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Chlorotetrakis(u-N-N’-diarylformamidinato)diruthenium(II, III)!
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The color of the Rup(u-N,N'-diarylformamidinato)4Cl series
displays a dramatic red-shift as the electron-withdrawing power
of aryl-substituent is increased.

Electronic tuning of dinuclear paddlewheel compounds? is of
interest since certain catalytic properties of these compounds,
such as the carbene-transfer reaction by dirhodium and the
oxygenation reaction by dicopper,? are complementary to those
of monuclear coordination compounds. It has been established
for mononuclear species that remote substituents (those away
from the first coordination sphere) can greatly influence redox,?
photophysical,® and catalytic properties.® We are interested in
the fine tuning of both the electronic structure and the reactivity of
dinuclear paddlewheel compounds through remote substituents,
and the linear free energy relationship therein. Studies of both
the dimolybdenum(II) and dinickel(IT) compounds supported by
diarylformamidinates revealed that while the reduction potential
(E1/2(M25+/M%+)), and hence the E(HOMO), linearly correlates
with the Hammett constant of aryl-substituents in both series, the
electronic absorption spectra remain identical within each series,
which implies a substituent-independent distribution of upper-
valence molecular orbitals.” We describe herein the results from
the series of mixed valence diruthenium(IL,III) compounds
supported by diarylformamidinates (Scheme 1), where significant
attenuation has been achieved for both the redox potentials and
the electronic absorption spectra.
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Novel diruthenium(IL,IIT) compounds 1, 4 - 8 and the known
compounds 2 and 3 were prepared by either treating
Run(0ACc)4Cl with excess formamidine at elevated temperature,
or refluxing Rup(OAc)4Cl, formamidine, Et3N, (molar ratio
1:8:4), and excess LiCl in THF. All the compounds have been
purified by either recrystallization or flush column
chromatography, and analyzed satisfactorily.® A preliminary X-
ray diffraction study of 1-0.5CH,Cly8 revealed a paddlewheel
arrangement of four bridging formamidinates around the Rup
core and an axial chloro ligand (ORTEP not shown). Key metric
parameters for 1, Ru-Ru, Ru-Cl, and averaged Ru-N bond
lengthes are respectively 2.390, 2.433 and 2.070 A, which are
comparable to those reported for the known compounds 2 and
3.2 The room temperature magnetic moment varies between 3.64
and 3.97 Bohr magneton across the series, which is indicative of
an S = 3/2 ground state. Therefore, the compounds in the current
series are isoelectronic with Ru(O2CR)4Cl, and the electronic
configuration for Ruy core is best described as 62n482(8*n*)3.2

One of the striking features of the current series is the color of

the respective CH2Cly solutions, which gradually change from
dark green for 1 - 3 to burgundy red for 7 and 8. The origin of
this red-shift is obvious from the UV-vis spectra: while all the
compounds exhibit three bands of very similar Apax (Table 1),
i.e. around 272 nm (I), 470 nm (II), and 580 nm (III, 1 -5
only), the fourth band (IV) appears as a well-resolved peak for 1
at 688 nm and 2 at 680 nm, and slowly becomes a shoulder as it
merges with band III (Figure 1). Analogously to the
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Figure 1. Band IV of the electronic absorption spectra of
compounds 1 - 8.

isoelectronic species Rup(02CR)4CL10 bands I-1V are tentatively
assigned as the m(Cl) -> n*(Rup) LMCT, n(Ru-N, Rup) ->
n*(Ruy), n*(Ruy) -> o*(Ru-N), and 8(Rup) -> n*(Ruy)
transitions, respectively. The substituent-independence of bands
I-TIT parallels the trend observed for both the dimolybdenum and
the dinickel series,” and indicates that substituent perturbations
on most of the valence orbitals are essentially the same. The
substituent-dependence of band IV may originate from the
difference in either the orbital energy or the configuration
energy.ll A satisfactory linear relationship exists between the
transition energy of band IV (Eyv in cml) and the Hammett
constant (0): E1v(X) - Erv(H) = p-Zo = 269(80) (cml) with a
correlation coefficient of 0.987. To our knowledge, this is the
first example of linear spectral tuning for a M-M bonded species.
The rich redox-chemistry in the current series is exemplified
by the cyclic voltammograms (CV) of 1 shown in Figure 2.
There are three distinctive redox processes in the CV recorded
with the non-coordinating electrolyte BusN-BF4 (Figure 2a) and
their assignments are depicted in Scheme 2. While these
assignments are consistent with that for 3,% the mechanism is
somewhat different. The first peaks (I) correspond to the
[Rup(L)4Cl1]*+/0 couple and are (quasi)reversible throughout the
series (see Table 1). The second wave (II) is associated with the
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Table 1. Experimental Results for [Rup(AINCHNAr)4Cl]

