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The use of metal ions to template the self-assembly of discrete
molecular structures has attracted a great deal of attention,[1]

and an area of particular recent interest has been the
assembly of metallamacrocyclic complexes, which, in addition
to their appealing structures, can act as highly specific hosts
and sensors for neutral molecules, cations and anions.[2] Bowl-
shaped metallamacrocyclic complexes such as 1 were first
described by Fish and co-workers; these contain adenine-
based units as bridging ligands and cationic [Cp*RhIII] units as
vertices and act as effective hosts for guests such as aromatic
amino acids.[3]

Consequent work by Yamanari et al. resulted in higher
order macrocycles,[4] and Sheldrick and co-workers reported
the structures of related [(arene)RuII] and [(arene)IrIII]
systems.[5] Using IrIII, RhIII, and RuII metal centers and
pyridyl-based ligands, Severin and co-workers prepared
analogous neutral metallamacrocycles, such as 2, which
function as highly specific hosts and sensors for cations and
anions.[6]

Apart from their host–guest chemistry, triangular com-
plexes such as these are appealing targets for the study of
redox properties and metal–metal interactions because of
their unusual topology. The triangular arrangement of the
redox centers means that two different mixed-valence states
can, in principle, be generated. However, solution studies on
previously reported Ru macrocycles reveal that they are in
equilibrium with their monomeric building blocks[5] and that
they are unstable towards substitution reactions.[7] These
observations are reflected in reports of their electrochemistry,
in which the metal-based redox couples exhibit poor rever-
sibility.[6]

Herein we describe the synthesis of a kinetically inert
triangular electroactive bowl, which displays well-behaved
reversible electrochemical behavior and demonstrates two
mixed-valence states with substantially different characters.
The [([9]-ane-S3)Ru

II] moiety was selected as a precursor for
the corner units; previous work has demonstrated that this
fragment exhibits suitable electronic and electrochemical
properties,[8] and that self-assembly at high temperatures
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allows the thermodynamic assembly of species that become
“kinetically locked” at room temperature,[9] thereby avoiding
the kinetic lability of previously reported systems.

Reaction of the readily available starting material
[RuCl2(dmso)([9]-ane-S3)][10] with 9-methyladenine (9-MA)
in an aqueous buffered solution (pH 7) heated at reflux for
several hours afforded a single product, which was isolated as
a hexafluorophosphate salt. 1H NMR spectroscopy and FAB-
MS studies revealed that the new compound was the
mononuclear dicationic complex 3(PF6)2 The structure of
the cation was confirmed by X-ray crystallographic analysis of
its triflate salt (Figure 1).

An analysis of this structure reveals why the anticipated
self-assembly into a metallamacrocycle is inhibited: the
exocyclic NH2 group in complex 3 is still intact and has not
been deprotonated. In contrast to the [Cp*RhIII] center, the
coordinated [Ru([9]-ane-S3)]2+ moiety is not a strong enough
Lewis acid to initiate deprotonation of N6. Consequently, the
N1 position of 9-MA is not a sufficiently good donor to

compete for the metal-coordination site occupied by
dmso in 3.

To deprotonate the exocyclic NH2 site and attain
bridged polynuclear structures, we repeated the
reaction under more basic conditions. In the presence
of the sterically hindered base pentamethylpiperi-
dine (PMP), which is a very strong Brønsted base but
a weak nucleophile, reaction of [RuCl2(DMSO)([9]-
ane-S3)] with 9-MA afforded (as the hexafluoro-
phosphate salt) a single product whose 1H NMR,
FAB-MS, and high-resolution mass spectra as well as
elemental analysis were all consistent with the
metallamacrocycle of formula 4(PF6)3. Although
attempts at growing crystals suitable for X-ray
crystallographic studies were unsuccessful, the m/z
values and isotope-distribution models of the FAB-
MS and ES-MS peaks corresponding to the frag-
ments obtained for both the hexafluorophosphate
and triflate salts of 4 confirm the trinuclear formu-
lation.

The redox properties of 4(PF6)3 were investigated
by means of cyclic voltammetry (CV). Between 0.6–

1.6 V (versus the Ag/AgCl couple) the new complex undrgoes
three metal-based RuIII/II oxidation processes (Figure 2). In

contrast to previously reported RuII species[6] and 3 (which
displays a single irreversible oxidation), each of these couples
is reversible withDE= 100 mVand j IPa/IPc j= 1. Interestingly,
although DE1=2

(1,2) is 175 mV, DE1=2
(2,3) is much larger with a

value close to 380 mV. Comproportionation constants (Kc)
derived from these figures indicate that the [RuII/RuIII/RuIII]
45+ state has a stronger intermetallic interaction (Kc= 2.8 F
106) than the [RuIII/RuII/RuII] 44+ state (Kc= 760). This
observation is in contrast to other redox-active triangular
complexes in which the spacings are approximately constant,
as would be expected if there was no variation in the
individual pairwise metal–metal interactions across the redox
series. This implies that on moving from 44+ to 45+, there is a
much greater delocalization of the positive charges which
render the final oxidation more difficult than it would
otherwise be.

Figure 2. Cyclic voltammogram of oxidative processes for 4(PF6)3 in
MeCN/Bu4NPF6 (0.1m) (versus Ag/AgCl).

Figure 1. X-ray crystal structure of cation 3, determined from
3(CF3SO3)2, showing the coordinating NH2 group. All other hydrogen
atoms and lone pairs have been removed for clarity.
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On their own,Kc values are not always a true indication of
the strengths of metal–metal electronic couplings; more
accurate information can be obtained from the intensity,
position, and shape of any observable intervalence charge-
transfer (IVCT) bands. Therefore, the optical properties of
the two mixed-valence and isovalent RuIII states were
investigated by UV/Vis/NIR spectroelectrochemistry in an
OTTLE cell.

