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Three ruthenium nitrosyl-dye conjugates, namely, [((OMe).bQb)Ru(NO)(Resf)] (RuNO-Resf), [((OMe),bQb)Ru(NO)-
(Thnl)] (RuNO-Thnl), and [((OMe),bQb)Ru(NO)(Seln)] (RuNO-Seln) have been synthesized using the tetradentate
N4 dicarboxamido ligand Ho(OMe).bQb. Each nitrosyl of this series is conjugated to a phenoxazine-type heterotri-
cyclic chromophore which has been systematically varied in a central position to test the effects of “heavy-atom”
substitution (O = Resorufin; S = Thionol; Se = Selenophore) in photosensitization. The structure of the chloride-bound
precursor {Ru-NOJ® nitrosyl [((OMe),bQb)Ru(NO)(CI)] (RuNO-Cl) and three nitrosyl-dye conjugates, namely, RuNO-
Resf, RuNO-Thnl and RuNO-Seln, have been determined by X-ray crystallography. All three nitrosyl-dye conjugates
exhibit sharp "H NMR spectra (S = 0 ground state) and vy stretches in the IR spectrum in the region 1825—1855 cm ™
! typical of {Ru-NO}® nitrosyls. The presence of a heavy atom in the bound dye gives rise to a systematic red-shift in the
electronic absorption spectrum, shifting from RuUNO-Resf (4,ax = 500 nm) to RUNO-Thnl (4,5, = 530 nm) to RUNO-
Seln (Anmax = 535 nm). Results of careful measurements with monochromatic light sources indicate that heavy-atom
substitution in the coordinated dye makes the resulting nitrosyl-dye conjugates more susceptible to light of longer
wavelength (lower energy). Density functional theory (DFT) calculations on RuNO-CI, RuNO-Resf, RuNO-Thnl, and
RuNO-Seln have been performed to gain insight into the electronic structure of the {dye-Ru-NO} frame and the nature
of transition(s) that sensitizes these conjugates to lights of longer wavelengths and promote NO photolability. Results
of this study provide an explanation for the sensitization observed in our strategy of direct attachment of dye molecules
to {Ru-NO}® nitrosyls. This strategy could lead to eventual isolation of designed metal nitrosyls that are sensitive to red-
or near-infrared light and hence potential photodynamic therapy (PDT) agents for treatment of malignancies with high
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doses of NO.

Introduction

Nitric oxide (NO) has been shown to play key roles in a
number of biological processes including blood pressure
regulation, neurotransmission and inflammatory host
response.’> More recently, NO has drawn attention for
its ability to elicit apoptosis in cells via biological activation

of the caspase death-signaling pathway® and chemical inhibi-
tion of enzymes involved in mitrochondrial respiration.*
Since elevated concentrations (uM or higher) of NO induce
apoptosis,” many researchers have sought to deliver
NO selectively to malignant sites as a potential means
of killing cancer cells.*” A number of exogenous organic
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NO donors such as GTN (glyceryl trinitrate), SNAP
(S-nitrosopenecillamine) and NONOates have been used
to induce apoptosis in cancer cell lines.® '® However, these
systemic NO donors deliver NO via enzymatic and/or
pH-dependent pathways and hence are hardly suitable for
site-specific NO delivery. One way of providing such delivery
of NO to malignant sites would be to employ light-activated
NO donors,11 similar to heme-based photosensitizers (such
as Photofrin),'? used in photodynamic therapy (PDT)"? for
skin malignancies.

Over the past few years, several research groups (including
ours) have developed a number of photoactive metal nitro-
syls'* (NO complexes of transition metals'”) that release NO
upon exposure to l1ght Such complexes have been derived
from metals such as iron,'® manganese,'” and ruthenium.'®
Some simple iron nitroysls such as Roussin’s salt esters [Fe-
(NO)z(ZSR)z and sodium nitroprusside Na,[Fe(NO)-
(CN)s]™ have been shown to exhibit some photolability of
the NO ligand upon exposure to light. We have reported {Fe-
NO}® nitrosyls such as [(PaPy;)Fe(NO)](ClO,), and [(Pa-
Py,Q)Fe(NO)](ClOy), that rapidly release NO when exposed
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to visible light of low intensity (mW).>! Unfortunately, most
iron-nitrosyls exhibit poor stability in biological (aqueous)
media, and exogenous NO donors like Roussin’s salts and
Na,[Fe(NO)(CN)s] suffer from uncontrolled photodecom-
position and toxicity.?>* In contrast, { Ru-NO}° nitrosyls are
much more stable and release NO in predictable manners
under illumination. For example, complexes like K>[Ru-
(NO)(C1)5]1824 or [(PaPy;)Ru(NO)]|(BF,), have been used
in aqueous biological buffers to deliver NO to tissues and
proteins.”> Nitrosyls derived from ligands like H,Me,bpb
and H,Me,bQb (shown below)®® have also shown to be
stable in protic media. The advantages of such ruthenium
nitrosyls over other metals (especially Fe) are well-doc-
umented.'® Most of these ruthenium nitrosyls are however
activated only by UV light, which is a major limitation for use
of ruthenium NO donors in biological experiments.

R

0, O
o o NH HN
NH HN — 7\
= A\ \ 7
Wa N_

H,Me,bpb R = Me, H,Me,bQb

R = OMe, H,(OMe),bQb

In a recent account, we have reported a strategy to over-
come this problem of the need of UV light for the activation
of typical {Ru-NO}® nitrosyls. Our work has shown that
direct ligation of a light-harvesting dye Resorufin (Resf,
shown below) Via the phenolato-O atom to the Ru center
of the {Ru-NO}® n1tros_>/l [(Me,bpb)Ru(NO)(Solv)]* sensi-
tizes it to visible light.>”*® Ford and co-workers have pur-
sued related strategies such as the attachment of various
UV chromophores (like pyrene)® or visible chromophores
(like fluorescein or protoporphyrin IX)* via (CH,), linkers
to Roussin’s salts. Their effort achieved moderate increases
in photosensitivity (quantum yield ¢ = 0.025%). In contrast,
direct coordination of the dye chromophore to the Ru—
NO unit allows more effective connectivity between the
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chromophore and the metal center, and thus greater extent of
energy transfer (and sensitization). For example, the dye-
sensitized nitrosyl [(Me,bpb)Ru(NO)(Resf)] exhibits ¢sgq
(quantum yield of NO photolability at 500 nm) of ~0.05
whereas the dye-free analogue [(Me,bpb)Ru(NO)(OH)] is
not photosensitive at this wavelength (¢spo < 0.001).>” It is
interesting to note that the intrinsic photoband of the
{(Me,bpb)Ru(NO)} unit is observed at 400 nm, while the
absorption of the coordinated dye chromophore(Resf") is
centered at 500 nm. We were curious to find out whether this
separation is responsible for the moderate degree of enhance-
ment in photosensitization of the parent {Ru-NO}° nitrosyl
in case of [(Me,bpb)Ru(NO)(Resf)]. Indeed, when the photo-
band of the {LRu(NO)} unit was systematically red-shifted
from 400 to 450 nm to 500 nm by changing the in-plane ligand
L from Me,bpb®~ to Me,bQb*~ to (OMe),bQb*~, the ¢sgo
value of the resulting nitrosyl-dye conjugates increased from
0.05 to 0.10 to 0.20.%® Tt is therefore evident that proper
overlap of the photoband of the {Ru-NO}® nitrosyl with the
strong absorption band of the dye (light-harvesting ligand) is
critical for sensitization of the nitrosyl-dye conjugates to
visible light (Figure 1).

In the present work, we sought to explore the other
possibility; instead of altering the in-plane ligand of the
{Ru-NO}® nitrosyl, we have altered the dye ligand. Here
we have attached a series of dyes containing different a
heteroatom in their tricyclic frame (and hence different
Amax Of absorption in the visible range) to the same
{(OMe),bQb)Ru(NO)} unit and determined the extent of
sensitization of the resulting nitrosyl-dye conjugates to visi-
ble light (Figure 1). While selecting the dyes, we have
exploited the so-called “heavy-atom” effect mentioned in
other PDT studies.’' % In case of PDT with singlet oxygen
('0,), researchers have noted greater sensitization (higher
quantum yields) when nitrogen-containing porphyrin sensi-
tizers (such as Photophrin) are substituted with sulfur-,
bromine-, or iodine-containing analogues.** Such replace-
ments afford approximately 2- to 3-fold increase in
¢-values. It has been shown that the “heavy-atom” effect
arises from increased spin—orbit coupling in larger atoms,
which can enhance spin-forbidden transitions.*® For exam-
ple, in case of the chalcogenapyrylium dyes, replacement
of O centers with S, Se, or Te increases the quantum yields
of '0, production dramatically.** Keeping this in mind,
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Figure 1. Schematic description of the strategy of merging the photo-
band of the metal nitrosyl into the strong dye absorption band through
direct coordination to the metal center.

