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Resonance Raman (rR) spectroscopy in combination with
DFT calculations was used to elucidate the nature of the
'metal-to-ligand charge-transfer states (*MLCT) of ester de-
rivatives of homo- and heteroleptic bis(terpyridine)rutheni-
um(Il) complexes [Ru(tpy—COOC,Hs)(tpy-R)](PF¢), with R =
NH, (1a), R = COOC,H; (1b) and R = NHCOCHj3; (1c). The
R spectra provide evidence that the "MLCT states of 1b and
1c are well described by the expected '[("t,q")*{n*(tpy-
COOC,Hs5)}!] electron configuration, while the 'MLCT state
of the donor/acceptor-substituted complex 1a also involves
the amine-substituted terpyridine ligand. The excited state
of la can be described by a '[{d,./n(tpy-NH,)}'{n* (tpy—
COOC,Hs)}!] electron configuration with ligand-to-ligand

charge-transfer (!LLCT) character. The mixed MLCT/LLCT
character of the singlet excited state of 1a is characterized by
a low-energy absorption maximum (4. = 500 nm). The n-
donor character of the tpy—-INH, ligand is also corroborated by
DFT calculations on model compounds (small HOMO/LUMO
gap, short C-N bond, longer Ru-N bond). The emitting trip-
let state features a low-energy emission maximum (Ag.x =
744 nm) as well as a longer lifetime of the emitting state (r =
33.7 ns) at room temperature in acetonitrile as compared to
the data of 1b and 1c.

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

Introduction

Over the last decades polypyridyl-ruthenium complexes
have attracted particular attention due to their interesting
and potentially useful photophysical properties.!!?] The
parent complex [Ru(bpy)s]>* possesses a long-lived emissive
triplet MLCT state at room temperature (bpy = 2,2’-bipyr-
idine) which is important for applications in practical de-
vices which rely on solar energy such as dye sensitized solar
cells (DSSCs).B-°1 However, [Ru(bpy);]** has only a weak
absorbance in the red part of the solar spectrum (A,. =
450 nm)"! so intense research efforts have been devoted to
the extension of the absorption window of such com-
plexes.B 11 [Ru(tpy),]** complexes feature a bathochrom-
ically shifted absorption band around A, = 500 nm (tpy
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= 2,2";6',2""-terpyridine). However, these complexes are
usually almost non-emissive at room temperature in fluid
medium. In fact, the parent [Ru(tpy),]>* complex has a very
short-lived excited MLCT state (250 ps in H,O and 120 ps
in CH;CN/H,O0, 3:2) and a very low quantum yield of emis-
sion at room temperature in fluid medium.['?! One possibil-
ity to enhance the excited state properties of [Ru(tpy),]**
complexes is to entrap the complex in porous matrices (e.g.
zeolites!!3l) while a different approach is based on substitu-
tion of the terpyridine ligands on the 4’ positions with elec-
tron-donating or -withdrawing groups.l!!’-!415:16.17 For ex-
ample, [Ru(tpy)(tpy-COOC,H5)]** emits at A, = 667 nm
with a quantum yield of ¢ = 2.7X 10 and 7 = 32ns at
298 K in acetonitrile.!'®)

Besides these interesting photochemical properties heter-
oleptic [Ru(tpy—R)(tpy—R")]** complexes with substituents
in 4’ position are not stereogenic in contrast to the tris-
chelate [Ru(bpy);]** complexes. This feature is very impor-
tant for the implementation of photoredoxactive units into
multinuclear assemblies as it facilitates synthesis and purifi-
cation and still offers the possibility for functionalisation.
This becomes evident in bipyridine-ruthenium(I) com-
plexes where the simultaneous presence of donor- and ac-
ceptor-substituted bipyridines bpy-R and bpy-R’ — essen-
tial for efficient vectorial charge-separation processes in ex-
cited complexes — results in complicated mixtures of com-
plexes with different charge-separation properties. A well-
defined separation between donor and acceptor substitu-
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ents (R/R’) is easily achieved in heteroleptic [Ru(tpy—R)-
(tpy—R")]** complexes with R and R’ located at the 4’ posi-
tions of the terpyridine ligands.['4

Recently, we have introduced a heteroleptic [Ru(tpy—R)-
(tpy—-R")J?* complex with R = COOH and R’ = NH, giving
the metallo amino acid A which places the metal centre in
between the functional groups (Scheme 1).['8] This feature
is exclusive for A in contrast to other ruthenium containing
amino acids reported so far (B,l'1 C,?% D, E?2l) with
ruthenium located at the side-chain (Scheme 1). Such
amino acid building blocks allow constructing and syn-
thesising metallo peptides by solid-phase synthesis tech-
niques.!??! 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 communication be-
tween building blocks.

