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ABSTRACT: With the help of EPR spectroscopy, we show that the diamagnetic
[Ru(dppe)2(CCR)2] system sets up a magnetic coupling between two organic
radicals R, i.e., two nitronyl nitroxide or two verdazyl units, which is stronger than that
of related platinum organometallic systems. Surprisingly, further oxidation of the
ruthenium redox-active metal coupling unit (MCU), which introduces an additional
spin unit on the carbon-rich part, leads to the switching off of this interaction. On the
contrary, in simpler complexes bearing only one of the organic radical ligands [C6H5
CCRu(dppe)2CCR], one-electron oxidation of the transition metal unit
generates an interaction between the two spin carriers of comparable magnitude to that
observed in the above corresponding neutral systems.

■ INTRODUCTION

Devices operating at the molecular level raise a great level of
interest with the “bottom-up” approach expressed by Feynman
in 1959.1 In molecular-based switching devices, key physical
properties such as optical, electric, or magnetic properties can
be modulated with external stimuli.2 To this end, group 8 metal
acetylide complexes, displaying strong ligand-mediated elec-
tronic effects, are attractive redox-switchable candidates.3,4

They allow modulation of different features as nonlinear
optical,5 luminescent,6 magnetic,7,8 or optical properties,9,10 as
well as conductivity.11−16 Among them, ruthenium species with
a trans ditopic structure are especially attractive owing to their
exceptional ability to operate as a connector allowing electron
flow to occur between different elements in multicomponent
carbon-rich systems (“electronic communication”),3a,8,17−22

and for the subsequent achievement of efficient molecular
wires and junctions.11,14,23,24

As molecular magnetism is an attractive research area with
respect to the promising new materials that might be
prepared,25 many efforts have also been invested in the
elucidation of the role, sign, and magnitude of exchange
coupling of unpaired electron in related [M]CCR
CC[M] assemblies (“magnetic communication”).8,26 In
contrast, nothing has been reported on the capacity of such
metallic moieties to act as magnetic coupling units (MCU)
between remote radicals, apart from a report on a platinum bis-
ethynyl-phenyl-nitronyl-nitroxide complex displaying a weak
coupling between the two radicals (0.1 < |J| < 1 cm−1) through
the nonredox active diamagnetic transition metal being known
to be an inefficient mediator (Chart 1).27 Therefore, it occurred
to us that similar carbon-rich species including the redox active

fragment [Ru(dppe)2(CCR)2] (dppe = 1,2-bis-
(diphenylphosphino)ethane), with orbitals delocalized on
both the metal center and the acetylide ligands, should set up
a more efficient magnetic coupling between the remote spin
carriers. Another point of interest is related to the one-electron
oxidation that creates a paramagnetic species with a unique
electronic structure, since the spin density is largely delocalized
on both the 4d ion and the carbon-rich ligands. Therefore, such
properties should lead to a redox modulation of the coupling
between the magnetic partners, a domain that has been less
developed than the optical modulation,7b,28−30 and that should
be an advantage in the design of the new targeted materials
compared with purely organic or inorganic molecules.
Hence, in this work, we have taken advantage of the

[Ru(dppe)2(CCR)2] system (i) to set up a magnetic
coupling between two nitronyl nitroxide or two verdazyl units
through this diamagnetic ruthenium unit, and (ii) to achieve
not only the redox modulation of the exchange interaction
between those radicals in such assemblies, but also to modify
the magnetic behavior in simpler complexes bearing only one of
these organic radical ligands (Scheme 1). These organic radicals
have been selected because of their interest in the field of
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organic magnetism.31−38 In particular, nitronyl nitroxides
afforded the first purely organic magnet and they are widely
studied to control intramolecular magnetic coupling. Further-
more, the ruthenium acetylide system displays a sufficiently low
oxidation potential to avoid the radical oxidations.39 Two types
of connection of the verdazyl unit with the metal unit were
attempted, via a carbon atom or a nitrogen atom (Scheme 2),
as stronger magnetic coupling was expected in the latter
case.37c,40 With all complexes, the strengths of the intra-
molecular interactions were properly assessed in the isolated
state (dilute solution) with EPR spectroscopy.

