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Chapterr  2 

Selectivee Hydrogenation of Alkynes using 

Pdd (Ar-bian)(dmfu) complexes; Synthesis and 
it it 

Catalysis s 

2.11 Introductio n 

Thee selective semi-hydrogenation of alkynes to (Z)-alkenes seems to be a simple 

reaction,, yet this type of conversion remains a highly desirable synthetic tool. There is a 

varietyy of catalysts available for the conversion of alkynes into (Z)-alkenes, the best 

knownn and most efficient ones being heterogeneous types, such as the Lindlar-catalyst, 

Ni-boride,, the socalled "P2Ni" catalyst and a procedure based on palladium 

immobilisedd on a clay.4 Especially the Lindlar catalyst suffers from a number of major 

problemss in the selective "cis-hydrogenation" of alkynes; notably partial isomerisation 

off  the product (Z)-alkene into the (£)-alkene, shift of the double bond, overreduction to 

thee alkane and problems with reproducibility. Only a few examples are known of 

homogeneouss systems that show a good selectivity for a wider range of substrates, e.g. 

rhodium-catalysed,, and Cr(CO)3~catalysed hydrogenation. For palladium, however, 

feww homogeneous systems are known and these deal with palladium(II) complexes. ' 

Theree is only one system reported involving palladium(O), namely the Pd2(dppm)3 

complex,, that shows low reactivity in the hydrogenation of propyne and 2-butyne. 

Inn this chapter a new homogeneous palladium(O) catalyst that is able to homogeneously 

hydrogenatee a wide variety of alkynes to the corresponding (Z)-alkenes with very high 

selectivitiess is reported. Additionally, enynes are selectively converted into dienes. This 

constitutess the first example of a palladium(O) complex employing nitrogen ligands that 

#.. Part of the work in this Chapter has been published: van Laren, M. W.; Elsevier, C.J. Angew. Chem. Int. 
Ed.Ed. 1999, J#, 3715. 
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hass been used in the hydrogenation of alkynes, and the first palladium(O) complex 

whatsoeverr that exhibits good selectivity for a wide variety of alkynes and enynes. 

EE = C02Me 

a:: R = R' = p-OCH3 

b:: R = P-OCH3 , R' = p-CH3 

c:: R = R' = p-CH3 

d:: R=R' = o,o'-diCH3 

e :: R = R' = p-N(CH3)2 

f:: R = p-N(CH3)2 , R' = p-OCH3 

g:: R = P-OCH3 , R' = H 

Figuree 2.1: Pd°(Ar-bian)(dmfu) complexes. 

Wee have employed palladium(bian)(alkene) pre-catalysts 1 (Figure 2.1), which contain 

thee rigid bidentate N-ligand "bian" (bian = bis(arylimino)acenapthene). This type of 

ligandd has previously been employed in other carbon-element bond forming reactions 

andd has previously been isolated using an electron-deficient alkene as the additional 

ligand.111 Analogues of 1 with electron-rich alkenes are not stable. We reasoned, since 

simplee alkenes are expected to be readily substituted by alkynes, that if alkynes would 

bee hydrogenated in the presence of molecular hydrogen, subsequent fast substitution by 

excesss alkyne could give rise to a viable catalytic cycle (Scheme 2.1). 

EWG G 

Pd-- -N 

EWG G 
c c 

E W GG E W G 

Schemee 2.1: proposed catalytic cycle for the selective hydrogenation of alkynes. 
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Thee further rationale behind this mechanistic scheme wil l be dealt with in Chapter 3. 

2.22 Results and Discussion 

2.2.11 Synthesis 

Thee various bian iigands (3) for the preparation of Pd(Ar-bian)(dmfu) complexes were 

synthesizedd by condensation of acenaphtequinone with the appropiate aniline(s). There 

weree two different procedures: The first is by condensation of the quinone with the 

aniliness in the presence of a small excess of ZnCl2 in glacial acetic acid, yielding the 

(Ar-bian)ZnCl22 complex 12c, which is deprotected to give the free Ar-bian by in water 

withh an excess of K2CO3 12b.'la' This method works for a wide variety of anilines, 

butt only symmetric bian Iigands can be obtained in this way. The second method is by 

condensationn of the quinone with the appropiate aniline in THF or toluene at elevated 

temperaturess in the presence of a catalytic amount of p-toluenesulphonic acid and 

molsievess (4A) to remove the water formed during the condensation reaction. In this 

mannerr also mono substituted acenapthequinones and asymmetric bian Iigands can be 

obtainedd (Scheme 2.2). 

