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vJJ Stereoselective Hydrogenation of 
Alkyness in Supercritical C02 

6.11 Introductio n 

Supercriticall  fluids (SCFs), especially supercritical C02 (scC02), are finding increasing use as reac-

tionn medium in homogeneous catalysis. ' The relatively mild critical point of CO2 ( Tc = 31.1 °C, Pc 

== 73.8 bar) and the benign nature are particularly attractive for homogeneous catalysis. The unique 

andd potentially advantageous characteristic of supercritical fluids is that by relatively small changes 

inn pressure and/or temperature the density, polarity, viscosity, diffusivity, and overall solvent strength 

cann be varied.3 Furthermore, supercritical fluids have no gas-liquid boundary, are totally miscible 

withh permanent gases (e.g., H2), which together with its high diffusivity, creates a potentially advan-

tageouss medium for fast chemical transformations involving gaseous reactants. 

Thee catalytic hydrogenation of unsaturated hydrocarbons has been extensively studied.4 In recent 

years,, chemo- and stereoselective hydrogenations of unsaturated carbon-carbon double and triple 

bondss have become important tools in organic synthesis, both in laboratory as well as in industry. ' 

Thee hydrogenation of carbon-carbon double bonds has been mostly described. Although the selective 

partiall  hydrogenation of internal alkynes to (Z)-alkenes is a very desirable goal, hydrogenation of 

triplee bonds has received much less attention. 

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

tatee nitrogen ligand, that is able to homogeneously hydrogenate a wide variety of alkynes to the cor-

respondingg (Z)-alkenes has been reported by our group. The observed selectivity towards the (Z)-

isomerr for the different alkynes is very high under very mild conditions (25 °C, 1 bar H2). The pre-

catalystss employed are Pd(Ar-bian)(alkene) compounds, which have been previously been used in the 

homogeneouss hydrogenation of electron poor alkenes8 and in carbon-element bond formation reac-

tions.9100 This type of Pd(0) complex is able to hydrogenate a wide variety of alkynes to the corre-

spondingg (Z)-alkenes, with good to excellent selectivities (Scheme 1). Moreover, the complexes are 
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completelyy stable under hydrogen until the substrate has been semi-hydrogenated to the alkene. It was 

observedd that the activity in the hydrogenation of alkynes strongly depends on the nature of the sub-

stituentss attached to the imine nitrogens of the Ar-bian ligand. 

Schemee 1 

Hz.. [Pd] H H 

THFF R R 
[Pd]] = 

E E 

EE = Electron withdrawing group 

AA detailed kinetic study (chapter 5) showed that Pd[(m,m'-(CF3)2C6H3) bian](ma) is highly active as 

catalystt for the hydrogenation of 4-octyne to (Z)-octe-4-ene with very high stereoselectivity. It was 

concludedd from this study that, at high substrate and/or high catalyst concentrations, the reaction rate 

wass limited by the dihydrogen uptake in the THF solution since the solubility of H2 is low in THF.2'1' 

Ass a consequence of the low availability of dihydrogen gas in solution, inactive palladacycles were 

formedd and hence, the catalytic activity decreased (Scheme 2). 

Hydrogenn limiting conditions 

RR = R N ' X N 

 w 

RR R 

Onee of the advantages associated with supercritical C02 (scC02) as reaction medium is the complete 

miscibilityy with other gases (such as H2). Performing the Pd(Ar-bian)-catalyzed stereoselective 

hydrogenationn in scC02, the gas-liquid boundary is no longer present and the reaction rate is no longer 

dominatedd by mass-transfer processes. Since the reaction has a positive order in dihydrogen (order is 

1.00 in THF under non-limiting reaction conditions) the use of scC02 as reaction medium would result 

inn higher reaction rates. 
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Supercriticall  carbon dioxide has attracted much interest as environmentally benign solvent, but its 

practicall  use has been limited by the need for high C02 pressures in order to dissolve even small 

amountss of polar, amphilic, organometallic, or high molecular weight compounds. However, to 

increasee the solubility, so-called 'C02-philes' (such as polysiloxanes and fluorocarbons) are attached 

too the target molecule. These C02-philes efficiently transport insoluble or poorly soluble materials 

intoo C02. To this extent, we have synthesized a number of Pd-complexes containing Ar-bian ligands 

withh C02-philic tails (see chapter 4), which will serve as homogeneous catalysts in scC02. 

Inn this chapter, we report our results on the stereoselective hydrogenation of alkynes to (Z)-alkenes 

usingg several zerovalent palladium complexes with modified C02-philic ligands in supercritical 

carbonn dioxide. Palladium complexes containing the rigid Ar-bian ligand containing alkyl and/ or 

polyfluoroalkyll  tails with different 0"-donor and Tt-acceptor properties are tested. The activity and the 

solubilityy of these catalysts will be reported and compared among each other. In addition, palladium 

complexess containing bpy or phosphine ligands with C02-philic tails are investigated. The reaction 

ratee of the semi-hydrogenation of alkynes using the Pd[(m,m'-(CF3)2C6H3) bian](ma) complex in 

scC022 will be compared to results obtained in THF. The mechanism of the hydrogenation reaction of 

alkyness to (Z)-alkenes in scC02 will be studied using parahydrogen induced polarization NMR (PHIP 

NMR).. Furthermore, several alkynes are hydrogenated in scC02 and the selectivities will be com-

paredd to the selectivities obtained in THF. 

