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Long-Lived Luminescent Dendrimers with a [Ru(dpp);]**-Type Core: Synthesis
and Photophysical Properties
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Metallodendrimers built around a [Ru(dpp)s]**-type core
(dpp = 4,7-diphenyl-1,10-phenanthroline) were prepared
containing peripheral phenyl moieties. The convergent syn-
thesis of the ligands was accomplished by coupling dendritic
branches with a focal amino function to the chelating phen-
anthroline precursor under the formation of sulfonamide
linkages. Complexation of ruthenium ions afforded the corre-
sponding metallodendrimers with up to 24 peripheral phenyl
units in the case of the largest dendritic structure. The ab-
sorption spectra and luminescence properties of the four new
dendrimers are reported. The dendritic effect is clearly vis-

ible, going from zero to second generation, as demonstrated
by an elongation in the excited-state lifetime in aerated ace-
tonitrile and improved emission quantum yields relative to
the reference complex containing a [Ru(dpp)s|** core. Inter-
estingly, the use of rigid and conjugated ruthenium-based
cores results, for all dendritic structures, in luminescence life-
times that are several microseconds long in deaerated solu-
tions, even at room temperature.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Dendrimers can be regarded as repeatedly oligo- or po-
lybranched compounds with a certain degree of perfection
that is related to symmetry and dispersity of the species.!!]
Within their regularly branched architecture, selected chem-
ical units can be introduced into predetermined sites,
namely, in the core, the branching units or the surface.l’!
Since the synthesis of the first fractal species in 1978,
many efforts have been devoted to the preparation of these
often large and beautiful molecules. The growing interest in
dendrimers over more than the last decade is based on their
potential for molecular design, which offers numerous pos-
sibilities for applications in various fields such as instance
medicinal chemistry®™ or photonic devices.”!

Specifically, luminescent and redox-active dendrimers are
the focus of investigations, as they might open the way
towards the design and development of artificial systems.
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Such frameworks are capable of playing the role of light-
harvesting antennae for photochemical solar-energy-con-
version processes by sensory signal amplification in the
presence of suitable energy or electron acceptors.[”) In this
respect, the incorporation of photoactive metal species into
a dendritic scaffold is particularly appealing, as the charac-
teristic features of metal complexes such as electronic and
optical properties can be tailored by the dendritic surround-
ing. This approach can lead to systems capable of per-
forming useful and appealing new functions.!’%-8-1
Homoleptic metallodendrimers consisting of a [Ru-
(bpy)s]**- or [Ru(phen);]**-type core and different dendritic
motifs have been intensively investigated and found to exhi-
bit interesting luminescence and redox properties.[’?-75-10-11]
In general, there are two different developments related to
metallodendritic structures: (i) the possibility to link several
electro- or photoresponsive metal units within the same
molecule by using, for example, polypeptide chains!!?l with
the use of the periphery for multiple chelationl*#613:141 or
chemical recognition"*! and (ii) to prevent oxygen quench-
ing or chemical decomposition placing the active unit in the
core of the dendrimer.[’"7:-10-111 Such strategies led to the
development of, for instance, markers based on the electrol-
uminescence of ruthenium complexes,!'® novel MRI con-
trast agents®*"13l and to multiarm DNA complexes for the
assembly of regular DNA lattices of nanoscale dimen-
sions.!'7I Such effects can lead to the design of specific lumi-
nescent or highly stable metallocores for the control of cas-
cade processes like energy or electron transfer and to the
selective solvation of different branches with different pe-
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ripheral groups. Finally, the dendritic effect has been clearly
illustrated, as the properties of the system change and can
be tuned as desired by increasing the surrounding dendritic
shell.[10:11]

In particular, the shielding of the dendrons from the envi-
ronment can be of great interest, for example, in biomedical
applications for long-lived luminescent species that would
otherwise be quenched by molecules present in solution.
Also, the compartmentalisation of the metal complex could
have interesting properties, as it was recently demonstrated
by the use of a gadolinium core grafted onto an aspartate-
based dendrimer, which gave a good relaxivity enhancement
over the analogous free complex.['®] Furthermore, Gd com-
plexes have been covalently attached to the periphery of
dendritic architectures to increase the number of metal
complexes and to reduce the tumbling rate as a result of
the larger molecular weight.[41]

In this paper we report the preparation of new phenan-
throline-based dendritic ligands and their photoactive ru-
thenium(IT) complexes. Hence, a series of metallodendri-
mers was synthesised with increasing Fréchet-type polyben-
zylether wedges. The photophysical properties of the com-
plexes with dendritic shells of different size around the lu-
minescent [Ru(dpp)s;]**-type core (dpp = 4,7-diphenyl-1,10-
phenanthroline) and a suitable model compound are dis-
cussed. The use of such sulfonamide-linked phenanthrolines
as chelating units resulted in very long-lived excited species
and high emission quantum yields in aerated and deaerated
solutions. The increased dendritic shell surrounding the
[Ru(dpp);]**-type metal core leads to a strong influence on
the quenching effect of molecular oxygen, as demonstrated
by the increasing excited-state lifetimes in aerated solutions.
Moreover, we observed a macroscopic dendritic pattern
with seven near to equidistant shells obtained after solidifi-
cation of a dendritic precursor by slow solvent evaporation.

