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Abstract: Electrochemical properties of transition metal complexes are important parameters that
should be considered for the successful application of these compounds in catalytic reactions. The
proper choice of ligands and the type of its coordination allow the construction of a catalyst with
high performance. The reversibility of complex oxidation is a prerequisite for successful participation
in redox catalysis, while the potential values correlate with the rate of the process and necessary
catalyst loading. This work summarizes the results of the exploration of a series of ruthenium
carborane complexes based on the nido-C;Bg ligand obtained in our group by cyclic voltammetry
and describes the found correlations. The knowledge of the electrochemical properties of the studied
ruthenacarboranes is required for the optimization of its structure for successful catalysis of Atom
Transfer Radical Polymerization or other applications. It was found that the value of the potential of
reversible Ru(I)-Ru(III) transition may vary from —0.501 to 0.389 V versus Fc | Fc™ couple, depending
on the nature of auxiliary phosphine, halogen or nitrile ligand, natural bite angle of k>-diphosphine
ligand and the presence of alkyl substituents in the carborane cage. The further oxidation towards
formal Ru(IV) may be reversible or not depending on the complex structure. The found trends are
in good agreement with the earlier performed findings in the field of coordination chemistry and
should be considered as a tool for obtaining of complexes suitable for catalytic applications.

Keywords: ruthenacarboranes; cyclic voltammetry; electrochemistry; ruthenium complexes;
diphosphines

1. Introduction

Carborane complexes of transition metals based on nido-C;By ligand are isolobal
analogs of cyclopentadienyl derivatives that have found a wide application in cataly-
sis, including isomerization, hydrogenation, radical addition [1-3] and other spheres of
chemistry [4-6]. Due to the double negative charge and delocalization of electron den-
sity, carborane ligand is capable to stabilize transition metals in high oxidation states and
makes possible the formation of intermediates in catalytic cycles [1,4]. The introduction
of substituents at carbon or boron atoms of carborane cage affects steric and electronic
parameters of metallacarborane and may be considered as a tool for tuning a complex for
its application in catalysis. Electrochemical properties of complexes of transition metals are
used for predicting their catalytic performance, as the reversibility of the electron transfer
and the value of potential are parameters that usually correlate with the results of catalytic
tests [7,8]. It was shown that the redox potential of ruthenium ethylenediaminetetraacetate
complexes determined by auxiliary ligands correlates with its electrocatalytic performance [9].
A similar observation was done for Ru(Il)-polypyridine complexes with alkynyl Schiff base
ligands [10]. The potential of Ru(II)-Ru(Ill) transition plays a key role in the activation of
the ruthenium anticancer prodrugs in vivo [11] as well in light-harvesting applications [12]
and light-emitting diodes [13]. Thus, electrochemical properties of complexes are widely
explored and their correlations with structure and properties are carefully analyzed in
numerous reviews and original papers [14-18].
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Closo-ruthenacarboranes based on nido-C;Bg ligands are known as effective catalysts
of Atom Transfer Radical Polymerization (ATRP) [19,20], a powerful tool for obtaining well-
defined polymers [21,22]. Among the known closo-ruthenacarboranes 18-e complexes of
Ru(Il), 17-e complexes of Ru(Ill), and 18-e complexes of Ru(IV) are distinguished. The first
ones contain three 2-e neutral monodentate ligands or corresponding polydentate ligands
bounded to RuC;Bg moiety. Such compounds may be electrochemically oxidized to Ru(III)
species. The reversibility of the process depends on the structure of the complex. Stable
17-e complexes of Ru(Ill) have a similar structure but are characterized by the presence of
only two neutral o-ligands while the last coordination site is occupied by a halogen. They
may be reduced to corresponding Ru(Il) anions. In 18-e complexes of Ru(IV), an additional
hydride ligand is bounded to the ruthenium atom. Such complexes are characterized by
unexpectable high stability but may be converted to the mentioned Ru(IlI) species in the
presence of free radicals or its precursors.

