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Synthesis, characterization, and reactivity of self-assembled
tetranuclear arene ruthenium metalla-rectangles

AI-QUAN JIA*, MIN CHEN, LI-MIAO SHI, HUA-TIAN SHI
and QIAN-FENG ZHANG*

Institute of Molecular Engineering and Applied Chemistry, Anhui University of Technology,
Ma’anshan, PR China

(Received 30 May 2014; accepted 28 August 2014)

A 1-D coordination network {[Ru4(η
6-C6Me6)4(bpy)2(BiBzIm)2·Ag2(OTf)4]

2+}n containing silver
triflate interaction was synthesized via self-assembly of [(C6Me6)RuCl2]2, 4,4′-bipyridine, and 2,2′-
bisbenzimidazole in the presence of excess AgOTf or through direct reaction of metalla-rectangle
[Ru4(C6Me6)4(bpy)2(BiBzIm)2]

4+ and AgOTf.

Self-assembly of 4,4′-bipyridine (bpy) with arene-ruthenium building blocks and 2,2′-bisbenzimi-
dazole (H2BiBzIm) in the presence of AgOTf (OTf = OSO2CF3) afforded tetranuclear cations of
the type [Ru4(η

6-arene)4(bpy)2(BiBzIm)2]
4+ (arene = p-iPrC6H4Me 1, C6Me6 2), while similar reac-

tions by use of [(η6-C6Me6)Ru(μ-Cl)Cl]2 and excess AgOTf led to isolation of a cationic coordina-
tion network {[Ru4(η

6-C6Me6)4(bpy)2(BiBzIm)2·Ag2(OTf)4]
2+}n (3), which could also be obtained

by treatment of [2][OTf]4 with AgOTf in methanol. Complex 3 is constructed by π coordination
of BiBzIm(η2-carcon) with Ag(I). The coordination geometry around the silver(I) ion is pseudo-
tetrahedral (taking the C=C group as one ligand). Self-assembly of only two components:
[(η6-C6Me6)Ru(μ-Cl)Cl]2 reacted with the 3-pyridyl-bian (mPy-bian) linker in the presence of lim-
ited AgOTf to give a chloro-bridged metalla-rectangle [Ru4(η

6-C6Me6)4(μ-Cl)4(mPy-bian)2Ag]
5+

(4), which enclosed a silver in the center. The coordination geometry around silver(I) in 4 is
unusual square planar. The molecular structures of 1–4 were confirmed by X-ray crystallography
along with other spectroscopic properties.
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1. Introduction

Metallo-supramolecular complexes have attracted attention for intriguing structures [1],
potential electronic [2], magnetic [3], host-guest [4], drug delivery [5], and catalytic proper-
ties [6]. These have driven development to systematic and rational approaches for their con-
struction with desirable shapes, sizes, and ultimately functions [7]. One successful strategy
for designing metal-containing supramolecules is to employ quasi-octahedral geometries that
bear arene or cyclopentadienyl groups as building blocks. These (arene)-Ru or (cyclopentadi-
enyl)-Ir/Rh complexes have good solubility in common solvents and have three available
coordination sites which could be tuned to construct metallamacrocyclic complexes as well
as coordination cages [8, 9]. Various polynuclear arene ruthenium systems, such as tetranu-
clear rectangular molecules, hexanuclear prisms, and octanuclear organometallic boxes, have
been reported by several groups [10–15]. Attention has been focused on synthesis of homo-
metallic macrocycles, whereas the chemistry, as well as the synthetic strategy toward hetero-
metallic frameworks, has received much less attention [16, 17]. Synthesis of multimetallic
hybrid materials is of special interest because the incorporation of two or more kinds of metal
ions can add different functionalities [16, 17]. For example, Cp*Rh-based heterometallic me-
talla-rectangle {(Cp*Rh)4(bpe)2[Cu(opba)]2}

4+ (Cp* = cyclopentadienyl, bpe = 1,2-bis(4-
pyridyl)ethylene, opba = o-phenylenebis-(oxamato) shows extraordinary catalytic abilities
with high efficiency and wide substrate selectivity in the acyl-transfer reaction arising from
the combination of open copper centers and favorable cavity space [7].

