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Abstract 

 

 

The catalyst Ru(η5-Cp*)(PPh2H)2(PPh2) was developed by the Rosenberg group for the 

hydrophosphination of activated alkenes with primary and secondary phosphines. Our group’s 

recent publication about this system described high activity of this catalyst and preliminary 

mechanistic studies indicated that the intramolecular proton transfer from the cis-coordinated 

PPh2H should be the turnover-limiting step for this system.  

My work started with further investigating the alkene scope for this system to see the 

activity and generality of the Cp*Ru catalyst toward a variety of alkenes and to get evidence to 

support the proposed mechanism for a model hydrophosphination reaction catalyzed by the new 

catalyst. The activity of the catalyst toward electron-deficient alkenes supported that the 

mechanism includes the nucleophilic addition of the Ru-PPh2 at the alkene. This investigation also 

gave evidence that was consistent with the existence of an equilibrium in the proposed mechanism.  

I did a kinetic study to obtain the experimental reaction order for substrates involved in the 

hydrophosphination of methyl methacrylate with PPh2H catalyzed by the Cp*Ru catalyst. The 

results from this study supported our proposal that the last substitution step is not the turnover-

limiting step in this system as it was for the indenyl analogue. Also, an isotope labeling experiment 

was conducted to get evidence for the proposed turnover-limiting step in the proposed mechanism.  
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Since the Cp*Ru complexes used to catalyze the hydrophosphination reactions were 

challenging to isolate due to their high solubility and substitutional lability, they were generated in 

situ throughout all investigations. The presence of PPh3 ligand in the starting material led to the 

formation of an orthometallated product during the attempted isolation, so I replaced PPh3 with 

1,5-cyclooctadiene (COD) to prevent the orthometallation process and was able to isolate this 

complex for R = Ph. 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

Table of Contents 

 

 
Supervisory Committee ................................................................................................................ ii 

Abstract ......................................................................................................................................... iii 

Table of Contents .......................................................................................................................... v 

List of Figures ............................................................................................................................. viii 

List of Schemes .......................................................................................................................... xvii 

List of Tables ............................................................................................................................... xxi 

List of Abbreviations ................................................................................................................ xxiii 

List of Numbered Compounds ................................................................................................. xxv 

Acknowledgements .................................................................................................................. xxvi 

1. Introduction ............................................................................................................................... 1 

1.1 Chapter overview .................................................................................................................. 1 

1.2 Synthesis of phosphines ........................................................................................................ 2 

1.2.1 Traditional methods for P-C bond formation ................................................................. 2 

1.2.2 P-C bond formation through hydrophosphination .......................................................... 4 

1.3 Metal-catalyzed hydrophosphination .................................................................................... 6 

1.3.1 Different mechanisms in metal-catalyzed hydrophosphination ..................................... 7 

1.3.2 Challenges in metal-catalyzed hydrophosphination ......................................................11 

1.4 Previous work in the Rosenberg group ............................................................................... 12 

1.5 Scope of thesis ..................................................................................................................... 18 

1.6 References ........................................................................................................................... 20 

2. Alkene Scope Investigation for Cp*Ru-catalyzed Hydrophosphination ........................... 29 

2.1 Chapter overview ................................................................................................................ 29 

2.2 Introduction ......................................................................................................................... 29 

2.3 Results and Discussion ........................................................................................................ 35 

2.3.1 In situ-generation of Ru(η5-Cp*)(PPh2H)2PPh2 catalyst (4a) by dehdrohalogenation of 

3a ........................................................................................................................................... 35 

2.3.2 Alkene scope investigation for assessing the catalytic activity of the catalyst (4a) in 

hydrophosphination reaction. ................................................................................................ 38 

2.4 Conclusion ........................................................................................................................... 49 



vi 
 

2.5 Experimental ....................................................................................................................... 50 

2.5.1 General experimental details ........................................................................................ 50 

2.5.2 In situ-generation of Cp* Ru phosphido catalyst for the catalytic hydrophosphination 

reaction .................................................................................................................................. 50 

2.5.3 General procedure for catalytic reactions using 8 mol% Ru ........................................ 52 

2.5.4 NMR characterization of the hydrophosphination products ......................................... 53 

2.6 References ........................................................................................................................... 61 

3. Kinetic Study of the Hydrophosphination of Activated Alkenes Using Cp*Ru-PPh2 

Catalyst ........................................................................................................................................ 65 

3.1 Chapter Overview ............................................................................................................... 65 

3.2 Introduction ......................................................................................................................... 66 

3.2.1 Different mechanisms of late metal-catalyzed hydrophosphination ............................ 66 

3.2.2 Determining reaction orders using VTNA method ....................................................... 67 

3.2.3 Kinetic isotope effect .................................................................................................... 68 

3.2.4 The proposed mechanism and the theoretical rate law for this system ........................ 71 

3.3 Results and Discussion ........................................................................................................ 72 

3.3.1 The reaction conditions for the VTNA study ............................................................... 72 

3.3.2 Determining the reaction order for alkene and phosphine substrates ........................... 76 

3.3.3 Kinetic isotope effect experiment ................................................................................. 84 

3.4 Conclusion ........................................................................................................................... 96 

3.5 Experimental ....................................................................................................................... 96 

3.5.1 General experimental detail .......................................................................................... 96 

3.5.2 Experimental details for VTNA experiments ............................................................... 97 

3.5.3 Experimental details for the kinetic isotope effect experiment .................................. 100 

3.6 References ......................................................................................................................... 103 

4. Synthesis and Characterization of New Cp*Ru Complexes Used in Catalytic 

Hydrophosphination Reactions ............................................................................................... 106 

4.1 Chapter overview .............................................................................................................. 106 

4.2 Introduction ....................................................................................................................... 106 

4.2.1 In situ-generation of complex 3 .................................................................................. 107 

4.2.2 In situ-generation of complexes 4 and 8 ..................................................................... 107 

4.2.3 Attempted isolation of complex Ru(ƞ5-Cp*)(PPh2)(PPh2H)2  (4a) ............................. 109 



vii 
 

4.2.4 Proposed method for isolating complex Ru(ƞ5-Cp*)(Cl)(PR2H)2  (3) and Ru(ƞ5-

Cp*)(PR2)(PR2H)2  (4) (R = Ph (a), Tolp (b), Cy (c), Et (d)) ................................................110 

4.3 Results and Discussion ....................................................................................................... 111 

4.3.1 Synthesis of Ru(ƞ5-Cp*)(Cl)(COD) complex (9) ........................................................ 111 

4.3.2 Synthesis of Ru(ƞ5-Cp*)(Cl)(PR2H)2  (3) (R = Ph (a), Tolp (b), Cy (c), Et (d) ............ 111 

4.3.3 NMR characterization of Ru(ƞ5-Cp*)(Cl)(PR2H)2  (3) (R = Ph (a), Tolp (b), Cy (c), Et 

(d)) ........................................................................................................................................112 

4.3.4 Synthesis of Ru(ƞ5-Cp*)(PR2)(PR2H)2  (4) (R = Ph (a), Tolp (b), Et (d)) ....................119 

4.3.5 NMR characterization of Ru(η5-Cp*)(PPh2)(PPh2H)2 (4a) complex ......................... 120 

4.3.6 Further characterization of the new and unknown complexes ................................... 125 

4.3.7 Testing the catalytic reactivity of the isolated catalyst (4a) ........................................ 126 

4.4 Conclusion ......................................................................................................................... 129 

4.5 Experimental ..................................................................................................................... 129 

4.5.1 General experimental details ...................................................................................... 129 

4.5.2 Detailed procedure for the synthesis of Ru(ƞ5-Cp*)(COD)Cl.................................... 130 

4.5.3 Synthesis of Ru(ƞ5-Cp*)(PR2H)2Cl (3, R = Ph (a), Tolp (b), Cy (c), Et (d)) .............. 131 

4.5.4 Synthesis of Ru(ƞ5-Cp*)(PR2H)2(PR2) (4) (R = Ph (a), Tolp (b), Et (d)) .................... 135 

4.6 References ......................................................................................................................... 137 

5. Conclusions and future work ............................................................................................... 138 

5.1 Chapter 2 conclusion and future work .............................................................................. 138 

5.2 Chapter 3 conclusion and future work .............................................................................. 139 

5.3 Chapter 4 conclusion and future work .............................................................................. 140 

5.4 Other possible future work ................................................................................................ 141 

5.5 Reference ........................................................................................................................... 143 

Appendices ................................................................................................................................. 144 

Appendix A ............................................................................................................................. 144 

Appendix B ............................................................................................................................. 171 

 

 

 

 



viii 
 

List of Figures 

 

 

Figure 2.1 1H NMR (300.27 MHz, C6D6) and 31P{1H} NMR (121.55 MHz, C6D6) spectra to 

confirm the formation of the in situ-generated Ru(η5-Cp*)Cl(PPh2H)2 (3a). .............................. 36 

Figure 2.2 1H NMR (300.27 MHz, C6D6) spectrum to confirm the formation of the in situ-

generated catalyst (4a). The peak labeled with a red dot is due to the CH3 in Cp* of complex 3a.

....................................................................................................................................................... 37 

Figure 2.3 31P{1H} NMR (121.55 MHz, C6D6) spectrum to confirm the formation of 4a. ......... 38 

Figure 2.4 Representative structures: (a) benzene, (b) 1,3-butadiene, and, as an example of the 

alkene used in our system, (c) methyl methacrylate. X = EW or ED groups.7 ............................. 42 

Figure 2.5 The effect of different substituents (R = C(O)H (red dot), C(O)Ph (green dot), C(O)Me 

(purple dot), C(O)OMe (blue dot)) at PhCH=CHR on the Cp*Ru-catalyzed hydrophosphination 

activity as represented by % conversion over 24 h. See data for relevant alkenes in Table 2.2. The 

figure shows the trend between hydrophosphination conversion with a) Hammett parameters, b) 

ΔVc values, and c) estimated pKa values for methyl substituted EWGs. These figures were 

generated by Jin Yang. .................................................................................................................. 46 

 

Figure 3.1 Energy diagram for homolysis of C-H and C-D bonds. This figure is adapted from 

reference 18. .................................................................................................................................. 69 

Figure 3.2 1H NMR (500.27 MHz, C6D6) spectrum for determining the concentration of a stock 

base solution using the ferrocene as an internal standard. The relative integrations of the labeled 

signals were used for calculating the concentration of the base by using the concentration of 

ferrocene. ...................................................................................................................................... 74 



ix 
 

Figure 3.3 1H NMR (500.27 MHz, C6D6) spectrum of the hydrophosphination of methyl 

methacrylate with PPh2H catalyzed by 4a. Labeled signals are due to the hydrophosphination 

product and their relative integrations were used to calculate the concentration, using the shown 

amine peak as the standard. .......................................................................................................... 75 

Figure 3.4 1H NMR spectra (500.27 MHz, C6D6) of the hydrophosphination of methyl 

methacrylate with PPh2H catalyzed by 4a. The relative integrations of the labeled peaks were 

monitored for determining rate dependence on [methyl methacrylate]. Time shown refer to time 

evolved after alkene addition. This stacked spectrum is a representative example of how the 

reaction was monitored to obtain data for the VTNA experiments. ............................................. 77 

Figure 3.5 Time normalization plots for determining the rate dependence on [methyl 

methyacrylate], using three different [methyl methacrylate], for the hydrophosphination of methyl 

methacrylate with PPh2H catalyzed by 4a as monitored by 1H NMR (500.27 MHz, C6D6) spectrum. 

The plots in faded red boxes demonstrate an estimated precision of ± 0.02 in visual assessment of 

order, which is generally applicable to VTNA results throughout this document. ....................... 78 

Figure 3.6 1H NMR spectra (500.27 MHz, C6D6) of the hydrophosphination of methyl 

methacrylate with PPh2H catalyzed by 4a. The relative integrations of the labeled peaks were 

monitored for determining rate dependence on [PPh2H]. Time shown refer to time evolved after 

alkene addition. This stacked spectrum is a representative example of how the reaction was 

monitored to obtain data for the VTNA experiments. .................................................................. 79 

Figure 3.7 Time normalization plots for determining the reaction order of [PPh2H], using three 

different [PPh2H], for the hydrophosphination of methyl methacrylate with PPh2H catalyzed by 4a 

as monitored by 1H NMR (500.27 MHz, C6D6) spectrum. The plots include error bars, but in most 

cases, these are obscured by the data points. ................................................................................ 80 



x 
 

Figure 3.8 31P{1H} NMR (202.51 MHz, C6D6) spectrum of the hydrophosphination of methyl 

methacrylate using the lowest concentration of PPh2H, catalyzed by 4a. The spectrum was 

obtained 6 h after the addition of alkene. The star-labeled peaks are for some unidentified Ru-

containing compounds. ................................................................................................................. 82 

Figure 3.9 1H NMR spectrum of PPh2D showing 19% residual PPh2H (500.27 MHz, C7D8). ... 85 

Figure 3.10 31P{1H} NMR spectrum of PPh2D (202.51 MHz, C7D8). ........................................ 86 

Figure 3.11 2H NMR spectrum of PPh2D (76.79 MHz, C7D8). ................................................... 87 

Figure 3.12 1H NMR spectra (500.27 MHz, C6D6) of the hydrophosphination reaction of methyl 

methacrylate with PPh2D catalyzed by 4a. The labeled signals were used to track the disappearance 

of alkene and/or appearance of the product, and the relative integration of these peaks were used 

to calculate the required concentrations. Time shown refer to time evolved after alkene addition. 

This stacked spectrum is a representative example of how the reaction was monitored to obtain 

data for the KIE experiments. ....................................................................................................... 88 

Figure 3.13 1H NMR spectra (500.27 MHz, C6D6) of the hydrophosphination reaction of methyl 

methacrylate with PPh2H (top spectrum) and PPh2D (bottom spectrum) catalyzed by 4a. The 

labeled signals show how peaks changed by using PPh2D instead of PPh2H. ............................. 89 

Figure 3.14 Concentration versus time plots for the hydrophosphination of methyl methacrylate 

with PPh2H (blue dot) and PPh2D (orange dot) catalyzed by 4a as monitored by 1H NMR (500.27 

MHz, C6D6) spectrum. Plot (a) represents the formation of the hydrophosphination product and 

(b) represents the consumption of methyl methacrylate. The standard deviations are included as 

error bars, which indicates that the difference between numbers is real. ..................................... 90 

Figure 3.15 1H NMR spectra (500.27 MHz, C6D6) of the hydrophosphination reaction of tert-butyl 

acrylate with PPh2H catalyzed by 4a. Labeled signals were used to track the disappearance of 



xi 
 

alkene and/or appearance of product, and the relative integrations of these peaks were used to 

calculate the required concentrations. Time shown refer to time evolved after alkene addition. This 

stacked spectrum is a representative example of how the reaction was monitored to obtain data for 

the KIE experiments. .................................................................................................................... 92 

Figure 3.16 1H NMR spectra (500.27 MHz, C6D6) of the hydrophosphination reaction of tert-butyl 

acrylate with PPh2D catalyzed by 4a. Labeled signals were used to track the disappearance of 

alkene and/or appearance of product, and the relative integrations of these peaks were used to 

calculate the required concentrations. Time shown refer to time evolved after alkene addition. This 

stacked spectrum is a representative example of how the reaction was monitored to obtain data for 

the KIE experiments. .................................................................................................................... 93 

Figure 3.17 Concentration versus time plots for the hydrophosphination of tert-butyl acrylate with 

PPh2H (blue dot) and PPh2D (orange dot) catalyzed by 4a as monitored by 1H NMR (500.27 MHz, 

C6D6) spectrum. Plot (a) represents the formation of the hydrophosphination product and (b) 

represents the consumption of tert-butyl acrylate. The standard deviations are included as error 

bars, which indicates that the difference between numbers is real. .............................................. 94 

Figure 3.18 31P{1H} NMR spectrum of PPh2D. Signals due to the existence of PPh2H and 

Ph2P(O)H are shown in the spectrum. .......................................................................................... 95 

 

Figure 4.1 31P{1H} NMR spectrum (202.51 MHz, C6D6) of complex Ru(ƞ5-Cp*)(Cl)(PTolp
2H)2 

(3b). ..............................................................................................................................................113 

Figure 4.2 1H NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-Cp*)(Cl)(PTolp
2H)2 (3b).

......................................................................................................................................................115 



xii 
 

Figure 4.3 1H/31P-HMBC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(Cl)(PTolp
2H)2 (3b). .............................................................................................................117 

Figure 4.4 1H/13C-HSQC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(Cl)(PTolp
2H)2 (3b). .............................................................................................................118 

Figure 4.5 31P{1H} NMR spectrum (202.51 MHz, C6D6) of complex Ru(ƞ5-Cp*)(PPh2)(PPh2H)2 

(4a). ............................................................................................................................................. 121 

Figure 4.6 1H NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-Cp*)(PPh2)(PPh2H)2 (4a).

..................................................................................................................................................... 122 

Figure 4.7 1H/31P-HMBC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(PPh2)(PPh2H)2 (4a). ........................................................................................................... 123 

Figure 4.8 1H/13C-HSQC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(PPh2)(PPh2H)2 (4a). ........................................................................................................... 124 

Figure 4.9 31P{1H} NMR spectra (121.55 MHz, C6D6) of the hydrophosphination of methyl 

methacrylate with PPh2H catalyzed by the isolated catalyst 4a. ................................................ 127 

Figure 4.10 1H NMR spectra (300.27 MHz, C6D6) of the hydrophosphination of methyl 

methacrylate with PPh2H catalyzed by the isolated catalyst 4a. ................................................ 128 

 

Figure A.1 1H NMR (300.27 MHz, C6D6) spectra of the hydrophosphination of tert-butyl acrylate 

with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom spectrum 

is taken after 15 min and the top spectrum after 24h. ................................................................. 144 

Figure A.2 31P{1H} NMR (121.55 MHz, C6D6) spectra of the hydrophosphination of tert-butyl 

acrylate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom 

spectrum is taken after 15 min and the top spectrum after 24h. ................................................. 145 



xiii 
 

Figure A.3 1H NMR (300.27 MHz, C6D6, 24h) spectra of the hydrophosphination of tert-butyl 

acrylate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. ............ 146 

Figure A.4 1H NMR (300.27 MHz, C6D6) spectra of the hydrophosphination of acrylonitrile with 

PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom spectrum is 

taken after 15 min and the top spectrum after 24h...................................................................... 147 

Figure A.5 31P{1H} NMR (121.55 MHz, C6D6) spectra of the hydrophosphination of acrylonitrile 

with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom spectrum 

is taken after 15 min and the top spectrum after 24h. ................................................................. 148 

Figure A.6 1H NMR (300.27 MHz, C6D6, 24h) spectrum of the hydrophosphination of acrylonitrile 

with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. .......................... 149 

Figure A.7 1H NMR (300.27 MHz, C6D6) spectra of the hydrophosphination of methyl acrylate 

with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom spectrum 

is taken after 15 min and the top spectrum after 24h. ................................................................. 150 

Figure A.8 31P{1H} NMR (121.55 MHz, C6D6) spectra of the hydrophosphination of methyl 

acrylate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom 

spectrum is taken after 15 min and the top spectrum after 24h. ................................................. 151 

Figure A.9 1H NMR (300.27 MHz, C6D6, 24h) spectrum of the hydrophosphination of methyl 

acrylate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. ............ 152 

Figure A.10 1H NMR (300.27 MHz, C6D6) spectra of the hydrophosphination of methyl 

methacrylate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The 

bottom spectrum is taken after 15 min and the top spectrum after 24h. ..................................... 153 



xiv 
 

Figure A.11 31P{1H} NMR (121.55 MHz, C6D6) spectra of the hydrophosphination of methyl 

methacrylate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The 

bottom spectrum is taken after 15 min and the top spectrum after 24h. ..................................... 154 

Figure A.12 1H NMR (300.27 MHz, C6D6, 24h) spectrum of the hydrophosphination of methyl 

methacrylate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst ..... 155 

Figure A.13 1H NMR (300.27 MHz, C6D6) spectra of the hydrophosphination of dimethyl 

fumarate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom 

spectrum is taken after 15 min and the top spectrum after 24h. ................................................. 156 

Figure A.14 31P{1H} NMR (121.55 MHz, C6D6) spectra of the hydrophosphination of dimethyl 

fumarate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom 

spectrum is taken after 15 min and the top spectrum after 24h. The blue dots are tentatively 

assigned. ...................................................................................................................................... 157 

Figure A.15 1H NMR (300.27 MHz, C6D6, 24h) spectrum of the hydrophosphination of dimethyl 

fumarate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. ........... 158 

Figure A.16 1H NMR (300.27 MHz, C6D6) spectra of the hydrophosphination of methyl cinnamate 

with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom spectrum 

is taken after 15 min and the top spectrum after 24h. ................................................................. 159 

Figure A.17 31P{1H} NMR (121.55 MHz, C6D6) spectra of the hydrophosphination of methyl 

cinnamate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The 

bottom spectrum is taken after 15 min and the top spectrum after 24h. ..................................... 160 

Figure A.18 1H NMR (300.27 MHz, C6D6, 24h) spectrum of the hydrophosphination of methyl 

cinnamate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. ......... 161 



xv 
 

Figure A.19 1H NMR (300.27 MHz, C6D6) spectra of the hydrophosphination of trans-chalcone 

with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom spectrum 

is taken after 15 min and the top spectrum after 24h. ................................................................. 162 

Figure A.20 31P{1H} NMR (121.55 MHz, C6D6) spectra of the hydrophosphination of trans-

chalcone with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom 

spectrum is taken after 15 min and the top spectrum after 24h. ................................................. 163 

Figure A.21 1H NMR (300.27 MHz, C6D6, 24h) spectrum of the hydrophosphination of trans-

chalcone with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. ........... 164 

Figure A.22 1H NMR (300.27 MHz, C6D6) spectra of the hydrophosphination of cinnamaldehyde 

with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom spectrum 

is taken after 15 min and the top spectrum after 24h. ................................................................. 165 

Figure A.23 31P{1H} NMR (121.55 MHz, C6D6) spectra of the hydrophosphination of 

cinnamaldehyde with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The 

bottom spectrum is taken after 15 min and the top spectrum after 24h. ..................................... 166 

Figure A.24 1H NMR (300.27 MHz, C6D6, 24h) spectrum of the hydrophosphination of 

cinnamaldehyde with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. 167 

Figure A.25 31P{1H} NMR (121.55 MHz, C6D6, 24h) spectrum of the hydrophosphination of 

cinnamaldehyde with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. 168 

Figure A.26 31P{1H} NMR (121.55 MHz, C6D6) spectra of the hydrophosphination of 

crotonaldehyde with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The 

bottom spectrum is taken after 15 min and the top spectrum after 24h. ..................................... 169 

Figure A.27 1H NMR (300.27 MHz, C6D6, 24h) spectrum of the hydrophosphination of 

crotonaldehyde with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. 170 



xvi 
 

 