The recent review of Teixdor [23] shows the wide diversity of redox potential values
possible for bis(dicarbollide) clusters of cobalt, nickel, and iron depending on the nature
substituents in boron cages. At the same time the similar generalization of the properties
ruthenium derivatives was not found in the literature although in may be useful for boron
cluster scientists and researchers working in the area of ruthenium complexes. This work
summarizes the results of electrochemical exploration of a series of ruthenium carborane
complexes first obtained in our group by cyclic voltammetry, describes the found correlations
and provides the ways of tuning complex potential by changing ligand environment.

2. Materials and Methods

Ruthenium complexes were synthetized according to the methods described in the
references provided in Tables 1 and 2. 1,2-dichloroethane and acetonitrile (Sigma-Aldrich,
St. Louis, MO, USA) were distilled over calcium hydride prior to use. n-BusNPFg and
AgCl were purchased from Sigma-Aldrich and used as received.

Table 1. The results of cyclic voltammetry studies of 18-e closo-ruthenacarboranes *.

Complex L Ry, Ry Epa [Ref]
1la Cl —H, —-H 1.10 [9]
1b Cl —H, —CHj 1.01 [10]
1c Cl —H, —C4Hg 1.08 [10]
1c Cl —CHj3;, —CHj3 0.96 [10]
1d Br —-H, -H 1.02 [16]

* Solvent: 1,2-dichloroethane with 0.2 M n-BuyNPF as the supporting electrolyte. [Ru] = 0.003 M. Scan rate:
0.1 V/s. The values are referred to ferrocene as internal standard.

Table 2. The results of cyclic voltammetry studies of closo-ruthenacarboranes *.

Ru(D)-RudIl), V Ru(I)-Ru(IV), V

Complex Type X L Ry, Ry [Ref]
Epa Ep. | 573 Epa Ep. Ei

2a 17-e CH, Cl —H, -H —0.398 —0.480 —0.439 0.548 ** — — 24
2b 17-e (CHy), Cl —H, —-H —0.297 —0.367 —0.332 0.677 ** — — 25
2c 17-e (CHy)3 Cl —H, -H —0.279 —0.343 —0.311 0.683 ** — — 25
2d 17-e (CHjy)4 Cl —H, —-H —0.251 —0.332 -0.292 0.721 ** — - 19
2e 17-e (CHy)s Cl —H, —-H —0.245 —0.318 —0.282 0.720 ** - — 26
2f 17-e 0-CgHy Cl —H, -H —0.312 —0.399 —0.356 0.779 ** 24
2g 17—e (CHy), Br —H, —H —0.276 —0.352 —-0.314 0.691 ** — — 27
2h 17-e (CH,)3 Br —H,-H  —0.245 —0.320 —0.282  0.756** - - 27
2j 17-e (CHy)4 Br —H, —H —0.212 —0.291 —0.251 0.805 ** — — 27
2k 17-e (CHy)4 Cl 76?1_’19 —0.343 —0.410 -0.377 0.725 ** — — [20]
21 18-e CH, CH3CN —H, —H 0.206 0.138 0.172 — — — 24
2m 18-e (CH3), CH3CN —H, —H 0.290 0.190 0.240 0.954 ** — — 28
2n 18-e (CH3)4 CH3CN —H, —H 0.367 0.280 0.324 1.166 ** — — 29
20 18—e (CH3)4 C¢H5CN —H, —H 0.368 0.283 0.326 0.935 ** — — 30
2p 18-e CHj)4 CH,=CHCN-H, —H 0.366 0.273 0.320 0.848 ** — — 30
2q 18-e CH, PPhs —H, —H 0.432 0.345 0.389 — — — 24
2r 18-e 0-CgHy CH3CN —H, —H 0.320 0.206 0.263 — 24
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Table 2. Cont.

