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Several new ruthenium-nitrosyl conjugates with meso-4'pyridylporphyrins, namely the two anionic isomers
[nBuyN][trans-RuCly(4’'MPyP)(NO)] (1) and [nBusN][cis-RuCly(4’'MPyP)(NO)] (2), the two neutral isomers
[mer,trans-RuCl3(4'MPyP),(NO)] (3) and [mer,cis-RuCl3(4'MPyP),(NO)] (4), and the tetraruthenated adduct
[nBuyN]4[4' TPYyP{RuCl4(NO)}4] (5) were obtained by reaction of [nBuyN][trans-RuCly(dmso-O)(NO)] with
4'MPyP and 4'TPyP (meso-4'monopyridylporphyrin and meso-4'tetrapyridylporphyrin, respectively). The
X-ray structures of 2, 4, and 5 are described. Exchange of nBusN " for Na™ eventually led to the water-
soluble tetraruthenated porphyrin Nay[Zn - 4'TPyP{RuCl4(NO)},] (6 - Zn).

Introduction

Synthetic water-soluble porphyrins and metalloporphyrins,
including cationic, anionic and sugar-substituted types, are of
considerable interest for their potential biological and biome-
dical applications. In fact, besides as photosynthetic models,'
they have been extensively investigated in several bio-related
fields, such as: (i) specific DNA binding via intercalation and/
or outside association,” including interactions with quadruplex
DNA and telomerase inhibition;* (ii) chemical or photoche-
mical induced DNA cleavage;’ (iii) photodynamic therapy for
the treatment of cancer,®t exploiting the preferential uptake
and retention of the porphyrins by tumor tissues;’ (iv) anti-
viral activity (including anti HIV-1)® (v) anticancer activity,’
including boron neutron capture therapy of tumors (porphyr-
ins labelled with boron compounds);'® and (vi) acetylcholines-
terase inhibition.!! In addition, water-soluble porphyrins have
been investigated as: (i) models of the iron hemoproteins;'? (ii)
contrast agents for MRI [porphyrins labelled with paramag-
netic metal centers, such as Fe(mr) or Mn(in)],'® for fluores-
cence,'* and for radiological imaging (porphyrins labelled with
radioactive metal centers);'® (iii) biomimetic models for the
metabolic bio-oxidation of drugs and DNA;'® (iv) hypoxic
agents, especially as cytotoxins and radiosensitizers (in parti-
cular when bringing nitro or nitroso functionalities);'” and (v)
artificial peptide receptors.'®

The most commonly used strategies for obtaining water-
soluble synthetic porphyrins involve the attachment of either
hydrophilic or easily ionizable (or altogether charged) func-
tional groups to the periphery of the chromophore, mainly at

+ Electronic supplementary information (ESI) available: "H NMR
spectra of compounds 1 and 2 (CDCls), 5 (CD3NO,), and 6Zn
(CD;0D); perspective view of the solid state structure of 4; ES-MS
and MS-MS spectrum of 6Zn. See http://www.rsc.org/suppdata/nj/b4/
b418855a/.

1 The porphyrins act as photosensitizers and the singlet oxygen that is
formed upon irradiation kills the cells.

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifiqgue 2005

the meso positions. Cationic porphyrins are commonly derived
from meso-tetra(aminophenyl)porphyrin or from meso-tetra-
pyridylporphyrin by protonation of the amino groups or
alkylation of the pyridyl groups, respectively [e.g. tetra(p-N-
methylpyridyl)porphyrin]. Phosphonium and ammonium ca-
tionic porphyrins have also been described.!® Anionic porphyr-
ins are prepared by attachment of —-OH, -COOH, or —-SO3;Na
functions to the aryl groups in meso-tetraarylporphyrins [most
commonly tetraphenylporphyrin, e.g., the widely used tetra
(p-carboxyphenyl)porphyrin  and tetra(p-sulfonatophenyl)
porphyrin].

An intriguing alternative to the above synthetic strategies is
that of coordinating water-soluble (e.g., charged) metal com-
plexes to peripheral sites of the porphyrins. Besides solubilizing
the porphyrin, such fragments would influence its steric re-
quirements and might introduce further useful functionalities
into the system. For example, Brunner and co-workers pre-
pared porphyrin-platinum conjugates with the aim of combin-
ing the cytostatic effect of the platinum fragment and (upon
irradiation) the phototoxic effect of the porphyrin sensitizer.?
In addition, water-soluble porphyrin-Pt(i1) conjugates are ex-
pected to have a greater tumor selectivity as compared to
platinum compounds, by virtue of the accumulation of por-
phyrins in malignant tissues (tumor-targeting properties).?!
The other examples of this kind found in the literature mainly
concern the symmetrical coordination of the peripheral N
atoms of meso-4'tetrapyridylporphyrin (4'TPyP or metallated
4'TPyP) to a number of charged metal fragments, such as:
[Ru(NH3)s]> "2 [Ru(bpy),Cl]",  [Ru(phen),Cl]", or
[Ru(EDTA)]",>® [RuCly(dmso-S)]~ or [RuCly(CO)|~,*
[Fe(CN)s]~,*° [Pt(Lau,dim)(CH3)] " (Lau,dim = didodecyldi-
imine),?® and the hexotic hexanuclear rhenium-selenide cluster
[Reg(p-Se)s(PEDs(MeCN)J> " 27 [Zn - 4 TPyP{Ru(bpy),Cl}a] ©
was found to promote the photocatalytic oxidation of calf
thymus DNA.*® However, not all these charged porphyrins
were found to be soluble in water, their solubility depending
both on the nature of the ligands on the metal fragments and
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on the nature of the counter-ions; for example,
[4'TPyP{Pt(Lau,dim)(CHj3)}4]J(CF5S0O3), is insoluble in water
but soluble in micellar phases,”® and [#nBuyN],[4'TPyP
{RuCly(dmso-S)}4] is soluble in chloroform and dmso, but
not in water.