Ag(I) has been extensively used for formation of coordination networks due to its weak
stereochemical demands [18, 19]. There is growing literature reporting the formation of
stable crystalline Ag–arene π-complexes with the arene bonded in a η1-, η2-, η3- and/or
η6-coordination mode, of which the η2-mode is more common [20–22]. The aromatic rings
include benzene, cyclophane, indene, acenaphthene, naphthalene, anthracene, as well as
pyrene and perylene [23]. However, π coordination of Ag(I) with N-containing heterocycles
has rarely been reported. A related complex is {[AgL][OTf]2}n (L = 2,2-bis-pyridin-2-
ylmethyl-2,3-dihydro-1H-isoindolium), which bears a cationic ligand [24]. The silver(I) ions
might come from various silver(I) salts, such as AgClO4, AgOTf, and AgO2CCF3. Usually,
silver(I) triflate is more popular due to its easy manipulation and rich coordination modes
as shown in Chart 1; as a result, many neutral or cationic structurally diverse Ag–arene
π-complexes containing silver triflate were synthesized and investigated [25–27]. Herein we
describe the synthesis and characterization of two homonuclear arene-ruthenium metalla-
rectangles, a 1-D heterometallic coordination network constructed by Ag–arene(N-heterocy-
cle) π bonds, and a chloro-bridged Ru/Ag metalla-rectangle containing a Ag-diimine moiety
(scheme 1).

Chart 1. Coordination modes of –OTF to silver(I).
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2. Results and discussion

Assembly of [(p-iPrC6H4Me)RuCl2]2 or [(C6Me6)RuCl2]2 with 2,2′-bisbenzimidazole
(H2BiBzIm) and 4,4′-bipyridine (bpy) in the presence of four equiv. of AgOTf afforded tet-
ranuclear metalla-rectangles [Ru4(arene)4(bpy)2(BiBzIm)2]

4+ (arene = p-iPrC6H4Me 1,
C6Me6 2) as orange crystals in good yields. Compared with the already known frameworks
[(Ir/Rh)4Cp*4(bpy)2(BiBzIm)2]

4+ [28], a different synthetic method was employed to obtain
1 and 2. First, the arene ruthenium building block and H2BiBzIm were mixed in methanol
and stirred for 6 h, then four equiv. of AgOTf was added to remove the chlorides, and
then bpy was added to form the tetranuclear metalla-rectangle 1 or 2. In the previous

Scheme 1. Syntheses of 1–4.
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report, [Cp*Ir/RhCl2]2 and bpy were mixed first to form the known dinuclear complex
[{Cp*Ir/RhCl2}2(bpy)], then AgOTf and H2BiBzIm were sequentially added to form metal-
la-rectangles [(Ir/Rh)4Cp*4(bpy)2(BiBzIm)2]

4+. The new synthetic route is more efficient to
obtain the metalla-rectangles in good yield (ca. 80%) compared with the literature method
(ca. 65%) [28].

Similar reaction using [(C6Me6)RuCl2]2 and excess AgOTf in methanol led to isolation
of a 1-D, mixed-metal network {[Ru4(C6Me6)4(bpy)2(BiBzIm)2·Ag2(OTf)4]

2+}n (3), which
could aslo be obtained by direct reaction of 2 with two equiv. of AgOTf in methanol. In 3,
the discrete metalla-rectangles are linked by [Ag2(OTf)4]]

2– cores via Ag–arene π bonds to
form a 1-D chain. The two silver ions in [Ag2(OTf)4]

2– are connected by two bridging
–OTf anions in a μ2,η

2-coordination mode (type c). Attempts to synthesize the
{[Ru4(p-

iPrC6H4Me)4(bpy)2(BiBzIm)2·Ag2(OTf)4]
2+}n failed, possibly due to less electron

density on the BiBzIm ring. An infinite tubular network {[Cp*Ir(L)]4·AgNO3·H2O}n
(HL = 2,4-diacetyl-5-hydroxy-5-methyl-3-(3-pyridinyl)-cyclohexanone) was reported by Jin,
based on the interconnection of metallamacrocycles [Ir4] by silver coordination to a func-
tional “third site” (i.e. Ocarbonyl–Ag–Ocarbonyl), and the silver(I) ion is coordinated by four
oxygens from two carbonyl groups, one water, and one nitrate [19]. The organometallic
Ag–arene(BiBzIm) π bonds, instead of Ag–Ocarbonyl coordination bonds, connected the
metalla-rectangles in 3, which is quite rare for metal-containing supramolecules.

Previously, Jin reported that treatment of [{Cp*IrCl2}2(bpy)] with two equiv. of AgOTf
or AgBF4 afforded chloro-bridged tetranuclear complex [{Cp*2Ir2(μ-Cl)2}2(bpy)2]

4+ [29].
Moreover, Therrien reported that the dinuclear (arene)ruthenium complexes [Ru(arene)Cl2]2
reacted with 2,4,6-tris(pyridinyl)-1,3,5-triazine (tpt) in the presence of two equiv. of AgOTf
to form chloro-bridged hexanuclear cations [Ru6(arene)6(μ3-tpt-κN)2(μ-Cl)6]

