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Chapterr 3 

Selectivee Hydrogenation of Alkynes using 
Pd(0)(Ar-bian)(dmfu)) complexes; Mechanism 

andd Kinetics 

3.11 Introduction 

Theree has been considerable interest in the mechanism of homogeneously catalyzed 

hydrogenations.. This is understandable considering the fact that a fundamental 

understandingg of these catalytic reactions can greatly enhance the search for better 

catalystss for these important reactions. In contrast to the wealth of knowledge 

concerningg the homogeneous catalytic hydrogenation of alkenes,1 only comparatively 

littl ee is known about the mechanism of hydrogenation of alkynes. In Chapter 1 most 

knownn systems for selective hydrogenation of alkynes have been discussed in great 

detaill  including the (postulated) mechanisms. Curiously, the best described mechanisms 

inn terms of kinetics belong to systems that are not all that selective and are of limited 

practicall  use, but these serve well as model systems. Apart from this, only terminal 

alkyness have been considered in these studies. Among these systems are the well 

describedd cationic ruthenium,2'3 palladium '5 and iron6 systems. The more selective and 

usefull  systems like the Lindlar-catalyst ' and the Montmorillonite Pd-system are both 

systemss that are not well defined and have probably therefore not well been investigated. 

Moree insight into a catalytic reaction essentially relies on the elucidation of its 

mechanism.. In order to achieve this, establishing the kinetics of the reaction, 

corroboratedd with other mechanistic studies, constitutes the usual path. Such kinetic 

studiess help to gain insight into the overall rate laws, which determine the rate 

determiningg step in the overall mechanism.10,1! Of course this by itself is not enough to 

elucidatee the whole mechanism. In addition, spectroscopic studies can reveal the 

43 3 



structuress of intermediates. Together with the kinetic data this information can be used 

too establish a reasonable sequence of events. 

C02Me e 

Figuree 3.1: Pd{^-An-bian)(dmfu) (1) 

InIn our studies we have used the Pd(/?-An-bian)(dmfu) (1) system (Figure 3.1) which was 

foundd to be the most selective of all palladium(Ar-bian)(dmfu) systems described in 

Chapterr 2. These are very well defined complexes that exhibit very good selectivity and 

reactivityy in the selective hydrogenation of alkynes to (Z)-alkenes and are therefore very 

suitablee for further mechanistic investigations. The choice for compound 1 is based not 

onlyy on the good performance of this complex, it is also the most stable one among all 

complexess employed in Chapter 2. Compound 1 remains stable even after the complete 

semi-hydrogenationn of the alkyne, unlike similar complexes with less electron-donating 

groupss on the phenyl rings of the bian ligand. It has also been established that the use of 

dimethyll  fumarate as an ancillary ligand is essential. It has been observed previously by 

Vann Asselt that palladium-bian complexes with very strong electron withdrawing 

groupss on the alkene, for instance fumaronitrile, are very stable and almost inert under 

thee normal hydrogenation conditions for hydrogenation of alkenes. When the less 

electron-poorr maleic anhydride was used, an induction period was observed that lead to 

inconsistentt results for the same substrate, as this induction period was not the same for 

differentt runs. By using dimethyl fumarate as an ancillary ligand however, no induction 

periodd was observed; all catalytic runs, using the same substrate, were consistent in their 

selectivityy and kinetics. In this chapter, the investigation of the stereoselective 

cis-hydrogenationn of several alkynes by means of kinetic studies as well as by 

parahydrogenn induced polarisation (PHIP)-NMR techniques wil l be reported. 

44 4 



Parahydrogenn is a useful tool for elucidation of intermediates because it enables the 

enhancedd detection of hydrogenation products. It also enables the detection of very small 

amountss of hydrides due to the enhancement of the signal to noise ratio of these hydrides 

viaa the polarisation effect of the parahydrogen. 

3.22 Methods 

3.2.11 Kinetics 

Thee overall rate law was determined using the initial rates method.13 This means that the 

reactionn rate is measured over a small time intervall, at the beginning of the reaction. 