We have a considerable experience in the use of pyridylpor-
phyrins for the construction of metal-mediated supramolecular
assemblies®® and, recently, we synthesized a series of Ru-dmso
nitrosyls of general formula [Ru(dmso-0),Cls_ (NO)]*~?
(x = 1-5) and investigated their reactivity.’! In particular,
the anionic member of the series, [trans-RuCly(dmso-
O)(NO)] ™, was found to replace selectively the O-bonded dmso
with heterocyclic N-donors (L), yielding complexes of the type
[RuCl4(L)(NO)]~; these products, which are quite stable and
inert, may have either a cis or trans geometry, depending on the
nature of L and the synthetic conditions. Thus, [trans-
RuCly(dmso-O)(NO)]™ seemed a good candidate to be used
as precursor for appending charged [RuCly(NO)]™ fragments
to the peripheral N-atoms of pyridylporphyrins, with the final
aim of obtaining water-soluble products. The presence of the
nitrosyl group on the peripheral fragments introduces some
further advantages: (i) NO is a good reporter group, as its
stretching mode gives a strong infrared absorption band that is
also quite sensitive to the nature of the trans-coordinated
ligand and (ii) porphyrins bearing nitrosyl complexes might
be investigated as controlled NO-releasing agents. Indeed,
thermally stable ruthenium-nitrosyl complexes that might se-
lectively release NO through redox or photochemical activa-
tion for medicinal purposes have attracted considerable
interests.** We demonstrated that mono-electronic reduction
of [Ru(dmso-0),Cls _ (NO)|* =2 complexes and of their de-
rivatives with heterocyclic N-donors induces the rapid release
of NO.3' Light absorption by the porphyrin chromophore
might facilitate the photodissociation of NO (coordinated to
the same metal center), as a consequence of photo-induced
electron transfer.*?

We report here a detailed investigation of the reactivity of
[nBuygN][trans-RuCly(dmso-O)(NO)] towards 4’ MPyP (meso-5-
4'pyridyl-10,15,20-triphenylporphyrin) and 4'TPyP.§ that led
to the isolation and structural characterization of several new
porphyrin-ruthenium-nitrosyl conjugates, including the water-
soluble Nay[Zn - 4'TPyP{RuCl4(NO)}4].

Experimental
Instrumentation

Infrared spectra (KBr) were obtained on a Perkin—Elmer 2000
NIR FT-Raman spectrometer. The IR spectra in solution were
recorded in cells with BaF, (D,O) or NaCl (CH3;NO,) win-
dows. "H NMR spectra were collected at 400 MHz on a Jeol
Eclipse 400 FT spectrometer, with 2,2-dimethyl-2,2-silapen-
tane-5-sulfonate (DSS) as an internal standard for D,O solu-
tions and residual non-deuterated solvent signal as reference
for acetone-dg (6 = 2.04), CD3NO, (6 = 4.33), CD3;0D (0 =
3.30), and CDCl; (0 = 7.26) spectra. Spectra were recorded at
room temperature, unless differently specified. The labelling
scheme of porphyrin protons is reported in Fig. 1 below. UV-
Vis spectra were obtained on a Jasco V-550 spectrometer in
quartz cells (path length 0.1, 1, or 10 mm). Mass spectra were
collected on a ThermoFinnigan LCQ™ DecaXP Plus quadru-
pole ion trap instrument; the spray voltage was set at 5 kV and
the capillary temperature at 50 °C.>* Elemental analyses were
performed at the Dipartimento di Scienze Chimiche, Univer-
sity of Trieste. meso-4'Pyridylporphyrins (4MPyP and
4'TPyP) and the complex [nBuyN][zrans-RuCly(dmso-O)
(NO)] were prepared and purified as previously described.*3!

§ [nBuyN][trans-RuCly(dmso-O)(NO)] is quite soluble in most organic
solvents, including CHCl; and CH,Cl,, the only solvents in which
4'TPyP is also slightly soluble.
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Fig. 1 Schematic drawing of meso-5-4'pyridyl-10,15,20-triphenylpor-
phyrin (4’MPyP) with labelling scheme.

Column chromatography was performed using silica gel 60 A,
230-400 mesh.

Synthesis of the complexes

[nBugN][trans-RuCly (4’ MPyP)(NO)] (1) and [nBuyN][cis-
RuCl(4'MPyP)(NO)] (2). A 0.11 g amount of 4MPyP (0.16
mmol) was added to 0.1 g of [nBuyN][trans-RuCly(dmso-O)
(NO)] (0.16 mmol) dissolved in 25 ml of dichloromethane; the
solution was refluxed for 72 h. According to TLC analysis
(silica gel, CH;CN-CHCI; 1:1), a mixture of two major
products, 1 and 2 (besides some unbound 4'MPyP), was
obtained. Column chromatography of the raw product on
silica gel, eluting with a CHCIl3—CH;CN mixture (9:1) af-
forded, in this order, pure 1 (12%) and 2 (30%). Very similar
results were obtained running the reaction in chloroform at
40 °C for 72 h.

[nBugN][trans-RuCly(4' MPyP)(NO)] - 0.5CHCl; (1). The
product from the column (first band) was recrystallized from
chloroform-n-hexane; yield 20 mg (12%). Ry = 0.82 (silica gel,
CH;CN-CHCI; 1:1). Anal. caled for CsoHgsN,CI;ORu-
0.5CHCl; (Mw): C, 60.0; H, 5.54; N, 8.23; found: C, 58.5; H,
5.62; N, 8.27. "H-NMR (CDCls, ppm): 9.85 (d, 2, H2,6), 8.90,
8.85 (m, 8, HP), 8.25 (d, 2, H3,5), 8.21 (m, 6, 0-H), 7.77 (m, 9,
m + p-H), 3.40 (m, 8, nBu,N "), 1.75 (m, 8, nBuyN "), 1.58 (m,
8, nBuyN™), 1.07 (t, 12, nBuyN ™), —2.81 (s, 2, NH). Selected
IR (KBr, cm™Y): 1872 (vs, vn—o0), 334 (s, vruc1). UV-Vis
(CHCl;, T = 25 °C) Apax/nm (¢ x 1073/dm> mol™! em™"): 421
(311), 517 (17.6), 553 (9.7), 589 (6.9), 645 (5.5).