we have synthesized a series of iso-electronic heavy-atom
(0, S, and Se)*>*° chromophores based on the heterotricyclic
ring system of the phenoxazine dye Resorufin and isola-
ted three nitrosyl-dye conjugates of the general formula
[((OMe),bQb)Ru(NO)(Dye)] where Dye=deprotonated
Resorufin (Resf), Thionol (Thnl), or Selenophore (Seln).
In this paper, we report the syntheses of the heavy-atom
dye chromophores, as well as the syntheses, structures,

spectroscopic
HO. o o]
10801
N

Resorufin

HO. S (0] HO Se, (0]
109 Of |09 ef
N N
Thionol Selenophore

properties, and NO photolabilities of [((OMe),bQb)Ru(NO)
(ChH] (RuNO-CI), [((OMe),bQb)Ru(NO)(Thnl)] (RuNO-
Thnl), and [((OMe),bQb)Ru(NO)(Seln)] (RuNO-Seln).
Although the nitrosyl-dye conjugate [((OMe),bQb)Ru(NO)
(Resf)] (RuNO-Resf) has been reported in detail in our
previous paper,” we have included the corresponding data
for this complex in our discussion throughout this paper for
the sake of comparison. We also report the results of density
functional theory (DFT) calculations on all three nitrosyl-dye
conjugates and the parent nitrosyl [((OMe),bQb)Ru(NO)-
(Cl)] (RuNO-Cl). The results of such calculations provide
insight into the process of energy transfer between the dye
chromophores and the {Ru-NO} unit.

Experimental Section

Materials and General Procedures. The ligand H,(OMe),bQb
was synthesized from 1,2-dimethoxy-4,5-diaminobenzene, ob-
tained via reduction of 1,2-dimethoxy-4,5-dinitrobenzene (Alfa-
Aesar) as previously reported.>” Commercially available RuCls-
xH»O (Sigma) was used to prepare the RuCl;-3H,O used in
syntheses of ruthenium complexes. NO gas was purchased from

(36) (a) Detty, M. R.; O’'Regan, M. B. Heterocyclic Compounds: Tell-
urium-Containing  Heterocycles; Wiley-Interscience: New York, 1994.
(b) Organic Selenium Compounds: Their Chemistry and Biology; Klayman, D.
L.; Gunther, W. H. H, Eds.; Wiley-Interscience: New York, 1973.
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Inorg. Synth. 2002, 33, 112-119.
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Spectra Gases, Inc. and purified as previously described.?
Solvents were purchased from Fisher Scientific and distilled
according to standard procedures: Et;O and THF from Na;
CH>Cl, and MeCN from CaH,; CHCIl; from K,CO5; DMF
from BaO; pentane was used without further purification.
AgBF, was obtained from Alfa-Aesar, while selenium chloride
(Se,Cl,) was purchased from Strem Chemicals. Resorufin (as
Na salt), phenothiazine and diphenylamine were procured from
Sigma-Aldrich.

[((OMe),bQb)Ru(NO)(CI)] (RuNO-CI). This nitrosyl was
synthesized by following the procedure previously reported by
us. Crystals of RuNO-CI- CHCl;, suitable for diffraction study,
were grown via vapor diffusion of pentane into a CHCI;
solution of the complex. UV/vis in CHCl; (for comparisons in
this study), A in nm (g in M~ ' cm™"): 500 (4950), 323 (26900).

Li Salt of Thionol, 7-Hydroxy-phenothiazin-3-one (Li-Thnl).
This dye was synthesized by following a published procedure,®
with some modifications. A batch of phenothiazine (5 g, 25.1
mmol) was oxidized in 120 mL of a 5:1 mixture of conc. H>SOy:
H,O by heating to 165 °C for 12 h. The dark red solution was
cooled to room temperature and poured into 250 mL of H,O to
generate a blackish-purple solid, which was collected by filtra-
tion and washed with 2 x 30 mL of H,O. This crude solid was
then extracted briefly with a boiling solution of aqueous
Na,CO; (2 gin 250 mL), and the pale red filtrate was discarded.
Next, the crude solid was extracted a second time with boiling
aqueous Na,CO; (2 g in 250 mL) for an extended period (15
min). The dark violet filtrate was placed at 4 °C overnight to
precipitate trace impurities. Next, 6 g of LiCl was added, and the
mixture was stored at 4 °C for several days to obtain pure Li-
Thnl as dark violet crystalline material. Yield: 600 mg (13%).
Anal. cacld. for C;;H¢NO,SLi (Thnl-Li): C 61.28, H 2.57, N
5.96; found: C 61.09, H 2.75, N 6.01. Selected IR bands (KBr
matrix, cm~"): 1581 (s vco), 1499 (m), 1466 (m), 1381 (s), 1313
(s), 1300 (m), 1214 (m), 1118 (w), 854 (s), 765 (w), 538 (m). UV/
visin DMF, Ain nm (ein M~' em™"): 328 (11 460), 567 (25 790),
610 €91 260). UV/vis in DMF/AcOH (1:1), A in nm (¢ in M~
em™ ):422(10090), 507 (13 460). "H NMR in (CD5),SO, 6 from
TMS: 7.34 (s 1H), 7.33 (s 1H), 6.38 (d 1H), 6.36 (d 1H), 6.28 (m
2H). ESI-MS: m/z 229.87 (Thnl-H due to 0.1% TFA).

[((OMe),bQb)Ru(NO)(Thnl)] (RuNO-Thnl). A batch of
RuNO-CI (0.110 g, 0.162 mmol) was slurried in 20 mL of a 1:1
mixture of MeCN/THF in presence of 1 equiv of AgBF, (32 mg,
0.162 mmol) and heated to reflux temperature for 4 h. The
turbid red solution thus obtained was filtered at room tempera-
ture (to remove AgCl), and 1 equiv of Li-Thnl dye was added to
the filtrate. The mixture was again heated to reflux for 6 h when
a bright red solution was obtained. Next, the solution was hot-
filtered (to remove trace amount of unreacted dye), and the
solvent was removed in vacuo. The dark red residue was then
dissolved in CHCl; and purified by silica gel chromatography
using a CH,Cl,/THF gradient. Finally, the complex was iso-
lated by diffusing Et,O vapor into the concentrated eluate.
Yield: 45 mg (340/0). Anal. Calcd for C40H26N607SRU
(RuNO-Thnl): C 57.48, H 3.14, N 10.06; found: C 57.55, H
3.08, N 10.16. X-ray quality crystals of RuNO-Thnl were
obtained via vapor diffusion of pentane into a CHClj; solution
of the complex. Selected IR bands (KBr matrix, cm '): 1847
(s vno)s 1618 (Vs vcp), 1589 (vs ven), 1511 (w), 1494 (w), 1469
(m), 1340 (w), 1270 (m), 1211 (m), 1101 (w), 1078 (w), 870 (w).
UV/vis in CHCls, A in nm (¢ in M~ ecm™"): 525 (24 930), 445
(16 220), 318 (27 000). '"H NMR in CDCls,  from TMS: 8.74
(d 2H), 8.49 (d 2H), 8.35 (s 2H), 8.16 (d 2H), 8.14 (d 2H), 7.81
(t 2H), 7.56 (t 2H), 7.46 (t 2H), 7.23 (d 1H), 7.09 (s IH), 6.80 (d
1H), 6.57 (s 1H), 5.99 (d 1H), 5.91 (s 1H). ESI-MS: m/z 835.86.

Selenophore, 7-Hydroxy-phenoselenazin-3-one (Seln). A solu-
tion of Se,Cl, (1.47 g, 6.44 mmol) in 10 mL of toluene was slowly

(38) Granick, S.; Michaelis, L. J. Am. Chem. Soc. 1947, 69, 2983-2986.
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added to a solution of 2.18 g (12.88 mmol) of diphenylamine in
50 mL of toluene when a dark brown precipitate was observed.
Next, the mixture was heated to reflux for 4 h to generate an
turbid orange solution. The solution was filtered, and toluene
was removed from the filtrate in vacuo, leaving a pumpkin-
orange colored crude batch of phenoselenozine. This solid was
then subjected to the oxygenating conditions used above for
phenothiazine (35 mL of H,SO4/H,0 4:1 mixture at 165 °C),
except for much shorter heating times (only 1 h for phenosele-
nozine versus 12 h for phenothiazine). The resulting deep red
solution was diluted with an equal volume of H,0O, and the crude
precipitate was collected on a Buchner funnel. This solid was
first washed with 3 x 20 mL of boiling H,O containing of 0.5 g of
Na,COs3, and each time the red filtrate was discarded. The
residue was then extracted with 3 x 20 mL of boiling Na,CO3
solution. The extracts were pooled, and the intensely bluish-
violet solution was slowly neutralized with 20 mL of AcOH to
generate a reddish solution at pH 5. Next, the solvent(s) was
removed, and the residue was dissolved in CH»Cl, containing
1% AcOH and loaded onto a silica gel column equilibrated with
the same solution. A bright red band was eluted with a CH,Cl,/
THF/MeOH gradient. Removal of the solvent afforded a red
oil. Redissolving this oil in minimum amount (~0.5 mL) of
CH,Cl,/THF followed by stirring afforded pure Seln as a violet
solid. Yield: 240 mg (12%). Anal. Calcd for C;,H;NO,Se (Seln):
C 52.19, H 2.55, N 5.07; found: C 52.08, H 2.43, N 4.98. X-ray
quality crystals (violet blocks) of Seln were grown by Et,O vapor
diffusion into a CH,Cl,/THF solution (containing 1% AcOH)
of the dye. Selected IR bands (KBr matrix,cm ™ '): 2963 (w), 1597
(m), 1435 (m), 1290 (w), 1261 (s), 1210 (m), 865 (w), 800 (s). UV/
vis in DMF as Na salt, A in nm (¢ in M~ em™"): 612 (80 000).
UV/vis in DMF/AcOH (1:1), A in nm (e in M~ em™"): 428
(10 070), 513 (9 720). ESI-MS: m/z 277.86 and 275.87.

