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Oxo-centered triruthenium-acetate complexes with a triden-
tate or bis(tridentate) triazine ligand have been prepared by
the reaction of [RuzO(OACc)s(py)2(CH3OH)]* ([1]*) with a tri-
azine ligand [3-(2-pyridyl)-1,2,4-triazine (pytz), 3-(2-pyrimid-
inyl)-1,2,4-triazine (pmtz), or 5,5’,6,6'-tetramethyl-3,3'-bi-
1,2,4-triazine (bdmt)]. The dimeric complex [{RuzO(OAc)s-
(PY)2)2(ps-pmtz)]?* ([5]%%), an intercluster mixed-valence com-
plex ([Rus™M L pmtz-Rus W HLI2+4) containing an asymmetric
bis(tridentate) pmtz ligands involved in both p-n!(N),n?(N,N)
and orthometalated p-n*(C)n%(N,N) bonding modes, was
prepared by substitution of a bridging acetate in the parent

Ru3zO(OAc)e cluster core. Chemical or electrochemical re-
duction or oxidation of [5]** gave one-electron reduced prod-
uct [5a]* or oxidized species [5b]3*, respectively. It is demon-
strated that substitution of the bridging acetate by a triazine
ligand has a remarkable impact on the electronic and redox
characteristics of the triruthenium cluster derivatives. Elec-
trochemical, UV/Vis/NIR spectra, and DFT computational
studies demonstrated that there is a distinct cluster—cluster
interaction between the two triruthenium cluster moieties ac-
ross an asymmetric bridging bis(tridentate) triazine in the di-
meric triruthenium cluster complex [5]*.

Introduction

Over the years considerable attention has been paid to
multinuclear transition-metal complexes that exhibit mul-
tiple redox processes and ligand-mediated electronic inter-
actions because they are attractive as new multifunctional
materials.!"# For example, these functional complexes have
potential applications in catalysis, photo/electrolumines-
cence, nonlinear optics, and molecular devices.[>-]

Oxo-centered trinuclear ruthenium-carboxylate cluster
compounds with general formula [Ru;O(OAc)s(L)(L")-
(L))" (L, L', and L" = axial ligand, n = 0, 1, 2) are promis-
ing building blocks in view of their rich substitution reactiv-
ity, multiple redox behavior, diverse mixed-valence chemis-
try, and intriguing catalytic properties.!'®!1 Owing to their
comparative lability, axial ligand substitution affords an ex-
cellent means to tune the redox levels of electron-transfer
processes and enhances significantly the richness of triru-
thenium chemistry.['!~16-22-241 A number of oligomeric triru-
thenium cluster derivatives linked by pyrazine, 4,4'-bipyr-
idine, polyphosphane, and polypyridyl ligands have been
synthesized and characterized,!'®!3] and the electronic com-
munication between the triruthenium moieties has been ex-
amined.
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Compared with axial ligand substitution, displacement
of a bridging acetate in the parent triruthenium cluster
core Rus(ps-O)(n-OAc)s is much more difficult to
achieve.'%23271 In an attempt to explore the reactivity of
the Ruz™ I precursor  [RuzO(OAcC)(py).(CH;0H)J*
([11") with 2,2'-bipyridine, we successfully isolated
[Ru30(0AC)s {p-n'(C),n*(N,N)-bipyridine} (py),]* by sub-
stitution of a bridging acetate in the parent triruthenium
core Rus(p3-O)(u-OAc)s by an ortho-metalated 2,2'-bipyr-
idine.[>>2%1 Subsequently, a series of low-valence (IILIILII
or IILILID) triruthenium derivatives were prepared by sub-
stitution of a bridging acetate by a n-delocalized neutral N-
heterocyclic ligand with a low-lying 7* orbital and strong -
accepting character.”” Although substitution of a bridging
acetate by an anionic polypyridyl ligand by ortho-met-
alation exerts little influence on the physicochemical prop-
erties,1?>2%l substitution of a bridging acetate by a neutral
N-heterocyclic ligand significantly affects the electronic and
redox characteristics of oxo-centered triruthenium cluster
derivatives.[*”!

In this paper we wish to report the synthesis of dimeric
triruthenium cluster derivatives by bridging ligand substitu-
tion using a symmetric bis(tridentate) ligand with two iden-
tical p-n'(N),n%(N,N) donors or an asymmetric bis(tri-
dentate) ligand that adopts both p-n'(N),n%(N,N) and or-
tho-metalated p-n'(C),n*(N,N) bonding modes. 5,5',6,6'-
Tetramethyl-3,3'-bi-1,2,4-triazine (bdmt) was selected as a
potential symmetric bis[p-n'(N),n%(N,N)] bridging ligand
and 3-(2-pyrimidinyl)-1,2,4-triazine (pmtz) served as an
asymmetric bis(tridentate) ligand that affords both p-
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N'(N),n%(N,N) and 1n'(C),n*(N,N) donors, thereby creating
an efficient approach to triruthenium cluster—cluster elec-
tronic interaction. Although isolation of the dimeric triru-
thenium cluster complex with symmetric bis(tridentate)
bdmt is unattainable, asymmetric bis(tridentate) pmtz-
linked dimeric species [{Rus;O(OAc)s(py)»ts{tsn'(C).n!-
(N),n2(N,N),n%(N,N)-pmtz}]** (n = 1, 2, or 3) with three
different charges have been obtained as anticipated. We de-
scribe herein spectroscopic, redox, and DFT computational
studies of these monomeric and dimeric triruthenium clus-
ter derivatives.

Results and Discussion

Syntheses and Characterization

The synthetic routes to triruthenium cluster complexes
[2]*—[5]*" are summarized in Scheme 1. Monomeric
[Rus "W ILI* cluster complexes [2]7—[4]" were synthesized
by the reaction of the [Ruz"ULM* precursor [1]7 with
1.2 equiv. of pytz, bdmt, or pmtz at room temperature,
respectively. The products were purified by chromatography
on alumina columns. The stable [Ruz"™ "M * cluster deriva-
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tives [2]"—[4]" are formed by one-electron reduction of val-
ence IILIILIIT to ITLITLIT and by substitution of a bridging
acetate and an axially coordinated methanol in the
Ruy "ML yrecursor [1]7 by pytz, bdmt, or pmtz, with
pytz, bdmt, and pmtz adopting the u-n'(N),n%(N,N) bond-
ing mode.