Figure B.1 1H (500.27 MHz, C6D6) and 31P{1H} (202.51 MHz, C6D6) NMR spectra of complex 

Ru(ƞ5-Cp*)(Cl)(PPh2H)2 (3a). .................................................................................................... 171 

Figure B.2 1H/31P-HMBC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(Cl)(PPh2H)2 (3a). ............................................................................................................... 172 

Figure B.3 1H/13C-HSQC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(Cl)(PPh2H)2 (3a). ............................................................................................................... 173 

Figure B.4 1H (500.27 MHz, C6D6) and 31P{1H} (202.51 MHz, C6D6) NMR spectrum of complex 

Ru(ƞ5-Cp*)(Cl)(PCy2H)2 (3c). .................................................................................................... 174 

Figure B.5 1H/31P-HMBC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(Cl)(PCy2H)2 (3c). ............................................................................................................... 175 

Figure B.6 1H/13C-HSQC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(Cl)(PCy2H)2 (3c). ............................................................................................................... 176 

Figure B.7 1H (500.27 MHz, C6D6) and 31P{1H} (202.51 MHz, C6D6) NMR spectrum of complex 

Ru(ƞ5-Cp*)(Cl)(PEt2H)2 (3d). ..................................................................................................... 177 

Figure B.8 1H/31P-HMBC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(Cl)(PEt2H)2 (3d)................................................................................................................. 178 

Figure B.9 1H/13C-HSQC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(Cl)(PEt2H)2 (3d)................................................................................................................. 179 

 

 

 



xvii 
 

List of Schemes 

 

 

Scheme 1.1 Hydrophosphination of unsaturated species with secondary phosphines. .................. 1 

Scheme 1.2 P-C bond formation through (a)9 salt metathesis and (b)12 cross-coupling. ............... 3 

Scheme 1.3 P-C bond formation via radical-initiated hydrophosphination. .................................. 4 

Scheme 1.4 Base-catalyzed hydrophosphination of alkynes with secondary phosphine. .............. 5 

Scheme 1.5 Stereo- and regiochemical outcomes of hydrophosphination of alkenes with secondary 

phosphine. ....................................................................................................................................... 6 

Scheme 1.6 The formation of M-PR2 in hydrophosphination reactions as a result of a P-H 

activation. ........................................................................................................................................ 7 

Scheme 1.7 P-C bond formation in metal-catalyzed hydrophosphination reactions...................... 8 

Scheme 1.8 Examples of the P-C bond formation through (a) insertion using an early metal 

catalyst59 and (b) nucleophilic addition.56 ....................................................................................... 9 

Scheme 1.9 Different mechanisms for C-H bond formation in metal-catalyzed 

hydrophosphination....................................................................................................................... 10 

Scheme 1.10 Mechanism for hydrophosphination reactions catalyzed by 1a (center of scheme), 

containing intramolecular (right cycle) and intermolecular (left cycle) P-H activation. [Ru] = 

Ru(η5-indenyl)(L), where L = PPh3 (1a, early in reaction) or Ph2PCH2CH2CO2But (late in 

reaction), R = CO2But. .................................................................................................................. 13 

Scheme 1.11 Orthometallation of PPh3 takes place during synthesis of the Cp*PPh2 catalyst.... 14 

Scheme 1.12 Procedure for in-situ generation of 4. ..................................................................... 15 

Scheme 1.13 Catalyst deactivation caused by the formation of metallacyclic compound in the 

absence of PPh2H. P = Ph2P(CH2CH2CO2But), R´ = CO2But. ..................................................... 16 



xviii 
 

Scheme 1.14 Proposed outer-sphere mechanism for hydrophosphination reaction catalyzed by 4a, 

relying on cis-coordination of the substrate phosphine PPh2H. .................................................... 17 

 

Scheme 2.1 Proposed outer-sphere mechanism for the hydrophosphination reaction catalyzed by 

Ru(η5-Cp*)(PR2)(PR2H)2, relying on cis-coordination of the substrate phosphine PPh2H. R = Ph, 

Tolp, Cy, Et. R´ = CO2But. ............................................................................................................ 30 

Scheme 2.2 Optimized reaction conditions for hydrophosphination catalyzed by 4a. R = electron-

withdrawing groups. ..................................................................................................................... 31 

Scheme 2.3 On- and off-cycle steps for the hydrophosphination of alkenes with secondary 

phosphines catalyzed by 4a. ......................................................................................................... 34 

Scheme 2.4 Procedure for in-situ generation of 4a. ..................................................................... 35 

Scheme 2.5 Optimized procedure for the hydrophosphination of tert-butyl acrylate with PPh2H 

catalyzed by 4a. ............................................................................................................................ 39 

Scheme 2.6 Equilibrium giving pKa values for methyl-substituted EWGs, which allows estimation 

of pKa values for the related hydrophosphination products. ......................................................... 47 

Scheme 2.7 The procedure for in-situ generation of the catalyst (4a). ........................................ 50 

Scheme 2.8 The procedure for the hydrophosphination of an alkene with PPh2H catalyzed by the 

in-situ generated catalyst (4a). (R = EWG). ................................................................................. 52 

 

Scheme 3.1 Proposed mechanism for the catalytic hydrophosphination of electron deficient 

alkenes catalyzed by Cp*Ru(PPh2H)2PPh2 (4a). (P = hydrophosphination product, R = EWGs).

....................................................................................................................................................... 65 



xix 
 

Scheme 3.2 Proposed mechanism and the theoretical rate law for the hydrophosphination of 

electron deficient alkenes with PPh2H catalyzed by 4a. (R = EWGs).......................................... 71 

Scheme 3.3 Experimental procedure for the mechanistic study of the hydrophosphination reaction 

of methyl methacrylate with PPh2H catalyzed by 4a. ................................................................... 72 

Scheme 3.4 The formation of the metallacyclic compound due to low [PPh2H] in the reaction 

mixture with respect to alkene substrate. (P = hydrophosphination product, R = EWGs). .......... 83 

Scheme 3.5 The turnover-limiting step in the proposed mechanism for the hydrophosphination of 

activated alkenes with PPh2D catalyzed by 4a. (R = EWGs). ...................................................... 84 

Scheme 3.6 The procedure for the hydrophosphination of methyl methacrylate with PPh2H, using 

the in-situ generated catalyst (4a). ................................................................................................ 98 

Scheme 3.7 The modified literature procedure for making PPh2D.19 ........................................ 100 

 

Scheme 4.1 The procedure for the in situ-generation of complex Ru(ƞ5-Cp*)(Cl)(PR2H)2 (3) and  

Ru(ƞ5-Cp*)(PR2)(PR2H)2  (4). ..................................................................................................... 106 

Scheme 4.2 In situ-generation of complex 3. ............................................................................. 107 

Scheme 4.3 The signal due to the PPh2 ligand observed in the 31P{1H} NMR spectra of complex 

4. This scheme was prepared by Jin Yang. ................................................................................. 108 

Scheme 4.4 A dynamic equilibrium between the planar phosphido (Ru=PPh2) and the pyramidal 

phosphido (Ru-PPh2). ................................................................................................................. 109 

Scheme 4.5 The procedure for making complex 3 and 4 using complex 9. ................................110 

Scheme 4.6 The procedure for the synthesis of complex 9. ........................................................ 111 

Scheme 4.7 The synthesis of Ru(ƞ5-Cp*)(Cl)(PR2H)2  (3). (R = Ph (a), Tolp (b), Cy (c), Et (d)) 

complex. .......................................................................................................................................112 



xx 
 

Scheme 4.8 Synthesis of Ru(ƞ5-Cp*)(PR2)(PR2H)2  (4) (R = Ph (a), Tolp (b), Et (d)) and Ru(ƞ5-

Cp*)(PR2)(PR2H)  (8c) (R = Cy). .................................................................................................119 

Scheme 4.9 The procedure for the hydrophosphination of methyl methacrylate with PPh2H 

catalyzed by 8 mol% 4a. ............................................................................................................. 126 

Scheme 4.10 Synthesis of (Cp*RuCl2)n
3 .................................................................................... 130 

Scheme 4.11 Synthesis of Ru(ƞ5-Cp*)(Cl)(COD) (9).3 .............................................................. 130 

Scheme 4.12 Synthesis of Ru(ƞ5-Cp*)(Cl)(PR2H)2  (3) (R = Ph (a), Tolp (b), Cy (c), Et (d)). .. 131 

Scheme 4.13 Synthesis of Ru(ƞ5-Cp*)(PR2)(PR2H)2  (4) (R = Ph (a), Tolp (b), Et (d)). ............ 135 

No table of figures entries found. 

Scheme 5.1 Synthesizing chiral catalysts using a new type of Cp ligand .................................. 141 

Scheme 5.2 Enantioselective hydrophoshination using a new catalyst and a prochiral alkene . 142 

 

 

 

 

 

 

 

 



xxi 
 

List of Tables 

 

Table 2.1 Secondary phosphine scope for the hydrophosphination of methyl- and tert-butyl 

acrylates using the in situ-generated Ru phosphido complex. ...................................................... 32 

Table 2.2 Alkene scope for the hydrophosphination reactions with PPh2H using the in situ-

generated Ru phosphido complex 4a. ........................................................................................... 39 

Table 2.3 pKa values of methyl substituted electron withdrawing groups2 as estimated values for 

corresponding hydrophosphination product of a series of similar alkenes with different EWGs to 

investigate the impact of various EWGs in the rate of hydrophosphination. ............................... 48 

Table 2.4 121.55 MHz 31P{1H} NMR data for complexes Ru(η5-Cp*)Cl(PPh2H)2 and Ru(ƞ5-

Cp*)(PPh2)(PPh2H)2 in C6D6: δ (ppm) (multiplicity, J or fwhm in Hz). ...................................... 51 

Table 2.5 300.27 MHz 1H NMR data for 3a and 4a in C6D6: δ in ppm (multiplicity, RI, J in Hz).

....................................................................................................................................................... 52 

 

Table 3.1 Reagent concentrations in mM (volume in µL) used to determine the reaction order with 

respect to methyl methacrylate. .................................................................................................... 99 

Table 3.2 Reagent concentrations in mM (volume in µL) used to determine the reaction order with 

respect to PPh2H. ........................................................................................................................ 100 

Table 3.3 Reagent amounts in g or mL, mmol used for the hydrophosphination of tert-butyl 

acrylate with PPh2H/PPh2D catalyzed by 4a. ............................................................................. 102 

 

Table 4.1 31P{1H} NMR (202.51 MHz, C6D6) data for complex 3a, 3b, 3c, and 3d: δ (ppm) 

(multiplicity). .............................................................................................................................. 132 



xxii 
 

Table 4.2 1H NMR (500.27 MHz, C6D6) data for complex 3a, 3b, 3c, and 3d: δ in ppm 

(multiplicity, RI, J in Hz). ........................................................................................................... 133 

Table 4.3 13C{1H} NMR (125.79 MHz, C6D6) data for complex 3a, 3b, 3c, and 3d: δ in ppm 

(multiplicity, J in Hz). ................................................................................................................. 134 

Table 4.4 31P{1H} NMR (202.51 MHz, C6D6) data for complex 4a: δ (ppm) (multiplicity). .... 136 

Table 4.5 1H NMR (500.27 MHz, C6D6) data for complex 4a: δ in ppm (multiplicity, RI, J in Hz).

..................................................................................................................................................... 136 

Table 4.6 13C{1H} NMR (125.79 MHz, C6D6) data for complex 4a: δ in ppm (multiplicity, J in 

Hz)............................................................................................................................................... 136 

 

 

 

 

 

 

 

 

 

 



xxiii 
 

List of Abbreviations 

 

 

Å Angstrom (1 x 10-10 m) 

br  broad 

But tert-butyl, -C(CH3)3 

°C degrees Celsius 

Cipso ipso-carbon 

Cmeta meta-carbon 

Cortho ortho-carbon 

Cpara para-carbon 
13C{1H} Observed carbon while decoupling proton 

cm-1 wavenumber 

Cp* 1,2,3,4,5-Pentamethylcyclopentadienyl, C5(CH3)5
- 

Cy cyclohexyl group, -C6H11 

COD 1,5-cyclooctadiene  

d doublet or days 

dd doublet of doublets 

ddd doublet of doublet of doublets 

dddd doublet of doublet of doublet of doublets 

° degrees 

DEPT distortionless enhanced polarization transfer 

dm doublet of multiplets 

dt doublet of triplets 

dq doublet of quartet 

δ NMR chemical shift in parts per million 

equiv equivalent(s) 

Et ethyl group, -C2H5 

fwhm full width half maximum 

ηn hapticity 

g gram 

h hour(s) 
1H observed proton 

Hm meta-proton 

Ho ortho-proton 

Hp para-proton 

HMBC heteronuclear multiple-bond correlation 

HSQC heteronuclear single quantum coherence 

Hz hertz 

ipso (or i) ipso 



xxiv 
 

IR infrared 

J scalar nuclear spin-spin coupling constant (NMR) 

KIE kinetic isotope effect 

L liter or neutral donor ligand 

M molarity or metal 

m multiplet (NMR) 

m meta 

Me methyl, -CH3 

mg milligram(s) 

MESP Molecular Electrostatic Potential 

MHz megahertz 

min minutes(s) 

mL milliliter 

mmol millimole(s) 

mol mole(s) 

MS mass spectrometry 

μL microliter 

NMR nuclear magnetic resonance 

o ortho 
31P observed phosphorus 
31P{1H} observed phosphorus wihle decoupling proton 

p para 

Ph phenyl group, -C6H5 

ppm parts-per-million 

q quartet 

R alkyl or aryl group 

RI relative integration 

RT room temperature 

s singlet (NMR) 

t triplet (NMR) 

t tertiary 

θ Tolman cone angle 

THF tetrahydrofuran 

Tolp para-tolyl group 

  VT             variable temperature 

  VTNA        Variable Time Normalization Analysis 

 

 

 

 



xxv 
 

List of Numbered Compounds 

R = Ph (a), Tolp (b), Cy (c), Et (d) 

 

 

                                                      

              1                                                  2                                                   3 

 

 

                                                        

              4                                                   5                                                   6 

 

 

 

                                                         

           7                                                      8                                                9 

 

 

 



xxvi 
 

Acknowledgements 

 

 

I would like to thank Dr. Lisa Rosenberg for all her help and guidance throughout my degree.  

I am also grateful to Jin, who was always willing to answer my questions, even after leaving the 

group.  

A big thank to Nick for all his help over these past two years, and to Vannessa for being such a 

great group member and for all her assistance. 

I would especially like to thank Chris Barr for his continuous help with NMR.  

Finaly, I would like to thank my family and friends for all their support.  

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

1. Introduction 

 

1.1 Chapter overview 

 

Phosphines (compounds with phosphorus atom and alkyl/aryl groups, PR3) significantly 

influence contemporary synthetic chemistry, with extensive applications in the fine chemicals 

industry, such as the synthesis of pharmaceuticals, fragrances, agrochemicals, and as ligands 

in catalytic reactions.1 Traditional methods for synthesizing phosphorus-containing 

compounds are stoichiometric, which are often wasteful and multiple step reactions. As a 

result, developing catalytic methodologies for making these compounds is of a great interest. 

Hydrophosphination is an attractive, atom-economical method for synthesizing phosphines 

through P-C bond formation, this method is simply the addition of a P-H bond from primary 

or secondary phosphines (PRH2 or PR2H) to unsaturated substrates, such as alkenes and 

alkynes (Scheme 1.1). Hydrophosphination is an efficient alternative to stoichiometric 

methods, especially when catalyzed by metals. Although the number of metal catalysts 

available for these reactions is growing, detailed mechanistic studies are rare, which are needed 

to address current challenges in this field, such as catalyst activity, substrate scope, and 

selectivity.  

 

Scheme 1.1 Hydrophosphination of unsaturated species with secondary phosphines. 
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The objective of my master’s research mainly was to investigate the substrate scope of Ru-

catalyzed hydrophosphination reactions, as well as gaining a deeper understanding of the 

mechanism underlying the catalytic process. The insights obtained from this work will not 

only help improve existing catalytic systems but also could be useful for developing and 

designing new metal catalyst for hydrophosphination reactions.  

 

1.2 Synthesis of phosphines  

 

Phosphines are widely used as ligands in metal-2-4 and organo-catalysis5 since by changing the 

substituents on the phosphorus atom, the steric and electronic properties of the ligands can be tuned 

that would affect the reactivity of the metal center.6 Tolman cone angle and electronic parameter7,8 

are parameters that describe steric and electronic properties of phosphines and how they would 

influence the environment around the metal. There are many methods for synthesizing P-

containing molecules, the most common ones are salt metathesis, cross-coupling and 

hydrophosphination.  

 

1.2.1 Traditional methods for P-C bond formation  

 

A traditional method for preparing P-containing molecules is via salt metathesis reactions, 

in which halophosphines (PR2X) or metal phosphido reagents (MPR2) (M = Li, Na, K) are used 

(Scheme 1.2, (a)).9 In either case, P-C bond formation takes place through nucleophilic 

substitution. This can happen either by an organometallic reagent displacing a halogen from 

phosphorus or by a phosphido substituting a halogen from carbon. A drawback of the salt 
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metathesis method is that it requires extra separation steps to isolate the phosphine product due to 

the formation of metal halides as byproduct.  

Metal-catalyzed phosphination via cross-coupling is another method for making 

phosphines,10-13 which involves the cross-coupling of aryl- and alkyl- halides with primary (PRH2) 

and secondary (PR2H) aryl- and alkylphosphines (Scheme 1.2, (b)).14-20 Although this method is 

efficient for phosphine synthesis, it is not the most atom-economical pathway, as it produces salt 

byproducts.  

 

 

Scheme 1.2 P-C bond formation through (a)9 salt metathesis and (b)12 cross-coupling. 
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1.2.2 P-C bond formation through hydrophosphination 

 

Hydrophosphination reactions (Scheme 1.1) can be mediated by light or radical initiators,21-28 

acids,29 bases,30-32 main group metals,33-36 transition metals,37-46 or even heat47-50.  

The P-H bond cleavage on phosphine substrates (Scheme 1.3) in hydrophosphination reactions 

can happen homolytically or heterolytically due to the close Pauling electronegativity of hydrogen 

and phosphorus atoms (2.20 and 2.19, respectively)51.  

 Homolytic cleavage of P-H bonds can occur in thermal, photochemical, and radical-initiated 

hydrophosphination. For example, radical initiated reaction (Scheme 1.3) involves the formation 

of a phosphinyl radical (•PH2), which is added to an unsaturated species that leads to the formation 

of a carbon centered radical. In the final step, C-centered radical abstracts hydrogen from a P-H 

bond.52 

 

 

Scheme 1.3 P-C bond formation via radical-initiated hydrophosphination. 
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Heterolytic cleavage of P-H bonds of phosphine substrates can happen via base or acid-

mediated hydrophosphination. For instance, base-catalyzed hydrophosphination (Scheme 1.4)30 

results in the formation of a phosphido anion (Scheme 1.4, step A) that can undergo conjugate 

addition to unsaturated alkyne (Schemes 1.4, step B). In this process, the resulting conjugate acid 

acts as a proton source that can quench the carbanion intermediate and regenerate the base catalyst 

(Scheme 1.4, step C). 

 

Scheme 1.4 Base-catalyzed hydrophosphination of alkynes with secondary phosphine. 

 

Hydrophosphination reactions often lack the necessary stereo- and regioselectivity, making the 

synthesis of desired phosphine challenging. As shown in Scheme 1.5, the addition of P-H bond to 

an unsaturated species can happen in various ways that can make different products, which means 

the reaction would require additional purification steps for isolating the desired phosphine. Metal-

catalyzed hydrophosphination can potentially introduce stereo- and regioselectivity to these 

reactions. Thus, it presents a sustainable, efficient, and cost-effective strategy for synthesizing 

phosphines.  
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Scheme 1.5 Stereo- and regiochemical outcomes of hydrophosphination of alkenes with secondary 

phosphine. 

 

1.3 Metal-catalyzed hydrophosphination 

 

There are many reports for metal catalyzed hydrophosphination reactions.2 The topic has been 

extensively reviewed by focusing on different mechanisms in these reactions46, challenges43 and 

selectivity37,40,44. To address issues of narrow substrate scope, selectivity, and catalyst activity53 in 

this field, one approach is designing new catalysts, for which detailed mechanistic study is 

essential.  
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1.3.1 Different mechanisms in metal-catalyzed hydrophosphination 

 

The mechanism for hydrophosphination reactions involves P-H activation, and P-C and C-

H bond formation.46 Most metal-catalyzed hydrophosphination examples involve the formation of 

M-PR2 intermediate as a result of the P-H activation.46 There are various ways that these phosphido 

ligands can be formed (shown in Scheme 1.6), like deprotonation of the phosphine substrate by a 

base54-56, protonolysis between a phosphine and a high valent metal alkyl,57,58 or oxidative addition 

of a P-H bond at a low valent metal.59,60 

 

 

Scheme 1.6 The formation of M-PR2 in hydrophosphination reactions as a result of a P-H 

activation. 
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Generated M-PR2 is responsible for P-C bond formation in these reactions, which can occur 

through inner-sphere61,62 or outer-sphere mechanisms63 (Scheme 1.7).  

 

 

Scheme 1.7 P-C bond formation in metal-catalyzed hydrophosphination reactions. 

 

Electron-deficient metal catalysts often involve 1,2-insertion of the unactivated and 

activated alkene/alkyne into the M-PR2 bond for P-C bond formation in inner-sphere mechanism 

(Scheme 1.8, (a)).64 But there are examples of using late transition metals, like Cu and Pd, that 

also undergo this type of mechanism.65-67 On the other hand, most electron-rich metal catalysts 

involve conjugate addition of the nucleophilic phosphido at the activated unsaturated substrates 

for P-C bond formation in outer-sphere mechanism (Scheme 1.8, (b)).56,68   
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Scheme 1.8 Examples of the P-C bond formation through (a) insertion using an early metal 

catalyst59 and (b) nucleophilic addition.56 

 

P-C bond formation via nucleophilic addition can happen in two different ways. The first 

one involves the conjugate addition of the nucleophilic phosphido at an activated substrate 

(Scheme 1.8, (b)).55,56,69 In the second type, which has been observed for some late transition 

metals (e.g. Ni70, Co68, Ru71), first, a bond between the metal center and the unsaturated is formed, 

which then follows by the nucleophilic addition of a free phosphine at coordinated unsaturated 

species to produce the hydrophosphination product. 
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There are three different types of C-H bond formation in metal-catalyzed 

hydrophosphination reactions. In the first one, when the oxidation state of the active metal catalyst 

remains unchanged, C-H bond formation occurs through protonolysis of a metal-alkyl bond with 

a substrate phosphine58,62 (Scheme 1.9a,b). Another pathway is in redox-active cycles with a metal 

alkyl hydride intermediate, where C-H bond formation occurs through a reductive elimination 

route61 (Scheme 1.9c). Another unusual example is if insertion of an alkene into a M-H bond is 

responsible for C-H bond formation59,61 (Scheme 1.9d).  

