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ABSTRACT 

 

Synthesis and Study of Boron and Antimony Lewis Acids as Small Anion Receptors and 

Ligands Towards Transition Metals. (December 2011) 

Casey Robert Wade, B.S., University of Nebraska-Lincoln 

Chair of Advisory Committee: Dr. François P. Gabbaï 

 

Although fluoride is used at low concentrations in drinking water as a means of 

promoting dental health, it poses a danger at high exposure levels where it can lead to 

skeletal fluorosis or other adverse effects. Cyanide is notoriously toxic, and its large 

scale use in industrial processes warrants the need for close monitoring to remain aware 

of potential contamination of water sources and other environmental resources. Based on 

these considerations, it is critical to continue to develop improved methods of 

monitoring fluoride and cyanide concentrations in water. However, molecular 

recognition of these anions in water poses considerable challenges. For fluoride, this is 

due largely to its high hydration enthalpy (∆H
o = -504 kJ mol-1), which drastically 

reduces its reactivity in water. Additionally, the strong basicity of cyanide (pKa of 

(HCN) = 9.3) may obscure its detection in neutral water due to protonation. In addition 

to achieving detection of these anions in water, it is most desirable to have information 

of the detection event relayed in the form of a positive, rather than negative, response 

(i.e., turn-on vs turn-off). 



 iv

The general strategy of appending cationic groups to triarylboranes imparts beneficial 

Coulombic, inductive, and sometimes chelate effects that have allowed a number of 

these Lewis acidic receptors to sense fluoride and cyanide in aqueous environments. 

With the goal of developing new triarylborane-based receptors that show enhanced 

affinities for these anions, as well as turn-on responses to detection, a series of 

pyridinium boranes were synthesized and studied. Having recognized that the inherent 

Lewis acidity of antimony(V) species might be exploited for anion sensing, we also 

describe initial studies on the ability of tetraorganostibonium ions (R4Sb+) and  cationic 

transition metal-triarylstibine complexes (R3SbM+) to complex fluoride.  Finally, the 

electropositivity of antimony and its ability to form stable compounds in both the +3 and 

+5 oxidation states have led us to begin investigations into the bonding and redox 

reactivity of novel metal stibine/stiborane complexes. 
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CHAPTER I 

 INTRODUCTION TO TRIARYLBORANE AND 

TETRAORGANOSTIBONIUM-BASED LEWIS ACIDS FOR THE 

MOLECULAR RECOGNITION OF FLUORIDE AND CYANIDE* 

 

1.1 Introduction 

Fluoride is often added to drinking water and toothpaste because of its beneficial 

effects in dental health.  It is also administered in the treatment of osteoporosis.1  While 

the beneficial effects of fluoride are well documented, chronic exposure to high levels of 

this anion can lead to dental or even skeletal fluorosis.2-4  A great deal of attention has 

therefore been devoted to the discovery of improved analytical methods for the detection 

of fluoride, especially in water.  This field of research has also been stimulated by the 

potential use of such methods for the detection of phosphorofluoridate nerve agents such 

as sarin or the uranium enrichment reagent UF6 which release fluoride upon hydrolysis.  

In addition to these applications, the capture of fluoride, especially in water, is a 

stimulating academic challenge because of the high hydration enthalpy of this anion 

(∆H
o = -504 kJ mol-1). 

Efficient analytical methods have been developed, and are currently employed, for 

measuring fluoride concentrations in water.  These methods rely on ion-selective 

--------------------------- 
This dissertation follows the style and format of the Journal of the American Chemical Society. 

*Reprinted in part with permission from, "Fluoride ion complexation and sensing using organoboron 
compounds"; Wade, C. R.; Broomsgrove, A. E. J.; Aldridge, S.; Gabbaï, F. P. Chem. Rev. 2010, 110, 
3958-3984. Copyright 2010 American Chemical Society. 
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electrodes or colorimetric assays based on the fluoride-induced displacement of a dye 

from a fluorophilic metal ion.3,4  These molecular-based colorimetric methods, which are 

appealing from a practical and economic point of view, suffer from a number of 

drawbacks, including interferences from other anions.3-5  As a result, a great deal of 

current research has been devoted to the discovery of alternative molecular-based 

strategies. 

Organic receptors that interact with the fluoride anion via formation of hydrogen 

bonds have been at the forefront of this effort.6  In most cases, the binding sites of the 

sensors consist of amide, urea, thiourea, guanidinium, or pyrrole functionalities that are 

capable of hydrogen bonding with the anionic guest.7-26  Implementation of this strategy 

has led to the design of very selective fluoride receptors and sensors which sometimes 

tolerate aqueous environments.27-29  However, as recently noted, fluoride recognition by 

these derivatives mostly takes place in organic solvents, which greatly limits the scope 

of their use.30  Faced with these limitations, alternative strategies based on the use of 

Lewis acidic compounds have attracted an increasing attention.31-44   

In addition to fluoride, there is heightened interest in developing methods for the 

detection of the highly toxic cyanide anion.45-47 This anion is used in a number of 

industrial processes as well as produced naturally by some plants as a protection against 

predators.48-50 Consequently, cyanide contamination of water sources and other 

environmental resources is a legitimate fear that warrants further development of 

analytical methods to monitor levels of this anion.51 
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A number of current cyanide detection methods rely on the nucleophilicity of the 

anion and the formation of covalent bonds with electrophilic organic compounds.52-65 

However, only a few of these receptors are capable of detecting cyanide in water and, of 

these, some are limited by the requirement for basic conditions and high cyanide 

concentrations.53,61,62,64-66 Strategies for the detection of cyanide based on coordination 

of the anion to a Lewis acidic metal have also been adopted and used for successful 

determinations down to the ppm level.67-76  Similar to fluoride, triarylboranes have been 

investigated as cyanide receptors in an effort to overcome the limitations posed by some 

of the current methods. An impressive body of work has been directed toward the 

development of triarylboranes as superior fluoride and cyanide anion receptors.6,47,77-89  

Although this work includes a large number of neutral boranes that have been 

successfully employed for this task, the majority of this introduction will focus on 

systems that implement either a cationic group or transition metal moiety to enhance the 

anion affinity and/or response of triarylboranes to anion binding. 

1.2 Reaction of triarylboranes with fluoride and cyanide 

Because of their intrinsic Lewis acidity, triarylboranes react with small nucleophilic 

anions, including fluoride and cyanide, to generate tetrahedral borate anions.  This 

reaction is traditionally described as an addition reaction that occurs via donation of an 

electron pair of the anion into the pz-orbital of the boron center (Figure 1).  Although 

anion coordination relieves the inherent unsaturation of the boron center, it occurs at the 

expense of any stabilizing π-interactions between the boron center and the aryl ligand.  It 

is also important to point out that anion coordination induces a notable pyramidalization 
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of the boron center that is accompanied by an increase in repulsive steric interaction 

between the aryl substituents.  Based on these simple considerations, it is evident that the 

fate of this reaction will depend on the electronic properties of the aryl substituents as 

well as their steric bulk. The latter consideration plays a role in governing the selectivity 

of triarylborane receptors for small anions such as fluoride and cyanide. In the absence 

of steric protection of the boron center, larger and less basic anions may interact and 

interfere in the detection. 

 

 

Ar, Ar' = Aryl group, A- = F- or CN- 

Figure 1. Reaction of a triarylborane with F- or CN-. 

 
 
Table 1. Computed thermodynamic and metrical parameters for the reaction shown in 
Figure 1 with A- = F-. (Ph = phenyl, Mes = mesityl). 

Ar Ar' ∆H (kJ mol-1) d(B-F) (Å) Σ(C-B-C) 
Ph Ph -344.7 1.465 333 
Mes Ph -268.7 1.491 340.5° 

 
 

Cyanide complexation by the simple triarylborane, Ph3B, has long been used as a 

means of precipitating cesium ions as cyanoborate salts.90  Similarly, complexation of 

fluoride by Ph3B has been observed, but the thermodynamics of this reaction have not 
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been experimentally explored.91 However, theoretical calculations carried out for the 

reaction between Ph3B and F- show that the gas-phase reaction is exothermic by ∆H = -

342 or -344.7 kJ mol-1, depending on the level of theory used (Table 1).92,93.  These 

calculations also indicate that the C-B-C angles decrease from 120° in Ph3B to 111° in 

[Ph3BF]-.92  While these thermodynamic and geometric parameters are indicative of the 

formation of a strong bond in the gas phase, it should be kept in mind that solvation 

effects may significantly reduce the exothermicity of this reaction in solution.  

Comparable calculations have been carried out for the reaction of F- with Mes2PhB (1) 

affording ∆H = -268.7 kJ mol-1 (Table 1).94  These results indicate that the fluoride ion 

affinity (FIA = -∆H) of 1 is significantly lower than that obtained for Ph3B, thus 

demonstrating that an increase in the bulk of the substituents is detrimental to fluoride 

binding.  Presumably, steric repulsions impede tetrahedralization at boron, thereby 

weakening the boron-fluoride interaction.94  This view is further supported by the length 

of the B-F bond, which increases from 1.465 Å in [Ph3BF]- to 1.491 Å in [1-F]-.  A 

notable effect is also detected in the extent of pyramidalization at the boron atom, as 

indicated by the sum of the C-B-C angles (Σ(C-B-C)) of 340.5° in [1-F]- versus 333° in 

[Ph3BF]-. These metrical data for [1-F]- are given added weight by their similarity to the 

recent experimentally determined structural data for the [n-Bu4N]+ salt [d(B-F) = 

1.481(2) Å, Σ(C-B-C) = 339.8°] (Figure 2).95  

The pyramidalization of the boron center in [1-F]- is essentially identical to that found 

in the related cyanide adduct [K(18-crown-6)]+[1-CN]- (340.9°) (Figure 2).95  The 

structure of [1-CN]- shows a very linear B-C-N bond angle (173.4(2)°) and a B-CCN 
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distance of 1.631(3) Å, longer than the B-F distance in [1-F]-. This B-CCN bond distance 

is comparable to that measured for [Ph3BCN]- (1.65(2) Å) although, the boron is slightly 

more pyramidalized (Σ(CPh-B-CPh) = 336°).96 

 

B
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K
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O

O

O
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O

 

Figure 2. Crystal structure of [1-F]- in the [nBu4N]+ salt (left) and [K(18-crown-6)]+[1-
CN]- (right). 

 

From a spectroscopic point of view, fluoride or cyanide binding to the boron center of 

a triarylborane has been studied by a number of methods.  For example, the 11B NMR 

resonance of triarylboranes, which is typically detected in the 60 to 75 ppm range, is 

shifted upfield to the -15 to + 10 ppm range in cyanoborate and fluoroborate species.  

These upfield shifts reflect the change in coordination number and geometry of the 

boron atom.  The 19F NMR resonance of the boron-bound fluorine nucleus typically 

appears as a broad signal in the -150 to -180 ppm range, shifted significantly upfield 

from free fluoride anions, which usually appear in the -120 to -130 ppm range. IR 

spectroscopy has also been used to qualitatively confirm cyanoborate formation. Upon 

cyanide binding, the C≡N stretching frequency is shifted to higher wavenumber versus 
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'free' cyanide (νCN = 2080 cm-1). This effect is evidenced by the C≡N stretching 

frequency of [1-CN]- which appears at 2167 cm-1.95 

 

 

Figure 3. DFT LUMO of Ph3B (b3lyp/6-31g(d)). 

 

The low-energy edge of the UV-vis absorption spectrum of triarylboranes is typically 

dominated by electronic transitions from filled molecular orbitals into the lowest 

occupied molecular orbital (LUMO), an orbital often dominated by the boron pz-orbital 

(Figure 3).97  Anion binding, which leads to population of the boron pπ-orbital, induces a 

quenching of all transitions involving the LUMO.  As a result, titration experiments can 

often be carried out by monitoring this quenching as a function of anion concentration 

and used to determine the anion binding constant for the triarylborane. This method has 

been used to determine the fluoride affinity of triarylboranes such as Mes2PhB (1),98 

Mes3B (2),99 and Ant3B(3)97 (Ant = 9-anthryl), as well as numerous others (Figure 4).  

These boranes complex fluoride ions in THF with binding constants (KF = [Ar3BF-

]/([Ar3B][F-]) of 5 × 106 M-1, 3.3 (±0.3) × 105 M-1 and 2.8 (±0.3) × 105 M-1, respectively, 

at room temperature.97,99  The lower binding constants of 2 and 3 can be assigned to the 
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steric protection provided by the three mesityl and 9-anthryl substituents to the boron 

center of these derivatives.   

 

 

Figure 4. Triarylborane fluoride receptors 1-3. 

 

A similar spectrophotometric titration of 1 with F- in CH2Cl2 (AN = 20.4 with AN = 

acceptor number as defined by Gutmann100), a more electrophilic and more competing 

solvent than THF (AN = 8), afforded a lower binding constant of KF = 8.9(1.9) × 104 M-

1.95  The cyanide binding constant (KCN) of 1 in the same solvent was found to be 

1.9(0.5) × 105 M-1, suggesting that this borane exhibits a higher affinity for cyanide over 

fluoride. Further evidence for this premise was given by competition experiments. When 

excess CN- was added to a solution of [1-F]- in CH2Cl2, conversion to the cyanoborate 

[1-CN]- was observed by multinuclear NMR, whereas the reverse reaction, addition of F- 

to a solution of [1-CN]-, resulted in no reaction.  

Despite the competitive binding of F- and CN-, boranes such as 1-3 show a high 

selectivity for these anions over other common anions such as Cl-, Br-, I-, NO3
-, and 

PO4
3-.  This selectivity has been assigned to the steric protection of the boron atom and is 
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most acute in triarylboranes featuring at least two mesityl or anthryl groups, which 

prevent coordination of larger anions.  Some interference can, however, be observed in 

the case of other small anions including hydroxide, azide, and sometimes acetate. 

Although the fluoride binding constants given for 1-3 in organic solvents are quite 

elevated, several studies indicate that the fluoroborates dissociate in the presence of 

water.  This process has been confirmed in the case of [Ant3BF]- ([3-F]-), which reverts 

to Ant3B by the addition of water to a THF solution of the fluoroborate.  Analogously, 

the fluoride binding constant of 2 in THF is reduced from 3.3 (±0.3) x 105 M-1 to about 1 

(±0.3) M-1 when 10 % of water is added to the THF solution.99  This drastic reduction of 

the binding constant in the presence of water can be attributed to the high hydration 

enthalpy of the fluoride anion (∆Hhyd = -504 kJ mol-1).  Likewise,  cyanide complexation 

in water is challenged by competitive protonation (pKa (HCN) = 9.3). 

1.3 Enhancing the anion affinity of triarylboranes with cationic substituents 

Several strategies have been identified to increase the fluoride and cyanide affinity of 

triarylboranes.  One of the most successful strategies for achieving recognition of these 

anions in aqueous environments has relied on decoration of triarylboranes with pendant 

cationic functionalities. The presence of cationic groups introduces Coulombic and 

inductive effects that enhance the Lewis acidity of the boron center and improve the 

solubility of these receptors in water.   An early example of such a compound is the 

cationic borane [4]+, which was isolated as a triflate salt (Figure 5).  This cationic borane 

is compatible with protic environments and binds fluoride in THF/MeOH (3/1 vol.) with 

a KF of 5.0 (±0.5) × 106 M-1.  In comparison, Mes3B does not form a fluoride adduct 
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under these conditions, thus pointing to the favorable influence of the ammonium group 

on the anion affinity of [4]+.  Unlike Mes3B, [4]+ also reacts with aqueous fluoride ions 

under biphasic conditions (H2O/CHCl3) to form the corresponding zwitterion 4-F.101  

Structural and computational studies indicate that 4-F is stabilized by an intramolecular 

CH···FB hydrogen bond (Figure 5).  Despite the presence of a cationic functionality, this 

borane retains a high selectivity for the fluoride anion over less basic anions.  It does, 

however, react with cyanide to form the corresponding cyanoborate adduct.102  Titration 

experiments carried out in THF show that the cyanide binding constant (KCN = 8.0 (±0.5) 

× 105 M-1) is significantly lower than the fluoride binding constant (KF > 108 M-1 in 

THF).  Presumably, steric crowding around the boron center hampers coordination of the 

larger cyanide anion. 

 

 

Figure 5. Reaction of [4]+ with F- to form 4-F. 

 

The proximity of the cationic moiety to the boron binding site is also thought to be 

responsible for the differing anion affinities of the isomeric ammonium-functionalized 

ferrocenyldimesitylboranes [1,1'-5]+ and [1,2-5]+ (Figure 6).103  The 1,1' isomer has a 

fluoride binding constant of 9.4(3.6) × 105 M-1 in CH2Cl2, which is only marginally 

greater than that of charge-neutral FcBMes2 (6) (KF = 7.8(1.2) x 104 M-1). The 
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corresponding 1,2 isomer, despite having a very similar Fe(II/III) redox couple (+367 

mV with respect to ferrocene/ferrocenium, cf. +314 mV for [1,1'-5]+), binds fluoride 

nearly four orders of magnitude more strongly (KF = 5.6(2.3) × 109 M-1 in CH2Cl2). The 

same trend is observed in the cyanide binding affinities, which are 5.7(1.7) × 105 M-1 

and 5.6(2.4) × 109 M-1  for  [1,1'-5]+ and [1,2'-5]+, respectively. Additionally, the 1H and 

1H{19F} NMR data for 1,2-5-F are consistent with the presence of a supplementary 

CH…FB hydrogen bond in solution. 

 

 

Figure 6. Ferrocenyldimesitylboranes [1,1'-5]+, [1,2-5]+, 1,2-5-F and 6. 

 

The cationic ammonium boranes [o-7]+ and [p-7]+ have also been synthesized as their 

triflate salts (Figure 7).104  Both of these cations react quantitatively with F- and CN- in 

organic solvents to afford the corresponding ammonium fluoroborate (o-7-F and p-7-F) 

and cyanoborate (o-7-CN and p-7-CN) zwitterions. The behavior of these two isomers 

becomes drastically different in aqueous solution. In H2O/DMSO 60:40 vol. (HEPES 6 

mM, pH 7), [p-7]+ reacts with CN- to afford a KCN of 3.9(±0.1) × 108 M-1 but is not 

affected by F-. On the other hand, [o-7]+ reacts exclusively with F- under these 

conditions with a KF of 910 (±50) M-1, showing no affinity for CN-. The contrasting 
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behavior of [o-7]+ and [p-7]+ can be explained by invoking a combination of inductive 

and steric effects. Theoretical calculations indicate that the LUMO of [o-7]+ has a lower 

energy than that of [p-7]+, which should lead to an increased Lewis acidity and account 

for the ability of this compound to bind the less nucleophilic F-. However, the proximity 

of the ammonium group to the boron binding site in [o-7]+ is thought to prevent 

coordination of the larger cyanide anion to this receptor.  Although not explicitly stated 

in the original report, the zwitterion o-7-F may also be stabilized by CH···FB hydrogen 

bonding interactions involving the nitrogen-bound methyl groups (Figure 8).  

 

 

Figure 7. Ammonium boranes [o-7]OTf, [p-7]OTf, and [8]OTf. 

 

 

Figure 8. Crystal structure of o-7-F. 
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The cationic ammonium borane [8]+, featuring a 9-thia-10-boraanthracene group, has 

also been synthesized.105  This borane binds F- and CN- quanitatively in THF, but slowly 

decomposes in water.  Nevertheless, [8]+ reacts selectively with aqueous CN- under 

H2O/MeNO2 biphasic conditions but shows no affinity for F- under similar conditions. 

The lack of steric protection of the boron center due to the use of the the  9-thia-10-

boraanthracene, versus the dimesitylboryl group typically employed, also allows [8]+ to 

form an adduct with the neutral donor 4-dimethylaminopyridine. 

The effect of multiple cationic groups on the Lewis acidity and anion affinity of 

ammonium boranes has also been examined. The mono-, di-, and tri-cationic ammonium 

boranes [9]+, [10]2+, and [11]3+ were synthesized as the triflate salts (Figure 9).106 Cyclic 

voltammetry experiments in CH3CN showed reversible boron reduction potentials (vs 

Fc/Fc+) at E1/2 = -2.33 V for [9]+ and -2.09 V for [10]2+ and an irreversible reduction 

wave at -1.86 V for [11]3+. These reduction potentials are more positive than the 

reduction process measured for Mes3B (E1/2 = -2.63 V vs Fc/Fc+). The gradual shift to 

higher potential with an increasing number of ammonium groups is in agreement with an 

increased electron deficiency at the boron centers. Although the monocation [9]+ was 

found to be insoluble in water, [10]2+ and [11]3+ were both soluble and stable in pure 

water, prompting a study of the F- and CN- affinities of these two boranes. Neither [10]2+ 

nor [11]3+ showed any affinity for F- in D2O, as determined by 1H NMR. However, 

cyanide was found to react slowly with [11]3+ in pure water, and formation of the 

cyanoborate was confirmed by both 11B NMR (δ = -12.6 ppm) and IR spectroscopy 

(ν(CN) = 2172 cm-1). The decreased reactivity of [10]2+ and [11]3+ versus [p-7]+ has 
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been ascribed to increased protection of the boron center by the addition of two ortho-

methyl groups.  

 

 

Figure 9. Ammonium boranes [9]OTf, [10]OTf2, and [11]OTf3. 

 

In parallel to the study of ammonium boranes as fluoride receptors, a series of related 

phosphonium boranes of general formula [p-Mes2B-C6H4-PPh2R]+ with R = Me ([12]+), 

Et ([13]+), Pr ([14]+), and Ph ([15]+) were also investigated.107,108   These boranes are 

stable in water but undergo conversion to the corresponding zwitterionic hydroxide 

species (12-OH to 15-OH) upon elevation of the pH.  This process can be easily 

followed by monitoring the absorbance of the boron-centered chromophore as a function 

of pH.  The resulting data can be modeled on the basis of Eq. 1 to calculate the pKR
+ 

values shown in Table 2.  These pKR
+ values indicate that the Lewis acidity of the 

boranes increases with their hydrophobicity.  A similar trend is observed in the fluoride 

affinity of these compounds as shown by the fluoride binding constant of [15]+, which 

exceeds that of [12]+ by more than one order of magnitude (Figure 10, Table 2).108  

Presumably, the increased hydrophobicity and decreased solvation of [15]+ facilitates the 
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covalent ion pairing process that occurs upon reaction with fluoride (or hydroxide).  Like 

[o-7]+, none of these phosphonium boranes interact with other commonly encountered 

anions, such as Cl-, Br-, I-, OAc-, NO3
-, H2PO4

-, and HSO4
-.  From an applied 

perspective, these hydrophobic effects are significant as [15]+ is capable of detecting 

fluoride ions in water below the maximum contaminant level of 4 ppm set by the US 

Environmental Protection Agency. 

 

 

 

 

Figure 10. Reaction of phosphonium boranes [12]+,[13]+,[14]+, and [15]+ with F-.  

 

Table 2. pKR
+ values and fluoride binding constants for phosphonium boranes. 

aH2O/MeOH,9/1 vol.; 9 mM pyridine buffer, pH 4.6 – 4.9 

 

R Cpd pKR
+ KF (M-1)a 

Me [12]+ 7.3 840 

Et [13]+ 6.9 2500 

Pr [14]+ 6.6 4000 

Ph [15]+ 6.1 10500 
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Figure 11. Phosphonium triarylboranes [16]Br and [17]I. 

 

Although the cyanide affinity of phosphonium boranes [12]+-[15]+ was not 

investigated, two analogs of these receptors, [16]+ and [17]+, functionalized with anthryl 

and dansyl groups, were shown to bind cyanide in MeOH with cyanide binding 

constants > 106 M-1 (Figure 11).109  Fluoride binding constants of 340(±40) M-1 for [16]+ 

and 500(±50) M-1 for [17]+ were also measured in this solvent, pointing to a selectivity 

for CN- by these receptors. Although [16]+ quickly decomposed in H2O/MeOH (6:4, v/v) 

at pH 7, [17]+ was found to be stable under these conditions and capable of detecting 

cyanide at concentrations as low as 26 ppb, responding with a turn-on of green 

fluorescence emission from the dansyl chromophore. 

The diphosphonium azaborine [18]2+ has also been investigated (Figure 12).110  

Despite its dicationic character, which should lead to a notable enhancement of the 

fluoride binding constant, this derivative displays only a moderate affinity for fluoride 

anions in H2O/DMSO 1/3 vol with a KF of 190(±30) M-1.  Formation of the fluoride 

complex can no longer be observed when the volumetric fraction of water is greater than 

1/3.  However, [18]2+ binds CN- with a KCN of 1.2(±0.4) × 104 M-1 in H2O/DMSO 6/4 
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vol. at pH 7. The lower F- and CN- affinities of this receptor versus other cationic 

boranes may be due to the large bulk of the Tip (2,4,6-triisopropylphenyl) ligand, which 

sterically passivates the boron center.  It is also probable that the aromaticity of the 

azaborine ring reduces the electron deficiency of the boron atom.  In principle, the 

aromatic stabilization affecting the Lewis acidity of such compounds could be reduced, 

if not eliminated, upon substitution of the nitrogen atom by a heavier group 15 congener.  

Such congeners include the phosphaborine 19, which was alkylated to afford the 

phosphonium derivatives [20]+ and [21]+.111  Although cyanide was not investigated, 

fluoride titrations carried out in CH2Cl2 indicate a drastic increase in the fluoride binding 

constant on going from 19 to [20]+ which is caused by the inductive and Coulombic 

influence of the phosphonium center.  Analogous results have been obtained with P-

methylated phosphonioborins [21]+ and [22]+.107,112  The high fluorophilicity of these 

derivatives is reflected by their ability to transport fluoride from water into organic 

phases.  Cation [22]+ is also able to scavenge fluoride ions as a solid in water. 

 

 

Figure 12. Diphosphonium azaborine [18]2+ and phosphonioborins 19, [20]+, [21]+, and 
[22]+. 
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1.4 Enhancing the anion affinity of cationic triarylboranes via cooperative effects  

Early studies in the chemistry of polydentate Lewis acids have shown that anion 

complexation can be enhanced via chelation.  This strategy has been applied to 

increasing the fluoride affinity of boron-based Lewis acids,113 with a great deal of 

attention being devoted to 1,8-diborylnaphthalenes.94,99,114-119  Fluoride ion chelation has 

also been observed in heteronuclear bidentate systems combining a boryl group with 

another Lewis acidic moiety. Such systems have effectively incorporated secondary 

fluorosilane,120 chlorostannane,121 and arylmercury119,122,123 Lewis acid binding sites for 

chelation of fluoride. Based on the premise that chelate effects could be combined with 

Coulombic effects to further enhance the fluoride and cyanide affinity of boron-based 

receptors, recent efforts have been devoted to the synthesis of triarylboranes with 

cationic substituents at a position adjacent to the boron binding site. Clues to enhanced 

Lewis acidity in such complexes via cooperative effects with an adjacent cationic group 

can be seen from the ammonium boranes [4]+, [1,2'-5]+, and [o-7]+, which exhibit high 

fluoride affinities that are likely assisted by H-F hydrogen bonding interactions with the 

nearby ammonium group.  

 The heteronuclear B/Hg compound [24]+  has been synthesized by methylation of its 

neutral amino precursor 23 (Figure 13).123  Fluoride titration experiments carried out in 

THF/water (9:1 vol) mixtures showed that the fluoride binding constant of [24]+ (KF = 

6.2 (±0.2) × 104 M-1) is substantially higher than that of its neutral precursor 23 (KF = 1.3 

(±0.1) × 102 M-1).   
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Figure 13. Synthesis of [24]+ and its reaction with F- to form the B-F-Hg chelate 
complex 24-F. 

 

 

Figure 14. Reaction of [25]+ with F- to form zwitterionic P-F-B chelate complex 25-F. 

 

 

Figure 15. Crystal structure of 25-F.  The mesityl groups are represented by thin lines 
for clarity. 

 

Phosphonium borane [25]+, the ortho isomer of [12]+ (Figure 14), exemplifies the 

advantage of combining cationic and chelate effects.124,125  Unlike [12]+ (pKR
+ = 7.3), 
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[25]+ is not stable in water at neutral pH.  It can be observed by UV-vis spectroscopy at 

pH 2.3 in water, but the absorption band associated with the cationic borane quickly 

disappears above pH 3.5.  These experiments indicate that the pKR+ of [25]+ is in the 3-4 

range.  Because of its elevated acidity, the fluoride binding constant of this compound 

has been evaluated in methanol rather than water.  Under these conditions, its fluoride 

binding constant exceeds 106 M−1 and is at least four orders of magnitude higher than 

that measured for the para isomer [12]+ (K = 400 (±50) M−1).  Although an increase in 

inductive effects can be invoked fpr [25]+ when compared to the para isomer [12]+, a 

structural analysis of 25-F shows that the phosphonium center acts as a Lewis acid and 

engages the fluoride anion in a B−F→P donor-acceptor interaction with a P-F distance 

of 2.66 Å (Figure 15).  A Natural Bond Orbital (NBO) analysis indicates that this 

interaction, which involves donation of a fluorine lone pair into a P-C σ*-orbital, 

contributes 5.0 kcal/mol to the stability of the complex. 

The fluoride and cyanide affinities of sulfonium boranes [26]+ and [27]+ have also been 

investigated (Figure 16).126 These boranes were found to be stable up to pH 7.0 and 9.5, 

respectively, in H2O/MeOH (95:5 v/v). While [27]+ showed no affinity for F- or CN- in 

H2O/MeOH (95:5 v/v) at pH 7, [26]+ provided a weak response to F- and quickly began 

precipitating the cyanide adduct 26-CN upon addition of as little as 0.2 equiv. of CN-. 

The cyanide titration of [26]+ could be carried out in a 60:40 v/v H2O/MeOH mixture at 

pH 7 without precipitation to yield a KCN of > 108 M-1. Moreover, [26]+ was shown to be 

capable of detecting concentrations of CN- as low as 50 ppb, the European Union (EU) 

maximum allowable concentration for this anion in drinking water.127. 
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Figure 16. Sulfonium boranes [26]+ and [27]+. 

 

The difference in anion affinities between [26]+ and [27]+ can be traced back to a 

combination of steric effects and the presence of lp(S) → p(B) bonding interactions. For 

[27]+, the narrow bite angle of the 1,8-napthalenediyl backbone results in steric 

congestion around the boron binding site and allows a B-S separation of 3.07 Å, slightly 

shorter than that measured for the o-phenylene derivative [26]+ (3.12 Å).  NBO analysis 

confirms the presence of lp(S) → p(B) donor-acceptor interactions, which result in a 

greater stabilization energy for [27]+ (Edel = 6.8 kcal mol-1) than for [26]+ (Edel = 2.3 kcal 

mol-1). The stronger interaction of the sulfonium lone pair with the boron p-orbital in 

[27]+ accounts for the lower anion affinity of this receptor. The structure of 26-CN 

shows that the centroid of the boron-bound cyanide anion resides 3.03 Å from the 

sulfonium center. NBO analysis of the DFT-optimized structure revealed that this short 

contact results in a  π(C≡N) → σ*(S-C) donor-acceptor interaction, as well as a back-

bonding lp(S) → π*(C≡N) interaction. Concomitant deletion of these interactions leads 

to an increase in the energy of the molecule by Edel = 4.1 kcal mol-1. These results 

suggest that weak chelate effects due to these sulfonium-cyanide interactions should 

serve to enhance the cyanide affinity of [26]+. 
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The fluoride binding properties of a pair of sulfonium and telluronium boranes [28]+ 

and [29]+, very similar to [27]+ except for the substitution of a chalcogen Me substituent 

for Ph, have also been investigated (Figure 17).128 Analogous to [27]+, both compounds 

exhibit  short Ch-B separations (Ch = S, Te; 3.129(3) Å for [28]+ and 3.244(6) Å for 

[29]+) and lp(Ch) → p(B) donor acceptor interactions (Edel = 8.2 kcal mol-1 for [28]+ and 

10.8 kcal mol-1 for [29]+).  Although [29]+ selectively binds fluoride in MeOH with a 

fluoride binding constant of 750(±50) M−1, the sulfonium analog [28]+  shows little to no 

affinity for this anion in the same solvent. This behavior has been attributed to the 

greater polarizability and electropositivity of the tellurium atom versus sulfur, which 

results in the formation of stronger B−F→Ch (Ch = S, Te) donor-acceptor interactions in 

the former case. Indeed, the crystal structures of the fluoride adducts showed that the Te-

F distance in 29-F (2.506(2) Å) is slightly shorter than the S-F distance in 28-F (2.548(1) 

Å), despite the larger size of Te.  A NBO analysis also found that the lp(F) → σ*(Ch-C) 

interactions in these molecules provided a greater stabilization energy for 29-F (Edel = 

22.8 kcal mol-1) than for 28-F (Edel = 9.2 kcal mol-1). 

 

 

Figure 17. Sulfonium borane [28]+  and telluronium borane [29]+. 

 



 23

1.5 Triarylborane fluoride receptors incorporating transition metal groups 

Fluoride and cyanide binding to the boron center of borylated ligands in transition 

metal complexes has also been investigated. The major impetus for designing sensors 

containing transition metal moieties has been to improve the nature of the photophysical 

or electrochemical response to anion binding. As explained in the first part of this 

introduction, the low energy edge of the UV-vis absorption spectrum of triarylboranes is 

typically dominated by electronic transitions from filled molecular orbitals into the 

LUMO.  Since the boron pπ-orbital contributes largely to the LUMO of most boranes, 

these transitions are quenched upon coordination of fluoride to the boron center.  For 

many boranes containing simple aryl substituents, these transitions remain in the UV 

region such that no visible color change can be detected with the naked eye upon 

fluoride coordination. However, visible colorimetric responses have been achieved by 

the use of highly delocalized aryl substituents, which push the low energy edge of the 

borane absorption into the visible range.97,99,129,130  

Colorimetric responses have also been obtained when fluoride binding to the boron 

center of borylated ligands in transition metal complexes influences intramolecular 

charge transfer (CT) processes, including metal-to-ligand charge transfer (MLCT). The 

color change from yellow to orange induced by fluoride binding to the iridium complex 

[30]+ has been attributed to an intramolecular charge transfer (CT) process involving the 

dimesitylfluoroborate moiety as the donor and the pyridinium moiety as the acceptor 

(Figure 18).131 Comparison of the KF1 (the constant associated with binding of the first 

equivalent of fluoride, KF2 would denote the second equivalent) measured for [30]+ in 
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MeCN with the fluoride binding constant of the free ligand 31 indicates a substantial 

increase in the fluoride affinity in [30]+, presumably due to favorable Coulombic effects. 

 

 

Figure 18. Reaction of [30]+ with fluoride resulting in formation of [30-F2]
- which 

exhibits intramolecular CT. 

 

In complex 32,132 fluoride binding to the boron center effectively increases the 

electron releasing properties of the borylated ligand, leading to a more electron-rich 

metal center (Figure 19).  The observed color change of solutions of 32 in MeCN from 

yellow to red upon F- binding to this complex is thus ascribed to a red shift of the MLCT 

band due to increased energy of the filled metal orbitals, whereas the energy of the 

accepting orbital on the diimine chelate ligand remains largely unaffected (Figure 19). 

Despite the neutral charge and electron rich nature of the boron substituents in 32, the 

complex exhibits a high fluoride affinity (KF = 4.2(±1.5) x 104 M-1, MeCN). 
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Figure 19. Depiction of MLCT mechanism in [32-F]-. 

 

The diborane 33 displays a very high fluoride affinity in CH2Cl2, with KF1 estimated to 

be equal or greater than 108 M-1 (Figure 20).133  The second binding constant is also very 

high and comparable to that measured for simple triarylboranes.  The high Lewis acidity 

of this compound makes it a viable receptor in more competing protic environments.  

For example, 33 captures fluoride in THF/ethanol (7/3) with a binding constant in the 

104-105 M-1 range. Further tuning of the fluoride binding properties of 33 has been 

achieved by its coordination to transition metals, as in 33-PtPh2 and [33-Cu(PPh3)2]
+ 

(Figure 20 and Figure 21).133,134  Cyclic voltammetry measurements suggest that metal 

coordination leads to a significant increase in the electron accepting abilities of the boron 

centers when compared to the free ligand 33.  Although exact fluoride binding constants 

for these metal complexes have not been determined, they display a high affinity for 

fluoride anions. For example, [33-Cu(PPh3)2]
+ precipitates as a monofluoride adduct 

when mixed with fluoride ions in methanol (Figure 21).133  Complex 33-PtPh2 binds two 

equivalents of fluoride in CH2Cl2 with KF1 ≥109 M-1 and KF2 ~106 M-1. 
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Figure 20. Observed color change of 33-PtPh2 solutions upon sequential F- binding and 
depiction of the responsible MLCT process. 

 

 

Figure 21. Reaction of [33-Cu(PPh3)2]
+ with F-. 

 

The red color of 33-PtPh2, which results from a MLCT band at 542 nm in CH2Cl2, is 

blueshifted to about 435 nm upon binding of the first fluoride anion to produce an 

orange monofluoride complex (Figure 20).133  Binding of a second fluoride anion 

induces a further shift of the band to below 380 nm. These observations are in line with 

an increased MLCT energy gap upon fluoride binding as the ligand π–based LUMO 

goes up in energy, representing the reverse scenario of the charge transfer process in 32.  
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Figure 22. Reaction of 34 with F- and depiction of phosphorescent response. 

 

Because of spin-orbit coupling imparted by the presence of a heavy atom, many 

complexes containing elements such as iridium, platinum, and mercury are 

phosphorescent. Since the phosphorescence of such complexes usually arises from 

ligand-centered excited states, borylated examples of such complexes have emissive 

properties that can be modulated by addition of fluoride.  One of the earliest examples of 

such a complex includes 34, in which the spin-orbit perturbation provided by the 

mercury atom induces a red phosphorescence of the dimesitylborylnaphthalene 

chromophore with λmax = 531 nm (Figure 22).122  Upon fluoride binding to the boron 

center, conjugation of the naphthalenediyl and mesityl substituents is interrupted.  As a 

result, the naphthalene moiety of [34-µ2-F]- behaves as an isolated chromophore that 

emits a characteristic green phosphorescence (λmax = 480 nm).   

The high fluoride binding constant of 34 (KF = 4.2(±1.5) x 104 M-1, 9/1 THF/H2O) can 

be assigned to the electron withdrawing properties of the C6F5 group. This fluoride 

binding constant is similar to that measured for the cationic ammonium Hg/B complex  

[24]+ (KF = 6.2 (±0.2) × 104 M-1, 9/1 THF/H2O) and is greater than that of the neutral 

amino precursor 23 (KF = 1.3 (±0.1) × 102 M-1, 9/1 THF/H2O).  Like [24]+, the increased 
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Lewis acidity of the mercury center in 34 results in the formation of B-F-Hg chelate 

motif in [34-µ2-F]- (Figure 22). The crystal structure of [S(NMe2)3][ 34-µ2-F]- shows that 

the bridging fluorine atom forms a short bond of 1.483(4) Å with a boron atom and a 

longer one of 2.589(2) Å with the mercury atom.  The latter is well within the sum of the 

van der Waals radii of the two elements and is, in fact, comparable to the distances 

observed in a fluoride adduct of a tetranuclear mercuracarborand (2.56 and 2.65 Å).40  

 

 

Figure 23. Reaction of 35 with F- and depiction of phosphorescent response. 

 

Phosphorescence switching has also been observed in several platinum complexes.135-

137  For example, under an atmosphere of nitrogen fluoride binding to the boron atom in 

35 switches the dimesitylboryl-phenylpyridyl-based phosphorescence at λmax = 532 nm 

to a phenylpyridyl-based phosphorescence at λmax = 489 nm in CH2Cl2 (Figure 23).136 

The fluoride binding constants for this and similar complexes fall in the range 105-108 

M-1 in CH2Cl2, although no titrations were reported in more competitive solvents or 

under aqueous conditions. 
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Figure 24. Reaction of [36]2+ with F- or CN- and depiction of the MLCT switching and 
phosphorescent response. 

 

A series of dicationic Ru complexes, such as [36]2+, containing diborylated 2,2'-

bipyridine ligands also exhibit phosphorescence switching due to chromophore isolation 

(Figure 24).138  A red MLCT phosphorescence emission is observed for these receptors 

in CH2Cl2, appearing in the range λmax = 600-630 nm. Fluoride or cyanide binding to the 

boron center of these complexes is accompanied by a blueshift of the phosphorescence 

and the appearance of orange emission. This change in phosphorescence is the result of a 

switch from Ru → B2bpy-based to Ru → bpy-dominated MLCT transitions upon anion 

complexation to the borylated ligand (Figure 24). The fluoride and cyanide binding 

constants of these complexes in CH2Cl2 were estimated to be >108  M-2 . 
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Figure 25. Depiction of MLCT and LLCT mechanisms in [30]+ and [37]+. 

 

A slightly different phosphorescence response is observed for [30]+.131  In this case, 

red phosphorescence observed at λmax = 592 nm and assigned to a mixed 3MLCT/3LLCT 

excited state is quenched upon titration with fluoride anions (Figure 25).  Unlike the 

previous examples, there is no appearance of emission associated with the isolated 

chromophores.  The exact origin of the response has not been firmly delineated and is 

assigned to “changes of the excited-state property of the complex” upon fluoride 

binding.  A similar behavior is displayed by the platinum complexes [37]+and 38a-b 

which bear triarylborane-functionalized ligands.139,140 In the case of [37]+, the emitting 

triplet excited state is thought to arise from a MLCT transition that is relayed by a 

ligand-to-boron CT transition (Figure 25).  For 38a and 38b (Figure 26), emission bands 

at 541 nm and 498 nm, respectively, in THF are attributed to MLCT and ligand-centered 

phosphorescence, respectively. Addition of fluoride or cyanide to all of these compounds 

leads to a complete quenching of the phosphorescence due to population of the empty 

boron p-orbital. 
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Figure 26. Platinum complexes 38a and 38b. 

 

In some instances, anion binding can also result in a drastic increase of the 

phosphorescence of platinum complexes.  This is, for example, the case with 39 whose 

emission spectrum displays a heavy-atom induced phosphorescence from the N-(2’-

pyridyl)-7-azaindolyl (NPA) ligand at 494 nm and a fluorescence emission at 399 nm 

originating from the triarylborane chromophore (Figure 27).137 Remarkably, 

coordination of the fluoride to the boron atom annuls the extended triarylborane 

chromophore, which no longer competes for photoexcitation with the NPA 

chromophore.  In turn, the excited-state population of the NPA chromophore is 

increased, leading to an increase of its triplet emission at 494 nm. 
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Figure 27. Depiction of phosphoresence response in 39. 

 

The effects of fluoride and cyanide binding on the FeII/III redox couple of 

dimesitylboryl functionalized ferrocene derivatives have also been studied. 

Ferrocenyldimesitylborane (6) binds both fluoride and cyanide in CH2Cl2, with binding 

constants of KF = 7.8 (1.2) x 104 M-1 and KCN = 8.3(2.0) x 104 M-1, respectively.141  The 

FeII/III redox couple of 6 occurs at E1/2 = +181 mV with respect to ferrocene/ferrocenium. 

Fluoride binding results in a -550 mV shift of this potential to E1/2 = -369 mV, consistent 

with the formation of an anionic four coordinate borate (Table 3). A similar shift of -564 

mV from E1/2 =  +181 mV to E1/2 =  -383 mV is observed upon cyanide complexation to 

the boron center of this receptor. Such shifts are not without precedent in the Lewis 

acid/base chemistry of ferrocenylboranes, with a similar shift being reported by Piers for 

the coordination of trimethylphosphine to FcB(C6F5)2.
142 The related 

pentamethylcyclopentadienyl derivative 40 undergoes oxidation at  E1/2 =  -176 mV, 

with shifts of ca. -550 mV upon binding of either fluoride or cyanide (Table 3).141  The 
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difference in the absolute values of these potentials with respect to 6 (∆E1/2 ≈ -350 mV) 

reflects the electron donating nature of the five methyl groups of the Cp* ring. 

 

Table 3.  Changes observed in the potential of the FeII/III couples of 6 and 40 upon 
fluoride and cyanide binding. 

 E1/2(Ar3B) (mV) ∆E1/2(Ar3BF) (mV)     ∆E1/2(Ar3BCN) (mV)   Solvent 

6 +181 -550 -564 MeCN 

40 -176 -550 -550 MeCN 

 

 

 

1.6 Reaction of antimony(V)-based Lewis acids with fluoride 

The Lewis acidity of antimony(V) compounds has been well documented. One of the 

most prominent examples of this behavior is found in the reaction of SbF5 with inorganic 

Bronsted acids to produce superacids.143-145 For instance, superacids derived from 

HF/SbF5 mixtures rely on the potent Lewis acidity SbF5 to form exceptionally stable and 

weakly coordinating SbF6
- or Sb2F11

- anions.146,147  In addition, pentacoordinate 

stiboranes of the form RnSbX5-n (R = alkyl or aryl, X = halide) have been shown to form 

stable hexacoordinate species via adduct formation with neutral donor molecules.148-153  

The Lewis acidity of tetraorganostibonium cations (R4Sb+) has also been studied. 

These cations adopt ionic, tetrahedral structures in the presence of common, weakly 
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coordinating counteranions such as BF4
-, I3

-, ClO4
-, and BPh4

-.154-157 On the other hand, 

the crystal structures of the tetraphenylstibonium halides (Ph4SbX, X = F, Cl, Br, I) 

show that each of these compounds forms a covalent Sb-X bond and trigonal 

bipyramidal structure in the solid state.156,158-161 Analysis of these structures indicates 

increasing elongation of the Sb-X bonds in the order I > Br > Cl > F when compared to 

the sum of the covalent radii of the two elements.156,158  A combination of the ionic and 

covalent resonance forms was used to explain this phenomenon, in which an increasing 

contribution from the ionic form leads to Sb-X bond elongation (Figure 28). Not 

suprisingly, this trend in the Sb-X bond lengths correlates with the basicity of the 

corresponding halide anion, suggesting that smaller, more basic anions should form 

stronger bonds with the Ph4Sb+ cations.  

 

 

Figure 28. The ionic and covalent resonance forms of tetraphenylstibonium halides. 

 

Conductivity measurements also indicate that Ph4SbF and Ph4SbCl are weakly or non-

conducting in MeCN, whereas Ph4SbBr and Ph4SbI exhibit intermediate to strong 

electrolyte behavior.156,162  This behavior would suggest that the Sb-F and Sb-Cl 

covalent bonds are retained, at least to some extent, in solution. This behavior by 

Ph4SbX species is in contrast to the lighter P and As analogs which tend to remain ionic 

both in solution and in the solid state. Due to the formation of a strong covalent bond in 
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Ph4SbF, the sulfate salt of Ph4Sb+ has been used for the biphasic extraction of F- from 

water into CCl4 or CHCl3 (Figure 29).163-165  This behavior is reminiscent of several 

cationic boranes, which have been shown to extract F- under similar conditions.101,105,166   

 

 

Figure 29. Biphasic extraction of F- from water into CCl4 or CHCl3 using Ph4Sb+. 

 

1.7 Objectives 

Based on the effectiveness of pendant cationic groups to enhance the anion affinity of 

triarylboranes, we proposed to study the synthesis and the anion binding properties of 

pyridinium-functionalized cationic boranes.  In addition to targeting N-methyl 

pyridinium cations, we considered the coordination of the pyridyl group to cationic 

transition metal fragments as a means of introducing cationic charge and turn-on 

photophysical or electrochemical responses to anion sensing. The ability of adjacent 

cationic groups to stabilize the boron-bound fluoride anion in triarylboranes also 

prompted us to adopt this strategy for the stabilization of aryltrifluoroborates against 

hydrolysis. Consequently, we initiated a study of the synthesis and hydrolytic stability of 
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zwitterionic ammonium and phosphonium aryltrifluoroborates, which are potentially 

useful as 18F carriers in PET imaging.  

We also sought to exploit the inherent Lewis acidity of antimony(V) species for anion 

sensing. For this reason, the synthesis and anion affinity of a stibonium borane was 

studied. This concept also led to initial studies on the ability of tetraorganostibonium 

ions (R4Sb+) and cationic transition metal-triarylstibine complexes (R3SbM+) to complex 

fluoride with antimony as the sole receptor site.  

Finally, we have initiated a new research project exploring the structure, bonding, and 

reactivity of transition metal complexes bearing organoantimony(V)-based ligands.  This 

class of ligands has been relatively unexplored, but holds the potential to stabilize 

catalytically relevant transition metal species and may be capable of supporting new 

heterobimetallic redox processes. 
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CHAPTER II 

 PYRIDYL/PYRIDINIUM TRIARYLBORANES* 

 

2.1 Introduction 

Triarylboranes are receiving a great deal of interest as receptors for small nucleophilic 

anions78,82 including fluoride167 and the highly toxic cyanide anion.102,104,106,110,126,141,168-

170  Simple triarylboranes, such as tris(9-anthryl)borane (3)97 or trimesitylborane,99 

complex fluoride in non-polar organic solvents to form the corresponding fluoroborate 

anions, whose stability constants range from 105 to 106 M-1.  In the case of cationic 

boranes,110-112,131,133,171-173  such as [12]+,108 fluoride binding is assisted by favorable 

Coulombic attractions and occurs in aqueous solutions where fluoride is highly hydrated 

(Figure 30).78,101,102,104,106-108,123-126  Similar effects allow cationic boranes such as [p-7]+ 

and [26]+ to complex cyanide anions in neutral water at concentrations as low as 50 

ppb.104,126   

In most cases, the aromatic substituents of triarylboranes are conjugated via the vacant 

boron p-orbital, leading to the formation of a chromophore whose absorption and 

emission are red-shifted when compared to that of the individual aromatic substituents.97 

Fluoride binding leads to population of the boron p-orbital, interrupting conjugation and, 

as a result, providing a turn-off response both in the absorption and emission spectra of 
--------------------------- 
* Reprinted in part from: "Colorimetric turn-on sensing of fluoride ions in H2O/CHCl3 mixtures by 
pyridinium boranes"; Wade, C. R.; Gabbaï, F. P. Dalton Trans. 2009, 9169-9175. - Reproduced by 
permission of the Royal Society of Chemistry; and "Cyanide anion binding by a triarylborane at the outer 
rim of a cyclometalated ruthenium(II) cationic complex"; Wade, C. R.; Gabbaï, F. P. 
Inorg. Chem. 2010, 49, 714-720. Copyright 2010 American Chemical Society. 
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the borane. The turn-off, rather than turn-on, nature of the observed response inherently 

limits the sensitivity of triarylborane-based anion sensors. 

Realizing this limitation, Wang recently reported a series of bifunctional molecules 

containing both a triarylborane and triarylamine moiety. In such systems, the emission of 

the triarylamine moiety is quenched by an intramolecular electron transfer process.174,175 

Because the emission of the triarylamine moiety can be revived upon addition of fluoride 

to the boron center, such derivatives behave as turn-on fluoride sensors.176 However, 

these derivatives are neutral and can only be expected to be compatible with organic 

solvents. 

 

 

 

Figure 30. Reaction of the phosphonium borane [12]+ with F- and the cationic borane-
based cyanide receptors [p-7]+ and [26]+. 

 

Arylboronic acids such as 41177 have also been considered as fluoride sensors. In the 

case of 41, formation of the corresponding fluoroborate species is accompanied by the 

appearance of an intramolecular charge transfer band involving the borate moiety as a 
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donor and the electron deficient aryl group as the acceptor (Figure 31).177 Appearance of 

this charge transfer band results in an intense turn-on colorimetric response. Although 

this strategy has proved quite general,131,178 it has not been applied to the case of simple 

triorganoborane fluoride receptors.  

 

 

Figure 31. Reaction of arylboronic acid 41 with F-. 

 

In parallel to these developments, an increasing amount of attention has been devoted 

to the synthesis and anion binding properties of boron derivatives containing a transition 

metal moiety.121,131-137,139,141,179-186   The study of such compounds has been motivated by 

the unusual physicochemical properties imparted by the presence of the transition metal 

and their response to anion binding at the boron center.  Efforts in this area have yielded 

cationic derivatives such as [30]+, [37]+, [33]+, and [42]+ (Figure 32).131,133,135,139  

Although these complexes have been well characterized, relatively little is known about 

their affinity for anions other than fluoride, and the structure of the fluoride adducts 

remain unknown. On the other hand, ferrocenyl borane 6 has been reported to act as an 

electrochemical reporter for cyanide, with anion complexation to the boron center 

resulting in a 560 mV cathodic shift of the ferrocene/ferrocenium redox couple.141   
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Figure 32. Cationic triarylboranes containing transition metal moieties. 

 

With the goal of achieving turn-on type fluoride/cyanide sensing in water, we turned 

our attention to the investigation of cationic boranes bearing electron deficient 

pyridinium moieties. These moieties were hypothesized to provide desirable Coulombic 

effects which bolster the anion affinity of the borane. They also provide versatility in 

quaternization of the pyridine nitrogen, which can be achieved via methylation or 

coordination to a transition metal center.  This chapter describes our efforts in this area 

including the synthesis, structural characterizaton, and study of the fluoride/cyanide 

receptor properties of such complexes. 
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2.2 Synthesis, structure, and fluoride binding studies of N-methyl pyridinium 

boranes 

The reaction of 2-(4’-lithiophenyl)pyridine and 2-(5’-lithiothiophen-2’-yl)pyridine 

with dimesitylboron fluoride (Mes2BF) afforded boranes 43136,181 and 44 in moderate 

yields (Figure 33). Subsequent treatment of 43 and 44 with MeOTf in Et2O yielded the 

new cationic boranes [45]OTf and [46]OTf, which have been fully characterized. These 

salts dissolve in polar solvents such as acetone, acetonitrile, and DMSO but are insoluble 

in hydrocarbon solvents and diethyl ether. The 1H NMR spectra of [45]OTf and [46]OTf 

in acetone-d6 feature all expected resonances for the aromatic CH groups of the aryl, 

pyridinium, and mesityl groups. The proton resonance of the N-methyl groups in 

[45]OTf and [46]OTf appear at 4.43 ppm and 4.59 ppm, respectively. The broad 11B 

NMR signals at 76 ppm for [45]OTf and 68 ppm for [46]OTf indicate that the boron 

atom of these derivatives adopts a trigonal planar geometry in solution. Broad UV 

absorption bands are observed at 319 nm and 355 nm for [45]OTf and [46]OTf, 

respectively, in CHCl3 solution and are assigned to the absorbance of the boron-centered 

chromophore. 

