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ABSTRACT: Aryls represent a class of both σ- and π-donating
electron-rich axial ligands that is underexplored in the field of
metal−metal multiply bonded paddlewheel species. By a decrease in
the steric bulk around the diruthenium axial sites and an increase in
the basicity of the bridging ligands, the first examples of bisaryl
diruthenium(III) paddlewheel complexes have been isolated.
Compounds of the form Ru2(DMBA)4Ar2 (DMBA = N,N′-
dimethylbenzamidinate, Ar = C6H4-4-

tBu (1), C6H5 (2), C6H3-3,5-
(OCH3)2 (3)) were synthesized via a lithium−halogen exchange
reaction between Ru2(DMBA)4Cl2 and excess LiAr and charac-
terized using mass spectrometry, electronic absorption spectroscopy,
cyclic and differential pulse voltammetry, and 1H NMR spectrosco-
py. The molecular structures of compounds 1−3 were established
using single-crystal X-ray diffraction analysis and their electronic
structures (both ground and excited state) analyzed using density functional theory calculations.

■ INTRODUCTION

The discovery of Ru2(ap)4(C2Ph) (ap = 2-anilinopyridinate)
by Cotton and Chakravarty1 has inspired extensive inves-
tigation of the organometallic chemistry of di- and
triruthenium paddlewheel complexes bearing axial mono- and
bisalkynyls,2−10 and their potential applications as molecular
wires in electronic devices have been explored by our
laboratory.11−14 In addition to Ru2 alkynyls, other aspects of
di- and triruthenium compounds vigorously pursued in recent
years include C−H activation,15 aerobic and peroxy oxidation
catalysis,16−20 magnetism,21−23 and devices based on metal
strings.24,25

In comparison to alkynyls, aryls represent a class of σ- and π-
donating ligands with a stronger electron-donating ability that
may lead to Ru2 compounds with frontier orbitals energetically
distinct from those found in Ru2 alkynyl compounds.10 In this
context M2L4(aryl)n compounds, whose chemistry remains
largely unexplored, are intriguing targets. Currently, there are
very few examples of dimetallic aryl complexes either derived
from and/or containing a paddlewheel motif (Chart 1). The
earliest isolated Ru2-(aryl)2 species derived from a paddlewheel
motif was reported by Cotton and co-workers.26,27 The
reaction between Ru2(PhCONH)4Cl and PPh3 resulted in a
compound of the formula Ru2Ph2(PhCONH)2[Ph2POC(Ph)-
N]2a consequence of structural rearrangement of the
paddlewheel motif to an edge-sharing bioctahedral motif via
the transfer of a Ph group from PPh3 to Ru (C1). The first
report of a bis(phenyl) dirhodium(III) paddlewheel complex
formed via oxidative arylation of a Rh2(II,III) species came
from the Doyle group (C2).28 Since then, their group has

investigated other bisaryl complexes of the form
Rh2(L)4(aryl)2 (C3).29−34 Interestingly, in these examples,
the Rh−Rh bond is absent as a result of a drastic change in the
electronic structure of the Rh2 core to π4δ2π*4δ*2. Until
recently, the only example of an M2L4(aryl)n compound with
an intact M−M bond and unperturbed paddlewheel came from
the laboratories of Bear and Kadish (C4).35

Recently, we reported the first examples of diruthenium
paddlewheel aryls prepared via metathesis with aryllithiums
(C5).36 These compounds are remarkably stable under
ambient conditions and exhibit rich electrochemical properties
by supporting up to four reversible oxidations and one
reversible reduction. This electron richness and extended
conjugation across the Ru2 core and aryl ligand prompted us to
attempt the isolation of diruthenium aryls in higher oxidation
states and to expand their chemistry to include bisaryl species.
Starting from Ru2(ap)4Cl, it is indeed possible to synthesize

both Ru2(II,III) and Ru2(III,III) mono- and bisalkynyl
species.37,38 However, the steric repulsion between the aryl
ligand and the flanking Ph groups of the ap ligand precludes
the formation of Ru2(ap)4Ar2 type bisaryl compounds. The
ideal bridging ligand for this purpose must provide both a
viable Ru2(III,III) starting point and a sterically less
demanding axial coordination site. Out of the few structurally
characterized examples of Ru2

