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Abstract

The complex [Pt(tpy)(Me)]*(BPh4) (tpy = 2,2":6",2"-terpyridine) crystallizes in the triclinic space group P1 with a = 13.463(2)
A, b=13. 618(3) A, ¢=20. 151(4) A, =73, 59(2), p =74.56(3), y =65.82(2)° and Z = 4. The final conventional R factor is 0.035.
In the unit cell a couple of weakly interacting dimers are formed by stack of two [Pt(tpy)(Me)]™ cations in a head-to-tail fashion
with intermolecular Pt--Pt distances of 4.437(1) and 4.931(1) A, respectively. The absorption spectra of [Pt(tpy)(Me)]* (BPh,)~ in
acetonitrile show bands assigned to n—n* and to MLCT transitions. The analysis of the dependence of the spectra on complex
concentration gives a fairly low value for the dimerization equilibrium constant (K; = 180452 M~ ! at 298 K). These fluid
solutions are not emissive. The room-temperature solid-state emission spectra of the salts [Pt(tpy)(Me)]X are strongly dependent
on the counterion (X = BPh; ", Cl—, PF, ClO, , CF;SO;5"). The cationic complex shows a considerable stability upon acidification
and carbonilation in water. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Platinum(II) complexes containing terpyridine are ex-
tensively investigated because of their outstanding spec-
troscopic and chemical properties. They are well-suited
to interact with proteins [1,2] or to intercalate into
DNA [3], oligomerize in solution [3—5] and in the solid
state [3,5-9] showing ligand—ligand and metal-metal
interactions, are good emitters both as solids or in the
fluid state [5,8—12]. The electronic and photophysical
properties of the planar Pt(tpy) molecular fragment can
be tuned through an appropriate choice of the fourth
ligand or of substituents on the terpyridine moiety. In
this context, some years ago we reported the synthesis
and characterization of [Pt(tpy)(Me)]* (1), one of the
few platinum(II) complexes of terpyridine containing a
Pt—C bond [13,14]. We have used a number of physical
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methods, including resonance light scattering measure-
ments, to study the self-aggregation of this compound
in aqueous solution and its interaction with nucleic
acids [13,15]. The aggregative phenomena with biologi-
cal matrices are rather complicated involving the distri-
bution of complex 1 between its free self-aggregated
form in solution, a non-organized aggregation on the
backbone of the polymeric template and, at low drug
loads, intercalative interaction. Highly organized
supramolecular assemblies are formed on o-helical
poly(L-glutamic acid) [16]. Complex 1 is luminescent in
a 4:1(v/v) MeOH-EtOH rigid matrix at 77 K, with an
unstructured luminescent band at 730 nm (z=1 ps)
originating from metal-metal interactions of oligomer-
ized species [17]. We were able to grow single crystals of
the tetraphenylborate salt of complex 1 suitable for
X-ray analysis and here we report its molecular struc-
ture and additional photochemical and chemical mea-
surements to complete the picture of this
organometallic terpyridine complex.

0022-328X/00/$ - see front matter © 2000 Elsevier Science S.A. All rights reserved.
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1.1. Instrumentation

NMR spectra were measured on a Bruker AMX
R-300 spectrometer. UV-vis electronic spectra were
recorded on a Cary 219 or a Hewlett-Packard HP8452
diode array spectrophotometer. A Jasco FP-750 spec-
trofluorimeter equipped with a Hamamatsu R928 pho-
totube was used to obtain luminescence spectra.
Emission maxima are uncorrected for photomultiplier
response.

1.2. Preparation of complexes

The complex trans-[PtCl(Me)(Me,SO),] (2) was pre-
pared according to Eaborn et al. [18] and was purified
by several crystallizations from dichloromethane—di-
ethyl ether mixtures. The tetraphenylborate salt
[1](BPh,) was prepared according to a published
method [13], by reacting 2 with tpy in methanol and
adding NaBPh, to precipitate the compound.