Both [45]OTf and [46]OTf are quantitatively converted into the zwitterionic 

fluoroborate adducts 45-F and 46-F upon addition of TBAF (n-tetrabutylammonium 

fluoride) in CDCl3 (Figure 34). These zwitterions have been characterized by 

multinuclear NMR spectroscopy and single crystal X-ray diffraction. In both cases, the 

11B NMR signal is in the expected range for a four-coordinate boron center (5.6 ppm for 

45-F, 4.9 ppm for 46-F). The 19F NMR signals, which appear at -173 ppm for 45-F and -



 42

168 ppm for 46-F, indicate the presence of fluoroborate moieties.97,99,107,187 The 

structures of 45-F (Figure 35) and 46-F (Figure 36) confirm the presence of a fluorine 

atom coordinated to the boron center via B(1)-F(1) bond lengths of 1.482(3) and 

1.460(5) Å, respectively, which are comparable to those found in other 

triarylfluoroborate anions (1.47 Å).97,107 

 

 

Figure 33. Synthesis of cationic boranes [45]OTf and [46]OTf. 

 

 

Figure 34. Synthesis of cationic boranes 45-F and 46-F. 
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Figure 35. Crystal structure of fluoroborates 45-F. Displacement ellipsoids are scaled to 
the 50% probability level. 

 

 

Figure 36. Crystal structure of fluoroborate 46-F. Displacement ellipsoids are scaled to 
the 50% probability level. 

 

Notably, conversion of [45]OTf and [46]OTf into 45-F and 46-F is accompanied by 

the appearance of an intense yellow color in the solutions of the compounds (Figure 37). 

These colorimetric changes indicate that both [45]OTf and [46]OTf act as turn-on 

sensors for fluoride. In order to understand the origin of this turn-on response, the UV-

spectra of these compounds in CHCl3 solutions were monitored upon incremental 

addition of n-tetrabutylammonium fluoride (TBAF). In both cases, addition of fluoride 

results in a quenching of the borane absorption band, indicating a break in conjugation 



 44

due to fluoride binding to the boron center (Figure 38 and Figure 39).97,99 However, in 

each case, this quenching is also accompanied by the appearance of a new absorption 

band (at 368 nm for 45-F and 430 nm for 46-F), which is responsible for the observed 

visible color changes. The shape of the fluoride binding isotherms suggests that the 

fluoride binding constants of these cationic boranes are above the 107-108 M-1 range. 

Addition of chloride, bromide, or iodide anions does not affect the UV-Vis spectra of the 

cationic boranes, indicating that these anions do not bind to the borane. Although 

[45]OTf and [46]OTf are soluble in up to 9:1 H2O:MeOH solvent mixtures, addition of 

fluoride to these solutions does not result in the formation of the fluoroborates, 

indicating that these cationic boranes do not have sufficient Lewis acidity to overcome 

the high hydration energy of the fluoride anion. Similarly, NMR measurements in the 

same deuterated solvent mixture show no indication of formation of the fluoroborate 

species. 

 

 
                                     [45]+    →    45-F             [46]+    →   46-F 
 

Figure 37. Observed color change of solutions of [45]+ and [46]+ (0.017M, CHCl3) upon 
addition of TBAF. 
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Figure 38. Spectral changes in the UV-Vis absorption spectra of [45]OTf (6.3 x 10-5 M) 
monitored at 406 nm in CHCl3 upon incremental addition of a TBAF solution (3.4 x 10-3 
M in CHCl3). 

 
 

 

Figure 39. Spectral changes in the UV-Vis absorption spectra of [46]OTf (5.6 x 10-5 M) 
monitored at 430 nm in CHCl3 upon incremental addition of a TBAF solution (3.4 x 10-3 
M in CHCl3). 
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Despite the inability of these compounds to complex fluoride directly in aqueous 

media, we investigated their capacity to extract fluoride from aqueous solutions into a 

less polar solvent where binding might be more favorable. When CDCl3 solutions of 

[45]OTf and [46]OTf (0.5 mL, 0.07 M) were layered with solutions of TBAF in D2O 

(0.125 mL, 0.28 M, 1 eq.), the organic layers quickly developed a yellow color 

indicative of  formation of the fluoroborate species. Changes in both the 1H and 19F 

NMR spectra were consistent with the formation of the corresponding zwitterionic 

fluoride adducts 45-F and 46-F. Conversion to the fluoroborate species was monitored 

by integration of 1H NMR signals corresponding to the aromatic CH groups of the 

mesityl substituents, which undergo an upfield shift (ca. 0.4 ppm) upon fluoride binding 

(Figure 40). Based on integration of the 1H NMR spectra, [45]OTf was converted to 45-

F in 50% yield, and [46]OTf underwent full conversion to 46-F. The greater fluoride 

affinity of [46]+ when compared to [45]+ can be assigned to the well-documented 

electron withdrawing properties of the thienyl group,188 which are further enhanced by 

the pyridinium ring. By layering the solution of [45]OTf in CDCl3 with a total of four 

equivalents of TBAF in D2O (0.500 mL), the conversion to 45-F increased to 74%. We 

performed similar experiments by layering the CDCl3 solutions of [45]OTf or [46]OTf 

with a NaF/D2O (0.125 mL, 0.27 M, 1 eq.) solution. Under these conditions, only 5% 

conversion to 45-F and 30% conversion to 46-F was observed, suggesting that the n-

tetrabutylammonium cation acts as a phase transfer agent for fluoride anions. The 

percent conversion to 45-F remained low when the solution of [45]OTf was layered with 

a total of four equivalents of NaF/D2O (0.500 mL), whereas [46]OTf was converted to 
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46-F in a 42% yield with four equivalents of NaF/D2O (Figure 40).  In the experiments 

performed with NaF, a slight upfield shift of the pyridinium CH signals is observed for 

the remaining [46]OTf. Similar changes were observed in the spectra of [45]OTf upon 

layering with NaF/D2O and are attributed to the changing ionic strength of the organic 

layer. 

 

 

Figure 40. 1H NMR spectra of [46]OTf  in CDCl3 upon layering with a D2O solution of 
TBAF (top) or NaF (bottom). 
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The structures of [45]+, [46]+, 45-F and 46-F have been optimized using DFT methods 

(B3LYP, 6-31+g(d’) for all atoms) and subjected to single point energy calculations 

using the Polarizable Continuum Model189,190 (PCM) and chloroform as a solvent. 

Inspection of the frontier orbitals shows that the lowest unoccupied molecular orbital 

(LUMO) of each molecule is localized on the pyridinium group and the highest occupied 

molecular orbital (HOMO) is localized exclusively on the mesityl rings (Figure 41 and 

Figure 42).  Although common TD-DFT methods cannot be used to study such 

chromophores,191 it appears reasonable to assume that the lowest energy absorption band 

of these compounds is dominated by a HOMO-LUMO transition. Because of the 

localization of the frontier orbitals, these transitions can be regarded as intramolecular 

charge transfer transitions involving the boron moiety as the donor and the pyridinium 

moiety as the acceptor. In agreement with this assumption, we note that the HOMO-

LUMO energy gap undergoes a noticeable decrease upon going from the cationic 

boranes [45]+ and [46]+ to the corresponding fluoroborate species 45-F and 46-F, 

respectively. Presumably, this fluoride-induced decrease of the HOMO-LUMO gaps is 

responsible for the experimentally observed red-shift in the electronic spectra, thus 

explaining the turn-on response given by [45]+ and [46]+ in the presence of fluoride. 
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Figure 41. Rendering of the HOMOs and LUMOs of [45]+ (left) and [45]F (right) and 
the relative orbital and HOMO-LUMO gap energies. Isovalues are set at 0.03. 

 

 

 

Figure 42. Rendering of the HOMOs and LUMOs of [46]+ (left) and [46]F (right) along 
with relative orbital and HOMO-LUMO gap energies. Isovalues are set at 0.03. 
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2.3   Synthesis, structure, and fluoride binding studies of Pd(II) and Pt(II) 

cyclometalated pyridyl triarylboranes 

The reaction of 44 with Pd(OAc)2 in refluxing CH2Cl2 afforded the cyclometalated 

acetate dimer 47 in 66% yield (Figure 43). The identity of 47 was confirmed by 1H NMR 

and single crystal X-ray diffraction. The 1H NMR of 47 (CDCl3) displays all of the 

expected resonances for the thienylpyridine and -BMes2 groups. The presence of a 

singlet resonance at 7.07 ppm, corresponding to the remaining CH of the thiophene 

group, implies C-H activation by Pd at the adjacent position and a ĸ-C,N coordination 

mode of the ligand. The formation of a dimer was inferred by the presence of a singlet 

resonance at 2.05 ppm, which can be assigned to the bridging acetate . The X-ray crystal 

structure of 47 confirmed that the ligand 44 coordinates to each Pd atom in a ĸ-C,N 

fashion, with the two ligands in a trans arrangement in the acetate-bridged dimer (Figure 

44).  The coordination geometry around the Pd atoms is square planar with trans N-Pd-O 

and C-Pd-O angles in the range 171.13(19)-175.6(2)˚.  In addition, the short Pd1-Pd2 

distance (2.8147(12) Å) enforced by the bridging acetate ligands suggests the presence 

of a d8-d8 metallophilic interaction in this complex. 

Subsequent treatment of 47 with LiCl in THF followed by AgOTf and TMEDA 

produced the cationic palladium complex [48]+ as the triflate salt (Figure 43). The 1H 

NMR spectrum (CDCl3) of [48]OTf displays all of the expected resonances for the 

thienylpyridine and -BMes2 groups as well as for the TMEDA ligand. The thiophene CH 

resonance appears as a singlet at 7.31 ppm, shifted downfield from the resonance 

observed for 47. The resonances corresponding to the metal-coordinated TMEDA N-
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CH3 and N-CH2 groups appear as broad singlets at 2.88 and 2.96 ppm, respectively. No 

11B NMR signal could be observed, even after extended acquisition times. 

 

 
 
Figure 43. Synthesis of compounds 47, [48]OTf, (n-Bu)4N[49], and [50]OTf.  

 

 

Figure 44. Crystal structure of 47. Displacement ellipsoids are scaled to the 50% 
probability level. Hydrogen atoms have been omitted for clarity. Selected bond lengths 
(Å)  and angles (˚): Pd(1)-Pd(2)  2.8147(12); Pd(1)-C(7)  1.935(7); Pd(2)-C(34)  
1.951(6); Pd(1)-N(1)  2.030(5); Pd(2)-N(2)  2.027(5); Pd(1)-O(1)  2.132(5); Pd(1)-O(3)  
2.041(4); Pd(2)-O(2)  2.038(4); Pd(2)-O(4)  2.144(4); N(1)-Pd(1)-O(3) 171.34(19); 
C(7)-Pd(1)-O(1) 173.5(2); N(2)-Pd(2)-O(2) 171.13(19); C(34)-Pd(2)-O(4) 175.6(2). 
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A mixture of 44 and [(n-Bu)4N]2PtCl4 in CH2Cl2/MeOH (2/1 vol.) was heated at 50 ˚C 

for 2 days to generate the dichloroplatinate complex [49]- as the  [(n-Bu)4N]+ salt.  (n-

Bu)4N[49] was characterized by 1H NMR and used without further purification. The 

reaction of [49]- with AgOTf in acetonitrile, followed by an excess of TMEDA, afforded 

the cationic platinum complex [50]+ as the triflate salt (Figure 43). The 1H NMR 

spectrum (CDCl3) of [50]OTf displays all of the expected resonances. The thiophene CH 

resonance (7.30 ppm) appears in the same range as that observed for [48]OTf, whereas 

the signals corresponding to the metal-coordinated TMEDA N-CH3 (3.08 ppm) and N-

CH2 (3.17 ppm) groups are shifted downfield relative to [48]OTf.  The 11B NMR 

spectrum displays a broad signal around +68 ppm, within the expected range for a 

triarylborane. 

 

 

Figure 45. Crystal structure of [48]OTf. Displacement ellipsoids are scaled to the 50% 
probability level. Hydrogen atoms and triflate anions have been omitted for clarity. 
Selected bond lengths (Å)  and angles (˚): Pd(1)-C(7)  1.992(6); Pd(1)-N(1)  2.074(5); 
Pd(1)-N(2)  2.193(5); Pd(1)-N(3)  2.084(5); C(7)-Pd(1)-N(2) 173.6(2); N(1)-Pd(1)-N(3) 
172.6(2).   
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The crystal structures of [48]OTf (Figure 45) and [50]OTf (Figure 46) have been 

determined. Both molecules crystallize in the space group P-1 as MeCN and Et2O 

solvates. The Pd and Pt atoms in these structures are in square planar coordination 

environments with chelating ĸ-C,N-2-(dimesitylborylthienyl)pyridinato and ĸ-N,N-

TMEDA ligands in the coordination sphere. A noteworthy feature of this coordination 

environment is the strong trans influence of the carbanion ligand (C7), which results in a 

slight elongation of the Pd1-N2 (2.193(5) Å) and Pt1-N2 (2.196(10) Å) bonds compared 

to the Pd1-N3 (2.084(5) Å) and Pt1-N3 (2.065(11) Å) bonds trans to the pyridyl N 

donor. Furthermore, the boron center in both complexes is trigonal planar (Σ C-B-C = 

360˚ for both [48]OTf and [50]OTf) and does not form any short contacts with the 

triflate anion.  

 

 

Figure 46. Crystal structure of [50]OTf. Displacement ellipsoids are scaled to the 50% 
probability level. Hydrogen atoms and triflate anions have been omitted for clarity. 
Selected bond lengths (Å)  and angles (˚): Pt(1)-C(7)  2.023(12); Pt(1)-N(1)  2.032(11); 
Pt(1)-N(3)  2.065(11); Pt(1)-N(2)  2.196(10); C(7)-Pt(1)-N(2) 173.3(4); N(1)-Pt(1)-N(3) 
173.8(4). 
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Figure 47. Reaction of [48]+ and [50]+ with F-. 

 

Addition of TBAF to solutions of [48]+ and [50]+ in dmso-d6, resulted in changes in 

the 1H NMR spectra that were consistent with the formation of the fluoride adducts 48-F 

and 50-F (Figure 47). Additionally, the 19F NMR spectra of these complexes showed the 

appearance of two new signals at -169.2 ppm for 48-F and -168.3 ppm for 50-F, 

corresponding to the formation of a fluoroborate species. Although no 11B NMR signal 

could be observed for 48-F, the appearance of a relatively sharp signal at +4.51 ppm in 

the spectrum of 50-F is also in agreement with the formation of a tetrahedral 

fluoroborate. 

The formation of 48-F and 50-F from [48]OTf and [50]OTf is accompanied by the 

appearance of an increasingly intense yellow color, similar to that observed upon 

fluoride complexation by [46]OTf. The UV-Vis spectra of these compounds in THF 

were monitored upon incremental addition of KF in MeOH (Figure 48 and Figure 49). 

The UV-Vis spectra of [48]OTf and [50]OTf  display broad absorption bands in the 380-

420 nm and 400-450 nm range, respectively, which are assigned to a mixture of metal-

to-ligand charge transfer and π-π* transitions.192 In both cases, addition of fluoride 

results in quenching of these bands and the appearance of lower energy absorption bands 



 55

centered around 425 nm for 48-F and 450 nm for 50-F. These spectra were fitted to a 1:1 

binding model, which showed that the fluoride binding constants for both [48] + and 

[50]+ exceed 106 M-1. Despite the high fluoride affinity of [48]+ and [50]+ observed in 

THF, these receptors show no measurable affinity for fluoride in THF/MeOH or 

THF/H2O mixtures. Additionally, [48]+ and [50]+ are subject to interference from other 

common anions such as Cl-, Br-, and I- in THF solution. Presumably, the presence of the 

bulky mesityl substituents precludes complexation of these anions to the boron center, 

and the interference is the result of ligand substitution at the Pd and Pt centers. This 

possibility was confirmed by the reaction of [50]OTf with an excess of TBACl in 

CDCl3, which resulted in changes in the 1H NMR spectrum that were consisent with loss 

of the TMEDA ligand and formation of [49]-. 

 

 

Figure 48. Spectral changes in the UV-Vis absorption spectra of [48]OTf  (4.9 × 10-5 M) 
in THF upon incremental addition of a KF solution (6.0 × 10-3 M in MeOH).  The 
isotherms are plotted based on the absorbance measured at 445 nm. 
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Figure 49. Spectral changes in the UV-Vis absorption spectra of [50]OTf  (5.0 × 10-5 M) 
in THF upon incremental addition of a KF solution (6.0 × 10-3 M in MeOH).  The 
isotherms are plotted based on the absorbance measured at 470 nm. 

 

 

Figure 50. Normalized solid-state emission spectra of [50]OTf (___)and 50-F (- - -). 
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Notably, the platinum complexes [50]OTf and 50-F display visible red and orange 

luminescence, respectively, in the solid state under a handheld UV lamp, whereas the 

palladium complexes [48]OTf and 48-F are nonemissive. The solid-state emission 

spectra of [50]OTf and 50-F were measured at room temperature (Figure 50). Both 

complexes displayed similar emission band features, although the emission was 

blueshifted ca. 20 nm for 50-F (λem = 588 nm) versus [50]OTf (λem = 608 nm). The 

measured microsecond emission lifetime for [50]OTf (τ = 6.788(9) µs) and the 

structured emission for both [50]OTf and 50-F suggest a mixed 3LC and MLCT 

origin.193-195 The observed increase in energy of the emission upon formation of 50-F is 

consistent with decreased ligand delocalization due to fluoride coordination to the boron 

center.136 

2.4 Cyclometalation of pyridyl triarylboranes with Ru(II) 

Coordinatively saturated, cyclometalated ruthenium complexes such as [(2,2’-

bpy)2Ru(2-ppy)]+ (2-ppy = ĸ-C,N-2-phenylpyridinato) have been previously studied and 

shown to possess a relatively inert metal core.196-201  Moreover, such complexes possess 

well-understood electrochemical and photophysical properties.196-201  Encouraged by 

these precedents, we decided to investigate the synthesis and anion binding properties of 

a borylated analogue of such a complex.  Consequently, 43 was allowed to react with 

(2,2’-bpy)2RuCl2 in refluxing CH2Cl2/MeOH in the presence of AgOTf (Figure 51) to 

afford [51]OTf as dark purple needles in 52% yield after recrystallization from 

CH2Cl2/Et2O.201  Salt [51]OTf has been fully characterized, and its crystal structure 

determined. It displays moderate solubility in polar organic solvents such as THF, 



 58

CH2Cl2, DMSO, acetone, and pyridine but is insoluble in H2O and less polar solvents 

such as Et2O and pentane. The 1H NMR spectrum of [51]OTf (pyridine-d5) displays 

distinct resonances for each of the aryl CH groups of the 2,2’-bpy and phenylpyridyl 

ligands. The presence of single mesityl aromatic CH and ortho- and meta- CH3 

resonances indicates equivalency of boron mesityl substituents at room temperature. The 

broad signal observed at 74 ppm in the 11B NMR spectrum (CD2Cl2) is characteristic of 

a triarylborane. 

 

 

Figure 51. Synthesis of [51]OTf. 

 

The UV-Vis spectrum of [51]OTf (THF/DMF, 9/1 vol.) displays two prominent 

features: a sharp band at 335 nm (ε = 33460), assigned to absorption of the triarylborane-

based chromophore, and a broad metal-to-ligand-charge-transfer (MLCT) band with λmax 

= 550 nm (ε = 11650) spanning the 450-625 nm range. This MLCT band appears in the 

same range as that reported for the non-borylated cation [(bpy)2Ru(2-ppy)]+.197,198 Cyclic 

voltammetry experiments performed on [51]OTf show that it undergoes a fully 

reversible RuII/III redox couple at E1/2 = +0.051 V vs Fc/Fc+ (1 mM, 0.1 M TBAPF6, 
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DMF, glassy carbon electrode, 200 mV scan rate). In order to understand the effects, if 

any, of the pendant dimesitylboryl group on the RuII/III redox couple, the cyclic 

voltammogram of the non-borylated complex, [(bpy)2Ru(2-ppy)]OTf, was recorded.  

Under the same conditions, this complex undergoes oxidation at E1/2 = +0.025 V vs 

Fc/Fc+, indicating that decoration of the phenylpyridyl ligand with a dimesitylboryl 

moiety has only a limited influence on the redox properties of the complex. 

 

 

Figure 52. X-ray crystal structure of [51]+. Displacement ellipsoids are scaled to the 
50% probability level. Hydrogens and triflate anion have been omitted for clarity. 
Selected bond lengths (Å)  and angles (˚): Ru(1)-C(7)  2.038(5)Å; Ru(1)-N(1)  
2.068(4)Å; Ru(1)-N(2)  2.035(3)Å; Ru(1)-N(3)  2.035(4)Å; Ru(1)-N(4)  2.070(4)Å; 
Ru(1)-N(5)  2.152(4)Å; C(7)-Ru(1)-N(1) 79.80(18)˚; N(2)-Ru(1)-N(3) 79.24(15)˚; N(4)-
Ru(1)-N(5) 77.38(15); B(1)-C(9)  1.587(8)Å; B(1)-C(12)  1.556(8)Å; B(1)-C(21)  
1.564(8)Å; C(12)-B(1)-C(21) 123.4(5)˚; C(12)-B(1)-C(9) 115.4(5)˚; C(21)-B(1)-C(9) 
121.2(4)˚. 
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The crystal structure of [51]OTf confirms the presence of the cyclometalated ligand 

bearing a dimesitylboryl group (Figure 52). The Ru-N bond distances are all within the 

2.035(4)-2.070(4) Å range, with the exception of the Ru(1)-N(5) bond trans to the 

Ru(1)-C(7) bond which is somewhat elongated (2.152(4) Å) due to the strong trans 

effect of the carbanionic ligand.  The Ru(1)-C(7) bond was measured to be 2.038(5) Å, 

in the range of Ru-C distances observed for similar complexes.196,201-203  The boron atom 

displays B-C distances in the range 1.556(8)-1.587(8) Å, comparable to those observed 

in similar triarylboranes.136,181 

 

 

Figure 53. Spectral changes in the UV-Vis absorption spectra of [51]OTf (2.5 × 10-5 M) 
in 9/1 THF/ DMF upon incremental addition of a TBAF solution (3.5 × 10-3 M in DMF). 
The isotherms are plotted based on the absorbance measured at 338 nm. 
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Figure 54. Spectral changes in the UV-Vis absorption spectra of [51]OTf (2.5 × 10-5 M) 
in 9/1 THF/ DMF upon incremental addition of a TEACN solution (3.0 × 10-3 M in 
DMF).  The isotherms are plotted based on the absorbance measured at 338 nm. 

 

 

Figure 55. Reaction of [51]OTf with F- and CN-. 

 

Addition of fluoride or cyanide anions to solutions of [51]+ in acetone resulted in a 

color change from deep purple to nearly black. To understand the origin of this color 

change, the reactions were monitored using UV-Vis spectroscopy. The UV-Vis spectrum 

of [51]OTf (3.0 mL, 2.5 x 10-5 M, THF/DMF, 9/1 vol.) was monitored upon incremental 

addition of either tetrabutylammonium fluoride (TBAF, 3.5 x 10-3 M, DMF) or 
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tetraethylammonium cyanide (TEACN, 3.0 x 10-3 M, DMF) (Figure 53 and Figure 54).  

Similar spectral changes observed for both titrations suggest a similar mode of 

interaction-namely, fluoride and cyanide coordination to the boron center of [51]+.  The 

absorption band at 335 nm, assigned to the absorbance of the triarylborane chromophore, 

is quenched upon addition of the first equivalent of fluoride or cyanide ions.  This 

phenomenon results from a loss of conjugation in the boron-centered chromophore, 

indicating formation of 51-F and 51-CN (Figure 55).97,99  Formation of these complexes 

is also accompanied by the appearance of a broad band spanning the 360 – 450 nm range 

with λmax = 390 nm (ε = 14 200)  for both 51-F and 51-CN.  This behavior is reminiscent 

of that observed upon addition of fluoride anions to the N-methylated pyridinium cation 

[45]+ and is tentatively assigned to a charge transfer transition involving the 

dimesitylfluoroborate as the donor and the metallated pyridyl ring or 2,2’-bpy ligands as 

the acceptor.  Formation of 51-F and 51-CN also results in a bathochromic shift of the 

Ru(II) dπ → 2,2’-bpy MLCT band with a shift of the lowest energy edge of the band 

from 550 nm to 580 nm. This bathochromic shift can be rationalized by invoking the 

increased energy and donor ability of the borylated ligand in 51-F and 51-CN (vs [51]+), 

which leads to a more electron rich Ru(II) center.   

The spectral changes induced by fluoride binding to [51]+ in THF/DMF (9/1 vol.) can 

be fitted to a 1:1 binding isotherm to provide a fluoride binding constant KF of 8.0(± 2.0) 

× 106 M-1 (Figure 54).  Encouraged by the magnitude of these binding constants, similar 

titrations were carried out in chloroform, whose elevated acceptor number100 (AN = 23.1 

for CHCl3 vs. 8.9 for THF and 16.0 for DMF) makes it a more competitive solvent for 
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anion binding.188  Accordingly, this experiment provided a substantially lower KF of 

1.1(± 0.1) × 104 M-1 (Figure 56).  A lower binding constant KF of 7.5(± 0.5) × 102  M-1 

was obtained for the free ligand 43 in CHCl3 (Figure 57), thus providing evidence for the 

beneficial influence of the cationic Ru(II) moiety, which increases the anion affinity of 

the boron center both through inductive and Coulombic effects.  The observed fluoride 

binding constant is, however, notably smaller than the value of 6.5(± 0.5) × 106 M–1 

measured for the phosphonium borane [p-(Mes2B-C6H4-PPh2Me)]+ in CHCl3.
99  

Presumably, the cationic charge of the Ru(II) moiety is largely dissipated on the two 

2,2’-bpy ligands, leading to a decrease of its inductive influence on the borylated 

phenylpyridine ligand.  The bulk of the Ru(II) moiety may also hamper the anion-

induced tetrahedralization of the boron center. 

 

 

Figure 56. Spectral changes in the UV-Vis absorption spectra of [51]OTf (2.6 × 10-5 M) 
in 9/1 CHCl3/ DMF upon incremental addition of a TBAF solution (2.6 × 10-2 M in 
CHCl3).  The isotherms are plotted based on the absorbance measured at 332 nm. 
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Figure 57. Spectral changes in the UV-Vis absorption spectra of 43 (2.6 × 10-5 M) in 9/1 
CHCl3/DMF upon incremental addition of a TBAF solution (2.6 × 10-2 M in CHCl3). 
The isotherms are plotted based on the absorbance measured at 328 nm. 

 

 

Figure 58. Spectral changes in the UV-Vis absorption spectra of [51]OTf (2.6 × 10-5 M) 
in 9/1 CHCl3/DMF upon incremental addition of a TEACN solution (2.0 × 10-2 M in 
CHCl3).  The isotherms are plotted based on the absorbance measured at 332 nm. 
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Figure 59. Spectral changes in the UV-Vis absorption spectra of 43 (2.6 × 10-5 M) in 9/1 
CHCl3/DMF upon incremental addition of a TEACN solution (2.0 × 10-2 M in CHCl3).  
The isotherms are plotted based on the absorbance measured at 328 nm. 

 

Next, the affinity of [51]+ for cyanide ions was investigated under conditions 

analogous to those used for fluoride. These experiments afforded KCN > 107 M-1 in 

THF/DMF (9/1 vol.) (Figure 54) and KCN = 3.0(± 1.0) × 106 M-1 in CHCl3 ( 

Figure 58), indicating that [51]+ has a higher affinity for cyanide than fluoride in these 

solvent mixtures.  The binding constant measured in CHCl3 for [51]+ is also significantly 

higher than that measured for 43 in the same solvent (KCN = 4.0(± 2.0) × 105 M-1, Figure 

59), once again pointing to the favorable influence of the cationic Ru(II) moiety.  

Addition of Cl-, Br-, I-, or NO3
- resulted in no changes in the UV-Vis spectrum of 

[51]OTf, indicating that these anions do not bind to boron or react at the metal center, as 

was observed for [48]+ and [50]+. In addition, the reversible nature of fluoride binding to 

the boron center was confirmed by reappearance of the absorption bands corresponding 

[51]+ upon addition of a small amount of the fluoride ion scavenger Al(NO3)3 to 

solutions of 51-F (Figure 60). 
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Figure 60. Regeneration of the UV-Vis spectrum of [51]+ from 51-F by addition of 
Al(NO3)3. A solution of [51]OTf (3.0 mL, 2.6 × 10-5 M, 9/1 dmso/THF) (___) was treated 
with 1 eq. of TBAF in THF to generate 51-F in situ (----). Subsequent addition of a small 
amount of solid Al(NO3)3 resulted in the regeneration of the spectrum corresponding to 
[51]+ (····). 

 

The structures of [51]+, 51-F, and 51-CN have been optimized using DFT methods 

(B3LYP, Stuttgart RSC 1997 ECP basis set for Ru and 6-31+g(d’) for all other atoms) 

and subjected to single point energy calculations using the Polarizable Continuum 

Model189,190 (PCM) with THF as the solvent. Inspection of the frontier orbitals shows 

that the lowest unoccupied molecular orbital (LUMO) is localized on the 2,2’-bpy 

ligands and a Ru dπ orbital in each of the molecules (Figure 61). It is worth noting that, 

in the case of [51]+, the empty p-orbital of boron contributes to the LUMO+2 rather than 

the LUMO, as is typically observed for triarylboranes. The highest occupied molecular 

orbital (HOMO) is also similar in each of the three cases, with electron density residing 

primarily on a Ru dπ orbital and the phenylpyridine ligand. The effects of anion binding 
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are reflected in the marked decrease of the HOMO-LUMO gap going from [51]+ (2.78 

eV) to 51-F (2.52 eV) and 51-CN (2.56 eV). This result provides support for the 

observed redshift in the lowest energy bands of the UV-Vis spectrum. 

 

LUMO

HOMO

LUMO

HOMO

 

Figure 61. Rendering of the frontier molecular orbitals of [51]+ (left), 51-F (middle), and 
51-CN (right). Isovalues are set at 0.02 

 

In order to confirm the formation of 51-F and 51-CN, crystallization experiments were 

undertaken.  Single crystals of 51-F were obtained by slow evaporation of a pyridine 

solution of [51]OTf and TBAF at room temperature.  The structure of 51-F confirms the 

presence of a fluorine atom coordinated to the boron center via a B(1)-F(1) length of 

1.468(8) Å, which is comparable to that found in other triarylfluoroborate anions (1.47 

Å) (Figure 62).97,107 No significant changes were observed in the Ru(1)-N or Ru(1)-C(7) 

bond distances when compared to 51 [OTf] (Ru(1)-N, 2.031(5) – 2.138(5) Å; Ru(1)-



 68

C(7), 2.036(6) Å).  Crystals of 51-CN were obtained by slow evaporation of a 

CH3OH/acetone solution containing KCN and 51 [OTf].  The structure clearly displays a 

cyanide anion bound to the boron center with a B(1)-C(50) distance of 1.635(8) Å 

(Figure 63).  The Ru(1)-N bond distances in 51-CN (Ru(1)-N, 2.033(4) – 2.141 (4) Å) 

again experience no significant changes versus 51 [OTf] or 51-F, but the Ru(1)-C(7) 

bond length is slightly elongated (2.062(5) Å), possibly because of increased interligand 

steric repulsion caused by pyramidalization of the boron center.  

 

 

Figure 62. Crystal structure of 51-F. Displacement ellipsoids are scaled to the 50% 
probability level. Selected bond lengths (Å)  and angles (˚): Ru(1)-C(7)  2.036(6)Å; 
Ru(1)-N(1)   2.068(5)Å; Ru(1)-N(2)   2.031(5)Å; Ru(1)-N(3)   2.043(5)Å; Ru(1)-N(4)   
2.055(5)Å; Ru(1)-N(5)   2.138(5)Å; C(7)-Ru(1)-N(1) 79.6(2)˚; N(2)-Ru(1)-N(3) 
78.65(19)˚; N(4)-Ru(1)-N(5) 77.76(19)˚; B(1)-F(1) 1.468(8)Å; B(1)-C(9) 1.651(10)Å; 
B(1)-C(12) 1.652(10)Å; B(1)-C(21) 1.675(9)Å; F(1)-B(1)-C(9) 103.6(5)˚; F(1)-B(1)-
C(12) 111.4(5)˚; C(9)-B(1)-C(12) 109.4(5)˚; F(1)-B(1)-C(21) 102.9(5)˚; C(9)-B(1)-
C(21) 119.0(5)˚; C(12)-B(1)-C(21) 110.1(5)˚. 
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Figure 63. Crystal structure of 51-CN. Displacement ellipsoids are scaled to the 50% 
probability level. Selected bond lengths (Å) and angles (˚): Ru(1)-C(7)  2.062(5)Å; 
Ru(1)-N(1)  2.076(4)Å; Ru(1)-N(2)  2.141(4)Å; Ru(1)-N(3)  2.063(4)Å; Ru(1)-N(4)  
2.053(4)Å; Ru(1)-N(5)  2.033(4)Å; C(7)-Ru(1)-N(1) 80.08(17)˚; N(2)-Ru(1)-N(3) 
76.89(16)˚; N(4)-Ru(1)-N(5) 78.33(17)˚; B(1)-C(50)  1.635(8)Å; B(1)-C(9)  1.648(7)Å; 
B(1)-C(12)  1.659(7)Å; B(1)-C(21)  1.675(7)Å; C(9)-B(1)-C(12) 108.3(4)˚; C(9)-B(1)-
C(21) 118.9(4)˚; C(12)-B(1)-C(21) 112.0(4)˚; C(50)-B(1)-C(9) 103.2(4)˚; C(50)-B(1)-
C(12) 114.6(4)˚; C(50)-B(1)-C(21) 99.4(4)˚. 

 

The formation of 51-F and 51-CN was also studied by 1H NMR. Addition of TBAF to 

a solution of 51[OTf] in acetone-d6 resulted in the appearance of a new set of 1H NMR 

signals assigned to 51-F.  Significant broadening of many of the signals in the 1H NMR 

spectrum of 51-F suggests restricted molecular motion caused by pyramidalization of the 

boron atom.  Nonetheless, addition of Al(NO3)3 to the NMR sample leads to a 

restoration of the original purple color as well as of the sharp resonances assigned to 
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[51]+. The 19F NMR spectrum of 51-F is dominated by a resonance at around -174 ppm, 

which is in the expected range for a fluoroborate species.  Despite extended acquisition 

times, the 11B NMR signal of 51-F could not be detected.  The 1H NMR spectrum of 51-

CN displays two distinct sets of Mes-CH  signals at 6.64 and 6.75 ppm as well as two 

ortho-Mes-CH3 (2.14 and 2.45 ppm) and para-Mes-CH3 (2.24 and 2.29 ppm) 

resonances. This observation suggests a diasterotopic relationship between the two 

mesityl groups, likely caused by hindered rotation of the substituents around the boron 

atom.  The11B NMR spectrum of 51-CN displays a sharp signal at -12.7 ppm, which is in 

the typical range for a triaryl cyanoborate. 

2.5 Electrochemical response to anion binding 

Encouraged by the high affinity that [51]+ displays for cyanide and fluoride, we 

decided to determine if the readily accessible RuII/III redox couple could be used to report 

anion binding events occurring at the boron center.  The cyclic voltammogram of [51]+ 

(1 mM, 0.1 M TBAPF6, DMF) displays a reversible oxidation wave for the RuII/III redox 

couple at E1/2 = 0.051 V vs Fc/Fc+.  Addition of one equivalent of TBAF to [51]+ in the 

electrochemical cell resulted in the appearance of a new wave at E1/2 = -0.191 V (vs 

Fc/Fc+), which is assigned to the formation of 51-F (Figure 64).  This cathodic shift of 

the RuII/III redox process is in agreement with an increase in the donor strength of the 

cyclometalating ligand induced by anion binding and a decrease in the overall charge of 

the complex.  Appearance of the new wave at E1/2 = -0.191 V was accompanied by a 

decrease in the intensity of the oxidation wave of [51]+ (Figure 64).  Increasing the 

fluoride ion concentration resulted in net decrease of both oxidation waves 
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corresponding to [51]+ and 51-F. This unexpected phenomenon is assigned to increased 

conversion of [51]+ to 51-F and subsequent precipitation of the latter at higher fluoride 

concentration.  In agreement with this interpretation, addition of the fluoride ion 

scavenger Al(NO3)3 to the electrochemical cell led to the nearly full reappearance of the 

oxidation wave at E1/2 = +0.051 V vs Fc/Fc+, indicating regeneration of the cationic 

species [51]+.   

 

 

Figure 64. Cyclic voltammograms of [51]OTf before and after addition 1 eq. and 6 eq. 
of F- in DMF and, subsequently, Al(NO3)3 ([51]OTf] = 1 mM, [n-Bu4NPF6] = 0.1 M, ν = 
200 mV s-1). 
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Addition of cyanide ions to a solution of [51]+ in the electrochemical cell triggered 

formation of 51-CN, as evidenced by the detection of a new oxidation wave at E1/2 = -

0.147 V vs Fc/Fc+ (Figure 65).  Conversion of [51]+ into 51-CN was not complicated by 

precipitation; moreover, the conversion appeared quantitative, in agreement with the 

elevated cyanide binding constant displayed by [51]+. 

 

 

Figure 65. Cyclic voltammograms of [51]OTf before and after addition of 1 eq. of CN- 
in DMF ([51]OTf] = 1 mM, [n-Bu4NPF6] = 0.1 M, ν = 200 mV s-1). 

 

2.6 Conclusions 

In conclusion, we have investigated a series of novel triarylborane-based anion 

receptors bearing cationic pyridinium moieties. The N-methyl pyridinium derivatives  

[45] + and [46]+ show a high affinity for fluoride in organic solvents. These results 
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suggest that the N-methyl pyridinium group provides Coulombic effects that enhance the 

Lewis acidity of the boron center. However, these effects are not sufficient to allow 

fluoride complexation directly in aqueous conditions. Nonetheless, the presence of the 

pyridinium moiety imparts intramolecular charge transfer behavior that results in a 

desirable turn-on colorimetric response upon fluoride binding in organic solvents. A 

similar turn-on response was observed for the Pd2+ and Pt2+ cyclometalated complexes 

[48]+ and [50]+, although these receptors are hampered by the susceptibility of the metal 

centers to attack by common anions such as Cl-, Br-, I-, and CN-. These results led us to 

investigate a coordinatively saturated Ru2+ complex [51]+ that binds both fluoride and 

cyanide anions in organic solvents without interference from other common anions. 

Although anion sensing could not be achieved in aqueous environments, [51]+ exhibits 

both photophysical and electrochemical changes upon fluoride and cyanide binding in 

organic solvents. 

2.7 Experimental 

General Considerations. 2-(4’-Bromophenyl)pyridine204 and RuCl2(2,2'-bpy)2
205 

were synthesized by published procedures. NaF and dimesitylboron fluoride were 

purchased from Aldrich. n-Bu4NF·3H2O (TBAF), 2-(2-thienyl)pyridine, and Pd(OAc)2 

were purchased from Alfa Aesar and used as received. K2PtCl4 was purchased from 

Pressure Chemical, Inc. and converted to [n-Bu4N]2[PtCl4] using a published 

procedure.206 Solvents were dried by passing through an alumina column (n-hexane, 

CH2Cl2) or refluxing under N2 over Na/K (Et2O and THF). Air-sensitive compounds 

were handled under a N2 atmosphere using standard Schlenk and glovebox techniques. 
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UV-vis spectra were recorded on either an HP8453 spectrophotometer or an Ocean 

Optics USB4000 spectrometer with an Ocean Optics ISS light source. Elemental 

analyses were performed at Atlantic Microlab (Norcross, GA). NMR spectra were 

recorded on Varian Unity Inova 400 FT NMR (399.59 MHz for 1H, 375.99 MHz for 19F, 

128.19 MHz for 11B, 100.45 MHz for 13C) spectrometer at ambient temperature unless 

otherwise stated. Chemical shifts δ are given in ppm, and are referenced against external 

Me4Si (1H, 13C) and BF3·Et2O (11B, 19F).  

Crystallography. Single crystals of 45-F were obtained by slow evaporation of a 

solution of [45]OTf and TBAF in CH3CN/acetone. Single crystals of 46-F were obtained 

by cooling a concentrated acetone-d6 solution of [46]OTf and TBAF. The details of the 

data collection and structure refinement for 45-F and 46-F are included in Table 4. 

Single crystals of 47 were obtained by slow diffusion of hexanes into a solution of the 

compound in benzene. Single crystals of [48]OTf and [50]OTf were obtained by cooling 

solutions of the compounds in 1/2 MeCN/Et2O to -40 ˚C. The details of the data 

collection and structure refinement for 47, [48]OTf, and [50]OTf are included in Table 

5. Single crystals of [51]OTf were obtained by slow diffusion of Et2O into a solution of 

the compound in CH2Cl2. Single crystals of 51-F were obtained by slow evaporation of a 

mixture of [51]OTf and TBAF in pyridine-d5. Single crystals of 51-CN were obtained by 

slow evaporation of a mixture of [51]OTf and KCN in 1/1 acetone/MeOH. The details of 

the data collection and structure refinement for [51]OTf, 51-F, and 51-CN are included 

in Table 6. 
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The crystallographic measurements were performed using a Bruker-AXS APEX-II 

CCD area detector diffractometer, with a graphite-monochromated Mo-Kα radiation (λ = 

0.71069 Å). A specimen of suitable size and quality was selected and mounted onto a 

nylon loop. The semiempirical method SADABS207 was applied for absorption 

correction. The structures were solved by direct methods using SHELXTL/PC package 

(version 6.1)208 which successfully located most of the non-hydrogen atoms. Subsequent 

refinement on F2 allowed location of the remaining non-hydrogen atoms. All H atoms 

were geometrically placed and refined in a riding model approximation. 

Theoretical Calculations. Density functional theory (DFT) calculations (full 

geometry optimization) were carried out with Gaussian03 using the gradient-corrected 

Becke exchange functional (B3LYP) and the Lee-Yang-Parr correlation functional. A 6-

31+g(d') basis set was used for C, H, N, B, F, and S. A Stuttgart RSC 1997 ECP basis set 

was used for Ru. Frequency calculations were carried out on the optimized structure of 

each compound. In the case of 46-F, an imaginary frequency corresponding to low 

energy rotation of a para-methyl group of a mesityl ligand was observed and ignored. 

Single point energy calculations were performed using the Polarizable Continuum 

Model189,190 (PCM) with chloroform as a solvent for [45]+, [46]+, 45-F and 46-F and 

THF as a solvent for [51]+, 51-F, and 51-CN. 
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Table 4. Crystal data, data collections, and structure refinements for 45-F and 46-F. 

Crystal data 45-F·0.25 C3H6O, 0.75 CH3CN 46-F  
Formula C32.24H36.71BFN1.76O0.24 C28H31BFNS  
Mr 482.51 443.41  
Crystal size/mm 0.24 x 0.10 x 0.05 0.12 x 0.10 x 0.08  
Crystal system Monoclinic Tetragonal  
Space group P2(1)/c I4(1)/a  
a/Å 13.924(3) 22.51(3)  
b/Å 12.520(3) 22.51(3)  
c/Å 15.974(4) 17.90(3)  
β/◦ 101.333(3)        -  
V/Å3 2730.4(11) 9071(22)  
Z 4 16  
ρcalc/g cm−3 1.174 1.299  
µ/mm−1 0.072 0.168  
F(000) 1034 3776  
T/K 110(2) 110(2)  
Scan mode ω, φ ω, φ  
hkl Range -15 → +15 -25 → +25  
 -14 → +14 -25 → +23  
 -18 → +18 -20 → +20  
Measd reflns 22904 22185  
Unique reflns [Rint] 4278 [0.0831] 3557 [0.0956]  
Reflns used for refinement 4278 3557  
Refined parameters 351 289  
GooF 1.001 1.000  
R1,a wR2b (all data) 0.0986, 0.1433 0.0839, 0.1290  
ρfin (max., min.)/eÅ−3 0.318, -0.272 0.404, -0.365  
a
R1 =Σ||Fo| − |Fc||/Σ|Fo|. 

b
 wR2 = ([Σw(Fo

2 − Fc
2)2]/[Σ w(Fo

2)2])1/2; w = 1/[σ2(Fo
2) + (ap)2 + bp]; p = (Fo

2 
+ 2Fc

2)/3 with a = 0.0690 for 45-F, 0.0715 for 46-F; and b = 0 for 45-F, 21 for 46-F.  
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Table 5. Crystal data, data collections, and structure refinements for 47, [48]OTf and 
[50]OTf. 

Crystal data 47   [48]OTf·CH3CN,Et2O [50]OTf·CH3CN,Et2O 

Formula C64H66B2N2O4S2Pd2 C40H56BF3N4O4S2Pd C40H56BF3N4O4S2Pt 

Mr 1225.73 895.22 983.91 

Crystal size/mm 0.15 x 0.10 x 0.05 0.10 x 0.06 x 0.03 0.12 x 0.04 x 0.03  

Crystal system Triclinic Triclinic Triclinic 

Space group P-1 P-1 P-1 

a/Å 13.762(5) 7.986(4) 8.009(7) 

b/Å 15.018(6) 14.733(7) 14.814(13) 

c/Å 15.933(6) 18.586(9) 18.626(16) 

α /◦ 80.051(6) 96.092(6) 95.975(14) 

β/◦ 77.834(6) 91.966(5) 92.108(15) 

γ /◦ 65.528(5) 91.065(6) 90.336(15) 

V/Å3 2916.3(19) 2172.6(17) 2196(3) 

Z 2 2 2 

ρcalc/g cm−3 1.396 1.368 1.488 

µ/mm−1 0.737 0.579 3.345 

F(000) 1260 932 996 

T/K 110(2) 110(2) 110(2) 
Scan mode ω, φ ω, φ ω, φ 
hkl Range -16 → +16 -9 → +9 -9 → +9 

 -18 → +18 -17 → +17 -17 → +17 

 -19 → +19 -22 → +22 -22 → +22 

Measd reflns 28732 20612 15554 
Unique reflns 
[Rint] 10790 [0.0977] 7640 [0.0784] 7684 [0.1021] 
Reflns used for 
refinement 10790 7640 7684 
Refined 
parameters 685 500 445 

GooF 1.007 1.031 1.013 
R1,a wR2b (all 
data) 0.1107, 0.1596 0.0989, 0.1750 0.1338, 0.1693 
ρfin (max., 
min.)/eÅ−3 0.685, -1.032 1.061, -1.101 3.338, -2.701 
    
 
a
R1 =Σ||Fo| − |Fc||/Σ|Fo|. 

b
 wR2 ([Σw(Fo

2 − Fc
2)2]/[Σ w(Fo

2)2])1/2; w = 1/[σ2(Fo
2) + (ap)2 + bp]; p = (Fo

2 + 
2Fc

2)/3 with a = 0.0586 for 47, 0.0924 for [48]OTf, and 0.068for [50]OTf; and b = 0 for 47, 0.2015 for 
[48]OTf, and 0 for [50]OTf.  
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Table 6. Crystal data, data collections, and structure refinements for [51]OTf, 51-F, and 
51-CN. 

Crystal data 51 [OTf] 51-F·C6H5N 51-CN·CH3OH 
Formula C50H45BF3N5O3SRu C55H50BFN6Ru C51H49BN6ORu 
Mr 964.85 917.91 873.84 
Crystal size/mm 0.17 x 0.12 x 0.08 0.18 x 0.15 x 0.10 0.35 x 0.08 x 0.06  
Crystal system Monoclinic Monoclinic Tetragonal 
Space group P2(1)/c P2(1)/c P4(3) 
a/Å 14.3700(4) 14.003(4) 11.2355(10) 
b/Å 21.1565(7) 23.236(7) 11.2355(10) 
c/Å 14.8607(5) 16.816(4) 32.768(3) 
β/◦ 103.511(2) 128.800(15) - 
V/Å3 4392.9(2) 4381.2(19) 4136.5(6) 
Z 4 4 4 
ρcalc/g cm−3 1.459 1.392 1.392 
µ/mm−1 0.467 0.408 0.426 
F(000) 1984 1912 1812 
T/K 110(2) 110(2) 110(2) 
Scan mode ω, φ ω, φ ω, φ 
hkl Range -16 → +16 -16 → +16 -13 → +13 
 -24 → +21 -26 → +26 -14 → +14 
 -16 → +16 -19 → +19 -37 → +43 
Measd reflns 32052 45426 30058 
Unique reflns [Rint] 6657 [0.0585] 6856 [0.0888] 9663 [0.0836] 
Reflns used for refinement 6657 6856 9663 
Refined parameters 614 568 543 
GooF 1.001 1.000 1.000 
R1,a wR2b (all data) 0.0809, 0.1281 0.0908, 0.1715 0.0775, 0.1073 
ρfin (max., min.)/eÅ−3 0.921, -1.111 2.051, -1.010 0.528, -0.576 
a
R1 =Σ||Fo| − |Fc||/Σ|Fo|. 

b
 wR2 = ([Σw(Fo

2 − Fc
2)2]/[Σ w(Fo

2)2])1/2; w = 1/[σ2(Fo
2) + (ap)2 + bp]; p = (Fo

2 + 
2Fc

2)/3 with a = 0.0694 for [51]OTf, 0.0710 for 51-F, and 0.0362 for 51-CN; and b = 0 for [51]OTf, 21 
for 51-F, and 0 for 51-CN.  
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Synthesis of 43. n-BuLi (0.790 mL, 2.5 M in hexanes, 1.97 mmol) was added to a 

THF (10 mL) solution of 2-(4’-bromophenyl)pyridine (0.440 g, 1.88 mmol) at -78 ºC.  

The resulting reaction mixture was stirred at -78 ºC for 1 hr and mixed with a solution of 

Mes2BF (0.529 g, 1.97 mmol) in THF (10mL).  The reaction was stirred overnight at 

room temperature before removing the solvent in vacuo. The solids were extracted with 

CH2Cl2 (20 mL) and filtered through Celite to remove LiF. The filtrate was evaporated 

to dryness and the residue recrystallized from Et2O/pentane to afford 2-(4’-

dimestylborylphenyl)pyridine (43) (0.400 g, 53% yield). 1H NMR (399.9 MHz, CDCl3): 

δ 2.04 (s, 12H, Mes-CH3), 2.33 (s, 6H, Mes-CH3), 6.85 (s, 4H, Mes-CH), 7.25-7.28 (m, 

1H, Pyr-CH), 7.64 (d, 3JH-H = 8.42 Hz, 2H, Ph-CH), 7.75-7.81 (m, 2H, Pyr-CH), 7.98 (d, 

3
JH-H = 7.98 Hz, 2H, Ph-CH), 8.72 (d, 3

JH-H = 4.58 Hz, 1H, Pyr-CH). 11B NMR (128.2 

MHz, CDCl3): δ 75.10.  

Synthesis of 44.  n-BuLi (1.30 mL, 2.5 M in hexanes, 3.26 mmol) was added to a THF 

(10 mL) solution of 2-(2-thienyl)pyridine (0.500 g, 3.1 mmol) at -78ºC. The resulting 

reaction mixture was stirred at -78ºC for 1 hr and mixed with a solution of Mes2BF 

(0.873 g, 3.26 mmol) in THF (10 mL). The reaction was stirred overnight at room 

temperature before removing the solvent in vacuo. The crude product was extracted with 

CH2Cl2 (20 mL) and filtered through Celite to remove LiF. The filtrate was evaporated 

to dryness and the residue was recrystallized from Et2O/pentane to afford the crude 

product 2-(2-pyridyl)-5-dimesitylboryl-thiophene (44) (0.70 g, 55% yield). 1H NMR 

(399.9 MHz, CDCl3): δ 2.16 (s, 12H, Mes-CH3), 2.32 (s, 6H, Mes-CH3), 6.84 (s, 4H, 

Mes-CH), 7.16-7.21 (m, 1H, Pyr-CH), 7.46 (d, 3
JH-H = 3.85 Hz, 1H, Thioph-CH), 7.69-
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7.72 (m, 2H, Pyr-CH), 7.74 (d, 3
JH-H = 3.58 Hz, 1H, Thioph-CH), 8.58 (d, 1H, Pyr-CH, 

3
JH-H = 4.67 Hz). 11B NMR (128.2 MHz, acetone-d6): δ 67.35.  

Synthesis of [45]OTf. Without further purification, 43 (0.100 g, 0.248 mmol) was 

treated with MeOTf (0.100 mL, 0.420 mmol) in 10 mL Et2O at room temperature. A 

white solid precipitated upon standing overnight. The solid was filtered, washed with 

Et2O (3 × 5 mL) and pentane (3 × 5 mL), and dried under vacuum to afford [45]OTf 

(0.115g, 82% yield). 1H NMR (399.9 MHz, acetone-d6): δ 2.03 (s, 12H, Mes-CH3), 2.30 

(s, 6H, Mes-CH3), 4.43 (s, 3H, N-CH3), 6.89 (s, 4H, Mes-CH), 7.71 (d, 3
JH-H = 7.88 Hz, 

2H, Ph-CH), 7.82 (d, 3
JH-H = 7.88 Hz, 2H, Ph-CH), 8.25-8.27 (m, 2H, Pyr-CH), 8.78 (t, 

3
JH-H = 8.06 Hz, 1H, Pyr-CH), 9.24 (d, 3

JH-H = 6.05 Hz, 1H, Pyr-CH). 13C NMR (100.5 

MHz, CDCl3): δ 21.22 (p-Mes-CH3), 23.47 (o-Mes-CH3), 47.48 (pyr-CH3), 118.92, 

122.11, 127.25, 128.21, 128.43, 129.50, 133.55, 136.45, 139.50, 140.72, 141.05, 145.26, 

147.63, 149.42, 155.67. 11B NMR (128.2 MHz, acetone-d6): δ 76.3. 19F NMR (375.97 

MHz, acetone-d6): δ -77.8 (OTf). Anal. Calcd for C31H33BNSF3O3: C, 65.61; H, 5.86. 

Found: C, 65.71; H, 5.92. 

