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Introduction

Over the last decades ruthenium–polypyridyl complexes
have attracted particular attention due to their interesting
and potentially useful photophysical properties.[1,2] The
parent complex [Ru ACHTUNGTRENNUNG(bpy)3]

2+ (bpy=2,2’-bipyridine) possess-
es a long-lived emissive triplet state at room temperature,
which is important for applications in practical devices that
rely on solar energy, such as dye-sensitised solar cells
(DSSCs).[3–6] However, [RuACHTUNGTRENNUNG(bpy)3]

2+ has only a weak ab-
sorbance in the red part of the solar spectrum (lmax

�450 nm)[7] so intense research efforts have been devoted
to the extension of the absorption window of such com-
plexes.[8–11] [Ru ACHTUNGTRENNUNG(tpy)2]

2+ (tpy=2,2’:6,2’’-terpyridine) com-
plexes feature a bathochromically shifted absorption band
around lmax = 500 nm. However, these complexes are usually
almost non-emissive at room temperature. In fact, the
parent [Ru ACHTUNGTRENNUNG(tpy)2]

2+ complex has a very short-lived excited
3MLCT state and subsequently a very low quantum yield at
room temperature in fluid medium.[12] One possibility to en-
hance the excited-state properties of [RuACHTUNGTRENNUNG(tpy)2]

2+ complexes
is to substitute the terpyridine ligands on the 4’-positions
with electron-donating or -withdrawing groups.[13–15] For ex-
ample, [Ru ACHTUNGTRENNUNG(tpy)(tpy-COOEt)]2+ emits at 667 nm with a
quantum yield of 2.7 �10�4 and t=32 ns at 298 K in acetoni-
trile.[15]

In addition heteroleptic [Ru ACHTUNGTRENNUNG(tpy-R) ACHTUNGTRENNUNG(tpy-R’)]2+ complexes
with substituents in 4’-position are non-stereogenic in con-
trast to the trischelate complexes based on [Ru ACHTUNGTRENNUNG(bpy)3]

2+ ,
thus facilitating synthesis and purification and still offering
the possibility for functionalisation. Thus heteroleptic [Ru-ACHTUNGTRENNUNG(tpy-R) ACHTUNGTRENNUNG(tpy-R’)]2+ complexes are also attractive components
of dyads incorporating organic chromophores with intense
molar absorptivity in the UV/visible spectral region.[16–23]

Recently, we have introduced a heteroleptic [Ru ACHTUNGTRENNUNG(tpy-R)-ACHTUNGTRENNUNG(tpy-R’)]2+ complex with R=COOH and R’=NH2 giving
metallo amino acid 1 d, which places the metal centre in be-
tween the functional groups.[27] This feature is exclusive for
1 d, in contrast to other ruthenium containing amino acids
reported so far (1 a,[24] 1 b[25] and 1 c[26]) with ruthenium locat-
ed at the side-chain. Incorporation of ruthenium in the main
chain of a peptide as opposed to peptides modified at the
side chain should give rise to enhanced electronic communi-
cation between building blocks. Indeed, ferrocene deriva-
tives have been successfully coupled to the artificial amino
acid 1 d through amide bonds either at the N- or at the C-
terminus and photo-induced electron transfer (PET) has
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been observed, provided the redox potential of the ferro-
cene unit is energetically below the excited-state redox po-
tential of the ruthenium moiety.[27]

An artificial peptide containing [Ru ACHTUNGTRENNUNG(tpy)2]
2+ units (1 e)

was designed and prepared by Ueyama et al. using stepwise
complex formation and amide coupling reactions.[28] Right-
handed helical peptides with up to five ruthenium moieties
were obtained. However, the metal centres do not exhibit a
significant electronic communication due to the separation
with leucine spacers.

Metallo amino acids are in principle amenable to solid-
phase peptide synthesis (SPPS) procedures, which would
allow preparing multifunctional systems, such as multichro-
mophore arrays, by parallel synthetic processes. This is espe-
cially advantageous when several reaction steps are necessa-
ry and when high yields and high purity should be achieved
with minimal effort. Solid-phase synthesis with metal com-
plexes is a relative new field and has been recently reviewed
from different perspectives.[29,30,31] For example, 1) a series
of trisheteroleptic ruthenium(II) complexes has been recent-
ly prepared by solid-phase methods by Meggers for poten-
tial application as acetylcholinesterase inhibitors,[32] 2) pep-
tide-tethered platinum(II) complexes for use as cytostatic
drugs have been prepared by automated parallel solid-phase
synthesis by van Boom and Reedijk,[33] 3) a library of
iridium ACHTUNGTRENNUNG(III) acetylacetonato complexes has been synthesised
by Li as red-phosphorescent emitters in organic light-emit-
ting diodes (OLEDs)[34] and 4) ferrocene-incorporating pep-
tides have been constructed by SPPS techniques by Metzler-
Nolte and Heinze.[35,36]

In this work we extend the SPPS approach to incorporate
the artificial metallo amino acid 1 d into multichromophore
systems with suitably substituted organic dyes (coumarins,
naphthalene, anthracene, fluorene). The aim is to develop a
fast, simple and reliable high-throughput technique for syn-
thesising and screening of potential light-harvesting arrays.

Results and Discussion

Strategy : The functionalisation of photoactive compounds
requires a synthetic strategy that results in products of high
purity, as photoactive byproducts might dramatically disturb
the results of photophysical assays.

Especially, when several synthetic steps are necessary, an
accurate workup after each step is absolutely essential.
SPPS allows the use of an excess of starting materials to
give full conversion and furnishes a simple workup by just
washing and filtration of the insoluble support. Thus the
SPPS technique is employed for the synthesis of dyads.

Building block synthesis : The Ru-containing amino acid 1 d
was prepared by reaction of [RuCl3(tpy-COOEt)] with tpy-
NH2 in a microwave synthesiser at 120 8C in ethanol and
subsequent ester hydrolysis in 20 % sulphuric acid at
100 8C.[27] This harsh procedure underlines the high stability
of these [Ru ACHTUNGTRENNUNG(tpy)2]

2+ complexes. Acid chlorides of the or-
ganic dyes (R�COCl) were prepared by heating the respec-
tive carboxylic acids in a THF/CH2Cl2/SOCl2 mixture fol-
lowed by recrystallisation from a solution of the acid chlo-
ride in CH2Cl2 by addition of an excess hexane.[37]

Solid-phase synthesis of 2 a–2 d and 3 a–3 f : First attempts to
directly couple 1 d as an ester to standard polystyrene/di-
vinylbenzene resins with Wang linkers were unsuccessful,
since in our hands these resins could not be completely
loaded possibly due to the bulkiness of the [Ru ACHTUNGTRENNUNG(tpy)2]

2+

complex 1 d.
Thus a TentaGel S resin with a Wang linker was used,

which is distinguished by lower loading and higher flexibility
of the polymer chains as well as better swelling proper-
ties.[38,39] As a spacer between resin-bound polyethylene
glycol chains (PEG) and target molecules, a glycine unit was
attached to the resin through an ester group (Scheme 1).

