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ABSTRACT 

ANION EFFECTS IN HOMOGENEOUS PALLADIUM AND GOLD CATALYSIS  

 

Derek I. Wozniak 

Professor Graham E. Dobereiner 

 

The overarching theme of this work is to use weak interactions to improve 

transition metal catalysis by studying the ways transition metal cations interact with both 

traditional and novel weakly-coordinating anions. Understanding of these interactions 

will better allow synthetic chemists to choose appropriate counterions for catalytic 

transformations, as well as giving mechanistic insight for organometallic reactivity. 

Additionally, new anions can be synthesized with specific functionalities to improve 

reactions of interest. 

A series of ion pairs featuring the [Pd(IPr)(C(O)C6H9N)]+ cation were synthesized 

with various weakly-coordinating anions. Solid- and solution-state interactions with the 

anions were investigated using X-ray crystallography, NMR and IR spectroscopy, and 

computation. Proton NMR and percent buried volume calculations inform on the steric 

properties of the anions, whereas IR and DFT report on the electronics of anion binding. 

A qualitative scale of anion coordinating ability was created. In the process of this study, 

a new anion [IMP-H] ï was also synthesized based on a phenylimidazole core. 

A variety of these functionalized [IMP-R] ï anions were synthesized, with 

functionalities such as electron withdrawing groups, tertiary amides, and benzylic 

alcohols and amines. The coordinating abilities of these anions were analyzed with the 

techniques described above, with fairly large differences observed between the various 

functionalities. Further functionalization of these anions may be beneficial from a 

catalytic standpoint, as coordinating ability of anions has been shown to have dramatic 
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effects on catalytic activity. By designing particular functionalities on anions, efficiency 

of catalytic processes may be markedly improved. 

To investigate the effects of the functionalized anions on catalysis, the anions 

were paired with gold cations such as [(IPr)Au(NCMe)]+, [(JohnPhos)Au(NCMe)]+, and 

[(tBuXPhos)Au(NCMe)]+. These ion pairs were used as catalysts for several reactions 

known to show differences in reactivity based on the anion present. While the IPr- and 

JohnPhos-containing ion pairs both resulted in the formation of gold nanoparticles under 

various reaction conditions, the tBuXPhos complexes did not, and were therefore more 

amenable to study. Mild anion effects were seen in the gold-catalyzed hydroalkoxylation 

of 3-hexyne as well as gold-catalyzed intermolecular [2+2] cycloaddition of Ŭ-

methylstyrene and phenylacetylene; solvent polarity was also found to have a major 

effect on the reaction. Other reactions investigated include alkyne hydration, 

isomerization of 5-hexyn-1-ol to form cyclic vinyl ethers, and propargylation of 

substituted benzaldehydes. 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 

DEDICATION  

 

 

 

 

 

 

 

 

 

 

 

 

This dissertation is dedicated to my parents 

Zawanda and Richard Wozniak 

for their strength, love, and unwavering support 

  



vi 

ACKN OWLEDGMENTS  

 First and foremost, I have to acknowledge Dr. Graham Dobereiner; his guidance 

throughout my time here at Temple has allowed me to grow as both a chemist and a 

person, and for that I am eternally grateful. His door was always open when I had 

questions (which was almost daily), and his willingness to help with problems both inside 

and outside of the lab made grad school one of the best times of my life. Grahamôs 

constant enthusiasm for research and endless supply of suggestions made even the 

toughest days in lab fun. I couldnôt have possibly asked for a better mentor, and I will 

always be grateful for all of his help, guidance, and friendship. 

 Professors Sarah Wengryniuk and Mike Zdilla have been excellent committee 

members and mentors as well; I learned more about organic chemistry from Sarahôs class 

and discussions with her than I did throughout all of my undergraduate studies. Learning 

to think like an organic chemist is one of the more important parts of studying 

organometallics, and she has helped me immensely with this. Dr. Z. taught me everything 

I know about crystallography, and without that mentoring, a large portion of my studies 

would not have been possible. He has always been willing to help whenever I have run 

into problems with data collection and refinement, and after taking his class on the 

subject (twice), I think Iôm finally starting to understand a bit about crystallography. 

Professor Klaus Theopold has been extremely accommodating as an external committee 

member. Professor Felix Goodson started me on the path of doing research, specifically 

helping me discover my interest in organometallics, and without him I wouldnôt be where 

I am today. 



vii  

 The other students, both graduate and undergraduate, who have worked in the 

Dobereiner lab with me have made my time here infinitely more fun. From starting a 

brand new lab with Evan, Joe, and Danmin, running ñspaceshipò crystals of backwards-

written compounds for Kushan, discussing cats, cannibalism, and robots with Willy , 

Sarah, and Jaqi, every day here was always an adventure (that may end in a fire alarm 

going off). I immensely enjoyed mentoring Andy in the fine art of how not to make an 

anion (but how to properly use a thermocouple hotplate), and Iôm proud to pass the torch 

to the newest members, Justin, Saibal, and Tom.  

Gau, Ian, and Owen have always been willing to share a beer or two and assist 

with any crystallographic questions Iôve had, though I have to say Iôm sad that their lab 

moved to SERC because the lunchroom became totally devoid of discussions on the 

definition of a salad. Colleen, Andrew, Alex, Brenden, Lauren, Jen, and Christiana were 

extremely helpful when I had questions about organic chemistry. Anna, Kayleigh, and the 

rest of the Valentine lab were always there for moral support. My friends Matt, Tyler, 

Justin, Hubbs, Sean, Al, and all of Last Call have helped to keep me sane throughout my 

PhD work.  

My parents have been incredibly supportive through the entirety of my time here 

at Temple; without their support, I donôt think I could have done this. My mother passed 

in March of my fourth year, but I know that she would have been proud to see me finish 

school and continue on in my chemistry career. My dad has been a source of strength and 

support throughout all of this, and will continue to be as I move on from Temple. 

Lastly, I have to thank my other half Megan Jennings; I donôt know how she puts 

up with me. I am legitimately the most annoying person Iôve ever encountered, and she 



viii  

somehow finds it in her heart to love me most days. Her help, both with science and life 

in general, is not something I will ever take for grantedé even though she has to one-up 

me and become a doctor-doctor (PhD, M.D.). I canôt wait to see what the future has in 

store for us!    



ix 

TABLE OF CONTENTS  

 

Page 

ABSTRACT ....................................................................................................................... iii  

DEDICATION .....................................................................................................................v 

ACKNOWLEDGMENTS ................................................................................................. vi 

LIST OF TABLES ............................................................................................................ xii  

LIST OF FIGURES ......................................................................................................... xiii  

CHAPTER 1: INTRODUCTION  .....................................................................................1 

1.1. Statement Of Dissertation Objectives .............................................................1 

1.2. Introduction To Ion Pairing, Anion Coordinating Ability, And 

Weakly- Coordinating Anions .........................................................................2 

1.2.1. Ion Pairing and Anion Coordinating Ability ..........................................2 

1.2.2. Weakly Coordinating Anions .................................................................4 

1.3. Methods Of Measuring Ion Pairing And Anion Donor Strength ...................6 

1.4. Anion Effects In Transition Metal Catalysis ..................................................9 

1.4.1. Overview of Anion Effects in Catalysis. ................................................9 

1.4.2. Examples of Anion Effects in Organometallic Reactivity and 

Catalysis ....................................................................................................11 

1.5. Summary .......................................................................................................19 

1.6. References.....................................................................................................21 

CHAPTER 2: COMPARING INTERACT IONS OF WEAKLY -

COORDINATING ANIONS USING A 3-COORDINATE  PALLADIUM 

CATION ............................................................................................................................27 

2.1. Introduction ..................................................................................................27 

2.2. Results ..........................................................................................................29 

2.2.1. Synthesis and Characterization .............................................................29 

2.2.2. X-ray Crystallography ..........................................................................30 

2.2.3. NMR studies .........................................................................................34 

2.2.4. IR Studies..............................................................................................39 



x 

2.2.5. Computational studies ..........................................................................40 

2.2.6. Discussion .............................................................................................45 

2.3. Conclusions ..................................................................................................48 

2.4. Experimental .................................................................................................48 

2.5. References. ...................................................................................................61 

CHAPTER 3: SYNTHESIS AND CHARACTERIZATION OF 

PHENYLIMIDAZOLE - BASED WEAKLY -COORDINATI NG ANIONS ..............68 

3.1. Introduction ..................................................................................................68 

3.2. Synthesis and Characterization of Weakly-Coordinating Anions ................70 

3.2.1. Synthesis of substituted phenylimidazoles. ..........................................70 

3.2.2. Synthesis and characterization of [IMP-R] ï anions. ............................73 

3.3. Assessment of IMP-R Anion Coordinating Ability .....................................77 

3.3.1. X-ray studies .........................................................................................77 

3.3.2. NMR and IR studies .............................................................................80 

3.4. Discussion .....................................................................................................84 

3.5. Conclusions ..................................................................................................85 

3.6. Experimental .................................................................................................86 

3.6. References ..................................................................................................109 

CHAPTER 4: APPLICATIONS OF [I MP-R]ï ANIONS IN GOLD -

CATALYZED ORGANIC  T RANSFORMATIO NS .................................................113 

4.1. Introduction ................................................................................................113 

4.2. Results and Discussion ...............................................................................114 

4.2.1. Synthesis and characterization of [(L)Au(Lô)][IMP-R] complexes ...114 

4.2.2. Hydroalkoxylation of 3-hexyne. .........................................................118 

4.2.3. [2+2] Cycloaddition of phenylacetylene and Ŭ-methyl styrene ..........126 

4.2.4. Hydration of diphenylacetylene ..........................................................129 

4.2.5. Alkynyl alcohol cyclization ................................................................131 

4.2.6. Proargylation of substituted benzaldehydes .......................................133 

4. 3. Conclusions. ..............................................................................................136 

4.4. Experimental. ..............................................................................................136 



xi 

4.5. References. .................................................................................................151 

 

APPENDIX A: NMR SPECTRA  .................................................................................154 

APPENDIX B: IR SPECTRA .......................................................................................221 

APPENDIX C: CHAPTER 2 CRYSTAL STRUCTURE REPORTS ......................242 

APPENDIX D: CHAPTER 3 CRYSTAL STRUCTURE REPORTS ......................384 

APPENDIX E: CHAPTER 4 CRYSTAL STRUCTURE REPORTS .......................609 

  



xii  

LIST OF TABLES 

Table Page 

Table 1.1. Solvent effect on yield and ee ......................................................................... 18 

Table 2.1. Bond lengths from X-ray structures ................................................................ 32 

Table 2.2. Percent buried volume (%Vbur) ........................................................................ 34 

Table 2.3. Effect of solvent upon 1H NMR methine chemical shift of select complexes 36 

Table 2.4. Acyl C=O frequencies (ɜCO) of complexes 3 .................................................. 40 

Table 2.5. Wiberg bond index for computed structures ................................................... 43 

Table 2.6. NPA natural charges for computed structures ................................................ 43 

Table 2.7. Donor-acceptor stabilization energies ȹE(2) (kcal/mol) from second-order 

perturbation theory analysis .............................................................................................. 44 

Table 3.1. NMR and IR data for [Pd][X] ion pairs .......................................................... 84 

Table 4.1. Relevant Bond Lengths and Angles for [(L)Au(L')]+ Cations ...................... 118 

Table 4.2. Conversions and Turnover Numbers (TONs) for Gold-Catalyzed 

Hydroalkoxylation of 3-Hexyne ..................................................................................... 122 

Table 4.3. Anion Coordination Parameters and Catalytic Activity of Gold Complexes 

Paired with Various Anions ............................................................................................ 125 

 

  



xiii  

LIST OF FIGURES 

Figure Page 

Figure 1.1. Types of ion pairs ............................................................................................ 2 

Figure 1.2. Outer-sphere and inner-sphere transition metal ion pairs ................................ 3 

Figure 1.3. Common weakly-coordinating anions ............................................................. 5 

Figure 1.4. The BArF4 weakly-coordinating anion ............................................................ 5 

Figure 1.5. Cr-N bond rotation becomes more facile with more strongly donating anions.

............................................................................................................................................. 8 

Figure 1.6. 14N NMR of [Cr][PF6] and DFT minimized structure of [Cr][PF6] ................ 9 

Figure 1.7. Substrate binding to an open coordination site on a cationic metal complex 

with an outer-sphere anion and inhibition of substrate binding due to anion coordination.

........................................................................................................................................... 10 

Figure 1.8. Gold-catalyzed hydroalkoxylation of 3-hexyne by methanoland Iridium-

catalyzed partial hydrogenation of 2-methylquinoline ..................................................... 10 

Figure 1.9. Ruthenium-catalyzed Diels-Alder reaction between cyclopentadiene and 

methacrylate. ..................................................................................................................... 11 

Figure 1.10. Reaction profile when [Ru] is paired with various WCAs .......................... 12 

Figure 1.11. 1H ï 19F HOESY spectrum of [Ru][BF4]..................................................... 13 

Figure 1.12. Oxidative addition of an aryl tosylate to a bulky, electron-rich Pd(0) 

complex. ............................................................................................................................ 14 

Figure 1.13. Gold-catalyzed hydroalkoxylation of 3-hexyne with methanol. ................. 15 

Figure 1.14. Reaction profile with various anions ........................................................... 15 

Figure 1.15. Tosylate organizing a transition state in the gold-catalyzed alkyoxylation of 

3-hexyne with methanol. ................................................................................................... 16 

Figure 1.16. Gold-catalyzed ring expansion of alkynyl aziridines to form substituted 

pyrroles. ............................................................................................................................ 17 



xiv 

Figure 1.17. Gold-catalyzed allenol cyclization .............................................................. 18 

Figure 1.18. Decreasing solvent polarity increases ion pairing, thereby increasing chiral 

induction and enantioselectivity. ...................................................................................... 18 

Figure 2.1. Preparation of Compounds 2.3 ...................................................................... 29 

Figure 2.2. Structures of BArF4
ï anion and [IMP-H]  ï anion ........................................... 30 

Figure 2.3. Thermal ellipsoid plots of [2.3(dcm)]BArF
4 and 2.3BAr F

4 .......................... 31 

Figure 2.4. Thermal ellipsoid plots of inner-sphere structures 2.3BF4, 2.3OTf, and 

2.3ClO4. ............................................................................................................................ 31 

Figure 2.5. Methine 1H resonances of 2.3 (CD2Cl2, 25 хC) ............................................. 35 

Figure 2.6. 1H NMR spectra of 2.2 and 2.3BF4 in CD2Cl2:toluene-d8 mixtures ............. 37 

Figure 2.7. Addition of various equivalents of PPh4Cl to 2.3BArF
4 (CD2Cl2, 25 хC) .... 38 

Figure 2.8. Optimized structures of IIISbF6, IIIPF6, and IIINTf2 .................................... 41 

Figure 2.9. Methine 1H NMR shift vs ɜCO (solution-state) .............................................. 46 

Figure 2.10. Percent buried volume vs ɜCO (solution-state) ............................................. 47 

Figure 3.1. Recent classes of WCAs ................................................................................ 69 

Figure 3.2. Parent imidazole-based weakly-coordinating anion ...................................... 70 

Figure 3.3. Synthesis of phenylimidazoles bearing electron-withdrawing functionalities.

........................................................................................................................................... 71 

Figure 3.4. Thermal ellipsoid plot of imidazole 3.6......................................................... 71 

Figure 3.5. Synthesis of amide-functionalized phenylimidazoles ................................... 72 

Figure 3.6. Thermal ellipsoid plot of imidazole 3.9......................................................... 72 

Figure 3.7. Purchased or synthesized substituted phenylimidazoles used ....................... 72 

Figure 3.8. Synthesis of [IMP-R]ï anions. ....................................................................... 73 

Figure 3.9. Thermal ellipsoid plots of anions [IMP-H]ï, [IMP-CO2Me]ï, [IMP-(CF3)2]
ï 

and [IMP-pipA]ï ............................................................................................................... 74 

Figure 3.10. Decomposition products observed using n-BuLi for deprotonation or not 

cooling the final step of the synthesis ............................................................................... 75 



xv 

Figure 3.11. Reduction of methyl ester and dimethyl amide functionalities to the 

corresponding alcohol and amine. .................................................................................... 76 

Figure 3.12. Thermal ellipsoid plots of Na[IMP-CH2OH]ï and Na[IMP-CH2N(Me)2]
ï.. 76 

Figure 3.13. 19F NMR and 11B spectra of Na[IMP-pipA]ï in CD2Cl2. ............................ 77 

Figure 3.14. Synthesis of 2.3[IMP-R] ion pairs. .............................................................. 78 

Figure 3.15. Thermal ellipsoid plots of 2.3[IMP-R] ion pairs ........................................ 79 

Figure 3.16. Thermal ellipsoid plot of [2.3(MeCN][IMP -pipA]  .................................... 80 

Figure 3.17. 1H NMR spectra of the 2.3[BArF
4] and 2.3[IMP-DMA]  complexes ......... 81 

Figure 3.18. Thermal ellipsoid plot of Na[pyrr(BCF)]. ................................................... 82 

Figure 3.19. Thermal ellipsoid plot of [2.3(N-methyl-2-pyrrolidinone)]BAr F
4.. ......... 83 

Figure 4.1. Synthesis of gold complexes ....................................................................... 115 

Figure 4.2. Thermal ellipsoid plot of [(IPr)Au(DPA)][IMP-H] ..................................... 116 

Figure 4.3. Thermal ellipsoid plot of [(IPr)Au(3-hexyne)][IMP-H] .............................. 116 

Figure 4.4. Thermal ellipsoid plot of [(tBuXPhos)Au(NCMe)][IMP-CF3]. .................. 117 

Figure 4.5. Spacefilling models of [(IPr)Au(DPA)]+ and [(IPr)Au(3-hexyne)]+ ........... 117 

Figure 4.6. Gold(NHC)-catalyzed hydroalkoxylation of 3-hexyne with methanol ....... 119 

Figure 4.7. DFT-calculated transition state for (IPr)Au(OTs)-catalyzed alkyne 

hydroalkoxylation. .......................................................................................................... 120 

Figure 4.8. Proposed transition state for [(IPr)Au][IMP-NO2]-cataylzyed alkyne 

hydroalkoxylation ........................................................................................................... 120 

Figure 4.9. Reaction progress of gold-catalyzed hydroalkoxylation of 3-hexyne with 

methanol. Inset shows progress up to 4.5 hours. ............................................................ 123 

Figure 4.10. Hydroalkoxylation of 3-hexyne with triethylene glycol monomethyl ether.

......................................................................................................................................... 124 

Figure 4.11. Reaction progress of gold-catalyzed hydroalkoxylation of 3-hexyne with 

triethylene glycol monomethyl ether. ............................................................................. 124 



xvi 

Figure 4.12. Gold-catalyzed intermolecular [2+2] cyclization of Ŭ-methyl styrene and 

phenylacetylene............................................................................................................... 127 

Figure 4.13. Inactive digold species formed by deprotonation of bound alkyne. .......... 127 

Figure 4.14. Reaction progress of gold-catalyzed [2+2] cycloaddition with various anions 

in CD2Cl2. ....................................................................................................................... 128 

Figure 4.15. Reaction progress of gold-catalyzed [2+2] cycloaddition with various anions 

in C7D8. ........................................................................................................................... 128 

Figure 4.16. (BNHC)Au(SMe2) catalyst ........................................................................ 130 

Figure 4.17. Alkyne hydration previously reported by our group. ................................ 130 

Figure 4.18. Alkyne hydration using [Au][IMP -R] ion pairs ........................................ 131 

Figure 4.19. Bimetallic gold-catalyzed cyclization of alkynyl alcohol. ........................ 132 

Figure 4.20. NMR spectra (C6D6) of alkynyl alcohol cyclization with 

[(tBuXPhos)Au(NCMe)][BArF4] at various time points. ................................................ 133 

Figure 4.21. Aldehyde propargylation catalyzed by gold bearing a bifunctional 

phosphine. ....................................................................................................................... 134 

Figure 4.22. Proposed role of the ligand in aldehyde propargylation. ........................... 134 

Figure 4.23. Aldehyde propargylation catalyzed by (tBuXPhos)AuCl/NaX where X is a 

WCA. .............................................................................................................................. 135 
 

 

 



 

1 

CHAPTER 1  

INTRODUCTION  

1.1.Statement Of Dissertation Objectives 

Interactions between organometallic ions and their respective counterions have 

been studied for several decades,1,2 particularly between organometallic cations and 

weakly-coordinating anions (WCAs).3 These interactions are of interest due to their role 

in catalysis,4,5 including the design of new WCAs to better suit particular reactions.6ï9 

While there are a vast number of studies showing that having weaker interactions 

between a catalyst and its counterion leads to a more active catalyst,10ï12 this is often not 

the case.13ï15 Mechanistic investigation has shown that functionalities present on anions 

can stabilize transition states in a co-catalytic manner,14,16 though little has been done to 

target particular functionalities for specific processes. These effects can be caused by 

differences in ion pairing,17 anion coordination to the catalytic cation,14 or a combination 

of both. 

This dissertation describes three major works: Utilization of a cationic palladium 

complex to build a qualitative scale describing the coordinating ability of several weakly-

coordinating anions; synthesis of a new family of ñmoderately-coordinating anionsò 

bearing electron-withdrawing functionalities; and the incorporation of these anions into 

catalytic systems. Kinetic studies of catalytic gold complexes paired with these anions are 
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described and compared with known systems. Several anions not included in this kinetic 

analysis were also synthesized and characterized; these anions, which bear either electron 

donating substituents or amide functionalities, may be able to participate favorably in 

catalysis.   

1.2. Introduction To Ion Pairing , Anion Coordinating Ability, And Weakly - 

Coordinating Anions 

1.2.1. Ion Pairing and Anion Coordinating Ability 

First introduced by Bjerrum in 1926,18 ion pairs have been described by 

Macchioni as, ñpairs of oppositely charged ions, with a common solvation shell, held 

together by Coulombic forces,ò4 with a variety of different types of ion pairs possible 

(Figure 1.1).  

  

Figure 1.1. Types of ion pairs  

Adapted with permission from Macchioni, A. Ion pairing in transition-metal 

organometallic chemistry. Chem. Rev. 2005, 105, 2039-2073. Copyright 2005 

American Chemical Society. 
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Due to the largely covalent nature of M-L bonds in transition metal complexes, 

and the therefore decreased charge residing on the metal center, solvent-shared and 

solvent-separated transition metal ion pairs are fairly uncommon.4 Instead, most 

complexes are contact ion pairs, with anions either in the inner sphere or outer sphere of 

a metalôs coordination environment. In the inner-sphere case, the counterion sits within 

the first coordination sphere of the metal with direct metal-counterion contact. Outer-

sphere complexes result from contact between the counterion and the ligand sphere 

(secondary coordination sphere) directly surrounding the metal center (Figure 1.2).4 

 

 
Figure 1.2. Outer-sphere and inner-sphere transition metal ion pairs. Implied 

solvation shells are not shown.  

While ion pairing has been studied quite extensively with respect to transition 

metal complexes, an equally important topic is anion coordinating ability. Though the 

two phenomena are fundamentally related, there are important differences between the 

two. Ion pairing is an electrostatic (Coulombic) interaction, while anion coordination to a 

metal complex can result in covalent interactions. Ion pairing can occur between an anion 

and a coordinatively-saturated organometallic cation (an outer-sphere ion pair, Figure 

1.2), while anion coordination requires an open coordination site for the anion to occupy 

(an inner sphere complex). An outer-sphere ion pair results from charge attraction 

between the cation and anion; there is no direct contact between the metal center and the 
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anion. The inner-sphere ion pair shows a direct interaction between the negatively 

charged anion and positively charged metal; if the interaction is covalent in nature, this 

instead results in a neutral complex rather than two distinct ions.  

Odom and coworkers have found that ion pairing and anion coordination can be 

independently affected based on conditions used.19 Degree of ion pairing can be 

controlled by varying solvent dielectric, with more polar solvent resulting in greater 

charge separation. Anion coordination, however, is more closely related to the ions being 

observed. They found that in a relatively nonpolar medium, CD2Cl2, even the extremely 

weakly-coordinating anion BArF4 
ï showed strong ion pairing with cationic transition 

metal complexes, but no direct donation from the anion to the cation was seen. This was 

attributed to the lack of a specific donor site on the anion.  

 

1.2.2. Weakly Coordinating Anions 

Weakly coordinating anions are ubiquitous in transition metal chemistry and 

catalysis. The general properties of these anions include large size, lack of nucleophilic or 

basic sites, and a high degree of charge delocalization.7 Common weakly coordinating 

anions such as BF4
 -, PF6

 -, SbF6
 -, OTf -, and NTf2 

- (Figure 1.3) have been paired with 

cationic transition metal complexes for several decades, both for use as catalysts as well 

as informing on features of both the cation and the anion such as binding modes and 

donor strength. 3,7,20ï24 Despite their weakly-coordinating designation, these anions are 

often found to be coordinated in the solid state.23ï27 
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Figure 1.3. Common weakly-coordinating anions 

With increasing interest involving the effects of WCAs on transition metal 

cations, larger and more weakly-coordinating anions have been sought to improve both 

catalytic activity, as well as anion and cation stability.7 In 1984, Kobayashi and 

coworkers reported sodium tetrakis[3,5-(trifluoromethyl)phenyl]borate (NaBArF
4), the 

sodium salt of an extremely weakly-coordinating and stable anion (Figure 1.4).28 WCAs 

have often been shown to increase reactivity of a catalyst, likely due to decreased 

interaction (Coulombic or donor-acceptor) with the catalytic metal center. This lack of 

interaction allows for more facile binding of substrate, often leading to higher catalytic 

activity. 

 

 
Figure 1.4. The BArF

4 weakly-coordinating anion 

Since this discovery, efforts towards even more weakly-coordinating anions, 

allowing for higher reactivity of organometallic cations, have yielded promising 

carborane-based anions and alkoxy- and aryloxymetallates (particularly aluminates).7,9,29 

While quite a lot of effort is being focused on the synthesis of more weakly-coordinating 

anions, little has been done to tune the coordinative behaviors of anions to improve 
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catalysis through favorable interactions such as proton transfer, hydrogen bonding, and 

transition state organization.  