Results and Discussion

Synthesis

The synthetic strategy for the preparation of the den-
dritic phenanthroline-based chelating ligands started with
the preparation of the corresponding polybenzylether-type
dendrons 1 and 2 with a bromide function at the focal
point, which were obtained following the procedure re-
ported by Fréchet.!”l During the preparation of the higher-
generation dendrons, second generation alcohol 3 was ob-
tained as an intermediate and disclosed interesting behav-
iour upon slow evaporation of the acetone solvent. A vis-
cous oil remained on the wall of the flask, and solidification
of the oily residue resulted in a fractal pattern with precise
and defined shells. Figure 1 shows an image of a 100-mL
flask with the macroscopic pattern and seven near-to-equi-
distant shells of the branched structure. To the best of our
knowledge, this is the first example for a macroscopic
pattern based on a nonpolymeric dendritic structure.[?‘]
2640
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Similar fractal structures were successfully reproduced by
slow evaporation of solutions of 3 in acetone and subse-
quent solidification.

Figure 1. Fractal pattern of second generation benzyl alcohol 3
showing seven distinct equidistant shells.

Conversion of the dendritic bromides into the corre-
sponding amines 6 and 7 was achieved by using the classical
Gabriel synthesis for primary amines.”!! Reaction with po-
tassium phthalimide in DMF gave imides 4 and S in high
yields, which were then subjected to hydrazinolysis.[*?! Ac-
cordingly, the reaction with hydrazine hydrate in dry etha-
nol under reflux conditions afforded dendritic amines 6 and
7 as colourless solids in medium to high yields after purifi-
cation by column chromatography (Scheme 1).

R R 5\ /(R) R R
R©\ /©R R¥5 .6 R R©\
Ory© (i) Q (i) Oy©
Q - NO — @
1.2 2 4.5 O 6.7 2
1,46 R=H : 2,57 R=O)©

Scheme 1. Reagents and conditions: (i) Potassium phthalimide,
DMEF, 80 °C, 2 h; (ii) addition of N,H,. H,O at 100 °C, EtOH,
100 °C, 2 h.

In contrast, as part of the convergent strategy, commer-
cially available bathophenanthroline disulfonic acid diso-
dium salt 12 was treated with phosphorus(V) chloride and
phosphoryl chloride at 110 °C to yield sulfonyl chloride 13
as a colourless amorphous solid (Scheme 2). Conjugation
of the amino-functionalised fractal species with phen-
anthroline derivative 13 afforded targeted dendritic ligands
10 and 11, which are referred to as “sulfobathophenanthrol-
ines” (SBP). The reaction was accomplished in dry chloro-
form in the presence of triethylamine and yielded amorph-
ous vyellowish solids after purification by column
chromatography on silica gel. Similarly, two non-dendritic
sulfonamide linked ligands 8 and 9 were prepared with the
use of butylamine (14) or benzylamine (15), respectively
(Figure 2). Ligand 8 served as a reference compound during
the studies. The butyl chains impart solubility, but do not
constitute a bulky group able to significantly shield the ru-
thenium centre, whereas benzylic derivative 9 can be re-
garded as the simple analogue of the series of polyben-
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zylether-substituted dendrimers. The structures of all the
new dpp-chelating ligands could be readily deduced by 'H
and 3C NMR spectroscopy as well as by FAB mass spec-
trometry.

X X
2 7
\_NN_/ Q
Q. ] °\°\ ,
(I)Enx SOsNa g;i\g”& i’ }3"
13 X = SO,CI NH HNfMO
(i) .50 O:S'\\o
9, W,
L N N
2 1
TNH2 8-11
6-7,14-15

Scheme 2. Reagents and conditions: (i) PCls, POCl;, 110 °C, 3 h
(95%); (ii) EtsN, CHCI;, 1 d, room temp. (light spheres represent
the ether aryl branching units, dark spheres represent phenyl end
groups).

