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ABSTRACT 

 

Ligand design has been an often pursued strategy to advance the development of 

transition metal complexes for catalysis and activation of small molecules. In the past decade, 

polydentate Z-type ligands have been recognized as versatile tools to expand on the reactivity 

of transition metals. The interest generated by polydentate Z-type ligands mainly arises from 

the ability of the Lewis acidic Z site to behave as σ-acceptor, which can modulate the electronic 

properties of the metal and impart reactivity to the metal via flexible metal→Z ligand 

interaction.  Group 13 compounds, notable for their Lewis acidity, have been dominating the 

field of Z-type ligand chemistry, leading to a plethora of discoveries in small molecules 

activation and organic transformation catalysis. 

In recent years, heavy main group antimony and tellurium compounds made their 

unique entry into the Z-type ligand family owing to their Lewis acidity and redox activity. In 

particular, it was demonstrated that weak donating stibine and telluroether ligands can be 

switched into σ-accepting Z-type ligands by post-synthetic conversion to their hyper-valent 

state.  Although these phenomena are of fundamental importance, attempts to use these metal 

complexes for metal catalyzed processes or chemical transformations have not been explored.  

To fill this knowledge gap, it became the objective of this dissertation to investigate new 

versions of antimony or tellurium ligand systems and probe their use for the design of late 

transition metal-based catalysts 

With this in mind, I chose to investigate halogen functionalized antimony ligands, with 

augmented Lewis acidity due to the electronegativity of the halogen atoms.  The strong Lewis 

acidity of the halostibine antimony center, coupled with its capacity to undergo oxidation 



 

iii 

 

reactions or anion exchanges, led to the isolation of trihalostiborane-gold complexes and 

trihalostiborane-platinum complexes, featuring magnified metal→Sb(V) interactions.  These 

complexes have been exploited in the development of ligand-centered redox-controlled 

catalysis, highlighting their utility in the area of smart catalyst design.  Another noteworthy 

result of this research includes the discovery of redox active antimony-platinum molecular 

platform, in which the halogenated antimony ligand is able to modulate the electron density of 

the coordinated platinum, thereby facilitating the two-electron redox reactions.  Such redox 

reactions have been utilized to realize the high-quantum-yield photoreductive elimination of 

chlorine, which is of relevance to photocatalytic production of H2 from HX.  In parallel to the 

antimony chemistry, tellurium ligand chemistry has also been investigated. Our results in this 

area show for the first time the redox non-innocent behavior of telluroether ligand in the 

coordination sphere of gold. 
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CHAPTER I  

INTRODUCTION TO NON-INNOCENT Z-TYPE LIGANDS CONTAINING 

ANTIMONY AND TELLURIUM 

1.1 Introduction to ligand non-innocence and Z-type ligands  

1.1.1 The concept of ligand non-innocence 

 The “non-innocent” terminology was introduced in 1966 in a review by Jørgensen 1 

who explained that “ligands are innocent when they allow oxidation states of the central atom 

to be defined”.  Since the 1960’s, examples of complexes that did not comply with this rule 

started to surface.  One of the first families of such complexes are nickel dithiolene complexes 

for which an assignment of the nickel oxidation state proved to be problematic as summarized 

in Figure 1. 2 Careful analysis of the structure and bonding of such complexes reveals that 

oxidation changes occurs at the ligand rather than at the metal center.  Calculations also showed 

that the frontier orbitals of such complexes are ligand-based rather than the metal-based.3  That 

is, the ligands of these complexes may become involved in redox processes thus suggesting 

their possible use as electron reservoir. 4 

 

Figure 1. Redox non-innocence of a ditholene ligand in nickel complex. 

 

In the past few years, this possibility has attracted a great deal of interest, with several 

research groups succeeding in exploiting ligand-centered redox processes for the discovery of 

new reactions and catalytic processes.  Prototypical ligand platforms that support such ligand 

centered redox processes include catecholate, imiopyridine, amidophenolate and their analogs. 



 

2 

 

5-12  During the redox process, the electrons were shuttled between the single bond (C-X, X= 

N, O, S-) and double bond (C=X) within the  conjugated ligand backbone, transforming the 

X type donor into L type donor upon oxidation, while the oxidation state of the metal center 

can remain intact (Figure 2). 

 

Figure 2. Schematic depiction of electron exchange in redox non-innocent ligands.  

 

While this type of redox non-innocent ligand design remains popular and continues to 

present new discoveries, it is interesting to note a different type of redox non-innocent ligands, 

which incorporates redox active elements into the ligand platforms.  In such ligand systems, 

the electrons can be preferentially exchanged between different oxidation states En and En+2 in 

the presence of oxidants, while the formal oxidation state of the metal center does not change.  

In such cases, antimony based non-inoncent ligands (Mn-SbIII and Mn-SbV) will be briefly 

reviewed in Section 1.3.3.   

In addition to redox non-innocent ligands, recent investigations into the coordination 

behavior of heavy main group ligands suggests that a ligand can also become non-innocent by 

participating in anion exchange or coordination.  This ligand-centered coordination event was 

shown to induce oxidation changes in the complex, making the assignment of oxidation states 

to individual metal atom and ligand difficult.  Specific examples showing coordination non-

innocence will be elaborated in Section 1.3.4 and Section 1.4.3. 
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1.1.2 Brief overview of Z-type ligands 

In coordination chemistry, ligands are generally classified as X, L and Z type ligands 

on the basis of two-center interactions involving the metal and the coordinated ligand. 13-14  X 

type ligands could be viewed as one electron donor in the formation of M-X bond, which means 

both the transition metal and ligand contributes one electron to the M-X bond.  L type ligands 

are considered as two electron donors because they possess a pair of non-bonding valence 

electrons available for donation to the transition metal.  The resulting donor-acceptor 

interaction can be formulated as L→M.  While these two types of ligands are prevailing in 

coordination chemistry, the complementary Z-type ligands have spurred much fundamental 

interest due to their unique coordination behavior.  Owing to the presence of vacant orbitals, a 

Z-type ligand is capable of drawing d-electrons away from transition metals, resulting in the 

formation of a metal to ligand dative bond M→Z.13-15 As illustrated by the molecular diagram 

in Figure 3, the electron pair from the metal dz2 orbital donates to the vacant p orbital of the Z 

ligand in a  donating fashion.  It can be inferred from this bonding formalism that metal 

complexes bearing a Z-type ligand, would draw the electron density from the metal center; or 

alternatively, an electron rich, low-valent metal center can be stabilized by Z-type ligands.  

These electronic benefits were first seen with a variety of unsupported M→Z interactions 

involving simple Lewis acids, such as AlCl3, GaCl3, AlPh3, and SO2 (Figure 4). 16-19 
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Figure 3. Molecular orbital diagram showing a dative interaction between metal and Z-

ligand. 

 

 

Figure 4. Representative examples of unsupported M→Z ligand interactions. 

 

Over the past decade, Z-type ligands have become very popular at least in part due to 

the introduction of new ambiphilic ligand platforms combining both L-type and Z-type ligands.  

The presence of the L ligands helps to stabilize the complex and bring the metal ion or atom 

in close proximity to the Lewis acidic Z-type ligand site.  Efforts from multiple laboratories 

have led to a large collection of such complexes now described in several comprehensive 

reviews.20-21 As depicted in Figure 5, four coordination modes can be extracted, according to 

the role that the Lewis acid moiety plays in the coordination sphere of the transition metal.  

These four coordination modes may appear as isolated complexes or as intermediates during 

catalysis. 
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Figure 5. Schematic representation of four coordination modes of ambiphilic L/Z ligands 

 

Ambiphilic L/Z-ligands containing group 13 or group 14 elements as Lewis acidic sites 

are the most studied.  In particular, phosphine-boranes and related ambiphilic ligands have 

been shown to possess rich and unusual coordination properties, as evidenced by their unique 

ability to support metal-ligand cooperation in reactions involving small molecules such as N2 

and H2.  For the latter, these cooperative effects facilitate addition of H2 across the metal-boron 

interaction, resulting in the formation of a borohydride and a metal hydride moiety.22-26  For 

example, the bis(phosphine)borane nickel complex 1 reacts with H2 reversibly to form the 

borohydride/nickel hydride complex (Figure 6).  This complex also catalyzes the 

hydrogenation of styrene and 3,3-dimethylbutene.  Collectively, these results show that the 

Lewis acidity of the boron center is not necessarily neutralized by donation from the metal 
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center.  Instead, when the structure is sufficiently flexible, the metal-boron interaction can 

cleave and participate in the activation of small molecules while also exposing a catalytically 

active metal center.   

 

Figure 6. An example showing the Lewis acidic site of a bis(phosphine)borane ambiphilic 

L/Z-ligand becoming involved in anion binding. 

 

The same general principle has been applied for the Lewis acid activation of the gold 

center in complex 2 (Figure 7).27  The reaction of the LAl/P ligand with (tht)AuCl results in 

chloride transfer to the aluminum center, resulting in the formation of the zwitterionic gold 

complex. The latter is catalytically active, and carbophilic catalyst and readily promotes the 

cyclization of propargylamides. The phenomenon of a zwitterion formation has been observed 

for other ambiphilic ligand gold complexes containing strongly Lewis acidic group 13 

compounds. 28-31 

 

Figure 7. An example showing the Lewis acidic site of a phosphine-allane ambiphilic L/Z-

ligand abstracting anion from the metal center. 
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In another example illustrating the impact of a Z-ligand in catalysis, the Mukai group 

has recently investigated cationic complexes of type [3]+ for the carbophilic activation of 

alkynes (Figure 8). 32 The group found that these complexes are much more efficient catalysts 

for enyne cyclizations than their simpler analog [(PPh3)2Au][SbF6].  The authors proposed that 

this enhanced catalytic activity results from the strong -accepting, electron-withdrawing 

effect of the Lewis acidic boron atom trans from the reactive site. This result suggests that Z-

ligands can be used for what we term “the perpendicular activation of bis(phosphine)gold 

complexes.” 

 

Figure 8. Enyne cyclization catalyzed by a bis(phosphine)borane gold complex. 

 

1.2 Antimony and tellurium compounds as potential non-innocent Z-ligands 

1.2.1 Lewis acidity and redox reactivity of antimony compounds 

Main group 15 elements, with ns2np3 electron configuration, tend to form trivalent 

compounds with one electron lone pair.  Owing to the presence of electron lone pair, it has 

been well accepted that main group 15 compounds, such as phosphine, are nucleophiles or 

Lewis bases in the +III oxidation state.  However, organoantimony (III) species were known 

to be Lewis acidic when substituted by electronegative ligands, which affords a low-lying * 

orbital at the central atom.  In agreement with this argument, various organoantimony (III) 

species have been shown to display strong Lewis acidity.  As indicated in compounds 4,33-34, 
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5 35 and 636 (Figure 9), the halogenated Lewis acidic antimony (III) center exhibits Lewis 

acidity by accepting electron donation from the Lewis basic nitrogen.  

 

 

Figure 9. Left: An example showing Lewis acidic antimony (III) center; Right: * orbital in 

stibine  

 

In the context of coordination chemistry, an elegant contribution by Reid also 

demonstrated that halogenated organoantimony(III) compound of general formula SbMe3−nBrn 

display increased π-acceptor properties as the number of bromine atoms increases.  The 

electron accepting low-lying * orbital of such antimony(III) species are depicted in Figure 9 

(Right).  For comparative purposes, an early investigation into the electron accepting ability of 

a series halogenated compounds established their Lewis acidity in the following order. 37   

SbCl5 > SnCl4 > ZnCl2 > SbCl3 > PCl5 

This seminal result reinforces our understanding that antimony (III) species can behave 

as Lewis acids, whose acidity could be enhanced by introducing electronegative substituents.  

In the meantime, this report also pointed towards an important conclusion that a fully 

halogenated organoantimony(V) species SbCl5 is among the most potent of Lewis acids.  In a 

parallel work, Gutmann and his group proved that SbCl5 is indeed the strongest Lewis acid 

among all, followed by AlCl3, BCl3, and PCl5. 
38   



 

9 

 

While the halogenated inorganic derivatives SbCl3 and SbCl5 are corrosive, and thus 

not suitable for convenient use, the Lewis acidity displayed by them bodes well for their 

incorporation into Lewis acidic molecules and ligands.  This idea has been explored 

extensively by the Gabbai group in the past decade.  These efforts have resulted in the Lewis 

acidic neutral stiborane, and cationic stibonium, a few examples of which are shown in Figure 

10.  It is reported that the Lewis acidic stiborafluorene-alizarin derivative 7  39 and 

tetraarylstibonium 8+40 can be used as effective anion sensors for detecting fluoride at ppm 

levels in water.  Further, the idea of achieving a stable and highly Lewis acidic antimony (V) 

compound by using electron withdrawing ligands was nicely embodied by compound 9+, 

which was obtained by reaction of C6F5Li with SbCl5 followed by chloride abstraction with 

[Et3SiHSiEt3] [B(C6F5)4]. 
41   

 

Figure 10. Examples of stable Lewis acidic antimony (V) compounds. 