 

1.3. Methods Of Measuring Ion Pairing And Anion Donor Strength 

Cation-anion interactions have been investigated with a variety of techniques, the 

earliest being magnetic moment measurements and UV-vis and IR spectroscopy.1,2 

Relative scales describing the strength of these interactions are often necessary due to 

differing behaviors based on the cation paired with the anions of interest, and can offer 

valuable insights to synthetic chemists in terms of choosing counter anions for catalytic 

processes or for design of new anions. 

Beck was able to create one of the first scales reporting relative donor strength by 

comparing solution-state IR (ɜCO) and 1H NMR (chemical shifts of Cp protons) data for 

Mo and W piano stool complexes [CpM(CO)3X]; lower frequency C=O stretches were 

observed in the IR for more strongly coordinating anions, as well as loss of symmetry for 

the high symmetry anions such as BF4
 -. In the proton NMR spectra, the Cp protons 

shifted significantly upfield with increasing anion donation.3 Using these combined 

results, a relative scale of anion donor strength was created, from least coordinating to 

most coordinating: AsF6
 - ~ SbF6

 - ~ PF6 
- < BF4 

- < SO3F
 - ~ SO3CF3 

- < ClO4 
- < OTeF5

 - 

~ ReO4 
- << Cl -. In addition to the spectroscopic techniques described above, Raman 

spectroscopy as well as conductivity and potentiometry have been used to probe strength 

of interactions between ions.30ï32 

More recently, two-dimensional NMR techniques such as HOESY, ROESY, 

NOESY, and DOSY, as well as PGSE have been used to determine the extent of ion 
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pairing in solution.12,33 While these techniques are extremely sensitive, they require 

specialized equipment, software and expertise.  

Odom and coworkers have developed an elegant system using 1H NMR and 14N 

NMR in conjunction with DFT to create a ñLigand Donor Parameterò metric to describe 

the strength of interaction between [NCr(NiPr)2]
+ and various weakly-coordinating anions 

including ion pairs [Cr][PF6] and [Cr][SbF6].
19,34 In solution, the rotational barrier for the 

diisopropylimido ligands varies depending on how strongly the paired anion or neutral 

ligand donate to the chromium center (Figure 1.5). The anion and amide compete for 

donation into the acceptor orbitals in the xy-plane of the chromium. According to 

computation, when there is no anion donation, the amide-Cr bond order is greater than 

one, indicating ́ donation from the amido ligand into the chromium acceptor orbital, 

raising the barrier for rotation around the N-Cr bond. However, when an anion or very 

strong ́ -donor also donates into this orbital, the bond order decreases drastically, thereby 

lowering the N-Cr bond rotational barrier. The rate constant for this rotation can be 

measured with 1H NMR spin saturation transfer spectroscopy, ultimately leading the 

authors to determine estimated enthalpic barriers for rotation. Odom notes, however, that 

this anion measurement system is specifically designed for high-valent complexes 

containing both vacant ů and ́  orbitals on the metal center. 
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Figure 1.5. Cr-N bond rotation becomes more facile with more strongly donating 

anions. 

 

 In addition to differences in the Cr-Namido rotational barriers, spectroscopic 

differences can be seen in the 14N NMR nitride signal based on the anion present. As all 

variables besides anion are held constant, the spectral differences between the PF6 and 

SbF6 are likely caused by the change in the anion identity, with the anion interacting with 

the nitride ligand. Resonance b, corresponding to the nitrido ligand, is not observed for 

the [Cr][SbF6] ion pair because of accelerated relaxation induced by the presence of the 

quadripolar Sb nucleus. A geometry-optimized DFT structure of the [Cr][PF6] ion pair 

was also obtained (Figure 1.6), with a fluorine from the anion interacting with the nitride 

N and isopropyl protons. The scale obtained using this method follows the trend (in order 

of increasing donor strength) BArF24
 - ~ BArF

20 
- ~ Al(OR)4

 - < BPh4
 - < SbF6 

- ~ PF6 
-. 

While this quantitative scale is somewhat useful, it is generated using a high-

valent chromium center that does not mimic a large percentage of the organometallic 

cations used as catalysts, and therefore may not allow for direct comparison to more 

common metals in catalysis such as Pd(II).  
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Figure 1.6. 14N NMR of [Cr][PF 6] (left). DFT minimized structure of [Cr][PF 6] 

(right) showing interactions between cation and anion. Adapted with permission 

from Aldrich, K.E.; Billow, B.S. ; Holmes, D.; Bemowski, R.D.; Odom, A.L. Weakly 

coordinating yet ion paired: anion effects on an internal rearrangement. 

Organometallics 2017, 36, 1227-1237. Copyright 2017 American Chemical Society. 

 

1.4. Anion Effects In Transition Metal Catalysis 

1.4.1. Overview of Anion Effects in Catalysis.  

The effects of counterions on catalytic activity of transition metal complexes have 

been observed extensively for quite some time.4,12,13,17,35ï46 Often, a weaker interaction 

between the anion and cationic catalyst leads to higher catalytic activity because the 

cation is more available to bind to substrate (Figure 1.7).5,10,36 While anions with less 

coordinative ability frequently increase catalytic activity, there are several examples that 

contradict this.14ï16 In the case of the gold-catalyzed alkoxylation of alkynes with 

alcohols (Figure 1.8), the difference in reactivity is attributed to the basicity of the anion, 

which allows the anion to hydrogen bond and organize the transition state for the 
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reaction. The anion effect in the hydrogenation is unexplained, however, the anion may 

be able to facilitate COD dissociation through a coordinative pathway following 

displacement by substrate. The causes of anion effects have often been ignored, with 

efforts being focused towards reaction optimization rather than understanding the role the 

anion plays in affecting reactivity.47ï49  

 

 
Figure 1.7. (Left) Substrate binding to an open coordination site on a cationic metal 

complex with an outer-sphere anion. (Right) Inhibition of substrate binding due to 

anion coordination. 

 
Figure 1.8. Top ï Gold-catalyzed hydroalkoxylation of 3-hexyne by methanol. 

Tosylate and triflate anions performed better than the very weakly-coordinating 

BAr F
4
 ï anion. Bottom ï Iridium -catalyzed partial hydrogenation of 2-

methylquinoline. Higher conversion is seen with the more coordinating PF6 
- anion 

than the BArF
4 

- anion. 
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1.4.2. Examples of Anion Effects in Organometallic Reactivity and Catalysis 

While far from comprehensive, the following section presents several examples of 

anion effects observed in transition metal catalysis. It is important to note that while there 

is an enormous number of reactions reported to exhibit anion effects, only a very minute 

portion of these phenomena have been thoroughly investigated to the point of 

determining a cause of the effect itself. These effects can have huge implications in terms 

of reactivity of catalyst, affecting yield, necessary reaction conditions, and usable 

substrates, and therefore should be more heavily studied.  

Pregosin and coworkers have utilized a variety of 2D NMR techniques to 

investigate the cause of an observed anion effect in the Ru-catalyzed Diels-Alder reaction 

between cyclopentadiene and methacrylate (Figure 1.9, 1.10).17  

 

 
Figure 1.9. Ruthenium-catalyzed Diels-Alder reaction between cyclopentadiene and 

methacrylate. 
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Figure 1.10. Reaction profile when [Ru] is paired with various WCAs. Adapted with 

permission from Kumar, A.P.G.; Pregosin, P.S. Towards an understanding of the 

anion effect in CpRu-based Diels-Alder catalysts via PGSE-NMR measurements. 

Organometallics 2004, 23, 5410-5418. Copyright 2004 American Chemical Society. 

Using 1H,19F HOESY NMR, interactions between the Ru cation and either BF4 
ï 

or BArF
4 
ï were probed. This technique takes advantage of the transfer of nuclear spin 

polarization from one population to another; while the analogous NOESY experiment is 

typically used to observe through-space coupling of protons, HOESY is used to observe 

this phenomena between two different nuclei. Because weakly coordinating anions often 

have fluorine atoms on them, and ligands on organometallic cations frequently have 

attached protons, this is a powerful technique to observe spatial interactions between the 

cation and anion. While there was relatively strong ion pairing with the BF4
 ï anion, 

BArF
4 
ï showed no interactions with the cation. Through-space coupling between the Ru 

cation and BF4 
ï
 is shown in Figure 1.11; the horizontal axis and spectrum corresponds to 

the 19F resonances, while the vertical axis and spectrum correspond to proton resonances. 

The cross peaks indicate through-space coupling of the two nuclei, which are also 
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illustrated in the inset. The observed difference in catalyst reactivity was attributed to 

tight ion pairing of the BF4 anion, which could hinder substrate binding or exchange. 

 

 
Figure 1.11. 1H ï 19F HOESY spectrum of [Ru][BF4]. Cross peaks indicate through-

space interactions between the anion fluorines and cation ligand protons as shown 

by the inset. Reprinted with permission from Kumar, A.P.G.; Pregosin, P.S. 

Towards an understanding of the anion effect in CpRu-based Diels-Alder catalysts 

via PGSE-NMR measurements. Organometallics 2004, 23, 5410-5418. Copyright 

2004 American Chemical Society. 

 

Hartwig and coworkers reported an unusual anion effect in the rate of oxidative 

addition of aryl tosylates to a sterically bulky, electron-rich Pd(0) complex (Figure 

1.12).50 The reaction rate increased when Br ï or PF6 
ï anions were introduced. Kinetic 

analysis indicated that the anions affected the system in several ways; these competing 
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processes offer an excellent example of how complex anion effects can become in 

catalytic reactions. Coordination of Br ï to the neutral Pd(0) complex resulted in a highly 

electron-rich Pd(0) anion capable of undergoing facile oxidative addition to typically 

difficult -to-activate aryl tosylates. Additionally, the anions increase the polarity of the 

reaction medium, polarizing and weakening the C-O aryl sulfonate linkage of the 

tosylate, thereby increasing the rate of oxidative addition. 

 

 
Figure 1.12. Oxidative addition of an aryl tosylate to a bulky, electron-rich Pd(0) 

complex.  

Using kinetic studies and DFT, Zuccaccia and coworkers have extensively studied 

an anion effect in gold-catalyzed hydroalkoxylation of alkynes (Figures 1.13 and 

1.14).14,16,51 When the cationic catalyst [(IPr)Au(3-hexyne)]+ (IPr = N,Nô-bis(2,6-

diisopropylphenyl)imidazole-2-ylidene) is paired with the very weakly-coordinating 

BArF
4
- anion, relatively high conversion is observed. However, neutral (IPr)Au(OTs) 

(OTs = 4-toluenesulfonate, tosylate) is substantially faster despite the strongly 

coordinating tosylate anion. Anions more coordinating than OTs- sharply decrease 

reactivity.  
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Figure 1.13 Gold-catalyzed hydroalkoxylation of 3-hexyne with methanol (top). 

 

 

 
Figure 1.14. Reaction profile with various anions. Reprinted with permission from 

Ciancaleoni, G.; Belpassi, L.; Zuccaccia, D.; Tarantelli, F.; Belanzoni, P. Counterion 

effect in the reaction mechanism of NHC gold(I)-catalyzed alkoxylation of alkynes: 

computational insight into experiment. ACS Catal. 2015, 5, 803-814. Copyright 2015 

American Chemical Society. 
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The tosylate anion is thought to organize a transition state through interaction 

with the gold center and form a hydrogen bond to methanol (Figure 1.15). This effect is 

even more pronounced when the weaker nucleophile benzyl alcohol, is used; the rate 

increases by a factor of ~40 using tosylate versus BArF4. 

 

 
Figure 1.15. Tosylate organizing a transition state in the gold-catalyzed 

alkyoxylation of 3-hexyne with methanol. 

Gold-catalyzed ring expansion of alkynyl aziridines, forming 2,5 substituted 

pyrroles, exhibits an anion dependence on reactivity and regioselectivity, with the tosylate 

anion performing better with some substrates than the more weakly-coordinating triflate 

(Figure 1.16).52,53 While the difference in selectivity was attributed to differences in 

basicity of the anions, causes for disparity in yield were not investigated. Because the 

tosylate anion clearly is capable of imparting unique reactivity in several different classes 

of reactions,42 and possibly with catalysts based on different transition metals, further 

mechanistic studies involving this anion could yield valuable insight into roles the anion 

plays in reactivity. 
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Figure 1.16. Gold-catalyzed ring expansion of alkynyl aziridines to form substituted 

pyrroles. 

In addition to controlling reactivity, chiral anions can promote stereoselective 

reactions - even when paired with achiral cationic catalysts. Using chiral BINAP-based 

phosphates, Toste and coworkers have demonstrated high enantioselectivity with a 

cationic dinuclear gold catalyst in allenol cyclization (Figure 1.17).54 This selectivity was 

attributed to chiral induction resulting from tight pairing with the chiral anion. When 

nonpolar solvents were used for this reaction, high enantioselectivity was seen; increasing 

solvent polarity, and in turn decreasing interaction between the cation and chiral anion, 

resulted in a dramatic decrease in the observed selectivity (Figure 1.18, Table 1.1). This 

solvent polarity-dependent reactivity and selectivity strongly supports the chiral anion 

being responsible for the high enantioselectivity of the catalytic system. 

This anion scaffold has since been used in a myriad of other reactions, such as 

enantioselective Pd-catalyzed Heck-Matsuda arylation, arylboration of alkenes, and 

diarylation of acrylates,55ï57 cyclizations using aryldiazonium salts as electrophilic 

nitrogen sources,58 and asymmetric fluorination of cyclohexanones and alcohols.59,60 
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Figure 1.17. Gold-catalyzed allenol cyclization. Yields and enantioselectivities 

achieved with the chiral anion are far superior to those achieved with a chiral ligand 

under similar conditions (79-89% yield, 2-8% ee using chiral BINAP ligands). 

 

 

 
Figure 1.18. Decreasing solvent polarity increases ion pairing, thereby increasing 

chiral induction and enantioselectivity. 

 

Table 1.1. Solvent effect on yield and ee 

Solvent Percent Yield ee 

CH3NO2 60 18 

Acetone 71 37 

THF 83 76 

Benzene 90 97 
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Controlling the way anions interact with organometallic species can tune the 

reactivity and catalytic activity of a complex. If anions can be modified based on known 

anion effects for particular reactions, many transition metal-catalyzed processes may be 

improved through synergistic effects between the anion and catalytic cation, making 

reactions faster, more efficient, and higher yielding.  

 

1.5. Summary 

The primary goal of this thesis is to study interactions between organometallic 

cations and weakly-coordinating anions and to use this understanding to rationally choose 

or design anions to be paired with cationic transition metal catalysts. By studying how 

strongly different anions interact with transition metal cations, and seeing how these 

interactions correlate with catalytic activity, it is possible to begin installing 

functionalities on anions that impact catalysis in favorable ways.  

 

 

Chapter 2 describes the use of the cationic [Pd(IPr)(C(O)C9H6N] fragment to 

investigate the coordinating ability of various anions and neutral ligands. Spectroscopy, 

X-ray diffraction, and computation were used to create a relative scale of anion binding 

strength based on electronic and steric properties of these anions. The synthesis of a new 

WCA is also described, and its properties are delineated in comparison to other anions.  
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Chaper 3 builds upon the new anion described in Chapter 2, and describes the 

installation of various functionalities on the parent anion scaffold. Several synthetic 

routes to these anions are explored. The binding properties of these anions are explored 

using the methods described in Chapter 2; while all of the anions described herein are 

relatively weakly-coordinating, the binding properties of the anions change based on the 

functionality present. 

 

 

Chapter 4 details the utilization of these novel WCAs in several gold-catalyzed 

organic transformations. Differences in reactivity are observed based on the anion used in 

the [2+2] cycloaddition of phenylacetylene and Ŭ-Me styrene to form substituted 

cyclobutenes; a dramatic solvent effect is also seen. Several reactions that did not exhibit 

significant anion effects with the novel anion scaffold are also described. 
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CHAPTER 2  

COMPARING INTERACTIO NS OF WEAKLY -COORDINATING ANIONS 

USING A 3-COORDINATE PALL ADIUM CATION  

 

 2.1. Introduction  

While weakly-coordinating anions (WCAs) have been used for decades as 

counterions for organometallic cations, a quantitative parameter for their coordinating 

ability has been elusive.1 Measurements reporting on the coordinating ability of anions 

have yielded valuable insight into ion pairing effects in transition metal catalysis,2,3 as 

well as informing on the design of new WCAs.4ï7 Unfortunately, despite the tools 

available, measuring and predicting anion effects in transition metal catalysis has still 

proven challenging.8 The multiple roles that anions can play in catalysis further convolute 

these measurements due to competition between effects.9,10  

Rather than creating a universal scale or a quantitative parameter describing 

coordinating ability, relative scales have been developed for use in catalytic and synthetic 

development. Theoretical11,12 and statistical13 methods have yielded relative scales of 

anion coordinating ability; however, empirical measurements require the preparation of 

multiple ion pairs consisting of a single cation paired with the various anions of interest. 

Spectroscopy, including UV-vis, IR, Raman, and proton NMR have been used to measure 

ion pairing in the solid and solution states.1,14,15 Additionally, electrochemical 

measurements such as conductometry and potentiometry have been used to probe anion-
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cation association. Recently, more exotic two-dimensional NMR techniques such as 

NOESY, ROESY, HOESY, as well as DOSY and PGSE experiments, have been used to 

investigate solution-state ion pairing.3,16ï22 The Odom group has reported the use of a 

combination of theory and experiment to create a ñLigand Donor Parameterò describing 

the donor ability of WCAs paired with the high-valent [NCr(NiPr2)2]
+ cation.23,24 

Because coordinating ability of an anion is dependent upon the steric and 

electronic properites of the paired cation, we chose to use a Pd cation to better understand 

anion effects in Pd catalysis.25ï27 A series of ion pairs featuring the air- and moisture-

stable T-shaped Pd (II) cation [Pd(IPr)(C(O)C9H6N)]+ (IPr = N,Nô-bis(2,6-

diisopropylphenyl)imidazole-2-ylidene) were prepared with various common WCAs 

(Figure 2.1). These complexes were chosen due to convenience of synthesis, high 

stability, and their resemblance to often-invoked Pd(II) acyl intermediates.28ï35 

Comparison of these complexes is achieved through simple IR (acyl C=O) and 1H NMR 

(IPr -CH(CH3)2) measurements. The acyl group is trans to either the anion coordination 

site or the open coordination site, and is therefore highly sensitive to electron donation. 

When the anion is not bound directly to the Pd center, an IPr isopropyl C-H forms an 

agostic interaction with the Pd center, making the proton NMR a useful reporter of anion 

coordination.  

This chapter reports the use of several techniques, including NMR, IR, X-ray 

crystallography, and DFT calculations, to probe the strength of interaction between the 

[Pd(IPr)(C(O)C9H6N)]+ cation and several WCAs. Using X-ray and DFT structures, 

percent buried volume (%Vbur) calculations report on the effects of steric congestion on 

inner-sphere anion coordination. Solvent effects on various ion pairs have also been 

investigated.36  
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Figure 2.1. Preparation of Compounds 2.3. Adapted with permission from Wozniak, 

D.I.; Sabbers, W. A.; Weerasiri, K.C.; Dinh, L.V.; Quenzer, J.L.; Hicks, A.J.;  

Dobereiner, G.E. Comparing interactions of a three-coordinate Pd cation with 

common weakly coordinating anions. Organometallics 2018, 37, 2376-2385. 

Copyright 2018 American Chemical Society. 

 

2.2. Results 

2.2.1. Synthesis and Characterization 

 Addition of IPr to dimer 2.1 yields [Pd(IPr)(C(O)C9H6N)Cl] 2.2. Subsequent 

halide abstraction with MX (M = Li, Na, Ag, X = WCA) yields the series of complexes 

2.3, featuring the cationic [Pd(IPr)(C(O)C9H6N]+ fragment. Anions paired include PF6 
ï, 

BF4 
ï
, SbF6 

ï, NTf2 
ï, ClO4 

ï, OTf ï, and BArF4 
ï, as well as [IMP-H] ï, a derivative of an 

anion originally reported by LaPointe, Klosin, and co-workers (Figure 2.2).37 Na+ and Li+ 

salts of [BArF4]
 ï and [IMP-H]  ï were capable of abstracting the bound chloride, however, 

Ag+ salts of the other anions were required to perform this reaction. Decomposition was 

observed when either silver tetraphenylborate or sodium tetraphenylborate were added to 
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the neutral palladium complex, likely due to B-C bond activation by the palladium. 

Isolated yields of 2.3PF6, 2.3BF4, 2.3SbF6, 2.3NTf2, 2.3ClO4, 2.3OTf, 2.3BArF
4, and 

2.3[IMP -H]  range from 56 to 84%. 

 

 
Figure 2.2. Structures of BArF

4
ï anion (left) and [IMP -H]  ï anion (right) 

 

2.2.2. X-ray Crystallography 

 X-ray quality crystals of complexes 2.3 were obtained by slow diffusion of 

pentane into concentrated dichloromethane solutions. In addition to anion donors, neutral 

donor adducts of the Pd cation can be obtained by recrystallization in the presence of the 

donor (water, acetonitrile, or piperidine). Recrystallization of 2.3BArF
4 from 

dichloromethane in the absence of a netural donor resulted in a Pd-bound CH2Cl2 (Figure 

2.3, left), whereas recrystallization from a toluene solution yielded the nominally 3-

coordinate cation (Figure 2.3, right).33ï35,38 
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Figure 2.3. Thermal ellipsoid plots of [2.3(dcm)]BArF

4 (left) and 2.3BArF
4 (right). 

Ellipsoids shown at 50% probability, anion and hydrogen atoms hidden for clarity.  

The closest distances between the NHC isopropyl methyl C-H and the vacant 

coordination site on the cation are consistent with weak agostic interactions, likely 

contributing to the stability of the coordinatively unsaturated cation.33,34,39 

Structures containing Pd-bound anions 2.3BF4, 2.3OTf, and 2.3ClO4 (Figure 2.4), 

as well as several adducts with bound CH2Cl2, acetonitrile, piperidine, and water, feature 

distorted square planar geometries. 

 

 
Figure 2.4. Thermal ellipsoid plots of inner-sphere structures 2.3BF4 (left), 2.3OTf 

(center) and 2.3ClO4 (right). Ellipsoids shown at 50% probability. Protons and 

solvent hidden for clarity.  

2.3BF4, 2.3OTf, and 2.3ClO4 are best described as neutral complexes in the solid 

state and inner-sphere anion pairs in solution.3 The outer-sphere complexes 2.3NTf2, 
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2.3BArF
4, and 2.3[IMP -H]  are T-shaped with the vacant coordination site trans to the 

bound acyl moiety. The identity of the bound species does not correlate with X-ray bond 

lengths; for example Pd-Cacyl bonds range from 1.94 to 1.98 Å (Table 2.1) regardless of 

the anion or neutral donor present. 

The bulky NHC ligand prevents cis-binding of larger anions, forming 

coordinatively-unsaturated 14 e ï  complex. Anions that do coordinate all feature a 

tetrahedral center bound to the donor atom, while octahedral or very large anions such as 

NTf2
ï, BArF

4
ï, and [IMP-H]  ï remain outer-sphere in both solid and solution-state.  

 

Table 2.1. Bond lengths from X-ray structures 

complex Pd-Cacyl (Å) donor Pd-(donor) (Å) 

[2.3(MeCN)]BAr F
4 1.984(2) NCMe 2.0992(2) 

[2.3(H2O)]ClO 4 1.951(7) OH2 2.206(5) 

[2.3(pip)]BAr F
4 1.981(3) Npiperidine 2.228(2) 

2.3ClO4 1.943(3) OClO3 2.243(7) 

2.3BF4 1.961(12) FBF4 2.265(7) 

2.3OTf 1.958(2) OSO2CF3 2.2743(18) 

[2.3(H2O)]SbF6 1.966(9) OH2 2.276(8) 

2.2 1.971(3) Cl 2.4210(9) 

[2.3(dcm)]PF6 1.968(6) ClCH2Cl 2.578(3) 

2.3NTf2 1.969(2)   

2.3BArF
4 1.959(4)   

2.3[IMP -H]  1.962(2)   
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        In addition to assessing bond lengths and angles in the solid state, percent 

buried volume (%Vbur) calculations were performed using X-ray structures for the inner-

sphere complexes. Percent buried volume is a metric for assessing steric properties of 

ligands, similar to the Tolman cone angle for phosphines;40 while %Vbur is frequently 

used for neutral donor ligands, relative steric demand of anionic ligands is also easily 

calculated.23 Using the SambVCa program developed by the Cavallo group,41 %Vbur 

calculations were carried out on inner-sphere complexes with neutral and anionic donors, 

starting from either X-ray structures or DFT geometry-optimized structures (Table 2.2). 