[nBuyN][cis-RuCly(4’'MPyP)(NO)] - 2CHCl; (2). This pro-
duct was eluted in the second band and was recrystallized
from chloroform-n-hexane; yield 50 mg (30%). Ry = 0.60
(silica gel, CH3CN-CHCIl; 1:1). Anal. caled for
Cs9HgsN;CI,ORu - 2CHCl; (Myw 1369.84): C, 53.5; H, 4.68;
N, 7.16; found: C, 51.5; H, 4.68; N, 7.03. "H-NMR (CDCl;,
ppm): 9.59 (d, 2, H2,6), 8.93, 8.87 (m, 8, HP), 8.27 (d, 2, H3,5),
8.21 (m, 6, 0-H), 7.77 (m, 9, m + p-H), 3.40 (m, 8, nBusN "),
1.75 (m, 8, nBuy,N™), 1.58 (m, 8, nBu,N"), 1.07 (t, 12,
nBugsN™), —2.79 (s, 2, NH). Selected IR (KBr, cm"): 1851
(s, yn=0), 331, 320 (m, vry c1). UV-Vis (CHCl;, T = 25 °C)
Jmax/m (€ x 1073/dm® mol ™" em™1): 421 (387), 516 (20.2), 551
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(10.6), 590 (7.5), 645 (6.2). Crystals suitable for X-ray diffrac-
tion were obtained by slow diffusion of n-hexane into a chloro-
form solution of 2.

[nBusN][cis-RuCly(4’MPyP)(NO)| (2), [RuCl;(4'MPyP),
(NO)] (3), and [mer,cis-RuCl;(4' MPyP),(NO)] (4). A 0.17 g
amount of 4’'MPyP (0.25 mmol) was added to 0.15 g of
[nBuyN][trans-RuCly(dmso-O)(NO)] (0.25 mmol) dissolved in
20 ml of chloroform; the solution was refluxed for 2 h.
According to TLC analysis (silica gel, CHCl3), a mixture of
three major products, 2—4 (besides some unbound 4'MPyP),
was obtained. They were separated by column chromatogra-
phy on silica gel; elution with CHCI; afforded, in the order: 3,
4, and 4MPyP. An increase of the solvent polarity (CHCl;—
EtOH 9:1 mixture) afforded compound 2 (43%)).

[RuCl3(4’'MPyP),(NO)] (3). The product was recrystallized
from chloroform-n-hexane. Ry = 0.95 (silica gel, CHCI;).
Yield: 70 mg (17%). Anal. calcd for CggHsgN;;Cl30Ru-
CHCl; (Mw 1588.28): C, 65.8; H, 3.74; N, 9.70; found: C,
64.9; H, 3.60; N, 9.18. 'TH-NMR (CDCls, ppm): 9.75 (d, 4,
H2,6), 8.99 (d, 4, Hp), 8.96 (d, 4, Hp), 8.88 (m, §, HP), 8.48 (d,
4, H3,5), 8.24 (m, 12, 0-H), 7.80 (m, 18, m + p-H), —2.75 (s, 4,
NH). Selected IR (KBr, cm™'): 1861 (s, vn—o). UV-Vis
(CHCl3, T = 25 °C) Jpmax/am (¢ x 1073/dm® mol™' cm™'):
422 (648), 517 (38.8), 554 (22.7), 591 (14.5), 647 (12).

[mer,cis-RuCl3(4' MPyP),(NO)] (4). The product was recrys-
tallized from chloroform-n-hexane. Ry = 0.64 (silica gel,
CHC];) Yield: 20 mg (5%) Anal. calcd for C86H58N||C13O
Ru-2CHCI; (Mw 1707.66): C, 61.9; H, 3.54; N, 9.02; found: C,
61.5; H, 3.70; N, 8.80. 'H-NMR (CDCl;, ppm): 9.61 (m, 4,
H2,6), 8.90, 8.83 (m, 16, HP), 8.53 (d, 2, H3,5), 8.47 (d, 2,
H3.,5), 8.19 (m, 4, 0-H), 8.16 (m, 8, 0-H), 7.77 (m, 6, m + p-H),
7.71 (m, 12, m + p-H), —2.79 (s, 4, NH). Selected IR (KBr,
em™Y): 1884 (s, vn—o0). UV-Vis (CHCl;, T = 25 °C) Apay/nm
(e x 1073/dm> mol™! em™"): 421 (337), 519 (26.7), 555 (17.7),
592 (12.5), 648 (10.5). Crystals suitable for X-ray diffraction
were obtained by slow diffusion of n-hexane into a chloroform
solution of 4.

[nBuyN]4[(4' TPyP){RuCl4(NO)} 4] (5). To a 50 mg amount of
4'TPyP (0.081 mmol) partially dissolved in 35 mL of CHCl; a
4.5-fold excess of [nBuyN][trans-RuCly(dmso-O)(NO)] (220
mg, 0.37 mmol) was added. The mixture was heated to reflux
for 4 h, until no unbound 4'TPyP was observed by TLC (silica
gel, CHCl;: EtOH 90:10). The product precipitated in the
course of the reaction. The suspension was concentrated and
the product filtered out and washed with CHCI;. Yield: 270
mg. The raw product was further purified on a chromato-
graphic column; elution with a 95:5 mixture CHCl;-EtOH
yielded the pure product: 190 mg (85% yield). Anal. calcd for
C104H170N16C116O4RU4 (MW 268009) C, 466, H, 639, N,
8.36; found: C, 44.3; H, 5.55; N 8.45. "H-NMR (nitromethane-
ds;, ppm): 9.77 (d, H2,6, trans), 9.52 (d, H2,6, cis), 9.20 (v br,
HPB), 8.50 (m, 8, H3,5), 3.25 (m, 32, nBuyN"), 1.72 (m, 32,
nBuysN™), 1.40 (m, 32, nBuyN™), 0.96 (t, 48, nBuyN™); (in
acetone-dg): 9.87 (d, H2,6, trans), 9.65 (d, H2,6, cis), 9.17 (v br,
HB), 8.52 (m, H3,5, cis), 8.48 (m, H3.5, trans), 3.46 (m, 32,
nBusN ™), 1.82 (m, 32, nBugN "), 1.44 (m, 32, nBuyN "), 0.97 (¢,
48, nBuyN ™). Selected IR (CH;NO», cm™Y): 1877, 1867 (s,
Un=0). UV-Vis (CH3NO;, T = 25 °C) Apax/nm (relative
intensity, %): 422 (100), 515 (11.9), 550 (5.9), 589 (5.9), 645
(3.7). Crystals suitable for X-ray diffraction were obtained by
slow diffusion of diethyl ether in a nitromethane solution of 5.