Synthesis of [46]OTf. Without further purification, 44 (0.100 g, 0.240 mmol) was 

treated with MeOTf (0.10 mL, 0.420 mmol) in 10mL Et2O at room temperature. A white 

solid precipitated upon standing overnight. The solid was filtered, washed with Et2O (3 × 

5 mL) and pentane (3 × 5 mL), and dried under vacuum to afford [46]OTf (0.125 g, 89% 

yield). 1H NMR (399.9 MHz, acetone-d6): δ 2.14 (s, 12H, Mes-CH3), 2.29 (s, 6H, Mes-

CH3), 4.59 (s, 3H, N-CH3), 6.89 (s, 4H, Mes-CH), 7.60 (d, 3
JH-H = 3.85 Hz, 1H, 

Thiophene-CH), 8.00 (d, 3
JH-H = 3.85 Hz, 1H, Thiophene-CH), 8.24 (t, 3

JH-H = 6.41 Hz, 
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1H, Pyr-CH), 8.37 (d, 3
JH-H = 8.06 Hz, 1H, Pyr-CH), 8.72 (t, 1H, Pyr-CH, 3

JH-H = 7.88 

Hz), 9.24 (d, 1H, Pyr-CH, 3
JH-H = 6.23 Hz). 13C NMR (100.5 MHz, acetone-d6): δ 21.20 

(Mes-p-CH3), 23.61 (Mes-o-CH3), 48.64 (pyr-CH3), 128.08, 129.24, 131.62, 135.86, 

140.31, 140.79, 141.33, 141.54, 143.02, 146.43, 148.56, 150.28, 156.43. 11B NMR 

(128.2 MHz, acetone-d6): δ 68.4. 19F NMR (375.97 MHz, acetone-d6): δ -77.6 (OTf). 

Anal. Calcd for C29H31BNS2F3O3: C, 60.73; H, 5.45. Found: C, 60.89; H, 5.53. 

Generation of 45-F and 46-F. 45-F and 46-F were prepared and characterized by 

multinuclear NMR spectroscopy in situ by addition of TBAF to solutions of [3]OTf and 

[4]OTf in acetone-d6. Data for 45-F: 1H NMR (399.9 MHz, acetone-d6): δ 1.94 (s, 12H, 

Mes-CH3), 2.08 (s, 6H, Mes-CH3), 4.34 (s, 3H, N-CH3), 6.45 (s, 4H, Mes-CH), 7.10-

7.30 (bm, 3H), 8.03-8.07 (m, 3H), 8.59 (t, 3JH-H = 8.06 Hz, 1H, Pyr-CH), 9.00 (d, 3JH-H = 

6.05 Hz 1H, Pyr-CH). 13C NMR (100.5 MHz, dmso-d6): δ 20.56 (Mes-o-CH3), 24.90 

(Mes-o-CH3), 46.96 (pyr-CH3), 125.34, 125.99, 126.35, 128.03, 129.72, 130.60, 133.51, 

140.60, 144.81, 146.30, 154.12, 157.08, 169.42. 11B NMR (128.2 MHz, acetone-d6): δ 

5.64. 19F NMR (375.97, MHz, acetone-d6): δ -176.0. Data for 46-F: 1H NMR (399.9 

MHz, acetone-d6): δ 2.03 (s, 12H, Mes-CH3), 2.09 (s, 6H, Mes-CH3), 4.51 (s, 3H, N-

CH3), 6.47 (s, 4H, Mes-CH), 6.90 (d, 3JH-H = 3.48 Hz, 1H, Thioph-CH), 7.66 (dd, 3JH-H = 

3.66 Hz, 4
JH-F = 2.56 Hz, 1H, Thioph-CH), 7.74 (t, 3

JH-H = 6.31 Hz, 1H, Pyr-CH), 8.18 

(d, 3JH-H = 8.24 Hz, 1H, Pyr-CH), 8.36 (t, 3JH-H = 7.78 Hz, 1H, Pyr-CH,), 8.81 (d, 3JH-H = 

6.23 Hz 1H, Pyr-CH). 13C NMR (100.5 MHz, acetone-d6): δ 20.92 (Mes-p-CH3), 24.90 

(Mes-o-CH3), 48.67 (pyr-CH3), 120.68, 123.58, 123.88, 129.13, 129.39, 130.15, 131.44, 
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132.22, 135.62, 141.60, 144.28, 146.72, 152.38. 11B NMR (128.2 MHz, acetone-d6): δ 

4.93. 19F NMR (375.97, MHz, acetone-d6): δ -167.5. 

Synthesis of 47. A CH2Cl2 solution (15 mL) of Pd(OAc)2 (0.120g, 0.54mmol) and 44 

(0.200g, 0.49mmol) was heated to reflux overnight. The reaction mixture was filtered 

over Celite and concentrated in vacuo. The product precipitated as a yellow powder 

upon addition of pentane and was recrystallized from benzene/hexane mixture (185 mg, 

66%). The product was characterized by 1H NMR and used without further purification. 

1H NMR (399.9 MHz, CDCl3): δ 2.05 (s, 6H, CH3CO2), 2.15 (s, 24H, Mes-CH3), 2.28 

(s, 12H, Mes-CH3), 6.40 (t, 2H, Pyr-CH, 3
JH-H = 6.54 Hz), 6.80-6.84 (s + d, 10H, Mes-

CH + Pyr-CH), 7.07 (s, 2H, Thiophene-CH), 7.39 (t, 2H, Pyr-CH, 3JH-H = 7.85 Hz), 7.77 

(d, 2H, Pyr-CH, 3JH-H = 5.67 Hz). 

Synthesis of [48]OTf. LiCl (18 mg, 0.42 mmol) was added to a THF (15 mL) solution 

of 47 (215 mg, 0.19mmol), and the resulting mixture was allowed to stir at room 

temperature for 2 days. The reaction mixture was filtered over Celite and concentrated to 

ca. 5 mL in vacuo. Addition of benzene (10 mL) resulted in precipitation of a pale 

yellow powder that was filtered and washed with H2O (3 × 5 mL) and benzene (3 × 5 

mL). The product was dried overnight in vacuo overnight to yield 156 mg (70 %) of 

crude [(κ-C,N-44)PdCl]2, which was used without further purification. 

AgOTf (76 mg, 0.29 mmol) was added as a solid to a solution of crude [(κ-C,N-

44)PdCl]2 (156 mg, 0.14 mmol) in MeCN (10mL). The yellow suspension was stirred 

overnight before filtering over Celite. TMEDA (0.15mL, 1.0mmol) was added to the 

filtrate, and the yellow solution was allowed to stir for 2 days in a sealed flask. The 
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solvent was removed in vacuo and the resulting orange residue was extracted with 

CH2Cl2 (5 mL), and filtered over Celite. Removal of the solvent in vacuo and 

recrystallization of the resulting yellow solid from MeCN/Et2O (2 mL/5 mL) at -40 ˚C 

yielded 64 mg (29 %) of [48]OTf. 1H NMR (399.9 MHz, CDCl3): δ 2.09 (s, 12H, Mes-

CH3), 2.30 (s, 6H, Mes-CH3), 2.88 (br s, 12H, N-CH3), 2.96 (br s, 4H, N-CH2), 6.82 (s, 

4H, Mes-CH), 7.31 (s, 1H, Thiophene-CH), 7.34 (t, 1H, 3
JH-H = 6.6 Hz, Pyr-CH), 7.44 

(d, 1H, 3
JH-H = 7.8 Hz, Pyr-CH), 7.79 (t, 1H, 3

JH-H = 7.8 Hz, Pyr-CH), 8.31 (d, 1H, 3
JH-H 

= 5.5 Hz, Pyr-CH). 13C NMR (100.5 MHz, CDCl3): δ 21.26 (Mes-o-CH3), 23.46 (Mes-p-

CH3), 49.20 (N-CH3), 52.54 (N-CH3), 61.19 (N-CH2), 64.34 (N-CH2), 120.09, 122.70, 

128.31, 139.15, 140.50, 140.87, 141.88, 148.89, 151.29, 152.63, 153.36, 160.15. 11B 

NMR (128.2 MHz, CDCl3): No signal was observed. Anal. Calcd. for 

PdC34H43S2N3O3F3B: C, 52.35; H, 5.56. Found: C, 51.72; H, 5.59. 

Synthesis of (n-Bu)4N[49].  A solution of [n-Bu4N]2PtCl4 (0.830g, 1.0mmol) and 44 

(0.414g, 1.0mmol) in CH2Cl2/MeOH (20mL/10 mL) was heated to 50 ˚C for 2 days. The 

reaction mixture was concentrated to ca 10mL in vacuo, and H2O (10mL) was added. 

The resulting sticky, brown solid was filtered and washed with H2O (3 × 10mL). The 

product was triturated in Et2O (20 mL) and filtered to afford (n-Bu)4N[49] (0.445g, 

48%) as a fine brown/yellow powder was that was used without further purification. 1H 

NMR (399.9 MHz, CDCl3): δ 0.88 (t, 12H, NCH2CH2CH2-CH3, 
3
JH-H = 7.23 Hz), 1.34 

(m, 8H, NCH2CH2-CH2-CH3), 1.58 (m, 8H, NCH2-CH2-CH2CH3), 2.10 (s, 12H, Mes-

CH3), 2.26 (s, 6H, Mes-CH3), 3.31 (m, 8H, N-CH2-CH2CH2CH3), 6.75 (s, 4H, Mes-CH), 
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6.87 (t, 1H, Pyr-CH, 3JH-H = 6.62 Hz), 7.26 (d, 1H, Pyr-CH), 7.61 (t, 1H, Pyr-CH, 3JH-H = 

7.73 Hz), 7.74 (s, 1H, Thiophene-CH), 9.69 (d, 1H, Pyr-CH, 3JH-H = 5.84 Hz). 

Synthesis of [50]OTf.  AgOTf (0.257g, 1.0mmol) was added as a solid to a solution of 

(n-Bu)4N[49] (0.436 g, 0.48 mmol) in MeCN (10mL). The yellow suspension was 

stirred overnight before filtering over Celite. TMEDA (0.15mL, 1.0mmol) was added to 

the filtrate, and the yellow solution was allowed to stir for 2 days in a sealed flask. The 

solvent was removed in vacuo and the resulting orange residue was extracted with 

CH2Cl2 (10 mL) and filtered over Celite. Removal of the solvent in vacuo and 

recrystallization of the resulting yellow solid from MeCN/Et2O (3 mL/10 mL) at -40 ˚C 

afforded 0.175 g (42 %) of [50]OTf. 1H NMR (399.9 MHz, CDCl3): δ 2.09 (s, 12H, 

Mes-CH3), 2.30 (s, 6H, Mes-CH3), 3.08 (br s, 12H, N-CH3), 3.17 (br s, 4H, N-CH2), 6.82 

(s, 4H, Mes-CH), 7.28-7.32 (s + t, 2H, Thiophene-CH, Pyr-CH), 7.45 (d, 1H, 3JH-H = 7.8 

Hz, Pyr-CH), 7.79 (t, 1H, 3JH-H = 7.8 Hz, Pyr-CH), 8.45 (d, 1H, 3JH-H = 6.1 Hz, Pyr-CH). 

13C NMR (100.5 MHz, CDCl3): δ 21.28 (Mes-o-CH3), 22.33 (Mes-p-CH3), 50.58 (N-

CH3), 54.15 (N-CH3), 63.58 (N-CH2), 65.86 (N-CH2), 119.77, 122.48, 128.31, 139.14, 

140.66, 140.70, 140.88, 141.97, 148.85, 155.23, 161.95. Two B-Cipso not observed. 11B 

NMR (128.2 MHz, acetone-d6): δ 68.0 (broad). Anal. Calcd. for PtC34H43S2N3O3F3B: C, 

47.01; H, 4.99. Found: C, 46.58; H, 5.03. 

Generation of 48-F and 50-F. 48-F and 50-F were prepared and characterized by 

multinuclear NMR in situ by addition of a slight excess of TBAF to solutions of [48]OTf 

and [50]OTf in dmso-d6. Data for 48-F: 1H NMR (399.9 MHz, dmso-d6): δ 1.92 (s, 12H, 

Mes-CH3), 2.07 (s, 6H, Mes-CH3), 2.73 (br s, 12H, N-CH3), 2.87 (br s, 4H, N-CH2), 6.40 



 85

(s, 4H, Mes-CH), 6.83 (bs, 1H, Thiophene-CH), 6.57 (t, 1H, 3
JH-H = 6.59 Hz, Pyr-CH), 

7.25 (d, 1H, 3
JH-H = 7.69 Hz, Pyr-CH), 7.77 (t, 1H, 3

JH-H = 6.96 Hz, Pyr-CH), 8.16 (d, 

1H, 3
JH-H = 5.67 Hz, Pyr-CH).  13C NMR (100.5 MHz, dmso-d6): δ 20.59 (Mes-o-CH3), 

24.31 (Mes-p-CH3), 47.96 (N-CH3), 51.30 (N-CH3), 60.02 (N-CH2), 63.04 (N-CH2), 

117.76, 118.58, 128.09, 130.82, 131.48, 137.81, 140.27, 140.35, 148.68, 152.99, 154.94, 

161.21, 174.45. 19F NMR (375.97 MHz, dmso-d6): δ -169.2. 11B NMR (128.2 MHz, 

dmso-d6): δ No signal was observed. Data for 50-F: 1H NMR (399.9 MHz, dmso-d6): δ 

1.94 (s, 12H, Mes-CH3), 2.07 (s, 6H, Mes-CH3), 2.92 (br s, 12H, N-CH3), 3.09 (br s, 4H, 

N-CH2), 6.40 (s, 4H, Mes-CH), 6.81 (bs, 1H, Thiophene-CH), 6.90 (t, 1H, 3
JH-H = 6.59 

Hz, Pyr-CH), 7.23 (d, 1H, 3
JH-H = 7.88 Hz, Pyr-CH), 7.74 (t, 1H, 3

JH-H = 7.60 Hz, Pyr-

CH), 8.29 (d, 1H, 3
JH-H = 5.86 Hz, Pyr-CH).  13C NMR (100.5 MHz, dmso-d6): δ 20.60 

(Mes-o-CH3), 24.34 (Mes-p-CH3), 49.31 (N-CH3), 53.14 (N-CH3), 62.41 (N-CH2), 64.84 

(N-CH2), 117.05, 118.18, 128.10, 130.78, 132.12, 139.52, 140.40, 143.70, 148.73, 

153.13, 153.39, 163.12, 176.55.  19F NMR (375.97 MHz, dmso-d6): δ -168.3.  11B NMR 

(128.2 MHz, dmso-d6): δ +4.51. 

Synthesis of [51]OTf.  AgOTf (0.102 g, 0.400 mmol) was added as a solid to a 

solution of bpy2RuCl2·2H2O (0.100 g, 0.2 mmol) and 43 (0.400 g, 1.00 mmol) in 3mL 

CH2Cl2 and 10mL MeOH. The mixture was heated to reflux for 2 hrs, and the solvent 

was removed in vacuo. The resulting purple solid was extracted with 20 mL CH2Cl2 and 

filtered over Celite.  The solvent was again removed, and the residue was washed with 3 

× 10mL Et2O and 5mL cold acetonitrile. Recrystallization of the crude product by slow 

diffusion of Et2O into a CH2Cl2 solution gave the pure product in 52% yield as dark 
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purple needles. 1H NMR (399.9 MHz, pyridine-d5): δ 2.01 (s, 12H, Mes-CH3), 2.31 (s, 

6H, Mes-CH3), 6.72 (s, 1H, Ph-CH), 6.81 (s, 4H, Mes-CH), 6.94 (t, 3JH-H = 7.08 Hz, 1H, 

Pyr-CH), 7 (t, 3JH-H = 7.14 Hz, 1H, Pyr-CH), 7.05-7.09 (m, 2H, Pyr-CH), 7.34 (d, 3JH-H = 

7.88 Hz, 1H, Pyr-CH),  7.40 (t, 3
JH-H = 6.41 Hz, 1H, Pyr-CH), 7.54 (t, 3JH-H = 8.06 Hz, 

1H, Pyr-CH), 7.58 (t, 3JH-H = 7.33 Hz, 1H, Pyr-CH), 7.65 (t, 3
JH-H = 8.06 Hz, 1H, Pyr-

CH), 7.68 (d, 3JH-H = 7.68 Hz, 1H, Pyr-CH),  7.72 (d, 3JH-H = 6.04 Hz 1H, Pyr-CH), 7.82 

(d, 3
JH-H = 5.67 Hz 1H, Pyr-CH), 7.89 (d, 3

JH-H = 8.24 Hz, 1H, Pyr-CH), 8.01 (d, 3
JH-H = 

5.67 Hz, 1H, Pyr-CH), 8.05 (d, 3
JH-H = 7.87 Hz, 1H, Pyr-CH), 8.12 (d, 3

JH-H = 5.31 Hz, 

1H, Pyr-CH), 8.16 (d, 3
JH-H = 8.24 Hz, 1H, Pyr-CH), 8.32-8.29 (m, 2H, Pyr-CH), 8.46 

(d, 3JH-H = 8.42 Hz, 1H, Pyr-CH), 8.50 (d, 3JH-H = 7.69 Hz, 1H, Pyr-CH), 8.61 (d, 3JH-H = 

8.24 Hz, 1H, Pyr-CH). 13C NMR (100.5 MHz, acetone-d6): δ 21.07 (Mes-p-CH3), 23.25 

(Mes-o-CH3), 120.38, 123.50, 123.58, 123.70, 123.93, 124.04, 124.29, 126.59, 126.74, 

126.88, 127.89, 128.54, 128.91, 133.94, 134.28, 135.65, 136.44, 137.07, 138.53, 140.70, 

142.87, 144.01, 150.00, 150.02, 150.12, 150.84, 151.12, 154.87, 155.96, 157.25, 157.61, 

158.63, 167.92, 183.91, 192.04 (Ph-C-Ru). 11B NMR (128.2 MHz, CD2Cl2): δ 74. 

Generation of 51-F and 51-CN.  51-F and 51-CN were prepared and characterized by 

multinuclear NMR in situ by addition of a slight excess of TBAF or TEACN, 

respectively, to solutions of [51]OTf in pyridine-d5 or acetone-d6. Data for 51-CN: 1H 

NMR (399.9 MHz, pyridine-d5): δ 2.14 (s, 6H, Mes-CH3), 2.24 (s, 3H, Mes-CH3), 2.29 

(s, 3H, Mes-CH3), 2.45 (s, 6H, Mes-CH3), 6.53 (s, 1H, Ph-CH), 6.64 (s, 2H, Mes-CH), 

6.68 (t, 3JH-H = 6.77 Hz, 1H, Pyr-CH),  6.75 (s, 2H, Mes-CH),  6.84-6.95 (m, 4H, Pyr-

CH), 7.30 (d, 3JH-H = 7.14 Hz, 1H, Pyr-CH), 7.40 (d, 3JH-H = 7.14 Hz, 1H, Pyr-CH), 7.48-
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7.60 (m, 3H, Pyr-CH), 7.82-7.90 (m, 3H, Pyr-CH), 7.96 (m, 2H, Pyr-CH), 8.07 (m, 2H, 

Pyr-CH),  8.23 (d, 1H, Pyr-CH, 3JH-H = 8.06 Hz), 8.34 (d, 1H, Pyr-CH, 3JH-H = 7.69 Hz), 

8.49 (d, 1H, Pyr-CH, 3
JH-H = 78.24 Hz), 8.52 (d, 1H, Pyr-CH, 3

JH-H = 5.5 Hz), 8.62 (d, 

1H, Pyr-CH, 3
JH-H = 8.06 Hz). 13C NMR (100.5 MHz, pyridine-d5): δ 21.09 (Mes-p-

CH3), 21.12 (Mes-p-CH3), 25.84 (Mes-o-CH3), 26.42 (Mes-o-CH3), 118.04, 120.64, 

122.69, 122.75, 123.03, 123.21, 125.56, 125.77, 125.84, 127.17, 129.24, 129.38, 130.93, 

131.24, 131.44, 132.42, 133.18, 134.12, 135.27, 140.31, 142.67, 142.76, 143.67, 149.01, 

149.12, 155.08, 156.76, 157.13, 158.02, 165.89, 169.50, 189.48 (Ph-C-Ru). 11B NMR 

(128.2 MHz, pyridine-d5): δ -12.7 Data for 51-F: 1H NMR (399.9 MHz, acetone- d6): δ 

1.28 (s, 3H, Mes-CH3), 1.61 (s, 6H, Mes-CH3), 1.89 (s, 6H, Mes-CH3), 2.14 (s, 3H, Mes-

CH3), 6.13 (bs, 1H, Ph-CH), 6.26 (bs, 2H, Mes-CH), 6.33 (bs, 2H, Mes-CH), 6.75 (t, 1H, 

Pyr-CH, 3
JH-H = 6.52 Hz), 6.94 (br, 1H, Pyr-CH), 7.15-7.21 (bm, 3H, Pyr-CH), 7.37 (br, 

2H, Pyr-CH), 7.45 (d, 1H, Pyr-CH, 3
JH-H = 5.50 Hz), 7.50 (d, 1H, Pyr-CH, 3

JH-H = 6.4 

Hz), 7.55 (t, 1H, Pyr-CH, 3
JH-H = 7.60 Hz), 7.61 (t, 1H, Pyr-CH, 3

JH-H = 7.62 Hz), 7.67 

(t, 1H, Pyr-CH, 3JH-H = 6.8 Hz), 7.83-7.88 (m, 3H, Pyr-CH), 8.02-8.07 (m, 3H, Pyr-CH), 

8.19 (br, 1H, Pyr-CH), 8.32 (br, 1H, Pyr-CH), 8.70 (d, 1H, Pyr-CH, 3
JH-H = 8.26 Hz), 

8.80 (d, 1H, Pyr-CH, 3
JH-H = 8.26 Hz). 13C NMR (100.5 MHz, pyridine-d5): δ 21.27 

(Mes-p-CH3), 21.30 (Mes-p-CH3) 25.82 (Mes-o-CH3), 26.22 (Mes-o-CH3), 117.76, 

120.18, 122.69, 122.75, 123.03, 123.12, 124.06, 125.46, 125.68, 125.92, 127.10, 128.79, 

128.86, 130.48, 130.78, 132.22, 133.07, 133.98, 135.11, 139.69, 142.35, 148.91, 149.25, 

149.37, 155.28, 155.70, 156.89, 157.14, 158.01, 168.60, 169.91, 188.98 (Ph-C-Ru). 19F 

NMR (375.97 MHz, pyridine-d5): δ -174.39 (90 %), 176.19 (10 %). 
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Titration of [45]OTf and [46]OTf with Fluoride in CHCl3. Solutions of [45]OTf 

(3.0 mL, 5.6 × 10-5 M, CHCl3) and [46]OTf (3.0 mL, 6.2 × 10-5 M, CHCl3) were titrated 

with incremental (5 µL) amounts of fluoride anions by addition of a 3.4 × 10-3 M 

solution of TBAF in CHCl3.  

Biphasic Fluoride Capture with [45]OTf and [46]OTf. 1H NMR spectra of 

solutions of [45]OTf and [46]OTf in CDCl3 (0.500 mL, 0.07 M) were collected after 

layering and shaking with 0.125 mL (1 eq. F-) and/or 0.500 mL (4 eq. F-) of D2O 

solutions containing TBAF or NaF (0.28 M). Conversion to the fluoroborate species 45-

F and 46-F was monitored by integration of the signals corresponding to the mesityl 

aromatic CH groups, which are shifted significantly upfield upon fluoride binding. 

Titration of [48]OTf and [50]OTf with Fluoride in THF. Solutions of [48]OTf (3.0 

mL, 4.9 × 10-5 M, THF) and [50]OTf (3.0 mL, 5.0 × 10-5 M, THF) were titrated with 

incremental amounts of fluoride anions by addition of a 6.0 × 10-3 M solution of KF in 

MeOH.  

Titration of [51]OTf with Fluoride and Cyanide in THF/DMF.  Solutions of 

[51]OTf (3.0 mL, 2.5 × 10-5 M, 9/1 DMF/THF) were titrated with incremental (5 µL) 

amounts of fluoride or cyanide anions by addition of a 3.5 × 10-3 M solution of TBAF in 

DMF or a 3.0 × 10-3 M solution of TEACN in DMF.  

Electrochemistry. Electrochemical experiments were performed with an 

electrochemical analyzer from CH Instruments (Model 610A) with a glassy carbon 

working electrode and a platinum auxiliary electrode. The reference electrode was built 

from a silver wire inserted a small glass tube fitted with a porous vycor frit at the tip and 
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filled with a THF solution containing (n-Bu)4NPF6 (0.1 M) and AgNO3 (0.005 M). All 

three electrodes were immersed in a DMF solution (3 mL) containing 0.1 M of 

supporting electrolyte ((n-Bu)4NPF6) and 0.001 M of [51]OTf. 51-F and 51-CN were 

prepared in situ in the electrochemical cell by addition of 0.1 mL of 0.03 M TEACN or 

TBAF solutions in DMF. In all cases, ferrocene was used as an internal standard, and all 

potentials are reported with respect to the E1/2 of the Fc+/Fc redox couple. 
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CHAPTER III 

 STABILIZATION OF ARYLTRIFLUOROBORATES BY PROXIMAL 

CATIONIC GROUPS* 

 

3.1 Introduction 

The discovery of novel fluorination reactions is attracting increasing interest because 

of their relevance to the preparation of 18F-labeled radiotracers for PET imaging.209-211  

An approach that has gained attention in the past few years involves the 

functionalization of a biomolecule with an arylboronic acid or ester, which is 

subsequently converted into a [18F]-aryltrifluoroborate prior to PET imaging.211-214  Such 

an approach is appealing because time-consuming synthetic steps can be carried out 

before introduction of the relatively short-lived 18F radionuclide.  Despite its attractive 

attributes, this method is complicated by: i) the solvolysis of the aryltrifluoroborate at 

physiological pH, which will lead to deactivation of the radiolabel;213 ii) the acidic pH 

needed for the formation of the aryltrifluoroborate, which may limit compatibility with 

proteins or other biomolecules that would denature under these conditions. 

We have recently shown that the fluoride affinity of organoboranes78,167 can be 

significantly increased by introduction of a proximal cationic functionality as in [o-7]+, 

[25]+, and [26]+ (Figure 66).124-126  In addition to favorable inductive and Coulombic 

--------------------------- 
* Reprinted in part from, "Stabilization of zwitterionic aryltrifluoroborates against hydrolysis"; Wade, C. 
R.; Zhao, H.; Gabbaï, F. P. Chem. Commun. 2010,46, 6380-6381. -Reproduced by permission of the Royal 
Society of Chemistry. 
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effects that promote fluoride ion capture, the resulting complexes are stabilized by 

hydrogen bonding or donor-acceptor interactions involving the proximal cationic 

functionality. We hypothesized that these effects could be exploited for the stabilization 

of trifluoroborate groups against hydrolysis. This chapter describes the implementation 

of this strategy and encompasses the synthesis and kinetic studies of hydrolysis of 

zwitterionic ortho- ammonium and phosphonium aryltrifluoroborates. 

 

 

Figure 66. Triarylborane anion receptors [o-7]+, [25]+, and [26]+ bearing proximal 
cationic groups. 

 

3.2 Synthesis and characterization of zwitterionic aryltrifluoroborates 

The ortho-functionalized boronic acids 2-(dimethylamino)phenyl boronic acid and 2-

(diphenylphosphino)phenyl boronic acid were prepared by modification of literature 

preparations215,216 and converted to the pinacol boronate esters prior to methylation. 

Reaction of the boronate esters with MeOTf afforded the cationic compounds [52]+ and 

[53]+ as the triflate salts in good yields (Figure 67). Both compounds are soluble in polar 

organic solvents such as chloroform, acetonitrile, and methanol.  [52]+ displays moderate 

solubility in H2O whereas [53]+ is soluble to a lesser extent because of the greater 

hydrophobicity of the phenyl substituents. 
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The zwitterionic aryltrifluoroborates 52-BF3 and 53-BF3 were prepared by reaction of 

the boronic ester precursors with KHF2 in MeOH/H2O solvent (Figure 67).  These 

compounds have been fully characterized.  The 11B NMR spectra of these compounds 

display a sharp signal around 3 ppm, which is characteristic of an aryltrifluoroborate 

species.  The trifluoroborate functionality of these compounds also gives rise to a sharp 

19F NMR resonance which appears around -130 ppm. These spectroscopic features are 

reminiscent of those of o-(i-Pr2PH)(BF3)C6H4, which has been reported.217   

 

Me3N B

MePh2P B

[52]+

[53]+

O
O

O
O

4 eq. KHF2

MePh2P BF3

53-BF3

Me3N BF3

52-BF3

krel = 7205

krel = 389

MeOH/H2O

 

Figure 67. Synthesis of aryltrifluoroborates 52-BF3 and 53-BF3. 

 

3.3 Kinetic study of aryltrifluoroborate hydrolysis 

Although 52-BF3 and 53-BF3 do not decompose in organic solvents, slow fluoride 

release is observed in D2O/CD3CN (8/2 vol.) at pH 7.5 ([phosphate buffer] = 500 mM, 
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[ArBF3] = 20 mM with ArBF3 = 52-BF3 and 53-BF3).  This reaction, which is expected 

to produce the corresponding [ArB(OH)2]
+/ArB(OH)3 species, can be easily monitored 

by 19F NMR spectroscopy.  Although the mechanism of fluoride dissociation involves 

multiple steps, it has been previously demonstrated that dissociation of the first fluoride 

anion is rate determining.213  In turn, the kinetics of such reactions can be properly 

treated by a simple first order rate law (ν = kobs[ArBF3]).  Treatment of the data on the 

basis of this equation yields kobs = 6.3 × 10-5 min-1 for 52-BF3 and 3.4 × 10-6 min-1 for 53-

BF3 (Figure 68). Comparison of these rate constants with that obtained for PhBF3
- (kobs = 

0.0245 min-1) under the same conditions indicates that the presence of the cationic 

functionality in 52-BF3 and 53-BF3 passivates these compounds against hydrolysis. This 

lowering of the reaction rate can be quantified by the relative rate constant krel = 

kobs(PhBF3
-)/kobs(ArBF3) (Figure 67). Comparison of the data obtained for 52-BF3 (krel = 

389) with that of its para isomer (krel = 16)213 reveals that the juxtaposition of the 

cationic and trifluoroborate moieties plays an important stabilizing role. This 

stabilization is unequivocal in the case of 53-BF3, whose hydrolysis is 7205 times slower 

than that of [PhBF3]
- and is likely enhanced by the accepting properties of phosphonium 

center218 as well as the hydrophobic protection provided by the Ph2PMe unit.108,125 
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Figure 68. Plot of the mole fraction (χ) of 52-BF3 (▲) and 53-BF3 (●) (20 mM) in 
D2O/CD3CN (8/2 vol.) at pH 7.5 ([phosphate buffer] = 500 mM) as a function of time. 

 

3.4 Structural features of zwitterionic aryltrifluoroborates 

The crystal structures of 52-BF3 and 53-BF3 have been determined (Figure 69).  The 

asymmetric unit of 53-BF3 possesses two independent molecules (molecules A and B), 

which feature similar structures.  Owing to the rigidity of the ortho-phenylene backbone, 

the onium and trifluoroborate moieties present in these structures are held in close 

proximity as indicated by the B-E separations (E = N, P) of 3.344 Å in 52-BF3 and 3.461 

Å (molecule A) and 3.381 Å (molecule B) in 53-BF3.  This proximity induces a strong 

Coulombic interaction of the onium and trifluoroborate moieties, thereby adding to the 

stability of these compounds.  This view, which is reinforced by a comparison of the 

behavior of 52-BF3 and its para isomer, is also in agreement with the observed increased 

fluoride ion affinity of [o-7]+ and [25]+ when compared to their respective para isomers 

[p-7]+ and [12]+.   
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Figure 69. Crystal structures of the zwitterionic aryltrifluoroborates 52-BF3 (left) and 
53-BF3 (right). Ellipsoids are scaled to the 50% probability level and hydrogen atoms 
have been omitted for clarity.  Only one of the two independent molecules of 53-BF3 is 
shown. 

 

In addition to Coulombic effects, these zwitterions can also be stabilized by 

intramolecular hydrogen-bonding involving the boron-bound fluorine atoms and the 

hydrogen atoms of the E-bound methyl groups.103,184,219-221  The F-CMethyl separations in 

the 2.976-3.041 Å range for 52-BF3 and 2.974-3.145 Å range for 53-BF3 support the 

formation of such hydrogen bonding interactions.101  In the case of 53-BF3, additional 

stability may be added by weak F(lone pair)→P-C(σ*) donor-acceptor interactions, 

which have been previously observed in compounds such as o-(Ph2PMe)(Mes2BF)C6H4 

(25-F)125 and o-(i-Pr2PH)(Mes2BF)C6H4.
217  For 53-BF3, F(lone pair)→P-C(σ*) 

interactions can be proposed based on the shortest measured F-P distances of 3.003 Å 

(molecule A) and 3.105 Å (molecule B), which are within the sum of the van der Waals 

radii of the elements (rvdw = 1.5 Å for F, 1.95 Å for P).222  The presence of such 

interactions is also supported by the linearity of the F-P-Ctrans angle (174.4˚ av.). 
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3.5 Conclusions 

In conclusion, we have shown that zwitterionic ammonium and phosphonium 

aryltrifluoroborates are endowed with an exceptional kinetic stability against hydrolysis. 

This stability arises from the same Coulombic effects and intramolecular interactions 

that enhance the fluoride affinity of triarylboranes bearing a proximal onium moiety. 

These effects are most acute in the case of 53-BF3, which is almost four orders of 

magnitude more kinetically stable than PhBF3
-. Overall, the stability observed for these 

complexes makes them viable candidates for conjugation with biomolecules and 18F-

radiolabeling experiments.  

3.6 Experimental 

General Considerations.  2-bromothioanisole was purchased from TCI America.  

KHF2 was purchased from Alfa Aesar. Solvents were dried by passing through an 

alumina column (n-hexane, CH2Cl2) or refluxing under N2 over Na/K (Et2O and THF). 

Air-sensitive compounds were handled under a N2 atmosphere using standard Schlenk 

and glovebox techniques. Elemental analyses were performed at Atlantic Microlab 

(Norcross, GA). NMR spectra were recorded on a Varian Unity Inova 400 FT NMR 

(399.59 MHz for 1H, 375.99 MHz for 19F, 128.19 MHz for 11B, 100.45 MHz for 13C, 

161.75 MHz for 31P) spectrometer at ambient temperature. Chemical shifts (δ) are given 

in ppm and are referenced against residual solvent signals (1H, 13C) or external BF3·Et2O 

(11B, 19F) and  H3PO4 (
31P). 
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Table 7. Crystal data, data collections, and structure refinements for 52-BF3 and 53-BF3. 

Crystal data 52-BF3 53-BF3  

Formula C9H13BF3N C19H17BF3P  

Mr 203.02 344.11  

Crystal size/mm 0.20 x 0.20 x 0.16 0.27 x 0.12 x 0.08   

Crystal system Monoclinic Triclinic  

Space group P2(1)/c P-1  

a/Å 7.0647(2) 11.6184(6)  

b/Å 13.0809(3) 12.0740(6)  

c/Å 10.1994(2) 12.6108(7)  

α /◦ 90 108.737(3)  

β/◦ 95.349(1) 94.921(4)  

γ /◦ 90 90.944(3)  

V/Å3 938.45(4) 1667.30(15)  

Z 4 4  

ρcalc/g cm−3 1.437 1.371  

µ/mm−1 0.125 0.192  

F(000) 424 712  

T/K 110(2) 110(2)  

Scan mode ω, φ ω, φ  

hkl Range -10 → +10 -13 → +13  

 -19 → +18 -14 → +14  

 -15 → +15 -14 → +14  

Measd reflns 9940 27166  

Unique reflns [Rint] 3254 [0.0303] 5847 [0.0758]  

Reflns used for refinement 3254 5847  

Refined parameters 127 433  

GooF 1.000 1.001  

R1,a wR2b (all data) 0.0491, 0.0993 0.0981, 0.2021  

ρfin (max., min.)/eÅ−3 0.380, -0.220 0.780, -0.611  

    

 aR1 =Σ||Fo| − |Fc||/Σ|Fo|. 
b
 wR2 ([Σw(Fo

2 − Fc
2)2]/[Σ w(Fo

2)2])1/2; w = 1/[σ2(Fo
2) + (ap)2 + bp]; p = (Fo

2 
+ 2Fc

2)/3 with a = 0.0563 for 52-BF3, 0.0300 for 53-BF3 and b = 0 for 52-BF3, 8.5 for 53-BF3.  
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Crystallography. Single crystals of 52-BF3 were obtained by slow evaporation of a 

solution of the compound in acetonitrile.  Single crystals of 53-BF3 were obtained by 

slow evaporation of solutions of the compounds in acetonitrile/H2O (5/1). The crystal 

data for 52-BF3 and 53-BF3 are included in Table 7. The crystallographic measurements 

of 52-BF3 and 53-BF3 were performed using a Bruker-AXS APEX-II CCD area detector 

diffractometer, with a graphite-monochromated Mo-Kα radiation (λ = 0.71069 Å). A 

specimen of suitable size and quality was selected and mounted onto a nylon loop. The 

semiempirical method SADABS207 was applied for absorption correction. The structures 

were solved by direct methods using SHELXTL/PC package (version 6.1)208 which 

successfully located most of the non-hydrogen atoms. Subsequent refinement on F2 

allowed location of the remaining non-hydrogen atoms. All H atoms were geometrically 

placed and refined in a riding model approximation.  

Synthesis of 52-BF3. A solution of ortho-(Me2N)C6H4(B(OH)2)
215 (0.725 g, 4.39 

mmol) and pinacol (0.570 g, 4.83 mmol) in CH2Cl2 (10 mL) was stirred for 3 hrs over 

anhydrous MgSO4.  The solution was filtered and the solvent removed in vacuo to yield 

the pinacol borane o-(Me2N)C6H4(BPin2)  in 79 % yield (0.860 g). 1H NMR (399.9 

MHz, CDCl3): δ 1.35 (s, 12H, pinacol-CH3), 2.86 (s, 6H, N- CH3), 6.80-6.85 (m, 2H, Ph-

CH), 7.30 (ddd, 1H, Ph-CH, 3
JH-H = 8.24, 7.14 Hz, 4

JH-H = 1.83 Hz), 7.63 (dd, 1H, Ph-

CH, 3
JH-H = 7.33 Hz, 4

JH-H = 1.83 Hz). 11B NMR (128.2 MHz, CDCl3): δ 32.4. The 

reaction of o-(Me2N)C6H4(BPin2) (0.284 g, 1.15 mmol) with 2 eq. of methyl triflate 

(0.26 mL) in Et2O (10 mL) led to the immediate precipitation of a white solid, which 

was filtered and washed with Et2O (3 × 5 mL) to afford [o-(Me2N)C6H4(BPin2)]OTf 
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([52]OTf) in 65% yield (0.308 g). 1H NMR (399.9 MHz, CDCl3): δ 1.38 (s, 12H, 

pinacol-CH3), 3.83 (s, 9H, N- CH3), 7.50 (t, 1H, Ph-CH, 3
JH-H = 7.33 Hz), 7.67 (t, 1H, 

Ph-CH, 3JH-H = 8.43 Hz), 7.85 (d, 1H, Ph-CH, 3JH-H = 8.43 Hz), 7.98 (d, 1H, Ph-CH, 3JH-

H = 7.33 Hz). 13C NMR (100.5 MHz, CDCl3): δ 24.61, 57.54, 85.89, 119.72, 122.27, 

129.88, 133.30, 139.14, 150.60. 11B NMR (128.2 MHz, CDCl3): δ 31.50. Anal. Calcd. 

for C16H25BNO5F3S: C, 46.73; H, 6.31; N, 3.41. Found: C, 47.00; H, 6.03; N, 3.45. A 

solution of [52]OTf (0.05 g, 0.12 mmol) in MeOH (1 mL) was treated with KHF2 (0.038 

g, 0.48 mmol) in H2O (1 mL). The solution was sonicated for 15 minutes, and the 

precipitate was collected by filtration. The solid was then extracted with 5 mL hot 

acetonitrile, the solution was filtered over Celite, and the solvent removed in vacuo to 

yield 0.023 g (93 %) of 52-BF3. 
1H NMR (399.9 MHz, CD3CN): δ 3.63 (s, 9H, N- CH3), 

7.33 (ddd, 1H, Ph-CH, 3
JH-H = 8.35 Hz, 7.17 Hz, 4

JH-H = 2.04 Hz), 7.39 (t, 1H, Ph-CH, 

3
JH-H = 7.16 Hz), 7.55 (d, 1H, Ph-CH, 3JH-H = 8.31 Hz), 7.97 (d, 1H, Ph-CH, 3JH-H = 5.31 

Hz). 13C NMR (100.5 MHz, CD3CN): δ 57.8 q, (pseudo-q, 3
JH-F = 3.90 Hz), 128.46, 

129.62, 139.72 (q, 3
JH-F = 4.32 Hz), 151.17. 11B NMR (128.2 MHz, CD3CN): δ 3.2 (q, 

1
JB-F = 45.5 Hz). 19F NMR (375.97 MHz, CD3CN): δ -131.5 (q, 1

JB-F = 45.5 Hz). Anal. 

Calcd for C9H13BNF3: C, 53.25; H, 6.45; N, 6.90. Found: C, 53.18; H, 6.59; N, 6.90. 

Synthesis of 53-BF3. The pinacol borane ortho-(Ph2P)C6H4(Bpin)223 (0.175 g, 0.451 

mmol) was treated with 2 eq. of MeOTf (0.10 mL) in Et2O (5 mL), leading to the 

immediate precipitation of a white solid.  This white solid was filtered and washed with 

Et2O (3 × 5 mL). Recrystallization by slow diffusion of Et2O into a CH2Cl2 solution (3 

mL) yielded 0.180 g (72%) of [o-(Ph2MeP)C6H4(Bpin)]OTf ([53]OTf).  1H NMR (399.9 



 100

MHz, CDCl3): δ 0.96 (s, 12H, pinacol-CH3), 3.06 (d, 3H, P-CH3, 
1
JH-P = 13.92 Hz), 7.11 

(dd, 1H, Ph-CH, 3
JH-P = 15.7 Hz, 3

JH-H = 7.80 Hz), 7.54-7.67 (m, 9H, Ph-CH), 7.74 (t, 

3H, Ph-CH, , 3
JH-H = 7.51 Hz) 8.22 (dd, 1H, Ph-CH, , 3

JH-P = 7.50 Hz, 3
JH-H = 6.87 Hz). 

13C NMR (100.5 MHz, CDCl3): δ 9.88 (d, P-CH3, 
1
JC-P = 57.22 Hz), 24.24 (pinacol-

CH3), 85.28 (pinacol-C-O), 121.07 (d, JC-P = 88.5 Hz), 123.95 (d, JC-P = 84.7 Hz), 

130.32 (d, JC-P = 13.0 Hz), 132.13 (d, JC-P = 13.73 Hz), 132.7 (d, JC-P = 9.9 Hz), 133.88 

(d, JC-P = 3.0 Hz), 134.55 (d, JC-P = 2.3 Hz), 136.84 (d, JC-P = 13.0 Hz), 139.27 ((d, JC-P = 

13.7 Hz), (ipso C for phenylene-C-B not observed). 11B NMR (128.2 MHz, CDCl3): δ 

29.72. 31P NMR (161.75 MHz, CDCl3): δ 25.64. Anal. Calcd. for C26H29BO5F3PS: C, 

56.54; H, 5.29. Found: C, 56.29; H, 5.26.  [53]OTf (0.050 g, 0.09 mmol) in of MeOH (1 

mL) was then treated with a solution of KHF2 (0.028 g, 0.36 mmol) in H2O (1 mL). The 

resulting solution was sonicated for 15 minutes, and the precipitate was collected by 

filtration. The solid was washed with H2O (3 × 1 mL) and dried in vacuo to yield 0.026 g 

(97 % yield) of 53-BF3. 
1H NMR (399.9 MHz, CDCl3): δ 2.89, (d, 3H, P-CH3, 

2
JH-P = 

13.9 Hz), 6.81 (dd, 1H, 3
JH-P = 15.1 Hz, 3

JH-H = 7.8 Hz), 7.19 (tdd, 1H, J = 7.69, 3.45, 

1.33 Hz), 7.41 (dd, 4H,m-phenyl-CH, J = 12.96, 7.88 Hz), 7.55 (td, 4H, o-phenyl-CH, J 

= 8.13, 3.17 Hz), 7.59 (td, 1H, phenyl-CH, J = 7.58, 1.87 Hz), 7.68 (tq, 1H, phenyl-CH, 

J = 7.58, 1.68 Hz), 8.15 (dd, 1H, phenyl-CH, J = 6.40, 7.58 Hz). 13C NMR (100.5 MHz, 

CDCl3): δ 11.50 (d, 1JP-C = 58.85 Hz), 119.05 (d JP-C = 86.98 Hz), 123.62 (d JP-C = 88.50 

Hz), 126.67 (d JP-C = 14.49 Hz), 129.63 (d JP-C = 12.97 Hz), 132.62 (d JP-C = 9.91 Hz), 

133.43 (d JP-C = 3.38 Hz), 133.64 (d JP-C = 3.03 Hz), 134.16 (d JP-C = 15.26 Hz), 135.84 

(dq 1
JP-C =16.77 Hz, 3JF-C = 3.02 Hz). 11B NMR (128.2 MHz, CDCl3): δ 3.68. 19F NMR 
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(375.97 MHz, CDCl3): δ -139.0. 31P NMR (161.75 MHz, CDCl3): δ 26.23. Anal. Calcd. 

for C19H17BF3P: C, 66.32; H, 4.98. Found: C, 65.62; H, 4.83. 

 

Table 8.  Kinetic data for the hydrolysis of 52-BF3. 

    kobs=6.30E-05 

   exp. ratio calc. ratio 

Time (min) [F-] [BF3] [BF3]/([BF3]+[F]) [BF3]/([BF3]+[F]) 

0 0 100 1.000 1.000 

255 2.82 100 0.973 0.984 

450 3.47 100 0.966 0.972 

595 4.86 100 0.954 0.963 

740 5.94 100 0.944 0.954 

1330 10.14 100 0.908 0.920 

1660 12.57 100 0.888 0.901 

2790 21.51 100 0.823 0.839 

4350 31.28 100 0.762 0.760 

5700 44.78 100 0.691 0.698 

10155 84.44 100 0.542 0.527 

14460 137.25 100 0.421 0.402 

20000    0.284 

30000    0.151 

40000    0.080 

50000    0.043 

 
 
 

NMR Spectroscopic Kinetic Analyses. Samples of 52-BF3 (5 mg) and 53-BF3 (8.5 

mg) were each dissolved in 0.2 mL CD3CN and 1.0 mL D2O phosphate buffer (pH 7.5, 

500 mM). The resulting mixtures were filtered over glass wool to remove any 

precipitated solids. The 19F NMR spectrum of each sample was collected periodically. 

Decomposition of the aryltrifluoroborate species was monitored by integration of the 

decreasing aryltrifluoroborate signal in conjunction with the increasing signal 
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corresponding to free F- using VNMRJ Version 2.2 NMR processing software. The rate 

constants, kobs, were calculated using a method reported in the literature.213 The data used 

for these calculations are given in Table 8, Table 9, and Table 10. 

 
 
Table 9. Kinetic data for the hydrolysis of 53-BF3. 

    kobs =3.40E-06 

   exp. ratio calc. ratio 

Time (min) [F-] [BF3] [BF3]/([BF3]+[F]) [BF3]/([BF3]+[F]) 

0 0 100 1 1 

1100 0.25 100 0.997506234 0.996266985 

2560 0.81 100 0.991965083 0.99133377 

4170 1.21 100 0.98804466 0.985922035 

5520 2.67 100 0.973994351 0.981407022 

9975 4.46 100 0.957304231 0.966653667 

14250 5.3 100 0.949667616 0.952704973 

19920 7.24 100 0.932487878 0.934514627 

24300 7.97 100 0.926183199 0.920700947 

40110 13.77 100 0.878966336 0.87251625 

50000    0.843664817 

 
 

Table 10. Kinetic data for the hydrolysis of K[PhBF3]. 

    kobs =0.0245 

   exp. ratio calc. ratio 

Time (min) [F-] [BF3] [BF3]/([BF3]+[F]) [BF3]/([BF3]+[F]) 

0 0 100 1.000 1.000 

15 44 100 0.694 0.692 

30 105 100 0.488 0.480 

45 197 100 0.337 0.332 

60 335 100 0.230 0.230 

75 531 100 0.158 0.159 

90 841 100 0.106 0.110 
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CHAPTER IV 

 SYNTHESIS, STRUCTURE, AND ANION BINDING STUDIES OF 

BIFUNCTIONAL BORON/ANTIMONY LEWIS ACIDS* 

 

4.1 Introduction 

Following the seminal contribution of Biallas and Shriver, who first showed that 

bifunctional Lewis acids could be used for anion chelation,224 the chemistry of boron-

based bidentate Lewis acids has been growing at a steady rate,25,87,89,114,225 leading to 

numerous applications in anion sensing78,167 and organic/organometallic chemistry.226-228  

A key aspect of this chemistry lies in the stability of the chelate complex formed 

between the bidentate host and the anionic guest.94,99,115,119,121,122,187,229,230   Through a 

series of recent studies, it has been shown that anion binding at boron can be assisted by 

an adjacent onium ion via Coulombic effects.101,103,124-126,128,228,231  An in-depth analysis 

of some of the complexes isolated suggested that these favorable Coulombic effects can 

also be complemented by donor-acceptor interactions involving non-bonding lone pairs 

of the anion and vacant orbitals at the central atom of the onium group.  This situation is 

illustrated by the structure of 25–F which features a B-F→P bond of 2.66 Å, estimated to 

contribute 5 kcal/mol to the stability of complex (Figure 70).125   

--------------------------- 
* Reprinted in part with permission from: "Fluoride anion chelation by a bidentate stibonium-borane 
Lewis acid"; Wade, C. R.; Gabbaï F. P. Organometallics 2011, in press, DOI: 10.1021/om200499y. 
Copyright 2010 American Chemical Society. and "Synthesis and structure of peri-substituted 
boron/pnictogen napththalene derivatives"; Wade, C. R.; Saber, M. R.; Gabbaï F. P. Heteroatom Chem. 
2011, 22, 500-505. Copyright 2010 by John Wiley & Sons, Inc. 
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Additional support for the benefits of cooperative binding with onium ions comes 

from an investigation of the fluoride affinities of the sulfonium and telluronium 

derivatives [28]+ and [29]+. The telluronium derivative [29]+ was found to have a 

significantly higher fluoride affinity than the sulfonium borane [28]+, which was 

attributed to the formation of a stronger B-F→Ch interaction (Figure 70).128  These 

results, which can be rationalized by invoking the greater size, electropositivity, and 

polarizability of the chalcogen in [29]+, are also in agreement with the stability of 

halogen-bonded complexes, which increases with the size of the halogen.232  This theory 

suggests that the Lewis acidity of other heavy main group onium ions may be exploited 

for the development of potent heteronuclear bidentate anion receptors.  This chapter 

describes our efforts to expand this approach through the synthesis and investigation of 

the anion binding properties of antimony analogs of [25]+ and [28]+/[29]+. 

 

 

Figure 70. Reaction of [25]+ and [28]+/[29]+ with F- to form the B-F-P and B-F-Ch 
bridges species. 
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4.2 Synthesis, structure, and anion binding studies of a bifunctional boron/antimony 

Lewis acid with an ortho-phenylene backbone 

The reaction of o-(Ph2Sb)BrC6H4
233 with 2 eq. of t-BuLi in Et2O followed by Mes2BF 

afforded o-(Ph2Sb)(Mes2B)C6H4.  Subsequent treatment of this derivative with MeOTf 

in Et2O generated the triflate salt of [54]+ in moderate yield as a moisture sensitive white 

powder (Figure 71). Salt [54]OTf is soluble in polar organic solvents such as CHCl3, 

CH2Cl2, THF, and methanol, but not in Et2O or hydrocarbon solvents such as hexanes.  

The 1H NMR spectrum  of  [54]OTf  recorded  in CDCl3 displays a signal at 1.91 ppm 

assigned to the antimony-bound methyl group. The spectrum also shows a series of 

broad resonances corresponding to the mesityl aromatic CH and ortho-CH3 groups, 

which suggests steric crowding and hindered rotation of the boron substituents in 

solution. A broad signal at +80.2 ppm in the 11B NMR spectrum of [54]OTf indicates the 

presence of a tricoordinate "base-free" boron atom".125   This is supported by the UV-Vis 

absorption spectrum of [54]OTf in CHCl3, which displays a broad absorption band 

centered at 334 nm, characteristic of aryldimesitylborane chromophores. The intensity of 

absorption band decreased significantly over the course of several minutes, an effect 

attributed to the reaction of [54]OTf with adventitious water.  

 

 

Figure 71. Synthesis of stibonium/borane [54]OTf. 
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Figure 72. Competition reaction between [54]+ and 25-F. 

 

Because of the moisture sensitive nature of  [54]+, a fluoride binding constant could 

not be determined by UV-Vis titration. We therefore decided to compare the relative 

fluoride affinity of [54]+ to that of its phosphonium analog [25]+. To this end, we studied 

the reaction of [54]+ with an equimolar amount of 25-F in CDCl3 and observed the 

quantitative formation of 54–F and [25]+ using multinuclear NMR spectroscopy (Figure 

72).  The identity of 54–F was independently confirmed by the reaction of [54]OTf with 

one equivalent of [S(NMe2)3][Me3SiF2] (TASF) in CDCl3.  The 11B NMR spectrum of 

54–F displays a single sharp signal at 7.51 ppm, indicative of a tetrahedral boron 

center.125  Similarly, the 19F NMR spectrum shows a single resonance at –161.4 ppm, in 

the expected range for a triarylfluoroborate species.  The 1H NMR resonance of the 

antimony-bound methyl group is shifted upfield to 1.34 ppm and appears as a doublet 

(JH-F = 2.38 Hz) because of coupling to the fluorine nucleus.  The superior fluoride 
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affinity of [54]+ was confirmed by the observation that 54–F remained intact when 

treated with one equivalent of [25]+ in CDCl3. 

