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The synthesis of a series of (ethynylferrocenyl)phosphino ruthenium compounds of type (FcC=C)R,-
P(RuCly(175-p-cymene)) (3a, R=CgHs; 3b, R=2-CH3Ce¢Hs; 3¢, R=°C4H30; 3d, R=t-Bu; 3e, R=" CgHi;
p-cymene = 1-'C3H;-4-CH3-CgHa; Fc = Fe(1°-CsHy)(17°-CsHs)) and (RuCly(5%-p-cymene))(FcC=C)P(C=CP-
Ph,(RuCly(#5-p-cymene))), (10) resulting from the addition of ferrocenylphosphines P(C=CFc)R, (1a-
1e) or P(C=CFc)(C=CPPh,), (9) to [RuCl,(5®-p-cymene)], (2) is described. The structures of 3b, 3¢ and
10 in the solid state are reported confirming the expected tetrahedral coordination sphere about the
phosphorus atom as well as the “piano-stool” arrangement about the ruthenium atom(s). Ruthenium
complexes 3 and 10 are catalytically active under mild conditions in the alkyne-to-carboxylic acid cou-
pling as it was shown for the reaction of propargyl alcohol with benzoic acid. A comparison with litera-
ture known [RuCl,(PRs)(5-p-cymene)] catalysts is presented.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Since the pioneering work of Dixneuf and co-workers [1a], the
ruthenium-promoted synthesis of f-oxo esters developed rapidly
and is now-a-days an integral part in homogeneous catalysis,
applicable on bulky or functionalized carboxylic acids [2]. This
reaction is atom-economic, which provides an elegant alternative
to classical synthesis methodologies of p-oxo esters. Established
standard methods for the preparation of g-oxo esters include, for
example, the preparation from propargylic alcohols by hydration-
esterification steps [3-6] or the carboxylation of o-halo ketones
[6-13]. In general, 8-oxo esters are of versatile interest in organic
synthesis and industry, because they easily form o«-hydroxy ke-
tones which are structural building blocks in, for example, the syn-
thesis of natural products [3-6], antibacterial compounds [14] and
intermediates for furanones and imidazoles, respectively [1a,14].
In addition, B-oxo esters can be used as photolabile protecting
groups for carboxylic acids [6,15] or even as activated esters for
peptide synthesis [14]. Early works on the catalytic addition of ter-
minal alkynes to carboxylic acids include the application of
[Rus(CO);2] [1,16] or [RuCls x 3H,0] [1a] as catalyst precursors.
In recent years, several phosphine-carrying catalysts have been
developed, for example, [RuCly(#°-p-cymene)(PRs)] (R =Ph, Me,
OPh) [1,17] or [Ru(uO,CH)(CO),(PPhs3)], [1b,2], which show high
conversions and regioselectivity under mild reaction conditions
using basic phosphines. In contrast, Goossen et al. reported that
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even better yields are obtained using phosphines with strong 7-
acceptor ability, e.g. P(°C4H30)s3 [9]. In addition, also water-soluble
[3,35] or on MCM-41-immobilized ruthenium(Il) [19] catalysts
have been developed.

We here report on the synthesis of diverse (ethynylferroce-
nyl)phosphino ruthenium(Il) complexes and their application in
the catalytic formation of -oxopropyl benzoate to clarify the ques-
tion whether strong or weak electron donating groups at the phos-
phorus atom are responsible for the activity. Given the fact that PR3
groups are known to be highly sensitive toward oxygen we intro-
duced a ferrocenyl group for more stability and an additional
alkynyl functionality due to its electron-withdrawing nature. Also,
the preparation of a molecule featuring three ruthenium dichloro
p-cymene units is discussed to evaluate possible synergistic and
cooperative effects in the catalytic performance.

2. Experimental
2.1. General procedure and materials

All reactions were performed under an atmosphere of nitrogen
using standard Schlenk techniques. Diethyl ether and dichloro-
methane were dried over sodium/benzophenone and calcium
hydride, respectively, and purified by distillation. For filtrations
Celite (purified and annealed, Erg. B.6, Riedel de Haen) was used.
Column chromatographies were performed using silica with a
particle size of 40-60 um (230-400 mesh (ASTM), Becker). Com-
pounds Fc-C=C-PR, (la-1e) [20,21], HC=C-PPh, (4) [22],
P(NEt,)Cl, (5) [23] and [RuCly(#5-p-cymene)], (7) [24] were
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synthesized according to published procedures. All other chemicals
were obtained from commercial suppliers and used without fur-
ther purification.

The "H NMR spectra were recorded with a Bruker Avance 11l 500
spectrometer working at 500.3 MHz. The '*C{'H} and *'P{'H} NMR
spectra were recorded at 125.7 MHz and 202.5 MHz, respectively.
Chemical shifts are reported in 6 units (parts per million) down-
field from tetramethylsilane with the solvent as reference signal
('H NMR: standard internal CDCls, 6 7.26; >C{'H} NMR: standard
internal CDCls, 6 77.16; 3'P{'H} NMR: standard external rel. 85%
HsPOg4, 6 0.0 and P(OMe)s, 6 139.0). High resolution mass spectra
were recorded with a Bruker Daltonik micrOTOF-QII spectrometer
(ESI-TOF). Elemental analyses were carried out with a Thermo
FlashAE 1112 series instrument. Melting points of analytical pure
samples were determined by a Gallenkamp MFB 595 010 M melt-
ing point apparatus. FT IR spectra were recorded with a Thermo
Nicolet IR 200 spectrometer using either KBr pellets or NaCl plates.

2.2. General procedure for the synthesis of ruthenium complexes 3a-
3e and 10

0.5 g of 1 or 9 and 0.5 or 1.5 equiv. of [RuCl,(#5-p-cymene)]; (2)
were dissolved in 40 mL of dry dichloromethane. The solution was
stirred for 2 h at ambient temperature. Afterwards, the solvent was
removed in vacuum and the residue was washed 5-6 times with
5 mL portions of diethyl ether. After drying in vacuum the appro-
priate complexes were obtained as orange solids.

