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ABSTRACT

The electronic spectra of 4 cyclometalated ruthenium compounds built up from cycloruthenated 2-
phenylpyridine with monodentate and bidentate ligands, namely 1 [Ru(MeCN),(phen)(PhPy)]'*
(RDC11), 2 [Ru(phen),(PhPy)]'* (RDC34), 3 [Ru(MeCN),(PhPy)(dppz)]'* (RDC11Z), 4 [Ru(bpy)
(PhPy)(dppz)]'* (RDCbpZ), the last two being newly synthesized, have been recorded and calculated
together with that of 5 [Ru(bpy)2(dppz)]** (RDNbpZ). Recently synthesized variants of RDC34 where the
phenylpyridine ligand is substituted with an electro-attractor or an electro-donor group, 6
[Ru(phen),(NO,PhPy)]'" RDC40 and 7 [Ru(phen),(NH,PhPy)]'* RDC41 respectively, and the dicationic
reference complex [Ru (phen)y(bpy)]** (RDN34) have been investigated as well for comparison. The
global structures of RDC34 and RDN34 are very similar despite of the substitution of one N atom by one C
atom. As expected a shortening of the Ru—C bond as compared to the Ru—N bond is observed. The
calculated structures of the investigated complexes point to a rather rigid structure whatever their
environment. The introduction of a strong Ru—C bond has a minor effect on the coordination sphere
around the metal atom keeping the other Ru—N bonds and bond angles similar, the only noticeable
alteration being an increase of the Ru—N bond trans to the Ru—C bond. The experimental spectra are
characterized by an intense band in the UV domain centered at 270 nm and corresponding to a strong
intra-ligand (IL) absorption. Low-lying MLCT states contribute to a weak shoulder around 370 nm and to
a large band between 550 nm and 400 nm. The tail of this band, towards 650 nm, is a characteristic of the
cyclometalated complexes. This series of molecules, as other polypyridyl complexes, are characterized by
a high density of excited states in the vis/UV energy domain, a large mixing between MLCT/IL and LLCT
states in the upper part of the spectrum, and a significant sensitivity to the environment of the IL state
localized on the dppz ligands.

© 2013 Published by Elsevier B.V.

1. Introduction

catalyst precursors for several catalytic processes, especially the
asymmetric reduction of ketone and imines [ 3], (iii) efficient dyes in

Cyclometalated complexes of ruthenium(Il) have often been
considered to be interesting organometallic molecules because
they display properties that may find useful applications in several
domains of chemistry, physics or biology [1]. For example, they
have been found to be (i) important intermediates in the ortho
functionalization of aromatics via CH activation [2], (ii) good
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dye-sensitized solar cells [4], and (iv) powerful electronic relays in
enzyme mediated redox processes thanks to their electronic
properties [5]. Moreover, these compounds have also been shown
to display in vitro and in vivo cytotoxic properties against several
tumor cell lines at levels significant enough to consider them as
potential anticancer drugs candidates [6].

In the early stages of our investigations into their mode of action
against several cancer cell lines, it appeared that interactions with
DNA could be invoked to partially explain the apoptotic behavior of
cells treated with solutions of these compounds (at the pMol
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(micromolar) level). However, we had also found that direct coor-
dination of the DNA via any of its pair bases had to be ruled out: as
we used ruthenium compounds whose coordination sphere was
saturated, no free coordination sites being available on the ruthe-
nium center.

In particular, the ruthenium complexes [Ru(MeCN)(phen)
(PhPy)]'* (1, referred to as RDCI1 in the text) and [Ru(phen),
(PhPy)]'* (2, referred to as RDC34) (MeCN = acetonitrile;
Phpy = phenyl-pyridine; phen = 1,10-phenanthroline) have demon-
strated cytotoxic properties [6b]. Furthermore these complexes were
shown to interact with DNA by intercalation of the phenanthroline
ligand [7]. The addition of a second phenanthroline in RDC34 signif-
icantly increased the cytotoxicity. Also the modification of its Phpy
ligand by addition of NO; or NH; in the newly synthesized variants of
RDC34 [Ru(phen)y(NO,PhPy)]+ 6 (RDC40) and [Ru(phen),
(NH,PhPy)]'* 7 (RDC41) [6d ], improves significantly the water solu-
bility and eventually the cytotoxicity [6e].

Another aspect concerns the optical properties of the ruthenium
derived compounds (RDC), more particularly the quenching of
luminescence by concurrent electron transfer. This is the molecular

light switch effect potentially controlled by the environment as
discovered by Barton et al. for [Ru(bpy)x(dppz)]** (bpy = 2,2'-
bipyridine; dppz = dipyrido(3,2-a:2’,3’-c)phenazine) [8], complex
5 (RDNbpZ) in the present work. Despite the number of recent
experimental studies by means of various spectroscopic tech-
niques, the response of these metallo-intercalators to visible light is
far from being understood and rationalized. Theoretical works
dedicated to the electronic excited-state properties of this class of
ruthenium complexes taking into account the environment (sol-
vent, synthetic polynucleotide or DNA) are still scarce [9]. In a
recent article [10], we have proposed a detailed theoretical
study of the absorption spectroscopy of the two isolated
complexes [Ru(phen),dppz]*>* and [Ru(tap).dppz]** (tap = 1,4,5,8-
tetraazaphenanthrene) which exemplify the two extreme behav-
iors upon visible irradiation when intercalated in DNA, namely an
enhanced luminescence for the phen complex vs. a photo-induced
electron transfer for the tap substituted molecule [11].

The purpose of this joined experimental/theoretical study is to
investigate in details the structure and electronic spectra of a series
of newly synthesized RDC possessing a dipyridophenazine (dppz)
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ligand, a well known intercalator of DNA [12]. The optical proper-
ties of previously synthesized complexes which have proved
valuable for their cytotoxic properties are reported as well for
comparison. The complexes are represented in Chart 1. The ordinal
numbers are given for the sake of clarity of the different figures. In
the Results and discussion section the complexes will be referred
according to the RDC nomenclature of the published library [6d].

2. Experimental section

The experimental details for the synthesis and the character-
ization of the synthesized complexes are the same as those
described in a previous paper [6d]. The various starting materials
mentioned throughout were obtained according to published
procedures.

2.1. Synthesis of [Ru(dppz)(NCMe)x(2-PhPy)]" PFs (RDC11Z, 3)

To a solution of [Ru(2-Ph-2’-Py)(MeCN)4]PFg [13] in CHyCl; was
added dipyrido[3,2-a:2’,3’-c]phenazine (1 eq.) and the solution was
stirred and refluxed for 24 h. During this period, the color of the
solution changed from yellow to dark red. This solution was
concentrated in vacuo and the resulting solid was dissolved in
CH,Cl,, precipitated by the addition of pentane and washed with
pentane. The resulting dark red solid was collected and filtered over
Al;03 using CH3CN/CH,Cl; (10%) as eluent. A dark red fraction was
collected and was concentrated (and dried) in vacuum. Yield: 40%.

