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Platinum(ll) and Palladium(ll) Complexes Supported by Bidentate Triazolopyrimidine
Ligands
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The formation of the mononuclear Pt(ll) compoutig{Pt(NHz)(HmtpoN3),](NO3)2:2H,0 (1) (Hmtpo = 4,7-
dihydro-5-methyl-7-oxo[1,2,4]triazolo[1,8}pyrimidine) upon reaction of Hmtpo with cisplatin is reported.
Subsequent reactions &fwith Pd(Il) electrophiles of the type [Pd(agi.0O);](NO3), ((am) = en, bpy) in
neutral aqueous media afford heterobinuclear complexes of formulag]{Rith-mtpoN3,N*),Pd(am)](NO3)s,
where (am) = bpy 2) and en 8). On the other hand, reaction @fwith the platinum electrophile [Pt(bpy)-
(H20),]%" yields the binuclear compound [(mtp¢) (NH3)-Pt{-mtpo-N3,N*)Pt(bpy) (OH)](NQ)-6H,0 (4). The
compounds have been structurally characterized by 1-D andr2IMR spectroscopy and X-ray crystallography
(1, 2, and4). Compoundl crystallizes in the triclinic space gro®i with unit cell dimensions = 7.859(1) A,
b=11.811(2)c = 12.986(2) Ao = 73.69(1}, B = 84.53(1}, y = 85.80(1}, andZ = 2. Compound crystallizes

in the monoclinic space group2s/c with unit cell dimensionst = 13.752(1) Ab = 12.5658(8) Ac = 19.215-

(1) A, p=118.08(13, andZ = 4. Compoundt crystallizes in the triclinic space gro®d with unit cell dimensions
a=10.282(2) Ajb = 14.133(3) A,c = 14.794(3) A,a. = 110.63(3}, B = 97.83(3}, y = 108.48(3}, andZ =

2. The structure of consists of mononucleais{Pt(NHs)>(Hmtpo-N3),]2" cations, in which the Hmtpo ligands
are coordinated through N(3) in a monodentate fashion. In compautwlo mtpo moieties bridge the metal
centers through N(3) and N(4), giving rise to a1Pd separation of 3.083(1) A. On the other hand, only one
bridging mtpo moiety is present iy which accounts for a lengthening in the-W separation to 3.337(1) A.
The environment around the metal centers consists of four nitrogens, except for one Pt nucleus in ca@mpound
which presents a rare example of a terminal OH group. TFh&IMR studies show clearly that these structures
are retained in solution. Finally, a bidentate bridging mode through N(1)/N(3) is postulated for the species generated
in solution by the reaction of with the electrophile [Pt(Nk)2(H20),]2", which may lead to tetranuclear or
polymeric species.

Introduction In a previous papéer,we reported the synthesis, structural
) ] o ) characterization, and study on the nature of the Ptinteraction
Direct metal-metal interaction in dimeric and polymeric iy the binuclear complex [Ru-mtpoN3,N4),] (mtpo = 4,7-
platinum(il) compounds is a subject of current interest. Such gihydro-5-methyl-7-oxo[1,2,4]triazolo[1 Apyrimidinate), which
species can be formed from reaction of the anticancer drugijs formed upon condensation of twas-[PtCl(HmtpoN3);]
cisplatint with different amidate ligands and related com- monomers. The presence of four bridging mtpo moieties in
pounds: The association of platinum units to form dimers  this complex gives rise to a very short-fRt contact, of 2.744-
appears also to be a key step in the formation of the “platinum (2) A. However, in spite of its short intermetallic separation,
blues”? Furthermore, there is also interest in the formation thijs compound was found to be inert toward oxidation to a
of Pd(ll) analogue$, which are more difficult to oxidize,  mixed-valence compound. This fact has been attributed to the
although mixed-valence compounds have been reported in a fewsteric effect of the methyl group of the mtpo moieties, which

cases. appears to prevent nucleophiles or electrophiles from approach-
ing the metal centers, hence hindering the oxidation process.
;Corresponding author. E-mail: jsalas@goliat.ugr.es. In this paper, we report the reactivity of the mononuclear
Abstract published il\dvance ACS Abstractdune 1, 1997. i 3 .
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Scheme 1
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(NOs), ((am) = (NHs),, bpy) yields the binuclear compound
[(mtpo-N3)(NH3),Pt(mtpoN3,N*)Pt(bpy)(OH)] NG and a spe-
cies that could not be isolated, for which the cyclic tetranuclear
structure [P#{NH3z)g(mtpoNL,N3),]4" is proposed.

Experimental Section

Reactants and Methods. cis{PtCl(NH3),] was purchased from
Aldrich Chemical Co. or prepared by a modification of Dhara’s
method’ [PtCly(bpy)] g [PdCkL(bpy)], and [PdCGl(en)P (bpy= 2,2-
bipyridine; en= ethylendiamine) were prepared by standard literature
methods and transformed to their respective aquated species
treatment with AgN@in the dark. 4,7-Dihydro-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 wer:
obtained from commercial sources. All experiments were performed
in air.

