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Dinuclear and tetranuclear Ru(ll) compounds 1, 2, 3, and 4 based on the PHEHAT ligand (PHEHAT = 1,10-
phenanthrolino[5,6-b]-1,4,5,8,9,12-hexaazatriphenylene) are prepared and characterized on the basis of the data
for other related mononuclear species. Their electrochemical and spectroscopic behaviors are discussed. The
nonspectroelectrochemical correlation obtained for 1, 2, 3, and 4 is explained on the basis of these data. From the
behavior in emission, it is concluded that the internal energy transfer takes place from the core to the peripheral
metallic units in 3 and 4.

Introduction

During these last years, several mono- and polymetallic
transition metal complexes (based on Ru(ll), Os(ll), or Ir-
(1) with different extended polyazaaromatic planar ligands
have been prepared and studietiSome of the mononuclear
building blocks have been examined as DNA intercalators
and biosensors!® whereas polynuclear complexes are cur-
rently developed as new nanomaterials to collect light and

PHEHAT
play the role of antenna systefis!® Up to now, only a
L . AN NN
few of the bridging ligands with an extended planar aroma- | |
ticity are, to our knowledge, nonsymmetrical. This is actually yZ N N
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The influence of the nonsymmetrical character of this Table 1. *H NMR Data for Complexed—42

ligand on the properties of corresponding Ru(ll) complexes  phen phen bpy PHEHAT HAT
is thus investigated. In a first step, the synthesis, character- {(phenyRu-PHEHAT} 2" b

ization, and electrochemical and photophysical properties of P.=8.31 PH. = 8.24

two dinuclear building blocks1(and2) are presented and P2~ .70 ﬁgz;%
discussed. In a second step, on the basis of these data, thé:8:31 PH, = 9.30
properties of the tetranuclear compounds are interpreted. ForP _ga1 and 9.33

the construction of these compounds, one can start from ap, — g6
central Ru(ll) ion complexed to three PHEHAT ligands and Ps=7.70
add three additional Ru(ll) species to each PHEHAT moiety Po=8.09

. - 2+
to obtain a tetranuclear complex. There are however two ,, {HAT-Ru(phenj}**<

T . . . 2= 8.19 H7,10= 8.28
possibilities for this construction. Either the three phen parts p;=7.70 Hs 1= 9.04
of the PHEHAT ligands surround the central Ru ion or the gfg-gi’ Hbs=9.41

5= O.

three HAT parts are at the core. Up to now, despite our p, —g3;
numerous efforts, the construction of the tetranuclear species”; = 8.69
with the HAT motif around the central Ru has failed. In the 5*Z 2%

. . . 9
present work, we present thus the synthesis, characterization, {HAT-Ru(bpy}} 2+

and electrochemical and photophysical properties of the B's, B's = 7.68 and 7.81 1= 8.36
species with the three phen motifs surrounding the metallic B's, B's =7.29and 7.53 b1, = 9.16
| lex8sand 4 B's, B'y = 8.08 and 8.19 b= 9.41
core (tetranuclear complex@&sand4). B's B's = 8.57 and 8.60
. . {(phen)Ruu-PHEHAT-Ru(phen} 4+ 1
Experimental Section P,=827 P,=827 PH, = 8.27
Ps=7.71 P3=771 PH=7.92
{(phen}Ru-PHEHAT} 2t 14 Ru(phen)Cl,,1> Ru(bpy}Cl,,1° Ru- P,=8.67 P,=872 PH =9.82
(DMSO)CI,,%8 1,10-phenanthroline-5,6-dione (phendiofeand P;=831 Ps=8.33 PH=9.14

-diamino- _ 14 _ Ps=8.31 Ps=8.33 PH =8.39
9,10-diamino-1,4,5,8-tetraazaphenanthrene (dibP)!4 were pre P,—867 P,—8.72

pared following literature procedures. All the solvents and reagents p,=7.71 pPy=7.71
for the syntheses were at least reagent grade quality and were uset =8.07 Py = 8.04

without further purification. All the solvents for the spectroscopic { (phenyRuu-PHEHAT-Ru(bpy)} 4+ 2
measurements were spectroscopic grade quality. All the reactionP.=8.27 Be, B'g=7.78and 7.84 Pki=8.27
mixtures were protected from direct light during the synthesis to Ps=7.69 Bs, By =7.33and 7.57 Ph=7.92
i ) P,=8.66 B, By=8.12and8.22 PH=19.82
prevent photochemical degradation. P, =8.31 B, B'z=8.58 and 8.66 Pki=9.25
Instrumentation. *H NMR (300 MHz) spectra were obtained Esiggé PH=8.47

on a Bruker Avance-300 instrument. The electrospray mass spectraP:3 — 769
were obtained with a VG-BIO-QUAD spectrometer at the Univer- p, g o7

sity Louis Pasteur (_Strasbourg, France). Absorption spectra were {Ru[u-PHEHAT-Ru-(pheng}** 3

recorded on a Perkin-Elmer Lambda YVis spectrophotometer. P,=827 PH, = 8.50
The molar absorption coefficients were determined by weight and Ps=7.68 PH = 8.00
absorption measurements. Emission spectra were recorded with g~ g'gg gg - g-?i
Shimadzu RF-5001 PC spectrometer equipped with a Hamamatsupz= 8.30 PH = 8.37