"r-tSH^-ii Ë» 1 risi-

co, , 

# # Ï Ï hi&h hi&h 

Figuree 6-1. Manifold for pressurization of the high-pressure autoclave. (A) ISCO 100 pump, (B) vacuum pump, (C) the 
batchh reactor, (D) magnetic stirrer (E), cold trap to collect the volatile reaction products. 

Whenn performing reactions in supercritical fluids, a high-pressure set-up and autoclave are needed. 

Thesee have been described in chapter 2. The experimental set-up used in this study is schematically 

depictedd in Figure 6-1. The system has been constructed in such a way that the flow of the pressurized 
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gasess is directed towards the autoclave (C) by one-way valves. The high-pressure autoclave is 

equippedd with two borosilicate windows so that the reaction can visually observed while it is pro-

gressing.. The discussion of the autoclave is presented elsewhere (see chapter 2). 

6.1.11 Hydrogenation of 4-octyne in supercritical C02 

Thee Pd(Ar-bian)(ma) (1-4) (see Scheme 3), Pd(4,4-R2-bpy)(ma) (5a-c) and Pd(P(ArRf)3)2(ma) (6) 

(P(ArRf)33 = P{p-(CH2)2C6F13Ar} 3) (see Scheme 4) complexes will be tested as catalysts in the hydro-

genationn reaction in supercritical carbon dioxide. The Pd(Ar-bian)fma) complexes (1-4) contain sub-

stituentss on the N-phenyl moiety with different electronic properties, which range from the highly 

electron-withdrawingg bis(CF3)-aryl (la, 2a, 3a and 4a) to the very electron-donating meta and/or 

para-substitutedd octyloxy-aryl bian compounds (lc, Id, 2c, 2d, 3c, 3d 4c, 4d). Attaching electron-

donatingg or -withdrawing substituents to the Ar-bian ligand will affect their a donor/n acceptor prop-

ertiess and this can influence the catalytic properties of these Pd-complexes.12 . 

R2 2 

H H 
H H 
H H 
H H 
H H 
H H 

C 8 H l 7 7 
C 8 H 1 7 7 
C

8 H 1 7 7 
C 8 H 17 7 

C 2 H 4 C 6 F i3 3 
C 2 H 4C6F i3 3 

C2H4C6F13 3 
C 2 H 4 C e F l 3 3 

C 2 H4C 6 F 1 3 3 
C 2 H 4 C 6 F i 3 3 

C2H4C6F13 3 
C 2 H 4 C 6 F i 3 3 

R.3 3 

H H 
H H 
H H 
H H 
H H 
H H 

H H 
H H 
H H 
H H 

H H 
H H 
H H 
H H 

C 2H4C 6 F 1 3 3 

C 2 H 4 C 6 F l 3 3 
C2H4C6F1 3 3 

C 2H4C 6Fi3 3 

Ass a model substrate, 4-octyne was chosen because it is highly miscible with scC02. In addition, 4-

octynee shows a very high but not complete (>95%) selectivity to (Z)-octe-4-ene in the Pd(Ar-

bian)(ma)) catalyzed reaction in THF and initial experiments showed that a similar selectivity is 

obtainedd in scC02. During the hydrogenation reaction, some of the (£>isomer, but no octane, was 

formedd when 4-octyne was still present in the reaction mixture. 

R 22 F<3 

c r '' ^o ' "O 

Pd(Ar-bian)(ma) ) 

la- f f 
2a-d d 
3a-d d 
4a-d d 

Compound d 

l a a 
1b b 
1c c 
1d d 
1e e 
I f f 

2a a 
2b b 
2c c 
2d d 

3a a 
3b b 
3c c 
3d d 

Schemee 3 

R1 1 

m,m, m'-(CF3)2 

p-C1 2H25 5 
P - 0 C 8 H 1 7 7 

m,m, p - (OC 8 H 1 7 ) 2 

p -OC 2 H 4 C 6 H 1 3 3 

m,m, m'-(C9H19)2 

m,, m'-(CF3)2 

p-C1 2H25 5 
p -OC 8 H 1 7 7 

m,m, p - (OC 8 H 1 7 ) 2 

m,, m'-(CF3)2 

p-Ci 2H 25 5 
p -OC 8 H 1 7 7 

m,p- (OC 8 H 1 7 ) 2 2 

4aa m. m'-(CF3)2 
4bb P-C12H25 
4cc p-OC8H17 
4dd m, p-(OC8H17)2 
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6.22 Results & Discussion 

Thee catalysts were tested under identical conditions. The hydrogenation reactions were performed in 

aa high-pressure autoclave (as described in chapter 2) using 4-octyne (4.0 mmol) and H2 (6 bar) and 

C022 (70 bar at 45 °C). The autoclave was heated to reaction temperature and then the catalyst was 

injectedd with C02 (total pressure 210 bar). The results of the hydrogenation runs are listed in 

tablee 6-1. All catalysts, which have been tested appeared to be stable under the reaction conditions 

althoughh the complexes la, 2a, 3a and 4a tended to decompose more quickly to palladium black after 

thee 4-octyne was consumed. The zerovalent palladium complexes containing these Ar-bian ligands 

showw a markedly diverse behavior in catalysis, especially concerning the activity of the catalyst in the 

hydrogenationn reaction. In addition, the solubility of the catalysts under reaction conditions depends 

stronglyy on the substituents attached to the ligand. The solubility and the activity will be discussed 

separatelyy below. . 
Schemee 4 

C6F13 3 

Pd d 

} } 

o^c X X 
*11 = CH3 

C5H11 1 
CgH1g g 

(5a) ) 
(5b) ) 
(5c) ) 

Pd(4,4'-R2-bipy)(ma) ) 

Ï Ï 

(6) ) 

Pd(P(ArRi)3)2(ma) ) 

6.2.11 Solubility of the zerovalent palladium catalysts in scC02 

Whenn supercritical carbon dioxide is employed as reaction medium, it is important to monitor the sol-

ubilityy of the reaction components to ensure that the reaction is performed in one homogeneous phase. 