III,IIIL4X2-type compounds that
exist in the literature,39 only a small subset of L-type ligands
satisfy the above requirements. With this in mind, the highly
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basic and sterically accommodating bidentate ligand DMBA
(N,N′-dimethylbenzamidinate) was chosen. In this contribu-
tion are described the synthesis and characterization of three
new bisaryl diruthenium complexes of the formula
Ru2(DMBA)4Ar2 (Ar = C6H4-4-

tBu (1), Ph (2), C6H3-3,5-
(OCH3)2 (3)).

■ RESULTS AND DISCUSSION
Synthesis. The facile preparation of Ru2(DMBA)4(C2R)2

from Ru2(DMBA)4Cl2
40 prompted us to examine the synthesis

of Ru2(DMBA)4(Ar)2 under conditions similar to those for
Ru2(ap)4Ar. The reactions between LiAr (Scheme 1) and
Ru2(DMBA)4Cl2 were accompanied by a rapid color change
from brown to deep red. The consumption of Ru2 starting
material was confirmed by thin-layer chromatography (TLC)
and mass spectrometry. Purification of compounds 1−3 was
achieved via filtration of the reaction mixture through a
triethylamine-deactivated silica plug and elution of a red-
orange band, followed by recrystallization and washing with
cold methanol and hexanes.
The isolated compounds 1−3 are stable in both solution and

the solid state under ambient conditions. Like their bis-
(alkynyl) counterparts, Ru2(DMBA)4Ar2 compounds have a

singlet ground state and thus exhibit diamagnetic 1H NMR
spectra. Further characterization was done using mass
spectrometry (ESI-MS), electronic absorption spectroscopy,
cyclic (CV) and differential pulse voltammetry (DPV), density
functional theory (DFT) calculations, and single-crystal X-ray
diffraction studies. Although all three compounds were
synthesized using air- and moisture-free techniques, their
workups were performed under ambient conditions using
solvents that were not rigorously anhydrous. When this is
taken into account, satisfactory elemental analyses were
obtained for compounds 1−3.

Molecular Structures. Single-crystal X-ray diffraction
studies established the molecular structures of compounds
1−3; selected bond lengths are given in Table 1, and the

structures are plotted in Figures 1−3. All three compounds
crystallize in the P1 space group, and each of the individual
molecules has an inversion center at the midpoint of the Ru−

Chart 1. Reported M2-Aryl Complexes Derived from or
Containing a Paddlewheel Motif

Scheme 1. Synthesis of Ru2(DMBA)4Ar2
a

aNN = N,N′-dimethylbenzamidinate; R = 4-tBu (1), H (2), 3,5-(OCH3)2 (3).

Table 1. Selected Bond Lengths (Å) and Angles (deg) for
Compounds 1−3

1 2 3

Ru1−Ru2 2.5099(5) 2.4940(3) 2.4928(3)
Ru1−C1 2.078(4) 2.068(1) 2.068(1)
Ru2−Ru1−C1 153.6(1) 152.42(3) 151.23(4)
Ru1−N1 1.99(2) 2.018(1) 2.096(1)
Ru1−N3 2.109(6) 2.0227(9) 2.020(1)
Ru2−N2 2.100(7) 2.1072(9) 2.018(1)
Ru2−N4 2.04(2) 2.1161(8) 2.099(1)