When the molar ratio of [1]* and pmtz was 2.2:1, the
main product isolated was the pmtz-linked dimeric complex
517" (Ruz"-ME_pmtz—Ru; ") with intercluster mixed-
valence. Dimeric complex [5]>* was also accessible by the
reaction of [4]" with 1 equiv. of [1]*. The pmtz-linked di-
meric complex [5]** consists of two Ru;O(OAc)s(py), units
with formal oxidation states ITI,ITL,IT and IILITLIII, respec-
tively, in which the pmtz is bound to the former
Ru; ™ IEIQO(OAC)s(py)> moiety in a n'(N),n%(N,N) bond-
ing mode and the latter in a 1'(C),n*(N,N) bonding mode
by ortho-metalation. Electrochemical or chemical reduction
of the 2+ species [S]>* with an excess of aqueous hydrazine
afforded the 1+ species [5a]" (Ru;"™1_pmtz—Ru, LT
which contains two identical Ruz;O(OAc)s(py), moieties
with formal oxidation state IILIILII. On the other hand,
electrochemical or chemical oxidation of [5]** with 1 equiv.
of ferrocenium hexafluorophosphate gave the 3+ species
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Scheme 1. Synthesis of [2]"—[5b]>*.
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Figure 1. "TH NMR (400 MHz) spectrum of complex [5]** in CD;CN.

[3b]** (RusM-IM_pmtz—Ru, ML) containing two iden-
tical Rus;O(OAc)s(py), moieties with formal oxidation state
IIINIINIIE

The reaction of bdmt with 2.2 equiv. of [1]* afforded sim-
ply the monomeric triruthenium derivative [3]*. The at-
tempt to access the desired dimeric triruthenium species
(Scheme 1) with bis[n!'(N),n*(N,N)]-bdmt failed, probably
due to the greater stability of [3]* with n'(N),n%(N,N)-bdmt
compared with that of the dimeric species with
bis[n!(N),n%(N,N)]-bdmt.

Complexes [2]"—[5b]** were characterized by elemental
analysis, ESI-MS spectrometry, UV/Vis/NIR, IR, and 'H
NMR spectroscopy, and cyclic and differential pulse vol-
tammetry. The elemental analyses (C, H, N) coincided well
with the calculated values for all the compounds. Positive
ion ES-MS of [2]*, [3]*, [4]*, [5a]*, [5]*", and [5b]** (Fig-
ures S1-6, Supporting Information) showed the corre-
sponding molecular ion fragments [M — PF¢]*, [M -
2PF¢]**, or [M — 3PF]** as the base or principal peaks,
respectively.

The 'H NMR spectroscopic data for complexes [2]*—
[5]7* together with the tentative assignments are collected
in Table SI (Supporting Information) for the purpose of
comparison. The 'H NMR spectra are presented in Fig-
ure 1 for [5]>* and Figures S7-S9 (see Supporting Infor-
mation) for [2]*—[4]*, respectively. Complexes [2]"—[4]* are
diamagnetic, as evidenced by the '"H NMR spectroscopic
data, with the proton signals tentatively assigned by refer-
ence to relevant oxo-centered triruthenium cluster com-
plexes reported in the literature.’>>” The 2+ dimeric com-
plex [5]**, however, showed a clear paramagnetic shift rela-
2308
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tive to that of the diamagnetic monomeric complex [4]* due
to the influence of an unpaired electron. As shown in Fig-
ure 1, the acetate methyl protons of paramagnetic [S]** are
observed in the range 1.53-4.52 ppm, in striking contrast
to those of diamagnetic [4]" (1.56-2.42 ppm; Figure S9,
Supporting Information). The proton signals of two pyr-
idine ligands in [S]** are clearly shifted to higher fields com-
pared with those in [4]* with diamagnetism, which shows
effective paramagnetic shifts.

Crystal Structures

The structures of [2](PF4)-CH,Cl,, [3](PF¢)-3CH,Cl,,
and [4](PFg)-/2CH,Cl,-H,O were determined by single-
crystal X-ray diffraction. Selected bond lengths and angles
are summarized in Table 1. The ORTEP drawing of [4]* is
depicted in Figure 2.

The pytz, bdmt, and pmtz ligands exhibit a p-
N'(N),n%(N,N) bonding mode, which is favored by the for-
mation of two five-membered coordination rings. Note that
the axial Rul-N1 [2.064(4)-2.089(5) A] distance within the
five-membered chelating ring is markedly longer than the
equatorial Rul-N2 [1.919(8)-1.951(4) A] bond.'#27] The
chelating effect induces a shorter axial Rul-N1 [2.064(4)-
2.089(5) A] length than the other two axial Ru-N,,
[2.089(7)-2.157(9) A] bonds. The two N-heterocyclic rings
in the pytz, bdmt, and pmtz ligands are almost coplanar
with an angle of 4.5° for [2]*, 7.4° for [3]*, and 10.1° for
[4]".

As a result of the p-n'(N),n*(N,N) bonding mode of
pytz, bdmt, and pmtz, the triruthenium frameworks form

Eur. J. Inorg. Chem. 2011, 2306-2316
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Table 1. Selected bond lengths [A] and angles [°] for [2](PF)-CH,Cl,, [3](PF)-3CH,Cl,, and [4](PF)-/2CH,Cl,-H,O.

[2](PF4)-CH,Cl, [3](PF4)-3CH,Cl,

[4](PF)-/4CH,Cl,"H,O

Ru-Ru Rul--Ru2  3.232(4) Rul-Ru2 3.227(3) Rul--Ru2  3.226(7) Rud-Rus 3.225(8)
Rul--Ru3  3.346(5) Rul-+Ru3 3.348(4) Rul-~Ru3  3.337(7) Ru4-+Ru6 3.332(7)
Ru2-Ru3  3.363(3) Ru2-+Ru3 3.340(4) Ru2-+Ru3  3.343(8) Ru5-+Ru6 3.358(9)
Ru-Oentrar Rul-Ol 1.915(4) Rul-Ol 1.925(3) Rul-Ol 1.935(6) Ru4-O12 1.926(6)
Ru2-Ol 1.944(4) Ru2-Ol 1.928(3) Ru2-Ol 1.934(7) Ru5-012 1.920(6)
Ru3-Ol 1.889(4) Ru3-Ol 1.878(3) Ru3-Ol 1.860(6) Ru6-012 1.884(6)
Ru N Rul N1 2.089(5) Rul N1 2.064(4) Rul NI 2.062(9) Ru4 N8 2.065(9)
Rul N2 1.944(5) Rul N2 1.951(4) Rul N2 1.920(10) Ru4 N9 1.919(8)
Ru2-N3 1.979(5) Ru2-N3 2.040(4) Ru2-N3 1.998(10) Ru5-N10 1.972(8)
Ru3-N5 2.126(5) Ru2-N7 2.114(4) Ru2-N6 2.089(7) Ru5-N13 2.106(8)
Ru2-N6 2.106(5) Ru3-N8 2.123(4) Ru3-N7 2.157(9) Ru6-N14 2.143(8)
Ru Oenyu-Ru Rul-O1-Ru2 113.7(2) Rul-Ol-Ru2 113.75(15)  Rul-Ol-Ru2 112.9(3) Ru4-O12-Ru5 113.9(3)
Rul-O1-Ru3 123.2(2) Rul-Ol-Ru3  123.33(15)  Rul-Ol-Ru3 123.2(4) Ru4-O12-Ru6 121.9(3)
Ru2 Ol Ru3 122.7(2) Ru2 Ol Ru3  122.71(16)  Ru2-Ol Ru3 123.5(3) Ru5-O12-Ru6 123.9(3)
N Ru Opnrar NI-Rul-O1 166.96(19)  NI-Rul-Ol  168.12(14) NI-Rul-Ol1 172.03) N8 Rud 012  170.6(3)
N2-Rul-Ol 89.14(19) N2-Rul-Ol  89.03(14) N2-Rul-O1 90.4(3) N9-Ru4-012  90.4(3)
N3-Ru2-Ol 88.54(19) N3-Ru2-Ol  88.75(13) N3-Ru2-Ol 88.2(4) N10-Ru5-O12 90.3(3)
N5-Ru2-Ol 179.0(2) N7-Ru2-Ol  174.25(14) N6-Ru2-O1 178.03) N13-Ru5-012 179.3(3)
N6-Ru3-Ol 178.02(19)  N8-Ru3-Ol  179.01(15) N7-Ru3-Ol1 179.5(3) N14-Ru6-012 178.0(3)
N-Ru-N N1-Rul-N2 79.1(2) N1-Rul-N2  79.36(15) N1-Rul-N2 81.9(4) N8 Rud4 N9  80.5(3)
N3-Ru2-N6 92.7(2) N3-Ru2- N7  96.52(15) N3-Ru2-N6 90.0(4) N10-Ru5-N13 89.9(3)