R-928 photomultiplier tube and with a 250 W xenon lamp as P;=8.69
excitation source. The spectra were corrected for the instrument gﬁf ;-gg
response. Cyclic voltammetry was performed in a one-compartment °~ *

cell, using a carbon disk working electrode (approximate axea {Ru[u-PHEHAT-Ru-(bpy)]s}®* 4

B's, B's=7.76 and 7.82 Pl=8.51

0.03 cn?), a platinum counter electrode, and a saturated calomel B's B's=7.31and 7.55 Phi=8.01
electrode (SCE) as reference electrode (Perkin-Elmer Instruments). B's, By =8.09and 8.20 PH=9.90
The potential of the working electrode was controlled by a B'3 B'y=8.56and 8.60 Pk=09.23

homemade potentiostat. Scan rate at 200 m\Vbetween—2 and PH =845

+2 V versus SCE was applied by a frequency generator (Phillips  2Measured in CBCN at 300 MHz. For the numbering of the different
PM 5168). The cyclic voltammograms were recorded in acetonitrile Protons, see Figures 2 and 3, @fers to the protory, belonging to the
(Acros, Acetonitrile for HPLC), distilled twice over,Bs and once ligand Z.° Reference 14¢ Reference 20! Reference 21.

over CaH. The concentration of the complexes was 30~* mol/

L, with 0.1 mol/L tetrabutylammonium perchlorate as supporting
electrolyte. Before each measurement, the samples were purge
by argon.

SynthesesAs previously mentioned, compounds were character-
dzed by*H NMR spectrum at 300 MHz in CiZN (Table 1). The
numbering of the different protons is shown in Figures 2 and 3.
The following listing is used, respectively: chemical shift (ppm),
number of protons, multiplicity] (Hz, coupling constant for protons

(14) Moucheron, C.; Kirsch-De Mesmaeker, A.; Choua|r®rg. Chem.

1997 36, 584. of ligands chelated on the PHEN side of the PHEHAT ligand) or
(15) Sullivan, B. P.; Salmon, D. J.; Meyer, T.ldorg. Chem.1978 17, J' (Hz, coupling constant for protons of ligands chelated on the
3334. HAT side of the PHEHAT ligand). The following are multiplicity
16) E ,LP;S , A.; Wilki , &.Chem. Soc., Dalton Ti . S ) .
(16) 1;}’?3204. pencer franson em. =0c., BAlon Tans: o bbreviations: d= doublet, dd= doublet of doublets, te- triplet
(17) Hiort, C.; Lincoln, P.; Nortie, B.J. Am. Chem. Sod993 115, 3448. of doublets. For the studies described hereafter, compléxds
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Figure 2. Synthetic routes for the preparation of completesnd?2, including the numbering of the protons. P corresponds to the phenanthroline chelated
on the PHEN side of the PHEHAT ligand, antid? B' corresponds to the phenanthroline or bipyridine connected to the HAT side of the PHEHAT ligand.
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Figure 3. Divergent method for the synthesis of comple®eand4, including the numbering of the protons.

were used as RF salts (unless otherwise stated) and were all well stirred for 40 min in an oil bath at 15TC. After cooling to room
soluble in acetonitrile at room temperature. temperature, addition of an aqueous solution ofyRF yielded a

{(phen)Ru-u-PHEHAT-Ru(phen),}4*, 1. A suspension of - brown precipitate which was washed several times with water and
(phen)Ru-PHEHAT} 2+ (51 mg, 0.045 mmol) and Ru(phef), EtOH and finally dried with ether. The complex was purified by
(26 mg, 0.048 mmol) in ethylene glycol (4 mL) was heated and preparative layer chromatography on silica, with4CIN/H,O/NH;-

Inorganic Chemistry, Vol. 44, No. 2, 2005 395



Cl saturated in water 4:4:1 (v/v/v) as eluent. Anal. Calcd (Found)
for C7oH42N16RWP4F24: C, 44.50 (44.55); H, 2.24 (2.15); N, 11.86
(11.05).*H NMR (CDzCN), o6/ppm: 7.71 (8H, R, Pg, Ps, and
Pg), 7.92 (2H, dd, PR Js = 5.5 Hz), 8.04 (2H, d, B, J9s= 5.2
Hz), 8.07 (2H, dd, R Jos = 5.2 Hz), 8.27 (6H, PH P, and B),
8.31 (4H, AB syst, Pand R), 8.33 (4H, AB syst, R and P),
8.39 (2H, d, PH), 8.67 (4H, dd, RPand B, J;3 = J;s = 8.4 Hz,
Jap=J79= 1.1 Hz), 8.72 (4H, dd, Rand P;, J43= J75= 8.3
Hz, J42= J79= 1.1 Hz), 9.14 (2H, d, Pk Js. = 3.0 Hz), 9.82
(2H, dd, PH, J,3 = 8.2 Hz,J,, = 1.1 Hz). ESMSm/z (M** =
1309.3): 327.6 ([M']*", 100%; calcd: 327.3), 485.0 (M +
PR]3, 29%; calcd: 483.8), 799.9 ([M + 2PR~]%", 5%; calcd:
799.6).