Figure 1. Structural plot of 1 at the 30% probability level. One of the
two disordered moieties (A) present in the asymmetric unit was
selected. Hydrogens are omitted for clarity.
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Ru bond. The average Ru−Ru bond distance in these
compounds is 2.4989(6) Å, significantly longer than that
found in Ru2(DMBA)4Cl2 (Ru−Ru = 2.3228(6) Å). The much
more strongly σ donating Ar− ligands engage the Ru dz2
orbitals to form strong Ru−C σ bonds, forcing a change in
electronic configuration from σ2π4δ2(π*)2 to π4δ2(π*)4 that is
supported by the diamagnetism of 1−3. The absence of a
formal σ bond between the metal centers has also been noted
by Chisholm and co-workers for bisalkyl ditungsten and
dimolybdenum paddlewheel complexes of the form
M2(O2CR′)4R2. These formally d3−d3 systems bearing M−M
triple bonds have the electronic configuration of π4δ2.41

Indeed, Ru−Ru bond lengths found here are comparable to
Ru2(DMBA)4(CCR)2 species (average 2.45 Å) with the
same electronic configuration.40,42 This effect is also seen in
the significant shortening of the Ru−C bond in compounds 1−
3 (average 2.071(4) Å) in comparison to those in the recently
reported Ru2(ap)4Ar species (average 2.21 Å).36 The Ru−
C(sp2) bond lengths here are slightly longer than the
c o r r e s p o n d i n g R u−C ( s p ) b o n d l e n g t h s i n
Ru2(DMBA)4(CCR)2 compounds (average 1.97 Å). The
argument here is the same provided for the pairs of
Rh2(ap)4(CCH) vs Rh2(ap)4(Ph)

35 and Ru2(ap)4(C
CR) vs Ru2(ap)4(Ar): (i) an ipso carbon hybridization change
from sp to sp2 accompanied by an expansion of rcovalent,ipso‑C
from 69 to 73 pm43 and (ii) an increase in steric bulk at the
axial site. Despite being electronically distinct, the 4-tBu and
3,5-(OCH3)2 substituents do not significantly influence either

the Ru−Ru or the Ru−C bond lengths because the aryl ligand
π orbitals are involved in neither the net single δ bond nor the
Ru−C σ bonds.
Compounds 1−3 (Figures 1−3) exhibit a significant

distortion from an octahedral geometry at both ruthenium
centers. This is reflected in the disparity in Ru−N/Ru′−N′
bond lengths and Ru−Ru−N/Ru−Ru−N′ bond angles and
from the fact that C−Ru−Ru bond angles are significantly less
than the ideal 180° (Chart 2). This overall distortion is

attributed to a second-order Jahn−Teller (SOJT) effect, which
was first documented and analyzed using a Fenske−Hall type
MO analysis for the Ru2(DArF)4(C2Ph)2 series (DArF =
diarylformamidinate) by the Ren laboratory44 and subse-
quently documented for many of related Ru2

III,IIIL4X2 type
complexes.10 It should be noted that SOJT is probably more
common than people realize because of its subtlety. Power and
co-workers have noted pronounced SOJT effects in multiply
bonded main-group compounds45−50 and elaborated it in an
excellent account in this journal.51

The extent of structural distortion depends on the nature of
the axial substituents. For example, the value of γ in
Ru2(DMBA)4X2 species where X is Cl−, NO3

−, or BF4
− is

ca. 180°.52 If X is −CCR, γ ranges from 161 to 175°,37,40 and
if X is Ar− (compounds 1−3), γ ≈ 152°. Structural distortion
in Ru2

III,IIIL4(CCR)2 complexes has been previously
analyzed using DFT calculations, and the results are transfer-
rable here with the major difference being the higher
dimensionality of an aryl group in comparison to an alkynyl
group.53 Going from a one-dimensional alkynyl to a two-
dimensional aryl lowers the symmetry of the molecule from
D4h to D2h. From an orbital perspective, the two π* orbitals are
no longer degenerateone is a combination of the π system of
aryl and Ru2(DMBA)4 whereas the other is purely
Ru 2 (DMBA) 4 - b a s ed . I n t h e mode l compound
Ru2(NHCHNH)4(CCH)2, lowering the symmetry from
D4 to C2 is accompanied by a significant stabilization of the
π*(xz) orbital while the π*(yz) orbital is more or less
unaffectedan effect of HOMO−LUMO mixing. Conse-
quently, the HOMO−LUMO gap is increased and the overall
molecular structure is stabilized. A similar effect is seen for 1−
3, but to a greater extent presumably because the two π*(Ru2)
orbitals are inherently nondegenerate.

