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Abstract—Ligand displacement reactions of the complex [CpRu(PPh,),Cl] were investigated with N, terdentate
ligands, 4’-phenyl-2,2’ : 6,2"-terpyridine (Phterpy) and 1,4-bis(2,2’ : 6',2"-terpyridin-4-yl)benzene (diterpy). The
{CpRu(PPh,),Cl] reacted with these ligands to form stable complexes of the type [CpRu(PPh;)(Phterpy)]X
(X = ClI-, PFy) and [{CpRu(PPh,)} (diterpy) {Ru(PPh,)Cp}}X, (X = Ci~, PF ) where the respective ligands
coordinate in a bidentate fashion. The X-ray crystal structure of the former complex was determined showing
octahedral geometry about the metal center assuming the cyclopentadienyl ligand occupying three coordination

sites and Phterpy acts as a bidentate ligand. © 1997 Elsevier Science Ltd
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During recent years, the complex [CpRu(PPh;),Cl]
and its derivatives have generated a lot of interest due
to their high reactivity [1] and catalytic activity [2].
The chemistry of this complex is characterized by the
ready displacement of one or both triphenylphosphine
and chloride ligands which occur under mild con-
ditions [3]. The electron rich metal center contributes
to the stabilization of unusual ligands such as vinyl-
idines and allenylidines [3(a)]. The steric interactions
of the two triphenylphosphine ligands often lead to
the displacement of one of them by other ligands.
Many of the reactions of these complexes are centered
around displacement of either both the PPh, units or
one of them along with chloride to yield neutral or
cationic complexes [3-5]. Very few reports are avail-
able on the reactions where all three ligands are dis-
placed [4(a)-(c)].

Interest in the synthesis and study of ruthenium
complexes of terpyridine ligands is because of their
catalytic activity in photochemical {6-8] and redox
reactions [6,7,9]. These planar N; donor ligands usu-
ally bind to the metal in a terdentate fashion if mer-
idional coordination geometry is availabie [6]. If such
geometry is not possible bidentate chelate bonding
may occur leaving one of the pyridyl rings unco-

* Author to whom correspondence should be addressed.

ordinated [10]. Recently this has been demonstrated
in the complexes of ruthenium(II) [11,12], rhenium(I)
[13-16], platinum(IV) [14,17(a)], and palladium(IV)
[17(®)].

In this paper we describe ligand substitution
reactions of [CpRu(PPh,),Cl] with 4-substituted
terpyridines viz, 4’-phenyl-2,2:6,2" terpyridine
(Phterpy) and 1,4-bis(2,2": 6',2"-terpyridin-4-yl)ben-
zene (diterpy) (Fig. 1). The results are presented and
discussed.

EXPERIMENTAL

A Bruker WM-200 MHz spectrometer was used for
recording the '"H NMR spectra of the complexes and
3P NMR spectrum at 80.8 MHz in CDCl,,. IR spectra
were recorded on a Jasco FT/IR-5300 spec-
trophotometer. Electrochemical measurements were
recorded by using a Cypress system model CS-
1090/model CS-1087 computer controlled electro-
analytical system. Cyclic voltammograms were rec-
orded in a single-compartment cell by using a Pt-disc
working electrode, an Ag/AgCl reference electrode
and a Pt-wire as an auxillary electrode, in dichloro-
methane solvent with 0.1 M Bu,NCIO, as supporting
electrolyte. [CpRu(PPh,),Cl] [18,19] and ligands (4'-
phenyl-2,2: 6",2"-terpyridine), (Phterpy) [20], {1,4-
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Fig. 1. Structure of the ligands.

bis(2,2" : 6’,2"-terpyridin-4-yl)benzene}, (diterpy) [21]
were prepared by literature methods.