 

 

Scheme 1.9 Different mechanisms for C-H bond formation in metal-catalyzed 

hydrophosphination. 
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1.3.2 Challenges in metal-catalyzed hydrophosphination 

 

As mentioned above, there are challenges related to metal-catalyzed hydrophosphination, 

like activity53, selectivity and substrate scope.43 Catalytic activity in this method is low. The 

turnover frequencies (TOFs) for most cases are very low (tens of h-1)53, with only a few catalysts 

with TOFs reaching the hundreds or higher.53 

Selectivity issues include stereoselectivity, regioselectivity, and chemoselectivity (Scheme 

1.5). Stereoselective hydrophosphination has been reported using certain catalysts with specific 

substrates.37,38,40,44 For doing regioselective hydrophosphination, the formation of the 

Markovnikov product is challenging and the reported examples for making this product are limited 

to PPh2H and activated alkenes/alkynes as substrates.72 

The substrate scope for these reactions is very narrow. Among all the phosphine substrates, 

PPh2H is the most commonly used in this method. Among unsaturated species, metal-catalyzed 

hydrophosphination works for electron-deficient alkenes or alkynes, but it is not that effective for 

hydrophosphinating simple or unactivated unsaturated species. However, there are a few examples 

where using the early transition metals can make hydrophosphination of simple, unactivated 

alkenes and alkynes possible.46 
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1.4 Previous work in the Rosenberg group 

 

Prior to the work described in this thesis, our research group diligently explored and fully 

characterized the catalytic activity of Ru(η5-indenyl)(PPh2)(PPh2H)(PPh3) (1a) for the 

hydrophosphination of tert-butyl acrylate by PPh2H.73 

 

          1a 

The hydrophosphination reaction in this system relies on the outer-sphere conjugate 

addition mechanism (Scheme 1.10). The study reveals that for hydrophosphination reactions 

catalyzed by 1a, the mechanism starts with the conjugate addition of the phosphido ligand to the 

activated alkene (Scheme 1.10, step A), following by the intramolecular proton transfer from 

coordinated PPh2H that quenches the carbanion as well as regenerating the phosphido species (Ru-

PPh2), as shown in Scheme 1.10, step B. Within the catalytic cycle of the indenyl system, as 

illustrated in Scheme 1.10, step C, the substitution of the hydrophosphination product by PPh2H 

substrate was identified as the turnover-limiting step. Since this step is slow, a second cycle starts 

(Scheme 1.10, left) where the turnover-limiting step is the intermolecular proton transfer (Scheme 

1.10, step E). The cycle ends with the ligand substitution that makes the hydrophosphination 

product (Scheme 1.10, step F).73 
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Scheme 1.10 Mechanism for hydrophosphination reactions catalyzed by 1a (center of scheme), 

containing intramolecular (right cycle) and intermolecular (left cycle) P-H activation. [Ru] = 

Ru(η5-indenyl)(L), where L = PPh3 (1a, early in reaction) or Ph2PCH2CH2CO2But (late in 

reaction), R = CO2But. 

 

Our group aimed to design a new metal catalyst for hydrophosphination reactions by 

leveraging the properties of the indenyl system and the outer-sphere conjugate addition 

mechanism. To achieve this, Jin Yang (previous PhD student) made a strategic shift from using 

indenyl to Cp*, which offers stronger electron-donation to Ru and increased steric hindrance that 

would speed up the last substitution step (turnover-limiting step for indenyl system).74 Enhancing 

substitutional lability of the catalyst successfully increased the rate of the reaction by altering the 

turnover-limiting step.  

The higher activity for the Cp*Ru system was proved by calculating the turn-over 

frequency (TOF) of the Cp* containing catalyst for the catalytic hydrophosphination reaction of 

tert-butyl acrylate and PPh2H. The calculation showed that the TOF for the new catalyst is 250 h-

1, which is 30 times higher than the TOF of the indenyl containing catalyst (1a, TOF = 7 h-1). The 

TOF values showed effectively how active the Cp*Ru catalyst is compared to its indenyl analogue.  
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Designing a more active catalyst was successful, but both increased substitutional lability 

and phosphido ligand nucleophilicity made it problematic to isolate the Cp*Ru complexes 

(compounds 3 and 4). For example, in the attempt of isolating the catalyst, following the procedure 

shown in Scheme 1.11, the complex decomposed to the orthometallation compound (Scheme 1.11, 

compound 5a).  

 

 

Scheme 1.11 Orthometallation of PPh3 takes place during synthesis of the Cp*Ru-PPh2 catalyst. 

 

Therefore, the Cp*Ru catalyst was generated in situ, following the procedure shown in 

Scheme 1.12. Since compound 2 has low solubility in non-polar solvents, like C6D6, at room 

temperature, the solution needs to be heated to replace PPh3 by incoming PPh2H. The orange 

suspension of 2 disappeared after heating and gave a clear orange solution containing 3.  
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Scheme 1.12 Procedure for in situ-generation of 4. 

 

In the process of investigating the catalytic activity of 4, it was realized that excess amounts 

of NaN(SiMe3)2 led to the deprotonation of free PR2H, generating PR2
–. This species not only 

participates in the telomerization of the tert-butyl acrylate, but also produces trace amounts of the 

hydrophosphination product.73 To ensure that only the Ru-PPh2 complex is involved in the 

hydrophosphination reaction of electron-deficient alkenes, approximately 0.8 equivalents (slightly 

less than 1 equiv) of NaN(SiMe3)2 was added into the reaction mixture.  

Based on a control experiment done by Jin, he realized that the deprotonation was slow in 

the case of not shaking the sample properly, and sometimes unreacted base in the reaction mixture 

would cause polymerization. So, it was decided to let the solution stay overnight after the addition 

of the base to make sure that all the base was used for dehydrohalogenation of 3a, and no excess 

base remained in the mixture.  

It also was determined that an excess amount of PPh2H with respect to alkene is required 

in these reactions to prevent catalyst deactivation that could happen because of the rapid product 

substitution. Not having residual alkene is crucial, as any remaining alkene could lead to the 

formation of an inactive, metallacyclic complex Ru(η5-Cp*)(Ƙ2-

Ph2PCH2CHCO2But)(PPh2CH2CH2CO2But) (6) (Scheme 1.13). So, for the reaction to behave well, 

a slight excess of phosphine with respect to alkene is required to react with all the alkenes present 

in the reaction mixture.  
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Scheme 1.13 Catalyst deactivation caused by the formation of compound in the absence of PPh2H. 

P = Ph2P(CH2CH2CO2But), R´ = CO2But. 

 

By monitoring the 31P{1H} NMR spectrum of the hydrophosphination reaction of tert-butyl 

acrylate with PPh2H catalyzed by 1 mol% of 4a, Jin identified a different catalyst resting state for 

this system compared to its indenyl analogue. For the indenyl system, the complex with two 

coordinated products, Ru(η5-indenyl)(PPh2)(P)2 (P = Ph2P(CH2CH2CO2But)), was determined as 

the catalyst resting state,1 whereas in the Cp* system, no signals due to a complex with two 

coordinated products were observed in the 31P{1H} NMR. In this system, either 4a (early in the 

reaction) or a complex with one coordinated product (late in the reaction), Ru(η5-

Cp*)(PPh2)(PPh2H)(P) (7a), that were detected in the 31P{1H} NMR, were suggested as the 

catalyst resting state. This observation is consistent with the fast substitution of the 

hydrophosphination product by the incoming PPh2H (step C, Scheme 1.14) in the Cp*Ru system, 

which means that the last substitution step is not turnover limiting as in the indenyl system. 
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Scheme 1.14 Proposed outer-sphere mechanism for hydrophosphination reaction catalyzed by 4a, 

relying on cis-coordination of the substrate phosphine PPh2H. 

 

The observed catalyst resting state in the 31P{1H} NMR (4a) suggests that the first step 

(step A, Scheme 1.14) should be the turnover-limiting step. But the nucleophilic attack is expected 

to be faster for the Cp*Ru system due to the electron-rich nature of the Cp* ligand, and this step 

is unlikely to be the turnover-limiting step. Consequently, the conjugate addition step (step A, 

Scheme 1.14) was proposed to be a fast equilibrium that lies toward 4a and is subsequently 

followed by the intramolecular proton transfer (P-H cleavage) from the cis-substituted PPh2H to 

the carbanion intermediate (step B, Scheme 1.14), which is proposed to be the turnover-limiting 

step for this system.  
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The slower proton transfer step for the Cp*Ru system was consistent with earlier work 

done by Jin comparing the rate of dehydrohalogenation of Ru(η5-Cp*)Cl(PCy2H)(PPh3) and 

Ru(η5-indenyl)Cl(PCy2H)(PPh3) complexes using KOBut (an example of dehydrohalogenation is 

shown in Scheme 1.12). In this experiment, the indenyl containing complex got deprotonated much 

faster than the Cp* complex, which confirms the fact that the P-H bond is less acidic in the more 

electron-rich Cp* system, and it tends to break slower.   

Based on these observations, Jin proposed the mechanism for this new system shown in 

Scheme 1.14.  

 

1.5 Scope of thesis 

 

The overall goal of this thesis was to investigate the catalytic activity of Cp*Ru-containing 

catalyst (4a) and understand the mechanism of its catalytic hydrophosphination reaction. Also, a 

new method allowing the isolation and synthesis of Cp*Ru containing molecules (compounds 3 

and 4) was achieved in this thesis.   

Chapter 2 describes investigation of the alkene scope for the hydrophosphination reaction with 

PPh2H catalyzed by 4a. The aim of this chapter was to determine the activity and generality of the 

4a catalyst toward various alkenes by monitoring reactions using 31P{1H} and 1H NMR. This 

investigation also provided some evidence to support the proposed mechanism for the 

hydrophosphination reactions catalyzed by 4a (shown in Scheme 1.14), like the fact that the 

catalyst only works for activated (electron-deficient) alkenes, which is consistent with the proposal 

that the mechanism includes nucleophilic attack of the nucleophilic phosphido (Ru-PPh2) at the 

activated alkene (step A, Scheme 1.14). Also, this investigation provided some evidence that the 



19 
 

rate of the reaction depends on the magnitude of the equilibrium constant rather than the rate 

constant for the nucleophilic step.  

Chapter 3 explores kinetic and mechanistic study of the hydrophosphination reactions of 

methyl methacrylate and tert-butyl acrylate with PPh2H catalyzed by 4a. The goal of this chapter 

was to obtain the experimental reaction order for different substrates (PPh2H, methyl methacrylate, 

and the catalyst) using Variable Time Normalization Analysis (VTNA) method and NMR 

technique to monitor the reactions. The outcomes from this study gave consistent results with what 

was expected, including zero-order rate dependence for PPh2H and first-order reaction dependence 

for the alkene substrate. This chapter also includes attempts to conduct an isotope labeling 

experiment, using PPh2D instead of PPh2H for the hydrophosphination of tert-butyl acrylate 

catalyzed by 4a to get evidence for the intramolecular proton transfer step being the turnover-

limiting step.  

Chapter 4 describes a new method to isolate the Cp*Ru containing complexes (compounds 3 

and 4). The old method described above (Scheme 1.12) was problematic due to the high 

substitutional lability and solubility of these complexes that led to the formation of a mixture of 

various complexes during the isolation process (discussed above). In this chapter, it is shown that 

the isolation of these complexes was successful, and the formation of undesired products was 

prohibited using the new method.  
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2. Alkene Scope Investigation for Cp*Ru-catalyzed Hydrophosphination 

 

This chapter includes contributions from Jin Yang (previous Ph.D. student), Alexis Kellinghusen 

(undergraduate Honours student), and ChatGPT for fixing grammatical issues.  

2.1 Chapter overview 

 

In this chapter, I present the hydrophosphination activity of a diverse range of alkenes 

employing a secondary phosphine (PPh2H) and Ru(η5-Cp*)(PPh2)(PPh2H)2 (4a) complex as the 

catalyst. Our investigation reveals a preference for electron-deficient alkenes within this catalytic 

system, while simple and electron-rich alkenes exhibit no activity. The catalyst (4a) was designed 

by Jin, and I collaborated with him to do the experiments for this chapter as well as analyzing the 

obtained results.  

 

2.2 Introduction 

 

As mentioned in the previous chapter, a detailed mechanistic study of a series of Ru indenyl 

phosphido complexes was done by our group, which provided some significant evidence for the 

mechanism of this system.1 Due to the similarity between both Cp*Ru and indenyl Ru systems, 

the mechanism of the Cp*Ru system was expected to be the same as its indenyl analogue with 

some minor differences (discussed in Chapter 1, Section 1.6). A catalytic cycle (as depicted in 

Scheme 2.1) for the Cp*Ru system was proposed by Jin. The proposed mechanism for this system 

was based on Jin’s preliminary study of the catalytic reaction of PPh2H with tert-butyl acrylate as 

the selected substrates catalyzed by 4a.1 
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Scheme 2.1 Proposed outer-sphere mechanism for the hydrophosphination reaction catalyzed by 

Ru(η5-Cp*)(PR2)(PR2H)2, relying on cis-coordination of the substrate phosphine PPh2H. R = Ph, 

Tolp, Cy, Et. R´ = CO2But. 

 

The mechanism for the Cp*Ru system is proposed to start by the conjugate addition of the 

nucleophilic phosphido ligand at an activated alkene (Scheme 2.1, step A), which is an equilibrium 

that lies toward the catalyst. The second step in this mechanism involves the P-H activation and 

C-H bond formation. The P-H activation in this system happens through an intramolecular proton 

transfer from the cis-coordinated PR2H substrate, which is proposed to be the turnover-limiting 

step in this system (Scheme 2.1, step B). 
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The last step is the substitution of the hydrophosphination product by incoming PR2H 

substrate (Scheme 2.1, step C). This step was the turnover-limiting step for the indenyl system, 

which was made faster by replacing indenyl with Cp*. As discussed in detail in the previous 

chapter, since the Cp* containing systems has higher electron-density and substitutional lability 

compared to its indenyl analogue,3 the nucleophilic (Scheme 2.1, step A) and the last substitution 

(Scheme 2.1, step C) steps are expected to be faster for the Cp* containing system. Thus, these 

two steps are unlikely to be the turnover-limiting step for the Cp*Ru system. Therefore, the first 

step is assumed to be an equilibrium and the second step to be the turnover-limiting step.  

There is an off-cycle step in this mechanism (Scheme 2.1, step D) that happens when the 

nucleophilic attack of the carbanion intermediate to another alkene occurs faster than the 

intramolecular proton transfer. This process will lead to the formation of oligomers. The formation 

of these oligomers during catalysis for some alkenes, as described later in this chapter, is another 

observation that is consistent with the proton transfer being the slowest step in the proposed 

mechanism.  

Among different combinations of substrates and catalyst, the reaction shown in Scheme 

2.2 was identified as the most optimized reaction conditions for further investigations.  

 

 
Scheme 2.2 Optimized reaction conditions for hydrophosphination catalyzed by 4a. R = electron-

withdrawing groups. 
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To gather more evidence in order to support the proposed mechanism (shown in Scheme 

2.1), a comprehensive investigation into the phosphine scope (PR2H, R = Ph, Tolp, Cy, and Et) 

was conducted by Jin for the Ru(η5-Cp*) catalyst under the reaction conditions outlined in Scheme 

2.2. The reactivity of secondary phosphines (PR2H) in the hydrophosphination of methyl acrylate 

and tert-butyl acrylate was evaluated, and the conversion over 15 minutes is shown in Table 2.1. 

As shown in Table 2.1, PTolp
2H and PPh2H demonstrate similar and high conversion (>97%) to 

the hydrophosphination product for both alkene substrates. Conversely, the activity for two alkyl 

phosphines (PCy2H and PEt2H) drops to only 1-3% conversion to the hydrophosphination product.  

 

Table 2.1 Secondary phosphine scope for the hydrophosphination of methyl- and tert-butyl 

acrylates using the in situ-generated Ru phosphido complex. 

 

Entry R R1 Catalyst aHP product 

(%) 

oligomer (%) 

1 Ph Me 4a >97 - 

2 Ph But 4a >99 - 

3 Tolp Me 4b >97 - 

4 Tolp But 4b >99 0 

5 Et Me 4d 1 7b 

6 Et But 4d 3 31b 

7 Cy Me 8c 1 - 

8 Cy But 8c 1 - 
a Conversions (%) over 15 minutes for hydrophosphination (HP) products determined by 

121.55 MHz 31P{1H} NMR; bConversion only for P-capped telomers – the remainder of alkene 

was consumed to give alkene-terminated oligomers, as determined by 300.27 MHz 1H NMR. 

These data were collected by Jin Yang and Alexis Kellinghusen.  
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For the PEt2H substrate, signals related to PEt2-terminated oligomers were detected in 

31P{1H} NMR spectrum, which is consistent with complete alkene consumption after 15 minutes 

of the reaction. These results suggest that in this case, the alkene oligomerization step occurs fast 

compared to slow proton transfer step. On the other hand, for PCy2H, the trace amounts of the 

hydrophosphination product and unreacted alkene and phosphine substrate was observed. So, it 

seems like the oligomerization does not compete with hydrophosphination for this substrate; 

however, the proton transfer step is still slow.  

The results highlight that with more acidic secondary phosphines, like R = Ph, Tolp, having 

calculated pKa values in DMSO of 21.7~22.9 and ≥ 22.9 respectively,2 only the 

hydrophosphination product was observed. However, for less acidic phosphine substrates, such as 

R = Cy, Et with calculated pKa values in DMSO of 34.6~35.7 and 35.0 respectively,2 only a trace 

amount of the hydrophosphination product was formed. These results show that the proton transfer 

is slower for less acidic P-H bonds. This significant difference in hydrophosphination rates 

between these two sets of phosphines support the proposal that intramolecular proton transfer is 

the turnover-limiting step for this system.2 

In order to assess the activity of the Cp*Ru-PPh2 catalyst, the primary objective of this 

project was to gather additional insights and provide supplementary evidence by investigating the 

alkene scope. Jin’s preliminary investigation showed that the catalyst is active toward electron-

deficient alkenes, so the next step was to test a group of electron-deficient alkenes to see how they 

would react in this system. The diverse activity that was observed for different electron-deficient 

alkenes was then assessed and rationalized in the context of the proposed mechanism.  
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The linear form of the overall mechanism for this system, illustrated in Scheme 2.3, 

includes the corresponding theoretical rate law and equilibrium constants. This mechanism shows 

the contribution of different substrates and rate constants to the expected rate law for this system. 

 

 
 

Scheme 2.3 On- and off-cycle steps for the hydrophosphination of alkenes with secondary 

phosphines catalyzed by 4a. 
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2.3 Results and Discussion  

 

2.3.1 In situ-generation of Ru(η5-Cp*)(PPh2H)2PPh2 catalyst (4a) by dehdrohalogenation of 

3a 

 

 

Scheme 2.4 Procedure for in situ-generation of 4a. 

 

Complex 2 was made by Jin, following a literature procedure,4 and was used to generate 3a 

in situ. The starting material underwent a substitution reaction with PPh2H, resulting in the 

formation of 3a at a temperature of 70 °C, as illustrated in Scheme 2.4. As observed by Jin, this 

substitution reaction occurs slowly at room temperature because complex 2 has low solubility in 

non-polar solvents, like C6D6, at room temperature, so, applying higher temperature (70 °C) is 

required to replace PPh3 by incoming PPh2H. It is noteworthy that the reaction is favored toward 

making the bis(diphenyl phosphine)chloro complex because the cone angle of the PPh3 ligand is 

145°, whereas the cone angle for the PPh2H ligand is 126°.5 Consequently, this substitution 

reaction is favored to replace PPh3 ligand with PPh2H ligand due to the reduced steric bulk 

associated with the diphenyl phosphine.  

The formation of the in situ-generated complex 3a6 was confirmed by utilizing 1H, and 

31P{1H} NMR spectroscopy techniques (Figure 2.1). In this specific reaction, as shown in Figure 

2.1, the peaks for free PPh2H and PPh3 are observed in addition to the peak for the formation of 

complex 3a.  
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Figure 2.1 1H NMR (300.27 MHz, C6D6) and 31P{1H} NMR (121.55 MHz, C6D6) spectra to 

confirm the formation of the in situ-generated Ru(η5-Cp*)Cl(PPh2H)2 (3a). 

 

 

Following the generation of the chloride-containing intermediate (3a) in the presence of 

excess substrate PPh2H as previously outlined, this compound was employed to make the catalyst 

(4a). This transformation was achieved in situ using NaN(SiMe3)2 to dehydrohalogenate complex 

3a, ultimately resulting in the formation of 4a.  

The formation of the catalyst was confirmed by using 1H and 31P{1H} NMR spectroscopy 

techniques, as depicted in Figures 2.2. and 2.3.   
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Figure 2.2 1H NMR (300.27 MHz, C6D6) spectrum to confirm the formation of the in situ-

generated catalyst (4a). The peak labeled with a red dot is due to the CH3 in Cp* of complex 3a. 
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Figure 2.3 31P{1H} NMR (121.55 MHz, C6D6) spectrum to confirm the formation of 4a. 

 

 

 

 

 

 

 

 

2.3.2 Alkene scope investigation for assessing the catalytic activity of the catalyst (4a) in 

hydrophosphination reaction.  
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Scheme 2.5 Optimized procedure for the hydrophosphination of tert-butyl acrylate with PPh2H 

catalyzed by 4a. 

 

A large variety of alkenes (simple, electron-deficient, and electron-rich alkenes) was tried 

in this system by using the optimized procedure shown in Scheme 2.5, to see how they behave in 

the Ru(η5-Cp*)-PPh2 system. These different group of alkenes showed a diverse range of activities 

that provided valuable insights into key aspects of the proposed catalytic cycle. Among all the 

alkenes tested in this system, no reactivity was observed for the simple and less activated alkenes, 

such as 1-hexene, styrene, and 2-vinylpyridine (entries 2, 3, and 4 respectively in Table 2.2). This 

observation is consistent with the notion that the Ru-phosphido group acts as a nucleophile and 

undergoes conjugate addition to an electron-deficient alkene, as the electrophile, and is responsible 

for the P-C bond formation in this system.  

 

Table 2.2 Alkene scope for the hydrophosphination reactions with PPh2H using the in situ-

generated Ru phosphido complex 4a. 
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aConversions at 15 min (24 h) determined by 1H NMR. Conditions: 0.34 M PPh2H and 0.29 

M alkene. bChalcone undergoes radical self-polymerization but this process is slow and the 24 h 

conversion is representative of catalyst activity. cAt 24 h for these two aldehyde-containing 

alkenes, signals due to hydrophosphination of the aldehyde C=O are observed. dThe remaining 

alkene is converted to P-capped and alkene-terminated oligomers within 15 min, as determined by 
1H NMR.  