[((OMe),bQb)Ru(NO)(Seln)] (RuNO-Seln). A batch of 50 mg
(0.078 mmol) of RuNO-CI was treated with AgBF, in boiling
MeCN and later filtered as described for RuNO-Thnl. Next, a
blue slurry of the selenophore dye (22 mg, 0.078 mmol) and 1
equiv of NaH (2 mg) in 10 mL of MeCN were added to the
filtrate, and the mixture heated to reflux for 3 h. It was then hot-
filtered to remove unreacted dye and NaBF,. The solvent was
removed in vacuo, and the residue was purified by silica column
chromatography as described for RuNO-Thnl. Yield: 20 mg
(30%). Anal. Caled for C4H>sNgO7SeRu (RuNO-Seln):
C 54.43, H 2.97, N 9.52; found: C 54.47, H 3.04, N 9.48. X-ray
quality crystals of RuNO-Seln (long parallelepipeds) were ob-
tained by vapor diffusion of Et,O into a CH,Cl,/THF (1:1)
mixture. Selected IR bands (KBr matrix, cm™'): 1847 (s vno),
1616 (vs vco), 1588 (s ven), 1512 (w), 1496 (m), 1466 (m), 1340
(w), 1270 (m), 1211 (s), 1100 ﬁw), 864 (m), 763 (m). UV/vis in
CHCls, Ainnm (ein M~ em™"): 535 (22 330), 455 (17 380), 320
(25 010). ESI-MS: m/z 884.78 and 886.75.

X-ray Diffraction, Data Collection, and Structure Solution.
Diffraction data for the free dye Seln and RuNO-Cl- CHCl3
(153 K) were collected on a Bruker Apex-II diffractometer
with Mo Ka radiation (A=0.71073 A). The data for RuNO-
Thnl-0.5CH,Cl, - H,0 and RuNO-Seln (150 K) were collected
using synchrotron radiation (A = 0.77490 A) at the Lawrence-
Berkeley Advanced Light Source (ALS). All data were
processed and structures solved using the SHELXTL soft-
ware package. Crystal properties, diffraction data, and para-
meters for structure solution are listed in Table 1 while selected
bond distances (A) and bond angles (deg) are included in
Table 2.

Physical Measurements. 'H NMR spectra were obtained with
a Varian 500 MHz spectrometer. A Cary 50 scanning spectro-
photometer (Varian) was used to record the electronic absorp-
tion spectra of the nitrosyl-dye conjugates. Because of solubility
and stability concerns, most of the absorption measurements on
the nitrosyl-dye conjugates were performed in CHCl; or MeCN.
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Solid-state IR spectra (KBr disk) of the chromophores and
nitrosyls were recorded on a Perkin-Elmer Spectrum One FTIR
spectrometer. Mass spectral data were acquired using a Micro-
mass ZMD electrospray spectrometer. X-band EPR spectra
were obtained using a Bruker 500 ELEXSYS spectrometer
(125 K) while the fluorescence (298 K) or phosphorescence (77
K) emission spectra were recorded with a Perkin-Elmer LS-50B
Fluorescence/Luminescence Spectrometer. Photorelease of NO
in aqueous solution was detected with i#NO Nitric Oxide
Monitoring System (Innovative Instruments, Inc.) fitted with
an ami-NO-2000 electrode.

Photolysis Experiments. Samples of the nitrosyls were pre-
pared in 4 x 10 mm quartz cuvettes and placed 2 cm from the
light source. Solutions were prepared at ~0.2 mM to ensure
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sufficient absorbance (>90%) at the irradiation wavelength,
and changes in electronic spectra in the 750 nm region
(<10% photolysis) were used to determine the apparent rates
of NO photorelease. Actinochrome N (475/610) was used as the
quantum yield (¢) standard in the visible range. The rates of NO
photorelease were determined with the aid of monochromatic
light from a tunable Apex Illuminator (150 W xenon lamp)
equipped with a Cornerstone 130 1/8 M monochromator (mea-
sured intensity of ~10 mW). For determination of the ¢sgo—g00
values, an IL 410 Illumination System (Electro-FiberOptics
Corp.) equipped with 1 > 465—600 nm cutoff filters (measured
intensity of outcoming light = 200—300 mW) was used. The
same system was employed for qualitative EPR measurements
on the photoproducts. In such experiments, solutions were

Table 1. Summary of Crystal Data, Intensity Collection, and Refinement Parameters for [((OMe),bQb)Ru(NO)(CI)]- CHCl; (RuNO-Cl-CHCl;), [((OMe),bQb)Ru(NO)
(Resf)] (RuNO-Resf), [((OMe),bQb)Ru(NO)(Thnl)]-H,0-0.5CH,Cl, (RuNO-Thnl-H,0-0.5CH,Cl,), [((OMe),bQb)Ru(NO)(Seln)] (RuNO-Seln), and the Free Dye

Selenophore

RuNO-C1 RuNO-Thnl RuNO-Seln selenophore
empirical formula C27H23N503CI4RU C40.5H29N6Ogcl S Ru C40H26N608SC Ru C12H6N OZSe
Fw 708.37 896.28 882.70 275.14
crystal color and habit orange plates violet needle red block red block
crystal size (mm) 0.27 x 0.18 x 0.04 0.10 x 0.07 x 0.04 0.11 x 0.09 x 0.08 0.10 x 0.10 x 0.08
T(K) . 153(2) 150(2) 150(2) 153(2)
wavelength (A) 0.71073 0.7749 0.7749 0.71073
crystal system monoclinic monoclinic monoclinic triclinic
space group P2y/c P2y/c P2,/c Pl
a(A) 10.3596(8) 11.587(2) 10.7125(9) 7.4489(12)
b(A) 28.611(2) 20.549(4) 20.9291(18) 10.9453(17)
c(A) 10.1347(7) 15.567(3) 15.3893(13) 12.295(2)
o (deg) 90 90 90 103.180(2)
f (deg) 112.4500(10) 91.68(3) 97.6600(10) 96.138(2)
y (dne§) 90 90 90 96.173(2)
V(A”) 2776.3(4) 3705.0(13) 3419.5(5) 961.4(3)
VA 4 4 4 2
e (g/cm®) 1.695 1.607 1.715 1.901
u(mm 0.990 0.767 1.969 3.885
GOF on F* 1.026 1.132 1.053 0.803
final R indices RI = 0.0307 RI = 0.0545 RI = 0.0411 RI = 0.0293
[I > 20(D)] wR2 = 0.0690 wR2 = 0.1530 wR2 = 0.1196 wR2 = 0.0946
R indices RI = 0.0414 RI1 = 0.0596 RI = 0.0459 RI = 0.0372
all data wR2 = 0.0738 wWR2 = 0.1567 wR2 = 0.1236 wR2 = 0.1023

Table 2. Selected Bond Distances (A) and Bond Angles (deg) for RuNO-CI, RuNO-Resf, RuNO-Thnl, RuNO-Seln, and Unbound Selenophore along with the Optimized
DFT Bond Distances and Bond Angles for Comparison