Preparation of [Pt(NH 3)2(Hmtpo),](NO3)2:2H,0, 1. A solution
of Hmtpo (4 mmol in ca. 25 mL of water) was mixed with a solution
containingcis{Pt(NHz)2(H20),]%" (2 mmol in ca. 10 mL of water).
The resulting colorless solution was kept at°4Dfor 4 days, in order
to ensure complete reaction. The solution was then concentrated to
10 mL, giving a precipitate of colorless crystals, which were rinsed
with a small amount of water and air-dried. A smaller fraction of
crystals was recovered in the following 2 days. Yield: 57%. Anal.
Calcd (found) for GoH2oN1,0:0Pt: C, 20.9 (20.8); H, 3.2 (3.3); N, 24.4
(24.3); Pt, 28.3 (28.9). IR (selected bands in&mn 1385 vs, 1535 s,
1585 vs, 1640 vs, 1720 vs, 3250 s, 3405 s.

Preparation of [Pt(NH 3)2(#-mtpo).Pd(bpy)](NOs),:3H-0, 2. To
an aqueous solution df(0.500 mmol in ca. 10 mL) was added a warm
solution of [Pd(bpy)(HO)2](NOs), (0.500 mmol in ca. 20 mL of water),
after which the pH was adjusted to 7.5wit N NaOH. The resulting
orange solution was kept at 2& for 48 h in order to complete the
reaction. Subsequent concentration of the solution gave yellow crystals
of 2, which were washed with water. The compound slowly alters on
exposure to air. Yield: 46%. Anal. Calcd (found) fogB30N14011-
PtPd: C, 27.3(27.1); H, 3.1 (2.7); N, 20.2 (20.4). IR (& 770 m,

830 m, 1385 vs, 1420 s, 1540 vs, 1590 m, 1680 vs, 3250 s, 3420 s.

Preparation of [Pt(NH 3).(u-mtpo).Pd(en)](NOs),-2H,0, 3. This
complex was prepared using the procedure described above. for
In this case, yellow crystals a8 were obtained, which also alter
slowly on exposure to air. Yield: 47%. Anal. Calcd (found) for
CiHoN14010PtPd: C, 18.0 (18.1); H, 3.6 (3.9); N, 21.2 (20.8). IR
(selected bands in crh); 1385 vs, 1420 s, 1535 vs, 1590 m, 1675 vs,
3215s, 3440 s.

Preparation of [(mtpo)(NH 3)-Pt(z-mtpo)Pt(bpy)(OH)I(NO3):-
6H,0, 4. The mixture of a warm aqueous solution of [Pt(bpy)Ch]-
(NOs3); (0.666 mmol in ca. 80 mL) with a solution df (0.666 mmol
in ca. 10 mL of water) and subsequent neutralization with NaOH (1

byl
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Center of the University of Granada. Infrared spectra were recorded
in the 4000-180 cn1t range on a Perkin-Elmer 983G spectrophotom-
eter, using KBr and polyethylene pellets. TG diagrams were obtained
on a Mettler TA-3000 instrument equipped with a Mettler TG-50
thermobalance at a heating rate of 20 K mijrusing an atmosphere of
pure air (100 mL mint). 1-D and 2-D'H NMR spectra were recorded
in D,O with TSP as internal standard on a Bruker AM-300 FT NMR
spectrometer at the Instrumentation Center of the University of Granada.
X-ray Crystallography. Relevant crystallographic data and details
of refinement for compoundk 2, and4 are presented in Table 1. The
crystals were mounted on a Stoe-Siemens STADI-4 diffractometer. In
the case of4, it was necessary to seal the crystals in a Lindemann
capillary with a few drops of the mother liquor. The data were corrected
for Lorentz and polarization effects, and an empirical absorption
correction { scans) was applied. The structures were solved by heavy-
atom and Fourier methods using the SHELXTL PLUS program
package? Full-matrix least-squares refinement Brwas performed.
on-hydrogen atoms were described with anisotropic thermal param-
eters. In the case of compountlend4, the final refinements were
performed onF2 by means of the SHELX-93 prograth.
e Compoundsl and4 showed disorder involving a nitrate anion and
an interstitial water molecule. The disorder was modeled by considering
two positions for each of these groups, with subsequent refinement of
occupancy factors.

Results and Discussion

The reaction otis{Pt(NHz)2(H20),]?" with Hmtpo in a 1:2
ratio yielded the mononuclear compourig{Pt(NHz)>(Hmtpo-
N3)2](NO3)2-2H,0 (1), which was used as precursor for the
preparation of the subsequent binuclear compounds.

Structure of cis{Pt(NH 3)2(Hmtpo-N3);](NO3),-2H,0 (1).
The structure is composed of mononucleas{Pt(NHs),-
(Hmtpo-N3);]2* cations, nitrate anions, and two crystallization
water molecules. The cation @fis depicted in Figure 1, and
selected interatomic distances and angles are presented in Table
2. The four nitrogen ligands adopt a nearly ideal square planar
geometry about the platinum atort@.05 A), with the ligands
in a cis configuration, which is consistent with the preparation
method, binding of Hmtpo taking place via N(3). The-Rt
bond distances compare well with those found in the literature
for cisplatin complexes with similar heterocyclic ligands such
as nucleobasés.

