
E-Z isomerization in Suzuki cross coupling of 1, 2-

dichlorovinyl phenyl ketone: Ligand effects in controlling 

selectivity and mechanistic studies for loss of stereochemical 

integrity. 

by 

Navneet Kaur Chehal 

A Thesis submitted to the Faculty of Graduate Studies of 

The University of Manitoba 

in partial fulfilment of the requirements of the degree of 

DOCTOR OF PHILOSOPHY 

Department of Chemistry 

University of Manitoba 

Winnipeg, MB, R3T 2N2 

Copyright © 2018 by Navneet Kaur Chehal



i 

Acknowledgements ..................................................................................................................... xxv 

Abstract ...................................................................................................................................... xxvi 

List of Abbreviations ............................................................................................................... xxviii 

CHAPTER-1: Background ............................................................................................................. 1 

1.1 Introduction .................................................................................................................... 1 

1.1.1. Palladium catalyzed C-C cross coupling reactions ............................................... 1 

1.1.1. Stereoselectivity in palladium catalyzed cross coupling reactions ..................... 14 

1.1.3. Loss of stereochemistry in cross coupling reactions ........................................... 15 

1.1.4. Pathways for isomerization ................................................................................. 22 

Phosphine mediated E-Z isomerization ........................................................................ 22 

Palladium hydride ........................................................................................................ 24 

Olefin isomerization ..................................................................................................... 28 

Double bond migration ................................................................................................ 30 

Zwitterionic pathway ................................................................................................... 35 

Co-ordination pathway ................................................................................................. 42 

CHAPTER-2: Results and discussions ......................................................................................... 48 

2.1. Initial plan ....................................................................................................................... 48 

2.2. Synthesis of 1, 2-dichlorovinylphenyl ketone ................................................................ 50 

2.3. Determination of the regioselectivity of Pd catalyzed Suzuki cross coupling ............... 53 

2.4 Identification of the unexpected product: Losing stereocontrol instead of regiocontrol . 55 



ii 

2.5. Control over inversion and retention of configuration ................................................... 64 

2.5.1 Base and solvent screening ...................................................................................... 64 

2.5.2 Palladium catalyst screening .................................................................................... 65 

2.5.3 Phosphine ligand screening...................................................................................... 66

2.6. Synthesis of E and Z isomers .......................................................................................... 71 

2.7. Mechanistic Insight ................................................................................................................ 79 

2.7.1 Thermal isomerization ............................................................................................. 80 

2.7.2. Photo-isomerization ................................................................................................ 81 

2.7.3. Phosphine ligands ................................................................................................... 81 

2.7.4. Isomerization arising inside/outside the catalytic cycle.......................................... 83 

    2.7.4.1. Outside the catalytic cycle: Path A ..................................................................86

2.7.4.2: Inside the catalytic cycle: Zwitterionic character of vinyl palladium species-

Path B .............................................................................................................................88 

    2.7.4.3: Outside the catalytic cycle: Path C .................................................................. 92 

    2.7.5. Palladium Hydride .................................................................................................100

2.7.6. Co-ordination of the substrate to the transition metal ........................................... 109 

2.8. Summary .............................................................................................................................. 126 

Chapter 3: Recent Progress And Future Directions .................................................................... 128 

Chapter 4: Experimental Procedures .......................................................................................... 137 

4.1 General consideration .................................................................................................... 137 



iii 

4.2 Compounds from section 2.2 ......................................................................................... 138 

(E)-3,4-Dichloro-2-(dimethylamino)-2-phenylbut-3-enenitrile (E-167) ........................ 138 

(2E)‐2,3‐Dichloro‐1‐phenylprop‐2‐en‐1‐one (E-1) ........................................................ 139 

4.3 Compounds from section 2.3 and 2.4 ............................................................................ 140 

Initial Suzuki reaction and Ozonolysis procedure .......................................................... 140 

Ozonolysis....................................................................................................................... 141 

(2E/Z)‐3‐(4‐Methoxyphenyl)-2‐methyl‐1‐phenylprop‐2‐en‐1‐one (179) ....................... 141 

(2Z)‐2,3‐Dichloro‐1‐phenylprop‐2‐en‐1‐one (Z-1) ......................................................... 142 

4.4. Optimization studies from section 2.5 .......................................................................... 143 

Palladium catalysts.......................................................................................................... 143 

Base and solvent ............................................................................................................. 143 

Ligand studies ................................................................................................................. 144 

4.5. Compounds from Section 2.6 ....................................................................................... 144 

General procedure for Suzuki cross-coupling on (E-1) .................................................. 144 

(E)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (E-2) ............................. 145 

(E)-2-Chloro-3-(phenyl)-1-phenylprop-2-en-1-one (E-199) .......................................... 146 

(E)-2-chloro-3-(4-methylphenyl)-1-phenylprop-2-en-1-one (E-198) ............................ 147 

(2E)‐2‐chloro‐1‐phenyl‐3‐(thiophen‐2‐yl)prop‐2‐en‐1‐one (E-203) .............................. 148 

(2E)‐3‐(Benzofuran‐2‐yl)‐2‐chloro‐1‐phenylprop‐2‐en‐1‐one (E-202) ......................... 148 



iv 

(E)-2-chloro-3-(4-fluorophenyl)-1-phenylprop-2-en-1-one (E-200) .............................. 149 

(Z)-2-chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (Z-2) .............................. 150 

(2Z)‐2‐chloro‐1‐phenyl‐3‐(thiophen‐2‐yl)prop‐2‐en‐1‐one (Z-203) .............................. 151 

(Z)-2-chloro-3-(phenyl)-1-phenylprop-2-en-1-one (Z-199) ........................................... 152 

(Z)-2-chloro-3-(4-methylphenyl)-1-phenylprop-2-en-1-one (Z-198) ............................. 152 

(2Z)‐2‐chloro‐3‐(2‐fluoropyridin‐4‐yl)‐1‐phenylprop‐2‐en‐1‐one (Z-204) .................... 153 

(2Z)‐3‐(Benzofuran‐2‐yl)‐2‐chloro‐1‐phenylprop‐2‐en‐1‐one (Z-202) .......................... 154 

(2Z)‐2‐chloro‐3‐(4‐fluorophenyl)‐1‐phenylprop‐2‐en‐1‐one (Z-200) ............................ 155 

4.6. Compounds from Section 2.7.6. ................................................................................... 155 

General procedure for (E-220)........................................................................................ 155 

4.7. General Procedures from 2.7 ........................................................................................ 156 

Dimethyl maleate (Z-148) in Suzuki cross coupling reaction conditions ....................... 156 

Different dimethyl maleate (Z-148) concentration in the reaction ................................. 157 

TEMPO (209) and quinone studies................................................................................. 157 

Base study ....................................................................................................................... 158 

Suzuki cross coupling with an organic base ................................................................... 158 

(E-2) with 2.5 mol% Pd2(dba)3 at 350 K ........................................................................ 158 

(E-2) with 5 mol% DPEphos at 350 K ........................................................................... 159 

(E-2) with 5 mol% Pd/DPEphos at 350 K ...................................................................... 159 



v 

(E-2) with 5 mol% Pd/DPEphos at 313 K ...................................................................... 159 

Dimethyl maleate (Z-148) with 5mol% Pd/DPEphos at 350 K ...................................... 159 

Compound (E-1) and (E-2) with 5mol% Pd/DPEphos at 350 K .................................... 160 

Cis stilbene (Z-161) with 5mol% Pd/DPEphos at 350 K ............................................... 160 

(E-220) with 5mol% Pd/DPEphos at 350 K ................................................................... 160 

Dimethyl maleate (Z-148) and (E-2) 1:1 ratio with 5mol% Pd/DPEphos at 313 K ....... 161 

Dimethyl maleate (Z-148) and (E-2) in 0.5:1 ratio with 5mol% Pd/DPEphos at 313 K 161 

Dimethyl maleate (Z-148) and (E-2) in 0.01:1 ratio with 5mol% Pd/DPEphos at 313 

K ...................................................................................................................................... 162 

(E-2) with 5 mol% Pd/t-Bu-Xantphos at 350 K ............................................................. 162 

Chapter 5: References ................................................................................................................. 163 

Chapter 6: NMR spectra ............................................................................................................. 168 

(E)‐3,4-Dichloro-2-(dimethylamino)-2-phenylbut-3-enenitrile (E-167) - 1H NMR ........... 169 

(E)‐3,4-Dichloro-2-(dimethylamino)-2-phenylbut-3-enenitrile (E-167) - 13C NMR .......... 170 

(E)‐3,4-Dichloro-2-(dimethylamino)-2-phenylbut-3-enenitrile (E-167) - .......................... 171 

(2E)‐2,3-Dichloro‐1‐phenylprop‐2‐en‐1‐one (E-1) - 1H NMR ........................................... 172 

(2E)‐2,3-Dichloro‐1‐phenylprop‐2‐en‐1‐one (E-1) - 13C NMR .......................................... 173 

(2E)‐2,3-Dichloro‐1‐phenylprop‐2‐en‐1‐one (E-1) ............................................................. 174 

(2E/Z)‐3‐(4‐Methoxyphenyl)-2‐methyl‐1‐phenylprop‐2‐en‐1‐one (E/Z-179) - 1H NMR .. 175 

(2E/Z)‐3‐(4‐Methoxyphenyl)-2‐methyl‐1‐phenylprop‐2‐en‐1‐one (E/Z-179) - 13C NMR . 176 



vi 

(2E)‐3‐(4‐Methoxyphenyl)-2‐methyl‐1‐phenylprop‐2‐en‐1‐one (E-179) - 3JC,H ................ 177 

(2Z)‐3‐(4‐Methoxyphenyl)-2‐methyl‐1‐phenylprop‐2‐en‐1‐one (Z-179) - 3JC,H ................. 178 

(2E)‐3‐(4‐Methoxyphenyl)-2‐methyl‐1‐phenylprop‐2‐en‐1‐one (E-179) – NOE ............... 179 

(2Z)‐3‐(4‐Methoxyphenyl)-2‐methyl‐1‐phenylprop‐2‐en‐1‐one (Z-179) - NOE ................ 180 

(2E)‐3‐(4‐Methoxyphenyl)-2‐methyl‐1‐phenylprop‐2‐en‐1‐one (E-179) - NOE ............... 181 

(2Z)‐3‐(4‐Methoxyphenyl)-2‐methyl‐1‐phenylprop‐2‐en‐1‐one (Z-179) - NOE ................ 182 

(2Z)‐2,3-Dichloro‐1‐phenylprop‐2‐en‐1‐one (Z-1) - 1H NMR ............................................ 183 

(2Z) ‐2,3‐Dichloro‐1‐phenylprop‐2‐en‐1‐one (Z-1) - 13C NMR .......................................... 184 

(2Z)‐2,3-Dichloro‐1‐phenylprop‐2‐en‐1‐one (Z-1) - 13C NMR ........................................... 185 

(2Z)‐2,3-Dichloro‐1‐phenylprop‐2‐en‐1‐one (Z-1) - 3JC,H ................................................... 186 

(E)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (E-2) – 1H NMR ............... 187 

(E)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (E-2) – 13C NMR .............. 188 

(E)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (E-2) – 13C NMR 

(zoomed) .............................................................................................................................. 188 

(E)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (E-2) - 3JC,H ....................... 190 

(E)-2-Chloro-3-(phenyl)-1-phenylprop-2-en-1-one (E-199) – 1H NMR ............................ 191 

(E)-2-Chloro-3-(phenyl)-1-phenylprop-2-en-1-one (E-199) – 13C NMR ........................... 192 

(E)-2-Chloro-3-(4-methylphenyl)-1-phenylprop-2-en-1-one (E-198) - 1H NMR ............... 194 

(E)-2-Chloro-3-(4-methylphenyl)-1-phenylprop-2-en-1-one (E-198)- 13C NMR ............... 195 

(E)-2-Chloro-3-(4-methylphenyl)-1-phenylprop-2-en-1-one (E-198) - 3JC,H ...................... 196 



vii 

(2E)-2-Chloro-1-phenyl-3-(thiophen-2-yl)prop-2-en-1-one (E-203) - 1H NMR ................ 197 

(2E)-2-Chloro-1-phenyl-3-(thiophen-2-yl)prop-2-en-1-one (E-203) – 13C NMR .............. 198 

(2E)-2-Chloro-1-phenyl-3-(thiophen-2-yl)prop-2-en-1-one (E-203) - 3JC,H ....................... 199 

(2E)‐3‐(Benzofuran‐2‐yl)‐2‐chloro‐1‐phenylprop‐2‐en‐1‐one (E-202) - 1H NMR ............ 200 

(2E)‐3‐(Benzofuran‐2‐yl)‐2‐chloro‐1‐phenylprop‐2‐en‐1‐one (E-202) – 13C NMR ........... 201 

(2E)‐3‐(Benzofuran‐2‐yl)‐2‐chloro‐1‐phenylprop‐2‐en‐1‐one (E-202) - 3JC,H ................... 202 

(E)-2-Chloro-3-(4-fluorophenyl)-1-phenylprop-2-en-1-one (E-200) - 1H NMR ................ 203 

(E)-2-Chloro-3-(4-fluorophenyl)-1-phenylprop-2-en-1-one (E-200)– 13C NMR ............... 204 

(E)-2-Chloro-3-(4-fluorophenyl)-1-phenylprop-2-en-1-one (E-200) - 3JC,H ....................... 205 

(Z)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (Z-2) - 1H NMR ................ 206 

(Z)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (Z-2) – 13C NMR .............. 207 

(Z)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (Z-2) – 13C NMR 

(zoomed) .............................................................................................................................. 208 

(Z)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (Z-2) - 3JC,H ....................... 209 

(2Z)-2-Chloro-1-(phenyl)-3-(thiophen-2-yl)prop-2-en-1-one (Z-203) - 1H NMR .............. 210 

(2Z)-2-Chloro-1-(phenyl)-3-(thiophen-2-yl)prop-2-en-1-one (Z-203) – 13C NMR ............ 211 

(2Z)-2-Chloro-1-(phenyl)-3-(thiophen-2-yl)prop-2-en-1-one (Z-203) - 3JC,H ..................... 212 

(Z)-2-Chloro-3-(phenyl)-1-phenylprop-2-en-1-one (Z-199) – 1H NMR ............................. 213 

(Z)-2-Chloro-3-(phenyl)-1-phenylprop-2-en-1-one (Z-199) – 13C NMR ............................ 214 

(Z)-2-Chloro-3-(phenyl)-1-phenylprop-2-en-1-one (Z-199) -  3JC,H ................................... 215 



viii 

(Z)-2-Chloro-3-(4-methyphenyl)-1-phenylprop-2-en-1-one (Z-198) – 1H NMR ................ 216 

(Z)-2-Chloro-3-(4-methyphenyl)-1-phenylprop-2-en-1-one (Z-198) – 13C NMR .............. 217 

(Z)-2-Chloro-3-(4-methyphenyl)-1-phenylprop-2-en-1-one (Z-198) - 3JC,H ....................... 218 

(2Z)-2-Chloro-3-(2-fluoropyridin-4-yl)-1-phenylprop-2-en-1-one (Z-204) – 1H NMR ..... 219 

(2Z)‐2‐Chloro‐3‐(2‐fluoropyridin‐4‐yl)‐1‐phenylprop‐2‐en‐1‐one (Z-204) – 13C NMR .... 220 

(2Z)‐2‐Chloro‐3‐(2‐fluoropyridin‐4‐yl)‐1‐phenylprop‐2‐en‐1‐one (Z-204) - 3JC,H ............. 221 

(2Z)‐3-(Benzofuran-2-yl)-2-chloro‐1‐phenylprop‐2‐en‐1‐one (Z-202) – 1H NMR ............ 222 

(2Z)‐3-(Benzofuran-2-yl)-2-chloro‐1‐phenylprop‐2‐en‐1‐one (Z-202) – 13C NMR ........... 223 

(2Z)‐3-(Benzofuran-2-yl)-2-chloro‐1‐phenylprop‐2‐en‐1‐one (Z-202) - 3JC,H .................... 224 

(2Z)‐2‐Chloro‐3‐(4-fluorophenyl)‐1‐phenylprop‐2‐en‐1‐one (Z-200) – 1H NMR .............. 225 

(2Z)‐2‐Chloro‐3‐(4-fluorophenyl)‐1‐phenylprop‐2‐en‐1‐one (Z-200) – 13C NMR ............. 226 

(2Z)‐2‐Chloro‐3‐(4-fluorophenyl)‐1‐phenylprop‐2‐en‐1‐one (Z-200) - 3JC,H ..................... 227 

(2E)‐2‐Chloro‐3‐(4‐methoxyphenyl)‐1‐phenylprop‐2‐en‐1‐ol (Z-220) – 1H NMR ............ 228 

(2E)‐2‐Chloro‐3‐(4‐methoxyphenyl)‐1‐phenylprop‐2‐en‐1‐ol (Z-220) - 13C NMR ............ 229 

(2E)‐2‐Chloro‐3‐(4‐methoxyphenyl)‐1‐phenylprop‐2‐en‐1‐ol (Z-220) - 3JC,H.................... 230 

(E-2) with 2.5 mol% Pd2(dba)3 in d8-toluene at 350K (first scan and last scan after~5 hr) 231 

(E-2) with 5 mol% DPEphos in d8-toluene at 350 K (first scan and last scan after ~ 3.5 hr)

 ............................................................................................................................................. 232 

(E-2) with 5 mol% TEMPO and 5mol% Pd/DPEphos in d8-toluene at 313 K (t=0 and t=3.5 

hr) ......................................................................................................................................... 233 



ix 

(E-2) with 5mol% Pd/DPEphos in d8-toluene at 313 K (at t=0 and t=3.5 hr) ..................... 234 

(E-1) with 5 mol% DPEphos at 350 K (after 5 hr) .............................................................. 235 

Reduced ketone functionality (220) with 5 mol% Pd/DPEphos at 350 K (after 3.5 hr) ..... 236 

(E-2) with 5 mol% Pd/DPEphos and 1 mol% dimethyl maleate at 313 K (at t=0 and t=5 hr)

 ............................................................................................................................................. 237 

(E-2) with 5 mol% Pd/DPEphos and 1 eq dimethyl maleate (E-148) at 313 K (at t=0 and 

t=3.5 hr) ............................................................................................................................... 238 

(E-2) with 5 mol% Pd/DPEphos and 0.5 eq dimethyl maleate (E-148) at 313 K (at t=0 and 

t=3.5 hr) ............................................................................................................................... 239 

Cis-stilbene (Z-161) with 5 mol% Pd/DPEphos at 313 K (at t=0 and t=3.5 hr) ................. 240 

(E-2) with 5 mol% Pd/DPEphos and 1 eq cis-stilbene (Z-161) at at 313 K (at t=0 and t=3.5 

hr) ......................................................................................................................................... 241 

(E-1) and (E-2) with 5 mol% Pd/DPEphos at 350 K (at t=0 and t=3.5 hr) ......................... 242 

Chapter 7: Crystal Data ............................................................................................................... 243 

(3E)‐3,4‐Dichloro‐2‐(dimethylamino)‐2‐phenylbut‐3‐enenitrile (E-167). .......................... 243 

(Z)-2-Chloro-3-(4-methylphenyl)-1-phenylprop-2-en-1-one (Z-198) ................................. 247 

(E)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (E-2) ................................. 251 

(Z)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (Z-2) .................................. 255 

(E)-2-Chloro-3-(benzofuran-2-yl)-1-phenylprop-2-en-1-one (E-202) ................................ 259 

(Z)-2-Chloro-3-(benzofuran-2-yl)-1-phenylprop-2-en-1-one (Z-202) ................................ 263 



x 

Appendix ..................................................................................................................................... 267 



xi 

List of figures 

Figure 1: General catalytic cycle for a palladium catalyzed cross coupling. ............................. 2 

Figure 2: Pictorial representation of the cone angle and the bite angle. .................................... 4 

Figure 3: General palladium catalyzed catalytic cycle for Heck cross coupling. .................... 13 

Figure 4: The structure of 1,2-dichlorovinylphenyl ether. ....................................................... 48 

Figure 5: General catalytic cycle for Suzuki cross coupling reaction. ..................................... 53 

Figure 6: Structures of 1,2- dichloro vinyl phenyl ketone, 2,3- dibromo-1H-indenone-1-

    one and 2,3-dibromofuranone........... .........................................................................................54

Figure 7: Two peaks of m/z 272 observed by GC-MS. ........................................................... 55 

Figure 8: Stereoisomers (instead of Regio isomers) formation during Suzuki cross coupling 

on 1,2-dichlorovinylphenylketone. ...........................................................................................56 

Figure 9: Stereoisomers formed after second cross coupling on mixture of isomers, (Z/E-2).

...................................................................................................................................................57 

Figure 10: NOE studies on (E/ Z-179). ................................................................................... 58 

Figure 11: Three bond coupling constant measurement via HMBC. ....................................... 60 

Figure 12: Crystal structures of (Z-2) and (E-2). ..................................................................... 61 

Figure 13: Crystal structure of (E-167). ................................................................................... 62 

Figure 14: Structure of DPEphos. ............................................................................................ 62 

Figure 15: Chromatogram showing E-1 and Z-1 retention times. ........................................... 63 

Figure 16: Base and solvent screening. .................................................................................... 65 



xii 

Figure 17: Palladium catalyst screening in Suzuki cross coupling of (E-1). ........................... 66 

Figure 18: Different phosphine ligands used in screening. The cone angles/ bite angles of 

     some ligands mentions in brackets............................................................................................67

Figure 19: Structure of compound dibenzylideneacetone ........................................................ 70 

Figure 20: Crystal structure of (E-202). ................................................................................... 76 

Figure 21: Crystal structure of (Z-202). ................................................................................... 77 

Figure 22: Crystal structure of (Z-198). ................................................................................... 77 

Figure 23: Crystal structure of (Z-2). This picture is also shown in figure 12. ....................... 78 

Figure 24: Crystal structure of (E-2). This picture is also shown in figure 12. ....................... 78 

Figure 25: Pictorial representation of three plausible pathways leading to the isomerized 

Suzuki cross coupling product. .................................................................................................83 

Figure 26: Suzuki cross coupling on E-1. ................................................................................ 85 

Figure 27: Reaction outcome by varying palladium catalyst concentration in Suzuki cross 

coupling on (E-1). .....................................................................................................................90 

Figure 28: Model compounds for DFT studies. ....................................................................... 91 

Figure 29: NMR spectrum of (E-2) in d8-toluene. ................................................................... 96 

Figure 30: The NMR spectrum of (E-2) in d8-toluene after adding palladium catalyst. ......... 97 

Figure 31: The NMR spectrum of (E-2) in d8-toluene after 25 min of adding 5 mol% 

Pd/DPEphos. .............................................................................................................................98 

Figure 32: Isomerization of (E-2) to (Z-2) in the presence of a 5 mol% Pd/DPEphos. .......... 98 



xiii 

Figure 33: Graph representing the ratios of (E-2) and (Z-2) with time in presence of a 

palladium catalyst at 77 ℃. ......................................................................................................99 

Figure 34: Graph representing the ratios of (E-2) and (Z-2) with time in presence of a 

palladium catalyst at 40 ℃. ......................................................................................................99 

Figure 35: Structure of a dimethyl maleate. ........................................................................... 100 

Figure 36: Crude NMR spectrum showing dimethyl maleate isomerization to dimethyl 

fumarate. .................................................................................................................................101 

Figure 37: Chart depicting ratios of (E-2) and (Z-2) affected by different dimethyl maleate 

concentrations. ........................................................................................................................102 

Figure 38: NMR spectra of dimethyl maleate in presence of the palladium catalyst stacked 

with dimethyl fumarate NMR spectrum. ................................................................................104 

Figure 39: NMR spectra showing no isomerization of cis-stilbene after 1.5 hr .................... 105 

Figure 40: Structure of TEMPO. ............................................................................................ 106 

Figure 41: Structures of TMEDA and triethylamine. ............................................................ 107 

Figure 42: Two transition states and three minima located for (E-199) via DFT studies. 

Energies (kcal mol-1) relative to 217 are indicated for each calculated stationary state. ........110 

Figure 43: Structure of DMPE ligand. ................................................................................... 111 

Figure 44: Pictures for two transition states and an intermediate shown in Figure 42. ......... 111 

Figure 45: Isomerization of (E-2) in 5 mol% Pd/DPEphos monitored by NMR. This figure 

is same as figure 34. ................................................................................................................113 



xiv 

Figure 46: Isomerization of (E-2) in 5 mol% Pd/ t-Bu-Xantphos phosphine monitored by 

NMR. ......................................................................................................................................114 

Figure 47: Two transition states and three minima located for (Z-148) via DFT studies. 

Energies (kcal mol-1) relative to 213 are indicated for each calculated stationary state. ........117 

Figure 48: No isomerization of (E-2) observed in the presence of 1 equivalent of dimethyl 

maleate. ...................................................................................................................................119 

Figure 49: Isomerization of (E-2) observed in the presence of cis-stilbene reaction. ........... 120 

Figure 50: Graph showing the isomerization of (E-2) to (Z-2) in the presence of the 1 mol% 

dimethyl maleate. ................................................................................................................... 120 

Figure 51: Plausible formation of P, O ligand by oxidation of P, P ligand. .......................... 121 

Figure 52: Schematic representation of isomerization pathway of (Z-148) with P, O ligand. 

Energies (kcal mol-1) relative to 226 are indicated for each calculated stationary state. ........122 

Figure 53: Schematic representation of isomerization pathway of (E-199) with P, O ligand. 

Energies (kcal mol-1) relative to 229 are indicated for each calculated stationary state. .........123 

Figure 54: Two transition states and three minima located via DFT studies for (E-1). ........ 124 

Figure 55: Energy profiles for forced rotation around C=C bond for species A-C. .............. 268 



xv 

List of schemes 

Scheme 1: Schematic representation of Suzuki cross coupling on E-1,2-dichlorovinylphenyl 

    ketone. .................................................................................................................................. xxvi

Scheme 2: Classes of palladium catalyzed cross couplings which employ organometallic 

reagents. ..................................................................................................................................... 1 

Scheme 3: Classes of palladium catalyzed cross couplings which couples two organic 

molecules. .................................................................................................................................. 2 

Scheme 4: Schematic representation of palladium catalyzed Kumada cross coupling. ............ 4 

Scheme 5: Schematic representation of palladium catalyzed Sonogashira cross coupling. ...... 5 

Scheme 6: Schematic representation of palladium catalyzed Negishi cross coupling. .............. 6 

Scheme 7: Schematic representation of palladium catalyzed Suzuki cross coupling. ............... 7 

Scheme 8: Importance of presence of the base in Suzuki cross coupling reaction. ................... 8 

Scheme 9: Suggested pathways for transmetallation in Suzuki cross coupling reaction. .......... 9 

Scheme 10: Observed side reactions during Suzuki cross coupling. ....................................... 10 

Scheme 11: Schematic representation of palladium catalyzed Stille cross coupling. .............. 10 

Scheme 12: Schematic representation of palladium catalyzed Hiyama cross coupling .......... 11 

Scheme 13: Schematic representation of palladium catalyzed Heck cross coupling. .............. 12 

Scheme 14: Retention of stereochemistry during palladium catalyzed synthesis of 

     chalchones................................................................................................................................ 14



xvi 

Scheme 15: Retention of stereochemistry during palladium catalyzed formylation of 

     organohalide............................................................................................................................. 14

Scheme 16: Retention of stereochemistry during palladium catalyzed cross coupling of aryl 

     fluorosulphonate with organotin reagent................................................................................. 15

Scheme 17: Retention of stereochemistry during palladium catalyzed cross coupling of 

 chloroarene with organochlorosilane....................................................................................... 15

Scheme 18: Retention of stereochemistry during palladium catalyzed cross coupling of 

    organozinc with alkoxy-vinyliodide......................................................................................... 15

Scheme 19: Stereochemistry studies in palladium coupling of benzoyl chloride and 

    styryltrimethyltin....................................................................................................................... 16

Scheme 20: Stereochemistry studies in palladium catalyzed coupling of benzoyl chloride 

     and (Z)- propenyltributyltin...................................................................................................... 17

Scheme 21: Stereochemistry studies in palladium catalyzed coupling of benzoyl chloride 

     and (Z)- benzyl 3-(tributylstannyl)propenoate. ........................................................................ 17

Scheme 22: Ligand effect in Stille coupling of benzoyl chloride and (Z)-1-

    propenyltributyltin..................................................................................................................... 18

Scheme 23: Loss of stereospecificity during palladium catalyzed carbonylative cross 

 coupling of vinyl iodide and organotin reagents. .................................................................... 19

Scheme 24: Insertion of CO during palladium catalyzed Stille coupling. ............................... 20 

Scheme 25: Palladium catalyzed carbonylative cross coupling of cyclohexenyl iodide and 

  benzyl Z-3-(tributylstannyl)propenoate.................................................................................... 21



xvii 

Scheme 26: Stereochemistry studies on palladium catalyzed carbonylative cross coupling of 

     vinyl iodide and 1-(tributylstannyl)propene............................................................................. 21

Scheme 27: Isomerization during formylation of vinyliodide and tributyltinhydride............. 22

Scheme 28: E-Z isomerization observed during catalytic witting reaction. ............................ 22 

Scheme 29: Mechanism for E-Z isomerization in the presence of phosphine. ........................ 23 

Scheme 30: E-Z isomerization of an enone in the presence of phosphine. .............................. 23 

Scheme 31: Isomerization observed during synthesis of oxindole. ......................................... 24 

Scheme 32: E-Z isomerization of oxindole in the presence of a phosphine ligand “dppe”. .... 24 

Scheme 33: Palladium hydride species catalyzed olefin isomerization, double bond 

migration and formation of migrated cross coupled product. .................................................. 25 

Scheme 34: Normal and rearranged product from palladium catalyzed Heck and Negishi 

coupling....................................................................... ............................................................. 25 

Scheme 35: Normal product and 1,2- migration product from heck reaction with alkenyl 

     phosphates and tosylates........................................................................................................... 26

Scheme 36: Normal and rearranged product formation from Heck coupling on tert-butyl 

vinyl substrate. .......................................................................................................................... 26 

Scheme 37: Mechanism of Heck cross coupling demonstrating the formation of the expected 

product. ..................................................................................................................................... 27 

Scheme 38: Proposed mechanism for the generation of the migrated product........................ 28

Scheme 39: Examples of E-Z isomerization catalyzed by palladium hydride......................... 28



xviii 

Scheme 40: Mechanism proposed by Skrydstrup et al. for the formation of palladium hydride 

    species....................................................................................................................................... 29

Scheme 41: General mechanism for E-Z isomerization by palladium hydride species.......... 29

Scheme 42: General mechanism for Double bond migration catalyzed by palladium hydride.

