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The ruthenium tricarbonyl derivative [Ru(CO)3(sha)] (1), was synthesized from reaction of
[Ru3(CO)12] with N-salicylidene-2-hydroxyaniline (shaH2) Schiff base. The corresponding
reactions of the ruthenium cluster with shaH2 in presence of a secondary ligand L,L¼ pyridine
and triphenyl phosphine resulted in the formation of the dicarbonyl derivatives
[Ru(CO)2(shaH2)(L)] (2, 3). In the presence of L¼ 2-aminobenzimidazole or thiourea, two
complexes [Ru(CO)2(sha)(L)] (4, 5) were formed and the shaH2 ligand bonded to ruthenium
oxidatively. The bipyridine(bpy) derivative had the molecular formula [Ru(CO)2(shaH)(bpy)]
(6), with shaH coordinated bidentate. All complexes were characterized by elemental analysis
and mass, IR, 1H NMR and UV–Vis spectroscopy. The spectroscopic studies of these
complexes revealed several structural arrangements and different tautomeric forms.

Keywords: Metal carbonyls; Triruthenium dodecacarbonyl; Schiff bases; Complexes; Spectra;
Isomerism

1. Introduction

The chemistry of ruthenium has promising photochemical and catalytic properties [1, 2].
Ru(II) carbonyl complexes containing O,N-donor ligands and heterocyclic bases
showed redox properties as well as biological activity [3]. For example, ruthenium(II)
carbonyl complexes containing bidentate Schiff bases and triphenyl phosphine or
pyridine were found to be very efficient catalysts in oxidation of alcohols to aldehydes
in the presence of N-methylmorpholine-N-oxide (NMO) as a co-oxidant [4–8].
Furthermore, ruthenium carbonyl carboxylate complexes containing bipyridine ligands
have good catalytic activity in the homogeneous hydrogenation of C¼C and C¼O
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bonds in hydroalcoholic solvents, which is an environmentally friendly process [9].

Also, the elucidation of the water gas shift reactions promoted by ruthenium carbonyls

in acidic media started with the detection of the Ru(0), Ru(I), and Ru(II) intermediate

complexes, Ru3(CO)12, Ru2[�-�
2-OC(CF3)O]2(CO)6, and fac-[Ru(CF3COO)3(CO)3]

�,

which accumulate when CF3COOH is employed as an acid co-catalyst [10, 11]. The

environment around the metal center such as coordination geometry, the number of

coordinated ligands and their donor groups are controlling factors for metalloproteins

to carry out specific physiological functions [12, 13]. On the other hand, ruthenium(0)

carbonyl derivatives such as [Ru(CO)(30-PyaiR)(PPh3)2] (3
0-PyaiR¼ 2-(30-pyridylazo)

imidazole) [14] and [Ru(CO)3(LH2)] (LH2¼maleic hydrazide) [15] are expected to be

important biological derivatives. Although Ru(I) complexes usually exist in dimeric

forms such as [Ru(OAc)(CO)2(dpa)]2, dpa¼ di(2-pyridyl)amine [16] and

[Ru2(C6H5CO2)2(CO)4(py)2] [17], few Ru(I) complexes have been reported with

mononuclear structure. For example, reaction of [Ru3(CO)12] with salicylideneimine-

2-thiophenol Schiff base (satpH2) in THF gave [Ru(CO)4(satpH)]. Spectroscopic and

magnetic studies of the complex revealed that it was paramagnetic with octahedral

structure [18]. Recently, we reported that the reactions of [Ru3(CO)12] with 2-(20-

pyridyl)benzimidazole (HPBI) alone or in the presence of pyridine or bipyridine, gave

[Ru(CO)3(HPBI)], [Ru(CO)3(HPBI)] � py and [Ru(CO)3(HPBI)] � bpy, respectively [19].

Also, reactions of [Ru3(CO)12] with 2,3-bis(20-pyridyl)quinoxaline (dpq) in the presence

of either bipyridine or pyridine resulted in the formation of mononuclear complexes

[Ru(CO)3(dpq)] and [Ru(CO)2(dpq)] � py [20]. In a previous report, the reactions of

[M(CO)6], M¼Cr, Mo and W with N-salicylidene-2-hydroxyaniline (shaH2) were

described [21]. In this manuscript, we report the reactions of [Ru3(CO)12] with shaH2

alone or in the presence of pyridine, 2,20-bipyridine, thiourea, 2-aminobenzimidazole or

triphenyl phosphine as a secondary ligand.