{(phenyRu-u-PHEHAT-Ru(bpy) 2} **, 2. A 53 mg portion of
{(phen}Ru-PHEHAT}?* (0.046 mmol) and 24 mg of Ru (bp@l>
(0.050 mmol) were heated at 18Q in ethylene glycol (4 mL) for
40 min. After cooling to room temperature, addition of an aqueous
solution of NH,PF; yielded a brown precipitate which was washed
several times with water and EtOH and finally dried with ether.
The complex was purified by preparative layer chromatography
on silica, with CHCN/H,O/NH,CI saturated in water 4:4:1 (v/v/
v) as eluent. Anal. Calcd (Found) fopl4oN16RWP,F24: C, 43.06
(43.12); H, 2.30 (2.39); N, 12.17 (11.27%4 NMR (CD;CN),
olppm: 7.33 (2H, dd, B or B's), 7.57 (2H, dd, By or B's), 7.69
(4H, Py and R), 7.78 (2H, d, Bs or B'g, Js50r Jg 5= 5.2 Hz),
7.84 (2H, d, By or B's, J'g,5 Or 5= 5.2 Hz), 7.92 (2H, dd, Pk
Jpo = 5.8 Hz), 8.07 (2H, dd, £ Jo7= 1.1 Hz,Jg s = 5.3 Hz), 8.12
(2H, td, B4 or B'y, J'4,6 or J’4f’6'= 1.3 HZ,J'413 or J'4'13' =8.0 HZ),
8.22 (2H, td, By or B4, J’4',6' or J'4'5 =13 HZ,J’4'13' or ‘]'4,3 =8.0
Hz), 8.27 (4H, d, PR and B), 8.31 (4H, Rand R), 8.47 (2H, d,
PH, J., = 2.9 Hz), 8.58 (2H, d, B or B'3), 8.66 (6H, B or B's,

P; and R), 9.25 (2H, d, PH), 9.82 (2H, d, PH, J,; = 8.6 Hz).
ESMS,m/z (M4 = 1261.3): 315.4 ([M]**, 100%; calcd: 315.3),
469.0 (M + PR]3", 62%; calcd: 468.8), 775.8 ([M +
2PRK]?", 7%); calcd: 775.6).

{Ru[phendiond}?*. A 305 mg portion of Ru(DMSQLI, (0.63
mmol) and 453 mg of phendione (2.16 mmol) were refluxed in a
mixture of 10 mL of HO/EtOH (1:1, v/v) fa 5 h 30min. After
cooling to room temperature and centrifugation of the solid residue,
the solvent was evaporated to give 462 mg of a dark compru,
[phendionef}2+-2CI~ (yield: 92%).'H NMR (CD3CN) as Pk~
Salt,élppm: 7.72 (GH, dd, k;lg, \13,2 = Js,gz 55 HZ), 8.15 (6H, d,
szg), 8.61 (GH, d, H'7, J4,3 == J7,8 = 8.0 HZ).

{RU[PHEHAT ]3}2". {Ru[phendione}?*-2CI~ (206 mg, 0.26
mmol) and diNH-TAP (183 mg, 0.86 mmol) were refluxed for 25
h in 20 mL of HO/EtOH 1:1 (v/v). An orange-brown compound
of {RU[PHEHATL}?* was formed. The ethanol was evaporated,
and the aqueous solution containing the orange-brd\Ru-
[PHEHAT]3} 2" was immediately engaged in the next reactit.
NMR (DMSO-dg), o/ppm: 8.06 (6H, PH), 8.55 (6H, PH), 9.44
(12H, PH,,), 9.78 (6H, PH).

{Ru[u-PHEHAT-Ru(phen)]3} 8", 3. The metallic precursdiRu
[PHEHAT]3} 2" and 453 mg of Ru(phesl, (0.85 mmol) were
heated in a mixture pD/ethylene glycol (150C) for 5 h. After
cooling to room temperature, an excess of JRR; was added to
the solution. The dark brown precipitate was isolated by centrifuga-
tion and washed several times with water and EtOH and finally
dried with ether. The desired complex was purified by preparative
layer chromatography on silica, with DMF8/NH,CI saturated
in water 7:1:1 (v/v/v) as eluent. Anal. Calcd (Found) faggEl7gNze
RwPsF4s: C, 43.56 (43.57); H, 2.07 (2.20); N, 13.25 (12.48).
NMR (CDsCN), é/ppm: 7.68 (12H, B and Pg), 8.00 (12H, R
and PH), 8.27 (6H, dd, B, J,3= 5.2 Hz), 8.30 (12H, AB syst,
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P's and Pg), 8.37 (6H, d, PH J.; = 2.5 Hz), 8.50 (6H, d, Pk
Jup = 5.1 Hz), 8.69 (12H, dd, 'Rand P7, J43= J75= 8.3 Hz,
J42=J79=1.2 Hz), 9.11 (6H, d, Pk}, 9.89 (6H, dd, PH J, 5
= 8.3 Hz,J,, = 1.3 Hz). ESMSm/z (M8 = 2644.7): 330.7
([M8*]8+, 29%; calcd: 330.6), 398.8 ([M + PR]"", 77%;
calcd: 398.5), 489.2 (¥ + 2PR]¢", 100%; calcd: 489.1), 616.0
(M8 + 3PRs]5", 42%; calcd: 615.9), 806.3 ([M + 4PR]4*,
18%; calcd: 806.1).