1.3. [Pt(tpy)(Me)](BPh,)
Anal. Calc. for C, H,BN;Pt;: H, 4.49; C, 63.0; N,

Table 1
Crystal data and structure refinement for compound [1]BPh,

Formula C,4oH34BN;Pt

Molecular weight 762.60

Data collected 296
Temperature (K)

Crystal system Triclinic

Space group P1

a (A) 13.463(2)

b (A) 13.618(3)

¢ (A) 20.151(4)

o (°) 73.59(2)

B 74.56(3)

7 ) 65.82(2)

v (A3) 3184.9(11)

Z 4

Peate. (& cm ™) 1.590

u (cm™1 44.39

Radiation Mo-K,, (graphite monochromated

4 =0.71079 A)
Measured reflections +h, +k, +1
0 range (°) 3.0<0<25.0

No. of independent data 11128

No. of observed T414[|F,|>4.05 (|F|)]
reflections ()

Transmission coefficients  0.5341-0.9987

No. of parameters refined 819
(n,)

R, R? (observations,
reflections)

R, R? (all data) 0.0752, 0.1065

Goodness-of-fit 1.022

0.0346, 0.0908

* R=X(F,— (1/k)F))/Z|F,).
b Rﬁ. =[= w(Ff,—(l/k)Fﬁ)z/Z w|F§,|2]; GOF: [X w(Fg—(l/k)Fg)z/
(n,—n )"

5.51. Found: H, 4,56; C, 62.3; N, 5.54. '"H-NMR (0.01
M in dmso-dy): ¢ 8.88 (3Jpyy = 50.9 Hz, H,); 8.60 (H,,
H,); 8.52 (Hy); 8.44 (Hj); 7.85 (*Jpus =20.0 Hz, H,);
7.17-6.77 (phenyl groups); 1.10 (*Jpyy = 74.0 Hz, CH;)
[19].

The compounds [1]C1 (3), [1]J(PF,) (4), [1]J(CF5SO;)
(5) and [1](ClO,) (6) were prepared as reported else-
where [13,14].

1.4. X-ray data collection and structure refinement

Crystals of [Pt(tpy)(Me)]|BPh, (1), suitable for X-ray
diffraction study, were grown by slow evaporation of
concentrated methanol solutions. A pale orange crystal
of [1](BPh,) was mounted on a CAD4 diffractometer
that was used for the unit cell and space group determi-
nation and for data collection. Unit cell dimensions
were obtained by least squares fit of the 20 values of 25
high order reflections. Selected crystallographic and
other relevant data are listed in Table 1 and in Table S1
in Section 3. Data were measured with variable scan
speed to ensure constant statistical precision on the
collected intensities. Three standard reflections were
used to check the stability of the crystal and of the
experimental conditions and measured every hour; no
significant variation was detected. Data were corrected
for Lorentz and polarization factors using the data
reduction programs of the MOLEN crystallographic
package [20]. An empirical absorption correction was
also applied (azimuthal (V) scans of three reflections
having y > 85°) [21]. The standard deviations on inten-
sities were calculated in terms of statistics alone, while
those on F, were calculated as shown in Table 1.

The structure was solved by direct and Fourier meth-
ods and refined by full matrix least squares, minimizing
the function [E w(F?2 — (1/k)F?)?]. Anisotropic tempera-
ture factors were used for all atoms. The contribution
of the hydrogen atoms, in their calculated position, was
included in the refinement using a riding model (Uy =
1.5 x U (bonded atom) A2). No extinction correction
was deemed necessary. The scattering factors used,
corrected for the real and imaginary parts of the
anomalous dispersion, were taken from the literature
[22]. Upon convergence the final Fourier difference map
showed no significant peaks. All calculations were car-
ried out by using the PC version of the SHELX-97
programs [23].

2. Results and discussion

2.1. Crystal structure

An ORTEP view of compound 1 is given in Fig. 1,
while selected bond distances and angles are listed in
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Fig. 1. ORTEP view of one of the two crystallographic independent
molecules (Molecule 1). Thermal ellipsoids are drawn at the 50%
probability level.

Table 2 .
Selected bond distances (A) and angles (°) for the two crystallograph-
ically independent molecules [1]

Molecule 1 Molecule 2

Bond distances

Pt-N1 2.008(5) 2.016(5)
Pt-N2 1.976(4) 1.976(5)
Pt-N3 2.003(5) 2.014(5)
Pt-Clm 2.039(6) 2.054(7)
C5-C6 1.477(8) 1.430(9)
C10-C11 1.475(8) 1.467(9)
Bond angles

N1-Pt-N3 160.8(2) 160.6(3)
N2-Pt-Clm 179.03) 176.8(3)
NI1-Pt-N2 80.1(2) 80.2(3)
N1-Pt-Clm 99.6(3) 99.8(3)
N3-Pt-N2 80.7(2) 80.5(2)
N3-Pt-Clm 99.6(3) 99.6(3)

