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The heteroleptic complex [(HOOC-tpy)Ru(tpy-NH,)](PFg),
(tpy = 2,2';6',2"'-terpyridine) has been incorporated into a
multicomponent system with ferrocene moieties attached on
either the N-terminal end or the C-terminal end and on both
ends of the ruthenium complex. Electrochemical studies re-
veal almost noninteracting subunits in the oligonuclear sys-

tems, whereas ground-state and excited-state optical proper-
ties are shown to strongly depend on the site of ferrocene
attachment. Interpretation of the experimental results is sup-
ported by DFT calculations.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Design and synthesis of multicomponent systems such
as polynuclear metal complexes incorporating electroactive
and/or photoactive moieties, especially ruthenium polypyri-
dine complexes,! 111 is of great current interest for funda-
mental studies of energy and electron transfer and photoin-
duced charge separation modelling natural photosynthe-
sis!!?l as well as in terms of potential applications in molecu-
lar wires and devices, photocatalysis, energy conversion and
information storage.l'3-!71 Most of these topics rely funda-
mentally on vectorial energy or electron transfer that re-
quires asymmetric multicomponent systems. This require-
ment has been elegantly met by the design of metallostars
and metallodendrimers.[!8:1]

Natural proteins represent an archetype for directional
multicomponent systems with a well-defined sequence of
building blocks. Biological peptides and proteins already
provide interesting functions such as molecular recognition
and catalysis,?%?!l while artificial amino acid building
blocks expand the diversity of peptides and proteins. Com-
bining metal-containing electroactive and photoactive units
in peptide-like structures should merge the advantages of
both worlds: the amide linkage provides directionality and
the introduction of metal complexes provides function-
ality.?>31

In this contribution the synthesis of a bis(terpyridine) ru-
thenium complex with amino and carboxylato substituents
and its conjugates with ferrocene units attached on the N
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or C terminus as well as on both ends is reported. The influ-
ence of the site of ferrocene attachment on ground- and
excited-state properties of the multicomponent systems is
investigated.

Results and Discussion

Design and Synthetic Strategy

The assembly of ruthenium and ferrocene building
blocks is based on a modular approach using peptide chem-
istry.[?2-24321 The key building block is the heteroleptic com-
plex 2(PFy), with a bis(terpyridine) ruthenium(ir) core. This
asymmetrical complex can be functionalised on either the
C-terminal or the N-terminal end giving access to asym-
metric multinuclear complexes with a well-defined sequence
of building blocks.

Two synthetic challenges have to be met for the success
of the synthetic strategy: (i) the selective formation of the
heteroleptic complex 2(PF¢), and (ii) the activation of the
unreactive amino group of the positively charged complex
for amide formation. The synthetic approach to 2(PFg), is
outlined in Scheme 1.

The terpyridine ligands tpy-COOEt and tpy-NH, were
prepared using Stille coupling reactions according to litera-
ture procedures.?33%! To selectively obtain the heteroleptic
complex 1(PFg), the ester-substituted terpyridine ligand is
coordinated to ruthenium trichloridel*¥ before the amino-
substituted terpyridine is attached using microwave irradia-
tion (Scheme 1). This optimised procedure results in a negli-
gible amount of homoleptic complexes and 1(PFg), was iso-
lated in 85% yield. In the 'H NMR spectrum of 1(PFg),
characteristic singlet signals for the protons H? and H?' are
observed at 0 = 9.15 and J = 7.96, respectively, while the
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EtOOC-tpy + RuCls

1) tpy-NH,, microwave
2) NH4PFg

1(PFg), R=Et
H,SO04 |
2(PFg), R=H

Scheme 1.

amine protons resonate at 0 = 6.00 and the aliphatic pro-
tons of the ethyl group at 6 = 4.64 and 6 = 1.57 with ex-
pected intensity ratios (for full assignment see Table 1). The
assignment of '3C NMR signals is summarised in the Exp.

Sect. (Table 5). The FAB mass spectra establish the compo-
sition of 12* showing signals for [1 + H,PF¢]* and [1]" at
m/z = 801 and m/z = 655, respectively. In the IR spectrum
of 1(PF), characteristic absorption bands are observed for
the substituents and the hexafluorophosphate counterions
(Table 2; Supporting Information, see footnote on the first
page of this article).

Table 2. Characteristic IR spectroscopic data [V/cm™!] of complexes
1(PF¢),-5(PF),.

1(PFy), 2(PFe), 3(PFe), 4(PF¢), 5(PFe),
CO (ester/acid) 1723 1719 - - 1721
Amide I - - 1622 1668, 1619 1674
Amide I - - 1551 1574, 1560 1577
NH, (def) 1636 1634 1634 - -
PF 838 838 841 839 841

Hydrolysis of the ester moiety of 1(PF¢), to the corre-
sponding acid was unsuccessful with a catalytic amount of
hydrochloric acid at room temperature and under micro-
wave heating, while under more forcing conditions (20%
sulfuric acid, reflux) the acid 2(PFy), was isolated in 74 %
yield (Scheme 1). The successful synthesis of 2(PFg), was
confirmed by NMR and IR spectroscopy (Tables 1, 2 and
5) as well as mass spectrometry (see Exp. Sect.).

Single crystals have been obtained from an aqueous
acidic solution of 2(PF),. The mixed salt 2(PF)(F) crystal-
lises in the triclinic space group P1 with two independent
cationic molecules in the asymmetric unit (Figure 1). The
cations and anions are embedded in strands of solvent
water (about 4-5 per ruthenium centre) held together by

Table 1. '"H NMR spectroscopic data of complexes 1(PF4),—5(PF¢), in CD;CN (atom numbering according to Scheme 1).