The Hmtpo ligands dispose inhead to tailorientation which
is the most usual feature found in cisplatin adducts with similar
heterocyclic ligand$?® However, it should be noted that the
substitution of the NBIgroups by chlorine ligands, together with
the formation of a water bridge via hydrogen bonding between
the two Hmtpo ligands igis{PtClL(HmtpoN?3),]-2H,0,* leads
to the stabilization, in the solid state, of the correspondtiead
to head atropoisomer. This observation shows that small
energetic contributions such as those due to hydrogen bonding
or crystal packing may lead to the stabilization of different

N) gave an orange-red suspension. The resulting reaction mixture wasatropoisomers>16so the energy difference between them must

stirred at 5C°C for 24 h and then filtered to eliminate unreacted starting
materials. The subsequent concentration to 4 mL, followed by filtration,
gave a red solution which produced a small amount of extremely
air-sensitive orange-red crystals. X-ray-quality crystals4ofvere
obtained by slowly lowering the temperature of a 8D aqueous
solution of4 (14 mg in 0.5 mL). Yield: 4%. Subsequent attempts to
improve the yield of the reaction were fruitless. Anal. Calcd (found)
for CoHs7N1301.PL: C, 24.8 (24.4); H, 3.5 (3.5); N, 17.1 (17.1). IR
(selected bands in cr®): 765 m, 820 m, 1350 s, 1385 vs, 1422 s,
1524 vs, 1545 vs, 1650 vs, 1665 vs, 1680 vs, 3430 s.
Instrumentation. Elemental analyses for C, H, and N were
performed on a Fisons-Instruments EA-1008 at the Instrumentation

(7) Dhara, S. CIndian J. Chem197Q 8, 193.
(8) Trotscher, G. Ph.D. Thesis, Dortmund UniveTtitk990.
(9) Hohmann, H.; van Eldik, Rinorg. Chim. Actal99Q 174, 87.

be likewise small.

(10) Sheldrick, G. MSHELXTL PLUS Program Package for the Solution

of Crystal StructuresRelease 34; Siemens Analytical X-Ray Instru-

ments Inc.: Madison, WI, 1989.

Sheldrick, G. M.SHELX-93; University of Gadtingen: Gitingen,

Germany, 1993.

(a) Schibhorn, H.; Raudaschi-Sieber, G.; Mer, G.; Thewalt, U.;
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Table 1. Crystallographic Data and Details of Refinement
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1 2 4
formula G2H22N 1204 0Pt GooH26N1404PdPt GoH37N13012PY
fw 689.51 932.1 1065.83
crystal system triclinic monoclinic triclinic
space group P1 P2;/c P1
a, 7.859(1) 13.752(2) 10.282(2)

b, A 11.811(2) 12.566(2) 14.133(3)

c, A 12.986(2) 19.215(2) 14.794(3)
o, deg 73.69(1) 90 110.63(3)
B, deg 84.53(1) 118.08(2) 97.83(3)

y, deg 85.80(1) 90 108.48(3)
V, A3 1150.3(3) 2929.5(7) 1832.3(6)

z 2 4 2

crystal size, mm 0.2 0.15x 0.1 0.3x 0.2x 0.15 0.3x 0.1x 0.1
dealc, g/c? 1.991 2.113 1.932

A(Mo Ka), A 0.710 73 0.710 73 0.710 73
HUMoKa, cmt 62 55 77

F(000) 672 1808 1024

scan Dlw 20lw 20lw

no. of measd reflcns 4347 6756 7517

no. of indep reflcnsRint, %) 4028 (2.45) 5152 (3.05) 5666 (4.66)
no. of obs reflcnsi(> 20(1)) 4134

R2% (I > 20(1)) 5.02 2.95 5.06

Ru,° % (I > 20(1)) 3.21

Ruz,¢ % (all data) 14.32 16.06
goodness-of-fit 1.19 1.04 1.10
largest diff peak and hole; &3 2.125 and-2.630 1.11 and-0.69 1.55and-1.97
no. of params refined 311 425 437

2R= 3 |IFo| = IFell/3|Fol. ® Ry = 3(IIFol — [FclW"?)/3 (|Folw"?), wherew = (¢*(F) + 0.00082) L. ¢ Ruz = [IW[(Fo® — F)F/3 (WFo")]Y2,
wherew = [0?(Fo)? + (0.06(P)?]~* for compoundl, w = [0%(Fo?) + (0.104%)? + 3.2202]* for compound4, andP = (F,? + 2FA)/3.

AN(m

{51b)

Figure 1. Geometry of the cation [Pt(NHL(HMtpo-N3),]2* in 1.