 

Based on the findings described above, it can be inferred that the Lewis acidity in 

conjugation with the redox activity of antimony compounds, may allow antimony species to 

act as redox non-innocent Z-type ligands.   
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1.2.2 Lewis acidity and redox reactivity of tellurium compounds 

Tellurium, with 5s25p4 electron configuration, forms many divalent compounds with 

two electron lone pairs.  In the presence of oxidants, such as halogen and peroxide, divalent 

organotellurium compounds can be readily converted into tetravalent and hexavalent tellurium 

compounds, illustrating their rich redox chemistry (Figure 11). 42-46  In particular, some 

tellurium compounds can even sustain reversible two-electron redox chemistry.  In 1992, 

Furukawa and co-workers first reported that the dinuclear tellurium compound, 1,5-

ditelluracyclooctane, can react with halogens to give the TeIV-TeIV product, which can be 

reduced back to the starting compound in the presence of reducing reagents(Figure 11, Bottom 

(a)).47  The similar reversible redox chemistry was further observed with conjugated 

tellurapyrylium dyes, which are prone to oxidative addition and thermal reductive elimination 

of chlorine(Figure 11, Bottom(b)).48  Recently, Seferos and co-workers showed that 

dibromotellurophenes can undergo facile reductive elimination of bromine under irradiation 

(Figure 11, Bottom(c)).49-51  The reversible redox chemistry displayed by these examples 

suggested that tellurium compounds are promising candidates to be introduced in the family 

of redox active ligands in coordination chemistry. 
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Figure 11. Top: General oxidation reactions converting divalent tellurium to tetravalent 

tellurium species. Bottom: Examples showing reversible two-electron redox chemistry of 

tellurium compounds.   

 

Although tetravalent tellurium species retain one electron lone pair, they have been 

identified to be Lewis acidic.  Neutral tetravalent tellurium compounds, which could be 

formulated as TeR4−nXn (R refers to organic substrate, X refers to halogen), possess increased 

Lewis acidity when the number of electronegative halogen increases. 52  This phenomenon, 

which is similar to that of halogenated antimony compounds, originates from the availability 

of the low-lying * orbital.  In a quantitative respect, Satchell and coworkers carried out a 

comparative study on the acidity for a series of Lewis acids, including TeCl4.  Judged by the 

equilibrium constant along with the stoichiometric values, for adduct formation between the 

Lewis base and Lewis acids, the strength of the acidity was found to follow the sequence ZrCl4 

> TeCl4 > SnCl4. 
53  Provided that the acidity of SnCl4 has been demonstrated to be greater than 
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that of ZnCl2, SbCl3 and PCl5, this result suggested that tellurium compounds might be superb 

Lewis acids, and potential candidates for incorporation in Z-type ligands.  Further, cationic 

tetravalent tellurium species (R3−nXnTe+), termed as telluronium ions, are predicted to possess 

even stronger Lewis acidity because of the positive charge.  As illustrated by the structure of 

10 and [11]+ (Figure 12), the Lewis acidic tellurium sites readily form strong interactions with 

Lewis bases, with O→Te and N→Te dative bonds of 2.613(3) Å 54 and 2.31(2) Å 55 

respectively.   

 

Figure 12. Examples of Lewis acidic telluronium ions. 

 

In parallel to the hypothesis that the Lewis acidity and redox property of antimony 

compounds makes them well-suited for the design of redox non-innocent Z-ligands, the same 

hypothesis could be made here for tellurium compounds.  Compared to the group 13 Z-type 

ligands, the redox property and Lewis acidity represent noteworthy features for group 15 and 

group 16 Z-type ligands.  This idea forms the basis of my dissertation work. 

 

1.3 Coordination chemistry of antimony polydentate ligands 

1.3.1 Background of antimony ligands in organometallic chemistry 

The number of complexes with stibine ligands represents a tiny fraction compared to 

the number of phosphine complexes reported.  Tertiary stibines SbR3 are soft and weak donor 
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ligands, due to the diffuseness of the antinomy orbitals.  They have been used as ligands for 

transition metals of the group 3-12.56 In particular, SbPh3 is the most frequently used tertiary 

stibine ligand, due to its availability and air stability. 57-73  SbPh3 often serves as a labile ligand 

in substitution reactions 59 or as a weak donor that can be displaced by incoming substrate 

during catalysis, as evidenced by its use in olefin polymerization. 71-72 

From a structural point of view, tertiary stibines typically bind to the transition metal 

in the  coordination mode, with the electron lone pair donation from antimony to the metal 

center.  With a majority of metal complexes, stibines act as unsupported spectator ligands.  

Slightly different coordination behavior was observed with halogenated stibine ligands, such 

as R2SbX, or RSbX2.  Complexes with halogenated stibine ligands are relatively rare, 

presumably because of the poor donating ability of these ligands.  Among the very few 

examples of such complexes, the halogenated stibines were shown to display non-spectator 

behavior by interacting with counter anions.74-75  This phenomenon could be assigned to the 

increased Lewis acidity of halogenated stibines, as noted in Section 1.2.1. 

Tertiary stibine ligands have also been incorporated in multi-dentate ligands design, 

featuring a combination of antimony atoms and one, two or three other donor arms.  

Coordination complexes containing such multidentate stibine ligands are very rare, 

presumably because of the synthetic difficulty.  Notable examples of such complexes were the 

five-coordinate group nickel complexes, obtained by chelation of the metal salt with tris(o-

diphenylphosphinophenyl) or tris(o-diphenylarsinophenyl) antimony ligands developed by 

McAuIiffe and co-workers.76  As shown in Figure 13, the resulting complexes 12 and 13 were 

assigned as trigonal bipyramidal, with a well stabilized metal-antimony interaction.  

Spectroscopic study on a series of chelated complexes, achieved by changing the apical donor 



 

14 

 

atom to P and As, indicated that antimony tetradentate ligand afforded an anomalous ligand 

filed strength in the order of P>As<Sb, which was different from the order found in complexes 

with their monodentate ligands, P>As>Sb.  The increased ligand field strength was attributed 

to the compression and stabilization of the metal-antimony interaction by chelation, which 

were further confirmed with an analogues palladium complex 14  (Figure 13). 77  These 

interesting and at time intriguing results constitutes the basis of our current research work on 

antimony ligands. 

 
Figure 13. Early examples of group 10 metal complexes featuring tris-substituted 

polydentate antimony ligands. 

 

To a large extent, the above-described chemistry of stibine ligands, including that of 

the monodentate and multidentate ligands, is limited to their use as ancillary ligands.  Although 

the potential of a stibine ligand to have dual functions as a Lewis base and a Lewis acid has 

been put forward, such potential was not fully explored for stibine ligands, as means to modify 

the coordination geometry and reactivity of a neighboring transition metal.  As such, research 

on stibine ligands seems to be destined for bright developments. 

 

1.3.2 Trivalent antimony ligands as Z-type ligands 

While often regarded as heavy phosphine analogues, stibine ligands possess a number 

of unusual characteristics, including soft donor properties56, 78-84 combined with increased 
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accepting properties74-75, 85 These characteristics are illustrated by some of our recent 

investigations in the chemistry of L2
PhAuCl (15) and L2

ClAuCl (16), two gold complexes which 

we synthesized from the corresponding ligands (o-(iPr2P)C6H4)2SbPh) (L2
Ph) and (o-

(iPr2P)C6H4)2SbCl) (L2
Cl) (Figure 14). 86 

 

 

Figure 14. Structures of 15 and 16 and NBO plot showing the Au→Sb interaction in 16. 

 

 

As suggested by the structure of these complexes and in agreement with the results of 

Natural Bond Orbital (NBO) calculations, the gold and antimony atoms of 15 and 16 are 

involved in Au→Sb donor acceptor interactions. The magnitude of this interaction is higher in 

complex 16 which possesses a chlorinated and thus more Lewis acidic antimony center.86 In 

the case of 15, NBO calculations find that the antimony center is also involved in a more 

classical Sb→Au interaction. The bonding ambiguity led us to introduce the concept of “-

donor/acceptor-confused ligands.”86 Another important outcome of this work comes from a 

computational comparison of L2
ClAuCl (16) with the phenylboron analog L2

PhBAuCl (L2
PhB = 

(o-(iPr2P)C6H4)2BPh)). NBO analyses performed on both complexes found that the strength of 

the Au→Sb and Au→B interactions are similar, suggesting that the boron and antimony 

moieties in these complexes display comparable -accepting properties toward gold. 
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1.3.3 Redox non-innocence of antimony(III) ligands  

In the past few years, we have observed that when a SbM interaction is present in the 

stibine form of a complex, the dative interaction can be switched by oxidation of the antimony 

atom. This phenomenon is illustrated by conversion of the stibine-gold chloride complex 15 

into 17 by reaction with o-chloranil; 86 as well as the conversion of complex 18 into 19 upon 

treatment with PhICl2 (Figure 15) 87  In both cases, the dinuclear core of the structure shows a 

clear response to oxidation of the antimony center. In particular, the Au-Sb distances (2.6833(3) 

Å for 17; 2.7086(9) Å for 19) are shorter than those measured for the reduced complexes 

(2.8669(4) Å for15; 2.8374(4) Å for 18). Changes are also observed in the coordination 

geometries of the gold centers, which shift from distorted trigonal pyramidal in 15 and 18 to 

square planar in 17 and 19. These changes, in particular the square planar geometry of the gold 

atom, indicate that the latter is affected by oxidation as it transitions from a monovalent form 

in 15 and 18 to a trivalent form in 17 and 19. NBO analysis of 19 confirms this view and shows 

that the gold dx2-y2 orbital acts as a donor toward a *(Sb-Cl) orbital.87 Altogether, these results 

show that oxidation of the antimony center induces an umpolung of the Sb-Au dative bond, 

which switches from AuSb in the reduced state to AuSb in the oxidized state. 
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Figure 15. Examples showing the conversion of stibine ligands into stiborane ligands in the 

coordination sphere of gold. 

 

Another related situation is encountered in the stibine nickel complex 20, which can be 

converted into the stiborane nickel complex 21 by a formal two-electron oxidation reaction 

(Figure 16).  The conversion of 20 into 21 is accompanied by an umpolung of the Ni-Sb 

interaction, which switches from NiSb in 20 to NiSb in 21.  This umpolung shows that 

oxidation of the antimony center induces a L to Z (or -donor to -acceptor switch in the 

ligand type of the antimony atom. We find this transformation to be interesting because it 

suggests that the redox state of the antimony atom could be used to alter the electron density 

and thus reactivity of the adjacent transition metal center.   
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Figure 16. Scheme showing the conversion of a stbine into a stiborane in the coordination 

sphere of nickel.   

 

1.3.4 Coordination non-innocence of antimony ligands 

Beyond the above-noted Z-ligand property and redox behavior of stibine ligands, 

another prominent coordination characteristic of stibine ligands relates to their ability to 

engage in secondary bonding interactions.  This phenomenon, termed as coordination non-

innocence, could be rationalized by the ability of low-lying Sb-M σ* orbitals to act as Lewis 

acidic accepting site.  Such phenomenon has appeared in first row carbonyl metal complexes, 

involving unsupported halogenated stibine ligands SbMe3−nBrn. 
74-75 As mentioned in section 

1.2.2, these halogenated stibine ligands displayed increased Lewis acidity as the number of 

halogen atoms increases.  Due to the increased Lewis acidity, unusual secondary interactions 

O···Sb were observed in the coordination sphere of complexes 22 and 23, with O-Sb bond 

distance of 2.696(5) Å and 2.59-2.65 Å respectively.   

 

 



 

19 

 

 

Figure 17. View of two halostibine complexes featuring interactions between the anion and 

the formally neutral antimony (III) center.  

 

In 2012, this phenomenon was also confirmed in the case of a cationic 

trisphosphanylstibine-palladium complex [24]+, which was obtained from complexation of the 

trisphosphanylstibine ligand (o-(Ph2P)C6H4)3Sb followed by the addition of NaBPh4 (Figure 

18, left).  As indicated by its crystal structure, the cationic complex [24]+displays a four-

coordinate antimony center, which readily binds fluoride and generates the corresponding 

fluorostiboranyl unit.85  This Lewis acidity ‘turn on’ effect could be summarized in a model, 

where the stibine donor becomes a Lewis acidic center upon coordination of the metal 

fragment, due to the presence of Sb-M orbital available for anion binding, as shown in 

Figure 18 (right).   

 

 

Figure 18. Left: Synthesis of complex [24]+; Right: Schemactic representation showing how 

the metal coordination converts a stibine donor into a Lewis acidic acceptor, owing to the 

presence of Sb-M orbital available for anion binding 
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The phenomenon of coordination non-innocence was further demonstrated in a more 

recent paper dealing with a series of platinum complexes.  Starting from a stibine trisphosphine 

lantern complex 25, a dicationic stibine platinum complex [26]2+ was prepared by abstraction 

of two chloride ligands, as shown in Figure 19.  The dicationic complex undergoes 

coordination of a stoichiometric amount of fluoride, affording the monofluoro-antimony 

analogue [27]+.  Alternatively, a difluoroantimony complex 28 was also obtained by anion 

abstraction and exchange.  The complexes [26]2+, [27]+ and 28 are related by the stepwise 

coordination of two fluoride anions to the Lewis acidic antimony center.  Inspection of the Sb-

Pt bonding distances of the complexes revealed an increase across the series (2.4706(5) for 

[26]2+, 2.6236(3) for [27]+, and 2.6568(6) for 28, indicating a weakening of the Sb-Pt 

interaction.  This trend shows that the Lewis acidity of the antimony center is decreased upon 

stepwise coordination of fluoride anions.  Computational studies by suing both the QTAIM 

and NBO method show that the anion coordination also leads to a polarization of the Sb-Pt 

bond, with more electron density shifting towards the platinum center upon successive 

coordination of fluoride anions.  This polarization trend suggests the platinum center become 

more reduced upon fluoride coordination at the antimony center. 
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Figure 19. Synthesis of complexes [26]2+, [27]+ and 28. 