................................................................................................................................................... 30 

Scheme 43: Examples of migration of double bond catalyzed by palladium hydride 

     species...................................................................................................................................... 31

Scheme 44: Loss of stereochemistry in cross coupling at Z olefin centre. .............................. 31 

Scheme 45: Loss of stereochemistry during Stille coupling of enone..................................... 32

Scheme 46: Ligand effect on the stereochemistry of enone cross coupling............................ 32

Scheme 47: Loss of stereochemistry via palladium hydride pathway..................................... 33

Scheme 48: E-Z isomerization of olefin by Pd-H. ................................................................... 33 

Scheme 49: Proposed mechanism for isomerization by tributyltin hydride............................. 34

Scheme 50: Examples of E-Z isomerization in the presence of tributyltin hydride................ 34

Scheme 51: Formation of trans products during carbopalladation via proposed zwitterionic 

     pathway.................................................................................................................................... 35

Scheme 52: Carbopalladation of terminal alkyne.................................................................... 36

Scheme 53: Synthesis of oxidative addition species from vinyl halides. ................................ 36 

Scheme 54: Ligand effect on the stereochemistry of enone cross coupling............................ 37

Scheme 55: E-Z isomerization via zwitterionic palladium carbene pathway. ......................... 37 



xix 

Scheme 56: Synthesis of 3-(Diarylmethylene)oxindoles. ........................................................ 38 

Scheme 57: E-Z isomerization during synthesis of 3-(Diarylmethylene)oxindoles. ............... 39 

Scheme 58: Proposed mechanism for loss of stereochemistry in 3-

(Diarylmethylene)oxindoles. ................................................................................................... 40 

Scheme 59: Positively charged palladium species during cationic Heck coupling pathway. .. 40 

Scheme 60: Addition of silver additives in synthesis of 3-(Diarylmethylene)oxindoles. ........ 41 

Scheme 61: Nickel catalyzed carbopalladation of alkynes...................................................... 41

Scheme 62: Isomerization in vinylic rhodium complexes. ...................................................... 41 

Scheme 63: Loss of stereochemistry during hydrosilylation catalyzed by ruthenium 

    complexes.................................................................................................................................. 42

Scheme 64: Isomerization of dimethyl maleate to dimethyl fumarate. ................................... 42 

Scheme 65: E-Z isomerization of Z-alkene in the presence of the [Pd]................................... 42

Scheme 66: Ligand controlled stereoselective synthesis of Z and E-oxindoles. ..................... 43 

Scheme 67: Isomerization studies on Z-isomer. ...................................................................... 44 

Scheme 68: Individual studies on (Z-154). .............................................................................. 45 

Scheme 69: Stereoselective synthesis of trifluoromethylated 1,3-butadienes by palladium 

catalyzed directed C-H functionalization. ................................................................................ 45 

Scheme 70: Palladium catalyzed directed C-H functionalization of simple acrylamides 

results in E isomer. ................................................................................................................... 46 



xx 

Scheme 71: Ligand controlled synthesis of E and Z olefins by nickel catalyzed transfer 

     hydrogenative alkyne semireduction. ...................................................................................... 46

Scheme 72: Isomerization studies on stilbene. ........................................................................ 47 

Scheme 73: Schematic representation of the plan for the synthesis of 2-substituted 

indanones. ................................................................................................................................ 49 

Scheme 74: Loss of stereochemistry in the Suzuki cross coupled product. ............................. 50 

Scheme 75: Two step synthesis of 1,2- dichlorovinylphenyl ketone....................................... 50

Scheme 76: Structures of tetrabutylammonium hydrogen sulfate (TBAHS) and tetrachloro 

ethylene (TCE). ........................................................................................................................ 51 

Scheme 77: Mechanism proposed by Jonczyk for the synthesis of (E-164). .......................... 52 

Scheme 78: Aminonitrile - iminium cyanide equilibrium and role of copper sulfate. ............ 52 

Scheme 79: Presumed synthesis of isomers during first Suzuki cross coupling. ..................... 54 

Scheme 80: Expected product from the Ozonolysis on regioisomers. ..................................... 56 

Scheme 81: Possible places for loss of stereochemistry. ......................................................... 59 

Scheme 82: The identification of stereochemistry with three bond (C-H) coupling constant 

values. ...................................................................................................................................... 60 

Scheme 83: Isomerization of (E-1) to (Z-1) in the presence of DPEphos. .............................. 63 

Scheme 84: Schematic representation of the Suzuki cross coupling outcome on (E-1). ......... 64 

Scheme 85: Base and solvent screening on (E-1) for Suzuki cross coupling. ......................... 64 

Scheme 86: Screening of different palladium sources on (E-1) for Suzuki cross coupling. ... 66 



xxi 

Scheme 87: Retention and isomerized from Suzuki cross coupling outcome on (E-2). .......... 71 

Scheme 88: Reaction for thermal stability of (E-1) and (E-2). ................................................ 80 

Scheme 89: Photo-isomerization test for Suzuki cross coupling on (E-1). ............................. 81 

Scheme 90: Mechanism for E-Z isomerization of (E-2) to (Z-2) by phosphine ligands. ........ 82 

Scheme 91: Experimentation to verify the isomerization of (E-1) and (E-2) takes place via 

    phosphine ligands..................................................................................................................... 82

Scheme 92: Suzuki cross coupling on (E-1) monitored via HPLC. ........................................ 84 

Scheme 93: E-Z isomerization via vinylpalladium intermediate. ............................................ 89 

Scheme 94: E-Z isomerization after oxidative addition on (E-1). ........................................... 89 

Scheme 95: E-Z isomerization during transmetallation step ................................................... 89 

Scheme 96: Zwitterionic structure for vinylpalladium species. ............................................... 92 

Scheme 97: Isomerization of dimethyl maleate under DPEphos Suzuki cross coupling 

         conditions ............................................................................................................................... 100

Scheme 98: Experiment designed to verify whether dimethyl maleate acts as an inhibitor. . 102 

Scheme 99: Experiment designed to verify the presence of the palladium hydride species. . 103 

Scheme 100: Testing the isomerization of cis stilbene in the presence of a [Pd]. ................. 104 

Scheme 101: Use of palladium hydride trap in Suzuki cross coupling of (E-1). ................... 106 

Scheme 102: Palladium hydride trap in the isomerization reaction condition. ...................... 107 

Scheme 103: The addition of triethylamine to the isomerization reaction conditions. .......... 107 

Scheme 104: Suzuki cross coupling on (E-162) and (E-1) for comparison. ......................... 108 



xxii 

Scheme 105: Envisioned E-Z isomerization by coordination of (E-2) to the palladium 

           catalyst. ................................................................................................................................. 109

Scheme 106: (E-2) to (Z-2) isomerization in the presence of the DPEphos phosphine. ....... 112 

Scheme 107: (E-2) to (Z-2) isomerization in the presence of the t-Bu-Xantphos phosphine 113 

Scheme 108: Cis-stilbene and (E-2) with reduced ketone functionality in isomerization 

conditions. ............................................................................................................................. 115 

Scheme 109: Suzuki cross coupling outcome on (E-159) and (E-1). .................................... 115 

Scheme 110: Experiment to verify whether (E-2) isomerizes in the presence of (Z-148/ Z-

161) in the isomerization conditions. ..................................................................................... 116 

Scheme 111: Experiment to verify whether (E-2) isomerizes in the presence of in the 

 isomerization conditions by varying concentration of (Z-148) in the reaction conditions.... 118 

Scheme 112: Verifying the isomerization of (E-2) in presence of the (E-1). ........................ 123 

Scheme 113: Plausible alternative oxidative addition pathway instead of isomerization in (E-

          1). .......................................................................................................................................... 125

Scheme 114: Isomerization and retention in the product during Suzuki cross coupling on (E-

  1). ......................................................................................................................................... 126 

Scheme 115: Postulated pathway for isomerization of the Suzuki cross coupling product. .. 127 

Scheme 116: Synthesis of 2-substitued indanones via Nazarov cyclization of 2-arylchalcones 

 by Zhu et al............................................................................................................................. 128

Scheme 117: Suzuki cross coupling on (E/Z-2) with methylboronic acid. ........................... 128 

Scheme 118: Suzuki cross coupling on (E-2) with p-methoxyphenylboronic acid. .............. 129 



xxiii 

Scheme 119: Selective Suzuki cross coupling on E-1 in the presence of water as a reaction 

 solvent. ................................................................................................................................... 130

Scheme 120: Extension of project with Sonogashira on (E-1). ............................................. 131 

Scheme 121: Isomerization study of (E-2) in presence of [Pd] and aryl boronic acid. ......... 132 

Scheme 122: E-Z isomerization of disulfonic derivative. ...................................................... 134 

Scheme 123: Plausible way of testing E-Z isomerization in conjugated dienes. ................... 135 



xxiv 

List of tables 

Table 1: Suzuki cross coupling outcome from different phosphine ligand screening. The 

     quantitative studies were done using GC-MS. ......................................................................... 68

Table 2: Substrate scope for Z-Suzuki cross coupled isomers. ................................................ 72 

Table 3: Substrate scope for Z-Suzuki cross coupled isomers (continued) ............................. 73 

Table 4: Substrate scope for E-Suzuki cross coupled isomers. ................................................ 74 

Table 5: Substrate scope for E-Suzuki cross coupled isomers (continued). ............................ 75 

Table 6: E-Z isomerization results when E-1 is exposed to individual or combination of the 

     Suzuki cross coupling reaction conditions. .............................................................................. 88

Table 7: E-Z isomerization results when E-2 is exposed to individual or combination of the 

 Suzuki cross coupling reaction conditions ............................................................................... 94



xxv 

Acknowledgements 

I would like to take the opportunity to thank many individuals, without whom this journey 

would not have been possible. Firstly, I would like to thank my advisor, Dr. P.G. Hultin for his 

guidance, support and encouragement throughout my studies. He always had his door open for 

discussions pertaining to the chemistry. He always welcomed new ideas, encouraged them and 

always emphasized the need of the focus. I would also like to thank my advisory committee: 

Dr. Peter Budzelaar, Dr. John Sorensen, Dr. Geoff Tranmer and Dr. Jake Stout. I have received 

valuable comments and advice from all of them over the course of my project. I also appreciate 

guidance and help provided by Dr. Jason Hein for this project. I would also like to thank my 

external examiner, Dr. Jim Green (University of Windsor), for his careful reading and valuable 

comments on my thesis. I would also like to thank Dr. Kirk Marat for all the valuable 

discussions related to the NMR. I wish to express my special thanks to Dr. Peter Budzelaar. He 

has always been a great source of motivation, encouragement and inspiration. His enthusiasm 

for this project encouraged me to have discussions with him about the project. 

Last but not the least, many thanks to my family and friends, who have supported me since 

the beginning of this challenging journey. Thank you for always being there!! 



 

xxvi 

 

Abstract 

While studying site selective palladium catalyzed Suzuki cross coupling on (E)-1,2-

dichlorovinylphenyl ketone (E-1), a loss of stereochemistry was observed in the cross coupled 

product. It was soon discovered that extent of the isomerized cross coupled product formed was 

dependent on the phosphine ligand employed in the Suzuki cross coupling reaction conditions. 

With the careful choice of the phosphine ligand, the reaction conditions were designed to form 

either retention Suzuki cross coupled product or isomerized Suzuki cross coupled product 

selectively. For example, the Suzuki cross coupling on E-1 in the presence of DPEphos ligand 

gave 96% isomerized cross coupled product (Z-2) whereas Suzuki cross coupling on E-1 in the 

presence of t-Bu-Xantphos or no-phosphine ligand gave 94% retention cross coupled product 

(E-2).  

 

Scheme 1: Schematic representation of Suzuki cross coupling on E-1, 2-dichlorovinylphenyl 
ketone. 

While studying the pathway by which the Z-2 would form in the Suzuki cross coupling 

reaction, many well accepted pathways like thermal isomerization, photo-isomerization, 

reversible Michael addition of phosphines, isomerization due to intrinsic zwitterionic character 

of the vinyl palladium species, generation of palladium hydrides in the reaction conditions etc. 

were ruled out. It was found that E-2 isomerizes to Z-2 in the presence of just palladium catalyst. 

This observation along with other experimental results are well explained by a mechanism first 
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proposed by Canovese and Visentin for dimethyl maleate and bis(sulfonyl)ethane. According 

to this mechanism, an isomerization takes place by a mere coordination of the substrate to the 

palladium catalyst without any external promoter. 

The isomerized outcome in the reactions is usually unwanted but the ability to supress or 

promote isomerization nearly completely is remarkable. The experimental data not only 

suggests that the isomerization takes place by a mere coordination of the Suzuki cross coupled 

product with palladium catalyst but also demonstrates that the Suzuki cross coupling reaction 

is indeed stereospecific in nature and that the isomerization occurs by a separate catalytic cycle. 

It was also observed that the presence of a single conjugated carbonyl group is sufficient to 

induce the isomerization. Based on this observation, one can expect isomerization in the 

substrates possessing an enone functionality. This is a significant observation as enone 

substrates are one of the important classes in the organic synthesis and prior knowledge of how 

these substrates can behave during Pd/phosphine catalyzed reactions is very useful. 
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CHAPTER-1: Background 

1.1 Introduction 

1.1.1. Palladium catalyzed C-C cross coupling reactions 

The palladium-catalyzed cross-coupling is an indispensable tool in the formation of carbon–

carbon bonds.[1] The cross-coupled product (5) is formed by a reaction between two components 

in the presence of palladium as a catalyst, an aryl/alkyl/vinyl halide (3) as an electrophilic 

component and a nucleophilic component (4) which depends on the specific class of cross-

coupling being performed. There are some classes where the second coupling substrate is an 

organometallic compound, e.g. the Stille, Suzuki, Hiyama, Negishi and Kumada cross-

couplings (Scheme 2), while in other classes another organic molecule is used e.g. the Heck, 

Sonogashira and Buchwald-Hartwig couplings.[2] (Scheme 3)  

Scheme 2: Classes of palladium catalyzed cross couplings which employ organometallic reagents. 
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Scheme 3: Classes of palladium catalyzed cross couplings which couples two organic molecules. 

The importance of these reactions is reflected by 2010 Nobel prize in Chemistry which was 

awarded to Akira Suzuki, Richard F. Heck and Ei-ichi Negishi for their contributions to the 

palladium catalyzed cross coupling reactions.[3]The general catalytic cycle for cross coupling 

reactions comprises of three main steps: oxidative addition, transmetallation and reductive 

elimination (Figure 1).[4] 

Figure 1: General catalytic cycle for a palladium catalyzed cross coupling. 
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General catalytic cycle goes as follows[5]: The first step is the oxidative addition of the 

substrate (alkyl/aryl/vinyl halide) 3 to the active catalyst LnPd0 (6) and generates a L2Pd(R)(X) 

species (7). The valence electron, oxidation number and co-ordination number of the palladium 

metal increases by two in L2Pd(R)(X) (7). The second step of the catalytic cycle is the 

transmetallation. This is the step where various classes of the cross-coupling reactions differ. 

In this step, an organic moiety is transferred from the organometal (4) to 7 generating species 

8. The oxidation state, valence electrons and co-ordination number of the metal remains same

in this step. The last step of the catalytic cycle is reductive elimination. The reductive 

elimination is reverse of the oxidative addition, where the oxidation number, co-ordination 

number and valence electrons of the metal decreases by two. This step is very rapid, and the C-

C coupled product forms (5) from transmetallated species 8 in this step and 6, Pd (0) is 

regenerated. The regenerated metal can undergo the catalytic cycle again. 

The reactivity of the LnPd0 can be varied by using phosphine ligands (Ln) with different 

electronic and steric properties. Phosphine ligands act as sigma donors and pi acceptors.[6] 

Tolman quantified an electronic parameter () of mono phosphine ligands based on the 

stretching frequencies of CO in LNi(CO)3 type complexes and invented the term “cone angle 

(Ө)” to describe the steric bulkiness of a mono phosphine ligand. Cone angle (Ө) is described 

as the angle formed at the metal vertex, when a cone is drawn from the periphery atoms of the 

ligands. (Figure 2).[7] Bite angle is a corresponding term describing chelating ligands (Figure 

2). This can be used to determine the bulkiness of the chelating ligands (Figure 2).[8]  
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Figure 2: Pictorial representation of the cone angle and the bite angle. 

The discussion below aims at the showing the overall equation of the cross-coupling 

reaction, highlighting the transmetallation step of the catalytic cycle. 

1. Corriu-Kumada (1972)

Scheme 4: Schematic representation of palladium catalyzed Kumada cross coupling. 

In Corriu-Kumada cross coupling, organohalides (3) react with organomagnesiums (9, 

Grignard reagents) in the presence of the [Pd]. In Kumada cross coupling, the organic moiety 

is transferred from 9 to the oxidative addition species (7) generating 8 which is then followed 

by reductive elimination yielding cross coupled product 5 (Scheme 4). 

In 1941, cross coupling of 9 with vinyl/aryl halides was demonstrated by Kharash in the 

presence of the catalytic amount of the cobalt chloride.[9] In 1972, Corriu[10] and Kumada[11] 
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performed the cross coupling of the 9 with the aryl/vinyl halide in the presence of the nickel 

catalyst. In 1975, this reaction was done in the presence of palladium catalyst by Murahashi et 

al.[12] Towards the end of the 1990, it was established that a range of 9 bearing different 

functional groups can be easily synthesized. This broadened the scope of these reactions. 

2. Sonogashira (1975)

Scheme 5: Schematic representation of palladium catalyzed Sonogashira cross coupling. 

In Sonogashira coupling, organohalides (3) react with terminal alkynes (10) in the presence 

of base, [Pd] and catalytic copper metal to form cross coupled product 11. The catalytic cycle 

is comprised of three main steps: oxidative addition, transmetallation and reductive elimination 

(Figure 1). In the presence of the base and copper halide (12), the terminal alkyne (10) is 

converted to 13. The 13 thus formed is used in the transmetallation step to transfer an alkynyl 

group on to the palladium metal in the species (7) generating 8, which then under goes reductive 
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elimination generating cross coupled product (5). The 12 is regenerated in the transmetallation 

step and hence reactions require only catalytic amounts of 12 (Scheme 5).[2b] 

In 1963, Stephens and Castro demonstrated first cross coupling of a cuprous acetylide (13) 

and an aryl/alkenyl halide.[13] This reaction required high temperature and stochiometric 

amounts of the copper in the form of cuprous acetylide (13). In 1975, independent efforts were 

made by Cassar[14], Heck[15] and Sonogashira[16] to improve the alkyne cross coupling. Of these 

three, Sonogashira managed to perform the reaction under mild conditions by using copper as 

a co-catalyst in the reaction. 

3. Negishi (1966)

Scheme 6: Schematic representation of palladium catalyzed Negishi cross coupling. 

In a Negishi coupling, organohalide (3) acts as an electrophilic component and organozinc 

reagent (14) acts as a nucleophilic component. This cross coupling also includes other metals 

of intermediate electronegativity i.e. organoaluminiums and organozirconiums.[2c] In the 

transmetallation step, there is a transfer of the organic moiety from organozinc (14) to the (7) 

leading to transmetallated species (8) which then under goes reductive elimination, generating 

the cross coupled product (5) (Scheme 6). 
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In 1976, Negishi developed a protocol for coupling organoaluminiums and aryl halides in 

the presence of the nickel as well as [Pd].[17] In 1977, the cross coupling with organozinc and 

aryl halide was reported by Negishi et. al.[18] For his efforts in the development of the cross 

coupling of the organozinc with organohalides, he was awarded Nobel Prize in Chemistry in 

2010. Negishi cross coupling has advantages of wide substrate scope, mild conditions, by- 

products of the cross coupling are zinc salts and can be easily separated from the reaction via 

aqueous workup. The low toxicity of the zinc compounds compared to the tin compounds was 

also an advantage of these reactions. The organozincs (14) are usually air- and moisture- 

sensitive and care must be taken while handling them.[2c] 

4. Suzuki (1979)

Scheme 7: Schematic representation of palladium catalyzed Suzuki cross coupling. 

In Suzuki couplings, the organic moiety is transferred from an organoboron reagent (15) 

during the transmetallation step. In this reaction, the alkyl/aryl halide (3) acts as an electrophilic 

component and organoboron reagent (15) acts as a nucleophilic component. (Scheme 7) 

The nucleophilic nature of the boron reagent is crucial.[19] The boronic reagent as such is 

Lewis acidic in nature since boron has three electrons in the outermost shell (2s2, 2p1), which 

can engage in three sp2 hybridized bonds and has a vacant p orbital orthogonal to the plane. The 
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electrophilic nature of the boron is because of this empty p orbital. The earlier attempts to cross-

couple organoboron reagents (16) with organic halides (17) without the presence of the base 

failed, since they were not sufficiently nucleophilic and eventually a successful Suzuki cross 

coupled product (18) was accomplished by Suzuki et. al from a reaction of 16 and 17 in the 

presence of sodium ethoxide (NaOEt) base (Scheme 8).[17, 19-20] 

Scheme 8: Importance of presence of the base in Suzuki cross coupling reaction. 

The two possible pathways have been suggested for the transmetallation step: the boronate 

pathway and oxo-palladium pathway (Scheme 9).[2a, 21]  In the boronate pathway, boronic acid 

(15) reacts with base (20) and transforms to nucleophilic boronate species (21) which can then 

transfer the organic moiety to the 7. In oxo-palladium pathway, exchange takes between 

oxidative addition species R-Pd-X (7) and a base -OH (20). This generates oxo-palladium 

species (19) which can then undergo transmetallation of organoboron reagents. 

The history of Suzuki cross coupling dates to 1979.[19, 22] The catalytic cycle comprises of 

three key steps i.e. oxidative addition, transmetallation and reductive elimination. The relative 

reactivity order of electrophiles is R-I > R-Br > R-OTf > R-Cl.[2a] There are different kinds of 

organoborons that can be used e.g. boronic esters, boronic acids, trifluoroboronates, N-
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coordinated boronates, boronamides and organo boranes.[23] Mayr has developed a 

nucleophilicity scale for relative comparison of the nucleophilicity of boron reagents.[23-24]  

Scheme 9: Suggested pathways for transmetallation in Suzuki cross coupling reaction. 

Suzuki cross couplings suffer from the side reactions like protodeboronation, oxidation and 

palladium catalyzed homocoupling (Scheme 10).[2a] Usually these side reactions can be 

controlled by doing Suzuki cross coupling reaction in anhydrous conditions and by careful 

optimization of reaction conditions. 
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Scheme 10: Observed side reactions during Suzuki cross coupling. 

5. Stille (1977)

In Stille coupling, the alkyl/aryl halide (3) acts as an electrophilic component and organotin 

reagent (22) acts as a nucleophilic component. In the transmetallation step, there is a transfer of 

the organic moiety from organotin reagent (22) to (7) leading to transmetallated species (8) 

which then goes under reductive elimination generating cross coupled product (5) (Scheme 11). 

Scheme 11: Schematic representation of palladium catalyzed Stille cross coupling. 

The history of Stille coupling dates back in 1977 when Kosugi et al. published allylation of 

aromatic halides by allyl tin compounds in the presence of the palladium catalyst.[25] In 1978, 

Milstein and Stille synthesized ketones from palladium catalyzed reaction of acid chlorides with 
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22.[26] The breakthrough was made in 1978 with Stille’s mechanistic studies on coupling of 22 

with aryl and benzyl halides, which helped in understanding mechanism of the reactions.[27]  

Organotin reagents offer advantage of various functional groups tolerance but suffer from 

huge disadvantage of toxicity.[1, 28] 

6. Hiyama (1988)

In Hiyama coupling, the organic moiety is transferred from organosilicon reagents (23) 

during the transmetallation step. In the transmetallation step, the organic moiety is transferred 

from the pentacoordinated silicates (24) rather than 23 to the oxidative addition species (7) 

leading to transmetallated species (8) which then goes under reductive elimination generating 

cross coupled product (5) (Scheme 12). 

Scheme 12: Schematic representation of palladium catalyzed Hiyama cross coupling 

Cross coupling of organopentafluorosilicates and aryl halides in the presence of palladium 

was first demonstrated by Kumada et. al in 1982.[29] Drastic conditions were employed in this 

reaction and a mixture of regioisomers was observed. In 1988, Hiyama et. al cross coupled 

alkyl, allyl and alkenyl halides with 23, which were activated by the fluoride source like tris 

(diethylamino)sulfonium difluorotri - methylsilicate (TASF), in the presence of the palladium 
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catalyst.[30] Hiyama cross coupling employed mild reaction conditions, showed wide functional 

group tolerance and gave high yields. 

7. Mizoroki - Heck (1972)

In Mizoroki-Heck cross coupling, an aryl/ alkenyl halide (3) couples with an alkene (25) 

(Scheme 13). Heck and Mizoroki was awarded Nobel Prize, 2010 for their efforts in developing 

this cross-coupling reactions. 

Scheme 13: Schematic representation of palladium catalyzed Heck cross coupling. 

As shown in Figure 3, there are some additional steps in the catalytic cycle for Heck-

Mizoroki reaction. This catalytic cycle involves consists of following steps:[5a] a) oxidative 

addition takes place to the Pd0 (6) generating species 7; b) 1,2 insertion – In this reaction, the 

26 inserts into the Pd-R bond of 7 generating 27. In general, the term “1, n-insertion” refers to 

reactions of the type [M]-X + Y → [M]-Y-X (X=H, alkyl, aryl) where n indicates the number 

of atoms between M and X in the product;[5a] c) -Hydride elimination - In this reaction, there 

is elimination of Pd(II)-H (H at the  carbon) from 27 generating 28 and 29. In general, 

elimination reactions are the reverse of the insertion reaction i.e. these are reactions of the type 

[M]-Y-X → [M]-X, and when X = H then these reactions are termed as hydride elimination. 

These reactions are designated by Greek letters like , , . instead of numbers and Greek 

letters denote the position of H to be eliminated. In this case, the H is at  position in 27 and 
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hence this reaction is known as -Hydride elimination.[5a, 6] d) Pd(0) species, 6 is generated in 

this step with the help of a base from 29, which can be used again in the catalytic cycle. 

Figure 3: General palladium catalyzed catalytic cycle for Heck cross coupling. 

 In 1968, Heck et al. demonstrated the coupling of the organomercury compounds with 

alkenes in the presence of palladium catalyst.[31] The toxic organomercury compounds were 

soon replaced by aryl halides with the discovery by Heck and Mizoroki in 1970s. In 1971, 

Mizoroki demonstrated the coupling of the aryl iodide with 28 in the presence of palladium 

catalyst.[32] In 1972, Heck demonstrated the coupling between similar functionalities.[33] Both 

discoveries were independently done around the same time. 

The Heck reaction can tolerate various functionalities, is known for mild condition, 

regioselectivity and stereoselectivity. 
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1.1.1. Stereoselectivity in palladium catalyzed cross coupling reactions 

The question of stereochemistry does not arise when coupling partners are aromatic 

substrates but when one of the coupling partners is vinylic, E-Z stereochemistry needs to be 

considered. Maintenance of the stereochemistry is crucial when aiming for the target 

molecules.[34] Some examples from literature displaying retention of a specific stereochemistry 

are palladium catalyzed synthesis of chalcones (32) from benzoyl chloride (31) and E-

potassium styryltrifluroborates (30) by Masum et al.(Scheme 14),[35] palladium catalyzed 

formylation of vinyl halides (33) in the presence of carbon monoxide and tin hydride (34) by 

Stille et al. (Scheme 15),[36]  cross coupling of aryl fluorosulphonates (37) with organotin 

reagent (36) by Roth et al. (Scheme 16),[37] palladium catalyzed cross coupling of chloroarene 

(40) with organochlorosilane (39) by Hiyama et al. (Scheme 17),[38] palladium catalyzed 

Negishi cross coupling of organozinc (42) with E or Z alkoxy-vinyliodide (43) gave the 

respective 44 and 45 isomer as demonstrated by Normant et al.[39] (Scheme 18)  

Scheme 14: Retention of stereochemistry during palladium catalyzed synthesis of chalchones.[35] 

Scheme 15: Retention of stereochemistry during palladium catalyzed formylation of 
organohalide.[36] 
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Scheme 16: Retention of stereochemistry during palladium catalyzed cross coupling of aryl 
fluorosulphonate with organotin reagent.[37] 

Scheme 17: Retention of stereochemistry during palladium catalyzed cross coupling of 
chloroarene with organochlorosilane.[38] 

Scheme 18: Retention of stereochemistry during palladium catalyzed cross coupling of organozinc 
with alkoxy-vinyliodide.[39] 

1.1.3. Loss of stereochemistry in cross coupling reactions 

Discussed below are the examples of cross coupling reaction where the loss of 

stereochemistry during palladium catalyzed reactions has been reported. Different reasons have 

been proposed for the isomerization. During the study of stereochemistry of transmetallation in 
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Stille coupling of vinyl trialkyltin reagents (47) and benzoyl chloride (46) in the presence of 

benzylchlorobis(triphenylphosphine) (48) as a palladium catalyst, formation of E-chalchones 

(E-49) product was dominant (Scheme 19).[40] 

Scheme 19: Stereochemistry studies in palladium coupling of benzoyl chloride and 
styryltrimethyltin.[40] 

As shown in Scheme 19 in entry 1 and entry 2, E-49 was formed predominantly despite the 

ratios of E and Z ratios of 47. It was verified that Z-49 does not isomerize under reaction 

conditions. This ruled out the isomerization taking place at the product stage. The authors have 

mentioned that isomerization of 47 takes place under radical conditions. The mechanism 

explaining how radicals may form in the reaction conditions and how they can isomerize 47 has 

not been mentioned. But the use of 10% 2,6 -di-tert-butylphenol (radical quencher, entry 3, 

Scheme 19) has been shown to predominantly form Z-49. The E-Z equilibrium lies towards the 

thermodynamically stable Z-49 product. 

The reasons for erosion of stereochemistry were different on changing the organotin 

substrate from 47 to 37 (Scheme 20). The cross coupling of 46 and 37 yielded 50:50 (E: Z) 
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mixture of 50. It was found that in this isomerization of Z-50 takes place in the presence of 

reaction conditions and it eventually changes to E-50 (Scheme 20). 

Scheme 20: Stereochemistry studies in palladium catalyzed coupling of benzoyl chloride and (Z)- 
propenyltributyltin.[40] 

When Z - benzyl 3-(tributylstannyl)propenoate (51) was used as an organotin substrate, a 

mixture of 62:38 (E:Z) 52 was formed under the reaction conditions. It was observed that the 

Z-52 isomerizes under the reaction conditions (Scheme 21). 

Scheme 21: Stereochemistry studies in palladium catalyzed coupling of benzoyl chloride and (Z)- 
benzyl 3-(tributylstannyl)propenoate.[40] 

 In the above-mentioned study by Stille et al., no explanation has been given to support why 

Z-49 does not isomerize under reaction conditions whereas Z-50 and Z-52 does. Further, no 

plausible mechanism was proposed for the isomerization. 

Further ligand effects were studied on the rates of Stille coupling reactions employing 

triphenylphosphine (53), tri-2-furylphosphine (54) and triphenylarsine (55).[41] While studying 
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the ligand’s effects on the coupling between 46 and 37, it was observed that the different ligands 

gave different extent of isomerization in 50 (Scheme 22). 

Scheme 22: Ligand effect in Stille coupling of benzoyl chloride and (Z)-1-propenyltributyltin.[41] 

The reaction was screened with three different ligands and reactions were monitored by 

NMR. The loss of stereospecificity in the presence of triphenylphosphine (53) and triphenyl 

arsine (55) was substantial but there was no loss of stereospecificity in the presence of 

trifurylphosphine (54) (Scheme 22). With the reference of their work,[42] it has been mentioned 

that the enone 50 isomerizes but further studies explaining how the product isomerizes and why 

different ligands give different isomerization ratios has not been mentioned. 

Isomerization was also observed during the palladium catalyzed Stille coupling of vinyl 

iodides and vinyl tin reagents in the presence of carbon monoxide (Scheme 23).[43] Following 

are the examples where isomerization was observed: 
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Scheme 23: Loss of stereospecificity during palladium catalyzed carbonylative cross coupling of 
vinyl iodide and organotin reagents.[43] 
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As shown in Scheme 24, after oxidative addition of vinyl halide to the palladium (56), CO 

inserts into palladium vinyl bond (57). Insertion of CO into the palladium carbon is known as 

a carbonylation reaction. This is followed by transmetallation with vinylorganotin substrate to 

give (58) and eventual reductive elimination yields divinyl ketones (59). Isomerization was 

observed when Z-vinyl substrates were used, and the loss of stereochemistry was observed in 

the product. 

Scheme 24: Insertion of CO during palladium catalyzed Stille coupling. 

To find the reason for the isomerization, detailed studies were performed on the 

carbonylative cross coupling of cyclohexenyl iodide (60) with benzyl-(Z)-3-

(tributylstannyl)propenoate (51).[43] After 80 h, the E:Z ratio of the 61 obtained was 80:20 

(Scheme 25). It was observed that 51 did not isomerize under reaction conditions. Based on this 

observation, it was suggested that the loss of stereochemistry was at the product stage or in the 

transmetallation step. 
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Scheme 25: Palladium catalyzed carbonylative cross coupling of cyclohexenyl iodide and benzyl Z-
3-(tributylstannyl)propenoate.[43] 

In another coupling reaction between (E)-1-iodohexene (33) and predominantly (Z)-1-

(tributylstannyl)propene (37), product Z-62 was formed predominantly after 24 hr. As shown 

in Scheme 26, it was observed that Z-62 continued to isomerize under reaction condition and 

transformed to E-62 after 48 hr. Based on this, authors emphasized on the loss of 

stereochemistry at the product stage. Photoisomerization has been suggested as the part reason 

for loss of stereochemistry in the product as Stille et al. observed formation of 20% Z-62 after 

48 hr (suppression of isomerization) in the reaction shown in Scheme 26, when done in the 

dark.[43] Further studies for how the loss of stereochemistry takes place in the product has not 

been mentioned by authors. 

Scheme 26: Stereochemistry studies on palladium catalyzed carbonylative cross coupling of vinyl 
iodide and 1-(tributylstannyl)propene.[43] 
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Erosion in stereochemistry was also observed during palladium catalyzed formylation of cis-

iodohexene (63) with carbon monoxide and tin hydride.[36] The reason for the loss of 

stereochemistry has not been suggested by the authors (Scheme 27). 

Scheme 27: Isomerization during formylation of vinyliodide and tributyltinhydride.[36] 

1.1.4. Pathways for isomerization 

Some pathways have appeared in the literature very frequently. These pathways are 

discussed below. 

Phosphine mediated E-Z isomerization 

The E, Z isomerization has been observed to be catalyzed by the phosphine present in the 

reaction. Brien et al. observed the E, Z isomerization of the  unsaturated product (68) from 

the catalytic Wittig reaction between 65 and 66 in the presence of the catalyst 67. (Scheme 

28).[44] 

Scheme 28: E-Z isomerization observed during catalytic witting reaction. 

Brien et al. observed that 67% E-68 and 33% Z-68 was formed after 5 hr and 95% E-68 and 

5% Z-68 was obtained after 24 hr (Scheme 28). They postulated that the isomerization could 
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be phosphine mediated. As shown in Scheme 29, phosphine ligands were envisioned to promote 

the isomerization of Z-68 via Michael addition to the conjugated double bond, bond rotation 

(70) followed by the elimination of the phosphine from 70 to yield E-68. 

