NH3):Pt(1—methyl-
thyminato)PtClz]zcl} [PtC|5]’6H20, (BO: 0.75,dpt_pt = 2.699

(1) A), 24 [Pt(NHs)s(a-pyrrolidinatoy](NO3)e 3H,0 (BO= 0.5,
dpept = 2.702, 2.709 APl [Pty(NH3)s(a-pyrrolidinato)]-
(NO3)s5.483H20 (BO = 0.37,dpt_pt = 2.765, 2.739, 2.740 A¥;

and [P(NH3)g(a-pyridonato)](NOs)s (BO = 0.25, dprpt =
2.779, 2.885 APa Nevertheless, our attempts to oxidizevith
different oxidizing agents such as €*,1 S,0,2~, HNOy/

0,,%¢ HOy/H™, Cly/H,0%2 in aqueous solution or with NOBF

in nonaqueous solvents (DMF and gEN at —20 °C)53 were
unsuccessful. The low solubility dfin aqueous media cannot
be rendered as an explanation of this behavior, since, in DMF
(in which 1 is soluble), it is also inert. It appears that the bulk
of the methyl groups above the basal Pt coordination plane may
prevent nucleophiles or electrophiles from approaching the Pt
and therefore it hinders the oxidation process.

of nuclei, which are considered to be linked by a chemical bond,
with two curvatures negative and one positive, indicating that
electronic charge is accumulated between the nuclei. Ring
critical points are characterized by a single negative curvature.
Moreover, the Laplacian op(r), V2o(r), determines two
extreme situations, whereis locally concentratedVo(r) <
0) and locally depleted@Zo(r) > 0). Thus, a value o%2p(r)
< 0 at a bond critical point is unambiguously related to a
covalent bond, showing that a sharing of charge has taken place.
However, in a closed-shell interaction a valuevBp(r) > 0 is
expected, such as found in noble gas repulsive states, in ionic
bonds, in hydrogen bonds, and in van der Waals molecules.
The last type of interaction is dominated by requirements of
the Pauli exclusion principle. Thus, for closed-shell interaction
o(r) is relatively low andv2p(r) > 0.
Furthermore, Bader defined a local electronic energy density,
" Eq4(r), as a functional of the first order of the density matrix

M—M Bonding in [Pty(uz-mtpo)s]. Some authors discuss E4(r) = G(r) + V(r)
the nature of &--d8 interactions, as a result of the hybridization
of the metal & orbitals through mixing with s and,* and whereG(r) andV(r) cprrespond to alocal kinetic.energy density
also by means of ab initio calculatioffsconcluding that aweak ~ and a local potential energy denslity. The sign of Eq(r)
M—M bonding interaction takes place. determines whether accumulation of charge at a given point

The topology of the electronic charge densitfr), as pointed IS Stabilizing €q(r) = 0) or destabilizing&q(r) > 0). Further-
out by Badef is a faithful mapping of the chemical concepts MOre, a value ofq(r) < 0 at a bond critical point shows a
of atoms, bonds, and structure. The principal topological significant covalent contribution and therefore a lowering of
properties are summarized in terms of its critical poli€s.A the potential energy associated with the concentration of charge
critical point is characterized by signs of its three principal P€tween the nuclei. Also, very recently, Grimftheas found

curvatures op(r). Thus, the nuclear positions behave topologi- for some saturated and unsaturated hydrocarbons a linear
cally as local maximums ip(r), all curvatures being negative. ~ correlation between the bond energies, the local electronic
A saddle point (bond critical point) is found between every pair €N€rgy densityEq, and p at the position of the bond critical
points, thus imaging easily the bond energies in molecule.
(46) (a) Albinati, A.; Pregosin, P. S.; Wombacher lfforg. Chem.1990, In a regent paper, We have dlsc.usseq the nature of thbiM
29,1812. (b) Frommer, G.; Lianza, F.; Albinati, A.; Lippert, Borg. bonding interactions in a Ag(l) dimer in terms Of the Bader
Chem.1992,31, 2434. theory38b and now we present the results concerning the study

(47) Krumm, M.; Zangrando, E.; Randaccio, L.; Menzer, S.; Danzmann, i i . i i
A.: Holthenrich, D.: Lippert. BInorg, Chem 1993, 32, 2183. of the possible bonding nature of the-F®t interaction for

(48) Krumm, M.; Zangrando, E.; Randaccio, L.; Menzer, S.; Lippert, B. [Ptzcu-mtpo)'zl]. Thus, the results of ab initio calcullations on
Inorg. Chem.1993,32, 700. o ~ the model dime{ PL[NHCHN(C(CH,)(CHy))]4} (see Figure 1b)
(49) Holthenrich, D.; Krumm, M.; Zangrando, E.; Pichierri, F.; Randaccio, gre presented. This system was chosen since it resembles the

L.; Lippert, B.J. Chem. Soc., Dalton Tran%995,3275. . . . . .
(50) Che,p(?.-M.; Herbstein, F. H.; Schaefer, W. P.; Marsh, R. E.; Gray, H. most important features of [Ru-mtpo)4], differing mainly in

B. J. Am. Chem. S0d.983,105,4604. its rigidity.
(51) Matsumoto, K.; Fuwa, KJ. Am. Chem. S0d.982,104,897. Firstly, a geometry optimization of the model system was
(52) Qﬂo“g?résﬁ';lsée?‘é’gé* Beyerle-PfnuR.; Lippert, B.J. Am. Chem.  capjed out, taking the crystallographic geometry as a starting
(53) Ambach, E.; Beck, WZ. Naturforsch1985, 48b, 288. point by means of ab initio MO calculation. The calculations
(54) (a) Mann, K. R.; Gordon, J. G.; Gray, H. 8 Am. Chem. Sod.975, were made using the RHF and DFT (B3LYP) methods with

zzhfnf?’m(?)'_"\gl‘t?;']'hci-?gicﬂg?‘;grn':élﬁg%d%&%'i-g?gzsaggfgzclig’ E. LANL2DZ basis sets, which include relativistic effects and in
(55) Novoa, J. J.: Aull, G.: Al‘émany, P.: Alvarez, Si. Am. Chem. Soc. addition for the latter case electron correlation. Thus, in Table