Figure 2. ORTEP drawing of [4]". Tthermal ellipsoids are drawn at
the 30% probability level.

approximately isosceles triangles with Rul-*Ru2 distances
[3.226(7)-3.232(4) A] distinctly shorter than those of
Rul-+Ru3 [3.337(7)-3.348(4) A] and Ru2--Ru3 [3.340(4)-
3.363(3)Al. The Rul-Ol and Ru2-Ol [1.915(4)-
1.944(4) A] distances are clearly longer than the Ru3-Ol
distances [1.860(6)-1.889(4) A]. The Ru—O,ceare distances
[2.034(8)-2.093(4) A] are comparable to those observed in
other oxo-centered triruthenium cluster compounds.??-27]

Electronic Absorption Properties

The electronic absorption spectroscopic data of
[2]*—[5b]*" in dichloromethane solutions at 298 K are sum-
marized in Table 2. The intense bands in the UV region are

Eur. J. Inorg. Chem. 2011, 2306-2316
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dominated by ligand-centered absorptions arising from the
n— ¥ transitions of the aromatic rings. Based on the band
assignments of similar triruthenium complexest!316-22-27] to-
gether with DTF computational results (see below), the
series of composite bands of intermediate energy observed
at 310-550 nm can be attributed to cluster-to-ligand charge-
transfer (CLCT) transitions from the occupied 4d orbitals
of the triruthenium cluster to the lowest-unoccupied ©* or-
bitals of the N or O ligand. This assignment is supported
by the sensitivity of these bands to variations in the organic
ligands.

Table 2. UV/Vis absorption spectroscopic data for compounds
[2]PF4-[Sb](PF¢)s in dichloromethane.

Jmax [Nm] (¢ [dm>mol ' em™'])

1Clal CLCTM! Ligand-centered
transitions
[2)(PF,) 652 (9800) 330 (14200) 241 (36700)
457 (13400) 273 (25700)
539 (11200
[31(PF,) 653 (12900) 329sh (14600) 244 (46300)
434 (17400)
540(14700)
[4](PE,) 647 (11300) 318 (13800) 242 (46700)
396 (12100)
466 (13900)
533 (11900)
[51(PF), 723 (15400) 333sh (21900) 238 (52600)
551 (12000)
[5a](PFs) 861 (15600) 390 (22500) 247 (57500)
[5b](PFe)s 694 (15300) 335 (25900) 241 (56600)

[a] IC is an intracluster transition. [b] CLCT is a cluster-to-ligand
charge-transfer transition.

The low-energy broad absorption bands centered at 640—
860 nm can be assigned to intracluster (IC) transitions, as
demonstrated by our DFT computational studies (see be-
low). According to the qualitative molecular orbital
scheme,[!-1528] the variations in the electron contents or
2309
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formal oxidation states of the triruthenium clusters would
cause noticeably red- or blueshifted low-energy IC bands.
As shown in Figure 3, compared with the low-energy band
in the 2+ complex [5]** (723 nm), the absorption due to IC
transitions is significantly redshifted in the 1+ species [5a]*
(861 nm), whereas that of the 3+ complex [Sb]** (694 nm)
is clearly blueshifted. The decrease in energy of these transi-
tions by stepwise one-electron reduction reflects a gradual
increase in the occupied drn levels as the electron number
increases.'>15281 It is intriguing that compared with the
monomeric complex [4]* (647 nm), the IC bands (Figure 3)
of the dimeric species [Sa]* (861 nm), [5]** (723 nm), and
[3b]** (694 nm) shift significantly to a lower energy. As
shown in Figure 3, the remarkable redshift of the intraclus-
ter charge-transfer (IC) bands from monomeric complex
[4]* to dimeric species [Sa]*—[5b]** suggests that a strong
cluster—cluster interaction most likely operates between the
two triruthenium cluster moieties across the bridging pmtz
in [5a]*-[5b]**, as demonstrated by electrochemical and
DFT studies (see below).[15-26]

seess [5a]"

—6”
-== [5b]**

L} i Ll = L] = L}
400 600 800 1000
A (nm)

Figure 3. UV/Vis/NIR absorption spectra of [4]* (grey), [5]** (so-
lid), [5a]* (dots), and [5b]** (dashes) in dichloromethane solution.