2.2.1. Synthesis of (FECC=C)(CsHs),P(RuCly(#®-p-cymene)) (3a)

Following the synthesis methodology described above, 0.5¢g
(1.27 mmol) of 1a were reacted with 0.39 g (0.63 mmol) of 2. After
appropriate work-up, 3a was isolated as an air stable orange solid.
Yield: 0.88g (1.22mmol, 97% based on 2). Anal. Calc. for
Cs34H33ClLFePRu x 1/4 CH)Cl, (721.65 g/mol): C, 57.00; H, 4.68.
Found: C, 56.96; H, 4.66%. Mp.: 200 °C (dec.). IR (KBr, v/cm 1)
1436 (m, P-C), 2153 (m, C=C). '"H NMR (500.30 MHz, CDCl3, 4):
1.23 (d, 3Jyn = 6.9 Hz, 6H, CH(CHs),), 2.00 (s, 3H, CH3), 2.95 (sept,
3Jan=7.0Hz, 1H, CH(CHs),), 4.30 (s, 5H, CsHs), 437 (pt,
3Jun=1.9Hz, 2H, CsHy4), 4.62 (pt, *Juu = 1.9 Hz, 2H, CsH,), 5.23-
5.26 (m, 2H, CgH,4), 5.30 (s, CHyCly), 5.31-5.33 (m, 2H, CgH,),
7.33-7.39 (m, 6H, H™P/CgHs), 8.01-8.09 (m, 4H, H°/CgHs). >C{"H}
NMR (125.81 MHz, CDCls, §): 17.7 (s, CH3), 22.2 (s, CH(CHs3)y),
30.5 (S, CH(CH3)2), 53.57 (S, CHzClz), 62.1 (d, 3_Icp=3.0 Hz, Cl/
CsHa), 70.1 (s, CP/CsH,), 70.4 (s, CsHs), 72.4 (d, %Jcp=1.0 Hz, C¥/
CsH.), 78.3 (d, YJep = 53.3 Hz, C=C-P), 86.8 (d, ?Jcp = 6.2 Hz, CgHa),
90.6 (d, ?Jcp=4.3 Hz, CgH,), 96.0 (s, C/[C¢H,), 109.6 (s, C//CeHa),
1104 (d, ¥cp=13.4Hz, C=C-P), 128.1 (d, 3Jcp=10.8 Hz, C"/
CeHs), 130.4 (d, 4cp = 2.7 Hz, C?/CgH5), 132.7 (d, Yop = 54.2 Hz, C//
CeHs), 1333 (d, ¥Yeop=103Hz, C°/CeéHs). >'P{'H} NMR
(20253 MHz, CDC13, ()) —3.3. HRMS (ES]-TOF) C34H33C12FEPRU
[M+nK]* m/z: calcd.: 740.9717, found: 740.9639; [M—CI|* m/z:
calcd.: 665.0404, found: 665.0448.

2.2.2. Synthesis of (FcC=C)(2-CH3CgH4)2P(RuCl,(n°-p-cymene)) (3b)

0.5 g (1.18 mmol) of 1b were reacted with 0.36 g (0.59 mmol) of
2. After appropriate work-up, complex 3b was isolated as orange
solid. Yield: 0.71 g (0.97 mmol, 82% based on 2). Anal. Calc. for
C3gH3;Cl,FePRu (728.47 g/mol): C, 59.35; H, 5.12. Found: C,
59.42; H, 5.13%. Mp.: 195°C. IR (KBr, vjcm™!): 1468 (m, P-C),
2150 (s, C=C). 'H NMR (500.30 MHz, CDCls;, 4): 1.08 (d,
3Jun=7.0 Hz, 6H, CH(CHs);), 2.10 (s, 3H, CHs), 2.16 (s, 6H, 2-
CH5CgH4), 2.86 (sept, 3Juy=7.0Hz, 1H, CH(CHs),), 4.18 (s, 5H,
CsHs), 4.30 (pt, *Jun = 1.9 Hz, 2H, CsHy), 4.52 (pt, >Jun = 1.9 Hz, 2H,
CsHy), 5.04-5.07 (m, 2H, CgH,), 5.31-5.34 (m, 2H, CgH,4), 7.09-
7.14 (m, 2H, HP/Z—CH3C6H4), 7.29-7.35 (m, 4H, Hm/Z—CH3C5H4).
8.43-8.52 (m, 2H, H°/2-CH3CeH,). >C{'H} NMR (125.81 MHz,

CDCls, 8): 17.5 (s, CH3), 21.8 (s, CH(CH3),), 22.5 (d, 3Jcp = 4.9 Hz,
2—CH3C6H4), 30.0 (S, CH(CHg)z), 62.7 (d, 3Jcp=3.4 Hz, Ci/C5H4),
69.9 (s, CP|CsHy), 70.3 (s, CsHs), 72.1 (d, “Jcp = 0.6 Hz, C*/CsHy),
79.6 (C=C-P¥), 86.6 (d, ?Jcp = 5.3 Hz, CgH,), 91.5 (d, ?Jcp = 5.1 Hz,
CsHa), 95.2 (s, C'CeHa), 109.5 (d, %Jcp = 13.5 Hz, C=C-P), 109.6 (s,
C!/CgHa), 125.7 (d, Jcp = 12.5 Hz, 2-CH3CsH4), 130.4 (d, Jcp = 16.7 Hz,
2-CH3CgHy), 1309 (d, Jeop=2.4Hz, 2-CHsCsH,), 131.8 (d,
Jop=7.9Hz, 2-CH3CgHy), 1354 (m, 2-CH3CgH,), 141.9 (d,
Jep=5.9Hz, 2-CH5CsH,). 3'P{'H} NMR (202.53 MHz, CDCls, §):
—9.1. HRMS (ESI-TOF) C3¢Hs3,Cl,FePRu [M]" m/z: calcd.: 728.0403,
found: 728.0413; [M-Cl]" m/z: «caled.: 693.0717, found:
693.0709. *) Signal concealed by CDCls.

