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Kineti cc study and Spectroscopic 
Investigationn of the semi-
hydrogenationn of 4-octyne 
catalyzedd by Pd[(m^w' -
(CF3)2C6H3)) bian](ma) in THF 

5.11 Introductio n 

Homogeneouss hydrogenation by transition metal complexes has played a key role in the fundamental 

understandingg of catalytic reactions and has proven to be of great utility in practical applications. In 

spitee of the wealth of information available concerning the homogeneous hydrogenation of alkenes, 

remarkablyy few details have been previously reported for alkynes, even though a large number of cat-

alystss have been tested and found active in this reaction. Highly selective hydrogenation to the cor-
^^  Q 1 n 19 

respondingg alkene has been observed for homogeneous ruthenium, " iridium, " and rhodium 
catalystss and recently also a Fe(II) containing catalyst has been reported. These reports deal 

withh the selective hydrogenation of alkynes to the corresponding alkenes, however, the stereoselec-

tivityy of the catalysts is often not determined as terminal alkynes are used as model substrates. 

Recently,, our group22 has reported the stereoselective hydrogenation of internal alkynes by zerova-

lentt palladium catalyst bearing a bidentate nitrogen ligand, that is able to homogeneously hydrogenate 

aa wide variety of alkynes to the corresponding (Z)-alkenes. 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 the Pd(Ar-bian)(alkene) compounds, which have previously been used in the 

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

tion.24-255 In this qualitative study also different zerovalent palladium complexes where employed in 

thee stereoselective hydrogenation of 1 -phenyl-1 -propyne. Catalysts precursors with other ligands then 

Ar-bian,, such as Pd(dba)2, Pd(bpy)(dmfu) (bpy = bipyridine, dmfu = dimethylfumarate) and 

Pd(dab)(dmfu)) (dab = />-methoxy phenyl diazabutadiene) lead to unstable complexes and/or decom-

5 5 
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positionn under hydrogenation conditions. In these cases a low selectivity towards the (Z)-isomer and 

aa high degree of overreduction to «-propylbenzene is observed. The use of Pd(dppe)(dmfu) (dppe = 

diphenylphosphinoo ethane) resulted in a very slow hydrogenation reaction since stable Pd(alkene) and 

Pd(alkyne)) complexes are formed, hence no catalyst decomposition was observed. From this study, it 

wass concluded that Pd(Ar-bian)(dmfu) was the most effective catalyst for the stereoselective hydro-

genationn of alkynes to (Z)-alkenes. 

Studyy of the overall kinetics is an important tool in the elucidation of mechanisms of homogeneous 

metal-catalyzedd reactions. Knowledge of the rate law is very useful in assigning the rate determining 

stepp in the cascade of elementary reaction steps and hence a reaction mechanism can be proposed.26'27 

However,, several mechanisms may be consistent with a given rate law, so that other spectroscopic 

experimentss are necessary before one can interpret the experimentally obtained rate law. In this chap-

ter,, a kinetic study of the stereoselective hydrogenation of 4-octyne by the zerovalent palladium cat-

alystt Pd[(m,m'-(CF3)2C6H3) bian](ma) (1) (see Figure 5-1) is presented. From this study, a 

mechanismm will be postulated based on spectroscopic studies (*H, 2H NMR and PHIP NMR), rate 

studies,, product analysis, isotopic labelling and reactions with model compounds. 

Figuree 5-1. The stereoselective hydrogenation of 4-octyne by Pd[(ffl.m'-(CF3)2C6H3)bian](ma) (1). 

5.22 Results & Discussion 

Inn a preliminary study, it was found that the Pd( Ar-bian)-catalyzed hydrogenation of alkynes shows 

aa distinct induction period, after which the alkyne consumption is linear with time. In order to obtain 

thee kinetic data from this reaction, the first 10% conversion is discarded and the consumption of 

alkynee is determined as a function of time. Furthermore, it appeared that the rate of hydrogenation 

employingg complex 1 was much higher than for similar Pd(Ar-bian)(ma) complexes containing more 

electronn donating ligands (e.g., p-Me Ar-bian, /j-MeO Ar-bian). Under all conditions used in this 

kineticc study, the selectivity (Z-octe-4-ene/ E-octe-4-ene/ octane) of the hydrogenation reaction is 

highh and unchanged (typically 95/5/0), which indicates that a single mechanism is operative. 
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5.2.11 Dependence of the reaction rate on dihydrogen pressure 

Thee dihydrogen pressure was varied in the 0-40 bar range at 4-octyne concentrations of 0.31 M. The 

reactionn rate shows a linear dependency with respect to the hydrogen pressure up to 15 bars (see 

Figuree 5-2 A). Plots of ln(rate) versus ln/j(H2) (for hydrogen pressures between 1-15 bars) yields a 

straightt line of slope 1.01 showing that the hydrogenation of 4-octyne is first order in dihydrogen pres-

suree (see Figure 5-2 B). The values of kobs are collected in table 5-1. 

Tablee 5-1. Kinetic data for the hydrogenation of 4-octyne to 4-Z-octene by Pd[(m,m'-(CF3)2C6H3) bian](ma).a 

Entry y 

1. . 

2. . 

3. . 

4. . 

5. . 

6. . 

7. . 

8. . 

P(H2), , 
(bar) ) 

0 0 

1.0 0 

7.0 0 

11.3 3 

15.3 3 

21.5 5 

26.0 0 

40.0 0 

10"44 [Pd], 
(moll"1) ) 

1.0 0 

1.0 0 

1.0 0 

1.0 0 

1.0 0 

1.0 0 

1.0 0 

1.0 0 

[4-octyne], , 
(moir11 ) 

0.31 1 

0.31 1 

0.31 1 

0.31 1 

0.31 1 

0.31 1 

0.31 1 

0.31 1 

10"3US S 

(s-1) ) 

0 0 

0.6 6 

4.7 7 

8.3 3 

11.0 0 

13.4 4 

14.4 4 

14.3 3 

(mol"22 l2 bar"1 

s ') ) 

0 0 

18 8 

22 2 

24 4 

23 3 

20 0 

18 8 

12 2 

Selectivity y 
27£/alkaneb b 

— — 
94/6/0 0 

95/5/0 0 

93/7/0 0 

95/5/0 0 

95/5/0 0 

94/6/0 0 

93/7/0 0 

a.. Conditions: Reactions were carried out in a stainless steel autoclave. Stirring speed was set at 1250 r.p.m and 
reactionn temperature was 21 °C. 