Redox Properties

The redox chemistry of [2]"—[5]** was investigated by cy-
clic and differential pulse voltammetry. The electrochemical
data are summarized in Table 3 together with those of rel-

Table 3. Electrochemical data for compounds [2]PF¢-[5](PFg),.[4!

evant oxo-centered triruthenium complexes for the purpose
of comparison. Plots of cyclic and differential pulse voltam-
mograms in 0.1 M acetonitrile solutions of (BuyN)(PF) at
ambient temperature are shown in Figure 4 for [4](PF4) and
[51(PF¢),, and in Figure S14 (see Supporting Information)
for [2](PFs) and [3](PFs). For monomeric triruthenium
complexes [2]"—[4]*, four to five distinct reversible or quasi-
reversible redox couples are detected in the potential range
of +1.5 to —2.5 V vs. F¢/Fc*, with waves A and B occurring
in the anodic range and waves C, D, and E in the cathodic
range. The quasi-reversible wave E (Figure S14, Supporting
Information) is ascribable to the ligand-centered reduction
(L/L") because the free ligand undergoes the same re-
duction process at a similar potential under the same condi-
tions of measurement. With reference to previous studies of

1?5 ) 1TD i 0?5 ) 0?0 ) -0‘.5 '—1'.0 '—1I.5 : —2‘.0
Potential (V vs Fc'/Fc)

Figure 4. Cyclic and differential pulse voltammograms for com-
pounds [4](PF¢) and [5](PF¢), in 0.1 m dichloromethane solutions
of (BuyN)(PF). Scan rates: 100 mV/s for CV and 20 mV/s for DPV.
*A flaw of the instrument.

Ey(A) [V] Ey(B) [V] E,.(C) [V] E (D) [V] E.(E) [V]
Ru3ITI,HI,IV/ (Ru3IH,U],III/ (RHSIH,TH,H/ (Ru3III,II.II/ 4
RU';HI’HI‘HI) Ru3TH,III,II) RU;IH’H‘H) Ru3II,II,II) (L/L )
[21(PFy) +1.19 +0.31 ~0.92 ~1.91
[3](PFy) +1.16 +0.27 ~0.88 “1.77 2.12
[4](PFy) +1.24 +0.36 ~0.86 “1.78
[51(PFs)> +0.8700) ~0.031"! 1,190
+0.71( -0.329 1.581¢
[Ru30(0AC)s(bpy)(py)-](PF¢)! +0.57 -0.57 ~1.90
[Rus0(0Ac)s(py)s](PF¢) +0.59 ~0.60 1.9
[Ru30(0Ac)¢(py),COJ! +0.89 +0.25 -1.25
[Ru30(0AC)s(CNXy),]0 +0.94 -0.01 -0.67 “1.19
[Ru30(0Ac)s(abep)(py)2](PE) +1.29 +0.53 ~0.46 -1.58
[Rus0(0Ac)s(abpy)(py)s](PFg)e +1.14 +0.36 -0.76 ~1.84
[Rus0(0Ac)s(cppd)(py)-](PFe)™ +1.12 +0.19 ~1.00 -1.87 -2.05

[a] Potential data in volts vs. Fc/Fc* (E,, = 0) are from single scan cyclic voltammograms recorded at 25 °C. Detailed experimental
conditions are given in the Exp. Sect. [b] Redox processes due to the n'(N),n%(N,N)-bonded Ru;O(OAc)s(py)- unit. [c] Redox processes
due to the n!(C),n%(N,N)-bonded Ru;O(OAc)s(py), unit. [d] Data from ref.[>¥ [¢] Data from ref.l'!! [f] Data from ref.*?! [g] Data from

ref.27al [h] Data from ref.27%!
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a series of u-n'(N),n?(N,N)-ligand-substituted oxo-centered
triruthenium species containing n-delocalized neutral N-
heterocyclic ligands with a low n* level and strong m-ac-
cepting character,?” waves A, B, C, and D correspond most
probably to the successive one-electron redox processes
Ru VLR ILILIT  [F, (A)] Ry, TEILIYRy, LTI
[E%(B)], Ru3III,III,II/Ru3III,II,II [E‘/z(C)]e and RU3IH’H’H/
Ru;™MEI [E, (D)), respectively. As indicated in Table 3,
compared with the parent complex [Ru;0(OAc)q-
(Ppy)s] "3 E(A), EuB), En(C), and E,D) in
[2]*—[5]*" are all remarkably positively shifted (0.57—
1.13 V). This further demonstrates that substitution of a
bridging acetate in the parent triruthenium cluster core
Rus(p3-O)(1-OAc)g by a neutral bridging N-heterocyclic li-
gand with a low ©n* level exerts significant influence on the
redox properties in the triruthenium derivatives produced.

The cyclic voltammogram of [5]"" (n = 1, 2, or 3) in
a 0.1 M dichloromethane solution of (BuyN)(PF4) shows
six reversible or quasi-reversible one-electron redox waves
in the range of +1.0 to —1.6 V versus Fc/Fc*. As depicted
in Figure 4, the redox waves can be assigned by com-
parison with those of the monomeric complex [4]* con-
taining pmtz in the n'(N),n*(N,N) bonding mode and
with those of [Ruz;O(OAc)s(py)2{p-n'(C).,n*(N,N)-bpy}]*
with ortho-metalated bpy in the m'(C),n?(N,N) bonding
mode.>>! On going from +1.0 to —1.6 V, successive redox
waves can be ascribed to the processes [Rus!V-ILIT
pmtz-Ruy VIS [Ru, T oz Ry IV (A),
[Rus LI iy (7 Ry TV-ITLIT] [ Ry ,ILILIT oy
Ru, /1L ILIT+ (A"), [Ruy "I oz Ry, TLILIE+
[Ruy" I pmz Ry, MWL (B) - [Rus ™M pmiz—
Ru, ML TRy HLILI 7 Ry LTI (B"),
[Ruz"™ 0 7 Ru MU [Rug My 7 Ry, L
(C), and [Ruy™ pmtz Rus ™IRO/ [Ru L pmz
Ru, ™ML (C), respectively. It has been revealed that re-
dox potentials of oxo-centered triruthenium complexes with
a neutral bridging N-heterocyclic ligand are always more
positive than those of oxo-centered triruthenium derivatives
with an ortho-metalated anionic polypyridyl ligand.!l'4-2%-27]
Thus, waves A, B, and C are most likely due to the
Ru;0(0Ac)s(py), moiety bound to 1n'(N),n%(N,N) donors
whereas waves A’, B’, and C’ probably arise from the other
Rus;O(OAc)s(py), unit bonded to ortho-metalated
N'(C),n*(N,N) donors.?>27]

Direct comparison of the potential differences AE., be-
tween waves A and A’ (0.16 A), B and B’ (0.29 V), and C
and C’ (0.39 V) cannot give a precise estimation of cluster—
cluster electronic interactions in asymmetric dimeric com-
plexes [5]"*. Nevertheless, the corresponding potential dif-
ferences (0.33-0.39 V) between waves A, B and C of mono-
meric complex [4]" containing neutral pmtz and waves A,
B, and C in dimeric species [5]"" due to the Ru;O(OAc)s-
(py), moiety bound to n!'(N),n?(N,N) donors may give use-
ful information to estimate Rus—pmtz—Rus intercluster in-
teractions. The significant negative potential shifts (0.33—
0.39 V) from monomeric complex [4]* to dimeric species
[5]™* are most likely due to a substantial cluster—cluster inter-
action between two Ru;O(OAc)s(py), moieties across bridg-
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ing pmtz.[*°! Such a cluster—cluster electronic interaction in
dimeric complexes [5]"" with asymmetric bis(tridentate)
pmtz is likely comparable to that in dimeric triruthenium
cluster complexes [{Ru;O(OAc)s(py)a}2{psn'(C)n'(C)n’
(N,N),n%(N,N)-bpym}]** (n = 0, 1, or 2) with symmetric
bis(ortho-metalated) 2,2'-bipyrimidine.[?6]