Table 2. Selected Bond Lengths and Angles for

Bond Distances, A
Pt=N(1M) 2.003(9) Pt+N(3A) 2.012(8)
Pt—N(3B) 2.018(8) PEN(2M) 2.035(8)
Hydrogen Bond Distances, A
N(4B)—0O(1W) 2.706 N(1M)-O(3N) 2.964
N(2M)—O(1N) 3.007

Bond Angles, deg
N(IM)—Pt-N(3A)  176.6(3) N(IM)}-Pt—N(3B)  90.6(3)
N(3A)—PtN(3B) 88.0(3) N(IM)Y-Pt=N(2M)  90.7(3)
N(3A)—Pt—=N(2M) 90.9(3) N(3B)y-Pt—N(2M)  176.3(3)
Pt—N(3aA)-C(3aA) 127.0(6) PtN(3B)—C(3aB) 129.5(7)

Chart 1
M
7 7 ’[
1 N//v
3 \3
Me :j \T Mé :l '\ll
a b

The cis{Pt(NHz)2(HmtpoN3),]2* (1) species offers the pos-
sibility of behaving as a donor ligand toward metal ions, since
it provides three available binding sites at N(1), O(7), and N(4),
after deprotonation of the lastKp = 6.3 for free Hmtpo).
However, the soft natures of Pt(ll) and Pd(ll) ions make the
ring nitrogens more suitable as binding sites for these metals
in neutral aqueous media (see Chart 1). The metal ion
coordinates preferentially to N(4), because N(4) is more basic
than N(1), which is consistent with N(#H being the most
stable tautomeric form of Hmtp&. Thus, the reaction ot
with [Pd(am}(H,0),]4" electrophiles ((am)= bpy, en) leads
to the formation, after metal attack on N(4) nitrogens, of
heterobinuclear complexes of formula [(B)bPt{-mtpoNZ,N¥),-
Pd(am)](NO3), ((am), = bpy @), en @)), in which two mtpo
moieties bridge the metal centers (see Scheme 2). The structure
of 2 has been solved by X-ray methods and will be discussed
later.

Our attempts to synthesize the [(BEPt-mtpoN3,N*),Pt-
(am)]?* complexes, which could be regarded as suitable starting

In the crystal, the cations associate in pairs by means of the materials for the formation of the platinum blues, have been
stacking interactions that take place between their Hmtpo rings nsuccessful so far, which may be due to the slower kinetics of

labeled “A” (3.27 A separating the corresponding average
planes) and a weak hydrogen bond of 3.083 A between N(1M)

and O(7A) Fx + 1, -y, —7.
Reactivity of cis{Pt(NH 3),(Hmtpo-N3),](NO3), toward
Platinum and Palladium Electrophiles of the Cisplatin Type.

Pt(ll) compared to Pd(Il). Thus, the reaction bfwith [Pt-
(opy)(H0),]2" does not result in the formation of a binuclear
species analogous to the above mentioned mixedPBt

(17) Kleinpeter, E.; Thomas, S.; Fischer,J5Mol. Struct.1995 355,273.
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Figure 2. Molecular structure and labeling ofs{Pt(NHs).(«-mtpo-
N%,N*)2Pd(bpy)I(NQ)2 (2).

Table 3. Selected Bond Lengths and Angles fr
Bond Distances, A

Pt—Pd 3.083(1) PEN(1M) 2.034(6)

Pt—N(2M) 2.032(7) PEN(3A) 2.018(6)

Pt—N(3B) 2.006(5) Pe-N(1P) 2.011(5)

Pd—-N(1Q) 2.014(5) PeN(4A) 2.064(5)

Pd—N(4B) 2.054(5)

Hydrogen Bond Distances, A

N(1M)—O(5N) 2.930(9) N(2M}-O(2NY 2.979(9)

N(1M)—O(2N) 2.958(9) O(1WH-O(7A) 2.852(9)

N(2M)—O(7BY 2.922(9)

Bond Angles, deg

N(IM)—Pt=N(2M)  91.7(3) N(1M)-Pt—N(3A) 89.8(2)
N(2M)—Pt=N(3A) 178.0(2) N(AM)-Pt=N(3B) 175.8(2)
N(2M)—Pt—N(3B) 88.5(2) N(3A»-Pt—N(3B) 90.1(2)
N(1P)-Pd-N(1Q) 80.7(2) N(1PyPd—N(4A) 172.2(2)
N(1Q)—Pd—N(4A) 94.8(2) N(1Py-Pd-N(4B) 94.3(2)
N(1Q)—Pd-N(4B) 174.8(2) N(4A»Pd—N(4B) 90.3(2)
Pt—N(3A)—C(3aA) 126.3(4) PtN(3B)—C(3aB) 130.9(3)
Pd—N(4A)—C(3aA) 122.1(4) Pe&N(4B)—-C(3aB) 118.4(4)

a Symmetry relations: (iy-x, —y + 1, =z (ii) —x, y + 0.5,—z+
0.5.

Crystal Structure of cis{Pt(NH 3)2(z-mtpo-N3,N*),Pd(bpy)]-
(NO3)2 (2). The crystal structure d is shown in Figure 2. A
selection of interatomic distances and angles is listed in Table
3. The structure consists of binuclegis{Pt(NHz)2(x-mtpo-
N3,N*,Pd(bpy)f" cations, uncoordinated nitrate anions, and a
water molecule of crystallization. In the binuclear cation, two
mtpo moieties bridge the two metal centers, giving rise to a
Pt---Pd separation of 3.083(1) A, which is 0.3 A shorter than
the van der Waals radii suffi. This value is in the same range
as the distances found for other similar doubly bridg&dhétal
complexes? although considerably longer than that found in
the Retrabridged compound,Rt-mtpo-N3,N*) 6 (Pt:--Pt 2.744-

2) A).