To obtain structural insight into the enhanced fluoride affinity of [54]+, the X-ray 

crystal structure of 54-F was determined (Figure 73). Examination of this structure 

indicates the formation of an unprecedented B–F–Sb chelate motif, demonstrating that 

[54]+ can be regarded as a bidentate Lewis acid. In agreement with the formation of this 

chelate complex and the bridging location of the fluoride anion,128 we note that the B(1)–

F(1) bond (1.521(4) Å) is elongated when compared to terminal B‒F bonds found in 

compounds such as p-(Ph2MeP)C6H4(BFMes2) (12-F, B-F: 1.476(4) Å).  It is also longer 

than the B-F bond observed in the structure of its phosphorus congener 25-F (1.482(3) 

Å),107 suggesting that the antimony atom in 54-F exerts a stronger pull than the 

phosphorus atom in 25-F.125  Accordingly, the Sb–F distance in 54-F (2.450(2) Å) is 

shorter than the P–F distance in 25-F (2.666(2) Å), despite the larger size of the 

antimony atom.  Owing to the bridging location of the fluorine atom, the Sb–F distance 

in 54-F is elongated when compared to that in Ph3MeSbF (2.069(3) Å)234 but is 

comparable to that observed in the Sb-F-Sb bridges of polymeric Me4SbF (2.369(14) and 

2.382(12) Å).235  As a result of the B-F-Sb bridge, the antimony center adopts a distorted 

trigonal bipyramidal geometry defined by C(14)-Sb(1)-F(1) = 173.8(1)˚ and Σ(Ceq-Sb-

Ceq) = 348.1˚. Additionally, the Sb-C(14) bond (2.135(4) Å), trans to the fluoride anion, 

is only marginally longer than the equatorial Sb-C bonds (Sb(1)-C(1) = 2.093(4) Å and 

Sb(1)-C(8) =  2.092(4) Å). 
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Figure 73. Crystal structure of 54-F. Displacement ellipsoids are scaled to the 50% 
probability level. Hydrogen atoms have been omitted for clarity and phenyl and mesityl 
groups are depicted in wireframe. Selected bond lengths (Å)  and angles (˚): Sb(1)-F(1)  
2.450(2); F(1)-B(1)  1.521(4); Sb(1)-C(1)  2.093(4); Sb(1)-C(7)  2.107(4); Sb(1)-C(8)  
2.092(4); Sb(1)-C(14)  2.135(4); C(8)-Sb(1)-C(1) 115.85(14); C(8)-Sb(1)-C(7) 
111.77(16); C(1)-Sb(1)-C(7) 120.50(15); C(14)-Sb(1)-F(1) 173.84(11); C(2)-B(1)-C(20) 
118.0(3); C(2)-B(1)-C(29) 108.6(3); C(20)-B(1)-C(29) 116.7(3). 

 

The geometry of 54–F has been optimized using density functional theory (DFT) 

methods (B3LYP functional with the mixed basis set: aug-cc-pvTz-pp for Sb, 6-31+g(d') 

for B, and F, 6-31g for C, H). The resulting geometry closely matches that determined 

experimentally and corresponds to a true minimum as indicated by the absence of 

imaginary frequencies.  Atoms in Molecules (AIM) calculations carried out at the 

optimized geometry located a bond path connecting the antimony and fluorine atom of 

54–F.  Although bonding orbitals tend to become more diffuse as the size of the atom 

increases, the value of the electron density at the Sb–F bond critical point (BCP) (ρ(r) = 

4.26 × 10-2 e bohr-3) is significantly larger than that determined for the P–F bond of 25-F 
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(ρ(r) = 2.05 × 10-2 e bohr-3).125  The greater BCP electron density observed in 54–F 

suggests that the Pn–F bond (Pn = P or Sb) in 54–F is greater than in 25-F.  The Sb–F 

bond in 54–F has also been investigated using a Natural Bond Orbital (NBO) analysis.  

This analysis reveals the presence of a lp(F) → σ*(Sb-C) donor–acceptor interaction which, 

as indicated by deletion calculations, contributes Edel = 15.2 kcal mol-1 to the stability of 

54–F (Figure 74).  This value greatly exceeds that measured in for the P–F bond of 25-F 

(Edel = 5.0 kcal mol-1), again corroborating the higher Lewis acidity of the antimony 

derivative.  Finally, we calculated the enthalpy change for the reaction presented in 

Figure 72 by carrying out single point calculations on [54]+, [25]+, 54–F and 25-F 

(functional: B3LYP, basis sets: aug-cc-pvTz-pp for Sb/6-311+g(2d,p) for all other 

atoms).  These calculations indicate that the reaction is exothermic (∆H = −4.9 

kcal/mol), thus corroborating the experimental observations as well as the results of the 

NBO analysis. 

 

 

Figure 74. Plot of the NBO lp(F) → σ*(Sb-C) donor-acceptor interaction calculated for 54-
F. 
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Given that cationic triarylboranes such as [25]+ and [26]+, with onium ions adjacent to 

the borane, have also been successfully used as receptors for cyanide or azide, we sought 

to investigate the reactivity of [54]+ with these anions.  Addition of 1 equiv. of TBACN 

or TBAN3 to solutions of [54]OTf in dry CDCl3 resulted in quantitative conversion to 

the adducts 54-CN and 54-N3, as confirmed by multinuclear NMR spectroscopy. The 

aliphatic region of the 1H NMR of 54-CN taken at room temperature displayed 3 distinct 

resonances in a 3:3:6 ratio, corresponding to the mesityl ortho-CH3 groups. A similar 

pattern is observed for the mesityl aromatic C-H signals, which appear in the 6.6-6.8 

ppm range as broad signals in a 1:1:2 ratio. This result indicates inequivalency of the 

boron mesityl substituents with free rotation of one and hindered rotation of the other on 

the NMR timescale. The signal corresponding to the antimony-bound methyl group 

appears as a singlet at 1.56 ppm. The 11B NMR spectrum of 54-CN displays a single 

peak at -11.7 ppm, in the expected region for a triarylcyanoborate. The IR spectrum of 

the 54-CN, obtained as a colorless microcrystalline solid by precipitation and washing 

with anhydrous MeOH, shows a CN stretching band at 2160 cm-1, in the same region as 

that reported for similar triarylcyanoborates.104,126 The 1H NMR of 54-N3 more closely 

resembles that of 54-F, exhibiting single resonances for the mesityl ortho-CH3 and CH 

groups and a singlet at 1.32 ppm corresponding to the antimony-bound methyl group. 

The 11B NMR of 54-N3 displays a single peak at +0.99 ppm. 
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Figure 75. Crystal structure of 54-CN. Displacement ellipsoids are scaled to the 50% 
probability level. Hydrogen atoms have been omitted for clarity, and phenyl and mesityl 
groups are depicted in wireframe. Selected bond lengths (Å)  and angles (˚): Sb(1)-C(38)  
2.943(7); Sb(1)-N(1)  3.093(5); Sb(1)-C(1)  2.113(5); Sb(1)-C(7)  2.103(5); Sb(1)-C(8)  
2.088(5); Sb(1)-C(14)  2.119(5); C(38)-B(1)  1.601(8); N(1)-C(38)-B(1) 173.5(7); C(8)-
Sb(1)-C(7) 111.19(19); C(8)-Sb(1)-C(1) 110.11(19); C(7)-Sb(1)-C(1) 125.70(19); C(8)-
Sb(1)-C(14) 102.32(18); C(7)-Sb(1)-C(14) 101.77(19); C(1)-Sb(1)-C(14) 102.21(18); 
C(2)-B(1)-C(20) 108.9(4); C(2)-B(1)-C(29) 116.4(4); C(20)-B(1)-C(29) 117.4(4). 

 

The X-ray crystal structures of 54-CN and 54-N3 have been determined.  Examination 

of the structure of 54-CN suggests that the boron-bound cyanide anion may form a weak 

B-CN-Sb bridging interaction. This is indicated by the C(38)-Sb(1) and N(1)-Sb(1) 

distances of 2.943(7) Å and 3.093(5) Å, respectively, which are longer than the sum of 

the covalent radii (Sb-C 2.08 Å, Sb-N 2.10 Å),236 but shorter than the sum of the van der 

Waals radii (Sb-C 3.9 Å, Sb-N 3.8 Å)222 (Figure 75).  Additionally, the B(1)-C(38) bond 

distance (1.601(8) Å) is slightly shorter than that measured for p-

(Me3N)C6H4(B(CN)Mes2) (p-7-CN, B-CCN = 1.618(8) Å)104 or o-

(Me2S)(Mes2(CN)B)C6H4 (26-CN, B-CCN = 1.636(5) Å).126   
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Figure 76. Crystal structure of 54-N3. Displacement ellipsoids are scaled to the 50% 
probability level. Hydrogen atoms have been omitted for clarity and phenyl and mesityl 
groups are depicted in wireframe. Selected bond lengths (Å)  and angles (˚): Sb(1)-C(7)  
2.096(5); Sb(1)-C(8)  2.100(4); Sb(1)-C(1)  2.110(4); Sb(1)-C(14)  2.121(4); Sb(1)-N(1)  
2.477(4); N(1)-N(2)  1.216(5); N(1)-B(1)  1.623(6); N(2)-N(3)  1.150(5); C(7)-Sb(1)-
C(8) 112.01(18); C(7)-Sb(1)-C(1) 120.31(18); C(8)-Sb(1)-C(1) 118.48(16); C(14)-
Sb(1)-N(1) 174.10(15); N(2)-N(1)-B(1) 127.6(4); N(2)-N(1)-Sb(1) 122.9(3); C(2)-B(1)-
C(20) 116.3(3); C(2)-B(1)-C(29) 109.6(4); C(20)-B(1)-C(29) 116.6(4). 

 

On the other hand, the structure of 54-N3 clearly shows that the terminal azide N atom 

is engaged in a B-N-Sb bridging interaction (Figure 76). The B(1)-N(1) bond distance 

(1.623(6) Å) in 54-N3 is very similar to that measured for the phosphonium analog 25-N3 

(1.623(4) Å).  However, the Sb(1)-N(1) distance (2.477(4) Å) is significantly shorter 

than the corresponding P-N bond distance (2.790(2) Å)124 and only marginally longer 

than the Sb-N distance in Ph4Sb(N3) (2.373(3) Å).237  Similar to 54-F, the antimony 

center in 54-N3 adopts a distorted trigonal bipyramidal geometry defined by C(14)-

Sb(1)-F(1) = 174.10(15)˚ and Σ(Ceq–Sb–Ceq) = 350.8˚. 

The geometries of 54-CN and 54-N3 were optimized using density functional theory 

(DFT) methods (B3LYP functional with the mixed basis set: aug-cc-pvTz-pp for Sb, 6-
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31+g(d') for B, N, and F, 6-31g for C, H). The resulting geometries closely matched 

those determined experimentally, and no imaginary frequencies were calculated at the 

optimized structures. To probe the role of the stibonium group in assisting cyanide and 

azide anion binding, Atoms in Molecules (AIM) analysis and Natural Bond Order 

(NBO) calculations were performed at the optimized geometries. For 54-CN, the AIM 

calculation located a bond path between Sb and the N atom of the boron-bound cyanide 

anion with an electron density of ρ(r) = 1.95 × 10-2 e bohr-3 at the BCP.  In the case of 

54-N3, the AIM calculation identified the bond path between Sb and the bridging azide 

N atom with ρ(r) = 4.31 × 10-2 e bohr-3 at the BCP. Although the electron density at the 

BCP of the Sb-N bond in 54-N3 is comparable to that calculated for the Sb-F bond in 54-

F (4.26 × 10-2 e bohr-3), these values are a factor of two greater than that calculated at the 

BCP between Sb and N in 54-CN. This observation is in line with the long Sb-CCN and 

Sb-NCN distances observed in the solid state structure of 54-CN, as well as with the 

absence of a nonbonding lone pair on the cyanide anion. The presence of a weak π(CN) → 

σ*(S-C) interaction in 26-F has been proposed to contribute to the high cyanide affinity of 

the o-sulfonium borane [26]+, suggesting that the Sb-NCN bond path calculated for 54-

CN may be due to a similar π(CN) → σ*(Sb-C) interaction.126    
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Figure 77. Plots of the NBO donor-acceptor interactions calculated for 54-CN (left) and 
54-N3 (right). Density isovalues are set to 0.03, and hydrogen atoms have been omitted 
for clarity. 

 

An NBO analysis performed on 54-CN confirms the presence of a weak π(CN) → σ*(Sb-

C)  interaction whose deletion affords an increase in the energy of the molecule by 3.54 

kcal mol-1 (Figure 77). In 54-N3, NBO analysis located a lp(N) → σ*(Sb-C) donor-acceptor 

interaction whose deletion resulted in an increase in the total energy of the molecule by 

15.15 kcal mol-1. This value is very close to that calculated from deletion of the lp(F) → 

σ*(Sb-C) (Edel = 15.18 kcal mol-1) interaction in 54-F and significantly greater than the 

lp(N) → σ*(P-C) (Edel = 5.8 kcal mol-1) donor-acceptor interaction in the phosphonium 

analog 25-N3.
124 Altogether, these results support the notion of an increased Lewis 

acidity of bifunctional onium/boron anion receptors upon moving to heavier main group 

onium ions, and this effect can be attributed to a greater energetic/spatial accessibility of 

the accepting σ*(E-C) orbital.   
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4.3 Synthesis and structure of a bifunctional boron/antimony Lewis acid with a peri-

napthalene backbone 

Next, we decided to investigate the synthesis a stibonium analog of [29]+. The 

synthesis of the bismuth/boron compound 56 had been previously carried out by 

Mohammed Saber via the reaction of tetrakis(thf)lithium dimesityl-1,8-

naphthalenediylborate with Ph2BiCl (Figure 78). Consequently, the antimony/boron 

derivative 55 was synthesized using a similar protocol. The 1H NMR spectra of both 

compounds displayed six distinct signals corresponding to the methyl groups of the 

boron mesityl substituents. The unsymmetrical nature of the mesityl groups suggests 

significant steric crowding between the dimesityl boryl and diphenyl pnictogen groups 

brought into close proximity by the 1,8-naphthalenediyl backbone.  However, broad 

signals appearing at 66 and 68 ppm in the 11B NMR spectra of 55 and 56, respectively, 

are typical for triarylboranes and suggest that the boron centers remain largely trigonal 

planar, without significant electron-pair donation from the stibine and bismuthane 

groups. 

 

 

Figure 78. Synthesis of compounds 55 and 56. 
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In an effort to obtain the stibonium analog of [29]+, we reacted 55 with MeOTf under 

various conditions. However, these attempts at methylation were unsuccessful and only 

resulted in decomposition of the compound. Based on the 1H NMR data for 55 and 56, 

we surmised that steric crowding due to the close proximity of the bulky dimesitylboryl 

and diphenylstibine groups prevented the formation of a stable methylated derivative of 

55. However, this did not preclude the possibility that a Sb→B donor-acceptor 

interaction, enforced by the 1,8-naphthalenediyl backbone, could also play a role in 

passivating the Sb lone pair. To establish the presence of any unusual E→B (E = Sb, Bi) 

interactions, the X-ray crystal structures of 55 and 56 were determined (Figure 79 and 

Figure 80).  

 

 

Figure 79. Crystal structure of 55. Ellipsoids are scaled to the 50% probability level. 
Phenyl and mesityl groups have been depicted in wireframe, and hydrogen atoms have 
been omitted for clarity. Selected bond lengths (Å)  and angles (˚): Sb(1)-C(17) 2.143(4), 
Sb(1)-C(1) 2.157(6), Sb(1)-C(11) 2.241(3), C(9)-C(1)-Sb(1) 122.5(4), C(9)-C(8)-B(1) 
130.2(5), C(32)-B(1)-C(23) 121.3(5), C(32)-B(1)-C(8) 114.9(5), C(23)-B(1)-C(8) 
122.5(5). 
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Figure 80. Crystal structure of 56. Ellipsoids are scaled to the 50% probability level. 
Phenyl and mesityl groups have been depicted in wireframe, and hydrogen atoms have 
been omitted for clarity. Selected bond lengths (Å)  and angles (˚): Bi(1)-C(17) 2.266(6), 
Bi(1)-C(1) 2.268(6), Bi(1)-C(11) 2.298(5), C(9)-C(1)-Bi(1) 123.9(4), C(9)-C(8)-B(1) 
130.6(5), C(8)-B(1)-C(32) 115.1(5), C(8)-B(1)-C(23) 122.3(5), C(32)-B(1)-C(23) 
121.8(5). 

 

Both structures exhibited similar crystal packing, with both compounds crystallizing in 

the space group P-1 with two molecules of 55 and 56 and one molecule of solvent per 

unit cell. The E→B (E = Sb, Bi) distances of 3.216 Å for 55 and 3.330 Å for 56 are 

longer than the sum of the covalent radii (Sb-B 2.23 Å, Bi-B 2.32 Å)236 but shorter than 

the sum of the van der Waals radii (Sb-B 4.0 Å, Bi-B 4.1 Å)222 of the two elements. 

Despite the short E→B distances, the geometry around the boron centers remains 

trigonal planar, as indicated by the sum of the C-B-C (C = C8, C23, C32) angles of 

358.7˚ for 55 and 359.2˚ for 56. Evidence for steric crowding between the diphenyl 

pnictogen and dimesityl boryl substituents in these structures can be seen from the 

deviation of the E-C1-C9 (E = Sb1, Bi1; 122.5(4)˚ for 55, 123.9(4)˚ for 56), B1-C8-C9 

(130.2(5)˚ for 55, 130.6(5)˚ for 56), and C1-C9-C8 (124.0(5)˚ for 55, 124.6(5)˚ for 56) 

angles from the ideal 120˚.  As a last remark on the structure of these compounds, we 
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note that the E1-C1 bonds of 55 (2.157(6) Å) and 56 (2.268(6) Å) are significantly 

longer that the C8-B1 bond lengths (1.589(8) Å in 55 and 1.575(9) Å in 56).  In turn, the 

positioning of the group 15 elements above the naphthalenediyl platform may preclude 

strong interaction with the boron atom. 

 

 

Figure 81. Frontier molecular orbitals of 55. 

 

 

Figure 82. Frontier molecular orbitals of 56. 

 

In order to fully understand the nature of the E→B interactions present in these 

compounds, DFT calculations, including full geometry optimization and Natural Bond 

Order (NBO) analysis, were carried out. All calculations were performed using the 

Gaussian03 program with B3LYP functional and the mixed basis set: 6-31g for C and H,  
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6-31+g(d′) basis set for B, and Stuttgart RSC 1997 ECP for Sb and Bi. The results of the 

geometry optimizations, starting from the crystal structure geometries, were in good 

agreement with those observed experimentally. The Sb-B and Bi-B distances of 3.410 Å 

and 3.448 Å, respectively, measured in the optimized structures of 55 and 56 are slightly 

longer than the distances observed in the crystal structures. Inspection of the frontier 

molecular orbitals of 55 and 56 shows that, in both cases, the lowest unoccupied 

molecular orbital (LUMO) bears a significant contribution from the empty B p-orbitals 

(Figure 81 and Figure 82). The HOMO and HOMO-1 of 55 both contain contributions 

from the predominantly 5s lone pair of the Sb atom. However, for 56, the Bi 6s lone pair 

contribution is found solely in the HOMO-1, whereas the density in the HOMO is 

localized on the naphthalene π-system. The presence of weak E→B interactions was 

confirmed by NBO analysis performed at the optimized geometry. This analysis 

identifies donor-acceptor interactions involving the pnictogen lone-pairs as donors and 

the empty boron p-orbital as the acceptor in both molecules (Figure 83). Deletion 

calculations carried out by zeroing the Kohn-Sham matrix elements corresponding to the 

lp(E)→p(B) interactions using the NBO program led to an increase in the total energy of 

the molecules by 8.65 kcal/mol for 55 and 6.32 kcal/mol for 56. For comparison, we 

attempted a DFT optimization of intermolecular, Lewis acid-base adduct model 

complexes of the form Ph3E→BPh3 (E = Sb, Bi), which resulted in divergence of the E-

B distances to well outside the sum of the van der Waals radii of the elements. These 

results indicate that the E→B interactions present in 55 and 56 are enforced by the 

bridging 1,8-naphthalenediyl linker and should be regarded as weak, second order, 
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donor-acceptor interactions. Indeed, the only crystallographically characterized Lewis 

acid-base adducts involving stibanes/bismuthanes and boranes are of the formula 

(Me3Si)3Sb→BX3 (X = Cl, Br, I) and contain Sb-B bond lengths in the range 2.257-

2.268 Å,238 which is considerably shorter than that found in 55. 

 

 

Figure 83. Plots of the NBO donor-acceptor interactions calculated for 55 (left) and 56 

(right). Density isovalues are set to 0.03, and hydrogen atoms have been omitted for 
clarity. 

 

4.4 Conclusions 

The results presented in this chapter demonstrate that a vast enhancement in the anion 

affinity of cationic bidentate boranes is achieved by the introduction of a 

tetraorganostibonium moiety as a secondary binding site. The Lewis acidity of the 

stibonium center allows it to engage fluoride and azide in strong donor-acceptor 

interactions, making [54]+ a potent bidentate Lewis acid for chelation of these anions. 

Although [54]+ effectively binds cyanide anions via complexation to the boron atom, 

chelation effects are minimal and limited to a weak π(CN) → σ*(Sb-C) interaction. Attempts 
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to prepare an stibonium analog of [28]+/[29]+ were unsuccessful, most likely due to 

steric crowding brought about by the narrow bite angle of the 1,8-napthalenediyl 

backbone. However,  the neutral stibine analog 55, as well as the bismuthine derivative 

56, were synthesized, and this same structural feature was shown to give rise to the 

formation of weak E→B (E = Sb, Bi) interactions.  

4.5 Experimental 

General Considerations.  o-(Ph2Sb)BrC6H4 was prepared according to procedures 

reported in the literature.233 Dimesitylboronfluoride (Mes2BF), tetrabutylammonium 

cyanide (TBACN), and tetrabutylammonium azide were purchased from Aldrich and 

used as received. n-Bu4NF·3H2O (TBAF) and 1,2-dibromobenzene were purchased from 

Alfa Aesar and used as received. Tetrakis(thf)lithium dimesityl-1,8-

naphthalenediylborate 117 ,  diphenylchlorostibine 239 , and diphenylchlorobismuthane 240 

were prepared according to the literature. Solvents were dried by passing through an 

alumina column (n-hexane, CH2Cl2) or refluxing under N2 over Na/K (Et2O and THF). 

CHCl3 and CDCl3 were dried by refluxing and distilling over P2O5 under an atmosphere 

of N2. Methanol was distilled from NaOMe and stored over Linde type 4A molecular 

sieves. All other solvents were ACS reagent grade and used as received. Air-sensitive 

compounds were handled under a N2 atmosphere using standard Schlenk and glovebox 

techniques. UV-vis spectra were recorded on an Ocean Optics USB4000 spectrometer 

with an Ocean Optics ISS light source. Elemental analyses were performed at Atlantic 

Microlab (Norcross, GA). NMR spectra were recorded on a Varian Unity Inova 400 FT 

NMR (399.59 MHz for 1H, 375.99 MHz for 19F, 128.19 MHz for 11B, 100.45 MHz for 
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13C) spectrometer at ambient temperature unless otherwise stated. Chemical shifts δ are 

given in ppm and are referenced against external Me4Si (1H, 13C) and BF3·Et2O (11B, 

19F).  

Crystallography. Single crystals of 54-F, 54-CN, and 54-N3 were obtained by 

addition of 1 equiv. of TBAF, TBACN, or TBAN3, respectively, to solutions of [54]OTf 

in CHCl3 and subsequent layering with methanol. The details of the data collection and 

structure refinement for 54-F, 54-CN, and 54-N3 are included in Table 11. Single 

crystals of 55 were obtained by slow evaporation of a solution of the compound in 4:1 

CH2Cl2/MeOH. Single crystals of 56 were obtained by cooling a solution of the 

compound in 2:1 benzene/pentane. The details of the data collection and structure 

refinement for 55 and 56 are included in Table 12. 

The crystallographic measurements were performed using a Bruker-AXS APEX-II 

CCD area detector diffractometer, with a graphite-monochromated Mo-Kα radiation (λ = 

0.71069 Å). A specimen of suitable size and quality was selected and mounted onto a 

nylon loop. The semiempirical method SADABS207 was applied for absorption 

correction. The structures were solved by direct methods using SHELXTL/PC package 

(version 6.1)208 which successfully located most of the non-hydrogen atoms. Subsequent 

refinement on F2 allowed location of the remaining non-hydrogen atoms. All H atoms 

were geometrically placed and refined in a riding model approximation.  During the 

structure refinement of compounds 55 and 56, we found disorder in one of the phenyl 

groups. To correct this disorder, we restrained the structure parameters of these rings to 

the ideal geometries (C-C bond length 1.390(1)Å and C-C-C bond angles 120.0(1)º). 
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Table 11. Crystal data, data collections, and structure refinements for 54-F, 54-CN, and 
54-N3. 

Crystal data 54-F 54-CN 54-N3 

Formula C37H39BFSb·0.5CH2Cl2 C38H39BNSb C37H39BN3Sb 

Mr 677.71 642.26 658.27 

Crystal size/mm 0.20 x 0.10 x 0.05 0.14 x 0.10 x 0.07 0.20 x 0.10 x 0.05  

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P2(1)/c P2(1)/c P2(1)/c 

a/Å 9.0227(2) 16.247(7) 17.154(8) 

b/Å 16.3360(4) 9.307(4) 11.271(5) 

c/Å 22.9463(5) 25.233(8) 19.904(7) 

α /◦ 90 90 90 

β/◦ 101.6910(10) 124.732(19) 124.47(3) 

γ /◦ 90 90 90 

V/Å3 3312.00(13) 3136(2) 3173(2) 

Z 4 4 4 

ρcalc/g cm−3 1.359 1.360 1.378 

µ/mm−1 0.944 0.907 0.900 

F(000) 1388 1320 1352 

T/K 110(2) 110(2) 110(2) 
Scan mode ω, φ ω, φ ω, φ 
hkl Range -12 → +11 -20 → +20 -20 → +20 

 -21 → +21 -11 → +11 -13 → +13 

 -30 → +29 -31 → +31 -23 → +23 

Measd reflns 38889 31589 26214 

Unique reflns [Rint] 8141 [0.0432] 6160 [0.0754] 5566 [0.0517] 

Reflns used for refinement 8141 6160 5566 

Refined parameters 392 364 367 

GooF 1.015 1.023 1.029 

R1,a wR2b (all data) 0.0614, 0.1377 0.0676, 0.1514 0.0536, 0.1261 

ρfin (max., min.)/eÅ−3 2.106, -0.803 1.259, -1.094 1.950, -1.799 

    
 aR1 =Σ||Fo| − |Fc||/Σ|Fo|. 

b
 wR2 ([Σw(Fo

2 − Fc
2)2]/[Σ w(Fo

2)2])1/2; w = 1/[σ2(Fo
2) + (ap)2 + bp]; p = (Fo

2 + 
2Fc

2)/3 with a = 0.0743 for 54-F, 0.0951 for 54-CN, and 0.0773 for 54-N3; and b = 8.8571 for 54-F, 0 
for 54-CN, and 3.4228 for 54-N3.  
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Table 12. Crystal data, data collections, and structure refinements for 55 and 56. 

Crystal data 55  56 

Formula C40H38BSb·0.5CH3OH  C40H38BBi·0.5C6H6 

Mr 667.28  777.55 

Crystal size/mm 0.19 x 0.07 x 0.06  0.18 x 0.11 x 0.08 

Crystal system Triclinic  Triclinic 

Space group P-1  P-1 

a/Å 9.0107(6)  9.027(6) 

b/Å 12.5580(9)  12.452(8) 

c/Å 16.1242(10)  16.467(10) 

α /◦ 72.755(4)  73.787(10) 

β/◦ 76.087(4)  74.456(10) 

γ /◦ 78.953(4)  78.023(11) 

V/Å3 1677.10(19)  1694.6(19) 

Z 2  2 

ρcalc/g cm−3 1.321  1.524 

µ/mm−1 0.851  5.231 

F(000) 686  774 

T/K 110(2)  110(2) 
Scan mode ω, φ  ω, φ 
hkl Range -10 → +10  -9 → +11 

 -14 → +14  -15 → +15 

 -19 → +19  -20 → +20 

Measd reflns 24958  12660 

Unique reflns [Rint] 5876 [0.0405]  6567 [0.0435] 

Reflns used for refinement 5876  6567 

Refined parameters 386  413 

GooF 1.018  1.047 

R1,a wR2b (all data) 0.0761, 0.1793  0.0554, 0.1022 

ρfin (max., min.)/eÅ−3 2.008, -1.862  1.490, -1.704 
    

 aR1 =Σ||Fo| − |Fc||/Σ|Fo|. 
b
 wR2 ([Σw(Fo

2 − Fc
2)2]/[Σ w(Fo

2)2])1/2; w = 1/[σ2(Fo
2) + (ap)2 + bp]; p 

= (Fo
2 + 2Fc

2)/3 with a = 0.0985 for 55 and 0.0504 for 56; and b = 9.2927 for 55, and 0 for 56.  
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Theoretical Calculations. Density functional theory (DFT) calculations (full 

geometry optimization) were carried out on [54]+, 54-F, 54-CN, and 54-N3 starting from 

the crystal structure geometries with Gaussian09
241 and utilizing the gradient-corrected 

Becke exchange functional (B3LYP) and the Lee-Yang-Parr correlation functional.242,243 

A 6-31+g(d') basis set was used for B, N, and F244 and 6-31g basis set for C, H.245 An 

aug-cc-pvTz-pp basis set246 was used for Sb. A list of selected bond lengths from the X-

ray and DFT optimized structures of these complexes is included in Table 13.  The DFT 

calculations carried out on 55 and 56 were performed using the Gaussian03 program 

with the B3LYP functional and the mixed basis set: 6-31g for C and H,  6-31+g(d′) for 

B, and Stuttgart RSC 1997 ECP for Sb and Bi.247 Frequency calculations were also 

carried out on the optimized geometry and showed no imaginary frequencies. The 

electron density of the DFT optimized structures of 54-F, 54-CN, and 54-N3 were 

subjected to Atoms-In Molecules analysis248 using AIM2000.249 The Natural Bond 

Orbital (NBO) analysis of 54-F, 54-CN, 54-N3 , 55 and 56 was carried out using the 

NBO v3.1 program implemented in Gaussian.250  The relative enthalpies of [54]+, [25]+, 

54-F, and 25-F  were calculated using energies obtained from single point calculations 

carried out at the optimized geometries.  Energies were corrected to enthalpy by the 

"thermal correction to enthalpy" term obtained from the frequency calculations. Single 

point calculations were performed using the aug-cc-pvTz-pp basis set for Sb and a 6-

311+g(d,p) basis set251,252 for C, H, B, and F. 
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Table 13. Selected bond lengths in Å from the X-ray and DFT optimized structures of 
54-F, 54-CN, and 54-N3. 

54-F 

X-Ray DFT 

B(1)-F(1) 1.521(4) 1.587 

Sb(1)-F(1) 2.450(4) 2.402 

54-CN 

X-Ray DFT 

B(1)-C(38) 1.601(8) 1.617 

Sb(1)-C(38) 2.943(7) 3.093 

Sb(1)-N(1) 3.093(5) 2.938 

54-N3 

X-Ray DFT 

B(1)-N(1) 1.623(6) 1.686 

Sb(1)-N(1) 2.477(4) 2.522 
 
 

Synthesis of o-(Ph2Sb)(Mes2B)C6H4. tert-Butyllithium (2.7 mL, 4.6 mmol) in 

pentane was added to a solution of o-(Ph2Sb)BrC6H4 (1.0 g, 2.3 mmol) in Et2O (15 mL) 

at -78 ˚C. The reaction mixture was allowed to stir for 1.5 hrs at this temperature before 

adding a solution of Mes2BF (0.62 g, 2.3 mmol) in Et2O (10 mL). The reaction mixture 

was then slowly warmed to room temperature and stirred for an additional 4 hrs. After 

removing the solvent  in vacuo, the residue was extracted with CH2Cl2/hexanes (20 

mL/20 mL) and filtered over Celite. The filtrate was concentrated in vacuo, and the 

resulting residue was recrystallized from a Et2O/MeOH (10 mL/10 mL) solution at -40 

˚C overnight to yield colorless crystals of o-(Ph2Sb)(Mes2B)C6H4 (1.0 g, 68 % yield, 

purity >90% based on 1H NMR, see Figure 84). This compound was characterized by 
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multinuclear NMR and used without further purification. 1H NMR (399.9 MHz, CDCl3): 

δ 1.48 (brs, 3H, o-Mes-CH3), 2.03 (brs, 6H, p-Mes-CH3), 2.12 (brs, 3H, o-Mes-CH3), 

2.17 (brs, 3H, o-Mes-CH3), 2.29 (brs, 3H, o-Mes-CH3), 6.14 (brs, 1H, Mes-CH), 6.79 

(brs, 3H, Mes-CH), 7.18-7.30 (m, 10H SbPh + 2H o-C6H4), 7.36 (m, 1H, o-C6H4), 7.42 

(m, 1H, o-C6H4). 
13C NMR (100.5 MHz, CDCl3): δ 21.25 (p-Mes-CH3), 22.47 (o-Mes-

CH3), 23.08 (o-Mes-CH3), 23.83 (o-Mes-CH3), 24.28 (o-Mes-CH3), 128.11, 128.35, 

129.02, 130.50, 135.12, 135.97, 137.61, 138.63, 138.86, 140.21, 141.37, 141.66, 142.63, 

143.14, 145.96, 157.43. 11B NMR (128.2 MHz, CDCl3): δ +76.75. 

 

 

Figure 84. 1H NMR spectrum of o-(Ph2Sb)(BMes2)C6H4 in CDCl3.  The peaks 
appearing below 1.4 ppm are assigned to pentane solvent and grease impurites. 

 

Synthesis of [54]OTf. MeOTf (0.38 mL, 3.33 mmol) was added to a suspension of o-

(Ph2Sb)(Mes2B)C6H4 (1.0 g, 1.66 mmol) in Et2O (5 mL). The mixture was allowed to 

stir in a sealed flask at room temperature for 24 hrs, after which the solid was filtered 

and washed with Et2O (3 × 5 mL) to afford [54]OTf as a moisture sensitive white solid 

(0.70 g, 55%).  1H NMR (399.9 MHz, CDCl3): δ 1.34 (s, 3H, o-Mes-CH3), 1.70 (s, 6H, 
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p-Mes-CH3), 1.91 (s, 3H, Sb-CH3), 1.96 (brs, 3H, o-Mes-CH3), 2.24 (s, 6H, o-Mes-CH3), 

6.59 (s, 1H, Mes-CH), 6.71 (s, 1H, Mes-CH), 6.75 (s, 1H, Mes-CH), 6.78 (s, 1H, Mes-

CH), 7.35 (m, 2H, o-C6H4), 7.50-7.63 (m, 10H, SbPh + o-C6H4), 7.67 (m, 2H, o-C6H4). 

13C NMR (100.5 MHz, CDCl3): δ 2.34 (Sb-CH3), 21.16 (p-Mes-CH3), 21.33 (p-Mes-

CH3), 22.32 (o-Mes-CH3), 23.08 (o-Mes-CH3), 24.16 (o-Mes-CH3), 25.21 (o-Mes-CH3), 

124.99, 125.41, 128.62, 128.80, 129.47, 130.31, 130.54, 132.59, 132.72, 132.95, 133.10, 

134.50, 134.77, 138.61, 139.14, 139.62, 140.13, 140.88, 141.23, 141.34, 142.80, 143.90, 

144.62, 153.82. 11B NMR (128.2 MHz, CDCl3): δ +80.19. Anal. calcd for 

C38H39BO3F3SSb: C, 59.63; H, 5.14. Found: C, 59.99; H, 5.21. 

Generation of 54-F, 54-CN, 54-N3. Addition of 1 equiv. of TASF, TBACN, or 

TBAN3 to solutions of [54]OTf in CDCl3 resulted in quantitative conversion to the 

adducts 54-F, 54-CN, and 54-N3, respectively, as determined by multinuclear NMR 

experiments. The solid products could be precipitated as colorless, microcrystalline 

solids by addition of MeOH to these samples. Data for 54-F: 1H NMR (399.9 MHz, 

CDCl3): δ 1.34 (d, 3H, Sb-CH3, JH-F = 2.38 Hz), 1.76 (brs, 12H, p-Mes-CH3), 2.16 (s, 

6H, o-Mes-CH3), 6.56 (s, 4H, Mes-CH), 7.11 (t, 1H, o-C6H4, 
3
JH-H = 7.32 Hz), 7.17 (d, 

1H, o-C6H4, 
3
JH-H = 7.51 Hz), 7.27 (t, 1H, o-C6H4, 

3
JH-H = 7.32 Hz), 7.43-7.52 (m, 10H 

SbPh + 1H o-C6H4).  
13C NMR (100.5 MHz, CDCl3): δ 4.83 (d, Sb-CH3, JC-F = 16.02 

Hz), 20.80 (p-Mes-CH3), 24.49 (o-Mes-CH3), 125.70, 126.31 (d, JC-F = 12.21 Hz), 

128.63, 129.15, 129.32, 129.64, 131.26 (d, JC-F = 5.34 Hz), 133.32, 133.76, 134.09, 

136.79 (d, JC-F = 6.11 Hz), 140.71 (br), 149.76 (br), 169.56 (br). 19F NMR (375.97 MHz, 

CDCl3): δ -161.41. 11B NMR (128.2 MHz, CDCl3): δ +7.51. Anal. calcd for 
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C37H39BFSb: C, 69.95; H, 6.19. Found: C, 69.90; H, 6.09. Data for 54-CN: 1H NMR 

(399.9 MHz, CDCl3): δ 1.52 (brs, 3H, o-Mes-CH3), 1.56 (s, 3H, Sb-CH3), 1.72 (brs, 3H, 

o-Mes-CH3), 2.22 (brs, 6H, p-Mes-CH3), 2.27 (brs, 6H, o-Mes-CH3), 6.61 (brs, 1H, 

Mes-CH), 6.66 (brs, 1H, Mes-CH), 6.76 (brs, 1H, Mes-CH), 6.79 (brs, 1H, Mes-CH), 

7.09 (t, 1H, o-C6H4, 
3
JH-H = 7.32 Hz), 7.21 (m, 2H, o-C6H4), 7.36 (brm, 2H, SbPh), 7.40 

(d, 1H, o-C6H4, 
3
JH-H = 7.69 Hz), 7.44-7.53 (m, 8H, SbPh). 13C NMR (100.5 MHz, 

CDCl3): δ 9.57 (Sb-CH3), 20.79 (p-Mes-CH3), 24.57 (o-Mes-CH3), 24.76 (o-Mes-CH3), 

25.65(o-Mes-CH3), 25.98 (o-Mes-CH3), 125.63, 127.53, 129.01, 129.23, 129.45, 130.00, 

130.26, 130.55, 131.13, 131.68, 131.89, 133.11, 133.80, 134.34, 134.75, 139.07, 140.92, 

142.86, 143.54, 145.37, 150.25(br), 166.00 (br). 11B NMR (128.2 MHz, CDCl3): δ -

11.67. Anal. calcd for C38H39BNSb: C, 71.06; H, 6.12. Found: C, 70.54; H, 6.12.  Data 

for 54-N3: 
1H NMR (399.9 MHz, CDCl3): δ 1.32 (s, 3H, Sb-CH3), 1.83 (brs, 12H, p-

Mes-CH3), 2.20 (s, 6H, o-Mes-CH3), 6.67 (s, 4H, Mes-CH), 7.02 (dd, 1H, o-C6H4, 
3
JH-H 

= 7.69 Hz, 4
JH-H = 0.92 Hz), 7.08 (ddd, 1H, o-C6H4, 

3
JH-H = 7.69 Hz, 4

JH-H = 1.65 Hz), 

7.25 (ddd, 1H, o-C6H4, 
3
JH-H = 7.24 Hz, 4JH-H = 1.28 Hz), 7.32 (d, 4H, SbPh, 3JH-H = 6.80 

Hz), 7.43-7.53 (m, 1H o-C6H4 + 6H SbPh). 13C NMR (100.5 MHz, CDCl3): 6.28 (Sb-

CH3), 20.76 (p-Mes-CH3), 24.67 (o-Mes-CH3), 125.95, 128.53, 129.34, 129.75, 131.03, 

131.25, 133.82, 133.91, 134.16, 138.65, 142.42, 147.52, 167.96, (1 ipso-C not 

observed). 11B NMR (128.2 MHz, CDCl3): δ +0.99. Anal. calcd for C37H39BN3Sb: C, 

67.51; H, 5.97. Found: C, 67.30; H, 6.03. 

Synthesis of 55. A solution of diphenylchloroantimony (0.232 g, 0.745 mmol) in Et2O 

(5 mL) was added dropwise to a suspension of tetrakis(thf)lithium dimesityl-1,8-
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naphthalenediylborate (0.500 g, 0.745 mmol) in Et2O (5 mL) at -78 ˚C. The reaction 

mixture was allowed to warm to room temperature and stirred overnight. The solvent 

was removed in vacuo, and the residue was extracted with 20 mL of CH2Cl2 and filtered 

over Celite. The filtrate was concentrated to ca. 5 mL, and the product was precipitated 

by slow addition of MeOH (5 mL). The solid was filtered and washed with MeOH (3 × 5 

mL) to yield 343 mg (71 %) of the pure product as an off-white solid. Single crystals 

suitable for X-ray diffraction were obtained by slow evaporation of a solution of the 

compound in 4:1 CH2Cl2:MeOH. Anal. Calcd. for C40H38BSb: C, 73.76; H, 5.88. Found: 

C, 73.65 H, 5.72. 1H NMR (399.9 MHz, CDCl3): δ 0.81 (s, 3H, Mes-CH3), 1.74 (s, 3H, 

Mes- CH3), 1.90 (s, 3H, Mes-CH3), 2.20 (s, 3H, Mes-CH3), 2.34 (s, 3H, Mes-CH3), 2.61 

(s, 3H, Mes-CH3), 6.25 (s, 1H, Mes-CH), 6.36 (s, 1H, Mes-CH), 6.78 (s, 1H, Mes-CH), 

6.93 (s, 1H, Mes-CH), 6.95 (br, 2H, Ph-CH), 7.07-7.19 (m, 8H, Ph-CH), 7.35-7.40 (m, 

2H, Naph-CH), 7.51 (dd, 1H, Naph-CH, 3JH-H = 6.96 Hz, 4JH-H = 1.10 Hz), 7.59 (dd, 1H, 

Naph-CH, 3JH-H = 6.96 Hz, 4JH-H = 1.10 Hz), 7.87 (dd, 1H, Naph-CH, 3JH-H = 8.06 Hz, 

4JH-H = 1.28 Hz), 7.91 (dd, 1H, Naph-CH, 3JH-H = 8.06 Hz, 4JH-H = 1.28 Hz). 13C NMR 

(100.5 MHz, CDCl3): δ 21.02, 21.26, 22.80, 23.26, 25.51, 25.61 (6 Mes-CH3);  125.87, 

126.22, 127.76, 127.92, 128.03, 128.50, 128.90, 129.41, 130.18, 130.34, 133.00, 133.82, 

134.99, 135.15, 135.40, 138.86, (Naph/Phenyl/Mes-CH); 137.18, 138.37, 139.36, 

140.04, 140.63, 141.17, 141.52, 143.56, 144.49, 144.55, 145.16, 152.21 (Mes-C-CH3, 

ipso-/peri-C) . 11B NMR (128.2 MHz, CDCl3): δ 66 (br). 

Synthesis of  56. A solution of diphenylchlorobismuth (0.400 g, 1.00 mmol) in THF 

(20 ml) was added dropwise to a suspension of tetrakis(thf)lithium dimesityl-1,8-
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naphthalenediylborate (0.667 g, 1.00 mmol) in Et2O (10 mL) at -78 ˚C. The reaction 

mixture was allowed to warm to room temperature and stirred overnight. The solvent 

was removed in vacuo, and the residue was extracted with 20 mL of benzene and filtered 

over Celite. The yellow filtrate was concentrated to ca. 5 mL, and pentane (10 mL) was 

added. The solution was left at -40 ˚C for 2 days to produce small, yellow crystals of 

compound 56 (0.260 g, 33% yield). Single crystals suitable for X-ray diffraction were 

obtained by slow diffusion of pentane into a benzene solution of the compound. Anal. 

Calcd. for C40H38BBi: C, 65.05; H, 5.19, found: C, 65.18 ; H, 5.17. 1H NMR (399.9 

MHz, CDCl3): δ 0.91 (s, 3H, Mes-CH3), 1.83 (s, 3H, Mes-CH3), 2.02 (s, 3H, Mes-CH3), 

2.24 (s, 3H, Mes-CH3), 2.37 (s, 3H, Mes-CH3), 2.56 (s, 3H, Mes-CH3), 6.39 (s, 1H, Mes-

CH), 6.57 (s, 1H, Mes-CH), 6.84 (s, 1H, Mes-CH), 6.97 (s, 1H, Mes-CH), 7.21-7.44 (m, 

15H, Naph/Ph-CH), 7.56-7.59 (d, 1H, Naph-CH), 7.63-7.66 (d, 1H, Naph-CH), 7.89-

7.92 (d, 1H, Naph-CH), 7.98-8.0 (d, 1H, Naph-CH), 8.25-8.27 (d, 1H, Naph-CH). 13C 

NMR (100.5 MHz, CDCl3): δ 21.06, 21.28, 22.76, 22.99, 25.52, 25.87 (Mes-CH3); 

125.5, 127.1, 128.5, 128.8, 129, 129.5, 130.0, 130.1, 130.3, 130.8, 135.0, 135.9 (12C, 

Naph/Ph-CH), 127.9, 128.2, 140.0, 140.4 (8C, Ph o-/m-CH); 134.5, 138.0, 141.6, 141.7, 

142.1, 143.9 (C-CH3); 141.5, 144.2, 148.3, 149.5 (br, ipso-/peri-C). 11B NMR (128.2 

MHz, CDCl3): δ 68 (br). 
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CHAPTER V 

 SYNTHESIS AND FLUORIDE BINDING STUDIES OF STIBONIUM/ONIUM 

DICATIONS 

 

5.1 Introduction 

As part of our continuing interest in fluoride and cyanide complexation and sensing in 

water, we have been drawn to the latent Lewis acidity of main group onium ions. In 

particular, heteronuclear bidentate Lewis acids containing sulfonium, telluronium, or 

phosphonium ions proximal to a triarylborane have shown increased anion affinities 

versus monofunctional triarylborane Lewis acids.124-126,128 This behavior has been 

attributed to a combination of Coulombic and chelate effects. In the case of the latter, 

F→E (E = S, Te, or P) donor-acceptor interactions have been identified in the chelate 

complexes, confirming the ability of the onium groups to directly assist in anion binding. 

In addition, a recent study comparing the fluoride receptor strength of bidentate 

sulfonium- and telluronium-boranes points to significant benefits from incorporation of 

the heavier main group onium ion.128 

The previous chapter outlined our investigation of bidentate stibonium/borane Lewis 

acids and showed that the antimony atom of 54-F engages in a strong donor acceptor 

interaction with the bridging fluoride anion. Some early reports indicate that the 

tetraphenylstibonium cation may be used for the organic solvent/water biphasic 

extraction of fluoride ions.163-165  This reactivity relies on the formation of a Sb-F 

covalent bond or tightly bound ion pair, but it has not been fully exploited within the 
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context of anion sensing.  For this reason, we considered the potential for 

tetraorganostibonium ions to acts as competent fluoride sensors directly in water. This 

notion is supported by an inherent Coulombic attraction as well as by the formation of 

short Sb-F covalent bonds observed in the solid state structures of Ph4SbF and 

Ph3MeSbF.158,234  In addition, a comparison of these Sb-F bonds to the Sb-X (X = Cl-, 

Br-, and I-) bonds in Ph4SbX complexes suggests that the stibonium ion forms a stronger 

polar covalent bond with fluoride than with other anions.156,158   This chapter describes 

our initial efforts to develop tetraorganostibonium ions as water compatible fluoride 

sensors.  

5.2 Fluoride binding study with [Ph3MeSb]+ 

As a preliminary test for the viability of tetraorganostibonium cations as fluoride 

receptors, [Ph3MeSb]+ ([57]+) was prepared as the triflate salt by treatment of Ph3Sb with 

MeOTf in Et2O (Figure 85). The 1H NMR (CDCl3) of [57]+ displays a singlet at 2.54 

ppm, which corresponds to the SbCH3 group. Addition of 1 equiv. of TBAF to [57]+ in 

CDCl3 results in the formation of fluorostiborane 57-F and an upfield shift of the SbCH3 

resonance to 1.96 ppm. This change is accompanied by the appearance of a new signal at 

-77 ppm in the 19F NMR spectrum. To evaluate the fluoride affinity of [57]+, a UV-Vis 

titration was carried out. Upon incremental addition of KF (0.006 M, MeOH) to a 

solution of [57]OTf (1.4 × 10-4 M) in THF, a decrease in the absorption band at 264 nm, 

assigned to the aryl substituent π-π* transitions, was observed (Figure 86). These 

changes were fitted to a 1:1 binding isotherm to afford a fluoride binding constant (KF) 
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of 8.5(±2.0) × 104 M-1. Similar titrations carried out in MeOH or mixed aqueous/organic 

solvent systems resulted in no changes attributable to fluoride complexation by [57]+. 

 

 

Figure 85. Synthesis of [57]OTf and 57-F. 

 

 

Figure 86. Spectral changes in the UV-Vis absorption spectra of [57]OTf (1.4 × 10-4 M) 
in THF upon incremental addition of a KF solution (0.006 M, MeOH). The isotherms are 
plotted based on the absorbance at 264 nm, and the line indicates the fit to the calculated 
1:1 binding isotherm. 
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5.3 Synthesis and characterization of stibonium/onium dications 

The inability of [57]+ to bind fluoride in the presence of protic solvents suggested 

insufficient Lewis acidity at the antimony center. By analogy with the approach 

employed to enhance the fluoride affinity of triarylboranes, we decided to append a 

secondary onium group to the stibonium ion in order to boost the anion affinity via 

Coulombic/cooperative effects. Thus, we set out to prepare and investigate the 

onium/stibonium dications [58]2+, [59]2+, and [60]2+ bearing pendant ammonium and 

phosphonium substituents both peripheral and proximal to the stibonium binding site.  
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Figure 87. Synthesis of stibonium/onium dications [58]OTf2, [59]OTf2, and [60]OTf2. 

 

The stibines 58, 59, and 60 were prepared by treatment of the corresponding 

aryllithium reagents with Ph2SbCl according to Figure 87. Subsequent reaction of 58, 59, 

and 60 with MeOTf in CHCl3 or chlorobenzene at elevated temperatures afforded the 
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onium/stibonium dications [58]2+, [59]2+, and [60]2+, respectively, as the triflate salts. 

These salts are soluble in water and polar organic solvents such as MeOH, CHCl3, and 

acetone, but insoluble in less polar solvents such as toluene and Et2O. The 1H NMR 

spectra (CD3OD) of each of these complexes displayed all expected signals, including 

those assigned to the SbCH3 and N(CH3)3 or PCH3 groups. For 58(OTf)2, the SbCH3 and 

N(CH3)3 resonances both appear as singlets at 2.56 and 3.71 ppm, respectively. The 1H 

NMR spectrum of 59(OTf)2 displays a singlet at 2.58 ppm, assigned to the SbCH3 group, 

and a doublet at 3.04 ppm (2
JH-P = 14.10 Hz) assigned to the PCH3 group. Similarly, the 

1H NMR spectrum of 60(OTf)2 displays signals at 2.28 ppm and 2.91 ppm (d, 2
JH-P = 

13.55 Hz), corresponding to the SbCH3 and PCH3 groups, respectively. The 31P{1H} 

NMR spectra of 59(OTf)2 and 60(OTf)2 exhibit single resonances at 23.93 ppm and 

27.51 ppm, respectively, in the expected range for triarylmethylphosphonium cations. 

The X-ray crystal structures of 58(OTf)2, 59(OTf)2, and 60(OTf)2 have also been 

determined, confirming quaternization of pnictogen atoms and the dicationic charge of 

the molecules (Figure 88, Figure 89, and Figure 90). 
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Figure 88. Crystal structure of [58]2+. Displacement ellipsoids are scaled to the 50% 
probability level. Hydrogen atoms and triflate anions have been omitted for clarity. 
Selected bond lengths (Å)  and angles (˚): Sb(1)-C(7)  2.091(3), Sb(1)-C(14)  2.093(3), 
Sb(1)-C(8)  2.096(3), Sb(1)-C(1)  2.103(3), N(1)-C(20)  1.491(4), N(1)-C(4)  1.498(3), 
N(1)-C(22)  1.499(4), N(1)-C(21)  1.500(4), C(7)-Sb(1)-C(14) 118.88(12), C(7)-Sb(1)-
C(8) 108.70(11), C(14)-Sb(1)-C(8) 104.29(11), C(7)-Sb(1)-C(1) 112.45(11), C(14)-
Sb(1)-C(1) 106.94(11), C(8)-Sb(1)-C(1) 104.35(11). 

 

 

Figure 89. Crystal structure of [59]2+. Displacement ellipsoids are scaled to the 50% 
probability level. Hydrogen atoms and triflate anions have been omitted for clarity. 
Selected bond lengths (Å)  and angles (˚):  Sb(1)-C(12)  1.923(5), Sb(1)-C(6)  2.005(5), 
Sb(1)-C(1)  2.018(4), Sb(1)-C(4)  2.072(15), P(1)-C(5)  1.795(19), P(1)-C(1')  1.881(12), 
P(1)-C(6)  1.890(13), P(1)-C(12)  1.965(14), C(12)-Sb(1)-C(6) 107.8(2), C(12)-Sb(1)-
C(1) 102.91(19), C(6)-Sb(1)-C(1) 102.26(16), C(12)-Sb(1)-C(4) 123.9(6), C(6)-Sb(1)-
C(4) 108.9(6), C(1)-Sb(1)-C(4) 108.9(7).   
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Figure 90. Crystal structure of [60]2+. Displacement ellipsoids are scaled to the 50% 
probability level. Hydrogen atoms and triflate anions have been omitted for clarity. 
Selected bond lengths (Å)  and angles (˚):  Sb(1)-C(7)  2.078(10), Sb(1)-C(8)  2.079(10), 
Sb(1)-C(14) 2.088(8), Sb(1)-C(1) 2.130(10), P(1)-C(20) 1.691(10), P(1)-C(21)  
1.835(10), P(1)-C(27)  1.860(9), P(1)-C(2)  1.887(10), C(7)-Sb(1)-C(8) 110.2(4), C(7)-
Sb(1)-C(14) 109.1(4), C(8)-Sb(1)-C(14) 102.9(4), C(7)-Sb(1)-C(1) 120.6(4), C(8)-
Sb(1)-C(1) 109.5(4), C(14)-Sb(1)-C(1) 102.9(3). 
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Figure 91. Reaction of onium/stibonium dications [58]2+, [59]2+, and [60]2+ with 
fluoride. 
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5.4 Fluoride binding studies with stibonium/onium dications 

The reaction of [58]2+, [59]2+, and [60]2+ with an excess of KF in CD3OD resulted in 

changes in the 1H and 31P{1H} NMR spectra of these compounds, which implied the 

formation of the fluorostiborane complexes [58-F]+, [59-F]+, and [60-F]+ (Figure 91). 