To accomplish this Fmoc-protected (Fmoc =9-fluorenyl-
methoxycarbonyl) glycine was coupled to the resin by addi-
tion of exess Cl-Gly-Fmoc to the washed and swollen resin
and shaking the reaction mixture in an overhead shaker for
2 h (Scheme 1).[40] After washing the resin with CH2Cl2 for
three times, deprotection in a piperidine/CH2Cl2 mixture
and again washing with CH2Cl2 for three times, a solution of
pre-activated [pyridine, PyBOP= benzotriazole-1-yl-oxy-
tris(dimethylamino)phosphonium hexafluorophosphate]
metallo amino acid 1 d in acetonitrile was poured to the
resin and the suspension was shaken for 12 h.

Notably, protection of the amine substituent of 1 d is un-
necessary as tpy-NH2 is a very poor nucleophile. This is
even aggravated when tpy-NH2 is coordinated to the ruthe-
nium dication. On the other hand this NH2 group requires
activation by strong bases, for example, phosphazene base
P1-tBu (P1-tBu= tert-butyliminotris(dimethylamino)phos-
phorane),[27] or very strong electrophiles such as acid chlor-
ides have to be employed for successful amide coupling.[41]

In our hands the presence of [Ru ACHTUNGTRENNUNG(tpy)2]
2+ and phosphazene

base P1-tBu causes partial cleavage of PEG chains of the
TentaGel resin. Thus it proved to be more favourable to use
acid chlorides instead of strong bases to couple acetyl, cou-
marinyl, naphthylmethylenyl, trifluoro acetyl (2 a–2 d) and
glycinyl moieties (3 f) to the NH2 group of resin bound 1 d
(Scheme 1).
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For compounds 2 a–2 d this was accomplished by shaking
TentaGel-Gly-hRui-NH2 for 12 h with a solution of the re-
spective acid chloride (2.5–3.2 equiv) and pyridine, to scav-
enge released hydrochloric acid. Again the resin was washed
several times before compounds 2 a–2 d were cleaved from
the resin by treatment with trifluoro acetic acid. Conjugates
2 a–2 d were obtained by precipitation from an aqueous solu-
tion by addition of NH4PF6 in 73–80 % yield.

The second series features a glycine spacer between the
ruthenium complex and the organic dye (Scheme 2). As Cl-
Gly-Fmoc appeared to be quite unreactive with respect to
immobilised 1 d, the reaction mixture of TentaGel-Gly-hRui-
NH2 and Cl-Gly-Fmoc was advantageously heated in a mi-
crowave synthesiser in absolute THF to 80 8C for 1 h.[42] To
obtain compounds 3 a–3 e the Fmoc protection group of Ten-
taGel-Gly-hRui-Gly-Fmoc was removed by piperidine to
give TentaGel-Gly-hRui-Gly-NH2. The resulting NH2 group
of the glycine was much more reactive than the tpy-NH2

group, but also more sensitive towards decomposition. Thus
milder coupling reagents than acid chlorides were required
and the PyBOP/pyridine strategy[40] was used to activate
coumarinyl, coumarin-NEt2-yl-, and coumarin343-yl moiet-
ies instead of activation as acid chlorides.

Due to the low solubility of anthracene-2-carboxylic acid
in polar solvents, especially after deprotonation, the DCC/
HOBt protocol (DCC= N,N’-dicyclohexylcarbodiimide,
HOBt= 1-hydroxybenzotriazol) was employed. In all cases a
solution of the pre-activated acid was poured to TentaGel-
Gly-hRui-Gly-NH2 and the mixture was shaken for 12 h.
After washing and filtration compounds 3 a–3 e were ob-
tained by release from the resin with TFA and precipitation
from an aqueous solution by addition of NH4PF6 in 33–80 %
yield (Scheme 2). Compound 3 f was obtained analogously
from TentaGel-Gly-hRui-Gly-Fmoc in 80 % yield.

Scheme 1. Solid-phase synthesis of conjugates 2 a–2d (PyBOP= (benzo-
triazole-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate,
Fmoc= 9-fluorenyl-methoxycarbonyl, TFA= trifluoroacetic acid) and
partial atom numbering.

Scheme 2. Solid-phase synthesis of conjugates 3 a–3 f and partial atom
numbering.
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Spectroscopic characterisation of 2 a–2 d and 3 a–3 f : Com-
pounds 2 a–2 d and 3 a–3 f were characterised by ESI and
HR-ESI mass spectrometry; 1H NMR, 13C NMR and IR
spectroscopy; and elemental analysis.

The composition of all compounds was verified by ESI
mass spectrometry. As all complexes contain a Ru2+ ion, the
spectra show molecular peaks at M/2 with the isotope distri-
bution of a dication. The spectra also evidenced the purity
of the samples as no other charged ruthenium containing
species were observed. Furthermore HR-ESI spectra prove
the molecular formulae of all compounds (see Experimental
Section).

Proton NMR spectra of 2 a–2 d and 3 a–3 f are quite simi-
lar and the data are listed in Tables S1–S3 (Supporting Infor-
mation).

As an example the 1H NMR spectrum of the coumarin-
NEt2 derivative 3 c is shown in Figure 1. Generally, amide
bond formation at NHb is substantiated by the significant
shift of H2’ from around d=8 ppm in the free amine[27] to
d= 9 ppm in the products. The two doublets of the methyl-
ene protons of the two glycine moieties in 3 c are observed
at d=4.29 ppm for CHa and d= 4.45 ppm for CHc.

Distinguishing CHa and CHc was accomplished by HSQC
spectroscopy. Exemplary, the HSQC spectrum of 3 c clearly
shows cross peaks between the methylene protons of the
glycine moieties CHa and CHc and the respective amide pro-
tons NHa and NHc (Figure 2), proving the successful incor-
poration of two glycine moieties in compounds 3 a–3 f.

In 3 c the three expected amide proton signals are found
at d= 8.29 (NHa), 9.35 (NHc) and 10.05 ppm (NHb). While
the signal of NHa appears in the expected range, the signals
of NHb and NHc are dramatically shifted to lower field. In
case of NHb this is due to the electron-withdrawing effect of
the adjacent cationic complex. In case of NHc an intramo-

lecular hydrogen bond of NHc to the carbonyl group of the
coumarin moiety is possible. All coumarin-containing com-
pounds (2 b, 3 b–3 d) show this hydrogen bond between the
amide proton and the lactone carbonyl oxygen atom as NHb

(2 b) and NHc (3 b–3 d) resonate at very low field.
All remaining proton signals of the terpyridine ligands

and the respective chromophores appear in the expected
chemical shift ranges and confirm the correct attachment of
the organic dyes.

