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Towards New Organometallic Wires: Tetraruthenium Complexes Bridged by
Phenylenevinylene and Vinylpyridine Ligands
Jorg Maurer/a] Biprajit Sarkar,[bl Wolfgang Kaim,[b 1 Rainer F. Winter,*[al and
Stanislav Zalis[c]
Abstract: The tetranuclear complexes
[I (PiPr3)z(CO)ClRu(I1-CH=CHpy)Ru
Cl(CO)(PPh3)2!z(I1-CH=CH-C6H4CH=CH-l,4)] (3a) and [I(PiPr 3)z(CO)ClRu(Il-CH=CHpy)RuCl(CO)(PPh3hh(I1-CH=CH-C6H4-CH=CH-l ,3)] (3b) ,
which contain vinylpyridine ligands
Ruthat
connect
peripheral
(PiPr))z(CO)Cl units to a central divinylphenylene-bridged
diruthenium
core, have been prepared and investigated. These complexes, in various oxidation states up to the tetracation
level, have been characterized by standard electrochemical and spectroelectrochemical techniques, including JR,
UVlVis/NIR and ESR spectroscopy. A
comparison with the results for the vinylpyridine-bridged dinuclear complex

[PiPr3)z(CO)ClRu(I1-CH=CHpy)RuCl(CO)(PPh 3)2(CH=CHPh)] (6) and the
divinylphenylene-bridged
complexes
[I (EtOOCpy)( CO )Cl(PPh3h Ru lz(l1CH=CH-C6H 4-CH=CH-l,4)] (8a) and
[{(EtOOCpy)(CO)Cl(PPh 3hRulz(l1CH=CH-C6H 4-CH=CH-l,3)]
(8b),
which represent the outer sections (6)
or the inner core (8a,b) of complexes
3a,b, and with the mononuclear complex
[(EtOOCpy)(CO)(PPh3)2RuCl(CH= CHPh)] (7) indicate that every
accessible oxidation process is primari-
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Introduction
The potential of molecule-based materials for applications
in the electronics industry has long been recognized.[1] It is
only during the last decade, however, that the first successful

[a] 1. Maurer, Prof. Dr. R . F. Winter
Tnstitut flir Anorganisehe Chemi e, Universitat Regensburg
UniversiUitsstrasse 31, 93040 Regensburg (Germany)
Fax: (+49)941-943-4488
E-ma il: rainer.winter@chemie.uni-regensburg.de
[b] Dr. B. Sarkar, Prof. Dr. W. Kaim
Institut filr Anorganische Chemic, Universitat Stuttgart
Pfaffenwaldring 55. 70569 Stuttgart (Germany)
[c] Dr. S. Zrllis
Institute of Physical Chem istry
Academy of Sciences of the Czech Republic
Dolejskova 3, Prague (Czech Republic)
~ Supporting information for this articl e is available on the WWW
under http://www.chcmeurj.org/ or from the author.

ly centred on one of the vinyl ligands,
with smaller contributions from the
metal centres. The experimental results
and quantum chemical calculations indicate charge- and spin-delocalization
across the central divinylphenylenediruthenium part of 3a,b or the styrylruthenium unit of 6, but not beyond. The
energy gap between the higher lying
styryl- or divinylphenylenedirutheniurn-based and the lower occupied vinylpyridineruthenium-based orbitals increases in the order 6 < 3 b < 3 a and
thus follows the conj ugation within the
non-heteroatom-substituted
aromatic
vinyl ligand .

attempts have been made to put such ideas into practice,
thus heralding an era of molecular electronics,l2-4] A wire is
the most basic element of any electronic device, and therefore much research has been directed to generating and testing molecule-based analogues of macroscopic wires. Promising candidates have been identified in the fields of conducting organic polymers (the so-called organic metals),15.6] extended coordination compounds(7·8] and organometallic phenyleneethynylenes, oligoynes and 0Iigoenes. I9-' 2] Singlemolecule experiments[1 3-'6] or the statistical evaluation of ensembles of individual wire molecules l17- 23 ] have allowed their
charge-transport abilities to be probed directly and issues
such as structure-property relationships[15] or contact resistance with bulk electrodes to be addressed,l24J The most frequently employed model of a molecular wire still, however,
consists of an array of two or more redox-active end-groups
interconnected by a Jt-conjugated bridge. Partial oxidation
or reduction to the ir mixed-valent states means that th e formerly identical end-groups differ in charge. The (formally)
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reduced site then acts as an electron source and the oxidized, less electron rich one(s) as an electron sink, with the
bridge acting as a conduit. Many different examples based
on this prototypical architecture have been assembled and
investigated for bridge-mediated charge transduction . The
degree of electronic coupling is commonly expressed
through the H AB (or VAB ) parameter, which is itself available
from an analysis of the intervalence charge-transfer (or
charge-resonance) band in the low-energy region of the visible or near infrared spectrum.p5-29)
Oligophenylenevinylenes (OPVs) offer a highly efficient
pathway for electron or hole migration over large distances
and are thus particularly attractive as wire compon ents.)3O-32)
We have observed that the divinylphenylene-bridged diruthenium
complexes [(L)(CO)(PR3)2RuClh(/-L-CH=CHC6 H 4-CH=CH-l,3/-1,4)] (L =substituted pyridine or empty
coordination site) defy the general design principle in that
the redox processes are dominated by the organic bridge
rather than by the metal end_groups.133.34) Experimental evidence and quantum-chemical studies indicate that the metal
d-orbitals strongly stabilize the ligand-based radical cations
and dications due to the highly covalent ruthenium- vinyl
bond. Variation of the phosphine and pyridine spectator ligands therefore offers a convenient way to fine-tune the
metal contribution to the so-called "redox orbitals" within
the limits of about 15-25 %.
Delocalized occupied frontier orbitals, low oxidation potentials and stability of the oxidized forms are desirable attributes of hole-transporting molecule-based materials. The
transition from individual dinuclear complexes to a bulk material requires that a large number of individual and conducting repeat units are aligned in a fashion that preserves
the electric conductance across the entire system . Herein we
report on the tetraruthenium complexes 3a,b, which contain
two additional I(CO)(PiPr3hRuCI(4-vinylpyridine)1 units attached to a central I(CO)(PR3)2RuClh(/-L-CH= CH-C6H4CH=CH-1,4/-1,3) core. E lectrochemical and spectroelectrochemical studies of these complexes have been conducted in
order to assess the order of
redox events and to probe the
extent of electron delocalization between their central divinylphenylene and outer vinylpyridine constituents. This in1a
cludes their spectroscopic characterization in various oxidation states. Our studies are
augmented by inclusion of the
dinuclear vinylpyridine-bridged
styryl complex [(PhCH=CH)(PPh 3)z(CO)ClRu(/-L-NCsH 4H
CH=CH)RuCI(PiPr3MCO)] (6).
IPr3P
CI

I

Results and Discussion
COlllplex synthesis and characterization: Hydroruthenation
of terminal alkynes by the hydride complexes [HRuCl(CO)(PR 3),,] (PR 3 = PPh 3 , n = 3; PR 3 = PiPr3, PCY3, n = 2) offers a
reliable and convenient route to the vinyl derivatives
[(RCH=CH)RuCI(CO)(PR 3),,] . Metal hydride insertion into
the C=C bond occurs in a regio- and stereospecific manner.
The PPhrderived hydride complex gives either coordinatively saturated six-coordinate tris(phosphine) d erivatives or
coordinatively unsaturated five-coordinate square-pyramidal
bis(phosphine) complexes with a vacant coordination site
Irans to the vinyl ligand ys.36) Irrespective of the degree of
coordination, PPhrsubstituted vinyl complexes readily react
with sterically less demanding two-electron liga nds such as
CO, isonitriles or pyridines to give octahedral 18-valenceelectron complexes with the newly introduced donor opposite the vinylligand P 7-4U) In contrast, the 16-valence-electron
complexes [(RCH=CH)RuCl(CO)(PiPr3h] have little tendency to add a further pyridine ligand.
Our strategy to construct discrete divinylphenylene/vinylpyridine-bridged tetraruthenium complexes places [(CO)(PPh 3hClRuh(/-L-CH=CH-C6H 4-CH=CH-l,4/-1,3)] dirutheniurn entities (la,b) at the core of the molecule. Addition of
two equivalents of 4-ethynylpyridine to these complexes
gives the corresponding adducts 2a,b, treatment of which
with [HRuCl(CO)(PiPr3)2] provides the target tetrarutheniurn complexes 3a,b (Scheme 1). The diruthenium complex 6
was prepared in an analogous manner from styryl complex
4, 4-ethynylpyridine and [HRuCl(CO)(PiPr3h ] (Scheme 2).
To pinpoint the anodic behavior of a mononuclear
[(py)(CO)(PPh3)2RuCl(CH=CHPh)] entity, we also prepared and investigated the isonicotinate derivative 7, which
has an IR-active ester group at the 4-position of the pyridine
ligand.
All complexes in this study (Scheme 3) were investigated
and characterized by the usual spectroscopic and analytical
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Scheme 2. Synthesis of the dinuclear complex 6.

