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Synthesis, electronic and photophysical
investigations of ruthenium(i)-centred
heterometallic Kuratowski complexes which
feature redox-active metal centresf

Wiebke G. RehfuR,? Andreas Kalytta-Mewes,? Maryana Kraft,2 Binh Minh Nguyen,®
Wolfgang Briitting® and Dirk Volkmer — *?

We present the synthesis and comprehensive characterization of a series of complexes belonging to the
Kuratowski (Ks ) family. These are pentanuclear {Ru"M4} complexes (M = Co?*, Ni%*, Zn?*) which were
prepared by employing a directed
[Ru"(Me,bta),(Me,btaH)4l precursor complex (MesbtaH = 5,6-dimethyl-1,2,3-benzotriazole). The penta-

two-step synthesis facilitated by the recently published
nuclear Kuratowski complexes showcase a unique combination of photo-active ruthenium with redox-
active metal centres. The pz-bridging 1,2,3-triazolate ligands in these complexes facilitate electronic
coupling between the metal centers, as revealed through electrochemical and photophysical studies.
Comparisons with {Ru''Zn,} and {Ru"Cu.,} Kuratowski compounds reveal that Co() significantly influences
both the Ru(i/in) redox step and the position of the MLCT (metal-to-ligand charge transfer) band, whereas
Cu(i) and Ni(n) exhibit minimal influence. Photophysical investigations reveal the {Ru''Zn,} compound as
the only phosphorescent species, displaying an emission band extending into the near-infrared region.
This emission originates from a triplet SMLCT state and features an exceptionally large Stokes shift, with a

long lifetime of the excited-state of about 3.3 ps in powdered form at room temperature.

Introduction

In recent decades, d®metal complexes featuring nitrogen-
donor ligands have been extensively explored for their photo-
physical and electrochemical properties."”” These compounds,
known for their long-lived excited states, have attracted atten-
tion due to their potential in electron transfer processes
and within the expansive domain of photocatalytic
applications.®"* We turned the scope of our investigation
towards ruthenium complexes featuring 1,2,3-triazole
ligands."*® 1,2,3-Triazole complexes offer the distinct poten-
tial of engaging in the formation of versatile multimetallic
coordination structures with transition metal ions."*' One
unique multimetallic coordination unit consisting of 1,2,3-tri-
azole ligands is the Kuratowski complex which we have
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described in a series of publications.?** These complexes

consist of one central metal ion which is coordinated by the
central (N?) nitrogen of six 1,2,3-triazolates. This creates four
peripheral coordination sites in which the metal ions are each
coordinated by three external (N or N*) nitrogen atoms of the
ps-bridging 1,2,3-triazolates. The peripheral metal centres’
coordination environment is finalized by an anionic side
ligand, which can adopt various coordination modes. The
bond topology of these highly symmetric complexes is charac-
terized by the rare nonplanar K; ; graph, first described by the
mathematician Kuratowski in 1930.>°

In 2011, we reported the synthesis of the first ruthenium(u)-
centred Kuratowski complex. This complex was obtained by
reaction of an unidentified precursor, tentatively designated as
[Ru"(Me,btaH),]Cl, (Me,btaH = 5,6-dimethyl-1,2,3-benzotria-
zole), with zinc(u) chloride, resulting in the formation of
[Ru""Zn,Cl,(Me,bta)s].>® Powder samples of this complex show
a long-lived excited state of about z =17.4 ps. Solid state
measurements are of great interest for Kuratowski compounds
as the Kuratowski unit additionally comprises the secondary
building unit of a large group of metal-organic frameworks,
such as MFU-4 l(arge), which has proven great catalytic appli-
cations, including olefin polymerization and activation of
small molecules.”” Therefore, the incorporation of ruthenium
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(u) into these MOF structures holds significant potential for
photocatalytic applications. However, the integration of ruthe-
nium(u) into these MOFs continues to be an ongoing research
objective thus far. Consequently, we have shifted our focus to
ruthenium(u)-centred Kuratowski complexes to enhance our
understanding of the intricate coupling of electronic states
between the metal ions within these complexes. Particularly,
the exploration of ruthenium(u) in combination with redox-
active metal ijons has been limited thus far, despite
holding significant catalytic potential.>® Most recently,
we accomplished the successful characterization of
[Ru(Me,bta),(Me,btaH),], which is an ideal template for
inserting transition metal ions into the peripheral coordi-
nation sites of Kuratowski complexes, as seen in Fig. 1.>° This
paper focuses on the two-step synthesis of heterometallic
ruthenium-centred Kuratowski complexes featuring redox-
active metal ions in the peripheral positions. The results are
compared with those gleaned from {RuZn,} compounds.*® In
these complexes, the chloride side ligands are replaced post-
synthetically with the tripodal tris(3,5-dimethyl-1-pyrazolyl)
borate [Tp*] “scorpionate” ligands.*>*®*° While this substi-
tution significantly enhances the solubility of the complexes,
its primary purpose is to stabilize a well-defined octahedral
coordination geometry for the peripherally coordinated metal
ions.

In this article we will provide a complete characterization of
the novel Kuratowski complexes, as well as investigations on
their redox and photophysical properties.

Results and discussion
Syntheses and characterization

In this work we report on the successful development of a
multi-step synthesis for Kuratowski compounds comprising a
central Ru(n) metal ion. The recently published synthesis of
[Ru"(Me,bta),(Me,btaH),] enabled the further extension of
Kuratowski complex chemistry, as the complex provides a topo-
logically ideal template for the addition of peripheral metal
ions, as seen in Fig. 2.

In order to synthesize a heterometallic {Ru"Co4} compound
[Ru"(Me,bta),(Me,btaH),] was deprotonated with four equiva-
lents of 2,6-lutidine in methanol at room temperature.
Addition of four equivalents CoCl,-6H,0 in methanol results

Fig. 1 Left: Ruthenium precursor [Ru'(Me,bta),(Me,btaH),l. Right:
Kuratowski complex with tetrahedrally coordinated peripheral metal
centres.
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Fig. 2 Reaction of [Ru"(Me,bta),(Me,btaH)4l with (a) MCl, [M = Coli),
Zn(n)] to yield 1 and 3; (b) NiCl, to yield 2. (c) Subsequent ligand
exchange reaction with [NBu,][Tp*] yielding compounds 4, 5 and 6.

in a yellow precipitate which changes it colour to dark green
upon drying. The crude product was recrystallized from bro-
mobenzene and yielded the pentanuclear Kuratowski complex
[Ru''Co,Cl,(Me,bta)s] (1) as dark green octahedral crystals with
a 68% yield (Fig. 3 and S1, ESIt). Similar reaction conditions
were used for the synthesis of a heterometallic {Ru'""Ni,} com-
pound, however recrystallization from bromobenzene did not
yield the expected pentanuclear Kuratowski complex. Instead,
prismatic orange crystals furnished the decanuclear complex
[RulNigClg(Me,bta);,] (2) with an 80% yield (Fig. S2, ESIT).
This compound consists formally of two Kuratowski com-
plexes, which are dimerized on one corner of the peripheral
nickel centres by two nickel-chloride-nickel bridges, as seen
schematically in Fig. 2. Therefore, compound 2 represents a
new extension of the crystallographic entities 1,2,3-triazoles
can form with metal halides.