RuNO-ClI RuNO-Resf(O) RuNO-Thnl(S) RuNO-Seln(Se) selenophore
X-ray DFT X-ray DFT X-ray DFT X-ray DFT X-ray
Bond Distances
Ru—NS5 1.7457(18) 1.743 1.7425(19) 1.736 1.735(3) 1.735 1.739(2) 1.738
N5-03 1.148(2) 1.162 1.154(2) 1.163 1.151(4) 1.162 1.155(3) 1.161
Ru—NI1 2.1877(18) 2.184 2.1516(18) 2.192¢ 2.181(3) 2.227¢ 2.158(2) 2.192¢
Ru—N2 1.9972(19) 1.992 1.9840(19) 1.983 1.984(3) 1.984 1.980(2) 1.982
Ru—N3 1.9971(18) 1.989 1.9943(18) 1.996 2.005(3) 1.996 1.997(2) 1.995
Ru—N4 2.1536(18) 2.189¢ 2.1457(19) 2.186" 2.175(3) 2.197 2.181(2) 2.199
Ru—Cl 2.3754(6) 2.365
Ru—O(Resf) 1.9915(16) 2.013 2.010(3) 2.025 2.0081(18) 2.019
Oph—C(Resf) 1.323(3) 1.328 1.319(4) 1.326 1.328(3) 1.329 1.3005(37)
Oyer—C(Resf) 1.232(3) 1.234 1.256(5) 1.234 1.243(4) 1.234 1.2929(37)
C=Y (Y =0,5S, Se) 1.377(3) 1.365 1.738(4) 1.754 1.871(3) 1.885 1.8779(28)
C=Y (Y = 0,8, Se) 1.368(3) 1.363 1.729(4) 1.750 1.881(2) 1.888 1.8784(29)
Bond Angles
Ru—N5-03 175.73(19) 172.09 174.48(19) 178.46 177.1(3) 176.21 176.6(2) 177.89
Ru—O—C(Resf) 131.80(14) 131.83 133.4(2) 132.40 132.71(16) 132.65
C=Y-C(Y = 0,8, Se) 118.50(19) 119.38 103.03(18)  102.89 99.32(11) 99.62 98.72(13)

“Deviations of ~0.04 A were observed in the Ru—N(Quinolone) bond distances presumably because DFT/B3PW91 slightly overestimates the steric/

twisting effect.
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photolyzed in quartz cuvettes and transferred to EPR tubes for
spectral analyses.

DFT Calculations. DFT calculations were carried out using
the double-¢ basis set 6-31G* for all atoms except Ru, for which
the quasi-relativistic Stuttgart-Dresden effective core potential
(ECP) was implemented. The 6-311G* basis set was used for Se
in RuNO-Seln. Calculations were carried out with the aid of the
program PC-GAMESS™ using the hybrid functional B3PW91,
which (along with Stuttgart Ru-ECP) has been shown to be
accurate for second-row transition metals,*® as well as group 8
elements.*! The X-ray coordinates of RuNO-Cl, RuNO-Resf,
RuNO-Thnl, and RuNO-Seln were used as starting point for
each geometry optimization and molecular orbital (MO) energy
level analysis. MOs were visualized in MacMolPIt for analysis.*

Results and Discussion

As mentioned above, the major goal of this study was
to start with the {(OMe),bQb)Ru(NO)} moiety (Anax of
the photoband at 500 nm), directly attach a set of
isoelectronic tricyclic dyes with different heteroatoms
(hence different absorption maxima) to the Ru center,
and determine the extent of photosensitization at longer
wavelengths of light. On the basis of empirical data in the
case of other chromophores 3* we anticipated that (a)
insertion of heavier atoms in the dye chromophores would
red-shift the dye bands,** (b) promote photoexcitation of
the nitrosyl-dye conjugates under lights of longer wave-
lengths, and (c) also enhance the overall efficiency (quan-
tum yield, ¢) of NO photolablhty in the visible range
because of the heavy-atom effect.’

The parent nitrosyl [((OMe),bQb)Ru(NO)(Cl)] (RuNO-
C)) has been synthesized from (OMe),bQb>~, RuCls, and
NO(g) in DMF by following the published procedure.”®
Removal of the chloride ligand with AgBF, in MeCN
followed by heating of the solvate intermediate with depro-
tonated dyes afforded the nitrosyl-dye conjugates
[((OMe),bQb)Ru(NO)(Resf)] (RuNO-Resf), [((OMe),bQb)-
Ru(NO)(Thnl)] (RuNO-Thnl), and [((OMe),bQb)Ru(NO)-
(Seln)] (RuUNO-Seln) in moderate yields (Scheme 1). The first
nitrosyl-dye conjugate, RuNO-Resf, has already been re-
ported in a previous account.

Out of the three dyes, only Resf is commercially available.
Extension of our synthetic strategy to attach isoelectronic
dyes with heavy-atoms therefore required syntheses of the
two congeners, Thionol (Y =S, Scheme 1) and Selenophore
(Y=Se, Scheme 1) in the present work. Oxygenation
of phenothiazine (Y =S) with a mild oxygenating agent
(H2SO4) at elevated temperatures (165 °C), followed by
neutralization with Na,COj3 and selective crystallization of
the dyeas Lisalt g with excess LiCl) provided analytically pure
Thionol (Thnl).* Although our initial reactions of Li-Thnl
with the {(OMe),bQb)Ru(NO)} moiety in refluxing MeCN

(39) Nemukhin, A. V.; Grigorenko, B. L.; Granovsky, A. A. Moscow
Univ. Chem. Bull. 2004, 45, 75.

(40) Waller, M. P.; Braun, H.; Hojdis, N.; Biihl, M. J. Chem. Theory
Comput. 2007, 3, 2234-2242.

(41) Hirva, P.; Haukka, M.; Jakonen, M. J. Mol. Modell. 2008, 14, 171—
181.

(42) Bode, B. M.; Gordon, M. S. MacMolPIt: A Graphical User Interface
for GAMESS. J. Mol. Graphics Modell. 1998, 16, 133-138.

(43) (a) Griffiths, J. Colour and Constitution of Organic Molecules;
Academic Press: London, 1976. (b) Fabian, J.; Hartmann, H. Light Absorption
of Organic Colorants; Springer-Verlag: Berlin, 1980. (c) Zollinger, H. Color
Chemistry: Syntheses, Properties, and Applications of Organic Dyes and Pig-
ments; Wiley-VCH: Ziirich, 2003.
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Scheme 1
meo NO OMe
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AgBF, =
N"}R N _dyeasNaorlisalt
N/ T MecNTHR, A
[((OMe),bQb)Ru(NO)(CI)] o

[((OMe),bQb)Ru(NO)(dye)]

Y = O, Resorufin RuNO-Resf
S, Thionol RuNO-Thnl
Se, Selenophore RuNO-Seln

were unsuccessful (possibly because of the high affinity of
Li" for the phenolato-O center of the dye), simple change of
solvent to MeCN/THF mixture allowed isolation of the dye-
nitrosyl conjugate (Scheme 2). This is most likely due to
better solvation of Li* as a leaving group in THF solution.

The selenium-containing dye Selenophore (Y =Se, Seln)
was synthesized from the selenium congener of phenothia-
zine, namely, phenoselenazine, obtained from reaction of
diphenylamine with Se,Cl, in boiling toluene (Scheme 3).*
The triheterocycle was then oxygenated with H,SO, at high
temperature (165 °C). The best yields were obtained at much
shorter reaction times (1 h for Seln versus 12 h for Thnl)
indicating higher reactivity of Seln. We were unable to
selectively precipitate this dye as its Li (or Na, K) salt.
However, column chromatography afforded pure acidic
(phenol OH) form of the dye in moderate yield. In this work,
we have also determined the structure of the product Seln by
crystallography (Figure S1, Supporting Information) to
confirm the regioselective insertion of the Se-atom in the
tricyclic framework. Reaction of the deprotonated (with
NaH) Seln dye with the {(OMe,bQb)Ru(NO)} moiety in
refluxing MeCN afforded the desired nitrosyl-dye conjugate
[((OMe),bQb)Ru(NO)(Seln)] (RuNO-Seln). We found that it
was essential to maintain total dark conditions during the
syntheses, column purification, and crystallization of RuNO-
Seln. In contrast, RuNO-Cl, RuNO-Resf, and RuNO-Thnl
were somewhat tolerant of ambient light. This was an early
indication of the higher extent of photosensitization in case of
RuNO-Seln (vide infra).

The three nitrosyl-dye conjugates, RuNO-Resf, RuNO-
Thnl, and RuNO-Seln exhibit limited solubility in water
although they dissolve readily in MeCN and CHCI;. Out
of the three, RuNO-Resf is the most stable in aqueous
solution. However, the dye slowly dissociates over the
course of several hours in aqueous solution (pH 5—7).
Interestingly, RuNO-Resf is less stable in water compared
to its congener [(Me,bpb)Ru(NO)(Resf)],*® presumably
because of steric interactions between the quinoline moi-
eties and the bound dye (Figure 3). In case of RuNO-Thnl

(44) (a) Showalter, H. D.; Sercel, A. D.; Leja, B. M.; Wolfangel, C. D.;
Ambroso, L. A.; Elliott, W. L.; Fry, D. W.; Kraker, A.J.; Howard, C. T.; Lu,
G. H.; Moore, C. W.; Nelson, J. M.; Roberts, B. J.; Vincent, P. W.; Denny,
W. A.; Thompson, A. M. J. Med. Chem. 1997, 40, 413-426. (b) Behrens, J.;
Hinrichs, W.; Link, T.; Schiffling, C.; Klar, G. Phosphorus, Sulfur Silicon
Relat. Elem. 1995, 101, 235-244.
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Scheme 2. Synthesis of Thionol (Thnl) from Phenothiazine
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N 160°C, 12 h LiCl
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Scheme 3. Synthesis of Selenophore (Seln) from Diphenylamine and Selenium Chloride

_SeClh Se
toI reflux, 4 h
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Figure 2. Thermal ellipsoid plot (shown as 50% probability ellipsoids)
of [((OMe),bQb)Ru(NO)(CD)] (RuNO-CI). H atoms have been omitted
for the sake of clarity.

and RuNO-Seln, the dye dissociates faster in aqueous
solution (within 1 h). For these reasons, the spectral
measurements have been performed mostly in CHCI;.