 

In addition, the so-called coordination non-innocence behavior was also elaborated in 

stiboranyl metal complexes.  In case of the tetravalent platinum complex 29, the antimony 

center can be subjected to two-electron oxidation by o-chlorianil, which gives rise to complex 

30 .  The o-chloranil decorated antimony moiety displays coordination non-innocence by 

readily binding fluoride, leading to a fluorostibrane unit.  Concurrent with this coordination 

event, a chloride is automatically eliminated from the platinum center, resulting into a neutral 

stiborane platinum complex 31, which could be viewed as a consequence of anion exchange 

reaction. 88  Examination of the coordination geometry and valence of the metal unit of this 

resulting complex suggested that the anion exchange also induces internal redox changes, with 

the SbIV-PtIII being converted into a SbV-PtII complex based on formal oxidation state 

assignments. 
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Figure 20. Synthesis of the stiboranyl complexes 30 and 31. 

 

Collectively, it can be inferred from these results that the antimony ligand, despite 

being coordinated to the metal, has strong affinity for fluoride, which allows for anion 

coordination, exchange and redistribution in the coordination sphere.  As a consequence, this 

coordination non-innocence would significantly affect the Sb-M interaction and the electron 

density distribution for individual metal centers; or specifically, the coordination of fluoride to 

the coordinated antimony site, would polarize more electron density towards the metal site, 

resulting into a more reduced metal center, as summarized in Figure 21. 

 

Figure 21. A schemactic representation showing bonding electron polarization to metal can 

be induced by anion binding at the ligand center. 
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1.4 Coordination chemistry of tellurium polydentate ligands 

1.4.1 Background of tellurium ligands in organometallic chemistry 

Although tellurium, and tellurium derivatives have been exploited extensively in 

material science, including their use in nanocrystals89-91 and semiconducting polymers,92-98 the 

coordination chemistry of tellurium ligands remains relatively under developed.  In 

coordination chemistry, divalent tellurium ligands have been given more attention than the 

tetravalent tellurium species, due to their electron donating ability.  Telluroethers act as weak 

and soft  donor ligands.  They are noticeably labile, as evidenced by early reports that TeR2 

ligands tend to undergo dissociation or displacement in the presence of even modest  donors, 

such as DMSO and CO.99-100  The lability of these ligands can be circumvented by their 

incorporation in polydentate or hybrid ligands.  For example, hybrid ligands combining a soft 

tellurium(II) donor and a hard donor such as N or O, have been shown to form a large range 

of complexes.101-107  Particularly, rare examples of tellurium-centered pincer style ligands were 

also reported108-110 and their metal complexes have been isolated, as shown by the palladium 

complex 32 which features a NTeN chelating motif,109 and the titanium complex 33 supported 

by OTO pincer-style ligands 110. In these prominent examples, the auxiliary supporting hard 

donors effectively bring the metal center into close proximity to the tellurium atom, allowing 

for the observation of the Te-M interaction.  While these metal complexes are limited to their 

structural novelty, the idea revealed by such ligand design is remarkably useful for the latter 

development of tellurium coordination chemistry.   
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Figure 22. Early examples of metal complexes supported by tellurium centered pincer-style 

ligands. 

 

1.4.2 Telluronium as Z-type ligands 

Despite the presence of one electron lone pair, tetravalent tellurium ligands have not 

yet been successfully explored as donor ligands for transition metals, presumably because the 

donicity of the remaining electron lone pair is largely confined by the increased electrostatic 

effects in the higher oxidation state.  Tetravalent tellurium species are also found to react with 

low valent transition metals, which oxidatively inserts in tellurium-ligand bonds.111 

In an effort to expand the chemistry of tellurium ligands, the Gabbai group set out to 

design tetravalent tellurium ligands starting from TeCl4.  Such an effort led to the isolation of 

a telluronium ligand featuring three 8-quinolinyl donor arms, and a neutral tetravalent tellurium 

ligand containing two 8-quinolinyl donor arms and two bromine atoms.  These two ligands 

represent a successful implementation of the hybrid ligand approach, with the ancillary 

nitrogen donors flanking the central tellurium.  Further reaction of the cationic telluronium 

ligands with Na2PdCl4 afforded the telluronium palladate complex 34, while complexation of 

the neutral tertravalent tellurium ligand with Na2PdCl4 in the presence of NaOH led to the 

formation of complex [35]+, featuring a cationic telluronium hydroxide ligand.  These two 
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complexes are fully characterized, including their crystal structures.  As indicated by the Pd-

Te-C (157.40(12)°) and Pd-Te-O (169.3(2)°) angles in complex 34 and [35]+, the palladium 

atoms assume positions trans to the vector of Te-C or Te-O, respectively.  Interestingly, the 

Pd-Te bond length of 2.9201(8) Å found for complex 34 is notably longer than the distance 

found for complex [35]+(2.7823(8) Å).  This difference indicates a stronger Pd→Te interaction 

in complex [35]+.  In addition to the strengthened Pd→Te bonding, the coordination sphere of 

the palladium center in complex [35]+ was found to be pseudooctahedral because of an 

interaction with a chloride from the neighboring molecule.  This observation, suggesting a 

tetravalent character of the palladium, further supports the view of an enhanced Pd→Te donor 

-acceptor interaction in complex [35]+, because of the presence of telluronium moiety.  A 

comparative study of the Pd→Te interaction was also carried out by natural bond orbital 

(NBO) analyses for both complexes.  A donor-acceptor interaction was found in both cases, 

involving electron donation from the palladium d orbital to the Te-X * orbital, with 

stabilization energies of 22.5 kcalmol-1 for complex 34 and 69.8 kcalmol-1 for complex [35]+, 

which correlate very well with the experimentally determined Pd-Te bond length.  
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Figure 23. Synthesis of complexes 34 and [35]+. 

 

1.4.3 Coordination non-innocence of tellurium ligands 

Telluroethers are often considered as spectator ligands in the coordination chemistry.  

However, recent efforts have revealed the non-spectator behavior of such ligands, as evidenced 

by their ability to engage secondary interactions with the surrounding Lewis bases.[Ref]  This 

phenomenon is reminiscent to the coordination non-innocence that was defined in a number of 

our recent publications on antimony ligand coordination chemistry,88, 112  owing to the presence 

of the low lying Sb-M or Sb-X * orbitals or electrostatic forces.  An example of tellurium-

centered coordination non-innocence can be observed upon conversion of [36]Cl into 37 

(Figure 24).  Both complex [36]Cl and complex 37 are structurally characterized.  As indicated 

by its crystal structure, complex [36]Cl features telluroether ligand, with the tellurium center 

weakly binding a chloride at a distance of 3.1759(12) Å.  While telluroethers tend to behave 

as donors, the weak accepting behavior displayed in this case might be imparted by the strong 

Te-Pt (2.5281(5) Å) interaction, which affords an available Te-Pt * orbital available for anion 
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coordination.  Interestingly, the oxidized complex 37 possesses an octahedral platinum center, 

which is characteristic of the tetravalent state.  Although oxidation occurs at the platinum 

center, the coordinated tellurium center is also affected, as indicated by the substantial 

contraction of the Te-Cl bond to 2.712(3) Å.  This shortening suggests an increased Lewis 

acidity at the tellurium center, which might be attributed to the increased  donation from the 

tellurium to the highly electron deficient platinum center.  Alternatively, this  donation effect 

could be described by a “chloride-push/platinum-pull” effect, where the tellurium serves as a 

relay.  Natural bond orbital analyses were also carried out for these two complexes to probe 

such effect by an investigation on the nature of Te-Pt bonds.  In complex [36]Cl, the Te-Pt 

bond was found to bear larger electron contribution from tellurium than platinum 

(Te:57%/Pt:39%).  A different situation was identified for complex 37, in which the bonding 

was polarized towards platinum (Te:35%/Pt:63%), in support of the view that a greater -

donation occurred from tellurium to platinum in response to the oxidation reactions.   

 

 

Figure 24. Examples showing two types of coordination non-innocent behaviors of tellurium 

ligands. 
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 Noting the Lewis acidity of the coordination non-innocent tellurium center is strongly 

correlated with the oxidation state of the metal center, it was questioned if the tellurium 

centered anion exchange event would also cause changes at the transition metal.  This 

speculation was substantiated by the anion exchange chemistry for complex 37.  Treatment of 

complex 37 with KF in THF/MeOH, led to the formation of complex 38, which was fully 

characterized by multinuclear NMR and X-ray crystallography.  As indicated by the crystal 

structure, the platinum center displays square planar geometry characteristic of divalent state.  

Compared to the original structure of complex 37, the resulting complex clearly shows that 

three chlorides were exchanged with one fluoride and two methoxide anions, which are all 

bound to the tellurium center in an octahedral environment, indicative of the hexavalent state.  

Formal oxidation state assignment to this complex suggests a TeVPtI core, which could be 

viewed as a result of anion-induced internal redox reaction in which the platinum is reduced 

while the tellurium is oxidized.  Due to this internal redox event, the resulting Te-Pt bond 

becomes strongly covalent, with a bond length of 2.5238(5) Å which is comparable to that in 

complex [36]Cl (2.5281(5) Å).  This covalent bonding was also reflected by a marked increase 

in the 1JTe-Pt value from 1112 Hz to 9044 Hz.  Similar to the non-innocent behavior displayed 

by a coordinated antimony ligand,113 the anion-induced internal redox event on Te-Pt could 

also be assigned to the propensity of Lewis acidic tellurium center to bind harder anions such 

as fluoride and methoxide.   
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1.5 Application in photoreductive elimination of chlorine 

1.5.1 Background of photoreductive elimination of chlorine 

 As reiterated by the Intergovernmental Panel on Climate Change (IPCC Fifth 

Assessment Report summary released on November 2 in Copenhagen), tackling growing CO2 

emissions will necessitate that fossil fuels be phased out as the main energy source in the next 

few decades.  While it is difficult to predict which energy production technologies will surface 

as the most practical and economical alternatives, the conversion of solar energy into chemical 

fuels will undoubtedly play a major role.  Water splitting into hydrogen and oxygen is one of 

the most elegant solutions but its realization is based on a complex redox process that involves 

four electrons.  The splitting of hydrohalic acids such as HCl into H2 and Cl2 is also a viable 

energy storage reaction;114 it involves an inherently less complex two electron redox process 

and has become an attractive target. 115-118 The successful implementation of the photo-driven 

splitting of HCl hinges on the discovery of a suitable catalyst.  In an ideal cycle, a transition 

metal-based catalyst will oxidatively add HCl and undergo reductive elimination of H2 and Cl2 

upon irradiation with sunlight.  Despite the simplicity of its formulation, this approach has 

been exceedingly challenging to implement, especially with mononuclear complexes. 119  A 

class of derivatives that have shown the most promise are binuclear rhodium complexes 120-121 

such as complex 39 which features a Rh(0)-Rh(II) core held by two bridging tfepma (tfepma= 

CH3N[P(OCH2CF3)2]2) ligands (Figure 25). 122-123 The core of these complexes and in 

particular the Rh(0) center is electron-rich and prone to HCl oxidative addition.  More 

importantly, when the reaction is carried out under irradiation in the presence of a chlorine 

radical trap, the complex behaves as a catalyst to produce hydrogen and the chlorinated trap 

molecule.  The reaction can be decomposed into a series of steps.  The first step involves 
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oxidative addition of HCl and formation of 40 (Figure 25).   Upon photolysis, compound 40 

reacts with HCl to produce one equivalent of H2 as well as the tetrachloro Rh(II)-Rh(II) form 

of the catalyst, complex 41s.  The catalytic cycle is completed by the photoreduction of 41s in 

the presence of a trap.  The low quantum efficiency of this photoreduction reaction indicates 

that this last step is likely the bottleneck of the overall catalytic process.  Because designing a 

more efficient photocatalyst will depend on facilitating this photoreduction step, improving the 

quantum yield for halogen elimination and exploring the mechanism by which the halogen 

elimination step proceeds have come to the forefront of this research field.   

 

Figure 25. Photocycle for the splitting of HCl mediated by a dinuclear rhodium catalyst. 

 

1.5.2 Photoreductive elimination of chlorine from a TePt complex 

 As noted above, photoreductive elimination of halogen is a challenging step in the HX-

splitting photocatalytic cycle, a series of binuclear complexes, such as Pt-Pt, Pt-Au and Au-Ir, 
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124-126 have been developed for photoreductive elimination of chlorine by Nocera and 

coworkers.  These complexes, featuring two metal centers in close proximity via ligand linkers, 

can be readily oxidized by addition of an equivalent of chlorine in the reduced form and photo-

reduced back into their original states in the presence of radical trap.  By analogy with their 

two-electron redox chemistry, the late transition metal complexes supported by heavy main 

group ligands were also speculated to have this capacity, due to their established two-electron 

redox activity.  This speculation was first tested in the case of an aforementioned complex 

[36]+, which can be oxidized into complex 37 by addition of an equivalent of Cl2 to the 

platinum.  In the presence of radical trap 2,3-dimethyl-1,3-butadiene (DMBD), photolysis of 

complex 37 with 350 nm light results in elimination of a chlorine equivalent from the platinum 

center, with a maximum quantum yield of 4.4% in CH2Cl2 solution.  

 Although the quantum yield is relatively low compared to the reported value for Pt-Pt 

system (38%)125 and Au-Ir systems,(10%)124 the successful photoreduction of halogen from 

the tellurium-platinum complex validated the speculation that redox active main group 

transition metal complexes indeed have a potential in this area.   

 

1.6 Motivation and objectives 

The Lewis acidity and redox chemistry of antimony and tellurium compounds have 

been well established for a long time, as mentioned in Section 1.2.  However, in the 

development of antimony and tellurium ligand chemistry, these properties are under-tapped in 

their coordination chemistry, as evidenced by the fact that antimony and tellurium ligands were 

normally used as ancillary donor ligands, mainly in the form of SbR3 or TeR2, respectively.  