The preparation of metallodendrimers RuG0 to RuG2
and RuRef (Figure 3) was performed under irradiation in a
microwave oven. Hence, a solution of the corresponding
SBP ligands 8-11 (3 equiv.) and ruthenium(III) chloride
(1 equiv.) in ethylene glycol was heated for 2 min at 200 W

European Journal
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Figure 2. Sulfobathophenanthroline (SBP) ligands 8-11.

in the presence of a few drops of water. The reaction mix-
ture turned bright orange in colour, thus indicating the for-
mation of the [Ru(dpp)s]>*-type complexes. Exchange of the
counterions to hexafluorophosphate and subsequent purifi-
cation by column chromatography on silica gel and gel per-
meation chromatography gave the desired metallodendri-
mers. Regardless of the dendritic generation, all ruthenium-
based complexes were obtained as glassy dark orange com-

Figure 3. Dendritic metal complexes RuG0 to RuG2 with phenyl end groups and reference complex RuRef with butyl terminal groups.
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pounds. The structures of all dendritic ruthenium com-
plexes could also be readily deduced by 'H and '*C NMR
spectrometry and MALDI-TOF mass spectrometry.

Photophysical Characterisation

The UV/Vis absorption spectra of investigated complexes
RuRef and RuGO to RuG2 in acetonitrile solutions are de-
picted in Figure 4. The spectroscopic data for all new den-
dritic complexes are summarised in Table 1. The UV/Vis
spectra of phenyl-terminated complexes RuG0 to RuG2 are
very similar to the profile obtained for reference compound
RuRef. The spectra are dominated by an intense, sharp, di-
phenylphenanthroline intraligand (!IL) transition bands lo-
cated at Ay, = 277 nm and the typical weaker featureless
d(Ru) — mw*(phen) metal-to-ligand-charge-transfer
(MLCT) bands at about /A,,x = 450 nm. The molar extinc-
tion coefficient of the IL bands increases along the den-
drimer generation, that is, from the lowest generation RuG0
to the highest generation complex RuG2. The expected en-
hanced absorption can be assigned to the augmented
number of chromophoric 1,3-dimethyleneoxybenzene units
when going from generation 0 to 2. As the luminescent
[Ru(dpp)s]**-type core remains the same in all complexes
investigated, no spectral changes were expected in the
IMLCT region. Indeed, the peripheral substitution had vir-
tually no influence on the '"MLCT bands, thus proving that
the attachment of the dendritic branches does not substan-
tially affect the electronic properties of the [Ru(dpp)s]**-
type core in all dendritic architectures described herein.

304
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Figure 4. UV/Vis spectra of RuRef (—), RuGO (- - -), RuGl (——)
and RuG2 (OOO) in acetonitrile.

The emission spectra of the series of metallodendrimers
are shown in Figure 5. All four new complexes emit from
the lowest *MLCT excited state, at the same wavelength as
reference compound RuRef, that is, at 1,,,,x = 622 nm, inde-
pendently from the excitation wavelength (Table 1). This
rather broad and structureless red-orange emission is re-
solved into a vibrational progression in glassy matrix at
77 K (inset in Figure 5).

A dendritic effect was observed for the emission quan-
tum yields and excited-state lifetimes in air-equilibrated ace-
tonitrile. As can be clearly seen in Figure 5, upon excitation
2642
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Table 1. Photophysical data.

298 K1 77 K[
/lmax[c] T[d] q)em[d] T[e] qjem[e] Amax[c] T
(nm)  (ps) (us) (nm)  (s)
RuRef 622 026 0.013 67 034 598 8.2
RuGO 623 027 0015 65 032 597 83
RuGl 623 045 0.025 66 030 598 8.7
RuG2 621 073 0031 6.6 0.9 600 9.5

[a] Acetonitrile solution. [b] Butyronitrile glass matrix. [c] Emission
maxima wavelength. [d] Air-equilibrated solution. [e] Deaerated
solution, [Ru(bpy);]Cl, in H,O (&, = 0.028) used as reference
emitter for quantum yields calculations.
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Figure 5. Emission spectra of RuRef (—), RuGO (- - -), RuGl
(— —) and RuG2 (OOQ) in air-equilibrated acetonitrile (Ao =
450 nm). Inset: Luminescent spectrum of RuRef in a butyronitrile
matrix at 77 K, Aee = 420 nm. All the other profiles — not shown —
are the same.

in the isoabsorptive wavelength (420 nm), increasing gener-
ation leads to an increase in the emission intensity. The
emission quantum yields double going from RuGO0 to RuG2
and the same is observed for the excited-state lifetimes. For
model complex RuRef, a value of 260 ns was measured,
which is similar to the value obtained for RuGO (270 ns)
with peripheral benzyl moieties. Interestingly, in contrast to
these values, the lifetimes increase in the series RuG0, RuG1
and RuG2, being 270, 450 and 730 ns, respectively. The im-
proved emission properties, mirroring a dendritic effect, can
be explained by the sterically more demanding substituents.
Hence, incorporation of the fractal wedges at the periphery
of the metallodendritic entities leads to more efficient
shielding of the ruthenium core by dioxygen and/or solvent
interactions. The less effective dioxygen quenching of the
SMLCT excited state of the ruthenium core upon increasing
the dendrimer generation may depend on different factors
such as a decrease in the diffusion rate constant of the metal
complex, which thereby lowers the probability of encoun-
tering a molecule of oxygen and a lower solubility of the
dioxygen within the dendrimer framework.

