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Abstract 

The concept of 'frustrated' Lewis pairs involves donor and acceptor sites in which 

steric congestion precludes Lewis acid-base adduct formation. In the case of sterically 

demanding phosphines and some boranes, this lack of active site-quenching prompts 

nucleophilic attack by P at a carbon para to B of B(C6Fs)3 followed by fluoride transfer, 

which affords zwitterionic phosphonium borates of the form [R3P(C6F4)BF(C6F5)2] and 

[R.2PH(C6F4)BF(C6F5)2], where R = aryl, alkyl. Additionally, a series of tertiary and 

secondary phosphine-B(C6F5)3 adducts are shown to undergo facile, thermal-induced 

rearrangement to give analogous zwitterionic species of the form [R3P(C6F4)BF(C6F5)2J 

and [R2PH(C6F4)BF(C6F5)2], respectively, where R = aryl, alkyl. 

These species can be easily transformed into anionic phosphine-borates 

[R2P(C6F4)BF(C6F5)2]~, cationic phosphonium-boranes [R3P(C6F4)B(C6F5)2]+ and 

[R2PH(C6F4)B(C6F5)2]+ or the charge neutral phosphino-boranes R2P(C6F4)B(C6F5)2. This 

new reactivity provides a modular route to a family of boranes in which the steric features 

about the Lewis acidic boron center remain constant and yet the variation in substitution 

at phosphorus provides a facile avenue for the tuning of the Lewis acidity. Employing the 

Gutmann-Beckett and Childs methods for determining Lewis acid strength, it was 

demonstrated that the cationic boranes are more Lewis acidic than B(CeF5)3, while the 

acidity of the phosphino-boranes is diminished. 

Sterically demanding tertiary and secondary phosphines, as well as secondary 

phosphides, have been shown to react with (THF)B(C6F5)3 (THF = tetrahydrofuran) to 

give the THF ring-opened compounds [R3P(C4H80)B(C6F5)3], [R2PH(C4H80)B(C6F5)3] 

and [R2P(C4H80)B(C6F5)3Li(THF)2] (R = aryl, alkyl). With appropriate stoichiometry, 

vii 



these reactions also occur consecutively to give the double THF ring-opened compounds 

[Mes2P(C4H8OB(C6F5)3)2][Li(THF)4]and['Bu2P(C4H8OB(C6F5)3)2][Li]. 

Finally, it has been reported that the compounds R2PH(C6F4)BH(C6Fs)2 (R = aryl 

or alkyl), cleanly liberate H2 at temperatures above 100 °C to give the dehydrogenated 

products R2P(C6F4)B(C6F5)2, which are stable and react with 1 atmosphere of H2 at 25 °C 

to reform the starting complex. Combinations of sterically demanding phosphines R3P 

and B(C6Fs)3 also uptake H2 at ambient temperature and pressure. H2 liberation from the 

series of compounds can be facilitated using a weak Lewis base. Preliminary kinetic and 

deuterium labelling experiments indicate that the reversible activation of H2 follows an 

intermolecular mechanism. 
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Scope and Significance 

There is a growing emphasis on 'green chemistry', which entails the development 

of novel compounds and process to carry out chemical reactions and/or transformations in 

a way that is efficient, cost effective, and environmentally friendly. Specifically, the 

ability to activate, store, and deliver or transfer hydrogen to another molecule or system in 

a 'green' fashion is important to both the hydrogen fuel economy and the catalytic 

hydrogenation of unsaturated molecules. Eliminating metals from such process reduces 

costs and environmentally unfriendly waste and, in the case of hydrogen storage, 

increases the weight % of available H2. While great strides have been made in the 

development of metal-free systems capable of delivering or transferring hydrogen, little 

headway has been made in the metal-free uptake of hydrogen. By challenging the basic 

assumption that Lewis acids and bases must form donor-acceptor adducts, we have 

discovered that sterically demanding phosphines and boranes can yield complexes that 

reversibly activate hydrogen. These complexes represent the first metal-free systems 

capable of such reactivity. They have been found to be effective hydrogenation catalysts 

using H2 as the hydrogen source, which eliminates the need for expensive metals and the 

use of stoichiometric reducing agents such as BH4". The synthesis, characterization, and 

reactivity of these complexes is described is this thesis. 

The work presented in this thesis has had a profound impact on the scientific 

community. At the time of writing five publications have directly resulted from this work, 

and have appeared in the scientific journals Science,1 Journal of the American Chemical 

Society,2 Dalton Transactions3 and Inorganic Chemistry (2).4'5 Additionally, aspects of 

the work described in this thesis have been patented. Seven publications have resulted 
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from very closely related chemistry carried out in the Stephan research group and have 

appeared in the scientific journals Angewandte Chemie International Edition (3), ~ 

Chemical Communications (2),9' 10 Journal of the American Chemical Society11 and 

Inorganica Chimica Acta.12 The work discussed in this thesis has also inspired several 

other independent research groups to investigate related chemistry with publications 

appearing in the scientific journals Science,13 Angewandte Chemie International Edition 

(4), " Chemical Communications (3), ~ Inorganic Chemistry and European Journal 

of Inorganic Chemistry.22 Concept (Organic and Biomolecuar Chemistry),23 highlight 

(Angewandte Chemie International Edition),24 and perspective (Science)25 articles have 

also been published that include work presented in this thesis. This is a high volume of 

high impact publications considering the first work was published in 2006. The initial 

publication in Science describing the first literature example of reversible, metal-free 

hydrogen activation also garnered international attention being featured in Chemical & 

Engineering News, several CANWEST media outlets, and numerous scientific related 

websites. The work reported in this publication was also listed as one of NSERCs top 50 

discoveries of 2006. Additionally this publication has been cited 53 times at the time of 

printing this thesis. 
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Chapter 1 Introduction 

1 

1.1 Overview of Dissertation 

The work in this document is comprised of three major parts. The first part 

describes the effect of phosphine size on interactions between Lewis basic tertiary, 

secondary, and primary phosphines and the Lewis acid B(C6F5)3. Depending on the size 

of the phosphine, reactions with B(C6F5)3 can yield donor-acceptor adducts, zwitterionic 

phosphonium borates of the form R3P(C6F4)BF(C6Fs)2, or 'frustrated' Lewis pairs 

(Chapter 2). The second part describes the conversion of phosphonium borates into 

anionic phosphines, cationic boranes, and phosphino-boranes and explores the individual 

reactivity of each derivative (Chapter 3). The third and final part describes the reactivity 

of 'frustrated' Lewis pairs with the small molecules THF and H2 and details the reversible 

H2 activation by a series of phosphino-boranes (Chapters 4 and 5). 

1.2 Activation and Liberation of Hydrogen 

The generation and use of molecular hydrogen (H2) are important processes to 

fundamental chemical transformations, " biological functions, and the hydrogen fuel 

economy. Specifically, catalytic hydrogenations, the addition of H2 to unsaturated 

molecules, are the largest volume reactions in the world being involved in the 

hydrocracking of crude oil and the synthesis of ammonia fertilizer via the Haber 

process.34'35 
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Scheme 1.1 Activation of H2 with transition metals. (Top) Homolytic cleavage of H2: 
Formation of metal-Ek complex followed by oxidative addition. (Bottom) Heterolytic 
cleavage of H2. Formation of metal-H2 complex followed by proton abstraction by a 
pendant Lewis base. 

The overwhelming majority of systems known to either liberate or react with H2 

involve reaction at a transition metal center. Hydrogenase enzymes, as well as a plethora 

of synthetic stoichiometric and catalytic reagents for hydrogenation reactions, are based 

on the processes of oxidative addition and reductive elimination of H2 at a metal center 

(Scheme 1.1). Ligand-metal bifunctional catalysts, such as Noyori's ' or Shvo's 

asymmetric hydrogenation catalysts, have been shown to activate H2 via a heterolytic 

process where a metal-Eb complex is deprotonated by a basic ligand (Scheme 1.1). Metal-

free systems that either react with or liberate H2 are rare. A unique metal-free 

hydrogenase from methanogenic archaea has been shown to catalyze reactions with H2 

(Scheme 1.2). Although recent work has shown that these enzymes do contain iron, these 

metal centers are not believed to be the site of H2 activation.39"41 Theoretical studies have 

also suggested the role of a folate-like cofactor in the reversible activation or liberation of 

U 42,43 
tl2. 
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Scheme 1.2 (Top) Reaction of an unsaturated digermanium complex with H2. (Bottom) 
Iron-sulphur hydrogenase catalysizes the activation of H2 with a folate-like cofactor. 

Additionally, sulphide ligands bridging two transition metal centers can 

heterolytically cleave H2 to give SH ligands.44 Several metal-free systems have been 

shown to activate H2. For example, main group element-H2 reactions in low-temperature 

matrices have been reported,45"48 and computational studies have probed the occurrence of 

H2 bonds in main-group compounds.49,50 Trialkyl- and triiodo-boranes have been used in 

the hydrogenation of alkenes and coal at high temperatures (> 220°C) and H2 pressures (> 

67 arm).51"57 More recently, Power and co-workers58 reported that the addition of H2 to 

RGeGeR-alkyne analogs affords a mixture of RGeGeR-alkene and primary germane 

products (Scheme 1.2). Metal-free systems that liberate H2 are of interest for their 

potential in H2 storage applications. 
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Scheme 1.3 (Top) Liberation of H2 from an 'organic' hydride. (Bottom) Liberation of H2 
from phosphine- and amine-boranes. 

While much effort has focused on hydride salts,59"63 a recent report by Thorn and 

co-workers describes an organic "hydride" system that reacts with protic compounds to 

eliminate H2, although the assistance of a metal-based catalyst is required (Scheme 1.3).64 

Much attention has been focused on H3NBH3 and H3PBH3 due to their high H2 content by 

mass (Scheme 1.3); however reversibility has been a problem and often metal catalysts 

are employed to promote the loss of H2.65'66 Despite these advances, no metal-free system 

has yet been reported to effect both the clean liberation and addition of H2. Such metal-

free systems are of great significance to both chemical hydrogen storage and catalytic 

hydrogenation. The use of main group elements offers the ability to develop light weight 

materials to store high percentages of H2 while precious metals, such as platinum or 

rhodium, commonly used to reduce unsaturated molecules with EL;, are very costly due to 

their low natural abundance and are environmentally unfriendly. In order to develop non-

metal systems that exhibit metal-like reactivity, a fundamental understanding of such 

chemistry is required. Our interest in non-metal chemistry lies with the interactions of 



Lewis acids and bases, specifically the properties and reactivity of Lewis acidic boranes 

and Lewis basic phosphines. 

1.3 Lewis Acids and Bases 

Lewis acids and bases play dominant roles in much of chemistry. For example, 

Lewis basic phosphines are ubiquitous ligands in transition metal chemistry and many 

forms of catalysis.67 On the other hand, Lewis acidic boranes are pervasive in studies of 

olefin polymerization68' 69 and a variety of Lewis acid catalyzed reactions in organic 

chemistry.70"76 In the case of polymerization catalysis, Lewis acid reagents such as the 

triorganoborane B(C6F5)3 or its carbocation analog [CPh3]+ (trityl) have an important 

niche. They act as co-catalysts to generate catalytically active cationic early metal alkyl 

complexes as a result of the vacant 2p-orbitals on boron and carbon, respectively, which 

act as powerful alkyl abstractors (Scheme 1.4).76"78 In 1923, Lewis first proposed his now 

universally accepted rationale for acid-base reactions to describe dative donor-acceptor 

adducts.79 

\ y j t e B(C6F5)3 ^ ^ \ ^Me 

Me _ /© "*•-.. 

MeB(C6F5)3 

Scheme 1.4 Utility of B(C6F5)3. Methyl abstraction from dimethylzirconocene forming an 
ion-pair active for olefin polymerization. 
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Lewis defined an acid as a substance capable of accepting a lone pair of electrons 

from another molecule and a base as a substance capable of donating a lone pair of 

electrons to another molecule. Lewis adducts, or donor-acceptor adducts, are the common 

product upon the reaction of Lewis acids and bases. The strong Lewis acid B(C6F5)3 and 

related perfluorylaryl derivatives are known to form such Lewis adducts with a wide 

variety of Lewis bases. A recent review by Piers has described some 60 plus Lewis 

adducts of the form (donor)B(C6F5)3, where donor molecules include phosphines, amines, 

pyridines, nitriles, imidazoles, ketones, aldehydes, among a long list of other P, N, and O 

atom containing bases.80 However, we have observed several systems in which sterically 

demanding phosphine donors and Lewis acids generate what we now term 'frustrated' 

Lewis pairs (FLP's) in that this Lewis acid-base couple is sterically incapable of adduct 

formation, which opens alternate reaction pathways. 

1.4 'Frustrated' Lewis pairs 

In 1942, Cardon and co-workers reported that BMe3 forms a stable adduct with 

pyridine in the presence of NMe3. This surprised the authors as NMe3 is a stronger base 

than pyridine, and they therefore concluded that steric strain between the Me groups of 

Me3N-BMe3 reduced the strength of the B-N dative bond. Further experiments showed 

that lutidine undergoes reversible adduct formation with BF3 and shows no reaction 

towards BMe3 (Scheme 1.5). 
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£ N + BMe3 • no reaction 

Scheme 1.5 First, literature example of steric bulk precluding traditional Lewis adduct 
formation. 

The authors concluded that steric strain between the Lewis acid and base was 

responsible for the observed results.81 This report marked the first literature example of 

what we now term 'frustrated' Lewis pairs. 'Frustrated' Lewis pairs or FLP's, are defined 

as combinations of a Lewis acid and a Lewis base that can co-exist without forming a 

traditional Lewis adduct due to steric interactions between the two compounds. The 

inability of the Lewis pair to form a stable adduct opens new reaction pathways, allowing 

the Lewis acidic and Lewis basic sites to react in a cooperative fashion towards other 

molecules in an unprecedented fashion. While many examples of FLP's likely exist in 

the literature, the full potential of cooperative reactivity between Lewis acids and bases 

was not realized until our our work on sterically demanding phosphines and boranes, 

described herein. This thesis describes the effect of steric bulk on the reaction between 

phosphines and boranes, and details the unprecedented reactivity of sterically 'frustrated' 

Lewis pairs. 



Chapter 2 Synthesis and Characterization of Phosphonium Fluoroborates and 

'Frustrated' Lewis Pairs 

2.1 Introduction 

As mentioned in the opening chapter, amines, pyridines and phosphines have been 

70 80 R9 

shown to form traditional Lewis acid-base adducts with B(C6F5)3 ' ' and trityl 

cation.8 "91 In the case of trityl cation, recent work in our research group has shown that 

sterically demanding phosphines are too large to interact with the carbocation and instead 

effect nucleophilic aromatic substitution at a position para to the central trityl carbon. ' 

Such chemistry was both unexpected and unique; however, the resulting cyclohexadienyl 

and benzylhydryl-phenyl derivatives, generated by reaction of CysP and 'PrP3 with triyl 

cation respectively, proved to be extremely stable species and thus have limited reactivity. 

(Scheme 2A) In a similar fashion, it was discovered that the sterically demanding 

phosphines, Cy3P and (Pr3P, do not form adducts with B(C6F5)3 but rather generate 

zwitterionic phosphonium borates of the form R3P(C6F4)BF(C6F5)2, by a similar 

nucleophilic aromatic substitution pathway.92 

H—<v > — CPh2
 , P R 3 » @ V > = C P h 2 * - R 3 P — - & / > — HCPh2 

©B(C6F5)4
 3 6B(C6F5)4 6B(CSF6)4 

R = Cy, 'Bu R = 'Pr 

Scheme 2 A Reaction of trityl borate, [Ph3C][B(C6F5)4], with bulky phosphines. 



Such unusual reactivity has only been reported once in the literature by Erker and 

co-workers, where the ylide adduct (Pli3PC(H)Ph)B(C6F5)3 thermally rearranged to give 

the zwitterionpam-(Ph3PC(H)Ph)(C6F4)BF(C6F5)2 (Scheme 2B).93 Related zwitterions of 

the form /?ara-R2EH(C6F4)B(C6F5)3
94 and Jr?ara-R2EH(C6H4)B(C6F5)3

95 (E = N, P) have 

been claimed in the patent literature, but were synthesized via traditional routes involving 

the reaction of aryl lithium reagents with boron trihalides. The ability to generate 

phosphonium borate zwitterions rapidly in this convenient one step procedure is 

important because these compounds have the potential to act as bifunctional amphoteric 

complexes with applications in organic catalysis, olefin polymerization, and metal 

complexation. Herein is described the reactivity of B(C6F5)3 with a range of phosphines 

providing a family of phosphonium borates of the form R3P(C6F4)BF(C6F5)2 (R = aryl, 

alkyl, and/or H) and novel 'frustrated' Lewis pairs. 

p h ' \ e/CeF5 

// Ph'»"-C—B"'»'C6F5 

jjf H C6F5 

Ph3P=CH(Ph) + B(C6F5)3 

© \ / 
Ph3Px > = < F 

Ph»u" f~\)~^ V*'"C6F5 
C6F5 

Scheme 2B Reaction of a phosphorus-ylide with B(C6F5)3. 



2.2 Experimental 
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2.2.1 General Data 

All preparations were done under an atmosphere of dry, Ch-free N2 employing both 

Schlenk line techniques and an Innovative Technologies or Vacuum Atmospheres inert 

atmosphere glove box. Solvents (pentane, hexanes, toluene, and methylene chloride) were 

purified employing a Grubbs' type column system manufactured by Innovative 

Technology and stored over molecular sieves (4 A). Molecular sieves (4 A) were 

purchased from Aldrich Chemical Company and dried at 140 °C under vacuum for 24 

hours prior to use. Uninhibited THF was purchased from EMD and distilled from 

sodium/benzophenone prior to use. Deuterated solvents were dried over 

sodium/benzophenone (C6D6, C7D8, THF-dg) or Catb (CD2CI2, C6D5Br) and vacuum 

distilled prior to use. All common organic reagents were purified by conventional 

methods unless otherwise noted. 'H, 13C, n B , 19F and 31P nuclear magnetic resonance 

(NMR) spectra were recorded on a Bruker Avance-300 spectrometer at 300 K unless 

otherwise noted. H and C NMR spectra are referenced to SiMe4 using the residual 

solvent peak impurity of the given solvent. 31P, n B and 19F NMR experiments were 

referenced to 85% H3PO4, BF3(OEt2), and CFCI3, respectively. Chemical shifts are 

reported in ppm and coupling constants in Hz as absolute values. DEPT and 2-D lWl3C 

correlation experiments were completed for assignment of the carbon atoms. Combustion 

analyses were performed in house employing a Perkin Elmer CHN Analyzer. B(C6F5)3 

was generously donated by NOVA Chemicals Corporation. All phosphines were 

purchased from Aldrich or Strem and used as received unless otherwise noted. 
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(Mes)2PH96 and ('Bu)(Mes)PH97 were prepared as reported in the literature. Paratone-N 

oil was purchased from Hampton Research. 

2.2.2 Synthesis of Phosphonium Borates 

(Cy)3P(C6F4)BF(C6F5)2 (2-1): A clear yellow solution of B(C6F5)3 (0.500 g, 0.98 mmol) 

and #7-cyclohexylphosphine (0.274 g, 0.98 mmol) in toluene (20 mL) was allowed to stir 

for 12 hours at room temperature during which time a white precipitate formed. Pentane 

(10 mL) was added and the mixture filtered and dried in vacuo for 1 hour. The product 

was collected as a white solid. Yield 0.738 g (96 %). Crystals suitable for X-ray 

diffraction were grown from a layered dichloromethane/pentane solution at 25 °C. XH 

NMR (CD2C12): 5 3.05 (m, 3H, P jC^n}) , 2.10-1.22 (br m, 30H, PfC^n}) . "B^H} 

NMR (CD2C12): 5 -0.70 (d, }JB-F = 58 Hz). 13C{1H} NMR (CD2C12) partial: 8 150.40 

(dm, 1JC-F = 245 Hz, CF), 148.71 (dm, XJC-F = 240 Hz, CF), 147.62 (dm, XJC.F = 255 Hz, 

C6F4), 139.84 (dm, XJC-F = 250 Hz, CF), 137.40 (dm, XJC-F = 250 Hz, CF), 90.20 (dm, XJC. 

P = 70 Hz, P-C6F4), 33.31 (d, xJC-p = 39 Hz, P{C6H„}3), 28.22 (d, 2JC-p = 3 Hz, 

P{C6H„}3), 27.40 (d, VC-P = 12 Hz, P{C6H„}3), 25.93 (s, P{C6H„}3).
 19F NMR 

(CD2C12): 8 -128.76 (s, 2F, Q ^ ) , -132.03 (s, 2F, Q/v), -135.81 (d, 4F, 3JF.F = 16 Hz, 

ortho-CsFs), -161.92 (t, 2F, 3JF.F = 20 Hz, para-C^s), -166.83 (t, 4F, %.F = 20 Hz, 

meta-CeFs), -193.11 (d, IF, XJF.B = 72 Hz, ArF
3BF). nV{lM\ NMR (CD2C12): 8 41.6 (m). 

Anal. Calcd. for C36H33BF15P: C, 54.57; H, 4.20. Found: C, 54.22; H, 3.98 %. 
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('Pr3)P(C6F4)BF(C6F5)2 (2-2): A clear yellow solution of B(C6F5)3 (0.500 g, 0.98 mmol) 

and frv'-isopropylphosphine (0.156 g, 0.98 mmol) in toluene (20 mL) was allowed to stir 

for 12 hours at room temperature during which time a white precipitate formed. Pentane 

(10 mL) was added and the mixture filtered and dried in vacuo for 1 hour. The product 

was collected as a white solid. Yield 0.620 g (94 %). Crystals suitable for X-ray 

diffraction were grown from a layered dichloromethane/pentane solution at 25 °C. *H 

NMR (CD2C12): 5 3.23 (m, 3H, P{C#(CH3)2}), 1.47 (dd, 18H, 3JH-p = 18 Hz, 3JH.H = 6 

Hz, P{CH(C//3)2}). UB{lU} NMR (CD2C12): 5 -0.89 (d, %.F = 64 Hz). 13C{*H} NMR 

(CD2C12) partial: 8 149.83 (dm, %.F = 247 Hz, CF), 148.20 (dm, lJc.F = 230 Hz, CF), 

147.12 (dm, lJC-F = 255 Hz, CF), 139.34 (dm, lJc.F = 250 Hz, CF), 136.95 (dm, lJc.F = 

250 Hz, CF), 89.30 (dm, lJC-p = 70 Hz, p-C6F4), 23.85 (d, lJC-p = 40 Hz, P{CH(CH3)2}), 

17.20 (s, P{CH(CH3)2}). 19F NMR (CD2C12): 8 -124.84 (s, 2F, OF,) , -127.71 (s, 2F, 

CeF4), -132.14 (d, 4F, %.F = 16 Hz, ortho-CeF5), -158.11 (t, 2F, 3JF.F = 20 Hz, para-

CeFs), -163.07 (t, 4F, %.F = 20 Hz, meta-C^s), -189.37 (d, IF, %.B = 68 Hz, ArF
3BF)-

31P{JH} NMR (CD2C12): 8 53.20 (m). Anal. Calcd. for C27H2iBF,5P: C, 48.24; H, 4.61. 

Found: C, 48.52; H, 4.76 %. 

(o-C6H40Me)3P(C6F4)BF(C6F5)2 (2-3): To a clear solution of B(C6F5)3 (0.310 g, 0.61 

mmol) in toluene (10 mL) was added tris(orf/zo-methoxy)phenylphosphine (0.210 mg, 

0.59 mmol) in toluene (5 mL). The reaction was allowed to stir under nitrogen for 24 

hours. Note: Heating to 125 °C in glass bomb sealed with a Teflon cap resulted in a 

reduction of the reaction time from 24 hours to 6 hours. During such time the product 

precipitated out of solution as a yellow oil. The solvent was removed in vacuo to give an 
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off white solid. The solid was slurried in hexanes (10 mL) and stirred at room temperature 

for 12 hours. The mixture was filtered, washed with benzene (2x10 mL) and hexanes (5 

x 10 mL) and dried in vacuo to give the product as a white solid. Yield 400 mg (76 %). 

Crystals suitable for X-ray diffraction were grown from a layered 

dichloromethane/pentane solution at 25 °C. *H NMR (CD2C12): 8 7.77-7.72 (m, 3H, Ph), 

7.50-7.45 (m, 3H, Ph), 7.19-7.09 (m, 3H, Ph), 7.06-7.01 (m, 3H, Ph), 3.52 (br s, 9H, 

OMe). "B^H} NMR (CD2C12): 8 -0.52 (br s). 13C{!H} NMR (CD2C12): 8 162.13 (s, 

quaternary P/zOMe), 149.37 (dm, XJC-F = 250 Hz, CF), 148.52 (dm, lJc.F = 240 Hz, CF), 

148.85 (dm, lJc.F = 240 Hz, CF), 139.46 (dm, lJc.F = 250 Hz, CF), 137.75 (s, Ph), 135.82 

(dm, lJc.F = 250 Hz, CF), 135.12 (d, 3JC-P = 11 Hz, Ph), 122.39 (d, 2JC-P = 16 Hz, Ph), 

113.16 (d, VC-P = 5 Hz, Ph), 106.42 (d, VC-P = 106 Hz, quaternary Ph), 56.42 (s, OMe). 

19F NMR (CD2C12): 8 -127.94 (br, IF, CeF4), -131.38 (br s, 2F, CeF4), -136.00 (m, 5F, 

C(F4, ortho-CeFs), -162.20 (t, 2F, 3JF.F = 20 Hz, para-C(,F5), -165.54 (m, 4F, VF_F = 20 

Hz, meta-CeFs), -192.78 (br m, IF, Avv
3BF). 31P {*H} NMR (CD2C12): 8 10.88 (s). 

('Bu)2PH(C6F4)BF(C6F5)2 (2-4): To a clear yellow solution of B(C6F5)3 (0.548 g, 1.07 

mmol) in toluene (20 mL) was added di-f-butylphosphine (0.20 mL, 1.07 mmol) via 

syringe. The reaction was allowed to stir for 12 hours during which time a white 

precipitate formed. Pentane (10 mL) was added and the mixture filtered and dried in 

vacuo for 1 hour. The product was collected as a white solid. Yield 0.552 g (78 %). 

Crystals suitable for X-ray diffraction were grown from a layered 

dichloromethane/pentane solution at 25 °C. JH NMR (CD2C12): 8 6.32 (d, 1H, lJH.P = 465 

Hz, PH), 1.58 (d, 18H, 3JH.P = 19 Hz, P{C(CH3)3}. 11B{1H} NMR (CD2C12): 8 0.80 (d, 
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1JB-F = 62 Hz). 13C {!H}NMR (CD2C12) partial: 5 149.33 (dm, XJC-F = 230 Hz, CF), 

146.65 (dm, VC-F = 230 Hz, CF), 139.64 (dm, lJc.F = 280 Hz, CF), 137.50 (dm, XJC.F = 

260 Hz, CF), 136.58 (dm, XJC-F = 230 Hz, CF), 36.92 (d, xJC-p = 30 Hz, P{C(CH3)3}), 

28.41 (s, C(CH3)3).
 19F NMR (CD2C12): 8 -126.23 (s, IF, C ^ ) , -127.90 (s, IF, C(,F4), -

128.40 (s, IF, C ,^) , -132.52 (s, IF, C ^ ) , -135.81 (d, 4F, 3JF.F = 23 Hz, ortho-CeFs), -

161.64 (t, 2F, %.F = 23 Hz, para-C^Fs), -166.69 (t, 4F, %.F = 20 Hz, meta-CaFs), -

192.06 (bs, IF, ArF
3BF). "P^H} NMR (CD2C12): 8 34.21 (m). Anal. Calcd. for 

C26H19BF15P: C, 47.45; H, 2.91. Found: C, 47.06; H, 2.86 %. 

(Mes)2PH(C6F4)BF(C6F5)2 (2-5): A clear yellow solution of B(C6F5)3 (1.5 g, 2.93 mmol) 

and dimesityl phosphine (0.800 g, 2.96 mmol) in toluene (10 mL) was heated to 100 °C. 

The reaction was allowed to stir for 8 hours during which time the solution turned red and 

a white precipitate formed. Upon cooling, pentane (10 mL) was added and the mixture 

filtered and dried in vacuo for 1 hour. The product was collected as a white solid. Yield 

1.72 g (75 %). Crystals suitable for X-ray diffraction were grown from a layered 

dichloromethane / pentane solution at 25 °C. XH NMR (CD2C12): 5 8.52 (d, 1H, xJH-p = 

503 Hz, VH), 1AA (d, 4JM.P = 6 Hz, 4H, PiC&h), 2 - 3 9 (s> 6H> P(C6H2Me-^)2), 2.28 (s, 

12H, P(C6H2M?-2,6)2). "BJ1!!} NMR (CD2C12): 5 0.44 (d, 1JB.F=62 Hz). ^C^H} NMR 

(CD2C12) partial: 8 148.36 (dm, lJc.F = 240 Hz, CF), 148.33 (d, Vc.p = 3 Hz, para-C6H2), 

146.88 (dm, XJC-F = 240 Hz, CF), 144.26 (d, 2JC-p = 12 Hz, ortho-C6U2), 137.25 (dm, lJc.F 

= 240 Hz, CF), 132.95 (d, 3JC.P = 12 Hz, CF), 108.90 (d, xJC-p = 88 Hz, P-QH^), 21.99 

(d, 3JC-p = 10 Hz, C6H2Me-2,6), 21.81 (s, C6H2Me-<). 19F NMR (CD2C12): 8 -129.02 (s, 

2F, Csiv), -133.93 (s, 2F, CeF4), -135.81 (d, 4F, %.F = 14 Hz, ortho-C^Fs), -161.75 (t, 



15 

2F, %.F = 17 Hz , para-CeFs), - 166.76 (t, 4F, 3JF.F = 20 Hz, meta-C^Fs), -192.74 (bs, 

IF, ArF
3BF)- 31P{*H} NMR (CD2C12): 5 -37.65 (m, %.F = 8 Hz). Anal. Calcd. for 

C36H23BFi5P: C, 55.27; H, 2.96. Found: C, 54.75; H, 3.09 %. 

('Bu)(Mes)PH(C6F4)BF(C6F5)2 (2-6): To a clear yellow solution of B(C6F5)3 (0.500 g, 

0.98 mmol) in toluene (20 mL) was added ter?-butyl-2,4,6-trimethylphenylphosphine 

(0.203 mg, 0.98 mmol) in toluene (5 mL) via syringe. The reaction was heated to 125 °C 

a sealed glass bomb with a teflon cap for 24 hours. During such time the reaction turned 

orange in color and a white precipitate formed. Pentane (10 mL) was added and the 

mixture filtered and dried in vacuo for 1 hour. The product was collected as a white solid. 

Yield 0.450 g (64 %). Crystals suitable for X-ray diffraction were grown via slow 

diffusion of pentane into a CH2Cl2/toluene solution of the product at 25 °C (open to air in 

wet solvents) *H NMR (THF-d8): 5 8.21 (d, 1H, XJH.P = 505 Hz, Pfl), 7.17 (d, AJH.P = 1 

Hz, 2H, P(C6#2)), 2.47 (br s, 6H, P(C6H2Me-2,6), 2.32 (s, 3H, P(C6H2Me-4), 1.61 (d, 9H, 

3J#.p = 21 Hz, P{C(CH3)3}). " B NMR (THF-d8): 6 0.38 (d, 1JB.F = 59 Hz). "C^H} 

NMR (THF-d8) partial: 8 149.88 (dm, ]JC.F = 230 Hz, CF), 148.96 (dm, XJC.F = 240 Hz, 

CF), 148.12 (s, para-C6H2), 146.57 (dm, lJc.F = 240 Hz, CF), 145.08 (d, zJC-p = 11 Hz, 

ortho-C6U2), 139.76 (dm, lJc.F = 245 Hz, CF), 137.33 (dm, XJC.F = 275 Hz, CF), 132.62 

(d, 3Jc.p = 10 Hz, meta-C6U2), 110.64 (d, lJC-p = 77 Hz, P-C6H2), 37.76 (d, lJC-p = 40 Hz, 

P{C(CH3)3}), 26.40 (s, C(CH3)3), 22.67 (d, 3JC.P - 7 Hz, C^Me-2,6), 20.99 (s, C6H2M?-

4). 19F NMR (THF-d8): 5 -129.99 (br s, 4F, C ^ ) , -135.23 (m, 4F, ortho-CeFs), -163.37 

(t, 2F, 3JF.F = 20 Hz , para-CeFs), -167.83 (t, 4F, 3JF.F = 23 Hz, meta-Ofs), -193.24 (br 
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s, IF, Ar^BF). 31P{*H} NMR (THF-d8): 5 -2.89 (m). Anal. Calcd. for C31H21BF15P: C, 

51.69; H, 2.94. Found: C, 52.26; H, 3.20 %. 

(Cp)2PH(C6F4)BF(C6F5)2 (2-17): To a clear yellow solution of B(C6F5)3 (0.556 g, 1.09 

mmol) in toluene (20 mL) was added 6z's-cyclopentylphosphine (0.199 g, 1.18 mmol) in 

toluene (5 mL) via syringe. The reaction was heated to 130 °C in a sealed glass bomb 

with a teflon cap for 24 hours. During such time the reaction turned yellow in color and a 

white precipitate formed. Pentane (40 mL) was added and the mixture was filtered, 

washed with pentane (3 x lOmL), and dried in vacuo for 1 hour. The product was 

collected as a white solid. Yield 0.560 g (76 %). Crystals suitable for X-ray diffraction 

were grown from a layered dichloromethane / benzene / pentane solution at 25 °C. 1H 

NMR (THF-d8): 8 7.24 (d, 1H, lJH.P = 508 Hz, PH), 3.11 (m, 2H, P{C5H9}), 2.25 (m, 2H, 

?{C5H9}), 2.07 (m, 2H, P{C5#9}), 1.86-1.68 (br m, 12H, P{C5H9}). nB {*H} NMR 

(THF-dg): 5 -0.07 (d, XJB.F = 54 Hz). "C^H} NMR (THF-d8) partial: 5 148.79 (dm, XJC-F 

= 255 Hz, CF), 148.07 (dm, XJC-F = 240 HZ, CF), 146.30 (dm, XJC.F=255 Hz, CF), 138.89 

(dm, XJC-F = 252 Hz, CF), 136.61 (dm, XJC-F = 252 Hz, CF), 123.32 (br m, quaternary), 

92.14 (m, xJc.p = 70 Hz, quaternary), 30.64 (d, xJc.p = 45 Hz, P{C5H9}2), 29.94 (s, 

P{C5H9}2), 29.68 (s, P{C5H9}2), 27.17 (d, 3JC.P = 12 Hz, P{C5H9}2), 26.40 (d, VC-P = 12 

Hz, P{C5H9}2).
 19F NMR (THF-d8): 5 -129.84 (s, 2F, CaF4), -133.48 (s, 2F, C ^ ) , -

135.32 (m, 4F, ortho-CeFs), -163.41 (t, 2F, 3JF.F= 20 Hz, para-C^Fs), -167.88 (t, 4F, %.F 

= 20 Hz, meta-CeF5), -193.28 (br m, IF, ArF
3BF). 31P{!H} NMR (THF-d8): 5 12.68 (m). 

Anal. Calcd. for C28H19BF15P: C, 49.30; H, 2.81. Found: C, 48.76; H, 2.93 %. 
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(Cy)2PH(C6F4)BF(C6F5)2 (2-18): To a clear yellow solution of B(C6F5)3 (0.500 g, 0.98 

mmol) in toluene (20 mL) was added fo's-cyclohexylphosphine (0.200 g, 1.00 mmol) in 

toluene (5 mL) via syringe. The reaction was heated to 130 °C in a sealed glass bomb 

with a teflon cap for 24 hours. During such time the reaction turned light yellow in color 

and a white precipitate formed. Pentane (40 mL) was added and the mixture filtered, 

washed with pentane (3 x lOmL), and dried in vacuo for 1 hour. The product was 

collected as a white solid. Yield 0.510 g (73 %). *H NMR (CD2C12): 8 6.50 (d, 1H, XJH.P 

= 480 Hz, P//), 3.80 (m, 2H, P{C6#ii}2), 2.09-1.27 (br m, 20H, ?{C6HU}2). "B^H} 

NMR (CD2C12): 8 -0.21 (br). 13C{lH} NMR (CD2C12) partial: 8 149.34 (dm, lJc.F = 250 

Hz, CF), 148.37 (dm, lJC-F = 240 Hz, CF), 146.31 (dm, %.F = 250 Hz, CF), 139.37 (dm, 

1JCF = 250 Hz, CF), 137.23 (dm, lJc.F=250 Hz, CF), 129.12, 122.74, 87.10 (quaternary), 

33.31 (d, XJC.P = 41 Hz, P{C6H„}2), 28.25 (s, P{C6H„}2), 27.18 (s, P{C6H„}2), 26.42 (s, 

P{C6H„}2), 26.19 (d, VC-P = 15 Hz, P{C6Hn}2), 25.17 (s, P{C6H„}2). 19F NMR 

(CD2C12): 8 -129.22 (s, 2F, C(F4), -131.87 (s, 2F, C ^ ) , -135.80 (d, 4F, %.F = 19 Hz, 

ortho-CeFs), -161.63 (t, 2F, %.F = 20 Hz , para-C^Fs), -166.62 (t, 4F, %.F = 20 Hz, 

meta-CeFs), -191.47 (br, IF, ArF
3BF). ^VfB) NMR (CD2C12): 8 11.5 (m). Anal. Calcd. 

for C3oH23BF15P: C, 50.73; H, 3.26. Found: C, 50.65; H, 3.22 %. 

(Ph)2PH(C6F4)BF(C6F5)2 (2-19): In a resealable J-Young NMR tube the adduct Ph2PH-

B(C6F5)3 (0.050 mg, 0.072 mmol) was dissolved in C6D5Br (0.75 mL) and heated to 140 

°C for 24 hours. Near quantitative product formation was observed by NMR 

spectroscopy. NMR resonances for the major product are reported. Minor products were 

observed (< 15 %) and were not identified. It is critical to ensure that the adduct Ph2PH-
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B(C6F5)3 is H20 and H20-B(C6F5)3 free before heating. !H NMR (CD2C12): 5 7.9-7.4 (m, 

10H, Ph), 7.5 (br d, 1H, Pi/). HB {*H} NMR (CD2C12): 8 -1.0 (br s). 19F NMR (CD2C12): 

5 -129.3 (m, 2F, C ^ ) , -132.5 (m, 2F, CeF4), -135.8 (m, 4F, ortho-C(F5), -160.7 (m, 2F, 

para-CeFs), -166.1 (m, 4F, meta-C^Fs), -194.8 (br s, IF, ArF
3BF)- 31P{XH} NMR 

(CD2C12): 8 6.5 (m). 

(Bu)3P(C6F4)BF(C6F5)2 (2-20): To a clear solution of B(C6F5)3 (0.200 g, 0.40 mmol) in 

bromobenzene (10 mL) was added tri-«-butylphosphine (0.080 mg, 0.40 mmol). The 

reaction was allowed to stir for 1 hour at room temperature to ensure adduct formation. 

The reaction was then heated at 125 °C for 2 days. Pentane (30 mL) was added, the 

precipitate filtered, washed with pentane (3 x lOmL) and dried in vacuo to give the 

product as a white solid. Yield 205 mg (74 %). Crystals suitable for X-ray diffraction 

were grown via slow diffusion of pentane into a CH2Cl2/toluene solution of the product at 

25 °C (open to air in wet solvents) *H NMR (C6D5Br): 8 2.22 (m, 2H, CH2), 1.25 (m, 4H, 

CH2CH2), 0.74 (m, 3H, C#3). "B^H} NMR (C6D5Br): 8 -0.76 (bs). nC{lH} NMR 

(C6D5Br, 75 MHz, 300K): 8 149.24 (dm, XJC-F = 250 Hz, CF), 148.17 (dm, lJc.F = 240 

Hz, CF), 146.45 (dm, lJc.F= 250 Hz, CF), 139.23 (dm, lJc.F = 2AS Hz, CF), 136.98 (dm, 

XJC-F = 250 Hz, CF), 92.35 (dt, XJC.V = 78 Hz, VC-F = 20 Hz, quaternary), 23.57 (br m, 

CH2CH2), 20.00 (d, 1 /C-P= 50 Hz, CH2), 12.98 (s, CH3).
 19F NMR (C6D5Br): 8 -129.17 

(s, 2F, Q/v), -133.48 (m, 2F, CeF4), -135.13 (m, 4F, ortho-C^Fs), -160.46 (t, 2F, 3JF-F = 

20 Hz, para-CeFs), -166.04 (m, 4F, meta-CeFs), -190.28 (br s, IF, ArF
3BF). 31P{1H} 

NMR (C6D5Br): 8 33.14 (bs). Anal. Calcd. for C30H27BFi5P: C, 50.44; H, 3.81. Found: 

C, 50.24; H, 3.63 %. 



19 

(Ph)3P(C6F4)BF(C6F5)2 (2-21): To a clear solution of B(C6F5)3 (0.100 g, 0.20 mmol) in 

bromobenzene (10 mL) was added triphenylphosphine (0.052 mg, 0.20 mmol). The 

reaction was allowed to stir for 1 hour at room temperature to ensure complete adduct 

formation. The reaction was then heated at 125 °C for 2 days. Pentane (30 mL) was 

added, the precipitate filtered, washed with pentane (3 x lOmL) and dried in vacuo to give 

the product as a white solid. Yield 110 mg (73 %). Crystals suitable for X-ray diffraction 

were grown via slow evaporation of a concentrated bromobenzene solution at 25 °C. 1H 

NMR (C6D5Br): 8 7.44-7.14 (m, 3H, Ph), 7.28-7.23 (m, 12H, Ph). nB{xH} NMR 

(C6D5Br): 8 -0.26 (br s). nC{lft} NMR (C6D5Br): 8 149.53 (dm, lJc.F = 245 Hz, CF), 

148.47 (dm, XJC-F = 240 Hz, CF), 146.38 (dm, XJC-F = 250 Hz, CF), 139.34 (dm, XJC-F = 

245 Hz, CF), 136.47 (dm, XJC-F = 250 Hz, CF), 135.45 (d, VC-P = 3 Hz, Ph), 133.54 (d, 

VC-P = 11 Hz, Ph), 130.24 (d, 2JC-p = 14 Hz, Ph), 116.96 (d, 'Jc-p = 92 Hz, quaternary Ph). 

19F NMR (C6D5Br): 8 -127.88 (m, 2F, C$F4), -127.99 (m, 2F, C ^ ) , -133.60 (m, 4F, 

ortho-CeFs), -160.74 (t, 2F, 3JF-F = 20 Hz, para-CeF5), -165.54 (m, 4F, meta-CeFs), -

193.01 (br s, IF, Ar^BF)- 31P{XH} NMR (C6D5Br): 8 15.10 (s). Anal. Calcd. for 

C36Hi5BF15P: C, 55.84; H, 1.95. Found: 55.65; H, 1.87%. 

(Et)3P(C6F4)BF(C6F5)2 (2-22): In a resealable J-Young NMR tube (Et3P)B(C6F5)3 (0.050 

mg, 0.056 mmol) was dissolved in C^DsBr (0.75 mL) and heated to 120 °C for 24 hours. 

Quantitative product formation was observed by NMR spectroscopy. 1H NMR (C6D5Br): 

8 2.04-1.93 (m, 6H, 2JH-p = 20 Hz, VH-H = 7 Hz, CH2), 0.85-0.76 (dt, 9H, VH-P = 21 Hz, 

VH-H = 7 Hz, CH3). "B^H} NMR (C6D5Br): 8 0.47 (br s). "C^H} NMR (C6D5Br): 8 

149.70 (dm, XJC-F = 248 Hz, CF), 148.21 (dm, %-F = 240 Hz, CF), 146.30 (dm, 1JC.F = 
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255 Hz, CF), 139.34 (dm, XJC-F = 248 Hz, CF), 137.01 (dm, XJC-F = 250 Hz, CF), 91.04 

(dt, 'JC-P = 80 Hz, 2JC-F = 18 Hz, quaternary), 13.67 (d, JJC-P = 48 Hz, CH2), 5.29 (d, VC-P 

= 5 Hz, CH3).
 19F NMR (C6D5Br): 8 -129.77 (m, 2F, QsFV), -134.04 (m, 2F, CgF^), -

135.78 (m, 6F, VF-F = 20 Hz, ortho-CeFs), -161.10 (m, 3F, VF-F = 21 Hz, para-CeF5), -

166.21 (m, 6F, 3JF.F = 20 Hz, meta-CeFs), -192.22 (br s, IF, Ar^BF). 31P{*H} NMR 

(C6D5Br): 5 39.06 (s). 

(/>-FC6H4)3P(C6F4)BF(C6F5)2 (2-23): To a clear solution of B(C6F5)3 (0.100 g, 0.20 

mmol) in bromobenzene (10 mL) was added 4-fluoro-triphenylphosphine (0.062 mg, 0.20 

mmol). The reaction was then heated at 125 °C for 12 hours. Pentane (30 mL) was added, 

the precipitate filtered, washed with pentane (3 x lOmL) and dried in vacuo to give the 

product as a white solid. Yield 122 mg (75 %). Crystals suitable for X-ray diffraction 

were grown via slow evaporation of a concentrated bromobenzene solution at 25 °C. XH 

NMR (C6D5Br): 8 7.25-7.15 (ddd, 6H, 3JH-F = 13 Hz, 3JH-H = 8 Hz, VH-P = 5 Hz, Ph), 

6.85-6.78 (ddd, 6H, 3JH-p = 8 Hz, 3JH-H = 8 Hz, VH-F = 3 Hz, Ph). "B^H} NMR 

(C6D5Br): 8 -0.17 (br s). nC{lW} NMR (C6D5Br): 8 167.25 (d, XJC-F = 260 Hz, CF), 

149.94 (dm, lJc.F = 245 Hz, CF), 148.65 (dm, lJc.F = 235 Hz, CF), 139.94 (dm, XJC.F = 

246 Hz, CF), 137.10 (dm, lJc.F = 247 Hz, CF), 136.95 (dd, VC-P = 13 Hz, 3JC-F = 11 Hz, 

Ph), 118.61 (dd, 2JC-F = 16 Hz, 3JC.P = 13 Hz, Ph), 113.04 (d, lJC-p = 97 Hz, quaternary 

Ph). 19F NMR (C6D5Br): 8 -97.77 (s, 3F, F-C6H4), -128.10 (m, 4F, CeF4), -134.91 (m, 4F, 

ortho-C(Fs), -160.40 (t, 2F, 3JF.F = 20 Hz, para-Ofs), -165.44 (m, 4F, meta-CeF5), -

192.25 (br s, IF, ArF
3BF). 31P{XH} NMR (C6D5Br): 8 14.1 (s). Anal. Calcd. for 

C36H,2BFi8P: C, 52.21; H, 1.46. Found: C, 53.05; H, 2.10 %. 
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('Bu)(Ph)PH(C6F4)BF(C6Fs)2 (2-24): To a clear yellow solution of B(C6F5)3 (0.500 g, 

0.98 mmol) in toluene (20 mL) was added ter/-butyl-phenylphosphine (0.162 mg, 0.98 

mmol) in toluene (5 mL) via syringe. The reaction was heated to 125 °C in a sealed glass 

bomb with a teflon cap for 24 hours. During such time the reaction turned yellow in color 

and a white precipitate formed. Pentane (10 mL) was added and the mixture filtered and 

dried in vacuo for 1 hour. The product was collected as a white solid. Yield 0.510 g (77 

%). *H NMR (CD2C12): 5 7.98-7.89 (m, 3H, PCCetfj)), 7.76-7.69 (m, 2H, PCQj/fc)), 7.39 

(d, 1H, XJH.P = 487 Hz, VH), 1.54 (d, 9H, 3JH.P = 21 Hz, P{C(CH3)3}). n B NMR 

(CD2CI2): 8 0.39 (d, lJB.F = 63 Hz). 13C {*H} NMR (CD2C12) partial: 5 149.85 (dm, XJC-F 

= 246 Hz, C6F4), 147.87 (dm, XJC-F = 240 Hz, C6F5), 145.52 (dm, XJC-F = 250 Hz, C6F5), 

140.05 (dm, lJC-F = 240 Hz, C6F4), 136.95 (dm, XJC.F = 246 Hz, C6F5), 136.89 (s, C6H5), 

134.44 (d, 3/C-P = 11 Hz, QH5), 131.31 (d, 2JC.P = 12 Hz, C6H5), 112.41 (d, lJC-p = 82 Hz, 

P-QH5), 34.96 (d, lJC-P = 40 Hz, P{C(CH3)3}), 26.03 (s, C(CH3)3).
 19F NMR (CD2C12): 5 

-128.66 (s, 2F, CeF4), -130.32 (m, 2F, C ^ ) , -135.80 (m, 4F, ortho-C^s), -161.51 (t, 2F, 

3JF.F = 20 Hz , para-CeFs), - 166.64 (t, 4F, 3JF.F = 22 Hz, meta-CJ5), -191.39 (br s, IF, 

ArF
3BF)- 31P 1^} NMR (CD2C12): 6 14.70 (m). Anal. Calcd. for C28H15BFi5P: C, 49.59; 

H, 2.23. Found: C, 49.50; H, 2.33 %. 

(Cy)3P(C6F4)BF(C6F5)(Ph) (2-26): A clear yellow solution of PhB(C6F5)2 (0.100 g, 

0.237 mmol) and 7n'-cyclohexylphosphine (0.067 g, 0.240 mmol) in toluene (20 mL) was 

allowed to stir for 12 hours at room temperature during which time a white precipitate 

formed. Pentane (10 mL) was added and the mixture filtered and dried in vacuo for 1 

hour. The product was collected as a white solid. Yield 0.110 g (80 %). Crystals suitable 
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for X-ray diffraction were grown from a layered dichloromethane / pentane solution at 25 

°C. *H NMR (CD2CI2): 5 7.40 (d, 2H, 3JH.H= 1 Hz, Ph), 7.16 (d, 2H, 3JH.H = 7 Hz, Ph), 

7.10 (m, 2H, 3JH-H= 7 Hz, Ph), 2.92 (m, 3H, 3JH-H = 12 Hz, P jC^n}) , 1.95-1.27 (br m, 

30H, P{C6#n}). "B {XH} NMR (CD2C12): 5 2.15 (br). 13C {*H} NMR (CD2C12) partial: 

8 149.99 (dm, XJC.F = 250 Hz, CF), 148.52 (dm, XJC.F = 240 Hz, CF), 147.58 (dm, XJC.F = 

255 Hz, CF), 139.17 (dm, XJC-F = 240 Hz, CF), 137.59 (dm, XJC-F = 245 Hz, CF), 131.98 

(s, Ph), 127.17 (s, Ph), 125.41 (s, Ph), 88.73 (dm, XJC.P = 70 Hz, P-C6F4), 33.24 (d, xJC-p = 

40 Hz, P{C6Hn}3), 28.03 (s, P{C6H„}3), 27.48 (d, 3JC-p = 14 Hz, P{C6HU}3), 25.90 (s, 

P{C6Hn}3). 19F NMR (CD2C12): 5 -126.85 (m, 2F, C ^ ) , -132.14 (m, 2F, CeF,), -133.59 

(d, 2F, 3JF.F = 16 Hz, ortho-C^Fs), -162.93 (t, IF, %.F = 20 Hz, para-C^Fs), -166.82 (t, 

2F, 3JF_F = 20 Hz, meta-CeFs), -193.38 (br s, ArF
3BF). 31P{!H} NMR (CD2C12): 8 41.2 

(s). 

2.2.3 Synthesis of Phosphine-B(C6Fs)3 Adducts and Novel Triaryl Boranes 

(Mes2PH)B(C6F5)3 (2-7): Method A) A clear yellow solution of B(C6F5)3 (1.50 g, 2.93 

mmol) and Mes2PH (0.800 g, 2.96 mmol) in toluene (10 mL) was heated to 100 °C. The 

reaction was allowed to stir for 8 hours during which time the solution turned red and a 

white precipitate formed. Pentane (10 mL) was added and the mixture filtered. The 

resulting red filtrate was dried in vacuo to give the product as a pink solid. Yield 0.475 g. 

(20 %). Method B) A NMR tube was charged with B(C6F5)3 (0.030 g, 0.059 mmol), 

Mes2PH (0.016 g, 0.059 mmol), and CD2C12 (0.75 mL). Adduct formation was observed 

by NMR spectroscopy. JH NMR (CD2C12): 8 6.88 (s, 4H, P(C6#2)2), 6.64 (bs, 1H, PH), 
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2.26 (s, 6H, P(C6H2M?-02), 2.15 (s, 12H, P(C6H2Me-2,6)2).
 nB{lR} NMR (CD2C12): 5 

23.61 (bs). "C^H} NMR (CD2C12): 5 148.92 (dm, XJC.F= 245 Hz, CF), 142.97 (dm, lJc. 

F = 250 Hz, CF), 142.93 (d, 2JC-p = 9 Hz, ortho-Cffiz), 140.91 (s, para-Cfo), 138.12 

(dm, VC-F = 250 Hz, CF), 130.33 (d, 3Jc.p = 5 Hz, meta-Cgh), 120.73 (d, %./• = 80 Hz, 

P-QH2), 23.06 (d, 3JC-p = 17 Hz, C6H2Me-2,6), 21.24 (s, C6H2Me-4). 19F NMR 

(CD2C12): 5 -127.95 (s, 6F, ortho-dFs), -151.53 (s, 3F,para-CaFs), -163.04 (s, 6F, meta-

C(,F5).
 19F NMR (CD2C12, 203 K): 31P{!H} NMR (CD2C12): 8 -67.7 (bs). ). 31P NMR 

(CD2C12, 203 K): 8 -43.2 (d, VP.H = 434 Hz). Anal. Calcd. for C36H23BF15P: C, 55.27; H, 

2.96. Found: C, 55.34; H, 3.24 %. 

(Cp2PH)B(C6Fs)3 (2-8): To a clear solution of B(C6F5)3 (0.100 g, 0.20 mmol) in toluene 

(5 mL) was added Z?w-cyclopentylphosphine (0.034 g, 0.20 mmol). The reaction was 

allowed to stir for 1 hour at room temperature. The solvent was removed in vacuo to give 

the product as a white solid. Yield 0.127 g (95 %). Crystals suitable for X-ray diffraction 

were grown via slow diffusion of pentane into a CH2Cl2/toluene solution of the product at 

25 °C !H NMR (CD2C12): 8 5.60 (d, 1H, lJH.P = 408 Hz, Pfl), 2.16 (m, 2H, ?{CsH9}), 

1.95 (m, 2H, ?{C5H9}), 1.69-1.35 (br m, 14H, P{C5i/9}).11B{1H} NMR (CD2C12): 8 -

15.90 (d, lJB.p = 80 Hz). 13C{JH} NMR (CD2C12) partial: 8 148.67 (dm, lJc.F = 240 Hz, 

CF), 140.50 (dm, XJC.F = 254 Hz, CF), 137.96 (dm, 1JC-F = 254 Hz, CF), 117.42 (br s, 

quaternary), 32.47 (s, P{C5H9}2), 30.34 (br m, P{C5H9}2), 29.83 (s, P{C5H9}2), 26.23 (d, 

2Jc-p = 8 Hz, P{C5H9}2), 25.72 (d, 2JC-p = 8 Hz, P{C5H9}2).
 19F NMR (CD2C12): 8 -

129.68 (s, 6F, ortho-CeFs), -157.91 (t, 3F, 3JF-F = 20 Hz, para-CeF5), -164.11 (m, 6F, VF-F 
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= 20 Hz meta-CeFs). 31P NMR (CD2C12): 5 11.2 (dq, VP-H = 402 Hz, VP-B = 80 Hz ). 