Thiss is best done under reaction conditions in the presence of all reaction components instead of 

binaryy solubility data of each component. In the case of a multi component system, the phase behavior 

becomess considerably more complicated and multiple phases can be formed during the reaction.
166 Therefor, the solubility of the different reaction components was visually determined during the 

hydrogenationn reaction. 
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Tablee 6-1. Activity, solubility and selectivity of the semi-hydrogenation of 4-octyne by the Pd(Ar-bian)(ma) complexes 
(1-4)) in scC02. 

Compound d 

Pd[(iw.m'-(CF3)2C6H3)) bian|(ma) (la) 

Pd[(p-C12H25C6H4)bian](ma)) (lb) 

Pd[(^-(C8Hi 70)C6H4)) bian](ma) (lc) 

Pd[(m,//-(CxH|70)2C6H3)) bian](ma) (Id) 

Pd[(m,m'-(CF3)2C6H3)-5-n-CgH|77 bian](ma) (2a) 

Pd[(^-C|2H25C6H4)-5-/i-C8H177 bian](ma) (2b) 

Pd[07-CKH17OC6H4)-5-/i-C8H|77 bian](ma) (2c) 

Pd[(m,/»-(C8H]70)2C6H3)-5-n-C8H,77 bianl(ma) (2d) 

Pd[(ra.m'-(CF3)2C6H3)-5-n-C2H4C6F133 bian](ma) (3a) 

Pd[(/j-C,2H2SC()H4)-5-/i-C2H4C6F]33 bianl(ma) (3b) 

Pd[(^-(C8H,70)C6H4)-5-«-C2H4C6F133 bian](ma) (3c) 

Pdr(m,/J-(CHH170)2C6HH)-5-/7-C2H4C6F13bian](ma) ) 
(3d) ) 

Pd[(m,/n,-(CF3)2C6H3)-5,8-(Aj-C2H4C6Fn)2bian](ma) ) 
(4a) ) 

Pd[(/7-(C|2H25)-5,8-(tt-C2H4C6Fl3)22 bian](ma) (4b) 

Pd[(/>(C8H170)C6H4)-5,8-(«-C2H4C6F13)2bian](ma) ) 
(4c) ) 

Pd[(m,;HC8H,70)2C6H3)-5,8-(«-C2H4C6F|3)2 2 

bian](ma)) (4d) 

Soluble3 3 

y y 

n n 

n n 

n n 

y y 

y y 

n n 

n n 

y y 

y y 

n n 

n n 

y y 

y y 

y y 

y y 

Time e 
(min.) ) 

15 5 

X X 

X X 

X X 

15 5 

60 0 

X X 

X X 

15 5 

60 0 

X X 

X X 

15 5 

60 0 

60 0 

60 0 

Conversion n 
<%)b b 

78 8 

X X 

X X 

X X 

65 5 

19 9 

X X 

X X 

64 4 

16 6 

X X 

X X 

63 3 

17 7 

7 7 

13 3 

Selectivity y 
Z/£yalkaneL' ' 

95/5/0 0 

X X 

X X 

X X 

95/5/0 0 

96/4/0 0 

X X 

X X 

95/5/0 0 

94/4/1 1 

X X 

X X 

94/6/0 0 

95/5/0 0 

95/5/0 0 

94/6/0 0 

a.. Indicated whether all of the catalyst dissolved (y) or not (n). Solubility was determined under reaction condi-
tionss (0.5 mL 4-octyne, 2 mL THF, 5.7 umol catalyst, 6 bars H2 and 210 bars C02, 45 °C). 

b.. Conversion determined by GC analysis. 

c.. Selectivity ((Z)-alkene/(£")-alkene/alkane) determined between 10-90% alkyne conversion. 

Thee solubilities of the zerovalent palladium complexes were determined under standard reaction con-

ditionss in a 50 mL autoclave (6.0 bar H2, 2 mL THF (co-solvent), total pressure H2 and C02 210 bar 

att 45 °C). Under these conditions it was attempted to completely dissolve 5.7 (imol of the respective 

Pd-catalystt in the reaction mixture. The results are given in table 6-1. From the obtained solubility 

data,, it can be concluded that the palladium complexes show an increased solubility with the intro-

ductionn of C02-philic groups on the acenaphthene backbone. Catalysts containing Ar-bian ligands 

withh two polyfluoroalkyl chains attached to the acenaphthene backbone (4a-4d) were completely sol-

ublee whereas for complexes without C02-philic tails attached to the backbone (la-Id) , only the 

