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ABSTRACT: Three-dimensional molecular barrels Ru6-4 and Ru6-5 were synthesized in high yields from dinuclear ruthenium-vinyl 
clamps and tritopic triphenylamine-derived carboxylate linkers and characterized by multinuclear NMR spectroscopy including 
1H- 1H COSY and 1H DOSY measurements, high-resolution electrospray ionization mass spectrometry, and X-ray crystallography. 
The meta! frameworks of the cages adopt the shape of twisted trigonal prisms, and they crystallize as racemic mi.xtures of 
interdigi tating l::i.- and J\-enantiomers with a tight columnar packing in Ru6-4. Electrochemical studies and redox titrations revealed 
that the cages are able to release up to 11 electrons on the voltammetric timescale and that their cage structures persist up to the 
hexacation level. IR and UV-vis-near-infrared spectroelectrochemical studies confum substituent-dependent intramolecular 
electronic communication within the n-conjugated 1,3-divinylphenylene backbone in the tricationic states, where all three 
divinylphenylene-bridged diruthenium clamps are present in mixed-valent radical cation states. The formation of 1 :3 charge-transfer 
salts with 2,3,S,6-tetraAuoro-7,7,8,8-tetracyanoquinodimethane as the electron acceptor is also demonstrated. 

• INTRODUCTION 

Over the last decades, the bottom-up approach of coordination­
driven self-assembly has evolved into the most effective strategy 
for the rational construction of discrete supramolecular 
coordination complexes. t- s Based on this principle, a !arge 
number of structurally diverse polynudear metallamacrocydes 
and coordination cages have been realized. Some of them have 
already found applications in host- guest chemistry/ ·5-

7 in gas 
8- 12 l . . l 13- 24 r h storage, as ummescent matena s, 1or c ar~e-transport 

or as charge-storage systems,25
-

28 in catalys is,21
•
2 

-
4o and in 

other fields.41
-

43 

Our contributions to this field revolve around utilizing redox­
active ruthenium-alkenyl moieties of the type Ru{CO)Cl­
(P;Pr3)i{CH=CHR) or {Ru{CO)Cl(P;Pr3)i}(µ-CH=CH­
arylene-CH=CH) as constituents of tri-, tetra-, or hexa­
ruthenium metallamacrocycles.44

-
50 Such compounds may 

exhibit polyelectrochromism and efficient intramolecular 
intervalence charge transfer (CT) in their mixed-valent 
states.51•52 As an extension of these studies, we now target the 
synthesis of three-dimensional hexaruthenium cages from the 
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combination of dimetal damps and tridentate carboxylate 
linkers. The vast majority of known, discrete hexanuclear 
supramolecular metallacages were built from planar tridentate 
ligands as, for example, 2,4,6-tripyridyl- l,3,5-triazine {TPT, 
Figure 1) and diimine-bridged dinuclear complexes of square­
planar Pd11 or Pt11 ions with cis-disposed, substitutionally labile 
ligands.2

'
4

'
5
'
7 

Herein, we report the construction of three-dimensional 
he:xaruthenium metallabarrels from m-divinylphenylene-bridged 
diruthenium-alkenyl complexes and triphenylamine-4,4',4"­
tricarboxylate as the tritopic linker in high-yielding self-assembly 
processes. The twisted, propeller-shaped conformation of the 
triphenylamine (TPA) core proved to be crucial for the 
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Figure 1. Chemical structures of planar 2,4,6-tripyridyl- 1,3,5-triazine 
(TPT, left) and 4,4',4 • -[ 1,3,5 )triazine·2,4,6-triyl-tris(benzoic acid) 
(TIBA, right). 

successful formation of discrete cagc structures. The resulting 
hcxanuclcar cages can rclcasc a total of six electrons in two 
discrete three-electron redox steps without structural disintegra­
tion and cxhibit strong responses in thcir electronic spectra as a 
consequence of electron transfer. We also show that, due to their 
low oxidation potentials, the present cages form l :3 CT salts 
with the strong organic clcctron-acceptor 2,3,5,6-tetrafluoro· 
7,7,8,8-tetracyanoquinodimethane {F 4 TCNQ). 

• RESULTS AND DISCUSSION 
The formation of supramolccular complexes generally relies on 
reversible metal-ligand bond-forming and -breaking processes, 
which will ultimately transform initially formed mixtures of 
mono· and oligonuclear species into discrete metallamacrocyclic 
or cage structures under thermodynamic controL53

- 6Q The 
sclcctivc transformations of intcrmittcntly formed rucarbox· 
ylate-bridged tetra- or hexaruthenium metallamacrocycles into 
!arger octa· or smaller tetraruthenium ones on prolonged 
warming provide recent cxamples in ruthenium-alkcnyl 
chemistry that are related to the present work. 45

'
46

,6
1 Attempts 

to obtain hexaruthenium cages by reacting the m-divinylpheny· 
lcne-bridged diruthenium clamf.s Ru2·2 or Rui-3 of Scheme 1 
with the deprotonated planar"' ·"' 1,3,5-trisubstituted triaiine· 
derived linker TTBA of Figure 1 were not met by success. To 
our delight, their reaction with the conformationally morc 
flexible, propeller-shaped triphenylamine-4,4' ,4 • ·tricarbOA}'late, 
which was obtained from the deprotonation of the parent 
tricarboxylic acid 1 with potassium carbonate, at 40 °C in 
methanol/dichloromethanc yicldcd, after 30 h, hexaruthenium 
cages Ru6-4 or Ro6-5 in yields of 90 or 87%. 

Mctallacages Ru6-4 and Ru6-5 wcrc characterized by 
multinuclear NMR spectroscopy and high-resolution electro­
spray ionization mass spectrometry {HR-ESI MS). Figure 2 
displays the 1H NMRspectra in thc region of the aryl and alkenyl 
protons with their integrations and assignments. Additiona.I 
NMR spectra including the rcsults of 1H-1H correlation 
spectroscopy { COSY) experiments to support the signa1 
assignments are provided in Figurcs S 1-S 12. For example, in 
thc 1H NMR spectra, the alkcnyl proto11s were detected at O = 
8.99 (Ru-CH) and 6.25 ppm {Ru-CH=CH) {d, 3JH,H = 15.3 
Hz) for Ru6-4 and at O = 8.60 and 6.54 ppm ( d, 3

JH,H = 15.2 Hz) 
for Ru6-5. The resonances of the corrcsponding carbon atoms 
appeared at O = 160.5 {Ru-CH) and 133.7 ppm (Ru-CH= 
CH) for Ru6-4 and at Ö = 155.5 and 126.5 ppm for Ru6-5 in the 
13C{'H} NMR spectra. The carbonyl carbon atorns were 
observcd at 0 = 208.9 or at 209.0 ppm for Ru6-4 and Ru6-5, 
respectively, as triplets with a coupling constant 2f P- C of 15.2 Hz. 
lnterestingly, in the 31P{'H } NMR spcctra of both molecular 
cages, two doublet resonances at Ö = 37.0 and 39.l ppm (for 

Sc'heme 1. Synthesis of Three-Dimensional Hexaruthenium 
MctaUabarrels Ru6-4 and Ru6·5 
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Ru6-4 ) and 0 = 36.8 and 38.3 ppm {for Ru6·5) with a !arge 2fr-P 
coupling constant of275 Hz were obscrved, which is typical for 
mutually trans-disposed phosphinc ligands. This indicates that 
thc two P1Pr3 ligands of every Ru entity {Ru = Ru{CO){P'Pr3)i) 
arc in different chemical environments, that is, the Jack of a 
mirror plane through the m-divinylphcnylene bridging ligand. 