Ru(D-Ru(IID), V Ru(IID-Ru(V), V
Complex Type X L Ry, Ry [Ref]
Epa EPc El/Z Epa Epc El/Z
3a 17-¢ (CHy)s cl “H,-H 035 0426 0391  0.624* - - 31]
3b 17-¢ (CHa): al “H,-H 0316 -0393  —0355  0.683* - - 19]
3¢ 17-e (CH)s al “H, -H 0274  —0345 0310 0.677* - - 26]
3d 17-¢ (CH)3 Br “H,-H 0285 0351 0318  0619* - - 27]
3e 17-¢ (CHa): Br “H, -H 0277  —0344 0311  0610* - - 27]
3f 17-¢ (CH>)s Br “H -H 0254 0323 0288 0716* - - 27]
3g 17-e (CHa)a al - EI;II'3 0383 0463 0423  0.615* - - [32]
3h 17-e (CHy)s cl :ggz 0417 0488 0452  0570* - - [32]
3i 18-¢ (CHy): CH;CN —H,-H 0284 0.211 0248  0.790* - - 28
3] 18-¢ (CHy): CeHsCN —H,—H 0285 0.204 0244  0.690* - - 30
3k 18-¢ (CHy): CH,=CHCN-H, -H 0291 0.204 0248  0.680* - - 30
31 18-¢ (CH>), PPh;  -H -H 0425 0.329 0377  0.905* - - 28
3m 18-¢ (CH)3 PPh;  -H -H 0450 0.387 0418  1100* - - 31
3n 18-e (CHy)s PPh; -H -H 0275 0.207 0241  0.802* - - 26
4a 17-e (CH,)3 cl - 0461 0542 0501  0517* - - 25]
4b 17-e (CH,)s cl - 0426 0497  —0461  0553* - - [25]
5a 17-e (CH,)3 cl “H,-H 0393 0458 0426 0575 0.510 0.543 19
5b 17-e (CH,)s cl “H,-H 035  —0428  —0393 0.627 0.551 0.589 19
5c 17-e (CH))s cl “H,-H 0279  —0348  —0313 0.637 0.551 0.594 26
5d 17-e (CHy)s Br “H,-H 0346  —0414 0380  0.634 0.560 0.597 27
5e 17-¢ (CHa)a al :CPIEIQ 0419  —0510 0464  0.601 0.509 0.555 [32]
5f 17-e (CHy)s cl :ggz 0454 0540  —0497 0571 0.488 0.530 [32]
5¢ 18-e (CHy); CHsCN —H,-H 0164 0.093 0.128 0.763 0.685 0.724 28]
6a 17  -H,-H cl - 0274 0350 0312 0.702* - - 33
6b 17-e NH cl - 0280 0360  —0320  0A471%* - - 33
6¢ 17-e  C(CHs) cl - 0298  —0369  —0333  0.800* - - 33
6d 18  —H -H CH;CN - 0.395 0.300 0.348 - - - 33
6e 18-¢ NH CH,CN - 0.360 ** - . - - - 33
6f 18-  C(CHz), CH;CN 0.331 0.242 0.286 - - - 33
7 18-e - - - 0.421 0.332 0.376 0.933 0.822 0.877 34
8 18-¢ - - 0.615 ** - - . - - 34
9 18-¢ - - - 0.560 ** - - - - - 34
10 17-e - - - 0465 0345 0405  0513* - - 34
11a 18-¢ “H - 0055 0124  —0.089 - - - 35
11b 18-e —CH; - - 0.043 —0.031 0.006 - - - 35
11c 18-e —C,Hs - - 0.074 0015 0.029 - - - 35
11d 18e  —CH(CHs), — - 0005 0077  —0.041 - - - 35
1le 18-e  —C(CHs);  — - 0.018 0045 0014 - - - 35

* Solvent: 1,2-dichloroethane with 0.2 M n-BuyNPFg as the supporting electrolyte. [Ru] = 0.003 M. Scan rate:
0.1 V/s. The values are referred to ferrocene as internal standard. ** irreversible oxidation.