Entry alkene product % conversiona 

 

1  
tert-butyl acrylate 

 

 

 

99 

2  
1-hexene 

 
0(0) 

 

3  
styrene 

 

 

 

trace (1) 

 

4  
2-vinyl pyridine 

 

 

 

trace (1) 

 

5 
 

acrylonitrile 
 

38d 

 

6  
methyl acrylate 

 

 

 

97 

 

7 
 

methyl methacrylate 

 

 

 

3 (99) 

 

8 
 

dimethyl fumarate 

 

 

 

 

99 

 

9  
methyl cinnamate 

 

 

trace (5) 

 

10  
benzylideneacetone 

 

 

2 (28) 

 

11  
chalcone 

 

 

3 (55)b 

 

12  
cinnamaldehyde 

 

 

7 (77)c 

 

13  
crotonaldehyde 

 

 

18 c,d 
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In addition to simple steric considerations, three different parameters were used to interpret 

the activity of some of the alkenes in this catalytic system: Hammett parameter, ΔVc and pKa 

values. Hammett parameters and ΔVc values are two parameters that determine the degree of 

activation of alkenes and how susceptible an alkene is toward a nucleophilic attack, whereas pKa 

values of conjugate acids describe the stability of the carbanion intermediate.   

Hammett parameter (δ values) and ΔVc values are used to determine how different 

substituents affect the electronic properties of a molecule and the reaction mechanism. We used 

both these parameters because the Hammett parameter is popularly used even though it is not 

sterically analogous to the system we work on. And we used ΔVc values because they seem to be 

a more suitable model for what we are looking at.  

ΔVc values are conducted by calculating the difference between Molecular Electrostatic 

Potential (MESP) at the X-substituted structure, like X-substituted benzene, and that of the 

reference structure, benzene (shown in Figure 2.4, (a)). The transferability of the system was tested 

by analyzing the MESP of other conjugated molecular systems, like 1,3-butadiene, which is the 

similar structure to the compounds used in our system, shown in Figure 2.4. Molecular 

Electrostatic Potential (MESP) parameters can be utilized to investigate the effect of electron 

donating and withdrawing substituents on the charge distribution on the molecule. Therefore, ΔVc 

values provide information about electron donating or withdrawing ability of different 

substituents. Negative ΔVc values mean the substituent has electron-donating behavior and 

positive values imply electron-withdrawing tendencies.7 
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Figure 2.4 Representative structures: (a) benzene, (b) 1,3-butadiene, and, as an example of the 

alkene used in our system, (c) methyl methacrylate. X = EW or ED groups.7 

 

The examination of these various alkene substrates yields valuable insights that support the 

proposed mechanism for the hydrophosphination reaction within this system. Referring to the 

alkene scope table, Table 2.2, the hydrophosphination conversion for an electron-deficient alkene, 

like tert-butyl acrylate (ΔVc = 8.2 for CO2Me)7 is more than 99% conversion to the 

hydrophosphination product after 15 minutes of the start of the reaction, whereas for simple 

alkenes, like 1-hexene (ΔVc = 0 for 1-hexene)7 (entry 2), is zero. For less activated alkenes, such 

as styrene and 2-vinyl pyridine (entries 3 and 4, respectively), ΔVc (1 for styrene, -1.1 for 2-vinyl 

pyridine),7 there is only a trace amount of conversion that results from a thermal 

hydrophosphination reaction, which was confirmed by a control experiment that was done by Jin. 

This observation supports the conjugate addition of Ru-phosphido to an activated alkene step in 

the proposed mechanism.   

For comparing the activity of tert-butyl acrylate (entry 1 in Table 2.2) and acrylonitrile 

(entry 5 in Table 2.2), which differ only in their electron-withdrawing groups, both the commonly 

used Hammett parameters (0.66 for CN, 0.45 for CO2Me)8 and ΔVc values (18 for CN, 8.2 for 

CO2Me),7 were utilized. These parameters confirm that the nitrile group is more electron-

withdrawing than the tert-butyl ester (tert-butyl group would not affect the ΔVc value for the ester 

functional group that much compared to methyl group). This suggest that the rate constants for 

acrylonitrile should be higher for both conjugate addition (k1 in Scheme 2.3) and alkene 



43 
 

oligomerization (k3 in Scheme 2.3) compared to tert-butyl acrylate. As expected, both tert-butyl 

acrylate and acrylonitrile exhibit high reactivity in our system and are entirely consumed within 

15 minutes. However, the difference between them is that while tert-butyl acrylate notably 

transforms into the hydrophosphination product, a significant portion (62%) of acrylonitrile 

undergoes the oligomerization reaction.  

Methyl acrylate (entry 6 in Table 2.2) exhibits a similar level of reactivity to tert-butyl 

acrylate in this system. In both cases, these alkene substrates show a high conversion to the 

hydrophosphination product (99% for tert-butyl acrylate and 97% for methyl acrylate) within just 

15 minutes.  

In contrast, methyl methacrylate (entry 7 in Table 2.2) exhibits only 3% conversion to the 

hydrophosphination product after 15 minutes but achieves more than 99% conversion after 24 

hours. The reason behind this lower reactivity compared to tert-butyl acrylate and methyl acrylate 

is the presence of a methyl substituent (with the A value of 1.74; A values are for determining the 

steric size of different substituents, larger groups have larger A values. These values are determined 

by comparing the Keq of two chair conformations (one where the substituent is axial and another 

where the substituent is equatorial) of a monosubstituted cyclohexane, the difference in energy 

between the two conformations is related to the A value of the substituent.)8 at the α-position of 

the sp2 carbon in this alkene (methyl methacrylate, entry 7 in Table 2.2). This extra substituent 

might slow down the intramolecular proton transfer by introducing steric hindrance (the turnover-

limiting step, step B, Scheme 2.1) from cis-coordinated PPh2H to the carbanion intermediate in 

this catalysis, thereby reducing the rate of hydrophosphination. 
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Dimethyl fumarate (entry 8 in Table 2.2) displays high reactivity and conversion in this 

catalysis for two reasons. First, the presence of two electron-withdrawing substituents at both the 

α- and β-positions of the sp2 carbon in this alkene (resulting in the formation of indistinguishable 

hydrophosphination products regardless of which side undergoes conjugate addition) contributes 

to its high activity in this reaction. Secondly, the methyl ester substituent is located at the beta 

position to the electron-withdrawing group, which does not seem to affect the rate-limiting step as 

it does when the methyl (bulkier than methyl ester based on their A values, (1.2-1.3 (CO2Me) and 

1.74 (Me))8 is in the alpha position in the case of methyl methacrylate. The presence of two ester 

groups at both sides of this alkene will make it less likely for this alkene to undergo polymerization 

due to steric hinderance.  

Methyl cinnamate (entry 9 in Table 2.2) demonstrates very low activity and conversion in 

the Cp*Ru system. The low conversion of this alkene can be attributed to the presence of the extra 

phenyl substituent (with the A value of 2.8)8 at the β-position of the sp2 carbon. The phenyl group 

is somewhat bulkier than the Me or CO2Me groups, which may hinder the intramolecular proton 

transfer step (Scheme 2.1, step B).  

The structures of methyl cinnamate, benzylideneacetone, chalcone, and cinnamaldehyde 

(entries 9, 10, 11, and 12 in Table 2.2) all contain the same phenyl substituent at the β-position of 

the sp2 carbon and these alkenes exhibit varying conversions and generally low activity in this 

catalytic system. The similar structure (they only differ in the nature of their electron-withdrawing 

substituent) in these alkenes provide a useful series to investigate the impact of different electron-

withdrawing groups on alkene substrate activity in the Cp*Ru catalytic system. The results showed 

that the activity in these alkenes increases as the electron-withdrawing substituent at the α-position 

in these substrates changes from ester to methyl ketone to phenyl ketone to aldehyde. This trend 
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is evident from the observed conversions at both 15 minutes and 24 hours, suggesting that the 

nature of the EWG substituents has a significant influence on the reactivity of these substrates in 

the Cp*Ru catalytic system.  

Cinnamaldehyde (entry 12 in Table 2.2) as an aldehyde substrate exhibits a relatively good 

conversion to the hydrophosphination product. This alkene not only forms the alkene 

hydrophosphination product (77%) but also undergoes hydrophosphination at the C=O group, 

forming two additional products after 24h. One product will be formed as a result of 

hydrophosphination of both C=O and C=C groups (15%), and the other product is due to the 

selective hydrophosphination of the aldehyde group (5%) (Figure A.25). Therefore, there will be 

a chemoselectivity challenge when trying to hydrophosphinate alkenes containing aldehyde 

functional groups. 

When the hydrophosphination of the C=O bond happens first, no P-H addition across the 

C=C bond should occur. Therefore, when both C=C and C=O bonds undergo hydrophosphination, 

this process should happen first for the C=C bond and second for the C=O bond. Since for 

generating the plots in Figure 2.5 below, the C=C bond hydrophosphination was considered, 92% 

conversion was included for cinnamaldehyde instead of 77%.  

The plots resulting from using three different parameters to investigate the effect of various 

electron-withdrawing groups on the rate of hydrophosphination are shown in Figure 2.5 below.  
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Figure 2.5 The effect of different substituents (R = C(O)H (red dot), C(O)Ph (green dot), C(O)Me 

(purple dot), C(O)OMe (blue dot)) at PhCH=CHR on the Cp*Ru-catalyzed hydrophosphination 

activity as represented by % conversion over 24 h. See data for relevant alkenes in Table 2.2. The 

figure shows the trend between hydrophosphination conversion with a) Hammett parameters, b) 

ΔVc values, and c) estimated pKa values for methyl substituted EWGs. These figures were 

generated by Jin Yang. 

 

First plot is generated by having the hydrophosphination conversion versus the Hammett 

parameter values for corresponding electron-withdrawing groups.8 As is shown in plot a in Figure 

2.5., there is not a linear correlation between hydrophosphination conversion and Hammett 

parameter values. The second plot shows the conversion as a function of the ΔVc values. The 

electron-withdrawing substituents in these compounds, as indicated by ΔVc, follow this order in 

terms of activating ability: aldehyde > methyl ketone > phenyl ketone > ester. However, the 

observed catalyst activity does not correlate with the activating ability of these substituents. This 

observation plus the results from using Hammett parameter is consistent with the expected 

experimental rate law for this catalysis (as depicted in Scheme 2.3). More electron-deficient 

alkenes should increase the rate of the nucleophilic addition step (k1). So, if the rate of the reaction 

depended on the magnitude of the k1, the more activated alkenes should have increased the rate of 

the hydrophosphination reaction, but what was observed was that the activation degree of alkenes 

did not affect the reaction rate in a linear fashion, which is consistent with the fact that the reaction 

rate does not depend on the magnitude of the rate constant for the nucleophilic attack step (k1). So, 
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we believe that the relative stability of the carbanion intermediate should play a significant role in 

the hydrophosphination rate for the Cp*Ru system, not the activating ability of alkenes. In fact, 

the equilibrium constant, Keq, for the nucleophilic addition of the Ru-PPh2 ligand at the activated 

alkene (k1/k-1), and the magnitude of k2, the rate constant for the proposed turnover-limiting step, 

are affecting the rate of hydrophosphination.  

More stable carbanion intermediate should give a larger equilibrium constat. So, the 

assumption about the dependence of the reaction rate on the relative stability of the carbanion 

intermediate was tested by representing the stability of carbanions through considering the pKa 

values of the corresponding C-H conjugate acids (Scheme 2.6). In this context, a more acidic C-H 

bond (lower pKa) corresponds to a more stable conjugate base (carbanion). 

 

 

Scheme 2.6 Equilibrium giving pKa values for methyl-substituted EWGs, which allows estimation 

of pKa values for the related hydrophosphination products. 

 

As is shown in Table 2.3, the pKa values for the methyl-substituted electron-withdrawing 

groups (EWGs) were collected as representatives in order to make a reasonable estimation of the 

relative pKa values for the corresponding hydrophosphination products from entries 9-12 in Table 

2.2 (or 1-4 in Table 2.3).2 Despite the presence of phospha-benzyl groups in the 

hydrophosphination products, the methyl-substituted structures and the corresponding 

hydrophosphination products should exhibit a comparable trend in acidity. 

 



48 
 

Table 2.3 pKa values of methyl substituted electron withdrawing groups2 as estimated values for 

corresponding hydrophosphination product of a series of similar alkenes with different EWGs to 

investigate the impact of various EWGs in the rate of hydrophosphination. 

 

 

 

  

 

 

aConversions at 24 h determined by 1H NMR. Conditions: 0.34 M PPh2H and 0.29 M alkene. This 

data is from Table 2.2. b This value is the sum of the two hydrophosphination product amounts 

(discussed above).  

 

According to Figure 2.4, while a linear correlation is not observed between the activating 

ability of these electron-withdrawing groups (ΔVc, Hammett parameter values) and the rate of 

hydrophosphination, a linear correlation is observed between the relative stability of the carbanion 

intermediate (pKa) and the hydrophosphination reaction rate (plot c in Figure 2.4). This finding 

further supports the significance of the equilibrium constant (Keq) in the proposed rate equation for 

this reaction. The solvent that these pKa values are reported in is DMSO, which is not the same as 

the one that we used in these experiments. Although different solvents affect the pKa values for 

different substrates, the correlation we observe is still compelling.  

The comparison between cinnamaldehyde (entry 12 in Table 2.2) and crotonaldehyde 

(entry 13 in Table 2.2) as aldehyde substrates shows that for crotonaldehyde, a higher amount of 

the product related to the hydrophosphination of the C=O group was formed in this first 15 

entry alkene product %conva EWG pKa of 

EWG 

 

1  
cinnamaldehyde 

 

 

 92b 

 
 

 

~17 

 

2  
chalcone 

 

 

55  

 

24.7 

 

3  
benzylideneacetone 

 

 

28  

 

26.5 

 

4  
methyl cinnamate 

 

 

5  

 

30.3 
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minutes, while cinnamaldehyde has only 7% conversion during the same timeframe. The lower 

activity of cinnamaldehyde may be attributed to the presence of a phenyl substituent (A values, Ph 

= 2.8 and Me = 1.74)8 at the -carbon of the sp2 carbon, which may hinder the intramolecular 

proton transfer step (step B, Scheme 2.1).  

Moreover, crotonaldehyde is fully consumed, as determined by NMR, within 15-minute 

period due to competing alkene oligomerization, resulting in P-capped and alkene-terminated 

oligomers, as determined by NMR,9-13 in addition to the hydrophosphination products. This 

behavior is similar to what we observed with acrylonitrile and is consistent with the presence of 

the highly activating aldehyde functionality (ΔVc=13.8), which leads to a larger k3 (rate constant 

for the alkene oligomerization step, Scheme 2.3, step D) value compared to k2 (rate constant for 

the proton transfer step, Scheme 2.3, step B).   

 

2.4 Conclusion 

 

The examination of alkene substrates revealed that the catalyst is specifically effective with 

electron-deficient alkenes, like acrylates and it does not show reactivity toward simple alkenes, 

like 1-hexene. A deeper investigation into alkene substrates revealed that two factors affect the 

rate of hydrophosphination, the stability of the carbanion intermediate and the presence of bulky 

substituents on either side of the sp2 carbon on alkenes. Another outcome of the alkene scope 

investigation was that the degree of activation of alkene substrate does not affect the rate of the 

hydrophosphination reaction. 
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2.5 Experimental 

 

2.5.1 General experimental details 

 

Unless otherwise noted, all reactions were conducted under a nitrogen atmosphere in a 

glovebox or using traditional Schlenk line technique. All the reagents and deuterated solvents were 

purchased from Sigma-Aldrich Canada and used as received, unless otherwise noted. Deuterated 

solvent was stored over sodium/benzophenone (C6D6), subjected to three freeze-pump-thaw cycles 

to get degassed, then vacuum transferred before use. Neat diphenyl phosphine was purchased from 

Strem Chemicals and used as received. Complex 2 was prepared by Jin, using a literature 

procedure.4  

 

NMR spectra were recorded on a Bruker AVANCE 300 operating at 300.27 MHz for 1H 

and 121.55 MHz for 31P. Chemical shifts are reported in ppm at ambient temperature. 1H chemical 

shifts are referenced to residual proteo solvent peaks at 7.16 (C6D5H). All 1H shifts are reported 

relative to tetramethylsilane (Si(CH3)4), and 31P chemical shifts are reported relative to 85% H3PO4 

(aq).  

 

2.5.2 In situ-generation of Cp* Ru phosphido catalyst for the catalytic hydrophosphination 

reaction 

 

 

 

Scheme 2.7 The procedure for in situ-generation of the catalyst (4a). 
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All the reactions were performed under nitrogen inside the glove box that is an air and 

moisture free environment. For making 4a, the procedure reported in the paper that is already 

published1 was used that was slightly modified by Jin. As the first step, the Ru(ƞ5-Cp*)(Cl)(PPh3)2 

(2, 0.020 g, 0.025 mmol) compound was weighed in a small vial and dissolved in d6-benzene (0.4 

mL). Then neat PPh2H (0.061 g, 0.33 mmol) was added to the vial containing the solution of 

complex 2. The reaction mixture (yellow solution) was heated for 1 hour at ~70 °C in an oil bath.  

Next, NaN(SiMe3)2 (0.004 g, 0.020 mmol) was added to the yellow solution, which 

changed the color of the solution from yellow to dark orange, which represented the formation of 

the catalyst (4a). Each step in all the reactions, as well as the formation of the catalyst, were 

monitored by 31P{1H} NMR and 1H NMR spectroscopy. The 31P{1H} NMR and 1H NMR 

assignments for complexes 3a and 4a complexes are shown in Tables 2.4. and 2.5. and Figures 2.1, 

2.2, 2.3. The assignments are consistent with literature values.1 

 

Table 2.4 121.55 MHz 31P{1H} NMR data for complexes Ru(η5-Cp*)Cl(PPh2H)2 and Ru(ƞ5-

Cp*)(PPh2)(PPh2H)2 in C6D6: δ (ppm) (multiplicity, J or fwhm in Hz). 

Complex  Ru-PPh2H Ru-PPh2 

Ru(ƞ5-Cp*)Cl(PPh2H)2 

 

3a 36.5 (s) _ 

 

Ru(ƞ5-Cp*)(PPh2)(PPh2H)2 4a 45.5 (s) 9 (br s, 182) 
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Table 2.5 300.27 MHz 1H NMR data for 3a and 4a in C6D6: δ in ppm (multiplicity, RI, J in Hz). 

Complex         Ru(ƞ5-Cp*) Ru-PPh2H     Ru-PPh2 

3a         1.46 (s, 15H) H-PPh2 6.58 (dm, 2H, 1JPH 

350.5) 

Ph: 

Ho 7.69-7.58 (m, 4H), 7.57-

7.49 (m, 4H) 

Hm,p 6.84-6.76 (m, Hm and Hp 

overlapping, 6H), 7.10 

(apparent s, 6H) 

 

    - 

4a        1.59 (s, 15H) H-PPh2 6.52 (dm, 2H, 1JPH 

351.9) 

Ph: 

Not identified due to the 

overlap between 4 phenyl 

ring-containing complexes in 

the mixture.  

    Ph: 

    Not identified due to   

    the overlap between 4  

    phenyl ring- 

    containing complexes  

    in the mixture. 

 

 

 

 

2.5.3 General procedure for catalytic reactions using 8 mol% Ru 

 

 

 

Scheme 2.8 The procedure for the hydrophosphination of an alkene with PPh2H catalyzed by the 

in situ-generated catalyst (4a). (R = EWG). 
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Alkene (15 – 50 µL, 0.25 mmol, 10 equiv) was added to the solution containing the catalyst 

generated as described above, which was analyzed by 1H NMR (300.27 MHz, C6D6) and 31P{1H} 

NMR (121.55 MHz, C6D6) to confirm the formation of the hydrophosphination product and the 

amount of conversion to the desired product. The conversion was calculated based on the 1H NMR 

integration of the starting material and corresponding hydrophosphination product.  

 

 

2.5.4 NMR characterization of the hydrophosphination products  

 

Spectra for all these characterizations are presented in Appendix A. 

 

2.5.4.1 Reaction of PPh2H with tert-butyl acrylate 

 

    

1H NMR (300.27 MHz, C6D6) δ: 7.47 – 7.33 (m, 4H, Ho at PPh), 7.12 – 6.97 (m, 6H, Hm,p at PPh), 

2.44 – 2.29 (m, 4H, CH2), 1.38 (s, 9H, But). 

The peak due to the CH2 groups is assigned as a multiplet because of the overlap between signals 

due to each CH2 group.  

31P{1H} NMR (121.55 MHz, C6D6) δ: –15.69 (s). 

The NMR data are consistent with that reported in the literature.1,14  
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2.5.4.2 Reaction of PPh2H with acrylonitrile 

 

15 minutes after adding the acrylonitrile to reaction mixture, 38% conversion to 

hydrophosphination product and 62% conversion to oligomerization products is observed.  

 

    

1H NMR (300.27 MHz, C6D6) δ: 7.33 – 7.20 (m, 4H, Ho at PPh), 7.12 – 7.00 (m, 6H, Hm,p at PPh), 

1.72 – 1.61 (m, 2H, PCH2), 1.60 – 1.48 (m, 2H, CH2CN).  

31P{1H} NMR (121.55 MHz, C6D6) δ: –16.33 (s). 

The signals appear as a multiplet due to the overlap between the signals of this product with the 

signals related to the free PPh2H and the byproduct PPh2-telomers in 1H NMR spectrum. However, 

the identified signals for the hydrophosphination product are consistent with that reported in the 

literature.15,16,17  

 

Identified byproducts from the hydrophosphination of acrylonitrile reaction: 

The NMR data of these telomers are consistent with the literature reports.14,18,19,20   

 

 

1H NMR (300.27 MHz, C6D6) δ: 2.59 – 1.98 (m).  

31P{1H} NMR (121.55 MHz, C6D6) δ: –21.34 (s) 
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           diastereomers  

31P{1H} NMR (121.55 MHz, C6D6) δ: –21.47 (s), –21.63 (s). 

Due to the formation of various products with aryl protons and the overlap between them, protons 

in the PPh2 in these products could not be assigned.  

 

2.5.4.3 Reaction of PPh2H with methyl acrylate 

 

 

1H NMR (300.27 MHz, C6D6) δ: 7.47 – 7.32 (m, 4H, Ho at PPh), 7.12 – 7.00 (m, 6H, Hm,p at PPh), 

3.31 (s, 3H, OMe), 2.38 – 2.26 (m, 4H, CH2). 

31P{1H} NMR (121.55 MHz, C6D6) δ: –15.80 (s). 