HRMS (ES, m/z): calculated for C3iHa4N7Ru: 620.114, found
620.115; calculated for (M — CH3CN) 579.087, found 579.087.

TH NMR (500 MHz, CDsCN, 300 K): 6 = 9.79 (dd, 1H, 3] = 5.3,
4 = 1.5 Hz), 9.54 (dd, 1H, 3] = 8, 4] = 1.5 Hz), 8.95 (dd, 1H, 3] = 7.9,
41=1.1Hz),8.32(dd, 1H, 3] = 7.3, % = 1 Hz), 8.27 (m, 2H), 8.21 (dd,
1H, %/ = 5.5, 4T = 1.1 Hz), 8.18 (dd, 1H, *] = 8, ¥ = 1.8 Hz), 8 (m, 2H),
7.92 (m, 2H), 7.59 (dd, 1H, 3] = 6, 4] = 1 Hz), 7.53 (ddd, 1H, 3] = 7.4,
31=9.7,4 = 1.3 Hz), 7.32 (m, 1H), 7.32 (m, 1H), 7.14 (ddd, 1H, 3] = 8,
4'=11Hz), 6.7 (ddd, 1H, 3] = 5.8, 3] = 74, Y = 1.3 Hz), 2.32 (s, 3H)
and 2.12 (s, 3H).

13C NMR (125 MHz, CD5CN, 300 K): 6 = 192.18, 169.56, 157.65,
153.68, 153.05, 152.36, 150.12, 146.77, 143.40, 143.33, 141.05, 140.85,
139.07,136.79, 133.21, 132.95, 131.50, 130.44, 130.38, 129.47, 128.16,
126.22, 126.04, 124.94, 123.02, 122.12, 121.78, 119.04, 118.29, 4.52,
419.

2.2. Synthesis of Ru(2,2'-bipy )(dppz)Cl,

[Ru(2,2’-bipy)(NCMe)sCl]*Cl~ + Ru(2,2’-bipy)(NCMe),Cl, were
synthesized according to a published procedure [9]. To a solution of
the mixture of these 2 compounds (100 mg) in 25 mL of acetone
was added dppz (69 mg, 1 eq.) and the solution was stirred and
refluxed for 15 h. During this period the solution changed color
from red to dark purple. The resulting solution was concentrated in
vacuum. Then the resulting dark purple solid was dissolved in
CHCl,, precipitated by the addition of pentane and washed with
pentane and acetonitrile.

2.3. Synthesis [Ru(2,2'-bipy)(dppz)(2-PhPy)]* PFs (RDCbpZ, 4)

Ru(bpy)(dppz)Cl, (187 mg, 0.3 mmol), phenylpyridine (43 pL,
0.3 mmol), tetramethylammonium hydroxide (108.8 mg, 0.6 mmol)
and AgPFs (227.55 mg, 0.9 mmol) were refluxed in dichloro-
methane (20 mL) for 24 h at 45 °C. The reaction mixture was
evaporated. The complex was purified by column chromatography
over Aly03, 10% CH3CN/CH,Cl, as eluent and concentrated in vac-
uum. A deep purple solid (mixture of two isomers) was obtained.
Yield: 20%.

2.4. Synthesis of [Ru(2,2'-bipy)(dppz)(2-PhPy)] " CF3SO3

A similar procedure in which AgPFg was replaced by the same
equivalent of AgOTf was used to obtain the derivative that afforded
mono crystals amenable for the X-ray diffraction study. The analyt-
ical data of this compound having an OTf (OTf = CF3S03) as counter-
anion, were the same as those of the PFg containing compound.

HRMS (ES, m/z): calculated for CsgHgN7Ru: 694.129, found
694.090.

TH NMR (500 MHz, CD5CN, 300 K): 6 = 9.43 (dd, 1H, 3] = 8.1 Hz,
41 = 1.4 Hz), 9.23 (dd, 1H, 3] = 8.1 Hz, ] = 1.4 Hz), 9.18 (dd, 0.5H,
3] =8.1Hz, 4 =14Hz),8.98 (dd, 0.5H, 3 = 8.1 Hz, %] = 1.4 Hz), 8.47
(d, 0.5H, 3] = 8.3 Hz), 8.43 (d, 0.5H, 3] = 8.3 Hz), 8.40 (dd, 1.1H,
3] = 5.4 Hz, % = 1.3 Hz), 8.36—8.29 (m, 5.7H), 8.25—8.19 (m, 1.6H),
8.16 (ddd, 1.1H, 3] = 7.6 Hz, 3] = 5.4 Hz, %/ = 1.1 Hz), 8.09—8.00 (m,
5.2H), 7.96—7.74 (m, 8.6H), 7.71-7.61 (m, 4.6H), 7.58 (dd, 1.2H,
3] =5.2Hz, 3 =82Hz), 744 (dd, 0.6H, 3] = 5.2 Hz, 3] = 8.2 Hz), 7.28
(m, 2.1H), 7.1 (ddd, 1.2H, 3] = 7.9 Hz, 3] = 6 Hz, ¥ = 1.2 Hz), 7.0 (ddd,
0.5H, 3] = 7.3 Hz, 3] = 5.8 Hz, 4 = 1.2 Hz), 6.94—6.85 (m, 4.1H), 6.82
(ddd, 1.1H, 3] = 7.3 Hz, 3] = 5.8 Hz, 4 = 1.2 Hz), 6.76 (td, 0.5H,
3] = 74 Hz, ] = 1.2 Hz), 6.51 ppm (m, 1.6H).

13C NMR (125 MHz, CD3CN, 300 K): § = 191.90, 167.39, 167.26,
157.80, 156.90, 156.73, 155.85, 155.10, 154.32,151.95, 151.72, 151.41,
151.02, 150.74, 150.64, 150.57, 150.37, 149.52, 148.84, 145.69, 142.43,
142.23,140.26,136.52,135.84, 135.64, 135.40, 135.24, 134.04, 133.90,
132.01,131.85,130.43, 130.24, 129.82, 129.69, 129.46, 129.37,129.29,
128.82,128.52,127.03,126.93, 126.45,126.30, 126.13, 124.17,123.53,
123.09, 122.97, 122.41, 122.25, 121.08, 118.94, 118.86 ppm.

Table 1
Crystallographic data for compounds 4 and 5.

Complex [Ru(bpy)2(dppz)]** [Ru(2,2'bipy)(PhPy)

(BF4)2 RDNbpz 5 (dppz)]"CF3S03
RDCbpz 4

Formula 2(C3g HagNgRu), 2(C39H26N7RU),

CH,Cl, 4(BF,) 0.5(C2F60652),
CF503S

Formula Weight 1823.64 1685.62

Crystal system Triclinic Monoclinic

Space group ‘P-1 ‘P21/c’

a(A) 13.389(2) 20.6179(8)

b (A) 17.165(3) 16.7207(6)

c (A) 21.207(4) 24.4317(7)

Alpha (°) 98.968(4) 90.00

Beta (°) 105.204(4) 124.580(2)

Gamma (°) 107.591(4) 90.00

V (A3) 4334.5(12) 6934.7(4)

Z 2 4

Density (g cm~3) 1.397 1.615

w(mm™1) 0.495 0.581

F (000) 1828 3408

Data collection

Temperature (K) 173(2) 173(2)

# (min—max) 2.50-27.38 1.20-27.52

Dataset [h, k, I] —17/17, —22/22, —26/26, —21/20,
-26/27 -31/23

Tot., Uniq. Data, R(int)

Observed data (>2a(I))

Refinement

N reflections, N parameters
R2, R1, wR2, wR1, Goof

Max. and Av.