In addition, the synthesis of the previously published
[Ru"Zn,Cl,(Me,bta)s] (3) complex was greatly improved
employing the readily available [Ru"'(Me,bta),(Me,btaH),] pre-
cursor complex. [Ru"(Me,bta),(Me,btaH),] was reacted with
four equivalents of ZnCl, in dimethylformamide (DMF) at
120 °C, resulting in the formation of compound 3 in an 87%
yield. This is a significant improvement on the previous syn-
thesis, in which only a yield of 26% was achieved.>®

Additionally, side ligand exchange of the halide ligands
with tripodal capping ligands [Tp*] results in an octahedral
coordination of all five metal centers.*>*° This octahedral

Fig. 3 Optical microscope images of compounds 1 (left) and 4 (right).
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environment promotes reversible transitions between the +II
and +III oxidation states by minimizing energy differences
between d-orbital levels, in contrast to their tetrahedrally co-
ordinated counterparts. The exchange of halide ligands with
[Tp*] proceeds with near-quantitative yields and prevents the
formation of multiple stereoisomers, which could otherwise
result from the coordination of monodentate ligands, such as
those found in solvent mixtures. By reducing stereochemical
complexity, the [Tp*] ligands ensure a uniform coordination
environment, enabling clear and interpretable redox properties.

For the ligand exchange reaction, a DMF solution of the
tetrabutyl ammonium salt of [Tp*] was added to a DMF sus-
pension of the respective Kuratowski complex at room temp-
erature under argon atmosphere. The product precipitates
after the reaction mixture is left to stand for several days. In
the case of compound 1 the addition of [Tp*] leads to a colour
change from dark green to yellow and lens shaped crystals of
[Ru"Co,(Me,bta)s(Tp*)4] (4), as seen in Fig. 3 and S3, ESL.{ For
compound 2, the exchange of the side ligands breaks the
dimerization and leads to light brown lens shaped crystals of
[Ru"Ni,(Me,bta)s(Tp*)s] (5), (Fig. S4, ESIf). Lastly, compound
[Ru"Zn,(Me,bta)s(Tp*),] (6) precipitated as a fine yellow crys-
talline powder. Prismatic single crystals can be obtained after
slow evaporation of a trichloromethane solution of 6, shown in
Fig. S5, ESL.T All compounds described here are stable upon
exposure to air and moisture and exhibit no degradation after
several months.

The compounds were characterized by powder X-ray diffrac-
tion (PXRD), mass spectrometry, Fourier-transform infrared
(FT-IR) and Raman spectroscopy, thermogravimetric analysis
(TGA), and inductively coupled plasma optical emission spec-
troscopy (ICP-OES). Compounds 4, 5 and 6 were additionally
characterized by 'H NMR and elemental analysis.

First, the phase purity of all compounds was confirmed by
powder X-ray diffraction, in which the experimental diffraction
patterns match with the simulations generated from the single
crystal data (Fig. S6-S8, ESIT). ESI-MS measurements of com-
pounds 1 and 2 were measured in the negative mode and
reveal compound 1 as {1-2MeO7} (Fig. S17, ESI}) and com-
pound 2 as {[Ru"Ni,Cl,(Me,bta)s]-2MeO} (Fig. S18, ESIf).
Compounds 4, 5 and 6 were measured in the positive mode
and observed as 4" and 6" (Fig. S19 and S21 ESI}) while 5
could only be found as a fragmented molecule with two pyra-
zolate rings of the [Tp*] ligands missing, as shown in Fig. S20,
ESLt Additionally, "H NMR spectra of compounds 4, 5 and 6
were measured in deuterated trichloromethane. For 6 all
expected proton peaks were identified in the correct ratio
(Fig. S22, ESIf). Nevertheless, a significant shift of the aro-
matic as well as the methyl peaks is observed which matches
with previous reports of {Zns(Tp*),Le} Kuratowski com-
pounds.®® The paramagnetic relaxation enhancement effect is
evident in both 4 and 5.*" In the case of 4, NMR signals corres-
ponding to the methyl groups of the [Tp*] ligand are observed
within the range of —71.9 to 43.8ppm, as illustrated in Fig. 4.
The identification of these signals was accomplished through
a comparative analysis with the homometallic compound
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Fig. 4 'H NMR of 4 measured in deuterated trichloromethane at room
temperature.

[Cos(Me,bta)s(Tp*),].>* Similarly, for 5, the distinctive peaks
associated with methyl groups were successfully identified, as
depicted in Fig. S24, ESL.{

IR and Raman spectra were recorded for each compound,
shown in Fig. S9-S16, ESL. In the IR spectra, in addition to
the vibrational bands corresponding to the aromatic and
methyl bonds, the distinctive Ru-N absorption peak at
474 cm™' is evident. Furthermore, for compounds 4, 5 and 6
the vibrational band observed at 2503 cm ™" can be assigned to
the B-H bond within the [Tp*] ligand, which is exemplified for
compound 4 in Fig. 5.

The thermal stability of all compounds was evaluated using
TGA. Compounds 1 and 2 exhibit a mass loss of 14% and
11%, respectively, at approximately 150 °C, corresponding to
the loss of co-crystallized bromobenzene. The calculated mass
loss for bromobenzene per formula unit is 10%, aligning well
with these observations. In contrast, compounds 4, 5, and 6
show no detectable mass loss prior to degradation and demon-
strate thermal stability up to around 400 °C. TGA curves for
compounds 1 and 4 are displayed in Fig. 6, while those for the
remaining compounds are provided in Fig. S25-S27, ESL}

Fig. 5 IR and Raman spectra for compound 4.
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Fig. 6 TGA curves of compounds 1 and 4.