Although several reports presented polydentate ligand design, which can benefit from 
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chelation to stabilize the metal-ligand interaction M-E (E= antimony or tellurium), most studies 

are limited to structural and spectroscopic analysis (See Section 1.3.1 and 1.4.1).  In the past 

decade, inspired by the chemistry of ambiphilic L/Z boron ligands, a few versions of 

polydentate antimony or tellurium ligands were developed, and presented rich and unusual 

coordination properties. 127-128  It was demonstrated that the Lewis acidity and redox properties 

of the antimony ligands are not quenched upon coordination with the transition metal.  

Specifically, the metal-ligand interactions can be altered by the propensity of antimony to 

sustain redox reactions and anion coordination in the coordination sphere of transition metals 

(Figure 26).   

 

Figure 26. Schematic representation showing the antimony-centered non-innocence behavior 

of early versions of antimony ligands.   

 

These ligand-centered behaviors, referred to ‘redox-non-innocence’ and ‘coordination 

non-innocence’, indicated accessible and tunable metal →Z ligand interactions may be of 

importance in ligand-mediated catalysis.  To explore this possibility, it has become the 

objective of this thesis to (i) define how strongly acidic antimony and tellurium ligand can be; 
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(ii) define new applications for late transition metal-antimony and late transition metal-

tellurium complexes in catalysis. 

With respect to the first idea, we note that all complexes investigated so far are derived 

from a triaryl stibine ligands.  Even after oxidation, the -accepting sitborane ligand is not able 

to impart reactivity to the neighboring metal, presumably because the Lewis acidity is reduced 

by the presence of an aryl group, as in the complex 17 (See Section 1.3.3).  This issue becomes 

more acute in the case of the classical tripodal ligand platform (SbP3, P= o-

phosphinophenylene), in which the presence of a third supporting group will donate more 

electron density to the metal center, offsetting the σ-accepting effect of the Z-ligand, as in the 

complex 19, 21 and (See Section 1.3.3).  

To overcome these possible limitations, I have set out to optimize the Z-ligand effect 

by introducing electron withdrawing functionalities at antimony.  As explained in Section 1.2 

and 1.3.2, that halogenated antimony(III) species tend to show Lewis acidity, despite the 

presence of electron lone pair.  Why not couple such built-in Lewis acidity with the ligand-

centered redox non-innocence and coordination non-innocence, to achieve an overall more 

Lewis acidic Z-ligand?  It is important to note the parallel that exists in the example of a 

chlorostibine-gold complex, in which the trivalent chlorostibine behaves as a σ-accepting 

ligand rather than a donating ligand (See Section 1.3.2).  This seminal result further confirmed 

the feasibility of the idea of increasing Lewis acidity of antimony ligands by relying on electron 

withdrawing groups, even in the coordination sphere of transition metal.   

As sketched in Figure 27, it can be proposed that starting from a σ-accepting stibine 

ligand, followed by oxidation or anion exchange, distinctly stronger σ-accepting Z-ligands can 

be obtained in the coordination sphere of transition metal.  In these A-D model complexes, the 
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metal →Z ligand interaction will be stabilized by two supporting donors by using a chelating 

framework. 

 

 

Figure 27. Schematic representation sketching the new antimony ligand design, which 

couples the Z-type ligand effect with the ligand-centered non-innocence.  The targeted 

complexes feature more electrophilic metal center, promising for photoreductive elimination 

of X2 or electrophilic catalysis. 

 

Provided that Lewis acidic Z-type ligands can draw electron density from the metal 

center via metal →Z ligand interaction, it can be assumed that the electrophilic nature of the 

metal center will increase.  This assumption led to our investigation on two types of reactivity 

that an electrophilic metal center may favor, namely reductive elimination reactions and 

electrophilic catalysis.  With respect to the former, it was decided to focus on developing Sb-

M molecular platforms for the photo-reductive elimination of chlorine (A or B,Figure 27), 

which is relevance to a key step in the photocatalytic splitting of HX.  For the latter, I targeted 

electrophilic gold and platinum catalysts for organic transformation (C or D, Figure 27).  A 

description of these efforts constitute the bulk of this dissertation. 
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CHAPTER II  

SOLUTION AND SOLID-STATE PHOTOREDUCTIVE ELIMINATION OF CHLO-

RINE BY IRRADIATION OF A [PTSB]VII COMPLEX* 

2.1 Introduction  

The photoreductive elimination of halogens from transition metal complexes is a 

thermodynamically difficult process which necessitates the activation of strong metal-halides 

bonds.  Given the relevance of such reactions to the photo-induced splitting of hydrohalic 

acids,120-121, 129-135 a great deal of effort has been devoted to identifying molecular platforms 

that support such transformations.123, 125-126, 136-142  Most platforms identified to date contain a 

late transition metal such as platinum,125 iridium126 or gold.126  These systems can be either 

mononuclear as in the case of trans-Pt(PEt3)2(Br)3Ar (A, Ar = o-(CF3)C6H4, Figure 28) which 

eliminates bromine with a very high quantum yield (Φ) of 82%.143  Chlorine photo-elimination 

has also been actively pursued because of its relevance to HCl splitting.  Some of the best 

platforms reported to date for chlorine elimination are the AuII-IrII complex (B, maximum Φ = 

10%, Figure 28)126 and the PtIII-PtIII complex (C, maximum Φ = 38%, Figure 28).125  A 

common element of design uniting these different systems is the use of electron withdrawing 

ligands which destabilize the high valent metal centers thus favoring reductive elimination. 

 

*  Reprinted in part with permission from Yang, H.; Gabbaï, F. P.  J. Am. Chem. Soc. 2014, 136, 10866. Copyright 

2014 American Chemical Society. 
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Figure 28. Reported molecular platforms for chlorine photoreductive elimination. 

 

In a recent paper, we have shown that the heterobimetallic TeIII-PtIII complex D (Figure 

28) supports the photoreductive elimination of chlorine with a maximum quantum yield of 

4.4%.116  Although the quantum yield of this reaction is relatively low, these results suggest 

that poorly exploited heavy main group elements could be considered in lieu of noble metals.50 

 

2.2 Synthesis and structure of antimony-platinum complexes 

On the basis of the above considerations, we have now chosen to broaden the scope of 

our approach by testing the use of antimony.  Our choice of this element was prompted by the 

realization that: i) antimony displays a rich III/V redox chemistry making it well suited for the 

targeted application;86, 113, 144 and, ii) the extra valence of tri- or pentavalent antimony when 

compared to di- or tetra-valent tellurium offers an opportunity for a greater degree of electronic 

control through the incorporation of an extra ligand.  This logic led us to consider [(o–

(Ph2P)C6H4)2SbCl], a ligand derived from [(o-(Ph2P)C6H4)2Te] by replacement of the Te atom 

by a less electron releasing SbCl moiety.  This ligand could be accessed by comproportionation 

of neat SbCl3 and (o-(Ph2P)C6H4)3Sb at 100 °C.86  Reaction of [(o–(Ph2P)C6H4)2SbCl] with 

(Et2S)2PtCl2 afforded complex 42 (Figure 29).  This complex displays a 31P NMR signal at 
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50.9 ppm and a 195Pt NMR signal at -5164 ppm.  The presence of 195Pt satellites in the 31P 

NMR spectrum as well as the multiplicity of the 195Pt NMR resonance (triplet, 1JPt–P = 2566 

Hz) confirm the expected coordination of the phosphine arms to the platinum.   

 

Figure 29. Synthesis of complexes 42 and 43. 

 

These spectroscopic features are close to those observed for the stiboranyl complex [(o-

(Ph2P)C6H4)2SbClPh]PtCl (E, (31P) = 53.9 ppm, (195Pt) = -5019 ppm, 1JPt-P = 2706 Hz),113 

suggesting the possible insertion of the antimony atom into one of the Pt-Cl bonds.   

 

Figure 30. Structure of a stiboranyl-platinum complex. 

 

This proposal was confirmed by a determination of the crystal structure of 42 which 

shows a divalent square planar platinum center with a dichlorodiarylstiboranyl ligand 

positioned trans from the chloride ligand (Sb–Pt–Cl(3) = 175.25(3)°, P(1)–Pt–P(2) = 

169.86(5)°) (Figure 31).  The Sb–Pt bond of 2.4407(5) Å is notably shorter than that observed 

in E (2.5380(8) Å),113 a complex also formed by insertion of the antimony atom into a Pt-Cl 

bond.  The shorter bond observed in 42 most likely originates from the geometry adopted by 
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the pentavalent antimony atom.  In E, one of the antimony-bound chloride ligands is located 

directly opposite from the platinum center, thus lengthening the Sb-Pt bond via a trans-effect.  

In 42, we observe a very different situation with the two antimony-bound chloride ligands 

projecting in an direction oblique to the Pt-Sb bond (Pt-Sb-Cl(1) = 99.22(4)°, Pt-Sb-Cl(2) = 

107.51(4)°).  The coordination geometry at antimony is best described as square pyramidal 

with the two chlorine atom Cl(1) and Cl(2) and the two carbon atom C(1) and C(2) defining 

the base (Cl(1)−Sb−Cl(2) = 153.24(5)°, C(1)−Sb−C(2) = 153.7(2)°).  With three electron-

withdrawing ligands decorating its core, it became important to verify whether 42 would be 

amenable to oxidation.  While no reaction was observed with HCl in CH2Cl2/Et2O mixtures, 

42 quickly reacted with PhICl2 in CH2Cl2 to afford complex 43 as a deep yellow solid.  The 

31P NMR spectrum of 43 displays a signal at 43.3 ppm with 195Pt satellites (1JPt–P = 1842 Hz) 

as well as a 195Pt NMR resonance at -3473 ppm.  When compared to 42, the 1JPt–P coupling 

constant of 43 is notably reduced and its 195Pt NMR resonance is shifted downfield, consistent 

with oxidation of the platinum center.145-146  Although tetravalent platinum complexes are 

known to thermally eliminate halogens,143, 147-150 31P and 1H NMR spectroscopy show that 43 

remains intact when heated to 70°C in the solid state for 12 hours. 
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Figure 31. Left: Solid state structure of 42 (top left) and 43 (bottom left).  Thermal ellipsoids 

are drawn at the 50% probability level.  Phenyl groups are drawn in wireframe.  Hydrogen 

atoms and solvent molecules are omitted for clarity.  Pertinent metrical parameters can be 

found in the text.  NLMO plot (isovalue = 0.05) of the Sb–Pt bond in of 42 (top right) and 43 

(bottom right) obtained from the NBO analysis.  Hydrogen atoms are omitted for clarity. 

 

X-ray diffraction confirms Cl2 addition to the platinum center, which now exhibits an 

octahedral geometry with three chloride ligands arranged in a meridional fashion (Figure 31).  

It is interesting to note that the bond distance of 2.4405(6) Å separating the platinum atom and 

the chlorine atom (Cl(5)) trans from the antimony atom is longer than the Pt–Cl bond distances 

involving the chlorine atoms trans from each other (Pt–Cl(2) = 2.3429(5) Å, Pt–Cl(4) = 

2.3231(5) Å).  This noticeable difference suggests that the antimony ligand is a stronger –

donor than a chloride ligand.  Oxidation of the platinum center also induced some changes at 

49.09%  Sb/ 45.12% Pt

27.55 % Sb/43.02% Pt
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antimony including: i) a important shortening of the Sb–Cl bond from 2.494(3) Å (av.) in 42 

to 2.402(2) Å (av.) in 43; ii) an contraction of the Cl(1)−Sb−Cl(2) angle from 153.24(5)° in 42 

to 118.67(2)° in 43.  As a result, the antimony atom displays a slightly distorted trigonal 

bipyramidal geometry, with Cl(1)−Sb−Pt and Cl(2)−Sb−Pt angles of 119.99(2)° and 

121.33(2)°, respectively.  Finally, the increase in the coordination number of the platinum 

center is accompanied by a detectable lengthening of the Sb–Pt bond from 2.4407(5) Å in 42 

to 2.560(2) Å in 43.  

 

2.3 Bonding characteristics and photophysical properties 

The UV-vis spectrum of 43 displays an intense low energy band centered at 320 nm ( 

= 30,005 M–1 cm–1) which tails into the visible part of the spectrum (Figure 32).  A Natural 

Bond Orbital analysis of 42 and 43 carried out at the DFT optimized geometry (Gaussian 09 

program, functional: BP86;151-152 mixed basis set: Sb/Pt: cc–pVTZ–PP; P/Cl: 6–31g(d'); C/H: 

6–31g)153-154 shows that the Sb–Pt -bond is largely covalent for both complexes (see NLMO 

plots in Figure 31).  For 42, the orbital contributions from antimony and platinum (Sb: 49.09% 

/ Pt: 45.12%) are almost identical indicating that the bond is essentially non-polar.  Because of 

the covalent character of this bond and by analogy with formal oxidation state assignments155 

in complexes with metal-metal bonds such as B and C,125-126 we describe 42 as a SbIVPtI 

complex.  In 43, the orbital contributions (Sb: 27.55% / Pt: 43.02%) show that the bonding pair 

is significantly shifted toward the oxidized and thus more electron demanding platinum center.  

This shift of the bonding density shows that oxidation impacts the core electronic distribution 

of this heterobimetallic platfom.  The polarization of the Sb-Pt bond in 43 is best reconciled 

by invoking the two resonance structures (a and b) shown in Figure 33.  Resonance structure 
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a which corresponds to a SbIVPtIII complex is the most important contributor to the actual 

electronic structure of the complex.  The second resonance structure (b), which allows to 

account for the polarization of the Sb-Pt bonding pair toward platinum, corresponds to a 

platinate (PtII) complex stabilized by a Z-type or -accepting stibonium (SbV) ligand.14, 21, 156-

167   

 

 

Figure 32. Experimental (—) (CH2Cl2) and calculated (---) ultraviolet–visible spectra for 42.  

