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Reactions of fac(S)-[M(aet);] (M = Rh™, Ir™; aet = 2-aminoethanethiolate) with an excess of VCI, gave linear-type
S-bridged trinuclear complexes [V™{M(aet),},]*" (M = Rh™ 1, Ir'™ 2). The AA isomers (1a(ClO,), and 2a(ClO,),)
were selectively crystallized and their structures were determined by X-ray diffraction. Both the complex cations
consist of two terminal fac(S)-[M(aet);] units and a central vanadium atom, which is situated in an octahedral
environment with a VIS, chromophore. The Ir complex 2a was also formed by using V'VOCI, instead of V™Cl,

in a redox reaction, whereas the Rh complex 1a was not formed by a similar method. The optically active isomer
(AA-1b) of the Rh complex was selectively obtained by using A-fac(S)-[Rh(aet),], and characterized by IR, UV-VIS
absorption and CD spectra. All the obtained complexes exhibit a unique strong absorption band at ca. 18 x 10
cm™ . Stability and reactivity relating to V-S bond cleavage for the complexes were investigated using UV-VIS
absorption spectroscopic methods. These studies show first order decomposition or metal exchange. While 2a has
weaker V-S bonds than 1a (from the X-ray analyses), the former is considerably more stable in water than the
latter. Cyclic voltammograms of 1a and 2a in water show only irreversible oxidation and reduction waves including
VIV and VI processes. The V(1) ions in the S-bridged trinuclear structures exhibit a lower magnetic moment
(2.59 ug for 1a and 2.27 ug for 2a) at room temperature than the spin-only value for a d? electronic configuration.

Introduction

Vanadium/sulfur chemistry has been studied mainly with
regard to the vanadium nitrogenase system'! and refining of
crude oils;? vanadium compounds such as sulfide clusters have
been extensively investigated. On the other hand, it is well
known that ascidians accumulate V(111) ion (the instability of
which under aerobic conditions is recognized) to a great extent
in their blood cells from sea water selectively.® Recently, it
has been reported that vanadium associated proteins in the
ascidians contain cysteine,* and thus some important inter-
actions between V(i) ions and sulfur atoms are anticipated.
However, studies on sulfur-containing V(1) complexes are still
rare, since vanadium usually exists as more stable vanadyl
(V(1v)) or vanadate (V(Vv)) species, which have V=0 unit(s).
Moreover, the V(1) ion can adopt various coordination geom-
etries, e.g. V(1) ion in dinuclear complexes with alkoxo bridges
adopts hexa-coordinated octahedral or hepta-coordinated
capped trigonal prismatic structure depending on the stereo-
chemistry of the polydentate ligands.> Hence, control of
coordination geometry as well as stabilization of the lower
oxidation state by suitable ligands are required in order to
explore fundamental properties of sulfur-containing V(i)
complexes.

It has been recognized that the tridentate metalloligands
Jac(S)-[M(aet);] M =Cr™, Co™, Rh™, Ir™; aet = 2-amino-
ethanethiolate) react with a variety of metal ions to form the
S-bridged polynuclear complexes.®* Among them, Rh and Ir
complexes, which have stronger M-S bonds than Cr and

1 Electronic supplementary information (ESI) available: Fig. S1
Absorption spectral change of AA-[V{Rh(aet);},]** (1a) upon addition
of Co(11); the curves show the spectra measured at 5 min intervals. See
http://'www.rsc.org/suppdata/dt/b1/b1019651/

DOI: 10.1039/b1019651

Co complexes, are suitable as building blocks for selective con-
struction of polynuclear structures. Indeed, we reported
recently that the metalloligands fac(S)-[M(aet);] (M =Rh™,
Ir™) can incorporate early transition metal ions to form the
S-bridged polynuclear complexes, in which the metalloligands
retain their octahedral fac(S) structures.”” These complexes
containing the octahedral Cr(r),” Mo(uiv)® or Re(ur)? ions
showed unique reactivity, electrochemistry and magnetic
properties due to the relatively weak affinity of these metal ions
toward thiolato-sulfur atoms and electromagnetic interactions
in the polynuclear structures by unpaired d electrons in the t,,
orbitals. In these S-bridged polynuclear structures, it can be
considered that relatively low oxidation states (Mo(IILIv),
Re(m)) are stabilized by the fac(S)-[M(aet);] units. Further-
more, since the metalloligands have only weak absorption
bands in the visible region,*"® spectrochemistry of the metal
ions incorporated into the polynuclear structures can be
investigated clearly.

In this work, linear-type S-bridged trinuclear complexes
[V{M(aet),},]*" containing V(i11) were newly prepared using the
stable metalloligands fac(S)-[M(aet);] (M = Rh™, Ir'™). Their
structures were determined by X-ray diffraction. Spectral
properties were discussed in terms of their IR, UV-VIS absorp-
tion and CD spectra. Further, the stability and reactivity of
the present complexes concerning weak V-S bonds are also
discussed in detail. The redox and magnetic properties were
also investigated.