The largest %Vbur for a donor bound in the solid state is 19.2% ([2.3(pip)BAr F
4]); NTf2 is 

substantially more sterically demanding (%Vbur = 26.5%), and therefore cannot bind to 

the Pd center. While inner-sphere geometry-optimized structures of PF6 (%Vbur = 19.4%) 

and SbF6 (%Vbur = 19.0%),  anions were obtained through DFT, and have similar buried 

volumes to piperidine, their weak cation affinity cannot overcome the steric barrier for 

binding. Additionally, the donor N of piperidine has a tetrahedral geometry as compared 

to the octahedral geometries of the PF6 and SbF6 anions. Inner-sphere structures could not 

be obtained for 2.3BArF
4 and 2.3[IMP -H] ; therefore %Vbur calculations were not 

performed for these complexes. 
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Table 2.2. Percent buried volume (%Vbur) 

donor input structure  (%Vbur) 

H2O [2.3(H2O)]ClO 4 (X-ray) 12.8 

MeCN [2.3(MeCN)]BAr F
4 (X-ray) 13.6 

BF4
 ï  2.3BF4 (X-ray) 14.2 

OTf ï 2.3OTf (X-ray) 15.4 

ClO4
 ï 2.3ClO4(X-ray) 17.3 

SbF6
 ï IIISbF 6 (DFT) 19.0 

Piperidine [2.3(pip)]BAr F
4 (X-ray) 19.2 

PF6
 ï IIIPF 6 (DFT) 19.4 

NTf2
 ï IIINTf 2 (DFT) 26.5 

2.2.3. NMR studies 

 The 1H NMR spectra (25 хC, CD2Cl2) of the series of compounds 2.3 exhibit a 

donor-dependent isopropyl methine proton shift, changing with the anionic or neutral 

donor associated with the complex (Figure 2.5). This trend is also seen with the furthest 

downfield quinoline proton but the signals partially overlap with other aromatic signals in 

some cases. The splitting of the isopropyl methyl and methine shifts of complex 2.2 are 

consistent with two chemically inequivalent isopropyl environments, possibly resulting 

from hindered NHC rotation around the Pd-CNHC bond.42ï46 Upon halide abstraction, only 

one resonance is observed for the methine protons, indicating a lowered rotational barrier 

as well as a dependence of the methine shift on the donor present. While there is likely a 

complex equilibrium consisting of donor-bound, solvent-bound, and three-coordinate 

complexes, these fluxional processes are much faster than the NMR timescale, with the 
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resulting peaks appearing as a weighted average of the species present at room 

temperature.  

 

 
Figure 2.5. Methine 1H resonances of 2.3 (CD2Cl2, 25 хC). More strongly-

coordinating donors result in the methine shift moving downfield. 

 

Complexes 2.2 and [2.3(pip)BAr F
4] each exhibit two resonances at room 

temperature, indicating an exchange rate at or below the difference in frequencies of the 

two signals. While 2.3OTf and 2.3ClO4 have relatively similar methine shifts, 2.3BF4 

exhibits a significantly more upfield signal; this may be explained by the fact that the 

fluorines on BF4
 ï are significantly less Lewis basic than the oxygen atoms of triflate and 
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perchlorate. It is possible that this signal is an average of both the bound and free BF4
ï 

anion, and that this exchange is too fast to resolve, even at cryogenic temperatures. 

 The effect of relative permittivity of solvent on behavior of 2.2, 2.3BF4, 2.3PF6, 

and 2.3BArF
4 was investigated by monitoring the 1H methine chemical shift in various 

ratios of CD2Cl2 to toluene-d8 (Table 2.3, Figure 2.6). As the relative permittivity of the 

solution was decreased by raising toluene concentration, all of the chemical shifts moved 

downfield; this effect was more pronounced with 2.2 and 2.3BF4 than with 2.3PF6 and 

2.3BArF
4. As permittivity is decreased and charge separation becomes less favorable, 

tighter cation-anion coordination becomes more favorable as the ion pair begins to more 

closely resemble a neutral complex. Because BF4 
ï and Cl ï can form inner-sphere ion 

pairs, this ñneutralò complex formation is more favorable than for the anions that cannot 

form inner-sphere complexes.  

 

Table 2.3. Effect of solvent upon 1H NMR methine chemical shift of select 

complexesa 

Solvent Ratio 2.2 2.3BF4 2.3PF6 2.3BArF
4 

CD2Cl2/C7D8 ŭ ȹ ŭ ŭ ȹ ŭ ŭ ȹ ŭ ŭ ȹ ŭ 

100:0 3.44  2.89  2.75  2.75  

90:10 3.55 0.11 3.07 0.18 2.84 0.09 2.83 0.08 

75:25 3.70 0.26 3.30 0.41 2.96 0.21 2.95 0.20 

50:50 4.01 0.57 3.67 0.78 3.18 0.43 3.15 0.41 

aAll values are in parts per million (ppm) 

 



 

37 

 
Figure 2.6. 1H NMR spectra of 2.2 (top) and 2.3BF4 (bottom) in CD2Cl2:toluene-d8 

mixtures 

Addition of an exogenous soluble chloride source, PPh4Cl, was used to probe the 

strength of chloride binding to the Pd cation. Both the chemical shift and shape of the 

methine proton peak were highly sensitive to the amount of added chloride; as chloride 

concentration increased, the peak began to broaden significantly as well as moving 
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downfield. When 1.0 equivalents of PPh4Cl were added to 2.3BArF
4, complex 2.2 was 

reformed in solution (Figure 2.7).  

 
Figure 2.7. Addition of various equivalents of PPh4Cl to 2.3BArF

4 (CD2Cl2, 25 хC). 2 

is reformed when 1.0 equivalents are added. 

To determine equilibrium of chloride binding to 2.3, a solution of 2.3BArF
4 and 

0.5 equivalents of PPh4Cl was prepared in CD2Cl2 and spectra were recorded at various 

temperatures. Rather than a clean decoalesence of the broad peak into peaks 

corresponding to 2.2 and 2.3BArF
4 at low temperatures, at 205 K we observed the initial 

broad peak splitting into several broad peaks that could not be resolved. This likely 

results from a complex equilibrium of several interconverting species ([2.3(dcm)BArF
4], 

2.3BArF
4, [(2.3)2(ɛ-Cl)BAr F

4], etc.); the pathway between 2.2 and 2.3BAr F
4 may 

therefore involve several steps. 

 

 

 



 

39 

2.2.4. IR Studies 

 To probe the electronic influence of donor binding, the C=O stretching 

frequencies of complexes 2.3 were obtained in both the solid (ATR-IR thin film, under 

air) and solution states (DCM, NaCl solution cells, prepared in N2 atmosphere) (ɜCO; 

Table 2.4). The frequencies tabulated are the strongest bands found in the range 1650-

1800 cm-1. In some cases, multiple bands are observed, possibly due to the formation of 

H2O adducts. The majority of compounds showed a C=O stretch at ~1760 cm -1 in 

dichloromethane solution, consistent with fully-dissociated outer-sphere complexes. 

Solution-state stretching frequencies for 2.2, 2.3ClO4, 2.3OTf, and neutral donor adducts 

[2.3(pip)]BAr F
4 and [2.3(MeCN)]BAr F

4 suggest inner-sphere coordination of the donor 

species. 
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Table 2.4. Acyl C=O frequencies (ɜCO) of complexes 3 

complex ɜCO, ATR-IRa ɜCO, DCM ɜCO, DFT 

2.2 1669 1669 1682 

2.3PF6 1759 1760 1721 

2.3BF4 1689 1760 1718 

[2.3(H2O)]SbF6 1694 1760 1726 

2.3NTf2 1691 1760 1714 

2.3ClO4 1684 1695 1713 

2.3OTf 1681 1688 1711 

2.3BArF
4 1776 1760 (1777)b 

2.3[IMP -H]  1757 1760 (1777) b 

[2.3(H2O)]ClO 4 1687 - - 

[2.3(pip)]BAr F
4 1677 1679 1709 

[2.3(MeCN)]BAr F
4 1689 1690  

aAll frequencies in cm-1. bCalculated from cationic structure III . 

 

2.2.5. Computational studies 

 Starting from X-ray structures, DFT [M06/6-31g(d,p)/SDD(+f)] geometry-

optimized structures of II , III , IIIOTf , IIIClO 4, and IIIBF 4 were obtained. The 

computed structures are in good agreement with bond lengths obtained from X-ray; Pd-C 

bond lengths from X-ray are within 0.03 Å of those found through computation. The 

C=Oacyl bond lengths from DFT span a relatively narrow range as compared to those 

found from X-ray (1.196-1.217 Å from DFT as compared to 1.14-1.21 Å from X-ray), 

though these differences may be attributed to packing effects and interactions with co-

crystallized solvent molecules not reproduced in DFT calculations. Optimized structures 
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of IIINTf 2, IIIPF 6, IIISbF 6 (Figure 2.8), and free cation III  were calculated using the 

cation from the X-ray structure of 2.3BArF
4 and are structurally similar to other inner-

sphere complexes. Optimizations of structures containing inner-sphere BArF4 and     

[IMP-H] anions were not obtained. All optimized geometries were subjected to frequency 

calculations at the same level of theory to confirm that they all resided in minima on the 

potential energy surface.  

 

 

 
Figure 2.8. Optimized structures of IIISbF6 (left), IIIPF 6 (center), and IIINTf 2 

(right)  

The Pd-N bond length in IIINTf 2 (2.34 Å) is substantially longer than the Pd-N 

bond in [2.3(pip)]BAr F
4 (2.22 Å). This is surprising, as the NTf2 forms an amido bond 

with the Pd center, as opposed to the dative bond formed by the piperidine; typically    

Pd(II)-NTf2 bonds (2.04 Å)47 are shorter than dative nitrogen-Pd bonds with monodentate 

cyclic amine ligands (2.12-2.15).48,49 The extremely long bond seen by computation is in 

agreement with the hypothesis that the anion is so bulky that it cannot effectively bind to 

the metal due to steric clash with the other ligands.  

DFT-calculated acyl C=O stretching frequencies, corrected with a method-

dependent scaling factor,50 are listed in Table 2.4. The computed frequencies span the 

range of (1682-1777 cm-1), roughly 10-30 cm-1 higher than the measured solid-state IR 
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frequencies. The inner sphere structures IIIPF 6 and IIISbF 6 are exceptions; a solid state 

2.3SbF6 was never obtained, rather, it was always crystallized as the water adduct 

[2.3(H2O)]SbF6, leading to a substantially lower stretching frequency than would be 

expected for the outer-sphere complex. The inner-sphere structure IIIPF 6 exhibits a 

significantly lower frequency stretch than 2.3PF6, which is unsurprising as the inner-

sphere structures show consistently lower frequency stretches than the outer-sphere 

structures. Calculated ɜCO values are ordered as follows: Cl < OTf < ClO4 < NTf2 < BF4 < 

PF6 < SbF6.  

In the interest of understanding how anion coordination affects the acyl C=O 

bond, natural bond order (NBO 6.0) analysis was performed on all inner-sphere 

complexes 2.3. C=Oacyl bond orders range from 1.731 to 1.822 and Pd-anion bond orders 

range from 0.059 to 0.240 according to NAO-based Wiberg bond indices (Table 2.5).51 

Generally, as the Pd-anion bond index decreases, ɜCO decreases, C=Oacyl and Pd-Oacyl 

bond indices decrease, and NPA natural charges (Table 2.6) of Oacyl become more 

negative. Steric demand of the anion appears to affect Pd-CNHC and Pd-Nquinolyl bond 

orders, as larger anions such as NTf2 result in a significantly distorted square planar 

geometry and weakened Pd-CNHC and Pd-Nquinolyl bonds.  

 

 

 

 

 

 

 



 

43 

Table 2.5. Wiberg bond index for computed structures 

structure  C=Oacyl Pd-Cacyl Pd-CNHC Pd-Nquinolyl  Pd-Oacyl Pd-anion 

II  1.731 0.626 0.530 0.232 0.120 0.240 

IIIOTf  1.748 0.703 0.507 0.229 0.139 0.106 

IIIClO 4 1.758 0.702 0.509 0.228 0.138 0.116 

IIINTf 2 1.751 0.692 0.485 0.219 0.145 0.113 

IIIBF 4 1.763 0.730 0.508 0.231 0.147 0.078 

IIIPF 6 1.761 0.731 0.499 0.227 0.153 0.065 

IIISbF 6 1.762 0.734 0.499 0.225 0.156 0.059 

III  1.822 0.718 0.510 0.232 0.173  

 

 

Table 2.6. NPA natural charges for computed structures 

structure  Pd Cacyl CNHC Nquinolyl  Oacyl 

II  0.476 0.435 0.328 -0.444 -0.609 

IIIOTf  0.497 0.503 0.287 -0.464 -0.592 

IIIClO 4 0.512 0.489 0.294 -0.454 -0.583 

IIINTf 2 0.517 0.495 0.268 -0.449 -0.580 

IIIBF 4 0.522 0.500 0.282 -0.454 -0.579 

IIIPF 6 0.519 0.510 0.277 -0.456 -0.575 

IIISbF 6 0.513 0.517 0.273 -0.458 -0.573 

III  0.406 0.570 0.244 -0.472 -0.532 

 

Though donor lone-pair NBOs vary based on anion, the major anion-cation 

donor-acceptor interactions can be compared using a second-order perturbation theory 
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analysis (Table 2.7). These results are in agreement with the relationship seen between 

Pd-anion and Pd-O bond orders; as the sum of nanion Ÿ ů* (Pd-Cacyl) interactions 

decreases, the strength of nOacyl Ÿ ů* (Pd-Cacyl) interactions increases. The strongest C=O 

bond (structure III ; without a coordinated anion) has the strongest nOacyl Ÿ ů* (Pd-Cacyl) 

interaction (36.42 kcl mol-1), whereas the neutral complex II  has the weakest interaction 

of this type (18.19 kcal mol-1). Meanwhile, ů (Pd-CNHC) Ÿ ů* (Pd-Cacyl) tends to decrease 

as the acyl C=O bond becomes stronger. Somewhat surprisingly, nPd Ÿ ́* (C=Oacyl) 

changes very little based on anion identity.  

 

Table 2.7. Donor-acceptor  stabilization energies ȹE(2) (kcal/mol) from second-order 

perturbation theory analysis 

structure 
nOacyl Ÿ ů*   

(Pd-Cacyl) 

nPd Ÿ ́* 

(C=Oacyl) 

ů (Pd-CNHC) 

Ÿ ů* (Pd-

Cacyl) 

nanion Ÿ 

ů*(Pd-Cacyl) 

II  18.19 12.38 49.48 70.37 

5.40 

1.47 

IIIOTf  24.32 12.52 39.56 21.26 

11.30 

2.59 

IIIClO 4 23.19 13.07 41.24 29.42 

11.30 

IIINTf 2 25.46 13.45 43.69 15.27 

13.10 

IIIBF 4 23.21 13.85 36.96 26.65 

3.61 

1.21 

IIIPF 6 24.10 14.31 37.39 20.31 

2.24 

1.36 

IIISbF 6 24.41 14.38 36.97 17.58 

1.38 

III  36.42 12.22 24.71 - 
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2.2.6. Discussion 

 A qualitative comparison of the coordinating ability of anions in solution versus 

solid state can be made using a combination of IR (ɜCO), 1H NMR (methine chemical 

shift), X-ray (%Vbur), and DFT data (Wiberg bond orders and NBO interactions). For 

example, solid-state IR and X-ray data for 2.3BF4 indicate an inner-sphere coordination 

of the anion in the solid state, whereas in CH2Cl2, solution-state IR and NMR suggest an 

outer-sphere ion pair. The strong dependence of the methine proton shift for 2.3BF4 on 

solvent permittivity provides evidence for a relatively high degree of ion pairing for this 

complex in solution. Similar spectral and solid-state features of complexes featuring 

bulkier anions make them difficult to distinguish from one another. While X-ray 

structures of the various complexes proved useful for performing %Vbur calculations, 

bond lengths and angles do not appear to correlate with anion coordinating ability; this is 

consistent with Odomôs findings.24 

 While no linear correlation exists between observed 1H NMR methine proton 

shifts and solution-state C=Oacyl stretches, it is clear that there are two regimes in place 

corresponding to inner- and outer-sphere anion behavior (Figure 2.9). Donors that are 

either sterically relatively small or very strong Lewis bases are able to coordinate in 

solution, whereas very large or very weak donors are outer sphere. The lone exception is 

the BF4 
ï anion; while the anion is sterically undemanding, as evidenced by its 

coordination in the solid state, it is also an extremely weak donor. This is evidenced by 

comparing the solution-state acyl stretch frequency of 2.3BF4 - falling in the range seen 

for outer-sphere complexes - with the methine chemical shift, appearing somewhere 
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between the regions seen for inner-sphere and outer-sphere complexes. Based on these 

observations, it seems that IR is a useful reporter of the electronic portion of anion 

donation, while NMR reports on the steric nature of the anion. This NMR dependence 

likely results from the IPr ligand arm being pushed away from the Pd center when a 

donor coordinates. When comparing solution-state C=Oacyl stretches and %Vbur (Figure 

2.10), larger buried volumes tend to lead to higher frequency C=O stretches. In terms of 

orbital interactions, sterically large or electron-poor anions cannot donate electron density 

as effectively into the ů* (Pd-Cacyl) acceptor orbital.  

 

 
Figure 2.9. Methine 1H NMR shift vs ɜCO (solution-state) 
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Figure 2.10. Percent buried volume vs ɜCO (solution-state). *: obtained from 

calculated inner-sphere structures 

 

An absolute scale describing anion coordinating ability is not tractable as the 

strength of cation-anion interaction depends not just on the anion, but on the cation as 

well. Because the Pd cation described here has an open coordination site, it is more 

susceptible to dative anion binding than a coordinatively saturated complex would be;41 

coordinatively saturated complexes only experience ion pairing via Coulombic 

interactions between the ions.  

The scale described here offers a complimentary approach to investigations of 

cation-anion interactions experienced by coordinatively unsaturated catalytic 

intermediates.30,32 Using this technique, buried volume and NMR generally report on the 

steric nature of the donor, whereas IR and DFT yield valuable information about the 

electronics of donor-acceptor interactions. Based on the DFT-derived ɜCO values, anion 

donor strength follows the following trend from weakest to strongest: BArF
4 
ï ~ [IMP-H] 

ï < SbF6 
ï < PF6 

ï < BF4 
ï < NTf2 

ï < ClO4 
ï  <   OTf ï < Cl ï. 
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2.3. Conclusions 

 A series of [Pd][WCA] salts were prepared with anions of varying coordinating 

ability and the complexes were compared using NMR, IR, X-ray, and DFT. The anions 

can generally be grouped together as either strong (NTf2 
-, ClO4

 -, OTf -, Cl -) or weak 

(BArF
4 

-, [IMP-H] -, SbF6 
-, PF6 

-) donors with each regime having characteristic features 

in both solid and solution states. BF4 
ï is an exception, as it is a sterically small but very 

electronically weak donor, resulting in inner-sphere coordination in the solid state but 

fluctional, weak interaction with 3 in solution. To best understand the nature of cation-

anion interactions with ions of interest, a variety of techniques, including both experiment 

and computation, should be employed with a series of sterically and electronically varied 

counterions. 

2.4. Experimental 

Unless otherwise specified, all manipulations were performed under a dry N2 

atmosphere using standard Schlenk techniques or a Vacuum Atmospheres inert 

atmosphere glove box. Analytical data were obtained from the CENTC Elemental 

Analysis Facility at the University of Rochester, funded by NSF CHE-0650456. NMR 

spectra were collected on Bruker Avance III 500 MHz and 400 MHz instruments. 1H 

NMR chemical shifts (ŭ, ppm) are referenced to residual protiosolvent resonances and 

13C NMR chemical shifts are referenced to the deuterated solvent peak.52 IR spectra were 

collected on a Thermo Scientific Nicolet iS5 FT-IR benchtop spectrometer with either a 

iD5 Diamond ATR or iD1 Transmission accessory. Dichloromethane (DCM), 

tetrahydrofuran (THF), pentane, and toluene were purified using a commercial solvent 
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purification system. All deuterated NMR solvents (Cambridge Isotope Laboratories) were 

dried over activated 4Å molecular sieves for 48 h before use. Sodium tetrakis(3,5-

bistrifuloromethyl)phenylborate (NaBArF
4) was prepared using the procedure of Yakelis 

and Bergman.53 [Pd(ɛ-Cl)(C(O)C9H6N)]2 (1) was prepared as reported by Pregosin and 

coworkers.54 Tris(pentafluorophenyl)borane (B(C6F5)3) was purified via sublimation (100 

mTorr, 90 °C) prior to use. Other chemicals were used as received from commercial 

suppliers. 

Synthesis of [Pd(IPr)(C(O)C 9H6N)Cl] (2.2).  

A mixture of [Pd(ɛ-Cl)(C(O)C9H6N)]2 (1) (0.1066 g, 0.1788 mmol) and N,Nô-

bis(2,6-diisopropylphenyl)imidazole-2-ylidene (0.1415 g, 0.3641 mmol) in 5 mL of 

toluene was stirred at room temperature for 24 hours. The brown suspension was filtered 

to yield a yellow-orange solution. The solution was concentrated and layered with 

hexane. The resulting yellow-orange precipitate was vacuum filtered, washed with 

hexanes and dried in vacuo to afford 2 (196 mg, 86% yield). 1H NMR (500 MHz, 

CD2Cl2): ŭ 1.02 (d, 
3J = 6.5 Hz, 6 H, CH(CH3)2), 1.11 (d, 3J = 6.5 Hz, 6 H, CH(CH3)2), 

1.21 (d, 3J = 6.5 Hz, 6 H, CH(CH3)2), 1.40 (d, 3J = 6.5 Hz, 6 H, CH(CH3)2), 3.21 (sept, 3J 

= 6.5 Hz, 2 H, CH(CH3)2), 3.44 (sept, 3J = 6.5 Hz, 2 H, CH(CH3)2), 7.21 (s, 2 H, IPr 

imidazolyl), 7.24 (m, 4 H, IPr aryl), 7.39 (t, 3J = 7.5 Hz, 2 H, IPr aryl), 7.52 (m, 2 H, 

quinolyl),7.80 (dd, 3J = 7.0, 4J = 1.5 Hz, 1 H, quinolyl), 7.91 (dd, 3J = 8.0, 4 J = 1.5 Hz, 1 

H, quinolyl), 8.31 (dd, 3J = 8.0, 4J = 1.5 Hz, 1 H, quinolyl), 9.77 (dd, 3J = 5.0, 4J = 1.5 

Hz, 1 H, quinolyl). 13C NMR (500 MHz, CD2Cl2): ŭ 23.1, 24.1, 26.58, 28.3, 29.3, 122.9, 

124.2, 124.6, 124.6, 124.7, 128.4, 129.0, 130.2, 130.2, 130.8, 138.1, 143.7, 147.2, 148.1, 

150.1, 152.2, 179.7, 210.9. Anal. Calcd for C37H42ClN3OPd Å 0.7C6H14: C, 66.25; H, 

6.99; N, 5.63. Found: C, 66.51; H, 6.68; N, 5.26. IR (thin film, cm-1): ɜC=O 1669; IR 
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(CH2Cl2,   cm-1): ɜC=O 1669. Unit cell (XRD): monoclinic P, a = 12.0802(15) Å, b = 

21.586(3) Å, c = 16.503(2) ¡, ɓ = 110.508(3)Á. 

 

Synthesis of [Pd(IPr)(C(O)C9H6N)][PF6] (2.3PF6).  

A scintillation vial was charged with AgPF6 (12.6 mg, 0.0495 mmol, 1.05 equiv) 

and stirred in DCM (1 mL). To this vial was added 2 (30 mg, 0.0473 mmol, 1 equiv) in 

DCM (1 mL) dropwise. After 5 min, the yellow suspension was filtered through Celite 

and concentrated under vacuum to afford a yellow solid (29.2 mg, 83% yield). Slow 

vapor diffusion of pentane into a concentrated CH2Cl2 solution yielded X-ray quality 

crystals. NMR shows the presence of a small amount of [Ag(IPr)2][X] where X = PF6 or 

Cl; running the reaction in THF suppresses the formation of this impurity, however, it 

results in the presence of one equivalent of THF in the product. Recrystallization of the 

product helps to remove the Ag impurity, however, more forms upon recrystallization, 

along with significant yield reduction with each recrystallization. Neither the presence of 

the Ag impurity nor THF appears to affect the position of the major Pd peaks in the NMR 

nor IR Anal. Calcd for PdC37H42F6N3OP: C, 55.82; H, 5.32; N, 5.28. Found: C, 56.067; 

H, 5.457; N, 5.384. 1H NMR (500 MHz, CD2Cl2) ŭ 8.55 (dd, 
3J = 8.4, 4J = 1.2 Hz, 1H, 

quinolyl), 8.23 (dd, 3J = 5.0, 4J = 1.3 Hz, 1H, quinolyl), 8.15 (dd, 3J = 8.1, 4J = 1.1 Hz, 

1H, quinolyl), 7.88 (dd, 3J = 7.3, 4J = 1.2 Hz, 1H, quinolyl), 7.70 (dd, 3J 8.4, 4J = 5.0 Hz, 

1H, quinolyl), 7.60 (td, 3J = 7.8, 3J = 5.8 Hz, 3H, quinolyl + IPr aryl), 7.41 (d, 3J = 7.8 

Hz, 4H, IPr aryl), 7.36 (s, 2H, IPr imidazolyl), 2.74 (hept, 3J = 6.8 Hz, 4H, CH(CH3)2), 

1.32 (d, 3J = 6.9 Hz, 12H, CH(CH3)2), 1.27 (d, 3J = 6.9 Hz, 12H, CH(CH3)2). 
13C NMR 

(126 MHz, CD2Cl2) ŭ 183.97, 174.50, 151.33, 149.34, 146.73, 145.68, 139.99, 134.54, 

134.08, 133.62, 129.84, 129.46, 125.09, 124.95, 124.35, 34.53, 29.41, 28.94, 25.19, 

24.95, 24.78, 24.10, 22.74, 14.22. IR (thin film, cm-1): ɜC=O 1759; IR (CH2Cl2, cm-1): ɜC=O 
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1760. Unit cell (XRD): monoclinic P, a = 13.6011(16) Å, b = 12.6705(16) Å, c = 

23.358(3) ¡, ɓ = 101.442(2)°. 

 

Synthesis of [Pd(IPr)(C(O)C 9H6N)][BF4] (2.3BF4).  