Pd[(w,w'-(CF3)2C6H3)) bian](ma) (la) was completely dissolved. 
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Thee substituents attached to the N-phenyl ring have a great influence on the solubility of the catalyst 

inn SCCO2. Especially the complexes containing (/n,wi'-(CF3)2C6H3)-R-bian ligand (R = H, octyl or 

C2H4C6F]3,, la, 2a, 3a, 4a) were highly soluble and the presence of only four CF3 moieties was suf-

ficientt to solubilize the Pd-catalyst. The markedly different solubility of the (w?,m'-(CF3)2C6H3)-bian 

ligandd compared to other Ar-bian ligands in common organic solvents has been reported by Cenini et 

al.al. In contrast, the apolar complex 2d, which contains five alkyl tails and is highly soluble in pen-

tanee and hexane, does not dissolve under the reaction conditions. Apparently the solubility of the 

Pd(Ar-bian)(ma)) complexes in scC02 does not parallel their solubility in light apolar hydrocarbons. 

Thiss observation can be explained by the fact that increasing the number of alkyl chains, increases the 

apolarr character of the compound but also increases the solute-solute interactions (by increased van 

derr Waals interactions) and hence reduce the compounds' vapor pressure. Since the difference 

betweenn solubilities of solids in SCCO2 depends mainly on the solids' vapor pressure and the intermo-

lecularr interactions between the solvent and the solute, the introduction of more alkyl chains would 

onlyy lead to a small solubility enhancement. So it can be concluded that introduction of CF3 groups 

onn the N-phenyl ring greatly increases the solubility whereas the introduction of the alkyl or polyflu-

oroalkyll  chains does result in a further enhancement of the solubility but to a markedly smaller extent. 

Similarr trends in solubility have been reported for the solubility of substituted phosphines in liquid 

andd SCCO2 by Wagner and Dahmen et al. 

6.2.22 Activit y and selectivity of the zerovalent palladium complexes in the 
stereoselectivee hydrogenation of 4-octyne to Z-octe-4-ene 
Ass can be seen from table 6-1, the C02-philic tails attached to the acenaphthene backbone do not 

greatlyy effect the activity of the reaction. However, when comparing the catalyst activity of complex 

l aa to 2a, 3a and 4a, it can be seen that la displays a higher activity than the catalysts containing C02-

philicc tails attached to acenaphthene backbone. There appears to be no influence of thee electron with-

drawingg effect of the perfluoroalkyl chains on the catalyst's activity and selectivity. Also in the case 

off  2b, 3b and 4b, the activity and selectivity in the hydrogenation of 4-octyne is not changed by intro-

ducingg polyfluoroalkyl chains on the acenaphthene backbone. This is in accordance with other obser-

vationss and shows that indeed the two methylene spacers are a good insulator for the electron 

withdrawingg effect of the polyfluoroalkyl chain. 

Thee effect of the N-phenyl substituent has a large influence on the activity of the catalyst. Complexes 

containingg electron withdrawing substituents (e.g., CF3) such as la, 2a, 3a and 4a show a very high 
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activityy and a good selectivity in the semi-hydrogenation of 4-octyne (see table 6-1). More electron 

donatingg substituents still display a good selectivity although the activity is more than one order of 

magnitudee lower compared to the most active catalysts. 

Pd(4,4,-R2-bpy)(ma)) complexes (5a-c) were tested under identical reaction conditions, but none of 

thesee complexes was completely dissolved. The highly fluorous complex Pd(P{/>-

(CH2J2C6F]3Ar}3)2(ma)) (6) was completely dissolved, however, the use of this catalyst resulted in a 

veryy slow hydrogenation reaction since stable <P)2Pd(alkene) and (P)2Pd(alkyne) complexes are 

formed,, which are known to be very slow catalysts for the hydrogenation reaction studied here. From 

thesee experiments it can be concluded that the Pd( Ar-bian)(alkene) complexes are also very succesful 

inn the semihydrogenation of 4-octyne in scC02. Namely, PdKw^XCF^^CöH )̂ bian](ma) (la) is 

superiorr as catalyst in this stereoselective hydrogenation both in terms of catalyst activity and selec-

tivityy in supercritical C02. 

6.2.33 Partial dihydrogen pressure dependency 
Too study the effect of the partial hydrogen pressure on the reaction, the semi-hydrogenation of 4-

octynee to Z-octene was investigated using Pd[(m,m,-(CF3)2C6H3) bian](ma) (la) as catalyst. The 

hydrogenn pressure was varied between 6 and 20 bar. A kinetic study using complex la performed in 

THFF (chapter 5) showed that the catalyst has a distinctive induction period before the catalyst is fully 

active.. To obtain more accurate rate data from the stereoselective hydrogenation reaction in scC02 

usingg la, a large excess of alkyne was used (substrate /catalyst ratio is 14000). In this case, the induc-

tionn period (i.e. time for activating the catalyst) will be short compared to the reaction time. The 

hydrogenationn reactions were performed under standardized conditions (see experimental). 

Fromm preliminary experiments, it appeared that [H2]/[alkyne] ratios are important for the catalyst sta-

bility .. When the [H2]/[alkyne] ratio is higher than 2, the catalyst is not stable and decomposes to pal-

ladiumm black before complete conversion of the alkyne. Therefore, reaction rates were determined 
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onlyy for [H2]/[alkyne] concentration ratios between 1 and 2. Under these conditions, [H2] is still in 

excesss and hence not rate limiting. The results are summarized in table 6-2 and plotted in Figure 6-2. 