a:: R = P-OCH3 b: R = p-OCH3; R' = p-Tol 
b:: R = p-N(CH3)2 e: R = p-OCH3; R' = H 

f:: R = p-OCH3; R' = p-N(CH3)2 
g:: R = p-N(CH3)2; R' = p-N(CH3)2 

Schemee 2.2: Synthesis of assymetric Ar-bian Iigands. 

31 1 



Thee first ketone function can be turned into the ketimine using either electron rich 

aniliness such as p-methoxyaniline as well as non-electron rich anilines such as aniline 

itself.. The quinone is refluxed in THF with an equimolar amount of the appropriate 

anilinee in the presence of p-toluene sulphonic acid and molsieves (3A). Just small 

amountss (<3%) of the bian are obtained this way. The mono (arylimino)- acenaphtene 

(mian)) was used without further purification for the synthesis of the asymmetric bian 

ligands.. The second ketimine function can only selectively be introduced when the aryl 

onn the first ketimine function is electron rich. For instance; the synthesis of the 

asymmetricc bian 3b can best be achieved ifp-anisidyl-mian is reacted with/?-toluidine. 

Whenn this is attempted starting from/7-toluidyl-mian by reaction with/?-anisidine, some 

disproportionationn occurs and mixtures ofp-An-bian and 3b are obtained, whereas in the 

firstt case 3b is obtained crudely in a purity of about 95 %. The asymmetric bian ligands 

weree purified using column chromatography followed by recrystallisation. 

Thee Pd complexes (1) were synthesized by addition of a small excess of the bian ligand 

andd dmfu (1.1 equivalent) to a solution of Pd(dba)2 in acetone (Scheme 2.3). 

d:: R=R' = o,o-diCH3 

e:RR = R, = p-N(CH3)2 

f:: RT = p-N(CH3)2 , R' = p-OCH3 

g:RR = p-OCH3, R'= H 

Schemee 2.3: Synthesis of the Pd (Ar-bian)(dmfu) complexes. 

Thee resulting complexes were isolated by concentration of the solvent and subsequent 

precipitationn and were purified by washing with diethyl ether. 
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2.2.22 Selective hydrogenation of internal alkynes 

Thee hydrogenation reactions were conducted at 20 °C and 1 bar hydrogen pressure on 

initiall  sample concentrations of ca. 0.5 M in several solvents, employing 1 mol % of the 

pre-catalysts.. THF turned out to be the solvent of choice. Chlorinated solvents gave rise 

too serious decomposition under hydrogenation conditions. Toluene can also be used, but 

thee selectivity is much lower than in THF. 

ElectronicElectronic and steric effects of the bian ligand on the selectivity of the hydrogenation of 

11 -phenyl-1 -propyne 

Thee electronic and steric effects of the substituents on the N-Ar moiety of the bian on the 

selectivityy have been adressed for the hydrogenation of 1-phenyl-1-propyne (11). The 

resultss are given in Table 2.1. 

ablee 2.1: Hydrogenation of 1-phenyl-1-propyne using Pd°(Ar-bian)(dmfu) complexes. 

Entry y 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

Pre-catalyst t 

l a a 

l b b 

l c c 

I d d 

l e e 

I f f 

l g g 

(Z) ) -alkene e 

92 2 

85 5 

80 0 

62 2 

89 9 

82 2 

Productt distribution 

(E)-alkene e 

2 2 

5 5 

7 7 

3 3 

Sluggish h 

3 3 

6 6 

(%)a a 

alkane e 

6 6 

10 0 

13 3 

35 5 

8 8 

12 2 

a)) as determined after 100 % conversion except entry 5. 

