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Abstract

Several paramagnetic tetrakis(diarylformamidinato)diruthenium(II,III) complexes bearing one phenylethynyl ligand at the axial
position, Ru2(ArNC(H)NAr)4(C�CPh) (Ar as p-ClC6H4 (2), m-ClC6H4 (3), m-CF3C6H4 (4), 3,4-Cl2C6H3 (5), and 3,5-Cl2C6H3

(6)), were prepared and characterized. Cyclic voltammetry studies of 2–6 revealed the presence of two one-electron redox couples:
Ru2

6+/Ru2
5+ and Ru2

5+/Ru2
4+, and the half-wave potential for the latter correlates linearly with the Hammett constant (s) of the

aryl substituent. Molecular structures of 3 and 6 were determined by X-ray crystallography. The nature of Ru2–C�C bonding
interaction was predominantly Ru–Ca s-bonding based on the substituent-dependence of y(C�C), which decreases linearly with
the increase of the Hammett constant s of substituent. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The past 15 years have witnessed a phenomenal
growth in the body of knowledge about compounds
containing metal–alkynyl s-bonds, as indicated by a
recent comprehensive review [2] and a monograph [3].
Among many investigative efforts gearing towards ma-
terial applications, early attempts to construct molecu-
lar wires based on main-chain polymetallaynes of group
10 metals by the laboratories of Takahashi and Hagi-
hara [4] and Lewis [5] are noteworthy. More recently,
large quadratic and cubic optical nonlinearities have
been achieved with both ruthenium(II)- and gold(I)-s-
arylacetylide complexes by Humphrey [6]. Terminal
Pd/Pt-alkynyl species with a square-planar coordina-

tion geometry have been extensively used as the build-
ing units in the self-assembly of ‘molecular squares’ and
other molecular polygons by Stang [7].

For the construction of molecular materials contain-
ing metal–alkynyl s-bonds, control and optimization
of M–C�C p interactions are often the focus, since
these interactions are key to achieving efficient elec-
tronic couplings among the molecular building units,
which in turn determines the properties of materials
[3,8]. Therefore, much of the recent literature has em-
phasized the experimental quantification of M–C�C p
interactions through the comparison of both structural
and IR spectroscopic data for the C�C bond [2].

Metal–metal bonded dinuclear complexes containing
s-bonded alkynyl ligands are less common than
mononuclear complexes containing s-bonded alkynyl
groups. The dinuclear complexes can be categorized
into two structural classes: the ones with the axially
coordinated alkynyl ligands (motif I in Scheme 1), and

� For Part V, see Ref. [1].
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Scheme 1.

Fig. 1. The ORTEP plot of compound 3.

those with the equatorially coordinated alkynyl ligands
(motif II in Scheme 1). The first of this type of com-
pounds was Ru2(ap)4(C�CPh) reported by Cotton [9],
where ap is 2-anilinopyridinate and the phenylethynyl
ligand is axially coordinated to the Ru2 core.
Analogous mono- and di-alkynyl axial adducts of
diruthenium and dirhodium cores have been studied by
Bear et al. [10–13]. Compounds of structural motif II
based on group 6 metals (Mo and W) were prepared
and extensively characterized by Hopkins et al. [14].
Previously, we reported the synthesis and characteriza-
tion of a diamagnetic series Ru2(form)4(C�CC6H5)2

(motif I) with the bridging ligand form as diarylfor-
mamidinate [1]. Herein, we wish to report the study of
the monoadduct tetrakis(m-N,N %-diarylformamidinato)-
(h1-phenylethynyl)diruthenium(III,II) family (Ru2-
(form)4(C�CC6H5), Scheme 2), where a systematic at-
tenuation of y(C�C) upon the change of electron-
richness of the Ru2 core has been observed.

2. Results and discussion

2.1. Synthesis of Ru2( form)4(C�CPh)

Compounds 2–6 (Scheme 2) were prepared by the
procedure similar to that reported for 1 (X as H) [12].
Treating the parent compound Ru2(form)4Cl [15] with
lithiated phenyl acetylene (50-fold excess) in THF af-
fords the intermediate [Ru2(form)4(CCPh)2]−, which
upon solvent removal in vacuo readily dissociates one
of the axially bonded phenylethynyls to form the de-
sired mono-adduct. In contrast to the reported instabil-
ity of 1 to silica [12], compounds 2–6 were readily
purified with silica column chromatography and the
purities were confirmed by excellent elemental analysis.
Both the increased stability and the significantly im-

proved synthetic yield for 2–6 are likely to be at-
tributed to the presence of the electron withdrawing
phenyl substituent.