The 13C NMR spectra of 2 a–2 d and 3 a–3 f show all ex-
pected signals including those for the quarternary carbon
atoms, all carbonyl carbon atoms and the carboxylic acid
carbon atom. All 13C NMR data are listed in Tables S4 and

S5 (Supporting Information).
Assignments were performed
by using 2D NMR correlation
spectroscopy.

In the IR spectra of the con-
jugates 2 a–2 d and 3 a–3 f bands
at around n=843 cm�1 are as-
signed to the P�F vibration of
the PF6

� counterions. Bands at
1219–1230 cm�1 correspond to
C�O stretching vibrations and
bands at 1702–1733 cm�1 to
those of the C=O stretching vi-
bration of the carboxylic acid
moieties. The amide groups
cause absorptions at 1615–1693
(amide I) and 1521–1538 cm�1

(amide II).[43] Furthermore,
bands for the C=N and C=C
bonds at 1571–1614 cm�1 are
observed while C�H stretching
vibration bands are found at
around 2930 (CHalkyl) andFigure 1. 1H NMR-spectrum of 3c in CD3CN.

Figure 2. HSQC spectrum of 3c in CD3CN.
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3075 cm�1 (CHaryl). Unfortunately, absorption bands of O�H
and N�H bonds emerge as very broad bands around
3445 cm�1 preventing further interpretation concerning hy-
drogen bonding.

Electrochemical properties of 2 a–2 d and 3 a–3 f : All electro-
chemical studies were performed in dry degassed acetoni-
trile with nBu4NB ACHTUNGTRENNUNG(C6F5)4 (0.1m) as the supporting electro-
lyte, as this counterion solubilises highly charged species
better than hexafluorophosphate salts[44] (Table 1). Figure 3
depicts the cyclic voltammogram of the coumarin-NEt2 de-
rivative 3 c as an example. All compounds are reversibly oxi-
dised at around 1.3 V versus SCE. This oxidation is assigned

to the rutheniumACHTUNGTRENNUNG(II/III) couple, which appears rather insen-
sitive to the attached chromophore or substituent. The cou-
marin-NR2 derivatives 3 c and 3 d show an additional rever-
sible oxidation at 1.12 and 0.90 V, respectively, which is
caused by the oxidation of the dialkyl amino moiety at-
tached to the coumarin chromophore. The terpyridine li-
gands are irreversibly reduced at around �0.8 and �1.2 V,
except for the CF3 derivative 2 d, which is already reduced
at �0.45 V due to the electron-withdrawing nature of the
CF3 group. Compounds 2 b, 2 c, 3 b, 3 c, 3 e and 3 f show irre-
versible peaks for the reduction of the chromophores at
lower potential, while the coumarin343 derivative 3 d dis-
plays only one broad irreversible peak at �1.29 V (Table 1).

Absorption and emission spectroscopy of 2 a–2 d and 3 a–3 f :
The absorption spectra of all compounds show a characteris-
tic band in the visible region at lmax = 488–492 nm insensitive
of the substituents R (Schemes 1 and 2, Figures 4 and 5,

Table 2). This absorption is assigned to a metal-to-ligand
charge transfer (MLCT) from the ruthenium centre to the
terpyridine ligands.[13] The terpyridine ligands itself display
absorption bands at lmax =308–310 and 275 nm (p!p* tran-
sitions), respectively.[13] Coumarin- and naphthalene-contain-
ing 2 b and 2 c, respectively, additionally show absorption
bands of the chromophores in the UV region at lmax = 332

Table 1. Electrochemical data[a] of complexes 2 a–2d and 3 a–3 f.

E1/2 (RuII/RuIII) E1/2 (tpy/tpy�) E1/2 (chromophore)

2a 1.285 �0.850, �0.945[b]

2b 1.320 �0.760, �1.195[b] �1.495[b]

2c 1.300 �0.830, �0.975[b] �1.185[b]

2d 1.250 �0.445, �1.360[b]

3a 1.295 �0.940, �1.150[b]

3b 1.295 �0.945, �1.235[b] �1.300[b]

3c 1.310 �0.825, �0.970[b] 1.120, �1.270[b]

3d 1.320 �1.295[b] 0.900, �1.365[b]

3e 1.305 �1.045, �1.155[b]

3 f 1.270 �0.845[b] �1.090

[a] In CH3CN/nBu4NB ACHTUNGTRENNUNG(C6F5)4; scan rate 200 mV s�1; E1/2 in V versus
SCE. [b] Irreversible peak.

Figure 3. Cyclic voltammogram of 3c in acetonitrile, nBu4NB ACHTUNGTRENNUNG(C6F5)4

(0.1 m) versus SCE.

Figure 4. UV/Vis spectra of 2 a–2d in CH3CN.

Table 2. UV/Vis data[a] of complexes 2a–2d and 3a–3 f.

MLCT:
lmax [nm]

(e ACHTUNGTRENNUNG[m�1 cm�1])

terpyridine (p!p*):
lmax [nm]

(e ACHTUNGTRENNUNG[m�1 cm�1])

chromophore (p!p*):
lmax [nm]

(e ACHTUNGTRENNUNG[m�1 cm�1])

2a 490 (21 150) 308 (51 700); 275 (59500)
2b 492 (25 750) 310 (65 720); 275 (56 240) 332 (40 290)
2c 490 (20 810) 308 (52 430); 275 (66 650) 224 (102 080)
2d 488 (19 868) 309 (37 820); 275 (41 620)
3a 490 (22 290) 309 (55 010); 275 (78 270)
3b 490 (26 180) 307 (73 120); 275 (80 500) 328 (46 290)
3c 490 (24 950) 308 (56 380); 275 (76 080) 422 (47 350)
3d 490 (25 820) 308 (58 260); 275 (79 660) 441 (49 090)
3e 491 (25 830) 308 (64 440); 274 (124 540) 390 (6750); 258 (119 810)
3 f 490 (20 590) 308 (49 370); 275 (75 910) n.o[b]

[a] In CH3CN. [b] n.o.=not observed.
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and 224 nm.[45,18] Analogous to 2 b, the unsubstituted cou-
marin moiety in 3 b causes an absorption band at lmax =

328 nm,[45] while the bands of substituted coumarins are
shifted to lower energy (lmax = 422 (3 c)[46] and 441 nm
(3 d);[47] Figure 5). The anthracene conjugate 3 e absorbs at
lmax =390 and 258 nm (Figure 5).[23] Thus it appears that the
spectra of the dyads are simply the superpositions of the
component spectra indicating electronically decoupled chro-
mophores in the ground state.

