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a b s t r a c t

Reactions of [Ru(PPh3)3Cl2] with 2-(benzylimino-methyl)-4-R-phenol (HRL, R = H, Cl, Br and OMe) in boil-
ing methanol in presence of triethylamine afford ruthenium(II) complexes of general formula
[Ru(RL)(PPh3)2(CO)Cl] in 57–64% yield. Microanalysis, spectroscopic (infrared, electronic and NMR) and
cyclic voltammetric measurements have been used for the characterization of the complexes. Crystal
structures of two representative complexes have been determined by X-ray crystallography. The car-
bonyl, the chloride, the N,O-donor RL� and the two mutually trans PPh3 molecules assemble a distorted
octahedral CClNOP2 coordination sphere around the metal centre in each complex. The complexes display
the Ru(II) ? Ru(III) oxidation in the potential range 0.62–1.16 V (vs. Ag/AgCl).

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

In majority of the organometallic complexes of ruthenium, the
oxidation state of the metal centre is +2 [1–4]. Among the few
known ruthenium(III) complexes containing the M–C bond [5–
15], the cyclo-metallated species are particularly scarce [12–
15]. Recently we have demonstrated that the Schiff bases (H2L)
derived from various acid hydrazides and benzaldehyde or aceto-
phenone are very efficient in producing cyclo-metallated ruthe-
nium(III) complexes [16,17]. Reaction of H2L, [Ru(PPh3)3Cl2] and
N(C2H5)3 (1:1:2 mole ratio) in methanol under aerobic condition
leads to the facile formation of trans-[Ru(L)(PPh3)2Cl] where L2�

acts as C,N,O-donor. In our attempts to synthesize similar
ortho-metallated ruthenium(III) species we have treated a mix-
ture of 2-(benzylimino-methyl)-4-R-phenol (HRL, R = H, Cl, Br
and OMe) and N(C2H5)3 with [Ru(PPh3)3Cl2] in methanol in pres-
ence of air. However, instead of the ortho-metallated ruthe-
nium(III) complexes bivalent ruthenium complexes of molecular
formula [Ru(RL)(PPh3)2(CO)Cl] have been obtained. Herein we de-
scribe the synthesis, characterization and the redox properties of
these complexes. X-ray structures of two representative com-
plexes are also reported.
All rights reserved.

x: +91 40 2301 2460.
2. Experimental

2.1. Materials

The Schiff bases (HRL) were prepared in 70–75% yields by con-
densation reactions of equimolar amounts of benzylamine and
the corresponding 5-R-salicylaldehyde in methanol [14].
[Ru(PPh3)3Cl2] was prepared by following a reported procedure
[18]. All other chemicals and solvents were of analytical grade
available commercially and were used without further
purification.
2.2. Physical measurements

A Thermo Finnigon Flash EA1112 series elemental analyzer
was used to collect the microanalytical (C, H, N) data. Room tem-
perature (298 K) magnetic susceptibilities were measured using a
Sherwood Scientific balance. Solution electrical conductivities
were measured with a Digisun DI-909 conductivity meter. Infra-
red spectra were collected on a Nicolet 5700 FT-IR spectropho-
tometer. A Cary 100 Bio UV/vis spectrophotometer was used to
record the electronic spectra. The 1H (Si(CH3)4 as internal stan-
dard) NMR spectra were collected with the help of a Bruker
400 MHz NMR spectrometer. Cyclic voltammetric experiments
with dichloromethane solutions of the complexes containing tet-
rabutylammonium perchlorate (TBAP) as the supporting electro-
lyte were performed with the help of a CH-Instruments model

http://dx.doi.org/10.1016/j.jorganchem.2009.11.020
mailto:spsc@uohyd.ernet.in
http://www.sciencedirect.com/science/journal/0022328X
http://www.elsevier.com/locate/jorganchem


Table 1
Crystal data for [Ru(ClL)(PPh3)2(CO)Cl]�CH3CN (2�CH3CN) and [Ru(BrL)(PPh3)2(-
CO)Cl]�CH3CN (3�CH3CN).