methods, including multinuclear NMR, IR and electronic
spectroscopy. The ethynylpyridine adducts 2a,b and 5 show
the expected low-field doublets for the coordinated 4-substituted pyridine ring and a singlet resonance at c5 = 3.28 ppm
for the acetylenic protons in their IH NMR spectra. Likewise, bands characteristic of the =CH moiety and weak absorptions for the C=C stretch are observed at about 3300
and 2110cm- l , respectively, in the IR spectra. Adduct formation is accompanied by a high-field shift of the 31p NMR
singlet of around 4 ppm relative to the 16-valence-electron

precursors la,b and 4. Subsequent conversion to tetraruthenium complexes 3a,b or dinuclear 6 led to the disappearance of the = CH singlet in the IH NMR spectrum and to the
appearance of a second set of vinyl signals at a bout c5 = 9.3
and 5.8 ppm due to the vinylpyridine entities. These latter
signals show large vicinal coupling constants, as is expected
for a trans RHC=CHR' system. Tho separate singlets, with
shifts that are characteristic of the different Ru(PR 3h entities, are observed in the 31p NMR spectra, and there is a distinct broadening of the signal of the PPhr substituted entities, particularly for the 1,3-divinylphenylene-bridged tetraruthenium complex 3 b. A similar broadening of the vinyl
resonances is also seen in the IH NMR spectra and is ascribed to hindered rotation around the Ru- P, Ru- C or =HCphenyl bonds. Similar phenomena have been described for
related five-coordinate ruthenium complexes such as
[ClRu(CO)(Ph)(PtBu 2Me)21[4t]
and
[ClRu(CO)(Ph)(PiPr3)21.l421The styryl isonicotinate complex 7 shows the expected singlet, vinyl, pyridine and ethyl multiplets, and an
ester band at 1727 em - I in its 31p and IH NMR and lR spectra, respectively.
Mononuclear

[(EtCOOpy)(CO)(PPh 3hRuCI(HC=CHPh)]

(7)
Electrochemistry : Compound 7 undergoes a partially reversible oxidation at a half-wave potential of 0.36 V versus the
ferrocene/ferrocenium standard in the CH 2CIzINBu 4PF6

Schem e 3. Overview of the compounds discussed in this paper.
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electrolyte system (Table 1, Figure 1 a), with peak current
ratios (ip.clip.•) of about 0.9 at low sweep rates. A closer inspection of the plot shows that the return peak is somewhat
Table 1. Electrochemical data for complexes 7. 6 and 3 a, b. Potentials are
given versus the ferrocene/ferrocenium couple.
Compd

E",. ,[Vj
(6.Ep [mY])

7
6
30
3b
8a
8b

Eo" [Vj
(6.Ep [mY])

E",,4 [Vj
(6.E" [mY])

0.36 (70)

Eo,., [Vj
(6.E" [mY])
1.05 1•1 (72) ;

n.a.

n.a.

0.23 (92)
- 0.10 (130)
0.14 (105)
0.015 (125)
0.235 (96)

Ep.fo' = - 0.53 Ihl
0.6851'1
0.22 (120)
", 0.44 (170)
0.355 (138)
0.555 (126)

0.895 1'J
0.70 (120)
0.64 (145)
n.a .
n.a .

0.90 (IIO)I'J
0.84 (120)1'1
n.a.
n.a.

n.a.

[a] Peak potential of an irreversible process at a scan rate of 0.2 Vs- '.
[b] Peak potential of an additional cathodic peak following irreversible
oxidation. [c] Half-wave potential of a partially reversible process.

structural cha nges such as isomerizations at th e metal are
commonly associated with substantially large r potential
shifts of up to several hundred millivolts and thus seem less
like ly.!43!
When the scan is extended further into the anodic regime
complex 7 undergoes a second oxidation to an unstable dication, as indicated by the chemical irreversibility at sweep
rates of up to 10 V S- I at 196 K. The one-electron nature of
this wave follows from the peak currents and half-widths,
which closely resemble those obtained for the first anodic
peak (see Figure 1 d) . This second oxidation gives rise to a
new cathodic reduction peak at about - 0.53 Y. The voltammetric behavior of 7 corresponds closely to that of other
mononuclear
vinylruthenium
complexes,!44!
including
[Ru(CO)(P1Bu 2Meh(0=CPh)(CH= CHPh)] .!4S]

~peclroeleclrochelllislry: Oxidation of
7 under the conditions used for in situ spectroelectrochemistry reveals the spectroscopic
changes brought about by monooxidation of the corresponding
subunits of complexes 6, 8a,b
and 3a,b, while the shift of the
isonicotinate ester band provides a measure of the degree
of charge de localization onto
the substituted pyridine ligand.
0.60 0.40 0.20 -0.00 -0.20 -0.40
0 .60 0.40 0.20 -0.00 -0.20 -0.40
EN
EN
Monooxidation of 7 is not a
fully reversible process, as indicated by the loss of the isosbesd)
tic points during the later stages
of the experim ents. Back-reduction to the parent neutral complex gave only 65 % of the original intensities, a lthough no ad0.60 0.40 0.20 -0.00 -0.20 -0.40
1.0
0.6
0.2 -0.2
-0.6 -1.0
ditional features were observed
EN
EN
in the meta l carbonyl and ester
Figure 1. Voltammograms of complex 7 (room temperature. 0.2 M NBu 4PF.) . First oxidation at a sweep rate of
regions. The most notable
a) 0. 1, b) 0.5 and c) 2.0 Vs- '. d) Voltammogram at room tempe rature and a sweep rate of 0.1 Vs- ' over a n exchanges during monooxidation
te nded pote ntial range.
are the shift of the CO and the
isonicotinate ester carbonyl
bands by 39 and 4 cm - I, respecbroad and that the wave itself exhibits a rather large peak
tively (Figure 2 and Table 2). The overall effect of monooxipotential separation of about 120 mY. The half-width of the
dation on the position of the CO band is considerably smallforward peak. however, displays values in the same range as
er than would be expecte d for a metal-centred oxidation of
those observed for the internal ferrocene standard. Increasmetal carbonyl complexes, where blue shifts of more than
ing the sweep rate to about 250 mVs - 1 causes a sho ulder to
100 cm- I are routinely observed (e.g. 120-130 cm- I for Ruappear at a potential 35 mV higher than the return peak ob(PR 3h(COhol +)[46! This implies that the ruthenium atom
served at lower sweep rates (Figure 1 b). A further increase
loses only a fraction of a unit charge. The small shift of the
of the sweep rate causes this shoulder to turn into the main
isonicotinate ester band provides additional evidence for a
peak at the expense of the initial , more cathodic feature
limited change of electron density at the metal, although in
a less direct manner than that of the carbonyl one.
(Figure 1 c). We attribute this behavior to a struct ural rearrangement such as a change of bond lengths, bond angles or
Oxidation and subsequent back-reduction of 7 constitute
torsion angles, a slow change of rota mer distributions or,
a close to reversible cycle in the UVIVisfNIR region, with
possibly, cis/trans isomerization at the vinylic double bond at
clear isosbestic points at 386, 450 and 1200 nm. This more
the monocation stage. This reorganization process is supideal behavior when compared to the above JR experiment
pressed when the cell is cooled to 196 K. Large ampli tude
is probably due to the lower ana lyte concentrations and the
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JR, UV/Vis and ESR

t

Figure 2. IR spcctroclcctrochcmistry of complex 7. Spectroscopic changes
upon monooxidation in D CEINB u,PF. at room temperature (DCE = 1,2CI,C,H,).

feature at about 1000 nm . This is augmented by a blue shift
of the unique visible band of 7 from 406 to 397 nm along
with a concomitant decrease in intensity (Table 2). The
latter band originates from a transition between the metal/
styryl delocalized HOMO to the pyridine-locali zed LUMO.
Electrooxidized 7+ gives an ESR signal of axial symmetry in
a frozen CH 2 CliNBu4PF6 matrix (see Figure S 1 in the Supporting Information) . Although the reversib le disappearance
of this signal upon thawing points to a distinct ruthenium(III) character, the g-value anisotropy (~g) of 0.0271 is
about one order of magnitude smaller than thos e associated
with delocalized alkynylruthenium(IIT) complexes.147.48) Paralleling this observation, the average g-value (gav) of 2.056
differs only modestly from the free-electron value of 2.0023.

Table 2. IR and UVNis/NIR spectroscopic data for complexes 3a,b, 6 and 7 in various oxidation states.

Tetraruthenium complexes 3 a, b

Electrochemistry :

7
7+
3a
3a+
3aZ+
3a4+
3b
3b +
3bZ+
3b H
6
6+
6' +
8a
8a +
8aZ+
8b
IIb +
8bZ+

9

1927,1727,1'11594, 1578, 1548
1966,1731 ,1' 11613, 1556, 1517
1919,1607,1 563, 1555. 1526
1934,1920, 1607, 1563. 1555. 1526
1979.1933.1637, 1595, 152S
1982.1635.1588
1925,1919,1606, 1565. 1552. 1526
1964, 1925,1637, 1607. 1550, 1526,1499
1979,1932,1637,1594. 1527. 1499
1991,1637,1 612, 1527, 1499
1919, 160S, 1554, 1527
1970, 1933, 1637,1595 , 1528
1988, 1637
1926. 17271"1
1939, 17291•1
1972, 17401•1
t926, 1711 [·1
1963, 1941, 1714[' [
1972,1718[»1
1927