{Ru[p-PHEHAT-Ru(bpy) 2]3} 8", 4.{ RU[PHEHATE}?* and 262
mg of Ru(bpy)}Cl, (0.54 mmol) were stirred in a #/ethylene
glycol mixture at 150°C for 4 h. Addition of NHPF; leads to the
precipitation of a brown solid which was isolated by centrifugation
and washed several times with water and EtOH and finally dried
with ether. The desirefRufu-PHEHAT-Ru(bpy)]s} 8" was purified
by preparative layer chromatography on silica, with DMFDH
NH,4CI saturated in water 7:1:1 (v/v/v) as eluent. Anal. Calcd
(Found) for GogH7aN3eRUPsF4s: C, 41.35 (41.42); H, 2.15 (2.53);
N, 13.78 (13.26)*H NMR (CDsCN), 6/ppm: 7.31 (6H, dd, B or
B's), 7.55 (6H, dd, By or B's), 7.76 (6H, d, Bs or B'g, J'5 OF
Jes= 5.2 Hz), 7.82 (6H, d, B or B's, Jg5 Or Js5 = 5.2 Hz),
8.01 (6H, dd, PH, Jso = 5.5 Hz andls,, = 8.1 Hz), 8.09 (6H, dd,
B'4 or B'y, ‘]’4,5 or J'4"5': 6.3 HZ), 8.20 (6H, dd, B or B4, J'4"5'
or J45= 6.4 Hz), 8.45 (6H, d, PH J.s = 2.8 Hz), 8.51 (6H, d,
PH,), 8.56 (6H, d, B; or B'g, J'340r J3 o= 8.1 Hz), 8.60 (6H, d,
B's or B's, J34 Or I3~ 8.0 Hz), 9.23 (6H, d, Pk}, 9.90 (6H, d,
PH,). ESMS,m/z (M8 = 2500.5): 377.9 ([M" + PR]7*, 82%;
calcd: 377.9), 465.1 ([® + 2PR]%", 100%; calcd: 465.1), 587.2
(M8 + 3PR]5", 53%); calcd: 587.2), 770.3 ([M + 4PR]4*,
21%; caled: 770.1), 1075.3 (M + 5PRs]%", 4%; caldc: 1075.1).

Results and Discussion

Synthesis and Characterization. The dinuclear com-
plexes based on the PHEHAT bridging ligand can be
synthesized according to two strategies. The first one consists
of reacting 1 equiv of free PHEHAT with 2 equiv of Ru-
(phen)Cl, to obtain the dinuclear speciggphen)Ru(u-
PHEHAT)Ru(pherng}#*, 1. Unfortunately, due to the poor
solubility of the aromatic heptacycle PHEHAT in all the
usual organic solvents, the yield of this reaction is very poor.
Moreover, this method is useful only for the synthesis of
dinuclear species with identical ancillary ligands on each
chelation site.

Therefore, another approach based on a soluble mono-
nuclear precursof (phen}Ru-PHEHAT}2t) has been cho-
sen. As shown in Figure 2, its reaction with Ru(ph&h)
or Ru(bpy}Cl, leads to complexe4 and 2, respectively,
which are purified by preparative layer chromatography.

The tetranuclear compound® and 4 (Figure 3) are
produced according to the divergent strategy. Thus, the core,
i.e.,{Ru(phendione}?" (phendione= 1,10-phenanthroline-
5,6-dione) is built first, followed by the condensation with
3 equiv of diNH-TAP (diNH,-TAP = 9,10-diamino-1,4,5,8-
tetraazaphenanthrene) to obtain the mononuclear complex
{Ru (PHEHAT)}?*, the “zero generation” of the dendrimer.

In the next step, this mononuclear species is chelated to three
Ru(phen)Cl, or Ru(bpy}Cl, to give dendrimers3 and 4,
respectively, which are also purified by preparative layer
chromatography. For this step, solubility problems were
encountered when using the complexes as™ Ps$alts.
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Figure 4. Electrospray mass spectrum of comp&in CH;CN.
Therefore, each metallic precursor in the different steps is
under the form of a chloride salt, and the tetranuclear species
is eventually isolated with RF counterions.

Complexesl—4 are characterized by electrospray mass

spectrometry in acetonitrile. The attribution of the different
peaks observed in the mass spectra for compolndsis

given in the Experimental Section, and the mass spectrum

of complex3 is presented in Figure 4. Peaks with different JL
states of charge correspond to the loss of different number

of PR~ counterions of the complex. For example, peaks for pom o5 o4

complex3 are found atwz 330.7 ([MP*]°", caled: 330.6), Figure 5. H NMR spectra of (ay (phen)Ru-PHEHA‘I}ZJr and (b)1
398.8 (M + PR ]"", calcd: 398.5), 489.2 ([® + measured in CECN at 300 MHz.