[nBugN]4[(Zn - 4 TPyP){RuCl4(NO)}4] (5-Zn). A 83.5 mg
amount of zinc acetate (0.38 mmol) dissolved in 1 mL of

View Article Online

methanol was added to 204 mg of 5 (0.076 mmol) dissolved
in 10 ml of nitromethane. The reaction proceeded at ambient
temperature and its completion was assessed by UV/Vis spec-
troscopy after 30 min. The reaction mixture was washed with
water to remove unreacted zinc acetate and the organic phase
was dried over Na,SQ,, filtered and evaporated to dryness
under reduced pressure to yield a reddish solid (205 mg, 98%
yield). "H-NMR (nitromethane-ds, ppm): 9.72 (d, H2,6, trans),
9.48 (d, H2,6, cis), 9.18 (s, 8, HP), 8.45 (m, 8, H3,5), 3.25 (m,
32, nBuyN"), 1.72 (m, 32, nBuyN ™), 1.40 (m, 32, nBugN ™),
0.96 (t, 48, nBuyN ). Selected IR (CH3NO,, cm™1): 1879, 1867
(s, yn=0). UV-Vis (CH3NO,, T = 25 °C) Apax/nm (relative
intensity, %): 429 (100), 558 (7.9), 599 (2.7).

Nay[(4' TPyP){RuCl4(NO)}4] (6). A 119 mg amount of
sodium tetraphenylborate (0.34 mmol) dissolved in 2 ml of
nitromethane was added to 50 mg of 5 (0.0174 mmol) dissolved
in 1 ml of nitromethane. The crude product precipitated from
the solution. It was collected on a filter and extensively washed
with nitromethane and diethyl ether, and then vacuum dried.
Yield: 31 mg (90%). Selected IR (D0, cm™!): 1889 (s, Un=0)-
UV-Vis (H,O, T = 25 °C) (Amax/nm (relative intensity, %)):
417 (100), 518 (9.3), 550 (5.5), 584 (5.3), 643 (3.4).

Nay|(Zn - 4 TPyP){RuCl4(NO)}4] (6-Zn). To a 171 mg
amount (0.625 mmol) of 5- Zn dissolved in 6 mL nitromethane,
428 mg (1.25 mmol) of sodium tetraphenylborate dissolved in
5 ml of nitromethane was added. The crude product precipi-
tated from the solution, was collected on a filter and extensively
washed with nitromethane (50 ml) and diethyl ether (10 ml),
then vacuum dried. The complex was recrystallized from
methanol. Yield: 60 mg (52%). Selected IR (D,O, cm™'):
1891 (s, yn=0). By ESI-MS (Fig. 1S, ESI) a relatively broad
peak for [Zn - 4'TPyP{RuCl,(NO)},]*~ at m/z = 443-445 was
observed. In addition, an MS-MS investigation performed on
the 4— parent ion* afforded various ions with charges 3—, 2—,
and 1—, which all correspond to parts of the compound broken
in sensitive places (i.e., [Zn - 4 TPyP{RuCl4NO)};]*~ at m/z =
4999, [Zn-4'TPyP{RuCl,(NO)},]*~ at m/z = 613.3, [Zn-
4'TPyP{RuCl4(NO)}]™ at m/z = 953.2, and [RuCl4(NO)]™ at
mjz = 273.9). "H-NMR (CD;OD, ppm): 9.73 (d, H2,6, trans),
9.50 (d, H2,6, cis), 9.06 (s, 8, HpB), 8.40 (m, 8, H3,5). UV-Vis
(HyO, T = 25 °C) Amax/nm (¢ x 1073/dm* mol~' em™"): 429
(160), 568 (16), 607 (7).

X-Ray crystallography|

Diffraction data of 2 were collected on a Nonius DIP-1030H
system equipped with graphite-monochromated Mo-Ka radia-
tion (4 = 0.71073 A). Intensities of 4 and 5 were measured at
the X-ray diffraction beamline of Synchrotron ELETTRA,
Trieste (Italy), using a monochromated wavelength of 1.0000
A. Cell refinement, indexing and scaling of all the data sets
were performed using the programs Mosflm and Scala.*

The choice of the non-centrosymmetric space group for 5
was confirmed by the successful final cycles of refinement that
resolved the disorder of the cations, and furnished a better final
R factor. All the structures were solved by direct methods and
subsequent Fourier analyses and refined by the full-matrix
least-squares method based on F? with all observed reflec-
tions.>® Difference Fourier maps revealed the presence of two
chloroform molecules in 2 and 4, and of two nitromethane and
a disordered diethyl ether in 5. All the calculations were
performed using the WinGX System, version 1.64.%

9] CCDC reference numbers 265963-265965. See http://www.rsc.org/
suppdata/nj/b4/b418855a/ for crystallographic data in .cif or other
electronic format.
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Crystal data for 2'2(CHC13). C6|H67C1|0N7ORU, M =
1369.79, triclinic, space group P—1, a = 10.833(3), b =
13.688(4), ¢ = 22.584(4) A, o = 96.46(2)°, f = 96.06(3)°,
y = 106.02(2)°, U = 3165.4(14) A3, T = 150K, Z = 2, D, =
1.437 g em™3, p(Mo-Ka) = 0.716 mm™', F(000) = 1408,
25088 reflections measured, 11 615 unique (R;,, = 0.0831),
which were used in all calculations. Final R; = 0.0666, wR, =
0.1685 for 7410 observed data with I > 2a(I).

Crystal data for 4'2.5(CHC13)'0.5(C6H14). ngH(,(]Clg
N;;ORu, M = 1707.59, monoclinic, space group [ 2/a, a =
16.978(4), b = 14.283(4), ¢ = 73.283(10) A, f = 91.28(3)",
U= 177671(7) A>, T = 100K, Z = 8, D, = 1.354 g cm >,
w(Mo-Ko) = 1.327 mm™', F(000) = 7392, 47 057 reflections
measured, 9229 unique (R, = 0.1299), which were used in all
calculations. Final R, = 0.1130, wR, = 0.2747 for 5479
observed data with 7 > 2a(1).

Crystal data for 5-2(CH3NO,) - 0.5(OFEty).
CiosH181CliN180g soRuy, M = 2839.19, monoclinic, space
group Cc, a = 38.252(6), b = 8.936(3), ¢ = 40.475(6) A,
B = 103.493)°, U = 13453(5) A®>, T = 100K, Z = 8, D, =
1.402 g em ™3, u(Mo-Ko) = 1.951 mm~', F(000) = 5884,
32 476 reflections measured, 11985 unique (Rj,, = 0.084),
which were used in all calculations. Final R; = 0.0549, wR, =
0.1522 for 11 713 observed data with I > 20(J).