The Pt atom is coordinated to two N(3) sites of the mtpo
ligand and to two NH groups, whereas the Pd atom is bound
to a bpy ligand and the two mtpo moieties via N(4). Palladium

binuclear compound, but it appears that the reaction stops beforebinding to N(4) nitrogens is responsible for thead to head

completion, yielding compound (see Scheme 3)4 is a

orientation exhibited by the mtpo moieties (dihedral angle

binuclear compound in which only one mtpo moiety bridges 89.7). The coordination geometry about the metal centers is
the two platinum centers, the structure of which will be discussed square planar with respective deviations of 0.02 and 0.04 A for
subsequently. Furthermore, the monitoring of the reaction of Pt and Pd toward each other. The coordination planes are tilted

1 with cis{Pt(NHz)>(H20)z]2* by 'H NMR spectroscopy shows
that the second platinum center clearly does not bind to N(4),

by 29.5 and minimally twisted about the PPd vector (torsion

as found in the previous cases, but possibly to N(1), which may (18) Bondi, A.J. Phys. Cheml964 68, 441.

lead to the formation of polymeric or cyclic species (see Scheme (19)

4) as a result of the bridging coordination of the mtpo moieties
through N(1)/N(3) ¢ide infra).

(a) Matsumoto, K.; Harashima, K.; Moriyama, H.; Sato,|forg.
Chim. Actal1992 197,217. (b) Micklitz, W.; Riede, J.; Huber, B.;
Mduller, G.; Lippert, B.Inorg. Chem1988 27,1979. (c) Krumm, M.;
Mutikainen, I.; Lippert, B.lnorg. Chem.1991, 30, 884.
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Ciaq)

\ O

Figure 3. ORTEP view and labeling for [(mtpbiF)(NH3)Pt{-mtpo-

N3, N9 Pt(bpy)(OH)](NQ)-6H.0 (4). For clarity, the disordered nitrate
group has been omitted. The thermal vibrational ellipsoids appear
represented at the 30% probability level.

Table 4. Selected Bond Lengths and Angles #r
Bond Distances, A

Pt(1)-Pt(2) 3.337(1) Pt(1yN(1M) 2.03(1)
Pt(1-N(3B) 2.04(1) Pt(1}N(2M) 2.08(1)
Pt(1)-N(4A) 2.08(1) Pt(2)-O(1H) 2.02(1)
Pt(2-N(1Q) 2.03(1) Pt(2} N(1P) 2.04(1)
Pt(2)-N(3A) 2.06(1)
Hydrogen Bond Distances, A
N(1IM)—O(7A) 2.991 N(4B)Y-N(2M) 2.856
N(1M)—O(1W) 3.005 N(2M)-O(1W) 2.945
N(1M)—0O(3W) 2.947 O(1H)Y O(7A) 2.863
O(1H)-0(1W) 2.740 O(1H)-O(6W) 2.855
O(1W)—N(1BY)' 2.876 O(4W)-O(7A) 2.814
O(4W)—-0(2W) 2.752 O(BW)-0O(2W) 2.961
Bond Angles, deg

N(1IM)—Pt(1)-N(3B) 176.3(5) N(IM}-Pt(1)-N(2M) 88.2(5)
N(3B)—Pt(1-N(2M)  91.5(5) N(IM)}-Pt(1}-N(4A) 87.7(5)
N(3B)—Pt(1)-N(4A) 92.6(5) N(2M)-Pt(1)-N(4A) 175.9(5)
O(1H)-Pt(2)-N(1Q)  91.5(5) O(1HYPt(2-N(@P) 172.3(5)
N(1Q)—Pt(2)-N(1P) 80.9(5) O(1H}Pt(2-N(3A)  90.0(5)
N(1Q)-Pt(2-N(3A) 175.4(4) N(PYPt(2-N(3A)  97.5(5)

Pt(2)-N(3A)—C(3aA) 133.0(9)
Pt(1)-N(4A)—C(3aA) 121(1)

a Symmetry relations: (iy-x, —y, —z (i) x+ 1,y, z

Pt(EN(3B)-C(3aB) 129.7(2)

angle N(3»-Pt—=Pd—N(4) of 5°). The overall structure o2
resembles that one found for compounds [@}Rt(u-1-
methyluracilate)Pt(bpy)](NG;)2¢ and [(NHs)2Pt(«-1-methyl-
uracilatejPd(en)](NQ),,1% in which the respective M-M
separations are 2.929(1) and 2.927(1) A.

The packing o shows that there is only one unique direct
inter-binuclear-unit interaction, via a hydrogen bond between
N(2M) and O(7B) Fx, —y + 1, —7 of 2.922(9) A. In this
aspect,?2 differs mainly from the parent compounds [(A)b
Pt(u-1-methyluracilatePt(bpy)](NG;) and [(NHs)2Pt(u-1-
methyluracilatelPd(en)](NQ),, which present a great number
of interunit interactions, ranging from relative short—¥
contacts with hydrogen bonds anet interactions. The lack
of #—u interactions in2 between the planar bpy ligands can
be related to the presence of the methyl groups of the mtpo
entities, which may hinder binuclear units from approaching.

