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Abstract: The photophysical properties of ruthenium(ll) com-
plexes of bidentate 2-[(alkylthio)methyl]pyridine (N,S) ligands
have been systematically investigated. The co-ligands in the
heteroleptic complexes were diimines (N,N ligands, e.g., bpy,
phen) or tripodal tetradentate tris(2-pyridylmethyl)amine (tpa).
Their X-ray structures revealed little variation in the Ru-S (2.31-
2.33 A) and Ru-N (2.06-2.11 A) bond lengths. Despite this, con-
siderable variation can be observed in the electrochemistry and
\spectroscopy measurements. The presence of the thioether sul-

fur donor results in a shift to a more positive potential of the
Ru?*/Ru3* process, and the absorption maxima are conse-
quently blueshifted in [Ru(N,N),(N,S)]** complexes compared
with the [Ru(N,N);]?* analogues. The [Ru(N,N),(N,S)]** com-
plexes display strong room-temperature emission from 3MLCT
states, governed by the N,N donors. This is corroborated by
low-temperature steady-state emission studies, which revealed
typical 3MLCT emission profiles and excited-state lifetimes of
around 5-10 ps.
J

Introduction

Ru complexes are widely used in coordination chemistry, for
photosensitizing and photocatalytic purposes, and as metallo-
enzyme models and building blocks for synthesizing complex
organic molecules and supramolecular constructs."! The o-do-
nating and m-accepting properties of a ligand will impact both
the photophysical and electrochemical properties of the result-
ing complex. If a long-lived excited state is required for photo-
sensitizing or probing purposes, chromophoric ligands become
a necessity. [Ru(bpy)s]1** (bpy = 2,2"-bipyridine) is the prototype
example with a prominent singlet metal-to-ligand charge-trans-
fer ("MLCT) electronic absorption band in the visible region,
long-lived (1 ps) 3MLCT emission, and reversible electrochemi-
cal properties.'>'®! The properties are routinely fine-tuned by
substitutions on the ligand backbone, for example, with elec-
tron-donating or -withdrawing groups.'®'®! The synthesis of
heteroleptic complexes, that is, complexes with different li-
gands, provides an ability to further adjust the electronic prop-
erties and add functionality to a complex.'*'®! |n addition to
the electronic effects, the geometric structure will also have an
impact on important properties. For example, bulky ligands
may preclude the formation of homoleptic complexes or de-
stroy emission properties by increased nonradiative decay
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rates.!? Although it is relatively easy to predict the properties
of homoleptic complexes based on the electronic properties of
the ligand, Lever's electrochemical series, and the spectrochem-
ical series, there are still many types of ligands the overall im-
pact of which on properties is not yet well understood,’ for
example, thioether ligands. Numerous reports of Ru complexes
with thioether motifs can be found in the literature, but very
few of those include a full photophysical characterization. Be-
cause thioethers are potential building blocks for further syn-
thesis and as model compounds, it is important to establish an
understanding of their steric and electronic properties and the
subsequent impact on their photophysical and -chemical prop-
erties.

In this paper we describe the use of a bidentate mixed N,S-
donor chelate, consisting of a pyridine and a thioether motif,
to form Ru" complexes. The properties of the N,S ligands were
studied in homo- and heteroleptic complexes built by the coor-
dination of one N,S donor and two chromophoric bipyridine
ligands. We also synthesized complexes with the nonchromo-
phoric tripodal ligand tris(2-pyridylmethyl)amine (tpa), which
features both a o-donating central amine and m-accepting pyr-
idines.l'®! Crystal structures revealed that the coordination of
the N,S ligand results in slightly irregular octahedral geometries.
Spectroscopic studies at room temperature and 80 K proved
that the small deviations from ideal geometries have little im-
pact on the emissive properties, but that the nonradiative de-
cay rates are slightly increased.

Results and Discussion

Synthesis

In this study we combined diimine (N,N) ligands [2,2'-bipyridine
(bpy), 4,4’-dimethyl-2,2’-bipyridine (dmb), or 1,10-phenanthrol-
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ine (phen)] with a chelating bidentate thioether-pyridine ligand
(N,S), namely 2-[(methylthio)methyllpyridine (1; Scheme 1), for
the preparation of heteroleptic tris complexes of the form
[Ru(N,N),(N,S)1**. To enable comparisons of the physical proper-
ties in the presence and absence of the chromophoric diimine
ligands, a homoleptic [Ru(N,S);]** complex of 1 was prepared
as well as the heteroleptic complex [Ru(tpa)(1)]%*, in which tpa
is the tripodal tetradentate ligand tris(2-pyridylmethyl)amine. In
addition, an extended version of ligand 1, 2-[(ethyl-
thio)methyllpyridine (2), was synthesized and used to form ho-
moleptic complexes.
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Scheme 1. Ligands used to form the Ru complexes reported herein.

The heteroleptic Ru complexes were prepared from
[RuCl,(dmso),] according to the procedure™ shown in
Scheme 2. In the first step, two dmso ligands were selectively
replaced by the bidentate N,S chelates to give the isolable com-
plexes [RuCly(dmso),(N,S)1.*2! In the second step, the remaining
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dmso and chloride ligands were replaced by two bidentate di-
imine ligands or tpa. Microwave irradiation was used to speed
up the reaction. All the complexes were isolated as hexafluoro-
phosphate salts. The synthesis of the tris-homoleptic
[Ru(N,S);]>* complexes followed the same basic procedure,
however, 3 equivalents of the respective ligand were added and
they were precipitated as perchlorate salts. The syntheses re-
ported here differ from the majority of preparations of mono-
nuclear ruthenium complexes with diimine ligands. Most begin
with the in situ reduction of RuCls, subsequent reaction with
the diimine ligand to give intermediate [Ru(N,N),Cl,] com-
plexes, followed by substitution of the chloride ligands.” This
procedure avoids the use of silver salts for the removal of chlor-
ide.5®) Under the conditions reported here, no scrambling or
loss of N,S ligands was detected.

Structures

Crystals suitable for X-ray crystallography were obtained for
[Ru(dmb),(1)I(PFe),, [Ru(phen),(1)I(PFe),, and  [Ru(2);1(Cl10O,),
(Figures 1 and 2). Selected bond lengths and angles are summa-
rized in Tables 1 and 2. In [Ru(2)5](ClO,),, the bidentate ligands
are arranged in a facial conformation and the Ru-S bond
lengths are slightly shorter (Ru-S, 2.31 A vs. 2.33 A) compared
with in the [Ru(N,N),(N,S)]>* complexes. In contrast the Ru-N
bond lengths are longer (2.12 A) in [Ru(2)5](CIO,), than any Ru-
N bond in the [Ru(N,N),(N,S)]** complexes. The coordination

N 2+
\ S & R R _l
o) o X S ’ $ S S
=8, | «C 1equv. Py s C,\f\| oCl 2equiv. N N \C;(,,,\| RURS
Ru’ > ‘Ru. > “Ru
\,s/ [ C  hotdimethyl sulfoxide \,s( | ™s—  N,N'=bpy, dmb, phen N e
07l CI YO R=Me(1)orEt(2) o’ ¢l

Scheme 2. Synthetic route employed to form the mono-thioether complexes.