Results and discussion
Formation of complexes
The reaction of fac(S)-[M(aet);] (M = Rh™, Ir™™) with a large

excess of VCI, in water gave the linear-type S-bridged trinuclear
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Table 1 Selected bond distances (A) and angles (°) for AA-[V{Rh(aet),},]** (1a) and AA-[V {Ir(aet);},]*" (2a)

Complex 1a
Rh(1)-S(1) 2.318(3) S(1)-Rh(1)-N(1) 86.0(3) S(1)-Rh(1)-S(1)* 90.12(9) S(H)-V(1)-S(1)* 94.50(8)
Rh(1)-N(1) 2.119(8) S(1)-Rh(1)-N(1)* 88.9(3) N(1)-Rh(1)-N(1)* 94.9(3) S(1)-V(1)-S(1)* 180.0
V(1)-S(1) 2.416(2) S(1)-Rh(1)-N(1)* 176.0(3) Rh(1)-S(1)-V(1) 73.56(8) S(H)-V(1)-S(1)* 85.53(8)
Rh(2)-S(2) 2.329(3) S(2)-Rh(2)-N(2) 86.3(4) S(2)-Rh(2)-S(2)* 90.7(1) S(2)-V(2)-S(2)* 93.9(1)
Rh(2)-N(2) 2.08(1) S(2)-Rh(2)-N(2)* 90.4(4) N(2)-Rh(2)-N(2)* 92.7(4) S(2)-V(2)-S(2)* 180.0
V(2)-S(2) 2.427(3) S(2)-Rh(2)-N(2)* 176.8(4) Rh(2)-S(2)-V(2) 72.76(9) S(2)-V(2)-S(2)* 86.1(1)
Rh(2)-S(3) 2.32(2) S(3)-Rh(2)-N(3) 84(1) S(3)-Rh(2)-S(3)* 91.6(5) S(3)-V(2)-S(3)* 94.4(5)
Rh(2)-N(3) 2.18(4) S(3)-Rh(2)-N(3)* 86(1) N(3)-Rh(2)-N(3)* 97(1) S(3)-V(2)-S(3)* 180.0
V(2)-S(3) 2.45(1) S(3)-Rh(2)-N(3)* 175(1) Rh(2)-S(3)-V(2) 72.5(4) S(3)-V(2)-S(3)* 85.6(5)
Complex 2a
Ir(1)-S(1) 2.326(3) S(D)-Ir(1)-N(1) 84.7(3) S(D)-Ir(1)-S(1)* 92.0(1) S(H-V(1)-S(1)* 93.3(1)
Ir(1)-N(1) 2.1269(9) S(1)-Ir(1)-N(1)* 87.9(3) N()-Ir(1)-N(1)* 95.4(3) S(1)-V(1)-S(1)* 180.0
V(1)-S(1) 2.436(3) S(D)-Ir(1)-N(1)* 176.7(3) Ir(1)-S(1)-V(1) 71.44(8) S(H-V(1)-S(1)* 86.7(1)
Ir(2)-S(2) 2.333(4) S(2)-Ir(2)-N(2) 84.4(4) S(2)-1r(2)-S(2)* 92.4(1) S(2)-V(2)-S(2)* 92.8(1)
Ir(2)-N(2) 2.09(1) S(2)-Ir(2)-N(2)* 89.8(4) N(Q2)-Ir(2)-N(2)* 93.5(5) S(2)-V(2)-S(2)* 180.0
V(2)-S(2) 2.442(4) S(2)-Ir(2)-N(2)* 176.2(4) Ir(2)-S(2)-V(2) 70.79(10) S(2)-V(2)-S(2)* 87.2(1)
S —\
[N\M:? excess V(1) ':,S;ZSEV £§>M {:
s s NN
\ N
fac(Sy-[M(aet)s] [V {M(aet)s},]**

M=Rn" 1, 11T 2)
Scheme 1

complexes [V {M(aet);},]** (M = Rh™ 1, Ir™ 2) in accordance
with Scheme 1. However, the reaction with half an equivalent
of VCI, did not lead to the corresponding trinuclear complexes
but instead to unidentified materials, suggesting a weak affinity
between the sulfur atoms and V(i) ion. This indicates that
the yields of the trinuclear complexes are increased by driving
the equilibrium position of the formation reaction to the right
as a result of the presence of an excess of metal ions, as
observed in the corresponding [Cr™{M(aet);},]** complexes.”
Required amounts of V() ion for isolation of the trinuclear
complexes were ca. 4 equivalents for 1 and ca. 2 equivalents
for 2. This implies that the Ir complex 2 is more easily formed
or less readily decomposed in comparison with the Rh
complex 1.