1(PF), 2(PF), 3(PFs), 4(PF¢), 5(PF¢)»

H? 9.15(s,2 H) 9.18 (s, 2 H) 9.16 (s, 2 H) 9.16 (s, 2 H) 9.20 (s, 2 H)

H> 8.63(d, 2 H, 3Jyy = 8.63(d, 2 H, 3Jyy = 8.64 (d, 2 H, 3Jyy = 8.65(d, 2 H, 3Jyy = 8.67 (d, 2 H, 3Jyy =
8.0 Hz) 8.1 Hz) 7.5 Hz) 8.0 Hz) 8.0 Hz)

He 7.89 (m, 2 H) 7.93 (m, 2 H) 7.96 (m, 2 H) 7.97 (m, 2 H) 7.97 (m, 2 H)

H’ 7.26 (dd, 2 H, 3Jyy = 7.28 (dd, 2 H, 3Jyy = 7.26 (pt, 2 H) 7.31 (pt, 2 H) 7.26 (m, 2 H)
54, 4JHH =12 HZ) 54, 4']HH =12 HZ)

H8 7.56 (d, 2 H, BJHH = 7.55 (d, 2 H, 3JHH = 7.56 (d, 2 H, 3JHH = 7.52 (d, 2 H., SJHH = 7.52 (d, 2 H, 3JHH =
5.0 Hz) 5.4 Hz) 5.4 Hz) 5.2 Hz) 5.0 Hz)

H? 7.96 (s, 2 H) 7.98 (s, 2 H) 7.97 (s, 2 H) 9.24 (s, 2 H) 9.28 (s, 2 H)

H> 826 (d, 2 H, 3Jyy = 827 (d, 2 H, 3Jyy = 8.27 (d, 2 H, 3Jyy = 843 (d,2 H, 3Jyy = 8.45(d, 2 H, 3Jyy =
8.0 Hz) 8.1 Hz) 8.0 Hz) 8.0 Hz) 8.0 Hz)

H¢ 7.84 (m, 2 H) 7.83 (m, 2 H) 7.84 (m, 2 H) 7.93 (m, 2 H) 7.93 (m, 2 H)

H” 7.03 (dd, 2 H, 3Jyy = 7.03 (dd, 2 H, 3Jyy = 7.05 (pt, 2 H) 7.14 (pt, 2 H) 7.13 (pt, 2 H)
5.2; *Juu = 1.2 Hz) 5.2; *Jynu = 1.2 Hz)

H?¥ 7.16 (d, 2 H, 3Jyn = 7.18 (d, 2 H, 3Jyy = 722 (d, 2 H, 3Jyn = 7.23(d, 2 H, 3Jyy = 7.28 (d, 2 H, *Jyy =
5.2 Hz) 5.2 Hz) 5.2 Hz) 5.4 Hz) 5.2 Hz)

CH, 4.64 (q, 2 H, 3Jyy = - - - 4.67 (q, 2 H, 3Jyy =
7.1 Hz) 7.1 Hz)

CHj; 1.56 (t, 3 H, *Jyy = - - - 1.59 (t, 3 H, *Jyy =
7.1 Hz) 7.0 Hz)

NH,  6.00 (br. s, 2 H) 6.03 (br. s, 2 H) 6.00 (br. s, 2 H) - -

NH - - 9.21 (s, 1 H) 9.08 (s, 1 H)®! -

NH’ - - - 9.31 (s, 1 H)® 9.43 (s, | H)

Cp-H 499 (s,2H),429(s,5 498 (s,2H),431 (s, 5

H), 4.18 (s, 2 H) H), 4.19 (s, 2 H)
Cp'-H - - 5.14 (s, 2 H), 4.66 (s, 2 5.17 (s, 2 H), 4.68 (s, 2

H), 4.41 (s, 5 H) H), 4.42 (s, 5 H)

[a] At pH 2. [b] Assignment according to NOE crosspeak NH'-Cp-H.
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hydrogen bonds and involving both the acid and amine
groups of the cations. Selected bond lengths and angles of
the independent complex molecules (Table 3) show that
both cations exhibit similar primary coordination geome-
tries. However, the two cations display different secondary
coordination spheres. The amine group of one cation is hy-
drogen-bonded to a hexafluorophosphate counterion while
the amine group of the other cation is hydrogen-bonded to
solvent water (Figure 1).

Figure 1. Two independent complex cations of 2(PFg)(F) and their
partial secondary coordination sphere (O3, OS5, 08, O13, O16 and
018 denote solvent water).

The acid group of 2(PFy), is activated by 1-hydroxy-
benzotriazole (HOBt) in the presence of 1,3-dicyclohex-
ylcarbodiimide (DCC). Subsequent reaction with aminofer-
rocenel??! gives the C-terminal-substituted ferrocene conju-
gate 3(PFy), (Scheme 2). Under these conditions the less
reactive aromatic amino group of 2(PFg), remains intact,
thus the use of protective groups can be avoided.

Scheme 2.

Under more forcing conditions employing the organic-
soluble, nonionic Schwesinger phosphazene base P;-
tBul**-381 the amino groups of 1(PFy), and 3(PFg), form
peptide bonds with ferrocenoyl benzotriazol ester Fc-CO-
OBt!*! to give the N-terminal-substituted ferrocene conju-
gate 5(PF¢), and the bis-ferrocene bisamide 4(PFy),, respec-

Table 3. Experimental and DFT calculated selected bond lengths [A] and angles [°] of 2(PF)(F).