6+ [11]. It
prompts us to explore the self-assembly of [(C6Me6)RuCl2]2 and the bis(pyridyl)(α-diimine)
ligand (mPy-bian) in the presence of three equiv. of AgOTf in methanol, which resulted in
formation of a chloro-bridged heterometallic metalla-rectangle [Ru4(C6Me6)4(μ-Cl)4(mPy-
bian)2Ag]

5+ (4). The silver(I) is enclosed in the metalla-rectangle by coordinating to two
α-diimine groups. A similar framework is [Cp*4Ir4(BiBzIm)2(mPy-bian)2Ag(H2O)]

5+, which
was synthesized by stepwise reaction of [Cp*IrCl2]2, H2BiBzIm, and mPy-bian in the pres-
ence of excess AgOTf. The encapsulated silver(I) ion is five-coordinate by four nitrogens
from two α-diimine groups and one water [28]. The isolation of chloro-bridged 3 indicates
that Ag(I) coordination occurred prior to the formation of the supposed intermediate
[Cp*4Ir4(BiBzIm)2(mPy-bian)2]

4+ [28]. Self-assembly of [Ru(arene)Cl2]2 with mPy-bian
and other metal ions in the presence of limited silver(I) salt to form other heterometallic me-
talla-rectangles is underway.

The 1H NMR spectrum of 1 clearly shows symmetrical geometry in solution. One group
of p-iPrC6H4Me signals is observed, appearing at 0.90 (d, J = 6.8 Hz, CH(CH3)2), 1.65
(s, ArCH3), 2.46 (sept, 4H, CH(CH3)2), 6.17 (d, J = 6.4 Hz), 6.62 (d, J = 6.0 Hz) ppm,
respectively. The resonances of bpy protons are two doublets appearing at 7.06 (d,
J = 6.4 Hz) and 7.81 (d, J = 6.4 Hz) ppm. The BiBzIm ring protons are two quartets at 7.59
(q, J = 3.2 Hz) and 8.10 (q, J = 3.2 Hz) ppm, shifted downfield compared with those in [{Re
(CO)3}4(bpy)2(BiBzIm)2] (7.36 and 7.73 ppm, q, J = 3 Hz) [30]. The 13C NMR spectrum of
1 further confirms its symmetrical structure, three high field singlets at 18.04, 22.57, and
32.67 ppm are assigned to three different alkyl carbons in p-PriC6H4Me and four singlets at
79.80, 87.38, 103.86, and 104.48 ppm are attributed to the four different aryl carbons in
p-iPrC6H4Me. The C=N resonance of bpy and N=C–N resonance of BiBzIm are at 155.11
and 157.68 ppm, respectively, which compare well with those in [{Re(CO)3}4(bpy)2

3568 A.-Q. Jia et al.
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(BiBzIm)2] [30] and [Ru4(C6Me6)4(bpy)2(2,5-dichloro-1,4-benzoquinonato)2]
4+ [10]. Simi-

larly, only one singlet at 2.26 ppm (C6Me6) in
1H NMR spectrum and two singlets at 17.09

(C6Me6) and 96.19 (C6Me6) ppm are found in 13C NMR spectrum of 2. The resonances of
bpy protons in 2 at 6.97 (d, J = 6.8 Hz) and 7.72 (d, J = 6.8 Hz) ppm shift upfield 0.09 ppm
compared with those in 1 (7.06 and 7.81 ppm). Moreover, the resonances of BiBzIm protons
in 2 at 7.52 and 7.95 ppm also shift upfield 0.07 and 0.15 ppm, respectively, compared with
those in 1 (7.59 and 8.10 ppm), suggesting that different arene ruthenium building blocks do
have influence on the electron density of bpy and BiBzIm. The C=N resonance of bpy and
N=C–N resonance of BiBzIm in 2 are at 154.30 and 157.85 ppm, respectively, similar to
those in 1 (155.11 and 157.68 ppm). The BiBzIm proton resonances (7.63 and 7.96 ppm) in
3 shift upfield 0.11 and 0.02 ppm, respectively, compared to those in 2 (7.52 and 7.94 ppm),
as a result of Ag–arene coordination [31]. The 1H NMR spectrum of 4 displays C6Me6
signals as a singlet at 2.24 ppm, similar to that in 2. The infrared spectra of 1–4 show C=N
absorptions around 1620 cm−1, which compare well with related complexes [10, 28]. A
slightly lower frequency at 1479 cm−1 [ν(C=C)] compared with that of 2 (1481 cm−1) was
found, suggesting interactions of silver(I) to carbon-carbon π bonds of BiBzIm rings.