\J0  ortpa (1 equiv.) : N'

Figure 1. Crystal structures of [Ru(dmb),(1)1(PFe), (left) and [Ru(phen),(1)](PF¢), (right). Anisotropic displacement parameters are drawn at the 30 % probability
level. Hydrogen atoms have been omitted for clarity.
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Figure 2. Crystal structures of [Ru(tpa)(1)1(PFe), (left) and [Ru(2)5](ClO,), (right). Unlabelled atoms are related by symmetry. Anisotropic displacement parameters
are drawn at the 30 % probability level. Hydrogen atoms have been omitted for clarity.

geometries are irregular octahedral for all complexes, with an-
gles for trans ligands ranging between 163 and 178°, with the
corresponding angles for cis ligands being 79 to 100°. The Ru-
S bond lengths are also similar to those reported for other
Ru(N,N),-thioether complexes.*a-4<4e7] Crystals were also pro-
duced for [Ru(tpa)(1)](PF¢), (Table 1, Figure 2) in which the sul-
fur donor of 1 is located cis to the tpa amine N. The longest
Ru-Np, bond length in this complex is observed trans to the
sulfur donor. The Ru-N bond lengths in [Ru(tpa)(1)](PFs), (2.07-
2.11 A) are longer than those reported for neutral [Ru(tpa)Cl,]

Table 1. Selected bond lengths [A] and angles [°] for [Ru(dmb),(1)1(PFe),,
[Ru(phen),(1)1(PF¢),, and [Ru(tpa)(1)]1(PFs),.

(2.03-2.06 A) and the dicationic [Ru(tpa)(MeCN),]** (2.04-
2.07 A)59 Kojima et al. reported crystal structures of
[Ru(tpa)(N,N)]**-type complexes in which the N,N ligands ap-
pear to cause more severe steric hindrance than the N,S ligand
used here, manifested in larger differences in bond lengths and
more distorted octahedral geometries.”! Another interesting
comparison for [Ru(tpa)(1)]?* is [Ru(tpa)(dmso)(Cl)]*, in which
the dmso is located either cis or trans to the amine N.['d55d]
When dmso is cis to the Nymines the Ru-S bond length is re-
ported to be either 2.24%% or 2.25 A9 whereas for the trans
isomer it is 2.27 A'9 These values are shorter than that ob-
served for the thioether-Ru bond in [Ru(tpa)(1)](PFe), (2.31 A).
The reasons for the discrepancies in bond lengths are most
likely a combination of steric effects (mono- vs. bidentate li-

[Ru(dmb),(DI(PFs),  [Ru(phen),(1](PFe) [Ru(tpa)MIPFel2  gands and ligand size) as well as differences in electronic prop-
Ru-S1 2.3262(8) 2.3280(16) 2.3347(10) erties and possibly crystal packing forces.[**8! The crystal struc-
Ru-N1 2.095(3) 2.100(5) 21010) tures reported here suggest no large impact on the photophysi-
Ru-N2 2.077(3) 2.061(4) 2.078(3) . .
RU-N3 2.06203) 2.072(5) 207203) cal properties caused by steric effects (see below).
Ru-N4 2.067(3) 2.072(4) 2.110(3)
Ru-N5 2.075(3) 2.086(4) 2.058(3)
N1-Ru-S1  82.03(7) 83.95(14) 81.51(9)
N1-Ru-N2  98.86(10) 96.56(18) 97.51(13)
N1-Ru-N3  176.95(10) 175.61(17) 178.05(14) Table 2. Selected bond lengths [A] and angles [’] for [Ru(2)51(CIO.),.
N1-Ru-N4  93.78(10) 91.61(17) 100.23(12)
N1-Ru-N5  89.08(10) 85.88(18) 98.46(12) [Ru()51(Cl04),
S1-Ru-N2  89.24(7) 91.98(13) 90.55(9) Ru-S1 2.3141(19)
S1-Ru-N3  98.42(8) 95.00(13) 97.24(10) Ru1-N1 2.119(6)
S1-Ru-N4  172.28(7) 171.25(12) 169.99(10) N1-Ru-S1 82.87(15)
S1-Ru-N5  94.73(8) 92.36(14) 89.27(10) N1-Ru-N1’ 92.0(2)
N2-Ru-N3  78.14(10) 79.19(18) 80.97(13) N1-Ru-51 171.90(15)
N2-Ru-N4  97.84(10) 96.02(17) 98.95(13) N1-Ru-N1” 92.0(2)
N2-Ru-N5  171.56(10) 175.22(18) 163.82(12) N1-Ru-5" 94.44(15)
N3-Ru-N4  86.12(10) 89.98(17) 81.26(13) S1-Ru-N1/ 94.44(15)
N3-Ru-N5  93.89(10) 98.44(18) 83.00(13) S1-Ru-S’ 91.25(7)
N4-Ru-N5  78.67(10) 79.78(18) 80.73(13) S1-Ru-N1" 171.90(15)
Eur. J. Inorg. Chem. 2016, 897-906 www.eurjic.org 899 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Electronic absorption spectra of [Ru(bpy),(1)1?*, [Ru(dmb),(1)]2
absorptivities measured in MeCN.

Electronic Absorption Spectroscopy

The electronic absorption data obtained in four different sol-
vents at room temperature are summarized in Table 3, and the
spectra in acetonitrile are shown in Figure 3. The [Ru(N,S);]>*
complexes exhibit almost identical absorption spectra between
200 and 800 nm, with no appreciable absorption in the visible
region. Their lowest-energy absorption bands display maxima
at around 325 nm (¢ = 10000 m~" cm™"). This band is not present
in the spectra of the free ligands and is thus attributed to a
metal-to-ligand charge-transfer (MLCT) process. The peak at
around 245 nm has been attributed to a -mt* intraligand transi-
tion based on previous assignments®d and the free ligand
spectra (see Figure S1 in the Supporting Information).