Y ° HoN
S o~
bpy)2Ru
(bpy)2 > >

| Ru
D x NH, @ E

Scheme 1. Ruthenium(Il)-containing artificial amino acids A-E
(bpy = 2.,2'-bipyridine).['8-2

Indeed, energy transfer processes have been observed in
amide-linked dyads composed of A and organic chromo-
phores, e.g. coumarins.**®! Furthermore ferrocene deriva-
tives have been successfully coupled to the artificial amino
acid A via amide bonds either at the N- or at the C-ter-
minus and photo-induced electron transfer (PET) has been
observed provided that the redox potential of the ferrocene
unit is energetically below the excited state redox potential
of the ruthenium moiety.['®]

In order to get a deeper insight into the first events of
electronic excitation in derivatives of amino acid A we now
have performed a resonance Raman (rRP4) study of the
ethyl ester derivative of A (1a). Raman transitions that are
associated with structural distortions upon photoexcitation
to the excited state are enhanced. In the present investiga-
tion the ester 1a is favoured over the acid A as the ground
state properties of the free acid A are naturally pH-depend-
ent and the emitting excited state shows a complicated de-
3120
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cay characteristic (which is probably influenced by hydro-
gen bonding and/or proton transfer).['®23 For comparison
reasons the diester 1b>>! and the acetyl derivative 1c were
also prepared and investigated (Scheme 2). Recently, for
heteroleptic poly(bipyridine)-?®2") and phenanthroline/tet-
raazatetrapyridopentacene-ruthenium(II) complexes®® res-
onance-Raman studies have demonstrated that rR is a use-
ful method to investigate the nature of the inital 'MLCT
state of heteroleptic ruthenium polypyridine complexes rel-
evant for applications in DSSCs*°! and other artificial pho-
tosynthetic systems.[*’]

1. N-ethylmorpholine,
microwave
2. NH4PFg

1a (R = NH,)
1b (R = COOC,Hs)

1a (R = NHy)

o2 8

1c (R = NHCOCH3)

Scheme 2. Synthesis of complexes 1a—1c.

Results and Discussion

Ruthenium containing amino acid ester 1a was prepared
by reaction of RuCls(tpy-COOC,H;s) with tpy—-NH, in a
microwave synthesiser at 120 °C in ethanol!'®! while diester
1b was prepared analogously using tpy—COOC,Hj5 instead
of tpy—NH, (see Scheme 2).1>°! The acetyl protected deriva-
tive 1¢ was synthesized from 1a by the action of acetic anhy-
dride in the presence of the phosphazene base P;-7Bu [P-
tBu = tert-butylimino-tris(dimethylamino)phosphorane] in
949 isolated yield (Scheme 2).

The Ru'/Ru' redox potentials of 1a—lc were measured
in CH;CN/nBuyNPF¢ and the data are compiled in
Table 1.['8251 Amine complex 1a is the most easily oxidized
while 1b is the most difficult oxidized complex in this series
pointing to an increasing HOMO energy from 1b to 1c¢ to
1a.

All three complexes la-lc display an asymmetric
'MLCT absorption band '[(“/2,”)] = '[(“t2¢”)>(n*)!] in the
visible spectral region which is characteristic for [Ru-
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Table 1. Photophysical and electrochemical data of complexes 1a—
1c in CH;CN at room temperature.