Synthesis of [CpRu(PPh,) (Phterpy)]Cl - 2H,0 (1)

To a suspension of [CpRu(PPh;),Cl] (0.1 g, 0.14
mmol) in dry ethanol (20 cm®) Phterpy (0.050 g, 0.16
mmol) was added. The reaction mixture was refluxed
for 4 h whereby the color of the solution changed to
red. The solution was evaporated to approximately 5
cm® and excess of ether was added to get the red
complex. The precipitate was dissolved in dichloro-
methane (10 cm®) and layered with ether to give
orange-red crystals suitable for X-ray analysis.
Found: C, 65.6; H, 3.9; N, 5.4; Calc. for C;sH3N,
O,PCIRu:C, 65.1;H,5.1;N, 5.2%.IR (KBr,cm™'):
1612 m, 1537 m, 1479 m, 1412 m, 1092 m, 696 s,
557 s, 524 s. '"H NMR (CDCly): 4.39 (s,5H,Cp),
multiplets were observed in the range 6.8 ppm to 9.2
ppm for PPh; and Phterpy ligand protons. *'P NMR
(CDCl,) : 47.8 ppm (s, PPh;).

Synthesis of [CpRu(PPh;}(Phterpy)]PF; (2)

To a suspension of [CpRu(PPh;),Cl] (0.1 g, 0.14
mmol) in ethanol (20 cm?), Phterpy (0.050 g, 0.16
mmol) and NH,PF; (0.025 g, 0.15 mmol) were added.
The reaction mixture was refluxed for 4 h whereby the
color of the solution changed to red. The solution was
evaporated to near dryness and was dissolved in 10
cm® of dichloromethane and filtered. To the filtrate
excess of hexane was added whereby a red complex
precipitated and was filtered, washed with hexane and
dried. Found: C, 59.5; H, 3.7; N, 4.9; Calc. for
CuH3 NP, F,Ru: C,59.7; H,4.2; N, 4.7%. IR (KBr,
cm™"): 1612 m, 1537 m, 1479 m, 1412 m, 1092 m, 839
s, 696 s, 557 s, 524 s. 'H NMR (CDCL): 44
(s, 5H, Cp), multiplets were observed in the range 6.8

ppm to 9.2 ppm for PPh; and Phterpy ligand protons.
3'P NMR (CDCl,) : 47.8 ppm (s, PPh;).

Synthesis  of
Cp}ICL (3)

[{CpRu(PPh,)} (diterpy) {Ru(PPh,)

To a suspension of [CpRu(PPh;),Cl] (0.1 g, 0.14
mmol) in ethanol (20 cm?) was added diterpy (0.040
g, 0.074 mmol). The reaction mixture was refluxed for
8 h whereby the color of the solution changed to dark
red. The solution was evaporated to approximately 5
cm?® and excess of ether was added to precipitate the
red complex, which was dissolved in dichloromethane
(10 em®) and layered with ether to give orange-red
crystals. Found: C, 66.5; H, 4.7; N, 5.4; Calc. for
Cip:HuNP,CLRu,: C, 66.9; H, 46; N, 5.7%. IR
(KBr, cm™'): 1612 m, 1537 m, 1479 m, 1412 m, 1092
m, 839 s, 696 s, 557 s, 524 5. '"H NMR (CDCl,) : 4.43
and 4.37 (s, SH, Cp), multiplets were observed in the
range 6.8 ppm to 9.2 ppm for PPh; and diterpy ligand
protons. P NMR (CDCl,): 47.5 ppm (s, PPh,).

Synthesis of [{CpRu(PPh;)} (diterpy){Ru(PPh;Cp)}]
(PFe), (4)

To a suspension of [CpRu(PPh;),Cl] (0.1 g, 0.14
mmol) in ethanol (20 cm?®), diterpy (0.040 g, 0.074
mmol) and NH,PF (0.050 g, 0.31 mmol) were added.
The reaction mixture was refluxed for 8 h whereby the
color of the solution changed to dark red. The solution
was evaporated to near dryness and dissolved in 10
cm?® of dichloromethane and filtered. To this was
added excess of hexane whereby a red complex was
precipitated which was filtered, washed with hexane
and dried. Found: C, 57.4; H, 43; N, 5.5; Calc.
for Cg;Ho NP, F,Ru,: C, 58.2; H, 4.0; N, 5.0%. IR
(KBr, cm™"): 1612 m, 1537 m, 1479 m, 1412 m, 1092
m, 839 s, 696 s, 557 s, 524 5. 'H NMR (CDCl;) : 4.43
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and 4.37 (s, 5H, Cp), multiplets were observed in the
range 6.8 ppm to 9.2 ppm for PPh, and diterpy ligand
protons. *'P NMR (CDCl,) : 47.5 ppm (s, PPh;).