Structures. RuNO-CI. The structural features of the
{(OMe),bQb)Ru(NO)} moiety in this nitrosyl resemble
those of the same unit present in RuNO-Resf and the
other two nitrosyls reported in this paper (Table 2). As
shown in Figure 2, the pseudo-octahedral Ru center
is coordinated by the dianionic, dicarboxamido
(OMe),bQb”>~ ligand in the equatorial plane. Close
exammatlon of Table 2 reveals a narrow range of Ru—

Namido (1.9840(19) to 2.005(3) A) and Ru— Nguinoline
(2.1457(19) t0 2.1877(18) A) distancesin all four nitrosyls.
Within the {Ru-NO}° unit, both the Ru—N bond dis-
tances (1.735(3) to 1.7457(18) A) and the N—O bond
distances (1.148(2) to 1.154(2) A) are typical for {Ru-
NO}® nitrosyls derived from anionic ligands."®* For
example, the salen complex [(salen)Ru(NO)(CI)] exhibits
Ru—N distance of 1.7286(6) A, and a N—O bond distance
of 1.149(7) A.

Steric interactions between the extended quinoline
moieties in the equatorial plane of RuNO-CI results in
significant twisting of the (OMe),bQb*~ ligand frame.?**
This twist of approximately 35° is also observed in RuNO-
Resf (Figure 3), RuNO-Thnl (Figure 4), and RuNO-Seln
(Figure 5). The presence of the twisted ligand frame in
RuNO-CI clearly suggests that the twist observed in the

(45) (a) Bordini, J.; Hughes, D. L.; Da Motta Neto, J. D.; da Cunha, J. C.
Inorg. Chem. 2002, 41, 5410-5416. (b) Sellmann, D.; Hdupfinger, D.;
Gottschalk-Gaudig, T.; Heinemann, F. W. Z. Naturforsch. 2000, 55b,
723-729.

Figure 3. Thermal ellipsoid plot (shown as 50% probability ellipsoids)
of [((OMe),bQb)Ru(NO)(Resf)] (RuNO-Resf). H atoms have been
omitted for the sake of clarity.

Figure 4. Thermal ellipsoid plot (shown as 50% probability ellipsoids)
of [((OMe),bQb)Ru(NO)(Thnl)] (RuNO-Thnl). H atoms have been
omitted for the sake of clarity.

three nitrosyl-dye conjugates does not arise from coordi-
nation of the bulky dye molecules in axial position but
rather is an inherent property of the {(OMe),bQb)Ru-
(NO)} moiety.

RuNO-Resf, RuNO-Thnl, and RuNO-Seln. Since the
structural features of the three nitrosyl-dye conjugates are
similar to each other, we discuss them as a group.
Although the structure of RuNO-Resf has been reported
in our earlier account,® we have included the structure in
Figure 3 for the sake of comparison. The structures
shown in Figures 3, 4, and 5 confirm direct ligation of
the dyes to the Ru centers via the phenolato-O atom. As
discussed later, this direct binding facilitates a continuity
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Figure 5. ORTEP diagram of the X-ray structure of [((OMe),bQb)Ru-
(NO)(Seln)] (RuNO-Seln) shown at 50% thermal ellipsoids, with H atoms
omitted for clarity.

of conjugation throughout the sr-system of the dye all the
way to the bound NO via the d, orbitals of the metal
center—a feature that is crucial for through-bond (Dex-
ter) energy transfer.>> The Ru—O bond distances lie
within a narrow range (1.9915(16) to 2.010(3) A), a fact
that indicates similar bonding between the phenolato-O
atom of the dye and the Ru center in all three cases.
Notably, these bond distances are much shorter than the
Ru—ClI bond distance (2.3754(6) A) observed in RuNO-
Cl. In all three structures, the Resf, Thnl, or Seln dye stay
tilted away from the O—Ru—NO axis by ~135°, albeit in
slightly different directions.

The structural features of the dye chromophores,
themselves, warrant some discussion at this point since
they display the effects of heavy-atom substitution in the
central ring of the tricyclic system. The larger size of the S
or Se atoms induces a “prying open” deformation in the
central ring of the dye unit (Figures 4 and 5). For example,
the average C—Y (Y =0, S, Se) bond distance steadily
increases from 1.377(3) to 1.738(4) to 1.881(2) A as one
moves from Resf(O) to Thnl(S) to Seln(Se) and corre-
spondingly, the C—Y —C bond angle becomes more acute
(118.50(19) > 103.03(18) > 99.32(11)°). Also, some of the
internal angles of the central ring diverge from their ideal
value of 60° as one goes from O to S to Se, presumably
because of increasing size of the heavy atom. The other
structural features of the dyes such as the phenolato C—O
bonds (1.319(4) to 1.323(3) A) and C=0 bonds (1.232(3)
to 1.256(5) A) remain relatively unchanged (Table 2).

Electronic Absorption Spectra. Before we examined the
electronic absorption features of the nitrosyl-dye conju-
gates, we investigated the absorption characteristics of
the free dye molecules and the parent nitrosyl RuNO-Cl
separately. This was necessary since we intended to
eventually gain insight into how the two chromophores
(the dye and the nitrosyl) interact with each other.

Resorufin (Resf), Thionol (Thnl), and Selenophore
(Seln). The deprotonated form of each dye (Na or Li salt)
exhibits one strong absorption band in the ~600 nm
region, with some notable differences. For example,
in DMF Resf  exhibits its intense absorption band

(46) (a) Montejano, H. A.; Gervaldo, M.; Bertolotti, S. G. Dyes Pigm.
2005, 64, 117-124. (b) Bueno, C.; Villegas, M. L.; Bertolotti, S. G.; Previtali,
C. M.; Neumann, M. G.; Encinas, M. V. Photochem. Photobiol. 2002, 76,
385-390. (c) Flamigni, L.; Venuti, E.; Camaioni, N.; Barigelleti, F. J. Chem.
Soc., Faraday Trans. 1989, 85, 1935-1943.

Inorganic Chemistry, Vol. 48, No. 14,2009 6911

100000 - Resf

Thnl

80000 -
Seln

G091 Rest Thul Sein

40000 -

20000 -

e M'ecm™)

20000 1 Resf
15000 4 Thnl
10000 -

Seln
5000 A

300 400 500 600 700
Wavelength (nm)

Figure 6. Electronic absorption spectra of Resf, Thnl, and Seln
in deprotonated (in DMF, top panel) and protonated (in DMF/
AcOH, bottom panel) forms. Inset: Picture of each deprotonated dye in
DMF.

(e = 105000 M~" cm™") with Amayx at 590 nm (Figure 6,
top panel). This band, arising from a highly favored
m—* transition,” appears at low energy because of
extensive delocalization of the negative charge of the
phenolato-O moiety over the entire tricyclic ring system.
Thnl ™ exhibits a similar but red-shifted absorption fea-
ture centered at 610 nm (Figure 6). The intensity of this
band is slightly lower (¢=91300 M~ cm™ ') than that of
Resf™. This trend continues in case of the Se-containing
dye Seln™ which exhibits its absorption band at 612 nm
with decreased e-value (80000 M~ cm™").*® Although
the absorption parameters for Thnl™ and Seln™ are not
significantly different, the colors of their solutions tell a
different story (Figure 6, top panel inset). A clear change
of color is observed from reddish-violet (Resf ), to
bluish-violet (Thnl "), to the pure blue color of Seln ™. It
is evident that changes in the heteroatom from O to S to
Se results in red-shift of the absorption bands of the dyes,
a trend that supports our photosensitization strategy.
Dramatic changes in the absorption spectra are ob-
served when the dyes are protonated. In acidic solutions
(DMF/AcOH), all three dyes exhibit changes in absorp-
tion parameters in terms of .., e-value, as well as half-
height width (Figure 6, bottom panel). For example, the
Amax Of Resf is blue-shifted by 120 nm, down to 470 nm.
Additionally, the intensity of the band is decreased by
more than 5-fold (=20 000 M~ ' cm ™). Similar decrease
in e-value is observed in case of Thnl (e =13 500 M ' ecm ™)
and Seln (¢=9 800 M~' cm™"). Also, the Ama.x values
move to higher energy region (Figure 6, bottom panel).
Interestingly, for all three dyes, the absorption bands
become broad compared to the extremely sharp features
of the dyes in basic forms (Figure 6, top panel). Very
similar changes in the absorption features of the dyes are
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Figure 7. Electronic absorption spectra of RuNO-Cl, RuNO-Resf,
RuNO-Thnl, and RuNO-Seln in CHCl; solution at 298 K.