Scheme 29: Mechanism for E-Z isomerization in the presence of phosphine. 

They further verified the isomerization of the Z-68 to E-68 by monitoring the reaction of Z-

68 in the presence of the 67 in d8-toluene at 100 °C. The complete isomerization of E-68 to Z-

68 was achieved in 10.5 hr (Scheme 30). 

Scheme 30: E-Z isomerization of an enone in the presence of phosphine. 

The phosphine mediated isomerization pathway has also been proposed by Yamamoto et al. 

for the observed isomerization of the oxindole (74), synthesized from 2-

(alkynyl)phenylisocyanate (71) and terminal alkynes (72) via intramolecular nucleophilic 

vinylpalladation of isocyanates.[45] The formation of mixture of E-74 and Z-74 isomer was 

observed on complete completion of the reaction. It was observed that 99% E-74 was formed 

when reaction was let go for additional time (Scheme 31). 
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Scheme 31: Isomerization observed during synthesis of oxindole. 

It was postulated that Z-74 isomerizes to E-74 in the presence of dppe (73) phosphine in the 

reaction conditions. They verify their postulated mechanism by exposing Z-74 to 3 mol% dppe 

(73) in deuterated toluene at 60 °C (Scheme 32). They observed that Z-74 changed to E-74 

within 2 hr. 

Scheme 32: E-Z isomerization of oxindole in the presence of a phosphine ligand “dppe”. 

Palladium hydride 

Palladium hydrides (76) has been known to be responsible for the isomerization in olefins[46] 

(Z-75 to E-75) , migration of double bond/chain walking[46a, 47] (77 to iso-77) and formation of 

isomerized cross coupled product[48] (80) (Scheme 33). 
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Scheme 33: Palladium hydride species catalyzed olefin isomerization, double bond migration and 
formation of migrated cross coupled product. 

Formation of isomerized product 

In the palladium catalyzed Heck coupling of 81 or 82 with 83, the expected product would 

be 84 but the formation of 85 has also been observed (Scheme 34). 

Scheme 34: Normal and rearranged product from palladium catalyzed Heck and Negishi coupling. 
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Similarly, in the palladium catalyzed Negishi coupling of 81 or 82 with 86, the expected 

product would be 79 but the formation of 80 has also been observed (Scheme 34). The 

palladium hydride species formed in the reaction conditions has been proposed as the root cause 

of the unexpected product formation 85 and 80. 

Skrydstrup et al. reported the formation of the unexpected product from Mizoroki Heck[48] 

and Negishi[49] of non activated tosylates (87) and phosphates (90). (Scheme 35) 

Scheme 35: Normal product and 1,2- migration product from heck reaction with alkenyl 
phosphates and tosylates.[48b] 

To understand the formation of the isomerized product, Skrydstrup et al. performed DFT 

studies on tert-butyl vinyl substrates (Scheme 36).[48a]  

Scheme 36: Normal and rearranged product formation from Heck coupling on tert-butyl vinyl 
substrate. 
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The Scheme 37 shows a pathway for the formation of 94. For the normal product formation, 

oxidative addition of tert butyl vinyl substrate (87 or 90) to the palladium takes place. It has 

been suggested by authors that chloride ions, which are present in the reaction conditions, are 

likely to displace tosylate or phosphate in oxidative addition species leading to the formation 

of 95. Then, another alkene substrate (88) would coordinate to 95 species and form 96. This 

will be followed by migratory insertion of the olefin (97) and then eventually -Hydride 

elimination taking place to yield the expected (94) coupled product. 

Scheme 37: Mechanism of Heck cross coupling demonstrating the formation of the expected 
product. 

The proposed mechanism for the isomerized product (89) is represented in Scheme 38. It 

involves the -Hydride elimination of the olefin in oxidative addition species 95 which leads to 

the alkyne coordinated 98 species. This mechanism would require the presence of H in the 

olefin. The insertion of tert-butyl acetylene to the palladium hydride takes place leading to the 

formation of isomeric tert-butyl vinylpalladium (Ⅱ) species (99). This is followed by the 

coordination of another olefin substrate (88) yielding species 100, migratory insertion of the 

olefin to form 101 and eventual -Hydride elimination leading to the formation of the 

isomerized (89) coupled product. 
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Scheme 38: Proposed mechanism for the generation of the migrated product.[48] 

Olefin isomerization 

Skrydstrup et al. has shown the isomerization in double bonds and migration of double bond 

by palladium hydride species, generated in situ.[46a] Wide range of alkenes has been shown to 

isomerize by palladium hydride and some examples are shown in Scheme 39. 

Scheme 39: Examples of E-Z isomerization catalyzed by palladium hydride.[46a] 

A mixture in the ratio of 1:1:1 of Pd2(dba)3, P(tBu)3 and iPrCOCl (isobutyryl chloride, 102) 

has been used as a reaction conditions. The palladium hydride species can be easily generated 

from these conditions (Scheme 40). In this, 102 is acting as a hydride source.[46a] Skrydstrup et 

a. monitored the mixture of Pd2(dba)3, P(tBu)3 and 102 by 31P NMR. They observed 103 and
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105 via NMR. Based on the observed species, they proposed (Scheme 40) that the oxidative 

addition of 102 to the palladium catalyst (6) takes place, which generates a tri-coordinated 

complex 103. A vacant site in 103 allows the -Hydride elimination to take place, which leads 

to the formation of palladium hydride species (105) and ketene (104) as a side product.[46a] The 

105 species formed in situ can catalyze the E-Z isomerization of the olefins. 

Scheme 40: Mechanism proposed by Skrydstrup et al. for the formation of palladium hydride 
species.[46a] 

As shown in Scheme 41 for E-Z isomerization, palladium hydride (76) adds to the olefin (Z-

75). In 106, the double bond of the olefin now becomes a single bond, permitting the rotation 

around the single bond followed by loss of palladium hydride species from 107 via -Hydride 

elimination, leading to the isomerized (E-75) olefin. With this, there is a regeneration of the 

palladium hydride species and hence it acts as a catalyst for E-Z isomerization.[50] 

Scheme 41: General mechanism for E-Z isomerization by palladium hydride species.[46a, 50] 
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Double bond migration 

As shown in Scheme 42, migration of double bond in the presence of palladium hydride 

takes place by sequential migratory insertion of palladium hydride species and -Hydride 

elimination. [46a, 47] 

Scheme 42: General mechanism for Double bond migration catalyzed by palladium hydride. 

For double bond migration, the palladium hydride species (76) adds to the olefin (108). This 

is followed by the -Hydride elimination with the hydrogen from the adjacent carbon (C3 in 

109) for the regeneration of the palladium hydride species. If it abstracts hydrogen from C1 in 

109, then there will be no double bond migration (E-Z isomerization could be plausible, Scheme 

41) but if the abstraction is from C3, then there will be double bond migration. If the rotation

around the single bond (111) takes place prior -Hydride elimination, then there will be double 

bond migration as well the E-Z isomerization in the outcome (112). 

The Scheme 43 shows some examples of migration of such a bond. Along with the migration 

there is some loss in stereochemical integrity, depending on whether the rotation around the 

single bond takes place prior -Hydride elimination. 
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Scheme 43: Examples of migration of double bond catalyzed by palladium hydride species.[46a] 

Lipshutz et al. studied the ligand effects on the Negishi, Suzuki and Stille cross coupling of 

Z-113 (Scheme 44).[51] These three reports highlight the loss of stereochemistry in olefins 

during the palladium catalyzed cross coupling reactions. They observed that the extent of an 

isomerization in the reactions depended on the ligand used and synthesized both E and Z cross 

coupled product selectivity. 

Scheme 44: Loss of stereochemistry in cross coupling at Z olefin centre. 

Although the studies primarily targeted the studies of Z vinyl halides (Z-113), the 

isomerization was observed in enone (114 and 117) species too (Scheme 45). While studying 

Stille coupling on enone, almost complete loss of stereochemistry was observed by Lipshutz et. 

al.[51a] Almost 95% of the isomerized cross coupled product E-116 was observed in Stille cross 
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coupling of 114 and 115. Isomerization in enone was also observed in 1991 by Roth et al. while 

studying Stille coupling on vinyl triflates.[52]  

Scheme 45: Loss of stereochemistry during Stille coupling of enone.[51a, 52] 

Some isomerization was also observed while performing Suzuki cross coupling on 117 

(Scheme 46).[51c]   

Scheme 46: Ligand effect on the stereochemistry of enone cross coupling.[51c] 
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Lipshutz et al. observed that the isomerization during Negishi and Stille coupling did not 

stop with completion of the cross-coupling reaction. To support this observation, they proposed 

a pathway involving the palladium hydride species responsible for the isomerization (Scheme 

47, for mechanism see Scheme 41). This would mean that the palladium hydride species (76) 

are formed in the reaction conditions and can catalyze the isomerization of the Z-75 even after 

the completion of the cross-coupling reaction. The further discussion of how palladium hydride 

species may form in the reaction was not mentioned. 

Scheme 47: Loss of stereochemistry via palladium hydride pathway.[51a, 51b] 

In yet another report by Jung et al., isomerization of olefin has been observed in the presence 

of a palladium hydride.[46b] (Scheme 48). 

Scheme 48: E-Z isomerization of olefin by Pd-H. 

As shown in Scheme 49, in the first step palladium acetate catalyst (121) reacts with 

tributyltin hydride (34) and get reduced to Pd(0) species (6). Compound 34 does oxidative 

addition to Pd(0) generating 123. This is followed by the co-ordination of the Z-olefin (Z-75) 

to the 123 forming 124. This is followed by insertion of the Z-75 to the palladium hydride 

species leading to the formation of 125. After insertion, the double bond of the olefin becomes 
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a single bond (126) permitting the rotation around the single bond. This is followed by -

Hydride elimination leading to the thermodynamically stable E alkene (E-75). 

Scheme 49: Proposed mechanism for isomerization by tributyltin hydride.[46b] 

Examples of E-Z isomerization in the presence of tributyltin hydride are shown below in 

Scheme 50. In all these examples, there is complete conversion of Z olefin to 

thermodynamically stable E olefin. 

Scheme 50: Examples of E-Z isomerization in the presence of tributyltin hydride.[46b] 
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Zwitterionic pathway 

Mixture of cis (128) and trans (130) adducts have been observed during the carbopalladation 

of alkynes (Scheme 51).[53] Insertion of alkenes and alkynes to M-H or M-C are known as 

hydrometallation or carbopalladation respectively. In Scheme 51, insertion of alkyne to M-C in 

127 generating 128 is a carbopalladation reaction. From stereochemical point of view, 

insertions are syn.[53a],[53c] This would mean only cis adducts (128) should form but there have 

been literature precedents to support the formation of trans adducts (130).[53-54] 

The formation of the trans product (130) during the carbopalladation has been attributed to 

the intrinsic zwitterionic character of the vinylmetal intermediate (129 a, b) by these authors. 

This would be expected to weaken a C=C bond, which might allow rotation to occur. The 128 

formed from syn insertion transforms to a 130 via 129a, b. 

Scheme 51: Formation of trans products during carbopalladation via proposed zwitterionic 
pathway.[53a]  

Jutand et. al studied the mechanism of carbopalladation reaction of alkynes to aryl palladium 

complexes. As mentioned above, carbopalladation is a reaction between alkyne (132) and 

palladium (II) species (131), formed after oxidative addition of aryl/alkyl halide to the 

palladium. They observed the formation of the 133 along with expected 134.[53a] (Scheme 52) 
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Scheme 52: Carbopalladation of terminal alkyne.[53a] 

To probe the mechanism, Jutand et al. synthesized 133 and 134 by an oxidative addition of 

a mixture of E and Z vinyl iodides (135 and 136) to the palladium catalyst in CDCl3 at room 

temperature (Scheme 53). 

On monitoring the reaction by 31P NMR, it was found that the 134 forms first and then 133 

appears. After the completion of the oxidative addition, the ratio of the mixture stabilizes at 

64% 133 and 36% 134. The ratio of the mixture ideally should be 34% 133 and 66% 134 as 

oxidative addition is stereospecific. To explain the isomerization observed in Scheme 53, Jutand 

et al. proposed that the isomerization of 134 leads to the formation of the 133 via zwitterionic 

pathway explained in Scheme 51. 

t 

Scheme 53: Synthesis of oxidative addition species from vinyl halides. 

As mentioned above, Lipshutz et al. observed isomerization during cross coupling reactions 

on Z-olefins. Some isomerization was also observed while performing Suzuki cross coupling 

on Z vinyl halides and they demonstrated that different ligands gave different extent of 

isomerization (Scheme 54).[51c]   
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Scheme 54: Ligand effect on the stereochemistry of enone cross coupling.[51c] 

For the loss of stereochemistry during Negishi and Stille coupling, Lipshutz et al. have 

proposed two plausible pathways.[51a, 51b]  

 

Scheme 55: E-Z isomerization via zwitterionic palladium carbene pathway. 
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One pathway is the palladium hydride mediated one, which has been discussed above. 

Another pathway proposed by authors is via zwitterionic palladium carbene 139a, b (in the 

transmetallation step) after stereospecific oxidative addition of Z-113 to Pd (0) (Scheme 55). 

This is the only pathway that has been suggested to be responsible for loss of stereochemistry 

during Suzuki cross coupling on Z-113.[51c] According to this mechanism (Scheme 55), either 

reductive elimination takes place on 138 (formed by the transmetallation of the stereospecific 

oxidative addition species) leading to the cross coupled product with retention, Z-137 or Z-

transmetallated intermediate, or 138 can transform to 140 (formed via zwitterionic palladium 

carbene species 139a, b) which would eventually lead to the formation of isomerized cross 

coupled product E-137 by reductive elimination of the 140. 

Seo et al. synthesized 3-(Diarylmethylene)oxindoles (141) using Songashira, Heck and 

Suzuki-Miyaura reactions in one pot (Scheme 56).[55],[56] No issues related to stereochemistry 

arised when Ar1 and Ar2 were the same but when Ar1 and Ar2 were different, mixtures of E and 

Z-142 were formed. 

Scheme 56: Synthesis of 3-(Diarylmethylene)oxindoles. 

Experimentation was designed to find out whether the isomerization was taking after the 

product formation or during the reaction. Both pure E and Z-143 (Scheme 57) were exposed to 

the reaction conditions and less than 20% isomerization was observed. 
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Scheme 57: E-Z isomerization during synthesis of 3-(Diarylmethylene)oxindoles.  

After ruling out the isomerization after the product formation, Seo et al. proposed 

isomerization during the Heck and Suzuki Miyaura reaction via zwitterionic palladium carbene 

pathway (Scheme 58). According to this interpretation, the vinylpalladium intermediate E-144 

is undergoing E/Z isomerization, which authors justified by proposing that it has the same kind 

of zwitterionic character as discussed above. The transmetallated intermediate E-145 (formed 

from the transmetallation on E-144) leads to the formation of the retention product E-143 and 

if E-144 transforms to Z-144 via zwitterionic vinyl palladium carbene (146a, b) it can lead to 

the formation of the isomerized product Z-143 (formed from the transmetallation on Z-145). 

Based on this mechanism, Seo et al. further proposed that using the silver additives in the 

reactions can improve the selectivity of the outcome. Silver additives are known for changing 

a neutral palladium catalytic cycle to the cationic pathway.[57] They proposed that in the cationic 

pathway for the Heck reaction[58], palladium metal possesses the positive charge (147, Scheme 

59) and with this positively charged species in the catalytic cycle, the formation of the 

zwitterionic species (146) will become difficult and hence the isomerization pathway (Scheme 

58) will get suppressed. 
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Scheme 58: Proposed mechanism for loss of stereochemistry in 3-(Diarylmethylene)oxindoles. 

 

Scheme 59: Positively charged palladium species during cationic Heck coupling pathway. 
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To test this hypothesis, they added a silver additive in the reaction (Scheme 60). It was 

observed that the selectivity of the outcome improved, and it yielded expected E-143 isomer 

selectively. This experiment strengthened the mechanistic pathway proposed by Seo et al. 

 

Scheme 60: Addition of silver additives in synthesis of 3-(Diarylmethylene)oxindoles. 

This mechanism has been proposed for other metals like rhodium, nickel and ruthenium. 

This mechanism was proposed by Bergmann et al. to support the formation of the trans insertion 

product while studying the reaction of alkynes in the presence of the nickel catalyst (Scheme 

61).[59] Schwartz et al. proposed the zwitterionic pathway to explain isomerization in vinylic 

rhodium complexes (Scheme 62).[54a] Trost et al. explained anti addition product during 

ruthenium catalyzed hydrosilylation (Scheme 63).[54b]  

 

Scheme 61: Nickel catalyzed carbopalladation of alkynes.[59] 

 

Scheme 62: Isomerization in vinylic rhodium complexes. 
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Scheme 63: Loss of stereochemistry during hydrosilylation catalyzed by ruthenium complexes.[54b] 

Co-ordination pathway  

The E-Z isomerization of the olefins by coordination to the [Pd] was proposed by Visentin 

et al.[60] They observed that dimethyl maleate (Z-148) isomerizes to dimethyl fumarate (E-148) 

in the presence of catalytic amount of the palladium catalyst (149) in deuterated chloroform at 

room temperature (Scheme 64). 

Scheme 64: Isomerization of dimethyl maleate to dimethyl fumarate. 

To propose their observation, authors suggested a pathway that involves just the olefin and 

the palladium catalyst. (Scheme 65). 

Scheme 65: E-Z isomerization of Z-alkene in the presence of the [Pd].[60] 
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According to this mechanism, the electron poor olefin (in this case Z-148) coordinates to the 

palladium metal (150). This leads to the five membered metallacycle intermediate (151) via 

transition state TS 1. It converts to the thermodynamically stable dimethyl fumarate coordinated 

to the palladium (150’) via TS 2 and finally dissociates into E-148 and regenerates the 

palladium catalyst (Scheme 65). 

This mechanism has been proposed as a pathway for the observed isomerization during the 

palladium catalyzed stereoselective synthesis of diarylallylidene oxindoles (154) by Seo et. 

al.[61] They synthesized 154 from propiolamide (141), aryl iodide (152) and styrylboronic acid 

(153) by using three different reactions i.e. Sonogashira, Heck and Suzuki in one pot (Scheme 

66). It was observed that E-Z isomerization can be controlled by selective use of the ligands 

which led them to stereoselectively synthesize both E and Z-154 isomers. The Z-154 isomer 

was synthesized by using t-Bu-Xantphos as a ligand and E-154 isomer was synthesized by using 

PPh3 as a ligand. 

Scheme 66: Ligand controlled stereoselective synthesis of Z and E-oxindoles. 
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To understand the isomerization mechanism, the Z-154 and E -154 products were exposed 

to all the reagents used in the reaction conditions. It was found that when Z-154 was exposed 

to the reagents (Scheme 67), 66% formation of E-154 was observed, whereas when E-154 

isomer was exposed to the reagents used in Scheme 67, only 2% formation of Z-154 was 

observed. This experiment clarified that Z-154 isomer forms first in the reaction and then it 

isomerizes to the E-154. 

 

Scheme 67: Isomerization studies on Z-isomer. 

Further, the individual reagent studies were performed on the Z-154 (Scheme 68). Without 

any reagent only 14% isomerization was observed, which remained the same in the presence of 

phosphine ligands, triphenyl phosphine (40 mol%) and t-Bu Xantphos (40 mol%). This ruled 

out the isomerization by phosphine ligands. It was observed that 98% isomerization of Z-154 

to E-154 takes place in the presence of Pd(PPh3)4 and 58% isomerization of Z-154 to E-154 

was observed in the presence of the 5 mol% CuI. This experiment suggested that Pd(PPh3)4 and 

CuI are the major contributors in the isomerization of Z-154 to E-154. 

To support the observation, it has been suggested by the authors that the isomerization can 

take place via coordination of metal (both metals palladium and copper) to the pi-system of the 

Z-154 which can then proceed via pathway suggested by Visentin et al. in Scheme 65.[60] No 
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suggestions has been made to why the presence of PPh3 would selectively lead to the formation 

of E-154 and t-Bu-XPhos would selectively lead to the formation of  Z-154. 

 

Scheme 68: Individual studies on (Z-154). 

Poisson et. al synthesized trifluoromethylated 1,3-butadienes (157) by palladium catalyzed 

directed C-H functionalization of acrylamides 155 with 156.[62] The Z-157 isomers were formed 

when R was any aryl group in acrylamide substrate (Scheme 69) but E-157 isomers were 

formed when simple acrylamide substrates were used i.e. R = H (Scheme 70).  

 

Scheme 69: Stereoselective synthesis of trifluoromethylated 1,3-butadienes by palladium 
catalyzed directed C-H functionalization. 
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Scheme 70: Palladium catalyzed directed C-H functionalization of simple acrylamides results in E 
isomer. 

The authors suggested the formation of the opposite isomer i.e. E-157 could arise from the 

palladium catalyzed isomerization of the Z-157 via mechanism proposed Visentin et al. in 

Scheme 65. No further isomerization studies have been presented by the authors. 

Moran et. al synthesized E and Z olefins by nickel catalyzed selective reduction of alkynes 

in the presence of zinc metal and formic acid.[63] They discovered that Z-160 olefins can be 

selectively synthesized by exposing 158 to the nickel catalyst, zinc and formic acid in dioxane 

whereas the presence of triphos ligand (159) along with nickel catalyst, zinc and formic acid in 

dioxane allowed them the access to the E-160 (Scheme 71). 

 

Scheme 71: Ligand controlled synthesis of E and Z olefins by nickel catalyzed transfer 
hydrogenative alkyne semireduction. 
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To study the role of the triphos ligand, authors exposed Z-stilbene (Z-161) to both the 

reaction conditions. It was found that no isomerization took place in the absence of the 

phosphine ligand whereas complete isomerization took place in one hour at 120 °C in the 

presence of the triphos ligand (Scheme 72). 

Scheme 72: Isomerization studies on stilbene. 

Based on this observation, the authors suggested the formation of Z-161 takes place first 

which is then followed by the rapid Ni-triphos complex catalyzed isomerization. They have 

referenced metal hydride pathways and the pathway suggested by Visentin et al. to support a 

rapid isomerization process. Further studies regarding isomerization have not been mentioned 

by the authors.  This does not seem to take into account the Visentin’s emphasis of the critical 

role of enone for the mechanism as stilbene does not have any enone functionality in them.[60] 

Metal hydrides pathway could be reasonable for these olefins as plethora of alkenes have been 

demonstrated to isomerize in the presence of the metal hydride.[46a]  
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CHAPTER-2: Results and discussions 

2.1. Initial plan 

In recent years, our research group has focussed on the cross-coupling reactions of substrates 

possessing the dichlorovinyl functionality. The previous graduate student from our research lab 

studied Suzuki cross coupling reactions on 1,2-dichlorovinylphenyl ether substrate (E-162).[64] 

It was found that first Suzuki cross coupling exclusively took place on the  carbon-chlorine 

bond. Different tetra-substituted alkenes were synthesized by doing a second cross coupling on 

the  C-Cl bond and different -substituted benzofurans were synthesized by C-H activation. 

On the same lines, I chose to study Suzuki cross coupling reactions on 1,2-dichlorovinylphenyl 

ketone (E-1). 

Figure 4: The structure of 1,2-dichlorovinylphenyl ether. 

This seemed interesting because the electronic environment of the vinyl halide groups in E-

1 is quite different from that in E-162 and this gives the opportunity to study the reactivity of 

two electronically different substrates under the Suzuki cross coupling conditions. To study 

how electronic differences can affect the regioselectivity of the substrate, the first step of the 

plan was to study whether the first Suzuki cross coupling selectively takes place at  C-Cl bond 

or it takes place at  C-Cl bond in E-1. A plan was made to extend this project (Scheme 73). 

This depended on the site of the first cross coupling.  If the cross coupling took place at  carbon 

first, then it could be followed by C-H activation to close the ring. This two-step reaction (Path 
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B) can result in the synthesis of the 2-substituted indenones (165). If cross coupling took place 

at the  position, then instead of doing cross coupling first, C-H activation could be used in the 

first step to close the ring and then cross coupling could be done to synthesize 165 (Path A). 

 

Scheme 73: Schematic representation of the plan for the synthesis of 2-substituted indanones. 

While doing experimentation, it was observed that the Suzuki cross coupling on E-1 was 

regioselective at the C-Cl bond. This clearly suggests that there will never be a formation of 

164 and hence the path B can not be continued for the synthesis of the 165. Following path A, 

an attempt was made to synthesize -chloro indenone 163. For this E-1 was reacted with 

palladium catalyst and base in the presence of dioxane at reflux conditions. No formation of 

indenone (163) was observed and after this no further attempts were made to synthesize 163.  

Along the studies, it was found that the Suzuki cross coupling were not only regioselective 

at  position but also led to the loss of stereochemistry in the Suzuki cross coupled product 
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(Scheme 74). I found the loss of stereochemistry very intriguing and decided to concentrate on 

the stereoselectivity of the cross-coupling reaction rather than synthesizing 2-substituted 

indenones (165).  

 

Scheme 74: Loss of stereochemistry in the Suzuki cross coupled product. 

2.2. Synthesis of 1, 2-dichlorovinylphenyl ketone 

 The synthesis of the 1,2-dichlorovinylphenyl ketone (E-1) was done by using two step 

procedure mentioned in the literature.[65] The schematic representation is shown below in 

Scheme 75. Step 1 of the reaction was done by using the procedure from Jonczyk et al.[65] The 

synthetic procedure described in the same paper for compound E-1 did not give complete 

conversion. However, another procedure from the same laboratory for methyl 2-

formylphenylacetate gave full conversion and was used for the synthesis of E-1 from E-167.[66]  

 

Scheme 75: Two step synthesis of 1,2- dichlorovinylphenyl ketone.[65] 

The two-step procedure employs an Umpolung approach[67] as there is an inversion of 

polarity at the carbon. This is a nucleophilic acylation with -aminonitrile functionality acting 
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as an acyl anion equivalent.[68] It was discovered by Hauser et al. in 1960 that compound 166 

can be alkylated, followed by unmasking the -aminonitrile functionality to yield carbonyl 

compounds.[69] This discovery encouraged this class of compounds to be used as latent acyl 

carbanions.[66, 70]   

In the first step, 166 reacts with trichloroethylene (168) in the presence of base, 50% and 

phase transfer reagent, tetrabutylammonium hydrogen sulfate (TBAHS) (Scheme 75).[65]  

 

Scheme 76: Structures of tetrabutylammonium hydrogen sulfate (TBAHS) and tetrachloro 
ethylene (TCE). 

The mechanism postulated by Jonczyk et al. is as follows (Scheme 77). In the first step, 166 

is deprotonated using sodium hydroxide under phase transfer conditions and the carbanion thus 

generated (170) acts as a nucleophile and adds to the electrophilic dichloroacetylene (169) 

leading to the formation of the 167. The dichloroacetylene (169) is generated by the elimination 

of hydrogen chloride from trichloroethylene (168) in the presence of the base via an E1cb 

mechanism.[65, 71]  

It was postulated that the carbanion (170) adds to the dichloroacetylene (169) in a trans 

fashion giving rise to E stereochemistry in 167.[65, 72] The trans addition of the carbanion 

disfavours the further elimination of hydrogen chloride, so that the reaction stops at 167.  The 

Z-167 was never observed in these experiments.  The stereochemistry of the compounds 167 

and 1 have been assumed to be E in the literature.  
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Scheme 77: Mechanism proposed by Jonczyk for the synthesis of (E-164).  

As mentioned above, in the second step the carbonyl functionality is unmasked by the 

hydrolysis of the dimethylamino functionality of 167. This mode of reactivity of -amino 

nitriles is extremely useful as in this the aminonitrile functionality behaves as masked acyl anion 

equivalent and is used to convert -aminonitrile to carbonyl compounds.[68] The second step of 

the reaction was carried out in the presence of copper sulfate following the procedure described 

in the literature.[66] It was observed by Buchi et al. in 1978 that copper sulfateμμ accelerates the 

hydrolysis of aminonitriles.[70d] They reasoned that copper removes cyanide from the 

aminonitrile-iminium cyanide equilibrium as shown in Scheme 78. 

      

Scheme 78: Aminonitrile - iminium cyanide equilibrium and role of copper sulfate. 
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2.3. Determination of the regioselectivity of Pd catalyzed Suzuki cross coupling 

The general catalytic cycle of Suzuki cross-coupling is comprised of three steps: oxidative 

addition, transmetallation and reductive elimination (Figure 5).[73] Site selectivity in cross-

coupling reactions is governed by the insertion of palladium in the carbon-halogen bond during 

the oxidative addition step.[74]  

 

Figure 5: General catalytic cycle for Suzuki cross coupling reaction. 

The palladium inserts in the more electrophilic C-X bond.[74] In compounds possessing 

enone functionality, it can be easily predicted that the  position is more electrophilic than the 

 position and hence it should be the first site of cross-coupling. Also, it has been reported 

previously that the  position is the first site of Suzuki cross-coupling in 2,3-dibromo-1H-inden-

1-one (172)[75] and 3,4-dibromo-2(5H)-furanone (173)[76]. Based on our predictions and 

literature support, the  site was the predicted site of first cross coupling in E-1. 
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Figure 6: Structures of 1,2- dichloro vinyl phenyl ketone, 2,3- dibromo-1H-indenone-1-one[75] and 
2,3-dibromofuranone[76]. 

Experimental studies verified the site of the attack. The very first Suzuki cross coupling was 

performed on E-2 with 6 mol% Pd(PPh3)4, 2 M aqueous K2CO3 and 1 equivalent of p-

methoxyphenyl boronic acid in dioxane at 65 ℃ (Scheme 79).[75]  

The reaction was analyzed after 25 min with GC-MS. The complete consumption of E-2 

with formation of two new peaks of the same m/z i.e. 272 were observed in the chromatogram. 

The two peaks in the ratio of 24: 76 for the same mass suggested the formation of the isomers 

in the reaction (Figure 7). 

 

Scheme 79: Presumed synthesis of isomers during first Suzuki cross coupling.  
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With two possible sites of cross coupling in 1, it was presumed that this cross-coupling was 

not regioselective and had formed regioisomers 174 and E-2. 

 

Figure 7: Two peaks of m/z 272 observed by GC-MS. 

2.4 Identification of the unexpected product: Losing stereocontrol instead of 

regiocontrol 

The first challenge was to identify the two product isomers. The lack of protons in 174 and 

E-2 posed a restriction in identifying two compounds solely by routine NMR. To overcome this 

challenge, ozonolysis was performed on the presumed regioisomers (174 and E-2). The isomers 

were isolated and exposed to the ozonolysis conditions (Scheme 80).  

As shown below, regioisomer E-2 would lead to the formation of the 175 and 4-

methoxybenzaldehyde (176) whereas regioisomer 174 would lead to the formation of the 

diketone (177) and formyl chloride (178), which would further decompose into HCl and CO. 

With this approach, the formation of the 4-methoxybenzaldehyde (176) would indicate 

regioisomer E-2 and absence of 4-methoxybenzaldehyde (176) would mean regioisomer 174. 
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Scheme 80: Expected product from the Ozonolysis on regioisomers. 

On experimentation, it was observed that both the isolated isomers gave 4-methoxy 

benzaldehyde (176). The only plausible way for both the isomers to give 4-methoxy 

benzaldehyde (176) on ozonolysis is if they are stereoisomers (E-2 and Z-2) and not 

regioisomers (E-2 and 174) (Figure 8). 

 

Figure 8: Stereoisomers (instead of Regio isomers) formation during Suzuki cross coupling on 1,2-
dichlorovinylphenylketone. 

This experiment helped in verifying that stereoisomers (E-2 and Z-2) were formed instead 

of regioisomers (E-2 and 174) but did not give any information about the major isomer. It was 
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presumed that the major isomer would be E-2 since the retention of configuration is normally 

formed during Suzuki cross coupling reactions.[2a] 

To identify the major and minor isomer, a second cross coupling with methyl boronic acid 

was performed on an 80:20 mixture of isomers (Z-2 and E-2). The second cross coupling with 

methyl boronic acid was performed with the aim of doing NOE studies on the resulting -

methylated Suzuki cross coupled product (E-179 and Z-179) (Figure 9). The magnitude of the 

NOE enhancement between methyl and vinylic protons by irradiating either methyl or vinylic 

protons could help in elucidating the isomers. 

 

Figure 9: Stereoisomers formed after second cross coupling on mixture of isomers, (Z/E-2). 

On experimentation, the mixture of isomers (E and Z-179) was formed in the ratio 89:11 in 

74% yield. The NOE studies were performed on the mixture of isomers (Figure 10).  

On irradiating the methyl protons of the isolated major isomer, it was found that the 

magnitude of the signal enhancement between methyl protons and the vinylic proton is only 

0.23% whereas the magnitude of the signal enhancement between methyl protons and the ortho 

aromatic proton is 2.70%. Further, on irradiating methyl protons of the minor isomer, it was 

found that the magnitude of the signal enhancement between methyl protons and the vinylic 

proton is only 2.64% whereas the magnitude of the signal enhancement between methyl protons 
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and the ortho aromatic proton is negligible. This study implied that the major isomer is E-179 

instead of the predicted Z-179 isomer. 