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

H22 pressure (bars) L n [ p H J 

Figuree 5-2. A) Plot of rate of the reaction versus the hydrogen pressure. B) Plot of ln(kobs) versus ln(pH2). Conditions as 
givenn in table 5-1. 

Att hydrogen pressures higher than 25 bar the hydrogenation activity (kohs) remains constant (compare 

entryy 6, 7 and 8 of table 5-1). The zero order dependence on dihydrogen pressure suggests that the 
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reactionn rate is limited by the mass transfer of hydrogen gas into the THF solution. In such a case, the 

hydrogenn pressure is no longer a measure of the hydrogen gas concentration in solution and this 

resultss in a zero order dependency. Increasing the hydrogen pressure results in a steadily decrease of 

kkcatcat (see table 5-1). The stereoselectivity of the reaction is not affected by the hydrogen pressure and 

(ZJ-isomerr remains the major product (typical product distribution: Z-alkene/ E-alkene/ alkane = 95/ 

5/0). . 

5.2.22 Dependence of the reaction rate on substrate concentration 
Thee substrate concentration was varied between the 0.16 and 0.76 M at 7 bars of hydrogen and a cat-

alystt concentration of 0.2 mM, The rate of the reaction versus the substrate concentration is plotted in 

Figuree 5-4 (A). The plot clearly shows that the rate of reaction has a maximum value at a substrate 

concentrationn of 0.32 M. At lower concentrations (entry 1-5 in table 5-2), the ln(rate) versus ln([sub-

strate])) plot gives a straight line of slope of 0.65. The positive broken reaction order suggests that the 

substratee is involved in a pre-equilibrium step preceding the rate-determining step. 

Tablee 5-2. Kinetic data for the hydrogenation of 4-octyne to 4-Z-octene by Pd[(m,m'-(CF3)2C6H3) bian](ma).a 

Entry y 

1. . 

2. . 

3. . 

4. . 

5. . 

6. . 

7. . 

8. . 

9.0 0 

P(H2), , 
(bar) ) 

7.0 0 

7.0 0 

7.0 0 

7.0 0 

7.0 0 

7.0 0 

7.0 0 

7.0 0 

7.0 0 

IO'4[Pd], , 
(moll-11 ) 

2.0 0 

2.0 0 

2.0 0 

2.0 0 

2.0 0 

2.0 0 

2.0 0 

2.0 0 

2.0 0 

[4-octyne], , 
(moll"11 ) 

0 0 

0.16 6 

0.21 1 

0.25 5 

0.31 1 

0.37 7 

0.44 4 

0.67 7 

0.76 6 

( s1) ) 

0 0 

9.2 2 

11.3 3 

12.1 1 

14.3 3 

13.8 8 

13.0 0 

10.3 3 

9.1 1 

Var r 
(mol22 l2 bar"1 

s-1) ) 

0 0 

41 1 

38 8 

35 5 

33 3 

27 7 

21 1 

11 1 

8.6 6 

Selectivity y 
Z/£7alkaneb b 

, „ „ 

94/6/0 0 

95/5/0 95/5/0 

95/5//0 0 

95/5/0 0 

94/6/0 0 

95/5/0 0 

95/5/0 0 

95/5/0 95/5/0 

a.. Conditions: Reactions were carried out in a stainless steel autoclave. Stirring speed was set at 1250 r.p.m and 
reactionn temperature was 21 °C. 

b.. Selectivity determined between 10-90% alkyne conversion by GC. 

Att concentrations higher than 0.32 M, the order in substrate changes from +0.65 to -0.50 (see 

Figuree 5-4 (B)) and 4-octyne becomes an inhibitor for the hydrogenation reaction. The negative order 

off  -0.50 suggests that two substrate molecules are involved in the inhibition (the rate dependence of 

l/[4-octyne]]  ). This change is believed to be caused by the rate-limiting dissolution of hydrogen gas 

112 2 
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inn combination with the high alkyne concentration. In such a case, the palladium(alkyne) complex can 

existt long enough to react with a second substrate molecule to form a palladacycle, which is inactive 

underr these reaction conditions (see Figure 5-3). It has been described by Mosely et al. and Ito et 

al.al.2929 that stronger rj-donating ligands (e.g. N-donors ligands) favor the formation of the palladacyclo-

pentadienee instead of the Pd(0)(r|2-alkyne) complex. 

H2 2 

Figuree 5-3. The formation of a palladacycle. 

Attemptss to isolate this palladacycle failed due to the instability of this compound, which is in accor-

dancee with the reports of other authors who were not able to prepare or isolate the palladacycle arising 

fromm 4-octyne.24'30 The absence of hexa(n-propyl)benzene in the reaction mixture formed by the tri-

merisationn of 4-octyne suggests that the palladacycle is inactive and acts as a definitive sink of inac-

tivee catalyst species (catalyst deactivation product). 

1 8 - ,, - 4 . 1 - , 

[4-octyne]] (moll"1) L n [4-octyne] 

Figuree 5-4. A) Plot of rate of the reaction versus the 4-octyne concentration. B) Plot of ln(rate) versus ln[4-octyne]. 
Conditionss as given in table 5-1. 
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5.2.33 Dependence of the reaction rate on catalyst concentration 

Thee catalyst concentration was varied between 0 and 4.0 raM at 7 bars of hydrogen and 4-octyne con-

centrationn of 0.31 M. The reaction rate shows a linear dependence with respect to the palladium con-

centrationn (see Figure 5-5). Plotting of ln(rate) versus ln[Pd], as is presented in Figure 5-5, yields a 

straightt line of slope 1.08 showing that the hydrogenation of 4-octyne is first order in palladium. The 

valuesvalues of kobs are collected in table 5-3. At concentrations higher than 2.0 x 10"4 mol T1 the activity 

decreased;; unfortunately, it was not possible to determine the order of palladium at high catalyst con-

centrationss due to the bad reproducibility. This suggests that the precatalyst is not completely acti-

vatedd during the induction period. In addition, with such high reaction rates the required rate of 

hydrogenn consumption cannot be met, which results in the formation of inactive palladacycle species 

hencee yielding bad reproducibility of the rate data. 

xx 10"* [Pd] (moll ' ' ) Ln[Pd] 

Figuree 5-5. A) Plot of rate of the reaction versus the catalyst concentration. B) Plot of In(rate) versus ln[Pd]. Conditions 
ass given in table 5-1. 

