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ABSTRACT OF THE DISSERTATION 

Carboranes: Engineering Ligands and Catalysts 
 

by 

 

Jack Finley Kleinsasser 

 

Doctor of Philosophy, Graduate Program in Chemistry 
University of California, Riverside, September 2019 

Dr. Vincent Lavallo, Chairperson 
 

 Carborane anions have been increasingly utilized as a vital tool in the study of 

reactive compounds as a result of their exceptional stability and weakly coordinating 

properties. These unique properties have anchored them into the toolbox of any chemist 

pursing unique and novel chemistry. Though they have been mainly used as counter 

anions to stabilize reactive cations, their application in organometallic chemistry is still in 

its infancy. In this report, we provide an in depth study on their impact within organometallic 

chemistry. Specifically, we studied their reactivity with the trityl cation and found that it 

does not react the way it has historically been explained. Moreover, we sought to use 

these compunds as phosphine ligand substituents. As phosphine ligands, their use in the 

hydroamination of alkynes with gold was explored where moderate activity was found with 

TONs as high as 900. Furthermore, their incorporation into a series of zwitterionic Ru 

complexes was examined. We also investigated how carboranyl phosphines affect the 

activity of Drent-type palladium polymerization of ethylene which produced oligomers and 

low molecular weight polyethylene. Lastly, we probed an exotic palladium dimer bearing 

a carboranyl phosphine with its reactivity with ethylene and obtained the first ever 

organometallic structure determined by MicroED. 
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CHAPTER 1: Introduction 

The landmark paper by Longuet-Higgins1 reporting the modern structure of 

diborane, first synthetized by Alfred Stock2, as having two bridging hydrides sparked a 

revolution in borohydride cluster chemistry that has persisted for decades. Though their 

chemical formulas do not vary much, the molecules themselves have widely diverse 

properties. These can range from the extremely pyrophoric, such as pentaborane B5H9, 

infamously known as the “green dragon”3, to the dianionic compounds [B12H12
-2] (1) and 

[B10H10
-2] (2) (Fig. 1), first reported by Hawthorne4,5,  which are considered the most  

thermally, chemically and electrochemically stable species known to science.6–8 An 

important subset of these species are carboranes,9–17 where one or more of the vertices 

of the boron cluster have been replaced by a carbon. By replacing a boron atom with 

carbon, the overall charge of the cluster reduces by 1. This is a product of the extra proton 

found on the carbon atom and the total number of electrons within the cluster remaining 

constant per the rules of counting skeletal electron pairs as developed by Wade and 

Mingos.18–20 As shown in Figure 1, both 1 and 2 have their isoelectronic partners in the 

icosahedron, [HCB11H11]- 3, and the bicapped square antiprism, [HCB9H9]- 4, both of which 

are monoanionic.21 

Compounds 1-4 are closo-

clusters as they have closed 

polyhedral shapes and 

closed shell electronic 

structures.10  

These clusters are considered to be 3D, σ-aromatic compounds whose electrons 

 Figure 1. The most thermodynamically stable closo dianionic 
borohydride and monoanionic carborane clusters 1-4 
(unlabeled vertices = B-H). 

https://en.wikipedia.org/wiki/H._Christopher_Longuet-Higgins
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are delocalized throughout the cluster. As shown in 

Figure 2, this 3D delocalization is through the px, py 

and spz orbitals from each vertex. Moreover, 

computational studies show that these clusters 

have equal to or greater aromaticity than benzene 

and benzene analogues. One such study is the 

Nucleus Independent Chemical Shift (NICS) which 

computationally measures the magnetic shielding 

at the center of the aromatic system. Benzene has a value of  -9.7 while 3 has a value of 

-34, where increasing negative values denotes increasing aromaticity.17  

Carborane anions 3 and 4 are some of the most weakly coordinating species as 

their charges are delocalized throughout the three dimensional aromatic core.9,17 

Functionalization of these clusters’ surfaces with halogens or alkyl groups, proceed 

through electrophilic aromatic substitution “like” reactions, which renders these species 

even more weakly coordinating. Indeed, much of the work from Christopher Reed utilized 

3, 4, and their halogenated derivatives as weakly coordinating anions to study reactive 

alkyl and silyl cations as well as super acid chemistry.9,22,23  

An important set of derivatives in carborane anions are the halogenated carborane 

clusters. Here, halogens replace the B-H bonds for B-X bonds. This has been shown to 

be highly selective where the antipodal boron is the first substitution site, followed by the 

meta or lower belt, and lastly, the ortho or upper belt becomes substituted for halogens.9,24 

This unique and selective substitution provides these clusters with tremendous inertness 

allowing for the study and isolation of some of the most elusive cationic species.25–36 This 

Figure 2. Orientation of px, py, and spz 

orbitals displaying the orientation of the 
MO’s in carborane clusters.10 
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inertness comes from the electron withdrawing effect that halogens facilitate which further 

enhances the delocalization of the negative charge within the cluster. Moreover, the 

halogens blanket the carborane with a protective screen of electron density. 

Some lesser explored aspects of carborane chemistry are that of organometallic 

chemistry and catalysis. Only a small handful groups from around the world have indeed 

invented unique ways to bind carborane anions to metals, but fewer still have studied the 

catalytic behavior of these carboranyl metal complexes. In fact, there exists only a single 

review article in the literature that properly encapsulates the little explored organometallic 

chemistry and catalysis utilizing carboranes.37 

This document will focus on the reactivity and organometallic chemistry of 

carboranes. Specifically, most sections will discuss carboranes used as substituents in 

phosphine ligand development and their application in catalysis and organometallic 

chemistry. Phosphine chemistry has a long and vibrant history owing to its ease of 

synthesis, utility as a ligand, and highly tunable functionality making them a top choice in 

the organometallic chemist’s toolkit.  The first anionic carboranyl phosphine was 

developed by Reed shown in Figure 3.38 Despite this discovery, he did not pursue any 

investigation into its use as a ligand.  Though 

there are several published works that have 

studied carborane anions as ligands,37 only the 

Lavallo research group has truly pioneered their 

use in single cite catalysis. These works will be 

discussed in the relevant sections below. 

 

Figure 3. Reed's synthesis for the first 
carboranyl phosphine 5[Li]+ in 1993. 
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CHAPTER 2: On the Reactivity of the Carba-closo-Dodecaborate Anion with the 

Trityl Cation 

 

Introduction 

Carboranes8–11,13,16,17,39,40 are a class of boron cluster compounds that contain at 

least one carbon atom in the skeleton. The most thermodynamically and chemically robust 

carborane clusters are the 12-vertex icosahedral derivatives. Such clusters are neutral if 

they contain two carbon atoms11 and monoanionic if they contain one carbon atom.17 The 

latter family of charged clusters contain a CB11 core and are of particular interest as weakly 

coordinating anions for highly electrophilic cations,9,25,26,41–50 substituents in ligand 

design,51–60 and components of ionic conducting materials.61–63 The parent cluster, 

specifically the carba-closo-dodecaborate anion [HCB11H11]-1, is the basic building block 

for functionalized derivatives (Fig. 4). The B-H vertices of this molecule can undergo 

electrophilic substitution reactions,17 most commonly with elemental halogens or alkyl 

electrophiles, that lead to replacement of hydrides with X or R groups, respectively. The 

substitution occurs 

selectively, first at the 

B-H antipodal to 

carbon because this 

position is the most 

electron rich, then at 

the central and 

subsequently upper 

pentagonal belt.  

Figure 4. Reed and coworkers previously discovered an incompatibility 
between the trityl cation and the carborane anion 3. Hydride abstraction 
from the carborane followed by dimerization to produce 6 was the 
proposed decomposition pathway. Unlabeled vertices = B-H. 
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In 1994, elegant and pioneering work by Reed and coworkers64 showed the 

synthesis of trityl cations with various polyhalogenated derivitives of 3. These trityl salts 

are the basis for the synthesis of Reed’s silylium cations and subsequent carborane 

superacids.9 Interestingly, they found an incompatibility between the trityl cation and 

unsubstituted 3. They reported that when the silver salt of 3[Ag]+, was reacted with trityl 

bromide, salt metathesis did occur, but the reaction did not lead to the desired trityl 

carborane salt 3[C(Ph)3]+ (Fig. 4). Instead, a new, unidentified product was observed that 

retained the local C5V symmetry of the cluster but contained a substituted B-H vertex as 

indicated by 11B NMR spectroscopy. Based on an early report by Hawthorne65 on the 

electrochemical oxidation of the related 10-vertex anion [HCB9H9]-1 which results in the 

formation of a carborane B-B dimer, they proposed that perhaps the trityl cation abstracted 

hydrides from the cluster 3 and a similar dimer 6 formed (Fig. 4). Additionally, under certain 

reaction conditions, they observed the formation of HCPh3, which is supportive of this 

reaction pathway. Out of genuine curiosity, we decided to reinvestigate this reaction and 

unambiguously determine its outcome.  

Results and Discussion 

 In lieu of preparing17 3[Ag]+, which would require an extra synthetic step, we chose 

to examine the salt metathesis reaction of trityl bromide with the lithium salt 3[Li]+. As a 

solvent, we chose fluorobenzene, since both reactants are very soluble in this medium 
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and LiBr is not. Thus, we performed the reaction and as expected saw a rapid precipitation 

of LiBr (Fig. 5). The reaction was filtered and subsequently concentrated to dryness under 

high vacuum. The material was then dissolved in H2O and for convenience Me3HNCl was 

added to precipitate any carborane containing salts. After drying the precipitate, it was 

analyzed by 11B{1H} NMR spectroscopy. Similar to what Reed reported,64 we observed 

three resonances (7.0, -8.1, -12.1ppm) in a 1:5:5 ratio, respectively. Substitution of the 

antipodal B-vertex at 7.0ppm was corroborated by 11B NMR spectroscopy, which shows 

this signal as a singlet.  

We next analyzed the residue by 1H NMR spectroscopy. The proton NMR 

spectrum shows a large singlet for the [Me3NH]+ cation’s methyl groups at 3.10ppm, a 

singlet at 5.46 that integrates for 1H relative to [HNMe3]+, two 2H doublets at 6.82 and 

7.33ppm that are coupled (7.9Hz), as well as a 10H multiplet between 7.12-7.29ppm. 

Importantly, vide infra, a trace (< 5%) of a minor compound with distinct 1H NMR chemical 

Figure 5.  Reaction of 3[Li] + with BrC(Ph)3 in F-C6H5 solvent leads to electrophilic arylation of the 
carborane at the B-vertex antipodal to C. The reaction produces a mixture (95:5) of arylated 
carboranes 7 and 7’. Unlabeled vertices = B-H. 
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shifts was observed. An HSQC (1H-13C correlation experiment) shows that the 1H 

resonance at 5.46ppm correlates with a 13C nucleus at 57.5ppm indicating the formation 

of a new sp3 hybridized carbon center. High resolution mass spectrometry (negative ion 

mode) showed that the new compound has a mass that corresponds to 7 plus CPh3, less 

1 proton. All of this data is consistent with the formation of the product 7[Me3NH]+ (Fig. 5). 

Presumably, the reaction proceeds via initial formation of the trityl cation 3[C(Ph)3]+ as an 

intermediate, where subsequently the carborane acts as a nucleophile that attacks the 

para-position of the trityl cation. It should be noted that it is well known that bulky 

nucleophiles attack the para-position of trityl cations if the central carbon is sterically 

inaccessible. The net reaction is an electrophilic aromatic arylation of the carborane cage 

to produce the carborane acid 7[H]+, which upon cation exchange is isolated as the 

trimethylammonium salt 7[Me3NH]+ (Fig. 4).  

A single crystal X-ray diffraction study confirmed the identity of 7[Me3NH]+ as the 

arylated carborane, which is substituted at 

a phenyl para-position (Fig. 6, left). While 

we were unable to obtain very high quality 

crystals that would provide accurate data 

for bond length and angle analysis (even 

utilizing a Cs+ counter cation), the 

connectivity of 7[Me3NH]+ is 

unambiguous. In the same mass of 

crystals we found a small amount of 

morphologically distinct material. 

Figure 6. Solid state structures of 7[Me3NH]+, 

major crystals (left). Note: [Me3NH]+ cation, 
hydrogens, and disordered positions omitted for 
clarity. Portion of the lattice from the minor crystal 
containing cocrystalized 7 and 7’ (right). Note: 

[Me3NH]+ cation, hydrogens, and  isordered 
population of 7 omitted for clarity. Color code:  
carbon = grey, boron = brown. 
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Although highly disordered over two positions, crystallographic analysis of the material 

reveals the cocrystalization of two distinct carborane anions, namely the para-arylated 

product 7[Me3NH]+ and the meta-arylated product 7’[Me3NH]+, in a 7:3 occupancy ratio in 

the lattice (Fig. 6, right). We attribute the minor peaks observed in the 1H NMR spectra to 

that of 7[Me3NH]+. Given that we chose different reaction conditions than that reported by 

Reed and coworkers, we next sought to replicate their exact experimental conditions64 to 

unambiguously confirm that the carborane B-B dimer 6 does not form. Thus, 3[Ag]+ was 

reacted with trityl bromide in acetonitrile. As reported, an equivalent of AgBr forms, but in 

our hands we do not observe even a trace of HCPh3. After an analogous workup described 

above, we isolated a mixture of 7[Me3NH]+ and 7’[Me3NH]+, but in this case, the ratio of 

the products was 1:1, para to meta, respectively.   

Conclusion 

 The communication above unambiguously explains the incompatibility of the 

carborane anion 3 and the trityl cation. The carborane anion 3 is not susceptible to hydride 

abstraction by [CPh3]+, instead it undergoes classical electrophilic substitution chemistry,17 

that shows solvent and countercation dependence on para to meta selectivity. While we 

do not fully understand the observed formation of the unusual meta product of electrophilic 

aromatic substitution on a phenyl ring, the result is intriguing and may lead to new 

approaches to meta directed arene functionalization. Furthermore, all previous B-

arylations of 3 have been achieved utilizing transition metal coupling38,66–70 or Li+ initiated 

sigma bond metathesis.71 Thus, the observed electrophilic arylation of a B-H vertex of 3 

introduces a new paradigm in the chemical elaboration of this anion. 
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Experimental 

General Considerations: All manipulations were carried out using standard 

Schlenk or glovebox techniques under a dinitrogen or argon atmosphere unless otherwise 

stated. Fluorobenzene was distilled from a solvent still over P2O5 and refluxed for several 

days. Acetonitrile was distilled from a solvent still over CaH2 and refluxed for several days. 

Lithium 1-carba-closo-undecaborate 3[Li]+ was prepared from a modified procedure by 

Uchiyama and co-workers:72 3[Me3NH]+ was deprotonated with LiH in acetonitrile. Unless 

specifically stated, reagents were purchased from commercial vendors and used without 

further purification. Nuclear magnetic resonance (NMR) spectroscopy was carried out 

using: Bruker Avance 300MHz, Bruker Avance 600MHz, or Varian Inova 300MHz 

spectrometers. NMR chemical shifts are reported in parts per million (ppm) with 1H and 

13C chemical shifts referenced to the residual non-deutero solvent. High-resolution mass 

spectrometry (HRMS) was collected on an Agilent Technologies 6210 (TOF LC/MS) 

multimode-ESI/APCI with direct injection. IR was taken on a PerkinElmer Spectrum One. 

Crystallographic data for compounds 7[Me3NH]+ and 7’[Me3NH]+ are available free of 

charge from the Cambridge Crystallographic Data Center under reference numbers 

1552016 and 1552017, respectively. This structure can be accessed at: 

http://www.ccdc.cam.ac.uk/Community/Requestastructure/Pages/DataRequest.aspx. 

 

 

 

 

http://www.ccdc.cam.ac.uk/Community/Requestastructure/Pages/DataRequest.aspx
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Synthesis of Trityl Carborane, 3[Me3NH]+ and 3[Me3NH]+: 

 

 

 

 

 

 

A glass scintillation vial equipped with a stir bar was loaded with 3[Li]+ (300mg, 

955μmol) and dry fluorobenzene (2mL). A separate vial was loaded with a solution of trityl 

bromide (309mg, 955μmol) dissolved in fluorobenzene (2mL). The solution of trityl 

bromide was transferred to the solution containing 3[Li]+. The vial that originally contained 

the trityl bromide was washed with fluorobenzene (2 x 1mL) and the wash was transferred 

to the solution of 3[Li]+ as well. The reaction was stirred for 20 minutes at room 

temperature. After 20 minutes, the fluorobenzene was concentrated down to a thick oil 

under vacuum. This oil was subsequently dissolved in 10mL of deionized H2O. Once fully 

dissolved, trimethylammonium hydrochloride (100mg, 1.0mmol) was added to the 

aqueous solution producing an off-white precipitate. The precipitate was then washed with 

deionized H2O (3 x 4mL) resulting in products, 7[Me3NH]+ and 7’[Me3NH]+. Yield: 359mg, 

89%. Note: picks picked are for compound 7 only.  1H NMR (300MHz, acetone-d6, 25°C): 

δ = 7.33 (d, 3J(H,H) = 7.9 Hz, 2H), 7.29 - 7.24 (m, 4H), 7.19 - 7.12 (m, 6H), 6.83 (d, 3J(H,H) 

= 7.9 Hz, 2H), 5.46 (s, 1H), 3.10 (s, 9H), 2.23 (s, 1H), 2.60 - 0.88 (bm, 10H, B-H) ppm.  

1H{11B} NMR (300MHz, acetone-d6, 25°C): δ = 7.34 – 7.14 (10H), 6.81 (1H), 6.79 (1H), 
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5.45 (1H), 3.17 (9H), 2.21 (B-H), 1.79 (B-H), 1.76 (B-H) ppm, 1.72 (B-H) ppm. 13C{1H} 

NMR (75MHz, acetone-d6, 25°C): δ = 145.7, 140.7, 133.6, 130.7, 130.1, 128.9, 128.0, 

126.7, 126.3, 57.5, 47.0, 46.0 ppm. 11B{1H} NMR (96MHz, acetone-d6, 25°C): δ = 7.0, -

8.1, -12.1 ppm. 11B NMR (96MHz, acetone-d6, 25°C): δ = 7.0, -8.1 (1J(H,B) = 136.3 Hz), -

12.1 (1J(H,B) = 149.5 Hz) ppm. IR (Solid, ATR, 25°C): B-H stretch = 2549 and 2512 cm-1. 

HRMS (negative mode ESI/APCI) [M].- m/z calc’d = 385.3131 : Found = 385.3154. 

 

 

Figure 7. 1H NMR of 7[Me3NH]+ (300MHz, acetone-d6, 25°C). Note: 7’[Me3NH]+ is seen at 6.94 and 
6.73 ppm. 
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Figure 8 An expansion of the aromatic region of 1H NMR spectrum of 7[Me3NH]+ in acetone-d6. 
Note: 7’[Me3NH]+ can be seen at 6.94 and 6.74 ppm. 
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Figure 9. 1H{11B} NMR of the mixture containing 7[Me3NH]+ in acetone-d6 (300MHz, acetone-d6, 
25°C). 
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Figure 10. 13C{1H} NMR of 7[Me3NH]+ (75MHz, acetone-d6, 25°C). Note: 7’[Me3NH]+ is seen at 
135.0, 131.7, 126.3, and 58.1 ppm. 
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Figure 11. An expansion of the aromatic region of the 13C{1H} NMR spectrum of 7[Me3NH]+ in 
acetone-d6. Note: 7’[Me3NH]+ is seen at 135.0, 131.7, 126.3, and 58.1 ppm. 

 



 

16 
 

 

 

Figure 12. HSQC NMR spectrum of 7[Me3NH]+ in acetone-d6. 
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Figure 13. 11B{1H} NMR of compound 7[Me3NH]+ (96MHz, acetone-d6, 25°C). 
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Figure 14. 11B NMR of compound 7[Me3NH]+ (96MHz, acetone-d6, 25°C). 
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Figure 15. IR spectrum of solid 7[Me3NH]+ .Showing the B-H stretches at 2549 and 2512 cm-1. 
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Synthesis of Trityl Carborane, 7[Me3NH]+ and 7[Me3NH]+  with the 3[Ag]+ Salt : 

 

A glass scintillation vial equipped with a stir bar was loaded with 3[Ag]+ (100mg, 

399μmol) and dry acetonitrile (2mL). A separate vial was loaded with a solution of trityl 

bromide (129mg, 399μmol) dissolved in acetonitrile (2mL). The solution of trityl bromide 

was transferred to the solution containing 3[Ag]+.The vial originally containing the trityl 

bromide solution was washed with acetonitrile (2 x 1 mL) and transferred to the solution 

of 3[Ag]+ as well. The reaction was stirred for 20 minutes at room temperature. After 20 

minutes, the acetonitrile was concentrated down to a thick oil under vacuum. This oil was 

subsequently dissolved in 10mL of deionized H2O. Once fully dissolved, 

trimethylammonium hydrochloride (40mg, 420μmol) was added to the aqueous solution 

producing an off-white precipitate. The precipitate was then washed with deionized H2O 

(3 x 4mL) resulting in products, 7[Me3NH]+ and 7’[Me3NH]+ (147 mg, 83% yield). Note: 

Peaks picked are for compound 7’[Me3NH]+ only.  1H NMR (300MHz, acetone-d6, 25°C): 

δ = 7.35 – 7.11 (m, 10H), 6.91 (dd, 3J(H,H) = 7.4 Hz,  3J(H,H) = 7.4 Hz, 1H), 6.70 (d, 

3J(H,H) = 7.4 Hz, 1H), 5.45 (s, 1H), 3.21 (s, 9H), 2.20 (s, 1H), 2.60 - 0.78 (bm, 10H, B-H) 
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ppm.  1H{11B} NMR (300MHz, acetone-d6, 25°C): δ = 7.38 – 7.14 (10H), 6.95 (1H), 6.75 

(1H), 5.46 (1H), 3.01 (9H), 2.24 (1H), 1.80 (B-H), 1.77 (B-H), 1.74 (B-H) ppm. 13C{1H} NMR 

(75MHz, acetone-d6, 25°C): δ = 145.8, 134.9, 131.7, 129.0, 128.8, 127.9, 127.0, 126.6, 

126.2, 58.1, 47.0, 46.1 ppm.  11B{1H} NMR (96MHz, acetone-d6, 25°C): δ = 7.0, -8.0, -12.1 

ppm (broad Caromatic-B resonance not detected). 11B NMR (96MHz, acetone-d6, 25°C): δ = 

7.0, -8.0 (1J(H,B) = 136.3 Hz), -12.1 (1J(H,B) = 149.5 Hz) ppm. IR (Solid, ATR, 25°C): B-

H stretch = 2545 cm-1. HRMS (negative mode ESI/APCI) [M].- m/z calc’d = 385.3131 : 

Found = 385.3147. 

 

Figure 16. 1H NMR of the mixture containing 7’[Me3NH]+ (300MHz, acetone-d6, 25°C). Note: 
Water is seen at 2.84 ppm. Integration of 1.04 to 2.07 shows a 1:1 ratio of 7[Me3NH]+ to 
7’[Me3NH]+ , respectively.  
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Figure 17. An expansion of the 1H NMR spectrum of the mixture containing 7’[Me3NH]+ in acetone-
d6. Note: Compound 7’[Me3NH]+ is seen at 6.91 ppm and 7[Me3NH]+ is seen at 6.80 ppm. 
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Figure 18. 1H{11B} NMR of the mixture containing 7’[Me3NH]+ (300MHz, acetone-d6, 25°C). 
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Figure 19. 13C{1H} NMR of the mixture containing 7’[Me3NH]+ (75MHz, acetone-d6, 25°C). 
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Figure 20. An expansion of 13C{1H} NMR of the aromatic region of the mixture containing 
7’[Me3NH]+. 
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Figure 21. HSQC NMR spectrum of the mixture containing 7’[Me3NH]+in acetone-d6. 
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Figure 22. 11B{1H} NMR of the mixture containing 7[Me3NH]+  and 7’[Me3NH]+ (96MHz, acetone-
d6, 25°C). 
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Figure 23. 11B{1H} NMR of the mixture containing 7’[Me3NH]+ (96MHz, acetone-d6, 25°C). 
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Figure 24. IR spectrum of the solid mixture 7[Me3NH]+ and 7’[Me3NH]+. Showing the B-H stretches 
at 2545 cm-1. 
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X-Ray Structure of 7[Me3NH]+: 

 

A colorless prism fragment (0.516 x 0.289 x 0.128 mm3) was used for the single 

crystal x-ray diffraction study of [CH11B11C19H15]-.[C3H10N]+(sample vL266JK_0m-5). The 

crystal was coated with paratone oil and mounted on to a cryo-loop glass fiber. X-ray 

intensity data were collected at 100(2)K on a Bruker APEX2 (ref. 4) platform-CCD x-ray 

diffractometer system (fine focus Mo-radiation, = 0.71073Å, 50KV/30mA power). The 

CCD detector was placed at a distance of 5.0600cm from the crystal. A total of 3600 

frames were collected for a sphere of reflections (with scan width of 0.30in , starting  

and 2 angles of –30o, and angles of 0o, 90o, 120o, 180o, 240o and 270o for every 600 

frames, 120 sec/frame exposure time). The Bruker Cell_Now program (ref. 5) was used 

to obtain the two different orientation matrices of the rotational twin components (Twin law 

is 94orotation about the 0 1 0 real axis). These matrices were imported into the APEX2 

program for Bravais lattice determination and initial unit cell refinement. The frames were 

integrated using the Bruker SAINT software package (ref. 6) and using a narrow-frame 
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integration algorithm. Based on a monoclinic I-center crystal system, the integrated frames 

yielded a total of 2350 unique independent reflections [maximum 2= 42.520° (0.98 Å 

resolution), data completeness = 61.8%] and 1839(78.3%) reflections were greater than 

2(I). The unit cell parameters were, a= 15.8564(26) Å, b= 10.6647(18) Å, c= 15.8859(26) 

Å, = 94.2825(25)o, V = 2678.9(8) Å3, Z = 4, calculated density Dc= 1.104 g/cm3. 