Rul Rull DFT Rul Rull DFT
Rul-NI1 2.082(9) 2.063(9) 2.111 NI1-Rul-N2 78.3(4) 79.2(4) 78.4
Rul-N2 1.988(10) 1.975(11) 2.023 NI1-Rul-N3 156.4(4) 156.9(4) 156.7
Rul-N3 2.077(8) 2.101(8) 2.111 NI1-Rul-N4 94.7(4) 89.7(4) 92.1
Rul-N4 2.090(10) 2.066(10) 2.110 NI1-Rul-N5 101.5(4) 103.5(4) 101.7
Rul-N5 1.969(9) 1.974(10) 1.998 NI1-Rul-N6 89.3(4) 94.7(4) 92.1
Rul-N6 2.049(9) 2.084(10) 2.110 N2-Rul-N3 78.2(3) 77.8(4) 78.4
C31-01 1.211(16) 1.231(16) 1.230 N2-Rul-N4 101.7(4) 104.2(4) 100.9
C31-02 1.284(18) 1.295(15) 1.375 N2-Rul-N5 179.1(4) 176.9(4) 179.4
N7--F7 3.0 - N2-Rul-N6 99.8(4) 99.1(4) 101.0
N7--F10 3.3 - N3-Rul-N4 91.5(4) 94.3(4) 92.1
N7--F11 3.2 - N3-Rul-N5 102.0(3) 99.6(3) 101.2
N7--018 3.5 - N3-Rul-N6 93.2(4) 90.6(4) 92.2
N17--01 3.4 - N4-Rul-N5 79.2(4) 77.6(4) 79.1
N17--013 3.2 - N4-Rul-N6 158.5(4) 156.7(4) 158.1
N17--016 3.1 - N5-Rul-N6 79.4(4) 79.1(4) 79.0
02--08 2.6 - 01-C31-02 123(1) 122(1) 124.3
08--:013 2.8 -
O11--03 2.8 -
01205 2.6 -
2042 www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 20402050
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tively (Scheme 2 and Scheme 3). All ferrocene conjugates,
3(PFy),, 4(PF¢), and 5(PFg),, were fully characterised by
NMR and IR spectroscopy (see Tables 1, 2, 5 and Support-
ing Information) as well as mass spectrometry and elemen-
tal analyses (see Exp. Sect.).

Scheme 3.

The amide protons of 3(PFy),, 4(PFy), and 5(PF), reso-
nate at low field around ¢ = 9.0-9.4 ppm. The signals of the
cyclopentadienyl protons are found between ¢ = 4.2 and
5.2 ppm with typical chemical shifts of N- and C-substi-
tuted ferrocenes.?>?43%1 Amide formation at the N terminus
of the terpyridine complex results in a downfield shift of
the terpyridine proton signal H?>' by 1.3 ppm, confirming
the activation of the amino group.

Acid/Base Equilibria of 2(PF),

Solubility and reactivity of 2(PFs), strongly depends on
the pH of the solution. Thus 2(PF), was investigated in
aqueous solution at different pH values. The corresponding
UV/Vis spectra are shown in Figure 2 and Figure 3. As can
be deduced from the spectra, three different species exist in
aqueous solution, which are assigned different protonated
forms of 2*" namely [2 - H], [2]** and [2 + HJ]**
(Scheme 4) with absorption maxima of the MLCT transi-
tions at 494, 498 and 486 nm, respectively. Isosbestic points
are observed in the spectra of [2 — H]* and [2]** at 494 and
531 nm (Figure 2) and in the spectra of [2]** and [2 + H]**
at 491 and 533 nm (Figure 3). The monocationic deproton-
ated carboxylate complex [2 — H]* exists at pH > 4 (up to
pH = 12 in aqueous solution) and the ammonium trication
[2 + H]** at pH < 0 (concentrated sulfuric acid), while the
dication [2]** dominates in the intermediate pH range. The
pK, values for the two protonation steps are pK,; = 2.69(8)
and pK,, < 0, showing that [2]*" is a stronger acid than
benzoic acid and a weaker base than aniline.

Eur. J. Inorg. Chem. 2006, 2040-2050
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Figure 2. Absorption spectra of 2(PFg), measured between pH 4
and pH 2.
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Figure 3. Absorption spectra of 2(PF), during titration with conc.
sulfuric acid.
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Scheme 4.

The strong base P-zBu activates the amino groups in the
ruthenium complexes 1(PF¢), and 3(PFg), (see above). This
can also be monitored in the UV/Vis spectra of 2(PFg),
during titration with P;-/Bu in CH3CN (Figure 4). The acid
group of [2]** is deprotonated first to give [2 — H]* (Fig-
ure 4 top, max = 491 nm; isosbestic points at 351, 474, 489
and 523 nm) and upon further addition of P;-/Bu the
amino group is deprotonated to give the neutral complex
[2 — 2H]° with an absorption maximum at /., = 493 nm
(Figure 4 bottom, isosbestic points at 342, 423 and 515 nm).
2043
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Figure 4. Absorption spectra of 2(PF), during titration with P;-
/Bu in CH3CN from [2]** to [2 — H]" (top) and from [2 — H]* to
[2 - 2H]° (bottom).

For both [2 + H]*" and [2 — H]" the low-energy 'MLCT
absorption (involving the tpy-COOH and the tpy-COO™ li-
gands, respectively; see below) is shifted to higher energy as
compared to [2]**. Protonation of the amino group renders
the tpy-NH;* ligand a weaker ¢ donor, thus decreasing the
electron density at the metal centre and lowering the occu-
pied metal-based orbitals.'>4%1 Deprotonation of the
COOH group of [2]** shifts the unoccupied orbitals of the
tpy-COO" ligand to higher energies. Further deprotonation
(of the NH, group) renders the tpy-NH™ ligand a better
donor, increasing the energy of the occupied ruthenium or-
bitals and thus shifting the '"MLCT absorption to lower en-
ergy. These simple molecular orbital arguments explain the
experimentally observed relative positions of the absorption
maxima of [2 + HJ**, [2]*", [2 - H]" and [2 - 2H]°.