The reaction of fac(S)-[Ir(aet),] with an excess of VOCI, also
leads to 2. From ion-exchange column chromatography and
absorption spectra, it was found that the known dinuclear
complex [Iry(aet),(cysta)]** (cysta = cystamine)'®!7 containing
a coordinated disulfide bond was also formed during this
reaction. This indicates that the V(1v) ion in VOCI, is reduced
to V(i) by the oxidation of some thiolato-sulfur atoms in
Jac(S)-[Ir(aet);]. On the other hand, a similar reaction with
fac(S)-[Rh(aet);] did not lead to 1. The formation of 1 seems
to be more difficult than that of 2 since fac(S)-[Rh(aet),] has
a lower reactivity to form the dinuclear disulfide complex
compared to fac(S)-[Ir(aet);]."”

X-Ray structural analysis indicated that both the Rh
complex 1 and the Ir complex 2 adopt a meso (AA) configur-
ation (vide infra). The formation of this meso form (1a and 2a)
in crystals may be due to the difference of solubility, since the
calculated structural energies (MM?2 calculation) indicate
little difference between the meso and rac (AA/AA) isomers
of [M'{M(aet);},]"" type complexes. The isolation of the rac
isomers (1b and 2b) was unsuccessful because of their higher
solubility and instability. However, using the optically active
starting material A-fac(S)-[Rh(aet);], AA-[V{Rh(aet);},]*"
(AA-1b) was selectively obtained as the reaction product. Con-
sequently, we could investigate some spectrochemical properties
of both the meso and rac isomers for the Rh complex by using
AA-1b as well as 1a.
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Fig. 1 Perspective view of one of two AA-[V{Rh(aet);},]** (1a) com-
plex cations with numbering scheme and 50% probability ellipsoids.
The H-atoms are omitted for clarity. The numbering scheme of AA-
[V{Ir(aet);},]** (2a) is the same as that of 1a.

X-Ray crystal structures

For each of the dark red (1a(ClO,),) and deep purple (2a(ClO,);)
crystals, there are two crystallographically independent com-
plex molecules in the asymmetric unit. Since their shapes and
sizes resemble each other, a perspective drawing of the complex
cation of 1a is only shown in Fig. 1 with selected bond dis-
tances and angles listed in Table 1. Both complex cations 1a
and 2a consist of two fac(S)-[M(aet);] (M = Rh™ 1a, Ir'™ 2a)
units and one V atom. This is consistent with the plasma
emission spectral analysis, which gave a value of V:M =
1:2. The presence of three perchlorates for each complex
cation implies that the V atom is trivalent, and the formulation
as [V{M(aet),},](ClO,), is in good agreement with the results of
elemental analyses. All the aet ligands coordinate to metal
atoms (M(1) and M(2)), forming approximately octahedral
fac(S)-[M(aet),] units. This suggests that the terminal fac(S)-
[M(aet);] units retain their mononuclear structure during the
reaction. All the thiolato-sulfur atoms in the terminal units
coordinate to the central vanadium atoms (V(1) and V(2)),
forming a VIS, chromophore.

For the terminal fac(S)-[M(aet);] units in la and 2a, two
optical isomers (A and A) are possible with respect to the chir-
ality arising from the skewed pair of chelate rings. For the six
bridging sulfur atoms, two chiral configurations (R and S) are
possible. X-Ray crystal structural analysis shows that the two
terminal fac(S)-[M(aet);] units for 1la or 2a have A and A
configurations, which form a meso structure with the crys-
tallographic inversion center located on the central vanadium
atom. The sulfur atoms selectively adopt the R configuration for
the A-fac(S)-[M(aet);] unit and the S one for the A unit, as
observed in reported trinuclear complexes.”™!



Table 2 IR spectral data for AA-[V{Rh(aet);},](ClO,), (1a(ClO,),),

AA-[V{Rh(aet);},]Br; (AA-1bBr,) and AA-[V{Ir(act)s},](CIO,),

(2a(Cl0,),)

Complexes Peak (v/em™1)“

la 3430s, 3252s, 3114s, 2924m, 1583m, 1455w, 1421w,
1302w, 1272w, 1231w, 1144m, 1109vs, 1091vs, 978m,
920w, 844w, 710w, 661w, 627s, 521w

AA-1b 3392s, 3177s, 3091s, 2946w, 1578s, 1446w, 1417m,

1306w, 1268m, 1230w, 1141m, 1032m, 976m, 916w,
839w, 738w, 659m, 524w, 457w

2a 3432s, 3243s, 3108s, 2928w, 1577m, 1455w, 1421w,
1309w, 1272w, 1237w, 1144m, 1120vs, 1091vs, 980m,
920w, 842w, 733w, 661w, 627s, 531w

“vs = Very strong; s = strong; m = medium; w = weak.