MLCT Emission 0] t/ns EplV
absorption  Ap. / nm vs. SCE
Jmax (8) / (Ru'/Ru'"")
nm
(M 'em™)

la 500 (19220) 744 1.8x103 337  1.08018

1b 489 (23410) 652 1.6X103 205  1.42P

1c 491 (21600) 690 1.6x103 21.7 125

(tpy)-]** complexes (Table 1, Figure 1). At the low energy
side shoulders are observed which can be assigned to direct
excitations into *MLCT states '[(“12,")°] — 3[(“t24”)°(n*)']
which is allowed due to spin-orbit coupling.®3! In this series
the heteroleptic donor/acceptor-substituted complex la ab-
sorbs at the lowest energy (L.« = 500 nm) while complexes
1b and 1c¢ absorb at /4., = 490 nm (Table 1, Figure 1). A
single ester moiety in [Ru(tpy)(tpy—~COOC,Hs)]** shifts the
absorption maximum to Ay, = 485 nml'® as compared to
that of the parent complex [Ru(tpy)>]>* (Amax = 476 nmB4),

&/ M em'(x10%
25

1b
20 1c
1a
15
10
5

350 400 450 500 550 600 650

Alnm

Figure 1. UV/Vis absorption spectra of la—1¢ in CH3;CN at room
temperature.

The emission spectra of la—1c¢ in fluid solution display
the same trend as the absorption spectra with the emitting
SMLCT state of 1a being located at the lowest energy in
this series (Table 1, Figures 1 and 2). Also the excited state
lifetime t measured for 1a is significantly higher than those
of 1b and 1c¢ (Table 1).

The fact that the push-pull-substituted complex 1a dis-
plays the most bathochromically shifted absorption and
emission maxima agrees well with, for example, the trend
observed in the donor/acceptor-substituted bipyridine-
ruthenium(IT) complexes [Ru(tbbpy);_,(dmceb),]** (tbbp =
4,4'-di-tert-butyl-2,2'-bipyridine; dmcb = 4,4’-dimeth-
oxycarbonyl-2,2’-bipyridine).?’) These heteroleptic com-
plexes with n = 1, 2 display two absorption maxima with
the lowest energy absorption maximum being assigned to a
N(“1257)°] = '[(“12¢”){m*(dmcb)} '] transition on the basis
of resonance Raman spectroscopy.2¢!

In order to obtain further insight into the location of
the 'MLCT excited state of 1a—1c we employed resonance
Raman spectroscopy. Resonance Raman spectra of la-1c¢
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Figure 2. Emission spectra of 1la—1c in CH;CN at room tempera-
ture.

were measured in CH;CN with an excitation at A, =
488 nm (provided by an argon ion laser) which falls well
into the absorption maxima of la-lc¢ (Figure 3). All rR
spectra reveal sets of modes characteristic for the coordi-
nated terpyridine ligands which is evident when comparing
with the rR data of the unsubstituted complex [Ru(tpy),]-
(PF,), (Figure 3, Table 2).['334 Common to all ester com-
plexes 1a-1lc is the resonance enhancement of a 1726 cm !
mode which is easily assigned to the carbonyl stretching
vibration of the ester groups (Figure 3).l'81 In the off-reso-
nance Raman spectrum of the tpy—COOC,Hj5 ligand in the
solid state this vibration is observed at 1721 cm™! (Support-
ing Information). Thus the '"MLCT excited state is clearly
associated with the electron-accepting tpy—COOC,Hj5 li-
gand as expected.[?°]

1

Raman
intensity

E£—673 <=

1700 1600 1500 1400 1300 1200 1100 1000 900 800 700
«— wavenumber / cm~!

Figure 3. Resonance Raman spectra of 1a-1c¢ in CH3CN with A,
= 488 nm (solvent bands are marked with asterisks).

Compared to the homoleptic complex 1b some bands are
split in the heteroleptic complexes 1a and 1c (V = 1542,
1123, 1077, 1047, 1021 cm™"). For 1a and 1c additional
bands can be identified at 1205 cm™' and 1506 cm™! while
the signal at 941 cm™! is specific for 1a (Table 2). The reso-
nance enhancement of the 941 cm™' mode is unique to the
amine complex la and thus probably associated with the
NH,-substituted ligand. Unfortunately, the off-resonance
Raman spectra of the ligands tpy—-COOC,H5 and tpy—NH,
(see Supporting Information) are of little help in assigning
3121
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Table 2. Raman data of [Ru(tpy),](PFs), and 1la-1¢ in CH3CN at
room temperature.