The proton NMR spectrum of [2]>* (precipitated from
solutions of pH 2) shows a singlet at 6 = 6.03 for the amine
substituent with an intensity corresponding to two protons
(Figure 5). At lower pH the amino group of [2]** is proton-
ated to give [2 + H]**, which does not display any signal for
the nitrogen-bonded hydrogen nuclei because of fast proton
exchange. Raising the pH to 7 (presence of [2 — H]") results
in downfield shifts of the '"H NMR signals of the amino
group and the protons H? and H?' (Figure 5). Thus the
NMR spectra confirm that the amine group is protonated
only at pH < 2. On the other hand the IR spectrum of
[2]7* in dilute solution shows a signal at 1732 cm™!, charac-
teristic for a COOH group (see Supporting Information).
2044
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Figure 5. NMR spectra of 2(PFg), at pH 0, 2 and 7.

Thus the NMR and IR spectra provide evidence that
[2]** does not form a zwitterion in solution in contrast to
aliphatic amino acids with basic amino groups. This finding
is easily explained by the very low basicity of the aromatic
amino group of [2]**.

Electrochemistry, Absorption and Emission Spectra

Optical and electrochemical data of 1(PF¢),—5(PFg), are
collected in Table 4. For all complexes a ruthenium-centred
oxidation is observed around 1.1 V versus SCE and two
ligand-centred reductions are found around -1.2V and
—1.5V (irr.). The ferrocene conjugates 3(PF¢), and 5(PFg),
undergo additional oxidations at 0.37 and 0.64 V, respec-
tively, while 4(PF¢), shows two further oxidation waves at
0.37 and 0.66 V corresponding to the two differently substi-
tuted ferrocene moieties in the oligonuclear species (Fig-
ure 6).

All compounds display two intense 'MLCT bands
centred around 460-500 nm with a tail on the low-energy
side extending as far as 650 nm and corresponding to spin-
forbidden *MLCT transitions around 550-600 nm, which
become partially allowed because of spin-orbit coupling
(Table 4, Figure 7). The '"MLCT bands undergo a slight ba-
thochromic shift with increasing solvent polarity from ace-
tonitrile to DMSO (Table 4).

For 3(PF¢)>,—5(PF),, distinct transitions that could be
assigned to ferrocene — terpyridine transitions have not
been observed on the low-energy side of the absorption
bands as found in, for example, [Ru(tpy-Fc),](PF¢),*? or
[(Fc-tpy)Ru(tpy-FcFe-tpy)Ru(tpy-Fe)[(PFg),.[*1  However,
the extinction coefficients of the MLCT bands of 4(PF),
and 5(PFg), are significantly higher than those of
1(PFy)>,—3(PF¢),. The difference spectra “4(PFg), — 3(PF¢),”
and “5(PF¢)> — 1(PF¢),” (Supporting Information) reveal
an additional band around /., = 493nm with ¢ =
7000 Mm—'cm™!, which could be assigned to a d(Fe) —
n*(tpy-NHR") transition originating from the C-substituted
(the N-terminal) ferrocene to the electron-deficient aro-
matic tpy system.[?242431 Thus the "MLCT region contains
contributions arising from electron injection from the
ruthenium centre and from the ferrocene [in the case of
4(PF¢)> and 5(PF),] into the differently substituted terpyri-
dine ligands (see below).

Eur. J. Inorg. Chem. 2006, 2040-2050
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Table 4. Cyclic voltammetric (vs. SCE), absorption and emission data of complexes 1(PF),—5(PF),.
1(PF), 2(PF), 3(PFe), 4(PFs), 5(PFe),

Cvl

Eyp [V] (AE [V]) Ru'/Ru!™ 1.08 (0.09) 1.06 (0.08) 1.30 (qrev.) 1.30 (0.19)1 1.05 (0.15)

Ey [V] (AE [V]) Fe/Fc* - - 0.37 (0.06) 0.37 (0.11) -

Ey» [V] (AE [V)) F¢'/Fe't — - - 0.66 (0.12) 0.64 (0.07)

Ey» [V] (AE [V)) tpy/tpy-  —1.14 (0.08), -1.20 (irr.), —1.39 (irr.) -1.21 (0.10), 1.6 —1.18 (0.12), -1.50 -1.10 (0.09), —1.55
-1.59 (0.12) (irr.) (irr.) (irr.)

Absorption(*!]

S ] (& [M e I 557 (3690), 502
(19080), 467
(13790)

560 (3700), 503
(19250), 472
(13550)

562 (4170), 509
(19640), 475

570 (1900), 501 (20740),
467 (14370)

601 (1830), 502
(19260), 479
(15630)

612 (1610), 502
(18320), 478
(14910)

626 (1260), 508
(19570), 482

597 (2380), 496
(25310), 477
(20030)

601 (2290), 496
(25200), 478
(20090)

547 (10950), 505
(26440), 485

583 (2350), 496
(26190), 476 (18270)
Do [nm] (& [M ! cm 1)1 569 (1700), 502 (20970),
469 (14600)

546 (6570), 498
(25730), 478 (19080)
Jmax [nm] (& M ! om0 571 (2230), 507 (20550),
474 (14390)

552 (8940), 506
(26940), 477 (18240)