Table 3. Electronic absorption and electrochemical data for the complexes at
room temperature.?,

Eox® V] Amax [nm] Amax [nm]
vs. Fc+ (e M ecm™)) MeOH  CH,Cl, H,0
in MeCN

[Ru(bpy),(1)1** 1.05 432 (8.8) 434 433 437
[Ru(dmb),(1)12* 1.01 432 (9.0) 432 433 435
[Ru(phen),(1)1**  1.04 416 (12.1) 415 417 417
[Ru(tpa)(1)12* 0.89 371 (13.1) 370 370 370
[Ru(1)3]** 1.16 324 (9.9) 325 330 323
[Ru(2);]?* 1.24 325 (9.9) 325 326 324
[Ru(bpy)s]** 0.91'd 452 (13.0) 452 452 453
[Ru(dm )]Mcl 0.71'd 450 (17.0) 459 459 455
[Ru(phen);]?*ld 1.021 442 (18.4) - 447 448
[Ru(tpa)(dmso)ClI* 0.58!¢! =370t - =370 -

[a] Absorption wavelength maximum (4,,.,) are reported in four solvents and
molar absorptivities (¢) at the absorption band maxima in MeCN. [b] Electro-
chemical potentials (E,,) are reported vs. the ferrocenium couple. [c] Data
from Juris et al. unless otherwise noted.'®! [d] The original data were re-
ported vs. SCE, 380 mV has been subtracted to align with the ferrocene refer-
ence system. [e] From Weisser et al.l?

[Ru(tpa)(1)]** exhibits its lowest-energy maximum at 371 nm
(e = 13100 m cm™) and a high-energy shoulder at 310-
320 nm, a spectral shape very similar to that reported for
[Ru(tpa)(MeCN),]?*.9! These findings also appear consistent
with the spectrum of the above-mentioned S-bonded
[Ru(tpa)(dmso)(C)]* when the CI- is located trans to the tpa
amine nitrogen. Interestingly, when the dmso is located trans
to the amine nitrogen, the absorption band is significantly red-
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, [Ru(1)5]%*, and [Ru(2);]>* with associated molar

shifted.®@ A comparison between [Ru(tpa)(1)]** and
[Ru(tpa)(bpy)]** revealed that the bpy ligand induces a broader
absorption with a pronounced shoulder in the visible re-
gion.[Sb'Sf]

[RU(N,N),(N,S)1?* complexes exhibit the expected ligand-cen-
tered transitions in the UV region!™ and MLCT bands in the
visible region (Anax = 416-432 nm). They are blueshifted by
around 0.15 eV with respect to the parent [Ru(N,N);]>* com-
plexes,["®! but redshifted compared with the data reported by
Connick and co-workers for a set of complexes with bis-thio-
ether ligands combined with phenanthroline derivatives.!?
This suggests that the higher the number of S donors, the more
blueshifted the absorption spectra. This observation is also con-
sistent with the results for [Ru(N,S);]>* complexes. The molar
absorptivities are somewhat lower than the prototype
[Ru(N,N);1?* complexes, in line with what has previously been
observed for related complexes. 24!

Electrochemistry

The metal-centered Ru?*/3* oxidation process can be accessed
through electrochemical measurements and is expected to cor-
relate with the MLCT absorption such that a more blueshifted
absorption should correspond to a more positive oxidation po-
tential.

This is indeed what is observed here (Table 3). The
[Ru(N,S);]*>* complexes revealed quasireversible redox behavior
in acetonitrile, in which the expected metal-based oxidation oc-
curs at +1.16 and +1.24 V versus the ferrocenium couple
(Fc®*) for [Ru(1)5]?* and [Ru(2);]**, respectively. As suggested
by the absorption data, the Ru?*3* potentials for the
[RU(N,N),(N,S)1>* complexes are lower than those of [Ru(N,S);]**
but higher than the values for the analogous [Ru(N,N);]** com-
plexes, all of which is consistent with Lever's electrochemical
series. However, for the phen complex, the difference between
[Ru(phen),(1)]** and [Ru(phen);]?* is too small to be judged
significant, at variance with the typical UV/Vis absorption/oxid-
ation potential correlation. However, if we instead compare
what Connick and co-workers observed for their Ru bis-thio-
ether complexes, we observe a redshifted absorption and less
positive Ru?*/3+ oxidation potentials, in general agreement with

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



~
P

,\\;*ChemPubSoc
Drerttel Europe
10

EurIC

of Inorgariic Chemistry

Full Paper

0_

<
2
g -10
3 — [Ru(phen),(1)[(PFe),
- == [Ru(2)3](CIO,),
-20 -
-30x10°
T T I I T 1
05 0.0 0.5 1.0 15 2.0
Potential /V

Figure 4. Cyclic voltammograms recorded in MeCN (0.1 m TBAPF) for [Ru(phen),(1)1(PFs), and [Ru(2)3](ClO,), vs. Fc*. Ag/Ag™ (0.01 m AgNOs) was used as
the reference electrode and 0.1 m butylammonium hexafluorophosphate in MeCN was used as the supporting electrolyte. The scan speed was 0.1 V/s for

[Ru(2);](Cl0,4), and 0.05 V/s for [Ru(phen)? (1)1(PFe),.

the expected correlation between absorption and electrochem-
ical properties.#!

The Ru?*/3* wave for [Ru(tpa)(1)]** is observed at 0.89 V ver-
sus Fc®*, which is more positive than the values reported for
[Ru(tpa)(dmso)(CI* complexes® (0.58 V vs. Fc®*) and slightly
more positive than the 0.71 V reported for [Ru(tpa)(bpy)]**,>*!
which can again be understood in terms of the electrochemical
series.l?!

The reduction potentials of Ru-polypyridine complexes typi-
cally provide valuable information about the lowest unoccupied
molecular orbital (LUMO), which governs not only the reduction
potentials, but also, to a large extent, the excited-state proper-
ties.l"P4 Quasireversible or irreversible waves were observed
for all complexes when the negative potential range was
scanned. The unexpected irreversibility (possibly due to small
amounts of moisture in the solvents used) precludes a conclu-
sive assignment of which ligand is easiest to reduce, and there-
fore is also most likely to host a MLCT excited state. However,
an estimate can be obtained by comparing the CV data for
[Ru(2);]** with those obtained for [Ru(N,N),(N,S)]** complexes
and with the reported values for the [Ru(N,N);]>* reference
complexes (Figure 4)."® The result of such a comparison is that
the difference in energy is rather small. That, together with the
uncertainty associated with converting potentials reported ver-
sus a different reference electrode, precludes a conclusive as-
signment of the first reduced ligand. However, one can easily

1.0 — [Ru(bpy)2(1)](PFe)2
3 g ., oo [RUAmD)(1)IPFe),
S o8 = - [Ru(phen),(D](PFe),
i
=
9
£ 0.6
[ =
k)
2 044
g 0
[0}
°
8 024
©
E
S -
=z 00 T T T T T 1
550 600 650 700 750 800
A /nm

imagine that the extra electron can be more easily accommo-
dated on the N,N ligands than on the N,S ligand. Thus, we con-
clude that an N,N-localized 3MLCT state is the most probable
lowest excited state. This notion is also corroborated by the
observed emission spectra (see below).