■ RESULTS AND DISCUSSION

Complex Synthesis. The syntheses of the targeted
complexes were attempted following the well-established
procedure to achieve unsymmetrical and symmetrical bis-
(alkynyl)ruthenium complexes (Scheme 1).41 Therefore, the
ruthenium vinylidene bearing a phenyl group was reacted with
1 equivalent (equiv) of the appropriate verdazyl (HVD)42 or
nitronyl nitroxide (HNN)33 alkyne in the presence of a base
and a chloride abstracting agent to yield RuVD and RuNN. The
two complexes were purified by column chromatography on
alumina gel under an argon atmosphere and obtained as green
powders with moderate yields (53 and 41%, respectively). For
the symmetrical RuVD2 and RuNN2 complexes, cis-

[RuCl2(dppe)2] was reacted under similar conditions with 2
equiv of the appropriate alkyne to afford the targeted complexes
with isolated yields of 51 and 46%, respectively. As character-
istic features, we observed the expected υCC vibration stretch
for the acetylide complexes at 2057 and 2054 cm−1 for RuVD
and RuVD2 in the Fourier transform infrared (FTIR) spectra,
along with characteristic CO stretching from the verdazyl
part at 1685 and 1689 cm−1 for RuVD and RuVD2, respectively.
The acetylide vibration stretches were detected at 2052 and
2050 cm−1 for RuNN and RuNN2, along with the υN−O
vibration at 1357 and 1360 cm−1, respectively. The purity of
the compounds was further assessed with the help of
chromatography, high resolution mass spectrometry (HR-
MS), cyclic voltammetry, and EPR measurement (vide infra).
However, even when it was stored at −15 °C, the RuVD2
complex showed progressive degradation with time.
We further obtained the new related ethynyl functionalized

“N-linked” verdazyl radical 1-aryl-3,5-diphenyl-6-oxoverdazyl
radical HNV from the 1-(4-iodophenyl)-3,5-diphenyl-6-oxo-
1,2,4,5-tetrazane via copper free Sonogashira coupling with
trimethylsilylacetylene, followed by deprotection and oxidation
with benzoquinone (Scheme 2). Unfortunately, this compound
appeared to be unstable for further achievement of the
ruthenium complexes.

Electrochemical Studies. Cyclic voltammetry (CV) was
used to study the electrochemical behavior of all complexes

Scheme 1. Synthetic Pathways Yielding the Acetylide Complexes

Scheme 2. Synthetic Pathways Yielding the HNV Ligand
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(CH2Cl2, 0.2 M Bu4NPF6). Characteristic data are reported in
Table 1, where the values for the organic radicals are also
presented for comparison, and typical CV traces are presented
in Figure 1. In addition to a high potential chemically

irreversible event (see Supporting Information), three
processes are observed for RuVD and RuVD2. The electro-
chemically irreversible reduction process at negative potential is
also observed for the parent verdazyl ligand (Table 1) and is
characteristic of the reduction of the oxoverdazyl moiety.43 The
first and second oxidation waves are respectively ascribed to a
ruthenium bis-acetylide centered process and to a verdazyl
centered oxidation by comparison with related ruthenium bis-
acetylides and with HVD oxidation potential. More specifically,
(i) the first oxidation event, close to that of ferrocene, is a fast
reversible monoelectronic process with a potential value
characteristic of the organometallic core bearing one or two
weak electron-withdrawing groups44 as the oxoverdazyl rings
which have been shown to be as withdrawing as nitrogen
heterocycles,43 and (ii) the verdazyl centered oxidation in
RuVD and RuVD2 complexes has a very similar oxidation
potential to that of the parent ligand. The apparent 1:2 ratio
between the current intensity of the first oxidation wave and
that of the second one in RuVD2 nicely confirms the efficient
functionalization of the ruthenium core by two verdazyl ligands.
In addition, the low ΔEp value for this later process shows that
both verdazyl substituents are almost concomitantly oxidized,
indicating that these oxidation processes are rather localized on
independent verdazyl rings in the fundamental state. Overall,
the nitronyl nitroxide complexes RuNN and RuNN2 display
similar behaviors, i.e., with a first reversible process ascribed to
the carbon-rich moiety and a second reversible oxidation
centered on the organic radical(s) and comparable with that of
the free organic ligand HNN. As expected, the RuNN2 diradical

also displays two overlapping one-electron-oxidation processes
due to the presence of two nitronyl nitroxide ligands.