Crystallographic studies

Single crystal X-ray structural analysis reveals that compound 1
crystallizes in the cubic crystal system within the highly sym-
metric space group Fd3m (no. 227). This structure exhibits a
Tg-symmetric Kuratowski-type coordination unit, consistent
with those previously reported for other [M;Cly(Me,bta)s]
compounds.*?

Compound 2 crystallizes in the monoclinic crystal system
within space group P2,/c (no. 14). The compound formally dis-
plays two Kuratowski compounds linked through two chloride
bridges between two Ni(u) centres, as shown in Fig. 7.
Additionally, two co-crystallized bromobenzene molecules are
found per formula unit.

The two Ru(1) centres are displaying an octahedral coordi-
nation to the central N” of six triazolate ligands whereby the
bond lengths (2.073-2.087 A) and valence angles (88.37°-
92.45° 177.59°-177.89°) are not uniform and reveal a slight
distortion. There are eight peripheral Ni(u) centres in com-
pound 2 each coordinated by three N* and N® donor atoms

Fig. 7 (a) Ball-and-stick representation of compound 2. (b) Square pyr-
amidal coordinated Ni(1) centres bridged by two chloride ligands. (c)
Asymmetric unit of 2. Hydrogen atoms are omitted for clarity.

and with four of them being crystallographic different. Ni(2),
Ni(3) and Ni(4) show a distorted tetrahedral coordination, with
Ni-N bond lengths between 1.956 A-1.977 A. The tetrahedral
coordination is completed by a chloride side ligand with bond
lengths between 2.152 A to 2.165 A. The valence angles of the
tetrahedral coordinated Ni(u) centres deviate strongly from the
tetrahedral angle of 109.5°. When examining the geometry
index (z4), the values are about 0.8, which proves that geometry
is similar to tetrahedral.>® In contrast, the Ni(1) centres show a
distorted square pyramidal coordination [Ni(N,Cl,)eq(N)ax], as
seen in Fig. 7b. The Ni(1)-N(1;9;15) bond lengths are fairly
similar ranging between 1.994 A and 2.050 A, while the Ni(1)-
Cl(1) bonds are significantly longer (2.358 and 2.410 A). The
valence angles all deviate from right (90°) angles by up to
8.49°,

Subsequently, the monodentate chloride side ligands are
exchanged by tridentate [Tp*] ligands, leading to an octahedral
coordination of all peripheral metal centres, as exemplified by
compound 5 in Fig. 8. Hereby, the dimeric structure of com-
pound 2 is broken. Compounds 4, 5 and 6 are pentanuclear
complexes which uniformly crystallize in the tetragonal crystal
system within space group P424/c (no. 114).

The side-ligand exchange introduces notable distortions in
the Ru-N bond lengths of the central RuNg octahedra and
reveals distinct differences in conjugation between the axial
and equatorial benzotriazole ligands. In all compounds, the
Ru(1)-N(4) bond exhibits slight compression relative to the
Ru(1)-N(2) bond, as detailed in Table 1, with compound 6 dis-
playing the most pronounced compression.

Interestingly, the axial benzotriazole ligands exhibit equal
N-N bond lengths (N(4)-N(5)), suggesting full conjugation and
delocalized electronic structures. In contrast, the equatorial
benzotriazole ligands show varying N-N bond lengths (N(1)-N
(2) vs. N(2)-N(3)), implying partial conjugation or localized
electronic effects. These differences in conjugation could play
a crucial role in modulating the electronic structure and
excited-state properties of the complexes. Notably, these distor-
tions are absent in compounds 1 and 3.>® Additionally, the N-

Fig. 8 (a) Ball-and-stick representation of compound 5. (b) Octahedral
coordinated Ni(n) binding to six nitrogen, three triazolates and the tripo-
dal [Tp*]. (c) Asymmetric unit of 5. Hydrogen atoms are omitted for
clarity.
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Table 1 Selected bond lengths of compounds 4, 5, 6 and 7 2°

4 5 6 7
Ru(1)-N(2) (A) 2.122 2.088 2.134 2.117
Ru(1)-N(4) (A) 2.093 2.070 2.101 2.110
N(1)-N(2) (A) 1.339 1.35(1) 1.345 1.32(1)
N(2)-N(3) (A) 1.323 1.34(1) 1.319 1.34(1)
N(4)-N(5) (A) 1.335 1.348 1.330 1.324

Ru-N valence angles remain close to 90° and 180° across all
compounds.

For reference, selected bond lengths in
[Ru"Cuy(Me,bta)s(Tp*),] (compound 7), which was previously
reported,* are included in Table 1 for comparative discussion
of electrochemical and photophysical properties.

The peripheral metal centers exhibit diverse bond lengths,
with compound 4 ranging from 2.090 to 2.179 A, compound 5
from 2.053 to 2.14(1) A, compound 6 from 2.114 to 2.246 A
and compound 7 from 2.031 to 2.37(1) A. Notably, the Jahn-
Teller effect of Cu(u) is evident in compound 7, where the
elongation of the axial nitrogen bond results in the largest M-
N bond length of 2.37(1) A. Additionally, similar to the Ru-N
bond lengths, compound 6 exhibits longer M-N bond lengths
compared to compounds 4 and 5. This difference can be attrib-
uted to the absence of n-backbonding in Zn(u) due to its fully
filled d' configuration. In contrast, Co(u) and Ni(u) can
engage in w-backbonding, leading to shorter M-N bond
lengths.

Details of the single-crystal data collection and refinement
of all compounds are listed in Table S1, ESL.}

Electrochemistry

The redox properties of compounds 4, 5, 6 and 7 were studied
by cyclic voltammetry (CV). The voltammograms were recorded
in a 0.1 M [NBuy|[PFe] trichloromethane solution and the
results are summarized in Table 2. All solutions were degassed
with argon and the CV data obtained at various scanning
rates, are shown in Fig. S28-S32, ESL.}

Due to the poor solubility of compounds 1, 2, and 3, cyclic
voltammetry measurements could not be performed. Despite
extensive solubility tests in solvents, including trichlorometh-
ane, acetonitrile, tetrahydrofuran, and dimethylformamide, no
conditions allowed for sufficiently high concentrations
required for reliable electrochemical analysis. Additionally, the
halide-terminated nature of these compounds leads to ligand
exchange and solvent coordination in solution, resulting in

Table 2 Cyclic voltammetric data of compounds 4, 5, 6 and 7

1 1 11 Ipred
Compound £ (E),) Ey), By
4 0.34 0.84 —0.62
5 0.23 0.71

6 0.18

7 0.15
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the formation of multiple species rather than a single well-
defined complex.