Absorption corrections were applied  

S24(absorption coefficient = 0.057 mm-1; max/min transmission = 0.993/0.971) 

to the raw intensity data using the Bruker TWINABS program (ref. 7). The Bruker 

SHELXTL software package (ref. 8) was used for phase determination and structure 

refinement. Using the first twin domain HKL 4 intensity data, the distribution of intensities 

(E2-1 = 0.734) and systematic absent reflections indicated three possible space groups, 

I2, I2/m, and Im. The space group I2 (#5) was later determined to be correct. Direct 

methods of phase determination followed by two Fourier cycles of refinement led to an 

electron density map from which most of the non-hydrogen atoms were identified in the 

asymmetry unit of the unit cell. With subsequent isotropic refinement, all of the non-

hydrogen atoms were identified. The combined (major and minor components) HKLF 5 

intensity dataset was used in the final structure refinement. There were two half 

disordered-cations of [C3H10N]+ and one disordered-anion of [CH11B11C19H15]- present in 

the asymmetry unit of the unit cell. The two disordered-cations were located at the 2-fold 

rotation axis parallel to the b-axis, and modeled with 50%/50% site occupancy ratio 

disorder. The site occupancy ratio of the disordered-anion was 54%/46%. The rotational 

twin law was 94o rotation about the 0 1 0 real axis. The major/minor twin component ratio 

was 54%/46%. The alert levels A and B are due to the poor crystal quality with low 

resolution data diffracting to 0.98 Angstroms at 120 seconds long exposure time. The 
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disorder of the cation and anion further contributed to the poor resolution data. Attempts 

to obtain bigger and better quality crystal were unsuccessful. Atomic coordinates, isotropic 

and anisotropic displacement parameters of all the non-hydrogen atoms were refined by 

means of a full matrix least-squares procedure on F2. The H-atoms were included in the 

refinement in calculated positions riding on the atoms to which they were attached, except 

the H1 atom bonded to C1A was refined with DFIX restraint. The refinement converged at 

R1 = 0.0722, wR2 = 0.1857, with intensity, I>2(I). The largest peak/hole in the final 

difference map was 0.235/-0.158 e/Å3.Table S1. Crystal data and structure refinement for 

3[HNMe3]+. Identification code vL266JK_0m-5. Empirical formula: C23H36B11N. Formula 

weight 445.44. Temperature 100(2)K. Wavelength 0.71073Å. Crystal system 

MonoclinicSpace group I 2Unit cell dimensions a = 15.856(3)Å α= 90°. b = 10.6647(18)Å 

β= 94.283(3)°. c = 15.886(3)Å γ= 90°. Volume: 2678.9(8)Å 3Z4 

Density (calculated)1.104 Mg/m3. Absorption coefficient 0.057 mm-1F(000)944. 

Crystal size 0.516 x 0.289 x 0.128mm3. Theta range for data collection 1.750 to 21.260°. 

Index ranges-16<=h<=16, 0<=k<=10, 0<=l<=16. Reflections collected: 7977. Independent 

reflections: 2350 [R(int) = 0.0357]. Completeness to theta = 25.242° 61.8%. Absorption 

correction Semi-empirical from equivalents Refinement method Full-matrix least-squares 

on F2Data / restraints / parameters2350 / 1085 / 414Goodness-of-fit on F21.137Final R 

indices [I>2σ(I)] R1 = 0.0722, wR2 = 0.1857R indices (all data)R1 = 0.0940, wR2 = 

0.1999Absolute structure parameter-9(7)Extinction coefficient n/a Largest diff. peak and 

hole0.235 and -0.158 e.Å-3. 
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X-Ray Structure of 7[Cs]+: 

 

A colorless prism fragment (0.434 x 0.273 x 0.126 mm3) was used for the single 

crystal x-ray diffraction study of [Cs]+[C20H26B11]- (sample vL266JKr2-20_0m). The crystal 

was coated with paratone oil and mounted on to a cryo-loop glass fiber. X-ray intensity 

data were collected at 100(2) K on a Bruker APEX2 (ref. 4) platform-CCD x-ray 

diffractometer system (fine focus Mo-radiation, =0.71073 Å, 50KV/30mA power). The 

CCD detector was placed at a distance of 5.0600 cm from the crystal. A total of 3600 

frames were collected for a sphere of reflections (with scan width of 0.30in starting  

and 2 angles of –30o, and  angles of 0o, 90o, 120o, 180o, 240o, and 270o for every 600 

frames, 20 sec/frame exposure time). The frames were integrated using the Bruker SAINT 
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software package (ref. 6) and using a narrow-frame integration algorithm. Based on a 

monoclinic crystal system, the integrated frames yielded a total of 57635 reflections at a 

maximum 2angle of 63.056o (0.70Å resolution), of which 7865 were independent 

reflections (Rint = 0.0234, Rsig = 0.0140, redundancy = 7.3, completeness = 99.0%) and 

6993 (88.9%) reflections were greater than 2(I). The unit cell parameters were, a= 

13.7371(4) Å, b= 10.4955(3) Å, c= 17.4166(5) Å, = 108.6604(5)°, V =2379.08(12) Å3, Z 

= 4, calculated density Dc= 1.447 g/cm3. Absorption corrections were applied (absorption 

coefficient = 1.563 mm-1; max/min transmission = 0.827/0.550) to the raw intensity data 

using the SADABS program (ref. 7). The Bruker SHELXTL software package (ref. 8) was 

used for phase determination and structure refinement. The distribution of intensities (E2-

1 = 0.946) and systematic absent reflections indicated one possible space group, P2(1)/n. 

The space group P2(1)/n (#14) was later determined to be correct. Direct methods of  

S27phase determination followed by two Fourier cycles of refinement led to an 

electron density map from which most of the non-hydrogen atoms were identified in the 

asymmetric unit of the unit cell. With subsequent isotropic refinement, all of the non-

hydrogen atoms were identified. There was one disordered cation of [Cs]+ and one 

disordered anion of [C20H26B11]- present in the asymmetric unit of the unit cell. The Cs and 

CH11B11
- group were modeled with disordered (disordered site occupancy ratio was 

79%/21%). The molecule is a polymeric structure. The cation-anion polymeric chains form 

a plane along the b-axis and the n-glide direction. The B level alert is probably due to the 

disorder of the Cs and CH11B11- group. Atomic coordinates, isotropic and anisotropic 

displacement parameters of all the non-hydrogen atoms were refined by means of a full 

matrix least-squares procedure on F2. The H-atoms were included in the refinement in 
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calculated positions riding on the atoms to which they were attached, except H1, H1D, 

H3A, H4A, H6A and H7A bonded to C1, C1D, C3, C4, C6, and C7, respectively were 

refined with DFIX restraints. The refinement converged at R1 = 0.0315, wR2 = 0.0708, 

with intensity I>2(I). The largest peak/hole in the final difference map was 0.999/-0.490 

e/Å3.Table S2. Crystal data and structure refinement for 7[Cs]+. Identification code 

vL266JKr2-20_0mEmpirical formula C20H26B11Cs Formula weight: 518.23 Temperature: 

100(2)K. Wavelength: 0.71073Å. Crystal system: Monoclinic Space group P 21/n. Unit cell 

dimensions: a = 13.7371(4) Å α= 90°. b = 10.4955(3) Å β= 108.6604(5)°. c = 17.4166(5) 

Å. γ = 90°. Volume: 2379.08(12)Å. 3Z4 Density (calculated): 1.447 Mg/m3. Absorption 

coefficient: 1.563 mm-1. F(000)1024 Crystal size: 0.434 x 0.273 x 0.126 mm3. Theta range 

for data collection: 1.654 to 31.528°. Index ranges: -20<=h<=19, -15<=k<=15, -25<=l<=25 

Reflections collected: 57635.  Independent reflections: 7865 [R(int) = 0.0234]. 

Completeness to theta = 25.242°. 100.0% Absorption correction. Semi-empirical from 

equivalents. Refinement method. Full-matrix least-squares on F2Data / restraints / 

parameters 7865 / 329 / 413. Goodness-of-fit on F21.140. Final R indices [I>2sigma(I)]R1 

= 0.0315, wR2 = 0.0708R indices (all data). R1 = 0.0372, wR2 = 0.0732. Extinction 

coefficient: n/a .Largest diff. peak and hole: 0.999 and -0.490 e.Å-3. 
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X-Ray Structure of 7’[Me3NH]+: 

 

A colorless prism fragment (0.542 x 0.303 x 0.123 mm3) was used for the single 

crystal x-ray diffraction study of [C3H10N]+.[C20H26B11]-.C4H8O (sample vL266JKr_0m). The 

crystal was coated with paratone oil and mounted on to a cryo-loop glass fiber. X-ray 

intensity data were collected at 100(2)K on a Bruker APEX2 (ref. 4) platform-CCD x-ray 

diffractometer system (fine focus Mo-radiation, = 0.71073Å, 50KV/30mA power). The 

CCD detector was placed at a distance of 5.0600 cm from the crystal. A total of 3600 

frames were collected for a sphere of reflections (with scan width of 0.30in starting  

and 2 angles of –30o, and  angles of 0o, 90o,120o, 180o, 240o, and 270o for every 600 

frames, 80 sec/frame exposure time). The frames were integrated using the Bruker SAINT 
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software package (ref. 6) and using a narrow-frame integration algorithm. Based on a 

monoclinic crystal system, the integrated frames yielded a total of 136026 reflections at a 

maximum 2angle of 58.260o(0.73 Å resolution), of which 32906 were independent 

reflections (Rint= 0.0447, Rsig= 0.0353, redundancy = 4.1, completeness = 99.9%) and 

26149 (79.5%) reflections were greaterthan 2(I). The unit cell parameters were, a= 

8.5424(3) Å, b= 21.3147(7) Å, c= 33.6589(11) Å, = 90.2206(6)o, V =6128.5(4) Å3, Z = 

8, calculated density Dc= 1.122 g/cm3. Absorption corrections were applied (absorption 

coefficient = 0.060 mm-1; max/min transmission = 0.993/0.968) to the raw intensity data 

using the SADABS program (ref. 7). The Bruker SHELXTL software package (ref. 8) was 

used for phase determination and structure refinement. The distribution of intensities (E2-

1 = 0.741) and systematic absent reflections indicated two possible space groups, Pc and 

P2/c. The space group Pc (#7) was later determined to be correct. Direct methods of 

phase determination followed by two Fourier cycles of refinement led to an electron 

density map from which most of the non-hydrogen atoms were identified in the asymmetric 

unit of the unit cell. With subsequent isotropic refinement, all of the non-hydrogen atoms 

were identified. There were four cations of [C3H10N]+, four meta/para disordered-anions of 

[C20H26B11]-, and four solvent molecules of THF (where one of the four THF was modeled 

with 50%/50% site occupancy disorder) present in the asymmetric unit of the unit cell. The 

four meta/para anion-disordered site occupancy ratios were 83%/17%, 81%/19%, 

73%/27%, and 61%/39%. The two cation-disordered site occupancy ratios were 73%/27% 

and 50%/50%. There was space group ambiguity between Orthorhombic Pca2(1) and 

monoclinic Pc. The final structure refinement was based on the monoclinic Pc space 

group. The structure was refined as a pseudo-merohedral twin (twin law 1 0 0, 0 -1 0, 0 0 

-1) and the major/minor component twin ratio was 76%/24%. Using Pca2(1) space group, 
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data reduction and refinement gave a much higher Rint= 0.0829, Rsig= 0.0285 and R1 = 

0.0768 at 0.81 Angstroms resolution, respectively in comparision to Pc space group (Rint= 

0.0447, Rsig= 0.0353, R1 = 0.0768 at 0.73 Angstroms resolution). The B level Alert of the 

C-C bond precession is probably due to the cations, THF, and the four whole molecule-

anion meta/para disorders where restraints were used to allow the refinement to converge. 

The hydrogen bond angles and distances of the anions-THF are given in Table 7. Atomic 

coordinates, isotropic and anisotropic displacement parameters of all the non-hydrogen 

atoms were refined by means of a full matrix least-squares procedure on F2. The H-atoms 

were included in the refinement in calculated positions riding on the atoms to which they 

were attached, except the H1A, H1B, H1C, H1D, H1E, HIF, HIG and H1H atoms bonded 

to C1A, C1B, C1C, C1D, C1E, C1F, C1G and C1H, respectively were refined with DFIX 

restraints. The refinement converged at R1 = 0.0768, wR2 = 0.2054, with intensity I>2(I). 

The largest peak/hole in the final difference map was 0.724/-0.543e/Å3.Table S3.Table 1. 

Crystal data and structure refinement for 3’[HNMe3]+.Identification code 

vL266JKr_0mEmpirical formula C27 H44 B11 N OFormula weight 517.54Temperature 

100(2) KWavelength 0.71073 ÅCrystal system MonoclinicSpace group P cUnit cell 

dimensions: a = 8.5424(3)Å. α= 90°. b = 21.3147(7)Å. β= 90.2206(6)°. c = 33.6589(11)Å. 

γ = 90°. Volume: 6128.5(4)Å3. Z8 Density (calculated): 1.122 Mg/m3. Absorption 

coefficient: 0.060mm-1. F(000)2208 Crystal size: 0.542 x 0.303 x 0.123 mm3. Theta range 

for data collection: 1.542 to 29.130°. Index ranges-11<=h<=11, -29<=k<=29, -46<=l<=46. 

Reflections collected: 136026. Independent reflections: 32906 [R(int) = 0.0447]. 

Completeness to theta = 25.242°. 100.0% Absorption correction Semi-empirical from 

equivalents. Refinement method Full-matrix least-squares on F2Data / restraints / 

parameters 32906 / 7534 / 2333. Goodness-of-fit on F21.013. Final R indices 
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[I>2sigma(I)]R1 = 0.0768, wR2 = 0.2054R indices (all data)R1 = 0.0976, wR2 = 0.2262. 

Absolute structure parameter-0.1(3). Extinction coefficient: n/a. Largest diff. peak and hole 

0.724 and -0.543 e.Å-. 
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CHAPTER 3: Synthesis of an Anionic AuI Hydroamination Precatalyst Supported 

by Charged Hydrido-carboranyl Phosphine Ligands 

 

Introduction 

Neutral phosphine ligands are ubiquitous ancillary ligands in homogenous 

catalysis. Such species are typically appended with alkyl or aryl groups, to manipulate the 

steric environment and electronic properties of the metal center. Neutral closo-carborane 

clusters,11,73,74 specifically H2C2B10H10 congeners, are alternative R-groups,15,16 which 

have been heavily investigated over the last 60 years. However, despite these efforts, little 

progress has been made in developing competitive or superior catalysts, compared to 

classical systems supported by ligands with hydrocarbon R- groups. This fact is perhaps 

partially explained by the tendency of such clusters to undergo catalyst deactivation by 

cage degradation,16 B-H 

cyclometallation reactions,14 

or other degradation 

pathways.75,76 In contrast to 

neutral H2C2B10H10 clusters, 

their anionic analogue 

[HCB11H11]-1 and its 

derivatives,17 are not 

susceptible to chemical cage 

degradation9 and are more 

resistant to cyclometallation.55 Several years ago, we began implementing a variety of 

ligands functionalized with such closo-carborane anions, including phosphine52,54,55,58,77,78 

Figure 25. Dianionic Pd0 complex 8 is the most active isolable 
compound for the oxidative addition of arylchlorides. 
Zwitterionic AuI complex 9 is the most active catalyst for the 
hydroamination of alkynes. 
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and N-heterocyclic carbenes.51,79 So far, we have found two examples of phosphine 

supported systems that display remarkable reactivity 852 and catalytic activity 9,58 

respectively (Fig. 25). Compound 8 is a dianionic Pd0 species that undergoes the oxidative 

addition of certain chloroarenes in less than 10 minutes at ambient temperature. No other 

isolable Pd0 species has been reported to undergo such rapid oxidative addition reactions. 

The extreme reactivity of 8 was found both experimentally and computationally to be the 

result of electrostatic effects of coordinating two charged phosphine ligands to Pd0. 

Electrostatic repulsion between the ligands results in facile ligand dissociation of one 

phosphine, allowing immediate access to a highly reactive, mono phosphine ligated Pd0. 

Compound 9 is a zwitterionic AuI species, which functions as a single component AuI 

catalyst that does not need an activator, such as Ag+ or acid. This catalyst displays the 

highest activity yet reported for the hydroamination of amines with alkynes.80,81 Turn over 

numbers (TONs) of around 100,000 in a 24 hour period were observed for some 

substrates. The high activity of 9 is thought to result from the size of the ligand, which 

prevents double phosphine substitution, but more importantly the electrostatic stabilization 

of the AuI cation by field effects of the proximal carborane anion (see Fig. 25.). Here, we 

report our efforts to synthesize a 

linear monoanionic dicoordinate 

AuI complex analogous to 8 (Fig. 

26). The rational for this approach 

was that if facile ligand 

dissociation, similar to 8, was 

observed when two charged 

phosphine ligands were attached to AuI, we might be able to achieve an even more active 

Figure 26. Synthesis of anionic AuI complex 10 
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system than 9. 

Results and Discussion 

 Given our success at preparing the diphosphine substituted Pd0 species 852 we 

imagined it should certainly be possible to form a similar compound with AuI, as gold is a 

larger atom. Thus, we reacted two equivalents of ligand 5 with ClAuSMe2 in methylene 

chloride solvent, and a white precipitate of LiCl immediately formed. After filtration and 

concentration of the supernatant, the residue was analyzed by mass spectrometry 

(negative-ion mode), which showed a molecular ion peak corresponding to the formation 

of a gold complex bearing two carboranyl phosphines.  

Analysis of the 1H NMR spectrum of the residue in CD2Cl2 reveals the existence of 

THF, which suggests the presence of a lithium cation coordinated by THF, consistent with 

the formation of the anionic complex 10. Integration of the THF peaks shows that there 

are three THF molecules coordinated to the Li cation. Additionally, we see the signature 

isopropyl multiplets at 

2.56ppm and 1.50 through 

1.35ppm, indicating the 

presence of the 

carboranyl phosphine. 

One resonance is present 

in the 31P{1H} NMR at 

83.6ppm, indicating a 

single phosphorus 

product. Analyzing the 

11B{1H} NMR presents three peaks at -2.9, -11.7, and -12.9ppm, respectively, in a 1:5:5 

Figure 27 Solid-state structure of 10. Thermal ellipsoids drawn at 
the 50% probability level and hydrogen atoms omitted for clarity. 
Note: THF molecules coordinated to Li+ disordered over two 
positions. Color code: grey = carbon, brown = boron, violet = 
phosphorus, yellow = gold, red = oxygen, pink = lithium. (Color 
online.) 
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ratio showing that the local C5v symmetry of the cluster is preserved.  

 A single crystal X-ray diffraction study unambiguously confirmed the structure of 

10. In the solid-state, 10 displays the expected perfectly linear geometry (P–Au–P angle 

= 180o) of a symmetrical dicoordinate AuI complex, as well as a single lithium counter 

cation coordinated by THF (Fig. 27). The P–Au–P bond lengths are 2.3079(5) and 

2.3099(2)Å, close to both the reported P–Au bond length for the neutral ortho-dicarba-

closo-decaborane-substituted phosphine–AuCl complex (2.232(3)Å)82 and the anionic 

carborane substituted phosphine-AuCl in 2 (2.2477(12)Å).58 The closest B–H distance to 

the AuI center is 3.001(5)Å, which is outside of the range for covalent Au–H interactions, 

Table 1. Hydroamination of alkynes with primary amines in the presence of catalyst 10. 

 

Entry Ar R1 R2 Catalyst Loading [%] T [˚C] Yield [%]a,b TON [24h] 

1 Ph H Ph 1.0 80 90 90 

2 Ph H Ph 0.5 80 86 172 

3 Ph H Ph 0.1 80 77 (74) 765 

4 Mes H Ph 0.1 80 71 710 

5 Dipp H Ph 1.0 80 80 (74) 80 

6 Ph H 4-FC6H4 1.0 80 90(86) 90 

7 Mes H 4-FC6H5 1.0 80 90 90 

8 Dipp H 4-FC6H6 1.0 80 87 (83) 85 

9 Ph H 4-MeOC6H4 0.1 80 92 920 

10 Mes H 4-MeOC6H4 0.1 80 95(92) 950 

11 Dipp H 4-MeOC6H4 0.1 80 78 780 

12 Ph H n-C4H9 1.0 80 65 65 

13 Mes H n-C4H9 1.0 80 55 55 

14 Dipp H n-C4H9 1.0 80 50 50 
aThe yield was determined by NMR spectroscopy by the direct integration of the peak for the 

amine starting material with respect to the peak for the imine product. bThe yield of the isolated 

product is given in parentheses. Dipp = 2,6-diisopropylphenyl, Mes = mesityl (2,4,6,-

trimethylphenyl). 
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demonstrating that the carborane anion substituent does not interact strongly with the 

cationic Au center.  

We next investigated the catalytic activity of complex 10 towards the 

hydroamination of alkynes with primary amines (Table 1) and compared its behavior to 

the previously reported catalyst 958 (Fig. 25). Unlike 9, complex 10 did not produce any 

hydroamination products with any of the chosen substrates at ambient temperature, run 

under neat conditions. In fact, reasonable rates of conversion were not observed until 

80oC. Our initial test substrates, aniline and phenylacetylene, were reacted with a 1.0% 

catalyst loading, producing the corresponding imine in 90% yield (TON = 90) after 24 hours 

(Table 1, entry 1). Dropping the catalyst loading to 0.5 and 0.1mol% respectively, resulted 

in reasonable but lower yields (86%: TON = 177; 77%: TON = 765; respectively) (Table 

1, entries 2 and 3). Comparatively, 9 catalyzes this reaction with a 0.1mol% loading at 

ambient temperature in one hour to produce the product in >95% yield (TON >950). 

Furthermore, catalyst 9 achieves an identical yield even with 0.01mol% loading but at only 

slightly elevated temperatures (50oC). Complex 10 shows similar performance with the 

larger mesityl amine (71%; TON = 710), but the very sterically demanding 2,6-

diisoppropylamine required the utilization of higher catalyst loading (1.0mol%) to achieve 

any appreciable conversion (Table 1, entries 4 and 5, respectively). On the other hand, 

complex 9 catalyzes these reactions at 50oC with 0.001% loading to achieve maximum 

turnovers of 67,000 and 85,000, respectively.  

In contrast to 10, catalyst 9 displays a clear trend in improved yields with bulkier 

amines for all substrates tested, which was rationalized by sterically related amine 

substrate and imine product coordination inhibition. Catalyst 10 mediated the 

hydroamination of the electron poor alkyne para-fluorophenylacetylene with all three 
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sterically differentiated amines providing the imine products in 85–90% yields (Table 1, 

entries 6–8). However, appreciable conversions were not observed below 1.0mol% 

catalyst loading. In contrast, the zwitterionic catalyst 9 mediates these reactions at 50oC 

with 0.001mol% loading and achieves TONs between 54,000–92,000. Complex 10 is 

highly active for the hydroamination of the electron rich alkyne, para-

methoxyphenylacetylene, producing the imine products in 78–92% yield at 0.1mol% 

loading (Table 1, entries 9–11). However, complex 9 is again far more active for these 

reactions, achieving 90,000–95,000 turnovers for the same amines at 0.001mol% loading. 

Complex 10 was less active for the hydroamination of the alkyl substituted alkyne, 1-

hexyne, affording the ensuing imines in 50–65% yields at 1.0mol% loading (Table1, 

entries 12–14). Comparatively, catalyst 9 is an order of magnitude more active for the 

same substrates at the same temperature. Additionally, we attempted to react an internal 

alkyne, biphenylacetylene, but the resulting TONs were less than 5% after 24 hours which 

were not included in the table. Catalyst 9 on the other hand, could achieve yields between 

67% and 89%, depending on the amine, at 80oC with 0.1mol% loading.  

The difference in reactivity between 9 and 10 can likely be explained, in part, by 

the fact that in contrast to our initial hypothesis, repulsive electrostatic effects in this 

system are not strong enough to induce facile phosphine dissociation, as they are in the 

analogous Pd0 species. Since AuI is formally positively charged, in contrast to Pd0, some 

of the electrostatic repulsion between the anionic carborane substituents is negated, 

rendering phosphine ligand dissociation less favorable. Indeed, we monitored by 31P{1H} 

NMR the hydroamination reaction of aniline and phenylacetylene at both 1.0% and 0.1% 

catalyst loading and saw no change in the 31P at ambient temperature, confirming that the 

phosphines of 10 are not labile without external heating. In addition, at completion of the 
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heated reactions with 10, we visually notice the formation of colored Au nanoparticles and 

metal plating on the reaction vessels, whereas with complex 9, we see no such visual 

cues of decomposition. This observation is in line with the far greater chemical stability of 

the perchlorinated carborane present in 9. Lastly, although not quantified but empirically 

noted based on the difference of C-H acidities of the [HCB11H11]-1 and [HCB11Cl11]-1 

anions,83 the perchlorinated carboranyl substituent should be a far stronger electron 

withdrawing group compared to its hydridic congener, thus rendering this phosphine a 

weaker donor and the Au a stronger π-acid towards alkynes. 

Conclusion 

An anionic gold complex 10 bearing two charged hydrido carboranyl phosphine 

ligands is reported and fully characterized. In contrast to the previously reported mono-

phosphine ligated zwitterionic AuI species 9, supported by a phosphine with a 

perchlorinated carborane anion substituent, 10 is much less catalytically active for the 

hydroamination of alkynes. The difference in reactivity can likely be explained by the 

overall superior stability and π-acidity of 9, and also the reluctance of one of the 

phosphines in 10 to dissociate. Given these results, subsequent investigations into such 

systems will focus on monophosphine ligated zwitterionic species with enhanced π-

acidity. 

Experimental 

General Considerations: Unless otherwise stated, all manipulations were carried 

out using standard Schlenk or glovebox techniques (O2, H2O < 1ppm) under a dinitrogen 

or argon atmosphere. Solvents were dried on K or CaH2 and distilled under argon before 

use. Ligand [Li(THF)3]+[P(C3H7)2CB11H11]- was prepared according to literature.77 The 
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amines were dried over CaH2 and distilled before use. The alkynes were dried over 

molecular sieves and used without further purification. All other reagents were purchased 

from commercial vendors and used without further purification. Known catalytically 

produced imines from Table 1 were identified by comparison to their reported 

spectroscopic data for 1H NMR and 13C NMR. NMR spectra were recorded at room 

temperature on Bruker Avance 300MHz, Bruker Avance 400MHz, or Bruker Avance 

600MHz spectrometers. NMR chemical shifts are reported in parts per million (ppm). 1H 

NMR and 13C NMR chemical shifts were referenced to residual protio solvent. 11B NMR 

chemical shifts were externally referenced to BF3OEt2. 31P NMR chemical shifts were 

externally referenced to 80% H3PO4 in H2O. The mass spectra were collected on an 

Agilent LCTOF Multimode-ESI/APCI with direct injection. Crystallographic data for 

compound 10 is available free of charge from the Cambridge Crystallographic Data Center 

under reference number 1850911. This structure can be accessed at: 

http://www.ccdc.cam.ac.uk/Community/Requestastructure/Pages/DataRequest.aspx. 

http://www.ccdc.cam.ac.uk/Community/Requestastructure/Pages/DataRequest.aspx
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Synthesis of Complex 10: 

 

In a vial equipped with a stir bar, 5 (757mg, 1.57mmol) and ClAuSMe2 (231mg, 

0.785mmol) were added and subsequently dissolved in 10mL of methylene chloride. The 

mixture was stirred and a white precipitate rapidly formed. After one hour the mixture was 

filtered through a glass pipette plugged with glass wool to remove LiCl. The solvent was 

removed under vacuum and remaining solid was washed with pentane. The compound 

was dried under vacuum overnight to afford the purified product (total yield = 701.0mg, 

1.35mmol, 86.1%). Crystals suitable for an X-ray diffraction study were obtained by 

layering a CH2Cl2 solution of 10 with pentane. m.p. = 110°C (dec.); 1H NMR (300MHz, 

CD2Cl2, 25oC):   3.82 (m, 12H, THF),   2.56 (d-sep, J3(H,H) = 7.2 Hz, J2(H,P) = 4.0 Hz 

1H, CH),   1.99 (m, 12H, THF),   1.47m, 6H, CH3),   1.37 (m, 6H, CH3); 1H{11B} 

NMR (300MHz, CD2Cl2, 25oC):   213br-s, 5H, BH),   191br-s, 1H, BH),   170br-

s, 5H, BH); 31P{1Hdec} NMR (162MHz, THF-d8, 25oC):   83.6; C{1H} NMR (101MHz, 

CD2Cl2, 25oC):   69.0, 28.825.8, 22.6,19.2; B NMR (96MHz, CD2Cl2, 25oC):   -2.9 
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(d J1(B,H) = 120 Hz), 117(d J1(B,H) = 120 Hz) 129(d J1(B,H) = 120 Hz)HRMS: 

(Multimode-ESI/APCI) [M]- m/z calc’d for H34B11C11PAu: 715.5239 g/mol; found: 715.5432 

g/mol. 