Emission Properties

Visible-light excitation in deoxygenated MeCN, MeOH, H,0, and
CH,Cl, revealed intense emission from all the [Ru(N,N),(N,S)]>*
complexes, whereas the homoleptic complexes and
[Ru(tpa)(1)]** were nonemissive (see Figure 5 and Table 4). The
maximum emission wavelengths consistently agree well with
those reported for the corresponding [Ru(N,N);]%* complexes,
and thus the broad, unstructured emission observed has been
attributed to a diamine-localized 3MLCT state, consistent with
the electrochemical observations.'"™ The emission quantum
yields, determined by using [Ru(bpy)s]*>* as reference, are typi-
cally somewhat lower than those of the corresponding
[Ru(N,N)3]?* complexes. This is corroborated by time-resolved
emission experiments that revealed single-exponential excited-
state lifetimes of a few hundred nanoseconds, shorter than
those of the tris-N,N analogues, but long enough to support
the assignment of a 3MLCT state. The maximum emission wave-
length for [Ru(phen),(1)]** in acetonitrile is in good agreement
with what Al-Rawashdeh et al. have observed for bis-phen bis-
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Figure 5. Steady-state emission spectra of [Ru(bpy),(1)1(PFe),, [Ru(dmb),(1)]1(PFs),, and [Ru(phen),(1)1(PFs), at room temperature in neat MeCN (left) and in

MeOH/EtOH (1:4, v/v) glass at 80 K (right).
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thioether complexes.*a! However, their reported excited-state
lifetimes are shorter than those observed here, which suggests
that the nonradiative decay is higher in the bis-thioether com-
plexes.l4a!

Table 4. Electronic emission data for complexes in four different solvents at
298 K (n.a.: not available).

Amax [Nm] 7 [ns] P k [10% s Ky, [10°57]
MeCN
[Ru(bpy),(1)1%* 618 701 0.032 46 14
[Ru(dmb),(1)]%* 627 653 0.015 23 1.5
[Ru(phen),(1)]1%* 598 444 0.016 36 22
[Ru(bpy);]*+ 611 890 0.059 6.6 1.1
[Ru(dmb);]?*! 625 777 0.041 53 1.2
[Ru(phen);]2+! 604 460 0.028 6.1 2.1
MeOH
[Ru(bpy),(1)1%* 612 448 0.021 4.7 22
[Ru(dmb),(1)]%* 624 627 0.030 4.8 1.6
[Ru(phen),(1)1?* 595 222 0.010 45 45
[Ru(bpy);]*+ 609 720 0.045 6.3 13
[Ru(dmb);]2*<! 640 950 0.086 9.1 0.96
[Ru(phen);]2+2! 595 450 0.019 4.2 22
CH,Cl,
[Ru(bpy),(1)1%* 595 466 0.028 6.0 2.1
[Ru(dmb),(1)]%* 612 515 0.034 6.6 1.9
[Ru(phen),(1)]1** 582 133 0.009 6.8 7.5
[Ru(bpy);]2+d! 606 488 0.029 5.9 2.0
[Ru(dmb);]?*! 618 931 0.12 13 0.95
[Ru(phen);]?* n.a. n.a. n.a. n.a. n.a.
H,0
[Ru(bpy),(1)1** 624 570 0.030 53 1.7
[Ru(dmb),(1)12* 636 328 0.016 4.9 3.0
[Ru(phen),(1)1%* 602 925 0.054 5.8 1.0
[Ru(bpy);]>+! 626 630 0.043 6.8 1.5
[Ru(dmb);]?*! 631 335 0.014 4.5 29
[Ru(phen);]2*2! 604 900 0.058 6.4 1.1

[a] Data from Juris et al. unless noted otherwise.['” [b] Data from Ross et
al."% [c] In MeOH/EtOH. [d] Data from Caspar and Meyer.'"

The radiative and nonradiative rate constants for the com-
plexes studied in this paper were calculated from the excited-
state lifetimes and quantum yields (Table 4). The radiative decay
rates are unremarkable, whereas the nonradiative decay rates
are consistently higher than those of the reference complexes.
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A lower emission energy should manifest itself in a higher radia-
tive decay, as postulated in the energy gap law.”! However,
the small differences observed here seem to suggest a minor
perturbation of the photophysical properties by the N,S-donor
ligand itself rather than an emission energy dependence.

The low-temperature (80 K) emission experiments (Table 5
and Figure 5) revealed the expected well-resolved vibronic
structure and blueshift of the maximum emission wavelengths
compared with at room temperature.l'® Temperature-depend-
ent lifetime measurements (80-160 K) were performed for
[Ru(bpy),(1)1** and [Ru(dmb),(1)]>* and revealed the expected
behavior, that is, small differences in lifetime as long as the
samples are in a solid glass matrix, and once the glass-fluid
transition has occurred, the temperature dependence becomes
more pronounced (see Figures S2 and S3 in the Supporting
Information). Visible-light excitation of [Ru(1);]** in an MeOH/
EtOH glass at 80 K resulted in a very weak emission signal cen-
tered at around 570 nm that lasted for several ps. Owing to the
weak signal, it was not possible to determine the nature of the
weakly emissive state, however, the results are not inconsistent
with a very weakly emissive 3MLCT state.

Table 5. Emission data obtained at low temperature and spectral fitting pa-
rameters.

[Ru(bpy)o(1)1?*  [Ru(dmb),(1)1>* [Ru(phen)y(1)]2*  [Ru(bpy)s]?!
Aem [nm] 573 591 562 58200l
7 [us] 6.54 572 1.1 5.1
Eoo [em™] 17800 172501 17870 17200
Vi [em™] 620 7951 723 650
Ve [em™1] 1375 13501 1300 1350
Sm 095 0851 063 0.87
v [em™] 450 4009 420 N/A
S 146 142 057 097

[a] Data from Hammarstrém et al. unless otherwise noted.['?! [b] Data from
Watts et al.'®! [c] Simulated data, for an explanation see the text.

One way to gain more information about the factors govern-
ing the nonradiative deactivation of the 3MLCT state is to per-
form a spectral shape analysis (Table 5, Figure 6, and Figure S4
in the Supporting Information). This provides information about
vibrational modes coupled to the transition and geometric dif-
ferences between the ground and excited state. Following the
approach of Meyer and co-workers,°<'™*12] the |ow-tempera-
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Figure 6. Emission spectra for [Ru(bpy),(1)]?* (left) and [Ru(phen),(1)]?* (right) in MeOH/EtOH (1:4) at 80 K with the result of spectral analysis according to

Equation (1) overlaid.
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ture emission spectra can be fitted to a series of Gaussian
shapes, see Equation (1).

