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A series of half-sandwich Ru-cyclopentadienyl derivatives containing the cage-like water soluble monodentate phosphine 1,3
hosphaadamantane (PTA) was synthesized and tested in aqueous phase or biphasic homogeneous hydrogenation of activat
ydrogen transfer or under hydrogen pressure at mild conditions. The hydrogen transfer results show higher activity for the Cp*
Cp* = C5Me5) than for the corresponding Cp complexes (Cp = C5H5). Under H2 pressure, all complexes show high selectivity to C=C double
ond hydrogenation. The X-ray crystal structure featuring a protonated 2-aminoethylcyclopentadienyl Ru complex was also dete
2004 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, environmental concerns have prompted a
ew approach to chemical reactions and technology, in order

o reduce as much as possible the use of toxic reagents and/or
olatile solvents. Nowadays, parameters such asE-factor
1], atom efficiency[2] and the “12 principles of Green
hemistry” [3] are often considered as essential driving

orces in the quest for sustainable chemical processes. Within
hese aspects, the replacement of organic solvents with water
as attracted interest both from academia and industry. The
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main advantage apart from the lower environmental imp
is the possibility to separate easily the products from
catalyst to allow its efficient and cost-effective recycling.
classic approach for homogeneously catalysed proces
to replace ancillary ligands (usually phosphines) with t
water-soluble analogues, for example PPh3 with the mono
or trisulfonated version, namely TPPMS and TPPTS[4].

The use of neutral water soluble monodentate phosp
such as 1,3,5-triaza-7-phosphaadamantane (PTA) ha
ceived renewed interest in the recent literature due t
properties to solubilize transition metal complexes in a
ous phase. This property has been used for applicati
Rh, Ru and Pd–PTA complexes in aqueous phase or bip
homogeneous catalysis, in tests as new drugs for tumo
hibition (Ru– and Pt–PTA) and in photoluminescent dev
(Au–PTA), as recently reviewed[5].

381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Regioselective hydrogenation of�,�-unsaturated sub-
strates catalysed by transition metal complexes is a reaction
of high interest for the synthesis of pharmaceutical in-
termediates and was successfully transferred to aqueous
biphasic conditions. Examples of selective CC double
bond hydrogenation include substrates such as benzylidene
acetone (BZA) and cinnamaldehyde (CNA)[6], unsaturated
fatty acids esterified in lipids[7], fumaric, maleic and
crotonic acids[8], 2-acetamidoacrylic acid methyl ester
[9], etc. In general, hydrogenation at CC double bond is
catalysed by Rh complexes, whereas efficient reduction
of C O group is obtained by Ru-based catalysts[10].
Pioneering work done by Joó et al. [11] showed that the
carbonyl group of a series of 2-keto acids can be selectively
reduced by hydrogen in the presence of [RuCl2(TPPMS)2]
or [Ru(H)Cl(TPPMS)3] in water with high turnover numbers
(1300 for the hydrogenation of pyruvic acid to lactic acid).
Ru–TPPTS complexes were also found to be active catalysts
for C O reductions in water, as reviewed by Nomura[12].

Transfer hydrogenation of CO groups by HCO2Na/H2O
catalysed by Ru(II) water soluble complexes is also known.
Unsaturated aldehydes, aromatic and aliphatic aldehydes
were reduced in the presence of Ru, Rh, Ir and Pt com-
plexes of TPPMS by hydrogen transfer using HCO2Na/H2O.
Jóo and Benyei reported that cinnamaldehyde, crotonalde-
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for Ru, at the CC double bond for Rh. Under biphasic con-
ditions (water/toluene or chlorobenzene) with H2 as the hy-
drogen source, average TOFs (h−1) ranged from 40 to 190.
Conversion of cinnamaldehyde using [RhI4(PTA-Me)2]I was
95% with 84% selectivity to PhCH2CH2CHO, the best selec-
tivity to PhCH CHCH2OH was achieved with [RuI4(PTA-
Me)2] (84% yield at 89% conversion). Using sodium formate
as the hydrogen source (chlorobenzene/water, 5 M NaCO2H,
[catalyst] 0.01 mmol, 75◦C) gave lower conversions, typi-
cally 2% conversion using [RuI4(PTA-Me)2] and 13% with
[RhI4(PTA-Me)2]I, with total selectivity to cinnamyl alcohol
and dihydrocinnamaldehyde, respectively.

In a recent communication[18], we showed results on the
catalytic activity of novel Ru–PTA complexes bearing cy-
clopentadienyl coligands, namely [CpRuCl(PTA)2] (1) and
[Cp*RuCl(PTA)2] (2). Under 450 psi of hydrogen at 80◦C
in n-octane/water, these complexes catalyse the selective hy-
drogenation of BZA to 4-phenyl-butan-2-one at high cat-
alytic ratio (1:200 to the substrate). In this paper, we report
the synthesis of a new class of Ru–PTA cyclopentadienyl
complexes, of general formula [(C5R5)RuXn(PTA)m](PF6)
(R = H; X = Cl, I, n= 1, m= 2; X = MeCN; n, m= 1, 2;
R = Me, X = MeCN, n= 1, m= 2) and of the complexes
[{Cp(CH2)2NEt2}RuX(PTA)2](PF6) (X = Cl, MeCN, none)
bearing a novel 2-(diethylamino)ethylcyclopentadienyl lig-
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u rolled
yde, 1-citronellal and citral are reduced under mild c
itions (30–80◦C) exclusively to unsaturated alcohols

RuCl2(TPPMS)2]/HCO2Na/H2O, without hydrogenation o
ydrogenolysis of substituents on the aromatic rings[13].
ecent studies by the same authors have shown stron
ependence of the molecular distribution of water sol
u–TPPMS hydrides and tested the effect on the selec
f C C versus CO bond hydrogenation of cinnamaldehy
nder H2/H2O [14]. At pH ≤3.3, the dominant species w

ound to be [Ru(H)Cl(TPPMS)3], able to catalyse CC hy-
rogenation, whereas at pH≥7 [RuH2(TPPMS)4] was ob-
erved and found to be a selective catalyst for CO bond
eduction. The effect of hydrogen pressure was also tes
later paper, showing that in water/chlorobenzene bip
ixture buffered at pH 3, the hydrogenation of cinnama
yde catalysed by [Ru(H)Cl(TPPMS)3] produced a 61:3
ixture of cinnamyl alcohol and dihydrocinnamaldehyd
4 psi H2, but the selectivity increased to 93:7 by increas

he hydrogen pressure to 116 psi[15].
PTA complexes were also used as catalysts for s

ive hydrogenations although to a lower extent. In part
ar, under biphasic aqueous–organic solvent conditions
odium formate as the hydrogen source,cis-RuCl2(PTA)4 ac-
omplishes a 95.1% conversion of benzaldehyde into be
lcohol with a TOF of 22 h−1 at 80◦C [15b]. Ru–PTA com
lexes also found an efficient application in the water p
eduction of CO2 and HCO3

− to HCO2
− [16].