The steady-state luminescence spectra of 2 a–2 d and 3 a–
3 f have been recorded at room temperature in acetonitrile.
The pertinent data are summarised in Table 3. As expected
all the heteroleptic ruthenium complexes display an emis-
sion centred around lmax = 665–671 nm when irradiated into
the MLCT absorption maximum around lexc = 490 nm with
quantum yields (f) around 5 � 10�4, which is similar to the
emission observed for [Ru ACHTUNGTRENNUNG(tpy)(tpy-COOEt)]2+ (lmax =

667 nm; f=2.7 � 10�4).[15] The emission is attributed to
3MLCT states of the [Ru ACHTUNGTRENNUNG(tpy)2]

2+ unit.
From the absorption spectrum of dye-free 2 a (Figure 4)

an absorption gap ranging approximately from 330–450 nm
is evident. In fact only the tail of the terpyridine p!p* ab-
sorption bands provide some extinction in this spectral
window.

When 2 a is irradiated in this region (lexc = 340 nm) the
ruthenium-based 3MLCT emission is also observed, but with

reduced intensity relative to the MLCT excitation with lexc =

493 nm (Figure 6). The same experiment using the coumar-
in-containing dyad 2 b yields almost the full ruthenium-
based 3MLCT emission intensity (Figure 6). This finding sug-
gests energy transfer from the coumarin chromophore to the
ruthenium unit in dyad 2 b.

Coumarin conjugates 3 b–3 d with a glycine spacer be-
tween the chromophores also exhibit sensitised emission
from the chromophore, which is clearly evidenced from the
excitation spectra when compared to that of coumarin-free
3 a (Figure 7). Evidently, the energy gap of the absorption
and excitation spectra of 3 a is filled by the coumarin anten-
na in 3 b–3 d (Figures 5 and 7).

Conversely the fluorescence emission of the antenna is
strongly quenched by the appended ruthenium complex as
the residual fluorescence of the antenna corresponds to less
than 7 % for 2 b, 2 c, 3 b, 3 c and 3 d of the luminescence in-

tensity of the respective chro-
mophore itself (Table 3). In the
anthracene derivative 3 e only
78 % of the anthracene fluores-
cence intensity is quenched by
the ruthenium moiety, which
might be due to an unfavoura-
ble relative orientation of the
donor and acceptor chromo-
phores in 3 e (see DFT calcula-
tion below).

To exclude an intermolecular
quenching process, fully pro-
tected 1 d (the acid group as

Figure 5. UV/Vis spectra of 3 a–3 f in CH3CN.

Table 3. Photophysical data of complexes 2a–2 d and 3a–3 f in CH3CN.

lmax ACHTUNGTRENNUNG(3MLCT)
[nm]

lmax (chromophore)
[nm]

fACHTUNGTRENNUNG(3MLCT)ACHTUNGTRENNUNG(lexc [nm])
fluorescence quenching
efficiency [%]

2a 671 9.28 � 10�4 (455)
2b 668 405 9.19 � 10�4 (455) 93.6
2c 664 377 6.42 � 10�4 (463) 99.1
2d 666 6.30 � 10�4 (471)
3a 670 6.14 � 10�4 (468)
3b 667 401 5.41 � 10�4 (435) 99.6
3c 665 462 4.99 � 10�4 (459) 98.1
3d 665 478; 518 8.52 � 10�4 (468) 99.7
3e 666 413 1.05 � 10�3 (435) 78.4
3 f 667 6.99 � 10�4 (463)

Figure 6. Emission spectra of 2a and 2b excited at lexc =340 and 493 nm
in CH3CN.
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ethyl ester; the amino group as acetyl amide, 1 dEAc) was ti-
trated with 7-(diethylACHTUNGTRENNUNGamino)coumarin-3-carboxylic acid in
CH3CN and the emission spectra upon excitation with lexc =

422 and 490 nm were recorded. Almost no ruthenium-based
3MLCT emission is observed when the mixtures are excited
at 422 nm, while the coumarin fluorescence is fully con-
served. In contrast the ruthenium-based emission is ob-
served in dyad 3 c with maximum intensity and the coumarin
fluorescence is largely quenched when excited at 422 nm
(Figure 8).

In all cases, photoinduced energy transfer from the anten-
na singlet states to the ruthenium 1MLCT state is thermody-
namically feasible (singlet–singlet energy transfer pathway
followed by intersystem crossing of the 1MLCT to the
3MLCT state) as is the potential triplet–triplet energy trans-
fer from antenna triplet states (possibly populated by an en-

hanced intersystem crossing from the antenna singlet state
due to the proximity of the heavy ruthenium atom) to the
3MLCT state. However, the latter pathway seems to be
more unlikely as the ruthenium atom is quite far away in
systems with the glycine spacer 3 b, 3 c, 3 d and 3 e. Thus in-
tersystem crossing of the organic dye should be hampered
and the large fluorescence quenching in 3 b, 3 c and 3 d
cannot be accounted for by this triplet–triplet energy trans-
fer pathway, which is inline with previous studies of compa-
rable systems.[18,19]

In addition we note a broadening of the excitation spectra
in the MLCT region when a glycine spacer is inserted be-
tween the ruthenium centre and the organic dye. Figure 9 il-

lustrates this finding for the coumarin derivatives 2 b and
3 b, which has no parallel in the respective absorption spec-
tra (Figures 4 and 5). Though we do not have a simple,
straight-forward explanation for this behaviour we can spec-
ulate that this phenomenon might arise from different pre-
ferred conformations and aggregation modes in solution,
which differ also in their energy-transfer characteristics. In
general energy transfer is modulated by the distance and the
relative orientation of the donor and acceptor in either of
the two limiting mechanisms. The Fçrster dipole–dipole ex-
change mechanism relies on the relative orientation of the
interacting dipoles, while the Dexter through-bond double-
electron transfer is dependent on the orbitals of the bridging
unit and their orientation.[19] Also triplet–triplet energy
transfer can be modulated by the dihedral angle between in-
teracting units.[48]

Preliminary time-resolved luminescence studies were per-
formed in deaerated acetonitrile by using a nanosecond
time-correlated single-photon counting unit. Multiexponen-
tial decays were observed for acids 2 a–2 d and 3 a–3 f when
excited at lexc =500, 450 or 370 nm (Table 4). To gain some
insight into the excited state dynamics of the dyads the life-
times of the amino acid 1 d and its ethyl ester 1 dE were also
determined. For the ester 1 dE a monoexponential decay was
observed (t= 33.7 ns, lexc =500 nm, Figure 10) which match-
es that of [Ru ACHTUNGTRENNUNG(tpy)(tpy-COOEt)]2+ (t= 32 ns[15]), while the
acid 1 d shows a biexponential decay (t1 =26.3, t2 =3.5 ns,

Figure 7. Excitation spectra of compounds 3a–3 d (lobs =667 nm) in
CH3CN.