Ass is clear from these results, the/?-An-bian complex la is the most selective among all 

Pd°-Ar-biann complexes employed. Pre-catalyst le with the very electron rich bian 3e 

reactss very sluggishly with the alkyne and gives irreproducible results. Complex If is 

alsoo very selective and gives reproducible results, but the reaction is markedly slower 

thann with la. When la-c and lg are compared, there is a very clear correlation between 

thee selectivity and the electron-donating capacity of the N-aryl groups of the Ar-bian in 

thee pre-catalyst used. The selectivity towards (Z)-l -phenyl- 1-propene decreases 
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markedlyy with less electron donating substituents on the N-aryl groups; going from entry 

11 to 3, the (Z/£)-ratios decrease from 46 to 11, with a concomitant increase of the amount 

off  alkane formed. There are also marked steric effects of the ligand on the selectivity. 

Thee sterically congested complex Id (entry 4) exhibits a rather low selectivity and larger 

amountss of alkane are formed. The latter may in this case be due to steric crowding, 

hencee Id may form a more stable complex with the (Z)-alkene than with the alkyne. 

HydrogenationHydrogenation of various alkynes with la 

AA wide variety of alkynes have been hydrogenated using the previously established 

superiorr pre-catalyst la. The results have been collected in Table 2.2. 

Thee stereoselectivity for the formation of the (Z)-alkene is generally excellent, in many 

casess superior to selectivities obtained with Lindlar or "P2Ni" systems1,3 and at least 

comparablee to or better than known homogeneous systems.5"7 Mostly, quantitative 

conversionn of the alkyne into to the desired (Z)-alkene takes place, without concomitant 

alkanee formation. The selectivity is highest for simple alkynes such as 4-6. Excellent 

resultss were also obtained for the homopropargylic alcohol 7, as well as for alkynes with 

aryl-- and/or electron withdrawing substituents such as 8-10,13,15 and cyclooctyne 16. 

Forr 10 the stereoselectivity was determined by reaction with D2. Phenylacetylenes show 

somewhatt lower but still very good selectivities, superior to conversions by Lindlar or 

P2Nii  catalysts and for 11,12 and 14 only a small amount of alkane is formed. In several 

casess (8,12,13) some Z-E isomerisation occurs, but only to a minor extent. Remarkably, 

noo isomerisation to (£)-stilbene is observed upon conversion of 14 whereas the amount 

off  1,2-diphenylethane is somewhat lower than obtained with Lindlar procedures. It 

shouldd be mentioned that in case of 9 and 15 very littl e or no alkane is formed at all. The 

highh selectivity in the conversion of dimethyl butynedioate 9 is especially noteworthy, 

ass it indicates that the hydrogenation of the Pd-alkyne complex is faster than the 

formationn of the palladacycle with a second molecule of butynedioate, which is known 

too be a fast reaction. ' A Pd-alkyne complex similar to 1 has been observed as an 

intermediatee in the formation of such a palladacycle. ' 
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Tablee 2.2: Hydrogenation of alkynes using Pd (p-An-bian)(dmfu). 

Compound d 

number r 

Structure e Productt distribution (%)b 

(Z)-alkenee (£)-alkene alkane 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

17 7 

V V 
\ \ 

H O ^ ^ 

A A 

^ ^ ^ 

O' ' 

M e 0 2 C — ^ — C 0 2 MM e 

o-o-
r^^-r^^-n-Bu u 

^^ ^ tf =K K OH H 

^ A ^ . . 
N0 22 02N 

>99 9 

>99 9 

>99 9 

95 5 

>98 8 

>99d d 

92 2 

1 1 

95 5 

87 7 

97 7 

1-hexenee exclusively 

<1 1 

2 2 

6 6 

5 5 

<1 1 

6 6 

3 3 

13 3 

Ethenylcyclohexenee exclusively 

Ethenylcyclooctenee exclusively 

a)) 80 mM of substrate and 0.8 mM of pre-catalyst in THF at 20 C and 1 bar H2-pressure. b) Reac-
tionn was followed using GC-analysis. Product distribution was determined using GC and 'H NMR 
analysiss at 99.5+% conversion of alkyne. c) Hydrogenated using 1c as a pre-catalyst. d) Deter-
minedd by reaction with D2. 
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Evidently,, the hydrogenation of alkynes takes place with high chemoselectivity towards 

thee triple bond. No hydrogenation of functional groups such as ester, carboxylic acid or 

nitroo substituents has been observed, but catalyst 1 is capable of hydrogenation of the 

carbon-carbonn double bond as is evident in several cases. It has been previously known 

thatt electron-poor alkenes can be hydrogenated using 1 (Figure 2.1) as a pre-catalyst,'5 

butt styrene and stilbene reacted sluggishly. In this context is is noteworthy that 

conjugatedd enynes such as 16 and 17 are cleanly (though in the case of 16 sluggishly) 

convertedd into the corresponding dienes by hydrogenation with la, without a trace of 

hydrogenationn of the double bond(s), the hydrogen uptake stops completely after 

hydrogenationn of the triple bond, without any decomposition of the catalyst. 