Ru(II), Rh(I) and Rh(III) complexes ofN-methyl-PTA
PTA-Me) such astrans-[RuI4(PTA-Me)2], [RuI2(PTA-
e)3(H2O)]I3 and [RhI4(PTA-Me)2]I are active catalysts fo

he hydrogenation of cinnamaldehyde[17] at the C O bond
nd. The complexes were tested as homogeneous ca
or the hydrogenation of BZA under hydrogen pressur
iphasic conditions and in transfer hydrogenation of C
sing the HCO2Na/H2O protocol.

. Experimental

.1. General information

All synthetic procedures were carried out using s
ard Schlenk glassware under an inert atmosphere o
itrogen. The ligand PTA[19] and the ruthenium com
lexes [RuCl2(PPh3)3] [20], [Cp*Ru(MeCN)3]PF6 [21],

CpRuCl(PTA)2] [18] and [Cp*RuCl(PTA)2] [18] were
repared as described in the literature. Other reagents
btained from the suppliers and used without further pu
ation. The solvents were all degassed and distilled acco
o standard procedures[22]. Infrared spectra were record
s Nujol mulls on a Perkin-Elmer 1600 series FT-IR sp

rometers between KBr plates.1H and13C{1H}NMR spectra
ere recorded on Bruker AC200 spectromers operatin
00.13 MHz and 50.32 MHz, respectively. Peak posit
re relative to tetramethylsilane and were calibrated ag

he residual solvent resonance (1H) or the deuterated solve
ultiplet (13C). 31P{1H} NMR spectra were recorded

he same instrument operating at 81.01 MHz, respect
hemical shifts were measured relative to external
3PO4, with downfield shifts considered positive. All t
MR spectra were recorded at room temperature (20◦C)
nless otherwise stated. Batch reactions under a cont
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pressure of gas were performed with a stainless steel Parr
4565 reactor (100 ml) equipped with a Parr 4842 temperature
and pressure controller. GC analyses were performed on
a Shimadzu GC-14 A gas chromatograph equipped with a
flame ionisation detector and a 30 m (0.25 mm i.d., 0.25�m
film thickness) SPB-1 Supelco fused silica capillary column.
The crystal data were collected at room temperature using a
Nonius Kappa CCD diffractometer with graphite monochro-
mated Mo K� radiation and corrected for Lorentz, polariza-

tion and absorption effects[23]. All pH-metric measurements
employed for the determination of protonation constants
were carried out in aqueous 0.10 M NMe4Cl solutions at
298.2± 0.1 K, by using a Crison Micro pH 2002 potentiome-
ter fitted with a Metrohm combined glass electrode (model
6.0204.000). A Hamilton Microlab M motor-driven syringe
under the control of an appropriate program running on an
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2Hc-�); 2.94–2.89 (m, 2Hc-�); 2.65–2.75 (m, 2Ha-� + 2Hb-
� + 2Ha-� + 2Hb-�); 2.58 (q, 4HA + 4HB, J(HAHB) 7.2 Hz,
CH2CH3); 1.06 (t, 3HA + 3HB, J(HAHB) 7.2 Hz, CH2CH3).
13C{1H}NMR (CDCl3): 146.1 C1(�); 135.4 C2(�); 134.4
C2(�); 133.1 C3(�); 131.4 C3(�); 127.5 C4(�); 127.2 C4(�),
53.6 C7(�); 52.8 C7(�); 47.5 (CH2CH3); 44.2 C4(�); 42.0
C4(�); 28.7 C6(�); 27.9 C6(�); 12.4 (CH3). Elemental anal-
ysis: C11H19N: Calcd C, 79.94; H, 11.59; N, 8.47. Found C,
79.7; H, 11.7; N, 8.4.

2.2.2. [{Cp(CH2)2NEt2}RuCl(PPh3)2] (3)
Complex3 was prepared similarly to the analogue com-

plex bearing the 2-(dimethylamino)ethylcyclopentadiene lig-
and [26]. A THF (30 ml) solution of KOtBu (0.17 g,
1.50 mmol) and C5H5(CH2)2NEt2 (0.36 g, 2.20 mmol) was
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BM PS/2 model 40 personal computer was used. The an
cal methodology employed, has been previously desc
24]. The computer program Hyperquad was used to c
ate the equilibrium constants from emf data[25]. Elementa
nalyses (C, H) were performed using a Carlo Erba m
106 elemental analyser by the Microanalytical Servic

he Department of Chemistry at the University of Floren

.2. Synthetic procedures

.2.1. 2-(Diethylamino)ethylcyclopentadiene
The compound was prepared similarly to the co

ponding 2-(dimethyl)aminoethylcyclopentadiene[26]. A
HF solution of sodium cyclopentadienylide (2 M, 157
.314 mol) was slowly added through a dropping f
el with pressure equalizer to a stirred suspensio
-(diethylamino)ethylchloride (32.71 g, 0.24 mol) in T
100 ml). After the addition was complete, the resul
ixture was refluxed for 4 h and then concentrated to
ess under vacuum to leave a brown oily residue. W
500 ml) was added to the crude residue which was
xtracted with pentane (3× 150 ml). The combined penta
xtracts were concentrated under reduced pressure a
esidue distilled (Kugelrohr), using a dry-ice cooling
ice at 0.5 Torr (b.p. 57–59◦C). Colourless distillates we
ollected to give 2-(diethylamino)ethylcyclopentadiene

4:3 mixture of the two isomers shown below). Yi
1.7 g (80%).1H NMR (CDCl3): 6.52–6.38 (m, Hf-� + Hf-
); 6.32–6.24 (m, Hd-� + He-�); 6.23–6.17 (br m, He-�); 6.05

dt, Hd-�, 3J(HdHe) 3.2, 3J(HdHc) 1.6 Hz); 3.00–2.94 (m
tirred at room temperature for 30 min. The resulting so-
ution was then transferred to a THF (50 ml) solution of
RuCl2(PPh3)3] (1.00 g, 1.04 mmol) and additionally stirred
or 1 h. Removal of the solvent in vacuo afforded3 as
n orange solid, which was recrystallized from diethyl
ther/hexane. Yield: 0.73 g (85%).31P{1H} NMR (CDCl3):
0.37(s).1H NMR (CDCl3: 7.00–7.50 (m, 30H, aromatic
rotons); 3.97 (br s, 2H, Cp); 3.34 (br s, 2H, Cp); 2.71
t, 2H, J(HH) 7.0 Hz CH2CH2N); 2.59 (q, 4H, J(HH)
.0 Hz, NCH2CH3); 2.43 (t, 2H,J(HH) 7.0 Hz,CH2CH2N);
.05 (t, 6H,J(HH) 7.0 Hz, CH2CH3). Elemental analysis:
47H48NClP2Ru: Calcd C, 68.40; H, 5.86; N, 1.70. Found
, 68.5; H, 6.1; N, 1.4.