406
397, 686, 985
262(62), 291(sh) ,I"1 376(66), 520(2.0) , 585(1.2)
266(64). 298(sh),1"1420(47)
266(67). 295(sh),1"1374(23), 421(16)
252(sh) ,1"1 300(36), 374(52). 483(0.6)
268(54).422(45),637(2.3)
267(52), 300(sh) ,1"1345(13), 417(5)
262(sh),lb l 301 (22), 377(25),488(1.1)
267(sh),lb l 296(sh) ,lbI 416(24) , 638(3.4), 795(sh),11>1
264(sh),lb l 300(sh) ,11>1368(10), 420(13), 638(2) , 795(sh)
257(42),300(30),350(35), 41O(sh; 11)
341(sh ; 20), 585(25), 1235(30)
335(sh ; 22), 685(20)
275(40).290(39),410(6.4)
410(6.2), 586(0.8),1230(1.3)
405(6.8),542(1) . 1900(1.4)['1
245(7.7) , 290(sh; 4.3), 410(16.6)

Complexes
3a,b undergo four consecutive
oxidations at well accessible potentials. R epresentative voltam- .
. mograms for these complexes
are depicted in Figure 4 and
Figure S 2 in the Supporting Information . Half-wave potentials
and other important parameters
are listed in Table 1. The redox
waves of para-substituted 3 a
are sufficiently well separated
that the half-wave potentials
can be determined from the experimental
voltammograms.
The first two and the fourth
waves are assigned as one-elec-

[a]lsonicotinate ester band. [b] sh = shoulder. [c] Very broad band from 900 to 2600 nm.
a)

lower overall electrolysis times. As shown in Figure 3, oxidation of 7 gives rise to a new, fa irly intense, structured absorption band with a peak maximum at 686 nm and a weak
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Figure 3. UVNislNlR spectroelectrochemistry of complex 7. Spectroscopic changes upon monooxidation in DCE/NBu,PF. at room temperature.

tron couples based on their similar peak currents whereas the
third oxidation exhibits a peak
current that corresponds to the
transfer of two electrons at very
similar or identical potentials.
The first three waves are associated
with
well-defined
cathodic reverse peaks and display signs of chemical reversibility, at least on the short voltam metric
timescale.
After
scanning through the fourth
anodic wave the cathodic
return peaks of the third to first
oxidation processes broaden,
the peak currents decrease and
an addit ion al cathodic peak appears at lower potential (not
shown in Figure 4). Accurate

b)

c)

1.00

0.60 0.20 -0.20 -0.60
EN

Figure 4. Voltammogra ms
of
complex 3a (room temperature. 0.2 M NBu,PF6): a) first
two oxidations at a sweep rate
of 0.1 V s- ' ; b) first to third
anodic ste ps at a sweep rate of
0.2 V s- ': c) all oxidations at a
sweep rate of 0.2 V s '.
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ip,Jip" values are difficult to obtain, even for the first three
chemically more reversible processes. This is partly due to a
broadening of the first two waves, as indicated by their
peak-to-peak separations and, particularly for the first wave,
half widths that surpass those of the internal decamethylferrocene standard. Similar observations have been reported
for pyridine ad ducts of divinylphenylene- or oligoenediylbridged diruthenium complexes. 149-52 1
Oxidation of viny l-bridged dime tal complexes is usually
accompanied by bond reorganization within the unsaturated
dimetal polyene chain. Neutral 1,w-diruthenaoligoenes
{Ru}-(CH=CH),,-{Rul, for example, are gradually converted
into dicationic diruthenium carbenes [(Ru}=CH-(CH=
CH),, _ICH={Ru\y + upon stepwise oxidation.l 4Y.53 ,54] A similar change of bonding pattern converts divinylphenylene to
bis(carbene) structures with a quinoid ally distorted central
phenylene ring (see Chart 1 in the Supporting Information)p4] The presence of several rotamers, as indicated by
IH NMR spectroscopy, each of which is probably associated
with a slightly different inherent redox potential , may contribute to the observed broadening of the voltammetric
waves, although isomerization of the vinylic double bonds is
also possible. Some passivation of the electrode surface by
deposition of electroactive material following the third and
fourth anodic processes leads to a further shift and a broadening of th e cathodic return peaks associated with the first
and second oxidation events; this poses additional complications for a quantitative evaluation of the electrochemical
data.
The 1,3-substituted complex 3b displays the same overall
pattern of four distinct redox events with an approximate
1:1:2:1 electron count. The individual waves, however, are
less well resolved, especially with regard to the second oxidation process. Additional complications arise from the
somewhat lower degrees of chemical reversibilities starting
from the second oxidation and from a distinct broadening of
the second wave in particular. Better resolution is obtained
in square-wave or differential-pulse voltammetry (see Figure S 3 in the Supporting Information).
The electrochemical behavior of complexes 3 a, b is best
rationalized as two consecutive one-electron oxidations of
the divinylphenylenediruthenium core followed by simultaneous oxidation of the outer vinylpyridineruthenium moieties during the third anodic step. The fourth anodic step is
then reminiscent of the most anodic feature of mononuclear
7. Support for such an assignment comes from the fact that
the closely related divinylphenylenediruthenium complexes
[{(EtOOCpy)(CO)(PPh3)2CIRuh(f.l.-CH= CHC6H4CH= CH1,4/-1 ,3 )] (8a,b) also display a two-wave pattern in the respective potential regime (see Table 1). As for 3a,b, the
para-substituted complex 8 a is more easily oxidized than
meta-substituted 8b. This can be rationalized on the basis of
a more efficient conjugation between the strongly electron
donating (Ru CI(CO)(PR3ML) } entities and the bridging diviny lphenylene ligand in the para-substituted isomer. 134 ]
Complexes 3a, b are more easil y oxidized than complexes
8a,b, which is readily reconci led with th e presence of an

10262 - -

electron-withdrawing substituent on the pyridine ligands in
the latter. The two-electron character of the third oxidation
wave implies that the vinylpyridine-appended ruthenium
end-groups are insulated from each other and, possibly, also
from the conjugated divinylphenylenediruthenium core of
the tetra nuclear complexes 3 a, b,

Speclroeleclrochemical investigations on complexes 3 a,b:
To substantiate the above assignment of redox events we
followed the stepwise oxidation of 3a,b by IR, UVlVis/NIR
and ESR spectroscopy.
lR spectroelectrochemistry: The well separated, chemically
reversible redox processes of 3a allowed us to follow the
stepwise oxidation up to the tetracation level by in situ IR
spectroelectrochemistry. Figures 5 a-c show a graphical representation of these experiments while pertinent data are
summarized in Table 2. Neutral 3a exhibits a single broad
CO band at 1919 cm- I, which indicates that the electron
de nsities at the different ruthenium sites are rather similar.
TIle overall band shape was best reproduced when two over-

a)

0-+ +

1700

v!cm· 1
b)

+-+2+

c)

2+ - >4+

t

Figure 5. IR spectroelectrochemistry of complex 33 in DCE!NBu,PF, a t
room temperature. Spectral changes accompanying the oxidation of a) 3 a
to 33+, b) 3a + to 3a'+ and c) 3a' + to 33'+.

lapping absorptions at 1919 and 1924 cm- I were incorporated in a spectral deconvolution procedure.
A two-band pattern with simil ar intense absorptions at
1920 and 1934 cm- I develops after the first oxidation (see
Figure 5a). The higher energy band is displaced by 10 cm - I
from its position in the neutral system while there is hardly
any shift of the low energy feature. The splitting of the individual CO bands increases significantly during the second
oxidation as the bands shift to 1979 and 1933 cm- I (see Figure 5b). The third oxidation step to tetraoxidized 34 + results
in a single composite absorption at 1983 cm- I (see Figure 5 c). Isosbestic points are maintained during all of these
steps and back reduction after any stage yields the starting
neutral complex as the only carbonyl-containing species.
albeit in only 70 % spectroscopic yield after the third oxidation step. Attempts to conduct the fourth, only partially reversible oxidation inside the thin layer cell led to decomposition. Significant changes accompanying the first three oxidation steps are also observed for the olefinic/aromatic C=C
absorptions in the 1700 to 1500 cm- I region. Similar blue
shifts of C=C bands have already been documented for
[RuCI(CO)(PiPr3h]-substituted
divinylphenylene-bridged
diruthenium complexesY4)
The CO band pattern of the electrogenerated meta-substituted radical cation 3b+ is best reproduced by assuming a
band at 1964 cm - I superimposed on a main feature at
1925 cm - I. Oxidation to 3b 2 + generates a two-band pattern
with well resolved bands at 1979 and 1932 cm- I. The subsequent oxidation step results in a gradual decrease of the
1932-cm - ' feature and replacement of the 1979-cm- ' band
with a more intense one at 1991 cm - I. This process, however, does not proceed to completion, possibly because of electrode passivation . Attempts to fully convert 3b2 + into 3b4 +
by increasing the applied potential resulted in irreversible
spectral changes and, finally, loss of the CO bands of 3 b 4 +.
A likely reason for this behavior is interference with the
next, irreversible oxidation process. As for 3 a n +, a gradual
shift of the C=C bands to higher energy is observed during
the first two oxidations (see Figures S4a-c in the Supporting
Information).
The results for 3a,b with regard to the first two oxidation
processes closely resemble the behavior of [( EtOOCpy)(PPh 3)z(CO)CIRu!zCIL-CH=CHC6H 4CH=CH-I,4/-1,3)]
(8 a, b), which represent the divinylphenylenediruthenium
core units of the former. TIlliS, oxidizing 8 a to 8 a + under
the conditions used for IR spectroelectrochemistry induces a
13-cm- ' shift of the single CO absorption band. In contrast,
oxidation of 8b (v(CO) = 1926 cm - I) to 8b+ generates a
two-band pattern with distinct absorptions at 1941 and
1963 cm - I. These results imply charge delocalization for 8a +
but partial charge localization on one styrylruthenium subunit and electronically inequivalent metal sites for 8 b +, at
least on the IR timescale of about 10- 12 S.iJ 3. 34) A contrasting
behavior of para and meta isomers is also observed for oligomeric and polymeric phenylenevinylenes (OPVs and
PPVs). Thus, the corresponding radical anions or cations of
para-substituted PPVs are delocalized over severa l phenyle-