Complex 2�CH3CN 3�CH3CN

Chemical formula RuC53H44N2O2Cl2P2 RuC53H44N2O2ClBrP2

Formula weight 974.87 1019.27
Crystal system Monoclinic Monoclinic
Space group C2/c C2/c
a (Å) 20.877(4) 21.031(3)
b (Å) 12.466(3) 12.4573(16)
c (Å) 35.548(7) 35.479(4)
b (�) 90.822(4) 91.647(2)
V (Å3) 9251(3) 9291(2)
Z 8 8
q (g cm�3) 1.400 1.457
l (mm�1) 0.567 1.367
Reflections collected 51842 52189
Reflections unique 10590 10594
Reflections [I P 2r(I)] 8582 7605
Parameters 560 560
R1, wR2 [I P 2r(I)] 0.0708, 0.1361 0.0489, 0.1114
R1, wR2 [all data] 0.0925, 0.1440 0.0764, 0.1215
Goodness-of-fit on F2 1.072 1.041
Largest difference in peak and

hole (e Å�3)
1.072, �0.752 0.904, �0.467
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620A electrochemical analyzer. The three electrode measure-
ments were carried out at 298 K under dinitrogen atmosphere
with a platinum disk working electrode, a platinum wire auxiliary
electrode and an Ag/AgCl reference electrode. Under identical
condition the Fc+/Fc couple was observed at 0.65 V. The potentials
reported in this work are uncorrected for junction contributions.

2.3. Synthesis of [Ru(HL)(PPh3)2(CO)Cl] (1)

Solid [Ru(PPh3)3Cl2] (195 mg, 0.20 mmol) was added to a meth-
anol solution (30 ml) of HHL (43 mg, 0.20 mmol) and N(C2H5)3

(0.06 ml, 44 mg, 0.43 mmol) and the mixture was boiled under re-
flux for 5 h. The solid obtained after cooling to room temperature
was collected by filtration, washed thoroughly with n-hexane
and dried in air. This solid was dissolved in minimum amount of
dichloromethane and transferred to a neutral aluminium oxide col-
umn. The first moving light yellow band was eluted with dichloro-
methane and discarded. The second brownish yellow band
containing the complex was eluted with dichloromethane contain-
ing 5% acetone. Recrystallization of the complex was performed
from dichloromethane–hexane (1:1) mixture. Yield: 105 mg
(58%). Anal. Calc. for RuC51H42NO2P2Cl: C, 68.11; H, 4.71; N, 1.56.
Found: C, 67.84; H, 4.53; N, 1.38%. UV–vis in CH2Cl2 (k (nm) (e
(M�1 cm�1))): 418 (4190), 358 (8650), 294 sh (11800). Epa (V):
0.68.

The other three complexes having the same general formula
[Ru(RL)(PPh3)2(CO)Cl] (2 (R = Cl), 3 (R = Br) and 4 (R = OMe)) were
synthesized from [Ru(PPh3)3Cl2], the corresponding Schiff base
(HRL) and N(C2H5)3 in 60–64% yields by following procedures very
similar to that described above for 1 (R = H). Anal. Calc. for
RuC51H41NO2P2Cl2 (2): C, 65.60; H, 4.43; N, 1.50. Found: C, 65.49;
H, 4.37; N, 1.36%. UV–vis in CH2Cl2 (k (nm) (e (M�1 cm�1))): 424
(2200), 348 (8150), 295 sh (12300). Epa (V): 0.81. Anal. Calc. for
RuC51H41NO2P2ClBr (3): C, 62.62; H, 4.22; N, 1.43. Found: C,
62.28; H, 4.01; N, 1.22%. UV–vis in CH2Cl2 (k (nm) (e (M�1 cm�1))):
416 (3100), 340 (6960), 270 sh (38600). E1/2 = (Epa + Epc)/2 (V)
(DEp = Epa � Epc (mV)): 1.16 (110). Anal. Calc. for RuC52H44NO3P2Cl
(4): C, 67.20; H, 4.77; N, 1.51. Found: C, 66.97; H, 4.61; N, 1.40%.
UV–vis in CH2Cl2 (k (nm) (e (M�1 cm�1))): 434 (2200), 353
(6350), 298 sh (10100). Epa (V): 0.62.

