
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Palladium-catalyzed stereoselective hydrogenation of alkynes to (Z)-alkenes in
common solvents and supercritical CO2

Kluwer, A.M.

Publication date
2004

Link to publication

Citation for published version (APA):
Kluwer, A. M. (2004). Palladium-catalyzed stereoselective hydrogenation of alkynes to (Z)-
alkenes in common solvents and supercritical CO2. [, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/palladiumcatalyzed-stereoselective-hydrogenation-of-alkynes-to-zalkenes-in-common-solvents-and-supercritical-co2(6d704514-06fe-48f1-8b12-56733e2f13cc).html


AA General Introductio n 
Organometallicc Chemistry 

1.11 Organometallic Chemistry 

Organometallicc compounds consists of one or more metal centers surrounded by coordinated organic 

andd inorganic molecules. The first organometallic compound, containing a transition metal, 

K[PtCl3(CH2=CH2)]]  was synthesized by Zeise in 1827.*  The following century, organometallic 

chemistryy was a fledgling discipline and hardly recognizable as such. Considerable industrially ori-

entedd work in applications of transition metals in catalytic organic reactions had been carried out, e.g., 

thee oxo-process (now known as hydroformylation process) by Otto Roeien (1938), however very littl e 

wass known about the organometallic intermediates formed in these reactions. The discovery of fer-

rocenee by Kealy and Pauson laid the cornerstone for modern organometallic chemistry,3 which ush-

eredd in a three-decade during 'golden age' of the discipline, extending from 1950s through the 1970s. 

Duringg this period, modern organometallic chemistry was shaped in many important respects to a 

maturee field of science and the full synthetic potential of transition metals began to be recognized.4 

Manyy of the well known catalytic bond forming reactions involving transition metal catalysts were 

discoveredd e.g., Ziegler-Natta polymerization (1955),5,6 the Wacker process (1959),7 Olefin metathe-

siss (1964) and rhodium-catalyzed carbonylation of methanol (1968). 

Althoughh the first organopalladium compound [Pd(cod)Cl2] was prepared in 1938 by Kharasch et 

al.,al.,1010 the field of organopalladium chemistry was born only in the late 1950s when the Consortium 

fürr Elektrochemische Industrie GmbH presented a new process for the commercial production of ace-

taldehydee from ethylene using PdCl2-CuCl2 by direct oxidation.2'7'1 ''12 This new process, which was 

thee first example of a homogeneous palladium-catalyzed reaction, not only filled a gap in the avail-

abilityy of basic organic intermediates from petrochemical resources but also, by its intricate catalysis, 

*.. The first (main group) organometallic is probably the fuming arsenical liquid, cacodyl (Greek KaKÖo, bad-smelling 
(kakos,, bad: and -6<7, -smelling), discovered in 1757 by Louis-Claude Cadet de Gassicourt while attempting to prepare 
ann invisible ink from cobalt compounds containing arsenic. The compound was later identified as As2(CH})4. 
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stimulatedd elementary investigations in organometallic chemistry.2 Soon after the first examples of 

palladiumm catalyzed carbon-carbon bond forming reactions (the carbo-palladation of the olefinic bond 

off  1,5-cyclooctadiene, see Figure 1-1) were reported by Tsuji et a/.13 

CH(C02Et)2 2 

++ CH2(C02B)2
 N 3 2 C 3  (Zj p^Ci~-pdy^l + NaCI 

XX Ether, rt V_^ ^ K_J 
CII CI (EtQ2C)2HC 

Figuree 1-1. Carbo-palladation of 1,5-cyclooctadiene. 

Theree are several features, which make reactions involving palladium particularly useful and versatile 

amongg many transition metals used for organic synthesis.14 Most importantly, palladium offers many 

possibilitiess of carbon-carbon bond (e.g., Mizoroki-Heck, Suzuki, Stille, Negishi, Sonogashira cross 

coupling)) and carbon-element bond formation.4'15 The importance of carbon-carbon bond formation 

inn organic synthesis cannot be understated and no other transition metal can offer such versatile meth-

odss for the carbon-carbon bond formation as Pd. The tolerance of palladium reagents to many func-

tionall  groups such as carbonyl and hydroxy groups is a second important feature. Pd-catalyzed 

reactionss can often be carried out without protection of these functional groups. 