Optical Properties. The electronic properties of the four
complexes were investigated in the neutral state and in their
first oxidized state during electrochemical oxidation (Table 1,
Figure 2). The neutral complexes all display a band

characteristic of ruthenium acetylide systems at λmax ≈ 380
nm, usually described as multiconfigurational metal-to-ligand
charge transfer (MLCT) excitations corresponding to tran-
sitions from Ru(dπ)/alkynyl-based orbitals to metal/ligand
antibonding orbitals combined with intraligand (IL) π → π*
character.18,44 Their green color in dichloromethane solution is
related to their weak absorption band in the visible range of the

Table 1. Electrochemical and Optical Data

electrochemistry,a E°/V

E°(−/0) E°(0/+) E°(+/n+) UV−vis,b λmax/nm (ε/mol−1·L·cm−1) UV−visc of oxidized species, λmax/nm (ε/mol−1·L·cm−1)

RuVD −1.42d −0.01 0.30e (n = 2) 244 (50 000), 321 (15 800), 379 (27 000),
560 (300)

622 (1100), 1161 (5265)

RuVD2 −1.25d 0.02 0.31e (n = 3) 267 (72 000), 385 (60 000), 572 (1100) 526 (nd), 1190 (nd)
HVD −1.34d,f 0.33f 277 (43 000), 425 (1560), 485 (470) −
RuNN 0.02 0.41 (n = 2) 230 (50 000), 314 (sh,16 200), 372 (18 100),

658 (450)
230 (49 900), 314 (16 100), 1160 (2200)

RuNN2 0.06 0.41 (n = 3) 234 (44 900), 372 (24 850), 395 (sh, 22 600),
598 (350)

218 (84 500), 374 (31 300), 1206 (3900)

HNN 0.42 294 (16 000), 376 (9600), 598 (300) −
aSample 1 mM, Bu4NPF6 (0.2 M) in CH2Cl2, v = 100 mV·s−1 (potentials are reported in V vs FeCp2/FeCp2

+ as an internal standard), reversible
oxidation processes, ΔEp ≈ 60 mV. bIn CH2Cl2.

cIn 0.2 M NBu4PF6/1,2-C2H4Cl2.
dΔEp ≈ 200 mV. eΔEp ≈ 80 mV. fSee ref 42.

Figure 1. CV traces of RuVD (red line) and RuVD2 (black line) in
CH2Cl2 (0.2 M Bu4NPF6, v = 100 mV·s−1).

Figure 2. Absorption spectra and spectroscopic changes for (top)
RuVD and (bottom) RuNN in the UV/vis/NIR range during their
first oxidation in 0.2 M NBu4PF6/1,2-C2H4Cl2. Insets magnify the low
intensity bands related to the radical units of the neutral species.
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spectra around 550−650 nm due to the verdazyl or nitronyl
nitroxide radical parts. We further studied the modification of
these electronic spectra during electrochemical oxidation in an
optically transparent thin-layer electrochemical (OTTLE) cell.
The oxidation potential of the device was set between the first
and second oxidation potentials of each complex in order to
perform oxidation of the organometallic core only. Indeed,
further oxidation occurred to be irreversible on the time scale of
the experiments. Thus, upon the first oxidation, the most
striking features are (i) the decrease of the “MLCT” band, and
(ii) the concomitant appearance of a new low energy transition
in the near-IR (NIR) range with a maximum at λmax ≈ 1160−
1200 nm and displaying shoulders at higher energy. A closer
inspection of the energy plot of these NIR bands reveals that
the shoulders result from the overlap of several transitions
spaced by ca. 1000 cm−1 (see Supporting Information, Figure
S6, on the example of RuVD+). They are consistent with
observations reported by Low and co-workers45 on related
carbon-rich ruthenium acetylides, who assigned such envelopes
to the presence of different thermally accessible conformational
structures due to relative orientations of the metal fragment and
arylethynyl moieties. Such bands were also recently observed
upon oxidation of related ruthenium metal acetylides bearing a
bipyridine unit complexed to a lanthanide ion.6 They are
probably due to transitions from the highest occupied
molecular orbital (HOMO) − n to the singly occupied
molecular orbital (SOMO) resulting from the depopulation
of the HOMO dπ/π orbital. While the bands involve some
charge transfer between the metal groups and the carbon-rich
ligand, they certainly also exhibit a strong π → π* (IL)
character. In addition, in the case of RuVD and RuVD2, the low
extinction band at 560 nm is also red-shifted (by 70 nm) and
slightly enhanced during oxidation, whereas in the case of
RuNN and RuNN2, it remains unchanged. While the other
compounds show a reversibility of 90% or higher on the
spectroelectrochemical (SEC) experiment time scale, the
RuVD2 complex displays a poorer reversibility of ca. 50%,
consistent with the above-mentioned instability of the complex
and also with the EPR observation (vide infra). In parallel, IR
spectroelectrochemical experiments were conducted with
RuNN and RuNN2 (Supporting Information, Figure S7);
both complexes display an expected shift of the υCC vibration
stretch from 2052 and 2050 cm−1 to 1903 and 1897 cm−1,
respectively, upon one-electron removal. This results from the
bond weakening of the acetylide linkages upon one-electron
removal confirming a large involvement of the central
bis(ethynyl) ruthenium moiety in the first oxidation proc-
ess.41b,45