2.4. X-ray crystallography

Complexes 2 and 3 crystallize as 2�CH3CN and 3�CH3CN in the
space group C2/c from acetonitrile solution. For both crystals, unit
cell parameters and the intensity data at 298 K were obtained on a
Bruker-Nonius SMART APEX CCD single crystal diffractometer,
equipped with a graphite monochromator and a Mo Ka fine-focus
sealed tube (k = 0.71073 Å). The SMART software was used for data
acquisition and the SAINT-PLUS software was used for data extraction
[19]. The data were corrected for absorption with the help of SADABS

program [20]. Both structures were solved by direct methods and
refined on F2 by full-matrix least-squares procedures. In each case,
the asymmetric unit contains one complex molecule and one ace-
tonitrile molecule. All non-hydrogen atoms were refined aniso-
tropically. The hydrogen atoms were included in the structure
factor calculation at idealized positions by using a riding model.
The SHELX-97 programs [21] were used for structure solution and
refinement. The ORTEX6a [22] and PLATON packages [23] were used
for molecular graphics. Selected crystal data are listed in Table 1.
Fig. 1. Cyclic voltammogram (scan rate 50 mV s�1) of [Ru(BrL)(PPh3)2(CO)Cl] (3) in
dichloromethane (0.1 M TBAP) at 298 K.
3. Results and discussion

In boiling methanol, reactions of 2-(benzylimino-methyl)-4-R-
phenol (HRL, R = H, Cl, Br and OMe), N(C2H5)3 and [Ru(PPh3)3Cl2]
in 1:2:1 mole ratio under aerobic condition result into the forma-
tion of ruthenium(II) complexes [Ru(RL)(PPh3)2(CO)Cl] (1 (R = H), 2
(R = Cl), 3 (R = Br) and 4 (R = OMe)) in 58–64% yields. The elemental
(C, H, N) analysis data for the complexes are consistent with the
above general formula. The solvent methanol used during the
synthesis is in all likelihood the source of the carbonyl in these
complexes [16]. The diamagnetic nature of 1–4 confirms the +2
oxidation state and the low-spin character of the metal centre in
each complex. All the complexes behave as non-electrolyte in solu-
tion. It may be noted that in boiling ethanol the reaction of HRL
(R = H) with [Ru(PPh3)3Cl2] in 2:1 mole ratio is known to afford
trans-[RuII(HL)2(PPh3)2] and [RuIII(HL)(HL0)(PPh3)] where HL� is
N,O-donor and HL02� is C,N,O-donor [14].

Infrared spectra of 1–4 in KBr display a strong band in the range
1914–1919 cm�1. This band is attributed to the metal coordinated
carbonyl group [24]. The origin of the medium intensity band ob-
served within 1624–1630 cm�1 is most likely due to the C@N
stretch of the ligand (RL�) [25–30]. In all the spectra three strong



Table 2
Selected bond lengths (Å) and bond angles (�) for [Ru(ClL)(PPh3)2(CO)Cl]�CH3CN
(2�CH3CN) and [Ru(BrL)(PPh3)2(CO)Cl]�CH3CN (3�CH3CN).

Parameter 2�CH3CN 3�CH3CN

Ru–O(1) 2.067(3) 2.068(2)
Ru–N(1) 2.083(3) 2.073(3)
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bands are observed at �745, �696 and �515 cm�1. Such bands are
common for complexes of the trans-{Ru(PPh3)2} moiety
[14,16,17,27–30].

Electronic spectra of 1–4 were collected using their dichloro-
methane solutions. The spectral profiles of the four complexes
are very similar. They display three strong absorptions in the
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Fig. 2. Molecular structures of (a) [Ru(ClL)(PPh3)2(CO)Cl] (2) and (b)
[Ru(BrL)(PPh3)2(CO)Cl] (3) with the atom labeling schemes. All non-hydrogen atoms
are represented by their 30% probability thermal ellipsoids. Except for the benzyl
group phenyl ring of RL�, all other hydrogen atoms are omitted for clarity.

