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Facile preparation of h6-p-cymene ruthenium diphosphine complexes.
Crystal structure of [(h6-p-cymene)Ru(dppf)Cl]PF6
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Abstract

The clean, high yield synthesis of the complexes [(h6-p-cymene)Ru(P–P)Cl]PF6 (P–P=diphosphine ligand) from [(h6-p-
cymene)RuCl2]2 via [(h6-p-cymene)Ru(NCMe)2Cl]PF6 is reported for a series of ‘normal’ diphosphine ligands. The X-ray crystal
structure of the 1,1%-bis(diphenylphosphino)ferrocene complex reveals the expected pianostool geometry, with the ligand
cyclopentadienyl rings in the less usual eclipsed conformation. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

The catalytic reactions of organoruthenium com-
plexes have been extensively studied [1]. Recent work
on h6-arene ruthenium systems has shown them to be
active as catalysts for hydrogenation of olefins [2],
ketones [3] and arenes [4]. In particular, h6-arene com-
plexes with chiral phosphine auxiliaries have been
found to be useful in asymmetric hydrogenation reac-
tions [5,6]. Despite the utility of diphosphine deriva-
tives, no truly convincing routes to such complexes
have been forthcoming. A few examples of [(h6-
arene)Ru(P–P)Cl]+ (P–P=diphosphine) complexes
are known, but generally with unusually rigid ligands
such as 1,2-bis(diphenylphosphino)benzene [7] or the
chiral binaphthyl diphosphine, BINAP [5,6] and no
viable route is reported from a single precursor. These
complexes have also been obtained as unexpected prod-
ucts from reactions in arene solvents, for instance from
the reaction of the 1,4-bis(diphenylphosphino)butane
complex Ru2Cl4(dppb)2(acetone)2 with AgPF6 in an
acetone/toluene solvent system [8]. A recent paper has
described the reactions of [(h6-C6H6)Ru(NCMe)2Cl]PF6

with a range of diphosphines and reports that in most
cases a mixture of products is obtained [9]. These
include the desired [(h6-C6H6)Ru(P–P)Cl]+(1), [(h6-
C6H6)Ru(NCMe)(k-P–P)Cl]PF6 (2) in which the phos-
phine is co-ordinated in a monodentate fashion, and
under more forcing conditions, arene displacement oc-
curs with the concomitant formation of trans-Ru(P–
P)2Cl2 (3) and trans-[Ru(P–P)2(NCMe)Cl]+ (4) (see
Scheme 1). This is clearly not ideal. A number of
alternative ruthenium complexes, (h6-C6H6)RuCl2L
(L=CH3CN, PPh3 or dmso) were also tested as precur-
sors, but with no success. The acetonitrile complex
was too insoluble to be useful, the PPh3 complex only
reacts very slowly to yield complexes [(h6-
C6H6)RuCl(PPh3)(P–P)]+ where the diphosphine is co-
ordinated in a monodentate fashion, while the dmso
complex gives a mixture of the desired product and
[{(h6-C6H6)RuCl2}2(m-P–P)] in which the diphosphine
bridges the two ruthenium centres.

Our interest in these compounds arose from a desire
to use the disecondary phosphine complexes [(h6-
C6H6)Ru{PhHP(CH2)nPHPh}Cl]+ (n=2,3) for the
template mediated functionalisation of the phosphine
ligands. When the preparation of these complexes failed
an investigation of the substitution reactions was un-* Corresponding author. E-mail: m.d.spicer@strath.ac.uk

0022-328X/98/$19.00 © 1998 Elsevier Science S.A. All rights reserved.
PII S0022-328X(97)00776-6



S.B. Jensen et al. / Journal of Organometallic Chemistry 556 (1998) 151–158152

Scheme 1. Production of complexes 1–4 by arene displacement.

dertaken in an effort to understand this failure. We
now report the results of this study, including the facile
synthesis of pure [h6-(p-cymene)Ru(P–P)Cl]PF6 with a
wide variety of diphosphines from the corresponding
bis acetonitrile precursor, and the crystal structure of
the 1,1%-bis(diphenylphosphino)ferrocene derivative.

2. Experimental

2.1. General

All NMR spectra were measured on a Bruker
AMX400 spectrometer in CDCl3 solutions. 1H (400.16
MHz) and 13C (100.13 MHz) spectra were referenced
internally to the solvent peaks (and in turn to TMS),
while 31P spectra (161.98 MHz) were referenced to
external 85% H3PO4. Both 13C and 31P spectra were
subject to broad band proton decoupling. FAB mass
spectra were obtained on a JEOL JMS-AX505HA
Mass spectrometer system using m-nitrobenzyl alcohol
as matrix.

