%27 B 6 Ml 1k 2 2% il Vol.27 No.6

2011 % 6 CHINESE JOURNAL OF INORGANIC CHEMISTRY 1191-1196
—HRAMSITERG WG MR RSB F R

AR EAW K K NEX KR
(F M K FAF AL AR P H M 213164)

E . [Rug(u-0,CCH) o CH;OH),(HCOO),][Ruy( pu-0,CCH,)(H,0),](PFg),- 2HORuy( I , IR A )23l i =25 SR & Wi, 1 %6 Ru,
(0,CCHy),C AEN #5115 WY It Bz A 30 208 €0 ey [B) 49, SR 5 4 3% b i) 9 7 WY ISR (R L 7:1)i8 WP T Ag,SO, Al NHLPF,
A7 8 S S AR B e Ak B W IR M ALAOGIE BT ST DB IR e X7 5 S0 S 2 R 3 BT S AT T R AE A AR A5
T AR AL A W0 e A S SR R = BN P2y/n, i i 28R .0=0.853 62(14) nm,b=1.195 89(19) nm,¢=3.664 2(6) nm,B=
92.316(3)°,Z=2, A 45 0 & 2 A TF W TC B T, H B [Rug (u-0,CCHy), (H,0),] 2 1 AN XU 5T L B F |, [Rug(u-0,CCHy),
(CH:0H),(HCOO), | /& H1 55 1 A~ e FR BT A | R R ARATR 328 1 7S AT T 8 2 /N2 ST 1) 45 4 B0 50 38 o B T B — 468 37 190 4% &%
) SR ARG PR 2 b JEC A 2 M AR AT T 6AE | 45 1 Sy — e 3 ) 3k 1y S Ak 3 R0 | 3R W IE & 0 0 o 4 T DR Rudl)
5 Z M7 R Rull)Z 74778 #5675

KW : Ru(I1, MyRA M5 $rEcEY; kL, sk
FESES . 0614.82°1 CERARIRAD: A XEHS: 1001-4861(2011)06-1191-06

Synthesis, Crystal Structure and Electrochemical Properties
of a Mixed Valence Ruthenium Complex

YAN Sheng-Hu* JIANG Dong-Ming ZHANG Yue LIU Jian-Wu SHEN Jie-Fa
(Research Institute of Fine Chemicals & Engineering, Changzhou University, Changzhou, Jiangsu 213164, China)

Abstract: [Ruy( u-0,CCH;),,(CH;0H),(HCOO),][Ruy( -0,CCH3),(H,0),](PFy),+ 2H,0 (with mixed valence Ruy( 11, 1IT))
was synthesized by two-step reactions. Firstly, heat Ruy(0,CCH3),Cl in methanol under argon to get a brown red
intermediate, then treat the intermediate with methanol aqueous solution in the presence of Ag,SO,and NH,PF, to get
the title compound. The compound was characterized by elemental analysis, IR spectra, thermogravimetric analysis,
cyclic voltammetry, and X-ray single crystal structure analysis. lts crystal belongs to monoclinic system with P2,/n
space group, in which ¢=0.853 62(14) nm, 6=1.195 89(19) nm, ¢=3.664 2(6) nm, 8=92.316(3)° and Z=2. Each
structure element of the crystal contains two different match ions, [Ru,(u-0,CCH;),(H,0),]* and [Rug( u-O,CCH3),,
(CH;0H),(HCOOQ),]*. The former is a dinuclear ruthenium match ion. The latter is a six nuclear ruthenium match ion
in coordination with methanol and bridge with formic acid. As independent components, the two elements were
connected by hydrogen bond to form a three-dimensional supramolecular network. The electrochemical property of
ruthenium complex has been studied by means of cyclic voltametry, the results show that electron transfer between
Ru(Il) and Ru(ll) in electrolysis is quasi-reversible process. CCDC: 793726.
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0 Introduction

Since the discovery of Ruy(0,CCH3),Cl in the mid-
1960s ™, many mixed-valent Ru,(0,CCHs),* complexes
with a variety of axial and bridging ligands have been