nevinylene repeat units whereas they are localized on just
one styryl unit in their m eta-substituted congeners.lsS-s71 Despite the different spectroscopic characteristics at the radical
cation state, the IR spectra of dioxidized 8a 2 + and 8b 2 + are
nearly superimposable, with a single CO absorption at
1972 cm - I (see Table 2). The moderate blue shift of the
remote RuCI(CO)(PiPr3)z(vinylpyridine) entities after each
consecutive oxidation reflects the stronger electron-accepting character of the coordinated vinylpyridine ligands in 3a+
,b+ and 3a2 +,b 2 +. TIle CO band of the RuCl(CO)(PiPr 3 h
entities in 3a2+ and 3b2 + is shifted to even higher energy
than that in [(RuCI(CO)(PiPr3)z(4-vinylpyridinium)] + CI by
treating
(v = 1927cm- ' ),
which
was
isolated
[HRuCl(CO)(PiPr3h] with the commercially available hydrochloride of 4-ethynylpyridine.
Further oxidation of 3a 2 + and 3b 2 + to their tetracations
proceeds without any detectable intermediates and with
clean isosbestic points. This process involves the peripheral
RuCl(CO)(PiPr3)(vinylpyridine) entities. The CO band energies at this stage compare well with those in dinuclear
[(RuCI(CO)(PiPr3h!z(IL-CH=CHC6H4CH= CH-1,4/-1 ,3)j2+
(li = 1991 and 1983 cm- I, respectively). The slight blue shift
of the CO stretch of the carbonyl ligands at the inner ruthenium moieties during the last oxidation step again reflects
the decreased donor/increased Jt-acceptor character of the
vinyl pyridine ligands.

Electro"ic spectroscopy a"d UVIVislNIR spectroelectrochemistry: The optical absorption spectra of neutral 3a,b
are dominated by an intense (f: 2 50000 M- Icm - I) band that
peaks near 375 nm . Additional features include one (3b) or
two (3a) weak, broad bands at wavelengths above 480 nm .
In the UV region the spectra exhibit intense PPhrbased n -->
Jt* and arene-based Jt -->Jt* transitions along with a band
near 300 nm that tails into the visible (see Table 2). Every
major electronic absorption band of 3a,b is readily recognized in the spectra of one of their principal constituents, dinuclear six-coordinated vinyl
complexes
such
as
[(EtOOCpy)RuCI(CO)(PPh 3h!z(IL-CH=CHC6H 4 CH=CH1,4/-1,3)] (8a,b), and mononuclear PiPrrsubstituted five-coordinated
vinylpyridine
complexes
such
as
[(PiPr3MCO)CIRu(CH=CH-C 5H 4NH)]CI (9). Complexes
8 a, b feature a moderately intense ligand-to-ligand/metal-toligand charge transfer (LLCT/MLCT) band at 410 nm with
the divinylphenylenediruthenium chromophore as the donor
and the pyridine ligands as the acceptors.(33) Replacing the
isonicotinate ligand by less electron-accepting RuCI(CO)(PiPr 3)z(CH=CHC5H 4N) moieties raises the energy levels of
the pyridine-based unoccupied front ier levels and shifts the
corresponding transition to higher energy.
The "non-innocent" behavior of the divinylphenylene
ligand in complexes 8a,b and [(RuCI(CO)(PiPr3hh(IL-CH=
CHC6H 4CH=CH-l ,4/-1,3)] leads to the observation of vibrationally coupled transitions in the visible and NIR regions
that closely resemble those of partially oxidized or reduced
distyrylbenzenes or of higher oligomers of phenylenevinylenes. 15fi.5!!-60i To our surprise, no such bands were observed
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during our spectroelectrochemical studies on 3a,b in any oxidation state. The results of typical experiments with 3a are
shown in Figure 6, whi le those with 3 b are given as Supporting Information (Figure SS).
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detectable radical-ligand-centred absorptions at any stage
and the overall simi larities of the LLCT/MLCT bands of
3all+ and 3b"+ to those in oxidized five- and six- coordinate
vinylruthenium complexes also makes it impossible to arrive
at any definite conclusion as to the sites involved in each individual oxidation step. Thus, while our assignment of the
redox conversions underlying each set of spectra can be
questioned one important message can sti ll be learned from
these experiments. The spectra of 3a"+ and 3b" + do not
contain absorption bands at lower energies tha n those observed for any oxidized form of its principal components at
any stage. This makes a strong case against the presence of
a more extended chromophore compared to isol a ted divinylphenylene-bridged diruthenium complexes similar to Sa, b
on the one hand and RuCl(CO)(PiPr3)z(4-CH= CHCsH4N)
entities on the other.
ESR spectroscopy: Experimental evidence for the dominant
organic character of the radical cations 3a+ and 3b+ was
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Figure 6. UVlVisINIR spectroelectrochemistry of complex 3a in DCEI
NBu,PF, at room temperature. Spectroscopic changes accompanying
a) the oxida tion of the neutral system to the dication and b) further oxidation to the tetracation.

obtained by ESR spectroscopy after generating th e corresponding radical cations inside an ESR tube. These cations
display an unstructured broad isotropic signal with a g-value
close to that of the free electron in fluid solution and at
room temperature (see Figure 7 a).
A small rhombic (3a +) or axial (3b +) splitting of the gtensor is obselved upon cooling to liquid nitroge n temperature (see Figure 7b and Table 3). While such a splitting indicates some metal contribution to the SOMO of 3a+ and

a)

b)

Only two new oxidized species with singular sets of isosbestic points for each conversion step were clearly identified. The electronic spectra of oxidized 3a n + and 3b n + in
their respective oxidation states exhibit only slight differen- 3250
3400
ces in terms of band positions and extinction coefficients.
BIG
BIG
Pertinent data are collected in Table 2. During the first step
Figure 7. ESR spectra of elcctrogcneratcd 3a + in DCEINBu"PF6 at
a) room temperature and b) 110 K.
the strong band in the visible region is replaced by a structured, less intense absorption at lower energy (Figure 6 a
and Figure SS a in the Supporting Information) . Further oxiTable 3. ESR spectra of the radical cations 7+, 6 +, 8b +, 3a + and 3b +
dation causes the dominant low
Method''')
1;;," (293 K),b,
I; (110 K)'<I [1;,,]1")
energy component of this com- Cation
7+
2.0653, 2.0382 [2.056]
exptl
0.0271
posite band to collapse while
2.0830, 2.0560, 2.011 6
calcd
0.0714
the high energy feature devel6+
2.0484,2.0147 [2.0372]
exptl
0.0337
ops into a well-defined peak
2.0738,2.0409, 2.0204 [2.0451]
calcd
0.0534
(Figure 6 b and Figure SS b in 8a +
2.0240, 2.0123 [2.020 I]
exptl
0.0117
2.0454, 2.0263, 2.0247 [2.0322 ]
calcd
0.0207
the Supporting Information) .
exptl
2.0201
2.0326,2.0207,2.0107 [2.0213]
0.0219
At this point we have as- 8b +
2.0635, 2.0406, 2.0307 [2.0449]
calcd
0.0328
signed the observed oxidation 3a +
2.0478, 2.030 1,2.0122 [2.0300]
exptl
2.0267
0.0354
products as the di- and tetraoxi- 3b +
exptl
2.0289, 2.0020 [2.0200]
2.027 1
0.0269
dized species, although furth er ]a] exptl =experiment al, calcd = calculated, as detailed in the quantum chemistry section. [b] g;,o= isotropic gstudi es wil l be needed to clarify value. ]c] Measured in CH,CI,/NBu,PF6 • ]d] g,, = average g-value, calculated as (1 /3(g ,' +g,'+g,') I' 12 for rhomthis assignm ent. The absence of bic spectra or as (1 /3 (21;II'+g / )]'12 for axial spectra. [e] I;-tensor anisotropy (I; ,-g, or g l -I; .I), respectively.
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3 b +, the results as a whole are clearly at odds with ruthenium-centred paramagnetic species as such species are mostly
ESR silent under ambient conditions due to fast relaxation.
At low temperatures, they are characterized by g-values that
differ significantly from that of the free electron as well as
by large g-tensor anisotropies,!61 .62)
Recent work on oxidized forms of alkynylruthenium complexes has demonstrated a close correlation between the
metal character of the SOMO and the magnitude of the gsplitting, llg, which is defin ed as the difference between the
principal gl and g3 (or the g il and g .l ) components of the gtensor.[47.48) The ligand versus metal contribution to the
HOMO of the half-sandwich complexes [Cp*(dppe)Ru(G=
CC6H4R-4)] + is affected by the substituent on the phenyl
ring and its ability to stabilize a positive charge on the arylethynyl ligand. The smallest value of llg within this series
(0.132) corresponds to a (calculated) 24% contribution of
the ruthenium atom to the total spin density. Interestingly,
this complex also shows an ESR signal in fluid solution.[47)
llg Values of less than 0.04 indicate that the metal contributions to the SOMO of 3a + and 3b + and to that of its diruthenium core models 8a+ and 8b+ are exceptionally
smaIlY3.34) The radical cations 3a+ and 3b + are therefore
genuine examples of metal-coordinated organic radicals and
pinpoint the "non-innocent" behavior of vinyl- and divinylphenylene ligands in mono- and diruthenium complexes.
The unsymmetrical vinylpyridine-bridged diruthenium com·
plex 6 : The results for tetra nuclear complexes 3a,b strongly
suggest charge- and spin-trapping on the central divinylphenyl enediruthenium entity and electronic decoupling of the
extern al redox sites at the mono- and dication levels. The attached electron-donating {RuCl(CO)(PPh,h(py)1 entities
render oxidation of the central phenylene ring particularly
facile. Charge- and spin-trapping at the central divinylphenylenediruthenium entity prevents further delocalization
onto the vinylpyridineruthenium moieties. It was therefore
of interest to probe whether electron delocalization between
dissimilar styryl- and vinylpyridineruthenium units could be
brought about by reducing this electronic imbalance. This
was attempted by changing the divinylphenylenediruthenium for a styrylruthenium entity and, as was done for 3a,b,
by attaching a less electron-donating RuCl(PPh 3MCO)(py)
moiety to the styryl group and a more powerful Ru Cl(PiPr3MCO) donor to the vinyl-pyridine moiety. Complex 6
is a close mimic of individual segments of tetranuclear 3a,b
and it is also the terminating entity of oligomeric [RCH=
CH-{Rul - (~-NC5H4CH=CH- {Rul),,-py]
({Rul = RuCl(CO)(PR 3h) ·163)
Complex 6 is oxidized in three well-defined anodic oneelectron steps (see Figure S6 in the Supporting Information).
The first step involves a largely reversible couple (ip.clip,.
~ 0 . 9) at a half-wave potential of 0.23 V. The cathodic shift
of the styryl-based oxidation with respect to the isonicotinate-substituted congener 7 reflects the different electronic
properties of the substi tuents in the 4-position of the pyridine liga nds. I64 ) Both anodic processes at higher potentials