2.2. Reagents

The following were prepared by literature routes;
Fe(h5-C5H4PPh2)2 (dppf) [10], Ph2PCH2PPh2 (dppm)
[11], cis-Ph2PCH�CHPPh2, (vpp) [12], o-C6H4(PPh2)2

(pp) [13]. The following were obtained commercially
and used as received; Ph2P(CH2)nPPh2 (n=2 (dppe), 3
(dppp)) (Strem), a-terpinene (Aldrich). RuCl3 ·H2O was
a gift (Johnson Matthey). Solvents were used without
purification and all reactions were performed under a
N2 atmosphere.

2.3. Preparation of [(h6-p-cymene)RuCl2]2 (5)

The method of Bennett et al. [14] was adapted as
follows. RuCl3 ·H2O (1.77 g, 8.5 mmol) and a-terpinene

(15 ml, 85%, technical grade) in absolute ethanol (100
ml) were refluxed for 4 h. On cooling, the product was
deposited as a red–brown crystalline solid, was filtered,
washed with ice cold methanol and dried in vacuo.
Yield 1.60 g. A further crop of product was obtained by
evaporating the burgundy filtrate to dryness, washing
with diethyl ether to remove any excess a-terpinene and
redissolving in methanol. After filtration the volume
was reduced until precipitation began and the solution
refrigerated. A further 0.25 g of product was obtained.
Total yield, 1.85 g, 77%.

Analysis. Calc. for C10H14Cl2Ru: C, 39.23; H, 4.61;
Cl, 23.16%. Found: C, 39.10, H, 4.57, Cl, 23.13%.
1H- and 13C-NMR resonances were in agreement with
literature values.

Table 1
Crystallographic data for (7a)

Formula C44H42ClF6FeP3Ru
Formula weight 970.10

MonoclinicUnit cell
P21/n (c14)Space group

a, b, c (Å) 13.329(3), 14.975(2), 20.899(3)
103.93(1)b (°)
4048(1)V, Å3

F(000) 1968.00
1.591Dcalc., g cm−3

m (Mo–Ka), cm−1 9.76
Measured reflections 7762

7421 (Rint=0.088)Unique reflections
No. observations (F\2s(F)) 3388
No. of refined parameters 505

0.055R
Rw 0.062

1/s2(Fo)=4Fo
2/s2(Fo

2)Weighting scheme
0.01Max shift/esd in final LS cycle
−0.70–+0.74 eÅ−3Residual electron density
1.70GOF
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Scheme 2. Production of [(h6-p-cymene)Ru(diphosphine)Cl]PF6 (7).

2.4. Preparation of [(h6-p-cymene)Ru(NCCH3)2Cl]PF6

(6)

A suspension of (5) (1.9007 g, 3.1 mmol) and
NH4PF6 (1.0611 g, 6.51 mmol) in acetonitrile (30 ml)
was stirred overnight at room temperature (r.t.). This
was filtered to remove NH4Cl formed in the reaction
and the orange filtrate taken to dryness to yield an
orange oil. Extended trituration with diethyl ether fol-
lowed by refrigeration (−18°C) resulted in a yellow-or-
ange solid. This was filtered, washed with diethyl ether
and dried in vacuo. Yield 2.87 g, 93%.

Analysis. Calc for C14H20ClF6N2PRu: C, 33.78; H,
4.05; N, 5.63; Cl, 7.12%. Found: C, 33.34; H, 3.78; N,
5.38; Cl, 7.07%. 1H-NMR chemical shifts d ppm: 1.30
(d, 6H, CH(CH3)2), 2.23 (s, 3H, C6H4CH3), 2.60 (s, 6H,
NCCH3), 2.75 (sept, 1H, CH(CH3)2), 5.15 (d, 2H,
h6-C6H4), 5.67 (d, 2H, h6-C6H4). 13C-NMR chemical
shifts, d ppm: 4.14 (NCCH3), 19.03 (C6H4CH3), 22.30
(CH(CH3)2), 31.60 (CH(CH3)2), {79.07, 85.52, 101.90,
108.99} (h6-C6H4), 128.23 (CN).

2.5. Preparation of [(h6-p-cymene)Ru(dppf)Cl]PF6 (7a)

A solution of (6) (0.78 g, 1.57 mmol) and dppf (1.05
g, 1.89 mmol) in CHCl3 (50 ml) was refluxed for 72 h.
The solvent was evaporated to give a burgundy oil and
CHCl3 (10 ml) was added. The mixture was refrigerated
overnight giving a brown solid. Washing with toluene
followed by recrystallisation from hot methanol gave
red crystals (1.28 g, 84%).