1.22 Palladium Catalysts with N-Ligands 

Forr Pd-catalyzed reactions, such as cross-coupling reactions, P-ligands have commonly been 

employed.. However, other types of ligands, such as N-ligands, have received relatively littl e attention 

upp to the mid 1990' s. Since then, the number of palladium-catalyzed reactions using a (bidentate) 

nitrogenn ligand has increased steadily. Especially nitrogen bidentate ligands containing two diimine 
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moieties,, such cc-diimines such as DAB, Ar-bian, bpy and phen but also (3-diimine ligands have 

provenn to be very successful as ligands in homogeneous catalysis. 

E.. E 

Figuree 1-2. Cycle for the three-component synthesis of conjugated dienes from alkynes, RX and Me4Sn catalyzed by 
palladium// N ligand. E = C02CH3; RX = PhCH2Br, CH3I, Phi. 

Inn our research group, we have studied the synthesis and catalytic activity of late transition metal com-

poundss involving bidentate nitrogen ligands. Apart from the coordination chemistry of a-diimine 

ligandss such as diazabutadiene (R-dab) and bis(N-aryl-imino) acenaphthene (Ar-bian), palladium 

complexess containing such ligands have been employed as catalysts for a wide variety of reactions. 

Thesee catalytic reactions involve both carbon-carbon bond (e.g., cross-coupling reactions, polymer-

ization,22"244 alkene-CO copolymerization,25 alkyne coupling in the presence of halogens or organic 

halidess and tin compounds26'27 (see Figure 1-2)) and carbon-element bond (e.g., as hydrogenation of 

electron-poorr alkenes28 and the stereoselective hydrogenation of alkynes to Z-alkenes 9) forming 

reactions.. With respect to most diimine ligands, Ar-bian-derivatives are rigid, which imposes the cor-

rectt geometry for coordination and imparts a high chemical stability. Pd(Ar-bian) compounds are 

thermallyy stable. In several cases, the Ar-bian ligands have, contrary to early expectation, been iden-

tifiedd as hemi-labile entities.19'30 Furthermore, Ar-bian ligands are able to stabilize all common oxi-

dationn states of palladium (Pd°, P11 and PdIV) and the ease of modifying the electronic as well as the 

stericc properties of this ligand makes them ideal study them in a variety of catalytic reactions. 
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1.33 Homogeneous Hydrogenation of Alkynes 

Thee stereoselective hydrogenation of internal alkynes to (Z)-aIkenes is a very desirable tool from both 

industriall  and academic point of view and various catalysts are suitable for this reaction, many of 

whichh are heterogeneous, such as the Lindlar catalyst, nickel boride, and the "P2Ni" catalyst. There 

aree also a number of transition metal complexes of rhodium,31"38 ruthenium,39"45 iridium,46"48 rhe-

nium,, cobalt °51 and iron52 with various ligands which have been reported to be active as catalyst 

inn the alkyne hydrogenation reaction. Only a few of these homogeneous catalysts exhibit a good selec-

tivityy towards a variety of alkynes with different functional groups. Examples of homogeneous cata-

lystss with a high selectivity for the (Z)-alkene are the cationic Rh(I) systems of Schrock and Osborn 

andd the Cr(arene)(CO)3 complexes by Sodeoka and Shibasaki.53'54 

Thee hydrogenation of alkynes to (Z)-alkenes is particularly interesting for biologically important mol-

eculess since very large number of them incorporate carbon-carbon double bonds, in particular patterns 

andd with defined (Z or E) configurations.55 For example, the vast majority of Lepidopteran phero-

moness are straight chain, unsaturated esters, alcohols etc. with quite precise requirements regarding 