2.2. Molecular structures of compounds 3 and 6

The ORTEP diagrams of both compounds 3 and 6 are
shown respectively in Figs. 1 and 2, and selected bond
lengths and angles are listed in Table 1. Hexane-sol-
vated compound 3 crystallized in the monoclinic space
group P2/n. Compound 6 co-crystallized with four
dichloromethane molecules in the orthorhombic space
group Pbcn. Despite differences in space groups,
molecules 3 and 6 and the previously published
molecule 1 [12] all contain a crystallographic two fold
axis passing through the Ru−Ru−C−C vector,
which relates one half of the molecule to the other half.
The co-linear geometry of the Ru–Ru and C�C bonds,
as required by the crystallographic symmetry, is in

Fig. 2. The ORTEP plot of compound 6.Scheme 2.
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Table 1
Selected bond distances (Å) and angles (°) for compounds 3 and 6

Ru2(m-Clform)4(CCPh) (3) Ru2(3,5-Cl2form)4(CCPh) (6)

Ru(1)–Ru(2) 2.4285(11)Ru(1)–Ru(2) 2.3868(10)
2.036(9)Ru(1)–C(51)Ru(1)–C(27) 2.057(9)

1.191(11) C(51)–C(52)C(27)–C(28) 1.197(12)
2.110(4) Ru(1)–N(1)Ru(1)–N(3) 2.075(6)

Ru(1)–N(3) 2.089(6)2.117(4)Ru(1)–N(1)
2.051(4) Ru(2)–N(4) 2.025(6)Ru(2)–N(4)

Ru(2)–N(2) 2.042(6)Ru(2)–N(2) 2.049(4)
1.304(6) N(1)–C(1)N(1)–C(7) 1.318(8)
1.333(6) N(2)–C(1)N(2)–C(7) 1.332(8)
1.305(6) N(3)–C(2)N(3)–C(20) 1.317(8)

1.317(8)N(4)–C(2)N(4)–C(20) 1.321(6)
180.0 C(51)–Ru(1)–Ru(2)C(27)–Ru(1)–Ru(2) 180.0
180.0 C(52)–C(51)–Ru(1)C(28)–C(27)–Ru(1) 180.0

87.54(15)N(1)–Ru(1)–Ru(2)N(3)–Ru(1)–Ru(2) 87.74(12)
N(3)–Ru(1)–Ru(2) 87.27(15)N(1)–Ru(1)–Ru(2) 86.60(11)

89.15(15)N(4)–Ru(2)–Ru(1)N(4)–Ru(2)–Ru(1) 89.55(12)
90.24(11) N(2)–Ru(2)–Ru(1)N(2)–Ru(2)–Ru(1) 89.34(15)

119.0(3) C(1)–N(1)–Ru(1)C(7)–N(1)–Ru(1) 120.4(5)
119.8(5)C(1)–N(2)–Ru(2)C(7)–N(2)–Ru(2) 117.8(3)

C(2)–N(3)–Ru(1) 119.7(5)C(20)–N(3)–Ru(1) 117.8(4)
C(2)–N(4)–Ru(2) 120.9(5)C(20)–N(4)–Ru(2) 118.0(3)

cies [16]. Reflecting the steric effect of axial
phenylethynyl, the bridging-formamidinates exhibit an
unsymmetric bidentate coordination mode: Ru(III)−N
and Ru(II)–N bond lengths are 2.113 [4] and 2.052 [4]
Å for 3, and 2.082 [6] and 2.034 [6] Å for 6.

In a comparison of the Ru–C and C�C bond lengths
among structurally known mono-alkynyl adducts: the
former are, respectively 2.037(7)/2.018(7), 2.057(9),
2.036(9) Å for 1, 3 and 6, while the latter are 1.191(13)/
1.216(12)/1.237(9), 1.196(11), and 1.197(12) Å. Since
the variances are within the statistical range (3s), the
substituent-influence on the Ru2–C�C interaction can-
not be discerned on the basis of X-ray structural data.
This is consistent with previous studies of the isostruc-
tural series (PPh3)Au(s-arylethynyl) [17] and (h5-
Cp)(PPh3)Ni(s-arylethynyl) [18], where constant M–Ca

and Ca�Cb bond lengths were observed.