[Ru(tpy),])(PF¢) 1a 1b 1c

Joe = 458 nm Joe =4881M  Joe = 4881m  Ju = 488 nm
1725 1728 1726

1602 1608 (sh), 1612 (sh), 1609 1607 (br)
1606

1559 (sh) 1563 1564 1563

1549 1547, 1536 1542 1546 (sh),

1538

1506 1506

1490 1479 1480 1479 (sh)

1470 1473 1476 1474

1328 1347 1349 1361, 1348

1284 1285, 1269, 1288, 1273, 1287, 1271,
1255 1260 1260

1183 1205 1205

1164 1164 1165 1164

1101 1125, 1114 1123 1123, 1113

1094 1085, 1069, 1077, 1060, 1083, 1069,
1059, 1042, 1047 1059, 1042,
1038 1038 (sh)

1018 1023, 1019 1021 1022 (sh),

1020

941

748 759, 746 760, 746 759, 745

718

673 685, 659 685, 657 685, 673, 658

individual bands in the fingerprint region. This might be
due to the different conformation of the terpyridine unit in
the free ligand (transoid), while coordination to the metal
center enforces a cisoid conformation.

These observations indicate that upon excitation with
Jexe = 488 nm the '"MLCT transitions are associated both
with the tpy-COOC,Hj5 and the tpy-NHX ligand in 1a (X
= H) and 1¢ (X = COCHs3).

In a molecular orbital picture the n* orbital of tpy—NH,
should be higher in energy than that of tpy—COOC,H5 due
to the electron-donating effect of the NH, group. Thus it

514 nm
T 502 nm
Raman
intensity

would be anticipated that upon increasing the excitation en-
ergy (from A.. = 514 nm to A, = 458 nm) resonance en-
hancement of tpy—NH, associated bands for 1a should in-
crease due to population of the m* orbital of tpy—NHo,.
However, the contrary is observed (Figure 4). The unique

i

-4.80 eV "e4' (Ru)

Ln -10.88 eV

-11.14 eV

"tog' (Ru)

-11.05 eV
dxz

Figure 5. Relevant Kohn—-Sham frontier orbitals of the model of
amine complex la (hydrogen atoms omitted for clarity, isosurface
value 0.06 au).

1700 1600 1500 1400

«—— wavenumber /cm”~

1300 1200 1000 900

1

1100

Figure 4. Resonance Raman spectra of 1a in CH3CN with A = 458, 476, 488, 502 and 514 nm (normalized to the solvent band at

919 cm ™).
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941 cm™' mode of 1a is more strongly resonance enhanced
at lower excitation energies (Figure 4). The same trend of
resonance enhancement is also clearly observed for bands
at 1043, 1114 and 1605 cm™! which are also associated with
N-substituted terpyridine ligands (Table 2, Figure 4). As
not only the n* acceptor orbitals (formally populated in
the excited state) determine the resonance enhancement of
vibrational modes but also the donor orbitals (formally de-
populated in the excited state), relevant molecular orbitals
of simplified models of the dications of 1a—1c¢ were calcu-
lated by DFT methods (see Figures 5, 6, and 7).13%-3]

"eg' (Ru)

-5.82 eV

\ -

-8.11eV

-11.37 eV "tyg" (Ru)

-11.51eV -11.51 eV

Figure 6. Relevant Kohn-Sham frontier orbitals of the model of
diester complex 1b (hydrogen atoms omitted for clarity, isosurface
value 0.06 au).

As expected, the lowest unoccupied (acceptor) orbital of
all complexes la—1c¢ is a * orbital of tpy—COOC,H; (Fig-
ures 5, 6, and 7). The ©* orbitals of tpy-NH, and tpy-
NHCOCH; in 1a and 1c¢ are calculated to be about 0.3 eV
higher in energy (Figures 5 and 7). The highest occupied
(donor) molecular orbitals of all complexes la—1c¢ are the
ruthenium-based d,, d,, and d,. orbitals (constituting the
1, manifold in ideal Oy, symmetry). However, it is also ob-
served that the highest occupied molecular orbital of 1a is
a (Ru-N antibonding) mixture of the ruthenium-based d,.
orbital and an occupied m orbital of the tpy—NH, ligand
(Figure 5). This composite orbital is separated by 0.17 eV
and 0.26 eV from the other two metal-based occupied d.,
and d,.. orbitals (Figure 5). For 1b and 1c¢ the degeneracy of
the “t,,” orbitals is much less lifted; the energy differences
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"tog' (Ru)