Crystal Structure of [(mtpo- N3)(NH3),Pt(u-mtpo-N3,N%)-
Pt(bpy)(OH)](NO3)-6H,0, 4. A view of the cation in4 is

shown in Figure 3. Selected interatomic distances and angles

are given in Table 4. The structure of the complex is composed
of binuclear [(mtpoN3)(NHz),Pt(u-mtpoN3,N*)Pt(bpy)(OH)T"
cations, a disordered nitrate anion, and six crystallization water
molecules.
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Many features make this compound interesting. Among
them,4 represents only the third example of a Pt(ll) compound
with a terminal hydroxo group characterized by X-ray crystal-
lography?® Also, in contrast to the case of the previously
described heterobinuclear compound, only one mtpo moiety
(noted as A) bridges the two metal centers, whereas the second
mtpo ligand (B) is pendant. Surprisingly, the X-ray structure
showed that the second platinum center Pt(2) binds to N(3) of
the bridging mtpo moiety, whereas Pt(1) binds to N(4). In order
to explain this fact, a migration of Pt(1) from N(3) to N(4),
either in the starting mononuclear compound or in any inter-
mediate product, must take place during the reaction (see
Scheme 3). A mechanism similar to that found for the reversible
isomerization of the head to head Jfet-pyridonate)(en)]?+
species to its head to tail isomer could be invol¢edThis
reaction requires the cleavage, in neutral aqueous medium, of
a typically inert PtN(heterocycle) bond, trans to an amine
group, with a half-life of few hours, through a dissociative
mechanism. The driving force of this reaction has been
attributed to the steric interactions between the en ligands in
adjacent planes. In our case, the interaction between the bpy
and mtpo rings, which is responsible for the long intermetallic
distance (3.337(1) A) in the same range as the van der Waals
radii sum!® may prompt the isomerization process.

The geometry about the platinum centers is square planar
with minimal deviations from the mean square, 0.03 and 0.06
A for Pt(1) and Pt(2), respectively, toward each other. The
coordination planes are tilted by 26.2The bpy and mtpo (ring
B) ligands are stacked, with the ligand planes 3.37 A apart and
parallel to within 3. The coordination planes are considerably
twisted about the Pt(2)Pt(1) vector with a N(3A)Pt(2)—Pt-
(1)—N(4A) torsion angle of 8.8 which is considerably higher
than those found i (5°) and Ps(u-mtpo), (1.8°).6 Thus, it
appears that the rigidity of the binuclear species decreases upon
lowering the number of mtpo bridges. Also, on going from
the monobridged compourdo the dinuclear species containing
more bridging ligands, the metainetal separation decreases
from 3.337(1) A in4 to 3.083(1) A in2 to 2.744(2) A in the
tetrabridged R{u-mtpo)x.5 On the other hand, the intermetallic
distance found i is considerably longer than that found in
other similar monobridged®atomplexes, namely 3.13(2) A for
[Pty(u-azaindolate)(tpy](NO3)3,22 2.9884(7) A for [Pi(u-
canavanine)(tpy)(Cl0,)3,2® 3.070(1), 3.090(1) A for [Ru-
guanidine)(tpy)](ClO4)3,24 and 3.162(3) A for [Pg{u-adenine)-
(2-(5-methylphenyl)-1,10-phenanthrolig®y03.25 This fact
may be due to the higher strength of the-x interactions,
between the auxiliary heterocyclic ligands, in the present set of
compounds.

The terminal hydroxo group O(1hH bonded to Pt(2) is
involved in extensive hydrogen bonding (see Table 4). Thus,
these interactions appear to play an important role in the
stabilization of this group, as found in the previous c&8es,
hindering the facile formation of OH bridgé%. The packing

(20) (a) Britten, J. F.; Lippert, B.; Lock, C. J. L.; Pilon, Porg. Chem.
1982 21, 1936. (b) Arpalahti, J.; SillampaR.; Mikola, M. J. Chem
Soc., Dalton Trans1994 1499.

(21) O’Halloran, T. V.; Lippard, S. dnorg. Chem.1989 28, 1289.

(22) Bailey, J. A.; Miskowski, V. M.; Gray, H. Binorg. Chem1993 32,
369.

(23) Yip, H.-K.; Che, C.-M.; Zhou, Z.-Y.; Mak, T. C. WJ. Chem. Soc.,
Chem. Commuril992 1369.

(24) Ratilla, E. M. A.; Scott, B. K.; Moxness, M. S.; Kostic, N. NMhorg.
Chem.199Q 29, 918.

(25) Suggs, J. W.; Dube, M. J.; Nichols, M.Chem. Soc., Chem. Commun.
1993 307.

(26) (a) Rochon, F. D.; Morneau, A.; Melanson, IRorg. Chem.1988
27,10. (b) Macquet, J. P.; Cros, S.; Beauchamp].Anorg. Biochem.
1985 25, 197.
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Figure 4. Packing of the binuclear units dfalong the crystallographic
b axis, as results of—z interactions of bpy and mtpo ligands.

of 4 is stabilized by intermolecular—z interactions between
the mtpo rings noted as B (separation of 3.60 A) and the bpy
rings (separation of 3.54 A), which gives rise to a strand along
theb axis (see Figure 4). In contrast to the cas@,dbinding

of the Pt(OH)(bpy) entity to N(3) allows stacking interactions
between the bpy rings.