Electrochemical measurements were performed with an IPC Pro-M potentiostate
(Volta, Saint-Petersburg, Russia) with the digital recording of the results. The studies were
performed in 1,2-dichloroethane with 0.2 M n-BuyNPFq as the supporting electrolyte. The
measurements were carried out under Ar atmosphere in a conventional three-electrode
cell (3 mL) with a Pt disk (0.8 mm in diameter) as the working electrode, a Pt wire as
the counter electrode and Ag/0.01 M AgNOj3 plus 0.2 M n-BugNPFg in acetonitrile as the
reference electrode [36]. Pt electrodes were treated with concentrated sulfochromic mixture
and washed with deionized water before use.

In a typical experiment 232 mg (0.6 mmol) of n-BusyNPF, were dissolved in 3 mL of
1,2-dichloroethane, and a baseline signal was recorded to certain the absence of impurities on
the electrode surface and in solution. After that 0.009 mmol (ca 6-9 mg) of ruthenacarborane
was added and the CV curves were recorded after full dissolution of the complex.

Ferrocene was used as an internal standard [32]. A 1-2 mg of ferrocene was added
to the electrochemical cell after the study of each complex. In the case of exploration
compounds 11a—e external calibration of electrode relative ferrocene was performed.
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3. Results

In the present work, a cyclic voltammetry study of 60 closo-ruthenacarboranes is discussed,
and the correlations between complex structures and their electrochemical properties are
established. The structures of the studied compounds are presented in Figure 1.

X X
Ph,P PPh, PhP. PPh;
2 \ \ /
Ru- Ru—L

@® CH (or Cin case of 4a-b)
QO B

11 a—e

Figure 1. The structures of the studied ruthenacarboranes.

Complexes 1a-1d are air-stable 18-e compounds. The formal oxidation state of ruthe-
nium is +4. These compounds undergo irreversible oxidation with Ep, 1.0-1.1 V versus
ferrocene. The CVA curve recorded for complex 1a is represented in Figure 2. The other
curves are similar. According to the data provided in Table 1, the presence of alkyl sub-
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stituents in the lower belt of the carborane cage results in a decrease in the value of the
potential at which oxidation starts. A bromine-containing complex 1d is oxidized at a
slightly lower potential than its chlorine-based analog. High values of oxidation potentials
correlate with the high stability of these compounds in air or solution observed earlier [19].

5b

3b

1a

-0.5 0 0.5 1.0 1.5
E, V ver Fc|Fc"

Figure 2. Typical CVA curves recorded for 18-e complexes of Ru(IV) (1a) and 17-e complexes of
Ru(II) (2d, 3b, 5b) in 1,2-dichloroethane with 0.2 M n-BusNPFj as the supporting electrolyte at 25 °C.
[Ru] = 0.003 M. Scan rate: 0.1 V/s.

Complexes 2a—2k are examples of stable paramagnetic 17-e complexes of ruthenium (III).
Some of them may be obtained by abstracting hydrogen atoms from complexes 1a-1d [19,26].
The reversible reduction of complex 2d is observed in Figure 2, while the CVA curves for
other compounds have similar nature. Due to the presence of a semi-occupied orbital, these
compounds attach additional electrons in the reversible reduction process. In this case,
stable 18-e anions similar to the known [3-Cl-3,3-(PPh3),-closo-C,BgH11]~ [37] are formed
on the electrode surface. These anions may be converted back to 17-e species in the reverse
oxidation process.

The analysis of the data provided in Table 2 allows us to conclude that the increase
in the number of methylene units in the diphosphine ligand results in a gradual increase
of potential value. This tendency is observed as for chlorine-containing complexes 2a—2e,
so for its bromine-containing counterparts 2g-2j. It should be noted that the difference
between E; /; of complexes distinguished in one CH; unit increases with the decrease of
the length of methylene chain. Taking into account that donating abilities of the studied
bis(diphenylphospino)alkane ligands are similar, the observed differences may be explained
by steric factors and bite angles of diphosphine ligands. This proposition is confirmed by
similarity of E; /, values measured for 2f based on 1,2-bis-(diphenylphosphino)benzene and
2b containing 1,2-bis-(diphenylphosphino)ethane with close bite angles [38]. The similar
tendency is observed for complexes 2m and 2r.

