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with the vinyl substituent in the apical position and trans angles of
175.0(1) (C(11)=Ru—C(1) and 170.31(4)° (P(1)—Ru—P(2)) as well as
cis-angles in the range of 88.04(4) (Cl(1)—Ru—P(2) to 99.05(13)°
(P(2)~Ru—C(1)). This results from a 0.137 A displacement of the
metal atom from the basal plane towards the apical vinyl ligand.
The vinyl group itself has a C=C bond length C(1)—C(2) of 1.322(6)
A and suffers some opening of the Ru(1)—C(1)—C(2) angle to
134.5(3)° when compared to the C(1)—C(2)—C(3) angle of 125.5(4)°.
Torsional angles Ru(1)—C(1)—C(2)—C(3) of —170.0(4)° and C(1)—
C(2)—C(3)—C(4) of 12.6(7)° signal efficient conjugation throughout
the entire Ru—CH=CH—Ph moiety as it is routinely found in trans
configured vinyl ruthenium complexes bearing an aryl substituent.
This is in stark contrast to the aforementioned 4-(2,2-
dibromovinyl)[2.2]paracyclophane and 4,12-bis(2,2-dibromovinyl)
[2.2]paracyclophane where steric hindrance between the cis-
disposed bromine atom and the adjacent proton of the arene deck
prevent a coplanar arrangement with torsional angles Carene=
Carene—Cuiny=Cvinyl Of ca. 50°. Geometry optimization by density
functional theory (DFT, Gaussian 09 and ADF) on the simplified
model complex 2Me with the P'Pr3 ligands replaced by PMejs leads
to a structure close to the experimental one as is shown by the
comparison in Table 1. Bond lengths are reproduced within 0.02 A,
and the calculated C5---C9’ distance of 2.782 A and the mean
distance of 3.072A between the (3—C4—C6—C10 and
C3'—(C4'—-C6'-C10’ planes are in good agreement with experi-
mental separations of 2,773 A and 3.065 A. A graphical represen-
tation of the calculated structure is provided in Figure S6 of the
Supporting Information.

Individual molecules of 2 arrange into stepped stacks that run
along the diagonal of the ab-plane. The bulky P'Pr3 ligands induce
a lateral shift of individual molecules residing in parallel planes and
suppress any additional m-stacking interactions between them.
Hydrogen bonding interactions of 2.726 and 2.818 A are observed
between the ruthenium bonded CI(1) atom and one hydrogen atom
of each cocrystallized CH,Cl, solvate molecule which occupy voids
in between the stacks (see Figure S1 of the Supporting
Information).

Voltammetric studies on complex 1 reveal the presence of one
chemically and electrochemically reversible oxidation at 0.165 V
against the ferrocene/ferrocenium standard which is followed by
a chemically irreversible second oxidation process at 0.92 V (Fig. 2,
Table 2). These results are in full agreement with our observations
on the parent styryl complex RuCl(CH=CHPh)(CO)(P'Pr3), [74]. In
dinuclear 2, however, two consecutive, reversible one-electron
waves are observed at 0.125 and 0.335V while any additional
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Fig. 2. Cyclic voltammetry measurements on complexes 1 (top) and 2 (bottom) in
CH,Cl,/NBuy4PFs (0.1 M) at r.t. and at sweep rates of 50, 100, 200, and 500 mV/s.

Table 2
Electrochemical data for complexes 1-3 (CH,Cl,/0.1 M NBu,PFg, r.t.).

Complex  EQ$ (V] (3 mV)  E{f#" [V] (£3 mV) AEq); [mV] Keomp
1 0.165 0.92? n. a. n. a.
2 0.125 0.335 0.210(+3) 4100
3 0.184 0.289 0.105(+3) 64

@ Peak potential of an irreversible peak at v=0.1 V/s.

higher oxidation processes are shifted outside the accessible
potential window (Fig. 2). The appearance of two separate waves in
the 100—400 mV range instead of one suggests stepwise oxidation
of the redox-active electron-rich styryl ruthenium moieties. The
potential splitting and lowering of the first oxidation potential in 2
with respect to 1 provide first pieces of evidence for electronic
interaction between them but no quantitative measure for its
strength. Differences of redox potentials for stepwise electron
transfer in systems with two identical, interlinked redox sites are
subject to several contributions other than the “electronic
coupling”, in particular solvation energy changes and ion pairing
[76—80]. We nevertheless note that the half-wave potential sepa-
ration in 2 is considerably larger as that found in Akita’s
Cp*Fe(dppe) capped diiron pseudo-meta-diethynyl[2.2]para-
cyclophane complex (Cp*=n°-CsMes, dppe = 1,2-Ph,PC,H4PPh;,
AEj,=100mV) [28] and in Connick's pseudo-para-bis(picoli-
naldimino)-[2.2]paracyclophane-bridged dirhenium complexes
(AE12 =80 mV) [20].