The overall structures of la and 2a are similar to those
of the corresponding trinuclear complexes [M’{M(aet);},]""
M = RO, T M’ =Cr7 Mo™? MoV} Rel? (o'l
Ni™)," which have been determined so far. The V-S distances
(average 2.42(1) A for 1a, 2.439(4) A for 2a) are relatively long,
lying at the long end of the range of the corresponding M'-S
bond distances (average 2.297(2)-2.458(7) A), which depend on
M’."!! The V-S distances in 1a and 2a are similar to the corre-
sponding V-S(bridged) distances in [V;Clg(edt);]* (edt=
ethane-1,2-dithiolate; average 2.408(11) A), which is a rare
example containing the V'S, chromophore.”® Complex 2a has
somewhat longer V-S bonds than 1a. This seems to be caused
by stronger affinity of iridium toward sulfur atoms than that
of rhodium. In addition, the Ir---V distances in 2a (average
2.7754(8) A) are shorter than the Rh---V distances in la
(average 2.830(1) A). This behavior corresponds to the behavior
of the Cr-S and M- Cr distances in AA-[Cr{M(aet),},]**
(M =Rh™, Ir™).” The M - - - V distances in 1a and 2a are sig-
nificantly shorter than the M:--Cr distances (M =Ir'",
2.9096(3) A and Rh™, 2.9328(2) A) in the Cr(ur) complexes,
although the V-S distances are similar to the Cr—S distances
(M =1r", 2.421(2) A and Rh™, 2.4110(8) A).” These facts indi-
cate that the terminal fac(S)-[M(aet);] units are strongly
attracted by the central vanadium ion. On the other hand, the
M-S distances (average 2.32(2) A for 1a, and 2.330(4) A for 2a)
are in good agreement with those in the corresponding com-
plexes [M’{M(aet);},]"* (averages 2.307(2)-2.341(7) A). ™M
These facts suggest that the difference in the terminal units
fac(S)-[M(aet),] does not affect the basic structure of the poly-
nuclear complexes, which are mainly dependent on the nature
of the central metal atoms.

Spectrochemical characterization

Major IR peaks of the obtained complexes AA-[V™-
{M(aet);},]** (M = Rh™ 1a, It™™ 2a) and (—)$&-1b are listed in
Table 2. The IR spectral patterns for the complexes are similar
to each other, reflecting the similarity in overall structure. For
particular, it seems that (—)$n-1b is an S-bridged trinuclear
complex similar to 1a and 2a, whose structures were determined
by X-ray structural analysis. The IR spectral bands due to the
vibration of the NH, group appear in the region of 3400 cm™!
and those of the CH, group appear in the region of 3000 cm ™.
Bands due to the bending mode are observed in the region
around 1600 cm™! for the NH, group and 1400 and 1300 cm ™!
for the CH, group. A strong band at 1091 cm™! for 1a and 2a
is due to the perchlorate anion,' and no corresponding band
is observed in (—)$&-1b obtained as a bromide salt. Addition-
ally, in comparison with the fac(S)-[M(aet),] and the corres-
ponding trinuclear complexes [M’{M(aet);},]** (M =Rh™
I™; M’ = Mo™, Mo"™, Re™, Co™),%° the IR spectra of the
present complexes showed a good match over the whole region.
This also supports the fact that the terminal units retain their
structure during the reaction.
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Fig. 2 UV-VIS absorption (log ¢), diffuse reflectance (arbitrary scale)
and CD spectra (Ae) of AA-[V{Rh(aet);},]*" (1a; ), AA-
[V{Rh(aet);},]** (AA-1b; —-—-) and AA-[V{Ir(aet);},]** (2a; ———-).

For both 1a and 2a, the UV-VIS absorption spectral patterns
in aqueous solution are similar to the diffuse reflectance
spectra in the solid state over the visible region (Fig. 2). This
indicates that the trinuclear structures of 1a and 2a are retained
in the solution. The UV-VIS absorption spectrum of (—)$n-
1b is almost coincident with that of la over the whole
region (Fig. 2). Further, the CD spectral behavior of (—)$5-1b
is in agreement with that of AA-[Re{Rh(aet),},]*" over the
whole region.® Accordingly, (—)Sa-1b can be assigned to AA-
[V{Rh(aet);},]*" (AA-1b). As in the case of similar reactions,
the absolute configuration of fac(S)-[Rh(aet);] is retained
during these reactions.”!!