2.3. Electrochemistry

Half-wave electrode potentials for compounds 2–6
measured by cyclic voltammetry are tabulated in Table
2 and the cyclic voltammograms are shown in Fig. 3.
Similar to the previously reported compound 1 [12], all
of the compounds but 5 undergo two one-electron
processes: oxidation (A) and reduction (B), as noted in
Eqs. (1a), (1b):

Ru2
6+ +e− vRu2

5+ (reaction A) (1a)

Ru2
5+ +e− vRu2

4+ (reaction B) (1b)

The electrode potentials for reaction B, observed for
compounds 2–6, gradually shift anodically with an
increase in the electron-withdrawing characteristics of
the aryl substituents. The trend is consistent with the
observation for series containing both Ru2 and other
transition metal cores [1,15,19–21]. Oxidation reaction
A was observed as a quasi-reversible process for com-
pounds 2–4, and a irreversible process for 6, and not
observed for 5. Such behavior implies that the Ru2

5+

core becomes more difficult to oxidize with an increase
in the electron withdrawing ability of the aryl
substituents.

stark contrast with the pronounced distortion observed
in the bis-adducts, where the Ru–Ru–Ca angle is 159°
and the deviation from the co-linearity was attributed
to a second order Jahn–Teller effect [1].

The key geometric parameters around the diruthe-
nium core of 3 and 6 are very similar, as shown by
Table 1. At first glance, the Ru–Ru bond lengths in 3
(2.3868(10) Å) and 6 (2.4285(11) Å) appear to suggest a
dependence of the Ru–Ru bond strength on the nature
of the aryl substituents. However, the difference be-
tween the Ru–Ru bond lengths determined for the two
independent molecules of 1 [12], 2.369(1) and 2.431(1)
Å, is even larger, implying the sensitivity of Ru–Ru
bond towards factors other than intramolecular bond-
ing interactions. The difference in Ru–Ru bond lengths
between 3 and 6 may thus be attributed to lattice
packing effects. Of course these bond lengths are all
within the expected range for Ru2

5+ paddlewheel spe-

Table 2
Experimental data for compounds 2–6

p-Cl(0.23) m-Cl(0.37) m-CF3(0.43)X(s) 3,4-Cl2(0.60) 3,5-Cl2(0.74)

641 724 814 NA 999 bE1/2(A) (mV) a

(142, 0.80) (179, 0.71)(DEp, ip,c/ip,a) (189, 0.35) NA NA
E1/2(B) (mV) a −537 −507 −408 −295 −226

(107, 0.98)(124, 1.08)(106, 1.04)(174, 1.01)(DEp, ip,c/ip,a) (101, 1.13)
2045.0 2042.0n(C�C) (cm−1) 2041.0 2034.4 2030.6

588(sh), 536 (8945),597(sh), 533 (8610), 590(sh), 526 (8530),lmax (nm) 585(sh), 520 (9345), 598(sh), 527 (8790),
381(sh) 379(sh)(o (M−1cm−1)) 373(sh) 379(sh)379(sh)

3.993.793.61 3.60meff (BM) 3.92

a Measured with the scan rate of 100 mV s−1.
b Irreversible, reported here is Ep,a value.
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Fig. 3. Cyclic voltammograms of compounds 2–6 recorded in CH2Cl2
with the scan rate of 100 mV s−1.

m(III,III) core. The same trend has been observed in
previous studies of 1 [12], and Ru2(2-anilinopyridi-
nate)4Lax (Lax=Cl− and PhC�C−) [9].

2.4. Electronic structures and electronic spectra

The room temperature (293 K) effective magnetic
moments for compounds 2–6 range from 3.60 to 3.99
BM, clearly indicating the presence of three unpaired
electrons. This observation is consistent with a ground
state electronic configuration of s2p4d2d*1p*2, identical
to that of the parent compounds Ru2(form)4Cl [15] and
also common to many Ru2(II,III) paddlewheel com-
plexes [16].