The 1H NMR spectrum of [58-F]+ shows that the SbCH3 resonance is shifted slightly 

upfield to 2.14 ppm (vs 2.56 ppm for [58]2+), whereas the N(CH3)3 resonance appears at 

3.67 ppm, largely unchanged from that of  [58]2+. Similarly, in [59-F]+ the SbCH3 signal 

is shifted upfield to 2.15 ppm (vs 2.58 ppm for [59]2+) while the PCH3 signal experiences 

only a small shift, appearing as a doublet at 2.99 ppm (2
JH-P = 14.10 Hz). The resonance 

observed at 23.39 ppm in the 31P{1H} NMR spectrum of [59-F]+ is close to that 

measured for [59]2+. More substantial changes were observed in the 1H NMR spectrum 

of [60-F]+. The SbCH3 resonance appearing at 1.53 ppm is shifted considerably upfield 

versus that of [60]2+ (2.28 ppm), and the PCH3 resonance is shifted downfield to 3.18 

ppm (d, 2
JH-P = 14.28 Hz) versus 2.91 ppm for [60]2+. Despite the significant changes in 

its 1H NMR spectrum, the 31P{1H} NMR signal observed at 28.29 ppm for [60-F]+ is 

close to that measured for [60]2+. In the 19F NMR spectra of [58-F]+, [59-F]+, and [60-

F]+, only signals corresponding to the triflate anions and free F- could be clearly 

assigned.  
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Figure 92. Spectral changes in the UV-Vis absorption spectra of [58]OTf2 (1.3 × 10-4 
M) in MeOH upon incremental addition of a KF solution (0.06 M, MeOH). The 
isotherms are plotted based on the absorbance at 245 nm, and the line indicates the fit to 
the calculated 1:1 binding isotherm. 

 

 

 

Figure 93. Spectral changes in the UV-Vis absorption spectra of [59]OTf2 (1.4 × 10-4 
M) in MeOH upon incremental addition of a KF solution (0.04 M, MeOH). The 
isotherms are plotted based on the absorbance at 259 nm, and the line indicates the fit to 
the calculated 1:1 binding isotherm. 
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Figure 94. Spectral changes in the UV-Vis absorption spectra of [60]OTf2 (1.4 × 10-4 
M) in MeOH upon incremental addition of a KF solution (0.04 M, MeOH). The 
isotherms are plotted based on the absorbance at 272 nm, and the line indicates the fit to 
the calculated 1:1 binding isotherm. 

 

Based on the NMR evidence for the formation of fluorostiborane complexes from the 

reaction of [58]2+, [59]2+, and [60]2+ with KF, we sought to determine the fluoride 

affinities of these compounds and confirm 1:1 receptor/fluoride binding using UV-Vis 

spectrophotometric titrations. The UV-Vis spectra of 58(OTf)2, 59(OTf)2, and 60(OTf)2 

in MeOH were monitored upon incremental addition of KF (0.06 M in MeOH), as 

shown in Figure 92, Figure 93, and Figure 94, respectively. In all three cases, the 

addition of F- resulted in small changes in the absorption bands in the 240-300 nm range, 

attributed to π-π* excitation of the phenyl substituents. These changes were 

appropriately fitted to 1:1 binding isotherms to give fluoride binding constants of 

4.0(±0.5) × 103 M-1 for [58]2+, 2.6(±0.6) × 104 M-1 for [59]2+, and 9.5(±2.0) × 103 M-1 for 
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[60]2+.  No evidence for fluoride binding was observed when these titrations were carried 

out in H2O/MeOH mixtures. 

 

 

Figure 95. Crystal structure of [60-F]+. Displacement ellipsoids are scaled to the 50% 
probability level. Hydrogen atoms and triflate anions have been omitted for clarity. 
Selected bond lengths (Å)  and angles (˚):  Sb(1)-F(1)  2.0551(18), Sb(1)-C(7)  2.113(3), 
Sb(1)-C(14)  2.121(3), Sb(1)-C(1)  2.156(3), Sb(1)-C(8)  2.161(3), F(1)-Sb(1)-C(8) 
172.94(10), C(7)-Sb(1)-C(1) 138.09(12), C(14)-Sb(1)-C(1) 104.90(12), C(7)-Sb(1)-
C(14) 112.36(12). 

 

Cationic triarylboranes substituted with an onium group at an ortho-phenylene 

position have been shown to exhibit higher fluoride affinities than their para-phenylene 

analogs because of an increase in Coulombic and cooperative effects. Notably, these 

effects are clearly observed for the phosphonium boranes [ortho-

(Ph2MeP)(Mes2B)C6H4]
+ ([25]+) and [para-(Ph2MeP)C6H4(BMes2)]

+ ([12]+), which 

exhibit fluoride binding constants of >106 M-1 and 400 M-1, respectively, in MeOH. In 

the case of [60]2+, we had predicted that such a chelate effect should result in an 

increased fluoride affinity for this receptor versus [59]2+. Thus, the significantly lower 

value of KF for [60]2+ compared to [59]2+ was surprising, and we sought structural clues 
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to explain its weaker fluoride affinity. Although single crystals of [58-F]+ and [59-F]+ 

could not be obtained, slow diffusion of Et2O into a solution of [60]2+ and KF in MeCN 

produced crystals that were suitable for X-ray diffraction. The structure of [60-F]OTf 

was determined, confirming the formation of a fluorostiborane and the presence of a 

remaining triflate anion (Figure 95). The fluoride anion coordinates to the antimony 

atom via a Sb-F bond distance of 2.055(18) Å. This results in a trigonal bipyramidal 

geometry around antimony with the fluoride anion and a phenyl substituent as axial 

ligands.  The fluorine atom remains > 3.5 Å from the phosphorus atom (Σ(rvdW) = 3.45 

Å), precluding the presence of even a weak interaction, at least in the solid state. This 

feature suggests that the phosphonium center might not assist fluoride binding in 

solution via a F→P donor-acceptor interaction, as has observed for the phosphonium 

borane species 25-F. However, a F(1)-C(20) separation of 3.17 Å suggests that 

intramolecular hydrogen bonding interactions between the fluorine atom and 

phosphonium methyl group may serve to stabilize the fluorostiborane.101  

5.5 Conclusions 

In conclusion, we have demonstrated that tetraorganostibonium ions hold potential as 

competent fluoride sensors. The simple stibonium ion [57]+ does not possess the ability 

to complex fluoride directly in protic solvents, as determined by UV-Vis titration. 

However, decoration of this cation with a secondary onium group, as in the dications 

[58]2+, [59]2+, and [60]2+, enhances the Lewis acidity of the stibonium center such that it 

is capable of complexing fluoride in MeOH. Opposite to the trend observed for 
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triarylboranes, the presence of a phosphonium group ortho to the stibonium binding site 

in [60]2+ results in a lower fluoride affinity versus the para isomer [59]2+.  

The inability of the stibonium ions discussed here to bind fluoride in water does not 

dismiss the potential of this class of receptors to act as competent fluoride sensors in 

water. Substituent effects have not been fully evaluated and could play a role in tuning 

factors such as hydrophobicity, which has been shown to affect the fluoride affinity of 

cationic triarylboranes.  In addition, incorporation of more responsive chromophores into 

these systems will allow for a better evaluation of fluoride affinities. 

5.6 Experimental 

General Considerations.  o-(Ph2P)BrC6H4
253 and p-(Ph2P)BrC6H4

254 were prepared 

according to procedures reported in the literature. n-Bu4NF·3H2O (TBAF), KF, MeOTf, 

and 4-(Me2N)C6H4Br were purchased from Alfa Aesar and used as received. 

Diphenylchlorostibine was prepared according to the literature239. Solvents were dried 

by passing through an alumina column (n-hexane, CH2Cl2) or refluxing under N2 over 

Na/K (Et2O and THF). All other solvents were at least ACS reagent grade and used as 

received. Air-sensitive compounds were handled under a N2 atmosphere using standard 

Schlenk and glovebox techniques. UV-vis spectra were recorded on an Ocean Optics 

USB4000 spectrometer with an Ocean Optics ISS light source. Elemental analyses were 

performed at Atlantic Microlab (Norcross, GA). NMR spectra were recorded on Varian 

Unity Inova 400 FT NMR (399.59 MHz for 1H, 375.99 MHz for 19F, 161.75 MHz for 

31P, 100.45 MHz for 13C) spectrometer at ambient temperature unless otherwise stated. 
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Chemical shifts (δ) are given in ppm, and are referenced against external Me4Si (1H, 

13C), BF3·Et2O (19F), and H3PO4 (
31P). 

 

Table 14. Crystal data, data collections, and structure refinements for [58]OTf2, 
[59]OTf2, and [60]OTf2. 

Crystal data [58]OTf2·2CH3CN [59]OTf2 [60]OTf2·CH2Cl2 
Formula C28H32N3O6F6S2Sb C34H30O6F6PS2Sb C35H32O6F6PS2Cl2Sb 
Mr 806.44 865.42 950.35 
Crystal size/mm 0.10 x 0.10 x 0.08 0.17 x 0.07 x 0.05 0.11 x 0.09 x 0.07  
Crystal system Monoclinic Triclinic Monoclinic 
Space group P2(1)/c P-1 Pc 
a/Å 15.152(6) 7.8824(15) 10.5965(5) 
b/Å 11.111(4) 10.550(2) 8.6602(4) 
c/Å 22.015(6) 11.231(2) 21.2033(11) 
α /◦ 90 100.000(2) 90 
β/◦ 114.837(19) 95.635(2) 97.973(3) 
γ /◦ 90 103.754(2) 90 
V/Å3 3363(2) 883.9(3) 1926.9(2) 
Z 4 1 2 
ρcalc/g cm−3 1.593 1626 1.638 
µ/mm−1 1.021 1.019 1.077 
F(000) 1624 434 952 
T/K 110(2) 110(2) 110(2) 
Scan mode ω, φ ω, φ ω, φ 
hkl Range -19 → +19 -9 → +9 -13 → +11 
 -13 → +13 -12 → +12 -10 → +10 
 -27 → +27 -13 → +13 -23 → +26 
Measd reflns 35148 9154 14919 
Unique reflns [Rint] 6956 [0.0439] 3455 [0.0309] 6270 [0.0380] 
Reflns used for refinement 6956 3455 6270 
Refined parameters 421 246 460 
GooF 1.010 1.026 1.018 
R1,a wR2b (all data) 0.0386, 0.0907 0.0427, 0.1284 0.0718, 0.1708 
ρfin (max., min.)/eÅ−3 0.517, -0.449 0.460, -0.401 5.064, -1.286 
    
 aR1 =Σ||Fo| − |Fc||/Σ|Fo|. 

b
 wR2 ([Σw(Fo

2 − Fc
2)2]/[Σ w(Fo

2)2])1/2; w = 1/[σ2(Fo
2) + (ap)2 + bp]; p = (Fo

2 + 
2Fc

2)/3 with a = 0.0533 for [58]OTf2, 0.0810 for [59]OTf2, and 0.0991 for [60]OTf2; and b = 1.8806 for 
[58]OTf2, 1.054 for [59]OTf2, and 14.5567 for [60]OTf2.  
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Table 15. Crystal data, data collections, and structure refinements for (60-F)OTf·THF. 

Crystal data  (60-F)OTf·THF  
Formula  C37H38O4F4PSSb  
Mr  807.45  
Crystal size/mm  0.15 x 0.11 x 0.09   
Crystal system  Monoclinic  
Space group  P21/c  
a/Å  9.3397(3)  
b/Å  14.3721(4)  
c/Å  27.5839(7)  
α /◦  90  
β/◦  106.462(2)  
γ /◦  90  
V/Å3  3550.8(2)  
Z  4  
ρcalc/g cm−3  1.510  
µ/mm−1  0.940  
F(000)  1640  
T/K  110(2)  
Scan mode  ω, φ  
hkl Range  -13 → +12  
  -20 → +17  
  -28 → +39  
Measd reflns  36495  
Unique reflns [Rint]  10808 [0.0480]  
Reflns used for refinement  10808  
Refined parameters  433  
GooF  1.006  
R1,a wR2b (all data)  0.0737, 0.1359  
ρfin (max., min.)/eÅ−3  1.134, -0.713  
    
 aR1 =Σ||Fo| − |Fc||/Σ|Fo|. 

b
 wR2 ([_w(Fo

2 − Fc
2)2]/[Σ w(Fo

2)2])1/2; w = 1/[σ2(Fo
2) + (ap)2 + bp]; p = (Fo

2 + 
2Fc

2)/3 with a = 0.0767 and b = 0 for 60-F.  
 
 

Crystallography. Single crystals of [58]OTf2 were obtained by slow diffusion of Et2O 

into a solution of the compound in MeCN. Single crystals of [59]OTf2 and [60]OTf2 

were obtained by slow diffusion of Et2O into solutions of the compounds in CH2Cl2. 

Details of the data collection and structure refinement for [58]OTf2, [59]OTf2, and 

[60]OTf2 are included in Table 14.  Single crystals of [60-F]OTf were obtained by slow 
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evaporation of a solution of the compound in THF. Details of the data collection and 

structure refinement for [60-F]OTf are included in Table 15. 

The crystallographic measurements were performed using a Bruker-AXS APEX-II 

CCD area detector diffractometer, with a graphite-monochromated Mo-Kα radiation (λ = 

0.71069 Å). A specimen of suitable size and quality was selected and mounted onto a 

nylon loop. The semiempirical method SADABS207 was applied for absorption 

correction. The structures were solved by direct methods using SHELXTL/PC package 

(version 6.1)208 which successfully located most of the non-hydrogen atoms. Subsequent 

refinement on F2 allowed location of the remaining non-hydrogen atoms. All H atoms 

were geometrically placed and refined in a riding model approximation. 

Synthesis of [57]OTf and Reaction with Fluoride. [57]OTf was prepared according 

to the literature.255  1H NMR (399.9 MHz, CDCl3): δ 2.54 (s, 3H, Sb-CH3), 7.53-7.65 (m, 

5H, SbPh). 19F NMR (375.97 MHz, CDCl3): δ -82.48 (OTf). 57-F could be prepared in 

situ by addition of 1 equiv. of TBAF to a solution of [57]OTf in CDCl3. Additionally, 

addition of excess KF to a solution of [57]OTf in MeOH resulted in precipitation of 57-F 

as a colorless, microcrystalline solid. 57-F: 1H NMR (399.9 MHz, CDCl3): δ 1.96 (s, 3H, 

Sb-CH3), 7.35-7.43 (m, 3H, meta + para SbPh), 7.61 (d, 2H, ortho-SbPh, 3
JH-H = 6.59 

MHz). 19F NMR (375.97 MHz, CDCl3): δ -77.06 (SbF). 

Synthesis of [58]OTf2.  A solution of  n-butyllithium (2.9 M, 0.59 mL) in hexanes 

was added dropwise to a solution of 4-(Me2N)C6H4Br (0.31 g, 1.55 mmol) in Et2O (10 

mL) at 0 ˚C. After stirring at this temperature for 30 min., a solution of Ph2SbCl (0.58 g, 

1.86 mmol) in Et2O (15 mL) was added via cannula. The reaction mixture was allowed 
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to warm to room temperature and stirred overnight. The solvent was removed in vacuo, 

and the residue was extracted with hexanes (20 mL) and filtered over Celite. The solvent 

was again removed in vacuo, the residue was extracted with Et2O (15 mL), and the 

resulting mixture was filtered over a plug of silica. Concentration of the filtrate to ca. 5 

mL in vacuo and addition of MeOH (20 mL) resulted in the precipitation a colorless 

solid. The solid was filtered and washed with MeOH (3 × 5 mL) to yield 188 mg (31%) 

of crude para-(Me2N)C6H4(SbPh2), which was dried overnight in vacuo and used 

without further purification. 

MeOTf (0.13 mL, 1.14 mmol) was added to a solution of crude para-

(Me2N)C6H4(SbPh2) (0.15 g, 0.38 mmol) in chlorobenzene (2 mL). The mixture was 

sealed under a N2 atmosphere in a 50 mL Schlenk tube and heated to 90 ˚C for 18 hrs, 

after which a colorless precipitate had formed. The solid was filtered, washed with Et2O 

(3 × 5 mL), and dried in vacuo to afford 109 mg (40 %) of  [58]OTf2. 
1H NMR (399.9 

MHz, CD3OD): δ 2.56 (s, 3H, Sb-CH3), 3.71 (s, 9H, N-CH3), 7.65-7.72 (m, 6H, meta 

and para SbPh), 7.79 (d, 4H, ortho-SbPh, 3JH-H = 8.42 Hz), 7.99 (d, 2H, N-C6H4-Sb, 3JH-

H = 9.15 Hz), 8.15 (d, 2H, N-C6H4-Sb, 3
JH-H = 9.15 Hz). 13C NMR (100.5 MHz, 

CD3OD): δ 4.02 (Sb-CH3), 57.66 (N-CH3), 122.94, 126.89, 131.58, 133.96, 136.04, 

138.27, (Sb-C and N-C ipso carbon signals were not observed). Anal. calcd for 

C24H26NO6F6S2Sb + 2CH3CN: C, 41.70; H, 4.00. Found: C, 41.52; H, 3.87. 

Synthesis of [59]OTf2. A solution of n-butyllithium (2.8 M, 1.0 mL) in hexanes was 

added dropwise to a solution of 4-(Ph2P)C6H4Br (0.90 g, 2.60 mmol) in Et2O (10 mL) at 

0 ˚C. After stirring at reduced temperature for 2 hrs, a solution of Ph2SbCl (0.90 g, 2.89 
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mmol)  in Et2O (15 mL) was added via cannula. The reaction mixture was allowed to 

warm to room temperature and stirred overnight. The solvent was removed in vacuo, and 

the residue was extracted with CH2Cl2 (20 mL) and filtered over Celite. Concentration of 

the filtrate to ca. 5 mL in vacuo and addition of MeOH (20 mL) resulted in the 

precipitation a colorless solid. The solid was filtered and washed with MeOH (3 × 10 

mL) to yield 600 mg (43%) of crude para-(Ph2P)C6H4(SbPh2), which was dried 

overnight in vacuo and used without further purification. 

MeOTf (0.25 mL, 2.23 mmol) was added to a solution of crude para-

(Ph2P)C6H4(SbPh2) (0.40 g, 0.74 mmol) in CHCl3 (2 mL). The mixture was sealed under 

a N2 atmosphere in a 50 mL Schlenk tube and heated to 55 ˚C for 18 hrs, after which a 

colorless precipitate had formed. The solid was filtered, washed with Et2O (3 × 5 mL), 

and dried in vacuo to yield 330 mg (51 %) of  [59]OTf2. 
1H NMR (399.9 MHz, 

CD3OD): δ 2.58 (s, 3H, Sb-CH3), 3.04 (d, 3H, P-CH3, 
2
JP-H = 14.10 Hz), 7.64-7.83 (m, 

18H, SbPh + PPh + P-C6H4-Sb), 7.87-7.96 (m, 4H, PPh), 8.05 (dd, 2H, P-C6H4-Sb, 3JH-P 

= 8.55 Hz, 3JH-H = 3.12 Hz). 31P{1H} NMR (161.75 MHz, CD3OD): δ 23.93. Anal. calcd 

for C34H30O6F6PS2Sb: C, 47.19; H, 3.49. Found: C, 46.90; H, 3.40. 

Synthesis of [60]OTf2. A solution of n-butyllithium (2.8 M, 0.56 mL) in hexanes was 

added dropwise to a solution of 2-(Ph2P)C6H4Br (0.50 g, 1.46 mmol) in Et2O (10 mL) at 

0 ˚C. After stirring at room temperature for 5 min, 2-(Ph2P)C6H4Li precipitated as a 

colorless solid. The supernatant was carefully decanted, and the solid was washed with 

Et2O (2 × 5 mL). Et2O (5 mL) was then added, followed by a solution of Ph2SbCl (0.46 

g, 1.48 mmol) in Et2O (15 mL), and the reaction mixture was stirred overnight. The 
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solvent was removed in vacuo, and the residue was extracted with CH2Cl2 (15 mL) and 

filtered over Celite. Concentration of the filtrate to ca. 3 mL in vacuo and addition of 

MeOH (10 mL) resulted in the precipitation a colorless solid. The solid was filtered and 

washed with MeOH (3 × 5 mL) to yield 300 mg (38%) of crude ortho-

(Ph2P)C6H4(SbPh2), which was dried overnight in vacuo and used without further 

purification. 

MeOTf (0.10 mL, 0.93 mmol) was added to a solution of crude ortho-

(Ph2P)C6H4(SbPh2) (0.125 g, 0.23 mmol) in chlorobenzene (1 mL). The mixture was 

sealed under a N2 atmosphere in a 50 mL Schlenk tube and heated to 90 ˚C for 24 hrs, 

after which a colorless precipitate had formed. The solid was filtered, washed with Et2O 

(3 × 5 mL), and dried in vacuo to yield 180 mg (89 %) of [60]OTf2. 
1H NMR (399.9 

MHz, acetone-d6): δ 2.58 (s, 3H, Sb-CH3), 3.10 (d, 3H, P-CH3, 
2
JP-H = 13.73 Hz), 7.60-

7.68 (m, 12H, SbPh + PPh), 7.75 (m, 2H, PPh), 7.86-7.94 (m, 7H, SbPh + PPh + P-

C6H4-Sb), 8.03 (ddd, 1H, P-C6H4-Sb, J = 7.68 , 2.14, 1.35 Hz), 8.11 (ddd, 1H, P-C6H4-

Sb, J = 7.65 , 2.24, 1.48 Hz). 8.24 (ddd, 1H, P-C6H4-Sb, J = 7.72 , 4.04, 1.09 Hz). 13C 

NMR (100.5 MHz, acetone-d6): δ 7.93 (Sb-CH3), 10.34 (d, P-CH3,
 2

JP-C = 56.46 Hz), 

119.01, 119.89, 122.06 (q, OTf, 1
JF-C = 321.6 Hz), 125.84, 126.76, 131.59, 131.74, 

134.30, 134.31 (d, JP-C = 12.21 Hz), 134.84 (d, JP-C = 10.68 Hz), 136.38, 136.65 (d, JP-C 

= 3.05 Hz), 136.85 (d, JP-C = 3.06 Hz), 140.99 (d, JP-C = 12.21 Hz), 141.54 (d, JP-C = 

12.97 Hz). 31P{1H} NMR (161.75 MHz, acetone-d6): δ 27.12. NMR data in CD3OD: 1H 

NMR (399.9 MHz, CD3OD): δ 2.28 (s, 3H, Sb-CH3), 2.91 (d, 3H, P-CH3, 
2
JP-H = 13.55 

Hz), 7.52 (d, 4H, Sb-Ph, 3
JH-H = 8.35 Hz), 7.57-7.63 (m, 8H, PPh + SbPh), 7.70-7.76 (m, 
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6H, PPh + SbPh), 7.81-7.89 (m, 3H, PPh + P-C6H4-Sb), 7.98 (ddd, 1H, P-C6H4-Sb, J = 

7.90 , 2.07, 1.45 Hz), 8.06 (ddd, 1H, P-C6H4-Sb, J = 7.53 , 2.38, 1.49 Hz), 8.11 (ddd, 

1H, P-C6H4-Sb, J = 7.71 , 4.01, 1.39 Hz). 31P{1H} NMR (161.75 MHz, CD3OD): δ 

27.51 ppm. Anal. calcd for C34H30O6F6PS2Sb + CH2Cl2: C, 44.23; H, 3.39. Found: C, 

44.85; H, 3.30. 

Generation and NMR Characterization of [58-F]OTf, [59-F]OTf, and [60-F]OTf. 

The cationic fluorostiboranes [58-F]OTf, [59-F]OTf, and [60-F]OTf were prepared and 

characterized by multinuclear NMR in situ by addition of a slight excess of KF to 

solutions of 58(OTf)2, 59(OTf)2, and 60(OTf)2 in CD3OD. A small number of single 

crystals of [60-F]OTf were obtained by removing solvent from the NMR sample, 

extracting the residue with THF, and slow evaporation of this solution. Data for [58-

F]OTf: 1H NMR (399.9 MHz, CD3OD): δ 2.14 (s, 3H, Sb-CH3), 3.67 (s, 9H, N-CH3), 

7.47-7.56 (m, 6H, meta and para SbPh), 7.68 (dd, 4H, ortho-SbPh, 3JH-H = 8.10 Hz, 4JH-

H = 1.53 Hz), 7.78 (d, 2H, N-C6H4-Sb, 3JH-H = 9.07 Hz), 7.95 (d, 2H, N-C6H4-Sb, 3JH-H = 

9.07 Hz). 13C NMR (100.5 MHz, CDCl3): δ 8.43 (Sb-CH3), 57.60 (N-CH3), 121.39, 

130.42, 132.15, 136.17, 136.20, 138.14, 145.40, 149.80.  Data for [59-F]OTf: 1H NMR 

(399.9 MHz, CD3OD): δ 2.15 (s, 3H, Sb-CH3), 2.99 (d, 3H, P-CH3, 
2
JP-H = 14.10 Hz), 

7.47-7.56 (m, 6H, SbPh + PPh), 7.69-7.79 (m, 14H, SbPh + PPh), 7.84-7.90 (m, 4H, P-

C6H4-Sb). 31P{1H} NMR (161.75 MHz, CD3OD): δ 23.39.  Data for  [60-F]OTf: 1H 

NMR (399.9 MHz, CD3OD): δ 1.53 (s, 3H, Sb-CH3), 3.18 (d, 3H, P-CH3, 
2
JP-H = 14.28 

Hz), 7.37-7.42 (m, 7H, PPh + SbPh + P-C6H4-Sb), 7.46-7.52 (m, 6H, PPh + SbPh), 7.58 

(dd, 2H, PPh, J = 15.20, 7.89 Hz), 7.66-7.72 (m, 3H, PPh + P-C6H4-Sb), 7.77-7.84 (m, 
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5H, SbPh + P-C6H4-Sb), 7.89 (ddd, 1H, P-C6H4-Sb, J = 7.59, 3.85, 1.36 Hz). 31P{1H} 

NMR (161.75 MHz, CD3OD): δ 28.29. Anal. calcd for C33H30O3F4PSSb + 0.5C4H8O 

(approx. 0.5 eq. of THF lost in drying): C, 54.49; H, 4.44. Found: C, 54.11; H, 4.65. 

UV-Vis Fluoride Titrations. Solutions of [57]OTf (1.4 × 10-4 M) in THF were 

titrated by incremental additions of a KF solution (0.006 M, MeOH). Solutions of 

58(OTf)2 (1.3 × 10-4 M) in MeOH were titrated by incremental addition of a KF solution 

(0.06 M, MeOH). Solutions of 59(OTf)2 (1.4 × 10-4 M) and 60(OTf)2 (1.4 × 10-4 M) in 

MeOH were titrated by incremental addition of a KF solution (0.04 M, MeOH). 
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CHAPTER VI 

 GROUP 10 METAL-STIBORANE COMPLEXES 

 

6.1 Introduction 

Previous chapters described our efforts to develop tetraorganostibonium cations as 

novel Lewis acid receptors for fluoride recognition. Keeping with our continued interest 

in developing such novel fluoride receptors, we drew an analogy between a 

tetraorganostibonium cation and triarylstibine coordinated to a cationic transition metal 

center. Namely, we hypothesized that the antimony atom of such a complex might be 

sufficiently Lewis acidic to undergo nucleophilic attack by fluoride, resulting in the 

formation of a transition metal fluorostiborane complex (Figure 96).  

 

 
 

Figure 96. Depiction of the analogy between R4Sb+ and [R3SbM[L]n]
+ species. 

 

While trialkylstibine and triarylstibine ligands have been extensively used in transition 

metal coordination chemistry,256,257 complexes containing pentacoordinate stiboranyl 

ligands are much less common. Only a handful of transition metal complexes containing 
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stiboranyl ligands of type I258,259 and II260-263 have been reported (Figure 97). However, 

these reports support the notion that a cationic transition metal stibine complex might act 

as a fluoride receptor, resulting in the formation of a metal fluorostiborane complex as 

shown in Figure 96.  

 

 

Figure 97. Representations of the reported stiboranyl ligand types I and II (TM = 
transition metal moiety). 

 

 

Figure 98. Proposed structure of Ni2+ and Pd2+ complexes with (o-(Ph2E)C6H4)3Sb 
ligands. 

 

Early reports indicated that tetradentate stibine ligands of the type (o-(Ph2E)C6H4)3Sb 

(E = P, As) adopt a κ-E,E,E,Sb coordination mode to form cationic, trigonal bipyramidal 

metal complexes with Ni2+ and Pd2+, although the structures were not confirmed by X-

ray crystallography (Figure 98).264-266 Given the presence of a cationic charge and 
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accessibility of a Sb coordination site trans to the metal center in these proposed species, 

we sought to determine if such complexes would be sufficiently Lewis acidic to afford 

the type of reactivity depicted in Figure 96. This chapter delineates the synthesis, 

structures, and fluoride binding properties of the complexes formed with the 

triphosphanylstibine ligand (o-(Ph2P)C6H4)3Sb and Group 10 metals Ni, Pd, and Pt. 

 

2) NaBPh4

CH2Cl2
EtOH

Ni

Sb

PPh2

Cl

Ph2P PPh2

+ BPh4
-

Pt

Sb

Cl

Ph2P PPh2

+ BPh4
-

Ph2P

Pd

Sb

Cl

Ph2P PPh2

+ BPh4
-

PPh2

61-BPh4

62-BPh4

63-BPh4

Sb

PPh2

PPh2

Ph2P

+

PdCl2(cod)

1) CHCl3
(THF)

NiCl2 6H2O (61-BPh4)

(62-BPh4)

(63-BPh4)PtCl2(SEt2)2

 

Figure 99. Synthesis of 61-BPh4, 62-BPh4, and 63-BPh4. 

 

6.2 Synthesis and structural characterization of Group 10 metal-stiborane complexes 

  The reaction of (o-(Ph2P)C6H4)3Sb with NiCl2·6H2O, PdCl2(cod) (cod = 1,5-

cyclooctadiene), and PtCl2(Et2S)2 in THF or CHCl3 followed by workup and treatment 

with 1 equiv. of NaBPh4 in CH2Cl2/EtOH afforded the cationic complexes 61-BPh4, 62-

BPh4, and 63-BPh4 as deep blue, yellow, and colorless powders, respectively (Figure 
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99). Only one signal was observed in each of the 31P{1H} NMR spectra (CDCl3) of these 

complexes, which appeared at 36.48 ppm for 61-BPh4, 39.72 ppm for 62-BPh4, and 

38.23 ppm (1
J195Pt-P = 1737.35 Hz) for 63-BPh4. Variable temperature NMR experiments 

indicated that these signals show no tendency toward decoalescence upon cooling to -80 

˚C (vide infra). Similarly, the 1H NMR spectra display only a single set of resonances 

corresponding to equivalent PPh2 and o-C6H4 groups.  

 

 

Figure 100. Crystal structure of 61-BPh4. Displacement ellipsoids are scaled to the 50% 
probability level. Hydrogens and have been omitted for clarity, and phenyl groups are 
depicted in wireframe. Selected bond lengths (Å)  and angles (˚): Sb(1)-Ni(1)  2.3548(9), 
Ni(1)-Cl(1)  2.2423(16), Ni(1)-P(3)  2.3017(17), Ni(1)-P(2)  2.3023(16), Ni(1)-P(1)  
2.3160(16), Cl(1)-Ni(1)-Sb(1) 177.32(5), P(1)-Ni(1)-P(2) 113.02(6), P(2)-Ni(1)-P(3) 
124.69(6), P(1)-Ni(1)-P(3) 119.73(6), C(19)-Sb(1)-C(37) 109.1(2), C(19)-Sb(1)-C(1) 
112.8(2), C(37)-Sb(1)-C(1) 111.7(2). 

 

Single crystals of 61-BPh4, 62-BPh4, and 63-BPh4 were obtained by slow diffusion of 

Et2O into CHCl3 or CH2Cl2 solutions of the compounds. Surprisingly, the X-ray crystal 

structure determinations of 61-BPh4, 62-BPh4, and 63-BPh4 revealed significant 
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structural differences between these complexes. The structure of 61-BPh4 shows that the 

(o-(Ph2P)C6H4)3Sb ligand adopts a κ-P,P,P,Sb coordination mode, resulting in a trigonal 

bipyramidal coordination geometry around the Ni center (Figure 100). The geometry 

around the Sb atom is close to tetrahedral (Σ(C-Sb-C) = 333.6˚) with a Sb-Ni distance of 

2.3548(9) Å, which is shorter than those measured for trans-(Ph3Sb)2Ni(C6F3Cl2)2 

(2.4480(6) Å)267 or (Ph3Sb)Ni(C4H7)Br (2.4558(9) Å).268  

 

 

Figure 101. Crystal structure of 62-BPh4. Displacement ellipsoids are scaled to the 50% 
probability level. Hydrogens and have been omitted for clarity, and phenyl groups are 
depicted in wireframe. Selected bond lengths (Å)  and angles (˚): Sb(1)-Pd(1)  2.4689(5), 
Pd(1)-Cl(1)  2.3314(12), Pd(1)-P(1)  2.3333(11), Pd(1)-P(2)  2.3285(11), Cl(1)-Pd(1)-
Sb(1) 174.17(4), P(2)-Pd(1)-P(1) 159.44(4), C(19)-Sb(1)-C(37) 107.20(16), C(19)-
Sb(1)-C(1) 110.16(16), C(37)-Sb(1)-C(1) 103.96(17). 

 

The structures of 62-BPh4 and 63-BPh4 show that the (o-(Ph2P)C6H4)3Sb ligand 

coordinates to the Pd and Pt centers in a tridentate κ-P,P,Sb fashion, resulting in 

distorted square planar geometries around these atoms in the solid state (Figure 101 and 

Figure 102). In the case of 62-BPh4, the uncoordinated phosphine remains slightly above 
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the Pd square plane, but with a Pd-P separation greater than 4 Å. For 63-BPh4, the free 

phosphine arm is rotated anti-parallel to the Pt-Sb axis. The Sb atoms in both complexes 

retain distorted tetrahedral coordination geometries. Although the Pt-Sb bond distance in 

63-BPh4 (2.4733(3) Å) is comparable to those measured for cis-[PtBr2(SbPh3)(PPh3)] 

(2.463(2) Å)269 and cis-[PtCl2(SbPh3)2] (2.50 Å (av.),270 the Pd-Sb distance in 62-BPh4 

(2.4689(5) Å) is shorter than those measured in trans-(o-Tol3Sb)2PdCl2 (Pd-Sb = 

2.5658(3) Å)271 or trans-(Ph3Sb)2Pd(Ph)Cl (Pd-Sb = 2.5568(5) Å).272 

 

 

Figure 102. Crystal structure of 63-BPh4. Displacement ellipsoids are scaled to the 50% 
probability level. Hydrogens and have been omitted for clarity, and phenyl groups are 
depicted in wireframe. Selected bond lengths (Å)  and angles (˚):Pt(1)-Sb(1)  2.4733(3), 
Pt(1)-Cl(1)  2.3536(8), Pt(1)-P(1)  2.3015(9), Pt(1)-P(2)  2.2918(9), Cl(1)-Pt(1)-Sb(1) 
178.45(2), P(1)-Pt(1)-P(2) 168.35(3), C(1)-Sb(1)-C(37) 109.29(12), C(37)-Sb(1)-C(19) 
107.15(12), C(1)-Sb(1)-C(19) 127.04(12). 
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The UV-Vis spectra of 62-BPh4 and 63-BPh4 in CH2Cl2 support the retention of the 

square planar Pd and Pt geometries in solution. The lowest energy absorption bands at 

368 nm and 345 nm, respectively, are attributed to mixed MLCT and ligand-centered 

transitions and more closely resemble the absorption bands observed for square planar 

Pd and Pt complexes 273,274 than for trigonal bipyramidal complexes.254,256,264-267 

However, only a single 31P{1H} NMR signal (acetone-d6) was observed for these 

complexes in the +25 ˚C to -80 ˚C temperature range, suggesting that the three 

phosphine arms should be rapidly exchanging in solution. 

Despite the differences between the experimentally determined and anticipated 

structures of 61-BPh4, 62-BPh4, and 63-BPh4, we set out to investigate their reactivity 

with fluoride.  Solutions of these complexes in CDCl3 were treated with 1 eq. of TBAF. 

To our delight, the solutions underwent visible color changes from deep blue to purple 

for 61-BPh4, yellow to orange-red for 62-BPh4, and pale yellow to deep yellow for 63-

BPh4 upon addition of F-. The 19F NMR spectra of these solutions each showed the 

emergence of a new signal at around -129 ppm, providing initial evidence for the 

formation of fluorostiborane complexes 61-F, 62-F, and 63-F (Figure 103).  In support 

of this notion, the 19F NMR signals for 62-F and 63-F appear as quartets with 3
JP-F 

coupling constants of 20.66 Hz and 9.86 Hz, respectively. The 31P{1H} NMR spectra 

further support the formation of 61-F, 62-F, and 63-F via the appearance of doublet 

resonances in the 40-42 ppm range, each exhibiting 3
JP-F coupling constants consistent 

with those measured in the 19F NMR spectra (Table 16).  
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Figure 103. Synthesis of 61-F, 62-F, and 63-F. 

 

Table 16. Comparison of multinuclear (31P{1H} and 19F) NMR data in CDCl3, and 
selected bond lengths for 61-BPh4, 62-BPh4, 63-BPh4, 61-F, 62-F, 63-F, 61-Cl, 62-Cl, 
and 63-Cl. 

31P NMR (δ) M-Sb (Å) 

61-BPh4 +36.48 2.3548(9) 

62-BPh4 +39.72 2.4689(5) 

63-BPh4 +38.23 2.4733(3) 

(1
J195Pt-P = 1737.35 Hz) 

Sb-Cl (Å) 

61-Cl +35.42 2.4853(5) 2.6834(9) 

62-Cl +38.31 2.5752(9) 2.665(2) 

63-Cl +34.01 2.5762(8) 2.680(2) 

(1
J195Pt-P = 2305.7 Hz) 

 

 
  19F NMR (δ) Sb-F (Å) 

61-F +40.91 (d, 3JF-P = 6.17 Hz) -129.55 (br) 2.5321(9) 2.028(2) 

62-F +41.90 (d, 3JF-P = 20.66 Hz) -129.72 (q, 3JF-P = 20.66 Hz) 2.5721(7) 2.0320(19) 

63-F +40.07 (d, 3JF-P = 9.86 Hz) -129.72 (q, 3JF-P =  9.86 Hz) 2.5783(7) 2.036(2) 

  (1
J195Pt-P = 3204.6 Hz) 
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Figure 104. Crystal structure of 61-F. Displacement ellipsoids are scaled to the 50% probability 
level. Hydrogens and have been omitted for clarity, and phenyl groups are depicted in 
wireframe. Selected bond lengths (Å)  and angles (˚): Sb(1)-Ni(1)  2.5321(9), Ni(1)-Cl(1)  
2.2684(12), Ni(1)-P(1)  2.2263(12), Ni(1)-P(2)  2.2327(13), Ni(1)-P(3)  2.2210(12), Sb(1)-F(1)  
2.028(2), Cl(1)-Ni(1)-Sb(1) 175.93(3), F(1)-Sb(1)-Ni(1) 177.63(6), C(1)-Sb(1)-C(37) 
115.32(14), C(1)-Sb(1)-C(19) 119.31(14), C(37)-Sb(1)-C(19) 121.10(14). 

 

Single crystal X-ray diffraction studies confirmed the formation of 61-F (Figure 104), 

62-F (Figure 105), and 63-F (Figure 106). As opposed to its binding mode in the BPh4
- 

salts, the (o-(Ph2P)C6H4)3Sb ligand adopts a κ-P,P,P,Sb coordination mode in all three 

fluorostiborane complexes. The ligand coordination mode and formation of Sb-F bonds 

results in distorted trigonal bipyramidal geometries around both the transition metal and 

Sb atoms in these complexes. The measured Sb-F bond distances fall in the 2.028 - 

2.036 Å range, shorter than those observed in the polymeric structure of Ph2SbF (2.19 Å 

av.)275 or the fluorostiborane Ph4SbF (2.0530(8) Å).158  The M-Sb distances in 61-F, 62-

F, and 63-F are all slightly longer than those measured for 61-BPh4, 62-BPh4, and 63-

BPh4 (Table 16). 
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Figure 105. Crystal structure of 62-F. Displacement ellipsoids are scaled to the 50% probability 
level. Hydrogens and have been omitted for clarity, and phenyl groups are depicted in 
wireframe. Selected bond lengths (Å)  and angles (˚): Pd(1)-Cl(1)  2.4365(10), Sb(1)-Pd(1)  
2.5721(7), Pd(1)-P(1)  2.3316(10), Pd(1)-P(3)  2.3480(10), Pd(1)-P(2)  2.3647(11), Sb(1)-F(1)  
2.0320(19), Cl(1)-Pd(1)-Sb(1) 176.13(2), F(1)-Sb(1)-Pd(1) 177.59(5), C(37)-Sb(1)-C(1) 
116.76(12) , C(37)-Sb(1)-C(19) 118.56(12), C(1)-Sb(1)-C(19) 120.70(12). 

 

 
 
Figure 106. Crystal structure of 63-F. Displacement ellipsoids are scaled to the 50% probability 
level. Hydrogens and have been omitted for clarity, and phenyl groups are depicted in 
wireframe. Selected bond lengths (Å)  and angles (˚): Pt(1)-Sb(1)  2.5783(7), Pt(1)-Cl(1)  
2.4493(12), Pt(1)-P(3)  2.2999(13), Pt(1)-P(1)  2.3179(13), Pt(1)-P(2)  2.3209(13), Sb(1)-F(1)  
2.036(2), Cl(1)-Pt(1)-Sb(1) 176.07(3), F(1)-Sb(1)-Pt(1) 177.79(8), C(1)-Sb(1)-C(37) 116.36(17), 
C(1)-Sb(1)-C(19) 118.89(17), C(37)-Sb(1)-C(19) 121.02(17). 
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To determine the viability of 61-BPh4, 62-BPh4, and 63-BPh4 as fluoride sensors, the 

UV-Vis spectra of these complexes in CH2Cl2 were monitored upon incremental 

addition of a solution of TBAF (CH2Cl2). The UV-Vis spectrum of 61-BPh4 displays a 

broad absorption band centered at 587 nm assigned to d-d electronic transitions.254,256,264-

267 The addition of TBAF results in a slight quenching of this band, which is 

accompanied by a small hypsochromic shift of the center of the band to 557 nm (Figure 

107). Fitting of these spectral changes to a 1:1 binding isotherm indicated that the 

fluoride binding constant (KF) is >106 M-1.  

 

 
Figure 107. Spectral changes in the UV-Vis absorption spectra of 61-BPh4 (4.9 × 10-5 
M) in CH2Cl2 upon incremental addition of a TBAF solution (3.9 × 10-3 M, CH2Cl2). 
The isotherms are plotted based on the absorbance at 590 nm, and the line indicates the 
fit to the calculated 1:1 binding isotherm. 

 

The low energy edge of the UV-Vis spectrum of 62-BPh4 exhibits an absorption band 

centered at 368 nm. This band is quenched upon addition of TBAF, concomitant with 

the appearance of a new, broad absorption spanning from 400-560 nm (Figure 108). The 
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appearance of this band is responsible for the observed solution color change from 

yellow for 62-BPh4 to orange-red upon formation of 62-F. The shape of the binding 

isotherm indicates that 62-BPh4 complexes fluoride almost quantitatively with a 

calculated KF of  >108 M-1. The only low energy feature appearing in the UV-Vis 

spectrum of 63-BPh4 is a shoulder at around 345 nm. Incremental addition of TBAF 

results in the appearance of a broad absorption spanning from 380-500 nm, which is 

responsible for the appearance of the yellow color upon formation of 63-F (Figure 109). 

Similar to 62-BPh4, the shape of the binding isotherm for 63-BPh4 suggests nearly 

quantitative fluoride binding in CH2Cl2 and a KF greater than 108 M-1. 

 

 
Figure 108. Spectral changes in the UV-Vis absorption spectra of 62-BPh4 (5.1 × 10-5 
M) in CH2Cl2 upon incremental addition of a TBAF solution (4.1 × 10-3 M, CH2Cl2). 
The isotherms are plotted based on the absorbance at 370 nm, and the line indicates the 
fit to the calculated 1:1 binding isotherm. 
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Figure 109. Spectral changes in the UV-Vis absorption spectra of 63-BPh4 (5.2 × 10-5 
M) in CH2Cl2 upon incremental addition of a TBAF solution (4.2 × 10-3 M, CH2Cl2). 
The isotherms are plotted based on the absorbance at 400 nm, and the line indicates the 
fit to the calculated 1:1 binding isotherm. 

 

The shift of the ligand field absorption band from λmax = 587 nm for 61-BPh4 to λmax = 

557 nm for 61-F reflects an increase in energy of the d-d transitions (xy, x2-y2 → z2) and 

(xz, yz → z2).276  This increase may be attributed to a rise in energy of the unoccupied 

dz2 orbital in 61-F due to its stronger interaction with the with the equatorial phosphine 

ligands (Ni-P: 2.23 Å av. for 61-F and 2.31 Å av. for 61-BPh4).  Fluoride coordination to 

the Sb atom might also be expected lead to an increase of the donor strength of this axial 

ligand, pushing the dz2 orbital up in energy. However, this effect is likely counteracted 

by the lengthening of the Ni-Sb bond distance going from 61-BPh4 (2.3548(9) Å) to 61-

F (2.5321(9) Å).  In contrast, the changes in the UV-Vis absorption spectra of 62-BPh4 

and 63-BPh4 upon reaction with fluoride reflect the change in the metal coordination 

geometry. The transformation of the Pd and Pt geometries from square planar to trigonal 

bipyramidal is concomitant with the appearance of bands assigned to the ligand field 
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transitions (xy, x2-y2 → z2) and (xz, yz → z2), which appear in the range 400-560 nm for 

62-F and 380-500 nm for 63-F. This interpretation is in agreement with similar bands 

observed in the electronic spectra of other trigonal bipyramidal Pd and Pt complexes 

bearing pnictogen ligands.264,266,276-279  In addition, the synthesis of the Pd pincer 

complex 64-BPh4 has been carried out in our lab.  Preliminary studies show that, similar 

to 62-BPh4, 64-BPh4 binds fluoride to afford the fluorostiborane 64-F (Figure 110). In 

addition, the Pd atom adopts a square planar geometry in both 64-BPh4 and 64-F. The 

lowest energy absorption band in the electronic spectrum of 64-BPh4 appears at 353 nm, 

and, upon fluoride binding, the band shifts to higher energy, appearing at 318 nm for 64-

F. This observation supports our proposal that the appearance of the low energy bands in 

62-F and 63-F is caused by a change in metal coordination geometry. 

 

 

Figure 110. Reaction of the Pd pincer complex 64-BPh4 with F-. 
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Figure 111. Spectral changes in the UV-Vis absorption spectra of 62-BPh4 (5.0 × 10-5 
M) in MeOH/CH2Cl2 (9/1 vol.) upon incremental addition of a KF solution (6.0 × 10-3 M 
or 6.0 × 10-2 M, MeOH). The isotherms are plotted based on the absorbance at 455 nm 
and the line indicates the fit to the calculated 1:1 binding isotherm. 

 

Considering the large fluoride binding constants measured for 61-BPh4, 62-BPh4, and 

63-BPh4 in CH2Cl2, we sought to determine if these complexes would bind fluoride in 

protic solvents such as MeOH or MeOH/water. Unfortunately, 61-BPh4 quickly 

decomposed in MeOH/CH2Cl2 (9/1 vol.), as determined by the disappearance of the low 

energy absorption band at 587 nm over time. Under similar conditions, the titration of 

63-BPh4 with a solution of KF in MeOH suffered from precipitation, which precluded 

completion of the titration and calculation of a binding constant. However, when a 

solution of 62-BPh4 in MeOH/CH2Cl2 (9/1 vol.) was titrated with a solution of KF in 

MeOH, changes similar to those for the titration in CH2Cl2 were observed resulting in a 

KF of 4.5(±1.0) × 103 M-1 (Figure 111). 

The application of 61-BPh4, 62-BPh4, or 63-BPh4 as fluoride sensors is hampered by 

their incompatibility with protic solvents where sensing would be most practical. 
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Although a fluoride binding constant was obtained for 62-BPh4 in a MeOH/CH2Cl2 

mixed solvent system, attempts to observe fluoride binding in the mixed organic 

solvent/H2O solvent systems was complicated by precipitation of the complex. 

Additionally, changes in the UV-Vis spectra of 61-BPh4, 62-BPh4, and 63-BPh4 in 

CH2Cl2 upon addition of Cl-, Br-, and I- pointed to possible interferences from these 

anions in fluoride sensing applications. In particular, we noticed that addition of Cl- 

resulted in changes in the UV-Vis absorption spectra that were similar to those observed 

upon formation of 61-F, 62-F, and 63-F. These changes suggested the likely formation 

of chlorostiborane species in CH2Cl2 solution. 

 

 

Figure 112. Synthesis of 61-Cl, 62-Cl, and 63-Cl. 

 

To verify this possibility, 61-Cl, 62-Cl, and 63-Cl were isolated from the reaction of 

(o-(Ph2P)C6H4)3Sb with NiCl2·6H2O, PdCl2(cod), and PtCl2(Et2S)2, respectively (Figure 

112).  Compound 61-Cl -Cl was isolated as a dark purple powder, while compounds 62-

Cl and 63-Cl are red and yellow, respectively, in the solid state. The color of these 

compounds in the solid state closely matches those of 61-F, 62-F, and 63-F, providing an 
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initial indication of the formation of chlorostiborane species. The 31P{1H} NMR spectra 

(CDCl3) of 61-Cl, 62-Cl, and 63-Cl display single resonances at 35.4, 38.3, and 34.0 

ppm, respectively (Table 16).  

The X-ray crystal structures of 61-Cl (Figure 113), 62-Cl (Figure 114), and 63-Cl 

(Figure 115) were determined, confirming the formation of Sb-Cl bonds in the solid 

state. The structures of these complexes are very similar to those observed for 61-F, 62-

F, and 63-F with the transition metal and Sb atoms each adopting trigonal bipyramidal 

geometries. In addition, the M-Sb distances remain largely unchanged from those 

measured for the respective fluorostiborane complexes (Table 16). The Sb-Cl bond 

distances for 61-Cl, 62-Cl, and 63-Cl fall in the range 2.66-2.68 Å, longer than those 

measured for Ph3SbCl2 (2.49 Å av.)280 or [Ph2SbCl2]
- (2.61 Å av.).281  

 

 

Figure 113. Crystal structure of 61-Cl. Displacement ellipsoids are scaled to the 50% probability 
level. Hydrogens and have been omitted for clarity, and phenyl groups are depicted in 
wireframe. Selected bond lengths (Å)  and angles (˚): Sb(1)-Ni(1)  2.4853(5), Ni(1)-Cl(1)  
2.2813(9), Ni(1)-P(1)  2.2192(10), Ni(1)-P(2)  2.2277(10), Ni(1)-P(3)  2.2468(10), Sb(1)-Cl(2)  
2.6834(9), Cl(1)-Ni(1)-Sb(1) 175.97(3), P(1)-Ni(1)-P(2) 119.47(4), P(1)-Ni(1)-P(3) 121.09(4), 
P(2)-Ni(1)-P(3) 117.41(4), Ni(1)-Sb(1)-Cl(2) 179.19(2), C(19)-Sb(1)-C(1) 114.11(12), C(19)-
Sb(1)-C(37) 116.12(12), C(1)-Sb(1)-C(37) 125.58(12).  
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Figure 114. Crystal structure of 62-Cl. Displacement ellipsoids are scaled to the 50% probability 
level. Hydrogens and have been omitted for clarity, and phenyl groups are depicted in 
wireframe. Selected bond lengths (Å)  and angles (˚): Sb(1)-Pd(1)  2.5752(9), Pd(1)-Cl(1)  
2.4687(18), Pd(1)-P(2)  2.3465(19), Pd(1)-P(1)  2.3838(19), Pd(1)-P(3)  2.4020(19), Sb(1)-Cl(2)  
2.665(2), Cl(1)-Pd(1)-Sb(1) 174.31(5), P(2)-Pd(1)-P(1) 119.33(7), P(2)-Pd(1)-P(3) 122.28(6), 
P(1)-Pd(1)-P(3) 113.69(7), Pd(1)-Sb(1)-Cl(2) 177.62(5), C(19)-Sb(1)-C(37) 121.4(2), C(19)-
Sb(1)-C(1) 114.8(2), C(37)-Sb(1)-C(1) 120.5(3). 

 

 

Figure 115. Crystal structure of 63-Cl. Displacement ellipsoids are scaled to the 50% probability 
level. Hydrogens and have been omitted for clarity, and phenyl groups are depicted in 
wireframe. Selected bond lengths (Å)  and angles (˚):  Pt(1)-Sb(1)  2.5762(8), Pt(1)-Cl(1)  
2.472(2), Pt(1)-P(1)  2.309(2), Pt(1)-P(2)  2.330(2), Pt(1)-P(3)  2.331(2), Sb(1)-Cl(2)  2.680(2), 
Cl(1)-Pt(1)-Sb(1) 174.68(5), P(1)-Pt(1)-P(2) 122.47(7), P(1)-Pt(1)-P(3) 119.94(8), P(2)-Pt(1)-
P(3) 114.15(8), Pt(1)-Sb(1)-Cl(2) 177.36(6), C(1)-Sb(1)-C(37) 115.5(3), C(1)-Sb(1)-C(19) 
122.3(3), C(37)-Sb(1)-C(19) 119.2(3). 
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The reported 1:1 electrolyte behavior of 61-Cl and [Sb(o-C6H4(AsPh2))3]PdCl2, the 

arsine analog of 62-Cl, in MeNO2 suggests that the Sb-Cl bond dissociates and the Cl- 

anion exhibits outer sphere behavior in polar solvents.264-266  Indeed, the UV-Vis spectra 

of 61-Cl, 62-Cl, and 63-Cl in MeOH closely match those of 61-BPh4, 62-BPh4, or 63-

BPh4, indicating that the Cl- anion should be dissociated in this solvent. Taking this into 

consideration, solutions of 61-Cl, 62-Cl, and 63-Cl in CDCl3 were treated with 1 equiv. 

of TBAF, and multinuclear NMR experiments confirmed quantitative formation to the 

fluorostiboranes 61-F, 62-F, and 63-F. Similarly, layering the solutions of 61-Cl, 62-Cl, 

and 63-Cl in CDCl3 with 5 equiv. of KF in D2O resulted in full conversion to the 

fluorostiborane species. 

