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Synthesis and structural characterization of manganese(IIlL, IV)
and ruthenium(IIT) complexes derived from
2-hydroxy-1-naphthaldehydebenzoylhydrazone
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Reaction of 2-hydroxy-l-naphthaldehydebenzoylhydrazone(napbhH,) with manganese(Il)
acetate tetrahydrate and manganese(Ill) acetate dihydrate in methanol followed by
addition of methanolic KOH in molar ratio (2:1:10) results in [Mn(IV)(napbh),] and
[Mn(III)(napbh)(OH)(H,O)], respectively. Activated ruthenium(III) chloride reacts with
napbhH, in methanolic medium yielding [Ru(III)(napbhH)CI(H,O)]CIl. Replacement of aquo
ligand by heterocyclic nitrogen donor in this complex has been observed when the reaction is
carried out in presence of pyridine(py), 3-picoline(3-pic) or 4-picoline(4-pic). The molar
conductance values in DMF (N,N-dimethyl formamide) of these complexes suggest non-
electrolytic and 1:1 electrolytic nature for manganese and ruthenium complexes, respectively.
Magnetic moment values of manganese complexes suggest Mn(III) and Mn(IV), however,
ruthenium complexes are paramagnetic with one unpaired electron suggesting Ru(III).
Electronic spectral studies suggest six coordinate metal ions in these complexes. IR spectra
reveal that napbhH, coordinates in enol-form and keto-form to manganese and ruthenium
metal ions in its complexes, respectively. ESR studies of the complexes are also reported.

Keywords: Manganese(I1I); Manganese(IV); Ruthenium(III); 2-Hydroxy-1-naphthaldehyde-
benzoylhydrazone; Pyridine bases

1. Introduction

Metal complexes of Schiff bases represent an important class of coordination
compounds [1-7]. Schiff bases containing polyfunctional groups produce
stable complexes of transition, non-transition, inner-transition and actinide metal
ions. Manganese is an important trace element needed for normal physiological
functions. It is also a cofactor or required metal for enzymes such as superoxide
dismutase (SOD), glutamine synthetase and azide insensitive catalase [8—11].
Manganese complexes in high-oxidation state are potentially used as oxidizing
agents, catalysts [12] and electro-catalysts [13] for oxidation of alcohols, ethers, and
water. Manganese in photosystem-I1I is of particular interest where manganese in higher
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oxidation state functions as a catalyst for oxidizing two molecules of water to molecular
oxygen [14, 15].

Ruthenium has received considerable attention [16], primarily because of the
fascinating redox, photophysical, and photochemical properties exhibited by com-
plexes. Ruthenium complexes have been investigated as photovoltaic devices [17-20], as
catalysts in oxidation [21], reduction [22], and as organic conductors [23, 24]. The
versatility of ruthenium complexes is due to redox properties, intense electronic
absorption bands, and stability, which can be manipulated by subtle changes to the
axial ligands [25]. Ruthenium complexes have shown satisfactory DNA-cleavage ability
[9, 26, 27].

Complexes of transition metal ions with 2-hydroxy-1-naphthaldehydebenzoylhydra-
zone have been reported [28-30], but there is no report on complexes with
manganese(IIl, 1V) and ruthenium(III) metal ions. That is why manganese and
ruthenium ions have been selected for the present study.

2. Experimental

2.1. Materials

Manganese(Il) acetate tetrahydrate, ruthenium(III) chloride trihydrate, potassium
hydroxide, ethylbenzoate, hydrazine hydrate, and 2-hydroxy-1-naphthaldehyde were of
GR (E-Merck) or equivalent grade reagents. Reagent grade organic solvents were
purified and dried by recommended procedures [31]. Manganese(III) acetate dehydrate
[32] and benzoylhydrazine [33] have been obtained by literature procedures.
Commercial grade ruthenium trichloride was activated by dissolving in concentrated
hydrochloric acid and then evaporating to dryness over a steam bath before use.

2.2. Analysis of the complexes

Estimation of manganese, ruthenium, and chlorine was done by following the standard
literature procedures [34, 35]. Carbon, hydrogen, and nitrogen were determined micro-
analytically.