Duringg these short reaction times the predetermined concentrations and pressures of the 

reactantss are accurately known and remain almost constant. It was observed that the 

hydrogenationn of alkynes using the Pd(Ar-bian) complexes as pre-catalyst at 

atmosphericc pressure doesn't exhibit a measurable induction period: the data from the 

kineticss at higher dihydrogen pressures and varying substrate and catalyst concentrations 

doo not show a detectable induction period. There are also no or negligible side reactions 

suchh as isomerisation and over-reduction. 

Thee kinetic data were determined by monitoring the various hydrogenation runs at 

knownn catalyst and initial substrate concentration and dihydrogen pressure (JPH2), while 

att every run each of the variables can be varied separately, keeping the others constant. 

Thee reaction rate can then be established for every individual run and from these data the 

reactionn orders and the rate constants can be determined. 

Ass a sensitive monitoring technique rapid scanning Fourier-Transform- Infrared (FT-IR) 

spectroscopyy was used, which enabled the accurate determination of the substrate 

concentrationn versus the time and thus allowed a good determination of the rate of 

substratee conversion. The reactions were carried out in a High-Pressure (HP) autoclave 

equippedd for infrared measurements in which the reaction mixture is stirred at a very 

highh rate (1200 rpm). It has been assumed that the concentration of H2 in the THF 

solutionn is, in all cases, proportional to the H2 pressure in the autoclave and that the 

dissolutionn of H2 is fast enough to exclude mass transport limitations; seperate scouting 
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experimentss revealed that this assumption holds. The substrate chosen was 

11 -phenyl-1 -propiolic acid (Scheme 3.1), which has a very strong alkyne absorption band 

att 2220 cm-1. 

Schemee 3.1: Hydrogenation of 1-phenyl-1-propyne 

Thee solvent (THF) does not absorb in this region and the absorption is linearly related to 

thee substrate concentration up to 0.15 M. 

Thee rate law of the reaction is the relation between the rate of reaction (r) and the 

concentrationss of the reaction components involved, for the catalytic hydrogenation of 

alkyness it can be described as follows (Equation 3.1) 

rr  = - ^ ü ^ne> = k\alkyne\a\catalys}f[pH^r 

Equationn 3.1 Ratelaw for the catalytic hydrogenation of alkynes. 

Wheree r = reaction rate, k = rate constant and a, {3 and y are the reaction orders for the 

differentt components. 

3.2.22 para-Hydrogen Induced Polarisation 

Thee technique of ParaHydrogen Induced Polarisation (PHIP) NMR is in principle a 

widelyy applicable technique for reactions involving molecular hydrogen.15,16 

Theoretically,, one is able to enhance the signal to noise ratio of hydrogen nuclei in NMR 

upp to 10,000 fold, which allows this technique to be used for the determination of very 

smalll  quantities of hydrogenation products and intermediates. The technique is based on 

thee fact that dihydrogen can occur in two isomeric spin states. Orthohydrogen, wherein 

thee two proton spins are aligned in a parallel fashion, and parahydrogen, in which the 

twoo spins are anti-parallel. The distribution of these two species is dependent on the 

temperature,, with an abundance of parahydrogen at room temperature of 25%, rising to 

511 % at 77 K and 95% at 35 K. The parahydrogen content can be increased by cooling 
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thee hydrogen in liquid nitrogen in the presence of a paramagnetic substance, this 

paramagneticc substrate allows the dihydrogen to change its spin state. 

Whenn the polarisation of the pair of hydrogen nuclei is maintained during the 

hydrogenationn of an unsaturated substrate, a polarised and strongly enhanced signal is 

obtained.155 If this occurs, this is strong evidence for the pairwise transfer of the two 

hydrogenn atoms to the substrate, because otherwise the polarisation would be lost. In 

orderr to observe this effect the pairwise transfer needs be fast relative to other reactions 

andd to relaxation. 

Thee polarisation effect stems from the selective population of the products' nuclear spin 

levels.. This can be shown for a simple AX-spin system as is depicted in Figure 3.2. 

aa a aa a 
Figuree 3.2: Spin population when normal (left) and when parahydrogen enriched (right) 

Inn the case of parahydrogen enrichment, the spin functions a(3 and Pa are overpopulated 

relativee to the usual Boltzmann distribution. This results in polarisation signals that are 

enhancedd by several orders of magnitude, which manifest themselves in strong 

absorptionn and emission peaks. 