 

 

Figure 28. 1H NMR of 10 (300MHz, CD2Cl2, 11B coupled, 25°C). 
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Figure 29. 1H{11B} NMR of 10 (300MHz, CD2Cl2, 25°C). 
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Figure 30. 31P{1H} NMR of 10 (162MHz, CD2Cl2, 25°C). 
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Figure 31. 13C NMR of 10 (101MHz, CD2Cl2, 25°C). 
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Figure 32. 11B{1H} NMR of 10 (96MHz, CD2Cl2, 25°C). 
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Figure 33. 11B NMR of 10 (96MHz, CD2Cl2, 25°C). 
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Figure 34. IR spectrum of 10. Showing the B-H stretches at 2525 cm-1. 

   

General procedure for catalysis. A standard solution of catalyst 10 was prepared 

in CH2Cl2 and the desired amount of standard solution was immediately transferred via 

micropipette to screw capped (PTFE) vials. The CH2Cl2 was allowed to evaporate from the 

open vial in a heating block (50°C, 10min), and a stir bar was added. The neat amines 

and alkynes were then transferred via micropipette (or added directly if solid) to the screw 

capped vials, sealed and heated to the indicated temperature and stirred for the allotted 

times (Table 1, Main Text). Yields were calculated by integration of the 1H NMR, via direct 

comparison of the imine formed to the amine consumed. The validity of this approach was 

confirmed by obtaining isolated yields of several compounds (entries 3, 5, 6, 8, and 10). 

In these cases, the products were isolated by dissolving the catalytic mixture in pentane, 
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followed by filtration, and subsequent crystallization (entries 3, 6, 8) of the solution at -

25°C or by column chromatography (entry 5) using pentane as eluent. Entries 484, 758, 985, 

1158, 1286, 1387, 1487 have been previously characterized.  

 

Entry 3: (E)-N-(1-phenylethylidene)-aniline  

1H NMR (400MHz, CDCl3, 25°C):  7.98 (m, 2H, Ar), 7.50-7.43 (m, 3H, Ar), 7.38-7.33 

(2H m), 7.12-7.06 (m, 1H Ar), 6.84-6.78 (m, 2H, Ar), 2.24 (s, 3H). 13C NMR (100MHz, 

CDCl3, 25°C):  165.7, 152.1, 139.8, 130.8, 129.3, 128.7, 127.6, 123.6, 119.8, 17.7 ppm.

  

Figure 35. 1H NMR of Entry 3 (400MHz, CDCl3, 25°C). 
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Figure 36. 13C NMR of Entry 3 (101MHz, CDCl3, 25°C). 
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Entry 5: (E)-N-(1-phenylethylidene)-2,6-diisopropylaniline  

1H NMR (400MHz, CDCl3, 25°C):  8.10-8.02 (m, 2H, Ar), 7.54-7.47 (m, 3H, Ar), 7.19-

7.15 (m, 2H, Ar), 7.13-7.07 (m, 1H Ar), 2.82-2.72 (m, 2H), 2.12 (s, 3H), 1.19-1.13 (m, 12H). 

13C NMR (100MHz, CDCl3, 25°C):  164.7, 146.7, 139.1, 136.0, 130.3, 128.4, 127.1, 

123.2, 122.9, 28.2, 23.2, 22.9, 18.1 ppm. 

 

Figure 37. 1H NMR of Entry 5 (400MHz, CDCl3, 25°C). 
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Figure 38. 13C NMR of Entry 5 (101MHz, CDCl3, 25°C). 
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Entry 6: (E)-N-(1-(4-fluorophenyl)ethylidene)-aniline  

1H NMR (400MHz, CDCl3, 25°C):  8.09-8.00 (m, 2H, Ar), 7.46-7.38 (m, 2H, Ar), 7.21-

7.13 (m, 3H, Ar), 6.82-6.76 (m, 2H Ar), 2.26 (s, 3H). 13C NMR (100MHz, CDCl3, 25°C):  

165.6, 164.1, 163.1, 151.6, 135.7, 129.4, 129.3, 129.1, 123.4, 119.5, 115.4, 115.2, 28.2, 

17.3 ppm. 19F NMR (376MHz, CDCl3, 25°C):  -111.5 ppm. 

 

 

Figure 39. 1H NMR of Entry 6 (400MHz, CDCl3, 25°C). 
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Figure 40. 13C NMR of Entry 6 (100MHz, CDCl3, 25°C). 
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Figure 41. 19F NMR of Entry 6 (376MHz, CDCl3, 25°C). 
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Entry 8: (E)-N-(1-(4-fluorophenyl)ethylidene)-2,6-diisopropylaniline  

1H NMR (400MHz, CDCl3, 25°C):  8.15-8.09 (m, 2H, Ar), 7.38-7.15 (m, 5H, Ar), 2.94-

2.79 (m, 2H), 2.18 (s, 3H), 1.34-1.19 (s, 12H). 13C NMR (100MHz, CDCl3, 25°C):  165.6, 

163.5, 163.1, 146.6, 136.1, 135.3, 129.2, 123.5, 123.0, 115.5, 28.3, 23.3, 23.0, 18.0 ppm.     

19F NMR (376MHz, CDCl3, 25°C):  -118.7 ppm.    

 

 Figure 42. 1H NMR of Entry 8 (400MHz, CDCl3, 25°C).  



 

64 
 

 

Figure 43. 13C NMR of Entry 8 (101MHz, CDCl3, 25°C). 
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Figure 44. 19F NMR of Entry 8 (396MHz, CDCl3, 25°C). 
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Entry 10: (E)-N-(1-(4-methoxyphenyl)ethylidene)-2,4,6-trimethylaniline  

1H NMR (400MHz, CDCl3, 25°C):  8.09-7.95 (m, 2H, Ar), 7.01-6.95 (m, 2H, Ar), 6.92-

6.83 (m, 2H, Ar), 3.88 (s, 3H), 2.29 (s, 3H), 2.03 (s, 3H), 1.99 (s, 6H). 13C NMR 

(100MHz, CDCl3, 25°C):  164.5, 161.5, 146.6, 132.0, 131.7, 128.7, 128.5, 125.8, 

113.6, 55.4, 20.8, 18.0, 17.2 ppm. 

 

Figure 45. 1H NMR of Entry 10 (400MHz, CDCl3, 25°C). 
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Figure 46. 13C NMR of Entry 10 (101MHz, CDCl3, 25°C). 
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X-Ray Crystal Data for Compound 10: 

 

A colorless prism fragment (0.406 x 0.249 x 0.237 mm3) was used for the single 

crystal x-ray diffraction study of [C14H50B22P2Au]-.[Li[C4H8O]4]+. The crystal was coated 

with paraffin oil and mounted on to a cryo-loop glass fiber. X-ray intensity data were 

collected at 100(2) K on a Bruker APEX288 platform-CCD x-ray diffractometer system (fine 

focus Mo-radiation, λ = 0.71073 Å, 50KV/30mA power). The CCD detector was placed at 

a distance of 5.0600 cm from the crystal.  

A total of 3600 frames were collected for a sphere of reflections (with scan width 

of 0.3o in ω, starting ω and 2σ angles of –30o, and Φ angles of 0o, 90o, 120o, 180o, 240o 

and 270o for every 600 frames, 10 sec/frame exposure time). The frames were integrated 

using the Bruker SAINT software package89 and using a narrow-frame integration 

algorithm. Based on a monoclinic crystal system, the integrated frames yielded a total of 

120686 reflections at a maximum 2σ angle of 61.016o (0.70 Å resolution), of which 15411 
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were independent reflections (Rint = 0.0316, Rsig = 0.0179, redundancy = 7.8, 

completeness = 100%) and 11376 (73.8%) reflections were greater than 2σ(I). The unit 

cell parameters were, a = 8.3143(6) Å, b = 24.9319(18) Å, c = 24.3529(17) Å, σ = 

90.8613(11)o, V = 5047.6(6) Å3, Z = 4, calculated density Dc = 1.330 g/cm3. Absorption 

corrections were applied (absorption coefficient μ = 3.011 mm-1
; max/min transmission = 

0.536/0.374) to the raw intensity data using the SADABS program.90  

The Bruker SHELXTL software package91 was used for phase determination and 

structure refinement. The distribution of intensities (E2-1 = 1.367) and systematic absent 

reflections indicated one possible space group, P2(1)/c. The space group P2(1)/c (#14) 

was later determined to be correct. Direct methods of phase determination followed by 

two Fourier cycles of refinement led to an electron density map from which most of the 

non-hydrogen atoms were identified in the asymmetric unit of the unit cell. With 

subsequent isotropic refinement, all of the non-hydrogen atoms were identified. There was 

one disordered cation of [Li[C4H8O]4]+ (the four disordered THF site occupancy ratios were 

79%/21%, 69%/31%, 57%/43% and 51%/49%) and two half-anions of  [C14H50B22P2Au]- 

present in the asymmetric unit of the unit cell. Both the anions were located at the inversion 

centers.  

Atomic coordinates, isotropic and anisotropic displacement parameters of all the 

non-hydrogen atoms were refined by means of a full matrix least-squares procedure on 

F2. The H-atoms were included in the refinement in calculated positions riding on the 

atoms to which they were attached. The refinement converged at R1 = 0.0297, wR2 = 

0.0575, with intensity I>2σ (I). The largest peak/hole in the final difference map was 2.537/-

0.887 e/Å3. The high difference electron density peak/hole near the two Au-atoms are 
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probably due to absorption corrections and Fourier truncation errors.   

Table 1.  Crystal data and structure refinement for Compound 10. 

Identification code  vL321JK_0m 

Empirical formula  C30 H82 Au B22 Li O4 P2 

Formula weight  1010.62 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 8.3143(6) Å α= 90°. 

 b = 24.9319(18) Å β= 90.8613(11)°. 

 c = 24.3529(17) Å γ= 90°. 

Volume 5047.6(6) Å3 

Z 4 

Density (calculated) 1.330 Mg/m3 

Absorption coefficient 3.011 mm-1 

F(000) 2064 

Crystal size 0.406 x 0.249 x 0.237 mm3 

Theta range for data collection 1.634 to 30.508°. 

Index ranges -11<=h<=11, -35<=k<=35, -34<=l<=34 

Reflections collected 120686 

Independent reflections 15411 [R(int) = 0.0316] 

Completeness to theta = 25.242° 100.0 %  
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Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 15411 / 754 / 718 

Goodness-of-fit on F2 1.184 

Final R indices [I>2sigma(I)] R1 = 0.0297, wR2 = 0.0575 

R indices (all data) R1 = 0.0445, wR2 = 0.0622 

Extinction coefficient n/a 

Largest diff. peak and hole 2.537 and -0.887 e.Å-3 

Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 

(Å2x 103) 

for Compound 10.  U(eq) is defined as one third of  the trace of the orthogonalized Uij 

tensor. 
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CHAPTER 4: A Study of a Series of Zwitterionic Ruthenium Complexes Bearing 

Perchlorinated closo-Carboranyl Phosphine Ligands 

 

Introduction 

 Olefin metathesis was first developed in the 1960’s by the Phillips Petroleum 

Company whose method was termed the Triolefin Process.92 This process utilized 

tungsten oxide supported on silica to generate ethylene and 2-butenes from propylene.92 

This process evolved dramatically as a result of the work from Robert Grubbs, Yves 

Chauvin, and Richard Shrock with the development of metal-carbon double bonds, or 

carbenes, whose collective work won them a Nobel Prize in Chemistry in 2005. 

Specifically, the Grubbs group designed a Ru alkylidene catalyst supported by phosphine 

ligands which was able to catalyze various metathesis reactions with a robust functional 

group tolerance.93,94   

 In ruthenium catalyzed olefin metathesis, it is essential for high reaction turnover 

that the starting ruthenium complex to undergo a ligand substitution reaction where a 

coordinated phosphine disassociates followed by olefin substrate association to the new 

vacant cite to generate the active species.95 Moreover, this substitution reaction was found 

to be a crucial step preceding the rate limiting formation of the metalocycle.96,97 It was 

found that by having an electron donating phosphine, the ligand trans to that phosphine 

will more readily substitute for substrate.97  Furthermore, in this same report, Grubbs et. 

al. uncovered that the more electron withdrawing Cl atom covalently bound to Ru was 

dramatically more activating than I, resulting from the stronger electronegativity from Cl. 

The conclusions made, therefore, were that the design of a competent Ru metathesis 

catalyst should include both electron deficiency and be coordinated with a strong donor 
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phosphine. 

 With these principles in mind, we postulated that ligating an anionic carboranyl 

phosphine with a lithium counter cation will not only bind to the Ru,  but also undergo salt 

metathesis at the Ru center losing LiCl and giving a highly electron deficient, cationic Ru 

metal center. Indeed, this strategy had been utilized successfully with the perchlorinated 

carba-closo-dodecaborate phosphine in the gold catalyzed hydroamination of alkynes.58 

In this report, complexation of the carboranyl ligand produces a formally cationic metal 

center which enhances the metal’s π-acidity, favoring substrate binding. Additionally, by 

utilizing a carboranyl phosphine whose strong trans effect should enhance ligand 

substitution for olefin substrate.98 

Results and Discussion 

 In pursuit of a ruthenium carboranyl phosphine complex, 11[Li]+ can be made via 

a series of procedures developed by Ringstrand, Brellochs, Xie, and Lavallo.99–102 Several 

modifications to these procedures have been made by our lab which are discussed in 

detail in the Experimental section. Though 4 is already a weakly coordinating anion, it can 

be advantageous to enhance this weakly coordinating property by substituting the B-H 

bonds with halogens, namely, Cl. This can be achieved using rather hazardous chemicals 

and conditions. Iodine monochloride in triflic acid are heated along with 4[Cs]+ to 200°C in 

an acid digestion vessel for several days.101 Then, this product can be converted into 

ligand 11[Li]+ using the procedure developed by Reed, as shown in Figure 3.  

With ligand 11[Li]+ in hand, it was possible to achieve the desired ruthenium 

complex through salt metathesis of 11[Li]+ and a ruthenium starting material. We first 

attempted to complex 11 to η6-benzeneruthenium(II) dichloride dimer and precipitate LiCl 
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directly. However, this route was unsuccessful showing no reactivity. Therefore, we 

attempted to use an already cationic Ru starting material, [(η6-C6H6)Ru(CH3CN)2Cl]+[BF4]-

which can be synthesized from a known procedure.103 Gratuitously, mixing [(η6-

C6H6)Ru(CH3CN)2Cl]+[BF4]- with 11[Li]+ in fluorobenzene at room temperature for 30 

minutes produces complex 12, as shown in Figure 58. Upon reaction, the yellow starting 

material turns to a deep red slurry which is filtered and washed with diethyl ether to remove 

[Li]+[BF4]-. The resulting red powder is then extracted with copious amounts of 

dichloromethane to yield spectroscopically pure product 12. It is noteworthy that 12 is only 

slightly soluble in dichloromethane and is completely soluble in THF. However, it slowly 

decomposes into a mixture of products immediately upon dissolution in THF. Interestingly, 

12 reverts back to 11 with [(η6-C6H6)Ru(CH3CN)2Cl]+ as the counter cation when in 

acetonitrile. 12 is not soluble in any other solvent. 

Nuclear magnetic resonance studies confirm the structure of 12. Taken in 

dichloromethane-d2, the coordinated benzene is seen at 6.13ppm, far upfield from free 

benzene, suggesting strong π-back donation from the ruthenium center. Additionally, the 

methyne multiplet from the isopropyl groups on the phosphine appears at 4.05ppm. The 

corresponding methyl groups appear as four sets of doublets, with two pairs partially 

overlapping, seen farther upfield ranging from 2.07-1.50ppm. Both of these resonances 

differ dramatically from free 

ligand. Furthermore, no 

acetonitrile from the starting 

ruthenium complex is 

observed which suggests that 

11 has fully decoordinated 
Figure 47. Synthesis of complex 12. 



 

75 
 

those ligands and taken their place. The 31P{1H} NMR also shows a dramatic change. Free 

11 in dichloromethane-d2 has a singlet resonance at 45.6ppm while 12 is far downfield at 

96.2ppm. In the 11B{1H} NMR, it can be seen that the local C4v symmetry of the boron 

cluster is no longer observed where the antipodal peak lies at 24.0ppm and the remaining 

peaks ranging from -0.9 to -8.1ppm. This is quite unlike many other similar carboranyl 

phosphine complexes.54,58,102 The data suggest two possible phenomena: 1) that the 

cluster has been chemically altered such that the symmetry is now changed or 2) that one 

of the chlorine atoms from the cluster is strongly ligated to the Ru center inhibiting free 

rotation about the P-C bond which is observed on the NMR timescale at room temperature. 

To test which phenomenon is occurring, a 11B-11B COSY experiment was carried out. 

Here, we see correlation peaks from the antipodal boron with all the remaining peaks 

meaning all boron atoms are connected in one species (Fig 56, Experimental). This data 

demonstrates that the cluster integrity still holds, proving that the loss of the C4v is a result 

of the strong ligation from the B-Cl to the Ru center. Next, we became interested in probing 

the strength of this cluster Cl-Ru interaction. To do so, VT NMR was used to observe the 

change in cluster symmetry by increasing the temperature in an attempt to break that Ru-

Clcluster interaction. Due to the low boiling point of dichloromethane, dichloroethane was 

used in this experiment. Strangely enough, the symmetry of the boron cluster was never 

restored. In fact, complex decomposition was observed by the emergence of free ligand 

appearing upon heating to 80oC which persisted even when cooled to room temperature.  

This suggests an extremely strong Ru-Clcluster interaction.  
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Next, we sought to study this complex by X-ray diffraction. A single crystal was 

grown from slow diffusion of pentane into a 

solution of dichloromethane containing 12. The 

structure can be seen in Figure 48 which 

unambiguously confirms 12 in a “piano stool” 

geometry. Additionally, this proves that the cluster 

had not undergone cyclometallation of a B-Cl 

vertex. At the Ru center, a benzene ring is 

coordinated in a η6 fashion with average C-Ru 

bond lengths at 2.203Å which is slightly longer 

than the bond length in the cationic Ru starting 

material (2.178Å).103 This is a result of the ligated phosphine producing a trans influence 

which, in turn, elongates the Ru-benzene ligand bond. The Ru-P distance is 2.4073(5)Å 

which is within the typical range for Ru-P distances. The Ru-Cl(1) bond is 2.3794(5)Å; also 

not atypical. The Ru-Cl(2) distance is 2.4631(5)Å which is substantially longer than the 

covalent Ru-Cl bond length, unsurprisingly. This interaction between Cl(2) and Ru 

elongates the B-Cl bond slightly (1.788(2)Å) from the average B-Cl length of 1.768Å. The 

Ru-P-C-B-Cl chelate forms a planar envelope conformation. 

Next, we were interested in the reactivity of 12, specifically towards reagents that 

might produce alkylidenes, vinylidenes, and allenylidenes with the hope of generating a 

catalyst capable of performing metathesis. To this end, our first reagent was the 

commercially available ethyl diazoacetate. Upon reaction of 12 with ethyl diazoacetate at 

room temperature in dichloromethane, rapid evolution of N2 gas is observed. Inspection 

of the 1H NMR shows mixtures of diethyl fumarate and diethyl maleate, as well as some 

Figure 48. Crystal structure of 12. 
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complex decomposition. 31P{1H} and 11B{1H} NMR also show a mixture of unreacted 12 

and free ligand 11[Li]+. Several other diazo reagents were tested yielding only their 

dimerized organic products. Phenyldiazomethane, diphenyldiazomethane, 

trimethylsilyldiazomethane, and 2-diazo-1,1,1-trifluoroethane were all used with no 

success. Several alkynes were also probed with the intention of generating vinylidenes. 

Phenylacetylene was first attempted with simply no reaction taking place. In the hopes of 

having a more electron rich alkyne promoting the desired reaction, 4-methoxyphenyl 

acetylene was also mixed with 12. While some reactivity was observed, this reactivity only 

produced small amounts of decomposition. 4-fluorophenyl acetylene was also used with 

no desirable effect.  Since the previous three alkynes used require a hydride migration to 

form the desired vinylidene104, silyl functionalities were also attempted with no success.  

Unfettered with the stubbornness of 12’s ability to form the desired carbenes, allenylidenes 

were thought to be good candidates for forming Ru-C double bonds. Work by Dixneuf 

showed that several complexes similar to 12 showed success in forming Ru 

allenylidenes.105–111 Reacting 12 with a series of propargyl alcohols to generate that 

allenylidene proved to be futile. No reaction took place across all alcohols attempted (2-

methyl-3-butyn-2-ol, 1,1-diphenyl-2-propyn-1-ol, and 2-propyn-1-ol). 

In an interesting discovery, if 11[Li]+ is left to react with [(η6-

C6H6)Ru(CH3CN)2Cl]+[BF4]- over a 24 hour period in the presence of a drop of acetonitrile, 

a new complex is 

formed 13, shown in 

Figure 49. Under these 

conditions, the 

coordinated benzene 
Figure 49. Synthesis of complex 13. 
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becomes displaced by acetonitrile. This reaction is evidenced by a color change to a light 

orange slurry. This is substantially different from the formation of 12 which produces a 

dark red slurry. 13 proved to be even less soluble than 12 showing to be soluble in only 

acetonitrile and DMSO. However, unlike in 12, the carboranyl ligand is not decoordinated 

by acetonitrile in 13. 

Multinuclear NMR studies of 13 were carried out. In the 1H NMR in acetonitrile-d3, 

the iPr groups can be easily seen as the methyne multiplet at 3.63ppm. This is an upfield 

shift from complex 12. The methyl groups appear as two sets of doublets of doublets 

ranging from 1.67-1.1.37ppm. This range is shortened from the methyl group doublets in 

12. Furthermore, the coordinated benzene peak is now gone. In the 11B{1H} NMR, again, 

we see destruction of the C4v symmetry within the boron cluster. Though the 11B{1H} NMR 

spectrum for 13 closely resembles that of 12, close inspection shows that they are indeed 

different.  The most downfield singlet is around 23.3ppm. The remaining resonances in 

the spectrum lie within the range of 0.3 to -7.2ppm, which again, is similar to complex 12. 

The 31P{1H} NMR shows an even further downfield singlet at 117.0ppm. 

Single crystal X-ray diffraction studies 

were carried out on 13. The structure can be 

seen in Figure 50, vida infra. Here, we can 

unambiguously see that the cluster remains 

intact. The Ru-Cl(2) is a strong interaction that 

can be observed at room temperature in the 

NMR timeframe, as in 12. The Ru center has its 

ligands arranged in an octahedral geometry 

with the three acetonitrile ligands having an average Ru-N distance of 2.009Å. An 

Figure 50. Crystal structure of Complex 13. 
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interesting observation is that the Ru-Cl(2) distance (2.403Å) is indeed shorter than the 

covalent Ru-Cl(1) distance (2.450Å). This is probably a result of the increased 

electrophilicity at Ru with the exchange of the benzene ligand, a worse π-acceptor, than 

the three acetonitrile ligands. This effect contracts the Ru-Cl(2) bond. The elongation of 

the Ru-Cl(1) bond is also a result of the strong trans influence from the phosphine. This 

strong Ru-Cl(2) interaction elongates the B-Cl bond to 1.792Å as compared to the B-Cl 

average (1.772Å). Lastly, the Ru-P bond distance is 2.306Å which is slightly shorter than 

in 12. The Ru-P-C-B-Cl chelate forms a planar envelope conformation. No reactivity was 

investigated with this complex. 

With the significant problems of solubility associated with complexes 12 and 13, it 

was thought that perhaps by having larger aliphatic substituents on the phosphorus atom, 

this might enhance solubility of the resulting complex. Thus, complex 15 was produced 

with the same procedure as in complex 12 using cyclohexyl groups, as shown in Figure 

51. As in the synthesis of 12, by simple mixing of 15 and [(η6-C6H6)Ru(CH3CN)2Cl]+[BF4]- 

in fluorobenzene produces a 

dark red slurry within thirty 

minutes at room temperature. 

Filtration and several washes of 

diethyl ether, followed by an 

extraction with copious 

amounts of dichloromethane, produce clean 15. Unfortunately, it was obvious from the 

beginning of the extraction step that 15 proved to be just as insoluble as the previous Ru 

complexes and thus no reactivity was investigated. 

With 15 in hand, multinuclear NMR studies were carried out. In the 1H NMR, the 

Figure 51. Synthesis of Complex 15 from Ligand 14. 
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cyclohexyl groups can be clearly seen evidenced by several multiplets at 3.60ppm, 

2.74ppm, and a range from 2.19-1.15ppm. Furthermore, the ligated η6-benzene falls at 

6.05ppm, slightly more upfield from 12. In the 11B{1H} NMR, again, we see disruption of 

the C4v of the cluster, likely a result of the strong Ru-Cl interactions similar to what was 

discussed previously. The most downfield peak lies at 24.2ppm and the remaining cluster 

of peaks are within the range -0.9 through -8.1ppm. Lastly, the 31P{1H} NMR shows a 

dramatic shift downfield to 90.4ppm when compared to free ligand 14 at 30.0ppm. 

Next, a single crystal was grown for X-ray diffraction analysis. The structure can 

be seen in Figure 63, vida infra. It can be seen that as in 12 and 13, complex 15 retains 

its cluster constitution, despite the loss of its local C4v symmetry seen in the 11B{1H} NMR. 

The Ru-Cl(2) distance is 2.4471(8)Å which is slightly longer than the covalent Ru-Cl(1) 

(2.3764(8)Å). This interaction elongates the B-Cl bond to 1.789(3)Å which is only slightly 

longer than the average of the uncoordinated B-Cl of 1.761Å. This elongation is 

comparable to compounds 12 and 13. The Ru-P distance is 2.4211(8)Å which is typical 

for Ru-P bond distances. The benzene distance is 

measured as the average of the Ru-C bonds which 

equates to 2.192(3)Å which is slightly shorter than 

compound 12, but still comparable. The Ru-P-C-B-Cl 

chelate forms a slightly puckered envelope 

conformation which is different from the planar 12 and 

13 conformations. As a result of solubility issues 

relating to complex 15, no reactivity was investigated 

with this complex. 

 

Figure 52. Crystal structure of 
Complex 15. 
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Conclusion 

 Here, we have synthesized three, new zwitterionic Ru complexes and studied their 

properties. Compound 12 was unable to produce any alkylidene, vinylidene, or 

allenylidene. All three structures showed a noticeable trans influence resulting from the 

ligated phosphine and all had cationic metal centers, as intended.  Disappointingly, the 

solubility remained a significant problem across all three complexes that we were unable 

to resolve. Despite these disappointments, we have learned the ease with which 

carboranyl ligands are able to form unique complexes with transition metals. 