S (13810) (15820) (21470)
mission

A [N 799 739 739 704 704

Pl 3.4%104 1.1x10 <0.1%10* <0.1x10* 1.1x10
Eo o [eV]) 1.88 1.82 n.d. n.d. 1.89

[a] Species obtained by precipitating from solutions of pH 2. [b] In acetonitrile. [c] These waves are no more reversible as oxidation to a
highly charged species (+4, +5) results in precipitation of the complexes on the electrode. [d] In acetone. [e] In DMSO. [f] The extinction
coefficients ¢ are the experimentally observed values at the fitted band maxima. [g] Excitation at low-energy 'MLCT absorption maximum.
[h] Luminescence quantum yield (£15%), using fluorescein in ethanol as standard. [i] Determined by fitting the emission data to Meyers
equation. 4

16 -14 12 1.0

-08 -06 -04 -02 00 0.2 0.4 0.6 0.8 1.0 1.2 1.4

ElV

Figure 6. Cyclic voltammogram of 4(PFg), in CH;CN/nBuyNPF.

N 406 400
597
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15000 /

10000 g f
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Figure 7. Absorption spectrum of 4(PF¢), in CH3CN and calcu-
lated band profiles (the open circles represent the sum of the calcu-
lated profilesi*!)). The inset shows an expansion of the SMLCT re-
gion (fitted band profile).

All complexes are luminescent in argon-saturated ace-
tone at room temperature (4., = 700-800 nm; Table 4),
although intensity is very weak for 3(PF¢), and 4(PFy),

Eur. J. Inorg. Chem. 2006, 2040-2050
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(@ < 0.1x10%). Deactivation of the emitting state
(PMLCT) in the parent complex [Ru(tpy),]** occurs
through a 3MC(Ru) state.["!?l In complexes 1(PFg),~5(PFs)»
the 3MC(Ru) state is shifted to higher energy because of the
stronger averaged ligand field raising the energy of the e,
(Ru) orbitals and increasing the MLCT—MC(Ru) energy
gap.[112]

The emission spectra of 1(PFg),, 2(PF¢), and 5(PFy),
could be fitted to the Meyers equation*¥ with E, o around
1.9eV (Figure 8). The emission properties of 2(PFy),
strongly depend on the pH with higher luminescence quan-
tum yield (@ = 2.1 X 10* in water) between pH > 4 and pH
< 10 (corresponding to the presence of [2 — H]*, see above)
and weak emission at either lower or higher pH (@ =
0.6x10* in water; see Supporting Information).

For 1(PF¢), and 2(PFg), emission gains intensity with
increasing excitation wavelength (1e. = 500-650 nm), while
for 5(PFg), the reverse is observed (see Supporting Infor-
2045
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1({PFg).

600

650 700 750

Al nm

800 850 900

Figure 8. Emission spectra of 1(PFy),, 2(PFg), and 5(PFg), (0) in
acetone at room temperature and spectral fitting according to Mey-
ers equation.[#4!

mation). The C-terminal ferrocene conjugates 3(PFg), and
4(PF;), show a much weaker luminescence than their ester
analogues 1(PFy), and 5(PFy),, respectively (Table 4).[4%]

DFT Calculations

All complex cations 1**-52* were studied using the
B3LYP/LanL2DZ functional. The energy-minimised struc-
ture of 5** shown in Figure 9 as an example shows the ex-

Figure 9. Energy-minimised structure of 5%*.

pected pseudo-octahedral geometry around the ruthenium
centre. The geometric results of the calculation for 22* re-
produce the experimental data of 2(PF)(F) sufficiently well
(Table 3).

The frontier orbital region of the complex cations con-
sists of closely spaced molecular orbitals (Figure 10). The
lowest unoccupied molecular orbitals are ©* orbitals of the
terpyridine ligands with the LUMO level lying 0.2-0.3 eV
below the next highest virtual orbital. Throughout the
series the LUMO is localised on the C-terminal terpyridine
(tpy-COR). The “t,,” manifold of the ruthenium centre
provides the high-lying occupied orbitals. For the ferrocene
conjugates 32*-52* molecular orbitals composed of iron
and cyclopentadienyl moieties are inserted in between (Fig-
ure 10). The C-terminal ferrocene orbitals d(Fe) + n*(Cp-
NHR'’) are found at higher energies than the N-terminal
ferrocene orbitals d(Fe) + n*(Cp-COR'""), as expected from
the respective oxidation potentials (Table 4).

The '"MLCT transitions arise from t,, (Ru) — 7*(tpy)
excitations. The low-energy transition (=500 nm) can be as-
signed to involve the C-terminal terpyridine tpy-COR,
while the next highest transitions (=480 nm) can be as-
signed to involve mixtures of both terpyridine ligands tpy-
NHR’ and tpy-COR. Low-energy d(Fe) — n*(tpy-NHR')
transitions were observed experimentally for 4(PFy), and
5(PFg), around 493 nm with significant intensity (Support-
ing Information).

A schematic energy level diagram (Figure 11) shows the
typical ruthenium '"MLCT and MLCT states. The numeri-
cal values are estimates using experimental data obtained
under different conditions, thus some caution in their in-
terpretation is advisable. The UV/Vis spectroscopic data

Elev 4
[— —} mx (tpy-NHR'+tpy-COR)
—_— 7 ({tpy-COR)
-8 -
—_ } d(Fe)+x+(Cp-NHR")
-9
_— } d(Fe)+r+(Cp-COR™)
-104 other d(Fe)+n*(Cp)
114 — —_ _—— —_— }tzg(RU)
12+ 22+ 32+ 42+ 52+

Figure 10. Partial molecular orbital diagrams for 12*-5%*,
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provide estimates for the energies of the Franck—Condon
excited 'MLCT states around 2.5¢eV. The emission data
indicate that the energy level of the emitting SMLCT state
has an energy around 1.9 eV,* which fits to the Franck-
Condon excited MLCT state (not shown in Figure 11), es-
timated to be around 2.1-2.2 eV (Table 4).