251 The chloride salts tend to form zigzag

reported
chains and can be readily converted to more useful
salts, the ruthenium compounds are known to exist as
homovalent Ru,(0,CR); [Ruy(II, II')] and as mixed-
valent Ru,(0,CCH3),* [Ruy( I, I)] in which the odd
electron is delocalized between the metals and the
complex can, in effect, be formulated as Ruy( 1T 15, Il ;,,)".
Interests in these compounds, particularly on the
mixed-valent species, centres around their unique
magnetic properties, catalytic properties and unusual
stability grew rapidly in recent years. The Ru, (II, 1)
species contain three unpaired electrons due to an
accidental near-degeneracy of the two highest lying
occupied molecular orbitals, the 7* and 6%, to give a
o?m'* (m*6*)’ configuration. Accordingly, we report
here the synthesis of a mixed-valent carboxylic acid
complex which was characterized by elemental
analysis, IR spectra, cyclic voltammetry, and X-ray
single crystal structure analysis. Each structure element
contains two different match ions, which are connected
by hydrogen bond to form a three-dimensional

supramolecular network.
1 Experimental

1.1 Starting reagents
All reagents and solvents were purchased from
commercial sources and used without further
purification. Ru,(0,CCH;),Cl was prepared using the
method of Wilkinson and his co-workers !, All of the
synthetic procedures were carried out under an
atmosphere of argon.
1.2 Physical measurements
The elemental analysis (C, H) was performed on a
Perkin-Elmer 2400 Series Il element analyzer. FTIR
recorded on a Nicolet 460
of KBr

(TGA) experiments were

spectra  were
spectrophotometer in the form pellets.
Thermogravimetric analysis

carried out on a Dupont thermal analyzer from room

temperature to 800 “C under N,atmosphere at a heating
rate of 20 °C -min~". The cyclic voltammogram experi-
ments were carried out on a microcomputer-based
electrochemical analyzer (Tianjin LanLiKe Chemical
and Electron High Technology Co. Ltd.) in high purity
nitrogen atmosphere. A Pt-piece was employed as
working electrode, a saturated calomel electrode (SCE)
as reference electrode and a platinum wire as auxiliary
electrode. The supporting electrolyte was 0.1 mol - L™
NaClO,. The half wave potentials E,, were obtained
from E, +(AE)/2.
1.3 Preparation of the complex

0.200 g (0.42 mmol) of Ru,( u-0,CCH;),Cl1  was
dissolved in 80 mL of methanol. The orange-red
solution was heated under reflux temperature with the
air of argon for about 10 h until it becomes into a
brown-red clear and transparent solution. Enrich it with
a rotary evaporator to reduce the volume of the solution
to 30 mL. Put it in fridge overnight, filter it to get a
brown red solid. Carry out dechlorination by dissolving
0.100 g of the brown red solid in 40 mL of methanol.
Add a solution of 0.065 g (0.21 mmol) Ag,SO, with 6
ml water into it. Keep the solution in dark with stirring
and heat it at 40~50 °C for 2 h. The formed AgCl was
then filtered off. NH,PFs (0.200 g, 1.22 mmol) was
added, with stirring, to the brown red solution. Crystals
suitable for X-ray analyses formed by slow evaporating
from methanol upon cooling at 4 “C for one month.
Yield: 50 mg (50%). The compound is soluble in water,
methanol, ethanol, acetone, DMF and DMSO. Samples
sent for elemental analyses were thoroughly dried in
vacuum beforehand to remove hydrated water. Anal.
found(%): C, 19.01; H, 2.58. Caled.(%): C, 19.08; H,
2.74.
1.4 X-ray crystallography

Single-crystal X-ray diffraction measurement of
the title complex was carried out with a Bruker Smart
Apex CCD diffracto-metre at 295 (2) K. Intensities of
reflections were measured using graphite-monochro-
matized Mo Ka radiation (A=0.071 073 nm) with the ¢-
o scans mode in the range of 2.38° <6 <30.10°. The
structure was solved by direct methods using SHELXS-

97 computer program and refined by full-matrix least-
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squares methods on F* with the SHELXL-97 program.
Anisotropic thermal factors were assigned to all the
non-hydrogen atoms. Hydrogen atoms were included in

calculated position and refined with isotropic thermal

parameters riding on the parent atoms. Crystallographic
data parameters for structural analyses are summarized
in Table 1.