2.2.3. Synthesis of (FECC=C)(C4H30),P(RuCly(1®-p-cymene)) (3c)

0.5 g (1.34 mmol) of 1c were reacted with 0.41 g (0.67 mmol) of
2. After appropriate work-up, 3¢ was isolated as an orange solid.
Yield: 0.88g (1.26 mmol, 94% based on 2). Anal. Calc. for
C30H29ClFeO,PRu x 1/5 CH,Cl, (697.33 g/mol): C, 52.02; H, 4.25.
Found: C, 52.03; H, 4.49%. Mp.: 175 °C. IR (KBr, v/cm™'): 1007 (s,
C-0), 1458 (w, P-C), 2159 (s, C=C). '"H NMR (500.30 MHz, CDCls,
5): 1.18 (d, 3Jyy=6.9 Hz, 6H, CH(CHs3),), 2.06 (s, 3H, CHs), 2.91
(sept, *Jun = 6.9 Hz, 1H, CH(CHs),), 427 (s, 5H, CsHs), 4.31 (pt,
3Jun = 1.9 Hz, 2H, CsHy), 4.58 (pt, 3Juu = 1.9 Hz, 2H, C5H.), 5.30 (s,
CH2C12), 5.49-5.51 (m, ZH, C6H4), 5.54-5.57 (m, 2H, C6H4), 6.48
(dt, YJup = 1.6 Hz, *Jyn = 3.4 Hz, 3y = 1.6 Hz, 2H, H*/C,H50), 7.21
(m, 2H, H3|C4Hs0), 7.68 (m, 2H, H’>/C,H;0). '>C{'H} NMR
(125.81 MHz, CDCls, §): 17.8 (s, CHs), 22.0 (s, CH(CH;),), 30.4 (s,
CH(CH3),), 53.53 (s, CHxCly), 61.7 (d, 3Jcp = 3.7 Hz, C/CsHy), 70.1
(s, C#|CsH,), 70.7 (s, CsHs), 72.5 (d, #Jcp = 0.8 Hz, C,/CsHy), 74.0 (d,
Yep=112.6 Hz, C=C-P), 86.9 (d, }cp=6.7Hz, CsHs), 90.9 (d,
2_]cp=5.4 Hz, C6H4), 96.7 (S, Ci/C6H4), 109.0 (d, 2_](:[):18.1 Hz,
(=C-P), 109.5 (s, CCgH,4), 111.6 (d, 3Jcp=7.6 Hz, C*/C4H50),
123.0 (d, ¥ep=17.7 Hz, C3/C;H50), 144.5 (d, 'Jop=81.0Hz, C?
CH30), 1474 (d, “Yeop=5.6Hz, C°/C4H;0). >'P{'"H} NMR
(202.53 MHz, CDCls, 6): —26.0. HRMS (ESI-TOF) C39H,9Cl;FeO,PRu
[M]" m/z: calcd.: 679.9674, found: 679.9673.

2.2.4. Synthesis of (FcC=C)(*Bu),P(RuCl,(n°-p-cymene)) (3d)

Reaction of 0.5 g (1.41 mmol) of 1d with 0.42 g (0.69 mmol) of 2
gave, after appropriate work-up, complex 3d which was isolated as
an air stable orange solid. Yield: 0.87 g (1.28 mmol, 93% based on
2). Anal. Calc. for C3gH4 CloFePRu x 1/4 CH,Cl, (681.68 g/mol): C,
53.30; H, 6.14. Found: C, 53.26; H, 6.22%. Mp.: 151 °C (dec.). IR
(KBr, vjem™!): 1467 (w, P-C), 2158 (s, C=C), 2959 (s, C-H). 'H
NMR (500.30 MHz, CDCls, §): 1.30 (d, 3Juy = 6.9 Hz, 6H, CH(CH3),),
1.51 (d, *Jyp = 14.8 Hz, 18H, C(CH;3)3), 2.15 (s, 3H, CHs), 3.12 (sept,
3Jau=6.5Hz, 1H, CH(CHs),), 4.31 (s, 5H, CsHs), 4.37 (m, 2H,
C5H4), 4.57 (m, 2H, C5H4), 5.30 (S, CHzclz), 5.40-5.48 (m, 4H,
CeH,). 3C{'H} NMR (125.81 MHz, CDCl3, 6): 17.7 (s, CHs), 22.2 (s,
CH(CHg)z), 29.5 (S, CH(CH3)2), 30.6 (d. 2_]CP= 3.5 Hgz, C(CH3)3). 39.3
(d, YJep=14.8 Hz, C(CH3)3), 53.52 (s, CH,Cl,), 62.8 (d, 3Jcp = 2.3 Hz,
C/|CsHy), 69.9 (s, CsHy), 70.0 (s, CsHs), 72.0 (s, CsHy), 80.8 (d,
ep=33.0Hz, C=C-P), 89.2 (d, %)Jcp=5.0Hz, CgH4), 89.3 (d,
2Jep=4.6 Hz, CgH,), 97.2 (s, C¢Hy), 106.5 (s, CgHy), 108.1 (d,
2Jep = 2.2 Hz, C=C-P). 3'P{'"H} NMR (202.53 MHz, CDCls, §): 26.7.
HRMS (ESI-TOF) CsoH4;ClyFePRu [M—CI]* m/z: calcd.: 625.1029,
found: 625.0936; [M—(#®-p-cymen)RuCl,]" m/z: calcd.: 354.1194,
found: 354.1188.

2.2.5. Synthesis of (FECC=C)(“C¢H;1)-P(RuCly(n°-p-cymene)) (3e)
Reaction of 0.5 g (1.23 mmol) of 1e with 0.38 g (0.62 mmol) of 2
gave, after appropriate work-up, 3e which was isolated as an or-
ange solid. Yield: 0.86 g (1.17 mmol, 94% based on 2). Anal. Calc.
for C34H4sClFePRu x 1/4 CH,Cl, (733.75 g/mol): C, 56.06; H,
6.25. Found: C, 56.37; H, 6.49%. Mp.: 201 °C. IR (KBr, v/cm™!):
1447 (m, P-C), 2154 (m, C=C), 2924 (vs C-H). 'H NMR
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(500.30 MHz, CDCls, ): 1.25 (d, *Jyn = 6.9 Hz, 6H, CH(CH5),), 1.22-
1.35 (m, 6H, CgHy1), 1.54-1.69 (m, 6H, CgHq;), 1.76-1.81 (m, 4H,
CgH11), 1.90-1.94 (m, 2H, CgHq1), 2.01-2.03 (m, 2H, CgHqy), 2.11
(s, 3H, CH3), 2.47-2.53 (m, 2H, H'/C¢H1), 3.02 (sept, 3]y = 6.9 Hz,
CH(CHs),), 4.28 (s, 5H, CsHs), 4.36 (pt, *Juy = 1.8 Hz, 2H, CsH,), 4.57
(pt, 3Jun=1.8 Hz, 2H, CsH,), 5.29 (s, CH,Cl,), 5.39-5.42 (m, 4H,
CgHy4). "*C{'H} NMR (125.81 MHz, CDCls, 6): 17.7 (s, CHs), 22.2 (s,
CH(CH3)2), 26.2 (S, CGHH), 26.9 (d, ]CP= 11.0 HZ, C6H11), 27.3 (d,
_]Cp= 13.3 HZ, C6H1]), 279 (d, JCP=4~O HZ, C6H1]), 28.7 (m, CGH“),
299 (S, CH(CHg)z), 343 (d' 1_]CP=26.4 Hz, C]/CGHH), 53.55 (S,
CHzClz), 62.8 (d, 3]cp=2.7 Hz, Ci/C5H4), 69.9 (S, C5H4), 70.3 (S,
CsHs), 72.3 (s, CsHy), 79.0 (d, 'Jep =65.1 Hz, C=C-P), 88.5 (d,
*Jcp=4.8 Hz, CeHa), 90.0 (d, Ycp=4.5Hz, CeHy), 97.3 (s, CeHa),
105.1 (s, CgHy), 108.1 (d, )Jcp=4.5Hz, (=C-P). 3'P{'H} NMR
(202.53 MHz, CDCl3, 6): 14.4. HRMS (ESI-TOF) C54H45Cl,FePRu [M
- Cl*m/z: calcd.: 677.1343, found: 677.1249.