A1.41 eV ey

-11.21 eV

Figure 7. Relevant Kohn-Sham frontier orbitals of the model of
amide complex 1c¢ (hydrogen atoms omitted for clarity, isosurface
value 0.06 au).

between the highest d orbital and the other two d orbitals
amount to only 0.14eV/0.14eV (1b) and 0.05¢eV/0.15¢eV
(1c), respectively (Figures 6 and 7). The strong m-donor
character of the tpy—NH, ligand manifests itself also in a
planar amine substituent (angular sum 360°) oriented co-
planar with the pyridine ring (H-N-C-C torsion angle
~0.05°), a shorter C—N(substituent) bond (1a: 1.369 A; 1c:
1400 A) and a larger Ru-N(tpy-NHX) distance (la:
2.023 A; 1c: 2.018 A). Reciprocally, the frans Ru-N(tpy—
COOC,H;) distance decreases from 1b (2.007 A) to 1c
(2.001 A) to 1a (1.998 A) (Scheme 3). The n-donor charac-
ter of the tpy—NH, ligand is best illustrated by the reso-
nance structures of 1a in Scheme 3 (bottom).

Thus it is proposed that the lowest energy excited singlet
state of 1a can be described by a '[{d,./n(tpy—NH,)}?] —
'[{d,./n(tpy-NH,)} '{n*(tpy-COOC,Hs)}']  designation.
Obviously, this MLCT state possesses a significant ligand-
to-ligand charge transfer (LLCT) n(tpy-NH,) — n*(tpy—
COOC,H3) contribution while higher energy 'MLCT states
involve almost pure d,, and d,. metal donor orbitals. This
interpretation is also in line with the observation that la
features the 'MLCT absorption (Anax = 500 nm) and
SMLCT emission (Ay.x = 744 nm) (both with the men-
tioned admixed LLCT character) with the lowest energies
corresponding to the lowest HOMO/LUMO gap in the
series described (Table 1). The small HOMO/LUMO gap of
1a is also supported by the redox potentials of 1a—1¢ which
3123
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la 008 A 1a: 2.023 A

1c: 2.001A : A

1b: 2.007 A 1c:2.018
1b: 2.007 A

O,

N—RG_—N R
HO
/N ‘\1@ 1.369 A
1c: 1.400 A
S— +

oS \H o ® W

Ru—N >N -~ Ru=N___ N

H H

Scheme 3. Relevant DFT-calculated metrical parameters of models
of 1a—1c¢ (top) and resonance structures of relevant parts of 1a (bot-
tom).

suggest a higher lying HOMO of 1a (Table 1, Figure 5). In
addition 1a displays the highest lifetime 7 of the emissive
state (Table 1) which is probably also promoted by the ad-
mixed LLCT character. A red-shift of absorption and emis-
sion bands induced by admixed charge-transfer character
has been previously observed in donor/acceptor-substituted
porphyrin amino acids (trans-AB,C disubstituted meso-
porphyrins with A = C¢H,~COOH, C = C4H4~NH,; and B
= C¢Hs).1*®] Thus, the “destination” of the excited electron
in complexes la—1Ic¢ is in all cases the ©* orbital of the tpy—
COOC,H; ligand while the “origin” of the excited electron
is different in 1a [d,../n(tpy—NH,) mixed orbital] as com-
pared to 1b and 1c¢ (mainly d orbitals). This interpretation
is fully congruent with previously investigations on push-
pull-substituted [Ru(tpy-R)(tpy—R")]** (e.g. R = NMe,, R’
= SO,Me) complexes where it has been stated that the do-
nor-substituted terpyridine ligand “destabilizes the metal
centered m(t,,) orbitals”.['¥

Conclusions

Absorption, emission, and resonance Raman spec-
troscopy as well as electrochemistry and theoretical calcula-
tions support the view that the amino acid ester complex
[Ru(tpy-COOC,Hs)(tpy-NH,)]?* (1a) is unique in the
series described here. DFT calculations suggest that 1a fea-
tures a high-energy HOMO. The high energy HOMO re-
sults in a low Ru'/Ru™ redox potential as well as red-
shifted 'CT absorption and 3CT emission bands as expected
from the electron pushing amine group. In parallel with the
decreasing electron-donating effect of the substituents R =
NH,, NHCOCH;, COOC,Hs the calculated HOMO/
LUMO gap increases from 3.03 eV (1a) to 3.16 eV (1¢) to
3.26 eV (1b).