The calculated spectra were obtained by TD–DFT calculations using the MPW1PW91 

functional and a mixed basis set (peak half–width used for the simulation: 0.25 eV).  The 

computed excitations are shown as thin lines with heights proportional to the calculated 

oscillator strengths.   
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Figure 33. Relevant resonance structures of 42. 

 

Computational methods have also been used to simulate the UV-vis spectrum of 43 

using time–dependent density functional theory (TD–DFT).  A good match with the 

experimental data is obtained when the spectrum is simulated using the MPW1PW91 

functional (mixed basis set: Sb, Pt: cc–pVTZ–PP; P ,Cl: 6–31g(d'); C, H: 6–31g) and the SMD 

implicit solvation model with CH2Cl2 as a solvent (Figure 32).168 According to these 

calculations, the high oscillator strength excitations labeled as Ea and Eb contribute to the 320 

nm band and involve the LUMO and LUMO+1 as the accepting orbitals (Table 2).  As could 

be expected for an octahedrally coordinated platinum species, these two orbitals have eg* 

character and are antibonding with respect to the Pt-Cl bonds (Figure 34 ).  

 



 

43 

 

 

 

Figure 34. Plots of the LUMO (–0.120 eV) and LUMO+1 (–0.106 eV) of 43 (0.03 isosurface 

value).  

 

2.4 Photoreductive elimination of chlorine in solution 

In agreement with this spectroscopic assignment, irradiation of 43 in CH2Cl2 results in 

a rapid quenching of the band at 320 nm suggesting photoreduction of the complex (Figure 

35).  This photoreduction can be monitored by 31P NMR spectroscopy.  When carried out in 

neat CH2Cl2, the reaction affords 42 in a ~85% yield, with some decomposition products 

detected in the 10-37 ppm range (Figure 36).  The presence of these decomposition products 

can be assigned to side reactions between the ligand and the chlorine generated by photolysis.  

As documented in the literature, chlorine atoms can also be trapped by reaction with the CH2Cl2 

solvent.169  Addition of 2,3–dimethyl–1,3–butadiene (DMBD, 1.77 M) as a chlorine scavenger 

to the solution makes the photolysis significantly cleaner, with 42 as the sole phosphorus–

containing species (Figure 37).125-126, 136, 138-141  This photoreductive elimination of chlorine is 

efficient, with a maximum quantum yield of 13.8% measured at a DMBD concentration of 4.4 

LUMO LUMO+1

Pt

Cl

Cl
Pt Cl

Cl

Cl
Cl
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M, using potassium ferrioxalate as a standard actinometer.170-172  The high quantum yield of 

this photoreductive elimination, which exceeds that of the tellurium complex D,116 is correlated 

to the destabilizing effect of the five electron withdrawing chlorine ligands on the oxidized 

core of 43.  This situation is reminiscent of that described for the hexachloro diplatinum 

complex C, for which a maximum quantum efficiency of 38% has been reported.137  It is also 

interesting to note that the quantum yield measured for the photoreduction of 43 is comparable 

to the value of 19% measured for the photoaquation of [PtCl6]
2- (l = 313 nm), a reaction that 

proceeds through formation of a Pt(III) intermediate via extrusion of a Cl• radical.173 

 

 

 

Figure 35. Absorption spectra (—) obtained during the photolysis of 43 in CH2Cl2 (2.23 × 

10–5 M) with monochromatic 320 nm light in the presence of 2,3–dimethyl–1,3–butadiene 

(7.07 × 10–4 M).  The final spectrum (– –) is identical to that of 42. The inset shows the 

correlation between the quantum yield and the DMBD concentration. 
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Figure 36. 31P NMR spectra of photolysis of 43 in the absence of 2,3–dimethyl–1,3–

butadiene (in CH2Cl2). This spectrum was recoded on Varian Unity Inova 300 FT NMR. 

 

 

Figure 37. 31P NMR spectra of photolysis of 43 in CH2Cl2 (0.011 M) in the presence of 2,3–

dimethyl–1,3–butadiene (1.77 M). 
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2.5 Photoreductive elimination of chlorine in solid-state 

To conclude these studies, we decided to test whether 43 would behave like C and 

evolve chlorine in the solid state.125  To this end, a sample of 43 was loaded into a quartz cell 

at atmospheric pressure, under nitrogen.  A small sodium strip, whose base was covered with 

Teflon tape in order to prevent contact with 43, was placed inside the cell.  The cell was tightly 

closed and irradiated with a Xe lamp for 10 h (Figure 38).  The temperature of the sample, 

which was monitored with a mercury thermometer directly adjoined to the cell was kept below 

32 °C using a high velocity fan during photolysis.  After 10 h, the photolysis was stopped.  The 

solid sample showed noticeable sign of discoloration, in agreement with the conversion of deep 

yellow 43 into pale yellow 42.  The surface of the sodium strip had tarnished significantly 

suggesting chlorine oxidation.  In line with these observations, 1H and 31P NMR analysis of 

the photolyzed solid indicated a 53% conversion of 43 into 42.   

 

 

 

Figure 38. Photoreduction of 43 using a Xe lamp (75W).  a) Solution photolysis in CH2Cl2 

with DMBD (1.77 M) in a glass NMR tube (complete conversion in 10 minutes).  b) Solid 

state photolysis in a closed quartz cell with Na as a trap (conversion = 53% in 10 hours). c) 

Solid state photolysis in an open quartz cell (conversion =45% in 10 hours). 

 

The evolution of chlorine was confirmed by dissolution of the sodium strip in water 

and subsequent chloride analysis using ion chromatography.  The latter indicated that 72% of 
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the expected chlorine had been captured by sodium during the photolysis experiment (Figure 

39).  

 

Figure 39. Ion chromatography analysis of the Na strip after the solid-state photolysis. 

 

We propose that the rest of the chlorine is incorporated in the decomposition products 

observed by 31P NMR spectroscopy in the 5 ppm to 25 ppm range.  Using single point energy 

calculations carried out with the B3LYP functional and a mixed basis set (C, H, P, Cl: 6-

311+g(2d,p); Sb, Pt: cc–pVTZ–PP), we estimate that the photoreduction of 43 into 42 is 

endothermic by ~544 kJ/mol assuming the formation of two Cl• radicals or ~300 kJ/mol 

assuming the formation of Cl2.  These values provide a measure of the energy storing potential 

of this reaction.  Finally, the solid state photolysis of 43 into 42 can be carried out with the cell 

open to air without sodium as a chemical trap (Figure 40, conversion of 45% after 10 h).  The 

evolution of chlorine under such conditions shows that the title SbPt complex is able to evolve 

chlorine on its own, without the thermodynamic bias associated with a trap.  To our knowledge, 



 

48 

 

no other bimetallic complexes have been tested under such conditions.  Complex C also 

evolves chlorine when irradiated in the solid state, albeit under vacuum, with the chlorine 

photoproduct captured in a low-temperature trap.125 

 

Figure 40. 31P NMR spectra before and after solid state irradiation of 43 with a Xe lamp (75 

W) under ambient conditions in an open quartz cell. The inset shows a schematic drawing of 

the experimental setup used for this open-system solid state photolysis.  The spectral region 

marked by a “*” shows the presence of decomposition products. 

 

2.6 Conclusion 

In summary, we describe a new SbPt platform for the high quantum yield 

photoevolution of chlorine.  The photoreduction quantum yield of 43 is more than three times 

greater than that measured for the TePt complex D previously investigated by our group.116  

This increase validates the notion that replacement of the TeCl unit in D by a less electron 

releasing SbCl2 unit in 43 destabilizes the oxidized complex and facilitates its photoreduction.  

Another unique feature of the title SbPt platform is its ability to support this reaction in the 
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solid-state, in the absence of a trap.  We propose that such platforms may become useful for 

the production of halogens as solar fuels.  We are currently investigating the mechanism of 

this solid state reaction and whether chlorine is evolved as Cl• or Cl2.
174 

 

2.7 Experimental 

General considerations.  SbCl3 was purchased from Alfa Aesar and used as received.  The 

ligand [(o-(Ph2P)C6H4)3Sb],175 cis–PtCl2(Et2S)2
176

 and PhICl2
177 were prepared as described in 

the literature.  All air and moisture sensitive experiments 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 by reflux under N2 over Na/K (Et2O).  All 

other solvents were used as received.  Ambient temperature NMR spectra were recorded on a 

Varian Unity Inova 500 FT NMR (499.42 MHz for 1H, 125.58 MHz for 13C, 202.18 MHz for 

31P) spectrometer.  Chemical shifts () are given in ppm and are referenced against residual 

solvent signals (1H, 13C) or external 85% H3PO4 (
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. 

 

Generation of [(o–(Ph2P)C6H4)2SbCl].  o-(Ph2P)C6H4)3Sb (527 mg, 0.582 mmol) and 

SbCl3 (66.4 mg, 0.291 mmol) were combined neat in a Schlenk tube.  Five drops of toluene 

(or 250 L) were added to the mixture which was subsequently heated to 100 °C and stirred 

for 16 h.  The solid obtained upon cooling was analyzed by 31P NMR spectroscopy which 

indicated formation of (Ph2P)C6H4)2SbCl (-11.39 ppm) in a 92% yield.  The other species 
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detected at -6.35 ppm is unreacted o-(Ph2P)C6H4)3Sb.  The comproportionation product was 

used without further purification.   

 

Synthesis of 42.  A solution of PtCl2(Et2S)2 (0.28 g, 0.62 mmol) in CH2Cl2 (8 mL) was added 

to a solution of [(o–(Ph2P)C6H4)2SbCl] (corrected amounts: 0.42 g, 0.62 mmol) in CH2Cl2 (10 

mL) at ambient temperature.  The resulting clear yellow solution was stirred for 12 h and 

subsequently evacuated to dryness under reduced pressure.  The resulting residue was washed 

with Et2O (3 × 5 mL) to afford crude 42 as a light yellow solid.  Single crystals (square in 

habits) were obtained by slow diffusion of Et2O into a CH2Cl2 solution (0.50 g, 85% yield).  

1H NMR (499.42 MHz; CDCl3):  = 8.34 (d, 2H, o–P(Sb)C6H4, 
3JH–H = 7.99 Hz), 7.69–7.75 

(m, 8H), 7.52 (d of t, 2H, o–P(Sb)C6H4, 
3JH–H = 7.99 Hz, 3JH–P = 3.99 Hz), 7.40–7.47 (m, 16H).  

13C{1H} NMR (125.58 MHz; CDCl3):  = 134.0 (t, -C6H5, CH, JC–P = 6.66 Hz), 131.5 (s, -

C6H5, CH), 128.8 (t, -C6H5, CH, JC-P = 5.52 Hz), 134.5 (t, JC–P = 3.27 Hz), 134.2 (s), 130.9 (d, 

JC–P = 9.29 Hz), 130.5 (t, JC–P = 4.14 Hz), 129.4 (s), 129.1 (s), 128.2 (s).  31P{1H} NMR (202.16 

MHz; CDCl3): = 50.9 (s, JPt–P = 2566 Hz).  Elemental analysis calculated (%) for 1 

(C36H28Cl3P2PtSb): C, 45.72; H, 2.98; found C, 45.72; H, 3.01. 

 

Synthesis of 43.  To a CH2Cl2 (10 mL) solution of 42 (0.35 g, 0.37 mmol) was added a CH2Cl2 

(10 mL) solution of PhICl2 (0.10 g, 0.37 mmol) at ambient temperature.  The mixture turned 

from light yellow to deep yellow-orange.  After stirring for 2 h, the solvent was removed under 

reduced pressure.  The residue was washed with Et2O (10 mL), leaving behind compound 43 

as a yellow solid.  Compound 43, in a crude form, was collected by filtration and dried under 

vacuum (0.35 g, 92% yield).  Yellow crystals of 43 were obtained by diffusion of pentane into 
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a CH2Cl2 solution.  1H NMR (499.42 MHz; CDCl3):
  = 8.53 (d, 2H, o–P(Sb)C6H4, 

3JH–H = 

7.99 Hz), 7.72–7.82 (m, 10H), 7.35–7.52 (m, 16H).  13C{1H} NMR (125.58 MHz; CDCl3): 

135.3 (t, -C6H5, CH, JC–P = 5.02 Hz), 131.9 (s, -C6H5, CH), 127.9 (t, -C6H5, CH, JC–P = 5.02 

Hz), 134.1 (s), 133.3 (d, JC–P = 8.79 Hz), 133.1 (t, JC–P = 5.02 Hz), 130.1 (t, JC–P = 3.77 Hz), 

125.1 (t, JC–P = 30.83 Hz).  Two of the ten resonances are not detected.  31P{1H} NMR (202.16 

MHz; CDCl3):  = 43.3 (JPt–P = 1842 Hz).  Elemental analysis calculated (%) for 43 

(C36H30Cl5P2PtSb): C, 42.45; H, 2.97; found C, 42.57; H, 2.79. 

 

Computational Details.  Density functional theory (DFT) structural optimizations were 

performed on the solid state structures of complexes 42 and 43 using Gaussian 09 suite of 

programs with effective core potentials on all heavy atoms (functional: BP86;151-152 mixed 

basis set: Sb/Pt: cc–pVTZ–PP; P/Cl: 6–31g(d’); C/H: 6–31g).39,40  Frequency calculations were 

also performed on the optimized geometry, showing no imaginary frequencies The optimized 

structures, which are in good agreement with the solid state structures (Table 1), were subjected 

to a NBO analysis.  The resulting Natural Localized Molecular Orbitals (NLMOs) were 

visualized and plotted using the Jimp 2 program.178-179  In addition, the optimized structure of 

2 was subjected to time–dependent density functional theory (TD–DFT) calculations 

(functional: MPW1PW91; mixed basis set: Sb/Pt: cc–pVTZ–PP; P/Cl: 6–31g(d’); C/H: 6–31g) 

using the SMD implicit solvation model with CH2Cl2 as a solvent.168 
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Thermochemistry calculation 

Benchmarking of the method using for PtCl6
2- → PtCl4

2-+ Cl2 

DFT structural optimizations were first performed for PtCl6
2 , PtCl4

2 , and Cl2 species using 

Gaussian 09 suite of programs (functional: BP86;151-152 mixed basis set: Pt: cc–pVTZ– PP; Cl: 

6–31g(d’)).39,40  Single point calculations were subsequently conducted for the three species 

(Gaussian 09, functional: B3LYP, mixed basis set: Pt: cc–pVTZ–PP; Cl: 6–311+g(2d, p)). 