51,038, 0.0447,
0.0693
12,340

19,831, 1048
0.1510, 0.1067,
0.3243, 0.2997,
1.095

0.000, 0.000

48,544, 0.0887,
0.1111
8313

15,928, 949
0.1764, 0.0945,
0.3087, 0.2516,
1.051

0.000, 0.000

2.5. Crystal structure determination of 4 and 5

The crystals were placed in oil, and a single crystal was selected,
mounted on a glass fibre and placed in a low-temperature N;
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stream. X-Ray diffraction data collection was carried out on a
Bruker APEX Il DUO Kappa-CCD diffractometer equipped with an
Oxford Cryosystem liquid N device, using Mo-Ka radiation (4 =
0.71073 A). The crystal-detector distance was 38 mm. The cell pa-
rameters were determined (APEX2 software) [14a] from reflections
taken from tree sets of 12 frames, each at 10 s exposure. The
structures were solved by direct methods using the program
SHELXS-97 [14b]. The refinement and all further calculations were
carried out using SHELXL-97 [14c]|. The H-atoms were included in
calculated positions and treated as riding atoms using SHELXL
default parameters. The non-H atoms were refined anisotropically,
using weighted full-matrix least-squares on F2. A semi-empirical
absorption correction was applied using SADABS in APEX2 [14a];
transmission factors: Tmin/Tmax = 0.8448/0.9715 for compound 4
and Tmin/Tmax = 0.9076/0.9430 for compound 5. For compound 4,
one triflate anion is disordered over two positions. For compound 5,
the SQUEEZE instruction in PLATON [14d| was applied. The residual
electron density was assigned to one molecule of dichloromethane.

2.6. Computational details

The geometrical structures of 1 [Ru(MeCN),(phen)(PhPy)]'+
(RDC11), 2 [Ru(phen)y(PhPy)]'* (RDC34), 3 [Ru(MeCN)(PhPy)
(dppz)]'* (RDCMZ), 4 [Ru(bpy)(PhPy)(dppz)]'* (RDCbpZ), 5
[Ru(bpy)2(dppz)]** ~ (RDNbpZ), 6 [Ru(phen)y(NO,PhPy)]'*
(RDC40), 7 [Ru(phen),(NH,PhPy)]'* (RDC41), (Chart 1), and
[Ru(phen)y(bpy)]** (RDN34), have been optimized in vacuum,
water, and acetonitrile, by means of density functional theory (DFT)
with the B3LYP functional [15,16]. The optimized bond lengths with
the PBE functional [17] lead to very small fluctuations (less than 2%)
of the Ru—N and Ru—C distances in RDC34 (see Table 2). Relativistic
pseudopotentials of Dresden/Stuttgart and associated valence basis
sets for ruthenium atom [18] have been used together with the 6-
31G** basis set for the first and second-row atoms [19]. The solvent
correction is based on the Polarized Continuum Model (PCM) [20]
with ¢ = 78.39 for water and ¢ = 36.64 for acetonitrile. This pro-
tocol has been validated for various Ru (II) complexes [21,9a,10].
The theoretical electronic vis/UV absorption spectra have been
obtained by means of time-dependent DFT (TD-DFT) method [22]
applying the solvent correction for water and acetonitrile. Eighty
singlet states have been computed for each calculated TD-DDFT
absorption spectrum. The calculations have been performed with
the GO3 quantum chemistry software [23].

3. Results and discussion
3.1. Synthesis and characterization

Among the library of available cyclometalated ruthenium
compounds that are known to display interesting antitumor ac-
tivity [6], we have chosen to study the electronic spectra of the
compounds gathered in Chart 1 in more details. As some of us have
already showed that RDC11 and RDC34 intercalate in DNA via the
phenanthroline ligand [7], we have synthesized 2 new complexes,
namely RDC11Z and RDCbpZ which derive from RDC11 and RDC34,
respectively, by substitution of the phenanthroline by the dipyrido
[3,2-a:2',3'-c|phenazine (dppz) ligand and the substitution of both
phenanthroline by a dppz and a bipy ligand.

RDC11Z was synthesized according to our classical procedure
[6b], i.e. via coordinating the dppz ligand on the tetrakis (acetoni-
trile) ruthenium (2-phenyl-2’-pyridine) cation. This led to the co-
ordination of one of the nitrogen atoms of the dppz at the position
trans to the carbon atom of the metalated 2-phenylpyridine ligand,
in accordance with what had been found for corresponding re-
actions where dppz was replaced by either a 2,2’-bipyridine or a

phenanthroline. The two remaining acetonitrile ligands on the new
product could not be substituted by 2,2’-bipyridine to obtain
RDCbpZ, thus we had to use a different strategy, analogous to the
one reported recently [24], in order to obtain this compound. It
required the synthesis, according to a procedure closely related to
that described by D.A. Freedmann et al. [25], of Ru(2,2’-bipyr-
idine)(dppz)Cl, followed by the cyclometalation of the 2-
phenylpyridine ligand to obtain heteroleptic trischelate ruthe-
nium derivatives. [Ru (n°-CgHg)Cl (u-Cl)], was first treated with
2,2'-bipyridine affording [Ru(n®-CgHg)(2,2’-bipyridine)CI]Cl

Table 2

DFT(B3LYP) bond lengths (in A) and bond angles (in °) calculated in vacuum,
acetonitrile and water in RDN34, RDC34, RDCbpZ and RDNbpZ (vacuum and
acetonitrile). When available the X-ray structures are reported for comparison.