.2.3. [{Cp(CH2)2NEt2}RuCl(PTA)2] (4)
To a solution of [{Cp(CH2)2NEt2}RuCl(PPh3)2] (99 mg,

.12 mmol) in 10 ml of toluene solid PTA (38 mg, 0.24 mmol)
as added. The solution was refluxed under stirring for 2.5 h
nd then the solvent was evaporated under vacuum to about
ml. Addition of n-hexane (5 ml) while stirring yielded a
anary yellow microcrystalline product, which was filtered
n a sintered glass-frit and washed withn-hexane (2× 3 ml)
nd vacuum dried. Yield 63 mg (85%).31P{1H} NMR
CDCl3): −25.30 (s, PTA).1H NMR (CDCl3): 4.80–4.40
m, 14H, NCH2N(PTA) (12H), + Cp (2H),2J(HH(NCH2N))
3.3 Hz); 4.21–3.88 (14H, PCH2N(PTA) (12H), + Cp (2H),
J(HH(PCH2N) + 3J(HP) 15.4 Hz; 2.69 (t, 2H,J(HH) 7.1 Hz,
H2CH2N); 2.57 (q, 4H,J(HH) 7.0 Hz, NCH2CH3); 2.22 (t,
H, J(HH) 7.1 Hz,CH2CH2N); 1.04 (t, 6H,J(HH) 7.0 Hz,
H2CH3). Elemental analysis: C23H42N7ClP2Ru: Calcd C,
4.91; H, 6.88; N, 15.94. Found C, 44.6; H, 7.1; N, 15.6.
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2.2.4. [{Cp(CH2)2NEt2}Ru(PTA)2](PF6) (5)
Solid NH4PF6 (30 mg, 0.18 mmol) was added to a so-

lution of 4 (100 mg, 0.16 mmol) in MeOH (10 ml) un-
der stirring. After 30 min stirring, the solution was evapo-
rated under a brisk current of nitrogen to yield pale yel-
low microcrystals of5 which were collected on a glass
frit and washed with cold MeOH (2× 2 ml) and diethyl
ether (2× 3 ml). Yield 104 mg (90%). IR (cm−1): ν(PF6)
841 (vs).31P{1H} NMR (D2O): −24.29 (s, PTA);−144.27
(sept,J(PF) 708.6 Hz, PF6). 1H NMR (CDCl3): 4.78 (br
s, 2H, Cp); 4.45 (s, 12H, NCH2N(PTA)); 4.19 (br s, 2H,
Cp); 3.95 (m, 12H, PCH2N(PTA)); 3.23 (m, 2H, CH2CH2N);
3.12 (q, 4H,J(HH) 6.9 Hz, NCH2CH3); 2.33 (br m, 2H,
CH2CH2N); 1.19 (t, 6H,J(HH) 6.9 Hz, NCH2CH3). 13C{1H}
NMR (D2O): 108.6 (s, quaternary Cp); 74.8 (t,3J(CP)
4.3 Hz, Cp); 71.9 (br s, NCH2N(PTA)); 71.1 (s, Cp); 55.5
(t, N = 1J(CP) +3J(CP) = 8.8 Hz, PCH2N(PTA)); 51.07 (s,
CH2CH2N); 48.83 (s, NCH2CH3); 22.58 (s,CH2CH2N);
9.45 (s, CH2CH3). Elemental analysis: C23H42N7F6P3Ru:
Calcd C, 38.12; H, 5.84; N, 13.53. Found C, 37.6; H, 6.0; N,
13.3.

2.2.5. [{Cp(CH2)2NEt2}Ru(PTA)2(MeCN)](PF6) (6)
[{Cp(CH2)2NEt2}RuCl(PTA)2] (100 mg, 0.16 mmol)

was dissolved in 10 ml of MeCN, then NH4PF6 (35 mg,
0 nder
s on
w ml)
w ed
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2.2.7. [CpRu(PTA)2(MeCN)](PF6) (9)
2.2.7.1. Method A.[CpRuCl(PTA)2] (100 mg, 0.19 mmol)
was dissolved in 15 ml of MeOH in a 50 ml round-bottomed
flask. Solid TlPF6 (74 mg, 0.21 mmol) and MeCN (10�l,
0.26 mmol) were then added with continuous stirring. The
off-white solid of TlCl slowly formed over 3 h was filtered
off and the filtrate was evaporated to dryness giving9 as a
yellow solid. Yield 80 mg (63 %).

2.2.7.2. Method B.PTA (18 mg, 0.11 mmol) was added to a
stirred solution of8 (60 mg, 0.11 mmol) in MeOH (10 ml).
After stirring 30 min, the solution was evaporated to dryness
leaving9 a yellow solid. Yield 70 mg (92%).

31P{1H} NMR (acetone-d6): −26.16 (s, PTA);−142.63
(sept, J(PF) = 709.1 Hz, PF6). 1H NMR (acetone-d6):
4.98 (s, 5H, Cp); 4.56 (m, 12H,2J(HH) 13.6 Hz,
NCH2N(PTA)); 4.17(m, 12H,2J(HH) 16 Hz, PCH2N(PTA));
2.52 (t, 3H,5J(HP) 1.4 Hz, CH3CN). Elemental analysis:
C19H32N7F6P3Ru: Calcd C, 34.24; H, 4.84; N, 14.71. Found
C, 34.5; H, 4.6; N, 14.4.