EPR Measurements. The magnetic properties of the
different compounds have been investigated by EPR performed
at X-band (ν0 ∼ 9.5 GHz). The EPR spectrum of RuNN single
radical in solution (Figure 3) shows the expected five-line
pattern for a nitronyl nitroxide radical.32,33 The experimental
spectrum was best simulated with a nitrogen hyperfine coupling
constant (hfcc) of 8.5 G, whereas the hfcc coupling with 101Ru
and 99Ru nuclei (I = 5/2, natural abundance 17 and 12%,
respectively) was not observed. Regarding the lack of the
observation of the so-called forbidden lines assigned to
transitions at H0/2 (ΔMS = ±2) for the triplet spin state and
at H0/3 (ΔMS = ±3) for the quartet spin state, it is worth
noticing that the observation of a H0/3 line has been scarcely
reported within pure organic triradicals. For instance, neither
the H0/2 transition nor the H0/3 one was observed for some

organic triradicals based on nitroxide.59 The observed 13-line
pattern of RuVD (Figure 4) is due to the hfcc coupling of two
sets of different nitrogen nuclei (a(14N1) = 6.5 G; a(14N2) = 5.3
G) and six 1H nuclei (a(1H) = 5.3 G).46

The EPR spectrum of the diradical derivative RuNN2 in
solution perfectly fits with a two-spin species with a(14NRuNN)/
2 = a(14NRuNN2

).36 In the frame of EPR spectroscopy, this
situation corresponds to the strong exchange limit and means
that the exchange coupling is much higher than the hyperfine
coupling. Due to its instability (vide supra), attempts to observe
the pure RuVD2 compound in solution were unsuccessful. The

Figure 3. X-band EPR experimental spectra (a) of RuNN and (b)
RuNN2 in CH2Cl2 diluted solution at room temperature.

Figure 4. X-band EPR spectra in CH2Cl2 diluted solution at room
temperature: (a) experimental spectrum of RuVD; (b) simulated
spectrum; (c) experimental spectrum of RuVD2; (d) simulated
spectrum.
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spectrum of RuVD2 corresponds in fact to a mixture of two
species.37c A good simulation was obtained by assuming an
admixture of 15% of one system bearing only one verdazyl unit
(issued from evolution) and 85% of RuVD2 (a(

14N1) = 3.1 G;
a(14N2) = 2.6 G ; a(1H) = 2.8 G).47,48

The frozen solution EPR spectrum of RuNN2 recorded at 4
K exhibits only one intense symmetrical line (ΔBPP = 11 G)
centered on g = 2.0 without any fine structure characteristic of
the triplet state. In the case of the RuVD2 compound, a similar
spectrum (ΔBPP = 21 G) was observed and the forbidden ΔMs
= ±2 transition was detected at half-field. This definitely signs
the biradical nature of the compound (see Supporting
Information, Figure S8).
The temperature dependence of the EPR signal intensities

points to weak antiferromagnetic coupling (Figure 5). Note

that the EPR susceptibility is assessed as usual with the
integrated intensity for the ΔMs = ±1 line with a high signal-to-
noise ratio, while it is given by the peak-to-peak amplitude for
the weak ΔMs = ±2 signal.32a This is correct as far as the line
shape does not vary. This procedure allows discarding possible
deviations due to ill-defined baseline or microwave power
saturation effects at low temperature. The experimental data
were fitted by a Bleaney−Bowers expression49 for an isolated
two-spin model (H = −JS1S2) with an additional contribution
of a Curie law for RuVD2 to account for the presence of the
single radical. A singlet−triplet splitting of J = −2.1 cm−1 and J
= −4.2 cm−1 is assessed for RuNN2 and RuVD2, respectively.
Note that the accuracy on the J value is given by the fitting
process (∼10%). For RuNN2 singlet and triplet spin states can
be considered as quasi-degenerate, whereas for RuVD2 the
singlet−triplet (ST) gap is more important. It is worth noting
that the study of the exchange interaction through a

diamagnetic metal core27,50 is less documented as compared
to π spacers.32−34,36 The present RuVD2 and RuNN2
compounds offer a quite rare example of a diradical species
with an organometallic ruthenium core as a spacer (Table 2).