Experimental 

General Considerations: Unless otherwise stated, all manipulations were carried 

out using standard Schlenk or glovebox techniques (O2, H2O < 1ppm) under a dinitrogen 

or argon atmosphere. Solvents were dried on elemental K or CaH2 and distilled under 

argon before use.  [(η6-C6H6)Ru(CH3CN)2Cl]+[BF4]- was prepared according to the 

literature procedure.112 NMR spectra were recorded at room temperature on Bruker 

Avance 300MHz, Bruker Avance 400MHz, or Bruker Avance 600MHz spectrometers. 

NMR chemical shifts are reported in parts per million (ppm). 1H NMR and 13C NMR 

chemical shifts were referenced to residual protio solvent. 11B NMR chemical shifts were 

externally referenced to BF3OEt2. 31P NMR chemical shifts were externally referenced to 

80% H3PO4 in H2O. The mass spectrometry data was collected on an Agilent LCTOF 

Multimode-ESI/APCI with direct injection. Crystallographic data for compounds 12, 13, 

and 15 are available free of charge from the Cambridge Crystallographic Data Center 

under reference number 1908384, 1908385, and 1908386, respectively. These structures 

can be accessed at: 

http://www.ccdc.cam.ac.uk/Community/Requestastructure/Pages/DataRequest.aspx. 

http://www.ccdc.cam.ac.uk/Community/Requestastructure/Pages/DataRequest.aspx
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Modified Synthesis of 4: 

B10H14 (8.0g, 65.5mmol) was placed in a 1L round bottom flask and hexanes 

(20mL) was added to the round bottom with a stirbar. The flask was placed in an ice bath. 

A prechilled aqueous solution of NaOH (10% w/w, 240mL) was then added. An addition 

funnel was fitted to the top of the round bottom flask and an aqueous formaldehyde 

solution (10.0g, 37%, w/w, stabilized with methanol), was added to the funnel. Water 

(10mL) was then added to the formaldehyde solution and the additional funnel was set to 

add to the NaOH solution dropwise over a period of 1 hour. After all formaldehyde was 

added, the ice bath was refreshed and the reaction was set to stir overnight, warming to 

ambient temperature.  

Subsequently, the hexane layer was removed via seperatory funnel. Extractions 

with diethyl ether (100mL x3) were performed and ether layers combined and placed in a 

2L round bottom flask equipped with a stir bar and was cooled to 0°C in an ice bath. A 

prechilled aqueous solution of KOH (1M, 600mL) was added. The ether was then removed 

in vacuo. Once all ether was evaporated, I2 (20g x3 every 30min, 210mmol) was added. 

The ice bath was refreshed and the reaction was allowed to stir overnight and warm to 

room temperature. Next, the pale yellow solution was gravimetrically filtered and then 

Et4NCl (15g, 90mmol) was added. The precipitate was filtered and washed with copious 

amounts of water. The filtered precipitate was allowed to dry overnight on the filter paper. 

Next, the precipitate was added to a 500mL round bottom flask equipped with a 

stir bar. An aqueous HCl solution (10% w/w of 37% HCl, 200mL) was added, followed by 

diethyl ether (100mL). The reaction was stirred vigorously until all solids had dissolved. 

The ether layer was separated via seperatory funnel and the aqueous solution was 
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washed with more diethyl ether. All organic layers were combined and placed into a 1L 

round bottom flask equipped with a stir bar. Water (300mL) was then added to the ether. 

The liquid mixture was then placed under vacuum to remove the ether layer. Once all 

ether was removed, the aqueous solution was heated to reflux for 24 hours. Once the time 

had elapsed, the reaction was gravimetrically filtered while hot. CsCl (15g, 90mmol) was 

then added to the solution and [Cs]+[HCB9H9]- was recrystallized from this solution and 

filtered. Yield: 10.2g, 40.4mmol, 62%. 

Synthesis for compound 12: 

 11 (300mg, 357μmol) was added to a 20mL scintillation vial equipped with a stir 

bar. Fluorobenzene (3mL) was then added. [(η6-C6H6)Ru(CH3CN)2Cl]+[BF4]-  (136mg, 

357μmol) was added to a 20mL scintillation vial and Fluorobenzene (1mL) was added. 

The Ru slurry was then added to the solution of 11 and the reaction was allowed to stir for 

30 minutes at room temperature. After 30 minutes, the reaction was passed through a 

Hirsch funnel fitted with a glass microfiber filter. The resulting solid was then washed with 

copious amounts of fluorobenzene, followed by diethyl ether washes. The washings were 

discarded and the red solid was dissolved through the filter paper with copious amounts 
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of DCM. The solvent was then removed in vacuo giving pure 24. Yield: 227mg, 88%.  

 1H NMR (400MHz, CD2Cl2, 23°C): δ 6.13 (s, 6H), 4.05 (m, 2H), 2.07-2.02 (dd, 3H, 

3JH-H = 7.4Hz, 4JP-H = 14.6Hz), 1.89-1.80 (m, 6H), 1.57-1.50 (dd, 3H, 3JH-H = 6.3Hz, 4JP-H = 

20.6Hz). 11B{1H} NMR (96MHz, CD2Cl2, 23°C): δ 24.0 (1B). -0.9, -1.7, -3.7, -8.1 (9B). 

31P{1H} NMR (162MHz, CD2Cl2, 23°C): δ 96.2. 

 

Figure 53. 1H NMR of 12 (400MHz, CD2Cl2, 23°C).   
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Figure 54. 11B{1H} NMR of 12 (96MHz, CD2Cl2, 23°C).   
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Figure 55. 31P{1H} NMR of 12 (162MHz, CD2Cl2, 23°C).   
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Figure 56. 11B{1H}-11B{1H} COSY NMR of 12 (96MHz, CD2Cl2, 23°C).   

Synthesis for compound 13: 

11 (300mg, 357μmol) was added to a 20mL scintillation vial equipped with a stir 

bar. Fluorobenzene (3mL) was then added. [(η6-C6H6)Ru(CH3CN)2Cl]+[BF4]-  (124mg, 

357μmol) was added to a 20mL scintillation vial and Fluorobenzene (1mL) was added. 
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The Ru slurry was then added to the solution of 11. One drop of acetonitrile was then 

added to the reaction mixture. The reaction was allowed to stir for 24 hours at room 

temperature. After 24 hours, the reaction was passed through a Hirsch funnel fitted with a 

glass microfiber filter. The resulting solid was then washed with copious amounts of 

fluorobenzene, followed by diethyl ether washes. The washings were discarded and the 

red solid was dissolved through the filter paper with acetonitrile. The solvent was then 

removed in vacuo giving pure 13. Yield: 261mg, 91% yield. 1H NMR (600MHz, CD3CN, 

23°C): δ 3.36 (m, 2H), 2.22 (s, 8H), 1.67-1.55 (dd, 6H, 3JH-H = 7.0Hz, 4JP-H = 13.1Hz), 1.52-

1.37 (dd, 6H, 3JH-H = 7.0Hz, 4JP-H = 13.1Hz).  11B{1H} NMR (128MHz, CD3CN, 23°C): δ 23.3, 

0.3, -2.5, -3.4, -7.2. 31P{1H} NMR (162MHz, CD3CN, 23°C): δ 117.0. 

 
Figure 57. 1H NMR of 13 (600MHz, CD3CN, 23°C).   
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Figure 58. 11B{1H} NMR of 13 (128MHz, CD3CN, 23°C).   
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Figure 59. 31P{1H} NMR of 13 (162MHz, CD3CN, 23°). 

Synthesis for compound 14: 

 

[Me3NH]+[HCB9Cl9]- (500mg, 1.02mmol) was dissolved in THF (3mL) in a 20mL 
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scintillation vial equipped with a stir bar. n-BuLi (2.1 equiv, 2.0M in hexanes) was added, 

and the mixture was stirred for 30min. This mixture was added to pentane (15mL) that 

was being stirred, and a white solid precipitated. The solid was collected by filtration, 

washed twice with pentane, and dried under vacuum. The resulting white powder was 

dissolved in THF (3mL), Cy2PCl (262mg, 1.12mmol) added, and the mixture stirred for 1h. 

The volatiles were removed under vacuum. The resulting oil was washed with pentane, 

taken up in PhF, and the insoluble LiCl removed by filtration. The filtrate was evaporated 

to dryness to yield 14 as a white solid. Yield: 961mg, 0.95mmol, 93%. 1H NMR (600MHz, 

CD2Cl2, 23°C): δ 3.80, (m, 8H, THF), 2.67, (m, 2H), 2.22, 2.16 (m, 4H), 1.96 (m, 8H, THF), 

1.77, 1.71 (m, 2H), 1.42 (m, 6H), 1.30 (m, 4H). 13C{1H} NMR (151MHz, CD2Cl2, 23°C): δ 

68.8, 34.1 (d, 1JP-C = 23.9Hz), 32.2 (2JP-C = 19.5Hz), 30.8, 27.7 (2JP-C = 14.2Hz), 26.7, 26.4, 

25.6.   11B{1H} NMR (192MHz, CD2Cl2, 23°C): δ 19.5 (1B), -4.6, 6.2 (9B). 31P{1H} NMR 

(162MHz, CD2Cl2, 23°C): δ 35.6. 
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Figure 60. 1H NMR of 14 (600MHz, CD2Cl2, 23°C).  
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Figure 61.  13C{1H} NMR of 14 (151MHz, CD2Cl2, 23°C). 
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Figure 62. 11B{1H} NMR of 14 (192MHz, CD2Cl2, 23°C). 
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Figure 63. 31P{1H} NMR of 14 (162MHz, CD2Cl2, 23°C). 

 

Synthesis for compound 15: 

 

14 (300mg, 325μmol) was added to a 20mL scintillation vial equipped with a stir 

bar. Fluorobenzene (3mL) was then added. [(η6-C6H6)Ru(CH3CN)2Cl]+[BF4]-  (124mg, 
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325μmol) was added to a 20mL scintillation vial and Fluorobenzene (1mL) was added. 

The Ru slurry was then added to the solution of 14 and the reaction was allowed to stir for 

30 minutes at room temperature. After 30 minutes, the reaction was passed through a 

Hirsch funnel fitted with a glass microfiber filter. The resulting solid was then washed with 

copious amounts of Fluorobenzene, followed by diethyl ether washes. The washings were 

discarded and the red solid was dissolved through the filter paper with copious amounts 

of DCM. The solvent was then removed in vacuo giving pure 15. Yield: 232mg, 276μmol 

85%. 1H NMR (300MHz, CD2Cl2, 23°C): δ 6.05 (s, 6H), 3.60 (m, 2H), 2.74 (m, 2H), 2.19 

(m, 2H), 2.07, (m, 2H), 1.82 (m, 6H), 1.54-1.32 (m, 8H). 11B{1H} NMR (192MHz, CD2Cl2, 

23°C): 24.2, -0.9, -1.9, -3.6, -8.1. 31P{1H} NMR (162MHz, CD2Cl2, 23°C): δ 89.4. 
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Figure 64. 1H NMR of 15 (300MHz, CD2Cl2, 23°C). Note: Benzene and diethyl ether impurities are 
seen at 7.35 and 3.42, 1.15ppm, respectively. 
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Figure 65. 11B{1H} NMR of 15 (196MHz, CD2Cl2, 23°C). 
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Figure 66. 31P{1H} NMR of 15 (162MHz, CD2Cl2, 23°C). 
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X-Ray Structure of (η6-C6H6)(κ2-P,Cl-P2CB9Cl9)RuCl (12): 

 

X-Ray Structure Determination 

A red prism fragment (0.425 x 0.315 x 0.087 mm3) was used for the single crystal 

x-ray diffraction study of C13H20B9Cl10PRu.C4H8O (sample vL306JKr_0m). The crystal was 

coated with paratone oil and mounted on to a cryo-loop glass fiber. X-ray intensity data 

were collected at 100(2) K on a Bruker APEX2 (ref. 1) platform-CCD x-ray diffractometer 

system (fine focus Mo-radiation, Φ = 0.71073 Å, 50KV/30mA power). The CCD detector 

was placed at a distance of 5.0600 cm from the crystal. 

A total of 5400 frames were collected for a sphere of reflections (with scan width 

of 0.3o in ω starting ω and 2θ angles of –30o, and θ angles of 0o, 45o, 90o, 120o, 135o, 

180o, 225o, 240o, and 270o for every 600 frames, 10 sec/frame exposure time). The frames 

were integrated using the Bruker SAINT software package (ref. 2) and using a narrow-

frame integration algorithm. Based on a triclinic crystal system, the integrated frames 
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yielded a total of 100601 reflections at a maximum 2θ angle of 56.564o (0.75 Å resolution), 

of which 15920 were independent reflections (Rint = 0.0272, Rsig = 0.0175, redundancy = 

6.3, completeness = 99.9%) and 14393 (90.4%) reflections were greater than 2θ(I). The 

unit cell parameters were, a = 9.8700(3) Å, b = 17.5026(5) Å, c = 18.9830(6) Å, α = 

92.4996(5)  β = 94.6971(5)o, γ = 100.1995(5), V = 3211.01(17) Å3, Z = 4, calculated 

density Dc = 1.721 g/cm3. Absorption corrections were applied (absorption coefficient μ = 

1.387 mm-1
; max/min transmission = 0.889/0.590) to the raw intensity data using the 

SADABS program (ref. 3).  

The Bruker SHELXTL software package (ref. 4) was used for phase determination 

and structure refinement. The distribution of intensities (E2-1 = 0.939) and no systematic 

absent reflections indicated two possible space groups, P-1 and P1. The space group P-

1 (#2) was later determined to be correct. Direct methods of phase determination followed 

by two Fourier cycles of refinement led to an electron density map from which most of the 

non-hydrogen atoms were identified in the asymmetric unit of the unit cell. With 

subsequent isotropic refinement, all of the non-hydrogen atoms were identified. There 

were molecules of C13H20B9Cl10PRu and two solvent molecules of THF present in the 

asymmetric unit of the unit cell. The benzene coordinated to the Ru2-atom was modeled 

with disorder (benzene disordered site occupancy ratio was 81%/19%). 

Atomic coordinates, isotropic and anisotropic displacement parameters of all the 

non-hydrogen atoms were refined by means of a full matrix least-squares procedure on 

F2. The H-atoms were included in the refinement in calculated positions riding on the 

atoms to which they were attached. The refinement converged at R1 = 0.0270, wR2 = 

0.0650, with intensity I>2θ (I). The largest peak/hole in the final difference map was 1.212/-

1.052 e/Å3.  
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X-Ray Structure of (κ2-P,Cl-P2CB9Cl9)RuCl(NCCH3)3 (13): 

 

 

X-Ray Structure Determination 

A yellow fragment of a prism (0.328 x 0.285 x 0.223 mm3) was used for the single 

crystal x-ray diffraction study of CB9Cl9PC6H14[CH3CN]3ClRu.CH3CN (sample 

vL210JK_0m). The crystal was coated with paratone oil and mounted on to a cryo-loop 

glass fiber. X-ray intensity data were collected at 100(2) K on a Bruker APEX2 (ref. 1) 

platform-CCD x-ray diffractometer system (fine focus Mo-radiation, Φ = 0.71073 Å, 

50KV/30mA power). The CCD detector was placed at a distance of 5.0600 cm from the 

crystal. 

A total of 2400 frames were collected for a hemisphere of reflections (with scan 

width of 0.3o in ω, starting ω and 2θ angles at –30o, and θ angles of 0o, 90o, 180o, and 

270o for every 600 frames, 10 sec/frame exposure time). The frames were integrated using 

the Bruker SAINT software package (ref. 2) and using a narrow-frame integration 
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algorithm. Based on an orthorhombic crystal system, the integrated frames yielded a total 

of 102778 reflections at a maximum 2θ angle of 61.016o (0.70 Å resolution), of which 

10189 were independent reflections (Rint = 0.0385, Rsig = 0.0189, redundancy = 10.1, 

parameters were, a = 14.2022(5) Å, b = 16.2883(6) Å, c = 28.8733(11) Å, α = β = γ = 90o, 

V = 6679.3(4) Å3, Z = 8, calculated density Dc = 1.683 g/cm3. Absorption corrections were 

applied (absorption coefficient μ = 1.336 mm-1
; max/min transmission = 0.755/0.668) to the 

raw intensity data using the SADABS program (ref. 3).  

The Bruker SHELXTL software package (ref. 4) was used for phase determination 

and structure refinement. The distribution of intensities (E2-1 = 0.995) and systematic 

absent reflections indicated one possible space group, Pbca. The space group Pbca (#61) 

was later determined to be correct. Direct methods of phase determination followed by 

two Fourier cycles of refinement led to an electron density map from which most of the 

non-hydrogen atoms were identified in the asymmetric unit of the unit cell. With 

subsequent isotropic refinement, all of the non-hydrogen atoms were identified. There was 

one molecule of CB9Cl9PC6H14[CH3CN]3ClRu and one solvent molecule of CH3CN present 

in the asymmetric unit of the unit cell.  

Atomic coordinates, isotropic and anisotropic displacement parameters of all the 

non-hydrogen atoms were refined by means of a full matrix least-squares procedure on 

F2. The H-atoms were included in the refinement in calculated positions riding on the 

atoms to which they were attached. The refinement converged at R1 = 0.0224, wR2 = 

0.0502, with intensity, I>2θ(I). The largest peak/hole in the final difference map was 0.704/-

0.633 e/Å3. 
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X-Ray Structure of (η6-C6H6)(κ2-P,Cl-P2CB9Cl9)RuCl (15): 

 

Diffraction data were collected on a Bruker-AXS Apex II diffractometer with an 

Apex II CCD detector using Mo K radiation ( = 0.71073 Å) from a fine-focus sealed tube 

source. Data were collected at 100 K by performing 0.5° φ- and -scans, integrated using 

SAINT[1], and absorption corrected using SADABS[2].  The structure was solved by direct 

methods using SHELXT[3] and refined against F2 on all data by full-matrix least squares 

with SHELXL-2018/3[4] following established refinement strategies[5].  All non-hydrogen 

atoms were refined anisotropically. All hydrogen atoms were included into the model at 

geometrically calculated positions and refined using a riding model. The isotropic 

displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the 
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atoms they are linked to (1.5 times for methyl groups).  Crystal and data quality details, as 

well as a summary of the residual refinement values, are listed in the accompanying table. 

Compound vl341jk crystallizes in the orthorhombic centrosymmetric space group 

Pbca with one molecule of vl341jk. 
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CHAPTER 5: Ethylene Oligomerization and Polymerization by PalladiumII Methyl 

Complexes Supported by Phosphines Bearing a Perchlorinated 10-Vertex closo-

Carborane Anion Substituent 

 

Introduction 

 Square planar PdII alkyl complexes that contain unsymmetrical chelating 

phosphine-arenesulfonate ligands (A, Fig. 67) have been studied extensively because of 

their ability to polymerize ethylene to linear polyethylene and copolymerize ethylene with 

polar monomers.113–115 However, the performance of these catalysts is generally inferior 

compared to that of other classes of olefin polymerization catalysts, which has motivated 

studies of related catalysts with other unsymmetrical ligands.116–124 One interesting analog 

of A, studied independently by the Jordan and Piers groups, is zwitterionic phosphine-

trifluoroborate system B, in which the sulfonate unit of A is replaced by a weakly 

coordinating trifluoroborate group.121,125 

In the presence of [H(OEt2)2]+[B(3,5-

(CF3)2-C6H3)4]- to sequester the 

collidine ligand as [collidinium]+[B(3,5-

CF3)2-C6H3)4]-, B (L = collidine) 

catalytically dimerizes ethylene to 

butene with a turnover frequency (TOF) 

of 385 t.o./h at 23°C (CD2Cl2 solvent, 

150 psi ethylene). Under these 

conditions, the catalyst resting state is 

the (κ2-P,F-o-PPh2C6H4BF3)PdEt(η2-H2C=CH2) complex and the primary product 1-butene 

Figure 67. PdII Alkyl Complexes with Unsymmetrical 
Chelating Ligands. 
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is isomerized to cis- and trans-2-butene. Carborane clusters offer interesting possibilities 

as frameworks or components for ligands for organometallic catalysts due to their 

structural rigidity, steric and electronic tunability,51,77,126–128 and synthetic availability.10,11,15–

17,58,73,74,129–142 In particular, halogenated closo-carborane anions are exceptionally 

stable22,30 and may engage in weak dative BX → M interactions that may influence catalyst 

performance.10  

Lavallo and co-workers recently reported the synthesis and characterization of 

zwitterionic (PiPr2CB11Cl11)Pd(allyl) (C, Fig. 67), bearing a diisopropyl phosphine ligand 

with a 12- vertex perchloro-closo-carborane anion substituent.54 In the solid-state, the 

[PiPr2CB11Cl11]− ligand in C is bound in an κ2-P,Cl mode; thus, C may be viewed as a 

structural analogue of B. Complex C reacts with norbornene to give organic-soluble 

polynorbornene but does not react with ethylene.  

Here, we describe the synthesis and reactivity with ethylene of 

(PR2CB9Cl9)PdMe(THF) complexes of type D, which contain phosphino-perchlorocarba-

closo-decaborate ligands (Fig. 67). On the basis of studies of the parent [PiPr2CB9H9]– and 

[PiPr2CB11H11]− ligands, a [PR2CB9Cl9]− ligand is expected to be a stronger donor and to 

exhibit a slightly smaller cone angle compared to an analogous [PR2CB11Cl11]− ligand.77 

The objective of the present work was to explore how these differences influence the 

reactivity of complexes of type D with ethylene. The steric and electronic properties of the 

phosphine-arenesulfonate ligands in A strongly influence the ethylene polymerization 

performance.143 We report the synthesis of a new family of [PR2CB9Cl9]− ligands (11, R = 

iPr; 16, R = Ph; 17, R = o-MeO-Ph; 18, R = o-MeS-Ph) and the corresponding zwitterionic 

(PR2CB9Cl9)PdMe(THF) complexes (22-25). Complexes 22 and 23, which contain 
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diisopropyl- and diphenyl-phosphino units, respectively, are structurally analogous to B, 

with the [PR2CB9Cl9]− ligands bound to Pd in a κ2-P,Cl mode. In contrast, 24 and 25, which 

contain a di-o-anisolyl, and di-o-thioanisolyl phosphine units, adopt κ2-P,O and κ3-P,S,S 

bonding modes in which one o-anisolyl methoxy (24) and both o-thioanisolyl (25) groups 

are bound to Pd at the ether and thioether functionalities, respectively.  

Results and Discussion 

 [PR2CB9Cl9]− ligands 11 and 16−18 were synthesized as the Li(THF)x salts (x = 

2−4) following the procedure developed earlier for the 12-vertex analogue 

[Li(THF)3]+[PiPr2CB11Cl11]- (Fig . 67).54,58 C-Lithiation of [HCB9Cl9]− followed by addition of 

the appropriate R2PCl electrophile affords [11, 16−18]-[Li(THF)x]+ in >90% yield. The 

reaction of [11, 16−18]-[Li(THF)x]+ with (COD)PdMeCl yields the chloro-bridged dinuclear 

complexes [Li(THF)3]+[{(PR2CB9Cl9)PdMe}2(μ-Cl)]- 19-21. Reaction of 19-21 with 0.5 

equivalent of AgBF4 yields corresponding (PR2CB9Cl9)PdMe(THF) complexes 22-24 in 

>80% yield. However, complex 25 is produced directly from the reaction of 18 with 

(COD)PdMeCl. X-ray quality crystals of chloro-bridged dinuclear complex 20 were grown 

from THF/pentane. Crystallization of 21 from CH3CN/PhF gave X-ray quality crystals of 

the corresponding CH3CN adduct (PiPr2CB9Cl9)PdMe(CH3CN)·(PhF)0.35 (21−CH3CN· 

(PhF)0.35).  
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Figure 68. Solid-state structure of 20: H atoms are 
omitted. Thermal ellipsoids are drawn at the 50% 
probability level. Key bond lengths (Å): Li1−Cl4 
2.575(4) Pd1−C1 2.024(2), Pd1−P1 2.2255(6), 
Pd1−Cl1 2.4950(5), Pd1−Cl2 2.3847(6), B1−Cl1 
1.790(2), Pd2−C2 2.024(2), Pd2−P2 2.2137(8), 
Pd2−Cl3 2.5600(5), Pd2−Cl2 2.3963(8), B2−Cl3 
1.789(2). Key bond angles: C1−Pd1−P2 89.62(6)o, 
C1−Pd1−Cl2 84.70(2)o, P1−Pd1−Cl1 9.62(6)o, 
Cl2−Pd1−Cl 84.70(2)o, Pd1−Cl2−Pd2 103.34(2) o. 
Color code: C, gray; B, brown; Cl, green; P, violent; 
Pd, light blue; O, red; Li, pink. 
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Figure 71. Solid-state structure of 23. H atoms 
are omitted. One orientation is shown. Thermal 
ellipsoids are drawn at the 50% probability 
level. Key bond lengths (Å): Pd1−C1 2.021(2), 
Pd1−O1 2.1362(15), Pd1−P1 2.2070(7), 
Pd1−Cl1 2.5135(6), B2−Cl1 1.800(2). Key 
bond angles: C1−Pd1−O1 90.05(8)o, 
C1−Pd1−P1 88.18(7)o, O1−Pd1−Cl1 88.71(5)o, 
Cl1−Pd1−P1 93.20(2)o. Color code: C, gray; B, 
brown; Cl, green; P, violet; Pd,  light blue; O, 
red. 

 

Figure 72. Solid-state structure of 24. H atoms 
and CH2Cl2 and pentane solvent molecules are 
omitted. Thermal ellipsoids are drawn at the 50% 
probability level. Only one orientation of the 
disordered THF ligand is shown. Bond lengths 
(Å): Pd1−O1 2.127(1), Pd1−C1 2.019(1), 
Pd1−P1 2.1855(7), Pd1−O2 2.225(1). Key bond 
angles: O1−Pd1−C1 92.75(5)o, O1−Pd1−O2 
89.98(4)o, C1−Pd1−P1 94.33(4)o, P1−Pd1−O1 
82.53(3)o. Color code: C, gray; B, brown; Cl, 
green; P, violet; Pd, light blue; O, red. 

Figure 70. Solid-state structure of 25. H atoms, 
THF and pentane solvent molecules are omitted. 
Thermal ellipsoids are drawn at the 50% 
probability level. Only one orientation of the 
disordered THF ligand is shown. Bond lengths 
(Å): Pd1−C1 2.081(6), Pd1−S1 2.2806(3) 
Pd1−S2 2.3010(3), Pd1−P1 2.2794(3). Key bond 
angles: S1−Pd1−P1 85.540(11)o, P1−Pd1−S2 
88.938(11)o, C1−Pd1−S2 89.3(2)o, S1−Pd1−C1 
94.4(2) o. Color code: C, gray; B, brown; Cl, 
green; P, violet; Pd, light blue; S, orange. 