The structures of 1–4 were established by X-ray diffraction. The ORTEP representations
with selected interatomic distances and angles are shown in figures 1–3 and figure 5,
respectively. Self-assembly of bpy with p-iPrC6H4Me ruthenium building block and H2BiB-
zIm in the presence of four equiv. of AgOTf afforded orange crystals as [1][OTf]4·4CH3OH
[figure 1(a)], while similar reaction by use of excess AgOTf gave orange crystals identified
as [1][OTf]4 [figure 1(b)] instead of the expected mixed-metal 1-D chain. In [1][OTf]4·4-
CH3OH for example, each Ru is coordinated by one nitrogen from bpy and two nitrogens
from BiBzIm, resulting in a somewhat distorted rectangle structure, with the dimensions
11.26 × 5.58 Å, as defined by the ruthenium centers, and the Ru⋯Ru diagonal lengths in
the rectangular structure are 12.77 and 12.37 Å, respectively. One methanol guest molecule
is found inside the cavity of 1, one methanol is outside the cavity, and the other two metha-
nols are omitted using the SQUEEZE algorithm due to disorder. The similar distorted rect-
angle structure 2 (dimensions: 11.27 × 5.60 Å, figure 2) has almost the same Ru⋯Ru

Figure 1. Molecular structures of 1·4CH3OH (a) and 1 (b) with thermal ellipsoids drawn at the 30% level. Hydro-
gens are omitted for clarity except methanol guest molecule in 1·4CH3OH. Selected distances (Å) and angles (°):
for 1·4CH3OH, Ru(1)–N(6) 2.129(6), Ru(1)–N(2) 2.149(7), Ru(1)–N(4) 2.165(6), Ru(2)–N(1) 2.129(7), Ru(2)–N
(3) 2.149(7), Ru(2)–N(5) 2.178(7); N(2)–Ru(1)–N(4) 79.2(3), N(4)–Ru(1)–N(6) 81.8(3), N(2)–Ru(1)–N(6) 85.9(3),
N(3)–Ru(2)–N(5) 79.7(2). For 1, Ru(1)–N(2A) 2.126(6), Ru(1)–N(5) 2.134(7), Ru(1)–N(4) 2.151(6), Ru(2)–N(1)
2.141(6), Ru(2)–N(6) 2.152(7), Ru(2)–N(3) 2.167(7); N(2A)–Ru(1)–N(5) 85.1(2), N(4)–Ru(1)–N(5) 80.0(3), N
(2A)–Ru(1)–N(4) 82.3(2), N(3)–Ru(2)–N(6) 79.4(3).
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Figure 2. Molecular structure of 2 with thermal ellipsoids drawn at the 30% level. Hydrogens are omitted for
clarity. Selected distances (Å) and angles (°): Ru(1)–N(1) 2.131(3), Ru(1)–N(4) 2.165(3), Ru(1)–N(6) 2.157(3),
Ru(2)–N(2) 2.139(3), Ru(2)–N(3) 2.157(3), Ru(2)–N(5) 2.167(3); N(6)–Ru(1)–N(4) 79.23(12), N(1)–Ru(1)–N(6)
83.77(13), N(1)–Ru(1)–N(4) 84.29(12), N(3)–Ru(2)–N(5) 79.60(12).

Figure 3. Molecular structure of 3 with thermal ellipsoids drawn at the 30% level. Hydrogens are omitted for
clarity. Selected distances (Å) and angles (°): Ru(1)–N(3) 2.111(9), Ru(1)–N(4) 2.178(8), Ru(1)–N(6) 2.122(8), Ru
(2)–N(1) 2.140(8), Ru(2)–N(2) 2.180(9), Ru(2)–N(5) 2.145(8), Ag(1)–O(1) 2.288(10), Ag(1)–O(10) 2.368(12), Ag
(1)–O(2A) 2.477(10), Ag(1)–C(63) 2.487(12), Ag(1)–C(64) 2.700(12), S(1)–O(1) 1.390(11), S(1)–O(2) 1.411(10),
S(1)–O(3) 1.448(11), C(63)–C(64) 1.401(16), C(64)–C(65) 1.361(16); N(3)–Ru(1)–N(4) 79.4(3), N(3)–Ru(1)–N(6)
85.1(3), N(6)–Ru(1)–N(4) 83.6(3), N(1)–Ru(2)–N(2) 79.3(3), O(1)–Ag(1)–O(10) 113.2(4), O(1)–Ag(1)–O(2A)
98.0(4), C(63)–Ag(1)–O(2A) 109.2(4), C(64)–Ag(1)–O(10) 113.6(4), C(63)–Ag(1)–C(64) 31.0(3), O(1)–S(1)–O(2)
116.5(7), O(1)–S(1)–O(3) 113.9(7), O(2)–S(1)–O(3) 115.2(7).
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diagonal lengths (12.72 and 12.46 ppm) compared with those in [1][OTf]4·4CH3OH. The
average Ru–N(BiBzIm) bond distance is 2.160(7) Å in [1][OTf]4·4CH3OH, similar to that
in 2 (2.162(3) Å).