Electrochemistry. Cyclic (CV) and differential pulse
voltammetric (DPV) analyses were carried out for compounds
1−3 in CH2Cl2, and three redox events were observed for each
of them: namely two oxidations and one reduction (Figure 4
and Table 2). For all three compounds, the first oxidation (B,
Ru2

+7/+6) is a reversible one-electron event that occurs between
−0.41 and −0.54 V (all potentials are reported against Fc+/0),
while the second oxidation (C) is an irreversible one-electron

Figure 2. Structural plot of 2 at the 30% probability level. Hydrogens
are omitted for clarity.

Figure 3. Structural plot of 3 at the 30% probability level. Solvent
molecules and hydrogens are omitted for clarity.

Chart 2. Distorted Coordination Geometry Observed in 1−
3a

aα(av) ≈ 79.7°, β(av) ≈ 95.2°, γ(av) ≈ 152°.
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event that occurs between 0.57 and 0.66 V. Unlike more
electron-rich aryls such as C6H4-4-NR2, those of compounds
1−3 are not necessarily suited to stabilize a cationic charge
upon oxidation. Thus, the irreversible nature of C suggests that
it might be aryl ligand based. The only reduction event
observed for all three compounds (A, Ru2

+6/+5) is initially
quasi-reversible but becomes irreversible upon repeated scans.
Quasi-reversibility is restored upon polishing the working
electrode between scans. Such a behavior suggests ligand
dissociation of the axial aryls or of the DMBA ligands.
Aryls are much stronger electron donors than alkynyls, and

this is reflected in the ca. 0.44 V cathodic shift of the reduction
potential of event B (Ru2

+7/+6) upon going from
Ru2(DMBA)4(CCPh)2 to Ru2(DMBA)4(Ph)2. This ability
of compounds 1−3 to undergo oxidation at low potentials is
noteworthy. While compounds 2 and 3 are stable as Ru2

III,III

complexes under ambient conditions, 1 was isolated with a
minor paramagnetic impurity. This is seen from the fact that
the 1H NMR peaks (in CDCl3) of 2 and 3 are sharp and well-
defined, whereas those of 1 are ill-defined and slightly
broadened (Figures S5−S7). In order to obtain a clean
diamagnetic spectrum of 1, a slight excess of NaBH4 was added
to the NMR tube (Figure S5b). Thus, even a weakly electron
donating substituent such as p-tBu can result in the facile
o x i d a t i o n o f R u 2

I I I , I I I ( D M B A ) 4 ( A r ) 2 t o
[Ru2

III,IV(DMBA)4(Ar)2]
+.

Electronic Absorption Spectroscopy. Figure 5 shows
the vis−NIR absorption spectra of compounds 1−3 in THF.
The most intense transitions occur at 390 and 490 nm for all
three complexesthe latter being the color-producing band,
since they all appear to take on a similar shade of red in
solution. The spectroscopic features seen here are reminiscent

of those for Ru2(DMBA)4(CCR)2 complexes with a few
differences.
The two weakly absorbing transitions seen above 800 nm for

compounds 1−3 are different from the one intense absorption
at ca. 860 nm for Ru2(DMBA)4(CCR)2 species, which can
be explained by the loss of degeneracy of the frontier π*(Ru2)
orbitals resulting from the two-dimensional aryl ligands. One
of the d orbitals (dxz or dyz) is perpendicular to the plane of
Ar−, while the other is coplanar and consequently is not
affected by it. The lowest energy absorption at ca. 1100 nm
likely belongs to the HOMO (π*) → LUMO (δ*) transition,
as is evident from the slight blue shift upon going from
compound 1 to 3: i.e. from electron-donating 4-tBu to
electron-withdrawing 3,5-(OCH3)2. The low intensity of the
peaks suggests that they are mainly metal based and that the
dependence on the aryl ligand is likely due to inductive effects.
In contrast, the intensities of the absorptions at ca. 490 and
390 nm and, to a certain extent, the shoulder peak at ca. 570
nm suggest that some sort of charge transfer process is at play,
either metal to ligand (MLCT) or ligand to metal (LMCT).
To better characterize the nature of these electronic
transitions, time-dependent DFT (TD-DFT) calculations
were performed on compound 2, the results of which are
discussed below.