Figure 69. Solid-state structure of 22. H atoms 
and PhF molecules are omitted and only one 
orientation of the disordered iPr unit is shown. 
Thermal ellipsoids are drawn at the 50% 
probability level. Key bond lengths (Å): Pd1−C1 
2.029(3), Pd1−P1 2.2329(6), Pd1−N1 2.088(2), 
Pd1−Cl1 2.5876(7), B1−Cl1 1.795(2). Key bond 
angles: C1−Pd1−P1 91.79(8)o, C1−Pd1−N1B 
88.4(1)o, P1−Pd1−Cl1 87.36(2)o, N1−Pd1−Cl 
92.78(6)o. Color code: C, gray; B, brown; Cl, 
green; P, violet; Pd, light blue; O, red; N, blue. 
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X-ray quality crystals of 23 were grown from PhF/hexanes. X-ray structural 

analyses of 20, 22−CH3CN, and 23 (Fig. 69-71) show that the [PR2CB9Cl9]− ligands are 

bound in a κ2-P,Cl mode in these complexes. The B−Cl bond lengths for the bound B−Cl 

units 20: 1.790(2) Å, 22−CH3CN: 1.795(2) Å; 23: .800(2) Å) are ca. 0.03Å longer than 

average lengths of the terminal B−Cl bonds in the ortho layer of the carboranyl unit 20: 

1.761(1)Å, 22−CH3CN: 1.768(1)Å; 23: 1.764(4)Å), similar to what is observed for C.54 The 

5-membered Pd−P−C−B−Cl chelate ring adopts an envelope conformation in 23 and a 

planar conformation in 20 and 23. The Pd−Me group is cis to the phosphine in all three 

complexes as expected due to the stronger trans influence of the phosphine versus the 

weakly coordinating B−Cl unit. In the solid-state structure of 20, the positively charged 

[Li(THF)3]+ unit is in close contact with the sterically accessible P-Cl of one of the [CB9Cl9]- 

units, indicative of negative charge density located on the cluster.  

X-ray quality crystals of 24·(CH2Cl2)2(pentane)1.5 were grown from 

CH2Cl2/pentane. In contrast to the κ2-P,Cl bonding mode observed for the [PR2CB9Cl9]− 

ligands in 20, 22−CH3CN, and 23, X-ray analysis shows that the [P(o-MeO-Ph)2CB9Cl9]− 

ligand in 24 is bound in a κ2-P,O mode through one of the o-anisolyl methoxy groups (Fig. 

72). The difference in structure between 23 and 24 may be driven by steric effects. 

Analysis of a space-filling model of 22 (Fig. 100, Experimental) reveals that the PPh2 rings 

are pinned by the bulky perchlorocarboranyl unit in sterically crowded positions that would 

be inaccessible for the larger P(o-MeO−Ph)2 groups of 24 (Fig. 106, Experimental). 

Additionally, the ether functionality in 24 is a stronger donor compared to the weakly 

coordinating B−Cl moiety of the [CB9Cl9]− unit. The Pd−P−C−C−O chelate ring in 24 

adopts an envelope conformation. The non-Pd-bound MeO- group is positioned above the 
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Pd square plane and is in close contact with the Pd center (Pd−O3 = 3.063Å; sum of O 

and Pd van der Waals radii = 3.15Å).  

X-ray quality crystals of 25 were grown from layering THF and benzene. In further 

contrast from 22-24, where the phosphorous is cis to the Pd-methyl group, 25 chelated in 

a k3-P,S,S configuration to the Pd center forcing a trans relationship between the 

phosphorous and Pd-methyl (Fig. 73). Both 5-membered Pd−P−C-C−S chelate rings 

adopt an envelope conformation. Additionally, the trans influence from the phosphorous 

onto the Pd-methyl group elongates that bond substantially to 2.081(6)Å, relative to the 

average Pd-methyl bond lengths for 22-24 (2.023(1)Å). Furthermore, each methyl group 

from the thioether point in opposite directions, relative to the planes of the chelate rings. 

The 11B{1H} NMR spectra of 20 and 22-25 contain three resonances in a 1:4:4 

intensity ratio, indicative of effective local C4v symmetry of the [CB9Cl9]− cluster. This is 

consistent with the [CB9Cl9]− unit rotating rapidly around the C−P bond with concomitant 

exchange of the Pd-bound and non-Pd-bound B−Cl units on the ortho-ring of the 

carborane clusters in these compounds, as observed previously for C.54  

The low-temperature (−60°C 1H NMR and 13C{1H} NMR spectra in CD2Cl2 of 24 

contain two sets of o-anisolyl resonances (Fig. 73). The difference in the chemical shifts 

of the MeO- resonances (1H: Δδ = 0.32; 13C: Δδ( 13 C) = 3.7) is close to the coordination 

shift for the THF α-H resonances (1H: δ  − δfree = 0.47;13C: δbound − δfree = 4.6), which is 

consistent with the coordination of one MeO- group to Pd, observed in the solid-state 

structure. The 1H NMR and 13C{1H} spectra of 24 in CD2Cl2 at room  temperature contain 

one set of o-anisolyl resonances, indicating that the o-anisolyl groups exchange rapidly 

on the NMR time scale at this temperature (Fig. 74). The barrier to anisolyl group 
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exchange, ΔG⧧ = 12.3kcal/mol, was determined from the coalescence of the MeO- 1H 

NMR resonances (Tcoalescence = −5°C, 500MHz). The 11B{1H} NMR spectrum of 24 is similar 

to those of 20, 22, 23, and 25 indicating that the [CB9Cl9]- unit rotates rapidly around the 

C−P bond, regardless of the phosphine−carborane bonding mode, κ2-P,Cl or κ2 P,O.  

 The 1H and 31P{1H} NMR spectra of 21 at −60°C in CD2Cl2 show that this species 

exists as a 1.6/1 mixture of two isomers, each of which exhibits two sets of anisolyl 

resonances in the 1H spectrum. The isomers are assigned as diastereomers that differ in 

the relative configuration of the phosphorus atoms, which are stereogenic centers due to 

the κ2-P,O bonding mode of the [P(o-

MeO−Ph)2CB9Cl9]− ligand. In contrast, 

only one species is observed at room 

temperature and −60°C in the 1H and 

31P{1H} NMR spectra of κ2-P,Cl-20. The 

difference in the 1H chemical shifts for 

the Pd-bound and non-Pd-bound MeO- 

groups of 21 (Δδmajor‑isomer = 0.52, 

Δδminor‑isomer = 0.80) are similar to that for 

24. Isomer exchange is fast on the NMR 

time scale at 23°C due to fast exchange 

of the Pd-bound and non-Pd-bound 

methoxy groups.  

Figure 73. 1H NMR spectra of 24 at 23°C (top) and 
−60°C (bottom) illustrating the exchange of the  
anisolyl rings. The aromatic and MeO- regions of the 
spectra are shown. The MeO- resonances appear at 
δ 4.05 and 3.73 at −60°C and are coalesced at 23°C 
(CD2Cl2). 
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We next sought to investigate how complexes 22-25 react with ethylene. 

Complexes 22 and 23 oligomerize ethylene to a Schulz−Flory distribution of C4−C10 olefins 

at 23°C and 2atm ethylene pressure in mixed toluene/fluorobenzene solvent (Table 2). 

GC-MS analysis of the oligomers shows that 22 produces predominately α-olefins, while 

23 produces an approximately 1/1 mixture of α-olefins and internal olefins. Catalyst 22 is 

5 times more active than 23. In both cases, the catalytic activity and molecular weight 

distribution of the oligomers (as assessed by the Schulz−Flory propagation probability α, 

Fig. 123 and 124, Experimental)144 are independent of ethylene pressure and are 

unaffected by the addition of B(C6F5)3.  

Entryb cat. P (atm) 
Ethylene 

Consumed (mg)d 
activity (Kg molPd

-1 h-1) TOF (h-1) αe % α-olefinf 

1 22c 2 420 210 7500 0.15 85 

2 22c 6 470 240 8400 0.16 91 

3g 22c 6 450 220 8000 0.17 83 

4 23h 2 450 45 1600 0.22 47 

5 23h 6 513 51 1800 0.17 46 

6g 23h 6 540 54 1900 0.16 48 

aConditions: 49mL of toluene, 1mL of fluorobenzene, 23°C, 2h. bAverage of two identical runs. 
c1μmol of Pd. dDetermined by mass flow.eSchulz−Flory propagation probability. fPercentage 

of olefins that are α-olefins, determined by GC-MS. g1eq of B(C6F5)3 added. h5μmol of Pd. 

 

Entryb 
P 

(atm) 
yield 
(mg) 

activity             
(Kg molPd

-1 h-1) 
TOF 
(h-1) 

Mn 
(Da)c 

Ðd 
Branches/1000 

Cc 
Tm (˚C)g 

1 2 103 10.3 370 1080 1.6 14 
82.5, 92.3, 
104.5 

2e 2 345 34.5 1240 720 1.4 15 
73.2, 89.2, 
97.4 

3 6 135 13.5 480 950 1.6 12 
77.9, 87.0, 
103.0 

4f 6 132 13.2 470 980 1.6 13 
76.6, 86.6, 
102.6 

5 54 100 10 360 810 1.5 14 71.0, 101.5 
aConditions: 49mL of toluene, 1mL of fluorobenzene, 23°C, 2h, 5μmol of Pd. bAverage of two 
identical runs. cDetermined by 1H NMR. dDetermined by GPC. e50°C. f1 equiv of B(C6F5)3 
added. gDetermined by DSC. 

Table 3. Ethylene Polymerization Data for Catalyst 24a 

[Grab your reader’s attention with a great quote from the 

document or use this space to emphasize a key point. To 

place this text box anywhere on the page, just drag it.] 

Table 2. Ethylene Oligomerization Data for Catalysts 22 and 23a 
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Complex 24 reacts with ethylene at 23°C and 2atm ethylene pressure to produce 

polyethylene (PE) wax with a narrow molecular weight distribution characteristic of a 

single-site catalyst (Table 3). At 50°C, the activity is increased by a factor of 4, while the 

Mn value of the product is decreased by a factor of 3. As observed for 22 and 23, the 

catalyst activity and Mn of the polymer are independent of ethylene pressure (up to 54atm) 

and are unaffected by the presence of B(C6F5)3. The observation that the ethylene 

oligomerization/polymerization activity of 22-24 is independent of ethylene pressure and 

unaffected by the presence of B(C6F5)3 suggests that the resting state for these catalysts 

is the corresponding (PR2CB9Cl9)PdR′(η2-H2C=CH2) ethylene complex (R′ = growing 

chain). The observation that the molecular weight of the oligomer/polymer product is 

independent of ethylene pressure is consistent with an associative chain transfer 

mechanism, which is typical for square planar ethylene polymerization catalysts.145 

Complex 25 was completely unreactive toward ethylene under all conditions. This is a 

result of the unique binding mode of ligand 18 that forces the trans P-Pd-CH3 confirmation. 

The PE formed by 24 was characterized by 1H and 13C{1H} NMR. Peak 

assignments were made based on literature data and 2D NMR experiments (see the 

Experimental section).146–155 The PE produced by 24 at 23°C contains one olefin unit per 

chain, of which >95% are internal olefins. The internal olefins comprise primarily 2-olefins 

(42%), followed by 3-olefins (21%), 4-olefins (10%) and 5+-olefins (27%), with 70% of the 

total olefins in the trans configuration. The PE produced at 50°C contains 90% internal 

olefins (Table 3, entry 2) in a 1/1 cis/trans ratio. The PEs produced at both 23 and 50°C 

contain ca. 13 branches per 1000 C (i.e., ca. one branch per chain) as determined by 1H 

NMR. 13C{1H} NMR analysis shows that methyl, ethyl and sec-butyl branches are present 

in a 3/1/1 ratio. The PE microstructure is independent of ethylene pressure and is 
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unaffected by the presence of B(C6F5)3. DSC analysis shows that the PE produced by 24 

melts over abroad temperature range (Fig. 134, Experimental) with apparent Tm value of 

ca. 80, 90, and 103°C (Table 3). Similar results have been observed for other low-

molecular-weight PE waxes.156–159 For example, saturated linear Fischer−Tropsch waxes, 

such as SasolWax H1 (Mn = 800, Đ = 1.4, 1.6 branches/1000 C), exhibit multiple melt 

transitions in DSC that are very similar to those observed for the PE formed by 20.102 This 

behavior has been ascribed to the melting of crystallites consisting mainly of short chains 

at lower temperature and the progressive melting of crystallites composed primarily of 

longer and longer chains as the temperature is raised.156,160–162 Generation of a 

(PR2CB9Cl9)PdMe(η2-H2C=CH2). 

 The reaction of 24 with ethylene was studied by NMR at low temperature in order 

to probe ethylene binding and monitor the chain growth process. The reaction of 24 with 

excess ethylene at −78°C in CD2Cl2 generates the ethylene adduct (κ2-P,O-(o-MeO-

Ph)2CB9Cl9)PdMe(H2C=CH2) (26, Fig. 75). The bound ethylene in 26 gives rise to an 

AA′BB′ pattern at δ5.42 and 5.30 in the 1H NMR spectrum and a singlet at δ101.5 in the 

13C{1H}  NMR spectrum at −78°C, consistent with rapid rotation of the bound ethylene 

around the Pd−ethylene centroid bond.163 The 1H and 13C{1H} spectra of 26 at −78°C 

Figure 74. Generation of ethylene complex 26 and subsequent reaction with ethylene to generate 
27. 
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contain two MeO- resonances, the chemical shift differences of which are similar to those 

observed for 24 and consistent with a κ2-P,O bonding mode for the phosphine−carborane 

ligand. The Pd−Me group gives rise to a doublet in the 1H NMR spectrum with a small J3 

PH value (3Hz) and a singlet in the 13C{1H} spectrum, indicating that the Me group is cis 

to the phosphine. The 1H−1H NOESY spectrum of 26 (−78°C) contains strong correlations 

between the bound ethylene resonance and the Pd−Me resonance and one MeO- 

resonance (δ4.03, Pd- bound), as well as a weak correlation with the other MeO- 

resonance at (δ3.71, non-Pd-bound) (Fig. 115, Experimental). The bound ethylene 1H 

NMR resonances are coalesced with the free ethylene resonance at −30°C. The MeO- 1H 

NMR resonances are coalesced at −20°C, indicating that 26 undergoes an anisolyl group 

exchange process, as observed for 24. Complex 26 undergoes repetitive ethylene 

insertion at −20°C to generate a mixture of 

(κ2-P,O-P(o-MeO−Ph)2CB9Cl9)-PdR′(η2-

H2C=CH2) alkyl species (27, R′ = growing 

chain). β-H elimination and olefin formation 

do not occur at this temperature; therefore, 

the polymerization is living. The chain growth 

process was monitored by 1H NMR. As 1 

molecule of THF is released per equivalent of 

24 in the formation of 26, the total 

concentration of Pd species during chain 

growth is [Pd] total = [26] + [27] = [THF]. 

Therefore, the average number of 

ethylene units inserted per Pd−R′ chain, 

Figure 75. Representative plots of Xn versus time 
for the reaction of in situ-generated 26 with 
ethylene at −20°C. Blue data and curve: [Pd]total = 
9.3mM, [ethylene]initial = 0.15M (16 equiv). Red 
data and curve: [Pd]total = 9.1mM, [ethylene]initial = 
0.32M (35 equiv). The two curves do not overlap 
because the extent of chain growth at the 
beginning of data collection was different for the 
two runs. This difference affects the y intercept but 
not the slope of the line. 
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Xn, is equal to the ratio (total integral of the Pd−R′ resonances)/(integral of the THF β-H 

resonance). Plots of Xn versus time are linear with a slope that is independent of ethylene 

concentration (Fig. 76), indicating that the growth rate is zero-order in ethylene, which is 

consistent with the polymerization results. The composite insertion rate constant (for 

Pd−Me and Pd−R′), k insertion (eq1), was determined to be 1.05(6)×10−3s−1 (−20°C), 

which corresponds to an apparent insertion barrier ΔG⧧ insertion of 18.1(1)kcal/mol.  

Conclusion 

In conclusion, we have described the synthesis and characterization of 22-25, 

which contain phosphino-perchlorocarba-closo-decaborate ligands. Compounds 22 and 

23, which contain κ2-P,Cl-[PR2CB9Cl9]− ligands, oligomerize ethylene to C4−C10 olefins, 

while 24, which contains a κ2-P,O-[P(o-MeO-Ph)2CB9Cl9]− ligand, polymerizes ethylene to 

PE wax. These results contrast with the lack of reactivity with ethylene observed for 

[PR2CB 11Cl11]− complex C.54 Though complex 25 was unreactive towards ethylene, it 

showed an interesting binding mode with the κ3-P,S,S-[P(o-MeS-Ph)2CB9Cl9]− ligand. 

Catalyst 22, which contains a strong donor PiPr2 unit, is significantly more active than 23 

or 24, which contain P(aryl)2 units. A similar trend was observed for analogous phosphine-

arenesulfonate palladium alkyl catalysts A.143 It is notable that 23 is ca. 4 times more 

reactive than trifluoroborate analogue B/[H(OEt2)2]+[B(3,5-(CF3)2C6H3)4]-, as assessed by 

the TOFs for ethylene oligomerization/dimerization.121,125 As the catalyst resting state in 

both cases is the corresponding PdR(η2-H2C=CH2) species, this reactivity trend is due to 

a difference in the ethylene insertion rate. The steric bulk of the perchlorocarborane 

backbone may contribute to the enhanced reactivity of 23. The combination of the low 

molecular weight, low branch density, predominance of short branches, and 
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preponderance of internal olefins in the polyethylene formed by 24 indicates that the 

secondary alkyl−metal species formed by chain walking undergo preferential chain 

transfer rather than chain growth. 

Experimental 

 General Considerations. All manipulations were carried out using standard 

Schlenk or glovebox techniques under a nitrogen or argon atmosphere at room 

temperature unless otherwise stated. Fluorobenzene was dried over and distilled from 

P2O5 or CaH2. THF was dried and distilled from K metal. CH2Cl2, pentane, and toluene 

were purified by passage through BASF R3−11 oxygen scavenger and activated alumina. 

CD2Cl2 was dried over P2O5 or 3Å molecular sieves and degassed. CD2Cl2 and CD3CN 

were dried over 3Å molecular sieves and degassed. Unless specifically stated, reagents 

were purchased from commercial vendors and used without further purification. (o-SMe-

Ph)2PCl was synthesized from literature procedure.164 NMR spectra were recorded using 

Bruker Avance 300MHz, Avance 400MHz, Avance 500MHz, or Avance 600MHz 

instruments or a Varian Inova 300MHz spectrometer. 1H and 13C{1H} NMR chemical shifts 

are reported relative to SiMe4 and are internally referenced to the residual solvent 

resonance. 31P{1H} NMR chemical shifts are externally  referenced to H3PO4. 11B{1H} NMR 

chemical shifts were externally referenced to BF3Et2O and the baseline of the spectra 

corrected using a multipoint spline. For all compounds, the carboranyl carbon resonance 

was not observed in 13C{1H} NMR spectra. NMR assignments for 11-25 were made based 

on peak multiplicities and integrations. NMR assignments for 24 and 26 were made using 

2D NMR experiments. High-resolution mass spectrometry (HRMS) was performed on an 

Agilent Technologies 6210 (TOFLC/MS) ESI/APCI instrument. [Me3NH]+[HCB9Cl9]- was 

synthesized according to literature procedures.165 (COD)PdMeCl was synthesized 
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according to literature procedures.166 The purity of all isolated compounds was established 

by multinuclear NMR and high-resolution mass spectrometry. Crystallographic data for 

compounds 20 and 22-25 are available free of charge from the Cambridge 

Crystallographic Data Center under reference numbers 1871350, 1867545−1867547, and 

1908800, respectively. This structure can be accessed at: 

http://www.ccdc.cam.ac.uk/Community/Requestastructure/Pages/DataRequest.aspx. 

Synthesis for [Li(THF)3]+[PiPr2CB9Cl9]- (11): 

  [Me3NH]+[HCB9Cl9]- (0.500g, 1.02mmol) was dissolved in THF (3mL) in a 20mL 

scintillation vial equipped with a stir bar. n-BuLi (2.1 equiv, 2.0M in hexanes) was added, 

and the mixture was stirred for 30min. This mixture was added to pentane (15mL) that 

was being stirred, and a white solid precipitated. The solid was collected by filtration, 

washed twice with pentane, and dried under vacuum. The resulting white powder was 

dissolved in THF (3mL), iPr2PCl (171mg, 1.12mmol) added, and the mixture stirred for 1h. 

The volatiles were removed under vacuum. The resulting oil was washed with pentane, 

taken up in PhF, and the insoluble LiCl removed by filtration. The filtrate was evaporated 

to dryness to yield 11 as a white solid. Yield: 720mg, 92%. 1H NMR (400MHz, CD2Cl2, 

23°C): δ 3.82 (m, 12H, THF), 2.98 (d of septets, 3JH-H = 7.2Hz; 2JP-H = 1.5Hz, 2H), 

−CH(CH3)2), 1.99 (m, 12H, THF), 1.34 (two overlapping dds, 3JP-H = 19.6Hz, 3JP-H = 

11.2Hz, 3JH-H = 7.4Hz, 3JH-H = 6.9 Hz, 12H, −CH(CH3)2). 13C{1H} NMR (101 MHz, CD2Cl2, 

23°C): δ 70.1 (THF), 26.9 (THF), 25.6 (d, 2JP-C = 36Hz, −CH(CH3)2), 23.2 (d, 2JP-C = 26Hz, 

−CH(CH3)2), 22.2 (d,1JP-C = 12Hz, −CH(CH3)2). 11B{1H} NMR (96MHz, CD2Cl2, 23°C): δ 

27.2 (1B), −3.0 (4B),−5.6 (4B). 31P{1H} NMR (162MHz, CD2Cl2, 23°C): δ 45.2. ESI/APCI 

HRMS (m/z): [M] − calculated for C7H14B9PCl9: 544.9044. Found: 544.9044. Mp: 

http://www.ccdc.cam.ac.uk/Community/Requestastructure/Pages/DataRequest.aspx
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100.0−106.7°C. 

 

Figure 76. 1H NMR of 11 (400MHz, CD2Cl2, 23°C). 
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Figure 77. 13C{ 1H} NMR of 11 (101MHz, CD2Cl2, 23°C). 
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Figure 78. 11B{ 1H} NMR of 11 (96MHz, CD2Cl2, 23°C). 
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Figure 79.  31P{ 1H} NMR of 11 (162MHz, CD2Cl2, 23°C). 
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Synthesis for [Li(THF)4]+[PPh2CB9Cl9]- (16): 

16 was prepared from [Me3NH]+[HCB9Cl9]- (0.500g, 1.02mmol), n-BuLi (2.1 equiv, 

2.0 M in hexanes), and Ph 2 PCl (247 mg, 1.12 mmol) using the procedure described 

above for 11. Yield: white solid, 880 mg, 95%.  1H NMR (300MHz, CD2Cl2, 23°C): δ 8.07 

(m, 4H, Ar), 7.37 (m, 6H, Ar), 3.78 (m, 16H, THF), 1.95 (m, 16H,THF). 13C{1H} NMR 

(101MHz, CD2Cl2, 23°C): δ 137.5 (d, 2JP-C = 29Hz, o-Ph), 133.1 (d,1JP-C= 16Hz, ispo-Ph), 

130.1 (p-Ph), 128.0 (d,3JP-C = 10Hz, m-Ph), 69.1 (THF), 25.9 (THF). 11B{1H} NMR (96MHz, 

CD2Cl2, 23°C): δ 20.6 (1B), −4.2 (4B), −6.2 (4B). 31P{1H} NMR (162MHz, CD2Cl2, 23°C): 

δ 11.5. ESI/APCI HRMS (m/z): [M] − calculated for C13H10B9PCl9: 612.8744. Found: 

612.8714. Mp: 143.2−145.5°C. 

 

Figure 80.  1H NMR of 16 (400MHz, CD2Cl2, 23°C). 
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Figure 81. 13C{1H} NMR of 16 (101MHz, CD2Cl2, 23°C). 
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Figure 82. 11B{1H} NMR of 16 (96MHz, CD2Cl2, 23°C). 
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Figure 83. 31P{1H} NMR of 16 (162MHz, CD2Cl2, 23°C). 
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Synthesis for [Li(THF)2]+[P(o-OMe-Ph)2CB9Cl9]- (17):  

17 was prepared from [Me3NH]+[HCB9Cl9]- (0.500g, 1.02mmol), n-BuLi (2.1 equiv, 

2.0 M in hexanes), and (o-OMe-Ph)2PCl (315mg,1.12 mmol) using the procedure 

described above for 11. Yield: white solid, 760 mg, 90%.1H NMR (400MHz, CD3CN, 23°C): 

δ 7.93 (m, 2H, Ar), 7.36 (m, 2H, Ar), 6.90 (m, 4H, Ar), 3.69 (s,6H, −OCH3), 3.65 (m, 8H, 

THF), 1.81 (m, 8H, THF). 13C{1H} NMR (101MHz, CD3CN, 23°C): δ 163.0 (d, 2JP-C = 22Hz, 

C−OCH3), 137.7 (Ar), 131.9 (Ar), 123.2 (d, 1JP-C = 29Hz, Cipso-P), 120.5(Ar), 111.9 (Ar), 

68.3 (THF), 56.4 (−OCH3), 26.2 (THF). 11B{1H} NMR (96MHz, CD3CN, 23°C): δ 20.3 (1B), 

−4.4 (4B), −6.3 (4B). 31P{1H} NMR (162MHz, CD3CN, 23°C): δ −9.8. ESI/APCIHRMS 

(m/z): [M] − calculated for C15H14B9O2PCl9: 672.9211 .Found: 672.9199. Mp: 

240.1−243.3°C 

Figure 84. 1H NMR of 17 (400MHz, CD2Cl2, 23°C). 
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Figure 85. 13C{1H} NMR of 17 (101MHz, CD2Cl2, 23°C). 
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Figure 86. 11B{1H} NMR of 17 (96MHz, CD2Cl2, 23°C). 
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Figure 87. 31P{1H} NMR of 17 (162MHz, CD2Cl2, 23°C). 
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Synthesis for [Li(THF)2]+[P(o-SMe-Ph)2CB9Cl9]- (18):  

18 was prepared from [Me3NH]+[HCB9Cl9]- (0.500g, 1.02mmol), n-BuLi (2.1 equiv, 

2.0 M in hexanes), and (o-SMe-Ph)2PCl (315mg,1.12 mmol) using the procedure 

described above for 11. Yield: white solid, 760 mg, 90%.1H NMR (400MHz, CD2CCl2, 

23°C): δ 8.25 (m, 2H, Ar), 7.36 (td, 2H, 3J = 7.4Hz, 1J = 2.2Hz, Ar), 7.28 (td, 4H, 3J = 7.3Hz, 

1J = 2.1Hz, Ar), 7.20 (td, 4H, 3J = 7.6hz, 1J = 2.2Hz, Ar), 3.77 (m, 14H, THF), 2.43 (s, 6H, 

-SCH3), 1.93 (m, 14H, THF). 13C{1H} NMR (101MHz, CD2CCl2, 23°C): δ 146.2 (d, 1JP-C = 

34Hz, Cipso-P), 137.7 (Ar), 133.2 (d, 2JP-C = 14Hz, C-SCH3), 130.5 (Ar), 127.0 (d, 2JP-C = 

7Hz) 124.6 (Ar), 69.0 (THF), 25.9 (THF), 17.8 (−SCH3). 11B{1H} NMR (96MHz, CD2CCl2N, 

23°C): δ 21.5 (1B), −4.1 (4B), −6.1 (4B). 31P{1H} NMR (162MHz, CD2CCl2, 23°C): δ −8.4. 