Anal. Calcd. for C28Hi9BF15P: C, 49.30; H, 2.81. Found: C, 49.20; H, 2.75 %. 

(Bu3P)B(C6F5)3 (2-11): To a clear solution of B(C6F5)3 (0.100 g, 0.20 mmol) in toluene 

(5 mL) was added tri-/?-butylphosphine (0.040 mg, 0.20 mmol). The reaction was allowed 

to stir for 1 hour at room temperature. The solvent was removed in vacuo to give the 

product as a white sticky solid. Yield 135 mg (97 %). *H NMR (C6D5Br): 5 1.77 (m, 2H, 

CH2), 1.34 (m, 2H, CH2), 1.63 (m, 2H, CH2), 0.75 (t, 3H, VH-H = 7 Hz, CH3). "Bi 'H} 

NMR (C6D5Br): 5 -13.46 (bs). i3C{1H} NMR (C6D5Br): 5 148.25 (dm, XJC-F = 240 Hz, 

CF), 139.52 (dm, 1JC-F = 252 Hz, CF), 136.91 (dm, XJC-F = 254 Hz, CF), 115.93 (br s, 

quaternary), 25.30 (d, 3JC.P= 5 Hz, CH2), 23.87 (d, 2JC-v= 11 Hz, CH2), 20.13 (d, 1JC-P = 

30 Hz, CH2), 12.80 (s, CH3).
 19F NMR (C6D5Br): 8 -129.25 (d, 6F, 3JF.F = 20 Hz, ortho-

CeFs), -155.98 (t, 3F, VF-F = 23 Hz, para-C(F5), -162.99 (m, 6F, 3JF F =' 24 Hz, meta-

CeFs). 31P{1H} NMR (C6D5Br): 5 -0.6 (br). Anal. Calcd. for C3oH27BFi5P: C, 50.44; H, 

3.81. Found: C, 50.24; H, 3.75 %. 

(Et3P)B(C6F5)3 (2-13): To a clear solution of B(C6F5)3 (0.560 g, 1.09 mmol) in pentane 

(10 mL) was added triethylphosphine (0.130 mg, 0.1.10 mmol). The reaction was allowed 

to stir for 1 hour at room temperature under a nitrogen atmosphere. The reaction mixture 

was filtered and the white solid washed with pentane (3 x 20 mL) and dried in vacuo 

overnight. Yield 595 mg (86 %). Crystals suitable for X-ray diffraction were grown via 

slow evaporation of a concentrated THF solution at 25 °C *H NMR (THF-d8): 5 1.94-

1.88 (br m, 6H, CH2), 1.24-1.14 (m, 9H, CH3).
 n B ^H} NMR (THF-d8): 5 -13.35 (d, W 
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P= 75 Hz). 13C fH} NMR (THF-d8): 8 149.18 (dm, lJc.F = 239 Hz, CF), 140.92 (dm, lJc. 

F = 249 Hz, CF), 138.43 (dm, XJC.F = 254 Hz, CF), 117.60 (br s, quaternary), 14.64 (d, 

^ = 3 5 Hz, CH2), 8.61 (d, 2JC-?= 8 Hz, CH3).
 19F NMR (THF-d8): 8 -130.23 (d, 6F, 

3JF-F = 22 Hz, ortho-CeFs), -158.65 (m, 3F, VF-F = 22 Hz, para-CeFs), -165.28 (m, 6F, 3JF-

F = 22 Hz, meta-CeFs). 31P {2H} NMR (THF-d8): 8 5.55 (dm, VP_B = 80 Hz). Anal. 

Calcd. for C24H15BFi5P: C, 45.75; H, 2.40. Found: C, 46.20; H, 2.55 %. 

(Et2PH)B(C6F5)3 (2-15): To a clear solution of B(C6F5)3 (0.100 g, 0.20 mmol) in toluene 

(5 mL) was added diethylphosphine (0.018 g, 0.20 mmol). The reaction was allowed to 

stir for 1 hour at room temperature. The solvent was removed in vacuo to give the product 

as a white solid. Yield 0.110 g (94 %). Crystals suitable for X-ray diffraction were grown 

via slow evaporation of a concentrated bromobenzene solution at 25 °C 1H NMR 

(C6D5Br): 8 4.42 (dm, 1H, lJ„.P = 410 Hz, ?H), 0.90 (dm, 4H, 2JH.P = 132 Hz, CH2), 0.45 

(dt, 6H, 3JH.P = 16 Hz, 3JH-H= 18 Hz CH3). "B^H} NMR (C6D5Br): 8 -16.16 (d, xJB.p = 

95 Hz). 13C{*H} NMR (C6D5Br) partial: 8 148.25 (dm, lJc.F = 240 Hz, CF), 140.11 (dm, 

\ /C-F= 240 Hz, CF), 137.13 (dm, 1JC-F = 250 Hz, CF), 115.79 (br s, quaternary), 11.91 (d, 

xJc-p = 36 Hz, CH2), 10.90 (d, 2Jc.p = 8 Hz, CH3).
 19F NMR (C6D5Br): 8 -130.44 (s, 6F, 

ortho-CeFs), -155.61 (t, 3F, 3JF-F = 20 Hz, para-dFi), -162.93 (m, 6F, VF-F = 20 Hz 

meta-CeFs). 31P NMR (C6D5Br): 8 5.74 (dq, VP.H = 412 Hz, lJr^ = 95 Hz). Anal. Calcd. 

for C22H11BF15P: C, 43.98; H, 1.84. Found: C, 44.20; H, 2.05 %. 

(CyPH2)B(C6Fs)3 (2-16): To a clear solution of B(C6F5)3 (0.200 g, 0.39 mmol) in toluene 

(5 mL) was added cyclohexylphosphine (0.08 mL, 0.60 mmol). The reaction was allowed 
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to stir for 1 hour at room temperature. All volatiles were removed in vacuo to give the 

product as a white solid. Yield 0.230 g (93 %). *H NMR (C6D5Br): 8 4.65 (d, 1H, lJH-p = 

393 Hz, PH), 1.68 (br s, 1H, PjCWi,}), 1.43-1.36 (brm, 5H, P jC^n}) , 0.95-0.84 (brm, 

5H, P{C6#ii}). "ECU} NMR (C6D5Br): 8 -17.46 (br). "C^H} NMR (C6D5Br) partial: 

5 147.90 (dm, lJc.F = 242 Hz, CF), 140.34 (dm, XJC-F = 250 Hz, CF), 137.08 (dm, XJC.F = 

246 Hz, CF), 114.80 (quaternary), 31.42 (d, 3JC-p = 6 Hz, P{C6Hn}), 27.66 (d, lJc.P = 33 

Hz P{C6Hn}), 26.13 (d, 2JC-p = 12 Hz P{C6Hn}), 24.81 (s, P{C6Hn}). 19F NMR 

(C6D5Br): 5 -130.49 (s, 6F, ortho-CeFs), -155.25 (t, 3F, VF-F = 21 Hz, para-CeFs), -

162.27 (m, 6F, 3JF.F = 20 Hz meta-CeFs). 31P NMR (C6D5Br): 8 -30.0 (br t, VP-H = 392 

Hz). 

(p-C6F4CF3)3B (2-27): To a 500 mL round bottom flask charged with Mg turnings (0.164 

g, 6.7 mmol) and Et20 (50 mL) was added />-CF3C6F4Br (2.0 g, 1.04 mL, 6.7 mmol) via 

syringe. The reaction mixture was gently warmed to reflux for 10 minutes and then stirred 

at room temperature until all the Mg turnings had reacted (~ 90 minutes). CuCl (1.33 g, 

13.5 mmol) was added to the black solution resulting in the precipitation of a brown solid. 

The mixture was diluted with Et20 (15 mL) to ensure good mixing and stirred for 30 

minutes. Dry 1,4-dioxane (10 mL) was added, which resulted in further precipitation. The 

mixture was filtered and the solid washed with a 4:1 Et20:dioxane solution (3 x 30 mL). 

The filtrate was collected and reduced in vacuo to give a tan solid (JO-C6F4CF3)CU(1,4-

dioxane)2. The solid was slowly heated to 100 °C under vacuum over the course of 60 

minutes and left at 100 °C under vacuum for a further 60 minutes to ensure removal of 

1,4-dioxane. Caution! Erratic heating will result in rapid decomposition of the copper 



27 

compound. The product was isolated as an off-white solid. Yield 563 mg (30 %). 19F 

NMR (CD2C12): 5 - 57.68 (m, 3F, CF3), -104.70 (s, 2F, o-C(F4), -138.83 (s, 2F, m-C^4). 

The solid (/?-C6F4CF3)Cu (0.25 g, 0.891 mmol) was dissolved in CH2C12 (15 mL) and 

cooled to -90 °C in an EtOH / N2 (1) bath. BC13 (0.28 mL, 1M in hexanes) was diluted 

with hexanes (2 mL) and added dropwise to the above solution. The reaction was warmed 

to room temperature over 6 hours and stirred at room temperature overnight during which 

time a white precipitate formed. The mixture was filtered, the filtrate collected, and all 

volatiles were removed in vacuo to give an off-white solid (hint of purple). Yield 200 mg 

(34 %). "B^H} NMR (CD2C12): 40 (br). 19F NMR (CD2C12): 8 - 57.68 (m, 3F, CF3), -

130.04 (s, 2F, o-C(F4), -141.34 (s, 2F, m-C^). 
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Table 2.1 Selected NMR data for compounds resulting from the reaction of tertiary 
phosphines with B(C6F5)3. 

Compound 8^P 5"B 19FAp.m* 819F (o-F, p-F, m-F,B-F) 

59 18.2 -128.5,-143.1,-161.3 

Starting Materials 

B(C6F5)3
98 

Cy3P
a 

i>r3P99 

Bu3P
a 

Ph3P
a 

Et3P
a 

Me3P" 

(p-C6H4F)3P
a 

(o-C6H4OMe)3P
a 

11.1 

19.3 

-31.6 

-4.6 

-19.1 

-63.3 

-9.0 

-29.3 

2-12 R = Bu° 

2-13R = Pha'100 

2-13R = Etc 

2-14R = Meb'101 

-0.6 

-5.2 

5.6 

-6.1 

-13.5 

-2.5 

-13.4 

-14.7 

Phosphonium Borates RiPiCtF4)BF(C(F5)2 

2-1 R = Cyb 

2-2 R = 'Prb 

2-3 R =o-C6H4OMeb 

2-20 R = Bud 

2-21 R = Phd 

2-22 R= Etd 

2-23R=/?-C6H4Fd 

41.6 

53.2 

10.9 

33.1 

15.1 

39.1 

14.1 

-0.7 

-0.9 

-0.5 

-0.8 

-0.3 

0.5 

-0.2 

7.0 

7.1 

6.6 

6.9 

4.9 

5.0 

3.3 

5.5 

4.8 

5.1 

5.0 

-129.3,-156.0,-163.0 

-134.8,-157.3,-164.4 

-130.3,-158.7,-165.3 

-129.8,-156.5,-163.4 

-135.8,-161.9,-166.8,-193.1 

-132.1,-158.1,-163.1,-189.4 

-136.0,-162.2,-165.5,-192.8 

-135.1,-160.5,-166.0,-190.3 

-133.6,-160.7,-165.5,-193.0 

-135.8,-161.1,-166.2,-192.2 

-134.9,-160.4,-165.4,-192.3 
dC6D6> °CD2C12,

 CTHF, aC6D5Br, Chemical shift difference between para and meta 
resonances in 19FNMR spectrum 
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Table 2.2 Selected NMR data for compounds resulting from the reaction of secondary 
and primary phosphines with B(C6F5)3. 

Compound 

Starting Materials 

B(C6F5)3
98 

'Bu2PHa 

Mes2PHa 

Cp2PHb 

Cy2PHa'102 

Et2PFf'99 

?BuMesPHc 

'BuPhPHb 

Ph2PH 

CyPH2
d 

831P(Vp.H) 

20.1(199) 

-92.7(229) 

-35.2(191) 

-27.5(192) 

-55.5(190) 

-49.1(214) 

-5.3(208) 

-40.1(215) 

-110.1(184) 

8 n B 

59 

19FAp.m* 

18.2 

819F (o-F, p-F, m-F, B-F) 

-128.5,-143.1,-161.3 

Phosphine Borane Adducts (R2PH)B(C6F5)3 and (R ,PH^B(C6FS)3 

2-7R = Mesb 

2-8R = Cpb 

2-9R = Cya103 

2-10 R = Pha'103 

2-15 R = Etd 

2-16 R' = Cyd 

-67.7 

11.2(408) 

9.3(406) 

0.9(411) 

5.7(412) 

-30.0(392) 

23.6 

-15.9 

-13.5 

-9.4 

-16.2 

-17.5 

Phosphonium Borates R2PH(C6F4)BF(C6F5)2 

2-4R = 'Bub 

2-5 R = Mesb 

2-6 R = 'BuMesc 

2-17 R = Cpc 

2-18 R = Cyb 

2-19 R = Phb 

2-24 R = 'BuPhb 

34.2(465) 

-37.7(503) 

-2.9(505) 

12.7(508) 

11.5(480) 

6.5 (500) 

14.7(487) 

0.8 

0.4 

0.4 

-0.1 

-0.2 

-1.0 

0.4 

11.5 

6.2 

6.4 

7.2 

7.3 

7.0 

5.1 

5.0 

4.4 

4.5 

5.0 

5.4 

4.9 

-128.0,-151.5,-163.0 

-129.7,-157.9,-164.1 

-128.5,-156.7,-163.1 

-128.5,-156.1,-163.3 

-130.4,-155.6,-162.9 

-130.5,-155.3,-162.3 

-135.8,-161.6,-166.7,-192.1 

-135.8,-161.8,-166.8,-192.7 

-135.2,-163.4,-167.8,-193.2 

-135.3,-163.4,-167.9,-193.3 

-135.8,-161.6,-166.6,-191.5 

-135.8,-160.7,-166.1,-194.8 

-135.8,-161.5,-166.6,-191.4 

CeD6, CD2C12, THF, CeD5Br Chemical shift difference between para and meta 
19 resonances in F NMR spectrum 
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2.2.4 X-ray Data Collection, Reduction, Solution and Refinement 

Single crystals were mounted in thin-walled capillaries either under an atmosphere of dry 

N2 in a glove box and flame sealed or coated in Paratone-N oil. The data were collected 

using the SMART software package104 on a Siemens SMART System CCD 

diffractometer using a graphite monochromator with MoKa radiation (k = 0.71069 A) at 

25 °C. A hemisphere of data was collected in 1448 frames with 10 second exposure times 

unless otherwise noted. Data reductions were performed using the SAINT software 

package105 and absorption corrections were applied using SADABS.106 The structures 

were solved by direct methods using XS and refined by full-matrix least-squares on F2 

using XL as implemented in the SHELXTL suite of programs.107 All non-H atoms were 

refined anisotropically. Carbon-bound hydrogen atoms were placed in calculated 

positions using an appropriate riding model and coupled isotropic temperature factors. 

Phosphorus-bound hydrogen atoms were located in the electron difference map and their 

positions refined isotropically. For compounds 2-1, 2-6, 2-23 disordered CH2CI2 solvent 

molecules were removed using the 'squeeze ' command in PLATON.108' 109 For 2-3 

preliminary X-ray data confirmed connectivity but due to the disordered solvent a fully 

satisfactory structure solution was not obtained and thus only the cell parameters are 

listed in Table 2.3. 
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Table 2.3 Selected crystallographic data for compounds 2-1, 2-2, 2-3. 

Crystal 
Formula 

Formula weight 
Crystal system 
Space group 

a(A) 
b(A) 
c(A) 
of) 
PO 
y(°) 

V(A3) 

z 
d(calc) g cm"1 

Abs coeff, |x, cm"1 

Data collected 
Data F0

2>3a(F0
2) 

Variables 
Ra 

Rw 

Goodness of Fit 

2-1 
C37H35BC12F15P 

877.33 
Monoclinic 

P2i/c 
14.235(3) 
25.588(5) 
21.701(3) 

90 
101.113(5) 

90 
7756(2) 

8 
1.357 
0.167 
17798 
9898 
955 

0.0702 
0.1645 
0.870 

2-2 
C27H21BF15P 

672.22 
Monoclinic 

P2i/c 
9.544(6) 

18.426(11) 
17.134(10) 

90 
105.156(12) 

90 
2908(3) 

4 
1.535 
0.208 
12247 
4120 
398 

0.0385 
0.1065 
0.945 

2-3 
C39H21BF15O3P 

Triclinic 
P-l 

12.041 
12.245 
14.757 
99.370 
111.626 
90.521 

This data was collected at 25 °C with Mo Ka radiation (I = 0.71069 A). 
aR=E(F0-Fc)/ZF0

 bRw=(Z[w(F0
2-Fc

2)2] /£[w(F0)2]f 
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Table 2.4 Selected crystallographic data for compounds 2-4, 2-6, 2-8. 

Crystal 
Formula 

Formula weight 
Crystal system 
Space group 

a(A) 
b(A) 
c(A) 
O 
P(°) 
y(°) 

V(A3) 

z 
d(calc) g cm"1 

Abs coeff, \x, cm"1 

Data collected 
Data F0

2>3CT(F0
2) 

Variables 
Ra 

Rw 

Goodness of Fit 

2-4 
C26H19BF15P 

658.19 
Monoclinic 

P2i 
8.955(5) 
15.767(9) 

19.743(11) 
90 

90.482(12) 
90 

2788(3) 
4 

1.568 
0.215 
11750 
3951 
392 

0.0436 
0.1008 
0.862 

2-6 
C31H21BF15P 

720.26 
Triclinic 

P-l 
11.819(5) 
12.003(6) 
14.964(7) 
66.442(5) 
69.594(5) 
74.705(6) 
1772.1(14) 

2 
1.350 
0.176 
16895 
6214 
437 

0.0486 
0.1078 
0.907 

2-8 
C28H19BF15P 

682.21 
Monoclinic 

P2j/n 
9.8263(11) 
12.5957(14) 
22.117(2) 

90 
96.3620(10) 

90 
2720.5(5) 

4 
1.666 
0.224 
25274 
4474 
410 

0.0431 
0.1019 
1.038 

This data was collected at 25 °C with Mo Ka radiation (X = 0.71069 A). 
aR=L(F0-Fc)/EF0

 bRw=(S[w(F0
2-Fc

2)2] /2[w(F0)
2])'/2 
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Table 2.5 Selected crystallographic data for compounds 2-10, 2-13, 2-15. 

Crystal 
Formula 

Formula weight 
Crystal system 
Space group 

a(A) 
b(A) 
c(A) 
a(°) 
PC) 
Y(°) 

V(A3) 

z 
d(calc) g cm"1 

Abs coeff, p,, cm"1 

Data collected 
Data F0

2>3CT(F0
2) 

Variables 
Ra 

Rw 

Goodness of Fit 

2-10 
C30H11BF15P 

698.17 
Monoclinic 

P2,/c 
16.064(2) 

8.3163(11) 
21.102(3) 

90 
102.364(2) 

90 
2753.8(6) 

4 
1.684 
0.224 
25561 
4837 
428 

0.0378 
0.0892 
1.045 

2-13 
C24H15BF15P 

630.14 
Monoclinic 

P2i/n 
13.197(2) 

10.5908(18) 
18.211(3) 

90 
93.850(2) 

90 
2539.6(7) 

4 
1.648 
0.232 
23727 
4463 
386 

0.0479 
0.0968 
1.014 

This data was collected at 25 °C with Mo Ka radiation (A, = 0.71069 
aR=£(F0-Fc)/IF0

bRw= =(£[w(F0
2-Fc

2)2]/I[w(F0)2]f 

2-15 
C22H11BF15P 

602.09 
Monoclinic 

P2i 
8.2030(16) 
16.295(3) 

8.4244(17) 
90 

97.57(3) 
90 

1116.3(4) 
2 

1.791 
0.260 
6659 
3553 
356 

0.0400 
0.1007 
1.030 

A). 



Table 2.6 Selected crystallographic data for compounds 2-17,2-20, 2-21. 

Crystal 
Formula 

Formula weight 
Crystal system 
Space group 

a(A) 
b(A) 
c(A) o 
P(°) 
y(°) 

v(A3) 
z 

d(calc) g cm"1 

Abs coeff, [i, cm"1 

Data collected 
Data F0

2>3CT(F0
2) 

Variables 
Ra 

Rw 

Goodness of Fit 

2-17 
C28H19BF15P 

682.21 
Monoclinic 

P2j/n 
11.321(4) 
8.895(3) 

28.018(10) 
90 

100.216(6) 
90 

2776.6(17) 
4 

1.632 
0.219 
13952 
2575 
410 

0.0812 
0.1237 
0.985 

2-20 
C30H26BF15P 

630.14 
Monoclinic 

P2,/c 
9.2247(16) 
16.029(3) 
21.638(4) 

90 
100.781(2) 

90 
3143.0(9) 

4 
1.507 
0.197 
29420 
5502 
424 

0.0563 
0.1509 
1.033 

2-21C6H5Br 
C42H20BF15P 

931.27 
Triclinic 

P-l 
12.9407(16) 
13.0760(16) 
13.2779(16) 
68.326(2) 
65.310(2) 
72.050(2) 
1865.3(4) 

2 
1.658 
1.253 
18019 
6552 
541 

0.0448 
0.1184 
0.957 

This data was collected at 25 °C with Mo Ka radiation (X = 0.71069 A). 
aR=Z(F0-Fc)/ZF0

 bRw=(E[w(F0
2-Fc

2)2] /S[w(F0)
2])'/2 
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Table 2.7 Selected crystallographic data for compounds 2-23, 2-24, 2-25. 

Crystal 
Formula 

Formula weight 
Crystal system 
Space group 

a(A) 
b(A) 
c(A) 
O 
P(°) 
Y(°) 

v(A3) 
z 

d(calc) g cm"1 

Abs coeff, (i, cm"1 

Data collected 
Data F0

2>3CT(F0
2) 

Variables 
Ra 

Rw 

Goodness of Fit 

2-23 
C36Hi2BFigP 

828.24 
Triclinic 

P-l 
12.9545(15) 
13.2370(16) 
13.5614(16) 
66.727(2) 

63.9130(10) 
72.990(2) 
1898.7(4) 

2 
1.449 
0.186 
18290 
6669 
505 

0.0445 
0.1216 
1.020 

2-24 
C28H15BF15P 

678.18 
Monoclinic 

C2/c 
23.155(5) 
10.399(2) 
23.014(5) 

90 
93.67(3) 

90 
5530.4(19) 

8 
1.629 
0.220 
25443 
4840 
410 

0.0685 
0.1717 
1.027 

2-25 
C18H5BF10 

422.03 
Orthorhombic 

Pbca 
10.6539(13) 

16.736(2) 
19.095(2) 

90 
90 
90 

3404.7(7) 
8 

1.647 
0.172 
36577 
4098 
262 

0.0484 
0.1022 
1.002 

This data was collected at 25 °C with Mo Ka radiation (k = 0.71069 A). 
aR=E(F0-Fc)/2F0

 bRw=(S[w(F0
2-Fc

2 )2] /S[w(F0)
2])'/2 



Table 2.8 Selected crystallographic data for compound 2-26-CH2C12. 

Crystal 
Formula 

Formula weight 
Crystal system 
Space group 

a(A) 
b(A) 
c(A) 
a(°) 
P(°) 
Y(°) 

V(A3) 

z 
d(calc) g cm"1 

Abs coeff, (j,, cm"1 

Data collected 
Data F0

2>3a(F0
2) 

Variables 
Ra 

Rw 

Goodness of Fit 

2-26CH2Cl2 

C37H40BF10PCI2 
787.37 

Triclinic 
P-l 

11.635(3) 
12.659(3) 
13.371(3) 
73.387(3) 
77.620(3) 
82.653(3) 
1838.7(7) 

2 
1.422 
0.298 
17839 
6441 
460 

0.0769 
0.0979 
1.047 

This data was collected at 25 °C with Mo Ka radiation (X = 0.71069 A). 
aR=S(F0-Fc)/ZF0

 bRw=(I[w(F0
2-Fc

2 )2] /S[w(F0)2]f 
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2.3.1 Reaction of Sterically Demanding Tertiary Phosphines with B(C6F5)3 

The reaction of B(C6F5)3 with sterically hindered tertiary phosphines R3P (R = Cy, 

'Pr, o-CeHUOMe) in toluene proceeds over a 12 h period at 25 °C. Subsequent work-up 

afforded the white, air and moisture stable solids [R3P(C6F4)BF(C6F5)2] (R = Cy 2-1, !Pr 

2-2, o-CeFLiOMe 2-3) in isolated yields ranging from 75-87% (Scheme 2.1). The products 

2-1, 2-2, and 2-3 give rise to 31P NMR signals at 41.6, 53.2, and 10.9 ppm, respectively, 

that are shifted downfield from the corresponing phosphines, consistent with 

quaternization at phosphorus.99'no The room temperature 19F NMR spectra of 2-1 and 2-2 

exhibited two peaks for the fluorine atoms of the C6F4 fragment as well as a set of ortho, 

meta, and para signals due to two C6F5 rings on anionic borate centers (Figure 2.1). 

\ / _ Phosphonium Borate 

R3P + B(C6F5)3 25 °C 

F F 

R > = ^ F 
2-1 R = Cy 
2-2 R = 'Pr 
2-3 R = o-C6H4OMe 

'Frustrated' Lewis Pair 

/ * R ) \ C6F5 

/ F F 

No Reaction FLP-1R = Mes 
FLP-2 R = o-C6H3Me2 

FLP-3 R = o-C6H4Me 
FLP-4 R = 'Bu 

Scheme 2.1 Reaction of sterically demanding tertiary phosphines with B(CeF5)3. 
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19T Figure 2.1 Representative NMR spectra for phosphonium borates A) F NMR spectrum 
of 2-2 showing equivalent bridging C6F4 resonances. (B) n B NMR spectrum of 2-2 
showing the distinct B-F coupling. (C) 19F NMR spectrum of 2-4 (vide infra) showing 
four inequivalent bridging CeF4 resonances. Selected NMR data are summarized in Tables 
2.1 and 2.2. 

In the case of compound 2-3, the 19F NMR spectrum exhibits four distinct 

resonances for the bridging C6F4 ring due to restricted rotation about the P-CATF bond 

which can be attributed to the large size of the ort/zo-methoxyphenyl groups on 

phosphorus and weak intramolecular CH...F interactions. The resonances for the methoxy 

groups in the 'H NMR spectrum were broadened, which is also characteristic of slowed 

rotation about the P-CArF bond. In addition, the 19F NMR spectra of 2-1 to 2-3 show 

broad resonances in the range -189 to -193 ppm, which were attributed to a B-F linkage. 
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The corresponding n B NMR doublets, due to B-F coupling (VB-F = 62 Hz) were observed 

between -0.8 and 0.8 ppm (Figure 2.1). The atom connectivites in compounds 2-1 to 2-3 

were unambiguously confirmed by X-ray crystallography (Table 2.3) and are consistent 

with the proposed zwitterionic formulations. POV-ray depictions of 2-1 and 2-2 are 

shown in Figure 2.2. In both species the phosphorus and boron centers are pseudo-

tetrahedral. The average C-P-C bond angles are 109.9° and 109.5° for 2-1 and 2-2, 

respectively, while the average C-B-C bond angles are 109.5° and 111.7° for 2-1 and 2-2, 

respectively. 

Figure 2.2 POV-ray depictions of (left) 2-1, (right) 2-2. Carbon: black, Phosphorus: 
orange, Fluorine: pink, Boron: yellow-green. Hydrogen atoms omitted for clarity. 
Selected metrical parameters {distances (A), angles (°)}: 2-1: P(l)-C(31) 1.809(5), P(l)-
C(19) 1.811(6), P(l)-C(25) 1.820(5), P(l)-C(16) 1.826(4), B(l)-C(13) 1.674(7), B(l)-
C(l) 1.652(8), B(l)-C(7) 1.632(8), B(l)-F(15) 1.396(6), C(31)-P(l)-C(16) 109.2(2), 
C(13)-B(l)-C(7) 109.6(4), C(13)-B(l)-F(15) 106.3(4). 2-2: P(l)-C(19) 1.814(5), P(l)-
C(22) 1.820(5), P(l)-C(25) 1.825(4), P(l)-C(16) 1.822(4), B(l)-C(13) 1.649(6), B(l)-
C(l) 1.635(7), B(l)-C(7) 1.652(7), B(l)-F(15) 1.405(10), C(25)-P(l)-C(16) 108.95(18), 
C(13)-B(l)-C(l) 107.0(3), C(13)-B(l)-F(15) 113.3(4). 
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The B-F bond lengths of 1.396(6) and 1.405(10) A for 2-1 and 2-2 compare well 

with the those found in the zwitterions 1,4-Ph3PC(H)Ph(C6F4)BF(C6F5)2 (1.392(12) A),93 

l,4-Ph2MeP(C6H4)BF(Mes)2 (1.467(4) A)111 and the anions (C6F5)3BF (1.428(4) A)112, 

and {ort/zo-(C6F5)C6F4}3BF (1.472 (11) A),113 while they are longer than those found in 

the diarylboranes Mes2BF (1.339(2) A) and {ortAo^ara-CeF^CFshhBF (1.313(3) A).114 

The remaining metrical parameters are unexceptional. Monitoring the reaction of 

B(C6F5)3 and Cy3P by 31P and UB NMR spectroscopy at 25 °C showed immediate 

formation of 2-1 within 10 minutes and no evidence of the phosphine-borane adduct. This 

stands in stark contrast to the simple Lewis acid-base adducts formed by sterically less 

demanding donors.80 The sterically congested environment of the bulky phosphines 

preclude coordination to boron thus generating a FLP ('frustrated' Lewis pair) which 

prompts nucleophilic aromatic substitution (NAS) at the electrophilic para-carbon of an 

arene ring. Increasing the steric bulk of the tertiary phosphine resulted in no reaction with 

B(C6F5)3. Toluene-dg and CD2CI2 solutions of stoichiometric mixtures of triaryl 

phosphines PR3 (R = Mes, o-C6H3Me2, o-CefUMe) and B(C6F5)3 were monitored by 'H, 

31P, n B , and 19F NMR spectroscopy. These experiments showed no evidence of the 

formation of Lewis acid-base adducts at 25 °C or on cooling to -70 °C. Even upon 

standing at 25 °C for several days no reaction was observed. The absence of Lewis adduct 

formation is consistent with the sterically demanding nature of the phosphines, which 

precludes coordination to the Lewis acidic B center or nucleophilic aromatic substitution 

at a para-carbon of B(C6F5)3 seen for 2-1 to 2-3. These mixtures of phosphines and 

boranes constitute stable FLP's and have been designated FLP-1, FLP-2, and FLP-3 

(Scheme 2.1). 
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Table 2.9 Selected tertiary phosphines and their respective cone angles and pKa values. 

rrrr Phosphine Cone pKa1 Product upon mixing with B(C6Fs)3 at 25°C 

angle 

Me3P 

Bu3P 

Ph3P 
!Pr3P 

Cy3P 

'Bu3P 

o-tolyl3P 

Mes3P 

118° 

132° 

145° 

160° 

170° 

182° 

194° 

212° 

8.6 

8.7 

2.7 

9.3 

9.7 

11.4 

3.1 

N/A 

Adduct Me3P-B(C6F5)3 

Adduct Bu3P-B(C6F5)3 

Adduct Ph3P-B(C6F5)3 

Zwitterion iPr3P-C6F4-BF(C6F5)2 

Zwitterion Cy3P-C6F4-BF(C6F5)2 

no reaction 

no reaction 

no reaction 

It is noteworthy that solutions of (Mes)3P and B(CeF5)3 are violet in color (A,max = 

519 nm), while solutions of B(C6F5)3 and (o-C6H3Me2)3P, (o-C6H4Me)3P, or 'Bu3P (vide 

infra) are intense yellow, faint yellow, and colorless, respectively. These observations are 

thought to arise from rc-stacking of electron-rich and electron-poor arene rings of the 

borane and phosphine, with the interaction becoming weaker as electron density is 

removed from the phosphorus aryl rings.117, 118 This postulate is supported by recent 

calculations that show Mes3P and B(C6Fs)3 form an encounter complex which is held 

together by C-H F-C interactions and a parallel orientation of close-lying C6H2Me3 and 

C6F5 arene rings is noted,17 although HOMO-LUMO charge-transfer cannot be ruled out. 

Additionally, solutions of FLP-1 are EPR inactive ruling out a electron transfer process. 

The extremly bulky trialkyl phosphine rBu3P, shows no tendency to form a phosphine-

borane adduct or effect nucleophilic aromatic substitution in the precence of an equal 

molar amount of B(C6F5)3 in solution. This was confirmed by multinuclear NMR 

spectroscopy over a temperature range from -70 °C to 25 °C in toluene-dg or CD2C12. The 
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combination of'BU3P and B(C6F5)3 in solution has been desginated FLP-4 (Scheme 2.1). 

However, upon standing for several hours at 25 °C, FLP-4 shows minor decompostion to 

unidentifiable products.92 Additionally, prolonged heating of FLP's 1, 2 and 3 above 100 

°C results in minor degradation of the compunds. It should be noted as well that in the 

presence of an electrophilic metal center, phosphine/borane combinations will activate 

chloroalkane solvents yielding alkyl phosphonium chloroborates.92, 119 Overall, the 

products of the reaction of tertiary phosphines with B(C6F5)3 are heavily dependent on the 

steric bulk at phosphorus and therefore there exists a relationship between size and 

reactivity. Table 2.9 lists a series of tertiary phosphines and their corresponding cone 

angles,115 which are known to give a good approximation of the relative size of 

phosphines. Phosphines with cone angles greater than 180° show no reactivity towards 

B(C6F5)3 while those with cone angles below 160° form adducts with B(C6F5)3 at 25 °C. 

Phosphines with intermediate cone angles undergo NAS with B(CeF5)3 giving 

phosphonium borates. The pKa of the phosphines seems to have little impact on 

reactivity. 

2.3.2 Reaction of Sterically Demanding Secondary Phosphines with B(C6F5)3 

The unique reactivity of tertiary phosphines towards B(C6Fs)3 prompted the 

investigation of the reaction between B(C6F5)3 and secondary phosphines. In a similar 

fashion to that observed for tertiary phosphines, the reaction of the sterically demanding 

secondary phosphines R'RPH (R' = R = 'Bu or Mes, R' = 'Bu, R = Mes) with B(C6F5)3 

gave phosphonium borates of the form R'RPHCCeF^BFCCeFs^ (R' = R = 'Bu 2-4, R' = R 

= Mes 2-5, R' = 'Bu, R = Mes 2-6) over the course of 12 hours at 25 °C (Scheme 2.2). 
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F \ F 

25-100 °C H /=\ F 

R'RPH + B{C6F5)3 » 1 \ _ j^ ' ' , C 
*' / \ C6Fe 

•70-25 °C 

H C6F5 

Phosphonium Borate 

\ / b b 2-4R = R, = 'Bu 
" • /—B- - 'C 6 F 5 2-5 R = R' = Mes 
R C6F5 2-6 R = fBu R" = Mes 

weak LA-LB adduct 

2-7 R = Mes 

Scheme 2.2 Reaction of sterically demanding secondary phosphines with B(C6Fs)3. 

In the case of 2-5, heating to 100 °C was required to obtain near quantitative 

yields. Compounds 2-4 to 2-6 are white solids that are tolerant to air and moisture for 

extended periods of time. All three compounds were characterized by multinuclear NMR 

spectroscopy (Table 2.2). The 31P NMR spectra gave rise to characteristic doublets at 34.2 

(Vp.H = 465 Hz), -37.7 ( ^ . H = 500 Hz), and -2.9 (VP-H = 505 Hz) ppm for 2-4, 2-5 and 2-

6, respectively, which are shifted downfield from the parent phosphines. Corresponding 

doublets were also observed in the lH NMR spectra of each. The large P-H coupling 

constants relative to the parent phosphines are typical for 4-coordinate cationic P-H 

moieties." The n B NMR spectra showed the expected doublets between 0.4 and 0.8 ppm, 

due to B-F coupling (' JB-F = 62 Hz). The 19F NMR spectra of each compound gave rise to 

ortho, meta, and para resonances for two C6F5 rings bound to a 4-coordinate anionic 

borate center as well as resonances for a B-F fragment. Four fluorine resonances were 
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observed from -126.23 to -132.52 attributable to the CeF4 bridging unit for 2-4, whereas 

two sharp fluorine resonances were observed for the same fragment in 2-5. The 19F NMR 

of 2-6 reveals two significantly broadened resonances for the four fluorine atoms of the 

C6F4 unit. In the case of 2-4, restricted rotation about the P-CArF bond renders all bridging 

fluorine atoms inequivalent as seen for 2-3. This observation was initially surprising as 

based on cone angle approximations,115 the Mes substituent is larger than the 'Bu 

substituent and therefore in 2-5.the Mes groups should prevent rotation about the P-CArF-

Although, it has been reported that pairs of Mes groups can mesh together and rotate 

creating a 'cog-wheel' effect which reduces their combined steric bulk.97 As expected, the 

steric bulk of the phosphonium moiety of 2-6 with both Mes and 'Bu substituents fall 

between that of 2-4 and 2-5. The solid-state structures of 2-4 and 2-6 were determined by 

X-ray crystallography and confirm the proposed connectivity (Figure 2.3, Table 2.4). The 

metrical parameters are similar to those described above for 2-1 and 2-2 and remain 

unexceptional, although it is noteworthy that for compounds 2-4 and 2-6, the molecules 

pack in a dimeric head-to-tail fashion in the solid state accommodating intermolecular P-

H...F-B interactions of 2.55(3) A and 2.20(2) A, respectively (Table 2.10). These 

interactions are less than or equal to the sum of van der Waals radii (2.55 A) for a fluorine 

and a hydrogen atom and therefore can be considered hydrogen bonded.120 This 

orientation also provides parallel yet offset 71-stacking of the phosphorus and boron 

substituted (P-C6F4-B) arene-rings (Figure 2.3). Additionally the PH moiety is orientated 

parallel to an ortho-fluorine of the bridging CeF4 unit, which results in intramolecular P-

H...F-C contacts of 2.50(3) A and 2.47(2) A for 2-4 and 2-6 respectively (Table 2.10). 
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Figure 2.3 POV-ray depictions of (left) 2-6, (right) 2-6 crystal packing. Carbon: black, 
Phosphorus: orange, Fluorine: pink, Boron: yellow-green. Hydrogen atoms on carbon 
omitted for clarity. Selected metrical parameters {distances (A), angles (°)}: 2-6: P(l)-H 
1.26(2), P(l)-C(23) 1.798(3), P(l)-C(19) 1.850(3), P(l)-C(16) 1.807(3), B(l)-C(13) 
1.664(4), B(l)-C(l) 1.646(4), B(l)-C(7) 1.638(4), B(l)-F(l) 1.436(4), C(23)-P(l)-C(16) 
112.02(12), C(13)-B(l)-C(7) 106.8(4), C(13)-B(l)-F(l) 106.4(2). 

Unlike the reactions of sterically demanding tertiary phosphines with B(C6Fs)3 

mentioned previously, it has been observed that bulky secondary phosphines can form 

weak Lewis acid-base adducts with B(C6F5)3. The adduct (Mes2PH)B(C6F5)3 (2-7) was 

isolated as a minor by-product during the synthesis of 2-5. The multinuclear NMR spectra 

of 2-7 at 25 °C are uncharacteristic when compared to known phosphine-borane adducts 

(Table 2.2). The 31P and n B NMR spectra show very broad signals at -67 and 23 ppm, 

respectively. The latter is shifted considerably downfield for 4-coordinate boron centers. 

The broad 31P NMR signal indicates equilibrium exists between free and bound 

phosphine. The 19F NMR spectrum exhibits three broad resonances for the ortho, meta, 

and para fluorines of the CeF5 arene rings. The difference in chemical shift between the 

meta and para signals of 12 ppm is comparable to that observed for weak (H20)B(CeF5)3 
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adducts.121 Upon cooling to -70 °C, the 3 broad fluorine resonances split into 13 sharp 

peaks with 2 of double intensity, representing 15 inequivalent fluorine atoms. 

Additionally at -70°C the 31P NMR resonance resolves as a doublet at -43.2 ppm (1/PH = 

434 Hz). These NMR data support the notion that Mes2PH forms a weak adduct with 

B(CeF5)3 at 25 °C. Here, cooling favours the more stable P-B adduct and slows the rate of 

exchange between free and bound phosphine, which allows for observation of the adduct 

on the NMR timescale. Upon standing at 25 °C or with added heat, compound 2-7 

dissociates into a FLP prompting NAS at a CeF5 ring yielding the zwitterion 2-5. Weak P-

B interactions between 'Bu2PH and 'BuMesPH with B(C6F5)3 were observed transiently 

by NMR spectroscopy, but adducts were never isolated or fully characterized. 

Table 2.10 Intermolecular PH...FB and intramolecular PH...FQC6F4) distances for 

R'RPH(C6F4)BF(C6F5)2. 

Compound PH...FB (A)* PH...FC (A)* 

2-4 R = T3u 2.55(3) 2.50(3) 

2-6 R = *Bu, R' = Mes 2.20(2) 2.47(2) 

2-17 R - C p 2.10(6) 2.44(5) 

2-24 R = ?Bu, R' = Ph 2.29(3) 2.55(3) 

*P-H bond distances reported were experimentally determined. X-ray data are known to 
underestimate these distances and thus the H...F distances are over estimated122 
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2.3.3 Thermal Rearrangement of Phosphine-B(C6F5)3 Adducts 

The ability of Mes2PH to form a classical Lewis adduct with B(C6F5)3 and 

undergo NAS lead to the investigation of the thermal stability of a range of phosphine-

B(C6F5)3 adducts. Following a standard procedure, the phosphine Cp2PH was combined 

in toluene with B(C6F5)3 and stirred for 1 hour at 25 °C. Concentration of the solvent 

afforded the near quantitative yield of the adduct (Cp2PH)B(C6F5)3 2-8. In a similar 

fashion, the adducts (Cy2PH)B(C6F5)3 2-9,103 (Ph2PH)B(C6F5)3 2-10,103 (Bu3P)B(C6F5)3 2-

11, (Ph3P)B(C6F5)3 2-12,100' 125 (Et3P)B(C6F5)3 2-13, (Me3P)B(C6F5)3 2-14,101' 126' ni 

(Et2PH)B(C6F5)3 2-15, and (CyPH2)B(C6F5)3 2-16 were also prepared (Scheme 2.3). 

These phosphines were employed to give a range of adducts with varying steric and 

electronic properties at P. All compounds are easily characterized by 'H, ' ' B J ' H } , 

13C{1H}, 19F, 31P NMR spectroscopy (Tables 2.1 and 2.2). These NMR data are typical 

for such adducts with each displaying a gap of the 19F NMR resonances attributable to the 

meta and para fluorine atoms and a ' ^ { ' H } NMR chemical shift characteristic of a four-

coordinate boron center. " In addition, the solid-state structures of 2-8, 2-10, 2-13, and 

2-15 were determined by X-ray crystallography (Figure 2.4, Tables 2.4 and 2.5), while 

Table 2.11 Selected phosphorus-boron bond distances. 

R3P-B(C6F5)3 P-B(A) R2PH-B(C6F5)3 P-B (A) RPH2-B(C6F5)3 P-B (A) 

R = H123 2.046(8) 2-15 R = Et 

2-14 R = Me101 2.061(4) 2-8R=Cp 

2-13 R = Et 2.081(4) 2-9R=Cy1( 

2-12 R-Ph 9 3 2.180(6) 2-10 R = Ph 

2.036(4) R = ' B u 1 2 0 2 . 0 1 5 ( 3 ) 

2.0243(3) R = Ph124 2.039(3) 

2.0270(14) 

2.098(3) 
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those of 2-9,103 2-12,100 and 2-14101 have been previously determined. As expected, the 

geometries at boron and phosphorus are both pseudo-tetrahedral in each case. 

Phosphorus-boron bond distances range from 2.024(3)-2.180(6) A and are listed in Table 

2.11 along with related phosphorus-B(C6Fs)3 adducts known in the literature. The 

phosphorus-boron bond lengths are dependent on both the relative steric bulk and basicity 

of the phosphine. For example, increasing the size of the substituents on phosphorus from 

HPh2 to Ph3 results in a lengthening of the phosphorus-boron bond length while changing 

the substituents from Ph groups to more electron releasing Cy groups results in a 

shortening of the phosphorus-boron bond length. 

Heating of 2-8 in a Teflon-capped, sealed reaction bomb to 125 °C for 24 hours in 

toluene solution resulted in the formation of a white precipitate. Addition of pentane and 

filtration allowed isolation of the white solid 2-17 in 73% yield (Scheme 2.3). The 

"Bl 'H} NMR signal shifted from -13.5 ppm in the adduct to -0.2 ppm in 2-17 while the 

P NMR resonance shifted downfield slightly to 11.5 ppm. Notably this latter signal 

exhibits a 'JP-H coupling constant of 480 Hz, which is typical of phosphonium salts.99' H0 

A new 19F NMR signal was observed at -191.5 ppm typical of a B-F unit while 

resonances at -129.2 and -131.9 ppm confirmed the presence of a 1,4-di-substituted C6F4 

aryl ring. Collectively, these data are consistent with the formulation of 2-17 as 

Cp2PH(C6F4)BF(C6F5)2 (Table 2.2). An X-ray crystallographic study of 2-17 (Figure 2.4, 

Table 2.6) confirmed the zwitterionic nature, in which a fluoroborate center is linked to a 

phosphonium center by a CeF4 unit. The metric parameters are similar to those previous 

reported for 2-1 to 2-4 derived from sterically 'frustrated' Lewis pairs. The molecules of 

2-17 pack in the solid state such that the closest intermolecular approach between the PH 

and the BF fragments is 2.10(6) A (Table 2.10). These head-to-tail interactions form an 



49 

extended hydrogen-fluorine bonded structure. The relatively shorter P-H F-B 

interactions seen for 2-17 compared to the 'Bu (2-4) and 'BuMes (2-6) derivatives can be 

attributed to the smaller size of the Cp substituents which allows for a closer 

intermolecular approach. This close approach is reflected in the compound's lack of 

solubility in solvents other than the highly coordinating and polar solvent THF, whereas 

all previously described phosphonium borates have some degree of solubility in 

chloroalkane and bromoarene solvents. 

In a similar fashion, heating of the adducts 2-9 to 2-13 to 125 °C for 24 hours in 

toluene results in rearrangement to give the /?ara-substituted zwitterions 

R2PH(C6F4)BF(C6F5)2 (R = Cy 2-18, R = Ph 2-19) and R3P(C6F4)BF(C6F5)2 (R = Bu 2-

20, Ph 2-21, Et 2-22) (Scheme 2.3). Heating to 140 °C in C6H5Br was required for 2-19. 

Multinuclear NMR spectroscopy confirmed the nature of these products (Tables 2.1 and 

2.2). Interestingly, the 31P NMR chemical shifts for the secondary phosphine derivatives 

2-17 to 2-19 were similar to those seen for their corresponding adducts 2-8 to 2-10 (A6 = 

1-5 ppm). In contrast, the 31P NMR chemical shifts for the tertiary phosphine derivatives 

2-20 to 2-22 are approximately 30, 20, and 34 ppm, respectively, downfield of the 

precursor adducts. These observations reflect the greater steric congestion for the tertiary 

phosphine adducts. The solid state structures of 2-20 and 2-21 were determined by X-ray 

crystallography (Table 2.6) All metrical parameters are consistent with the previously 

described analogues and are not discussed. In a similar procedure for the synthesis of 2-

17, the compounds R"R'RP-C6F4-BF(C6F5)2 (R = R' = R" = p-C6F4¥ 2-23, R" = Ph, R' 

= ?Bu, R = H 2-24) were prepared and characterized by NMR spectroscopy (Tables 2.1 

and 2.2) and X-ray crystallography (Table 2.7). 
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Figure 2.4 POV-ray depictions of (left) 2-8, (right) 2-17. Carbon: black, Phosphorus: 
orange, Fluorine: pink, Boron: yellow-green. Hydrogen atoms on carbon omitted for 
clarity. Selected metrical parameters {distances (A), angles (°)}: 2-8: P(l)-H 1.27(2), 
P(l)-C(24) 1.883(2), P(l)-C(19) 1.819(2), P(l)-B(l) 2.024(3), B(l)-C(l) 1.648(3), B(l> 
C(7) 1.650(3), B(l)-C(13) 1.646(3), C(24)-P(l)-C(19) 111.60(12), C(24)-P(l)-B(l) 
109.94(11). 2-17: P(l)-H 1.44(9), P(l)-C(24) 1.747(13), P(l)-C(19) 1.784(13), P(l)-
C(16) 1.777(18), B(l)-C(13) 1.66(3), B(l)-C(l) 1.64(3), B(l)-C(7) 1.59(3), B(l)-F(l) 
1.437(18), C(24)-P(l)-C(19) 118.5(8), C(24)-P(l)-C(16) 111.4(9), C(13)-B(l)-F(l) 
106.7(18). 

It should be noted that recently, Royo and co-workers have reported the formation 

of the related zwitterion Pli3P(C6F4)BMe(C6F5)2 as a by-product of a mixture of PI13P and 

the ion pair [Zr{C5H3[SiMe2(r|
1-N'Bu)]2}][RB(C6F5)3] left at 80 °C for one week.134 

Heating of the solutions of adducts 2-14 to 2-16 under similar conditions 

described above resulted in no reaction. Even after prolonged heating in bromobenzene to 

140 °C for several days, no evidence of reaction was observed. The inability of the 

adducts 2-14 to 2-16 to undergo thermal rearrangement suggests that small, highly basic 

phosphines form strong phosphorus-boron bonds with B(C6Fs)3 that are thermally stable. 

This is reflected in the shorter phosphorus-boron bond lengths of 2-14 and 2-15 compared 

to those determined for 2-10 to 2-13 (Table 2.11) which undergo thermal rearrangement. 
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Although the adducts 2-8 and 2-9 have relatively short phosphorus-boron bond lengths, 

secondary H.. .F contacts analogous to those seen for amine adducts103,135 may strengthen 

the Lewis acid-base interaction for 2-14 to 2-16. Short inter- and intramolecular CH...F 

contacts exist in the adduct (Me3P)B(C6Fs)3 (2-14)101 and have been thought to contribute 

to the compound's lack of solubility in organic solvents. Short intramolecular CH...F and 

PH...F and intermolecular CH...F contacts less than the sum of the van der Waal radii (< 

2.55 A) are found in the solid state structure of (Et2PH)B(C6F5)3 (2-15). Bradley and 

coworkers120 have attributed the relative strengths of the adducts (rBuPH2)B(C6F5)3 and 

(H3P)B(C6F5)3 to both short inter- and intramolecular H...F interactions only present in 

the former. Presumably, such interactions exist in the adduct (CyPH2)B(C6F5)3 (2-16). In 

each case the CH.. .F and/or PH.. .F interactions are not retained in solution as determined 

using 19F NMR spectroscopy, indicating such interactions are significantly weaker than 

similar NH.. .F contacts which can be observed in solution.103 Interestingly, the solid state 

structure of the adduct (Ph2PH)B(CeF5)3 (2-10) exhibits a short intramolecular PH...F 

contact of 2.27(2) yet it still thermally rearranges to give the zwitterions 2-21, albeit at a 

higher temperature. Hence, the basicity of the phosphine does play a role in the strength 

of the phosphorus-boron bond. 

The series of phosphonium borate zwitterions (Scheme 2.3) are air and moisture 

stable although their preparations in toluene require anaerobic conditions as a result of the 

high reactivity of the borane with moisture.120 Interestingly, we have found that 

employing dry, coordinating solvents allows the preparation of these zwitterions without 

strict anaerobic precautions. 
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strong adduct formation 

HR2P—BtCgFsJj 

4 
H 2 R P - B ( C 6 F 5 ) 3 ^ 

II 

HI R3P-B(CeF5)3 

HR2P-B(C6F5)3-« = = B(C 6 F 5 ) 3
: S = = • R3P-B<C6F5)3 

reversible adduct formaf/on 

A/VII VI \ A 

e © / \ e 
H R 2 P — ^ /)—BF(C6F5)2 R 3 P — ^ h— BF(C 6 F 5 ) 2 

F F F F 

phosphonium borates 

Scheme 2.3 Reaction of tertiary, secondary, and primary phosphines with B(C6F5)3. 
(Blue) II R = Et, III R = Cy, IV R = Me. (Red) I R = Cp, Cy, Ph, V R = Bu, Ph, Et. 
(Purple) VIR = Bu, Ph, Et, VIIR = Cp, Cy, Ph. 

For example, heating pyridine or acetonitrile solutions of (Base)B(C6Fs)3 (Base = 

NC5H5136 or CH3CN100) with Cy3P to 100 °C for 12 h gave Cy3P(C6F4)BF(C6F5)2 2-1 in 

good yield, while no reaction was observed at room temperature after 24 hours. However, 

this procedure is limited to phosphines which can tolerate limited exposure to air and 

moisture. Of note, heating of the pyridine or acetonitrile adducts of B(CgF5)3, which are 

known to be labile,82 to 150 °C in bromobenzene resulted in no reaction as per the !H and 

19F NMR spectra, which indicates that such N-containing bases are not strong enough 

nucleophiles to effect NAS or that higher temperatures are required, as the reaction may 

be thermodynamically unfavorable. The results demonstrate that synthesis of the 

precursor compounds R3P(C6F4)BF(C6Fs)2 or R2PH(C6F4)BF(CeF5)2 described in sections 
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2.3.1 and 2.3.2 are not limited to sterically frustrated phosphine/borane combinations. 

Indeed, it has been shown that certain classical Lewis phosphine-borane adducts 

rearrange readily upon heating providing access to a range of phosphonium borate 

zwitterions. 