X-ray structural characterization of [CpRu(PPh,)
(Phterpy)]Cl: 2H,0 (1)

An orange crystal of 1 having approximate dimen-
sions 0.30 x 0.30 x 0.40 mm was used for data collec-
tion. The crystallographic data is collected in Table 1.
Data were collected at 21°C on a Siemens R3m/V
diffractometer using graphite-monochromated Mo-X,
radiation using an w-28 scan technique to a maximum
20 of 45°. The data were corrected for Lorentz and
polarization effects. The structure was solved by direct
methods [22] and expanded using Fourier techniques
[23]. Non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms were included but not
refined. There were 5917 unique reflections of which
4533 with 7> 4.000(]) were used for structure solu-
tion. Refinement converged at a final R = 0.044 and
R,, = 0.0575 (469 variable parameters). Minimum and
maximum final electron density was —0.73 and 0.81
¢/A~*. Bond lengths and bond angles are listed in
Table 2.

RESULTS AND DISCUSSION

The reaction of Phterpy and diterpy ligands with
[CpRu(PPh,),Cl] in dry ethanol yielded red solutions
which upon concentration and dilution with ether or
hexane gave orange-red crystalline products of the
formula [CpRu(PPh;)(Phterpy)]Cl-2H,O (1) [or PF;
(2)] and [{CpRu(PPh,)}(diterpy){CpRu(PPh,)}]Cl,
(3) [or PF (4)] respectively. The complexes were crys-
tallized by diffusion of hexane into the concentrated
dichloromethane solutions. The purity of the com-
pounds was checked by C, H and N elemental analy-

Table 1. Crystallographic data for [CpRu(PPhy)
(Phterpy)]Cl1- 2H,0

Empirical formula C4H3,CIN;O,PRu

fw 811.23

Space group C2/c (15)

a(A) 29.303 (11)

b (A) 16.077 (9)

c(A) 19.613 (10)

B 125.360 (10)

v (AY 7534 (4)

VA 8

D calc. (gcm™) 1.420

T (°C) 210

A (Mo-K,) (A) 0.71073

u (Mo-K,) (cm™") 5.71

R* 0.044

RY 0.0575

“R = Z||Fy| — | F|l /ZIF,
"R, = [Ew(IF| = |FDYZwIF )] w = 1/a*(|F,l).
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Table 2. Selected bond distances (A) and bond angles (°) in
[CpRu(PPh;)(Phterpy)]C1*

Ru—P(1) 2.322(2) Ru—C(l)  2.205(5)
Ru—C(2) 2.215(5) Ru—C(3)  2.197(5)
Ru—C(4) 2.180(7) Ru—C(5) 2.181(7)
Ru—N(1) 2.095(4) Ru—N(2) 2.156(6)
N(1)—Ru—P 89.9(1)
N(2)—Ru—P 91.8(1)
N(1)—Ru—N(2) 76.7(2)
N(2)—C(15)—C(16) 122.1(6)
C(12)—C(13)—C(21) 124.2(5)
C(14)—C(15—C(16) 115.8(6)
C(14)—C(13)—C(21) 119.9(6)

“Estimated standard deviations in the least significant fig-
ure are given in parentheses.

sis. The IR spectra of the complexes exhibit sharp
bands with medium intensity in the range 1600 to 1400
cm~! which originate from the terpyridine ligands. In
addition to this the complex 2 gave rise to a sharp
band at 840 cm ™! due to vy of PF5 . Electronic spec-
tra of the representative complexes 1 and 3 in dichlo-
romethane solvent exhibited metal-to-ligand charge
transfer (mlct) bands at 4,,,, = 480 nm (¢ = 2780 dm’
mol~! cm™") and at A, = 504 nm (¢ = 9035 dm’
mol ™' cm ') respectively. A shiftin A,,,, towards lower
energy (red shift) with increased ¢ value was observed
in the dimer compared to the monomeric complex 1
and is attributed to the conjugated bridging ligand
between the two ruthenium centres [21].