Compound 6 displays a single-electron reversible oxidation
wave (1%%), attributed to the Ru(u/m) redox couple, at "E9X = 0.18
V vs. Fc'/Fe (Fig. 9, yellow). No additional redox waves were
observed, consistent with the redox-inactive nature of Zn(u).
Compared to the mononuclear Ru(i1) compound [Ru(bpy)s]**
("EX = 1.00 V vs. Fc'/Fc*®), the significantly lower redox poten-
tial indicates that the triazolate ligands destabilize the Ru(n)
oxidation state relative to bipyridine. This is likely due to
reduced m-backbonding from the Ru centre to the triazolate
ligands, which is supported by the longer Ru-N bond lengths
observed in the X-ray crystal structure ([Ru(bpy)s]*" = 2.052 A
and 2.053 A).

Compound 7 exhibits a similar but slightly lower redox
potential at "E* = 0.15 V vs. Fc*/Fc (Fig. 9, purple). The incor-
poration of Cuz(n) ions appears to render the Ru centre slightly
more electron-rich. No redox waves corresponding to Cu(u)
were detected within the measurement window.

Conversely, the redox potential of Ru(u) in compound 5
shifts to a slightly higher potential at 'EQ* = 0.23 V vs. Fc'/Fc
(Fig. 9, red). Additionally, a single-elecztron irreversible oxi-
dation wave at HESXZ =0.71 V vs. Fc'/Fc is observed, attributed
to the Ni(u/m) redox process. Interestingly, this irreversible oxi-
dation is only detectable in the initial scans, which are shown
in Fig. S30, ESL.{ A similar oxidation potential (0.59 V vs. Fc'/
Fc) has been reported for [Ni(Tp*),]. However, the irreversible
nature of the oxidation in compound 5 suggests an electro-
chemical reaction is taking place. This behaviour is unex-
pected since octahedrally coordinated Ni(u) complexes are
generally very stable and are in accordance with the ligand

Fig. 9 Cyclic voltammograms of compounds 4, 5, 6 and 7 at a glassy
carbon electrode in a 0.10 M [NBu,4][PFs]/CHCl5 solution, with Ag/Ag* as
the reference electrode. Scan rate: 100 mV s, complex concentration:
0.5 mM.
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field stabilization energies. A similar irreversible oxidation has
been reported for square-planar bis(bis(pyrazolyl)borate) Ni(u)
complex. There, quantum chemical calculations attribute the
irreversibility to charge removal from the B-H bonds, leading
to proton loss and an irreversible oxidation.**

Compound 4 demonstrates a significant shift in the Ru(u/
u) oxidation potential, observed as an irreversible single-elec-
tron oxidation wave at IEE’;Z = 0.34 V vs. Fc'/Fe (Fig. 9, blue).
This represents a +0.13 V shift compared to compound 6.
Additionally, compound 4 exhibits a single-electron irrevers-
ible oxidation wave at "EQj, = 0.83 V vs. Fc'/Fc attributed to the
Co(u/m) oxidation, and a weak single-electron irreversible
reduction wave (I"%) at 'Erf, = —0.62 V vs. Fc'/Fc, corres-
ponding to the Co(u/1) reduction. The irreversibility of these
redox events is surprising given the stability of Co(ui) ions in
an octahedral N6 coordination environment, for example in
numerous published scorpionate complexes.*>*® A potential
explanation for the lack of a stable [Ru™Co™] species is the
high overall charge of the pentanuclear complex, which may
lead to degradation.

Furthermore, the Co(u/um) oxidation potential is higher com-
pared to mononuclear bis(tris(pyrazolyl)borate) Co(u) com-
plexes (—0.50 and —0.58 V vs. Fc'/Fc).*® However, it aligns
more closely with cobalt complexes bearing C-functionalized
tripodal ligands such as [Co{HOCH,C(pz);},], which exhibit a
reversible Co(u/m) oxidation at 0.58 V vs. F¢'/Fc and an irrevers-
ible Co(u/1) reduction at —0.68 V vs. Fc*/Fc.>®

In summary, the redox behaviour of these first [Ru"MY]
Kuratowski complexes is unexpected. The octahedral coordi-
nation of the peripheral 3d M(u) ions does not sufficiently
stabilize the M(m) oxidation states, resulting in irreversible
processes. To improve redox stability, future synthetic efforts
should focus on replacing the fragile boron-hydride bonds
with boron-alkyl or boron-aryl counterparts, potentially enhan-
cing the robustness of these heterometallic Kuratowski
complexes.

Photophysical properties

UV-Vis spectra of compounds 1 and 2 were recorded in ethanol
solution. Compound 2 exhibits two distinct absorption bands
at 345 nm and 275 nm, as shown in Fig. 10. The band at
275 nm is attributed to the = — n* transition (ligand-to-ligand
charge transfer; LLCT) of the [Me,bta] ligand, as it undergoes
only a minor shift compared to the free Me,btaH ligand. The
band at 345 nm is assigned to a metal-to-ligand charge trans-
fer (MLCT), consistent with previously reported data for Ru(u)-
benzotriazolate complexes.'”*¢%”

The LLCT and MLCT bands of compound 2 closely
resemble the absorption features of compound 3, which were
measured in an earlier study.>® Interestingly, the MLCT band
of Ru(n)-benzotriazolate complexes appears at significantly
higher energies than that of [Ru(bpy);]*" complexes.?® This
observation suggests that benzotriazolate ligands have a sig-
nificantly higher n* energy level compared to bipyridine
ligands. Additionally, the extinction coefficient of the MLCT
band is notably higher than that of the LLCT band. While this

Fig. 10 UV-vis absorption spectra of compounds 1, 2 and Me,btaH
recorded in ethanol solution at room temperature.

behaviour is somewhat atypical, it has been consistently
observed in our measurements.

For compound 1, a single absorption band is observed at
320 nm, with a shoulder at 282 nm, as illustrated in Fig. 10.
The inclusion of Co(u) ions appears to influence the MLCT
band position, causing a noticeable blue shift of approximately
25 nm. This shift suggests that the incorporation of Co(u) ions
significantly increases the HOMO-LUMO energy gap in the Ru
(n)-benzotriazolate system, in comparison to {Ru'Zn,},
{Ru"Cu,} and {Ru"Ni,} compounds.