Tablee 5-3. Kinetic data for the hydrogenation of 4-octyne to 4-Z-octene by Pd[(m,m'-(CF3)2C6H3) bian](ma).a 

Entry y 

1. . 

2. . 

3. . 

4. . 

5. . 

p(H2), , 
(bar) ) 

7.0 0 

7.0 0 

7.0 0 

7.0 0 

7.0 0 

104[Pd], , 
(moir11 ) 

0 0 

1.0 0 

1.5 5 

1.75 5 

2.0 0 

[4-octyne], , 
(moir11 ) 

0.31 1 

0.31 1 

0.31 1 

0.31 1 

0.31 1 

0 0 

6.0 0 

8.8 8 

10.6 6 

12.1 1 

(mof22 l2 bar"1 

s-1) ) 

0 0 

28 8 

27 7 

28 8 

28 8 

Selectivity y 
2'£/alkaneb b 

— — 
95/5/0 0 

95/5/0 0 

94.6/0 0 

95/5/0 0 

a.. Conditions: Reactions were carried out in a stainless steel autoclave. Stirring speed was set at 1250 r.p.m and 
reactionn temperature was 21 °C. 

b.. Selectivity determined between 10-90% alkyne conversion by GC. 
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Kineticc study of the semi-hydrogenation of 4-octyne catalyzed by Pd[(m.m'-(CF3)2C6H3) bian](ma) in THF 

5.2.44 Derivation of the experimental rate law 
Withh the results presented here, it is possible to derive the overall rate law for the stereoselective 

hydrogenationn of 4-octyne catalyzed by 1 in THF under non-limiting hydrogen conditions. The exper-

imentallyy derived rate law under hydrogen rich conditions is: 

-d[4-octyne]]  = * [ 4 _ o c t y n ef « [ p d ] I ] eq. 1 
dt dt 

Equationn 1 indicates a first order in palladium catalyst and hydrogen pressure and an order of 0.65 for 

4-octyne.. However, under hydrogen limiting reaction conditions (e.g. high substrate or catalyst con-

centrations)) the kinetics and hence the rate law change and equation 1 is no longer applicable. 

Thee observed selectivity of the hydrogenation reaction is typically 95/5/0 (Z-octene, £-octene, octane) 

andd appears to be independent of the reaction conditions used (see table 5-1, table 5-2 and table 5-3). 

Thee insensitivity of the stereoselectivity suggests that one mechanism is operative under all tested 

conditionss (both hydrogen rich and hydrogen limiting reaction conditions) in the hydrogenation of 4-

octynee by (1). 

5.2.55 The temperature dependence of the reaction rate and determining the 
activationn parameters 
Thee effect of the temperature on the hydrogenation rate was studied in the 20-36 °C range at a 4-

octynee concentration of 0.31 M, a catalyst concentration of 2.0 mM and a dihydrogen pressure of 7.0 

bars.. The Eyring plot constructed from the obtained kinetic data is shown in Figure 5-6, which yielded 

thee activation parameters for this reaction (AH* = 30 KJmol"1, AS* = -180 JK"1). The values of the 

activationn parameters are similar to values reported for ruthenium and nickel hydrogenation cata-

lysts.31,466 The large negative value for the entropy of activation (AS-1") is indicative of a highly ordered 
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transitionn state, commensurate with the interaction of a dihydrogen molecule with the palladium cen-

ter. . 

-9.3-, , 

-9.44 - * V 

-9.5-- \ ^ 

tt  \ . 

-9.88 - \ ^ 
 \^ 

-9.9-- \ , 

-10.0-11 1 1 1 1 1 1 , ^ 
0003255 0.00330 0.00335 0.00340 

1/(T) ) 

Figuree 5-6. Eyring plot of the stereoselective hydrogenation of 4-octyne by 1. . 

Tablee 5-4. Kinetic data for the hydrogenation of 4-octyne to 4-Z-octene by Pd[(m,m'-(CF3)2C6H3) bian](ma) at different 
temperatures." " 

Entry y 

1. . 

2. . 

3. . 

4. . 

Temperaturee (°C) 

21.0 0 

25.4 4 

29.0 0 

36.5 5 

(s-1) ) 

14.0 0 

15.3 3 

20.5 5 

25.9 9 

Selectivity y 
^£/alkaneb b 

95/5/0 0 

95/5/0 0 

95/5/0 0 

94/6/0 0 

a.. Conditions: Reactions were carried out in a stainless steel autoclave. Stirring 
speedd was set at 1250 r.p.m. 

b.. Selectivity determined between 10-90% alkyne conversion by GC 

5.2.66 Reactions involving the platinum model catalyst Pt[(m^n'-(CF3)2C6H3) 
bian](ma)) (2) 

Metall  complexes of the 5d series typically form stronger bonds with ligands (for example to carbon) 

thann their 3d and Ad counterparts.1'32 These third-row transition metal complexes are generally less 

activee in catalytic reactions and hence can serve as stable models of reactive intermediates proposed 

forr a catalytic transformation. 

Duee to the fast kinetics of 1 in the semi-hydrogenation reaction of 4-octyne, intermediates could nei-

therr be identified, nor detected with NMR (PHIP NMR). Therefore, recourse was taken to the plati-

numm analogue Pt[(m,m'-(CF3)2C6H3) bian](ma) (2), which was synthesized by reacting Pt(nbe)3 with 

116 6 
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thee (w,m'-(CF3)2C6H3) bian ligand and maleic anhydride in THF.33 Compound 2 could be isolated in 

45%% yield and was characterized by NMR techniques, mass spectroscopy and elemental analysis. 

(H2)) (1 atm.)/4-octyne 

THF F 

(2)) (3) 

Figuree 5-7. Formation of the platinacylcopentadiene (3) by oxidative coupling of two alkyne moieties. 

Hydrogenationn reactions of 4-octyne using Pt[(m,m'-(CF3)2C6H3) bian](ma) (2) as catalyst (4-octyne/ 

Ptt complex = 100) in acetone-d6 at 21 °C were followed with lH NMR. In the 'H NMR only broad 

aromaticc signals were detected and no distinct platinum complexes could be identified. When the 

reactionn was performed under limiting hydrogen conditions (2 mmol of dihydrogen, 0.013 mmol cat-

alystt and a ratio substrate/catalyst of 300 at 60 °C in THF) the color of the solution changed from dark 

purplee to dark red, indicating a new platinum species was formed. This air- and moisture stable plat-

inumm complex could be isolated and characterized with NMR techniques, IR and mass spectroscopy. 