They show exchange interactions of the same nature
(antiferromagnetic, AF) but of smaller strength as compared
with the ruthenocene core (−38 cm−1), and probably
established through a similar spin polarization mechanism.51

However, the distance between the remote radical termini in
our systems is much larger so that, with comparable (imino or
nitronyl nitroxide) diradicals, 1,4-(2,5-bis(dodecanoxy)phenyl)
and Pt(PPh3)2 offer a better point of comparison with the
Ru(dppe)2 core.
When comparing Ph and Pt spacers, the platinum based

organometallic moiety within the organic spacer leads to a
smaller singlet−triplet (ST) exchange splitting. Moving to
ruthenium yields an ST gap similar to that for an aromatic
fragment as in Ph. Therefore, the d orbitals of the diamagnetic
transition metal are probably involved in a superexchange-like
pathway. The apparent better efficiency of a ruthenium center
compared to a platinum one in promoting electronic coupling
with the alkynyl ligand may express the expected better π−d
hybridization through orbital overlap.
The other interest of the studied compounds is related to the

possibility of generating a third magnetic actor as a para-
magnetic metallic center on the metal site. As the first oxidation
waves of mono and bis compounds were attributed to a
ruthenium bis(acetylide) centered process, the magnetic
coupling has been subsequently studied after chemical
oxidation.52 Singly oxidized species were generated by addition
of KAuCl4

53 in CH2Cl2 to afford the corresponding
monooxidized RuNN+, RuNN2

+ and RuVD+, RuVD2
+ cations

at room temperature. The peculiar features due to the presence
of triplet spin state or of quartet spin state, being expected after
oxidation respectively for the monoradical or for the diradical
derivatives, were not systematically observed. The compounds
RuVD+ and RuVD2

+ show similar EPR spectra in frozen
solution with a single line centered at g = 2 (ΔBPP = 21−22 G).
The occurrence of a biradical is signed by a half-field transition
(g ∼ 4) for RuVD+ (see Supporting Information, Figure S9). A
broad single line is observed at 4 K for RuNN+ (ΔBPP = 25 G)
and RuNN2

+ (ΔBPP = 21 G). The line width decreases as the
temperature increases and some structure is observed beneath,
which becomes more visible. The observed spectra are similar
to that of phenyl-monoNN (see Supporting Information,
Figures S10 and S11).54 The temperature dependence of the
EPR susceptibility χEPR corresponding to the integrated EPR

Figure 5. Temperature dependence of the EPR susceptibility (χT
product) in CH2Cl2 frozen solution: (a) ○, integrated intensity χEPRT
for ΔMs = ±1 line for RuNN2, (b) △, integrated intensity χEPRT for
ΔMs = ±1 line for RuVD2; □, peak-to-peak amplitude for ΔMs = ±2
for RuVD2. The continuous line represents the fit for a two-spin
model.

Table 2. Comparison between Organic and Organometallic
Magnetic Coupling Units (MCU)

X R• Ja/cm−1

Ph 1,4-(2,5-bis(dodecanoxy)
phenyl)

imino
nitroxide

−2.233

Pt Pt(PPh3)2 nitronyl
nitroxide

−1 < J < −0.127

RuVD2 Ru(dppe)2 verdazyl −4.2 [this work]
RuNN2 Ru(dppe)2 nitronyl

nitroxide
−2.1 [this work]

aH = −JS1S2.
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signal has been measured for all of the generated cations
(Figure 6). Experimental data for the monooxidized species can

be reproduced by a singlet−triplet equilibrium, for both RuVD+

and RuNN+. The magnetic behavior of the oxidized biradical
species has been simulated upon assuming the coexistence of
neutral and oxidized species, i.e., the addition of a linear three-
spin model with two identical J exchange couplings55 and a
two-spin model.

χ =
+ −

+ −

+ − + −
+ − + −

⎪

⎪

⎪

⎪

⎧
⎨
⎩

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥
⎫
⎬
⎭

T C x
J k T

x

J k T J k T

J k T J k T

2
3

3 exp( / )
0.75(1 )

10 exp( 3 / ) exp( / )

2 exp( 3 / ) exp( / )

ST B

3S B 3S B

3S B 3S B

In this expression, J3S represents the doublet−quartet
splitting and JST is the singlet−triplet splitting. The Curie
constant C is that for an S = 1/2 spin, and x is the amount of
two-spin species. The obtained values are reported in Table 3.
To assess the level of confidence of the J values the fit
parameters have been obtained, while, e.g., doubling the x
values. The obtained J values for the three-spin systems are thus
affected by ca. 20% at most.
Magnetic studies performed on RuVD2 and RuNN2

biradicals before oxidation gave us an assessment of the J
value between two organic spin carriers through a diamagnetic
Ru(II) center. We could now compare them with RuVD+ and
RuNN+ after oxidation of the Ru(II) carbon-rich center,
keeping in mind that the magnetic coupling in these derivatives

sets up between an organic radical and a metal at a shorter
interspin distance than in RuVD2 and RuNN2. First, the ST
gaps of RuVD+ and RuNN+ are similar to those of RuVD2 and
RuNN2, respectively. This is quite surprising, since it may be
considered that through bond spin exchange is mediated via
diamagnetic metal orbitals within RuVD2, while it is a direct
metal spin-radical spin coupling within RuVD+. It is therefore
amazing that the magnetic switch is counterproductive for the
improvement of magnetic exchange, as it is observed that the
presence of a third spin carrier causes a decrease of the
magnetic coupling within RuVD2