Analysis. Calc for C44H42ClF6FeP3Ru: C, 54.48; H,
4.36; Cl, 3.65; P, 9.58%. Found: C, 54.46; H, 4.43; Cl,
3.42; P, 10.08%. 1H-NMR chemical shifts d ppm: 0.89
(d, 6H CH(CH3)2), 0.98 (s, 3H, C6H4CH3), 2.65 (sept,
1H, CH(CH3)2), 4.08 (s, 2H, Cp), 4.28 (s, 2H, Cp), 4.36
(s, 2H, Cp), 5.07 (s, 2H, Cp), 5.15 (br s, 2H, h6-C6H4),
5.70 (br s, 2H, h6-C6H4), 7.28–7.74 (m, 20H, Ph).
13C-NMR chemical shifts d ppm: 17.80 (C6H4CH3),
20.84 (CH(CH3)2), 31.22 (CH(CH3)2), {69.26, 73.86,
74.92, 78.75, 84.15 (virtual triplet)} (Cp), {90.94, 96.44,
99.43, 101.6} (h6-C6H4), {128.68, 130.26, 131.05,
132.47, 133.24, 135.33} (Ph). 31P-NMR chemical shifts,
d ppm: +37.1(s), −143.7 (sept).

2.6. Preparation of [(h6-p-cymene)Ru(P–P)Cl]PF6

(P–P=diphosphine), general procedure

A solution of (6) (0.129 g, 0.26 mmol) and the ligand
(0.26 mmol) in acetonitrile (30 ml) was stirred for 16 h
at r.t. The solvent was removed in vacuo, and the
residue suspended in diethyl ether. After stirring for a
few minutes the solid was filtered off, washed further
with ether to remove any unreacted ligand and air
dried.

Fig. 1. The [(h6-p-cymene)Ru(dppm)Cl]+ cation showing the in-
equivalence of the ligand backbone protons.
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Table 2
Ring contributions to 31P NMR coordination shifts for [(h6-p-cymene)Ru(P–P)Cl]+ complexes

d (31P) ligand Coordination shift (Dd)aP–P d (31P) complex Ring contribution (Dr)
b

+30.5−5.9+24.6 —2×PPh3

−2.2 +67.9o-C6H4(PPh2)2 +37.465.7
—+49.7−28.0+21.72×PMePh2

−22.6 +25.3Ph2P(CH2)PPh2 +2.7 −24.4
−13.3 +85.4Ph2P(CH2)2PPh2 +72.1 +35.7

+42.8−17.3 −6.9+25.5Ph2P(CH2)3PPh2

a d (31P) complex—d (31P) ligand.
b Dd(chelate)—Dd(monodentate).

2.7. [(h6-p-cymene)Ru{Ph2PCH2PPh2}Cl]PF6 (7b)

An analytical sample was obtained by the slow evap-
oration of a toluene/dichloromethane solution. Analy-
sis. Calc for C35H36ClF6P3Ru.CH2Cl2: C, 48.86; H,
4.33; Cl, 12.02; P, 10.50%. Found: C, 49.12; H, 4.39; Cl,
11.62; P, 10.11%. 1H-NMR chemical shifts d ppm: 1.02
(d, 6H, CH(CH3)2), 1.42 (s, 3H, C6H4CH3), 2.41 (sept,
1H, CH(CH3)2), 4.54 (d of t, 1H, P–CH2–P), 4.95 (d of
t, 1H, P–CH2–P), 6.05 (d, 2H, h6-C6H4), 6.17 (d, 2H,
h6-C6H4), 7.31–7.62 (m, 20H, Ph). 13C-NMR chemical
shifts d ppm: 17.33 (C6H4CH3), 21.98 (CH(CH3)2),
31.13 (CH(CH3)2), 41.85 (t, 1J31P–13C=31 Hz, P–CH2),
{90.32, 92.04, 102.10, 120.97} (h6-C6H4), 128.8–133.0
(Ph). 31P-NMR chemical shifts, d ppm: +2.7(s), −
143.3 (sept).

2.8. [(h6-p-cymene)Ru{Ph2P(CH2)2PPh2}Cl]PF6 (7c)

An analytical sample was obtained by low tempera-
ture crystallisation from chloroform. Analysis. Calc. for
C36H38ClF6P3Ru.0.5CHCl3: C, 50.16; H, 4.44; Cl,
10.14, P, 10.63%. Found: C, 50.67; H, 4.50; Cl, 10.25;
P, 10.25%. 1H-NMR chemical shifts, d ppm: 0.80 (d,
6H, CH(CH3)2), 1.11 (s, 3H, C6H4CH3), 2.29 (sept, 1H,
CH(CH3)2), 2.53 (m, 2H, P–CH2), 2.95 (m, 2H, P–
CH2), 5.88 (d, 2H, h6-C6H4), 5.98 (d, 2H, h6-C6H4),
7.24–7.73 (m, 20H, Ph). 13C-NMR chemical shifts, d

ppm: 15.77 (C6H4CH3), 21.18 (CH(CH3)2), 26.31 (t,
1J31P–13C=22 Hz, P–CH2), 30.81 (CH(CH3)2), {92.15,
94.47, 100.78, 123.83} (h6-C6H4), 128.8–134.5 (Ph).
31P-NMR chemical shifts, d ppm: +72.1 (s), −143.5
(sept).