2.3. Physical measurements

Molar conductances of the complexes at 10~* M dilution in DMF were measured on
a Systronics Direct Reading Conductivity meter-304 with a dip-type conductivity cell
at room temperature. Magnetic susceptibility measurements were carried out on
a Vibrating Sample Magnetometer. Electronic spectra were recorded on a Spectroscan
2600, Double beam UV-Vis spectrophotometer (Chemito), and on a Perkin Elmer
Lambda 25 UV-Vis spectrophotometer. Infrared spectra were recorded on a Perkin
Elmer Model BX-II IR spectrophotometer from 4000 to 450cm ™' as KBr pellets and
in the range 600-50cm™" in CsI discs. ESR spectra of the complexes were recorded at
X-band frequency on a Varian E-112E-line century series ESR spectrometer using
TCNE (g=2.00277) as an internal field marker.
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2.4. Preparation of ligand

The ligand, 2-hydroxy-1-naphthaldehydebenzoylhydrazone(napbhH,) was prepared
in two steps. In the first step, benzoylhydrazine(BH) was prepared by reaction of
ethylbenzoate (48.0mL) and hydrazine hydrate (16.3mL) in 1:1 molar ratio under
reflux for 4h. The product thus isolated was recrystallized from hot benzene [33],
[Yield: 78%]. In the second step, benzoylhydrazine (2.0 g) in ethanol (30 mL) solution
reacted with 2-hydroxy-1-naphthaldehyde (2.50g) in 1:1 molar ratio at 70°C with
constant gentle stirring for 30-45min. The cream polycrystalline precipitate thus
obtained was purified by repeated washing with hot ethanol and dried over anhydrous
CaCl, [28, 36], [Yield: ~82%]. (m.p. 198°C) [Found: C, 74.92; H,4.70; N, 9.56; Calcd for
CisH14N>O»: C,74.48; H,4.82; N,9.65 (%). Amax (nm), 297(7742 dm’mol~'ecm™"),
327(5149 dm*mol~'em™") and 3634714 dm>mol 'ecm™"); v (ecm™") 3550-3300(sbr),
3448(s), 3185(sbr), (OH+ NH); 1654(s), 1642(s)(C=0); 1625(m), 1604(m)(C=N);
1561(m), 1547(m) [amide I1(CO + NH) + (C-O)(naphtholic)]; 1291(s), 1284(s) [8(C-O)]].

2.5. Preparation of [Mn(III)(napbh)(OH)(H,0)] (1)

To a 50mL methanolic solution of Mn(OAc);-2H,O (0.460g,1.742mM),
1.0g,3.448mM of napbhH, was added and magnetically stirred at 70°C for half an
hour. To the resulting light brown suspension, 10 mL methanolic solution of KOH
(0.384 g,10.66 mM) was added drop wise with constant stirring and stirred for 45 min,
resulting in a dark green solution. The solution was filtered and the filtrate was kept for
crystallization, which yielded dark green precipitate after 3 days. The precipitate
was washed several times with methanol and dried over anhydrous CaCl, [Yield:
68.42%].

2.6. Preparation of [Mn(1V)(napbh),] (2)

To a 25mL methanolic suspension of napbhH, (2.0 g,6.89 mM), 40 mL methanolic
solution of Mn(OAc),-4H-O (0.844 g,3.44mM) was added with stirring at 70°C and
further stirred for 45 min. The suspension was made soluble by adding dropwise 10 mL
methanolic solution of KOH (0.771 g, 21.41 mM) maintaining the temperature at 70°C
and finally stirred for an additional 30 min. The dark brown solution obtained was
filtered and the filtrate was kept for crystallization, which yielded dark brown
precipitate after 3 days. The precipitate was suction filtered and washed several times
with methanol dried over anhydrous CaCl, [Yield: 65.20%].