The exchange of chlorine for bromine atoms leads to the increase of Ru(II)-Ru(Ill) transition
potential by 0.02-0.04 V. The introduction of n-butyl substituent results in decrease of redox
potential of 2k by 0.08 V relative its analogue 2d indicating donating ability of butyl substituent.

Oxidation of 17-e species 2a-2k proceeds fully irreversible as shown for 2d in Figure 2.
The value of Ep, tends to increase with the increase of the number of methylene units in
diphosphine ligand, the bromine-containing complexes are characterized by higher Ep,
values, similarly as it was observed for Ru(II)-Ru(III) transition.

Compounds 21-2r contain neutral monodentate ligand instead of halogen and are
diamagnetic 18-e complexes of ruthenium (II). Thus, the corresponding Ru(Il)/Ru(III)
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transition should be considered as oxidation. It also proceeds reversible but at higher
potential values (0.1-0.4 V versus ferrocene) in comparison with the earlier discussed
17-e species. The increase of the oxidation potential is observed in row 21-2n with the
increase of the length of the methylene bridge in the diphosphine ligand and its bite angle.
Interestingly complexes 2n—2p with different nitrile ligands (acetonitrile, benzonitrile, and
acrylonitrile) have similar redox potentials which do not depend on the nature of the alkyl
or aryl radical. At the same time the exchange of nitrile by triphenylphosphine results in
the increase of the potential of Ru(Il) /Ru(IIl) transition by 0.23 V (21 and 2q). The redox
behavior of 21 and 2q can be explained by the predominant tendency of phosphine ligands
on the redox potential of ruthenacarborane.

Further oxidation of 2m-2p to Ru(IV) species proceeds irreversibly. The measured Ep,
values are higher than for the similar 17-e species. In the cases of compounds 21, 2q, and 2r
no second oxidation waves were observed in the studied range of potentials. It should be
noted that the Ep, value for Ru(Ill)-Ru(IV) transition for nitrile-based complexes 2n-2p
depends on the structure of the auxiliary ligand. The acrylonitrile-based complex 2p with
a double bond in its structure is characterized by the lowest oxidative stability, while the
highest potential was observed for its saturated acetonitrile-based analog.

A key feature of compounds 3a-3n and 4a—4b is the presence of covalent bond between
carborane and diphosphine ligands. This bond should increase the stability of complexes
and prevent its full decomposition. Complexes 3a-3h are paramagnetic 17-e species while
compounds 3i-3n are diamagnetic. Electrochemical properties of such complexes are generally
similar to those discussed earlier for compounds 2a—2r. These compounds are characterized by
reversible Ru(II)-Ru(Ill) transitions. Further oxidation to Ru(IV) is irreversible. An increasing
number of methylene groups in diphosphine ligand or exchange of chlorine by bromine
results in the increase of E; /, value similarly as observed for 2.

CVA curves recorded for complex 3b at different scan rates, provided in Figure 3,
show that no reduction signal is observes after oxidation at 0.8 V versus Fc|Fc* even with
higher scan rates. The dependences of anodic and cathodic currents on a square root scan
rate are linear (see Figure 3b) confirming the reversibility of a Ru(II)-Ru(IlI) transition.

lpa, HA
08 r

0.6 r
04 r

0.2 r

08 -06 -04 02 O 02 04 06 038

0 5 10 15 20 25 30

+
E, mV ver Fc|Fc V% (mV/s)"

(@ (b)

Figure 3. (a): CVA curves recorded for complex 3b in 1,2-dichloroethane with 0.2 M n-BuyNPFg as
the supporting electrolyte at 25 °C and different scan rates. [Ru] = 0.003 M. Scan rate: 1—0.1 V/s,
2—02V/s,3—04V/s,4—0.8 V/s; (b)—the dependence of anodic current on the square root of scan
rate (v) for complex 3b in the same conditions.