Density Functional Theory (DFT) Calculations. To
understand the ground state electronic structure of these
complexes, the molecular orbitals (MOs) of Ru2(DMBA)4Ph2
were computed using spin-restricted DFT. The optimized
geometry 2′ was based on the crystal structure of compound 2.
Figure 6 shows the frontier MOs of 2′ based on calculations
done using the B3LYP functional,54−57 with the def2-TZVP/
def2-SVP basis sets,58,59 including Grimme’s dispersion
correction (D3).60 The optimized geometric parameters are
in agreement with the crystallographically determined structure
of 2. Details of the computational methods are provided in the
Supporting Information.
As expected, the HOMO is a π*(Ru2/Ar) orbital with

contributions from both the diruthenium core and the aryl
ligand, whereas the LUMO is a δ*(Ru2) orbital with additional
contribution from the nonbonding π(N−C−N) of the DMBA
ligands. Consistent with the energy lowering of one of the two
π* orbitals due to the SOJT effects discussed above and with
the fact that aryls are good π-donor ligands, HOMO-1 lacks π*
character; in its place is the high-lying π(Ru2/Ar) orbital.

Figure 4. Cyclic (black) and differential pulse (gray) voltammograms
of compounds 1−3 (1.0 mM) recorded in 0.10 M nBu4NPF6 in
CH2Cl2 at a scan rate of 0.10 V/s.

Table 2. Electrode Potentials (V, versus Fc+/0) for
Ru2(DMBA)4X2

X E1/2(A) E1/2(B) Epa(C)
a

−C6H4-4-
tBu (1) −2.05 −0.53 0.61

−C6H5(2) −2.02 −0.47 0.66
−C6H3-3,5-(OCH3)2 (3) −1.97 −0.42 0.69
−CCPh40 −1.67 −0.056
−Cl40 −0.89 0.49

aIrreversible couple.

Figure 5. Vis−NIR spectra of compounds 1−3 in THF.
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HOMO-2 is the familiar δ(Ru2)/π(Ru−N) orbital, devoid of
any contribution from the axial ligand. Hence, across the series
1−3 the δ−δ* gap is expected to remain invariant.
The effect of the large deviation from linearity of the Ru−

Ru−C bond on the electronic structure is readily seen from the
HOMO-4 orbital (Figure 7), a π*(Ru−Ru) orbital that has
gained some σ-bonding character. As mentioned previously,
this phenomenon has been observed with the model
compound Ru2(NHCHNH)4(CCH)2.

53 Thus, while the
overall ground state d-electron configuration for Ru2 can be

simplified as π4δ2(π*)4, the actual ordering of the MOs is
certainly more complex, namely (π*+σ)2π2δ2π2(π*)2.
In addition to ground-state calculations, TD-DFT analysis

was carried out on the optimized structure 2′ in order to better
understand the nature of its electronic excited states. Table S3
in the Supporting Information gives the most significant
transitions calculated by TD-DFT, and Table 3 below depicts
the MO diagrams of the natural transition orbitals (NTOs)

Figure 6. Molecular orbital diagram of 2′ obtained from DFT
calculations, represented at |isovalue| = 0.03.

Figure 7. HOMO-4 for the optimized structure 2′, a π*(Ru−Ru)
orbital with σ-bonding character.

Table 3. Natural Transition Orbitals Derived from TD-DFT
Calculationsa

aTransitions are noted as NTO1 → NTO2.
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calculated on the basis of each of the excited states.61 Figure 8
shows the deconvoluted electronic absorption spectrum of 2 in
THF, and Figure S4 shows the absorption spectrum of 2′
simulated from TD-DFT results.