Table 2 summarizes the features of the electronic
absorption spectra of 2–6 recorded in CH2Cl2 solutions
(Fig. 4). A typical spectrum consists of one well-re-
solved peak around 530 nm and two shoulders around
590–380 nm. Due to the lack of proper MO calcula-
tions, a precise assignment of the observed bands is not
available in the current study. Nevertheless, the similar-
ity in absorption spectra among 2–6 clearly indicates a
minimal substituent-perturbation of the distribution of
upper valence molecular orbitals, as previously ob-
served and elaborated for other dinuclear species
[20,21].

2.5. IR spectroscopy and Ru2–C�C bonding

The C�C-stretching frequencies (n(C�C)) for 2–6
obtained from FT-IR spectra are provided in Table 2.
The frequencies, ranging from 2031 to 2045 cm−1, are
significantly lower than the ones observed for the bis-
phenylethynyl adducts Ru2(form)4(C�CPh)2 (210092

For reaction B, the dependence of E1/2(X) on the aryl
substituent can be quantified using the Hammett corre-
lation [20,22] according to:

E1/2(X)/mV=constant+r(8s) (2)

Linear least-squares fit of electrode potentials of 2–6
yields a r (reactivity constant) of 82.1 mV with a
correlation coefficient of 0.98. The fit also yields the
constant in Eq. (2) as −710 mV, which should corre-
spond to the electrode potential of the unsubstituted
species 1, i.e. E1/2(H), but cannot be directly compared
with the previously reported datum for 1 (−890 mV
vs. SCE, 0.1 M Bu4NClO4) [12] since different reference
electrode and supporting electrolyte were used.

When comparing the E1/2(Ru2
5+/Ru2

4+) values ob-
tained for complexes Ru2(form)4Cl [15],
Ru2(form)4(C�CPh), and Ru2(form)4(C�CPh)2 [1] sup-
ported by the same formamidinate ligand, the electrode
potential is shifted cathodically by about 200 mV upon
the substitution of an axial chloro ligand with
phenylethynyl, and further cathodically shifted by 700
mV with the addition of a second phenylethynyl. Obvi-
ously, the diruthenium(II,III) core is greatly stabilized
with respect to reduction to the diruthenium(II,II) core
by the coordination of the phenylethynyl ligand, a
much stronger nucleophile than the chloro ligand. Sim-
ilarly, the E1/2(Ru2

6+/Ru2
5+) values for both compounds

2 and 3 are shifted cathodically by 130 mV from the
corresponding Ru2(form)4Cl compounds [15], reflecting
a significant destabilization of the diruthenium(II,III)
core with respect to oxidation to the dirutheniu-

Fig. 4. UV-Vis spectra of compounds 2–6 recorded in CH2Cl2; 2=92
mM, 3=77 mM, 4=102 mM, 5=92 mM, and 6=88 mM.
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Scheme 3.

cm−1) [1] and Ru2(F5ap)4(C�CPh)2 (2093 cm−1, where
F5ap is 2-(2,3,4,5,6-pentafluoroanilino)pyridinate) [13],
but higher than that reported for Mo2(PR3)4(C�CR)4

(1991 cm−1) [14,23]. With an increase in the electron
withdrawing ability of the aryl substituent of the for-
mamidinate ligands, the n(C�C) value decreases,
reflecting the resultant weakening of the C�C bond. A
linear correlation exists between the value of n and the
Hammett constant (s):

n(C�C)=a+r(8s) (3)

where the reactivity constant r is −3.68 cm−1, and
the correlation coefficient is 0.992. The constant a,
2053 cm−1, should correspond to the n(C�C) value of
1, the unsubstituted species, which was not reported
[12].