In linc with this observation, aryl protons 9/9' and 10/ 10' at 
the triphenylarnine {TPA) linker gave rise to four separate 
doublet resonances at l> = 8.09 and 7.95 ppm {H9/ 9' ) and 7.29 
and 7.09 ppm {Hl0/ 10' ) for Ru6-4 and o = 8.05 and 7.95 ppm 
{H9/ 9') and at 7.28 and 7.09 ppm {H 10/ 10' ) for Ru6-5, 
obviously as a rcsult of hindcred phcnyl rotation. Closer 
inspcction of the room tempcrature {rt) NMR spectra revcalcd 
specific broadening of the latter rcsonances. This prompted us to 
rccord 1H NMR spectra in 5 K stcps over a T interval of273 to 
30'3 K, as shown in Figurcs Sl l and Sl2. Further warming 
incrcased the broadening, while cooling had the opposite effect 
until, at 278 K, the half-widths of the TPA aryl resonances 
bccamc identical to thosc of thc alkcnyl and phenyl protons at 
thc bridging m·divinyphenylene ligand. This suggests the onset 
of a dynamic process at or near rt, which is due to either phenyl 
ring rotation or a twisting motion of the distorted prismatic cage 
structure (vide infra). 1H diffusion ordered spectroscopy 
{DOSY) NMR spectra confirmed that all resonances are duc 
to one defined molecular species in each case with a diffusion 
cocfficicnt of7.08 X 10-10 m2 s-1 for Ru6-4 and 5.62 X 10-10 m2 

s- 1 for bulkier Ru6-5 (see Figures $5 and SIO). 



9.4 9 2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6 4 6 2 6.0 61 ppm 

b) 

4 6 
1 

M 
919' 

1 
10/10' 

Li ö _____ Li~ 
1 1 •• 1 -

8 
0 

8 !! 
~ 

~ 

9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2 6/ ppm 

Figure 2. 1H NMR spectra of ( a) Ru6-4 and (b) Ru6-5 in CD2Cl2 at 298 Kin the region of aryl and alkenyl protons. 

HR-ESI MS confirmed the molecular compositions of the 
new complexes as the envisioned hexaruthenium species. The 
mass peak of the molecular ion (Ru6-4 ]2+ was detected at m/-.. = 

1915.6789 (calcd. m/z = 1915.6917 for C186H;iooN20 18P 12Ru6) 
with half-integer spacings between individual isotopic peaks. An 

additional, less intense signal could be assigned to the [M - H]+ 
ion (m/z = 3830.3612; calcd. m/z = 3830.3754 for 

C1 s6H2~201sP12Ru6). In the case of Ru6·5, the most intense 
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peak was that of the molecular dication [Ru6-5]2+, which 
appeared at m/z = 2131.8525 (calcd. m/z = 2131.8647 for 
C210H 348N20 24P12Ru6)· The observed isotopic patterns match 
with the cakulated ones (Figure 3; see also Figure Sl3). Tue 
molecular ion peak for the corresponding trication [Ru6-5]3• 
was observed at m/z = 1421.2332 (calcd. 1421.2430 for 
C2 10H348N20 24P12Ru6) with spacings of 0.33 amu between 
neighboring peaks within the isotopic envelope. 
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Figure 3. HR-ESI (positive ion mode) mass spectrum ofRu6-S (R= OBu). Full scale ( top) and comparison of isotopic distributions ( bottom) for the 
di· and tricationic spccics of the experimental spectrum (black lines) with thc cakulatcd oncs (bluc lincs) . 

c) 

d) 

Figure 4. X-ray structure of Ru6-4 in Ru6-4·5CH2Cl2·CH30H. Solvent molecules and hydrogen atoms, except for one CH2Cl2 molecule which is 
trapped in between the two triphenylamine linkers via strong CH··· tr interactions, are removed for clarity reasons. ( a) Si de view and (b) top view of the 
barrel·like molecule Ru6-4. (c) Space·filling model showing the cavity inside the molecular barre!. (d) Ru·· ·Ru distances \vithin the Ru3• TPA triangles 
and the divinylphcnylene straps of the twistcd trigonal Ru6 prism. Color codcs: gray, carbon; red, oxygcn; orange, phosphorus; white, hydrogen; grcen, 
chlorinc; dark turquoise, ruthcnium. 
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The identities and structures of cage compounds Ru6-4 and 
Ru6-5 were finally established by X-ray diffraction analysis on 
single crystals of Ru6-4·5CH2Cl2·CH30H and of Ru6-5· 
2CH2Cl2 that were grown by layering a methanolic solution of 
the TPA tricarboxylate Ligand on a dichloromethane solution of 
diruthenium complex Ru2-2 or Ru2-3. Ru6-4 crystallized in the 
triclinic space group PI, whereas two different polymorphs were 
found for complex Ru6-5, one with a hexagonal (space group 
R3) and one with a triclinic unit cell. Both were suitable for X-ray 
crystallography but suffered fro m various difliculties. The 
specimen with the space group R3 disintegrated within 8 days 
on the diJfractometer, so that only an incomplete data set (76% 
completeness) could be obtained; this however refined well. 
Several other crystals we picked had all crystallized in the 
triclinic crystal system, were twinned, and suffered from severe 
disorder of the butoxy and P1Pr3 groups during refinement. The 
structure ofRu6-4 is shown in Figures 4 and $14 and $15, while 
that of Ru6-5 in the space group R3 is shown in Figure $16. 
Figures 5 and Sl 7 illustrate the packing of individual cage 
molecules in the crystal lattice. Tables Sl - $4 provide the 
crystallographic deta ils. 

a) 

A-lsomer 6-lsomer 

1
7.290 A 

4.isoA 

J1.290 A 

14.130 A 

J7.290 A 

Figure 5. {a,b) Top views of /\- and ß-enantiomers present in the unit 
cell of Ru6-4. ( c) One-dimensional columnar structure formed by 
alternating /\- and ti.-isomers. ( d) Ball and stick representation with 
intermolecular N···N distances along tbe stack.ing axis. 

Both cages adopt the shape of a twisted trigonal prism. Steric 
repulsion between the ortho protons tilts adjacent phenyl rings 
of the tritopic TPA linkers from planarity, giving them their 
usual propeller structures. This rotation may provide the 
necessary conformational freedo m to forge hvo TPA linkers 
and three m-divinylphenylene diruthenium complexes into 
discrete three-dimensional molecular cage structures. Due to the 
twisted conformations of the diruthenium clips, one of the two 
P1Pr3 ligands at every ruthenium ion points to the outside of the 
barrel- like structure, whereas the other one is more poised 
toward its interior, which is in line with the observation of two 
sets of chemically and magnetically distinct P1Pr3 ligands in 
NMR spectroscopy. The two triangular planes spanned by the 
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nitrogen atoms of the triphenylamine-4,4' ,4" -tricarboxylate 
linkers and the immediately attached ipso carbon atoms of the 
phenyl residues are separated by 7.290 A for Ru6-4 and 7.924 A 
for Ru6-5 (Figures 4b and 5a,b). The Ru···Ru distances at the 
TPA-bridged triangJes of Ru6-4 measure 13.977 to 14.606 A, 
while those at the divinylarylene straps are shorter and range 
from 8.237 to 8.363 A (Figure 4d). The corresponding 
dimensions of the Ru6-5 cage are 14.288 and 8.326 A, 
respectively. The Ru-P, Ru-Cco1 and Ru-C,1kenyl bond lengths 
fall in the range of2.390(3) to 2.444(2), 1.753(9) to 1.819(10), 
and 1.964(9) to 2.006(8) A, respectively. The P-Ru-P bond 
angles of the trans-disposed P'Pr3 ligands measure l 75.79(8) to 
177.14(8); they comply with those for macrocyclic complexes 
with six-coordinated Ru-alkenyl complexes of the type Ru­
( CO )Cl(PiPr3)i( CH=CHR) (ic20,0' -OOCR' ).44•46•4i,~ 