 

NOE (500 MHz, CDCl3) - irradiating methyl protons 

CH3 ↔ vinylic proton = 0.23%                           CH3 ↔ vinylic proton = 2.64 % 

CH3 ↔ aromatic ortho proton = 2.70%               CH3 ↔ aromatic ortho proton = negligible 

NOE (500 MHz, CDCl3) - hitting vinylic protons 

Vinylic proton ↔ methyl proton=0.18%            Vinylic proton ↔ methyl proton = 2.06% 

Vinylic proton↔ ortho Ar proton=3.08%          Vinylic proton ↔ ortho Ar proton= 1.72 % 

Figure 10: NOE studies on (E/ Z-179). 

This was further confirmed by irradiating vinylic protons in the major and minor isomer. It 

was found that the magnitude of the signal enhancement between methyl protons and the vinylic 

proton of major isomer is only 0.18% whereas the magnitude of the signal enhancement 

between vinyl protons and the ortho aromatic proton is 3.08%. Further, on irradiating vinylic 

proton of the minor isomer, it was found that the magnitude of the nuclear enhancement 

between methyl protons and the vinylic proton is only 2.06% whereas the magnitude between 

methyl protons and the ortho aromatic proton is 1.72%. The nuclear enhancement magnitude 
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values of methyl and vinylic protons clearly imply that the major isomer is Z-179 instead of the 

predicted E-179 isomer.  

This experiment suggested that the major isomer is the one with inversion of stereochemistry 

i.e. E-179. This came as a surprise since Suzuki cross coupling usually proceed retention of the 

stereochemistry.[64] The next question was to find the origin of the loss of stereochemistry: Is 

this happening during first cross coupling or the second cross coupling (Scheme 81)?  

 

Scheme 81: Possible places for loss of stereochemistry.  

Coupling constant studies between three bonds away 1H and 13C were further done on the 

isomers to finally establish the stereochemistry (Figure 11). For this the coupling constant 

between the carbonyl carbon and the vinylic proton three bonds away was measured. The values 

can be easily measured using HMBC shows the coupling of the vinylic proton at 7.49 ppm and 

carbonyl carbon at 191.75 ppm. 

It is known that magnitude of the coupling between the vinylic proton and the allylic carbon 

separated from it by three bonds  for an trans (strictly according to the relation of vinylic proton 

with carbonyl carbon) isomer is greater than that for a cis isomer i.e. trans 3JC,H > cis 3JC,H.
[77]  
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Figure 11: Three bond coupling constant measurement via HMBC. 

The 3JC,H was measured for all the isomers and it was found that the major isomer formed in 

the first cross coupling had the Z configuration. The Z-2 and E-2 were further characterized by 

their crystal structures (Figure 12). Evidently, there is a loss of stereochemical integrity during 

the first cross-coupling reaction. 

Scheme 82: The identification of stereochemistry with three bond (C-H) coupling constant values. 
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As shown above in Scheme 82, the 3JC,H value of the major isomer after first cross coupling 

was 4.6 Hz and the value of 3JC,H for minor isomer was 8.6 Hz. Since trans 3JC,H > cis 3JC,H, 

therefore it was concluded that major isomer is Z-2 and minor isomer is E-2. 

Further crystal structures were obtained for Z-2 and E-2 isomers. The availability of the 

structures further verified that there is a loss of stereochemistry in the cross-coupling reaction 

and that Z-2 is the major isomer being formed in the reaction. 

Figure 12: Crystal structures of (Z-2) and (E-2). 

At this point it was evident that the major Suzuki cross coupled is formed with the inversion 

of stereochemistry (Z-2). It was proposed that either the loss of stereochemistry is taking place 

during the cross-coupling reaction or the Suzuki cross coupling is taking place on the Z-1. It 

could be possible that the two-step synthesis of 1 (Scheme 75) was leading to the Z 

stereochemistry. So, it was critical to verify the stereochemistry of 1 and 167 at this point. The 
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recrystallization of 167 was possible and E stereochemistry of 167 was verified by crystal 

structure (Figure 13). 

Figure 13: Crystal structure of (E-167). 

The compound 1 was an oil and because of the liquid state, the crystal structure of the 

compound 1 could not be obtained. The only way to determine the stereochemistry of the 

compound 1 was to synthesize its isomer and then establish stereochemistry using 3JC,H. 

Phosphines have been known to promote isomerization in enone type compounds.[44] The 

mechanism for this process could be the potential addition of the phosphine in a Michael 

fashion, rotation around the single bond and then elimination of the phosphine as discussed in 

chapter 1.[44]   

Figure 14: Structure of DPEphos. 
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On the same lines the E-1 was reacted with 5 mol% DPEphos (180) in dioxane at reflux. It 

was observed that after 24 h, E-1 isomerized to Z-1 in the presence of catalytic amount of 

DPEphos (180) (Scheme 83). After synthesizing the Z-1, three bond coupling constant values 

were measured using HMBC. It was found that the 3JC,H for E-1 is 7.0 Hz and Z-1 is 2.9 Hz. 

The isomers gave different retention times, when analyzed by GC-MS (Figure 15). 

Scheme 83: Isomerization of (E-1) to (Z-1) in the presence of DPEphos. 

Figure 15: Chromatogram showing E-1 and Z-1 retention times. 

These studies elucidated that loss of stereochemistry is taking place during Suzuki cross 

coupling conditions (Scheme 84). 
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Scheme 84: Schematic representation of the Suzuki cross coupling outcome on (E-1). 

2.5. Control over inversion and retention of configuration 

After identifying the loss of the stereocontrol in these reactions, the challenge was to find 

the reaction conditions that would enable the synthesis of both the retention product and the 

isomerization product selectively. To attain the control, optimization studies were carried out 

with different palladium sources, ligands, bases, solvents. 

2.5.1 Base and solvent screening 

Bases play a crucial role in the Suzuki cross coupling reactions.[19] The bases used for the 

screening were Cs2CO3, CsF, K2CO3 and K3PO4. The solvents chosen for this study were 

aprotic polar dioxane and non-polar toluene. The reactions were performed on E-1 with 2.5 

mol% Pd2(dba)3, 1 eq 4-methoxyphenylboronic acid, 3 equivalents base in solvent at 85 °C 

(Scheme 85). These reactions were run for one hour and without phosphine ligand in them. 

Scheme 85: Base and solvent screening on (E-1) for Suzuki cross coupling. 
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All the reactions were analyzed by GC-MS. The retention of stereochemistry (E-2) was 

observed in the absence of the phosphine ligands (for details, see section 2.5.3.). It was observed 

that Cs2CO3 in dioxane gave 100% conversion with 94% selectivity for E-2. This was followed 

by CsF in dioxane, which gave 98% conversion with 87% selectivity for E-2, and the reactions 

with other combinations of bases and solvents were very slow (Figure 16). The results obtained 

using Cs2CO3 were slightly better than those obtained using CsF and hence, Cs2CO3 was used 

as a base for the rest of our studies. 

Figure 16: Base and solvent screening. 

2.5.2 Palladium catalyst screening 

For palladium catalyst screening, various Pd (0) and Pd (Ⅱ) precursors were used. The 

reactions performed on E-1 with 2.5 mol% of different palladium sources (Scheme 86). All the 

reactions were analyzed by GC-MS after one hour. 
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Scheme 86: Screening of different palladium sources on (E-1) for Suzuki cross coupling. 

Figure 17: Palladium catalyst screening in Suzuki cross coupling of (E-1). 

As shown in Figure 17, Pd2(dba)3 in dioxane gave 100% conversion with 94% E-2. This was 

followed by Pd(OAc)2 in dioxane, which also gave 100% conversion but with 91% E-2, 

whereas other palladium catalysts i.e. PdCl2 and AllylPd(Ⅱ)Cl dimer were slower than both 

Pd2(dba)3 and Pd(OAc)2. Based on the screening results, Pd2(dba)3 was selected. for reactions. 

5.3 Phosphine ligand screening 

After finding the best combination of the palladium source, base and solvent, the reactions 

were screened with the different phosphine ligands. The wide variety of monophosphine and 
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bisphosphine ligands screened for Suzuki cross coupling on E-1 are shown in Figure 18. For 

screening purposes, Suzuki cross coupling reaction was performed on E-1. 

Figure 18: Different phosphine ligands used in screening. The cone angles/ bite angles of some 
ligands mentions in brackets.[78] 
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Table 1: Suzuki cross coupling outcome from different phosphine ligand screening. The 
quantitative studies were done using GC-MS. 

As shown in Table 1, the fascinating difference in the Suzuki cross coupling outcome was 

observed when bidentate ligands DPEphos (180) or Xantphos (191) or t-Bu-Xantphos (192) 

were used. The best selectivity for the isomerized Suzuki cross coupled product (Z-2) was 
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achieved using either 180 or 191 (96% selectivity). The product with retention of configuration 

(E-2) was best prepared using 192 (93% selectivity) or by using no phosphine ligand (94% 

selectivity) (entry 14). 

The bite angle of the 180 and the 191 ligand, leading to the isomerized Suzuki cross coupled 

product (entry 1 and 2, Table 1) is 104° and 108° respectively whereas the bite angle of the 192 

ligand (entry 13) which leads to the Suzuki cross coupled product with retention is 140°.[78c] 

This suggests that steric bulk of the ligand plays a role in the retention of stereochemistry. The 

results of all other monophosphine and bisphosphine ligands fall in between the extremes of the 

180 and 192. It is intriguing that other bulky monophosphate ligands like 183 [P(o-tol)3.HBF4

(194°)], 184 [P(Cy)3.HBF4 (184°)] and 185 [P(t-Bu)3.HBF4 (182°)] do not show as much 

selectivity as 192 (Figure 18). 

As shown in Table 1, it is very interesting that the E-2 is also formed selectively when no-

phosphine (entry 14) ligand is used in the Suzuki cross coupling reaction conditions. The only 

difference between the conditions under which the Z-2 is formed (entry 1, Table 1) and the E-

2 (entry 14, Table 1) is the presence of the phosphine ligand. This clearly suggests that the 

phosphine ligand does play a role in the isomerization. The question that arises from this is how 

can phosphine induce isomerization? One way in which phosphine can induce isomerization is 

via Michael addition of phosphine to the conjugated double bond, bond rotation around the 

single bond and then followed by the elimination of the phosphine. Other plausible ways for 

the isomerization could be via palladium hydride species formation in the reaction, rotation in 

the transmetallated intermediate because of the zwitterionic character of the vinylpalladium 

species or via coordination of the conjugated enone to the palladium metal. All these pathways 
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require phosphine ligand. The detailed studies of these pathways have been discussed in 

Pathways for isomerization. 

Figure 19: Structure of compound dibenzylideneacetone 

In the no phosphine conditions (entry 14, Table 1), dibenzylideneacetone (195) present in 

the Pd2(dba)3 acts as a ligand. The selectivity achieved by 195 is same as that achieved by t-

Bu-Xantphos. (entry 13 and 14, Table 1). The electronics of dba are very different from that of 

t-Bu-Xantphos. The ligand 195 is electron poor and t-Bu-Xantphos is electron rich. This 

suggests that electronics of the ligands solely can not explain the stereoselectivity achieved by 

the two ligands. Perhaps, an isomerization pathway is more complex and there is an 

involvement of some other intermediate. There is a need to find a plausible pathway for an 

isomerization which might then explain the reason for the less effectiveness of t-Bu-Xantphos 

(192) and no phosphine ligand in isomerization (see 2.7. Mechanistic Insight). 

It has been observed that Suzuki cross coupled E-2 changes to the thermodynamically more 

stable Z-2 isomer. Since the isomerization continues after the completion of the Suzuki cross 

coupling reaction, this suggests that the isomerization is taking place outside the catalytic cycle. 

Although no strong conclusion can be made whether the sole pathway of the isomerization lies 

outside the catalytic cycle. There is a possibility of two simultaneous isomerization pathways 

(inside the catalytic cycle and outside the catalytic cycle) in the reaction (see discussion 2.7. 

Mechanistic Insight). 
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To summarize, the optimization studies successfully provided the route for the selective 

synthesis of E or Z isomer. Using the DPEphos (180) in the reaction conditions, the isomerized 

product Z-2 was synthesized with 96% selectivity in 25 mins, while use of t-Bu-Xantphos (192)/ 

no phosphine led to the retention product E-2 with 94% selectively in an hour. These studies 

also suggested that the phosphine ligand plays a major role in the isomerization and there is at 

least one separate isomerization pathway that operates outside the catalytic cycle. 

Scheme 87: Retention and isomerized from Suzuki cross coupling outcome on (E-2). 

2.6. Synthesis of E and Z isomers 

With the strategy to synthesize either the retention or the isomerized product isomer, the 

substrate scope was explored by using wide range of aryl boronic acids (196). Out of different 

boronic reagents,[23] boronic acids were used for this work. Boronic acids were first employed 

in Suzuki cross coupling in 1981 and since then they have been a very useful class of boron 

reagents.[20]  

The phosphine ligand DPEphos in the presence of Pd2(dba)3, ArB(OH)2 (196) and Cs2CO3 

at 85 °C was used to synthesize isomers with inversion in stereochemistry (Z-181) selectively 

(Table 2 and Table 3). 
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Table 2: Substrate scope for Z-Suzuki cross coupled isomers. 



73 

Table 3: Substrate scope for Z-Suzuki cross coupled isomers (continued) 
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The phosphine ligand t-Bu-Xantphos in the presence of Pd2(dba)3 or no phosphine ligand i.e. 

just Pd2(dba)3, ArB(OH)2 (200) and Cs2CO3 at 85 °C was used to synthesize isomers with 

retention of stereochemistry (Table 4 and Table 5). 

Table 4: Substrate scope for E-Suzuki cross coupled isomers. 
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Table 5: Substrate scope for E-Suzuki cross coupled isomers (continued). 

It was observed that the reaction conditions for either E or Z isomer were stereo-selective for 

all the aryl boronic acids (196) used. The characterization of the products was done by NMR 

spectroscopy and HRMS. The configuration in all the compounds was established by 3JC,H 

measurements. 
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The crystal structures for some Suzuki cross coupled product were obtained to further elucidate 

the stereochemistry of the isomers synthesized. The recrystallization attempts were successful for 

E-2 (Table 4), Z-2 (Table 2), Z-198 (Table 2), E-202 (Table 5) and Z-202 (Table 3). The E and Z 

isomers of 202, Z-2and Z-198 were recrystallized by using the mixture of hexanes and ethyl 

acetate. E-2 was recrystallized using acetone. 

Figure 20: Crystal structure of (E-202). 
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Figure 21: Crystal structure of (Z-202). 

Figure 22: Crystal structure of (Z-198). 
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Figure 23: Crystal structure of (Z-2). This picture is also shown in figure 12. 

Figure 24: Crystal structure of (E-2). This picture is also shown in figure 12. 

It was observed that the E isomer isomerizes to the thermodynamically stable Z isomer upon 

prolonged stirring of the reaction mixture. For excellent selectivity of the kinetic product, i.e. E 
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isomer, the reactions were carefully monitored and quenched as soon as the 100% conversion 

of the starting material was achieved. 

For both the isomers, the reactions proceeded as anticipated. As shown in Table 2 and Table 

4, the reactions with electron rich boronic acid like p-methoxyphenylboronic acid (entry 1) and 

p-methylphenylboronic acids (entry 2) finished faster than phenyl boronic acid (entry 3) while 

reaction with p-nitrophenyl boronic acid (entry 5, Table 3 and Table 5) gave no or little 

conversion. Since the substrate i.e. 1 and palladium catalyst remains same for all the aryl 

boronic acids, the oxidative addition step of the catalytic cycle can not be held responsible for 

the rate difference with different substrates. This difference in the rates is in the good correlation 

with the fact that the boron reagent acts as an nucleophilic component in the transmetallation 

step of the Suzuki cross coupling reactions.[19] The more electron rich the nucleophilic center 

is, the faster is the rate of the reaction, as observed in the case of p-methoxy phenyl boronic 

acid/ p-methyl phenyl boronic acid and the electron poor (p-nitrophenyl) the nucleophilic 

center, the slower is the rate of the reaction. 

The common side product observed with all the aryl boronic acids was the Suzuki dicoupled 

product (194), i.e., the cross coupling took place at both  and  C-Cl bonds in E-2. The 

formation of 194 was observed during synthesis of both E (Table 2 and Table 4) and Z isomers 

(Table 3 and Table 5).[2a] [23]  

2.7. Mechanistic Insight 

An extensive isomerization observed in the presence of some phosphine ligands was very 

intriguing. Detailed studies were done to find a plausible pathway responsible for the 

isomerization. The pathways tested for the isomerization are follows: 
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1. Thermal Isomerization

2. Photo-isomerization

3. Isomerization by Phosphine ligands

4. Individual reagents and their combination studies to find out whether the isomerization

is taking outside or inside the catalytic cycle. 

5. Palladium Hydride

6. Coordination to the transition metal

2.7.1 Thermal isomerization 

The thermal stabilities of E-1 and E-2 were confirmed by heating E-1 and E-2 in dioxane at 

85 ℃. Compound E-1 did not show any isomerization after 24 hr whereas E-2 only showed no 

isomerization after one hour and only 3% isomerization after 3 hr, when analyzed by GC-MS 

(Scheme 88). This experimental data clearly does not justify the observed level of the 

isomerization in the Suzuki cross-coupling on E-1. 

Scheme 88: Reaction for thermal stability of (E-1) and (E-2). 



81 

2.7.2. Photo-isomerization 

Cis-trans isomerization has been observed in olefins and enone functionalities in the 

presence of light.[40, 43, 79] To confirm whether or not the isomerization is taking place in the 

presence of the light, the Suzuki cross coupling reaction was run on E-1 in a test tube wrapped 

with an aluminium foil (Scheme 89). 

Scheme 89: Photo-isomerization test for Suzuki cross coupling on (E-1). 

The same extent of isomerization was observed in Suzuki cross coupled product as would 

be observed without the aluminium foil wrapped test tube. This experiment suggests that the 

light is not responsible for the fast isomerization observed in the Suzuki cross coupling reaction. 

This being said, it has been observed that E-2 changes to Z-2 after prolong sitting on the bench 

(~7-10 days). 

2.7.3. Phosphine ligands 

Phosphine ligands were envisioned to promote the isomerization of E-1 or E-2 via Michael 

addition of phosphine to the conjugated double bond of E-2. This is followed by bond rotation 

in 205 and then an elimination of the phosphine in 206 yielding Z-2 (Scheme 90).[44-45]  
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Scheme 90: Mechanism for E-Z isomerization of (E-2) to (Z-2) by phosphine ligands. 

To verify this E-1 and E-2 were heated with the 5 mol % DPEphos in the presence of dioxane 

at 85 ℃ separately (Scheme 91). Compound E-1 gave only 8% isomerization and compound 

E-2 led to only 3% formation of Z-2 in 1 hr. 

Scheme 91: Experimentation to verify the isomerization of (E-1) and (E-2) takes place via 
phosphine ligands  

It was observed that E-1 led to the formation of 95% Z-1 when heated for 24 hr with 5 mol% 

DPEphos at 85 °C whereas only 6% Z-2 was observed when E-2 was heated for 24 hr with 5 

mol% DPEphos at 85 °C. This concludes that DPEphos phosphine ligand can isomerize 

compound E-1 but only when heated for an extended period. Using this observation Z-1 was 

synthesized to establish the stereochemistry of E-1 in section 2.4. 

The complete conversion of E-1 under DPEphos Suzuki cross coupling conditions is 

observed in 25 min and hence, the isomerization induced via only phosphine does not serve as 

a satisfactory explanation for stereoselective formation of Z-2 in 25 minutes. 
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2.7.4. Isomerization arising inside/outside the catalytic cycle 

 After ruling out the simple pathways, some more detailed studies were performed. It was 

envisioned that the isomerization could take place either during Suzuki cross coupling process, 

i.e., inside the catalytic cycle, or it can take place outside the catalytic cycle (Figure 25). For

isomerization to take place outside the catalytic cycle, it would mean that either the E-1 

isomerizes before entering the catalytic cycle (Path A) or Suzuki cross coupled retention 

product (E-2) isomerizes after leaving the catalytic cycle (Path C). For isomerization to take 

place inside the catalytic cycle (Path B) would possibly imply that it is taking place between 

one of the steps in the catalytic cycle. 

Figure 25: Pictorial representation of three plausible pathways leading to the isomerized Suzuki 
cross coupling product. 
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If the isomerization takes place via Path A or C, then Suzuki cross coupling reactions would 

be considered stereospecific, whereas if it takes place via Path B, then there would be loss of 

stereospecificity in the Suzuki cross coupling reaction. The simplest way to know this would 

be to monitor the entire reaction. The first choice to monitor the entire process was with the 

easily accessible NMR instrument. Reaction monitoring by NMR spectroscopy can provide 

detailed insights, but because of the presence of the solid base i.e. cesium carbonate in the 

reaction, this technique could not be used to monitor the entire cross coupling reaction. For this, 

we collaborated with Dr. Jason Hein (University of British Columbia). He mentioned about the 

availability of an automated analytical set up in his laboratory that combines automated reaction 

sampling from the reaction mixture, quenches the aliquot and performs real time analysis via 

HPLC. These reactions were of interest to him as he could demonstrate the ability of his 

instrument to monitor the heterogenous reactions. 

With a hope of monitoring reaction progress and eventually acquiring some kinetic data, the 

Suzuki cross coupling on E-1 with Pd2(dba)3 (0.25 mol%), DPEphos (0.5 mol%), p-

methoxyphenylboronic acid and cesium carbonate in dioxane at 40 °C was run on the automated 

platform (Scheme 92). 

Scheme 92: Suzuki cross coupling on (E-1) monitored via HPLC. 

The formation of Z-2 was observed in the very first data point (Figure 26) and hence whether 

E-2 forms first and then isomerizes to Z-2 could not be answered. The aim of finding whether 



85 

the Suzuki cross coupling on E-1 is stereospecific or not could not be accomplished by using 

this instrument. 

Figure 26: Suzuki cross coupling on E-1. 

The instrument monitored the reactions very well but the higher degree of scatter in the plot 

raised the concerns of the reproducibility.[80] The lack of reproducibility could be because of 

the presence of the heterogenous base in the reaction which can lead to the variation in the 

concentration of each aliquot. This experiment suggested that the instrument still needs 

development to perform kinetic analysis of the heterogenous reactions. Owing to the lack of 

reproducibility, the kinetic studies were not continued for this project. 

Attempt was made to use organic base, triethylamine instead of the heterogenous base. The 

Suzuki cross coupling on E-1 did not take place in the presence of the triethylamine.  
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We proposed that isomerization could take place inside the catalytic cycle or outside the 

catalytic cycle. The isomerization taking place inside the catalytic cycle would mean that it 

takes place during one of the three steps, i.e., oxidative addition, transmetallation or reductive 

elimination. The isomerization taking place during the catalytic cycle would simply imply 

Suzuki cross-coupling is not stereospecific in nature. If E-1 isomerizes before entering the 

catalytic cycle or E-2 isomerizes after leaving the catalytic cycle, then the isomerization process 

can be envisioned as taking place outside the catalytic cycle. This would mean that Suzuki 

cross-coupling reactions are stereospecific in nature and there is an independent mechanism for 

the isomerization. 

After ruling out the accepted mechanisms, detailed studies with individual reagents and their 

combinations were performed on E-1 and E-2. Both E-1 and E-2 were heated with individual 

reagents and their combinations in dioxane at 85 °C. The aim was to find the combination that 

gives the significant isomerization. These reactions were analyzed by GC-MS after 1 h, 2 h, 3h 

and 24h. 

2.7.4.1. Outside the catalytic cycle: Path A 

The Table 6 shows the extent of isomerization of E-1 when exposed to the individual/ 

combination of the reagents used in the Suzuki cross coupling of E-1. Although the reactions 

were monitored for 24 h, the first hour time window results are crucial. This is because, 96% 

selectivity of the isomerized product was observed in about 25 mins as an outcome of Suzuki 

cross coupling on E-1. 
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S.No. Component E: Z (1) 

After 1h 

E: Z (1) 

After 2h 

E: Z (1) 

After 3h 

E: Z (1) 

After 24 h 

1. Pd2(dba)3 100:0 100:0 100:0 91:9 

2. DPEphos 92:8 73:27 57:43 5:95 

3. Cs2CO3 100:0 N/P - - 

4. Dioxane 100:0 100:0 100:0 100:0 

5. p-MeOPhB(OH)2 100:0 100:0 100:0 100:0 

6. Pd2(dba)3 + DPEphos 100:0 100:0 100:0 100:0 

7. Pd2(dba)3 + Cs2CO3 100:0 100:0 N/P - 

8. Pd2(dba)3 + 

 p-MeOPhB(OH)2 

100:0 99:1 99:1 96:4 

9. DPEphos + Cs2CO3 99:1 99:1 N/P - 

10. DPEphos +  

p-MeOPhB(OH)2 

98:2 93:7 89:11 20:80 

11. Cs2CO3 +  

p-MeOPhB(OH)2 

N/P - - - 

12. Pd2(dba)3 + DPEphos + 

Cs2CO3 

100:0 100:0 100:0 N/P 

13. Pd2(dba)3 + DPEphos + 

p-MeOPhB(OH)2 

100:0 100:0 100:0 100:0 

14. DPEphos + Cs2CO3 + N/P - - - 
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p-MeOPhB(OH)2 

*N/P = No product observed

 Table 6: E-Z isomerization results when E-1 is exposed to individual or combination of the Suzuki 
cross coupling reaction conditions. 

Compound E-1 only isomerized in the presence of 5 mol% DPEphos. It was observed that 

E-1 led to the formation of 8% Z-1 when heated for 1 hr and 95% Z-1 when heated for 24 hr 

with 5 mol% DPEphos in dioxane at 85 °C. This would imply phosphines are inducing the 

isomerization but as discussed in the section 2.7.3., the isomerization via this pathway has been 

ruled out. These studies suggested that E-1 does not isomerize before entering the catalytic 

cycle and therefore Path A (Figure 25) is too slow to be the main isomerization process. The 

other combination that led to 80% of the isomerization of E-1 after 24 hr is 5 mol% DPEphos 

and p-MeOPhB(OH)2. This combination gave only 2% isomerization after an hour, so 

isomerization with this combination can not be responsible for the loss of the stereochemistry 

in the Suzuki cross coupling reaction. Also, no isomerization of E-1 was observed in the 

presence of the Pd2(dba)3 and DPEphos which suggests that the oxidative addition is 

stereospecific. 

2.7.4.2: Inside the catalytic cycle: Zwitterionic character of vinyl palladium 

species-Path B 

It has been proposed in the literature that the vinylpalladium intermediate (207) has a 

significant zwitterionic character as indicated by resonance structures 208 and 208′.  This would 

be expected to correspond to a weakening of the C=C bond, which might allow rotation to 

occur. This pathway can explain the transformation of 207 to 209 (Scheme 93). 
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Scheme 93: E-Z isomerization via vinylpalladium intermediate. 

This pathway can be envisioned to take place on E-1 after oxidative addition (but before the 

transmetallation step) as shown in Scheme 94. There is a formation of vinylpalladium species 

210 after oxidative addition. 

Scheme 94: E-Z isomerization after oxidative addition on (E-1). 

 This pathway can also be envisioned to take place on the transmetallated species during the 

transmetallation step (212) (Scheme 95). 

Scheme 95: E-Z isomerization during transmetallation step 

The isomerization of E-1 during the oxidative addition was ruled out based on the 

experimentation done in section 2.7.4.1. No isomerization was observed when E-1 was heated 

with Pd2(dba)3 and DPEphos (180) at 85 °C (see section 2.7.4.1). 
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Isomerization during the transmetallation step is one of the accepted mechanisms in the 

literature.[51b, 53a, 53c, 53d, 60, 81] Lipshutz et al. proposed this pathway for the loss of 

stereochemistry during Suzuki, Negishi and Stille cross couplings on Z alkenyl halides, as 

mentioned in Chapter 1. If loss of the stereochemistry is taking place in the transmetallation 

step, it would mean that there is stereospecific insertion of palladium in the oxidative step 

followed by the isomerization in the transmetallated intermediate, which is proposed to possess 

zwitterionic character. 

To test this pathway, Suzuki cross coupling was done on E-1 with different concentrations 

of the catalyst. The reactions were let go for 1 hr and then analyzed by GC-MS. It was proposed 

that changing the catalyst concentration in the Suzuki cross coupling reaction would change the 

rate of the Suzuki cross coupling reaction but should not change the ratios of the isomers. 

Figure 27: Reaction outcome by varying palladium catalyst concentration in Suzuki cross coupling 
on (E-1).  
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As shown above in Figure 27, when a Suzuki cross coupling on E-1 with 5 mol% and 2.5 

mol% was analyzed after one hour with GC-MS, it was observed that both the reactions has 

achieved 100% conversion but the E/Z ratios from the two reactions were vastly different. The 

reaction with 5 mol% gave 96% E isomer whereas the reaction with 2.5 mol% gave only 42% 

E isomer. The rate of the isomerization further decreased by lowering the catalyst loading. This 

ruled out isomerization taking place in the transmetallation step via zwitterionic vinylpalladium 

species. 

The proposal of the isomerization taking place inside the catalytic cycle arising is contrary 

to the observation that the E/Z ratio is not constant. As discussed in the section 2.6., it has been 

observed that the isomerization continues even after the completion of the Suzuki cross 

coupling reaction. If this is the sole pathway then the ratios of E and Z isomers established 

during the Suzuki cross coupling reactions should be final, but this is contrary to the 

observation. 

Figure 28: Model compounds for DFT studies. 

From the DFT calculations of the forced rotation around C1=C2 bond (in model compounds 

A, B and C, Figure 28) done by Dr. Peter Budzelaar, it was revealed that the palladium atom 
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does not facilitate rotation (see Appendix). The barrier for the rotation around C=C bond in 

model compounds A and B was similar to when there is hydrogen atom at the position of the 

palladium (model compound C). 

If the vinylpalladium compound 207 has a zwitterionic character as displayed by resonance 

form 208, then it would be expected that C1=C2 bond length would be elongated and C2-Pd 

bond would be shortened (Scheme 96). In the DFT studies done by Dr. Peter Budzelaar, it was 

revealed that the lengths of the C=C and C-Pd were not perturbed. On the basis of this study, 

the isomerization via vinylpalladium carbene 208 was completely ruled out. 

Scheme 96: Zwitterionic structure for vinylpalladium species. 

2.7.4.3: Outside the catalytic cycle: Path C 

Similarly, compound E-2 was heated with all individual reagents and their combination in 

dioxane at 85 °C and reactions were analyzed by GC-MS. The reactions were analyzed after 

1h, 2h, 3h and 24h. The results after 1hr are crucial because 96% loss of stereochemistry was 

observed in 25 mins during Suzuki cross coupling on E-1. The results below in Table 7, shows 

the extent of isomerization of E-2 when exposed to the individual/ combination of the reagents 

used in the Suzuki cross coupling of E-1. 
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S.No. Component E: Z (2) 

After 1h 

E: Z (2) 

After 2h 

E: Z (2) 

After 3h 

E: Z (2) 

After 24 h 

1. Pd2(dba)3 98:2 98:2 98:2 98:2 

2. DPEphos 97:3 97:3 96:4 94:6 

3. Cs2CO3 99:1 95:5 91:9 80:20 

4. Dioxane 100:0 97:3 97:3 94:6 

5. p-MeOPhB(OH)2 99:1 98:2 98:2 92:8 

6. Pd2(dba)3 + DPEphos 13:87 4:96 4:96 4:96 

7. Pd2(dba)3 + Cs2CO3 92:8 89:11 91:9 83:17 

8. Pd2(dba)3 +  

p-MeOPhB(OH)2 

93:7 93:7 88:12 77:23 

9. DPEphos + Cs2CO3 82:18 89:11 89:11 80:20 

10. DPEphos +  

p-MeOPhB(OH)2 

89:11 87:13 86:14 85:15 

11. Cs2CO3 +  

p-MeOPhB(OH)2 

82:18 53:47 31:69 17:83 

12. Pd2(dba)3 + DPEphos + 

Cs2CO3 

36:64 34:66 25:75 23:77 

13. Pd2(dba)3 + DPEphos + 

p-MeOPhB(OH)2 

10:90 4:96 4:96 4:96 

14. DPEphos + Cs2CO3 + 63:37 36:64 15:85 6:94 
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p-MeOPhB(OH)2 

*N/P = No product observed

Table 7: E-Z isomerization results when E-2 is exposed to individual or combination of the Suzuki 
cross coupling reaction conditions 

The results in Table 7 clearly showed that there were some combinations that gave minor 

isomerization of E-2, i.e., the combination of DPEphos and Cs2CO3 led to 18% isomerization 

in an hour, the combination of DPEphos and p-MeOPhB(OH)2 led to 11% isomerization of E-

2 in an hour, presence of both cesium carbonate and p-MeOPhB(OH)2 led to 18% isomerization, 

the combination of DPEphos, Cs2CO3 and p-MeOPhB(OH)2 led to 40% isomerization in an 

hour. All these combinations did not answer the extensive isomerization (96% in 25 mins) 

observed in Suzuki cross coupling of E-1, hence efforts were not made to study these 

combinations. 