Note, a weak reverse peak of reduction after irreversible oxidation to Ru(IV) state
has appeared at 0.1 V. The detailed investigation of the complexes 3a-3h has shown that
this peak probably corresponds to the formation of novel complexes capable of reversible
transition. According to the CVA curve depicted in Figure 4, irreversible oxidation of 3¢
results in the appearance of a reduction peak at 0.13 V. The subsequent oxidation results
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in the appearance of a new oxidation peak at 0.18 V, which has not been observed on the
oxidation wave in the first cycle. When the potential of the working electrode was kept at
0.8 V for 30 s, the current of the redox wave at 0.18 V has become larger confirming this
proposition. Thus, we may conclude that the presence of covalent linkage prevents full
decomposition of complexes 3 and 4 after deep oxidation.

"

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
E, V ver Fc|Fc"

Figure 4. A CVA curve recorded for complex 3¢ in 1,2-dichloroethane with 0.2 M n-BuyNPFg as the
supporting electrolyte at 25 °C. [Ru] = 0.003 M. Scan rate: 0.1 V/s.

The oxidation of 18-e complexes of Ru(II) 3i-3n to Ru(Ill) is also reversible but the
potentials of Ru(II)-Ru(IIl) transition are higher in comparison with 17-e species. Its further
oxidation to Ru(IV) is irreversible, while a small reverse peak is observed at 0.6 V (see
curve 3i in Figure 5). Note that triphenylphosphine derivatives of Ru(Il) have higher
values of redox potentials in comparison with nitrile-based complexes (see curves 3i and
3m of Figure 5). Complex 3n is characterized by a surprisingly low value measured for
Ru(Il)-Ru(Ill) transition. It is probably caused by its decomposition with the formation of a
dioxygen-containing derivative upon dissolution [28].

0.4 0.6 0.8 1.0 1.2
E, V ver. Fc|Fc*

Figure 5. Typical CVA curves were recorded for 18-e complexes of Ru(Il) in 1,2-dichloroethane with
0.2 M n-BuyNPF; as the supporting electrolyte at 25 °C. [Ru] = 0.003 M. Scan rate: 0.1 V/s.

Complexes 3g, 3h, 4a and 4b contain methyl substituents in the carborane cage. A
comparison of the data obtained for these compounds and their unsubstituted analogs
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shows that the presence of methyl groups in the structure of carborane ligand results in
a decrease of E;/; value. The introduction of the first group results in the decrease of
potential by 0.068 V (3b and 3g) while the introduction of the second one decreases the
potential only by 0.029 V (3g and 3h). It should be noted that the position of the methyl
group in the cage has no significant influence on the electrochemical parameters. The
introduction of two methyl groups to carbon atoms in the upper belt of the cage results in a
similar decrease of the potential approximately by 0.1 V (4a—4b and 3a-3b).

Compounds 5a-5g are characterized by two covalent bonds between carborane and
diphosphine ligands which significantly increase its stability. The presence of the second
ortho-cycloboronated fragment surprisingly leads to the reversibility of Ru(III)-Ru(IV)
transition. This reversibility is observed for 17-e species 5a-5f (see curve 5b in Figure 2)
and for 18-e complex 5g (Figure 5). Other dependencies between the complex structure
and redox potential values are the same as discussed in the cases of compounds 2-4. The
increase of the length of the methylene chain expectedly leads to the increase of E; /, for
Ru(Il)-Ru(IlI) transition and also increases E; /, of reversible oxidation to Ru(IV). Methyl
substituents in the carborane cage decrease values of E; /, for both transitions.

Comparison of E; s, values measured for complexes 2¢, 3a, and 5a shows that the appear-
ance of the first and the second ortho-cycloboronated fragments in ruthenacarborane complex
decreases its redox potential. A similar tendency is observed for other rows of relative com-
pounds (see Figure 2). Formation of this fragment may be considered as intramolecular
introduction of ortho-phenylene substituent in the carborane cage. Thus, it correlates with the
discussed ability of alkyl substituents to decrease the oxidation potential of ruthenacarboranes.