Furthermore, the dendritic branches are rather rigid, as
is the core, resulting in a reduction in the radiationless deac-
tivation that derives from vibronic coupling and molecular
motions. This effect is very evident in the deaerated excited-
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state lifetimes with values of several microseconds (see
Table 1), which are strongly elongated in comparison to the
usual values observed for most of the polypyridine systems.
Such behaviour is similar to that reported for the diphenyl
phenanthroline complexes®’ and is attributed to the rigid-
ity and extended delocalisation of the charge on the copla-
nar phenyl substituents. Moreover, it is interesting to notice
that the dendritic branches are linked to the central core by
sulfonyl amide functional groups. Hence, such functionali-
ties confer a slight electron-withdrawing character to the
coordinated ligands, which results in an extended charge
delocalisation upon light excitation. Such rigidity and elec-
tronic effects are evident from the redshifted emission max-
ima relative to the unsubstituted phenanthroline com-
pounds described in the literature®¥ and by the very long
excited-state lifetimes observed also at low temperature. The
excited-state lifetimes at 77 K in a butyronitrile matrix also
show a size dependent behaviour, as there is a constant in-
crease going from RuGO to RuG?2 (see Table 1). To the best
of our knowledge, few examples of metal complexes have
shown a clear dependence on the generation of the dendri-
mers in relation to the photophysical properties even in ri-
gid matrices.[>’]

Also, the ruthenium core, as a result of the rigidity and
cage-typel?® arrangement of the coordinated ligands, is al-
most insensitive to the deactivation to the energetically ac-
cessible metal-centred *MC states. In fact, the MLCT state
can be associated with an activated surface crossing to an
upper lying 3MC excited state, which can then undergo fast
deactivation to the ground state and/or ligand dissociation.
For the corresponding tris(phenanthroline) ruthenium com-
plex the variation in the excited-state lifetime, going from
room temperature in deaerated solution to 77 K in a rigid
matrix, is at least a factor of eight.?”! In our case, the
change in lifetimes upon gelation of the solvent is very
small (from 6.6 to about 8.5 ps), indicating that the radia-
tive and nonradiative processes are very similar at any tem-
perature. Therefore, we conclude that even if the MC state
as expected is populated, it is then depopulated back to the
emitting *MLCT without undergoing severe radiationless
deactivation. A similar behaviour was observed for cage-
type complexes?®! in which, besides no large change in ex-
cited-state lifetimes with changing temperature, no photo-
isomerisation and a high photostability were demonstrated.

Conclusions

Four new metal complexes constructed around a
[Ru(dpp)s]**-type core comprising either butyl chains in the
case of the reference compound or dendritic polyben-
zylether substituents of varying size were prepared. The
highest generation complex contains 24 terminal phenyl
groups. Investigation of the photophysical properties of the
four metallodendrimers revealed that the presence of the
dendritic substituents, at the chelating ligands of the ruthe-
nium ion, has no significant influence on the energy of the
excited states of the luminescent metal core. However, den-
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dritic effects are observed for the excited-state lifetimes and
emission quantum yields. Furthermore, the lack of a large
variation between room and low temperature lifetimes point
to a kinetic stabilisation of the dendritic structure and re-
duction of radiationless processes. This could be of great
interest for diagnostic applications, in which long excited-
state lifetime and improved emission properties are re-
quired.

Experimental Section

General: All reagents were used as purchased from commercial
sources without further purification. Compounds 1 and 2 were pre-
pared according to previously described procedures in the litera-
ture.l'” Solvents were dried by using standard techniques prior to
use. All reactions were performed in standard glassware under an
inert argon atmosphere. Reactions were monitored by thin-layer
chromatography by using TLC plates precoated with silica gel
60 Fys4 (Merck). Column chromatography was carried out on
Merck silica gel 60, 40-63 pm (230-400 mesh). Gel permeation
chromatography was performed by using a Biorad, Biobeads SX-1
instrument. 'H and '*C NMR spectra were recorded by using
Bruker (Avance 300 and AM 400 MHz) instruments; the solvent
signal was used for internal calibration. Mass spectra were recorded
with a MS-50 from A.E.L., Manchester, GB (EI), a Concept 1H
from Kratos Analytical Ltd., Manchester, GB (FAB) and a
MALDI-TOF Spec-E from Micromass, GB (MALDI). Microwave-
supported complexations were performed in a Discover S-Class de-
vice from CEM Corp. Matthews, NC, United States. UV/Vis spec-
tra were recorded with a Hewlett Packard 8453 diode-array spec-
trophotometer. Emission and excitation spectra were recorded with
a Spex 1681 spectrophotometer. All the emission spectra were cor-
rected for the photomultiplier response. Time-resolved emission
studies were performed at single wavelength by using a continu-
ously tuneable (400-700 nm) Coherent Infinity XPO laser as exci-
tation source. The emission light was collected in an Oriel mono-
chromator, detected by a P28 PMT (Hamamatsu), and recorded
with a Tektronix TDS3052 (500 MHz) oscilloscope. A photodiode
was used as external trigger source. Luminescence quantum yields
were measured in optically dilute (A<0.15) solutions by using
[Ru(bpy)s]Cl, in H,O (@, = 0.028)1?8] as reference emitter. Esti-
mated experimental errors in the reported data are as follows: ab-
sorption and emission maxima *2nm, emission lifetimes 8%,
emission quantum yields +20%. Where required, deaerated solu-
tions were prepared by a freeze-pump-thaw technique on a vac-
uum line.