2.3.4 Mechanistic Insights 

The proposed mechanism for zwitterion formation is shown in Scheme 2.4. The 

ability of phosphines to attack the para-carbon of a C6F5 ring on B(C6F5)3 to give 

zwitterions of the form R'R2P(C6F4)BF(C6F5)2 (R' = R or H) is consistent with a 

zwitterionic resonance structure of B(C6F5)3 (II), wherein electron density is removed 

from the j^ara-carbon. Mechanistically it is thought that the first step in the reaction 

involves nucleophilic attack by phosphine at a para-carbon forming a zwitterionic 

intermediate (III). This step is followed by fluoride loss (IV) and subsequent rapid boron-

fluorine bond formation (V). The strength of the newly formed phosphorus-carbon and 

boron-fluorine bonds renders the reaction irreversible. In the case of phosphine-B(C6F5)3 

adducts, the rearrangement reaction requires phosphine dissociation from boron,110 which 

is accomplished by heating the adducts. A similar mechanism was described by Erker 

and co-workers93 for the generation of (Ph3PC(H)Ph)C6F4BF(C6F5)2, while the reaction of 

tertiary phosphines with trityl cation proceeds in a similar fashion giving the (4-

benzhydrylidene-cyclohexa-2,5-dienyl)-phosphonium cations R3P(C6H5)=CPh2 and 

subsequent [p-benzhydryl-phenyl] -phosphonium cations R3P(C6H4)CHPh2 (Scheme 
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Scheme 2.4 (Left) Proposed mechanism for the formation of phosphonium borate 
zwitterions. (Right) Reaction between tertiary phosphines and [Ph3C][B(CeF5)4]. 

In an effort to observe the intermediate (III) in Scheme 2.4, the reaction of 

'B112PH and B(C6F5)3 in CD2CI2 and toluene-dg solutions at 25 °C was monitored by 19F 

and 31P NMR spectroscopy over a 12 hour period. The phosphine, 'BU2PH, was employed 

as it reacts slowly with B(C6Fs)3 over 12 hours to give the zwitterion 2-4. The NMR 

spectra showed no evidence of formation of the intermediate (III). Presumably this type 

of anionic borylene is unstable and is likely only to exist transiently. None-the-less the 

rapid rearrangement of III to V throught IV is proposed. However, it cannot be ruled out 

that the reaction proceeds through a SN2 concerted mechanism where the phosphine 

attacks a para-carbon with concurrent loss of fluoride, which is rapidly scavenged by 

boron. The formation of the zwitterions R'R2P(C6F4)BF(C6F5)2 (R' = R or H) is greatly 

dependent on the size of the parent phosphine. Smaller phosphines (Et3P, Cp2PH, etc.) 

that form typical adducts with B(CeF5)3 require heat to thermally generate free phosphine 
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and borane which can then react to give the desired zwitterions. Weak (R2PH)B(C6F5)3 

adducts (R = Mes, fBu, etc.) slowly dissociate at 25 °C prompting nucleophilic aromatic 

substitution. Larger phosphines (CV3P, 'P^P, etc.) do not form adducts with B(C6F5)3 and 

thus readily attack the para carbon of a fluoroaryl ring. Extremely bulky phosphines 

(Mes3P, 'BU3P) show no reactivity towards B(CeF5)3, as they are too sterically hindered to 

form an adduct or approach the para carbon to effect NAS. 

2.3.5 Reactivity of Phosphines with Triarylboranes other than B(C6Fs)3 

It has been shown that a range of phosphines react with the Lewis acid B(C6F5)3 to 

give a series of phosphonium borates of the form R3P(C6F4)BF(C6F5) and 

R2PH(CeF4)BF(C6F5) where R can be a alkyl or aryl substituent. To expand the scope of 

the NAS reactivity, the reaction of phosphines with triarylboranes other than B(C6F5)3 

was investigated. The partially fluorinated Lewis acid PhB(C6F5)2
137 (2-25) has similar 

steric bulk when compared to B(C6F5)3 while the Lewis acidity at boron is diminished.138' 

139 Although the synthesis of PhB(C6Fs)2 has been reported previously, the solid state 

structure has never been determined. Crystals of PhB(C6Fs)2 were grown from a 

concentrated hexanes solution at -35 °C and the solid-state structure determined by X-ray 

diffraction (Table 2.7). A POV-ray depiction is shown in Figure 2.5. The structure is 

planar at boron (SC-B-C
 = 360°) and exhibits a propeller configuration with the two C6F5 

rings turned 43° and 50° out of the BC3 plane and the CeH5 ring rotated 24° out of the BC3 

plane which is typical for related triarylboranes.114' 14(M46 Upon addition of Cy3P to a 

toluene solution of PhB(CeF5)2 at 25 °C, a white solid precipitated and was identified as 

the phosphonium borate Cy3P(C6F4)BF(Ph)(C6F5) (2-26). 
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phosphonium borate 

25°C 

R'R2P 

B R . . \ R'=R=Cy R" = m-C6H3(CF3)2 

2 « ; i 2 ^ c \ k R'=R=Cy R"=p-C6F4CF3 

^ no 'NAS'reactivity observed R-= H R = 'Bu R" = p-C6F4CF3 

R'=HR = 'Bu R" = Ph 
R"=R=Cy R" = Ph 

Scheme 2.5 Reaction of sterically demanding phosphines with aryl- and fluoroaryl-
boranes, BR3. 

The 31P NMR spectrum is similar to that of 2-1, while the !H NMR spectrum 

gives rise to 3 additional downfield resonances from 7.1-7.4 ppm attributed to the five 

aromatic protons of the phenyl ring. The n B NMR resonance is shifted downfield 3 ppm 

from 2-1, while the gap between the meta and para resonances (Ap.m= 4 ppm) is slightly 

smaller than in 2-1 (Ap.m = 5 ppm). For the latter, the /?ara-fluorine is shifted slightly 

upfield in 2-26 compared to 2-1 due to an increase in shielding caused by greater electron 

density at boron. The solid-state structure of 2-26 was determined by X-ray diffraction 

(Table 2.8) and is shown in Figure 2.5. The metrical parameters are as expected and 

remain unexceptional. The preferential attack of the phosphine at the electron deficient 

C6F5 ring over the C6H5 ring implies that this type of reactivity is not only dependent on 

the sterics of the borane but also the electronics. Therefore the non-fluorinated borane 

PI13B was employed in an attempt to test the limits of reactivity. Mixtures of PI13B and 

Cy3P or 'BU2PH showed no reactivity at 25 °C, while at 125 °C only minor decomposition 

of the borane was observed. There was no evidence of phosphonium or borate formation 

by n B or 31P NMR spectroscopy. 
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Figure 2.5 POV-ray depictions of (left) 2-25, (right) 2-26. Carbon: black, Phosphorus: 
orange, Fluorine: pink, Boron: yellow-green. Hydrogen atoms omitted for clarity. 
Selected metrical parameters {distances (A), angles (°)}: 2-25: B(l)-C(l) 1.542(3), B(l)-
C(7) 1.567(3), B(l)-C(13) 1.573(3), C(l)-B(l)-C(7) 122.03(19), C(l)-B(l)-C(13) 
119.8(2), C(7)-B(l)-C(13) 118.1(2), 2-26: P(l)-C(31) 1.826(4), P(l)-C(19) 1.823(4), 
P(l)-C(25) 1.831(4), P(l)-C(16) 1.818(4), B(l)-C(13) 1.656(6), B(l)-C(l) 1.619(7), B(l)-
C(7) 1.670(6), B(l)-F(l) 1.433(5), C(31)-P(l)-C(16) 110.97(17), C(13)-B(l)-C(7) 
116.5(3), C(13)-B(l)-F(15) 111.1(3). 

The decomposition products were not identified but are presumably hydrolysis 

products caused by trace amounts of water in the starting materials and/or solvents. The 

inability of the phosphine to effect NAS of a CeH5 ring of BPli3, indicates that the borane 

must be sufficiently Lewis acidic to render the para-carbon electrophilic. PI13B is 

significantly less Lewis acidic than B(C6Fs)3 or PhB(CeF5)3 and therefore is not 

susceptible to NAS. Additionally, fluoride is an excellent leaving group for the 

nucleophilic substitution of aryl halides due to its large electronegativiy as it renders the 

directly bonded carbon electrophilic;147 therefore, it could be assumed that only 

arylboranes with F substituents are susceptible to NAS. This thought is supported by the 

observation that no reactivity was observed between Cy3P and the Lewis acidic borane 

B(w-C6H3(CF3)2)3 from 25-125 °C, although the increased bulk about the para-position 
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casued by the adjacned CF3 groups, likey prevents a close approach of P towards the 

para-carbon. In each case mentioned above, the reactivity may be thermodynamically 

controlled and thus a higher temperature regime may be required to observe reactivity. 

B(C6F5)3 has two resonance forms where positive charge can be placed on the 

ortho- or para- carbons of one fluoroaryl ring (Scheme 2.6). Sterically demanding 

phosphines prefer to react at the para- carbon, therefore by replacing the para-fluorine 

with a CF3 group, we envisioned forcing reactivity at the ortho position in an effort to 

yield 1,2-disubstituted fluorophenyl phosphonium borates. The novel borane (p-

C6F4CF3)3B (2-27) was synthesized following a procedure using copper reagents 

developed by Jakle and co-workers.137 Mixing the borane with Cy3P or 'BU2PH at 25 °C 

and 100 °C resulted in no reaction. Presumably the phosphines are too large to effect NAS 

at the ortho position. Therefore replacing the para-fluorines of B(CeFs)3 with CF3 

substituents prevents NAS, allowing for the generation of 'frustrated' Lewis pairs. 

\€> / \ / 

(C6F5)2B—fV-F -« *~ (C6F5)2B=/^\-F -« »- (C6F5)J=/^J^-F 

F F F F F F 

F F jf 
no reaction: generation of FLP 

PR3 or HPR2 
(C6F8)2B—^ > - C F 3 C 1 25-100 °C 

) — ( _ * - * - R3P^ 

F F 
Scheme 2.6 (Top) Resonance forms of B(C6F5)3. (Bottom) Replacing the para-fluorine 
with a CF3 prevents NAS type reactivity and generates a stable FLP. 
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2.4 Summary and Conclusion 

In summary, it has been demonstrated that the reactivity between Lewis basic 

phosphines and the Lewis acid B(C6F5)3 is not limited to simple adduct formation. 

Instead, novel phosphonium borate zwitterions and what we now term 'frustrated' Lewis 

pairs can be readily synthesized by altering the steric bulk of the parent phosphine. 

Whereas small phosphine-B(C6F5)3 adducts are stable, large phosphine-B(C6F5)3 adducts 

thermally rearrange to give phosphonium borate zwitterions. Sterically demanding 

tertiary phosphines do not interact with B(CeF5)3 via P to B electron donation, but rather 

effect the nucleophilic aromatic substitution of a C6F5 giving phosphonium borate 

zwitterions in a facile, one step process. Extremely bulky tertiary phosphines with large 

cone angles do not react with B(C6F5)3 yielding 'frustrated' Lewis pairs where a Lewis 

acidic and a Lewis basic site coexist without quenching each other. The reactivity and 

modification of these compounds is described in subsequent chapters. 
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Chapter 3 Synthesis, Characterization, and Reactivity of Phosphonium Borates, 

Anionic Phosphines, Cationic Boranes, and Phosphino-Boranes 

3.1 Introduction 

Catalysis is a very important process in organometallic chemistry. From the 

polymerization of olefins to the coupling of two organic molecules, catalysts have the 

ability to initiate and speed up chemical reactions. The development of new catalysts to 

make reactions more efficient and allow for rigorous product control is an ongoing 

process. Phosphines often play an integral part in organic or inorganic chemistry. A large 

range of phosphines are either commercially available or readily prepared. Phosphines of 

the form PR3 have proved to be good ligands for transition metal catalysts due to their 

strong ability to donate electrons. Phosphine ligands can be easily functionalized, thus 

allowing for fine tuning of the steric and electronic properties of the catalyst. 67 'I48 ' 149 

Anionic, electron releasing phosphines that have the ability to coordinate to metal centers 

are promising reagents for organometallic catalysis.150"152 Unlike neutral mono- and 

bidentate phosphine ligands which have been extensively used in all facets of chemistry, 

anionic phosphine ligand systems have remained in relative obscurity. Stradiotto and co­

workers have made headway in this area by developing a range of zwitterionic rhodium(I) 

compounds based on anionic P,N-substituted indenide ligands.153 Their complexes have 

proved to be highly effective catalysts for E-H (E = main group element) bond activation. 

More recently, Peters and co-workers have synthesized a series of monodentate 

(phosphino)tetraphenylborate ligands, which upon coordination with various palladium 

reagents, yield extremely effective catalysts for Suzuki crossing-coupling reactions.154"158 
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As shown in Figure 3A, each ligand is based on a trivalent phosphorus center with a 

pendant anionic borate moiety. 

R2P—C\ />-^BPh x ^ o r n 3 „ i @ g R='ProrPh 

Figure 3A Examples of anionic phosphines. Variation of the sterics and electronics of a 
ligand can be used to tune catalyst activity by altering electron density at metal centers. 

On the other hand, while the borane B(C6F5)3 is very commonly used in organic 

and inorganic chemsitry,70'76 studies targeting structural modifications of this borane class 

have only begun to appear in the last few years. In particular, the groups of Marks142'159~ 

168 and Piers128'169~178 have developed elegant syntheses to either elaborate the substituents 

on B or to access bis-borme compounds (Figure 3B).179 Others have developed seemingly 

more straightforward routes to fluoroarylborane derivatives72' 141' 180' 181 but in all cases 

these syntheses are not trivial. Nonetheless, such modifications of Lewis acids have been 

shown to dramatically impact the catalyst activity, stability and polymer properties 

derived from olefin polymerization processes.182"191 In addition, Lewis acid perturbations 

serve to modify reactivity in a number of catalytic organic transformations 138,192 
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Figures 3B Derivatives of B(C6F5)3. Increasing the number of aryl fluorine atoms or 
incorporating a 5-membered boryl ring alters the Lewis acidity at boron, but at significant 
synthetic cost. 

This chapter describes the simple modification of the phosphonium borates 

R2PH(C6F4)BF(C6F5)2 and R3P(C6F4)BF(C6F5)2 (R = alkyl or aryl) to give anionic 

phosphine-borates, cationic phosphonium boranes, as well as the bifunctional phosphino-

boranes, thus providing a simple and conveint method to uniquely modified families of 

Lewis acids and Lewis bases. Each derivative has the potential to be applied to a wide 

range of applications. 

3.2 Experimental 

3.2.1 General Data 

All preparations were done under an atmosphere of dry, 02-free N2 employing both 

Schlenk line techniques and an Innovative Technologies or Vacuum Atmospheres inert 

atmosphere glove box. Solvents (pentane, hexanes, toluene, and methylene chloride) were 

purified employing a Grubbs' type column system manufactured by Innovative 
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Technology and stored over molecular sieves (4 A). Molecular sieves (4 A) were 

purchased from Aldrich Chemical Company and dried at 140 °C under vacuum for 24 

hours prior to use. Uninhibited THF was purchased from EMD and distilled from 

sodium/benzophenone prior to use. Deuterated solvents were dried over 

sodium/benzophenone (CeD6, C7D8, THF-dg) or CaF^ (CD2CI2, CeDsBr) and vacuum 

distilled prior to use. All common organic reagents were purified by conventional 

methods unless otherwise noted. 'H, 13C, n B , 19F and 31P nuclear magnetic resonance 

(NMR) spectroscopy spectra were recorded on a Bruker Avance-300 spectrometer at 300 

K unless otherwise noted. 'H and 13C NMR spectra are referenced to SiMe4 using the 

residual solvent peak impurity of the given solvent. 31P, n B and 19F NMR experiments 

were referenced to 85% H3PO4, BF3(OEt2), and CFCI3, respectively. Chemical shifts are 

reported in ppm and coupling constants in Hz as absolute vaules. DEPT and 2-D ]H/13C 

correlation experiments were completed for assignment of the carbon atoms. Combustion 

analyses were performed in house employing a Perkin Elmer CHN Analyzer. B(C6F5)3 

and [Ph3C][B(C6F5)4] were generously donated by NOVA Chemicals Corporation. 1,8-

(N, iV-dimethylamino)napthalene (Proton sponge), silanes, Et3PO, and (COD)PtMe2 were 

purchased from Aldrich and used as received. Paratone-N oil was purchased from 

Hampton Research. 

3.2.2 Synthesis of Anionic Phosphines 

['Bu2P(C6F4)BF(C6F5)2][CioH6N2(Me)4H] (3-1): To a slurry of'Bu2PH(C6F4)BF(C6F5)2 

(0.050 g, 0.076 mmol) in benzene (2 mL) was added a solution of proton sponge (0.016 g, 

0.075 mmol) in benzene (1 mL). The reaction was stirred for 30 minutes, at which time 



64 

all volatiles were removed in vacuo to give a white solid. Yield 0.060 g (91 %). Crystals 

suitable for X-ray diffraction were grown via slow evaporation of a concentrated benzene 

solution at 25 °C. *H NMR (C6D6): 8 18.16 (s, 1H, N#), 7.39 (d, 2H, 3JH-H = 8 Hz, 

Cio//6), 7.08 (t, 2H, WH= 8 Hz, Cio/Je), 6.84 (d, 2H, 3JH.H = 8 Hz, C10/f6), 2.31 (s, 12H, 

{N(CH3)2}2), 1-25 (d, 18H, lJH-p = 14 Hz, P{C(CH3)3}. "B^H} NMR (C6D6): 5 -0.8 (br). 

13C{*H} NMR (C6D6) partial: 8 149.20 (dm, VC-F = 230 Hz, CF), 148.76 (dm, lJc.F = 240 

Hz, CF), 147.37 (dm, VC-^ = 240 Hz, CF), 143.74 (s, quaternary, CioH6N2(CH3)4H), 

139.48 (dm, XJC-F = 245 Hz, CF), 137.10 (dm, XJC.F=2SQ Hz, CF), 135.68 (s, quaternary, 

CioH6N2(CH3)4H), 129.43 (s, ortho- Ci0H6N2(CH3)4H), 126.97 (s, meta-

Ci0H6N2(CH3)4H), 120.81 (s, ^ara-CioH6N2(CH3)4H), 118.68 (s, quaternary, 

Ci0H6N2(CH3)4H), 45.29 (s, N(CH3)2), 32.71 (d, lJC-p = 28 Hz, P{C(CH3)3}), 30.55 (d, 

2Jc-p = 20 Hz, C(CH3)3).
 19F NMR (C6D6): 8 -123.92 (ddd, IF, 3JF.F(D) = 38 Hz, 3JF.P = 

21 Hz, 4JF.m = 14 Hz, CeF4A), -130.99 (ddd, IF, %.P = 110 Hz,3JF.F(Q = 24 Hz, %. 

F(A) = 14 Hz C6F¥B), -134.56 (ddd, IF, %.F(B) = 24 Bz,%.P = 14 Hz, %.P = 7 Hz, C^ 

C), -134.91 (m, IF, CgF^D), -134.91 (dm, 4F, %.F = 15 Hz, ortho-C^Fs), -161.51 (t, 2F, 

VF-F = 20 Hz, para-CeFs), - 166.17 (ddd, 4F, %.F = 20 Hz, %.F = 15 Hz, %.F = 9 Hz 

meta-CcFs), -190.63 (bs, IF, A^BF)- 31P{JH} NMR (C6D6): 8 21.67 (dddd, 3JP.F(B)= HO 

Hz, 3Jp.FW = 21 Hz, sJp.F(C) = 7 Hz, 5JP.F(D) = 5 Hz). Anal. Calcd. for C4oH37BFi5N2P: C, 

55.06; H, 4.27; N, 3.21. Found: C, 55.11; H, 4.37; N, 3.07 %. 

[Mes2P(C6F4)BF(C6F5)2][CioH6N2(Me)4H] (3-2): To a slurry of 

Mes2PH(C6F4)BF(C6F5)2 (0.050 g, 0.064 mmol) in benzene (2 mL) was added a solution 

of proton sponge (0.014 g, 0.65 mmol) in benzene (1 mL). The reaction was stirred for 30 
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minutes, at which time all volatiles were removed in vacuo giving 3-2 as a white solid. 

Yield 0.057 g (90 %). *H NMR (C6D6): 5 18.06 (s, 1H, N#), 7.34 (d, 2H, 3JH.H = 8 Hz, 

Cio/76), 7.02 (t, 2H, 3JH-H = 8 Hz, Cl0H6), 6.79 (d, 2H, V ^ = 8 Hz, CM), 6.67 (d, *JH.P 

= 3 Hz, 4H, P(C6^2)2), 2.35 (s, 12H, {N(CH3)2}2), 2.32 (d, 12H, 4JH.p = 3 Hz, P(C6H2Me-

2,6)2), 2.28 (s, 6H, ?(C6H2Me-4)2). "B^H} NMR (C6D6): 5 -0.70 (bs). "C^H} NMR 

(C6D6) partial: 8 149.40 (dm, lJc.F = 250 Hz, CF), 149.18 (dm, VC-F = 245 Hz, CF), 

148.26 (dm, lJc.F = 240 Hz, CF), 144.35 (s, PQH2), 143.50 (d, 2JC-p = 18 Hz, PC6H2), 

139.93 (dm, 1 JC-F = 246 Hz, CF), 138.23 (s, quaternary, CioH6N2(CH3)4H), 137.63 (dm, 

XJC-F = 251 Hz, CF), 135.78 (s, quaternary, C10H6N2(CH3)4H), 130.84 (d, 3Jc.p = 4 Hz, 

meta-C6K2), 129.22 (s, ortAo-CioH6N2(CH3)4H), 127.25 (s, meto-CioH6N2(CH3)4H), 

121.14 (s,jpara-Ci0H6N2(CH3)4H), 119.13 (s, quaternary, Ci0H6N2(CH3)4H), 90.1 (d, XJC.P 

= 70 Hz, PQH2), 45.70 (s, N(CH3)2), 23.20 (d, 3JC.P = 16.6 Hz, C6H2M?-2,6), 21.21 (s, 

C6H2Me-0. 19F NMR (C6D6): 5 -134.46 (m, 2F, CgF^), -134.82 (m, 4F, ortho-C(,F5), -

135.04 (m, 2F, C ^ ) , -161.32 (m, 2F, para-CaFj), -166.13 (m, 4F, meta-CeF5), -190.43 

(bs, IF, ArF
3BF)- 31P {'H} NMR (C6D6): 5 -48.33 (t, 3JP.F = 37 Hz). Anal. Calcd. for 

C50H41BF15N2P: C, 60.26; H, 4.15; N, 2.81 Found: C, 60.51; H, 4.42; N, 2.67 %. 

3.3.3 Synthesis of Chloro, Bromo, and Hydrido Borates 

Mes2PH(C6F4)BCl(C6F5)2 (3-3) : To a solution of Mes2PH(C6F4)BF(C6F5)2 (0.400 g, 

0.511 mmol) dissolved in dichloromethane (10 mL) was added (CH3)3SiCl (0.65 mL, 

5.11 mmol) via syringe. The reaction was allowed to stir 12 hours, during which time a 

precipitate formed. All volatiles were removed in vacuo to give the product as a white 
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solid. Yield 380 mg (93 %). Crystals suitable for X-ray diffraction were grown from a 

layered dichloromethane/pentane solution at 25 °C. *H NMR (CD2C12): 8 8.54 (d, 1H, 

XJ„.P = 504 Hz, P#), 7.15 (d, 4JH.p = 1 Hz, 4H, P(C6^)2), 2.40 (s, 6H, P(C6H2Me-4)2), 

2.29 (s, 12H, P(C6H2M?-2,<5)2).
 11B{1H} NMR (CD2C12): 8 -7.62 (s). "C^I i} NMR 

(CD2C12) partial: 8 149.5 (dm, ^ = 240 Hz, CF), 148.23 (d, 4JC.P = 3 Hz, para-Cffi.2\ 

147.02 (dm, VC-F = 240 Hz, CF), 144.50 (d, 2JC-p = 12 Hz, ort/*o-C6H2), 137.90 (dm, lJc.F 

= 240 Hz, CF), 133.15 (d, 3Jc.p = 12 Hz, meta-C6Yl2), 110.40 (d, VC-p = 88 Hz, P-C6H2), 

22.32 (d, 3JC-p = 10 Hz, C6U2Me-2,6), 22.41 (s, C6H2Me-4). 19F NMR (CD2C12): 8 -

126.12 (s, 2F, C6F4), -132.87 (d, 4F, 3JF.F = 18 Hz, ortho-CeF5), -134.02 (s, 2F, C ^ ) , -

161.50 (t, 2F, 3JF-F = 18 Hz , para-C(F5), -166.86 (t, 4F, 3JF-F = 18 Hz, meta-CeF5). 

31P{XH} NMR (CD2C12): 8 -34.34 (m, 3JP.F = 8 Hz). Anal. Calcd. for C36H23BFi4ClP: C, 

54.13; H, 2.90. Found: C, 53.71; H, 3.23 %. 

Mes2PH(C6F4)BBr(C6F5)2 (3-4) : To a solution of Mes2PH(C6F4)BF(C6F5)2 (0.300 g, 

0.384 mmol) dissolved in dichloromethane (10 mL) was added (CHs^SiBr (0.51 mL, 

3.84 mmol) via syringe. The reaction was allowed to stir 12 hours, during which time a 

yellow/brown solution formed. All volatiles were removed in vacuo to give the product as 

a peach solid. Yield 315 mg (97 %). Crystals suitable for X-ray diffraction were grown 

from a layered dichloromethane/pentane solution at 25 °C. *H NMR (CD2C12): 8 8.53 (d, 

1H, lJH.P = 504 Hz, PH), 7.15 (d, 4JH.P = 6 Hz, 4H, P(C6^)2), 2.43 (s, 6H, P(C6H2Me-

4)2), 2.30 (s, 12H, P(C6H2Me-2,6)2).
 UB{XH} NMR (CD2C12): 8 -11.45 (s). "C^H} 

NMR (CD2C12) partial: 8 149.57 (dm, XJC-F = 240 Hz, CF), 148.56 (dm, lJc.F = 240 Hz, 

CF), 148.42 (d, 4Jc.p = 3 Hz, para-C6W2) 144.28 (d, 2Jc.p = 12 Hz, ortho-C6H2), 139.88 
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(dm, XJC-F = 250 Hz, CF), 137.25 (dm, XJC.F = 240 Hz, CF), 133.01 (d, 3Jc.p = 13 Hz, 

meta-C$L2), 108.81 (d, !JC-P = 83 Hz, P-QH2), 22.07 (d, 3Jc.p = 10 Hz, C6H2Me-2,<5), 

21.85 (s, C6H2Me-4). 19F NMR (CD2C12): 8 -124.98 (s, 2F, C ^ ) , -131.44 (t, 4F, 3JF-F = 

14 Hz, ortho-CeFs), -134.14 (s, 2F, C(JF4), -161.21 (t, 2F, %.F = 20 Hz , para-CeF5), -

166.90 (t, 4F, %.F = 23, meta-C^Fs). ̂ P^H} NMR (CD2C12): 5 -37.86 (m, 3JP.F = 8 Hz). 

Anal. Calcd. for C36H23BBrF14P: C, 51.28; H, 2.75. Found: C, 51.56; H, 3.01 %. 

'Bu2PH(C6F4)BH(C6F5)2 (3-5): To a solution of rBu2PH(C6F4)BF(C6F5)2 (0.200 g, 0.304 

mmol) dissolved in dichloromethane (10 mL) was added (CH3)2SiHCl (0.34 mL, 3.04 

mmol) via syringe. The reaction was allowed to stir 12 hours, during which time a 

precipitate formed. All volatiles were removed in vacuo to give the product as a white 

solid. Yield 160 mg (83 %). Crystals suitable for X-ray diffraction were grown from a 

layered dichloromethane/pentane solution at 25 °C. ! H NMR (CD2C12): 8 6.23 (d, 1H, 

xJH-p = 462 Hz, ?H), 3.46 (q, 1H, XJH.B = 82 Hz, BH), 1.56 (d, 18H, XJH.P = 19 Hz, 

P{C(CH3)3}). 11B{1H} NMR (CD2C12): 5 -25.19 (s). " c f H } NMR (CD2C12) partial: 5 

150.01 (dm, XJC-F = 244 Hz, CF), 148.70 (dm, XJC.F = 237 Hz, CF), 146.26 (dm, XJC.F = 

253 Hz, CF), 145.35 (dm, XJC-F = 253 Hz, CF), 138.85 (dm, XJC.F = 245 Hz, CF), 137.16 

(dm, XJC.F = 247 Hz, meta-C6¥5), 36.77 (d, xJC-p = 31 Hz, P{C(CH3)3}), 28.37 (s, 

C(CH3)3).
 19F NMR (CD2C12): 8 -126.93 (s, IF, C ^ ) , -127.38 (s, 2F, C ^ ) , -133.90 (m, 

IF, CgF^), -134.13 (d, 4F, 3JF.F = 20 Hz, ortho-C^F5), -163.98 (t, 2F, %.F = 20 Hz, para-

CeFs), -167.56 (t, 4F, %.F = 20 Hz, meta-CeFs). ̂ P^H} NMR (CD2C12): 8 33.97 (m). 

Anal. Calcd. for C26Hi9BFi5P: C, 48.78; H, 3.15. Found: C, 48.14; H, 3.26 %. 



68 

Mes2PH(C6F4)BH(C6F5)2 (3-6): To a solution of Mes2PH(C6F4)BF(C6F5)2 (0.400 g, 

0.511 mmol) dissolved in dichloromethane (10 mL) was added (CH3)2SiHCl (0.57 mL, 

5.11 mmol) via syringe. The reaction was allowed to stir 12 hours, during which time a 

precipitate formed. All volatiles were removed in vacuo to give the product as a white 

solid. Yield 375 mg (96 %). Crystals suitable for X-ray diffraction were grown from a 

layered dichloromethane/pentane solution at 25 °C. *H NMR (CD2C12): 5 8.49 (d, 1H, 

lJH-p = 502 Hz, VH), 7.12 (d, *JH.P = 6 Hz, 4H, P(C<>#2)2), 3.65 (q, XJH-B = 85 Hz, BH), 

2.37 (s, 6H, P(C6H2Me-4)2), 2.26 (s, 12H, P(C6H2M?-2,6)2). "B^H} NMR (CD2C12): 5 -

25.16 (s). 13C{*H} NMR (CD2C12) partial: 8 149.92 (dm, lJC-F = 240 Hz, CF), 148.85 

(dm, 1JC-F= 240 Hz, CF), 148.28 (s, para-QH2), 144.33 (d, 2Jc.p = 11 Hz, ortho-C&i), 

137.19 (dm, 1JC-F = 240 Hz, CF), 133.14 (d, 3JC-p = 10 Hz, meta-C6tt2), 109.46 (d, xJC-p = 

90 Hz, P-QH2), 22.04 (d, 3JC.P = 9 Hz, C6H2Me-2,6), 21.86 (s, C6H2Me-<). 19F NMR 

(CD2C12): 8 -127.52 (s, 2F, CeF4), -134.09 (d, 4F, 3JF.F = 20 Hz, ortho-CeF5), -134.95 (s, 

2F, CeFj), -163.87 (t, 2F, 3JF.F = 20 Hz, para-C^Fs), -167.43 (t, 4F, 3JF.F = 20 Hz, meta-

CeFs). 31P{XH} NMR (CD2C1): 8 -37.86 (m, 3JP.F = 8 Hz). Anal. Calcd. for C36H24BF,4P: 

C, 56.57; H, 3.16. Found: C, 55.62; H, 3.33 %. 

''Pr3P(C6F4)BH(C6F5)2 (3-7): To a solution of 'Pr3P(C6F4)BF(C6F5)2 (0.400 g, 0.600 

mmol) dissolved in dichloromethane (10 mL) was added (CH3)2SiHCl (0.66 mL, 0.600 

mmol) via syringe. The reaction was allowed to stir 12 hours, during which time a 

precipitate formed. All volatiles were removed in vacuo to give the product as a white 

solid. Yield 356 mg (92 %). Crystals suitable for X-ray diffraction were grown from a 

layered dichloromethane/pentane solution at 25 °C. *H NMR (CD2C12): 5 3.68 (q, 1H, 
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XJH.B = 90 Hz, BH), 3.25 (m, 3H, P{Ci/(CH3)2}), 1.46 (d, 18H, 3JH.P = 20 Hz, 

P{CH(Gtf3)2}). "B^H} NMR (CD2C12): 8 -25.28 (s). 13C{XH} NMR (CD2C12) partial: 8 

150.43 (dm, XJC-F = 250 Hz, CF), 148.25 (dm, VC-F = 235 Hz, CF), 146.98 (dm, lJc.F = 

255 Hz, CF), 139.74 (dm, XJC-F = 250 Hz, CF), 136.89 (dm, XJC-F = 252 Hz, CF), 93.67 

(dm, lJC-p = 68 Hz, p-C6F4), 24.02 (d, XJC.P = 44 Hz, P{CH(CH3)2}), 17.22 (s, 

P{CH(CH3)2}). 19F NMR (CD2C12): 8 -127.60 (m, 2F, CaF4), -132.60 (m, 2F, C ^ ) , -

134.18 (d, 4F, %.F = 18 Hz, ortho-C(F5), -164.09 (t, 2F, %.F = 20 Hz , para-CeF5), -

167.66 (t, 4F, VF./? = 20 Hz, meta-CeF5). "P^H} NMR (CD2C12): 8 52.57 (m). Anal. 

Calcd. for C27H22BFi4P: C, 49.57; H, 3.39. Found: C, 49.92; H, 3.44 %. 

Cy3P(C6F4)BH(C6F5)2 (3-8): To a solution of Cy3P(C6F4)BF(C6F5)2 (0.500 g, 0.631 

mmol) dissolved in dichloromethane (10 mL) was added (CH3)2SiHCl (0.71 mL, 0.639 

mmol) via syringe. The reaction was allowed to stir 12 hours, during which time a 

precipitate formed. All volatiles were removed in vacuo to give the product as a white 

solid. Yield 469 mg (95 %). Crystals suitable for X-ray diffraction were grown from a 

layered dichloromethane/pentane solution at 25 °C. XH NMR (CD2C12): 8 3.67 (q, 1H, 

XJH-B= 94 Hz, BH), 2.93 (m, 3H, PjCetfn}), 2.05-1.25 (br m, 30H, P jC^n}) . 11B{1H} 

NMR (CD2C12): 8 -25.30 (s). "C^H} NMR (CD2C12) partial: 8 150.40 (dm, lJc.F = 245 

Hz, CF), 148.71 (dm, XJC-F = 240 Hz, CF), 147.62 (dm, XJC.F = 255 Hz, CF), 139.84 (dm, 

XJC-F = 250 Hz, CF), 137.40 (dm, XJC.F = 250 Hz, CF), 90.20 (dm, XJC.P = 70 Hz, p-C6¥4), 

33.31 (d, XJC.P = 39 Hz, P{C6H„}3), 28.22 (d, 2JC-P = 3 Hz, P{C6Hn}3), 27.40 (d, 3JC.P = 

12 Hz, P{C6H„}3), 25.93 (s, P{C6H„}3).
 19F NMR (CD2C12): 8 -127.74 (s, 2F, C<F4), -

133.16 (s, 2F, CeF4), -133.98 (d, 4F, %.F = 20 Hz, ortho-C(,F5), -164.02 (t, 2F, %.F = 20 
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Hz, para-CeFs), -167.50 (t, 4F, 3JF.F = 24 Hz, meta-C^F;). ^P^H} NMR (CD2C12): 5 

40.99 (m). Anal. Calcd. for C36H34BF14P: C, 55.83; H, 4.43. Found: C, 56.12; H, 4.53 %. 

3.3.4 Synthesis of Cationic Boranes 

['BU2PH(C6F4)B(C6F5)2][B(C6F5)4] (3-9): An orange solution of [Ph3C][B(C6F5)3] 

(0.078 g, 0.085 mmol) in CH2C12 (2 mL) was added to a slurry of 

?Bu2PH(C6F4)BH(C6F5)2 (0.054 g, 0.084 mmol) in CH2C12 (5 mL) to give a yellow 

solution. The reaction was allowed to stir for 30 minutes at which time all volatiles were 

removed in vacuo. Pentane (5 mL) was added and the mixture filtered and washed with 

toluene (2 mL) and pentane ( 3 x 2 mL) to give an off-white solid. Yield 0.110 g (97 %). 

*H NMR (CD2C12): 8 6.38 (d, 1H, lJH.P = 460 Hz, VH), 1.63 (d, 18H, XJ„.P = 20 Hz, 

P{C(CH3)3}. "B^H} NMR (CD2C12) partial: 8 -16.83 (s, B(C6F5)3). "C^H} NMR 

(CD2C12) partial: 8 147.33 (dm, lJc.F = 235 Hz, CF), 138.62 (dm, lJc.F = 260 Hz, CF), 

136.82 (dm, lJc.F = 260 Hz, CF), 37.68 (d, lJC-p = 28 Hz, P{C(CH3)3}), 28.40 (s, 

C(CH3)3).
 19F NMR (CD2C12): 8 -121.45 (s, IF, C ^ ) , -123.58 (s, IF, C ^ ) , -124.39 (s, 

IF, Co/v), -126.41 (s, IF, CeFfi, -126.41 (s, 4F, ortho-CeF5 borane), -133.42 (s, 8F, 

ortho-CeF5 borate), -139.89 (s, 2F, para-C(p5 borane), -160.14 (s, 4F, meta-Q^s borane), 

-164.03 (t, 8F, %.F = 23 Hz , para-C^Fs borate), -167.93 (t, 8F, %.F = 20 Hz, meta-

CeFs). 31P{!H} NMR (CD2C12): 5 35.42 (m). Anal. Calcd. for C5oH19B2F34P: C, 45.56; 

H, 1.45. Found: C, 45.94; H, 1.68 %. 
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[Mes2PH(C6F4)B(C6F5)2][B(C6F5)4] (3-10): An orange solution of [Ph3C][B(C6F5)3] 

(0.121 g, 0.131 mmol) in CH2C12 (2 mL) was added to a slurry of 

Mes2PH(C6F4)BH(C6F5)2 (0.100 g, 0.131 mmol) in CH2C12 (5 mL) to give a faint yellow 

solution. The reaction was allowed to stir for 30 minutes at which time all volatiles were 

removed in vacuo. Pentane (5 mL) was added and the mixture filtered and washed with 

toluene (2 mL) and pentane (3><2 mL) to give an off-white solid. Yield 0.168 g (89 %). 

*H ^H} NMR (CD2C12): 6 8.66 (d, 1H, lJH.P = 508 Hz, ?H), 7.14 (d, 4JH-p = 7 Hz, 4H, 

P(C6#2)2), 2.42 (s, 6H, P(C6H2M?-4)2), 2.32 (s, 12H, P(C6H2Me-2,6)2). "B^H} NMR 

(CD2C12) partial: 8 -16.95 (s, B(C6F5)4). "C^H} NMR (CD2C12) partial: 8 149.64 (dm, 

VC-F = 251 Hz, CF), 149.60 (s, para-C<&2), 148.65 (dm, 1JC.F = 240 Hz, CF), 147.10 (dm, 

XJC-F = 250 Hz, CF), 144.37 (d, 2Jc.p = 12 Hz, ortho-Cfo), 138.63 (dm, lJc.F = 230 Hz, 

CF), 136.78 (dm, lJc.F = 243 Hz, CF), 135.15 (dm, XJC.F = 240 Hz, CF), 133.34 (d, 3JC.P = 

12 Hz, meta-Ctfb), 107.08 (d, lJc.P = 87 Hz, P-C6H2), 22.09 (d, VC-P = 10 Hz, C6H2M?-

2,6), 21.82 (s, C6U2Me-4). 19F NMR (CD2C12): 8 -125.18 (s, 2F, CeF4), -126.85 (s, 4F, 

ortho-CeFs borane), -128.79 (s, 2F, C(F4), -133.49 (s, 8F, ortho-CeF5 borate), -140.67 (s, 

2F, para-CeFs bomne), -160.36 (s, 4F, meta-CeF5 borane), -164.29 (t, 8F, %.F = 23 Hz, 

para-CeFs borate), -168.13 (t, 8 F , 3 J ^ = 20 Hz, meta-CeF5). "P^H} NMR (CD2C12): 8 -

37.21 (m). Anal. Calcd. for Q o H ^ B ^ P : C, 49.96; H, 1.61. Found: C, 50.55; H, 2.21 

%. 

['Pr3P(C6F4)B(C6F5)2][B(C6F5)4] (3-11): An orange solution of [Ph3C][B(C6F5)3] (0.420 

g, 0.456 mmol) in CH2C12 (2 mL) was added to a slurry of iPr3P(C6F4)BH(C6F5)2 (0.300 

g, 0.457 mmol) in CH2C12 (5 mL) to give a faint yellow solution. The reaction was 
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allowed to stir for 30 minutes at which time all volatiles were removed in vacuo. Pentane 

(5 mL) was added and the mixture filtered and washed with toluene (2 mL) and pentane 

( 3 x 2 mL) to give an off-white solid. Yield 0.450 g (74 %). *H NMR (CD2C12): 5 3.27 

(m, 3H, P{C#(CH3)2}), 1.49 (dd, 18H, 3JH-p = 18 Hz, WH = 7 Hz, P{CH(Ctf3)2}). 

"fif'H} NMR (CD2C12) partial: 5 -16.55 (s, B(C6F5)4). "C^H} NMR (CD2C12) partial: 8 

150.20 (dm, XJC-F = 255 Hz, CF), 148.60 (dm, XJC-F = 240 Hz, CF), 147.95 (dm, XJC-F = 

250 Hz, CF), 147.10 (dm, XJC-F = 260 Hz, CF), 138.52 (dm, XJC.F = 245 Hz, CF), 135.32 

(dm, XJC-F = 240 Hz, CF), 134.40 (dm, XJC.F = 245 Hz, CF), 93.20 (dm, xJc.p = 60 Hz, p-

C6F4), 24.05 (d, xJC-p = 40 Hz, P{CH(CH3)2}), 17.10 (s, P{CH(CH3)2}). 19F NMR 

(CD2CI2): 5 -125.35 (s, 2F, QF*), -128.40 (s, 2F, Q5F4), -129.0 (br s, 4F, ortho-CeF5 

borane), -133.55 (s, 8F, ortho-CfFs borate), -142.10 (br s, 2F,/>ara-C6F5borane), -162.18 

(br s, 4F, meta-C(F5 borane), -164.20 (t, 8F, %.F = 20 Hz, para-CeF5 borate), -168.08 (t, 

8F, %-F = 20 Hz, meta-CeFs borate). 31P{1H} NMR (CD2C12): 5 56.10 (m, %.F= 16 Hz). 

Anal. Calcd. for C51H2iB2F34P: C, 45.98; H, 1.59. Found: C, 46.58; H, 1.79 %. 

[Cy3P(C6F4)B(C6F5)2][B(C6F5)4] (3-12): An orange solution of [Ph3C][B(C6F5)3] (0.238 

g, 0.258 mmol) in CH2C12 (2 mL) was added to a slurry of Cy3P(C6F4)BH(C6F5)2 (0.200 

g, 0.258 mmol) in CH2C12 (5 mL) to give a faint yellow solution. The reaction was 

allowed to stir for 30 minutes at which time all volatiles were removed in vacuo. Pentane 

(5 mL) was added and the mixture filtered and washed with toluene (2 mL) and pentane 

( 3 x 2 mL) to give an off-white solid. Yield 0.332 g (87 %). *H NMR (CD2C12): 8 2.98 

(m, 3H, P{C6#n}), 2.01-1.29 (br m, 30H, P{C6#„}). 11B{1H} NMR (CD2C12) partial: 8 -

16.97 (s, B(C6F5)4).
 13C{1H} NMR (CD2C12) partial: 8 149.27 (dm, XJC.F = 257 Hz, CF), 
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148.66 (dm, lJc.F = 240 Hz, CF), 148.15 (dm, XJC.F = 250 Hz, CF), 147.00 (dm, XJC-F = 

260 Hz, CF), 138.52 (dm, XJC-F = 245 Hz, CF), 136.81 (dm, 1JC-F = 240 Hz, CF), 136.16 

(dm, 1JC-F = 245 Hz, CF), 95.50 (dm, xJC-p = 65 Hz, p-C6F4), 33.72 (d, xJc.p = 36 Hz, 

P{C6H„}3), 28.23 (d, 2Jc-P = 4 Hz, P{C6Hn}3), 27.3 (d, VC-P = 12 Hz, P{C6Hn}3), 25.72 

(s, P{C6Hn}3).
19F NMR (CD2C12): 5 -124.33 (s, 2F, C ^ ) , -126.56 (br s, 4F, ortho-C^ 

borane), -126.92 (s, 2F, C ^ ) , -133.54 (s, 8F, ortho-C6F5 borate), -140.28 (br s, IF,para-

C6F5 borane), -160.25 (br s, 4F, meta-CeFs borane), -164.28 (t, 8F, JF-F = 20 Hz , para-

CgFj borate), -168.12 (t, 8F, 3JF.F = 20 Hz, meta-CeFs borate). ^P^H} NMR (CD2C12): 8 

45.42 (m, 3JP.F= 16 Hz). Anal. Calcd. for C60H33B2F34P: C, 49.62; H, 2.29. Found: C, 

50.24; H, 2.62 %. 

3.3.5 Synthesis of Phosphino-Boranes 

'Bu2P(C6F4)B(C6F5)2 (3-13): A 20 mL vial was charged with tBu2PH(C6F4)BF(C6F5)2 

(0.099 g, 0.150 mmol), toluene (10 mL) and diethyl ether (1 mL), forming a white slurry. 

The mixture was cooled to -35 °C and 3.0 M MeMgBr in diethyl ether (0.060 mL, 0.180 

mmol) was added via syringe. Immediate formation of a clear yellow solution was 

observed. The reaction was allowed to warm to room temperature and stirred for 12 

hours. All volatiles were removed in vacuo and the product extracted with hexanes ( 3 x 5 

mL) and filtered through Celite. The solvent was removed in vacuo to give a yellow solid. 

Yield 54 mg (56 %). JH NMR (C6D6): S 1.15 (d, 18H, lJH.P = 13 Hz, P{C(CH3)3}. 

"B^H} NMR (C6D6): 8 50 (br). nC{lU} NMR (C6D6) partial: 8 149.85 (dm, XJC.F = 234 

Hz, CF), 148.72 (dm, XJC.F = 252 Hz, CF), 147.63 (dm, XJC.F = 247 Hz, CF), 144.68 (dm, 
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lJc-F = 220 Hz, CF), 137.86 (dm, XJC.F = 255 Hz, CF), 33.62 (dd, lJc.p = 27 Hz, VC.F = 3 

Hz P{C(CH3)3}), 30.21 (dd, xJC-p = 17 Hz, 4JC.F = 4 Hz, C(CH3)3).
 19F NMR (C6D6): 8 -

120.24 (s, IF, C ^ ) , -125.19 (d, IF, %.P = 110 Hz, C4F4), -128.99 (s, 4F, ortho-C(F5), -

129.68 (s, IF, CeF4), -130.48 (s, IF, C ^ ) , -142.63 (s, 2F, para-C^F5), - 160.68 (s, 4F, 

meta-CeFs). 31P{XH} NMR (C6D6): 8 25.08 (dm, 3JP.F =110 Hz). UV-Vis (Hexanes): 

^max= 373 nm. Anal. Calcd. for C26Hi8BFi4P: C, 48.93; H, 2.84. Found: C, 48.98; H, 2.98 

%. 

Mes2P(C6F4)B(C6F5)2 (3-14): A 20 mL vial was charged with Mes2PH(C6F4)BF(C6F5)2 

(0.098 g, 0.125 mmol), toluene (10 mL) and diethyl ether (1 mL), forming a white slurry. 

The mixture was cooled to -35 °C and 3.0 M MeMgBr in diethyl ether (0.050 mL, 0.150 

mmol) was added via syringe. Immediate formation of a clear orange solution was 

observed. The reaction was allowed to warm to room temperature and stirred for 12 

hours. All volatiles were removed in vacuo and the product extracted with hexanes ( 3 x 5 

mL) and filtered through Celite. The solvent was removed in vacuo to give an orange 

solid. Yield 78 mg (82 %). XH NMR (C6D6): 8 6.67 (d, %.P = 3 Hz, 4H, P(C6%)2), 2.29 

(s, 12H, P(C6H2M?-2,6)2), 2.02 (s, 6H, P(C6H2M?-02). "B^H} NMR (C6D6, 96 MHz, 

300K): 55 (br). ^C^H} NMR (C6D6) partial: 8 148.51 (dm, XJC-F= 250 Hz, CF), 143.36, 

139.73 (quaternary, QH2), 137.65 (dm, ^ = 2 5 0 Hz, CF), 134.19 (dm, ^ = 2 5 0 Hz, 

CF), 130.67 (s, C-H, QH2), 127.38 (quaternary, C6H2), 23.01 (d, 3JC.P = 17 Hz, C6H2Me-

2,6), 20.86 (s, C6H2Me-4). 19F NMR (C6D6): 8 -129.32 (br s, 4F, ortho-CeF5), -129.90 (br 

s, 2F, CgZv), -130.82 (br s, 2F, C^), -142.96 (br s, 2F, para-C^Fs), -160.59 (br s, 4F, 

meta-C(F5\ ^P^H} NMR (C6D6, 121 MHz, 300K): 8 -41.69 (t, 3JP.F= 31 Hz). UV-Vis 
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(Hexanes): W = 455 nm. Anal. Calcd. for C36H22BFi4P: C, 56.72; H, 2.91. Found: C, 

57.03; H, 3.52 %. 

Mes2P(C6F4)B(C6F5)2(THF) (3-15): Dissolution of Mes2P(C6F4)B(C6F5)2 in THF 

afforded the species 3-15, which was obtained as a white solid in quantitative yield after 

removal of all volatiles in vacuo. Crystals suitable for X-ray diffraction were grown from 

slow evaporation of a concerted THF solution at 25 °C. *H NMR (C6H6): S 6.67 (d, 4JH-P 

= 4 Hz, 4H, P(C6#2)2), 3.35 (m, 4H, THF), 2.33 (s, 12H, P(C6H2Me-2,6)2), 2.01 (s, 6H, 

P(C6H2Me-<)2), 0.93 (m, 4H THF). "B^H} NMR (C6D6): 5 -2.50 (br s). 13C{lH} NMR 

(C6D6) partial: 8 148.24 (dm, lJc.F = 240 Hz, CF), 144.58 (dm, XJC.F = 240 Hz, CF), 

143.14, 139.06 (quaternary, QH2), 137.50 (dm, XJC-F = 240 Hz, CF), 130.58 (s, C-H, 

QH2), 129.30 (quaternary, QH2), 22.85 (d, Vc.p = 17 Hz, C6H2M?-2,<5), 20.85 (s, 

C6H2Me-4). 19F NMR (C6D6): 8 -132.40 (m, 2F, C ^ ) , -133.20 (d, %.F = 23 Hz, ortho-

CeFs), -133.67 (m, 2F, C<F4), -155.15 (t, 2F, 3JF.F=20 Hz, para-C^s), -163.28 (t, 4F, 

3JF.F = 23 Hz, meta-CeFs). ^Pi 'H} NMR (C6D6): 8 -43.57 (t, 3JP.F = 34 Hz). Anal. 

Calcd. for C40H30BF14PO: C, 57.58; H, 3.62. Found: C, 57.76; H, 3.95 %. 

['Bu2P(NH2)(C6F4)B(N3)(C6F5)2] (3-16): To a stirring toluene (10 mL) solution of 

[T3u2P(C6F4)BF(C6F5)2][CioH6N2(Me)4H] (0.300 g, 0.34 mmol) was added a solution of 

Me3SiN3 (~ 0.045 mL, 0.34 mmol) in toluene (1 mL). The reaction was heated to 100 °C 

for 2 hours at which time the mixture was cooled to room temperature and all volatiles 

were removed in vacuo to give a white solid. NMR spectroscopy showed multiple 

products. The white solid was washed with toluene (3 x 10 mL) and recrystallized by 
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layering pentane on a concentrated CH2CI2 solution at 25 °C. Yield 0.180 g. Major NMR 

signals were attributed to 3-16, indicating water was present during reaction. Crystals of 

3-16 suitable for X-Ray diffraction were grown from a layered C^CVpentane solution 

at 25 °C. Major *H NMR (CD2C12): 5 4.83 (s, 2H, NH2) 1.48 (d, 18H, lJH.P = 17 Hz, 

P{C(CH3)3}. "B {*H} NMR (CD2CI2): 8 -10.37 (s). 19F NMR (CD2C12): 5 -123.34 (m, 

IF, CeF4), -128.91 (m, IF, CeF4), -129.67 (m, IF, CeF4), -134.91 (m, 4F, ortho-C(F5), -

136.97 (m, IF, QsF,), -161.17 (m, 2F, para-QjFs), -166.35 (meta-CeFs). 31P{1H} NMR 

(CD2CI2): 8 70.5 (m). 

(COD)Pt(Me)(Mes)2P(C6F4)BMe(C6F5)2 (3-17): To a vial charged with (COD)PtMe2 

(0.026 g, 0.078 mmol) and C6D5Br (0.5 mL) was added Mes2P(C6F4)B(C6F5)2 (0.060 g, 

0.078 mmol) dissolved in C6D5Br (0.5 mL). The mixtures was shaken for 5 minutes and 

transferred to an NMR tube for analysis. Quantitative formation of 3-17 was observed by 

NMR spectroscopy. After solvent removal under vacuum, 3-17 was obtained as a cream 

colored solid in 81% yield (70 mg). Crystals suitable for X-ray diffraction were grown by 

slowly adding pentane to the product dissolved in C6D5Br at 25 °C and letting the solution 

stand for 24 hours. *H NMR (C6D5Br, -25°C): 8 7.25-7.67 (br m, 4H, P(Ceft)), 5.90 (br 

s, 1H, COD), 5.16 (br s, 1H, COD), 4.92 (br s, 2H, COD), 3.10 (br s, 3H, P(C6H2Me-4)), 

2.88 (br s, 3H, P(C6H2Me-4)), 2.41-2.10 (br m, 18H, P(C6H2Me-2,6)2, COD), 1.54 (br s, 

2H, COD), 1.25 (br m, 3H, BMe), 0.44 (br s, 3H, PtMe). n B {*!!} NMR (C6D5Br): 8 -

14.60 (br s, BMe). 13C {*H} NMR (C6D5Br) partial: 8 148.87 (dm, XJC.F = 250 Hz, CF), 

145.10 (dm, XJC-F = 250 Hz, CF), 142.50 (br, quaternary), 141.45 (dm, XJC.F = 245 Hz, 

CF), 137.30 (dm, XJC.F = 250 Hz, CF), 130.83 (s, para-C6H2), 111.68 (br, COD), 108.01 
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(m, COD), 30.03 (br, COD), 29.37 (br, COD), 24.50 (br, C6H2Me-4), 20.94 (br, C6H2Me-

2,6), 11.33 (br, BMe), 5.39 (br, PtMe). 19F NMR (C6D5Br): 8 -128.70 (m, IF, 3JF.F = 20 

Hz, C ^ ) , -129.28 (m, IF, C ^ ) , -130.04 (m, IF, C(JF4), -132.21 (m, l¥,3JF.F = 22 Hz, 

CeF¥), -132.57 (m, 4F, 3JF.F = 24 Hz, ortho-C^Fs), -163.81 (m, 2F, 3JF.F = 21 Hz , para-

CeF5), - 166.65 (m, 4F, %.F = 22 Hz, meta-C^s). 31P {*H} NMR (C6D5Br): 8 -11.33 (d, 

1JP.p» = 3831 Hz). 
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Table 3.1 Selected NMR data for phosphonium borates, anionic phosphines, cationic 
boranes, and phosphino-boranes. 