2PR]%", calcd: 489.1), 616.0 ([’ + 3PR]°", calcd:

615.9), 806.3 ([M" + 4PR]*", calcd: 806.1). These results as for polynuclear species, see further), there is a complete
clearly show that the mass spectrum of the tetranuclearoverlapping of the'H NMR signals of each sterecisomer.
species can be obtained without fragmentation in contrastindeed, due to the large distance between the two chiral Ru-
to the case of the tetranuclear Ru(ll) complexes with tpphz (Il) centers, separated by the aromatic heptacycle PHEHAT,

(tetrapyrido[3,2a:2',3-¢c:3",2"-h:2'"",3"'-j]phenazine) previ-  the two parts of the dinuclear species seem to behave

ously published in the literaturé. independently, as already reported for complexes based on
Complexesl, 2, 3, and4 are also characterized Bi4 the extended tpphz ligarid?®

NMR spectroscopy withAH—H COSY analyses in deuter- Complexes 1 and 2.The C; symmetry in dinuclear

ated acetonitrile. The corresponding chemical shifts are complexesl and 2 (Figure 2) induces the equivalence of
gathered in Table 1 together with the data for other both terminal phen or bpy ligands called P aridrP1 and
mononuclear compounds for comparison purposes. For theP and Bin 2, respectively. Protons on the PHEHAT ligand
sake of simplicity, protons of phenanthroline or bipyridine are also equivalent by pair and are noteqs, y, 0, ande.
ligands chelated on the PHEN side of the PHEHAT ligand The formation of dinuclear compoundsand2 induces in
are named P or B, respectively. Those connected to the HATboth cases a shielding of the protansvhich, in contrast to

side of the PHEHAT ligand are named & B' (Figure 2). the mononuclear species, are located above/below ancillary
The 'H NMR spectra of the dinuclear compléxand its ligands. This is clearly illustrated in Figure 5 for compound
corresponding  mononuclear  precursof (phen}Ru- 1 where the protond ande split apart (from~9.30 to 8.39

PHEHAT} 2" are displayed in Figure 5 as an example. For ppm for the protor). The value of 8.39 ppm is comparable
{ (phen)RUPHEHAT} 2, the chemical shifts of the protons to that of 8.28 ppm for the proton of the HAT ligand én
are very sensitive to the solvent. This effect, more pro- position of the chelation site ifHAT-Ru(phen}**, i.e.,
nounced for the protons of the PHEHAT ligand, is attributed Hz,10 (Table 1), equivalent to the protoa in PHEHAT

to a zr-stacking of the complex due to the presence of the complexes. This shielding of about 0.9 ppm for the protons

extended aromatic ligand. For the dinuclear species (as welle of PHEHAT in compoundl is thus consistent with the
chelation of the HAT site by a second Ru(ll) center.

(18) Ishow, E.; Gourdon, A.; Launay, J.-P.; Lecante, P.; Verelst, M;
Chiorboli, C.; Scandola, F.; Bignozzi, C.-Anorg. Chem.1998 37, (19) Bolger, J.; Gourdon, A.; Ishow, E.; Launay, J.hforg. Chem1996
3603. 35, 2937.
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As the PHEHAT ligand is not symmetrical, the two pairs Table 2. Electrochemical Data for Complexés-4 and Reference
of ancillary ligands are not equivalent, and signals of P and Complexes

P (or P and B in 2) are sometimes well distinguishable. oxidation, V/SCE reduction, V/SCE

Indeed, comparison with dif_ferent complexes in.dicates that {(Ru(pheny 2 ® +1.27(1) -1.35(1) —1.52(1)

the protons of the ancillary ligands are more shielded when {tpphz-Ru(phen}2tc  +1.34(1) —1.00(1) —1.38(1) —1.69(1)

located above a phen moiety than above a HAT moiety of {Eﬂ'ﬁu(ghen)};izd ﬁgg :8'22 j-ﬁ :i-gg

the PHEHAT brldge ThUS, since the SignaIS of prOtom,S P %(phe;\)gﬁ-ngkl}EHAﬂHe +1:35 *0:84 ,1:25 '

Pz and protons R, P in 1 are clearly separated, the signal {(p}ge?iﬁu(zs}—gpphz)— +1.34(2) —0.78(1) —1.36(2) —1.52