When E-2 was heated with the combination of Pd2(dba)3 and DPEphos in dioxane at 85 °C, 

it led to the formation of ~ 87 % Z-2 after an hour. It was interesting to observe that E-2 does 

not isomerize in the presence of the Pd2(dba)3 by itself and DPEphos by itself (see Chapter 6: 

NMR spectra). It was further observed that the combination of p-MeOPhB(OH)2, DPEphos and 

Pd2(dba)3 led to ~ 90 % isomerization of E-2 in 1 hour. The combination of Pd2(dba)3, DPEphos 

and Cs2CO3 led to ~ 60% isomerization after an hour. Since the presence of Pd2(dba)3 and 

DPEphos is common in all these combinations, efforts were made to probe a pathway that 

would involve the presence of both the components i.e. Pd2(dba)3 and DPEphos. 

The further attempt that were made to observe the isomerization of E-2 in the presence of 

Pd2(dba)3 and DPEphos used the NMR instrument. This was done to verify the results obtained 

from GC-MS and to make sure that no decomposition of the materials is taking place. Initial 

attempts were made to imitate the reaction conditions. For this the reaction was done in a NMR 
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tube using E-2, 2.5mol% Pd2(dba)3 and 5mol% DPEphos in dioxane as solvent at 77 °C. Since 

the deuterated dioxane is expensive, d12-cyclohexane was used as to provide the NMR field 

lock and dioxane as a reaction solvent. Owing to the concentration of the dioxane in the reaction 

mixture, the dioxane peaks needed to be suppressed in the NMR spectra. This way of 

monitoring the reactions did not prove to be useful because the methoxy characteristic peaks 

that could be used for analysis hid under the dioxane peak. The efforts were made to suppress 

the dioxane peaks but that affected the methoxy peaks too. 

To overcome this problem, toluene was used as a reaction solvent instead of the dioxane. 

During the screening studies toluene/cesium carbonate combination gave same result as 

dioxane/ cesium carbonate combination. The other advantage of using toluene as a reaction 

solvent is that the deuterated toluene is much cheaper than deuterated dioxane and hence 

deuterated toluene can act both as reaction solvent and provide NMR field lock. 

To observe the isomerization using NMR spectroscopy, the reaction with E-2, 2.5 mol% 

Pd2(dba)3 and 5 mol% DPEphos (180) in d8-toluene at 77 0C in the NMR tube was performed. 

After data processing, the -OCH3 signals of E-2and Z-2 were integrated. The first scan was 

taken just with E-2 in d8-toluene. This was done to verify the purity of the E-2 before adding 

the palladium catalyst. As shown in Figure 29, the E-2 isomer is 99% pure. The peak at 3.2 

ppm is the methoxy proton of E-2 and peak at 3.4 ppm is from the methoxy proton of Z-2. 
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Figure 29: NMR spectrum of (E-2) in d8-toluene. 

 To the 99:1 (E-2: Z-2) mixture of isomers in d8-toluene, 2.5 mol% Pd2(dba)3 and 5 mol% 

DPEphos was added. For this, the NMR tube was taken out from the NMR instrument and the 

palladium catalyst was added to the NMR tube. The tube was placed back in the NMR 

instrument. The experiment was set to acquire an array of NMR spectra for 3.5 hr after every 3 

min. As shown in Figure 30, the ratio of the isomers changed to 47:53 (E-2: Z-2) from 99:1 (E-

2: Z-2) in the very first spectrum acquired. This implied that the isomerization was very fast. 

The ratios changed from 99:1 (E-2: Z-2) to 47:53 (E-2: Z-2) during the time spent in ejecting 

NMR tube from the instrument, injecting palladium catalyst and placing the NMR tube back in 

instrument (~ 5 min). 
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Figure 30: The NMR spectrum of (E-2) in d8-toluene after adding palladium catalyst. 

The ratios further changed to 4:96 (E-2: Z-2) in about 25 minutes as showed in Figure 31. 

The reaction was monitored for 1.5 hr. It was observed that the ratio 4:96 (E-2: Z-2) did not 

change further (Figure 32). It was further observed that E-2 does not isomerize when Pd2(dba)3 

and DPEphos (177) were used by themselves (see Chapter 6: NMR spectra). 

The array of the first 20 scans acquired from the above experiment is shown below in Figure 

32. It clearly shows that Z-2 changes to E-2 rapidly at 77 °C in the presence of the palladium 

catalyst. The ratio of the methoxy integrals calculated from the processed data was plotted 

against the time and the graph was acquired (Figure 33).  
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Figure 31: The NMR spectrum of (E-2) in d8-toluene after 25 min of adding 5 mol% Pd/DPEphos.  

 

Figure 32: Isomerization of (E-2) to (Z-2) in the presence of a 5 mol% Pd/DPEphos. 
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Figure 33: Graph representing the ratios of (E-2) and (Z-2) with time in presence of a palladium 
catalyst at 77 ℃. 

The efforts were also made to study isomerization of Z-2 to E-2 at 40 ℃. As shown in Figure 

34, the isomerization slows down as expected at the lower temperature. 

 

Figure 34: Graph representing the ratios of (E-2) and (Z-2) with time in presence of a palladium 
catalyst at 40 ℃. 
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The experimental data suggested that the presence of both palladium and ligand (DPEphos) 

is the minimum requirement for the isomerization of E-2. Also, these studies justified that the 

isomerization is taking place outside the Suzuki cross coupling catalytic cycle (Path C, Figure 

25) and substantiated that Suzuki cross coupling reactions on E-1 are stereospecific. 

2.7.5. Palladium Hydride 

Palladium hydride has been known to show isomerization in olefins.[46a] Formation of a 

palladium hydride species requires at least the presence of a palladium catalyst (precursor) and 

a ligand. One plausible pathway responsible for isomerization of E-2 could be the in-situ 

generation of a palladium hydride species. Isomerization of various alkenes in the presence of 

a palladium hydride has been illustrated by Skydstrup et al. on various alkenes.[46a]  

 

Figure 35: Structure of a dimethyl maleate. 

Dimethyl maleate (Z-148) has been shown to isomerize in the presence of palladium hydride 

species.[46a]  

 

Scheme 97: Isomerization of dimethyl maleate under DPEphos Suzuki cross coupling conditions  
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To test whether palladium hydride species are being formed in the reaction conditions, 

dimethyl maleate (Z-148) was added to the DPEphos Suzuki cross coupling conditions without 

E-2 (Scheme 97). The reaction was let go for 1 hour at 85 ℃ and it was observed that Z-148 

isomerized to the 80% dimethyl fumarate E-148. The crude NMR spectrum (Figure 36) of the 

reaction clearly shows the formation of dimethyl fumarate (E-148). 

 

Figure 36: Crude NMR spectrum showing dimethyl maleate isomerization to dimethyl fumarate.  

Further it was hypothesized that if Z-148 is added to the Suzuki cross coupling of E-1 under 

DPEphos Suzuki cross coupling reaction conditions (Scheme 98), then dimethyl maleate (Z-

148) could act as an inhibitor and can quench palladium hydride. As a result, addition of 

dimethyl maleate can result in more Suzuki cross coupled retention product. For this, different 

concentrations of Z-148 were added the Suzuki cross coupling of E-1 as shown in Scheme 98. 
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The reactions were analyzed by GC-MS after one hour. The concentrations of the dimethyl 

maleate used were 0%, 10 mol%, 100 mol% and 500 mol%.  

 

Scheme 98: Experiment designed to verify whether dimethyl maleate acts as an inhibitor. 

It was noted that the ratios of retention Suzuki cross coupled product (E-2) and isomerized 

Suzuki cross coupled product (Z-2) depended on the concentration of dimethyl maleate, with a 

higher concentration of dimethyl maleate favouring the Suzuki cross coupled product with 

retention (Figure 37).  

 

Figure 37: Chart depicting ratios of (E-2) and (Z-2) affected by different dimethyl maleate 
concentrations. 
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These two dimethyl maleate experiments strengthened the assumption of the presence of 

palladium hydride species in the reaction conditions.  

As discussed in 2.7.4.3, the minimum requirement for the isomerization is the presence of 

Pd2(dba)3 and DPEphos (180). It would make sense to assume that if palladium hydride species 

is responsible for the isomerization then they are being formed in the presence of Pd2(dba)3 and 

DPEphos. For this the reaction of dimethyl maleate, Pd2(dba)3 and DPEphos in the presence of 

deuterated toluene was run in NMR tube for 1.5 hr at 77 °C and the reaction was monitored by 

the NMR instrument (Scheme 99). No isomerization was observed in the reaction shown in 

Scheme 99 after 1.5 hr (Figure 38). 

 

Scheme 99: Experiment designed to verify the presence of the palladium hydride species.  

The array of spectra was acquired for the reaction for 1.5 hr. The first spectrum (from below) 

shown is Figure 38 was acquired after adding palladium catalyst to dimethyl maleate in d8-

toluene at 77 °C. The second spectrum was the last spectrum acquired i.e. after 1.5 hr for the 

reaction. The third spectrum is a reference spectrum for pure dimethyl fumarate. Since no 

change was observed between the first and the second spectra, it can be concluded that the 

palladium hydrides are not generated in the minimum required conditions for isomerization i.e. 

combination of Pd2(dba)3 and DPEphos. This experiment argued against a palladium hydride 

mechanism. 
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Figure 38: NMR spectra of dimethyl maleate in presence of the palladium catalyst stacked with 
dimethyl fumarate NMR spectrum. 

To further test the presence of a palladium hydride species in the minimal isomerization 

conditions, a different alkene i.e. cis stilbene was chosen. Cis-stilbene (Z-161) has also been 

shown to isomerize like dimethyl maleate by Skrydstrup et al.[46a]  

For this the reaction of cis-stilbene, Pd2(dba)3 and DPEphos in the presence of deuterated 

toluene was run in NMR tube for 1.5 hr at 77 °C (Scheme 100).  The reaction was monitored 

by NMR spectroscopy. 

Scheme 100: Testing the isomerization of cis stilbene in the presence of a [Pd]. 
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No isomerization was observed in the reaction shown in Scheme 100 after 1.5 hr. The series 

of spectra was acquired for the reaction for 1.5 hr. 

Figure 39: NMR spectra showing no isomerization of cis-stilbene after 1.5 hr 

The first spectrum (t=0) shown is Figure 39 was acquired after adding palladium catalyst to 

cis-stilbene at 77 °C. The second spectrum was the last spectrum acquired i.e. after 1.5 hr for 

the reaction. The third spectrum is the reference spectrum for pure trans-stilbene. 

Since no change was observed between the first and the second spectrum, it can be concluded 

that the palladium hydride is not generated in the minimum required conditions for 

isomerization i.e. combination of Pd2(dba)3 and DPEphos. This experimentation also argued 

against a palladium hydride mechanism. 
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Figure 40: Structure of TEMPO. 

Palladium hydride traps are compounds known to decompose or quench the palladium 

hydride species.[82] The palladium hydride trap TEMPO (Figure 40) was used in Suzuki cross 

coupling reaction. To further verify the presence of the palladium hydride species in the 

minimal conditions of isomerization, palladium hydride trap TEMPO (209) was used.[82] A 

Suzuki cross coupling reaction of E-1 was run with TEMPO (Scheme 101). The reaction was 

analyzed by GC-MS and 96% isomerization of E-2 to Z-2 was observed. 

Scheme 101: Use of palladium hydride trap in Suzuki cross coupling of (E-1). 

Further, 5 mol% TEMPO (209) was added to the reaction mixture of E-2, 2.5 mol% 

Pd2(dba)3, 5 mol% DPEphos in d8-toluene at 40 °C (Scheme 102). The reaction with 5 mol% 

TEMPO (209) was monitored by NMR for 1.5 hr. The spectrum acquired at the end of 1.5 hr 

still showed the isomerization (see Chapter 6: NMR spectra). These experiments negate the 

presence of the palladium hydride species in the isomerization reaction conditions. 
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Scheme 102: Palladium hydride trap in the isomerization reaction condition. 

Fu et al. demonstrated the use of an amine base Cy2NMe in regeneration of Pd (0) from Pd 

(Ⅱ) hydride species.[83] Lipshutz et al. also demonstrated the use amine bases like of TMEDA 

(210) and triethylamine (211) in retention of configuration during the Negishi cross 

coupling.[51b]  

Figure 41: Structures of TMEDA and triethylamine. 

Scheme 103: The addition of triethylamine to the isomerization reaction conditions. 

On the same lines, the triethylamine was added to the reaction mixture of E-2, Pd2(dba)3 and 

DPEphos in dioxane at 85 °C (Scheme 103). No significant suppression in isomerization was 

observed after one hour (analyzed by GC-MS). 
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Further, if palladium hydride can be hypothesized to form in the reaction conditions for 

Suzuki cross coupling of E-1, then palladium hydride species should also be expected to form 

in the reaction conditions of the Suzuki cross coupling of E-162 (Scheme 104). 

Further, the responsibility of the palladium hydride species for the isomerization observed 

during Suzuki cross coupling of E-1 is ruled out on the basis that no isomerization was observed 

when the cross couplings were performed on the E-162 by the previous graduate student.[64]  

Scheme 104: Suzuki cross coupling on (E-162) and (E-1) for comparison. 

It should be noted that reaction conditions for the Suzuki cross coupling of E-162 were very 

similar to that employed for the Suzuki cross coupling of E-1. The cross coupling on E-162 

were regioselective and stereospecific whereas Suzuki cross coupling on E-1 were 

regioselective and stereoselective (Scheme 104). 

Based on the above arguments it seems very unlikely that a palladium hydride is responsible 

for the fast isomerization observed with Pd/phosphine combination. 
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2.7.6. Co-ordination of the substrate to the transition metal 

Another pathway that necessitates the presence of a metal catalyst and a ligand is by direct 

co-ordination of the substrate with the transition metal. This pathway was proposed by Visentin 

et al. for isomerization of dimethyl maleate in the presence of palladium and P, N ligands.[60]   

Visentin et al. proposed the metal coordination pathway, when they observed that dimethyl 

maleate (Z-148) isomerizes to dimethyl fumarate (E-148) in the presence of palladium 

complexes [Pd(dppq)(η2-dmfu)] and [Pd(dppq-Me) (η2-dmfu)] without any external promoter 

(mentioned in Chapter 1, Pathways for isomerization). The fact that E-2 undergoes 

isomerization in the presence of just Pd2(dba)3 and P, P ligand combination emphasizes this 

pathway (section 2.7.4.3). 

Scheme 105: Envisioned E-Z isomerization by coordination of (E-2) to the palladium catalyst. 

This pathway was envisioned for the observed isomerization of E-2 to Z-2, with the  co-

ordinated complex of E-2 and palladium metal center stabilized by the phosphine ligands, 

subsequently goes to a relatively low energy five-membered metallacycle intermediate (213). 

This eventually leads to the thermodynamically more stable  coordinated complex of Z-2. 

(Scheme 105). 
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Figure 42: Two transition states and three minima located for (E-199) via DFT studies. Energies 
(kcal mol-1) relative to 217 are indicated for each calculated stationary state. 

DFT calculations were done by Dr. P.H.M. Budzelaar to calculate the energetics of an enone 

system. The calculations were done with simple DMPE (216) ligand. This ligand was chosen 

as a generic bisphosphine ligand model but not intended to model any specific ligand used in 

the experimental work. 
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Figure 43: Structure of DMPE ligand. 

The three minima and two transition states were located for E-199/ Z-199. The kinetic barrier 

for the entire process was ~ 17 kcal (Figure 42). 

Figure 44: Pictures for two transition states and an intermediate shown in Figure 42. 

The formation of 5-membered metallacycle (218) can be described as a rapid nucleophilic 

attack of palladium at 1,4 olefinic site leading to the shift of the double bond and eventually a 
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forming a bond between Pd and oxygen. The pictures in Figure 44, shows that the two transition 

states (Figure 42) go via flat five membered metallacycle (218) and there is a ring flipping 

between two transition states. 

As discussed in the Section 2.5.3, the outcome of the Suzuki cross coupling can be tuned by 

the nature of the ligand. The presence of the DPEphos ligand led to the Z-2 and presence of t-

Bu-Xantphos or “no phosphine ligand” led to the formation of E-2. It has been made clear in 

section 2.7.4.3 that the presence of Pd2(dba)3 and DPEphos (phosphine ligand) is the 

requirement of the isomerization. To demonstrate the effect of ligands on the isomerization, the 

reactions showed in Scheme 106 and Scheme 107 were monitored by NMR spectroscopy. In 

first reaction, E-2 was run with Pd2(dba)3 and DPEphos in d8-toluene at 77 °C (Scheme 106). 

The fast isomerization in presence of DPEphos is clearly demonstrated in Figure 45. Although 

the reaction was let go for 5 hr but the formation of 96% Z-2 was observed in about half an 

hour. 

Scheme 106: (E-2) to (Z-2) isomerization in the presence of the DPEphos phosphine. 
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Figure 45: Isomerization of (E-2) in 5 mol% Pd/DPEphos monitored by NMR. This figure is same as 
figure 34.  

In second reaction, E-2 was run with Pd2(dba)3 and t-Bu-Xantphos in d8-toluene at 77 °C 

(Scheme 107). The slow isomerization in the presence of t-Bu-Xantphos are clearly 

demonstrated in Figure 46. Only 4% of the isomerization was achieved after four hours. 

Scheme 107: (E-2) to (Z-2) isomerization in the presence of the t-Bu-Xantphos phosphine 
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Figure 46: Isomerization of (E-2) in 5 mol% Pd/ t-Bu-Xantphos phosphine monitored by NMR. 

According to the proposal, isomerization goes via five membered intermediate 218 (Figure 

42). It can be suggested that there could potentially be a difficulty in the formation of the five 

membered metallacycle 218 due to the steric hindrance from the t-Bu-Xantphos, and hence the 

isomerization in the presence of the t-Bu-Xantphos is slow. Whereas the fast isomerization 

taking place in the presence of the DPEphos could be suggestive of easier formation of five 

membered metallacycle which eventually leads to Z-2.  

The compound E-2 possessing enone functionality isomerizes in the presence of Pd2(dba)3 

and DPEphos. To test whether the enone functionality is important, the ketone functionality in 

E-2 was reduced. No isomerization was observed when compound 220, obtained by reduction 

of C=O in E-2 to C-OH, was exposed to Pd2(dba)3 and DPEphos. Further, cis stilbene (Z-161) 
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did not isomerize in the presence of the isomerization reaction conditions Pd2(dba)3 and 

DPEphos (Scheme 108). 

Scheme 108: Cis-stilbene and (E-2) with reduced ketone functionality in isomerization 
conditions. 

The Suzuki cross coupling on E-159 was stereospecific[64] whereas Suzuki cross coupling 

outcome of E-1 was overall stereoselective. 

Scheme 109: Suzuki cross coupling outcome on (E-159) and (E-1). 
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The reaction conditions for both the substrates for cross coupling were very similar (see 

section 2.7.5). These studies show that the presence of one conjugated carbonyl functionality is 

sufficient for isomerization. This pathway can be also envisioned for dienes. That being said, 

the ligand effects might be different. No dienes were used in this project and hence not tested 

for isomerization in the presence of the Pd/P catalyst. 

It was observed experimentally that dimethyl maleate (Z-148) isomerizes in the reaction 

conditions (Scheme 97) but no isomerization was observed when reaction of Z-148 was run 

with just Pd2(dba)3 and DPEphos in d8-toluene at 77 °C (Scheme 99). Visentin et al. also 

observed no isomerization of the dimethyl maleate in the presence of a P, P ligand.[60] The slow 

isomerization of  Z-148 could be because of the calculated ~ 23 kcal/mol kinetic barrier (Figure 

47) which is ~ 6 kcal/mol more than the barrier for E-2 (Figure 42).

Scheme 110: Experiment to verify whether (E-2) isomerizes in the presence of (Z-148/ Z-161) in 
the isomerization conditions. 
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Figure 47: Two transition states and three minima located for (Z-148) via DFT studies. Energies 
(kcal mol-1) relative to 213 are indicated for each calculated stationary state. 
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As shown in Scheme 110, an experiment was performed where the mixture of Z-148 (1 

equivalent) and E-2 (1 equivalent) was run with Pd2(dba)3 and DPEphos in d8-toluene at 40 °C. 

In the similar experiment, a mixture of Z-161 (1 equivalent) and E-2 (1 equivalent) was run 

with Pd2(dba)3 and DPEphos in d8-toluene at 40 °C. It was observed neither Z-148 nor E-2 

isomerizes under the isomerization conditions. Conversely, Z-161 does not isomerize but E-2 

isomerizes under isomerization condition (Scheme 110). This experiment suggests dimethyl 

maleate (Z-148) binds catalyst strongly with metal catalyst and no isomerization of E-2 takes 

place. Further, calculations (done by Dr. Peter Budzelaar) also suggested that the pi complexes 

from the dimethyl maleate (Z-148) would be more tightly bound to the palladium that E-2. This 

was consistent with our observation from the competition experiment above in Scheme 110. 

Scheme 111: Experiment to verify whether (E-2) isomerizes in the presence of in the isomerization 
conditions by varying concentration of (Z-148) in the reaction conditions. 

Further it was hypothesized that if E-2 does not isomerize under isomerization conditions 

due to Z-148 binding to the palladium then if the concentration of Z-148 is lowered i.e. less 

than 2.5 mol% (since 2.5 mol% of palladium source is used in the reaction) then E-2 should 

isomerize again. To verify this, an experiment was performed where the mixture of Z-148 (0.5 
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equivalent) and E-2 (1 equivalent) was run with Pd2(dba)3 and DPEphos in d8-toluene at 40 °C 

(Scheme 111). In the similar experiment, a mixture of Z-148 (1 mol%) and E-2 (1 equivalent) 

was run with Pd2(dba)3 and DPEphos in d8-toluene at 40 °C (Scheme 111). It was observed that 

E-2 does not isomerize (and nor does Z-148) in the reaction (Figure 48) whereas Z-148 does 

not isomerize but E-2 isomerizes in the reaction shown in Figure 49 and Figure 50. This 

suggests that dimethyl maleate binds to the catalyst or in other words poisons the catalyst 

preventing the isomerization of E-2. 

Figure 48: No isomerization of (E-2) observed in the presence of 1 equivalent of dimethyl maleate. 
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Figure 49: Isomerization of (E-2) observed in the presence of cis-stilbene reaction. 

Figure 50: Graph showing the isomerization of (E-2) to (Z-2) in the presence of the 1 mol% dimethyl 
maleate. 
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So far, our experimental studies demonstrated that dimethyl maleate (Z-148) does isomerize 

in the presence of the reaction conditions (Scheme 97) but not when exposed to the minimal 

isomerization conditions i.e. Pd/P catalyst system (Scheme 99). While studying E-Z 

isomerization of dimethyl maleate, Visentin et al. observed that isomerization was found to be 

particularly easy with a "soft/hard" P/N ligand at Pd compared to "soft/soft" P/P ligand.[60] 

Along the same lines, the formation of a “soft/hard” P/O ligand from “hard/hard” P/P ligand in 

the reaction conditions was hypothesized as one of the possibilities for the observed 

isomerization of the dimethyl maleate (Z-148) in the reaction conditions (Figure 51). The 

phosphine present in the ligands can easily oxidise to phosphine oxide in the presence of 

oxygen.[84]  

 

Figure 51: Plausible formation of P, O ligand by oxidation of P, P ligand. 

The computational studies were carried to find how much difference P, O ligand can make 

in the energies instead of P, P ligand. The calculations were carried out with DMPE ligand (216) 

instead of the ligands used in the reactions. The calculations suggested that the barriers of both 

the transition states reduced for isomerization of Z-148 and E-199 for the P, O ligand The 

kinetic barrier for E-199 in the presence of P, P phosphine was ~17 kcal/mol (Figure 42) and it 

reduced to ~13 kcal/mol (Figure 53) in the presence of P,O ligands. The kinetic barrier of Z-

148 in the presence of P, P ligand was ~ 23 kcal/mol (Figure 47) and it reduced to ~ 21 kcal/mol 

(Figure 52) in the presence of the P, O ligands. Although this is a crude model for the real 

system, but it does suggest that barriers do get reduced for P, O ligand. 
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Figure 52: Schematic representation of isomerization pathway of (Z-148) with P, O ligand. 
Energies (kcal mol-1) relative to 226 are indicated for each calculated stationary state. 
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Figure 53: Schematic representation of isomerization pathway of (E-199) with P, O ligand. 
Energies (kcal mol-1) relative to 229 are indicated for each calculated stationary state. 

No isomerization was observed when E-1 (which also possesses enone functionality) was 

reacted with Pd2(dba)3 and DPEphos in dioxane at 85 °C. 

Scheme 112: Verifying the isomerization of (E-2) in presence of the (E-1). 
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Further, when E-2 was exposed to Pd2(dba)3 and DPEphos in the presence of E-1 (Scheme 

112), the isomerization of neither E-2 nor E-1 was not observed. It was proposed that palladium 

catalyst participates in oxidative addition when E-1 is present. 

Figure 54: Two transition states and three minima located via DFT studies for (E-1). 

The computational studies suggest that the kinetic barrier for E-1 to Z-1 is 15.15 kcal/mol 

(Figure 54). It should be noted that this barrier is 1.94 kcal/mol lower than that of E-199 (17.09 

kcal/mol, Figure 42). Despite the lower kinetic barrier, the compound E-1 does not isomerize 

in the presence of the palladium catalyst. The computational studies suggest that the bond length 
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of  C-Cl bond increases when E-1 interacts with the palladium catalyst. The bond length of  

carbon chloro bond increases from 1.806 A° to 1.901A° in T.S. 1, which further increases to 

1.978 A° in the five membered metallacycle (Figure 54).  No such lengthening of the bonds 

was observed for E-2. It is suggestive from the observation of an extreme lengthening of the  

C-Cl bond from the computational calculations (Figure 54), that  C-Cl bond that there is a 

possibility of Cl- directly getting eliminated generating 235, which could be an alternative way 

of oxidative addition. Exploration of this reaction path further would require inclusion of 

solvation in the geometry optimization, which goes beyond the scope of this work (Scheme 

113). 

Scheme 113: Plausible alternative oxidative addition pathway instead of isomerization in (E-1). 
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2.8. Summary 

We have successfully demonstrated that Suzuki cross coupling reactions on E-1 are 

regioselective atC-Cl bond and there is a loss of stereochemistry in Suzuki cross coupling 

outcome. We also have demonstrated that the isomerization is dependent on the phosphine 

ligand used. Depending on the ligand used in the reaction conditions, either Suzuki cross 

coupled product with retention or isomerized Suzuki cross coupled product could be selectively 

formed. The isomerized cross coupled product is formed selectively when DPEphos is used and 

retention of stereochemistry in the cross coupled product is achieved when t-Bu-Xantphos or 

no phosphine ligand is used. 

Scheme 114: Isomerization and retention in the product during Suzuki cross coupling on (E-1).  

We have also demonstrated that the isomerization takes place on the E-2 (and not on E-1) in 

the presence of Pd2dba3 and DPEphos, whereas Pd2(dba)3 and DPEphos by themselves were 

ineffective in isomerization. This work has ruled out the simple mechanisms like thermal 

isomerization, photo-isomerization, Michael type addition-elimination of the phosphine 

ligands, palladium hydride or the zwitterionic pathway that could be responsible for an 

isomerization. Isomerization takes place outside the catalytic cycle and the Suzuki cross 

coupling reactions themselves are stereospecific with isomerization taking place in the separate 
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catalytic cycle. The pathway responsible for the isomerization is proposed to involve the 

formation of the five-membered metallacycle intermediate (Scheme 115). 

Scheme 115: Postulated pathway for isomerization of the Suzuki cross coupling product. 
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Chapter 3: Recent Progress And Future Directions 

Second cross coupling 

My Ph.D. focussed on the Suzuki cross coupling at the  position. This can be extended to 

the second cross coupling at  position. The Nazarov cyclization can be performed on the cross 

coupled product at  position and cross coupled product at both  and  position to yield 2,3 – 

diarylindanones. The reaction shown in Scheme 116 demonstrates the Nazarov cyclization 

performed on 2-arylchalcones by Zhu et al.[85]  On the same lines, this project can be envisioned 

for the synthesis of 2-substituted indanones via Nazarov cyclization on Suzuki cross coupled 

products. 

Scheme 116: Synthesis of 2-substitued indanones via Nazarov cyclization of 2-arylchalcones by 
Zhu et al.[85] 

During this project, a second Suzuki cross coupling with methyl boronic acid was performed 

on Z-2. It was observed that E: Z-2 = 20: 80 led to E: Z-179 = 89: 11. 

Scheme 117: Suzuki cross coupling on (E/Z-2) with methylboronic acid. 
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A second cross coupling was tried on E-2 with p- methoxyphenylboronic acid in the presence 

of t-Bu-Xantphos. It should be noted that t-Bu-Xantphos phosphine ligand has yielded retention 

of stereochemistry when Suzuki cross coupling was done on the  C-Cl bond. It was expected 

that reaction in Scheme 118 would lead to only formation of 238 with retention of 

stereochemistry. When the reaction was analyzed by GC-MS, the mixture of products, 17% Z-

2 and 51% E/Z-238 was observed after one hour. The reaction was let run for 72 hours and 28% 

Z-2 and 71% E/Z-238 was observed. 

Scheme 118: Suzuki cross coupling on (E-2) with p-methoxyphenylboronic acid. 

It is apparent from these results that second cross coupling is much slower than the first cross 

coupling at C-Cl bond. Also, these studies suggest that the synthesis of dicoupled product 

with retention of chemistry could be difficult since the isomerization of E-2 to Z-2 does also 

take place. Further studies to modify the reaction conditions were not done due to the lack of 

the time. 
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Suzuki cross coupling reaction in presence of water 

The Suzuki cross coupling reaction at  position was also successful in the presence of water 

Scheme 119. This eliminated the use of organic solvents in the reaction conditions. The reaction 

conditions were optimized for both retention and isomerization Suzuki cross coupled product. 

Scheme 119: Selective Suzuki cross coupling on E-1 in the presence of water as a reaction solvent. 

The Suzuki cross coupling in water conditions was only performed with p-MeOPhB(OH)2. 

Since the project concentrated on finding the reason of the loss of stereochemistry in the Suzuki 

cross coupling of E-1, the further studies on reactions in presence of water as a reaction solvent 

were not carried. 

Other cross couplings 

This project can also be extended to other cross couplings like Sonogashira (Scheme 120) 

and Negishi reactions. Although, one would expect the isomerization of the product whenever 
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palladium source and phosphine ligand would be present. Nevertheless, it would be interesting 

to verify isomerization under reaction conditions of different cross coupling reactions.  

 

Scheme 120: Extension of project with Sonogashira on (E-1). 

To avoid the isomerization, it is essential to find a coupling catalyst which would give a 

much faster cross coupling and very slow isomerization. One might also want to use an effective 

quenching method to stop isomerization. This should be kept in mind while trying cross 

coupling reactions with the isomerization-prone substrates like enones and probably also 

acrylates. 

Role of aryl boronic acid 

While performing “standalone individual reagent and their combination” studies (discussed 

in section 4.7.4.) it was observed that presence of p-methoxyphenylboronic acid along with 

Pd2(dba)3 and DPEphos facilitates the isomerization of E-2 to Z-2.  

This thesis focussed on major contributor of the isomerization i.e. Pd2(dba)3 and DPEphos. 

As an extension of this project, it would be interesting to study whether arylboronic acid 

accelerates the rate of the isomerization. Some efforts were made to study the effect of the aryl 

boronic acid. An experiment was designed that could be monitored by NMR spectroscopy 

(Scheme 121). In this experiment, the reaction was supposed to be run with Z-2 along with p- 

methoxyphenyl boronic acid, Pd2(dba)3 and DPEphos at 40 °C in d8-toluene. This was supposed 
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to be monitored by NMR for about 1.5-2 hr and then compare the profile achieved with the 

profile of the reaction without p-methoxy phenylboronic acid. 

 

Scheme 121: Isomerization study of (E-2) in presence of [Pd] and aryl boronic acid. 

This reaction could not be performed because of the insolubility of p-methoxy phenylboronic 

acid in the d8-toluene. Because of the lack of the time, further attempts were not made to find 

out whether the presence of aryl boronic acid along with palladium accelerates the isomerization 

or not.  

Effect of substitution in E-2 on isomerization 

This thesis has focussed on isomerization studies of a specific substrate E-2. Concentrating 

on one substrate was crucial for the simplification purposes and to find an answer to the main 

question, i.e., whether the isomerization takes place inside or outside the catalytic cycle and 

eventually to find the conditions responsible for the isomerization. This project has successfully 

answered the above-mentioned question. At this point, the project can be extended further to 

study the effect of substituted aryl ring in E-2 with electron rich and electron withdrawing 

groups on isomerization (E-240). It should be noted that substituted substrate (E-240) may or 

may not show isomerization with Pd/DPEphos conditions and hence demands the extensive 

screening of the ligands. 
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It would be interesting to study the effect of some other group instead of the H atom in E-2 

and E-240 on isomerization (241 and 242). Once again, ligand screening is expected in both 

cases. 