In search of more direct measures of the electronic coupling we
generated radical cation 2" by electrolysis inside a transparent
thin-layer cell and compared its spectroscopic properties to those
of its mononuclear counterpart 1°*. The latter serves as a bench-
mark system of a complex closely related to 2 without electronic
interactions with another styryl ruthenium subunit. Oxidation of
complex 1 under IR monitoring resulted in a 57 cm™! blue shift of
the Ru(CO) stretch from 1910 to 1967 cm ™' and the appearance of
several new C=C bands in the 1640—1520 cm™! region which are
characteristic of oxidized styryl ruthenium complexes (Fig. 3) [81].
The rather modest magnitude of the »(CO) shift for the metal-
bonded carbonyl ligand is a consequence of the strong ligand
contribution to the oxidation of styryl-type complexes like 1 and
closely resembles our observations for the [RuCl(CH=
CHPh)(CO)(P'Pr3),]%* pair [74]. Such behavior contrasts to metal
based redox processes where »(CO) shifts in the range of
120—150 cm ' are expected [82—84]. Performing the same exper-
iment under UV/Vis/NIR monitoring induces the growth of new
bands with deconvoluted peak positions at 778, 706, 469 and
437 nm that are typical of the oxidized styryl ruthenium
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Fig. 3. Changes in the IR spectra upon the first oxidation of complex 1 (1,2-C,H,Cl,/
NBu4PF; (0.2 M) at r.t.).
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Fig. 4. Changes in the UV/Vis/NIR spectra upon the first oxidation of complex 1 (1,2-
C,H4Cly/NBuyPFg (0.2 M) at rit.).

chromophore (Fig. 4) [81,85,86]. With reference to earlier work on
pyrimidinedione appended derivatives [73] we assign these
absorptions as a m— " transition of the {Ru(CH=CHPh)}"
subunit and metal — styryl'' charge-transfer excitations, respec-
tively. All bands are red-shifted when compared to [RuCl(CH=
CHPh)(CO)(P'Pr3),]"" [74]. The maintenance of isosbestic points
throughout the measurements and the recovery of the spectra of
the parent neutral after a full oxidation/reduction cycle indicate
that 1'* is stable on the longer electrolysis timescale.

As is expected on the basis of its voltammograms, oxidation of
complex 2 occurs as two separate steps with absorptions of the
intermediate mixed-valent radical cation 2" clearly distinct from
those of neutral 2 and fully oxidized 22*. In IR spectroelec-
trochemistry the single CO band of 2 at 1909 cm ™' develops into
a two band pattern with separate absorptions at 1912 and
1962 cm~! (Fig. 5). This means that, in the radical cation state, the
two vinylRu(CO) subunits differ with respect to their intrinsic
electron densities. Of particular note is the growth of a broad
featureless band peaking at ca. 5700 cm ™' that envelopes the entire
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Fig. 5. Changes in the IR spectra upon the first (top) and second (bottom) oxidation of
complex 2 (1,2-C;H4Cl,/NBusPFg (0.2 M) at r.t.). Insert: Range from 3000 to 8000 cm ™'
showing the growth and the collapse of the IVCT transition of the intermediate radical
cation 2",

spectroscopic regime between 3000 cm~! and the high-energy

limit of our detector (see insert of Fig. 5). Red-shifts of the »(C=C)
absorptions of the vinyl and the arene groups are also observed.
Further oxidation to dicationic 22+ restores the one-band y(CO)
pattern with the corresponding band peaking at 1969 cm™' and
causes complete bleaching of the broad feature of 2°+ at 5700 cm ™!
(see insert of Fig. 5). This latter conspicuous feature is also observed
to grow under UV/Vis/NIR monitoring of the first oxidation with
a better defined maximum at 1828 nm (5470 cm™). Other bands of
2" resemble those of its mononuclear counterpart 1'" with a broad
structured feature near 700 nm whose low-energy shoulder
deconvolutes into a separate peak at 897 nm and a structured band
with peaks at 464, 426 and 397 nm. Full oxidation to 22* again
causes the disappearance of the characteristic 1828 nm band while
the other Vis/NIR absorptions of 2'" intensify and red-shift. Thus,
a new composite band with deconvoluted peaks at 1120, 903 and
730 nm is observed. The band near 450 nm also intensifies with
some loss of fine structure (Fig. 6). Nevertheless, separate maxima
at 457, 430 and 388 nm are identified upon deconvolution. Table 3
collects spectroscopic data for 1 and 2 in every accessible oxidation
state.