Results and discussion

Ru-nitrosyls of 4 MPyP

Treatment of the anionic ruthenium-nitrosyl [nBuyN][trans-
RuCly(dmso-O)(NO)] with one equivalent of 4 MPyP (Fig. 1)
in refluxing dichloromethane (40 °C, or in chloroform at the
same temperature) yielded, according to TLC analysis, a
mixture of two main products (besides some unbound por-
phyrin), 1 and 2, which have a mobility on silica gel lower than
that of 4MPyP (an indication that the compounds with
coordinated 4'MPyP might be charged). Column separation
afforded both 1 and 2 in pure form.

The CDCl; '"H NMR spectrum of 1 (Fig. 2S, ESI) showed
only one set of peaks for coordinated 4MPyP; integration
established that there is one molecule of coordinated porphyrin
per nBuyN" cation. Both the NO and Ru-Cl stretching
frequencies in 1 were very similar to those found in [#BuyN]
[trans-RuCly(pyz)(NO)] (pyz = pyrazine),*® suggesting that
1 has a similar trans geometry: [nBuyN][zrans-RuCly
(4’'MPyP)(NO)] (Scheme 1).

The CDCl; '"H NMR spectrum of 2 (Fig. 3S, ESI) was very
similar to that of 1, the main difference being the chemical shift
of the H2,6 resonance of coordinated 4 MPyP (6 = 9.59 in 2
vs. 9.851n 1, see Fig. 1 for numbering scheme). In addition, the
NO stretching frequency in 2 was ca. 20 cm™! lower than in 1
(1851 cm™'in 2 vs. 1872 in 1), suggesting that in 2 NO is trans
to a better donor of charge density (or a worse competitor for
back-donation) than in 1. Indeed, we had previously found for

CHs

7 ,CH3 -
S}

N

mj_

N
Cl""-.j,n“‘CI 4'MPyP Clu,,, | e Clu,, | wN
u ‘Ru: + “Ru
o [ c chce o | o o | o
N reflux N N
O (0] (0]

1 2

Scheme 1 Reactivity of [nBuyN][trans-RuCly(dmso-O)(NO)] towards
4'MPyP (indicated with N when bound to Ru in 1 and 2) in refluxing
CH,Cl, (40 °C).
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Scheme 2 Reactivity of [nBuyN][trans-RuCly(dmso-O)(NO)] towards
4'MPyP (indicated with N when bound to Ru in 2, 3, and 4) in
refluxing CHCIl; (61 °C).

similar ruthenium-nitrosyls that the NO stretching frequency is
quite sensitive to the nature of the trans ligand.”'*® The NO
and Ru—Cl stretching frequencies in 2 were very similar to
those found in [nBuyN][cis-RuCly(pyz)(NO)],*® indicating that
2 is the geometrical isomer of 1: [nBuyN][cis-RuCly(4'MPyP)
(NO)]. The geometry of 2 was later confirmed by single crystal
X-ray analysis (see below).

When the reaction between 4’'MPyP and [nBuyN][trans-
RuCly(dmso-O)(NO)] was repeated at higher temperature (61
vs. 40 °C), in refluxing chloroform, only traces of compound 1
were found in the NMR spectrum of the raw product, while the
resonances of two new Ru-porphyrin adducts, 3 and 4, were
observed besides those of 2 (major product) and of some
unbound 4'MPyP (Scheme 2). TLC analysis showed that 3
and 4 have a mobility on silica gel remarkably higher than that
of 4MPyP, an indication that they are neutral species. Column
separation of the mixture yielded compounds 3 and 4 in pure
form, together with the main reaction product, 2.

The elemental analysis of both 3 and 4 agreed with the
formula [RuCl5(4’MPyP),(NO)] and, in fact, an increase of the
relative amount of 3 and 4, and a corresponding decrease of 2,
was found upon using a two-fold excess of 4MPyP in the
reaction mixture. The CDCl; 'H NMR spectrum of 3 (Fig. 2)
showed a single set of resonances for coordinated 4 MPyPs and
no signals for the nBuy,N™ cation. Two geometries, either
[mer,trans-RuCl3(4'MPyP),(NO)] or [fac-RuCl;(4'MPyP),
(NO)], are compatible with the NMR spectrum of 3. In both
isomers the nitrosyl is trans to a Cl, so that the NO stretching
frequency is not diagnostic for distinguishing between them.
The CDCl; '"H NMR spectrum of 4 (Fig. 2) was characterized
by two partially resolved sets of resonances for two inequiva-
lent 4’MPyP ligands; in particular, the H3,5 resonances for the
two coordinated porphyrins were well-resolved. In addition,
the phenyl proton resonances (i.e., oH and m + pH) were split

oH

m+pH
H
H2,6 M H3,5
m+pH
HB oH P
H2.6
J{ H3,5
10.0 95 9.0 5/ppm 85 8.0 7

Fig. 2 'H NMR spectrum (CDCl;, aromatic region) of [mer,trans-
RuCl3(4’'MPyP),(NO)] (3) (top) and [mer,cis-RuCl3(4'MPyP),(NO)]
(4) (bottom).
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into two sets of multiplets in a 1:2 ratio; as we have estab-
lished,?* this is the typical signature for two mutually
cis-coordinated pyridylporphyrins in free rotation about the
metal-pyridyl axis. The signals of the major set, shifted upfield
by about 0.04 ppm compared to those of the minor set, were
assigned to the two phenyl rings cis to the pyridyl ring
coordinated to Ru (positions 10 and 20, see Fig. 1). Such an
upfield shift is caused by the rotation of each porphyrin about
the Ru—pyridyl axis, which brings the phenyl rings at the 10
and 20 positions into the shielding cone of the adjacent
porphyrin. Thus, the NMR data indicated the [mer,cis-
RuCl3(4’'MPyP),(NO)] geometry for 4, which was confirmed
by X-ray structural analysis (see below). Since this NMR
signature is absent in the spectrum of its geometrical isomer,
we attribute to 3 a [mer,trans-RuClz(4'MPyP),(NO)] geometry
(rather than a [fac-RuCl;(4'MPyP),(NO)] geometry that would
imply two cis-coordinated porphyrins).