While quantitative differences between experiment and
theory do exist, TD-DFT is indeed able to qualitatively
illustrate the natures of the most important absorptions seen in
the vis−NIR spectrum of 2. The two low-intensity peaks below
13000 cm−1 are both expected to be d−d transitions with
minor contributions from both the axial and equatorial ligand.
Accordingly, TD-DFT predicts the lowest energy absorption
feature observed at ca. 8700 cm−1 to belong to the HOMO →
LUMO transition (π*(Ru2/Ar) → δ*(Ru2)/p(N)). The
second low-intensity peak calculated at ca. 13000 cm−1 also
agrees with the measured value of ca. 12000 cm−1 and is
predicted to be π*(Ru2) → δ*(Ru2)/p(N) in nature. This
π*(Ru2) orbital is coplanar with the aryl ligand and hence
unaffected by its π system. Thus, while the transition at 8700
cm−1 is dependent on the nature of the axial substituent, as can
be seen from Figure 5, the latter peak is invariant at ca. 12000
cm−1. The shoulder peak that appears at ca. 18000 cm−1 agrees
well with the predicted value of 17858 cm−1. NTO analysis
reveals that this transition has two components: namely,
δ(Ru2)/π(NCN) → δ*(Ru2)/p(N) (major) and π(Ru2) →
σ*(Ru−C) (minor).
The most intense absorption features observed between

19000 and 27000 cm−1 can be deconvoluted into four peaks of
comparable intensities (Figure 8). Qualitatively, four similar
transitions of comparable oscillator strengths are indeed
predicted by TD-DFT, which can be grouped into two
categories. The first category consists of the experimentally
observed (and calculated via Gaussian deconvolution) peaks at
20264, 21649, and 23145 cm−1. These are in good agreement
with the predicted transitions at 20500, 21390, and 21890
cm−1, respectively. NTO analysis suggests that the two major
contributors for this category are ligand to metal charge
transfer p(N) → δ*(Ru2) and π(Ru2) → σ*(Ru−C). The
second category contains the fourth transition measured at
25560 cm−1, the predicted value for which is ca. 27400 cm−1.
The major contribution for this peak is predicted to come from
a π(Ru2) → σ*(Ru−C) transition, both of which have metal
(major) and aryl ligand (minor) characters.

■ CONCLUSION

Reported herein are the first examples of M2 bisaryl
paddlewheel complexes with intact M−M bonds. The strong
σ-donating ability of the aryl ligands forces a change in
electronic configuration from σ2π4δ2(π*)2 (S = 1) in
Ru2(DMBA)4Cl2 to “π4δ2(π*)4” (S = 0) in Ru2(DMBA)4Ar2
(compounds 1−3), while their strong π-donating ability is
evident from both electronic absorption spectroscopy and
DFT calculations. The superior electron-donating ability of the
aryls in comparison to alkynyls is evident from the ca. 400−
500 mV cathodic shift of E(Ru2

+7/+6), the first oxidation
potential, from Ru2(DMBA)4(CCAr)2 to Ru2(DMBA)4Ar2.
Computational modeling of the electronic structure of
Ru2(DMBA)4Ar2-type complexes has been achieved through
both ground-state DFT and TD-DFT analyses of 2′, which
indicate significant mixing of the metal and ligand (both axial
and equatorial) orbitals. Additionally, DFT also sheds light on
the effect of SOJT distortions on the π*(Ru−Ru) orbital,
which gains significant σ character. Overall, for M2
paddlewheel species, aryls represent a new class of both σ-
and π-donating electron-rich axial ligands, and the intriguing
chemistry of the Ru−Ru−C(sp2) motif is being further
explored in our laboratory.