2.3. Synthesis of (Et,N)P(C=C-P(C¢Hs)2)> (6)

Phosphine 6 was synthesized by a modified literature proce-
dure. [22] To 2.0g (9.52 mmol) of 4 dissolved in 50 mL of dry
diethyl ether, 3.8 mL (9.5 mmol) of "BuLi were added dropwise at
—50 °C. After stirring the solution for 30 min at ambient tempera-
ture it was again cooled to —30°C and 0.69 mL (826 mg,
4.75 mmol) of CI,PNEt, (5) were added dropwise. The reaction
mixture was stirred at ambient temperature for 1 h and then fil-
tered through a pad of Celite. The resulting solution was evapo-
rated to dryness and the product was obtained as brown viscous
oil in high purity. Phosphine 6 was used without further purifica-
tion steps. Yield: 2.4 g (4.68 mmol, 97% based on 5). C33H30NP3
(521.51 g/mol). 3'P{'"H} NMR (101.249 MHz, CDCl;, §): —34.0 (d,
3Jop = 2.7 Hz, PhyP), —0.9 (t, 3Jpp = 3.2 Hz, Et,NP).

2.4. Synthesis of P(C=CFc)(C=CPPh,), (9)

To a solution of 2.4 g (4.68 mmol) of 6 in 50 mL of dry diethyl
ether, 10 mL of a 1.0 M solution of HCl (2 equiv.) in diethyl ether
were added slowly at ambient temperature. The resulting mixture
was stirred for 1 h and then added dropwise to a cooled solution
(=50 °C) of 8 in dry diethyl ether. Compound 8 was prepared by
dropwise addition of 1.7 mL (4.25 mmol) of "BuLi to a solution of
0.89 g (4.26 mmol) of ethynyl ferrocene in 30 mL of dry diethyl
ether. The resulting mixture was stirred for 1 h at ambient temper-
ature and was then concentrated in vacuum. The residue was puri-
fied by column chromatography on silica gel (column size:
4 x 20 cm) using n-hexane as eluent. Phosphine 9 was obtained
as a red solid. Yield: 1.63 g (2.48 mmol, 58% based on "Buli). Anal.
Calc. for C4oHyoFePs (658.42 g/mol): C, 72.97; H, 4.44. Found: C,
73.33; H, 4.62%. IR (NaCl, vjcm™'): 1434 (m, P-C), 2151 (s, C=C),
2175 (m, C=C). 'H NMR (250.130 MHz, CDCls, 6): 4.26 (s, 5H,
CsHs), 4.30 (pt, *Jun=1.9Hz, 2H, CsHy), 4.57 (pt, 3Jun=1.9 Hz,
CsHy), 7.32-7.40 (m, 12H, H™P|C¢Hs), 7.63-7.71 (m, 8 H, H°/
CgHs). >C{'H} NMR (62.895 MHz, CDCls, 6): 62.8 (d, 3Jcp = 0.5 Hz,
C|CsHy), 69.8 (s, C#|CsHy), 70.4 (s, CsHs), 72.4 (d, 4Jcp = 1.8 Hz, C¥/
CsHa), 74.1 (dpt, Yep=13.4 Hz, Ycp = 2.3 Hz, FcC=CP), 99.7 (dpt,
Yep=3.8Hz, ?Jep=2.3Hz, Ph,PC=C), 105.6 (dd, Jeop=19.1Hz,
%Jep = 4.2 Hz, Ph,PC=C), 107.5 (d, %Jcp = 13.7 Hz, FcC=CP), 128.9
(d, 3Jcp=7.8Hz, C"|CsHs), 129.4 (s, CP/CsHs), 1329 (d, %Jcp=
20.6 Hz, C°/CgHs), 135.1 (d, 'Jep=6.2 Hz, *Jcp=1.0Hz, C'/CgHs).
31p{'H} NMR (101.249 MHz, CDCl;, §): —88.2 (t, 3Jpp=4.8 Hz,
FcC=CP), —-32.7 (d, 3Jpp=4.8 Hz, Ph,PC=C). HRMS (ESI-TOF)
C4oHyoFeP3 [M]* m/z: calcd.: 658.0827, found: 658.0778.