E 2 Ego-mygupg —npop ) (Sy™ |5 y
Eoo nyy! ny!

2
- _4ln2(E—E00+nMUM +nLUL]
v1/2

E is the emission energy, /(E) is the emission intensity, Eyg is the
wavenumber of the 0-0 electronic transition, vy, and v, are the
wavenumbers of relevant medium and low frequency vibra-
tional transitions, respectively, ny, and n are the corresponding
vibrational-state quantum numbers, v, is the full width at half
maximum (fwhm) of the Gaussians, and S,; and S, are the
Huang-Rhys factors quantifying the nuclear distortion between
the ground and excited states, with S; = 1,/v; in which 4, is the
reorganization energy and v; is the vibrational quantum
(Table 5). The details of the fitting procedure are outlined in
the Exp. Sect.

The extracted Ey, values are, as expected from Figure 5, very
similar. The values are also similar to that previously reported
for [Ru(bpy);]2+.['2! The distortion between ground and excited
states can be assessed by means of Huang—Rhys factors, which
should be smaller when the excess electron density is localized
over a larger ligand,["® which suggests that S, should be
lower for [Ru(phen),(1)]** than for [Ru(bpy),(1)]** with
[Ru(dmb),(1)]>* in between, and this is indeed what was ob-
served. The fact that the value of Sy, for [Ru(bpy),(1)]?* is higher
than that for [Ru(bpy)s]** further supports the conclusion that
the N,S donor causes the minor perturbation that increases the
nonradiative decay (see above). Furthermore, the similarity in
v, for [Ru(bpy),(1)1?* and [Ru(bpy)s]?* also corroborates the
previous assignments of a bpy-localized 3MLCT state. No rea-
sonable fit could be generated for [Ru(dmb),(1)]?>* due to a
high-energy shoulder present in the 80 K spectrum. Instead, a
simulation (see the Exp. Sect. for details) was performed. The
high-energy band could be well fitted to a Gaussian shape,
670 cm™' higher in energy and with a fwhm of 650 cm™’
narrower than the vibrational bands (795 c<m™) in
[Ru(dmb),(1)1?*. This is consistent with the high-energy band
arising from a 1-0 transition.l'¥

The low-temperature data and the spectral fitting combined
corroborates the preliminary conclusions from the electrochem-
ical and photophysical data obtained at room temperature; the
mixed N,S chelate is nonchromophoric but induces minor per-
turbation to the diamine-localized emissive 3MLCT state such
that the nonradiative decay is slightly increased compared with
the N,N complexes.

M

Conclusions

We have prepared heteroleptic Ru" complexes by using either
a mixed N,S donor ligand and chromophoric diimine ligands or
the N,S ligand and a tetradentate aminopyridine ligand. Crystal
structures revealed slightly distorted octahedral geometries
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with unremarkable bond lengths. The complexes absorb visible
light but at higher energies than typical Ru-polypyridine-type
complexes, and they exhibit strong 3MLCT emission at room
temperature as well as at 80 K. Comparison with well-known
homoleptic Ru'" complexes suggest that the absorption proper-
ties observed can be attributed to electronic differences rather
than steric effects. This is further manifested in the electro-
chemical properties, which follow the trends that can be ex-
pected based on Lever's electrochemical series. The nonradia-
tive decay rates were analyzed and it could be concluded that
the inclusion of the N,S donor induces a somewhat higher non-
radiative decay rate compared with typical polypyridine-Ru
complexes.

Experimental Section

Synthesis, Purification, and Analysis: 2-(Mercaptomethyl)pyr-
idine,['® [RuCly(dmso),],["”! [RuCly(dmso),(1)1,1"8 and tpale were
prepared according to previously reported methods. All other
chemicals were purchased from Sigma-Aldrich and used without
further purification. The ligand composition was determined by 'H
and "3C NMR spectroscopy.

Caution! Although no problems were encountered during the syn-
thesis of these complexes, perchlorate salts are potentially explosive
and should be handled with care and only prepared in small
amounts.

Physical Methods: ESI-MS spectra were recorded with a Bruker
microTOF-QIl spectrometer. Solution "H and '3C NMR spectra were
recorded with a Bruker 400 MHz spectrometer using tetramethylsi-
lane as internal standard. IR spectra were recorded with a Perkin-
Elmer Spectrum 65 spectrometer equipped with a universal ATR
sampling accessory. Cyclic voltammetry was carried out in dry sol-
vents using an Autolab PGSTAT 10 electrochemical system with a
platinum wire as the auxiliary electrode and Ag/Ag* (0.01 m AgNO5)
as the reference electrode. tert-Butylammonium hexafluorophos-
phate (0.1 m) was used as electrolyte and all potentials are given
versus the ferrocene/ferrocenium (Fc®*) redox couple (E;,, = 88 mV
vs. Ag/Ag*, AE = 75-80 mV). Scan rates were either 0.1 or
0.05 V/s. Elemental microanalyses were performed at the Depart-
ment of Chemistry, University of Copenhagen, Denmark.

X-ray Crystallography: Single-crystal diffraction data were meas-
ured by using a Bruker Nonius X8 KAPPA APEX Il CCD diffractometer
using graphite-monochromatized Mo-K,, radiation (1 = 0.71073 A,
50 kV, 30 mA, sealed tube). Data were collected and processed by
using the APEX2U'? suite of programs with applied multi-scan ab-
sorption correction using SADABS.2Y Initial models were obtained
with SHELXS-2013 by using direct methods and further refined
against F? by full-matrix least-squares methods using SHELXL-
2013.12" Hydrogen atoms were placed at calculated positions and
allowed to ride during refinement with C-H = 0.950-0.990 A and
Uiso(H) = 1.2 or 1.5U,4(C). Selected crystallographic data and refine-
ment details are presented in Table 6.

CCDC 1050679  {for  [Ru(dmb)5(1)](PFs),}, 1050680 {for
[Ru(phen),(1)1(PF¢),}, 1050681 {for [Ru(tpa)(1)1(PFs),}, and 1050682
{for [Ru(2)3](ClO,4),} contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre.