2. Experimental

[Ru3(CO)12], pyridine (py) triphenyl phosphine (PPh3), 2-aminobenzimidazole (abz)

thiourea (tu) and 2,20-bipyridine (bpy) were purchased from Aldrich. N-salicylidene-

2-hydroxyaniline (shaH2) was prepared as described [22]. All solvents used were of

analytical grade and were purified by distillation according to standard methods.
Infrared measurements (KBr pellets) were carried out on a Shimadzu 8000 FT–IR

spectrometer. Electronic absorption spectra were measured on a Unicam UV2-300

UV–Vis spectrophotometer. The spectra of the complexes in different solvents (DMF,

benzene, THF and CH2Cl2) were of concentrations ca 1� 10�5M. 1H NMR

measurements were performed on a Varian-Mercury 300MHz spectrometer. Samples

were dissolved in (CD3)2SO with TMS as internal reference. Magnetic measurements in

the solid state (Gouy method) were carried out on a Sherwood magnetic susceptibility

balance. The complexes were also characterized by elemental analysis (Perkin–Elmer

2400 CHN elemental analyzer) and mass spectrometry (70 eV, EI, Finnigan MAT SSQ

7000 spectrometer). Table 1 gives the elemental analysis and mass spectrometry data for

the complexes.
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2.1. Synthesis of [Ru(CO)3(sha)] (1)

A mixture of [Ru3(CO)12] (0.1 g, 0.16mmol), shaH2 (0.1 g, 0.47mmol) and benzene (ca
30 cm3) were heated to reflux for 8 h. The color of the solution changed from orange to
dark grey. The reaction mixture was cooled and the solvent was removed by
evaporation. The solid residue was washed several times with boiling petroleum ether
and then recrystallized from DMF to give fine grey crystals in a yield of 55%.

2.2. Syntheses of [Ru(CO)2(shaH2)(py)] (2), [Ru(CO)2(shaH2)(PPh3)] (3),
[Ru(CO)2(sha)(abz)] (4), [Ru(CO)2(sha)(tu)] (5) and
[Ru(CO)2(shaH)(bpy)] (6) complexes

A mixture of [Ru3(CO)12] (0.1 g, 0.16mmol), shaH2 (0.1 g, 0.47mmol) and
L,L¼pyridine, PPh3, 2-aminobenzimidazole or thiourea, in benzene (ca 30 cm3) was
heated to reflux for 2–4 h. The reaction mixture was cooled and the solvent was
removed by evaporation. The complex was washed several times with boiling petroleum
ether and then recrystallized from DMF. The color and yield of the complexes are:
2, light brown, 76%; 3, dark red, 54%; 4, dark grey, 90%; 5, dark brown, 49%; 6,
dark grey, 79%.

3. Results and discussion

A series of ruthenium carbonyl Schiff base complexes (1–6) have been synthesized from
the reactions of [Ru3(CO)12] with N-salicylidene-2-hydroxyaniline (shaH2) alone or in
the presence of a secondary ligand. The shaH2 Schiff base ligand acted either as a
bidentate (ON) or a tridentate (ONO) donor depending on the oxidation state of the
metal ion [21, 22]. The IR spectrum of the free Schiff base exhibited a strong band
at 1631 cm�1 due to the azomethine. This band shifted (1602–1611 cm�1) in the IR
spectra of the complexes indicating coordination through the azomethine nitrogen
(table 2) [21]. The bands at 1274 and 1243 cm�1 in the spectrum of shaH2 are assigned to
the phenolic C–O stretch. On complexation, these bands shifted to higher frequencies.
Also, bands due to �(Ru–O) and �(Ru–N) stretches were observed in the region 533–574
and 426–500 cm�1, respectively. All other characteristic bands due to py, bpy, PPh3, abz
and tu were shifted to higher frequencies confirming coordination of these ligands to
the ruthenium (table 2). The 1H NMR spectra showed lower field shifts in the

Table 1. Elemental analysis and mass spectrometry data for ruthenium complexes.

Mass spectrometry

Complex %C Found (Calcd) %H Found (Calcd) %N Found (Calcd) M. wt m/z

1 48.6(48.9) 2.4(2.5) 3.6(3.8) 368.31 369 [P]þ

2 53.2(53.5) 3.3(3.6) 5.9(6.2) 449.43 450 [P]þ

3 62.4(62.6) 4.0(4.1) 2.0(2.2) 632.60 605 [P�CO]þ

4 52.5(52.7) 3.2(3.2) 10.8(11.2) 501.45 502 [P]þ

5 43.1(43.2) 2.8(2.9) 9.3(9.5) 444.42 443 [P� 2H]þ

6 56.9(57.1) 3.4(3.4) 7.5(7.9) 525.50 524 [P�H]þ
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6.00–8.96 ppm region due to the aromatic protons of the coordinated pyridine,

bipyridine, triphenyl phosphine, thiourea, 2-aminobenzimidazole and shaH2 ligands

(table 3) [23].
The IR spectrum of [Ru(CO)3(sha)] (1), exhibited three bands in the terminal metal

carbonyl range at 2052, 1981 and 1941 cm�1 due to three CO groups attached to the

metal in a facial arrangement. From the number and pattern of the CO groups, it can be

concluded that the ruthenium complex has an octahedral structure and the sha moiety

coordinated to the metal from two cis and one trans sites [24]. The band due

to the �(OH) frequency of the ligand disappeared in the IR spectrum of the complex.