2.9. [(h6-p-cymene)Ru{cis-Ph2PCH�CHPPh2}Cl]PF6

(7d)

Analysis. Calc. for C36H36ClF6P3Ru: C, 53.24; H,
4.47; Cl, 4.37; P, 11.44%. Found: C, 53.09; H, 4.59; Cl,
4.25; P, 10.75%. 1H-NMR chemical shifts, d ppm: 0.92
(d, 6H, CH(CH3)2), 1.05 (s, 3H, C6H4CH3), 2.20 (sept,
1H, CH(CH3)2), 5.91 (d, 2H, h6-C6H4), 6.19 (d, 2H,
h6-C6H4), 7.65 (d, 2H, P–CH), 7.24–7.74 (m, 20H, Ph).
31P-NMR chemical shifts, d ppm: +75.7 (s), −143.5
(sept).

2.10. [(h6-p-cymene)Ru{Ph2P(CH2)3PPh2}Cl]PF6 (7e)

Analysis. Calc. for C37H40ClF6P3Ru: C, 53.66; H,
4.87; Cl, 4.28; P, 11.22%. Found: C, 53.27; H, 4.72; Cl,
4.23; P, 10.88%. 1H-NMR chemical shifts, d ppm: 0.83
(d, 6H, CH(CH3)2), 1.38 (s, 3H, C6H4CH3), 2.26 (m,
5H, CH(CH3)2 and PCH2) 3.02 (m, 2H, CH2CH2CH2),
5.67 (d, 2H, h6-C6H4), 5.79 (d, 2H, h6-C6H4), 7.28–7.74
(m, 20H, Ph). 13C-NMR chemical shifts d ppm: 16.66
(C6H4CH3), 20.43 (CH(CH3)2), 21.36 (PCH2CH2),
24.39 (virtual triplet, J=18 Hz, P–CH2), 30.63
(CH(CH3)2), {93.46, 94.38, 102.54, 124.88} (h6-C6H4),
128.6–136.7 (Ph). 31P-NMR chemical shifts, d ppm:
+25.5(s), −143.5 (sept).

Fig. 2. ORTEP diagram of the cation of (7a) with the thermal
ellipsoids at the 40% level and showing the atom numbering scheme.
The ligand phenyl protons are omitted for clarity.
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Table 3
Non-hydrogen positional parameters and isotropic temperature fac-
tors (Beq) for (7a)

y zAtom x Beq

0.42139(04) 2.66(3)0.75514(06)0.02825(06)Ru(1)
2.83(6)0.45396(07)Fe(1) 0.30466(11) 0.57687(09)
3.8(1)0.50094(13)0.63897(18)0.0400(02)Cl(1)

0.46804(13) 2.7(1)P(1) 0.2059(02) 0.78751(17)
0.35379(13) 2.6(1)P(2) 0.0650(02) 0.64016(17)

0.1641(03) 0.17983(19)P(3) 0.9450(03) 5.2(2)
0.1872(09) 0.2508(05) 13.8(7)0.9954(08)F(1)

16.7(8)0.1864(06)F(2) 0.8642(09) 0.2329(09)
18(1)0.2014(07)0.0947(09)0.8825(12)F(3)

0.0905(09) 0.1712(07)F(4) 1.0186(09) 17(1)
0.2281(11) 0.1623(08)F(5) 1.0152(17) 25(2)

15.5(8)0.1072(04)0.1452(08)0.8903(11)F(6)
0.2827(06) 5.9(7)C(1) −0.0320(10) 0.8992(09)

0.8622(08) 0.3468(05)C(2) −0.0469(09) 4.0(5)
0.3466(05)0.7911(08) 3.8(5)−0.1163(08)C(3)

0.7664(07) 0.4041(05)C(4) −0.1478(07) 3.3(4)
0.4637(06) 3.6(5)C(5) −0.1034(08) 0.8111(07)

0.8761(07) 0.4671(05)C(6) −0.0328(09) 3.9(5)
0.9000(07) 3.9(5)0.4083(06)−0.0017(08)C(7)