The fully octahedrally coordinated compounds 4, 5, 6 and 7
were measured in trichloromethane and are depicted in
Fig. 11. Generally, the absorption bands differ only slightly
from those with chloride side ligands, which is due to the fact
that the intensity-weak d-d transitions cannot be observed in
such highly diluted solutions. Compounds 5, 6 and 7 show
two distinct absorption bands at 283 nm and 347 nm, which
are assigned to the LLCT of [Me,bta] and MLCT, respectively.

Fig. 11 UV-vis absorption spectra of compounds 4, 5, 6 and 7 recorded
in trichloromethane solution at room temperature.
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Compound 4 shows a broad MLCT band at 312 nm with a
shoulder around 283 nm. Again, the MLCT band of the
{Ru"Co,} compound is blue shifted by approximately 35 nm in
comparison with the {Ru"Zn,}, {Ru""Cu,} and {Ru"Ni,} com-
pounds. The molar absorption coefficient is largest for com-
pound 5 with 70780 M™' cm™, whereas compounds 4 and 6
exhibit very similar values of 54 900 M~ em™ and 55 800 M™"
em™! respectively. Additionally, 7 displays a slightly lower
value of 48700 M~" ecm™. Concentration-dependent UV-Vis
spectra are shown in Fig. S27-S32, ESL.¥

To investigate the positions of the d-d transitions, powder
UV-Vis measurements of compounds 4 and 5 were recorded in
Kubelka-Munk units and are shown in Fig. S33 and S34, ESL¥
Compound 4 exhibits three spin-allowed transitions at
930 nm, 570 nm, and 460 nm, corresponding to the 4T1g -
*T54(F), *Tyg — *Tiy(P) and *Ty, — *A,, transitions, respectively.
The estimated crystal field splitting parameter D, is
11550 cm ™, and the Racah parameter (B) is 543 cm™, which
are typical for octahedrally coordinated Cof(m).*

For compound 5, additional absorption bands are observed
at 1360 nm, 820 nm and 550 nm, corresponding to the spin-
allowed *Ay, — *Tyu(F), *Azg — °Ty4F) and *A,y — *T14(P) tran-
sitions. The estimated values for D, and B are 7260 cm ™'
968 cm ™', respectively.

Steady state measurements were performed in oxygen free
trichloromethane solution. The emission properties of the
compounds were compared to those of the Me,btaH ligand
and the previously reported [RuZn,Cl,(Me,bta),]s (compound
3).%® Notably, the scorpionate ligand [Tp*] does not display any
emission.

All four compounds show similar excitation and emission
spectra. Both the excitation and emission bands are blue
shifted in comparison with free Me,btaH ligand, as seen in
Fig. 12.

Upon excitation at 263 nm, the emission of the LLCT band
is detected at approximately 315 nm for compounds 4, 5, 6

and

Fig. 12 Fluorescence excitation (---) and emission (-) spectra of com-
pounds 4, 5, 6, 7 and Me,btaH recorded in trichloromethane solution at
room temperature.
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and 7. The excitation of the MLCT band does not yield measur-
able fluorescence signals at room temperature. This phenom-
enon has been documented for compound 3 as well as for
other ruthenium-triazolate complexes, likely attributed to the
presence of low-energy *MC states that are readily accessible
from *MLCT states through thermal processes.'® The peak
positions are summarized in Table 3.

All samples exhibit only weak fluorescence. To quantify,
their quantum yields were measured and compared to stan-
dard anthracene, with a quantum yield of 33%, as shown in
Fig. S35 and S36, ESL.f Compound 6 has a quantum yield of
1.3%, which is further reduced by the addition of the fluo-
rescence quenching Co(u), Ni(u) and Cu(u) ions, with com-
pounds 4, 5 and 7 exhibiting quantum yields of only approx.
0.1%.

The excited lifetimes were measured using a pulsed 272 nm
LASER as the excitation light source. Here, 6 shows the longest
fluorescence lifetime with approx. 10 ns, while compounds 4,
5 and 7 exhibit lifetimes of 1.3-2.4 ns, as seen in Fig. 13. The
lifetime results are shown in Table 4.

Additionally, the solid-state emission properties of com-
pounds 4, 5, 6, and 7 were investigated. This study was
inspired by previous observations for compound 3, which exhi-
bits a microsecond-long excited-state lifetime in its powdered
form.>® For compound 3, excitation of the LLCT band at
275 nm resulted in distinct emissions at 317 nm, 415 nm, and
440 nm. These emissions suggest that excitation of the LLCT

Table 3 Excitation and emission bands of compounds 4, 5, 6, 7 and
MesbtaH in trichloromethane

Compound Amax,exc,/nm Awing,exc./nm j-m;.\x,em./nrn QY/Q/Q

4 263 287 316 0.1

5 264 317 0.1

6 263 316 1.3

7 264 285 316 0.1
Me,btaH 279 343 1.9 (ref. 26)

Fig. 13 Lifetime measurements of compounds 4, 5, 6 and 7 recorded in
trichnloromethane solution at room temperature.
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Table 4 Lifetimes of compounds 4, 5, 6 and 7

Compound 71/ns al/% 72/ns a2/% b

4 2.07 100 0.997
5 2.43 100 0.999
6 3.16 18 10.52 82 0.999
7 1.37 100 0.999
6 (solid state) 3300 100 0.999

band triggers multiple photophysical processes. Specifically,
the excited LLCT state appears to convert into the singlet
MLCT state, which then undergoes intersystem crossing (ISC)
to the triplet MLCT state. This sequential mechanism explains
both the low quantum yield and extended excited-state lifetime
observed for compound 3.%°

Among compounds 4, 5, 6, and 7, emission quenching by
open-shell 3d metal ions was evident in compounds 4, 5, and
7, as their emissions were too weak to detect. In contrast, com-
pound 6 displayed markedly different behaviour compared to
its solution-phase properties and compound 3, as shown in
Fig. 14.

When exciting the powdered sample of 6 at 280 nm, no sig-
nificant emission corresponding to the MLCT state was
detected. However, excitation of the MLCT band produced a
broad red emission with a maximum in the NIR region, at
approximately 810 nm. The excitation spectrum, monitored at
810 nm, showed a distinct band at 380 nm along with a broad
UV profile, confirming that the emission originates from the
population of the singlet MLCT state.

This corresponds to a substantial Stokes shift of 430 nm.
The lifetime of the emission in the powdered sample was
measured to be 3.3 ps, as shown in Fig. 15, proving its triplet
MLCT state nature.

The appearance of phosphorescence from a Ru(i) complex
in the far-red region is unusual, as benzotriazolate ligands are
typically associated with high-lying excited states, as shown in
the UV-Vis spectra.'” The significantly lower energy of the

Fig. 14 Fluorescence excitation (---) and emission (-) spectra of com-
pound 6 in solid state at room temperature.