General Procedure for the Preparation of the Dendritic Phthalimides:
A solution of the appropriate dendritic bromides 1 or 2 (1.0 mmol)
and potassium phthalimide (1.3 mmol) in DMF (15mL) was
heated at 80 °C for 2 h. The solution was cooled to room tempera-
ture and aqueous NaOH (2 N, 200 mL) was added. The aqueous
phase was extracted several times with CH,Cl,, the collected or-
ganic phase was dried with MgSQOy,, the solvent was evaporated and
the crude product was purified by column chromatography.

Compound 4: Bromide 1 (2.50 g, 6.52 mmol) and potassium phthal-
imide (1.57g, 848 mmol) in dry DMF (90mL). Column
chromatography (SiO,, CH,Cl,) yielded 4 as a colourless solid
(2.90 g, 99%). M.p. 138 °C. 'H NMR (400 MHz, CDCl5): § = 4.77
(s, 3 H, NCH,), 5.04 (s, 4 H, OCH,), 6.51 (t, J = 2 Hz, 1 H, H,,),
6.70 (t, J = 2 Hz, 2 H, H,,), 7.33-7.44 (m, 20 H, H,,), 7.72 (dd, J
=6, 3Hz, 2 H, H,,), 7.85 (dd, J = 6, 3Hz, 2 H, H,,) ppm. '3C
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NMR (100 MHz, CDCLy): § = 41.7, 70.1, 101.5, 107.7, 123.8, 128.0,
128.4, 128.9, 132.4, 134.7, 137.0, 138.7, 160.1, 168.0 ppm. MS
(70 eV, EI): ml/z (%) = 449 (12), 91 (100).

Compound 5: Bromide 2 (1.50 g, 1.86 mmol) and potassium phthal-
imide (0.44¢g, 2.39mmol) in dry DMF (30mL). Column
chromatography (SiO,; CH,Cly/cyclohexane, 5:1) yielded 5 as a
colourless oil (1.60 g, 99%). '"H NMR (400 MHz, CDCl): 6 = 4.77
(s, 2 H, NCH,), 4.93 (s, 4 H, OCH,), 5.04 (s, 8 H, OCH,), 6.51 (t,
J=2Hz, 1 H, H,), 6.54 (t, J=2Hz, 2 H, H,,), 6.69 (d, J = 2 Hz,
6 H, H,,), 7.25-7.44 (m, 20 H, H,,), 7.70 (dd, J = 6, 3Hz, 2 H,
H..), 7.83 (dd, J = 6, 3 Hz, 2 H, H,,) ppm. '*C NMR (100 MHz,
CDCly): 0 = 41.8, 70.3, 70.4, 101.7, 102.0, 107.9, 123.7, 127.5,
128.3, 128.9, 132.4, 134.2, 139.0, 139.4, 160.1, 160.5, 168.2 ppm.
MS (MALDI-TOF, matrix DHB): m/z = 896 [M + H]*.

General Procedure for the Preparation of the Dendritic Amines: A
suspension of the appropriate dendritic phthalimide 4 or 5
(1.0 mmol) in dry ethanol was heated at 100 °C until the solid was
dissolved. Concentrated hydrazine hydrate was then added, and the
solution was heated at 100 °C for 2 h. The reaction mixture was
cooled to room temperature and ethyl ether (50 mL) and aqueous
KOH (50 mL, 20%) were added. The organic phase was separated,
the aqueous phase was extracted several times with ethyl ether, and
the collected organic phase was washed twice with water and dried
with MgSO,. The solvent was evaporated, and the crude product
was purified by column chromatography.