A scintillation vial was charged with AgBF4 (9.6 mg, 0.0495 mmol, 1.05 equiv) 

and stirred in DCM (1 mL). To this vial was added 2 (30 mg, 0.0473 mmol, 1 equiv) in 

DCM (1 mL) dropwise. Immediately, a white precipitate formed. After 5 min, the yellow 

suspension was filtered through Celite and concentrated under vacuum to afford a yellow 

solid (18.2 mg, 56% yield). Slow vapor diffusion of pentane into a concentrated CH2Cl2 

solution yielded X-ray quality crystals. NMR shows the presence of a small amount of 

[Ag(IPr)2][X] where X = BF4 or Cl; running the reaction in THF suppresses the 

formation of this impurity, however, it results in the presence one equivalent of THF in 

the product. Recrystallization of the product helps to remove the Ag impurity, however, 

more forms upon recrystallization, along with significant yield reduction with each 

recrystallization. Neither the presence of the Ag impurity nor THF appears to affect the 

position of the major Pd peaks in the NMR nor IR Anal. Calcd for PdC37H42F3N3OB + 

.25 CH2Cl2: C, 58.93; H, 5.64; N, 5.53. Found: C, 58.498; H, 5.817; N, 5.482. 1H NMR 

(500 MHz, CD2Cl2) ŭ 8.65 (dd, 3J = 5.0, 4J = 1.3 Hz, 1H), 8.50 (dd, 3J = 8.4, 4J = 1.3 Hz, 

1H, quinolyl), 8.10 (dd, 3J = 8.1, 4J = 1.2 Hz, 1H, quinolyl), 7.86 (dd, 3J = 7.3, 4J = 1.2 

Hz, 1H, quinolyl), 7.67 (dd, 3J = 8.4, 3J = 5.0 Hz, 1H, quinolyl), 7.61ī7.50 (m, 3H, 

quinolyl + IPr aryl), 7.38 (d, 3J = 7.8 Hz, 4H, IPr aryl), 7.32 (s, 2H, IPr imidazolyl), 2.89 

(hept, 3J = 6.8 Hz, 4H, CH(CH3)2), 1.31 (d, 3J = 6.8 Hz, 12H, CH(CH3)2), 1.22 (d, 3J = 

6.8 Hz, 12H, CH(CH3)2). 
13C NMR (126 MHz, CD2Cl2) ŭ 176.26, 152.12, 149.18, 146.75, 

139.32, 134.67, 133.28, 130.95, 128.95, 128.34, 124.86, 124.04, 29.14, 25.55, 24.27. IR 
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(thin film, cm-1): ɜC=O 1689; IR (CH2Cl2, cm-1): ɜC=O 1760. Unit cell (XRD): 

orthorhombic P, a = 9.9742(10) Å, b = 17.2977(18) Å, c = 21.743(2) Å. 

 

Synthesis of [Pd(IPr)(C(O)C 9H6N)(OH2)][SbF6] ([2.3(H2O)][SbF6]).  

In an inert atmosphere glovebox, a 4 mL vial was charged with 50 mg (0.0786 

mmol) 2 and 2 mL of DCM and stirred. To this was added 27 mg (0.0786 mmol) of 

AgSbF6 in 0.5 mL toluene. The solution immediately turned bright yellow with 

concurrent appearance of a white precipitate. The suspension was stirred for 10 minutes 

and then filtered through Celite to produce a yellow solution, which was then dried in 

vacuo. The product was recrystallized at ambient temperature via layer diffusion of 

pentane into a concentrated DCM solution. Based on X-ray data, it was determined that 

adventitious water had coordinated to the Pd cation, likely a trace impurity in the 

extremely hygroscopic AgSbF6 salt used. NMR shows the presence of a small amount of 

[Ag(IPr)2][X] where X = SbF6 or Cl; running the reaction in THF suppresses the 

formation of this impurity, however, it results in the presence one equivalent of THF in 

the product. Recrystallization of the product helps to remove the Ag impurity, however, 

more forms upon recrystallization, along with significant yield reduction with each 

recrystallization. Neither the presence of the Ag impurity nor THF appears to affect the 

position of the major Pd peaks in the NMR nor IR. Yield 72%. Anal Calc. for 

PdC37N3OH42SbF6 Ā 1.1 H2O C, 49.01 %, H, 4.91 %, N, 4.63 %, found C, 48.697 %, H, 

5.085 %, N, 4.547 %. 1H NMR (500 MHz, CD2Cl2) ŭ 8.55 (dd, 
3J = 8.4, 4J = 1.1 Hz, 1H, 

quinolyl), 8.26 (dd, 3J = 5.0, 4J = 1.2 Hz, 1H, quinolyl), 8.15 (dd, 3J = 8.1, 4J = 1.1 Hz, 

1H, quinolyl), 7.89 (dd, 3J = 7.3, 4J = 1.2 Hz, 1H, quinolyl), 7.69 (dd, 3J = 8.4, 3J = 5.0 

Hz, 1H, quinolyl), 7.65ī7.55 (m, 3H, quinolyl + IPr aryl), 7.43ī7.34 (m, 6H, IPR aryl + 

imidazolyl), 2.75 (hept, 3J = 6.7 Hz, 4H, CH(CH3)2), 1.30 (dd, 3J = 25.2, 3J = 6.9 Hz, 
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24H, CH(CH3)2). 
13C NMR (126 MHz, CD2Cl2) ŭ 151.26, 149.36, 146.63, 139.94, 

131.41, 125.14, 124.93, 124.25, 29.39, 25.16. IR (thin film, cm-1): ɜC=O 1732; IR 

(CH2Cl2, cm-1): ɜC=O 1760. Unit cell (XRD): monoclinic P, a = 13.732(2) Å, b = 

12.736(2) Å, c = 23.773(4) ¡, ɓ = 103.470(2)Á. 

 

Synthesis of [Pd(IPr)(C(O)C 9H6N)][NTf 2] (2.3NTf2).  

A scintillation vial was charged with AgNTf (19.2 mg, 0.0473 mmol, 1.05 equiv) 

and stirred in CH2Cl2 (1 mL). To this vial was added 2 (30 mg, 0.0495 mmol, 1 equiv) in 

CH2Cl2 (1 mL) dropwise. After 1.5 h, the yellow suspension was filtered through Celite 

and concentrated in vacuum to afford a yellow solid (25.5 mg, 61% yield). Slow vapor 

diffusion of pentane into a concentrated CH2Cl2 solution yielded X-ray quality crystals. 

Anal. Calcd for PdC39H42F6N4O5S2: C, 50.30; H, 4.55; N, 6.02. Found: C, 49.395; H, 

4.712; N, 5.66. 1H NMR (500 MHz, CD2Cl2) ŭ 8.55 (dd, 
3J = 8.4, 4J = 1.1 Hz, 1H, 

quinolyl), 8.27 (dd, 3J = 5.0, 4J = 1.3 Hz, 1H, quinolyl), 8.15 (dd, 3J = 8.1, 4J = 1.1 Hz, 

1H, quinolyl), 7.90 (dd, 3J = 7.3, 4J = 1.2 Hz, 1H, quinolyl), 7.68 (dd, 3J = 8.4, 3J = 5.0 

Hz, 1H, quinolyl), 7.65ī7.60 (m, 1H, quinolyl), 7.58 (t, 3J = 7.8 Hz, 2H, IPr aryl), 7.40 

(d, 3J = 7.8 Hz, 4H, IPr aryl), 7.36 (s, 2H, IPr imidazolyl), 2.75 (hept, 3J = 6.8 Hz, 4H, 

CH(CH3)2), 1.32 (d, 3J = 6.8 Hz, 12H, CH(CH3)2), 1.27 (d, 3J = 6.9 Hz, 12H, CH(CH3)2). 

13C NMR (126 MHz, CD2Cl2) ŭ 151.25, 146.62, 139.95, 133.98, 133.72, 131.39, 129.86, 

129.51, 125.13, 124.95, 124.20, 29.39, 25.16, 25.03, 22.75, 14.23. IR (thin film, cm-1): 

ɜC=O 1691; IR (CH2Cl2, cm-1): ɜC=O 1760. Unit cell (XRD): monoclinic P, a = 14.592(4) 

Å, b = 13.472(4) Å, c = 23.167(6) ¡, ɓ = 106.036(4)Á. 
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Synthesis of [Pd(IPr)(C(O)C 9H6N)][ClO 4] (2.3ClO4).  

In an inert atmosphere glovebox, a 16 mL vial was charged with 100 mg (0.157 

mmol) 2 and 15 mL of CH2Cl2  and stirred. To this was added 33 mg (0.157 mmol) of 

AgClO4 in 1 mL toluene. Immediate precipitation of a yellow solid occurred. The 

suspension was stirred for 5 minutes and then filtered through Celite to produce a yellow 

suspension, which was then dried in vacuo. The product was recrystallized at -35 ̄ C via 

slow vapor diffusion of pentane into a concentrated CH2Cl2 solution, producing 

yellow/orange crystals suitable for X-ray diffraction. Yield 84%. Anal Calc. for 

PdC37N3O5H42Cl Ā 0.5 CH2Cl2 C, 56.79 %, H, 5.46 %, N, 5.30 %, found C, 56.634 %, H, 

5.392 %, N, 5.108 %. 1H NMR (500 MHz, CD2Cl2) ŭ 9.23 (d, 
3J = 7.6 Hz, 1H, quinolyl), 

8.38 (d, 3J = 8.3 Hz, 1H, quinolyl), 7.98 (d, 3J = 8.1 Hz, 1H, quinolyl), 7.80ī7.76 (m, 1H, 

quinolyl), 7.59 (dd, 3J = 8.0, 4J = 5.1 Hz, 1H, quinolyl), 7.53 (t, 3J = 7.7 Hz, 1H, 

quinolyl), 7.48ī7.42 (m, 2H, IPr aryl), 7.34ī7.27 (m, 6H, IPr aryl + imidazolyl), 3.12 

(hept, 3J = 6.7 Hz, 4H, CH(CH3)2), 1.31 (d, 3J = 6.7 Hz, 12H, CH(CH3)2), 1.15 (d, 3J = 

6.8 Hz, 12H, CH(CH3)2). 
13C NMR (126 MHz, CD2Cl2) ŭ 153.00, 149.45, 146.80, 138.66, 

135.60, 132.10, 130.50, 128.95, 128.54, 126.60, 124.79, 124.67, 123.61, 28.95, 26.20, 

23.49. IR (thin film, cm-1): ɜC=O 1684; IR (CH2Cl2, cm-1): ɜC=O 1695. Unit cell (XRD): 

monoclinic P, a = 16.990(7) Å, b = 12.033(5) Å, c = 20.317(8) ¡, ɓ = 107.778(5)Á. 

 

Synthesis of [Pd(IPr)(C(O)C 9H6N)][OTf]  (2.3OTf).  

A scintillation vial was charged with AgOTf (12.9 mg, 0.0495 mmol, 1.05 equiv) 

and stirred in CH2Cl2 (1 mL). To this vial was added 2 (30 mg, 0.0473 mmol, 1 equiv) in 

CH2Cl2 (1 mL) dropwise. After 1.5 h, the solution yellow suspension was filtered through 

Celite and concentrated in vacuum to afford a yellow solid (24.4 mg, 65% yield). Slow 

vapor diffusion of pentane into a concentrated CH2Cl2 solution yielded X-ray quality 
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crystals. Anal. Calcd for PdC38H42F3N3O4S Ā  0.25 C5H12: C, 56.51; H, 5.44; N, 5.04. 

Found: C, 56.159; H, 5.768; N, 4.953.  1H NMR (500 MHz, CD2Cl2) ŭ 9.15 (s, 1H, 

quinolyl), 8.33 (d, 3J = 6.4 Hz, 1H, quinolyl), 7.95 (d, 3J = 7.1 Hz, 1H, quinolyl), 7.79 (d, 

3J = 7.1 Hz, 1H, quinolyl), 7.53 (t, 3J = 7.6 Hz, 2H, quinolyl), 7.44 (t, 3J = 7.8 Hz, 2H, IPr 

aryl), 7.35ī7.26 (m, 6H, IPr aryl + imidazolyl), 3.15ī3.00 (m, 4H CH(CH3)2), 1.29 (d, 3J 

= 6.6 Hz, 12H CH(CH3)2), 1.16 (d, 3J = 6.8 Hz, 12H, CH(CH3)2). 
13C NMR (126 MHz, 

CD2Cl2) ŭ 178.17, 152.83, 149.32, 146.64, 140.08, 138.54, 135.48, 131.99, 130.53, 

128.88, 128.55, 126.43, 124.78, 123.47, 122.12, 119.58, 28.90, 26.21, 23.51. IR (thin 

film, cm-1): ɜC=O 1681; IR (CH2Cl2, cm-1): ɜC=O 1688. Unit cell (XRD): monoclinic P, a = 

16.8278(13) Å, b = 12.0560(9) Å, c = 20.5321(16) ¡, ɓ = 106.5850(10)Á. 

 

Synthesis of Preparation of [Pd(IPr)(C(O)C 9H6N)][BAr F
4] (2.3BAr F

4).  

A vial was charged with 2 (0.2101 g, 0.3061 mmol) and NaBArF
4 (0.2802 g, 

0.3162 mmol) and was added 10 mL of toluene at room temperature and the reaction 

mixture was stirred for 24 hours. The mixture was filtered through Celite and the filtrate 

was concentrated and layered with hexane. A pale yellow precipitate formed and it was 

vacuum filtered and washed with hexane and dried in vacuo to yield 

[Pd(IPr)(C(O)C9H6N)][BAr F
4] in 80 %. 1H NMR (500 MHz,CD2Cl2): ŭ 1.24 (d, 

3J = 7.0 

Hz, 12 H, CH(CH3)2), 1.30 (d, 3J = 7.0 Hz, 12 H, CH(CH3)2), 2.82 (hept, 3J = 7.0 Hz, 4 

H, CH(CH3)2), 7.36 (m, 6 H, IPr aryl + imidazolyl), 7.56 (m, 8 H, BArF
4 aryl + IPr aryl + 

quinolyl), 7.72 (br s, 8 H, BArF
4 aryl), 7.89 (dd, 3J = 7.0, 4J = 1.0 Hz, 1 H, quinolyl), 8.07 

(dd, 3J = 8.0, 4J = 1.0 Hz, 1 H, quinolyl), 8. (dd, 3J = 5.0, 4J = 1.0 Hz, 1 H, quinolyl), 8.46 

(dd, 3J = 8.5, 4J = 1.5 Hz, 1 H, quinolyl). 13C NMR (500 MHz, CD2Cl2): ŭ 162.26, 161.86, 

161.47, 161.07, 149.89, 148.92, 146.09, 139.25, 134.71, 133.76, 132.74, 130.72, 129.01, 

128.94, 128.92, 128.90, 128.88, 128.82, 128.70, 128.67, 128.65, 128.63, 128.44, 127.75, 
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125.58, 124.57, 124.44, 123.41, 117.38, 28.76, 25.03, 23.90. Recrystallization from DCM 

yielded [Pd(IPr)(C(O)C9H6N)(dcm)][BArF
4]. Anal. Calcd for C69H54BF24N3OPd Ā 0.3 

CH2Cl2: C, 54.05; H, 3.57; N, 2.73. Found: C, 54.02; H, 3.73; N, 2.73. IR (thin film, cm-

1): ɜC=O 1776; IR (CH2Cl2, cm-1): ɜC=O 1760. Unit cell (XRD): monoclinic P, a = 

16.0382(7) Å, b = 11.9730(5) Å, c = 18.0325(8) ¡, ɓ = 107.7090(10)Á. 

 

Synthesis of l ithium 2-phenylimidazolide.  

In an inert atmosphere glovebox, a 20 mL vial was charged with 200 mg (1.388 

mmol) 2-phenylimidazole and 8 mL toluene and cooled to -35 ̄ C. The suspension was 

then stirred, and 870 ɛL (1.392 mmol) n-butyllithium (1.6 M in hexanes) was added 

dropwise via syringe. The suspension was stirred for 72 hours and dried in vacuo and 

used directly without purification. 1H NMR (500 MHz, DMSO-d6) ŭ 7.89 (dd, 
3J = 8.3, 4J 

= 1.3 Hz, 2H, aryl), 7.17 ï 7.10 (m, 2H, aryl), 6.89 (t, 3J = 7.3 Hz, 1H, aryl), 6.71 (s, 2H, 

imidazolyl). 

 

Synthesis of Li[ IMP -H].  

In an inert atmosphere glovebox, a 20 mL vial was charged with 1150 mg (2.246 

mmol) tris(pentafluorophenyl)borane and 10 mL toluene and cooled to -35 ̄ C. This 

solution was stirred, and 169 mg (1.125 mmol) lithium 2-phenylimidazolide was added 

and stirred for 95 hours. The vial was removed from the glovebox and 5 mL pentane was 

added to precipitate the desired product as a white solid. The solid was filtered, washed 

with pentane, and dried in vacuo. Purification via slow diffusion of pentane into 

DCM/THF yielded X-ray quality crystals of the product as the Li(THF)4 salt. Yield 45%. 

Anal. Calc. for LiC45N2F30B2H7 Ā 3 C4H8O C, 49.24 %, H, 2.25 %, N, 2.01 %, found C, 

49.410 %, H, 2.469 %, N, 1.945%. 1H NMR (500 MHz, CD2Cl2) ŭ 7.17 (d, 4J = 3.0 Hz, 
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2H, aryl), 7.04 (t, 3J = 8.0 Hz, 1H, aryl), 6.71 (t, 3J = 8.0 Hz, 2H, aryl), 6.35 (d, 3J = 7.5 

Hz, 2H, imidazolyl). 13C NMR (126 MHz, CD2Cl2) ŭ 149.56, 147.56, 140.61, 138.77, 

137.80, 135.71, 129.17, 128.68, 127.41, 124.66. 19F NMR (471 MHz, CD2Cl2) ŭ -121.51, 

-129.13, -155.32, -157.21, -160.95, -163.44. 11B NMR (161 MHz, CD2Cl2) ŭ -8.56. Unit 

cell (XRD): monoclinic P, a = 15.409(3) Å, b = 25.969(5) Å, c = 15.454(3) ¡, ɓ = 

104.15(3)°. 

 

Synthesis of [Pd(IPr )(C(O)C9H6N)][IMP -H]  (2.3[IMP -H]) .  

A 16 mL vial was charged with 32 mg (0.050 mmol) 2, 60 mg (0.051 mmol) 

Li[IMP -H], and 5 mL DCM and stirred under air for 5 hours. The solution was filtered 

through Celite and dried in vacuo. Purification via slow vapor diffusion of pentane into a 

saturated DCM solution at -15 ̄ C yielded X-ray quality crystals.  Yield 78%. Anal Calc. 

for PdC82N5OF30B2H49 C, 54.16 %, H, 2.72 %, N, 3.85 %, found C, 54.240 %, H, 2.860 

%, N, 3.570 %. 1H NMR (500 MHz, CD2Cl2) ŭ 8.51 (d, 
3J = 8.3 Hz, 1H, quinolyl), 8.24 

(d, 3J = 4.4 Hz, 1H, quinolyl), 8.12 (d, 3J = 8.4 Hz, 1H, quinolyl), 7.91 (dd, 3J = 7.3, 4J = 

1.1 Hz, 1H, quinolyl), 7.65ī7.59 (m, 2H, quinolyl), 7.56 (t, 3J = 7.8 Hz, 2H, IPr aryl), 

7.40 (d, 3J = 7.8 Hz, 4H, IPr aryl), 7.36 (s, 2H, IPr imidazolyl), 7.17 (d, 3J = 2.9 Hz, 2H, 

IMP-H aryl), 7.03 (t, 3J = 7.5 Hz, 1H IMP-H aryl), 6.70 (t, 3J = 8.0 Hz, 2H, IMP-H aryl), 

6.36 (d, 3J = 7.4 Hz, 2H, IMP-H imidazolyl), 2.75 (hept, 3J = 7.0 Hz, 4H, CH(CH3)2), 

1.32 (d, 3J = 6.8 Hz, 12H, CH(CH3)2), 1.27 (d, 3J = 6.9 Hz, 12H, CH(CH3)2). 
13C NMR 

(126 MHz, CD2Cl2) ŭ 175.69, 150.88, 149.54, 146.64, 139.45, 134.21, 133.29, 131.23, 

129.45, 129.16, 128.65, 127.39, 125.06, 124.99, 124.65, 123.62, 34.53, 29.24, 25.38, 

24.68, 22.74, 14.22. IR (thin film, cm-1): ɜC=O 1757; IR (CH2Cl2, cm-1): ɜC=O 1760. Unit 

cell (XRD): triclinic, a = 13.5146(16) Å, b = 16.338(2) Å, c = 19.705(3) ¡, Ŭ = 

74.341(2)Á, ɓ = 72.487(2)Á, ɔ = 79.133(2)Á. 
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Synthesis of [Pd(IPr)(C(O)C 9H6N)(OH2)][ClO 4] ([2.3(H2O)][ClO 4]).  

An 8 mL vial was charged with 100 mg (0.157 mmol) of 2 and 1 mL of toluene 

and stirred under air. To this was added 39 mg (0.188 mmol) of AgClO4 in 1 mL toluene. 

Immediate precipitation of a yellow solid occurred. The suspension was stirred for 5 

minutes and then filtered through Celite. The product was then flushed through the Celite 

with 10 mL of acetone to produce a homogeneous yellow solution, which was then dried 

in vacuo. The product was dissolved in minimal DCM, layered with pentane, and stored 

at -15 ̄ C, producing yellow/orange crystals suitable for X-ray diffraction. Due to 

adventitious water, the product crystallized as the water adduct of the Pd cation. Yield 

63%. Anal Calc. for PdC37N3O6H44Cl Ā 1.25 CH2Cl2 C, 52.52 %, H, 5.36 %, N, 4.80 %, 

found C, 52.549 %, H, 5.227 %, N, 4.668 %. 1H NMR (500 MHz, CD2Cl2) ŭ 9.11 (dd, 
3J 

= 5.0, 4J = 1.3 Hz, 1H, quinolyl), 8.41 (dd, 3J = 8.3, 4J = 1.3 Hz, 1H, quinolyl), 8.00 (dd, 

3J = 8.1, 4J = 1.2 Hz, 1H, quinolyl), 7.79 (dd, 3J = 7.3, 4J = 1.2 Hz, 1H, quinolyl), 7.63 

(dd, 3J = 8.3, 3J = 5.0 Hz, 1H, quinolyl), 7.54 (dd, 3J = 8.0, 3J = 7.3 Hz, 1H, quinolyl), 

7.48ī7.43 (m, 2H, IPr aryl), 7.35ī7.26 (m, 6H, IPr aryl + imidazolyl), 3.06 (hept, 3J = 

6.8 Hz, 4H, CH(CH3)2)), 1.85 (s, 6H, H2O), 1.31 (d, 3J = 6.7 Hz, 12H, CH(CH3)2), 1.17 

(d, 3J = 6.8 Hz, 12H, CH(CH3)2).
 13C NMR (126 MHz, CD2Cl2) ŭ 178.23, 152.68, 149.66, 

146.89, 139.02, 135.55, 132.28, 130.88, 128.85, 126.68, 124.98, 124.90, 123.99, 121.92, 

29.20, 26.52, 23.61. IR (thin film, cm-1): ɜC=O 1687; IR (CH2Cl2, cm-1): ɜC=O 1670. Unit 

cell (XRD): triclinic, a = 18.9296(9) Å, b = 21.0012(10) Å, c = 321 24.4787(12) ¡, Ŭ = 

109.545(2)Á, ɓ = 101.011(2)Á, ɔ = 104.394(2)Á. 

 

Synthesis of [Pd(IPr)(C(O)C 9H6N)(pip)][BAr F
4]. 

([2.3(pip)][BArF 4]) was prepared via recrystallization of 3BArF
4 in the presence 

of piperidine. Anal. Calcd for C74H65BF24N4OPd: C, 55.57; H, 4.10; N, 3.50. Found: C, 
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55.29; H, 3.98; N, 3.14. IR (thin film, cm-1): ɜC=O 1677; IR (CH2Cl2, cm-1): ɜC=O 1679. 

Unit cell (XRD): monoclinic P, a = 11.9780(11) Å, b = 16.1106(16) Å, c = 36.227(4) Å, 

ɓ = 90.511(2)Á. 

 

Synthesis of [Pd(IPr)(C(O)C 9H6N)(MeCN)][BAr F4] ([2.3(MeCN)][BAr F4]). 

Recrystallization of 2.3BArF
4 in the presence of acetontirile yielded 

[Pd(IPr)(C(O)C9H6N)(MeCN)][BArF
4].  

1H NMR (500 MHz, CD2Cl2) ŭ 8.58 (dd, 
3J = 

5.0, 4J = 1.2 Hz, 1H, quinolyl), 8.48 (dd, 3J = 8.3, 4J = 1.3 Hz, 1H, quinolyl), 8.04 (dd, 3J 

= 8.1, 4J = 1.2 Hz, 1H, quinolyl), 7.88 (dd, 3J = 7.3, 4J = 1.2 Hz, 1H, quinolyl), 7.75ī7.69 

(m, 8H, BArF
4 aryl), 7.62 (dd, 3J = 8.0, 3J = 7.3 Hz, 1H, quinolyl), 7.58 (d, 3J = 5.0 Hz, 

1H, quinolyl), 7.56 (d, 3J = 7.1 Hz, 4H, IPr aryl), 7.48ī 7.43 (m, 2H, IPr aryl), 7.35ī7.28 

(m, 6H, IPr imidazolyl + BArF4 aryl), 3.01 (hept, 3J = 14.3, 6.8 Hz, 4H, CH(CH3)2)), 2.19 

(s, 3H, MeCN CH3), 1.26 (d, 3J = 6.7 Hz, 12H, CH(CH3)2), 1.18 (d, 3J = 6.8 Hz, 12H, 

CH(CH3)2). 
13C NMR (126 MHz, CD2Cl2) ŭ 158.58, 146.52, 139.93, 135.20, 132.40, 

130.86, 125.10, 124.84, 123.16, 117.86, 29.00, 26.14, 23.61, 3.79. Anal. Calcd for 

C71H57BF24N4OPd: C, 54.82; H, 3.69; N, 3.60. Found: C, 54.79; H,3.56; N, 3.53. IR 

(thin film, cm-1): ɜC=O 1689; IR (CH2Cl2, cm-1): ɜC=O 1690. Unit cell (XRD): monoclinic 

P, a = 11.824(6) Å, b = 16.114(8) Å, c = 36.304(17) ¡, ɓ = 91.144(7)Á. 