Thiss gives rise to the polarised signals in the PHIP-NMR spectra as compared to the 

normall  spectra (Figure 3.3). 

JJJ LL 

Standardd NMR spectrum PHIP-NMR spectrum 

Figuree 3.3: NMR-spectra under normal conditions and under parahydrogen enriched 

conditions. . 
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3.33 Results 

3.3.11 Dihydrogen dependence 

Thee dependence of the reaction rate on the hydrogen concentration was determined by 

varyingg the initial H2-pressure between 0 to 41 bar at constant initial concentrations of 

1-phenyl-1-propynee and Pd(p-An-bian)(dmfu) (1). The obtained initial rates exhibit a 

linearr dependence on the hydrogen pressure in this range, as can be seen from Figure 3.4. 

200 30 

H22 pressure (bar) 

22 2.2 24 2.6 2.8 3 3.2 34 36 3.f 

Lnn (pHj) 

Figuree 3.4: Dependence of the rate on the H2 pressure 

Plottingg of ln(kobs) versus ln (pH2) yields a straight line with a slope of 0.92, indicating 

thatt the hydrogenation of 1-phenyl-1-propyne is approximately first order in H2 

pressure.. The numerical values have been compiled in Table 3.1 in the experimental 

part. . 

3.3.22 Alkyne dependence 

Thee dependence of the initial reaction rate on the concentration of 1-phenyl-1-propyne 

wass determined by varying the initial alkyne concentration from 0 to 150 mM at constant 

initiall  concentrations of dihydrogen and Pd(/?-Anbian)(dmfu) (1). The obtained initial 

ratess exhibit a linear dependence on the alkyne concentration in this range, as can be seen 

fromm Figure 3.5. A straight line of ln(kobs) versus ln [substrate] with a slope of 0.94 was 

obtainedd indicating that the hydrogenation of 1-phenyl-1-propyne is first order in the 

alkyne.. The numerical values have been compiled in Table 3.2 in the experimental. 
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66 8 10 12 14 16 

10"22 [substrate] (mol r') 

Figuree 3.5: Dependence of the rate of reaction on the alkyne concentration 

Thesee results are indicative of the fact that one substrate molecule is coordinated to the 

palladiumm before the rate-determining step. There is no indication of inhibition of the 

reactionn by the alkyne up to a concentration of 150 mM . 

3.3.33 Catalyst dependence 

Thee dependence of the reaction rate on the catalyst concentration was determined by 

varyingg the the concentration of Pd(p-An-bian)(dmfu) (1) from 0.1 to 0.3 mM at 

constantt initial concentrations of 1-phenyl-1-propyne and dihydrogen. The obtained 

initiall  rates exhibit a linear dependence on the catalyst concentration in this range as can 

bee seen from Figure 3.6. 

0.55 1 

Lnn [catalyst] 

1.5 5 

Figuree 3.6: Dependence of the rate of reaction on the catalyst concentration 
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AA straight line ofln(kobs) versus In [catalyst] with a slope of 0.97 was obtained, which 

showss that the reaction is first order in catalyst concentrations. 

Thesee findings very clearly indicate that the catalyst acts unimolecularly and that dimers 

orr other congromers of palladium do not play a role in the catalytic cycle immediately 

priorr to the rate-determining step. 

3.3.44 Experimetally determined rate law 

Thee results collected in the previous paragraphs, allow to derive the overall rate law for 

thee semi-hydrogenation of 1-phenyl-1-propyne using Pd(p-Anbian)(dmfu) (1) as the 

pre-catalyst.. Al l experimentally derived orders are close to 1, so the overall rate law 

(Equationn 3.2), becomes: 

dalkyneldalkynel r ir ir i 
rr  = - —i L = k\alkyne\ \catalysn \pH2\ 

Equationn 3.2: Experimentally derived ratelaw. 

Thiss rate law applies only under the conditions employed during kinetic measurements 

betweenn the concentration limits that have been investigated, i.e. it applies at 21.0 °C, 

dihydrogenn pressures between 0 and 41 bars, at alkyne concentrations ranging from 0 to 

1500 mM and at catalyst concentrations between 0 an 0.3 mM. In all cases the selectivity 

off  the reaction during kinetic measurements, as determined after the hydrogenation run 

wass stopped (usually at about 50% conversion), is about 95% (Z) and 5% (E) and 

appearss to be independent of the relative concentrations within the limits mentioned. 