−0.1467(09) 0.7816(07) 0.5236(06) 4.5(5)C(8)
6.7(8)0.5109(07)0.8124(10)−0.2621(10)C(9)

0.8174(14) 0.5883(07)C(10) −0.0863(12) 0(1)
0.7004(06) 0.4928(04)C(11) 0.3019(08) 2.7(4)

3.2(4)0.4693(05)0.6891(06)0.3942(08)C(12)
0.6162(07) 0.5033(05)C(13) 0.4484(08) 3.6(5)

3.7(5)0.5478(05)0.5819(07)0.3944(08)C(14)
0.5422(05) 3.5(4)C(15) 0.3027(08) 0.6334(07)
0.3816(05) 2.9(4)C(16) 0.1743(07) 0.5663(06)

0.5524(07) 0.3555(05)C(17) 0.2644(08) 3.2(4)
0.4795(07) 0.3880(06) 4.1(5)0.3199(08)C(18)
0.4463(07) 0.4341(06)C(19) 0.2672(09) 4.4(5)

3.6(5)0.4293(05)0.4973(06)0.1785(08)C(20)
0.8480(07) 0.5453(05)C(21) 0.2160(08) 3.4(5)
0.8035(07) 0.5992(05)C(22) 0.1921(08) 3.7(5)

4.6(6)0.6583(06)0.8462(09)0.1973(09)C(23)
0.6652(06) 5.0(6)C(24) 0.2253(10) 0.9354(09)

0.9814(08) 0.6124(06)C(25) 0.2466(09) 4.8(6)
0.5536(06)0.9377(07) 4.4(5)0.2410(09)C(26)

0.8629(06) 0.4226(05)C(27) 0.2725(08) 2.9(4)
0.3609(06) 4.6(6)C(28) 0.2251(10) 0.8926(07)

0.9524(10) 0.3278(07)C(29) 0.2726(14) 7.6(8)
0.9829(10) 0.3563(07) 7.3(8)0.3703(15)C(30)
0.9522(09) 0.4163(07)C(31) 0.4195(11) 6.2(7)
0.8921(07) 0.4514(05)C(32) 0.3728(08) 3.9(5)

0.3317(05)0.5523(06) 2.9(4)−0.0330(08)C(33)
0.2919(06) 4.4(5)C(34) −0.0127(09) 0.4843(07)

6.5(7)0.2759(07)0.4110(08)−0.0752(11)C(35)
0.4079(09) 0.2995(07)C(36) −0.1637(11) 5.6(6)
0.4747(09) 0.3376(06)C(37) −0.1870(09) 4.7(6)

0.3557(05)0.5468(07) 3.6(5)−0.1205(08)C(38)
3.5(5)0.2732(05)C(39) 0.0761(08) 0.6799(07)

0.2652(06) 3.8(5)C(40) 0.1648(09) 0.7216(07)
0.7558(09) 0.2041(06)C(41) 0.1701(10) 5.1(6)
0.7517(09) 0.1520(06) 5.4(6)0.0841(11)C(42)

4.7(6)0.1591(05)C(43) −0.0031(10) 0.7125(08)
0.2194(05) 3.6(5)C(44) −0.0075(08) 0.6778(07)

Table 4
Selected bond lengths (Å) and angles (°) of (7a)

Bond lengths
2.385(3)Ru(1)–Cl(1) 2.04(1)Fe(1)–C(19)
2.384(3)Ru(1)–P(1) Fe(1)–C(20) 2.02(1)
2.352(3) P(1)–C(11) 1.81(1)Ru(1)–P(2)

Ru(1)–C(2) 1.83(1)P(1)–C(21)2.29(1)
P(1)–C(27)Ru(1)–C(3) 2.23(1) 1.835(9)

2.293(9) P(2)–C(16)Ru(1)–C(4) 1.81(1)
Ru(1)–C(5) 2.30(1) P(2)–C(33) 1.83(1)
Ru(1)–C(6) 1.83(1)P(2)–C(39)2.29(1)

C(1)–C(2) 1.51(1)2.21(1)Ru(1)–C(7)
Fe(1)–C(11) 2.024(9) C(2)–C(3) 1.41(1)

2.041(9)Fe(1)–C(12) C(2)–C(7) 1.40(1)
2.03(1)Fe(1)–C(13) C(3)–C(4) 1.41(1)

Fe(1)–C(14) 2.04(1) C(4)–C(5) 1.41(1)
1.34(1)2.04(1) C(5)–C(6)Fe(1)–C(15)

2.02(1)Fe(1)–C(16) C(5)–C(8) 1.56(1)
Fe(1)–C(17) C(6)–C(7)2.03(1) 1.43(1)
Fe(1)–C(18) 1.57(2)C(8)–C(9)2.05(1)