Notably, the unit cell of complex Ru6-4 contains a pair of 
tightly packed, interdigitating molecules with a rather close 
separation of 4.160 A behveen the TPA N atoms. These two 
molecules represent the ß- and J\-enantiomers of a twisted 
trigonal prism with (anti)clockwise rotations of +39.1° (ß ) or 
- 39.l 0 (J\) behveen the two TPA-bridged triangular faces. 
Similar to Ru6-4, the unit cell of Ru6-5 also contains pairs of 
enantiomers with hvist angles of +36.3° (ß-isomer) and - 36.3° 
(J\-isomer, Figure $17). This kind of distortion is rerniniscent of 
snapshots of the interconversion between the ß - and /1.-isomers 
of octahedral tris( chelate) complexes according to the Bailar 
twist. As a consequence of twisting, the ruthenium-vinyl 
moieties at the m-divinylphenylene straps are non-coplanar 
\vitl1 angles of 24.8 to 32.6° in Ru6-4 and of 36.5° in Ru6-5 
between the planes of interlinked Ru-CH=CH- entities. 
Rotations around the ruthenium-alkenyl bonds of such 
complexes are usually associated with energy barriers of 22 to 
31 kJ mol- 1 and less than 7 kJmol- 1 for a rotation by 40° so that 
the two enantiomers are expected to interconvert in 
solution.64

•
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1n the case of Ru6-4, the complementary shapes of the two 
different enantiomers lead to the formation of tightly packed 
co]unmar stacks of alternating ···II. „. ß .„ enantiomers with even 
shorter N„·N separations of 4.130 A between the molecule pairs 
of the unit cell. Strong CH„·n (2.730-2.899 A) and 
CH„·Oca,bo')'I••• (dcH .Q = 2.563 to 2.691 A) interactions exist 
between adjacent molecules (Figure $14). However, the bulky 
butoxy groups at the periphery of Ru6-5 011ly allow for the 
formation of interdigitating dimers with a separation N·„N of 
4.001 A and CH„·n contacts of 2.618 to 2.795 A but prevent 
their fu rther association into a columnar structure comparable to 
Ru6-4. In both cages, a molecule of dich.loromethane is trapped 
as a guest in behveen the hvo TPA linkers (Figures 4 and SlS). 
Sl1ort CH-··Jr interactions with a distance of2.525 A behveen the 
CH2Cl2 molecule and the n-electron cloud of a nearby phenyl 
ring of one TPA unit are observed in Ru6-4. 

As mentioned in the outline, the divinylphenylene-diruthe­
nium building blocks are redox-active and are capable of 
undergoing two sequential one-electron oxidations per 
dirnthenium constituent.66 Metallamacrocycles, where two or 
th~ee such entities are clamped by insulating dicarboxylate 
lin.kers, show doubling or tripling of the number of electrons 
transferred in each step, sometimes with small potential 
splittings for a composite wave that represents the stepwise 
ch.arging of the divinylarylene diruthenium constituents.45

.4
7

-
49 

Similar observations were reported for a variety of other 
metallamacrocycles and cages that contain identical redox-active 
constituents. 16•

67
-

75 The TPA linkers are likewise redox-active, 
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Figure 6. Cyclic voltammograms ofRu6-4 and Ru6-5 (CH2CIJO. l M NBu/ PF6-, 295(±3) K, scan rate v = lOOmV s-1). Potentials are referenced to 
the FcH/ FcH• redox couple. 

Table 1. Cyclic Voltammetry Data of Ru6-4 and Ru6-Sa 

E OfJ• (<'.1.l) or Elf2J+f6+(.0.~) or .O.Elf1J+f6+ or Elf,.s.::;~.o.t5] or 
''' [ E,,,•t• [E,12 •I•• [.o.E,12'' ''] [Elf, ( .0. .)J 

ll.E1126+/a+ or 

Elf,9'1"'(.0.E•) 6.E 9+/11• [.O.Elf,.s+t9•] 112 

Ru2-2 [190] (460] [270] n. a. n. a. n. a. n. a 

Ru2-3 [-200] [225] [425] n. a. n. a. n. a n. a 

Ru6-4 70 ( 105) 320 (75) 250 925 (196) 605 n. a. n. a. 

Ru6-5 - 305 (91) 110 (57) 415 (680 (88)) (565) 930 ( 138) 250 

aAll data in milljvolts versus FcH/ FcH• in CH2Cli/NBu4PF6 at rt and at v = 100 mV s- •. 

and each of them may undergo one-electron ox:idation to the 
corresponding TPA„ radical cation {El/2 of the free acid in 
CH3CN = 0.80 V).76 This endows the present cages with the 
capability to reversibly release a max:imum of 11 electrons. As we 
will show in the following, up to 6 electrons can be reversibly 
extracted from these cages without disintegration of their 
structures. 

The electrochemical behavior of the two hexaruthenium cages 
was fust investigated by cyclic voltarnmetry ( CV). Cyclic 
voltammograms recorded at a sweep rate ofO.l V·s- • are shown 
in Figurc 6 and pertinent data are collected in Table 1. The 
chloro-substituted m-divinylphenylene-bridged precursor com­
plexes {{P'Pr3) 2Cl{CO)Ru}2(µ-CH=CH-C6H 2R2-CH= 
CH- ) Ru2-2 (R = H) and Ru2-3 (R = OBu, Scheme 1) 
undergo two stepwise one-electron ox:idations at half-wave 
potentials of 190 and 460 mV or of -200 and 225 mV, 
respectively, in the CH2Clif0.l M NBu/ PF6- electrolyte 
(Table 1).66

•
77 Under the same conditions, complex Ru6-4 

showed three consecutive ox:idations at E112 = 70, 320, and 925 
m V. Voltammograms ofRu6-S exhibited even four redox waves. 
As for their dinuclear precursors, the presence of two electron­
donating butoxy groups at every m-phenylene linker lowers the 
ox:idation potentials of Ru6-S by up to 375 m V as compared to 
Ru6-4. The fust two oxidations of the diruthenium clamps were 
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hence observed at E112 = - 305 and at 110 m V with an enhanced 
redoxsplitting l:i.E112 of 415 m V {Table 1 ). As usual, substitution 
of the two-electron donor chloro ligands by bidentate, four­
electron donor carboxylate ligands lowers the oxidation 
potentials by more than 100 mV. 