Thee homogeneity of the hydrogenation was monitored by the addition of a tenfold 

excesss of cyclohexene to the mixture in several cases. Cyclohexene is not or only very 

slowlyy hydrogenated by homogeneous Pd-species, but is readily hydrogenated by 

colloidall  or heterogeneous Pd. As we did not observe the formation of any cyclohexane 

whatsoeverr during the hydrogenation of the alkynes, it can be concluded that the 

Pd(bian)-catalysedd hydrogenation reaction is homogeneous. Only after all of the alkyne 

hadd been quantitatively reduced to the alkene and/or alkane, the catalyst decomposed to 

formm heterogeneous palladium species in some cases. Only then was cyclohexene 

hydrogenatedd (at a high rate). 

2.33 Experimental 

GeneralGeneral Methods 

Chemicalss were obtained from Acros Chimica and Aldrich Chemical Co. All syntheses of lig-

ands,, complexes and hydrogenations were carried out in dried glasswork, using standard Sch-

lenkk techniques under an atmosphere of purified nitrogen. THF and Et20 were distilled from 

sodium/benzophenone,, acetone was distilled from K2C03, and dichloromethane from CaH2. 

Thee anilines used were distilled prior to use if necessary. Other chemicals were used as received. 

Thee starting materials dba,8and Pd(dba)2
19were prepared according to literature procedures. 'H 

andd C NMR data were recorded on a Bruker AMX 300, Varian Mercury 300 spectrometer 

('H:: 300.13 MHz, ,3C: 75.47 MHz) or a Varian Unity Inova500(1H: 499.86 MHz, 13C: 125.70 

MHz),, using either CDC13 as a solvent and as an external reference (]H, 7.26 ppm; 13C, 77.0 
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11 1 1 

ppm)) or CD2CI2 ( H, 5.32 ppm; C, 54.0 ppm). The gaschromatographic analyses were per-

formedd on a Varian 3300; DB-5 column. 

SynthesisSynthesis ofligands 

Thee ligands for complexes of la,15 lc1 ' and Id1' were prepared according to known literature 

procedures.. The alkynes were either obtained commercially or were synthesized according to 

standardd procedures except 8 and 15 which were obtained from prof. A. Fürstner (Mülheim) and 

prof.. U. Siemeling (Kassei) respectively and who are gratefully acknowledged for their gift. The 

numberingg of the Ar-mian and Ar-bian ligands is depicted in the figure below (Figure 2.2). 

Figuree 2.2: Numbering of Ar-mian (left) and Ar-bian (right). 

Synthesiss of p-An-mian (2a) 

AA solution of acenaphtenequinone (9.10 g, 50 mmol), p-anisidine (6.16 g, 50 mmol), a catalytic 

amountt of/?-toluenesulphonic acid in THF (150 mL), was refluxed for 4 hours in the presence 

off  molsieves (4 A). The mixture was filtered, concentrated in vacuo and the resulting oil was 

dissolvedd in dichloromethane. This solution was washed twice with 1M NaOH (50mL) and 

threee times with brine (50 mL). The solution was dried on MgSC>4, filtered and concentrated, 

yieldingg a orange powder. Yield: 13.75 g (48 mmol, 96 %). 'H NMR: d 8.21 (d, 1H, H3,
 3JHH = 

7.22 Hz), 8.09 (d, 1H, H5,
 3JHH - 8.2Hz), 7.91 (d, 1H, Hy,

 3JHH = 8.3Hz), 7.85 (pst, 1H, H4), 

7.411 (pst, 1H, H4.), 7.10 (d, 2H, H10,
 3JHH - 8.7Hz), 7.04 (d, 1H, H3S

 3JHH - 7.1 Hz), 7.02 (d, 

2H,, H9,
 3JHH = 8.7Hz). 13C NMR: d 190.0 (Cr), 159.2 (C,), 157.9 (Cn) , 143.5 (C8), 132.3 