E/eV/
5 5 | FE:COR™ / tpy-NHR™ —-—,-:MLCT(tpy‘NHR‘)
: 7T "MLCT(tpy-COR)

1

1

20 - L= sMLCT
TR I— = i
Fo-NHR" / tpy-COR 5
500 nm ;
10 1650-810
493 nm fooR-c1l nm
05 j
0.0 *Gs

Figure 11. Schematic Jablonski-type energy level diagram (solid
lines: excitation; dashed lines: intersystem crossing and electron
transfer; dotted line: emission).

Excitation of 1(PFg), or 2(PFg), with .. = 480-500 nm
will populate the 'MLCT states that undergo intersystem
crossing to the emitting SMLCT state while excitation of
1(PFy), or 2(PFy), with Ao > 500 nm will also directly
populate the SMLCT state leading to the experimentally ob-
served increase of the emission intensity (see above; Sup-
porting Information).

For 3(PF¢)>—5(PF), states arising from the presence of
the ferrocene moieties are depicted on the left side of Fig-
ure 11. The Franck—Condon excited state d(Fe) — m*(tpy-
NHR') could be observed for 4(PFg), and 5(PFg), in the
UV/Vis difference spectra around 493 nm (see above and
Supporting Information). The ferrocene oxidation poten-
tials and ligand reduction potentials of 3(PFg),—5(PF¢),
(Table 4) allow approximation of the energies of the charge
separated states [Fc*-COR'''/tpy-NHR'] and [Fc*-
NHR'"'/tpy-COR ] by 2.2 and 1.6 eV. The former level lies
above and the latter below the emitting SMLCT state of the
ruthenium core. For 3(PFg), and 4(PFy), with a C-terminal
ferrocene photoinduced electron transfer is exergonic by
0.3 eV while for 5(PF), containing an N-terminal ferrocene
photoinduced electron transfer would be endergonic by
0.3 eV. Thus reductive electron transfer from ferrocene to
ruthenium is conceivable for 3(PFy), and 4(PFg), but not
for 5(PF),, accounting for the experimentally observed lu-
minescence quenching (Table 4).

In contrast to 1(PFg), and 2(PFg),, direct population of
the SMLCT state of 5(PF), is hampered because of the
population of the d(Fe) — m*(tpy-NHR') state leading to
the experimentally observed decrease in emission intensity
at Aexe > 500 nm (see above and Supporting Information).

The low-lying ferrocene triplet state (not shown in the
diagram) has been estimated at an energy between 1.1 and
1.8 eV,ll that is, in the same energy range as the SMLCT
and charge-separated states. Thus energy transfer might
also be an additional channel for radiationless excited-state
decay.[**% Further photophysical investigations including

Eur. J. Inorg. Chem. 2006, 2040-2050
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low-temperature emission spectroscopy, lifetime measure-
ments and transient absorption spectroscopy as well as
DFT calculations on excited states are currently underway.

Conclusion

The amino-substituted acid 2(PFg), and its ester 1(PFy),
have been synthesised and characterised. Complex 22* un-
dergoes several protonation and deprotonation steps, which
have been observed by UV/Vis and emission spectroscopy
as well as NMR spectroscopy. Amide formation of 1(PFg),
or 2(PF¢), with ferrocene derivatives was successful in spite
of the low reactivity of the aromatic amino group. Ferro-
cenes have been attached on either side or on both sides of
the bis(terpyridine) ruthenium(i) core [3(PFg),—5(PFj),].

The ground-state electronic situation of these multinu-
clear species has been investigated by electronic spec-
troscopy and cyclic voltammetry, while preliminary emis-
sion studies gave insight into the excited-state properties.
The ground-state properties of the bis(terpyridine) rutheni-
um(11) moiety are only slightly modified by the presence of
the ferrocenes. The exception is an additional charge-trans-
fer band observed in the absorption spectra of 4(PF¢), and
5(PF¢), but not in the spectra of 3(PF¢),. This transition is
associated with N-terminal bound ferrocenes and has been
assigned d(Fe) — n*(tpy-NHR’) charge transfer character.

The excited-state behaviour of the ferrocene conjugates
is strongly dependent on the site of ferrocene attachment:
5(PF¢), with an N-terminal bound ferrocene is luminescent
with an inverse correlation to the excitation wavelength as
compared to the ferrocene-free 1(PFy),. This behaviour
arises from the presence of d(Fe) — n*(tpy-NHR') charge-
transfer bands. Complexes 3(PF¢), and 4(PFy), with C-ter-
minal bound ferrocenes are much less luminescent. This
finding is explained on the assumption that electron trans-
fer from the ferrocene to the ruthenium centre efficiently
quenches the *MLCT state of ruthenium.

Thus the optical ground-state properties of the bis(ferro-
cene) conjugate 4(PFy), resemble those of the N-terminal
conjugate 5(PFy),, while its excited-state properties are
analogous to those of the C-terminal conjugate 3(PFg)-.

To expand the scope of this design strategy we currently
build larger arrays from ruthenium and ferrocene amino ac-
ids as well as chiral a-amino acids?> >4 using peptide chem-
istry for application in electron storage devices, molecular
wires, photosensitisers and molecular sensors.

Experimental Section

General Methods: Unless otherwise noted, starting materials were
obtained from commercial suppliers and used without further puri-
fication. The terpyridine ligands tpy-COOE?3 and tpy-NH,3433
as well as the ferrocene derivatives?>3° were synthesised according
to literature procedures.