Electronic Structures and DFT Computational Studies

To elucidate the interactions between two cluster moie-
ties in dimeric complexes [5]>*, density functional theory
(DFT) was used to study the electronic structures of com-
plexes [2]*, [4]*, [Sa]*, and [5]**. On the basis of their opti-
mized geometries, 60 singlet and 6 triplet excited states of
related complexes were calculated at the LanL2DZ[6-
31G(d)] level of theory by TD-DFT, in which the solvent
effect (CH,Cl, as the solvent) was taken into account by
using the PCM approach. The relative compositions of the
different energy levels in terms of the constituent fragments
and the absorption transition characters are summarized in
Table 4 for [4]*, Table 5 for [S]*>*, Tables S3 and S4 for [2]*,
and Tables S5 and S6 for [5a]* (for the latter, see Supporting
Information). The electron-density diagrams of the frontier
molecular orbitals involved in the absorption spectra are
depicted in Figure 5 for [5a]* and Figures S17-S19 for [2]F,
[4]*, and [5]**, respectively.

The HOMOs of triruthenium complexes [2]" and [4]* are
mainly resident on ruthenium atoms (72.4-81.5% for [2]*
and 65.0-81.2% for [4]") with a minor distribution on the
acetates (10.8-22.6% for [2]* and 7.7-22.7% for [4]"). The
LUMO is primarily on the ruthenium atoms (66.3% for
[2]" and 66.1% for [4]7) and the p;-O atom (22.1% for [2]*
and 22.0% for [4]"). Note that triazine ligands pytz and
pmtz make a major contribution to the LUMO++I,
LUMO+2, and LUMO+3. In the case of LUMO+2, the
triazine ligand character is 91.8% for [2]* and 89.3% for
[4]". The calculated low-energy absorptions HOMO-
2— LUMO and HOMO-3— LUMO for [2]" (Table S4) and
HOMO-1-LUMO and HOMO-2—LUMO for [4]*
(Table 4) are primarily typical of intracluster (IC) transi-
tions between 4d orbitals within a Ruj cluster. The DFT
calculated values (632 nm for [2]* and 636 nm for [4]") ac-
cord well with the measured low-energy absorption maxima
at 652 nm for [2]* and 647 nm for [4]". The calculated ab-
sorptions HOMO-7— LUMO+2 at 399 nm for [2]* and
414 nm for [4]" can be ascribed to 4d(Ruz)— n*(pytz or
pmtz) cluster-to-ligand charge-transfer (CLCT) transitions,
which coincide reasonably with the measured bands at
457 nm for [2]" and 434 nm for [4]*.

The HOMO of [5]*>* is primarily resident on the left
Ru; ™I clyster bonded to m'(N),n%(N,N) donors. The
LUMO is mainly distributed on the right Ru;"™-EI mojety
bonded to 1'(C),n%(N,N) donors but is delocalized onto
the bridging ligand pmtz and the left RusO cluster. As
presented in Table5, the calculated low-energy
HOMO — LUMO absorptions can be assigned to both in-
tracluster (IC) and cluster—cluster (CC) transitions mixed
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Table 4. Partial molecular orbital compositions in the ground state and the absorption transitions for [4]" in dichloromethane calculated
by the TD-DFT method.

Orbital Energy [eV] MO contribution [%0]
Ru pmtz py us-O OAc
LUMO+2 -3.1364 8.3 89.3 0.5 0.4 1.5
LUMO+1 -3.2202 15.9 81.9 0.3 0.1 1.8
LUMO -3.9822 66.1 3.0 3.6 22.0 5.3
HOMO -5.9199 72.1 2.4 1.6 1.0 22.7
HOMO-1 -6.1047 79.0 2.6 1.5 0.1 16.8
HOMO-2 -6.2160 80.3 24 3.1 0.9 13.3
HOMO-4 -6.4176 65.0 13.3 0.7 0.2 20.8
HOMO-6 -6.6075 78.0 8.3 2.5 35 7.7
HOMO-7 -6.6943 81.2 44 2.1 1.4 10.9
Transition Transition CI coefficient ~ E [nm] (eV)  Oscillation strength ~ Assignment  Measured value [nm]
S1 HOMO— LUMO 0.6127 1954 (0.63) 0.0000 'IC
S8 HOMO-2— LUMO 0.4050 636 (1.94) 0.0978 'IC 647
HOMO-1— LUMO 0.3148 'IC
S25 HOMO-7— LUMO+2 0.4426 414 (2.99) 0.1341 ICLCT 434
HOMO-6— LUMO+2 -0.2256 ICLCT
HOMO-4— LUMO+1 0.2700 ICLCT

Table 5. Partial molecular orbital compositions in the ground state and the absorption transitions for [5]>* in dichloromethane calculated
by the TD-DFT method.