(C3.),, 131.2 (C7), 130.9 (C6), 129.4 (C5), 128.3 + 128.0 (C4+4.), 127.3 +127.1 (C2+2.), 123.4 

(C3),, 122.3 (C5.), 120.5 (C9), 114.8 (C10), 55.7 (OCH3). 
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Synthesiss of l-p-An-l'-p-Tol-bia n (3b) 

AA solution of 2a (2.87 g, 10 mmol), p-toluidine (1.18 g, 11 mmol), a catalytic amount of p-to\-

uenesulphonicc acid in THF (150 mL), was refluxed for 16 hours in the presence of molsieves (4 

A).. The mixture was filtered, concentrated in vacuo and the resulting oil was dissolved in 

dichloromethane.. This solution was washed twice with 1M NaOH (50 mL) and three times with 

brinee (50 mL). The solution was dried on MgS04, filtered and concentrated, yielding a red pow-

der.. This red powder consisted of the desired product (~ 95%), and small amounts of/?-Anbian 

andd /J-Tolbian, and was further purified using column chromatography (ethyleneacetate/hex-

ane/triethylamine;ane/triethylamine; 88/10/2). The fractions with now almost pure 3b were collected, the solvents 

evaporatedd in vacuo and the resulting red powder was dissolved in boiling ethanol and recrytal-

lised,, yielding clear red needles. Yield: 1.91 g (5.1 mmol, 51 %). !H NMR: d 7.86 (d, 2H, H5 +5., 
3JHHH = 8.1 Hz), 7.38 (psdt, 2H, H4), 7.27 (d, 2H, H10.,

 3JHH = 8.1 Hz), 7.11 (d, 2H, H10,
 3JHH 

== 8.3 Hz), 7.00-7.05 (m, 4H, H9 +9.), 6.92-6.96 (m, 2H, H3+3.), 3.88 (s, 3H, OCH3), 2.44 (s, 3H, 

CH3)..
 13CNMR: d 161.5 + 161.7 (C1 + r) , 157.1 (Cn) , 149.4(C8.), 145.1 (C8), 141.8 (C7), 134.0 

(C i r ) ,, 131.4 (C6), 130.1 (C10.), 129.0 (C5+5.), 128.9 (C2+2>), 127.7 (C4+4.), 123.8 + 124.0 

(C3+3.),, 120.0 (C9), 118.3 (C9.), 114.8 (C10), 55.7 (OCH3), 21.2 (CH3). 

Synthesiss ofp-NMe2bian (3e) 

AA solution of acenaphtenequinone (1.82g, 10 mmol), p-N(CH3)2-aniline dihydrochloride (4.38 

g,, 21 mmol) in THF (50 mL)and a catalytic amount of/>-toluenesulphonic acid was refluxed for 

166 hours in the presence of molsieves (4 A). The mixture was filtered, concentrated in vacuo 

andd the resulting oil was dissolved in dichloromethane. This solution was washed twice with 

1MM NaOH (25 mL) and three times with brine (15 mL). The solution was dried on MgS04, fil-

teredd and concentrated, yielding a dark red powder. Yield:3.97 g (9.5 mmol, 95 %). ]H NMR: 

dd 7.87 (d, 2H, H5,
 3JHH = 8.1Hz), 7.39 (pst, 2H, H4), 7.24 (d, 2H, H3,

 3JHH = 7.5 Hz), 7.13 (d, 

4H,, H9,3JHH = 9.0 Hz), 6.88 (d, 4H, H10,
3JHH = 8.7 Hz), 3.04 (s, 12 H, N(CH3)2).

 13C NMR: 

dd 160.9 (C,), 149.1 (C8), 141.9+ 141.8 (C7+1]), 131.8(C6), 129.7(C2), 129.0 (C5), 128.0 (C4), 

123.55 (C3), 120.6 (C9), 113.9 (C10), 41.3 (N(CH3)2). 