The molecular structure of 3 is shown in figure 3. The Ag–C bond distances are 2.487
(12) and 2.700(12) Å, respectively, comparable to those in related Ag–arene complexes
(2.359(3)–2.764(6) Å) [23, 31]. The coordination geometry around silver(I) is pseudo-tetra-
hedral (taking the C=C group as one ligand), comprising three oxygens from three separate
triflate ions (one terminal and two bridging) and one phenyl ring (η2-carbon) of the BiBzIm.
The μ2,η

2-OTf coordination mode (type c) was first reported by Munakata in [Ag2(HPB)
(OTf)2(toluene)] (HPB = hexaphenylbenzene) [32], in 1999. However, the [Ag2(μ2,η

2-
OTf)2(η

1-OTf)2]
2– bridging unit in 3 was observed only in the dimer [AgPPh2(CH2Py)

(OTf)2]2 [33] and in the supramolecular capsule [(OTf)4Ag8(C≡C–C≡C)(Py6)2]
2+

(Py6 = azacalix[6]pyridine) [34]. The Ag⋯Ag separation of 4.88 Å in 3 lies in the range of
the above-mentioned silver complexes (4.64–5.78 Å) [33, 34]. The Ag–O bond lengths are
between 2.288(10) and 2.477(10) Å, similar to those in related complexes (2.296–2.517 Å)
[32–34]. The bond length of S(1)–O(3) (1.448(11) Å) is slightly longer than those of S(1)–
O(1) (1.390(11) Å) and S(1)–O(2) (1.411(10) Å), indicating the S(1)–Oterminal bond is more
likely to be a single bond, contrary to those in [AgPPh2(CH2Py)(OTf)2]2 [33] and

Figure 4. Hydrogens are omitted for clarity. (a) Interaction of 2 with [Ag2(OTf)4]
2– in 3 (Ru: purple; Ag: yellow-

ish brown; C: gray; O: red; N: blue; F: green; S: yellow); (b) Cell-packing network of 3 with ball and stick model;
(c) Chain framework of 3, the complex is a linear coordination polymer, where organometallic Ag–arene bonds link
one molecule to the next (see http://dx.doi.org/10.1080/00958972.2014.966703 for color version).
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[(OTf)4Ag8(C≡C–C≡C)(Py6)2]
2+ [34]. The bond angle of O(1)–Ag(1)–O(2A) is 98.0(4)°,

larger than those in [Ag2(HPB)(OTf)2(toluene)] (97.0(3)°) [32] and [AgPPh2(CH2Py)
(OTf)2]2 (91.58(5)°) [33]. The η2-coordinating C=C bond distance in 3 (C(63)–C(64) 1.401
(16) Å) is slightly longer than that of corresponding free C=C bond in BiBzIm in 2 (1.379
or 1.386 Å). Figure 4(a) clearly illustrates the interaction between the tetranuclear metalla-
rectangle 2 and the eight-membered [Ag2(OTf)4]

2– core. From figure 4(b), 3 exists as a lin-
ear polymer with triflate anions either bonded to Ag(I) or non-bonded and sandwiched
between the polymer chains. Figure 4(c) shows organometallic Ag–arene π bonds link one
metalla-rectangle to the next. The dimensions of metalla-rectangles in 3 are 11.19 × 5.58 Å,
similar to those in 2 (11.27 × 5.60 Å). The Ru(1)⋯Ru(1A) and Ru(2)⋯Ru(2A) diagonal
length is 12.41 and 12.60 Å, respectively, slightly shorter than those in 2 (12.46 and
12.72 ppm).

The molecular structure of 4 is shown in figure 5, the dimensions of the metalla-rectangle
are 13.21 × 3.73 Å, as defined by the ruthenium centers, and the Ru⋯Ru diagonal lengths
are 13.98 and 13.46 Å, respectively. The dihedral angles of the two pyridyl groups out of
the acenaphthylene plane are 89.5° and 81.0°, respectively. The silver center was chelated
by four nitrogens from two mPy-bian ligands. The Ag(1)–N(1) and Ag(1)–N(2) bond
lengths are 2.293(10) and 2.429(11) Å, respectively, shorter than the average Ag–N bond
length in [Cp*4Ir4(BiBzIm)2(mPy-bian)2Ag(H2O)]

5+ (2.462(11) Å) [28], indicating a more
intense bonding of silver to nitrogen, possibly due to the shorter chloro-bridges in 4. How-
ever, the average Ag–N bond distance of 2.361(10) Å in 4 lies in the range of related silver
(I) α-diimine complexes [Ag(o,o′,p-Me3C6H2-bian)2]BF4 (2.329(2) Å) and [Ag(o,o