Based on the greater hydrophilicity of Cl- versus BPh4
-, we speculated that 61-Cl, 62-

Cl, and 63-Cl might exhibit greater solubility in MeOH or H2O containing solvent 

mixtures. Therefore, we set out to perform UV-Vis fluoride titrations of these complexes 

in the presence of protic solvents, hoping to overcome the solubility and stability issues 

encountered with 61-BPh4, 62-BPh4, and 63-BPh4.  Similar to 61-BPh4, UV-Vis samples 

of 61-Cl were found to quickly decompose in the presence of MeOH. A UV-Vis fluoride 

titration was carried out on 62-Cl in 9/1 MeOH/CH2Cl2 (Figure 116) to afford a 

calculated fluoride binding constant of 2.7(±0.2) × 103 M-1, which is almost an order of 

magnitude lower than that found for 62-BPh4 (1.1(±0.2) × 104 M-1) in the same solvent 

mixture. The decreased fluoride affinity of 62-Cl versus 62-BPh4 seems to indicate that 

the Cl- anion effectively competes with F- for coordination to the Sb center.  
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Figure 116. Spectral changes in the UV-Vis absorption spectra of 62-Cl (5.1 × 10-5 M) 
in MeOH/CH2Cl2 (9/1 vol.) upon incremental addition of a KF solution (6.3 × 10-2 M, 
MeOH). The isotherms are plotted based on the absorbance at 368 nm, and the line 
indicates the fit to the calculated 1:1 binding isotherm. 

 

Although attempted fluoride titrations of 63-Cl in MeOH/CH2Cl2 mixtures again 

suffered from precipitation of the fluorostiborane, the titration of this complex was 

successfully carried out in a 2:1 MeOH/DMSO solvent mixture to afford a KF of 

8.5(±1.0) × 104 M-1 (Figure 117). The fluoride titration of 62-Cl was carried out in the 

same solvent mixture with a calculated KF of 4.5(±0.5) × 104 M-1 (Figure 118). The 

results of these titrations point to a higher fluoride affinity for the Pt complex 63-Cl over 

the Pd complex 62-Cl. Neither complex was sufficiently soluble to in varying 

H2O/DMSO mixtures to obtain a full titration and fluoride binding constants. 
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Figure 117. Spectral changes in the UV-Vis absorption spectra of 63-Cl (5.0 × 10-5 M) 
in MeOH/DMSO (2/1 vol.) upon incremental addition of a KF solution (6.3 × 10-3 M, 
MeOH). The isotherms are plotted based on the absorbance at 400 nm, and the line 
indicates the fit to the calculated 1:1 binding isotherm. 

 
 

 

Figure 118. Spectral changes in the UV-Vis absorption spectra of 62-Cl (5.1 × 10-5 M) 
in MeOH/DMSO (2/1 vol.) upon incremental addition of a KF solution (6.3 × 10-2 M, 
MeOH). The isotherms are plotted based on the absorbance at 266 nm, and the line 
indicates the fit to the calculated 1:1 binding isotherm. 
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6.3 Conclusions 

In conclusion, we have structurally characterized a series of Group 10 transition metal 

complexes bearing the phosphanylstibine ligand (o-(Ph2P)C6H4)3Sb and investigated 

their fluoride binding affinities. The cationic derivatives 61-BPh4, 62-BPh4, and 63-

BPh4, containing the weakly coordinating BPh4
- anion, are structurally dissimilar in the 

solid state, with the phosphanylstibine ligand adopting a κ-P,P,P,Sb coordination mode 

in the Ni2+ complex 61-BPh4 and a κ- P,P,Sb mode for the Pd2+ and Pt2+ complexes 62-

BPh4 and 63-BPh4.  In agreement with the crystal structures, the UV-Vis spectra of 62-

BPh4 and 63-BPh4 support square planar geometries for the Pd and Pt atoms in solution. 

However, the presence of only a single 31P{1H} NMR resonance for these complexes in 

CDCl3 suggests that the phosphines are in fast exchange on the NMR timescale.  

Complexes 61-BPh4, 62-BPh4, and 63-BPh4 all exhibit a high affinity for fluoride in 

CH2Cl2 solution, resulting in formation of these fluorostiborane species 61-F, 62-F, and 

63-F. The crystal structures of the fluorostiboranes shows that fluoride coordination to 

the Sb center triggers κ-P,P,P,Sb coordination of the phosphanylstibine ligand and 

trigonal bipyramidal geometries around the Pd2+ and Pt2+ atoms in 62-BPh4 and 63-

BPh4.  

The solid state structures of the chloride derivatives 61-Cl, 62-Cl, and 63-Cl were also 

determined, confirming formation of chlorostiborane species in the solid state. The 

similarity of the UV-Vis spectra of these complexes to 61-BPh4, 62-BPh4, and 63-BPh4 

in polar organic solvents such as MeOH and DMSO suggest that the Cl- anion at least 

partially dissociates in these solvents. This finding is in agreement with reported 



 175

conductivity studies which showed that 61-Cl and an arsine derivative of 62-Cl behave 

as 1:1 electrolytes in MeNO2 solution.264-266 In line with this interpretation, 61-Cl, 62-Cl, 

and 63-Cl quantitatively bind fluoride under CHCl3/H2O biphasic conditions to generate 

the corresponding fluorostiboranes. UV-Vis fluoride titrations of 62-Cl and 63-Cl with 

KF in a MeOH/DMSO (2/1 vol.) mixed solvent system afford fluoride binding constants 

of 4.5(±0.5) × 104 M-1 and 8.5(±1.0) × 104, respectively.  

This work provides a proof of concept for our analogy between a tetraorganostibonium 

ion and transition metal-coordinated triarylstibine, with both showing a high affinity for 

F- to produce fluorostiborane species. However, further investigations are needed for this 

concept to evolve into the development of useful fluoride sensors. Ligand modification 

or substitution to provide anion selectivity and water compatibility are major challenges 

to be addressed in the future. In addition, further studies into the electronic structure of 

these complexes will aid in the understanding of their inherent Lewis acidity. 

6.4 Experimental 

General Considerations. Antimony compounds are toxic and should be handled 

cautiously.  KF and TBAF were purchased from Alfa Aesar. The ligand (o-

(Ph2P)C6H4)3Sb266, PdCl2(cod),282 and PtCl2(SEt2)2
283 were prepared according to the 

reported procedures.  All preparations were carried out without any special precautions 

to exclude oxygen. Solvents were dried by passing through an alumina column (pentane 

and CH2Cl2) or refluxing under N2 over Na/K (Et2O, n-hexane, and THF).  All other 

solvents were used as received. Ambient temperature NMR spectra were recorded on a 

Varian Unity Inova 400 FT NMR (399.59 MHz for 1H, 375.99 MHz for 19F, 161.74 
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MHz for 31P, 100.45 MHz for 13C) spectrometer.  Low temperature 31P NMR spectra 

were recorded on a Varian Inova 300 FT NMR spectrometer (121.42 MHz for 31P). 

Chemical shifts (δ) are given in ppm and are referenced against residual solvent signals 

(1H, 13C) or external BF3·Et2O (19F) and H3PO4 (
31P). 

Synthesis of 61-BPh4. NiCl2·6H2O (31 mg, 0.13 mmol) was added as a solid to a 

solution of (o-C6H4P(PPh2))3Sb (122 mg, 0.13 mmol) in THF (10 mL). The resulting 

purple solution was allowed to stir for 12 hrs at room temperature before removing the 

solvent in vacuo. The resulting dark purple residue was dissolved in CH2Cl2 (2 mL) and 

a solution of NaBPh4 (44 mg, 0.13 mmol) in EtOH (8 mL) was added dropwise with 

stirring.  A bright blue precipitate began to form immediately and the reaction mixture 

was stirred at room temperature for 2 hrs. The solid was collected by filtration, and 

washed with EtOH (3 × 2 mL) and Et2O (3 × 2 mL) to afford 123 mg (77 % yield). 

Single crystals of 61-BPh4 suitable for X-ray diffraction were obtained by vapor 

diffusion of Et2O into a solution of the compound in CH2Cl2. 
1H NMR (399.59 MHz; 

CDCl3): δ 6.86-6.91 (m, 4H BPh + 12H PPh), 6.98-7.04 (m, 8H BPh + 12H PPh), 7.15 

(t, 6H, para-PPh, 3
JH-H = 7.41 Hz), 7.25 (m, 3H, o-P(Sb)C6H4), 7.52 (m, 3H o-

P(Sb)C6H4 + 8H BPh), 7.61 (t, 3H, o-P(Sb)C6H4, 
3
JH-H = 7.51 Hz), 7.92 (d, 3H, o-

P(Sb)C6H4, 
3
JH-H = 7.32 Hz). 13C{1H} NMR (100.45 MHz; CDCl3): δ 121.61 (s), 125.56 

(m), 128.43 (m), 129.88 (m), 131.88 (m), 132.64 (s), 134.24 (m), 134.44 (s), 136.43 (s), 

136.98 (s), 142.09 (bm), 164.38 (q, J = 49.71 Hz), (2 ipso-C signals not observed). 

31P{1H} NMR (161.74 MHz; CDCl3): δ 36.48 (s). Elemental analysis calculated (%) for 
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C78H62BClNiP3Sb + 0.7 CH2Cl2: C, 68.57 H, 4.64; found C, 68.62; H 4.59 (approx. 0.8 

eq. of CH2Cl2 was lost in drying). 

Synthesis of 62-BPh4. A solution of PdCl2(cod) (cod = 1,5-cyclooctadiene) (38 mg, 

0.13 mmol) in CHCl3 (2 mL) was added to a solution of (o-C6H4P(PPh2))3Sb (122 mg, 

0.13 mmol) in CHCl3 (10 mL) and the resulting red solution was allowed to stir for 12 

hrs at room temperature before removing the solvent in vacuo. The resulting red/orange 

residue was dissolved in CH2Cl2 (2 mL) and a solution of NaBPh4 (44 mg, 0.13 mmol) 

in EtOH (8 mL) was added dropwise with stirring.  A pale yellow precipitate began to 

form immediately and the reaction mixture was stirred at room temperature for 2 hrs. 

The solid was collected by filtration and washed with EtOH (3 × 2 mL) and Et2O (3 × 2 

mL) to afford 143 mg (90 % yield). Single crystals of 62-BPh4 suitable for X-ray 

diffraction were obtained by vapor diffusion of  Et2O into a solution of the compound in 

CHCl3. 
1H NMR (399.59 MHz; CDCl3): δ 6.79 (t, 4H, BPh, 3

JH-H = 7.14 Hz), 6.94 (t, 

8H, BPh, 3
JH-H = 7.33 Hz), 7.12 (m, 12H, meta-PPh), 7.20 (t, 12H, ortho-PPh, 3

JH-H = 

7.59 Hz), 7.26-7.36 (m, 6H o-P(Sb)C6H4 + 6H para-PPh), 7.40 (m, 8H, BPh), 7.45 (t, 

3H, o-P(Sb)C6H4, 
3
JH-H = 7.51 Hz), 7.51 (d, 3H, o-P(Sb)C6H4, 

3
JH-H = 7.51 Hz). 13C{1H} 

NMR (100.45 MHz; CDCl3): δ 121.54 (s), 125.42 (m), 129.03 (s), 129.27 (m), 131.30 

(s), 133.25 (m), 135.52 (bs), 136.33 (s), 139.6 (bm), 164.25 (q, J = 49.59 Hz), (4 ipso-C 

signals not observed). 31P{1H} NMR (161.74 MHz; CDCl3): δ 39.72 (s). 11B NMR 

(128.2 MHz; CDCl3): δ -6.75 (s). Elemental analysis calculated (%) for 

C78H62BClPdP3Sb + 2 CHCl3: C, 59.85 H, 4.02; found C, 59.96; H 3.95. 
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Synthesis of 63-BPh4. A solution of PtCl2(Et2S)2 (56 mg, 0.12 mmol) in CHCl3 (2 

mL) was added to a solution of (o-C6H4P(PPh2))3Sb (112 mg, 0.12 mmol) in CHCl3 (10 

mL). The resulting yellow solution was allowed to stir for 12 hrs at room temperature 

before removing the solvent in vacuo. The resulting yellow residue was dissolved in 

CH2Cl2 (2 mL), and a solution of NaBPh4 (40 mg, 0.12 mmol) in EtOH (8 mL) was 

added dropwise with stirring.  A white precipitate began to form immediately and the 

reaction mixture stirred at room temperature for 2 hrs. The solid was collected by 

filtration, and washed with EtOH (3 × 2 mL) and Et2O (3 × 2 mL) to afford 145 mg (93 

% yield). Single crystals of 63-BPh4 suitable for X-ray diffraction were obtained by 

vapor diffusion of  Et2O into a solution of the compound in CHCl3. 
1H NMR (399.59 

MHz; CDCl3): δ 6.79 (t, 4H, BPh, 3
JH-H = 7.14 Hz), 6.94 (t, 8H, BPh, 3

JH-H = 7.33 Hz), 

7.16-7.40 (m, 47H, o-P(Sb)C6H4 + BPh + PPh), 7.65 (d, 3H, o-P(Sb)C6H4, 
3
JH-H = 7.08 

Hz). 13C{1H} NMR (100.45 MHz; CDCl3): δ 121.51 (s), 125.41 (m), 129.01 (m), 129.22 

(m), 131.36 (s), 132.87 (s), 133.04 (s), 133.25 (m), 135.59 (q, J = 6.86 Hz), 136.14 (s), 

136.30 (s), 138.06 (m), 140.24 (m), 164.25 (q, J = 49.59 Hz). 31P{1H} NMR (161.74 

MHz; CDCl3): δ 38.23 (s, 1
JP-195Pt = 1737.35 Hz). 11B NMR (128.2 MHz; CDCl3): δ -

6.77 (s). 

Synthesis of 61-F, 62-F, and 63-F. The fluorostiborane complexes could be prepared 

in situ by the addition of 1 equiv. of TBAF to solutions of 61-BPh4, 62-BPh4, and 63-

BPh4 in CDCl3. Alternatively, solutions of 61-Cl, 62-Cl, and 63-Cl in CHCl3 were 

layered and shaken with aqueous solutions of KF (5 equiv.). Multinuclear NMR 

experiments confirmed quantitative conversion to the fluorostiborane species in both 
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cases. For the biphasic reaction, the layers were carefully separated, and vapor diffusion 

of Et2O into the CHCl3 solution generated single crystals of  61-F, 62-F, and 63-F 

suitable for X-ray diffraction. Data for 61-F: 1H NMR (399.59 MHz; CDCl3): δ 6.90-

7.01 (m, 12H PPh + 3H o-P(Sb)C6H4), 7.08-7.21 (m, 18H PPh + 3H o-P(Sb)C6H4), 7.33 

(t, 3H, o-P(Sb)C6H4, 
3
JH-H = 7.51 Hz), 8.39 (d, 3H, o-P(Sb)C6H4, 

3
JH-H = 7.69 Hz). 

13C{1H} NMR (100.45 MHz; CDCl3): δ 127.52 (m), 128.67 (s), 129.61 (s), 130.23 (s), 

132.85 (s), 133.49 (m), 135.19 (bs), (3 ipso-C signals not observed). 31P{1H} NMR 

(161.74 MHz; CDCl3): δ 40.91 (d, 3JF-P = 6.17 Hz). 19F NMR (375.97 MHz; CDCl3): δ -

129.55 (bs). Data for 62-F: 1H NMR (399.59 MHz; CDCl3): δ 6.88 (d, 3H, o-P(Sb)C6H4, 

3
JH-H = 7.32 Hz), 7.03 (t, 12H, PPh, 3

JH-H = 7.51 Hz), 7.09-7.15 (m, 6H PPh + 3H o-

P(Sb)C6H4), 7.21-7.29 (m, 12H PPh + 3H o-P(Sb)C6H4), 8.29 (d, 3H, o-P(Sb)C6H4, 
3
JH-H 

= 7.87 Hz). 13C{1H} NMR (100.45 MHz; CDCl3): δ 127.83 (m), 129.11 (s), 129.75 (s), 

130.28 (s), 132.55 (s), 133.49 (m), 133.65 (m), 136.03 (m), 138.88 (q, J = 10.69 Hz), 

148.41 (m). 31P{1H} NMR (161.74 MHz; CDCl3): δ 41.90 (d, 3
JF-P = 20.66 Hz). 19F 

NMR (375.97 MHz; CDCl3): δ -129.72 (q, 3
JF-P = 20.66 Hz). Data for 63-F: 1H NMR 

(399.59 MHz; CDCl3): δ 6.95 (t, 12H, PPh, 3
JH-H = 7.51 Hz), 7.05-7.12 (m, 18H PPh), 

7.14-7.22 (m, 6H, o-P(Sb)C6H4), 7.41 (t, 3H, o-P(Sb)C6H4, 
3
JH-H = 6.86 Hz), 8.83 (d, 

3H, o-P(Sb)C6H4, 
3
JH-H = 7.69 Hz). 13C{1H} NMR (100.45 MHz; CDCl3): δ 127.61 (m), 

128.81 (s), 130.12 (s), 130.28 (s), 132.93 (m, 2C), 135.32 (m), 136.81 (bs), 138.07 (m), 

148.93 (m). 31P{1H} NMR (161.74 MHz; CDCl3): δ 40.07 (d, 3
JF-P = 9.86 Hz, , 1

JP-195Pt 

= 3204.6 Hz). 19F NMR (375.97 MHz; CDCl3): δ -129.72 (q, 3JF-P = 9.86 Hz). 
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Synthesis of 61-Cl. NiCl2·6H2O (62 mg, 0.26 mmol) was added as a solid to a 

solution of (o-C6H4P(PPh2))3Sb (236 mg, 0.26 mmol) in THF (10 mL). The resulting 

purple solution was allowed to stir for 12 hrs at room temperature before removing the 

solvent in vacuo. The dark purple residue was extracted with 20 mL of CHCl3, filtered 

over Celite, and concentrated to ca. 5 mL in vacuo.  The product was precipitated by 

addition of Et2O (10 mL), filtered, and washed with Et2O (3 × 5 mL) to afford 220 mg 

(81 % yield) as a dark purple solid. Single crystals of 61-Cl suitable for X-ray diffraction 

were obtained by vapor diffusion of  Et2O into a solution of the compound in CHCl3. 
1H 

NMR (399.59 MHz; CDCl3): δ 6.89 (t, 12H, ortho Ph-CH, 
3
JH-H = 7.70 Hz), 7.05 (m, 

12H, meta Ph-CH), 7.11-7.18 (m, 9H, o-P(Sb)C6H4 + para Ph-CH), 7.45 (t, 3H, o-

P(Sb)C6H4, 
3
JH-H = 7.69 Hz), 7.84 (t, 3H, o-P(Sb)C6H4, 

3
JH-H = 7.69 Hz), 9.99 (d, 3H, o-

P(Sb)C6H4, 
3
JH-H = 7.69 Hz). 13C{1H} NMR (100.45 MHz; CDCl3): δ 128.14 (s), 129.47 

(s), 131.74 (s), 132.26 (s), 133.58 (s), 135.53 (s), 137.80 (m), 139.75 (dd, J = 38.14 Hz, J 

= 20.60 Hz), 141.33 (dd, J = 27.46 Hz, J = 14.50 Hz), (one ipso-C signal not observed). 

31P{1H} NMR (161.74 MHz; CDCl3): δ 35.42 (s). 

Synthesis of 62-Cl. A solution of PdCl2(cod) (cod = 1,5-cyclooctadiene) (47 mg, 0.16 

mmol) in CHCl3 (2 mL) was added to a solution of (o-C6H4P(PPh2))3Sb (150 mg, 0.16 

mmol) in CHCl3 (10 mL). The resulting red solution was allowed to stir for 12 hrs at 

room temperature. The reaction mixture was concentrated to ca. 5 mL in vacuo and the 

product was precipitated by addition of Et2O (10 mL). The product was filtered and 

washed with Et2O (3 × 5 mL) to afford 124 mg (70 % yield) as a red solid. Single 

crystals of 62-Cl suitable for X-ray diffraction were obtained by vapor diffusion of  Et2O 
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into a solution of the compound in CHCl3. 
1H NMR (399.59 MHz; CDCl3): δ 7.12-7.20 

(m, 27H, o-P(Sb)C6H4 + para Ph-CH), 7.28 (m, 6H, para Ph-CH), 7.47 (t, 3H, o-

P(Sb)C6H4, 
3
JH-H = 7.42 Hz), 7.59 (t, 3H, o-P(Sb)C6H4, 

3
JH-H = 7.51 Hz), 8.43 (d, 3H, o-

P(Sb)C6H4, 
3
JH-H = 7.69 Hz). 13C{1H} NMR (100.45 MHz; CDCl3): δ 128.73 (q, J = 

3.05 Hz), 130.37 (dd, J = 23.65 Hz, J = 10.68 Hz), 130.71 (s), 132.35 (s), 132.83 (s), 

133.23 (q, J = 5.34 Hz), 135.51 (s), 136.73 (q, J = 6.86 Hz), 139.46 (m), 141.42 (m). 

31P{1H} NMR (161.74 MHz; CDCl3): δ 38.31 (s). Elemental analysis calculated (%) for 

C54H42Cl2PdP3Sb + CHCl3: C, 54.94 H, 3.60; found C, 55.08; H 3.57. 

Synthesis of 63-Cl. A solution of PtCl2(Et2S)2 (74 mg, 0.16 mmol) in CHCl3 (2 mL) 

was added to a solution of (o-C6H4P(PPh2))3Sb (150 mg, 0.16 mmol) in CHCl3 (10 mL). 

The resulting yellow solution was allowed to stir for 12 hrs at room temperature. The 

reaction mixture was concentrated to ca. 5 mL in vacuo, and the product was 

precipitated by addition of Et2O (10 mL). The product was filtered and washed with 

Et2O (3 × 5 mL) to afford 127 mg (65 % yield) as a yellow solid. Single crystals of 63-

Cl suitable for X-ray diffraction were obtained by vapor diffusion of  Et2O into a 

solution of the compound in CHCl3. 
1H NMR (399.59 MHz; CDCl3): δ 7.08-7.17 (m, 

27H, o-P(Sb)C6H4 + para Ph-CH), 7.23 (m, 6H, para Ph-CH), 7.37 (t, 3H, o-P(Sb)C6H4, 

3
JH-H = 7.41 Hz), 7.55 (t, 3H, o-P(Sb)C6H4, 

3
JH-H = 7.51 Hz), 9.08 (d, 3H, o-P(Sb)C6H4, 

3
JH-H = 7.50 Hz). 13C{1H} NMR (100.45 MHz; CDCl3): δ 128.46 (s), 130.33 (s), 131.62 

(dd, J = 27.41 Hz, J = 16.38 Hz), 131.94 (s), 132.48 (s), 132.96 (q, J = 4.66 Hz), 134.99 

(bs), 137.29 (q, J = 5.35 Hz), 139.42-140.55 (bm, 2C). 31P{1H} NMR (161.74 MHz; 
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CDCl3): δ 34.01 (s, 1
JP-195Pt = 2305.7 Hz). Elemental analysis calculated (%) for 

C54H42Cl2PtP3Sb + CHCl3: C, 51.17 H, 3.36; found C, 51.20; H 3.30. 

Crystallography. Single crystals of 61-BPh4 suitable for X-ray diffraction were 

obtained by vapor diffusion of Et2O into a solution of the compound in CH2Cl2. Single 

crystals of 62-BPh4, 63-BPh4, 61-Cl, 62-Cl, 63-Cl, 61-F, 62-F, and 63-F suitable for X-

ray diffraction were obtained by vapor diffusion of Et2O into a solution of the compound 

in CHCl3. Crystal data, details of data collection, and structure refinement parameters for 

compounds 61-BPh4, 62-BPh4, and 63-BPh4 are included in Table 17. Data for 61-F, 62-

F, and 63-F are included in Table 18. Data for 61-Cl, 62-Cl, and 63-Cl are listed in Table 

19. The crystallographic measurements were performed using a Bruker-AXS APEX-II 

CCD area detector diffractometer, with a graphite-monochromated Mo-Kα radiation (λ = 

0.71069 Å). A specimen of suitable size and quality was selected and mounted onto a 

nylon loop. The semiempirical method SADABS207 was applied for absorption 

correction. The structures were solved by direct methods using SHELXTL/PC package 

(version 6.1)208 which successfully located most of the non-hydrogen atoms. Subsequent 

refinement on F2 allowed location of the remaining non-hydrogen atoms. All H atoms 

were geometrically placed and refined in a riding model approximation. 
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Table 17. Crystal data, data collections, and structure refinements for 61-BPh4, 62-BPh4, 
and 63-BPh4. 

Crystal data 61-BPh4·1.5CH2Cl2 62-BPh4·2CHCl3 63-BPh4·CHCl3 

Formula C79.5H65BCl4NiP3Sb C80H64BCl7PdP3Sb C79H63BCl4PtP3Sb 

Mr 1446.40 1605.33 1574.65 

Crystal size/mm 0.16 x 0.12 x 0.09 0.30 x 0.14 x 0.10 0.21 x 0.12 x 0.09  

Crystal system Monoclinic Monoclinic Monoclinic 

Space group C2/c C2/c P2(1)/c 

a/Å 49.945(4) 35.659(3) 10.2383(10) 

b/Å 9.6700(9) 13.8104(13) 30.025(3) 

c/Å 34.967(3) 29.789(3) 21.705(2) 

α /◦ 90 90 90 

β/◦ 129.231(4) 104.9710(10) 93.4090(10) 

γ /◦ 90 90 90 

V/Å3 13081(2) 14172(2) 6660.4(11) 

Z 4 8 4 

ρcalc/g cm−3 1.469 1.505 1.570 

µ/mm−1 0.984 1.012 2.782 

F(000) 5912 6480 3136 

T/K 173(2) 110(2) 110(2) 
Scan mode ω, φ ω, φ ω, φ 
hkl Range -60 → +60 -43 → +43 -12 → +12 

 -11 → +11 -17 → +17 -37 → +37 

 -42 → +42 -36 → +36 -26 → +26 

Measd reflns 62666 73196 69770 

Unique reflns [Rint] 12176 [0.0744] 13935 [0.0501] 13088 [0.0484] 
Reflns used for 
refinement 12176 13935 13088 

Refined parameters 808 838 802 

GooF 1.065 1.016 1.022 

R1,a wR2b (all data) 0.0848, 0.1702 0.0631, 0.1314 0.0359, 0.0651 

ρfin (max., min.)/eÅ−3 1.506, -1.905 4.241, -3.494 1.424, -1.343 
    
 
a
R1 =Σ||Fo| − |Fc||/Σ|Fo|. 

b
 wR2 ([Σw(Fo

2 − Fc
2)2]/[Σ w(Fo

2)2])1/2; w = 1/[σ2(Fo
2) + (ap)2 + bp]; p = (Fo

2 + 
2Fc

2)/3 with a = 0.0635 for 61-BPh4, 0.0534 for 62-BPh4, and 0.0227 for 63-BPh4; and b = 201.6285 for 
61-BPh4, 155.6418 for 62-BPh4, and 11.6973 for 63-BPh4.  
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Table 18. Crystal data, data collections, and structure refinements for 61-F, 62-F, and 
63-F. 

Crystal data 61-F 62-F 63-F 

Formula C54H42ClFNiP3Sb C54H42ClFPdP3Sb C54H42ClFPtP3Sb 

Mr 1018.70 1066.39 1155.08 

Crystal size/mm 0.14 x 0.07 x 0.06 0.13 x 0.11 x 0.06 
0.14 x 0.09 x 
0.05  

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P2(1)/c P2(1)/c P2(1)/c 

a/Å 12.768(5) 12.920(4) 12.865(4) 

b/Å 17.378(7) 17.451(6) 17.498(5) 

c/Å 19.853(8) 19.915(6) 19.948(6) 

α /◦ 90 90 90 

β/◦ 99.777(5) 98.913(4) 99.066(4) 

γ /◦ 90 90 90 

V/Å3 4341(3) 4436(2) 4434(2) 

Z 4 4 4 

ρcalc/g cm−3 1.559 1.597 1.730 

µ/mm−1 1.271 1.225 3.971 

F(000) 2064 2136 2264 

T/K 110(2) 110(2) 110(2) 
Scan mode ω, φ ω, φ ω, φ 
hkl Range -15 → +15 -15 → +15 -15 → +15 

 -21 → +21 -21 → +21 -21 → +21 

 -24 → +24 -24 → +24 -24 → +24 

Measd reflns 44167 43805 37957 

Unique reflns [Rint] 8516 [0.0697] 8712 [0.0585] 8713 [0.0570] 

Reflns used for refinement 8516 8712 8713 

Refined parameters 550 550 550 

GooF 1.018 1.036 1.025 

R1,a wR2b (all data) 0.0557, 0.1039 0.0448, 0.0733 0.0447, 0.0718 

ρfin (max., min.)/eÅ−3 0.750, -0.668 0.623, -0.594 0.765, -0.763 
    
 aR1 =Σ||Fo| − |Fc||/Σ|Fo|. 

b
 wR2 ([Σw(Fo

2 − Fc
2)2]/[Σ w(Fo

2)2])1/2; w = 1/[σ2(Fo
2) + (ap)2 + bp]; p = (Fo

2 + 
2Fc

2)/3 with a = 0.0520 for 61-F, 0.0268 for 62-F, and 0.0313 for 63-F; and b = 3.3536 for 61-F, 4.1355 
for 62-F, and 1.9695 for 63-F.  
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Table 19. Crystal data, data collections, and structure refinements for 61-Cl, 62-Cl, and 
63-Cl. 

Crystal data 61-Cl 62-Cl·CHCl3 63-Cl·CHCl3 

Formula C54H42Cl2NiP3Sb C55H43Cl5PdP3Sb C55H43Cl5PtP3Sb 

Mr 1035.15 1202.2 1290.89 

Crystal size/mm 0.10 x 0.08 x 0.06 0.21 x 0.16 x 0.11 0.05 x 0.04 x 0.03  

Crystal system Orthorhombic Monoclinic Monoclinic 

Space group Pbca P2(1)/c P2(1)/c 

a/Å 20.9921(11) 21.575(7) 21.367(6) 

b/Å 19.6914(10) 13.656(5) 13.698(4) 

c/Å 21.4716(11) 17.907(6) 17.659(5) 

α /◦ 90 90 90 

β/◦ 90 108.984(6) 109.346(4) 

γ /◦ 90 90 90 

V/Å3 8875.6(8) 4989(3) 4136.5(6) 

Z 8 4 4 

ρcalc/g cm−3 1.549 1.601 1.758 

µ/mm−1 1.300 1.304 3.830 

F(000) 4192 2400 2528 

T/K 110(2) 110(2) 110(2) 
Scan mode ω, φ ω, φ ω, φ 
hkl Range -25 → +25 -22 → +26 -25 → +25 

 -23 → +23 -15 → +16 -16 → +16 

 -25 → +26 -21 → +19 -21 → +21 

Measd reflns 102989 27466 34894 

Unique reflns [Rint] 8256 [0.1033] 9239 [0.0720] 8745 [0.1073] 

Reflns used for refinement 8256 9239 8745 

Refined parameters 550 586 605 

GooF 1.024 1.028 1.021 

R1,a wR2b (all data) 0.0566, 0.0838 0.0992, 0.1522 0.0842, 0.1310 

ρfin (max., min.)/eÅ−3 0.476, -0.814 1.010, -0.974 2.138, -1.522 
    
 aR1 =Σ||Fo| − |Fc||/Σ|Fo|. 

b
 wR2 ([Σ w(Fo

2 − Fc
2)2]/[Σ w(Fo

2)2])1/2; w = 1/[σ2(Fo
2) + (ap)2 + bp]; p = (Fo

2 + 
2Fc

2)/3 with a = 0.0414 for 61-Cl, 0.0732 for 62-Cl, and 0.0502 for 63-Cl; and b = 4.8577 for 61-Cl, 0 
for 62-Cl, and 0 for 63-Cl.  
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CHAPTER VII 

 BIS-GOLD(I) AND GOLD(I)/BORON COMPLEXES WITH PERI-

NAPHTHALENEDIYL BACKBONES* 

 

7.1 Introduction 

Interest in bridged dinuclear gold(I) complexes containing short, intramolecular Au-

Au distances arises from their often rich optical properties284,285 as well as their unique 

structures which allow for study of the metal-metal interactions.286 A number of bridging 

ligands, such as diphosphines,287-291 phosphine ylides,292-297 or cyclometalating 

phosphines or arsines,298,299 have been used to scaffold both homo- and heterobridged 

molecules. Dinuclear gold(I) complexes bearing dianionic µ-C-C bridging ligands are 

more scarce, particularly those which allow short Au-Au contacts. Two examples of 

such structures include 1,1’-bis(triphenylphosphinegold)-biphenyl and 1,1’-

bis(triphenylphosphinegold)-diphenylmethane for which, despite the flexibility of the 

bridging diaryl ligand, Au-Au distances of 3.169 Å and 3.012 Å, respectively, were 

reported.300,301 In addition, Yam, et al. have described the preparation of a 1,8-

diaurionaphthalene complex (65) and examined its luminescence properties and 

reactivity with respect to oxidative addition (Figure 119).302  

--------------------------- 
* Reprinted in part from: "Synthesis, structure and luminescence of 1,8-diaurionaphthalenes" Wade, C. R.; 
Yakovenko, A. A.; Gabbaï F. P. New J. Chem. 2010, 34, 1646-1651. -Reproduced by permission of The 
Royal Society of Chemistry (RSC) on behalf of the Centre National de la Reecherche Scientifique (CNRS) 
and the RSC. 
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AuAu

Ph2P PPh2

65
                 

Figure 119. Diaurionaphthalene complex 65 and mercury/borane 34. 

 

In the interest of developing synthetic routes to access gold(I)/boron complexes, we 

began investigating the synthesis of 1,8-diaurionaphthalene complexes using 1,8-

dilithionaphthalene as a precursor. As a result, the synthesis, structural characterization, 

and photophysical properties of two new 1,8-diaurionaphthalene complexes [Au2(µ-

C10H6)(Et3P)2] (66) and [Au2(µ-C10H6)(µ-dppm)] (dppm = Ph2P(CH2)PPh2) (67), are 

described in this chapter. In the course of this work, we prepared a novel [Au4Ag2]
2+ 

metallocycle (68), which is also described. 

Based on our previous work with peri-substituted naphthalene derivatives such as 

34,122 we considered the use of the 1,8-naphthalenediyl backbone as a bridging scaffold 

to support gold(I)/boron complexes (Figure 119). Our interest in such complexes arises 

from their analogy to the Hg/B compound 34, which forms a B-F-Hg chelate complex 

with fluoride and acts as a phosphorescent sensor for this anion. Additionally, the 1,8-

naphthalenediyl backbone could be expected to enforce a short Au-B separation, 

potentially leading to a strong Au→B Z-type bonding interaction. The use of 

triarylboranes as σ-acceptor ligands toward transition metals has garnered a great deal of 

attention.303  Although most studies describing complexes containing 

metal→triarylborane interactions have focused on fundamental bonding aspects, a recent 
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report detailing the reactivity of a complex containing a Fe→B interaction suggests that 

these ligands may be useful for supporting multiple redox states.304  As a result of these 

interests, this chapter includes the synthesis and structural characterization of two new 

gold(I)/boron complexes 69 and 70. 

7.2 Synthesis and structural characterization of 1,8-diaurionaphthalenes 

The synthesis described by Yam, et al. for 65 involves the reaction of 1,8-

bis(trimethylstannyl)naphthalene with [Au2Cl2(µ-dppe)] (dppe = 1,2-

bis(diphenylphosphino)ethane).302 To avoid the use of toxic organotin reagents and 

additional synthetic steps, we employed 1,8-dilithionaphthalene as a starting material for 

our investigation of aurated napthalene derivatives. Reaction of this dilithium reagent 

with in situ prepared [AuCl(Et3P)] and [Au2Cl2(µ-dppm)] afforded 66 and 67, 

respectively (Figure 120). Although 67 was obtained in up to 71 % yield, only small 

amounts of 66 (≤10 % yield) were isolated from the reaction mixtures. Both 66 and 67 

have been fully characterized by multinuclear NMR and X-ray diffraction. The 

compounds are moderately soluble in CH2Cl2, C6H6, and THF but are insoluble in 

MeOH, Et2O, and hydrocarbon solvents. The 31P{1H} NMR spectra of 66 and 67 display 

single resonances at 38 ppm (CD2Cl2) and 29 ppm (CDCl3), respectively, indicating the 

symmetrical nature of the structures in solution. Accordingly, the 1H NMR spectrum of 

each complex displays all the expected resonances, including three sets of signals 

corresponding to the symmetrically substituted 1,8-naphthalene backbones. 
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Et2O/THF,

-78°C

AuAu

Ph2P PPh2

LiLi

Et3P/[AuCl(tht)]
AuAu

Et3P PEt3

dppm/[AuCl(tht)]

Et2O, -78°C

66

67  

Figure 120. Synthesis of 66 and 67. 

 

 

Figure 121. Crystal structure of complex 66. Ellipsoids are scaled to the 50% probability 
level, and hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and 
angles (˚): Au(1)-Au(2) 2.9982(5), Au(1)-P(1) 2.2855(11), Au(2)-P(2) 2.2893(11), 
Au(1)-C(1) 2.057(4), Au(2)-C(8) 2.055(4); C(1)-Au(1)-P(1) 166.89(12), C(8)-Au(2)-
P(2) 163.89(11). 
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The X-ray crystal structure of 66 was determined using single crystals obtained by 

cooling a CH2Cl2/Et2O solution of the compound (Figure 121). The complex crystallizes 

in the space group P21/n and exhibits linearly coordinated gold atoms (C(1)-Au(1)-P(1), 

166.89(12)˚; C(8)-Au(2)-P(2), 163.89(11)˚) with an intramolecular Au-Au contact 

(Au(1)-Au(2), 2.9982(5) Å). Single crystals of 67 suitable for X-ray diffraction were 

obtained by cooling a solution of the compound in CH2Cl2/MeOH (4:1). This compound 

crystallizes in the orthorhombic space group P212121, with the unit cell containing three 

independent molecules.  One of these molecules (molecule A), which does not form any 

unusual intermolecular contacts, displays a relatively short intramolecular Au(1)-Au(2) 

distance of 2.8137(8) Å (Figure 122).  The other two independent molecules (molecules 

B and C) present in the asymmetric unit are associated end to end by an unsupported 

aurophilic Au(1B)-Au(1C) interaction of 3.0983(8) Å (Figure 123).  Formation of this 

intermolecular aurophilic interaction induces a noticeable lengthening of the 

intramolecular Au-Au interactions in molecules B and C (Au(1B)-Au(2B) = 2.8693(8) Å 

and Au(1C)-Au(2C) 2.8658(8) Å) when compared to that observed in molecule A 

(2.8137(8) Å).  The coordination environment of the gold(I) atoms in 67 is also more 

linear than observed for 66 with C-Au-P angles in the range 173.0(4)-178.5(4)˚ for the 

combined independent molecules.  
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Figure 122. Crystal structure of independent molecule A present in the asymmetric unit 
of 67.   Ellipsoids are scaled to the 50% probability level. Hydrogen atoms have been 
omitted for clarity. Selected bond lengths (Å) and angles (˚): Au(1A)-Au(2A) 2.8137(8), 
Au(1A)-P(1A) 2.283(3), Au(1A)-C(1A) 2.044(13), Au(2A)-P(2A) 2.299(4), Au(2A)-
C(8A) 2.052(12); C(1A)-Au(1A)-P(1A) 177.5(4), C(8A)-Au(2A)-P(2A) 177.8(4).  

  

 

Figure 123. Crystal structure of independent molecules B and C present in the 
asymmetric unit of 67.  Ellipsoids are scaled to the 50% probability level.  The ligands 
are represented using a stick model.  Hydrogen atoms have been omitted for clarity.  
Selected bond lengths (Å) and angles (˚): Au(1B)-Au(1C) 3.0983(8), Au(1B)-Au(2B) 
2.8693(8), Au(1C)-Au(2C) 2.8658(8); Au(2B)-Au(1B)-Au(1C) 172.27(2), (2C)-Au(1C)-
Au(1B) 166.10(2). 
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Comparison of the structures of 66 and 67 with the reported structure of 65 shows a 

trend in the intramolecular Au-Au distances with respect to the rigidity and bridging 

ability of the phosphine ligands. The longest of these distances is observed for 66 

(2.9982(5) Å), indicating that the bulk of the monodentate Et3P ligands impedes a close 

approach of the two Au atoms. A comparison of the intramolecular Au-Au distances in 

67 (av. 2.85 Å) and 65 (av. 2.90 Å) suggests that the narrower dppm ligand promotes the 

formation of a shorter Au-Au contact. The short intramolecular Au-Au distances 

observed in 67 are also comparable, or shorter than, those measured for the 8-membered 

cyclometalated gold(I) dimers [Au2(µ-2-C6H4PPh2)2] (2.8594(3) Å) and [Au2(µ-C6H3-2-

PPh2-6-Me)2] (2.861(2) Å).305,306 

 

 

Figure 124. Synthesis of 68. 

 

The metallophilicity of gold(I) complexes extends beyond inter- and intramolecular 

Au-Au interactions, and the presence of other heavy metal ions such as Cu(I), Ag(I), and 

Tl(I) may result in formation of intermetallic aggregates or polymeric materials 

supported by heterometallic, closed shell interactions.284,307 In the present case, we have 

found that upon layering a solution of 67 in CH2Cl2 with 1 eq. of AgPF6 in THF, pale 
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yellow crystals formed, which were identified by X-ray diffraction as the 

hexafluorophosphate salt of a dicationic complex featuring a Au2AgAu2Ag six-

membered ring (68) (Figure 124). This salt crystallizes in the space group P-1 with two 

independent molecules, referred to as molecules A and B, two PF6
- counteranions, and 

disordered THF/CH2Cl2 solvent molecules in the asymmetric unit (Figure 125).  The 

independent molecules each consist of a single Ag atom and one [Au2(µ-C10H6)(µ-

dppm)] unit with the remainder of the hexanuclear “sandwich” structures and 

counteranions being generated by an inversion center located at the center of the 6-

membered metalloring. Restraints placed on the naphthalenediyl and phenyl rings to 

correct distortions, probably due to crystal twinning, limit detailed discussion of some 

aspects of the bonding in this complex. However, the distinguishing features of 68, 

including the metal-metal and some metal-carbon bond distances, may be addressed. The 

presence of nearby Ag atoms does not induce any major distortions in the core structure 

of the [Au2(µ-C10H6)(µ-dppm)] moiety. The observed intramolecular Au(1)-Au(2) 

distances of 2.8278(12) Å for molecule A and 2.8501(12) Å for molecule B are close to 

those observed in complex 67.  Similarly, the C-Au-P bond angles ranging from 

176.5(2)˚ to 177.0(2)˚ in molecules A and B show little deviation from linearity.  The 

Au(1’)-Ag(1) (2.740(2) Å for molecule A and 2.7646(19) Å for molecule B) and Au(2)-

Ag(1) (2.783(2) Å for molecule A and 2.802(2) Å for molecule B) distances are close to 

one another and commensurate with the presence of metallophilic contacts such as those 

observed in the aryl-bridged heterometallic complexes [{Au(µ-Mes)(Ph3As)}2Ag]ClO4 

(Au-Ag = 2.7758(8) Å)308 and [{Au(µ-Mes)(Ph3P)Ag(tht)}2]
2+ (Au-Ag = 2.8245(6) 
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Å).309  Cohesion of the hexanuclear cluster also benefits from π-interactions involving 

the naphthalene ligands and the silver cation (Ag(1)-C(8) = 2.434(7) Å for molecule A 

and 2.344(7) Å for molecule B, Ag(1)-C(7) = 2.482(9) Å for molecule A and 2.521(9) Å 

for molecule B, Ag(1)-C(1’) = 2.347(4) Å for molecule A and 2.321(5) Å for molecule 

B).  Finally, we note that formation of this cluster results in a slight lengthening of the 

Au-C bonds (av. 2.13 Å vs. 2.06 Å in 67). 

 

 
Figure 125. Structure of independent molecule A of complex 68. The symmetry 
equivalent half of the molecule is generated by inversion ((atom)(number)' = -x, -y, -
z+1).  Ellipsoids are scaled to the 50% probability level. Hydrogen atoms, PF6

- 
counteranions, and solvent molecules have been omitted for clarity. Selected bond 
lengths (Å) and angles (˚) for molecule A, with those for the independent molecule B 
given in brackets: Au(1)-Au(2) 2.8278(12) [2.8501(12)], Au(1)-P(1) 2.300(5) [2.286(6)], 
Au(1)-C(1) 2.125(6) [2.143(6)], Au(2)-P(2) 2.290(5) [2.304(5)], Au(2)-C(8) 2.099(7) 
[2.143(6)], Au(1’)-Ag(1) 2.740(2) [2.7647(19)], Au(2)-Ag(1) 2.783(2) [2.802(2)], 
Ag(1)-C(1’) 2.347(4) [2.321(5)], Ag(1)-C(8) 2.434(7) [2.344(7)], Ag(1)-C(7) 2.482(9) 
[2.521(9)]; C(1)-Au(1)-P(1) 176.8(2) [176.5(2)], C(8)-Au(2)-P(2) 177.0(2) [176.3(2)], 
Au(1’)-Ag(1)-Au(2) 164.09(9) [163.54(11)]. 
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The electronic spectra of complexes 67 and 68 in CH2Cl2 both display broad 

absorption bands around 310 nm, which arise from a mixture of metal perturbed 

naphthalene and phenyl π-π* excitations and metal centered transitions (Figure 

126).302,310,311  In deaerated CH2Cl2 solution, both complexes display emission bands in 

the 475-650 nm range (Figure 127).  The vibronic progression observed in these 

emission spectra are characteristic of the triplet state of naphthalene, thus indicating the 

occurrence of an internal heavy atom effect.302,312,313  Related heavy atom induced triplet 

emissions have been observed for other aurated polycyclic aromatics including 

naphthalene, anthracene, and pyrene.314-318  Upon exposure to air, nearly complete loss 

of emission intensity was observed for both complexes, thus confirming the triplet nature 

of the emissive state.  In addition, the emission band of 68 is redshifted by ca. 20 nm 

versus that of 67, indicating that the Au-Ag metallophilic interactions observed in the 

solid state might be retained in solution. 

 

 

Figure 126. UV-Vis absorption spectra of complexes 67 (___) and 68 (- - -) in CH2Cl2 
solution under ambient conditions. 
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Figure 127. Luminescence spectra of complexes 67 (___, λexc = 310 nm)  and 68 (- - -, 
λexc = 350 nm) in deoxygenated CH2Cl2 solution (1 mM) at room temperature.  The 
spectra have been corrected for the I vs. λ bias introduced by the PMT detector. 

 

 

 
Figure 128. Luminescence spectra of complexes 67 (___) and 68 (- - -) (λexc = 315 nm) in 
the solid state at room temperature.  The spectra have been corrected for the I vs. λ bias 
introduced by the PMT detector. 
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The solid state spectra of 67 and 68 also display relatively broad emission bands 

around 475-650 nm (Figure 128). However, the emission band of 67 is distinctly 

broadened and more red-shifted.  Since it has been previously shown that aggregation 

and aurophilic interactions play an important role in the luminescence of gold(I) 

complexes,319 we assign the differences observed in the solution and solid state spectra 

of 67 to the presence of an aurophilic dimer in its solid state structure.  

7.3 Synthesis  and structural characterization of gold-borane complexes 69 and 70 

Next, we set out to synthesize gold(I)/boron complexes supported by the 1,8-

naphthalendiyl backbone. Attempts to prepare this type of compound by an electrophilic 

ring opening reaction of the dimesityl-1,8-naphthalenediylborate anion with gold 

chloride salts proved unsuccessful, despite the success of this synthetic strategy for 

accessing analogous Hg/B complexes such as 34.122 As a result, we considered the use of 

a less sterically demanding diarylboron halide, namely 9-thia-10-bromoboranthracene.  

The reaction of 9-thia-10-bromoboranthracene with 1,8-dilithionaphthalene in Et2O 

generated a colorless precipitate that was subsequently allowed to react with 

thtAuCl/Et3P or Ph3PAuCl in Et2O.  Concentration of the reaction mixture, followed by 

extraction with benzene and layering with hexanes afforded a small amount of yellow 

single crystals of the gold-borane complexes 69 and 70 (Figure 129). Single resonances 

observed at 41 ppm for 69 and 44 ppm for 70  in the 31P{1H} NMR spectra (C6D6) are 

consistent with a triorganophosphine coordinated to a gold(I) fragment. The 1H NMR 

spectra of both compounds displayed signals consistent with an unsymmetrical 1,8-

naphthalenediyl group as well as the presence of the thiaboranthracene group. 
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Figure 129. Synthesis of 69 and 70. 

 

The X-ray crystal structures of 69 and 70 have been determined. Compound 69 

crystallizes in the space group Pca21 with two similar independent molecules in the 

asymmetric unit.  The structure of one of the independent molecules is shown in Figure 

130. Both molecules display a short intramolecular Au-B distance (2.70 Å av.) and 

nearly linear P-Au-C bond angle of 170.1˚. The thiaboranthracene group is oriented 

perpendicular to the plane of the naphthalene backbone with the boron atom remaining 

in a trigonal planar coordination environment (Σ∢(C–B–C) = 358.2˚). 

Compound 70 crystallizes in the P21 space group with two independent molecules  and 

a benzene solvent molecule in the asymmetric unit. The structure of one of the 

independent molecules is shown in Figure 131 and appears very similar to that 

determined for 69. However, the Au-B distances measured for 70 (2.84 Å av.) are longer 

than those in 69. The P-Au-C bond angles (169.0˚ av.) are still very linear and the boron 

atom retains a trigonal planar geometry (Σ∢(C–B–C) = 358.5˚). 
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Figure 130. Structure of one of the independent molecules present in the asymmetric 
unit of 69.   Ellipsoids are scaled to the 50% probability level. Hydrogen atoms have 
been omitted for clarity. Selected bond lengths (Å) and angles (˚) [with the 
corresponding bond lengths and angles for the other independent molecule listed in 
brackets]: Au(1)-C(1) 2.042(6) [2.058(7)], Au(1)-P(1) 2.307(2) [2.307(2)], Au(1)-B(1) 
2.680(9) [2.719(9)], C(1)-Au(1)-P(1) 170.2(2) [170.1(2)], C(22)-B(1)-C(16) 120.1(7) 
[118.7(7)], C(22)-B(1)-C(8) 120.4(8) [119.0(8)], C(16)-B(1)-C(8) 117.7(8) [120.5(7)]. 

 

 

Figure 131. Structure of one of the independent molecules present in the asymmetric 
unit of 70.   Ellipsoids are scaled to the 50% probability level. Hydrogen atoms have 
been omitted for clarity. Selected bond lengths (Å) and angles (˚) [with the 
corresponding bond lengths and angles for the other independent molecule listed in 
brackets]: Au(1)-C(1) 2.072(10) [2.076(10)], Au(1)-P(1) 2.301(3) [2.293(3)], Au(1)-
B(1) 2.831(16) [2.853(15)], C(1)-Au(1)-P(1) 169.7(3) [168.4(3)], C(22)-B(1)-C(16) 
119.5(11) [119.3(10)], C(22)-B(1)-C(8) 118.5(11) [119.5(10)], C(16)-B(1)-C(8) 
120.5(11) [119.7(10)]. 
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Attempts to optimize the reaction conditions to afford higher yields of compounds 69 

and 70 were unsuccessful. Consequently, we could not undertake anion binding studies. 

However, the short Au-B bond distance in 69 led us to consider the possible presence of 

a Z-type interaction. In fact, the Au-B distance measured for 69 is only marginally 

longer than that reported for the phosphoranylborane gold complex 71 (Au-B: 2.663(8) 

Å) reported by Bourissou (Figure 132).320  Other di- and tri-phosphoranylborane gold 

complexes have also been reported and shown contain shorter Au-B bond distances in 

the 2.309 to 2.448 Å range,321,322 but none contain a Au-C bond.  

 

 

Figure 132. Phosphoranylborane gold complex 71. 

 

In order to investigate the nature of the potential Au→B interactions in these 

complexes, we carried out DFT calculations on 69 using the ADF program.  All 

calculations were carried out at the BP86/TZP level of theory using the zero-order 

regular approximation (ZORA).  Geometry optimization starting from the solid state 

structure of one of the independent molecules of 69 afforded a structure that is in close 

agreement with that observed experimentally. Compound 69 was subjected to a Boys 

localization analysis because of extensive delocalization of the occupied Kohn-Sham 

orbitals. This analysis identified an occupied orbital of σ-symmetry along the Au-B axis 
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(Figure 133). Although this orbital is strongly polarized toward the Au atom, there is a 

small contribution from the boron atom, signaling the presence of a Z-type interaction. 

An NBO analysis (Gaussian: BP86 with 6-31g for H, C; 6-311+g(d) for B, P, Cl; and 

CRENBS ECP for Au) identified lp(Au) → p(B) and σ(Au-C) → p(B) interactions as 

the primary components of the Z-type bonding (Figure 134). An NBO deletion 

calculation to zero the Kohn-Sham matrix elements corresponding to the lp(Au) → p(B) 

interaction resulted in an increase in the energy (Edel) of 69 by 9.2 kcal/mol, which is 

comparable to that found for deletion of the lp(Au) → p(B) interaction in 71 (Edel = 12.8 

kcal/mol).320 Deletion of both the lp(Au) → p(B) and σ(Au-C) → p(B) interactions in 69 

provided a significantly increased Edel of 35.5 kcal/mol. 

 

 

Figure 133. Gold-centered Boys orbital for 69 (drawn with a 0.03 isodensity value). 
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Figure 134. Plots of NBO donor-acceptor interactions in 69 (drawn with a 0.03 
isodensity value). Hydrogens have been omitted for clarity. 