Synthesiss of l-/?-An-l'-p-NMe 2bian (3f) 

Thee procedure was the same as used for 3b, except that an equimolar amount of the aniline was 

used.. Dark red needles were obtained. Yield: 2.06 g (5.1 mmol, 51 %). ]H NMR: d 7.82-7.88 

(m,, 2H, H5+y), 7.35-7.42 (m, 2H, H4+4.), 7.24 (d, 2H, H3,,
 3JHH = 7.3 Hz), 6.97-7.16 (m, 6H, 

H9+9.. + H,0), 6.84 (d, 2H, H,0.,
 3JHH = 8.8 Hz), 3.88 (s, 3H, OCH3), 3.02 (s, 6H, N(CH3)2).

 ,3C 

NMR:: d 160.8 + 161.3 (C1+r), 157.1 (Cu), 148.6 (C8.), 145.5 (C8), 142.0 (C7), 141.7 (Ci r ), 

131.66 (C6), 129.4+ 129.6 (C5+5.), 128.8+ 129.2 (C2+2.), 127.9+ 128.0 (C4+4.), 123.6+ 124.0 
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(C3+J),, 120.2 + 120.9 (C9+9.), 118.3 (C9.), 115.0 (C10), 113.6 (C10.), 55.9 (OCH3), 41.4 

(N(CH3)2). . 

Synthesiss ofp-An-Phbian (3g) 

Thee procedure was the same as used for 3b, except that a larger excess of 1.5 equivalents of an-

ilinee was used.. Orange needles were obtained. Yield: 1.91 g (5.3 mmol, 53 %). 'H NMR: d 7.87 

(d,, 2H, H5+5',
 3JHH = 8.1Hz), 7.48 (pst, 2H, H10.), 7.36 (psq, 2H, H4), 7.26 (pst, 1H, Hn) , 

7.00-7.177 (m, 7H, H3 + H9+9, + H10), 6.82 (dd, 1H, H3-,
 3JHH = 7.2 Hz, J - 4.8 Hz), 3.89 (s, 3H, 

OCH3)..
 13C NMR: 6 161.4 + 161.6 (C1+r), 157.1 (CH), 152.0(C8.), 145.1 (C8), 141.9 (C7), 

131.44 (C6), 119.6(C10.), 129.1 (C5+5-), 128.8 (C2+20. 127.8 (C4+4.), 124.6 (Ci r ), 123.8 + 124.1 

(C3+3.),, 120.0 (C9), 118.4 (C9.), 114.8 (C10), 55.7 (OCH3). 

SynthesisSynthesis of complexes 

Thee palladium complexes lb-l g were all synthesized utilising the following procedure. 

AA solution of Pd(dba)2 (0.57 g, 1 mmol), 1.1 mmol of the ligand and dmfu (0.16 g, 1.1 mmol) 

inn 50 ml of dry acetone was stirred for 8 hours at room temperature. A orange to dark red solo-

tionn formed, the solvent was evaporated and the remaining solids were filtered and washed re-

peatedlyy with diethyl ether to remove dba. The resulting solid was dissolved in dichloromethane 

andd filtered over Celite to remove traces of Pd(0). The resulting solution was concentrated, the 

productt precipitated by addition of n-hexane, filtered and dried in vacuo. Yields: lb (0.49 g; 78 

%),, le (0.44 g; 68%), I f (0.49 g; 77 %), lg (0.50 g; 81 %). 

XHH and 13C NMR of (l-/j-An-r-/>-Tol-bian)Pd(dmfu ) (lb) 

XXWW NMR: d 8.01 (d, 2H, H5+5-,
 3JHH = 8.1Hz), 7.26-7.50 (m, 10 H, H3+3., H4+4,, H9+9., H]0.), 

7.033 (d, 2H, H10,
 3JHH = 9.0Hz), 3.93 (s, 3H, OCH3), 3.90 (s, 2H, =CH), 3.38 (s, 6H, OCH3 of 

dmfu),, 2.44 (s, 3H, CH3).
 13C NMR: 5 164.0 + 163.7 (C} ), 150.4 + 149.6 (Cg+g.), 143.1+142.6 

(C7+70,, 144.2+138.0 (C11+]1), 132.4 + 131.9(C6+60, 130.3 + 129.9 (C5+50, 

128.5+128.1(C4+4>),, 128.2+ 127.3 (C2+r), 124.7 +124.5 (C9+9<), 123.7+123.4 (C3+30, 