The solid state NO stretching frequency in 3 (1861 cm™') is
ca. 25 cm~ ! lower than in 4, as expected for an NO trans to Cl
(in both possible isomers of 3) compared to an NO trans to a
pyridyl-N (see 1 and 2 above). The higher NO stretching
frequencies of 3 and 4 compared to 1 and 2 are attributed to
the different charge, as in neutral complexes (3 and 4) the back-
donation to NO is expected to be lower than in anionic species
(1 and 2).

Ru-nitrosyls of 4 TPyP

Treatment of 4'TPyP with a four-fold excess of [nBuyN][trans-
RuCly(dmso-O)(NO)] in refluxing chloroform yielded a product
(5) in which, according to NMR spectroscopy, all four pyridyl
rings of the porphyrin are coordinated to [RuCl4(NO)]™ frag-
ments. Integration established that there are four nBus,N™
cations per porphyrin, suggesting for 5 the following stoichio-
metry: [nBuyNL[4'TPyP{RuCl4(NO)},]. The CD;NO, 'H
NMR spectrum of 5 (Fig. 4S, ESI) was characterized by two
well-resolved doublets for 2,6 protons at 6 = 9.77 and 9.52,
respectively, in a ca. 1:2.5 intensity ratio; comparison with the
H2,6 resonances of 1 and 2 suggested that they might belong to
pyridyl rings coordinated to trans- and cis-[RuCl4(INO)|™ frag-
ments, respectively. The corresponding resonances for the 3,5
protons partially overlap at ca. 6 = 8.5 (they are resolved in
acetone-dg). It is reasonable to assume that the H2,6 and H3,5
resonances of each pyridyl ring in 5 are influenced only by the
geometry of the metal fragment connected to that ring, and not
by the geometry of the other Ru fragments bound to the
porphyrin. The solid state IR spectrum of 5 (KBr) had a single,
relatively broad NO stretching band centered at 1870 cm™'; in
CH;NO, solution this band showed two partially resolved
maxima at 1877 and 1867 cm ™! that, by comparison with the
spectra of 1 and 2, might be attributed to the trans- and cis-
[RuCl4(NO)]™ fragments, respectively.

The CD;NO, 'H NMR spectrum of 5 deserves some further
comments. At 25 °C the BH resonance was very broad and
sharpened upon raising the temperature;| a sharp singlet that
integrated as the sum of the two H2,6 resonances (i.e., 8H) was
observed at T = 80 °C (the pyridyl resonances were substan-
tially unaffected by changes in temperature). For 7' < 0 °C, the
BH resonance splits into two equally intense and relatively
broad signals that are connected by an exchange cross-peak in
the NOESY spectrum, but show no connection in the H-H
COSY spectrum. Finally, the NH resonance had a very low
intensity in each solvent tested and over the whole range of
temperatures examined. The temperature dependence of the
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Fig. 3 "H NMR spectrum (CD;NO,, 4'TPyP region) of [nBusN],
[Zn -4 TPyP{RuCl4(NO)}4] (5-Zn).

NMR spectrum of 5 suggests the existence of a dynamic
process with an intermediate rate on the NMR time scale at
room temperature that involves mainly the porphyrin BH and
NH protons and not the pyridyl protons. A geometrical
isomerization between the cis- and trans-[RuCly(NO)]™ frag-
ments seems unlikely, as it was not observed in compounds 1-4
and the NMR spectrum of 5 remained unchanged for weeks.
Restricted rotation of the ruthenated pyridyl rings would be
expected to influence also the pyridyl resonances, and was not
observed for compounds 1-4. As the zincated adduct 5- Zn has
a normal NMR spectrum (Fig. 3), it seems likely that the
unusual pyrrole and NH resonances of 5 are due to protona-
tion equilibria involving the inner N atoms,** rather than to
aggregation phenomena that would be expected to affect all
resonances.>>*® Anionic tetraphenylporphyrins are normally
expected to have higher pK, values because of the inductive
effects of the anionic substituents.*

The X-ray molecular structure of 5 (see below) showed the
presence of two isomers differing in the geometry of the
[RuCl4(NO)]~ fragments: ca. 60% of [(4'TPyP){cis-RuCly
(NO) > {trans-RuClL(NO)},]*~ (5a) and ca. 40% of [(4'TPyP)
{cis-RuCl4(NO)}5{trans-RuCl,(NO)}]*~ (5b) (Fig. 4). In 5a the
fragments of equal geometry are coordinated to pyridyl rings
in mutually trans positions. According to the solid state
analysis, the overall ratio between the trans- and cis-
[RuCly(NO)]™ fragments is ca. 1:1.5, while in solution it is
ca. 1:2.5. Thus, it seems likely that the composition in solu-
tion, in terms of isomers, is different from that found in the
crystals.

Treatment of 5 with zinc acetate yielded the corresponding
[nBuyN]4[Zn - 4 TPyP{RuCl4(NO)}4] (5-Zn) almost quantita-
tively. The room temperature '"H NMR spectrum of 5-Zn in
CD3NO, or acetone-dg is similar to that of 5 but simpler, as the
BH resonance is a sharp singlet (Fig. 3).

The UV-Vis spectra of compounds 1-5 are completely
dominated by the porphyrin(s) absorption bands. The weak
and broad bands of the [RuCl4(NO)]™' or RuCly(NO) frag-
ments, which are normally found at ca. 480 nm, are masked by
the porphyrin Q bands.

Description of the X-ray structures

The molecular structures of 2 (anion only) and 4 are shown in
Figs. 5 and 6, respectively; a selection of bond lengths, angles
and other geometrical parameters is reported in Table 1. The
dihedral angle between the two porphyrins in 4 is 83.78(9)°.
The linear nitrosyl moiety is cis to the coordinated 4 MPyP
in 2, while in 4 it is trans to one 4 MPyP (and cis to the other).
In both compounds the Ru centers display a slightly distorted

| The "H NMR spectra of 1 and 2 indicate that, as might be expected,
the pyrrole resonances are not very sensitive to the geometry of the
peripheral [RuCly(NO)]™ fragments. In any case, a complex set of
overlapping multiplets, rather than a broad, temperature-dependent
signal, would be expected for BH in 5.