Figure 5. Molecular structure of 4 with thermal ellipsoids drawn at the 30% level. Hydrogens are omitted for
clarity. Selected distances (Å) and angles (°): Ru(1)–N(3) 2.134(10), Ru(1)–Cl(1) 2.440(3), Ru(1)–Cl(2) 2.429(3),
Ru(2)–N(4) 2.125(10), Ru(2)–Cl(1) 2.437(3), Ru(2)–Cl(2) 2.437(3), Ag(1)–N(1) 2.293(10), Ag(1)–N(2) 2.429(11),
C(71)–N(1) 1.258(15), C(82)–N(2) 1.286(15); Cl(1)–Ru(1)–Cl(2) 80.19(10), N(3)–Ru(1)–Cl(1) 88.8(3), N(3)–Ru
(1)–Cl(2) 86.8(3), Cl(2)–Ru(2)–Cl(1) 80.10(10), N(1)–Ag(1)–N(1A) 180.0(5), N(1)–Ag(1)–N(2) 71.6(4), N(2)–Ag
(1)–N(2A) 180.000(2).

3572 A.-Q. Jia et al.

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

27
 0

9 
D

ec
em

be
r 

20
14

 



′-iPr2C6H3-bian)2]BF4 (2.409(5) Å) [35]. The N(1)–Ag(1)–N(1A) and N(2)–Ag(1)–N(2A)
bond angles are 180.0(5)° and 180.000(2)°, respectively, indicating a square-planar silver.
Distorted tetrahedral environment is usually adopted for silver(I) α-diimine complexes, such
as [Ag(o,o′,p-Me3C6H2-bian)2]BF4 [35], Ag2(H2biim)4(W6O19)·2H2O (H2biim = 2,2′-biimi-
dazole) [36] and [Ag(L2)2](BPh4) (L2 = 2,3,4,6,7,9,10,11-octahydro-pyrazino [1,2-a:4,3-a′]
dipyrimidine) [37]. Complex 4 is the first case of Ag(I) diimine species with square-planar
geometry. The N(1)–Ag(1)–N(2) bond angle is 71.6(4)°, larger than the corresponding
N–Ag–N bond angles in [Cp*4Ir4(BiBzIm)2(mPy-bian)2Ag(H2O)]

5+ (68.3(3), 70.2(4)°)
[28], but near to those in [Ag(o,o′-iPr2C6H3-bian)2]BF4 (2.409(5) Å) (71.7(2), 71.5(2)°)
[35]. The average Ru–Cl bond length is 2.436(3) Å, comparable to those in other
chloro-bridged metalla-rectangles [{Cp*2Ir2(μ-Cl)2}2(bpy)2]

4+ and metallo-prisms [Ru6(ar-
ene)6(μ3-tpt-κN)2(μ-Cl)6]

6+ (2.44–2.46 Å) [11, 29].
In summary, a new synthetic route was applied for construction of metalla-rectangles 1 and

2 in good yield. The 1-D mixed-metal network {[Ru4(η
6-C6Me6)4(bpy)2(BiB-

zIm)2·Ag2(OTf)4]
2+}n (3) comprises two fragments: tetranuclear rectangular structures 2 and

[Ag2(OTf)4]
2– units, which are linked by organometallic Ag–arene π bonds. The coordination

geometry around silver(I) in 3 is pseudo-tetrahedral (taking the C=C group as one ligand),
comprising three oxygens from three separate triflate ions (two bridging and one terminal)
and one phenyl (η2-carbon) from BiBzIm. The organometallic Ag–arene π bonds to connect
metalla-rectangles might be another useful approach to design new heterometallic functional-
ized supramolecules. An unusal square-planar silver(I) is observed in the metalla-rectangle
[(C6Me6)4Ru4(μ-Cl)4(mPy-bian)2Ag]

5+ (4) containing a silver(I) α-diimine moiety, and the
isolation of chloro-bridged heterometallic metalla-rectangle indicated that silver(I) coordina-
tion occurred prior to the formation of the supposed intermediate [Cp*4Ir4(BiBzIm)2(mPy-
bian)2]

4+ [28]. Self-assembly of arene-ruthenium building blocks with mPy-bian and other
transition metal ions to prepare other heterometallic supramolecules are underway in the lab.