 

7.4 Conclusions 

In conclusion, we have found that 1,8-diaurionaphthalene complexes such as 67 can be 

readily prepared from 1,8-dilithionaphthalene and may be used as a building block for 

the construction of a larger complexes such as 68, which contains a [Au4Ag2]
2+ 

metallocycle.  The luminescence properties of 67 and 68 in CH2Cl2 solution arise from 

triplet state phosphorescence of the naphthalene backbone, thus indicating the 

occurrence of an internal heavy atom effect.  A redshift (ca. 20 nm) in the emission 

spectrum of 68 versus that of 67 suggests that the Au-Ag metallophilic interactions 

remain in solution. Similarly, broadening of the solid state emission spectrum of 67 is 

attributed to the presence of an intramolecular aurophilic contact observed in the solid 

state structure of the complex.  
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A similar synthetic approach using 1,8-dilithionaphthalene to prepare gold/boron 

compounds 69 and 70 was also successful. However, the low yields of these reactions 

precluded the study of fluoride or cyanide complexation by these compounds. The short 

Au-B bond distance found in 69 prompted a DFT study of this bonding interaction, and 

NBO analysis identified a Au→B Z-type interaction similar to that described for the 

phosphoranylborane gold complex 71.  

7.5 Experimental 

General Considerations. 1,8-dilithionaphthalene,323 9-thia-10-bromoboranthracene,99 

and [AuCl(tht)]324 were prepared according to the literature. 

Bis(diphenylphosphino)methane and triethylphosphine were purchased from Alfa Aesar 

and used as received. AgPF6 was purchased from Sigma Aldrich and used as received. 

Solvents were dried by passing through an alumina column (n-hexane, CH2Cl2) or 

refluxing under N2 over Na/K (Et2O and THF). Air-sensitive compounds were handled 

under a N2 atmosphere using standard Schlenk and glovebox techniques. Elemental 

analyses were performed at Atlantic Microlab (Norcross, GA). NMR spectra were 

recorded on a Varian Unity Inova 400 FT NMR (399.59 MHz for 1H, 161.75 MHz for 

31P, 128.19 MHz for 11B, 100.45 MHz for 13C) spectrometer at ambient temperature. 

Chemical shifts δ are given in ppm and are referenced against external Me4Si (1H, 13C), 

H3PO4 (
31P), and BF3·Et2O (11B, 19F).  

 

 



 204

Table 20. Crystal data, data collections, and structure refinements for 66, 67, and 68. 

Crystal data 66 67 68 

Formula C22H36Au2P2 C35H28Au2P2·0.66(CH2Cl2) C74H64Ag2Au4F12OP6 

Mr 756.38 961.08 2386.68 

Crystal size/mm 0.12 x 0.08 x 0.004 0.10 x 0.10 x 0.03 0.33 x 0.05 x 0.03  

Crystal system Monoclinic Orthorhombic Triclinic 

Space group P2(1)/n P2(1)2(1)2(1) P-1 

a/Å 14.589(2) 15.312(3) 13.721(3) 

b/Å 11.7417(17) 20.213(3) 15.084(4) 

c/Å 15.155(2) 30.189(5) 19.253(5) 

α /◦ 90 90 84.974(2) 

β/◦ 113.913(2) 90 69.611(2) 

γ /◦ 90 90 84.399(3) 

V/Å3 2373.3(6) 9343(3) 3711.0(16) 

Z 4 12 2 

ρcalc/g cm−3 2.117 2.050 2.136 

µ/mm−1 12.488 9.652 8.597 

F(000) 1424 5448 2248 (2461)a 

T/K 110(2) 110(2) 110(2) 
Scan mode ω  ω ω 
hkl Range -17 → +17 -17 → +17 -16 → +16 

 -13 → +13 -23 → +23 -16 → +18 

 -17 → +17 -35 → +35 -23 → +23 

Measd reflns 21290 85668 37102 

Unique reflns [Rint] 3948 [0.0298] 15533 [0.0817] 14427 [0.0910] 
Reflns used for 
refinement 3948 15533 14427 

Refined parameters 235 1066 646 

GooF 1.002 1.049 1.025 

R1,b wR2c (all data) 0.0214, 0.0429 0.0472, 0.0795 0.1328, 0.1836 

ρfin (max., min.)/eÅ−3 1.246, -0.491 1.576, -1.045 2.923, -1.898 
Absolute structure 
parameter N/A -0.009(6) N/A 
    
 
a The F(000) value in parentheses includes the amount of electrons in the structure removed using the 
SQUEEZE program. 
b
R1 =Σ||Fo| − |Fc||/Σ|Fo|. 

c
 wR2 ([Σw(Fo

2 − Fc
2)2]/[Σ w(Fo

2)2])1/2; w = 1/[σ2(Fo
2) + (ap)2 + bp]; p = (Fo

2 + 
2Fc

2)/3 with a = 0.0258 for 66, 0.0250 for 67, and 0.0300 for 68; and b = 3.1624 for 66, 10 for 67, and 
130 for 68.  
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Table 21. Crystal data, data collections, and structure refinements for 69 and 70. 

Crystal data 69  70  
Formula C28H29AuBPS C86H64Au2B2P2S2  
Mr 636.32 1638.98  
Crystal size/mm 0.14 x 0.10 x 0.08 0.30 x 0.30 x 0.25  
Crystal system Orthorhombic Monoclinic  
Space group Pca21 P21  
a/Å 18.5032(13) 9.3608(18)  
b/Å 9.0744(6) 37.954(7)  
c/Å 29.821(2) 9.5399(18)  
β/◦        - 101.429(2)  
V/Å3 5007.1(6) 3322.1(11)  
Z 8 2  
ρcalc/g cm−3 1.688 1.638  
µ/mm−1 6.038 4.571  
F(000) 2496 1620  
T/K 110(2) 110(2)  
Scan mode ω, φ ω, φ  
hkl Range -22 → +22 -11 → +11  
 -11 → +11 -46 → +46  
 -36 → +36 -11 → +11  
Measd reflns 49372 34189  
Unique reflns [Rint] 9843[0.0488] 13059 [0.0704]  
Reflns used for refinement 9843 13059  
Refined parameters 578 704  
GooF 1.006 1.009  
R1,a wR2b (all data) 0.0462, 0.0908 0.0608, 0.1044  
ρfin (max., min.)/eÅ−3 0.543, -0.891 1.743, -1.557  
a
R1 =Σ||Fo| − |Fc||/Σ|Fo|. 

b
 wR2 = ([Σw(Fo

2 − Fc
2)2]/[Σ w(Fo

2)2])1/2; w = 1/[σ2(Fo
2) + (ap)2 + bp]; p = (Fo

2 + 
2Fc

2)/3 with a = 0.0528 for 69, 0.0420 for 70; and b = 0 for 69, 0 for 70.  

 
 

Crystallography. Crystal data, details of data collection, and structure refinement 

parameters for compounds 66, 67, and 68 are presented in Table 20. The data for 

compounds 69 and 70 are presented in Table 21. The crystallographic measurements 

were performed using a Bruker-AXS APEX-II CCD area detector diffractometer, with a 

graphite-monochromated Mo-Kα radiation (λ = 0.71069 Å). A specimen of suitable size 

and quality was selected and mounted onto a nylon loop. The semiempirical method 
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SADABS207 was applied for absorption correction. The structures were solved by direct 

methods using SHELXTL/PC package (version 6.1)208 which successfully located most 

of the non-hydrogen atoms. Subsequent refinement on F2 allowed location of the 

remaining non-hydrogen atoms. All H atoms were geometrically placed and refined in a 

riding model approximation. During the structure refinement of complex 68, we found 

large planarity, bond length and bond angle distortions in the phenyl and naphthyl rings 

in both molecules of complex. This effect is probably due to twinning of the crystal 

which could, however, not be resolved using the CELL NOW,325 ROTAX,326 or 

APEX2327 software.  To correct this distortion, we restrained the structure parameters of 

these rings to the ideal geometries (C-C bond length 1.390(1)Å and C-C-C bond angles 

120.0(1)º).  In addition, the PF6
- counter-anions were found to be highly disordered. 

Attempts to solve this disorder were not successful. Since, these anions do not bring any 

new structural information to our research, after restraining their geometry to the ideal 

(P-F bond length 1.581(1) Å and F-P-F bond angle 90.0(1) º), they were left as is. 

There are large, channel-like volumes permeating the crystal that are occupied by 

heavily disordered solvent molecules. Modeling attempts indicate a mixture of CH2Cl2 

and THF. No satisfactory disorder model could be achieved, and therefore the Squeeze 

program implemented in PLATON was used to model this electron density.328 The 

program calculated a solvent-accessible volume of 272.1 Å3 (7.33 % of the total unit cell 

volume), which was then removed from subsequent structure factor calculations.  

Synthesis of 66. A mixture of AuCl(tht) (0.200 g, 0.62 mmol) and Et3P (0.074 g, 0.62 

mmol) in Et2O (10 mL) was added to a solution of 1,8-dilithionaphthalene·1.5TMEDA 
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(0.099 g, 0.31 mmol) in Et2O (5 mL) at -78˚C. The yellow suspension was stirred for 15 

min at this temperature and then for 3 hrs at room temperature. The solvent was removed 

in vacuo, and the residue was extracted with 15mL of CH2Cl2 and filtered over Celite. 

The extract was then concentrated, and a yellow precipitate was obtained by addition of 

hexanes. Recrystallization of the crude material from CH2Cl2/Et2O (3mL/5mL) gave the 

pure product as bright yellow blocks (0.020 g, 10 % yield). Attempts to obtain more 

product from the recrystallization supernatant resulted only in the isolation of 

decomposition products. 1H NMR (399.9 MHz, CDCl3): δ 1.29 (dt, 18H, P-CH2-CH3, 

3
JH-H = 7.60 Hz, 3JH-P = 16.8 Hz), 1.84 ((dq, 12H, P-CH2-CH3, 

3
JH-H = 7.60 Hz, 2JH-P = 

8.80 Hz), 7.32 (t, 2H, Naph-CH, 3
JH-H = 7.20 Hz), 7.60 (d, 2H, Naph-CH, 3

JH-H = 8.00 

Hz), 7.67 (t, 2H, Naph-CH, 3
JH-H = 7.20 Hz). 13C NMR (100.5 MHz, CDCl3): δ 9.12 (s, 

P-CH2-CH3), 18.67 (d, P-CH2-CH3, 
 1

JC-P = 26.7 Hz), 123.94, 125.54, 135.39, (ipso C1, 

C8, C9, and C10 not observed).31P{1H} NMR (161.75 MHz, CDCl3): δ 38.04. Anal. 

Calcd for C22H36Au2P2: C, 34.93; H, 4.80. Found: C, 34.69; H, 4.77. 

Synthesis of 67. A mixture of AuCl(tht) (0.834 g, 2.60 mmol) and dppm (0.500 g, 

1.30 mmol) in THF/Et2O (5mL/5mL) was added dropwise to a solution of 1,8-

dilithionaphthalene·1.5 TMEDA (0.413g, 1.30mmol)  in Et2O (10 mL) at -78˚C. The 

yellow suspension was stirred for 15 min at reduced temperature then overnight at room 

temperature. The solvent was removed in vacuo, and the residue was extracted with 

15mL of CH2Cl2 and filtered over Celite. The extract was then concentrated, and a 

yellow precipitate was obtained by addition of Et2O. The solid was filtered and washed 

copiously with Et2O. The resulting crude product was recrystallized from CH2Cl2:MeOH 
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(4:1) to give the pure product as bright yellow blocks (840 mg, 71% yield). 1H NMR 

(399.9 MHz, C6D6): δ 2.83 (t, 2H, P-CH2, 
2
JH-P = 10.8 Hz), 6.75-6.86 (m, 12H, m-, p-Ph-

CH), 7.33 (dd, 8H, o-Ph-CH, 3JH-P = 12.1 Hz), 7.65 (t, 2H, Naph-CH, 3JH-H = 7.14 Hz), ), 

7.97 (t, 2H, Naph-CH, 3JH-H = 7.87 Hz), 8.49 (br, 2H, Naph-CH). 13C NMR (100.5 MHz, 

CDCl3): δ 30.19 (t, P-CH2-P, 1
JC-P = 22.1 Hz), 124.22, 126.42, 128.92, 130.53, 131.29, 

133.44, 135.87, 135.99, 154.73, 174.25. 31P{1H} NMR (161.75 MHz, CD2Cl2): δ 29.09 

(s). Anal. Calcd for C35H28Au2P2·0.66 CH2Cl2: C, 44.57; H, 3.08. Found: C, 44.61; H, 

2.99. 

Synthesis of 68. Colorless crystals of 68 suitable for X-ray diffraction were obtained 

by layering a solution of 67 (0.060 g, 0.066 mmol) in 3 mL CH2Cl2 with a solution of 

AgPF6 (0.017 g, 0.067 mmol) in 3 mL THF. 1H NMR (399.9 MHz, CD2Cl2): δ 2.53 (br, 

1H, dppm-CH2), 4.06(br, 1H, dppm-CH2), 7.03 (br, 4H), 7.16-7.36 (t, br, 12H), 7.53-

7.75 (d, br, 8H), 8.05 (br, 2H). 31P{1H} NMR (161.75 MHz, CD2Cl2): δ -144.38 (sept., 

PF6, 
1
JF-P = 711 Hz), 31.03 (s,dppm-P). Anal. Calcd. for C70H56F12Au4Ag2P6: C, 36.32; 

H, 2.44. Found: C, 36.09; H, 2.41. 

Synthesis of 69. A solution of 9-thia-10-bromoboranthracene (0.200 g, 0.73 mmol) in 

Et2O (5 mL) was added dropwise to a suspension of 1,8-dilithionaphthalene·1.5 

TMEDA (0.186 g, 0.73 mmol)  in Et2O (10 mL) at -78˚C. The mixture was allowed to 

warm to room temperature and stirred for 45 min, resulting in precipitation of an off-

white solid. The solid was filtered and washed with Et2O (3 × 3 mL). A solution of 

AuCl(tht) (0.234 g, 0.73 mmol) and Et3P (0.086 g, 0.73 mmol) in THF (10 mL) was then 

added dropwise to a suspension of the solid in Et2O (10 mL) at -78˚C. The reaction was 
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stirred for 30 min. at -78˚C and allowed to stand 12 hrs. at -20˚C. The mixture was then 

filtered over Celite, and the volatiles were removed in vacuo. The resulting residue was 

extracted with benzene (5 mL), filtered over Celite, and layered with hexanes (10 mL). 

After 2 days, a small amount of yellow single crystals (< 10 % yield) had formed and 

were identified by X-ray diffraction as compound 69. 1H NMR (399.9 MHz, C6D6): δ 

0.32 (dt, 9H, PCH2-CH3, 
3
JH-H = 7.59, 3

JH-P = 17.18 Hz), 0.86 (dq, 6H, PCH2-CH3, 
3
JH-H 

= 7.59, 3JH-P = 16.78 Hz), 6.81 (td, 2H, C12H8BS-CH, 3JH-H = 7.19, 4JH-H = 1.20 Hz), 7.06 

(td, 2H, C12H8BS-CH, 3
JH-H = 6.79, 4

JH-H = 1.60 Hz), 7.15 (m, 1H, Naph-CH), 7.37 (dd, 

2H, C12H8BS-CH, 3
JH-H = 7.59, 4

JH-H = 1.20 Hz), 7.44 (dd, 1H, Naph-CH, 3
JH-H = 7.99, 

6.80), 7.65 (t, 1H, Naph-CH, 3JH-H = 7.19), 7.88 (d, 1H, Naph-CH, 3JH-H = 7.99), 7.95 (d, 

1H, Naph-CH, 3
JH-H = 7.99), 8.08 (t, 1H, Naph-CH, 3

JH-H = 6.80), 8.12 (dd, 2H, 

C12H8BS-CH, 3
JH-H = 7.99, 4

JH-H = 1.20 Hz). 31P{1H} NMR (161.75 MHz, C6D6): δ 

40.34 (s). 

Synthesis of 70. This compound was prepared analogous to 69 with AuCl(PPh3) in 

place of the AuCl(tht)/Et3P mixture. As in the previous synthesis, this reaction afforded a 

small amount (< 10 % yield) of yellow single crystals identified by X-ray diffraction as 

compound 70. 31P{1H} NMR (161.75 MHz, C6D6): δ 44.74 (s). 

Computational Details. DFT structural optimizations for 69 and 70 were carried out 

using the ADF program (2008.01).329-331  All calculations were carried out using the 

BP86 functional332,333 with the all electron TZP basis sets for all atoms.334  These 

calculations were performed using ZORA.335-339  The Boys340-342 localizations were 

carried out in the ADF program and visualized using Jimp2.343,344 The Natural Bond 
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Order (NBO) analysis was performed on the optimized structure using the NBO v3.1345 

software available in the Gaussian09241 program. This analysis was carried out using the 

BP86 functional and the mixed basis set: 6-31g for H, C; 6-311+g(d) for B, P, Cl; and 

CRENBS ECP for Au. The resulting donor acceptor interactions were visualized using 

Jimp2.343,344 

UV-Vis Absorption and Luminescence Measurements.  Electronic absorption 

spectra were recorded using an Ocean Optics USB4000 spectrometer with an Ocean 

Optics ISS light source.  Steady state emission spectra were collected at room 

temperature using a PTI QuantaMaster 4 fluorescence spectrophotometer equipped with 

a Model 810 PMT detector. Solution based samples were prepared at ca. 1 mM 

concentrations under an atmosphere of N2 using dry, degassed CH2Cl2. Solid samples 

were loaded as powders in 0.7 mm glass capillaries and suspended in the sample cavity 

so as to sit at the intersection of the excitation and emission optical paths. 
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CHAPTER VIII 

 A 14-ELECTRON, T-SHAPED STIBORANYL-GOLD COMPLEX* 

 

8.1 Introduction 

T-shaped, 14-electron transition metal complexes constitute an interesting class of 

compounds because of their inherent unsaturation.346-348  Such complexes can be 

stabilized through the use of non-coordinating anions and/or bulky ligands, which 

sterically hinder the coordination of a fourth ligand to the unsaturated transition metal 

center.349-352  Another useful strategy relies on the use of silyl353-356 or boryl 

ligands,357,358 whose strong σ-donating properties can be used to increase the lability of 

the trans-ligand.  The properties of these ligands can be illustrated by a series of cationic 

T-shaped bis(phosphine)platinum boryl derivatives, which can be formed when a non-

coordinating anion is employed.359,360   

In the course of our earlier investigations into transition metal chlorostiborane and 

fluorostiborane complexes, we considered that stiboranyl ligands might possess strong 

σ-donating properties, similar to boryl and silyl ligands, and be well-adapted for the 

formation of T-shaped, 14-electron transition metal complexes. This notion is supported 

by the electropositive character of antimony and the fact that antimony species such as 

Ph4SbX (X = halogen) become increasingly ionic as the size of the halogen 

--------------------------- 
* Reprinted with permission from, "Synthesis, structure and properties of a T-shaped 14-electron 
stiboranyl-gold complex"; Wade, C. R.; Lin, T.-P.; Nelson, R. C.; Marder, E. A.; Miller, J. T.; Gabbaï, F. 
P.  J. Am. Chem. Soc. 2011, 133, 8948-8955. Copyright 2007 by the American Chemical Society. 
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increases.156,158,159 As noted in an earlier chapter, triaryl and trialkyl stibines have a wide 

precedent in coordination chemistry, although only two classes of stiboranyl-transition 

metal complexes, namely of type I258,259 and II,260-263 have been reported (Figure 135). 

However, the electron withdrawing character of the halogen and alkoxy groups may 

limit the σ-donating properties of the stiboranyl ligand in these species. Consequently, 

we considered the use of a tetraorganostiboranyl (R4Sb) ligand.  Having recently 

succeeded in the isolation of the cyclic mercury-stibonium compound 72,361 we decided 

to target the synthesis of a gold analog of this compound with the goal of obtaining a 

novel, T-shaped, 14-electron complex and investigating the bonding nature of R4Sb-type 

ligands.  
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Figure 135. Representations of the reported stiboranyl ligand types I and II (TM = 
transition metal moiety) and the mercury-stibonium compound 72. 

 

8.2 Synthesis and structural characterization of a cyclic, stiboranyl-gold complex 

The synthesis of the stiboranyl-gold complex 73 was carried out in a similar fashion to 

that for the Hg analog 72. The reaction of Ph3SbBr2 with 1,8-dilithionaphthalene 
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followed by AuCl(tht) and Ph3P in THF afforded a yellow solution that was layered with 

Et2O and hexanes. Upon diffusion of the layers, a mixture of yellow and colorless 

crystals was obtained. X-ray diffraction experiments (vide infra) identified the colorless 

crystals as AuBr(PPh3)2 and the yellow crystals as complex 73. Repeated 

recrystallization of the mixture from CH2Cl2 afforded an analytically pure sample of 73 

in 37 % yield (Figure 136).  This compound is air stable and has been characterized by 

conventional means, including 1H NMR spectroscopy, which confirms the 

unsymmetrical substitution of the naphthalenediyl backbones.   

Compound 73 crystallizes in the space group P-1 with two independent molecules in 

the asymmetric unit (Figure 137).  The two independent molecules possess almost 

identical structures and feature a short Au-Sb bond distance of 2.76 Å (av.).  This bond 

distance is essentially equal to the sum of the covalent radii of the two elements (2.75 

Å),236 and is only marginally longer than the Au-Sb bonds found in stibine-gold 

complexes such as [Au(SbMes3)2][ClO4] (2.58 Å)362 and [Au(SbPh3)4][ClO4] (2.656 − 

2.658 Å).363   

 

 

Figure 136. Synthesis of the gold-antimony complex 73. 
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Figure 137.  Crystal structure of (a) one of the independent molecules of 73 and (b) both 
independent molecules showing the presence of the aurophilic contact.  Thermal 
ellipsoids are drawn at the 50% probability level. Hydrogen atoms are omitted for 
clarity. Selected bond lengths (Å) and angles (deg) (the metrical parameters of the 
second independent molecule are given in brackets): Au-Sb 2.7486(7) [2.7746(8)], Au-
Au' 3.2551(7); CNap1-Au-CNap2 177.0(3) [172.4(3)], CNap1-Au-Sb 88.8(3) [88.6(2)], 
CNap2-Au-Sb 89.2(3) [88.5(3)], Au-Sb-Cax 172.0(2) [171.4(3)].  

 

Considering these comparisons, the short Au-Sb distance in 73 suggests a strong 

bonding interaction between the two atoms.  This view is further reinforced by a 

comparison of 73 with its isoelectronic mercury analogue.361  Indeed, despite the 
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similarity of the covalent radii of mercury (1.32 Å) and gold (1.36 Å),236 the average Au-

Sb bond distance in 73 (2.76 Å, respectively) is markedly shorter than the Hg→Sb bond 

observed in 72 (3.0601(7) Å).  Owing to the presence of this Au-Sb bond, the gold atom 

adopts a T-shaped geometry, as confirmed by the average CNap-Au-Sb and CNap1-Au-

CNap2 angles of 88.8° and 174.7°, respectively.  Accordingly, the antimony atom displays 

a distorted trigonal bipyramidal geometry with the gold atom in an axial position.  The 

Au-Sb-Cax angle of 171.8° (av.), as well as the sum of the Ceq-Sb-Ceq angles of 356.3° 

(av.), supports this view (Figure 137). Additionally, the Sb-Cax bond (2.48 Å av.), trans 

to the gold atom, is only slightly longer than the equatorial Sb-Ceq3 bond (2.11 Å av.). A 

last point of interest in this structure relates to the presence of an aurophilic interaction 

of 3.2551(7) Å that connects the two independent molecules (Figure 137).  The 

formation of such a contact, as well as the perpendicular orientation of the two 

monomers, is reminiscent of monovalent gold compounds such as Me3PAuI364 or (2,6-

Me2C6H3NC)AuCl,365 which also form perpendicular aurophilic dimers with Au-Au 

distances of 3.168(1) Å and 3.3555(5) Å, respectively.286  Aurophilic contacts involving 

trivalent species are limited to two examples each of which displays stacked square 

planar units and Au-Au distances longer than 3.5 Å.366-368  This structural analysis 

indicates that the gold atom of 73 may be as electron rich as that of gold monohalide 

complexes.   

Based on these observations and analysis, we considered two possible resonance 

forms, a and b, to represent Au-Sb bonding in 73 (Figure 136).  While the short Au-Sb 

bond distance supports resonance form a with a larger degree of covalent bonding 



 216

between the two atoms, the presence of aurophilic interactions in the solid state are 

characteristic of simple monovalent complexes and point to the relevance of the ionic 

resonance form b. To help assign the relative abundance of these resonance forms and 

gain further insight into the electronic structure of 73, we decided to perform Au L3- and 

Sb K-edge X-ray Absorption Near Edge Structure (XANES) spectroscopy 

measurements, an experimental technique that has been shown to provide information 

related to the oxidation states of these elements.  

8.3 X-ray absorption spectroscopy studies 

The room temperature, solid state Au L3-edge XANES spectra of  73 and two 

reference compounds, AuCl(PPh3) and CsAuCl4, were measured (Figure 138).  In the 

case of gold(III) compounds, the L3-edge XANES spectra are dominated by 2p → 5d 

transitions. As a result, trivalent gold compounds display an intense white-line feature at 

the edge and lower L3-edge energies than their monovalent counterparts, which have a 

filled d-shell.369-373  In agreement with this established trend, we observed that the edge 

position of the trivalent gold reference CsAuCl4 (11918.9 eV) is at lower energy than 

that measured for the monovalent gold reference compound AuCl(PPh3) (11921.2 eV). 

Notably, the Au L3 XANES spectrum of 73 shows an edge position of 11921.4 eV, a 

value very close to that measured for the monovalent gold reference AuCl(PPh3). 
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Figure 138. Solid-state Au L3–edge XANES spectra of 73 (—) and reference complexes 
CsAuCl4 (- - -) and AuCl(PPh3) (•••). 

 

 

 

Figure 139. Solid-state Sb K-edge XANES spectra of 73 (—) and reference complexes 
[SbPh4]OTf (- - -) and SbPh3 (•••). 
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Next, we decided to study compound 73 by Sb K-edge-XANES spectroscopy. The Sb 

K-edge of XANES spectra is typically dominated by 1s→p transitions, whose energy 

increases with the valence of the antimony atom.  Our measurements, shown in Figure 

139, indicate that the Sb K-edge of 73 (30493.3 eV) is identical to that measured for the 

stibonium salt [SbPh4][OTf] (30493.3 eV) and appears at higher energy than that of the 

trivalent reference compound SbPh3 (30492.0 eV).  Although only a small energy 

difference (1.3 eV) was observed between the Sb K-edge of SbPh3 and those of 73 and 

[SbPh4][OTf], multiple recordings of each spectrum showed very little variance (less 

than 0.1 eV), confirming that the difference is not the result of random measurement 

error. Collectively, these results indicate that the aurate-stibonium resonance structure b 

(Figure 136) for 73 must be considered, possibly as the most important contributor.  It 

follows that 73 is closely related to a series of complexes such as 71374 and 74,320 which 

have been described according to a donor-acceptor formalism with the late transition 

metal center acting as a σ-donor and the main group element serving as a σ-acceptor 

ligand (Figure 140).303,375-378,321,379-393 

 

 

Figure 140. Phosphoranylborane gold complexes 71 and 74. 

 
 



 219

8.4 Computational studies 

To increase our understanding of the electronic structure of 73, we carried out DFT 

calculations using the ADF program.  All calculations were carried out at the BP86/TZP 

level of theory using the zero-order regular approximation (ZORA).  Geometry 

optimization, starting from the solid state structure of one of the independent molecules 

of 73, afforded a structure that is in excellent agreement with that observed 

experimentally.   

 

 

Figure 141. (a-c) Gold-centered Boys orbitals for 73 (drawn with a 0.02 isodensity 
value).  (d) Plot of the Electron Localization Function for 73. 
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A first assessment of the nature of the Au-Sb bond was derived from the Electron 

Localization Function (ELF), which can be used to map the electron pair localization in 

a molecule.394  The ELF map of 73 is characterized by a continuum of relatively elevated 

ELF values along the Au-Sb vector, indicating some degree of electron sharing between 

the two heavy atoms (Figure 141).  Additional insight into the nature of the Au-Sb bond 

was provided by a molecular orbital analysis.  Compound 73 was subjected to a Boys 

localization analysis because of extensive delocalization of the occupied Kohn-Sham 

orbitals.  This analysis identified two C-Au σ-bonding orbitals connecting the Au atom 

to the two naphthalene ligands.  These σ-orbitals show little polarization, in agreement 

with the low electronegativity difference between carbon (χ = 2.54) and gold (χ = 2.55).  

By contrast, the only orbital of σ-symmetry oriented along the Au-Sb axis is very 

strongly polarized toward the gold atom with very little contribution from the antimony 

atom.  This observation supports the notion that the stiboranyl ligand acts as a strong σ-

donor.  It also lends further support to the relevance of the aurate-stibonium contribution 

in the description of 73.  In addition, the electrostatic potential map of 73 shows a clear 

accumulation of negative charge on the gold atom (Figure 142). 
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Figure 142.  Electrostatic potential surface map of 73 plotted at a 0.01 isodensity value. 

 

 

Figure 143. UV-Vis absorption spectra of 73 in CH2Cl2. 
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Figure 144. Frontier molecular orbitals of 73 (drawn with a 0.02 isodensity value). 

 

8.5 Photophysical properties 

The electronic absorption spectrum of 73 in CH2Cl2 displays a broad band that spanns 

the 350 - 440 nm range (Figure 143). This low energy feature is attributed to a transition 

from the naphthalene-based HOMO to the LUMO, which bears a significant 

contribution from the gold 6p and Sb-CPh σ* orbitals (Figure 144).  The solid state 

emission spectrum of 73, measured at 77 K, shows a broad emission centered at around 

660 nm (Figure 145).  This band is not observed at room temperature, suggesting that it 

corresponds to a triplet excited state arising from a gold heavy atom effect.  This view is 

confirmed by the excited state lifetime of 6.8 µs, which is comparable to that observed 

for other aurated aromatic derivatives.302,317,318  Oxygen-free solutions of 73 in CH2Cl2 

are not visibly luminescent at room temperature. Upon freezing, however, these 

solutions give rise to a bright orange emission centered at 560 nm (Figure 145).  In turn, 

the emission of 73 in frozen solution is distinctly blue shifted when compared to that of 
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the solid state, a phenomenon that we assign to the absence of aurophilic interactions 

under these conditions. 

 

 

Figure 145. Low temperature (77 K) emission spectra of 73 in the solid state (___) and 
frozen CH2Cl2 solution (····). 

 

8.6 Reactions with halide ions 

In line with an accumulation of electron density on the gold atom, and hence the 

strong σ-donating properties of the stiboranyl ligand, 1H NMR and crystallization 

experiments indicate that the gold atom of 73 shows no affinity for chloride, bromide or 

iodide anions in CDCl3.  The NMR experiments also showed no detectable interaction 

between these halide anions and the antimony center of 73.  However, 73 quickly reacts 
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with tetra-n-butylammonium fluoride (TBAF) to form an aurated fluoroantimonate anion 

[75]-, which has been isolated as the tetra-n-butylammonium salt (Figure 146).   

 

 

Figure 146.  Synthesis of [n-Bu4N][75] (TBAF = tetra-n-butylammonium fluoride). 

 

Evidence for the formation of a Sb-F bond, rather than a Au-F bond, was provided by 

the detection of a 19F NMR signal (in acetone-d6) at -41 ppm, a chemical shift close to 

that observed for Me4SbF.395  The selectivity of the antimony center for fluoride over the 

larger halides is a well-documented phenomenon that can be assigned to the increased 

contribution of the stibonium halide form as the size of the halogen increases.158  The 

formation of [75]- was monitored by UV-vis spectroscopy upon incremental addition of 

TBAF to a solution of 73 in CH2Cl2 . The resulting spectra show that fluoride binding to 

the antimony quenches the low energy band present in the spectrum of 73 (Figure 147).  

Additionally, fitting of this data to a 1:1 binding isotherm indicates that the fluoride 

binding constant of 73 is >107 M-1. The changes in the UV-Vis spectra can be 

rationalized by an increase in the energy of the LUMO of [75]- caused by anion 

coordination.  Although DFT calculations (BP86/TZP level of theory with ZORA) 
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indicate that the  make-up of this orbital remains similar to that of 73 (Figure 148), 

fluoride coordination to the antimony center increases the energy of the HOMO-LUMO 

energy gap.  In line with this argument, the spectrum of [n-Bu4N][75] shows the 

emergence of a new absorption band centered at around 310 nm. 

 

 

Figure 147. Spectral changes in the UV-Vis absorption spectrum of 73 (5.0 × 10-5 M in 
CH2Cl2) upon incremental addition of a TBAF solution (4.0 × 10-3 M, CH2Cl2). The 
isotherms are plotted based on the absorbance at 314 nm, and the line indicates the fit to 
the calculated 1:1 binding isotherm. 
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Figure 148. Frontier molecular orbitals of [75]- (drawn with a 0.02 isodensity value). 

 

Recrystallization of [n-Bu4N][75] from THF/toluene (1:1) afforded colorless, plate-

like crystals that are not luminescent. The salt crystallizes in the space group P-1 with 

two independent molecules in the asymmetric unit.  The structure of [75]- shows fluoride 

coordination to the antimony center with an average Sb-F bond distance of 2.08(2) Å 

(Figure 149).  This Sb-F distance is similar to that observed in Ph4SbF (2.0530(8) Å)158 

or Ph3MeSbF (2.069(3) Å).234  Fluoride coordination results in a nearly octahedral 

geometry around antimony with average angles of 174.7˚ for CPh1-Sb-F, 172.6˚ for CPh2-

Sb-Au, and 163.4˚ for CNap1-Sb-CNap2. The coordination environment of the Au atom 

remains T-shaped with average CNaph-Au-Sb and CNap1-Au-CNap2 angles of 90.3˚ and 

178.2˚, respectively. The Au-Sb distance of 2.77 Å (av.) is virtually unchanged 

compared to that in 73.  Inspection of the ELF map and Boys orbitals calculated for 

[75]─ shows that they are strikingly similar to those of 73, thus indicating that the nature 

of the Au-Sb bond is not significantly altered by coordination of a fluoride anion to the 
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antimony center (Figure 150).  In turn, compound [75]─ can also be described by two 

resonance structures: the first one corresponding to an aurated antimonate anion 

(resonance form a), and the second one to an aurate fluorostiborane derivative 

(resonance form b) (Figure 146).   

 

 

Figure 149. Crystal structure of [75]─. Only one of the independent molecules is shown.  
Thermal ellipsoids are drawn at the 50% probability. Hydrogen atoms and n-Bu4N

+ 
counterion are omitted for clarity. Selected bond lengths (Å) and angles (deg) (the 
metrical parameters of the second independent molecule are given in brackets): Au-Sb 
2.7694(8) [2.7728(9)], Sb-F 2.091(5) [2.060(5)]; CNap1-Au-CNap2 179.2(4) [177.3(3)], 
CNap1-Au-Sb 89.9(3) [91.4(3)], CNap2-Au-Sb 90.4(2) [89.4(3)], Au-Sb-CPh2 170.4(3) 
[174.9(3)], F-Sb-CPh1 174.5(3) [174.9(3)], CNap3-Sb-CNap4 164.0(4) [162.9(4)]. 
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Figure 150. (a) Plot of the Electron Localization Function for [75]─. (b) Gold-centered 
Boys orbitals for [75]─ (drawn with a 0.02 isodensity value). 

 

8.7 Conclusions 

We have prepared and structurally characterized the first example of a 

tetraorganostiboranyl-gold complex 73.  The structural and computational results 

obtained for this compound support the hypothesis that tetraorganostiboranyl ligands 

have strong σ-donating properties.  This strong σ-donation leads to an accumulation of 

electron density on the gold center of 73, giving rise to the emergence of aurophilicity, a 

phenomenon typically only observed for monovalent gold species.286  Another 

manifestation of these strong σ-donating properties is the stabilization of the gold atom 

in a T-shaped geometry.  These observations, complemented by the results of the 

XANES measurements and DFT calculations, underscore the importance of a 

diarylaurate-stibonium resonance structure in the description of complex 73.  Adopting 
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the donor-acceptor formalism that has been recently popularized for late transition 

metals coordinated to Lewis acidic ligands, complex 73 can be described as a 

diarylaurate anion stabilized by partial electron donation to a Lewis acidic stibonium 

ligand.  The same reasoning can be applied to [75]─, which can be described as a 

diarylaurate anion intramolecularly stabilized by a Lewis acidic 

fluorostiborane.321,374,376,377,379-384,386-388 

8.8 Experimental 

General Considerations. Antimony compounds are highly toxic and should be 

handled cautiously.  Triphenylphosphine was purchased from Aldrich.  Tetra-n-

butylammonium fluoride was purchased from Alfa Aesar.  1,8-

dilithionaphthalene·TMEDA,323 triphenyl-dibromoantimony,396 and AuCl(tht)324 (tht = 

tetrahydrothiophene) were prepared according to the reported procedures.  All 

preparations were carried out under an atmosphere of dry N2 employing either a glove 

box or standard Schlenk techniques. Solvents were dried by passing through an alumina 

column (CH2Cl2) or refluxing under N2 over Na/K (Et2O, n-hexane, and THF).  NMR 

spectra were recorded on a Varian Unity Inova 400 FT NMR (399.59 MHz for 1H, 

375.99 MHz for 19F, 100.45 MHz for 13C) spectrometer at ambient temperature.  

Chemical shifts are given in ppm and are referenced to residual 1H and 13C solvent 

signals and external BF3·Et2O for 19F. Elemental analyses were performed by Atlantic 

Microlab (Norcross, GA). 

 

 



 230

Table 22. Crystal Data, Data Collection, and Structure Refinement for 73 and n-
Bu4N[75]. 

  73  n-Bu4N[75] 

Formula C64H44Au2Sb2 C96H116N2F2Au2Sb2 
Mr 1450.42 1973.34 
Crystal system Triclinic Triclinic 
Space group P-1 P-1 

a (Å) 12.386(3) 12.6431(16) 
b (Å) 14.009(3) 15.846(2) 
c (Å) 14.412(3) 23.458(3) 
α (°) 86.286(3) 85.612(2) 
β (°) 82.757(3) 83.940(2) 
γ (°) 69.417(3) 83.805(2) 
V (Å3) 2321.9(10) 4636.0(10) 
Z 2 2 
ρ calc (g cm-3) 2.075 1.414 
µ (mm-1) 7.494 3.777 
F (000) 1376 1968 
Crystal size (mm3) 0.25 x 0.15 x 0.07 0.40 x 0.10 x 0.04 
T/K 110(2) 110(2) 
Scan mode ω, φ ω, φ 
hkl range -14 → +14 -15 → +15 
 -16 → +16 -18 → +18 
 -17 → +17 -27 → +27 
Measd reflns 22264 44374 
Unique reflns (Rint) 8148 (0.0457) 16255 (0.0842) 
Reflns used for 
refinement 

8148 16255 

Refined parameters 613 925 
GooF on F2 1.043 1.036 
R1,

a wR2
b all data 0.0506, 0.1085 0.1082, 0.1179 

ρfin (max., min.)/eÅ−3 2.845, -1.669 1.595, -1.757 
   
a
R1 =Σ||Fo| − |Fc||/Σ|Fo|. 

b
 wR2 = ([Σ w(Fo

2 − Fc
2)2]/[Σ w(Fo

2)2])1/2; w = 1/[σ2(Fo
2) + (ap)2 + bp]; p = (Fo

2 
+ 2Fc

2)/3 with a = 0.0540 for 73 and 0.0250 for n-Bu4N[75]; and b = 6.9500 for 73 and 1.700 for n-
Bu4N[75]. 

 
 

 
 

Crystallography. Single crystals of 73 suitable for X-ray diffraction were obtained by 

layering the reaction mixture with Et2O and hexanes. Single crystals of n-Bu4N[75] were 

obtained by slow evaporation of a solution of the compound in THF/toluene (1/1 vol.).  

Details of the structure, data collection, and structure refinement for 73 and n-Bu4N[75] 

are included in Table 22. The crystallographic measurements were performed using a 
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Bruker-AXS APEX-II CCD area detector diffractometer, with a graphite-

monochromated Mo-Kα radiation (λ = 0.71069 Å). A specimen of suitable size and 

quality was selected and mounted onto a nylon loop. The semiempirical method 

SADABS207 was applied for absorption correction. The structures were solved by direct 

methods using SHELXTL/PC package (version 6.1)208 which successfully located most 

of the non-hydrogen atoms. Subsequent refinement on F2 allowed location of the 

remaining non-hydrogen atoms. All H atoms were geometrically placed and refined in a 

riding model approximation. 

After numerous modeling attempts, heavily disordered solvent molecules in the 

structure of [n-Bu4N][75] were handled using the Squeeze program implemented in 

PLATON.328 The program calculated a solvent-accessible volume of 726.9 Å3 (15.68 % 

of the total unit cell volume), which was then removed from subsequent structure factor 

calculations. 

Synthesis of 73. A solution of Ph3SbBr2 (500 mg, 0.976 mmol) in THF (3 mL) was 

added dropwise to a solution of 1,8-dilithionaphthalene (250 mg, 0.976 mmol) in THF (2 

mL) at ambient temperature.  The mixture was allowed to stir for 10 min before adding a 

solution of AuCl(tht) (313 mg, 0.976 mmol) and Ph3P (256 mg, 0.976 mmol) in THF (5 

mL).  The resulting clear yellow solution was layered with Et2O (5 mL) and hexane (5 

mL) and allowed to stand at room temperature.  After 2 days, a mixture of yellow and 

colorless crystals was obtained.  Both types of crystals were suitable for X-ray 

diffraction, which identified the colorless crystals as AuBr(Ph3P)2 and the yellow 

crystals as complex 73. Multiple recrystallizations of the crude mixture from hot CH2Cl2 
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(10 mL) provided a pure sample of 73 (130 mg, 37% yield).  1H NMR (399.59 MHz; 

CDCl3): δ 8.02 (d, 2H, Naph-CH, 3JH-H = 7.81 Hz), 7.89 (dd, 2H, Naph-CH, 3JH-H = 6.6 

Hz, 4JH-H = 1.2 Hz), 7.77 (dd, 2H, Naph-CH, 3JH-H = 8.1 Hz, 4JH-H = 1.2 Hz), 7.64-7.58 

(m, 4H, Naph-CH), 7.44 (t, 2H, p-Ph-CH, 3JH-H = 7.3 Hz), 7.34 (t, 4H, m-Ph-CH, 3JH-H = 

7.3 Hz), 7.27-7.20 (m, 6H, o-Ph-CH and Naph-CH); 13C{1H} NMR (100.45 MHz; 

CDCl3): δ 183.71, 145.82, 139.66, 136.68, 135.69, 134.80, 134.62, 134.20, 133.13, 

130.49, 129.66, 126.78, 124.33, 124.18; elemental analysis calculated (%) for 

C32H22AuSb: C 52.99, H 3.06, found C 52.38, H 3.12. 

Synthesis of [n-Bu4N][75]. Solid TBAF·3H2O (4.4 mg, 0.013 mmol) was added to a 

solution of 73 (10 mg, 0.013 mmol) in CHCl3 (1mL). Upon standing, [n-Bu4N][75] 

precipitated as a colorless microcrystalline solid, which was washed with Et2O (2mL) 

and dried in vacuum to yield 9.1 mg (70 %). Crystals of [n-Bu4N][ 75] suitable for X-ray 

diffraction were obtained by slow evaporation of a solution of the compound in 

THF/toluene (1/1 vol.).  1H NMR (399.59 MHz; acetone-d6): δ 7.95 (br, 2H, Ph-CH), 

7.75 (d, 2H, Naph-CH, 3JH-H = 7.88 Hz), 7.63 (d, 2H, Naph-CH, 3JH-H = 6.59 Hz), 7.58 

(d, 2H, Naph-CH, 3JH-H = 8.06 Hz), 7.42-7.52 (m, 3H, Ph-CH), 7.37 (dd, 2H, Naph-CH, 

3JH-H = 8.06, 6.59 Hz), 7.33 (d, 2H, Ph-CH, 3JH-H = 6.96 Hz), 7.07 (t, 2H, Naph-CH, 3JH-H 

= 6.96 Hz), 6.97 (t, 1H, Ph-CH, 3JH-H = 6.96 Hz), 6.78-6.88 (m, 4H, Naph-CH, Ph-CH), 

3.24 (m, 8H, n-Bu4N
+), 1.63 (m, 8H, n-Bu4N

+), 1.26 (tq, 8H, n-Bu4N
+, 3JH-H = 7.51 Hz) 

0.88 (t, 8H, n-Bu4N
+, 3JH-H = 7.33 Hz). 13C{1H} NMR (100.45 MHz; acetone-d6): δ 

187.97, 145.86, 137.87, 136.86, 136.37, 135.74, 135.64, 135.08, 134.70, 131.45, 131.32, 

130.06, 129.47, 129.03, 127.96, 125.71, 124.07, 123.95, 59.10, 24.33, 20.25, 13.86. 19F 
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NMR (375.99 MHz; acetone-d6): δ -43.26. HRMS: m/z calculated for C32H22FAuSb-: 

743.0409, found: 743.0425. 

Computational Details. DFT structural optimizations for 73 and [75]- were carried 

out using the ADF program (2008.01).329-331  All calculations were carried out using the 

BP86 functional332,333 with the all electron TZP basis sets for all atoms.334  These 

calculations were performed using ZORA.335-339  Electron localization function (ELF)394 

and Boys340-342 localization were carried out in the ADF program.  ELF plots as well as 

Boys localized orbitals were visualized in the ADFview program. 

X-ray Absorption Spectroscopy.  X-ray absorption measurements were acquired on 

Materials Research Collaborative Access Team (MR-CAT) beam lines at the Advanced 

Photon Source, Argonne National Laboratory. The Au L3 edge (11,919 eV) spectra were 

acquired on an insertion-device beam line, and measurements of the Sb K edge (30,491 

eV) were made on a bending magnet beam line. In both cases, spectra of elemental foils 

(Au and Sb, respectively) were collected simultaneously with the sample measurements 

for energy calibration, and multiple scans were taken to ensure spectrum reproducibility. 

Insertion-device experiments utilized a cryogenically cooled double-crystal Si (111) 

monochromator in conjunction with an uncoated glass mirror to minimize the presence 

of harmonics. The monochromator was scanned continuously during the measurements 

with data points integrated over 0.6 eV for 0.07 s per data point. Measurements were 

made in transmission mode with the ionization chambers optimized  for the maximum 

current with linear response (~1010 photons detected/s) using a mixture of nitrogen and 
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helium in the incident X-ray detector and a mixture of ca. 20% argon in nitrogen in the 

transmission X-ray detector.  

Photon energies at the bending magnet were selected using a water-cooled, double-

crystal Si(111) monochromator, which was detuned by approximately 50% to reduce 

harmonic reflections. Measurements were made in transmission mode with argon filled 

ionization chambers. Data points were acquired in four separate regions (energies 

relative to the elemental Sb K edge): a pre-edge region -250 to -30 eV (step size = 10 

eV, dwell time = 0.3 s), the XANES region from -30 to +40 eV  (step size = 0.5 eV, 

dwell time = 0.2 s), an initial EXAFS region from +40 eV to 6 k (step size = 0.07 k, 

dwell time = 0.5 s), and a final EXAFS region from 6 to 14 k (step size = 0.07 k, dwell 

time = 0.5 s). Samples were prepared by pressing ~20 mg finely ground powders of the 

compounds mixed with silica gel into 4 mm diameter cylindrical sample holder. 

Mixtures were made to be approximately 7.5 wt % Au for Au L3-edge and 10 wt % Sb 

for Sb K-edge, and enough sample was used to obtain step height of about 1.5.  Grinding 

and sample preparation was done in air, and the sample spectra were acquired in air at 

room temperature.  In order to determine accurate and reproducible edge energies, the 

slightly asymmetric, initial positive feature in the first derivative XANES spectrum was 

fit using a linear combination of two independent Gaussian functions (generally over an 

energy range of +/- 10 eV around the peak). The fitted position of the Gaussian peak that 

best overlaps with the initial first derivative maximum was then chosen to represent the 

edge energy. 
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UV-Vis Absorption and Luminescence Measurements.  Electronic absorption 

spectra were recorded using an Ocean Optics USB4000 spectrometer with an Ocean 

Optics ISS light source.  Steady state emission spectra were collected at room 

temperature using a PTI QuantaMaster 4 fluorescence spectrophotometer equipped with 

a Model 810 PMT detector. Solution based samples were prepared at ca. 1 mM 

concentrations under an atmosphere of N2 using dry, degassed CH2Cl2. Solid samples 

were loaded as powders in standard quartz NMR tubes and suspended in the sample 

cavity to sit at the intersection of the excitation and emission optical paths. Time-

resolved phosphorescence lifetime data were collected using a PTI QuantaMaster 

spectrophotometer equipped with a pulsed Xenon light source and gated PMT detector. 



 236

CHAPTER IX 

 SYNTHESIS, STRUCTURE, AND REACTIVITY OF A 

TRIPHOSPHANYLSTIBINE GOLD COMPLEX* 

 

9.1 Introduction 

Two-electron redox processes occurring at the core of dinuclear metal complexes are 

important because of their implication in a number of chemical transformations ranging 

from the photocatalytic production of dihydrogen397-399 to the oxidative functionalization 

of C-H bonds.400-404  These processes are also well documented for binuclear gold 

complexes,405,406 as well as for gold/rhodium,407 gold/iridium408 and gold/platinum409 

heterobimetallic complexes.  One of the common features displayed by all of these 

complexes relates to their ability to undergo these changes without decomposition of the 

bimetallic core. As part of our recent interest in transition metal stiborane complexes, we 

questioned whether two-electron redox processes could be observed at the dinuclear core 

of transition metal/antimony complexes.  

Triarylstibines are well known to undergo facile two-electron oxidation when exposed 

to oxidizing agents such as halogens.410 In addition, there is precedent for Group 6 

transition metal dialkylstibido complexes to undergo oxidative addition of bromine at the 

antimony center to afford metal-dibromostiborane species, as shown in Figure 151.258,259 

--------------------------- 
* Reprinted in part with permission from, "Two-electron redox chemistry and reversible umpolung of a 
gold-antimony bond"; Wade, C. R.; Gabbaï F. P.  Angew. Chem. Int. Ed. 2011, 50, 7369-7372. Copyright 
2011 by John Wiley & Sons, Inc. 
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Our previous studies with d8-transition metal complexes bearing the (o-(Ph2P)C6H4)3Sb 

ligand showed that the metal-coordinated triarylstibine was sufficiently Lewis acidic to 

bind F- and Cl- anions, resulting in the formation of fluoro- and chlorostiborane 

complexes. Thus, for two-electron oxidation to occur at a binuclear metal/antimony core 

with this type of ligand, we predicted that a more electron rich transition metal would be 

required. Therefore we set out to prepare a d10 Au(I) complex with the (o-

(Ph2P)C6H4)3Sb ligand and explore its potential to undergo two-electron redox processes 

at the gold-antimony core. This chapter delineates our efforts in this area. 

 

 

Figure 151. Reaction of transition metal stibido complexes with Br2 to form metal 
dibromostiboranes. 

 

9.2 Synthesis and reversible two-electron redox chemistry of a triphosphanylstibine 

gold complex 

The triphosphanylstibine ligand (o-(Ph2P)C6H4)3Sb (referred to as L)266 was allowed to 

react with AuCl(tht) in CH2Cl2/acetone to generate 76-Cl as a pale yellow precipitate 

(Figure 152).  At -55 ˚C in CDCl3, the 31P{1H} NMR spectrum of 76-Cl displays two 

signals, at +39.5 and -7.37 ppm, in a 2:1 intensity ratio, thus suggesting that only two of 

the three phosphine arms of the ligand are coordinated to the gold atom.  Upon elevation 
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of the temperature, these two peaks coalesce into one signal at 24.4 ppm, indicating the 

onset of a rapid exchange. Line shape analysis of the 31P{1H} NMR spectra of 76-Cl 

over the -55 ˚C to +22 ˚C temperature range, followed by an Eyring analysis, afforded 

∆H
‡ = +16.7(±0.9) kcal mol-1 and ∆S

‡ = +16.6(±3.8) cal mol-1 K-1, suggesting a 

dissociative exchange of the phosphine arms.  The ESI mass spectrum of this complex 

shows a peak at m/z = 1101.1180 amu, corresponding to the [LAu]+ ion.  The crystal 

structure determination of this compound confirmed the coordination of two of the 

phosphorus atoms to the gold chloride fragment (Figure 153).  Inspection of the P-Au-P 

and P-Au-Cl angles (Σ =359.46 º) shows that these primary ligands are arranged around 

the gold atom in a trigonal planar fashion.  Further inspection of the structure reveals a 

Au(1)-Sb(1) separation of 2.8374(4) Å.  This separation is longer than the Au-Sb bond 

distances found in complexes such as [Au(SbPh3)4][ClO4] (2.656 − 2.658 Å).363  Another 

noteworthy metrical feature is the value of the Au(1)-Sb(1)-C(37) angle (164.80(11)˚), 

which indicates that the stibine ligand approaches the gold atom to achieve a seesaw, 

rather than a tetrahedral, geometry. 

 

 

Figure 152. Synthesis of complex 76-Cl. 
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Figure 153. Crystal structure of 76-Cl. Thermal ellipsoids are drawn at the 50% 
probability. Phenyl groups are drawn in wireframe, and hydrogen atoms are omitted for 
clarity. Selected bond lengths (Å) and angles (deg): Au(1)-P(1) 2.3084(11), Au(1)-P(2) 
2.3305(11), Au(1)-Cl(1) 2.4990(11), Au(1)-Sb(1) 2.8374(4), Sb(1)-C(37) 2.175(4), 
Sb(1)-C(1) 2.178(4), Sb(1)-C(19) 2.178(4), P(1)-Au(1)-P(2) 133.46(4), P(1)-Au(1)-Cl(1) 
116.99(4), P(2)-Au(1)-Cl(1) 109.01(4), P(1)-Au(1)-Sb(1) 86.99(3), P(2)-Au(1)-Sb(1) 
83.94(3), Cl(1)-Au(1)-Sb(1) 109.91(3), C(1)-Sb(1)-C(37) 98.06(15), C(19)-Sb(1)-C(37) 
100.34(16), C(1)-Sb(1)-C(19) 90.97(15), C(37)-Sb(1)-Au(1) 164.80(11). 