Compound 6: Phthalimide 4 (2.90 g, 6.45 mmol) and hydrazine hy-
drate (4.38 mL) in dry ethanol (200 mL). Column chromatography
(SiO,; CH,Cl,/MeOH, 10:1) gave 6 as a colourless solid (1.62 g,
78%). M.p. 170 °C. '"H NMR (400 MHz, CDCl;): 6 = 2.00 (s, 2 H,
NH,), 3.71 (s, 2 H, NCH,), 4.95 (s, 4 H, OCH,), 6.41 (t, J = 2 Hz,
1 H, H,,), 6.51 (d, J = 2 Hz, 2 H, H,,), 7.22-7.36 (m, 20 H, H,,)
ppm. 3C NMR (100 MHz, CDCls): 6 = 46.5, 70.1, 100.5, 106.2,
127.6, 128.0, 128.6, 136.9, 145.3, 160.2 ppm. MS (70 eV, EI): m/z
(%) = 319.1 (42), 91.0 (100).

Compound 7: Phthalimide 5 (1.60 g, 1.83 mmol) and hydrazine hy-
drate (1.23 mL) in dry ethanol (55 mL). Column chromatography
(SiO,; CH,Cl,/MeOH, 100:1 to 20:1) gave 7 as a colourless viscous
oil (1.00 g, 74%). '"H NMR (400 MHz, CDCls): § = 1.55 (s, 2 H,
NH.,), 3.80 (s, 2 H, NCH,), 4.95 (s, 4 H, OCH,), 5.02 (s, 8 H,
OCH,), 6.50 (d, J = 2Hz 1 H, H,,), 6.56 (t, J = 2 Hz, 2 H, H,,),
6.69 (d, J = 2Hz, 6 H, H,,), 7.30-7.48 (m, 20 H, H,,) ppm. 13C
NMR (100 MHz, CDCly): § = 46.6, 69.9, 70.1, 100.4, 101.5, 106.1,
106.4, 127.6, 128.1, 128.6, 136.7, 139.4, 1459, 145.3, 160.1,
160.2 ppm. MS (MALDI-TOF, matrix DHB): m/z = 766.38 [M +
Nal*, 744.40 [M + H]*.

Compound 13: A mixture of 4,7-diphenyl-1,10-phenanthroline dis-
ulfonic acid disodium salt hydrate (12; 2.10 g, 3.9 mmol), PCls
(3.30 g, 15.9 mmol) and POCl; (3 drops) was heated at 110 °C for
3 h under dry conditions. Volatile phosphorus products condensed
on the cold zones of the glass flask were removed at 110 °C under
reduced pressure over 7 h. Benzene (150 mL) was added to the
crude product, the mixture was stirred for 10 min and the solution
was decanted from the solid residue. This procedure was repeated
three times with CHCIl; (100 mL). The residue was then dried in
vacuo to yield 13 as a colourless amorphous solid (1.47 g, 95%)),
which was used as obtained.

General Procedure for the Preparation of the SBP Ligands: A solu-
tion of the appropriate amine 6, 7, 14 or 15 (2.2 mmol) and triethyl-
amine (2.2 mmol) in dry CHCIl; (20 mL) was stirred at room tem-
perature for 15 min. Sulfonyl chloride 13 (1.0 mmol) was then
added, and the suspension was stirred for 1 d at room temperature.

2644

www.eurjic.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The solid was filtered off, the solvent was evaporated and the crude
product was purified by column chromatography.

Compound 8: Butylamine (14; 128 mg, 1.75 mmol), triethylamine
(177mg, 1.75mmol) and sulfonyl chloride 13 (370.0 mg,
0.70 mmol) in dry CHCI; (15 mL). Gradient column chromatog-
raphy (SiO,; CH,Cl,/MeOH, 20:1 to 8:1) gave 8 as a yellowish
amorphous solid (240 mg, 57%). '"H NMR (300 MHz, CDCls): 6
= 0.81 (t, J = 7Hz, 6 H, CH3), 1.28 (sextet, J/ = 7Hz, 4 H,
CH;CH,), 1.48 (p, J = 7Hz, 4 H, CH;CH,CH,), 3.04 (q, J = 7 Hz,
4 H, NHCH,), 5.48 (t, J = 7Hz, 2 H, NH), 7.48 (d, J = 5 Hz, 2
H, H,,), 7.68 (m, 6 H, H,,), 8.05 (m, 4 H, H,,), 9.15 (d, J = 5 Hz,
2 H, H,,) ppm. '3*C NMR (75.6 MHz, CDCl;): 6 = 13.7, 19.8, 19.8,
43.3, 123.9, 124.1, 126.2, 127.3, 128.1, 129.7, 133.7, 141.4, 146.8,
150.2 ppm. MS (FAB): m/z (%) = 603.1 (100).