Tablee 6-2. Rate data for the hydrogenation of 4-octyne to 4-Z-octene by Pd[(m,m'-(CF3)2C6H3) bian](ma) in scC02.
a 

Entry y 

1. . 

2. . 

3. . 

Hydrogenn pressure 
(bar) ) 

7.5 5 

10.0 0 

13.0 0 

Ratioo [H2]/[alkyne] 
(mol/mol) ) 

1.1 1 

1.4 4 

1.9 9 

TOFb b 

(molmor'h"1) ) 

744 x 103 

888 x 103 

117xx 103 

Selectivity y 
27E/alkanec c 

95/5/0 95/5/0 

95/5/0 0 

95/5/0 95/5/0 

a.. Conditions: Reactions were carried out in a stainless steel autoclave. 2.0 mL 4-octyne, 2 mL THF, 1.2 umol 
catalystt (Pd/substrate ratio was 14000). Total pressure was set to 210 bar, reaction time 5 minutes at a reaction 
temperaturee of 45 °C. 

b.. TOF is defined as mol product per mol catalyst per unit time (in molmor'h'1). 

c.. Selectivity determined between 10-90% alkyne conversion. 

Thee stereoselective hydrogenation catalyzed by Pd[(m,w!'-(CF3)2C6H3) bian](ma) (la) is very fast 

withh TOF up to 117 x 10 molmor'h"1. As mentioned before, the induction period, which is supposed 

too be short compared to reaction time, is also included in the TOF and hence the reported TOF are 

minimumm values. Still, the reaction is performed with very high stereoselectivity for the (Z)-product. 

AA plot of the a ln(rate) versus ln(pH2) gives a straight line of slope 1.0 showing that the reaction in 

scC022 is first order in H2 as was also observed THF solution (see chapter 5). 

120000-- / 

1000000 - / 

oo  « / 

800000 - / 

600000 - > / 

4O000-- / 

200000 - / 

0.00 0.5 1.0 15 2 0 

Ratioo H2 / Substrate (mol /mol) 

Figuree 6-2. Plot of TOF versus the ratio hydrogen pressure/ substrate. Conditions as given in table 6-2. 

Comparingg the reaction rates obtained in scC02 to the reaction rate obtained under identical condi-

tionss in THF at 45 °C (catalyst substrate ratio is 14000, 13 bar H2, TOF = 27000 molmor'h"1), the 

ratee in scC02 is more than 4 times higher. The most important reason for the high rate obtained in 

scC022 compared to THF is the complete miscibility of H2 with scC02 compared to the low solubility 

off  H2 in most organic solvents.'' This allows all reaction components (substrate, catalyst) to be in the 

samee phase and mass-transfer processes do not dominate the reaction rate. Furthermore, the high dif-
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fusivityy in the supercritical phase may further enhance the reaction rate since diffusion of reactants 

(andd products) towards (away from) the Pd-catalyst is faster and eliminates the problems of slow mass 

transferr in the vicinity of the catalyst. 

6.33 Hydrogenation of Various Alky nes using Pd[(/w,m'-
(CF3)2C6H3)) bian](ma) (la) 

Inn this study, various alkynes were subjected to the hydrogenation reaction in scC02 using la as cat-

alystt and the main results are presented in table 6-3. The substrates 4-octyne, 1-phenyl-1-propyne and 

diethyll  butynedioate (entry 1, 2 and 3, table 6-3) were completely miscible with scC02. No phase sep-

arationn or catalyst deposition was observed during the reaction and the mixture remained homogene-

ouss throughout the experiment. Analysis of the reaction mixture shows preference for the production 

off  the (Z)-alkene. The chemo- and stereoselectivity od each alkyne turned out to be identical to that 

inn THF at 25 °C and 1 bar H2 
20 0 

Thee low activity in the case of diethyl butynedioate (entry 3) is noteworthy, since it indicates the for-

mationn of a palladacycle with a second molecule butynedioate during the reaction. The rapid forma-

tionn of the palladacycle 7 was confirmed in a high-pressure NMR experiment where diethyl 

butynedioatee was injected into a C02 solution containing la. The recorded H spectra were compared 

too an isolated sample of 7. 

F3C C 

F,C C 

V V 
o --

scC02 2 

rAA o o 

F3C C 

< < 
F3C C 

> > 

\ \ 
sO sO 

-NN N-

Pd d 

yr yr 

PF3 3 

O O 
, 00 CF, 

">-x x 

(7) ) 

Figuree 6-3. Formation of [m,m'-(CF3)2Ar-bian]pallada-2,3,4,5-tetrakis(carboethoxy)-2.4-cyclopentadiene (7) from la 
andd diethyl butynedioate 

Inn the case of diphenylacetylene, the substrate is only slightly soluble under the reaction conditions 

andd solid particles were observed during the reaction. Although the catalyst still displays a high selec-

tivityy for the Z-isomer, it was not stable and decomposed to metallic palladium. Evidently, the hydro-
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genationn of alkynes takes place with high stereoselectivity in scC02; however, the solubility of the 

substratee seems to be essential for the catalyst stability. 

Tablee 6-3. Hydrogenation of different alkynes by la in scC02. 