Vacuum Acetonitrile® Water X-ray structure
RDN34 bond lengths
Ru—N; 2.113 2.105 2.106 -
Ru—N3 2111 2.101 2.101 -
Ru—Ny 2.113 2.105 2.105 -
Ru—Ns 2.111 2.101 2.101 -
Ru—Ng 2.099 2.089 2.089 -
Ru—N7 2.099 2.089 2.089 -
Bond angles
Ny—Ru—N3 78.0 78.4 78.4 -
Ny—Ru—Ns 79.2 79.3 79.3 -
Ng—Ru—N7 80.0 79.3 79.3 -
N>—Ru—Ng 92.7 89.1 88.9 -
N3—Ru—N4 92.7 89.0 89.0 -
Ns—Ru—N7 88.0 88.0 87.9 -
RDC34 bond lengths
Ru—N; 2.191 2.209 (2.182) 2.208 2.129
Ru—N3 2.100 2.109 (2.087) 2.109 2.080
Ru—Ny 2.085 2.093 (2.069) 2.093 2.077
Ru—Ns 2.078 2.085 (2.061) 2.087 2.059
Ru—Ng 2.109 2.113 (2.100) 2.112 2.069
Ru—C; 2.051 2.042 (2.046) 2.043 2.036
Bond angles
N,—Ru—Nj3 77.7 773 774 78.8
Ny—Ru—Njs 79.4 79.2 79.1 79.8
Ng—Ru—C; 79.3 79.3 79.3 79.3
No—Ru—Ny4 90.3 89.6 89.5 88.7
Ns—Ru—C; 89.5 90.1 89.8 94.1
Ng—Ru—N3 89.4 89.3 89.3 90.7
RDCbpZ bond lengths
Ru—N, 2.115 2113 2.113 2.089
Ru—N3 2.109 2.108 2.110 2.061
Ru—Ny4 2.082 2.085 2.086 2.042
Ru—Ns 2.209 2.203 2.201 2.126
Ru—Ng 2.090 2.094 2.094 2.040
Ru—C; 2.044 2.043 2.043 2.055
Bond angles
No—Ru—Nj3 76.8 76.9 76.9 779
N4—Ru—Ns 79.2 79.3 76.9 79.3
Ng—Ru—C; 79.0 78.3 78.3 79.7
No—Ru—Ny4 90.3 89.9 89.9 913
Ns—Ru—C; 89.4 89.8 89.6 94.7
Ng—Ru—N3 88.4 88.2 88.4 92.2
RDNbpZ bond lengths
Ru—N, 2.103 2.100 - 2.056
Ru—N3 2.113 2.106 - 2.068
Ru—Ny4 2.113 2.105 - 2.057
Ru—Ns 2.103 2.100 - 2.068
Ru—Ng 2.101 2.095 - 2.069
Ru—N7 2.101 2.095 - 2.071
Bond angles
N,—Ru—N3 88.4 88.2 - 87.5
N4—Ru—Ns 88.4 88.2 - 87.1
Ng—Ru—N; 89.3 88.7 — 92.7
Ny—Ru—Ny4 96.8 96.3 — 96.7
Ns—Ru—N7 77.9 78.2 - 79.8
Ng—Ru—N3 96.3 96.6 — 934

2 The values reported in parenthesis (RDC34) correspond to the bond lengths
calculated with the PBE functional.
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Scheme 1. Synthesis of Ru(bipy)(dppz)Cl,. Reaction conditions : (i) 2,2’-bipyridine(2.1 eq.), CH3CN, reflux 4 h; (ii) hv, 24 h. (iii) dipyridophenazine (1 eq.), acetone, reflux, 15 h.

(Scheme 1). The n®-benzene ligand of this latter compound was
then substituted by acetonitrile using a 400 W UV lamp to give a
mixture of [Ru(2,2’-bipyridine)(MeCN)sCl]Cl and [Ru(2,2’-bipyr-
idine)(MeCN),Cl,]. This mixture, refluxed in acetone in the pres-
ence of dppz [26], led to the formation of [Ru(2,2'-
bipyridine)(dppz)Cl,]. Treating this latter compound with AgPFg
and Ph-2-Py [27] in the presence of one equivalent of NMe4OH,
following a procedure described recently [6d], we obtained
reasonable yields of [Ru(2,2’-bipyridine)(dppz)(2,2’-PhPy)|PFgs in
the form of a mixture of 2 compounds. Indeed, 'H and *C NMR
spectra yielded two sets of signals of unequal intensities which
clearly reflected the presence of 2 isomers (2:1 ratio) that differ
from each other by the position of the metalated carbon atom of the
2-phenylpyridine ligand with respect to the other ligands: in the
one, it is trans to one N atom of the bipy while in the other it is trans
to one N atom of the dppz ligand (Scheme 2). All our efforts to
obtain each isomer in a pure form were vain as they both displayed
very close behaviors in solution. Also, we were unable to obtain
crystals for an X-ray diffraction analysis with this mixture of
compounds. However, the corresponding OTf derivative, obtained
by using AgOTf instead of AgPFg, did afford mono crystals suitable
for this kind of structure determination. We thus performed an X-
ray diffraction study on one of these crystals, the detailed results of
which are described in the next section. In short, we found that the
isomer that had crystallized was the one having the carbon atom of
the ortho-metalated phenyl ring trans to one N of the dppz ligand.
We did not check whether all obtained crystals were equivalent to
the one that was chosen for this study but it is likely that the second
isomer crystallized also, since the physico-chemical properties of

24 h.

N’ |
Ng
| prd

Scheme 2. Synthesis of two isomers of RDCbpZ, [Ru(bipy)(dppz)(2-Ph-2’-Py)]* PFs. Reaction conditions: (

both compounds are very much the same as will be shown in the
second part of this paper. In this context, we need to mention that a
closely related compound in which the dppz ligand was substituted
for a dppn ligand (dppn = benzo[i]dipyrido|3,2-a:2’,3’-c]phena-
zine) has been described very recently [28].

The synthesis of RDNbpZ (5) is detailed in the Supplementary
material. All these compounds were fully characterized by
different spectroscopies (NMR, mass and absorption spectroscopy)
and X-Ray diffraction analysis. The details are reported in the
Supplementary material for the newly synthezised cyclometalated
complexes RDC11Z (3) and RDCbpZ (4) as well as for RDNbpZ (5).

3.2. Structural properties

RDCbpZ. The asymmetric unit of the crystallographic cell con-
sists in 2 opposite enantiomers of A and A configurations, as they
clearly are each other’s mirror image. Analyzing one of these iso-
mers, it is readily apparent that the cyclometalation of the 2-
phenylpyridine has occurred as expected. Although the crystallo-
graphic evidence for the C atom identity vs. a N atom identity is
scarce, the large influence this carbon atom has on the lengthening
of the Ru—N bond trans to it ascertains to a degree our assignment
(see Suppl. material). The rest of the structure does not deserve
further comments as the geometric data, bond lengths and bond
angles, are all within expected values.

RDNbpZ. Although this complex has been known for decades
[29], it was surprising that no crystal structure had been reported
for it to date. We have thus performed this determination in order
to be able to compare the data to those of the geometric

2N \/N\

/ \N B
PFG

i) phenyl-2-pyridine (1 eq.), NMe4OH (1 eq.), AgPFs (2 eq.), CHxCly, reflux,
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Jmol
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RDCI1Z 3
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Fig. 1. DFT (B3LYP) optimized geometries of 1 [Ru(MeCN),(phen)(PhPy)]'* (RDC11), 2 [Ru(phen)y(PhPy)]'* (RDC34), 3 [Ru(MeCN)y(PhPy)(dppz)]'* (RDC11Z), 4
[Ru(bpy)(PhPy)(dppz)]'* (RDCbPZ), 5 [Ru(bpy)>(dppz)]'* (RDNbPZ) and [Ru(phen)(bpy)]** (RDN34).

optimization by DFT calculations, see below. However, it turned out
that the structural parameters of RDNbpZ were remarkably close to
those reported for many related molecules (we found 8 closely
related molecules characterized by X-ray diffraction studies) [30].
Thus our structural data are reported in the Supplementary
material.