. . u(pheny}4te

at 8.67 ppm can be assigned to protomsﬂ_?anq the signal {(phenF;Ru(u—HAT)— +1.52(1) +1.78(1) —0.49  —1.07

at 8.72 ppm to protons'P P7. However, in this case, the . Ru(pheng}++¢ 134(1) +1.55(1) —0.68(1) —L06(L)

distinction between pr_oton 4 (over _the PHEHAT I|ga_nd_) and ; +1.34(1) +1.55(1) —0.68(1) —1.07(1)

proton 7 (over the ancillary ligand) is not possible. Similarly, {Rul(-tophz)- - +1.35(3) +1.46(1) —0.78(3) —1.35 —1.54
i i Ru(pheny]a} & ¢

the signal at 8.31 p[?m can be attributed t9 P and the 3 +1.38(1) +1.56(3) ~0.70(3) —1.09(3)

signal at 8.33 ppm to'R Ps. The protons Pand Py, located 4 +1.34(1) +1.54(3) —0.69(3) —1.07(3)

over phen ancillary ligands, are also shifted to hlgh?r field a2 Redox potentials measured by cyclic voltammetry in acetonitrile versus

than the protonsFaind P, located over the PHEHAT bridge.  ScE at room temperature, with 0.1'BUN*CIO4~ as supporting electrolyte

Moreover, the comparison of the chemical shifts of the and a Pt working electrode. In parentheses, the number of associated
. b c

protons RBin { (phen)Ru-PHEHAT} 2+ (Ps = 8.09 ppm) and electrons” Reference 31¢ Reference 23¢ Reference 20¢ Reference 14.

_ 2+ — H
igﬁ; Etu épg7e ?))‘})m i(:io tr?éOSrgt% n;)glt;a:}césalisst.%jsps;%qn tt:e t_he Ru(ll) ion chelated to _the _phen moiety of the P_HEHAT
the proton . The protons R P, P's, and P are overlapped ligand and the second oxidation at the Ru(ll) |_on_I|nked to
(7.71 ppm) as well as;and P, (8.27 ppm). the HAT moiety of the PHEHAT. These results indicate that
. . . ... _the dr orbital of the Ru(ll) chelated on the phen side is less
__Similar arguments are used to explain the chemical Shifts g, jji;e than the dorbital of the Ru(ll) on the HAT side
in complex2. Comparison of2 with {HAT-Ru(bpy}} of the PHEHAT bridging ligand. Moreover, each oxidation

f?nggr&;g'?ag:rﬁﬁu;%’ dt?ﬁecfzfﬁgggnogmg)ﬁﬁ§|2ar process does not seem to be influenced by the presence of
P another Ru(ll) on the bridging ligand. This suggests a poor

complex2. Finally, the chemical shifts of the protons /3, electronic interaction between the two metal centers in

andy in 2 are the same as ih contrast to the conclusions drawn when the HAT is used as
Complexes 3 and 4The “pseudds symmetry” (because  pyigging ligand?02:

the diastereoisomers cannot be distinguished)3fand 4 For the tetranuclear compoundsand 4, a reversible
can clearly be evidenced from the analysis of the NMR data. yiqation wave appears atl.38 V/SCE and-1.34 V/SCE,
Among the 78 protons present in both structures, only 13 regpectively, followed by a reversible wave-at.56 V/SCE
are not equivalent. If we compag (or 4) with 1 (or 2), for 3and+1.54 V/SCE for4. Comparison of the peak areas
several observations can be made. The chemical shifts forg,gqests that the first oxidation process is monoelectronic
the protons of the ancillary ligands are similar. A difference 5,4 the second oxidation involves three electrons. Com-
appears for the protons of the PHEHAT ligand. Indeed, oynds3 and4 present thus similar behaviors asand 2.
protonsa, /3, andy are in this case located over another |hgeed, the potential of the first oxidation is similar to that
PHEHAT bridging ligand and are less shielded thad {jor of the mononuclear compleiphen)Ru-PHEHAT} 2+ and
2). This effect is the most pronounced for the proton.PH  {herefore is attributed to the abstraction of one electron from
Finally, the relative integration of the signals (6 phen for 3 e Ry(I1) at the core of the dendritic species. As the second
PHEHAT) shows without ambiguity that the NMR data  qyjgation wave involves three electrons, it is attributed to
correspond to the tetranuclear compBxhe same conclu-  the three peripheral Ru(ll) ions. The oxidation potential is
sion can be reached fa indeed similar to that of HAT-Ru(phen)} 2" or {HAT-Ru-
Electrochemistry. The electrochemical behavior af-4 (bpy)}?t in agreement with this assignment. As discussed
was studied in dry deoxygenated acetonitrile solution by for the dinuclear complexes, the level of the drbital of
cyclic voltammetry (Table 2). Each complex exhibits revers- the three external Ru(ll) centers is thus more stabilized than
ible oxidation waves and at least two reversible reduction that of the central Ru(ll) ion.
waves within the potential range2.00 V/~1.20 V versus In reduction, two waves are observed for each complex

SCE. The dinuclear complexdsand 2 undergo two one-  (from 0 to—1.20 V/SCE) and are attributed to two successive
electron oxidations at1.34 and+1.55 V versus SCE. These additions of one electron on one PHEHAT ||gand Indeed,

values have to be compared to the oxidation potential of eachthe first and second reduction potentials are not enough
mononuclear subunits, thus{¢hen)Ru-PHEHAT} " (Exx cathodic to reduce a phen ligand (for Ru(ph&h)Eeq =