Ru–Cl(1) 2.4400(12) 2.4329(9)
Ru–C(15) 1.828(4) 1.840(3)
Ru–P(1) 2.4039(11) 2.4180(9)
Ru–P(2) 2.4186(11) 2.4005(9)
C(15)–O(2) 1.153(5) 1.146(4)
O(1)–Ru–N(1) 89.17(12) 88.78(9)
O(1)–Ru–Cl(1) 87.95(8) 87.95(6)
O(1)–Ru–C(15) 176.51(15) 176.91(12)
O(1)–Ru–P(1) 87.71(8) 86.50(6)
O(1)–Ru–P(2) 86.72(8) 87.94(6)
N(1)–Ru–Cl(1 176.56(9) 176.25(7)
N(1)–Ru–C(15) 94.22(16) 94.19(13)
N(1)–Ru–P(1) 91.83(9) 92.80(7)
N(1)–Ru–P(2) 92.89(9) 91.70(7)
Cl(1)–Ru–C(15) 88.68(14) 89.11(11)
Cl(1)–Ru–P(1) 89.94(3) 85.17(3)
Cl(1)–Ru–P(2) 85.06(4) 90.02(3)
C(15)–Ru–P(1) 91.38(13) 94.22(10)
C(15)–Ru–P(2) 93.89(13) 91.09(10)
P(1)–Ru–P(2) 172.65(4) 172.77(3)
Ru–C(15)–O(2) 178.7(4) 178.3(3)
wavelength ranges 416–434, 340–358 and 270–298 nm due to me-
tal-to-ligand charge transfer and ligand centred transitions.

Proton NMR spectra of 1–4 in CDCl3 display the methylene pro-
tons of RL� as a singlet within 4.34–4.40 ppm. A broad weak signal
observed in the range 8.38–8.45 is perhaps associated with the me-
tal coordinated azomethine proton. The aromatic protons appear
as complex multiplets within 7.0–7.9 ppm. The methyl protons of
the methoxy substituent on the ligand in 4 resonate as a singlet
at 3.53 ppm.

The cyclic voltammograms of 1–4 display a metal centred oxi-
dation in the potential range 0.62–1.16 V. Except for 3, the oxida-
tion is irreversible for the remaining three complexes. In the case
of 3 also the cathodic peak current is smaller than the anodic peak
current (Fig. 1). The trend in the potential values indicates that the
oxidation of the metal centre becomes more difficult as the substi-
tuent on RL� becomes more electron withdrawing. Thus the poten-
tial is highest for R = Br and it is lowest for R = OMe.

Molecular structures of complexes 2 and 3 determined by X-
ray crystallography are shown in Fig. 2. Selected bond parameters
for both complexes are listed in Table 2. The metal centre is in
distorted octahedral CClNOP2 coordination sphere in each com-
plex. The N,O-donor RL�, the carbonyl C-atom and the chloride
form a CClNO square plane around the metal centre and the
two PPh3 molecules occupy the axial positions. The cis and trans
bond angles are in the ranges 85.06(4)–94.22(16)� and
172.65(4)–176.91(12)�, respectively. The Ru–O(phenolate), the
Ru–N(imine), the Ru–Cl and the trans Ru–P bond lengths are com-
parable with the bond lengths observed in ruthenium(II) com-
plexes having the same coordinating atoms [27,31–37]. The Ru–
C and the C–O bond lengths and the Ru–C–O bond angle are with-
in the range reported for carbonyl coordinated ruthenium(II) spe-
cies [35–39]. In each of the two molecules, one ortho-C–H of the
benzyl phenyl ring is directed towards the centroid (Cg) of a phe-
nyl ring of one of the PPh3 ligands (Fig. 2). In 2, the H� � �Cg and
the C� � �Cg distances and the C–H� � �Cg angle are 2.80 and
3.695(7) Å and 163�, respectively. The corresponding values for
3 are 2.79 and 3.698(6) Å and 165�, respectively. These parame-
ters clearly indicate an intramolecular C–H� � �p interaction in both
2 and 3 [40].
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4. Conclusion