The optimized geometries of the six complexes are depicted
in Fig. 1 and the corresponding calculated bond distances and
angles are reported in Tables 2 and 3. For RDC34, RDCbpZ, and
RDNbpZ the experimental data are reported for comparison. The
optimized geometry of the dicationic reference complex
[Ru(phen),(bpy)]** (RDN34) is reported in Table 2.

The global structures of RDC34 and RDN34 are very similar
despite the substitution of one nitrogen atom by a carbon atom in

RDC34. As expected we observe a shortening of the Ru—C; bond as
compared to the Ru—N; bond (2.051 A vs. 2.10 A) but we also
observe a 3.7% elongation of the Ru—N, bond trans to the Ru—C;
bond.

The optimized structures of the NO,Phpy and NH,;Phpy
substituted complexes RDC40 and RDC41 are very similar to the
one of RDC34 (see Supplementary material). The theoretical trends
agree rather well with the experimental observations. The solvent
corrections are very small, give similar values in water and aceto-
nitrile and never exceed 0.5% within the present model. For the
fully nitrogen substituted compound RDN34 the Ru—N bond
lengths are shortened by the solvent correction whereas the Ru—N
bonds are elongated in RDC34 due to a shortening of the Ru—C;
bond by 0.01 A. While the theoretical bond angles are in excellent
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Table 3
DFT(B3LYP) bond lengths (in A) and bond angles (in °) calculated in vacuum,
acetonitrile and water in RDC11 and RDC11Z.

Vacuum Acetonitrile Water
RDC11 bond lengths
Ru—N; 2223 2217 2219
Ru—N3 2.104 2.105 2.106
Ru—Ny4 2.031 2.030 2.032
Ru—Ns 2.020 2.022 2.023
Ru—Ng 2.106 2.104 2.104
Ru—C; 2.050 2.045 2.044
Bond angles
N—Ru—N3 77.3 77.5 77.5
N4—Ru—Ns 90.5 90.4 90.5
Ng—Ru—C; 79.4 79.5 79.5
N—Ru—Ng4 89.1 88.5 88.3
Ns—Ru—C; 88.7 89.6 89.9
Ng—Ru—N3 90.2 90.4 90.4
RDC11Z bond lengths
Ru—N, 2.219 2.211 2.211
Ru—N3 2.104 2.103 2.104
Ru—N4 2.028 2.032 2.033
Ru—Ns 2.019 2.022 2.023
Ru—Ng 2.110 2.104 2.105
Ru—C; 2.047 2.045 2.045
Bond angles
N,—Ru—Nj3 77.1 77.1 77.1
N4—Ru—Ns 90.6 90.0 90.5
Ng—Ru—C7 79.4 79.5 79.5
N>—Ru—N4 89.1 88.5 884
Ns—Ru—C; 88.6 89.3 89.7
Ng—Ru—N3 90.2 90.5 90.5

agreement with the X-ray structures, the theoretical bond distances
are systematically slightly overestimated with respect to the
experimental values but reproduce the trends and global structure
very well.

The substitution of a phen ligand in RDC34 by the dipyr-
idophenazine dppz ligand does not disturb drastically the structure
of the complex RDCbpZ. The Ru—N bonds of the dppz ligand are
slightly elongated with respect to the phen whereas the Ru—C;
bond length in trans to the dppz is shortened. As observed for
RDC34 and RDN34, the theoretical geometries are not very sensi-
tive to the solvent corrections.

The calculated bond lengths and bond angles of RDC11 and
RDC11Z are reported in Table 3. The X-ray structures of these
molecules are not available.

Similarly to RDC34 and RDCbpZ the Ru—N; bond trans to the C;
atom is drastically elongated to 2.22 A. The Ru—C; bond length of
~2.05 A is now comparable to the strong Ru—NCCH3 bond lengths
calculated at ~2.02—2.03 A. The solvent corrections are nearly
negligible. The same trends are observed in RDC11Z where the
elongation of the Ru—N; bond is slightly attenuated by the presence
of the dppz ligand.

The calculated geometries of the investigated complexes point
to a rather rigid structure whatever the environment is. The
calculated bond lengths are appreciably overestimated as they
usually are with the B3LYP functional [31]. The use of the BPE
functional leads to calculated bond length very similar to the one
obtained with the B3LYP functional as illustrated by the values
reported in Table 2 for RDC34. The introduction of a strong Ru—C
bond has a minor effect on the coordination sphere around the
metal atom (RDC34 vs. RDN34) keeping the Ru—N bond lengths
and bond angles similar, the only noticeable alteration being an
increase of the Ru—N> bond trans to the Ru—C bond. This Ru—N,
elongation is even more dramatic in the CH3CN substituted com-
plexes (RDC11 and RDC11Z) where two additional strong Ru—
NCCH3 bonds enhance this electronic effect. Whereas the poly-
pyridyl complex RDN34 shows a totally localized electronic struc-
ture with the 4dg, orbitals being the HOMO, HOMO — 1 and
HOMO - 2 and the LUMO, LUMO + 1, LUMO + 2 and LUMO + 3
corresponding to the m*ppy and m*phen Orbitals, the organometallic
complexes RDC34, RDCbpZ, RDNbpZ, RDC11 and RDC11Z point to a
significant delocalization of the electronic density between the
metal center and the phenyl-pyridine ligand as it is illustrated
(Scheme 3) for RDN34 and RDC34.

3.3. Electronic absorption spectroscopy

The experimental absorption spectra of the cyclometalated
complexes RDC34, RDC40, RDC41, RDCbpZ, RDC11, and RDC11Z
recorded in acetonitrile and depicted in Figs. 2—4 are characterized
by an intense band centered at 270 nm corresponding to a strong
absorption of the intra-ligand (IL) excited states and a weak ab-
sorption around 370 nm. This shoulder is more intense in the dppz-
substituted complexes (RDCbpZ, RDNbpZ, RDC11Z) and is hardly
detected in RDN34. The tail of the visible band extending towards
650 nm is another characteristic of the cyclometalated complexes
that absorb between 550 nm and 400 nm in the low-lying metal-
to-ligand-charge-transfer (MLCT) excited states. The visible band

(a)

(b)

Scheme 3. Kohn—Sham HOMO orbitals describing the metal—ligand interactions in RDN34 (a) and RDC34 (b).
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Fig. 2. Experimental absorption spectra of a) 2 [Ru(phen),(PhPy)]'* (RDC34) and
[Ru(phen),(bpy)]?** (RDN34); b) 6 [Ru(phen)(NO,PhPy)]'* (RDC40) and 7
[Ru(phen),(NH,PhPy)]'* (RDC41) recorded in acetonitrile.

maximum is red shifted in RDC34, RDC40, RDC41 and RDCbpZ with
respect to the polypyridinic analogs RDN34 and RDNbpZ.