The most intense bands at ca. 37 and 43 x 10* cm ™! of the Rh
complexes 1a and 1b are characterized as due to sulfur-to-metal
charge transfer (SMCT) transitions, as observed in the com-
plexes involving fac(S)-[Rh(aet);] units.”*"!5 The bands in the
region of 25-35 x 10* cm ™! can be assigned to d—d transitions,
although the band at the lower energy side exhibits different
behavior from those of the complexes with the fac(S)-[Rh(aet);]
units. A similar absorption spectral behavior is also observed
for the Ir complex 2a, although all bands of 2a are shifted about
5-7 x 10* cm ™ to higher energy than those of 1a. In the visible
region at < 28 x 10° cm ™!, absorption and CD bands appear in
1a, AA-1b and 2a (Fig. 2). Considering that the complexes with
the fac(S)-[M(aet);] (M = Rh™, Ir™) units show little absorp-
tion in this region,”* these bands of 1a, AA-1b and 2a can
be assigned as arising from the central V'S¢ chromophore.
The extinction coefficients of these absorption bands due to
the V™IS, chromophore are commonly > 10* dm® mol ™ cm™!
suggesting that these bands are dominated by SMCT trans-
itions. Moreover, the intense bands around 18 X 10 cm™! have
a significant intensity. The intensity of this band in the Ir com-
plex 2a (log ¢ =3.92 mol™! dm® cm™) is greater than those of
the Rh complexes 1a (log ¢ =3.65) and AA-1b (log ¢ =3.78),
although the energy levels of these bands are almost the same
(Fig. 2). This spectral behavior is not observed in the corres-
ponding complexes containing other central metal ions such as
Cr(m) 7 or Co(1r)."*'2 Therefore, it is noted especially that these
are the characteristic bands for polynuclear complexes con-
taining a central V(11) ion with bridged sulfur atoms. Although
all of the complexes show an intense absorption band at
ca. 18 x10* cm™!, the intensity of the corresponding CD
band of AA-1b is very weak. This seems to indicate that the
characteristic absorption bands are optically inactive.
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Fig. 3 Plots for activation energies of AA-[V{Rh(aet),},]’" (1a; @)
and AA-[V{Ir(aet);},]*" (2a; O).

Stability and reactivity

The present trinuclear complexes in the solid state are stable
even under aerobic conditions. However, some decrease of
UV-VIS absorption bands, indicating decomposition of the
complexes with time, was observed in solution. The decom-
position of the complexes seems to be dominated by cleavage of
V-S bonds, since the fac(S)-[M(aet);] (M = Rh™, Ir™) units are
fairly stable. Indeed, fac(S)-[Rh(aet),] was deposited as a yellow
powder from an aqueous solution of la or AA-1b after 1 d.
Moreover, taking into account that the metalloligands show
weak absorption in the visible region as described above, the
stability and reactivity of the present trinuclear complexes can
be estimated by monitoring the characteristic band of the
central VIS, chromophore. In order to evaluate the rate of the
decomposition in aqueous solution for the complexes, spectral
changes of 1a and 2a vs. time were measured at 548.5 and 556.0
nm (18.23 and 17.99 x 10* ecm™), respectively. As a result,
both 1a and 2a decompose in a first order process taking at
least several hours with the rate (k=-In(A4/A4,)/t) of decom-
position at 20 °C for 1a being 1.27 X 10™* s™* and that for 2a
being 7.85x 107® s™'. Considering the structures of both
complexes, the V-S bonds are somewhat longer in 2a indicating
a weaker bond strength than 1a. However, 2a was more stable in
aqueous solution than 1a. This suggests that the V-S bond
length is not the major factor which determines the stability in
aqueous solution. Further, similar measurements at 30 and
40 °C were carried out. From these measurements it was found
that the calculated activation energies E, for la and 2a were
40.9 and 79.1 kJ mol™!, respectively (Fig. 3). This result
indicates that 2a is more stable to decomposition than 1a. In
the known trinuclear complexes [M'{M(aet);},]"* (M = Rh™,
I™; M’ = Cr'™, Co™),”! a stronger Ir-S bond compared to the
Rh-S bond is observed and is directly attributed to the bond
strength of the M'-S bond. The trinuclear complexes
[M’{Ir(aet),},] have a tendency to contain weaker M'—S bonds
as opposed to the corresponding Rh(1r) complexes.””*® Thus,
fac(S)-[Ir(aet);], which has stronger Ir-S bonds is a ‘poorer’
terminal unit than fac(S)-[Rh(aet);] which has weaker Rh-S
bonds. However, as described above, 2a is considerably more
stable than 1a in aqueous solution, despite weaker V-S bonds.
This is the first example of trinuclear complexes with terminal
fac(S)-[Ir(aet);] units, being more stable than that with the
fac(S)-[Rh(aet);] units. This unusual behavior of 2a may be due
to a metal-metal interaction via direct metal orbital-metal
orbital overlapping. 2

Metal exchange reactions of the central V(i) atom in the
Rh complex 1a using 1 equivalent of NiCl, or CoCl, were
attempted (Scheme 2). As shown in Fig. 4, the absorption
spectral change of la upon reaction with Ni(u) ion was
observed with three isosbestic points at 372, 514 and 596 nm.
The characteristic band around 406 nm (24.6 x 10° cm™") for
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Fig. 4 Absorption spectral change of AA-[V{Rh(aet),},]*" (1a) upon
addition of Ni(m); the curves show the spectra measured at 5 min
intervals.
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Scheme 2