2.7. Preparation of [Ru(IIl)(napbhH)CI(H,0)]CI (3)

To a 20mL methanolic suspension of 2-hydroxy-l-naphthaldehydebenzoyl
hydrazone(napbhH,) (1.12g,3.862mM), 20 mL methanolic solution of RuCl;-3H,0
(1.0g,3.824 mM) was added slowly with stirring and further refluxed for 1.5h. The
color of the reaction mixture changed from reddish to brown and was filtered hot. The
undissolved material was rejected and the filtrate was kept for crystallization which
yielded dark brown precipitate after 3 days. The precipitate was suction filtered, washed
with methanol and ether and dried over anhydrous CaCl, [Yield: 76%].
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2.8. Preparation of [Ru(IIl)(napbhH)CI(A) ]CI [A=py(4),3-pic(5) or 4-pic(6)]

The complexes were obtained essentially by the same procedure as used for synthesis of
[Ru(I1T)(napbhH)CI(H,O)]CI only by adding pyridine, 3-picoline or 4-picoline to the
reaction mixture obtained after refluxing of napbhH, and RuCl;-3H,O mixture.
The reaction mixture containing pyridine was further refluxed for 1h and filtered hot.
The filtrate yielded green precipitate after 3 days, which was collected [Yield:
66.2%(4), 64.9%(5), 65%(6)].

3. Results and discussion

The complexes isolated in the present study, together with their color, decomposition
temperature, analytical data, magnetic moment, electronic spectral bands, and molar
conductance data are presented in table 1. The analytical data and stoichiometry of
the complexes reveal complexes of compositions [Mn(IIT)(napbh)(OH)(H,O)] (1),
[Mn(IV)(napbh),] (2), [Ru(IIT)(napbhH)CI(A)]CI [A = H,0(3), py(4), 3-pic(5), 4-pic(6)].
The complexes are air stable, insoluble in water and common organic solvents such as
EtOH, MCOH, CH3COCH3, CC14, CHC13, Et20, C6H6, CH2C12, and CH3CN but
soluble only in coordinating solvents like DMF and DMSO. Manganese complexes
do not decompose up to 300°C, while the ruthenium complexes decompose in the
temperature range 225-258°C. Weight loss experiments for the complexes were carried
out by heating a small amount of sample in a glass tube for 4h in an electric oven
maintained at 110, 180 and 220°C. None of the complexes show weight loss at 110°C,
ruling out the presence of lattice water. Complexes 1 and 3 show weight loss
corresponding to one water at 180°C, suggesting the presence of coordinated water.
Complexes 4-6 show weight loss at about 220°C corresponding to one molecule of
pyridine, 3-picoline or 4-picoline. Expulsion of these molecules at such a high
temperature indicates they are coordinated to the metal.

3.1. Molar conductance

Molar conductance values for 1 and 2 are 10.70 and 7.0 @ 'cm?mol~! in DMF at
107* M, respectively, while those for ruthenium complexes 3-6 fall in the range
65.80-72.30 Q@ 'ecm®mol™'. A comparison of the molar conductance data with
literature values indicates that manganese complexes are non-electrolytes [37], while
ruthenium complexes have 1:1 electrolytic nature in DMF. The high molar
conductance values for ruthenium complexes may be attributed to the fact that these
complexes undergo solvolysis in the highly coordinating DMF; the possibility of one
chloride out of the coordination sphere cannot be ruled out.

3.2. Magnetic moment

Manganese complexes 1 and 2 have u.g values of 4.33 and 4.05 B.M., respectively.
The perr values for the Mn(I'V) complexes are reported to lie in the range 3.83-4.12 B.M.
with d* configuration (S =3/2) [38, 39], while Mn(III) complexes have ue values in the
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range 4.80-5.20 B.M. with d* configuration (S'=2) [40, 41]. The ug value of 4.33 B.M.
for 1 is higher than the values for Mn(IV), ruling out the presence of manganese(I1V),
however, this value is slightly lower than pg values for manganese(I1T) complexes. Such
up value suggests that the complex contains manganese in +3 oxidation state with the
possibility of metal-metal interaction. The w.; value of 4.05B.M. for 2 suggests
manganese in the +4 oxidation state.

All of the ruthenium complexes have up value in the range 1.63-1.70 B.M.,
suggesting one unpaired electron. Thus, the . values for the complexes are in accord
with the +3 oxidation of ruthenium (low-spin, d°, S = 1/2) [42].