CCDC: 793726.

Table 1 Crystal and structure refinement data for the complex

Formula RugO,CiHePoF 1
Formula weight 2 269.39
Crystal size / mm 0.22x0.25x0.30
Crystal system Monoclinic
Space group P2in

a/nm 0.853 62(14)

b/ nm 1.195 89(19)
¢/ nm 3.664 2(6)

B/ () 92316(3)
Volume / nm? 3.737 5(10)

A 2

I 1.733

D./ (g-em™) 2.017

Index ranges (h, k, 1)

Independent reflections (R;,)
Observed reflections (I>20/(1)) 5993
Data / restraints / parameters
Ry, wR, (I>201(1))

R, wR, (all data)

Goodness-of-fit on F* 1.264
Max. peak / (e*nm™) 1196

Min. peak / (e-nm™)

=7/10, -12/14, -43/43

Temperature / K 295(2)
F(000) 2216

0 range for data collection / (%) 2.38~30.10
Reflections collected 19 727

6 559 (0.031 3)
6559 /21 /468

0.072 4, 0.179 8
0.079 7, 0.189 3

-2 190

2 Results and discussion

2.1 X-ray crystal structure description for the
compound
The molecular structure is shown in Fig.1. The
unit cell packing diagram is given in Fig.2. The
selected bond lengths and angles are given in Table 2.
The compound crystallizes in monoclinic space group

P2,/n. As shown in Fig.1, there is no formic acid as the

Symmetry codes: ' —x+1, —y+1, —z; " —x+2 , -y, —z; PF¢” ions are

omitted for clarity

Fig.1 Molecular structure for the compound with 30%
probability ellipsoids

reactant in all of the synthetic procedures. It is most
likely that methanol is oxidized into formic acid. As
homovalent diruthenium(Il) compounds are sensitive to
oxygen, mixed-valent [Ru,( I ,II)] is reduced into
homovalent diruthenium(Il) [Ru,( I , I )], simultaneously
methanol is oxidized into formic acid through a self
oxidation-reduction  procedure, and the central
ruthenium atom of the total compound is judged.
Usually reducing agents are needed for the oxidation of
methanol, which is convinced by Cotton and Sheldricks
work on synthesis of some diruthenium (II) complexes
from Ru, (0,CCH3),Cl and the corresponding ligand®'®.
Accordingly, it is better explained the produ-ction of

formic acid ligand in the compound.