ESI/APCIHRMS (m/z): [M] − calculated for C15H14B9S2PCl9: 843.7443 .Found: 843.7427. 

Mp: 223.3−228.1°C 
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Figure 88. 1H NMR of 18 (400MHz, CD2Cl2, 23°C). 
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Figure 89. 13C{1H} NMR of 18 (101MHz, CD2Cl2, 23°C). 
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Figure 90. 11B{1H} NMR of 18 (96MHz, CD2Cl2, 23°C). 
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Figure 91. 31P{1H} NMR of 18 (162MHz, CD2Cl2, 23°C). 
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Synthesis for κ2-P,Cl-PiPr2CB9Cl9)PdMe(THF) (22).  

11 (100mg, 0.12mmol) and PhF (1mL) were added to a 20mL scintillation vial 

equipped with a stir bar. (COD)PdMeCl (31.5 mg, 0.120 mmol) was separately dissolved 

in PhF (1mL) in a second vial. The (COD)PdMeCl solution was slowly added to the solution 

of 11. The second vial was washed with PhF (1mL), and the washing was added to the 

solution of 11. The mixture was stirred for 30min and concentrated under vacuum. 

Pentane was added, and the resulting light brown precipitate was allowed to settle. The 

pentane supernatant was decanted off, and the precipitate was washed twice with pentane 

and dried under vacuum to yield 19 as a brown solid. 1H NMR (500MHz, CD2Cl2, 23°C): δ 

3.07 (m, 12H, THF), 3.27 (m, 4H,−CH(CH3)2), 1.98 (m, 12H, THF), 1.73 (dd, 3JH-H = 7.2Hz, 

2JP-H = 19.0Hz), 12H, −CH(CH3)2), 1.01 (overlapping dd and s, 3JH-H = 7.0Hz, 2JP-H = 

17.5Hz, 18H, Pd−CH3 and −CH(CH3)2). 13C{1H} NMR (126MHz, CD2Cl2, 23°C) δ 68.9 

(THF), 27.0 (1JP-C = 20Hz, −CH(CH3)2), 6.4 (THF), 23.0 (−CH(CH3)2), 19.9 (−CH(CH3)2), 

0.3 (Pd−CH3). 11B{1H} NMR (96MHz, CD3CN, 23°C): δ 24.0 (1B), −3.1 (4B), −5.6 (4B). 

31P{1H} NMR (202MHz, CD2Cl2, 23°C): δ 76.6. Mp: 92.1−97.5°C (dec). Without further 

purification, 19 was dissolved in PhF (1mL), and AgBF4 (11.0mg, 0.0600mmol) was 

added. The mixture was stirred for 4h and filtered, and the collected solid was washed 

with CH2Cl2 (3 × 15mL). The solvent was removed from the filtrate and washed under 

vacuum to afford 22 as a brown powder that contained a small amount of residual PhF. 

81% pure by 31P{1H}NMR. Yield 77mg, 87%. 1H NMR (300MHz, CD2Cl2, 23°C): δ3.97 (m, 

4H, THF), 3.27 (m, 2H, −CH(CH3)2), 1.98 (m, 4H, THF),1.73 (dd, 3JH-H = 7.1Hz, 2JP-H = 

20.6Hz, 6H, −CH(CH3)2), 1.52 (dd, 3JH-H = 7.3Hz, 2JP-H = 20.1Hz, 6H, −CH(CH3)2), 1.43 (s, 

3H, Pd−CH3). 13C{1H} NMR (101MHz, CD2Cl2, 23°C): δ 72.9 (THF), 27.2 (d, 1JP-C = 24Hz, 

−CH(CH3)2), 25.6 (THF), 23.3 (br s, −CH(CH3)2), 20.0 (−CH(CH3)2), 1.2 (Pd−Me). 11B{1H} 
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NMR (96MHz, CD2Cl2, 23°C): δ 24.2 (1B), −3.4 (4B), −6.0 (4B). 31P{1H} NMR (162MHz, 

CD2Cl2, 23°C): δ 77.4. ESI/APCI HRMS (m/z): [M − THF+ CH3CN] − calculated for 

C10H20B9NPCl9 Pd: 701.8363. Found: 701.8352. Mp: 109.3−117.1 °C (dec). 

 

Figure 92. 1H NMR of 22 (300MHz, CD2Cl2, 23°C). Note: Fluorobenzene impurity is seen at 7.37, 
7.16, and 7.07. 
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Figure 93. 13C{1H} NMR of 22 (162MHz, CD2Cl2, 23°C). 
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Figure 94. 11B{1H} NMR of 22 (162MHz, CD2Cl2, 23°C). 
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Figure 95. 31P{1H} NMR of 22 (162MHz, CD2Cl2, 23°C). 
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Synthesis for (κ2-P,Cl-PPh2CB9Cl9)PdMe(THF) (23):  

20 was generated as tan powder from 16 (100mg, 0.110mmol) and(COD)PdMeCl 

(28.9mg, 0.110mmol) using the procedure for 19. 1H NMR (400MHz, CD2Cl2, 23°C): δ 

8.53 (dd, 2JP-H = 12.5Hz, 3JH-H = 8.5Hz, 8H, o-Ph), 7.60 (m, 12H, m-Ph and p-Ph), 3.78 (m, 

12H, THF), 1.95 (m, 12H, THF), 1.38 (s, 6H, Pd−CH3). 13C{1H} NMR: δ 138.5 (d, 2JP-C = 

16Hz, o-Ph), 133.3 (d, 4JP-C = 2Hz, p-Ph), 128.8 (d, 3JP-C = 12Hz, m-Ph), 124.2 (d, 1JP-C = 

55Hz, ipso-Ph), 69.2 (THF), 25.9 (THF), 12.6 (Pd−CH3). 11B{1H} NMR (124MHz, CD2Cl2, 

23°C): δ 23.4 (1B), −3.16 (4B), −5.79 (4B). 31P{1H} NMR (162MHz, CD2Cl2, 23°C): δ 56.6. 

Low-temperature NMR data: 1H NMR (500MHz, CD2Cl2, −60°C): δ 8.48(dd, 2JP-H = 12.5Hz, 

3JH-H = 8.5Hz, 8H, o-Ar), 7.59 (m, 12H, m-Ar and p-Ar), 3.66 (m, 16H, THF), 1.84 (m, 16H, 

THF), 1.30 (s, 6H, Pd−CH3). 31P{1H} NMR (162MHz, CD2Cl2, −60°C): δ 57.8. Mp: 

91.4−104.7°C (dec). Without further purification, 20 was reacted with AgBF4 (10.7mg, 

0.06mmol) using the procedure described above for 22 to yield 23 as a light brown powder. 

Yield: 78mg, 88%. 1H NMR (300MHz, CD2Cl2, 23°C): δ 8.45 (dd, 2JP-H = 12.5Hz, 3JH-H = 

8.5Hz, 4H, o-Ph), 7.67 (m, 6H, m-Ph and p-Ph), 3.92 (m, 4H, THF), 1.97 (m, 4H, THF), 

1.21 (s, 3H, Pd−CH3). 13C{1H} NMR (101MHz, CD2Cl2, 23°C): δ 138.5 (d, 2JP-C = 14Hz, o-

Ph), 134.4 (p-Ph),128.8 (d, 3JP-C = 13Hz, m-Ph), 124.2 (d, 1JP-C=  59Hz, ipso-Ph), 69.2 

(THF), 25.9 (THF), 12.6 (Pd−CH3). 11B{1H} NMR (96MHz, CD2Cl2, 23°C): δ 24.2 (1B), −3.3 

(4B), −5.9 (4B). 31P{1H} NMR (162MHz, CD2Cl2, 23°C): δ 56.6. ESI/APCI HRMS (m/z): [M 

−THF + CH3CN] − calculated for C16H16B9NPCl9Pd: 779.8360. Found: 779.8365. Mp: 

150.4−159.7 °C (dec). 
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Figure 96. 1H NMR of 23 (300MHz, CD2Cl2, 23°C). 
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Figure 97. 13C{1H} NMR of 23 (101MHz, CD2Cl2, 23°C). 



 

146 
 

 

Figure 98. 11B{1H} NMR of 23 (128MHz, CD2Cl2, 23°C). 
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Figure 99. 31P{1H} NMR of 23 (162MHz, CD2Cl2, 23°C). 

 

 

 

 

 

 

 

 

Figure 100. View of the space-filling model of 23 looking down the P-Pd bond.  
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Synthesis for (κ2 -P,O-P(o-OMe-Ph)2CB9Cl9)PdMe(THF) (24):  

21 was generated as a tan powder from 14 (100mg, 0.10mmol) and (COD)PdMeCl 

(27.3mg, 0.100mmol) using the procedure for 19. 94% pure by inverse-gated 31P{1H} 

NMR. 1H NMR (500MHz, CD2Cl2, 23°C): δ 8.00 (br s, Ar, 3H, integration is lower than 

expected due to broadness), 7.54 (t, J = 7.7Hz, 4H, Ar), 7.06 (t, J = 7.5Hz, 4H, Ar), 6.99 

(t, J = 7.1Hz, 4H, Ar), 3.76 (overlapping m and br s, 24 H, −OCH3 and THF), 1.94 (m, 12 

H, THF), 1.13 (s, 6H, Pd−CH3). 13C{1H} NMR (126MHz, CD2Cl2, 23°C): δ 161.6 (br s, Ar), 

136.1 (br s, Ar) 134.2 (Ar), 121.5 (br s, Ar), 112.6 (Ar), 69.0 (THF), 58.3 (br s, −OCH3), 

56.1 (br s, −OCH3), 25.9 (THF), 0.7 (br s, Pd−CH3). 11B{1H} NMR (96MHz, CD2Cl2, 23°C): 

δ 24.2 (1B), −3.5 (4B), −6.0 (4B). Inverse-gated 31P{1H} NMR (162MHz,CD2Cl2, 23°C): δ 

21.2. Low-temperature NMR data: Major isomer (62%) 1H NMR (500 MHz, CD2Cl2, 

−60°C): 4.08 (s, 6H, −OCH3), 3.56 (s, 6H, −OCH3), 1.01 (s, 6H, Pd−CH3). 31P{1H} NMR 

(202MHz, CD2Cl2, −60°C): 20.0. Minor isomer (38%) 1H NMR (500 MHz, CD2Cl2, −60°C): 

δ 4.18 (s, 6H, −OCH3), 3.38 (s, 6H, −OCH3), 0.97 (s, 6H, Pd−CH3). Inverse-gated 31P{1H} 

NMR (202MHz, CD2Cl2, −60°C): δ 20.4. The Ar resonances for these two species are 

overlapped. The 1H NMR resonances for bound THF are observed at δ 3.66 and 1.83. 

Mp: 125.3−129.8°C (dec). Without further purification, 21 was reacted with AgBF4 

(10.0mg, 0.0500mmol) using the procedure described for 22 to yield 24 as a tan powder. 

Yield: 81mg, 94% yield. The labeling scheme for 24 is shown in Figure 101. 1H NMR 

(500MHz, CD2Cl2, 23°C): δ 8.0 (br s, 2H, Ar), 7.59 (m, 2H, Ar), 7.12 (m, 2H, Ar), 7.01 (m, 

2H, Ar), 4.04 (m, 4H, THF), 3.82 (br s, 6H, −OCH3), 2.02 (m, 4H, THF), 0.89 (s, 3H, 

Pd−CH3). 13C{1H} NMR (151MHz, CD2Cl2, 23°C): δ 160.8 (C−OMe), 135.9 (br, Ar), 134.3 

(br, Ar),121.6 (br, Ar), 112.1 (Ar), 69.6 (THF), 57.8 (br s, −OCH3), 25.4 (THF), 2.6 (br s, 

Pd−CH3). 11B{1H} NMR (96MHz, CD2Cl2, 23°C): δ 24.6 (1B), −4.0 (4B), −6.5 (4B). Inverse-
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gated 31P{1H} NMR (162MHz, CD2Cl2, 23°C): δ 21.2. Low-temperature NMR data: 1H NMR 

(500MHz, CD2Cl2, −60°C): δ 8.27 (dd, 3JH-H = 8Hz, 4JP-H = 12.5Hz, 1H, H13), 7.64 (t, 3JH-H 

= 7.5Hz, 1H, H11), 7.56 (t, J = 7.5Hz, H4), 7.45 (dd, 3JP-H = 12.5Hz, JH-H = 8 Hz, 1H, H6), 

7.14 (t, JH-H =7 Hz, 1H, H12), 7.08 (t, JH-H = 4, JP-H = 7.5Hz, 1H, H10), 7.04 (t, JH-H = 7.5Hz, 

1H, H5), 6.98 (t, JH-H = 4Hz, JP-H= 8Hz, 1H, H3), 4.09 (br m, 4H,THF), 4.05 (s, 3H, H7), 3.73 

(s, 3H, H14), 2.01 (br m, 4H, THF), 0.71 (s, 3H, Pd−CH3). 13C{1H} NMR (126MHz, CD2Cl2, 

−60°C): δ 160.8 (d, 2JP-C = 13Hz, C2), 158.8 (d, 2JP-C = 9Hz, C9), 136.4 (C13), 134.3 (C11) 

134.2 (C4) 133.5 (C16), 123.2 (C5), 118.8 (d, 2JP-C = 10Hz, C12), 115.5 (d, 1JP-C = 58Hz, C1) 

111.8 (d, 2JP-C = 6Hz, C3), 111.1 (d, 2JP-C = 8Hz, C10), 108.3 (d, 1JP-C = 71Hz, C8), 72.8 

(THF), 59.6 (C7), 55.9 (C14), 25.1 (THF), 1.2 (Pd−CH3). Inverse-gated 31P{1H} NMR 

(202MHz, CD2Cl2, −60°C): δ 20.8. HRMS: ESI/APCI HRMS (m/z): [M − THF + CH3CN] − 

calculated for C18H20B9NO2PCl9Pd: 829.8318. Found: 829.8320. Mp: 123.5−135.2°C 

(dec). 

Figure 101. Numbering 
Scheme for 24. 
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Figure 102. 1H NMR of 24 (300MHz, CD2Cl2). 
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Figure 103. 13C{1H} NMR of 24 (162MHz, CD2Cl2). 
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Figure 104. 11B{1H} NMR of 24 (96MHz, CD2Cl2). 
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Figure 105. 31P{1H} NMR of 24 (121MHz, CD2Cl2). 
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Figure 107.1H VT NMR of 24 (500MHz, CD2Cl2). 

Figure 106. View of the space-filling model of 24 looking down P-Pd bond.  
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Generation of (κ2-P,O-P(o-OMe-Ph)2CB9Cl9)PdMe(η2- CH2=CH2) (26). 

   A solution of 24 (∼5.0 mg) in CD2Cl2 was prepared in a J. Young NMR tube. The 

tube was cooled to −196°C in a liquid nitrogen bath and the desired amount of ethylene 

was added by vacuum transfer. The tube was allowed to thaw and warm to −78°C to afford 

a yellow-orange solution. The tube was shaken several times to ensure proper mixing of 

ethylene into the solvent and then was placed in an NMR probe that had been precooled 

to −78°C. The numbering scheme for 26 is shown in Figure 57. 1H NMR (CD2Cl2 500MHz, 

−78°C): δ 8.30 (dd, 3JH-H = 8Hz, 2JP-H = 12Hz, 1H, H13), 7.66 (t, 3JH-H = 8Hz, 1H, H11), 7.57 

(t, 3JH-H = 7.5Hz, 1H, H4), 7.43 (dd, 3JH-H= 8Hz, 2JP-H = 12Hz, 1H, H6), 7.18 (t, 3JH-H = 7Hz, 

1H, H12), 7.05 (t, 3JH-H =7.5Hz, 2H, H3 and H5), 6.99 (dd, 3JH-H = 8Hz, 2JP-H = 8Hz, H10), 5.42 

(br d, 3JH-H = 9Hz, 2H, bound ethylene AA′), 5.36 (s, free ethylene), 5.30 (br d, bound 

ethylene BB′ (overlapped with solvent resonance)), 4.03 (s, 3H, H7), 3.71 (s, 3H, H14), 3.61 

(m, 4H, free THF), 1.74 (m, 4H,free THF), 0.82 (s, 3JP-H= 3Hz, 3H, Pd−CH3). 13C{1H} NMR 

(CD2Cl2, 126MHz, −78°C): δ 161.3 (d, 2JP-C = 15Hz, C9), 158.2 (d, 2JP-C = 10Hz, C2), 136.8 

(C13), 134.5 (C1), 134.1 (C4), 134.0 (C11),123.6 (C5), 122.8 (s, free 

ethylene), 119.1 (C12), 114.7 (d, 1JP-C = 54Hz, C1), 112.0 (C3), 

111.4 (C10), 107.0 (d, 1JP-C = 61Hz, C8), 101.5 (s, bound ethylene), 

67.3 (s, free THF), 60.4 (C7), 56.0 (C14), 25.0 (free THF), 5.9 

(Pd−CH3). Inverse-gated 31P{1H} NMR (202MHz, CD2Cl2, −78°C): 

δ 9.8. Chain Growth of 26 at −20 °C. A solution of 24 in CD2Cl2 

containing excess ethylene (16, 26, or 35eq) was generated in 

a J. Young NMR tube as described above. The tube was placed in the NMR probe that 

was pre-chilled to −25°C and equilibrated for 10min. The probe was then warmed to 

−20°C, and the tube was monitored by 1H NMR for ca. 1h. The resonances for 24 

Figure 108. Numbering 
Scheme for 26. 
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disappeared, and resonances assigned to 27 higher alkyl species grew. 1H NMR data for 

27: δ 4.02 (s, −OCH3), 3.56 (s,−OCH3), 2.40 (br s), 2.23 (br s), 1.99 (br s), 1.22 (s, −CH2−), 

1.16 (br m), 0.97 (br m), 0.83 (q, 3JH-H = 7Hz), 0.78 (t, 3JH-H = 8Hz,−CH3), 0.65 (t, 3JH-H = 

7Hz, −CH3), 0.59 (t, 3JH-H = 8Hz, −CH3). 

 

Figure 109. 1H NMR of 26 generated by the reaction of 24 with 3.5 eq. of ethylene (500MHz,CD2Cl2, 
-78ºC). Note: Free ethylene is shown at 5.46-5.39ppm. 



 

157 
 

 

Figure 110. 13C{1H} NMR of 26 given by the reaction of 24 with 3.5 equiv. of ethylene 
(126MHz,CD2Cl2, -78ºC). 
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Figure 111. 1H-1H COSY of 26 given by the reaction of 24 with 3.5 eq. of ethylene 
(500MHz,CD2Cl2, -78ºC). 
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Figure 112. 1H NMR of 26 given by the reaction of 24 with 35 eq. of ethylene (500MHz, CD2Cl2,   
-78ºC). 
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Figure 113. HSQC of 26 given by the reaction of 24 with 35 eq. of ethylene (500MHz, CD2Cl2,      
-78°C). 
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Figure 114. 1H-1H NOESY of 26 given by the reaction of 24 with 35 eq. of ethylene (500MHz, 
CD2Cl2, -78ºC). 
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Figure 115. Inverse-gated 31P{1H} NMR of 26 with 35 eq. of ethylene (202MHz, CD2Cl2, -78ºC). 
Note: CH3CN adduct resonance at 21.1ppm. 
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Synthesis for (κ3 -P,S,S-P(o-SMe-Ph)2CB9Cl9)PdMe (25): 

17 (100mg, 0.10mmol) and THF (1mL) were added to a 20mL scintillation vial 

equipped with a stir bar. (COD)PdMeCl (31.5 mg, 0.10 mmol) was separately dissolved in 

THF (1mL) in a second vial. The (COD)PdMeCl solution was slowly added to the solution 

of 17. The second vial was washed with THF (1mL), and the washing was added to the 

solution of 17. The mixture was stirred for 30min and concentrated under vacuum. 

Pentane was added, and the resulting green precipitate was allowed to settle. The 

pentane supernatant was decanted off, and the precipitate was washed twice with pentane 

and dried under vacuum. The solid was then washed with diethyl ether and dried under 

vacuum to yield 25 as a green solid (75mg, 90% yield). 1H NMR (600MHz, THF-d8, 23°C): 

δ 8.70 (m, 1H), 7.72 (m, 2H), 7.49 (m, 3H), 7.36 (m, 1H), 7.22 (m, 1H), 3.00 (s, 3H), 2.23 

(s, 3H). 13C{1H} NMR (151 MHz, THF-d8, 23°C): δ 144.1 (d, 1JP-C = 21Hz), 136.8, 136.1, 

135.1 (d, 2JP-C = 14Hz),  132.9, 132.3, 131.6, 130.9, 129.5 (d, 2JP-C = 16Hz), 128.5, 123.8, 

103.6, 23.0, 19.0, 4.4. 11B{1H} NMR (192MHz, THF-d8, 23°C): δ 24.8, −3.4,−5.3. 31P{1H} 

NMR (243MHz, THF-d8, 23°C): δ 40.8. ESI/APCI HRMS (m/z): [M] − calculated for 

PdPS2Cl9C16B9H15: 827.2059. Found: 827.2075. 
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Figure 116. 1H NMR of 25 (600MHz, THF-d8, 23°C). 
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Figure 117. 13C{1H} NMR of 25 (151MHz, THF-d8, 23°C). 
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Figure 118. 11B{1H} NMR of 25 (128MHz, THF-d8, 23°C). 



 

167 
 

 

Figure 119. 31P{1H} NMR of 25 (243MHz, THF-d8, 23°C). 

 

Low-Pressure Ethylene Oligomerization and Polymerization Reactions: 

Ethylene oligomerization/polymerization reactions at 2 and 6atm were performed 

in a 200mL Fischer−Porter bottle equipped with a 2in. long Teflon-coated magnetic stir 

bar and a stainless-steel pressure head fitted with inlet and outlet needle valves, a septum-

capped ball valve for injections, a safety check valve, and a pressure gauge. In a N2 filled 

glovebox, the Fischer−Porter bottle was charged with toluene (49mL). The apparatus was 

removed from the glovebox, connected to a stainless-steel double manifold 

vacuum/ethylene line, placed in a room temperature water bath or 50°C oil bath, and 

stirred at 370rpm. The N2 atmosphere was replaced with ethylene by three 
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evacuation−refill cycles. The solution was equilibrated at either 2 or 6atm of ethylene 

pressure for 15min. For the 2atm experiments, a freshly prepared stock solution of catalyst 

in PhF (1mL) was added via gastight syringe. For the 6atm experiments, the pressure was 

decreased to 1.4atm, a stock solution of catalyst in fluorobenzene (1mL) added 

immediately via gastight syringe, and the pressure immediately increased to 6atm. The 

ethylene pressure was kept constant by feeding ethylene on demand. For catalysts 22 

and 23, ethylene consumption was measured using a Brooks Instruments 5860i Mass 

Flow Sensor. The total ethylene consumption was determined by numerical integration of 

the mass flow curve using the LabView software package. Control experiments showed 

that equilibration of ethylene between the gas and solution phases at 6atm ethylene 

pressure requires ca. 15min under the reaction conditions (23°C, 370rpm stirring); 

therefore, the activity for the 6atm experiments was determined using the mass flow curve 

excluding the first 15min. After 2h, the ethylene line was closed, the Fischer−Porter bottle 

vented, o-xylene (100μL) added as an internal standard, and the solution analyzed by GC-

MS using an Aglient6890/5973N GC-MS instrument. The masses of hexene, octene, and 

decene were determined by GC-MS using predetermined response factors. The mass of 

butene was calculated by subtracting the masses of the other oligomers from the total 

mass of ethylene consumed. For catalyst 24, after the ethylene line was closed and the 

Fisher-Porter bottle vented, methanol (50mL) was added to precipitate the polymer. The 

polymer was collected by filtration, washed with methanol (50mL), and dried for 2 days at 

70°C in a vacuum oven. 

High-Pressure Ethylene Polymerization Reactions: 

Ethylene polymerizations at 54atm were performed using a stainless-steel Parr 

300mL autoclave, which was equipped with a magnetically driven 1.5in. Diameter four-
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blade propeller stirrer, thermocouple, water cooling loop, and a Parr 4842 controller. In a 

N2 glovebox, a 200mL glass autoclave liner was charged with toluene (49mL) and a stock 

solution of the catalyst in fluorobenzene (1mL) and placed in the autoclave. The autoclave 

was sealed, removed from the glovebox, and attached to the ethylene line. The mixture 

was stirred (270rpm) at 23°C for 15min and then pressurized to 54atm of ethylene. The 

ethylene pressure was kept constant by feeding ethylene on demand. After 2h, the 

ethylene line was closed, and the autoclave was vented. Methanol (50mL) was added to 

precipitate the polymer, which was characterized as described above. DSC 

measurements were performed on a TA Instruments 2920differential scanning 

calorimeter. Samples (5 mg) were annealed by heating to 170°C at 15°C/min and cooling 

to 0°C at 10°C/min, and analyzed by heating to 170°C at 15°C/min. 1H and 13C{1H} NMR 

spectra of PE samples were obtained at 100°C in dry, degassed CD2Cl2 solvent using a 

Bruker Advance 500 NMR instrument. Gel permeation chromatography (GPC) was 

performed on a Polymer Laboratories PL−GPC 200 instrument at 150°C with 1,2,4-

trichlorobenzene (stabilized with 125ppm BHT) as the mobile phase. Three PL gel 10μm 

Mixed-B LS columns were used. The molecular weights were calibrated using narrow 

polystyrene standards with a 10-point calibration of Mn from 570Da to 5670kDa and are 

corrected for linear polyethylene by universal calibration by using the following 

Mark−Houwink parameters: polystyrene, K = 1.75 × 10−2cm3g−1, α = 0.67; polyethylene, K 

= 5.90 × 10−2cm3g−1, α = 0.69.167 
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Figure 120. GC-MS of Oligomers Formed by 22 (Table 2, entry 4) (Impurities from the toluene 
solvent are labelled by *). 
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Figure 121. GC-MS of Oligomers Formed by 23 (Table 2, entry 4) (Impurities from the toluene 
solvent are labelled by *). 
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Figure 122. Schulz-Flory Plot of Oligomers Formed by 22 (Table 2, Entry 3) 
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Figure 123. Schulz-Flory Plot of Oligomers Formed by 23 (Table 2, Entry 6). 
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NMR Characterization of the Polyethylene Formed by 20 

Figure S57, and Figures S58 and S59 are representative 1H NMR and 13C{1H} NMR 

spectra respectively of the polyethylene produced at room temperature and 2 bar (Table 

2, entry 1). The triplet at δ 1.05 in 1H NMR is assigned as the homoallylic methyl group of 

the 3-olefin chain-ends by HMBC (Figure S61 and S62) The broad resonance at δ 1.2 in 

1H NMR was assigned as the αB1 hydrogens by HSQC spectroscopy. (Figure S64)  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 124. 1H NMR of Olefin Region of Polyethylene Formed by 24 (Table 3, entry 1) (500MHz,  

CDCl2CDCl2, 100ºC). 
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Figure 125. 13C{1H} NMR of Olefin Region of Polyethylene Formed by 24 (Table 3, entry 1) 

(125MHz, CDCl2CDCl2, 100ºC) 
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Figure 126. 13C{1H} NMR of Aliphatic Region of Polyethylene Formed by 24 (Table 3, entry 1) 

(125MHz, CDCl2CDCl2, 100ºC) 
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Figure 127. HMBC of Polyethylene Formed by 24 (Table 3, entry 1) (500MHz, CDCl2CDCl2, 100ºC) 

 

Figure 128. Expansion of HMBC ((1.15 – 0.85ppm), (30 – 12ppm)) of Polyethylene Formed by 24 
(Table 3, entry 1) (500MHz, CDCl2CDCl2, 100ºC). 
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Figure 129. Expansion of HMBC ((1.15 – 0.85ppm), (135 – 130ppm)) of Polyethylene Formed by 
24 (Table 3, entry 1) (500MHz, CDCl2CDCl2, 100ºC). 
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Figure 130. HSQC of the Polyethylene Formed by 24 (Table 3, entry 1) (500MHz, CDCl2CDCl2, 
100ºC). 