2.2.8. [Cp*Ru(PTA)2(MeCN)](PF6) (10)
The synthesis of10was carried out as described above for

[CpRu(PTA)2(MeCN)](PF6) (Method A), with the following
quantities: [Cp*RuCl(PTA)2] (100 mg, 0.17 mmol), MeOH
(
0 -
d ,
P
4 ,
C l-
y 1.
F

2
g,

2 nd-
b red
a hich
s with
n %).
3

2
1
P
C 3.7.

2
R
R

(
( l-
l -
t g
.21 mmol) was added. The solution was refluxed u
tirring for 2 h, after which the volume of the soluti
as reduced under vacuum to about 5 ml and EtOH (5
as added. The light yellow microcrystals which form
ere isolated by filtration and washed with cold Et

2× 3 ml) and pentane (2× 3 ml). Yield 92 mg (75%). IR
cm−1): ν(C≡N) 2256 (vw), ν(PF6) 838 (vs). 31P{1H}
MR (D2O): −23.64 (s, PTA); −144.27 (sept,J(PF)
08.5 Hz, PF6). 1H NMR (D2O): 5.04 (t, 2H,J(HH) 1.8 Hz,
p); 4.53 (br s, 12H, NCH2N(PTA)); 4.48 (br t, 2H,J(HH)
.5 Hz, Cp); 4.03 (br s, 12H, PCH2N(PTA)); 3.32–3.08
m, 6H, CpCH2CH2N(CH2CH3)2); 2.50–2.31 (m, 2H
pCH2CH2N); 2.30 (t, 3H, 5J(HP) 1.5 Hz, CH3CN);
.19 (t, 6H,J(HH) 7.2 Hz, CH2CH3). Elemental analysi
25H45N8F6P3Ru: Calcd C, 39.22; H, 5.92; N, 14.63. Fou
, 38.9; H, 6.1; N, 14.5.

.2.6. [CpRu(PTA)(MeCN)2](PF6) (8)
[CpRu(MeCN)3]PF6 (100 mg, 0.23 mmol) and PT

36 mg, 0.23 mmol) were dissolved in 15 ml of metha
he solution was stirred for 2 h and then evaporate
ryness giving a yellow solid which was washed w
t2O (2× 3 ml) and dried under vacuum. Yield: 114 m

90%). IR (cm−1): ν(C≡N) 2267 (vw), ν(PF6) 835 (vs)
1P{1H} NMR (CD2Cl2): −32.60 (s, PTA);−143.88 (sep
(PF) 709.2 Hz, PF6). 1H NMR (CD2Cl2): 4.59 (br s, 12H
CH2N(PTA)); 4.51 (s, 5H, Cp); 4.15 (s, 12H, PCH2N(PTA));
.37 (d, 6H,5J(HP) 1.5 Hz, CH3CN). Elemental analysi
15H23N5F6P2Ru: Calcd C, 32.73; H, 4.21; N, 12.72. Fou
, 32.5; H, 4.6; N, 12.6.
20 ml), TlPF6 (70 mg, 0.20 mmol), and MeCN (20�l,
.40 mmol). Yield 70 mg (56%).31P{1H} NMR (acetone
6): −37.36 (s, PTA); −142.61 (sept,J(PF) 708.6 Hz
F6,). 1H NMR (acetone-d6) 4.59 (m, 12H, NCH2N(PTA)),
.20 (m, 12H, PCH2N(PTA)); 2.61 (t, 3H, 5J(HP) 1.5 Hz
H3CN); 1.86 (t, 15H,3J(HP) 1.7, Cp*). Elemental ana
sis: C24H42N7F6P3Ru: Calcd C, 39.13; H, 5.75; N, 13.3
ound C, 39.1; H, 5.9; N, 13.6.

.2.9. [CpRuI(PTA)2] (11)
[CpRuCl(PTA)2] (100 mg, 0.19 mmol) and KI (332 m

.0 mmol) were dissolved in 80 ml of methanol in a rou
ottom flask wrapped with an aluminium foil and stir
t room temperature for 16 h. The orange solid w
eparated out was isolated via decantation, washed
-hexane and dried under vacuum. Yield 60 mg (52
1P{1H}NMR (CDCl3): −30.05 (s, PTA).1H NMR (CDCl3,
00.13 MHz): 4.65 (s, 5H, Cp); 4.55 (m, 12H,2J(HH)
3.3 Hz, NCH2N(PTA)); 4.10 (m, 12H,2J(HAHB) 15.8 Hz,
CH2N(PTA)). Elemental analysis: C17H29N6IP2Ru: Calcd
, 33.62; H, 4.81; N, 13.84. Found C, 33.6; H, 5.0; N, 1

.3. X-ray diffraction study of [{Cp(CH2)2NHEt2}
u(PTA)(MeCN)(�-{PTA(H)PTA})(MeCN)(PTA)
u[{Cp(CH2)2NHEt2}](PF6)5·NH4PF6·4H2O (7).

Yellow crystals of [{Cp(CH2)2NHEt2}Ru(PTA)(MeCN)
�-{PTA(H)PTA})(MeCN)(PTA)Ru [{Cp(CH2)2NHEt2}]
PF6)5·NH4PF6·4H2O (7) were obtained by slow crysta
ization from a solution of crude6 in water. The struc
ure was solved by direct methods[27] and refined usin
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Table 1
Crystal data parameters for7

Formula C25H52.5F18N8.5O2P5Ru
M 1102.18
Space group P21/c
Crystal system Monoclinic
a (Å) 12.7320(2)
b (Å) 22.7376(4)
c (Å) 14.7337(3)
β (◦) 102.126(1)
U (Å3) 4170.2(1)
Z 4
Dc (g cm−3) 1.756
F(0 0 0) 2236
µ(Mo K�) (cm−1) 6.88
Measured reflections 30991
Unique reflections 9349
Rint 0.053
Observed reflections [I≥ 2σ(I)] 7553
θmin − θmax (◦) 2.5–27.5
hkl ranges −16,16;−29,29;−19,18
R(F2) (observed reflection) 0.0639
wR(F2) (all reflections) 0.1917
Number of variables 540
Goodness of fit 1.073

ρmin, 
ρmax (Åe−3) −0.871, 0.753
CCDC deposition number 233549

full-matrix least-squares[28] with all non-hydrogen atoms
anisotropic and hydrogens included on calculated positions,
riding on their carrier atoms, except for the hydrogen atoms
linked to N1 and N5 which were refined isotropically. The
C8(H2)–C9(H3) and C10(H2)–C11(H3) moieties were found
to be disordered and refined with two independent orienta-
tions with multiplicity of 0.5. The asymmetric unit of com-
pound7 contains a cationic Ru(II) complex protonated at N1
atom ofN,N-diethylamino group and at N5 of a PTA ligand,
two water molecules, three PF6 anions and a NH4 cation sit-
uated on a centre of symmetry. Crystal data are collected in
Table 1.