Fromm the spectroscopic data, it was concluded that the obtained red solid was [(m,m'-(CF3)2C6H3) 

bian]platina-2,3,4,5-tetra(propyl)cyclopentadienee (3), which had been formed by an oxidative cou-

plingg (see Figure 5-7). Such platinacyclopentadienes have been reported in literature as an intermedi-

atee in the cyclotrimerization, isomerization and polymerization of alkynes and have so far only been 
?KK ^4-^f t 

isolatedd for alkynes with more electron withdrawing groups (e.g., ester or phenyl moieties).

Thee ease of formation of the [(/n,m'-(CF3)2C6H3) bian]platina-2,3,4,5-tetra(propyl)cyclopentadiene 

(3)) under hydrogen limiting conditions suggests that during the hydrogenation experiments using 1, 

ass described before, a similar palladacycle may be formed, albeit probably in low concentrations. 

5.2.77 PHIP NMR 
Forr an introduction to ParaHydrogen Induced Polarization (PHIP) see appendix I. The PHIP experi-

mentss presented in this chapter have been carried out using the asymmetrical substrates 1 -hexyne and 

phenyll  acetylene since it is required that the symmetry breaks down during the catalytic hydrogena-

tion.. The reactions were carried out in THF-d8 using Pd[(m,m'-(CF3)2C6H3) bian](ma) (1) as catalyst 

att 29 °C. Under these conditions polarized signals were produced in the (Z)-alkene for 1 -hexyne as 
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welll  as phenyl acetylene. This demonstrates that the palladium catalyzed hydrogenation reaction pro-

ceedss by a ds-pairwise addition of the two hydrogen atoms to the substrate. Such a pairwise transfer 

off  hydrogen atoms of H2 may therefore involve a palladium dihydride species (such as B in Figure 5-

9)) in the product formation. No polarized signals were detected in the (£)-alkene, which was produced 

inn traces during the hydrogenation. This implies that the Z>alkene does not arise from direct hydroge-

nationn of the alkyne (vide infra). 

Attemptss to detect palladium dihydride species failed due to the short lifetime of the reactive interme-

diatess and hence only polarized signals of the hydrogenated products were observed. When the sub-

stratee was omitted in order to avoid depletion of palladium dihydride species, no polarized signals 

weree detected and the catalysts rapidly decomposed to palladium metal. 

Inn addition, attempts were made to detect signals produced by the hydrogenation of the proposed pal-

ladacyclee (D, Figure 5-9) which can be formed under hydrogen limiting conditions. To assure that the 

palladacyclee was formed during the hydrogenation reactions, an asymmetric substrate, 3-phenyl-pro-

pynoicc acid ethyl ester, was chosen which easily forms palladacycles. Furthermore, the time between 

parahydrogenn bursts was extended (up to 30 minutes) to allow the reaction between the palladium cat-

alystt and the substrate to occur. Although m-hydrogenation of the alkyne to (Z)-alkene was still 

observed,, no PHIP signals or thermal signals were detected arising from the palladacycle. 
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acetone-d6 6 

U E M E S S M H H M I M H H H 

66 5 1 3 2 1 ppm 

Figuree 5-8. PHIP signals in the hydrogenation of 1-hexyne to 1-hexene with complex (1). (dl = 10 seconds). (Substrate: 
1-hexynee (100 ml), solvent: acetone-d6 (1200 ml), amount catalyst 2 mg, temperature 29 °C). 

Thee enhancement of the !H NMR sensitivity by the PHIP NMR detection method can theoretically 

reachh values of 104-105, but typically ranges around a factor of a 103-104 are found. The observed 

polarizedd signals for hydrogenation products by complex 1 in non-protic solvents were only one order 

off  magnitude higher than the thermal signals produced by a normal NMR. The small enhancement of 

thee polarization can be either caused by the fact that the pairwise addition is a minor route to product 

formation,, or be due to the large nuclear quadrupole moment (0.660 x 10" cm ) of palladium, which 

causess the spin-correlation between the two hydrogen nuclei to be lost during the hydrogenation. The 

proposedd mechanism as presented in Figure 5-9 is in agreement with the findings of the parahydrogen 

hydrogenationn experiments. 
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5.2.88 Mechanism for the stereoselective hydrogenation of 4-octyne by Pd[(m,/n'-
(CF3)2C6H3)) bian](ma) 

Thee kinetic analysis presented above allows for a proposal of the catalytic cycle for palladium cata-

lyzedd semi-hydrogenation of 4-octyne. The proposed catalytic cycle for the semi-hydrogenation of 4-

octynee by Pd[(ra,wï'-(CF3)2C6H3) bian](ma) (1) as depicted in Figure 5-9 largely resembles the cata-

lyticc cycle as proposed by van Laren et al. To enter the cycle, the coordinated maleic anhydride of 

thee precursor catalyst is substituted (vide infra) to form the zerovalent Pd(NN)(alkyne) species (A), 

whichh is an active intermediate entering the catalytic cycle. It is assumed that the concentration of pre-

cursorr catalyst (1) is negligible after the induction period in which species (A) is formed. This is con-

firmedd by the zero intercept of the rate versus [Pd] plot and the first order dependency of the 

hydrogenationn rate on the palladium concentration (see Figure 5-5). At palladium concentrations 

beloww 0.2 mM, the amount of palladium in the catalytic cycle is thus equal to the total amount of pal-

ladiumm in the reaction mixture. 

Figuree 5-9. Proposed mechanism for the stereoselective hydrogenation of 4-octyne by (1). 

Underr hydrogen rich conditions, the formation of (A) is ensued by an oxidative addition reaction with 

dihydrogenn to obtain a proposed Pd(NN)(alkyne)(H)2 species (B). A similar dihydride species, Pd[(p-
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Mee C6H4) bian] (alkene )(H)2, has been postulated by van Asselt et ah as an intermediate in the hydro-

genationn of electron poor alkenes. As mentioned in the previous paragraph, attempts to detect the 

palladium-hydridee species (B) using PHIP-NMR employing catalyst (1) in the hydrogenation reaction 

off  1-hexyne and phenyl acetylene failed. 