An interesting aspect of these reactions is the for-
mation of cationic complexes similar to the reactions
of bidentate ligands like bipyridine or o-phen-
anthroline [24] where the bases replace one PPh; and
the ClI™ ligand. An X-ray crystallographic study of
complex 1 was done to determine whether these terpy
ligands act as a bidentate or tridentate. The structure
of complex 1 is shown in Fig. 2. The most obvious
feature of the structure is that the Phterpy ligand
coordinates in a bidentate fashion. The coordination
is similar to the few known terpyridine ruthenium
complexes [11,12]. The geometry of complex 1 is octa-
hedral about the metal center assuming the cyclo-
pentadienyl ligand occupying three coordination sites.
This is evident by the near 90° bond angles between
the noncyclopentadienyl ligands (N,—Ru—P = 89.9°
(1) ; No—Ru—P = 91.8° (1)) and the metal center as
seen in the crystal structure (Table 2). The steric strain
in the complex seems to be diminished compared to
the parent complex as is evident from the decrease of
the bond angle {P,—Ru—P, = 103.99° (4)} [4(d)], to
P—Ru—N, = 89.9° (1) or P—Ru—N, = 91.8° (2).
This is also reflected in the shortened Ru—P bond
length (Ru—P, = 2.322(2)A) compared to the
parent complex molecule [Ru—P, =2.337(1);
Ru—P, = 2.335(1)A] [4(d)]. The ruthenium—nitrogen
bond lengths are considerably longer [Ru—
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Fig. 2. Crystal and molecular structure of complex [CpRu(PPh;)(Phterpy)]Cl- 2H,0.

' \ M Y A T Y T - T

M L
9.0 8.0 7.0 6.0 5.0 4.0 3.0
PPM

Fig. 3. The 200 MHz 'H NMR spectrum of [CpRu(PPh,)(Phterpy)]Cl in CDCI, solution.
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N, = 2.095(4); Ru—N, = 2.156(6)A] compared
to other bidentate terpy complexes [12], [Ru(bipy-
N,N),(terpy-N,N")}(PF),, [Ru(bbipy-N,N"),(terpy-
NNJ(PFg),,  {Ru—N; =2.052(6); Ru—N, =
2.133(6)A}. However, these are found in the same
range of some terpy complexes, [RuX,(CO),(terpy)]
(X = (I, Br) [11]. The Ru—N, bond lengthened sig-
nificantly in comparison to Ru—N,, because of steric
factors arising from the presence of a non-coor-
dinating pyridine ring and is position relative to the
adjacent cyclopentadienyl group. The Ru—C dis-
tances are in the usual range except for Ru—C(4, 5)
bonds which are shorter than the Ru—C(1-3) bonds
arising as a consequence of possible trans influences
[25].

The PMR spectrum of complex 1 consisted of a
complex pattern of overlapping signals which were
clearly associated with an unsymmetrical coor-
dination of terpyridine [12]. All terpy protons were
observed in the range 6.8 to 9.2 ppm as multiplets. A
sharp resonance was observed at 4.4 ppm for the Cp
protons. The PMR spectrum of complex 1 is shown
in Fig. 3. *'P NMR signals were observed due to PPh,
at 47.8 ppm for the chloride complex 1 whereas the
PF; analog showed an additional resonance at
—143.0 ppm as a septet.

The dimeric complexes (3) and (4) showed charac-
teristic IR bands in the region 1600-1400 cm ' similar
to the mono complexes. The complex 4 exhibited an
additional band due to PF; at 840 cm~!. These com-
plexes exhibit two Cp signals at 4.43 and 4.37 ppm
respectively apart from very broad signals due to
diterpy and triphenylphosphine ligands. On the basis
of analytical, NMR data, and comparison with the
structure of [CpRu(PPh,)(Phterpy)]* in Fig. 2 these
complexes are assigned a dimeric structure where the
diterpy ligand bridges two ruthenium metal centers in
a bidentate fashion as shown in Fig. 4. The coor-
dination environment of the ruthenium is expected to
be similar to that of complex 1.