Compound 9: Benzylamine (15; 0.13 mL, 1.19 mmol), triethylamine
(0.17mL, 1.19mmol) and sulfonyl chloride 13 (244.0 mg,
0.46 mmol) in dry CHCl; (15 mL). Column chromatography (SiO»;
CH,Cl,/MeOH, 20:1) gave 15 as a yellowish amorphous solid
(102.1 g, 33%). '"H NMR (300 MHz, CDCls): 6 = 4.26 (s, 4 H,
NHCH,), 5.55 (br. s, 2 H, NH), 7.16-7.28 (m, 10 H, H,,), 7.48 (d,
J =5Hz, 2 H, H,,), 7.67 (m, 6 H, H,,), 8.00 (m, 4 H, H,,), 9.21
(d, J = 5Hz, 2 H, H,,) ppm. '3C NMR (100 MHz, CDCl;): 6 =
47.3, 123.7, 123.9, 126.0, 127.2, 127.8, 128.0, 129.0, 133.6, 136.2,
138.8, 141.3, 146.5, 146.7, 150.0 ppm. MS (MALDI-TOF): m/z (%)
= 671.3 (26), 244.1 (100).

Compound 10: Dendritic amine 6 (240.0 mg, 0.75 mmol), triethyl-
amine (0.11 mL, 0.75 mmol) and sulfonyl chloride 13 (180.4 mg,
0.34 mmol) in dry CHCl; (10 mL). Column chromatography (SiO»;
CH,Cl,/MeOH, 20:1) gave 10 a yellowish amorphous solid
(107.2 g, 29%). '"H NMR (400 MHz, CDCls): § = 4.08 (d, J = 6 Hz,
4 H, NHCH,), 4.73 (s, 8 H, OCH,), 5.68 (t, J = 6 Hz, 2 H, NH),
6.20-6.40 (m, 6 H, H,,), 7.14-7.28 (m, 20 H, H,,), 7.40 (d, J =
5Hz, 2 H, H,,), 7.58 (m, 6 H, H,,), 7.98 (m, 4 H, H,,), 9.12 (d, J
= 5Hz, 2 H, H,,) ppm. 3*C NMR (100 MHz, CDCls): 6 = 47.4,
70.0, 101.3, 106.9, 123.7, 123.9, 125.9, 126.9, 127.4, 128.1, 128.6,
129.4, 133.5, 136.5, 138.8, 141.5, 146.4, 146.6, 149.9, 160.1 ppm.
MS (FAB): m/z (%) = 1095.3 (70), 456.1 (100).

Compound 11: Dendritic amine 7 (300.0 mg, 0.40 mmol), triethyl-
amine (0.06 mL, 0.40 mmol) and sulfonyl chloride 13 (97.0 mg,
0.18 mmol) in dry CHCl; (15 mL). Column chromatography (SiO»;
CH,Cl,/MeOH, 20:1) gave 10 a yellowish amorphous solid
(89.2 mg, 26%). '"H NMR (400 MHz, CDCl;): 6 = 4.18 (d, J =
6 Hz, 4 H, NHCH,), 4.78 (s, 16 H, OCH,), 4.86 (s, 8 H, OCH,),
5.06 (t, J = 6 Hz, 2 H, NH), 6.37-6.43 (m, 16 H, H,,), 6.53 (m, 2
H, H,,), 7.20-7.41 (m, 42 H, H,,), 7.52 (m, 6 H, H,,), 7.95 (m, 4
H, H,,), 9.03 (m, 2 H, H,,) ppm. *C NMR (100 MHz, CDCl,): 6
=473, 69.8, 70.2, 101.4, 106.2, 106.9, 123.7, 123.9, 125.9, 127.1,
127.4, 127.5, 128.0, 128.6, 129.4, 133.5, 136.6, 136.9, 138.6, 138.9,
141.6, 146.4, 150.0, 160.1, 160.2 ppm. MS (FAB): m/z (%) = 1944.7
(3), 303.1 (100).

General Procedure for the Preparation of the Metallodendrimers: A
solution of the corresponding SBP ligands 8-11 (3 equiv.) and ru-
thenium(I1I) chloride dihydrate (1 equiv.) in ethylene glycol and a
few drops of water was heated for 2 min at 200 W in the microwave.
The solvent was removed under reduced pressure, the counterions
were changed to hexafluorophosphate and the crude product was
purified by column chromatography and gel permeation
chromatography.