Orbital Energy [eV] MO contribution [%]
N(N),N2(N,N)-Ru; """ ynit - Bridging li- NY(C),n2(N,N)-Ru;TIEIT gt
gand pmtz
Ru py us-O OAc Ru py u3-O OAc
oLUMO+2 -3.7876 7.6 0.2 0.2 1.0 64.0 20.5 0.5 4.7 1.3
oLUMO+1 —4.0472 66.1 1.6 19.5 6.4 5.7 0.6 0.0 0.0 0.1
BLUMO+1 -4.0578 2.7 0.0 0.1 0.3 8.4 65.3 3.6 9.2 10.4
aLUMO —4.3571 13.1 0.1 0.1 1.7 20.5 46.9 0.7 12.1 4.8
BLUMO —4.3144 0.6 0.0 0.0 0.1 39 73.1 2.5 4.5 15.3
aHOMO -6.2891 70.3 2.0 1.3 14.7 8.0 32 0.1 0.2 0.4
BHOMO -6.3090 71.2 1.0 2.5 22.0 2.3 1.0 0.0 0.1 0.1
a«HOMO-3 -6.7751 57.0 1.9 2.7 16.3 11.1 8.7 0.3 1.1 1.0
BHOMO-3 -6.6603 2.8 0.1 0.1 0.7 1.1 72.8 2.2 6.1 14.2
aHOMO-5 ~6.8889 24.0 1.2 0.8 4.4 3.8 49.4 0.7 2.4 13.3
aHOMO-6 —-6.9885 51.1 0.5 3.7 6.8 7.4 21.5 2.8 0.4 5.8
aHOMO-7 -7.0307 1.9 0.1 0.1 0.2 33 71.6 32 5.1 14.5
oHOMO-8 -7.0377 21.7 1.7 1.9 12.5 0.4 52.5 1.4 0.2 2.7
Transition Transition CI coef. E [nm] (eV) Oscillation strength Assignment Measured
value [nm]
S1 BHOMO-3— BLUMO 0.8820 5444 (0.23) 0.0001 c
S6 aHOMO-5— aLUMO 0.4902 1898 (0.65) 0.0082 "c/icc
a¢HOMO — oLUMO 0.4830 'c/'cc
aHOMO-8— o LUMO 0.3587 'c/'cec
S11 acHOMO — oLUMO 0.4023 1464 (0.85) 0.0056 'c/'cec
o¢HOMO — oLUMO+2 0.3227 "Ic/'cc
oHOMO-8— o LUMO 0.3127 'Ic/'cc
S15 BHOMO-3— BLUMO+1 0.6607 868 (1.43) 0.0319 'IC 723
BHOMO-3— BLUMO -0.5012 c
aHOMO-7— oLUMO -0.3233 'IC/'CLCT/'CC
S19 aHOMO-7— ¢LUMO 0.4893 759 (1.63) 0.0308 "IC/'CLCT/'CC 723
aHOMO-3— aLUMO+1 -0.3108 IC
aHOMO-6— «LUMO -0.2522 ICC/'CLCT
aHOMO-5— aLUMO -0.2602 'Ic/'cc
BHOMO — BLUMO -0.2545 'IC

IILITLIIT
RU3

with a minor contribution from CLCT states. The calcu- cluster through the bridging pmtz, which im-

lated absorptions at 868 and 759 nm accord reasonably with
the measured low-energy band with the maximum at
723 nm. When [5]** is photoexcited, the electron in the
HOMO moves from the left Ru;™ I cluster to the right
2312
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plies that charge-transfer transitions between the two Ruj
cluster moieties indeed operate in intercluster mixed-
valence complex [5]** (Ru;"™ - _pmtz—Ru; ™1 due to
significant cluster—cluster interactions.
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Figure 5. Electron density diagrams of the frontier molecular orbitals involved in the absorption of intercluster mixed-valence complex

[5]2+ (Ru3”1’I”*prmtszu_g”l*m’“I).

The HOMO-LUMO gaps of the Rus""LI complexes
[2]* and [4]", and [5a]" composed of two Rus"™IIT ynits
are 1.95, 1.94, and 1.47 eV, respectively. The interaction of
the two Ru;"ILI cluster units in the dimeric complex
[5a]* leads to a distinct decrease in the HOMO-LUMO gap
compared with in the monomeric complex [4]*. Upon one-
electron oxidation of [5a]* to [5]**, the HOMO level in the
dimeric complex [5]** containing one Ru;"™"1 and one
Ru;TM T g significantly lowered, and thus the HOMO-
LUMO gap is increased to 1.93 eV in [5]** relative to that
of [5a]* (1.47 eV). This suggests that loss of one electron
from [Sa]* to [5]*' results in a marked blueshift of the IC
absorptions. As revealed from the UV/Vis spectra, the low-
energy bands due to IC transitions occur at 861 nm for
[5a]* and 723 nm for [5]*".

The charge population can be evidenced from a Mulliken
population analysis, which is performed by using the GGA-
PWOI functional of the CASTEP code based on the geome-
try structure optimized by Gaussian 03.03% Tables S7 and S8
display the charges and bond populations of some selective
atoms and bonds in [4]*, [5a]*, and [5]>".

For complex [4]*, the calculated Mulliken charges of the
Ru atoms in the Ruj core are considerably lower than the
formal charge of Rus™LIN and are found to be 1.50e,
1.57¢, and 1.53¢, and the total charge of the pmtz ligand is
—1.85¢. This suggests that the electrons are delocalized on
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the Ru; core and that there is a back-donation of electrons
from the Rus core to the pmtz ligand. In the intercluster
mixed-valence dimeric complex [5]** (Rus™M_pmtz—
Ru, ™ML “the total charges of the two Ruj cores are 4.68e
(Rus"™ LT core) and 4.70e (Rus"™MT core). When [5]27 is
one-electron reduced to [5a]*, the total charges of the Rus
cores decrease from 4.68¢ and 4.70¢ to 4.52¢ and 4.47e,
respectively. These results suggest that the electrons are de-
localized over the Rus;—pmtz—Ru; backbone and that elec-
tron communication indeed operates between the two Ruj
cores through bridging ligand pmtz.

Conclusions

A series of triazine-substituted oxo-centered triruthen-
ium derivatives have been obtained by displacing one of the
six bridging acetates as well as an axial ligand in precursor
triruthenium compound [1]*. These triazine-containing tri-
ruthenium complexes display large redox potential shifts to
the anodic side because of bridging ligand substitution by
a neutral triazine ligand with low-lying n* orbitals. For the
dimeric species [S](PF¢),, pmtz behaves as an asymmetrical
bis(tridentate) ligand, adopting both p-n'(N),n%(N,N) and
p-1n'(C), n*(N,N) bonding modes to link two Rus;O(OAc)s-
(py)» cluster moieties. A significant cluster—cluster elec-
2313
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tronic interaction operates between the two triruthenium
cluster moieties across the bridging pmtz ligand in the di-
meric complexes [5]"* (n = 1, 2, or 3) as revealed by electro-
chemical and UV/Vis/NIR spectral data. DFT computa-
tional studies have demonstrated that the electronic proper-
ties of the dimers reflect the extent of cluster—cluster inter-
action through asymmetrical bis(tridentate) triazine ligand.

Experimental Section

Materials: All manipulations were performed under dry argon
using Schlenk techniques. Solvents were dried by standard methods
and distilled prior to use except for spectroscopic grade solvents
used for spectroscopic measurements. 3-(2-Pyridyl)-1,2,4-triazine
(pytz), 3-(2-pyrimidinyl)-1,2,4-triazine (pmtz),3!! and 5,5',6,6'-tet-
ramethyl-3,3’-bi-1,2,4-triazine (bdmt)i*?! were prepared according
to literature methods. [RusO(OAc)«(py)>(CH;OH)](PF¢) ([1]PFg)
was synthesized according to a literature procedure.''l Other chem-
icals were commercially available and used as received.