Thee hydrogen atoms are transferred to the substrate to form the Pd(NN)(alkene) complex (C) in such 

aa way that the spin information in PHIP experiments is maintained and transferred to the product mol-

eculee (<Z)-alkene). This implies that the two hydrogen atoms are transferred in a concerted pair-wise 

mannerr or are transferred very rapidly (compared to the coupling constant) to the substrate in an asyn-

chronouss way to retain the spin information provided by the spin labelling. The detection of polarized 

signalss only in the (Z)-product (see chapter 5.2.7), which is formed by the ds-addition of molecular 

hydrogenn to the alkynic substrate, suggest that a palladium dihydride species (B) is most probably 

involvedd in the product formation. The broken reaction order in substrate (0.65) can be explained by 

thee pre-equilibrium between species (C) and (A), involving the alkyne substrate and the alkene prod-

uctt (vide infra). In the case that dihydrogen becomes a limiting reactant, or is no longer present during 

thee reaction, the palladium(alkyne) complex (A) reacts with a second alkyne molecule to form the pal-

ladacyclee (D) which is an inactive palladium species. 

5.33 Activation of the Precatalyst 

Thee hydrogenation experiments of 4-octyne to Z-octe-4-ene were carried out using a preformed cat-

alystt namely, Pd[(m,m'-(CF3)2C6H3) bian](ma) (1). In such a case where the coordinated alkene in 

thee precatalyst is not identical to the substrate, the route into the catalytic cycle needs to be considered, 

sincee this can influence the activity of the catalyst.40 In the kinetic study of the semi-hydrogenation 

byy zerovalent palladium catalysts as presented in previous paragraphs, the model substrate 4-octyne 

wass chosen and will also be used here. 

Too enter the catalytic cycle, two possibilities which determine the faith of the coordinated maleic 

anhydridee need to be envisaged: 1) the maleic anhydride is hydrogenated to succinic anhydride or 2) 

thee maleic anhydride is substituted by the large excess of alkyne present and free maleic anhydride is 

presentt is solution. In order to investigate the latter possibility 11 mg of Vdiim  ̂ -(CF 2)2^6^3^ 

bian](ma)) complex was dissolved in 1 ml acetone-d6, 20 [i\  4-octyne was added {Pd/alkyne ratio = 

1:13)) and the reaction was followed with 'H-NMR for 90 minutes at 21 °C and 55 °C. Within this 
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periodd of time, neither free maleic anhydride nor any shift of the maleic anhydride protons resonances 

wass observed upon the addition of 4-octyne. This implies that there is no significant exchange reaction 

betweenn the maleic anhydride and the 4-octyne, confirming that maleic anhydride is more strongly 

coordinatedd to palladium(O) then 4-octyne, as would be expected for more electron-poor alkenes with 

largee 7r-accepting properties. 

Iff  the maleic anhydride is hydrogenated off during the hydrogenation experiment, the reaction mixture 

shouldd contain succinic anhydride. This was indeed confirmed by the observation that 3,4-dideutero 

succinicc anhydride (2.48 ppm) was detected in the 2H NMR spectra when deuterium was used in the 

hydrogenationn reaction. By using D2, we also confirmed the cw-addition of the hydrides to the alkyne 

andd molecular hydrogen to be the source of the added hydrogen atoms. During the hydrogenation of 

4-octynee with Pd[(/n,m'-(CF3)2C6H3) bian](ma) as precatalyst (using 1 bar of H2), the build-up of 

succinicc anhydride could be followed in time by GC analysis and the results are presented in Figure 5-

100 (A). The amount of succinic anhydride increases during the first 4 minutes after which its concen-

trationn remains constant. The formation of succinic anhydride is relatively slow, since the hydrogena-

tionn of maleic anhydride catalyzed by Pd(Ar-bian)(alkene) complexes is known to be a sluggish 

reaction.. The reaction profile for this hydrogenation reaction (given Figure 5-10 (B)) shows a dis-

tinctivee induction period (first 4 minutes) before the consumption of the alkyne becomes linear in 

time.. The coincidence of the induction period and the build-up of succinic anhydride shows that the 

coordinatedd maleic anhydride is gradually hydrogenated during this period, with progressive hydro-

genationn of 4-octyne by the palladium catalyst. 
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Figuree 5-10. A) The formation of succinic anhydride during the hydrogenation of 4-octyne. B) The reaction profile of 
thee hydrogenation of 4-octyne by complex 1. 
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5.44 Stereoselectivity of the Hydrogenation and (Z) - (E) 
Isomerization n 

Variationn of either the hydrogen pressure, the substrate or catalyst concentrations does not affect the 

stereoselectivityy of the hydrogenation reaction (see tables 5-1, 5-2 and 5-3) and a typical product dis-

tributionn of 95/5/0 (Z-octene/E-octene/octane) is obtained. The high stereoselectivity, which is inde-

pendentt of the reaction conditions or conversion, merits further investigation. The formation of the 

(£)-alkene,, which is formed as a minor product during the hydrogenation reaction, was studied using 

deuteriumm gas with both 1-octyne and phenyl acetylene as model substrate. 

Figuree 5-11. 76 MHz ~H NMR spectra from (a) deuteration of phenyl acetylene, (b) deuteration of 1-octyne. Signal D 
inn spectrum proves the incorporation of the deuterium in the geminal position. 

Whenn complex 1 is employed as catalyst in the hydrogenation of 1-octyne and phenyl acetylene using 

deuterium,, there are, besides the expected deuterium signals from the ri.v-hydrogenation, also deute-

riumm signals arising from the D" in the vicinal trans position relative to D (see Figure 5-11). The deu-

terationn in the D position is caused by an isomerization reaction (vide infra). In addition, the 

deuterationn in the position D of 1-octene was also observed when a mixture of 1-octene and 4-octyne 

(ratioo 1:1) was hydrogenated with deuterium (see Figure 5-12). The presence of the two NMR signals 

arisingg from the two geminal deuteriums of 1-octene at 5.0 ppm, with similar intensity, shows that 

theree is an incorporation of deuterium both the cis- and fra/j.v-vicinal positions relative to D without 
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apparentt preference (compare Figure 5-1 lb and Figure 5-12). From these experiments it can be con-

cludedd 1-octene can easily compete with 4-octyne for the palladium catalyst. 

1 11 ' ' • ' i ' ' ' ' i ' ' ' ' i ' ' ' ' I ' ' ' ' i ' ' ' ' i ' ' ' ' i 
5.55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 

'VvA^v / / u u 

Figuree 5-12. 76 MHz *H NMR spectra from (a) deuteration of a mixture of 4-octyne and l-octene, (b) deuteration of 4-
octyne.. Natural abundance of deuterium in the solvent THF are marked with asterisks. 