Thesee numbers are comparable to those obtained for the catalytic runs in Chapter 2.The 

maximumm concentrations employed for the kinetic experiments are probably not limiting 

values.. Experimental concentrations for actual catalytic runs as described in Chapter 2 

falll  well within these limits. 
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3.3.55 Results of PHIP-NMR studies 

Thee PHIP-NMR measurements were carried out in several organic solvents (THF, 

benzenee and toluene) with different pre-catalysts at a temperature range of 275 K. to 315 

K.. Polarised signals in the (Z)-alkene product were determined in several instances 

usuallyy within a narrow temperature window. An example is given in Figure 3.7a, where 

polarisedd signals are observed in the hydrogenation product of 1 -phenyl- 1-propyne 

usingg Pd(NMe2-bian)(dmfu) as pre-catalyst in toluene at 295 K and Figure 3.7b where 

thee polarised signals are very apparent in the hydrogenated product of 

1-phenyl-1-propiolicc acid, using Pd(p-An-bian)(dmfu) (1) in THF at 305 K. 

\J j j - u ^ ^ 

 i — r — T — — — i — ' r—  . . . . , . . . . . . . . . | . i . . . . . . . r —-.—I 1 1 ' ' ' 
( .. t 6.5 i.i i.3 6. J « ,] 4.0 i . 9 5.« 5.1 5,6 pga 

Figuree 3.7a(left): PHIP-NMR spectrum of 1-phenyl-1-propyne and 3.7b(right): PHIP-NMR 

spectrumm of 1-phenyl-1-propiolic acid. 

Thiss is good evidence that the palladium catalyzed hydrogenation reaction proceeds via 

aa cw-pairwise addition of dihydrogen on the substrate, which in turn implicates a 

palladiumm dihydride species as an intermediate. The relatively small enhancement of the 
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polarizationn compared to the theoretical values can be either caused by the fact that the 

pairwisee addition is not the only route to product formation or secondly, be due to the 

largee nuclear quadrupole moment (0.660 x 10~24 cm2) of palladium, which causes the 

spin-correlationn between to two hydrides to be lost during the hydrogenation. In none of 

thee investigated cases could polarized signals be observed in the (£)-alkene products, 

implicatingg that the (£>alkene is not the product of direct hydrogenation of the alkyne. 

Ann isomerisation mechanism based on deuteration experiments has been proposed by 

Bargonn et al.1 and Spencer et al.19 independently. This mechanism operates under 

hydrogenn atmosphere via an equilibrium between the palladium(dihydrido)(substrate) 

andd the monohydride alkyl complex (Figure 3.8). 

reductivee elimination 

DD H 

Figuree 3.8: Mechanism for the (Z)-(£>isomerization. 

Unfortunatelyy it was not possible to detect the intermediate palladium-dihydride species, 

whichh is indicative of very short-lived intermediate species. Only polarized signals of 

hydrogenatedd products were observed. Attempts to detect palladium dihydride species 

byy adding parahydrogen to a solution of just the pre-catalyst, failed due to the rapid 

decompositionn of the metal complex to metallic palladium. 
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3.44 Discussion 

Thee kinetic analyses in combination with the evidence gathered from the PHIP-NMR 

studiess have been used together with observations from in situ NMR studies during the 

hydrogenation.. These studies show that the starting pre-catalyst remains present in the 

hydrogenationn mixture as the main palladium species during hydrogenation. This then 

allowss to propose the catalytic cycle depicted in Figure 3.9. This catalytic cycle closely 

resembless the cycle proposed in Chapter 2. 

Palladiumm enters the catalytic cycle by the replacement of the coordinated 

dimethylfumaratee with the alkyne. The equilibrium of this exchange reaction is very 

muchh on the side of the original complex 1. Exchange studies of complex 1 with 2 

equivalentss 1-phenyl-propiolic acid shows no exchange of ligand. This leads to the 

conclusionn that during the hydrogenation only a relatively small amount of the available 

palladiumm is accessible as the active catalyst. 

k-ii r.d.s. 