constitute poorly reversible or fully irreversible steps. The
close correspondence between the second oxidation potential of 6 and that of the vinylpyridineruthenium-based oxidations of 3a,b should be noted (Table 1), although such a
comparison is compromized by the poorly reversible nature
of this process in 6. The final oxidation is tentatively assigned to further oxidation of the styrylruthenium moiety.
The ESR spectra recorded in a frozen 1 ,2 - ~H4Cli
CH2CliNBu4PF6 matrix at 77 K confirm the predominantly
organic character of electroox idized 6+ by virtue of the
small deviation of the average g-value from that of the free
electron and by the small splitting of the individual g-tensor
components, as is the case for paramagnetic 3a + , 3b+, 8a+,
8b + and 7+ (see Figure S7 in the Supporting Information).
Following the oxidation of 6 by IR spectroscopy showed
that the single CO band of the neutral complex was gradually replaced by a pair of bands at 1970 and 1933 em - I. Representative spectra are given in the Supporting Information
(Figure S8a) . The band at higher energy corresponds to the
(PhCH=CH)RuCl(PPh 3)(CO) (py) subunit and its position
compares well to that of the related styryl complex 7 in its
oxidized state. The blue shift of the lower energy absorption
reflects
increased
electron
donation
of
the
(vinylpyridine)RuCl(CO)(PiPr3)2 "ligand", which partly
compensates the loss of electron density from the oxidized
styrylruthenium site and parallels the blue shift of the isonicotinate ester band in 7 and of the CO bands at the peripheral sites in 8a +/2+ and 8b+ /2+ . Further oxidation past the
potential of the 6 + 12 + couple induces a collapse of the low
energy CO band and growth of a new feature a t 1988 cm- I .
D espite the poorly reversible nature of this process under
the conditions of voltammetric experiments, isosbestic
points are maintained under thin-layer condition s until most
of 6+ has been consumed (see Figure S8 b in the Supporting
Information).
UV/Vis spectroelectrochemistry showed that the first oxidation of 6 is accompanied by a blue shift of the dominant
optical band. Unlike in tetranuclear 3a,b, however, weaker
feat ures, namely a band peaking at 638 nm and a low energy
shoulder at 795 nm, are clearly observed (see Figure 8 a). A
comparison with Figure 6a establishes the similar appearance to the spectra observed for 3a,b at their dication
levels. Paralleling the behavior of 3 a, b, further oxidation of
the vinylpyridineruthenium terminus results in a partial
bleaching of the prominent bands of 6+. Again, the isosbestic points are maintained until the potential increases
beyond that of the third anodic couple.
In conclusion, our experimental data reveal that the electronic imbalance between the dissimilar redox-active vinylruthenium subunits of complex 6 is too large to allow for
any substantial charge delocalization at the radical cation
level. Some small degree of electronic interaction may be indicated by the appearance of low energy electronic transitions at the radical cation level that are absent from the
spectra of tetranuclear 3a,b in any of their oxidation states.
In the absence of a reliable assignment of this band, however, such notion remains speculative.
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.j,
central phenylene part and both
20000
20000
vinyl ruthenium subunits. Antibonding interactions between
15000
15000
the divinylphenylene Jt orbitals
10000
10000
and in phase combinations of
.j,
5000
5000
appropriate dJt orbitals of the
t
.j,
IRuCI(CO)(PR1Mpyridine) I
0
0
300 400 500 600 700 800 900 1000
300 400 500 600 700 800 900 1000
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A.lnm
lying frontier orbitals (HOMO
Figure S. UVlVislNIR spectroelectrochemistry of complex 6 in DCEINBu,PF. at room temperature. Spectroand HOMO -1 ). The metal!
scopic changes accompanying a) the first and b) the second oxidation.
bridge contributions are 19 %/
78 % (HOMO) and 46 %/49 %
(HOMO - I) for 8a', and 21 %/
76% (HOMO) and 27%/68% (HOMO - I) for 8b,.(33) OrbiQua1ltum chemical calculatio1ls : Quantum chemical calcutals of similar compositions exist as nearly degenerate pairs
lations were performed for model complexes 7', 6', 8a', 8b',
3 a' and 3 b' in which the PPh 3 or PiPr3 ligands have been refor meta-bridged 8b', although this is not the case for the
para-bridged complex 8a'. These differences lead to a (calplaced by PMe3 (see Scheme 4). The G03IB3LYP-optimized
geometries for different oxidation states of the model comculated) singlet or triplet ground state for the para or meta
isomers of dioxidized divinylphenylene-bridged diruthenium
plexes 8a' and 8b' are collected in Tables Sl and S2 in the
complexes. [34.64 )
Supporting Information. The nearly coplanar arrangement
The smaller extension of the styryl ligands' Jt system in 7'
of the vinyl groups of complexes 8a' and 8b', with C(CO)Ru-C=C torsional angles of 1.0° (8a') or 1.9° (8b'), is notehas two main consequences. First, mixed Jt-Iigand/metal
character is only seen for the HOMO while the lower lying
worthy. The pyridine ligands are nearly coplanar with the divinylphenylene bridges and the C(py)-N-C-C(vinyl) torsionHOMO - l level is now essentially a metal d orbital mixing
al angles do not exceed 3.5°. The calculated compositions of
with the CO and Cl- ligands. Secondly, the metal contributhe most important frontier orbitals of complexes 7' and
tion to the HOMO of 7' is now 27 % and is thus notably
higher than in the diruthenium complexes 8a',b'. Our obser8a',b' are compiled in Tables S3-S5 in the Supporting Inforvation of a larger /1g for 7+
than for 8a',b+ provides an experimental confirmation of this
computational result. The unavailability of a second mixed
metal/Jt-ligand orbi tal in the
frontier orbital region diminishes the number of intense Jt
transitions at the radical cation
state to one instead of two.
Further calculations on the
radical cations derived from 7'
and 8a',b' show that the singly
occupied molecular orbitals
(SOMOs) of the corresponding
radical cations strongly resemble the HOMOs of their neutral
parents. This is best visualized
by the spin density plots in
Figure 9, which show the excess
of the unpaired a spin over the
~ one. The unpaired spin densities correspond closely to the
HOMO coefficients. The calculations also predict an unsymmetrical spin-density distribution in meta-bridged 8b' and an
Schem e 4. Model complexes employed in th e quantum-chemical calculations.
c!M"'cm" a)
30000
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Figure 9. Calculated spin densities for the monooxidized forms of complexes 7' (top), 8a' (middle) and 8b' (bottom).