Shifts of CO stretching frequencies were interpreted by quantum
chemistry. In vacuo DFT calculations with the PBEO functional
strongly underestimate the splitting of CO frequencies in the radical
cation of diruthenium complex 2M€. This is in keeping with the
well-known fact that calculations with standard DFT functionals
frequently overestimate electron density delocalization. Recently it
was shown that larger admixture of HF exchange and/or the
inclusion of solvation effects leads to qualitatively correct descrip-
tions of electron delocalization in mixed-valent systems [86—89].
After inclusion of CPCM solvent correction the calculated sequence
of CO frequencies listed in Table 4 reproduces the experimental
data reasonably well. In the case of radical cation 2M®* with P'Pry
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Fig. 6. Changes in the UV/Vis/NIR spectra upon the first (top) and second (bottom)
oxidation of complex 2 (1,2-C;H4Cl,/NBusPFg (0.2 M) at r.t.).
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Table 3
IR and UV/Vis/NIR-spectroscopic data for 1, 1+, 2, 2°*, 22+ 3, 3"+ and 3%* in 1,2-
C,H4Cly/NBuyPFg (0.2 M).

Complex IR p[em ] ) [nm] (¢ [Lmol ' ecm™'])°

1 1910(s), 1553(m), 1544(m), 515 (140), 353 (sh, 2100),
1483(s), 1472(s), 1463(s), 362 (2840), 263 (sh, 2700),
1382(s), 1267(s), 1165(w), 238 (sh, 5400), 218 (8600)
1150(w), 1107(w), 1091(w),
1064(w), 1056(w), 1030(m)

1+ 1967(s), 1641(w), 1628(w), 735 (1070), 540 (sh, 640),
1568(w), 1520(w), 1483(s), 466 (3430), 434 (sh, 2650),
1472(s), 1463(s), 1382(m), 381 (1500), 274 (2170),
1267(w), 1154(w), 1107(w), 213 (8600)

1091(w), 1061(w), 1030(m)

2 1909, 1555(m), 1544(m),
1483(s), 1471(s), 1461(s),
1383(m), 1169(w), 1148(w),
1105(w), 1087(w), 1061(w)

o i 5680,% 1912, 1962, 1571 (w),
1546(m), 1537(m), 1530(m),
1482(s), 1471(s), 1403(m),
1384(m), 1181(w), 1169(w),
1148(w), 1105(w), 1087(w),
1061(w), 1030(w)

g4+ 1969, 1525(w), 1384(m),
1484(m), 1467(m), 1156(m),
1090 (w), 1061(m)

519 (660), 328 (21,200),
243 (sh, 29,000)

1828 (1100), 897 (sh, 2000),
700 (4000), 461 (12,700),
429 (13,000), 397 (12,000),
308 (17,000)

1120 (sh, 4700), 903 (9800),
730 (sh, 8200), 610 (4300),
450 (23,500), 388 (sh, 2560),
271 (18,000)

501 (500), 390 (3000),

310 (22,000), 228 (sh, 25,000)

3 1911, 1600(w), 1576(m),
1549(m), 1383(s), 1170(m),
1152(m), 1107(w), 1061(w),
1029(w)

: 1911,” 1972,° 1597(m),
1548(m), 1537(w), 1383(s),
1152(m), 1107(m), 1090(w),
1061(m), 1034(w),

32+ 1973,” 1582(m), 1169(sh),
1155(m), 1108(m), 1090(w),
1062(m), 1036(w), 1028(m)

917 (625), 674 (3500),
418 (sh, 10,000), 407 (10,500),
306 (15,000)

676 (1760), 421 (sh, 6000),
405 (6400), 300 (16,600)

4 Electronic IVCT band of the respective radical cation.
b pata from spectral deconvolution.

ligands modeled as PMes, geometry optimization leads to a broken
symmetry solution (for details see Table S2 of the Supporting
Information) and to the concentration of spin density on one
styryl ruthenium subunit as it is depicted in Fig. 7 and listed in
Table S3 of the Supporting Information. The CO stretching
frequencies calculated at 1911 cm ™! for 2M€ are shifted to 1915 and
1950 cm ™' for monooxidized 2M¢* and finally to 1963 and
1964 cm ! for fully oxidized 2M€ 2+ irrespective of the overall spin
state (singlet diradical or triplet). It should be mentioned, though,

Table 4
The comparison of GO9/PBEO/CPCM (1,2-C,H,4Cl,) calculated CO stretching frequen-
cies for 1Me nt gMen+ g4 gMe nt Wit experimental ones.