The NMR data are consistent with that reported in the literature.15,21  

 

2.5.4.4 Reaction of PPh2H with methyl methacrylate 

 

 

1H NMR (300.27 MHz, C6D6) δ: 7.37 – 7.16 (m, 4H, Ho at PPh2), 7.07 – 6.86 (m, 6H, Hm,p at 

PPh2), 3.22 (s, 3H, OMe), 2.54 – 2.31 (m, 2H, CH and one H from CH2), 2.05 – 1.86 (m, 1H, CH2), 

1.21 (d, 3JHH = 7 Hz, 3H, CHMe) 
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31P{1H} NMR (121.55 MHz, C6D6) δ: –19.68 (s) 

The NMR data are consistent with that reported in the literature.15,22 

 

2.5.4.5 Reaction of PPh2H with dimethyl fumarate 

 

 

1H NMR (300.27 MHz, C6D6) δ: 7.59 – 7.45 (m, 2H, Ho at PPh), 7.42 – 7.35 (m, 2H, Ho at PPh), 

7.24 – 7.00 (m, 6H, Hm,p at PPh), 3.97 (ddd, 2JPH = 12 Hz, 3JHH (trans) = 4 Hz, 3JHH (cis) = 1.1 Hz,1H, 

CH), 3.33 (s, 3H, CH2CO2Me), 3.19 (s, 3H, CHCO2Me), 3.12 (ddd, 2JHH = 17 Hz, 3JPH = 11 Hz, 

3JHH = 6 Hz, 1H, CH2), 2.54 (ddd, 2JHH = 17 Hz, 3JPH = 8 Hz, 3JHH = 4 Hz, 1H, CH2). 

31P{1H} NMR (121.55 MHz, C6D6) δ: –0.33 (s) 

The NMR data are consistent with that reported in the literature.15  

 

2.5.4.6 Reaction of PPh2H with methyl cinnamate 

 

 

31P{1H} NMR (121.55 MHz, C6D6) δ: –14.58 (s). 

For compounds that do not form in great yield, we only have 31P{1H} data.  
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Although the 31P{1H} NMR data is consistent with that reported in the literature, other NMR 

spectra could not be obtained due to the low conversion of this product (~1%).16 

 

2.5.4.7 Reaction of PPh2H with chalcone 

 

 

1H NMR (300.27 MHz, C6D6) δ: 8.02 – 6.87 (m, 20H, Ph groups), 4.77 – 4.65 (m, 1H, PCH), 

3.80 – 3.62 (m, 1H, CH2CO), 3.28 – 3.13 (m, 1H, CH2CO) 

31P{1H} NMR (121.55 MHz, C6D6) δ: –1.01 (s) 

The NMR data are consistent with that reported in the literature.23,24  

 

2.5.4.8 Reaction of PPh2H with cinnamaldehyde 

 

15 minutes after adding cinnamaldehyde to reaction mixture, 7% conversion to 

hydrophosphination product was observed. 24 hours after adding this alkene, 77% conversion to 

hydrophosphination product, 15% conversion to a product resulting from P-H addition across both 

the C=O and the C=C bonds, 5% conversion to a product resulting from hydrophosphination of 

the aldehyde group, and 2% conversion to two minor products assigned as P-terminated telomers 

were observed.  
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1H NMR (300.27 MHz, C6D6) δ: 9.00 (m, 1H, COH), 7.48 – 7.18 (m, 6H, Ho at PPh2 & Ph), 7.07 

– 6.76 (m, 9H, Hm,p at Ph & Hm,p at PPh2), 3.95 (ddd, 2JPH = 11 Hz, 3JHH (trans) = 5 Hz, 3JHH (cis) = 3 

Hz, 1H, PCH), 2.57 (ddd, 2JHH = 16 Hz, 3JPH = 11 Hz, 3JHH = 5 Hz, 1H, CH2CO), 2.29 (ddd, 2JHH 

= 16 Hz, 3JPH = 8 Hz, 3JHH = 3 Hz, 1H, CH2CO). 

31P{1H} NMR (121.55 MHz, C6D6) δ: –0.37 (s) 

The NMR data are consistent with that reported in the literature.15,25 

 

Identified byproducts from the hydrophosphination of cinnamaldehyde reaction: 

 

 

S,S/R,R-diastereomer 

1H NMR (300.27 MHz, C6D6) δ: 5.31 (s, 1H, OH), 4.40 – 4.30 (m, 1H, CH(OH)), 3.27 – 3.01 (m, 

3H, CHPh & CH2) 

31P{1H} NMR (121.55 MHz, C6D6) δ: 1.12 (s, CH(Ph)PPh2), –1.63 (s, CH(OH)PPh2) 
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S,R/R,S-diastereomer 

1H NMR (300.27 MHz, C6D6) δ: 5.05 (s, 1H, OH), 4.56 – 4.42 (m, 1H, CH(OH)), 3.48 (dt, 2JPH 

= 12 Hz, 3JHH = 5 Hz, 1H, CHPPh2), 2.77 – 2.68 (m, 2H, CH2)  

31P{1H} NMR (121.55 MHz, C6D6) δ: 2.63 (s, CH(Ph)PPh2), –2.04 (s, CH(OH)PPh2) 

The NMR data are consistent with that reported in the literature.15  

 

 

1H NMR (300.27 MHz, C6D6) δ: 8.05 (dm, 3JHH = 15 Hz, 1H, =CHPh), 6.40 – 6.23 (m, 1H, 

=CHC(OH)H), 5.63 (d, 2JPH = 6 Hz, 1H, CHP), 5.23 (s, 1H, OH).  

Due to the formation of various products with aryl protons and the overlap between them, protons 

in the PPh and Ph in this product could not be assigned.  

31P{1H} NMR (121.55 MHz, C6D6) δ: –4.91 (s) 

The NMR data are consistent with that reported in the literature.26  

 

2.5.4.9 Reaction of PPh2H with crotonaldehyde 

 

15 minutes after adding crotonaldehyde to reaction mixture, 18% conversion to 

hydrophosphination product, 20% conversion to a product resulting from P-H addition across the 

C=O bond, 62% conversion to a product resulting from telomerization and polymerization of 

crotonaldehyde were observed.  
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1H NMR (300.27 MHz, C6D6) δ: 9.11 (s, 1H, COH), 7.52 – 7.34 (m, 4H, Ho at PPh), 7.08 – 6.87 

(m, 6H, Hm,p at PPh), 2.88 – 2.60 (m, 1H, PCH), 2.15 – 1.95 (m, 1H, CH2CO), 1.86 (dm, 2JHH = 

18, 1H, CH2CO), 0.86 (dd, 3JPH = 14 Hz, 3JHH = 7 Hz, 3H, Me). 

31P{1H} NMR (121.55 MHz, C6D6) δ: –1.75 (s). 

 

S,S/R,R-diastereomer 

 31P{1H} NMR (121.55 MHz, C6D6) δ: –0.35 (s, PPh2CH(Me)), –0.66 (s, PPh2CH(OH)) 

 

S,R/R,S-diastereomer  

31P{1H} NMR (121.55 MHz, C6D6) δ: –1.29 (s, PPh2CH(Me)), –3.86 (s, PPh2CH(OH)) 

Although most of 1H NMR resonances could not be assigned for these enantiomers due to their 

overlap with PPh2{CH(Me)CH2CHO}, their identities are confirmed based on their comparable 

31P{1H} signals reported in the literature.15 
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3. Kinetic Study of the Hydrophosphination of Activated Alkenes Using Cp*Ru-

PPh2 Catalyst 

 

 

3.1 Chapter Overview 

 

 

 

Scheme 3.1 Proposed mechanism for the catalytic hydrophosphination of electron deficient 

alkenes catalyzed by Cp*Ru(PPh2H)2PPh2 (4a). (P = hydrophosphination product, R = EWGs). 
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In Chapter 2, it was mentioned that the hydrophosphination of electron deficient alkenes 

can be catalyzed by Cp*Ru(PPh2H)2PPh2 (4a), with the proposed catalytic cycle shown in Scheme 

3.1. Here, in this chapter, the kinetic study and mechanistic investigation of this catalytic reaction 

will be described. These investigations were conducted by performing experiments between 

diphenyl phosphine and an alkene substrate using the Cp*Ru-phosphido complex as the catalyst. 

The study revealed that the reaction order for the alkene substrate is first order, while for PPh2H, 

it is zero order, thus supporting the proposed mechanism. Since the catalyst was generated in situ, 

it was not possible to obtain the reaction order for it, but it is expected to be first order. The tentative 

results for the measured kinetic isotope effect value by replacing PPh2H with PPh2D was 1.13, but 

due to unidentical reaction conditions, this experiment should be repeated.  

 

 

3.2 Introduction 

 

3.2.1 Different mechanisms of late metal-catalyzed hydrophosphination 

 

Knowing the mechanism of a reaction and how the structure of the catalyst affects the 

mechanism makes it possible to design a better and more active catalyst for that system. There are 

many examples of metal catalyzed hydrophosphination,1-9 but there are not that many examples of 

detailed mechanistic and kinetic study on this field.10-14 Designing a better catalyst by 

understanding the mechanism of these reactions is necessary to address existing issues in this field, 

like substrate scope (phosphine and alkene),15 activity and selectivity.  
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In many examples of hydrophosphination reactions, the metal catalyst works only for 

PPh2H and activated alkenes containing electron-withdrawing substituents; in many cases it is 

because of a conjugate addition reaction. What is special about our catalysts among others reported 

that undergo conjugate addition mechanism is that in our system, the intramolecular proton transfer 

happens from the cis-coordinated PPh2H ligand. Among the catalysts reported in our group, it was 

figured that the Cp* system is more active and has a different mechanism compared to its indenyl 

analogue, but more evidence was needed to support the proposed mechanism and more substrate 

scope investigation to see the catalyst’s reactivity toward different substates.  

As shown in Scheme 3.1, the proposed mechanism for the Cp*Ru system starts by the 

nucleophilic addition of the phosphido ligand at the alkene, which is an equilibrium that is followed 

by the proton transfer step (proposed turnover-limiting step). The observed activity for electron-

deficient alkenes prompted the proposal of this mechanism with further support from the substrate 

scope results discussed in Chapter 2. To get more evidence for this mechanism and the theoretical 

rate law, kinetic study and isotope labeling experiment were conducted for the hydrophosphination 

of an alkene with PPh2H catalyzed by 4a, which will be discussed in this chapter.   

 

3.2.2 Determining reaction orders using VTNA method 

 

The kinetic study will provide information to determine the experimental rate law, 

including the reaction orders with respect to alkene and phosphine substrates. The method utilized 

for this study is Variable Time Normalization Analysis (VTNA).16,17 This visual analysis method 

requires a lot of data points, and it involves plotting the entire reaction profile for reactions using 

different concentrations of the substrate for which the reaction order is required. In this method, 
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the kinetic plots are generated by having product concentration (y-axis) versus normalized time 

(x-axis) for all different concentrations of the substrate for which the reaction order is required. 

The time axis is manipulated for determining the reaction orders in this method. Therefore, 

time is normalized by computing the average concentration of that component at different time 

points and is multiplied by the concentration of the substrate to the power of an arbitrary number 

(n), expressed as ∑[substrate]n Δt. Varying the value of the arbitrary number (n) affects the 

alignment of the kinetic plots, and a specific value that causes the best overlap of all the plots is 

the reaction order for a substrate.17 

This method offers some advantages over the commonly used initial rates method because 

in VTNA the reaction is monitored for a longer duration, so any catalyst decomposition or product 

inhibition at later time points will be detected, which is not possible using the initial rates method. 

With VTNA we also do not need as many different concentrations as we would for the initial rates 

results of comparable reliability.  

 

3.2.3 Kinetic isotope effect 

 

The replacement of one isotope with another influences the frequencies of various 

vibrational modes of a molecule, a phenomenon known as the isotope effect. The vibrational 

frequency of a bond containing deuterium is lower than that of a bond with hydrogen due to the 

higher reduced mass value of the deuterium isotope. As a result, the zero-point energy for that 

bond is also lower, as shown in Figure 3.1. Therefore, substituting hydrogen with deuterium should 

affect the reaction rate for a reaction where a bond containing hydrogen is breaking or forming.    
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Figure 3.1 Energy diagram for homolysis of C-H and C-D bonds. This figure is adapted from 

reference 18. 

 

The measurement of the kinetic isotope effect (KIE) is a powerful way to further investigate 

a reaction mechanism.18 KIE gives information about the bonds that have been broken or formed 

in the transition state for the rate-determining step. This effect occurs by substituting one isotope 

with another at or near the atom where the bond is breaking or forming, thereby influencing the 

reaction rate. KIE is expressed as a ratio of rate constants: the rate constant of the reaction with 

the natural abundance isotope divided by the rate constant for the reaction with the altered isotope. 

For example, the KIE for replacing H with D is expressed as kH/kD.  

Consequently, conducting two kinetic experiments is one way to measuring the KIE value. 

For this purpose, two samples are made that are the same, the only difference is that in one sample, 

the H-containing substrate is added and in the other one, the D-labeled isotope. Then by using a 

technique, like NMR, the reaction progress is monitored to compare the rate of the reaction for 

these two isotopes that would enable the measurement of kH/kD.  

 

  

Activation energy for homolysis of a C-H bond

Activation energy for homolysis of a C-D bond

C-H Zero-point energy

C-D Zero-point energy

Dissociati on limit
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The magnitude of kH/kD provides information about the reaction mechanism. If kH/kD = 1; 

it means that the bond where the substitution is applied remains unchanged during the rate 

determining step or that the isotope effect is too small that cannot be measured accurately or that 

the E-H bond of interest is not involved in the rate determining step.  

When bond breaking or forming occurs during the turnover-limiting step, it is termed a 

primary isotope effect (kH/kD > 1). On the other hand, if rehybridization or isotope substitution 

happens far from the bonds involved in the reaction, yet a KIE is observed, it is classified as a 

secondary isotope effect.  

One way to calculate the magnitude of the KIE is obtaining the rate constants by finding 

the reaction half-life for the samples. The half-life (𝑡1
2

) is the time that a substrate reaches half of 

its initial concentration. The rate constant for each reaction can be calculated using its 𝑡1
2

, and the 

KIE can be calculated using the rate constants.  

Another way to get the KIE value is using the initial rates method. By getting the rate 

constants based on the initial rates of the reactions for the time that 10 mol% conversion to the 

product is achieved for two experiments, calculating the KIE value will be achievable.  

A simple method that was also used here to obtain the KIE value was calculating the overall 

rate, based on conversion observed in the 1H NMR over a specific time to get an approximate 

estimation of the KIE value.  

 

 

 

 



71 
 

3.2.4 The proposed mechanism and the theoretical rate law for this system 

 

 

Scheme 3.2 Proposed mechanism and the theoretical rate law for the hydrophosphination of 

electron deficient alkenes with PPh2H catalyzed by 4a. (R = EWGs).  

 

As shown in Scheme 3.2, the expected rate law should depend on the concentration of the 

catalyst and the alkene substrate. Additionally, the concentration of the PPh2H substrate should 

have no effect on the rate of the reaction.  

An objective of this chapter was to perform experiments for the kinetic study in order to 

obtain the experimental reaction order for alkene and phosphine substrates (anticipated to be first 

and zero, respectively) in a reaction catalyzed by 4a to find more evidence for supporting the 

proposed mechanism. Since these experimental reaction orders would also be true for a situation 

where the nucleophilic attack (Scheme 3.2, step A, k1) is the turnover-limiting step, an isotope 

labeling experiment was conducted to obtain evidence for the occurrence of the P-H bond breaking 

(Scheme 3.2, step B, k2) during the turnover-limiting step. 
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3.3 Results and Discussion 

 

3.3.1 The reaction conditions for the VTNA study  

  

The overall reaction scheme shown in Scheme 3.3 was followed for conducting 

experiments for the mechanistic study of this system. As discussed in Section 2.2, among all the 

phosphine ligands (PR2H, R = Ph, Tolp, Cy, and Et), PPh2H exhibited the highest activity, so it 

was used as the phosphine substrate for conducting the kinetic study.  

The choice of methyl methacrylate as the alkene substrate for these investigations is based 

on its reactivity in this system. This alkene exhibits approximately %6 conversion to the 

hydrophosphination product after 15 minutes and over %99 conversion after 24 hours of the start 

of the reaction. Therefore, utilizing this alkene ensures the acquisition of a substantial number of 

data points before reaching completion, as the VTNA method requires a significant density of data 

for visual analysis. Since the technique being used for monitoring the reaction progress in these 

experiments is NMR, having an alkene that reacts slowly would give enough time to acquire the 

first NMR spectrum (about 10 minutes) after the reaction starts.  

 

Scheme 3.3 Experimental procedure for the mechanistic study of the hydrophosphination reaction 

of methyl methacrylate with PPh2H catalyzed by 4a. 
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Due to the challenge of accurately measuring the required amount of base (0.8 equiv) for 

these experiments, a stock solution of the base was prepared to be added to the reaction mixture. 

This approach was adopted as the base is a very fine powder and weighing small amounts of it in 

the glovebox made the precise measurement difficult. 

Since direct determination of the concentration of product is unfeasible, an internal 

standard was necessary to get the concentration of the hydrophosphination product. However, the 

internal standard wasn’t added directly to the reaction mixture to prevent any potential reaction 

within the mixture. The formed amine after adding the base (as a result of deprotonating the 

coordinated PPh2H to make PPh2) remained intact and unreactive within the reaction mixture. 

Also, SiMe3 signals for both NaN(SiMe3)2 and HN(SiMe3)2 species have the same chemical shift 

in the 1H NMR, so this signal was used as an internal standard and its concentration was calibrated 

by running 1H NMR of a known volume of the stock solution with unreactive ferrocene as an 

added internal standard (Figure 3.2).  
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Figure 3.2 1H NMR (500.27 MHz, C6D6) spectrum for determining the concentration of a stock 

base solution using the ferrocene as an internal standard. The relative integrations of the labeled 

signals were used for calculating the concentration of the base by using the concentration of 

ferrocene. 

 

Then integrals relative to HN(SiMe3)2 signal at 0.13 ppm was utilized to determine the 

concentration of different species during the reaction for kinetic analysis, like the concentration of 

the hydrophosphination product (as demonstrated in the 1H NMR spectrum shown in Figure 3.3).   
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Figure 3.3 1H NMR (500.27 MHz, C6D6) spectrum of the hydrophosphination of methyl 

methacrylate with PPh2H catalyzed by 4a. Labeled signals are due to the hydrophosphination 

product and their relative integrations were used to calculate the concentration, using the shown 

amine peak as the standard.   

  

                                                         

        

 
  
 

 
  
 

 
  
 

 
  
 

       
 
 
 

 

 

    

  

 



76 
 

3.3.2 Determining the reaction order for alkene and phosphine substrates 

 

As described in more detail in the Experimental section (Sections 3.5.2.1 and 3.5.2.2), for 

getting the experimental reaction order of PPh2H and methyl methacrylate, using the VTNA 

method, three different concentrations of PPh2H and methyl methacrylate were used, with all 

reactions conducted in duplicate. After the last step in these experiments, addition of methyl 

methacrylate, single scan 1H NMR (500.27 MHz, C6D6) spectra were taken every 15 minutes for 

6 hours to monitor the reaction progress and obtain necessary concentrations for kinetic analysis.  

To generate the VTNA plots and determine the experimental reaction orders, it was 

necessary to calculate the concentration of the hydrophosphination product (y axis) and the 

concentration of methyl methacrylate/PPh2H (x axis).  

There is not any mathematical description of error in the order in the VTNA method, 

because the orders were obtained by visually finding the best overlap. We estimated the error by 

varying the n values very slightly higher and lower (an estimated precision of ± 0.02) than the 

value that showed the best overlap to see how it would affect the overlay between the plots.  

 

3.3.2.1 Determining the reaction order for the alkene substrate 

 

For these sets of experiments, three different alkene concentrations and one [PPh2H] = 0.45 

M were used. A selection of spectra acquired after the addition of methyl methacrylate is shown 

as a stacked spectrum in Figure 3.4. In the stacked spectrum, assignments are provided for signals 

utilized in the calculations, like the CH signal of the product for determining the product 

concentration and the vinyl proton signal of the methyl methacrylate for determining the 

concentration of this substrate.  
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Figure 3.4 1H NMR spectra (500.27 MHz, C6D6) of the hydrophosphination of methyl 

methacrylate with PPh2H catalyzed by 4a. The relative integrations of the labeled peaks were 

monitored for determining rate dependence on [methyl methacrylate]. Time shown refer to time 

evolved after alkene addition. This stacked spectrum is a representative example of how the 

reaction was monitored to obtain data for the VTNA experiments. 

 

 

As depicted in Figure 3.5, a first order dependence on the concentration of methyl 

methacrylate is determined, indicated by the optimal overlap observed at n = 0.90 (where n is an 

arbitrary number representing the reaction order) among all three reaction profiles using different 

alkene concentrations. Although n = 0.90 is not exactly n = 1, it is evident that the reaction order 

is more likely to be around 1 rather than being n = 0 or 2.  
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Figure 3.5 Time normalization plots for determining the rate dependence on [methyl 

methyacrylate], using three different [methyl methacrylate], for the hydrophosphination of methyl 

methacrylate with PPh2H catalyzed by 4a as monitored by 1H NMR (500.27 MHz, C6D6) spectrum. 

The plots in faded red boxes demonstrate an estimated precision of ± 0.02 in visual assessment of 

order, which is generally applicable to VTNA results throughout this document. 
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3.3.2.2 Determining the reaction order for PPh2H substrate 

 

For these sets of experiments, three different diphenyl phosphine concentration and just 

one [methyl methacrylate] = 0.36 M was used. A selection of spectra taken after the addition of 

methyl methacrylate is shown as a stacked spectrum in Figure 3.6. In the stacked spectrum, 

assignments are provided for signals utilized in the calculations, like the CH signal of the product 

for determining the product concentration and the P-H signal of PPh2H for determining the 

concentration of this substrate.  

 

Figure 3.6 1H NMR spectra (500.27 MHz, C6D6) of the hydrophosphination of methyl 

methacrylate with PPh2H catalyzed by 4a. The relative integrations of the labeled peaks were 

monitored for determining rate dependence on [PPh2H]. Time shown refer to time evolved after 

alkene addition. This stacked spectrum is a representative example of how the reaction was 

monitored to obtain data for the VTNA experiments. 
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As depicted in Figure 3.7, a zero-order dependence on the concentration of PPh2H is 

determined, indicated by the optimal overlap observed at n = 0 (where n is an arbitrary number 

representing the reaction order) among all three reaction profiles using different alkene 

concentrations. It is evident from the plots depicted below that the reaction order is zero, as even 

a slight change in the arbitrary number value causes the reaction profiles to diverge and fail to 

overlap.  