 

With compound 76-Cl in hand, we sought to determine if the gold-antimony core 

could sustain oxidation.  Consequently, 76-Cl was allowed to react with PhICl2 in 

CH2Cl2 resulting in the formation of complex 77-Cl as a yellow, air stable derivative 

(Figure 154). The ESI mass spectrum of 77-Cl, which displays a peak corresponding to 

the [LCl2Au]+ ion (m/z = 1171.0551 amu), provided initial evidence for the oxidative 

addition of chlorine.  The 31P{1H} NMR spectrum of 77-Cl in CDCl3 shows a single 

resonance at 41.9 ppm, which, in light of the crystal structure (vide infra), suggests rapid 

exhange of the phosphines on the NMR timescale.  This signal showed no tendency 
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toward decoalescence upon cooling to -50 ºC.  This finding is in agreement with the 1H 

NMR (CDCl3), which exhibits a single downfield doublet at 8.2 ppm corresponding to 

the phenylene proton ortho to antimony.  The crystal structure of 77-Cl shows 

coordination of two of the phosphine arms to gold and confirms addition of Cl2 to the 

antimony center (Figure 155). While it is tempting to argue that oxidation is limited to 

the antimony center, the dinuclear core of the structure shows a clear response to 

oxidation.  In particular, the Au-Sb distance in 77-Cl (2.7086(9) Å) is shorter than that 

measured for 76-Cl.  Changes are also observed in the coordination sphere of the metals, 

which adopt a distorted octahedral and square planar geometry for antimony and gold, 

respectively.  In particular, the square planar geometry of the gold atom suggests that it 

is affected by oxidation and transitions from a monovalent form in 76-Cl to trivalent 

form in 77-Cl. 

 

80-Cl

Ph2P

Au

Sb

Cl

Cl
Cl

PPh2Ph2P

CH2Cl2

PhICl2 Sb

PPh2Ph2P Au

Ph2P

I
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n-Bu4NCl
CHCl3

77-Cl
 

Figure 154. Synthesis of complex 77-Cl and its reversible conversion into 76-I. 
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Figure 155. Crystal structure of 77-Cl. Thermal ellipsoids are drawn at the 50% 
probability. Phenyl groups are drawn in wireframe, and hydrogen atoms are omitted for 
clarity. Selected bond lengths (Å) and angles (deg): Au(1)-P(1) 2.3246(15), Au(1)-P(2) 
2.3328(14), Au(1)-Cl(1) 2.4601(14), Au(1)-Sb(1) 2.7086(9), Sb(1)-C(1) 2.193(5), Sb(1)-
C(19) 2.197(5), Sb(1)-C(37) 2.215(5), Sb(1)-Cl(2) 2.4960(14), Sb(1)-Cl(3) 2.5627(15), 
P(1)-Au(1)-P(2) 166.20(5), Cl(1)-Au(1)-Sb(1) 178.18(3), C(1)-Sb(1)-C(19) 169.56(17), 
C(37)-Sb(1)-Cl(3) 171.29(12), Cl(2)-Sb(1)-Au(1) 177.37(3), Cl(2)-Sb(1)-Cl(3) 85.47(5). 

 

Since the reversibility of redox processes is often key to catalytic chemical 

transformations with bimetallic systems, we set out to address the reversibility of the 

redox process supported by the gold-antimony platform.  Although we found that 77-Cl 

did not react cleanly with strong reducing agents such as Na or Na/Hg, we observed a 

clean reaction in the presence of NaI.  Indeed, upon mixing 77-Cl with 4 eq. of NaI in 

acetone, the solution quickly developed a brown color, which we assigned to the 

formation of I3
- (Figure 154).  The reaction could be conveniently followed by 31P{1H} 

NMR spectroscopy, which clearly indicates formation of a new species featuring a broad 
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resonance at 22.7 ppm.  Reduction of 77-Cl is supported by the ESI mass spectrum of 

the reaction mixture, which exhibits a peak corresponding to the [LAu]+ ion (m/z = 

1101.1188).  Single crystal X-ray diffraction confirmed the identity of the reduction 

product as 76-I, the iodide analog of 76-Cl (Figure 156).  This product was isolated in 

63% yield and was fully characterized.  Lastly, we found that 76-I can be reoxidized into 

77-Cl by reaction with PhICl2 in the presence of excess nBu4NCl in CHCl3, as indicated 

by 31P NMR and ESI MS monitoring of the reaction. 

 

 

Figure 156. Crystal structure of 76-I. Thermal ellipsoids are drawn at the 50% 
probability. Phenyl groups are drawn in wireframe, and hydrogen atoms are omitted for 
clarity. Selected bond lengths (Å) and angles (deg): Au(1)-Sb(1)  2.7958(11), Au(1)-I(1)  
2.7818(11),  Au(1)-P(1)  2.348(4), Au(1)-P(2)  2.336(4), P(1)-Au(1)-P(2) 131.58(13), 
P(1)-Au(1)-I(1) 110.10(9), P(2)-Au(1)-I(1) 117.71(9), P(1)-Au(1)-Sb(1) 84.79(9), P(2)-
Au(1)-Sb(1) 85.15(9), I(1)-Au(1)-Sb(1) 111.10(3), C(1)-Sb(1)-C(37) 102.3(5), C(19)-
Sb(1)-C(37) 98.5(5), C(1)-Sb(1)-C(19) 91.9(5), C(37)-Sb(1)-Au(1) 160.7(4).  
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9.3 Computational studies on 76-Cl and 77-Cl 

To characterize the changes induced by oxidation, the structures of 76-Cl and 77-Cl 

were optimized using the ADF program and subjected to a Boys localization analysis 

and an NBO analysis.  For 76-Cl, the NBO analysis identified a relatively weak 

lp(Sb)→p(Au) donor-acceptor interaction (Edel = 35.28 kcal/mol) as the primary 

interaction (Figure 157).  Accordingly, the Boys orbital corresponding to this interaction 

is localized on antimony and shows only a slight polarization toward the gold atom, 

supporting the presence of a rather weak dative bond (Figure 157).  For 77-Cl, Au-Sb 

bonding is dominated by Au→Sb donation.  The primary interactions identified by NBO 

include a lp(Au)→σ*(Sb-Cl) and two lp(Au)→σ*(Sb-C) interactions, whose 

concomitant deletion gave rise to an increase of the energy of the complex by Edel = 

63.59 kcal/mol (Figure 158).  These computational results support a strengthening of the 

Au-Sb bond on going from 76-Cl to 77-Cl.  They also indicate an umpolung of the Au-

Sb dative bond, which switches from Sb→Au in 76-Cl to Au→Sb in 77-Cl.  This 

umpolung is consistent with a transition of the gold atom from monovalent in 76-Cl to 

trivalent in 77-Cl.  This view was validated by the results of the Boys localization 

analysis for 77-Cl, which identified a Au-Sb σ-bond that clearly engages both metal 

atoms (Figure 158).  Complex 77-Cl is related to a series of complexes with Au→Lewis 

acid interactions303,375-378,411 pioneered by Bourissou.320-322,384,386,393,412  Such complexes 

have typically been assembled by coordination of phosphine/Lewis acid ambiphilic 

ligands to gold(I) synthons.  In this respect, the synthesis of 77-Cl stands out because it 

is achieved via oxidation of a pre-assembled complex.304,413-417 
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Figure 157. Plots of the primary NBO donor-acceptor interactions in 76-Cl and the Au-
Sb Boys orbital (0.03 isodensity value). Hydrogens and phenyl rings have been omitted 
for clarity. 

 

 

Figure 158. Plots of the primary NBO donor-acceptor interactions in 77-Cl and the Au-
Sb Boys orbital (0.03 isodensity value). Hydrogens and phenyl rings have been omitted 
for clarity. 

 

9.4 Halide exchange 

The addition of 6 equiv. of KF to a solution of 77-Cl in MeOH results in the formation 

of the fluorinated derivative 77-F as a yellow precipitate (Figure 159). The 31P{1H} 
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NMR spectrum of 77-F in CDCl3 displays two signals, at +60.4 and +22.4 ppm, 

appearing with primary doublet and triplet splitting patterns, respectively, in a 2:1 

intensity ratio. The downfield chemical shifts and 2
JP-P coupling of the signals suggests 

unsymmetrical coordination of the three phosphine arms to the Au atom. The appearance 

of two signals, at -9.4 and -153.0 ppm, in the 19F NMR spectrum further support the 

formation of a difluorostiborane complex.  

 

 

Figure 159. Synthesis of 77-F. 

 

The X-ray crystal structure of 77-F corroborates these spectroscopic results showing 

the addition of two fluorine atoms to the antimony center (Figure 160). Like 77-Cl, the 

antimony atom of 77-F adopts an octahedral coordination environment. Notably, a 

distorted trigonal bipyramidal geometry is observed around the gold center, with the 

three phosphine ligands occupying the trigonal plane (ΣP-Au-P = 358.27˚) and the chloride 

and antimony ligands in the axial positions (Cl(1)-Au(1)-Sb(1) 178.42(3)˚). Only a few 

examples of five coordinate, trigonal bipyramidal gold complexes have been reported in 

the literature, and these are limited to complexes containing ambiphilic Z-type ligands 

with B or Ga acceptor ligands and a formally trivalent complex AuI3(PMe3)3.
321,418,419  
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The rarity of this gold coordination geometry, and its propensity to form in the trivalent 

state or with Z-type ligand coordination, further substantiates the Au→Sb bonding 

description in 77-F and 77-Cl. 

 

 

Figure 160. Crystal structure of 77-F. Thermal ellipsoids are drawn at the 50% 
probability. Phenyl groups are drawn in wireframe, and hydrogen atoms are omitted for 
clarity. Selected bond lengths (Å) and angles (deg): Au(1)-P(1) 2.3747(14), Au(1)-P(3) 
2.4202(15), Au(1)-P(2) 2.4434(15), Au(1)-Cl(1) 2.5299(12), Au(1)-Sb(1) 2.7355(4), 
Sb(1)-F(1) 1.950(3), Sb(1)-F(2) 2.024(3), P(1)-Au(1)-P(3) 121.60(5), P(1)-Au(1)-P(2) 
121.88(5), P(3)-Au(1)-P(2) 114.79(5), Cl(1)-Au(1)-Sb(1) 178.42(3). 

 

9.5 Oxidation of 76-Cl with o-chloranil 

In addition to their reaction with halogens, triarylstibines have been shown to react 

with o-quinones, undergoing oxidative addition to form Sb(V) catecholate 

complexes.420,421 Therefore, to begin expanding the scope of oxidative addition reactions 

to the gold-stibine complex 76-Cl, we tested its reactivity with o-chloranil (o-O2C6Cl4).  

Gold-stibine complex 76-Cl was allowed to react with 1 equiv. of o-chloranil in CH2Cl2, 
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resulting in the precipitation of compound 78 as an orange-yellow powder (Figure 161). 

The 31P{1H} NMR spectrum of 78 in CDCl3 shows triplet and doublet resonances, in a 

2:1 ratio, appearing at +66.48 and +22.63 ppm, respectively, with 2
JP-P coupling 

constants of 162.88 Hz. Similar to 77-F, the downfield shift of these signals and 

presence of 2
JP-P coupling indicates unsymmetrical coordination of the phosphine arms 

to the Au atom. 

 

 

Figure 161. Synthesis of 78. 

 

 The X-ray crystal structure of 78 confirms the oxidative addition of o-chloranil to the 

Sb atom, resulting in κ2-O,O coordination of the tetrachlorocatecholate ligand and a 

distorted octahedral geometry around this atom (Figure 162). The Sb-O distances (Sb(1)-

O(1) 2.078(5) Å, Sb(1)-O(2) 2.144(5) Å) are comparable to those measured in 

Ph3Sb(O2C6Cl4) (2.019(3)-2.107(3) Å).420 The structure also confirms the coordination 

of the three phosphine arms to the Au center, which adopts a distorted trigonal 

bipyramidal geometry (ΣP-Au-P = 359.06˚, Cl(1)-Au(1)-Sb(1) 173.16(5)˚) similar to 77-F. 
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The trigonal bipyramidal geometry around the gold atom and the contraction of the Au-

Sb bond distance (2.6767(11) Å) in 78 versus 76-Cl again points to oxidation of the 

dinuclear core and an umpolung of the Au-Sb bonding.  

 

 

Figure 162. Crystal structure of 78. Thermal ellipsoids are drawn at the 50% probability. 
Phenyl groups are drawn in wireframe, and hydrogen atoms are omitted for clarity. 
Selected bond lengths (Å) and angles (deg): Au(1)-P(1) 2.367(2), Au(1)-P(2) 2.401(2), 
Au(1)-Cl(1) 2.482(2), Au(1)-P(3) 2.533(2), Au(1)-Sb(1) 2.6767(11), Sb(1)-O(1) 
2.078(5), Sb(1)-O(2) 2.144(5), Sb(1)-C(37) 2.170(7), Sb(1)-C(19) 2.179(8), Sb(1)-C(1) 
2.203(7), Cl(1)-Au(1)-Sb(1) 173.16(5), P(1)-Au(1)-P(2) 135.99(7), P(1)-Au(1)-P(3) 
112.28(7), P(2)-Au(1)-P(3) 110.79(7), O(1)-Sb(1)-O(2) 78.59(18), O(1)-Sb(1)-Au(1) 
169.28(13), O(2)-Sb(1)-C(37) 169.7(2), C(19)-Sb(1)-C(1) 170.0(3). 

 

9.6 Conclusions 

In summary, this chapter describes a rare example of a reversible two-electron redox 

process at a dinuclear main group/transition metal core. Although a number of redox 
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processes have been shown to occur at the transition metal component of main 

group/transition metal complexes, few involve addition or elimination reactions at the 

main group element and, in any case, often lead to loss of the transition metal-main 

group bonding interaction. As such, the present examples are exceptional since an Au-Sb 

bonding interaction is not only sustained in both the reduced and oxidized forms but 

experiences an umpolung of the bond polarization between forms. 

9.7 Experimental 

General Considerations. SbCl3 was purchased from Alfa Aesar, NaI was purchased 

from Aldrich, and both were used as received.   The ligand (o-(Ph2P)C6H4)3Sb,266 

PhICl2,
422 and (tht)AuCl324 (tht = tetrahydrothiophene) were prepared according to the 

reported procedures. All air and moisture sensitive manipulations were carried out under 

an atmosphere of dry N2 employing either a glove box or standard Schlenk techniques. 

Pentane and CH2Cl2 were dried by passing through an alumina column. All other 

solvents were used as received. Ambient temperature NMR spectra were recorded on a 

Varian Unity Inova 400 FT NMR (399.59 MHz for 1H, 161.74 MHz for 31P, 100.45 

MHz for 13C) spectrometer.  Low temperature 31P{1H} NMR spectra were recorded on a 

Varian Inova 300 FT NMR spectrometer (121.42 MHz for 31P). Chemical shifts are 

given in ppm, and are referenced to residual 1H and 13C solvent signals and external 

H3PO4 for 31P. Elemental analyses were performed at Atlantic Microlab (Norcross, GA). 

Electrospray mass spectra were obtained with a SciexQstarr Pulsar and a Protana 

Nanospray ion source. 
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Synthesis of 76-Cl. A solution of AuCl(tht) (35 mg, 0.110 mmol) in acetone (2 mL) 

was added dropwise to a solution of (o-C6H4P(PPh2))3Sb (100 mg, 0.1 mmol) in 

acetone/CH2Cl2 (5/1 mL) at ambient temperature.  The resulting yellow solution was 

allowed to stir for 15 min after which time a pale yellow precipitate began to form. 

Pentane (10 mL) was added to complete precipitation of the product. The precipitate was 

filtered and washed with pentane (3 × 3 mL) and dried in vacuo to afford 105 mg (83 %) 

of 76-Cl as a pale yellow powder. Single crystals of 76-Cl·(acetone) suitable for X-ray 

diffraction were obtained by vapor diffusion of pentane into a solution of the compound 

in acetone.  1H NMR (399.59 MHz; CDCl3): δ 7.10-7.17 (m, 9H, PPh-CH), 7.27-7.32 

(m, 18H, PPh-CH), 7.39-7.46 (m, 12H, PPh-CH), 7.67 (d, 3H, o-P(Sb)C6H4, 
3
JH-H = 6.96 

Hz). 13C NMR (100.45 MHz; CDCl3): δ 128.35 (bs, CHPh), 128.54 (bs, CHPh), 129.88 

(bs, CHPh), 130.33 (bs, CHPh), 133.33 (pseudo-quart, o-P(Sb)C6H4, JC-P = 10.17 Hz), 

133.72 (bs, CHPh), 133.97 (pseudo-quart, o-P-CHPh, JC-P = 5.34 Hz), 137.21 (pseudo-

quart, P-CPh ipso, JC-P = 5.33 Hz), 140.33 (pseudo-quart, Sb-Cipso, JC-P = 11.70 Hz), 150.95 

(pseudo-quart, P-Cipso, JC-P = 22.38 Hz). 31P{1H} NMR (161.74 MHz; CDCl3): δ 24.4.  

HRMS: m/z calculated for C54H42AuP3Sb+: 1101.1203, found: 1101.1180. Elemental 

analysis calculated (%) for C54H42AuClP3Sb + C3H6O: C, 57.24 H, 4.04; found C, 56.50 

H 4.24 (approx. 1 eq. of acetone was lost in drying). 

Synthesis of 77-Cl. A solution of PhICl2 (60 mg, 0.22 mmol) in CH2Cl2 (1 mL) was 

added dropwise to a solution of 76-Cl (250 mg, 0.22 mmol) in CH2Cl2 (5 mL) at ambient 

temperature.  The reaction was stirred for 20 min. before removing the solvent in vacuo. 

The resulting yellow solid was washed with acetone (2 × 2 mL) and pentane (2 × 3 mL) 
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and dried in vacuo to afford 195 mg (73 %) of 77-Cl as a yellow powder. Single crystals 

of 77-Cl·2(CH2Cl2) suitable for X-ray diffraction were obtained by vapor diffusion of 

pentane into a solution of the compound in CH2Cl2. 
1H NMR (399.59 MHz; CDCl3): δ 

6.88 (m, 3H, o-P(Sb)C6H4), 7.19-7.36 (m, 36H, Ph-CH), 8.25 (d, 3H, Ph-CH, 3
JH-H = 

7.87 Hz).  13C NMR (100.45 MHz; CDCl3): δ 128.69 (bm, CHPh), 128.98 (bs, CHPh), 

130.56 (bm, Sb-Cipso), 131.60 (bs, CHPh), 131.81 ((bs, CHPh), 132.36 (bs, CHPh), 133.77 

(bd, CHPhortho, 
2
JC-P = 4.58 Hz), 134.11 (bs, CHPh), 136.53 (bd, P-CPh ipso, 

1
JC-P = 5.38 

Hz), 154.64 (bm, P-Cipso). 
31P{1H} NMR (161.74 MHz; CDCl3): δ 41.91. HRMS: m/z 

calculated for C54H42AuCl2P3Sb+: 1171.0580, found: 1171.0551. Elemental analysis 

calculated (%) for C54H42AuCl3P3Sb + 2CH2Cl2: C, 48.78 H, 3.36; found C, 48.06 H 

3.34 (approx. 1 eq. of CH2Cl2 was lost in drying). 

Synthesis of 76-I.  A solution of 77-Cl (50 mg, 0.041mmol) in CH2Cl2 (0.5 mL) was 

added dropwise to a solution of NaI (24 mg, 0.16mmol) in acetone (1.5 mL) at ambient 

temperature, resulting in the formation of a yellow precipitate and a dark red 

supernatant. The solid was filtered and extracted with CH2Cl2. This organic mixture was 

extracted with an aqueous solution of Na2S2O3 (2 mL, 1.0 M) followed by brine (2 mL). 

The resulting yellow organic layer was dried over MgSO4 and filtered over a small plug 

of silica. Removal of the solvent in vacuo afforded AuI[Sb(o-C6H4(PPh2))] (32 mg, 63 

%) as a yellow solid. Single crystals of AuI[Sb(o-C6H4(PPh2))] were obtained by slow 

evaporation of a solution in CH2Cl2/acetone (1/1).1H NMR (399.59 MHz; CDCl3): δ 

7.09-7.17 (m, 9H, PPh-CH), 7.25-7.32 (m, 18H, PPh-CH), 7.36-7.43 (m, 12H, PPh-CH), 

7.68 (d, 3H, o-P(Sb)C6H4, 
3
JH-H = 6.59 Hz). 13C NMR (100.45 MHz; CDCl3): 
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δ128.43(bm, CHPh), 129.76 (s, CHPh), 130.24 (s, CHPh), 133.54-134.04 (bm, CHPh + o-P-

CHPh), 137.05 (pseudo-quart, o-P-CHPh, JC-P = 5.34 Hz), 140.57(m, Sb-Cipso), 150.62 

(pseudo-quart, P-Cipso, JC-P = 22.63 Hz).  31P{1H} NMR (161.74 MHz; CDCl3): δ +22.7. 

HRMS: m/z calculated for C54H42AuP3Sb+: 1101.1203, found: 1101.1188. Elemental 

analysis calculated (%) for C54H42AuIP3Sb + 0.5 C3H6O + 0.5 CH2Cl2: C, 51.70 H, 3.56; 

found C, 51.53 H 3.67 (approx. 0.5 eq. of acetone and 0.5 eq. of dichloromethane were 

lost in drying). 

Reaction of 76-I with PhICl2.  PhICl2 (5.8 mg, 0.021 mmol) was added as a solid to a 

mixture of 76-I (20 mg, 0.015 mmol) and [(n-Bu)4N]Cl (36 mg, 0.13 mmol) in CDCl3. 

The reaction mixture immediately turned from pale yellow to dark orange, and the 

31P{1H} NMR spectrum showed the appearance of a signal at 42.7 ppm corresponding to 

the formation of 77-Cl (51 % yield by NMR integration). This was confirmed by ESI-

MS which displayed a set of peaks with an isotopic distribution pattern matching the 

C54H42AuCl2P3Sb+ ion (m/z = 1171.0554 amu). 

Synthesis of 77-F. A solution of KF (0.043 g, 0.74 mmol) in MeOH (1 mL) was 

added to a solution of 77-Cl (0.15 g, 0.12 mmol) in MeOH (3 mL) and stirred at ambient 

temperature for 3 hrs, resulting in the precipitation of a yellow solid. The solvent was 

removed in vacuo, and the residue was extracted with CH2Cl2 (5 mL). The resulting 

mixture was filtered over Celite and concentrated to ca. 1 mL. Addition of pentane (5 

mL) resulted in precipitation of a yellow powder that was filtered, washed with MeOH 

(3 × 3 mL), and dried in vacuo to afford 121 mg (83%) of 77-F. Single crystals of 77-F 

suitable for X-ray diffraction were obtained by slow evaporation of the compound in 



 253

CHCl3/MeOH (1/1). 1H NMR (399.59 MHz; CDCl3): δ 6.93-7.23 (m, 32 H, o-

P(Sb)C6H4 + PPh), 7.30-7.40 (m, 6H, ortho-PPh), 7.54 (ddd, 1H, o-P(Sb)C6H4, 
3
JH-H = 

7.32 Hz, 4
JH-H = 2.76 Hz, 3

JH-F = 1.24 Hz) 8.42 (d, 2H, o-P(Sb)C6H4, 
3
JH-H = 7.80 Hz), 

8.59 (d, 1H, o-P(Sb)C6H4, 
3
JH-H = 7.80 Hz). ). 31P{1H} NMR (161.74 MHz; CDCl3): δ 

22.40 (td, 1P, 2JP-P = 148.60 Hz, 3JP-F = 7.36 Hz), 60.42 (dq, 2P, 2JP-P = 148.60 Hz, 3JP-F = 

15.32, 7.77 Hz). 19F NMR (375.97 MHz; CDCl3): -9.42 (d, 2
JF-F 41.9 Hz), -153.03 

(brm). 

Synthesis of 78. A solution of o-chloranil (0.022 g, 0.09 mmol) in CH2Cl2 (1 mL) was 

added dropwise to a solution of 76-Cl (0.10 g, 0.09 mmol) in CH2Cl2 (1 mL) at room 

temperature. The resulting deep yellow solution was allowed to stir for 15 min before 

adding pentane (10 mL), upon which a yellow precipitate was formed. The solid was 

filtered, washed with pentane (3 × 3 mL) and dried in vacuo to afford 60 mg (49 %) of 

78. Single crystals of 78 suitable for X-ray difraction were obtained by slow diffusion of 

pentane into a solution of the compound in CHCl3. 
1H NMR (399.59 MHz; CDCl3): δ 

6.79 (q, 4H, Ph-CH, 3
JH-H = 6.10 Hz), 6.88 (t, 4H, Ph-CH, 3

JH-H = 7.70 Hz), 6.99-7.03 

(m, 10H, Ph-CH), 7.08-7.20 (m, 11H, Ph-CH, o-P(Sb)C6H4), 7.26-7.38 (m, 9H, Ph-CH, 

o-P(Sb)C6H4), 7.79 (td, 1H, o-P(Sb)C6H4, 
3
JH-H = 7.51 Hz, 4JH-H = 2.07 Hz), 8.23 (d, 2H, 

o-P(Sb)C6H4, 
3
JH-H = 7.69 Hz), 9.29 (d, 1H, o-P(Sb)C6H4, 

3
JH-H = 7.87 Hz). 13C NMR 

(100.45 MHz; CDCl3): δ 116.25 (s, O2C6Cl4), 116.67 (s, O2C6Cl4), 117.77 (s, O2C6Cl4), 

119.63 (s, O2C6Cl4), 126.38 (t, JC-P = 27.55 Hz), 127.65 (t, JC-P = 5.54 Hz), 128.41 (s), 

128.51 (s), 128.69 (t, JC-P = 5.38 Hz), 129.22 (d, JC-P = 4.70 Hz), 129.76 (s, ), 130.06 (d, 

JC-P = 6.05 Hz), 131.01 (t, JC-P = 27.04 Hz), 131.98 (s, ), 132.17 (s, ), 132.44 (d, JC-P = 
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11.09 Hz), 132.94-133.18 (m, 2C), 133.59 (t, JC-P = 4.20 Hz), 133.86 (dt, JC-P = 26.04 

Hz, 4.03 Hz), 134.34 (t,  
JC-P = 6.05 Hz), 137.06 (s, o-P(Sb)C6H4), 145.47 (s, O2C6Cl4), 

148.87 (s, O2C6Cl4), 162.59 (t, o-P(Sb)C6H4, 
3
JC-P = 48.99 Hz), 170.77 (d, o-P(Sb)C6H4, 

3
JC-P = 37.77 Hz). 31P{1H} NMR (161.74 MHz; CDCl3): δ 22.63 (t, 1P, 2

JP-P = 162.88 

Hz), 66.48 (d, 2P, 2
JP-P = 162.88 Hz). Elemental analysis calculated (%) for 

C60H42AuCl5P3Sb + 1.5CHCl3: C, 47.26 H, 2.81; found C, 47.17 H 2.94 (approx. 0.5 eq. 

of CHCl3 was lost in drying). 

 

 

Figure 163. Plots of the experimental and simulated variable temperature 31P{1H} NMR 
spectra of 76-Cl. 

 

Variable Temperature 31P NMR and Simulation.  Variable temperature 31P NMR 

spectra were recorded on a Varian Inova300 FT NMR spectrometer (121.42 MHz for 

31P). Chemical shifts are given in ppm and are referenced to external H3PO4. The peak 

linewidths in the experimental spectra were measured using the Varian VNMRJ v2.2. 

The ligand exchange rates (k) at each temperature were determined by fitting the 

chemical shifts and peak line widths of the simulated spectra to those in the 
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experimentally measured spectra using the gNMR v5.0 program. Plots of the 

experimental and simulated variable temperature 31P{1H} NMR spectra of 76-Cl are 

included in Figure 163. The experimentally measured and simulated linewidths at each 

temperature are listed in Table 23. An Eyring plot of the kinetic data is shown in Figure 

164, and the data used for the plot are listed in Table 24. 

 

Table 23. Experimentally observed and simulated peak line-widths for the variable 
temperature 31P{1H} NMR spectra of 76-Cl. 

Temperature Measured Line-widths (Hz) Simulated Line-widths (Hz) 

    +24ppm   +24 ppm 
22 ˚C   34.78   34.35 
0 ˚C   150   149.18 

-10 ˚C   470   469.47 
          
  +39.5 ppm -7.37 ppm +39.5 ppm -7.37 ppm 

-40 ˚C 355 639 349.26 685.71 
-50 ˚C 76 143 78.46 139.08 
-55 ˚C 35.3 53.16 35.49 53.09 

 
 

 

Figure 164. Eyring plot for the phosphine arm exchange in 76-Cl. 
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Table 24. Data for the calculated phosphine arm exchange rates from the simulated 
variable temperature 31P{1H} NMR spectra of 76-Cl. 

T (˚C) T (K) 1/T (K
-1
) k ln(k/T) 

22 295 3.3898E-03 9500 3.472 

0 273 3.6630E-03 1150 1.438 

-10 263 3.8023E-03 335 0.242 

-20 253 3.9526E-03   

-30 243 4.1152E-03   

-40 233 4.2918E-03 5.2 -3.802 

-50 223 4.4843E-03 0.95 -5.458 

-55 218 4.5872E-03 0.275 -6.675 

  
∆H

‡
 = 16.7(±0.9) kcal mol

-1
  

∆S
‡
 = 16.6(±3.8) cal mol

-1
 K

-1
   

 
 

Computational Details. DFT structural optimizations for 76-Cl and 77-Cl were 

carried out using the ADF program (2010.01).329-331  All calculations were performed 

with the BP86 functional332,333 and the all electron TZP basis sets for all atoms334 using 

ZORA.335-339 Table 25 includes a list of pertinent experimentally determined and 

calculated bond lengths and angles for comparison. The Boys340-342 localizations were 

carried out in the ADF program and visualized using Jimp2.343,344 The Natural Bond 

Order (NBO) analysis was performed on the optimized structure using the NBO v3.1345 

software available in the Gaussian03241 program. This analysis was carried out using the 

BP86 functional and the mixed basis set: 6-31g for H, C; 6-311+g(d) for P, Cl; and 

CRENBS ECP for Sb, Au. The resulting donor acceptor interactions were visualized 

using Jimp2.343,344  
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Table 25. Selected bond lengths (Å) and angles (˚) observed in the crystal structures and 
DFT optimized structures of complexes 76-Cl and 77-Cl. 

76-Cl 77-Cl 

  X-Ray DFT   X-Ray DFT 

Au-Sb 2.8374(4) 3.027 Au-Sb 2.7086(9) 2.799 

Au-Cl(1) 2.4990(11) 2.555 Au-Cl(1) 2.4601(14) 2.537 

Au-P(1) 2.3084(11) 2.362 Au-P(1) 2.3246(15) 2.363 

Au-P(2) 2.3305(11) 2.369 Au-P(2)  2.3328(14) 2.377 

Au-Sb-C(37) 164.80(11) 174.1 Sb-Cl(2) 2.4960(14) 2.552 

      Sb-Cl(3) 2.5627(15) 2.607 

 
 

NBO Analysis. In addition to the primary NBO interactions discussed in the text, a 

more in depth analysis of the NBO output reveals further interactions that contribute to 

the Au-Sb bonding in 76-Cl and 77-Cl.  All identified interactions for 76-Cl and 77-Cl 

are plotted in Figure 165 and Figure 166, respectively.  An NBO deletion calculation 

including only interaction 1 in compound 76-Cl provides a stabilization energy of Edel = 

35.28 kcal/mol.  The total deletion energy obtained from deleting interactions 1-5 is Edel 

= 53.98 kcal/mol.  Deletion of interactions 1-3 in compound 77-Cl provides a 

stabilization energy of Edel = 63.59 kcal/mol. The total deletion energy obtained when 

deleting interactions 1-7 is Edel = 160.07 kcal/mol.  
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Figure 165. Plot of all NBO Au-Sb donor-acceptor interactions in 76-Cl.  
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Figure 166. Plot of all NBO Au-Sb donor-acceptor interactions in 77-Cl.  
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Crystallography. Single crystals of 76-Cl were obtained by slow diffusion of pentane 

into a solution of the compound in acetone. Single crystals of 76-I were obtained by 

slow diffusion of pentane into a solution of the compound in CH2Cl2/acetone (1/1 vol.). 

Single crystals of 77-Cl were obtained by slow diffusion of pentane into a solution of the 

compound in CH2Cl2. Single crystals of 77-F were obtained by slow evaporation of a 

solution of the compound in CH2Cl2/MeOH (1/1 vol.). Single crystals of 78 were 

obtained by slow diffusion of pentane into a solution of the compound in CHCl3. Crystal 

data, details of data collection, and structure refinement parameters for compounds  76-

Cl, 76-I, and 77-Cl are included in Table 26. Data for 77-F and 78 are included in Table 

27. The crystallographic measurements were performed using a Bruker-AXS APEX-II 

CCD area detector diffractometer, with a graphite-monochromated Mo-Kα radiation (λ = 

0.71069 Å). A specimen of suitable size and quality was selected and mounted onto a 

nylon loop. The semiempirical method SADABS207 was applied for absorption 

correction. The structures were solved by direct methods using SHELXTL/PC package 

(version 6.1)208 which successfully located most of the non-hydrogen atoms. Subsequent 

refinement on F2 allowed location of the remaining non-hydrogen atoms. All H atoms 

were geometrically placed and refined in a riding model approximation. 

During the structure refinement of 77-F, disordered MeOH solvent molecules were 

identified. No satisfactory disorder model could be achieved, and therefore the Squeeze 

program implemented in PLATON was used to model this electron density.328 The 

program calculated a solvent-accessible volume of 588.7 Å3 (3.11 % of the total unit cell 

volume), which was then removed from subsequent structure factor calculations. 
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Table 26. Crystal data, data collections, and structure refinements for 76-Cl, 76-I, and 
77-Cl. 

Crystal data 76-Cl·2C3H6O 76-I·C3H6O,CH2Cl2 77-Cl·3CH2Cl2 
Formula C60H54O2P3ClAuSb C58H50OP3Cl2IAuSb C57H48P3Cl9AuSb 
Mr 1254.11 1372.41 1463.63 
Crystal size/mm 0.35 x 0.28 x 0.25 0.12 x 0.06 x 0.04 0.28 x 0.08 x 0.07  
Crystal system Triclinic Triclinic Triclinic 
Space group P-1 P-1 P-1 
a/Å 11.2460(8) 11.969(2) 12.869(6) 
b/Å 15.3283(11) 15.220(3) 14.409(6) 
c/Å 17.8014(13) 15.891(3) 16.375(7) 
α /◦ 66.6870(10) 79.393(2) 104.844(5) 
β/◦ 76.3670(10) 74.386(2) 91.700(5) 
γ /◦ 71.8780(10) 70.364(2) 103.447(5) 
V/Å3 2655.9(3) 2611.9(8) 2842(2) 
Z 2 2 2 
ρcalc/g cm−3 1.5568 1.745 1.711 
µ/mm−1 3.450 4.148 3.599 
F(000) 1244 1336 1436 
T/K 110(2) 110(2) 110(2) 
Scan mode ω, φ ω, φ ω, φ 
hkl Range -14 → +14 -14 → +14 -15 → +15 
 -19 → +19 -18 → +18 -17 → +17 
 -22 → +22 -19 → +19 -20 → +20 
Measd reflns 30239 27330 29661 
Unique reflns [Rint] 11546 [0.0389] 10238 [0.0514] 11107 [0.0425] 
Reflns used for refinement 11546 10238 11107 
Refined parameters 587 586 640 
GooF 1.015 1.055 1.058 
R1,a wR2b (all data) 0.0404, 0.0845 0.0653, 0.1428 0.0495, 0.0882 
ρfin (max., min.)/eÅ−3 2.446, -1.818 3.363, -2.406 1.529, -1.552 
    
 aR1 =Σ||Fo| − |Fc||/Σ|Fo|. 

b
 wR2 ([Σw(Fo

2 − Fc
2)2]/[Σ w(Fo

2)2])1/2; w = 1/[σ2(Fo
2) + (ap)2 + bp]; p = (Fo

2 + 
2Fc

2)/3 with a = 0.0384 for 76-Cl, 0.0780 for 76-I, and 0.0362 for 77-Cl; and b = 3.9944 for 76-Cl, 
6.5141 for 76-I, and 2.4802 for 77-Cl.  
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Table 27. Crystal data, data collections, and structure refinements for 77-F and 78. 

Crystal data 77-F·CH3OH 78·2CHCl3  
Formula C55H46OF2P3ClAuSb C62H44O2P3Cl11AuSb  
Mr 1207.99 1622.55  
Crystal size/mm 0..05 x 0.05 x 0.03 0.07 x 0.06 x 0.04  
Crystal system Orthorhombic Triclinic  
Space group Fdd2 P-1  
a/Å 19.730(2) 11.385(6)  
b/Å 75.805(9) 14.991(8)  
c/Å 12.665(2) 19.609(10)  
α /◦ 90 71.274(6)  
β/◦ 90 74.998(6)  
γ /◦ 90 81.435(6)  
V/Å3 18942(4) 3054(3)  
Z 16 2  
ρcalc/g cm−3 1.694 1.765  
µ/mm−1 3.871 3.446  
F(000) 9504 1588  
T/K 110(2) 110(2)  
Scan mode ω, φ ω, φ  
hkl Range -24 → +24 -14 → +14  
 -93 → +93 -18 → +18  
 -15 → +15 -24 → +24  
Measd reflns 48246 31125  
Unique reflns [Rint] 9314 [0.0598] 11934 [0.0705]  
Reflns used for refinement 9314 11934  
Refined parameters 577 721  
GooF 1.003 1.014  
R1,a wR2b (all data) 0.0303, 0.0771 0.0769, 0.1291  
ρfin (max., min.)/eÅ−3 1.442, -1.164 1.520, -1.746  
    
 aR1 =Σ||Fo| − |Fc||/Σ|Fo|. 

b
 wR2 ([Σw(Fo

2 − Fc
2)2]/[Σ w(Fo

2)2])1/2; w = 1/[σ2(Fo
2) + (ap)2 + bp]; p = (Fo

2 + 
2Fc

2)/3 with a = 0.0405 for 77-F and 0.0612 for 78; and b = 0 for 77-F and 0 for 78.  
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CHAPTER X 

 SUMMARY 

 

10.1 Fluoride and cyanide sensing with pyridinium triarylboranes 

We have investigated the synthesis and anion binding properties of several pyridinium 

triarylboranes with the goal of developing sensors for aqueous fluoride and cyanide. Our 

strategy in this area was founded on quaternization of a peripheral pyridyl group, via 

methylation or coordination to a cationic transition metal fragment, to impart beneficial 

Coulombic effects that would enhance the anion affinity of the borane moiety. The 

methylation strategy generated cationic boranes [45]+ and [46]+, which exhibit a 

colorimetric turn-on response to fluoride binding attributed to an intramolecular charge 

transfer process. Despite the desirable turn-on response in organic solvents, these 

receptors were found to be incapable of complexing fluoride directly in aqueous media. 

Our efforts in this area also resulted in the synthesis of the cationic, cyclometalated 

complexes [48]+, [50]+, and [51]+. The cationic complexes [48]+ and [50]+, containing 

square planar Pd2+ and Pt2+ metal centers, respectively, bind fluoride in organic solvents 

such as CHCl3 and THF, but not in the presence of MeOH or H2O. In addition, these 

receptors showed a lack of selectivity for fluoride due to ancillary ligand substitution 

reactions at the metal centers in the presence of common anions such as Cl-, Br-, I-, and 

CN-. The octahedral Ru2+ complex [51]+ showed a high affinity for F- and CN- in 

THF/DMF and CHCl3/DMF mixed solvents, with selectivity over other common anions 

such as Cl-, Br-, I-. In addition, the potential of the RuII/III  redox couple undergoes a 
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cathodic shift upon anion binding, making this compound attractive for electrochemical 

sensing applications. 

10.2 Synthesis and characterization of zwitterionic aryltrifluoroborates 

Our group has previously shown that decoration of triarylboranes with proximal 

cationic ammonium and phosphonium groups enhances the fluoride and cyanide affinity 

of the boron center via Coulombic effects and intramolecular onium group-anion 

interactions. Applying this strategy toward the stabilization of aryltrifluoroborates for 

application in PET imaging with 18F, we synthesized the zwitterionic ammonium and 

phosphonium aryltrifluoroborates 52-BF3 and 53-BF3. These compounds exhibit 

exceptional stability against hydrolysis in D2O/CD3CN (8/2 vol.) at pH 7.5 with first 

order rate constants for the hydrolysis of kobs = 6.3 × 10-5 min-1 for 52-BF3 and 3.4 × 10-6 

min-1 for 53-BF3. 52-BF3 and 53-BF3 were also characterized by X-ray diffraction, and 

the crystal structures suggested the presence of hydrogen bonding interactions between 

the trifluoroborate and ammonium/phosphonium substituents, which are expected to 

contribute to their stability. In addition, the exceptional stability of 53-BF3 may be 

assisted by the presence of a weak F(lone pair)→P-C(σ*) donor-acceptor interaction, 

which is evidenced by the short F-P separation (3.05 Å av.) observed in the structure of 

53-BF3. 
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10.3 Synthesis, structure, and anion binding studies of bifunctional boron/antimony 

Lewis acids 

The stibonium borane [54]+ was synthesized in an effort to develop new, potent 

bifunctional Lewis acids. A competition reaction between [54]+ and the fluoride adduct 

of its phosphonium analog 25-F resulted in quantitative conversion to 54-F and the 

cationic borane [25]+. The structure of 54-F was determined and showed that the 

compound forms a B-F-Sb chelate with a Sb-F distance of 2.450(2) Å, shorter than the 

P-F distance in the phosphonium analog 25-F (2.666(2) Å). The F→Sb bonding 

interaction was investigated using DFT calculations. An AIM calculation found the 

density at the bond critical point between F and Sb to be 4.26 × 10-2 e bohr-3, over two 

times greater than that calculated for the critical point between the F and P atoms of 25-F 

(2.05 × 10-2 e bohr-3). Similarly, NBO analysis located the lp(F) → σ*(Sb-C) donor–

acceptor interaction, which was found to contribute 15.2 kcal mol-1 to the stability of 54-

F, a value which greatly exceeds that found for the lp(F) → σ*(P-C) interaction in 25-F (5.0 

kcal mol-1). Finally, DFT calculations indicated that the competition reaction between 

[54]+ and 25-F, which proceeds experimentally to form 54-F and [25]+ quantitatively, is 

exothermic by −4.9 kcal/mol, supporting the experimental observation. 

The cyanide and azide adducts, 54-CN and 54-N3, were also isolated and structurally 

characterized. Although the long CCN-Sb (2.943(7) Å) and NCN-Sb (3.093(5) Å) bond 

distances measured in 54-CN preclude the formation of a strong CN→Sb bonding 

interaction, NBO analysis identified a weak a weak π(CN) → σ*(Sb-C)  interaction (Edel = 

3.54 kcal mol-1).  Structural and DFT analysis of 54-N3 revealed a strong B-N-Sb 
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bridging interaction. This is supported by a Sb-NN3 distance of 2.477(4) Å, which is 

significantly shorter than the corresponding P-NN3 bond distance (2.790(2) Å) in 25-N3. 

NBO analysis located a lp(N) → σ*(Sb-C) donor-acceptor interaction in 54-N3 whose 

deletion resulted in an increase in the total energy of the molecule by 15.15 kcal mol-1. 

The synthesis of a stibonium borane supported by a 1,8-naphthalenediyl backbone was 

also attempted. Although the synthesis of the parent stibino borane 55 was easily carried 

out by the reaction of tetrakis(thf)lithium dimesityl-1,8-naphthalenediylborate with 

Ph2SbCl, subsequent attempts to isolate the stibonium derivative via methylation were 

unsuccessful. Despite the inaccessibility of the stibonium derivative, the X-ray crystal 

structure of 55 and its Bi analog 56 revealed unusual E→B (E = Sb, Bi) donor-acceptor 

interactions based on short Sb-B (3.216 Å) and Bi-B (3.330 Å) separations. NBO 

analysis located the corresponding lp(E)→p(B) interactions, whose subsequent deletion 

afforded stabilization energies of 8.65 kcal/mol for 55 and 6.32 kcal/mol for 56. 

10.4 Synthesis and fluoride binding studies of stibonium/onium dications 

Based on our preceding results on the anion binding properties of a bifunctional 

stibonium borane, we sought to exploit the inherent Lewis acidity of 

tetraorganostibonium cations for anion sensing. As a result, the fluoride affinity of the 

simple stibonium cation [Ph3MeSb]+ ([57]+) was examined using UV-Vis spectroscopy. 

The titration of [57]+ in THF yielded a fluoride binding constant of 8.5(±2.0) × 104 M-1 

but no binding was observed in MeOH or mixed aqueous/organic solvent systems. 

In an effort to obtain stibonium cations with an enhanced fluoride affinity, the 

onium/stibonium dications [58]2+, [59]2+, and [60]2+, bearing pendant ammonium and 
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phosphonium substituents, were synthesized. These cations exhibit a high affinity for 

fluoride in MeOH, giving binding constants of 4.0(±0.5) × 103 M-1 for [58]2+, 2.6(±0.6) 

× 104 M-1 for [59]2+, and 9.5(±2.0) × 103 M-1 for [60]2+, as determined by UV-Vis 

spectroscopic titrations. No fluoride binding was observed for any of these compounds 

in H2O or H2O/MeOH mixtures. Surprisingly, the ortho phosphonium derivative [60]2+ 

displays a lower fluoride affinity than the para isomer [59]2+ in MeOH. This is opposite 

to the trend observed for the analogous phosphonium boranes and is attributed to steric 

crowding and metrical constraints that preclude fluoride chelation by the phosphonium 

and stibonium groups. Supporting this explanation, the X-ray crystal structure of the 

fluoride adduct [60-F]2+ shows that, whereas the F atom coordinates to Sb with a bond 

distance of 2.055(18) Å, the F-P separation is > 3.5 Å, a separation that precludes even a 

weak bridging interaction. 

10.5 Group 10 metal-stiborane complexes 

In an extension of our fluoride binding studies with stibonium ions, we proposed an 

analogy between a tetraorganostibonium cation and triarylstibine coordinated to a 

cationic transition metal. Thus, we prepared a series of cationic Group 10 (Ni, Pd, and 

Pt) complexes bearing the trisphosphanylstibine ligand o-(Ph2P)C6H4)3Sb as the BPh4
- 

salts. Single crystal X-ray diffraction showed that the o-(Ph2P)C6H4)3Sb ligand adopts a  

tetradentate κ-P,P,P,Sb coordination mode in the Ni complex (61-BPh4) resulting in a 

trigonal bipyramidal geometry around the Ni atom and tetrahedral geometry around the 

central Sb atom. However, a tridentate κ-P,P,Sb coordination mode is adopted by the Pd 

and Pt complexes 62-BPh4 and 63-BPh4, resulting in disorted square planar geometries 
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around the metal atoms. These cationic complexes all react with fluoride in CH2Cl2 (KF 

>108 M-1) to afford the metal fluorostiborane complexes 61-F, 62-F, and 63-F. Structural 

characterization of these complexes showed that the formation of an Sb-F bond in 62-F 

and 63-F triggers changes in the ligand denticity from κ-P,P,Sb in 62-BPh4 and 63-BPh4 

to κ-P,P,P,Sb in the fluorostiboranes. The resulting trigonal bipyramidal geometries 

around the Pd and Pt centers are responsible for the appearance of bands in the visible 

region of the electronic spectra of  62-F and 63-F, making 62-BPh4 and 63-BPh4 turn-on 

colorimetric fluoride sensors. 

The analogous chlorostiborane complexes 61-Cl, 62-Cl, and 63-Cl were also isolated 

and found to be structurally similar to 61-F, 62-F, and 63-F in the solid state via 

formation of Sb-Cl bonds. However, in polar solvents such as MeOH, 61-Cl, 62-Cl, and 

63-Cl are believed to be at least partially ionized. This assumption is upheld by the facile 

formation of 61-F, 62-F, and 63-F upon treatment of 61-Cl, 62-Cl, and 63-Cl with 

fluoride in organic solvents. Although the Ni complexes 61-BPh4 and 61-Cl decompose 

in the presence of MeOH, UV-Vis fluoride titrations of 62-Cl and 63-Cl were 

successfully carried out in 2/1 vol MeOH/DMSO to provide fluoride binding constants 

of 4.5(±0.5) × 104 M-1  and  8.5(±1.0) × 104 M-1, respectively. A comparison of the 

fluoride binding constants of the Pd complexes 62-BPh4 (KF  = 1.1(±0.2) × 104 M-1) and 

62-Cl (KF  =  2.7(±0.2) × 103 M-1) in 9/1 vol. MeOH/CH2Cl2 suggests that chloride 

effectively competes with fluoride for coordination to the Sb center in solution. Overall, 

the ability of these complexes to act as receptors for fluoride supports our initial 
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hypothesis and paves the way for further development of novel anion receptors based on 

this concept.  

10.6 Bis-gold(I) and gold(I)/boron complexes with peri-napthalendiyl backbones 

The 1,8-bis-(phosphino)gold(I)-naphthalenediyl complexes 66 and 67 were 

synthesized as part of an investigation of the synthesis of gold(I)-functionalized 

naphthalene derivatives. These syntheses showed that 1,8-dilithionaphthalene is a viable 

precursor for the preparation of such derivatives. The X-ray crystal structures of these 

compounds display short intramolecular Au-Au contacts of 2.9982(5) Å for 66 and 2.85 

Å av. for 67, with the shorter Au-Au distance observed in the latter compound attributed 

to the bridging nature of the dppm ligand. The digold compound 67 reacts with Ag+ in 

CH2Cl2 to afford the Au4Ag2 metallocycle 68 in which two Ag+ ions are sandwiched 

between two molecules of 67. Both 67 and 68 are luminescent in the solid state and in 

oxygen-free CH2Cl2 solution. The broad, structured emission displayed by these 

complexes in solution appears around 475-650 nm and is assigned to a heavy atom 

induced triplet emission of the naphthalene chromophore.  In the solid state,  the 

emission band of 67 is distinctly broadened and red-shifted versus that of 68, an 

observation attributed to the presence of the intermolecular aurophilic contacts in 67. 

The heterodinuclear gold(I)/boron complexes 69 and 70, supported by the 1,8-

naphthalenediyl backbone, were also synthesized. Although low yields prevented 

fluoride binding studies, the crystal structures of these complexes were determined. Both 

compounds feature short Au-B separations (2.70 Å av. for 69, 2.84 Å av. for 70), 

suggesting the formation of Au→B, Z-type bonding interactions. DFT calculations were 
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carried out on 69 to study the nature and strength of this interaction. A NBO analysis 

identified a lp(Au) → p(B) donor-acceptor interaction that provides a stabilization 

energy of Edel = 9.2 kcal/mol, similar to that calculated for a related phosphoranylborane 

gold complex containing a gold→triarylborane Z-type interaction. 

10.7 A 14-electron, T-shaped stiboranyl-gold complex 

As part of our developing interest in metal stiborane complexes, we recognized that 

stiboranyl ligands bear a resemblence to strongly σ-donating boryl and silyl ligands, 

which have been employed for the isolation of T-shaped, 14-electron transition metal 

complexes. Accordingly, the cyclic stiboranyl-gold complex 73 was synthesized, and the 

nature of Au-Sb bonding was studied using XANES spectroscopy and DFT calculations. 

The short Au-Sb bond distance (2.76 Å av.) in the solid state structure of this complex 

suggests the formation of a strong polar covalent bond. However, the presence of 

intermolecular aurophilic contacts, as well as the results of the XANES experiments, 

point to the importance of a bonding contribution from an aurate-stibonium resonance 

form. In addition, DFT calculations and a Boys localization analysis identified an 

occupied orbital oriented along the Au-Sb axis that is polarized toward the gold atom. 

Collectively, these results argue for the strong σ-donating properties of the stiboranyl 

ligand. Additionally, 73 reacts with KF in MeOH, resulting in the formation of the gold-

fluoroantimonate complex [75]─.  Structural analysis and DFT calculations indicate that 

formation of the fluorostiborane has little effect on the Au-Sb bonding relative to 73. 
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10.8 Synthesis, structure, and reactivity of a triphosphanylstibine gold complex 

Based on our interest in exploring two-electron redox processes at the core of 

heterodinuclear main group/transition metal compounds, the gold(I)-stibine complex 76-

Cl was synthesized from the reacton of o-(Ph2P)C6H4)3Sb with AuCl(tht). The ligand 

adopts a κ-P,P,Sb coordination mode, resulting in a distorted trigonal pyramidal 

geometry around the gold atom in this complex.  Reaction of 76-Cl with PhICl2 results 

in oxidative addition of one equivalent of Cl2 to the antimony atom to generate 77-Cl. 

This redox process was shown to be reversible upon reaction of 77-Cl with excess NaI in 

CHCl3/acetone, resulting in the formation of I3
- concomitant with reduction of the 

antimony center to afford  76-I, the iodide analog of 76-Cl.  Furthermore, 76-I could be 

reoxidized to 77-Cl with PhICl2 in the presence of excess chloride ions. 

While the gold atom in 76-Cl adopts a distorted trigonal pyramidal coordination 

geometry, that of 77-Cl is close to square planar. Moreover, the Au-Sb separation in 77-

Cl (2.7086(9) Å) is distinctly shorter than that measured for 76-Cl (2.8374(4) Å). These 

features suggest a transition from a monovalent gold center in 76-Cl to trivalent gold in 

77-Cl. DFT studies of 76-Cl and 77-Cl also suggest an umpolung of the Au-Sb bond 

polarization upon oxidation of the antimony center. NBO analysis identified a relatively 

weak lp(Sb)→p(Au) donor-acceptor interaction (Edel = 35.28 kcal/mol) for 76-Cl, 

whereas Au-Sb bonding in 77-Cl is dominated by a lp(Au)→σ*(Sb-Cl) and two 

lp(Au)→ σ*(Sb-C) interactions (Edel = 63.59 kcal/mol). Thus, oxidation of the antimony 

center results in an umpolung of the Au-Sb dative bond, which increases in strength 

upon oxidation.  
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The reaction of 77-Cl with 6 equiv. of KF in methanol afforded the difluorostiboranyl-

gold complex 77-F. Additionally, the reaction of 76-Cl with o-O2C6Cl4 resulted in 

oxidative addition of the quinone to the antimony center to afford complex 78. The 

uncommon trigonal bipyramidal geometries adopted by the gold atoms in 77-F and 78 

further support the trivalent assignment of this atom in these oxidized complexes as well 

as provide evidence for the Au→Sb bonding description.  
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