+, while switching it off in
RuNN2

+. In situ electrolysis of RuNN2 compound at room
temperature was performed to confirm the results obtained
after chemical oxidation. Applying a potential matching the first
oxidation potential (vs Ag as reference electrode) leads to an
admixture of mono- and biradical components after a few
minutes of electrolysis (Supporting Information, Figure S12).
This strengthens the observation that the presence of a third
spin center on Ru switches off the magnetic coupling exchange
between the two remote side radical spin carriers. To rule out a
parallel decomposition of the compound, it was observed that
applying a negative potential could regenerate the EPR
spectrum of the biradical.

Concluding Remarks. In this work, we have shown with
the help of EPR spectroscopy that in simple complexes bearing
one nitronyl nitroxide or verdazyl radical ligand [C6H5C
CRu(dppe)2CCR], one-electron oxidation of the
transition metal carbon-rich unit generates an antiferromagnetic
spin alignment between the two spin carriers of ca. 2 and 4
cm−1 for nitronyl nitroxide and verdazyl radicals, respectively.
Interestingly, the diamagnetic [Ru(dppe)2(CCR)2]
system is able to set up a similar magnetic coupling between
two remote radical units, i.e., nitronyl nitroxide (−2 cm−1) or
two verdazyl radicals (−4 cm−1), in a more efficient way than
the related platinum organometallic system (see Table 2).
Unexpectedly, while introducing an additional spin unit on the
metal MCU, oxidation leads to the decrease or the switching off
of these interactions (∼−1 and ∼−2 cm−1, respectively). A
Hubbard model could be considered to explain qualitatively the
mechanism taking place in oxidized compounds. The spin
delocalization and the through bond magnetic interaction may
involve a double occupancy of the Ru site. The on-site
Coulomb repulsion (U) could then oppose the setup of
magnetic interaction and/or electron delocalization (t), thus
lowering the magnetic exchange interaction according to the t2/
U dependence of the exchange interaction in such a localized
Heisenberg scheme.56 Alternatively, another explanation could

Figure 6. Temperature dependence of the EPR susceptibility (χT
product) in CH2Cl2 frozen solution: (top) ○, RuNN2

+ (ΔMs = ±1
line); △, RuNN+ (ΔMs = ±1 line). The continuous line represents a
fit for a three-spin model. (bottom) ○, integrated intensity χEPRT for
ΔMs = ±1 line for RuVD2

+. The continuous line represents a fit for a
three-spin model. △, peak-to-peak amplitude for ΔMs = ±2 line for
oxidized RuVD+.

Table 3. EPR Parameters (hfcc’s) and Exchange Coupling
Data for Complexes in CH2Cl2 Dilute Solution

complex giso aN
iso/G aH

iso/G J/cm−1

RuNN 2.004 8.5 − −
RuNN2 2.005 3.8 − −2.1
RuVD 1.990 6.5; 5.3 5.3 −
RuVD2 1.991 3.1; 2.6 2.8 −4.2
RuNN+ ∼2.0a − − −2.2
RuNN2

+ ∼2.0a − − −0.7b

RuVD+ ∼2.0a − − −4.2
RuVD2

+ ∼2.0a − − −1.8b
aValue in frozen solution at 4 K. bThe amount of two-spin species, x =
0 for RuNN2

+ and x = 0.15 for RuVD2
+ as concluded from EPR in

solution at RT.
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rely on the fact that the oxidation processes shift the energy
level of the ruthenium core, preventing the magnetic coupling
via an efficient polarization mechanism, a point currently under
investigation with the help of theoretical calculations.