Calculated?® Experimental

v (CO) v, (CO) vy (CO) v, (CO)
1Me 1910 - 1910 -
e 1957 - 1967 -
aMe 1911 1911 1909 1909
aMeH 1915 1950 1912 1963
M2 1962° 1963" 1969 1969

1963¢ 1964¢
3Me 1911 1912 1911 1911
g 1915 1964 1912 1972
SUESE 1967" 1968" 1972 1972

1967¢ 1968

* Calculated frequencies are scaled by a factor of 0.952.
b Calculated for UKS singlet diradical state.
¢ Calculated for UKS triplet state.

that the continuum model underlying the solvent correction is not
wholly adequate considering that the X-ray structures of all vinyl
ruthenium complexes that contain CH,Cl; solvent molecules show
specific hydrogen bonding between the ruthenium bonded chlo-
ride ligand and the CH,Cl; solvent molecules.

EPR spectra were recorded on electrochemically oxidized
samples of 1, 2"+ and fully oxidized 22" at various temperatures
and concentrations in both the X- and the S-band (see Table 5 and
Figures S2 and S3 of the Supporting Information). At T=303 K,
monooxidized 1"" generated at a working potential of 0.6 V versus
an Ag pseudo-reference electrode shows a three-line resonance
signal at giso = 2.035 with resolved 3'P hyperfine splitting of 22.5 G.
Upon cooling, the spectra show anisotropy due to slow tumbling in
solution which results in general signal broadening. No further
couplings could be resolved even at lower modulation amplitudes.
At 120 K in a rigidly frozen glass 1'* exhibits an axial g-matrix with
individual g-values of 2.064 (g,) and 2.035 (g,) giving
<gav> = 2.045. The proximity of giso and <gay> to the g-value of the

Fig. 7. DFT (PBEO/CPCM) calculated spin densities for 1M¢* (top), 2 ** (middle), and
3Me *+ (bottom). Blue and green colors indicate positive and negative spin density,
respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article,)
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Table 5

EPR data for radical cations 1°*, 2°*, 3'* and dioxidized 22* and 32*.
Complex Experimental Calculated

(T=273K) i 81 <Za> at 110 K; (Ag) 8iso 81, 82, 83 (Ag)

1+ 2.035; A'P)=22.5G 2.064, 2.035 <2.045>; (0.029) 2.026 2.037, 2.023, 2.019 (0.018)
2t 2.034 2.062, 2.035 <2.044>; (0.027) 2.029 2.041, 2.026, 2.019 (0.022)
2%+ 2.034; A'P)=22.7G 2.061, 2.035 <2.044>; (0.026)
3 2.040 2.071, 2.036 <2.048>; (0.035) 2,037 2.052, 2.035, 2.024 (0.028)
3%+ 2.038; AC'P)=24.0G 2.063, 2.037 <2.046>; (0.026)

free electron and the small g-matrix anisotropy Ag of only 0.029 are
both tokens of the dominant contribution of the arylvinyl ligand to
the SOMO of the radical cation as has been observed on previous
occasions [74,81,85,90—92]. Monooxidized 2" gives an isotropic
signal at g = 2.034. A broadening of the signal and some inflections
suggest underlying hyperfine splittings which, however, were not
resolved at any temperature in the 303—203 K range. Again we
observe anisotropic signal broadening as the temperature is low-
ered. At 120 K, the signal is axial with g-values of 2.062 (g, ) and
2.035 (gu) (<gav> = 2.044). When the electrolysis was performed
for a longer time at an applied potential of 1.0 V (vs. Ag/Ag"), i.e. at
a potential sufficiently anodic of the 2'*/2* wave, a strong isotropic
signal with well-resolved 31p hyperfine splitting of 22.7 G was
observed at giso = 2.034 that we assign to dioxidized 22+, Cooling of
the solution caused signal broadening with the partial loss of
resolution until, in the frozen glass, an axial signal with g, = 2.061,