2.5. Synthesis of (RuCly(n®-p-cymene))(FcC=C)P(C=CPPh,(RuCl,(1°-
p-cymene))); (10)

0.5 g (0.76 mmol) of 9 were reacted with 0.70 g (1.14 mmol) of
2. After appropriate work-up (Section 2.2), 10 was isolated as an
orange solid. Yield: 1.18 g (0.75 mmol, 99% based on 9). Anal. Calc.
for C;oH71ClgFeP3Rus (1577.01 g/mol): C, 53.31; H, 4.54. Found: C,
53.05; H, 4.45%. Mp.: 150 °C. IR (NaCl, vjem!): 1435 (m, P-C),
2155 (m, C=C), 2179 (m, C=C). 'H NMR (250.130 MHz, CDCls,
5): 0.98 (d, *Juy = 4.5 Hz, 6H, CH(CHs),), 1.00 (d, 3Jyyy = 4.5 Hz, 6H,
CH(CHs),), 1.23 (d, 3Juy = 6.0 Hz, 6H, CH(CH3),), 1.81 (s, 6H, CHs),
2.00 (s, 3H, CH3), 2.55 (sept, 3Jun = 6.9 Hz, 2H, CH(CH5),), 2.88 (sept,
3Jun=6.9Hz, 1H, CH(CHs),), 423 (s, 5H, CsHs), 4.36 (pt,
3Jan =19 Hz, CsHy), 4.58 (pt, 3Jun=1.9 Hz, CsH,), 5.22-5.25 (m,
2H, CgH,4), 5.39-5.49 (m, 6H, CgH,4), 5.56-5.58 (m, 2H, CgH,),
5.64-5.67 (m, 2H, CgH,), 7.27-7.31 (m, 6H, H™P|CgH5), 7.35-7.38
(m, 6H, H™P|Ce¢Hs), 8.01-8.09 (m, 8H, H°/CgHs). '>C{'H} NMR
(125.81 MHz, CDCls, 8): 17.6 (s, CHs), 18.1 (s, CH3), 21.7 (s,
CH(CH3)2), 22.2 (S, CH(CHg)z), 223 (S, CH(CH3)2), 30.4 (S, CH(CHg)z),
30.8 (s, CH(CH3),), 60.1 (d, 3Jcp = 3.6 Hz, C'/CsH,), 70.8 (s, C#|CsHy),
70.9 (s, CsHs), 72.7 (m, C*/CsHy), 73.5 (d, Ycp = 127.4 Hz, FcC=CP),
86.4 (d, ?Jcp = 5.4 Hz, CgHy), 87.3 (d, ¥cp=6.0 Hz, CsHy), 88.0 (d,
’Jop=6.2Hz, CgH4), 899 (d, ?cp=7.0Hz, CgHs), 90.0 (d,
2Jep=4.3 Hz, CgHy), 91.4 (d, ?Jcp = 5.0 Hz, CgHy), 97.1 (s, C'/CsHa),
97.6 (s, C'[CgHy), 97.9 (s, C'/CsH,), 102.0 (d, YJcp = 9.1 Hz, Ph,PC=0),
102.5 (d, "Jep=8.7 Hz, Ph,PC=C), 109.0 (s, C'/CsH4), 1105 (d,
2Jep = 23.4 Hz, FcC=CP), 110.9 (s, C/CsH,), 128.3 (d, *Jcp = 10.9 Hz,
C™|CsHs), 128.8 (d, 3Jcp = 10.9 Hz, C™/CgH5), 130.1 (d, YJcp = 53.4 Hz,
C|CHs), 130.8 (d, 4Jcp = 2.3 Hz, CP/CsHs), 130.9 (d, #Jcp = 2.2 Hz, CP|
CeHs), 132.3 (d, Yep = 52.5 Hz, C'/CeHs), 133.0 (d, ¥Jcp = 10.8 Hz, C°/
CeHs), 1344 (d, %ep=105Hz, C°/CeHs). 3'P{'H} NMR
(101.249 MHz, CDCls, §): —44.8 (s, FcC=CP), —0.8 (s, Ph,PC=C).
HRMS (ESI-TOF) C;oH;1FePsRusClg [M]" m/z: calcd.: 1578.9370,
found: 1578.9253; [M-RuCly(#5-p-cymene)]" m/z: calcd.:
1270.9866, found: 1270.9751.

2.6. General procedure for the catalytic reactions

122 mg (1.0 mmol) of benzoic acid, 77 mg (0.5 mmol) of
acenaphthene (internal standard) and 1.0 mol% (based in Ru)
of the respective catalyst (3a-3e or 10) were dissolved in 15 mL
of chloro benzene. After addition of 0.87 mL (84 mg, 1.5 mmol) of
propargyl alcohol the reaction mixture was stirred at 80 °C and
samples (0.5 mL) were taken in periods of 1 h. The samples were
dried in vacuum and the conversions were determined by 'H
NMR spectroscopy.

2.7. Crystal structure determination

The crystal and intensity collection data for 3b, 3¢, and 10 are
summarized in Table 1. The data were collected with an Oxford
Gemini S diffractometer with graphite monochromatized Mo Ko
radiation (4 =0.71073 A) at 100 K. The structures were solved by
direct methods using sHeixs-97 [25] and refined by full-matrix
least-square procedures on F? using sHeixt-97 [26]. All non-hydro-
gen atoms were refined anisotropically and a riding model was
employed in the refinement of the hydrogen atom positions.

3. Results and discussion

The (ethynylferrocenyl)phosphino ruthenium(Il) complexes
(FcC=C)R,P(RuCl,(#5-p-cymene)) (3a, R = CgHs; 3b, R =2-CH;Ce-
Hs; 3c, R=°C4H30; 3d, R=t-Bu; 3e, R=°CgH;;; p-cymene=
1-iC3H7-4-CH3-CgHy; Fc = Fe(y°-CsHy4)(17°-CsHs)) were synthesized
by treatment of P(C==CFc)R, (1a-1e) [20] with 0.5 equiv. of dimeric
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Table 1
Crystal and intensity collection data for 3b, 3¢ and 10.
3b 3c 10
Formula weight 847.81 680.32 3681.84

Chemical formula C3;H3gClsFePRu C3oHa9ClyFeO;PRu Cig5H149C1o5Fe2PsRug

Crystal system triclinic triclinic triclinic
Space group P1 P1 P1
a(A) 10.1745(3) 9.7028(12) 12.1915(5)
b (A) 12.3193(4) 10.8658(6) 14.3215(5)
c(A) 15.2195(4) 13.8545(7) 25.1595(10)
o (°) 81.358 74.085 96.926
B(°) 87.010 78.058 103.679
y(°) 69.003 85.551 96.136
V(A3) 1760.76(9) 1373.9(2) 4195.2(3)
Pearc (g cm ™) 1.599 1.644 1.457
F(000) 860 688 1850
Crystal dimensions 0.3 x 0.3 x 0.3 0.2 x 0.2 x 0.1 0.2 x0.2 x 0.1
(mm)
V4 2 2 1
Maximum and 1.00000, 1.00000, 0.94896 1.00000, 0.93550
minimum 0.95682
transmission
Absorption 1.293 1.357 1.192
coefficient
(2, mm™1)
Scan range (°) 3.03-25.00 2.78-25.00 3.27-25.00
Index ranges -8<h<12 -11<h<11 -14<h<14
-14<k<14 -12<k<12 -17<k<16
-18<I<18 -16<I<16 -29<1<29
Total reflections 14838 12978 33943
Unique reflections 6158 4798 14712
Rint 0.0234 0.0234 0.0234
Data/restraints/ 6158/0/406 4798/0/334 14712/66/868
para-meters
Goodness-of-fit 1.043 1.107 1.059