3.3. Electronic spectra

Mn(III) having d* electronic configuration with D ground state is expected to show
only one spin-allowed absorption (° E,— 5ng) in the visible region. Mn(III) octahedral
complexes generally show a broad band around 20000cm™' (500 nm) [43]. In the
present study the ligand shows three absorption bands at 297(7742), 327(5149) and
363nm (4714 dm®*mol 'cm™'") due to carbonyl and imino chromophores in
conjugation with phenyl or naphthyl group. Complex 1 shows absorption bands at
426, 452 and 480 nm in addition to other ligand bands. The bands at 426 and 452 nm
with molar extinction coefficient values 2650 and 2740 dm’mol~'ecm™', respectively,
may be assigned to charge-transfer bands arising from transfer of charge from
naphtholate oxygen to Mn(III). The additional band at 480 nm may be assigned to d—d
transition in octahedral stereochemistry around Mn(III). The molar extinction
coefficient of this band is higher than expected for d—d transitions, which may be
caused by the presence of near by charge transfer band. Spectra of six-coordinate
Mn(I1I) complexes are not so simple and are difficult to interpret, presumably because
both static and dynamic Jahn—Teller effects perturb the Oy, symmetry. Complex 2 shows
two bands at 305 (6150) and 362 nm (6200 dm*mol~'ecm™") in the UV region assigned
to intraligand transitions. In addition, the complex shows a very strong band at 528 nm
(12540 dm’*mol~'em™"), which may have its origin from charge-transfer from
naphtholate oxygen to Mn(IV) [38,43a,44-46]. Complexes 3—6 show two to three
bands in the region 450-797 nm in addition to intra-ligand bands with high molar
extinction coefficients. In view of the molar extinction coefficients, these bands may be
assigned to ligand to metal charge transfer (LMCT) transitions. The splitting of the
bands in the visible region of the electronic spectrum suggests the ligand field around
the central metal ion is of very low symmetry. Most probably, the d—d bands arising out
of the transitions *Toy— *T),, *Toy— *Ta, and *T,y— °T), are masked by strong
LMCT bands [43a,47].

3.4. Infrared spectra

2-Hydroxy-1-naphthaldehydebenzoylhydrazone(napbhH,) has four potential donor
sites, carbonyl oxygen, phenolic oxygen, secondary amine and azine nitrogen. The IR
spectrum of the ligand is very complicated due to overlapping regions for several group
viz. -OH, -NH-, >C=0, >C=N-, -N-C=0, C-O (naphtholic), phenyl, etc. The
structurally significant IR bands for free hydrazone and its complexes have been set out
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in table 2. A comparison of the IR spectra of the complexes with that of the free ligand,
napbhH,, suggests that hydrazone is coordinated to the metal center in enol-form in the
manganese complexes and keto-form in ruthenium complexes.

The uncoordinated napbhH, shows two strong bands at 3448 and 3185cm™
assigned to stretching vibrations due to -NH— and —~OH [48]. These bands are replaced
by a strong broad band in the region 3550-3000 cm ™" in all of its complexes which may
be assigned to either v(O—H) or v(N-H). The amide-I bands for napbhH, observed at
1654 and 1642cm™" [49, 50] shifted to lower frequency by 5-7cm™' accompanied by
reduction of intensity in the ruthenium complexes suggest bonding of carbonyl oxygen.
These bands disappear in manganese complexes suggesting collapse of amide structure,
probably due to enolization of ligand resulting in coordination through the carbonyl
oxygen in enol form, further supported by the appearance of an intense band at
1537cm™! assigned to newly generated v(NCO) group [51]. The amide-II band in
napbhH, is observed at 1561 cm™' undergoing negative shift in ruthenium complexes
suggesting coordination of >C=0 to the metal. The v(C-O)(naphtholic) observed at
1547 cm™" in the ligand suffers negative shift in the complexes, indicating its bonding to
the metal [52]. Coordination of ligand to manganese in enol form probably arises due to
the basic condition of the reaction. Acetic acid produced by reaction of manganese(II)
acetate and ligand reacts with KOH promoting enolization of the ligand. Reaction of
ruthenium(IIT) chloride with ligand liberates HCI reducing its pH, which suppresses
enolization allowing coordination in keto-form to ruthenium(III).