As noted for both compounds 1–6 (Section 2.2) and
transition metal–alkynyl complexes in general [2], X-
ray structural data do not provide conclusive evidence
about the nature of the M–C�C interactions, espe-
cially with regard to the metal-to-alkynyl p-backdona-
tion (dp(M)�p*(C�C)). A more sensitive alternative
in gauging the dp�p* interaction is the n(C�C) value,
provided that the complication of symmetry-allowed
mixing with n(C–R) is eliminated by the use of the
same C�CR group [2]. Notably, Bianchini et al. re-
ported an increase of 45 cm−1 in n(C�C) upon vary-
ing the oxidation state of Rh from +1 to +3 for
several structurally related Rh–alkynyl complexes [24],
supporting a significant dp(Rh)�p*(acetylide) charge
transfer in the Rh(I) complexes. By increasing the elec-
tron occupancy in the p-donor orbital d*(MoMo) in
Mo2(CCSiMe3)4(PMe3)4 both electrochemically and
photochemically, Hopkins et al. observed a decrease in
the value of n(C�C) as large as 109 cm−1 [23], a truly
remarkable change. The n(C�C) data obtained for 2–
6, although within a modest range, suits this purpose
well since the only variable is the substituent on the
periphery of bridging formamidinates.

The Ru2 core may influence the C�C–Ph ligand
through three distinctive bonding modes illustrated in
Scheme 3 with a generic C�Y ligand (Y=CR, N, and
O): the Ru–C s bond (I), the p*(Ru–Ru)�p*(C�Y)
backdonation (II), and the p(C�Y)–p*(Ru–Ru) inter-
action (III). Although the filled/filled p–p interaction
(III) is insignificant in complexes containing strong
p-acid ligands such as CO, such interaction is the

dominant metal–acetylide p-interaction in both
CpFeL2(C�CR) [25–27] and ML2(C�CR)2 (L=neutral
ligand, M=Pd, Pt) [28]. The strength of the filled/
filled p–p interaction may be amplified in
Ru2(form)4(C�CPh) compounds due to both the half-
occupancy of p*(Ru) and the higher formal charge of
the Ru center (3+ ).

An increase in the electron-withdrawing ability (the
Hammett constant s) of the aryl substituent decreases
the electron density at the Ru2 core, which reduces the
p-donating ability and concurrently enhances both the
s- and p-accepting ability of the Ru center. If the
p*(Ru–Ru)�p*(C�C) backdonation (II) were domi-
nant, a reduction in the Ru p-donating ability with an
increase in s would result in an increase in the
strength of p(C�C) bond, and the r value (the slope)
of the Hammett plot (n vs. r) would be positive. With
the enhanced Ru s- and p-acceptor abilities with in-
creasing s, on the other hand, the strength of the C�C
triple bond decreases as a result of the weakening of
both the s(C�C) and p(C�C) bonds. The value of
n(C�C) should decrease with an increase in s when
either bonding modes I or II, or both are dominant.
The negative r value obtained in the current Ru2

series clearly indicates that the Ru2 core affects the
acetylide triple bond through both the Ru–Ca s-
bonding (I) and filled/filled p*(Ru–Ru)–p(C�C) inter-
action (III) instead of p*(Ru–Ru)�p*(C�C)
backdonation. Specific determination of the contribu-
tions from bonding modes I and III is possible with
the aid of photoelectron spectra measurement [26,27]
and higher level theoretical calculations, but cannot be
achieved on the basis of the IR data gathered in the
current study.

In previous studies of substituent-influences upon
the M–C�Y interaction for mononuclear complexes
containing CO [29–32] and CN− [33], positive values
of r were obtained and a significant dp(M)�p*(C�Y)
(Y as either O or N atom) backdonation was inferred.
A similar conclusion was drawn for dirhodium car-
boxylates with axial CO ligands [34]. The contrast
between the previous studies and our current results
reflects the weak p-acceptor nature of the alkynyl lig-
and, which can only be ‘induced’ with electron-rich
metal centers, as in the cases reported by Hopkins [23]
and Bianchini [24].
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3. Experimental

3.1. Starting materials and instruments

Diarylformamidines and Ru2(form)4Cl, the parent
compound, were prepared as previously described
[15,20]. Phenylacetylene and butyllithium (1.6 M in
hexane) were purchased from Aldrich. THF was dis-
tilled over Na/benzophenone under a N2 atmosphere
prior to use. Silica gel (SIP® Brand 60 Å, 230–400
mesh) for flash column chromatography was obtained
from Baxter. Infrared spectra were recorded on a Nico-
let Magna 550 FT-IR spectrometer using KBr disks.
UV-Vis spectral data (in CH2Cl2) were obtained with
an IBM 9420 UV-Vis spectrophotometer. Magnetic
susceptibilities were measured at 293 K with a Johnson
Matthey magnetic susceptibility balance. Elemental
analysis was performed by Atlantic Microlab, Nor-
cross, Georgia. Cyclic voltammograms were recorded in
0.1 M (n-Bu)4NBF4 solution (CH2Cl2, N2-degassed) on
a BAS CV-50W voltammetric analyzer with the Pt
working and auxiliary electrodes and a Ag � AgCl refer-
ence electrode. The concentration of diruthenium spe-
cies was always 1.0 mM. The ferrocenium–ferrocene
couple (internal reference) was measured at 625 mV
under the experimental conditions.