Figuree 3.9: Postulated catalytic cycle for the hydrogenation of alkynes. 
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Afterr formation of A, the reaction proceeds via the oxidative addition of dihydrogen to 

obtainn the proposed dihydrogen species B. It is assumed that the concentration of species 

AA is constant during the reaction. This is confirmed by the zero intercept of the rate 

versuss [Pd] plot and the first order dependence of the hydrogenation rate on the 

palladiumm concentration (see Figure 3.6). Under hydrogen rich conditions, the formation 

off  (A) is ensued by an oxidative addition reaction with dihydrogen to produce a proposed 

Pd(NN)(alkyne)(H)22 (B) species. A similar dihydride species, Pd(p-Me 

Ar-bian)(alkene)(H)2,, has been postulated by van Asselt et al. as an intermediate in the 

hydrogenationn of electron poor alkenes. The hydrides are transferred to the substrate 

too form the Pd(NN)(alkene) complex (C) in such a way that the spin information in 

experimentss using parahydrogen is transferred to the product molecule. This implies that 

thee two hydrides are transferred in a concerted pair-wise manner or are transferred very 

rapidlyy (compared to the coupling constant) to the substrate in an asynchronous way to 

retainn the spin information provided by the spin labelling. The detection of polarized 

signalss only in the (Z)-alkene, formed by cis-addition of molecular hydrogen to the 

alkyne,, clearly point to a palladium dihydride species B being involved in the 

hydrogenation.. When species C is formed, the alkene is quickly replaced by a new 

alkynee molecule to generate species A again, and completing the cycle. Another possible 

entrancee in the catalytic cycle could be the addition of dihydrogen to the original 

dimethylfumaratee complex, forming a palladiumdihydride species D and the subsequent 

replacementt of the dimethylfumarate by the alkyne leading to species C (Figure 3.10). 

NN N N N r^ r^ \\ I \ / H —^=^—  N N 

Pdd H2 P d - ~ " R R . \ / 
II C02Me *" H I yC02Me "~ Z ^ P d ~ - - H 

II / I / e<> H 
RR = R* 

Me02CC . Me02C 
11 D B 

Figuree 3.10: Alternative route to species B. 

Thiss seem unlikely however because such a mechanism would proceed faster with more 

electrondonatingg bian ligands since these favour the oxidative addition of dihydrogen to 

thee palladium. In reality we see the opposite, a slower rate of reaction when more 
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elctrondonatingg bian ligands are employed. This then makes the entrance into the 

catalyticc cycle via the route depicted in Figure 3.9 the more likely one. 

3.55 Conclusions 

Withh the aid of kinetic studies combined with spectroscopic techniques such as 

PHIP-NMRR a mechanism for the selective hydrogenation of 1-phenyl-1-propiolic acid 

hass been proposed. The experimentally derived rate law is in agreement with this 

mechanism.. The first order dependence in palladium shows that only mononuclear 

palladiumm species are involved in the hydrogenation. The high selectivity towards the 

(Z)-alkenee can be explained by the high preference for the palladium for the alkyne as a 

ligandd compared to the corresponding alkene, which results in the presence of only small 

amountss of alkene complexes. The small amounts of alkene complex are the source of 

thee minor amounts of (£)-alkene and alkane observed in this reaction. 

3.66 Experimental 

3.6.11 Experimental Setup for the Kinetic experiments 

Thee in situ rapid-scanning FT-IR experiments were recorded on a Bio-Rad FTS-60 A spectro-

photometerr (resolution 2 cm ). Every 4.8 seconds 32 IR spectra were recorded that were aver-

agedd to one spectrum giving 12.5 spectra per minute. High-pressure FT-IR experiments were 

performedd in a SS-316 50 mL stainless steel autoclave with a directly fixed transmission infra-

redd cell of IRTRAN windows (ZnS, transparent up to 700 cm"1, <t>  10 mm, optical path length 

== 0.4 mm). The autoclave was further equipped with an electromagnetic driven mechanical stir-

rerr near the bottom of the autoclave that provides a good mixing of the solution and the gas at 

highh speeds (rpm = 1200) and also provides a fast flow through the infrared cell within several 

milliseconds.. An electrical heater (Tmax = 200 °C), a temperature controller and a pressure 

transducerr device (Pmax = 185 bar) were also equipped on the autoclave. 