2.4. Catalytic tests

2.4.1. Autoclave experiments
Typically, 45 ml of a 1:3 (v:v) mixture ofn-octane/water

was introduced by suction into a 120 cm3 autoclave, which
contained 9× 10−3 mmol of the precatalyst and 200 equiva-
lents of benzylidene acetone (BZA, 263 mg). The autoclave
was pressurized with the required pressure of hydrogen at
room temperature and then heated to 80 or 130◦C. As soon
as the reaction mixture in the autoclave reached the desired
temperature, stirring (1200 rpm) was applied for the desired
time. The reaction was stopped by cooling the autoclave to
r was
t hasic
s ed by
G k for
r

2.4.2. Transfer hydrogenation tests
The reactions were carried out in Schlenk tubes under

rigorously inert atmosphere with degassed solvents. For
hydrogen transfer of BZA, the substrate (0.75 mmol) was
dissolved into 5 ml of a H2O/MeOH mixture (2:3) together
with HCO2Na (7.0 mmol), and the resulting solution
was transferred via cannula to a solution of the catalyst
(7.5× 10−3 mmol) and HCO2Na (0.5 mmol in 1 ml H2O)
pre-heated to 70◦C. The resulting solution was left stirring
for 6 h at 90◦C. At the end of the reaction, the mixture was
analysed by GC. For hydrogen transfer of cinnamaldehyde
(CNA), the catalyst (0.03 mmol) was placed in a Schlenk
tube with a HCO2Na solution in water (2 ml, 1 M). The
solution was stirred under nitrogen and heated to 80◦C
for 2–3 min, after which a mixture of CNA (2 mmol) and
aqueous HCO2Na (4 ml, 5 M) was added by cannula. The
resulting solution was left stirring for 5 h at 80◦C. At the
end of the reaction, the mixture was extracted with CH2Cl2
and the organic phase was analysed by GC. Each test was
repeated twice to check for reproducibility.

3. Results and discussion
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oom temperature with an ice-water bath. The pressure
hen released. THF and methanol were added to the bip
ystem, in order to obtain one phase, which was analys
C and GC/MS. Each test was repeated twice to chec

eproducibility.
.1. Synthesis of cyclopentadienyl Ru(II)–PTA
omplexes

In a previous communication[18] we showed that th
ater soluble neutral complexes [CpRuCl(PTA)2] (1) and

Cp*RuCl(PTA)2] (2) are active catalysts for the select
ydrogenation of activated olefins such as BZA to the s
ated ketone (CC double bond reduction) at 80◦C, 435 ps
2. Further investigations suggested however that phos
issociation may occur during the catalytic runs, leadin

ess efficient performance upon recycling. Although P
ree Ru species after catalysis were not identified, Dys
l. showed that for the hydrogenation of arenes under sli
arsher reaction conditions (90◦C, 870 psi H2) catalysed b

Ru(p-cymene)Cl2(PTA)] and [Ru(p-cymene)Cl(PTA)2]+,
ormation of the trinuclear cluster [Ru3(p-cymene)3(�3-
l)]+ was detected as the resting state of the catalyst[29].
We reasoned that higher catalytic performance c

n principle be obtained using more stable analog
f 1 and 2. The complexes were modified by int
ucing a hemilable arm bearing a tertiary amine gr
n the cyclopentadienyl ring. Therefore, the new
diethylamino)ethylcyclopentadiene ligand, Cp(CH2)2NEt2,
as prepared following the method described by W
t al. for the 2-(dimethylamino)ethyl analog with min
odifications[26]. The aminocyclopentadienyl ligand w

hen reacted with a suitable Ru(II) precursor, such
RuCl2(PPh3)3], to obtain [{Cp(CH2)2NEt2}RuCl(PPh3)2]
3). Metathesis with excess PTA in refluxing toluene affor
he hydrosoluble species [{Cp(CH2)2NEt2}RuCl(PTA)2] (4)
n good yield as showed inScheme 1.
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Scheme 1.

Reaction of 4 with NH4PF6 in MeOH afforded the
N-coordinated [{Cp(CH2)2NEt2}Ru(PTA)2]PF6 (5) via re-
moval of the coordinated chloride which is highly
favoured in polar solvents such as methanol. The hemi-
lability of the N-arm was shown by reaction of4
with NH4PF6 in the presence of a coordinating sol-
vent such as MeCN, which in turn yielded the complex
[{Cp(CH2)2NEt2}Ru(MeCN)(PTA)2]PF6 via decoordina-
tion of the pending 2-(diethylamino)ethyl substituent of the
Cp ring (6, Scheme 2). Alternatively, complex6was straight-
forwardly obtained in quantitative yield by treating5 with
MeCN in MeOH (NMR tube test).

Recrystallization from a diluted water solution of the crude
product obtained from the mother liquor of the reaction to
synthesize complex6, gave pale yellow crystals suitable for
X-ray data diffraction (vide infra). The complex crystallized
asN-protonated at the amine group and on one PTA ligand for
each dimeric unit (vide infra) with half molecule of NH4PF6
and two H2O interspersed in the lattice. The protonation is
possibly due to the presence of ammonium salt in solution.
This result is consistent with potentiometric titration data
which show that the first protonation equilibriumL + H = HL
(L = [{Cp(CH2)2NEt2}Ru(MeCN)(PTA)2]PF6) occurs at ba-
sic pH 9.5, at values expected for the quaternization of the
free tertiary amine[30].

m-
p
C
o
a

Scheme 3.

stoichiometric amount of phosphine. The corresponding bis-
PTA complexes [(C5R5)Ru(MeCN)(PTA)2]PF6 (R = H, 9;
R = Me, 10) were obtained by halogen abstraction from1
and 2 with TlPF6 in the presence of MeCN, respectively
(Scheme 3b). Addition to8 of a second equivalent of PTA
in MeOH is a simple way to generate9 in quantitative yield.
Finally, the iodo derivative [CpRuI(PTA)2] (11) was obtained
by halogen exchange between1 and a suspension of KI in
MeOH at RT. Separation from KCl was possible due to the
low solubility of 11which crystallized out from the solution
on standing overnight at room temperature.