Compound RuRef: SBP ligand 8 (60.0 mg, 0.100 mmol), rutheni-
um(III) chloride dihydrate (8.1 mg, 0.039 mmol) in ethylene glycol
(3mL) and water (4 drops). Column chromatography (SiO»;
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CH,Cl,/MeOH, 30:1 to 15:1) and gel permeation chromatography
(CH,Cl,) gave RuRef as a dark orange glassy product (23.8 mg,
67%). "H NMR (400 MHz, [DgJacetone): & = 0.80 (t, J = 7 Hz, 18
H, CHs;), 1.29 (sextet, J = 7 Hz, 12 H, CH;CH,), 1.44 (p, J = 7 Hz,
12 H, CH;CH,CH,), 2.96 (q, J = 6 Hz, 12 H, NHCH,), 6.52 (t, J
= 6 Hz, 6 H, NH), 7.83-7.94 (m, 18 H, H,,), 8.02-8.09 (m, 12 H,
H..), 8.29 (s, 6 H, H,,), 8.72 (d, J = 5Hz, 6 H, H,,) ppm. 13C
NMR (100 MHz, [Dglacetone): 6 = 13.9, 20.3, 32.4, 43.7, 127.7,
128.9, 129.8, 131.1, 134.3, 137.5, 143.1, 148.5, 149.7, 154.0 ppm.
MS (MALDI-TOF): m/z (%) = 2053.436 (100) [M — PF4",
1908.473 (100) [M — 2PFg]*.

Compound RuGO: SBP ligand 9 (47.2 mg, 0.070 mmol), rutheni-
um(III) chloride dihydrate (4.87 mg, 0.023 mmol) in ethylene glycol
(3mL) and water (4 drops). Column chromatography (SiO,;
CH,Cl,/MeOH, 50:1 to 10:1) and gel permeation chromatography
(CH,Cl,) gave RuGO as a dark orange glassy product (15.2 mg,
27%). 'TH NMR (400 MHz, CDCls): § = 4.20 (br. s, 12 H, NHCH,),
7.05-7.30 (br. m, 30 H, H,,), 7.82-7.92 (br. m, 18 H, H,,), 7.97—
8.11 (m, 12 H, H,,), 8.19 (s, 6 H, H,,), 8.73 (d, /= 5Hz, 6 H, H,,)
ppm. 3C NMR (100 MHz, CDCls): § = 47.7, 127.1, 127.7, 128.2,
128.7, 129.1, 129.8, 131.1, 134.3, 137.4, 138.2, 143.3, 148.5, 149.6,
153.9 ppm. MS (MALDI-TOF): m/z (%) = 2258.0 (21) [M —
PFg]", 2114.1 (38) [M — 2PF]*, 671.2 (100) [Ligand].

Compound RuG1: SBP ligand 10 (76.7 mg, 0.070 mmol), rutheni-
um(III) chloride dihydrate (4.84 mg, 0.023 mmol) in ethylene glycol
(3mL) and water (4 drops). Column chromatography (SiO-;
CH,Cl,/MeOH, 50:1 to 10:1) and gel permeation chromatography
(CH,Cl,) gave RuGl as a dark orange glassy product (18.5 mg,
22%). "H NMR (400 MHz, CDCl3): § = 4.11 (br. s, 12 H, NHCH,),
4.86 (s, 24 H, OCH,), 6.35 (s, 6 H, H,,), 6.45 (s, 12 H, H,,), 7.14-
7.31 (br. m, 60 H, H,,), 7.70-7.79 (m, 18 H, H,,), 7.96-8.04 (m, 18
H, H,,), 8.60 (m, 6 H, H,,) ppm. '*C NMR (100 MHz, CDCl): &
=47.7,704, 101.7, 107.7, 127.1, 127.8, 128.4, 128.6, 129.2, 129.7,
131.0, 134.3, 137.2, 138.0, 140.6, 143.5, 148.4, 149.5, 153.8,
160.8 ppm. MS (MALDI-TOF): m/z (%) = 3533.6 (100) [M —
PF*.

Compound RuG2: SBP ligand 11 (51.6 mg, 0.027 mmol), rutheni-
um(III) chloride dihydrate (1.84 mg, 0.009 mmol) in ethylene glycol
(3mL) and water (4 drops). Column chromatography (SiO-;
CH,Cl,/MeOH, 50:1 to 10:1) and gel permeation chromatography
(CH,Cl,) gave RuG?2 as a dark orange glassy product (16.3 mg,
29%). '"H NMR (400 MHz, CDCl;): § = 4.00 (br. s, 12 H, NHCH,),
4.83 (s, 48 H, OCH,), 4.88 (s, 24 H, OCH,), 6.24-6.42 (m, 18 H,
H,,), 6.56 (m, 36 H, H,,), 7.00-7.24 (m, 120 H, H,,), 7.50 (m, 18
H, H,,), 7.73-7.91 (m, 18 H, H,,), 8.33 (m, 6 H, H,,) ppm. 13C
NMR (100 MHz, CDCls): 6 = 47.3, 69.8, 70.2, 101.9, 102.1, 106.9,
107.3, 127.1, 128.4, 128.6, 128.8, 129.1, 129.8, 131.1, 134.3, 137.4,
138.2, 140.0, 143.3, 144.2, 148.5, 149.6, 153.9, 160.7, 160.8 ppm.
MS (MALDI-TOF): m/z (%) = 6075.8 (17) [M — PF4]*, 1943.2
(100) [Ligand].
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