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Abstract The new compound, [Ru(NCCgHs)c][BF4],, has been synthesized by
reaction of the polymeric species [{RuCl,(COD)},] (COD = 1,5-cyclooctadiene)
with benzonitrile under reflux and characterized by elemental analysis, IR, NMR
spectroscopic analyses, and single crystal X-ray diffraction. The Ru(Il) atom is
coordinated by six N atoms from six benzonitrile ligands in distorted octahedral
coordination geometry. The compound was crystallized in the monoclinic space
group P2/c with unit-cell dimensions a = 10.7536(11) A, b = 18.6582(18) A,
c=203112) A, p = 91.864(2)°, V = 4073.2(7) A> and final R of 0.0429.

Keywords Ruthenium - Benzonitrile - Spectroscopic analysis - Reaction
intermediate - X-ray crystallography

Introduction

The ease with which the acetonitrile (NCMe) ligand in ruthenium(II)-acetonitrile
complexes can be replaced is responsible for their wide application as precursors for
the synthesis of ruthenium(Il) organometallic compounds [1-4]. A large number of
active compounds have been synthesized using these acetonitrile solvate precursors,
ranging from nanoclusters applied in catalysis [5—7] to compounds with medicinal

S. O. Owalude (X)) - E. O. Odebunmi - U. B. Eke - A. C. Tella
Department of Chemistry, University of Ilorin, P.M.B. 1515 Ilorin, Nigeria
e-mail: owalude1412@yahoo.com; owalude @unilorin.edu.ng

S. O. Owalude - R. Jackson - S. L. Suib
Department of Chemistry, University of Connecticut, U-3060, 55 North Eagleville Road,
Storrs, CT 06269-3060, USA

A. L. Rheingold

Department of Chemistry and Biochemistry, University of California, San Diego,
La Jolla, CA 92093-0358, USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11164-013-1491-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11164-013-1491-7&amp;domain=pdf

3818 S. O. Owalude et al.

and biological activities [8—14]. Notable among these precursors is the hexa-
kis(acetonitrile)ruthenium(II) (17T [1 = Ru(NCMe)g]. The non-isolable [1] has
been precipitated from solutions as [1][BF,], [15] and [1][ZnCl,] [16]. However,
these two complexes have not received the expected prominent use as starting
materials for the synthesis of ruthenium(II) organometallic compounds. This is most
likely because [1][BF,4], requires many steps to synthesize. On the other hand, the
ruthenium(Il) zincate analogue [1][ZnCly] contains a counter anion [ZnCl4]27
capable of initiating side reactions with the incoming ligand(s). To address these
shortcomings, and with the understanding that the benzonitrile (NCPh) complexes
are more soluble in common organic solvents, we have therefore developed a
convenient synthetic route to the preparation of NCPh analogue [2][BF4],
([2 = Ru(NCPh)g) as a possible alternative to [1][BF,],. Reported synthesis of
[2][BF4], involved a combination of both electrochemical and chemical techniques
in a series of steps starting from RuCl; [17]. The electrochemical route yielded
[RuX,(NCPh),] as the lowest halide-containing moiety which was then subjected to
a reaction with Ag(I) to remove a further halide resulting in [RuX(NCPh)s]". The
last halide was then removed by the reaction of [RuX(NCPh)s]"™ with hot
concentrated triflic acid under strict anaerobic conditions to obtain [Ru(NCPh)G]”.
One major problem associated with the use of concentrated triflic acid is that it has
the capacity to catalyze the polymerization of benzonitrile [17]. To prevent
polymerization, more benzonitrile is usually added to the reaction mixture and
subsequent dilution with dry ether. The complex [2][BF4], has also been
synthesized from the substitution reaction of [Ru(H,0)])*" with benzonitrile, but
the preparation of [Ru(H,0)s]*" is not easy, requiring very tedious purification
procedures [18]. In the present study, [2][BF,], was obtained pure in a single step
starting with the polymer [{RuCl,(COD)},].