Fig. 15 Lifetime measurements of compound 6 recorded in solid state
at room temperature.

emitting triplet MLCT state in this case can be attributed to
significant distortion in the excited state. As discussed, the
crystal structure analysis reveals notable compression of the
axial benzotriazolate ligands, with conjugation differences
between axial and equatorial ligands reflected in varying N-N
bond lengths. These distortions create electronic asymmetry
within the complex, leading to stabilization of the excited-state
orbitals.*

Upon excitation to the MLCT state, the system likely redis-
tributes electron density preferentially to the more conjugated
axial ligands, which are better at delocalizing charge. This
redistribution could result in significant geometry changes,
further stabilizing the triplet MLCT state relative to the singlet
state and increasing the energy gap between the ground and
excited states.*

Additionally, the rigidity of the Kuratowski complex, with
its twisted ps-bridged benzotriazolate ligands might also play a
role by restricting non-radiative decay pathways and enhancing
phosphorescence from the triplet state. This rigidity, com-
bined with the distortions and differences in ligand conju-
gation, provides a plausible explanation for the unusually low
energy of the emitting state in compound 6.

Conclusion

The recently characterized ruthenium precursor complex
[Ru"(Me,bta),(Me,btaH),] allowed us to synthesize and fully
characterize five complexes within the Kuratowski family with
Co(u), Ni(u) and Zn(u) ions located on the peripheral coordi-
nation sites. The combined photophysical and electrochemical
studies of the [Ru™M,(Me,bta)s(Tp*)s] (M = Co", Ni"', Cu™ and
Zn"™) complexes provide valuable insights into their structural
and functional properties. The fluorescence and phosphor-
escence behaviour, particularly in solid-state measurements,
highlight the sensitivity of the triplet MLCT state to both struc-
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tural and electronic factors. Compound 6 demonstrated a
unique emission profile with a broad, red-shifted phosphor-
escence and a significant Stokes shift, attributed to axial
ligand compression and differences in conjugation between
axial and equatorial benzotriazole ligands. These findings
emphasize the importance of the octahedral coordination
around the peripheral metal ions in controlling these effects.
Moreover, avoiding 3d open-shell metal ions helps minimize
quenching effects, preserving long-lived triplet states essential
for potential photophysical applications. Electrochemical
studies revealed that the Ru(w)/Ru(m) redox potential remains
remarkably stable, even in the presence of quenching 3d metal
ions such as Ni(u) and Cu(u). However, Co(u) significantly affects
both the reversibility and the redox potential of the Ru(u)/Ru(m)
couple, indicating a stronger electronic interaction with the Ru
centre. While the complexes demonstrated stability as {Ru(u)M
(u),} assemblies, no other stable mixed-valent variants were
identified, limiting their potential for multi-electron transfer
processes. To explore catalytic applications, e.g. for small mole-
cule reductions, it would be essential to develop Kuratowski-
type complexes with higher metal-centred electron mobility.
Future work could focus on incorporating early transition metal
ions such as V(u) or Fe(u), which are strong reducing agents, to
enhance the electronic versatility of these systems.

Experimental
Materials and methods

All chemicals were purchased from commercial suppliers in
reagent grade and used without further purification unless
otherwise mentioned. [NBu,][Tp*] was obtained via metathesis
reaction of tetrabutylammonium chloride and commercially
available [Tp*] potassium salt in dry THF, similar to literature
procedures.”® Fourier transform infrared (FT-IR) spectra were
recorded with an ATR unit in the range of 4000-400 cm™" on a
Bruker Equinox 55 FT-IR spectrometer and were labelled s
(strong), m (medium), and w (weak) to assign signal intensi-
ties. Raman spectra were recorded with a Thermo Scientific
DXR Raman Microscope equipped with a laser excitation at
532 nm. The spectra were acquired in the 3500-100 cm™" spec-
tral range. Molecular masses were measured with a Q-Tof
Ultima mass spectrometer (Micromass) equipped with an ESI
source. Mass spectra were calibrated using phosphoric acid.
Thermogravimetric analysis (TGA) data was collected with a TA
Instruments Q500 device in the temperature range of
25-700 °C in flowing nitrogen gas at the heating rate of 10 K
min~'. "H NMR spectra were recorded in deuterated chloro-
form solutions with a Mercury plus 400 high-resolution system
(Variant Deutschland GmbH). ESEM micrographs were
recorded with a Philips XL 30 scanning electron microscope.
ICP-OES analysis were performed on a Vista MPX of VARIAN
with ruthenium standard solutions of 10 ppm and cobalt,
nickel and zinc standard solutions of 20 ppm. Elemental ana-
lysis was performed with a Vario EL III instrument (Elementar-
Analysensysteme GmbH). Powder X-ray diffraction patterns
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(PXRD) were collected at room temperature in the range of 4°-
50° 26 with a Seifert XRD 3003 TT powder diffractometer with
a Meteor1D detector and Cu Kal radiation. The cyclic voltam-
mograms were recorded on a biologic SP-300 potentiostat
using a three-electrode system (glassy carbon working elec-
trode, 3 mm in a diameter, a pseudo reference electrode and a
platinum wire counter electrode). The experiments were
carried out at room temperature at different scan rates from
200 to 10 mV s~ " in water and oxygen free trichloromethane
solutions under argon atmosphere. UV-vis spectra were
recorded in the range of 1600-250 nm on a PerkinElmer A
750s spectrometer with dual-beam. Fluorescence measure-
ments were performed on an Edinburgh instruments FLS920
equipped with double monochromators in excitation and
emission light path, a TE Cooled R928P PMT detector and a
Xe900 continous xenon lamp. For fluorescence life time
measurements, a picosecond pulsed LED with an excitation
wavelength of 272 nm was used. All measurements were done
at room temperature in standard quartz glass cuvettes with a
10 mm pathlegth. All samples (except the standard sample
anthracene) were dissolved in stabilizer-free chloroform spec-
troscopic grade (Uvasol®) in the given concentrations, as well
as homogenized and degassed. Solid-state fluorescence
measurements were performed on the same instrument with a
quartz glass powder sample holder. Solid-state fluorescence
life time was measured by excitation with a EKSPLA PT400
pulsed laser and recorded by a Hamamatsu C5680 streak
camera combined with a Acton Spectra Pro 2300i, Princeton
Instruments spectrograph.