1 1 

2 2 

3 3 

4 b b 

Substrate e 

- ^ _ _ 

" ^ ^ ^ 

<Q^^CH 3 3 

<\\ _ sP 
// — \ 

s-0s-0 °~\ 

/=\/=\  — /=\ 

\J\J — \J 

Time e 
(min.) ) 

15 5 

15 5 

60 0 

--

Conversion3 3 

(%) ) 

78 8 

67 7 

20 0 

c c 

(Z)-Alkene e 

95 5 

88 8 

99 9 

87 7 

(£)-Alkene e 

5 5 

6 6 

1 1 

--

Alkane e 

--

4 4 

--

13 3 

a.. Reaction conditions 4.0 mmol alkyne, 2 mL THF, 5.7 umol catalyst, 6 bars H2 and 210 bars C02, 45 °C. 

b.. The substrate diphenyl acetylene did not dissolve completely under reaction conditions. 

c.. Catalyst decomposed to metallic palladium. 

6.44 PHIP NMR Measurements in scC02 

Inn the kinetic study of the stereoselective hydrogenation of 4-octyne by Pd[(m,m'-(CF3)2C6H3) 

bian](ma)) (la) as presented in chapter 5, PHIP NMR revealed that dihydrogen reacts with la. The 

formationn of the primary reaction product, the (Z)-alkene, proceeds by a ri.y-pairwise addition of the 

twoo hydrides to the substrate. To study the reaction mechanism in scC02, hydrogenation reactions 

weree carried out in scC02 with para-H2 using different catalysts. The results were compared to the 

PHIPP measurements obtained in different common organic solvents. Since reactions in scC02 involve 

highh pressures (typically 150 bar), these PHIP measurements were performed in a toroid cavity auto-

clavee (TCA). The TCA is a cylindrical autoclave that also functions as a toroid cavity NMR detec-

tor.21-22 2 

Forr the stereoselective hydrogenation, 1-hexyne and phenyl acetylene were chosen as substrates since 

inn PHIP measurements it is required that the symmetry breaks down during the catalytic hydrogena-
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tion,, so 4-octyne cannot be used. The reactions were carried out in the deuterated common solvents 

THF-d8,, toluene-d8, methanol-d4 and acetone-d6 as well as in scC02. In this study the highly active 

catalystss containing the (m,m'-(CF3)2C6H3)-R-bian ligand (R = H, octyl or C2H4C6F13, la, 2a, 3a) 

andd the less active catalysts 3b, 3c and 3d were investigated. 

Initiall  screening for the production of polarized signals in the hydrogenation products was performed 

inn common organic solvents (THF-d8, toluene-d8, methanol-d4 and acetone-d6 at 29 °C). Under these 

conditions,, only the most active hydrogenation catalysts (la, 2a and 3a) produced polarized signals 

inn the (Z)-alkene for both 1-hexyne as well as phenyl acetylene. The catalysts 3b-3d hydrogenated the 

alkynicc substrates giving the Z-isomer as major product but no polarization signals were observed at 

299 °C. When the reaction was performed at 45 °C, all tested catalysts showed PHIP signals in the 

formedd Z-product. The intensity of the polarized signals was strongly dependent on the polarity of the 

reactionn medium; giving the highest intensities for the aprotic and apolar solvents (e.g., THF-d8 and 

toluene-d8).. In polar, protic solvents like methanol-d4 the polarized signals were small and compara-

blee to the thermal signals produced by the hydrogenation product. In CD3CN and DMSO-d6, no PHIP 

signalss were observed. 

Duringg the hydrogenation of 1-hexyne using paraH2 in scC02, all tested Pd(Ar-bian)(ma) complexes 

(la,, 2a, 3a-d) produced polarized signals in the (Z)-product. This proves that the palladium catalyzed 

hydrogenationn reaction in scC02 proceeds by a c/s-pairwise addition of the two hydrogen nuclei to 

thee substrate. As in the case of THF, no PHIP signals were observed in the (f^-alkene, which is formed 

inn small amounts. The intensity of the produced PHIP signals was comparable to the signal intensity 

observedd in THF-d8 and toluene-d8. This indicates that scC02 is comparable to other apolar solvents 

andd the mechanism of the semi-hydrogenation of alkynes is very similar, if not identical. 

Thee enhancement of the sensitivity of thee PHIPNMR detection method can reach values of a 104-105, 

butt typically ranges around a factor of a 103-104. The observed polarized signals the hydrogenation 

byy complex 1 in non-protic solvents were only one order of magnitude higher than the thermal signals 

producedd by a normal NMR. The small enhancement of the polarization can be either caused by the 

factt that the pairwise addition is a minor route to product formation, or be due to the large nuclear 

quadrupolee moment (0.660 x 10 cm ) of palladium, which causes the spin-correlation between to 

twoo hydrogen nuclei to be lost during the hydrogenation. 
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6.55 Conclusions 

Inn summary, we have demonstrated the feasibility of conducting highly chemo- and stereoselective 

partiall  hydrogenation reaction in supercritical C02. Several zerovalent palladium complexes have 

beenn tested and were found to be active in this reaction. All Pd(Ar-bian) catalysts (1-4) studied here 

weree stable under the reaction conditions, provided that the ratio [H2]/[alkene] is below 2. Especially 

Pd[(w,m'-(CF3)2C6H3)) bian](ma) (la), which is highly soluble in scC02, turned out to be superior as 

aa catalyst in this stereoselective hydrogenation of 4-octyne both in terms of catalyst activity and ste-

reoselectivity.. Besides 4-octyne, also other alkynic substrates were tested and are found to be effec-

tivelyy hydrogenated to the (Z)-alkene. The solubility of the substrate in scC02 appears to be essential 

forr catalyst stability. 