Experimental
Materials and physical measurements

The reagents RuCl;-xH,O and benzonitrile were commercially sourced from Acros
Organics. The starting material {[RuCl,(COD)],} [19] was synthesized according to
a literature method. Melting point was obtained on a Kofler hot-stage apparatus and
was uncorrected. Infrared spectrum was recorded in the solid state (ATR) on a
Bruker Tensor 27 FTIR spectrophotometer. High-resolution 'H and '*C{'H} NMR
spectra were recorded on a Bruker Avance 400 MHz NMR spectrometer at 100 K.
The 'H and '*C{'H}chemical shifts were calibrated to solvent peaks which are
reported relative to TMS. Microanalyses were undertaken at the Institute of Material
Science, University of Connecticut, USA.

X-ray diffraction analysis

A yellow crystal of dimension 0.33 x 0.22 x 0.09 mm’ was selected for the single-
crystal X-ray diffraction analysis. The crystal of [2][BF4], was mounted on a
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Cryoloop with Paratone-N oil and data were collected at 90 K with a Bruker APEX
II CCD using Mo K alpha radiation. Data were corrected for absorption with
SADABS [20] and the structure solved by direct methods. All non-hydrogen atoms
were refined anisotropically by full matrix least squares on F2. Hydrogen atoms on
benzonitrile were found from a Fourier difference map and were then fixed in
position with suitable riding parameters.

Synthesis of hexakis(benzonitrile)ruthenium(Il) bis[tetrafluoroborate(1-)]

A suspension of [{RuCl,(COD)},] (1.0 g, 3.57 mmol) and two equivalents of
AgBF, (1.4 g, 7.14 mmol) in benzonitrile (30 ml) were refluxed for 24 h. The
brown solution was filtered hot and allowed to cool to room temperature,
whereupon a yellow precipitate settled at the bottom of the flask. The yellow
precipitate was collected, washed several times with ethanol, and dried in vacuo to
obtain a yellow powder. The compound was recrystallized by a slow diffusion of
diethyl ether into a dichloromethane solution. Yield: 2.48 g, 78 %; m.p. (°C):
208-212; 'H NMR (CD,Cl,) & (ppm) 7.61-8.30 (m, C¢Hs); "*C{'H} NMR
(CD,CL,), & (ppm) 110.03 (s, CN), 126135 (m, CeHs); IR V(CN) 2,279 cm ™.
Elemental analysis for C4,H30B>FgNgRu, Caled. (Found): C, 56.44 (56.65); H,
3.36 (3.48); N, 9.41 (9.73).

Results and discussion

The literature synthesis of [1][BF,4], and the zincate salt [1][ZnCl,] requires three or
more steps to proceed with an overall reported yield of 80 % for [1][BF4], [21] and
36 % for [1][ZnCl,] [15]. Even with an improved synthetic procedure recently
reported by Underwood et al. [15], [1][BF4], was obtained in 66 % yield. The
synthesis of the new precursor, [2][BF,], requires just a single step, and results in a
product without a counter ion capable of ligand coordination. The complex,
[2][BF4],, was prepared by treatment of the polymer {[RuCl,(COD)],} with two
equivalents of AgBF, in refluxing benzonitrile for 24 h with an overall yield of
78 % compared to 66 % reported for [1][BF,], in Ref. [15]. The yellow complex,
[2][BF,],, is stable in air and has been characterized by 'H and '*C{'H} NMR and
IR spectroscopy as well as by elemental analysis. The experimental results of the
elemental analysis of the complex are in close agreement with the calculated values,
which confirms the identity of the prepared complex. The characteristic nitrile
stretching frequency was observed at 2,279 cm ™! in the IR spectrum of [2][BF,],
which is higher in frequency than in the free nitrile at 2,229 cm™' [22], in line with
coordination through the N atom of the NCPh ligand [1]. Appearance of a single
ven band in the infrared spectra of [2][BF4], at 2,279 cm_lsuggest a trans
arrangement of the NCPh ligands around the ruthenium ion [17]. In the '"H NMR
spectrum of [2][BF,],, the NCPh protons were observed as multiplets between 7.61
and 8.30 ppm in the expected ratio of 2:2:1. The '*C{'"H} NMR spectrum displays a
single line at 110.03 ppm which was assigned to the CN carbon while the aromatic
carbons were present as four distinct lines between 126 and 135 ppm.
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X-ray crystallographic analysis of [2][BF,],