Compound 8 31P (VP.H) 8 "B(VB-H) 19FAp.m* 81 9F (o-F, p-F, m-F) 

Reference 

B(C6F5)3
98 59 18.2 -128.5,-143.1,-161.3 

Anionic Phosphines [R2P(C6F4)BF(C6F5)2][PS-H] 

3-lR='Bu a 21.7 -0.8 4.7 -134.9,-161.5,-166.2 

3-2R = Mesa -48.3 -0.7 4.8 -134.8,-161.3,-166.1 

Phosphonium Borates Mes2PH(C6F4)BX(C6F5)2 

2-5 X = F -37.7(503) 0.4 5.0 -135.8,-161.8,-166.8 

3-3X = Clb -34.3(504) -7.6 5.4 -132.9,-161.5,-166.9 

3-4X = Brb -37.9(504) -11.5 5.7 -131.4,-161.2,-166.9 

Phosphonium Borates R2PH(C6F4)BH(C6F5)2 and R,
3P(C6F4)BH(C6FS)2 

3-5R = 'Bub 34.0(462) -25.2(82) 3.6 -134.1,-164.0,-167.6 

3-6R = Mesb -37.9(502) -25.2(85) 3.5 -134.1,-163.9,-167.4 

3-7R' = Cyb 41.0 -25.3(94) 3.5 -134.0.-164.0,-167.5 

3-8R'='Prb 52.6 -25.3(90) 3.6 -134.2,-164.1,-167.7 

Cationic Borates fR2PH(C6F4)B(C6Fs)2jfAJe and [R ,
3P(C6F4)B(C6F5)2][Ar 

3-9R = 'Bub 35.4(460) 20.1 -126.4,-139.9,-160.0 

3-10R = Mesb -37.2(508) 19.7 -126.9,-140.7,-160.4 

3- l lR' = Cyb 45.4 20.0 -126.6,-140.3,-160.3 

3-12R' = 'Prb 56.1 20.1 -129.0,-142.1,-162.2 

Phosphino-boranes R2P(C6F4)B(C6FS)2 and R'2P(C6F4)B(THF)(C6FS)2 

3-13R = ?Bua 25.1 50 18.1 -128.9,-142.6,-160.7 

3-14R = Mesa -41.7 55 17.6 -129.3,-143.0,-160.6 

3-15R' = Mesa -43.6 -2.5 8.1 -133.2,-155.2,-163.3 

PS = proton sponge, [A] = B(C6F5)4
 aC6D6,

 bCD2Cl2,
 CTHF, dC6D5Br, 'signals for 

B(C6Fs)4 not listed, Chemical shift difference between para and meta resonances in 19F 
NMR spectrum. 
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3.3.6 Lewis Acidity Determination 

Lewis acidity determination via the Beckett/Gutmann193 method used a procedure similar 

to that described by Britovsek et a/.141 Here, an NMR tube was charged with the Lewis 

acid and Et3PO in a 3:1 ratio in dry CD2C12 and the ^P^H} NMR spectra recorded at 27 

°C. An excess of Lewis acid was used for the Gutmann-Beckett method to ensure 

complete formation of the Et3PO-Lewis acid adduct. For the Childs method,194 a NMR 

tube was charged with the Lewis acid and crotonaldehyde in a 1:1 ratio in dry CD2CI2 and 

the 'H NMR spectra recorded at -20 °C, analogous to the original report. It should be 

noted that attempts to use C6D6/CD2Cl2 mixtures as the solvent for Childs acidity 

measurements at room temperature gave irreprodrucible results. 

3.3.7 X-ray Data Collection, Reduction, Solution and Refinement 

Single crystals were mounted in thin-walled capillaries either under an atmosphere of dry 

N2 in a glove box and flame sealed or coated in Paratone-N oil. The data were collected 

using the SMART software package104 on a Siemens SMART System CCD 

diffractometer using a graphite monochromator with MoKa radiation (X = 0.71069 A) at 

25 °C. A hemisphere of data was collected in 1448 frames with 10 second exposure 

times, unless otherwise noted. Data reductions were performed using the SAINT 

software package105 and absorption corrections were applied using SADABS.106 The 

structures were solved by direct methods using XS and refined by full-matrix least-

squares on F2 using XL as implemented in the SHELXTL suite of programs.107 All non-H 
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atoms were refined anisotropically. Carbon-bound hydrogen atoms were placed in 

calculated positions using an appropriate riding model and coupled isotropic temperature 

factors. Phosphorus and nitrogen-bound hydrogen atoms were located in the electron 

difference map and their positions refined isotropically. For compound 3-7 disordered 

CH2CI2 solvent molecules were removed using the 'squeeze' command in PLATON.108' 

109 
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Table 3.2 Selected crystallographic data for compounds 3-2,3-3-CH2C12, 3-4. 

Crystal 
Formula 

Formula weight 
Crystal system 

Space group 
a(A) 
b(A) 
c(A) 
O 
PC) 
y(°) 

V(A3) 

z 
d(calc) g cm"1 

Abs coeff, (i, cm"1 

Data collected 
Data F0

2>3a(F0
2) 

Variables 
Ra 

Rw 

Goodness of Fit 

3-1 
C4oH37BF15N2P 

872.50 
Monoclinic 

P2!/c 
13.5325(14) 
12.9076(13) 
23.869(3) 

90 
99.999(1) 

90 
4106.0(7) 

4 
1.411 
0.167 
38674 
7224 
546 

0.0548 
0.1422 
1.045 

3-3CH2Cl2 

C37H25BF14PCI3 
883.70 

Monoclinic 
P2i/n 

11.1136(11) 
13.22905(13) 

26.134(3) 
90 

100.2370(10) 
90 

3798.6(6) 
4 

1.545 
0.380 
36039 
6684 
515 

0.0599 
0.1440 
1.008 

3-4 
C36H23BFi4PBr 

843.23 
Triclinic 

P-l 
11.370(6) 

13.9414(14) 
14.1418(15) 
106.622(1) 
98.290(1) 
103.352(1) 
2036.2(4) 

2 
1.375 
1.136 
19739 
7138 
482 

0.0594 
0.1859 
1.061 

This data was collected at 25 °C with Mo Ka radiation (A, = 0.71069 A). 
aR=S(F0-Fc)/IF0

 bRw=(Z[w(F0
2-Fc

2 )2] /S[w(F0)
2])'/2 
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Table 3.3 Selected crystallographic data for compounds 3-5, 3-6, 3-7. 

Crystal 
Formula 

Formula weight 
Crystal system 
Space group 

a(A) 
b(A) 
c(A) 
O 
P(°) 
y(°) 

V(A3) 
z 

d(calc) g cm"1 

Abs coeff, \i, cm"1 

Data collected 
Data F0

2>3a(F0
2) 

Variables 
Ra 

Rw 

Goodness of Fit 

3-5 
C26H20BF14P 

640.20 
Triclinic 

P-l 
9.6218(12) 
17.225(2) 
18.468(2) 
67.652(2) 
76.712(3) 
88.612(2) 
2748(6) 

4 
1.547 
0.211 
13680 
7884 
785 

0.0548 
0.1537 
1.044 

3-6 
C36H24BFi4P 

764.33 
Triclinic 

P-l 
10.9443(18) 
11.6829(19) 

13.617(2) 
72.560(2) 
89.300(3) 
89.039(3) 
1660.8(5) 

2 
1.528 
0.189 
13907 
4782 
469 

0.1291 
0.3280 
1.001 

3-7 
C27H22BF14P 

654.23 
Monoclinic 

P2i/n 
9.3212(7) 

16.4421(13) 
17.8541(14) 

90 
91.0440(10) 

90 
2735.9(4) 

4 
1.588 
0.214 
25837 
4817 
391 

0.0460 
0.1222 
1.065 

This data was collected at 25 °C with Mo Ka radiation (X = 0.71069 A). 
aR=S(F0-Fc)/2:F0

 bRw=(I[w(F0
2-Fc

2 )2] /I[w(F0)
2])1/2 
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Table 3.4 Selected crystallographic data for compounds 3-8, 3-15, 3-16. 

Crystal 
Formula 

Formula weight 
Crystal system 

Space group 
a(A) 
b(A) 
c(A) 
< ) 

P(°) 
y(°) 

V(A3) 

z 
d(calc) g cm"1 

Abs coeff, |j., cm"1 

Data collected 
Data Fo

2>3a(F0
2) 

Variables 
Ra 

Rw 

Goodness of Fit 

3-8 
C36H34BF14P 

774.41 
Monoclinic 

P2i/n 
11.743(5) 

25.780(12) 
13.975(7) 

90 
113.837(7) 

90 
3870(3) 

4 
1.329 
0.163 
36913 
6803 
469 

0.0630 
0.1564 
0.988 

3-15 
C40H20BF14PO 

834.42 
Triclinic 

P-l 
8.8328(14) 
11.0137(18) 
21.073(3) 
100.414(2) 
95.590(2) 
111.122(2) 
1851.1(5) 

2 
1.497 
0.178 
17897 
6502 
520 

0.0461 
0.1146 
1.005 

3-16 
C26H2oBF14N4P 

696.24 
Triclinic 

P-l 
11.0660(8) 
11.4485(8) 
12.6338(9) 

66.5540(19) 
78.9040(10) 
75.3460(10) 
1413.03(17) 

2 
1.636 
0.216 
10479 
6917 
429 

0.0501 
0.1315 
1.028 

This data was collected at 25 °C with Mo Ka radiation (k = 0.71069 A). 
aR=S(F0-Fc)/ZF0

 bRw=(S[w(F0
2-Fc

2 )2] /Z[w(F0)
2])'/2 



Table 3.5 Selected crystallographic data for compound 3-17. 
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Crystal 
Formula 

Formula weight 
Crystal system 
Space group 

a(A) 
b(A) 
c(A) 
a(°) 

P(°) 
y(°) 

V(A3) 

z 
d(calc) g cm"1 

Abs coeff, \i, cm"1 

Data collected 
Data F0

2>3a(F0
2) 

Variables 
Ra 

Rw 

Goodness of Fit 

3-17 
C46H36BF14PPt 

1095.65 
Monoclinic 

P2j/n 
9.031(5) 

19.620(11) 
23.802(13) 

90 
95.685(9) 

90 
4197(4) 

4 
1.734 
3.478 
17538 
2668 
568 

0.0476 
0.0686 
1.102 

This data was collected at 25 °C with Mo Ka radiation (X = 0.71069 A). 
aR=2(F0-Fc)/EF0

 bRw=(S[w(F0
2-Fc

2 )2] /2[w(F0)
2])'/2 
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3.3.1 Synthesis of Anionic Phosphines, Cationic Boranes, and Phosphino-Boranes 

3.3.1.1 Anionic Phosphine Borates 

The P-H moiety of the phosphonium borates described previously can be readily 

deprotonated giving access to anionic phosphines. The zwitterions R2PH(C6F4)BF(CeF5)2 

(R = 'Bu 2-4, Mes 2-5) react rapidly with proton sponge to give the white solids 3-1 and 

3-2 in 91 % and 90 % yield, respectively (Scheme 3.1). The NMR data (Table 3.1) for 3-1 

and 3-2 reveal little change in the HB NMR resonances although the 'H NMR spectra 

confirm the deprotonation of phosphorus and the formation of protonated proton sponge. 

This is consistent with the observation of the N-H resonance in the !H NMR spectrum at 

18 ppm and the upfield shift of the 31P NMR resonance for 3-1 and 3-2 to 21.7 ppm and -

48.3, respectively. In addition, the former P NMR resonance is a doublet of doublets of 

doublets of doublets showing distinct coupling to the four fluorine atoms (JP_F= 110, 21, 

7 and 5 Hz) on the CeF4 aryl ring (Figure 3.1). This coupling is also reflected in the 19F 

NMR spectra where one fluorine atom is split into a distinct doublet (3JP-F =110 Hz). The 

large coupling constant is likely a result of a through space interaction of the P with the 

ortho-F. At 150 °C in C6D5Br the 31P NMR signal becomes a broad singlet. While this 

behaviour reflects inhibited rotation about the P-aryl bond, solvent limitations precluded 

observation in the rapid exchange regime. In contrast, rotation of the P-C6F4 bond is facile 

at 25°C for 3-2 which is reflected in the 31P NMR spectrum by the appearance of a triplet 

resonance ( JP_F= 37 Hz). 
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25°C 

3-1 R = 'Bu 
3-2 R = Mes 
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F F 

anionic phosph'me 

Scheme 3.1 Synthesis of anionic phosphines. Base = proton sponge, CioH6(NMe2)2. 

• " f "T I l ' " " l " 

-130 -140 -150 -ISO -170 -180 -190 

Figure 3.1 19F and 31P{1H} NMR spectra of 3-1. (A) expanded view of the 19F NMR 
spectrum of the C6F4 fluorine atom ortho to phosphorus. (B) 31P{1H} NMR resonance. 
(C) full 19F NMR spectrum, O = C6F5, A = C6F4. 
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Here the phosphorus atom is coupled to two effectively equivalent fluorine atoms 

of the C6F4 aryl ring. These spectral data support the formulation of 3-1 and 3-2 as the 

proton-sponge salts of the phosphine-borates [R2P(C6F4)BF(C6F5)2][CioH6(NMe2)2H] (R 

= 'Bu 3-1, Mes 3-2) generated by deprotonation of the phosphorus center. This 

interpretation was further confirmed crystallographically (Table 3.2) for 3-1. A POV-ray 

depiction is shown in Figure 3.2. The phosphorus center is pyramidal while the boron 

center remains pseudo-tetrahedral, similar to the parent phosphonium borate 2-4. The 

average P-Caikyi bond lengths (1.873 A) are only slightly longer than those for 2-4 (1.849 

A), while the P-Caryi bond length (1.861(3) A) has increased from that in 2-4 (1.810(4) A). 

The B-F bond length of 1.420(3) is slightly shorter than that found in 2-4 (1.441(4) A), 

but is well within the average found for the series of fluoro-borate species reported in 

Chapter 2. The B-C bonds remain largely unchanged from 2-4. The known ammonium 

cation195"201 is positioned close to the borate moiety with a rather long NH...FB distance 

of 3.05(4), while several short intermolecular CH...FC contacts from 2.41(2)-2.55(2) A 

were found between the methyl groups on nitrogen and the fluoroaryl rings on boron. 

Additionally two short intramolecular CH...FC contacts of 2.04(3) and 2.35(3) A were 

observed between the tert-butyl groups on phosphorus and the bridging ortho-fluorine 

F(l). These distances are very short and indicate the existence of H...F hydrogen-bonding, 

which clearly contribute to the restricted rotation about the P-Caryi bond. Interestingly, the 

ion pairs 3-1 and 3-2 are readily soluble in aromatic solvents whereas the parent 

phosphonium borates are only sparingly soluble in aromatic solvents. While ion pairs 

typically exhibit a lower solubility than neutral molecules, the lower solubility of the 

zwitterions 2-4 and 2-5 can be attributed to the ionic head-to-tail interactions observed in 

the solid state and several intermolecular H...F interactions, which makes the compounds 
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difficult to solvate. Related anionic phosphines have been previously reported but they 

are not fluorinated and their preparations involve complicated multi-step synthetic 

Figure 3.2 POV-ray depiction of 3-1. Carbon: black, Phosphorus: orange, Fluorine: pink, 
Boron: yellow-green, Nitrogen: blue. Carbon hydrogen atoms omitted for clarity. 
Selected metrical parameters {distances (A), angles (°)}: 3-1: P(l)-C(5) 1.864(4), P(l)-
C(l) 1.882(4), P(l)-C(9) 1.861(3), B(l)-C(12) 1.656(4), B(l)-C(15) 1.653(4), B(l)-C(21) 
1.656(4), B(l)-F(15) 1.420(3), N(l)-H 1.15(4), N(2)-H 1.49(4), C(5)-P(l)-C(l) 
114.23(19), C(12)-B(l)-C(15) 112.3(2), C(12)-B(l)-F(15) 104.6(2), C(l)-P(l)-C(9)-
C(14) 123.1(3), C(5)-P(l)-C(9)-C(14) 116.9(3). 

The ability of phosphinimines to act as ligands for early metal olefin 

polymerization catalysts203 led to the attempted oxidation of the phosphine of 3-1 via a 

standard Staudinger reaction. Unfortunately, treatment of 3-1 with approximately one 

equivalent of Me3SiN3 led to a mixture of products. Surprisingly, after washing the crude 

solid with toluene and crystallization from CH2CI2 and pentanes, a white solid was 

isolated and identified as 'BujP^FfcXCeF^BO^XCeFs^ (3-16) (Scheme 3.2). The 

compound exhibits 31P and n B NMR resonances at 70.5 ppm and -10 ppm which are 

indicative of phosphinimonium204 and azidoborate205 fragments, respectively. 
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3-16R = *Bu 

F F base-H F. F base-H H2N /==( e / N s 

R' ) - ^ k6F5 -FSiMe3 R* ) — ( C6F5 F + F 
F F "N2 F F [base-H][OH] 

+ 
Me3SiOH 

Scheme 3.2 Synthesis of phosphinimonium azidoborate 3-16. 

This compound is interesting as there are only a handful of examples of 

azidoborates reported in the literature with this being the first zwitterionic species. The 

azidoborates reported are typically found to have ancillary perfluoroaryl,205"209 aryl,210 or 

9 1 1 - 9 1 ^ 

azido substituents at boron. These species consist of a [R3BN3] anion and a 

corresponding spectator cation. The solid state structure of 3-16 was obtained (Table 3.4) 

and is shown in Figure 3.3. The molecule packs in a dimeric arrangement with head-to-

tail N(4)-H...N(1) separations of approximately 2.788 A. Also noted is the close N(4)-

H...F(6)-C(7) distance of 2.480 A. This orientation also provides parallel yet offset n-

stacking of the P,B substituted arene-rings analogous to that observed for the related 

phosphonium fluoroborates 2-4 and 2-6. The geometry at boron is pseudo-tetrahedral 

with average C-B-C and C-B-N bond angles of 111.34° and 107.55°, respectively. The 

B(l)-N(l) bond distance is 1.591(3) A, while the N(l)-N(2) and N(2)-N(3) distances are 

1.210(3) A, and 1.135 (3) A respectively. These parameters compare well to those found 

for the similar azidoborate [(C6F5)3BN3][Me4N],205 while the B-N distance is slightly 

shorter than that found in the non-fluorinated derivative [(C6H5)3BN3][Me4N] (1.601(2) 

A). 2 0 5 
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Figure 3.3 POV-ray depictions of (left) 3-1, (right) 3-16. Carbon: black, Phosphorus: 
orange, Fluorine: pink, Boron: yellow-green, Nitrogen: blue. Carbon hydrogen atoms 
omitted for clarity. Selected metrical parameters {distances (A), angles (°)}: 3-16 P(l)-
N(4) 1.634(2), N(4)-H 0.90(4) and 0.84(4), P(l)-C(16) 1.826(2), B(l)-N(l) 1.591(3), 
N(l)-N(2) 1.210(3), N(2)-N(3) 1.135(3), B(l)-C(13) 1.648(3), B(l)-N(l)-N(2) 
118.43(19), N(l)-N(2)-N(3) 175.9(3), B(l)-N(l)-N(2)-N(3) 176(4). 

The azide unit is slightly bent with N(l)-N(2)-N(3) equal to 175.9(3)° which is 

typical for covalent azides and the bent B-N3 orientation (B1-N1-N2 = 118.43(19)°) is 

common for all azidoborates.205"213 The substituents at phosphorus are arranged in a 

distorted tetrahedral fashion with average C-P-C and C-P-N bond angles of 112.37° and 

106.48°, respectively. The P(l)-N(4) bond distance of 1.634(2) A fits within the range for 

similarly reported phosphinimonium cations214' 215 and is closer to the ideal P-N double 

bond distance (1.57 A) than the ideal P-N single bond distance (1.76 A).216 The remaining 

metrical parameters are unexceptional. Due to the formation of 3-16 it is apparent that 

oxidation of phosphorus is competitive with F for N3 exchange. It is likely that water was 

present during the course of the reaction hydrolyzing the trimethylsilyl group after 

oxidation of phosphorus. Protonation of the resulting phosphinimine (P=NH) by trace 
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water gives a phosphinimonium cation and a hydroxyl anion. It is assumed the latter pairs 

with the proton sponge ammonium cation giving the ion pair [CioH6(NMe2)2H][OH]. 

Although a phosphinimine was not obtained, this result demonstrates that the present 

phosphine is capable of oxidation, thus there exists the possibility to synthesize anionic 

phosphinimines, provided there is suitable protection of the borate, which may prove 

useful as ancillary ligands for the generation of metal catalysts. 

3.3.1.2 Fluorine Exchange 

The B-F moiety of the phosphonium borates described can be modified to give 

both chloro and bromo derivatives. Treatment of the ft/s-mesityl compound 2-5 with 

Me3SiCl or Me3SiBr in solution gave the zwitterions Mes2PH(C6F4)BX(C6F5)2 (X = CI 3-

3, Br 3-4, respectively) which exist as air and moisture stable off-white solids (Scheme 

3.3). The 19F NMR spectra of 3-3 and 3-4 shows loss of the B-F resonances while the n B 

NMR spectra give singlets at -6.7 and -11.5 ppm, respectively. The upfield shift of the n B 

NMR resonances compared to 2-5 (8 = 0.4 ppm) is consistent with a greater electron 

density on boron as a consequnce of the weaker electron withdrawing abilty of CI and Br 

vs. F, and additionally due to a decrease in p-type orbital overlap between B and halide 

going from F to Br.217 The remaining NMR spectra of 3-3 and 3-4 are similar to those of 

2-5. The connectivies of 3-3 and 3-4 were confimed by X-ray crystallography (Table 3.2) 

and are shown as POV-ray depictions in Figure 3.4. The geometries are similar to those of 

the phosphonium borates discussed previously. 
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Scheme 3.3 Synthesis of phosphonium chloro-, bromo-, and hydrido-borates. 

As expected, the B-Cl (1.921(5) A) and B-Br (2.118(5) A) bond lengths are significantly 

longer than the average B-F (ca. 1.439 A) bond distances and compare well to those 

reported for the anions C1B(C6F5)3
Z10' ̂  and BrB(CF3)3. In a similar fashion, hydrido 

borate derivates can be readily synthesized upon treament with silane. Compound 2-4 

rapidly reacts with Me2SiHCl to effect H for F exchange at boron, generating 

lBu2PH(C6F4)BH(C6F5)2 (3-5) as an air- and moisture-stable white solid (Scheme 3.3), 

although slow hydrolysis of the B-H bond is observed over extended periods of time in 

solution. The NMR spectra of 3-5 are similar to those of 2-4 (Table 3.1) The replacement 

of the B-F with a B-H fragment is verified by the doublet resonance (VB-H = 100 Hz) m 

the n B NMR spectrum at -25 ppm and appearance of a broad quartet in the range of 3.6 

to 3.4 ppm in the lH NMR spectrum. 
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Figure 3.4 POV-ray depictions of (left) 3-3, (right) 3-4. Carbon: black, Phosphorus: 
orange, Fluorine: pink, Boron: yellow-green, Chlorine: green, Bromine: brown. Carbon 
hydrogen atoms omitted for clarity. Selected metrical parameters {distances (A), angles 
(°)}: 3-3: P(l)-H 1.27(3), P(l)-C(19) 1.796(4), P(l)-C(28) 1.795(4), P(l)-C(16) 1.798(4), 
B(l)-C(13) 1.654(6), B(l)-C(l) 1.638(7), B(l)-C(7) 1.624(7), B(1)-C1(1) 1.921(5), C(19)-
P(l)-C(28) 118.32(18), C(13)-B(l)-C(7) 118.2(4), C(13)-B(1)-C1(1) 105.6(3). 3-4 P(l)-H 
1.21(6), P(l)-C(19) 1.796(4), P(l)-C(28) 1.789(4), P(l)-C(16) 1.793(4), B(l)-C(13) 
1.634(6), B(l)-C(l) 1.648(6), B(l)-C(7) 1.630(6), B(l)-Br(l) 2.118(5), C(19)-P(l)-C(28) 
116.5(2), C(13)-B(l)-C(7) 117.2(3), C(13)-B(l)-Br(l) 103.4(3). 

The upfield shift of the n B NMR resonance compared to the F, CI, and Br 

derivatives follows the observation that as the electronegativity of the subsituent at boron 

decreases, greater electron density is put on boron, resulting in increased chemical 

shielding of the n B nuclei, hence an upfield chemical shift. As mentioned previously, 

weaker p-type orbital overlap between B and H also contributes to the upfield chemical 

shift. This weaker orbital overlap is also relfected in the BH coupling constant, which is 

larger than the BF coupling constant, ('/B-H = 100 Hz vs 1JB-F = 60 Hz) due to greater s-

character in the former. The structure of compound 3-5 was confirmed by X-ray 

crystallography (Figure 3.5, Table 3.3) and has a comparable geometry to the parent 

fluoroborate derivative 2-4. 
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Figure 3.5 POV-ray depiction of (left) 3-5, (right) 3-8. Carbon: black, Phosphorus: 
orange, Fluorine: pink, Boron: yellow-green. Carbon hydrogen atoms omitted for clarity. 
Selected metrical parameters {distances (A), angles (°)}: 3-5: P(l)-H 1.23(3), P(l)-C(l) 
1.840(4), P(l)-C(5) 1.846(4), P(l)-C(9) 1.793(3), B(l)-C(12) 1.642(5), B(l)-C(15) 
1.641(6), B(l)-C(21) 1.624(6), B(l)-H 1.19(3), C(9)-P(l)-C(l) 110.37(16), C(12)-B(l> 
C(15) 112.7(3), C(21)-B(l)-C(15) 111.3(3). 3-8 P(l)-C(19) 1.813(4), P(l)-C(25) 
1.831(4), P(l)-C(31) 1.823(4), P(l)-C(16) 1.825(3), B(l)-C(13) 1.642(5), B(l)-C(l) 
1.648(6), B(l)-C(7) 1.628(5), B(l)-H 0.98, C(19)-P(l)-C(25) 109.5(2), C(13)-B(l)-C(7) 
109.8(3), C(l)-B(l)-C(7) 112.4(3). 

The PH and BH moieties are oriented trans to each other and the molecule packs in a 

offset head-to-tail fashion with the shortest intermolecular PH...HB distance found to be 

2.60(2) A. This distance is too long for the BH and PH fragments to be considered 

hydrogen bonded,221 although the distance is overestimated as the H positions were 

located on the electron density map and were not standarized to vaules determined by 

neutron diffraction.122 Short intramolecular contacts also exist between the ortho-

fluorines of the C6F4 bridge and the PH and CH hydrogens. In a similar fashion, the 

hydrido borate compounds R2PH(C6F4)BH(C6Fs)2 (R = Mes 3-6) and 

R3P(C6F4)BH(C6F5)2 (R = 'Pr 3-7, R = Cy 3-8) were synthesized (Scheme 3.3) and fully 
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characterized by multi-nuclear NMR spectroscopy, EA, and X-ray crystallography 

(Tables 3.1, 3.3, 3.4). A POV-ray depiction of 3-7 is shown in Figure 3.4. The 

hydridoborate derivates 3-5 and 3-6 are interesting compounds, as they have been shown 

to liberate dihydrogen. This chemistry is discussed in Chapter 5. 

3.3.1.3 Cationic Phosphonium Boranes 

Addition of the hydride abstractor [Ph3C][B(C6F5)4] to compunds 3-5 to 3-8 

provides direct high yield access to the cationic boranes 

[(R2PH)(C6F4)B(C6F5)2][B(C6F5)4] (R = 'Bu 3-9, Mes 3-10) and [(R3P)(C6F4)B(C6F5)2] 

[B(C6F5)4] (R = 'Pr 3-11, Cy 3-12) (Scheme 3.4). While much of the NMR spectroscopy 

of 3-9 to 3-12 is similar to the corresponding precursors 3-5 to 3-8 (Table 3.1), the most 

notable difference is the presence of a n B NMR resonance at approximately -17 ppm due 

to the anion [B^Fs^)]" and the absence of the signal in the n B NMR spectra 

corresponding to a BH fragment (Table 3.1). In addition, a peak at 5.7 ppm for PhsCH is 

readily observed in the !H NMR of the reaction mixture. The n B NMR resonances for the 

three coordinate B-center of the cations were broadened into the baseline, due to the 

chemical shielding anisotropy of the 3-coordinate quadrupolar n B nucleus, and thus were 

not reported. In addition, the 19F NMR peaks of the C6F5 units revealed gaps between 

meta and para F-resonances consistent with the presence of both borane and borate 

fragments (Figure 3.6), establishing 3-9 to 3-12 as borate salts of cationic boranes. It is 

noteworthy that no interaction of the very weakly coordinating [B(C6F5)4]~ anion222 with 

the corresponding cations in 3-9 to 3-12 was detected by NMR methods in aromatic and 

chloroalkane solvents. 
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Scheme 3.4 Synthesis of cationic boranes. 
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Figure 3.6 19F NMR spectrum of 3-9 ['Bu2PH(C6F4)B(C6F5)2][B(C6F5)4] 0 = C6F5 borate, 
A = C6F4 cationic borane, 0 = C6F5 cationic borane. 

Recently, Gabbai et al. have synthesized structurally related non-fluorinated 

cationic boranes which have been shown to be effective fluoride ion acceptors. " In 

each the case the incorporation of an R3N+ or a R3P+ moiety into the RBMes2 framework, 

greatly enhances the Lewis acidity of the 3-coordinate boron center. 
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The reaction of the phosphonium fluoroborates 2-4 or 2-5 with the Grignard 

reagent MeMgBr, results in the isolation of yellow and orange solids 3-13 and 3-14 in 

56% and 82% yield, respectively (Scheme 3.5). The 'H and 19F NMR data confirmed the 

formal loss of HF to give the neutral species R2P(C6F4)B(C6F5)2 (R = 'Bu 3-13, Mes 3-14) 

(Table 3.1) The 31P NMR spectrum of 3-13 at 25 °C shows a signal coupled to four 

inequivalent F-atoms, while the 19F NMR spectrum gives rise to four distinct fluorine 

atoms from the C6F4 fragment. 

F \ F F \ / 
H } = ( F MeMgBr R V ^ CeF5 

)P®J \ _ J B ' 25°C „ \ _ y V . g / 3-13R = 'BuR' = H 

«** y j { cc
5
6Fs - ^ s / - < ^ 3-i4R=MesR,=H 

F F 4 F F 
phosphino-boranes 

Scheme 3.5 Synthesis of phosphino-boranes. 

These observations suggest inhibited rotation about the P-CATF bond similar to that 

observed in 2-4 and 3-1. Heating to 150 °C resulted in a broadening of the NMR signals, 

but coupling to chemically equivalent F-atoms was not observed, consistent with a 

relatively high barrier to rotation. In contrast, evaluation of the parameters for a similar 

fluxional process was possible for 3-14. The ^Pl'H} NMR spectrum at 25 °C revealed a 

resonance coupled to two equivalent F-atoms while the corresponding 19F NMR spectrum 

showed two broad signals attributable to the C6F4 ring. Upon cooling to -70 °C the 31P 

NMR signal splits into a doublet of doublets (Figure 3.7) while the corresponding 19F 
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NMR signals split into doublets. These observations are consistent with the change from a 

AA'BB'X to a ABCDX spin system resulting from slowed rotation about the P-CArF bond 

at low temperatures. A similar observation was made by Erker and coworkers93 for the 

species (Ph3PC(H)Ph)(C6F4)BF(C6F5)2 mentioned in chapter 2. The barrier to rotation, 

AG* (25°C), was found to be 44.8(3) kJ/mol using dynamic NMR simulation.228 

10 C 

-10 C 

-30 C 

l\ / I -soc 

r''\ / H -70 c 
.,.,,-* v -•' \ 

-42 -43 -44 ppm 

Figure 3.7 Variable-temperature "P^H} NMR of 3-14. Spectra collected on a 300 MHz 
spectrometer. All temperatures in degress Celcius. 

The corresponding barriers to P-CArF bond rotation for 3-2, 3-10 and 2-5 were 

determined in a similar fashion to be 46.7(2), 52.2(1), and 52.4(3) kJ/mol, respectively, 

and are summarized in Table 3.6. The higher barriers to P-CATF bond rotation 3-10 and 2-

5 compared to 3-2 and 3-14 can be attributed to the presence of intramolecular PH...FC 

interactions in the latter. This view is supported by the average close approach of the P-H 

proton to the oriho-Y of the C6F4 linker (2.55 A) noted in the crystal structures of 3-3, 3-4, 

and 3-6. 
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Table 3.6 Barrier to rotation about the P-CArF bond of a phosphonium borate, anionic 
phosphine borate, cationic borane, and phosphino-borane. X = [B(C6F5)4]~ A = 
[CioH6(NMe2)2H]+. 

Compound AG* (25°C) 

2-5 Mes2PH(C6F4)BF(C6F5)2 52.4(3) 

3-10 [Mes2PH(C6F4)B(C6F5)2][X] 52.2(1) 

3-2 [Mes2P(C6F4)BF(C6F5)2][A] 46.7(2) 

3-14 Mes2P(C6F4)B(C6F5)2 44.8(3) 

Related N-H...F-C interactions were responsible for restricted rotation in a number 

of amine-B(C6F5)3 adducts. It is also readily apparent that solutions of compounds 3-13 

or 3-14 show no sign of aggregation via phosphorus donation to boron, even upon cooling 

to -77 °C in CD2CI2. Accordingly, the difference in 19F NMR chemical shift between the 

ortho- and meta-fluorine atoms of the C6F5 fragments on B are > 17 ppm in each case, 

indicative of neutral 3-coordinate boron.128'129' 133>230"232 Thus, compounds 3-13 and 3-14 

are also appropriately described as FLPs as the steric congestion about both the acidic and 

basic centers precludes traditional Lewis acid-base adduct formation. Of note is that the 

phosphino-boranes 3-13 and 3-14 are yellow and orange in color, respectively. Weak %-

donation from phosphorus and electron acceptance by boron has been proposed for the 

related acetylene based phosphino-borane Ph2P(CC)BMes2233 thus, on the basis of the 

intense colors of 3-13 and 3-14 in solution (Xmax = 373 nm 3-13, Xmax - 455 nm 3-14), it 

is tempting to attribute this color to an intramolecular charge transfer. The 31P{1H} NMR 

chemical shift for both complexes showed minimal change with temperature, an 

observation consistent with the persistence of a pyramidal geometry at phosphorus. 

Nonetheless, polarization of charge in this donor-acceptor molecule may account for the 

observed color. 
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Figure 3.8 POV-ray depiction of 3-14. Carbon: black, Phosphorus: orange, Fluorine: 
pink, Boron: yellow-green, Oxygen: Red, Platinum: Silver. Carbon hydrogen atoms 
omitted for clarity. Selected metrical parameters {distances (A), angles (°)}: 3-14: P(l)-
C(l) 1.837(3), P(l)-C(10) 1.840(3), P(l)-C(19) 1.847(2), B(l)-C(22) 1.631(3), B(l> 
C(31) 1.634(3), B(l)-C(25) 1.639(4), B(l)-0(1) 1.625(3), C(l)-P(l)-C(10) 112.6(2), 
C(22)-B(l)-C(25) 114.4(2), C(22)-B(l)-0(1) 103.6(2). 

Additionally, coordination of Lewis bases to boron rendered both species 

colorless. Attempts to obtain X-ray quality crystals of 3-13 and 3-14 were unsuccesful, 

although dissolution of 3-13 in THF gave the base coordinated compound 3-15 which 

readily crystallized. The 31P NMR resonance of 3-15 is similar to that observed for 3-14 

(Table 3.1), while the upfield shifted n B and 19F NMR resonances are consistent with 

quaternization at boron. The solid state structure is shown in Figure 3.8 and confirms the 

formulation of 3-15 as R2P(CeF4)B(C6F5)2(THF). As expected, the geometry at 

phosphorus is pyramidal, while the boron center is pseudo-tetrahedral. The remaining 

metrical parameters are unexpectional. The structurally related phosphino-borane para-

Pli2P(C6H4)B(Mes)2 has previously been reported by Marder et al. This compound was 

synthesized via conventional methods and exhibits unique electronic properties.233 
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Attempts were made to synthesize compounds 3-13 and 3-14 directy from B(C6Fs)3 using 

phosphides. Unfortunately the reaction of'B^PLi or Mes2PLi with B(C6F5)3 at -35 °C or 

25 °C produced a mixture of products. Resonances in the 31P, 19F, and n B NMR spectra 

indicated possible formation of [(R2P)B(C6F5)3][Li], [R2P(C6F4)BF(C6F5)2][Li], and 

R2P(C6F4)B(C6F5)2 with loss of LiF. It is apparent that the strong nucleophilic character 

of the phosphides opens several different reaction pathways that cannot be easily 

controlled. 

The phosphino-boranes 3-13 and 3-14 are ambiphilic in nature as they contain a 

donor phosphine moiety and an acceptor borane moiety. Ambiphilic compounds are 

known in the literature but their use as ligands in metal catalysis has not widely been 

explored. Several reports in the early 1980's described the coordination of aluminoamino-

phosphines to transition metals " while recent studies have seen the use of both 

phosphino-borane239"248 and -alane249'250 species as ligands for transition metal centers. In 

each case the Lewis acidic site abstracts an anionic ligand, while the Lewis basic site acts 

as a neutral electron donor. 

Mes2P 
(COD)PtMe2 

B(C6F5)2 • 
C6H5Br 
25°C 

/ \© y^ e 
Me > — ( x / V - B(C6F5)2 

"7 y< Me Mes 
Mes 

Scheme 3.6 Activation of (COD)PtMe2 by the phosphino-borane 3-14 to give 3-17. 
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To probe the ability of the present phosphino-boranes to act as ambiphilic ligands, 

reaction of 3-14 with platinum dialkyls was probed. A orange bromobenzene solution of 

3-14 was added to one equivalent of (COD)PtMe2 at 25 °C. Immediate loss of color was 

observed. The 31P NMR spectrum revealed a downfield shifted doublet resonace at -11.3 

ppm with a 31P-195Pt coupling constant of 3831 Hz. The large coupling constant is 

consistent with phosphorus coordination to platinum.157 The nB NMR resonance at -15 

ppm along with a gap between the meta and para resonances in the l9F NMR of 2.9 ppm 

is indicative of methyl abstraction by boron and formation of a methyl borate. The H 

NMR shows resonances for the mesityl groups, while resonances attributed to 

cycloctadiene were slightly broadened. The platinum- and boron-methyl groups displayed 

chemical shifts at 0.44 and 1.25, respectively. The 19F NMR spectrum also gives rise to 

four separate resonances for the fluorines of the C6F4 bridge, which indicated restricted 

rotation about the P-C6F4 bond not seen in the starting compound 3-14 or the parent 

phosphonium borate 2-5. From the NMR data, the product of the reaction between 3-14 

and (COD)PtMe2 was formulated as the zwitterion 

(COD)Pt(Me)(Mes2P(C6F4)BMe(C6F5)2 3-17 (Scheme 3.6). The product is generated by 

methyl abstraction by boron yielding a cationic Pt center which is subsequently 

coordinated by phosphine. The solid-state structure of 3-17 was determined by X-ray 

crystallography (Table 3.5) and is shown in Figure 3.9. The X-ray analysis confirms the 

zwitterionic nature of 3-17 with the presence of an anionic methyl borate moiety and a 

phosphine-stabilized cationic platinum center. The geometry about platinum is distorted 

square planar while that of phosphorus and boron is pseudo-tetrahedral. The Pt(l)-P(l) 

bond length of 2.348(4) A is typical for related phosphorus-platinum complexes.158'242 
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Figure 3.9 POV-ray depiction of 3-17. Carbon: black, Phosphorus: orange, Fluorine: 
pink, Boron: yellow-green, Oxygen: Red, Platinum: Silver. Carbon hydrogen atoms 
omitted for clarity. Selected metrical parameters {distances (A), angles (°)}: 3-17 P(l)-
Pt(l) 2.348(4), P(l)-C(16) 1.866(15), Pt(l)-C(38) 2.111(8), B(l)-C(13) 1.69(2), B(l> 
C(19) 1.61(3), B(l)-C(7) 1.66(3), B(l)-C(6) 1.64(2), C(38)-Pt(l)-P(l) 86.1(5), Pt(l)-P(l)-
C(16) 112.0(5), C(13)-B(l)-C(19) 109.3(13), C(6)-B(l)-C(7) 110.7(14). 

Addition of a second equivalent of 3-14 to 3-17 did not result in a second methyl 

abstraction or displacement of the cycloctadiene ligand. The formation of 3-17 

demonstrates the ability of the present phosphino-boranes to act as ambiphilic ligands. 

This reactivity has the potential to lead to the development of a family of novel 

zwitterionic metal catalysts capable of C-H bond activation.157'158 

3.3.2 Lewis Acidity Determination 

Lewis acid strength has been shown to linearly correlate with rate of catalyzed 

reactions in certain cases, providing the potential to predict reactivity.193, 251 However, 

issues such as methodology, solvent effects and steric factors makes the construction of 
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an absolute Lewis acidity scale problematic.252 Nevertheless, a number of methods to 

assess relative Lewis acidities, including calorimetry,164' 194 '253,254 reactivity255' 256 and 

spectroscopic investigations ' have been developed. For fluoroarylboranes, two 

NMR-based methods are commonly used. Gutmann's acceptor number (AN) ' for 

scaling solvent polarity has been modified by Beckett et al. ' and further employed 

by Britovsek et al.141 to rank the acidity of some boron-based Lewis acids (Scheme 3.6). 

Here, the differences in the 31P NMR chemical shift of EtsPO vs. that of the Lewis acid 

adduct is employed to rank the relative strength of the acids. A second method, 

developed by Childs et al. and computationally investigated by Laszlo, utilizes 

crotonaldehyde as the probe and the scale is based on the relative shift of the H3- or P-

proton upon Lewis acid complexation. 

LA 

Et 

Gutmann/Beckett 

Scheme 3.7 Basis of Childs and Gutmann-Beckett Lewis acidity tests. 

Notably, this site is sterically remote from the locus of complexation, but 

electronically connected via unsaturation (Scheme 3.7). A number of groups have utilized 

either the Childs or Gutmann/Beckett tests to investigate the Lewis acidity of boranes and 

the relative scaling has been shown to predict reactivity193'251 or shed light on mechanistic 

features in catalysis.138 In addition to these methods, equilibrium constants for 
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competition experiments have been used to directly compare the acidity of fluoroaryl 

boranes,128'129' 168<,73 but in such cases, the nature of the coordinating atom and the sterics 

of the Lewis basic probe can have an unpredictable or unexpected influence on the 

relative rankings.128'129'141'261 

Herein, both the Childs and Gutmann/Beckett methods have been employed both to 

rank the Lewis acidity of the cationic phosphonium-boranes 3-9 to 3-12 and neutral 

phosphino-boranes 3-13 and 3-14 relative to the parent B(C6Fs)3. The Childs test 

consisted of a 1:1 acid-crotonaldehyde solution in CD2CI2 at -20°C while the 

Gutmann/Beckett test was performed with a 3:1 acid-Et3PO ratio in CD2CI2 solvent. Of 

note is that our values obtained for B(C6Fs)3 in both tests are essentially identical to the 

reported literature values. ' ' All cationic complexes 3-9 to 3-12 were found to 

be stronger Lewis acids than B(C6F5)3 via both methods. This is in line with the expected 

greater electron withdrawing effect of a cationic phosphonium group versus a fluorine 

atom. This was further verified by a competition study between the zwitterionic 

phosphonium hydridoborates 3-7 and 3-8 with B(C6Fs)3. In these cases, equimolar 

mixtures of 3-7 and 3-8 with B(C6F5)3 in C^DsBr showed no evidence of hydride 

migration to B(C6F5)3 by multi-nuclear NMR spectroscopy, even upon prolonged (16 h) 

heating to 110 °C. This affirms that B centers in 3-9 to 3-12 are markedly more Lewis 

acidic than that in B(C6F5)3 (Figure 3.10). Conversely, the neutral phosphino-boranes 3-

13 and 3-14 exhibited reduced Lewis acidity compared to B(C6Fs)3 using both methods 

(Figure 3.10). No accurate Childs' acidity measurement was obtained for 3-13, as 

reaction with crotonaldehyde was rapid at -80 °C while for 3-14 warming above 0 °C 

resulted in degradation of the Lewis acid-crotonaldehyde adduct. 
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BCF 9 10 11 12 13 14 BCF 9 10 11 12 13 14 

Figure 3.10 (A) Plot of the Gutmann acceptor number and (B) relative acidity (to BBr3) 
as determined by the Childs method for BCF (B(C6F5)3), cationic phosphonium boranes 
3-9 to 3-12 and phosphino-boranes 3-13 and 3-14 (NB: in (B) the relative acidity of 3-13 
was not determined). 

This is thought to be due to an intermolecular nucleophilic attack of a P-center on 

the Lewis acid activated a,P-unsaturated ketone. Nonetheless, the reduced Lewis acidity 

is consistent with donation of the P-based lone pair into the 7i-system diminishing the 

acidity of the B center. While minor variations in the relative rankings were observed, the 

general trends were consistent between the methods. Similar to Beckett193 a direct 

correlation between the AN values and the Childs ranking of the Lewis acids was 

observed for 3-9 to 3-14 and B(C6Fs)3. This stands in stark contrast to the series of 

boranes B(C6F5)n(OC6F5)3.n where these tests gave conflicting trends.141 The fact that the 

observed data parallels between the Gutmann/Beckett and Childs methods in the present 

Lewis acids 3-9 to 3-14 is attributable to the presence of only B-C bonds, the essentially 

unchanged steric environment about boron, and the variation in Lewis acidity arising 

from electronic changes made remote to the boron center. The relative Lewis acidities as 

determined by Childs method for 3-9 to 3-14 are compared to related Lewis acids in 
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Table 3.7. From the table it is apparent that the electron-withdrawing nature of the 

phosphonium moiety has a greater impact on the Lewis acidity at boron than electron 

donation from the phosphine moiety. Of note, phosphonium cations have recently been 

employed to modify the Lewis acidity of dibenzophosphaborin complexes.268 

Table 3.7 Comparison of the Lewis acidity of compounds 3-10 to 3-14 to related 

Lewis acids reported in the literature. 

Lewis acid 

BPh3
141 

AlEt3
139 

PhB(C6F5)2
138 

MeB(C6F5)2
269 

MeB(C12F8)269 

(C6F50)B(C6F5)2
141 

3-13 

B(C6F5)3 

(C6F5)B(C12F8)269 

Childs Ranking 

0.34 

0.42 

0.54 

0.56 

0.64 

0.64 

0.65 

0.67 

0.70 

Lewis acid 

3-11 

3-10 

3-9 

3-12 

PNB270'* 

PBB270'* 

A1C13
139 

BCI3139 

BBr3
139 

Childs Ranking 

0.75 

0.77 

0.78 

0.78 

0.79 

0.85 

0.82 

0.93 

1.00 

* Marks et al. reported a value oib.ll for B(C6F5)3 on the Childs scale, therefore 

the reported values for PNB and PBB may be overestimated. PNB = tris-ifi-

perfluoronaphthyl)borane, PBB = tris-(2,2 \2'' perfluorobiphenyl)borane 

3.4 Summary and Conclusion 

In summary, phosphonium borates of the form R2PH(CeF4)BF(C6F5)2 (R = aryl or 

alkyl) are readily converted into anionic phosphonium borates or phosphino-boranes via 

facile one-step reactions. Both types of compounds offer the potential to act as phosphine 

ligands for transtion metals. Additionally, novel cationic phosphonium boranes are easily 
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synthesized from the parent compunds R2PH(C6F4)BF(C6F5)2 and R3P(C6F4)BF(C6F5)2 (R 

= aryl or alkyl) in a simple two step procedure. Lewis acidity tests confirmed that the 

cationic phosphonium-boranes are significantly more Lewis acidic than the parent borane 

B(C6F5)3 while the neutral phosphino-boranes are somewhat less Lewis acidic than the 

B(C6F5)3, thus this synthetic approach affords a simple means to tune the Lewis acidity of 

B(C6F5)3 without a significant impact on the steric environment at boron. Both the 

phosphino-boranes and cationic phosphonium boranes have potential uses as Lewis acid 

catalysts for organic transformations.24 



109 

Chapter 4 FLP's and the Controlled Ring Opening of Tetrahydrofuran 

4.1 Introduction 

Ring opening reactions of tetrahydrofuran (THF) mediated by Lewis acidic metal 

centers including complexes of U,271'272 Sm,273 274Lu,275 La,276 Nd,276 Tm,276 Y,277 Ti,278 

97Q 981 989 

Zr,"~0 1 and Fe are well known and have been described in the literature. In contrast, 

ring opening with main-group Lewis acids are less common. A boron center in a Mn-

carborane complex was shown to promote THF ring opening in reactions with either PPI13 

or NEt3. Campbell and Gladfelter reported ring opening in reactions of an amine-alane 
984 • 

adduct in THF, while Letmen has reported the ring opening of THF upon treatment of 

TeBr4 with PPh3 in THF.Z<"'Z0D The use of highly reducing Li reagents in the presence of 
98*7 988 

BF3 to ring open THF has also been reported. ' More recently Chivers and Schatte 

have reported that THF ring opening occurs in the reaction of a Te-diimide dimer with 
B(C6F5)3.

289 

e 
-OB(C6F6)3 

N 
R 

/ ' 

Et,N 

e 
0^AI(OR)3 

Figure 4A Examples of THF ring opening with main group compounds. 
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While often the isolation of these ring-opened products was not anticipated, the 

now numerous examples suggests the possibility that such reactions could be used in a 

controlled manner. The ability for sterically 'frustrated' Lewis acids and bases to undergo 

reactivity alternate to simple adduct formation prompted us to consider the reactions of 

THF and phosphorus-based nucleophiles in the presence of a Lewis acid. To that end, we 

have probed reactions of the Lewis acid-base adduct (THF)B(C6F5)3 with sterically 

demanding phosphines and phosphides. Herein we demonstrate that such reactions effect 

the facile, and quantitative ring-opening of THF affording synthetic routes to zwitterionic 

phosphonium-borates and their corresponding lithium salts. Alternatively, these reactions 

can be done in tandem to provide lithium salts of phosphonium-diborate ligands. Such 

products have potential applications as ancillary ligands for transition metals and co-

catalysts for the polymerization of olefins. 

4.2 Experimental 

4.2.1 General Data 

All preparations were done under an atmosphere of dry, C^-free N2 employing both 

Schlenk line techniques and an Innovative Technologies or Vacuum Atmospheres inert 

atmosphere glove box. Solvents (pentane, hexanes, toluene, and methylene chloride) were 

purified employing a Grubbs' type column system manufactured by Innovative 

Technology and stored over molecular sieves (4 A). Molecular sieves (4 A) were 

purchased from Aldrich Chemical Company and dried at 140 °C under vacuum for 24 

hours prior to use. Uninhibited THF was purchased from EMD and distilled from 
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sodium/benzophenone prior to use. Deuterated solvents were dried over 

sodium/benzophenone (C6D6, C7D8, THF-ds) or CaH2 (CD2CI2, C6D5Br). All common 

organic reagents were purified by conventional methods unless otherwise noted. *H, 13C, 

n B , 19F and 31P nuclear magnetic resonance (NMR) spectroscopy spectra were recorded 

on a Bruker Avance-300 spectrometer at 300 K unless otherwise noted. *H and 13C NMR 

spectra are referenced to SiMe4 using the residual solvent peak impurity of the given 

solvent. 31P, n B and 19F NMR experiments were referenced to 85% H3PO4, BF3(OEt2), 

and CFCI3, respectively. Chemical shifts are reported in ppm and coupling constants in 

Hz as absolute values. Combustion analyses were performed in house employing a Perkin 

Elmer CHN Analyzer. B(C6F5)3 was generously donated by NOVA Chemicals 

Corporation. Et3P, Cy3P, Cy2PH, 'B^PH, and PI12PH were purchased from Aldrich 

Chemical Company and used as received. Mes2PH was prepared as reported in the 

literature.290 Mes2PLi, 'B^PLi, and Pl^PLi were prepared by treating the corresponding 

phosphine with 1 equivalent of nBuLi in toluene and collecting the precipitate. In each 

reaction, fresh solutions of B(C6Fs)3 and THF were prepared and used immediately as 

Lewis acids are known to facilitate the polymerization of THF. ' 

4.2.2 Synthesis of Phosphonium Alkoxyborate Zwitterions 

(Mes)2PH(C4H80)B(C6F5)3 (4-1): To a faint yellow solution of B(C6F5)3 (0.379 g, 0.741 

mmol) in toluene (2 mL) was added THF (0.12 mL, 1.48 mmol). Dimesityl phosphine 

(0.200 g, 0.741 mmol) in toluene (2 mL) was added and the reaction mixture was left to 

stir for 72 hours at room temperature. All volatiles were removed in vacuo and the 

resulting solid was dried under vacuum for 48 hours. The final product was a tan solid. 
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Yield 0.497 g (79 %). Crystals suitable for X-ray diffraction were grown from a 

concentrated solution of product in C6D6 at 25 °C. *H NMR (C6D6): 5 7.33 (dt, 1H, XJH.P 

= 531 Hz, 3J//.// = 7 Hz, P#), 6.40 (d, 4JH-p = 4 Hz, 4H, P(C6#2)2), 3.48 (m, 2H, 

PCH2CH2CH2C//2O), 2.85 (m, 2H, PCf/2CH2CH2CH20), 1.90 (s, 6H, P(C6H2Me-4)2), 

1.87 (s, 12H, P(C6H2Me-2,6)2), 1.62 (m, 2H, PCH2CH2C#2CH20), 1.23 (m, 2H, 

PCH2C//2CH2CH20). UB NMR (C6D6): 6 -2.79 (s). "C^H} NMR (C6D6): 8 149.04 

(dm, XJC-F = 246 Hz, CF), 146.12 (s, para-Cfo), 143.36 (d, 2JC-p = 11 Hz, CF), 139.28 

(dm, XJC-F = 252 Hz, CF), 137.52 (dm, 1JC-F = 257 Hz, CF), 132.21 (d, 2Jc.p = 11 Hz, 

meta-C6H2), 125.03 (quaternary, C6F5), 112.07 (d, lJC-p = 80 Hz, quaternary, QH2), 65.56 

(s, PCH2CH2CH2CH20), 30.94 (s, PCH2CH2CH2CH20), 24.88 (d, xJC-p = 58 Hz, 

PCH2CH2CH2CH20), 23.95 (s, PCH2CH2CH2CH20), 21.80 (d, 3JC.P = 8 Hz, C6H2Me-

2,6), 21.14 (s, C6H2Me-4). 19F NMR (C6D6): 8 -133.94 (d, %.F= 23 Hz, 6F, ortho-C(F5), 

-162.16 (s, 3F, para-CeFs), -165.91 (s, 6F, meta-C^s). 31P{XH} NMR (C6D6): 5 -12.02 

(s). Anal. Calcd. for C S ^ I B F J S O P : C, 56.23; H, 3.66. Found: C, 56.48; H, 3.83 %. 