Table 2. The crystal structure consists of discrete,
square planar [Pt(tpy)(Me)]* and [BPh,]~ units. There
are two independent molecules in the unit cell (Fig. S1
in Section 3). Each cationic moiety interacts with an-
other cationic unit (related by an inversion center) thus
giving rise to a weakly interacting dimer in a head to
tail arrangement. The best planes, calculated through
the platinum atom, carbon atom and terpyridine ligand
for these two adjacent units lie 3.42 A apart. This
distance is well within the value (3.8 A) normally
associated with a significant t—7 interaction. The two
independent dimeric units have different Pt:--Pt separa-
tions, 4.437(1) and 4.931(1) A, respectively. The overall
packing is such that the two dimers related by symme-
try are isolated from the other units by the surrounding
tetraphenylborate anions. The coordination geometry
in the two independent molecules in the unit cell is very
similar: the differences in distances and angles being
within the Estimated S.D.s. The only significant differ-
ence is that, in one of the two molecules, the square
planar coordination presents a small tetrahedral
distortion.

The immediate coordination sphere around the plat-
inum contains the three nitrogens of the tpy ligand and
the carbon of the methyl group. The Pt—C bond length
(av. 2.047(9) A) is in the range of values reported for a
number of platinum(Il) complexes [24]. The essential
features of the tpy coordination sphere appear to be
similar to those observed for other Pt(tpy) complexes,
except for the Pt—N(2) bond distance (av. 1.976(4) 1&)
(the nitrogen in trans position to the strong c-donor
Pt—C bond). This is shorter than the bond to either of
the other two nitrogens Pt-N(1) (av. 2.012(6) A) and
Pt—-N(3) (av. 2.009(8) A) but is significantly longer than
the distances usually reported for the bond between
platinum and the central nitrogen, because of the
strong trans-influence of the opposite methyl group.
The dimeric molecular structure of [Pt(tpy)(Me)]" is
rather different from that of the analogous palladium
compound [25], made up by discrete cations and an-
ions, but shows strict similarities with the structure of
the complex cation [Pt(tpy)(CH,NO,)]* [8], including
the head-to-tail arrangement of the Pt, units (Pt-Pt =
3.4039(4) A), the Pt—C bond distance of the carbon
bonded nitromethyl group (2.076(6) 1&) and the long
Pt-N(2) bond distance (1.973(5) A). A survey of the
molecular structures of the [Pt(tpy)L]X complexes de-
termined so far, indicates that the extent and the type
of intermolecular interaction between the cationic moi-
eties depend, among others, on the nature of the fourth
ligand L and of the counteranion X. For example, the
molecular structure of the salts [Pt(tpy)(OMe)](BPh,)
[10] and [Pt(tpy)(OH)](C10,4)-H,O [26] is constituted by
discrete cations and anions, while n—m stacking interac-
tions between aromatic rings are dominating in the
crystal packing of the salts [Pt(tpy)(dpt)](ClO,) [7]
(dpt = 1,3-diphenyltriazine) and [Pt(tpy)(mid)](ClO,),
[6] (mid = 1-methyl-imidazole) and, besides the two
organometallic complexes discussed above, dimers
stacking in a head-to-tail fashion are exhibited by the
perchlorate [5] and the triflate [9] salts of [Pt(tpy)CI]*
(Pt—Pt distance = 3.269(1) and 3.329(1) A, respectively).

2.2. Absorption spectroscopy

The complex [1](BPh,) dissolves in acetonitrile to
give pale yellow solutions. At low concentrations, the
absorption spectrum (Fig. 2) shows well-resolved peaks
at 408 nm (¢=2300 M~' cm "), 337 (11950), 325
(10780), 313 (12780), and 270 (31150) which agree well
with the data reported for the cationic complex in water
[13] and in a 4:1 MeOH-EtOH mixture [17]. The
maxima in the range of 310-340 nm are assigned to
n—m* transitions of the coordinated tpy ligand and the
band at 408 nm is assigned to a metal-to-ligand charge-
transfer (CT) transition, in analogy to previous assign-
ments for other [Pt(tpy)L]X complexes [5,9,10,17]. On
increasing the concentration, the position of the peaks
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remains almost unchanged but the absorption depen-
dence on the complex concentration becomes non linear
(see the inset in Fig. 2 for absorption data taken at 313
nm). The curvature in the Beer’s law is interpreted as
being due to aggregation of 1 in concentrated solutions.
The linear region, at relatively low concentrations, is
assumed to be due to the presence of monomeric
[Pt(tpy)(Me)]* only. Using the value of g, = 12780
M ~! cm ! calculated from the linear plot, we obtained
values for the molar absorptivity of the dimer, &, =
9100 + 612 M~ ! cm ! at 313 nm and the constant for
the equilibrium [D]/[M] [2], K; =180+ 52 M ! at 298
K. The equation used for the curve fitting, derived from
A = 5[] + &p[D] and [D] = ([Pt], — [M])/2 is

Ay — A = (e — ep)(@Ky[Pt]y + 1 —

1+ 8K [Pt)/8K, (1
where [Pt], is the total concentration of complex and
Ay = ep[Pt]o.