NMR spectra were recorded with a Bruker Avance DPX 200 at
200.15 MHz ('H) and 50.323 MHz ('3C); chemical shifts () in ppm
with respect to residual solvent peaks as internal standards:
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CD;CN ('"H: 6 = 1.93; 13C: § = 1.3 ppm). IR spectra were recorded
with a BioRad Excalibur FTS 3000 spectrometer using CaF, cells
or Csl disks. UV/Vis/NIR spectra were recorded with a Perkin—
Elmer Lambda 19, 0.2-cm cells (Hellma, suprasil). Cyclic voltam-
metry was performed using a glassy carbon electrode, a platinum
electrode and a SCE electrode, 103 M in 0.1 M nBuyNPF¢/CH;CN;
potentials are given relative to that of SCE. Mass spectra were re-
corded with a Finnigan MAT 8400 spectrometer. Emission spectra
were recorded with a Varian Cary Eclipse Fluorescence Spectrome-
ter, slit widths 5 nm, in argon-saturated solution. Quantum yields
were determined by comparing the areas under the emission spec-
tra recorded for optically matched solutions of the samples and the
fluorescein reference (@ = 0.79 in ethanol). Elemental analyses were
performed by the microanalytical laboratory of the Organic Chem-
istry Department, University of Heidelberg. Microwave-assisted re-
actions were performed in a domestic microwave oven operating at
a frequency of 2450 MHz and maximum power of 700 W in 20-
mL test tubes (Rotilabo).

Computational Method: Density functional calculations were car-
ried out with the Gaussian03/DFTP! series of programs. The
B3LYP formulation of density functional theory was used em-
ploying the LanL2DZ basis set.[’! All structures were characterised
as minima by frequency analysis (Nimae = 0) except 3**, which
shows one imaginary frequency for Cp rotation (—10.4 cm ™).

X-ray Crystallography: Data were collected with an Enraf-~Nonius
Kappa CCD diffractometer using graphite-monochromated Mo-
K, radiation. The data were processed using the standard Nonius
software.l’?l All calculations were performed using the SHELXT
PLUS software package. Structures were solved using direct or Pat-
terson methods with the SHELXS-97 program and refined with the
SHELXL-97 program.'*3! Graphical handling of the structural data
during refinement was performed using XMPAP4 and WinRay.!>!
Atomic coordinates and anisotropic thermal parameters were re-
fined by full-matrix least-squares calculations on F2.

Crystal dimensions 0.1x0.02%0.02 mm; triclinic crystal system;
space group PI; a = 8.6940(17), b = 21.412(4), ¢ = 21.588(4) A;
= 94.86(3); ff = 96.52(3); y = 101.01(3)°; ¥ = 3895.9(13) A3; peatea.
=1.474 gcm 3; 20« = 50.1°; w-scans; T = 200 K; measured reflec-
tions 21949; independent reflections 13619; observed reflections
6146 [I > 20(I)]; Lorentz and polarisation correction; y =

0.530 mm'; R, = 0.102 [/ > 2a(D)]; wR, = 0.271 [I > 2a()]; resid-
ual electron density 0.915 ¢ A3,

Because of the large amount of solvent water present in the crystal
of 2(PF¢)(F) causing diffuse reflection data and the rather poor
data/parameter ratio, carbon atoms, solvent water, some counteri-
ons and hydrogen atoms have been refined isotropically.

CCDC-280162 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Synthesis of 1(PFy),: (EtOOC-tpy)RuCl5133-3%1 (200 mg, 0.39 mmol)
and tpy-NH, (97 mg, 0.39 mmol) were finely suspended in dry eth-
anol (15 mL) with the aid of an ultrasonic bath. The test tube was
closed and heated in the microwave oven for 5X 1 min at the lowest
operating power (80 W). The solution was filtered through a small
pad of Celite, washed with water, and NHy4PFs (191 mg,
1.17 mmol) dissolved in 1 mL water was added. After cooling for
12 h to 4 °C the red product was collected by filtration, washed
with water and dried in vacuo. Yield 85% (312 mg, 0.33 mmol).
MS (FAB): m/z (%) = 801 (11) [M + H,PF4]*, 655 (55) [M*].
C33H,,F,N,0,P,Ru (944.6): caled. C 41.96, H 2.88, N 10.38;
found C 42.09, H 3.15, N 10.22. '3C NMR data see Table 5.

Synthesis of 2(PFg),: 1(PFy), (250 mg, 0.27 mmol) was dissolved in
20% sulfuric acid (50 mL) and heated under reflux for 2 h. After
cooling to room temperature and adjusting the pH to 2 with
NaOH,,, NH,PFg (132 mg, 0.81 mmol) dissolved in 1 mL water
was added and the product precipitated. The red product was col-
lected by filtration, washed with water and dried. Yield 74%
(185 mg, 0.20 mmol). MS (FAB): m/z (%) = 772 (60) [M, PF¢]*,
626 (100) [M* — H]. C3;H»3F,N;0,P,Ru (916.6): caled. C 40.62,
H 2.53, N 10.70; found C 40.63, H 3.20, N 10.65. 13C NMR data
see Table 5.

Synthesis of 3(PFg),: 2(PFs), (150 mg, 0.16 mmol) was activated
with HOBt (34 mg, 0.25 mmol) and DCC (52 mg, 0.25 mmol) in
acetonitrile (25mL) for 2.5h. A solution of aminoferrocene
(51 mg, 0.25 mmol) and N-ethylmorpholine (0.1 mL) in acetonitrile
(5mL) was added and the reaction mixture was stirred at room
temperature for 2.5 h. The solvent was removed in vacuo, the resi-
due was dissolved in dichloromethane and the product was

Table 5. '3C NMR spectroscopic data of complexes 1(PF¢),—5(PFg), in CD3;CN (atom numbering according to Scheme 1).