Synthesis and physical properties of four new ruthenium(II)
complexes trans(PPh3),cis(CO,Cl)-[Ru(RL)(PPh3)2(CO)Cl] (HRL, 2-
(benzylimino-methyl)-4-R-phenol (R = H, Cl, Br and OMe)) are de-
scribed. In methanol, reactions of HRL, N(C2H5)3 and [Ru(PPh3)2Cl2]
in 1:2:1 mole ratio under reflux condition afford these complexes
in good yield. Originally these reactions were performed in search
of ruthenium(III) complexes, trans-[Ru(RL0)(PPh3)2Cl], where RL02�

is expected to act as C,N,O-donor ligand due to ortho-metallation
at the benzyl group phenyl ring. Molecular structures of
[Ru(ClL)(PPh3)2(CO)Cl] and [Ru(BrL)(PPh3)2(CO)Cl] determined by
X-ray crystallography reveal an intramolecular C–H� � �p interaction
involving the ortho-C–H of the benzyl group phenyl ring of RL� and
a phenyl ring of PPh3. Perhaps this interaction plays an important
role in the formation of the present series of complexes in prefer-
ence to the targeted ortho-metallated ruthenium(III) species.

5. Supplementary material

CCDC 751460 and 751461 contains the supplementary crystal-
lographic data for 2�CH3CN and 3�CH3CN. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Acknowledgements

Financial assistance received from the Department of Science
and Technology (DST) (Grant No. SR/S1/IC-10/2007) is gratefully
acknowledged. Dr. R. Raveendran thanks the Council of Scientific
and Industrial research for a Senior Research Fellowship. X-ray
crystal structures were determined at the National Single Crystal
Diffractometer Facility, School of Chemistry, University of Hydera-
bad (established by the DST). We thank the University Grants Com-
mission, New Delhi for the facilities provided under the UPE and
CAS programs.

References

[1] (a) G. Wilkinson, F.G.A. Stone, E.W. Abel (Eds.), Comprehensive
Organometallic Chemistry, vol. 4, Pergamon, Oxford, 1982, pp. 651–820;
(b) D.F. Schriver, M.I. Bruce (Eds.), Comprehensive Organometallic Chemistry
II, vol. 7, Pergamon, Oxford, 1995, pp. 291–624;
(c) M.I. Bruce (Ed.), Comprehensive Organometallic Chemistry III, vol. 6,
Elsevier, Amsterdam, 2007, pp. 353–646.

[2] P.M. Maitlis, Chem. Soc. Rev. 10 (1981) 1–48.
[3] V. Dragutan, I. Dragutan, L. Delaude, A. Demonceau, Coord. Chem. Rev. 251

(2007) 765–794.
[4] B. Therrien, Coord. Chem. Rev. 253 (2009) 493–519.
[5] A.J. Hewitt, J.H. Holloway, R.D. Peacock, J.B. Raynor, I.L. Wilson, J. Chem. Soc.,

Dalton Trans. (1976) 579–583.
[6] L.H. Pignolet, S.H. Wheeler, Inorg. Chem. 19 (1980) 935–940.
[7] M.M. Taqui Khan, D. Srinivas, R.I. Kureshy, N.H. Khan, Inorg. Chem. 29 (1990)

2320–2326.
[8] M. Ke, S.J. Rettig, B.R. James, D. Dolphin, J. Chem. Soc., Chem. Commun. (1987)

1110–1112.
[9] J.W. Seyler, C.R. Leidner, Inorg. Chem. 29 (1990) 3636–3641.

[10] M. Ke, C. Sishta, B.R. James, D. Dolphin, J.W. Sparapany, J.A. Ibers, Inorg. Chem.
30 (1991) 4766–4771.

[11] M. Beley, J.-P. Collin, R. Louis, B. Metz, J.-P. Sauvage, J. Am. Chem. Soc. 113
(1991) 8521–8522.

[12] G.K. Lahiri, S. Bhattacharya, M. Mukherjee, A.K. Mukherjee, A. Chakravorty,
Inorg. Chem. 26 (1987) 3359–3365.

[13] P. Ghosh, A. Pramanik, N. Bag, G.K. Lahiri, A. Chakravorty, J. Organomet. Chem.
454 (1993) 237–241.