3. Experimental

3.1. General considerations

All operations were carried out under nitrogen using standard Schlenk techniques, and
methanol and diethyl ether were distilled. Silver(I) trifluoromethanesulfonate and bpy were
purchased from Energy Chemical Co., Inc. and used without purification. The starting mate-
rials mPy-bian [38], [(p-iPrC6H4Me)RuCl2]2 [39], [(C6Me6)RuCl2]2 [40], and 2,2′-bisbenz-
imidazole [41] were prepared according to the literature. The 1H NMR and 13C NMR spectra
were measured on a BrukerALX400 spectrometer in CD3OD. Infrared spectra (KBr) were
recorded on a Perkin Elmer 16 PC FT-IR spectrophotometer with pressed KBr pellets, and
elemental analyses for C and H were carried out on an Elementar III Vario EI analyzer.

3.2. Preparation of [Ru4(arene)4(bpy)2(BiBzIm)2]
4+ (arene = p-PriC6H4Me 1, C6Me6 2)

2,2′-Bisbenzimidazole (11.7 mg, 0.05 mM) was added into a solution of [(p-iPrC6H4Me)
RuCl2]2 (31.2 mg, 0.05 mM)/[(C6Me6)RuCl2]2 (33.4 mg, 0.05 mM) in dry CH3OH (8 mL)
at room temperature. This was followed by stirring for 6 h, and then AgOTf (51.0 mg,
0.20 mM) was added to the solution to remove the chlorides from ruthenium for 6 h. The
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next step was mixing 4,4′-bipyridine (9.6 mg, 0.05 mM) with this suspension, and vigorous
stirring was applied for 8 h. After the reaction was complete, the solution was filtered to
remove undissolved materials. The pure product was obtained through the diffusion of ether
into the filtrate after two days, giving crystals of 1 (orange, 46.0 mg, 80%) and 2 (red,
50.1 mg, 82%).

For 1, IR(KBr): ν = 1632(s, C=N), 1460(m), 1393(m), 1257(s), 1160 (m), 1117(s), 1030
(s), 641(s) cm−1; 1H NMR (400 Hz, methanol-d4): δ = 0.90 (d, J = 6.8 Hz, 24H, CH
(CH3)2), 1.65 (s, 12H, ArCH3), 2.46 (sept, 4H, CH(CH3)2), 6.17 (d, J = 6.4 Hz, 4H,
p-iPrC6H4Me), 6.62 (d, J = 6.4 Hz, 4H, p- iPrC6H4Me), 7.06 (d, J = 6.4 Hz, 8H, pyridyl),
7.59 (q, J = 3.2 Hz, 8H, BiBzIm), 7.81 (d, J = 6.4 Hz, 8H, pyridyl), 8.10 (q, J = 3.2 Hz,
8H, BiBzIm) ppm; 13C NMR (100 Hz, methanol-d4): δ = 18.04 (CH(CH3)2), 22.57
(ArCH3), 32.67 (CH(CH3)2), 79.80 (p-iPrC6H4Me), 87.38 (p-iPrC6H4Me), 103.86
(p-iPrC6H4Me), 104.48 (p-iPrC6H4Me), 117.33 (BiBzIm), 124.08 (bpy), 125.48 (BiBzIm),
145.71 (bpy), 145.74 (BiBzIm), 155.11 (C=N, bpy), 157.68 (N–C=N, BiBzIm) ppm; ele-
mental Anal. Calcd (%) for C92H88F12N12O12Ru4S4: C 47.75, H 3.83, N 7.26; found: C
47.80, H 3.86, N 7.30.

For 2, IR(KBr): ν = 2115(w), 1623(s, C = N), 1481(m), 1434(m), 1120 (m), 1091(s),
1030(s), 746(s), 696(m) cm−1; 1H NMR (400 Hz, methanol-d4): δ = 2.26 (s, 72H, CH3),
6.97 (d, J = 6.8 Hz, 8H, pyridyl), 7.52 (q, J = 3.2 Hz, 8H, BiBzIm), 7.72 (d, J = 6.8 Hz,
8H, pyridyl), 7.94 (q, J = 3.2 Hz, 8H, BiBzIm) ppm; 13C NMR (100 Hz, methanol-d4):
δ = 17.09 (ArCH3), 96.19 (C6Me6), 117.58 (BiBzIm), 123.79 (bpy), 124.95 (BiBzIm),
145.04 (bpy), 145.10 (BiBzIm), 154.30 (C = N, bpy), 157.85 (N–C=N, BiBzIm) ppm; ele-
mental Anal. Calcd (%) for C100H104F12N12O12Ru4S4: C 49.50, H 4.32, N 6.93; found: C
49.46, H 4.34, N 6.97.