Fig.2 Molecular crystal cell packing for the compound

The Ru(4)-Ru(4)" bond distance (0.226 4(2) nm) is
slightly longer than the Ru---Ru distance of [Ru,(u-
0,CCH3),(H0),] (PFe) - 3H,0™ (0.225 95 (7) nm), while
Ru(1)-Ru(2) bond distance is found to be similar to that
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Table 2 Selected bond lengths (nm) and angles (°) for the complex
Ru(1)-Ru(2) 0.226 94(13) Ru(2)-0(4) 0.201 9(9) Ru(3)-0(13) 0.202 6(7)
Ru(1)-0(1) 0.203 7(9) Ru(2)-0(6) 0.201 7(8) Ru(3)-0(14) 0.2015(7)
Ru(1)-0(2) 0.200 9(8) Ru(2)-0(7) 0.202 9(8) Ru(4)-Ru(4)" 0.226 4(2)
Ru(1)-03) 0.203 5(9) Ru(2)-09) 0.221 0(7) Ru(4)-0(15) 0.2252(10)
Ru(1)-0(5) 0.203 3(8) Ru(3)-Ru(3) 0.227 09(15) Ru(4)-0(16) 0.2024(9)
Ru(1)-0(8) 0.229 9(9) Ru(3)-0(10) 0.224 4(7) Ru(4)-0(17) 0.2034(8)
Ru(1)-0(20) 0.200 7(8) Ru(3)-0(11) 0.202 8(8) Ru(4)-0(18) 0.202 5(8)
Ru(2)-0(2) 0.200 9(8) Ru(3)-0(12) 0.200 6(7) Ru(4)-0(19) 0.202 5(9)
0(1)-Ru(1)-0(8) 92.1(3) 0(6)-Ru(2)-0(9) 92.9(3) 0(16)-Ru(4)-0(17) 89.3(4)
0(2)-Ru(2)-0(4) 178.6(3) 0(6)-Ru(2)-Ru(1) 89.3(2) 0(16)-Ru(4)-0(18) 90.4(4)
0(2)-Ru(2)-0(6) 91.4(3) 0(7)-Ru(2)-0(9) 88.7(3) 0(16)-Ru(4)-0(19) 178.6(4)
0(2)-Ru(2)-0(7) 89.6(3) 0(7)-Ru(2)-Ru(1) 89.0(2) 0(16)-Ru(4)-Ru(4) 89.6(3)
0(2)-Ru(2)-0(9) 88.5(3) 0(9)-Ru(2)-Ru(1) 177.1(2) 0(17)-Ru(4)-0(15) 87.5(4)
0(2)-Ru(2)-Ru(1) 89.6(2) 0(10)-Ru(3)-Ru(3) 176.4(2) 0(17)-Ru(4)-Ru(4) 88.7(3)
0(3)-Ru(1)-0(1) 178.5(4) 0(11)-Ru(3)-0(10) 94.1(3) 0(18)-Ru(4)-0(15) 93.0(4)
0(3)-Ru(1)-0(8) 88.8(4) 0(11)-Ru(3)-Ru(3) 89.2(2) 0(18)-Ru(4)-0(17) 179.4(4)
0(3)-Ru(1)-Ru(2) 89.3(3) 0(12)-Ru(3)-0(10) 89.3(3) 0(18)-Ru(4)-0(19) 88.6(4)
0(4)-Ru(2)-0(7) 89.4(4) 0(12)-Ru(3)-0(11) 90.5(3) 0(18)-Ru(4)-Ru(4)’ 90.8(3)
0(4)-Ru(2)-0(6) 89.8(4) 0(12)-Ru(3)-0(13) 89.5(3) 0(19)-Ru(4)-0(15) 88.9(4)
0(4)-Ru(2)-09) 92.4(4) 0(12)-Ru(3)-0(14) 178.9(3) 0(19)-Ru(4)-0(17) 91.7(4)
0(4)-Ru(2)-Ru(1) 89.4(3) 0(13)-Ru(3)-0(10) 87.3(3) 0(19)-Ru(4)-Ru(4) 89.4(3)
0(5)-Ru(1)-0(1) 89.6(4) 0(13)-Ru(3)-0(11) 178.6(3) 0(20)-Ru(1)-0(1) 89.5(4)
0(5)-Ru(1)-03) 91.6(4) 0(13)-Ru(3)-Ru(3) 89.4(2) 0(20)-Ru(1)-0(3) 89.4(4)
0(5)-Ru(1)-0(8) 94.0(3) 0(14)-Ru(3)-Ru(3) 89.7(2) 0(20)-Ru(1)-0(5) 178.9(3)
0(5)-Ru(1)-Ru(2) 89.9(2) 0(14)-Ru(3)-0(10) 91.7(3) 0(20)-Ru(1)-0(8) 86.5(3)
0(12)-Ru(3)-Ru(3) 89.3(2) 0(14)-Ru(3)-0(11) 89.0(3) 0(20)-Ru(1)-Ru(2) 89.6(2)
0(12)-Ru(3)-0(10) 89.3(3) 0(14)-Ru(3)-0(13) 90.9(3) Ru(2)-Ru(1)-0(8) 175.7(2)
0(6)-Ru(2)-0(4) 89.6(4) 0(15)-Ru(4)-Ru(4) 175.8(3)
0(6)-Ru(2)-0(7) 178.1(3) 0(16)-Ru(4)-0(15) 92.1(4)

Symmetry codes: ' —x+1, —y+1, —z; ¥ —a+2, —y, —z.

of Ru(4)-Ru(4)" (0.226 4(2) nm) and another homovalent
tetraacetate adduct for which structure is available:
Ru,(0,CCH3)4(CH;0H),[Ru,( I, IT)] (the Ru---Ru
distance, 0.226 53(4) nm)"”. Ru(3)-Ru(3) bond distance
of 0.22 09(15) nm is the longest because of the existence
of formic acid. It is corresponding to the above

interpretation for the production of formic acid.