3.2. Synthesis of Ru2( form)4(C�CPh)

The parent compound Ru2(form)4Cl (0.20 mmol) was
suspended in distilled THF (30 ml) under argon. To
this solution at 0°C was added PhC�CLi (10 mmol,
freshly prepared by treating PhCCH with equimolar
Li-n-Bu in dry THF at −78°C under argon), where-
upon the color immediately changed from dark green
to dark red. After being stirred for 20 min, the reaction
mixture was allowed to warm to room temperature.
Stirring was continued until the color of the solution
turned to a brownish yellow, and only at this point was
the solvent removed under vacuum. After exposure to
air, the purple residue was dissolved in 10 ml of CH2Cl2
and then loaded onto a short silica plug and eluted with
CH2Cl2. The purple fraction was collected and evapo-
rated to dryness by bubbling air through the solution at
ambient temperature. The crude product was further
purified on a silica gel column with CH2Cl2/hexane as
the eluent (the exact ratio for each compound is given
below). Volume reduction of the purple elute followed
by alcohol precipitation (methanol or ethanol) yielded
the crystalline product. Similar to the bis-adducts, the
mono-adducts slowly decompose when heating above
50°C, even under the argon atmosphere.

3.2.1. Ru2(p-Clform)4(CCPh) (2)
Eluent, CH2Cl2/hexane (v/v: 20/80). Yield, 40%. UV-

vis, lmax (nm, o (M−1cm−1)): 597 (sh), 533 (8610), 381

(sh). IR (cm−1, KBr disk): 2045(w), 1538(s), 1486(s),
1329(m), 1221(s), 1092(m), 1015(m), 959(w), 931(w),
826(m), 758(w), 698(w). Magnetic data: xmol (molar
susceptibility), 4.81×10−3 emu; meff, 3.61 BM. Anal.
Calc. (found) for 2.MeOH (C61H45Cl8N8ORu2): C,
52.64 (52.98); H, 3.26 (3.26); N, 8.05 (8.09).

3.2.2. Ru2(m-Clform)4(CCPh) (3)
Eluent, CH2Cl2/hexane (v/v: 60/40). Yield, 63%. UV-

vis, lmax (nm, o (M−1 cm−1)): 590 (sh), 526 (8530), 379
(sh). IR (cm−1, KBr disk): 2042(w), 1592(s), 1566(m),
1534(s), 1475(s), 1329(s), 1274(w), 1219(s), 1168(w),
1094(m), 1080(m), 1003(w), 970(m), 894(m), 784(m),
744(m), 692(s), 528(w), 437(m). Magnetic data: xmol,
5.82×10−3 emu; meff, 3.92 BM. Anal. Calc. (found) for
3.EtOH (C62H47Cl8N8ORu2): C, 52.97 (52.92); H, 3.37
(3.31); N, 7.97 (7.96).

3.2.3. Ru2(m-CF3 form)4(CCPh) (4)
Eluent, CH2Cl2/hexane (v/v: 25/75). Yield, 57%. UV-

vis, lmax (nm, o (M−1 cm−1)): 585 (sh), 520 (9345), 373
(sh). IR (cm−1, KBr disk): 2041(w), 1542(s), 1486(s),
1442(s), 1329(s), 1281(m), 1217(s), 1168(s), 1128(s),
1096(s), 1072(s), 999(w), 975(m), 895(m), 798(m),
762(m), 702(s), 665(m), 444(w). Magnetic data (293 K):
xmol, 4.85×10−3 emu; meff, 3.60 BM. Anal. Calc.
(found) for 4 (C68H41F24N8Ru2): C, 50.16 (50.35); H,
2.54 (2.57); N, 6.88 (6.84).