■ EXPERIMENTAL SECTION
General Considerations. Ru2(DMBA)4Cl2 was prepared using a

literature method.40 nBuLi (2.5 and 1.6 M in hexanes) was purchased
from Sigma-Aldrich. Aryl halides were purchased from commercial
sources and used as received. Tetrahydrofuran was freshly distilled
over sodium/benzophenone, while dichloromethane was freshly
distilled over CaH2 prior to use. All reactions were performed
under a dry N2 atmosphere with standard Schlenk techniques
implemented unless otherwise noted. All reagents were thoroughly
dried and degassed prior to lithiation. UV−vis−NIR spectra were
obtained with a JASCO V-670 spectrophotometer in THF solutions.
1H NMR spectra were recorded on a Varian Mercury 300
spectrometer operating at 299.953 MHz. Cyclic and differential
pulse voltammograms were recorded in 0.1 M [nBu4N][PF6] solution
(CH2Cl2, Ar degassed) on a CHI620A voltammetric analyzer with a
glassy-carbon working electrode (diameter 3 mm), a Pt-wire auxiliary
electrode, and a Ag/AgCl quasi-reference electrode. The concen-
tration of Ru2 species was always ca. 1.0 mM. The Fc+/0 couple was
observed at ca. 0.51 ± 0.064 V under the noted experimental
conditions. Elemental analyses were performed by Atlantic Microlab
Inc.

Synthesis of Ru2(DMBA)4(C6H4-4-
tBu)2 (1). To a THF (10 mL)

solution of 1-bromo-4-tert-butylbenzene (0.60 mL, 3.5 mmol) at −78
°C was added, dropwise, 2.2 mL of nBuLi (1.6 M in hexanes). The
aryllithium solution was slowly warmed to ca. 0 °C and transferred via
cannula to Ru2(DMBA)4Cl2 (75 mg, 0.09 mmol) dissolved in 20 mL
of THF. The solution immediately changed from brown to deep red.
After it was stirred for ca. 30 min under dinitrogen, the solution was
concentrated and filtered through a Celite plug. The filtrate was
collected, solvent removed, and the product recrystallized twice from
THF/MeOH and CH2Cl2/hexanes at −20 °C. The precipitate was
rinsed with n-pentane and dried to afford a red-brown solid (25 mg,
27% yield). Crystals suitable for X-ray diffraction analysis were grown
by layering hexanes over a solution of 1 in CHCl3. Data for 1 are as
follows. Anal. Found (calcd) for C57H74Cl2N8ORu2 (1·CH2Cl2·H2O):
C, 58.77 (59.00); H, 6.22 (6.43); N, 9.43 (9.66). ESI-MS (m/z) [1+]:
1057.4. UV−vis (in THF) λ, nm (ε, M−1 cm−1): 388 (9100), 484
(11000), 575 (sh, ∼2800), 836 (400), 1132 (270). Electrochemistry
(CH2Cl2, vs Fc

+/0), E1/2/V, ΔEp/mV, iforward/ibackward: 0.61 (Epa), irrev;
−0.53, 77, 1.0; −2.1, ∼2.1. 1H NMR (CDCl3, 25 °C) δ, ppm: 1.27 (s,
18H, p-C(CH3)3), 3.02 (br, 24H, DMBA N-(CH3)2), 6.87−7.12 (br,

Figure 8. Experimental curve (black), fit peaks (blue, dashed) and
cumulative fit curve (red) obtained from Gaussian deconvolution of
the electronic absorption spectrum of 2 in THF.
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12H, DMBA o-CH and aryl o-/m-CH), 7.28−7.54 (m, 16H, DMBA
m- and p-CH, and aryl m-/o-CH).
Synthesis of Ru2(DMBA)4Ph2 (2). To a THF (15 mL) solution