Complex 1 exhibits two quasi-reversible redox
couples at ca 1.02 V and at ca. —1.43 V vs Ag/AgCl
reference electrode. The redox couple at 1.02 V cor-
responds to Ru"/Ru'" one electron oxidation process
with AE, value of 182 mV, which is at a higher poten-
tial compared to [CpRu(PPh;),Cl] which undergoes a
reversible one-electron oxidation process at 0.53 V

Fig. 4. Proposed structure of complex [{CpRu(PPh,)}
(diterpy) {CpRu(PPh;) }]**.
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[26]. However, this potential is in the range found for
bipyridine,  phenanthroline and  terpyridine
ruthenium(II) complexes [12]. The redox couple at
—1.43 V corresponds to one-electron reduction pro-
cess with AE, value of 94 mV centred on the ligand
Phterpy [27].

Acknowledgements—Professor T. C. W. Mak and Mr Xue
Feng at the Chinese University of Hong Kong are gratefully
acknowledged for their help to solve the X-ray structure.
Financial assistance for K.M.R. and C.R.K.R. from the
Council of Scientific and Industrial Research, New Delhi, is
gratefully acknowledged.

REFERENCES

1. Bennett, M. A, Khan, K. and Wenger, E., Com-
prehensive Organometallic Chemistry, Vol. 7, Ch.
8, p 473. Elsevier, Oxford (1995), and references
cited therein.

2. (a) Trost, B. M. an¢ Kulawiec, R. J., J. Am.
Chem. Soc. 1993, 1185, 2027 ; (b) Tetrahedron Lett.
1991, 32, 3039; (c) Trost, B. M., Kulawiec, R. J.
and Hammes, A., Tetrahedron Lett. 1993, 34, 587 ;
(d) Trost, B. M., Dyker, A. and Kulawiec, R. J.,
J. Am. Chem. Soc. 1990, 112, 7809 ; (e) Trost, B.
M. and Indolese, A., J. Am. Chem. Soc. 1993, 115,
4361.

3. (a) Davies, S. G., McNally, J. P. and Smallridge,
A., J. Adv. Organomet. Chem. 1990, 30, 1; (b)
Blackmore, T., Bruce, M. 1. and Stone, F. G. A.,
J. Chem. Soc. A 1971, 2376.

4. (a) Ashby, G. S., Bruce, M. I, Tomkins, I. B. and
Wallis, R. C., Aust. J. Chem. 1979, 32, 1003;
(b) Davies, S. G., Simpson, S. J., Felkin, H. and
Fillebeen-Khan, T., Organometallics 1983, 2, 539 ;
(c) Davies, S. G., Felkin, H., Fillebeen-Khan, T.,
Tadj, F. and Watts, O., J. Chem. Soc., Chem.
Commun. 1981, 341 ; (d) Bruce, M. 1., Wong, F.
S., Skeiton, B. W. and White, A. H., J. Chem.
Soc., Dalton Trans. 1981, 1398.

5. Uson, R., Oro, L. A., Ciriano, M. A., Naval, M.
M., Apreda, M. C., Foces, C. F., Cano, H. and
Blanco, S. G., J. Organomet. Chem. 1983, 256,
331.

6. Constable, E. C., Adv. Inorg. Chem. Radiochem.
1987, 30, 69.

7. Skorbogaty, A. and Smith, T. D., Coord. Chem.
Rev. 1984, 53, 55.

8. (a) Young, R. C., Nagle, J. K., Meyer, T. J. and
Whitten, D. G., J. Am. Chem. Soc. 1978, 100,
4773; (b) Kirchnoff, J. R.,, McMillin, D. R,,
Marnot, P. A. and Sauvage, J.-P., J. Am. Chem.
Soc. 1985, 107, 1138 ; (c¢) Collin, J.-P., Guillerez,
S. and Sauvage, J.-P., J. Chem. Soc., Chem.
Commun. 1989, 776.

9. Potts, K. T., Usifer, D. A., Guadelupe, A. and
Abruna, H., J. Am. Chem. Soc. 1987, 109, 3961 ;
(b) Llobet, A., Doppelt, P. and Meyer, T. J.,
Inorg. Chem. 1988, 27, 514 ; (¢c) Thompson, M. S.
and Meyer, T. J., J. Am. Chem. Soc. 1982, 104,
5070; (d) Leising, R. A. and Takeuchi, K. J., J.
Am. Chem. Soc. 1988, 110, 4079.

10. (a) Ganorkar, M. C. and Stiddard, M. H. B, J.



2374

11.

12.

13.

14.

15.

16.

17.