[Ni{Rh(aet);},]** " increases in intensity with time and the
band around 550 nm (18.2 x 10* cm™!), which is due to the
V™S, chromophore for 1a, decreases in intensity. This indicates
that 1a is undergoing a metal exchange reaction. The rate of
formation of [Ni{Rh(aet);},]*" from the reaction of [V{Rh-
(aet);},]** with NiCl, (1 : 1 molar ratio), calculated using the
equation In(A4,,, — 4,) = —kt + Constant, where A4, denotes
the absorbance at time ¢ s and 4, . , denotes the absorbance at
time (r+ 1) s, is 5.10x 107 s™!. Analogous results were
obtained when this reaction was attempted by using Co(11) ion
instead of Ni(ir) ion. As the reaction proceeds, the band around
550 nm of 1a decreases, whereas a new band, which is thought
to be a d—d band for [Co{Rh(aet);},]*","* appeared at 540.5
nm (Fig. S1 of electronic supplementary information).t The
rate of formation for [Co{Rh(aet),},]*" from the reaction
of [V{Rh(aet);},]*" with CoCl, (1:1 molar ratio) is 1.81 x
107* s7!. Since the formation of the [Co{Rh(aet),},]*" requires
oxidation of Co(1) to Co(m), direct synthesis was attempted by
using [Co™(NH,)s(H,0)]** instead of Co™Cl,. Acceleration in
the rate of formation was observed in this reaction, indicating
that the oxidation of Co(m) to Co(m) is the rate determining
step for the formation of [Co{Rh(aet);},]’" from [V{Rh-
(aet);},]*". The Ni() and Co(u1) ions quantitatively form the
trinuclear complexes upon reaction with fac(S)-[Rh(aet);].?®
The present metal exchange reaction reflects the weak affinity
of V(1) ion toward thiolato-sulfur atoms.

Redox and magnetic properties

As shown in Fig. 5, the cyclic voltammograms for 1a and 2a
display some irreversible oxidation or reduction waves in both
the positive and negative potential regions. The irreversible
reduction wave (£, = —0.85 V for 1a and E,. = —0.88 V for 2a
vs. Ag/AgCl) probably involves a V™™ reduction process, since
the terminal fac(S)-[Rh(aet);] or fac(S)-[Ir(aet),] unit does not
undergo a Rh™™ or Ir™™ redox process in the potential region
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Fig. 5 Cyclic voltammograms of AA-[V{Rh(aet);},]** (1a;
and AA-[V{Ir(aet);},]*" (2a; ———); scan rate 100 mV s .

)

of >—1.1 V.7 This behavior is similar to that of Cr™ reduc-
tion in [Cr™{M(aet);},]*" (E,.=—0.86 V for the Rh complex
and E,.=—0.85 V for the Ir complex).” The observation that
the irreversible V™™ or Cr™™ reduction waves in the Rh and Ir
complexes appeared at almost the same potential, is different
from the observation that the reversible Co™" redox couples in
[Co™{M(aet),},]*" appeared at distinctly different potentials
(E*" = —0.36 V for the Rh complex and E* = —0.23 V for the Ir
complex).'® Thus, the central V(i) ions in [V™{Rh™(aet);},]**
and [V™{Ir'"(aet),},]*" are reduced at fairly negative potentials
which are independent of the nature of the terminal units. The
oxidation waves (£,,=+0.45V for 1a and E,, = +0.33 V for
2a) were not observed unless going through the reduction scans.
[M,(aet),(cysta)]** (M = Rh™, Ir'"™) also show oxidation waves,
which are thought to be due to oxidation of the Rh or Ir center
in the mononuclear unit formed by reductive decomposition of
the dinuclear complexes, in the corresponding region.!” This
seems to indicate that the wave at ca. +0.4 V can be defined as
arising from complexes formed after decomposition. The waves
observed at E,=+1.04 V for 1a and +0.94 V for 2a are
thought to be dominated by a V'™V oxidation process. For 2a,
the wave at +0.75 V, which appears to be due to the terminal
fac(S)-[Ir(aet);] units, was observed as a shoulder. However,
reversible redox couples as seen for the corresponding com-
plexes [M'{M(aet),},]*" (M =Rh™, Ir™; M’ =Cr™, Co™)"1°
were not observed.

Although the magnetic moment of the Rh complex la
(2.59 ugp) at room temperature is somewhat lower than that
expected from the central V(i) ion, which has a d? electronic
structure, it is in agreement with those of mononuclear V(1)
complexes containing tris(2-thiolatoethyl)amine (2.53-2.91
1) or 1,4,7-trithiacyclononane as ligands (2.55-2.80 ). %
However, Ir complex 2a exhibited an even lower magnetic
moment (2.27 ug). This behavior is inconsistent with the fact
that the corresponding trinuclear Rh and Ir complexes con-
taining the Cr(um) ion, [Cr{M(aet),},}’* (M =Rh™, I'™),
show magnetic moments expected from the spin-only value for
the d* configuration.” On the other hand, the corresponding Rh
complexes containing Mo(ir) or Re(tn), [M’{Rh(aet);},]*"
(M’ = Mo™ or Re™), show lower magnetic moments than the
spin-only value for the d* or d* configuration.®® Accordingly,
the magnetic behavior at room temperature of the linear-type
S-bridged trinuclear complexes indicate diagonal similarity of
the central early transition metal ions. These low magnetic
moments might be related to a partly low-spin arrangement of
unpaired electrons.