Crystals of [2][BF,], suitable for X-ray diffraction studies were obtained by a slow
diffusion of diethyl ether into a solution of the compound in CH,Cl,. The compound
crystallized as yellow prisms and its single crystal X-ray diffraction data were
collected at 100 K. The ORTEP diagram that shows the atomic numbering scheme
for [2][BF4], is shown in Fig. 1. The selected bond distances and angles are given in
Table 1 while a summary of the crystal data is collected in Table 2. The crystal
structure of analogous homoleptic Ru(Il) complex, [1][BF4],, with acetonitrile
ligands has been reported [15], but the structure of [2][BF,], is the first with six
NCPh ligands coordinated to a ruthenium center. The structure of [2][BF,], consists
of a discrete cation and anion with six N-bonded NCPh ligands coordinated in a
distorted octahedral arrangement to the central Ru®>" ion with two BE, anions
outside the coordination sphere. The six NCPh ligands are coordinated to the
ruthenium center through the nitrogen atom as proposed from its IR spectrum. The
six-coordinate ruthenium atom has the NCPh ligands slightly deviated from linear
geometry with average Ru-N—C angle of 175.9(2)". Compound [2][BF,], crystal-
lizes with a unit cell in the monoclinic space group P2,/c with unit cell dimensions
a=10.7536(11) A, b = 18.6582(18) A, ¢ = 20.311(2) A, B = 91.864(2)°, where
as the acetonitrile analogue [1][BF,4], crystallized with a unit cell in the same
monoclinic space group P2;/c but with smaller unit cell dimensions
a = 8.0993(16) A, b = 8.1969(16) A, ¢ = 15.877(3) A and B = 92.78(3)°. The
angles around the Ru atom in [2][BF4], are all close to 90° in line with the
octahedral coordination arrangement. The six phenyl rings in the structure have the
average C—C bond distance of 1.390(6) A and C—-C—C bond angles of 120.04° which
are within the accepted values of 1.394 A and 120° for phenyl rings [23]. The
average Ru—N bond distance found in this structure (2.019 A) is slightly shorter
than the average value in [1][BF,], (2.022 A) [15] which suggests a stronger Ru—N
bond interaction in [2][BF4], .

The average Ru—N bond length of 2.019(2) Ain [2][BF4], is shorter than the sum
of their covalent radii, 2.17 A [24], which suggests a strong mutual attraction
between Ru and N [25]. The N-Ru—N angles between mutually trans NCPh ligands
are 177.48(8)°, 177.74(7)°, and 179.59(9)°. However, no chemical interactions were
observed between the BF, anions and the [Ru(NCPh)]>* cations as was observed in
the [Ru(NCMe)f,]2+ analogue [15]. Compound [2][BF4], can be used as an
alternative to Ru[(NCMe)g]*" in the synthesis of active organometallic compounds,
in particular as those of tris(benzonitrile)ruthenium(Il) complexes with trinitrogen
donor ligands [15], and work is ongoing in this regard.