 

Solvent effect studies.  

600ɛL of 24ɛM solutions of 2.2, 2.3BF4, 2.3PF6, and 2.3BAr F
4 were each 

prepared in 100% CD2Cl2, 90:10 CD2Cl2:C7D8, 75:25 CD2Cl2:C7D8, and 50:50 

CD2Cl2:C7D8, and 1H NMR spectra were obtained for each. 
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Computational Details.  

All computational work was performed by Professor Graham E. Dobereiner. 

Density functional theory (DFT) calculations were performed using Gaussian 16, 

Revision A.03 (keywords in parenthesis below).55 Gas-phase optimized geometries were 

obtained using the M06 functional (M06)56 and 6-31g(d,p) basis set57 (6-31g(d,p)) for all 

non-metal atoms except Sb, for which a Stuttgart-Dresden effective core potential58 

(SDD) and SDB-cc-pVTZ basis set59 were used; for Pd, a Stuttgart-Dresden effective 

core potential and basis set58 (SDD) was complimented with an f-polarization function.60 

Tight convergence criteria (opt=tight) and an ultrafine grid (int=ultrafine) were specified. 

A frequency calculation on optimized structures revealed no imaginary frequencies, 

indicating the structures were minima on the potential energy surface. Optimized 

structures were then reevaluated using the M06 functional (M06), the def2-TZVP basis 

set61 (def2tzvp) with density fitting basis sets (auto) on all non-metal atoms, and SDD+f 

on Pd. The resulting single-point calculations were used as input for a Natural Bond 

Orbital (NBO) analysis using NBO version 6.0.44 
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CHAPTER 3  

SYNTHESIS AND CHARACTERIZATION OF PHENYLIMIDAZOLE - 

BASED WEAKLY -COORDINATING ANIONS  

3.1. Introduction  

Weakly-coordinating anions (WCAs) such as OTf -, BF4 
-, PF6 

-, ClO4
 -, NTf2 

-, 

and many others have been used extensively across chemical disciplines for over a 

century.1 The effects of these anions on transition metal-catalyzed reactions have been 

extensively documented, frequently with contradictory results as to which anion results in 

the most active catalysts.2ï6 Though these anion effects are frequently not probed beyond 

reaction optimization, it is clear that small differences in anion behavior can have large 

implications in the mechanisms of catalytic reactions. The few examples of mechanistic 

study on these anion effects have yielded useful synthetic insight.5ï8 Anion functionalities 

can participate in catalytic reactions, often improving catalytic activity; for example, 

anions bearing sulfonates or carbonyls can act as hydrogen bond acceptors, facilitating 

steps such as proton transfer or nucleophilic attack. Though these interactions do not 

always improve catalytic rates, the observation that these functionalities can control 

catalyst reactivity gives rise to the possibility of an enormous range of catalyst 

improvements. 
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Over the past few decades, several new classes of WCAs have been synthesized 

and subsequently used in myriad applications.9 The most well-explored WCAs include 

fluorinated aryl borates,10,11 alkoxy- and aryloxymetallates12, and carborane-based anions 

(Figure 3.1).13 The extremely low basicity and nucleophilicity of these anions has 

allowed for the isolation of exotic species such as the [H(OEt)2][BAr F
4] superacid 

(Brookhartôs acid).14 This lack of nucleophilic or basic sites is also proposed to be 

responsible for increased stability of transition metal-containing ion pairs; coordination to 

the metal center is often a degradation pathway for ion pairs, and because the anions do 

not strongly coordinate, decomposition is prevented.12 

 

 
Figure 3.1. Recent classes of WCAs. Left- BAr F

4 -, middle- fluorinated carborane, 

right - tertbutoxy aluminate 

Much of the research in this area has been driven by the desire to create anions 

that are more weakly-coordinating than those previously reported, as increased catalytic 

activity has frequently been attributed to decreased coordination of the anion paired with 

a cationic transition metal catalyst.3,4,6 Unfortunately, the idea that more weakly-

coordinating anions are better for catalysis has led to a lack of interest in studying how 

cation-anion interactions can be used to control and improve reactivity.  
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In addition to the anions described above, Klosin and coworkers reported the 

preparation of an imidazole-based scaffold for a new class of weakly-coordinating anions 

(Figure 3.2).9 When substituted with a phenyl ring at C2, several anions of this type 

bearing functional groups have also been reported;15 these anions were used as part of a 

heterogeneous supported catalyst system, and have not yet found use in homogeneous 

transition metal catalysis.  

 

 
Figure 3.2. Parent imidazole-based weakly-coordinating anion 

The synthesis, characterization, and coordinating ability of several new 

functionalized phenylimdazole-based WCAs are described in this chapter. A modified 

synthesis based on the initial work of Klosin and coworkers is reported, as is the 

synthesis and characterization of several new functionalized imidazoles. The anions are 

characterized using NMR and X-ray diffraction, and their coordinating ability is assessed 

using the scale described in Chapter 2.  

3.2. Synthesis and Characterization of Weakly-Coordinating Anions 

3.2.1. Synthesis of substituted phenylimidazoles. 

 While imidazoles 3.1 and 3.5 are commercially available, most of the aryl-

substituted phenylimidazoles in the present work were synthesized by the one of the 

following methods. Imidazoles 3.2-4 and 3.6 were prepared in modest yields but 

extremely high purity using the method reported by Zhichkin and coworkers (Figures 3.3, 
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3.4).16 However, the method is not general, since it requires electron-withdrawing 

functionality on the ring. 

 

 
Figure 3.3. Synthesis of phenylimidazoles bearing electron-withdrawing 

functionalities. 

 

 
Figure 3.4. Thermal ellipsoid plot of imidazole 3.6. Ellipsoids shown at 50% 

probability, hydrogen atoms shown as ball-and-stick. 

The acyl chloride-substituted phenylimidazole 3.8 was prepared from acid 3.7 as 

reported by Eastman and coworkers.17,18 Amide-functionalized phenylimidazoles 3.9-

3.11 were synthesized under typical amide formation conditions (Figures 3.5, 3.6).19 

Surprisingly, reaction of ammonia with the acid chloride failed to form the secondary 

amide in reasonable yield ( < 10%). 
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Figure 3.5. Synthesis of amide-functionalized phenylimidazoles 

Imidazoles bearing more Lewis-basic functionalities, such as a nitrile and an alcohol, 

were also synthesized; however, these functionalities were not tolerated in subsequent 

steps for making the desired anions. 

 

 
Figure 3.6. Thermal ellipsoid plot of imidazole 3.9. Ellipsoids shown at 50% 

probability, hydrogen atoms shown as ball-and-stick. 

 

 
Figure 3.7. Purchased or synthesized substituted phenylimidazoles used 
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3.2.2. Synthesis and characterization of [IMP-R]ï anions. 

Anions bearing substituted phenylimidazole groups ([IMP-R]ï anions) were 

synthesized based on a modified version of the procedure reported by Klosin and 

coworkers (Figure 3.8).9 Recrystallization from a concentrated dichloromethane/THF 

solution via slow diffusion of pentane or hexanes yielded X-ray quality crystals of each 

of the sodium salts, with the sodium bound to THF molecules and often to a Lewis-basic 

p-phenyl functionality or the B(C6F5)3 fluorine atoms(Figure 3.9). While the initial 

report9 uses n-BuLi to deprotonate the imidazole in toluene, it was found that this 

reaction can be achieved with NaH in THF with much shorter reaction times. Using a 

sodium base instead of lithium also avoids the issue of lithium-fluoride abstraction when 

the fluorinated borane is added (Figure 3.10). Li-F abstraction was occasionally observed 

if the suspension of deprotonated imidazole was not cooled prior to the addition of the 

borane. 

 
Figure 3.8. Synthesis of [IMP -R]ï anions. 
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Figure 3.9. Thermal ellipsoid plots of anions [IMP-H]ï, [IMP -CO2Me]ï, [IMP -

(CF3)2]ï and [IMP-pipA]ï. Ellipsoids shown at 50% probability. Hydrogen atoms 

hidden for clarity. Sodium cations and THF molecules hidden for clarity except for 

[IMP -pipA]ï, which shows the typical binding modes of the Na+ cation to the anion 

and solvent molecules. 
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Figure 3.10. Decomposition products observed using n-BuLi for deprotonation or 

not cooling the final step of the synthesis. Top- thermal ellipsoid plots of 

decomposition products, ellipsoids shown at 50% probability. Hydrogen atoms and 

solvent hidden for clarity, C6F5 ri ngs shown in wireframe for clarity on right 

structure. Bottom- ChemDraw representations of decomposition products. 

In an effort to access anions bearing functionalities besides electron-withdrawing 

groups, further functionalization of [IMP-CO2Me]ï and [IMP-DMA]ï was achieved 

through lithium aluminum hydride reduction (Figure 3.11). The corresponding alcohol 

and amine were isolated in good yields (~80%), and X-ray quality crystals of each were 

obtained through slow vapor diffusion of hexanes into a concentrated 

dichloromethane/THF solution (Figure 3.12). 
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Figure 3.11. Reduction of methyl ester and dimethyl amide functionalities to the 

corresponding alcohol and amine. 

 

 
Figure 3.12. Thermal ellipsoid plots of Na[IMP-CH2OH]ï and Na[IMP-CH2N(Me)2]ï

. Ellipsoids shown at 50% probability, hydrogen atoms, cation, and solvent hidden 

for clarity.  

Characterization of anions by NMR yielded valuable information about their 

behavior in solution at room temperature. While the expected signals and couplings for 

the protons were observed, 19F NMR revealed unexpected inequivalence between the two 

boryl substituents (Figure 3.13). Klosin and coworkers9 report three signals in the 19F 

NMR for the parent imidazole anion (Figure 3.2) corresponding to the ortho, meta, and 

para fluorine substituents. The presence of the phenyl ring on the C2 carbon of the 

imidazole likely inhibits rotation of the Cimidazole-Caryl bond. The 11B spectrum shows only 
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one somewhat broad peak (Figure 3.13), suggesting the cause of the magnetic 

inequivalence of the 6 F atoms does not perturb the boron centers substantially. 

 

 
Figure 3.13. 19F NMR (left) and 11B (right) spectra of Na[IMP-pipA]ï in CD2Cl2.  

3.3. Assessment of IMP-R Anion Coordinating Ability  

3.3.1. X-ray studies 

 In an effort to understand the coordinating abilities of these new functionalized 

WCAs, they were paired with cation 2.3 (Figure 3.14) and assessed in a similar manner to 

the anions described in Chapter 2. Recrystallization from CH2Cl2/pentane yielded X-ray 

quality crystals of 2.3 with [IMP-H] (reported in Chapter 2), [IMP-CF3]
ï, [IMP-NO2]

ï, 

[IMP-(CF3)2]
ï and [IMP-CO2Me]ï (Figure 3.15). The 2.3[IMP -CF3] and 2.3[IMP -

(CF3)2] complexes were found to be outer-sphere in the solid state, while 2.3[IMP -NO2] 
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and 2.3[IMP -CO2Me] were isolated as inner-sphere complexes. The 2.3[BIMP]  ion pair 

could not be isolated cleanly, but as there is no functionality present on this anion, it is 

likely it would behave in a similar manner to [IMP-H]ï. The 2.3[IMP -CH2N(Me)2] ion 

pair was also synthesized, though neither an analytically pure sample nor crystal structure 

was obtained. The 2.3[IMP -CH2OH]  ion pair was not obtained; the strongly Lewis-basic 

character of the alcohol and amine substituents likely leads to tightly bound anions even 

in solution state. The resulting Zwitterionic species would have a high degree of charge 

separation, possibly leading to unpredictable solubility and difficult isolation.  

 

 
Figure 3.14. Synthesis of 2.3[IMP -R] ion pairs. 
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Figure 3.15. Thermal ellipsoid plots of 2.3[IMP -R] ion pairs. R = CF3 (top left), 3,5-

bis CF3 (top right), NO2 (bottom left), and CO2Me (bottom right). The 

trifluoromethyl -substituted anions are outer-sphere, whereas the nitro- and ester-

functionalized anions are inner-sphere. Ellip soids shown at 50% probability, 

hydrogen atoms hidden for clarity, C6F5 rings and diisopropylphenyl substituents 

shown in wireframe. 

When the neutral Pd complex was reacted with the sodium salts of the amide-

functionalized [IMP-R]ï anions, a large amount of pale yellow precipitate was observed 

almost immediately. The precipitate was insoluble in nonpolar organic solvents and was 

soluble in DMSO. Recrystallization of the 2.3[IMP -pipA]  and 2.3[IMP -DMA]  ion pairs 

from CH2Cl2/MeCN/pentane yielded X-ray quality crystals of the acetonitrile adduct of 

the palladium cation with outer-sphere [IMP-R]ï anions (Figure 3.16). The 2.3[IMP -

DBA]  ion pair was not isolated. 
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Figure 3.16. Thermal ellipsoid plot of [2.3(MeCN][IMP -pipA]. Ellipsoids shown at 

50% probability, hydrogen atoms hidden for clarity, C6F5 r ings and 

diisopropylphenyl substituents shown in wireframe. 

 Percent buried volume (%Vbur) calculations were performed for the inner-sphere 

structures 2.3[IMP -NO2] and 2.3[IMP -CO2Me] starting from X-ray structures using the 

SambVca2 program developed by Cavallo and coworkers.20 Both the [IMP-NO2]
ï (%Vbur 

= 16.9) and [IMP-CO2Me]ï (%Vbur = 18.7) anions fell below the steric threshold (19.2%) 

previously determined as a criteria for inner-sphere anion binding.21 

3.3.2. NMR and IR studies 

The chemical shift of the methine protons of the IPr ligand shows a strong 

dependence on the anion paired with the Pd cation (Chapter 2).21 Though some of the 

[IMP-R]ï anions were found to be inner-sphere in the solid state, all of them appear to be 

unbound to the cation in solution based on 1H NMR. The methine proton chemical shift 
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for all of the Pd complexes is essentially identical regardless of the counter anion (Table 

3.1), and corresponds to the shift seen for outer-sphere complexes described in Chapter 2.  

Proton NMR of 2.3[IMP -DMA]  in DMSO-d6 revealed that the sample was 

extremely pure, though initially it was unclear if the donor bound to the palladium center 

was DMSO, [IMP-DMA]ï, or other possible structures. The spectrum of 2.3[BAr F
4] in 

DMSO-d6 is markedly different (Figure 3.17), suggesting that the bound species is not 

DMSO. It is possible that in DMSO the [IMP-DMA]ï anion is still bound to the Pd 

cation, causing the loss of symmetry seen in the aliphatic region of the spectrum; this is 

consistent with the spectrum seen for the neutral palladium complex prior to halide 

abstraction, though the chemical shifts do not correspond to this complex either. 

 

 
Figure 3.17.1H NMR spectra of the 2.3[BAr F

4] (top) and 2.3[IMP -DMA] complexes 

in DMSO-d6. Four sets of doublets are seen between 0.75 and 1.3 for the [IMP -

DMA ] ion pair, whereas only two sets are seen for the BArF
4 ion pair.  
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In an effort to obtain information about how an anionic amide would affect the Pd 

cation, the anion [pyrr(BCF)] ï was synthesized (Figure 3.18) and paired with the Pd 

cation. 

 

 
Figure 3.18. Thermal ellipsoid plot of Na[pyrr(BCF)] . Ellipsoids shown at 50% 

probability , hydrogen atoms hidden for clarity.  

IR spectroscopy was used to probe the strength of anion donation to the Pd cation 

by monitoring the C=Oacyl stretch when the cation was paired with different anions (Table 

3.1). These measurements were done in both the solid and solution states, as different 

behavior had been seen for the 2.3[BF4] ion pair as a solid and in solution. While all of 

the solution-state C=O stretches were nearly identical, a clear difference can be seen in 

the solid state between the inner-sphere and outer-sphere complexes. Using DFT, the 

inner-sphere 2.3[IMP -NO2], 2.3[IMP -CO2Me], and 2.3[IMP -DMA]  structures were 

modeled and calculated C=O stretches were obtained, with relatively good agreement 
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with experimentally determined frequencies. Outer-sphere complexes were not 

computed. 

To investigate the structural features of Pd-bound amides and esters, as well as the 

strength of interaction between the Pd cation and carbonyl oxygens, model complexes 

featuring methylbenzoate, 2-pyrrolidinone, and N-methyl-2-pyrrolidinone as donors were 

synthesized from the 2.3[BAr F
4] ion pair. Recrystallization of the ion pair from 

CH2Cl2/pentane in the presence of the amide resulted in large yellow crystals of the Pd-

bound amide complexes (Figure 3.19). Although the X-ray structure of 2.3[IMP -CO-

2Me] features anion/cation binding ï suggesting esters are suitable ligands for the Pd 

cation - methyl benzoate does not bind in the solid state, and does not influence the 

methine signal in the proton NMR.  

 

 
Figure 3.19. Thermal ellipsoid plot of [2.3(N-methyl-2-pyrrolidinone)]BAr F

4. 

Ellipsoids shown at 50% probability, diisopropylphenyl groups shown in wireframe, 

anion and hydrogen atoms hidden for clarity.  
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Table 3.1. NMR and IR data for [Pd][X] ion pairs  

Anion/Donor 
ŭ Methine 

(ppm) 

ɜCO, ATR-IR 

(cm-1) 

ɜCO, DCM 

(cm-1) 

ɜCO, DFT 

(cm-1) 

[IMP -H]ï 2.75 1757 1760 - 

[IMP -CF3]ï 2.74 1770 1761 - 

[IMP -(CF3)2]ï 2.75 1755 1761 - 

[IMP -NO2]ï 2.76 1737 1760 1730 

[IMP -CO2Me]ï 2.76 1729 1761 1730 

[IMP -DMA ]ï -a 1695 - a 1728 

[IMP-pipA]ï - a 1695 - a - 

2-pyrrolidone 2.99 1689 1691 1674 

N-methyl-2-

pyrrolidone 
3.03 1689 1688 - 

[pyrr(BCF) ]ï 3.10 1683 1681 - 

BAr F
4
ï 2.75 1776 1760 1777 

BF4
ï 2.89 1689 1760 1718 

a 2.3[IMP -DMA]  and 2.3[IMP -pipA]  complexes are insoluble in dichloromethane 

3.4. Discussion 

Based on X-ray and IR data, the various functionalities on the IMP anions have a 

large effect on how strong of a donor the anion is. Aside from the amide-functionalized 

anions, however, all of the anions assessed appear to behave in a very similar manner in 

solution. The amides may be strong enough Lewis bases to fully coordinate in solution, 

resulting in an insoluble Zwitterion. This is consistent with the significantly lower 

frequency solid-state C=Oacyl stretch for these ion pairs as compared to the soluble  
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[IMP-NO2]
ï and [IMP-CO2Me]  ï complexes. Filgueiras and Huheey examined the Lewis 

basicity of a series of amides, ketones, and carbonates, and found that amides, 

particularly acylic amides such as N,Nô-dimethylacetamide, are significantly more Lewis 

basic than their carbonate counterparts due to the stronger ˊ donation of the nitrogen 

atom into the C=O ́ system.22 Our findings are consistent with this, as the difference 

between the solid-state C=O stretch of the 2.3[IMP -CO2Me] ion pair is 36 cm-1 higher 

than the 2.3[IMP -DMA]  ion pair. In fact, the amide-containing anions more closely 

resemble the behavior of the pseudo-inner-sphere BF4 
ï anion than the outer-sphere [IMP-

R]ï anions. This unique coordinating ability may lead to interesting effects on catalysis; 

Zhdanko and Maier report that trace amounts of dimethylformamide can enhance the rate 

of gold-catalyzed alkyne hydroalkoxylation by hydrogen binding to the nucleophilic 

alcohol.23 The amide-functionalized anions may be able to perform a similar function 

while being easier to remove from the desired product as well as increasing atom 

economy by both balancing charge and acting as a co-catalyst.  

3.5. Conclusions 

A series of functionalized phenylimidazole-based weakly coordinating anions was 

synthesized and characterized via 1H, 11B, and 19F NMR as well as single-crystal X-ray 

diffraction. Several of these anions were paired with the cation 2.3, and their relative 

coordinating abilities were assessed using NMR, IR, X-ray, and DFT. In the solid state, 

the anions have a large range of donor abilities based on the C=Oacyl stretching 

frequencies, with the coordinating abilities of the anions following the trend [IMP-H]ï ~ 

[IMP-CF3]
ï ~ [IMP-(CF3)2]

ï < [IMP-NO2]
ï < [IMP-CO2Me]ï < [IMP-DMA]ï ~ [IMP-

pipA]ï. In solution, all of the soluble anions appear to be outer-sphere based on both the 
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1H NMR and IR spectra; the insolubility of the 2.3[IMP -amide] ion pairs likely results 

from the formation of Zwitterionic species with a high degree of charge separation. The 

functionalities on these anions may lead to large differences in catalytic activity when 

paired with a cationic catalyst.  

3.6. Experimental 

Unless otherwise specified, all manipulations were performed under a dry N2 

atmosphere using standard Schlenk techniques or a Vacuum Atmospheres inert 

atmosphere glovebox. Analytical data were obtained from the CENTC Elemental 

Analysis Facility at the University of Rochester, funded by NSF CHE-0650456. NMR 

spectra were collected on Bruker Avance III 500 and 400 MHz instruments. 1H NMR 

chemical shifts (ŭ, ppm) are referenced to residual protiosolvent resonances and 13C 

NMR chemical shifts are referenced to the deuterated solvent peak.24 19F (fluorobenzene) 

and 31P (phosphoric acid) NMR chemical shifts were referenced to external standards.  IR 

spectra were collected on a Thermo Scientific Nicolet iS5 FT-IR benchtop spectrometer 

with either a iD5 diamond ATR or iD1 transmission accessory. Dichloromethane (DCM), 

tetrahydrofuran (THF), pentane, acetonitrile, and toluene were purified using a 

commercial solvent purification system. All deuterated NMR solvents (Cambridge 

Isotope Laboratories) were dried over activated 4 Å molecular sieves for 48 h before use. 

Tris(pentafluorophenyl)borane (B(C6F5)3) was donated by Boulder Scientific and purified 

via sublimation (100 mtorr, 90 °C) prior to use. All benzonitriles, aminoacetaldehyde 

diethyl acetal, dimethylamine solution, and di-n-butlyamine were purchased from 

Oakwood Chemicals. Piperidine and lithium aluminum hydride were purchased from 
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Fischer Scientific. Sodium hydride, 2-phenylimidazole, and 2-phenylbenzimidazole were 

purchased from Sigma Alrdich. 2-(4-(trifluoromethyl)phenyl)imidazole, 2-(4-

nitrophenyl)imidazole, and methyl 4-(imidazol-2-yl)benzoate were prepared as reported 

by Zhichkin and coworkers.16 Sodium tetrakis(3,5-bistrifuloromethyl)phenylborate 

(NaBArF4) was prepared using the procedure of Yakelis and Bergman.25 [Pd(ɛ-Cl)(C(O)-

C9H6N)]2 was prepared as reported by Pregosin and coworkers.26 

[Pd(IPr)(C(O)C9H6N)Cl] was prepared as previously reported by our group.21 4-(1H-

imidazol-2-yl)benzoic acid was synthesized according to the procedure of Hagedorn.17 4-

(1H-imidazol-2-yl)benzoyl chloride was synthesized according to the patent owned by 

Eastman and coworkers.18 All computational work was performed by Professor Graham 

E. Dobereiner. 

Synthesis of Sodium 2-(4-(trifluoromethyl)phenyl)imidazolide .  

In an inert atmosphere glovebox, a 16 mL vial was charged with 133 mg (0.625 

mmol) 2-(4-(trifluoromethyl)phenyl)imidazole and 10 mL THF and cooled to -35 ϊC. 

The suspension was then stirred, and 15 mg (0.625 mmol) sodium hydride was added. 

The suspension was stirred for 20 hours and dried in vacuo. Yield 99% 1H NMR (500 

MHz, DMSO-d6) ŭ 8.05 (d, 3J = 7.9 Hz, 2H, aryl), 7.48 (d, 3J = 8.1 Hz, 2H, aryl), 6.84 (s, 

2H, imidazolyl). 

 

Synthesis of Na[IMP -CF3].  

In an inert atmosphere glovebox, a 16 mL vial was charged with 140 mg (0.598 

mmol) sodium 2-(4-(trifluoromethyl)phenyl)imidazolide and 8 mL toluene and cooled to 

-35 ϊC. This solution was stirred, and 613 mg (1.197 mmol) tris(pentaflurophenyl) borane 

was added and stirred for 23 hours while coming to RT. The vial was removed from the 
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glovebox and 75 mL pentane was added to precipitate the desired product as a white 

solid. The solid was filtered, washed with pentane, and dried in vacuo. Purification via 

slow diffusion of pentane into methylene chloride/THF yielded X-ray quality crystals of 

the product as the Na(THF)4 salt. Yield 62%. Anal. Calc. for 

NaC46N2F33B2H6Ā1.75C4H8OĀ0.25 CH2Cl2 C, 45.50 %, H, 1.47 %, N, 1.99 %, found C, 

45.214 %, H, 1.829 %, N, 1.894%. 1H NMR (500 MHz, CD2Cl2) ŭ 7.20 (s, 2H, 

imidazolyl), 7.02 (d, 3J = 8.4 Hz, 2H, aryl), 6.58 (d, 3J = 7.6 Hz, 2H, aryl). 13C NMR (126 

MHz, CD2Cl2) ŭ 149.45, 147.87, 147.52, 132.62, 131.05, 130.79, 129.89, 127.13, 125.32, 

125.02, 124.09. 19F NMR (471 MHz, CD2Cl2) ŭ -63.95, -126.72, -133.16, -158.80, -

160.16, -164.61, -166.90. 11B NMR (161 MHz, CD2Cl2) ŭ -8.24. Unit cell (XRD) 

monoclinic P, a = 13.103(3) Å, b = 27.136(5) Å, c = 16.187(3) 372 ¡, ɓ = 92.560(3)Á. 