As illustrated by previous theoretical studies performed on Ru
(1) polypyridyl complexes, the theoretical spectra of this class of
molecules are characterized by a high density of electronic states in
the visible/UV energy domain, a large mixing between MLCT/IL and
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Fig. 3. Experimental absorption spectra of 4 [Ru(bpy)(PhPy)(dppz)]'* (RDCbpZ)
recorded in acetonitrile and 5 [Ru(bpy),(dppz)]** (RDNbpZ) recorded in water.

ligand-to-ligand-charge-transfer (LLCT) states in the upper part of
the spectrum and a significant sensitivity to the environment of the
IL states localized on the dppz ligand [9a,10].

The solvent corrected TD-DFT transition energies (in CH3CN) of
the low-lying excited states of the four investigated complexes are
reported in Table 4 (RDC34, RDCbpZ) and Table 5 (RDC11 and
RDC11Z). The details of the one-electron excitations in the main
configuration are given in Tables S1, S2 and S3 (RDC40, RDC41) of
the Supplementary material. The main experimental absorption
bands are reported for comparison, as well as the theoretical
spectra of RDN34 and RDNbpZ (Table 4), the polypyridyl complexes
of reference.

The theoretical absorption spectra of the investigated com-
plexes are represented in Figs. 5—7 assuming a Gaussian inhomo-
geneous broadening of 2000 cm~! (FWHM) for each computed
electronic transition in order to roughly reproduce the appearance
of the experimental absorption bands.

The absorption spectra of the RDC complexes are red shifted
with respect to those of the RDN complexes with a tail between
500 nm and 600 nm assigned to low-lying MLCTppen and MLCTqpp;
in the dppz-substituted complex RDCbpZ. This extension to the red
is also observed in RDC11Z with contributions of MLCTqpp,
transitions.

The theoretical spectrum of RDC34 (Fig. 5a) exhibits a large
band between 545 nm and 420 nm corresponding mainly to
MLCTphen transitions with one intense peak centered at 496 nm
(Scheme 4a).

These features reflect the main characteristics of the experi-
mental spectrum measured in CH3CN. The upper MLCTppe, States
are contaminated by MLCTpppy and MC contributions. The shoulder
observed at 362 nm is attributed to a mixed MLCTpppy/MC/
MLCTpyp, state calculated at 369 nm (Scheme 4b). The upper part of
the theoretical spectrum of RDC34 starts at 287 nm slightly blue
shifted with respect to the experimental one (307 nm) with a series
of IL states localized either on Phpy (287 nm) (Scheme 4c) or on the
phen ligand (265 nm). These transitions contribute to the intense
absorptions observed at 285 nm and 270 nm. Other ILppen and ILpppy
states contribute to an intense band around 250 nm not detected
experimentally. Whereas the addition of an amino group NHj to the
Phpy ligand (RDC41) does not modify the electronic spectroscopy
(except for a small red shift of the visible band with respect to
RDC34 due to an increase in Tpnpy character of the HOMO), the nitro
group NO, (RDC40) induces a more significant perturbation
(Fig. 5b). Indeed, the lowest MLCTphen excited states are
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Fig. 4. Experimental absorption spectra of 1 [Ru(MeCN),(phen)(PhPy)]'* (RDC11), and
3 [Ru(MeCN),(PhPy)(dppz)]'* (RDC11Z) recorded in various concentrations of
acetonitrile.
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Table 4

Solvent corrected (CH3CN) TD-DFT transition energies (in nm and eV) of the low-
lying singlet excited states of RDC34, RDN34, RDCbpZ and RDNbpZ with signifi-
cant oscillator strengths (all excited states are reported in Table S1 of Supplementary
material).

Complex exp. bands  Character nm eV f
RDC34
544 MLCTphen 545 228 0.014
480 MLCTphen 496 250 0.17
MLCTphen 477  2.60 0.05
MLCTphen 464 2.67 0.04
MLCTphen 458 271 0.07
MLCl'phen/MLCTphpy/MC 447  2.77 0.03
MLCTphen/MLCTpppy/MC 438 2.83 0.07
362 MLCTpppy/MC/MLCTpypn 369 336 0.07
285 LLCTphpyphen/MLCTphen/ 287 431 0.06
ILl’hpy/lehen
ILphpy/LLCTphpyphen/ILphen 287 432 0.12
270 ILphen 265 4.68 0.15
ILphen 260 4.76 0.03
ILphen 258 4.81 038
ILphen/LLCTphpypyph 256 4.85 0.80
MLCTphenpy/MC/ILphpy 253 490 0.032
ILphpy 250 496 024
RDN34
450 MLCTppy/MLCTphen 442 280 0.022
MLCT}py/MLCTphen 439 282 0.020
MLCT phen/MLCTppy 427 290 0.045
MLCT phen/MLCTppy 426 291 0.088
MLCT}py/MLCTphen 423 293 0.1
MLCTphen 410 3.02 0.077
MLCTphen 395 3.14 0.074
MLCTppy 312 397 0.0642
290 ILbpy/MLCTphen/LLCTppy 281 441 022
MC/MLCTppen/ILbpy 280 443 0.146
270 ILphen 268 4.63 0.096
ILphen/MLCTphen 265 4.68 0.112
ILphen/LLCTppy 262 473 030
ILphen/LLCTppy 260 477 1.025
RDCbpZ
555 MLCTpp; 577 215 0019
MLCTqpp, 545 228 0.026
476 MLCTypy/MLCT gpp 503 246 0.142
MLCTapp,/MLCTppy/MC/ILphpy 455  2.72 0.119
MLCTqpp, 436 2.84 0.077
370 MLCTppy/MLCTpppy 376 330 0.067
350 /Wappz/LLCTdppz 340 3.65 0.202
MLCTqppz/LLCTappz/ILappz/llopy 294 422 0.146
LLCTdppz/ILapp 288 430 0.063
289 ILappz/MLCTgppz/LLC Tapp; 287 432 0729
ILphpy/ILdppz/MLCTdppz 287 433  0.691
MLCTgppz/MLCTphen 284 437 0.081
LLCTppy/Ippy/Iphpy 281 441 0.093
273 ILypy/LLCThpy 277 448 026
MLCT}py/MLCT gpp/MC/ 275 451 0.086
LLCTappz/ILdppz/ILphpy
ILappz/MLCThpy/MLCT dppz 259 479 0247
ILphpy/MC/MLCTpppy 258 4.81 0.050
RDNbpZ
454 MLCTgppz/MLCTppy 453 274 0.10
430 MLCT}py/MLCT gpp 415 298 0.124
MLCT}py/MLCT gppz 412 3.01 0.13
375 MLCTgpp. 370 335 0.06
MLCT4ppz/ILdppz 369 3.36 0.046
350 ILdppz 338 3.66 0.15
320 MLCTppy 310 3.99 0.06
290 ILappz/MLCTppy 296 4.18 0.87
ILappz/LLCTppy/Ippy/MLCTgpp, 292 425 034
ppy/MLCTppy/ILapp 290 4.27 0.12
270 ILppy/LLCT dppz/MLCTpy 279 445 0.29
ILppy/LLCT 4ppz/MLCTppy 277 448 061
MLCTqpp, 272 455 0.097
LLCTppy/ILdppz 266 4.66 0.1
ILappz/MLCT gpp, 263 472 0.3
MLCTqppz/ILapp: 260 4.78 0.193
MLCTqpp, 253 489 0.108

destabilized by the presence of low-lying MLCTno2 due to the sta-
bilization of the m* of this group in acetonitrile. The occurrence of
an intense peak at 490 nm in the spectrum of RDC40 (Fig. 2b) il-
lustrates this effect. The TD-DFT results obtained for RDC40 and
RDC41 are detailed in Table S3.