3.2. X-ray crystal structure of [{Cp(CH2)2NHEt2}
Ru(PTA)(MeCN)(�-{PTA(H)PTA})(MeCN)(PTA)
Ru{Cp(CH2)2NHEt2}](PF6)5·NH4PF6·4H2O (7)

The structure of7 consists of ruthenium(II) cations coor-
dinated by a�5-2-(diethylammonium)ethylcyclopentadienyl
ligand, the N8 nitrogen of a molecule of acetonitrile and one
P-bonded PTA ligand. A second PTA ligand, also coordinated
to ruthenium with the P-atom, is in addition connected to an-
other PTA ligand from a second complex cation by a shared
proton laying on a special position, equally distant from the
two N atoms (vide infra). An ORTEP plot of7 is shown in
Fig. 1, while selected bond angles and distances are given in
T -
c
c

ntre
o sec-
o ans
o
b
i The
s typ-
i -ring
b
p PTA
d um
c u–L
b

A series of cationic mono- or bis-PTA ruthenium co
lexes was also synthesized as shown inScheme 3. The
p mono-PTA complex [CpRu(MeCN)2(PTA)]PF6 (8) was
btained via ligand substitution (Scheme 3a) from thetris-
cetonitrile precursor [CpRu(MeCN)3]PF6 [21] using the

Scheme 2.
able 2. A molecule of NH4PF6, with the ammonium ion lo
ated in a special position, and two clathrates H2O molecules
omplete the asymmetric unit.

The H5N hydrogen bonded to N5 atom lays on a ce
f symmetry and is shared with another N5 atom of a
nd Ru complex forming a centrosymmetric dimer by me
f a very strong intermolecular N5· · ·H5N· · ·N5 hydrogen
ond with N5· · ·N5 distance of 2.775(6)̊A. (Fig. 2). Accord-

ngly each Ru complex displays a positive 2.5+ charge.
haring of a proton between two equivalent nitrogens is

cal for organic cations as proton sponges and medium
ridgehead bi- or tricyclic bi- or triamines[31], but is un-
recedented in the vast series of X-ray authenticated
erivatives[5]. The coordination geometry about rutheni
an be described as a three-legged piano stool with L–R
asal angles in the range 86.98(1)–97.66(4)◦. Alternatively,
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Fig. 1. An ORTEP view of complex7 showing thermal ellipsoids at 30%
probability. NH4 cation, PF6 anions and H2O molecules have been omitted
for sake of clarity.

it may be viewed either as distorted octahedral if cyclopen-
tadienyl ring is allowed three facial coordination sites or as
distorted tetrahedral if Cp is considered to occupy one coor-
dination site.

The Ru–P bond lengths of 2.286(1) and 2.274(1)Å
fall in the range of distances of 2.25–2.38Å observed
in structures of Ru–PTA complexes[4b,15,16b,18,32]
and [CpRu(L)(PR3)2] compounds [33]. The dis-
tances between Ru and Cp ring [Ru–C in the range

F (MeCN ld
t .

Table 2
Selected bond distances (Å) and angles (◦) for 7

Ru1 P1 2.286(1)
Ru1 P2 2.274(1)
Ru1 N8 2.061(4)
Ru1 C1 2.243(5)
Ru1 C2 2.226(5)
Ru1 C3 2.187(5)
Ru1 C4 2.191(5)
Ru1 C5 2.218(5)
Ru1 Cp 1.857(5)

P1 Ru1 P2 97.66(4)
P1 Ru1 N8 86.9(1)
P2 Ru1 N8 91.6(1)
P1 Ru1 Cp 123.5(1)
P2 Ru1 Cp 122.7(1)
N8 Ru1 Cp 125.1(1)

Cp is the centroid of the cyclopenadienyl ring C1–C5.

2.187(5)–2.243(5)̊A and Ru–Cp(centroid) of 1.857(2)Å]
are typical for Ru–cyclopentadienyl complexes and,
similarly to the metrical parameters of the pending 2-
(diethylammonium)ethyl arm, do not deserve additional
comments. The Ru–N(acetonitrile) distance of 2.061(4)Å
compares well with those in [CpRu(CH3CN)(PPh3)2]+ [33c]
and in [CpRu(�4-CH2 C(CH3) CH CH2)(CH3CN)]+ [34]
of 2.040(3) and 2.059(3)̊A, respectively.

3.3. Hydrogenation catalytic tests.

All complexes tested are active in regioselective hydro-
genation of BZA to 4-phenyl-butan-2-one (12) in H2O/n-
octane. By-products 4-phenyl-but-3-en-2-ol (13) and 4-
phenyl-butan-2-ol (14) were formed in small amount or
traces, as summarized inTable 3. Catalytic tests with1 at
80◦C, 450 psi of H2, showed very high selectivity to12
ig. 2. A view of [{Cp(CH2)2NHEt2}Ru(PTA)(MeCN)(�-{PTA(H)PTA})
ogether through a centre of symmetry by N5· · ·H5N· · ·N5 hydrogen bond
)(PTA)Ru{Cp(CH2)2NHEt2}]5+ cation highlighting that the dimer is he
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Table 3
Catalyst screening for aqueous biphasic hydrogenation of BZAa

Catalyst % conversionb % 12b % 13b

– <1 <1 0.0
1 76.3 76.0 0.3
2 20.9 20.9 0.0
5 19.4 19.4 0.0
6 26.5 26.5 0.0
8 75.7 75.0 0.7
9 49.3 48.7 0.6
10 50.8 50.8 0.0

a Conditions: BZA, 1.8 mmol; catalyst, 9× 10−3 mmol; p(H2) 450 psi;
80◦C; 16 h;n-octane, 10 ml; H2O, 35 ml.

b GC values based on pure samples.12= 4-phenyl-butan-2-one;13= 4-
phenyl-but-3-en-2-ol.

(>99%) at high conversion (76%) after 16 h. The activity of
2 was much lower under the same conditions, with conver-
sion reaching ca. 21%, again with complete selectivity to
C C hydrogenation. Complexes5 and6 showed very simi-
lar catalytic performance (complete selectivity to 12, 19 and
26% conversion at 16 h, respectively). These results may re-
flect the lability of the amino group which is likely to be
dangling under the catalytic conditions as aN-protonated�-
ethylammonium salt, with H2O completing the coordination
sphere of Ru for5.

Complex8 showed very similar activity and selectivity to
1 for the hydrogenation of BZA, which in turn suggests that
both1and8may generate the same (or very similar) catalytic
active species, in the case of1by fast dissociation of one PTA
molecule. Indeed, catalytic tests with1 in the presence of
an excess of free PTA showed a decrease in conversion rate
[18]. Cationic bis-PTA complexes9 and10 showed again
comparable activity, indicating little effect of Cp or Cp* on
the hydrogenation of BZA.