Figure 131. Expansion of HSQC ((1.50 – 0.70ppm), (40 – 35ppm)) of Polyethylene Formed by 24 

(Table 3, entry 1) (500MHz, CDCl2CDCl2, 100ºC). 
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Figure 132. DSC of SasolWax H1. 
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Figure 133. DCS of polymer product from 24. 



 

180 
 

X-Ray Structure of [Li(THF)4]+[µ2-Cl(κ2-P,Cl-PiPr2CB9Cl9)PdMe)2]- (20): 

 

Data collected/Report prepared: Andrew McNeece/Alexander S. Filatov, 

September/2018 (X-ray Laboratory, Searle B013, Department of Chemistry, the 

University of Chicago, Chicago, Il). 

General information: The diffraction data were measured at 100K on a Bruker D8 

VENTURE with PHOTON 100 CMOS detector system equipped with a Mo-target micro-

focus X-ray tube (λ = 0.71073 Å). Data were collected using ω and Φ scans to survey a 

hemisphere of reciprocal space. Data reduction and integration were performed with the 

Bruker APEX3 software package (Bruker AXS, version 2015.9-0, 2015). Data were scaled 

and corrected for absorption effects using the multi-scan procedure as implemented in 

SADABS (Bruker AXS, version 2014/5, Krause, Herbst-Irmer, Sheldrick & Stalke, J. Appl. 
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Cryst. 2015, 48, 3-10). The structure was solved by SHELXT (Version 2018/2: Sheldrick, 

G. M. Acta Crystallogr. 2015, A71, 3-8) and refined by a full-matrix least-squares 

procedure using OLEX2 (O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard 

and H. Puschmann. J. Appl. Crystallogr. 2009, 42, 339-341) (XL refinement program 

version 2018/3, Sheldrick, G. M. Acta Crystallogr.  2015, C71, 3-8). Crystallographic data 

and details of the data collection and structure refinement are listed in Table 1. 

 

Specific details for structure refinement: All elements were refined with anisotropic thermal 

parameters. Hydrogen atoms were included in idealized positions for structure factor 

calculations. Several low angle reflections affected by a beamstop were omitted from 

refinement. All structures are drawn with thermal ellipsoids at 40% probability 

Table 1 Crystal data and structure refinement for 0687_reinhart.  

Identification code  0687_reinhart  

Empirical formula  C40H50B18Cl19LiO3P2Pd2  

Formula weight  1728.61  

Temperature/K  100(2)  

Crystal system  triclinic  

Space group  P-1  

a/Å  11.3936(9)  

b/Å  18.2924(15)  

c/Å  18.3437(15)  

α/°  112.058(2)  

β/°  90.830(2)  
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γ/°  106.104(2)  

Volume/Å3  3373.9(5)  

Z  2  

ρcalcg/cm3  1.702  

μ/mm-1  1.371  

F(000)  1704.0  

Crystal size/mm3  0.327 × 0.311 × 0.271  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  4.186 to 57.522  

Index ranges  -15 ≤ h ≤ 15, -24 ≤ k ≤ 24, -23 ≤ l ≤ 24  

Reflections collected  135782  

Independent reflections  17269 [Rint = 0.0358, Rsigma = 0.0244]  

Data/restraints/parameters  17269/0/768  

Goodness-of-fit on F2  1.049  

Final R indexes [I>=2σ (I)]  R1 = 0.0258, wR2 = 0.0551  

Final R indexes [all data]  R1 = 0.0351, wR2 = 0.0580  

Largest diff. peak/hole / e Å-3  0.58/-0.40  

Rint = | Fo
2 - <Fo

2> | /  | Fo
2|                          

R1 = Fo| - Fc|| /Fo

wR2 = [ [w (Fo
2

 – Fc
2)2] /  [w (Fo

2) 2]]1/2          

Goodness-of-fit = [ [w (Fo
2 – Fc

2)2] / (n-p)1/2 
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n: number of independent reflections; p: number of refined parameters 

X-Ray Structure of (κ2 -P,Cl-PiPr2CB9Cl9)PdMe(THF) (22): 

 

A light yellow needle fragment (0.475 x 0.207 x 0.143 mm3) was used for the single 

crystal x-ray diffraction study of C10H20B9Cl9NPPd.[C6H5F]0.89 (sample vL244JKr_0m). The 

crystal was coated with paratone oil and mounted on to a cryo-loop glass fiber. X-ray 

intensity data were collected at 100(2) K on a Bruker APEX2 (ref. 1) platform-CCD x-ray 

diffractometer system (fine focus Mo-radiation, λ = 0.71073 Å, 50KV/30mA power). The 

CCD detector was placed at a distance of 5.0600 cm from the crystal. 

A total of 3600 frames were collected for a sphere of reflections (with scan width 

of 0.3o in and ω, starting ω and 2σ angles of –30o, and Φ angles of 0o, 90o, 120o, 180o, 

240o, and 270o for every 600 frames, 10 sec/frame exposure time). The frames were 

integrated using the Bruker SAINT software package (ref. 2) and using a narrow-frame 

integration algorithm. Based on a monoclinic crystal system, the integrated frames yielded 

a total of 76394 reflections at a maximum 2σ angle of 61.016o (0.70 Å resolution), of which 

9810 were independent reflections (Rint = 0.0232, Rsig = 0.0132, redundancy = 7.8, 
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completeness = 100%) and 9259 (94.4%) reflections were greater than 2σ(I). The unit cell 

parameters were, a = 9.4242(3) Å, b = 19.9211(6) Å, c = 17.3641(5) Å, σ = 100.0240(5)o, 

V = 3210.18(17) Å3, Z = 4, calculated density Dc = 1.642 g/cm3. Absorption corrections 

were applied (absorption coefficient μ = 1.394 mm-1
; max/min transmission = 0.826/0.557) 

to the raw intensity data using the SADABS program (ref. 3).  

The Bruker SHELXTL software package (ref. 4) was used for phase determination 

and structure refinement. The distribution of intensities (E2-1 = 0.909) and systematic 

absent reflections indicated one possible space group, P2(1)/n. The space group P2(1)/n 

(#14) was later determined to be correct. Direct methods of phase determination followed 

by two Fourier cycles of refinement led to an electron density map from which most of the 

non-hydrogen atoms were identified in the asymmetric unit of the unit cell. With 

subsequent isotropic refinement, all of the non-hydrogen atoms were identified. There was 

one molecule of C10H20B9Cl9NPPd and one partially occupied C6H5F solvent molecule 

(89% occupied) present in the asymmetric unit of the unit cell. One of the two isopropyl-

groups of C10H20B9Cl9NPPd was modeled with disorder (disordered site occupancy factor 

ratio was 81%/19%).  

Atomic coordinates, isotropic and anisotropic displacement parameters of all the 

non-hydrogen atoms were refined by means of a full matrix least-squares procedure on 

F2. The H-atoms were included in the refinement in calculated positions riding on the 

atoms to which they were attached. The refinement converged at R1 = 0.0335, wR2 = 

0.0859, with intensity I>2σ (I). The largest peak/hole in the final difference map was 1.206/-

0.725 e/Å3. The high difference electron density peak/hole near the Pd atom is probably 

due to absorption correction errors. 
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X-Ray Structure of (κ2 -P,Cl-PPh2CB9Cl9)PdMe(THF) (23): 

 

A colorless prism fragment (0.437 x 0.272 x 0.103 mm3) was used for the single 

crystal x-ray diffraction study of C18H21B9Cl9OPPd (sample vL305JK_0m). The crystal was 

coated with paratone oil and mounted on to a cryo-loop glass fiber. X-ray intensity data 

were collected at 100(2) K on a Bruker APEX2 (ref. 1) platform-CCD x-ray diffractometer 

system (fine focus Mo-radiation, λ = 0.71073 Å, 50KV/30mA power). The CCD detector 

was placed at a distance of 5.0600 cm from the crystal. 

A total of 3600 frames were collected for a sphere of reflections (with scan width 

of 0.3o in ω, starting ω and 2σ angles of –30o, and Φ angles of 0o, 90o, 120o, 180o, and 

270o for every 600 frames, 10 sec/frame exposure time). The frames were integrated using 

the Bruker SAINT software package (ref. 2) and using a narrow-frame integration 

algorithm. Based on a monoclinic crystal system, the integrated frames yielded a total of 

72659 reflections at a maximum 2σ angle of 61.010o (0.70 Å resolution), of which 9403 

were independent reflections (Rint = 0.0282, Rsig = 0.0163, redundancy = 7.7, 

cell parameters were, a = 11.3882(4) Å, b = 15.4099(5) Å, c = 18.1835(6) Å, σ = 

104.5787(5)o, V = 3088.30(18) Å3, Z = 4, calculated density Dc = 1.736 g/cm3. Absorption 

corrections were applied (absorption coefficient μ = 1.449 mm-1
; max/min transmission = 

0.865/0.570) to the raw intensity data using the SADABS program (ref. 3).  

The Bruker SHELXTL software package (ref. 4) was used for phase determination 

and structure refinement. The distribution of intensities (E2-1 = 0.944) and systematic 

absent reflections indicated one possible space group, P2(1)/c. The space group P2(1)/c 
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(#14) was later determined to be correct. Direct methods of phase determination followed 

by two Fourier cycles of refinement led to an electron density map from which most of the 

non-hydrogen atoms were identified in the asymmetric unit of the unit cell. With 

subsequent isotropic refinement, all of the non-hydrogen atoms were identified. There was 

one whole molecule disorder of C18H21B9Cl9OPPd present in the asymmetric unit of the 

unit cell. (disordered site occupancy ratio was 90%/10%). 

Atomic coordinates, isotropic and anisotropic displacement parameters of all the 

non-hydrogen atoms were refined by means of a full matrix least-squares procedure on 

F2. The H-atoms were included in the refinement in calculated positions riding on the 

atoms to which they were attached. The refinement converged at R1 = 0.0286, wR2 = 

0.0597, with intensity I>2σ (I). The largest peak/hole in the final difference map was 0.611/-

0.781 e/Å3.  

X-Ray Structure of (κ2 -P,O-P(o-OMe-Ph)2CB9Cl9)PdMe(THF) (24): 

A red prism fragment (0.545 x 0.485 x 0.211 mm3) was used for the single crystal 

x-ray diffraction study of [C20H25B8Cl9O3PPd].[CH2Cl2]1.04.[C5H12]0.5 (sample vL285JK_0m). 
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The crystal was coated with paratone oil and mounted on to a cryo-loop glass fiber. X-ray 

intensity data were collected at 100(2) K on a Bruker APEX2 (ref. 1) platform-CCD x-ray 

diffractometer system (fine focus Mo-radiation, λ = 0.71073 Å, 50KV/30mA power). The 

CCD detector was placed at a distance of 5.0600 cm from the crystal. 

A total of 3600 frames were collected for a sphere of reflections (with scan width 

of 0.3o in ω, starting ω and 2σ angles of –30o, and Φ angles of 0o, 90o, 120o, 180o, 240o, 

and 270o for every 600 frames, 10 sec/frame exposure time). The frames were integrated 

using the Bruker SAINT software package (ref. 2) and using a narrow-frame integration 

algorithm. Based on a monoclinic crystal system, the integrated frames yielded a total of 

93649 reflections at a maximum 2σ angle of 61.016o (0.70 Å resolution), of which 12206 

were independent reflections (Rint = 0.0195, Rsig = 0.0111, redundancy = 7.7, 

completeness = 100%) and 11349 (93.0%) reflections were greater than 2σ(I). The unit 

cell parameters were, a = 35.4349(15) Å, b = 10.7750(5) Å, c = 21.1647(9) Å, σ = 

98.2521(6)o, V = 7997.2(6) Å3, Z = 8, calculated density Dc = 1.647 g/cm3. Absorption 

corrections were applied (absorption coefficient μ = 1.273 mm-1
; max/min transmission = 

0.775 /0.544 ) to the raw intensity data using the SADABS program (ref. 3).  

The Bruker SHELXTL software package (ref. 4) was used for phase determination 

and structure refinement. The distribution of intensities (E2-1 = 0.936) and systematic 

absent reflections indicated two possible space groups, Cc and C2/c. The space group 

C2/c (#15) was later determined to be correct. Direct methods of phase determination 

followed by two Fourier cycles of refinement led to an electron density map from which 

most of the non-hydrogen atoms were identified in the asymmetric unit of the unit cell. 

With subsequent isotropic refinement, all of the non-hydrogen atoms were identified. 

There was one molecule of C20H25B8Cl9O3PPd (where the THF was modeled with 
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50%/50% disorder), one disordered solvent molecule of CH2Cl2 (disordered site 

occupancy ratio was 57%/43%), partially occupied disordered solvents of C5H12/CH2Cl2 

(disordered site occupancy ratio was 50%/4%) present in the asymmetric unit of the unit 

cell. The partially occupied disordered solvents of C5H12/CH2Cl2 molecules were located 

at the 2-fold rotation axis parallel to the b-axis.  

Atomic coordinates, isotropic and anisotropic displacement parameters of all the 

non-hydrogen atoms were refined by means of a full matrix least-squares procedure on 

F2. The H-atoms were included in the refinement in calculated positions riding on the 

atoms to which they were attached. The refinement converged at R1 = 0.0212, wR2 = 

0.0553, with intensity I>2σ (I). The largest peak/hole in the final difference map was 0.590/-

0.444 e/Å3.  

 

X-Ray Structure of (κ3 -P,S,S-P(o-SMe-Ph)2CB9Cl9)PdMe (25): 
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A light brown prism fragment (0.510 x 0.293 x 0.236 mm3) was used for the single 

crystal x-ray diffraction study of C16H17B9Cl9PS2Pd.[C6H6]2.29.[C4H8O]0.71 (sample 

vL316JK_0m). The crystal was coated with paratone oil and mounted on to a cryo-loop 

glass fiber. X-ray intensity data were collected at 100(2) K on a Bruker APEX2 (ref. 1) 

platform-CCD x-ray diffractometer system (fine focus Mo-radiation, λ = 0.71073 Å, 

50KV/30mA power). The CCD detector was placed at a distance of 5.0600 cm from the 

crystal. 

A total of 3600 frames were collected for a sphere of reflections (with scan width 

of 0.3o in ω, starting ω and 2σ angles of –30o, and Φ angles of 0o, 90o, 120o, 180o, and 

270o for every 600 frames, 10 sec/frame exposure time). The frames were integrated using 

the Bruker SAINT software package (ref. 2) and using a narrow-frame integration 

algorithm. Based on a monoclinic crystal system, the integrated frames yielded a total of 

104174 reflections at a maximum 2σ angle of 61.012o (0.70 Å resolution), of which 13438 

were independent reflections (Rint = 0.0224, Rsig = 0.0127, redundancy = 7.8, 

cell parameters were, a = 12.4713(8) Å, b = 16.2133(11) Å, c = 22.0813(15) Å, β = 

99.5417(10)o, V = 4403.1(5) Å3, Z = 4, calculated density Dc = 1.598 g/cm3. Absorption 

corrections were applied (absorption coefficient μ = 1.135 mm-1
; max/min transmission = 

0.776/0.595) to the raw intensity data using the SADABS program (ref. 3).  

The Bruker SHELXTL software package (ref. 4) was used for phase determination 

and structure refinement. The distribution of intensities (E2-1 = 0.948) and systematic 

absent reflections indicated one possible space group, P2(1)/n. The space group P2(1)/n 

(#14) was later determined to be correct. Direct methods of phase determination followed 

by two Fourier cycles of refinement led to an electron density map from which most of the 
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non-hydrogen atoms were identified in the asymmetric unit of the unit cell. With 

subsequent isotropic refinement, all of the non-hydrogen atoms were identified. There was 

one disordered molecule of C16H17B9Cl9PS2Pd [disordered site occupancy ratio of 

CH3/Cl1D was 89%/11%], two normal benzene molecules, and a partially occupied and 

disordered benzene/THF molecules present in the asymmetric unit of the unit cell. The 

benzene partial site occupancy factor of the benzene/THF disorder was 29%. The three 

different THF side occupancy ratios of the benzene/THF disorder were 34%/22%/15%. 

Atomic coordinates, isotropic and anisotropic displacement parameters of all the 

non-hydrogen atoms were refined by means of a full matrix least-squares procedure on 

F2. The H-atoms were included in the refinement in calculated positions riding on the 

atoms to which they were attached. The refinement converged at R1 = 0.0193, wR2 = 

0.0473, with intensity I>2σ (I). The largest peak/hole in the final difference map was 0.466/-

0.343 e/Å3.  
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CHAPTER 6: Carborane Ligands: Unlocking Unique PdI Dimer Chemistry 

 

Introduction 

Pd chemistry has been a powerful tool for the production of pharmaceuticals, 

electronics, and even dental amalgam. In 2010, Richard F. Heck, Ei-ichi Negishi, and Akira 

Suzuki won the Nobel Prize in Chemistry for their development in palladium and nickel 

based C-C cross coupling catalysis. Since then, there has been an explosion in research 

investigating Pd catalysis. The first example is the advent of a Pd-Pd dimer where each 

metal has nine d-electrons, first characterized in 1973 by 

McCormick et. al. as a CO complex bearing two bridging 

halides and a formal Pd-Pd bond, shown in Figure 135.168 

Since its development, numerous groups have probed this 

class of compound investigating the nature and utility of the Pd metal-metal bond. Ozerov 

et. al. found that a PdI dimer complex, featuring a PNP pincer-type ligand, could 

bimolecularly reduce ammonia into the corresponding Pd amide and Pd hydride 

complexes.169 Moreover, PdI dimer chemistry has been well studied in its application to C-

C cross coupling catalysis.170,171 

In this report, we wanted to probe what unique chemistry this class of Pd 

organometallic complex can engage in. The carborane anion is a member of a class of 

compounds that are some of the most inert chemicals known to science and is known to 

participate in widely unique chemistry.9,10,32,49 Therefore, we thought it would aide us in our 

goal as a ligand substituent. Here, we report some unique chemistry enabled by the 

carborane anion. 

 

Figure 134. The first 
characterized PdI Dimer. 



 

192 
 

Results and Discussion  

PdI dimers can be produced through a number of ways. Irradiation with ultraviolet 

light will homolytically cleave a Pd-alkyl bond generating a PdI dimer complex.172 However, 

a more simple approach can be taken thanks to work done by Kurosawa et. al.173 Here, 

[Pd2(MeCN)6]2+[BF4]2- is generated containing labile acetonitrile ligands which can be 

substituted for more coordinating species. In this report, we coordinate a carboranyl 

phosphine 16 to this PdI dimer. As shown in Figure 136, two equivalents of ligand 16 are 

dissolved in fluorobenzene and added to a fluorobenzene solution containing the orange 

[Pd2(MeCN)6]2+[BF4]2- 

salt. Immediately upon 

mixing, the solution 

turns to a dark, wine red 

color and produced 

substantial precipitate. 

Subsequently, after the filtration of the solvent, LiBF4 is washed away using diethyl ether. 

The remaining red solid is clean 28.  As mentioned earlier, complexes like 28 can be 

synthesized by either thermolysis or photolysis of a Pd-Alkyl bond.172 Therefore, we 

attempted to decompose complex 23 into 28 by heating and irradiating with UV light in two 

separate reactions. Indeed, both methods produced 28 as beautiful, dark red crystals 

which grow from the dichloromethane solution. 

Multinuclear magnetic resonance studies were used to elucidate the structure. The 

1H NMR is rather simple displaying only three sets of triplets seen ranging from 8.13-

7.86ppm relating to aromatic protons. The most downfield triplet is noticeably broadened 

Figure 135. Synthesis of 28 using [Pd2(MeCN)6]2+[BF4]2- 
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out relative to the other two sets, suggesting π- 

coordination to one of the Pd centers. To probe this 

interaction, a variable temperature 1H NMR was 

carried out. The results from this experiment can 

be seen in Figure 137. The broadened most 

downfield triplet completely disappears at -100°C 

confirming the π-interaction with the ipso-H and 

ortho-H on one of the aryl groups. This rotation also broadens out the two upfield triplets 

and shifts them downfield (Fig. 137). Unfortunately, the solution freezes at the 

coalescence temperature. This prevented us from isolating the π complex by NMR. The 

11B{1H} NMR shows the typical 1:4:4 singlet pattern suggesting that if there is coordination 

by one of the Clcluster to the Pd center, this binding mode permits the rapid rotation of the 

boron cluster retaining its C4v symmetry which freely rotates below that of -100°C. The 

31P{1H} NMR shows a downfield shift of roughly 15ppm to 25.1ppm.  

A single crystal X-ray diffraction 

study was then carried out on complex 28. 

Crystals suitable for diffraction were 

grown from layering a solution of THF 

containing 28 with pentane in an NMR 

tube. The structure is shown in Figure 

137. The Pd-Pd bond distance is 

2.6065(2)Å which is typical for Pd metal-

metal bonds.172 Both Pd-Clcluster 

interactions are 2.4812(5)Å (Pd1-Cl1) 

Figure 136. 1H VT NMR of complex 28 in 
THF-d8. Turquoise spectrum is at 23°C. 
Red spectrum is at -100°C. 

 

Figure 137. Crystal Structure of complex 28. 
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and 2.4669(5)Å (Pd2-Cl2), which are fairly similar. This interaction elongates both B-Cl 

bonds (B1-Cl1: 1.793(2)Å, B2-Cl2: 1.780(2)Å) relative to the average of the B-Cl lengths 

(1.765Å). What is noteworthy is the seeming bridging phosphine interactions between the 

Pd centers. Determining whether this interaction is just an artifact from the data processing 

resulting from the aryl group pulling the phosphine close to its Pd neighbor or is the bond 

line an actual interaction is difficult. There have been several examples where Pd dimers 

have μ2-phosphine coordination modes.174,175  These distances for 28 are 2.7285(5)Å 

(Pd2-P1) and 2.7648(5)Å (Pd1-P2) which are quite long.  Regardless, the Pd1-P1 

(2.2131(5)Å) and Pd2-P2 (2.2169(5)Å) distances are normal for this class of 

organometallic complex.170 The π-interaction between the aryl groups and the Pd centers 

is substantial with Pd1-C3 and Pd1-C4 lengths being 2.460(2)Å and 2.3803(19)Å, 

respectively. Unsurprisingly, this elongates the C3-C4 bond to 1.417(3)Å which deviates 

from the average of the non-coordinated C-C aryl bonds (1.393Å). Likewise for the other 

half of this dimer, the Pd2-C1 and Pd2-C2 lengths are 2.3478(19)Å and 2.489(2)Å, 

respectively. Again, this elongates the C1-C2 bond substantially to 1.414(3)Å which is 

significantly longer than the average of the non-coordinated C-C aryl bonds (1.387Å). 

With a deeper understanding of 28 in solution and in the solid state, it was time to 

probe its reactivity and 

investigate the nature of this 

interesting metal-metal 

bond. To start, a cyclic 

voltammetry experiment 

was carried out (Fig. 138). 

Initially scanning 
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Figure 138. CV of 28. THF solution of 0.1 M [nBu4N]+[PF6]- as 
electrolyte, scan rate 100 mV/s, potential vs. Fc+/Fc.  
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oxidatively, there is a reversible oxidation event a 0.27V vs 

Fc. At 0.7V is an irreversible oxidation event. Upon sweeping 

reductively, a large reversible reduction event is observed at 

-0.34V vs Fc. With this knowledge in hand, we next sought to 

identify the species responsible for these reversible 

oxidation/reduction waves at 0.27 and -0.34V. To do so, we 

selected a number of appropriate oxidants and reductants to 

achieve this goal. For the oxidation, we first attempted 

[Ag]+[closo-HCB11H5Cl6]-  as our oxidant. Though Ag+ has a oxidation potential sufficient 

enough to oxidize 28 (0.41V vs. Fc in THF)176, no reaction occurred. This is probably a 

result of the coordinating solvent (1,2-dimethoxyethane) that prevents oxidation to occur 

by cation sequestriation.176 Using a stronger oxidant, [NO]+[BF4]-, was also attempted. 

Here, no observable color change had occurred. When characterized by the by 

multinuclear magnetic resonance and X-ray diffraction, complex 29 was the resulting 

product (Fig. 140). Here, the NO+ radical was reduced by the Pd-Pd bond giving a bent 

NO ligand. Finding more compatible oxidants and reductants is ongoing. 

We were interested in more than simply the electrochemistry of 28. Therefore, we 

probed this complex’s reactivity with small molecules. Pd1 dimers are effective C-C cross 

coupling catalysts,171,172 therefore we sought to react 28 with iodobenzene and 

bromobenzene. 

Bromobenzene had no 

reactivity. However, 

iodobenzene reacted with 

28 immediately as 

Figure 139. Crystal 
Structures for 29. No 
discussion of bond lengths 
and angles can be made 
from this data. 

Figure 140. Proposed structures of 31 and 32. 
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evidenced by two new 31P{1H} resonances at 42.8 and 41.8ppm. Though no crystal 

structure is currently available, multinuclear magnetic resonance studies lead us to the 

proposed structures in Figure 140.  In the 1H NMR, nine sets of aromatic protons suggest 

several distinct aromatic species. One of those sets has an integration ratio of 2:1:2 which 

corresponds to the aryl group originally from the iodobenzene reagent. Keeping this same 

integration, the remaining set of aromatic protons integrate to a total of 20 hydrogens and 

have more complicated splitting resulting from the spin ½ of 31P nucleus (Fig. 123, 

Experimental). Additionally, 11B{1H} NMR shows very distinct magnetic environments as 

there are only 3 peaks in a 1:4:4 ratio, showing that the local C4v symmetry is preserved. 