The absence of the two OH groups was also confirmed by 1H NMR spectroscopy.

Table 2. Important IR data for shaH2 and its ruthenium complexes.

IR data (cm�1)a

Compound �(C¼N) �(C–O) �(OH) �(CO) �(Ru–O) �(Ru–N)

shaH2 1631(s) 1274(m) 3422(m) – – –
1243(m)

1 1603(s) 1279(m) – 2052(vs) 533(m) 460(w)
1246(m) 1981(vs)

1941(s)
2b 1603(s) 1273(m) 3424(b) 2045(m) 533(m) 470(w)

1245(sh) 2117(s)
1972(s)
1931(vs)

3c 1606(s) 1277(m) 3423(b) 2046(m) 557(m) 426(w)
1246(w) 1971(vs)

1946(vs)
4
d 1641(s) 1272(s) – 2052s 532m 500(w)

1602(s) 2024s
1980s

1937vs
5e 1611(s) 1276(b) – 2020(vs,b) 574(m) 493(w)

1954(vs,b)
6
f 1603(s) 1282(m) 3420(b) 2042(m) 533(m) 493(w)

1251(m) 2025(m)
1970(sh)
1937(vs)

as, strong; m, medium; w, weak; b, broad; sh, shoulder; b�(py)¼ 696 cm�1; c�(C–H)phosphine¼ 1435, 745, 695 cm�1;
d�(N–H)¼ 3379, 3061 cm�1; e�(C¼S)¼ 1611, �(N–H)¼ 3322, 3189 cm�1; f�(py)¼ 697 cm�1.

Table 3. Important 1H NMR data for shaH2 and its ruthenium complexes.

Compound 1H NMR data (ppm)a

shaH2 7.55(m, Ph), 7.06(m, Ph), 9.03(s, N¼CH), 13.75(s, OH), 9.7(s, OH)
1 6.6–7.4(m, Ph), 9.19(s, N¼CH)
2 6.6–7.9(m, Ph), 8.96(m, py), 8.58(m, py), 9.19(s, N¼CH), 9.04(s, N¼CH),

13.74(s, OH), 9.69(s, OH)
3 6.6–7.8(m, Ph), 8.96(s, N¼CH), 9.20(s, N¼CH), 9.66(s, OH), 13.73(s, OH)
4 6.0–8.0(m, Ph), 8.97(s, N¼CH), 9.03(s, N¼CH), 11.26(s, NH), 11.46(s, NH),

5.39(s, NH2), 5.08(s, NH2)
5 6.97(m, Ph), 5.35(s, NH2), 8.97(s, N¼CH)
6 6.5–8.5(m, Ph), 8.74(m, py), 9.29(s, N¼CH), 9.27(s, N¼CH), 9.50(s, OH)

as, singlet; d, doublet; m, multiplet.
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The elimination of the hydrogen from the OH groups indicated that the metal
coordinated to the ligand oxidatively [25]. From the elemental analysis and the
spectroscopic data, it can be concluded that the ruthenium species exists in aþ 2
oxidation state with a proposed structure shown in scheme 1.

The IR spectra of [Ru(CO)2(shaH2)(py)] (2), and [Ru(CO)2(shaH2)(PPh3)] (3),
showed a broad band at 3423–3424 cm�1 and two bands in the range 1383–1385 and
1346–1353 cm�1 due to one stretching and two bending OH frequencies. Also, the
1H NMR spectra of 2 and 3 displayed two signals around 9.6 ppm and 13.7 ppm
indicating the presence of the two OH groups of the shaH2. In addition, the infrared
spectra displayed four CO stretching vibrations in the terminal metal carbonyl region.
According to the elemental analysis and the spectroscopic data, one can conclude that
the two complexes exist in two isomeric forms (A and B) in equal proportions
depending on the position of py or PPh3 ligand. Each isomer contains two CO groups
attached cis to each other. This postulation was confirmed from their NMR spectra
which gave two signals at 9.19 and 9.04 ppm for 2, and 8.96 and 9.20 ppm for 3 due to
the presence of two azomethine groups (scheme 2). (Attempts to separate the two
isomers did not succeed). The 1H NMR spectrum of the previously reported
[Mo(CO)3(pbiH)(PPh3)] complex, pbiH¼ 2-(20-pyridyl)benzimidazole) showed two
broad singlets for the NH proton indicating the presence of two equilibrated isomeric
forms depending on the position of PPh3 ligand [26]. In addition, the IR spectrum of 2
exhibited a medium band at 696 cm�1 due to �py, while the spectrum of 3 displayed
strong bands at 1474, 1433, 742 and 693 cm�1 indicating the presence of PPh3 ligand.
Therefore, for 2 and 3, a zerovalent ruthenium species exists in a trigonal bipyramidal
structure with two cis CO groups (scheme 2).