The effects of H2 pressure and temperature on the hydro-
genation of BZA were screened using1as catalyst. By reduc-
ing the pressure from 450 to 200 psi at 80◦C, the conversion
actually raised from 76% to almost complete after 16 h. A
possible explanation for this puzzling behaviour could be that
higher hydrogen pressure may stabilize catalytically inactive
s ture
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Table 4
Pressure and temperature screening for aqueous biphasic hydrogenation of
BZAa

pH2 (psi) T (◦C) % conversion (h)b % 12b % 13b

450 80 76.3(16)c 76.0 0.3
200 80 99.9(16)c 99.5 0.4
200 40 99.7(6) 99.1 0.6
200 25 46.4(1) 46.4 0.0
200 25 88.5(16) 88.2 0.3

a Conditions: BZA, 1.8 mmol;1, 9× 10−3 mmol;n-octane, 10 ml; H2O,
35 ml.

b GC values based on pure samples.12= 4-phenyl-butan-2-one;13= 4-
phenyl-but-3-en-2-ol.

c Repeated three times to check for reproducibility.

6 h at 120◦C, 200 psi H2. These data confirm the high speci-
ficity of these catalytic systems for CC double bond hydro-
genation for activated substrates under the conditions stated.

3.4. Hydrogen transfer catalytic tests

The Ru(II) complexes were tested in transfer hydrogena-
tion catalysis using HCO2Na as reducing agent in water.
The regioselectivity of the catalysts was checked using both
BZA and CNA as substrates. In the former case, addition of
MeOH was needed due to the insolubility of BZA in water.
All Cp-based complexes tested for the reduction of BZA at
moderate catalytic ratio (1:100) at 90◦C, gave moderate con-
versions (ca. 30%) after 6 h, showing good selectivity to the
saturated ketone. Almost complete conversion and selectivity
was observed using2under the same experimental conditions
(Table 5).

The transfer hydrogenation of CNA to dihydrocin-
namaldehyde (15), cinnamol (16) and 3-phenyl-1-propanol
(17) was carried out at lower catalytic ratio (1:66) as described
for a comparable study usingcis-[RuCl2(PTA)4] [13a]. The
results summarized inTable 6confirm a remarkable differ-
ence in activity between Cp and Cp* complexes.

A strong influence of the degree of methyl substitution
in the ancillary ligands on the regioselectivity of hydro-
g by
L NA
u te
l or
d re

T
H
H

C
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p

pecies thus reducing the activity. Lowering the tempera
o 40◦C did not affect activity or selectivity which were fou
o be greater than 99% after 6 h at 200 psi H2 (optimized con
itions). At 25◦C and 200 psi H2, moderate conversion w
bserved (46%), which raised to 88% after 16 h in a s
ate experiment (Table 4). In all cases high selectivity to th
aturated ketone was maintained.

We tried to expand the scope of the reaction by testing
erent substrates for hydrogenation. Diphenyl acetylene
educed at 80◦C, 200 psi H2 in n-octane/H2O with low con-
ersion (9.5%) tocis-stilbene (2.9%) and 1,2-diphenyletha
6.6%). Under the same conditions,trans-stilbene was con
erted to 1,2-diphenylethane with 10.8% conversion. Sty
as hydrogenated to ethylbenzene (12.3%) after 6 h at 8◦C
sing 200 psi H2 or alternatively in 1 h at 450 psi H2 (12.9%
onversion). Acetophenone was recovered unchanged
enation of �,�-unsaturated substrates was observed
opez-Linares et al. for the transfer hydrogenation of C
sing [Ir(COD)Cl]2 stabilized by hydro(pyrazolyl)bora

igands [6a]. When hydrotris(pyrazolyl)borate (Tp)
ihydrobis(3,4,5-trimethylpyrazolyl)borate (Bp*) we

able 5
ydrogen transfer tests for the reduction of BZA using HCO2Na/

2O/MeOHa

atalyst % conversionb % 12b % 13b % 14b

1 36.1 33.9 2.19 0.0
2 97.4 96.9 0.0 0.5
8 29.0 28.5 0.4 0.1
1 34.9 34.3 0.4 0.2

a Conditions: BZA, 0.75 mmol; catalyst, 7.5× 10−3 mmol; HCO2Na,
.5 mmol; MeOH, 3 ml; H2O, 3 ml; 90◦C, 6 h.

b GC values based on pure samples.12= 4-phenyl-butan-2-one;13= 4-
henyl-but-3-en-2-ol;14= 4-phenyl-butan-2-ol.
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Table 6
Hydrogen transfer tests for the reduction of CNA using HCO2Na/H2Oa

Catalyst % conversion (h)b % 15b % 16b % 17b

1 11.1(5) 9.5 0.8 0.8
2 76.7(1/4) 26.5 26.7 23.6
2 93.4(1) 20.0 24.5 48.9
2 99.4(5) 5.6 7.3 86.5
2c 86.3(1) 27.2 30.4 28.7
2d 47.1(1) 13.9 27.0 6.2
2e 8.2(1) 3.4 4.4 0.4
2f 45.4(1) 21.8 9.9 22.9
8 5.7(5) 5.7 0.0 0.0
9 5.8(5) 5.8 0.0 0.0
10 77.2(5) 26.5 16.9 33.8
11 11.5(5) 9.8 0.8 0.9

a Conditions: CNA, 2 mmol; catalyst, 3× 10−2 mmol; HCO2Na,
22 mmol; H2O, 6 ml, 80◦C.

b GC values based on pure samples.15= dihydrocinnamaldehyde;
16= cinnamol;17= 3-phenyl-1-propanol.

c 60◦C.
d 40◦C.
e 25◦C.
f CNA, 1.5 mmol;2, 7.5× 10−3 mmol; HCO2Na, 15 mmol; H2O, 3 ml,

80◦C.

used, the selectivity shifted to dihydrocinnamaldehyde,
whereas using hydrotris(3,5-dimethylpyrazolyl)borate (Tp*)
or hydrotris(3,4,5-trimethylpyrazolyl) borate (Tp3Me), the
main product was observed to be cinnamol.