2.2 Hydrogen bonding of the compound

As shown in Table 3 and Fig.3, hydrogen bond
between O15-H15A and formic acid molecular links
[Rug( #-0,CCH3),,(CH;0H),(HCOO),]* [Ruy( I, IT)] and
[Ru,( u-0,CCH;),(H,0),]* [Ruy( I, III)] cations together
with an O-0 distance at 0.282 5(12) nm. The hydrogen
bond between O15-H15A and 021 as well as that

Table 3 Selected hydrogen bonding parameters for the complex

D-H---A d(D-H) / nm d(H---A) / nm d(D---A) / nm ZD-H---A/(°)
015-H15A---010' 0.082 0.205 0.282 5(12) 157
015-H15B---021' 0.082 0.155 0.231(5) 153
015-H15B---022' 0.082 0.227 0.306(5) 163

Symmetry code: ' x+1, y, z.
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between O15-H15C and 022 belongs to intermolecular
interactions between bond water and unbond water.
These relatively
(O15-H15B---021 0.231(5) nm and O15-H15B---022
0.306(5) nm). Additionally, the bond angle of Ru(2)-
Ru(1)-0(8) for the compound is 175.7(2)°, which is
less than 179.2(2)° found in the BF, salt of
Ru complexes™?.. This is most likely due to hydrogen

interactions  are symmetrical

slightly

bonds interactions.

Symmetry code: ' x+1, y, z; Dash lines indicate the intermolecular

interactions hydrogen bonds, some have been omitted for clarity,

only hydrogen atoms involved in the hydrogen bonds are shown

Fig.3 Hydrogen bonds of the title compound

2.3 Infrared spectrum
The infrared spectrum of the compound shows
typical symmetric (v,,) and asymmeltric (V) carboxy-

late stretching frequencies in the range of 1396~1 448

1 2

cm™ with Ay range from 30~50 ¢cm™, indicating a 1
binding mode®”. Oxygen atoms on carboxylic ligands
are bridged with two central ruthenium atoms with the
v(PF¢) at 840 em™ ™. The compound has strong bands
at 1581 (HCOOH), 3 415 (0-H) and 2 850~3 019 cm™
(C-H).
2.4 Thermal stability

TG analysis shows that weight loss begins at 70 °C,
and 2 mol of bonded methanol molecules release from
70 to 161 °C  (caled., 5.653%; found, 5.448%). Then 2
mol of bonded formic acid molecules and 3 mol of water
molecules lose from 161 to 246 C  (caled., 12.72%;
found, 12.03% ). Another 8 mol of acetic anhydride
molecules lose from 246 to 318 C  (caled., 41.70%;
found, 47.36% ). The last remaining amount of the
compound loses from 318 to 800 C  (caled., 39.93%;
found, 35.16%).

2.5 Electrochemical property

Cyclic voltammetry measurements in aqueous
solution show a quasi-reversible wave (peak-to-peak
separations ranging from 3~113 mV at a rate of 100
mV ™). Cyclic voltammogram for the complex scanning
from —0.500 to 0.500 O V is shown in Fig.4. The
oxidation-reduction peak corresponds to Ru (I)/Ru ()
redox process, E,=0.113 V, E,=-0.003 V, AE=0.116
V, En=0.061V,:,/i,=0.93. The results show that
electron transfer between Ru(ll) and Ru(ll) in electro-

lysis is quasi-reversible process.

0.000 3
0.000 2
0.000 1|
0.000 0
-0.000 1
-0.000 2
-0.000 3
-0.000 4
-0.000 5

06 -04 -02 00 02 04 06
Voltage / V

I/A

Concentration: 1 mmol - L™

Fig.4 Cyclic voltammetry for the compound in aqueous

solution
3 Conclusions

A new mixed-valent ruthenium compound is
prepared and fully characterized. This diruthenium
tetraacetate complex is relatively stable with a
remarkable solubility in a big range of polar and/ or
non-polar solvents. It appears a similar physico-
chemical properties to other ruthenium compound. The
hydrogen bonds within the complex influence its
structure greatly. Electrochemical property of the
complex shows that electron transfer between Ru(ll) and

Ru(lll) in electrolysis is quasi-reversible process.
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