1(PFe), 2(PFe),"! 3(PF¢), 4(PF¢), 5(PFe)»
C! 135.6 135.3 159.5 156.6 136.6
ez 125.0 125.0 121.6 121.7 123.1
C3344  158.7,158.4, 157.5,156.5 158.7, 1584, 157.5, 156.5  158.8, 158.6, 157.1, 156.4  158.6, 158.5, 158.3, 158.1  158.4, 158.2, 157.0, 155.2
cs 124.2 124.2 124.8 125.0 124.8
cs 138.2 138.2 138.2 1385 138.5
c’ 1283 128.3 128.2 128.2 128.3
cs 152.5 1525 152.6 152.9 152.7
c 154.4 154.4 154.5 155.3 148.0
c? 109.1 109.1 109.1 114.0 114.0
cs 122.9 123.3 124.2 124.7 125.2
cs 138.6 138.6 1385 138.8 138.8
c7 127.4 127.4 127.4 127.9 127.8
cs 153.2 153.1 153.1 153.1 153.2
CH, 632 - - - 63.3
CH, 14.1 - - - 14.1
Cc=0 n.o.l 165.1 162.6 n.o. 164.5
c=0 - - - n.o. 171.2
cpC - - 69.7 (CsHs), 65.4, 62461 69.8 (CsHs), 65.4, 62.41€1
cp-C - - - 70.6 (CsHs), 72.5, 69.561  70.6 (CsHs), 72.5, 69.5¢1

[a] At pH 2. [b] n.o., not observed. [c] C,,,, of the cyclopentadienyl rings not observed.
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precipitated by adding diethyl ether. Recrystallisation from hot eth-
anol and precipitating with NH4PF¢ (78 mg, 0.48 mmol) dissolved
in 1 mL water gave the pure product. Yield 88% (150 mg,
0.14 mmol). MS (FAB): m/z (%) = 810 (40) [M* - H].
C41H3,F ,FeNgOP,Ru-2H,0 (1099.6-2H,0): caled. C 43.36, H
3.20, N 9.87; found C 43.44, H 3.61, N 10.07. '*C NMR data see
Table S.

Synthesis of 4(PF¢),: 3(PF¢), (100 mg, 0.09 mmol), ferrocenoyl
benzotriazol ester Fc-COOBt (38 mg, 0.11 mmol) and phos-
phazene base P;-7Bu (43 mg, 0.18 mmol) were dissolved in acetoni-
trile (15 mL) and stirred at room temperature for 16 h. The solvent
was removed in vacuo, the residue was dissolved in dichlorometh-
ane and the product was precipitated by adding diethyl ether.
Recrystallisation from hot ethanol and precipitating with NH,PF
(44 mg, 0.27 mmol) dissolved in 1 mL water gave the pure product.
Yield 89% (110 mg, 0.08 mmol). MS (FAB): m/z (%) = 1167 (92)
[M, PF4]*, 1021 (100) [M* — H]. Cs,HyoF,2Fe;NgO,P,Ru-5H,0
(1311.6°5H,0): caled. C 44.56, H 3.60, N 7.99; found C 44.40, H
3.60, N 8.11. 3C NMR data see Table 5.

Synthesis of 5(PF¢),: 2(PF¢), (100 mg, 0.11 mmol), ferrocenoyl
benzotriazol ester Fc-COOBt (37 mg, 0.11 mmol) and phos-
phazene base P;-7Bu (53 mg, 0.22 mmol) were dissolved in acetoni-
trile (15 mL) and stirred at room temperature for 16 h. The solvent
was removed in vacuo, the residue was dissolved in dichlorometh-
ane and the product was precipitated by adding diethyl ether.
Recrystallisation from hot ethanol and precipitating with NH,PF
(54 mg, 0.33 mmol) dissolved in 1 mL water gave the pure product.
Yield 91% (115 mg, 0.10 mmol). MS (FAB): m/z (%) = 1113 (50)
[M + H, PF¢]*, 866 (100) [M* — H]. C44H;35F;,FeN;03;P,Ru-H,O
(1156.6°H,0): calcd. C 44.99, H 3.17, N 8.35; found C 44.96, H
3.52, N 8.68. 3C NMR data see Table 5.

Supporting Information Available (for details see the footnote on
the first page of this article): Absorption spectra of 1(PF¢),—5(PFy),
in CH;CN, difference spectrum “3(PFg), — 1(PF¢),”, difference
spectrum “4(PFq), — 3(PF¢),”, difference spectrum “5(PFy), —
1(PF¢),”, IR spectra of 1(PF¢),, 2(PF¢), and 5(PF¢), in CH;CN,
emission spectra of 3(PFg), and 4(PF¢), with excitation at A, in
acetone at room temperature, emission spectra of 2(PFy), at dif-
ferent pH in water (excitation wavelength 497 nm) at room tem-
perature, pH profile of the emission of 2(PFg), (excitation wave-
length 497 nm, monitored at A = 719 nm), emission spectra of
1(PF¢),, 2(PF¢), and 5(PF¢), with different excitation wavelengths
in acetone at room temperature, excitation profiles of 1(PFy),,
2(PFs), and 5(PFg), in acetone at room temperature, Cartesian co-
ordinates of DFT calculated geometries of 12*-52*, molecular or-
bital energies (eV) of selected orbitals of 1>*—5%*, absorption spec-
trum of 2(PFg), in CH;CN in the range 250-800 nm.
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