The evolution of electronic spectra through the redox
series 43+ to 46+ is shown in Figure 3. In all cases, clean
isosbestic points were observed, and at the end of the

experiment the spectrum of 43+ was regenerated to confirm
the full chemical reversibility of all the processes. The
spectrum of 43+ shows only a Ru(d)!L(p*) metal-to-ligand
charge-transfer (MLCT) band (313 nm) involving the adenine
ligands. On one-electron oxidation to 44+ this MLCT band,
whose origin is RuII, diminishes in intensity. A lower energy
band centered at 800 nm was assigned to a thiacrown(S)!
RuIII ligand-to-metal charge transfer (LMCT). Furthermore,
the spectrum of 44+ above 950 nm is dominated by a broad,
low intensity absorption (e= 2950 mol�1dm3cm�1), which we
assign as an IVCT band.

Further oxidation to 45+ results in the further collapse of
the RuII!adenine MLCT band accompanied by the simulta-
neous growth of the S!RuIII LMCT band. However, the most
notable feature of the 45+ absorption spectrum is an intense,
structured band in the NIR region with an absorbance
maximum at 2085 nm (e= 8400 mol�1dm3cm�1). The final
oxidation to give 46+ results in the collapse of all bands in the
NIR region (which confirms their assignment as IVCT
processes) and further growth of the S!RuIII LMCT band.

The energies of the bands in the NIR region observed for
the mixed-valence [RuII/RuII/RuIII] 44+ and [RuII/RuIII/RuIII]
45+ states are consistent with previous reports of IVCT that
indicate electron transfer between RuII and RuIII sites.[11]

However, the differing intensities and structures of these
bands imply very different electron-transfer properties. The
NIR spectral region for 44+ contains a structured, low-
intensity, and extremely broad band that seems to be

comprised of several overlapping transitions. Similar struc-
tured IVCTs were previously observed in oligonuclear Ru-
andOs-basedmixed-valence systems[12] and arise as a result of
a combination of low-symmetry, extensive orbital mixing and
spin–orbit coupling, which split the dp5 states into Kramer
doublets. The relatively low intensity of these transitions and
the low Kc value of 760 indicate that 4

4+ is a valence-localized
structure. In contrast, the band for 45+ in the NIR region is
intense and clearly consists of at least three overlapping
transitions. The intensity of these transitions and their sharp-
ness suggest that the 45+ state is a valence-delocalized system.

Further evidence for these conclusions can be drawn from
the application of the Hush theory[13] to the lowest energy
IVCTs of the 44+ and 45+ states. If the bands are assumed to be
Gaussian-shaped, the low-energy shoulder for the IVCTof 44+

can be used to estimate Dñ1=2
for this transition.[12c] In this case,

Dñ1=2
� 3500 cm�1, which is relatively close to Dñ1=2

(calcd)=
4100 cm�1. Taken together, the data for 44+ indicates that it
is a Robin and Day[14] class II (valence-localized/solvent-
coupled) system, or perhaps a class II/III (valence-localized/
solvent-decoupled) system.[12c,15]

In contrast, the same calculation carried out on the lowest
energy band for 45+ reveals that Dñ1=2

(experimental)=
900 cm�1 is much narrower than Dñ1=2(calcd)= 3325 cm�1.
Given this very narrow bandwidth, the large Kc, and the
exceptionally high intensity of this IVCT (emax=

8500 mol�1dm3cm�1), it is clear that 45+ is a fully valence-
delocalized, solvent-decoupled class III system.

In summary, the triangular metallamacrocyclic complex
46+ is kinetically stable in all oxidation states and takes part in
a reversible four-membered redox chain in which, remark-
ably, one mixed-valence state is a class II and the second is a
class III system. Further investigations of this phenomenon
and the host–guest chemistry of the complex in its different
oxidation states are in progress.

Experimental Section
3(CF3SO3)2: Crystal data for C16H25F6N5O7RuS6 (M= 806.84); which
crystallizes from ethanol as yellow blocks, weremeasured on a Bruker
Smart CCD area detector with an Oxford Cryosystems low-temper-
ature system. Cell parameters were refined from the setting angles of
2900 reflections (q range 1.66< 28.298). Crystal dimensions 0.21 F
0.10 F 0.10 mm3, triclinic, a= 10.9018(15), b= 11.9162(16), c=
12.8948(18) J, a= 73.636(3)8, b= 81.112(3)8, g= 83.179(3)8, U=
1583.0(4) J3, Z= 2, 1calcd= 1.693 Mgm�3, space group P1̄ (C1,i,
no. 2), MoKa radiation (l,�= 0.71073 J), m(MoKa)= 0.969 mm�1,
F(000)= 812. Of the 10213 reflections measured, all of which were
corrected for Lorentz and polarization effects and for absorption by
semiempirical methods based on symmetry-equivalent and repeated
reflections (minimum and maximum transmission coefficients 0.8225
and 0.9094), 3878 independent reflections exceeded the significance
level jF j /s(jF j )> 4.0. Refinement converged at a final R= 0.0744
(WR2= 0.2049, for all 7221 data, 369 parameters, mean andmaximum
d/s0.000) with allowance for the thermal anisotropy of all non-
hydrogen atoms.CCDC 233715 contains the supplementary crystallo-
graphic data for this paper. These data (excluding structure factors)
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data

Figure 3. UV/Vis/NIR spectra of 43+, 44+,45+, and 46+.
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Centre, 12, Union Road, Cambridge CB21EZ, UK; fax:
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