doublee bond configuration for the maintenance of the biological activity.56"58 A successful route to 

synthesizee such compounds proceed often through an (£)-enyne intermediate which is stereoselec-

tive^^ hydrogenated to the corresponding (£, Z)-diene.59 

Palladiumm complexes have been extensively employed in catalytic carbon-carbon bond formation and 

carbon-elementt forming reactions, but their application to homogeneous hydrogenation is only lim-

ited.. Most of the few reported examples involving homogeneous hydrogenation deal with divalent 

palladiumm complexes (as starting material),60"64 although the use of zerovalent palladium complexes, 

e.g.,, Pd2(dppm)3 (dppm = diphenylphosphino methane) has also been reported.65 Besides dihydrogen 

gas,, also other hydrogen donors, such as HC02H/ NEt3 or hydrosilane/ acetic acid, have been suc-

cessfullyy used in the hydrogenation reaction.66,67 
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(a)) (b) 

Figuree 1-3. Structure of Pd(Ar-bian)(alkene) and Pd(pyca)(alkene) catalysts. 

Recently,, stereoselective hydrogenation of alkynes by zerovalent palladium catalysts bearing a biden-

tatee nitrogen ligand, which are able to homogeneously hydrogenate a wide variety of alkynes to the 

correspondingg (Z)-alkenes (see table 1 -1), has been reported by our group." The observed selectivity 

towardss the (Z)-isomer for the different alkynes is very high under very mild conditions (25 °C, 1 bar 

H2).. Besides the high stereospecificity, also the chemoselectivity is remarkably high as was demon-

stratedd by the presence of other reducible functional groups in the substrate (such as nitro-groups, or 

evenn alkene moieties in conjugated enynes, see entry 4, 5-7 in table 1-1). The precatalysts employed 

aree the Pd(Ar-bian)(alkene) compounds (Figure 1-3). In this qualitative study, different zerovalent 

palladiumm complexes were tested in the stereoselective hydrogenation of 1 -phenyl- 1-propyne. Cata-

lystss precursors with other ligands than Ar-bian, such as Pd(dba)2, Pd(bpy)(dmfu) (bpy = bipyridine, 

dmfuu = dimethylfumarate) and Pd(dab)(dmfu) (dab = p-methoxy phenyl diazabutadiene), lead to 

unstablee complexes and/or decomposition under the hydrogenation conditions and in these cases a 

loww selectivity towards the (Z)-isomer and a high degree of overreduction to n-propylbenzene is 

observed.. The use of Pd(dppe)(dmfu) (dppe = diphenylphosphino ethane) resulted in a very slow 

hydrogenationn reaction since stable Pd(PP)(alkene) and Pd(PP)(alkyne) complexes are formed, hence 

noo catalyst decomposition was observed. It was concluded that the Pd(Ar-bian)(dmfu) precursor com-

plexx was the most effective catalyst for the stereoselective hydrogenation of alkynes to (Z)-alkenes 
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Tablee 1-1. Product distribution in the hydrogenation of alkynes with Pd(p-MeO Ar -bian)(dmfu) as precatalyst. 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7a a 

Substrate e 

RR = alkyl, C02Me 

o—--
RR = H, Me, n-Bu, C02H 

(( ^ 
00 O 

RR R 

RR = H, N02 

cf cf 
cy cy 

^ x _ _ 

(Z)-Alkene e 

>98 8 

>99 9 
(forr R = H) 

91 1 
(forr R = alkyl) 

95 5 
(forRR = 

COOMe) ) 

95 5 

87 7 
(forr R = H) 

97 7 
(forr R = N02) 

(£)-Alkene e 

--

2 2 

5 5 

5 5 

3 3 

Alkane e 

--

6 6 

--

13 3 

ethenylcyclohexenee exclusively 

ethenylcyclooctenee exclusively 

E,E, Z - isomer >95% 

a.. Catalyst used: Pd(m, m'-(CF3)2C6H3 bian)(ma) (ma = maleic anhydride). 