3.6.22 Rapid-Scanning High-Pressure FT-IR Experiments 

Inn a typical experiment the high-pressure IR autoclave was filled with the desired amount of the 

substratee phenylpropiolic acid and 15 mL of dry THF. The autoclave was flushed three times 
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withh 5 bar H2 pressure and then it was subjected to the desired dihydrogen pressure. The auto-

clavee was equipped with a separately pressurized reservoir of 10 mL in which a solution of the 

catalystt in 2 mL dry THF and an overpressure of H2 compared to the pressure in the autoclave 

wass present. The catalyst solution under H2 pressure was only briefly (1-2 minutes) in contact 

withh dihydrogen prior to injection into the autoclave. The autoclave was placed in the rapid 

scanningg FT-IR spectrophotometer and its position in the cell was optimized using the interfero-

gram.. Subsequently the catalyst was injected into the autoclave and at the same time the moni-

toringg of the reaction by the rapid-scanning FT-IR spectroscopy at 21 °C started. In all the 

experimentss the area of the alkyne triple bond absorption band of phenylpropiolic acid between 

2195.0-2259.66 cm was taken to calculate the concentrations of the substrate. Moreover the 

high-pressuree IR autoclave was checked, after every three hydrogenation runs, on the presence 

off  undesired, catalytically active metallic palladium, by using the same procedure as described 

abovee was used but without the addition of a catalyst. 

3.6.33 Experimental conditions for the Kinetic experiments 

DihydrogenDihydrogen dependence 

Thee dihydrogen dependence was determined by varying the initial H2-pressures from 0 to 41 

bar.. The concentration of 1-phenyl-1-propiolic acid was 46 mM and the catalyst concentration 

wass 0.15 mM in THF (volume 17 mL) The data are collected in Table 3.1. 

Tablee 3.1: Data for the hydrogen dependence of the hydrogenation of 1-phenyl-1-propyne 

Entryy p(H2) (bar) 10~5 kobs (s"1) 

11 0 0 

22 6.9 2.17 

33 10.8 4.24 

44 19.6 6.03 

55 30.1 9.93 

66 30.3 8.88 

77 41.0 12.23 

56 6 



SubstrateSubstrate dependence 

Thee substrate dependence was determined by varying the initial substrate concentration from 0 

too 150 mM. The H2-pressure was 10 bar and the catalyst concentration was 0.15 mM in THF 

(volumee 17 mL) The data are collected in Table 3.2. 

Tablee 3.2: Data for the substrate dependence of the hydrogenation of 1-phenyl-1-propyne 

Entryy 10"2 [substrate] 10"5 kobs (s~') 

(moll"1) ) 

11 0 0 

22 2.0 1.47 

33 4.6 3.08 

44 8.0 5.42 

55 10.0 6.66 

66 15.0 9.88 

CatalystCatalyst dependence 

Thee catalyst dependency was determined by varying the initial catalyst concentration from 0 to 

0.300 mM. The H2-pressure was 10 bar and the substrate concentration was 46 mM in THF (vol-

umee 17 mL) The data are collected in Table 3.3. 

Tabell 3.3: Data for the catalyst dependence of the hydrogenation of 1-phenyl-1-propyne 

Entryy 10'4 [cat] 10"5 kobs (s'1) 

(moll  f1) 

11 0 0 

22 1.0 2.09 

33 1.5 3.08 

44 2.1 4.30 

55 3.0 6.02 
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3.6.44 Experimental setup and conditions for the PHIP-NMR measurements 

Alll  sample preparations were completed using a Schlenk line. Solvents were dried over potas-

siumm prior to use. The NMR measurements were made using NMR tubes fitted with J. Young 

Teflonn valves, the catalyst was added to the NMR tube after which all solvents and substrates 

weree added by vacuum transfer on a high vacuum line. The hydrogen was enriched in the para 

spinn state by cooling H2 to 77 K over a paramagnetic catalyst.20 An atmosphere of H2 equivalent 

too ca. 3 atm. pressure at 298 K was introduced into a resealable NMR tube on a high vacuum 

line.. The samples were thawed immediately prior to use and introduced into the NMR spectrom-

eterr at the pre-set temperature. The Parahydrogen enhanced spectra were recorded on a Bruker 

AMX-5000 spectrometer (]H: 500.13 MHz). 
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