Figure 8. Emission spectra of 3 c (top) and a 1dEAc/CoumarinNEt2 mix-
ture (1:1.5) (bottom) in CH3CN.

Figure 9. Excitation spectra of 2 b and 3b in CH3CN (lobs =660 nm).
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lexc =500 nm, Figure 10). Thus
we ascribe the first component
t1 to the usual decay of the sub-
stituted heteroleptic [Ru-ACHTUNGTRENNUNG(tpy)2]

2+ chromophore and the
second shorter component t2,
which is also found for 2 a–2 d
and 3 a–3 f (t2 =2–4 ns), to a
decay pathway established by
the acid functionality. Tenta-
tively, this rapid decay pathway
can be assumed to be a proton
transfer in the excited state,
which occurs along hydrogen
bonds[49] as aggregation of car-
boxylic acids to rings or chains

through hydrogen bonds (Scheme 3) is prevalent in solu-
tion.[50]

A third component t3 is observed (t3�1 ns) when the
dyads are excited at the respective chromophore absorption
maxima; for example, the coumarin derivatives 2 b and 3 b
and the anthracene conjugate 3 e show a third decay compo-
nent when excited at 370 nm, while the dialkylamino-substi-
tuted coumarin derivatives 3 c and 3 d possess a third com-
ponent when excited at 450 nm, as well as when excited at
500 nm (Table 4, Figure 10). This finding is likely due to the
fact that the dialkylamino-substituted coumarin moieties
themselves absorb at 500 nm and their residual fluorescence
decay can be observed. A prolongation of the 3MLCT life-
time of 3 e due to equilibration of anthracene and MLCT
triplet states was not observed, in contrast to the anthracene
conjugates prepared by Hanan and Campagna.[22,23] Again,
this might be due to an unfavourable relative orientation of
the chromophores.

DFT modelling of 2 a–2 d and 3 a–3 f : To gain insight into
the donor and acceptor features of the building blocks of
the dyads the geometries of all conjugates 2 a–2 d and 3 a–3 f
were optimised by DFT methods (B3 LYP, LANL2DZ, see
Supporting Information). In all cases the individual bond
lengths and angles are within the expected ranges. Of partic-
ular interest is the intramolecular hydrogen bond in coumar-
in derivatives 2 b and 3 b–3 d, suggested by NMR spectrosco-
py, which is also reproduced by the calculations (O···H dis-
tance 1.74–1.91 �). In the minimum structures this hydrogen

Table 4. Time-resolved luminescence data of 2 a–d and 3–a-f in acetonitrile.

t (lexc =500 nm) [ns]
(fraction [%])

t (lexc =450 nm) [ns]
(fraction [%])

t (lexc =370 nm) [ns]
(fraction [%])

1dE 33.7 (100)
1d 26.26 (61.7) 3.45 (38.3)
2a 18.0 (8.4) 3.9 (91.6)
2b 17.4 (7.1) 2.7 (92.9) 19.2 (0.9) 3.4 (16.1) 0.5 (83.0)
2c 19.2 (8.3) 3.8 (91.7)
2d 20.8 (18.0) 2.1 (82.0)
3a 19.0 (5.0) 4.0 (95.0)
3b 17.8 (8.9) 3.2 (91.1) 22.5 (1.4) 3.9 (26.0) 0.8 (72.6)
3c 15.1 (2.3) 3.7 (40.4) 0.4 (57.3) 15.2 (3.0) 4.0 (63.2) 0.8 (33.8)
3d 19.3 (0.6) 3.4 (10.9) 0.5 (88.5) 20.9 (0.8) 3.5 (93.5) 0.8 (5.7)
3e 22.0 (9.4) 3.8 (90.6) 18.4 (1.9) 9.1 (60.0) 1.2 (38.1)
3 f 19.1 (12.9) 3.9 (87.1)

Figure 10. Decay of 1 dE (top) and 1d (middle) and 3d (bottom); IRF=

instrument response function.

Scheme 3. Aggregation modes of carboxylic acids in solution: ring motif
(left) and chain motif (right).
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bond causes the plane of the coumarin chromophore to be
coplanar to the terpyridine plane to which it is attached,
even when a glycine spacer is inserted in between. The co-
planarity is illustrated in Figure 11 for 2 b and 3 b.

In dyads 2 c, 3 e and 3 f the organic dye is calculated to be
oriented in a non-coplanar fashion relative to the terpyri-
dine plane. However, in 2 c and 3 f the organic chromophore
should be able to rotate easily around C�C single bonds
such that the full conformational space of relative orienta-
tions is available. On the other hand, the anthracene deriva-
tive 3 e with a directly linked chromophore is sterically quite
encumbered, possibly preventing a free rotation of the an-
thracene moiety. The preferred orientation of the anthra-
cene unit relative to the bis(terpyri ACHTUNGTRENNUNGdine)ruthenium moiety
might be less favourable for energy-transfer processes,
which might account for the lower energy-transfer efficiency
observed for 3 e (vide supra).

The frontier molecular Kohn–Sham orbitals of all dyads
were calculated and a graphical representation of relevant
orbitals of 3 b is displayed in Figure 12, while a schematic
energy diagram for all dyads is depicted in Figure 13.

The mainly metal-centred t2g orbitals are found around
�11 eV, the corresponding antibonding eg set is placed in
the region 4.5–5.5 eV. The acceptor orbitals of the MLCT
absorption, the p* ACHTUNGTRENNUNG(tpy) molecular orbitals, lie around
�7.7 eV, well below the eg orbitals. Both the metal t2g and
the ligand p* ACHTUNGTRENNUNG(tpy) orbitals are found at rather constant
energy, suggesting that these orbitals are almost unaffected
by the organic chromophore, which is also evident from the
MO compositions of the respective orbitals (Figure 12). This
finding is in accordance with the observations that the
MLCT absorption band is found constantly at lmax =490 nm
(Table 2) and that a constant RuII/III redox potential
(Table 1) is observed throughout the series. Relevant p and
p* molecular orbitals of the different chromophores in the
dyads are also found. They are almost exclusively centred
on the chromophores without significant participation of the

terpyridine ligands or the ruthenium ion, suggesting elec-
tronically isolated chromophores. To further validate the
DFT calculations and resulting interpretations the energy
difference DEcalcd =E[p*(chromophore)]�E[p(chromo-
phore)] is plotted against the experimental absorption p!
p* absorption band DEobs (Figure 14).

Given that an orbital energy difference is only a very
crude approximation of energy differences of electronic
states the correlation is reasonably good. Thus the DFT cal-
culations corroborate that in the ground state the ruthenium
chromophore is electronically decoupled from the organic
chromophore.