In our systems, the difference is rather in the activity of the
catalysts, from moderate (Cp, complexes1, 7, 9, 11) to ex-
cellent (Cp*, complexes2, 10) under the same experimental
conditions. Interestingly, high regioselectivity to CC double
bond hydrogenation using HCO2Na/H2O is usually featured
by Rh–PTA complexes, such as [Rh(PTAH)(PTA)2Cl]Cl, as
reported by Darensbourg et al.[35]. At 80◦C in the presence
of 2, 76.7% CNA is converted into a ca. equimolar distribu-
tion to the three possible products after 15 min. After 1 h, 93%
conversion is reached with over-hydrogenation to the fully
saturated product (17) being observed (15:16:17= 1:1.2:2.4).
Product17 becomes dominant after 5 h (99.4% conversion,
15:16:17= 1:1.3:15.4), as shown inFig. 3.

The effect of the temperature was also tested. At 60◦C, an
almost equimolar distribution is observed after 1 h, 86% con-
version; at 40◦C a higher amount of cinnamol was obtained,
namely15:16:17= 1:1.9:0.46, although conversion dropped
to 47%. At 25◦C, only 8% CNA is converted, with a dis-
tribution of15:16:17= 1:1.3:0.12. These data suggest that at
higher temperature the hydrogenation of cinnamol (16) is
faster than for dihydrocinnamaldehyde (15), confirming the
p .
H
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b
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Fig. 3. Reduction of CNA using HCO2Na/H2O in the presence of2 (1:66
except last bars, 1:200).

Ru(IV)–dihydride complex [Cp*Ru(H)2(PTA)2]X (X = Cl,
PF6) are formed, whereas [CpRu(H)(PTA)2] is obtained un-
der the same conditions[18]. The data are supported by DFT
calculations which will be published in due course[36]. The
nature and stability of these intermediates may be crucial
to the different catalytic activity of the corresponding pre-
cursors. Conversely, stable [CpRu(H)(PTA)2] is formed by
reaction of1with HCO2Na, whereas formation of highly re-
active [Cp*Ru(H)(PTA)2]Cl was observed by reaction of2
with HCO2Na under the same conditions[36].

4. Conclusions

In this study, new Ru(II) complexes containing the water
soluble phosphine PTA and (modified)�5-cyclopentadienyl
rings were synthesized and tested as catalysts for regiose-
lective hydrogenation of�,�-unsaturated compounds. Un-
der an atmosphere of hydrogen and mild conditions, all
complexes have shown almost complete selectivity towards
C C hydrogenation. The best activity (almost compara-
ble) was shown by complexes [CpRuCl(PTA)2] (1), and
[CpRu(MeCN)2(PTA)](PF6) (8), while lower activity was
shown by [Cp*RuCl(PTA)2] (2). The opposite trend was ob-
served under hydrogen transfer conditions, where Cp* com-
p gues.
T ed
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gh
C 64
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g

reference of our catalytic system to CC bond reduction
igher catalytic ratios (1:200) can also be used. At 80◦C,
5.4% CNA is converted in a ratio15:16:17= 1:0.45:1.05
uggesting that the larger effect on the selectivity is pla
y the temperature.

Although we cannot propose a comprehensive ratio
or the different behaviour of these systems based only on
lytic data at this time, studies in progress on Ru–PTA hyd

ormation suggest that under hydrogen pressure, a s
lexes are generally much more active than the Cp analo
he regioselectivity of CNA hydrogenation is influenc
ainly by the temperature in our systems.
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[7] F. Jóo, N. Balogh, L.I. Horvath, G. Filep, I. Horvath, L. Vigh, Anal.
Biochem. 194 (1991) 34.

[8] V.R. Parameswaran, S. Vancheesan, Proc. Indian Acad. Sci. Chem.
Sci. 103 (1991) 1.

[9] K.T. Wan, M.E. Davis, J. Chem. Soc., Chem. Comm. (1993)
1292.

[ 91)

[
.

[
[

[ 98)

[ n-

n-

[ 83;
689

[ 42

[ zza,
mun.

[ . 11

[20] P.S. Hallman, T.A. Stephenson, G. Wilkinson, Inorg. Synth. 12
(1970) 237.

[21] B.M. Trost, C.M. Older, Organometallics 21 (2002) 2544.
[22] D.D. Perrin, W.L.F. Armarego (Eds.), Purification of Laboratory

Chemicals, 3rd ed., Butterworths and Heinemann, Oxford, 1988.
[23] R.H. Blessing, Acta Crystallogr. Sect. A 51 (1995) 33.
[24] P. Barbaro, C. Bianchini, G. Capannesi, L. Di Luca, F. Laschi, D.

Petroni, P.A. Salvadori, A. Vacca, F. Vizza, J. Chem. Soc., Dalton
Trans. (2000) 2393.

[25] P. Gans, A. Sabatini, A. Vacca, J. Chem. Soc., Dalton Trans. (1985)
1195.

[26] T.-F. Wang, T.-Y. Lee, J.-W. Chou, C.-W. Ong, J. Organomet. Chem.
423 (1992) 31.

[27] A. Altomare, M.C. Burla, M. Camalli, G.L. Cascarano, C. Giacov-
azzo, A. Guagliardi, A.G. Moliterni, G. Polidori, R. Spagna, SIR97,
J. Appl. Crystallogr. 32 (1999) 115.

[28] G.M. Sheldrick, SHELX-97, Program for Crystal Structure Refine-
ment, University of Gottingen, Germany, 1997.

[29] P.J. Dyson, D.J. Ellis, G. Laurenczy, Adv. Synth. Catal. 345 (2003)
211.

[30] L. Gonsalvi, M. Peruzzini, F. Vizza, Protonation equilibria in wa-
ter involving PTA and its hydrosoluble complexes have received
scarce attention, Potentiometric studies on selected ruthenium PTA
complexes coupled with NMR experiments in buffered aqueous solu-
tions are currently under study and will be published in due course,
unpublished results.

[31] (a) A.L. Llamas-Saiz, C. Foces-Foces, J. Elguero, J. Mol. Struct.
328 (1994) 297;
(b) R.W. Alder, T.M.G. Carniero, R.W. Mowlan, A.G. Orpen, P.A.
Petillo, D.J. Vachan, G.R. Weisman, J.M. White, J. Chem. Soc.,

[ un.

[ oc.,

K.
994)

ies,
ock-

Acta

rys-

[ r. C

[ J.

[ , in
10] J. Grosselin, C. Mercier, G. Allmang, Organometallics 10 (19
2126.

11] (a) F. Jóo, M.T. Beck, React. Kinet. Catal. 2 (1975) 257;
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