 

 

Figure 3.7 Time normalization plots for determining the reaction order of [PPh2H], using three 

different [PPh2H], for the hydrophosphination of methyl methacrylate with PPh2H catalyzed by 4a 

as monitored by 1H NMR (500.27 MHz, C6D6) spectrum. The plots include error bars, but in most 

cases, these are obscured by the data points. 
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A deviation of one curve is observed at the later time points for the lowest concentration 

of PPh2H (blue dots). This is attributed to catalyst deactivation and is observed for times ≥ 5 h, 

which corresponds to >50% conversion to product. In this case, there is not enough PPh2H in the 

reaction mixture to replace the Ru-bound hydrophosphination product; this will lead to the 

formation of various compounds in the reaction mixture.  

The 31P{1H} NMR spectrum is displayed in Figure 3.8, revealing the peaks associated with 

the formation of Ru metallacyclic compounds, remaining intermediate, and other complexes that 

were formed due to the catalyst deactivation. One observed compound is the Ru(η5-

Cp*)(PPh2)(PPh2H)(P) (7a) intermediate, where P is the coordinated hydrophosphination product 

(P = Ph2PCH2CH(CH3)CO2Me). This intermediate was not observed for two other PPh2H 

concentrations that were used when there was enough PPh2H in the reaction mixture with respect 

to alkene. For those PPh2H concentrations, 3a and 4a were the only Ru-containing species that 

were observed in the 31P{1H} NMR spectrum.  
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Figure 3.8 31P{1H} NMR (202.51 MHz, C6D6) spectrum of the hydrophosphination of methyl 

methacrylate using the lowest concentration of PPh2H, catalyzed by 4a. The spectrum was 

obtained 6 h after the addition of alkene. The star-labeled peaks are for some unidentified Ru-

containing compounds. 

 

 

The peaks related to the metallacyclic compounds are broad, which is probably due to the 

equilibrium shown in Scheme 3.4. As shown below, the newly formed phosphido ligand will attack 

another alkene, which would result in the formation of a compound with two coordinated 

hydrophosphination products and one phosphido ligand. This compound further reacts with 

another alkene substrate to form a metallacyclic complex (6a) that is catalytically inactive. It was 

proven that these compounds are catalytically inactive by a control experiment performed by Jin, 
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where adding more PPh2H and the alkene substrate to the catalytic mixture containing only these 

metallacyclic compounds showed no reaction.  

 

 

 

Scheme 3.4 The formation of the metallacyclic compound due to low [PPh2H] in the reaction 

mixture with respect to alkene substrate. (P = hydrophosphination product, R = EWGs). 

 

 

 

Results from VTNA experiments gave a first order rate dependence with respect to alkene 

and zero order dependence with respect to PPh2H. As noted in the introduction, the experimental 

reaction order for the catalyst was not possible to achieve since it was generated in situ, but the 

reaction order is expected to be first order. These obtained reaction orders support the theoretical 

rate law, where the rate depends on the concentration of the catalyst and the alkene substrate, and 

it does not depend on the [PPh2H].  

These results would also be consistent if the rate determining step is the nucleophilic attack 

(step A, Scheme 3.1). So, I performed isotope labeling experiment to find additional evidence to 

support the proposal that the proton transfer (step B, Scheme 3.1) is the turnover-limiting step.   
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3.3.3 Kinetic isotope effect experiment 

 

 

 

Scheme 3.5 The turnover-limiting step in the proposed mechanism for the hydrophosphination of 

activated alkenes with PPh2D catalyzed by 4a. (R = EWGs).  

 

Given that the proposed mechanism in this catalytic system involves a bond breaking 

during the turnover-limiting step, observing a primary kinetic isotope effect (KIE) is expected.  
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3.3.3.1 Making PPh2D for determining the KIE 

 

PPh2D was prepared and utilized instead of PPh2H to observe its effect on the reaction rate 

in a catalytic hydrophosphination of an alkene. 1H, 31P {1H}, and 2H NMR spectra of PPh2D (in 

C7D8), shown in Figures 3.9, 3.10, and 3.11 respectively, were taken to confirm the formation of 

PPh2D and determine the %conversion of PPh2H to PPh2D. These experiments were also 

conducted in C6D6, and 81-83% range of conversion to PPh2D (in C7D8 and C6D6) was obtained 

from these experiments.  

 

 

Figure 3.9 1H NMR spectrum of PPh2D showing 19% residual PPh2H (500.27 MHz, C7D8). 
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Figure 3.10 31P{1H} NMR spectrum of PPh2D (202.51 MHz, C7D8). 
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Figure 3.11 2H NMR spectrum of PPh2D (76.79 MHz, C7D8). 
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3.3.3.2 Determining the KIE for the hydrophosphination reaction of methyl methacrylate 

with PPh2H/PPh2D 

 

PPh2D was used for the hydrophosphination of methyl methacrylate catalyzed by 4a. As 

illustrated in Figure 3.12, using PPh2D led to the formation of deuterated product. Based on the 1H 

NMR integrations, using PPh2H gave 6% conversion to the product after 15 minutes and 61% 

conversion after 6 hours (Figures A.5 and A.6). Using PPh2D gave the same amount of conversion 

to the product, 6% conversion after 15 minutes and 60% conversion after 6 hours. 

 

Figure 3.12 1H NMR spectra (500.27 MHz, C6D6) of the hydrophosphination reaction of methyl 

methacrylate with PPh2D catalyzed by 4a. The labeled signals were used to track the disappearance 

of alkene and/or appearance of the product, and the relative integration of these peaks were used 

to calculate the required concentrations. Time shown refer to time evolved after alkene addition. 

This stacked spectrum is a representative example of how the reaction was monitored to obtain 

data for the KIE experiments. 
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In the stacked spectra shown in Figure 3.13, assignments are provided for signals 

representing the formation of the product using PPh2H and PPh2D. The peaks due to the free PPh2H 

that are observed in the top spectrum are almost missing from the bottom spectrum containing the 

PPh2D. Also, the peaks due to the hydrophosphination product (colored dot peaks) appears as 

multiplets for the reaction containing PPh2H and as new slightly sharper multiplets for the one 

containing PPh2D.  

 

 

Figure 3.13 1H NMR spectra (500.27 MHz, C6D6) of the hydrophosphination reaction of methyl 

methacrylate with PPh2H (top spectrum) and PPh2D (bottom spectrum) catalyzed by 4a. The 

labeled signals show how peaks changed by using PPh2D instead of PPh2H. 
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The results obtained from these experiments suggest that the rate of the reaction is the same 

by using PPh2D instead of PPh2H, which was surprising, and I was not entirely certain if the results 

were reliable. It can be because the catalytic hydrophosphination of methyl methacrylate with 

PPh2H/PPh2D was very slow, and the reaction did not go to completion within the 6 hours reaction 

monitoring time (Figure 3.14). As can be seen in plot (b), slightly more amount of alkene was 

added to the sample containing PPh2D compared to the sample containing PPh2H, which causes 

unidentical reaction conditions that would also affect the obtained KIE value.  

 

 

Figure 3.14 Concentration versus time plots for the hydrophosphination of methyl methacrylate 

with PPh2H (blue dot) and PPh2D (orange dot) catalyzed by 4a as monitored by 1H NMR (500.27 

MHz, C6D6) spectrum. Plot (a) represents the formation of the hydrophosphination product and 

(b) represents the consumption of methyl methacrylate. The standard deviations are included as 

error bars, which indicates that the difference between numbers is real. 

 

Since the KIE value measured for this reaction was one, which is not what we expected to 

see and, we are not confident about it being accurate, we decided to obtain this value for the 

hydrophosphination reaction of tert-butyl acrylate with PPh2H/PPh2D. 
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3.3.3.3 Determining the KIE for the hydrophosphination of tert-butyl acrylate with 

PPh2H/PPh2D 

 

tert-Butyl acrylate fully reacted in the 6 hours monitoring time (shown in Figure 3.15), so 

it should exhibit a more obvious and measurable difference in rate for the PPh2D if there is a KIE. 

Since tert-butyl acrylate reacts fast in this system (complete within 15 minutes using 8 mol% 

catalyst loading), 1 mol% catalyst loading was used instead of 8 mol% to be able to monitor the 

reaction by NMR.  

A selection of spectra acquired for the hydrophosphination reaction of tert-butyl acrylate 

with PPh2H catalyzed by 4a is shown as a stacked spectrum in Figure 3.15. In the stacked spectrum, 

assignments are provided for signals due to the formation of the product and consumption of the 

tert-butyl acrylate.  
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Figure 3.15 1H NMR spectra (500.27 MHz, C6D6) of the hydrophosphination reaction of tert-butyl 

acrylate with PPh2H catalyzed by 4a. Labeled signals were used to track the disappearance of 

alkene and/or appearance of product, and the relative integrations of these peaks were used to 

calculate the required concentrations. Time shown refer to time evolved after alkene addition. This 

stacked spectrum is a representative example of how the reaction was monitored to obtain data for 

the KIE experiments. 
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The same type of spectra with the same assignments are shown in Figure 3.16 for the 

hydrophosphination reaction of tert-butyl acrylate with PPh2D catalyzed by 4a. The peaks due to 

the free PPh2H that are observed in the spectrum shown in Figure 3.15 are missing from the one 

shown in Figure 3.16 that contains the PPh2D.  

 

 

Figure 3.16 1H NMR spectra (500.27 MHz, C6D6) of the hydrophosphination reaction of tert-butyl 

acrylate with PPh2D catalyzed by 4a. Labeled signals were used to track the disappearance of 

alkene and/or appearance of product, and the relative integrations of these peaks were used to 

calculate the required concentrations. Time shown refer to time evolved after alkene addition. This 

stacked spectrum is a representative example of how the reaction was monitored to obtain data for 

the KIE experiments. 
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Figure 3.17 shows how using PPh2D affects the rate of the product formation and tert-butyl 

acrylate consumption compared to using PPh2H.  

 

 

Figure 3.17 Concentration versus time plots for the hydrophosphination of tert-butyl acrylate with 

PPh2H (blue dot) and PPh2D (orange dot) catalyzed by 4a as monitored by 1H NMR (500.27 MHz, 

C6D6) spectrum. Plot (a) represents the formation of the hydrophosphination product and (b) 

represents the consumption of tert-butyl acrylate. The standard deviations are included as error 

bars, which indicates that the difference between numbers is real. 

 

As shown in Figure 3.17, the reaction using PPh2D did not go to completion and the alkene 

concentration became level at a non-zero value, which suggests that there was some unreacted 

alkene in the mixture. By checking the NMR spectra, it was figured that there was about 19% 

diphenyl phosphine oxide in the sample from the synthesis of PPh2D (Figure 3.18), which means 

there was lower than calculated concentration of PPh2D in the mixture and not enough of it with 

respect to alkene. It can be attributed to the remaining unreacted alkene as determined from the 

plots shown in Figure 3.17.  
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Figure 3.18 31P{1H} NMR spectrum of PPh2D. Signals due to the existence of PPh2H and 

Ph2P(O)H are shown in the spectrum. 

 

 

This suggests that there were not identical concentrations of phosphine in the P-H and P-

D reactions, which would give unreliable value for KIE. Also, diphenyl phosphine oxide can 

undergo tautomerization in the mixture and the formed phosphinous acid containing an OH group 

could act a proton source and quench the carbanion intermediate, leading to an alternative pathway 

to catalysis. For kH/kD value to be reliable, the reaction conditions should be identical, which did 

not happen for these stets of experiments.   
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However, the calculated KIE value, based on the results obtained from unidentical reaction 

conditions, using the half-life of the reaction was 1.13, which shows a primary kinetic isotope 

effect. The tentative kP-H/kP-D = 1.13 value supports the proposal that the P-H bond breaking is 

occurring during the turnover-limiting step. I am considering this value, despite having different 

concentrations of PPh2H and PPh2D because the reaction order for this substrate is zero and its 

concentration should not affect the reaction rate.  

 

3.4 Conclusion  

 

The results of the mechanistic study using VTNA method provided an experimental rate 

law for the hydrophosphination of methyl methacrylate with PPh2H catalyzed by 4a of 

Keqk2[catalyst][alkene], and it also determined that the experimental reaction order for PPh2H is 

zero. 

To provide evidence for the proton transfer being the turnover limiting step, the isotope 

labeling experiment was conducted, where PPh2H was replaced by PPh2D. This experiment gave 

a tentative KIE value of 1.13.  

 

3.5 Experimental  

 

3.5.1 General experimental detail  

 

Most general experimental details are the same as those in Section 2.5.1. Deuterated 

solvents were stored over sodium/benzophenone (C6D6 and C7D8) subjected to three freeze-pump-

thaw cycles to get degassed, then vacuum transferred before use. Deuterated methanol (CD3OD) 
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was purchased from Sigma-Aldrich Canada, stored over molecular sieves (4 A°), and degassed 

using three freeze-pump-thaw cycles, then vacuum transferred before use.  

NMR spectra were recorded on a Bruker AVANCE 500 spectrometer operating at 500.27 

MHz for 1H and 202.51 MHz for 31P.  

 

3.5.2 Experimental details for VTNA experiments 

 

The conversion of PPh2H and methyl methacrylate acrylate to the hydrophosphination 

product catalyzed by 4a was monitored by 1H NMR (500.27 MHz) at room temperature using 

diagnostic peaks attributed to the vinyl protons of the alkene, the P-H resonance of PPh2H, and 

peaks corresponding to the CH proton in the hydrophosphination product. The first 1H NMR 

spectrum (first data point) was collected within 10 minutes of mixing the catalytic solution. For 

determining the reaction order for each substrate, e.g., PPh2H, three experiments were conducted 

for three different concentrations of PPh2H, while the concentration of other substrates stated 

constant, as shown in Tables 3.1 and 3.2 below. All reactions were performed in duplicate using a 

standard 5 mm NMR tube.  

Each NMR experiment for the VTNA experiments was a single scan 1H NMR spectrum 

with a delay of 15 minutes between each experiment for 6 hours. The 31P{1H} NMR spectra were 

also acquired for these reactions, one prior to the start and one after finishing the 6 hours reaction 

monitoring, to see what Ru-containing species were observed during the reaction. The catalyst for 

this study was generated in situ, described in Section 2.3.1.3. and as shown in Scheme 3.6.  
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Scheme 3.6 The procedure for the hydrophosphination of methyl methacrylate with PPh2H, using 

the in situ-generated catalyst (4a). 

 

The procedure is the same as described in Section 2.5.2, Chapter 2, but the amounts of 

substrates and solvent were varied to achieve the requisite variable substrate concentrations as 

described below for these experiments.  

Cp*Ru(PPh3)2Cl (2a) (0.020 g, 0.025 mmol) dissolved in d6-benzene (0.47-0.52 mL). Then 

neat PPh2H (36-80 µL, 0.21-0.46 mmol, 13 equiv) was added. Subsequently, 150 µL (0.020 mmol) 

of a 0.13 M stock solution of the base was added to each NMR tube. Each step in all the reactions, 

as well as the formation of the catalyst, was monitored by 31P{1H} and 1H NMR spectroscopy, and 

the assignments are shown in Tables 2.4 and 2.5, in Chapter 2. The results for the VTNA 

experiments were discussed in Sections 3.3.2.1 and 3.3.2.2.  
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3.5.2.1 Reaction order with respect to methyl methacrylate  

 

24 hours after the addition of the base to the reaction mixture, three different amounts of 

methyl methacrylate (14 μL, 0.13 mmol; 28 μL, 0.26 mmol; 42 μL, 0.40 mmol) were introduced 

into the solution. Table 3.1 contains the quantities of different substrates used to prepare samples 

for these experiments for the kinetic study. The volume of d6-benzene varies in each sample to 

maintain a constant total volume across all samples (730 µL). For these experiments, the [PPh2H] 

was 0.45 M.  

 

Table 3.1 Reagent concentrations in mM (volume in µL) used to determine the reaction order with 

respect to methyl methacrylate. 

Methyl 

methacrylate 

PPh2H C6D6 NaN(SiMe3)2 

180 (14) 450 (57) (509) 30 (150) 

360 (28) 450 (57) (495) 30 (150) 

550 (42) 450 (57) (481) 30 (150) 

 

 

 

3.5.2.2 Reaction order with respect to PPh2H 

 

To determine the reaction order for the PPh2H substrate, three different amounts of neat 

PPh2H (36 μL, 0.21 mmol; 57 μL, 0.33 mmol; 80 μL, 0.46 mmol) (as depicted in Table 3.2) were 

added to the vial containing the solution of the Cp*Ru(PPh3)2Cl complex dissolved in d6-benzene. 

For these experiments, the concentration of methyl methacrylate was 0.36 M (28 μL, 0.26 mmol). 
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Table 3.2 Reagent concentrations in mM (volume in µL) used to determine the reaction order with 

respect to PPh2H. 

Methyl 

methacrylate 

PPh2H C6D6 NaN(SiMe3)2 

360 (28) 290 (36) (516) 30 (150) 

360 (28) 450 (57) (495) 30 (150) 

360 (28) 630 (80) (472) 30 (150) 

 

 

3.5.3 Experimental details for the kinetic isotope effect experiment 

 

The general experimental details are the same as described in Section 3.5.2. For isotope 

labeling experiments, the hydrophosphination reaction of an alkene substrate with PPh2H and 

PPh2D catalyzed by 4a was performed. For methyl methacrylate as the alkene, the reaction was 

monitored by taking single scan 1H NMR spectra every 15 minutes for 6 hours. For tert-butyl 

acrylate as the alkene, an automated routine was used to obtain 1H NMR spectrum with a delay of 

5 minutes between each data point for 6 hours.  

All the glassware, including NMR tubes, used in these experiments was passivated by 

refluxing CD3OD (1 mL) in it for 2 h and oven dried.  

 

3.5.3.1 Preparation of PPh2D 

 

 

Scheme 3.7 The modified literature procedure for making PPh2D.19 
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CD3OD (10 mL) was dried over molecular sieves (4 A°) for two days and degassed using 

the freeze-pump-thaw technique three times prior to use. 5 mL of the dried and degassed CD3OD 

was cannula transferred to a solvent bomb (thick-walled, cylindrical, 50 mL flask with Teflon 

needle valve), then PPh2H (0.75 g, 4 mmol) was added to the solution by syringe and the solution 

was stirred overnight.  

The next day, the solution was concentrated under vacuum to remove the solvent, after 

which the remaining 5 mL of CD3OD was cannula transferred to the solvent bomb containing the 

concentrated PPh2D from the first round deuteration, and the solution again stirred overnight. The 

next day, the solution was concentrated under vacuum to remove all the solvent.  

Subsequently, 1H, 31P {1H}, and 2H NMR spectra of the product in C7D8 were recorded that 

confirmed the formation of PPh2D (Figures 3.9, 3.10, and 3.11 respectively). The experiment was 

repeated in C6D6. 
1H NMR integration from these two sets of experiments showed %81-83 range 

of conversion to PPh2D.   

 

 

3.5.3.2 Monitoring the reaction of PPh2D with methyl methacrylate catalyzed by 8 mol% 

catalyst (4a) 

 

For the hydrophosphination of methyl methacrylate with PPh2D, three samples were 

prepared: two for the kinetic experiments and one as a control sample. The experimental detail for 

preparing the kinetic samples is the same as described in Section 2.5.2, Chapter 2.  
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Meanwhile, the sample for the control experiment was prepared by dissolving neat PPh2D 

(57 µL, 0.33 mmol) in d6-benzene (0.495 mL). This sample was also heated for 1 hour at ~70° C 

in an oil bath to ensure uniform conditions across all three samples. Single scan 1H NMR spectra 

were acquired every 15 minutes for 6 hours (Figure 3.12). The 31P {1H} and 1H NMR spectra were 

taken for all three samples. The spectra taken from the control sample was used to assess the 

stability of the deuterium label in PPh2D in the NMR tubes over the duration of the reaction, which 

showed that it stayed at %81-83.  

 

3.5.3.3 Monitoring the reaction of PPh2D/PPh2H with tert-butyl acrylate catalyzed by 1mol% 

catalyst (4a) 

 

The procedure is identical to that described in Section 2.5.2, Chapter 2, but the amounts 

were different to achieve a lower catalyst concentration, which are listed in Table 3.3.  

 

Table 3.3 Reagent amounts in g or mL, mmol used for the hydrophosphination of tert-butyl 

acrylate with PPh2H/PPh2D catalyzed by 4a. 

substrate Cp*Ru(PPh3)2Cl PPh2H/PPh2D C6D6 NaN(SiMe3)2 tert-butyl 

acrylate 

g or mL 0.002 g 0.45 mL 0.598 mL 0.13 M 0.37 mL 

mmol 0.0025 0.26 - 0.02 0.25 

 

After the addition of tert-butyl acrylate, an automated routine was used to obtain single 

scan 1H NMR spectrum every 5 minutes for 6 hours (Figures 3.15 and 3.16). The 31P {1H} and 1H 

NMR spectra were taken for all three samples. The spectra taken from the control sample used to 

assess the stability of the deuterium label in PPh2D in the NMR tubes over the duration of the 

reaction, which showed that it was 80%.  
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4. Synthesis and Characterization of New Cp*Ru Complexes Used in Catalytic 

Hydrophosphination Reactions 

 

This chapter includes contributions from Jin Yang (previous PhD student) and Hayley Parkin 

(undergraduate Honours student).  

 

4.1 Chapter overview 

 

In this chapter, a new procedure that enables the synthesis of the complexes Ru(ƞ5-

Cp*)(Cl)(PR2H)2  (3), Ru(ƞ5-Cp*)(PR2)(PR2H)2  (4) (R = Ph (a), Tolp (b), Et (d)), and Ru(ƞ5-

Cp*)(PCy2)(PCy2H) (8c), will be described. The spectroscopic characterization of the isolated 

complexes will also be presented here. And finally, testing the catalytic activity of the isolated 

catalyst, Ru(ƞ5-Cp*)(PPh2)(PPh2H)2 (4a) will be discussed for the hydrophosphination reaction of 

methyl methacrylate with PPh2H.   

 

4.2 Introduction 

 

The high solubility in nonpolar solvents (e.g. hexane) and substitutional lability makes it 

challenging to isolate complex 3 (catalyst precursor) and 4 (catalyst) (discussed in Section 1.4). 

Therefore, these complexes were generated in situ for our catalytic studies (Scheme 4.1).1 

 

Scheme 4.1 The procedure for the in situ-generation of complex Ru(ƞ5-Cp*)(Cl)(PR2H)2 (3) and  

Ru(ƞ5-Cp*)(PR2)(PR2H)2  (4). 
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4.2.1 In situ-generation of complex 3 

 

Complex 3 was generated in situ by adding ≥ 10 equivalents of PR2H to complex 2 in C6D6. 

Although Ru(ƞ5-Cp*)(Cl)(PR2H)2 (R = Ph (3a), Tolp (3b), Et (3d)) were cleanly generated in situ 

based on the 31P{1H} NMR, Ru(ƞ5-Cp*)(Cl)(PCy2H)2 (3c) complex underwent a ligand 

redistribution that led to the formation of a mixture of products even in the presence of excess 

amount of PCy2H (Scheme 4.2).1 For this ligand, bis(phosphine) complex Ru(ƞ5-Cp*)(Cl)(PR2H)2, 

mono(phosphine) complex Ru(ƞ5-Cp*)(Cl)(PPh3)(PR2H) (~2%) and some unreacted free PCy2H 

(~2%) were detected in the 31P{1H} NMR.  