The v(C=N) occurs in the range 1630-1610cm™" for Schiff bases derived from
condensation of hydrazine with aromatic aldehydes or ketones [53]. The present
hydrazone (napbhH,) shows bands at 1625 and 1604cm~' which shift to lower
position by 5-10cm™" in all the complexes, suggesting coordination of azomethine
nitrogen [54-57]. The aromatic ring vibrations at 1600 cm ™' cannot be distinguished as it
overlaps with v(C=N), amide-II or v(C-O)(naphtholate). The bending vibration bands
for coordinated water found in the region 1640-1600cm™" also overlapped.

The C-H in-plane and out-of-plane deformation bands in napbhH, at 1243, 1198,
1160, 1140, and 794, 739 cm™", respectively, remain either unaffected or slightly shifted
in the complexes. Ruthenium complexes 4-6 show a new weak band at 10641067 cm ™
probably arising from ring breathing suggesting the presence of pyridine, 3-picoline or
4-picoline in the complexes. Coordination to the metal has been inferred from positive
shifts observed in bands due to in-plane and out-of-plane ring deformation. Two strong
bands at 1291 and 1284 cm ™" [8(C-O) in the IR spectrum of napbhH, due to bending
vibration of naphtholic(C—O) group] [58, 59] merge into a single band in 1 and 2 and
appear at 1300 and 1292 cm™", respectively. The positive shifts in these bands suggest
that the naphthyl electron density flows to the metal center through naphtholate C-O.
Negative shifts in these bands in complexes of ruthenium suggest the flow of naphthyl
ring electron density to the ruthenium through azomethine nitrogen. The IR spectra of
the complexes and dehydrated form were recorded under identical conditions to
evaluate whether bridging —OH is present in the complexes. The IR spectra of 1 show
a medium broad band centered at 3443cm~! due to coordinated water, while
dehydrated sample (heated at ~200°C for 4h) shows a weak broad band at
3300-3550cm ™!, very similar to that observed in hydroxo complexes [60-63]. Hence,
this weak broad band is assigned to stretching vibration of —OH group. It appears that
in hydrated 1, the band due to stretching of —OH group is masked by coordinated
water. Complex 1 in its hydrated and dehydrated forms shows a medium intensity band

1
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at 970cm ™" assigned to bridging —OH bending. Similar results have been reported for
[Cur(OH),(bipy),]-SO4-5H,O and others [61-63]. This medium intensity band at
970cm ™" in 1 is not observed in IR spectra of free ligand or other complexes. Hence,
this band is assigned to bending vibration of M(u-OH),M, further supported by
anomalously low ug for 1 indicating metal-metal interaction through bridging.

From stereochemical consideration of napbhH,, three metal-ligand vibrations arise
due to v(M-O)(naphtholic), v(M—O—(E =) or VM-O=C<) and v(M-N) in its
complexes. Non-ligand bands observed in the regions 588-540cm™' and 500—
400cm ™" have been assigned [64-66] to v(M—O)(naphtholate) and v(M—O)(carbonyl),
respectively, in these complexes. Bands observed in the range 420-350 cm ™' have been
assigned to v(M-N) [67-70] due to azomethine nitrogen and/or heterocyclic nitrogen.
The bands at 344 and 335cm ™' are assigned to v(Ru—Cl) [64, 71] suggesting cis-Ru—Cl,
configuration [72].

3.5. ESR spectra

Manganese complex 1 was ESR silent consistent with the presence of Mn(III).
Ruthenium complex 4 has featureless spectra. Complex 2 shows two ESR signals at RT
and LNT in polycrystalline state, one strong near g=2.031 and the other weak at
g=4.334. The same g values at both temperatures indicate that the structure does not
change on lowering the temperature. The >>Mn hyperfine structure is well resolved for
the resonance near g=2.0 in DMSO but not in DMF. Depending on the nature and
extent of distortion of Oy, symmetry, the ESR spectra of a d° ion can assume different
forms [73, 74]. The form observed here (strong g=2.031 and weak g=4.334
resonances) is characteristic of small axial distortion, 2D «hv, where D is the axial
zero field splitting parameter and /v is the microwave quantum (0.31 cm ™' at X-band).
When D is small, rhombic splitting is necessarily very small, since D/E >3, where E is
the rhombic splitting parameter. Large distortion, 2D » hvu, occurs in a number of
complexes [65, 75-80] and the 2D «hv situation for Mn(IV) has also been documented
in few cases [72, 81, 82]. Interestingly, the >Mn hyperfine coupling constant for the
g=2.031 signal lies close to 100G for known 2D « v species, suggesting small axial
distortion in Oy, symmetry around Mn(IV) ion.