n=2.035 and <gz> =2.044 was obtained. No half-field signal
was detected in either the fluid or the frozen solutions. Solutions of
2t generated by extensive electrolysis of 2 at an applied potential
of 0.6 V (against Ag/Ag") did not show any better resolution in the
S-band than those recorded in the X-band (see Figure S5 of the
Supporting Information). Individual g-values and anisotropies for
2Me -+ were also calculated by DFT (see Table 5) and are in good
agreement with experimentally measured ones. UKS calculations
on doubly oxidized 2M¢ 2+ were performed on diradical singlet and
triplet states. Both states are energetically close, the singlet being
slightly more stable by about 0.01 eV. In both states the spin density
is almost equally spread over the both vinyl ruthenium subunits
(Figure S7).

3.2. Half-open, ortho-connected 3: an analog of 2 without n-
stacking

There is a general consensus that through-space (i.e. w-stacking)
and through-bond pathways are both relevant for electron delo-
calization in odd-electron [n.n]paracyclophanes [22,42]. Literature
data are, however, somewhat inconclusive with respect to the
relative contributions of the two complementary pathways to
overall charge and spin delocalization. In an attempt to shed more
light on this issue we prepared the dinuclear complex 3 as a half-
open “[2.1]orthocyclophane” analog of 2 where the two styryl
decks are non-parallel and kept apart (Chart 1; for the DFT-
optimized structure see Figure S6 of the Supporting Information).
In order to render both available through-bond pathways roughly
equivalent and comparable to those in 2, the longer ethylene linker
is placed in direct conjugation with the styryl ruthenium subunits
(i.e. the para position) while the shorter methylene strap is in the
less favorable meta one.

Complex 3 was prepared from 3,7-diethynyl-10,11-dihydro-5H-
dibenzo[a,d]cycloheptene and the hydride complex RuCIH(CO)(-
P'Pr3),. It is authenticated by the characteristic 'H and *C NMR
resonances of the vinyl ruthenium subunit at 8.43 (Ru—CH=CH),
5.90 (RuCH=CH), 149.0 (Ru—CH) and 134.4 (Ru—CH=CH) ppm and
the expected signals of the bridging methylene groups at 3.91 (CH;)

and 3.02 (C;H4) ppm as well as by one singlet signal at 38.4 ppm in
31P NMR spectroscopy. IR features include the characteristic Ru(CO)
stretch at 1911 cm™" and C=C bands at 1576 and 1549 cm . Vol-
tammetric measurements show two chemically reversible one-
electron processes that are merged into a composite wave in
cyclic voltammetry but are resolved into individual peaks in
differential pulse and square wave voltammetric experiments
(Fig. 8, Table 2). Digital simulation of representative cyclic vol-
tammograms [93] or deconvolution of the square wave voltam-
mograms yield a half-wave potential difference AEj; of 105(+3)
mV and, according to Eq. (1), a comproportionation constant Keomp
of 64(+8). This is to be compared with a value of 4.1(+9) x 103 for 2
(AEqj2 =210(+£5)) mV where m-stacking is operative.

Keomp = exp{(n»F-AEl/z)/(R-T)} (1)

Spectroelectrochemical measurements were undertaken in
order to determine the electronic coupling in monooxidized 3'*. IR
spectroelectrochemistry again revealed the presence of two
consecutive one-electron steps with the appearance of two Ru(CO)
bands during the first and their merging into a single one upon the
second oxidation (Fig. 9). This information is, however, hard to
glean from the experimental mid IR spectra pattern alone since
there is apparently no shift from the band of 3 to the low-energy
feature of 3'* and from the high-energy band of 3'* to the single
one in dioxidized 32". There is, however, a broad high-energy
feature whose maximum lies just outside our detector range that
first grows in and then collapses as the oxidation from 3 to 3t and
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Fig. 8. Electrochemical investigations on complex 3 in CH,Cl,/NBu4PFg (0.1 M) at 1. t.
Bottom: Cyclic voltammetry at sweep rates of 50, 100, 200, and 500 mV/s; top: Square
Wave Voltammetry; the peak on the right hand side corresponds to the internal
Cp*,Fe®* couple.
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Fig. 9. Changes in the IR spectra upon the first (top) and second (bottom) oxidation of
complex 3 (1,2-C;H4Cl,/NBu4PFs (0.2 M) at r.t.). Insert: Range from 3000 to 8000 cm ™'
showing the IVCT transition of the intermediate radical cation 3'*.