('Bu)2PH(C4H80)B(C6F5)3 (4-2): To a faint yellow solution of B(C6F5)3 (0.350 g, 0.684 

mmol) in THF (4 mL) was added di-ter?-butylphosphine (0.100 g, 0.684 mmol) via 

syringe and the reaction mixture was left to stir for 72 hours at room temperature. All 

volatiles were removed in vacuo and the resulting solid was dried under vacuum for 12 

hours. The final product was a white solid. Yield 0.404 g (81 %). Crystals suitable for X-

ray diffraction were grown from a layered THF/C6D6/pentane solution at 25 °C. lH NMR 

(THF-d8): 5 5.60 (dt, 1H, xJH-p = 453 Hz, 3JH.H = 4 Hz, PH), 3.24 (t, 2H, 3JH.H = 5 Hz, 

PCH2CH2CH2C//20), 2.64 (m, 2H, PC//2CH2CH2CH20), 1.99 (rn, 2H, 
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PCH2C#2CH2CH20), 1.67 (m, 2H, PCH2CH2C//2CH2O), 1.45 (d, 18H, 3JH.p = 16 Hz, 

P(C(C/75)3)2).
 n B NMR (C6D6): 5 -2.86 (s). 13C{1H} NMR (C6D6): 8 149.16 (dm, lJc.F = 

230 Hz, CF), 139.28 (dm, lJc.F = 244 Hz, CF), 137.44 (dm, !JC-F = 237 Hz, CF), 125.66 

(quaternary, C6F5), 64.40 (s, PCH2CH2CH2CH20), 33.59 (d, ^JC-p = 35.9 Hz, quaternary, 

PC(CH3)3), 32.79 (d, 3JC-p = 11 Hz, PCH2CH2CH2CH2O), 27.10 (s, C(CH3)3), 26.93 (m, 

PCH2CH2CH2CH20), 14.97 (d, xJC-p = 39 Hz, PCH2CH2CH2CH2O). 19F NMR (C6D6): 5 

-133.88 (d, %.F = 23 Hz, 6F, ortho-OFs), -164.78 (t, %.F = 11 Hz, 3F, para-CeFs), -

168.02 (t, 3JF-F = 20 Hz, 6F, meta-C^s). ^P^HJNMR (C6D6): 8 50.92 (s). Anal. Calcd. 

for C3oH27BF15OP: C, 49.34; H, 3.73. Found: C, 48.85; H, 3.58 %. 

(Cy)3P(C4H80)B(C6F5)3 (4-3): A clear yellow solution of B(C6F5)3 (0.200 g, 0.39 mmol) 

and tri-cyclohexylphosphine (0.110 g, 0.39 mmol) in THF (20 mL) was allowed to stir for 

24 hours at 25 °C. All volatiles were removed in vacuo to give the ring opened product as 

a white solid. Yield 302 mg (98 %). Crystals suitable for X-ray diffraction were grown 

from a concentrated solution of product in CHzCVtoluene layered with pentane at 25 °C. 

XH NMR (CD2C12): 8 3.21 (m, 2H, PCH2CH2CH2C#20), 2.46-2.40 (br rn, 2H, 

PCi/2CH2CH2CH20), 2.23-2.15 (m, 3H, PfQsffn}), 1.89-1.80 (br m, 12H, ?{CeHu}), 

1.72-1.66 (m, 2H, PCH2C#2CH2CH20), 1.65 (rn, 2H, PCH2CH2C//2CH20), 1.50-1.41 

(br m, 6H, P j C ^ i } ) , 1.36-1.26 (br m, 12H, PfCeffn}). "B^H} NMR (CD2C12): 8 -2.10 

(s). "C^H} NMR (CD2C12) partial: 8 148.63 (dm, ^ ^ = 240 Hz, CF), 138.80 (dm, XJC.F 

= 250 Hz, CF), 136.98 (dm, }JC.F = 245 Hz, CF), 125.93 (br s, quaternary), 63.76 (s, 

PCH2CH2CH2CH20), 32.84 (d, 3JC.P= 17 Hz, PCH2CH2CH2CH2O), 30.49 (d, lJc.p = 42 

Hz, P{C6H„}3), 27.48 (s, P{C6H„}3), 27.19 (d, 3JC.P = 11 Hz, P{C6H„}3), 25.90 (s, 
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P{C6Hn}3). 21.85 (s, PCH2CH2CH2CH2O), 16.15 (d, 1JC-p= 44 Hz, PCH2CH2CH2CH2O). 

19F NMR (CD2C12): 5 -134.46 (d, 4F, 3JF.F= 23 Hz, ortho-C^s), -163.78 (t, 2F, 3JF.F= 23 

Hz , para-CeFs), -167.36 (t, 4F, 3JF-F = 20 Hz, meta-C^s). 31P{XH} NMR (CD2C12): 5 

32.09 (s). Anal. Calcd. for C4oH4iBF15OP: C, 55.57; H, 4.78. Found: C, 56.10; H, 4.98 

%. Mp: 200-205°C. 

(Et)3P(C4H80)B(C6F5)3 (4-4): (Et3P)B(C6F5)3 (0.100 g, 0.16 mmol) was dissolved in 

THF (10 mL) and quantitatively transferred to a 50 mL reaction bomb. The solution was 

heated to 80 °C for 5 hours. Upon cooling all volatiles were removed in vacuo to give the 

ring opened product as a white solid. Yield 90 mg (81 %). Crystals suitable for X-ray 

diffraction were grown from a concentrated solution of product in C^CVtoluene layered 

with pentane at 25 °C. *H NMR (CD2C12): 8 3.23 (m, 2H, PCH2CH2CH2C//20), 2.59-

2.49 (br m, 2H, PC//2CH2CH2CH20), 2.11-1.99 (dq, 6H, VH-P = 12 Hz, 3JR.U = 8 Hz, 

CH2,), 1.83 (m, 2H, PCH2Ci/2CH2CH20), 1.66 (rn, 2H, PCH2CH2C//2CH20), 1.32-1.23 

(dt, 9H, 5JH-p = 18 HZ, VH-H = 8 Hz, CH3). "B^H} NMR (CD2C12): 8 -2.94 (s). 13C{*H} 

NMR (CD2C12): 8 148.52 (dm, XJC-F = 240 Hz, CF), 138.73 (dm, lJc.F = 246 Hz, CF), 

137.23 (dm, lJc.F = 250 Hz, CF), 124.94 (br s, quaternary), 63.08 (s, 

PCH2CH2CH2CH20), 31.92 (d, 3JC-P = 14 Hz, PCH2CH2CH2CH20), 20.22 (d, 2JC-r = 7 

Hz, PCH2CH2CH2CH20), 17.84 (d, 1 J C -P= 47 Hz, PCH2CH2CH2CH20), 12.33 (d, 1JCp = 

50 Hz, CH2), 5.70 (s, CH3).
 19F NMR (CD2C12): 5 -134.75 (d, 6F, 3JF.F = 20 Hz, ortho-

CeFs), -163.53 (m, 3F, 3JF.F = 20 Hz, para-CaFj), -167.33 (m, 6F, 3JF.F = 20 Hz, meta-

CeFj). 31P{1H} NMR (CD2C12): 8 38.65 (s). Anal. Calcd. for C28H23BF15OP: C, 47.89; 

H, 3.30. Found: C, 48.11; H, 3.52 %. Mp: 165-170°C. 
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4.2.3 Synthesis of Phosphine Alkoxyborate Lithium Salts 

[(Mes)2P(C4H80)B(C6F5)3][Li(THF)2] (4-5): To a faint yellow solution of B(C6F5)3 

(0.582 g, 1.14 mmol) in THF (5 mL) was added dropwise an orange solution of Mes2PLi 

(0.306 g, 1.11 mmol) in THF (5 mL). The reaction mixture immediately went colorless 

followed by a gradual color change to red. The reaction mixture was allowed to stir for 12 

hours, at which time all volatiles were remove in vacuo. Pentane (5 mL) was added and 

the reaction stirred for 10 minutes. All volatiles were removed in vacuo and the reaction 

dried under vacuum for 24 hours yielding the product as a tan solid. Yield 0.844 g (80 %). 

Crystals suitable for X-ray diffraction were grown from a layered CH2Cl2/pentane 

solution at 25 °C. *H NMR (CD2C12): 5 6.75 (s, 4H, ViCfliti), 3.72 (s, 8H, THF), 3.22 

(m, 2H, PCH2CH2CH2Ctf20), 2.33 (m, 2H, PC#2CH2CH2CH20), 2.20 (s, 18H, 

P(C6H2Me-2,46)2), 1.85 (s, 8H, THF), 1.49 (m, 2H, PCH2CH2C/f2CH20), 1.14 (m, 2H, 

PCH2C//2CH2CH20). n&{lYL} NMR (CD2C12): 5 -3.10 (s). ^C^H} NMR (CD2C12): 8 

148.39 (dm, ]JC.F = 240 Hz, CF), 142.18 (d, 2JC-p = 13 Hz, ortho-Cfo), 139.67 (dm, XJC-F 

= 240 Hz, CF), 138.13 (s, para-C$L2), 137.33 (dm, lJc.F = 240 Hz, CF), 130.35 (s, meta-

QH2), 122.53, 117.96 (quaternary, C6F5, C6H2), 68.86 (s, THF), 65.56 (s, 

PCH2CH2CH2CH20), 33.37 (d, 2Jc.p = 14 Hz, PCH2CH2CH2CH20), 28.19 (d, xJC-p = 

14.3 Hz, PCH2CH2CH2CH20), 25.94 (s, THF), 23.92 (s, PCH2CH2CH2CH20), 23.21 (d, 

3JC-P = 14 Hz, C6H2M?-2,6), 20.99 (s, C6H2Me-4). 19F NMR (CD2C12): 8 -137.55 (d, 3JF.F 

= 20 Hz, 6F, ortho-CeFs), -161.03 (t, %.F = 20 Hz, 3F,para-C^5), -165.63 (t, %.F = 20 

Hz, 6F, meta-CeFs). ^P^H} NMR (CD2C12): 8 -21.44 (s). Anal. Calcd. for 

C48H46BFi5Li03P: C, 57.39; H, 4.62. Found: C, 57.57; H, 5.25 %. 
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[(Ph)2P(C4H80)B(C6F5)3][Li(THF)2] (4-6): To a faint yellow solution of B(C6F5)3 

(0.200 g, 0.391 mmol) in toluene (2 mL) was added THF (0.16 mL, 1.97 mmol). Ph2PLi 

(0.075 g, 0.390 mmol) in toluene (2 mL) and THF (0.16 mL, 1.97 mmol) was added and 

the reaction mixture was left to stir for 24 hours at room temperature. All volatiles were 

removed in vacuo and the resulting cream-colored solid was washed with Et20 (2 mL) 

and pentane (2 mL) and then dried under vacuum for 24 hours. Yield 0.188 g (62 %). *H 

NMR (C6D6): 8 7.28 (m, 4H, P ( C ^ ) 2 ) , 7.05 (m, 6H, P(C6^6)2), 3.38 (t, 3JH.H = 7 Hz, 

2H, PCH2CH2CH2Cif20), 3.25 (m, 8H, THF), 1.85 (t, 3JH.H = 7 Hz, 2H, 

PC/f2CH2CH2CH20), 1.42 (m, 2H, PCH2CH2Ctf2CH20), 1.26 (rn, 2H, 

PCH2Gtf2CH2CH20), 1.19 (s, 8H, THF). "B^H} NMR (C6D6): 6 -2.66 (s). "Cj 'H} 

NMR (C6D6): 5 148.66 (dm, 1JC-F = 232 Hz, CF), 139.59 (dm, XJC-F = 237 Hz, CF), 

137.22 (dm, XJC-F = 249 Hz, CF), 133.41, 132.75, 131.57, 128.81 (quaternary, QH6), 

quaternary C6F5 could not be located, 68.37 (s, THF), 65.13 (s, PCH2CH2CH2CH20), 

31.96 (d, 3Jc.p = 10 Hz, PCH2CH2CH2CH20), 27.59 (d, lJc.P = 10 Hz, 

PCH2CH2CH2CH20), 25.15 (s, THF), 22.56 (d, 2Jc.p = 15 Hz, PCH2CH2CH2CH20), 19F 

NMR (C6D6): 5 -137.51 (d, %.F = 14 Hz, 6F, ortho-C^F5), -159.11 (t, 3JF.F = -20 Hz, 3F, 

para-CeFs), -164.20 (t, 3JF.F = 20 Hz, 6F, meta-C(,F5). ^F^B] NMR (C6D6): 8 -18.86 (s). 

Anal. Calcd. for C42H32BF15Li03P: C, 54.93; H, 3.51. Found: C, 55.77; H, 4.01 %. 

[('Bu)2P(C4H80)B(C6F5)3][Li(THF)2] (4-7): Method A: The species 

('Bu)2PH(C4H80)B(C6F5)3 (0.207 g, 0.283 mmol) was dissolved in THF (5 mL) and 

cooled to -35 °C. To this reaction mixture was added fert-butyllithium in hexanes (0.18 

mL, 0.301 mmol) via syringe. The mixture turned pale yellow and then colorless. The 
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reaction was allowed to warm to room temperature over 30 minutes at which time the 

solution turned from colorless to pale yellow. The reaction was stirred for a further 2 

hours. All volatiles were removed in vacuo and the resulting white solid was dried under 

vacuum for 12 hours. Yield 0.180 g (73 %). Method B: ?Bu2PLi (0.100 g, 0.657 mmol) 

was dissolved in THF (4 mL) and cooled to -78 °C in a dry ice / acetone bath. A solution 

of B(CeF5)3 (0.340 g, 0.664 mmol) in THF (2 mL) was then added to the phosphide via 

syringe over the course of 15 minutes. The yellow solution was warmed to room 

temperature over the course of 6 hours and then further stirred at room temperature 

overnight. All volatiles were removed in vacuo to give a white sticky solid. Hexanes (10 

mL) was added and removed in vacuo three times. The resulting off-white solid was dried 

under vacuum overnight. Yield 0.350 g (65 %)}B. NMR (THF-d8): 5 4.02 (m, 2H, 

PCH2CH2CH2Ci/20), 3.60 (s, 8H, THF), 2.18 (m, 2H, PC//2CH2CH2CH20), 1.84 (rn, 2H, 

PCH2CH2C#2CH20), 1.90 (s, 8H, THF), 1.75 (m, 2H, PCH2C#2CH2CH20), 1.46 (d, 

18H, 3JH.P= 11 Hz, P(C(CT/3)3)2). *H NMR (C6D6): 8 3.55 (s, 8H, THF), 3.45 (m, 2H, 

PCH2CH2CH2C//20), 1.75 (s, 8H, THF), 1.40 (m, 2H, PC/f2CH2CH2CH20), 1.29 (rn, 2H, 

PCH2CH2Ci/2CH20), 1.08 (m, 2H, PCH2Cif2CH2CH20), 0.96 (d, 18H, 3JH.p = 11 Hz, 

P(C(C//5)3)2). "B^H} NMR (THF-d8): 8 -2.85 (s). "cfn} NMR (THF-dg): 8 149.25 

(dm, XJC-F= 235 Hz, CF), 139.20 (dm, lJc.F= 242 Hz, CF), 137.21 (dm, XJC.F= 244 Hz, 

CF), 126.61 (quaternary, CF), 64.47 (s, PCH2CH2CH2CH20), 35.41 (d, lJc.P= 30 Hz, 

quaternary P(C(CH3)3)2), 31.78 (d, VC-p= 20 Hz, PCH2CH2Cff2CH20), 30.42 (d, 2Jc.p = 

9 Hz, P(C(C^)3)2), 28.31 (d, lJc.P=26 Hz, PCtf2CH2CH2CH20), 22.38 (d, 2JC-P = 20 

Hz PCH2CH2CH2CH20). 19F NMR (THF-dg): S -136.65 (m, 6F, ortho-C6¥5), -159.61 (t, 
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3JF_F = 20 Hz, 3F, para-Ctfs), -164.10 (s, 6F, meta-C6F5). ^P^H} NMR (THF-d8): 5 

27.36 (s). 

[('Bu)2P(C4H80)B(C6F5)3][Li] (4-8): The species CBu)2PH(C4H80)B(C6F5)3 (0.200 g, 

0.274 mmol) was slurried in toluene (8 mL) and cooled to -35 °C. To this mixture was 

added tert-butyllithium in hexanes (0.16 mL, 0.274 mmol) via syringe. The reaction was 

allowed to warm to room temperature over 30 minutes at which time all solids dissolved. 

The reaction was stirred for a further 2 hours. All volatiles were removed in vacuo and 

the resulting solid was dried under vacuum for 12 hours. The final product was isolated as 

an off-white solid. Yield 0.180 g (89 %). *H NMR (Toluene-d8, 500 MHz): 8 3.18 (br s, 

2H, PCH2CH2CH2C//20), 1.35 (m, 2H, PC#2CH2CH2CH20), 1.30 (rn, 2H, 

PCH2CH2C#2CH20), 0.95 (m, 2H, PCH2C//2CH2CH20), 0.88 (d, 18H, *JH.P = 11.60 Hz, 

P(C(Cif5)3)2).
 n B NMR (Toluene-dg): 8 -2.91 (s). 13C{!H} NMR (Toluene-d8): 8 148.94 

(dm, Vc-F= 235 Hz, CF), 140.11 (dm, ^ = 2 5 0 Hz, CF), 137.98 (dm, VC-F= 238 Hz, 

CF), 126.02 (quaternary, CF), 64.06 (s, PCH2CH2CH2C//20), 31.74 (d, 'Jc.p = 32 Hz, 

quaternary P(C(CH3)3)2), 30.86 (d, VC-/>= 7 Hz, PCH2CH2Of2CH20), 29.46 (d, 2JC-p = 

10 Hz, P(C(C#3)3)2), 22.73 (d, lJc.p = 17 Hz, PC//2CH2CH2CH20), 19.55 (s, 

PCH2C//2CH2CH20). 19F NMR (Toluene-d8): 8 -139.24 (s, 6F, ortho-C6F5), -158.26 (t, 

%.F = 20 Hz, 3F, para-C6F5), -163.31 (t, %.F = 20 Hz, 6F, meta-C6F5).
 7Li NMR 

(Toluene-dg): 8 1.25-0.51 (dm, JLi.P= 11 Hz). ^PJ1!!} NMR (Toluene-dg): 8 26.65 (q, JP. 

L / = 7 3 H Z ) . 
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4.2.4 Synthesis of Phosphonium bis-AIkoxyborate Lithium Salts 

[(Mes)2P{C4H8OB(C6F5)3}2][Li(THF)4] (4-9): To a faint yellow solution of B(C6F5)3 

(0.200 g, 0.391 mmol) in THF (5 mL) was added dropwise an orange solution of Mes2PLi 

(0.054 g, 0.195 mmol) in THF (5 mL). The reaction mixture immediately went colorless 

followed by a gradual color change to red. The reaction mixture was allowed to stir for 12 

hours, at which time all volatiles were remove in vacuo. Pentane (5 mL) was added and 

the reaction stirred for 10 minutes. All volatiles were removed in vacuo and the reaction 

dried under vacuum for 24 hours yielding the product as a tan solid. Yield 0.844 g (80 %). 

*H NMR (CD2C12): 6 6.99 (d, 4JH.P = 4 Hz, 4H, PiC&h), 3.69 (s, 16H, THF), 3.15 (m, 

4H, PCH2CH2CH2C//2O), 2.75 (m, 4H, PC//2CH2CH2CH20), 2.32 (s, 6H, P(C6H2Me-

4)2), 2.17 (s, 12H, P(C6H2Me-2,<5)2), 1.85 (s, 16H, THF), 1.48 (m, 4H, 

PCH2CH2C//2CH20), 1.36 (m, 4H, PCH2C//2CH2CH20). "B^H} NMR (CD2Cl2): 5 -

2.99 (s). "C^H} NMR (CD2C12): 8 148.40 (dm, lJc.F = 240 Hz, CF), 145.77 (s, para-

C6H2), 142.24 (d, 2JC-p = 10 Hz, ortho-Cfo), 139.26 (dm, lJc.F = 240 Hz, CF), 137.29 

(dm, 1JC-F = 240 Hz, CF), 133.45 (d, VC-p = 9.50 Hz, meta-C6YL2), 123.42 (quaternary, 

C6F5), 117.06 (d, XJC.P = 88.34 Hz, quaternary, QH2), 68.71 (s, THF), 64.78 (s, 

PCH2CH2CH2CH20), 32.32 (d, 2Jc.p = 13 Hz, PCH2CH2CH2CH20), 27.20 (d, XJC-P = 

44.8 Hz, PCH2CH2CH2CH20), 25.94 (s, THF), 23.51 (d, 3JC.P == 14 Hz, C6H2Me-2,6), 

21.22 (s, C6H2Me-4), 20.96 (s, PCH2CH2CH2CH20). 19F NMR (CD2Cl2): 5 -136.08 (s, 

12F, ortho-CeFs), -161.82 (s, 6F, para-CeFs), -166.00 (m, 12F, meta-C(F5). ^P^H} 

NMR (CD2C12): 5 30.87 (s). Anal. Calcd. for Cy^oBzFsoLiOeP: C, 54.06; H, 4.07. 

Found: C, 53.58; H, 3.89 %. 
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[('Bu)2P{C4H80B(C6F5)3}2}][Li] (4-10): To a faint yellow solution of B(C6F5)3 (0.673 g, 

1.314 mmol) in THF (2 mL) was added lithium T3u2PLi (0.100 g, 0.657 mmol) in THF (4 

mL) and the reaction mixture was left to stir for 12 hours at room temperature. All 

volatiles were removed in vacuo and the resulting white solid was dried under vacuum for 

24 hours. Yield 0.776 g (89 %). Crystals suitable for X-ray diffraction were grown from a 

layered THF/pentane solution at 25 °C. *H NMR (THF-d8): 5 3.22 (t, 4H, 3JH.H = 5 Hz, 

PCH2CH2CH2C/f20), 2.51 (m, 4H, PC/f2CH2CH2CH20), 1.92 (m, 4H, 

PCH2C/fcCH2CH20), 1.65 (m, 2H, PCH2CH2C#2CH20), 1.35 (d, 18H, 3JH.p = 14.3 Hz, 

P(C(C/fc)3)2).
 uB{lK} NMR (THF-dg): 5 -2.90(s). ^C^H} NMR (THF-d8): 5 149.18 

(dm, XJC-F = 246 Hz, CF), 139.20 (dm, XJC.F = 244 Hz, CF), 137.47(dm, XJC.F = 245 Hz, 

CF), 126.22 (quaternary, C6F5), 64.49 (s, PCH2CH2CH2CH20), 35.29 (d, xJC-p = 38.1 Hz, 

quaternary, PC(CH3)3), 33.42 (d, 3Jc.p = 12.2 Hz, PCH2CH2CH2CH20), 27.54(s, 

C(CH3)3), 26.56 (m, PCH2CH2CH2CH20), 17.83 (d, lJC-p = 39.62 Hz, 

PCH2CH2CH2CH20). 19F NMR (THF-d8): 8 -133.88 (d, %.F = 23 Hz, 12F, ortho-C(Fs), 

-165.17 (t, 3JF.F = 11 Hz, 6F, para-CeFs), -168.24 (t, %.F = 20 Hz, 12F, meta-C(,F5). 

31P{!H} NMR (THF-d8): 8 45.26 (s). Anal. Calcd. for C52H34B2F3oLi02P: C, 47.30; H, 

2.60. Found: C, 47.58; H, 2.89 %. 

4.2.5 Displacement of THF from B(C6F5)3 by Secondary Phosphines 

(Cy2PH)B(C6F5)3 and (Ph2PH)B(C6F5)3: The solid B(C6F5)3 (0.050 g, 0.098 mmol) was 

dissolved in THF (10 mL) and stirred for 5 minutes. The appropriate phosphine (Cy2PH: 

0.020 g, 0.099 mmol, Ph2PH: 0.018 g, 0.099 mmol) in THF (1 mL) was then added via 
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syringe and the reaction mixture stirred for 6 hours at room temperature. All volatiles 

were removed in vacuo to give the corresponding phosphine-borane adducts which are 

known in the literature.103 
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Table 4.1 Selected NMR data for phosphonium alkoxyborates, phosphine alkoxyborates, 

and phosphonium bis-alkoxyborates. 

Compound 831P (VP.H) 5"B 19FAp.m* 819F (o-F,p-F, m-F) 

•128.5,-143.1,-161.3 

Starting Materials 

B(C6F5)3 

Et3Pa 

Cy3Pa 

Mes2PHa 

lBu2PH a 

Mes2PLib 

4Bu2PLib 

Ph2PLib 

Phosphonium 

4-1 (Mes) 

4-2 ('Bu) 

4-3 (Cy) 

4-4 (Et) 

-19.1 

11.1 

-92.7 (230) 

20.1(200) 

-61.5 

42.8 

-21.1 

Alkoxyborates 

-12.0(531) 

50.9 (453) 

32.1 

38.7 

Phosphine Alkoxyborates 

4-5 (Mes) 

4-6 (Ph) 

4-7 ('Bu) 

4-8 (?Bu) 

Phosphonium 

4-9 (Mes) 

4-10 (rBu) 

-21.4 

-18.9 

27.4 

26.7 

bis-Alkoxyborates 

30.9 

45.3 

59 

-2.8 

-2.9 

-2.1 

-2.9 

-3.1 

-2.7 

-2.9 

-2.9 

-3.0 

-2.9 

18.2 

3.8 

3.2 

3.8 

3.8 

4.6 

5.1 

4.5 

5.0 

4.2 

3.0 

-133.9,-162.3,-165.9 

-133.9,-164.8,-168.0 

-133.9,-163.8,-167.6 

-134.8,-163.5,-167.3 

-137.6,-161.0,-165.6 

-137.5,-159.1,-164.2 

-136.7,-159.6,-164.1 

-139.4,-158.3,-163.3 

-136.1,-161.8,-166.0 

-133.9,-165.2,-168.2 

aC6D6, THF, Chemical shift difference between the para and meta resonances in the F 
NMR spectrum 
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4.2.6 X-ray Data Collection, Reduction, Solution and Refinement 

Single crystals were mounted in thin-walled capillaries either under an atmosphere of dry 

N2 in a glove box and flame sealed or coated in Paratone-N oil. The data were collected 

using the SMART software package104 on a Siemens SMART System CCD 

diffractometer using a graphite monochromator with MoKa radiation (k, = 0.71069 A) at 

25 °C. A hemisphere of data was collected in 1448 frames with 10 second exposure times 

unless otherwise noted. Data reductions were performed using the SAINT software 

package105 and absorption corrections were applied using SADABS.106 The structures 

were solved by direct methods using XS and refined by full-matrix least-squares on F2 

using XL as implemented in the SHELXTL suite of programs.107 All non-H atoms were 

refined anisotropically. Carbon-bound hydrogen atoms were placed in calculated 

positions using an appropriate riding model and coupled isotropic temperature factors. 

Phosphorus-bound hydrogen atoms were located in the electron difference map and their 

positions refined isotropically. 



Table 4.2 Selected crystallographic data for compounds 4-1, 4-2, 4-3. 

Crystal 
Formula 

Formula weight 
Crystal system 

Space group 
a(A) 
b(A) 
c(A) 
a(°) 

P(°) 
Y(°) 

V(A3) 
Z 

d(calc) g cm"1 

Abs coeff, (i, cm"1 

Data collected 
Data F0

2>3a(Fo
2) 

Variables 
Ra 

Rw 

Goodness of Fit 

4-1 
C34H31BF15OP 

1010.7 
Monoclinic 

P2i/c 
16.3017(14) 
15.3950(13) 
19.3950(13) 

90.0 
103.134(1) 

90.0 
4778.70(13) 

4 
1.40 

0.155 
45396 
8404 
643 

0.058 
0.136 
0.978 

4-2 
C3oH27BFi5OP 

730.3 
Monoclinic 

C2/c 
15.4885(31) 
21.5739(31) 
19.9793 (33) 

90.0 
111.543(3) 

90.0 
6209.66(81) 

8 
1.56 

0.204 
29758 
5475 
437 

0.042 
0.110 
1.011 

4-3 
C28H23BF15OP 

702.3 
Triclinic 

P-l 
10.3288(17) 
12.0825(20) 
13.0835(21) 
94.234(2) 
105.527(2) 
106.696(2) 

1486.64(17) 
2 

1.57 
0.210 
4394 
1202 
415 

0.043 
0.106 
1.075 

This data was collected at 25 °C with Mo Ka radiation (A, = 0.71069 A). 
aR=£(F0-Fc)/EF0

 bRw=(E[w(F0
2-Fc

2)2] /Z[w(F0)
2])'/2 



Table 4.3 Selected crystallographic data for compounds 4-4, 4-5, 4-10. 

Crystal 
Formula 

Formula weight 
Crystal system 

Space group 
a(A) 
b(A) 
c(A) 
cc(°) 

P(°) 
Y(°) 

V(A3) 

z 
d(calc) g cm"1 

Abs coeff, (i, cm"1 

Data collected 
Data F0

2>3CT(F0
2) 

Variables 
Ra 

Rw 

Goodness of Fit 

4-4 
C40H41BF15OP 

864.5 
Orthorhombic 

P2i2i2i 
12.2670(39) 
13.0763(42) 
24.4486(78) 

90.0 
90.0 
90.0 

3921.73(22) 
4 

1.46 
0.174 
37516 
6900 
523 

0.047 
0.074 
0.985 

4-5 
C48H46BF1503PLi 

1076.7 
Monoclinic 

P2i/c 
21.1866(48) 
12.7005(29) 
21.5301(49) 

90.0 
109.807(3) 

90.0 
5450.59(66) 

4 
1.31 

0.142 
51615 
9598 
674 

0.069 
0.170 
0.988 

4-10 
C52H34B2F30O2PL1 

1359.4 
Monoclinic 

P2i/n 
12.8410(90) 
15.686(11) 
27.97(2) 

90.0 
94.046(12) 

90.0 
6021.58(90) 

4 
1.50 

0.179 
47536 
8644 
794 

0.127 
0.388 
0.990 

This data was collected at 25 °C with Mo Ka radiation (X = 0.71069 A). 
aR=S(F0-Fc)/SF0

 bRw=(S[w(F0
2-Fc

2)2] /I[w(F0)
2])'/2 
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4.3 Results and discussion 

In the selection of suitable phosphorus-based nucleophiles we noted that reaction 

of (THF)B(C6F5)3 with the secondary phosphines PhaPH and Cy2PH leads to the expected 

and known ligand exchange products (R.2PH)B(C6F5)3 (R = Cy, Ph)103 liberating THF at 

room temperature. However, the analogous reaction employing the sterically demanding 

phosphine Mes2PH does not proceed in this fashion. Rather, reaction of B(C6F5)3, THF 

and Mes2PH afforded the THF ring opened phosphonium borate 4-1 in 79% yield after a 

72 h reaction at 25 °C and appropriate work-up. 

RR'2P © / \ e 
(THF)B(C6F5)3 • R R ' 2 P - ^ ° -B(C 6F 5 ) 3 

25 °C 
4-1 R = H, R' = Mes 
4-2 R = H, R' = 'Bu 
4-3 R = R' = Cy 

Scheme 4.1 Ring opening reactions of THF with sterically demanding phosphines to give 
zwitterionic phosphonium alkoxyborates. 

The n B NMR spectrum revealed a single resonance at -2.8 ppm indicative of a 

four-coordinate boron center while the 31P NMR spectrum gave rise to a downfield 

shifted doublet at -12.0 ppm with a P-H coupling constant of 531 Hz, supporting 

phosphonium formation (Table 4.1). H NMR data showed methylene resonances at 3.48, 

2.85, 1.62 and 1.23 ppm as well as resonances attributable to the mesityl groups and a 

PH. These spectroscopic data confirm the presence of the B(C6Fs)3 and HPMes2 

fragments in 4-1 as well as a ring opened THF molecule. 
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Figure 4.1 POV-ray depiction of 4-1. Carbon: black, Phosphorus: orange, Fluorine: pink, 
Boron: yellow-green, Oxygen: red, Hydrogen: light gray. Selected metrical parameters 
{distances (A), angles (°)}: 4-1: P(l)-H 1.289(2), P(l)-C(19) 1.804(3), C(19)-C(20) 
1.530(5), C(20)-C(21) 1.518(5), C(21)-C(22) 1.505(4), 0(1)-C(22) 1.415(4), B(l)-0(1) 
1.459(4), P(l)-C(19)-C(20) 114.0(3), B(l)-0(1)-C(22) 117.9(2), P(l)-C(19)-C(20)-C(21) 
65.99(4), O(l)-C(22)-C(21)-C(20) 75.86(4). 

Recrystallization afforded X-ray quality crystals that provided confirmation of the 

formulation of 4-1 as the zwitterionic phosphonium-borate [Mes2PH(C4H80)B(C6F5)3] 

(Figure 4.1, Scheme 4.1). The THF ring opening reaction product exhibits an 0(1)-B(1) 

bond length of 1.459(4) A and a P(l)-C(19) bond length of 1.804(3) A. The B-O bond 

distance is slightly longer than the reported value of 1.444(4) A for the related compound 

'BuNTe(u-N'Bu)2TeN(T3u)(CH2)40B(C6F5)3
289 and shorter than that found in the anion 

{HOB(C6F5)3}" (B-O = 1.480 (ll)).292 The P(l)-C(19) bond distance is typical for 

phosphonium-alkyl linkages. The remaining metric parameters within the molecule are 

unexceptional. In a similar fashion, the reaction of 'BU2PH with (THF)B(C6Fs)3 afforded 

the analogous zwitterionic ring-opened product ['Bu2PH(C4HgO)B(CeF5)3] 4-2 as 

confirmed by both spectroscopic and crystallographic data (Figure 4.2, Scheme 4.1). 
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Figure 4.2 POV-ray depiction of 4-2. Carbon: black, Phosphorus: orange, Fluorine: pink, 
Boron: yellow-green, Oxygen: red, Hydrogen: light gray. Selected metrical parameters 
{distances (A), angles (°)}: 4-2: P(l)-H 1.242(2), P(l)-C(9) 1.815(2), C(9)-C(10) 
1.525(4), C(10)-C(ll) 1.524(3), C(ll)-C(12) 1.511(3), 0(1)-C(22) 1.416(3), B(l)-0(1) 
1.459(3), P(l)-C(9)-C(10) 117.21(18), B(l)-0(1)-C(22) 118.64(17), P(l)-C(9)-C(10> 
C(l l ) 158.14(19), O(l)-C(22)-C(21)-C(20) 67.512(27). 

Here the 31P NMR doublet resonance is shifted downfield 30.8 ppm from the 

parent phosphine while the n B NMR signal at -2.9 ppm again supports the presence of a 

borate functionality (Table 4.1). The !H NMR and ^ - ' H COSY NMR clearly show the 4 

methylene resonances of the ring opened THF ring, the doublet resonance of the 'Bu 

groups, and the P-i/ resonance which exists as a doublet of triplets due to proton coupling 

to phosphorus and an adjacent CH2 (Figure 4.3 and Figure 4.4). Analogous to secondary 

phosphines, tertiary phosphines can act as suitable nucleophiles for the controlled ring 

opening of THF. The addition of CysP to a solution of B(CeF5)3 in THF results in the 

formation of the zwitterion 4-3 [Cy3P(C4HgO)B(C6F5)3] over the course of 24 hours at 

room temperature (Scheme 4.1). Product formation was confirmed by spectroscopic and 

crystallographic data (Table 4.1, Figure 4.5). 
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Figure 4.5 POV-ray depiction of 4-3. Carbon: black, Phosphorus: orange, Fluorine: pink, 
Boron: yellow-green, Oxygen: red. Selected metrical parameters {distances (A), angles 
(o)}: 4-3: P(l)-C(22) 1.799(4), C(22)-C(21) 1.531(5), C(21)-C(20) 1.515(5), C(20)-C(19) 
1.482(5), 0(1)-C(19) 1.414(4), B(l)-0(1) 1.444(5), P(l)-C(22)-C(21) 118.8(3), B(l)-
0(1)-C(19) 117.8(3), P(l)-C(22)-C(21)-C(20) 177.4(3), O(l)-C(19)-C(20)-C(21) 55.8(5). 

It should be noted that the reaction time for the synthesis of compounds 4-1, 4-2, 

and 4-3 can be decreased from 24-72 hours to roughly 6 hours upon heating the reaction 

mixtures to 80 °C. Additionally, through the use of heat, zwitterionic THF ring opened 

compounds can be synthesized from phosphine-B(CeF5)3 adducts. The adduct 

(Et3P)B(C6Fs)3 was dissolved in THF and heated to 80 °C for 6 hours giving a white solid 

in 81% yield after appropriate workup. The product was identified as 

[Et3P(C4H80)B(C6F5)3] (4-4, Scheme 4.2) by NMR spectroscopy (Table 4.1) and X-ray 

crystallography (Figure 4.6). The ability of phosphine-B(CeF5)3 adduct to thermally 

undergo THF ring opening can allow for a wide range of zwitterionic species to be 

synthesized. 
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THF © / \ 0 
(Et3P)B(C6F5)3 • EtaP-"^ U^B{C6F5)3 

80 °C A A 

Scheme 4.2 Ring opening reaction of THF with a phosphine-B(C6F5)3 adduct. 

Figure 4.6 POV-ray depiction of 4-4. Carbon: black, Phosphorus: orange, Fluorine: pink, 
Boron: yellow-green, Oxygen: red. Selected metrical parameters {distances (A), angles 
(°)}: 4-4: P(l)-C(22) 1.803(15), C(22)-C(21) 1.266(14), C(21)-C(20) 1.551(17), C(20)-
C(19) 1.393(16), 0(1)-C(19) 1.153(13), B(l)-0(1) 1.415(18), P(l)-C(22)-C(21) 
125.8(16), B(l)-0(1)-C(19) 135.5(17), P(l)-C(22)-C(21)-C(20) 180.0(10), 0(1)-C(19)-
C(20)-C(21) 6(3). 

In a related experiment, however, the adduct EtaPH-B^Fs^ showed no reactivity 

towards THF at 80 °C. Presumably Et2PH forms a relatively stronger adduct with 

B(CeF5)3 than Et3P due to a reduced steric strain, which ultimately disfavors phosphine 

dissociation preventing the reaction from taking place. 

Examining the solid-state structures of compounds 4-1 to 4-4 it is interesting to 

note that in each case, the positively charged phosphonium fragment is positioned 

towards the negatively charged borate fragment. This gives rise to intramolecular P-0 and 
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P-B distances ranging from 3.25-4.28 A and 4.42-5.86 A, respectively. These are 

considerably shorter contacts than the intermolecular P-0 and P-B atom distances ranging 

from 6.698-9.138 A and 6.682-7.750 A, respectively, in 4-1 to 4-4. A similar observation 

was made for a THF ring opened (aryloxy)alane.284 Zwitterions 4-1 to 4-4 exhibited very 

low solubility in alkane, chlorloalkane, aryl, and aryl halide solvents and high solubility 

in THF. They are also tolerant to air and moisture as samples left open to the atmosphere 

for several days showed no degradation by NMR spectroscopy. 

Related anionic phosphine-borates are readily synthesized via the reaction of 

(THF)B(C6F5)3 with an appropriate lithium phosphide (R2PLi, R = Mes, Ph) at room 

temperature in THF. Subsequent workup gave the products 4-5 and 4-6 in 80 % and 62 % 

yield, respectively. Multinuclear NMR spectroscopy confirmed the formulation of 4-5 

and 4-6 as [R2P(C4H80)B(C6F5)3Li(THF)2] (R = Mes, 4-5, R = Ph, 4-6) (Table 4.3, 

Scheme 4.3). The P NMR spectra of both compounds show singlet resonances that are 

shifted downfield from the parent lithium phosphide. In the case of 4-5, the 31P NMR 

resonance is shifted 9.4 ppm upfield from the corresponding phosphonium derivative (4-

1) in part owning to an increased electron density at P. The H NMR spectra of 4-5 and 4-

6 each show four distinct methylene resonances typical of a ring opened THF molecule 

while the HB and 19F NMR spectra confirm the formation of a 4-coordinate anionic 

borate center. The 'H NMR spectra also reveals that two additional molecules of THF are 

retained in the complexes. The solid-state structure of 4-5 (Figure 4.7) was determined by 

a single crystal X-ray crystallographic study. In analogy with 4-1 to 4-4, THF ring 

opening resulted in the formation of an anionic four coordinate B center with a B-0 bond 

length of 1.484(5) A. 
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Scheme 4.3 Ring opening reactions of THF with sterically demanding phosphines and 
phosphides to give phosphine alkoxyborates and phosphonium bis-alkoxylborates. 

However, the concurrently formed P-C bond affords a neutral and pendant 

diarylalkylphosphine moiety with a P(l)-C(22) bond of 1.849(4) A which is 

approximately 0.045 A longer than the P-C alkyl bond in 4-1. Countering the anionic 

charge of the borate is a Li cation. The Li center is pseudo-tetrahedral as it is coordinated 

to two THF molecules, the alkoxide oxygen and an ortho-F from one of the C6F5 groups 

on B. The Li-0 distances range between 1.891(10) A to 1.967(10) A, while the Li-F 

approach is 2.015(9) A. These Li-F contacts do not exist in solution as all three C6F5 rings 

remain equivalent, even at -70 °C as observed by 19F NMR spectroscopy. Compared to 

the structure of 4-1, the phosphine moiety in 4-5 is not oriented towards the negatively 

charged borate end, which results in the alkyl chain adopting a more typical linear zigzag 

arrangement. 
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Figure 4.7 POV-ray depiction of 4-5. Carbon: black, Phosphorus: orange, Fluorine: pink, 
Boron: Yellow-green, Oxygen: red, Lithium: gray. Selected metrical parameters 
{distances (A), angles (°)}: 4-5: P(l)-C(22) 1.849(4), C(22)-C(21) 1.515(6), C(21)-C(20) 
1.525(6), C(20)-C(19) 1.496(6), 0(1)-C(19) 1.433(5), B(l)-0(1) 1.484(5), Li(l)-0(1) 
1.913(9), Li(l)-0(2) 1.967(10), Li(l)-0(3), 1.891(10), Li(l)-F(l), 2.015(9), P(l)-C(22)-
C(21) 110.8(3), B(l)-0(1)-C(19) 115.5(3), 0(1)-Li(l)-F(l) 88.2(3), 0(l)-Li(l)-0(2) 
138.2(5), P(l)-C(22)-C(21)-C(20) 179.0(3), O(l)-C(19)-C(20)-C(21) 173.4(5), C(20)-
C(19)-0(1)-Li(l), 0.6(9) C(19)-0(1)-Li(l)-F(l) 148.1(7). 

This can be attributed to a reduced electrostatic interaction between the P and B 

moieties as the P center of this molecule is neutral, as opposed to positively charged in 4-

1. Peters has reported related phosphine-borate complexes where a phenyl group links a 

phosphine and a phenylborate moiety.154 Interestingly, the reaction of ?Bu2PLi with 

(THF)B(C6Fs)3 gave a mixture of mono and bis THF ring opened (vide infra) products 

that could not be separated. Cooling to 0 °C and changing the order of addition gave 

similar results. Only by cooling a THF solution of 'Bu2PLi to -78 °C and slowly adding 

(THF)B(C6F5)3 was the phosphine-borate 4-7 cleanly synthesized using a lithium 

phosphide. 
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Scheme 4.4 One possible Li atom coordination environment for species 4-8. 

Alternatively, compound 4-7 and the base free derivative 4-8 were generated by 

deprotonation of 4-2 with an alkyl lithium reagent in THF or toluene, respectively 

(Scheme 4-3). The formulation of 4-7 and 4-8 as ['Bu2P(C4H80)B(C6F5)3Li(THF)x] (x = 0 

or 2) was confirmed by multinuclear NMR spectroscopy (Table 4.3). The lH, n B , and 19F 

NMR spectra of both species show the expected resonances for a ring opened THF 

molecule and an anionic boron center. However, the 31PNMR spectra of 4-7 and 4-8 are 

markedly different. Both compounds exhibit a single resonance, at 27.4 and 26.7 ppm, 

respectively, which are shifted upfield from the parent lithium phosphide and the 

corresponding phosphonium borate 4-2 (Table 4.3). Unlike the 31P NMR resonance for 4-

7 which is a singlet, the 31P NMR resonance of 4-8 is a quartet (Vp-u = 73 Hz) due to 

coupling to a spin 3/2 7Li nuclei. The corresponding 7Li NMR spectrum shows a doublet 

with a Li-P coupling constant of 77 Hz. Thus, in the absence of THF, the tertiary 

phosphine binds to the Li counterion filling one of its coordination sites. The room 

temperature 19F NMR spectra show all CeF5 to be equivalent, but upon cooling to -70 °C 

in toluene the ort/zo-fiuorine resonance broadens out into the baseline. This indicates a 
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possible interaction of the ortho-F atom with the Li cation. In THF, no such interactions 

are observed at low temperature as THF occupies all of the Li cations coordination sites. 

It is likely that the Li atom in 4-8 is chelated by the P and O atoms and an ortho-fluorine 

of a C6F5 ring (Scheme 4.4). Unfortunately, X-ray quality crystals of 4-7 or 4-8 could not 

be obtained. Given the formation of 4-5 to 4-8, it was proposed that such phosphines 

should be capable of initiating a second ring-opening. 

The reaction of (THF)B(C6F5)3 and MesiPLi was repeated with the adjusted 

stoichiometry of 2:1. Following a similar work-up procedure the product 4-9 was isolated 

in 80 % yield (Scheme 4.3). While the HB NMR chemical shift of -3.0 ppm is similar to 

that seen in 4-5, the 31P NMR chemical shift of 30.9 ppm observed for 4-9 is markedly 

downfield of the corresponding resonance for 4-5 (Table 4.3). This latter observation 

suggests the formation of a phosphonium center. The difference in the 31P NMR chemical 

shifts of the phosphonium centers in 4-9 and 4-1 can be attributed to the increased steric 

and electronic effects of an alkyl substituent vs. a hydrogen atom. The 19F NMR spectrum 

gave resonances at -136.1, -161.8 and -166.0 ppm, typical of the anionic OB(CeF5)3 

fragment. The rH NMR data for 4-9 are consistent with ring opening of THF as 

methylene resonances are observed at 3.2, 2.8, 1.5 and 1.4 ppm, although the integration 

is consistent with a 1:1 ratio of mesityl:methylene chain fragments. In addition, 

resonances at 3.69 and 1.85 ppm were attributed to four THF molecules coordinated to 

Li. Based on these data, 4-9 was formulated as [Mes2P(C4H8OB(C6F5)3)2] [Li(THF)4]. 

Unfortunately attempts to obtain X-ray quality crystals of 4-9 were unsuccessful and thus 

this formulation was not confirmed crystallographically. Following a similar procedure, 

the analogous reaction of a 2:1 ratio of (THF)B(C6F5)3 and 'Bu2PLi was performed. The 

resulting white solid 4-10 was isolated in 89 % yield. 
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Figure 4.8 POV-ray depiction 4-10. Carbon: black, Phosphorus: orange, Fluorine: pink, 
Boron: Yellow-green, Oxygen: red, Lithium: gray. Selected metrical parameters 
{distances (A), angles (°)}: 4-10: P(l)-C(13) 1.804(12), P(l)-C(9) 1.775(11), 0(1)-C(16) 
1.447(12), 0(2)-C(12) 1.466(12), 0(1)-B(1) 1.542(16), 0(2)-B(2) 1.513(15), 0(1)-Li(l) 
2.050(19), 0(2)-Li(l) 2.053(19), Li(l)-F(6) 2.02(2), Li(l)-F(15) 2.240(19), Li(l)-F(20) 
2.20(2), Li(l)-F(25) 2.10(2). 

The NMR data for 4-10 were similar to that reported for 4-9 with an n B NMR 

signal at -2.9 ppm and a 31P NMR resonance at 45.3 ppm consistent with the presence of 

both borate and phosphonium fragments. In a similar fashion the 'H NMR data were 

consistent with THF ring opening affording two methylene chains on P. In contrast to 4-9, 

compound 4-10 does not contain coordinated THF according to the !H NMR spectrum. 

The resulting formulation for 4-10 based on these data is [fBu2P(C4H80)B(C6F5)3)2][Li]. 

Crystals of ['Bu2P(C4H80)B(C6F5)3)2][Li] were grown from a THF/benzene/pentane 

solution at 25 °C (Figure 4.8, Scheme 4.3). Although the crystal quality of 4-10 is not the 

best, the data does confirm the formulation and establish the connectivity. Two butoxide 

chains link the cationic phosphonium center to two anionic borate fragments. The lithium 

counterion is coordinated to the two oxygen atoms and interacts with four fluorine atoms 
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on the boron bound aryl rings. This results in a distorted octahedral coordination sphere 

for the lithium atom. The Li-O distances average 2.052(19) A while the Li-F interactions 

range from 2.02(2) A to 2.240(19) A. Again low-temperature 19F NMR spectroscopy in 

THF showed all C6F5 rings to be equivalent down to -70 °C indicating that in solution 

THF coordinates to the Li cation. Unfortunately, due to the low solubility of 4-10, 

dynamic NMR spectra could not be obtained in a non-coordinating solvent. 

4.4 Summary and Conclusions 

Mechanistically, it is thought that the ring opening of THF occurs via coordination 

of the THF oxygen to the electrophilic boron center polarizing the oxygen-carbon 

bonds, rendering the a-carbon susceptible to nucleophilic attack289 by a phosphine or 

phosphide. Clearly the formation of 4-1 to 4-10 demonstrates that the size and strength of 

the nucleophile dictate reactivity. Sterically demanding phosphines effect the ring 

opening of THF in (THF)B(C6Fs)3 whereas less sterically demanding phosphines form 

simple donor-acceptor adducts with B(CeF5)3 at room temperature. High temperatures are 

required for phosphine-B(C6F5)3 adducts to ring open THF, as high temperatures favor 

adduct dissociation and subsequent THF ring opening. Aryl and alkyl phosphides can 

effectively ring open THF yielding phosphine borates which in turn can ring open further 

equivalents of B^Fs^-activated THF. It should be noted that in the absence of B(CeF5)3, 

phosphorus based nucleophiles have been shown to react with THF. The reaction of THF 

with [Et2P]Li was reported in 1959 to give an uncharacterized product upon standing in 

THF solution for prolonged periods.294 Subsequently in 1968, the ring opening of THF by 

[Me2P]Li in refluxing THF was reported.295 Phosphorus trihalides and THF in the 
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presence of HgX2 has also been shown to give moderate yields of ring-opened 

phosphorus acid esters.296 In each case the reaction was either unexpected or the product 

not fully characterized. The quantitative nature of the reported reactions affords the 

opportunity to examine the ability of phosphonium-borate zwitterions act as protic 

activators for early metal pre-catalysts and the coordination chemistry of new anionic 

phosphine and anionic-phosphonium-dialkoxide ligands. This work, as well as the diverse 

reactions of Lewis acid adducts and sterically demanding nucleophiles in ligand synthesis 

and metal coordination, will continue to be an area of interest in the Stephan research 

group. 



140 

Chapter 5 Reversible, Metal-Free Hydrogen Activation 

5.1 Introduction 

As mentioned in Chapter 1, the ability to reversibly activate H2 is an important 

chemical process only capable at transition metal centers. While metal-free compounds 

have been developed that can either liberate or activate H2, no progress has been made in 

the design and synthesis of systems capable of both. This chapter details the 

unprecedented reactivity of 'frustrated' Lewis pairs towards H2. The phosphonium-

hydridoborate species R2PH(C6F4)BH(C6F5)2 undergoes thermally induced loss of H2 to 

generate the corresponding phosphino-boranes R2P(C6F4)B(C6F5)2, which can 

subsequently activate H2. These findings marked the first ever reported metal-free 

systems to both activate and liberate H2 gas. Additionally the reactivity of FLP's towards 

Si-H, O-H, S-H, and S-S bonds is explored. 

5.2 Experimental 

All preparations were done under an atmosphere of dry, Ch-free N2 employing both 

Schlenk line techniques and an Innovative Technologies or Vacuum Atmospheres inert 

atmosphere glove box. Solvents (pentane, hexanes, toluene, and methylene chloride) were 

purified employing a Grubbs' type column system manufactured by Innovative 

Technology and stored over molecular sieves (4 A). Molecular sieves (4 A) were 

purchased from Aldrich Chemical Company and dried at 140 °C under vacuum for 24 

hours prior to use. Uninhibited THF was purchased from EMD and distilled from 
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sodium/benzophenone prior to use. Deuterated solvents were dried over 

sodium/benzophenone (C6D6, C7D8, THF-ds) or Cat^ (CD2CI2, CeDsBr) and vacuum 

distilled prior to use. Hydrogen and deturerium gas were purchased from Praxair and 

passed through a Dririte gas drying unit prior to use. H2O was distilled and de-oxygenated 

prior to use. All common organic reagents were purified by conventional methods unless 

otherwise noted. lH, 13C, n B , 19F and 31P nuclear magnetic resonance (NMR) 

spectroscopy spectra were recorded on a Bruker Avance-300 spectrometer at 300 K 

unless otherwise noted. !H and 13C NMR spectra are referenced to SiMe4 using the 

residual solvent peak impurity of the given solvent. 31P, n B and 19F NMR experiments 

were referenced to 85% H3PO4, BF3(OEt2), and CFCI3, respectively. Chemical shifts are 

1 1 ~\ 

reported in ppm and coupling constants in Hz as absolute vaules. DEPT and 2-D H/ C 

correlation experiments were completed for assignment of the carbon atoms. Combustion 

analyses were performed in house employing a Perkin Elmer CHN Analyzer. B(C6Fs)3 

was generously donated by NOVA Chemicals Corporation. All phosphines were 

purchased from Aldrich or Strem and used as received unless otherwise noted. Paratone-

N oil was purchased from Hampton Research. Me2SiClD was prepared as reported,297 

while Mes2PD prepared from Mes2PCl and LiAlD4. 

5.2.1 General Procedures for the Liberation and Activation of H2 

General procedure for the heating of R'RPH(C6F4)BH(C6F5)2 and 

[R"3PH][HB(C6F5)3] R'= R= Mes (3-6) , R'= R= 'Bu (3-5), R' = 'Bu, R = Mes (5-1), 

R' = 'Bu, R = Ph (5-2), R" = 'Bu (5-5), R" = Mes (5-6). These reactions were 

performed in a similar fashion and thus only one preparation is detailed. A sealable J-
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Young NMR tube was charged with Mes2PH(C6F4)BH(C6F5)2 (35 mg, 0.046 mmol) and 

CeDsBr (1.142 g) and sealed forming a 0.060 M solution. The sample was inserted into a 

NMR spectrometer pre-heated to 150 °C and allowed to reach thermal equilibrium over 2 

minutes. The reaction was monitored by 'H, 19F, and 31P{1H} NMR spectroscopy for 2 

hours. For all species except 3-6, additional heating experiments were conducted by 

attaching the J-Young NMR tube to a ̂ /vacuum manifold and placing it in a temperature 

controlled silicon oil bath. Depending on the experiments, the sample was open or closed 

to a constant pressure (1 atm) stream of N2. Before collecting NMR data all samples were 

cooled to 25 °C. 