Comparison of precursor complexes Ru,-2 and Ru,-3 and 
metallamacrocyclic complexes with two or three divinylarylene 
constituents suggests that the fust two waves involve the fust and 
the second oxidations of the three m-divinylphenylene­
diruthenium entities with the release of a total of six electrons, 
three in each individual s tep. This supposition was later 
confirmed by redox ti trations and by monitoring the 
spectroscopic changes in the UV-vis-near-infrared (NIR) 
and electron paramagnetic resonance (EPR) spectra on adding 
appropriate amounts of a suitable chemical ox:idant to solutions 
of Ru6-S. These experiments will be detailed in a later section. 
Attempts to establish the number of electrons that are released 
during the fust oxidation ofRu6-S by the method of Fawcett and 
Baranski/ 8 that is, by comparing the slopes of the current i 
versus t- •/2 as obtained from chronoamperometry experirnents 
and the limiting currents ilimit from linear sweep voltammetry 
(LSV) to those of the one-electron standard decamethylferro­
cene (DMFcH), gave a ratio n <•g</noMFcH of 4.2, which, while 
too high, still confums a multielectron character. Under the 



assumption that "c•g• equals 3, chronoamperometry provided a 
dilfusion coefficient D of 4.54 X 10- •o m2 s- • for Ru6-5 as 
calibrated against the DMFcH standard,79 which provides a 
good match with the value obtained from 1H DOSY NMR 
experiments. A lower value in electrochemical experiments is 
expected, given that the latter was performed in a more viscous 
medium ofhigh ionic s trength (0.5 M NBu/ CI04- in CH 2Cl2) 

as opposed to neat CD2Cl2• 

Tue origin ofthe third oxidation of Ru6-4 cannot be assigned 
unambiguously; it either constitutes the third oxidation of the 
three m-divinylphenylene-di ruthenium clamps or the oxidation 
of the two TPA linkers. The lower current amplitude of this final 
redox process argues for TPA oxidation, but the broadening and 
proximity of this wave to the anoclic discharge limit of the 
electrolyte do not allow for an accurate determination of 
associated peak currents. 

For Ru6-5, the third redox wave at E112 = 680 m V is associated 
with the same peak currents as the first two waves. This is also 
demonstra ted by the identical step heights in LSV as shown in 
Figure Sl8. The final, broader, and chemically only partially 
reversible oxidation at EJ/2 = 930 m V is associated with a smaller 
peak current. Accordingly, the step he ight as obtained from LSV 
amounts to two-thirds of that of the previous waves, suggesting 
an overall two-electron process and hence oxidation ofthe TPA 
linkers. All three or four redox processes are well-separated with 
half-wave potential splittings llE112 in the range of 250 to 605 
mV, signal ing that all redox states with equivalently charged 
linkers are thermodynamically stable species and do not engage 
to relevant extents in disproportionation reactions. 

In order to identify the actual redox sites by monitoring the 
spectroscopic consequences of the stepwise oxidations and to 
verify the electron counts associated with each step, we 
performed TR-NIR and UV- vis- NIR spectroelectrochemical 
(SEC) measurements and redox titrations. The SEC experi­
ments were conducted with a custom-made, optically trans­
parent, thin-layer electrolysis (OTTLE) cell according to the 
design of Hartl et al.80 These studies also probe the persistence 
of the various oxidized fo rms on a langer timescale than that 
encountered in CV experiments as the interconversion between 
different redox states within the diffusion layer of the SEC cell 
requires ca. 20- 30 min for every step. Our IR studies capitalize 
on the intense and characteristic CO stretching vibrations of the 
ruthenium-bonded CO ligands, whose energies respond to the 
loss of electron density suffered by the {Ru} entities during the 
individual oxidation(s). Table 2 summarizes the data from these 
experiments, while those for the precursor complexes Ru2-2 and 
Ru2-3 are provided in Table S5. 

Table 2. Spectroscopic Changes of Compounds Ru6-4 and 
Ru6-5 in the IR-NIR and UV-vis-NIR Spectra in Their 
Neutral, Tricationic, and Hexacationic States" 

Ru6-4 

(Ru6-4 )3' 

[Ru6-4)6
' 

Ru6-5 

(Ru6-5)" 

vco (cm-1) 

1900 

1907, 1962 

1977 
1900 
1918, 1938 

1946, 1967 

Ä (nm) (c„„[in 103 M-1cm-1)) 

332 ( 148), 345 ( 150) 
362 (131), 417 (65), 668 ( 17), 1206 (6.2) 

282 (84), 362 (95), 633 ( 14), 772 (11 ) 
316 ( 121), 353 ( 151) 
356 ( 144), 463 (52), 667 (19), 1530 ( 14), 1955 

(26) 
361 ( 115), 413 (59),461(42),803(14), 1380 (36) 

dMeasurements were carried out in l,2-C2~Cl2/NBu/ PF6- at rt. 
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Neutral Ru6-4 has a single band at 1900 cm-• for the 
stretching vibrations of the CO ligands. As a result of the high er 
18 valence electron count at the ruthenium ions, this band is red­
shifted by 10 cm- • from that of its precursor Ru2-2 (Scheme 
1)_66

'
77 One-electron oxiclized [Ru2-2]+ showed two separate, 

similarly intense Ru( CO) bands, which were both shifted to 
higher energies with respect to neutral Ru2-2. lt was hence 
identified as an electronically moderately coupled mixed-valent 
(MV) system of Class II according to the classification scheme 
of Robin and Day.81 The same situation also applies for Ru6-4. 
After exhaustive electrolysis at a potential positive of the first 
composite redox wave, the single CO band was replaced by two 
equally intense, blue-shifted Ru( CO) bands at 1907 and 1962 
cm- 1 (see Figures Sl9-S21). A further asset of the oxidized 
form is a broad, weak (e = 6200 M- 1 cm- 1

) intervalence charge­
transfer (IVCT) band in the NIR ( Figure Sl9), which is more 
clearly observed in the corresponding UV- vis- NTR experiment 
as a band peaking at 1206 nm (8290 cm-•, see Figure S22). 

On further increasing the potential at the working electrode 
pa.st the half-wave potential of the second redox wave, the split 
Ru( CO) bands merged into a single, even further blue-shifted 
band at 1977 cm-•, showing that, after this process, all {Ru} 
entities are again electron ically equivalent. Concomitant with 
this process is the bleaching of the IVCT band. The CO band 
patterns and shifts and the NIR responses are fully congruent 
with those observed during the first and the second oxidations of 
Ru2-2. This further supports our assignment of the first two 
waves to the coincident first and second oxidations of the m­
divinylphenylene cliruthenium clamps and hence stepwise 
formation of first [Ru6-4)3+ and then [Ru6-4]6+. From the 
stepwise CO band shifts, we can derive a charge distribution 
parameter llp as defined by Geiger et al.82

'
83 of 0.14, which 

signals an unsymmetrical charge distribution of ca. 86%: 14% 
ov·er the two halves of every m-divinylphenylene diruthenium 
fragment in the MV trications. Further explanations as to how 
6.p is determined and its physical meaning are provided in the 
Su pporting Information. The present value of0.14 for [Ru6-4 ]3+ 
is, within experimental accuracy, identical to 0.12 for [R~-2]+.77 

Ru6-S showed a different response in the IR-NIR SEC 
experiments. The species formed after traversing the first 
composite wave was characterized by two less widely spaced 
Ru( CO) bands with a more intense feature at 1918 cm- • and a 
les:s intense one at 1938 cm- i (Figures 7 and S23). In addition, 
the IVCT band was much more intense (e = 26 000 M- 1 cm- 1) 

and exhibited vibrational structuringwith separate peaks at 6537 
cm-• ( 1530 nm) and 5 116 cm-• ( 1955 nm). Both these features 
signal enhanced electronic coupling within the MV divinylphe­
nylene diruthenium entities. Obviously, the electron-donating 
butoxy substituents increase the contributions of the m­

divinylphenylene linker to the relevant redox orbitals further 
and aid in levelling the charge differences between the clamped 
{Ru} sites out.Just like for Ru6-4, the latter IR and IVCT bands 
vanished completely after exhaustive electrolysis at a potential 
sufliciently positive of the second wave. The resulting spectrum 
exhibited a new Ru(CO) band at 1946 cm- • with a higher 
energy shoulder at 1967 cm- 1 (see Figure S24 for a 
deconvoluted IR spectrum), which here seem to represent the 
allowed out-of-phase and the normally symmetry-forbidden in­
phase combinations of the Ru (CO) stretches.84

'
85 Concomitant 

with the second oxidation, the structured NIR band, which 
corresponds to an electronic excitation within the .ir-conjugated 
open-shell divinylphenylene diruthenium chromophores, was 
bleached and replaced by a new, more intense band at 7245 
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Figure 7. Changcs of thc absorption profiles in the NIR andin thc rcgion ofthc Ru( CO) strctching vibrations in thc IR on stepwise in situ oxidation (a) 
past the first ( top panel) and (b) positive ofthe second wave (bottom panel} of Ru6-5 in an OTTLE ccll (0.1 M NBu/ PF6- in l,2-C1H4Cl2 at rt). 

a) 

160 

140 

120 

'e 100 
0 

) 80 

~ 60 

" 40 

20 

Ru.-5 - [Ru.-5]" 

o.L.:~~==~~ 
400 600 800 10001200 1400160018002000 

l./ nm 

b) 

... 