then to 3%% proceeds (see insert of Fig. 9). The spectrum with the
highest absorbance of this band thus defines the point at which the
concentration of monooxidized 3'* reaches its maximum. This
low-energy band extending into the IR region is also seen in UV/
Vis/NIR spectroelectrochemical experiments (see insert of Fig. 10).
It has no equivalent in oxidized 1°* but resembles that observed in
2"t Itis thus therefore assigned as the IVCT transition of 3'*. Band
parameters as determined by spectral deconvolution are
Vmax = 10,900 cm™' (917 nm),  emax =625 mol'em™'  and
4171/2 =4250 cm™ . The typical bands of the oxidized styryl ruthe-
nium chromophore are also observed as structured bands near
675 nm and 410 nm (Fig. 10); deconvoluted peak positions and
extinction coefficients are given in Table 3.

EPR studies on electrogenerated 3'* (electrolysis at 0.6 V) and
fully oxidized 32* (prolonged electrolysis at 1.0 V) resulted in the
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Fig. 10. Changes in the UV/Vis/NIR spectra upon the first oxidation of complex 3 (1,2-
CyH4Cly/NBusPFg (0.2 M) at 1. t.). Insert: Deconvolution of the bands at low-energy.
Experimental spectrum (black line), deconvoluted individual bands (green lines), and
superposition of individual bands (red line). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

same observations as in the case of the corresponding para-
cyclophanes 2+ and 22*, Thus, 3"+ gave a broadened isotropic
signal at g = 2.040 without resolved 3'P hyperfine splittings which
further broadened upon cooling and finally turned into an axial
pattern at T=120K in the frozen matrix. As for 2'*, the spectral
resolution and band widths of electrogenerated samples of 3'* did
not change when they were recorded in the S-band. Prolonged
electrolysis at 1.0V, a potential sufficiently positive of the 3 +/2+
couple, produced a binomial 1:2:1 three-line signal at r.t. at
g=2.038 with AC'P)=24.0G. Freezing the solution to 120K
changed the spectrum to an axial pattern (g, =2.063, g, =2.037,
<gav> = 2.046), again with no half-field signal detected (Table 5
and Figure S4 of the Supporting Information). The somewhat
larger g-values and A(3‘P) coupling constants of 3"t when
compared to those of 2" argue for an increased metal contribution
of the SOMO and are well reproduced by our quantum chemical
calculations (see Table 5 and Table S3 of the Supporting
Information).

4, Discussion

The main issue of this study was to experimentally probe for the
strength of the electronic coupling in the mixed-valent radical
cations 2'" and 3'* and for the extent to which the t-stacking (or
through-space) pathway and the through-bond pathway via the
saturated alkylene straps contribute to it. While information as to
the extent of electron delocalization in mixed-valent systems can in
principle be obtained from several spectroscopic or even compu-
tational methods, the oxidation-induced IR band shifts provide the
most straightforward access to electron delocalization in the radical
cations 2t and 3'*. Geiger et al. have defined a charge distribution
parameter Ap according to Eq. (2) which is based on the relative
shifts of the charge-sensitive CO stretches of metal-bonded
carbonyl ligands with respect to the bordering isovalent ones
[22,94]. In Eq. (2), vox and veq denote the band positions of the IR
label in the fully oxidized and the fully reduced forms while v’y and
V'req are the band positions of the (formally) oxidized and (formally)
reduced subunit of a mixed-valent system. According to that defi-
nition, Ap may assume values ranging from 0 to 0.5 where a value of
0 denotes the class I limit of a mixed-valent system with fully
localized valencies on two non-interacting redox sites while
Ap=0.5 heralds the class I limit of full charge delocalization
[22,94].

dp = [(Vox = V;)x) o (V'red - Vred)]/z(vox — Vred) (2)

Experimental data on the 2%+/2* redox series (Table 3) yield
a Ap value of 0.08 for 2'*. According to that result 2'* is a moder-
ately coupled class Il mixed-valent system. In keeping with that
assignment 2" displays a characteristic low-energy electronic
absorption band at A=1828 nm (Vmax =5470cm™')  with
emax = 1100 Imol ' ecm ™! and Af/uz = 4870 cm ™. This band has no
equivalent in oxidized 1"" (whose UV/Vis/NIR spectrum otherwise
closely resembles that of 2'") with only one styryl ruthenium
moiety, or in reduced 2 and fully oxidized 22*, where the two styryl
ruthenium subunits are isovalent.