of bromobenzene (0.15 mL, 1.4 mmol) at −78 °C was added,
dropwise, 0.6 mL of nBuLi (2.5 M in hexanes). The aryllithium
solution was slowly warmed to ca. 0 °C and transferred via cannula to
Ru2(DMBA)4Cl2 (150 mg, 0.17 mmol) dissolved in 20 mL of THF.
The solution immediately changed from brown to deep red. After it
was stirred for ca. 30 min under dinitrogen, the solution was
concentrated and filtered through a deactivated (with triethylamine)
silica plug. The red-brown filtrate was collected, solvent removed, and
a red microcrystalline solid recrystallized from CH2Cl2/hexanes at
−20 °C. The precipitate was rinsed with cold methanol and n-pentane
and dried to afford a red microcrystalline solid (65 mg, 40% yield).
Crystals suitable for X-ray diffraction analysis were grown by layering
hexanes over a solution of 2 in CH2Cl2. Data for 2 are as follows.
Anal. Found (calcd) for C50H58Cl4N8Ru2 (2·2CH2Cl2): C, 54.28
(53.86); H, 5.35 (5.24); N, 10.18 (10.05). ESI-MS (m/z) [2+]: 945.7.
UV−vis (in THF) λ, nm (ε, M−1 cm−1): 388 (9200), 487 (11000),
580 (sh, ∼2500), 830 (440), 1132 (220). Electrochemistry (CH2Cl2,
vs Fc+/0), E1/2/V, ΔEp/mV, iforward/ibackward: 0.66 (Epa), irrev; −0.47,
60, 1.1; −2.0, 100, 1.4. 1H NMR (CDCl3, 25 °C) δ, ppm: 3.05 (s,
24H, DMBA N-(CH3)2), 6.61 (br, 2H, aryl p-CH), 6.80 (t, 4H, aryl
m-CH), 6.99 (d, 8H, DMBA o-CH), 7.12 (br, 4H, aryl o-CH), 7.30−
7.45 (m, 12H, DMBA m- and p-CH).
Synthesis of Ru2(DMBA)4(C6H3-3,5-(OCH3)2)2 (3). To a THF

(15 mL) solution of 1-bromo-3,5-dimethoxybenzene (375 mg, 1.7
mmol) at −78 °C was added, dropwise, 0.7 mL of nBuLi (2.5 M in
hexanes). The aryllithium solution was slowly warmed to ca. 0 °C and
transferred via cannula to Ru2(DMBA)4Cl2 (100 mg, 0.12 mmol)
dissolved in 15 mL of THF. The solution immediately changed from
brown to deep red. After it was stirred for ca. 30 min under
dinitrogen, the solution was concentrated and filtered through a Celite
plug. The red-brown filtrate was collected, solvent removed, and a
red-brown solid product twice recrystallized from CH2Cl2/hexanes at
−20 °C. The microcrystalline precipitate was rinsed with cold
methanol and n-pentane and dried (56 mg, 45% yield). Crystals
suitable for X-ray diffraction analysis were grown by layering hexanes
over a solution of 3 in CH2Cl2. Data for 3 are as follows. Anal. Found
(calcd) for C54.5H67Cl5N8O5Ru2(3·2.5CH2Cl2): C, 51.41 (51.24); H,
5.17 (5.29); N, 8.89 (8.77). ESI-MS (m/z) [3+]: 1065.3. UV−vis (in
THF) λ, nm (ε, M−1 cm−1): 387 (8700), 489 (9100), 570 (sh,
∼2700), 814 (460), 1100 (180). Electrochemistry (CH2Cl2, vs Fc

+/0),
E1/2/V, ΔEp/mV, iforward/ibackward: 0.69 (Epa), irrev; −0.42, 64, 0.99;
−1.9, 104, 2.1. 1H NMR (CDCl3, 25 °C) δ, ppm: 3.09 (s, 24H,
DMBA N-(CH3)2), 3.70 (s, 12H, OCH3), 5.84 (s, 2H, aryl p-CH),
6.33 (s, 4H, aryl o-CH), 6.96 (d, 8H, DMBA o-CH), 7.31−7.44 (m,
12H, DMBA m- and p-CH).
X-ray Crystallographic Analysis. Single-crystal X-ray diffraction

data for compounds 1−3 at 150 K were collected on a Bruker AXS
D8 Quest CMOS diffractometer using Mo Kα radiation (λ = 0.71073
Å). Data were collected and processed using APEX3,62 and the
structures were solved using the SHELXTL suite of programs63,64 and
refined using Shelxl2016.65,66
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