160 

140 

120 

'e100 
,..o 
'-
~ 80 

~ 60 
"' 

40 

20L.-r....:::=~~~~~5..,~~ 
400 600 800 1000120014001600 1800 2000 

U nm 

Figure 8. Spectroscopic changes in the UV- vis-NIR absorption spectra du ring electrolysis at a potential ( a} positive of the first (left) and (b) positive 
of the second wave of Ru6-S (right). 

cm- • (1380 nm) with a superimposed shoulder at 8475 cm- 1 

(1180 nm). The same behavior was encountered during 
stepwise oxidations of other divinylarylene diruthenium 
complexes and metallamacrocydes with electronically coupled 
MV states.44,46- 50,86- 88 

Charac teristic changes are also observed in the lN-vis 
regions of the electronic spectra. Neutra) Ru6-S exhibits two 
prominent electronic bands near 316 and 353 nm but is nearly 
transparent for visible light, thus showing only a pale·yellow 
color. Electrolysis past the potential of the first wave caused the 
lN band at the higher energy to van.ish, while two new vis bands 
at 463 and 667 nm grew in along with the previously mentioned 
IVCT feature in the NIR (Figurc 8). Further electrolysis at a 
potential positive of the second wave caused the vis band at 667 
nm to decrease in intensity, while another more red·shifted band 
that peaks at 803 nm developed. Minor alterations were also 
observed in the lN and blue regions of the vis (Figure 8 and 
Table 2). Qualitatively similar stepwise changes were also found 
for its nonbutoxylated congener Ru6-4. The spectra obtained 
after traversing the first and second composite waves are again 
sim.ilar to those recorded for the one· and two·electron oxidized 
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forms of their dinuclear precursors Ru2-2 and Ru2-3 (see Table 
S5 of the Supporting Information). The main difference is that 
the extinction coefficients e are roughly 3 times !arger as a 
consequence of the presence of three such chromophores within 
the same molecule instead of just one. 

As a final cross-check, we chemically oxidized Ru6-5 by 
adding, in increments of 0.5 equiv, an increasing number of 
al.iquots of ferrocenium hexafluorophosphate to a standard 
amount of a solution of Ru6-5 that represented 1 equ.iv of the 
cage. The resulting solutions were then monitored by lN- vis­
N.)[R spectroscopy. The redox potential El/2 of the ferrocen.ium 
ox:idant of 0 m V is sufficiently positive of the first redox wave of 
this cage but is sufficiently negative of the second one to avoid 
ov·eroxidation. The results of this study are shown in Figure 9. 
Full conversion of Ru6-5 to the species that was formed after 
exhaustive electrolysis at a potential positive of the first 
composite redox wave required 3 equiv of the one·electron 
ferrocenium oxidant; the addition of !arger quantities had no 
further effect. The same species was also generated by adding 3 
equ.iv of the stronger oxidant acetylferrocenium (E112 = 0.27 
V)89 to Ru6-5. The redox potential of th.is stronger oxidant is 
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Figure 9. Redox titrations of cage Ru6-S with ( a) addition of increasing amounts ( 0.S to 3 equivalents ( equiv) offerrocenium hexalluorophosphate and 
{b) 3 to 6 equiv of acetylferrocenium hexalluoroantimonate to 1 equiv of Ru6-5 in CH2Cl2. 

sufficiently positive of the second redox potential of Ru6-5. This 
allowed us to access also the higher oxidized form. Full 
conversion to the species that had resulted from exhaustive 
oxidation past the second redox wave of Ru6-5 required three 
additional equivalents of the acetylferrocenium sa.lt. This finally 
establishes the three-electron nature of each of these two redox 
processes and, by inference from the CV and LSV data, also of 
the third oxidation of Ru6-S. Ru6-4 and Ru6-5 are thus 
characterized by coincident oxidations of the three divinylphe­
nylene diruthenium straps by liest one and then a second or even 
a third electron. The Jack of any IVCT absorption for electron 
transfer at intermediate stages where divinylphenylene­
diruthenium entities are present in mutually different charge 
states indicates that the TPA tricarboxylate linkers behave as 
insulato rs. Such a Situation is routinely encountered in 
metallamacrocycles with divinylarylene diruthenium entities 
and bridging aryldicarboxylate ligands45- 47'49'50 or in metal­
lacages and metallamacrocycles with redox-active TTF­
derived67- 72 or other redox-active constituents.16•73- 75 

We note that the changes encountered in the SEC 
experiments were reversible. Isosbestic points were retained 
over the entire processes (see Figures 7 and 8) and also in the 
redox titrations (Figure 9). Back electrolysis after exhaustive 
three- and sixfold oxidations provided the spectra of the neutral 
precursors in ( nearly) quantitative spectroscopic yields. This 
shows that these cages are capable of releasing a total of six 
electrons and retai.n their cage structures with good stabilities 
over a period of 90 min or more. Similar cases of reversible 
multielectron transfer in cage compounds, in particular with 
redox-active tetrathiafulvalene-type linkers, were reported on 
previous occasions.67

•
69

•
70

•
72 However, examples of a (rever­

sible) redox-induced disassembly of discrete coordination cages 
into their individual constituents or their conversions into 
coordination polymers are also known.90

•
9 1 

Attempts to also generate the higher oxidized fonns of Ru6-5 
inside an OTTLE cell led to a bleach of basically all vis- NIR 
bands and the replacement of the Ru{ CO) band envelope of 
[Ru6-5]6+ in favor of a single, new, and even further blue-shifted 
Ru(CO) band at 1983 cm- 1. However, these changes were 
irreversible so that this species did not revert to the pristine cage 
after applying a negative potential to the worki.ng electrode of 
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the OTTLE cell. Similar results were obtained after chemically 
oxidizing Ru6-5 with 9 equiv of thianthrenium hexafluoroanti­
monate. The resulting electronic and IR spectra were identical to 
the ones obtained after electrochemical oxidation and gave an 
intense EPRsignal atg = 1.999 with resolved hyperfine splittings 
to the 31P atoms oftwo P;Pr3 ligands and two 991101Ru nuclei {see 
Figure S34). These findings agree witl1 the presence of an 
ox;idized divinylarylene-bridged diruthenium complex with live­
coordinated meta! ions and with a symmetric charge and spin 
density distribution [note that an oxidation at the TPA linker 
would result in a single resonance Une with no resolved hyperfine 
splittings (hfs) or a non-binomial triplet due to coupling with the 
14N nucleus ). The identity of this species remains, however 
obscure, as back reduction with 9 equiv of decamethylferrocene 
also did not provide the parent cage. 