With thermal correction to enthalpy considered, the enthalpy change for PtCl6
2- → PtCl4

2-+ Cl2 

was obtained as follows: 

 

 

To compare the above computed value to other estimates from the literature, we also calculated 

the enthalpy change for  PtCl6
2- → PtCl4

2-+ Cl2 using the published atomization for PtCl6
2 (1) 

and PtCl4
2 (2).180  We also considered the dissociation energy of Cl2 (3) which was obtained 

from thermodynamic tables. 
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Application of the method to 43 → 42+ Cl2 

Single point energy calculations for 43, 42 and Cl2 were carried out with the B3LYP functional 

and a mixed basis set (C, H, P, Cl: 6-311+g(2d,p); Sb, Pt: cc–pVTZ–PP). With thermal 

correction to enthalpy considered, the enthalpy change for 43 → 42 + Cl2 was obtained as 

follows: 

 

 

Crystallographic Measurements.  The crystallographic measurements were performed at 

110(2) K using a Bruker APEX–II CCD area detector diffractometer (Mo–K radiation, l= 

0.71069 Å).  In each case, a specimen of suitable size and quality was selected and mounted 

onto a nylon loop.  The structures were solved by direct methods, which successfully located 

most of the non-hydrogen atoms.  Semi–empirical absorption corrections were applied.  

Subsequent refinement on F2 using the SHELXTL/PC package (version 6.1) allowed location 

of the remaining non–hydrogen atoms. 

 

UV–vis Absorption Measurements.  UV–vis spectra were recorded at room temperature on 

an Ocean Optics USB4000 spectrometer with an Ocean Optics ISS light source. 
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Quantum yield measurements for the photolysis of 2 in CH2Cl2.  Photolysis experiments 

were performed using the 75 W xenon light source.  Broad spectrum irradiation experiments 

were carried out with a Carl Zeiss Photomicroscope III 75W XBO Lamp.  For monochromatic 

irradiation, the light source of a PTI QuantaMaster 40 fluorescence spectrometer was used.  

The built-in monochromator (PTI model 101) was used for wavelength selection (320 nm).  

Potassium ferrioxalate was freshly prepared as a standard actinometer to determine the photon 

flux.181-183  The quantum yield of the photolysis reaction (Φ2) was determined according to 

Equation (10):  

 

Φu = Φs × (ΔC2 × V2 × ts)/(ΔCs × Vs × t2)                    Eq.  (10) 

 

where Φs is the quantum yield of the standard; ΔCs  and ΔC2  are the concentration differences 

before and after irradiation at 320 nm over a period of ts and t2 seconds, respectively; Vs  and 

V2  are volumes of the standard and sample (compound 43), respectively.  The solutions of the 

standard and sample used in these measurements are sufficiently concentrated ([standard] = 6 

mM, [43] = 22 µM) to assume 100% absorption of the incident light (εstandard = 11100 M-1 

cm-1, ε2  =30005 M-1 cm-1 at 320 nm).  ΔCs and ΔC2  could be calculated based on the 

absorbance differences (ΔAs and ΔA2 ) after arbitrary dilutions.  These experiments were 

repeated at various DMBD concentrations. 

 

Thermal stability test: Before performing solid state photolysis experiment, the thermal 

stability of 2 was tested.  A powdered sample of 43 (7.0 mg) was loaded into a vial and kept at 

70 °C in an oil bath for 12 hours.  The sample was then analyzed by 31P NMR and  1HNMR. 
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Solid-state photolysis: Solid state photolysis experiments were carried out in a quartz cuvette.  

In a typical experiment, a powdered sample of 43 (7.0 mg) was suspended in THF and 

transferred to the cuvette.  Evaporation of the THF resulted in the deposition of a film of 43 at 

the bottom of quartz cuvette.  The film was dried thoroughly under vacuum for 1 h prior to 

irradiation using the Xe lamp.  The temperature during irradiation was kept below 35 °C.  These 

experiments were carried out under different conditions (open system, closed system with a 

sodium strip to trap the evolved chlorine).  After irradiation, the sample was analyzed by 31P 

NMR and 1H NMR in CDCl3.  For experiments carried out in the presence of a sodium, the 

cell was transferred to a N2 glove box and loaded with a sodium strip (0.2 g).  A direct contact 

between the sodium strip and the sample was prevented with Teflon tape that we used to dress 

the base of the sodium strip.  At the end of the photolysis, the sodium strip was carefully 

removed from the cell, transferred to a beaker.  The beaker was placed over dry ice and treated 

with deionized water, dropwise (Caution: water must be added slowly to prevent a sodium 

fire; cooling of the sodium by placing the beaker over dry ice is also absolutely necessary).  

Ion chromatography was used to measure the Cl- concentration of the resulting solution.  The 

final value was adjusted to account for the low chloride content that we also determined for 

the unreacted sodium metal alone. 

 

Gas Chromatography–Mass Spectrometry.  GC–MS was performed on Ultra GC/DSQ 

(ThermoElectron, Waltham, MA).  Rxi–5ms was used as a gas chromatographic column with 

dimensions of 60 m length, 0.25 mm i.d., and 0.25 m film thickness (Restek; Bellefonte, PA).  

Helium was used as a carrier gas at constant flow of 1.5 ml/min.  Splitless and split (1:10) 

injection were used.  Transfer line and ion source were held at 250°C.  The column temperature 
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was maintained at 50°C for 5 min and raised to 320°C at 20°C/min.  Mass spectra were 

acquired in full scan mode in the range of 30–500 m/z. 

 

Ion Chromatography.  Ion Chromatography was performed at room temperature on Dionex 

ICS- 900 Ion Chromatography System with MMS™ 300 membrane suppressor module 

(Thermo Fisher Scientific Inc.).  9.0 mM sodium carbonate and 75 mM sulfuric acid were used 

as eluent and regenerant respectively.   

 

Figure 41. 31P NMR spectrum of the coproportionation product of neat SbCl3 and (o–

(Ph2P)C6H4)3Sb in CDCl3. 
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Figure 42. 1H NMR spectrum of 42 in CDCl3. 
 

 

Figure 43. 31P NMR spectrum of 42 in CDCl3. 

 

1H 

31P
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Figure 44. 195Pt NMR spectrum of 42 in CDCl3. 

 

 

Figure 45. 1H NMR spectrum of 43 in CDCl3. 

195Pt 
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Figure 46. 31P NMR spectrum of 43 in CDCl3. 

 

Figure 47. 195Pt NMR spectrum of 43 in CDCl3. 
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Figure 48. NLMO Plot of the Sb-Pt bond in complex 42 (left) and complex 43 (right) 

obtained from NBO analysis (Rotated 90° from the NLMO Plot in the paper). 

 
Figure 49. Absorption spectra of 42 (– – –1) and 43 (—2) in CH2Cl2 with DMBD (0.707 

mM).  The inset shows the absorption spectrum of pure DMBD (0.707 mM) in CH2Cl2. 
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Figure 50. 31P NMR and 1H NMR spectra of 43 after heating at 70 °C (solid state thermal 

stability test). 

 

 
Figure 51. 31P NMR spectrum of 43 after solid-state photolysis in a closed system in the 

presence of a sodium strip. 
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Figure 52. 31P NMR spectrum after solid-state photolysis of 43.  For this experiment, crystals 

of complex 43 (free of interstitial solvents) were dissolved in CH2Cl2 and transferred to the 

cuvette.  Evaporation of the CH2Cl2 resulted in the deposition of a film which was dried 

thoroughly under vacuum for 1 h prior and irradiated for 8 hours using a Xe lamp.  The films 

obtained from CH2Cl2 tend to be heterogenous with large crystalline particles.  The 

heterogeneity of these films affects the reaction and lead to higher concentrations of 

decomposition products.  The best films are obtained from THF. 

 

 

 

 

 

 

 

1

2
t=0 h

t=8 h



 

63 

 

 

 

 

 

Figure 53. GC-MS analysis of the photolyzed solution of 43 in the presence of DMBD 

showing the formation of DMBD“Cl2”. (a) Total GC-MS chromatogram from 0 min to 23 

min. (b) Extracted GC-MS chromatogram from 8 min to 12 min. (c) and (d), Mass spectra of 

the DMBD“Cl2” species with retention times of 10.60 min and 10.73 min.  
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Table 1. Selected bond lengths (Å) and angles (°) for complexes 42 and 43 as determined 

crystallographically and optimized computationally. 

42 43 

X-Ray DFT X-Ray DFT 

Sb-Pt 2.4407(5) 2.5089 2.560(2) 2.6163 

Sb-Cla 2.494(2) 2.5089 2.401(6) 2.4443 

Pt-Pa 2.300(1) 2.3214 2.3569(6) 2.3880 

Pt-Clb 2.349(1) 2.3931 2.4405(6) 2.4804 

Cl-Sb-Cl 153.24(5) 139.86 118.67(2) 112.22 

Sb-Pt-Cl 

P-Pt-P 

175.25(3) 

169.86(5) 

179.99 

173.35 

178.99(1) 

174.83(2) 

180.00 

178.51 

a An average value. 
b The platinum-bound chloride ligand trans from antimony 

Table 2. TD-DFT calculation output showing the nature of the low energy excitations for 43. 

Excitationsa Energy 
Oscillator 

strength 

MO→MO 

transitionb 
Contributions 

Ea 
3.6331 eV  

(341.27 nm) 
0.1617 

187→201 

188→201 

190→201 

190→202 

191→201 

191→202 

193→201 

196→201 

196→202 

200→202 

0.12039 

-0.13975 

-0.23380 

0.13232 

0.17455 

-0.16884 

-0.19148 

0.14029 

-0.16641 

0.46813 
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Table 2 Continued. 

Eb 3.9468 eV 

(314.14 nm) 

0.1252 

187→201 

187→202 

188→201 

190→202 

191→202 

196→202 

197→202 

200→202 

0.23814 

-0.14590 

0.27785 

-0.18051 

0.10587 

0.34958 

-0.32301 

0.20520 

a The excitations labeled as Ea and Eb are the main contributors to the low–energy absorption 

band (see Figure 32). 
b 201 = LUMO, 202 = LUMO + 1. 

Excitationsa Energy 
Oscillator 

strength 

MO→MO 

transitionb 
Contributions 
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CHAPTER III  

TELLUROETHER TO TELLUROXIDE CONVERSION IN THE COORDINATION 

SPHERE OF A METAL: OXIDATION INDUCED UMPOLUNG OF A TE-AU 

BOND* 

3.1 Introduction  

 While gold combines with tellurium to form a variety of binary minerals,184 the 

chemistry of organotellurium gold species is remarkably underdeveloped and largely limited 

to a few gold tellurolates (RTe-) derivatives in which the R-Te unit can act as a terminal or 

bridging ligand.185-190  Another interesting class of gold tellurium species are polyaurated 

telluronium cations of general formula [(R3PAu)3Te]+ which have been obtained by reaction 

of disilyltelluroether with [(R3PAu)3O]+.191  A much less well documented class of compounds 

are telluroether-gold complexes which have never been isolated.  This phenomenon lies in 

marked contrast to the lighter chalcogen analogues (R2S and R2Se) which are frequently 

reported as donor ligands for gold(I) centers.192-194  To the best of our knowledge, Me2TeAuBr 

constitutes the only reported example of a gold-telluroether complex.195  This complex was 

observed in solution but it was not isolated.   

As part of our exploratory interest in the chemistry of redox active heavy main group 

ligands,86, 113, 116, 144, 196-197 we have now decided to investigate the synthesis and oxidation of 

gold telluroether complexes.  In this paper, we report the synthesis and isolation of a gold 

 

*  Reprinted in part with permission from Yang, H.; Lin, T.-P.; Gabbaï, F. P.  Organometallics. 2014, 33, 4368.  

Copyright 2014 American Chemical Society.  Complexes 44 and [45]Cl were first synthesized and characterized 

by Dr. T.-P. Lin.  
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telluroether complex.  We also report that this complex can be oxidized into the corresponding 

telluroxide derivative without dissociation of the gold atom. 

 

3.2 Synthesis and characterization of telluroether-gold complexes 

 In a first attempt to isolate a telluroether-gold complex, Ph2Te was mixed with 

(tht)AuCl (tht = tetrahydrothiophene) in dry CH2Cl2 at ambient temperature in the absence of 

air (Figure 54).  This reaction can be conveniently monitored by 125Te NMR spectroscopy 

which indicates the instantaneous formation of a new species resonating at 909 ppm, a 

chemical shift more downfield than that of Ph2Te (688 ppm).198  While it is tempting to assign 

the product as the coordination complex Ph2TeAuCl, we noticed the concomitant formation of 

metallic gold on the inner surface of the flask.  In turn, the product is identified as Ph2TeCl2.
199  

Upon optimizing the reaction by adding 2 equivalent of (tht)AuCl, Ph2TeCl2 was isolated in 

96% yield.  The above reaction demonstrates that telluroethers may act as reducing reagents 

toward gold(I) species.  This redox reaction, albeit never documented,200 may be responsible 

for the fact that gold-telluroether complexes have not been previously reported. 