M—M Bonding in Complexes 2 and 4. With respect to
the presence of direct metainetal interactions in compounds
2 and4, which show intermetallic distances in the range-3.0
3.3 A, the literature is still ambiguous. While some authors
regard these contacts as nonbonding in n&loghers consider
them as direct intermetallic bonding interactions, from X-ray
crystallography® Ramar?® and MO ab initio studies®® or
solution behaviof! The thesis of direct metaimetal bonding
interactions, however, appears to have stronger support.

The electronic nature of the participating ligands may have
an important role stabilizing such axial interaction. Thus, Natile
and co-worker® conclude that the participation in the coordina-
tion of ligands with emptyr* orbitals may draw charge from
the filled dz orbitals of the metals and so stabilize the interaction
between the two metal units. Thus, the presence of strong
acidic ligands such as bpy and the mtpO moieties with empty
* orbitals in compounds2 and 4 may contribute to the
stabilization of a favorable metametal interaction.

It should be noted that the displacement of the metal centers

from the square planar geometry in compouB8d@sd4 occurs
always in the direction of the other nucleus (see above). This

observation is consistent with the presence of an attractive

interaction between both nucletfi®2 The final geometry of
the molecule must be, however, the result of a mixture of steric
demands of the bridging mtpo ligands, interligand interactions
in the adjacent coordination planes, and-M bonding interac-
tions.

IH NMR Studies. The 'H NMR data of the studied
complexes are summarized in Table 5 NMR data are very

sensitive to the nature of the complex and are therefore of great

structural value. Thus, Pt coordination to N(3) @ is
responsible for a general downfield shift in the signals of the
Hmtpo moiety, namely Me+0.05 ppm), H(6) 40.12 ppm),
and H(2) ¢-0.24 ppm), this effect being more significative for
the last because of the proximity of H(2) to the Pt nucleus.
Subsequent coordination of an additional metal to N(4) in
compounds2—4 (ring A) is responsible for an additional

(27) (a) Kawamoto, T.; Nagasawa, Y.; Kuma, H.; Kushi,liYorg. Chem.
1996 35, 2427. (b) Teixidor, F.; Sachez, Gl.; Lucena, N.; Escriche,
Ll.; Kivekas, R.; Casahal.J. Chem. Soc., Chem Comm@892 163.

(28) Cini, R.; Fanizzi, F. P.; Intini, F. P.; Maresca, |.; Natile, &.Am.
Chem. Soc1993 115,5123.

(29) (a) Harvey, P. D.; Adar, F.; Gray, H. B. Am. Chem. Sod 989
111,1312. (b) Harvey, P. DCoord. Chem. Re 1996 153,175.

(30) Novoa, J. J.; Aulln, G.; Alemany, P.; Alvarez, . Am. Chem. Soc.
1995 117,7169.

(31) Bailey, J. A,; Hill, M. G.; Marsh, R. G.; Miskowski, V. M.; Schaefer,
W. P.; Gray, H. B.Inorg. Chem.1995 34, 4591.

(32) Aullon, G.; Alemany, P.; Alvarez, S3norg. Chem.1996 35, 5061.
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Table 5. *H NMR Data for the Complexes

Compounds Hmtpo Auxilliary ligands
Me H6 H2
Hmtpo, pD 5.5 246 598 8.20
1,pD 2.7 2.51 6.10 8.44
bpy
H3 H4 HS Hé6
2.pD 7.6 312 6.13 8.52 8.56 844 766 173
en
3,pD7.8 310 6.32 8.53 3.01
4.pD 8.2 ring ring H3 H4 HS H6
A 317 6.49 8.66 Q 8.38 848 794 9.46
B 1.89 5.83 7.50 P 7.99 7.8 695 7.31
S,pD 5.0 252 6.12 8.34

downfield shift in the H(2) resonance-0.08,+0.09, anct-0.22
ppm, respectively, fo2—4) and the H(6) resonancet(.03,
+0.22, and+-0.36 ppm) and a pronounced downfield shift for
the methyl group €0.61, +0.59, and+0.66 ppm) compared

to the case of the monomer. The large downfield shift for the
methyl groups is a consequence of its location over the metal
coordination plane following metal binding to N(4). This
observation is diagnostic of involvement of N(4) in the
coordination of a &8ionf It can also be indicative of a weak
M:-+H interactior?® (M—H separation about 2.6 A), which can
be described as a three-center four-electrorrIN—C interac-
tion,27in contrast to the known three-center two-electron agostic
interactions.