The combined effects of a very small magnitude of the oxida-
tion-induced Ru(CO) band shifts and of the only moderate com-
proportionation constant K. pose a particular problem when
determining the CO band positions (and hence Ap) of 3'*. A K. value
of 64 dictates that, at the point of maximum concentration of the
intermediate radical cation, 80% of the total amount of compound 3
are in the 3'* oxidation state whereas 10% of reduced 3 and fully
oxidized 32* each are present. Based on this consideration, the
hypothetical spectrum of 3" can be calculated from the
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experimental curves. Estimated »(CO) values are 1911 and
1972 cm ™! as compared to 1911 cm ™! for 3 and 1973 cm ™ for 32+,
From that result it is clear that the charge distribution parameter
for 3'" is, at best, rather small and no larger than 0.01. Nevertheless,
3" also features an electronic band at fairly low-energy
(Vmax = 10,900 cm, Amax = 917 nm) besides additional absorptions
that are characteristic of the oxidized styryl ruthenium chromo-
phore. This band has no equivalent in 1°*, 3 and 3%+ and is thus also
likely of IVCT origin. Taken together, 3'* may be classified as
a weakly to very weakly coupled mixed-valent system of class II.

These conclusions based on experimental evidence are sup-
ported by our quantum chemical calculations on the PMej ligated
model complexes 2M** and 3Me+ The calculated energy differ-
ence between the two CO stretches is considerably smaller for
3Met a5 for 2Me+ Calculated structures and spin density distri-
butions upon oxidation also point to a different degree of ground-
state charge and spin delocalization for the radical cations. For
3Me+ removal of an electron structurally affects just one styryl
ruthenium site while there are hardly any changes on the other. In
contrast, both styryl ruthenium sites are affected upon oxidation of
2Me (o 2Me+ albeit to a different degree. Moreover, the DFT (PBEO/
CPCM) calculated spin density distribution shows that the unpaired
spin resides on just one {Ru}-styryl subunit of the half-open
orthocyclophane 3¢+ whereas there is some degree of spin
delocalization between the two styryl ruthenium decks in the true
[2.2]paracyclophane radical cation 2M€*, (see Fig. 7 and Tables S2
and S3 of the Supporting Information).

The above conclusions pertain to the intrinsic electronic ground-
state delocalization on the timescale of molecular vibrations, that is
on timescales shorter than 10~"'s. They, however, provide not
much information about electron transfer dynamics. EPR is a highly
useful tool to address this issue since it operates on a slower
timescale of ca. 108 s. EPR investigations on the radical anions of
[2.2]paracyclophanes [41] or their dinitro derivatives [43] or on the
radical cations derived from electron-rich anisyl-derived or
triarylamine-decorated [2,2] and [3,3]paracyclophanes identified
them as intrinsically delocalized systems on the EPR timescale with
electron transfer rates of ca. 1-10%s~!, irrespective of the strap
lengths [45—47]. Our failure to observe resolved hyperfine split-
tings in the X-band and S-band EPR spectra of radical cations 2'*

and 3'" unfortunately does not allow us to determine the rates of
intramolecular electron transfer for these systems. Insufficient
signal resolution for detailed analysis might originate from a larger
number of unresolved hyperfine interactions with smaller coupling
constants when compared to 1°* with just one oxidized styryl
ruthenium entity. A doubling of the number of hyperfine splittings
with simultaneous reduction of coupling constants by one half is
expected of a mixed-valent system with the spin delocalized over
two redox-active subunits and has been documented on several
occasions. Instructive examples are Kochi's triphenylenes where
two redox-active 4-methyl-2,5-dimethoxyphenyl entities are
bridged by a central para-phenylene or -diphenylene bridge [95],
Gladysz's butadiynediyl-bridged dirhenium complex [{Cp*Re(-
NO)(PPh3)}a(p-Ca)]"t and its Pd/Re, counterpart trans-[{Cp*Re(-
NO)(PPh3)(u-C4)}2Pd(PPh3),|" (Cp* = n°-CsMes) [96] and the
bis(triarylamine)-appended paracyclophanes of Lambert and
Grampp (see Chart 2 for these systems) [47]. Another possible
source of signal broadening is homogeneous electron self-exchange
between the radical cations and the remaining neutrals in case of
incomplete oxidation of the neutral precursors to their radical
cations. Our present inability to produce pure samples 2'* and 3°*
by means of chemical oxidation (Ag" or acetylferrocenium) or by
quantitative coulometry under appropriate conditions does not
allow us to discriminate between these two possibilities. We
nevertheless note that similar [2.2]paracyclophane-bridged mixed-
valent radicals are all delocalized on the EPR timescale (see above)
and that the radical cation spectra of the triarylamine-substituted
paracyclophanes of Grampp's and Lambert’s study were all
obtained in the presence of a ninefold excess of the corresponding
neutral [47]. We therefore consider the first explanation as the
more likely one. This view is also supported by our observation that
the X- and S-band EPR spectra of 2+ and 3'* are basically identical:
If the broadening was due to exchange the relative rates of that
exchange and of the experiment would be altered and a narrowing
of the spectra would be expected.