We also characterized the tri- and hexacations of cages Ru6-4 
and Ru6-5 by means of EPR spectroscopy. As in the UV-vis­
NliR titration experiments, stepwise addition of O.S equiv 
aliquots of the ferrocenium oxidant to a solution of Ru6-5 
generated a broad, isotropic resonance signal at g = 2.0ll 
without any resolved hfs to 31P or 1H nuclei, whose intensity 
scaled with the amount of added ferrocenium (see Figurc S28). 
Such a signal is characteristic of an oxidized MV divinylarylene­
bridged diruthenium complex with hexacoordinated meta! 
entities and large "bridge" contributions to the singly occupied 
molecular orbital [SOMO(s) ).50•85•92 [Ru6-4}'"', which was 
generated by oxidizing the parent neutral cage with 3 equiv of 
acetylferrocenium hexafluoroantimonate (AcFc• SbF6-), like­
wise shows an unstructured EPR resonance at slightly larger g 
value of 2.020 (Figure S29). In agreement with the results on 
dioxidized [Ru1-l ]2+, [Ru6-4]6+ and [Ru6-5]6+ exhibit a 
broader, less intense EPR sig11al at g = 2.038 or 2.020, 
respectively (see Figures S30 and S31 ). The slightly larger g 
values as compared to the trications signal a slightly !arger meta! 
contribution to the SOMO(s).77 EPR spectra recorded on 
solutions ofRu6-5 that were treated with variable amounts ofthe 
Acfc• SbF6- oxidant are shown in Figure S32 and confirm that 6 
equiv of tl1e oxidant were needed for full conversion. 

Chemical oxidation of the hexaruthenium cages can also be 
achieved with the strong organic acceptor F 4 TCNQ, whose liest 
reduction potential of 153 m V versus FcH/FcH+ ( under our 



conditions) is weil positive of the 0/3+ couples of both 
hexamthenium cages. F4TCNQis a popular ingredient of so­
called CT salts, in particular, in conjunction with planar 
polycyclic aromatic hydrocarbons as electron donors. Such 
CT salts have been widely investigated for the variable degrees of 
CT fro m the do nor to the F4TCNQ acceptor, the various 
stoichiometries D.,A,, (D = electron donor, A = electron 
accepto r) that can be real ized, and the electronic and conductive 
properties of the ensuing compounds.93

-
103 We have recently 

reported on CT salts that consist of the radical cation of a 
divinylarylene-bridged dicuthenium complex and its macro­
cycl ic analogue wi th a laterally .ir-exte nded divinylarylene or 
-phenanthrenylene linker and the F4 TCNQ' radical anion.85

•
104 

Treatmentof cages Ru6-4 and Ru6-5 with 3 equiv ofF4TCNQ 
in CH2Cl2 accordingly yielded the radical salts [Ru6-4 ]3• 
(F4TCNQ-h (CT-1) and (Ru6-s]3• [F4TCNQ-)3 ( CT-2) as 
sketched in Scheme 2. Thei r characterization by EPR, IR- NIR, 

Scheme 2. Synthesis ofthe CT Salts CT -1 and CT-2 From 
Ru6-4 and Ru6-5 With F4TCNQ 

R = H, Ru8-4 
R = OBu, Rue-5 

FN~C CNF 

1 1 
F F 

NC CN 

3 equiv I CH2Cl2, 25 °c 

3+ 

R = H, CT·1 
R • OBu, CT-2 

N~C CN 
F F 

1 1 
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and UV-vis- NIR s tudies confirmed the presence of trioxidized 
cages and F4TCNQ- anions in these salts as depicted in Figure 
10. For CT- 1, the broad EPR signal of (Ru6-4 ]3• and the richly 
stcuctured resonance of the F4TCNQ- anion at g = 1.9925 
overlap, while in the case of CT-2, two s ignals were detected 
individually due to the decreased width of the resonance of the 
organometallic cage species. ßoth the CT salts showed the 
Ru( CO) bands of the trioxidized cages as weil as the C=N 
stretchin~ vibrations of the F4TCNQ- anion at 2194 and 2175 
cm- 1

•
105

• 
06 Likewise, the electronic spectra featured the 

characteristic, structured double peak of the latter anion at 
866 and 770 nm along with the UV- vis and the NIR IVCT 
bands of the triply charged cages as obtained after exhaustive 
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electrolysis past the half-wave potential of the first composite 
redox wave o r by chemical oxidation o f Ru6-5 with 3 equiv of 
FcH• PF6- (see Figures S34-S36). Unfortunately, we have not 
been able to obtain single crystals of these two salts that would 
allow for a further analysis of the cation/anion packing motifs 
and interion interactions. 

• CONCLUSIONS 

In conclusion, we have demonstrated the synthesis of 
he:xacuthenium cages Ru6-4 and Ru6-5 in high yields from m­

divinylphenylene-bridged diruthenium complexes as ditopic 
metal clamps and triphenylamine-4,4' ,4" -tricarboxylate as the 
tritopic linke r. The cages are characterized by a twisted trigonal 
prismatic arrangement of the six ruthenium ions. They 
crystallize as racemates of the 11- and A -enantiomers that differ 
by the sense of rotation ( clockwise or counterclockwise) of the 
triangular faces of the distorted trigonal hexamthen ium prism 
with a rotational angle of ca. ±40°. The cages are redox-active 
an d d isplay three (Ru6-4 ) or even four (Ru6-5 ) well-separated 
redox waves which represent the coincident oxidations of the 
chemically equivalent divinylphenylene diruthenjum clamps or 
the triphenylamine-4,4',4" -tricarboxylate linkers. The cages thus 
have the propensity to release up to 11 electrons with (partially) 
reversible responses in CV. We could further demonstrate that 
the corresponding tri- and hexacations (Ru6-4 )3•, (Ru6-5 )3+ and 
[Ru6-4]6• , [Ru6-5]6+ can be (electro)chemically generated and 
ch.aracterized spectroscopically and persist for at least 90 min, 
whereas the higher oxidized forms degrade irreversibly. All 
oxidation states have distinct absorption profiles in the UV, 
visible ( vis) and NIR regions o f the ir electronic spectra, 
rendering the cages polyelectrochromic. The electron-donating 
bu.toxy groups stabilize the individual oxidized forms by 250 m V 
or more and provide a more balanced charge distribution within 
the singly oxidized, mixed-valent m-divinylphe nylene d imthe­
nium clamps, when compared to the unsubstituted phenylene 
co.ngener. We also demonstrated that the cages form stable 
radical salts [Ru6-4/ 5 ]3+ [F4TCNQ- h on treatment with 3 
equiv ofF4TCNQas a strong organic electron acceptor. 

• EXPERIMENTAL SECTION 
General Methods. AU manipulations were performed under an 

atmosphere of purified nitrogen with dry, distilled, and nitrogen­
saturated solvents. All reagents were purchased from conunercial 
sources and were used \\~thout further puriJication. 4,4',4" -Triphenyl­
arrnnc-tribcnzoic acid was obtaincd from Ambeed, lnc. 1H NMR ( 400 
MHz) and 31P NMR (162 MHz) spectra were recorded on a Bruker 
AVANCE III 400 spectrometer; 1H (600 MHz), 13C ( 151 MHz), and 
31 P (243 MHz) NMR spectra were recorded on a Bruker AVANCE III 
600 spectrometer. 1H NMR (800 MHz) and 13C (202 MHz) NMR 
spectra werc recorded on a Bruker AVANCE Neo 800 spectromctcr. 
Precursor complexes Rur277 and Rur366 were prepared according to 
the previously reported procedures. 