■ EXPERIMENTAL SECTION
General Comments. The reactions were carried out under an

inert atmosphere using Schlenk techniques. Solvents were dried and
distilled under argon using standard procedures. HR-MS spectra were
recorded on a Bruker MicrO-Tof-Q 2 spectrometer. The ruthenium
complexes trans -[Cl(dppe)2RuCCHPh][OTf],57 c is -
(dppe)2RuCl2,

58 radical HVD,42 and HNN33 have been obtained as
previously reported.
Electrochemical studies were carried out under argon using an Eco

Chemie Autolab PGSTAT 30 potentiostat (CH2Cl2, 0.2 M Bu4NPF6),
the working electrode was a Pt disk, and ferrocene was the internal
reference. UV−vis−NIR spectroelectrochemistry (SEC) experiments
were performed at 20 °C, under argon, with a homemade optically
transparent thin-layer electrochemical (OTTLE) cell, path length = 1
mm, using a Varian CARY 5000 spectrometer and an EG&G PAR
Model 362 potentiostat. A Pt mesh was used as the working electrode,
a Pt wire was used as the counter electrode, and an Ag wire was used
as a pseudoreference electrode. The electrodes were arranged in the
cell such that the Pt mesh was in the optical path of the quartz cell.
The anhydrous freeze−pump−thaw degassed sample-electrolyte
solution (0.2 M n-Bu4NPF6) was cannula-transferred under argon
into the cell previously thoroughly deoxygenated. IR experiments were
performed under similar conditions using a modified cell with KBr
windows and a Bruker IFS28 spectrometer.
EPR spectra were recorded on a Bruker EMX spectrometer

operating at X-band (9.4 GHz) with a standard rectangular cavity (TE
102). An ESR900 cryostat (Oxford Instruments) was used for the low
temperature measurements. Sample solutions in quartz tubes were
degassed by three freeze-and-thaw cycles.
The in situ electrolysis under argon atmosphere and at controlled

potential with a three electrode configuration (platinum wire working
electrode, platinum wire auxiliary electrode, and Ag wire as
pseudoreference electrode) was performed in a homemade cell with
Bu4NPF6 (0.1 M) as a supporting electrolyte.
t rans - [Ru (dppe) 2 (CCPh) (CCp -C 6H4

C14H10N4O
•)] (RuVD). trans-[RuCCHPh(Cl)(dppe)2][OTf]

(261 mg, 0.22 mmol), NaPF6 (74 mg, 0.44 mmol, 2 equiv), and
1,5-dimethyl-3-(p-ethynylphenyl)-6-oxoverdazyl (HVD) (55 mg, 0.24
mmol, 1.1 equiv) were dissolved in 15 mL of CH2Cl2. Triethylamine
was then added with 10 mL of dichloromethane. The red solution
progressively changed color to dark green upon stirring at room
temperature for 2 h. It was then evaporated under vacuum. The
product was filtered on a plug of alumina using CH2Cl2 as eluent. The
dark green fraction was collected and concentrated under vacuum to
yield approximately 5 mL of solution. Pentane was added to induce the
precipitation of a green solid. The red filtrate contained mostly excess
radical. After filtration, a green powder was obtained (143 mg, 53%).
IR (KBr, cm−1): 3050, 2920 (υC−H), 2057 (υCC), 1685 (υCO). MS-
ESI (m/z): [M + Na]+ = 1248.2907 (calculated 1248.28881).
trans-[Ru(dppe)2(CCp-C6H4C14H10N4O

•)2] (RuVD2).
NaPF6 (160 mg, 0.95 mmol), cis-RuCl2(dppe)2 (284 mg, 0.29
mmol), and 1,5-dimethyl-3-(p-ethynylphenyl)-6-oxoverdazyl (HVD)
(160 mg, 0.70 mmol) were dissolved in 60 mL of dichloromethane.
Triethylamine (0.81 mL) was added. The red solution progressively
changed color to dark green upon stirring at room temperature for one
night. The mixture was concentrated under vacuum to yield a green
powder which was purified by chromatography (alumina/dichloro-
methane). The dark green fraction was collected and concentrated
under vacuum to yield approximately 5 mL of solution. Pentane was
added to induce the precipitation of a green solid (198 mg, 51%). The
red filtrate contained mostly excess radical. IR (KBr, cm−1): 3053,
2925 (υC−H), 2054 (υCC), 1689 (υCO). MS-ESI (m/z): [M + Na]+

= 1373.3372 (calculated 1373.33514).

t rans - [Ru (dppe) 2 (CCPh) (CCp -C6H4
C7H12N2O2

•)] (RuNN). In a Schlenk tube, trans-[ClRu(dppe)2C
CHPh][OTf] (150 mg, 0.127 mmol), NaPF6 (42.5 mg, 0.253
mmol), and HCCp-C6H4C7H12N2O2

• (HNN) (42.5 mg,
0.165 mmol) were dried under vacuum for 30 min. Then, degassed
dichloromethane (25 mL) was transferred into the Schlenk tube.
Triethylamine (1 mL) was then added drop by drop. The mixture
reacted at room temperature for 2 h, and then the solution was filtered
and taken to dryness under vacuum. The residue was chromato-
graphed (alumina, CH2Cl2) under argon to obtain a green powder
(65.2 mg, 41%). IR (KBr, cm−1): 2052 (υCC), 1357 (υN−O). FAB

+-
MS (m/z) [M]+ = 1255.3368 (calculated 1255.33476).

trans-[Ru(dppe)2(CCp-C6H4C7H12N2O2
•)2] (RuNN2).