 

Synthesis of 2.3[IMP -CF3]  

In an inert atmosphere glovebox, a 4 mL vial was charged with 30 mg (0.048 

mmol) of Pd(quin)(IPr)Cl, and 2 mL of dichloromethane and stirred to dissolve. To the 

bright orange solution was added 60 mg (0.048 mmol) of Na[IMP-CF3], and the solution 

immediately turned bright yellow. The reaction was allowed to stir for 2.5 h and the 

solution was filtered through celite, layered with pentane, and stored at -35ϊC to afford 

X-ray quality crystals as yellow needles.  Yield 81%. Anal Calc. for 

PdC82N5OF30B2H49ĀCH2Cl2  C, 51.18 %, H, 2.56 %, N, 3.55 %, found C, 51.119 %, H, 

2.720 %, N, 3.488 %. 1H NMR (500 MHz, CD2Cl2) ŭ 8.52 (d, 
3J = 8.1 Hz, 1H, quinolyl), 

8.22 (d, 3J = 4.8 Hz, 1H, quinolyl), 8.13 (d, 3J = 8.1 Hz, 1H, quinolyl), 7.92 (d, 3J = 7.3 

Hz, 1H, quinolyl), 7.66 ï 7.60 (m, 2H, quinolyl), 7.57 (t, 3J = 7.8 Hz, 2H, IPr aryl), 7.43 

ï 7.34 (m, 6H, IPr aryl + imidazolyl), 7.20 (s, 2H, IMP-CF3 imidazolyl), 7.00 (d, 3J = 8.5 

Hz, 2H, IMP-CF3 aryl), 6.58 (d, 3J = 7.6 Hz, 2H, IMP-CF3 aryl), 2.74 (hept, 3J = 6.5 Hz, 
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4H, CH(CH3)2), 1.32 (d, 3J = 6.8 Hz, 12H, CH(CH3)2), 1.27 (d, 3J = 6.9 Hz, 12H, 

CH(CH3)2).
 13C NMR (126 MHz, CD2Cl2) ŭ 147.80, 146.61, 139.89, 133.84, 131.36, 

129.94, 129.64, 129.37, 125.27, 124.96, 124.04, 123.90, 29.38, 25.11, 25.05. IR (thin 

film, cm-1): ɜCO 1770; IR (CH2Cl2, cm-1): ɜCO 1761. Unit cell (XRD) triclinic, a = 

14.1686(15) Å, b = 18.684(2) Å, c = 19.045(2) ¡, Ŭ = 114.321(4)Á, ɓ = 98.469(4)Á, ɔ = 

107.830(4)°. 

 

Synthesis of Sodium 2-(4-(nitro)phenyl)imidazolide.  

In an inert atmosphere glovebox, a 16 mL vial was charged with 118 mg (0.625 

mmol) 2-(4-(nitro)phenyl)imidazole and 10 mL THF and cooled to -35 ϊC. The 

suspension was then stirred, and 15 mg (0.625 mmol) sodium hydride was added. The 

suspension was stirred for 20 hours and dried in vacuo. Yield 99% 1H NMR (500 MHz, 

DMSO-d6) ŭ 8.03 (s, 4H, aryl), 6.95 (s, 2H, imidazolyl). 

 

Synthesis of Na[IMP -NO2].  

In an inert atmosphere glovebox, a 16 mL vial was charged with 125 mg (0.592 

mmol) sodium 2-(4-(nitro)phenyl)imidazolide and 8 mL toluene and cooled to -35 ϊC. 

This solution was stirred, and 607 mg (1.18 mmol) tris(pentaflurophenyl) borane was 

added and stirred for 23 hours while coming to RT. The vial was removed from the 

glovebox and 75 mL pentane was added to precipitate the desired product as a light 

brown solid. The solid was filtered, washed with pentane, and dried in vacuo. Purification 

via slow diffusion of pentane into methylene chloride/THF yielded X-ray quality crystals 

of the product as the Na(THF)4 salt. Yield 62%. Anal. Calc. for 

NaC45N3F30B2H6Ā1.5C4H8O C, 45.60 %, H, 1.35 %, N, 3.13 %, found C, 45.418 %, H, 

1.684 %, N, 3.238%. 1H NMR (500 MHz, CD2Cl2) ŭ 7.61 (d, 
3J = 9.1 Hz, 2H, aryl), 7.25 
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(d, 4J = 3.5 Hz, 2H, aryl), 6.63 (d, 3J = 8.1 Hz, 2H, imidazolyl). 13C NMR (126 MHz, 

CD2Cl2) ŭ 149.50, 147.64, 146.87, 146.31, 140.97, 138.98, 137.90, 136.51, 135.85, 

131.12, 125.72, 122.16.19F NMR (471 MHz, Methylene Chloride-d2) ŭ -126.07, -133.20, 

-158.60, -159.84, -164.54, -166.62. 11B NMR (161 MHz, CD2Cl2) ŭ -8.07. 

 

Synthesis of 2.3[IMP -NO2].  

In an inert atmosphere glovebox, a 4 mL vial was charged with 50 mg (0.079 

mmol) of Pd(quin)(IPr)Cl, and 2 mL of dichloromethane and stirred to dissolve. To the 

bright orange solution was added 107 mg (0.087 mmol) of Na[IMP-NO2], and the 

solution immediately turned bright yellow. The reaction was allowed to stir for 16.5 h 

and the solution was filtered through celite, and layered with pentane. This resulted in the 

product oiling out; layer diffusion of HMDSO into dichloromethane resulted in an 

analytically pure sample. Subsequent vapor diffusion of pentane into a concentrated 

toluene solution yielded X-ray quality crystals as yellow blocks.  Yield 92%. Anal Calc. 

for PdC81N6O3F30B2H49  C, 52.52 %, H, 2.67 %, N, 4.54 %, found C, 52.473 %, H, 2.364 

%, N, 4.516 %. 1H NMR (500 MHz, CD2Cl2) ŭ 8.52 (d, 
3J = 8.3 Hz, 1H, quinolyl), 8.21 

(d, 3J = 4.6 Hz, 1H, quinolyl), 8.17 ï 8.10 (m, 1H, quinolyl), 7.92 (dd, 3J = 7.3, 4J = 1.0 

Hz, 1H, quinolyl), 7.65 ï 7.52 (m, 6H, quinolyl + IPr aryl + IMP-NO2 aryl), 7.39 (d, 3J = 

7.8 Hz, 4H, IPr aryl), 7.36 (s, 2H, IPr imidazolyl), 7.24 (d, 3J = 4.0 Hz, 2H, IMP-NO2 

aryl), 6.59 (d, 3J = 7.9 Hz, 2H, IMP-NO2 imidzolyl), 2.76 (hept, 3J = 6.4 Hz, 4H, 

CH(CH3)2), 1.31 (d, 3J = 6.8 Hz, 12H, CH(CH3)2), 1.27 (d, 3J = 6.9 Hz, 12H, CH(CH3)2).
 

13C NMR (126 MHz, CD2Cl2) ŭ 175.12, 150.78, 149.37, 147.45, 146.58, 139.87, 138.97, 

137.94, 135.80, 135.54, 133.85, 133.73, 131.30, 130.91, 129.61, 129.36, 125.53, 125.09, 

124.95, 123.87, 122.02, 29.33, 25.13, 24.97. IR (thin film, cm-1): ɜCO 1737; IR (CH2Cl2, 
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cm-1): ɜCO 1761. Unit cell (XRD) monoclinic P, a = 18.6043(18) Å, b = 26.890(3) Å, c = 

21.779(2) ¡, ɓ = 101.862(2)Á. 

 

Synthesis of Sodium 2-(4-(CO2Me)phenyl)imidazolide.  

In an inert atmosphere glovebox, a 16 mL vial was charged with 202 mg (1.00 

mmol) 2-(4-(CO2Me)phenyl)imidazole and 15 mL THF and cooled to -35 ϊC. The 

suspension was then stirred, and 24 mg (1.00 mmol) sodium hydride was added. The 

suspension was stirred for 76 hours and dried in vacuo. Yield 99% 1H NMR (500 MHz, 

DMSO-d6) ŭ 7.97 (d, 
3J = 8.6 Hz, 2H, aryl), 7.74 (d, 3J = 8.6 Hz, 2H, aryl), 6.82 (s, 2H, 

imidazolyl), 3.79 (s, 3H C(O)CH3). 

 

Synthesis of Na[IMP -CO2Me].  

In an inert atmosphere glovebox, a 16 mL vial was charged with 112 mg (0.50 

mmol) sodium 2-(4-(CO2Me)phenyl)imidazolide and 8 mL toluene and cooled to -35 ϊC. 

This solution was stirred, and 512 mg (1.00 mmol) tris(pentaflurophenyl) borane was 

added and stirred for 26 hours. The vial was removed from the glovebox and 75 mL 

pentane was added to precipitate the desired product as a white solid. The solid was 

fi ltered, washed with pentane, and dried in vacuo. Purification via slow diffusion of 

pentane into methylene chloride/THF yielded X-ray quality crystals of the product as the 

Na(THF)4 salt. Yield 56%. Anal. Calc. for NaC47N2O2F30B2H9Ā1C4H8O C, 46.40 %, H, 

1.30 %, N, 2.12 %, found C, 46.214 %, H, 1.574 %, N, 2.056%. 1H NMR (500 MHz, 

CD2Cl2) ŭ 7.32 (d, 
3J = 8.8 Hz, 2H, aryl), 7.23 (d, 4J = 3.7 Hz, 2H, aryl), 6.51 (d, 3J = 7.7 

Hz, 2H, imidazolyl), 3.89 (s, 3H, C(O)CH3). 
13C NMR (126 MHz, CD2Cl2) ŭ 169.39, 

149.62, 147.54, 138.67, 137.80, 136.04, 134.64, 129.92, 129.19, 128.05, 125.38.19F 

NMR (471 MHz, CD2Cl2) ŭ -125.87, -133.25, -158.70, -160.61, -164.58, -167.08.11B 
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NMR (161 MHz, CD2Cl2) ŭ -8.12. Unit cell (XRD) triclinic, a = 12.2126(18) Å, b = 

16.759(2) Å, c = 17.209(3) ¡, Ŭ = 90.069(3)Á, ɓ = 104.596(3)Á, ɔ = 106.610(3)Á. 

 

Synthesis of 2.3[IMP -CO2Me].  

In an inert atmosphere glovebox, a 4 mL vial was charged with 61 mg (0.095 

mmol) of Pd(quin)(IPr)Cl, and 2 mL of dichloromethane and stirred to dissolve. To the 

bright orange solution was added 100 mg (0.048 mmol) of Na[IMP-CO2Me], and the 

solution immediately turned bright yellow. The reaction was allowed to stir for 0.5 h and 

the solution was filtered through celite, layered with pentane. Recrystallization under air 

via vapor diffusion of hexanes into a concentrated methylene chloride solution afforded 

X-ray quality crystals.  Yield 81%. Anal Calc. for PdC84N5O3F30B2H51Ā1.5C4H8O C, 

54.36 %, H, 3.13 %, N, 3.56 %, found C, 54.694 %, H, 3.139 %, N, 3.636 1H NMR (500 

MHz, CD2Cl2) ŭ 8.50 (d, 
3J = 8.2 Hz, 1H, quinolyl), 8.23 (d, 3J = 4.6 Hz, 1H, quinolyl), 

8.12 (d, 3J = 8.1 Hz, 1H, quinolyl), 7.91 (dd, 3J = 7.3, 4J = 1.1 Hz, 1H, quinolyl), 7.65 ï 

7.58 (m, 2H, quinolyl), 7.56 (m, J = 7.8 Hz, 3H, quinolyl + IPr aryl), 7.39 (d, 3J = 7.8 Hz, 

4H, IPr aryl), 7.37 ï 7.35 (s + d, 3J = 8.9 Hz, 2H + 2H, IPr imidazolyl + IMP-CO2Me 

aryl), 7.20 (d, 4J = 3.7 Hz, 2H, IMP-CO2Me aryl), 6.44 (d, 3J = 7.6 Hz, 2H, IMP-CO2Me 

imidazolyl), 3.81 (s, 3H, C(O)CH3), 2.76 (hept, 3J = 6.6 Hz, 4H, CH(CH3)2), 1.31 (d, 3J = 

6.8 Hz, 12H, CH(CH3)2), 1.27 (d, 3J = 6.8 Hz, 12H, CH(CH3)2).
 13C NMR (126 MHz, 

CD2Cl2) ŭ 166.42, 150.90, 149.33, 148.25, 146.60, 139.83, 133.82, 133.28, 131.32, 

129.90, 129.59, 129.49, 129.33, 128.19, 125.09, 123.90, 52.57, 35.01, 34.52, 29.33, 

25.63, 25.06, 23.06, 11.60. IR (thin film, cm-1): ɜCO 1729; IR (CH2Cl2, cm-1): ɜCO 1761. 

Unit cell (XRD) monoclinic P, a = 22.722(2) Å, b = 18.9379(19) Å, c = 22.844(2) ¡, ɓ = 

105.759(2)°. 
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Synthesis of Sodium 2-phenylbenzimidazolide.  

In an inert atmosphere glovebox, a 16 mL vial was charged with 194 mg (1.00 

mmol) 2-phenylbenzimidazole and 10 mL THF and cooled to -35 ϊC. The suspension 

was then stirred, and 24 mg (1.00 mmol) sodium hydride was added. The suspension was 

stirred for 76 hours and dried in vacuo. Yield 99% 1H NMR (500 MHz, DMSO-d6) ŭ 8.22 

(dd, 3J = 8.2, 4J = 1.2 Hz, 2H, aryl), 7.36 ï 7.30 (m, 4H, aryl), 7.19 (t, 3J = 7.2 Hz, 1H, 

aryl), 6.75 (s, 2H, aryl). 

 

Synthesis of Na[BIMP].  

In an inert atmosphere glovebox, a 40 mL vial was charged with 223 mg (1.031 

mmol) sodium 2-phenylbenziimidazolide and 8 mL toluene and cooled to -35 ϊC. This 

solution was stirred, and 1055 mg (2.062 mmol) tris(pentaflurophenyl) borane was added 

and stirred for 27 hours. The vial was removed from the glovebox and 75 mL pentane 

was added to precipitate the desired product as a white solid. The solid was filtered, 

washed with pentane, and dried in vacuo. Purification via slow diffusion of pentane or 

HMDSO into methylene chloride/THF yielded X-ray quality crystals. Yield 79%. Anal. 

Calc. for NaC47N2O2F30B2H9Ā2.5C4H8O C, 49.85 %, H, 1.97 %, N, 2.13 %, found C, 

49.951 %, H, 1.927 %, N, 2.131%. 1H NMR (500 MHz, CD2Cl2) ŭ 7.53 (v br s, 2H, aryl), 

7.33 (v br s, 2H, aryl), 6.97 (dd, 3J = 6.1, 4J = 3.2 Hz, 4H, aryl), 6.81 (v br s, 1H, aryl). 

13C NMR (126 MHz, CD2Cl2) ŭ 137.83, 130.90, 128.08, 127.86, 122.90, 116.12, 114.22. 

19F NMR (471 MHz, CD2Cl2) ŭ -116.75, -118.86, -127.82, -129.45, -129.55, -134.05, -

135.46, -136.61, -136.70, -137.57, -159.39, -159.99, -160.98, -163.86, -166.27, -

167.06.11B NMR (161 MHz, CD2Cl2) ŭ -7.77. Unit cell (XRD) monoclinic P, a = 

15.0906(12) Å, b = 16.8592(13) Å, c = 23.0499(18) ¡, ɓ = 99.144(2)Á. 
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Synthesis of 4-(1H-imidazol-2-yl)-N,N-dimethylbenzamide (3.9). 

Under ambient conditions, a 100 mL round bottom flask was charged with 10 mL 

dichloromethane and cooled to 0ϊ C. 1.85 mL (8.45 mmol) of 2.0 M dimethylamine in 

THF was added, followed by 1.18 mL of triethylamine. The solution was stirred, and 822 

mg (3.382 mmol) of 4-(1H-imidazol-2-yl)benzoyl chlorideÅHCl was added, resulting in 

HCl gas evolution. The solution was stirred for 20 minutes in the ice bath and then 

allowed to stir overnight at room temperature. The reaction was diluted with 100 mL 

dichloromethane and extracted sequentially with 15 mL saturated NaHCO3, brine, and 

NH4Cl. The organic layer was dried over Na2SO4, filtered, and concentrated to dryness 

under reduced pressure, resulting in a highly hygroscopic tan solid. Yield 48%. 

Recrystallization via slow layer diffusion of pentane into a concentrated dichloromethane 

solution under N2 atmosphere resulted in x-ray quality crystals as colorless needles. Anal. 

Calc. for C12H13N3OÅ0.1C5H12Å0.1 CH2Cl2 C, 65.53 %, H, 6.28 %, N, 18.19 %, found C, 

65.195 %, H, 6.544 %, N, 18.581%. 1H NMR (500 MHz, CD2Cl2) ŭ 11.09 (s, 1H, NH), 

7.82 ï 7.75 (m, 2H, aryl), 7.35 (dd, 3J = 8.2, 4J = 1.5 Hz, 2H, aryl), 7.13 (s, 2H, 

imdazolyl), 3.09 (s, 3H, CH3), 2.96 (s, 3H, CH3).
 13C NMR (126 MHz, CD2Cl2) ŭ 171.49, 

146.10, 136.33, 131.91, 127.89, 125.55, 39.75, 35.49. Unit cell (XRD) monoclinic P, a = 

15.0906(12) Å, b = 16.8592(13) Å, c = 23.0499(18) ¡, ɓ = 99.144(2)Á. Unit cell (XRD) 

orthorhombic P, a = 7.9951(13) Å, b = 14.758(2) Å, c = 21.725(4) Å. 

 

Synthesis of Na[IMP -DMA].  

In an inert atmosphere glovebox, a 40 mL vial was charged with 200 mg (0.930 

mmol) 4-(1H-imidazol-2-yl)-N,N-dimethylbenzamide and 4 mL THF. The suspension 

was stirred briefly and cooled to ï 35 ϊC. 23 mg (0.930 mmol) of NaH was added, and 

the suspension was stirred while coming to room temperature and then for an addition 15 
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h. The reaction was dried in vacuo, yielding a beige solid. This solid was suspended in 5 

mL toluene and stirred briefly before being cooled to -35 ϊC. 952 mg (1.860 mmol) of 

B(C6F5)3 was added and the solution was stirred while coming to room temperature, and 

then for an additional 16 h. 30 mL of pentane was added to the reaction, resulting in a 

large amount of white precipitate. The reaction was removed from the glovebox, poured 

onto an additional 40 mL pentane, and the precipitate was filtered off, washed with 

hexanes, and dried in vacuo.  The solid was dissolved in THF, filtered to remove 

insoluble impurities, and dried in vacuo. Recrystallization via layer diffusion of hexanes 

into a concentrated THF/dichloromethane solution yielded X-ray quality crystals of the 

analytically pure sample; adventitious acetone was also present in the solid-state 

structure. Yield 41 %. Anal. Calc. for NaC48H12N3B2F30OĀ1.3C4H8O C, 47.16 %, H, 1.67 

%, N, 3.10 %, found C, 46.868 %, H, 1.934 %, N, 3.284%. 1H NMR (500 MHz, CD2Cl2) 

ŭ 7.24 (d, 3J = 4.3 Hz, 2H, aryl), 6.69 (d, 3J = 8.7 Hz, 2H, aryl), 6.42 (d, 3J = 5.6 Hz, 2H, 

imidazolyl), 3.01 (s, 3H, CH3), 2.89 (s, 3H, CH3).
 13C NMR (126 MHz, CD2Cl2) ŭ 

171.72, 147.56, 136.81, 130.76, 130.35, 125.23, 125.12, 39.62, 35.53. 19F NMR (471 

MHz, DMSO-d6) ŭ -125.42, -133.54, -158.46, -160.17, -164.38. 11B NMR (161 MHz, 

CD2Cl2) ŭ -8.37. Unit cell (XRD) monoclinic P, a = 13.3526(11) Å, b = 30.789(2) Å, c = 

16.1477(13) ¡, ɓ = 93.240(2)Á. 

 

Synthesis of Na[IMP -CH2OH].  

In an inert atmosphere glovebox, a 40 mL vial was charged with 300 mg (0.240 

mmol) Na[IMP-CO2Me] and 20 mL THF and stirred to dissolve. The clear, light yellow 

solution was cooled to ï 35 ϊC and 10 mg (0.263 mmol) LiAlH4 was added. The reaction 

was stirred while coming to room temperature, and then for an additional 3 days. The vial 

was removed from the glovebox and cooled to 0 ϊC, at which point 1 mL H2O, 5 drops 
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10% aqueous NaOH, and 15 mL diethyl ether were added sequentially. The solution was 

stirred while coming to room temperature and then dried over MgSO4. The reaction was 

filtered and dried in vacuuo, resulting in a pure, bright white solid. Yield 79%. 

Analytically pure X-ray quality crystals were obtained by layering a concentrated THF 

solution of the product with hexanes at room temperature. Anal. Calc. for NaC-

46N2B2F30OH9Ā1.45 C4H8O C, 46.97 %, H, 1.57 %, N, 2.11 %, found C, 46.690 %, H, 

1.885 %, N, 2.217 %. 1H NMR (500 MHz, CD2Cl2) ŭ 7.21 (d, 
3J = 4.0 Hz, 2H, aryl), 6.72 

(d, 3J = 8.5 Hz, 2H, aryl), 6.41 (d, 3J = 7.5 Hz, 2H, imidazolyl), 4.54 (s, 2H, Ar-CH2-

OH). 13C NMR (126 MHz, CD2Cl2) ŭ 140.66, 139.08, 130.23, 129.73, 126.51, 125.06, 

65.61. 19F NMR (471 MHz, DMSO-d6) ŭ -125.42, -133.54, -158.46, -160.17, -164.38. 11B 

NMR (161 MHz, CD2Cl2) ŭ -8.37. Unit cell (XRD) triclinic, a = 12.7032(13) Å, b = 

13.4507(13) Å, c = 20.407(2) ¡, Ŭ = 91.293(2)Á, ɓ = 91.963(2)Á, ɔ = 107.760(2)Á. 

 

Synthesis of Na[IMP -CH2N(Me)2]. 

In an inert atmosphere glovebox, a 40 mL vial was charged with 500 mg (0.3965 

mmol) Na[IMP-DMA] and 30 mL THF and stirred to dissolve. The clear solution was 

cooled to -35 ϊC and 17 mg (0.4360 mmol) LiAlH4 was added. The reaction was stirred 

while coming to room temperature, and then for an additional 3 days. The vial was 

removed from the glovebox and cooled to 0 ϊC, at which point 1 mL H2O, 5 drops 10% 

aqueous NaOH, and 20 mL diethyl ether were added sequentially. The solution was 

stirred while coming to room temperature, and then dried over MgSO4. The reaction was 

filtered and dried in vacuo, resulting in a pure, bright white solid. Yield 80%. 

Analytically pure X-ray quality crystals were obtained by layering a concentrated 

DCM/THF solution of the product with hexanes at room temperature. Anal. Calc. for 

NaC48N3B2F30H14Ā2 C4H8O, 0.4 C5H12 C, 49.05 %, H, 2.47 %, N, 2.96 %, found C, 49.03 
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%, H, 2.52 %, N, 2.91 %. 1H NMR (500 MHz, CD2Cl2) ŭ 7.25 (d, 
4J = 2.4 Hz, 2H, aryl), 

6.74 (d, 3J = 8.4 Hz, 2H, aryl), 6.43 (s, 2H, imidazolyl), 3.53 (s, 2H, Ar-CH2-N), 2.47 (d, 

3J = 9.5 Hz, 6H, N(CH3)2).
13C NMR (126 MHz, CD2Cl2) ŭ 128.95, 44.38, 22.74.

 19F 

NMR (471 MHz, CD2Cl2) ŭ -125.68, -133.30, -158.78, -160.56, -164.60, -167.16. 11B 

NMR (161 MHz, CD2Cl2) ŭ -8.19. Unit cell (XRD) monoclinic P, a = 12.1872(17) Å, b = 

19.000(3) Å, c = 14.971(2) ¡, ɓ = 111.618(3)Á. 

 

Synthesis of 4-(1H-imidazol-2-yl)-N,N-dibutylbenzamide (3.10). 

Under ambient conditions, a 100 mL round bottom flask was charged with 40 mL 

dichloromethane, 925 ɛL (5.5 mmol) di-n-butylamine, and 3 mL of triethylamine. The 

solution was stirred, and 1215 mg (5 mmol) of 4-(1H-imidazol-2-yl)benzoyl 

chlorideÅHCl was added, resulting in HCl gas evolution and a rapid color change from 

orange/yellow to brown. The reaction was allowed to stir for 20 hours, and was then 

diluted with 50 mL of dichloromethane. The reaction was extracted sequentially with 5 

mL saturated NaHCO3, and 5 mL brine. The organic layer was dried over Na2SO4, 

filtered, and concentrated to dryness under reduced pressure, resulting in a viscous brown 

oil. The oil was triturated with hexanes and dried again, resulting in a brown foam that 

became a solid powder when broken up. Yield 56%. HRMS (ESI) calc. for C18H25N3O 

([M + H]+): 300.2070, found 300.2077. 1H NMR (500 MHz, CD2Cl2) ŭ 10.67 (s, 1H, 

NH), 7.78 (d, 3J = 8.0 Hz, 2H, aryl), 7.32 ï 7.25 (m, 2H, aryl), 7.12 (s, 2H, imidazolyl), 

3.53 ï 3.44 (m, 2H, N-CH2), 3.24 ï 3.13 (m, 2H, N-CH2), 1.65 (s, 2H, N-CH2-CH2), 1.54 

ï 1.34 (m, 4H, N-CH2-CH2 + CH2-CH2-CH2), 1.17 ï 1.04 (m, 2H, CH2-CH2-CH2), 0.99 

(t, 3J = 7.3 Hz, 3H, CH3), 0.77 (t, J = 6.6 Hz, 3H, CH3).
13C NMR (126 MHz, CD2Cl2) ŭ 

171.64, 143.19, 137.28, 131.61, 130.60, 127.24, 125.58, 49.25, 44.98, 31.13, 30.04, 

20.72, 20.14, 14.13, 13.80. 
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Synthesis of Na[IMP -DBA]. 