 

Exploration of other functional groups that could lead to isomerization in the substrate 

 Isomerization in reactions is usually unwanted. Therefore, the prior knowledge of the 

behaviour of the substrate can be very useful. While coming up with a synthetic plan for a 

complex substrate, this kind of information is very important. This Ph.D. thesis has 

demonstrated that the presence of enone functionality in the substrate can potentially lead to E-

Z isomerization of the substrate in the presence of the palladium catalyst. The studies can be 

further extended to find out what other functional groups can display isomerization when 

exposed to the palladium catalyst. It should be noted that Pd/DPEphos is the right combination 

for E-2 substrate and it may or may not be the right combination for other substrates. Therefore, 
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these studies would demand exploration of the right conditions to control selectivities in 

different substrates.  

Other classes of compounds that can be envisioned to isomerize in the presence of palladium 

catalyst are 243 and 244. For this, reactions can be done using 243 and 244 with palladium 

catalyst respectively. The 3JH,H or 3JC,H can easily distinguish between E and Z isomers.  

 

Another class of compounds that can potentially lead to the isomerization are the ones 

possessing an unsaturated sulfonyl functionality. Visentin et. al explored isomerization of the 

disulfonic derivative (245) in the presence of the palladium catalyst 246[60] He observed 

isomerization of Z-245 to E-245 in the presence of 246. 

 

Scheme 122: E-Z isomerization of disulfonic derivative. 

 The compound Z-245 would be worth exploring for isomerization in the presence of 

Pd/phosphine system. The exploration of the right combination of palladium and phosphine 

ligand would have to be done. The distinction between E and Z isomers of 245 can be made by 

studying 3JH,H coupling constants.  
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On the same lines, substrates like vinyl phosphonate diesters (247) can be studied for 

isomerization in the presence of the palladium catalyst. For this 247 can be exposed to the right 

combination of palladium and phosphine ligand and 3JH,H can again be used to distinguish 

between E and Z isomers. 

 

Conjugated dienes can be other class of compounds that can be tested for isomerization. This 

can be done by doing Suzuki cross coupling of commercially available 2-bromofuran (248) and 

cis-propenylboronic acid (249).   

 

Scheme 123: Plausible way of testing E-Z isomerization in conjugated dienes. 

The expected product would be the formation of Z-250. The formation of E-250 would imply 

isomerization arising in the product because of the conjugated diene. The both isomers can be 

distinguished using 3JH,H , 
3JC,H and NOE. This being said, the absence of E-250 with one 

combination of Pd/P would not disprove the concept. In such a case, there would be a need of 

screening of various ligands. 

Computational studies 

All the computation studies were performed by Dr. Peter Budzelaar. The ligand employed 

was dmpe for the isomerization studies and P(Me)3 for the zwitterionic mechanism. Further 

studies can be performed with ligands used in the project i.e. t-Bu-Xantphos and DPEphos. This 
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might further shine the light upon the reason for the fast isomerization when DPEphos is used 

and the slow isomerization when t-Bu-Xantphos is used as a ligand. Due to the lack of the time, 

no attempts were made to do computational studies with t-Bu-Xantphos and DPEphos. 
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Chapter 4: Experimental Procedures 

4.1 General consideration 

For analytical purposes, thin layer chromatography (TLC) was performed on pre-coated 

(175-225 µm layer thickness) silica gel on aluminium base (TLC Silica gel 60 F254, EMD 

Millipore Corporation). The eluent system used was n-hexanes: ethyl acetate = 9:1, unless 

otherwise mentioned. The plates were visualized under UV light. For purification purposes, 

manual flash chromatography was performed using Silicycle Silica-P flash silica gel (230-400 

mesh). Melting points were measure using a DigiMelt (Stanford Research systems) apparatus 

with parameters: ramp rate of 1 ℃ and starting temperature set at 26 ℃, unless otherwise 

mentioned. Melting points obtained were uncorrected. 1H NMR (300 MHz) and 13C NMR 

(75MHz) were recorded at 298 K on a Bruker Avance 300 spectrometer whereas 1H NMR (500 

MHz) and 13C NMR (125 MHz) were recorded at 298 K on a Bruker AvanceIII 500 

spectrometer for compound characterization. Chloroform-d1 (CDCl3) containing 99.8 atom % 

D was used as a NMR solvent unless otherwise noted. The chemical shifts were calibrated with 

reference to the residual peak of CDCl3 (7.26 ppm for 1H and 77 ppm for 13C). The abbreviations 

s, t, m signify singlet, triplet, multiplet and AA′BB′, AA′BB′C signify second order splitting 

patterns where C symbolizes the para proton present in a monosubstituted aromatic ring. All 

chemicals were purchased from Sigma-Aldrich and were used without purification, unless 

otherwise mentioned. 
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4.2 Compounds from section 2.2 

(E)-3,4-Dichloro-2-(dimethylamino)-2-phenylbut-3-enenitrile (E-167) 

Compound (E-167) was synthesized using a literature method.[65] The 1H chemical shifts 

were consistent with those reported. Compound 166 (3.2 gm, 20 mmol) and 

tetrabutylammonium hydrogen sulphate (1 g, 3 mmol) and NaOH (3 g dissolved in 6 mL water) 

were placed in the round bottomed flask. When the temperature of the reaction mixture was 

between 5-10 ℃, trichloroethylene (2.20 mL, 24 mmol) was carefully to flask. The reaction 

was let run for 4-5 hr. The reaction was quenched with cold water. The mixture was extracted 

with ethyl acetate (ca. 15 mL × 3). The combined organic extract was washed with brine (ca. 

30 mL) and dried over anhydrous sodium sulphate. The compound E-167 (2.04 g) was isolated 

in 40 % yield.  The E configuration of the compound was validated by the crystal structure. 

White solid (mp 113.8-114.2 ℃); 

1H NMR (300 MHz, CDCl3) δ 2.32 (s, 6H), 6.35 (s, 1H), 7.39-7.43 (AA′BB′C, 3H), 7.76-

7.79 (AA′BB′, 2H) ppm; 

13C NMR (75 MHz, CDCl3) δ 40.92, 74.42, 113.23, 117.45, 126.74, 128.85, 129.58, 132.75, 

135 ppm; 

HRMS: Calculated for C12H12N2Cl2: 254.0378, Found: 254.0366. 
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  3JC,H = 6.7 Hz 

(2E)‐2,3‐Dichloro‐1‐phenylprop‐2‐en‐1‐one (E-1) 

The synthetic procedure described by Jonczyk et al. for E-2 did not give complete 

conversion. However, another procedure from the same laboratory for methyl 2-

formylphenylacetate gave full conversion and was used for the synthesis of E-2.[66]  

Compound E-167 (1.18 g, 4.61 mmol) was dissolved in THF (13.82 mL, 3 mL/mmol) and 

added to the round bottom flask. To this vigorously stirred solution, CuSO4 (2.30 g, 9.22 mmol) 

dissolved in water (13.82 mL, 1.5 mL/mmol) was added in one portion. The reaction was 

refluxed and monitored by tlc until complete consumption of E-167 was observed. After that, 

the reaction mixture was cooled to the room temperature and then quenched with the cold water. 

The mixture was extracted with ethyl acetate (ca. 20 mL × 3). The combined organic extract 

was washed with brine (ca. 30 mL) and dried over anhydrous sodium sulphate. The compound 

E-1 (787.47 mg) was isolated in 85% yield. 
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The 1H chemical shifts we observed for E-1 were not consistent with those reported by 

Jonczyk et al. The E-stereochemistry of compound E-1 was validated by synthesizing its Z 

isomer and comparing their 3JC,H values. 

Yellow oil; 

1H NMR (500 MHz, CDCl3) δ 6.69 (s, 1H), 7.51-7.54 (AA′BB′, 2H), 7.64-7.67 (AA′BB′C, 

1H), 7.96-7.97 (AA′BB′, 2H) ppm; 

13C NMR (125 MHz, CDCl3) δ 118.89, 127.73, 129.03, 129.83, 133.50, 134.66, 188.25 ppm; 

HRMS: Calculated for C9H6OCl2: 199.9796, Found: 199.9798 

    3JC,H  = 7.0 Hz 

4.3 Compounds from section 2.3 and 2.4 

Initial Suzuki reaction and Ozonolysis procedure 

Compound E-1 (100.5 mg, 0.5 mmol), Pd(PPh3)4 (17.33 mg, 0.015 mmol), p-MeOPhB(OH)2 

(76.0 mg, 0.5 mmol), and aqueous 2M K2CO3 (276.4 mg, 2 mmol) were placed in a glass tube 

with a septum fitted screw cap. Dioxane (5 mL) was added to the glass tube. The stirred solution 
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was heated at 65 ℃ until tlc analysis indicated full conversion (~ 40 min).  GC-MS analysis of 

the reaction mixture revealed two products, both of m/z 272, in the ratio of 26:74. 

 Ozonolysis 

The isolated isomer i.e. mixture (E-2 and Z-2) (50 mg, 0.184 mmol) was dissolved in 

dichloromethane (0.5 mL). The solution was cooled to -78 ℃.  Ozone gas was bubbled through 

the solution. The reaction was monitored till the complete conversion of the starting material. 

The solution was then warmed to the room temperature. Dimethyl sulfide (27 µL, 0.368 mmol) 

was added to quench the reaction. The crude product mixtures were analyzed by GC-MS. 

Formation of p-methoxybenzaldehyde was observed from both the isomers. 

 (2E/Z)‐3‐(4‐Methoxyphenyl)-2‐methyl‐1‐phenylprop‐2‐en‐1‐one (179) 

Mixture of isomers E/Z-1 (50 mg, 0.18 mmol), methylboronic acid (16.46 mg, 0.28 mmol,), 

palladium acetate (1.12 mg, 0.005 mmol), S-Phos (3.69 mg, 0.009 mmol) and K3PO4 (77.69 

mg, 0.37 mmol) were added to the test tube with a septum fitted screw cap. Anhydrous toluene 

(2.6 mL, 0.07M with respect to E/Z-1) was added to the test tube. The stirred mixture was 

refluxed. 

The reaction mixture was cooled to the room temperature and ice-cold water was added. The 

reaction mixture was washed with ethyl acetate (ca. 6 mL×3). The combined organic extract 

was washed with brine (ca. 20 ml) and dried over anhydrous sodium sulphate. After filtration, 

the filtrate was concentrated, and the residue was purified by silica-gel chromatography. The 

mixture of isomers (E/Z-179) was formed in the ratio 89:11 was isolated in 74% yield (33.60 

mg). 

Major isomer characterization: 
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1H NMR (500 MHz, CDCl3) δ 2.28 (d, J =1.2 Hz, 3H), 3.85 (s, 3H), 6.93-6.96 (AA’BB’, 

2H), 7.16 (s, 1H), 7.40 - 7.47 (AA’BB’, 4H), 7.52-7.55 (AA’BB’C, 1H), 7.71-7.72 (AA’BB’, 

2H) ppm; 

13C NMR (75 MHz, CDCl3) δ 14.38, 55.36, 113.99, 128.15, 128.42, 129.41, 131.36, 131.59, 

134.90, 138.97, 142.64, 160.00, 199.58 ppm; 

HRMS: No HRMS was obtained for this compound. 

   3JC,H = 7.1 Hz 

(2Z)‐2,3‐Dichloro‐1‐phenylprop‐2‐en‐1‐one (Z-1) 

The compound E-1 (100 mg, 1 mmol) and DPEphos (13.46 mg, 0.025 mmol) was added to 

the 25 mL round bottom flask fitted with a condenser. Anhydrous dioxane (3 mL, 0.166 M with 

respect to E-1) was added to the flask. The stirred mixture was refluxed until complete 

conversion (~24 hr). 

The reaction mixture was the cooled to the room temperature and ice-cold water was added. 

The reaction mixture was washed with ethyl acetate (ca. 6 mL×3). The combined organic 

extract was washed with brine (ca. 20 mL) and dried over anhydrous sodium sulphate. After 

filtration, the filtrate was concentrated, and the residue was purified by silica-gel 

chromatography. The compound Z-1 was obtained in 78% yield (78 mg). 
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 Yellow oil; 

1H NMR (500 MHz, CDCl3) δ 7.29 (s, 1H), 7.48-7.51 (AA′BB′, 2H), 7.60-7.63 (AA′BB′C, 

1H), 7.74-7.75 (AA′BB′, 2H) ppm; 

13C NMR (125 MHz, CDCl3) δ 128.68, 129.45, 133.27, 133.60, 135.45, 135.90, 187.64 ppm; 

HRMS: Calculated for C9H6OCl2: 199.9789, Found: 199.9796. 

3JC,H  = 2.9 Hz 

4.4. Optimization studies from section 2.5 

Palladium catalysts 

The compound E-1 (50 mg, 0.25 mmol), p-MeOPhB(OH)2 (49.25 mg, 0.32 mmol), 

palladium catalyst (0.012 mmol) and Cs2CO3 (243.39 mg, 0.75 mmol) were placed in a glass 

tube with a screw cap. Anhydrous dioxane (1.5 mL, 0.166 M with respect to E-1) was added to 

the glass tube. The stirred solution was heated at 65 ℃ for one hour. The aliquot taken was 

quenched with cold water and extracted with dichloromethane. The sample was analyzed by 

GC-MS. 

Base and solvent 

The compound E-1 (50 mg, 0.25 mmol), p-MeOPhB(OH)2 (49.25 mg, 0.32 mmol), 

Pd2(dba)3 (10.99 mg, 0.012 mmol) and base (0.75 mmol) were placed in a glass tube with a 

screw cap. Anhydrous dioxane/toluene (1.5 mL, 0.166 M with respect to E-1) was added to the 
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glass tube. The stirred solution was heated at 65 ℃ for one hour. The aliquot taken was 

quenched with cold water and extracted with dichloromethane. The sample was analyzed by 

GC-MS. 

 Ligand studies 

The compound E-1 (50 mg, 0.25 mmol), p-MeOPhB(OH)2 (37.84 mg, 0.25 mmol), 

Pd2(dba)3 (5.49 mg, 0.006 mmol), phosphine ligand (5 mol% bidentate and 7.5 mol% 

monodentate ligand) and Cs2CO3 (243.39 mg, 0.75, 3 eq) were placed in a glass tube with a 

screw cap. Anhydrous dioxane (1.5 mL, 0.166 M with respect to E-1) was added to the glass 

tube. The stirred solution was heated at 85 ℃ for one hour. The aliquot taken after 1 hr and 24 

hr were quenched with cold water and extracted with dichloromethane. The sample was 

analyzed by GC-MS. 

4.5. Compounds from Section 2.6 

General procedure for Suzuki cross-coupling on (E-1) 

Conditions A: The compound E-1 (1 eq), p-MeOPhB(OH)2 (1 eq), Pd2(dba)3 (5 mol%) and 

Cs2CO3 (3 eq) were placed in a glass tube with a screw cap. Anhydrous dioxane (0.166 M with 

respect to E-1) was added to the glass tube. The stirred solution was heated at 85 ℃ until 

complete consumption of E-1. The reaction mixture was the cooled to the room temperature 

and ice-cold water was added. The reaction mixture was washed with ethyl acetate (ca. 5 

mL×3). The combined organic extract was washed with brine (ca. 15 mL) and dried over 

anhydrous sodium sulphate. After filtration, the filtrate was concentrated, and the residue was 

purified by silica-gel chromatography. 
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Conditions B: The compound E-1 (1 eq), p-MeOPhB(OH)2 (1 eq), Pd2(dba)3 (2.5 mol%), 

t-BuXantphos (5 mol%) and Cs2CO3 (3 eq) were placed in a glass tube with a screw cap. 

Anhydrous dioxane (0.166 M with respect to E-1) was added to the glass tube. The stirred 

solution was heated at 85 ℃ until complete consumption of E-1. The reaction mixture was the 

cooled to the room temperature and ice-cold water was added. The reaction mixture was washed 

with ethyl acetate (ca. 5 mL×3). The combined organic extract was washed with brine (ca. 15 

mL) and dried over anhydrous sodium sulphate. After filtration, the filtrate was concentrated, 

and the residue was purified by silica-gel chromatography. 

Conditions C: The compound E-1 (1 eq), p-MeOPhB(OH)2 (1 eq), Pd2(dba)3 (2.5 mol%), 

DPEphos (5 mol%) and Cs2CO3 (3 eq) were placed in a glass tube with a screw cap. Anhydrous 

dioxane (0.166 M with respect to E-1) was added to the glass tube. The stirred solution was 

heated at 85 ℃ till complete consumption of E-1. The reaction mixture was the cooled to the 

room temperature and ice-cold water was added. The reaction mixture was washed with ethyl 

acetate (ca. 5 mL×3). The combined organic extract was washed with brine (ca. 15 mL) and 

dried over anhydrous sodium sulphate. After filtration, the filtrate was concentrated, and the 

residue was purified by silica-gel chromatography. 

(E)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (E-2) 

 Yield: 78% (Conditions A), 73% (Conditions B) 

Yellow solid (mp 91.7-93.1 ℃)[86]; 
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1H NMR (500 MHz, CDCl3) δ 3.72 (s, 3H), 6.69-6.72 (AA′BB′, 2H), 7.09-7.12 (AA′BB′, 

2H), 7.14 (s, 1H), 7.40-7.44 (AA′BB′, 2H), 7.53-7.57 (AA′BB′C, 1H), 7.96-7.98 (AA′BB′, 2H) 

ppm; 

13C NMR (125 MHz, CDCl3) δ 55.19, 114.03, 124.76, 125.95, 128.81, 129.90, 129.95, 

132.52, 134.12, 134.15, 159.84, 191.79 ppm; 

HRMS: Calculated for C16H13O2Cl: 272.0604, Found: 272.0605 

 3JC,H = 8.6 Hz 

(E)-2-Chloro-3-(phenyl)-1-phenylprop-2-en-1-one (E-199) 

Yield: 69% (Conditions A) 

Yellow oil; 

1H NMR (300 MHz, CDCl3) δ 7.17-7.20 (m, 6H), 7.39-7.45 (AA’BB’, 2H), 7.52-7.58 

(AA’BB’C, 1H), 7.95-7.98 (AA’BB’, 2H) ppm; 
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13C NMR (75 MHz, CDCl3) δ 127.06, 128.37, 128.63, 128.67, 128.85, 129.98, 132.77, 

133.33, 133.98, 134.25, 191.43 ppm; 

HRMS: Calculated for C15H11OCl: 242.0498, Found: 242.0492; 

 3JC,H = 8.6 Hz 

(E)-2-chloro-3-(4-methylphenyl)-1-phenylprop-2-en-1-one (E-198) 

Yield: 75% (Conditions A) 

Yellow oil; 

1H NMR (300 MHz, CDCl3) δ 2.24 (s, 3H), 6.97-7.07 (AA’BB’, 4H), 7.15 (s, 1H), 7.39-

7.45 (AA’BB’, 2H), 7.52-7.58 (1H, AA’BB’C), 7.95-7.98 (AA’BB’, 2H) ppm; 

13C NMR (75 MHz, CDCl3) δ 21.23, 125.96, 128.33, 128.84, 129.35, 129.99, 130.50, 

132.73, 134.04, 134.19, 138.80, 191.66 ppm; 

HRMS: Calculated for C16H13OCl: 256.0655, Found: 256.0653; 

 3JC,H = 8.8 Hz 
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(2E)‐2‐chloro‐1‐phenyl‐3‐(thiophen‐2‐yl)prop‐2‐en‐1‐one (E-203) 

Yield: 77% (Conditions A) 

Yellow oil; 

1H NMR (300 MHz, CDCl3) δ 6.90-6.93 (m, 1H), 7.03-7.05 (m, 1H), 7.22-7.28 (m, 2H), 

7.47-7.52 (m, 2H), 7.59-7.65 (m, 1H), 8.01-8.05 (m, 2H) ppm; 

13C NMR (75 MHz, CDCl3) δ 124.81, 126.07, 127.34, 128.00, 128.87, 129.99, 130.02, 

134.09, 134.29, 135.66, 191.19 ppm; 

HRMS: Calculated for C13H9OSCl: 248.0063, Found: 248.0057; 

3JC,H = 8.1 Hz 

(2E)‐3‐(Benzofuran‐2‐yl)‐2‐chloro‐1‐phenylprop‐2‐en‐1‐one (E-202) 

Yield: 76% (Conditions A) 
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Yellow solid (mp 104-105.5℃); 

1H NMR (300 MHz, CDCl3) δ 6.70 (s, 1H), 7.02 (s, 1H), 7.10-7.22 (m, 3H), 7.45-7.50 (m, 

3H), 7.56-7.61 (m, 1H), 8.03-8.06 (m, 2H) ppm; 

13C NMR (75 MHz, CDCl3) δ 108.16, 111.17, 120.08, 121.35, 123.23, 125.53, 127.92, 

127.96, 128.86, 129.73, 134.15, 134.33, 149.86, 155.10, 190.57 ppm; 

HRMS: Calculated for C17H11O2Cl: 282.0448, Found: 282.0445; 

3JC,H = 8.1 Hz

(E)-2-chloro-3-(4-fluorophenyl)-1-phenylprop-2-en-1-one (E-200) 

Yield: 72% (Conditions A) 

Yellow oil; 

1H NMR (300 MHz, CDCl3) δ 6.84-6.91 (AA’BB’, 2H), 7.13-7.18 (m, 3H), 7.40-7.46 

(AA’BB’, 2H), 7.54-7.59 (AA’BB’C, 1H), 7.93-7.97 (AA’BB’, 2H) ppm; 
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13C NMR (75 MHz, CDCl3) δ 115.60, 115.89, 127.01, 127.04, 128.91, 129.50, 129.56, 

129.94, 130.17, 130.28, 131.63, 133.89, 134.39, 161.00, 164.32, 191.35 ppm; 

HRMS: Calculated for C15H10OClF: 260.0404, Found: 260.0402; 

3JC,H = 8.3 Hz 

(Z)-2-chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (Z-2) 

Yield: 80% (Conditions C) 

White solid (mp 58.2-60 ℃) 

1H NMR (500 MHz, CD3OD) δ 3.84 (s, 3H), 6.99-7.01 (AA′BB′, 2H), 7.49 (s, 1H), 7.50-

7.54 (AA′BB′, 2H), 7.60-7.64 (AA′BB′C, 1H), 7.72-7.73 (AA′BB′, 2H), 7.87-7.89 (AA′BB′, 

2H) ppm; 

13C NMR (125 MHz, CD3OD) δ 54.51, 113.79, 125.25, 127.55, 128.22, 128.94, 132.07, 

132.71, 137.27, 140.59, 161.84, 191.75 ppm; 

HRMS: Calculated for C16H13O2Cl: 272.0604, Found: 272.0604 
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 3JC,H = 4.6 Hz

(2Z)‐2‐chloro‐1‐phenyl‐3‐(thiophen‐2‐yl)prop‐2‐en‐1‐one (Z-203) 

Yield: 62% (Conditions C) 

Yellow oil 

1H NMR (500 MHz, CDCl3) δ 7.15-7.17 (AA’BB’, 1H), 7.46-7.52 (AA’BB’, 3H), 7.58-7.61 

(AA’BB’C, 1H), 7.67-7.68 (AA’BB’, 1H), 7.74-7.78 (m, 3H) ppm; 

13C NMR (125 MHz, CDCl3) δ 127.24, 127.98, 128.48, 129.24, 132.22, 132.33, 134.19, 

134.83, 136.70, 137.22, 190.48 ppm; 

HRMS: Calculated for C13H9OClS: 248.0063, Found: 248.0054;   

3JC,H = 4.5 Hz 
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(Z)-2-chloro-3-(phenyl)-1-phenylprop-2-en-1-one (Z-199) 

Yield: 70% (Conditions C) 

Yellow oil 

1H NMR (300 MHz, CDCl3) δ 7.42-7.53 (m, 6H), 7.57-7.63 (1H, AA’BB’C), 7.79-7.87 

(AA’BB’, 4H) ppm; 

13C NMR (125 MHz, CDCl3) δ 128.47, 128.62, 129.54, 130.42, 130.44, 130.67, 132.53, 

132.91, 136.86, 139.69, 191.28 ppm; 

HRMS: Calculated for C15H11OCl: 242.0498, Found: 242.0493;   

3JC,H = 4.7 Hz 

(Z)-2-chloro-3-(4-methylphenyl)-1-phenylprop-2-en-1-one (Z-198) 

Yield: 76% (Conditions C) 

Yellow solid (mp 58.2-58.4°C); 

1H NMR (300 MHz, CDCl3) δ 2.42 (s, 3H), 7.28-7.29 (AA’BB’, 2H), 7.48-7.53 (m, 3H), 

7.58-7.64 (AA’BB’C, 1H), 7.77-7.82 (AA’BB’, 4H) ppm; 
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13C NMR (75 MHz, CDCl3) δ 21.59, 128.45, 129.40, 129.50, 129.67, 130.17, 130.84, 

132.38, 137.14, 140.12, 141.17, 191.40 ppm; 

HRMS: Calculated for C16H13OCl: 256.0655, Found: 256.0655;   

3JC,H = 4.7 Hz 

(2Z)‐2‐chloro‐3‐(2‐fluoropyridin‐4‐yl)‐1‐phenylprop‐2‐en‐1‐one (Z-204) 

Yield: 69% (Conditions C) 

Yellow oil; 

1H NMR (300 MHz, CDCl3) δ 7.02-7.06 (AA’BB’, 1H), 7.41 (s, 1H), 7.48-7.53 (AA’BB’, 

2H), 7.59-7.65 (AA’BB’C, 1H), 7.78-7.82 (AA’BB’, 2H), 8.46-8.52 (AA’BB’, 2H) ppm; 

13C NMR (75 MHz, CDCl3) δ 109.52, 110.02, 127.25, 127.31, 128.67, 129.60, 132.25, 

132.28, 133.04, 133.94, 136.13, 141.89, 142.00, 150.32, 150.53, 162.18, 165.42, 190.46 ppm; 

HRMS: Calculated for C14H9NOFCl: 261.0357, Found: 261.0362;   
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  3JC,H = 4.4 Hz 

(2Z)‐3‐(Benzofuran‐2‐yl)‐2‐chloro‐1‐phenylprop‐2‐en‐1‐one (Z-202) 

Yield: 74% (Conditions C) 

Yellow solid (mp 62.5-65 °C); 

1H NMR (300 MHz, CDCl3) δ 7.27-7.32 (m, 1H), 7.37-7.42 (m, 1H), 7.47-7.54 (m, 3H), 

7.58-7.65 (m, 2H), 7.67-7.71 (m, 1H), 7.77-7.80 (m, 3H) ppm; 

13C NMR (75 MHz, CDCl3) δ 111.48, 113.33, 122.38, 123.68, 127.0, 128.34, 128.60, 

128.88, 129.42, 130.93, 132.58, 136.64, 150.26, 155.14, 190.11 ppm; 

HRMS: Calculated for C17H11O2Cl: 282.0448, Found: 282.0454;   

 3JC,H = 4.5 Hz
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(2Z)‐2‐chloro‐3‐(4‐fluorophenyl)‐1‐phenylprop‐2‐en‐1‐one (Z-200) 

Yield: 78% (Conditions C) 

Yellow oil; 

1H NMR (300 MHz, CDCl3) δ 7.09-7.17 (AA’BB’, 2H), 7.44-7.52 (m, 3H), 7.57-7.63 

(AA’BB’C, 1H), 7.77-7.81 (AA’BB’, 2H), 7.83-7.90 (AA’BB’, 2H) ppm; 

13C NMR (75 MHz, CDCl3) δ 115.73, 116.01, 128.53, 129.11, 129.16, 129.53, 130.13, 

130.16, 132.61, 132.82, 132.93, 136.80, 138.39, 161.94, 165.30, 191.13 ppm; 

HRMS: Calculated for C15H10OClF: 260.0404, Found: 260.0401; 

3JC,H = 4.6 Hz 

4.6. Compounds from Section 2.7.6. 

General procedure for (E-220) 

Compound E-2 (100 mg, 0.37 mmol) was dissolved in 0.4 M methanol (~ 1 mL) in a test 

tube. CeCl3.7H2O (136.74 mg, 0.37 mmol) was added to the tube. After that NaBH4 (13.88 mg, 

0.37 mmol) was carefully added. The test tube was agitated from time to time to ensure 

complete mixing.  Reaction was let go until tlc indicated complete conversion of E-2. Once 

completed, aqueous 0.5 M HCl was added to the test tube while shaking the tube.  
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The reaction mixture was then washed with ethyl acetate (ca. 5 mL×3). The combined 

organic extract was washed with brine (ca. 20 mL) and dried over anhydrous magnesium 

sulphate. After filtration, the filtrate was concentrated, and the residue was purified by silica-

gel chromatography. The compound 220 was obtained in 82% yield (83.36 mg). 

Colorless viscous oil; 

1H NMR (500 MHz, CDCl3) δ 2.53 (1H, s), 3.81 (3H, s), 5.95 (1H, s), 6.88 – 6.90 (2H, m), 

7.01 (1H, s), 7.21 – 7.23 (2H, m), 7.32 – 7.35 (1H, m), 7.38 – 7.41 (2H, m), 7.47 – 7.48 (2H, 

m) ppm;

13C NMR (125 MHz, CDCl3) δ 55.31, 70.90, 114.16, 126.13, 127.02, 127.94, 128.51, 

129.67, 130.87, 136.07, 140.22, 159.42 ppm; 

HRMS: Calculated for C16H15O2Cl: 274.0773, Found: 274.074;   

 3JC,H = 7.6 Hz 

4.7. General Procedures from 2.7 

Dimethyl maleate (Z-148) in Suzuki cross coupling reaction conditions 

The compound dimethyl maleate (31 μL, 0.25 mmol), p-MeOPhB(OH)2 (37.84 mg, 0.25 

mmol), Pd2(dba)3 (5.49 mg, 0.006 mmol), DPEphos (6.73 mg, 0.0125 mmol) and Cs2CO3 

(243.39 mg, 0.75 mmol) were placed in a glass tube with a screw cap. Anhydrous dioxane (1.5 

mL) was added to the glass tube. The stirred solution was heated at 85 ℃ for one hour. The 

aliquot taken was quenched with cold water and extracted with dichloromethane. The crude 
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sample was analyzed by NMR. The mixture of dimethyl maleate (Z-148): dimethyl fumarate 

(E-148) = 20: 80 was observed. 

Different dimethyl maleate (Z-148) concentration in the reaction 

The compound E-1 (50 mg, 0.25 mmol), p-MeOPhB(OH)2 (37.84 mg, 0.25 mmol), dimethyl 

maleate (different concentration), Pd2(dba)3 (5.49 mg, 0.006 mmol), DPEphos (6.73 mg, 0.0125 

mmol) and Cs2CO3 (243.39 mg, 0.75) were placed in a glass tube with a screw cap. Anhydrous 

dioxane (1.5 mL, 0.166 M with respect to E-1) was added to the glass tube. The stirred solution 

was heated at 85 ℃ for one hour. The aliquot taken was quenched with cold water and extracted 

with dichloromethane. The sample was analyzed by GC-MS. 

TEMPO (209) and quinone studies 

The compound E-1 (100 mg, 0.5 mmol), p-MeOPhB(OH)2 (75.54 mg, 0.5 mmol), Pd2(dba)3 

(10.99 mg, 0.012 mmol), DPEphos (13.46 mg, 0.025 mmol),  TEMPO (1.88 mg, 0.012 mmol) 

/ quinone (1.30 mg, 0.012 mmol) and Cs2CO3 (485.50 mg, 1.49 mmol) were placed in a glass 

tube with a screw cap. Anhydrous dioxane (3 mL, 0.166 M with respect to E-1) was added to 

the glass tube. The stirred solution was heated at 85 ℃ until complete consumption of E-1. The 

aliquot taken was quenched with cold water and extracted with dichloromethane. The reaction 

was analyzed by GC-MS. The isomerization of 4: 96 (Z-2: E-2) was observed. 

The compound E-2 (27.16 mg, 0.09 mmol), Pd2(dba)3 (2.29 mg, 0.025 mmol), DPEphos 

(2.69 mg, 0.005 mmol), TEMPO (0.78 mg, 0.005 mmol) in d8-toluene (0.6 mL) were placed in 

a NMR tube. The tube was placed in NMR instrument (at 313 K) and automated script was 

acquired every 3 minutes. The reaction was let go for 3.5 hr. At the end of 3.5 hr, 55% E-2 and 

45% Z-2 was observed. 
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Base study 

The compound E-2 (50 mg, 0.18 mmol), p-MeOPhB(OH)2 (27.81 mg, 0.18 mmol), 

Pd2(dba)3 (4.58 mg, 0.005 mmol), DPEphos (4.85 mg, 0.009 mmol,) and triethyl amine (77 μL, 

0.55 mmol) were placed in a glass tube with a screw cap. Anhydrous dioxane (1.1 mL, 0.166 

M with respect to E-2) was added to the glass tube. The stirred solution was heated at 85 ℃ for 

one hour. The aliquot taken was quenched with cold water and extracted with dichloromethane. 