Mass spectra were recorded on an UHR-ToF Bruker Daltonik 
(Bremen, Germany) maXis ESI-quadrupole time-of-tligbt (qToF) mass 
spectrometer with a resolution better than 60.000 full width at half­
maximum. The N2 drying gas was heated to 180 °C, while the spray gas 
tcmperaturc was 20 °C. Signal dctcction was donc in thc positive ion 
mode at a 4.S kV voltage. Calibration with the ESl-ToF low 
concentration tuning mi.x of Agilent was performed prior to every 
measurement. All measurements were performed on CH2Cl2 solutions 
of the respective complex. 

Electrochemical and SEC Measurements. Electrochemical 
expcriments wcrc pcrformcd in a custom-madc cylindrical vacuum­
tig!ht one-compartment cell . A spiral-shaped Pt wire and an Ag wire as 
the counter and reference electrodes were sealed into glass capillaries 
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Figu.re 10. EPRspectra of salts (a) CT-1 and {b) CT-2 syntbesized from Ru6-4 and Ru6-S and 3 equivofF4TCNQ The experimentalspectra (black 
lincs) arc shown at thc top and the simulatcd oncs (bluc lincs) at the bottom. 

that were in troduced via Quickfit screws at opposite sides of the cell. A 
platinum electrode was introduced as the working electrode through 
the top port via a Teflon screw cap with a suitable litting. lt was polished 
fust with 1 µm and thcn with 0.25 µm diamond pastc from Buchler­
Wirtz before the measurements. The cell was attached to a conventional 
Schlenk line via a side arm, which was equipped with a Teflon screw 
valvc. Thc ccll allowcd thc cxpcrimcnts to bc pcrformcd undcr an 
atmosphere of argon with approximately 7 rnL of analyte solution. 
NBu/ PF6- (0.1 M) was used as a supporting electrolyte. Referencing 
was clone by the addition of decamethylferrocene (DMFc) as an 
intcrnal standard to thc analytc solution after all data of intcrest bad 
becn acquired. Representative sets of scans were repcatcd with thc 
added Standard. Final referencing was clone against the ferrocene/ 
ferrocenium (FcH'11•) couple with E112(DMFc01

• ) = - 550 mV versus 
E,12(FcH01•) when NBu4 • PF6- was used as the supporting electrolyte. 
Chronoamperometry was performed on a MF-2012 glassy carbon disc 
electrode \\~th a diameter of 3 mm from BASi with a step time of 2 s. 
LSV employed a MF-2005 platinum microelectrode with a diametcr of 
10 µm from the same manufacturer. Sweeps were perforrned at scan 
rates of 10, 5, and 3 m Vs- • to ensure radial diffusion and the scan·rate 
independence of the limiting currents. Then, the dilfusion coefficient of 
Ru6-S was measured under the same conditions as those utilized by 
Swaddle and co-workers (O.S M NBu/ CI04- in CH 2Cl2' r. t.) for 
measuring the diffusion coefficient of DMFc.79 The literature value 
DoMFc of 10.7 X 10-•o m2 s-1 was used for determining the surface area 
A of the working electrode. Electrochernical data were acquired with a 
computer-controlled BASi potentiostat. The OTTLE cell was also 
custom-madc and comprises of a Pt-mesh working and counter 
electrode and a thin silver wire as a pseudoreference electrode 
sand\\~ched between the CaF2 windows of a conventional liquid 1 R cell. 
Jts design follows that of Hartl et al.80 The working electrode is 
positioned in the center of the spectrometer beam. 

FT ·IR spectra were recorded on a Bruker Tensorlll instrument. 
UV- vis- NlRspectra were obtained on a TIDAS fiberoptic diode array 
spectrometer {combined MCS UV-NIR and PGS NIR instrnmenta­
tion) fromJ&M in HELLMA quartz cuvettes with 0.1 cm optical path 
lcngths. EPR studies were perforrned on a table-top X-band 
spectrometer MiniScope MS 400 from Magnettee. Simulation of the 
experin1ental EPR spectra was performed with the MATLAB EasySpin 
program.107 All measurements were performed at rt, and the 
diruthenium complexes were chemically oxidized using ferrocenium 
hcxafluorophosphate (FcH• pp6-), acetylferrocenium hexafluoroan­
timonate (AcFc• SbF6·), or thianthrenium hexafluoroantirnonate as 
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oxidizing agents. Thian threnium hexafluoroantimonate was synthe­
sized according to a reported procedure.108 

X-ray Crysta llography. X-ray diffraction analysis was performed 
on a STOE IPDS-U diffractometer (STOE & CIE GmbH, Darmstadt, 
Germany) equipped wi th a graphite-monochromated MoKa radiation 
source (J. = 0.71073 A) and an irnage plate detection system at T = 
100. IS K. Using Olex2,'09 the structures were solved with the 
ShelXT 1 10 structure solution program using lntrinsic Phasing and 
refined "~th the ShelXL 110 refinement package using least-squares 
rninimization. Hydrogen atoms were introduced at their calculated 
positions. Structure plots were generated with the Mercury111 and 
PyMOL112 programs. 

Compound Synthesis and Characterizatio n. Synthesis of Ru6-
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ln a 25 mL flask, 4,4',4" -triphenylamine-tricarboxylic acid (12.5 
mg, 0.033 mmol) and potassium carbonate (16 mg, 0.II6 
mmol) were dissolved in methanol (7 mL). The solution was 
stirred for 3 h at ambient temperature. T he solution of 
deprotonated 4,4' ,4" -triphenylamine-tricarboxylate was added 
dropwise into a dichloromethane solution of diruthenium 
complex Ru2-2 (52 mg, 0.047 mmol) over the course of 15 
min. Subsequently, the reaction mi.xture was wanned to 40 °C 
an d stirred for 30 h. After evaporating the solvent under reduced 
pressure, the light green solid ofRu6-4 was collected and washed 
with methanol to remove KCI (3 X 2 mL) and with hexane (3 X 

2 mL). Yield: 57.3 mg (0.015 mmol, 93%). 



'H NMR(SOOMHz, CD1Cl1): Ö= S.99 (d, 3/HH = 15.3 Hz, 6H, H ,), 
8.06 (d, 3/HH = S.O Hz, 6H, H919.) , 7.95 (d, 3}H,H' = S.O Hz, 6H, H919'), 
7.65 (s, 3H; H4), 7.29 (d, 3JH,H = S.O Hz, 6H, H io110.), 7.11 - 7.05 (m, 
9H, H61 H,0/IO'), 6.61 (dd, 3fH,H = 7.6 Hz, 4/HH = 1.1Hz,6H, H5), 6.25 
(d, 3JH,H = 15.3 Hz, 6H, H1), 2.53- 2.43 (m, 36H, H ,1), J.50- 1.33 (m, 
216H, H 13) ppm. 13C{1H} NMR (200 MHz, CD2Cl2): Ö in ppm = 
208.9 (t,2Jc,P = 15.2 Hz, Ru-~O), 175.6 (C7) , 160.1 (t, 2Jc,P = 14.0 Hz, 
C1), 149.S (CS), 140.S ( C3), 133.7 (C2), 130.2, 129.8 (Cl0/ 10'), 
129.2 (Cll), 127.9 (C6), 124.0, 122.9 (C9/ 9 ' ), 120.3 (CS), 117.6 
(C4), 24.9- 24.7 (Cl2), 19.7- 19.S (C13) ppm. 3'P{'H} NMR (324 
MHz, CD2Cl1): o in ppm = 38.20, 37.81 (eacb d, 2jpp = 275 Hz, ,e'Pr3) 

ppm. IR (CH1Cl1): 1900 (ve=0 ) cm-•. ESI-MS ( +ve ion mode, 
CH2Cl2), m/z: 191S.67S9 (cakd. (M]2• for C186H:iooN20 18P 12Ru6 = 
1915.6917), 3830.3612 (calcd. (M - H]' for C 186H299Ni01aP12Ru6 = 
3830.3754), 3870.3252 (calcd. ( M + 2H + Cl] • for 
C186H302CIN201aP12Ru6 = 3870.3573). 