observed when the deprotonated dyes are coordinated to
the metal center (a Lewis acid) of the {(OMe),bQb)Ru-
(NO)} moiety (vide infra). The reduced e-values presum-
ably arise from decrease in symmetry upon going from the
basic form of the dyes (with negative charge delocalized
across the tricyclic ring structure) to the protonated form.
Since methylation of the phenolato-O center of Resf ™ also
blue-shifts its absorption maximum (to 460 nm) and lowers
the intensity of the absorption band (16200 M~ ecm ™), it
is evident that interaction of proton (or the metal center)
with the phenolato-O center of Resf™ is actually respon-
sible for the observed changes. A close look at the bottom
panel of Figure 6 reveals another interesting observation in
relation to the heavy-atom substitution in the dye frame. In
case of Thnl (S) and Seln (Se), a second absorption feature
appears around 425 nm. This additional feature in case of
the latter two dyesis an intrinsic one and is also noted in the
electronic absorption spectra of the corresponding nitro-
syl-dye conjugates (vide infra).

RuNO-CI. In CHCI; solution, the parent nitrosyl
[((OMe),bQb)Ru(NO)(CI)] (RuNO-CI) exhibits a low-
intensity absorption band centered at 500 nm (¢ =4 950
M~ !'cem ™! Figure 7, dashed dark red line). This feature
arises from a d (Ru)—a*(NO) transition*’ which is
thought to give rise to the observed photolability of the
Ru-NO unit**~* (and hence called photoband). The
much larger absorbance band in the UV region centered at
320 nm is attributed to transitions associated with the
ligand frame, as is typically observed in other metal
complexes derived from quinoline-based ligands. It should
be noted here that we have chosen (OMe),bQb’>~ as
the ligand, since it affords the nitrosyl RuNO-CI that
exhibits its photoband at the lowest energy (500 nm)
compared to all other {Ru-NO® nitrosyls reported so
far. This nitrosyl is therefore the ideal candidate for

(47) (a) Works, C. F.; Jocher, C.J.; Bart, G. D.; Bu, X.; Ford, P. C. Inorg.
Chem. 2002, 41, 3728-3739. (b) Works, C. F.; Ford, P. C. J. Am. Chem. Soc.

2000, /22, 7592-7593.

(48) (a) Sauaia, M. G.; de Lima, R. G.; Tedesco, A. C.; da Silva, R. S.
Inorg. Chem. 2005, 44, 9946-9951. (b) Toledo, J. C.; Neto, B. D. S. L.;
Franco, D. W. Coord. Chem. Rev. 2005, 249, 419-431. (c) Tfouni, E.;
Krieger, M.; McGarvey, B. R.; Franco, D. W. Coord. Chem. Rev. 2003,
236, 57-69.

(49) Prakash, R.; Czaja, A. U.; Heinemann, F. W_; Sellmann, D. J. Am.
Chem. Soc. 2005, 127, 13758-13759.
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photosensitization with new exogenous chromophores
like Thnl and Seln which also exhibit strong absorption
in the 500—600 nm region.

Nitrosyl-Dye Conjugates. Details of the absorption
parameters of [((OMe),bQb)Ru(NO)(Resf)] (RuNO-
Resf) in DMF have been published before.?® In this work,
data on all three conjugates have been collected (and
compared) in CHCl;.

RuNO-Resf. This nitrosyl, derived from the O-atom
chromophore Resf, dissolves in CHCI; to give a bright red
solution. The solution displays a strong absorption band
at 505 nm (Figure 7). Close inspection of Figure 7 in-
dicates a strong overlap of the photoband of RuNO-CI
with the absorption band of the coordinated Resf ™ unit in
RuNO-Resf. As discussed above, direct attachment of the
Resf moiety to the Ru center of the nitrosyl results in
blue-shift of the dye band and allows effective overlap
with the photoband of the nitrosyl moiety.

RuNO-Thnl. This nitrosyl-dye conjugate, derived from
the S-atom containing chromophore thionol (Thnl), ex-
hibits absorption features that are red-shifted compared
to its O-atom chromophore congener. RuNO-Thnl dis-
plays its absorption maximum at 525 nm, and its intensity
(e=25000 M~ ! cm™") is comparable to that of RuNO-
Resf. In addition, there is a shoulder at 440 nm. This
second absorption feature is analogous to the shoulder
observed in the electronic absorption spectrum of Thnl
under acidic conditions (DMF/AcOH; see Figure 6, bot-
tom panel). As discussed above, this feature is not ob-
served in case of RuNO-Resf (or Resf under acidic
conditions) and appears to be associated with an internal
charge-transfer band of the chromophore unit. As shown
in Figure 7, the low-intensity absorption band of the {Ru-
NO}°® moiety of RuNO-Thnl lies well under the umbrella
of the absorption band of the bound chromophore. In
addition, the broader absorption band of the bound
chromophore allows absorption of more light in the
visible range by RuNO-Thnl compared to RuNO-Resf.

RuNO-Seln. This nitrosyl-dye conjugate, derived from
the novel heavy-atom chromophore Selenophore (Seln),
exhibits absorption properties similar to its sulfur-con-
taining Thnl analogue described above. The 4,,,,, value of
RuNO-Seln is red-shifted further to 535 nm (Figure 7),
and the intensity of the dye band is reduced to some extent
(e=22400 M ' cm ™ "). The second absorption feature of
the Seln dye is observed at 460 nm. Although the absorp-
tion parameters of RuNO-Thnl and RuNO-Seln do not
differ much (Figure 7), the extent of NO photolability
(i.e., photosensitivity) of these two nitrosyl-dye conju-
gates is very different and provides a more suitable basis
for differentiating the effects of S- versus Se-containing
chromophore.

NO Photolability and Photosensitization. RuNO-CI. Upon
exposure to visible light (1 > 465 nm, 300 mW), a solution of
the parent nitrosyl RuNO-Cl in MeCN undergoes slow
changes in its electronic spectrum (Figure S2, Supporting
Information). Measurements with NO-sensitive electrode
confirm that the changes are associated with photorelease
of NO from RuNO-Cl under such illumination.?*2%47~%
The light-driven liberation of NO is accompanied by
the formation of a Ru(Ill) photoproduct, namely,
[((OMe),bQb)Ru(MeCN)(CI)], which exhibits a low-energy
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Figure 8. Changes in the electronic absorption spectra of RuNO-Seln in
MeCN upon illumination with intervals (30 s to 5 min) of red light (4;,, =
585 nm; 200 mW). The final two traces were obtained upon exposure
to 5 min of broad visible light (4;, = 500 nm; 300 mW). Inset: NO
amperogram of RuNO-Seln in MeCN/H,O (1:1) upon illumination with
red light for time periods as indicated.

band near 650 nm. This low-energy transition has been
assigned to a ligand-to-metal charge transfer (LMCT) band
arising from the negatively charged ligand (in this case,
(OMe),bQb”>") to the Ru(Ill) center.* The photoproduct
gives a strong EPR signal, typical low-spin d’ system, in
MeCN/toluene frozen glass at 125 K (g=2.48, 2.25, 1.79).
Quantum yield measurements at 500 nm indicate that
RuNO-CI releases NO in MeCN with ¢s0o=10.025, a value
higher than its closely related congener [(Me,bpb)Ru(NO)-
(CD] (ps00 < 0.01).

RuNO-Resf and RuNO-Thnl. We have previously re-
ported that direct attachment of the Resf dye to the
{(OMe),bQb)Ru(NO)} moiety in RuNO-Resf enhances
its quantum yield (¢soo) to ~0.20, a marked improvement
compared to its dye-free congener RuNO-CL** In this
work, we compare the quantum yield of this nitrosyl-dye
conjugate with those of two new ones that contain
analogous dyes with heavy-atom substitution. Exposure
of asolution of RuNO-Thnl in MeCN to low-intensity 500
nm light (300 mW) causes changes in its electronic
absorption spectrum (Figure S3, Supporting Informa-
tion) analogous to those observed with RuNO-Resf.
Clean isosbestic points at 360 and 480 nm as well as
generation of a new low-energy band centered at 830 nm
indicates clean release of NO and formation of the Ru
(I1T) photoproduct (strong EPR signal). The presence of
the LMCT band around 830 nm and the strong dye band
with A, at 500 nm confirms that the Ru(IIl) photo-
product is indeed [((OMe),bQb)Ru(MeCN)(Thnl)].