 

 

Figure 54. Reaction of Ph2Te with (tht)AuCl. 

 

Next, we speculated that the coordination of a telluroether to gold could be supported 

by the presence of ancillary ligands.201-202  With this in mind, we turned our attention to (o-

(Ph2P)C6H4)2Te (hereafter denoted as LTeP2), a ligand that we have recently described and used 

in divalent and tetravalent platinum complexes.116  This telluroether ligand features two 
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phosphine arms which, we envisioned, could help stabilize the gold(I) center and prevent 

reduction.  The ligand LTeP2 was allowed to react with (tht)AuCl in CH2Cl2 (Figure 55).  

Remarkably, this reaction proceeds cleanly to afford complex 44  as a light yellow solid.  

Complex 44 has been characterized by elemental analysis as well as ESI mass spectrometry 

(m/z for [M-Cl]+: 849.0371).  Using a sample whose purity was confirmed by elemental 

analysis, we attempted to measure the 31P NMR spectrum of 44 in CD2Cl2.  The room 

temperature spectrum was surprisingly unresolved with broad features centered between 30 

and 65 ppm (Figure 56).  Sharper resonances were observed upon cooling to -80 °C but the 

multitude of resonances observed at this temperature could not be rationalized on the basis of 

a simple fluxional behavior.  To rule out a possible decomposition of the complex during the 

NMR measurement, we treated the NMR tube containing the solution of 1 in CD2Cl2 with an 

equivalent of PPh3.  Addition of the phosphine resulted in the quantitative formation of a new 

species identified as [45][Cl] and characterized by two well resolved 31P resonances (Figure 

55 and Figure 56).  The use of CDCl3, THF, and CD3CN did not afford a better spectral 

resolution and no 125Te resonance could be detected, even at low temperature.  These results, 

together with the observation of broad 1H and 13C resonances, suggest that the solution 

structure of 44 is affected by a complex fluxional process that we are unable to rationalize.  

Although a clear understanding of the solution structure of this complex could not be derived 

from the NMR studies, we observed that slow diffusion of Et2O into a THF solution of 44 at -

30 °C affords yellow crystals of the complex as a bis(THF) solvate. 
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Figure 55. Synthesis of 44 and [45][Cl]. 

 

 

Figure 56. (a) 31P NMR spectrum of 44 in CD2Cl2 at 20 °C (a), -40 °C (b), and -80 °C (c).  

Spectrum d was obtained by adding one equivalent of PPh3 to the NMR tube used to measure 

spectra a-c.  This spectrum corresponds to that of [45][Cl]. Spectrum e in the bottom right inset 

shows the 125Te NMR spectrum of [45][Cl]. 

 

As indicated by a single crystal X-ray diffraction analysis, the solid state structure of 

44 shows coordination of the LTeP2 ligand to the AuCl unit.  Interestingly, with the sum of the 

a

1, 20 oC

b

1, -40 oC

d

1 + PPh3 (2), 20 oC

c

1, -80 oC

70 50 30         ppm60 40

e
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P-Au-P and P-Au-Cl angles equal to 358.75°, the two phosphine arms and the chloride anion 

are arranged around the gold atom in a trigonal planar fashion.  The tellurium atom is 

positioned along a direction that is essentially perpendicular to the P-Au bonds (P(2)-Au-Te 

89.05(16), P(1)-Au-Te 86.56(15)) leading to a trigonal pyramidal geometry at gold.  Another 

important structural aspect of this complex is the long Te-Au distance of 2.874(4) Å which 

exceeds the sum of covalent radii of the two elements (2.60-2.74 Å)203-204 by 4.7-9.5%.  This 

distance is also significantly longer than that observed in gold tellurolate derivatives.  Taken 

collectively, the coordination geometry of the gold center as well as the long Te-Au separation 

indicates the formation of a relatively weak Te→Au coordination bond.  This conclusion is 

consistent with the observation that the Au-Cl bond distance in 44 (2.554(5) Å) is close to that 

measured in the three-coordinate gold complex (Ph3P)2AuCl (2.54 Å)205 and significantly 

shorter than that in the four-coordinate gold complex (Ph3P)3AuCl (2.71 Å).206 

 

Figure 57. Left: Solid state structure of 44.  Thermal ellipsoids are drawn at the 50% 

probability level.  Phenyl groups are drawn in wireframe.  Hydrogen atoms and solvent 

molecules are omitted for clarity.  Selected bond lengths (Å) and angles (°): Au-Te 2.874(4), 

Au-Cl 2.554(5), Au-P(2) 2.322(5), Au-P(1) 2.328(5), Te-C(19) 2.161(18), Te-C(1) 2.189(19); 

P(2)-Au-P(1) 134.40(18), P(2)-Au-Cl 113.28(17), P(1)-Au-Cl 111.07(16), P(2)-Au-Te 

89.05(16), P(1)-Au-Te 86.56(15), Cl-Au-Te 108.75(17), C(19)-Te-C(1) 93.3(6), C(19)-Te-Au 

88.3(5), C(1)-Te-Au 87.6(5).  Right: NBO plot (isovalue = 0.05) showing the lp(Te)→s(Au) 

donor-acceptor interaction in 44.  Hydrogen atoms are omitted for clarity. 

 

lp(Te)→s(Au)
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Complex [45][Cl] observed by NMR spectroscopy upon treatment of 44 with PPh3 has 

also been isolated (Figure 55).  The cationic complex [45]+ present in this salt is characterized 

by two coupled 31P resonances (Figure 56d) at 35.6 ppm (triplet, 2JP-P = 122.5 Hz) and 48.1 

ppm (doublet, 2JP-P = 122.5 Hz) flanked by 125Te satellites (2JTe-P = 55.4 Hz).  The 125Te 

resonance of [45][Cl] appears as a pseudo quartet indicating an accidental degeneracy of the 

coupling constant between the tellurium nucleus and the two different types of phosphorus 

nuclei (2JTe-P = 55.4 Hz) (Figure 56e).  The 125Te chemical shift of [45][Cl] (623 ppm) is more 

downfield than that of LTeP2 (580 ppm, 3JTe-P = 416 Hz), in accordance with the formation of a 

Te→Au dative bond.  As confirmed by X-ray crystallography, the LTeP2 and Ph3P ligands 

present in [45][Cl] are coordinated to the gold atom.  Coordination of the LTeP2 to the gold 

center results in a Te-Au bond distance of 2.9373(15) Å which is slightly elongated when 

compared to that in 44 (2.874(4) Å).  The constraints imposed by the rigidity of the LTeP2 ligand 

as well as the bulk of the Ph3P ligand lead to a distorted tetrahedral geometry around the gold 

atom.  Of note is the sum of the P-Au-P angles of 354.65° which indicates that the three primary 

phosphine ligands are arranged around the gold center to generate a slightly pyramidal AuP3 

unit.  The gold atom of this unit is capped by the tellurium ligand leading to somewhat acute 

P(1)-Au-Te and P(2)-Au-Te angles of 82.42(6)° and (77.71(6)° angles and a wide P(3)-Au-Te 

angle of 129.65(6)°.  The chloride anion is weakly bound to the tellurium center via a long 

interaction of 3.113(3) Å. 
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Figure 58. Left: Solid state structure of [45][Cl].  Thermal ellipsoids are drawn at the 50% 

probability level.  Phenyl groups are drawn in wireframe.  Hydrogen atoms and solvent 

molecules are omitted for clarity.  Selected bond lengths (Å) and angles (°): Au-Te 2.9373(15), 

Au-P(1) 2.396(3), Au-P(2) 2.404(3), Au-P(3) 2.334(3), Te-C(1) 2.118(9), Te-C(19) 2.180(9), 

Te-Cl 3.113(3); P(3)-Au-Te 129.65(6), P(3)-Au-P(1) 120.22(9), P(3)-Au-P(2) 122.33(8), P(1)-

Au-P(2) 112.10(9), P(1)-Au-Te 82.42(6), P(2)-Au-Te 77.71(6), Cl-Te-C(19) 165.4(3), C(1)-

Te-C(19) 89.8(3), C(1)-Te-Au 94.3(2), C(19)-Te-Au 85.8(3).  Right: NBO plot (isovalue = 

0.05) showing the lp(Te)→s(Au) donor-acceptor interaction in [45]+.  Hydrogen atoms are 

omitted for clarity. 

 

3.3 Bonding analysis of the Te→Au interaction 

When compared to documented gold-tellurolates185-190 which possess Au-Te bonds in 

the range of the sum of the covalent radii of the two elements (2.60-2.74 Å),203-204 the Te-Au 

bond distances of the gold telluroether complexes described in this paper are significantly 

longer (2.874(4) Å for 44 and 2.937(2) Å for [45][Cl]).  To probe the nature of this bond, we 

decided to analyze these two compounds using the Natural Bond Orbital (NBO) method.  The 

structure of the complexes was first optimized with the Gaussian program207 using DFT 

methods (functional: BP86;151-152 mixed basis set: Te/Au: cc-pVTZ;153, 208-209  The optimized 

geometries are in good agreement with those experimentally determined (Table 3) with the 

lp(Te)→s(Au)
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largest deviation observed for the Te-Au bonds.  We believe that these deviations originate 

from the inability of DFT methods to account for dispersion forces.  Such forces are especially 

important for heavy nuclei such as gold, which is affected by intense relativistic effects.210-212  

An NBO bonding analysis was subsequently carried out at the optimized geometry of each 

complex.213  For both complexes, the Te-Au bond is described as a donor-acceptor interaction 

involving a tellurium lone pair of 5p-character and the gold 6s orbital as the accepting orbital 

(Figure 57 and Figure 58). The second-order stabilization energy of 38.3 and 50.7 kcal/mol 

calculated for the lp(Te)→s(Au) interactions in 44 and [45]+, respectively, show that 

coordination of tellurium to gold is indeed stabilizing. These calculations also indicate that the 

Te→Au coordination bond in [45]+ is stronger than in 44, a result assigned to the cationic 

nature of the gold center in [45]+. 

 

3.4 Telluroether to telluroxide conversion in the coordination sphere of gold 

Since both tellurium and gold can engage in a two electron redox couples (II/IV for and 

I/III for Au), we decided to complete this work by testing the behaviour of 44 under oxidative 

conditions.  Treatment of 44 with PhICl2 in CH2Cl2 resulted in a complex mixture of products, 

the identity of which could not be established.  By contrast, we observed that 44 cleanly reacts 

with 1 eq. of H2O2 in CH2Cl2 or THF to afford the bis(phosphine)telluroxide gold chloride 

complex 46 (Figure 59).  The bis(phosphine)telluroxide ligand present in 46 is an heavy main 

group analog of o-(Ph2P)C6H4)2S=O, a ligand which has been incorporated in group 9 and 10 

transition metal complexes.214  We also note a parallel with complexes containing the (o-

(iPr2P)C6H4)2P(=O)Ph ligand recently described by Bourissou.215-216 
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Figure 59. Synthesis of complex 46. 

 

Table 3. Selected bond lengths (Å) for complexes 44, [45]+ and 46 as determined 

crystallographically and computationally.   

 

 44 [45]+ 46 

 X-Ray DFTa X-Ray DFTa X-Ray DFTa 

Te-Au 2.874(4) 3.073 2.937(2) 3.085 2.986(1) 3.106 

Te-Cb 2.18(4) 2.168 2.15(3) 2.152 2.16(2) 2.216 

Au-Pb 2.33(1) 2.358 2.38(1) 2.468 2.31(1) 2.355 

Au-Cl 2.554(5) 2.528 - - 2.524(2) 2.530 

Te-O - - - - 1.857(3) 1.933 

Au-PPh3 - - 2.334(3) 2.399 - - 
a BP86/cc-pVTZ(Te/Au), 6-31g(d’)(P/Cl:), 6-31g(C/H). bAverage values.   

 

Complex 46 has been characterized by 31P, 1H and 13C NMR spectroscopy.  The 31P 

NMR spectrum shows a single resonance at 40.6 ppm, with 125Te satellites (2JTe-P = 290 Hz). 