Physical Measurements: Elemental analyses were carried out with
a Perkin—Elmer model 240C automatic instrument. Electrospray
mass spectra (ES-MS) were recorded with a Finnigan DECAX-
30000 LCQ mass spectrometer using dichloromethane/methanol as
the mobile phase. The UV/Vis/NIR absorption spectra were re-
corded on a Perkin-Elmer Lambda 900 UV/Vis/NIR spectrometer.
"H NMR spectra were recorded with a Bruker Avance I11-400 spec-
trometer with SiMe, as the internal reference. The cyclic (CVs) and
differential pulse voltammograms (DPVs) were recorded with a Po-
tentiostat/Galvanostat Model 263A in acetonitrile solutions con-
taining 0.1 m (BuyN)PF¢ as the supporting electrolyte. The CVs
were recorded at a scan rate of 100 mVs! and the DPVs at a rate
of 20mVs! with a pulse height of 40 mV. Platinum and glassy
graphite were used as counter and working electrodes, respectively,
and the potentials were measured against an Ag/AgCl reference
electrode. The potentials measured were always referenced to the
half-wave potentials of the ferrocenium/ferrocene (E,, = 0) couple.

Crystal Structural Determinations: Crystals of [2]PF¢CH,Cl,,
[3]PF¢3CH,Cl,, and [4]PF42CH,Cl,'H,O suitable for X-ray dif-
fraction studies were obtained by layering n-hexane onto their
dichloromethane solutions. Single crystals sealed in capillaries with
mother liquor were measured with a Rigaku SATURN70 dif-
fractometer by using the w scan technique with graphite-mono-
chromated Mo-K,, radiation (1 = 0.71073 A). The CrystalClear
software package was used for data reduction and empirical ab-
sorption correction. The structures were solved by direct methods
and the heavy atoms were located on an E-map. The remaining
non-hydrogen atoms were determined from successive difference
Fourier syntheses. All non-hydrogen atoms were refined anisotropi-
cally and the hydrogen atoms were generated geometrically and
refined with isotropic thermal parameters. The structures were re-
fined on F? by full-matrix least-squares methods using the
SHELXTL-933! program package.*!

CCDC-751866 (for 2), -751867 (for 3), and -751868 (for 4) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

DFT Computational Methodology: All the calculations were carried
out using the Gaussian 03 program package.’”) The geometrical
structures of the electronic ground states and the lowest-lying trip-
let excited states were optimized by density functional theory
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(DFT)B4 with Becke’s LYP (B3LYP) exchange-correlation func-
tional.[>>] There were no symmetry constraints on oxo-centered tri-
ruthenium cluster complexes 2, 4, [5a]*, and [5]**. Based on these
structures, 60 singlet states and 6 lowest triplet states were obtained
to determine the vertical excitation energies for 2, 4, [5a]*, and
[5]** in CH,Cl, solution by time-dependent DFT (TD-DFT) calcu-
lations.?%37) Solvent effects were taken into account by using the
polarizable continuum model (PCM)B8 with CH,Cl, as solvent.
In these calculations, the Hay—Wadt double-§ with a Los Alamos
relativistic effect basis set (LANL2DZ)3! consisting of the effective
core potentials (ECP) was employed for the Ru atoms and the 6-
31G (d) basis set was used for the remaining atoms. The optimized
structure parameters of [2]* and [4]" shown in Table S2 (see Sup-
porting Information) are in agreement with experimental values
(Table 1), which indicates the accuracy of the present computa-
tional method. Calculations with significantly larger basis sets (up
to 6-31+G**) were also undertaken for [2]*, but they did not lead
to significantly different results. The charge populations and chemi-
cal bonding properties were determined by a Mulliken population
analysis, which was performed by using the GGA-PWO91 func-
tional“% of the CASTEP codel*!! based on the geometry structures
optimized by Gaussian 03.

[Ru;0(0AC)s(py)2{n-1"'(N),N*(N,N)-pytz}|(PFe) {I21(PFe)}: A di-
chloromethane (10 mL) solution of [1]PF4 (101.0 mg, 0.10 mmol)
was added to a dichloromethane (15 mL) solution of pytz (19.0 mg,
0.12 mmol). The solution was stirred at room temperature for
2 days with the color changing slowly from blue to brown. The
product was purified by alumina column chromatography. The sec-
ond brown band was collected using dichloromethane/methanol
(100:1, v/v) as eluent. The solution was reduced to a minimum
volume to precipitate the product by diffusion of n-hexane; yield
71% (76 mg). '"H NMR (CD5;CN): § = 1.54 (s, 3 H, acetate CHj),
1.95 (s, 3 H, acetate CHs), 2.08 (s, 3 H, acetate CHj), 2.15 (s, 3 H,
acetate CHj), 2.39 (s, 3 H, acetate CH3), 7.84 (t, J = 1.76 Hz, 1 H,
pyridine 5-H), 7.85 (t, J = 7.06 Hz, 2 H, pyridine m-H), 8.06 (d, J
= 3.80 Hz, 1 H, pyridine 3-H), 8.09 (m, 1 H, pyridine 6-H), 8.15
(td, J = 6.44, 1.20 Hz, 2 H, pyridine m'-H), 8.24 (tt, J = 7.62,
1.47 Hz, 1 H, pyridine p-H), 8.36 (tt, J = 7.62, 1.54 Hz, 1 H, pyr-
idine p'-H), 8.44 (td, J = 7.83, 1.42 Hz, 1 H, pyridine 4-H), 8.71
(d, J = 792 Hz, 1 H, triazine 5-H), 9.05 (d, J = 5.16 Hz, 2 H,
pyridine o-H), 9.19 (dd, J = 6.36, 1.44 Hz, 2 H, pyridine o'-H),
9.35(d, J = 5.16 Hz, 1 H, triazine 6-H) ppm. MS (ES): m/z (%) =
932.5 (100) [M — PF4]". CyH3 F¢NgO; PRusC¢H y: caled. C
35.15, H 3.90, N 7.23; found C 34.78, H 3.85, N 7.20.

[Ruz0(0AC)s(py)2{r-n"(N),n*(N,N)-bdmt}|(PFs)  {I3I(PF¢)}: This
compound was prepared by the same synthetic procedure as de-
scribed for [2]PF4 except for the use of bdmt (26 mg, 0.12 mmol)
instead of pytz; yield 75% (85 mg). '"H NMR (CD;CN): 6 = 1.54
(s, 3 H, acetate CH3), 1.99 (s, 3 H, acetate CH3), 2.01 (s, 3 H,
acetate CHjs), 2.05 (s, 3 H, acetate CHjs), 2.21 (s, 3 H, triazine CH3),
2.22 (s, 3 H, triazine CH3), 2.47 (s, 3 H, acetate CH3), 2.93 (s, 3 H,
triazine CH3), 2.96 (s, 3 H, triazine CHs), 7.87 (t, J = 5.96 Hz, 2
H, pyridine m-H), 8.15 (t, J = 6.44 Hz, 2 H, pyridine m’'-H), 8.28
(t, J = 7.60 Hz, 1 H, pyridine p-H), 8.35 (t, J = 7.60 Hz, 1 H,
pyridine p’-H), 9.25 (d, J = 4.92 Hz, 4 H, pyridine 0,0'-H) ppm.
MS (ES): mlz (%) = 9909 (1000 [M - PFg".
C30H37,F¢NgO1;PRu3-2CH;0H: caled. C 32.08, H 3.79, N 9.35;
found C 32.20, H 3.71, N 9.27.