Single crystal X ray diffraction

Single crystal X-ray diffraction measurements were conducted
by picking crystals directly from the mother liquor and collect-
ing the X-ray reflection data using a Bruker D8 Venture diffract-
ometer equipped by a low temperature device. Intensity
measurements were performed using monochromated (doubly
curved silicon crystal) MoKa radiation (0.71073 A) from a
sealed microfocus tube. The raw data frames were integrated
and corrected for absorption effects using the Bruker SAINT
(Bruker, 2019. Apex3 v2019.1-0, SAINT V8.40A, Bruker AXS
Inc.: Madison (WI), USA.) and SADABS software packages.*?
Structure solution by direct methods and structure refinement
were performed using SHELXT 2014/5** and SHELXL 2018/
3.** All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms of the compounds were positioned geometri-
cally and constrained to ride on their parent atoms. The crys-
tallographic data for the structures reported in this paper
are presented in Table S1, ESL{ Complete crystallographic data
can be obtained from the Cambridge Crystallographic Data Centre
as supplementary publication no. CCDC 2402422-2402426.F
[RuCo,Cl4(Me,bta)s] (1). A solution of CoCl,-6H,0 (95 mg,
0.40 mmol) in MeOH (1.6 mL) was slowly added to a suspen-
sion of [Ru(Me,bta),(Me,btaH),] (100 mg, 0.10 mmol) and 2,6-
lutidine (46 pL, 0.40 mmol) in MeOH (1.6 mL) and stirred at rt
for 2 d. The resulting yellow solid was filtered and dried
whereby the colour changed to dark green. The crude product
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was then recrystallized from bromobenzene (8.0 mL) to yield 1
as green octahedral crystals (97 mg, 0.06 mmol, 68%).

IR (ATR, 4000-400 cm™"): 3050 (w), 2981 (m), 2946 (w), 2898
(w), 2861 (w), 1643 (w), 1577 (m), 1488 (m), 1473 (W), 1643 (w),
1577 (m), 1488 (m), 1473 (m), 1454 (s), 1388 (w), 1375 (m),
1309 (m), 1189 (s), 1164 (m), 1068 (m), 1027 (m), 1189 (s), 1164
(m), 1068 (m), 1027 (m), 1000 (s), 971 (w), 852 (s), 836 (m), 794
(w), 754 (s), 734 (m), 721 (W), 690 (m), 673 (m), 582 (w), 501
(w), 480 (s), 468 (m), 441 (W).

Raman (em™"): 3052 (w), 2948 (w), 2905 (w), 1574 (m), 1458
(m), 1377 (s), 1310 (w), 1193 (s), 1164 (s), 1067 (s), 998 (W), 849
(w), 721 (m), 582 (w), 507 (m), 480 (w), 404 (w), 373 (w), 260
(w), 193 (w), 168 (m), 143 (s), 113 (m). ESI-MS (m/z) for
[RuCo,C5¢N;5H5,C1,0,]7: 1416.97 (calc.); 1416.91 (found).

ICP-OES Ru/Co ratio expected 1: 4; measured 1 : 4.08.

[Ru,NigClg(Me,bta),,] (2). A solution of NiCl,-6H,0 (95 mg,
0.40 mmol) in acetone (15 mL) was slowly added to a suspen-
sion of [Ru(Me,bta),(Me,btaH),] (100 mg, 0.10 mmol) and 2,6-
lutidine (46 pL, 0.40 mmol) in EtOH (3.0 mL) and stirred at rt
for 2 d. The orange solution was concentrated in vacuo. The
residue was recrystallized from bromobenzene (5 mL) and
washed with water to yield 2 as orange prismatic crystals
(115 mg, 0.04 mmol, 80%).

IR (ecm™): 3316 (W), 3056 (W), 2975 (W), 2900 (W), 2435 (s),
2051 (w), 1980 (w), 1722 (m), 1635 (s), 1575 (s), 1462 (s), 1442
(s), 1405 (s), 1384 (s), 1311 (s), 1295 (s), 1259 (W), 1201 (s), 1068
(s), 1020 (s), 998 (s), 916 (W), 852 (s), 831 (s), 802 (s), 736 (s),
715 (m), 688 (m), 682 (s), 671 (s), 588 (W), 555 (s), 509 (W), 484
(s), 457 (m9), 420 (s).

Raman (cm™"): 3069 (w), 2926 (w), 1622 (w), 1570 (s), 1456
(s), 1372 (s), 1303 (m), 1261 (w), 1206 (s), 1173 (s), 1068 (s), 997
(w), 852 (w), 832 (w), 726 (m), 695 (W), 586, (W), 507 (s), 482 (W),
371 (w), 192 (w), 131 (w). ESI-MS (m/z) for
[RUNi,C5oN;5H54Cl,0,]: 1414.98 (calc.); 1414.96 (found).

ICP-OES Ru/Ni ratio expected 1: 4; measured 1: 3.93.

[RuZn,Cl,(Me,bta)s] (1). The synthesis of [RuZn,Cl,(Me,bta)e]
has been previously reported.>® While the experimental con-
ditions remain consistent, we obtained a higher yield due to
the due to the use of [Ru(Me,bta),(Me,btaH),], which was
characterized more recently.*®

A suspension of [Ru(Me,bta),(Me,btaH),] (100 mg,
0.10 mmol) was dissolved in 12 mL DMF and heated to 100 °C
until fully dissolved, then ZnCl, (55 mg, 0.40 mmol) was
added and the solution was heated to 120 °C in a closed
vessel. After holding this temperature for 2 h, the mixture was
cooled to room temperature and yellow octahedral crystals
were collected by filtration, washed with 2 x 5 mL DMF and
vacuum dried. Yield: 134 mg, 0.09 mmol 87%.

IR (cm™"): 3050 (W), 2979 (W), 2946 (w), 2898 (w), 2861 (W),
2782 (w), 21710 (w), 1644 (w), 1623 (w), 1577 (m), 1488 (w),
1452 (s), 1390 (W), 1375 (m), 1311 (m), 1255 (w), 1189 (vs), 1160
(m), 1070 (m), 1027 (m), 1000 (vs), 975 (w), 852 (vs), 842 (m),
796 (W), 754 (vs), 732 (w), 690 (m), 673 (m), 582 (m), 480 (m),
468 (m), 404 (s).