112.3+111.99 (CI0+I0'). 55.0 (OCH3), 22.0 (CH3).e 

llUU and 13C NMR of (p-NMe2bian)Pd(dmfu) (le) 

'HH NMR: d 7.95 (d, 2H, H5,
 3JHH = 8.1Hz), 7.70 (d, 2H, H3,

 3JHH - 7.2 Hz), 7.40-7.51 (m, 6H, 

H44 + H9), 6.78 (d, 2H, H10,
 3JHH = 9.0Hz), 3.90 (s, 2H, -CH), 3.38 (s, 6H, OCH3 of dmfu), 3.08 

(s,, 12 H, N(CH3)2).
 13CNMR: d 164.2 (C,), 150.8 (C8), 143.6 (C7), 138.5 + 137.2 (Cn) , 132.0 

(C6),, 130.1 (C5), 128.5 (C4), 128.4 (C2), 124.7 (C9),, 123.7 (C3), 112.3 (C10), 41.0 (N(CH3)2). 
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*HH and 13C NMR of (l-/>-An-l ,-/>-NMe2bian)Pd(dmfu) (lf ) 

'HH NMR: d 7.93-8.02 (d, 2H, H5+5.), 7.70 (d, 1H, H3.,
 3JHH = 7.2 Hz), 7.32-7.52 (m, 7H, H3 + 

H44 + H9), 7.01 (d, 2H, H10,
 3JHH = 8.9 Hz), 6.78 (d, 2H, H10.,

 3JHH = 9.0Hz), 3.92 (s, 5H, OCH3 

++ =CH), 3.44 (s, 6H, OCH3 of dmfii), 3.08 (s, 12 H, N(CH3)2).
 13C NMR: 5 164.4 + 163.9 

(C11 + r ) , 150.9 + 149.8 (C8+8.), 143.7+142.8 (C7+7-), 144.5+138.9 (C11+u), 132.7 + 

131.7(C6+60,, 130.9 + 130.5 (C5+50, 128.9+128.2(C4+40, 128.0+ 127.4 (C2+r), 124.6 +124.4 

(C9+90,, 123.6+123.3 (C3+ r), 112.5+111.8 (C,0+,oO, 55.4 (OCH3), 41.0 (N(CH3)2). 

*HH and 13C NMR of (l-p-An-l'-Phbian)Pd(dmfu ) (lg) 

llHH NMR: d 8.02 (d, 2H, H5+5.), 7.35-7.54 (m, 7H, H3 + H4+4. + H9+9>), 7.18 (d, 2H, %, 3JHH 

== 7.2 Hz), 7.01 (d, 2H, H10,
3JHH = 8.9 Hz), 3.93 (s, 3H, OCH3), 3.90 (s, 2H, =CH), 3.53 (s, 6H, 

OCH33 of dmfu).13C NMR: 8 163.2 + 162.7 (C,), 150.1 + 149.3(C8+8-), 143.0+142.3 (C7+r), 

144.0+138.22 (C11+11), 132.5 + 131.7(C6+6>), 130.0 + 129.4 (C5+50, 128.3+128.0(C4+40, 

128.0++ 127.2 (C2 + r) , 124.5 +124.1 (C9+9.), 123.4+123.1 (C3+y), 122.6 (C) 112.0+111.2 

(C)0+100,, 55.3 (OCH3). 

HydrogenationHydrogenation Experiments 

AA typical procedure for the catalytic semi-hydrogenation of alkynes: To 50 mL of dry THF in a 

Schlenkk tube under nitrogen atmosphere was added 25 mg (0.04 mmol) of la ,l l b and 4.0 mmol 

off  the alkyne. The solution was then subjected to a hydrogen atmosphere of 1 bar by first flush-

ingg with hydrogen and then slowly blowing hydrogen over the surface, while the solution was 

vigorouslyy stirred at 20 °C or by slowly bubbling hydrogen through a glass tube into the solu-

tion.. The reaction was followed by GC and stopped when all alkyne had been consumed (con-

versionn 99.5 - 100 %), the time required to achieve full conversion was usually about 90 

minutes.Thee composition of the reaction mixture was determinedd by GC and H NMR-analysis. 
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