Figure 11. Side view of DFT optimised 2 b and 3 b.

Figure 12. Calculated molecular Kohn–Sham orbitals of 3 b (hydrogen
atoms omitted for clarity, isosurface at 0.06 au).

Figure 13. MO scheme of 2 a–d and 3 a–f.
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Conclusion

Solid-phase peptide synthesis methods have been developed
and employed to selectively assemble bis(terpyridine)ruthe-
nium(II) acceptor units and organic dyes through amide
linkages with and without glycine spacers between the two
chromophores. The artificial amino acid 1 d is incorporated
into the dyads through amide bonds as the ruthenium-con-
taining building block, while the organic chromophores are
introduced either as acid chlorides or activated benzotri-ACHTUNGTRENNUNGazole esters. Activation by acid chlorides is mandatory for
coupling with the weakly nucleophilic amino group of 1 d,
while coupling to aliphatic amino groups of glycine units re-
quires only PyBOP activation. Microwave irradiation accel-
erates the solid-phase reactions in some instances. The syn-
thetic method developed yields enough material to allow in-
vestigation of the identity and purity of the dyads (NMR,
IR, ESI) as well as screening of electrochemical and photo-
physical properties (absorption, steady-state and time-re-
solved emission).

Electrochemical data, absorption spectra and DFT calcu-
lations of the dyads suggest that in the ground state the
building blocks of the dyads are electronically isolated.
Energy-transfer processes were shown to occur in the excit-
ed dyads as judged from quenched dye fluorescence, excita-
tion spectra and excited-state lifetimes.

The synthetic protocol and screening method developed
demonstrates a way towards the realisation of more elabo-
rate multichromophore systems, which could prove useful in
(bio-) sensing applications, light-to-chemical energy conver-
sion systems and enhanced photovoltaic cells based on dye
sensitisation.

Experimental Section

General procedures : Chemicals were obtained from commercial suppliers
and used without further purification. Bis(terpyridine)ruthenium(II)
complex 1d was synthesised as reported.[27] TentaGel-Wang resins and
Fmoc-Gly-OH were purchased from IRIS Biotech. Acid chlorides were
prepared from the corresponding carboxylic acids according to a litera-
ture procedure.[37] For the solid-phase reactions a flask with a nitrogen
inlet and a coarse porosity fritted glass filter that allows addition and re-
moval of reagents and solvents without exposure of the resin to the at-
mosphere was used. Microwave accelerated reactions were conducted in
heavy-walled glass vials sealed with aluminium crimp caps fitted with a
silicon septum. The inner diameter of the vial filled to the height of 8 cm
was 1 cm. Microwave heating was performed in a Discover Benchmate
Plus (CEM Synthesis) single-mode microwave cavity producing continu-
ous irradiation at 2.455 GHz with 100 W (max. power). Reaction mix-
tures were stirred with a magnetic stir bar during irradiation. Tempera-
ture and irradiation power were monitored during the course of the reac-
tion. IR spectra were recorded on a BioRad Excalibur FTS 3000 spec-
trometer with caesium iodide disks. UV/Vis spectra were recorded on a
Perkin Elmer Lambda 19 in 1.0 cm cells (Hellma, suprasil). Electrospray
mass spectra were recorded with a Finnigan TSQ 700 triple–quadrupole
or a Q-Tof Ultima API mass spectrometer (Micromass/Waters, ESI) with
analyte solutions in acetonitrile. NMR spectra were obtained on a
Bruker Avance DPX 200 (200 MHz, 1H) or a Bruker Avance II 400
(400 MHz, 1H) at 30 8C. Chemical shifts (d) are reported with respect to
residual solvent peaks as internal standards: CD3CN d(1H)=1.94 ppm, d-ACHTUNGTRENNUNG(13C)= 1.2, 117.7 ppm. Cyclic voltammetry was performed on a Metrohm
“Universal Mess- und Titriergefaess”, Metrohm GC electrode RDE 628,
platinum electrode, SCE electrode, Princeton Applied Research poten-
tiostat Model 273; in 0.1m nBu4NB ACHTUNGTRENNUNG(C6F5)4/CH3CN. Potentials are given
relative to that of SCE. Emission spectra were recorded on a Varian
Cary Eclipse spectrometer. Quantum yields were determined by compar-
ing the areas under the emission spectra on an energy scale [cm�1] re-
corded for optically matched solutions of the samples and the reference
(f([RuACHTUNGTRENNUNG(bpy)3]

2+) =0.062 in CH3CN);[51] experimental uncertainty 15 %.
Luminescence lifetimes were determined on a PicoQuant FluoTime 100
time-correlated single-photon counting unit. Lifetimes were extracted
from the decay curve by an iterative reconvolution fitting routine with
nonlinear error minimisation using the FluoFit Software. Criteria for the
best fit were the values of c2; experimental uncertainty 10%. Density
functional calculations were carried out with the Gaussian 03/DFT[52]

series of programs. The B3 LYP formulation of density functional theory
was used employing the LANL2DZ basis set.[52]

Synthesis of TentaGel-Gly-hRui-NH2 : TentaGel S Wang (0.5 g, loading
0.29 mmol g�1, particle size 90 mm) was soaked in absolute dichloro ACHTUNGTRENNUNGmeth-ACHTUNGTRENNUNGane (20 mL) in a 100 mL SPPS flask. Pyridine (0.2 mL) and Fmoc-Gly-
Cl[37] (94 mg, 0.29 mmol, 2 equiv) were added and the mixture was
shaken in an overhead shaker for 2 h. The solution was filtered and the
resin was washed twice with dichloromethane (15 mL). The whole proce-
dure was repeated once (double coupling). Loading with Gly-Fmoc was
determined by UV absorption of cleaved Fmoc at 290 nm.[40] Fmoc was
removed by addition of a CH2Cl2/piperidine mixture (5:1, 15 mL) and
shaking for 30 min. The ruthenium building block 1 d (175 mg,
0.19 mmol, 1.3 equiv) was activated by the action of pyridine (0.2 mL)
and PyBOP (PyBOP= (benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate; 119 mg, 0.23 mmol, 1.5 equiv) in absolute acetoni-
trile (15 mL) for 12 h. This mixture was added to the TentaGel-Gly-NH2

resin and the suspension was shaken for 12 h. After filtration the resin
was washed three times with acetonitrile (15 mL) and three times with di-
chloromethane (15 mL) and dried in vacuo giving a deep red resin.