[RuCo,s(Me,bta)s(Tp*)s] (4). A solution of [NBuy][Tp*]
(80 mg, 0.15 mmol) in degassed DMF (1.5 mL) was added

dropwise to a solution of 1 (50 mg, 0.03 mmol) in degassed
DMF (1.5 mL) under argon atmosphere. The solution was
stirred at rt for 2 h while the colour changed from dark green
to yellow. The mixture was allowed to stand for 5 d, after which
the precipitate was filtered and washed with methanol. The
product was dissolved in trichloromethane and additionally
filtered over a short column of basic aluminum oxide. Slow
evaporation of the solvent yields 4 as a yellow crystalline
product (73 mg, 0.03 mmol, 93%).

IR (em™"): 3307 (w), 3126 (w), 3087 (W), 2962 (m), 2923 (s),
2865 (m), 2726 (w), 2508 (m), 2445 (w), 2335 (w), 1724 (W),
1544 (s), 1481 (m), 1444 (s), 1415 (s), 1376 (s), 1355 (s), 1307
(w), 1292 (m), 1259 (m), 1205 (s), 1184 (s), 1101 (s), 1062 (s),
1043 (s), 998 (s), 858 (s), 809 (s), 775 (s), 723 (m), 694 (s), 653
(m), 646 (s), 592 (w), 553 (W), 503 (W), 482 (m), 464 (s), 410 (s).

Raman (cm™"): 3125 (w), 2920 (w), 1572 (m), 1539 (w), 1455
(m), 1376 (s), 1301 (w), 1194 (s), 1174 (s), 1050 (s), 1003 (w),
851 (w), 818 (w), 780 (w), 757 (w), 729 (W), 596 (w), 513 (m), 500
(m), 374 (w), 221 (m), 170 (m).

Elemental analysis calcd for C;0gH;36B4Co4NyRu: C 53.99,
H 5.71, N 24.49; found: C 53.70, H 5.79, N 24.15.

ICP-OES Ru/Co ratio expected 1 : 4; measured 1: 3.99.

'H-NMR (400 MHz, CDCL): § = 44.90 (s, 12H, CHarom),
43.78 (s, 36H, CHj), 42.08 (s, 12H, CHgrom), —13.73 (s, 36H,
CH;), —71.91 (s, 36H, CH,).

[RuNiy(Tp*)4(Me,bta)s] (5). A solution of [NBuy|[Tp*]
(160 mg, 0.30 mmol) in degassed DMF (1.5 mL) was added
dropwise to a solution of 2 (100 mg, 0.03 mmol) in degassed
DMF (1.0 mL) under argon atmosphere. The solution was
stirred at rt for 2 h. The mixture was allowed to stand for 5 d,
the participate was filtered and washed with methanol. The
product was dissolved in trichloromethane and additionally
filtered over a short column of basic aluminum oxide. Slow
evaporation of the solvent yields 5 as a light brown crystalline
product (145 mg, 0.06 mmol, 92%).

IR (cm™"): 3347 (w), 3083 (W), 2965 (m), 2919 (s), 2857 (m),
2512 (m), 2335 (w), 1725 (W), 1544 (s), 1482 (m), 1444 (s), 1417,
(s), 1375 (s), 1351 (s), 1305 (w), 1392 (m), 1259 (m), 1205 (s),
1184 (s), 1097 (m), 1060 (s), 1043 (s), 998 (s), 860 (s), 806 (s),
775 (s), 723 (m), 694 (8s), 6656 (m), 644 (s), 588 (w), 551 (W),
503 (w), 460 (m), 464 (s), 408 (s).

Raman (cm™): 3124 (w), 3078 (w), 2928 (m), 2730 (W), 1572
(m), 1542 (w), 1459 (s), 1377 (s), 1310 (w), 1200 (s), 1173 (s),
1058 (s), 1002 (w), 855 (w), 728 (W), 594 (W), 516 (m), 503 (s),
480 (w), 389 (w), 331 (w), 213 (m), 172 (w).

Elemental analysis caled for C,¢gH;36B4NigsN Ru: C 54.01,
H 5.71, N 24.50; found: C 53.59, H 5.79, N 24.20.

ICP-OES Ru/Ni ratio expected 1 : 4; measured 1 : 3.94.

'H-NMR (400 MHz, CDCl;): 6§ = 47.35-46.47 (m, 12H,
CHgrom), 29.86 (s, 6H, CHgarom), 0.12 (s, 36H, CH;), —1.08 (s,
36H, CH;), —2.92 (s, 6H, CHarom), —8.83(s, 36H, CH;).

RuZn,(Me,bta)s(Tp*), (6). A solution of [NBuy|[Tp*] (80 mg,
0.15 mmol) in degassed DMF (1.5 mL) was added dropwise to
a solution of [RuZn,Cly(Me,bta)s] (50 mg, 0.03 mmol) in
degassed DMF (1.5 mL) under argon atmosphere. The solution
was stirred at rt for 2 h. The mixture was allowed to stand for
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1 d, the precipitate was filtered and washed with methanol.
The product was dissolved in trichloromethane and addition-
ally filtered over a short column of basic aluminum oxide.
Slow evaporation of the solvent yields 6 as a yellow crystalline
product (69 mg, 0.03 mmol, 87%).

IR (cm™): 3112 (w), 3075 (w), 2965 (m), 2925 (s), 2854 (m),
2730 (w), 2503 (m), 1733 (W), 1681 (m), 1571 (w), 1542 (s), 1486
(m), 1446 (s), 1413 (s), 1371 (s), 1348 (s), 1297 (m), 1292 (s),
1259 (m), 1203 (s), 1166 (s), 1064 (s), 1039 (s), 995 (s), 981 (s),
862 (s), 844 (s), 808 (s), 777 (s), 767 (s), 725 (W), 694 (s), 663 (s),
640 (s), 497 (W), 474 (s), 457 ().

Raman (cm™): 3125 (w), 2925 (m), 2725 (w), 1572 (m), 1540
(w), 1457 (s), 1377 (s), 1307 (W), 1192 (s), 1168 (s), 1054 (s), 998
(w), 857 (w), 729 (m), 664 (w), 596 (m), 511 (m), 497 (s), 475
(w), 385 (w), 315 (w), 262 (w), 209 (w), 165 (m).

Elemental analysis caled for C;osH136B4ZnyNyRu: C 53.42,
H 5.65, N 24.23; found: C 52.94, H 5.70, N 23.93.

ICP-OES Ru/Zn ratio expected 1 : 4; measured 1 : 4.07.

"H-NMR (400 MHz, CDCl3): § = 5.76 (s, 12H, CHarom), 5.30
(s, 12H, CHgom), 2.57 (s, 36H, CH3), 1.65 (s, 36H, CH3), 0.13 (s,
36H, CHj).
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