Ann isomerization mechanism which operates under hydrogen atmosphere has been independently 

proposedd by Bargon et al. and Spencer et al. ' This mechanism proceeds via an equilibrium 

betweenn the palladium(dihydrido)(substrate) complex and the monohydrido alkyl complex (see 

Figuree 5-13). 
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Figuree 5-13. Proposed isomerization mechanism. 
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Thee formation of the minor product £-octe-4-ene was studied more thoroughly by hydrogenation of 

aa mixture of 4-octyne (m/z =110) and 4,5-(H)2 Z-octe-4-ene (m/z =112) (ratio 5:1) with deuterium. 

Inn this experiment a significant amount of mono-deutero-Zs-octene, (4,5-(H,D) £-octe-4-ene (m/z = 
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113))) was detected by GCMS (see Figure 5-14). However, appropriate control experiments were 

neededd for validation of the interpretation of these labelling experiments since the mass 113 is 'con-

taminated'' by two contributions, namely 1) the isotope peak [m+1 ]+ from 4,5-(H)2 E-octe-4-ene (with 

m/zz 113, 9%) and 2) fragmentation [m-l] + of the 4,5-(D)2 E-octe-4-ene (m/z = 114). After correction 

off  the latter contribution (8.8% based on m/z 114) the amount of deuterium incorporation can be 

expressedd as a ratio of m/z 113/112 and is given in Figure 5-14. The conclusion is that indeed, a sig-

nificantt amount of mono-deuterated Zs-octene is found which is formed by (Z)-(E) isomerization reac-

tion.. The addition of a deuteron donor (Et3ND)+(CF3S03)" to the to the reaction mixture (4-octyne 

usingg H2) shows no incorporation of deuterium and no 4-hydro-5-deutero £-octe-4-ene (m/z =113) 

iss detected in the reaction mixture in this case. It can be concluded that the isomerization of the pri-

maryy reaction product (Z-isomer) to the minor £-isomer is catalyzed by palladium assisted by hydro-

genn gas as is depicted in Figure 5-13. 

m/zz 113/112 

00 20 40 60 80 100 

Figuree 5-14. Plot of m/z = 113/112 versus alkyne conversion. Filled squares is the hydrogenation of 4-octyne with H2. 
Openn dots : hydrogenation of a mixture of 4-octyne and Z-octe-4-ene; filled dots: the hydrogenation of 4-octyne with H2 
inn the presence of (Et3ND)+(CF3S03)". 

Thee absence of «-octane in the reaction mixture suggests that the hydrogen-assisted isomerization 

reactionn does not result in overreduction although a palladium(hydrido)(alkyl) species is assumed 

duringg the isomerization. Apparently, the (3-elimination, which is, in the case of palladium, known to 

bee a very low barrier process, is much faster than the reductive elimination of the alkane from the 

incipientt n Pd(H)(alkyl) species. 

5.55 Conclusions 

Inn summary, the present investigation has shown that the experimentally derived rate law for the 

highlyy stereoselective Pd( Ar-bian)-catalyzed hydrogenation of 4-octyne is in agreement with the rate 
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expressionn derived from the proposed mechanism. The first order dependence in palladium concen-

trationn shows that only mononuclear species are involved in the product formation. The inverse 

dependencee of the hydrogenation activity on the substrate concentration provides evidence that an 

inactivee palladacycle is formed under hydrogen limiting conditions. The high selectivity observed in 

thee hydrogenation experiments using Pd[(/n,m'-(CF3)2CgH3) bian] complexes is due to the relatively 

strongg coordination of the alkyne to the palladium center, which only allows for the presence of small 

amountss of alkene complexes. Only the latter are responsible for the observed minor amounts of (£> 

alkene.. Since no >7-octane was detected in the reaction mixture, only a tiny amount of the intermediate 

Pd(hydrido)(alkyl)) species will reductively eliminate to the alkane. Thus the combination of the stron-

gerr coordination of the alkyne and the subsequent reaction with hydrogen results in the kinetic prod-

uct,, the (Z)-alkene. 

Thee use of para-hydrogen has revealed that its two hydrogen atoms are transferred in a crs-pairwise 

mannerr to the organic substrate. Furthermore, neither palladium hydride signals nor signals arising 

fromm reaction products directly derived from the palladacycle could be detected. 

Thee activation of the catalyst precursor 1 by hydrogenation of the coordinated maleic anhydride to 

succinicc anhydride prevents the formation of palladacycles before the hydrogenation of the substrate 

starts.. Substrates with more electron withdrawing substituents readily produce palladacycles, which 

hamperss the study of the reaction kinetics. Finally, the overall results have enabled us to provide a 

viablee reaction mechanism for the stereoselective hydrogenation of 4-octyne in THF by complex 1. 

5.66 Experimental 

5.6.11 General 
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. High-pressure hydrogenation reactions were performed in a (SS 316) 50 mL stainless steel auto-

clavee equipped with a directly fixed transmission infrared cell of IRTRAN windows (ZnS, transparent up to 700 cm-1, 0 

100 mm, optical path length = 0.4 mm). The infra red option could not be used due to the low IR sensitivity of 4-octyne. 

Thee autoclave was further equipped with a magnetic mechanical stirrer near the bottom of the autoclave that provides a 

goodd mixing of the solution and the gas at a high speeds (max = 3400 r.p.m.) and also provides a fast flow through the 

infraredd cell within several milliseconds. An electrical heater (Tmax - 200 °C), a temperature controller and a pressure 

transducerr device (Pmax = 185 bar) were also attached to the autoclave. 
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Al ll  syntheses of complexes and other air- and/or water-sensitive compounds were carried out in dried glasswork, in dry 

solvents,, using standard Schlenk techniques under an atmosphere of purified nitrogen. Dietyl ether, THF, pentane and 

hexanee were distilled from sodium metal, acetone was distilled from CaS04 and 1,4-dioxane, dichloromethane were dis-

tilledd from CaH2. Other chemicals were used as received. The starting material Pt(nbe)3 was prepared according to liter-

aturee procedures. 

Thee ' H and l3C NMR spectra were recorded on a Varian Mercury 300 spectrometer ('H, 300.13 MHz; 13C, 75.48 MHz; 
19FF 282.41 MHz, 2H 76 MHZ) or on a Varian Unity Inova 500 spectrometer (' H, 499.86 MHz;l 3C, 125.70 MHz). Positive 

chemicall  shifts (ppm) are denoted in the *H and C NMR spectra to higher frequency from an external tetramethylsilane 

referencee and in the 19F NMR spectra to higher frequency from an external CI3CF reference. 2H NMR spectra were 

recordedd unlocked and the chemical shifts are denoted from an internal acetone-d6 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 

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 um. 