3.2.4. Ru2(3,4-Cl2 form)4(CCPh) (5)
Eluent, CH2Cl2/hexane (v/v: 70/30). Yield, 43%. UV-

vis, lmax (nm, o (M−1 cm−1)): 588 (sh), 536 (8945), 379
(sh). IR (cm−1, KBr disk): 2034(m), 1588(w), 1541(s),
1464(s), 1329(m), 1259(w), 1215(m), 1131(m), 1033(m),
978(w), 906(w), 872(w), 821(w), 777(w), 755(w), 696(w),
543(w), 451(w). Magnetic data (293 K): xmol, 5.27×
10−3 emu; meff, 3.92 BM. Anal. Calc. (found) for 5
(C60H33Cl16N8Ru2): C, 44.07 (44.47); H, 2.03 (2.13); N,
6.85 (6.86).

3.2.5. Ru2(3,5-Cl2 form)4(CCPh) (6)
Eluent, CH2Cl2/hexane (v/v: 40/60). Yield, 54%. UV-

vis, lmax (nm, o (M−1 cm−1)): 598 (sh), 527 (8790), 379
(sh). IR (cm−1, KBr disk): 2031(m), 1584(m), 1562(s),
1533(s), 1427(m), 1332(m), 1252(w), 1219(m), 1113(m),
1003(m), 933(m), 853(w), 805(m), 754(w), 728(w),
699(w), 677(w). Magnetic data (293 K): xm, 5.94×
10−3 emu; meff, 3.99 BM. Anal. Calc. (found) for
6.hexane (C66H47Cl16N8Ru2): C, 46.05 (46.04); H, 2.75
(2.76); N, 6.51 (6.50).

3.3. X-ray data collection, processing, and structure
analysis and refinement

Data collections were carried out with a Siemens
R3m/V automated diffractometer using v-scan on crys-
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Table 3
Crystal and data collection parameters for compounds 3 and 6

3 · hexane 6 · 4CH2Cl2

Formula C66H55Cl8N8Ru2 C64H41Cl24N8Ru2

Formula weight 1445.92 1975.0
294(2) 294(2)Temperature (K)

Wavelength (Å) 0.71073 0.71073
Monoclinic OrthorhombicCryst syst
P2/n (c13) Pbcn(c60)Space group

16.286(5)11.616(3)a (Å)
b (Å) 15.970(4) 30.222(8)
c (Å) 16.573(4) 16.217(5)

9090a (°)
b (°) 105.88(2) 90

9090g (°)
2957(1) 7982(4)Volume (Å3)
2 4Z

1.6431.624Density (calcu-
lated) (g cm−3)

1.226Absorption 0.923
coefficient
(mm−1)

39081462F(000)
Crystal size (mm) 0.50×0.25×0.10 0.60×0.50×0.50

1.81 to 27.50 1.84 to 22.53u range for data
collection (°)

−17517, −32532,0515, 0520,Index ranges
−21520 0527

141737123Reflections
collected

Independent 5240 (Rint=0.1079)6797 (Rint=0.0815)
reflections

Full-matrix least-Refinement Full-matrix least-
squares on F2method squares on F2

5240/159/5016796/32/376Data/restraints/
parameters

Final R indices R1
a=0.0524,R1

a,b=0.0928
(I\2s(I)) wR2

b=0.1163
R indices (all data) R1

a=0.0976,R1
a=0.0898,

wR2
b=0.1223wR2

b=0.0977
Goodness-of-fit on 0.7440.652

F2 c

0.00032(9)Extinction 0.00082(14)
coefficient

0.408 and −0.4400.772 and −0.570Largest diff. Peak/
hole (e Å−3)

a R1=���Fo�−�Fc��/��Fo�.
b wR2= [�[w(Fo

2−Fc
2)2]/�[w(Fo

2)2]]1/2.
c Goodness-of-fit= [�[w(Fo

2−Fc
2)2]/(n−p)]1/2.

modeled near the crystallographic 2-fold axis in 3.
Positions of hydrogen atoms were calculated and as-
signed the isotropic thermoparameters U(H)=
1.2Ueq(C). Crystallographic computations were
performed with both SHELXS-86 [35] and SHELXL-93
[36]. Relevant information on the data collection and
the figure of merit of final refinement are listed in Table
3.
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