Photophysical = Characterization:  Spectrophotometric-grade
acetonitrile (>99.5 %, Sigma-Aldrich), methanol (>99.9 % Sigma-Al-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 6. X-ray crystallographic data for [Ru(dmb),(1)1(PFe),, [Ru(phen),(1)1(PFs),, [Ru(tpa)(1)1(PFes), and [Ru(2)s](ClO,), complexes.
[Ru(dmb),(1)1(PF¢), [Ru(phen),(1)1(PF¢), [Ru(tpa)(N)I(PFs), [Ru(2)31(ClO,),

Empirical formula C54H33F;,NsP5RUS C51H55F1,NsP5RUS Cy5H,7F1,NsP,RUS C,4H33CI,N305RUSS

M [g/mol] 898.69 890.63 820.58 759.68

Temperature [K] 150.0 150.0 150.0 100.0

Crystal system triclinic monoclinic monoclinic trigonal

Space group P1 P2,/n P2,/n P3c1

a [Al 7.8801(6) 9.8508(6) 12.9686(4) 10.5556(3)

b [A] 11.7985(9) 15.5970(9) 18.7961(6) 10.5556(3)

cAl 19.6163(15) 21.2508(14) 13.1345(5) 15.225(1)

a 7] 76.240(3) 920 90 90

Bl 83.984(3) 93.431(4) 100.348(2) 90

y [ 87.489(3) 920 90 120

Volume [A3] 1761.4(2) 3259.2(3) 3149.58(19) 1469.11(13)

Z 2 4 4 2

Ocalca, [Mg/mm?3] 1.695 1.815 1.731 1.717

Abs. coefficient 0.691 0.746 0.764 0.981

F(000) 904.0 1776.0 1640.0 776.0

Crystal color/shape Red/plate Red/plate Red/block Yellow/block

Crystal size [mm?3] 0.47 x 0.28 x 0.05 0.25 x 0.10 X 0.05 0.50 x 0.20 x 0.20 0.23 X 0.10 x 0.08

26 range for data collection [] 7.062-52.744 7.296-52.744 7.228-52.744 4.456-60.998

Index ranges -9<h<s, -12<h<11, -16 <h <13, -15<h <14,
-14 <k <14, -19<k<17, -22 <k <23, -15 <k <15,
-22</<24 -26<1<26 -16</<16 21 << 21

Reflections collected 31047 109905 34195 38396

Independent reflections (Ri,) 7014 (0.0327) 6532 (0.1171) 6369 (0.0283) 2982 (0.0336)

Data/restraints/parameters 7014/0/474 6532/0/470 6369/0/416 2982/1/125

GooF on F? 1.083 0.932 1.126 1.363

Final R, (F)®2 [I > 20()]/wR,(F?)!! 0.0407/0.0958 0.0576/0.1339 0.0459/0.1016 0.0439/0.0982

Ry@/wR,(FA)®! (all data) 0.0518/0.1031 0.1267/0.1660 0.0604/0.1111 0.0451/0.0986

Flack parameter - - - 0.018(11)

Largest diff. peak/hole [e/A3] 0.95/-0.78 1.02/-0.70 0.0604/0.1125 0.85/-0.73

(@] Ri(F) = 2(||Fo| ~ |F)/ZIFol- o] wRy(F?) = {EIw(Fs* ~ FA)V/ZIW(F) 112

drich), and dichloromethane (>99.5 % Sigma-Aldrich) were used as
received. Water was filtered through a Milli-Q water purification sys-
tem (Millipore) to a resistance of 18 MQ/cm. The Ar gas used for
deoxygenation purposes was obtained from AGA Gas AB Sweden.

UV/Vis absorption spectra between 200 and 800 nm were recorded
with a Varian Cary 5000 UV/Vis-NIR spectrophotometer. Molar ab-
sorptivities were determined by linear regression from a set of 10
samples with different concentrations.

Steady-state emission experiments were carried out by using a SPEX
Fluorolog-3 spectrofluorimeter (Jobin-Yvon Spex) with a R928 pho-
tomultiplier tube. Excitation light of 450 nm was obtained by using
a 450 W xenon lamp and the emission spectra were recorded be-
tween 460 and 840 nm with absorbance adjusted to around 0.1 at
the excitation wavelength. Emission quantum yields, @, were calcu-
lated in the wavenumber domain with [Ru(bpy)s]ICl, in acetonitrile
as reference by using Equation (2).

D = Dper X Agef/A X [IV)dV/[Ire¥)dv X 17%Rer/1? )

Ais the absorbance at the excitation wavelength, [I(v)dv is the emis-
sion intensity, and 7 is the refractive index. Time-resolved emission
experiments were carried out by using a time-correlated single pho-
ton counting (TC-SPC) set-up. The excitation light was provided by
a 405 nm diode laser (model LDH-P-C-405) and a PDL 800B pulsed
diode driver (Picoquant, GmbH Germany), which was triggered by
using a DG645 digital delay generator (Stanford Research Instru-
ments). The emitted photons were collected by a thermoelectrically
cooled microchannel plate photomultiplier tube (R3809U-50, Hama-
matsu). The signal was digitalized by using a multichannel analyzer
(SPC-300, Edinburgh Analytical Instruments) with 1024, 2048, or
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4096 channels depending on the count rate to reduce count time
and avoid potential photodegradation. The emission was recorded
at the corresponding emission intensity maximum (4.,) determined
from the steady-state emission experiments until 10000 counts
were collected in the top channel. The emission decay curves of
the samples were fitted by using the FlouFit?¥! software. Low-tem-
perature TC-SPC were recorded until 2000 counts in the top channel
were recorded over a time window of 50 ps with 512 channels at a
repetition rate of 20 kHz. All low-temperature absorption and emis-
sion spectroscopic analyses were performed in a liquid-nitrogen-
cooled cryostat (Optistat, Oxford instruments) controlled by an in-
telligent temperature controller (ITC4, Oxford instruments). All the
above spectroscopic measurements were performed in 1x 1 cm
quartz cells at room temperature, unless otherwise noted. Samples
for steady-state and time-resolved emission measurements were
purged with argon for 15 min prior to experiments, and the absorp-
tion spectra were recorded prior and subsequent to excitation to
ensure the integrity of the sample. Radiative (k;) and nonradiative
(kn,) rate constants were calculated by using the following relation-
ships: k, = @/t and k,, = (1 - @)/t.

Spectral Fitting: The spectral fitting was carried out by using an
in-house Matlab® program with nonlinear multidimensional minimi-
zation of the difference between the experimental and calculated
spectra. From visual inspection of the spectra, a good initial approx-
imation of several parameters can be extracted: vy, is taken as the
spacing in the vibrational structure of the emission spectra, Sy, is
reasonably represented by dividing the intensity of the first and
second vibrational feature, and Ey, is approximately at the high-
energy end at fwhm of the first vibrational peak. These parameters
were extracted by the program and used as initial guesses, allowing

9204 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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them to float by a factor of +/-1.25, whereas v, was constrained
between 400-500 cm™' and S, between 0-4, as seen for other diim-
ine complexes in the literature.l'#22!