General procedure for the reaction of R'RP(C6F4)B(C6F5)2 with H2 R'= R= Mes (3-

6) , R'= R= 'Bu (3-5), R' = 'Bu, R = Mes (5-3), R' = 'Bu, R = Ph (5-4). These 

compounds were prepared in a similar fashion and thus only one preparation is detailed. 

A sealable J-Young NMR tube was charged with Mes2P(C6F4)B(C6F5)2 (3-14) (30 mg, 

0.039 mmol) and toluene (0.75 mL) and sealed, which formed an orange solution. The 

sample was subjected to a freeze-pump-thaw procedure using liquid N2 in order to degas 

the solution. The sample was exposed to a constant pressure (1 atm) stream of hydrogen 

gas for 2 minutes at -196 °C. The NMR sample was sealed, warmed to room temperature 

(generating a pressure of-3.5 atm), and vigorously shaken resulting in complete loss of 

the orange color within 10 minutes. Immediate NMR indicated conversion of 3-14 to 3-6. 
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5.2.2 Synthesis of Phosphonium Hydridoborates 

('Bu)(Mes)PH(C6F4)BH(C6F5)2 (5-1): To a slurry of CBu)(Mes)PH(C6F4)BF(C6F5)2 

(0.500g, 0.694 mmol) in dichloromethane (10 mL) was added Me2SiHCl (0.77 mL, 6.94 

mmol) via syringe. The reaction was allowed to stir for 12 hours at room temperature. All 

volatiles were removed in vacuo to give the product as a white solid. Yield 483 mg (99 

%). Crystals suitable for X-ray diffraction were grown from a layered dichloromethane / 

pentane solution at 25 °C. *H NMR (THF-d8): 8 8.22 (d, 1H, XJH.P = 467 Hz, VH), 7.22 

(d, 4JH.P = 5 Hz, 2H, P(C6#2)), 3.92 (q, XJH.B = 85 Hz, BH), 2AS (br s, 6H, P(C6H2Me-

2,6), 2.32 (s, 3H, P(C6H2M?-4), 1.62 (d, 9H, 3J„.P = 21 Hz, P{C(CH3)3}). UB NMR 

(THF-d8): 8 -24.67 (d, XJB.H = 85 Hz). 13C{XH} NMR (THF-d8) partial: 8 150.26 (dm, XJC. 

F = 240 Hz, CF), 149.17 (dm, XJC.F = 240 Hz, CF), 147.88 (s, pam-C6H2), 146.52 (dm, 

XJC-F= 250 Hz, CF), 145.01 (d, 2Jc.p = 11 Hz, or^o-QH2), 139.03 (dm, VC-F = 243 Hz, 

CF), 137.31 (dm, ^ = 2 4 0 Hz, CF), 132.52 (d, 3Jc.p = 11 Hz, meto-C6H2), 111.84 (d, 

XJC-P = 80 Hz, P-C6H2), 37.58 (d, lJc.p = 40 Hz, P{C(CH3)3}), 26.40 (s, C(CH3)3), 22.67 

(d, Vc-p = 8 Hz, C6H2Me-2,<5), 21.29 (s, C6H2Me-^). 19F NMR (THF-d8): 8 -128.67 (s, 

2F, C6F4), -131.09 (s, 2F, C(,F4), -133.52 (m, 4F, ortho-C(,F5\ -165.37 (m, 2F, para-

CeF5), -168.45 (m, 4F, meta-CeFs). ^^H] NMR (THF-d8): 8 -2.85 (m). Anal. Calcd. 

for C3,H22BFi4P: C, 53.02; H, 3.16. Found: C, 52.87; H, 3.18 %. 

('Bu)(Ph)PH(C6F4)BH(C6F5)2 (5-2): To a solution of (?Bu)(Ph)PH(C6F4)BF(C6F5)2 

(0.300g, 0.442 mmol) dissolved in dichloromethane (10 mL) was added (CH3)2SiHCl 

(0.49 mL, 4.42 mmol) via syringe. The reaction was allowed to stir for 12 hours at room 
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temperature, during which time a precipitate formed. All volatiles were removed in vacuo 

to give the product as a white solid. Yield 260 mg (89 %). *H NMR (CD2C12): 8 7.96-

7.88 (m, 3H, PCC^)), 7.78-7.72 (m, 2H, ?(CeH5y), 7.20 (br d, 1H, lJH.P = 480 Hz, ?H), 

3.67 (q, XJH-B = 92 Hz, BH), 1.55 (d, 9H, 3JH.p = 21 Hz, P{C(CH3)3}). HB NMR 

(CD2C12): 5 -24.85 (d, %.#= 94 Hz). 13C{!H} NMR (CD2C12) partial: 5 149.84 (dm, VC-

F = 250 Hz, CF), 148.66 (dm, XJC.F = 240 Hz, CF), 145.10 (dm, VC-F = 250 Hz, CF), 

138.60 (dm, lJc.F = 240 Hz, CF), 136.99 (dm, lJc.F = 250 Hz, CF), 136.93 (s, QH5), 

134.46 (d, 3JC-p = 11 Hz, QH5), 131.39 (d, 2Jc.p = 14 Hz, C6H5), 112.64 (d, lJC-p = 78 Hz, 

P-QH5), 35.05 (d, lJC-P = 42 Hz, P{C(CH3)3}), 26.13 (s, C(CH3)3).
 19F NMR (CD2C12): 5 

-127.71 (s, 2F, CaFi), -131.39 (m, 2F, C ^ ) , -134.04 (d, 4F, %.F= 23 Hz, ortho-C^s), -

163.81 (t, 2F, 3JF.F= 20 Hz, para-C(F5), -161M (t, 4F, 3JF.F = 23 Hz, meta-CeFs). 

31F{lH} NMR (CD2C12): 8 20.15 (m). Anal. Calcd. for C28H16BF14P: C, 50.94; H, 2.24. 

Found: C, 50.20; H, 1.94%. 

Cy2PH(C6F4)BH(C6F5)2 (5-9): To a slurry of Cy2PH(C6F4)BF(C6F5)2 (0.200g, 0.282 

mmol) in dichloromethane (10 mL) was added Me2SiHCl (0.31 mL, 0.282 mmol) via 

syringe. The reaction was allowed to stir for 12 hours at room temperature. All volatiles 

were removed in vacuo to give the product as a white solid. Yield 150 mg (78 %). 1H 

NMR (THF-d8): 8 7.04 (d, 1H, lJH.P = 495 Hz, P#), 3.40 (q, lJH.B = 88 Hz, BH), 3.00 (m, 

2H, PjCy/nla), 2.31-2.16 (br m, 20H, PjCy/nh) . "fii'H} NMR (THF-d8): 8 -24.58 

(br). 13C{JH} NMR (THF-dg) partial: 8 149.39 (dm, lJC-F = 250 Hz, CF), 148.36 (dm, XJC. 

F = 240 Hz, CF), 146.05 (dm, lJc.F = 250 Hz, CF), 139.40 (dm, lJc.F = 250 Hz, CF), 

137.00 (dm, XJC-F = 250 Hz, CF), 129.50, 121.99, 86.90 (quaternary), 33.40 (d, lJc.p = 40 
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Hz, P{C6Hn}2), 28.20 (s, P{C6Hn}2), 28.05 (s, P{C6Hn}2), 26.95 (s, P{C6Hn}2), 26.09 

(d, 3Jc,p = 15 Hz, P{C6H„}2), 25.17 (s, P{C6H„}2). 19F NMR (THF-d8): 6 -128.27 (s, 2F, 

CeF4), -133.29 (d, 4F, 3JF.F= 22 Hz, ortho-CeF5), -133.8 (s, 2F, C ^ ) , -163.31 (t, 2F, %. 

F = 20 Hz , para-C(F5), -167.98 (t, 4F, %.F = 20 Hz, meta-OFs). ^P^H} NMR (THF-

d8): 8 9.91 (m). Anal. Calcd. for C3oH24BFi4P: C, 52.05; H, 3.49. Found: C, 51.88; H, 

3.75 %. 

5.2.3 Synthesis of Phosphino-Boranes 

Synthesis of Mes2P(C6F4)B(C6F5)2 (3-14) through H2 liberation: A 50 mL glass bomb 

was charged with Mes2PH(C6F4)BH(C6Fs)2 (0.200 g, 0.262 mraol) and bromobenzene (20 

mL), which formed a white slurry. The bomb was heated to 150 °C for 5 hours. At 90 

minute intervals, the sample was cooled to 25 °C, briefly opened to dynamic vacuum, to 

remove H2, and repressurized with N2. The resulting deep orange solution was cooled to 

room temperature and all volatiles were removed in vacuo. The red residue was taken up 

in pentane (10 mL), sonicated for 10 minutes, and filtered to give a white solid and a deep 

orange filtrate. The solid was identified as starting material. The filtrate was reduced to 5 

mL, transferred to a 25 mL vial, and all volatiles removed in vacuo. The resulting orange 

solid was dried under vacuum for 12 hours. Yield 0.150 g (75 %). 

('Bu)(Mes)P(C6F4)B(C6F5)2 (5-3): A 20 mL vial was charged with 

(?Bu)(Mes)PH(C6F4)BF(C6F5)2 (0.500 g, 0.69 mmol), toluene (10 mL) and diethyl ether 

(1 mL), which formed a white slurry. The mixture was cooled to -35 °C and 3.0 M 
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MeMgBr in diethyl ether (0.23 mL, 0.76 mmol) was added via syringe. Vigorous gas 

evolution and immediate formation of a clear orange solution was observed. The reaction 

was allowed to warm to room temperature and stirred for 12 hours. All volatiles were 

removed in vacuo and the product extracted with hexanes (3 x 20 mL) and filtered 

through Celite. The solvent was removed in vacuo to give an orange solid. Yield 378 mg 

(78 %)}H NMR (CD2C12): 5 6.94 (m, 2H, PCCeft)), 2.38 (br s, 6H, P(C6H2Me-2,6), 2.27 

(s, 3H, P(C6H2Me-4), 1.35 (d, 9H, 3JH.P = 15 Hz, P{C(CH3)3}). "B^H} NMR (CD2C12): 

5 59.14 (br s). "C^H} NMR(CD2C12) partial: 5 148.27 (dm, lJc.F=250 Hz, CF), 145.92 

(dm, 1JC-F = 230 Hz, CF), 145.00 (dm, XJC-F = 240 Hz, CF), 144.89 (d, 2JC-p = 11 Hz, 

QH2), 140.57 (s, QH2), 137.91 (dm, lJc.F = 250 Hz, CF), 130.28 (m, meta-QH2), 114.97 

(br m, P-C6H2), 35.16 (d, lJc.p = 25 Hz, P{C(CH3)3}), 29.60 (d, 2JC-p = 18 Hz, C(CH3)3), 

24.84 (d, Vc-p = 16 Hz, C6H2Me-2,6), 21.09 (s, C6H2M?-<). 19F NMR (CD2C12): 5 -

131.93 (m, 2F, Q ^ ) , -132.46 (m, 4F, ortho-CfFs), -133.29 (m, 2F, C(JF4), -149.07 (m, 

2V,para-C6F5), -165.23 (m, 4F, meta-CeF5),
 31P{*H} NMR (CD2C12): 5 -1.95 (t, 3JP.F = 

22 Hz). Anal. Calcd. for C31H20BF,4P: C, 53.17; H, 2.88. Found: C, 54.05; H, 3.12 %. 

('Bu)(Ph)P(C6F4)B(C6F5)2 (5-4): A 20 mL vial was charged with 

('Bu)(Ph)PH(C6F4)BF(C6F5)2 (0.500 g, 0.76 mmol), toluene (10 mL) and diethyl ether (1 

mL), which formed a white slurry. The mixture was cooled to -35 °C and 3.0 M MeMgBr 

in diethyl ether (0.25 mL, 0.76 mmol) was added via syringe. Vigorous gas evolution and 

immediate formation of a clear yellow solution was observed. The reaction was allowed 

to warm to room temperature and stirred for 12 hours. All volatiles were removed in 

vacuo and the product extracted with hexanes (3 x 20 mL) and filtered through celite. The 
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solvent was removed in vacuo to give a yellow-orange solid. Yield 394 mg (81 %). 1H 

NMR (CD2C12): 8 7.60-7.56 (m, 2H, PCC^)), 7.38-7.36 (m, 3H, P(C6#5)), 1.33 (d, 9H, 

3JH-p = 14 Hz, P{C(CH3)3}). "Bf'H} NMR (CD2C12): 8 57.77 (br s). "C^H} NMR 

(CD2CI2) partial: 8 148.60 (dm, XJC.F = 250 Hz, CF), 148.00 (dm, XJC-F = 245 Hz, CF), 

145.22 (dm, ^C-F = 250 Hz, CF), 140.85 (dm, XJC-F = 240 Hz, CF), 138.14 (dm, XJC-F = 

250 Hz, CF), 133.70 (d, 2JC-p = 20 Hz, QH5), 129.34 (s, QH5), 128.89 (d, 3Jc.p = 6 Hz, 

QH5), 125.17, 119.98, 113.88 (quaternary), 33.02 (d, yJC-p = 20 Hz, P{C(CH3)3}), 29.13 

(d, lJC-p = 16 Hz, C(CH3)3).
 19F NMR (CD2C12): 8 -129.69 (m, 2F, CeF4), -131.85 (d, 4F, 

3JF.F= 20 Hz, ortho-C(,F5), -133.22 (m, 2F, CeF4), -148.09 (br m, 2Y,para-C(Fs), -164.98 

(t, 4F, 3JF.F= 20 Hz, meta-CeFs). 31P{1H} NMR (CD2C12): 8 4.16 (t, *JP.F= 35 Hz). Anal. 

Calcd. for C28Hi4BF14P: C, 51.10; H, 2.14. Found: C, 51.55; H, 2.78 %. 

5.2.4 Activation of Hydrogen with Phosphines and Boranes 

['Bu3PH][HB(C6F5)3] (5-5): Solid B(C6F5)3 (0.506 g, 0.99 mmol) and 'Bu3P (0.200 g, 

0.99 mmol) were added to a 50 mL Schlenk flask and dissolved in toluene (20 mL), 

which formed a colorless solution. The solution was purged with H2 via a stainless steel 

needle for 30 minutes during which time a white precipitate formed. The reaction was 

allowed to stir under a static atmosphere of H2 for 12 hours. The reaction was then 

concentrated to half of the original volume and hexanes (10 mL) was added to promote 

precipitation. The mixture was filtered, washed with hexanes ( 2 x 5 mL) and dried in 

vacuo. The product was collected as a white solid. Yield 0.635 g (90 %). Crystals suitable 

for X-ray diffraction were grown from a layered bromobenzene/pentane solution at 25 °C. 
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*H NMR (C6D5Br): 5 4.99 (d, 1H, %.P = ASA Hz, FH), 4.18 (q, 1H, lJH.B = 100 Hz, BH), 

1.01 (d, 18H, 3JH.P = 16 Hz, P{C(CH3)3}). "Bf'H} NMR (C6D5Br): 8 -25.76 (s). "C^H} 

NMR (C6D5Br) partial: 8 148.40 (dm, lJc.F = 235 Hz, ortho-C6F5), 137.68 (dm, XJC-F = 

245 Hz, para-C6F5), 136.59 (dm, VC-F = 250 Hz, meta-C6F5), 36.56 (d, xJC-p = 28 Hz, 

P{C(CH3)3}), 29.18 (s, PC(CH3)3).
 19F NMR (C6D5Br): 8 -131.74 (br m, 6F, ortho-CeF;), 

-162.89 (br m, 3F, para-CeFs), -165.75 (br m, 6F, meta-CeFs). ^P^H} NMR (C6D5Br): 8 

56.56 (s). Anal. Calcd. for C3oH29BF15P: C, 50.30; H, 4.08. Found: C, 49.94; H, 4.02 %. 

[Mes3PH][HB(C6F5)3] (5-6): Solid B(C6F5)3 (0.500 g, 0.98 mmol) and Mes3P (0.380 g, 

0.98 mmol) were added to a 50 mL Schlenk flask and dissolved in toluene (20 mL), 

which formed a violet solution. The solution was purged with H2 via a stainless steel 

needle for 30 minutes during which time the solution turned colorless and a white 

precipitate formed. The reaction was allowed to stir under a static atmosphere of H2 for 

12 hours. The reaction was then concentrated to half of the original volume and hexanes 

(10 mL) was added to promote precipitation. The mixture was filtered, washed with 

hexanes ( 2 x 5 mL) and dried in vacuo. The product was collected as a white solid. Yield 

0.65 g (74 %). Crystals suitable for X-ray diffraction were grown from a layered 

bromobenzene/pentane solution at 25 °C. *H NMR (C6D5Br): 8 7.91 (d, 1H, lJH.P = 480 

Hz, PH), 6.58 (d, 4JH.P = 10 Hz, 4H, P(C6^2)3), 4.10 (q, 1H, XJH-B = 112 Hz, BH), 1.95 (s, 

9H, P(C6H2Me-03), 1.87 (s, 9H, P(C6H2Me-2)3), 1.62 (s, 9H, P(C6H2Me-6)3).
 n B ^H} 

NMR (C6D5Br): 8 -25.47 (s). 13C fU} NMR (C6D5Br) partial: 8 148.65 (dm, XJC-F= 244 

Hz, ortho-C6F5), 148.25 (dm, lJc.F = 244 Hz, para-C6F5), 146.99 (d, %.P = 2.78 Hz, 

para-C6F\i), 143.08 (d, 2Jc.p = 102 Hz, ortho-C^), 136.67 (dm, XJC.F = 246 Hz, meta-
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C6F5), 132.95 (d, 3JC-P = 11 Hz, meta-C<fr2), 111-06 (d, lJc.p = 83 Hz, P-QH2), 21.83 (m, 

C6H2Me-6), 21.27 (s, C6H2Me-4), 20.84 (d, VC-p = 10 Hz, C6H2Me-2). 19F NMR 

(C6D5Br): 8 -132.77 (d, 6F, %.F= 22 Hz, ortho-C^s), -164.13 (t, 3F, V F - F = 22 Hz, 

para-CeFs), -166.95 (t, 6F, 3JF.F = 20 Hz, meta-CeFj). 31P {*H} NMR (C6D5Br): 5 -27.53 

(s). Anal. Calcd. for C45H35BF15P: C, 59.89; H, 3.91. Found: C, 59.63; H, 3.42 %. 

^BusPHHHBCCeHsk] (5-7): Solid BPh3 (0.500 g, 2.06 mmol) and lBu3P (0.418 g, 2.07 

mmol) were added to a 50 mL Schlenk flask and dissolved in toluene (10 mL), which 

formed a faint yellow solution. Note: It is imperative that BPI13 is extremely pure prior to 

use. The solution was vigoursly purged with H2 for 60 minutes during which time a white 

precipitate formed. The reaction was allowed to stir under a static atmosphere of H2 for 

24 hours. The reaction was then concentrated to half of the original volume and hexanes 

(10 mL) was added to promote precipitation. The mixture was filtered, the solid was 

washed with hexanes (2x5 mL) and dried in vacuo. The product was collected as a white 

solid. Yield 0.298 g (33 %). *H NMR (CD2C12): 5 8.15 (m, 3H, Ph), 7.68 (m, 3H, Ph), 

7.40 (m, 3H, Ph), 7.38 (m, 3H, Ph), 7.06 (m, 3H, Ph), 4.28 (d, 1H, XJH.P = 435 Hz, P//), 

2.34 (br s, 1H, BH), 1.26 (d, 27H, lJH.P = 15 Hz, P{C(CH3)3}). "B^H} NMR (CD2C12): 

5 -6.88 (s). 13C{XH} NMR (CD2C12) partial: 6 135.35 (s, Ph), 132.30 (s, Ph), 130.11 (s, 

Ph), 127.78 (s, Ph), 126.99 (s, Ph), 37.61 (d, 3JC.P = 28 Hz, P{C(CH3)3}), 30.34 (s, 

PC(CH3)3).
 31P{*H} NMR (CD2CI2): 5 58.35 (s). 
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5.2.6 Liberation of H2 in the Presence of MesCN 

Mes2P(C6F4)B(C6F5)2(MesCN) (5-8): To a 20 mL vial charged with 

Mes2P(C6F4)B(C6F5)2 (0.100 g, 0.131 mmol) and toluene (10 mL) was added MesCN 

(0.020 g, 0.138 mmol) in toluene (5 mL) via syringe. Upon addition of MesCN there was 

a color change from orange to colorless. The reaction was allowed to stir for 30 minutes 

at room temperature. All volatiles were removed in vacuo yielding a white solid. Yield 

105 mg (88 %). Alternative synthesis: A J-Young NMR tube was charged with 

Mes2PH(C6F4)BH(C6F5)2 (0.058 g, 0.076 mmol), MesCN (0.011 g, 0.076 mmol), and 

C6D5Br (0.75 mL). The solution was heated to 150 °C for 15 minutes. NMR confirmed 

quantitative product formation. The sample was transferred to a pre-weighed vial and all 

volatiles removed under vacuum to give a white solid. Yield 51 mg (86 %). 1H NMR 

(C6D5Br): 5 6.74 (d, 4H, %.P = 3 Hz, P t Q ^ ) , 6.52 (s, 2H, N Q C ^ ) ) , 2.29 (m, 12H, 

P(C6H2Me-2,6)2), 2.14 (m, 12H, P(C6H2Me-4)2, 2.11 (s, 6H, NC(C6H2Me-2,(5)), 2.07 (s, 

3H, NC(C6H2Me-4)). "B^H} NMR (C6D5Br): -9.26 (br s). "C^H} NMR (C6D5Br) 

partial: 8 148.24 (dm, ^ = 244 Hz, C6F5), 147.98 (quaternary, NC(QH2)), 147.05 (dm, 

1JC-F = 247 Hz, C6F4), 146.33 (quaternary, NC(QH2)), 142.48 (quaternary, P(QH2)2), 

140.33 (dm, XJC-F = 235 Hz, C6F5), 138.49 (quaternary, P(QH2)2), 136.95 (dm, lJc.F = 

240 Hz, C6F5), 130.11 (s, C-H, P(QH2)2), 128.00 (s, C-H, NC(QH2)), 122.20 

(quaternary, N=Q, 117.76 (quaternary, NC(QH2)), 114.99 (quaternary, NC(QH2)), 

22.61 (d, Vc-p = 17 Hz, P(C6H2Me-2,6)2), 21.80 (s, NC(C6H2M?-<)), 20.85 (s, P(C6H2Afe-

4)2), 19.49 (s, NC(C6H2Me-2,d)). 19F NMR (C6D5Br): 8 -132.37 (br s, 2F, CeF4), -133.62 

(m, 4F, ortho-CeFs), -133.93 (br s, 2F, C ^ ) , -156.12 (m, 2F, para-CeF5), -163.26 (m, 
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4F, mefa-CeF,). ^Pf1!!} NMR (C6D5Br): 5 -47.49 (t, 3JP.F = 34 Hz). Anal. Calcd. for 

C46H33BF14NP: C, 60.88; H, 3.67; N, 1.54. Found: C, 61.44; H, 3.87; N, 1.79 %. 

'Bu2P(C6F4)B(MesCN)(C6F5)2 (5-10): A J-Young NMR tube was charged with 

'Bu2PH(C6F4)BH(C6F5)2 (0.049 g, 0.076 mmol), MesCN (0.011 g, 0.076 mmol), and 

CeDsBr (0.075 mL) and sealed. The mixture was heated to 150 °C for 270 minutes. 

Complete liberation of H2 and quantitative formation of 5-10 was observed. The sample 

was transferred to a pre-weighed vial and all volatiles removed in vacuo to give a white 

solid. Yield 52 mg (85 %). XH NMR (C6D5Br): 5 6.51 (s, 2H, N C ( C ^ ) ) , 2.15 (s, 6H, 

NC(C6H2Me-2,6)), 2.07 (s, 3H, NC(C6H2M?-4)). 1.25 (d, 18H, 3JH.P = 12 Hz, 

P{C(CH3)3}). "B^H} NMR (C6D5Br): 5 -9.66 (br). 13C{XH} NMR (C6D5Br) partial: 8 

148.83 (quaternary, NC(C6H2)), 148.28 (dm, 1JC-F = 250 Hz, CF), 145.86 (quaternary, 

NC(QH2)), 140.13 (dm, ^ = 250 Hz, CF), 137.54 (dm, lJc.F = 250 Hz, CF), 129.62 (s, 

C-H, NC(C6H2)), 122.21 (quaternary, N=Q, 115.61 (quaternary, NC(C6H2)), 103.22 

(quaternary, BC), 32.97 (d, lJC-p = 30Hz, P{C(CH3)3}), 30.67 (d, 2Jc.p = 18Hz, C(CH3)3). 

22.30 (s, NC(C6H2Me-0), 19.98 (s, NC(C6H2Me-2,(5)). 19F NMR (C6D5Br): 5 -122.28 

(m, IF, CeF^), -128.36 (ddd, IF, 3JF.P = 109 Hz, %.F= 24 Hz, %.F= 15 Hz, C ^ ) , -

133.52 (m, IF, CaF4), -133.73 (dd, IF, %.F= 24 Hz, %.F= 15 Hz, C ^ ) , -133.96 (m, 

4P,AJF-F= 24 Hz, %.F= 10 Hz, ortho-C(,F5), -155.50 (t, 2F, %.F= 22 Hz,para-CeFi), -

161AA (td, 4F, %.F= 23 Hz, %.F= 10 Hz, meta-CeFs). ^P^H} NMR (C6D5Br): 5 22.06 

(dd, VpF = 109 Hz, VPF = 22 Hz). 
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('Bu)(Mes)P(C6F4)B(C6F5)2(MesCN) (5-11): A J-Young NMR tube was charged with 

(,Bu)(Mes)PH(C6F4)BH(C6F5)2 (0.054 g, 0.076 mmol), MesCN (0.011 g, 0.076 mmol), 

and CeDsBr (0.075 mL) and sealed. The mixture was heated to 150 °C for 65 minutes. 

Complete liberation of H2 and quantitative formation of 5-11 was observed. The sample 

was transferred to a pre-weighed vial and all volatiles removed in vacuo to give a white 

solid. Yield 55 mg (92 %). *H NMR (C6D5Br): 8 6.77 (s, 2H, P O ^ h ) , 6.50 (s, 2H, 

NCXCe//;)), 2.48 (m, 12H, P(C6H2M?-2,6)2), 2.28 (m, 12H, P(C6H2M?-<)2, 2.11 (s, 6H, 

NC(C6H2Me-2,<5)), 2.06 (s, 3H, NC(C6H2M?-4)), 1.29 (d, 9H, lJH.P = 12 Hz, 

P{C(CH3)3}). "BJ1!!} NMR (C6D5Br): -8.29 (br s). "C^H} NMR (C6D5Br) partial: 8 

148.34 (quaternary, NC(QH2)), 148.24 (dm, ^ = 250 Hz, CF), 145.99 (dm, lJc.F = 245 

Hz, CF), 145.53 (quaternary, NC(QH2)), 142.26 (quaternary, P(QH2)2), 140.61 (dm, lJc. 

F = 245 Hz, CF), 138.29 (quaternary, P(QH2)2), 137.41 (dm, 1JC.F = 242 Hz, CF), 130.07 

(s, C-H, P(QH2)2), 128.18 (s, C-H, NC(QH2)), 122.05 (quaternary, N=Q, 117.18 

(quaternary, P(C6H2)2), 115.12 (quaternary, NC(C6H2)), 110.73 (quaternary, NC(CdH2)), 

34.22 (d, }JC-p = 27 Hz, P{C(CH3)3}), 29.51 (d, 2Jc.p = 18 Hz, C(CH3)3), 22.00 (s, 

P(C6H2Me-2,6)2), 21.53 (s, NC(C6H2Me-¥)), 20.57 (s, P(C6H2Me-4)2), 19.70 (s, 

NC(C6H2Me-2,6)). 19F NMR (C6D5Br): 8 -129.48 (m, 2F, C ^ ) , -133.66 (m, 4F, ortho-

CeFs), -134.12 (m, 2F, CeF4), -156.20 (m, 2F, para-C(,F5), -163.32 (m, 4F, weto-CgFj). 

^ P l ^ } NMR (C6D5Br): 8 -7.22 (t, 3JP.F = 25 Hz). 

('Bu)(Ph)PH(C6F4)B(MesCN)(C6Fs)2 (5-12): A J-Young NMR tube was charged with 

('Bu)(Ph)PH(C6F4)BH(C6F5)2 (0.050 g, 0.076 mmol), MesCN (0.011 g, 0.076 mmol), and 

C6DsBr (0.075 mL) and sealed. The mixture was heated to 150 °C for 30 minutes. 
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Complete liberation of H2 and quantitative formation of 5-12 was observed. The sample 

was transferred to a pre-weighed vial and all volatiles removed in vacuo to give a white 

solid. Yield 55 mg (90 %). JH NMR (C6D5Br): 8 7.61 (m, 2H, PCC^)), 7.17 (m, 3H, 

P(C6#5)), 6.55 (s, 2H, NC(C6^2», 2.13 (s, 6H, NC(C6H2Me-2,6)), 2.06 (s, 3H, 

NC(C6H2M?-0). 1.55 (d, 9H, *JH.P = 14 Hz, P{C(CH3)3}). nB{lYX) NMR (C6D5Br): 8 -

9.53 (br). "C^H} NMR (C6D5Br) partial: 8 149.84 (dm, lJc.F = 250 Hz, CF), 149.77 

(quaternary, NC(C6H2)), 148.66 (dm, lJc.F = 240 Hz, CF), 146.62 (quaternary, 

NC(QH2)), 145.10 (dm, lJc.F = 250 Hz, CF), 138.60 (dm, XJC-F = 240 Hz, CF), 136.99 

(dm, 1JC-F = 250 Hz, CF), 136.93 (s, C6H5), 134.46 (d, VC-P = 11 Hz, C6H5), 131.39 (d, 

2Jc-p = 14 Hz, C6H5), 130.12 (s, C-H, NC(C6H2)), 122.80 (quaternary, N=C), 115.97 

(quaternary, NC(QH2)), 112.64 (d, lJC-p = 78 Hz, P-C6H5), 103.79 (quaternary, BC), 

35.05 (d, xJC-p = 42 Hz, P{C(CH3)3}), 26.13 (s, C(CH3)3). 22.47 (s, NC(C6H2Me-4)), 

20.34 (s, NC(C6H2Me-2,d)). 19F NMR (C6D5Br): 8 -127.13 (m, 2F, C ^ ) , -131.11 (m, 

2F, C(F4\ -133.46 (d, 4 F , V ^ - F = 22 Hz, ortho-C^Fs), -155.96 (td, 2F, %.F= 21 Hz, %.F 

= 10 Hz para-CeFs), - 161AA (td, 4F, %.F= 22 Hz,, %.F= 10 Hz, meta-C(>F5).
 31P{1H} 

NMR (C6D5Br): 8 0.25 (t, VPF = 37 Hz). 

Cy2P(C6F4)B(MesCN)(C6F5)2 (5-13): A J-Young NMR tube was charged with 

Cy2PH(C6F4)BH(C6F5)2 (0.054 g, 0.076 mmol), MesCN (0.011 g, 0.076 mmol), and 

C6D5Br (0.75 mL) and sealed. The mixture was heated to 150 °C for 135 minutes. 

Complete liberation of H2 and quantitative formation of 5-13 was observed. The sample 

was transferred to a pre-weighed vial and all volatiles removed in vacuo to give a white 

solid. Yield 54 mg (83 %). JH NMR (C6D5Br): 8 6.51 (s, 2H, NC(C6^)), 3.00 (m, 2H, 
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P{C6#n}2), 2.44 (s, 6H, NC(C6H2M?-2,<5)), 2.40 (s, 3H, NC(C6H2Me-4)), 1.95 (br, 2H, 

P{C6#ii}2), 1.71 (br, 4H, P jC^n} , ) , 1.59 (br, 4H, PjCWuh), 1.21 (br m, 10H, 

P{C6#n}2). "B^H} NMR (C6D5Br): 6 -10.11 (br s). "C^H} NMR (C6D5Br) partial: 8 

148.93 (dm, XJC.F = 250 Hz, CF), 148.72 (quaternary, NC(QH2)), 148.39 (dm, XJC.F = 250 

Hz, CF), 145.90 (quaternary, NC(C6H2)), 140.76 (dm, lJC-F = 240 Hz, CF), 137.68 (dm, 

1JC-F = 245 Hz, CF), 129.64 (s, C-H, NC(C6H2)), 122.36 (quaternary, N=Q, 115.54 

(quaternary, NC(C6H2)), 111.03 (quaternary), 33.54 (m, P{C6Hn}2), 31.68 (m, 

P{C6H„}2), 30.58 (m, P{C6H„}2), 27.35 (s, P{C6H„}2), 27.18 (s, P{C6H„}2), 26.60 (s, 

P{C6H„}2), 22.34 (s, NC(C6H2M?-4)), 20.87 (s, NC(C6H2M;-2,6)). 19F NMR (C6D5Br): 

5 -130.33 (m, 2F, C ^ ) , -133.37 (m, 2F, C ^ ) , -133.60 (m, 4F, %.F= 24 Hz, %.F = 10 

Hz, ortho-CeF5), -156.16 (t, 2F, 3JF.F = 22 Hz , para-QjFs), -167.95 (m, 4F, %.F= 24 

Hz, 3JF.F= 10 Hz, meta-C(F5).
 31P{XH} NMR (C6D5Br): 5 -5.09 (t, VP.F = 36 Hz). 

(MesCN)B(C6F5)3 (5-14): To a 20 mL vial charged with B(C6F5)3 (0.100 g, 0.195 mmol) 

and toluene (10 mL) was added MesCN (0.028 g, 0.195 mmol) in toluene (5 mL) via 

syringe. The reaction was allowed to stir for 30 minutes at room temperature. All volatiles 

were removed in vacuo to give a white solid. Yield 115 mg (91 %). *H NMR (CD2C12): 8 

7.09 (s, 2H, NC(C6//2)), 2.44 (s, 6H, NC(C6H2M?-2,6)), 2.40 (s, 3H, NC(C6H2Me-4)). 

"BfH} NMR (CD2C12): -10.62 (br s). 13C{JH} NMR (CD2C12) partial: 8 149.77 

(quaternary, NC(C6H2)), 148.60 (dm, XJC-F = 244 Hz, CF), 146.62 (quaternary, 

NC(C6H2)), 140.90 (dm, VC-F = 250 Hz, CF), 137.97 (dm, lJc.F = 250 Hz, CF), 130.12 (s, 

C-H, NC(QH2)), 128.80 (quaternary, N=C), 115.97 (quaternary, NC(C6H2)), 103.79 

(quaternary, B-C), 22.47 (s, NC(C6H2M?-4)), 20.34 (s, NC(C6H2Me-2,6)). 19F NMR 
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(CD2C12): 5 -134.38 (dd, 6F, VFF= 24 Hz, 3/FF= 10 Hz, ortho-C^), -157.67 (t, 3F, VFF = 

22 Hz, para-CeFs), -164.77 (dt, 6F, VFF= 24 Hz, VFF= 10 Hz, meta-CeFs). 

5.2.7 Deuterium Labelled Compounds 

[Mes3PD][DB(C6F5)3] (5-6P D BD): Solid B(C6F5)3 (0.025 g, 0.049 mmol) and Mes3P 

(0.019 g, 0.049 mmol) were added to a sealable J-Young NMR tube and dissolved in 

C6H5Br (1.0 mL) giving a violet solution. The sample was de-gassed using the freeze-

pump-thaw method. The NMR tube was exposed to a constant flow of deuterium gas at 

77 K, followed by warming to room temperature, and vigorous shaking for 5 minutes. 

Addition of deuterium gas was repeated to ensure maximum gas pressure. The sample 

was left to stand approximately 3 hours. 2H NMR (C6H5Br): 8 7.5 (d, ID, XJD.P = 74 Hz, 

P£>), 3.80 (br s, ID). 11B{1H} NMR (C6H5Br): 8 -25.5 (br s). ^P^H} NMR (C6H5Br): 8 -

28.1 (t, VP_Z) = 74 Hz, P£>). 

Mes2PD(C6F4)BF(C6F5)2 (3-6P D BF): Prepared in same fashion as 2-5 using Mes2PD. 2H 

NMR (CH2C12): 8 7.75 (d, lJD.P = 77 Hz, P£>). 31P{JH} NMR (CH2C12): 8 -37.53 (tt, %.D 

= 11 Hz, VP.F = 9Hz,JPD). 

Mes2PD(C6F4)BH(C6Fs)2 (3-6P D BH): Prepared from 3-6PDBF using Me2SiClH in the same 

fashion as 3-6. 2H NMR (CH2C12): 8 7.78 (d, XJD.P = 11 Hz, P£>). 31P fa} NMR 

(CH2C12): 8 -37.49 (tt, 3JP.D = 11 Hz, %.F = 9 Hz, PD). 
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Mes2PH(C6F4)BD(C6F5)2 (3-6PHBD): Prepared from 2-5 using Me2SiClD in the same 

fashion as 3-6. 2H NMR (CH2C12): 6 3.48 (br, BD). n B NMR (CH2C12): 5 -25.4 (br). 

^P^H} NMR (CH2C12): 5 -37.40 (m, %.F= 8 Hz). 

Mes2PD(C6F4)BD(C6F5)2 (3-6PDBD): Prepared from 3-6PDBF using Me2SiClD in the same 

fashion as 3-6 or by reaction of 3-14 with D2.
 2H NMR (CH2C12): 5 7.76 (d, JD.P = 11 Hz, 

VD), 3.50 (br, BD). n B NMR (CH2C12): 5 -25.36 (br). 31P {*H} NMR (CH2C12): 8 -37.49 

(tt, 3JP.D = 11 Hz, 3JP.F = 9 Hz, PD). 

tBu2PH(C6F4)BD(C6F5)2 (3-5PHBD): Prepared from 2-4 using Me2SiClD in the same 

fashion as 3-6PHBD.
 2H NMR (CH2C12): 5 3.75 (br, BD). nB NMR (CH2C12): 5 -25.43 

(br). 

5.2.8 Activation of H20 with Phosphines and B(C6Fs)3 

[Mes3PH][HOB(C6F5)3] (5-15): Solid B(C6F5)3 (0.200 g, 0.39 mmol) and Mes3P (0.152 

g, 0.39 mmol) were added to a 50 mL Schlenk flask and dissolved in toluene (20 mL) 

giving a violet solution. To this solution was added distilled and de-oxygenated water via 

syringe (7 uL, 0.39 mmol) at room temperature. The reaction mixture was stirred 

vigorously for 5 minutes at which time the mixture became colorless and a white 

precipitate formed. After stirring for a further 20 minutes the solid re-dissolved and 

subsequently oiled out of solution. All volatiles were removed in vacuo to give a white 

solid. Pentane (10 mL) was added forming a white slurry which was stirred for 60 
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minutes. All volatiles were removed in vacuo and the resulting white solid was dried 

under vacuum for 24 hours. Yield 0.340 g (95 %). *H NMR (CD2C12): 8 8.27 (d, 1H, XJH. 

P = 480 Hz, FH), 7.17 (br s, 3H, PCQsftfc), 7.08 (br s, 3H, P C C ^ s ) , 5.01 (br s, 1H, 

BOH), 2.38 (s, 9H, P(C6H2M?-<)3), 2.30 (s, 9H, P(C6H2M?-2)3), 2.02 (s, 9H, P(C6H2Me-

6)3). "B^H} NMR (CD2C12): 5 -3.74 (s). "C^H} NMR (CD2C12) partial: 8 148.52 (dm, 

1JC-F = 245 Hz, CF), 147.82 (s, /?ara-C6H2), 144.86 (m, ort/*o-QH2), 143.32 (m, ortho-

QH2), 139.16 (dm, ^ = 240 Hz, CF), 137.19 (dm, XJC-F= 240 Hz, CF), 133.71 (d, zJc.p 

= 10 Hz, meta-C6U2), 132.42 (d, 3JC-p = 11 Hz, meta-C6U2), 112.03 (d, VC-p = 83 Hz, P-

QH2), 22.46 (m, C6H2M?j), 21.72 (s, C6H2M?5), 21.21 (m, C6H2M?5).
 19F NMR 

(CD2C12): 8 -136.42 (d, 6F, %.F = 23 Hz, ortho-CoF,), -162.94 (br s, 3F, para-C^Fs), -

166.96 (t, 6F, V F - F = 21 Hz, meta-C^s). 31P NMR (CD2C12): 8 -26.86 (d, ^ = 480 Hz, 

?H). *H NMR (CD2C12, 203 K): 8 8.17 (d, 1H, XJH.P = 482 Hz, PH), 8.10 (br s, 1H, 

BOH), 7.09 (d, 3H, 4JH.p = 5 Hz, P(C6^)3), 6.99 (d, 3H, 4JH-p = 5 Hz, P(Cy72)3), 2.30 (s, 

9H, P(C6H2Me-<)3), 2.24 (s, 9H, P(C6H2Me-2)3), 1.89 (s, 9H, P(C6H2Me-6)3).
 19F NMR 

(CD2C12, 203 K): 8 -136.94 (d, 6F, 3JF.F = 22 Hz, ortho-CeF5), -162.76 (br s, 3F, para-

CeFj), -166.66 (d, 6F, %.F= 22 Hz, meta-C(,F5). Anal. Calcd. for C45H35BF15PO: C, 

58.84; H, 3.84. Found: C, 59.78; H, 4.56 %. 

[Mes3PH][HO{B(C6F5)3}2] (5-16): An NMR tube was charged with 

[Mes3PH][HOB(C6F5)3] (0.040 g, 0.044 mmol), B(C6F5)3 (0.022 g, 0.044 mmol), and 

CD2C12 (0.75 mL). The NMR tube was vigorously shaken for 1 minute to ensure all 

solids dissolved. NMR confirmed immediate and quantitative product formation. 

Removing all volatiles in vacuo gave the product as a white solid in 72% yield (45 mg). 
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Crystals suitable for X-ray diffraction were obtained by adding a small amount of pentane 

to a concentrated CH2CI2 of product and letting it stand 24 hours at 25 °C. *H NMR 

(CD2CI2): 5 8.25 (d, 1H, xJH-p = 480 Hz, PH), 7.17 (br s, 3H, ?(CeH2h), 7.08 (br s, 3H, 

P(C6#2)3), 6.34 (br s, 1H, BOH), 2.38 (s, 9H, P(C6H2Me-<>3), 2.29 (s, 9H, P(C6H2Me-

2)3), 2.02 (s, 9H, P(C6H2Me-6)3). "B^H} NMR (CD2C12): 5 -0.45 (s). " C j ^ } NMR 

(CD2CI2) partial: 5 148.23 (dm, 'JC.F = 240 Hz, CF), 147.90 (s, para-C6R2), 144.08 (m, 

ortho-C6H2), 143.30 (m, ortho-C6U2), 140.30 (dm, 1yc.^ = 250 Hz, CF), 137.08 (dm, lJc.F 

= 240 Hz, CF), 133.81 (d, 3JC-p = 11 Hz, meta-C6U.2), 132.38 (d, 3JC-p = 11 Hz, meta-

C6H2), 111.99 (d, lJC-p = 80 Hz, P-C6H2), 22.46 (m, C6H2Me3), 21.72 (s, C6H2M?5), 21.54 

(m, C6H2Me5).
 19F NMR (CD2C12): 8 -133.84 (br s, 6F, ortho-CfFs), -160.02 (t, 3F, %.F 

= 21 Hz, para-C(,F5), -166.06 (t, 6F, 3 J F . F = 23 Hz, meta-CeF5).
 31P NMR (CD2C12): 5 -

26.85 (d, xJp.H = 480 Hz, ?H). XH NMR (CD2C12, 203 K): 8 8.14 (d, 1H, lJH.P = 480 Hz, 

FH), 7.09 (d, 3H, 4JH.p = 5 Hz, P(CeH2)3), 6.99 (d, 3H, WP = 5 Hz, P(C6fl2)3), 6.58 (t, •/#. 

F = 18 Hz 1H, BOH), 2.30 (s, 9H, P(C6H2Me-4)3), 2.24 (s, 9H, P(C6H2Me-2)3), 1.90 (s, 

9H, P(C6H2M?-6)3).
 19F NMR (CD2C12, 203 K): 8 -127.17 (t, IF, 3JF.F= 32 Hz, CF), -

127.17 (d, IF, 3JF.F= 24 Hz, CF), -129.27 (t, IF, 3JF.F= 28 Hz, CF), -130.80 (t, IF, 3JF.F= 

28 Hz, CF), -135.58 (s, IF, CF), -137.80 (t, IF, %.F= 34 Hz, CF), -155.32 (t, IF, 3JF.F = 

20 Hz, GF), -155.98 (t, IF, 3JF.F= 30 Hz, CF), -157.22 (t, IF, 3JF.F= 24 Hz, CF), -160.53 

(t, IF, 3JF.F= 22 Hz, CF), -162.16 (m, 2F, 3JF.F= 18 Hz, CF), -162.78 (t, IF, 3JF.F= 20 

Hz, OF), -162.95 (t, IF , 3JF.F = 18 Hz, CF) , -163.68 (t, IF , VF-/T = 25 Hz, CF)- Ana l . 

Calcd. for C63H35B2F3oPO: C, 52.90; H, 2.47. Found: C, 54.10; H, 3.10 %. 
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5.2.9 Liberation of H2 in the Presence of R3PO 

General procedure for the heating of R2PH(C6F4)BH(C6F5)2 R = 'Bu (5-5), R = Mes 

(5-6) in the presence of R3PO and MesCN. These reactions were performed in a similar 

fashion and thus only one preparation is detailed. A sealable J-Young NMR tube was 

charged with Mes2PH(C6F4)BH(C6F5)2 (0.035 g, 0.046 mmol), Ph3PO (0.014 g, 0.050 

mmol), MesCN (0.007 g, 0.048 mmol) and C6D5Br (1.142 g) and sealed forming a 0.060 

M phosphonium borate solution. The sample was inserted into a NMR spectrometer pre­

heated to 100 °C and allowed to reach thermal equilibrium over 2 minutes. The reaction 

was monitored by *H, 19F, and 31P{]H} NMR spectroscopy until complete H2 loss was 

observed (See table 5.9 for experiment times). 

Mes2P(C6F4)B(C6F5)2(Et3PO) (5-17): A J-Young NMR tube was charged with 

Mes2PH(C6F4)BH(C6F5)2 (0.050 g, 0.066 mmol), Et3PO (0.09 g, 0.068 mmol), and 

bromobenzene (0.75 mL). The solution was heated to 150 °C for 30 minutes. NMR 

confirmed quantitative product formation. The sample was transferred to a pre-weighed 

vial and all volatiles were removed under vacuum to give a white solid. Yield 48 mg (82 

%). *H NMR (C6D5Br): 5 6.73 (d, 4H, 4JH.P = 4 Hz, ?(C6H2)2), 2.27 (s, 12H, P(C6H2Me-

2,6)2), 2.14 (s, 6H, ?(C6U2Me-4)2), 1.51 (m, 6H, Et), 0.91 (m, 9H, Et). "B^H} NMR 

(C6D5Br): -2.1 (br s). "Cf1!!} NMR (C6D5Br) partial: 8 148.40 (dm, XJC-F = 250 Hz, CF), 

147.24 (dm, XJC.F = 250 Hz, CF), 143.02 (quaternary, P(C6H2)2), 141.39 (dm, XJC-F = 245 

Hz, CF), 139.77 (quaternary, P(C6H2)2), 137.20 (dm, XJC-F = 250 Hz, CF), 130.87 (C-H, 

P(CdH2)2), 121.15 (quaternary), 23.11 (d, 2JC-p = 17 Hz, P(C6H2Me-2,6)2), 21.26 (s, 
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P(C6H2M?-02), 17.97 (d, xJC-p = 67 Hz, PEt), 5.35 (s, PEt). 19F NMR (C6D5Br): 5 -

132.77 (m, 4F, ortho-C(,F5), -133.17 (m, 2F, C(F4), -133.25 (m, 2F, CeF4), -158.12 (m, 

2F, para-CeFs), -164.10 (m, 4F, meta-CeF5). "P^H} NMR (C6D5Br): 5 77.08 (s, Et3PO), 

-48.30(t,3Jp.77=27Hz). 

'Bu2P(C6F4)B(C6F5)2(Et3PO) (5-18): A J-Young NMR tube was charged with 

'Bu2PH(C6F4)BH(C6F5)2 (0.050 g, 0.078 mmol), Et3PO (0.011 g, 0.080 mmol), and 

bromobenzene and sealed. The mixture was heated to 150 °C for 60 minutes. Complete 

liberation of H2 and quantitative formation of 5-18 was observed. The sample was 

transferred to a pre-weighed vial and all volatiles removed under vacuum to give a white 

solid. Yield 50 mg (83 %). *H NMR (C6D5Br): 5 1.52 (m, 6H, Et), 1.11 (d, 18H, ZJH.P = 

13 Hz, P{C(CH3)3}), 0.93 (m, 9H, Et) . 1^ 1 ! !} NMR (C6D5Br): 5 -2.51 (br). "C^H} 

NMR (C6D5Br) partial: 5 150.05 (dm, lJc.F = 250 Hz, CF), 148.50 (dm, XJC-F = 250 Hz, 

CF), 146.98 (dm, XJC.F=245 Hz, CF), 139.12 (dm, lJc.F = 250 Hz, CF), 137.10 (dm, XJC-F 

= 240 Hz, CF), 121.34 (quaternary), 32.97 (d, xJC-p = 29 Hz, P{C(CH3)3}), 30.67 (d, 2JC-p 

= 26 Hz, C(CH3)3), 17.22 (d, xJC-p = 66 Hz, PEt), 4.88 (d, 2Jc.p = 5 Hz, PEt). 19F NMR 

(C6D5Br): 8 -122.51 (m, IF, C ^ ) , -128.95 (ddd, IF, %.P= 107 Hz, 3JF.F= 25 Hz, %.F= 

14 Hz, CeF4), -133.60 (m, 2F, C ^ ) , -134.28 (m, 4F, ortho-CeF5), -158.35 (t, 2F, %.F = 

20 Hz, para-CeFs), -164.24 (m, 4F, meta-C^F5). "P^H} NMR (C6D5Br): 8 76.15 (s, 

PEt), 21.35 (dd, 3JpF = 108 Hz, 3JPF = 26 Hz, P(Bu). 

Mes2P(C6F4)B(C6F5)2(Ph3PO) (5-19): To a 20 mL vial charged with 

Mes2P(C6F4)B(C6F5)2 (0.100 g, 0.131 mmol) and toluene (5 mL) was added Ph3PO (0.040 
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g, 0.143 mmol) in toluene (5 mL) via syringe. Upon addition of PI13PO there was a color 

change from orange to colorless. The reaction was allowed to stir for 30 minutes at room 

temperature. All volatiles were removed in vacuo yielding a white solid. Yield 135 mg 

(98 %). !H NMR (C6D5Br): 8 7.90 (m, 6H, Ph), 7.61 (m, 3H, Ph), 7.39 (m, 6H, Ph), 6.93 

(d, 4H, 4JH.p = 3 Hz, P(C6ft)2), 2.49 (s, 12H, P(C6H2Me-2, <5)2), 2.35 (s, 6H, P(C6H2Me-

<h).nB {lH} NMR (C6D5Br): -1.2 (br s). 13C {*H} NMR (C6D5Br) partial: 5 148.50 (dm, 

XJC-F = 240 Hz, CF), 144.26 (dm, XJC-F = 245 Hz, CF), 142.87 (quaternary, P(QH2)2), 

136.66 (dm, ^ = 240 Hz, CF), 134.12 (C-H, Ph), 132.81 (C-H, Ph), 132.37 (C-H, Ph), 

130.50 (C-H, P(C6H2)2), 129.10 (C-H, Ph), 128.63 (C-H, Ph), 23.02 (d, Vc.p = 15 Hz, 

P(C6H2M?-2,6)2), 21.30 (s, P(C6H2M?-4)2),
 19F NMR (C6D5Br): 5 -132.48 (m, 4F, ortho-

CeF5), -133.23 (m, 2F, C ^ ) , -133.39 (m, 2F, CfF4), -158.15 (m, 2F,para-C^Fs), -164.29 

(m, 4F, meta-CeF5).
 31P {XYL} NMR (C6D5Br): 8 45.51, (s, Ph3PO), -48.30 (t, 3JP.F = 27 

Hz Mes2P). 

5.2.10 Activation of PhSSPh and HSPh 

'Bu2(PhS)P(C6F4)B(SPh)(C6F5)2 (5-20): A 20 mL vial was charged with 

'Bu2P(C6F4)B(CeF5)2 (0.200 g, 0.31 mmol) and toluene forming an orange solution. To 

this solution was added PhSSPh (0.070 g, 0.32 mmol) in toluene (5 mL) dropwise at room 

temperature. An immediate a color change from orange to faint yellow was observed. The 

reaction was stirred at room temperature for 1 hour. All volatiles were removed in vacuo 

to give an off-yellow solid. Yield 205 mg (76 %). Note: Addition of PhSSPh to an NMR 

scale sample of'Bu2P(C6F4)B(C6F5)2 in CeD5Br showed formation of 5-20 to be facile at -
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30 °C. XH NMR (C6D5Br): 5 7.86 (d, 2H, *JH.H = 7 Hz, Ph), 7.78 (d, 2H, *JH.H = 7 Hz, 

Ph), 7.54 (d, 2H, 3JH-H = 8 Hz, Ph), 7.43 (m, 2H, Ph), 7.21 (t, 2H, 3J„.H = 8 Hz, Ph), 1.34 

(d, 18H, *JH.P = 19 Hz, P{C(CH3)3}). "B^H} NMR (C6D5Br): 5 -9.76. "C^H} NMR 

(C6D5Br) partial: 6 149.84 (dm, XJC-F = 254 Hz, CF), 148.56 (dm, lJc.F = 240 Hz, CF), 

146.32 (dm, XJC-F = 250 Hz, CF), 142.07 (s, VSPh), 139.35 (dm, XJC-F = 250 Hz, CF), 

137.41 (dm, 1JC-F = 25Q Hz, CF), 135.17 (s, PSPh), 133.67 (s, BSPh), 131.72 (s, PSP/z), 

128.71 (d, 2JC-p = 120 Hz, quaternary, ?SPh), 127.91 (s, BSPh), 124.64 (s, BSPh), 45.16 

(d, lJC-p = 22 Hz, P{C(CH3)3}), 28.58 (s, C(CH3)3).
 19F NMR (C6D5Br): 8 -123.93 (br s, 

3F, C ^ ) , -130.35 (br s, IF, C^), -130.89 (m, 4F, %.F = 20 Hz, ortho-CeFs), -161.04 

(m, 2F, 3JF.F = 17 Hz, para-CeFs), -165.36 (m, 4F, %.F = 20 Hz, meta-C^Fs). nY?YL} 

NMR (C6D5Br): 8 76.16 (s). Anal. Calcd. for C38H28BFi4PS2: C, 53.29; H, 3.29. Found: 

C, 54.05; H, 3.85 %. 