Secondly, the absence of a half-field signal for dioxidized 22+
and 3%* indicates, that the unpaired spins behave independently as
insulated spins, i.e, electronic coupling in the dioxidized state is, at
best, very weak. Our calculations on 2M¢2+and 3¢ 2+ jpdeed place
diradical singlet and triplet ground states very close in energy with

An,N
ON .+
Ph,P\‘\
Re
o .t | C\\\
OMe E;I C .+
Ph PON‘l ¢
) X |
e Re G
OMe C
o Ph:,P-——Fl’d-——PPh,
|
; O
OMe ll?e ~~PPh, ? c
“ G Y
NO G c
OMe Re ~~PPhy
.
NO
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Chart 2. An = anisyl, 4-MeOCgH,4.
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the singlet diradical state as the slightly preferred one. For each
form the spin density is almost equally spread over both vinyl
ruthenium subunits.

5. Conclusions

Complexes 2 and 3 feature two interlinked styryl-Ru(CO)
CI(P'Pr3); subunits, whose phenyl rings are integrated into a [2.2]
paracyclophane or a [2.1]orthocyclophane system. These two
architectures have virtually identical through-bond distances
between the individual styryl ruthenium chromophores and their
metal centers but strongly differ with respect to the mutual
arrangements of the arene decks. Enforced 7-stacking at distances
well beyond the sum of the van der Waals radii in the case of the
[2.2]paracyclophane-derived complex 2 contrasts with a consider-
ably larger separation and a strong tilt induced by the ortho
ethylene and methylene hinges in 3. Complexes 2 and 3 are thus
ideal probes for studying the mutual contributions of the
“through-space” and “through-bond" pathways for electron delo-
calization in such odd-electron phane architectures. The relative
shifts of the Ru(CO) bands upon stepwise oxidation to their radical
cations 2'* and 3t and their dications 227 and 3%* provide
a quantitative measure of ground-state delocalization through the
charge distribution parameter Ap. Based on the experimental Ap
values, 2'" is a moderately and 3+ a weakly coupled mixed-valent
system of class II. The direct comparison of 2°* and 3'*, which
only differ with respect to the mutual arrangement of the indi-
vidual styryl ruthenium subunits, suggests that the through-space
pathway dominates over the through-bond one in effecting
delocalization  in  mixed-valent, odd-electron [2.2]para-
cyclophanes. This is under the assumption that delocalization via
the through-bond pathway is equal for both compounds. Our
results on odd-electron radical cations 2't and 3"t contrast to
quantum chemical calculations on neutral closed-shell para-
cyclophanes, where the through-bond pathway was calculated to
be the more efficient one for the [2.2]paracyclophane architecture
[97].

Quantum chemical calculations on the simplified model
complexes 2M¢ "+ and 3V€ "+ with the P'Pry ligands replaced by
PMes; reproduce the experimental structure of 2 and predict that
radical cation 2M®* assumes a completely delocalized electronic
structure in the gas phase. Inclusion of the CPCM solvent correction,
however, reproduced our experimental findings of partial or weak
ground-state delocalization in 2't and 3'* as is indicated by the
structural differences between the individual styryl halves, the
good agreement of the calculated CO band splittings with the
experimental ones and by the calculated spin density distributions.

Radical cations 2'* and 3'* show a moderately intense elec-
tronic NIR band which, by comparison with the spectra of the
reduced or dioxidized forms and those of the monoruthenium [2.2]
paracyclophane radical cation 1'%, is identified as an intervalence
charge-transfer (IVCT) transition.
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