In an inert atmosphere glovebox, a 20 mL vial was charged with 299 mg (1.00 

mmol) 4-(1H-imidazol-2-yl)-N,N-dibutylbenzamide and 5 mL THF. The suspension was 

stirred briefly and cooled to ï 35 ϊC. 24 mg (1.00 mmol) of NaH was added, and the 

suspension was stirred while coming to room temperature and then for an addition 23 h. 

The reaction was dried in vacuo, yielding a beige solid. This solid was suspended in 8 mL 

toluene and stirred briefly before being cooled to -35 ϊC. 1024 mg (2.00 mmol) of 

B(C6F5)3 was added and the solution was stirred while coming to room temperature, and 

then for an additional 18 h. 30 mL of pentane was added to the reaction, resulting in a 

large amount of white precipitate. The reaction was removed from the glovebox, poured 

onto an additional 50 mL pentane, and the precipitate was filtered off, washed with 

hexanes, and dried in vacuo. Yield 46%. Recrystallization via layer diffusion of hexanes 

into a concentrated THF/dichloromethane solution yielded X-ray quality crystals of the 

analytically pure sample. Anal. Calc. for NaC54H24N3B2F30OĀ1.3C4H8O C, 49.41 %, H, 

2.41 %, N, 2.92 %, found C, 49.652 %, H, 2.400 %, N, 3.201%. 1H NMR (500 MHz, 

CD2Cl2) ŭ 7.23 (d, 
3J = 5.1 Hz, 2H, aryl), 6.63 (d, 3J = 8.4 Hz, 2H, aryl), 6.32 (br s, 2H, 

imidazolyl), 3.37 (br s, 2H, N-CH2), 3.04 (br s, 2H, N-CH2), 1.56 (m, 2H, N-CH2-CH2), 

1.24 (m, 6H, N-CH2-CH2 + CH2-CH2-CH2), 0.93 (t, 3J = 7.4 Hz, 3H, CH3), 0.73 (t, 3J = 

7.3 Hz, 3H, CH3).
 13C NMR (126 MHz, CD2Cl2) ŭ 171.98, 138.06, 130.98, 130.02, 

129.36, 128.55, 125.11, 124.30, 49.34, 45.13, 30.99, 29.61, 20.60, 19.79, 13.98, 13.49. 

19F NMR (471 MHz, CD2Cl2) ŭ -125.28, -133.47, -158.45, -160.10, -164.29, -165.76. 11B 

NMR (161 MHz, CD2Cl2) ŭ -8.40. Unit cell (XRD) monoclinic P, a = 33.184(3) Å, b = 

15.7566(14) Å, c = 26.172(2) ¡, ɓ = 109.217(2)Á. 
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Synthesis of (4-(1H-imidazol-2-yl)phenyl)(piperidin -1-yl)methanone (3.11). 

Under ambient conditions, a 100 mL round bottom flask was charged with 30 mL 

dichloromethane, 434 ɛL (4.4 mmol) piperidine, and 2.2 mL of triethylamine. The 

solution was stirred, and 972 mg (4 mmol) of 4-(1H-imidazol-2-yl)benzoyl chlorideÅHCl 

was added, resulting in HCl gas evolution and a rapid color change from orange/yellow 

to brown. The reaction was allowed to stir for 15 hours, and was then diluted with 50 mL 

of dichloromethane. The reaction was extracted sequentially with 5 mL saturated 

NaHCO3, and 5 mL brine. The organic layer was dried over Na2SO4, filtered, and 

concentrated to dryness under reduced pressure, resulting in light brown solid. Yield 

82%. Anal. Calc. for C15H17n3OĀ0.1CH2Cl2 C, 68.75 %, H, 6.57 %, N, 15.93 %, found C, 

68.360 %, H, 6.969 %, N, 16.317%.1H NMR (500 MHz, CD2Cl2) ŭ 11.18 (v br s, 1H, 

NH), 7.81 ï 7.75 (dd, 3J = 8.4, 4J = 1.8, 2H, aryl), 7.31 (d, 3J = 8.1 Hz, 2H, aryl), 7.11 (s, 

2H, imidazolyl), 3.69 (br s, 2H, N-CH2), 3.33 (br s, 2H, N-CH2), 1.67 (br s, 4H, N-CH2-

CH2), 1.50 (br s, 2H, CH2-CH2-CH2).
 13C NMR (126 MHz, CD2Cl2) ŭ 170.23, 146.21, 

136.32, 132.03, 127.62, 125.63, 49.15, 46.20, 43.52, 26.88, 26.05. 

 

Synthesis of Na[IMP -pipA].  

In an inert atmosphere glovebox, a 20 mL vial was charged with 255 mg (1.00 

mmol) 4-((1H-imidazol-2-yl)-phenyl)(piperidin-1-yl)methanone and 5 mL THF. The 

suspension was stirred briefly and cooled to ï 35 ϊC. 24 mg (1.00 mmol) of NaH was 

added, and the suspension was stirred while coming to room temperature and then for an 

addition 18 h. The reaction was dried in vacuo, yielding a brown solid. This solid was 

suspended in 10 mL toluene and stirred briefly before being cooled to -35 ϊC. 1024 mg 

(2.00 mmol) of B(C6F5)3 was added and the solution was stirred while coming to room 

temperature, and then for an additional 17 h. 30 mL of pentane was added to the reaction, 
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resulting in a large amount of white precipitate. The reaction was removed from the 

glovebox, poured onto an additional 50 mL pentane, and the precipitate was filtered off, 

washed with hexanes, and dried in vacuo. Yield 77%. Recrystallization via layer 

diffusion of hexanes into a concentrated THF/dichloromethane solution yielded X-ray 

quality crystals of the analytically pure sample. Anal. Calc. for NaC51H16N3B2F30OĀ2 

C4H8O C, 49.03 %, H, 2.23 %, N, 2.91 %, found C, 49.338 %, H, 2.435 %, N, 3.031%. 

1H NMR (500 MHz, CD2Cl2) ŭ 7.24 (d, 
3J = 4.0 Hz, 2H, aryl), 6.67 (d, 3J = 8.4 Hz, 2H, 

aryl), 6.43 (br s, 2H, imidazolyl), 3.58 (br s, 2H, 2H, N-CH2), 3.24 ï 3.19 (m, 2H, 2H, N-

CH2), 1.68 (p, 3J = 6.2, 3J = 5.8 Hz, 2H, N-CH2-CH2), 1.61 (dt, 3J = 11.0, 3J = 5.8 Hz, 2H, 

N-CH2-CH2), 1.52 (p, 3J = 6.2 Hz, 2H, CH2-CH2-CH2).
 19F NMR (471 MHz, CD2Cl2) ŭ -

125.39, -133.45, -158.48, -160.12, -164.41, -166.03. 11B NMR (161 MHz, CD2Cl2) ŭ -

8.82. 13C NMR (126 MHz, CD2Cl2) ŭ 170.06, 147.62, 141.42, 137.13, 130.48, 125.23, 

124.87, 121.80, 49.23, 43.64, 26.58, 24.45. Unit cell (XRD) triclinic, a = 14.2164(17) Å, 

b = 14.4515(17) Å, c = 17.120(2) Å, Ŭ = 81.955(2)Á, ɓ = 72.302(2)Á, ɔ = 67.813(2)°. 

 

Synthesis of 2-(3,5-bis(trifluoromethyl)phenyl) -1H-imidazole (3.6).  

This compound was synthesized using a modified version of the procedure 

reported by Zhichkin and coworkers.16 Under air, a 100 mL round bottom flask was 

charged with 10 mL methanol and 1.68 mL (10 mmol) 3,5-

bis(trifluoromethyl)benzonitrile and stirred. Sodium methoxide in methanol (25%, 1 

mmol) was added and the solution was stirred at room temperature for 2 h. 

Aminoacetaldehyde diethyl acetal (1.45 mL, 10 mmol) and 1.2 mL glacial acetic acid 

were then added and the reaction was heated to 50 ϊC for 1 h. The reaction was cooled 

and diluted with 20 mL methanol, followed by addition of 5 mL 6 M HCl, and the 

reaction was heated to 75 ϊC for 5 h. After cooling, solvent was removed with a rotary 
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evaporator, and the white residue was taken up in 30 mL 1:1 water/diethyl ether and 

extracted. NaOH was added to the clear aqueous layer until it attained a pH of 10; the 

white precipitate that formed was filtered and dried in vacuuo. The aqueous filtrate was 

allowed to stand overnight, during which time X-ray quality crystals grew as large 

colorless needles. Yield 22%. HRMS (ESI) calc. for C11H6N2F6 ([M + H]+): 281.0513, 

found 281.0512. 1H NMR (500 MHz, DMSO-d6) ŭ 13.06 (s, 1H, NH), 8.58 (s, 2H, aryl), 

8.06 (s, 1H, aryl), 7.29 (s, 2H, aryl). 13C NMR (126 MHz, DMSO-d6) ŭ 143.21, 133.39, 

131.77, 131.51, 131.25, 130.98, 124.83, 122.66, 121.43. 19F NMR (471 MHz, DMSO-d6) 

ŭ -61.55. 

 

Synthesis of Na[IMP -(CF3)2]. 

In an inert atmosphere glovebox, a 40 mL vial was charged with 280 mg (1.0 

mmol) 2-(3,5-bis(trifluoromethyl)phenyl)-1H-imidazole and 5 mL THF. The solution 

was stirred briefly and cooled to -35 ϊC. 24 mg (1.0 mmol) of NaH was added, and the 

suspension was stirred while coming to room temperature and then for an addition 24 h. 

The reaction was dried in vacuo, yielding a white solid. This solid was suspended in 8 

mL toluene and stirred briefly before being cooled to -35 ϊC. 1024 mg (2.0 mmol) of 

B(C6F5)3 was added and the solution was stirred while coming to room temperature, and 

then for an additional 17 h. 30 mL of pentane was added to the reaction, resulting in a 

large amount of white precipitate. The reaction was removed from the glovebox, poured 

onto an additional 40 mL pentane, and the precipitate was filtered off, washed with 

hexanes, and dried in vacuo.  The solid was purified via slow diffusion of hexanes into a 

concentrated DCM/THF solution of the product. It should be noted that the product, 

while solid, is very tacky and must be kept under somewhat anhydrous conditions. Yield 

74 %. Anal. Calc. for NaC47H5N2B2F36Ā2C4H8O C, 44.93 %, H, 1.44 %, N, 1.91 %, found 
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C, 45.070 %, H, 1.615 %, N, 1.986%. 1H NMR (500 MHz, CD2Cl2) ŭ 7.61 (s, 1H, aryl), 

7.27 (d, 4J = 3.5 Hz, 2H, aryl), 6.98 (s, 2H, imidazolyl).13C NMR (126 MHz, CD2Cl2) ŭ 

149.45, 147.45, 145.68, 131.35, 131.13, 129.58,125.73, 123.92, 123.01, 121.75, 108.53. 

19F NMR (471 MHz, CD2Cl2) ŭ -64.65, -133.39, -158.63, -159.64, -164.44, -164.60, -

166.85. 11B NMR (161 MHz, CD2Cl2) ŭ -8.22. Unit cell (XRD) monoclinic P, a = 

15.937(3) Å, b = 25.254(4) Å, c = 18.608(3) ¡, ɓ = 106.941(3)Á. 

 

Synthesis of 2.3[IMP -(CF3)2]. 

In an inert atmosphere glovebox, a 4 mL vial was charged with 50 mg (0.0786 

mmol) of Pd(quin)(IPr)Cl, and 1 mL of dichloromethane and stirred to dissolve. To the 

bright orange solution was added 110 mg (0.0.0825 mmol) of Na[IMP-(CF3)2], and the 

solution immediately turned bright yellow. The reaction was allowed to stir for 16 h and 

the solution was filtered through celite, layered with pentane, and stored at -35ϊC to 

afford X-ray quality crystals as yellow blocks.  Yield 93%. Anal. Calc. for 

PdC84N5OF36B2H48 Ā 0.9 CH2Cl2  C, 50.19 %, H, 2.47 %, N, 3.45 %, found C, 50.238 %, 

H, 2.502 %, N, 3.360 %. 1H NMR (500 MHz, CD2Cl2) ŭ 8.51 (dd, 
3J = 8.4, 4J = 1.1 Hz, 

1H, quinolyl), 8.22 (d, 3J = 4.4 Hz, 1H, quinolyl), 8.12 (dd, 3J = 8.1, 4J = 1.0 Hz, 1H, 

quinolyl), 7.90 (dd, 3J = 7.3, 4J = 1.1 Hz, 1H, quinolyl), 7.63 ï 7.53 (m, 5H, quinolyl + 

IPr aryl + IMP-(CF3)2 aryl), 7.38 (d, 3J = 7.8 Hz, 4H, IPr aryl), 7.35 (s, 2H, IPr 

imidazolyl), 7.25 (d, 3J = 3.8 Hz, 2H, IMP-(CF3)2 aryl), 6.97 (s, 2H, IMP-(CF3)2 

imidazolyl), 2.74 (hept, 3J = 6.7 Hz, 4H), 1.31 (d, 3J = 6.8 Hz, 12H), 1.26 (d, 3J = 6.9 Hz, 

12H). 13C NMR (126 MHz, CD2Cl2) ŭ 174.83, 150.89, 149.38, 146.60, 145.65, 139.89, 

133.83, 133.75, 131.34, 131.18, 131.05, 130.00, 129.63, 129.36, 125.70, 125.65, 125.10, 

124.95, 123.93, 123.90, 122.91, 121.76, 29.36, 25.12, 25.03. Solid state IR 1755 cm-1, 
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soln. state 1761 cm-1. Unit cell (XRD) triclinic, a = 13.652(5) Å, b = 16.550(6) Å, c = 

20.994(8) ¡, Ŭ = 112.393(7)Á, ɓ = 91.470(7)Á, ɔ = 101.814(7)Á. 

 

Synthesis of 2.3[IMP -DMA ]. 

In an inert atmosphere glovebox, a 4 mL vial was charged with 50 mg (0.0786 

mmol) of Pd(quin)(IPr)Cl, and 1 mL of dichloromethane and stirred to dissolve. To the 

bright orange solution was added 104 mg (0.0.0825 mmol) of Na[IMP-DMA], and the 

solution immediately turned bright yellow. After less than a minute of stirring, a large 

amount of pale yellow precipitate was observed. The reaction was allowed to stir for 16 h 

and the solution was filtered through a frit. The pale yellow solid and yellow filtrate were 

each dried in vacuuo; NMR of each revealed that the solid was the desired product.  

Yield 85%. Recrystallization of the solid from dichloromethane/acetonitrile/hexanes 

yielded X-ray quality crystals of the MeCN adduct. Anal. Calc. for PdC87N7O2F30B2H59 Ā 

0.65 CH2Cl2  C, 52.97 %, H, 3.06 %, N, 4.93 %, found C, 53.23 %, H, 3.12 %, N, 4.65 

%. 1H NMR (500 MHz, DMSO-d6) ŭ 9.60 (dd, 3J = 5.0, 4J = 1.5 Hz, 1H, quinolyl), 8.69 

(dd, 3J = 8.3, 4J = 1.4 Hz, 1H, quinolyl), 8.20 (dd, 3J = 8.0, 4J = 1.2 Hz, 1H, quinolyl), 

7.81 ï 7.73 (m, 4H, quinolyl + IPr aryl), 7.71 ï 7.66 (m, 1H, quinolyl), 7.39 (t, 3J = 7.7 

Hz, 2H, IPr aryl), 7.30 ï 7.21 (m, 6H, IPr aryl + IPr imidazolyl IMP-DMA aryl), 6.89 (d, 

3J = 8.5 Hz, 2H, IMP-DMA aryl), 6.26 (s, 2H, IMP-DMA imidazolyl), 3.40 ï 3.33 (m, 

2H, CH(CH3)2), 3.10 (hept, 3J = 5.9 Hz, 2H, CH(CH3)2), 2.90 (s, 3H, N-CH3), 2.78 (s, 

3H, N-CH3), 1.32 (d, 3J = 6.6 Hz, 6H, CH(CH3)2), 1.19 (d, 3J = 6.9 Hz, 6H, CH(CH3)2), 

0.99 (dd, 3J = 14.1, 3J = 6.7 Hz, 12H, CH(CH3)2).
1H NMR of MeCN adduct (500 MHz, 

CD2Cl2) ŭ 8.52 ï 8.46 (m, 2H, quinolyl), 8.04 (dd, 3J = 8.1, 4J = 1.1 Hz, 1H, quinolyl), 

7.87 (dd, 3J = 7.3, 4J = 1.2 Hz, 1H, quinolyl), 7.64 ï 7.57 (m, 2H, quinolyl), 7.44 (t, 3J = 

7.8 Hz, 2H, IPr aryl), 7.32 ï 7.27 (m, 6H, IPr aryl + IPr imidazolyl), 7.19 (d, 3J = 3.5 Hz, 
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2H, IMP-DMA aryl), 6.77 (d, 3J = 8.7 Hz, 2H, IMP-DMA aryl), 6.36 (s, 2H, IMP-DMA 

imidazolyl), 3.02 (dt, 3J = 13.2, 3J = 6.4 Hz, 4H, CH(CH3)2), 2.79 (d, J = 9.8 Hz, 6H), 

2.16 (s, 3H, MeCN CH3), 1.17 (dd, 3J = 11.9, 3J = 6.8 Hz, 24H, CH(CH3)2).
13C NMR 

(126 MHz, CD2Cl2) ŭ 176.76, 170.67, 150.28, 149.52, 146.61, 139.85, 135.35, 133.34, 

132.31, 130.82, 129.39, 127.40, 126.44, 125.11, 124.82, 128.28, 34.53, 28.89, 26.11, 

23.57, 22.75. IR (thin film, cm-1): ɜC=O 1755 cm-1, IR (CH2Cl2, cm-1): ɜC=O 1761 cm-1. 

 

Synthesis of 2.3[IMP -pipA]. 

In an inert atmosphere glovebox, a 4 mL vial was charged with 50 mg (0.0786 

mmol) of Pd(quin)(IPr)Cl, and 1 mL of dichloromethane and stirred to dissolve. To the 

bright orange solution was added 108 mg (0.0.0825 mmol) of Na[IMP-pipA], and the 

solution immediately turned bright yellow. After less than a minute of stirring, a large 

amount of pale yellow precipitate was observed. The reaction was allowed to stir for 16 h 

and the solution was filtered through a frit. The pale yellow solid and yellow filtrate were 

each dried in vacuuo; NMR of each revealed that the solid was the desired product.  

Yield 79%. Recrystallization of the solid from dichloromethane/acetonitrile/hexanes 

yielded X-ray quality crystals of the MeCN adduct. Anal. Calc. for PdC90N7O2F30B2H63 Ā 

1.45 C6H14 1.35 CH2Cl2  C, 54.05 %, H, 3.86 %, N, 4.43 %, found C, 54.472 %, H, 3.392 

%, N, 3.949 %. 1H NMR of MeCN adduct (500 MHz, CD2Cl2) ŭ 8.54 (br s, 1H, 

quinolyl), 8.52 ï 8.48 (m, 1H, quinolyl), 8.04 (dd, 3J = 8.1, 4J = 1.1 Hz, 1H, quinolyl), 

7.88 (dd, 3J = 7.3, 4J = 1.2 Hz, 1H, quinolyl), 7.65 ï 7.57 (m, 2H, quinolyl), 7.44 (t, 3J = 

7.8 Hz, 2H, IPr aryl), 7.32 ï 7.27 (m, 6H, IPr aryl + IPr imidazolyl), 7.18 (d, 3J = 3.2 Hz, 

2H, IMP-pipA aryl), 6.73 (d, 3J = 8.7 Hz, 2H, IMP-pipA aryl), 6.34 (br s, 2H, IMP-pipA 

imidazolyl), 3.43 (br s, 2H, N-CH2), 3.09 (br s, 2H, N-CH2), 3.02 (hept, 3J = 7.0 Hz, 4H, 

CH(CH3)2), 2.16 (s, 3H, MeCN CH3), 1.52 (s, 2H, N-CH2-CH2), 1.34 (s, 4H, N-CH2-CH2 



 

105 

+ , CH2-CH2-CH2), 1.19 (d, 3J = 6.7 Hz, 12H, CH(CH3)2), 1.16 (d, 3J = 6.8 Hz, 12H, 

CH(CH3)2).
13C NMR (126 MHz, CD2Cl2) ŭ 176.78, 169.37, 150.36, 149.55, 148.44, 

141.22, 139.93, 137.19, 135.40, 132.27, 130.80, 130.10, 129.79, 129.40, 129.32, 128.54, 

127.33, 126.12, 125.13, 124.82, 123.16, 35.02, 34.53, 29.45, 28.88, 26.15, 25.64, 24.68, 

23.51, 22.75, 20.82, 3.51. IR (thin film, cm-1): ɜC=O 1755 cm-1, IR (CH2Cl2, cm-1): ɜC=O 

1761 cm-1. Unit cell (MeCN adduct) (XRD) triclinic, a = 15.857(3) Å, b = 19.087(4) Å, c 

= 19.142(4) ¡, Ŭ = 115.371(3)Á, ɓ = 106.919(3)Á, ɔ = 99.963(4)Á. 

 

Synthesis of [2.3(2-pyrrolidone) ][BAr F
4]. 

Recrystallization of [Pd(IPr)(C(O)C6H9N)]BAr F
4 in the presence of 2-pyrrolidone 

from dichloromethane/hexanes yielded X-ray quality crystals of the amide adduct. 1H 

NMR (500 MHz, CD2Cl2) ŭ 8.43 (dd, 
3J = 8.3, 4J = 1.3 Hz, 1H, quinolyl), 8.21 (dd, 3J = 

5.0, 4J = 1.3 Hz, 1H, quinolyl), 8.01 (dd, 3J = 8.1, 4J = 1.1 Hz, 1H, quinolyl), 7.89 (dd, 3J 

= 7.3, 4J = 1.2 Hz, 1H, quinolyl), 7.72 ï 7.68 (m, 8H, BArF
4 aryl), 7.64 ï 7.58 (m, 1H, 

quinolyl), 7.56 ï 7.50 (m, 5H, BArF
4 aryl + quinolyl), 7.44 (t, 3J = 7.8 Hz, 2H, IPr aryl), 

7.32 ï 7.26 (m, 6H, IPr aryl + IPr imidazolyl), 5.08 (s, 1H, NH), 3.13 (t, 3J = 5.8 Hz, 2H, 

C(O)CH2), 2.99 (s, 4H, CH(CH3)2), 1.95 (m, 4H, N-CH2-CH2), 1.22 (d, 3J = 6.7 Hz, 12H, 

CH(CH3)2), 1.16 (d, 3J = 6.8 Hz, 12H, CH(CH3)2). IR (thin film, cm-1): ɜC=O 1689 cm-1, 

IR (CH2Cl2, cm-1): ɜC=O 1691 cm-1. Unit cell (XRD) monoclinic P, a = 11.9243(4) Å, b = 

16.2589(5) Å, c = 35.9037(12) ¡, ɓ = 90.1870(10)Á. 

 

Synthesis of [2.3(N-methyl-2-pyrrolidone) ][BAr F
4]. 

Recrystallization of [Pd(IPr)(C(O)C6H9N)]BAr F
4 in the presence of N-methyl-2-

pyrrolidone from dichloromethane/hexanes yielded X-ray quality crystals of the amide 

adduct. 1H NMR (500 MHz, CD2Cl2) ŭ 8.43 (dd, 
3J = 8.3, 4J = 1.3 Hz, 1H, quinolyl), 8.08 
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(dd, 3J = 5.0, 4J = 1.3 Hz, 1H, quinolyl), 8.01 (dd, 3J = 8.1, 4J = 1.1 Hz, 1H, quinolyl), 

7.91 ï 7.88 (m, 1H, quinolyl), 7.73 ï 7.66 (m, 8H, BArF
4 aryl), 7.64 ï 7.59 (m, 1H, 

quinolyl), 7.56 ï 7.49 (m, 5H, BArF
4 aryl + quinolyl), 7.43 (t, 3J = 7.8 Hz, 2H, IPr aryl), 

7.31 ï 7.25 (m, 6H, IPr aryl + IPr imidazolyl), 3.35 (t, 3J = 7.3 Hz, 2H, C(O)CH2), 3.03 

(s, 4H, CH(CH3)2), 2.81 (s, 3H, N-CH3), 1.65 (p, 3J = 7.9 Hz, 4H, N-CH2-CH2), 1.20 (d, 

3J = 6.7 Hz, 12H, CH(CH3)2), 1.16 (d, 3J = 6.6 Hz, 12H, CH(CH3)2). IR (thin film, cm-1): 

ɜC=O 1689 cm-1, IR (CH2Cl2, cm-1): ɜC=O 1688 cm-1
. Unit cell (XRD) monoclinic P, a = 

12.1390(12) Å, b = 16.3843(17) Å, c = 35.752(4) ¡, ɓ = 90.134(2)Á. 

 

Synthesis of Na[pyrr(BCF)]. 

In an inert atmosphere glovebox, a 3M stock solution of 2-pyrrolidinone in diethyl ether 

was prepared and stored over 3 Å molecular sieves for 48 h to remove possible residual 

water from the amide. Subsequently, 333 ɛL (1 mmol) of the stock solution was added to 

2 mL of THF in a 16 mL vial, stirred, and cooled to -35 хC. Sodium hydride (24 mg, 1 

mmol) was added to the solution and it was stirred while warming to room temperature, 

followed by an additional 3 hours of stirring. The reaction was removed from the 

glovebox, dried in vacuuo, and deprotonation was confirmed by NMR. The solid was 

brought back into the glovebox and 99mg (0.925 mmol) was added to a 16 mL vial. 