Compounds 6a—6f have similar structures to the earlier discussed 2a—2r but contain
chelate P-O-P ligands which coordinate to ruthenium by two phosphorus atoms. Com-
pounds 6a—6¢ are 17-e Ru(Ill) species that undergo reversible reduction to Ru(ll) at potential
values close to the same of the corresponding bis(diphenylphosphino)alkane derivatives
2b and 2c. Its CVA curves are similar to the same of 2d. Its oxidation to Ru(IV) proceeds
irreversible and the Ep, values significantly depend on the nature of the ligand. The Ni-
Xantphos-based complex 6b has the lowest oxidative stability, while the XantPhos based 6c is
the most stable. Among the 18-e derivatives of Ru(II) 6d—6f only two compounds are capable
of reversible oxidation. Its E; /; is typical for complexes with nitrile ligands. Oxidation of 6e
to Ru(Ill) is fully irreversible due to the low oxidative stability of the Ni-Xantphos ligand.

Ruthenacarboranes 7-9 are 18-e complexes of Ru(Il) with triphosphine ligands. De-
spite the similarity of their structures, they are characterized by different electrochemical
behavior. Complex 7 is characterized by two reversible transitions, while the oxidation
of 8 and 9 is irreversible (Figure 5). It should be noted that Ep, values for complex 7 are
close to the values observed in the discussed tris-phosphine derivatives 31, 3m, and 2q (see
curves 3m and 7 in Figure 5).

Compound 10 is a product of interaction 9 with carbon tetrachloride [34]. It is a
17-e complex of trivalent ruthenium. It can also be considered as a derivative of 2a, where
one hydrogen atom is substituted by the PPh; group. Its electrochemical properties are
similar to the same of 2a. It also undergoes reversible reduction to Ru(Il) and irreversible
oxidation to Ru(IV) but at lower potential values than 2a. The lower E; /, values correlate
with donating ability of —PPh; substituent in the alkyl fragment.

Ruthenacarboranes 11a-11e exhibit 18-e species and contain tridentate nitrogen-based
ligands in their structure. Another peculiarity of the mentioned compounds is a so-called
pseudocloso conformation of carborane ligand with enlarged C-C distance exceeding the sum
of covalent radii [35]. These compounds are capable of reversible reduction at potentials
close to Ej/, of the FclFc* couple. It should be noted that the introduction of an alkyl
substituent to the nitrogen atom results in a change in the value of redox potential. Still, no
direct correlation between the nature of the substituent and E; /, value can be observed.
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4. Discussion

The analysis of the obtained results allowed us to clearly recognize some patterns and
dependences of electrochemical parameters of ruthenacarboranes on their structures which
are in good agreement with the earlier mentioned ones.

Most of the studied compounds 2-11 undergo reversible Ru(Il)-Ru(IIl) transition
while the reversibility of the oxidation to the formal Ru(IV) state depends on the complex
structure. The measured potentials of transitions lie in the area typical for Ru(Il) | Ru(III)
transition [39-42]. At the same time, a comparison of E; /, value for complex 2a (—0.332 V)
with its counterparts containing cyclopentadienyl-anion (Cp, E;/, = —0.015 V) or pen-
tamethylcyclopentadienyl (Cp*, E1/» = —0.190 V) [41] allows us to conclude that dicarbol-
lide ligand is more donating than the mentioned carbocyclic ligands. This ability of parent
[C,BoH11]%~ anion is in good agreement with the observed for its substituted analogs [42]
and may be used for the creation of catalysts for processes based on reversible oxidation.