Conclusions
The paper described a convenient route to the preparation of a reaction intermediate
[Ru(NCPh)¢][BF4], analogous to the known [Ru(NCMe)¢][BF4], derivative which

are potential candidates in the synthesis of active ruthenium organometallic
compounds. The complex was isolated as a bright yellow air-stable solid and has
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Fig. 1 ORTEP diagram of [Ru(NCPh)¢][(BF,),] with ellipsoids drawn at 50 % probability. Hydrogen

atoms have been omitted for clarity

Table 1 Selected bond lengths (A) and angles (°) for [2][BF4],

Rul-N51
Rul-N61
Rul-N41
Rul-N21
N51-Rul-N61
N41-Rul-N31
N61-Rul-N21
N21-Rul-N31
N21-C21-C22

2.004(2)
2.018(2)
2.018(2)
2.022(2)
89.33(8)
89.23(9)
86.90(9)
177.48(8)
177.6(3)

N11-C121
N21-C21
N31-C31
B1-F1
N41-Rul-N61
N11-Rul-N51
C21-N21-Rul
C51-N51-Rul
N51-C51-C52

1.143(4)
1.134(3)
1.139(3)
1.375(5)
177.74(7)
179.59(9)
172.50(2)
178.30(2)
174.6(3)

C41-C42
C21-C22
C51-C52
BI-F2

BI-F3

C31-C32
C21-C22
C42-C43
C62-C63

1.441(4)
1.439(4)
1.443(4)
1.387(4)
1.400(4)
1.442(4)
1.439(4)
1.400(4)
1.402(4)
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Table 2 Summary of crystal data and structure refinement for [2][BF,],

Empirical formula C4H3z9B>FgNgRu
Formula weight 893.41
Temperature 100(2)°K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/c

Unit cell dimensions

a

b

c

B

Volume
z
Density (calculated)
Absorption coefficient
F (000)
Crystal size
Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.00°
Data/restraints/parameters
Goodness-of-fit on F2
Final R indices [I > 2o(I)]
R indices (all data)
Largest diff. peak and hole

10.7536(11) A

18.6582(18) A

20.311(2) A

91.864(2)°

4,073.2(7) A3

4

1.457 g/em3

0.460 mm™"

1,800

0.33 x 0.22 x 0.09 mm’
1.89°-28.55°

32,398

9412 [R(int) = 0.0464]

99.3 %

9412/0/532

1.006

R1 = 0.0429, wR2 = 0.1232
R1 = 0.0565, wR2 = 0.1460
1.640 and —0.881 ¢ A3

been characterized by IR and NMR spectroscopic techniques, elemental analysis,
and X-ray crystallographic diffraction analysis. The potential of this compound as a
viable precursor to the synthesis of active organometallic compounds of ruthenium
is a subject of ongoing research.

Supplementary material

CCDC 860692 contains the supplementary crystallographic data for complex
[2][BF4],. These data can be obtained free of charge via http://www.ccdc.cam.ac.
uk/conts/retrieving.html, or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge, CB2 1EZ, UK; fax: (4+44) 1223-336-033; or e-mail:
deposit@ ccdc.cam.ac.uk.

Acknowledgments S.0.0. is grateful to the Institute of International Education for the award of a
Fulbright Fellowship and University of Ilorin for granting a Staff Development award. The authors would

@ Springer


http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html

Hexakis(benzonitrile)ruthenium(II) bis[tetrafluoroborate(1-)] 3823

like to thank the University of Connecticut for the facilities to carry out the research work and the
University of California, San Diego, for the X-ray diffraction analysis.

References

1.

2.

AW

003 N W

10.
11.
12.

14.
15.
16.
17.
18.
19.

20.
21.
22.

23.
24.

25.

T.V. Ashworth, D.C. Liles, D.J. Robinson, E. Singleton, N.J. Coville, E. Darling, A.J. Markwel, S.
Afr, J. Chem. 40, 183 (1987)

J.P. Collman, L.S. Hegedus, J.R. Norton, R.G. Finke, Principles and Applications of Organotran-
sition Metal Chemistry (University Science Books, Mill Valley, 1987)

. K.R. Dunbar, Comments Inorg. Chem. 13, 313 (1992)
. S.0. Owalude, E.O. Odebunmi, U.B. Eke, A.L. Rheingold, N. Opembe, S.L. Suib, J. Organomet.