This structure is certainly not an unreasonable proposition. Indeed, there have been 

several reports where Pd dimers bimolecularly oxidatively add across an aryl C-X 

bond.170,177,178 

Next, we probed 28’s reactivity with ethylene. Upon condensing ethylene into a 

frozen solution of 28 in THF using liquid N2 and warming the mixture to room temperature, 

a dramatic color change is observed. The red solution begins to turn mostly colorless with 

a fine yellow powder that precipitates from solution. When the ethylene atmosphere is 

removed, the yellow powder begins to leech a red color when in THF. Indeed, when in any 

solvent without the presence of an ethylene 

atmosphere, ethylene is slowly released from 

this mysterious yellow compound and 28 is 

regenerated. Acetonitrile will immediately 

displace ethylene. Due to the challenges 

associated with this compound in solution, we 

moved to solid state NMR characterization. 
Figure 141. Proposed structure for 
complex 32. 
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The most useful NMR performed with this technique was the 13C NMR. Two THF peaks 

can be seen at 67.7 and 25.9ppm which suggests the presence of coordinated THF to the 

Pd center(s). The aromatic region show resonances from 134.3-121.4ppm representing 

the phenyl groups from the ligand. Another resonance is seen at 39.2ppm. Being in the 

alkyl region, this suggests that the Pd-Pd bond had reduced the ethylene. Combining this 

information and knowing that the carboranyl ligand tends to bind in a bidentate fashion, 

the product must be a PdII species having a k2-P,Cl carboranyl phosphine ligation with an 

ethylene bridge connecting the two Pd centers. Two THF molecules must be present to 

complete the square planar geometry that is typical for d8 PdII species. Figure 141 shows 

reaction scheme of 32. To unambiguously prove the accuracy of the structure of 32, 

crystallographic data is necessary. However, the sensitivity of this complex makes growing 

single crystals from solution difficult as it is not soluble and readily decomposes in the 

absence of ethylene atmosphere while suspended in solution.  

Nelson et. al. has shown that microcrystal electron diffraction (MicroED) can be 

applied to small molecules that are crystalline but whose crystals are too small, too 

Figure 142. Crystal structure for Complex 32 by MicroED. Diffraction was collected with 300keV 
TEM using continuous rotation at ambient temperature. Color codes: blue = Pd; brown = B; green= 
Cl; grey = C; purple = P; red = O. 
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sensitive, or both for X-ray diffraction.179 MicroED is not a new crystallographic technique. 

In fact, it has been used for the determination of biological structures such as the famous 

T4 Bacteriophage elucidated in 1968.180 Reviews on this technique can be found 

here.181,182 We thought that this technique would be a useful tool for determining the 

structure of our compound. Indeed, observing our compound by TEM showed 32 was 

nanocrystalline and therefore suitable for electron diffraction. Upon diffraction and data 

processing, the connectivity of 32 finally could be elucidated. Shown in Figure 142 is the 

first, new organometallic complex characterized by this technique. Though this technique 

does not permit a discussion of bond lengths and angles, it unambiguously confirms the 

proposed structure of 32. Though there have been reports of a handful of ethylene bridged 

dimers, none include Pd. Furthermore, these examples do not show that can those 

species can bimolecularly reductively eliminate ethylene to regenerate the starting 

material, as 32 can.183–185 Currently, new reactivity is being explored with this complex.  

Conclusion 

 

In this report, we developed a new PdI dimer ligated by a carboranyl 

diarylphosphine which was fully characterized by multinuclear magnetic resonance and 

X-ray crystallography. The redox capacity of the Pd-Pd metal bond was also investigated. 

Compound 28 rapidly reacts with I-C6H5 to generate the oxidative addition products 30 

and 31. Furthermore, the reactivity of 28 was probed where we found unique chemistry 

involving the reversible bimetallic oxidative addition of ethylene across the Pd-Pd metal 

bond. In this unique reaction, we used the novel crystallographic technique, MicroED, to 

elucidate the fascinating structure of 32. 
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Experimental 

 

General Considerations: Unless otherwise stated, all manipulations were carried 

out using standard Schlenk or glovebox techniques (O2, H2O < 1ppm) under a dinitrogen 

or argon atmosphere. Solvents were dried on K or CaH2 and distilled under argon before 

use. 23 was prepared according to the literature procedure with modifications.102 NMR 

spectra were recorded at room temperature on Bruker Avance 300MHz, Bruker Avance 

400MHz, or Bruker Avance 600MHz spectrometers. NMR chemical shifts are reported in 

parts per million (ppm). 1H NMR and 13C NMR chemical shifts were referenced to residual 

protio solvent. 11B NMR chemical shifts were externally referenced to BF3OEt2. 31P NMR 

chemical shifts were externally referenced to 80% H3PO4 in H2O. CV experiments were 

performed using a Pine AFP1 potentiostat. The cell consisted of a glassy carbon working 

electrode, a Pt wire auxiliary electrode, and a Pt wire pseudo reference electrode. All 

potentials are referenced versus the ferrocene/ferrocenium couple measured as an 

internal standard. Crystallographic data for 28 is available free of charge from the 

Cambridge Crystallographic Data Center under reference number 1850911. This structure 

can be accessed at: 

http://www.ccdc.cam.ac.uk/Community/Requestastructure/Pages/DataRequest.aspx. 

 

 

 

 

 

 

http://www.ccdc.cam.ac.uk/Community/Requestastructure/Pages/DataRequest.aspx
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Modified Synthesis of Complex 18: 

16 is made from literature procedure.102  16 (1.00g, 1.10mmol) was added to a glass 

scintillation vial equipped with a stir bar and PhF (10mL) is added. (COD)PdMeCl 

(291mg,1.10mmol) is added to a glass scintillation and PhF (5mL) was added. The 

solution containing CODPdMeCl was then added to the vial containing the solution with 

16. Additional PhF (5mL) was added to wash the vial containing (COD)PdMeCl and was 

subsequently added to the reaction vial. The reaction was allowed to stir at room 

temperature for 30 minutes. After 30 minutes, the reaction was filtered through a Hirsch 

funnel fitted with a glass microfiber filter. The filtrate was pumped to dryness with reduced 

pressure. The ensuing solid was the washed with portions of pentane (10mL x5) to remove 

cyclooctadiene. The solid was then left on the vacuum for two hours. The solid was then 

redissolved in PhF (5mL) and equipped with a stir bar. AgBF4 (107mg, 55.0µmol) was 

added to a glass scintillation vial and PhF (5mL) was added. The AgBF4 solution was then 

added to the vial containing the Pd containing solution. The vial containing AgBF4 solution 

was washed again with PhF (5mL) which was then added to the reaction vial. The reaction 

was then allowed to stir at room temperature for two hours. After two hours had passed, 

the reaction was filtered through a Hirsch funnel fitted with a glass microfiber filter and the 

solid was washed with excess PhF. Diethyl ether was then pass through the filter to 
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remove LiBF4. The desired compound was then extracted through the filter paper with 

copious amounts of THF. The THF solution was removed in vacuo to produce clean 23. 

Yield: 725mg, 93.5μmol, 85%. 

Synthesis of Complex 28: 

Ligand 16 (500mg, 550μmol) was placed in a 20mL glass scintillation vial that was 

equipped with a stir bar. Fluorobenzene (5mL) was subsequently added to the white 

powder and the solution was set to stir. [Pd2(MeCN)6]+[BF4]2- (142mg, 225μmol) was 

placed in a in a 20mL glass scintillation vial followed by the addition of fluorobenzene 

(3mL). The vial with the solution containing [Pd2(MeCN)6]+[BF4]2- was added slowly to the 

stirring solution which immediately turned dark red. The vial containing 

[Pd2(MeCN)6]+[BF4]2- was washed with flurobenzene (1mL) and added to the red solution. 

The reaction was left to stir for 24 hours. The next day, the reaction was filtered through a 

Hirsch funnel fitted with a glass microfiber filter and the solid was washed with excess 

PhF. Diethyl ether was then pass through the filter to remove LiBF4. The desired 

compound was then extracted through the filter paper with copious amounts of THF. The 

THF solution was removed in vacuo to produce clean 28. Yield: 227mg, 158μmol, 70%. 

Yield: 272mg, 189μmol, 84%. Crystals suitable for an X-ray diffraction study were obtained 
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by layering a THF solution of 28 with pentane. m.p. = 221°C (dec.); 1H NMR (600MHz, 

THF-d8, 25oC):   8.12 (t, 3J(H,H) = 9.0Hz, 4H),   8.00 (t, 3JH-H = 7.4Hz, 2H),   7.89-

7.86 (dt, 3JH-H = 7.5Hz, 4JH-H = 2.5 Hz, 4H); 13C NMR (151MHz, THF-d8, 25oC):   

137.4134.3, 132.3117.7; 11B{1H} NMR (192MHz, THF-d8, 25oC):   24.0, 4.2 7.4; 

31P{1H} NMR (243MHz, THF-d8, 25oC):   25.1. 

 

Figure 143. 1H NMR of 28 (600MHz, THF-d8, 25oC). 



 

203 
 

 

Figure 144. 13C{1H} NMR of 28 (151MHz, THF-d8, 25oC). 
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Figure 145. 11B{1H} NMR of 28 (192MHz, THF-d8, 25oC). 
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Figure 146. 31P{1H} NMR of 28 (243MHz, THF-d8, 25oC). 
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Figure 147. FTIR spectrum for compound 28 with C-H peaks observable at 2872.64-3121.58cm-1. 
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Alternate Synthesis of Complex 28: 

Complex 23 (500mg, 619μmol) was placed in a 200mL flame dried Schlenk flask 

and was subsequently dissolved in DCM (80mL). The flask was placed on the Schlenk 

line and placed under UV radiation (Method A) or heated to 40°C (Method B) for 4 days 

without stirring. After 4 days, the reaction was taken into the glovebox and filtered through 

a Hirsch funnel fitted with a glass microfiber filter and washed with DCM (5 x 20mL). The 

washings were discarded. The red solid was then passed through the filter with copious 

amounts of THF. The THF was then removed in vacuo give 28 as a red solid. (Method A: 

309mg, 215μmol, 66% yield; Method B: 178mg, 124μmol, 35% yield). 
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Synthesis of Complex 29: 

 

Complex 28 (20mg, 14μmol) was added to a 20mL glass scintillation vial equipped 

with a stir bar and DME (5mL) was added. [NO]+[BF4]- (1.6mg, 14μmol)  was added to a 

separate 20mL glass scintillation vial and DME (5mL) was added. The solution containing 

[NO]+[BF4]- was slowly added to the red solution. The vail containing NO]+[BF4]-  was 

washed with DME (1mL) and added to the red solution. The reaction was allowed to stir 

for 30 minutes. After 30 minutes, the reaction mixture was placed under vacuum to remove 

DME. The red solid was dissolved in THF and subsequently placed under vacuum. This 

process was repeated three times giving complex 29. 1H NMR (300MHz, CD2Cl2, 25oC): 

  8.07 (m, 4H), 7.67 (m, 2H), 7.57 (m, 4H); 13C{1H} NMR (75MHz, CD2Cl2, 25oC): 137.3 

(3JP-C = 14.3Hz), 133.3, 129.5 (3JP-C = 13.4Hz), 72.5; 11B{1H} NMR (96MHz, CD2Cl2, 25oC): 

  28.8, 0.3 2.2; 31P{1H} NMR (121MHz, CD2Cl2, 25oC):   59.6; 
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Figure 148. 1H NMR of 30 (300MHz, CD2Cl2, 25oC). Note: DME is seen at 3.86 and 3.61ppm.  
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Figure 149. 13C{1H} NMR of 30 (75MHz, CD2Cl2, 25oC).  
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Figure 150. 11B{1H} NMR of 30 (96MHz, CD2Cl2, 25oC). Note: [BF4]- is seen at 3.9ppm. 

 

 

 

 

 

 

 

 

 



 

212 
 

 

 

 

 

Figure 151. 31P{1H} NMR of 30 (121MHz, CD2Cl2, 25oC). 
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Synthesis of Complex 31 and 32: 

Complex 28 (20mg, 14μmol) was added to a 20mL glass scintillation vial equipped 

with a stir bar and I-C6H5 (5mL) was added. The reaction was allowed to stir for 30 minutes. 

After 30 minutes, the reaction mixture was dropped into stirring pentane. The red powder 

was allowed to settle and the pentane was decanted. This process was performed three 

times giving complex 31. 1H NMR (300MHz, THF-d8, 25oC):   8.53 (m, 6H), 7.89 (dd, 

3JP-H = 14.0Hz, 3JH-H = 8.07Hz, 4H), 7.75 (m, 3H), 7.64 (m, 5H), 7.55 (m, 2H), 7.39 (m, 6H) 

7.00 (t, 3JH-H = 8.0Hz, 2H) 6.84 (t, 3JH-H = 7.1Hz, 1H) 6.72 (t, 3JH-H = 7.5Hz, 2H). 3.40, 1.62; 

13C{1H} NMR (75MHz, THF-d8, 25oC): 160.6, 149.1, 138.1 (d, 2JP-H = 12Hz), 136.3 (d, 2JP-

H = 12Hz), 134.1, 132.4 (d, 3JP-H = 3Hz), 131.9 (d, 3JP-H = 4Hz), 128.8 (d, 3JP-H = 3Hz), 

128.2 (d, 2JP-H = 13Hz), 127.9 (d, 2JP-H = 14Hz) 125.3, 70.3, 26.7.  11B{1H} NMR (96MHz, 

THF-d8, 25oC):   25.4, -2.6 7.6; 31P{1H} NMR (121MHz, THF-d8, 25oC):   42.8, 41.8;  

 

 

 

 



 

214 
 

 

 

Figure 152. 13C{1H} NMR (75MHz, THF-d8, 25°C) of 30 and 31. 
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Figure 153. 1H NMR (300MHz, THF-d8, 25°C) of 30 and 31. 
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Figure 154. 11B{1H} NMR of 30 and 31 (96MHz, THF-d8, 25oC). 
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Figure 155. 31P{1H} NMR of 30 and 31 (121MHz, THF-d8, 25oC). 
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Synthesis of Complex 32: 

 

Complex 28 (80mg, 56μmol) was added to a 20mL glass scintillation vial and THF 

(10mL) was added. The THF solution was then placed in a dried 25mL thick-walled Teflon 

Schlenk tube. The vial was washed with THF (5mL) and added to the Schlenk tube. The 

tube was sealed and then a regimen of freeze-pump-thaw was carried out with liquid N2. 

Once at room temperature, the Schlenk tube was then back-filled with an ethylene 

atmosphere and then submerged in liquid N2 to condense roughly 1cm of liquid ethylene. 

After sealing the Schlenk, the reaction was allowed to warm to room temperature with the 

ethylene slowly diffusing into the rest of the THF solution. After 6 hours, the reaction turned 

clear with a yellow powder settled at the bottom. With constant positive ethylene pressure, 

the THF was removed via syringe and then the Schlenk was placed under vacuum to 

remove residual solvent, giving 32. Yield: 64mg, 44μmol, 72% yield. 
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Figure 156. Solid-state 1H NMR of complex 32. MAS at 9kHz. Note: * denotes spinning side bands. 

 

* * 
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Figure 157. Solid-state 13C NMR of complex 32. MAS at 9kHz. The 13C chemical shift for the 
PdCH2CH2Pd carbons is at 37ppm. Note: * denotes spinning side bands. 

 

* * 
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Figure 158. Solid-state 13B NMR of complex 32. MAS at 9kHz. Note: * denotes spinning side bands. 
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Figure 159 Solid-state 31P{1H} NMR of complex 32. MAS at 9kHz. Note: * denotes spinning side 

bands. 
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Figure 160. FTIR spectrum for compound 32 with C-H peaks observable at 2982.86cm-1 and 
2880.18 cm-1. 
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Figure 161. Data, statistics, sample diffraction pattern and structures for compound 32. 

Quantum Chemical Calculations: 

DFT calculations for complex 32 were performed using the crystal coordinates 

obtained from MicroED experiments. Hydrogen atoms were optimized from the crystal 

structure with the B3LYP functional, Pd was described with the LANL2DZ basis set and 

the associated effective core potentials. All other atoms were described with the 6-

31G(d,p) basis set (15). The 13C NMR parameters of complex 32 were calculated using 

the GIAO method in Gaussian 09, with the PBE functional (16, 17). The calculated 

shielding of 159 ppm for each carbon was referenced to geometry-optimized 

tetramethylsilane at the same level of theory (σiso = 191 ppm). This results in a computed 

δ(13C) of 32 ppm, which is close to the experimental value of 37 ppm obtained from 13C 

CPMAS experiments. 
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Coordinates: 

Pd                 2.15767300   -0.85064800   -0.02101400 

P                  3.27374900    0.89880900    0.06881600 

Cl                 6.30225900    2.77105100    0.61215500 

Cl                 5.13230400   -0.38642600    2.84048200 

Cl                 4.16163000   -2.19219200   -0.50586200 

Cl                 9.71426700   -1.55817700   -0.07010200 

Cl                 8.59385200    1.48780600   -1.70379500 

Cl                 8.40477400    0.64652400    2.31879800 

Cl                 5.42336400    0.76072400   -2.81310900 

Cl                 7.07887400   -2.16675900   -2.40680800 

Cl                 6.87161400   -2.97238200    1.56426600 

C                  3.00737300    1.96306800   -1.28981700 

O                  1.12274000   -2.57380700   -0.09882600 

C                  3.56950300    3.02529100   -1.52279800 

H                  4.39336800    3.38604400   -0.91847700 

C                  1.75063000    2.26963300   -3.27967700 

H                  1.04227300    1.93421400   -4.03139600 

C                  2.98688000    1.79650300    1.51744100 

C                  2.14284900    1.77195900    3.64593200 

H                  1.74795700    1.24458700    4.51350100 

C                  2.37578800    3.58390100   -3.39232200 

H                  2.09326300    4.21646600   -4.23038900 

B                  7.44760500   -0.04802900    1.04614600 
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B                  6.94476100   -1.17324000   -1.11637000 

C                  3.21963400    3.85819600   -2.58786400 

H                  3.77149800    4.79790600   -2.64419000 

B                  6.84252400   -1.52370500    0.67441800 

B                  7.54155400    0.38404900   -0.72675500 

C                  2.19801200    3.14379400    3.69996400 

H                  1.86094900    3.66949600    4.58817900 

B                  5.44188100   -1.02140100   -0.23147500 

C                  0.88410500   -3.55966600    1.05101300 

H                  1.87527500   -3.96454900    1.28232800 

H                  0.55048800   -2.93321200    1.87727100 

C                  2.74974400    3.81294900    2.64982600 

H                  2.84766200    4.89627200    2.72606500 

C                  0.96103300   -3.15986600   -1.27007500 

H                  1.91467000   -3.32001100   -1.79543300 

H                  0.31947200   -2.55555800   -1.92489500 

C                  3.13152400    3.21375900    1.66558100 

H                  3.56380300    3.75392400    0.83294400 

C                  2.03340100    1.51517500   -2.18616500 

H                  1.58633400    0.53757200   -2.07354000 

B                  6.38862400    1.27274400    0.27213800 

B                  5.78286900   -0.28922500    1.23521500 

B                  8.12882400   -0.80472600   -0.05975800 

C                  4.94022900    0.42452500    0.03101400 



 

227 
 

B                  5.92717000    0.26483800   -1.20878400 

C                  0.51924900    0.08983400    0.45622100 

H                  0.32867800   -0.38650300    1.42805300 

H                  0.70359500    1.14197700    0.66504200 

C                  0.27724100   -4.58433800   -0.98651100 

H                  0.98626200   -5.38530000   -1.20992200 

H                 -0.61629800   -4.73785300   -1.58710500 

C                 -0.05330900   -4.56556200    0.58432100 

H                 -1.09269100   -4.28110400    0.75258900 

H                  0.12946500   -5.54229500    1.03592900 

C                  2.46097200    1.12846500    2.58826300 

H                  2.33910100    0.05238800    2.53811700 

C                 -0.51966000   -0.09034300   -0.45691300 

H                 -0.32898300    0.38573400   -1.42887200 

H                 -0.70433500   -1.14246800   -0.66547500 

Pd                -2.15769000    0.85105700    0.02040800 

P                 -3.27378800   -0.89848700   -0.06842600 

Cl                -6.30135700   -2.77103700   -0.61277600 

Cl                -5.13273500    0.38583300   -2.84017900 

Cl                -4.16166800    2.19251400    0.50625100 

Cl                -9.71430600    1.55849900    0.07049200 

Cl                -8.59295000   -1.48779200    1.70317400 

Cl                -8.40520600   -0.64711700   -2.31849500 

Cl                -5.42340200   -0.76040200    2.81349800 
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Cl                -7.07930600    2.16616600    2.40711000 

Cl                -6.87202400    2.97187400   -1.56496000 

C                 -3.00741000   -1.96274600    1.29020600 

O                 -1.12277900    2.57412900    0.09921500 

C                 -3.56954100   -3.02497000    1.52318700 

H                 -4.39368700   -3.38506300    0.91879700 

C                 -1.75066700   -2.26931100    3.28006800 

H                 -1.04237100   -1.93391200    4.03188400 

C                 -2.98731200   -1.79709700   -1.51713800 

C                 -2.14196700   -1.77203000   -3.64555800 

H                 -1.74644700   -1.24504200   -4.51311200 

C                 -2.37490800   -3.58397200    3.39269800 

H                 -2.09237600   -4.21673000    4.23056400 

B                 -7.44764400    0.04835100   -1.04575600 

B                 -6.94517100    1.17273300    1.11567700 

C                 -3.22004500   -3.85870400    2.58717100 

H                 -3.77157900   -4.79853000    2.64341200 

B                 -6.84164300    1.52363300   -0.67404300 

B                 -7.54067300   -0.38412100    0.72713000 

C                 -2.19805100   -3.14347200   -3.69957300 

H                 -1.86074000   -3.66912600   -4.58775200 

B                 -5.44231300    1.02080800    0.23177800 

C                 -0.88453600    3.55907300   -1.05071000 

H                 -1.87559100    3.96400100   -1.28243700 
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H                 -0.55045200    2.93261000   -1.87676300 

C                 -2.74976100   -3.81254200   -2.65043200 

H                 -2.84784400   -4.89583500   -2.72679500 

C                 -0.96107100    3.16018800    1.27046500 

H                 -1.91472000    3.32027300    1.79580200 

H                 -0.31952900    2.55580100    1.92522700 

C                 -3.13156200   -3.21343700   -1.66519100 

H                 -3.56336400   -3.75419500   -0.83267900 

C                 -2.03252000   -1.51524800    2.18654100 

H                 -1.58543200   -0.53765900    2.07385500 

B                 -6.38903400   -1.27325200   -0.27283200 

B                 -5.78290700    0.28954700   -1.23482500 

B                 -8.12925600    0.80413300    0.06006100 

C                 -4.94063900   -0.42503300   -0.03170700 

B                 -5.92720800   -0.26451600    1.20917400 

C                 -0.27727900    4.58466000    0.98690000 

H                 -0.98630100    5.38561400    1.21032000 

H                  0.61624500    4.73812600    1.58751500 

C                  0.05327100    4.56588400   -0.58393200 

H                  1.09262000    4.28140900   -0.75231500 

H                 -0.12976200    5.54243900   -1.03579000 

C                 -2.46098900   -1.12805800   -2.58886900 

H                 -2.33963200   -0.05198300   -2.53858100 
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Reversibility of Ethylene Addition for Compound 28: 

32 (100mg, 62.0µmol) is placed in a 20mL glass scintillation vial and acetonitrile is 

added. The yellow powder immediately turns to a magenta solution with rapid gas 

evolution. The acetonitrile is removed under reduced pressure. The solid is dissolved in 

THF and subsequently placed under reduced pressure again. This process is repeated 

three times. Yield: 88.4mg, 61.4μmol, 99% yield. 1H NMR (600MHz, THF-d8, 25oC):   

8.13 (dd, 3JH-H = 13.1Hz, 3JH-H = 12.7Hz, 4H), 8.00 (t, 3JH-H = 7.4Hz, 2H), 7.84 (td, 3JH-H = 

7.5Hz, 4JH-H = 2.5 Hz, 4H). 2.00; 13C NMR (151MHz, THF-d8, 25oC):   137.4134.3, 

132.3117.7; 11B{1H} NMR (192MHz, THF-d8, 25oC):   24.0, 4.2 7.5; 31P{1H} NMR 

(243MHz, THF-d8, 25oC):   25.1. 
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Figure 162. 1H NMR of 28 (300MHz, THF-d8, 25oC). Note: peak at 2.00 is acetonitrile. 
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Figure 163. 13C{1H} NMR of 28 (151MHz, THF-d8, 25oC). 
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Figure 164. 11B{1H} NMR of 28 (192MHz, THF-d8, 25oC). 
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Figure 165. 31P{1H} NMR of 28 (243MHz, THF-d8, 25oC). 
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Crystal Structure for Compound 28: 

Diffraction data were collected on a Bruker-AXS Apex II diffractometer with an 

Apex II CCD detector using Mo K radiation ( = 0.71073 Å) from a fine-focus sealed tube 

source. Data were collected at 100 K by performing 0.5° -scans, integrated using 

SAINT[1], and absorption corrected using SADABS[2].  The structure was solved by direct 

methods using SHELXT[3] and refined against F2 on all data by full-matrix least squares 

with SHELXL-2018/3[4] following established refinement strategies[5].  All non-hydrogen 

atoms were refined anisotropically. All hydrogen atoms were included into the model at 

geometrically calculated positions and refined using a riding model. The isotropic 

displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the 

atoms they are linked to (1.5 times for methyl groups).  Crystal and data quality details, as 

well as a summary of the residual refinement values, are listed in the accompanying table. 

Compound 28 crystallizes in the monoclinic centrosymmetric space group P21/c 

with one molecule of 28, two molecules of tetrahydrofuran, and one molecule that was a 
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mixture of pentane and tetrahydrofuran per asymmetric unit. The ratio of pentane: 

tetrahydrofuran was refined freely and converged at 51:49. The solvent molecules were 

refined with the help of similarity restraints on 1,2- and 1,3- distances as well as similarity 

and rigid-bond restraints for anisotropic displacement parameters. The mixture of solvents 

result in an empirical formula with non-integer numbers of atoms for C, H, and O.  
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CHAPTER 7: Conclusion 
 

In this dissertation, we have demonstrated the dynamic and unique chemistry that 

the carborane anion and its derivatives can participate in.  In 1994, Reed showed that the 

hydridic icosahedral carborane anion is incompatible with the trityl cation.64 We expanded 

this work and showed exactly what products it makes and found that it engages in 

electrophilic aromatic substitution at the anti-podal boron generating a meta and para 

substituted carboranyl species. We also demonstrated the reactivity of an anionic 

biscarboranyl phosphine Au complex towards hydroamination of aryl amines and terminal 

alkynes. It was also shown that it was not as active as its halogenated, monoligated 

predecessor. Furthermore, a series of zwitterionic Ru complexes were synthesized which 

were monoligated with a 10-vertex perhalogenated carboranyl phosphine. In an unusual 

discovery for these ligand types, the k2-P,Cl bonding mode of this ligands was so strong 

that it prevented the free rotation of the cluster, breaking the local C4v symmetry as 

detected by 11B{1H} NMR. Additionally, we probed the activity of a series of 10-vertex 

perhalogenated carboranyl phosphine PdMe complexes towards ethylene polymerization. 

Though complexes 22 and 23 could only oligomerize etheylene, complex 24 could 

polymerize ethylene to make low, molecular weight waxes. Lastly, we demonstrated the 

unique chemistry that can be unlocked thanks to the carboranyl phosphine with a PdI 

dimer complex. We also showed how useful MicroED can be for the organometallic 

chemist. 
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