2-(Methylthiomethyl)pyridine (1): 2-(Mercaptomethyl)pyridine
(15.5 g, 0.12 mol) and Et3N (1.1 equiv., 0.13 mol, 13.8 g, 19.2 mL)
were dissolved in MeCN (25 mL) and cooled to 0 °C whereupon a
solution of Mel (1.1 equiv., 0.13 mol, 19.4 g, 8.5 mL) in MeCN (20 mL)
was added dropwise. The reaction mixture was allowed to slowly
warm to room temperature and stirred overnight whereupon the
solvent was evaporated under reduced pressure leading to a mix-
ture of 2-(methylthiomethyl)pyridine and triethylamine hydroiod-
ide. The mixture was triturated with EtOAc (100 mL) and filtered to
remove EtsN-HI. The solvent was evaporated under reduced pres-
sure to give a yellow oil, which was dissolved in CH,Cl, (100 mL)
and washed with dilute aqueous NaOH (50 mL, 0.4 m). The organic
phase was separated, dried with MgSO,, and evaporated to yield
2-(methylthiomethyl)pyridine as a clear liquid, which was further
purified by vacuum distillation (12.10 g, 0.09 mol, 70.10 %). "H NMR
(400 MHz, CDCl3): 6 = 8.49 (dq, J = 49 Hz, 1 H), 7.61 (td, J = 7.7,
1.9 Hz, 1 H), 7.31 (ddd, J = 7.8, 4.8, 1.2 Hz, 1 H), 7.11 (t, J = 7.2 Hz,
1 H), 3.75 (s, 2 H), 2.01 (s, 3 H) ppm. "*C NMR (100 MHz, CDCl5): 6 =
158.62, 149.29, 136.69, 123.00, 121.89, 40.10, 15.17 ppm.

2-(Ethylthiomethyl)pyridine (2): Synthesized analogously to com-
pound 1 but by using ethyl iodide. Purified by short-path vacuum
distillation to yield a colorless liquid (42.8 %). "H NMR (400 MHz,
CDCls): 6 =847 (d, J=5.0Hz 1 H), 759 (td, J = 7.7, 1.8 Hz, 1 H),
732 (d,J=7.1Hz 1 H),7.10 (ddd, J = 7.5, 49, 1.2 Hz, 1 H), 3.79 (s,
2 H), 246 (q,J=7.4Hz, 2 H),1.18 (t, J = 7.4 Hz, 3 H) ppm. '3C NMR
(100 MHz, CDCl5): 6 = 159.02, 149.23, 136.66, 123.00, 121.81, 38.83,
25.61, 14.45 ppm.

[Ru(bpy)(1)1(PFg);: [RuCly(dmso),(1)] (100.0 mg, 0.21 mmol) and
2,2"-bipyridine (66.8, 0.43 mmol, 2 equiv.) were suspended in glyc-
erol (10 mL) and the reaction mixture was irradiated in a microwave
at 200 °C for 20 min. The resulting dark-red solution was immedi-
ately poured over ice-cold saturated aqueous NH4PFg (5 mL). The
precipitate was collected by centrifugation, re-suspended in H,O
(5 mL) followed by filtration and additional washing with H,O
(5 mL) to remove residual NH,PF¢. To remove residual glycerol the
product was purified by dissolution in CH3CN followed by careful
addition of EtOH. The product was precipitated at —40 °C and fil-
tered through a glass frit funnel, washed with abs. EtOH, and air-
dried to give the product as a red/brown powder to give a red-
orange powder (138.2 mg, 0.16 mmol, 78.1 %). FTIR (ATR diamond
anvil): ¥ = 1466 (w), 1447 (w), 836 (s), 763 (m), 732 (w), 557 (m) cm™".
MS (ESI, MeCN, pos. mode): calcd. (found) m/z = 269.03 (269.03,
[Ru(bpy)s(1 - CH3)I2*, CoyHasF1oNsP, 60 %), 276.55 (276.54,
[Ru(bpy),(1)13*, C57H,5NsRUS, 20 %), 285.05 (285.05, [{Ru(bpy),(1)F+
+ OHT?*, CyyH,6NsRUSO, 100 %), 572.07 (572.08, [{Ru(bpy),(1 —

CHy)B* + 20HTY, CueHpaNsO2, 22%), 698.05 (698.04,
[{Ru(bpy),(1)12* + PFsT*, Co7H,sFeNsPRUS, 27 %), 715.05 (715.07,
{Ru(bpy),(1)} + OH + PFgT, CyHaeFsNsOPRUS, 66 %).

Cy7H25F12NsP,RUS (842.59): caled. C 38.49, H 2.99, N, 8.31; found C
39.88, H 2.69, N 8.89.

[Ru(dmb),(1)1(PF¢),:(CH5),CO: Prepared analogously to
[Ru(bpy),(1)1(PFe), but by using 4,4’-dimethyl-2,2"-bipyridine to give
the product as an orange powder (153.5 mg, 0.16 mmol, 76.4 %).
Recrystallization from acetone gave X-ray quality single crystals.
FTIR (ATR diamond anvil): ¥ = 1618 (m), 1480 (w), 1239 (w), 820 (s,
br), 554 (s), 526 (m) cm™'. MS (ESI, MeCN, pos. mode): calcd. (found)
m/z = 297.07 (297.06, [Ru(dmb),(1 - CH3)]2*, C3oH30NsRUS, 20 %),
304.58 (304.57, [Ru(dmb),(1)]2*, Cs;Hs3NsRuS, 18 %), 327.06 (327.10,
[{Ru(dmb),(1) - H} + 2Na*]?**, Cs;H3,NsNa,RuS, 88 %), 754.11
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(754.11, [{Rudmb),(1)} + PFs1*, CsiHssFeNsPRUS, 34 %), 799.09
(799.16, [{Ru(dmb)5(1) — H} + 2Na* + PFs1*, CsyHsoFsNsNa,PRUS,
100 %). Cs4H3oF1,NsOP,RUS (956.78): calcd. C 42.68, H 4.1, N 8.94;
found C 42.97, H 3.68, N 8.18.