Chem. 739, 21 (2013)

. J.D. Aiken III, Y. Lin, R.G. Finke, J. Mol. Catal. A Chem. 114, 29 (1996)

. J.D. Aiken III, R.G. Finke, J. Mol. Catal. A Chem. 145, 1 (1999)

. 1.D. Aiken III, R.G. Finke, J. Am. Chem. Soc. 121, 8803 (1999)

. N.S. Shailendra, N. Bharti, M.T.G. Garza, D.E. Cruz-Vega, J.C. Garza, K. Salem, F. Naqvi, A. Azam,

Bioorg. Med. Chem. Lett. 11, 2675 (2001)

. P.M. Reddy, K. Shanker, R. Rohini, M. Sarangapani, V. Ravinder, Spectrochim. Acta Part A 70,

1231 (2001)

L. Zhang, P. Carroll, E. Meggers, Org. Lett. 6, 521 (2004)

S. Singh, F. Athar, M.R. Maurya, A. Azam, Eur. J. Med. Chem. 41, 592 (2006)

C. Kasper, H. Alborzinia, S. Can, I. Kitanovic, A. Meyer, Y. Geldmacher, M. Oleszak, I. Ott, S.
Wolfl, W.S. Sheldrick, J. Inorg. Biochem. 106, 126 (2012)

. C.L. Donnici, M.H. Araujo, H.S. Oliveira, D.R.M. Moreira, V.R.A. Pereira, M. de Assis Souza,

M.C.A. de Brelaz Castro, A.C.L. Leite, Bioorg. Med. Chem. 17, 5038 (2009)

S. Singh, N. Bharti, F. Naqvi, A. Azam, Eur. J. Med. Chem. 39, 459 (2004)

C.C. Underwood, B.S. Stadelman, M.L. Sleeper, J.L. Brumaghim, Inorg. Chim. Acta 405, 470 (2013)
A. Anzellotti, A. Bricefio, Acta Crystallogr. E E57, m538 (2001)

C.M. Duff, G.A. Heath, J. Chem. Soc. Dalton Trans. 2401 (1991)

T. Karlen, A. Ludi, A. Muhlebach, P. Bernhard, C. Pharisa, J. Polym, Science 33, 1665 (1995)
M.O. Albers, T.V. Ashworth, H.E. Oosthuizen, E. Singleton, J.S. Merola, R.T. Kacmarcik, Inorg.
Synth. 26, 68 (1989)

SADABS, Area Detector Absorption Correction (Bruker-AXS, Madison, 1996)

R.R. Schrock. B.F.G. Johnson, J. Lewis, J. Chem. Soc. Dalton Trans. 951 (1974)

R.L. Cordiner, D. Albesa-Jove, R.L. Roberts, J.D. Farmer, H. Puschmann, D. Corcoran, A.E. Goeta,
J.AK. Howard, P.J. Low, J. Organomet. Chem. 690, 4908 (2005)

G.I. Lamprecht, C.P. van Biljon, J.G. Leipoldt, Inorg. Chim. Acta 119, L1 (1986)

B. Cordero, V. Gomez, A.E. Platero-Prats, M. Reves, J. Echeverria, E. Cremades, F. Barragan, S.
Alvarez, J. Chem. Soc. Dalton Trans. 21, 2832 (2008)

M.J. Nolte, E. Singleton, J Chem. Soc. Dalton Trans 2406 (1977)

@ Springer



	Hexakis(benzonitrile)ruthenium(II) bis[tetrafluoroborate(1-)]: a precursor to ruthenium organometallic compounds
	Abstract
	Introduction
	Experimental
	Materials and physical measurements
	X-ray diffraction analysis
	Synthesis of hexakis(benzonitrile)ruthenium(II) bis[tetrafluoroborate(1-)]

	Results and discussion
	X-ray crystallographic analysis of [2][BF4]2

	Conclusions
	Supplementary material
	Acknowledgments
	References