#* Protonation equilibria of the type H,Por*™ + H* = H;Por’~ and
H;Por*~ + H" = H4Por? have been proposed to occur in aqueous
solution for porphyrins similar to 5, featuring four negatively charged
substituents in peripheral positions (see ref. 40). Titration experiments
with 5 were prevented by its lack of solubility in water.
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Fig. 4 Schematic drawings of [(4'TPyP){cis-RuCl4(NO)},{trans-RuCl(NO)},]*~ (5a) and [(4 TPyP){cis-RuClys(NO)};{trans-RuCl,(NO)}]*~ (5b).

octahedral geometry with comparable values of coordination
bond lengths and angles. However, there is a fair indication
that Ru-NO and N-O bond lengths are slightly longer and
shorter, respectively, compared to those already reported for
analogous Ru nitrosyls containing py and dmso ligands.?3

Most of the meso pyridyl and phenyl rings in 2 and 4 are
oriented approximately perpendicular to the porphyrin mean
plane (Table 1), even though in some cases dihedral angles as
low as 54.8° (phenyl ring b in 2, Fig. 5), and 47.7° (phenyl ring
fin 4, Fig. 6) were found. The latter is likely induced by crystal
packing effects since the ring is stacking with porphyrin units of
adjacent molecules.

The coordinated porphyrins exhibit considerable distortions
from planarity. In 2 the best-fit plane through 4'MPyP atoms
shows utmost displacements of £0.24(1) A, with the Ru atom
at 0.104(5) A from it. In 4 the atom deviations are remarkably
larger, being +0.11(1) A in the chromophore cis to NO and
+0.43(1) A in the other, with the metal displaced by 0.50(1)
and 1.65(1) A from each 4 MPyP mean plane, respectively. The
latter value is induced by a significant bending of the porphyrin
moiety (Fig. 5S, ESI).

The crystal structure analysis of 5 indicates a tetranuclear
anion composed by the 4'TPyP macrocycle bound to four
[RuCly(NO)]™ units (Fig. 7). Coordination bond lengths and
geometrical parameters are reported in Table 2. The pseudo-
centrosymmetric arrangement of the molecule shows two NO
groups symmetrically located in cis and two in trans positions
with respect to the meso pyridyl rings of the porphyrin.
However, the nitrosyl ligand was found to be disordered in

Fig. 5 Molecular structure of the complex anion of [nBuyN][cis-
RuCl4(4'MPyP)(NO)] (2; ORTEP* drawing, thermal ellipsoids at
40% probability).
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the coordination sphere of Ru(3). A satisfactory refinement of
occupancies was obtained only with the ligand trans to the
pyridyl ring, providing a NO: Cl ratio of 0.59:0.41, with the
residual nitrosyl spread over the (other) cis located chlorides.

All the Ru atoms in 5 display the expected octahedral
geometry with an almost linear coordination for the nitrosyl
ligands with the exception of the disordered one, which evi-
dences a small bent [O(3)-N(3)-Ru(3) = 159(3)°]. The Ru-NO
[1.764(8)-1.834(15) A] and Ru-N(py) [2.107(8)-2.140(8) A]
bond lengths, are all comparable within 3¢, but the low accuracy
on the NO values does not allow a detailed comment. The
Ru—Cl distances vary in a large range from 2.341(4) to 2.388(3)
A, with shorter values for those trans to nitrosyl groups. The
atoms of the porphyrin ring in 5 are coplanar within +0.107(8)
A, with the peripheral Ru ions remarkably displaced from it
[—0.849(6), 0.745(7), 1.196(7), and —0.614(7) A for Ru(l) to
Ru(4), respectively], and with the pyridyl rings arranged almost
normal to the mean plane. These distortions are evident from
the side view of the complex, reported in Fig. 8.

The nitromethane and diethyl ether solvent molecules, which
are distributed in the crystal among the tetranuclear complexes
and the nBuyN ™ cations, did not evidence any unusual short
contacts.

Fig. 6 Molecular structure of complex [mer,cis-RuCly(4’'MPyP),
(NO)] (4; ORTEP*! drawing, thermal ellipsoids at 40% probability).
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Table 1 Selected bond lengths (A), angles (°) and dihedral angles (°)
between porphyrin and pyridyl or phenyl planes in complexes 2 and 4

View Article Online

Table 2 Selected bond lengths (A), angles (°) and dihedral angles (°)
between porphyrin and pyridyl planes in the complex anion of 5

2 4

Ru-N(1) 1.843(6) 1.760(15)

Ru-N(la) 2.127(4) 2.120(12)

Ru-N(1b) — 2.133(13)

Ru-CI(1) 2.385(2) 2.374(4)

Ru-Cl(2) 2.377(2) 2.356(4)

Ru-CI(3) 2.336(2) 2.358(5)

Ru-Cl(4) 2.345(2) —

O(1)-N(1)-Ru 173.1(7) 167.7(19)

Porph—py* 79.1(1) a 68.8(4) a, 58.3(3) b

Porph—ph? 54.8(1) b 67.6(5) ¢, 62.8(4) d
89.6(2) ¢ 72.5(5) e, 47.73) f
88.3(2) d 50.6(4) g, 64.0(3) /

“ Rings labelled in Figs. 5 and 6.

A water-soluble porphyrin: Nay[Zn - 4 TPyP{RuCl4(NO)},]

Treatment of 5 with sodium tetraphenylborate in nitromethane
solution afforded the corresponding sodium derivative
Nay[4'TPyP{RuCl4(NO)},] (6) in reasonable yield. Compound
6 is well-soluble in water; however, at millimolar concentra-
tions, formation of a fluffy purple precipitate became apparent
within hours after dissolution and became almost quantitative
after 1 day, as judged by the residual colour of the solution.
The precipitate did not re-dissolve even upon warming of the
mixture. Spectroscopic investigations could be performed only
on fresh solutions. The D,O "H NMR spectrum of 6 showed
very broad resonances exclusively. However, the UV-Vis spec-
trum of 6 in water revealed the typical absorption maxima of a
free-base porphyrin (Soret band at 415 nm, and Q bands at
515, 550, 579, 640 nm) and the solution IR spectrum (D,O)
showed the strong N-O stretching absorption at 1889 cm ™.
On the contrary, the corresponding compound with the
zincated porphyrin, Nay[Zn -4 TPyP{RuCl4NO)}4] (6-Zn),
obtained from 5-Zn by a similar procedure, afforded stable
solutions both in water and in methanol. In aqueous solution
the NO stretching of 6+ Zn occurred at 1891 cm™'. The nature
of 6+ Zn was confirmed by ESI-MS spectrometry. Its 'H NMR
spectrum showed exclusively very broad peaks in D,O, also at
70 °C, while it gave well-resolved and relatively sharp reso-
nances in CD3;0D, even at room temperature (Fig. 6S, ESI),
suggesting that aggregation occurs in aqueous solution but
much less in methanol. Since in porphyrin chemistry the

Fig. 7 View of the anion of the tetranuclear complex [nBuyN]4
[4'TPyP{RuCl4(NO)},] (5) with the essential atom labelling scheme
(ORTEP* drawing, thermal ellipsoids at 50% probability). Of the
disordered NO/CI ligands at Ru(3) only the nitrosyl (at higher occu-
pancy, 59%) is shown.