General cleavage procedure : The product was cleaved from the resin by
addition of neat TFA (10 mL) and shaking the suspension for 45 min.
The deep red TFA solution was collected by filtration and the resin was
washed once with acetonitrile (10 mL). The combined solutions were
taken to dryness in vacuo. The residue was dissolved in acetonitrile
(2 mL), water (30 mL) was added and the product was precipitated by

Figure 14. Correlation of the chromophore centred p/p* energy gap and
the experimental absorption maximum of the chromophore.
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addition of NH4PF6 (50 mg, 0.31 mmol, 2.1 equiv) dissolved in water
(5 mL).

Synthesis of 2a : Acetyl chloride (0.04 mL, 34 mg, 0.44 mmol, 3 equiv)
and pyridine (0.2 mL) were dissolved in dichloromethane (15 mL) and
the solution was poured to the resin TentaGel-Gly-hRui-NH2. After
shaking for 12 h, the suspension was filtered and the resin was washed
three times with dichloromethane (15 mL). Complex 2a was obtained as
a red powder (123 mg, 0.121 mmol, 80%) employing the general cleavage
procedure. ESI-MS: m/z (%): 724.1 (13) [M]+ , 362.5 (100) [M]2+ ; HR-
MS: m/z calcd (%) for C35H28N8O4Ru2+ : 363.06329, found: 363.06356; IR
(CsI): ñ= 3442 (OH, NH), 3084 (CHaryl), 2933 (CHalkyl), 1709 (C=O),
1675 (amide I), 1530 (amide II), 1590 (C=N, C=C), 1249 (C�O), 840 cm�1

(PF); elemental analysis calcd (%) for C35H28F12N8O4P2Ru·2 H2O
(1015.65): C 39.97, H 3.07, N 10.65; found: C 39.77, H 3.19, N 10.47.

Synthesis of 2b : Coumarin-3-carboxylic chloride[37] (100 mg, 0.48 mmol,
3.2 equiv) and pyridine (0.2 mL) were dissolved in dichloromethane
(15 mL) and the solution was poured to the resin TentaGel-Gly-hRui-
NH2. After shaking for 12 h, the suspension was filtered and the resin
was washed three times with dichloromethane (15 mL). Complex 2 b was
obtained as a red powder (138 mg, 0.12 mmol, 80 %), by employing the
general cleavage procedure with recrystallisation by addition of diethyl
ether (30 mL) to a solution of 2b in acetonitrile (2 mL). ESI-MS: m/z
(%): 429.0 (100) [M]2+ ; HR-MS: m/z calcd (%) for C43H30N8O6Ru2+ :
428.06603; found: 428.06608. IR (CsI): ñ=3447 (OH, NH), 3085 (CHaryl),
2932 (CHalkyl), 1722 (C=O), 1667 (amide I), 1530 (amide II), 1571 (C=N,
C=C), 1233 (C�O), 843 cm�1 (PF); elemental analysis calcd (%) for
C43H32F12N8O6P2Ru·2.5 Et2O (1147.76): C 47.75, H 4.31, N 8.41; found: C
48.26, H 4.04, N 8.62.

Synthesis of 2 c : Naphthalen-1-yl-acetyl chloride[37] (100 mg, 0.48 mmol,
3.2 equiv) and pyridine (0.2 mL) were dissolved in dichloromethane
(15 mL) and the solution was poured to the resin TentaGel-Gly-hRui-
NH2. After shaking for 12 h, the suspension was filtered and the resin
was washed three times with dichloromethane (15 mL). Complex 2c was
obtained as a red powder (126 mg, 0.11 mmol, 73 %) by employing the
general cleavage procedure, with recrystallisation by addition of diethyl
ether (30 mL) to a solution of 2c in acetonitrile (2 mL). ESI-MS: m/z
(%): 851.1 (42) [M]+ , 426.0 (100) [M]2+ ; HR-MS: m/z calcd (%) for
C45H34N8O4Ru2+ : 426.08676; found: 426.08686; IR (CsI): ñ=3445 (OH,
NH), 3073 (CHaryl), 2933 (CHalkyl), 1712 (C=O), 1666 (amide I), 1526
(amide II), 1594 (C=N, C=C), 1219 (C�O), 842 cm�1 (PF); elemental
analysis calcd (%) for C45H34F12N8O4P2Ru·2 CH3CN (1141.80): C 48.09, H
3.29, N 11.44; found: C 48.16, H 3.46, N 11.10.

Synthesis of 2d : Trifluoroacetyl chloride[37] (50 mg, 0.38 mmol, 2.5 equiv)
and pyridine (0.2 mL) were dissolved in dichloromethane (15 mL) and
the solution was poured to the resin TentaGel-Gly-hRui-NH2. After
shaking for 12 h, the suspension was filtered and the resin was washed
three times with dichloromethane (15 mL). Complex 2 d was obtained as
a red powder (128 mg, 0.12 mmol, 80%) by employing the general cleav-
age procedure. ESI-MS: m/z (%): 779.1 (19) [M]+ , 390.0 (100) [M]2+ ;
HR-MS: m/z calcd (%) for C35H25F3N8O4Ru2+ : 390.04916; found:
390.04947; IR (CsI): ñ=3451 (OH, NH), 3061 (CHaryl), 2927 (CHalkyl),
1733 (C=O), 1663 (amide I), 1538 (amide II), 1614 (C=N, C=C), 1226
(C�O), 837 cm�1 (PF); elemental analysis calcd (%) for
C35H25F15N8O4P2Ru·2 NH4PF6 (1069.62): C 30.12, H 2.38, N 10.04; found:
C 30.56, H 2.78, N 9.55.

Synthesis of 3 f and TentaGel-Gly-hRui-Gly-NH2, respectively : Fmoc-
Gly-Cl[37] (100 mg, 0.32 mmol, 2 equiv) and pyridine (0.02 mL) were dis-
solved in THF (8 mL) and the solution was poured to the resin Tenta-
Gel-Gly-hRui-NH2 in a microwave vessel. The suspension was heated in
a microwave synthesiser to 80 8C for 1 h. The suspension was filtered and
the resin was washed three times with dichloromethane, twice with ethyl
acetate and again three times with dichloromethane (15 mL each). Com-
plex 3 f was obtained as a red powder (150 mg, 0.12 mmol, 80%) by em-
ploying the general cleavage procedure. ESI-MS: m/z (%): 481.6 (100)
[M]2+ ; HR-MS: m/z calcd (%) for C50H39N9O6Ru2+: 481.60329; found:
481.60285; IR (CsI): ñ =3432 (OH, NH), 3075 (CHaryl), 2927 (CHalkyl),
1718 (C=O), 1659 (amide I), 1530 (amide II), 1603 (C=N, C=C), 1226
(C�O), 842 cm�1 (PF); elemental analysis calcd (%) for

C50H39F12N9O6P2Ru·H2O (1252.90): C 47.25, H 3.25, N 9.92; found: C
47.12, H 3.72, N 9.63.