= +1.35V/ISCE)* and{HAT-Ru(phen}*" (Eox = +1.53 1 35V/SCE). This differs from tpphz based complexes for
VISCEY? or {HAT-Ru(bpyk}** (Eox = +1.56 VISCEE®  which the second electron is added on the phen lig&#d.
This comparison suggests that the first oxidation occurs at The two reduction processes fbr-4 (between—0.68,—0.70

(20) Jacquet, L.; Kirsch-De Mesmaeker, AChem. Soc., Faraday Trans.  (21) Masschelein, A.; Kirsch-De Mesmaeker, A.; Verhoeven, C.; Nasielski-
1992 88, 2471. Hinkens, R.Inorg. Chim. Actal987 129, L13.
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Table 3. Absorption and Emission Data in GEN at 298 K in Aerated Solution for Complexés-4 and Reference Complexes

absorbancemay, NM (/108 M~1cm1)

emissiof
uv vis Amadnm
{Ru(pheny}2+b 262 446 (18) 604
{tpphz-Ru(bpyj} 2+ ¢ 246, 284, 361, 380 450 (19.7) 616
{HAT-Ru(bpy)} 2+ 282 420, 486" 703
{HAT-Ru(phen)}2+¢ 262 420, 488" 694
{ (phen)Ru-PHEHAT} 2+ ¢ 264, 278", 312h 354N 370 438 662
{(bpyeRu(u-tpphz)Ru(bpyj 4+ f 244,281, 351, 370 442 (36.1) 690
{ (opyRu(u-HAT)Ru(bpy)} 4+ @ 250, 280 410, 470, 562 >800
1 261, 288" 309", 33C°", 368 420N 444 (28.1), 478 706
2 264, 280, 309, 327", 368 423N 445 (31.1), 478 714
{Ru[(u-tpphz)Ru(bpyj]a} 8" 440 (71.6) 745
3 262, 285" 307" 328" 368 427 454 (72.3), 479 708
4 252, 281, 309, 328" 368 426, 454 (66.1), 480 716

aMeasurements made with solutionsx110-5 mol dni3 in complex.? Reference 31¢ Reference 199 Reference 20¢ Reference 14 Reference 18.
9 Corrected for the instrument response, excitation at 450 nns shoulder.

V/SCE and —1.06, —1.09 V/SCE) appear at the same 7
potentials for both types of complexes and involve one R
electron for the dinuclear complexes and three for the o0
tetranuclear compounds. At a potential more negative than : —
—1.20 V, no reliable data could be obtained, probably due I Y
to the adsorption of reduced species onto the surface of the _ :
working electrode. The same behavior was observed in DMF, &
a solvent used by other authors to minimize adsorption,f
processed The first reduction potentials for the PHEHAT <~ ;]
complexes reveal an anodic shift from mononuclear to *
polynuclear species, thus fror0.84 V/SCE fof (phen}Ru-
PHEHAT}?" to —0.69 V/SCE for the polynuclear com-
pounds QAEreq = 0.15 V). This shift is rather small. Indeed,
previous studies on polynuclear complexes based on the HAT
ligand have shown that the complexation of a second Ru(ll)
ion to the bridging HAT induces an important stabilization 200 300 400 500 600 700 500
of the 7z* orbital centered on the HAT ligant?;?2 which is
responsible for the anodic shifAEeq = 0.37 V) of the
reduction of the HAT, going from-0.86 V/SCE fo{ HAT-
Ru(phen)}2* to —0.49 V/SCE for{ (phen)Ru(u-HAT)Ru- corresponds to transitions centered on the PHEHAT ligand,
(phen)}#*. Such an effect, although less important, has also in agreement with the data of other PHEHAT-containing
been observed with tpphz based compleXethe first ~ complexes®***#As already reported for tpphz or 2,3-dpp
reduction potential at-1.00 V/SCE for the mononuclear complexes®2325the molar absorption coefficients for poly-
complex{ tpphz-Ru(phen}?* is shifted to—0.78 V/SCE for nuclear complexes are approximately proportional to the
the dinuclear specid¢phen)Ru(u-tpphz)Ru(phen}*" (AEeq number of metal-based chromophores. For example, the
=0.22 V). molar extinction coefficient o and4 at 444 nm are 31100

In conclusion, from a comparison of the anodic shifts and 64850 M! cm™, respectively, with quite similar
induced by the complexation of a second metal ion on the absorption patterns in the spectra (Figure 6).
first reduction wave of the bridging ligand, it appears that ~ The luminescence spectra recorded in acetonitrile at room
the electronic communication increases from PHEHAT to temperature show a typical emission originating from one
tpphz to HAT. luminophore for complexet—4 (Amaxin the range of 706

Absorption and Emission Properties. The absorption 716 nm). It has been tested that the emission maximum is
data for complexed—4 are collected in Table 3, and data independent of the excitation wavelength. For polynuclear
for other complexes are also included for comparison Ru(ll) polyazaaromatic complexes, several authors reported
purposes. The absorption bands in the visible (Table 3, Figurethe occurrence of an internal energy transfer process between
6) can be assigned to MLCT transitions Ruphen, Ru— different chromophores. Such intramolecular processes take
PHEHAT, Ru— HAT, or Ru— bpy, whereas the absorption place from the upper excited state to the lowest one, and
bands in the UV region are assigned to LC transitions. In —
particular, the absorption around 370 nm in compoulelé (24) ﬂ?‘g@r}?ron‘ C.; Kirsch-De Mesmaeker, APhys. Org. Cheni998