On the other hand, addition of [Pt(N}d(H.O),]2" to a
solution of 1 is responsible for an initially very complex
spectrum which evolves (after 24 h) to a single set of signals
(5). In this last case, only a small upfield shift of H(2)}@.10
ppm) is observed, compared to the case of the precursor
compoundl. We propose that coordination of the second
platinum center takes place through N(1), resulting in a bidentate
bridging mode through N(1)/N(3) for mtpo, which may give
rise to the formation of polynuclear species. From model
building, we postulate the possible formation of the cyclic
tetranuclear cation [EiNH3)g(u-mtpoNL,N3)]4* (see Scheme
4), similar to [(en)Pt(uracilate)f", which was recently reported
by Rauteret al3* Thus, the similarity of the mtpd#,N® bridge
to that of uracilateN',N® may lead to a similar polynuclear
complex. However, in our case, such a compound appears to
be difficult to isolate in the solid state, since concentration of
the solutions yields syrups difficult to characterize.

For complexef—4, additional signals are present in the
NMR spectra that are attributed to the presence of auxiliary
ligands, and for compourd there is a signal attributable to a
second mtpo ligand coordinated through N(3) in a monodentate
mode (mtpo noted as B). TH&l NMR spectrum of2 in the
bpy region indicates the equivalence of the two pyridine rings,
showing the equivalence of the two arms of the binuclear
complex in solution. However, thid NMR spectrum o# is
more complex (see Figure 5), since four different sets of signals
are present (rings A and B of mtpo and pyridine rings P and Q
of bpy). ThelH—1H COSY spectrum enabled us to propose
1H assignments for the bpy ligand (see Figure 5b). The presence
of two sets of signals for the bpy ligand shows the inequivalence
of the two pyridine rings. Moreover, the signals corresponding
to one pyridine ring appear considerably shifted upfield (see
Figure 5b) due to the stacking interaction with the mtpo B ring.

(33) (a) Miller, R. G.; Stauffer, R. D.; Fahey, D. R.; Parnell, D.JRAm.
Chem. Soc.197Q 92, 1511. (b) Albinati, A.; Pregosin, P. S,
Wombacher, Flnorg. Chem199Q 29,1812. (c) Frommer, G.; Lianza,
F.; Albinati, A.; Lippert, B.Inorg. Chem.1992 31, 2434.

(34) Rauter, H.; Hillgeris, E. C.; Erxleben, A.; Lippert, B. Am. Chem.
Soc.1994 116,616.



Pt(ll) and Pd(lIl) Triazolopyrimidine Complexes

—

73 Ne'
e
N SN—PLN
%(NN‘_/-N\:P*MO'
——P\—NH,
NH,
L]
2 2 s
6
a J..A—JL-AJ_J._
ppm 8 6 4 2 0
6 hm L
-4 4 - o z ©: JN [ N
o o
S ? 8o
0
L o1 & & las
0
- 08 ? |-eo
—_—'ﬁj e
ra - 4 jes
) oo
b ppr;\ 315 8‘0 7.'5 70

Figure 5. 'H NMR spectrum (300 MHz, BD, pD= 8.2) (a) andH—

1H COSY in the bpy proton region (b) df The protons corresponding

to the two different mtpo rings appear assigned in (a) (primed signals
correspond to ring B). In (b) the primed signals correspond to ring P.

On the other hand, there are also two sets of signals associate
with the presence of the two inequivalent mtpo moieties. One
set corresponds to a mtpo ligand acting in a bidentate bridging
mode through N(3)/N(4) (mentioned above) and another set of
signals shifted upfield, attributed to the presence of the mtpo

coordinated via N(3) in a monodentate fashion. The pronounced

upfield shift in the mtpo (B) signals (H(2);0.94; H(6),—0.27,;
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Me, —0.62 ppm) is indicative of the strong stacking interaction
with the adjacent bpy ligand. Hence, it can be concluded that
the overall solid-state structure is retained in solution.

Finally, 'TH NMR was used to investigate the possibility of
forming a doubly bridged head to tail binuclear species of the
type [(NHs)2Ptu-mtpo-N3,N*),Pt(bpy)F by a rearrangement
of the mtpO ligands it (see Scheme 3). However, attempts
to achieve this reaction using higher temperatures (up &80
and lower pH (in order to convert the inert OH ligand in a labile
H>0 group with the aim of facilitating its substitution by N(4)
from mtpo (B)) were unsuccessful. We conclude that the strong
stacking interaction between the bpy and mtpo rings and the
steric hindrances may be responsible for the inertnesd of
toward this rearrangement reaction.

Conclusions

We have shown the coordination versatility of the Hmtpo
ligand in the synthesis of polynucleat uhetal complexes. The
formation of binuclear compounds upon actuation of the ligand
in a bridging mode through N(3)/N(4) appears to be thermo-
dynamically favored, whereas the possible formation of cyclic
species upon actuation of the ligand in a bridging mode through
N(1)/N(3) appears to be kinetically favored.

The M---M separation in the binuclear species seems to be
modulated by the number of mtpo bridges, which leads to
intermetallic distances ranging from 2.744(2) A for the tetra-
bridged Pi(u-mtpo), to 3.337(1) A for the monobridgeti The
final geometry of the complexes must be the result of a mixture
of steric demands and electronic nature of the bridging ligands,
interligand interactions in the adjacent coordination planes, and
M—M bonding interactions.

Compound4 may be considered as an intermediate species
in the formation of a head to tail binuclear Pt(ll) species and as
a hydrolytic intermediate in its decomposition, as well.
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