 

 

Scheme 4.2 In situ-generation of complex 3. 

 

4.2.2 In situ-generation of complexes 4 and 8 

 

The in situ-generated chloro complexes (3) were used to generate the corresponding 

catalysts, complexes 4a,b,d and Ru(ƞ5-Cp*)(PCy2)(PCy2H) (8c), also in situ.  

In the phosphine scope investigation that was done by Jin, it was realized that the size of 

phosphine substrates affects the formation of the corresponding catalyst (complex 4). The Tolman 

cone angle values were used to rationalize the effect of the size of phosphines on the formation of 

their corresponding catalyst. This parameter shows that the size of phosphines increases in the 

order of PEt2H (117°) < PPh2H (126°) ≈ PTolp
2H (126°) < PCy2H (142°).2 The 31P{1H} NMR 
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spectrum shown in Scheme 4.3 shows how different the line shapes are in the 31P{1H} NMR for 

these phosphines.  

 

 

Scheme 4.3 The signal due to the PPh2 ligand observed in the 31P{1H} NMR spectra of complex 

4. This scheme was prepared by Jin Yang. 

 

PCy2H, as the bulkiest phosphine in this group, does not form complex 4c due to steric 

crowding; instead, complex 8c was observed in the 31P{1H} NMR (Scheme 4.3). In this case, the 

bulky Cp* ligand does not allow the coordination of the second equivalent of the PCy2H ligand to 

the metal center.  

For the other phosphines, PEt2H, PPh2H, and PTolp
2H, the formation of complex 4 was 

observed. In the 31P{1H} NMR spectrum (Scheme 4.3), the observed peak due to the phosphido 

ligand (Ru-PR2) is broad for two aryl phosphines due to an equilibrium between planar phosphido 

(δ 150-200 ppm) and pyramidal phosphido (δ 0-80 ppm) (Scheme 4.4).  

           
  

         

  
        

 

    

  
       

      

     

  
         

  

           
     

  

         

  
  
       

     

      
 
    

      
 
    

    

      
 
    

   

   

   

 
   
         

         

                   

  
 
 

   
 
 



109 
 

For the Cp*Ru-PEt2 species, one sharp peak was observed at around 22 ppm in the 31P{1H} 

NMR. The PEt2H ligand is small compared to other phosphines, so complex 3d is stable and it 

does not undergo an equilibrium, and no line broadening was detected for this phosphine. For 

PEt2H, the peak due to the PEt2 ligand should appear as a triplet in the NMR, but it shows 

negligible 2JPP coupling in this spectrum, and appeared as a singlet, which is common for the 

pyramidal geometry of the terminal phosphido ligands.1 

 

 

Scheme 4.4 A dynamic equilibrium between the planar phosphido (Ru=PPh2) and the pyramidal 

phosphido (Ru-PPh2). 

 

4.2.3 Attempted isolation of complex Ru(ƞ5-Cp*)(PPh2)(PPh2H)2  (4a)  

 

Jin and Hayley tried to isolate the catalyst (4a) by adding 3 equivalents of PPh2H to a 

solution containing complex 2 at 70 °C in toluene. After generating complex 3a, 1 equivalent of 

the base NaN(SiMe3)2 was added to the mixture to generate the catalyst. However, the complex 

4a decomposed to different species during the attempted isolation as observed by NMR. This 

decomposition process is discussed in Section 1.4 and is shown in Scheme 1.11. As assigned by 

Jin based on the 31P{1H} NMR spectrum, the decomposition mixture contained the orthometallated 

complex (5a),1 the catalyst (4a), free PPh3, and some unidentified species.  
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4.2.4 Proposed method for isolating complex Ru(ƞ5-Cp*)(Cl)(PR2H)2  (3) and Ru(ƞ5-

Cp*)(PR2)(PR2H)2  (4) (R = Ph (a), Tolp (b), Cy (c), Et (d)) 

 

The orthometallation process described above suggested that a different starting material 

should be used that would not contain any PPh3, to prevent this process. In the new proposed 

method, instead of using complex 2 as the starting material, complex Ru(ƞ5-Cp*)(Cl)(COD)  (9) 

was suggested to be used, where 1,5-cyclooctadiene (COD) replaced PPh3 (Scheme 4.5).  

 

 

Scheme 4.5 The procedure for making complex 3 and 4 using complex 9. 

 

In this chapter, the new procedure shown above was used to isolate complexes 3 and 4. 

Also, the NMR characterization of the isolated complexes is described here.  
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4.3 Results and Discussion 

 

4.3.1 Synthesis of Ru(ƞ5-Cp*)(Cl)(COD) complex (9) 

 

The synthesis of complex 9 was performed following the two-step procedure provided in 

the literature3 and shown in Scheme 4.6. The desired product (complex 9) was made using this 

procedure with 80% yield. The formation of complex 9 was confirmed by NMR.3  

 

 

Scheme 4.6 The procedure for the synthesis of complex 9. 

 

4.3.2 Synthesis of Ru(ƞ5-Cp*)(Cl)(PR2H)2  (3) (R = Ph (a), Tolp (b), Cy (c), Et (d)  

 

For synthesizing Cl-containing complex (3a-d), complex 9 was used by following the 

slightly modified literature procedure4 shown in Scheme 4.7. Complex 3a, 3b, 3c, and 3d were 

isolated as orange powders using this procedure in 85%, 57%, 74%, and 58% yield, respectively. 

Among these complexes, 3a is a known complex, 4 and the rest are new.  
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The formation of these complexes was confirmed by NMR; the spectra can be found in 

Section 4.3.3.1 for complex 3b and in Appendix B for complexes 3a, 3c, and 3d. The NMR 

assignments for these complexes can be found in Table 4.1 (31P{1H} NMR results), Table 4.2 (1H 

NMR results), and Table 4.3 (13C{1H} NMR results).  

 

Scheme 4.7 The synthesis of Ru(ƞ5-Cp*)(Cl)(PR2H)2  (3). (R = Ph (a), Tolp (b), Cy (c), Et (d)) 

complex. 

 

 

4.3.3 NMR characterization of Ru(ƞ5-Cp*)(Cl)(PR2H)2  (3) (R = Ph (a), Tolp (b), Cy (c), Et 

(d)) 

 

The four isolated complexes (3) have a similar structure and many of their features are 

common. The NMR assignments will be discussed in detail for complex 3b and for complexes 3a, 

3c, and 3d, diagnostic similar and different features compared to complex 3b will also be 

discussed.  

Because of the symmetry in the complex 3 (shown below), the two PR2H ligands are 

chemically equivalent and show only one peak in 31P{1H} NMR spectrum.  
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The 31P{1H} NMR spectrum of complex 3b (depicted in Figure 4.1 as an example) shows 

a peak at 34.4 ppm; corresponding peaks for complexes 3a, 3c, and 3d appeared at 36.8 ppm, 44.1 

ppm, and 33.2 ppm, respectively. The 31P{1H} NMR spectra of complexes 3a, 3c, and 3d are 

shown in Figures B.1, B.4, and B.7, respectively.   

 

   

 

Figure 4.1 31P{1H} NMR spectrum (202.51 MHz, C6D6) of complex Ru(ƞ5-Cp*)(Cl)(PTolp
2H)2 

(3b). 
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The symmetry of complex 3 also influences the 1H NMR peaks. For all four complexes 

(3), one doublet of multiplets signal due to the P-H was observed. The chemical shift of this doublet 

is slightly different for various phosphines; the peak for complex 3b is shown in Figure 4.2, and 

results for the rest of complexes can be found in Table 4.2.   

For these complexes, as shown in the structure of complex 3b below, hydrogen atoms at 

the aromatic rings are not chemically equivalent because they give two sets of peaks in the 1H 

NMR. As is shown in Figure 4.2, for complex 3b, two distinct peaks were detected for the ortho 

(Ho) and meta (Hm) hydrogens in the aromatic region, and two peaks were observed due to the CH3 

group in the alkyl region.   
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Figure 4.2 1H NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-Cp*)(Cl)(PTolp
2H)2 (3b). 

 

 

For the PPh2H complex 3a (see structure below), in the 1H NMR, like 3b, two peaks are 

observed due to the ortho hydrogens in the aromatic region. For this complex, peaks due to the 

meta and para hydrogens in the phenyl ring overlap and appear as two multiplets (Figure B.1).  
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The big difference between the 1H NMR of the PCy2H complex 3c compared to the two-

aryl phosphine-containing complexes is that this complex does not have any peaks in the aromatic 

region. All the peaks were condensed in the alkyl region. Due to the high overlap in the 2D NMR 

spectra, precise assignment was not possible for this complex (Figure B.4). The 1H NMR spectrum 

of the PEt2H complex 3d contains two sets of overlapping multiplets that are due to CH2 and CH3 

groups (Figure B.7). 

The 1H/31P{1H}-HMBC NMR spectra of these complexes helped assigning the proton 

peaks. As shown in Figure 4.3, the 1H/31P{1H}-HMBC NMR spectrum of complex 3b showed 

that, for instance, the PTolp
2H peak in the 31P{1H} NMR has a strong correlation with the peaks 

assigned as ortho hydrogens (Ho), which make sense since these hydrogens are closer to the 

phosphorus and they should show a stronger correlation compared to the CH3 proton that are 

located far away from the phosphorus.  
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Figure 4.3 1H/31P-HMBC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(Cl)(PTolp
2H)2 (3b). 

 

 

The 1H/31P{1H}-HMBC NMR spectra for complexes 3a, 3c, and 3d were used and 

assigned the same way. The results can be found in Figures B.2, B.5, and B.8, respectively.  
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The 1H/13C{1H}-HSQC NMR spectra were used to assign the carbon peaks for complex 3. 

Figure 4.4 shows the corresponding spectrum of complex 3b, where each proton peak has a 

correlation with its corresponding carbon, and it is effectively showing different carbons in 

complex 3b. For example, ortho hydrogens show a correlation with ortho carbons in the aromatic 

region, and CH3 protons have correlation with carbon peaks in the alkyl region.  

 

 

Figure 4.4 1H/13C-HSQC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(Cl)(PTolp
2H)2 (3b). 

 

The 1H/13C{1H}-HSQC NMR spectra of complexes 3a, 3c, and 3d were assigned the same 

way and can be found in Figures B.3, B.6, and B.9, respectively. 
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4.3.4 Synthesis of Ru(ƞ5-Cp*)(PR2)(PR2H)2  (4) (R = Ph (a), Tolp (b), Et (d)) 

 

Isolated complex 3 was used to make the corresponding catalysts 4 (or 8c for R = Cy) by 

following the procedure that is shown in Scheme 4.8.5 The desired product (complex 4a) was 

isolated as orange crystal solids using this procedure with 60% yield. The formation of 4a was 

confirmed by NMR, the spectra can be found in Section 4.3.5 for this complex. The NMR 

assignments for 4a can be found in Table 4.4 (31P{1H} NMR results), Table 4.5 (1H NMR results), 

and Table 4.6 (13C{1H} NMR results). 

 

 

Scheme 4.8 Synthesis of Ru(ƞ5-Cp*)(PR2)(PR2H)2  (4) (R = Ph (a), Tolp (b), Et (d)) and Ru(ƞ5-

Cp*)(PR2)(PR2H)  (8c) (R = Cy). 

 

The synthesis of complexes 4b, d, and 8c were performed and their formation was 

confirmed by NMR. In the 31P NMR, the peaks due to the unreacted complexes 3 in the mixture 

were detected. Due to the close solubility of complexes 3b-d and 4b, d and 8c in both polar and 

nonpolar solvents, it was not possible to remove complexes 3b-d from the reaction mixture and 

isolate complexes 4b, d and 8c. So, I am going to monitor the reaction process by NMR and add 

various amounts of reagents in the mixture to get to the full conversion of complexes 3b-d to their 

catalyst to overcome the solubility issue. Since unreacted 3 was detected in the NMR, adding more 

phosphine and base should push the reaction toward making the catalyst (4).  
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4.3.5 NMR characterization of Ru(η5-Cp*)(PPh2)(PPh2H)2 (4a) complex 

 

Since there are two chemically different phosphorus-containing ligands in the structure of 

4a, two peaks were expected in the 31P{1H} NMR spectrum. As can be seen in Figure 4.5, two 

peaks were detected for this complex, one due to the PPh2 ligand and another due to two chemically 

equivalent PPh2H ligands.  

The observed broadness at around 9 ppm in the 31P{1H} NMR shown above is due to the 

equilibrium between pyramidal phosphido (4a) and planar phosphido (8a) discussed in Section 

4.2.2 and shown in Scheme 4.4. I had planned to conduct a Variable temperature (VT) NMR 

experiment, and I got trained for it, but the VT unit in the NMR is not currently working. By doing 

the VT, the attempt is to see if the exchange is occurring and if so, whether the peaks due to the 

complexes engaged in the equilibrium would be visible at low temperatures. What is expected 

from VT is that this one broad peak will decoalesce and appear as two distinct peaks at lower 

temperatures.  

Different factors affect the 31P chemical shift, like changes in geometry, formal charge, 

substituents, etc. on the phosphorus. Complexes with planar geometry appear more downfield than 

the ones with pyramidal geometry.6 So, one peak for the complex 4a (pyramidal phosphido) 

around 0-80 ppm, and the other for complex 8a (planar phosphido) around 150-200 ppm is 

expected in the low temperature 31P{1H} NMR.1 
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Figure 4.5 31P{1H} NMR spectrum (202.51 MHz, C6D6) of complex Ru(ƞ5-Cp*)(PPh2)(PPh2H)2 

(4a).  
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In the 1H NMR spectrum of complex 4a, two sets of peaks were expected for the hydrogens 

in the PPh2H ligands and one set of peaks for the hydrogens in the PPh2 ligand. The assignments 

are shown in Figure 4.6 for complex 4a; and the 1H NMR assignments obtained from this spectrum 

are what is shown in Table 4.5.  

 

 

 

Figure 4.6 1H NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-Cp*)(PPh2)(PPh2H)2 (4a). 
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The 1H/31P{1H}-HMBC NMR spectrum of complex 4a (Figure 4.7) shows the proton 

peaks correlations with the phosphorus that they are attached to. As shown in Figure 4.7, peaks 

due to the hydrogens of the PPh2H group show correlation with the PPh2H peak in the 31P NMR. 

The proton signals related to the PPh2 ligand show no correlation to it due to the broadness of the 

PPh2 peak in the 31P NMR; so, all the leftover peaks are related to this ligand. 

 

 

 

Figure 4.7 1H/31P-HMBC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(PPh2)(PPh2H)2 (4a). 
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The 1H/13C{1H}-HSQC NMR spectrum of complex 4a (Figure 4.8) was used to assign the 

carbon peaks. The assignments were done based the observed correlation between the proton peaks 

and the carbon peaks. The 13C NMR assignments obtained from this spectrum are what is shown 

in Table 4.6.  

 

 

Figure 4.8 1H/13C-HSQC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(PPh2)(PPh2H)2 (4a). 
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4.3.6 Further characterization of the new and unknown complexes 

 

Other than complex 3a,4 the rest are new and unknown complexes and their synthesis have 

not been reported. Thus, to confirm their formation, other characterization techniques, like high 

resolution mass (HR-MS), elemental analysis, and Infrared (IR) are necessary in addition to the 

NMR in order to report in a publication. I am going to get these data for complexes 3a-d and 4a, 

but the analysis in this thesis is only based on the NMR data.  

For complexes 3b, 3c, 3d, and 4a, I need to confirm their molecular formula, for which I 

am going to use HR-MS spectroscopy. Elemental analysis also provides complementary 

information about the molecular formula of a molecule and determines the bulk purity of the solid.  

IR spectroscopy provides information to confirm the presence of different functional 

groups in a molecule. In our case, the IR spectrum of the isolated complexes will show peaks for 

the P-H bonds. For the PPh2H complex 4a, the obtained IR spectrum gave a peak at 2325 cm-1 for 

the P-H bond; and the corresponding peak for other isolated complexes should appear in the same 

range (2200-2400 cm-1). Although 3a complex was already reported, the IR data was not included 

in the paper, so I am going to get IR for this complex as well as complexes 3b-d and 4a.  
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4.3.7 Testing the catalytic reactivity of the isolated catalyst (4a) 

 

The isolated catalyst (4a) was used in the catalytic hydrophosphination reaction of methyl 

methacrylate with PPh2H to see if it would show the same reactivity as the in situ-generated 

catalyst. The overall reaction scheme is shown in Scheme 4.9 below.  

 

 

Scheme 4.9 The procedure for the hydrophosphination of methyl methacrylate with PPh2H 

catalyzed by 8 mol% 4a. 

 

 

As is shown in Figures 4.9 and 4.10, peaks due to the formation of the hydrophosphination 

product were observed in the NMR that confirm the catalytic reactivity of the isolated catalyst 4a. 

The NMR spectra of the reaction catalyzed by the isolated catalyst is much cleaner compared to 

the spectra of the reaction catalyzed by in situ-generated catalyst (shown in Figure 2.2 and 2.3), 

since it does not include the peaks due to the presence of the free PPh3 and the complex 3a in the 

mixture.  
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Figure 4.9 31P{1H} NMR spectra (121.55 MHz, C6D6) of the hydrophosphination of methyl 

methacrylate with PPh2H catalyzed by the isolated catalyst 4a. 
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Figure 4.10 1H NMR spectra (300.27 MHz, C6D6) of the hydrophosphination of methyl 

methacrylate with PPh2H catalyzed by the isolated catalyst 4a. 

 

After 5 hours, the reaction catalyzed by the isolated catalyst gave 66% conversion to the 

hydrophosphination product (calculated based on the integrations due to the vinyl protons of the 

methyl methacrylate and the CH group in the product), whereas using the in situ-generated catalyst 

in the same reaction consistently gave 60% conversion over multiple experiments, which were 

monitored to 6 hours. The observed higher activity with the isolated catalyst might be because 10 

mol% of the isolated catalyst was used, whereas in the experiment using the in situ-generated 

catalyst, 8 mol% catalyst participated in the reaction. So, the experiment needs to be repeated using 

8 mol% of the isolated catalyst to see if it will still show a higher conversion compared to the in 

situ-generated one.  
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4.4 Conclusion  

 

By following a new procedure, all the complex 3 were isolated, and only complex 4a was 

isolated among four of complex 4. The high and close solubility of complex 3 and 4 prevented the 

isolation of complexes 4b, 8c, and 4d. The formation of these compounds was confirmed by using 

NMR technique. At the end, the catalytic reactivity of the isolated catalyst 4a was tested in the 

hydrophosphination reaction of methyl methacrylate with PPh2H.   

 

 

4.5 Experimental  

 

4.5.1 General experimental details 

 

Most general experimental details are the same as those in Section 2.5.1. 1,5-

Cyclooctadiene (COD) was purchased from Sigma-Aldrich Canada and was subjected to three 

freeze-pump-thaw cycles in order to get degassed prior to use. All the reactions were performed 

under nitrogen atmosphere inside the glove box and/or using the Schlenk line technique. 

NMR spectra were recorded on a Bruker AVANCE 500 spectrometer operating at 500.27 

MHz for 1H and 202.51 MHz for 31P. IR spectrum was recorded for KBr pellets on a PerkinElmer 

FTIR Spectrum 1000 spectrophotometer. 
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4.5.2 Detailed procedure for the synthesis of Ru(ƞ5-Cp*)(COD)Cl  

 

4.5.2.1 Synthesis of (Cp*RuCl2)n 

 

 

Scheme 4.10 Synthesis of (Cp*RuCl2)n
3 

 

RuCl3•3(H2O) (6.0 g, 23 mmol) was added to a Schlenk flask. Degassed MeOH (65 mL) 

was added, followed by the addition of pentamethylcyclopentadiene (8.52 mL, 54.4 mmol) via 

syringe. The solution was heated for 6 h and allowed to cool to room temperature. The brown-

black microcrystals were filtered and washed with ethanol (20 mL) and hexane (20 mL × 3) to 

isolate (Cp*RuCl2)n. The desired product was made with 90% yield, and its formation was 

confirmed by NMR.  

 

 

4.5.2.2 Synthesis of Ru(ƞ5-Cp*)(COD)Cl (9) 

 

 

 

Scheme 4.11 Synthesis of Ru(ƞ5-Cp*)(Cl)(COD) (9).3 
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(Cp*RuCl2)n (1.00 g, 3 mmol) was added to a 25 mL round bottom flask. Degassed THF 

(3 mL) was added followed by the addition of 1 M lithium triethylborohydride in THF (3.2 mL, 3 

mmol). The brown solution was stirred at room temperature for 45 minutes. 1,5-Cyclooctadiene 

(0.60 mL, 5 mmol) was added, and the brown solution was stirred at room temperature for another 

3 h. Degassed hexane (3 mL) was added, which led to the formation an orange layer at the top of 

the solution, then the reaction was stirred an additional hour. The solution (light brown) was 

filtered and the orange precipitate was washed with hexane (5 mL × 3) and the precipitate was 

dried under vacuum to isolate Cp*Ru(Cl)(COD) complex as orange powder in 80% yield. The 

formation of this complex was confirmed by NMR.  

 

 

4.5.3 Synthesis of Ru(ƞ5-Cp*)(PR2H)2Cl (3, R = Ph (a), Tolp (b), Cy (c), Et (d))  

 

 

Scheme 4.12 Synthesis of Ru(ƞ5-Cp*)(Cl)(PR2H)2  (3) (R = Ph (a), Tolp (b), Cy (c), Et (d)). 

 

For making complex 3, a modified version of the procedure reported in a paper was used.1,5 

As the first step, the Ru(ƞ5-Cp*)(Cl)(COD) (0.250 g, 0.66 mmol, 1 equiv) complex was dissolved 

in dichloromethane (CH2Cl2) (0.4 mL) (orange solution). Then PR2H (0.120-0.283 g, 1.32 mmol, 

2 equiv) was added to the solution. The reaction mixture (orange solution) was stirred overnight.  
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The next day, there was some orange precipitate at the bottom of the Schlenk flask. The 

dichloromethane (CH2Cl2) was removed under vacuum and the precipitate was washed with 

hexane (0.4 mL × 3) to remove any remaining COD ligand. The precipitate was dried under 

vacuum to give an orange powder. Complexes 3a, 3b, 3c, and 3d were made using this procedure 

with 85%, 57%, 74%, and 58% yield respectively. The formation of these complexes was 

confirmed by NMR. The 31P{1H}, 1H, and 13C{1H} NMR assignments of complexes 3a-d are listed 

in Tables 4.1, 4.2, and 4.3, respectively. The NMR spectra for the complex 3b can be found in 

Figures 4.2, 4.3, and 4.4; for complexes 3a, 3c, and 3d, the corresponding spectra can be found in 

Appendix B. The 1H, 31P{1H}, and 13C{1H} NMR data of complex 3a that is a known complex is 

consistent with the data reported in a paper.4 The 31P{1H} NMR data obtained for complexes 3b, 

3c, and 3d are consistent with the ones reported from the characterization that were done by the in 

situ-generation of these complexes.1 

 

Table 4.1 31P{1H} NMR (202.51 MHz, C6D6) data for complex 3a, 3b, 3c, and 3d: δ (ppm) 

(multiplicity). 