The sample was analyzed by GC-MS. The formation of E-2: Z-2 = 4: 96 was observed. 

Suzuki cross coupling with an organic base 

The compound E-1 (50 mg, 0.25 mmol), p-MeOPhB(OH)2 (37.85 mg, 0.25 mmol), 

Pd2(dba)3 (5.68 mg, 0.006 mmol), DPEphos (6.73 mg, 0.0125 mmol) and triethyl amine  (104 

μL, 0.75 mmol) were placed in a glass tube with a screw cap. Anhydrous dioxane (1.5 mL, 

0.166 M with respect to E-1 ) was added to the glass tube. The stirred solution was heated at 85 

℃. The aliquot taken was quenched with cold water and extracted with dichloromethane. The 

sample was analyzed by GC-MS. No Suzuki cross coupled product formation was observed. 

(E-2) with 2.5 mol% Pd2(dba)3 at 350 K 

The compound E-2 (27.16 mg, 0.09 mmol) was dissolved in 0.5 mL of d8-toluene and placed 

in a NMR tube. Then a 0.1 mL of premixed mixture of 5 mg Pd2(dba)3 in deuterated toluene 

(0.2 mL) was added to the NMR tube. The experiment was set up for 5 hours at 350 K, such 

that each scan was acquired after 3 minutes. No isomerization was observed after 5 hours. 
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(E-2) with 5 mol% DPEphos at 350 K 

The compound E-2 (27.16 mg, 0.09 mmol) was dissolved in 0.5 mL of d8-toluene and placed 

in a NMR tube. Then a 0.1 mL of premixed mixture of 5.4 mg DPEphos were dissolved in 

deuterated toluene (0.2 mL) was added to the NMR tube. The experiment was set up for about 

3.5 hours at 350 K, such that each scan was acquired after 3 minutes. No isomerization was 

observed after ~ 3.5 hour. 

(E-2) with 5 mol% Pd/DPEphos at 350 K 

The compound E-2 (27.16 mg, 0.09 mmol) was dissolved in 0.5 mL of d8-toluene and placed 

in a NMR tube. Then a 0.1 mL of premixed mixture of 5 mg Pd2(dba)3and 5.4 mg DPEphos 

were dissolved in deuterated toluene (0.2 mL) was added to the NMR tube. The experiment 

was set up for about five hours at 350 K, such that each scan was acquired after 3 minutes. The 

ratio of E: Z- 2 = 4: 96 was observed in 30 min. 

(E-2) with 5 mol% Pd/DPEphos at 313 K 

The compound E-2 (27.16 mg, 0.09 mmol) was dissolved in 0.5 mL of d8-toluene and placed 

in a NMR tube. Then a 0.1 mL of premixed mixture of 5 mg Pd2(dba)3and 5.4 mg DPEphos 

were dissolved in deuterated toluene (0.2 mL) was added to the NMR tube. The experiment 

was set up for about 3.5 hour at 313 K, such that each scan was acquired after 3 minutes. The 

ratio of E:Z-2 = 46: 54 was observed after 3.5 hour. 

Dimethyl maleate (Z-148) with 5mol% Pd/DPEphos at 350 K 

The compound dimethyl maleate (12.46 μL, 0.09 mmol) was dissolved in 0.5 mL d8-toluene 

and placed in NMR tube. Then a 0.1 mL of premixed mixture of 5 mg Pd2(dba)3and 5.4 mg 
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DPEphos were dissolved in deuterated toluene (0.2 mL) was added to the NMR tube. The tube 

was placed in a NMR instrument at 350 K. The experiment was set up for about ~ 1.5 hour at 

350K, such that each scan was acquired after 3 minutes. No isomerization was observed after 

1.5 hr. 

Compound (E-1) and (E-2) with 5mol% Pd/DPEphos at 350 K 

The compound E-2 (20.03 mg, 0.09 mmol) and compound E-1 (27.16 mg, 0.09 mmol) was 

dissolved in 0.5 mL of d8-toluene and placed in a NMR tube. Then a 0.1 mL of premixed 

mixture of 5 mg Pd2(dba)3and 5.4 mg DPEphos were dissolved in deuterated toluene (0.2 mL) 

was added to the NMR tube. The experiment was set up for about 3.5 at 350 K, such that each 

scan was acquired after 3 minutes. Neither the isomerization of E-2 and E-1 was observed after 

3.5 hour. 

Cis stilbene (Z-161) with 5mol% Pd/DPEphos at 350 K 

The compound cis-stilbene (17.76 μL, 0.09 mmol) was dissolved in 0.5 mL d8-toluene and 

placed in NMR tube. Then a 0.1 mL of premixed mixture of 5 mg Pd2(dba)3and 5.4 mg 

DPEphos were dissolved in deuterated toluene (0.2 mL) was added to the NMR tube. The tube 

was placed in a NMR instrument at 350 K. The experiment was set up for about 1.5 hour at 350 

K, such that each scan was acquired after 3 minutes. No isomerization was observed after 1.5 

hr. 

(E-220) with 5mol% Pd/DPEphos at 350 K 

The compound E-222 (27.16 mg, 0.0996 mmol) was dissolved in 0.5 mL d8-toluene and 

placed in NMR tube. Then a 0.1 mL of premixed mixture of 5 mg Pd2(dba)3and 5.4 mg 
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DPEphos were dissolved in deuterated toluene (0.2 mL) was added to the NMR tube. The tube 

was placed in a NMR instrument at 350 K. The experiment was set up for about 3.5 hour such 

that each scan was acquired after 3 minutes. No isomerization was observed after 3.5 hr. 

Dimethyl maleate (Z-148) and (E-2) 1:1 ratio with 5mol% Pd/DPEphos at 313 K 

The compound E-2 (27.16 mg, 0.09 mmol) was dissolved in 0.5 mL d8-toluene and placed 

in NMR tube. Then a 0.1 mL of premixed mixture of dimethyl maleate (12.46 μL, 0.09 mmol), 

5 mg Pd2(dba)3and 5.4 mg DPEphos were dissolved in deuterated toluene (0.2 ml) was added 

to the NMR tube. The tube was placed in a NMR instrument at 313 K. The experiment was set 

up for about 3.5 hour such that each scan was acquired after 3 minutes. No isomerization of E-

2 to Z-2 was observed after 3.5 hr. 

 Dimethyl maleate (Z-148) and (E-2) in 0.5:1 ratio with 5mol% Pd/DPEphos at 

313 K 

The compound E-2 (27.16 mg, 0.09 mmol) was dissolved in 0.5 mL d8-toluene and placed 

in NMR tube. Then a 0.1 mL of premixed mixture of dimethyl maleate (6.23 μL, 0.05 mmol), 

5 mg Pd2(dba)3and 5.4 mg DPEphos were dissolved in deuterated toluene (0.2 mL) was added 

to the NMR tube. The tube was placed in a NMR instrument at 313 K. The experiment was set 

up for about 3.5 hour such that each scan was acquired after 3 minutes. No isomerization of E-

2 to Z-2 was observed after 3.5 hr. 
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Dimethyl maleate (Z-148) and (E-2) in 0.01:1 ratio with 5mol% Pd/DPEphos at 

313 K 

The compound E-2 (27.16 mg, 0.09 mmol) was dissolved in 0.5 mL d8-toluene and placed 

in NMR tube. Then a 0.1 mL of premixed mixture of dimethyl maleate (0.13 μL, 0.00 mmol), 

5 mg Pd2(dba)3and 5.4 mg DPEphos were dissolved in deuterated toluene (0.2 mL) was added 

to the NMR tube. The tube was placed in a NMR instrument at 313 K. The experiment was set 

up for about 5 hour such that each scan was acquired after 3 minutes. The ratio of E-2: Z-2 = 

69: 31 was observed after 3.5 hr. 

(E-2) with 5 mol% Pd/t-Bu-Xantphos at 350 K 

The compound E-2 (27.16 mg, 0.0996 mmol) was dissolved in 0.5 mL d8-toluene and placed 

in NMR tube. Then a 0.1 mL of premixed mixture of 5 mg Pd2(dba)3and 5 mg t-Bu-Xantphos 

was dissolved in deuterated toluene (0.2 mL) was added to the NMR tube. The tube was placed 

in a NMR instrument at 350 K. The experiment was set up for about 4 hour such that each scan 

was acquired after 3 minutes. The ratio of E-2: Z-2 = 94: 4 was observed after 4 hr. 
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Chapter 6: NMR spectra 
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 (E)‐3,4-Dichloro-2-(dimethylamino)-2-phenylbut-3-enenitrile (E-167) - 1H NMR 
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(E)‐3,4-Dichloro-2-(dimethylamino)-2-phenylbut-3-enenitrile (E-167) - 13C NMR 
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(E)‐3,4-Dichloro-2-(dimethylamino)-2-phenylbut-3-enenitrile (E-167) - 3JC,H 



172 

(2E)‐2,3-Dichloro‐1‐phenylprop‐2‐en‐1‐one (E-1) - 1H NMR 
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(2E)‐2,3-Dichloro‐1‐phenylprop‐2‐en‐1‐one (E-1) - 13C NMR 



174 

(2E)‐2,3-Dichloro‐1‐phenylprop‐2‐en‐1‐one (E-1) - 3JC,H 



175 

(2E/Z)‐3‐(4‐Methoxyphenyl)-2‐methyl‐1‐phenylprop‐2‐en‐1‐one (E/Z-179) - 1H NMR 



176 

(2E/Z)‐3‐(4‐Methoxyphenyl)-2‐methyl‐1‐phenylprop‐2‐en‐1‐one (E/Z-179) - 13C NMR 



177 

(2E)‐3‐(4‐Methoxyphenyl)-2‐methyl‐1‐phenylprop‐2‐en‐1‐one (E-179) - 3JC,H 



178 

(2Z)‐3‐(4‐Methoxyphenyl)-2‐methyl‐1‐phenylprop‐2‐en‐1‐one (Z-179) - 3JC,H 



179 

(2E)‐3‐(4‐Methoxyphenyl)-2‐methyl‐1‐phenylprop‐2‐en‐1‐one (E-179) – NOE 



180 

(2Z)‐3‐(4‐Methoxyphenyl)-2‐methyl‐1‐phenylprop‐2‐en‐1‐one (Z-179) - NOE 



181 

(2E)‐3‐(4‐Methoxyphenyl)-2‐methyl‐1‐phenylprop‐2‐en‐1‐one (E-179) - NOE 



182 

(2Z)‐3‐(4‐Methoxyphenyl)-2‐methyl‐1‐phenylprop‐2‐en‐1‐one (Z-179) - NOE 



183 

(2Z)‐2,3-Dichloro‐1‐phenylprop‐2‐en‐1‐one (Z-1) - 1H NMR 



184 

(2Z) ‐2,3‐Dichloro‐1‐phenylprop‐2‐en‐1‐one (Z-1) - 13C NMR 
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 (2Z)‐2,3-Dichloro‐1‐phenylprop‐2‐en‐1‐one (Z-1) - 13C NMR 



186 

(2Z)‐2,3-Dichloro‐1‐phenylprop‐2‐en‐1‐one (Z-1) - 3JC,H 



187 

(E)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (E-2) – 1H NMR 



188 

(E)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (E-2) – 13C NMR



189 

(E)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (E-2) – 13C NMR (zoomed) 



190 

(E)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (E-2) - 3JC,H 



191 

(E)-2-Chloro-3-(phenyl)-1-phenylprop-2-en-1-one (E-199) – 1H NMR 



192 

(E)-2-Chloro-3-(phenyl)-1-phenylprop-2-en-1-one (E-199) – 13C NMR



193 

(E)-2-Chloro-3-(phenyl)-1-phenylprop-2-en-1-one (E-199) – 3JC,H



194 

(E)-2-Chloro-3-(4-methylphenyl)-1-phenylprop-2-en-1-one (E-198) - 1H NMR 



195 

(E)-2-Chloro-3-(4-methylphenyl)-1-phenylprop-2-en-1-one (E-198)- 13C NMR



196 

(E)-2-Chloro-3-(4-methylphenyl)-1-phenylprop-2-en-1-one (E-198) - 3JC,H



197 

(2E)-2-Chloro-1-phenyl-3-(thiophen-2-yl)prop-2-en-1-one (E-203) - 1H NMR



198 

(2E)-2-Chloro-1-phenyl-3-(thiophen-2-yl)prop-2-en-1-one (E-203) – 13C NMR



199 

(2E)-2-Chloro-1-phenyl-3-(thiophen-2-yl)prop-2-en-1-one (E-203) - 3JC,H



200 

(2E)‐3‐(Benzofuran‐2‐yl)‐2‐chloro‐1‐phenylprop‐2‐en‐1‐one (E-202) - 1H NMR 



201 

(2E)‐3‐(Benzofuran‐2‐yl)‐2‐chloro‐1‐phenylprop‐2‐en‐1‐one (E-202) – 13C NMR



202 

(2E)‐3‐(Benzofuran‐2‐yl)‐2‐chloro‐1‐phenylprop‐2‐en‐1‐one (E-202) - 3JC,H



203 

(E)-2-Chloro-3-(4-fluorophenyl)-1-phenylprop-2-en-1-one (E-200) - 1H NMR



204 

(E)-2-Chloro-3-(4-fluorophenyl)-1-phenylprop-2-en-1-one (E-200)– 13C NMR 



205 

(E)-2-Chloro-3-(4-fluorophenyl)-1-phenylprop-2-en-1-one (E-200) - 3JC,H

3JC,H = 8.3 Hz



206 

(Z)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (Z-2) - 1H NMR



207 

(Z)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (Z-2) – 13C NMR



208 

(Z)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (Z-2) – 13C NMR (zoomed)



209 

(Z)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (Z-2) - 3JC,H



210 

(2Z)-2-Chloro-1-(phenyl)-3-(thiophen-2-yl)prop-2-en-1-one (Z-203) - 1H NMR 



211 

(2Z)-2-Chloro-1-(phenyl)-3-(thiophen-2-yl)prop-2-en-1-one (Z-203) – 13C NMR



212 

(2Z)-2-Chloro-1-(phenyl)-3-(thiophen-2-yl)prop-2-en-1-one (Z-203) - 3JC,H



213 

(Z)-2-Chloro-3-(phenyl)-1-phenylprop-2-en-1-one (Z-199) – 1H NMR



214 

(Z)-2-Chloro-3-(phenyl)-1-phenylprop-2-en-1-one (Z-199) – 13C NMR



215 

(Z)-2-Chloro-3-(phenyl)-1-phenylprop-2-en-1-one (Z-199) -  3JC,H



216 

(Z)-2-Chloro-3-(4-methyphenyl)-1-phenylprop-2-en-1-one (Z-198) – 1H NMR



217 

(Z)-2-Chloro-3-(4-methyphenyl)-1-phenylprop-2-en-1-one (Z-198) – 13C NMR



218 

(Z)-2-Chloro-3-(4-methyphenyl)-1-phenylprop-2-en-1-one (Z-198) - 3JC,H



219 

(2Z)-2-Chloro-3-(2-fluoropyridin-4-yl)-1-phenylprop-2-en-1-one (Z-204) – 1H NMR



220 

(2Z)‐2‐Chloro‐3‐(2‐fluoropyridin‐4‐yl)‐1‐phenylprop‐2‐en‐1‐one (Z-204) – 13C NMR



221 

(2Z)‐2‐Chloro‐3‐(2‐fluoropyridin‐4‐yl)‐1‐phenylprop‐2‐en‐1‐one (Z-204) - 3JC,H 



222 

(2Z)‐3-(Benzofuran-2-yl)-2-chloro‐1‐phenylprop‐2‐en‐1‐one (Z-202) – 1H NMR 



223 

(2Z)‐3-(Benzofuran-2-yl)-2-chloro‐1‐phenylprop‐2‐en‐1‐one (Z-202) – 13C NMR



224 

(2Z)‐3-(Benzofuran-2-yl)-2-chloro‐1‐phenylprop‐2‐en‐1‐one (Z-202) - 3JC,H



225 

(2Z)‐2‐Chloro‐3‐(4-fluorophenyl)‐1‐phenylprop‐2‐en‐1‐one (Z-200) – 1H NMR 



226 

(2Z)‐2‐Chloro‐3‐(4-fluorophenyl)‐1‐phenylprop‐2‐en‐1‐one (Z-200) – 13C NMR



227 

(2Z)‐2‐Chloro‐3‐(4-fluorophenyl)‐1‐phenylprop‐2‐en‐1‐one (Z-200) - 3JC,H 



228 

(2E)‐2‐Chloro‐3‐(4‐methoxyphenyl)‐1‐phenylprop‐2‐en‐1‐ol (Z-220) – 1H NMR



229 

(2E)‐2‐Chloro‐3‐(4‐methoxyphenyl)‐1‐phenylprop‐2‐en‐1‐ol (Z-220) - 13C NMR



230 

 (2E)‐2‐Chloro‐3‐(4‐methoxyphenyl)‐1‐phenylprop‐2‐en‐1‐ol (Z-220) - 3JC,H



231 

(E-2) with 2.5 mol% Pd2(dba)3 in d8-toluene at 350K (first scan and last scan after~5 hr) 



232 

(E-2) with 5 mol% DPEphos in d8-toluene at 350 K (first scan and last scan after ~ 3.5 hr) 
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(E-2) with 5 mol% TEMPO and 5mol% Pd/DPEphos in d8-toluene at 313 K (t=0 and t=3.5 hr) 
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 (E-2) with 5mol% Pd/DPEphos in d8-toluene at 313 K (at t=0 and t=3.5 hr) 
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(E-1) with 5 mol% DPEphos at 350 K (after 5 hr) 
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Reduced ketone functionality (220) with 5 mol% Pd/DPEphos at 350 K (after 3.5 hr) 
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(E-2) with 5 mol% Pd/DPEphos and 1 mol% dimethyl maleate at 313 K (at t=0 and t=5 hr) 
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(E-2) with 5 mol% Pd/DPEphos and 1 eq dimethyl maleate (E-148) at 313 K (at t=0 and t=3.5 hr) 
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(E-2) with 5 mol% Pd/DPEphos and 0.5 eq dimethyl maleate (E-148) at 313 K (at t=0 and t=3.5 hr) 
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Cis-stilbene (Z-161) with 5 mol% Pd/DPEphos at 313 K (at t=0 and t=3.5 hr) 
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(E-2) with 5 mol% Pd/DPEphos and 1 eq cis-stilbene (Z-161) at at 313 K (at t=0 and t=3.5 hr) 
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(E-1) and (E-2) with 5 mol% Pd/DPEphos at 350 K (at t=0 and t=3.5 hr) 
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Chapter 7: Crystal Data 

(3E)‐3,4‐Dichloro‐2‐(dimethylamino)‐2‐phenylbut‐3‐enenitrile (E-167). 
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Molecular formula - C12H12Cl2N2 

Molecular Mass - 255.14 

Symmetry cell setting – monoclinic 

Cell length - a = 13.368(5), b= 7.287(2), c = 14.142(5) Å 

Cell angle -  α= 90.0, β= 113.436(8), γ= 90.0, 

Cell volume, U = 1264.0(7) Å3 

Cell measurement temperature - 293 K 

Symmetry space group - P21/c 

Cell formula units, (_cell_formula_units_Z) – 4 

Total number of measured intensities (_diffrn_reflns_number) – 9000 

Total number of reflections (_reflns_number_total) – 2353 

Rint (_diffrn_reflns_av_R_equivalents) – 0.0128 

 wR(F2) (_refine_ls_wR_factor_ref) - 0.1369  
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Fractional coordinates 

Number Label SybylType Xfrac + ESD Yfrac + ESD Zfrac + ESD 
Symm. 
op. 

1 C11 C.2 0.30735(17) -0.2431(3) 0.27882(16) x,y,z 

2 C12 C.2 0.3020(2) -0.2876(3) 0.18154(19) x,y,z 

3 H12 H 0.2424 -0.2501 0.1233 x,y,z 

4 C13 C.2 0.3847(3) -0.3876(4) 0.1707(2) x,y,z 

5 H13 H 0.3804 -0.4172 0.1052 x,y,z 

6 C14 C.2 0.4731(2) -0.4433(4) 0.2560(3) x,y,z 

7 H14 H 0.5288 -0.51 0.2485 x,y,z 

8 C15 C.2 0.4790(2) -0.3999(4) 0.3529(2) x,y,z 

9 H15 H 0.5387 -0.4381 0.4108 x,y,z 

10 C16 C.2 0.39683(19) -0.3002(3) 0.36488(19) x,y,z 

11 H16 H 0.4015 -0.2715 0.4306 x,y,z 

12 C21 C.3 0.21991(17) -0.1212(3) 0.29138(16) x,y,z 

13 C22 C.3 0.26164(19) 0.0771(3) 0.30109(17) x,y,z 

14 C23 C.2 0.2449(2) 0.2071(4) 0.2318(2) x,y,z 

15 H23 H 0.2825 0.3167 0.2545 x,y,z 

16 Cl21 Cl 0.35862(6) 0.13161(10) 0.42286(5) x,y,z 

17 Cl22 Cl 0.16042(9) 0.19345(13) 0.10359(6) x,y,z 
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18 N25 N.3 0.19884(15) -0.1728(3) 0.38210(15) x,y,z 

19 C24 C.1 0.11543(19) -0.1420(3) 0.19792(18) x,y,z 

20 N24 N.1 0.03311(19) -0.1759(4) 0.13458(19) x,y,z 

21 C26 C.3 0.1190(2) -0.0508(5) 0.3974(2) x,y,z 

22 H261 H 0.0487 -0.0686 0.3425 x,y,z 

23 H262 H 0.1412 0.0745 0.3976 x,y,z 

24 H263 H 0.1148 -0.0786 0.4621 x,y,z 

25 C27 C.3 0.1642(2) -0.3646(4) 0.3790(2) x,y,z 

26 H271 H 0.0966 -0.3824 0.3207 x,y,z 

27 H272 H 0.1547 -0.393 0.4411 x,y,z 

28 H273 H 0.2189 -0.4437 0.373 x,y,z 
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(Z)-2-Chloro-3-(4-methylphenyl)-1-phenylprop-2-en-1-one (Z-198) 
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Molecular formula - C16H13ClO 

Molecular Mass - 256.71 

Symmetry cell setting - orthorhombic 

Cell length - a = 8.8054(8), b= 11.6093(11), c = 26.7629(15) Å 

Cell angle -  α= 90.0, β= 90, γ= 90.0 

Cell volume, U - 2735.8(4) Å3 

Cell measurement temperature - 293 K 

Symmetry space group - Pbca 

Cell formula units (_cell_formula_units_Z)  - 8 

Total number of measured intensities (_diffrn_reflns_number) - 18840 reflections measured 

Total number of reflections (_reflns_number_total) - 2543 unique  

Rint (_diffrn_reflns_av_R_equivalents) - 0.0144 

 wR(F2) (_refine_ls_wR_factor_ref) - 0.1132 
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Fractional cordinates 

Number Label SybylType Xfrac + ESD Yfrac + ESD Zfrac + ESD 
Symm. 
op. 

1 Cl1 Cl 0.15762(5) 0.42777(4) 0.43621(2) x,y,z 

2 C1 C.2 0.44300(17) 0.55611(13) 0.33059(5) x,y,z 

3 C2 C.2 0.41701(19) 0.67414(14) 0.33150(6) x,y,z 

4 H2 H 0.3504 0.7054 0.3548 x,y,z 

5 C3 C.2 0.4900(2) 0.74502(17) 0.29778(6) x,y,z 

6 H3 H 0.4706 0.8238 0.298 x,y,z 

7 C4 C.2 0.5916(2) 0.7000(2) 0.26371(6) x,y,z 

8 H4 H 0.641 0.7483 0.2413 x,y,z 

9 C5 C.2 0.6196(3) 0.5835(2) 0.26303(7) x,y,z 

10 H5 H 0.6891 0.5532 0.2404 x,y,z 

11 C6 C.2 0.5448(2) 0.51140(16) 0.29586(6) x,y,z 

12 H6 H 0.5626 0.4325 0.2948 x,y,z 

13 C7 C.2 0.35310(17) 0.47362(13) 0.36142(6) x,y,z 

14 O7 O.2 0.31145(18) 0.38329(11) 0.34318(5) x,y,z 

15 C8 C.3 0.31254(16) 0.50338(12) 0.41382(5) x,y,z 

16 C9 C.2 0.39517(16) 0.57592(11) 0.44156(5) x,y,z 
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17 H9 H 0.4782 0.6056 0.4244 x,y,z 

18 C10 C.2 0.38489(15) 0.61904(12) 0.49249(5) x,y,z 

19 C11 C.2 0.49035(19) 0.70280(13) 0.50574(6) x,y,z 

20 H11 H 0.5655 0.7231 0.483 x,y,z 

21 C12 C.2 0.4867(2) 0.75665(15) 0.55158(6) x,y,z 

22 H12 H 0.5588 0.8126 0.559 x,y,z 

23 C13 C.2 0.3779(2) 0.72896(16) 0.58658(6) x,y,z 

24 C14 C.2 0.2767(2) 0.64268(18) 0.57466(6) x,y,z 

25 H14 H 0.2049 0.6207 0.5983 x,y,z 

26 C15 C.2 0.27795(18) 0.58753(15) 0.52876(6) x,y,z 

27 H15 H 0.2079 0.5296 0.522 x,y,z 

28 C16 C.3 0.3707(3) 0.7935(2) 0.63575(8) x,y,z 

29 H161 H 0.3342 0.8703 0.63 x,y,z 

30 H162 H 0.4703 0.7968 0.6503 x,y,z 

31 H163 H 0.303 0.7543 0.6581 x,y,z 
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(E)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (E-2) 
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Molecular formula - C16H13ClO2 

Molecular Mass - 272.71 

Symmetry cell setting - monoclinic 

Cell length - a = 14.28(2), b= 9.823(14), c = 9.912(14) Å 

Cell angle -  α= 90.0, β= 98.27(2), γ= 90.0 

Cell volume, U - 1376(3) Å3 

Cell measurement temperature - 293 K 

Symmetry space group - P21/c 

Cell formula units (_cell_formula_units_Z) - 4 

Total number of measured intensities (_diffrn_reflns_number) - 9855 

Total number of reflections (_reflns_number_total) - 2549 

Rint (_diffrn_reflns_av_R_equivalents) - 0.0164 

 wR(F2) (_refine_ls_wR_factor_ref) - 0.1976 
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Fractional coordinates 

Number Label SybylType Xfrac + ESD Yfrac + ESD Zfrac + ESD 
Symm. 
op. 

1 Cl1 Cl 0.65034(5) 0.01525(7) 0.11730(6) x,y,z 

2 C11 C.3 0.71126(13) -0.0405(2) 0.27127(19) x,y,z 

3 C12 C.2 0.70290(14) 0.0556(2) 0.3858(2) x,y,z 

4 O12 O.2 0.72850(15) 0.17158(15) 0.3806(2) x,y,z 

5 C13 C.2 0.65948(12) 0.00542(17) 0.50478(19) x,y,z 

6 C14 C.2 0.60997(13) -0.11511(19) 0.5005(2) x,y,z 

7 H14 H 0.6062 -0.1707 0.424 x,y,z 

8 C15 C.2 0.56578(16) -0.1538(3) 0.6102(3) x,y,z 

9 H15 H 0.5315 -0.2345 0.607 x,y,z 

10 C16 C.2 0.57308(17) -0.0707(3) 0.7250(2) x,y,z 

11 H16 H 0.5441 -0.0966 0.7993 x,y,z 

12 C17 C.2 0.62204(18) 0.0474(3) 0.7293(2) x,y,z 

13 H17 H 0.6268 0.1018 0.8068 x,y,z 

14 C18 C.2 0.66499(14) 0.0880(2) 0.6202(2) x,y,z 

15 H18 H 0.6976 0.1701 0.6235 x,y,z 

16 C21 C.2 0.76175(13) -0.15452(19) 0.27499(19) x,y,z 
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17 H21 H 0.7563 -0.2058 0.1954 x,y,z 

18 C22 C.2 0.82474(12) -0.20648(17) 0.39206(17) x,y,z 

19 C23 C.2 0.87957(12) -0.12135(17) 0.4834(2) x,y,z 

20 H23 H 0.8736 -0.0276 0.4721 x,y,z 

21 C24 C.2 0.94213(12) -0.17112(18) 0.5895(2) x,y,z 

22 H24 H 0.9777 -0.1117 0.6494 x,y,z 

23 C25 C.2 0.95217(12) -0.31102(18) 0.60699(19) x,y,z 

24 C27 C.2 0.89832(14) -0.39761(19) 0.5172(2) x,y,z 

25 H27 H 0.904 -0.4913 0.5294 x,y,z 

26 C28 C.2 0.83668(13) -0.34690(18) 0.4107(2) x,y,z 

27 H28 H 0.8022 -0.4066 0.3498 x,y,z 

28 O25 O.3 1.01308(10) -0.37164(14) 0.70671(15) x,y,z 

29 C26 C.3 1.07615(16) -0.2866(3) 0.7926(3) x,y,z 

30 H261 H 1.114 -0.2352 0.7382 x,y,z 

31 H262 H 1.1165 -0.3417 0.8565 x,y,z 

32 H263 H 1.0406 -0.2254 0.8411 x,y,z 
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(Z)-2-Chloro-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (Z-2) 
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Molecular formula - C16H13ClO2 

Molecular Mass - 272.71 

Symmetry cell setting - orthorhombic 

Cell length - a = 8.858(3), b= 11.306(5), c = 27.121(11) Å 

Cell angle - α= 90.0, β= 90, γ= 90.0 

Cell volume, U - 2716.0(19) Å3 

Cell measurement temperature - 293 K 

Symmetry space group - Pbca 

Cell formula units (_cell_formula_units_Z) - 8 

Total number of measured intensities (_diffrn_reflns_number) - 18717 

Total number of reflections (_reflns_number_total) - 2525 

Rint (_diffrn_reflns_av_R_equivalents) - 0.0144 

 wR(F2) (_refine_ls_wR_factor_ref) - 0.1230 
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Fractional coordinates 

Number Label SybylType Xfrac + ESD Yfrac + ESD Zfrac + ESD 
Symm. 
op. 

1 C11 C.2 0.45748(19) -0.05576(15) 0.33117(6) x,y,z 

2 C12 C.2 0.4406(2) -0.17843(15) 0.33161(6) x,y,z 

3 H12 H 0.3716 -0.2137 0.3529 x,y,z 

4 C13 C.2 0.5267(2) -0.24731(18) 0.30038(7) x,y,z 

5 H13 H 0.5143 -0.329 0.3004 x,y,z 

6 C14 C.2 0.6309(3) -0.1961(2) 0.26924(7) x,y,z 

7 H14 H 0.6892 -0.2432 0.2485 x,y,z 

8 C15 C.2 0.6484(3) -0.0752(2) 0.26890(7) x,y,z 

9 H15 H 0.7191 -0.0407 0.248 x,y,z 

10 C16 C.2 0.5620(2) -0.00456(19) 0.29931(6) x,y,z 

11 H16 H 0.5735 0.0772 0.2985 x,y,z 

12 C17 C.2 0.3558(2) 0.02433(15) 0.35986(7) x,y,z 

13 O11 O.2 0.3061(2) 0.11292(13) 0.34005(6) x,y,z 

14 C18 C.3 0.31559(18) -0.00358(14) 0.41167(6) x,y,z 

15 Cl11 Cl 0.16366(6) 0.07830(5) 0.43347(2) x,y,z 

16 C21 C.2 0.39464(19) -0.07825(13) 0.44012(6) x,y,z 
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17 H21 H 0.4762 -0.112 0.4237 x,y,z 

18 C22 C.2 0.38126(17) -0.11819(13) 0.49081(6) x,y,z 

19 C23 C.2 0.4838(2) -0.20449(15) 0.50613(6) x,y,z 

20 H23 H 0.5572 -0.2297 0.4839 x,y,z 

21 C24 C.2 0.4817(2) -0.25406(16) 0.55248(6) x,y,z 

22 H24 H 0.5517 -0.3118 0.5611 x,y,z 

23 C25 C.2 0.3742(2) -0.21689(17) 0.58611(6) x,y,z 

24 C26 C.2 0.2731(2) -0.12901(18) 0.57262(7) x,y,z 

25 H26 H 0.2023 -0.1027 0.5954 x,y,z 

26 C27 C.2 0.2755(2) -0.07998(16) 0.52612(6) x,y,z 

27 H27 H 0.2065 -0.0211 0.518 x,y,z 

28 O21 O.3 0.36019(16) -0.25942(14) 0.63276(5) x,y,z 

29 C28 C.3 0.4599(3) -0.3514(2) 0.64792(8) x,y,z 

30 H281 H 0.4481 -0.4183 0.6265 x,y,z 

31 H282 H 0.5622 -0.3236 0.6464 x,y,z 

32 H283 H 0.4364 -0.3743 0.6811 x,y,z 
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(E)-2-Chloro-3-(benzofuran-2-yl)-1-phenylprop-2-en-1-one (E-202) 
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Molecular formula – C17H11ClO2 

Molecular Mass - 282.71 

Symmetry cell setting - monoclinic 

Cell length - a= 8.087(4), b= 6.124(4), c= 13.998(7) 

Cell angle - α= 90.0, β= 91.490(9), γ= 90.0 

Cell volume, U - 693.0(6) Å3 

Cell measurement temperature - 293 K 

Symmetry space group – P21 

Cell formula units (_cell_formula_units_Z) - 2 

Total number of measured intensities (_diffrn_reflns_number) - 5162  

Total number of reflections (_reflns_number_total) - 2586  

Rint (_diffrn_reflns_av_R_equivalents) - 0.0168 

 wR(F2) (_refine_ls_wR_factor_ref) - 0.0866 
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Fractional coordinate 

Number Label SybylType Xfrac + ESD Yfrac + ESD Zfrac + ESD 
Symm. 
op. 