The extent of aggregation of 1 in acetonitrile is by far
less than that found in water (Ky; =10 x 10> M !, from
UV-vis experiments) [13]. The lower dielectric constant
of the former disfavors the formation of a dicationic
dimer. A similar effect has been observed by Gray et al.
[4] on comparing the extent of the aggregation of
[Pt(tpy)CI]* in dimethylformamide and water. Evidence
for extensive aggregation in water of 1 came also from
the dependence of the 'H-NMR spectra on complex
concentration (K; =26 x 10° M~ !, from 'H-NMR ex-
periments), comparable to that reported by Lippard
[3b] for [Pt(tpy)(SCH,CH,OH)]™ (K;=6 x 10> M~").
The observation of a large chemical shift change, espe-
cially for the methyl resonance, suggested that the
structure in solution is like that in Fig. 1, with a parallel
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Fig. 2. Electronic spectrum of [1]J(BPh,) in acetonitrile. In the inset:
Beer’s law experiments in acetonitrile. The line marked ¢&;,; = 12 780
defines Beer’s law behavior for [1](BPh,). The empty squares repre-
sent the experimental data and the line passing through the points is
the theoretical curve obtained for the dimerization model with ¢, =
9100 + 612 M~ ' cm~ ! at 313 nm and Ky =180+ 52 M ~ ! at 298 K.

disposition of two planar units driven by m-stacking
interactions between the aromatic moieties of the ter-
pyridine ligand.

2.3. Fluid and solid-state emission spectroscopy

Solutions of [1]X (X =BPh,, Cl—, PF,, CF;SO;,
ClO, ) complexes in degassed acetonitrile at room tem-
perature exhibit a barely detectable emission band at
650 nm. Thus, [Pt(tpy)(Me)]™", like the parent monoca-
tionic [Pt(tpy)CI]* [9,12] and [Pt(tpy)(X)]"* (X =Br, I,
N;, NH;) complexes, shows no significant photolu-
minescence intensity at room temperature in acetoni-
trile. This stands in contrast with the photo-
luminescence  observed in fluid solution for
[Pttpy)(X)]" (X =NCS, OMe, OH) [10] or for the
[Pt(4'-R-tpy)CI] " series [9]. In some cases the lack of
emission was attributed to the probable presence of
low-lying d—d excited states, which can be easily popu-
lated by thermal activation, providing efficient deacti-
vation pathways via molecular distortion [10,27].

The color of the solid samples of [1]X changes with
the nature of the counter-ion X, being pale yellow for
the hexafluorophosphate, triflate and perchlorate salts,
whereas the chloride and the tetraphenylborate are
orange. This in line with a number of reports indicating
that the solid-state properties of the [Pt(tpy)L]X salts
are strongly dependent on the nature of the ligand L,
on the counter-ion, the solvent and the synthetic path-
way. In particular, the range of colors of the
[Pt(tpy)CI]X salts seems to be due to the extent of
metal-metal separation, and to the degree of oligomer-
ization in the solid state [5]. Bailey et al. [5] examined
the low-temperature solid-state luminescence of salts
containing the [Pt(tpy)CI]" moiety and concluded that
the emission energy varied with the counterion (CI—,
PF., CF;S0;, ClO; ). Likewise, microcrystalline sam-
ples of [1]X salts are emissive and their solid-state
luminescence data at 300 K are reported in Table 3.
Both the chloride and the hexafluorophosphate salts
evidence a strong intensity, broad and structureless
emission band at wavelength longer than 600 nm. The
triflate and the tetraphenylborate display a medium

Table 3
Uncorrected emission maxima for [1]X solids at 300 K

X Jmax (M) Color of [11X
Cl~ 650 Orange *
PFg 640 Yellow ®
CF,S05 505 Yellow ®
B(CGHS); 530 Orange b
ClOo; 660 © Yellow ?