Thee reaction performed in scC02 shows a first order dependency on dihydrogen. However, the cata-

lystt stability under reaction conditions is dependent on the [H2]/[alkene] ratio. Ratios higher than 2 

leadd to decomposition of the catalyst. The rates obtained in scC02 are at least 4 times higher than 

obtainedd in THF under identical conditions. In view of the results from PHIP experiments, a similar 

mechanismm as in common organic solvents seems to apply to the semi-hydrogenation in scC02 as 

well. . 

6.66 Experimental 

Gass chromatographic analyses were run on a Varian 3300 apparatus with a DB-5 column. Hydrogen (grade 5.0) was pur-

chasedd from Air Liquide. The high-pressure reaction were carried out in a home-built autoclave as described in chapter 2 

off  this thesis. 

Thee ]H and 13C NMR spectra were recorded on a Varian Mercury 300 spectrometer ('H, 300.13 MHz; 13C, 75.48 MHz; 
19FF 282.41 MHz) or on a Varian Unity Inova 500 spectrometer ('H, 499.86 MHz; 13C, 125.70 MHz). Positive chemical 

shiftss (ppm) are denoted in the 'H and 13C NMR spectra to higher frequency from an external tetramethylsilane reference 

andd in the l 9F NMR spectra to higher frequency from an external CC13F reference. 

High-resolutionn mass spectrometry (HRMS) measurements were carried out at Swammerdam Institute of Life Sciences 

(SILS),, University of Amsterdam, the Netherlands. The Electron Impact (EI) and the Fast Atom Bombardment (FAB) 

masss spectrometry measurements were carried out using a JEOL JMS SX/SX 102A four-sector mass spectrometer, cou-

pledd to a JEOL MS-MP9021D/UPD system program. In the EI-MS measurements the samples were introduced via a direct 

insertionn probe into the ion source. In the FAB-MS measurements the samples were loaded in a matrix solution (3-

nitrobenzyll  alcohol) on to a stainless steel probe and bombarded with Xenon atoms with an energy of 3 KeV. During the 

147 7 



Chapterr 6 

highh resolution EI-MS and the FAB-MS measurements a resolving power of 10,000 (10% valley definition) was used. 

Low-resolutionn mass spectrometry (MS) measurements were performed in the El-mode (70 eV) on a GC/MS HP 5890/ 

59711 apparatus equipped with a ZB-5 column (5% cross-linked phenyl polysiloxane) with an internal diameter of 0.25 

mmm and film thickness of 0.25 urn. 

6.6.11 Hydrogenation reactions in scC02 

Too study the solubility and activity of various palladium complexes in scC02, they were tested under standard reaction 

conditions.. The autoclave was charged with 0.44 g. 4-octyne (0.4 mmol) after which the autoclave was closed. The auto-

clavee was then purged with dihydrogen gas (15 bar) twice after which it was pressurized with 6 bars of H2. The autoclave 

wass then filled with 70 bars C02 and heated to reaction temperature. After stabilization of the temperature, the catalyst 

(5.77 ixmol) was dissolved in 0.5 mL THF and injected with a syringe into the autoclave injector. The vial, which contained 

thee palladium catalyst was rinsed 3 times with 0.5 mL THF and injected into the catalyst injector. The catalyst injector 

wass pressurized with 220 bars of C02 and the THF solution (2 mL) containing the catalyst was injected into the autoclave. 

Duringg the reaction time (15 minutes to 1 hour), the reaction cell was visually inspected for the presence of solid particles. 

Thee autoclave was then cooled to -30 °C in an ethanol/dry ice bath. The autoclave was carefully vented through a cold 

trapp to collect the volatiles. The cold trap was washed with 2x5 mL diethyl ether and added to the content of the autoclave. 

AA sample was taken and analyzed by GC. 

ForFor the study involving variable dihydrogen pressure, a modified procedure was followed. The autoclave was charged 

withh 1.6 g. 4-octyne (14 mmol) after which the autoclave was closed. The autoclave was then purged with dihydrogen gas 

(155 bar) twice after which it was pressurized with the desired dihydrogen pressure (between 6 and 13 bar). The autoclave 

wass then filled with 70 bars C02 and heated to the desired reaction temperature. After stabilization of the temperature, the 

catalystt (PdK/«,m'-(CF3)2C6H3) bian](ma) (la), 1.0 umol) was dissolved in 0.5 mL THF and transferred with a syringe 

intoo the autoclave injector. The vial, which contained the palladium catalysts was rinsed 3 times with 0.5 mL THF, which 

wass also transferred into the catalyst injector. The catalyst injector was pressurized with 220 bars of C02 and the THF 

solutionn (2 mL) containing the catalyst was injected into the autoclave. The catalyst injector was then disconnected from 

thee high-pressure set-up. After 5 minutes reaction time, the catalyst injector was opened again and was quickly (+/- 10 

seconds)) but carefully vented to 1 bar (Attention: 220bars are involved!). This procedure was repeated and the third time 

thee injector was vented very carefully. Then 2 mL of THF was used to rinse the catalyst injector and the content was col-

lectedd with a syringe and was analyzed with GC. 