C(8)–C(10) 1.50(2)

Bond angles
Cl(1)–Ru(1)–P(1) 84.06(10)Cl(1)–Ru(1)–P(2)88.35(9)

P(2)–Ru(1)–C(2) 102.9(3)93.70(9)P(1)–Ru(1)–P(2)
P(2)–Ru(1)–C(3) 91.5(3) P(1)–Ru(1)–C(6) 95.0(3)

89.0(3) Cl(1)–Ru(1)–C(4) 93.2(3)P(1)–Ru(1)–C(7)%
Cl(1)–Ru(1)–C(5) 85.7(3)

Ru(1)–P(1)–C(11) 121.5(3)Ru(1)–P(2)–C(16)122.2(3)
Ru(1)–P(2)–C(33) 116.0(3)118.0(3)Ru(1)–P(1)–C(27)

Ru(1)–P(1)–C(21) 108.5(3) Ru(1)–P(2)–C(39) 113.0(3)
102.0(4)C(11)–P(1)–C(21) C(16)–P(2)–C(33) 96.4(4)

C(16)–P(2)–C(39)101.2(4) 104.9(5)C(11)–P(1)–C(27)
102.1(5) C(33)–P(2)–C(39)C(21)–P(1)–C(27) 102.3(5)

oration of a toluene/dichloromethane solution. Analy-
sis. Calc. for C40H38ClF6P3Ru·C6H7: C, 59.15; H, 4.86;
Cl, 3.72; P 9.74%. Found: C, 59.33, H, 4.78; Cl, 3.60; P,
9.81%. 1H-NMR chemical shifts, d ppm: 0.81 (d, 6H,
CH(CH3)2), 1.50 (s, 3H, C6H4CH3), 2.44 (sept, 1H,
CH(CH3)2), 5.98 (br s, 4H, h6-C6H4), {7.02 (m, 4H),
7.30 (t, 4H), 7.44 m (2H), 7.53 (m, 6H), 7.57 (d, 2H),
7.70 (m, 2H), 7.87 (m, 4H){h6-C6H4)} (o-C6H4/Ph).
13C-NMR chemical shifts, d ppm: 17.13 (C6H4CH3),
21.27 (CH(CH3)2), 31.37 (CH(CH3)2), {92.51, 94.77,
102.47, 124.83} (h6-C6H4), 128.8–141.1 (o-C6H4/Ph).
31P-NMR chemical shifts, d ppm: +65.7 (s), −143.6
(sept).

2.12. X-ray Crystal structure of (7a)

Red prismatic crystals of (7a) were obtained by dis-
solving a crude sample in hot methanol and allowing to
cool slowly. A crystal of suitable quality and dimen-
sions was mounted on a glass fibre for data collection.
Details of the X-ray data collection and refinement are
summarised in Table 1. The heavy atom positions were
located by Patterson methods [15] and the remaining
non-hydrogen atom positions were found using Fourier
techniques [16]. The PF6

− ion was found to be some-

2.11. [(h6-p-cymene)Ru{o-C6H4(PPh2)2}Cl]PF6 (7f)

An analytical sample was obtained by the slow evap-
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Table 5
Comparison of the ruthenium coordination spheres for [(h6-arene)Ru(P,P)Cl]+ ions

ÚP–Ru–Cl (°) d(Ru–C) Å Range ReferenceComplex d(Ru–Cl) Å d(Ru–C6H6)a Åd(Ru–P) Å ÚP–Ru–P (°)
(average)

1.784(9)2.210(1)–2.300(1) This work[(p-cy)Ru(dppf)Cl]+ 84.1(1)2.387(3) 2.353(3) 93.6(1)
2.381(3) 88.3(1) (2.27)

1.772(3)2.200–2.333 [8][(tol)Ru(dppb)Cl]+ 86.30(7)2.399(2) 2.332(2) 92.30(6)
(2.256)2.349(2) 89.35(7)

2.255–2.302 1.770[(C6H6)Ru(binap)Cl]+ 2.393(4) 2.334(3) 91.4(1) 84.9(1) [6]
89.1(1) (2.273)2.379(3)

1.780 [20][(tol)Ru(PPh3)2Cl]+ 2.389(3) 2.384(3) 100.3(1) 85.3(1) 2.214–2.347
(2.285)2.399(3) 89.3(1)

a d(Ru–C6H6)=Ru to arene centroid distance.

what disordered and no attempt to model this was
entirely satisfactory. An absorption correction (DI-
FABS [17]) was applied to an isotropic model. Subse-
quently, all non-H atoms were refined anisotropically.
Many of the hydrogen atoms were located in the differ-
ence maps, but H-atoms were inserted at calculated
positions, with temperature factors BH=1.25BC.