Ass an extension, zerovalent palladium complexes containing pyca (pyca = pyridine-2-carbaldiimine, 

Figuree 1-3 (b)) have been investigated in the stereoselective hydrogenation reaction of 1-phenyl-1-

propynee in THF.68 It was concluded that the nature of the substituents on the imine nitrogen seems to 

bee the most important factor regarding the stability of the various precursor catalysts under hydroge-
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nationn reactions. It appeared that more donating capacity of the N-substituent results in a more stable 

catalystt whereas increased steric bulk reduces its stability. 

1.44 Scope and Contents of this Thesis 

Thee aim of this work has been the synthesis of novel late transition metal compounds containing the 

Ar-biann ligand, bpy ligand or phosphine ligand, which can be used in homogeneous catalyzed reac-

tions.. Specifically, palladium(O) complexes will serve as homogeneous catalysts for the selective 

hydrogenationn of alkynes to (Z)-alkenes. Preliminary results indicated that the rate of this hydrogena-

tionn reaction is limited by the solubility of dihydrogen in the THF solution, even at high H2 pressures. 

Therefore,, we investigated the possibility of performing this reaction in supercritical fluids (SCF) 

wheree the excellent miscibility with dihydrogen and the absence of the gas-liquid phase boundary 

wouldd potentially lead to enhanced reaction rates. 

Inn chapter 2 the use of supercritical fluids, in particular supercritical C02, as a reaction medium for 

homogeneouss catalysis and the solvent properties will be described. The high-pressure set-up and the 

home-builtt autoclave equipment will be discussed in detail. 

ChapterChapter 3 concerns the synthesis and characterization of alkyl and polyfluoroalkyl substituted 

acenaphthenee backbones and anilines. With these highly lipo- and fluorophilic building blocks, new 

Ar-biann ligands have been synthesized and characterized. X-ray crystal determinations of several 

intermediatess and ligands have been determined 

Inn chapter 4 the synthesis and characterization of new zerovalent palladium complexes containing the 

apolarr Ar-bian ligands will be described. The synthesis and isolation of the zerovalent palladium com-

plexess (Pd(NN)(alkene) and Pd(P)2(alkene)) was hampered by the high solubility of the desired com-

plexess in common organic solvents, therefore, a new synthesis route was developed to obtain these 

novell  compounds starting from Pd(nbd)(ma) (nbd = norbornadiene, ma = maleic anhydride). The 

molecularr structure and the dynamic behavior of Pd(nbd)(ma) are presented. The novel C02-philic 

palladiumm complexes, which can serve as homogeneous catalysts in supercritical C02, were isolated 

andd characterized. Furthermore, the synthesis, isolation and characterization of unprecedented 

Pd(N)2(ma)) compounds, where N is a monodentate, strong G-donor ligand such as diethylamine is 

presented. . 
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Partt of this investigation was aimed at establishing the reaction mechanism of the Pd(Ar-bian)-cata-

lyzedd stereoselective hydrogenation of 4-octyne, which is presented in chapter 5. Besides the kinetic 

experiments,, the reaction was also studied by spectroscopic means (e.g., ParaHydrogen Induced 

Polarizationn (PHIP) NMR and deuterium labelling). From these experiments, a plausible reaction 

mechanismm and a catalyst deactivation process will be proposed. To obtain more insight into the high 

selectivityy of the Pd(Ar-bian)-catalyzed stereoselective hydrogenation of alkynes, the isomerization 

off  the product (Z)-alkene to the (£)-isomer was studied. 

ChapterChapter 6 deals with the stereoselective hydrogenation of alkynes in supercritical CO> (SCC02) using 

variouss zerovalent palladium catalysts. The solubility and the activity of the catalysts was studied 

underr reaction conditions. Furthermore, various substrates were investigated in the hydrogenation 

reactionn and the phase behavior will be discussed for these systems. The mechanism of the stereose-

lectivee hydrogenation in scC02 was investigated and compared to the results obtained in common 

organicc solvents. 
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