1 Cl1 Cl -0.49310(8) -0.00138(11) -0.42034(4) x,y,z 

2 C1 C.2 -0.2376(3) 0.2621(4) -0.03643(15) x,y,z 

3 C2 C.2 -0.1523(3) 0.4352(4) 0.00324(17) x,y,z 

4 H2 H -0.1197 0.5543 -0.033 x,y,z 

5 C3 C.2 -0.1180(4) 0.4215(5) 0.1002(2) x,y,z 

6 H3 H -0.0606 0.5345 0.1306 x,y,z 

7 C4 C.2 -0.1668(4) 0.2446(6) 0.1528(2) x,y,z 

8 H4 H -0.1426 0.2424 0.2181 x,y,z 

9 C5 C.2 -0.2500(4) 0.0707(5) 0.11223(19) x,y,z 

10 H5 H -0.2809 -0.0483 0.1489 x,y,z 

11 C6 C.2 -0.2867(3) 0.0783(4) 0.01421(17) x,y,z 

12 C7 C.2 -0.3679(3) -0.0593(4) -0.05463(19) x,y,z 

13 H7 H -0.4141 -0.1954 -0.0429 x,y,z 

14 C8 C.2 -0.3654(3) 0.0434(4) -0.13946(17) x,y,z 

15 O9 O.3 
-
0.28582(19) 0.2435(3) -0.13122(10) x,y,z 

16 C10 C.2 -0.4264(3) -0.0191(5) -0.23332(17) x,y,z 
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17 H10 H -0.4761 -0.1556 -0.239 x,y,z 

18 C11 C.3 -0.4184(3) 0.0991(4) -0.31192(18) x,y,z 

19 C12 C.2 -0.3555(3) 0.3296(4) -0.32365(17) x,y,z 

20 O13 O.2 -0.4527(2) 0.4776(3) -0.31697(14) x,y,z 

21 C14 C.2 -0.1799(3) 0.3635(4) -0.34690(15) x,y,z 

22 C15 C.2 -0.0617(3) 0.2028(4) -0.32972(17) x,y,z 

23 H15 H -0.0924 0.068 -0.3052 x,y,z 

24 C16 C.2 0.1019(3) 0.2444(6) -0.34924(19) x,y,z 

25 H16 H 0.1818 0.1391 -0.3354 x,y,z 

26 C17 C.2 0.1473(3) 0.4386(6) -0.38868(18) x,y,z 

27 H17 H 0.2575 0.4638 -0.4026 x,y,z 

28 C18 C.2 0.0302(3) 0.5975(5) -0.40791(18) x,y,z 

29 H18 H 0.0612 0.7292 -0.4352 x,y,z 

30 C19 C.2 -0.1327(3) 0.5609(4) -0.38660(18) x,y,z 

31 H19 H -0.2114 0.6687 -0.3988 x,y,z 

  



 

263 

 

(Z)-2-Chloro-3-(benzofuran-2-yl)-1-phenylprop-2-en-1-one (Z-202) 
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Molecular formula – C17H11ClO2 

Molecular Mass - 282.71 

Symmetry cell setting - orthorhombic 

Cell length -  a = 6.1663(8), b= 12.6929(11), c = 17.4233(15) Å 

Cell angle - α= 90.0, β= 90.0, γ= 90.0 

Cell volume, U - 1363.7(2) Å3 

Cell measurement temperature - 293 K 

Symmetry space group – P212121 

Cell formula units (_cell_formula_units_Z) - 4 

Total number of measured intensities (_diffrn_reflns_number) - 10108  

Total number of reflections (_reflns_number_total) - 2540 

Rint (_diffrn_reflns_av_R_equivalents) - 0.0282 

 wR(F2) (_refine_ls_wR_factor_ref) - 0.0853 
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Fractional coordinates 

Number Label SybylType Xfrac + ESD Yfrac + ESD Zfrac + ESD 
Symm. 
op. 

1 Cl1 Cl -0.92142(9) -0.46062(4) -0.23320(3) x,y,z 

2 C1 C.2 -1.6244(3) -0.31125(14) -0.10162(11) x,y,z 

3 C2 C.2 -1.4915(3) -0.25051(15) -0.14855(11) x,y,z 

4 C3 C.2 -1.5483(4) -0.14522(16) -0.16203(12) x,y,z 

5 H3 H -1.4624  -0.1022 -0.1927 x,y,z 

6 C4 C.2 -1.7345(4) -0.10729(17) -0.12866(14) x,y,z 

7 H4 H -1.7752 -0.0377 -0.1373 x,y,z 

8 C5 C.2 -1.8641(4) -0.17114(18) -0.08198(14) x,y,z 

9 H5 H -1.9891 -0.1431 -0.0602 x,y,z 

10 C6 C.2 -1.8107(4) -0.27472(17) -0.06759(14) x,y,z 

11 H6 H -1.8961 -0.3175 -0.0365 x,y,z 

12 O1 O.3 -1.5423(2) -0.41131(10) -0.09507(8) x,y,z 

13 C7 C.2 -1.3555(3) -0.41327(15) -0.13962(11) x,y,z 

14 C8 C.2 -1.3202(4) -0.31830(15) -0.17248(12) x,y,z 

15 H8 H -1.2055 -0.3006 -0.2047 x,y,z 

16 C9 C.2 -1.2456(4) -0.51276(15) -0.13755(11) x,y,z 



 

266 

 

17 H9 H -1.3115 -0.564 -0.1074 x,y,z 

18 C10 C.3 -1.0626(3) -0.54314(16) -0.17245(11) x,y,z 

19 C11 C.2 -0.9551(3) -0.64613(16) -0.15818(12) x,y,z 

20 O2 O.2 -0.7643(3) -0.65772(14) -0.17286(12) x,y,z 

21 C20 C.2 -1.0830(3) -0.73458(15) -0.12480(11) x,y,z 

22 C21 C.2 -0.9840(4) -0.79891(17) -0.06984(12) x,y,z 

23 H21 H -0.8454 -0.7832 -0.0522 x,y,z 

24 C22 C.2 -1.0926(5) -0.88544(18) -0.04204(14) x,y,z 

25 H22 H -1.0269 -0.9278 -0.0052 x,y,z 

26 C23 C.2 -1.2958(5) -0.91001(17) -0.06781(15) x,y,z 

27 H23 H -1.3679 -0.9684 -0.0481 x,y,z 

28 C24 C.2 -1.3940(4) -0.84854(18) -0.12281(15) x,y,z 

29 H24 H -1.5307 -0.8663 -0.1413 x,y,z 

30 C25 C.2 -1.2889(4) -0.76078(17) -0.15029(12) x,y,z 

31 H25 H -1.357 -0.7184 -0.1865 x,y,z 
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Appendix 

Computational studies done by Dr. Peter Budzelaar 

DFT: Forced rotation around C=C bond 

Geometry optimizations for model compounds A-C were subject to only torsion constraints used to force rotation around the 

C1=C2 bond: the H-C1-C2-C3 dihedral angle was stepped in increments of 15° from 15° to 165° while at the same time the H-C1-

C2-Cl dihedral angle was increased from -165° to -15°. No constraints were put on torsions involving Z. In addition to these 

constrained optimizations, the begin and end points of the rotation profile were obtained from unconstrained optimizations. The 

resulting energy profiles for rotation are shown in Figure 55, below. 
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Figure 55: Energy profiles for forced rotation around C=C bond for species A-C. 

Inspection of geometries close to H-C1-C2-C3 = 90° reveals that these constraints do not really enforce rotation around the C=C 

bond. Instead, all three systems A-C "escape" by opening up the H-C1-C2 bond angle to nearly ~140° (and simultaneously reducing 

Z-C1-C2 to ~100°), at which point the dihedral angle constraints can be satisfied by moving H only a small distance out of the 

C1C2C3Cl plane. The tables below list energies and relevant geometrical parameters for the rotation profiles of A-C. The Figure 

shows clearly that the Pd atom does not facilitate rotation: distortion costs the same amount of energy for compound C (Z = H) as 
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for the Pd-containing compounds A and B. The bond lengths in the Tables similarly show no evidence of the shortening of the C1-

Pd bond or elongation of the C1-C2 bond that would be expected for a zwitterionic Pd-carbene type structure. 

It should be noted that the "top" of the profiles, near 90°, does not correspond to a transition state: as far as we can establish there 

is no transition state connecting the cis and trans isomers at the single-determinant DFT level. 

Energy profile and geometric details for forced C=C rotation in compound A 

 

Eelec  

(h) 

Erel 

(kcal/mol) 

HC1C2C3a 

(°) 

Z-C1 

(°) 

C1-C2 

(Å) 

H-C1-C2 

(Å) 

Z-C1-C2 

(°) 

L2PdCl_CCcis (min) -2392.67804 4.45 -1.05 2.022 1.335 114.5 129.3 

L2PdCl_CCtrans15 -2392.67569 5.93 15 2.023 1.336 114.7 127.9 

L2PdCl_CCtrans30 -2392.66861 10.37 30 2.030 1.338 116.0 126.6 

L2PdCl_CCtrans45 -2392.65718 17.54 45 2.038 1.341 118.6 124.0 

L2PdCl_CCtrans60 -2392.64262 26.68 60 2.052 1.342 123.3 120.6 

L2PdCl_CCtrans75 -2392.62716 36.38 75 2.093 1.332 134.2 115.3 
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L2PdCl_CCtrans90 -2392.61984 40.97 90 2.213 1.298 174.6 107.5 

L2PdCl_CCtrans105 -2392.63938 28.72 105 2.133 1.300 149.9 107.6 

L2PdCl_CCtrans120 -2392.65118 21.31 120 2.068 1.317 130.9 115.4 

L2PdCl_CCtrans135 -2392.66409 13.20 135 2.047 1.322 124.4 120.3 

L2PdCl_CCtrans150 -2392.67502 6.35 150 2.039 1.323 121.4 122.8 

L2PdCl_CCtrans165 -2392.68218 1.85 165 2.034 1.325 119.5 125.2 

L2PdCl_CCtrans (min) -2392.68514 0.00 181.39 2.034 1.326 118.8 126.0 

a This angle was constrained at the given value, except for the first and last entry. 

Energy profile and geometric details for forced C=C rotation in compound B 

 

     Eelec 

        (h) 

Erel 

(kcal/mol) 

HC1C2C3a 

      (°) 

Z-C1 

 (°) 

C1-C2 

  (Å) 

H-C1-C2 

(Å) 

Z-C1-C2 

(°) 

LLPdCl_CCcis (min) -2392.69864 0.00 -1.80 1.995 1.338 113.0 130.0 
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LLPdCl_CCtrans15 -2392.69372 3.09 15 1.999 1.339 112.6 130.4 

LLPdCl_CCtrans30 -2392.68821 6.54 30 2.000 1.339 113.8 129.3 

LLPdCl_CCtrans45 -2392.67591 14.26 45 2.005 1.343 116.3 126.7 

LLPdCl_CCtrans60 -2392.65991 24.30 60 2.013 1.345 120.8 123.6 

LLPdCl_CCtrans75 -2392.64288 34.99 75 2.051 1.333 133.0 117.9 

b 

  

90 

    

LLPdCl_CCtrans105 -2392.64908 31.10 105 2.102 1.308 142.8 109.2 

LLPdCl_CCtrans120 -2392.66255 22.65 120 2.053 1.322 127.9 115.9 

LLPdCl_CCtrans135 -2392.67612 14.13 135 2.032 1.327 122.2 120.7 

LLPdCl_CCtrans150 -2392.68755 6.96 150 2.019 1.331 118.9 124.7 

LLPdCl_CCtrans165 -2392.69347 3.24 165 2.012 1.337 116.3 129.1 

LLPdCl_CCtrans (min) -2392.69834 0.19 178.36 2.007 1.336 116.1 129.2 
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a This angle was constrained at the given value, except for the first and last entry. b Unstable optimization, "flipping" between <90 

and >90 torsion values. 

Energy profile and geometric details for forced C=C rotation in compound C 

 

Eelec 

(h) 

Erel 

(kcal/mol) 

HC1C2Ca 

(°) 

Z-C1 

(°) 

C1-C2 

(Å) 

H-C1-C2 

(Å) 

Z-C1-C2 

(°) 

H_CCcis (min) -882.75249 0.00 -1.06 1.082 1.329 118.7 122.3 

H_CCtrans15 -882.75052 1.24 15 1.082 1.331 118.6 122.1 

H_CCtrans30 -882.74340 5.71 30 1.084 1.333 119.4 119.9 

H_CCtrans45 -882.73207 12.82 45 1.088 1.338 121.2 116.8 

H_CCtrans60 -882.71712 22.20 60 1.093 1.343 124.4 112.6 

H_CCtrans75 -882.69987 33.03 75 1.101 1.348 130.2 107.5 

H_CCtrans90 -882.68294 43.65 90 1.116 1.341 145.9 100.0 

H_CCtrans105 -882.70794 27.96 105 1.102 1.347 131.1 106.4 
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H_CCtrans120 -882.72322 18.37 120 1.094 1.344 126.5 111.0 

H_CCtrans135 -882.73281 12.35 135 1.090 1.332 125.3 113.3 

H_CCtrans150 -882.74350 5.64 150 1.087 1.332 123.6 116.0 

H_CCtrans165 -882.75010 1.50 165 1.083 1.330 122.6 118.0 

H_CCtrans (min) -882.75250 0.00 178.79 1.084 1.329 122.4 118.8 

a This angle was constrained at the given value, except for the first and last entry. 
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DFT: Energies for species on enone-enolate isomerization path 

General 

Final free energies were calculated from (for details see main text, "Computational"): 

Thermal corrections (298 K, 1 bar) from the b-lyp /def-SV(P) level vibrational analysis 

Single-point energy at TPSSh/def-TZVPP 

DFT-D dispersion correction 

All relevant conformations of the five stationary points of the isomerization path (Scheme 4) were optimized without constraints, 

for all combinations of four substrates (acrolein "Acr", 1 "Nav0", 3a/4a "Nav" and methyl maleate/fumarate "FM") and two ligands 

(DMPE "PE" and DMPE mono-oxide "PO"). The results are summarized in the following Tables. For each species, "c" and "t" in the 

name indicate cis/cisoid or trans/transoid orientations around C-C or C-O bonds; "x" and "y" refer to the twist of the (DMPE)Pd or 

(DMPE-O)Pd chelate ring. "TS" indicates the 9/10 and 10/11 transition states; "Diyl" indicates the enolate cyclic intermediate. The 

lowest-energy species for each block is highlighted. "rel" lists free energy (kcal/mol) relative to the most stable species on each path; 

"bind" is the binding free energy of the relevant enone isomer to the LPd fragment. 

Total and relative energies for degenerate isomerization of acrolein (298 K, 1 bar) 

Name HCorr TSCorr Eelec Edisp G rel bind 
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Acr_c 0.06462 0.03175 -191.99283 -0.00237 -191.96232 2.07 

 

Acr_t 0.06456 0.03166 -191.99629 -0.00223 -191.96562 0.00 

 

PE_x 0.21745 0.05653 -1049.04011 -0.01892 -1048.89811 

  

PO_x 0.22254 0.05896 -1124.31645 -0.02163 -1124.17450 

  

PE_x_AcrDiyl_f 0.28324 0.06809 -1241.07255 -0.02692 -1240.88432 16.98  -29.90 

PE_y_AcrDiyl_f 0.28322 0.06824 -1241.07194 -0.02689 -1240.88384 17.28   

PE_x_AcrTS_f 0.28206 0.06889 -1241.05673 -0.02683 -1240.87038 25.73   

PE_y_AcrTS_f 0.28207 0.06875 -1241.05712 -0.02687 -1240.87067 25.55   

PE_x_Acr_fc 0.28410 0.06996 -1241.09596 -0.02701 -1240.90883 1.60 

 

PE_x_Acr_ft 0.28392 0.06992 -1241.09774 -0.02716 -1240.91089 0.31 

 

PE_y_Acr_fc 0.28410 0.06977 -1241.09611 -0.02708 -1240.90886 1.58 

 

PE_y_Acr_ft 0.28390 0.07003 -1241.09786 -0.02740 -1240.91139 0.00 
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PO_x_AcrDiyl_b 0.28853 0.07027 -1316.34557 -0.03054 -1316.15785 14.84 -25.96 

PO_y_AcrDiyl_f 0.28851 0.07031 -1316.34552 -0.03053 -1316.15785 14.84   

PO_x_AcrTS_f 0.28755 0.07121 -1316.33441 -0.03033 -1316.14840 20.77   

PO_y_AcrTS_f 0.28754 0.07064 -1316.33605 -0.03046 -1316.14961 20.01   

PO_x_Acr_fc 0.28926 0.07267 -1316.36389 -0.02954 -1316.17684 2.92 

 

PO_x_Acr_ft 0.28906 0.07283 -1316.36552 -0.02932 -1316.17861 1.81 

 

PO_y_Acr_fc 0.28923 0.07246 -1316.36696 -0.03131 -1316.18150 0.00 

 

PO_y_Acr_ft 0.28911 0.07138 -1316.36735 -0.03127 -1316.18087 0.39 

 

 

Total and relative energies for isomerization of E-1 (298 K, 1 bar) 

Name HCorr TSCorr Eelec Edisp G rel bind 

Nav0_cc 0.13272 0.05159 -1342.39419 -0.01385 -1342.32691 1.84 
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Nav0_ct 0.13269 0.05198 -1342.39431 -0.01409 -1342.32769 1.35 

 

Nav0_tc 0.13286 0.05072 -1342.39866 -0.01332 -1342.32985 0.00 

 

Nav0_tt 0.13290 0.05052 -1342.39905 -0.01305 -1342.32971 0.08 

 

PE_x 0.21745 0.05653 -1049.04011 -0.01892 -1048.89811 

  

PO_x 0.22254 0.05896 -1124.31645 -0.02163 -1124.17450 

  

PE_x_Nav0_fcc 0.35200 0.08845 -2391.48819 -0.04592 -2391.27054 0.81 

 

PE_x_Nav0_fct 0.35180 0.08828 -2391.48935 -0.04600 -2391.27183 0.00 -28.89 

PE_y_Nav0_fcc 0.35203 0.08882 -2391.48818 -0.0458 -2391.27084 0.62 

 

PE_y_Nav0_fct 0.35183 0.08818 -2391.48924 -0.04598 -2391.27157 0.16 

 

PE_x_Nav0TS_fc 0.35083 0.08649 -2391.47040 -0.04333 -2391.24938 14.08   

PE_y_Nav0TS_fc 0.35081 0.08635 -2391.47015 -0.04331 -2391.24900 14.33   

PE_x_Nav0Diyl_f 0.35237 0.08727 -2391.49278 -0.04291 -2391.27059 0.78   
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PE_y_Nav0Diyl_f 0.35247 0.08591 -2391.49407 -0.04351 -2391.27102 0.51   

PE_x_Nav0TS_ft 0.35066 0.08633 -2391.46544 -0.04296 -2391.24408 17.42   

PE_y_Nav0TS_ft 0.35067 0.08581 -2391.46694 -0.04314 -2391.24521 16.70   

PE_x_Nav0_ftc 0.35216 0.08826 -2391.49473 -0.04539 -2391.27621 -2.75 

 

PE_x_Nav0_ftt 0.35205 0.08856 -2391.49287 -0.04513 -2391.27451 -1.68 

 

PE_y_Nav0_ftc 0.35222 0.08830 -2391.49497 -0.04534 -2391.27639 -2.86 -30.40 

PE_y_Nav0_ftt 0.35204 0.08941 -2391.49263 -0.04512 -2391.27512 -2.07 

 

PO_x_Nav0_fcc 0.35715 0.09149 -2466.76087 -0.04815 -2466.54336 3.09 

 

PO_x_Nav0_fct 0.35686 0.09110 -2466.76141 -0.04837 -2466.54401 2.68 

 

PO_y_Nav0_fcc 0.35714 0.09055 -2466.76392 -0.05095 -2466.54829 0.00 -28.92 

PO_y_Nav0_fct 0.35686 0.09109 -2466.75928 -0.04873 -2466.54225 3.79 

 

PO_x_Nav0TS_fc 0.35613 0.08849 -2466.74632 -0.04602 -2466.52470 14.80   
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PO_y_Nav0TS_fc 0.35608 0.08778 -2466.74909 -0.04773 -2466.52852 12.41   

PO_x_Nav0Diyl_f 0.35766 0.08885 -2466.78064 -0.04581 -2466.55765 -5.87   

PO_y_Nav0Diyl_f 0.35777 0.08857 -2466.76867 -0.04615 -2466.54562 1.67   

PO_x_Nav0TS_ft 0.35592 0.08905 -2466.74417 -0.04669 -2466.52399 15.24   

PO_y_Nav0TS_ft  0.35599 0.08798 -2466.74551 -0.04568 -2466.52318 

      

15.75   

PO_x_Nav0_ftc 0.35731 0.09046 -2466.76824 -0.04909 -2466.55048 -1.38 

 

PO_x_Nav0_ftt 0.35715 0.09113 -2466.76575 -0.04783 -2466.54756 0.45 

 

PO_y_Nav0_ftc 0.35727 0.09106 -2466.76950 -0.04890 -2466.55220 -2.45 -30.02 

PO_y_Nav0_ftt 0.35721 0.09188 -2466.76374 -0.04726 -2466.54567 1.64 

 



 

280 

 

Total and relative energies for isomerization of E-199/Z-199 (298 K, 1 bar) 

Name HCorr TSCorr Eelec Edisp G rel bind 

Nav_cc 0.22440 0.05938 -1113.92441 -0.02070  -1113.78009 2.56  

Nav_cc2 0.22441 0.05936 -1113.92440 -0.02071 -1113.78006 2.58  

Nav_tc 0.22455 0.05937 -1113.92884 -0.02030 -1113.78395 0.14  

Nav_tt 0.22460 0.05915 -1113.92941 -0.02021 -1113.78417 0.00  

PE_x 0.21745 0.05653 -1049.04011 -0.01892 -1048.89811   

PO_x 0.22254 0.05896 -1124.31645 -0.02163 -1124.17450   

PE_x_Nav_fcc 0.44356 0.09700 -2163.01316 -0.05517 -2162.72177 0.62  

PE_x_Nav_fct 0.44291 0.09674 -2163.01207 -0.05685 -2162.72275 0.00 -27.96 

PE_y_Nav_fcc 0.44361 0.09709 -2163.01293 -0.05502 -2162.72142 0.83  

PE_y_Nav_fct 0.44287 0.09681 -2163.01174 -0.05667 -2162.72235 0.25  

PE_x_NavTS_fc 0.44205 0.09486 -2162.98861 -0.05330 -2162.69472 17.59   

PE_y_NavTS_fc 0.44211 0.09508 -2162.98832 -0.05301 -2162.69430 17.85   

PE_x_NavDiyl_b 0.44328 0.09435 -2163.00934 -0.05424 -2162.71475 5.08   

PE_y_NavDiyl_f 0.44339 0.09454 -2163.01092 -0.05433 -2162.71640 3.99   

PE_x_NavTS_ft 0.44185 0.09533 -2162.98598 -0.05325 -2162.69271 18.85   

PE_y_NavTS_ft 0.44188 0.09429 -2162.98709 -0.05356 -2162.69306 18.63   

PE_x_Nav_ftt 0.44341 0.09687 -2163.01842 -0.05427 -2162.72615 -2.13  

PE_x_Nav_tc 0.44355 0.09646 -2163.02054 -0.05493 -2162.72838 -3.54  

PE_y_Nav_ftc 0.44360 0.09660 -2163.02103 -0.05500 -2162.72902 -3.94 -29.33 

PE_y_Nav_ftt 0.44342 0.09714 -2163.01826 -0.05439 -2162.72638 -2.28  

PO_x_Nav_fcc 0.44853 0.09998 -2238.28573 -0.05757 -2237.99475 1.27  

PO_x_Nav_fct 0.44783 0.10020 -2238.28110 -0.05874 -2237.99221 2.86  
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PO_y_Nav_fcc 0.44872 0.09919 -2238.28673 -0.05957 -2237.99677 0.00 -26.47 

PO_y_Nav_fct 0.44799 0.09929 -2238.27866 -0.05925 -2237.98921 4.74  

PO_x_NavTS_fc 0.44749 0.09774 -2238.26509 -0.05599 -2237.97134 15.96   

PO_y_NavTS_fc 0.44744 0.09643 -2238.26667 -0.05698 -2237.97264 15.14   

PO_x_NavDiyl_f 0.44876 0.09640 -2238.28207 -0.05711 -2237.98683 6.24   

PO_y_NavDiyl_f 0.44874 0.09653 -2238.28231 -0.05619 -2237.98628 6.58   

PO_x_NavTS_ft 0.44739 0.09753 -2238.26607 -0.05734 -2237.97354 14.58   

PO_y_NavTS_ft 0.44727 0.09714 -2238.26801 -0.05657 -2237.97445 14.01   

PO_x_Nav_ftc 0.44863 0.10016 -2238.29200 -0.05785 -2238.00138 -2.89  

PO_x_Nav_ftt 0.44857 0.09999 -2238.28897 -0.05699 -2237.99738 -0.38  

PO_y_Nav_ftc 0.44868 0.09965 -2238.29435 -0.05848 -2238.00379 -4.41 -28.31 

PO_y_Nav_ftt 0.44858 0.10004 -2238.28758 -0.05670 -2237.99574 0.64  
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Total and relative energies for isomerization of maleate/fumarate (298 K, 1 bar) 

Name HCorr TSCorr Eelec Edisp G rel bind 

FM_cct 0.14549 0.05048 -534.56757 -0.01061 -534.48317 4.71  

FM_cct2 0.14548 0.05051 -534.56754 -0.01061 -534.48318 4.71  

FM_tct 0.14554 0.05152 -534.56562 -0.01111 -534.48271 5.01  

FM_ctc 0.14577 0.04953 -534.57718 -0.00975 -534.49069 0.00  

FM_ctt 0.14581 0.05038 -534.57593 -0.00984 -534.49035 0.21  

FM_ttt 0.14589 0.05057 -534.57505 -0.00993 -534.48967 0.64  

PE_x 0.21745 0.05653 -1049.0401 -0.01892 -1048.89811   

PO_x 0.22254 0.05896 -1124.3165 -0.02163 -1124.17450   

PE_x_FM_fccc 0.36474 0.08890 -1583.66762 -0.03936 -1583.43114 0.53  

PE_x_FM_ftcc 0.36482 0.08725 -1583.66980 -0.03971 -1583.43194 0.02  

PE_x_FM_ftct 0.36485 0.08729 -1583.66831 -0.04017 -1583.43091 0.67  

PE_y_FM_fccc 0.36479 0.08856 -1583.66766 -0.03912 -1583.43056 0.89  

PE_y_FM_ftcc 0.36483 0.08829 -1583.66923 -0.03929 -1583.43198 0.00 -31.81 

PE_y_FM_ftct 0.36483 0.08782 -1583.66791 -0.03983 -1583.43073 0.78  

PE_x_FM_TS_fcc 0.36267 0.08622 -1583.62574 -0.04037 -1583.38966 26.56   

PE_x_FM_TS_ftc 0.36298 0.08428 -1583.62987 -0.04088 -1583.39205 25.06   

PE_y_FM_TS_fcc 0.36271 0.08592 -1583.62570 -0.04046 -1583.38937 26.74   

PE_y_FM_TS_ftc 0.36285 0.08545 -1583.62838 -0.04031 -1583.39130 25.53   

PE_x_FMDiyl_fc 0.36357 0.08705 -1583.62965 -0.04060 -1583.39374 24.00   

PE_x_FMDiyl_ft 0.36386 0.08623 -1583.63455 -0.04039 -1583.39731 21.75   

PE_y_FMDiyl_fc 0.36362 0.08649 -1583.62990 -0.04067 -1583.39343 24.19   

PE_y_FMDiyl_ft 0.36422 0.08421 -1583.64033 -0.04103 -1583.40135 19.22   
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Name HCorr TSCorr Eelec Edisp G rel bind 

PE_x_FM_TS_bct 0.36275 0.08663 -1583.63226 -0.03966 -1583.39580 22.70   

PE_x_FM_TS_btt 0.36295 0.08601 -1583.63168 -0.03954 -1583.39428 23.65   

PE_y_FM_TS_bct 0.36266 0.08606 -1583.63279 -0.03891 -1583.39510 23.14   

PE_y_FM_TS_btt 0.36285 0.08613 -1583.63116 -0.03940 -1583.39384 23.93   

PE_x_FM_fctc 0.36498 0.08892 -1583.68170 -0.03845 -1583.44409 -7.60 -34.70 

PE_x_FM_fctt 0.36510 0.08772 -1583.68092 -0.03895 -1583.44249 -6.60  

PE_x_FM_fttt 0.36515 0.08827 -1583.68040 -0.03896 -1583.44247 -6.59  

PE_y_FM_fctc 0.36500 0.08845 -1583.68179 -0.03849 -1583.44373 -7.37  

PE_y_FM_fttc 0.36509 0.08750 -1583.68111 -0.03882 -1583.44234 -6.50  

PE_y_FM_fttt 0.36513 0.08874 -1583.68068 -0.03895 -1583.44323 -7.06  

PO_x_FM_fccc 0.36986 0.09084 -1658.93465 -0.04176 -1658.69738 4.12  

PO_x_FM_ftcc 0.36989 0.08930 -1658.93939 -0.04230 -1658.70110 1.78  

PO_x_FM_ftct 0.36992 0.08981 -1658.93727 -0.04280 -1658.69995 2.50  

PO_y_FM_fccc 0.36988 0.09044 -1658.93805 -0.04341 -1658.70202 1.21  

PO_y_FM_ftcc 0.36980 0.08886 -1658.94058 -0.04430 -1658.70394 0.00 -29.03 

PO_y_FM_ftct 0.36977 0.08990 -1658.93730 -0.04448 -1658.70190 1.28  

PO_x_FM_TS_fcc 0.36810 0.08765 -1658.90379 -0.04385 -1658.66720 23.06   

PO_x_FM_TS_ftc 0.36840 0.08652 -1658.90715 -0.04388 -1658.66915 21.84   

PO_y_FM_TS_fcc 0.36814 0.08648 -1658.90491 -0.0458 -1658.66873 22.09   

PO_y_FM_TS_ftc 0.36827 0.08663 -1658.90714 -0.04522 -1658.67073 20.84   

PO_x_FMDiyl_fc 0.36907 0.08842 -1658.90530 -0.04563 -1658.67028 21.12   

PO_x_FMDiyl_ft 0.36920 0.08754 -1658.90858 -0.04538 -1658.67231 19.85   

PO_y_FMDiyl_fc 0.36897 0.08891 -1658.90523 -0.04416 -1658.66934 21.72   
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Name HCorr TSCorr Eelec Edisp G rel bind 

PO_y_FMDiyl_ft 0.36926 0.08736 -1658.91015 -0.04414 -1658.67239 19.80   

PO_x_FM_TS_bct 0.36822 0.08935 -1658.90671 -0.04232 -1658.67016 21.20   

PO_x_FM_TS_btt 0.36843 0.08807 -1658.90712 -0.04213 -1658.66889 22.00   

PO_y_FM_TS_bct 0.36826 0.08854 -1658.90575 -0.04224 -1658.66827 22.39   

PO_x_FM_fctc 0.37007 0.09002 -1658.94969 -0.04253 -1658.71218 -5.17 -29.48 

PO_x_FM_fctt 0.37010 0.09092 -1658.94729 -0.04198 -1658.71009 -3.86  

PO_x_FM_fttt 0.37026 0.09040 -1658.94795 -0.04217 -1658.71026 -3.96  

PO_y_FM_fctc 0.37015 0.09006 -1658.94916 -0.04254 -1658.71161 -4.81  

PO_y_FM_fctt 0.37021 0.09010 -1658.94806 -0.04270 -1658.71065 -4.21  

PO_y_FM_fttt 0.37020 0.09030 -1658.94713 -0.04244 -1658.70966 -3.59  
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