(GOF) on F?
R:%, WRy? [I 26(I)]  0.0508, 0.1249 0.0200, 0.0508
R:?, WR,? (all data) 0.0622, 0.1298 0.0252, 0.0526
Largest differences 1.821, —1.155 0.450, —0.391

in peak and

hole peak in

final Fourier

map (e A3)

? Ry = [S(IFol = IFDISIFol]; WRy = [S(W(FS” = FE)P)) S (WFHI'%; S = [Sw(Fe —

F2)?]/(n — p)"2. n = number of reflections, p = parameters used.

0.0527, 0.1430
0.0616, 0.1494
2.737, -1.691

[RuClz(ns-p—cymene)]z (2) in dichloromethane at ambient temper-
ature (Reaction 1). After appropriate work-up, compounds 3a-3e
could be isolated as orange solid materials which are stable
towards air and moisture for months. They dissolve in common or-
ganic solvents including dichloromethane, chloroform and tetrahy-
drofuran, while in diethyl ether, n-hexane and toluene they are not
soluble.

@CEC*PRZ
Fe
sy

1/2 [RuCl, (18-p-cymene)], (2)

<

Tetrametallic 10 was prepared applying the consecutive synthe-
sis sequence shown in Scheme 1 of which the first three steps
could be carried out in a one-pot procedure. Attempts to isolate

»
< ——c=¢ o
Fe 2

chlorophosphine 7 failed due to its high reactivity and hence it
was used in the synthesis of 9 without additional purification
(Section 2). Addition of 7 to LiC=CFc (8) in diethyl ether at low
temperature gave by concomitant precipitation of LiCl red
P(C=CFc)(C=CPPh;);, (9) in moderate yield. Treatment of 9 with
2 produced (RuCly(#5-p-cymene))(FcC=C)P(C=CPPh,(RuCl,(#%-p-
cymene)), (10). In heterometallic RusFe 10 the building blocks
FcC=C, C=CPPh,(RuCl,(1°-p-cymene) and RuCl,(#°-p-cymene)
give rise to coordination number 4 at phosphorus.

Newly synthesized organometallic compounds 3, 9 and 10 have
been identified by elemental analysis, IR and NMR ('H, 3C{'H},
31p{H}) spectroscopy. ESI TOF mass-spectrometry and single crys-
tal X-ray structure analysis of 3b, 3c and 10 were additionally car-
ried out. However, all complexes show the tendency to enclose
solvent molecules which, even after 2-3 days in vacuum, could
not be completely removed. These solvents include chloroform,
dichloromethane and diethyl ether, whereas dichloromethane is
able to displace the other solvents.

The IR spectra of 3, 9 and 10 show very characteristic absorp-
tions for the FcC=C and Ph,PC=C alkynyl units in the expected re-
gion, i.e. at 2151 cm ™! (Ve—cppn2) and 2175 (Ve—crc) for 9 as well as
2155 cm™! (ve—cppnz) and 2179 (ve—cre) for 10. Upon coordination
of the phosphorus atom in 1 and 9 to the 16-valence electron com-
plex fragment RuCl,(#°-p-cymene) (formation of 3 and 10) a small
shift of the ferrocenyl acetylide and the phosphine alkynyl stretch-
ing frequencies to higher wavenumbers is induced, whereby the
ferrocenyl-bonded C=C triple bond is more affected (i.e. 1c,
Veec =2153 [20]; 3¢, ve—c=2159cm™'; Section 2). As conse-
quence thereof, IR spectroscopy is suited to monitor the progress
of the reactions.

In the '*C{'H} NMR spectra the alkynyl groups create two (3) or
four (9 and 10) exceptional resonance signals of which the phos-
phorus- (73-80 ppm, !Jpc = 13-127 Hz) and the ferrocenyl-bonded
acetylide carbon atoms (107-110 ppm, Jpc = 4-23 Hz) in 3a-3e
and 10 appear as doublets (Section 2). Complexation of the phos-
phorus atom in 1 and 9 to a RuCl,(#®-p-cymene)-fragment induces
a shift of the phosphorus atom signal to lower field, which is char-
acteristic in phosphorus transition metal chemistry [18]. While the
coupling patterns in 1, 3 and 10 are as expected (Section 2), com-
pound 9 possesses a more complex signal splitting which is attrib-
uted to the increased number of phosphorus atoms present.
Through the formation of a dative phosphorus-ruthenium bond
in 10 the ?Jyc coupling constant diminishes and hence is not any-
more detectable in the spectrum. Also a shift of the p-cymene
carbon atoms is observed when going from non-complexed to
the coordinated species (Section 2). In 10 a set of two cymene units
in the ratio of 2:1 is visible due to their different chemical environ-

e

/
ClwRu

(@)

3a-e

ments of which the signal of the inner phosphorus-bonded ruthe-
nium dichloro p-cymene moiety is found at lower magnetic field.
Notable in the spectrum of 10 is the observation of three signal sets
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Scheme 1. Consecutive synthesis of tetrametallic 10.

for the iso-propyl groups which can be explained by hindered
rotation. The same behavior is found for the diphenylphosphino
building blocks (Section 2).

As might have been expected, the '"H NMR spectra of 3,9 and 10
consist of distinctive signal patterns as typical for the ferrocenyl
and p-cymene units, respectively (Section 2).

A more expressive method than IR spectroscopy to verify the
progress of the reaction is >'P{'H} NMR spectroscopy. A significant
shift to lower field is observed upon coordination of the phos-
phines 3 and 9 to ruthenium (i.e. 1c, —83.4 [20]; 3¢, —26.0 ppm,
Section 2). Peculiar for 9 is the detection of a triplet at —88.2
(FcC=CP) and a doublet at -32.7 (C=CPPh,) with 3Jpp = 4.8 Hz,
while in 10 this coupling diminishes.