RuNO-Seln. Very similar changes in the electronic
absorption spectra of RuNO-Seln (MeCN solution;
Figure 8) are observed upon exposure to 500 nm (blue)
light. More remarkable is the fact that this nitrosyl-dye
conjugate also releases NO upon exposure to 600 nm (red)
light, albeit at much lower rate. Photolysis of RuNO-Seln
in MeCN with filtered red light (4;,; = 600 nm; 200 mW)
generates a broad low-energy band from 800 to 1000 nm
because of formation of the photoproduct [((OMe),bQb)
Ru(MeCN)(Seln)] (strong EPR signal with g=2.24,2.19,
1.88). Quite in contrast, no change in the electronic
absorption spectrum is noted when solution of either
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RuNO-Thnl or RuNO-Resf is irradiated with the same
red light.

To make a quantitative comparison of the four nitrosyls,
RuNO-Cl, RuNO-Resf, RuNO-Thnl, and RuNO-Seln,
we have determined their quantum yields of NO photo-
release (in MeCN) upon exposure to lights of various
wavelengths in the 500—600 nm range. The results of
such measurements are summarized in Table 3. The quan-
tum yield values of some other metal nitrosyls (in different
solvents), reported by other groups, are also listed for
the sake of comparison. A clear trend of increasing photo-
sensitivity at longer wavelengths is observed upon going
from RuNO-CI to RuNO-Resf to RuNO-Thnl to RuNO-
Seln. For example, while RuNO-Resf is not photosensitive
to 550 nm light (¢s50 < 0.01), both RuNO-Thnl and RuNO-
Seln photorelease NO with ¢ssy values of 0.13 and 0.17,
respectively. Remarkably, RuNO-Seln exhibits photosen-
sitivity all the way to 600 nm (¢goo ~ 0.04, Table 3). A close
look at Figure 7 at this point provides insight into
the enhanced photosensitivity of RuNO-Thnl compared
to RuNO-Resf. The broader and intense absorption of
the attached Thnl dye sensitizes RuNO-Thnl toward
550 nm light while the narrow absorption of Resf dye fails
to promote NO photorelease at this wavelength.
The extent of photosensitization tails off rather quickly
in case of RuNO-Resf. Figure 7 also reveals that the
absorption spectra of RuNO-Thnl and RuNO-Seln are
very similar to each other. The fact that RuNO-Seln is
still a better-sensitized nitrosyl-dye conjugate supports
the so-called “heavy-atom chromophore effect” often
mentioned in the area of photosensitization. We have
attempted to look further into the origin of the enhanced
photosensitivity of RuNO-Seln in our theoretical work as
described below.

DFT Calculations. To elucidate the reason(s) behind
variations in the extent of photosensitization by the three
dyes, we have performed a DFT study on all four nitrosyls
RuNO-Cl, RuNO-Resf, RuNO-Thnl, and RuNO-Seln
using the B3PW91 hybrid functional and 6-31G* basis
set for light atoms (C, H, N, O, S). For Ru, the Stuttgart
ECP basis set was employed while the 6-311G* basis set
was used for Se in case of RuNO-Seln. The B3PWI1
approach has been shown to outperform other hybrid
functionals like B3LYP or pure functionals like PW91 in
numerous cases for ruthenium,**>%3! especially when
ligated to back-bonding ligands like CO or NO.*! Be-
cause DFT is essentially a ground-state theory, the fol-
lowing discussions should serve only as a theoretical
model (and a potential explanation) for the NO photol-
ability of the nitrosyl-dye conjugates.

The MO energy level diagram in Figure 9 summarizes
the electronic configuration of the parent nitrosyl RuNO-
Cl and the simplest nitrosyl-dye conjugate RuNO-Resf. In
the occupied manifold of RuNO-CI (Figure 9, lower left),
the HOMO (E=-4.60 ¢V) is dominated by a ligand-
based orbital derived from the negatively charged car-
boxamido-N moiety delocalized across the conjugated

(50) Ayed, T.; Barthelat, J.-C.; Tangour, B.; Pradére, C.; Donnadieu, B.;
Grellier, M.; Sabo-Etienne, S. Organometallics 2005, 24, 3824-3826.

(51) (a)Hratchian, H.; Milleti, M. C. J. Mol. Struct.: THEOCHEM 2005,
724, 45-52. (b) Wang, H.; Miki, E.; Re, S.; Tokiwa, H. Inorg. Chim. Acta
2002, 340, 119-126. (c) Huang, D.; Streib, W. E.; Eisenstein, O.; Caulton, K.
G. Organometallics 2000, 19, 1967-1972.
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Table 3. Quantum Yield (¢) Values of Selected Nitrosyls in the Visible Range”
irradiation wavelength (4;,;) in nm
complex 500 525 550 575 600
RuNO-CI [((OMe),bQb)Ru(NO)(CI)] 0.025 - - —— -
RuNO-Resf [((OMe),bQb)Ru(NO)(Resf)] 0.124 0.078 —= —— ——
RuNO-Thnl [((OMe),bQb)Ru(NO)(Thnl)] 0.155 0.190 0.131 —— -
RuNO-Seln [((OMe),bQb)Ru(NO)(Seln)] 0.189 0.214 0.176 0.152 0.040
Other Reported Nitrosyls

[(Me,bpb)Ru(NO)(Resf)]” 0.052 -
[(Me,bpb)Ru(NO)(CI)] —= -
[Ru(NH;)s(pz)Ru(bpy)>(NO)|(PF)s* 0.025
Roussin’s Salt Ester (RSE)” 0.00019
PPIX-RSE* 0.00025
Fluor-RSE/ 0.0036 (436 nm)

“ All ¢-values are reported with error range of + 0.01. Note that “——""denotes ¢-values of <0.01 in our measurements; blank entries indicate values

not reported. ” Ref 27, “ Ref 48a, “ Ref 19a, ¢ Ref 30b,” Ref 30a

phenylene-diamine unit. The HOMO—1 level is com-
posed of the corresponding perpendicular orbital, while
the next occupied orbital (HOMO—2) is primarily ClI™
based. More importantly, HOMO—3 (at —6.50 eV) is
composed of a large portion of a d,(Ru) — 2(NO) bonding
interaction.>> One must note that the NO photolability of
{Ru-NO}° nitrosyls is thought to arise from a d.(Ru) — 7*
(NO) MLCT transition.*” It is thus likely that such a
transition originates from an orbital like HOMO—3 as
shown in Figure 9.°* In the unoccupied MO manifold of
RuNO-CI (Figure 9, top left), the first two LUMO levels
(—2.80 and —2.64 e¢V) of RuNO-CI are primarily com-
posed of a d(Ru) — 7*(NO) antibonding interaction, the
photoexcitation to which drives Ru—N bond cleavage
and thus NO photolability.>*>* A significant extent of
mixing of the d (Ru) —z*(NO) with the quionoline 7*
system is also observed in the first four closely spaced
LUMO levels (denoted as (Q)xr* in Figure 9). Such mix-
ing most possibly accounts for the red-shifted photo-
band (A,.x~500 nm) observed in the quinoline-based
[((OMe),bQb)Ru(NO)(CI)] (RuNO-Cl), as compared
to its pyridine-based congener[(Me,bpb)Ru(NO)(CI)]
(Amax ~ 400 nm), which does not exhibit any mixing of
the d,(Ru)—a*(NO) and z*(py) orbitals. Additional
unoccupied metal-based orbitals (d.. and d,._,.) are also
observed at much higher energies (—1.20 and 0.76 V) but
are not shown as they are not thought to be involved in
NO photolability.>*

The MO diagram of RuNO-Resf is noticeably enhanced
by the presence of the bound Resorufin chromophore.
Although the MOs of the {((OMe),bQb)Ru(NO)} moiety
remain largely unchanged when compared to RuNO-
Cl, the MOs of the bound chromophore are now inter-
calated into this manifold (Figure 9, right panel). Most
importantly, one new low-energy unoccupied orbital

(52) (a) Sizova, O. V.; Lyubimova, O. O. Russ. J. Gen. Chem. 2004, 74,
996-1000. (b) Sizova, O. V.; Baranovskii, V. I; Ivanova, N. V.; Sizov, V. V.;
Ershov, A. Y.; Nikol’skii, A. B. Russ. J. Gen. Chem. 2002, 72, 1831-1839.

(53) (a)Conradie, J.; Quarless, D. A.; Hsu, H.-F.; Harrop, T. C.; Lippard,
S. J.; Koch, S. A.; Ghosh, A. J. Am. Chem. Soc. 2007, 129, 10446-10456.
(b) Greene, S. N.; Richards, N. G. J. Inorg. Chem. 2004, 43, 7030-7041.