5.6.22 Kinetics of the hydrogenation of 4-octyne to (Z)-4-octene 
AA rate law describes the dependency of the rate of product formation (or substrate disappearance) at steady state on the 

concentrationn of catalyst, co-catalysts ligands and substrate.32 A simple rate law for the homogeneous catalytic hydroge-

nationn reaction is 

-d[substrate]]  , , , ,mr -,nr ,q „ 
—— = fccat[substrate] [cat] [pH ] 4 eq. 2 

givingg the reaction rate as a function of the concentrations (mol l"1) of various chemical species. For the O C toC=C bond 

reduction,, working at constant temperature and large excess of substrate (typical catalyst/substrate ratio in study is 

1:1500),, this rate law is further simplified to 

-d[substrate]]  , r ,nr .q , 
^^ = W c a t l [PHJ ecl- 3 
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Thee kinetic studies of the catalytic semi-hydrogenation of 4-octyne in THF with (1) as catalyst precursor are presented 

usingg the initial rate method. 

5.6.33 Derivation of the rate law 
Iff  we assume that the rate-determining step of the catalytic cycle is the reaction of complex A with hydrogen, then the 

overalll  hydrogenation rate will be given by equation 

rr = &[A]pH 2 eq. 4 

Consideringg the equilibrium K, and the mass balance for the amount of palladium involved in the catalytic cycle, [Pd]cat 

== [A]+[B]+fC] , [A] can be solved (see appendix II). The rate law can then be simplified to; 

rr = kcat[octyne][Pd]catpH2 eq. 5 

withh kcat = k2k3K|/(k-l{[octene]+K|[octyne]}  and shows the general form of the experimentally found rate law (eq. 1) 

(notee that the experimentally observed order of 0.65 for the substrate is hidden in the kcat). 

5.6.44 Hydrogenation reactions 
Thee kinetic studies of the catalytic semi-hydrogenation of 4-octyne in THF with (1) as catalyst precursor are presented 

usingg the initial rate method. The reaction rates are measured at the linear decrease of alkyne concentration in time. The 

effectss of dihydrogen pressure on the rate of hydrogenation of 4-octyne were studied, as well as the influence of the pal-

ladiumm and substrate concentrations. Besides the activity of the catalyst, also the stereoselectivity has been evaluated. 

Inn a typical hydrogenation experiment the high-pressure autoclave was charged with the desired amount of 4-octyne. The 

catalystt was dissolved in 2 ml THF, which was added to the autoclave. Then 13 mL of THF was added to the autoclave 

(totall  amount of solvent is 15 mL) after which the autoclave was closed. The electronic stirred was started (stirring rate 

wass 1250 rpm) and the experiment was started by applying the desired amount of dihydrogen pressure. During the hydro-

genn reaction small aliquots were taken and the pressure was allowed to the desired value. The samples were analyzed by 

GCC to determine the conversion and the selectivity of the reaction. After every hydrogenation run the autoclave was 

checkedd for catalytic activity due to the presence of undesired metallic palladium (15 ml THF, 0.1 ml 4-octyne and 25 bars 

off  dihydrogen). 

Thee dependence of the rate on the hydrogen pressure was studied by charging the autoclave with 0.5 mL 4-octyne. The 

catalystt (5.7 ^imol) (weighted in a 20 mL vial) was dissolved in some THF (+/- 0.5 mL) and was added to the autoclave. 

Thee vial, which contained the catalyst was washed 3 times with 0.5 mL THF. Then THF was added to a total volume of 

155 mL and and the autoclave was closed. The stirrer was started (1250 r.p.m.) and the desired pressure (between 0 and 40 
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bar,, see table 5-1 for details) was applied. Samples were taken from the reaction mixture (every 0.5 or 2 minutes) and these 

weree analyzed by GC. 

Inn a similar way, the substrate dependency was studied. An amount of 4-octyne (0 mL - 5 mL, see table 5-2 for amounts) 

wass added to the autoclave. The catalyst (5.7 ^mol) (weighted in a 20 mL vial) was dissolved in some THF (+/- 0.5 mL) 

andd was added to the autoclave. The vial, which contained the catalyst was washed 3 times with 0.5 mL THF. Then THF 

wass added to a total volume of 15 mL and and the autoclave was closed. The stirrer was started (1250 r.p.m.) and the pres-

suree of 7 bar was applied. Samples were taken from the reaction mixture (every 0.5 or 2 minutes) and these were analyzed 

byGC. . 

Thee catalyst dependency was studied by first charging the autoclave with 4-octyne (0.5 mL). Then the catalyst (0 - 20 

u.mol)) (weighted in a 20 mL vial, see table 5-3 for amounts) was dissolved in some THF (+/- 0.5 mL) and was added to 

thee autoclave. The vial, which contained the catalyst was washed 3 times with 0.5 mL THF. Then THF was added to a 

totall  volume of 15 mL and and the autoclave was closed. The stirrer was started (1250 r.p.m.) and the pressure of 7 bar 

wass applied. Samples were taken from the reaction mixture (every 0.5 or 2 minutes) and these were analyzed by GC. 

Performingg the variable temperature experiments, the autoclave was first charged with 4-octyne and 13 mL of THF. The 

autoclavee was closed and was allowed (with stirring) to reach the reaction temperature (20-36 °C). The catalyst (5.7 |imol) 

wass dissolved in 2 mL THF and was injected with H2 (7 bar) into the autoclave. Samples were taken every 30 seconds 

andd analyzed by 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 acetone (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 (15 mL THF, 0.5 

mLL 4-octyne, 30 bar H2 but no catalyst). After a reaction time of I hour (20 times the normal reaction time), the reaction 

mixturee was analyzed by GC. When the conversion was less then 2 %, the autoclave was considered clean. 

5.6.55 Hydrogenation reactions using Deuterium 
Forr hydrogenation reactions using deuterium gas, a 5 mm NMR tube was filled with a 1 ml THF solution containing 1 mg 

off  complex 1 and 30 ^L of substrate. The NMR tube was gently purged with 1.1 bar of deuterium gas for 30 seconds after 

whichh a NMR spectrum was taken. 