                               Complex     PR2H 

                   Ru(ƞ5-Cp*)Cl(PPh2H)2 

 

    3a    36.8 (s)    

                   Ru(ƞ5-Cp*)Cl(PTolp
2H)2 

 

                   Ru(ƞ5-Cp*)Cl(PCy2H)2 

 

                   Ru(ƞ5-Cp*)Cl(PEt2H)2 

    3b 

 

    3c 

 

    3d 

   34.4 (s) 

 

   44.1 (s) 

 

   33.2 (s) 
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Table 4.2 1H NMR (500.27 MHz, C6D6) data for complex 3a, 3b, 3c, and 3d: δ in ppm 

(multiplicity, RI, J in Hz). 

           Complex       ƞ5-Cp* PR2H 

      
3a 

 1.41 (s, 15H) H-PPh2 6.53 (d, 2H, 1JPH 350.5) 

Ph: 

Ho 7.67 (apparent q, 4H, 3JPH 6.8), 7.63 – 7.56 (m, 

4H) 

Hm 6.87-6.82 (m, 6H) 

Hm,p 7.09-7.02 (m, Hm and Hp overlapping, 6H) 

 

 

3b 

 

 

 
3c 

 

 

 
3d 

 1.38 (s, 15H) 

 

 

 

 

 

 

1.61 (s, 15H) 

 

 

 

 

 

 

1.56 (s, 15H) 

H-PTolp2 6.30 (d, 2H, 1JPH 350.6) 

Tolp: 

Ho 7.44-7.37 (m, 4H),7.23-7.15 (m, 4H) 

Hm 7.09 (d, 4H, 3JHH 7.6), 6.89 (d, 4H, 3JHH 7.6) 

CH3 2.37 (s, 6H), 2.24 (s, 6H) 

 

H-PCy2 4.46 (dm, 2H, 1JPH 315.0) 

Cy: 

CH   2.24 (s, 2H), 2.10 (apparent t, 2H, 3JHH 12.5), 

CH2 2.45 (d, 2H, 2JPH 12.8), 1.96 (dq, 6H, 2JPH 

16.5, 3JHH 12.8), 1.84-1.72 (m, 10H), 1.65 (m, 

4H), 1.55-1.42 (m, 5H), 1.42-1.13 (m, 12H) 

 

 

H-PEt2 4.27 (dm, 2H, 1JPH 325.7) 

Et: 

CH2 1.75-1.63 (m, 4H), 1.85-1.75 (m, 4H) 

CH3 1.09 (two overlapping dt, 3JPH 14.9, 3JPH 

13.0, 3JHH 7.6, 12H) 
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Table 4.3 13C{1H} NMR (125.79 MHz, C6D6) data for complex 3a, 3b, 3c, and 3d: δ in ppm 

(multiplicity, J in Hz). 

Complex       ƞ5-Cp* PR2H 

      
3a 

 Cring 88.9 (s) 

 CH3 9.3 (s) 

Cipso 136.1-135.7 (m) 

Co 134.4 (overlapping dd, 2JPC 5), 132.1 

(overlapping dd, 2JPC 5) 

Cm 127.8 (overlapping dd, 3JPC 4), 127.5 (m) 

Cp 129.1 (s), 128.3 (s) 

 

 

3b 

 

 

 
3c 

 

 

 
3d 

 Cring 88.7 (s) 

 CH3 9.5 (s) 

 

 

 

 

 

 

 

Cring 86.5 (s) 

 CH3 10.0 (s) 

 

 

 

 

Cring 87.2 (s) 

 CH3 10.2 (s) 

Cp 139.1 (s), 138.1 (s) 

Co 134.1 (overlapping dd, 2JPC 5), 132.0 

(overlapping dd, 2JPC 5) 

Cm 128.6 (overlapping dd, 3JPC 5), 128.2 

(overlapping dd, 3JPC 5) 

Cipso 131.6 (d, 1JPC 125 Hz) 

CH3 21.4 (s), 21.3 (s) 

 

 

CH 32.4 (d, 1JPC 93) 

CH2 34.1 (s), 32.8 (s), 28.2-27.6 (m), 26.3 (s), 

26.1 (s) 

 

 

 

CH2 17.9-17.6 (m), 17.2-16.9 (m) 

CH3 12.8-12.7 (m), 12.6-12.5 (m) 
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4.5.4 Synthesis of Ru(ƞ5-Cp*)(PR2H)2(PR2) (4) (R = Ph (a), Tolp (b), Et (d))  

 

 

Scheme 4.13 Synthesis of Ru(ƞ5-Cp*)(PR2)(PR2H)2  (4) (R = Ph (a), Tolp (b), Et (d)). 

 

For making complex 4, the procedure shown in Scheme 4.13 was used. Complex 3 (0.1 g, 

0.16 mmol, 1 equiv) was dissolved in toluene (0.4 mL). Then PR2H (0.014-0.033 g, 0.16 mmol, 1 

equiv) was added to the solution. NaN(SiMe3)2 (0.028 g, 0.16 mmol, 1 equiv) was added to the 

yellow solution, which changed the color of the solution from yellow to dark orange. The reaction 

mixture was stirred at room temperature overnight. A clear solution resulted after removing the 

NaCl salt through filtration. Solvent was removed under vacuum and the remaining oily mixture 

was washed with hexane (0.4 mL) at least 3 times to remove any remaining free PR2H and the 

starting material (complex 3). Complex 4a was isolated as orange crystals with 60% yield. The 

formation of this complex was confirmed using NMR technique. The 31P{1H}, 1H, and 13C{1H} 

NMR assignments of this complex are listed in Tables 4.4, 4.5, and 4.6, respectively. The 31P{1H} 

NMR data obtained for complex 4a is consistent with the reported data obtained from the 

characterization that were done by the in situ-generating of these complexes.1 

Due to the close solubility issues between the starting material and the product, only the 4a 

catalyst was isolated. The synthesis of complexes 4b, d, and 8c were performed and their formation 

was confirmed by NMR. In the 31P NMR, the peaks due to the unreacted complexes 3 (~10%) in 

the mixture were detected.   
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Table 4.4 31P{1H} NMR (202.51 MHz, C6D6) data for complex 4a: δ (ppm) (multiplicity). 

Complex  Ru-PPh2H       Ru-PPh2 

Ru(ƞ5-Cp*)(PPh2)(PPh2H)2     4a    45.5 (s)     9 (br s, 182) 

 

 

 

Table 4.5 1H NMR (500.27 MHz, C6D6) data for complex 4a: δ in ppm (multiplicity, RI, J in Hz). 

Complex         ƞ5-Cp* Ru-PPh2H     Ru-PPh2 

        

4a 

   1.54 (s, 15H) H-PPh2 6.48 (dd, 2H, 1JPH 

351.7, 3JPH 7.2) 

Ph: 

Ho 7.20 (apparent t, 8H, 
3JPH = 3JHH 9.5) 

Hm 6.91–6.85 (m, 6H) 

Hm,p 6.96-7.01 (m, 6H) 

    Ph: 

    Ho 7.39 (apparent  

    t, 4H, 3JPH = 3JHH  

    6.2) 

    Hm 7.03 (m, 4H) 

    Hp 7.08 (t, 2H,  
      3JHH 7) 

 

 

 

 

Table 4.6 13C{1H} NMR (125.79 MHz, C6D6) data for complex 4a: δ in ppm (multiplicity, J in 

Hz). 

Complex        ƞ5-Cp*  Ru-PPh2H     Ru-PPh2 

        

4a   Cring 92.9 (s) 

  CH3 9.9 (s) 

Cipso 137.7-137.1 (m), 

136.8-136.2 (m) 

Co 133.4-133.1 (m) 

Cm 128.0 (overlapping 

dd, 3JPC 4), 127.5 

(overlapping dd, 3JPC 

4) 

Cp 128.7 (s), 128.5 (s) 

    Cipso 149.2 (d, 1JPC  

    38) 

    Co 135.9 (d, 2JPC 18) 

    Cm 124.6 (s) 

    Cp 127.1 (d, 4JPC 4) 
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5. Conclusions and future work 

 

 

5.1 Chapter 2 conclusion and future work 

 

In Chapter 2 the attempt was to investigate the alkene scope to examine the activity and 

generality of 4a to catalyze hydrophosphination reactions. The results of this investigation also 

enabled us to rationalize the proposed reaction mechanism.  

Alkene scope investigation determined that the catalyst only works for electron deficient 

alkenes, which supports the first step of the proposed catalytic cycle relying on the nucleophilic 

addition of Ru-PPh2 to the substrate alkene. Furthermore, a deeper investigation into alkene 

substrates revealed that a more stable carbanion increases the rate of hydrophosphination reaction, 

emphasizing the importance of equilibrium in the mechanism (step A, Scheme 2.1). Also, the 

presence of extra substituents on alkenes reduces the reaction rate by introducing steric hindrance 

at the proton transfer step (rate determining step) in the proposed mechanism, which further 

supports the proposed mechanism for this system.  

From this investigation, it was realized that the degree of activation of alkene substrate 

does not affect the rate of the hydrophosphination reaction, which is consistent with the fact that 

the overall reaction rate does not depend on the magnitude of the rate constant for the first step in 

the proposed mechanism, but it rather depends on the magnitude of the equilibrium constant for 

this step and the rate constant for the proton transfer step.  

As future work for this chapter, it is a good idea to extend the substrate scope to further 

investigate the 4a catalyst’s reactivity. It would be interesting to try alkynes and even some 

complex molecules to see the catalyst’s reactivity for the hydrophosphination of these compounds.  
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A challenge for this work is the mechanism in our system that includes conjugate addition. 

Based on this mechanism, we will be limited to electron-deficient and internal alkynes. The alkyne 

needs to be electron-deficient so the nucleophilic phosphido can do the conjugate addition at the 

alkyne, and we also cannot use terminal alkynes because they are very acidic, and the proton can 

protonate the phsophido ligand. Also, alkyne hydrophosphination through conjugate addition is 

very uncommon. Although it is challenging, there is an example of the hydrophosphination of 

alkynes through conjugate addition that I showed in Scheme 1.4, Section 1.2.2.  

 

5.2 Chapter 3 conclusion and future work 

 

Chapter 3 demonstrates the mechanistic study for the hydrophosphination reaction of 

methyl methacrylate with PPh2H catalyzed by 4a. The experimental reaction order of one for 

methyl methacrylate and zero for PPh2H was determined using the VTNA method. The zero order 

dependance on PPh2H concentration is consistent with the fact that the participation of this 

substrate in the reaction occurs after the turnover-limiting step. Thus, the substitution step (step C 

of Scheme 3.1) is not the turnover-limiting step for the Cp* system. 

The isotope labeling experiment gave tentative KIE value of 1.13. The relatively rigid 

structure of the six-membered transition state that is responsible for proton transfer can limit the 

freedom of the bonds to stretch or break during the reaction that could lead to seeing a small KIE 

value. However, due to the mentioned issues with the conducted experiments, calculating the KIE 

would not give reliable value. So, between submitting and defending my thesis, I made more 

PPh2D and repeated these experiments, which gave a small KIE value, about one.  
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Despite getting a small KIE value, results from alkene and phosphine scope investigation 

outlined in Chapter 2 support that the proton transfer is the turnover-limiting step, and there is an 

equilibrium occurring prior to the turnover-limiting step. Also, we do not know enough about the 

nature of the transition state to rule out the possibility of the proton transfer being the turnover-

limiting state. As a future work for this chapter, a computational study can be done to find out 

about the nature of the transition state.  

 

5.3 Chapter 4 conclusion and future work 

 

Replacing two PPh3 ligands with the COD ligand in the starting material and following a 

new procedure enabled the isolation of some of the Cp*Ru complexes relevant to our 

hydrophosphination catalysis. All the complex 3 were successfully isolated, but only complex 4a 

was isolated among four of complex 4. Using the isolated catalyst 4a in a catalytic 

hydrophosphination reaction gave clean conversion to the hydrophosphination product compared 

to the in situ-generated catalyst, which supports the proposed identity of the active catalyst.  

By having complex 3 in hand, it is easier to generate the catalyst. Even in the case of 

generating the catalyst in situ, it will be one less step, which will improve the accuracy of 

measuring complexes for catalytic reactions. Having the catalyst 4a in hand is a great approach 

since it will prevent wasting extra Ru for catalysis as it happens in the process of generating the 

catalyst in situ. The isolated catalyst would also enable us to obtain the experimental reaction order 

for it, which we could not because of the in situ-generation of the catalyst 4a.  
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For future work and publishing this work, IR, MS, and elemental analysis data needs to be 

obtained to further characterize complexes 3b, 3c, 3d, and 4d. Also, isolating complexes 4b, 4d, 

and 8c can be done by following the new procedure, and using NMR, IR, MS, and elemental 

analysis data to characterize the isolated complexes to report them in a publication.  

Now that we have isolated catalyst 4a, it would be interesting to try generating a chiral 

catalyst by manipulating its structure.  

 

5.4 Other possible future work 

 

For the future work, we can design a chiral metal catalyst from 4a catalyst for asymmetric 

hydrophosphination. Different types of chiral Cp ligands (Cpx) have been reported that some of 

them can be used in our system.1-5 Scheme 5.1 demonstrates a possible way for making the chiral 

catalyst for our system.  

 

Scheme 5.1 Synthesizing chiral catalysts using a new type of Cp ligand 
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By having the chiral catalyst as well as using a prochiral alkene, we would be able to do 

asymmetric hydrophosphination. Scheme 5.2 demonstrates the enantioselective synthesis of the 

hydrophosphination product using the chiral catalyst and a prochiral alkene.  

 

 

 

Scheme 5.2 Enantioselective hydrophoshination using a new catalyst and a prochiral alkene 
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Appendices 

 

Appendix A  

 

31P{1H} NMR (121.55 MHz, C6D6) and 1H NMR (300.27 MHz, C6D6) spectra of the 

hydrophosphination of various alkenes with PPh2H catalyzed by the Cp*Ru(PPh2H)2PPh2 catalyst 

(4a) 

 

 

tert-Butyl acrylate:  

 

Figure A.1 1H NMR (300.27 MHz, C6D6) spectra of the hydrophosphination of tert-butyl acrylate 

with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom spectrum 

is taken after 15 min and the top spectrum after 24h.  
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Figure A.2 31P{1H} NMR (121.55 MHz, C6D6) spectra of the hydrophosphination of tert-butyl 

acrylate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom 

spectrum is taken after 15 min and the top spectrum after 24h. 
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Figure A.3 1H NMR (300.27 MHz, C6D6, 24h) spectra of the hydrophosphination of tert-butyl 

acrylate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                         

        

 
  
 

 
  
 

 
  
 

 
  
 

 
  
 

 
  
 

 
  
 

 
  
 

 
  
 

 
  
 

 
  
 

 
  
 

 
  
 

  
 
 

  
 
 

  
 
 

  
 
 

  
 
 

  
 
 

  
 
 

  
 
 

  
 
 

  
 
 

  
 
 

  
 
 

  
 
 

  
 
 

  
 
 

     
 

    



147 
 

 

Acrylonitrile: 

 

 

 

 

Figure A.4 1H NMR (300.27 MHz, C6D6) spectra of the hydrophosphination of acrylonitrile with 

PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom spectrum is 

taken after 15 min and the top spectrum after 24h. 
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Figure A.5 31P{1H} NMR (121.55 MHz, C6D6) spectra of the hydrophosphination of acrylonitrile 

with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom spectrum 

is taken after 15 min and the top spectrum after 24h. 
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Figure A.6 1H NMR (300.27 MHz, C6D6, 24h) spectrum of the hydrophosphination of acrylonitrile 

with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. 
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Methyl acrylate: 

 

 

Figure A.7 1H NMR (300.27 MHz, C6D6) spectra of the hydrophosphination of methyl acrylate 

with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom spectrum 

is taken after 15 min and the top spectrum after 24h. 
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Figure A.8 31P{1H} NMR (121.55 MHz, C6D6) spectra of the hydrophosphination of methyl 

acrylate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom 

spectrum is taken after 15 min and the top spectrum after 24h. 
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Figure A.9 1H NMR (300.27 MHz, C6D6, 24h) spectrum of the hydrophosphination of methyl 

acrylate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. 
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Methyl methacrylate: 

 

 

 

Figure A.10 1H NMR (300.27 MHz, C6D6) spectra of the hydrophosphination of methyl 

methacrylate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The 

bottom spectrum is taken after 15 min and the top spectrum after 24h. 
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Figure A.11 31P{1H} NMR (121.55 MHz, C6D6) spectra of the hydrophosphination of methyl 

methacrylate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The 

bottom spectrum is taken after 15 min and the top spectrum after 24h. 
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Figure A.12 1H NMR (300.27 MHz, C6D6, 24h) spectrum of the hydrophosphination of methyl 

methacrylate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst 
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Dimethyl fumarate:  

 

 

 

Figure A.13 1H NMR (300.27 MHz, C6D6) spectra of the hydrophosphination of dimethyl 

fumarate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom 

spectrum is taken after 15 min and the top spectrum after 24h. 
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Figure A.14 31P{1H} NMR (121.55 MHz, C6D6) spectra of the hydrophosphination of dimethyl 

fumarate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom 

spectrum is taken after 15 min and the top spectrum after 24h. The blue dots are tentatively 

assigned. 
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Figure A.15 1H NMR (300.27 MHz, C6D6, 24h) spectrum of the hydrophosphination of dimethyl 

fumarate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. 
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Methyl cinnamate: 

 

 

Figure A.16 1H NMR (300.27 MHz, C6D6) spectra of the hydrophosphination of methyl cinnamate 

with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom spectrum 

is taken after 15 min and the top spectrum after 24h. 
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Figure A.17 31P{1H} NMR (121.55 MHz, C6D6) spectra of the hydrophosphination of methyl 

cinnamate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The 

bottom spectrum is taken after 15 min and the top spectrum after 24h. 
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Figure A.18 1H NMR (300.27 MHz, C6D6, 24h) spectrum of the hydrophosphination of methyl 

cinnamate with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. 
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Chalcone: 

  

 

Figure A.19 1H NMR (300.27 MHz, C6D6) spectra of the hydrophosphination of trans-chalcone 

with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom spectrum 

is taken after 15 min and the top spectrum after 24h. 

 

 

                                                         

    

  

  

 



163 
 

 

Figure A.20 31P{1H} NMR (121.55 MHz, C6D6) spectra of the hydrophosphination of trans-

chalcone with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom 

spectrum is taken after 15 min and the top spectrum after 24h. 

 

Some unidentified P-containing products are labelled as blue dots. 
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Figure A.21 1H NMR (300.27 MHz, C6D6, 24h) spectrum of the hydrophosphination of trans-

chalcone with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. 
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Cinnamaldehyde:  

 

 

 

Figure A.22 1H NMR (300.27 MHz, C6D6) spectra of the hydrophosphination of cinnamaldehyde 

with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The bottom spectrum 

is taken after 15 min and the top spectrum after 24h. 
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Figure A.23 31P{1H} NMR (121.55 MHz, C6D6) spectra of the hydrophosphination of 

cinnamaldehyde with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The 

bottom spectrum is taken after 15 min and the top spectrum after 24h. 
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Figure A.24 1H NMR (300.27 MHz, C6D6, 24h) spectrum of the hydrophosphination of 

cinnamaldehyde with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. 
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Figure A.25 31P{1H} NMR (121.55 MHz, C6D6, 24h) spectrum of the hydrophosphination of 

cinnamaldehyde with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. 
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Crotonaldehyde:  

 

 

 

Figure A.26 31P{1H} NMR (121.55 MHz, C6D6) spectra of the hydrophosphination of 

crotonaldehyde with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. The 

bottom spectrum is taken after 15 min and the top spectrum after 24h. 
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Figure A.27 1H NMR (300.27 MHz, C6D6, 24h) spectrum of the hydrophosphination of 

crotonaldehyde with PPh2H catalyzed by the in situ-generated Cp*Ru(PPh2H)2PPh2 catalyst. 
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Appendix B  

 

31P{1H} NMR (202.51 MHz, C6D6), 
1H NMR (500.27 MHz, C6D6), 

1H/31P{1H}-HMBC NMR 

(500.27 MHz, C6D6), and 1H/13C{1H}-HSQC NMR (500.27 MHz, C6D6) spectra of the isolated 

compounds Ru(η5-Cp*)(Cl)(PR2H)2 (R = Ph (3a), Cy (3c), and Et (3d)) 

 

 

NMR characterization of Ru(η5-Cp*)(Cl)(PPh2H)2 (3a) 

 

 

Figure B.1 1H (500.27 MHz, C6D6) and 31P{1H} (202.51 MHz, C6D6) NMR spectra of complex 

Ru(ƞ5-Cp*)(Cl)(PPh2H)2 (3a). 
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Figure B.2 1H/31P-HMBC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(Cl)(PPh2H)2 (3a). 
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Figure B.3 1H/13C-HSQC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(Cl)(PPh2H)2 (3a). 
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NMR characterization of Ru(η5-Cp*)(Cl)(PCy2H)2 (3c) 

 

 

 

Figure B.4 1H (500.27 MHz, C6D6) and 31P{1H} (202.51 MHz, C6D6) NMR spectrum of complex 

Ru(ƞ5-Cp*)(Cl)(PCy2H)2 (3c). 
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Figure B.5 1H/31P-HMBC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(Cl)(PCy2H)2 (3c). 
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Figure B.6 1H/13C-HSQC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(Cl)(PCy2H)2 (3c). 
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NMR characterization of Ru(η5-Cp*)(Cl)(PEt2H)2 (3d) 

 

 

Figure B.7 1H (500.27 MHz, C6D6) and 31P{1H} (202.51 MHz, C6D6) NMR spectrum of complex 

Ru(ƞ5-Cp*)(Cl)(PEt2H)2 (3d). 
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Figure B.8 1H/31P-HMBC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(Cl)(PEt2H)2 (3d). 
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Figure B.9 1H/13C-HSQC NMR spectrum (500.27 MHz, C6D6) of complex Ru(ƞ5-

Cp*)(Cl)(PEt2H)2 (3d). 

 

 

 

 

 

                                                                        

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

         

  
 
        

  
 
        

  
 
      

 
  

 
 
  

  
 
 

 
 

 
  

 
   

  
 
 

 
 

 
 
 
  

 
 
  
 
  

  
 
 

 
 

 
 
 
  

 
 
  
 
  

  
 
 

   