3. Results and discussion

The starting material for this chemistry, the p-
cymene ruthenium dichloride dimer (5) has been previ-
ously prepared from ruthenium chloride and
a-phellandrene [14]. During the course of our studies
we discovered that substitution with technical grade
a-terpinene also gave the desired product with no
diminution of the yield obtained. The crystalline dimer
is obtained in ca 80% yield by refluxing RuCl3 · H2O
and a-terpinene in ethanol. This is converted in turn to
[h6-(p-cy)Ru(NCMe)2Cl]PF6 (6) by the method of Mc-
Cormick et al. [7], stirring with one equivalent of
NH4PF6 in acetonitrile solution. The product is some-
what resistant to crystallisation, but after removal of
solvent in vacuo and trituration with ether for several
days a yellow-orange powder is obtained which analy-
ses satisfactorily and has n(C�N)=2301(w) and

2329(m) cm−1. This is an excellent precursor for the
formation of the diphosphine complexes. Reaction of
(6) with one equivalent of diphosphine in acetonitrile
solution at r.t. yields the desired [(h6-p-
cymene)Ru(diphosphine)Cl]PF6 species (7) (Scheme 2).
NMR of the reaction mixture shows the reactions to go
essentially to completion. However the isolated yields
are in the range 50–70% due to the high solubility of
these complexes and their propensity to form in-
tractable oils. No other products have been observed to
form in these reactions, in stark contrast to the reac-
tions of the analogous h6-benzene derivatives. In that
case, reaction at r.t. resulted primarily in the formation
of (2), while attempts to drive the reaction to comple-
tion by refluxing resulted in arene displacement to give
products (3) and (4), as previously observed. The less
forcing reaction conditions (r.t.) required in this system
are apparently a reflection of the greater lability of the
MeCN ligands in the p-cymene complex and are clearly
not sufficiently severe to induce displacement of the
co-ordinated arene group.

The diphosphine complexes (7a– f) are obtained as
air stable yellow-orange microcrystalline solids, whose
spectroscopic and analytical data is entirely in keeping
with their structures. The 1H-NMR spectra show reso-
nances characteristic of h6-p-cymene and the diphos-
phine ligand in question. In the cases of dppm and dppf
the symmetry of the ligand environment is lowered on
complexation to the metal. In the former this is mani-
fest by the non equivalence of the –PCH2P– protons
each of which appears as a multiplet, while in the latter
the ferrocenyl ring protons appear as four multiplets as
opposed to the two seen in the free ligand. In both
cases this is induced by the asymmetry of the co-ordina-
tion environment, as illustrated for (7b) in Fig. 1. The
31P-NMR spectra show a septet due to the free PF6

−

ion and a singlet from the coordinated phosphine.
Co-ordination shifts typical of chelated diphosphine
complexes are observed in keeping with the ring contri-

Fig. 3. Deviations from the least squares plane of the h6-p-cymene
group in (7a).
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Table 6
Comparison of structural parameters for dppf ligands coordinated to ruthenium

d(Ru...Fe) Å d(P...P) ÅComplex d(Ru–P) Å ÚP–Ru–P (°) Tilta (°) Reference

4.30 3.82[Ru(dppf)(CO)HCl(PPh3) 2.518(4)b 102.2() 3.01 [25]
2.392(4)c

4.34 3.43[(h5-C5H5)Ru(dppf)H]d 2.263(4) 99.1(1) [22]4.85
2.246(3)

3.354.336.272.265(3) 95.5(1)
2.258(3)

4.38 3.42[(h5-C5Me5)Ru(dppf)H] 2.271(1) 97.9(1) 7.21 [23]
2.259(1)

This work3.46(7a) 2.353(3) 93.6(1) 1.82 4.47
2.381(3)

a Dihedral angle between cyclopentadienyl ring least squares planes.
b P trans to H.
c P trans to P.
d Two unique molecules in the asymmetric unit.

bution formalism proposed by Garrou [18]. Thus, the
ring contributions (Dr) to the coordination shifts may
be calculated in the cases where suitably analogous
mondentate phosphine complexes are available. We
have previously prepared [(h6-p-cymene)Ru(PR3)2Cl]+