It should be noted that the introduction of alkyl substituents in the carborane cage
results in the decrease of E; /, value indicating the donating ability of the substituent. This
trend is in good agreement with the observed behavior of sandwich pyrrolyl/dicarbollide
cobalt complexes [43] or ruthenium complexes with charge-compensated carborane lig-
ands [42]. The mentioned tendency correlates with the observed dependence of E, values
of ruthenium complexes with substituted n°-arene on the number of methyl groups [44].

The formation of ortho-phenylenecycloboronated fragments in complexes 3-5 leads to
the decrease of E; /, for Ru(Il)-Ru(Ill) transition. It may be considered as intramolecular sub-
stitution in carborane ligand and thus correlates with the previously discussed influence of
alkyl substituents. Moreover, the formation of the second ortho-cycloboronated link results
in the reversibility of the second wave corresponding to the Ru(Ill)-Ru(IV) transition. Such
an effect is similar to the observed reversible oxidation of Ru(n®-CsMey)-based complexes
contrary to the irreversible process for the similar Ru(n®-C¢Hg) one and may be caused by
the decrease of electrode adsorption [44].

Basing on the results of the experiments we may conclude that the increase in the
number of methylene units in the alkylidene fragment of the diphosphine ligand results in
the increase of the E; /, value for Ru(II)-Ru(Ill) transition. A similar trend was observed for
palladium diphosphine complexes [45] and is probably explained by structural distortions
and stabilizing the LUMO in the case of compounds with large bite angles.

According to the provided data, the potential of Ru(II)-Ru(Ill) transition of the studied
ruthenacarboranes 2 varies from —0.439 to +0.389 V versus ferrocene depending on the
nature of auxiliary ligands. The comparison of E; /, for the relative Ru(Ill) complexes with
different halogen atoms shows that chlorine-based complex usually displays a lower redox
potential than similar complexes with bromine atoms. It should be noted that analogous
observation was done for copper complexes with nitrogen-based ligands [46]. Complexes
of Ru(II) with nitrile ligands have higher E; /, values in comparison with halogen-based
complexes of Ru(Il) similar to Cp-based complexes [41]. Ruthenacarboranes containing
triphenylphosphine are characterized by the highest oxidation potentials.

Compounds 11a—f with tridentate ligands are classified as pseudocloso-ruthenacarboranes.
Its reversible Ru(II)-Ru(IIl) transition have potential close to the corresponding of Ru(CH3CN)
(2,2'-bipyridine)C,BoHj1 (ca 0.05 V ver. Fc | Fc*, [47], taking into account E(Fc | Fc*) =0.10 V
versus Ag | AgNOjs [48]).

5. Conclusions

We may conclude that closo-ruthenacarboranes, despite similar structures, are very
diverse from the point of view of their electrochemical properties. Diamagnetic complexes
of Ru(IV) undergo irreversible oxidation. 17-e complexes of Ru(Ill) undergo reversible
reduction to Ru(ll) species. Oxidation of 18-e complexes of Ru(II) to Ru(IIl) species also
reverses. The further oxidation of the formed cations towards formal Ru(IV) may be
reversible or not depending on the complex structure.
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The provided results of electrochemical studies of ruthenacarboranes indicate that
Ru(II)-Ru(Ill) transition is reversible for the major part of the complexes, while the value of
potential varies in a wide range depending on the nature of auxiliary phosphine ligand and
substituents in the carborane cage. Considering that dicarbollide ligand is more donating
than carbocyclic ligands closo-ruthenacarboranes seem suitable for application as catalysts
for ATRP and other redox processes. Among the studied complexes the compounds of
types 3-5 with covalently bounded carborane and diphosphine moieties are the most stable
and preferable for catalytic applications.

Despite the value of the potential of reversible Ru(Il)-Ru(Ill) transition of ruthenacarbo-
ranes may vary in a wide range from —0.501 to 0.389, the found correlations allow proposing
the ways of further expanding this range by modification of carborane cage or changing the
auxiliary ligand. Moreover, the data provided in Table 2 and the found regularities may be suc-
cessfully used for tuning other classes of ruthenium complexes for their practical applications.
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