ESR spectra of the ruthenium complexes 3, 5 and 6 were studied at RT and LNT in
polycrystalline state as well as at LNT in DMF glass. The ESR spectrum of 3 in solid
state consists of a single isotropic resonance with unresolved hyperfine structure at RT
due to ruthenium with g-value equal to 2.051(Ruthenium has magnetic nuclei *’Ru and
!9TRu with natural abundances of 12.89 and 16.98% and nuclear moments of 0.63 and
0.69 nm, respectively. Both isotopes have a nuclear spin of 5/2) [83]. When the sample
was cooled to LNT, lines slightly narrowed and a slight change in the g-parameter
(2.048) with no g anisotropy was observed. Isotropic lines are usually observed for
intermolecular spin exchange, which can broaden the lines and/or occupancy of the
unpaired electron in a degenerate orbital. Complex 3 shows well-resolved spectral
features (g, =2.258, g, =2.084, g3 =1.868, g,, =2.07) at LNT in DMF glass. In 5 and 6,
resolved g features were observed in the polycrystalline phase at LNT while the spectra
were featureless at RT. Hence, in 3, the spin exchange may not be the main reason for
isotropy. In this case the effective electronic environment may be such that the unpaired
electron is in a low spin state with a degenerate or nearly degenerate ground state, prone
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Figure 1. Suggested structure of [Mn'"(napbh)(OH)(H,0)].

Figure 2. Suggested structure of [Mn""(napbh)s].

Cl
d ‘\‘J PN
I u /
1/7/ 1
o’ _\_N _—NH
A

H

Figure 3. Suggested structure of [Ru(napbhH)CI(A)]CI [where A =H,O(3),py(4),3-picoline(5) and
4-picoline(6)].
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to Jahn-Teller instability [84]. If the instability is dynamic, one observes only an
averaged g-value (g,y). It is, therefore, tentatively proposed that 3 exhibits a dynamic
Jahn-Teller effect.

ESR spectra of 5 and 6 show poorly resolved features, (g =2.995, g,=2.408,
g3=1.970, g,, =2.444) and (g, =2.778, g, =2.481, g3=1.912, g,, = 2.390), respectively,
at LNT in solid state but are featureless at RT. Complexes 5 and 6 show well-resolved
ESR spectral features, (g, =2.520, g,=2.057, g3=1.737, g.,=2.10) and (g; =2.196,
2>,=2.077, g3=1.862, g,,=2.04), in DMF solution at LNT. The g,, values vary with
temperature and with the axial ligand. The nature of the spectra is consistent with non-
degenerate t,, orbital. The spectra are in general characterized by a rhombic g tensor
with narrow lines at 77 K. Hyperfine coupling due to ruthenium was resolved on g;
components in DMF solution at LNT which is equal to ~70 G.

ESR spectral results indicate that the complexes belong to a low spin 4d°
configuration and the symmetry at ruthenium is as low as Cs. This is in agreement
with the proposed structure. The g-values at LNT, slightly different from those at RT,
indicate that the geometry of the ruthenium changes with temperature. Also, the axial
ligands have a significant effect on the g components. g,, of 3 in DMF is very near to
the g,, in the solid state at LNT, while it is significantly different for 5 and 6 in DMF
compared to RT. Such a large difference in g,, values may be related to the complexes
undergoing solvolysis in DMF and that in all complexes the axial position is occupied
by DMF.

4. Conclusions

Based on stoichiometries and physico-chemical studies, the ligand behaves in enol-form
and keto-form in its complexes of manganese and ruthenium, respectively. Octahedral
stereochemistry around the metal ions have been proposed as shown in figures 1-3.
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