Table 4. Select cd calculated G03/B3LYP strctching frequencies for dinuclea r com pic xes 6', 8 a' and 8 b' and their oxidation products. Calculatcd
values scaled (scaling factor of 0.963).
Complex

Frequency [cm- ']

Complex charge
I

0
6'

1910
1936
1602
1550
1936
1909
1910
1908
1913

VICCO)
v,(CO)

v(cq
v(cq
8a'
8b'

v, (CO)
VICCO)
v,(CO)
VICCO)
v,(CO)

1948
1966
1604
1592
1966
1937
1942
1929
1946

2
2002
2009
1602
1492
2009
1975
1979
1963
1976

almost symmetrical one for the para-bridged isomer 8a',
which is a good match with our IR spectroelectrochemical
results. The overall agreement between calculated and experimental CO band shifts upon stepwise oxidation, even
though the calculations overestimate the degree of charge
delocalization in the radical cations 6'+ and 8 b' +, is also
rather good (see Tables 2 and 4) . The experimentally determined and calculated ESR parameters also agree very well.
In particular, the proximity of the average g-va lues to that
of the free electron and the experimentally observed small
g-tensor anisotropies are reproduced (see Table 3 ).
As regards the vinylpyridine-bridged complexes 6 and
3a,b, we again have to resort to the calculated s tructures of
the simplified models for structural discussion since we were
not able to obtain single crystals of any of these compounds.
Geometry optimization indicates that the styryl and vinylpyridine ligands are nearly coplanar, which is a prerequisite
for electron delocalization over the entire metal-organic Jtchromophore. Due to the size of tetra nuclear complexes
3a',b' a full structure optimization was only possible using a
smaller basis set than in the case of 8a',b' and 6'. Important
structural parameters are provided in Tables S6 and S7 in
the Supporting Information. The frontier orbital compositions of the most relevant orbitals of model complexes 6',
3 a' and 3 b' are summarized in Tables 5, 6 and 7, respectively.
The calculations place the styrylruthenium- or divinylphenylenediruthenium-based orbitals (Rul-ST and -DVP, respectively) well above those that are primarily centred on
the vinylpyridineruthenium sites (Ru2-VP). The energy gap
between the Rul-DVP- and Ru2-VP-dominated orbitals is,
however, no larger than 1 eV for 6'. This energy gap predictably increases as the styrylruthenium entity of 6' is replaced
by the larger divinylphenylenediruthenium one of complexes 3a',b'. Experimentally, this leads to a larger difference of the redox potenti als for the first styryl/distyrylphenylene and the vinylpyridine-centred oxidation processes.
Several Rul d-orbitals that mix with the attached CO and
Cl - ligands are interspersed between the inner Rul-DVP

Table 5. Calculated DFT G031B3LYP one-electron energies and compositions of selected highest occupied and lowest unoccupied molecular orbi tals of
th e dinuciear complex 6' expressed in terms of its component fra gments.
MO

E [eV]

Prevailing
cha racter

Rul'"

LUMO+3
LUMO+2
LUMO+l
LUMO
HOMO
I-IOMO - I
I-IOMO - 2
I-IOMO -3
I-IOMO - 4
I-IOMO - 5
I-IOMO - 6
I-IOMO - 7

- 0.43
- 0.49
- 1.42
- 1.97
- 4.55
- 5.55
- 5.59
- 5.72
- 6.07
- 6.13
- 6.37
- 6.49

n*(VP)
n"(VP)
Ru2
Ru2
n(ST)+Rul
IRuCI( CO) }1
n(VP)+Ru
Ru1 +CII
Rul
phenyl (ST)
IRuCl(CO)12
Ru2+C12

4
0
3
0
28
46
11
27
43
I
0
0

Ru2!b,

51
7
60
0
23
6
9
0
56
31

Vinyl (ST)!"!

Phcnyl (ST)!"!

cn'"

COl'"

0
0
0
0
38
4
3
0
4
0
0
0

0
0
0
0
30
0
5
0
20
99
0
0

0
0
0
0
0
33
7
44
I
0
0
0

0
0
0
0
0
11
1

5
2
0
0
0

Vinyl (VP)!' ! Py (VP)!"

26
13
1
23
5
5
0
4

93
0
47

2
10
2
3
0
0
0

CI2!"

CO2!"

PMc,

0
6
0
4
0
0
0
0
I
0
23
46

0
6
0

2
35
17
12
2

[al Rul = Ru atom bonded to styryl group. [bl Ru2 = five-coordinate Ru atom. [cl CII and CO l denote CI and CO ligands allached
C02 the CI and CO ligands attached to Ru2. [d] ST = styryl. tel VP = vinylpyridine.

(0

to

0
0
0
0
0
0
15
5

17
10
12
0
17

Rul and CI2 and
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Table 6. Calculated OFT G031B3LYP one-electron energies and compositions of selected highest occupied and lowest unoccupied molecu lar orbitals of
tetranudear complex 3a' expressed in terms of its component fragments. Approximate C, symmetry is used and the numbers in the columns indicate the
total contributions of symmetry-equivalent groups.
Vplol
Vi (OVp)I'1
Ph (OVP)I' I
MO
Prevailing
Rul 101
cn ldl
COl ldl
Cl2 1dl
E[eVJ
Ru2 1bl
COi dl
PMe,
character
LUMO+3
LUMO+2
LUMO+l
LUMO
HOMO
HOMO - I
HOMO - 2
HOMO - 3
HOMO - 4
HOMO - 5
HOMO - 6
HOMO - 7

- 1.40
- 1.42
- 1.90
- 1.91
- 3.96
- 4.91
- 5.37
- 5.38
- 5.45
- 5.55
- 5.60
- 5.68

n *(VP)
n *(VP)
Ru2
Ru2
n(OVP)+Rul
Rul +n(OVP)
{RuClCOI1
{RuCICO)1
{RuClCO]1
Rul+Cll
Rul+Cl1
Ru2+n(VP)

3
3
0
0
21
50
51
50
24
28
29
3

6
6
61
61
0
2
0
0
II
1
10
34

0
0
0
0
43
29
3
3
3
3
I
8

0
0
0
0
32
7
0
0
5

0
0
0
0
0
31
32
15
45
33
3

0
0
0
0
0
0
12
12
0
5
6

89
89
13
13
2
7
2
2
20
14
41

0
0
5
5
0
0
0
0
0
0
0

0
0

11
11
0
0
0
0
0
0
0
0

2
2
10
10
2
4
0
0
20
17
5
7

[a] Rul = inner Ru atoms. [b] Ru2 = outer Ru atoms. [cJ Vi is the vinyl moiety and Ph the phenyl group of the divinylphenylene (OVP) ligand. [d] Cil
and COl are the CI and CO ligands attached to Rul and Cl2 and C02 are the CI and CO ligands attached to Ru2. [e] VP = vinylpyridine.

Table 7. Calculated OFT G031B3LYP one-electron energies and compositions of selected highest 'occupied and lowest unoccupied molecular orbitals of
tetranudear complex 3b' expressed in terms of its component fragments. Approximate C, symmetry is used and the numbers in the columns indicate the
total contributions of symmetry-equivalent groups.
Vplol
COIldl
Rull'l
Vi (OVP)I'I
Ph (OVP),' 1
E(cV)
MO
Prevailing
Ru2 1bl
cn ldl
Cl21dl
COi dl
PMe,
character
LUMO+3
LUMO+2
LUMO+I
LUMO
HOMO
HOMO - l
HOMO - 2
HOMO - 3
HOMO - 4
HOMO - 5
HOMO - 6
HOMO - 7

- 1.38
- 1.39
- 1.87
- 1.88
- 4. 18
- 4.46
- 5.36
- 5.38
- 5.41
- 5.45
- 5.58
- 5.59

n *(VP)
n*(VP)
Ru2
Ru2
n(OVP)+Rul
Rul+n(OVP)
{RuCICO II
{RuCICO II
{RuClCO)1
Rul+C11
Rul+Cl1
Ru2+n(VP)

3
3
0
0
20
31
49
47
22
16
25
27

7
7
60
59
0
0
0
0
13
13
10
9

0
0
0
0
37
40
4
4
3
4
0
1

0
0
0
0
38
24
0
0
7
10
2

0
0
0
0
0
0
33
34
12
15
36
36

0
0
0
0
0
0
12
12
0
I
5
6

89
89
14
14
2
3
2
2
25
23
15
14

0
0
4
4
0
0
0
0
0
0
0
0

0
0
II

11
0
0
0
0
0
0
0
0

12
12
2
2
0
0
18
18
6
6

fa] Ru1 = Ru atom bonded to styryl group. [b] Ru2 = five-coord inate Ru atom . [c] Vi is the vinyl moiety and Ph the phenyl group of the divinylphenylene
(OVP) ligand. [d] Cll and COl denote the CI and CO ligands attached to Rul and CI2 and C02 the CI and CO ligands attached to Ru2. [e] VP = vinylpyridine.

and the outer Ru2-VP-based energy levels of 3a',b'. There
is a high orbital density of the lower occupied energy levels
of 3a',b', with orbitals HOMO - 2 to HOMO - 7 lying in a
narrow range of just 0.3 eY. Due to the simplifications induced by phosphine and isonicotinate ligand substitution,
the exact level ordering in that particular region may well
differ from that of the real systems.
The spin-density distributions of the corresponding paramagnetic radical cations were calculated to further probe
the identity of the primary redox sites. Pertinent data are
gathered in Table S8 (Supporting Information) and depicted
graphically in Figure 10. The calculated unpaired spin densities again faithfully reflect the HOMO compositions of their
parents. Vibrational analyses for complex 6' at the various
accessible oxidation states (see Table 4) produce sizeable
CO band shifts of both ruthenium sites even though the
HOMO and SOMO are largely localized on the styrylruthenium unit of 6'.
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Figure 10. Calculated spin densities for the monooxidized forms of complexes 6' (top) , 3b' (middle) and 3a' (bottom).

With respect to electron delocalization , the computational
results suggest only moderate or even low energy barriers
for hole migration at the radical cation (6 +, 3a+, 3b+) and
dication (3 a 2 +, 3 b2 +) states. This is particularly true for dinuclear 6, where the lower lying vinylpyridineruthenium
(Ru2-VP) dominated level (HOMO -2 of complex 6') even
has rather large contributions from the adjacent pyridinebonded Rul and the attached styryl group. Orbitals with a
similar composition would provide a viable pathway for
electron delocalization and hole migration across oligomeric
vinylpyridine-bridged chains.