Afterr every experiment, the autoclave was cleaned by rinsing the autoclave with acetone. The autoclave was then taken 

apartt and all the components which were in contact with the reaction mixture were carefully cleaned with aqua regia. All 

componentss were washed successively with H20 and acetonee (2x). All metallic components were then cleaned with silver 

polishh (HEMA huismerk) to remove metal chloride and metal nitrate salts. The autoclave components were washed with 

acetonee and dried. To ensure that all palladium metal was removed, a blanc experiment was performed (0.5 mL 4-octyne, 

300 bar H2, 200 bar C02, but no catalyst). After a reaction time of 1 hour (20 times normal reaction time), the reaction 

mixturee was analyzed by GC. When the conversion was less then 2 %, the autoclave was deemed to be clean. 
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6.6.22 PHIP NMR in scC02 

Thesee experiments were carried out at the University of Bonn, in the group of professor J. Bargon and professor K. Woelk 

withh assistance of T. Jonischkeit. 

Para-enrichedd hydrogen containing about 50% para-H2 is prepared by passing H2 through activated charcoal at 77 K as 

describedd in the literature.23 The hydrogenation with parahydrogen is carried out in situ. The PHIP measurements were 

performedd in diamagnetic copper-alloy, high-presure toroid cavity NMR probe (V = 2.8 mL) which has been described 

elsewhere.21-222 The cavity were electroplated on the inside with thin layers of gold to avoid chemical reactions of the pal-

ladium-basedd catalysts with the copper-alloy. The autoclave is equipped with non-return valves through which gaseous or 

liquidd components (e.g., para-hydrogen) can be injected even if high pressure is already applied to the reactor (supercrtical 

carbonn dioxide in this case). In addition, coaxial resistive heating arrangements have been used which, although electri-

callyy operated, do not disturb the main magnetic field B0 and allows efficient temperature control during the experiments. 

Thee TCA has been optimized in which the gas is effieciently mixed with the liquid or supercrtical fluid. 

Inn a typical hydrogenation reaction experiment, 200 (il substrate (both phenyl acetylene and 1-hexyne were tested) was 

addedd to the TCA. In addition, 2 mg catalyst was dissolved 100 pi THF-d8 (in order to help the catalyst dissolve in the 

supercriticall  medium) which was added to the TCA. Then the TCA was closed and was inserted into the NMR spectrom-

eter.. Then CO-> was introduced into the autoclave after which it was heated to reaction temperature (45 °C, C02 pressure 

wass 150 bar). After stabilization of the temperature, the TCA was locked and shimmed. Then parahydrogen (10 bar) was 

addedd to the autoclave, and accordingly, the pressures do not correspond to exact partial pressures. After introduction of 

thee parahydrogen, the NMR detection was started (1 scan). 

6.6.33 Synthesis 
Thee atomic numbering for the Ar-bian ligands, as presented in Figure 6-4.. 

Figuree 6-4. Molecular structure and adopted atomic numbering of the Ar-bian ligands. 

[m,m'-(Cr3) 2Ar-bian]pallada-2,3,4,5-tetrakis(carboethoxy)-2,4-cyclopentadienee (7) 

AA solution of m,m'-(CF3)2Ar-bian (0.60 g, 1.0 mmol), Pd(dba)2 (0.57 g, 1.0 mmol) and a excess of diethyl butadioate (0.68 

g,, 4.0 mmol) in dry THF was stirred for 30 minutes at 21 °C. During this time the color of the solution changed from dark 

purplee to brown. The reaction mixture was filtered through Celite filter aid under N2 atmosphere to remove traces of metal-

licc palladium and the Celite filter aid was repeatedly washed with dry THF (3x5 mL) until the washings were colorless. 

149 9 



Chapterr 6 

Thee combined filtrates were evaporated to dryness in vacuo and was washed with 3 x 20 mL diethyl ether yielding 0.84 

g.. 7 as brown /orange solid (80%). 

'HH NMR (499.84 MHz, acetone-d6): 5 8.36 (d, J4_5=&.0,  2H, Ar-tf 5), 8.27 (br, 2H. Ar-tf") , 8.09 (br, 4H, Ar-//10-12), 

7.688 (pst, 2H, Ar-//4), 6.67 (d, 7 ^ = 7.5, 4H, Ar-//10). 4.00 (q, V= 7.0. Ctf2CH3), 3.28 (q, lJ= 7.0, C#2CH3), 1.17 (t, 
37== 7.0, CH2Ctf3), 1.01 (t, 37= 7.0, CH2Ctf3). 

13CC NMR (125.70 MHz, CDC13): 8 177.39 (C(O)0CH2CH3), 173.65 (Pd-C=C), 169.73 (C,), 165.42, 163.37 (Pd-C=C), 

148.288 (C7), 146.21 (C6), 137.12 (Cg), 132.75 (q, 27(C,F) = 33.7, C10), 132.73 (C5), 131.76, 129.23 (C4), 126.06 (C2), 

125.833 (C3), 123.48 (q, './(C,F) = 271, CF3), 123.42 (C9), 121.60 (CM), 59.67 (C(0)OCH2CH3). 59.30 (C(0)OCH2CH3), 

13.7713.77 (C(0)OCH2CH3), 13.26 (C(0)OCH2CH3). 
19FF NMR (282.41 MHz, CDC13): 5 -63.16. 

HRMSS (FAB+): [M ]+* : found 1050.1005: calcd ( C ^ H ^ F ^ N ^ P d) 1050.1002. 
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