[Ru(phen),(1)1(PF¢),: Prepared analogously to [Ru(bpy),(1)1(PFe),
but by using 1,10-phenanthroline to give an orange powder
(132.0 mg, 0.15 mmol, 70.6 %). Recrystallization from acetone gave
X-ray quality single crystals. FTIR (ATR diamond anvil): ¥ = 1427 (w),
835 (s, br), 776 (w), 722 (w), 556 (m) cm~'. MS (ESI, MeCN, pos.
mode): calcd. (found) m/z = 321.05 (321.05, [{Ru(phen),(1)} + H,O
+ Na*]2*, C3;H,,NsNaORuS, 98 %), 497.06 (497.01, [{Ru(phen)(1)} +
H,0 + MeCN + OHT*, CyHa3N,O,RUS, 100 %), 515.07 (515.02,
[{Ru(phen)(1)} + 2H,0 + MeCN + OHI*, Cy;H,sN,4OsRuUS, 74 %),
787.08 (787.07, [{Ru(phen),(1)} + MeCN + PF41*, Cs3H,gFsNgPRUS,
78 %). CsqH,sF1,NsP,RUS (890.64): calcd. C 41.81, H 2.83, N 7.86;
found C 42.46, H 2.69, N 7.66.

[Ru(tpa)(1)1(PF¢),: Prepared analogously to [Ru(bpy),(1)1(PFs), but
by using tris(2-pyridylmethyl)amine to give an olive-green powder
(138.2 mg, 0.17 mmol, 80.2 %). Recrystallization from acetone gave
X-ray quality single crystals. FTIR (ATR diamond anvil): ¥ = 1606 (w),
1480 (w), 1448 (m), 1161 (w), 992 (w), 829 (s), 768 (s), 558 (s), 508
(m) cm™'. MS (ESI, MeCN, pos. mode): calcd. (found) m/z = 258.04

(258.04, [Ru(tpa)(1 - CH3)]2*, CyuH24aNsRUS, 72 %), 265.55
(265.55, [Ru(tpa)(1)]>*, CysH,sN<RuS, 43 %), 550.09 (550.10,
[Ru(tpa)(1 - CH3) + 20HT*, CyuHo6NsO,RUS, 100 %), 676.07
(676.06, [{Ru(tpa)(1)} + PFg1*, CosHasFgNsPRUS, 19 %), 736.08
(736.13, [Ru(tpa)(1 - CHs) + MeCN + 20H™ + PFsT,

C,6H20FsNO,PRUS, 17 %). Cy5H,7F1oNsP,RUS (820.59): caled. C 36.59,
H 3.32, N 8.53; found C 37.00, H 3.15, N 8.55.

[Ru(1)51(C10,4),-H,0: [RuCly(dmso),] (345.2 mg, 0.71 mmol) and 2-
(methylthiomethyl)pyridine (300.0 mg, 2.14 mmol, 3 equiv.) were
dissolved in abs. EtOH (75 mL). AgNO; (255.6 mg, 1.50 mmol,
2.1 equiv.) was added and the reaction mixture was heated at reflux
for 2 h followed by stirring at room temperature for 48 h. The pre-
cipitated AgCl was removed by filtration through Celite and the
solvent was removed in vacuo to give an orange oil, which was
dissolved in H,O (15 mL). The product was precipitated by the slow
addition of a saturated aqueous solution of NaClO,, collected by
filtration, and washed with ice-cold H,0 (3 x5 mL) to give a tan-
yellow powder after drying (220.0 mg, 0.29 mmol, 42.1 %). FTIR (ATR
diamond anvil): ¥ = 1603 (w), 1473 (w), 1435 (m), 1075 (s, br), 975
(m), 767 (m), 753 (m), 623 (s) cm™". MS (ESI, MeCN, pos. mode):
caled. (found) m/z = 25201 (252.01, [{Ru(1);} - CH3J*,
CyoH24N3RUS3, 100 %), 259.52 (259.52, [Ru(1)3]%*, CyqHy7N3RuSs,
75 %), 348.94 (348.94, [{Ru(1 - CHs),} — HI*, Ci,H;1N;RUS,, 9 %),
363.96 (363.97, [{Ru(1)(1 — CH3)} - HI*, Cy3H14N,RUS,, 37 %), 478.94
(478.94, [{Ru(1)} + ClO, 1%, Ci4Hq8CIN,O4RUS,, 12 %), 501.93
(502.02, [{Ru(1),} + ClO,~ + Na*I*, C;4H,5CIN,NaO,4RuUS,, 6 %), 517.93
(518.03, [{Ru(1),} + CIO4~ + Na* + OI*, C;4H;5CIN;NaOsRuS,, 5 %),
617.88 (617.99, [{Ru(1),} + ClO, + Nat + OHT*
Cy4H19C1,N;NaOgRuS,, 6 %). Cy1H,9ClN3OgRUS; (735.63): € 34.29, H
3.97, N 5.71; found C 33.91, H 3.38, N 5.62.

[Ru(2)3](Cl0,4),-H,0: [RuCl,(dmso),] (309.9 mg, 0.64 mmol) and 2-
(ethylthiomethyl)pyridine (294.0 mg, 1.92 mmol, 3 equiv.) were dis-
solved in abs. EtOH (50 mL). AgNO; (228.3 mg, 1.34 mmol,
2.1 equiv.) was added and the reaction mixture was heated at reflux
for 2 h followed by stirring at room temperature for an additional
48 h. The precipitated AgCl was removed by filtration through Celite
and the solvent was removed in vacuo to give a red oily mass,
which was dissolved in H,O (10 mL). The product was precipitated
by the addition of a saturated aqueous solution of NaClO,, collected
by filtration, washed with H,O (2 x 5 mL), and air-dried (323.7 mg,

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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0.41 mmol, 65.0%). Recrystallization from acetone gave X-ray
quality single crystals. FTIR (ATR diamond anvil): ¥ = 1602 (w), 1475
(w), 1440 (w), 1162 (w), 1083 (s, br), 762 (m), 712 (w), 623 (s), 440
(w) cm™". MS (ESI, MeCN, pos. mode): calcd. (found) m/z = 251.51
(251.50, [{Ru(2 - CH3)5(2 - CH,CH3)} + H*1?*, CyoH23N3RUSs, 40 %),
266.03 (266.02, [{Ru(2)(2 - CHs);} + H*12*, CooH,gNsRUSs, 100 %),
280.55 (280.54, [Ru(2)s]2*, C,4H3sNsRuSs, 45 %), 350.02 (349.96,
[{Ru()} + 3H,0 + MeCNI*, CyoHoN,05RUS, 27 %), 507.00 (506.97,
[{Ru(2 - CH;)(2 - CH,CHs),} + H* + H,01*, CoH55N50RUS;, 9 %),
530.05 (530.05, [{Ru(2 - CH,CH5)(2),} - 2H*T*, CooHa6N3RUSs, 7 %),
560.08 (560.08, [{Ru(2)3} — H*1*, Cp4H3oN5RUSS, 3 %), 660.04 (660.03,
[{Ru(2)s} + ClO41%, Cy4H33CIN3O4RUSs, 5 %). CuaH3sClLN3OgRUSS
(777.71): C 37.07, H 4.54, N 5.40; found C 36.68, H 3.97, N 5.40.
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