Compound 1 22 3a 4 5 6 7 8
E1p(/mV, (pafipc)® 518 (0.93) 565 (1.09) 684 (0.99) 854 (1.49) 947 (1.43) 1068 (1.82) 1106 (0.95) 1212 (1.41)
Epc(/mV, (ipafipc)® =751 (NA) 706 (NA) ~ -590 (NA)  -410 (NA)  -330 (NA)  -343(0.31) -254 (0.34) -228 (0.58)

Epa (I)/mVb -82 43 58 309 447 460 660
Amax/nm (&/M-lemrl)c 688 (2580) 680 (3350) 666 (2490) 656 (2160) 633 (2170) 622 (2610) 610 (3120) 601 (3340)

583 (2360) 580 (2880) 576 (2070) 583 (1930)
471 (4035) 467 (5360) 462 (5460) 472 (4570) 475 (4640) 473 (6060) 489 (5690) 494 (6530)

271 (52700) 274 (50300) 273 (40200)

270 (43300) 272 (43700) 274 (45600) 271 (52100) 271 (46900)

2 Data re-determined in this work; P Measured in CH,Cl, with BuyNBF, as supporting electrolyte, Pt working and auxiliary electrodes, Ag/AgCl reference
electrode, [Ru,] = 1 mM, and scan rate 100 mV/s; Ey(Fc*/Fc) was consistently measured at +625 mV; € UV-Vis spectra were recorded in anhydrous CH,Cl,.

[Ru2(L)4CI]Y- couple, and appears irreversible for most
compounds (the anodic peak was observed only for 6 - 8). The
apparent irreversibility originates from a chemical step following
electron transfer, namely the facile dissociation of Cl- from
[Rua(L)4Cl]- generated at the cathode. The ipa/ipe ratio for II
increases with increasing o, indicating an increasing affinity of
Rug(ILIT) core for axial Cl- across the series. A set of peaks (IIT)
at more positive potential (compared with II) is ascribed to the
axial-chloro-free [Ruz(L)4]*/Rugz(L)4 couple. A distinctive
anodic peak is observed for all the compounds, confirming a
significant production of Rup(L)4 at the expense of [Rua(L)4Cl]".
In contrast, the cathodic current for III is very small and only
observable for 1 - 3, revealing a limited tendency of ClI-
dissociation for Rup(ILIII). The assignment of the coupled
reactions revealed by waves II and III is cleary demonstrated via
a CI- titration experiment: upon the completion of the CV scan
shown in Figure 2a, CVs were recorded for the solution titrated
with 1M EyNCI (in CH2Clp). The waves associated with III
gradually reduced with the addition of Et4NCI and eventually
vanished (Figure 2b, [Cl-]/[Ruz] = 100) due to the elimination of
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Figure 2. Cyclic voltammograms of 1. (a) recorded with
BuyNBFy; (b) recorded with BuyNBF4 and excess Et4NCl. See
text and Table 1 for the experimental conditions.

Rup(L)4 from the bulk solution. As an independent proof of the

mechanism, the CV shown in Figure 2a was reproduced by
numerical simulation.!?
Linear least-squares fitting of AEj/2(I) and AEpc(I) vs ©

according to the equation AE = E(X) - E(H) = p-(80) yield the
reactivity constants 88.9 mV (pj, correlation coefficient R =

0.994) and 69.3 mV (py1, R = 0.985) for reactions I and II,
respectively. These reactivity constants are of the same
magnitude as that of dimolybdenum(II) (87 mV) and dinickel(II)
(114 mV) analogs.”

In summary, while the compounds in the current series
possess the same electronic configuration, both the energies of
their frontier orbitals and their optical properties depend
significantly on the remote substituents. Furthermore, the
affinity of both Rup(IL,III) and Rup(ILII) cores towards axial Cl-
increases with increasing ¢, which may find interesting
application in dinuclear catalysts utilizing the axial position(s) as
the active site.?
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