The structures of 3b, 3¢, and 10 in the solid state were deter-
mined by single X-ray diffraction studies confirming the half-sand-
wich configuration about the ruthenium(Il) center and the
tetrahedral environment at phosphorus. Single crystals of 3b and
3c could be grown from a saturated chloroform solution at ambient
temperature, while crystals of 10 were accessible by slow diffusion
of n-hexane into a saturated dichloromethane-chloroform solution
(1:1, v:v) containing 10 at 25 °C. It was found that all molecules crys-
tallize in the triclinic space group P1. The molecular structures of 3b
and 3care shown in Fig. 1, Fig. 2 displays tetrametallic 10. Geometric
details of 3b and 3c are listed in Table 2, while the ones of 10 are
summarized in the caption of Fig. 2. The crystallographic and refine-
ment data of all compounds can be found in Table 1 (Section 2). Bond
distances (A), angles (°) and torsion angles (°) of the ethynylferroce-
nyl and p-cymene units are as expected and similar to those re-
ported for closely related organometallic compounds [19-21,27].

Compounds 3b and 3c are set-up by the ferrocenylethynyl
unit, the two organic groups R and the ruthenium dichloro

©/ * ///\OH chloro benzene,

80 °C

[Ru]=3a-3c, 10

p-cymene moiety at phosphorus (Fig. 1). For 3b and 3c, respec-
tively, the bond angles around phosphorus P1 range from 108-
123 © and those around Rul from 84-95° (Table 2) indicating a
characteristic “piano-stool” geometry (Fig. 1). The carbon-carbon
triple bond distances C11-C12 are 1.198(8) (3b) and 1.204(3)
(3¢) A, which is typical for this type of bonding [20,21,27]. The
P1-C11-C12 and C11-C12-C6 units are with 178.8(5)° and
178.1(6)° (3b) as well as 170.91(18)° and 177.5(2)° (3c) essen-
tially linear. The two ferrocenyl cyclopentadienyl rings in mole-
cule 3c are in a nearly eclipsed conformation (3.1°), whereas in
complex 3b both cyclopentadienyl rings are with 22.5° about in
the middle between the fully eclipsed (0°) and the fully stag-
gered (36°) conformation. The D1-Fel and D2-Fel separations
are between 1.634-1.675 A (D1 = centroid of CsHs, D2 = centroid
of CsHy) and are similar to those of related compounds
[20,21,27].

The key structural data of 10 (Fig. 2) confirm the half-sandwich
structure about Rul, Ru2 and Ru3. The coordination number
around P1-P3 is four and along with the appropriate bond lengths
and angles a “piano-stool” geometry is setup (Fig. 2). Mentionable
are the distances Rul-P1 (2.2772(12) A, Ru2-P2 (2.3309(13) A)
and Ru3-P3 (2.3185(12)A) proving, as expected, the stronger
binding of the RuCly(#°-cymene) unit by P1 explainable by the
lower g-donor capability compared with the respective alkynyl
phosphine moieties [20,27]. All other bond distances and angles
agree well with those building blocks reported for similar
compounds [19-21,27].

The application of 3a-3e and 10 in the homogeneous ruthe-
nium-catalyzed addition of benzoic acid to propargyl alcohol for
the synthesis of B-oxopropyl benzoate was studied as model
system (Reaction 2).

O

o @
0]
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Fig. 1. ORTEP diagram (50% probability level) of the molecular structures of 3b (left) and 3c (right) with the atom numbering scheme. (Hydrogen atoms and chloroform as

packing solvent of 3b are omitted for clarity.)

Fig. 2. ORTEP diagram (50% probability level) of the molecular structure of 10 with
the atom numbering scheme. (Hydrogen atoms, packing solvent molecules and the
phenyl groups (except the ipso-carbon atoms) are omitted for clarity.) Selected bond
distances (A), angles (°) and torsion angles (°): Fe1-D1=1.661, Fe1-D2 = 1.630,
Ru1l-D3=1.699, Ru2-D4=1.703, Ru3-D5=1.702, C11-C12=1.205(7), C23-
(24 =1.196(7), C47-C48 =1.205(7), Ru1-Cl1 =2.3995(12), Ru1-Cl2 = 2.4095(13),
Rul-P1=2.2772(12), Ru2-CI3=2.4072(13), Ru2-Cl4=2.4171(13), Ru2-P2=
2.3309(13), Ru3-Cl5=2.4077(12), Ru3-Cl6=2.4068(12), Ru3-P3=2.3185(12),
P1-C12 = 1.742(5), P1-C23 = 1.764(5), P1-C47 = 1.758(5), P2-C24 = 1.770(5), P2-
C25=1.831(5), P2-C31 = 1.822(5), P3-C48 = 1.763(5), P3-C49 = 1.829(5), P3-C55 =
1.826(5); D1-Fel-D2=179.6, P1-C12-C11=170.1(5), P1-C23-C24=177.7(5),
P1-C47-C48 = 170.3(4), C6-C11-C12 = 177.8(6), P2-C24-C23 = 175.9(4), P3-C48-
C47 =173.8(4); P1-C12-C11-C6 =-71(16), P1-C23-C24-P2=-96(13), P1-C47-
C48-P3 = 73(5). Standard uncertainties of the last significant digit(s) are shown in
parenthesis. D1 = denotes the centroid of CsHs; D2 = denotes the centroid of CsHy,
D3-D5 = denotes the centroids of C¢Hg.