5.6.66 In Situ Hydrogenation Using Parahydrogen. 
Thesee experiments were carried out at the University of Bonn, in the group of proffesor Bargon and professor Woelk with 

assitencee of T. Jonischkeit. 
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Para-enrichedd hydrogen containing about 50% para-H2 is prepared by passing H2 through activated charcoal at 77 K at a 

pressuree of 3 bar as described in the literature.45 The hydrogenation with parahydrogen is carried out in situ. For this pur-

pose,, a glass capillary connected to the parahydrogen source can be lowered into the NMR probe actuated by an electro-

magnet,, i.e., by a solenoid, which is electrically controlled by the computer of the NMR spectrometer. In this fashion, 

parahydrogenn can be bubbled through the reaction mixture for a defined period of time followed by the detection pulse of 

thee NMR experiment. In most cases, a hydrogenation time of 5-10 s has turned out to be sufficient. About 2 s after the 

hydrogenn addition has stopped, the NMR detection was started. This procedure can be repeated to afford a subsequent 

accumulationn of several scans, which yields a good signal-to-noise ratio of the PHIP resonances and allows us to suppress 

signalss of components, which are not involved in the hydrogenation. 

Fivee millimeter NMR tubes were charged with 100 ul substrate, 2 mg of catalyst 1 and 1200 ul deuterated solvent and 

placedd into a 200 MHz spectrometer. Fifty percent-enriched p-H2 was prepared via catalytic equilibration over charcoal 

att 77 K and injected repeatedly in synchronization with the pulsed NMR experiment via an electromechanically lowered 

glasss capillary mechanism. Higher levels of p-H2 enrichment, namely >97% have also been achieved using a closed cycle 

coolerr cryostat. 

5.6.77 Synthesis 

Thee adopted numbering is shown in Figure 5-15, 

Figuree 5-15. Numbering scheme for Ar-bian ligands 

Pt[(,n^n'-(CF 3)2C6H 3)) bian](ma) (2) 

Pt(nbe)33 (70.6 mg, 0.15 mmol), (m,m'-(CF3)2C6H3) bian (92.8 mg, 0.15 mmol) and maleic anhydride (15.0 mg, 0.15 

mmol)) was dissolved in dry THF. The reaction mixture was allowed to react for 5 days at 21 °C during which the color 

changedd from yellow/ brown to purple. The solvent was evaporated and the residue was dissolved in 2 mL dichlo-

romethanee and after addition of 20 mL pentane a purple solid deposited from solution. The solvent was removed by 

decanting.. The products were washed with pentane (3 x 20 mL) and dried in vacuo. The yield was 55.6 mg (45%). 

'HH NMR (300.13 MHz, acetone-d6): S = 8.51 (d, 2H, 7(H, H) = 8.7 Hz, Ar-tf 5), 8.50 (br. s, 4H, Ar-fl 9- l 3), 8.24 (br. s, 

2H,, Ar-tf") , 7.71 (d, 2H, 7(H, H) = 7.5 Hz, Ar-ff 4), 7.70 (pst, 2H, Ar-ff 3), 3.70 (br. s, 2H, J(Pt, H) = 42 Hz, C=C-H). 

Noo ' C was recorded due to the low solubility and stability of the complex. 
19FF NMR (282.41 MHz, acetone-d6): 5 =-63.47. 

Elementall  analysis: calcd.: C 42.82, H 1.57, N 3.12; found C42.67, H 1.63, N 3.04. 

[(OT^i'-(CF 3)2C6H 3)bian]platina-2,3,4,5-tetra(propyl)cyclopentadiene(3) ) 
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AA sealed tube equipped with a magnetic stirring bar was charged with 0.5 mL octyne (4.0 mmol) and 2 mL THF. To the 

solutionn Pt[(m,m'-(CF3)2C6H3) bian](ma) (2) (12.2 mg, 0.013 mmol) was added and the solution was purged with dihy-

drogenn gas for 3 minutes. The tube was quickly sealed and heated to 60 °C for 60 minutes during which the purple solution 

graduallyy turned dark red. After the reaction mixture was cooled to room temperature the solvent was removed by purging 

withh a gentle stream of nitrogen. After the volume was reduced to 0.5 mL, 50 mL pentane was added and the red complex 

precipitatedd from the solution. The solvent was removed with a canula and the residue was dried in vacuo. Yield is 11.5 

mgg (85%). 

'HH NMR (300.13 MHz, CD2C12): 5 8.47 (d, 2H, /(H, H) = 8.1 Hz, Ar-H5), 8.19 (s, 2H, Ar-f/ 11), 8.08 (s, 4H, Ar-ff 9'13), 

7.599 (pst, 2H, Ar-//4), 7.07 (d, 2H, 7(H, H) = 7.5 Hz, Ar-Z/3), 3.4 (m, 4H, C//2), 2.8 (m, 4H, CH2), 1.3 (m, 8H, C//2), 0.9 

(t,, 12H,CH3). 
13CC NMR (75.48 MHz, acetone-d6): 8 148.0 (C7), 146.3 <C6), 132.7 (q, 2J(C,F) = 33.3) (C10, C12), 132.5 (C5), 130.4 (C4), 

126.33 (C2), 124.8 (C3), 125.5 (C9, C13), 123.4 (q, 1J(C,F)= 271, CF3), 123.2 (Cn) , (C=C of alkene and C=N not observed). 

19FF NMR (282.41 MHz, acetone-d6): 5 -63.70. 

Exactt Mass Determination: Found 1020.2752, calculated for C ^ H ^ N ^ g P t: 1020.2730. 

N,N,N-triethyl-deuteroammoniumm triflat e (4) 

Too a Schlenk tube containing 1.0 mL D20, 0.6 mL (6.8 mmol) trifluoromethyl sulfonic anhydrude was slowly added. 

Afterr the reaction mixture was stirred for one hour at 21 °C 2.0 mL triethyl amine was carefully added so the reaction heat 

couldd be controlled. The mixture was stirred for another hour at 21 °C after which the solvent was evaporated. The product 

couldd be recrystallized from dichloromethane/ hexanes mixture at -80 °C yielding 0.45 g. N,N,N-triethyl-deuteroammo-

niumm triflate as a highly hygroscopic white solid. 

'HH NMR (300.13 MHz, CD2C12): 5 3.15 (q, J(H,H) = 7.0. 6H, CH2), 1.28 (t, J(H,H) = 7.0, 9H, CH3). 
13CC NMR (75.48 MHz, CD2C12): 5 120.69 (q, J(C,F) = 318, CF3), 47.27 (NCH2CH3), 8.67 (NCH2CH3). 
19FF NMR (282.41 MHz, CD2C12): 6 -79.80. 
2HH NMR (76 MHz, CD2C12): 6 7.48 (br, s). 
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