Ru(1)-N(1) 180209  Ru(3)-NQ3)* 1.834(15)
Ru(1)-N(la) 2.136(10)  Ru(3)-N(lc) 2.140(10)
Ru(1)-CI(10) 2.341(4)  Ru(3)-CI(30) 2.373(5)
Ru(1)-Cl(11) 2381(3)  Ru(3)-CI31) 2.375(4)
Ru(1)-CI(12) 2.378(4)  Ru(3)-CI(32) 2.360(4)
Ru(1)-Cl(13) 23723)  Ru(3)-CI(33) 2.343(4)
O(-N()-Ru(l)  171.7(11) O(3)-N(3)-Ru(3) 159(3)
Ru(2)-N(2) 1.816(9)  Ru(4)-N(4) 1.764(8)
Ru(2)-N(1b) 2.1408)  Ru(4)-N(1d) 2.107(8)
Ru(2)-Cl(20) 2.384(3)  Ru(4)-CI(40) 2.388(3)
Ru(2)-CI(21) 2.3503)  Ru(4)-Cl(41) 2.347(3)
Ru(2)-Cl(22) 2367(3)  Ru(4)-Cl(42) 2.368(3)
Ru(2)-CI(23) 2.365(4)  Ru(4)-Cl(43) 2.371(4)
O(2)-N(2)-Ru(2)  172.9(11) O@)-N(@4)-Ru(d)  169.8(9)

Porph—py” 74.2(2) a, 82.92) b, 79.1(3) ¢, 68.7(2) d

“ The nitrosyl group disordered over a Cl. ® Ring labels indicated in
Fig. 7.

Fig. 8 Side view of the complex anion of [nBuyN]44'TPyP{RuCl,
(NO)}4] (5) viewed along the Ru(2)-Ru(4) direction.

detection of aggregation is normally performed through UV/
Vis spectroscopy, we measured the absorption spectra of 6 - Zn
in water and methanol to verify any spectral modification.
Despite the NMR results in D,O, we did not observe any
deviation from Beer’s law in the range 10™*~10~7 M in either
solvent. However, even though the frequencies of the absorp-
tion maxima of 6 - Zn in water and methanol are practically the
same, the Soret B-band in water is significantly broader than in
methanol (4, 38 nm in H,O vs. 23 nm in MeOH, concentra-
tion 1 x 107> M), which has been related to the formation of
porphyrin stacks without defined geometry.*

Conclusions

With the aim of making water-soluble meso-
4'pyridylporphyrins peripherally decorated with Ru-nitrosyls,
we investigated first the reactivity of [nBuyN][trans-RuCly
(dmso-O)(NO)] towards 4MPyP. The nature of the products
depended on the reaction conditions. When the reaction was
performed in refluxing dichloromethane a mixture of the two
mono-substituted geometrical isomers, [nBuyN][¢trans-RuCly
(4’'MPyP)(NO)] (1) and [#BuyN][cis-RuCly(4’'MPyP)(NO)]
(2), was selectively obtained. Conversely, the di-substituted
compounds, [mer,trans-RuCl;(4'MPyP),(NO)] (3) and [mer,-
cis-RuCl3(4'MPyP),(NO)] (4), were obtained, together with the
mono-substituted complex 2, when the reaction was performed
at higher temperature (refluxing chloroform). All compounds
1-4 were obtained in pure form by column chromatography
and thoroughly characterized by IR and NMR spectroscopy.
The molecular structures of 2 and 4 were determined by X-ray
crystallography (Figs. 5 and 6).

Thus, the explorative investigation with 4MPyP indicated
the best conditions for performing the reaction between
4'TPyP and a four-fold excess of the ruthenium precursor,
which led to the isolation of [nBuyN]4[4'TPyP{RuCl4(NO)}4]
(5). "H NMR spectroscopy evidenced that in solution ca. 30%
of the peripheral ruthenium-nitrosyl fragments bound to the
pyridyl rings have a trans-[RuCI4(NO)]” geometry, while the
remaining 70% have a cis-[RuCl4(NO)]™ geometry. In the solid
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state the X-ray structure (Fig. 7) evidenced the presence of two
isomers: ca. 60% of [(4'TPyP){cis-RuCly(NO)},{trans-
RuClL(NO)},]*~ (5a) and ca. 40% of [(4'TPyP){cis-RuCl,
(NO)}5{trans-RuCly(NO)}]*~ (5b). In 5a the fragments of
equal geometry are coordinated to pyridyl rings in mutually
trans positions. Insertion of zinc afforded [nBuyN]4[Zn-
4'TPyP{RuCl4(NO)}4] (5-Zn) almost quantitatively.

Treatment of 5-Zn with sodium tetraphenylborate in nitro-
methane solution afforded the corresponding sodium deriva-
tive Nay[Zn-4'TPyP{RuCl4(NO)}4] (6-Zn) in good yield.
Compound 6-Zn gives stable solutions both in water and in
methanol, while the corresponding free-base derivative
Nay[4'TPyP{RuCl4(NO)}4] (6) gives rise to a fluffy purple
precipitate (probably due to strong aggregation) soon after
dissolution in water. Electronic absorption and 'H NMR
spectroscopies showed that 6-Zn aggregates is aqueous solu-
tion, also at relatively high temperature (70 °C) and low
concentration (1077 M), but much less so in methanol.

In conclusion, [nBuyN][¢trans-RuCly(dmso-O)(NO)] proved
to be a suitable precursor for appending negatively charged
[RuCl4(NO)]™ fragments to the peripheral N atoms of meso-
4'pyridylporphyrins. Exchange of nBuyN ™ for Na™ eventually
led to the new, water-soluble tetraruthenated porphyrin
Nay[Zn - 4 TPyP{RuCl4(NO)},], whose anti-viral properties
are currently being investigated.
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