The very strong n-donor character of the NH, group in-
troduces m(tpy—NH,) character into the HOMO of 1a re-
sulting in mixed MLCT/LLCT character of the excited
states '[{d,./n(tpy-NH,)} ! {n*(tpy—COOC,Hs)}'] and 3[{d,./
n(tpy—NH,)} H{n*(tpy—~COOC,H;)}']. This mixed MLCT/
LLCT character might explain the resonance enhancement
of tpy—NH, modes when excited at around 500 nm (singlet
excited state) and the prolonged lifetime of the emitting
triplet excited state. A less pronounced n(tpy-NHCOCHs;)
participation in the HOMO and thus a less pronounced
3124
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LLCT character for the MLCT states is suggested for the
amide complex [Ru(tpy—COOC,Hs)(tpy-NHCOCH;)]**
(1c). Thus the admixed LLCT character of the MLCT
states increases in the series 1b < l¢ < la. Whether this
observation may be generalized and exploited for the design
of photo-redoxactive metal complexes displaying prolonged
excited state lifetimes will be subject of future work.

Experimental Section

General: Chemicals were obtained from commercial suppliers and
used without further purification. Bis(terpyridine)ruthenium(II)
complexes 1a and 1b were synthesized as reported.['®-25] Microwave
accelerated reactions were conducted in heavy-walled glass vials
sealed with aluminium crimp caps fitted with a silicone septum.
The inner diameter of the vial that was filled to the height of § cm
was 1cm. Microwave heating was performed in a Discover
Benchmate Plus (CEM Synthesis) single-mode microwave cavity
producing continuous irradiation at 2.455 GHz with 100 W (max.
power). Reaction mixtures were stirred with a magnetic stir bar
during irradiation. Temperature and irradiation power were moni-
tored during the course of the reaction. IR spectra were recorded
on a BioRad Excalibur FTS 3000 spectrometer using caesium io-
dide disks. UV/Vis spectra were recorded on a Perkin—Elmer
Lambda 19 in 1.0-cm cells (Hellma, suprasil). Mass spectra were
recorded on a Finnigan MAT 8400 spectrometer. NMR spectra
were obtained on a Bruker Avance DPX 200 (200 MHz, 'H) at
30 °C. Chemical shifts (0 /ppm) are reported with respect to resid-
ual solvent peaks as internal standards: CD;CN §('H) = 1.94 ppm,
6(13C) = 1.2, 117.7 ppm. Cyclic voltammetry was performed on a
Metrohm “Universal Mess- und Titriergefaess”, Metrohm GC elec-
trode RDE 628, platinum electrode, SCE electrode, Princeton Ap-
plied Research potentiostat Model 273; in 0.1 M nBuyNPF4/
CH;CN. Potentials are given relative to that of SCE. Emission
spectra were recorded on a Varian Cary Eclipse spectrometer.
Quantum yields were determined by comparing the areas under the
emission spectra on an energy scale [cm™!] recorded for optically
matched solutions of the samples and the reference {¢(Ru-
(bpy)s]**) = 0.062 in CH3;CN};! experimental uncertainty 15%.
Luminescence lifetimes were determined on a PicoQuant FluoTime
100 time-correlated single-photon counting unit. Lifetimes were ex-
tracted from the decay curve by an iterative reconvolution fitting
routine with nonlinear error minimisation using the FluoFit Soft-
ware. Criteria for the best fit were the values of y?; experimental
uncertainty 10%. Resonance Raman spectra were measured with a
conventional 90°-scattering arrangement. The excitation lines from
458 nm to 514 nm provided by an argon ion laser (Model Coherent
Innova 300C MotoFreD Ion Laser) served for resonant excitation
in the range of the MLCT absorption band. A rotating cell was
utilized to prevent the heating of the samples. No changes in the
absorption spectra could be observed after exposure to resonant
laser light. The scattered light was collected with a lens (f1 =
35 mm) and subsequently focused (/2 = 50 mm) onto the entrance
slit of an Acton SpectraPro 27581 spectrometer. The dispersed Ra-
man stray light was detected with a CCD camera from Princeton
Instruments, labeled with Spec-10 400B/LN back illuminated CCD.
The concentration of the solutions was optimized to obtain a maxi-
mum signal-to-noise ratio and was in the millimolar range. Off-
resonance Raman spectra were measured with a Horiba Jobin
Yvon T64000 spectrometer with the 514 nm line of an argon ion
laser operating at 300 mW. Density functional calculations were
carried out with the Gaussian03/DFTB? series of programs. The
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B3LYP formulation of density functional theory was used em-
ploying the LANL2DZ basis set.??l All structures were charac-
terized as minima by frequency analysis (Nimae = 0). No symmetry
constraints were imposed on the molecules. No solvent modeling
was employed.