'Bu2P(S)(C6F4)B(C6F5)2 (5-21): [Method A] A 20 mL vial was charged with 

'Bu2P(C6F4)B(C6F5)2 (0.132 g, 0.21 mmol), S8 (0.007 g, 0.027 mmol), and toluene (10 

mL) forming a yellow slurry. The reaction was stirred at room temperature for 12 hours. 

The reaction mixture was filtered through Celite and all volatiles were removed in vacuo 

to give a sticky yellow solid. The product was slurried in hexanes and stirred for 30 

minutes and the solvent removed in vacuo to give an off-yellow powder. Yield 120 mg 

(87 %). [Method B] A J-Young NMR tube was charged with /Bu2PH(C6F4)BH(C6F5)2 

(0.029 g, 0.045 mmol), S8 (0.010 g, 0.039 mmol), and C6D5Br(0.75 mL) forming a slurry. 

The NMR tube was sealed and heated to 150 °C for 10 minutes. During this time vigorous 

bubbling was observed (H2 elimination), all solids dissolved, and the reaction became 
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intense yellow in color. The reaction was cooled and NMR confirmed 100 % product 

formation and no coordination of the excess Sg to boron. !H NMR (C6D5Br): 8 1.31 (d, 

18H, lJ„.P = 17 Hz, P{C(CH3)3}. "B^H} NMR (C6D5Br): Signal broadened into 

baseline. 13C{*H} NMR (C6D5Br) partial: 5 148.87 (dm, 1 / ^= 251 Hz, CF), 144.89 (dm, 

1JC-F = 251 Hz, CF), 137.72 (dm, lJc.F = 251 Hz, CF), 113.82 (quaternary) 33.62 (d, lJC-p 

= 39 Hz, P{C(CH3)3}), 27.67 (s, C(CH3)3).
 19F NMR (C6D5Br): 8 -119.44 (s, IF, C ^ ) , -

125.38 (s, IF, CeF4), -126.74 (s, IF, C(F4), 127.78 (s, 4F, ortho-CeF5), -130.01 (s, IF, 

CVv), -144.49 (s, 2F, para-CeFs), -160.46 (s, 4¥,meta-C6F5). "P^H} NMR (C6D5Br): 8 

85.91 (s). 

['Bu3(PhS)P][B(SPh)(C6F5)3] (5-22): To a 50 mL reaction bomb was added 'Bu3P (0.081 

g, 0.401 mmol), B(C6F5)3 (0.200 g, 0.391 mmol), and toluene (10 mL). Immediately to 

this solution was added PhSSPh (0.085 g, 0.399 mmol) in toluene (1 mL) via syringe. The 

reaction was sealed under nitrogen and allowed to stir for 6 hours at which time the 

product precipitated out of solution as a yellow oil. All volatiles were then removed in 

vacuo to give a white solid. Yield 305 mg (84 %). Note: Addition of PhSSPh to an NMR 

scale sample of 'Bu3P and B(C6F5)3 in C^DsBr showed formation of 5-22 to be facile at -

30°C. 'H NMR (CD2C12): 8 7.89 (m, 2H, 3JH.H = 8 Hz, Ph), 7.57 (m, 1H, ZJH.H = 8 Hz, 

Ph), 7.49 (m, 2H, 3JH.H = 8 Hz, Ph), 7.09 (m, 2H, 3JH.H = 8 Hz, Ph), 6.88 (m, 3H, 3JH.H = 8 

Hz, Ph), 1.67 (d, 27H, 3JH.P = 16 Hz, P{C(CH3)3}). UB {*H} NMR (CD2C12): 8 -9.95 (s). 

13C {*H} NMR (CD2C12) partial: 8 148.56 (dm, XJC-F = 245 Hz, CF), 142.72 (s, PSP/z), 

138.96 (dm, lJc.F = 240 Hz, CF), 138.48 (s, PSP/z), 137.11 (dm, lJc.F = 245 Hz, CF), 

133.43 (s, BSP/z), 131.30 (s, PSP/2), 128.94 (d, 2JC.P = 110 Hz, quaternary, PSP/z), 127.72 
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(s, BSPh), 124.02 (s, BSPh), 46.46 (d, 'jC-p = 15 Hz, P{C(CH3)3}), 30.96 (s, C(CH3)3). 

19F NMR (CD2C12): 5-131.70 (d, 6F, 3JF.F = 23 Hz, ortho-C(F5), -163.65 (t, 3F, 3JF.F = 

20 Hz, para-CeFs), -167.56 (m, 6F, 3JF.F = 20 Hz, meta-C^Fs). 31P NMR (CD2C12): 5 

85.71 (s). 

'Bu2PH(C6F4)B(SPh)(C6F5)2 (5-23): A 20 mL vial was charged with 

'Bu2P(C6F4)B(C6F5)2 (0.100 g, 0.16 mmol) and toluene (5 mL) forming a orange solution. 

To this solution was added HSPh (0.017 g, 16 uL, 0.32 mmol) in toluene (5 mL) dropwise 

at room temperature. Immediately a color change was observed from orange to colorless. 

The reaction was stirred at room temperature for 1 hour. All volatiles were removed in 

vacuo to give a white solid. Yield 96 mg (82 %). *H NMR (C6D5Br): 5 7.63 (m, 1H, 3JH.H 

= 8 Hz, Ph), 7.30 (m, 1H, Ph), 7.24 (m, 2H, Ph), 7.10 (m, 1H, 3JH-H = 8 Hz, Ph), 6.13 (d, 

1H, lJH.P = 480 Hz), 1.34 (d, 18H, 3JH.P = 19 Hz, P{C(CH3)3}). 11B{1H} NMR (C6D5Br): 

8 -9.53 (s). "C^H} NMR (C6D5Br) partial: 8 151.10 (dm, XJC.F = 260 Hz, CF), 149.80 

(dm, Vc-F = 245 Hz, CF), 146.25 (dm, ]JC.F = 245 Hz, CF), 140.13 (dm, XJC-F = 250 Hz, 

CF), 138.34 (dm, XJC-F = 250 Hz, CF), 134.92 (s, Ph), 128.96 (s, Ph), 125.70 (s, Ph), 

36.51 (d, lJC-p = 30 Hz, P{C(CH3)3}), 28.25 (s, C(CH3)3).
 19F NMR (C6D5Br): 5 -123.95 

(m, 2F, 3JF.F = 25 Hz, C ^ ) , -127.36 (m, IF, %.F = 17 Hz, C ^ ) , -130.50 (s, 4F, 3JF.F = 

23 Hz, ortho-CeFs), -132.77 (m, IF, 3JF.F = 25 Hz, C<>F¥), -160.81 (t, 2F, 3JF.F = 20 Hz, 

para-CeFs), -165.38 (m, 4F, 3JF-F = 20 Hz, meta-C^Fs). 31P NMR (C6D5Br): 8 32.41 (d, 

1JP.H= 486 Hz). Anal. Calcd. for C32H24BFi4PS2: C, 51.36; H, 3.23. Found: C, 52.04; H, 

3.60 %. 
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['Bu3PH][B(SPh)(C6F5)3] (5-24): To a 50 mL reaction bomb was added 'Bu3P (0.040 g, 

0.200 mmol), B(C6F5)3 (0.100 g, 0.195 mmol), and toluene (10 mL). Immediately to this 

solution was added HSPh (0.20 mL, 2.00 mmol) via syringe. The reaction was sealed 

under nitrogen and allowed to stir for 6 hours at which time a pale yellow oil precipitated 

out of solution. All volatiles were then removed in vacuo to give a white solid. Yield 135 

mg (84 %). Crystals suitable for X-ray diffraction were grown via slow diffusion of 

pentane into a concentrated CH2C12 solution of 5-24 at 25 °C. *H NMR (CD2C12): 5 7.10 

(d, 2H, 3JH„H = 9 Hz, Ph), 6.91 (m, 3H, 3JH.H = 8 Hz, Ph), 5.65 (d, 1H, lJH.P = 442 Hz, 

PH), 1.59 (d, 27H, 3JH-p = 17 Hz, P{C(CH3)3}). "B^H} NMR (CD2C12): 5 -9.29 (s). 

"C^H} NMR (CD2C12): 8 148.34 (dm, XJC.F = 240 Hz, CF), 139.13 (dm, XJC.F = 255 Hz, 

CF), 137.26 (dm, XJC.F = 246 Hz, CF), 133.08 (s, Ph), 128.09 (s, Ph), 124.64 (s, Ph), 

123.51 (br, quaternary), 37.97 (d, xJc.p = 28 Hz, P{C(CH3)3}), 30.38 (s, C(CH3)3).
 19F 

NMR (CD2C12): 8 -131.89 (d, 6F, 3JF.F = 23 Hz, ortho-C(F5), -163.14 (t, 3F, %.F = 22 

Hz, para-CaFs), -167.39 (m, 6F, %.F = 22 Hz, meta-C^Fs). 31P NMR (CD2C12): 8 56.50 

(dm,! Jp.H = 444 Hz, %.„ = 17 Hz) 

Reaction between HSPh and B(C6F5)3 (1:1): A NMR tube was charged with B(C6F5)3 

(0.025 g, 0.049 mmol), PhSH (5 uL, 0.05 mmol), and CD2C12 (0.75 mL). The sample was 

shaken and analyzed by NMR spectroscopy. 19F NMR (CD2C12): 8 -126.0 (s, 6F, ortho-

C(,FS), -142.3 (s, 3F, para-CaFs), -158.8 (s, 6F, meta-C^). 19F NMR (CD2C12, 213 K): 8 

-128.5 (s, 6F, ortho-CeFs), -150.6 (s, 3F, para-C^s), -160.2 (s, 6F, meta-C(F5). 
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Reaction between HSPh and B(C6F5)3 (12:1): A NMR tube was charged with B(C6F5)3 

(0.025 g, 0.049 mmol), PhSH (60 uL, 0.60 mmol), and CD2C12 (0.75 mL). The sample 

was shaken and analyzed by NMR. 19F NMR (CD2C12): 5 -129.7 (s, 6F, ortho-C^Fs), -

149.9 (s, 3F, para-CeFs), -162.4 (s, 6F, meta-C(F5).
 19F NMR (CD2C12, 213 K): 8 -131.2 

(s, 6F, ortho-C(Fs), -155.4 (s, 3F,para-C^Fs), -163.4 (s, 6F, meta-CeFs). 
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Table 5.1 Selected NMR data for phosphonium borates, and phosphino-borane adducts of 
MesCN. 

Compound 831P(JP.H) 8 nB(/B-H) 19FAp.m* 819F (o-F, p-F, m-F) 

Reference (R = MesCN) 

B(C6F5)3
98 59 18.2 -128.5,-143.1,-161.3 

(R)B(C6F5)3
a -10.6 7.1 -134.4,-157.7,-164.8 

Phosphonium Borates R2PH(C6F4)BH(C6F5)2 and (tBu)R'PH(C6F4)BH(C6F5)2 

3-5R = 'Bub 34.0(462) -25.2(82) 3.6 -134.1,-164.0,-167.6 

3-6R = Mesb -37.9(502) -25.2(85) 3.5 -134.1,-163.9,-167.4 

5-lR' = Mesc -2.9(467) -24.7(85) 3.1 -133.5,-165.4,-168.5 

5-2 R' = Phb 20.2(480) -24.9(94) 3.6 -134.0,-163.8,-167.4 

5-9R = Cyc 9.9(495) -24.6(88) 4.7 -133.8,-163.3,-168.0 

Phosphino-boranes R2P(C6F4)B(C6Fs)2 and (tBu)R'P(C6F4)B(C6Fs)2 

3-13R = 'Bua 25.1 50 18.1 -128.9,-142.6,-160.7 

3-14R = Mesa -41.7 55 17.6 -129.3,-143.0,-160.6 

5-3R' = Mesb -2.0 59 16.1 -132.5,-149.1,165.2 

5-4R' = Phb 4.2 58 16.8 -131.9,-148.1,-164.9 

Phosphino-boranes R2P(C6F4)B(MesCN)(C6Fs)2 and (Bu)R ,P(C6F4)B(MesCN)(C6Fs)2 

5-10R = 'Bud 22.1 -9.7 

5-8 R = Mesd -47.5 -9.3 

5 - l lR ' = Mesd -7.2 -8.3 

5-12 R' = Phd 0.3 -9.5 

5-13R = Cyd -5.1 -10.1 

Phosphonium Borates [R3PH][HB(C6FS)3] 

5-5R = 'Buc 56.6(454) -25.8(100) 

5-6R = Mesc -27.5(480) -25.5(112) 

aC6D6,
 bCD2Cl2,

 cTHF-d8,
 dC6D5Br, "Chemical shift difference between para and meta 

resonances in 19FNMR spectrum 

11.9 

7.2 

7.1 

11.4 

11.8 

2.9 

2.9 

-134.0, 

-133.6, 

-133.7, 

-133.5, 

-133.6, 

-131.7, 

-132.8, 

-155.5, 

-156.1, 

-156.2, 

-156.0, 

-156.2, 

-162.9, 

-164.1, 

-167.4 

-163.3 

-163.3 

-167.4 

-168.0 

-165.8 

-167.0 
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5.2.11 General Kinetic Methods and T% data 

Table 5.2 Spin-lattice relaxation times (T\) determined using a standard inversion 
recovery experiment for 3-6, 3-14, and 5-8 at 25 and 150 °C in C6H5Br. 

T\ values (seconds) 

Compound 

3-6 

3-14 

3-14* 

5-8 

5-8* 

3 i p 

0.46 

3.57 

4.11 

W-C6F4B 

0.78 

0.40 

1.57 

o-C6F4B 

0.78 

0.45 

1.54 

o-C6F5B 

0.94 

0.49 

1.81 

m-C6F5B 

1.29 

0.58 

2.85 

/>-C6F5B 

1.00 

0.45 

2.23 

* At 150 °C. Octafluoronaphthalene Tx times = 1.73 and 1.93 @ 25 °C, 3.28 and 3.72 @ 
150 °C 

General NMR kinetic experiment for the conversion of 3-6 to 3-14 in the presence of 

MesCN. All kinetic runs were performed in a similar fashion, thus only one example is 

detailed. A stock solution (A) of MesCN (107 mg, 0.074 mmol) and 

octafluoronaphthalene (internal standard) (107 mg, 0.038 mmol) in C6H5Br(7.0 mL) was 

prepared. To a 20 mL vial was added 3-6 (64 mg, 0.028 mmol) and 2.1 mL of stock 

solution A, generating stock solution B. The vial was capped and vigorously shaken for 5 

minutes. With constant mixing 0.7 mL of stock solution B was drawn from the vial and 

added to an NMR tube. The NMR tube was capped, wrapped with Para-film, and inserted 

into an NMR spectrometer pre-heated to 140 °C. The sample was allowed to reach 

thermal equilibrium over 2 minutes before the start of data acquisition. The disappearance 

of 3-6 and appearance of 3-14 was followed by 19F NMR spectroscopy over 3 half-lives 

(~ 30-60 minutes). A 19F NMR spectrum (8 scans) was recorded at 68 second intervals, 
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using a relaxation delay of 5 seconds. Concentrations of 3-6 were determined by 

integrating the meta-fluorine (8 -166 to -167) of the C6F5 aryl rings and comparing the 

value to the octafluoronaphthalene internal standard. Concentrations of 3-14 were 

determined by integrating the ort/zo-fluorine (8 -124 to -126) of the C6F4B ring and 

comparing the value to the octafluoronaphthalene internal standard. Stock solution B was 

prepared to allow for three kinetic runs with the same sample. 

General NMR kinetic experiment for the conversion of 3-6 to 3-14. All kinetic runs 

were performed in a similar fashion, thus only one example is detailed. A re-sealable J-

Young NMR tube was charged with 3-6 (35 mg, 0.046 mmol) and C6H5Br (1.142 g) and 

sealed, which formed a 0.060 M solution. The sample was inserted into an NMR 

spectrometer pre-heated to 140 °C and allowed to reach thermal equilibrium over 2 

minutes before the start of data acquisition. The disappearance of 3-6 and appearance of 

3-14 was followed by 31P{'H} NMR spectroscopy over 3 half-lives (~ 3 hours). A 31P 

{!H} NMR spectrum was recorded at 330 second intervals, using a relaxation delay of 5 

seconds. For concentrations less than 0.060 M and temperatures greater than 140 °C, total 

experiment times were increased to account for the slower kinetics. At concentrations 

greater than 0.060 M, prolonged reaction resulted in significant back-conversion of 3-14 

to 3-6 via reaction with generated H2; therefore, all kinetic parameters were determined 

using initial rate data over the first hour of the reaction. Rate data obtained at 

concentrations 0.02 M, 0.04 M, 0.06 M, 0.08 M, 0.10 M and 0.12 M at both 120 °C and 

140 °C. Rate data obtained at temperatures 100 °C, 110°C, 120 °C, 130 °C, 140 °C, 150 °C 

at the concentration 0.06 M. Concentrations determined from integration of 31P NMR 

signals for 3-6 (8 -36 to -38) and 3-14 (8 -41 to -43) relative to each other and P(C6F5)3, 
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used as internal standard. The method of initial rates was used to determine the order of 

the reaction. 

5.2.12 Computational Details 

Theoretical calculations were carried out on the full structure at the B3LYP/LACVP** 

level of theory using the PB-PCM method and the GAUSSIAN 03 program package.298 

Calculations were run taking into account solvent (toluene) effects. 

5.2.13 X-ray Data Collection, Reduction, Solution and Refinement 

Single crystals were mounted in thin-walled capillaries either under an atmosphere of dry 

N2 in a glove box and flame sealed or coated in Paratone-N oil. The data were collected 

using the SMART software package104 on a Siemens SMART System CCD 

diffractometer using a graphite monochromator with MoKa radiation (X = 0.71069 A) at 

25 °C. A hemisphere of data was collected in 1448 frames with 10 second exposure times 

unless otherwise noted. Data reductions were performed using the SAINT software 

package105 and absorption corrections were applied using SADABS.106 The structures 

were solved by direct methods using XS and refined by full-matrix least-squares on F2 

using XL as implemented in the SHELXTL suite of programs.107 All non-H atoms were 

refined anisotropically. Carbon-bound hydrogen atoms were placed in calculated 

positions using an appropriate riding model and coupled isotropic temperature factors. 

Phosphorus and nitrogen-bound hydrogen atoms were located in the electron difference 
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map and their positions refined isotropically. For compound 5-1 disordered CH2CI2 

solvent molecules were removed using the 'squeeze' command in PLATON.108'109 

Table 5.3 Selected crystallographic data for compounds 5-1, 5-5, 5-6. 

Crystal 
Formula 

Formula weight 
Crystal system 
Space group 

a(A) 
b(A) 
c(A) 
a(°) 

PO 
Y(°) 

V(A3) 

z 
d(calc) g cm"1 

Abs coeff, \i, cm"1 

Data collected 
Data F0

2>3G(F0
2) 

Variables 
Ra 

Rw 

Goodness of Fit 

5-1 
C31H22BF14P 

702.27 
Triclinic 

P-l 
11.799(4) 
12.014(4) 
14.644(4) 
66.840(4) 
69.755(4) 
74.829(4) 
1771.6(9) 

2 
1.317 
0.170 
16933 
6209 
432 

0.0520 
0.1364 
0.958 

5-5 
C30H29BF15P 

716.31 
Monoclinic 

P2i/n 
12.1252(18) 
18.510(3) 
14.973(2) 

90 
107.956(3) 

90 
3196.8(8) 

4 
1.488 
0.194 
30348 
5623 
424 

0.1254 
0.3352 
1.069 

5-6 
C44H35BF15P 

843.23 
Monoclinic 

P2j/n 
12.8795(33) 
21.6851(55) 
16.2734(42) 

90 
110.425(4) 

90 

This data was collected at 25 °C with Mo Ka radiation (k = 0.71069 A). 
aR=S(F0-Fc)/ZF0

 bRw=(I[w(F0
2-Fc

2)2] /E[w(F0)
2]),/2. 



Table 5.4 Selected crystallographic data for compounds 5-15, 5-24. 

Crystal 
Formula 

Formula weight 
Crystal system 

Space group 
a(A) 
b(A) 
c(A) 
a(°) 
P(°) 
y(°) 

V(A3) 

z 
d(calc) g cm"1 

Abs coeff, |a, cm"1 

Data collected 
Data F0

2>3a(F0
2) 

Variables 
Ra 

Rw 

Goodness of Fit 

5-15 
C63H35BF30PO 

1430.5 
Triclinic 

P-l 
11.678(4) 
17.010(6) 
17.068(6) 
88.204(5) 
81.021(5) 
76.337(5) 
3254(2) 

3 
1.460 
1.169 
31093 
7138 
882 

0.0694 
0.1512 
0.826 

5-24 
C36H33BF15PS 

824.46 
Triclinic 

P-l 
13.739(3) 
16.066(4) 
17.959(4) 
89.986(3) 
89.972(3) 
68.314(3) 
3684(2) 

4 
1.487 
0.234 
36931 
16161 
981 

0.0676 
0.1274 
1.1012 

This data was collected at 25 °C with Mo Ka radiation (X = 0.71069 A). 
aR=S(F0-Fc)/EF0

 bRw=(E[w(F0
2-Fc

2)2] /2[w(F0)
2])'/2. 
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5.3 Results and Discussion 

5.3.1 Liberation and Activation of Dihydrogen by Phosphines and Boranes 

5.3.1.1 Reactivity ofR2PH(C6F4)BH(C6FshandR2P(C6F4)B(C6Fsh 

Existence of both cationic phosphonium PH and anionic hydridoborate BH 

fragments in the compounds Pv2PH(C6F4)BH(C6F5)2 (R = alkyl or aryl) prompted us to 

investigate the potential for the loss of H2 from these species. To probe this, a sample of 

Mes2PH(C6F4)BH(C6F5)2 (3-6) in bromobenzene solution was sealed in a J-Young NMR 

tube and subjected to a controlled heating experiment. The thermal decomposition of 3-6 

was monitored by 31P NMR spectroscopy. The sample remained stable below 100 °C, but 

heating above this temperature caused a new 31P NMR resonance to appeare upfield at -

45 ppm attributed to the phosphino-borane Mes2P(C6F4)B(C6F5)2 (3-14). Prolonged 

heating at 150 °C for several hours showed complete disappearance of the 31P NMR 

resonance of 3-6 and quantitative formation of 3-14. The 19F NMR spectrum showed a 

shift in the resonance for the para-fluorine of the CeF5 rings from -164 to -143 ppm 

consistent with a change from four- to three-coordinate boron. Loss of the PH and BH 

resonances in the *H NMR spectrum confirmed formation of 3-14 and concurrent 

appearance of H2 (4.5 ppm) was also observed. Upon removal from the NMR 

spectrometer, it was noted that the sample had changed from colorless to deep orange, 

characteristic of the phosphino-borane 3-14. Upon cooling to room temperature and 

shaking several times the color of the sample lost intensity. 
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Figure 5.1 Inter-conversion between 3-6 and 3-14. 

1 11 1 n ^ i 

Re-acquiring the H, B, F and P NMR spectra revealed the partial regeneration of 

the parent phosphonium borate 3-6, indicating that hydrogen loss was reversible. At high 

temperatures, H2 loss is thermodynamically favorable and H2 gas is presumably driven 

out of solution and upon cooling and mixing the sample; H2 re-dissolves in solution and is 

activated by the phosphino-borane, a process which is now thermodynamically favorable. 

This notion was confirmed by heating a bromobenzene solution of 3-14 to 125 °C for 

several hours in a J-Young NMR tube open to N2. This resulted in complete H2 loss and 

no regeneration of 3-6 upon cooling, as all H2 had escaped from the system. To further 

probe the surprising reactivity of 3-14 with H2, an orange solution of phosphino-borane 3-

14 in bromobenzene was degassed and sealed under 1 arm of H2 at -196 °C. Warming the 

sample to 25 °C generated a system with a H2 pressure of- 3.5 atm, which after rigorous 

mixing for 10 minutes went colorless. 
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u 
\ © / — \ © - H2 / — \ R = Mes, full conversion 

R ^ - P — \ \ /)— B(C6F5)2 • R2P U />—B(C6F5)2 

i ) — \ \ closed to N2 / — \ R ='Bu/Mes,'Bu/Ph 
' >F F ' V partial conversion 

R = 'Bu 

.. "B{C6F5)2 R = rBu/Mes, fBu/Ph full conversion 
no reaction x x " 

Scheme 5.1 Liberation of H2 from a series of phosphonium borates at 150 °C in C6H5Br 
or C6D5Br. Increased basicity of the phosphorus center inhibits H2 loss. 

Immediate analysis by multi-nuclear NMR spectoscopy revealed quantitative 

formation of the 3-6, which indicated heterolytic cleavage of H2 with a proton ending up 

on phosphorus and a hydride at boron. A variable-temperature NMR spectroscopy study 

showed the heterolytic cleavage of H2 occurs at temperatures as low as -25 °C. To 

confirm that the source of the proton and hydride of 3-6 was indeed H2, an independent 

deuterium experiment was performed. A solution of 3-14 in proteo bromobenzene was 

pressurized with -3.5 atm D2 and mixed for 10 minutes. The 2H NMR spectrum gave rise 

to a doublet and singlet resonances at 7.8 {JD-P = 77 Hz,) and 3.5 ppm for the PD and BD 

fragments, respectively, while the 31P{1H} NMR spectrum showed a 1:1:1 triplet 

resonance at -37.5 with a PD coupling constant of 77 Hz. The n B NMR spectrum 

exhibited a broad peak at -25 ppm with no observable BH coupling, which indicated BD 

formation. Thus, it has be demonstrated that the phosphonium hydridoborate 3-6 

thermally liberates H2 above 100 °C yielding the phosphino-borane 3-14, which in turn 

reacts with H2 at 25 °C regenerating the parent phosphonium hydridoborate 3-6 (Figure 

5.1). While protonation of inorganic hydrides is known,299 the resulting Lewis acids and 
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bases often form strongly bound complexes with one another preventing the reversible 

uptake of H2. In the present case the steric bulk about the Lewis acidic and basic sites 

thwarts quenching of the reactive sites allowing for the reactivation of H2. This 

unprecedented reactivity represents the first known metal-free system to reversibly 

activate H2. 

Ph Ph Ph Ph 
\ t \ / • • 

Jutzi's acid i f ^ f ' ' 

0 / H -H 2 k ^ » k B > A F 6 

[Li(12-crown-4)] €>[Li(12-crown-4)] 
©B(C6F5)4 

Scheme 5.2 Elimination of H2 from an amino-hydrioborate reported by Piers et al. 

Piers and co-workers have reported on a related amino-borane (l-(NPh2)-2-

(B(C6F5)2)C6H4) where the nitrogen and boron sites are ortho to each another. 00 This 

compound does not activate H2 or form a stable ammonium hydridoborate as H2 is rapidly 

generated upon attempting to protonate the amino moiety in the presence of a 

hydridoborate (Scheme 5.2). This emphasizes the importance of having the phosphine 

and borane para to one another in the present case, as this orientation prevents a close 

intramolecular proton and hydride approach. Additionally, while the present 

phosphonium-borates can be compared to related phosphine-boranes of the type R2HP-

BH3 in that they both release H2, the greater sterics at P and B in the present case prevent 

classical phosphine-borane adduct formation after H2 release, allowing for the re-uptake 

of H2 not capable with R2HP-BH3 systems. 
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To test the generality of reversible H2 activation, thermal reactivity of the 

compound /Bu2PH(C6F4)BH(CeF5)2 (3-5) was investigated (Scheme 5.1). Surprisingly, 

heating a bromobenzene solution of 3-5 from 100-150°C for several hours in an open or 

closed vessel resulted in no observed liberation of H2. Clearly the replacement of the Mes 

groups on phosphorus with the more electron-donating 'Bu groups diminishes the 

compounds ability to liberate H2. 

To determine if basicity of the phosphorus center was indeed affecting H2 loss, the 

phosphonium borates ('Bu)(Mes)PH(C6F4)BH(C6F5)2 (5-1), and 

('Bu)(Ph)PH(C6F4)BH(C6F5)2 (5-2) were synthesized, where a ?Bu group is replaced with 

a less electron-donating Mes or Ph substituent. Both compounds were fully characterized 

by multi-nuclear NMR, EA, and for 5-1 X-ray crystallography (Table 5.3, Figure 5.2). 

The metrical parameters of 5-1 are similar to those of 3-5 and 3-6 and are unexceptional. 

A close intermolecular PH...HB approach of 2.41 A (2.01 A corrected, vide infra) was 

determined from the solid-state strucutre. Upon heating bromobenzene solutions of 5-1 

and 5-2 to 150 °C in J-Young NMR tubes, the solutions changed color from colorless to 

orange and yellow-orange, respectively. The 31P NMR spectra of each solution showed 

new phosphine resonances at -2.0 and 4.2 ppm, respectively, while the 19F NMR spectra 

of each showed fluorine signals attributed to C6F5 groups bound to a 3-coordinate boron. 

Additionally H2 was seen in the ]H NMR spectra of both. This data confirms that the 

compounds 5-1 and 5-2 thermally liberate H2 in a similar fashion to 3-6. However, 

complete liberation of H2 from 5-1 and 5-2 was not observed in sealed J-Young NMR 

tubes, even after prolonged heating at 150 °C. Only after heating to 150 °C in a vessel 

open to dynamic N2 were the compounds 5-1 and 5-2 quantitatively converted into the 

phosphino-boranes CBu)(Mes)P(C6F4)B(C6F5)2 (5-3) and ('Bu)(Ph)P(C6F4)B(C6F5)2 (5-4). 
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Figure 5.2 POV-ray depiction of 5-1. Carbon: black, Phosphorus: orange, Fluorine: pink, 
Boron: yellow-green. Carbon hydrogen atoms omitted for clarity. 

(For further confirmation of the product, both 5-3 and 5-4 were independently generated 

upon treatment of 2-6 and 2-24, respectively, with MeMgBr). These results demonstrate 

how the basicity at phosphorus can affect the thermal liberation of H2. The strong 

inductive effect of the alkyl groups renders the PH moiety less protic, which inhibits the 

protonation of BH and generation of H2. A similar inductive effect was observed for the 

rhodium catalyzed dehydrocoupling of phosphine-BH3 adducts. ' While not all 

phosphonium hydridoborates readily liberate H2, each of the phosphino-boranes 3-13, 5-

3, and 5-4 uptake H2 in a facile manner at 25 °C to yield the corresponding phosphonium 

hydridoborates (Scheme 5.3). The addition of H2 to the series of phosphino-boranes is 

solvent dependent, as H2 activation is not observed in coordinating solvents such as THF, 

pyridine, or acetonitrile even at reflux. Here, the solvent coordinates to the Lewis acidic 

boron center quenching a site of reactivity. 
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H2 H ^ > = < _ R = Mes 

B(C6FS)2 • R 2 P ~ A \ / / — B < C » F ^ o ' t e " 
1atm,25<>C ^ ^ V R***" 

'Bu/Mes 
R - 'Bu/Ph 

F. F 
V — • / Base ^2 H \-—/ 

MesaP—^ ^—B(CBF5)2 J{ • Mes2P—£ ^—BCC8F8)2 

3-15 3-6 

Scheme 5.3 Activation of H2 by phosphino-boranes R2P(C6F4)B(C6Fs)2. Base coordinated 
phosphino-borane 3-15 does not activate H2. Base = THF, pyridine, or acetonitrile. 

5.3.1.2 Reactivity ofRjP and BR3 

Given these findings, we sought simpler systems capable of the heterolytic 

cleavage of H2. In Chapter two it was discussed that the sterically demanding phosphines 

(Bu3P and Mes3P to do not react with B(CeF5)3 in solution to form classical Lewis acid-

base adducts or phosphonium borate zwitterions. These unique non-reacting 

phosphine/borane combinations were described as 'frustrated' Lewis pairs and were 

designated FLP 1 and 4. Interestingly, exposure of toluene solutions of FLP 1 and 4 to an 

atmosphere of H2 at 1 atm pressure and 25 °C resulted in the quantitative formation of 

white precipitates 5-5 and 5-6. NMR data for these products were consistent with the 

formulation as [R3PH][HB(C6F5)3] (R = 'Bu 5-5, Mes 5-6) (Scheme 5.4). The cations of 

these species exhibit 31P NMR resonances at 56.6 and -27.5 ppm for 5-5 and 5-6, 

respectively, and P-H couplings of 454 and 480 Hz, respectively. The anion gives rise to 

an n B NMR resonance at -25.5 ppm with a B-H coupling of 100 Hz. 
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R3P + B(C6F5)3 " 2 > [R3PH][HB(C6F5)3] 

1 atm, 25°C . 
R = *Bu (5-5), R = Mes (5-6) 

R3P + BPh3 1 ^ [R3PH][HBPh3] 
1 atm, 25°C 

R = fBu (5-7) 

Scheme 5.4 Heterolytic cleavage of H2 by sterically demanding phosphines andboranes. 

Moreover, the 19F NMR chemical shift difference (A m,p) between the ortho- and meta-F 

atoms of the C6F5 fragments is consistent with the presence of a four-coordinate anionic 

boron center.302 Of note, the related compound [Et3NH][HB(C6F5)3] has been reported, 

but was formed as a decomposition product from the reaction of Et3N with B(C6F5)3.303 A 

crystallographic study of 5-5 showed disorder of the fBu groups of the cation. The most 

chemically reasonable model required the constraint of the C-C distances with the 'Bu 

groups. Nonetheless, the crystallographic data confirmed the formulation based on NMR 

spectroscopy (Table 5.3, Figure 5.3). In the case of 5-6, a preliminary solution confirmed 

atom connectivity, but poor crystal quality precluded a fully acceptable refinement (Table 

5.3). The metrical parameters determined for 5-5 are unexceptional. The cations and 

anions pack such that the PH and BH units are oriented toward each other with the 

BH...HP approach being 2.75 A, which is much larger than typical intermolecular 

dihydrogen bonding distances, which tend to range from 1.8-2.2 A.221 The P...B distance 

was found to be 4.67 A. Interestingly, the calculated PH...HB distance of 1.87 A was 

found to be almost a full angstrom shorter that the distance determined by X-ray 

diffraction, while the calculated P...B distance of 4.50 A was similar to the distance found 
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in the solid-state structure.17 These results indicated that the H positions located on the 

electron density map are not accurate. Using idealized PH and BH distances determined 

by microwave spectroscopy304 and neutron diffraction,305 respecitivly, a PH...HB distance 

of 2.04 A is obtained from the solid-state strucutue.122 Thus, the proton and hydride can 

be considered to be engaged in dihydrogen bonding. 

Figure 5.3 POV-ray depiction of 5-5. Carbon: black, Phosphorus: orange, Fluorine: pink, 
Boron: yellow-green. Carbon hydrogen atoms omitted for clarity. 

Despite this orientation in the solid state, the heating of 5-5 or 5-6 in bromobenzene 

solutions to 150 °C did not result in the loss of H2, reminiscent of the compound 

'Bu2PH(C6F4)BH(CeF5)2, thus again demonstrating the effect the basicity of phosphorus 

has on H2 liberation. In a similar experiment described previously, a solution of MessP 

and B(CeF5)3 in proteo bromobenzene under ~ 3.5 atm of D2 in a sealable J-Young NMR 

tube, was shaken and allowed to sit for several hours. The 31P NMR spectrum showed a 

1:1:1 triplet at -28.1 ppm (VPD = 74 Hz), while the 2H NMR spectrum gave rise to a 

doublet at 7.5 ppm and a broad singlet at 3.8 ppm, attributed to the PD and BD fragments, 



182 

respectively. This again affirms that the source of PH and BH is indeed H2 and not 

solvent. While FLP's 2 and 3 [R3PH][HB(C6F5)3] (R = o-C6H3Me2 or o-C6H4Me) were 

not investigated, it is presumed that they would uptake H2 in a similar fashion to FLP 1 

and 4. Of note, compounds 5-5 and 5-6 are sensitive to H2O, affording the phosphonium 

salt of the known anion [R3PH][(C6F5)3B(a-OH)B(C6F5)3]. In order to gain insight into 

the generality of the reaction, several phosphine/borane combinations were investigated. 

Attempts to effect analogous H2 cleavage reactions employing 'Bu3P and BPI13 resulted in 

the formation of 5-7 in 33 % yield, although longer reaction times are required for H2 

activation, presumably due to the reduced Lewis acidity at boron. The spectroscopy for 5-

7 showed features similar to those of 5-5 for the cation, while the anion gave rise to a 

signal at -6.9 with a B-H coupling of 75 Hz in the n B NMR spectrum, supporting the 

formation of 5-7 as [?Bu3PH][HBPh3]. In contrast, reactions of Mes3P and BPh3, (C6F5)3P 

and B(C6F5)3, or 'Bu3P and BMes3 resulted in no reaction at 25 °C under an atmosphere of 

H2. As well, addition of Ph3P or Me3P to toluene solutions of B(C6F5)3 saturated with H2 

at 25°C gave rise to only the classical Lewis acid-base adducts (R3P)B(C6F5)3 (R = Ph, 

Me) (Scheme 5.5). These results support the view that reaction with H2 occurs only under 

favourable electronic and steric conditions. Not only must the Lewis acidity and basicity 

be correctly matched in terms of cumulative strength to effect heterolytic cleavage of H2, 

but steric constraints must be sufficient to preclude the quenching of the respective 

basicity and acidity via adduct formation. 
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<Bu3P + B(C6F5)3 L ^ . E*Bu3PH][HB(C6Fs)3] 

H, 
Mes3P + B(C6F5)3 £ - • [Mes3PHJ[HB(C6F5)3] 

H 
(C6F5)3P + B(C6F5)3 *»» No reaction 

<Bu3P + B(C6H5)3 £ - • [<Bu3PH][HB(C6H5)3] 

Mes3P + B(C6H5fe L ^ No reaction 

Me3P + B(C6F5)3 — t l l ^ (Me3P)B(C6F5)3 + H2 

Ph3P + B(C6F5)3 ?1^ (Ph3P)B(C6F5)3 + H2 

Scheme 5.5 General reactivity of phosphines and boranes with H2 at 25 °C in solution. 

5.3.1.3 Liberation ofH2 in the Solid-State 

Loss of H2 is not limited to solutions of the compound Mes2PH(C6F4)BH(C6F5)2 

(3-5), as H2 liberation was observed in the solid state. Heating a solid sample of 3-6 at 

150 °C under dynamic vacuum for 48 hours showed a slight color change of the solid 

from white to orange. Solvating the sample in CD2CI2 and acquiring the 31P{1H} NMR 

spectrum revealed ~ 50 % conversion of 3-6 to 3-14. Near quantitative conversion of 3-6 

to 3-14 by loss of H2 in the solid state was observed after ~ 7 days at 150 °C under 

dynamic vacuum. The reaction was not clean as several resonances were observed in the 

NMR spectra, which were attributed to unidentifiable by-products. Nonetheless, these 

results demonstrate the ability of the present species to liberate H2 in both solution and 

the solid state. While the solid state structure of Mes2PH(C6F4)BH(C6F5)2 (3-6) shows that 

the molecule packs in an off-set head-to-tail fashion, no close PH...HB approaches were 
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observed. The solid-state structures of R2PH(C6F4)BH(C6F5)2 (R = 'Bu, (3-5), R = 'BuMes 

(5-1)) do exhibit head-to-tail packing with close PH...HB interactions, therefore, it is not 

unreasonable to assume that in the bulk sample of 3-6, a close PH...HB approach exists, 

allowing for the thermal generation of H2. Heating a solid sample of 

[Mes3PH][HB(C6F5)3] (5-2) to a 150 °C under dynamic vacuum resulted in no appreciable 

loss of H2. This result is not surprising as 5-2 does not liberate H2 in solution under 

similar conditions. 

Attempts were made to add H2 to the phosphino-borane 3-14, by pressurizing a 

vessel containing solid 3-14 with ~ 3.5 atm H2. While the orange solid lost some of its 

color after several days at room temperature, lH, n B , and 31P NMR spectroscopy did not 

clearly indicate that the solid sample was taking up H2. Resonances in the NMR spectra 

attributable to the water adduct of 3-14 were detected which is consistent with the ability 

of Lewis acidic boranes to scavenge trace amounts of water in the absence of other 

donors. Additionally, the addition of H2 to a mixture of the solids of Mes3P and B(C6F5)3 

was investigated. A purple solution of Mes3P and B(C6F5)3 was reduced under vacuum to 

give a white solid which was pressurized with - 3 . 5 atm H2 and left to stand 24 hours. 

The NMR spectrum of the resulting solid showed primarily un-reacted starting material 

and minor amounts of the water activated species [Mes3PH][(C6F5)3B(u-OH)B(C6F5)3]. 

The inability of 'frustrated' Lewis pairs to activate H2 in the solid state indicates that in 

solution, pre-organization of the P and B sites precedes H2 activation (vide infra). 
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5.3.1.4 Liberation ofH2 in the Presence ofMesitylnitrile (MesCN) in Solution 

The observation that H2 does not react with Lewis base coordinated boranes 

prompted us to investigate the liberation of hydrogen for the series of phosphonium 

hydridoborates in the presence of a donor molecule. It was believed that as H2 loss 

occurred, the donor molecule would coordinate to the Lewis acidic boron center, which 

prevents the reversible H2 activation and allows for complete H2 liberation in closed 

systems. In the selection of an appropriate Lewis base, it was noted that nitriles readily 

coordinate to B(C6F5)3100' 121 and are not known to deprotonate phosphonium cations. 

These properties are advantageous, because the nitrile will not interact with the 

phosphonium PH moiety and will quench the boron center upon H2 liberation. 

Mesitylnitrile (MesCN) was selected as it coordinates to the boron center of 

R2P(C6F4)B(C6F5)2, is a solid and will not become gaseous at high temperatures; as well 

the methyl CH and aromatic CH protons are conveniently observed by NMR 

spectroscopy. Addition of MesCN to Mes2PH(C6F4)BH(C6F5)2 (3-5) in bromobenzene 

resulted in no reaction. Upon heating the sample to 150 °C in a sealed J-Young NMR 

tube, immediate evolution of H2 was observed. 'H NMR spectra confirmed complete 

liberation of FL. within 15 minutes at 150 °C and formation of the Lewis base-coordinated 

phosphino-borane Mes2P(C6F4)B(MesCN)(C6F5)2 (5-8) (Scheme 5.6). Compound 5-8 

was independently generated upon addition of MesCN to 3-14, confirming its formation. 

The spectroscopic data are similar to the THF coordinated species 3-15 aside from the 

expected differences in the lH and 13C NMR spectra due to the presence of different 

bases. 
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Scheme 5.6 Liberation of H2 from R2PH(CeF4)BH(C6F5)2 in the presence of MesCN. The 
active phosphino-borane is re-generated upon addition of B(C6Fs)3. 

This result implies that upon liberation of H2, MesCN coordinates to the newly generated 

Lewis-acidic borane, preventing reactivation of H2, thus decreasing the reaction time for 

the conversion of phosphonium borate to phosphino-borane. A variable-temperature 

NMR study showed that liberation of H2 from a mixture of 3-6 and MesCN, began to 

occur above 100 °C, similar to the reaction without MesCN, which indicates MesCN was 

not affecting the activation barrier to H2 liberation. In a similar fashion, MesCN was 

added to the compounds R'RPH(C6F4)BH(C6F5)2 (R' = R = 'Bu 3-5, R' = 'Bu, R = Mes 5-

1, R' = 'Bu, R = Ph 5-2) in bromobenzene and heated to 150 °C in a sealed J-Young NMR 

tube. Evolution of H2 gas was observed and complete conversion to the corresponding 

base coordinated phosphino-boranes R^PCCeF^BOlesCNXCeFs^ (R' = R = 'Bu 5-10, 

R' = 'Bu, R = Mes 5-11, R' = 'Bu, R = Ph 5-12) (Scheme 5.6). 



187 

B 

-5 ppm 

J L J J L 

NCMes 

L. JL 

C6F* 

-130 

Ha 

CgFs 

-140 
•*_r~T~''-T. 

-150 ppm 

RKIHM&S 
•Bu 

7.5 7.0 S.5 6JD 5.5 5J0 4 5 4JB 
"^ ,-T-T-*- ,-^T^^T^T-^^n_^-^-n 

3.5 3UD 2.5 2JD 1J5 ppm 

Figure 5.4. NMR spectra of (/Bu)(Ph)P(C6F4)B(MesCN)(C6F4)2 in C6D5Br at 25°C. (A) 
31T 19 P NMR spectrum. (B) iyF NMR spectrum. (C) H NMR spectrum. 

The spectroscopic data of each is summarized in Table 5.1, and that of 5-12 is shown in 

Figure 5.4. In each case the JXP NMR resonances are shifted upfield from the 

corresponding phosphino-boranes while the n B and 19F NMR spectra are consistent with 

quarternization at boron. For 3-4, the liberation of H2 and conversion to 5-10 was 

complete within 270 minutes, while the conversion of 5-1 to 5-11 and 5-2 to 5-12 was 

complete within 65 and 30 minutes, respectively (Table 5.5). The phosphonium borate 

Cy2PH(C6F4)BH(C6F5)2 (5-9) was readily converted to Cy2P(C6F4)B(MesCN)(C6F5)2 (5-

13) in 135 minutes under similar conditions (Table 5.5). This confirms that an increased 

basicity at phosphorus inhibits the liberation of H2, due to the inductive effect of the alkyl 

groups, by rendering the PH moiety less polar. Ion pairs of the form [R3PH][HB(C6F5)3] 

also liberate H2 in the presence of MesCN. A bromobenzene solution of 5-6 with one 

equivalent of MesCN was heated to 150 °C. Within 15 hours, complete liberation of H2 

was observed with formation of phosphine (Mes3P) and the base coordinated borane, 
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(MesCN)B(C6F5)3 (5-14). Formation of 5-14 was confirmed by independent generation. 

The ion pair 5-5 was also shown to liberate H2 at 150 °C in the presence of MesCN, but 

multiple decomposition products were observed by NMR spectroscopy preventing 

determination of the approximate reaction time. Presumably, after H2 liberation, the free 

phosphine 'BU3P reacts with B(C6Fs)3 as described in Chapter 2. The ability of the ion 

pairs 5-5 and 5-6 to liberate H2 suggests that H2 loss from these species must follow an 

intermolecular process. In a similar fashion to 5-6, the combination of 

Mes2PH(C6F4)BF(C6F5)2 (2-5) and Cy3P(C6F4)BH(C6F5)2 (3-7) in bromobenzene readily 

gave off H2 at 150 °C in the presence of MesCN, which implies that H2 liberation may 

follow an intermolecular process. The intermediate ion pair 

[Cy3P(C6F4)B(MesCN)(C6F5)2]+[Mes2P(C6F4)BF(C6F5)2]" was never observed by NMR 

spectroscopy as rapid fluoride transfer occurred to give 5-8 and 2-1 

(Cy3P(C6F4)BF(C6F5)2). 

Table 5.5 Liberation of H2 from phosphonium hydrido borates in the presence of one 
equivalent of MesCN at 150 °C. 

Compound3 Reaction time for complete H2 loss (minutes) 

Mes2PH(C6F4)BH(C6F5)2 (3-6)b 60 

Mes2PH(C6F4)BH(C6F5)2 (3-6) 15 

(?Bu)(Ph)PH(C6F4)BH(C6F5)2 (5-2) 30 

('Bu)(Mes)PH(C6F4)BH(C6F5)2 (5-1) 65 

Cy2PH(C6F4)BH(C6F5)2 (5-9) 135 

'Bu2PH(C6F4)BH(C6F5)2(3-5) 270 

[Mes3PH][HB(C6F5)3] (5-6) 900 
a 0.05 M solutions in C6D5Br. Reaction in sealed J-Young NMR tube.b no MesCN added 
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The liberation of H2 from the range of phosphonium borates in the presence of 

MesCN is summarized in Table 5.5. In the case of 3-6 the reaction time is decreased as 

MesCN coordinates to generated free borane preventing the reverse activation of H2. For 

3-5, 5-5, and 5-6 liberation of H2 can only be accomplished in the presence of MesCN, 

which indicates, that without base, the reverse activation of H2 is faster than H2 removal 

from the system. It is possible that at high temperatures, equilibria exist between free and 

activated H2. Overall, from the approximate reaction times, it is clear that the basicity of 

the phosphorus center has a pronounced affect on the liberation of hydrogen. Increasing 

the basicity at phosphorus by incorporating electron-donating substituents inhibits the 

liberation of H2, which indicates that P-H bond breakage may be involved in the rate 

determining step. While the addition of MesCN allows for the liberation of H2 from the 

full range of phosphonium borates, the reaction is effectively made irreversible. Only 

upon addition of the stronger Lewis acid B(C6F5)3 to solutions of 5-8 and 5-10 to 5-13 

were the active phosphino-boranes regenerated. Here, B(C6F5)3 abstracts the coordinated 

MesCN resulting in a color change of the solution from colorless to yellow-orange 

depending on the substituents at phosphorus (Scheme 5.5). It should be noted that borane 

activated nitriles are readily reduced by H2 at high temperatures using 3-5, 3-6 or 5-6 as 

catalysts.7'9 

5.3.2 Mechanism for Reversible H2 Activation 

5.3.2.1 Mechanistic Insights into the Liberation ofH2 in Solution 
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Scheme 5.7 Three possible mechanisms for the loss of H2 from the series of phosphino-
boranes. (1) The most straight forward mechanism would involve the intermolecular close 
approach of a PH and BH fragment followed by H2 loss. (2) An alternate mechanism 
would involve PH bond breakage followed by; (2-a) Base or solvent assisted proton 
transfer to the vicinity of BH of a second molecule or (2-b) Base or solvent assisted 
proton transfer to the vicinity of BH of the same molecule, followed by H2 loss. 

The protonation of hydride ligands to give hydrogen is well known in the 

literature,306 while the generation of H2 from amino- borane (H3NBH3)65' 66 and related 

phosphino-boranes122'124 has been the focus of many recent experimental and theoretical 

studies.307"314 The hydride affinity of the boron center in Mes2PH(C6F4)B(C6F5)2 was 

calculated to be much higher than the proton affinity of the phosphorus center in 

Mes2P(C6F4)BH(C6F5)2 (ca. 478 vs. 289 kcal mol"1). Therefore the liberation of H2 from 

the series of phosphonium borohydrides most likely proceeds via protonation of the BH 

moiety. This could occur via a close intermolecular approach of PH and BH fragments 
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and or via P-H bond breakage followed by solvent or base assisted migration of a proton 

to the borohydride (Scheme 5.7). 

5.3.2.2 Deuterium Experiments 

In order to gain a better understating of how this series of phosphonium 

hydridoborates liberate H2, deuterium labelling studies were performed. The site specific 

species 3-6PDBH and 3-6PHBD were readily synthesized by treatment of the corresponding 

phosphonium fluoroborates 2-5PDBF and 2-5 with Me2Si(H)Cl or Me2Si(D)Cl, 

respectively (Scheme 5.8). The doubly deuteriated species 3-6PDBD was generated by 

treatment of the phosphino-borane 3-14 with D2 gas or upon reaction of Me2Si(D)Cl with 

2-5PDBF (Scheme 5.8). The monodeuterated species 3-6PDBH and 3-6PHBD showed no 

significant H/D exchange in bromobenzene solution below 100 °C, while heating each 

individually to 150 °C to liberate HD, and cooling to 25 °C to reactivate HD, showed 

statistical formation of PH, BH, PD, and BD as determined by 'H, 2H, n B , and 31P NMR 

spectroscopy. The scrambling of sites could occur via a bimolecular exchange process 

with subsequent loss of H2, D2, or and HD, or this exchange could occur simply via HD 

liberation, followed by rapid HD activation, scrambling the deuterium label (Scheme 5.9). 

To probe this result, 3-6PHBD was heated to 150 °C in the presence of MesCN and 

converted to 5-8, which eliminated the possibility for the reactivation of HD (Scheme 

5.8). The *H NMR spectrum (Figure 5.5) showed the existence of both HD and H2 in an 

approximate 12:1 ratio, although the integration depends on the solubility of each gas in 

solution. The appearance of primarily HD supports the notion that when the free boron 

site is not trapped, rapid reactivation of HD is occurring, which scrambles the labels. 
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Scheme 5.8 Synthesis of deuterium isotopomers of 3-6. 
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Figure 5.5 'H NMR spectrum at 25 °C after heating Mes2PH(C6F4)BD(C6F5)2 3-6PHBD 

and MesCN to 150 °C in a sealed J-Young NMR tube in C6D5Br. O = Signals for mesityl 
substituents. 
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Scheme 5.9 Observed H/D scrambling. (A) Heating 3-6PHBD to 150 °C results in loss of 
HD (B) cooling to 25 °C results in reactivation of HD and statistical formation of PH, BH, 
PD, and BD. (C) Heating 3-6PHBD to 150 °C in the presence of MesCN and cooling to 
25°C results in liberation of primarily HD. 

The appearance of H2 in the !H NMR spectrum of 3-6PHBD (Figure 5.5) does 

indicate that minor scrambling of the labels did occur. Using a large excess of MesCN 

may prevent any reactivation of gas, preventing the scrambling of labels. In any case the 

liberation of H2, D2, and HD likely occurs via a close intermolecular PH(D)...D(H)B 

approach and upon cooling subsequent reactivation of each gas gives the observed 

products. The heating of 1:1 combinations of 3-6 and 3-6poBDto 150°C in the presence of 

MesCN in C6D5Br or C6H5Br produced statistical mixtures of H2, D2 and HD as 

determined by NMR spectroscopy. The observation of HD implies that the reaction 

proceeds through a close intermolecular approach of PH(D)...H(D)B fragments. 
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Figure 5.6 "P^H} NMR spectra at 25 °C of 'Bu2PH(C6F4)BH(C6F5)2 (3-5) under 3.5 atm 
D2 (g). (A) Initial spectrum at 25 °C. (B) After 5 hours at 150 °C. (C) After 24 hours at 
150 °C. 

Additional deuterium labelling experiments were performed using 3-5 and its 

isotopomer 3-5PHBD which was synthesized in a similar fashion to 3-6PHBD- These 

compounds were selected as 3-5 was shown not to liberate H2 up to 150°C in the absence 

of a boron trap. Heating 3-5PHBD to 150 °C showed exchange of the H/D sites without loss 

of hydrogen from the system as determined by P NMR spectroscopy. Heating 3-5 under 

~ 3.5 atm D2 to 150 °C for 24 hours and monitoring by 31P NMR spectroscopy showed 

almost complete disaperance of the PH resonance from 3-5 (Figure 5.6, Scheme 5.10). 