When replacing the Phpy ligand (RDC34) by a bpy ligand
(RDN34) (Fig. 5a) two important differences are observed: i) a
significant blue shift (~100 nm) of the visible part of the spectrum
accompanied by a large mixing between the MLCTphen and MLCTppy
states in RDN34,; ii) the disappearance of the double MLCTppen peak
structure observed in RDC34 replaced by a single intense absorp-
tion at 423 nm corresponding to a mixed MLCTppy/MLCTphen
transition.

The short wavelength parts of the spectra for RDC34 and RDN34
(Fig. 5a) are nearly identical with two sets of intense bands
centered at ~280 nm and ~260 nm. However, in the case of
RDN34, IL states that were nearly pure in RDC34 are now
contaminated by MLCT, MC and LLCT contributions.

The theoretical absorption of RDNbpZ (Fig. 6) can be compared
to that of RDN34 (Fig. 5a). The presence of the dppz m acceptor
ligand is responsible for a modest shift to the red, especially in the
UV energy domain. Indeed, two intense IL peaks observed at
~280 nm and ~260 nm in RDN34 are shifted to ~290 nm and
~278 nm in RDNbpZ and can be attributed to ILypy transitions with
contributions of LLCTgpp, and MLCTppy states. An additional
shoulder appears at ~260 nm in the theoretical spectrum of
RDNbpZ due to the presence of intense ILgpp, and MLCTqpp, tran-
sitions. Instead of MLCTppy/MLCTphen mixing observed in RDN34,

Table 5

Solvent corrected (CH3CN) TD-DFT transition energies (in nm and eV) of the low-
lying singlet excited states of RDC11 and RDCI1Z with significant oscillator
strengths (the whole theoretical absorption spectra are reported in Table S2 of
Supplementary material).

Complex Character nm ev f

exp. bands

RDC11

480 LLCTcNphen/MLCTphen 465 2.66 0.011

455 MLCT phen/LLCTcnphen 441 281 0.13

390 MLCTphpy/LLCTphpy/phpy 361 344  0.052
MLCTphpy/ILphpy/LLCTphen 353 351 0051

290 ILphpy/MC/MLCTen/ILen 288 431 0.121
ILcn/MLCTen/MC 264 469 0128
MLCT en/MC/ILen/Iphen/LLCTen 263 472  0.041
ILphpy/Iphen/MLCTpppy/MLCTen/ILey 261 475 0.19
MLCTen/LLCTen/Iphen/MLCT phen/ 260 478 0118
ILphpy/MC/ILcn
MC/MLCTphpy/ILphpy/MLCTcn/ILen/ 258 481  0.078
LLCTcn
MLCTpen/ILphen/MLCTcn/MC/ILey 256 483 0253
MLCT en/MC/ILen/MLCT piipy/ILphpy 251 493  0.09
LLCT phen/LLCTphpy/MLCTpppy/ILphpy 248 500  0.097

RDC11Z

475 MLCTapp. 533 2.32 0.021
MLCTdpp, 510 243 0012

430 MLCTgpps 455 272 0.051
MLCTapp, 432 2.86 0.139

380 MLCTphpy/ILphpy 347 357  0.057

352 LLCTdppz/MLCTappz/ILappz 339 366 0212

275 MLCT dpp/LLCTapps 298 416 0071
LLCT4ppz/MLCT 4pp/MLCT g 294 421 0051
ILphpy/LLCTdppz/MLCTappz 288 430 035
Iappz/1Lphpy/MC/MLCT oy 287 431  1.08
MC/MLCT cn/MLCTdppz/MLCTprpy 285 435  0.1264
ILphpy/MLCTdppz/LLCTappz/MLCTprpy/ 259 478 0.0954
MLCTcn
MLCTen/ILphpy/MC 259 4.78 0.0179
1Ldppz/LLCT 4ppz/MLCTdppz 258 480 03268

Wappe 256 484  0.0409
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Fig. 5. TD-DFT theoretical absorption spectra with solvent correction (acetonitrile) of
a) 2 [Ru(phen),(PhPy)]'* (RDC34) and [Ru(phen)y(bpy)*" (RDN34); b) 6
[Ru(phen),(NO,PhPy)]'* (RDC40) and 7 [Ru(phen),(NH,PhPy)]'* (RDC41).

the spectrum of the dppz substituted analog shows large MLCTqpp/
MLCTppy mixing in the visible energy domain with three intense
absorptions at 453 nm, 415 nm and 412 nm contributing to the
large band between 500 nm and 400 nm. The presence of a
shoulder at 350 nm is characteristic of the dppz complexes and
corresponds to the ILgpp, transition.

The experimental spectrum of RDNbpZ is well reproduced by
the TD-DFT calculations and can be interpreted unequivocally. The
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Fig. 6. TD-DFT theoretical absorption spectra with solvent correction (acetonitrile) of 4
[Ru(bpy)(PhPy)(dppz)]'* (RDCbPZ) and 5 [Ru(bpy)z(dppz)]** (RDNbPZ).

visible band between 500 nm and 400 nm is assigned to the lowest
MLCTgpp,/MLCTppy transitions. The shoulder at ~375 nm corre-
sponds to a pure MLCTqpp, state calculated at 370 nm. The intense
absorption bands observed between 300 nm and 260 nm cover the
series of IL, MLCT and LLCT transitions localized on the bpy and
dppz ligands and calculated between 296 nm and 253 nm. The
small peak at 320 nm corresponds to one pure MLCTppy state and
the absorption at 350 nm to the ILgpp, transition.

Whereas the comparison between the theoretical spectra of
RDN34 and RDNbpZ is straightforward this is not the case for
RDC34 (Fig. 5a) and RDCbpZ (Fig. 6). However we can extract
similar trends. Both spectra are characterized by a double peak
absorption in the visible energy domain calculated at 503 nm and
455 nm in RDCbpZ. Again the presence of bpy and dppz ligands in
RDCbpZ introduce large mixings among the low-lying MLCT states
as pointed out for RDN34 and RDNbpZ. RDCbpZ, as the other dppz
substituted complexes, presents a shoulder centered at ~350 nm
that does not appear in RDC34 and RDN34. This absorption has also
been observed in other ruthenium dppz complexes [11] and cor-
responds to an ILgpp, transition. This state may play an important
role in reversible electron transfer processes when the complex is
intercalated in DNA for instance [32,11]. In the case of RDCbpZ this
state is not pure and is altered by LLCT from Phpy to dppz.