Similarly, the IR spectra of [Ru(CO)2(sha)(abz)] (4), and [Ru(CO)2(sha)(tu)] (5)
showed the shaH2 ligand bands and a set of four CO bands in the terminal carbonyl
range (table 2). Additional bands correspond to either abz or tu shift to higher

N

O
Ru

O

OC

OC

C
O

1

CH

Scheme 1. The proposed structure for [Ru(CO)3(sha)] complex.

N

O
Ru

C

CO

H

HO

O

N
O

Ru
L

O

CO
H

H

C
O

HC C
H

A B

L

Scheme 2. The proposed structures for [Ru(CO)2(shaH2)L] complexes, L¼ py (2) or PPh3 (3).
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frequencies indicating coordination. Furthermore, the IR spectra of these complexes
exhibited no bands due to OH of the shaH2. The

1H NMR spectra confirm the absence
of these two OH groups. Again, from the available elemental and spectroscopic data, it
can be concluded that 4 and 5 exist in two isomeric forms (C and D) and the ruthenium
atom has aþ 2 formal oxidation state (scheme 3). Each abz or tu group coordinates to
ruthenium in a trans position to an oxygen of the shaH2; two COs in cis positions
complete the six coordination.

Interaction of Ru3(CO)12 with shaH2 in the presence of bipyridine results in
formation of [Ru(CO)2(shaH)(bpy)] (6). The IR spectrum of the complex showed a
�(OH) stretch at 3420 cm�1 and also displayed four strong bands in the metal carbonyl
region at 2042, 2025, 1970 and 1937 cm�1 due to the carbonyl ligands [18]. The 1H
NMR spectrum of 6 has a resonance at 9.50 ppm for the proton of the hydroxyl group
ortho to the azomethine. The disappearance of the signal due to the other hydroxyl
proton of the ligand (13.86 ppm) indicates that coordination metal occurred through it
with proton displacement [27]. The bpy ligand itself has three multiplets at 7.0, 7.4
and 8.5 ppm. The observed downfield shifts were consistent with complex formation.
As expected from a proposed formula with a Ru(I), the magnetic study of the complex
showed paramagnetism. The magnetic measurements at 298K gave a value of 1.32 BM
for the effective magnetic moment, less than the spin only value of one unpaired
electron (1.73BM). The previously reported [Ru(CO)4(satpH)] complex with a Ru(I)
electronic configuration gave a �eff of 1.49BM [18]. Further confirmation of the
formula of 6 was obtained from mass spectrometry. The mass spectrum showed a
molecular ion peak at m/z¼ 524 (5.7%) due to the parent ion [P�H]þ. Also, it
exhibited fragments at m/z¼ 469 (31.6%) due to [P-(CO)2]

þ, 313 (14.6%) due to
[P-(bpyþ (CO)2)]

þ, 211 (10.3%) due to sha moiety, 156 (100%) due to bpy. Therefore,
it can be concluded that ruthenium is in aþ 1 (d7) formal oxidation state in an
octahedral arrangement with two isomeric forms (E and F); as shown in scheme 4.

3.1. Electronic absorption spectra

The UV–Vis spectra of shaH2 and its complexes were measured in THF, CH2Cl2, DMF
and C6H6 (table 4). The electronic absorption spectrum of shaH2 itself consisted of two
bands in the range of 262–272 and 352–357 nm due to �–� and n–� transitions,
respectively. A bathochromic shift in the �–� electronic transitions was observed in the
spectra of the complexes, while the n–� bands exhibited hypsochromic shifts with a
considerable change in absorbance. In addition, new bands in the visible region
occurred around 400–500 nm, assigned to metal-to-ligand (MLCT) charge transfer

N

O

CHO

Ru
C

C

O

O

N

O
Ru

CHO

C
CO
O

L

L

C D

Scheme 3. The proposed structures for [Ru(CO)2(sha)L] complexes, L¼ abz (4) or tu (5).
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transitions [28]. The UV–Vis spectrum of 1 showed a broad absorption band around
400 nm in all solvents, while complexes 2–6 exhibited a broad absorption band with a
shoulder at lower energies than 1. The presence of different acceptor levels in these
complexes may be responsible for the observed multiple absorptions. Other previously
reported ruthenium complexes exhibited visible bands due to metal to ligand charge
transfer [8, 14, 18, 19, 26].
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