Experimental
Materials

2-Aminoethanethiol (Haet), RhCl;-»H,0 and IrCl; were
purchased from Tokyo Kasei Kogyo Co. Ltd., N. E. Chemcat

Co. Ltd. and Rare metallic Co. Ltd., respectively. Na,[Sb,(R,R-
tart),]-5SH,O (H,tart = tartaric acid) was prepared by the gen-
eral procedure from Na,(R,R-Hstartrato),-H,0 and Sb,0,.
The mononuclear complexes, fac(S)-[Rh(aet);]**** and fac(S)-
[Ir(aet);],”*® were prepared from the reactions of RhCl;-nH,O
or IrCl; with a large excess of Haet by procedures similar to
those in the literature. Optically active A-fac(S)-[Rh(aet);]*
was obtained from the capture reaction with ethylenediamine-
tetraacetic acid of Zn(m) of the heptanuclear complex AAAA-
[{Rh(aet);},Zn,OH]Br,,'> which was resolved using Na,[Sb,-
(R,R-tart),]-5H,0O instead of K,[Sb,(R,R-tart),]-3H,0. The
other reagents were purchased from Wako Pure Chemical Ind.
Co. Ltd. or Kanto Chemical Ind. Co. Ltd. All chemicals were
used without further purification.

Preparation of polynuclear complexes

CAUTION: perchlorate compounds are potentially explosive.
Therefore, these must be handled with great care.

AA-[V{Rh(aet);},]’* 1a. A suspension containing fac(S)-
[Rh(aet),] (0.20 g, 0.60 mmol) and VCl, (0.38 g, 2.4 mmol) in
20 cm?® of H,0, which was deoxygenated by bubbling nitrogen
gas for 1 h, was gradually heated to 50 °C and stirred for 1 h and
the mixture turned dark red. A small amount of unreacted
materials were removed and five drops of saturated NaClO,
solution were then added to the filtrate. The solution was
allowed to stand in a glove-box overnight and dark red crystals
of 1a(ClO,); were collected by filtration and washed with a
small amount of water, methanol, ethanol and acetone. Anal.
Found: C, 14.53; H, 3.63; N, 8.05; Rh, 20.42; V, 4.89%. [V{Rh-
(C,HgNS);},](Cl0O,); requires C, 14.24; H, 3.59; N, 8.31; Rh,
20.34;V, 5.03%.

AA-[V{Rh(aet);},I’* (—)5a-1b. A suspension containing
A-fac(S)-[Rh(aet),] (0.080 g, 0.24 mmol) and VCI; (0.15 g, 0.95
mmol) in 8§ cm® of deoxygenated H,O was gradually heated
to 50 °C and stirred for 1 h, whereupon it became a dark red
solution. A small amount of unreacted materials were removed
and 1 cm® of saturated NaBr solution was then added to the
filtrate. The solution was allowed to stand in a refrigerator
overnight and dark red microcrystals of (—)$&-1bBr; were
collected by filtration and washed with a small amount of
water, methanol, ethanol and acetone. Anal. Found: C, 14.42;
H, 4.26; N, 8.42%. [V{Rh(C,H¢NS);},|Br;-3H,0 requires C,
14.31; H, 4.20; N, 8.34%.

AA-[V{Ir(aet);},I** 2a. Method I. To a suspension containing
Jfac(S)-[Ir(aet);] (0.20 g, 0.48 mmol) in 30 cm® of H,0 was
added VCl; (0.15 g, 1.0 mmol). The mixture was gradually
heated to 60 °C and stirred for 1 h, whereupon it became a deep
purple solution. A small amount of unreacted materials were
removed and five drops of saturated NaClO, solution were
added to the filtrate. The solution was allowed to stand in a
vacuum desiccator for 2 weeks. The resulting deep purple
crystals of 2a(ClO,); were collected by filtration and washed
with a small amount of water, methanol, ethanol and acetone.

Method 2. To a suspension containing fac(S)-[Ir(aet);] (0.20
g, 0.48 mmol) in 30 cm® of H,O was added VOCI, (0.26 g, 1.9
mmol). The temperature of the mixture was gradually increased
to 60 °C. After stirring at 60 °C overnight, the mixture turned
deep purple. A small amount of unreacted fac(S)-[Ir(act);] was
filtered off and 10 drops of saturated NaClO, solution were
added to the solution followed by storing in a refrigerator
overnight. The resulting purple powder of 2a(ClO,); was
filtered off and washed with methanol, ethanol and acetone.
Anal. Found: C, 12.16; H, 3.18; N, 7.01%. [V{Ir(C,H¢N-
S);1,](Cl0O,); requires C, 12.11; H, 3.04; N, 7.06%.