The presence of various IL states, namely ILphen, ILphpy, ILppy and
ILapp in the upper part of the spectra of the four complexes leads to
very similar features with two series of strong absorptions around
290 nm nd 270 nm blue shifted to 280 nm and 260 nm in RDN34 by
the combination of the bpy and phen ligands.

The results obtained for RDNbpZ and RDCbpZ (Fig. 6) are in line
with those reported recently for [Ru(bpy)dppn]®>* and [Ru(Ph-
py)(bpy)dppn]* (dppn = benzo[i]dipyrido[3,2-a:2’,3'-c|phenazine)
with a modest red shift of the lowest MLCT states localized on the
dppn ligand with respect to the MLCTyypy states. Similarly to the
systems investigated here, the cyclometalated Phpy~ substituted
Ru (II) complexes show an important red shift of ~100 nm of the
MLCT transition when compared to the conventional polypyridyl
compounds [28].

Table 5 reports the solvent corrected (CH3CN) TD-DFT transition
energies of the most important low-lying singlet excited states of
RDC11 and RDC11Z. The complete theoretical spectra are reported
in Table S2. The theoretical spectra of the CN groups substituted
complexes do not differ drastically from the one reported for
RDC34 and RDCbpZ in Table 4. In agreement with the experimental
data the start of the absorption spectrum of RDC11 is blue shifted at
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Fig. 7. TD-DFT theoretical absorption spectra with solvent correction (acetonitrile) of 1
[Ru(MeCN),(phen)(PhPy)]'* (RDC11) and 3 [Ru(MeCN),(PhPy)(dppz)]'* (RDC11Z).
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Scheme 4. RDC34 electronic density variation associated to the (a) MLCTppen transition calculated at 496 nm (f = 0.1725), (b) mixed MLCTpppy/MC/MLCTpypn transition calculated at
369 nm (f = 0.0662) and (¢) ILpppy/LLCTpppyphen/ILphen transition calculated at 287 nm (f = 0.1158) (in blue decrease of density, in red increase of density). (For interpretation of the
references to color in this scheme legend, the reader is referred to the web version of this article.)

465 nm with respect to the one of RDC34 (545 nm) but the UV parts
of the two complexes are very similar. In contrast to RDC34 iden-
tified by pure low-lying MLCTppen states, significant contributions
of LLCT from the CN groups to the phen ligand characterize the
visible part of the spectrum of RDCI1. The blue shift may be
attributed to this LLCT/MLCT mixing. Similarly to the experimental
spectrum, the theoretical spectrum of RDC11 is distinguished by a
double shoulder between 400 nm and 500 nm (Fig. 4) with an
intense band calculated at 441 nm corresponding to a MLCTppen/
LLCTcnphen transition and another one centered at 357 nm. The
intense peak observed at 290 nm is attributed to the next transi-
tions calculated at 288 nm and 264 nm and corresponding to ILphpy
and ILcy with strong oscillator strengths.

The substitution of the phen ligand in RDC11 by a dppz ligand in
RDC11Z leads to a red shift of the visible absorption that starts at
533 nm and is followed by several shoulders calculated at 455 nm,
432 nm, 347 nm and 339 nm slightly blue-shifted with respect to
the experimental bands detected at 475 nm, 430 nm, 375 nm and
352 nm. Similarly to the other dppz substituted complexes the
visible part of the spectrum of RDC11Z is dominated by MLCTgpp,
transitions until the peak at 430 nm. In absence of bpy ligand there
is no mixing like in RDCbpZ and RDNbpZ. The first MLCTpppy state
is calculated at 347 nm, as compared to 447 nm in RDC34, with
moderate oscillator strength. In the experimental spectrum of
RDC11Z an intense peak is observed at ~275 nm. This solvent
dependent band, the intensity of which increases dramatically in
water, is attributed to strong transitions calculated at 287 nm and
258 nm of mixed characters but predominantly ILgppz. The ILphpy
transitions present in the same region of the absorption spectrum
are less intense.

Surprisingly, and within the limits of the present method, the
RDC complexes absorption spectra are not perturbed by the pres-
ence of low-lying MC reactive excited states. Their contributions are
minor in the visible part of the spectra of RDC34 and RDCbpZ and
in the UV part of RDC11. The first significant MC transition occurs at
285 nm in RDC11Z and is mixed with MLCTcn, MLCTgpp, and
MLCTpppy.

4. Conclusion

The synthesis of new complexes considered as interesting
anticancer drugs candidates with dppz ligands, optimal for inter-
calation in DNA, has been realized. It has been shown that the
structural properties of the RDC and RDN analogs are very similar
despite the substitution of one nitrogen atom by a carbon atom. As
expected, a shortening of the Ru—C bond as compared to the Ru—N
bond and an elongation of the Ru—C bond (>3%) are observed. The

Ru—N bond of the dppz substituted complexes are slightly elon-
gated with respect to the phen and the Ru—C bond trans to dppz is
shortened. These trends are well reproduced by theory eventhough
calculated bond distances are systematically overestimated with
respect to the experimental data, a general feature of DFT (B3LYP)
calculations. The theoretical geometries are not drastically affected
by the solvent correction and point to rather rigid structures. In
contrast to polypyridyl RDN complexes where the electronic
structure is totally localized either on 4dg, or on the low-lying
T*phpy, the organometallic RDC complexes point to an important
delocalization of the electronic density between the metal atom
and the phenyl-pyridine ligand. This characteristic may have con-
sequences on the photoreactivity of these complexes.

The absorption spectra of the RDC are very similar with an intense
peak centered at 270 nm, a shoulder at about 370 nm, more intense
in dppz substituted complexes, and a visible band between 550 and
400 nm characterized by a long tail until 650 nm. The maximum of
the visible band is red shifted in the RDC compounds with respect to
the spectrum observed for the conventional polypyridyl analogs. The
calculations reproduce these observed trends well.

From a detailed analysis of the theoretical spectra of the series of
complexes under investigation we may extract the following
important conclusions concerning this class of molecules: i) a high
density of electronic excited states in the visible/UV energy
domain; ii) an important mixing between IL/MLCT and LLCT higher
energy states; iii) the presence of low-lying MLCT states, the
character of which is very sensitive to the ligands, going from pure
MLCTphen to pure MLCTqpp, in dppz substituted complexes.

In the RDN analogs the low-lying MLCT states are largely mixed
in nature MLCTppy/phen OF MLCTqppz/bpy- Interestingly, there is no
systematic major contribution of MC and MLCTppypy excited states to
the visible band in the cyclometalated ruthenium complexes. The
dppz substituted complexes are characterized by the presence of a
shoulder at about 350 nm due to Ilgpp, transitions. This state could
play a key role in electron transfer processes when the complex is
intercalated in DNA. Further spectroscopic studies performed on
some of the complexes investigated here will aim at determining
the DNA/RDC interaction mode and its control on cytotoxic effects.
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