Toluene (5 mL) was added to the vial, the suspension was stirred briefly, and cooled to -

35 хC. Tris(pentafluorophenyl)borane (474 mg, 0.925 mmol) was added and the reaction 

was stirred while coming to room temperature and then for an additional 20 hours. Note: 

if the reaction becomes a goo during this stage, addition of more toluene can break it up 

and allow for more optimal stirring. Pentane (5 mL) was added to the reaction, resulting 

in the formation of a white precipitate. The reaction was removed from the glovebox and 

poured onto an additional 40 mL pentane. The resulting white solid was filtered and dried 
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in vacuuo, yield 33%. Recrystallization from dichloromethane/THF/pentane resulted in 

X-ray quality crystals. Anal. Calc. for NaC22H6BF15NO Ā 0.85 C4H8O C, 44.84 %, H, 1.90 

%, N, 2.06 %, found C, 44.831 %, H, 1.895 %, N, 2.120 %. 1H NMR (500 MHz, 

CD2Cl2) ŭ 3.39 (v br s, 2H, N-CH2), 2.15 (t, 3J = 7.5 Hz, 2H, C(O)-CH2), 1.90 (s, 2H, N-

CH2-CH2). 
13C NMR (126 MHz, CD2Cl2) ŭ 181.77, 51.58, 35.53. Unit cell (XRD) 

triclinic, a = 11.173(3) Å, b = 12.137(3) Å, c = 22.128(5) ¡, Ŭ = 96.896(4)Á, ɓ = 

99.379(5)Á, ɔ = 114.259(4)Á. 

 

Synthesis of 2.3[pyrr(BCF)].  

In an inert atmosphere glovebox, a 4 mL vial was charged with 50 mg (0.0786 mmol) 

Pd(quin)(IPr)Cl and 1 mL dichloromethane and stirred to dissolve. Na[pyrr(BCF)] (51 

mg, 0.0825 mmol) was added to the solution and it was stirred, turning from orange to 

bright yellow after 1.5 h. After 18 h the reaction was filtered through celite and layered 

with pentane. Yield 71 %. Anal. Calc. for PdC59H49N4O2BF15 Ā 0.5 CH2Cl2 C, 55.37 %, 

H, 3.90 %, N, 4.34 %, found C, 55.309 %, H, 3.901 %, N, 4.418 %. 1H NMR (500 MHz, 

CD2Cl2) ŭ 9.07 (br s, 1H, quinolyl), 8.20 (br s, 1H, quinolyl), 7.88 (br s, 1H, quinolyl), 

7.77 (d, 3J = 7.2 Hz, 1H, quinolyl), 7.52 (t, 3J = 7.8 Hz, 1H, quinolyl), 7.43 (t, 3J = 7.8 

Hz, 2H, IPr aryl), 7.29 ï 7.23 (m, 6H, IPr aryl + IPr imidazolyl), 3.42 (s, 2H, B-N-CH2), 

3.07 (br s, 4H, CH(CH3)2), 1.69 (v br s, 4H, N-CH2-CH2 + C(O)-CH2), 1.22 ï 1.17 (d, J = 

6.8 Hz, 12H, CH(CH3)2), 1.15 (d, J = 6.8 Hz, 12H, CH(CH3)2). 
13C NMR (126 MHz, 

CD2Cl2) ŭ 146.82, 130.46, 129.03, 128.70, 124.72, 124.59, 29.65, 28.82, 26.33, 23.13, 

21.85. IR (thin film, cm-1): ɜC=O 1683 cm-1, IR (CH2Cl2, cm-1): ɜC=O 1681 cm-1. 
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Computational Details.  

Density functional theory (DFT) calculations were performed using Gaussian 16, 

Revision A.03 (keywords in parenthesis below).27 Gas-phase optimized geometries were 

obtained using the M06 functional (M06)28 and 6-31g(d,p) basis set29 (6-31g(d,p)) for all 

non-metal atoms except Sb, for which a Stuttgart-Dresden effective core potential30 

(SDD) and SDB-cc-pVTZ basis set31 were used; for Pd, a Stuttgart-Dresden effective 

core potential and basis set30 (SDD) was complimented with an f-polarization function.32 

Tight convergence criteria (opt=tight) and an ultrafine grid (int=ultrafine) were specified. 

A frequency calculation on optimized structures revealed no imaginary frequencies, 

indicating the structures were minima on the potential energy surface. Optimized 

structures were then reevaluated using the M06 functional (M06), the def2-TZVP basis 

set33 (def2tzvp) with density fitting basis sets (auto) on all non-metal atoms, and SDD+f 

on Pd.  
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CHAPTER 4  

APPLICATIONS OF [IMP -R]ï ANIONS IN GOLD -CATA LYZED ORGANIC  

TRANSFORMATIONS  

4.1. Introduction 

The effect of anions on transition metal catalysts have been well-documented;1ï3 

often, changing the counterion for a catalytic process can effect a dramatic change in 

catalytic activity, modifying both reaction rates and selectivity.4ï6 Anion effects in 

cationic gold catalysis have been reported for a variety of reactions, with many of these 

reactions benefitting from very weakly-coordinating anions such as BArF
4
ï.2,3,7ï12 Despite 

a large number of reports describing anion effects in gold catalysis, from 2000-2013, 

92% of gold(I)- and gold(III)-catalyzed processes used only five counterions: OTf ï,   

NTf ï, Cl ï, SbF6
 ï, and BF4 

ï.3 While these catalysts often provide high reactivity and 

selectivity, it is likely that by casting a wider net, significant improvements in synthetic 

methodology may be made. Another more targeted option is to investigate the underlying 

causes of the known anion effects, and to choose or design anions to exploit these effects. 

Unfortunately, few investigations have worked to understand the origins of anion effects 

beyond observing them during reaction optimization;3,5,7,8,13,14 By exploring how anion 

functionality impacts catalytic reactions, and then tailoring anions to benefit reactions 

rather than simply acting to balance charge, both new synthetic methodology and deeper 

mechanistic insight may be achieved. 
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Efforts towards improving gold catalysis through the use of the functionalized 

[IMP-R]ï anions described in Chapter 3 are described in this chapter. Several gold-

catalyzed transformations are investigated, including alkyne hydroalkoxylation, alkyne 

hydration, intermolecular and intramolecular cyclizations, and aldehyde propargylation. 

Catalytic differences between anions are reported for some reactions; while other 

reactions do not show an anion dependence, new, highly active catalyst systems are 

reported. Continued exploration of possible anion functionalities will very likely lead to 

new anions that can dramatically improve transition metal catalysis. 

4.2. Results and Discussion 

4.2.1. Synthesis and characterization of [(L)Au(Lô)][IMP-R] complexes 4.2-4.4. 

To investigate a wide variety of catalytic reactions, we have synthesized 

complexes consisting of several gold cations paired with [IMP-R]ï anions . Most gold(I) 

complexes are of the form [(L)Au(Lô)], where L and Lô are either neutral or anionic 

ligands and the complex has a linear geometry. Generally, one of the ligands is neutral 

and strongly bound, and is considered to remain bound during catalysis; these ligands are 

very commonly NHCs or phosphines. The other ligand is usually hemilabile, and 

dissociates during catalysis to allow for substrate binding. Hemilabile ligands include 

solvent, such as acetonitrile, and somewhat weakly-coordinating anions, such as OTf ï, 

NTf2 
ï, or OTs ï.3 Exploring gold catalysis therefore requires the synthesis of complexes 

where both the tightly-bound and labile ligands are varied. The general procedure 

involves first synthesizing neutral (L)AuCl complexes 4.2-4.4 from (SMe2)AuCl 4.1 and 

L, followed by halide abstraction in the presence of labile ligand Lô (Figure 4.1). 
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Strongly-bound ligands used include IPr, JohnPhos, and tBuXPhos, while labile ligands 

include diphenylacetylene, 3-hexyne, and acetonitrile. 

 

 

Figure 4.1. Synthesis of gold complexes 

 

The diphenylacetylene complexes 5 (Figure 4.2) are the first reported 

Au(diphenylacetylene) compounds; lack of previous reports is unsurprising, as they 

rapidly decompose to unknown products at room temperature. The extreme degree of 

strain (C-CſC angle is ~162ϊ for [(IPr)Au(DPA)] [IMP -H] ) on the normally linear 

alkyne segment imparted by steric clash between the IPr ligand and alkyne phenyl rings 

likely makes this bonding interaction particularly weak, with alkyne displacement or 

nucleophilic attack both viable decomposition pathways. The hexyne- (C-CſC angle ~ 

170ϊ)   and acetonitrile-bound gold complexes 4.6-4.8 (Figures 4.3, 4.4) proved far more 

stable, with no decomposition observed under ambient conditions. Relevant bond lengths 
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and angles are shown in Table 4.1. Spacefilling models of the [(IPr)Au(alkyne)]+ cations 

show significantly less steric interaction between the IPr substituents and 3-hexyne than 

diphenylacetylene (Figure 4.5). 

 
Figure 4.2. Thermal ellipsoid plot of [(IPr)Au(DPA)][IMP -H]. Ellipsoids shown at 

50% probability, C 6F5 and diisopropylphenyl moeties shown in wireframe, 

hydrogen atoms and solvent hidden for clarity.  

 

 

Figure 4.3. Thermal ellipsoid plot of [(IPr)Au(3 -hexyne)][IMP-H]. Ellipsoids shown 

at 50% probability, C6F5 and diisopropylphenyl moeties shown in wireframe, 

hydrogen atoms and solvent hidden for clarity.  
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Figure 4.4. Thermal ellipsoid plot of [(tBuXPhos)Au(NCMe)][IMP -CF3]. Ellipsoids 

shown at 50% probability, C6F5 rings shown in wireframe, hydrogens and solvent 

hidden for clarity.  

 

 
Figure 4.5. Spacefilling models of [(IPr)Au(DPA)]+ (left) and [(IPr)Au(3 -hexyne)]+ 

(right). Top figures show the complex side-on, bottom figures are shown looking 

down the L-Au-Lô bond. The diphenylacetylene ligand is substantially more 

distorted by the IPr wingtips than the 3-hexyne ligand. 
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Table 4.1. Relevant Bond Lengths and Angles for [(L)Au(L')] + Cations 

Cation 

L-Au Bond 

Length (Å) 

Lô-Au Bond 

Length (Å) 

C-CſC 

Angle (ϊ 

L -Au-Lô 

Angle (ϊ 

[(IPr)Au(DPA)] + 2.001(4) 2.11a 161.7(5) 176.5a 

[(IPr)Au(3 -hexyne)]+ 1.997(6) 2.13a 170.2(8) 178.8a 

(tBuXPhos)Au(NCMe)]+ 2.2402(16) 2.044(6) - 170.66 

aEstimated using known bond lengths and angles from structures. 

 

4.2.2. Hydroalkoxylation of 3-hexyne. 

 While it is often seen that very weakly-coordinating anions, such as BArF
4
-, lead 

to higher catalytic activity,4,11,15 this is not always the case. Zuccaccia and coworkers 

have used both experiment and DFT to investigate the anion effect seen in the gold-

catalyzed hydroalkoxylation of 3-hexyne (Figure 4.6).2,9,10 In this case, the neutral 

complex (IPr)Au(OTs) significantly outperforms [(IPr)Au(3 -hexyne)][BArF
4], as well 

as several other complexes featuring both more strongly- and weakly-coordinating 

anions. 
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Figure 4.6. Gold(NHC)-catalyzed hydroalkoxylation of 3-hexyne with methanol 

 

This increase in activity is attributed to the ability of the tosylate anion to organize 

a transition state between the gold cation, the alkyne, and the nucleophilic alcohol (Figure 

4.7); NTf2 
ï and OMs ï also form highly active ion pairs, as they can likely perform 

similar functions of hydrogen bonding as well as bonding to the gold center. OTf ï,    

ClO4 
ï, and BF4 

ï all form more catalytically-active ion pairs than the most weakly-

coordinating anion studied, BArF
4 
ï. While TFAï and OAc ï have the ability to stailize the 

transition state in a similar manner to tosylate, they are likely too strongly-coordinating or 

too basic, inhibiting substrate binding or forming inactive metal alkoxides. Clearly, small 

changes in anion structure can have huge implications in terms of catalytic activity; the 

presence of certain functionalities on anions may allow for high levels of control over 

catalyst activity.  
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Figure 4.7. DFT-calculated transition state for (IPr)Au(OTs)-catalyzed alkyne 

hydroalkoxylation. 

 

We hypothesized that [IMP-R]ï anions (described in Chapter 3) that have 

functionality similar to OTsï may allow for even higher rates of reaction; the weakly-

coordinating nature of the anions would allow the gold center to stay available for 

substrate binding, while the functional groups may be able to assist in organizing the 

transition state (Figure 4.8).  

 

Figure 4.8. Proposed transition state for [(IPr)Au][IMP -NO2]-cataylzyed alkyne 

hydroalkoxylation.16ï18 
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Under the conditions reported by Zuccaccia and coworkers, [(IPr )Au(3-

hexyne)][IMP-R] ion pairs were much less efficient catalysts than the reported 

(IPr)Au(OTs) catalyst; in addition to being significantly slower, there was visual 

evidence of gold nanoparticle formation when using any of the [(IPr)Au(3 -

hexyne)][IMP-R], as well as with the BArF
4
ï counterion. This is surprising, as Zuccaccia 

reports no formation of nanoparticles with an identical catalyst. This nanoparticle 

formation, evidenced by the reaction changing from colorless to bright purple, was 

reproducible, and occurred when using both methanol and benzyl alcohol as the 

nucleophile. Substitution of the IPr for JohnPhos also resulted in nanoparticle formation, 

and these catalysts were even less reactive. 

In an attempt to suppress catalyst decomposition, we turned to tBuXPhos 

complexes 4.8. JohnPhos was substituted for the bulkier tBuXPhos because nanoparticle 

formation had not been observed in our lab when using tBuXPhos with gold for other 

reactions.12 In addition to the [(tBuXPhos)Au(NCMe)][IMP -R] ion pairs, the 

[(tBuXPhos)Au(NCMe)][SbF6 ] and [(tBuXPhos)Au(NCMe)][BAr F
4 ] salts were 

prepared, as was the neutral (tBuXPhos)AuOTs. These ion pairs proved to be 

significantly slower than the IPr complexes when using methanol as the nucleophile. 

Reaction progress using various anions is shown in Figure 4.9 and conversion and 

turnover numbers after 18 h are shown in Table 4.2. In all cases, ketal 4.9 was the only 

product observed; Zuccaccia and coworkers report that the intermediate vinyl ether 4.10 

is extremely susceptible to addition of a second equivalent of nuclophile. 
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Table 4.2. Conversions and Turnover Numbers (TONs) for Gold-Catalyzed 

Hydroalkoxylation of 3-Hexyne 

Catalyst 18 h % Conversion TON at 18 h 

[(tBuXPhos)Au(NCMe)][IMP -H]  74 293 

[(tBuXPhos)Au(NCMe)][IMP -CF3] 78 311 

[(tBuXPhos)Au(NCMe)][IMP -NO2] 67 268 

[(tBuXPhos)Au(NCMe)][BAr F
4] 81 323 

[(tBuXPhos)Au(NCMe)][SbF6] 93 370 

(tBuXPhos)Au(OTs) 70 277 

[(tBuXPhos)Au(NCMe)][IMP -CO2Me] 77 308 

(tBuXPhos)Au[pyrr(BCF)]  3 12 

(IPr)Au(OTs) a 100 100 

aReported by Zuccaccia and coworkers at 17 minutes with 1 mol% catalyst loading. 
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Figure 4.9. Reaction progress of gold-catalyzed hydroalkoxylation of 3-hexyne with 

methanol. Inset shows progress up to 4.5 hours. 

 

 In an effort to accentuate the differences in reactivity imparted by anion identity, 

alkoxylation of 3-hexyne with a less reactive nucleophile ï triethylene glycol 

monomethyl ether ï was investigated (Figure 4.10). This change in nucleophile resulted 

in a significant decrease in reaction rate with all catalysts, however, it also resulted in a 

significantly more pronounced difference between the various anions (Figure 4.11).  
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Figure 4.10. Hydroalkoxylation of 3-hexyne with triethylene glycol monomethyl 

ether. 

 

 

 

Figure 4.11. Reaction progress of gold-catalyzed hydroalkoxylation of 3-hexyne with 

triethylene glycol monomethyl ether. 
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The reactivity of the various gold complexes appears to loosely correlate with the 

coordinating ability of the anions present; the more strongly coordinating the anion, the 

less reactive the catalyst (Table 4.3).  

 

Table 4.3. Anion Coordination Parameters and Catalytic Activity of Gold 

Complexes Paired with Various Anions 

Anion/Donor 
ŭ Methine 

(ppm) 

ɜCO, ATR-IR 

(cm-1) 

ɜCO, DCM 

(cm-1) 

ɜCO, DFT 

(cm-1) 

TON at 

18h 

[IMP -H]ï 2.75 1757 1760 - 293 

[IMP -CF3]ï 2.74 1770 1761 - 311 

[IMP -NO2]ï 2.76 1737 1760 1730 268 

BAr F
4
ï 2.75 1776 1760 1777 323 

SbF6
ï
 2.75 1694a 1760 1726 370 

OTsï 3.24 1688 1684 1713 277 

[IMP -CO2Me]ï 2.76 1729 1761 1730 308 

[pyrr(BCF)] ï 3.07 1683 1681 - 12 

 

The lower symmetry of tBuXPhos (compared to IPr) in relation to its steric 

hindrance of the gold center may allow anions to coordinate to the phosphine complex 

more strongly, thereby inhibiting reactivity. In contrast to the [(IPr)Au(L)]+/(IPr)Au(OTs) 

system, the gold tosylate complex proved to be the worst catalyst when using tBuXPhos 

as a ligand as compared to IPr, where having the gold cation paired with OTs ï resulted in 

the most active catalyst. The SbF6
 ï anion provided the most active phosphino gold 

catalyst. The identity of both the ligand and anion appear to drastically affect the 
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mechanism through which the alkoxylation proceeds. Increasing the steric bulk of the 

ligand slows the reaction, though it also appears to protect the gold cation from 

decomposition; moderately coordinating anions such as OTs ï increase reaction rates for 

the IPr complexes, wheres more weakly-coordinating anions increase rates when the 

[(tBuXPhosAu(NCMe)]+ cation is used. The [IMP-R]ï anions showed similar rates to one 

another, with all of them being less active and yielding less product than SbF6 
ï, but 

yielding more product and having faster rates than OTs ï. The initial rate of reaction with 

[IMP-CF3]
ï was similar to BArF4

 ï, with [IMP-H]ï slightly less active, and [IMP-NO2]
ï 

having the slowest initial rate.   

 

4.2.3. [2+2] Cycloaddition of phenylacetylene and Ŭ-methyl styrene 

 Echavarren and coworkers have reported a significant anion effect in the gold-

catalyzed [2+2] cycloaddition of phenylacetylene and Ŭ-methyl styrene (Figure 

4.12).11,12,19,20 Using the [(tBuXPhos)Au(NCMe)]+ cation paired with various anions, they 

found that the more weakly-coordinating the paired anion was, the faster the rate of the 

reaction. It was postulated that this difference in reactivity could be attributed to anion 

stabilization of the alkyne-bound gold complex, as more coordinating anions led to the 

formation of inactive digold species formed by deprotonation of the bound alkyne (Figure 

4.13).  
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Figure 4.12. Gold-catalyzed intermolecular [2+2] cyclization of Ŭ-methyl styrene 

and phenylacetylene. 

 

 
Figure 4.13. Inactive digold species formed by deprotonation of bound alkyne. 

 

We hypothesized that we can rank the relative coordinating ability of anions in 

the IMP class using relative rates of catalysis. Because several of the IMP anions bear 

basic functionalities, that these anions may significantly reduce rates of reaction and 

yields, as they may facilitate the formation of inactive digold species. Kinetic studies of 

this reaction were performed using ion pairs [(tBuXPhos)Au(NCMe)][ IMP -R]; results 

are shown in Figures 4.14 and 4.15. Both deuterated dichlormethane and toluene were 

used, as differences in solvent polarity can exaggerate differences in activity between 

anions.5 
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Figure 4.14. Reaction progress of gold-catalyzed [2+2] cycloaddition with various 

anions in CD2Cl2. 

 

 

Figure 4.15. Reaction progress of gold-catalyzed [2+2] cycloaddition with various 

anions in C7D8. 
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 While there is a slight difference in reactivity based on anion identity when this 

reaction is performed in dichloromethane, clearly a much larger difference exists when 

toluene is used as the reaction solvent. In the cases of [(tBuXPhos)Au(NCMe)][ IMP -

CO2Me] and [( tBuXPhos)Au(NCMe)][BArF
4], this large difference is likely due to 

solubility; these ion pairs were far less soluble in toluene than the others, with no 

evidence of [(tBuXPhos)Au(NCMe)][IMP -CO2Me] dissolving at all. The difference in 

reactivity between [( tBuXPhos)Au(NCMe)][IMP -H]/ [(tBuXPhos)Au(NCMe)][IMP -

CF3] and [(tBuXPhos)Au(NCMe)][IMP -NO2]/[( tBuXPhos)Au(NCMe)][BIMP] does 

not appear to be due to coordinating ability, as the [BIMP]ï anion likely has similar 

coordinating ability to [IMP-H]ï and [IMP-CF3]
ï. According to Echavarren and 

coworkers, the difference in the ability of the anion to form a pocket around the gold-

bound alkyne and prevent alkyne deprotonation is the source of reactivity differences 

between anions; it is possible that the [BIMP]ï anion is more hindered from forming such 

a pocket, which allows for more facile alkyne deptoronation. Similarly, [IMP-NO2] 
ï may 

interact through the nitro group, leaving more of the alkyne exposed. 

 

4.2.4. Hydration of diphenylacetylene 

 Prior work from our group has shown that by using a neutral, Zwitterionic gold 

catalyst, (BNHC)Au(SMe2) (Figure 4.16), silver- and acid-free hydration of internal 

alkynes can be achieved with both high yield and high chemo and regioselectivity (Figure 

4.17).21 As proton transfer is often invoked as a step in the mechanism of alkyne 

hydration,22 we believed that the [IMP-R]ï anions bearing basic functionalities, such as 
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[IMP-CO2Me]ï, may be able to facilitate this transfer step, thereby increasing catalytic 

rates. 

 

 
Figure 4.16. (BNHC)Au(SMe2) catalyst 

 

 
Figure 4.17. Alkyne hydration previously reported by our group.21 

 

We chose to use catalysts [(IPr)(Au)(3 -hexyne)][IMP-R] for this study based on 

its similarilty to zwitterionic complex (BNHC)Au(SMe2) (Figure 4.18). The reactions 

were run under identical conditions to those we previously reported using 

diphenylacetylene as the substrate, with the exception of a lower catalyst loading. In 

addition to using the ion pairs featuring [IMP-R]ï anions, the BArF4
ï ion pair was 

included, as was the neutral (IPr)Au(OTs).  
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Figure 4.18. Alkyne hydration using [Au][IMP -R] ion pairs. 

 

No difference in reactivity was seen when anion identity was changed. All 

complexes proved to be far more reactive catalysts for this transformation than the 

zwitterionic complex; at half the catalyst loading, full conversion was achieved in less 

than two hours compared to the 18 hours needed for the BNHC gold catalyst. The BNHC 

catalyst was found to be highly selective for the hydration of internal alkynes compared 

to terminal alkynes; this selectivity was not investigated with the tBuXPhos complexes, 

but this is an experiment worth pursuing in the future. 

 

4.2.5. Alkynyl alcohol cyclization 

 Alkynyl alcohol cyclization catalyzed by main group cations paired with Brønsted 

bases such as [Ca{N(SiMe3)2} 2]2 has been reported by Hill, Barrett, and coworkers;23 this 

reaction has been further studied in our group using bimetallic gold catalysts with anions 

bearing Brønsted-basic alkoxide ligands (Figure 4.19). As deprotonation/proton transfer 

is likely a step along the catalytic cycle, this seemed like a reaction that would benefit 

from having an anion with a basic site capable of deprotonating an alcohol and 

transferring the proton to the eletrophillic alkyne; additionally, as this is an 
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intramolecular reaction, having the anion in close proximity to the gold center based on 

Coloumbic interaction may increase the rate of this transfer. Though main group metals 

offer a significantly less expensive method for performing this reaction, it is a useful way 

to observe differences in reactivity with respect to our novel anions and anionic 

organometallic complexes. 

 

 
Figure 4.19. Bimetallic gold-catalyzed cyclization of alkynyl alcohol. 

 

 Using the ion pairs [(tBuXPhos)Au(NCMe)][IMP -R] yielded somewhat 

surprising results in this reaction. Consumption of the starting alkynyl alcohol was rapid 

compared to results using Brønsted base-containing catalysts, and at lower catalyst 

loadings. By the time the reactions were put into the NMR spectrometer, almost all of the 

starting alkyne was consumed, regardless of of the anion present. Consistent with results 

from Hill and Barrett, the alcohol attacks in a 6-endo-Dig fashion to form the endocyclic 

vinyl ether, which then slowly isomerizes to the exocyclic terminal product (Figure 4.20). 

Though initial reactivity is fast, the reaction appears to slow significantly once all of the 

starting material is cyclized, and even at extended reaction times, a mixture of both 

heterocycles is observed. 
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Figure 4.20. NMR spectra (C6D6) of alkynyl alcohol cyclization with 

[(tBuXPhos)Au(NCMe)][BAr F
4] at various time points. 

 

4.2.6. Propargylation of substituted benzaldehydes 

Recently Li and Zhang reported the use of a novel piperidyl-functionalized 

phosphine in gold-catalyzed propargylation of aldehydes to form substituted 

dihydrofurans (Figure 4.21).14 This phosphine performed far better than the parent 

JohnPhos, as well as several other derivatives similar in nature; this high reactivity was 

attributed to the ability of the ligand to deprotonate the bound alkyne, and it was found 