In a Schlenk tube, cis-RuCl2(dppe)2, (75 mg, 0.078 mmol), NaPF6
(65.2 mg, 0.388 mmol), and HCCp-C6H4C7H12N2O2

•

(HNN) (50 mg, 0.194 mmol) were dried under vacuum for 30 min.
Degassed dichloromethane (30 mL) was added with a syringe
afterward. Then, triethylamine (1 mL) was added drop by drop. The
mixture reacted at room temperature for 4 h, and then the solution
was filtered and taken to dryness under vacuum. The residue was
chromatographed (alumina, CH2Cl2) under argon to obtain a green
powder (50 mg, 46%). IR (KBr, cm−1): 2050 (υCC), 1360 (υN−O).
HR-MS (ESI) (m/z) [M]+ = 1410.4195 (calculated 1410.41681).
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(45) Marqueś-Gonzaĺez, S.; Parthey, M.; Yufit, D. S.; Howard, J. A.
K.; Kaupp, M.; Low, P. J. Organometallics 2014, 33, 4947.
(46) Neugebauer, H. F. F. Angew. Chem., Int. Ed. Engl. 1980, 19, 724.
(47) Hui, P.; Arif, K. M.; Chandrasekar, R. Org. Biomol. Chem. 2012,
10, 2439.
(48) Franz, B.; Fischeri, H. Angew. Chem., Int. Ed. Engl. 1980, 9, 724.
(49) Bleaney, K. D.; Bowers, B. Proc. R. Soc. London, Ser. A 1952, 214,
451.
(50) Poddutoori, P. K.; Pilkington, M.; Alberola, A.; Polo, V.;
Warren, J. E.; van der Est, A. Inorg. Chem. 2010, 49, 3516. Suzuki, S.;
Yokoi, H.; Kozaki, M.; Kanzaki, Y.; Shiomi, D.; Sato, K.; Takui, T.;
Okada, K. Eur. J. Inorg. Chem. 2014, 4740. Stroh, C.; Turek, P.; Rabu,
P.; Ziessel, R. Inorg. Chem. 2001, 5334.
(51) Jurgens, O.; Vidal-Gancedo, J.; Rovira, C.; Wurst, K.; Sporer, C.;
Bildstein, B.; Schottenberger, H.; Jaitner, P.; Veciana, J. Inorg. Chem.
1998, 37, 4547.
(52) Previous studies on Ru(II) acetylide complexes have shown that
the EPR spectra of the delocalized monooxidized species showed an
almost isotropic signal centered at g = 2.018; see refs 18 and 44.
(53) This agent is particularly useful for such a study because the
reaction is irreversible as Au(0) is formed and it is EPR silent at low
temperature. See: Segawa, H.; Machida, D.; Senshu, Y.; Nakazaki, J.;
Hirakawa, K.; Wu, W. Chem. Commun. 2002, 3032. Segawa, H.;
Senshu, Y.; Nakazaki, J.; Susumu, K. J. Am. Chem. Soc. 2004, 126, 1354.
(54) D’Anna, J. A. J. Chem. Phys. 1970, 53, 4047.
(55) Tanaka, M.; Matsuda, K.; Itoh, T.; Iwamura, H. J. Am. Chem.
Soc. 1998, 120, 7168. Maspoch, D.; Ruiz-Molina, D.; Wurst, K.; Vidal-
Gancedo, J.; Rovira, C.; Veciana, J. Dalton Trans. 2004, 1073.
(56) Chittipeddi, S.; Kromack, K. R.; Miller, J. S.; Epstein, A. J. Phys.
Rev. Lett. 1987, 58, 2695. Beni, G.; Pincus, P.; Hone, D. Phys. Rev. B
1973, 8, 3389.
(57) Touchard, D.; Haquette, P.; Guesmi, S.; Le Pichon, L.; Daridor,
A.; Toupet, L.; Dixneuf, P. H. Organometallics 1997, 16, 3640.
(58) Chaudret, B.; Commengues, G.; Poilblanc, R. Dalton Trans.
1984, 1635.
(59) Ishida, T.; Iwamura, H. J. Am. Chem. Soc. 1991, 113, 4238.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b00667
Inorg. Chem. XXXX, XXX, XXX−XXX

I

http://dx.doi.org/10.1021/acs.inorgchem.5b00667