1995,117, 7169.
(56) Bader, R. F. WChem. Re. 1991,91, 893. (57) Grimme, SJ. Am. Chem. S0d.996,118, 1529.
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Table 3. Charge Densityp, LaplacianV?p, Curvatures of (11, 42, 43), and Bond Ellipticity € = 1,/4;), for Model Compound
{Pt2[NHCHN(C(CH)(CHs))]4} from RHF/LANL2DZ and B3LYP/LANL2DZ Calculations

o, e/lboh? V?p, e/lbohP A1, e/bohP A2, e/bohP A3, e/lbohP €
RHF/LANL2DZ

Pt—Pt 0.051 0.157 —0.041 —0.041 0.239 0.0001
Pt—N(3A) 0.102 0.458 —0.092 —0.062 0.613 0.466
Pt—N(3B) 0.102 0.458 —0.092 —0.062 0.613 0.466
Pt—N(4A)' 0.097 0.431 —0.087 —0.058 0.577 0.500
Pt—N(4B) 0.097 0.431 —0.087 —0.058 0.577 0.500
ring 12 0.015 0.081 —0.010 0.034 0.057

ring 2 0.015 0.081 —0.010 0.034 0.057

B3LYP/LANL2DZ

Pt—Pt 0.056 0.139 —0.041 —-0.041 0.221 0.003
Pt—=N(3A) 0.117 0.426 —0.113 —0.094 0.634 0.199
Pt—N(3B) 0.117 0.426 —0.113 —0.094 0.634 0.199
Pt—=N(4A)' 0.104 0.389 —0.103 —0.085 0.578 0.209
Pt—N(4B) 0.104 0.389 —0.103 —0.085 0.578 0.209
ring 12 0.016 0.082 —0.010 0.037 0.055

ring 2 0.016 0.082 —0.010 0.037 0.055

2Ring 1= Pt-C(3AB)—Pt. P Ring 2= Pt—C(3AA)—Pt.

Figure 5. Contour map ofp for the plane through C3AA, C3AB,
C3AA', and C3AB, where 3= the Pt-Pt bond critical point and 4
the ring critical point.

N—C—N- rings as calculated by the AIMPAC progréhusing

the B3LYP/LANL2DZ method are shown in Figure 4. The

charge density exhibits local maxima only at the position of

the nuclei, whereas saddle points (bond critical points) exist

between the platinum atoms and each of its bonded nitrogens

(points 1 and 2p; = 0.117 ebohr3, andp, = 0.104 ebohr3).

An extra bond critical point (3) is located between the two
platinum atoms withpz = 0.056 ebohr3, half the value found

/ for the PN bonds. Such bond critical points and the existence
of a zero flux surface fop separating the basins corresponding

. ) ) to the platinum atoms (bond path) are indicative of direct metal
containing one of the-Pt—N—C—N—-Pt-N—C—N- rings derived

from ab initio calculations by the B3LYP/LANL2DZ method for metal contact, taking int_o _account that all IOpc_’lOgical analyses

{PLINHCHN(C(CHz)(CHs)]4} , where 1= Pt—N3 bond critical points, have been done at a minimum on the potential surface.

2 = Pt—N4 bond critical points, 3= the PPt bond critical point, The laplacian of the charge density is positive at this region

and 4= the ring critical point. (Figure 4b), as expected for closed-shell interaction, as it is for
the Pt-N bonds.

2 a comparison between the experimental X-ray geometry and However, a value oEg < 0 at the P+Pt and P+N bond

the optimized geometries with RHF and B3LYP methods is critical points Es = —0.0175,—0.030, and-0.027 hartredoohr-3

shown. In Figure 3 the minimized system for B3LYP method for Pt—Pt, Pt=N3, and P+N4, respectively) shows a significant

is presented. The PtPt separation is almost the same as that covalent contribution in the PiN bonds and the bonding nature

found for [Pt(u-mtpo)], and the PtN distances obtained using  of the Pt--Pt interaction. Ellipticity of 0.003 and 0.199 for the

both methods are also comparable. However, the B3LYP Pt—Pt and PtN bonds, respectively, show that the former bond

method which takes into account electron correlation gives the has cylindrical symmetry, while the latter have sameharacter.

Figure 4. Contour map ofp (a) and its Laplacian (b) for the plane

most accurate results. Furthermore, two ring points, with two positive curvatures
Since in the model system the C(gKCHSs) group is free to at the PiN4C, plane and one positive in the perpendicular

rotate, the steric hindrance is lower than iny(Rtmtpo). direction, also appear (points “4”; see Figures 4 and 5 and Table
The contour map of the electronic charge density and its 3).

Laplacian fo{ PLINHCHN(C(CH,)(CHs))]4} in the mean plane The topological analysis of the results obtained with the RHF/

through one of the two eight-memberedPt—N—C—N—Pt— LANL2DZ method (see Table 3) yields similar conclusions.



Pt(ll) Triazaolopyrimidine Bridged Complexes Inorganic Chemistry, Vol. 35, No. 26, 1996835

Conclusions study the oxidation of less sterically hindered molecules, and it

We have shown the ability of @splatinanalogue to build a will be the subject of future reports.
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Furthermore, the unexpected inertness tfwards oxidation _ Supporting Information A\{ailablt_a: An X-ray crystallographic file
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