(PR3�PPh3, PMePh2) (M.D. Spicer, R.R. Rowlings,
unpublished results) and the shifts on coordination for
these monodentate phosphines may be compared with
the coordination shifts of Ph2P(CH2)nPPh2 (n=1–3)
(PMePh2), and o-C6H4(PPh2)2 (PPh3). The data are
tabulated in Table 2 and show that with respect to the
non-chelated analogues the 4-membered ring (Dr= −
24.4 ppm) is shielded more than the 6-membered ring
(Dr= −6.9 ppm) while the 5-membered rings are
deshielded (Dr= +35.7 (Ph2P(CH2)2PPh2) and +37.4
ppm (o-C6H4(PPh2)2)). FAB Mass spectra have been
obtained for each of the complexes, which confirm the
compositions of the molecular ions, [h6-(p-
cymene)Ru(P–P)Cl]+, and show fragmentation consis-
tent with initial chloride loss, followed by loss of the
p-cymene. In the case of the dppf complex there is also
evidence for a second fragmentation pathway in which
p-cymene is lost prior to halide. In general, the com-
plexity of the isotope patterns, with many overlapping
peaks, has precluded the measurement of high precision
molecular masses.

3.1. X-ray Crystal Structure of
[h6-(p-cymene)Ru(dppf)Cl]PF6 (7a)

An ORTEP diagram of the cation and its labelling
scheme are shown in Fig. 2. Atomic positional parame-
ters are given in Table 3, selected bond lengths and
angles in Table 4 and a comparison of structural
parameters pertaining to the coordination sphere for
(7a), [(h6-C6H6)Ru(BINAP)Cl]+, [(h6-C6H5CH3)Ru-
(dppb)Cl]+, and [(h6-C6H5CH3)Ru(PPh3)2Cl]+ in

Table 5. The cation may be thought of as having a
fac-octahedral coordination sphere, with three sites oc-
cupied by the h6-p-cymene ligand and the remaining
three by the two phosphorus and one chlorine donor
atoms. The Ru(1)–P(1), Ru(1)–P(2) and Ru(1)–C(1)
bond lengths are comparable with other examples of
such derivatives (see Table 5), while the bond angles
deviate a little from the 90° expected for a pure octahe-
dral complex, for instance the bond angle P(1)–Ru–
P(2) at 93.70(9)° is greater than the idealised angle. It
can be seen that the nature of the phosphine does have
some influence on the geometry at the metal which is
probably best rationalised in terms of ligand flexibility,
which in turn allows the accommodation of the steri-
cally demanding phenyl groups. For instance, 1,4-bis(-
diphenylphosphino)butane, dppb, while potentially
having the greater bite size in reality gives a relatively
small angle at the Ru centre. This probably arises from
its greater conformational mobility which allows it to
accommodate a bond angle close to 90° despite its
longer backbone. The large P–Ru–P angle in the PPh3

complex (100.3°) is a reflection of the relative steric
demands of the two bulky phosphine ligands when
compared to a single bidentate ligand. The distance of
the p-cymene ring centroid from the ruthenium centre
is 1.784 Å, very similar to the distance in the related
complexes (Table 5). The ring itself deviates from pla-
narity. The displacements from the least-squares plane
are shown in Fig. 3, and suggest a slight ‘fold’ along an
axis running through C(3) and C(7), and this is also
supported by inspection of the Ru–C bond distances.
Both alkyl substituents are markedly displaced from the
plane (CH3, 0.299; iPr, 0.101 Å) which presumably is a
result of the steric requirements of the ligand phenyl
groups. The dppf ligand conformation can be com-
pared with that in other structurally characterised
dppf-ruthenium complexes. There are four, namely
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co-planar, the ipso carbons are disposed one above and
one below the plane resulting in a substantial overall
twist of the ferrocenyl group.
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[(h5-C5H5)Ru(dppf)H] [21], [(h5-C5Me5)Ru(dppf)H]
[22], [(h5-C5Me5)Ru(dppf)(h2-O2)]BF4 [23] and
[Ru(CO)ClH(PPh3)(dppf)] [24]. The relevant structural
parameters are shown in Table 6 [25]. In each case the
ligand cyclopentadienyl rings are essentially planar with
dihedral angles between the planes (ring tilt) in the
approximate range 1.8–7.2°, with the current structure
being at the lower end of the range. The Fe–Ru
separation is typically about 4.3–4.5 Å. The major
structural difference in the present complex is that the
dppf cyclopentadienyl rings are eclipsed, while in each
of the other examples they are staggered. The effect of
this is to induce a twist of the ferrocenyl moiety. This is
illustrated in Fig. 4 where (7a) and [(h5-C5Me5)Ru-
(dppf)H] are compared. In the present complex Fe(1),
C(11), C(16) (the ipso cyclopentadienyl carbons) P(1)
and P(2) are approximately coplanar (mean deviation
from least squares plane=0.0265 Å). In the other
complexes, while the Fe and two P atoms remain

Fig. 4. Structures of (a) (7a) and (b) [(h5-C5Me5)Ru(dppf)(H)] high-
lighting the differences in conformation of the dppf ligands.