(54) (a) Videla, M.; Jacinto, J. S.; Baggio, M. T.; Garland, M. T.; Singh,
P.; Kaim, W.; Slep, L. D.; Olabe, J. A. Inorg. Chem. 2006, 45, 8608-8617.
(b) Sizova, O. V.; Ivanova, N. V_; Sizov, V. V.; Nikol’skii, A. B. Russ. J. Gen.
Chem. 2004, 74, 481-485. (c) Gorelsky, S. I.; da Silva, S. C.; Lever, A. B. P.;
Franco, D. W. Inorg. Chim. Acta 2000, 300—302, 698-708.

(LUMO +4) appears in the LUMO manifold (Figure 9,
top right) at —2.37 eV that is composed of the 7% ( Resf)
orbital and the d,(Ru)— JI*(NO) orbital. This finding
suggests that photoexcitation of the bound Resf chromo-
phore could lead directly to Ru—N(O) bond cleavage and
would provide a suitable model for the significant increase
in experimental quantum yields of NO photorelease upon
dye coordination.

The occupied manifold of RuNO-Resf (Figure 9, bot-
tom right) also presents some interesting results, as three
new chromophore-based MOs intercalate the MOs of
the {Ru-NO} moiety. First, a higher-energy HOMO—1
level (—5.33 eV) is derived from the sr(Resf) system, and
a second orthogonal (or perpendicular) 7(Resf) orbital
is observed at —6.23 eV. Transition from this s(Resf)
HOMO-—1 to the w*(Resf) LUMO+4 is symmetry
forbidden. In contrast, transition from the m(Resf)
orbital HOMO—4 to the mixed s*(Resf)ld(Ru)-s*
(NO) level (LUMO +4) is highly favored. It is there-
fore evident that photoexcitation of the {m(Resf) — m*
(Reshlld,(Ru) - 7*(INO)} transition (i.e., {HOMO—4—
LUMO + 4} in case of RuNO-Resf could enhance the Ru-
based {d (Ru)—x *(NO)} MLCT transition ({(HOMO
—5—LUMO} in Figure 9, right panel) leading to greater
NO photolability.

To support this proposition, we have also calculated
the analogous MO energy level diagrams for RuNO-Thnl
and RuNO-Seln (summarized in Figure 10). One can
clearly see that while the energy of the higher m(dye)
(dye=Resf, Thnl, Seln) HOMO-—1 orbital remain rela-
tively constant, the orthogonal zz(dye) orbitals at lower
energies are (a) qualitatively increased from the HOMO—
4 to HOMO—2 upon substitution of S(Thnl) or Se(Seln)
for O(Resf), and (b) quantitatively, their energies are
systematically increased as one moves from RuNO-Resf
(E=-6.23 ¢V) to RuNO-Thnl (E=—5.85eV) to RuNO-
Seln (E=-5.71 eV). This trend in increasing s(dye)
orbital energies results in smaller energies of transition
to the #*(dye)lld(Ru) - 7%(NO) orbital which decreases
in the order AE = 3.86 > 3.54 > 3.40 ¢V for RuNO-Resf,
RuNO-Thnl, and RuNO-Seln, respectively. This can be
correlated to the shiftin A,,,,, of the coordinated dye-band
from RuNO-Resf (1,.x=500 nm) to RuNO-Thnl
(Amax =525 nm) to RuNO-Seln (4.« =535 nm), as well
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chromophore HOMO/LUMO orbitals with those of the parent nitrosyl. The visually represented MO’s are indicated in red in the electron configuration

diagram.

as with the increased quantum yields observed with the
“heavy-atom” chromophore effect. It is equally impor-
tant to note that the intrinsic d,(Ru) — 7*(INO) antibond-
ing orbital (LUMO = —2.99, —2.99, and —3.02 ¢V for O,
S, and Se, respectively) remains unchanged across the
heavy-atom series, reinforcing the notion that the occu-
pied MO’s of the coordinated dyes are the origin of low-
energy photosensitization in these nitrosyl-dye conju-
gates.

Results of time-dependent DFT (TD-DFT) calcula-
tions also provide strong support to our conclusions. For
example, the calculated electronic spectrum of RuNO-
Resf exhibits several strong features in the ~500 nm
region, the strongest of which is a Resf(sr) — RuNO(7r*)
transition (Figure S5, Supporting Information). This
direct electronic transition from the coordinated dye to
the RuNO moiety is clearly responsible for the observed
sensitization of the {Ru-NO}" nitrosyl to visible light.
It also suggests that a high extent of “through-bond”

energy transfer is possible when the chromophore is
directly attached to the {Ru-NO} moiety. Similar trends
are observed in case of both RuNO-Thnl and RuNO-Seln,
albeit it at slightly lower energies (in accordance with
experimental results). The TD-DFT profile of RuNO-
Cl (Figure S4, Supporting Information) on the other
hand, exhibits transitions of relatively lower intensity
near ~500 nm all of which originate from either the
ligand(r) system in the equatorial plane (HOMO in
Figure 9, left panel) or from Ru-based orbitals. In each
case, the electron is excited to either pure RuNO(*)
antibonding orbitals (HOMO + 2/ + 3) or mixed {RuNO
(@*NQ(r*)}  orbitals (HOMO/HOMO+1  where
Q =quinoline). Direct attachment of the chromophore
introduces more allowed transitions between the highly
conjugated z-system of the dye and the {Ru-NO} moiety
along the Dye-Ru-NO axis. This phenomenon makes the
dye-attached nitrosyls of the present study more sensitive to
visible light.
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Figure 10. Calculated MO energy level diagrams for the ruthenium nitrosyl-dye conjugates derived from Resorufin (RuNO-Resf) and its iso-electronic
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electron configuration diagram.

Overall, our DFT investigation on photoactive ruthe-
nium nitrosyl-dye conjugates derived from a series of
heavy-atom dye chromophores provides insight into the
mechanism of energy transfer between the dye molecules
and the {Ru-NO} moiety. It is evident that the dye- and
RuNO-based MOs in the present dye-nitrosyl conjugates
are intrinsically linked via chemical bonding. The success
of our strategy thus lies upon a highly efficient Dexter
energy transfer process.”™

Conclusions

In summary, we have synthesized and structurally char-
acterized three ruthenium nitrosyl-dye conjugates appended
with the chromophores Resorufin, Thionol, and Seleno-
phore. In all three conjugates, the deprotonated dye mole-
cules are directly coordinated to the Ru centers. Results of
spectroscopic and photochemical studies, as well as DFT
calculations, lead to the following conclusions.

(1) Changes in the absorption maxima of the ligated

dye molecules via alteration of the heteroatom
(O, S, or Se) in the tricyclic frame allow one to
bring the dye band close to the photoband
of the nitrosyl moiety. In the present study, as
one moves from Se to S to O, the dye band merges
into the photoband of the {((OMe),bQb)Ru(NO)}
unit. When the two bands coalesce in RuNO-Resf,

(55) (a)Jang, S.;Jung, Y.-J.; Silbey, R. J. Chem. Phys. 2002, 275,319-332.
(b) Lin, S. H.; Xiao, W. Z. Phys. Rev. E 1993, 47, 3698-3706.

(56) (a) Tanaka, I.; Tabata, Y.; Tokito, S. J. Appl. Phys. 2006, 99,073501.
(b) Faure, S.; Stern, C.; Guilard, R.; Harvey, P. D. J. Am. Chem. Soc. 2004,
126,1253-1261. (c) Murphy, C. B.; Zhang, Y.; Troxler, T.; Ferry, V.; Martin,
J. J.; Jones, W. E. J. Phys. Chem. B 2004, 108, 1537-1543.
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the conjugate exhibits the highest molar absorp-
tivity and significant photosensitization of the
nitrosyl moiety is observed. The strategy depicted
in Figure 1 is therefore a valid one.

If the dye molecule includes a heavy atom (as
is the case with RuNO-Thnl and RuNO-Seln), the
conjugate becomes sensitive to a broader range
of visible light because of broadening of the
absorption band of the coordinated dye. The
broadened dye band effectively increases the light
harvesting process over a wider range of wave-
lengths.

In case of RuNO-Seln, the presence of the
heavy atom Se not only extends the NO photol-
ability to 600 nm but also enhances the quantum
yield values (Table 3) at longer wavelengths
of light. The so-called heavy atom effect is thus
applicable to this type of nitrosyl-dye conjugates.
Results of DFT calculations on the three con-
jugates reveal that in each case, one of the low-
lying LUMOs is composed of the z%(dye) orbital
and the d(Ru) — 7*(INO) orbital (Figure 9). As a
consequence of this coupling, photoexcitaion of
the dye enhances the d_(Ru) — 7z*(NO) antibond-
ing interaction and increases the extent of NO
photodissociation (improved quantum yield).
Direct coordination of the dye molecule to the
Ru—NO moiety enables such mixing of orbitals
in these conjugates.

DFT calculations also show that substitution of
O with S and Se in the dye unit raises the energy of
the m(dye) orbitals (Figure 10). As a result,
photoexcitation of the dye (and concomitant
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NO photodissociation) can be achieved with
lights of lower energy upon such substitution.
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