Conclusion
Our combined experimental and quantum chemical approach to 4-vinylpyridine-bridged di- and tetraruthenium
vinyl complexes has provided us with a consistent view of
up to four consecutive anodic oxidation processes. In each
case, the primary oxidations are dominated by the respective
vinyl ligand and involve the styrylruthenium terminus of 6
or the divinylphenylenediruthenium core of 3a,b. Average
g-values close to that of the free electron and small g-tensor
anisotropies of the corresponding radical cations clearly
reveal the "non-innocence" of the vinyl ligands. As a consequence, the mono- and dioxidized form s of 3a,b closely resemble the isonicotinate-substituted divinylphenylene-bridged diruthenium complexes 8a,b in their respective oxidation
states. Further oxidations of 3a2+ and 3b2 + are primarily
centred on the bridging vinylpyridine ligands with only limited contributions from the metal atoms. Bighly oxidized
62 +, 3 a 4 + and 3 b4 + are therefore unique examples of organometallic complexes where two different oxidized ligands
are coordinated to the same metal atom.
A central issue of this work was the prospect of charge
delocalization across vinylpyridine bridges as part of our
quest for new electrically conducting organometallic oligomers or polymers. The low oxidation potentials and remarkable stabilities of even the highly oxidized forms of bridged
oligonuclear vinylruthenium complexes underline their great
potential as building blocks for hole transporting materials.
Set against this background, charge localization on the peripheral styryl ligand of 6+, or on the bridging divinylpheny-'
lene entities of the mono- and dioxidized forms of 3a,b, as
borne out by our experiments and quantum chemical calculations, seems rather disappointing. Encouragement nevertheless comes from the electronic structure of the dinuclear
model complex 6', whose HOMO - 2 orbital, which lies
about 1 eV below the styrylruthenium-based HOMO, is
strongly delocalized over th e vinylpyridine ligand (33 % )
and the bridged ruthenium atoms (34 % total contribution) .
It even extends onto the styryl ligand attached to the nitrogen-bonded ruthenium atom (8 %). This situation is exactly
what is needed for charge transduction over an extended
array of vinylpyridine-bridged RuCl(CO)(PR)2 entities.
Hole transducti on in a lower oxidation state requires that
the vinylpyridine-based orbital is of higher energy than that

localized on the vinylruthenium end-group. It should be feasible to modify our systems accordingly by introducin g an
electron-accepting vinyl ligand at the terminal site. Well-defined oligonuclear complexes should be accessible from such
monoruthenium building blocks by stepwise addition of 4ethynylpyridine and an appropriate hydride complex . Work
along these lines is currently being pursued in our laboratories.