Chem. Soc. 1965, 5346; (b) Addision, C. C,,
Davis, R. and Logan, N., J. Chem. Soc., Dalton
Trans. 1974, 2070 ; (c) Chapman, R. D., Loda, R.
T., Riehl, J. P. and Wartz, R. W. S., Inorg. Chem.
1984, 23, 1652; (d) Thomas, N. C. and Fischer,
J., J. Coord. Chem. 1990, 21, 119.

(a) Canty, A. J., Chaichit, N., Gatehouse, B. M.,
George,E. and Hayhurst, G., Inorg. Chem. 1981,
20, 2414 ; (b) Deacon, G. B., Patric, J. M., Skel-
ton, B. W., Thomas, N. C. and White, A. H.,
Aust. J. Chem. 1984, 37, 929.

(a) Chotalia, R., Constable, E. C., Hannon, M.
J.and Tocher, D. A., J. Chem. Soc., Dalton Trans.
1995, 3571; (b) Abel, E. W., Orrell, K. G.,
Osborne, A. G., Pain, H. M. and Sik, V., J. Chem.
Soc., Dalton Trans. 1994, 111.

Abel, E. W, Long, N. J., Orrell, K. G., Osborne,
A. G., Pain, H. M. and Sik, V., J. Chem. Soc.,
Chem. Commun. 1992, 303.

Anderson, P. A., Keene, F. R., Horn, E. and
Tiekink, E. R. T., Appl. Organomet. Chem. 1990,
4, 523,

Civitello, E. R., Dragovich, P. S., Karpishin, T.
B., Novick, S. G., Bierach, G., O’Connell, J. F.
and Westmoreland, T. D., Inorg. Chem. 1993, 32,
237.

Abel, E. W., Dimitrov, V. S., Long, N. J., Orrell,
K. G., Osborne, A. G., Pain, H. M., Sik, V.,
Hursthouse, M. B. and Mazid, M. A, J. Chem.
Soc., Dalton Trans. 1993, 291.

(a) Jameson, D. L., Blaho, J. K., Kruger, K. T.
and Goldsby, K. A., Inorg. Chem. 1989, 28, 4312 ;
(b) Abel, E. W., Long, N. I, Orrell, K. G.,

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

K. M. Rao et al.

Osborne, A. G., Pain, H. M., Sik, V., Hursthouse,
M. B. and Malik, K. M. A., J. Chem. Soc., Dalton
Trans. 1994, 3441.

Bruce, M. I. and Windsor, N. J., Aust. J. Chem.
1977, 30, 1601.

Bruce, M. 1., Hameister, C., Swincer, A. G. and
Wallis, R. C., Inorg. Synth. 1982, 21, 78.
Constable, E. C., Lewis, J., Liptrot, M. C. and
Raithby, P. R., Inorg. Chim. Acta 1990, 178, 47.
Constable, E. C. and Cargill Thompson, A. M.
W., J. Chem. Soc., Dalton Trans. 1992, 3467.
Altomare, A., Burla, M. C., Camalli, M.,
Cascarano, M., Giacovazzo, A. and Polidori, G.,
(1994). J. Appl. Cryst. 1994, 27, 1045.
Beurskens, P. T., Admiraal, G., Beurskens, G.,
Bosman, W. P., de Gelder, R., Israel, R. and
Smits, J. M. M., The DIRDIF-94 program system,
Technical Report of the Crystallography Lab-
oratory, University of Nijmegen, The Nether-
lands (1994).

Ashok, R. F. N., Gupta, M., Arulswamy, K. S.
and Agarwala, U. C., Inorg. Chim. Acta 1985, 98,
161.

Bruce, M. I, Low, P. J., Skelton, B. W., Tiekink,
E. R. T., Werth, A. and White, A. H., Aust. J.
Chem. 1995, 48, 1887.

Le Bozec, H., Ouzzine, K. and Dixneuf, P. H.,
Organometallics 1991, 10, 2768.

(a) Tokel-Takvoryan, N. E., Hemingway, R. E.
and Bard, A. 1., J. Am. Chem. Soc. 1973, 95,
6582 (b) Juris, A., Balzani, V., Barigelletti, F.,
Campagna, S., Belser, P. and Von Zelewsky, A.,
Coord. Chem. Rev. 1988, 84, 85.