(25) Pourtois, G.; Beljonne, D.; Moucheron, C.; Schumm, S.; Kirsch-De
(22) Kirsch-De Mesmaeker, A.; Jacquet, L.; Masschelein, A.; Vanhecke, Mesmaeker, A.; Lazzaroni, R.; Bias, J.-L.J. Am. Chem. So2004
F.; Heremans, Klnorg. Chem.1989 28, 2465. 126, 683.
(23) Campagna, S.; Serroni, S.; Bodige, S.; MacDonnell, Anbtg. Chem. (26) Denti, G.; Campagna, S.; Serroni, S.; Ciano, M.; Balzani]).\Am.
1999 38, 692. Chem. Soc1992 114, 2944.
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Figure 6. Absorption spectra af—4 in acetonitrile at room temperature.
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Figure 7. Schematic representation of a dinuclear subfinit dendritic
compounds.
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thus, only the luminescence from this latter state is observed 1.6
if the transfer is 100% efficiert£2"28 A similar energy

transfer process is probably present in the compléxe$ AE(Y)

as suggested by the emission data. Figure 8. Spectroelectrochemical correlation for a series of ruthenium-

; ; A ; _ () complexes. Energy of the MLCT transition [in absorptiad)(@nd in
Indeed, complex, a dinuclear species, exhibits lumines- ¢ e ior @135 a function of the difference between the oxidation and the
cence at 706 nm in acetonitrile. This value should be reduction potentials AE). From left to right: 1, 2, 4, 3, [Ru(phen)-
compared with the emission maxima of each constitutive PRHETHA’\PTFJ . [F;ll(pgen%igﬂi]ﬁ [R+U(t;fy)_zr|:|o\ﬁF~)T]§+, [RE(HRAT)zﬁhen];,
. . , enfr’, , en. ,
monometallic subunit, i.e{(phemRu-PHEHAT,*" (Amax = ERSEHAT%ZT‘%]D]H[[Fl;l(J(TA%g]” ]IZ:roEnLrI((afs 15)52%’321Z (Rutphers]
662 nm}* and{ HAT-Ru(phen}}2* (lmax= 694 nm)2° The e ' '

emission maximum of (706 nm) is close to that ¢fHAT- electrochemical correlation. It is known indeed that if the
Ru(pheny} " and much more bathochromic than the emis- orbitals involved in the electronic transitions are the same
sion maximum of{ (phen)Ru-PHEHAT}?". The emission  as those involved in electrochemistry, there is an excellent
of 1 originates thus from an excited state involving the Ru correlation between the spectroscopic and electrochemical
on the HAT part of the PHEHAT bridging ligand. This is  properties, as evidenced by Meyer and co-workers for most
clear-cut evidence for the occurrence of an internal energy ruthenium polypyridyl complexe®:® It turns out that
transfer from the metallic subunit chelated to the phen part complexesl—4 do not follow such a spectroelectrochemical
to the metallic subunit chelated to the HAT part of the correlation (Figure 8). This means that some orbitals involved
PHEHAT ligand. in the spectroscopic processes are different from those
As complex2 has an emission maximum at 714 nm, close involved in the electrochemical processes. This is easily
to the emission maximum ¢HAT-Ru(bpy)}}?*,?°the same  understood on the basis of the present data. Indeed, the most
arguments can be followed, which show again the presencepathochromic chromophore or luminophore corresponds to
of an energy transfer from one metallic subunit to the other. 3 Ru chelated on the HAT side of the bridging ligand
Compoundsl and2 can be regarded as subunits of the whereas, in electrochemistry, the first oxidation process
dendritic compounds3 and 4, respectively (Figure 7).  involves a Ru chelated on the phen part of the PHEHAT
Complex3 exhibits an emission maximum at 708 nm which,  pridging ligand.
by comparison tal and {HAT-Ru(phen)}**, can be at- In conclusion, in this work the different consequences and
tributed to the emission of the peripheral metallic units effects of using a nonsymmetrical bridging ligand such as
(MLCT from peripheral Ru to the HAT part of the PHE-  the PHEHAT for the construction of polynuclear complexes
HAT). Thus, in dendrimeB, the energy transfer process takes are evidenced on the methods of synthesis as well as on the
place from the inner to the outer metallic units of the spectroscopic properties in NMR, absorption, emission, and
tetranuclear compound. Compléxexhibits the same be-  electrochemistry. From these data, as explained above, an
havior as3. internal energy transfer from one metallic subunit to the other
Absence of Spectroelectrochemical CorrelationSince  has been evidenced, and no spectroelectrochemical correla-
we have the absorption, emission, and electrochemical datation is expected.

we can check whethdr—4 follow the well-known spectro- )
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