An approximate calculation showed D2 to be in a 10-fold excess over H2, consistent with 

the observed result. 
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Scheme 5.10 Possible mechanism for the observed H2 for D2 exchange in 3-5 under -3.5 
atmofD2atl50°C.R='Bu. 

These results again confirm the ability of the phosphonium borohydrides to 

readily exchange PH(D) and BH(D) sites without H2 removal from the system. Heating 

the ion pair 5-6 ([Mes3PH][HB(C6F5)3]) under ~ 3.5 atm of D2 showed only minor 

incorporation of D2 (< 15 %) after 24 hours at 150 °C consistent with slower liberation of 

H2 observed for 5-6 (15 hours) vs. 3-5 (4 hours) in the presence of MesCN. All three 

results imply that H/D exchange is coouring and most likely occurs via hydrogen loss and 

rapid reactivation. A possible mechanism for H/D exchange is shown in Scheme 5.8. 

Heating to 150 °C presumably results in the slow formation of H2 which exchanges with 

the excess D2, activation of D2 results in formation the deuterated phosphonium borate. In 

the case of heating a C6D5Br solution of 'Bu2PH(C6F4)BD(C6F5)2 on its own to 150 °C (3-

5PHBD), HD is released and rapidly reactived scrambling the labels. In summary the 

deuterium labelling experiments have demonstrated that in the absence of a borane trap, 
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the proton and hydride sites can undergo exchange via slow gas loss and rapid 

reactivation. It should be noted that a similar isotope labelling experiment was used to 

established an intermolecular H2 elimination process for the amine-borane 

(Me2NH)BH3.
315'316 

5.3.2.3 Preliminary Kinetic Experiments and 2-D NMR experiments 

To gain further insight into the mechanism of H2 liberation and activation, 

preliminary kinetic experiments were conducted using the species 3-6 and 3-14. While 

obtaining reliable kinetic data can be readily accomplished using one of many 

spectroscopic techniques (NMR, UV, IR), the present case offered many challenges. For 

both the liberation and activation of H2, NMR spectroscopy was employed. For the 

liberation of H2 the major problem encountered was the selection of solvent. A solvent 

with a boiling point in excess of 150 °C and the ability to dissolve phosphonium borate 3-

6 was required. While several solvents were tried including tetrachloroethane, and 

trichlorobenzene, bromobenzene was selected due to its high boiling point and ability to 

partially dissolve 3-6. *H NMR spectroscopy proved unreliable due to significant overlap 

of reactant and product signals, while high temperature 19F NMR was initially 

unavailable, therefore preliminary kinetic data was obtained using 31P{'H} NMR 

spectroscopy. 

Over a concentration range of 3-6 from 0.02 M to 0.8 M, the consumption of 3-6 

and the generation of 3-14 were monitored over the first hour of reaction (Table 5.6). 

These preliminary rate data showed the decay of the concentration of 3-6 followed first-

order decay kinetics with a rate constant of 6.4 ± 0.57 x 10"4 s"1 at 150°C, which indicates 
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a unimolecular mechanism. The temperature dependence of H2 liberation was monitored 

between 100 °C and 150 °C with the concentration of 3-6 held at 0.06 M. An Eyring plot 

gave the activation parameters: AH =21(3) kcal mof1 and AS* = -23(6) eu. Additionally 

the rate constants for the isotopomers of 3-6 were determined at 150 °C. All rate data is 

summarized in Table 5.6. The observation that all three isotopomers of 3-6 have a similar 

kinetic isotope effect (KIE) (Table 5.8, kwu- 6:1), is consistent with the high-temperature 

scrambling of the deuterium sites due to rapid reactivation of liberated HD. This 

observation possibly indicates that rapid equilibrium exists between 3-6 and 3-16 before 

H2 removal from the system, indicating that the true rate constant for H2 liberation might 

not be being measured but rather the loss of H2 from solution (Equation 5.1). Therefore 

all the kinetic experiments were repeated in the presence of the base MesCN to trap 

generated free borane. The observation of a KIE does indicate that PH and/or BH bond 

breakage may be a part of the rate determining step, but this data is unreliable and was not 

considered. 

4 H 2 (g) 
ki k2 y 

A [PHBH] ^ m_ *• [PB] + H2 ^ - ^ [PB] 

k-2 
*H2(g) 

ki 
B [PHBH] • [PB(base)] + H2 (g) 

base 

Equation 5.1 (A) Liberation of H2 from 3-6 at 150 °C in a sealed NMR tube. Based on 
the rate data it is likely that k_i is faster than k2. ki is the rate of H2 loss from PHBH and 
k-2 is the rate of hydrogen diffusion into solution. (B) Liberation of H2 from 3-6 at 150 °C 
in a sealed NMR tube in the presence of base. Trapping of borane prevents reactivation of 
H2. PHBH = Mes2PH(C6F4)BH(C6F5)2, PB = Mes2P(C6F4)B(C6F5)2. 
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Table 5.6 Rate of H2 liberation from 3-6, HD liberation from 3-6PDBH or 3-6PHBD, and D2 
liberation from 3-6PDBD in dry C6H5Br (without MesCN). 

Compound* 

3-6 

3-6 

3-6 

3-6 

3-6 

3-6 

3-6pDBH 

3"6pHBD 

3"6pDBD 

Temperature (°C) 

150 

140 

130 

120 

110 

100 

150 

150 

150 

Rate Constant (s~) 

6.35 ± 0.57 xlO"4 

3.51 ± 0.59 x l O 4 

2.02 ± 0.60 xlO"4 

1.09 ± 0.33 xlO"4 

4.12 ± 1.75 xlO'5 

1.84 ± 0.69 xlO"5 

1.06 ± 0.56 xlO"4 

1.10 ± 0.37 xlO"4 

1.08 ± 0.30 xlO"4 

* Concentration of solutions with respect to phosphonium borate = 0.06 M 

During the course of the investigation, high temperature 19F NMR spectroscopy 

became available and was used to obtain the second set of preliminary kinetic data. The 

19F NMR spectra of 3-6 gave a better signal to noise ratio compared to the 31P NMR 

spectra which allowed for more accurate concentration determination from integration. 

The liberation of H2 from 3-6 to in the presence of approximately 3 equivalents of MesCN 

in bromobenzene to give 5-8 was again found to follow first-order decay kinetics with a 

rate constant of 4.29 ± 0.23 x 10"3 s"1 at 150 °C (Table 5.7). The liberation of H2 was 

independent of MesCN concentration (1-3 equivalents of MesCN compared to 3-6) and is 

described by the rate law; Rate = k[PHBH]'[MesCN]0. The rate constant is significantly 

larger than that for the reaction without added MesCN, which is consistent with the 

trapping of generated free borane, preventing the back reaction from taking place 

(Equation 5.1). The activation parameters were determined to be AH = 23.8(3) kcal mol" 
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1 and A£> = -13.8(8) eu. The large enthalpy value suggests substantial bond breakage in 

the transition state and is consistent with the high reaction temperature, while the large 

negative entropy value indicates a highly ordered transition state. The calculated free 

energy (AG 25 °c = 27.9(1) kcal mol"1) is consistent with the high stability of 3-6 at 25 °C. 

A KIE was observed for the monodeuterated species 3-6PDBH (&PHBH / &PDBH = 3.85 ± 0.33) 

while a similar KIE was observed for the doubly deuterated species 3-6PDBD (&PHBH / ^PDBD 

= 3.96 ± 0.36) (Table 5.8). No KIE was observed for species 3-6PHBD- These large KIE 

and first order kinetics suggest that the rate determining step involves PH bond breakage 

in a single transition state. These data support mechanistic pathways 2-a and 2-b shown in 

scheme 5.x. The rate of H2 liberation from 3-5 is considerably slower than that for 3-6, 

consistent with previous observations and again suggests that P-H bond breakage is 

involved in the rate determining step. An interesting observation is the similar reaction 

rates observed for H2 liberation from 3-6 in C2H2CI4 vs. CeHsBr. These results indicate 

that slightly chaning the solvent polarity has minial impact on the reaction. It is 

noteworthy to mention, that attempts to monitor the loss of H2 from 3-6 in decane were 

unsuccessful due to the complete lack of solubility of 3-6 in decane, even at 150 °C. 

While the present kinetic data was thoroughly performed, the first order kinetics was 

surprising, and therefore there may have been errors in the method for data aquisition 

and/or analysis of data not realized by the auother. 
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Table 5.7 Rate of H2 liberation from R2PH(C6F4)BH(C6F5)2, HD liberation from 3-6P D BH 

or 3-6PHBD, and D2 liberation from 3-6PDBD in the presence of MesCN. 

Compound* 

R = Mes 3-6 

R = Mes3-6 

R = Mes 3-6 

R = Mes 3-6 

R = Mes 3-6 

R = Mes 3-6 

R = 'Bu 3-5 

3-6pDBH 

3"6pHBD 

3-6pDBD 

Temperature (°C) 

150 

140 

130 

120 

110 

140 

140 

140 

140 

140 

Solvent 

C6H5Br 

C6H5Br 

C6H5Br 

C6H5Br 

C6H5Br 

C2H2CI4 

C6H5Br 

C6H5Br 

C6H5Br 

C6H5Br 

Rate Constant (s1) 

4.29 ± 0.23 xlO"3 

2.37 ± 0.20 x 10"3 

8.81 ± 0.05 xlO"4 

4.49 ±0.30x10^ 

2.16 ± 0.08 xlO"4 

1.67±0.11xl0~3 

2.93 ± 0.61 x l O 4 

6.15±0.11xl0"4 

2.37 ± 0.05 x 10"3 

5.99 ± 0.21 x l O 4 

* Concentration of solutions with respect to phosphonium borate = 0.03-0.04 M 

Table 5.8 Kinetic isotope effects for the liberation H2, D2, and HD from 3-6, 3-6PDBD, 3-
6PDBH, and 3-6PHBD, in the presence and absence of excess MesCN in CeHsBr. 

with MesCN without MesCN 

^ P H B H / ^ P D B H 

^PHBH / ApHBD 

ApHBH / ̂ PDBD 

^ P D B H / ^ P D B D 

^PHBD / &PDBD 

3.85 ±0.33 

1.00 ±0.09 

3.96 ±0.36 

1.03 ±0.04 

3.96 ±0.17 

5.04 ±0.96 

6.34 ±1.36 

5.88 ±1.74 

1.17 ±0.38 

0.93 ± 0.34 
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The first-order kinetic data was surprising, as intuitively a bimolecular process (1) 

outline in Scheme 5.7, which would follow second-order kinetics, would be the most 

obvious mechanistic pathway. Although pathways 2-a and 2-b outlined in scheme 5.7 

have rate determining steps that are first order with respect to phosphonium borate. 

Nonetheless, we initially assumed that the liberation of H2 followed a unimolecular 

process where the proton or hydride undergoes intramolecular migration to the site 

adjacent boron or phosphorus, respectively, with rapid H2 elimination (Scheme 5.11). 

F \ F 

% /=\ e 
(Nles)2P ^ A—B(C6F5)2 

Proton migration ^* F F - \ Hydride migration 

<Mes)2P 

H H 

e \ 
B(C6F5)2 (Mes)2P \ © 

H H n Hydrogen elimination 
F, F 

B(C6F5)2 

(Mes)2P L \— B(C6F5)2 

F F 

Scheme 5.11 First mechanism proposed for the liberation of H2 assuming a unimolecular 
process. Either a proton or hydride thermally migrates across the C6F4 ring to the position 
adjacent boron or phosphorus, respectively. No experimental evidence for the 
intermediates was obtained and recent theoretical calculations have since disproved this 
mechanism. 

Although the observation of intermolecular H/D exchange, the large negative 

entropy, and the fact that the bimolecular ion pairs [R.3PH][HB(C6F5)3] liberate H2, 

implies that the generation of H2 is accomplished through a bimolecular process involving 

atleast two molecules of phosphonium borate. The-first order rate law could be 
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rationalized in terms of the phosphonium borates existing as dimers in solution. Ion pairs 

are known to interact in solution,317 the present phosphonium borates 

R2PH(C6F4)BH(C6F5)2 are charge neutral overall, although the positive and negative 

fragments are well separated and could easily pair with a corresponding ion from a 

another molecule forming dimers, or even high order aggregates. To shed light on the 

aggregation of the phosphonium borates in solution, NOESY and DOSY NMR 

experiments were performed. 

Nuclear Overhauser effect spectroscopy (NOESY) experiments were carried out 

to determine if an intermolecular dipolar coupling interaction exists between the PH and 

BH sites of the phosphonium borates of the form R2PH(C6F4)BH(C6F5)2. Such an 

interaction would suggest that the species come in close contact in solution. 2D ' H - ' H 

NOESY experiments with mixing times (T, time allowed for magnetization transfer) 

ranging from 0.1-0.5s and Is, were run on solutions of 3-5 and 3-6 in CD2CI2 and 

C6D5Br. Cross peaks were only observed between the PH moiety and the CH3 groups of 

the ?Bu or Mes substituents on phosphorus. It was noted that a strong cross peak was 

observed in a ^{"BJ - 'H NOESY (x = 0.26) experiment between the NH and BH 

moieties of the related ion pair [Et3NH][HB(C6F5)3],
303 Therefore, additional boron 

decoupled ^ { " B } - ^ NOESY (x = 0.1-0.3s) experiments were carried out on 3-6 in 

CD2CI2 and CeDsBr. Again, no cross peaks were observed between the PH and BH 

moieties. In each case, the NOESY experiments were run for several hours to increase 

signal intensity. While no through-space intermolecular interaction between a PH and BH 

of 3-5 or 3-6 was observed by NOESY experiments, such an interaction cannot be ruled 

out, as nOe interactions are sensitive to many factors including temperature, solvent 

viscosity, and spin-lattice relaxation. Therefore, further investigation may be required. 
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Table 5.9 Diffusion coefficients (D, 10"10 m2s_1),a hydrodynamic radii (rn, A),b 

hydrodynamic volume (PH, A3),C volume determined from crystallographic data for one 
molecule (VXRAY),6 aggregation number (TV = JVFXRAY)6-

Compound 

Mes2PH(C6F4)BH(C6F5)2 (3-6) 

Mes2PH(C6F4)BF(C6F5)2 (2-5) 

Cy3P(C6F4)BH(C6F5)2(3-7) 

Cy3PH(C6F4)BF(C6F5)2(2-l) 

Mes2P(C6F4)B(C6F5)2(3-13) 

BPh3 

D 

9.15 

8.70 

8.65 

8.54 

8.93 

10.54 

m 

5.51 

5.79 

5.82 

5.99 

5.64 

3.30 

VH 

698 

811 

825 

859 

750 

146 

FxRAY 

830 

950f 

968 

970 

926g 

TV 

0.84 

0.85 

0.85 

0.89 

0.81 

N* 

1.10 

1.10 

1.11 

1.15 

1.05 

a Determined by lH DOSY experiments at 25°C in CD2C12 (viscosity, n = 4.13xl0"4 kg m" 
V1) with sample concentrations = 0.05M. b Determined using the Stokes-Einstein 
equation assuming a c factor = 6. c Calculated assuming spherical shape in solution. d 

Determined from unit cell volume. e TV = Vu I ^XRAY- 'g Volume for the closely related 
compounds Mes2PH(C6F4)BCl(C6F5)2 (3-3) and Mes2P(C6F4)B(THF)(C6F5)2 (3-14). 
* Assuming a low limit c factor of 5.5. 

Additional 'H-19F HOESY experiments may prove invaluable for the detection of 

intermolecular interactions between these 'frustrated' Lewis pairs. Such techniques have 

been widely employed to detect ion par interactions between fluoroarylborate anions and 

their respective cations. ' ' " Unfortunately, the equipment for such experiments 

was not available at the University of Windsor to conduct these experiments. 

Diffusion ordered spectroscopy (DOSY) experiments were carried out to estimate 

the rates of diffusion for the series of phosphonium borates. It has been well established 

that molecules of different sizes diffuse in solution at different rates.317'321 The rate at 

which a molecule diffuses in solution can be easily determined using pulse gradient NMR 

spectroscopy, and from this diffusion constant, the molecules' approximate 

hydrodynamic radii can be determined using the Stokes-Einstein equation.318' 322 This 
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value, or the readily obtained hydrodynamic volume, can be compared to standards or 

calculated values to determine the aggregation of the molecule in solution, i.e. monomer 

vs. dimer. Results are summarized in Table 5.9. The experimental hydrodynamic volumes 

compare well those obtained from crystallographic data. From the aggregation number it 

is apparent that the present phosphonium borates exist as monomers in solution. These 

results imply that any intermolecular pairing of two molecules of compounds 

R2PH(C6F4)BH(C6F5)2 is transient. Attempts to run these experiments at 100 °C were 

unsuccessful, although any weak aggregation is likely to be unfavourable at high 

temperatures. No experiments at low temperatures (less than 25 °C) were conducted as 

these temperatures are far outside the temperature regime for H2 liberation. To gain more 

accurate data, PGSE experiments over a broad concentration range are suggested along 

with a precise determination of the correct V factor (these factors have been shown to 

vary from 5-6 for molecules of similar size to the present species). ' Additionally, 

calculated volumes for monomers and dimers for direct comparison to experimental 

values would be beneficial. Results obtained from these experiments, coupled with 

extensive variable-temperature 'H-^F HOESY experiments will be crucial for the 

accurate determination of aggregation in solution. Overall there is no experimental 

evidence that phosphonium borates R2PH(C6F4)BH(C6F5)2 exist as dimers, therefore 

coupled with the first order kinetics, it is unlikey that H2 loss follows pathway 1 outlined 

in scheme 5.7. 
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5.3.2.4 Mechanistic Insights into the Activation ofH2 in Solution 

Transition metal centers are known to bind molecular hydrogen reversibly and can 

split H2 via homolytic or heterolytic cleavage pathways. Homolytic cleavage involves 

oxidative addition at the metal center, while heterolytic cleavage involves electrophilic 

activation of H2 at the metal center followed by proton transfer to a metal bound ligand.25' 

In the present case the phosphino-borane combinations heterolytically cleave H2 

as a proton and a hydride end up on different atoms. 

R3P § + 

H 

B(C6F5)3 

PR3 + B(C6F5)3 [R3PH][HB(C6F5)3] 

( 

5" 5+ 

H - H - * - P R 3 

B(C6F5)3 

Scheme 5.12 Initial proposed mechanisms for the heterolytic cleavage of H2 by 
phosphines and boranes based on examples in the literature. Note: While not shown, it 
can be assumed that the phosphino-boranes R2P(C6F4)B(C6F5)2 could react with H2 in a 
similar intermolecular fashion. 

By analogy to transition metal chemistry, one might intuitively anticipate that a side-on 

interaction of H2 with the Lewis acidic boron center results in polarization of H2, thus 

facilitating protonation of an approaching phosphine resulting in the formation of 

phosphonium hydridoborate (Scheme 5.12). Attempts to observe such a Lewis acid-FL; 

interaction were undertaken by treatment of B(C6Fs)3 with higher pressures of H2 (4 atm). 
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Monitoring these mixtures by 'H and 19F NMR spectroscopy at temperatures as low as 

190 K, showed major resonances attributable to free B(C6Fs)3 and minor resonances 

attributed to (H20)B(CeF5)3 (vide infra). No other species were observed and thus this 

experimental evidence suggests that a borane-Fk adduct is not stable. While 

computational studies have examined the existence of BH5 and described this species as a 

weak (n -H2)BH3 adduct, " recent calculations have shown that H2 does not form an 

adduct with B(C6F5)3,17 supporting the experimental observation. An alternative 

mechanism that warrants consideration involves the interaction of Lewis bases with H2 

(Scheme 5.12). In this regard, Sweany and co-workers have demonstrated the formation 

of van der Waal complexes for a variety of Lewis bases including phosphines with H2 in 

an argon matrix.329 Such interactions are thought to lead to polarization of H2 via an end-

on base-H2 interaction involving lone pair donation to the a* orbital of H2. Attempts to 

observe such interactions by low-temperature NMR spectroscopy proved unsuccessful. A 

third possible mechanism involves the synergistic activation of H2 where both the 

phosphine and borane sites simultaneously interact with H2. Very recent calculations by 

Papai and coworkers have suggested that in solution the 'frustrated' Lewis pair 

combinations 'Bu3P/B(C6F5)3, Mes3P/B(C6F5)3 and ['Bu2P(C6F4)B(C6F5)2]2 exist as 

encounter complexes held together by dispersion forces and weak intermolecular CH...FC 

interactions with phosphorus/boron distances of approximately 4.2, 4.3 and 4.7 A, 

respectively (Figure 5.7).17 These 'encounter complexes' provide a cavity where H2 is 

activated along the P...B axis via a synergistic push-pull process, resulting in the 

formation of PH and BH covalent bonds. The overall process was found to be exothermic 

consistent with the rapid room temperature activation of H2. 
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Figure 5.7 Phosphine/borane 'encounter complex' held together by weak CF...HC and 
dispersion interactions suggested by Papai and co-workers based on theoretical 
calculations (P-B distance > 4 A). It is thought that H2 is activated in a synergistic fashion 
by the P and B atoms of the 'encounter complex'. 

Additionally, the authors predicted that the 'frustrated' Lewis pair 'BU3P/BPI13 has a lower 

'association energy' than that of'Bu3P/B(C6F5)3, which is consistent with the observed 

slower rate of reaction observed for the former. A related theoretical study also suggested 

a similar bimolecular mechanism for the activation of H2 and found the overall process to 

be exothermic, again consistent with the experimental results, although the authors 

indicate that a phosphino-borane dimer is likely transient and not thermodynamically 

stable.21 

In order to gain further insight into the mechanism of H2 activation, an effort was 

put forth to obtain kinetic data. For the conversion of 3-14 to 3-6 under an atmosphere of 

H2, two major problems were encountered. First was the fast rate at which the reaction 

proceeds and second was the low solubility of H2 in solution. Numerous attempts were 

made to monitor the activation of H2 by 3-14 using 31P{1H} NMR spectroscopy over a 

temperature range from -30 °C to 25 °C . Reaction conditions consisted of using CH2CI2 
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or toluene solutions with H2 pressures of 1 or 3.5 atm. In each case, inconsistent results 

were obtained as the diffusion of H2 into solution was slower than the activation of H2. 

Therefore no useful mechanistic information was obtained for this reaction. While no 

accurate data was gathered in the current study, other methods for obtaining kinetic data 

do exist and may prove useful in the future. Monitoring the disappearance of an orange 

solution of 3-14 by UV-vis spectroscopy or the appearance of the B-H stretch by IR 

spectroscopy (if observable) under H2 at low temperatures may be an option. 

Additionally, experimental NMR apparatuses exist where a NMR tube can be put under a 

i o n '2'j 1 

positive flow of H2 which may solve the issue of mixing hydrogen in solution. ' 

Another option may be to run the experiments under pseudo first order conditions by 

using extremely high pressures of H2. This could be accomplished by employing sapphire 

NMR tubes which can with stand gas pressures up to 50 atm.332 

5.3.2.5 Final Proposed Mechanism for Activation and Liberation ofH2 

Based on the principle of microscopic reversibility, the activation of H2 should 

follow the reverse mechanistic pathway as the liberation of H2. From the experimental 

results and recent theoretical calculations17' 21 an overall mechanism can be proposed. 

While it is tempting to agree with the theoretical calculations and propose that the 

reversible loss of H2 proceeds through an 'encounter complex' or phosphonium 

borate/phosphino borane dimers, and that H2 bond formation and breaking is concerted 

(Scheme 5.13), no experimental evidence was obtained supporting such a mechanism. 

Therefore, this mechanism can be ruled out based on the current data. 
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Scheme 5.13 Suggested reversible H2 activation based on computational analysis. While 
not disproved, no experimental evidence exists for the formation of dimers in solution and 
the concerted breaking and forming of H-H bonds. 

The first order kinetics and the PH/PD KIE implied that the rate determining step 

for loss of H2 is a unimolecular process involving PH bond breakage. The intermolecular 

H/D exhcange implied that at least two molecules of phosphonium borate are involved in 

generating hydrogen. These results can be rationalized by following a mechanism 

outlined in Scheme 5.7. Here, breaking of the PH bond is the inital step, which is 

followed by transfer of the proton to a borohydride moiety of the same or different 

molecule with subsequent H2 elimination (Scheme 5.14). There should be no significant 

preference for which borohydride moiety is protonated. While 'naked' proton transfer is 

unlikey, it is probable that the proton transfer is assited by the solvent or an as yet 

unidentified base, such as glass. For this mechanism to hold true, addition of stoicometric 
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amounts of base should accelerate the loss of H2, which is the foucs of section 5.3.3. It 

should be noted that this mechanism is only probale and more detailed work will be 

required to conclusively corfirm the mechanism for the unprecedented reversible H2 

activation for the present phosphonium borate/phosphino borane systems. 
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Scheme 5.14 Proposed mechanism for liberation of H2 based on current experimental 
results. Liberation of H2 is first order with respect to one molecule of phosphonium-
borate. PH bond break is the rate determining step, followed by rapid proton transfer to 
the vicinity of a borohydride moiety, with subsequent rapid H2 elimination. Proton 
transfer is probably facilitated by solvent or an unidentified base. 

5.3.2.6 Independent H2O Experiments 

A major problem with the addition of H2 to these unique combinations of 

phosphines and boranes is the interference of trace H2O. It is well known that B(C6Fs)3 

file:///-2HH
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and H2O form a weak adduct and the dynamics between these two species has been 

thoroughly investigated.121,292'333 Such (H20)B(C6F5)3 adducts are readily deprotonated 

by solvent or bases, and depending on stoichiometry, can yield several different hydroxy 

borate anions. ' ' Additionally B(C6Fs)3 can undergo hydrolysis in the presence of 

H20 giving the known boronic acid HOB(C6F5)2
335"337 and C6F5H. 120, 338 Initial 

experiments involving the addition of H2 to a mixture of MesaP and B(C6Fs)3 resulted in 

one major and one minor product. 

Mes3P + B(C6F5)3
 H 2 ° »» [Mes3PH][HOB(C6F5)3] 

B(C6F5)3 
[Mes3PH][HOB(C6F5)3] • [Mes3PH][HO{B(C6F5)3}2] 

Scheme 5.15 Reaction of FLP's with H2O. 

The major product was the phosphonium hydridoborate 5-2 while the latter minor product 

was identified as the H20 activated species [Mes3PH]][(C6F5)3B(u-OH)B(C6F5)3] (5-16). 

The formation of this ion pair likely occurs via scavenging of H2O by B(C6F5)3, which is 

then deprotonated by phosphine; excess B(C6F5)3 then coordinates to the hydroxyl borate 

anion forming 5-16. To confirm the formation of 5-16, an independent experiment was 

carried out. Addition of one equivalent of H2O to a toluene solution of Mes3P and 

B(C6F5)3 gave the ion pair [Mes3PH][HOB(C6F5)3] (5-15) in quantitative yield. Addition 

of a second equivalent of B(C6F5)3 to 5-15 gave the species 5-16 (Scheme 5.15). Both 

products were fully characterized by multi-nuclear NMR spectroscopy and X-ray 

crystallography for 5-16 (Table 5.4, Fiugre 5.8). While both anions are known,292*303,339" 

341 they have not been paired with a phosphonium cation. 
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Figure 5.8 POV-ray depictions of 5-16. Carbon: black, Phosphorus: orange, Fluorine: 
pink, Boron: yellow-green, Oxygen: red. Carbon hydrogen atoms omitted for clarity. 

The 31P NMR spectra of both compounds display a resonance at -27.0 ppm ('JPH = 

480 Hz), consistent with the presence of the Mes3PH cation. In addition to expected 

resonances for the cation, the room-temperature !H NMR spectra exhibit broad signals at 

5.0 and 6.3 ppm for the BOH group of 5-15 and 5-16, respectively. The former is shifted 

downfield from that found for the related ion pair with a triethylammonium cation 

[Et3NH][HOB(C6Fs)3]. This is presumably due to the absence of strong hydrogen bonding 

in 5-15, which is observed in the NH...O(H)B moiety of [Et3NH][HOB(C6F5)3].341 The 

increased steric bulk of the cation prevents close approach of the PH and BOH moieties, 

forming a more separated ion pair. This thought is supported by the similar downfield 

shift of the BOH moiety in the anion [(C6F5)3B(a-OH)B(C6F5)3] which is not susceptible 

to hydrogen bonding due to steric constraints.303 A ^ - ' H 2-D nOe experiment on 

compund 5-15 showed no nOe, only an in-phase cross peak, which indicates that the PH 
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and OH protons were undergoing exchange, thus the cation and anion are interacting. 

The n B NMR resonances appear at -3.7 and -0.5 ppm for 5-15 and 5-16, respectively, 

comparing well to those reported by Saverio et a/.303 The 19F NMR spectra of 5-15 and 5-

16 are typical for 4-coordinate boron centers and again are similar to that reported in the 

literature.303 A POV -ray depiction of 5-16 is shown in Figure 5.8. The phosphorus center 

is pseudo-tetrahedral with an average C-P-C angle of 115.1°. The borate anion appears as 

would be expected and the metrical parameters are unexceptional. As all solvent and 

organic reagents were determined to be moisture free, the likely source of H2O is from the 

H2 cylinder. To investigate this issue, a toluene solution of B(C6F5)3 was pressurized with 

3.5 atm H2. Variable-temperature 19F NMR spectroscopy showed broadening of the 

B(C6F5)3 resonances at 25 °C and upon cooling to -70 °C, three new minor resonances 

grew in, which were attributed to the adduct (H20)B(C6F5)3. This confirms water 

contamination was from the H2 cylinder. While trace water could not be completely 

removed, employing a Drierite molecular sieve column and using two in-situ liquid N2 

cold traps greatly reduced the amount H2O contamination. 

5.3.3 Base Assisted Hydrogen Loss for Phosphonium Borates 

The base-catalyzed or proton-assisted generation of hydrogen from hydrides is 

well known. Casey and co-workers demonstrated that phosphines can acts as catalysts for 

the evolution of hydrogen from a hydroxycyclopentadienyl ruthenium(II) hydride,321 

while a recent review has detailed the protonation of metal hydrides.306 Based on the 

current mechanism, it was believed that the liberation of H2 could be assisted by a Lewis 

base. As discussed previously, MesCN does not interact with the proton of 3-6 and only 
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facilitates the liberation of H2 by trapping free borane, preventing the reactivation of H2. 

Addition of the relatively more basic phosphine Mes3P to a solution of 3-6 resulted in 

complete deprotonation of 3-6 and generation of the ion pair 

[Mes3PH][Mes2P(C6F4)BH(C6F5)2] as determined by 31P NMR spectroscopy. 

Reminiscent of the ion pair 5-6, heating this species to 150 °C in bromobenzene resulted 

in no observable H2 loss, while upon the addition of one equivalent of MesCN, complete 

H2 liberation was observed within 15 hours at 150 °C. This result indicates that MessP is 

too basic and sterically bulky to assist in the liberation of H2, making H2 loss 

thermodynamically unfavorable. The large size of the phosphine prevents a close 

approach of the PH and BH fragments, while the increased basicity makes for a stronger 

X-H bond. Phosphine oxides are known to be good proton acceptors due to their ability to 

form hydrogen bonds.343 Addition of one equivalent the phosphine oxide Et3PO to 3-6 in 

bromobenzene resulted in a broadening of the 31P NMR resonance for 3-6 indicating 

possible rapid proton exchange between the phosphine and phosphine oxide. Monitoring 

by 31P NMR spectroscopy, the reaction mixture was subjected to a controlled heating 

experiment (Figure 5.9). At 60 °C, H2 liberation began to occur along with concurrent 

formation of the adduct Mes2P(C6F4)B(C6F5)2(Et3PO) (5-17). Upon heating to 100 °C 

complete H2 liberation was observed. This is in stark contrast to the liberation of H2 in the 

absence of phosphine oxide where H2 loss was only observable above 100 °C, thus 

demonstrating the ability of phosphine oxide to accelerate the liberation of H2 from 3-6. 

A similar result was observed for a 1:1 mixture of Et3PO and 3-5 in bromobenzene. H2 

liberation and formation of T3u2P(C6F4)B(C6F5)2(Et3PO) (5-18) began to occur at 100 °C 

(Figure 5.9). The higher temperature regime is consistent with the increased basicity at 

phosphorus for 3-5 compared to 3-6. 
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Scheme 5.16 Phosphine oxide assisted liberation of H2. Base = R3PO. 

To determine the effect of the basicity of the phosphine oxide on H2 liberation, the 

reaction of the phosphine oxides R3PO (R = Et, Ph, and JC-FC6H4) with 3-6 were 

examined. The results are summarized in Table 5.9. The fastest reaction time occurred 

when PI13PO was employed. It is likely that the more basic phosphine oxide EtsPO forms 

stronger hydrogen bonds with the proton making it more difficult to protonate the 

borohydride, while the less basic phosphine oxide (p-FC6H4)3PO forms weaker hydrogen 

bonds with the proton of 3-6, making it a poor proton shuttle. To gain further insight into 

the base assisted H2 liberation, the reaction of 3-6 with varying equivalents of PI13PC) in 

bromobenzene at 100 °C was explored (Table 5.10). Increasing the amount of PI13PO in 

the reaction mixture resulted in a decreased reaction time for the liberation of H2. The 

fastest reaction occurred when two equivalents of PI13PO were added. Even though the 

reactions were carried out in the presence of one equivalent of MesCN, it has been 

independently determined that PI13PO displaces MesCN and coordinates to the Lewis 

acidic boron forming Mes2P(C6F4)B(Ph3PO)(C6F5)2 (5-19). 
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Figure 5.9 Stacked plots showing the base assisted liberation of H2 from 3-5 and 3-6. 
(Left) 31P NMR of 3-6 + Et3PO in C6H5Br. Observe broadening of PH (5 -47 ppm) 
resonance at 25 °C and that H2 liberation begins to occur above 60 °C. (Right) 31P NMR 
of 3-5 + EtaPO in CeHsBr. Observed broadening of PH (8 25 ppm) resonance at 25 °C and 
that H2 liberation begins to occur above 100 °C. In both cases free borane is trapped by 
Et3PO. 

Therefore, below one equivalent, PI13PO must dissociate from B in order for the 

reaction to proceed, while above one equivalent, there is always free PI13PO present to 

assist in the liberation of H2. These results demonstrate the ability of Lewis bases to 

catalyze the liberation of H2 from the phosphonium hydridoborate 

Mes2PH(C6F4)BH(C6F5)2. Of note is the large 31P NMR chemical shift difference of 20.7 

ppm between free PI13PO and coordinated PI13PO in 5-19. This value is considerably 

larger than that found between free Ph3PO and coordinated PI13PO (A5 = 4.2) in 

(Ph3PO)B(C6F5)3 and can be attributed to the absence of phenyl/fluorophenyl 71-stacking 

interactions in 5-19, which exists in (Ph3PO)B(CeF5)3.344 Presumably, the large 

phosphorus substituent on one of the fluoroaryl rings of 5-19 prevents the formation of an 
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eclipsed conformation. In summary it has been demonstrated that phosphine oxides have 

the ability to catalyze the liberation of H2 from phosphonium hydridoborates. These 

results are important as the relatively lower temperature regime for H2 liberation allows 

for the use of a wider variety of solvents and may prove useful in application of these 

systems for hydrogen delivery. Preliminary results have shown that H2O can act as a 

proton transfer reagent, although at high concentrations of H2O, hydrolysis of the BH 

bond was observed, and solubility in organic solvents was problematic. While this 

reactivity was not explored in detail, the search for efficient catalysts, including ethers 

and siloethers may be an area of future work. 

Table 5.10 Liberation of H2 from 3-6 in the presence of various phosphine oxides and in 
the presence of varying equivalents Pli3POa. 

R3PO Equivalents of Temperature (°C) Reaction time for complete 

R3PO H2 loss (minutes)0 

75 170 

75 105 

75 390 

100 1010 

100 306 

100 45 

100 15 

100 12 

a All experiments carried out in the presence of 1 equivalent MesCN. Concentration = 
0.06 M in C6D5Br. c Reaction monitored by 31P{'H} NMR spectroscopy. 

R = Etb 

R = Phb 

R=Jp-FC6H4
b 

R = Phb 

R = Phb 

R = Phb 

R = Phb 

R = Phb 

1 

1 
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0 

0.1 

0.5 

1 
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5.3.4 Activation of Small Molecules other than Hydrogen 

The discovery of the unprecedented metal-free activation of H2 by sterically 

'frustrated' Lewis pairs prompted us to investigate the activation of other small molecules 

in the absence of metals. Fellow graduate student Jenny McCahill has demonstrated that 

FLP's readily activate a-olefins to give alkyl linked phosphonium borates. This result is 

interesting as a-olefins are not known to react with phosphines or boranes independently. 

As most catalytic processes are predicated on the activation of small molecules, 

expanding the scope of reactive functional groups with FLP scaffold is of interest. Herein 

is described the reactivity of FLP's with silanes, thiols, and disulfides. 

5.3.4.1 Reaction of FLP's with Silanes 

The hydrosilation of alcohols, ketones, aldehydes, esters and imines is a well 

known process and is a common method for the reduction C= O and C= N functionalities. 

Recently, Piers and co-workers have demonstrated that the Lewis acid B(C6F5)3 is an 

effective hydrosilation catalyst. ' " The reaction is governed by a nucleophilic-

electrophilic mechanism where B(C6F5)3 polarizes the Si-H bond through a Si-H...B 

interaction rendering the silicon center susceptible to nucleophilic attack. Additionally, 

the Si-H bond of organosilanes are known to be activated by transition metal centers in an 

analogous fashion to H2.324 To test the scope of FLP type reactivity we investigated the 

reaction of FLP's with R3S1H in an effort to activate the Si-H bond and generate 

silylphosphonium hydridoborates of the form [R3PSiR3][HB(C6F5)3]. 
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Addition of E13S1H to a toluene solution of T3u3P and B(C6F5)3 resulted in 

formation of a yellow solution which upon removal of solvent gave an off-white solid. 

Analysis by multi-nuclear NMR spectroscopy revealed an B NMR resonance at -25 

ppm and a 19F NMR spectrum consistent with the presence of the anion HB(C6F5)3. 

Interestingly, the 31P and !H NMR spectra revealed resonances consistent with the 

formation of the protonated phosphonium cation TJU3PH. No resonances attributable to an 

Et3Si+ fragment were observed. The product was formulated as the ion pair 

['Bu3PH][HB(C6F5)3] (5-5) (Scheme 5.17). 

*Bu*P* 
HSIEt3 S* 8- w * © e 

B(C6F5)3 » . Et3Si H--B(C6F5)3 ^ » [tBu3p-S«Et3J[HB(C6F5)3] 

teusP: 
^ V 

H 
HSiEt3 K © 0 

B(CeF5)3 • (H3C)HC^ »-tlBUsPHlIHBt^Fs)^ + CH3CH=SiEt2 

Et 

Scheme 5.17 Possible reaction between FLP's and Ei3SiH. 

The reaction was repeated with the silanes BusSiH and Ph2MeSiH only to produce similar 

results. No reaction was observed between the FLP and Ph3SiH. Similarly, employing the 

less basic phosphine Mes3P in the reaction with B(C6F5)3 and Et3SiH resulted in no 

reaction. Mechanistically it is likely that B(C6F5)3 first interacts with the silane polarizing 

the Si-H bond resulting in the silicon center adopting a partial positive charge, analogous 

to the observation of Piers. While relatively small nucleophiles such as ketones or 
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aldehydes readily interact with the silicon center through oxygen atom, 'B^P, is too 

bulky to undergo nucleophilic attack and instead acts as a base by abstracting a a- or 0-

hydrogen off a silicon alkyl chain. The resulting silicon containing by-product was not 

detected by NMR spectroscopy. Future studies may attempt to confirm the source of H 

atoms by using deuteriated silanes. This mechanistic view is supported by the fact that no 

reaction is observed with the silane PhsSiH which has no alkyl hydrogen atoms and that 

the less basic phosphine Mes3P is also unreactive as it does not abstract a hydrogen atom 

from the incipient silylium cation. Additionally, it has been reported that while the small 

phosphine Me3P and Me3Si+ form the silylphosphonium cation [Me3SiPMe3]+, no 

reaction is observed between the much larger phosphine (MesSi^P and Me3Si+.349 

Ultimately the inability of FLP's to form stable silylphosphonium hydridoborate ion pairs 

led us to investigate other reactivity. 

5.3.4.2 Reaction ofFLP's with Thiols and Disulfides 

The activation of E-E and E-H bonds (E = B, Si, S, Sn) and their transfer to 

unsaturated carbon molecules are import processes in organic synthesis. " Specifically 

carbon-sulphur bond forming reactions are important for drug development and many 

organosulphur compounds are biologically active.354 The cleavage of S-H and S-S bonds 

is well known and can be accomplished using transition metals350'355 and/or main group 

nucleophiles and electrophiles.356 Recently, several papers have described the Lewis acid 

catalyzed disulphidation of alkenes and alkynes employing BF3,
357 A1C13,

358 GaCl3,
359'360 

FeCl3,358 and ZnCk361 as catalysts. In each case it is proposed that the Lewis acid initially 
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interacts with a disulphide generating a partial sulphenium cation which reacts with 

olefin. Nucleophilic attack of the intermediate by the thiolate anion gives the desired 

dithiolated product. On the other hand phosphines have been shown to promote the 

desulphurization of di- and Jn-sulphides,362 while the conversion of disulphides to thiols 

by phosphines in the presence of H2O is widely known. Additionally, a recent 

computational study has suggested that phosphines react with disulfides via an SN2 

mechanism generating phosphonium cation-thiolate anion salts of the form [R.3PSR][SR], 

which should exist experimentally upon stabilization of the anion. In both the 

disulphidation of unsaturated substrates and the desulphurization of sulphides, the 

intermediates have not been fully observed. While thiolate anions [RS]~ can be readily 

generated through deprotonation of the corresponding thiol with an appropriate base, 

reports of sulphenium cations [RS]+ are rare with the elusive species only being observed 

in the gas phase or via stabilization with one or two nitrogen donors. The related 

thioalkoxyphosphonium cations [R3PSR] are relatively stable species. " Therefore, 

we envisioned employing sterically 'frustrated' Lewis pairs for the activation of 

disulfides to generate phosphorus thioalkoxyphosphonium cations and alkoxythioborate 

anions. 

Addition of diphenyldisulphide (PhSSPh) to an orange toluene solution of the 

phosphino-borane 'Bu2P(C6F4)B(C6Fs)2 (3-13) at room temperature resulted in immediate 

loss of color. After stirring for one hour at 25 °C and removal of the solvent an off-yellow 

solid was recovered in 76 % yield. The 31P NMR spectrum revealed a singlet resonance at 

76.2 ppm, shifted - 5 1 ppm downfield from the parent phosphino-borane. The 'H NMR 

spectrum showed resonances from 7.9-7.2 ppm and at 1.3 ppm attributable to Ph and (Bu 

groups, respectively. 
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Scheme 5.18 Activation of PhSSPh and PhSH with 3-5. 

The n B NMR chemical shift of -9.8 and the small gap in the meta and para 19F NMR 

resonances (Am>p) of 4.4 ppm are consistent with the formation of a 4-coordinate anionic 

borate center. " The latter value is comparable to a related alkoxythioborate anion. 

Based on the above spectroscopic data, the product of the reaction of 3-13 with PhSSPh 

was formulated as the phosphonium borate 'BuiPCSPhXCeF^BCSPhXCeFs)! (5-20) 

(Scheme 5.18). To confirm that the phosphine had not been oxidized, the corresponding 

phosphine sulphide was independently generated. Addition of elemental sulphur to 5-20 

in toluene solution at room temperature gave the phosphine sulphide 

'Bu2P(S)(CeF4)B(C6F5)2 (5-21) as an off-yellow solid after appropriate work-up (Scheme 

5.18). The 31P NMR chemical shift at 85.9 ppm is ~ 10 ppm downfield shifted from 5-20, 

confirming the presence of a PSR+ fragment in the latter. The 19F NMR exhibits chemical 

shifts consistent with the presence of a C6F4 unit and slightly broadened ortho-, meta-, 

and para- fluorine resonances for two equivalent CeF5 rings, consistent with the presence 
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of a 3-coordinate boron center. Additionally, the chemical shift difference between the 

meta- and para- fluorine resonances of 16 ppm is similar to that found for 3-13 (Am,p = 

18) and B(C6F5)3 (Am,p= 18).121 The NMR data confirms that 5-21 does not aggregate in 

solution via phosphine sulphide coordination to boron at 25 °C. This is not surprising, as 

phosphine sulphides are soft bases and do not form strong adducts with Lewis acidic 

boranes.141 Additionally, the steric bulk about phosphorus likely prevents a close 

approach of the sulphide towards boron. Upon cooling to -50 °C the meta-, para- fluorine 

chemical shift difference changes from 16 to 8 ppm, which indicates the presence of weak 

aggregation at low temperature. Heating 5-20 in the presence of MesCN or coordinating 

solvent to temperatures in excess of 100 °C resulted in regeneration of the disulfide and 

the base coordinated phosphino-borane T3u2P(C6F4)B(Base)(C6F5)2 implying that the 

activation of the disulfide PhSSPh with sterically demanding phosphines and boranes is 

reversible, similar to H2. This result is not surprising because thiolate nucleophiles are 

known to react with alkoxythiophosphonium cations to give the corresponding 

disulphides.374 

In an analogous fashion to 3-13, the FLP 'BU3P / B(C6F5)3 readily activates 

PhSSPh at 25 °C in toluene solution to give [/Bu3PSPh][PhSB(C6F5)3] (5-22) as a white 

solid in 84 % yield (Scheme 5.19). The NMR spectroscopic data are similar to that for 5-

20. The alkoxythioborate anion gives rises to a characteristic n B NMR chemical shift at -

10.0 ppm while the 31P NMR resonance for the cation appears at 85.7 ppm. This latter 

signal is shifted downfield from the parent phosphine, T3U3P (31P 5 = 57.8 ppm), and 

upfield from the known phosphine sulphide T3U3PS (31P 5 = 90 ppm).376 A independent 

variable-temperature NMR spectroscopy experiment showed activation of the PhSSPh by 

the present 'frustrated' Lewis pair to be facile at -30 °C. 
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Scheme 5.19 Activation of PhSSPh and PhSH with 'frustrated' Lewis pairs. Base = 
MesCN. 

As with compound 5-20, the activation of PhSSPh is reversible. Heating a 

bromobenzene solution of 4 to 150 °C in the presence of a donor molecule showed 

formation of free phosphine, the disulfide, and the base coordinated borane, 

(base)B(C6F5)3, although other decomposition products were observed. No reaction was 

observed between ?Bu3P and PhSSPh from -80 °C to 25 °C, while only a weak interaction 

between B(C6Fs)3 and PhSSPh was observed below -30 °C. Thus, the activation of the 

disulphide is dependent on the presence of both phosphine and borane. Of note, related 

thioalkoxyphosphonium salts have been prepared by electrochemical reduction of 

disulphides in the presence of phosphines373 and by the reduction of phosphine 

'in A 

sulphides, although the cations were not paired with a thiolate anion. 

In addition to disulphides, thiols can be reversibly activated by FLP's. Addition of 

one equivalent of thiophenol (PhSH) to toluene solutions of 3-13 and 'Bu3P/B(C6Fs)3 

generated the corresponding zwitterion 'Bu2PH(C6F4)B(SPh)(C6Fs)2 (5-23) and ion pair 

['Bu3PH][PhSB(C6F5)3] (5-24) in 82 % and 84 % yield, respectively (Scheme 5.18 and 

5.19). The 31P NMR spectra of 5-23 and 5-24 showed doublet resonances at 32.4 ('JPH = 
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486 Hz) and 56.5 ('JPH = 444 Hz) ppm, respectively, while the *H NMR spectra of each 

exhibited 'Bu, Ph and PH resonances. The n B and 19F NMR spectra of both species were 

consistent with the formation of an alkoxythiolborate anion. In both cases, the activation 

of HSPh was observed at -30 °C in bromobenzene. In the case of 5-24 the formulation as 

[fBu3PH][PhSB(C6F5)3] was confirmed by a single crystal X-ray diffraction study (Table 

5.4). A POV-ray depiction is shown in Figure 5.10. The geometry about phosphorus and 

boron is pseudo-tetrahedral, while the B-S bond distance was found to be 1.997(4) A, 

which is slightly shorter than the B-S bond distances found for the adducts 

(C4H8S)B(C6F5)3 (2.084(4) A)377 and (Me2S)B(C6F5)3 (2.09(1) A).124 Interestingly PhSH 

does not form a strong adduct with B(C6F5)3. The room temperature 19F NMR spectra of a 

1:1 mixture of PhSH and B(C6F5)3 in CD2CI2 revealed resonances only attributable to free 

B(C6F5)3 (Am,p= 16 ppm). Upon cooling to -60 °C a new set of ortho-, meta-, and para-

fluorine resonances appeared at -128.5, -150.6, and -160.2, respectively, attributable to 

the adduct (PhSH)B(C6F5)3. Adding excess PhSH to B(C6F5)3 in CD2C12 (12:1 ratio of S 

to B) resulted in a broadening of the ortho-, meta-, mid para- fluorine resonances at 25 °C 

in the 19F NMR spectrum and upon cooling to -60 °C the (PhSH)B(C6F5)3 adduct was 

observed. These results indicate that slow equilibrium exits between free and coordinated 

B(C6F5)3. Adding excess PhSH shifts the equilibrium towards coordinated B(C6F5)3, 

while cooling favours adduct formation. The inability of PhSH to form an observable 

adduct with B(C6F5)3 at room temperature indicates that there is a possibility that the 

activation of PhSH by FLP's follows a synergistic mechanistic pathway similar to that 

reported for the activation of H2,17 although it is likely that reversible adduct formation 

between PhSH and B(CeF5)3 is followed by irreversible deprotonation by phosphine at 25 

°C. 
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Figure 5.10 Pov-ray depiction of 5-24. Carbon: black, Phosphorus: orange, Fluorine: 
pink, Boron: Yellow-green. Carbon hydrogen atoms omitted for clarity. 

Heating bromobenzene solutions of 5-22 and 5-24 to 150 °C in the presence of a donor 

molecule resulted in reformation of PhSH. Quenching of the Lewis acid boron center by 

base coordination prevents reactivation of PhSH. It should be noted that alcohol- and 

_ 1*7fi T7Q 

thiol-B(C6F5)3 adducts can act as initators for the polymerization of olefins ' while 

the deprotonation of such adducts by Lewis bases to generate ion pairs has been reported 

in the literature.341'375'380 

In summary, it has been demonstrated that FLP's react with disulphides and thiols 

in a facile manner. Such reactivity has shown to be reversible at high temperatures. This 

chemistry may have synthetic value in the hydrothiolation of unsaturated organic 

molecules. 
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5.4 Summary and Conclusions 

In summary it has been demonstrated that 'frustrated' Lewis pairs consisting of 

phosphines and boranes can heterolytically cleave molecular H2 in facile manner at 25°C. 

The resulting phosphonium borates of the form R2PH(C6F4)BH(C6Fs)2 or 

[R3PH][HB(C6F5)3] (R= alkyl or aryl) are stable at 25°C and undergo thermal liberation 

of H2 above 100°C in the presence of a borane trap. These findings represent the first 

metal-free systems capable of the reversible activation of H2. The liberation of H2 was 

found to be dependent on the basicity of the phosphorus center with the rate decreasing 

with increased basicity. Mechanistically, the liberation of H2 possibly proceeds through 

slow PH bond breakge at high temperatures, followed by assisted transfer of the proton to 

the vicinity of a borohydride moiety, and subsequent protonation of borohydride to give 

H2. Phosphine oxides proved to act as catalysts for the liberation of H2 through interaction 

with the phosphonium cation. While much mechanistic work still needs to be carried out, 

these inital findings of reversible H2 activation are exciting. Expanding the scope of 

reactivity, FLP's were shown to readily activate thiols and disulphides to give 

phosphonium alkoxythioborates and alkoxythiophosphonium alkoxythioborates. 

Since our first report of the reactivity of FLP's, numerous reports have been 

published by our own group and independent research groups exploiting the simple, 

unique, and unprecedented reactivity of these and related systems towards H2. Bertrand 

and co-workers have elegantly shown that certain amino(alkyl)carbenes readily activate 

H2,13 while recent findings in our group have described the ability of iV-heterocyclic 

carbenes to active H2 heterolytically with B(C6F5)3.
8 Erker and co-workers have reported 

that alkyl linked phosphine-boranes can activate H2
18 and most recently a new finding in 



228 

our group has shown that directly P-B bonded phosphino-boranes can heterolytically 

cleave H2.11 Finally, and most importantly, the series of phosphonium borates described 

in this chapter act as efficient catalysts for the hydrogenation of imines, nitriles, and the 

ring opening of aziridines using H2 as the hydrogen source. This remarkable finding has 

opened new doors in metal-free catalysis by offering the ability to easily carry out 

hydrogenations without the use of expensive precious metals or environmentally 

unfriendly stoichiometric reducing reagents. ' 
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Final Conclusions 

In summary the work in this thesis has demonstrated the unique reactivity between 

sterically demanding phosphines and boranes. Steric demand prevents formation of 

traditional Lewis adducts between bulky tertiary and secondary phosphines and B(C6F5)3, 

resulting in the formation of zwitterionic phosphonium borates and 'frustrated' Lewis 

pairs. The former compounds are readily modified to give anionic phosphines, cationic 

boranes, or ambiphilic phosphino-boranes. 'Frustrated' Lewis pairs effect the reversible 

activation of H2, representing the first metal-free system capable of such a fundamental 

process. These new findings open new vistas in metal-free catalytic hydrogenation and 

hydrogen storage. In 2007 William J. Evans authored a paper prompting chemists to 

challenge scientific assumptions, in an effort to overturn 'rules' that have long been 

followed.381 By challenging the assumption that the Lewis acid B(CeF5)3 will typically 

form traditional adducts with Lewis bases, we have discovered a new area of chemistry 

with the utmost potential to affect both academic and industrial chemistry. 
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Appendix A 

Graphs dipiciting results from kinetic experiments in the absence of MesCN 

First order plots for the liberation of H2 from 3-6 in the 
absence of MesCN 
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Figure A.l Kinetic graphs. (Top) First order plots for the loss of H2 from 3-6 in the 
absence of MesCN at varying concentrations in CeHsBr at 140 °C. (Bottom) Eyring plot 
over a temperature range from 100 °C to 150 °C for the loss of H2 from 3-6 in the absence 
of MesCN. 
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Appendix B 

Graphs dipiciting results from kinetic experiments in the presence of MesCN 

First order plot for the liberation of H2 from 3-6 
in the presence of MesCN 
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Figure B.l Kinetic graphs. (Top) First order plot for the loss of H2 from 3-6 with added 
MesCN at 0.04 M in C6H5Br at 140 °C. (Bottom) Eyring plot over a temperature range 
from 110 °C to 150 °C for the loss of H2 from 3-6 with added MesCN. 
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