lc: 1a (150mg, 0.16 mmol) and acetic anhydride (24 mg,
0.24 mmol) were dissolved in CH3;CN (15 mL). Phosphazene base
P,-tBu (27 mg, 0.98 mmol) was added and the mixture was heated
to reflux for 2 h. After cooling the solvent was removed in vacuo.
The residue was dissolved in ethanol and the product was precipi-
tated by addition of NH4PF4 (78 mg, 0.48 mmol) in H,O (1 mL).
lc was obtained as a red powder (150 mg, 0.15 mmol, 94%).
C;35H,9N,0O3RuP,F 5 (986.65)-6H,0 caled. C 37.78, H 3.89, N 8.81;
found C 37.74, H 3.90, N 9.06. MS (FAB*): m/z (%) = 842 (45)
[M+PFg]*, 896 (100) [M — H]*. IR (Csl): ¥(tilde) = 3433 cm™! (OH,
NH), 3046 cm™' (CH,py), 2936 cm™! (CHyjqr), 1717 cm™! (C=0),
1683 cm ™! (Amide I), 1525cm ™! (Amide II), 1563 cm ™! (C=N,
C=C),1253cm™ (C-0), 874cm™ (PF). 'H NMR (CDsCN,
200 MHz): 6 = 9.42 (s, 1 H, NH), 9.18 (s, 2 H, H?), 8.96 (s, 2 H,
H?), 8.65 (d, 3Juu = 8.0 Hz, 2 H, H5), 8.38 (d, 3Jyy = 8.0 Hz, 2
H, H), 7.86-7.99 (m, 4 H, H®%), 7.46 (d, *Juyn = 5.2 Hz, 2 H, H®),
7.20-7.25 (m, 4 H, H”7"), 7.11 (ddd, *Jyy = 6.6, *Jyyy = 1.20 Hz, 2
H, H®), 4.65 (q, 3Juu = 7.0 Hz, 2 H, CH>), 2.37 (s, 3 H, H°), 1.56
(t, *Jun = 7. 1 Hz, 3 H, CHj3) ppm. '3C NMR (CD;CN, 50 MHz):
0 = 171.5 (COOH), 165.0 (CONH), 158.6 (2 C), 158.0, 157.4
(C3344153.7 (C¥), 153.3 (C®), 148.1 (C"), 137.0 (C"), 139.2
(C®), 139.0 (C%), 128.7 (C7), 128.3 (C7"), 125.7 (C?), 125.3 (C*),
123.6 (C?), 113.8 (C?), 63.7 (CH,), 24.8 (C°), 14.6 (CH3) ppm. CV
(CH;CN, SCE, nBuyNPF¢): 1.25V (Ru'/Ru'), -1.15V, -1.73 V

(tpy/tpy ).

Supporting Information (see also the footnote on the first page of
this article): Cartesian coordinates of DFT optimized model struc-
tures of la-1c and Raman spectra of the terpyrine ligands tpy—
COOCGC,Hs and tpy—NH, in the solid state.
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