Measurements

Elemental analysis (C, H, N) were performed by the Analysis
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Table 3 Crystallographic data for AA-[V{Rh(aet);},](ClO,),
(1a(Cl0O,);) and AA-[V{Ir(act);},](ClO,); (2a(ClO,);)

1a(ClO,), 2a(ClO,);

Chemical formula C,H;36NgO1,SRh,V - C,H3sNO,SIr,V

Formula weight 1011.92 1190.53
Crystal system Trigonal Trigonal
Space group R3 (no. 148) R3 (no. 148)
alA 14.517(4) 14.578(9)
clA 26.680(5) 26.47(2)
VIA3 4869(1) 4871(4)

z 6 6

DJgcm™? 2.070 2.435
w/mm™! 1.978 9.173
Collected reflections 2684 8088
Unique reflections 2683 7727

Rine 0.018 0.073
Observations (I > 1.5¢(1)) 1489 1438
Variable parameters 164 129

R; R, 0.049; 0.070 0.045; 0.047
GOF 1.30 1.36

* R=3||F| = [FIVZIF); R, = [Ew(Fy| = |FEwF ™, w = 1/6*F,|.

Center of the University of Tsukuba. The concentrations of
V and Rh in the complexes were determined with a NIPPON
Jarrell-Ash ICPA-575 ICP spectrophotometer. UV-VIS absorp-
tion spectra were recorded with a JASCO V-560 or a V-570
spectrophotometer and diffuse reflectance spectra were
recorded on a JASCO V-570 spectrophotometer equipped with
an integrating sphere apparatus. CD spectra were recorded with
a JASCO J-600 spectropolarimeter. IR spectra were recorded
with a JASCO FT/IR-550 spectrophotometer using KBr
disks in the range 4000400 cm™'. Magnetic susceptibilities
were measured with a Sherwood Scientific susceptibility
balance (MSB-AUTO) at room temperature with diamagnetic
corrections obtained employing tabulated constants.?® Electro-
chemical measurements were conducted using a CV-1B appar-
atus (Bioanalytical systems (BAS)), using a glassy carbon
working electrode (BAS, GCE). An aqueous Ag/AgCl/NaCl
(3 mol dm™?) electrode (BAS, RE-1) and platinum wire were
used as reference and auxiliary electrodes, respectively. Electro-
chemical experiments were conducted in a 0.1 mol dm?
aqueous solution of Na,SO, as supporting electrolyte and
employing complex concentrations of 1.0 mmol dm™3. Molec-
ular Mechanics (MM?2) calculations were performed by a Power
Macintosh computer 6100/60 with CAChe program
Absorption spectral changes for aqueous solutions con-
taining 0.4 mmol dm~3 of 1a or 0.2 mmol dm™3 of 2a were
measured at 20, 30 and 40 °C on the JASCO V-570 spectro-
photometer equipped with a Peltier type thermostatic cell
holder (JASCO ETC-505) and a TATYO COOLNIT CL-19.
The metal exchange reactions for aqueous solutions containing
0.4 mmol dm™* of 1a and 0.4 mmol dm~* of NiCl, or CoCl,
were monitored on the JASCO V-570 spectrophotometer at
room temperature. The rate constants k& and activation energies
E, were obtained from the slopes of linear least-squares plots.

Crystallography

Single crystals of 1a(ClO,); and 2a(ClO,); were used for data
collection on a Rigaku AFC-7S four-circle diffractometer with
graphite-monochromatized Mo-Ka (0.71069 A) radiation. The
intensity data were collected by the w26 scan technique up to
55°. Crystal data and experimental parameters are listed in
Table 3.

The positions of most non-hydrogen atoms were determined
by direct methods (SIR92)?” and some remaining atom pos-
itions were found by successive difference Fourier techniques.
The structures were refined by full-matrix least-squares
techniques using anisotropic thermal parameters for non-
hydrogen atoms. All the hydrogen atoms were included in the
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refinement but restrained to ride on attached atoms (C-H =
N-H =0.95 A, U= 1.3U(C, N)). The metal atoms (Rh, Ir, V) of
both complexes were constrained to the special positions of
symmetry. In complex cation la, one of the two crystal-
lographically independent molecules exhibits disorder for the
chelate ring. The site occupancy factor of the S(2), N(2), C(3,4)
atom sets are fixed to 5/6 and those of the S(3), N(3), C(5,6)
atom sets are fixed to 1/6 as ideal values. All of the calculations
were performed using the teXsan crystallographic software
package.?®

CCDOC reference numbers 160876 and 160877.

See http://www.rsc.org/suppdata/dt/b1/b1019651/ for crystal-
lographic data in CIF or other electronic format.
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