3.3. Preparation of {[Ru4(η
6-C6Me6)4(bpy)2(BiBzIm)2·Ag2(OTf)4]

2+}n (3)

Method A: 2,2′-Bisbenzimidazole (11.7 mg, 0.05 mM) was added to a solution of [(η6-
C6Me6)Ru(μ-Cl)Cl]2 (33.4 mg, 0.05 mM) in dry CH3OH (8 mL) at room temperature. This
was followed by stirring for 6 h, and then AgOTf (76.0 mg, 0.30 mM) was added to the
solution to remove the chlorides from ruthenium for 6 h. The next step was mixing 4,4′-
bipyridine (9.6 mg, 0.05 mM) with this suspension, and vigorous stirring was applied for
8 h. After the reaction was complete, the suspension was filtered to remove undissolved
materials. The pure product was obtained through diffusion of ether into the filtrate after
one week, giving crystals of 3 (red, 7.3 mg, 20%). IR(KBr): ν = 2115(w), 1623(s, C = N),
1479(m), 1434(m), 1120 (m), 1091(s), 1030(s), 743(s), 696(m) cm−1; 1H NMR (400 Hz,
methanol-d4): δ = 2.26 (s, 72H, CH3), 6.97 (d, J = 6.8 Hz, 8H, pyridyl), 7.63 (q,
J = 3.2 Hz, 8H, BiBzIm), 7.72 (d, J = 6.8 Hz, 8H, pyridyl), 7.96 (q, J = 3.2 Hz, 8H, BiB-
zIm) ppm; elemental Anal. Calcd (%) for C102H104Ag2F18N12O18Ru4S6: C 41.67, H 3.57,
N 5.72; found: C 41.70, H 3.58, N 5.77.

Method B: To a solution of 2 (48.0 mg, 0.02 mM) in methanol (10 mL) was added
AgOTf (51.0 mg, 0.2 mM) with stirring for 12 h at room temperature. Then the suspension
was filtered to remove undissolved materials. The pure product was obtained through
diffusion of ether into the filtrate after two days, giving crystals of 3 (red, 8.8 mg, 15%).
The determination of the unit cells is identified with the same complex obtained by
Method A.
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3.4. Preparation of [(η6-C6Me6)Ru4(μ-Cl)4(mPy-bian)2Ag]
5+ (4)

AgOTf (38.2 mg, 0.15 mM) was added into the solution of [(η6-C6Me6)Ru(μ-Cl)Cl]2
(33.4 mg, 0.05 mM) in dry CH3OH (8 mL) at room temperature for 4 h. The next step was
mixing mPy-bian (16.7 mg, 0.05 mM) with this suspension, and vigorous stirring was
applied for 8 h. After the reaction was complete, the solution was filtered to remove
undissolved materials. The pure product was obtained through the diffusion of ether into
the filtrate after one week, giving crystals of 4 (orange, 20.0 mg, 30%). IR(KBr): ν = 1608
(m, C=N), 1457(m), 1391(w), 1256(s), 1160 (m), 1031(m), 751(m), 640(m) cm−1; 1H NMR
(400 Hz, methanol-d4): δ = 2.24 (s, 72H, CH3), 6.70 (d, J = 7.2 Hz, 2H), 7.01 (d,
J = 7.2 Hz, 2H), 7.57–7.62 (m, 4H), 7.67–7.79 (m, 8H), 7.93–7.96 (m, 2H), 8.20–8.27 (m,
8H), 8.98–9.08 (m, 2H); elemental Anal. Calcd (%) for C97H100AgCl4F15N8O15Ru4S5: C
42.88, H 3.71, N 4.12; found: C 42.83, H 3.73, N 4.15.

3.5. X-ray diffraction measurements

Single crystals of 1·4CH4O and 1–3 suitable for X-ray analysis were sealed into a glass
capillary in case they effloresced. Crystals of 4 were stable in air. Intensity data were col-
lected on a Bruker SMART APEX 2000 CCD diffractometer using graphite-monochromat-
ed Mo Kα radiation (λ = 0.71073 Å). The collected frames were processed with the
software SAINT [42]. The data were corrected for absorption using SADABS [43]. Struc-
tures were solved by direct methods and refined by full-matrix least-squares on F2 using the
SHELXTL software package [44, 45]. All non-hydrogen atoms were refined anisotropically.
The positions of all hydrogens were generated geometrically (Csp3-H = 0.96, Csp2-
H = 0.93), assigned isotropic thermal parameters, and allowed to ride on their respective
parent carbon or oxygen before the final cycle of least-squares refinement. In 1–4, there are
disordered solvents and/or anions in the voids of the crystal structure. Hence, new data-sets
corresponding to omission of the disordered anions and solvents were generated with the
SQUEEZE [46] algorithm, and the structures were refined to convergence. Crystallographic
data and experimental details for 1·4CH4O, 1, 2, 3, and 4 are given in table 1.

Supplementary material

CCDC 1005561, 996686, 996750, 996751 and 996759 contain the supplementary crystallo-
graphic data for 1·4CH4O, 1, 2, 3, and 4 and can be obtained free of charge from the
Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif.
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