[Ru3;0(0AC)s(py)2{r-n'(N),n*(N,N)-pmtz}|(PFe)  {[4I(PF¢)}: This
compound was prepared by the same synthetic procedure as that
described for [2]PF¢ except for the use of pmtz (19 mg, 0.12 mmol)
instead of pytz. The product was purified by alumina column
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chromatography using dichloromethane/acetonitrile (10:1, v/v) as
eluent; yield 78% (84 mg). '"H NMR (CD;CN): 6 = 1.56 (s, 3 H,
acetate CHs), 1.96 (s, 3 H, acetate CH3), 2.08 (s, 3 H, acetate CH3),
2.14 (s, 3 H, acetate CHs), 2.42 (s, 3 H, acetate CH3), 7.84 (d, J =
3.76 Hz, 1 H, pyrimidine 5-H), 7.89 (dd, J = 7.44, 6.64 Hz, 2 H,
pyridine m-H), 8.05 (t, J = 5.18 Hz, 1 H, pyridine p-H), 8.16 (m, 2
H, pyridine m’'-H), 8.17 (m, 1 H, pyrimidine 4-H), 8.27 (t, J =
7.64 Hz, 1 H, pyrimidine 6-H), 8.36 (t, J = 7.60 Hz, 1 H, pyridine
p'-H), 9.06 (d, J = 5.24 Hz, 2 H, pyridine o-H), 9.19 (d, J =
5.01 Hz, 2 H, pyridine o'-H), 9.42 (dd, J = 4.74, 2.10 Hz, 1 H,
triazine 5-H), 9.60 (dd, J = 5.56, 2.08 Hz, 1 H, triazine 6-H) ppm.
MS (ES): m/z (%) = 9346 (1000 [M - PFg".
C,7H39F¢N-0;;PRu;*CH;CN: caled. C 31.16, H 2.98, N 10.02;
found C 31.13, H 3.06, N 10.15.
[{Ruz30(0AC)s(py)2} 2{1ta-1" (C),n' (N),M*(N,N),n*(N,N)-pmtz}|(PFs),
{I5I(PF¢),}: A dichloromethane (15mL) solution of [1]PF¢
(121.0 mg, 0.12 mmol) was added to a dichloromethane (25 mL)
solution of [4]PF¢ (107.6 mg, 0.10 mmol) with stirring at room tem-
perature for 2d. The product was purified by alumina column
chromatography. The third purple band was collected using dichlo-
romethane/methanol (100:1, v/v) as eluent. The solution was re-
duced to a minimum volume to precipitate the product by diffusion
of diethyl ether; yield 40% (79.7 mg). '"H NMR (CD;CN): § = 1.53
(s, 3 H, acetate CH;), 1.96 (s, 3 H, acetate CH3), 2.00 (s, 3 H,
acetate CHs), 2.17 (s, 3 H, acetate CH3), 4.31 (s, 6 H, acetate CH3),
4.43 (s, 6 H, acetate CHj), 4.52 (s, 6 H, acetate CH3), 4.91 (m, 2
H, pyridine m'’-H), 4.99 (s, 1 H, pyrimidine 5-H), 5.79 (m, 1 H,
pyridine p'’-H), 5.85 (m, 4 H, pyridine o'’,0""'-H), 6.59 (t, J =
7.62 Hz, 2 H, pyridine m'"’-H), 7.63 (t, J/ = 5.44 Hz, 1 H, pyridine
p'"'-H), 7.81 (t, J = 6.56 Hz, 2 H, pyridine m-H), 7.95 (s, 1 H,
pyrimidine 6-H), 8.02 (m, 2 H, pyridine m'-H), 8.16 (t, J = 7.52 Hz,
1 H, pyridine p-H), 8.27 (m, 1 H, pyridine p'-H), 8.80 (d, J =
4.44 Hz, 2 H, pyridine 0-H), 8.98 (dd, J = 4.84, 2.16 Hz, 1 H, tri-
azine 5-H) 9.20 (d, J = 4.84 Hz, 2 H, pyridine o’-H), 9.38 (dd, J =
5.56, 2.16 Hz, 1 H, triazine 6-H) ppm. MS (ES): m/z (%) = 852
(100) [M — 2PF¢**. C47Hs4F12NgO»,P>Rug2CH;0H: caled. C
28.61, H 3.04, N 6.13; found C 28.76, H 3.13, N 5.91.
[{Ru3;0(0AC)s(pY)2}2{1a-1"(C);n' (N),n*(N,N),0*(N,N)-pmtz} | (PF)
{I5a](PF¢)}: An excess of a 50% aqueous solution of hydrazine was
added dropwise to a dichloromethane (15 mL) solution of [5]-
(PF¢), (100.0 mg, 0.05 mmol) with stirring until the color turned
green. After stirring for 30 min, distilled water (25 mL) was added
to the solution. The stirring was continued for a further 10 min
and then the dichloromethane layer was separated in an extraction
funnel. The product was crystallized twice by layering n-hexane
onto the dichloromethane solution and dried in vacuo; yield 75%
(70 mg). MS (ES): m/z (%) = 1704 (100) [M - PF¢]".
Cy47Hs54F¢NgO,,PRug3/,CcH 4: caled. C 34.01, H 3.82, N 6.37;
found C 34.26, H 4.10, N 6.63.

[{Ru;0(0A)s(py)2}2{ran'(C),n' (N),*(N,N),n*(N,N)-pmtz} | (PF)
{ISb](PF¢)s}: A dichloromethane (5 mL) solution of ferrocenium
hexafluorophosphate (16.6 mg, 0.05 mmol) was added dropwise to
a dichloromethane (10 mL) solution of [5](PFs), (100.0 mg,
0.05 mmol). The color changed from purple to blue on stirring for
30 min. The solution was concentrated to around 3 mL and then
n-hexane was added to precipitate the product. It was recrystallized
twice in acetonitrile/diethyl ether to give the product; yield 72%
(77mg). MS (ES): mlz (%) = 568.3 (100) [M — 3PF4?**.
C47Hs5,F1§NoO»,P3Ru4-2Et,0-2CH;CN: caled. C 29.92, H 3.40, N
6.50; found C 29.96, H 3.34, N 6.42.

Supporting Information (see footnote on the first page of this arti-
cle): ES-MS, '"H NMR and UV/Vis spectra, CVs and DPVs, and
the results of DFT calculation.
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