Synthesis of Ru0 S. 

13 
~ 0-Ru 

PP 0 -0Bu "'I ~' ~ '2 9 10 
11 oc,J.io~N'()J{/~ 
\ 15 ~ -o 9' 10' / - oeu 16~ 2-- "' 0 

14 ° 5 
1 

·. ' 1 

6 1/ ~34 1~-~Ru 
__rO - - ~tu ~I/ OBu 

f Ru-C/~ V ~ 
'O~N~ ~ 

/ .& O ..- OBu 
>'\ 

Ru= Ru(~Pr3)2(CO) 0 - Ru 

Ta a SO mL flask, 4,4',4" -triphenylamine-tricarboxylic acid ( 12.S 
mg, 0.034 mmol) and potassium carbonate (16 mg, 0.116 
mmol) were dissolved in methanol (7 mL). The solution was 

stirred for 3 h at ambient temperature. The solution of 
deprotonated 4,4',4" -triphenylarnine-tricarboxylate was added 

dropwise into a dichlorom ethane solut ion of diruth enium 
complex Ru1-3 (59 mg, 0.048 mmol) over the course of 15 

min. Subsequently, the reaction mixture was warmed to 40 °C 

and stirred for 30 h. After evaporating the solution under 
reduced pressure, the light green solid of Ru6-5 was collected 

and washed with methanol (3 X 2 mL) and hexane (3 X 2 mL). 
Yield: 62.3 mg (0.015 mmol, 90%). 

'H NMR (800 MHz, CD2Cl2): ö = 8.60 (d, 3f H.tt = 15.2 Hz, 6H, H 1), 

8.05 (d, 3JH,H = S.3 Hz, 6H, H919'), 7.95 (d, 3JH,H = S.3 Hz, 6H, ~/9'), 
7.55 (s, 3H, H4), 7.2S (d, 3/Ht = ~3 Hz, 6H, H 10110'), 7.09 (d, 3/H,H = 
8.3 Hz, 6H, H 10110.) , 6.S4 (d, ]H,H - 15.2 Hz, 6H, H2) , 6.42 (s, 3H, H6), 
4.05-3.95 ( m, 12H, H 14), 2.58-2.44 (m, 36H, H 12) , l.92-l.84 (m, 
l2H, H ,5), J.68- 1.62 (m, 12H, H 16), 1.52- 1.30 ( m, 216H, H 13), 

1.13- 1.05 ( m, 18H, H,7) ppm. 13C{'H} NMR (200 MHz, CD2Cl2) : ö 
= 209.0 (t, 2fc.P = 15.2 Hz, Ru-~0), 175.3 ( C7) , 155.5 ( t, 2Jc,r = 14 Hz, 
C1), 150.3 (CS), 149.6 (CS), 130.18, 129.77 (CI0/ 10' ), 129.2(Cl1), 
126.S (C2), 123.SS (C9/ 9 '), 123.70 (C4), 122.9 ( C9/ 9 '), 120.3 (C3), 
99.3 (C6), 68.S (C14), 31.9(C 15), 24.9-24.6(C12), 19.9-19.4(C13, 
C i6), 14.I (C17) ppm. 31 P{1H} NMR (324 MHz, CD2Cl2): fi = 37.88, 
37.25 (eacb d, 2fpp ;. 277 Hz, J.?.'Pr3) ppm. IR (CH1C l2): 1900 (vc!!!o) 
cm- •. ESI-MS ( +ve ion mode, CH2Cl2), m/ z: 2131.8525 (calcd. [M]2 ' 

for C210H348N20 24P 12Ru6 = 2131.8647); 1421.2332 (cakd. [M]3+ for 
C110H34aN1024P11Ru6 = 142 1.2430). 

For stepwise oxidation to (Ru6-S ]3+, a solution of Ru6-5 ( 4.27 mg, 
0.001 mmol) in dichloromethane ( 6 mL) was prepared. In another 
flask, a solution of the oxidant ferrocenium hexafluorophosphate (Fett• 
PF6- , 1.66 mg, 0.005 mmol) was also prepared in dichloromethane (S 
mL). According to Tablc 3, one aliquot of Ru6-5 was rnixed with 
corresponding aUquots of the oxidant solution in a right proportion to 
gct the desired ratio. CH1Cl2 was added until a total volume of 1.5 mL 
was obtained. 
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Table 3. Details to the Redox Titration for the S tepwise 

Oxidation ofRu6-5 to [Ru6-5]3+ 

vol. of vol. of vol. of 
Ru6-5 amount FcH• amount of CH2Cl2 total 

sl sol. of Ru6-5 PF6· sol. FcH• PF6 added vol. 
no. (mL) (mmol) (mL) (mmol) (mL) (mL) equlv. 

1 0.00017 0.083 0.000085 0.42 1.5 1:0.5 

2 0.00017 0.16 0.00017 0.34 1.5 1:1 

3 0.00017 0.25 0.00025 0.25 1.5 1:1.5 

4 0.00017 0.34 0.00034 0.16 1.5 1:2 

5 0.00017 0.42 0.00043 0.083 1.5 1:2.5 

6 0.00017 0.5 0.00051 1.5 1:3 

T he stepwise oxidations from [Ru6-5]3• to [ Ru6-5]6• were 
performed as follows: A solution of [Ru6-5 ]3• was prepared first by 
taking Ru6-S (2.85 mg, 0.00068 mrool) and 3 equiv of the oxidant 
acetylferrocenium hcxafluoroantimonate (0.94 mg, 0.00204 nunol) in 
dichloromcthanc ( 4 mL). In a separate flask, a solution of 
acetylferrocenium hexafluoroantimonate (2.3 mg, 0.005 mmol) in 
dichloromethane (S mL) was prepared. Subsequently, the solution of 
(R:u6-5]3• was mixed with appropriate amounts of the oxidant solution 
to get the desired ratio (see Table 4) . Finally, CH2Cl2 was added to 
arrive at a total volume of 1.5 mL. 

Table 4. Details to the Redox Titratio n for the Stepwise 
Oxidation of [Ru6-5]3+ to [Ru6-5]6• 

vol. of 
vol. of amount Ac Fe' amount vol. of 
[Ru6- of [Ru6- SbF6- of AcFc' CH2Cl2 total 

sl 5p+ sol. 5]3+ sol. SbF.- added vol. 
no. (mL) (mmol) (mL) (mmol) (mL) (mL) equiv. 

1 0.00017 0.5 l.S 1:3 

2 0.00017 0.16 0.00017 0.34 1.5 1:4 

3 0.00017 0.33 0.00034 0.16 1.5 1:5 
4 0.00017 0.5 0.0005 1 1.5 1:6 

Synthesis of CT Salts. Dichloromethane solutions of complexes 
Ru6-4, Ru6-5, and F4TCNQwcre prepared in separate flasks. Theo, for 
the syn thesis of CT salts, 1 equiv of the complex and 3 equiv of 
F4 TCNQ were rnixcd. An immediate color change from light green to 
green (for [Ru6-4]3• [F4TCNQ-h) or from light yellow to dark green 
(for [Ru6-s]3• [F4TCNQh ) was observed. [Ru6-5]3• [F4TCNQ- h 
was characterized by EPR, IR, and UV- vis- NIR spectroscopies. Due 
to the poor solubility of [Ru6-4 p• (F 4 TCNQ- J.i, satisfactory UV- vis ­
NIR data could not bc obtaincd in solution. 
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