Various ruthenium complexes featuring different electron-rich
or electron-poor (ferrocenylethynyl)phosphino entities were
screened in order to identify factors that may influence the
catalytic activity and productivity. The donor capacity of the

Table 2
Selected bond lengths (A), bond angles and torsion angles (°) for 3b and 3c.?
3b 3c

Rul-P1 2.3799(13) 2.3035(5)
Rul-Cl1 2.4118(13) 2.4137(5)
Rul-CI2 2.4069(13) 2.4121(6)
P1-C12 1.764(6) 1.754(2)
P1-C23 1.831(5) 1.790(2)
P1-C27 1.804(2)
P1-C30 1.839(5)
C11-C12 1.198(8) 1.204(3)
01-C23 1.383(2)
01-C26 1.362(2)
02-C27 1.368(2)
02-C30 1.371(3)
D1-Fe1® 1.634 1.640
D2-Fel® 1.675 1.646
D3-Ru1® 1.706 1.696
Cl1-Ru1-CI2 87.93(5) 88.29(2)
Cl1-Rul-P1 84.06(5) 85.891(18)
CI2-Rul-P1 95.62(4) 91.442(19)
Ru1-P1-C12 108.98(17) 111.60(6)
Rul-P1-C23 109.27(16) 119.87(6)
Rul-P1-C27 116.38(6)
Ru1-P1-C30 123.96(18)
P1-C12-C11 178.8(5) 170.91(18)
C12-C11-C6 178.1(6) 177.5(2)
(26-01-C23 105.78(15)
(27-02-C30 106.50(16)
D1-Fe1-D2° 178.1 179.6
P1-C12-C11-C6 —115(24) 21(6)
P1-C23-C24-C29 12.4(7)
P1-C30-C35-C36 -1.1(8)
Ru1-P1-C12-C11 69.7(11)
Ru1-P1-C23-01 ~167.51(11)
Ru1-P1-C27-02 68.11(16)

@ Standard uncertainties of the last significant digit(s) are shown in parenthesis.
> D1 denotes the centroid of CsHs at Fe1; D2 denotes the centroid of CsHy at Fel;

D3 denotes the centroid of CgH, at Rul.

phosphines can be quantified by measuring the J(3'P-7’Se) cou-
pling constant of the appropriate seleno phosphines. Results there-
of were previously published [20] indicating that phosphine 3c
possesses the weakest ¢ donor ability whereat the aliphatic phos-
phines 3d, e show the best ¢ donor ability [20].

After screening different solvents, temperatures and catalyst
concentrations we chose as best suited reaction conditions a
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Fig. 3. Reaction profiles for catalysts 3a-3e and 10 for the reaction of benzoic acid
with propargyl alcohol to give f-oxopropyl benzoate (Reaction 2, catalyst loading
1.0 mol% based on Ru, 80 °C, chlorobenzene). Conversions equal 'H NMR spectro-
scopic yields and are based on benzoic acid.

temperature of 80 °C, a concentration of 1.0 mol% and chloro ben-
zene as solvent. However, in contrast to well-established systems
[1a,9], below 80 °C no catalytic activity was observed. As best sol-
vent chloro benzene was found which benefits from the high polar-
ity and hence better solubility when compared to the commonly
used solvent toluene [28]. The results of the catalytic investigations
are summarized in Fig. 3.

From Fig. 3 it can be seen that under the reaction conditions
mentioned above all complexes are catalytically active in the for-
mation of g-oxo propyl benzoate in moderate to good yields. The
most active catalyst is 3b which shows a conversion of 45% within
10 h. Somewhat less active is furyl-substituted 3¢ but shows the
highest productivity (conversion 58%) after 25 h of all complexes
3a-3e. Nevertheless, the lowest conversion (42%) within the series
of aromatic/heteroaromatic phosphines is observed for the phenyl
derivative 3a. In addition, this phosphine needs a longer induction
period of ca. 5h to form the catalytically active species which
might be responsible for the poor performance and low yield. Com-
paring the aromatic with the aliphatic phosphine substituents it is
obvious that more electron-rich systems 3d and 3e are less active
and only show productivities of 46% (3e) or 23% (3d) after 25 h
(Fig. 3). However, due to the long reaction times necessary, all cat-
alysts suffer from a loss of activity, which can be attributed to grad-
ually decomposition of the catalyst during the course of the
reaction. Nevertheless, no formation of “ruthenium black” which
indicates the formation of ruthenium particles could be observed.

Also from Fig. 3 it can be seen that tetrametallic 10 with its
three ruthenium(Il) centers shows a significantly higher productiv-
ity than 3a featuring only one ruthenium dichloro p-cymene build-
ing block. Furthermore, no induction period is observable. This
phenomenon can most probably be ascribed to synergistic and
cooperative effects between the appropriate transition metals
which improves the catalytic activity with increasing number of
active centers present in one molecule, i.e. dendritic carbene-
palladium complexes [29], phosphino palladium-functionalized
PAMAM dendrimers [30,31] and carbosilane dendrimers with
end-grafted NCN pincer-nickel(Il) groups [32]. Further examples
include metallo-enzymes [33] and metal oxide supported catalysts
[34].

Compared to [RuCly(#5-p-cymene)(PR3)] (R = Ph, Me) [1a] with
basic phosphines and [RuCl,(#®-p-cymene)],/P(°C4H30); [9] with
its electron-poor phosphine we could not find a general trend con-
cerning basicity or steric factors under reaction conditions used by

us (Fig. 3). We believe that it is a combination of both issues,
whereas electron-poor ligands at the phosphorus atom are best
suited, which is achieved by the introduction of an ethynylferroce-
nyl functionality. Moderate electron-rich species are only effective
catalysts, when they possess at the same time bulky ligands, e.g.
ortho-tolyl groups (Fig. 3). Also, some of our systems need longer
reaction times and therefore, suffer from deactivation due to
decomposition of the active species. Finally, it must be noted that,
however, our catalysts only work at 80 °C, which differs from liter-
ature known species described by, for example, Dixneuf et al. [1] or
Goossen et al. [9].

4. Conclusions

In this work, we presented the synthesis of novel heterobime-
tallic dinuclear and tetranuclear complexes of type (FcC=C)R,P-
(RuClz(lqs—p—cymene)) (R= C6H5, 2—CH3C6H4, C(:4]’130, t-Bu, CCGH“:
p-cymene = 1-'C3H;-4-CH3-CgHy;  Fc = Fe(1°-CsHy)(n°-CsHs)) and
(RuCly(#5-p-cymene))(FcC=C)-P(C=CPPh,(RuCl,(#°-p-cymene)))s,
respectively. All molecules were used as catalysts in the formation
of p-oxopropyl benzoate by treatment of propargyl alcohol with
benzoic acid. All complexes show a catalytic activity with moder-
ate to good conversions (23-58%). However, neither electronic
properties nor steric factors alone are responsible for the catalytic
performance, which differs from statements recently made [1,9].
We believe that it is more or less a combination of both criteria,
whereas electron-poor ligands R are best suited. Moderate elec-
tron-rich species are only effective catalysts, when they possess
bulky ligands.
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