Experimental Section
Materials and reagents: All manipulations wen: performed by standard
Sehlenk techniques under argon (Messe r, Griessheim). Solvents were
dried by standard procedures and degassed by saturation with argon
prior to usc. TIle diethyl ether employed in the washing process was saturated with argon but otherwise used as received. IR spectra were recorded with a Perkin-E lmer Paragon 1000 PC FT-IR instrum ent. 'H
(250.13 MHz), Uc (62.90 MHz) and " p NMR spectra (101 .26 MHz) were
recorded with a Bruker AC 250 spectrometer as CDCI , solutions at
303 K or in the solvent indicated. The spectra were referenced to the residual protonated solvent ('H) . the solvent signal itself (UC) or external
H,PO, (lip). The assignment of "c NMR spectra was aided by DEPT135 experiments. UVlVis spectra were recorded with an Omega 10 spectrometer from Bruins Instruments for solutions in HE LMA quartz cuvettes with I-cm optica l path lengths or with a J& M TIDAS diode array
spectrometer. TI,,: ESR equipment consisted of a Bruker ESP 3000 spectrometer or a Bruker EMX setup equipped with an HP 5350 B frequency
counter, a Bruker ER035M gaussmeter and a continuous flow cryostat
ESR 900 from Oxford Inst ruments for low-temperature work . E leme ntal
analyses (C,H,N) were performed at in-house facilities. The equipment
for voltammetric and spectroclectrochemical studies and the conditions
employed in this work have been described elsewhere.t·'t 4-Ethynylpyridine l" l and [l(PPh,),(CO)CIRuh(fIrHC=CH-C.H,-CH=CH-I ,3)]I33t were
prepared
according
to
literature
methods.
Isomeric
[I(PPh,),(CO)CIRuh(fL-H C=CH-C.H,-CH=CH-l ,4)] was prepared in the
same fashion from [HRuCl (PPh,MCO)] and 1.4-diethynylbenze ne (F1uoroch em). All other compounds were purchased from commercial suppliers and used as received. Caution: 1,2-Dichloroethane (DeE) is highly
/Oxic and a suspected carcinogen and should be handled with. care.
Molecular orbital calculations: PPh, and PiPr, ligands were modelled by
PMe, and th e isonicotinate ligands by pyridine in order to reduce computational tim e to a reasonable limit. Quantum chemical studies were performed without any symmetry constraints. TIle ground-sta te electronic
structure was calcul ated by density functional theory (DFT) methods
using thc Gaussian 03 (G03)1.' ] and ADF2006.01 168.•'] program packages.
Within G03 calculations the quasi-relativistic e ffective core pseudo-potentials and the corresponding optimized set of basis functions for Ru(7"]
and 6-31G' polarized doubl e- ~ basis setsl" ] for the remaining atoms were
employed together with the B3Lypl72] functional. The 3-21 G' basis set
was used for H, C. N, P and CI atoms for geometry optimization of the
neutral tetra nuclear complexes 3 a' and 3 b'. The properties of compl exes
3a' and 3b' were calculated by single-point procedures using the sa me
basis sets as in the case of th e dinuclear compl exes. Within ADF, Slatertype orbital (STO) basis se ts of tripl e- ~ quality with polariza tion functions were empl oyed, with the exception of the CH, substituents on P
atoms, which were described with a double-~ basis set. The inner shells
were represented by a frozen core approxi mation , in other words Is for
C and N, Is,2p for P and CI and Is,3d for Ru were kept frozen. TIle calculations were performed with a functional including Beeke's gradient correction lJ31 to the local-exchange expression together with Perdew's gradient correcti onl"l to th e local correlati on (ADFIBP). TIle scalar relativistic
(SR) zero-order regular approximation (ZORA)I75] was used within this
study. The g-tensor was obtained from a spin-nonpolarized wave function
after incorporat ing the spin-orbit (SO) coupling by first-order perturbati on theory from the ZORA Hamiltonian in the presence of a time-inde-
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pendent magnetic field. 17•. 771 Electronic transitions were calculated by the
time-dependent OFT (TO OFT) method.
[(I'hCH=CH)(PPh,),(CO)CIRu(4-HC=CC,H.N) ] (5): A solution of 4ethynylpyridine (33 mg, 0.324 mmol) in CH,Ci, (10 mL) was slowly
added to a stirring soluti on of [RuCI(CH=CHPh)(CO)(PPh,),] (257 mg,
0.324 mmol) in CH,CI, (10 mL) at room temperature. After 20 min the
solvent was removed under reduced pressure and the yellow product obtained was washed twice wi th diethyl ether and dried in vacuo. Yield:
254 mg (0.284 mmol , 87 %). 'H NMR (250 MHz, COCi" 20°C): 0 = 8.73
(dt. 'J H.H= 16.8, 'J r .H= 2.9 Hz, I H; RuCH=CH) , 8.45 (d, 'J H •H= 5.5 Hz.
2 H ; o-CH (py)), 7.51-6.83 (m , 35 H ; PPh,), 6.61 (d. 'J H.H=5.5 Hz, 2H;
m-CH (py)), 5.77 (br.d, 'JHH = 16.8 Hz, I H; RuCH=CH), 3.28 ppm (s,
I H ; =CH); IIp NMR (101 MHz, COCi" 20°C): 0 = 26.72 ppm (s; PPh,);
IR (KBr): v = 3280 (=C-H) , 211 3 (C-=C) , 1923 (CO), 1605, 1595, 1578,
1548 (C=C, aryl, vinyl, pyridine) ; elemental analysis calcd (%) for
C"I-I41 CINOP,Ru: C 69.75 , H 4.73, N 1.56; found: C 69.29, H 4.84, N
1.54.
[(PPh,),(CO)(4-HC =Cpy)CIRu),(,,-HC--CH-C.H.-CII=CH-1,4)] (23):
A solution of 4-ethynylpyridine (62 mg. 0.603 mmol) in CH,Ci, (10 mL)
was slowly added to a stirring solulion of U(PPh,),(CO)CIRu},{,,-H C=
CH-C.H,-CH=CH-I.4)] (254 mg, 0.301 mmol) in CH,Ci, (10 mL) at
room temperature. The solvenl was removed aft er slirring the reaction
mixture for 20 min and the yellow product obtained was washed twice
with diethyl ether and dried in vacuo. Yield : 409 mg (0.239 mmol , 79%).
'HNMR (250 MHz. COCi" 20°C): ,) = 8.46 (br.m , 6 H ; o-CH(py) ,
RuCH=CH), 7.58-7.10 (m , 60H ; PPh,), 6.62 (br. m, 8H; m-CH (py) ,
phenyl (bridge» , 5.74 (br.d, 'J H.H = 17 H z, 2H; RuCH=CH) , 3.28 ppm (s,
2 H; C=-C-H); IIp NMR (l01 MHz, COCi,. 20°C); 0 = 26.4 ppm (s; PPh,).
IR (KBr): 17=3287 (=C-H) . 2112 (C=C) , 1921 (CO), 1605. 1586, 1572,
1562, 1556, 1530 (C=C, aryl, vinyl , pyridine) ; elemental analysis calcd
(% ) for CyxH"Ci,N,O,P.Ru, : C GS.73, H 4.59, N 1.64; found: C 67.96, H
4.93, N 1.64.
[(4-HC=Cpy)(PPh,),(CO)C1Ru),(,,-H C=CH-C.H,-CH=CH-t,3)] (2b) ;
A solution of 4-ethynylpyridine (85 mg. 0.613 mmol) in CH,Ci, (10 mL)
was added dropwise to a stirring solution of U(PPh,),(CO)CIRu},(flrHC=
CH-C.H,-CH=CH-I ,3)] (462 mg, 0.306 mmol) in CH,Ci, (10 mL) at
room temperature. After stirring the reaction mixture for 20 min the solvent was evaporated under reduced pressure and the yellow product obtained was washed twice with diethyl ether and dried under vacuum.
Yield 373 mg (0.218mmol. 71 % ). 'H NMR (250 MHz, COCI 3 • 20°C): 0 =
8.59 (dt, 3J U ." = 17.2, ' J" .,.,= 2.6Hz. 2 H ; RuCH= CH) , 8.50 (d, 3J" .,, =
5.6 Hz, 4H; o-CH(py», 7.54-7.06 (m , 60H; PPh 3), 6.89 (t , 'J II .II =7.6 Hz,
I H ; H S, phenyl (bridge)), 6.62 (d , ' JH.u = 5.6 Hz, 4H; m-CH(py)), 6.54 (d.
' J'I,I, = 7.6 Hz, 2H; H'·· phenyl (bridge)), 6.49 (s, I H; H' phenyl
(bridge» . 5.84 (br.d, ' J".u = 17.2 Hz. 2 H ; RuCH=CH). 3.28 ppm (s,2H;
=CH ) ; 3Ip NMR (101 MHz. COCI 3 , 20 °C): ,) = 26.12 ppm (s; PPh 3 ); IR
(KBr): v = 3295 (=C-H) , 211 2 (C=C). 1920 (CO), 1631, 1605, 1587. 1572,
1551 (C=C. aryl , vinyl, pyridine) ; clemcntal analysis calcd (%) for
C••H,.Ci,N,O,P,Ru, : C 68.73, H 4.59, N 1.64; found: C 67.92, H 4.64. N
1.8 1.
[(C.H.CH=CH)(CO)(PPh, ),ClRu(,1-4-CH=CH-J1y)RuCI(PiPr,),(CO»)
(6): A solution of the hydride complex [HRuCI(CO)(PiPr, ),] in CH, Ci,
(10 mL) was slowly added to a stirring solution of complex 5 (148 mg
(0.1 65 mmol) in CH,Ci, (10 mL) at room tcm pera ture. The reaclion mixture was stirred for 20 min and Ihe solvenl was removed under reduced
pressure. The red-brown producl obtained was washed twice with 10 mL
of diethyl ether and dried under vacuum. Yield : 170 mg (0.123 mmol .
74%). 'HNMR (250 MHz, COCi" 20°C) 0 = 9.28 (br.d , 'J".H= 14.J Hz.
I H ; Ru CH=CH), 8.78 (br.d , 'J,I.H = 15.0 Hz, 1 H; RuCH=CH) , 8.11
(br.d , 'J" .u = 4.6 Hz, I H ; py) . 7.50-6.82 (m , 35 H ; phenyl (PPh" slyryl».
6.14 (br.d , 'J H.H = 4.6 Hz, 2 H ; py) , 5.80 (br.d , 'J H .H = 14. 1 Hz, IH ;
RuCI-1=CH), 5.78 (br.d , ' J".II = 15.0 Hz, 1 H ; RuCH=CH) , 2.83-2.66 (m ,
6H; PCH(CH 3) , ). 1.34-1.23 ppm (m. 36H; PCH(CH,),) ; 13C NMR
(63 MHz. CO CI" 20°C): 0 = 203.44 (t , 'J".c = 15.3 H z; CO), 202.16 (I .
'J p.c = 12.7 Hz ; CO), 155.24 (I. ' Jr.c = 11 .63 H z; Ru CH= CH(py)). 153.43
(br. s; o-C(py» , 150. 1 (t , ' J r.c = 10.63 Hz ; Ru CH= CH(phenyl» , 143.0
(br. s; RuCH=CH), 141.39, 138.79 (s ; C,,,,) , 138.41 (br. s; RuCJ-I=CH ),
134.43 (t. ' J p.c = 5. 16 Hz; o-C (PPh,). 132.78 (t . J p.c =20.47 Hz; ipso-C
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(PPh,)), 128.96 (s; p-C (PPh,», 127.71 (s; CH(phenyl)). 127.32 (t, 'J" .<:=
4.42 Hz; m-C(PPh, )). 124.21, 123.23 (s; CH(phenyl)) , 11 8.3 (s; m- C(py»,
24.08 (t , J p.c = IO.55 Hz; CH(PiPr,», 19.84 ppm (d. ' J p c = 17.84 Hz; CH,
(PiPr,)) ; "PNMR (101 MHz, COCl, . 20°C): ,j = 39.36 (s; PiPr,).
26.88 ppm (s; PPh,). IR (KBr): v = 1919 (CO), 1607, 1594. 1579.1554.
1526 (C=C, aryl. vinyl. pyridine); element al analysis ca lcd (%) for
C" H 8S Ci,NO,P, Ru, : C 61.73. H 6.20. N 1.01 ; found: C 61.36. H 6.24. N
1.00.
[(l'iPr,),(CO)CIRu(,,-4-CH=CH-C,H,N)RuCI(I'I'h,),(CO»),(,,-H C--CH-C,H.-CH=CH- t ,3») (3a): A solution of [HRuC I(CO)(PiPr,),]
(112 mg, 0.226 mmol) in CH,CI, (10 mL) was slowly added 10 a slirring
solution of complex 2a (1 94 mg. 0.11 3 mmol) in CH,Ci, (10 mL). 11,e reaction mixture was stirred for 20 min and the solvent was removed under
reduced pressure. 11,e red-brown solid obtained was washed twice with
10 mL of diethyl ether and dried in vacuo. Yield: 185 mg (0.069 mmol,
61 % ). 'H NMR (250 MHz, COCi,. 20 °C): (\ = 9.26 (br.d. 3JII.n = 13.7 Hz.
2 H; RuCH=CH). 8.45 (br. d, 'J'I.11 = 18.0 Hz, 2 H ; RuCH=C H) , 8.09 (br. s.
4H; o-CH(py)), 7.54-6.99 (m. 60H ; PPH,) , 6.1 5 (br. s, 4H ; m-CH,(py» .
5.!!1 (br.d. 'J H .H = 13.7Hz, 2 H ; RuCI-1=CH) , 5.73 (br.d . ' J'i.H = 18Hz.
2H; RuCH=CH), 2.84-2.64 (m , 12 H; PCH (PiPr,» . 1.53-0.95 ppm (m ,
72 H; PCH(CH,), (PiPr,» ; "PNMR (101 MHz, COCi, . 20°C): ,) = 39.38
(s ; PiPr,). 26.7 ppm (s; PPh,) ; TR (KBr): v = 1914 (CO) , 1605, 1587, 1560,
1525. 1506, 1481 (C--C. vinyl. aryl. pyridine); elemental analysis calcd
(% ) for C13.H'64Ci, N,O, P, Ru.: C 60.85. H 6.16. N 1.04 ; found : C 59.89,
H 5.91, N 1.17.
[(I'il'r,),(CO)CIRu(,,-4-CH=CH-C,H,N)RuCl(I'Ph,),(CO»),(,I-HC--CH-C. H,-CH=CH-t,3)] (3b): A solution of [HRu CI(CO)(PiPr,),] (91 mg, 0.188 mmol) in CH,Ci, (10 mL) was added dropwise to
a stirring solution of 2b (1 58 mg, 0.092 mmol) in CH ,Cl, (10 mL) . After
stirring the reaction mixture for 20 min the solvent was re moved under
reduced pressure and the red-brown product obtained was washed three
times with 10 mL of diethyl ether and dried under vacuum . Yield :
204 mg (0.075 mmol, 81 % ). 'H NMR (250 MHz, COO" 2() °C): 0 = 9.28
(br.d, 'J,I.I' = 6.3 H z, 2H; Ru CH=CH) , 8.61 (br.d. ' JII .II = 15.4 Hz, 2 H;
Ru CH=CH), 8.17 (br.s, 4H; py), 7.6-6.95 (m , 60H; PPh,), 6.88 (t. ' JII .II =
7.0 Hz, I H ; H ' (bridge)), 6.54 (d. 'J H •H = 7.0 Hz. 2H; H'·· (bridge», 6.48
(s. I H ; H' (bridge» , 6.16 (br.s, 4H ; py), 5.84 (br.d, 'J H .H = 16.3 Hz. 41-1 ;
RuCH=CH(py) . phenyl (bridge» , 2,85-2,66 (m , 12H ; PCH(CH,),(PiPr,)), 1.44-1.12ppm (01 , 721-1 ; PCH(Cl-l), (PiPr., » ; 3I PNMR
(101 MHz, COCi, . 20 °C): 0 = 39.27 (s; PiPr,). 26.24 ppm (s; PPh.,); IR
(KBr): " = 1919 (CO) , 1606. 1588. 1565. 1553. 1525 (C=C, aryl. vinyl , pyridine); element al analysis calcd (% ) for CI.1.H'MCi.N,O,1'8Ru. : C 60.85. H
6.1 6, N 1.04 ; found: C 59.96, 1-1 6.00. N 1.37.
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