 Precipitated from dichloromethane—ethyl ether.
® Precipitated from methanol.
¢ Very weak emission intensity.
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intensity feature at about 520 nm. On the contrary, the
emission band of the perchlorate salt is rather weak,
broad and centered at 660 nm. The interpretation of
these data is not straightforward. It has been reported
that the shape and the position of the emission peak are
significantly related to the Pt-Pt distance, to the extent
of m—m stacking between the aromatic moieties and to
the nature of the counter-ion [5,9,11,27]. According to
this view the emission data for the pair chloride—hex-
afluorophosphate would suggest a similar structure in
the solid state as for the pair triflate—tetraphenylborate.
For this last pair, the emission occurring at a signifi-
cantly higher energy should arise from isolated
monomers of [1]. This result is consistent with the
rather long Pt—Pt distance found in the crystal packing
of the tetraphenylborate salt. However, such a conclu-
sion requires further verification since in platinum(II)
terpyridine complexes, energy migration to defects or
trap sites can affect the room temperature emission
bands [28].

2.4. Chemical behavior in aqueous solution

Within the series of complexes examined, those hav-
ing ClI~ and ClO; as counterions are the most soluble
in water. Spectrophotometric and NMR evidences indi-
cate a cationic aggregation to form dimers in a head-to-
tail conformation and oligomers, at the highest complex
concentration [13]. These aqueous solutions are stable
for weeks at room temperature. The chemical inertness
of the [Pt(tpy)(Me)]* molecule towards hydrolysis and
nucleophilic substitution is at the basis of its use as
intercalator for nucleic acids. This inertness stands in
contrast with the extreme lability of chloride in
[Pt(tpy)CI]* for which, kinetic studies of halide substi-
tution in methanol, show rate enhancements of five to
six order of magnitude with respect to the complex
containing 1,5-diamino-3-azapentane (dien) as chelating
ligand [29].

On adding hydrochloric acid 0.5 M to an aqueous
solution of [1]Cl (2.0 x 10 =% M) the spectral changes
observed in the UV-vis spectrum exhibit three isosbestic
points and the final spectrum corresponds to that of
[Pt(tpy)CIJCl. The process goes to completeness in
about 20 min at 298 K. Thus, the Pt-C bond cleavage
requires the addition of fairly high amounts of acid to
occur in water. The plots of the absorbance, at selected
wavelengths, against time have a sigmoidal shape. This
phenomenon is associated to the presence of the
dimer—monomer equilibrium in water. On decreasing
the concentration of complex to 0.4 x 10 ~°> M not less
than 90% of [1] is in the monomeric form, and the
kinetics obey a first-order rate law until well over 90%
conversion into [Pt(tpy)CI]Cl. The second-order rate
constant at 298 K and u=0.5 M is ky=10x 102
M ' s~ ! and is nine orders of magnitude slower than

that reported for the protonolysis of cis-
[Pt(PEt;),(Me),] in methanol [30]. A detailed kinetic
study of the protonolysis of [Pt(N-N-N)(Me)]*
(N-N-N = substituted tpy and dien) complexes in wa-
ter is currently underway and the results will be pub-
lished elsewhere.

The reaction of [1]CI with CO has been carried out in
D,0 solution at room temperature. After 24 h reaction
time, the "H-NMR analysis of the final equilibrium
mixture showed the presence of a large amount of
unreacted material and acetone as the only organic
product. Unsoluble tpy and metallic platinum separated
out from the solution. These results, together with the
observation that diluted aqueous solution of [1]CI ap-
pear to be completely unreactive toward carbonylation,
leads to wonder to what extent platinum dimers can
promote carbon monoxide uptake and offer a suitable
site for the coupling of the organic fragments in the
formation of acetone. Carbon monoxide adds to
[Pt(N-N)(Me)Cl] (N-N = a,o'-diimine ligands) to af-
ford neutral five-coordinate [Pt(N-N)(Me)(CO)CI] or
cationic four-coordinate [Pt(N-N)(Me)(CO)]*, depend-
ing on the steric crowding of the N,N-ligand [31].
Carbonyl for chloride substitution occurs on carbonyla-
tion of cyclometallated [Pt(N-N-C)CI] complexes [32].

In conclusion, the [Pt(tpy)(Me)]* cation in water
shows a remarkable inertness toward nucleophilic and
electrophilic attacks, and toward carbonyl insertion
into the Pt—-CH, bond. The role played in these reac-
tions by oligomerization of the complex in water re-
main to be clarified.

3. Supplementary material

Fig. S1 showing the unit cell of compound [1](BPh,)
and tables giving complete crystallographic data, bond
distances, bond angles, anisotropic thermal parameters,
and hydrogen atom coordinates (19 pages).
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