[14] R. Hariram, B.K. Santra, G.K. Lahiri, J. Organomet. Chem. 540 (1997) 155–163.
[15] P. Munshi, R. Samanta, G.K. Lahiri, J. Organomet. Chem. 586 (1999) 176–183.
[16] R. Raveendran, S. Pal, J. Organomet. Chem. 692 (2007) 824–830.
[17] R. Raveendran, S. Pal, J. Organomet. Chem. 694 (2009) 1482–1486.
[18] T.A. Stephenson, G. Wilkinson, J. Inorg. Nucl. Chem. 28 (1966) 945–956.
[19] SMART version 5.630 and SAINT-PLUS version 6.45, Bruker-Nonius Analytical X-ray

Systems Inc., Madison, WI, USA, 2003.
[20] G.M. Sheldrick, SADABS, Program for Area Detector Absorption Correction,

University of Göttingen, Göttingen, Germany, 1997.
[21] G.M. Sheldrick, SHELX-97, Structure Determination Software, University of

Göttingen, Göttingen, Germany, 1997.
[22] P. McArdle, J. Appl. Crystallogr. 28 (1995) 65.
[23] A.L. Spek, PLATON, A multipurpose Crystallographic Tool, Utrecht University,

Utrecht, The Netherlands, 2002.
[24] P.S. Braterman, Metal Carbonyl Spectra, Academic Press, New York, 1975.
[25] M. Calligaris, L. Randaccio, Schiff bases as acyclic polydentate ligands, in: G.

Wilikinson, R.D. Gillard, J.A. McCleverty (Eds.), Comprehensive Coordination
Chemistry, vol. 2, Pergamon Press, New York, 1987, pp. 715–738.

[26] R. Hernanddez-Molina, A. Mederos, Acyclic and macrocyclic schiff base
ligands, in: J.A. McCleverty, T.J. Meyer (Eds.), Comprehensive Coordination
Chemistry II, vol. 2, Pergamon Press, New York, 2004, pp. 411–446.

[27] R. Raveendran, S. Pal, Polyhedron 24 (2005) 57–63.
[28] R. Raveendran, S. Pal, Inorg. Chim. Acta 359 (2006) 3212–3220.
[29] R. Raveendran, S. Pal, Polyhedron 27 (2008) 655–662.
[30] R. Raveendran, S. Pal, Eur. J. Inorg. Chem. (2008) 5540–5546.
[31] S.N. Pal, S. Pal, Z. Anorg. Allg. Chem. 628 (2002) 2091–2098.
[32] H. Mishra, R.N. Mukherjee, J. Organomet. Chem. 692 (2007) 3248–3260.
[33] S.K. Singh, M. Chandra, D.S. Pandey, J. Organomet. Chem. 689 (2004) 2073–

2079.
[34] D. Mishra, S. Naskar, S.K. Chattopadhyay, M. Maji, P. Sengupta, R. Dinda, S.

Ghosh, T.C.W. Mak, Transition Met. Chem. 30 (2005) 352–356.
[35] R.B. Bedford, A.F. Hill, C. Jones, A.J.P. White, J.D.E.T. Wilton-Ely, J. Chem. Soc.,

Dalton Trans. (1997) 139–140.
[36] S. Kannan, M. Sivagamasundari, R. Ramesh, Y. Liu, J. Organomet. Chem. 693

(2008) 2251–2257.
[37] D. Oyama, A. Asuma, T. Hamada, T. Takase, Inorg. Chim. Acta 362 (2009) 2581–

2588.
[38] W.-Z. Wang, X. Liu, D.-Z. Liao, Z.-H. Jiang, S.-P. Yan, G.-L. Wang, Z. Anorg. Allg.

Chem. 629 (2003) 1585–1588.
[39] P. Chutia, N. Kumari, M. Sharma, J.D. Woollins, A.M.Z. Slawin, D.K. Dutta,

Polyhedron 23 (2004) 1657–1661.
[40] M. Nishio, Cryst. Eng. Commun. 6 (2004) 130–158.

http://www.ccdc.cam.ac.uk/data_request/cif

	Ruthenium(II) complexes with 2-(benzylimino-methyl)-4-R-phenol containing the trans(PPh3),cis(CO,Cl)-{Ru(PPh3)2(CO)Cl}+ unit
	Introduction
	Experimental
	Materials
	Physical measurements
	Synthesis of [Ru(HL)(PPh3)2(CO)Cl] (1)
	X-ray crystallography

	Results and discussion
	Conclusion
	Supplementary material
	Acknowledgements
	References