Fmoc was removed from TentaGel-Gly-hRui-Gly-Fmoc by addition of a
CH2Cl2/piperidine mixture (5:1, 15 mL) and shaking for 30 min. The
resin was washed three times with dichloromethane and dried in vacuo.

Synthesis of 3a : Acetyl chloride (0.04 mL, 34 mg, 0.44 mmol, 3 equiv)
and pyridine (0.2 mL) were dissolved in dichloromethane (15 mL) and
the solution was poured to the resin TentaGel-Gly-hRui-Gly-NH2. After
shaking for 12 h, the suspension was filtered and the resin was washed
three times with dichloromethane (15 mL). Complex 3a was obtained as
a red powder (115 mg, 0.11 mmol, 73%) by employing the general cleav-
age procedure. ESI-MS: m/z (%): 391.6 (100) [M]2+ ; HR-MS: m/z calcd
(%) for C37H31N9O5Ru2+ : 391.57402; found: 391.57425; IR (CsI): ñ=

3445 (OH, NH), 3062 (CHaryl), 2931 (CHalkyl), 1717 (C=O), 1652
(amide I), 1534 (amide II), 1601 (C=N, C=C), 1229 (C�O), 842 cm�1

(PF); elemental analysis calcd (%) for C37H31F12N9O5P2Ru·1.5 H2O
(1072.70): C 40.41, H 3.12, N 11.46; found: C 40.80, H 3.40, N 11.06.

Synthesis of 3b : Coumarin-3-carboxylic acid (100 mg, 0.48 mmol,
3.2 equiv) and pyridine (0.2 mL) were dissolved in dichloromethane
(15 mL), and the mixture was activated by addition of PyBOP (250 mg,
0.48 mmol, 3.2 equiv) and stirring for 12 h. The solution was poured to
the resin TentaGel-Gly-hRui-Gly-NH2. After shaking for 12 h, the sus-
pension was filtered and the resin was washed three times with dichloro-
methane (15 mL). Complex 3 b was obtained as a red powder (111 mg,
0.09 mmol, 62%) by employing the general cleavage procedure. ESI-MS:
m/z (%): 456.5 (100) [M]2+ ; HR-MS: m/z calcd (%) for C45H33N9O7Ru2+ :
456.57676; found: 456.57686; IR (CsI): ñ =3430 (OH, NH), 3078 (CHaryl),
2931 (CHalkyl), 1719 (C=O), 1655 (amide I), 1526 (amide II), 1608 (C=N,
C=C), 1230 (C�O), 842 cm�1 (PF); elemental analysis calcd (%) for
C45H33F12N9O7P2Ru·C5H5N (1202.80): C 46.85, H 2.99, N 10.93; found: C
46.62, H 3.03, N 10.93.

Synthesis of 3c : 7-Diethyamino-coumarin-3-carboxylic acid (100 mg,
0.36 mmol, 2.4 equiv) and pyridine (0.2 mL) were dissolved in dichloro-
methane (15 mL), and the mixture was activated by addition of PyBOP
(187 mg, 0.36 mmol, 2.4 equiv) and and stirring for 12 h. The solution was
poured to the resin TentaGel-Gly-hRui-Gly-NH2. After shaking for 12 h,
the suspension was filtered and the resin was washed three times with di-
chloromethane (15 mL). Complex 3 c was obtained as a red powder
(90 mg, 0.07 mmol, 47 %) by employing the general cleavage procedure.
ESI-MS: m/z (%): 492.1 (100) [M]2+ ; HR-MS: m/z calcd (%) for
C49H42N10O7Ru2+ : 492.11401; found: 492.11358; IR (CsI): ñ =3447 (OH,
NH), 3076 (CHaryl), 2928 (CHalkyl), 1702 (C=O), 1615 (amide I), 1516
(amide II), 1583 (C=N, C=C), 1227 (C�O), 841 cm�1 (PF); elemental
analysis calcd (%) for C49H42F12N10O7P2Ru (1273.92): C 46.20, H 3.32, N
10.99; found: C 46.46, H 3.59, N 11.01.

Synthesis of 3d : Coumarin343 (100 mg, 0.33 mmol, 2.2 equiv) and pyri-
dine (0.2 mL) were dissolved in dichloromethane (15 mL), and the mix-
ture was activated by addition of PyBOP (172 mg, 0.33 mmol, 2.2 equiv)
and and stirring for 12 h. The solution was poured to the resin TentaGel-
Gly-hRui-Gly-NH2. After shaking for 12 h, the suspension was filtered
and the resin was washed three times with dichloromethane (15 mL).
Complex 3 d was obtained as a red powder (140 mg, 0.11 mmol, 72%) by
employing the general cleavage procedure. ESI-MS: m/z (%): 504.0 (100)
[M]2+ ; HR-MS: m/z calcd (%) for C51H42N10O7Ru2+ : 504.11416; found:
504.11383; IR (CsI): ñ =3445 (OH, NH), 3093 (CHaryl), 2937 (CHalkyl),
1693 (C=O, amide I), 1521 (amide II), 1613 (C=N, C=C), 1220 (C�O),
842 cm�1 (PF); elemental analysis calcd (%) for C51H42F12N10O7P2Ru
(1297.94): C 47.19, H 3.26, N 10.79; found: C 47.34, H 3.50, N 10.85.

Synthesis of 3e : Anthracene-2-carboxylic acid (100 mg, 0.45 mmol,
3 equiv) and DCC (120 mg, 0.59 mmol, 3.9 equiv) were dissolved in THF
(15 mL) and stirred for 2 h. HOBt (79 mg, 0.59 mmol, 3.9 equiv) was
added and the mixture stirred for further 2 h. After filtration the solution
was poured to the resin TentaGel-Gly-hRui-Gly-NH2. After shaking for
12 h, the suspension was filtered and the resin was washed three times
with dichloromethane (15 mL). Complex 3e was obtained as a red
powder (60 mg, 0.05 mmol, 33%) by employing the general cleavage pro-
cedure. ESI-MS: m/z (%): 472.6 (100) [M]2+ ; HR-MS: m/z calcd (%) for
C50H37N9O5Ru2+ : 472.59801; found: 472.59754; IR (CsI): ñ =3444 (OH,

Chem. Eur. J. 2009, 15, 1346 – 1358 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 1357

FULL PAPERMetallo Amino Acids

www.chemeurj.org


NH), 3069 (CHaryl), 2927 (CHalkyl), 1721 (C=O), 1652 (amide I), 1526
(amide II), 1604 (C=N, C=C), 1225 (C�O), 842 cm�1 (PF); elemental
analysis calcd (%) for C50H37 F12N9O5P2Ru·H2O (1234.88): C 47.93, H
3.14, N 10.06; found: C 48.30, H 3.91, N 9.74.
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