The 125Te NMR resonance gives rise to a broad, unresolved signal at 1074 ppm (w1/2 = 1072 

Hz), a chemical shift close to that reported for Ph2Te=O (1035 ppm).217  A single crystal X-

ray diffraction analysis confirms conversion of 44 into the corresponding telluroxide derivative 

46, without dissociation of the gold atom.  The Te-Au bond of 2.9864(5) Å in 3 is slightly 

elongated when compared to 44 (2.874(4) Å), signaling a possible change in the nature of the 

Te-Au interaction.  The coordination sphere of the tellurium center is completed by the two 

ortho-phenylene groups as well as an oxygen atom provided by a neighboring molecule.  This 
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last interaction leads to the formation of centrosymmetrical dimers organized around a Te2O2 

ring.  As found in the dimer of Ph2Te=O,218 this Te2O2 ring is unsymmetrical with a short 

intramolecular Te=O bond of 1.857(3) Å and a long Te---O intermolecular contact of (2.508(5) 

Å).  The resulting coordination geometry at tellurium is that of a square pyramid with the gold 

atom positioned trans from the oxo ligand (Au-Te-O = 175.91°).  Although the gold atom 

remains coordinated to  its three primary ligand in an essentially trigonal planar fashion 

(P(1)-Au-P(2) + P(1)-Au-Cl + P(2)-Au-Cl = 359.2°), we note that the Te–Au–Cl angle 

in 46 (117.05(5)°) is larger than in 44 (108.75(17)°).  The trans location of the gold atom with 

respect to the tellurium-bound oxo ligand and the increase noted in the Te–Au–Cl angle 

suggest the presence of a donor acceptor interaction involving the gold atom as a donor and 

the tellurium as the acceptor.  To probe this unusual Au→Te interaction, we optimized the 

structure of dimeric 46 using DFT methods (functional: BP86;151-152 mixed basis set: Te/Au: 

cc-pVTZ;153, 208 P/Cl: 6-31g(d’); C/H: 6-31g).  NBO analysis carried out at the optimized 

geometry shows that instead of a Te→Au coordination bond as found in 44 and [45]+, 46 

possesses a Au→Te interaction involving a d orbital from gold as the donor and the *(Te=O) 

orbital as the acceptor, with a second-order stabilization energy (E2) of 9.0 kcal/mol.  This 

stabilization energy indicates that the Au→Te interaction of 46 is weaker than the Te→Au 

bonds observed in 44 and [45]+ (E2 = 38.3 kcal/mol for 44 and 50.7 kcal/mol for [45]+).  More 

importantly, these results show that oxidation of the tellurium center switches its ligand type 

from L-type in 44 to Z-type in 46.14, 21, 156-167  The -acidic properties of the tellurium atom in 

46 result in an umpolung of the Te-Au bond.   These -acidic properties are also reminiscent 

of those observed in related late transition metal complexes featuring hypervalent tellurium 
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ligands.116, 219-220  A parallel can also be drawn between the -acidic properties of the 

telluroxide unit in 46 and the documented Z-type behaviour of the SO2 ligand14, 16 

 

Figure 60. Top and bottom left: Solid state structure of 46 with thermal ellipsoids drawn at the 

50% probability level.  The phenyl groups are drawn in wireframe.  Hydrogen atoms and 

solvent molecules are omitted for clarity.  The top view shows the dimer under two 

perpendicular orientations.  The bottom left view shows the monomeric unit.  Selected bond 

lengths (Å) and angles (°): Au-Te 2.9864(5), Te-O: 1.857(3), Au-Cl 2.524(2), Au-P(2) 

2.301(2), Au-P(1) 2.318(2), Te-C(19) 2.167(6), Te-C(1) 2.154(7); Au-Te-O 175.9(1), P(2)-

Au-P(1) 136.71(6), P(2)-Au-Cl 113.90(7), P(1)-Au-Cl 108.59(7), P(2)-Au-Te 85.29(4), P(1)-

Au-Te 82.74(4), Cl-Au-Te 117.05(5), C(19)- Te-C(1) 92.5(2), C(19)-Te-Au 88.9(1), C(1)-Te-

Au 85.6(2).  Bottom right: NBO plot of 46 (monomer) (isovalue = 0.05) showing the 

lp(Au)→*(Te=O) donor-acceptor interaction in 46. Hydrogen atoms are omitted for clarity.   
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3.5 Conclusion 

Complexes 44 and [45]Cl constitute the first isolated examples of gold-telluroether 

complexes.  The Te→Au coordination bonds present in these complexes is supported by two 

ancillary phosphine ligands which immobilize the gold atom in proximity to the tellurium 

atom.  Despite the inherent lability of the Te-Au bond present in these complexes, we observe 

that 44 is cleanly oxidized into 46 when treated with H2O2.  This oxidation, which does not 

induce dissociation of the gold unit, results in a conversion of the telluroether functionality into 

a telluroxide functionality.  The latter behaves as a Z-type ligand and engages the gold atom 

of complex 46 into a AuTe interaction. 

3.6 Experimental  

General considerations.  LTeP2 and (tht)AuCl were prepared according to the reported 

procedures.116, 221  Solvents were dried by passing through an alumina column (CH2Cl2 and 

Et2O).  All other solvents were used as received.  Ph3P was purchased from Aldrich and used 

as received.  Ambient temperature NMR spectra were recorded on a Varian Unity Inova 400 

FT NMR (399.59 MHz for 1H, 100.45 MHz for 13C, 161.74 MHz for 31P, 126.14 MHz for 

125Te) spectrometer.  Chemical shifts () are given in ppm and are referenced against residual 

solvent signals (1H, 13C) or external Ph3P (31P) and Ph2Te2 (
125Te).  Elemental analyses were 

performed at Atlantic Microlab (Norcross, GA).  Electrospray mass spectra were obtained with 

a SciexQstarr Pulsar and a Protana Nanospray ion source. 

Reaction of Ph2Te and (tht)AuCl. To a CH2Cl2 solution (0.5 mL) of Ph2Te (9.4 mg, 0.033 

mmol) was added a CH2Cl2 solution (0.5 mL) of (tht)AuCl (21.4 mg, 0.066 mmol) at ambient 
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temperature in the absence of air.  After stirring for two hours, the colorless solution was 

separated from metallic gold by filtration.  Removal of the solvent under reduced pressure 

afforded a white solid of Ph2TeCl2 (11.3 mg, 96%).  This product was identified on the basis 

of its 125Te NMR resonance at 909 ppm in CH2Cl2 which is close to the value of 917 ppm 

reported in CDCl3.
199 

 

Synthesis of 44.  To a CH2Cl2 solution (2 mL) of LTeP2 (190 mg, 0.292 mmol) was added a 

CH2Cl2 solution (2 mL) of (tht)AuCl (93.7 mg, 0.292 mmol) at ambient temperature.  After 

stirring for 12 hours, Et2O (15 mL) was added to the mixture, resulting in a yellow precipitate 

which was collected by filtration.  The resulting solid was dried under vacuum to afford 44 as 

a yellow solid (235 mg, 91% yield).  Yellow crystals of 44-2THF suitable for single crystal 

diffraction analysis were obtained by slowly diffusing Et2O into a THF solution of 44 at -30 

°C.  1H NMR (399.59 MHz; CDCl3): δ 6.5-7.8 (broad).  13C{1H} NMR (100.45 MHz; CDCl3): 

δ 129.14 (bs), 132.58 (bs), 134.04 (bs), 134.76 (bs),  31P{1H} NMR (161.74 MHz; CDCl3): δ 

34.9 (bs), 37.0 (bs), 42.1 (bs), 62.8 (bs).  The 125Te NMR resonance of this compound could 

not be detected.  HRMS (ESI+) calcd for [44-Cl]+ (C36H28AuP2Te+): 849.0392, found: 

849.0371.  Elemental analysis calculated (%) for 44: C, 48.99; H, 3.20; found C, 49.20; H, 

3.90.  When the elemental analysis was carried out using 44 recrystallized from THF, the 

following results are obtained: calculated (%) for 44-THF: C, 50.32; H, 3.80; found C, 50.31; 

H, 4.26.  These last results show partial loss the two interstitial THF molecules found in the 

structure of 44. 
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Synthesis of [45][Cl].  To a CH2Cl2 solution (2 mL) of 44 (100 mg, 0.113 mmol) was added 

Ph3P (29.7 mg, 0.113 mmol) at ambient temperature.  After stirring for 15 min, Et2O (15 mL) 

were added to the mixture, resulting in a light yellow precipitate which was collected by 

filtration.  The resulting solid was dried under vacuum to afford [45][Cl] as a light yellow solid 

(110 mg, 85% yield).  Yellow crystals of [45][Cl]-CH2Cl2 suitable for single crystal diffraction 

analysis were obtained by slowly diffusing Et2O into a CH2Cl2 solution of [45][Cl] at ambient 

temperature.  1H NMR (399.59 MHz; CDCl3): δ 6.69-6.75 (m, 8H), 6.93-7.34 (m, 31H), 7.38 

(t, 2H, 3JH-H = 7.57 Hz, 3JH-H = 4.62 Hz), 8.34 (d, 2H, 3JH-H = 7.53 Hz, 3JTe-H = 82.78 Hz).  

13C{1H} NMR (100.45 MHz; CDCl3): δ 126.27 (t, JC-P = 21.68 Hz), 128.81 (d, JC-P = 3.18 Hz), 

128.88, 128.92, 130.57, 130.64, 130.85, 131.99, 132.46, 133.05, 133.53 (d, JC-P = 14.28 Hz), 

134.99, 140.41 (t, JC-P = 23.74 Hz), 141.51 (t, JC-P = 4.80 Hz).  31P{1H} NMR (161.74 MHz; 

CDCl3): δ 35.6 (1P, t, 2JP-P = 122.5 Hz, 2JTe-P = 55.4 Hz), 48.1 (2P, d, 2JP-P = 122.5 Hz, 2JTe-P = 

55.4 Hz).  125Te{1H} NMR (126.14 MHz; CDCl3): δ 623 (pseudo q, 2JTe-P = 55.4 Hz).  

Elemental analysis calculated (%) for [2][Cl]-CH2Cl2: C, 53.72; H, 3.69; found C, 53.21; H, 

3.69. 

 

Synthesis of 46.  Mixing a THF solution (3 mL) of LTeP2 (134 mg, 0.2 mmol) with a THF 

solution (2 mL) of (tht)AuCl (66 mg, 0.2 mmol) at ambient temperature resulted in the 

progressive precipitation of complex 44.  After 4 hours, the resulting solution, which contained 

complex 44 as a yellow precipitate, was treated with an aqueous solution of hydrogen peroxide 

(30%, 0.1 mL).  Bright yellow complex 44 which remained suspended in the solution 

progressively converted in a pale yellow precipitate.  After 20 min of stirring, this precipitate 

was isolated by filtration and washed with Et2O (2 × 2 mL).  The precipiate was dried under 
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vacuum to afford 46 as pale yellow powder (165 mg, 89% yield).  Light yellowish crystals of 

46 were obtained by slow diffusion of Et2O into a CH2Cl2 solution.  1H NMR (499.42 MHz; 

CDCl3): δ = 8.59 (d, 2H, o–P(Te)C6H4, 
3JH–H = 7.49 Hz), 7.85 (q, 4H), 7.75 (t, 2H, o–

P(Te)C6H4, 
3JH–H = 7.49 Hz), 7.48–7.57 (m, 16H), 7.43 (t, 2H, o–P(Te)C6H4, 

3JH–H = 7.49 Hz), 

7.07 (m, 2H, o–P(Te)C6H4).  
13C{1H} NMR (125.58 MHz; CDCl3): δ = 134.7 (t, JC–P = 26 Hz), 

134.3 (d of t, -C6H5, CH), 133.1 (s), 132.5 (s), 131.9 (s), 131.8 (s), 130.7 (t, JC-P = 3.5 Hz), 

129.6 (t, , -C6H5, CH, JC–P = 5.7 Hz), 129.3 (t, , -C6H5, CH, JC–P = 5.7 Hz), 129.2 (d, JC–P = 7 

Hz).  31P{1H} NMR (202.16 MHz; CDCl3): δ = 40.6 (s, JP–Te = 290 Hz).  125Te{1H} NMR 

(126.14 MHz; CDCl3): 1074 ppm (w1/2 = 1072 Hz).  Elemental analysis calculated (%) for 46-

CH2Cl2 (C37H30AuCl3OP2Te): C, 45.18; H, 3.07; found C, 46.90; H, 3.12.  These EA results 

can be reconciled by invoking a 50% loss of CH2Cl2. Elemental analysis calculated (%) for 46-

0.5(CH2Cl2)  (C36.5H29AuCl2OP2Te): C, 46.59; H, 3.11.  The presence of 0.5 eq. CH2Cl2 is 

confirmed by integration of the 1H NMR spectrum. 

 

Crystallographic measurements.  The crystallographic measurements were performed at 

110(2) K using a Bruker APEX-II CCD area detector diffractometer (Mo-K radiation, l = 

0.71073 Å).  In each case, a specimen of suitable size and quality was selected and mounted 

onto a nylon loop.  The structures were solved by direct methods, which successfully located 

most of the non-hydrogen atoms.  Semi-empirical absorption corrections were applied.222  

Subsequent refinement on F2 using the SHELXTL/PC package (version 6.1) allowed location 

of the remaining non–hydrogen atoms.223 
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Computational details.  Complexes 44, [45]+ and 46 were optimized using the Gaussian 

program207 with DFT methods (functional: BP86;151-152 mixed basis set: Te/Au: cc-pVTZ;153, 

208 P/Cl: 6-31g(d’); C/H: 6-31g).  The NBO analysis was performed at the same level of theory 

using the NBO 5.9 program.213  Visualizations of the NBO orbitals were performed using the 

Jimp 2 program.179 

Figure 61. (a) 31P spectrum of 44 in CDCl3 at 20 °C (b) Spectrum was obtained by adding 

one equivalent of PPh3 to the NMR tube used to measure spectra (a).  This spectrum 

corresponds to that of [45][Cl]. Picture in the top left inset shows the crystals of 44 used for 

NMR experiment. 

PPh3

a

1, 20 oC

b

1 + PPh3 (2), 20 oC

THF

H2O
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Figure 62. 1H, 13C, 31P, and 125Te NMR spectra of [45][Cl] at ambient temperature in CDCl3. 
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Figure 63. 1H, 13C, 31P, and 125Te NMR spectra of 46 at ambient temperature in CDCl3. 
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CHAPTER IV 

ACTIVATION OF A HYDROAMINATION GOLD CATALYST BY OXIDATION OF 

A REDOX NON-INNOCENT CHLOROSTIBINE Z-LIGAND* 

4.1 Introduction  

 While often regarded as heavy phosphine analogues, stibine ligands possess a number 

of unusual characteristics, including softer donor properties56, 79-81, 84, 224-227 combined with 

increased accepting properties.74-75  We have also demonstrated that triarylstibine ligands are 

redox non-innocent and can be converted from L-type (A) to Z-type ligands14, 21, 156-167 (B) via 

oxidation (Figure 64).113, 144, 196, 228  Oxidation proceeds without dissociation of the metal, 

provided that ancillary ligands are employed.  This redox process has been shown to induce an 

umpolung of the M-Sb bond which switches from SbM in the reduced state to MSb in the 

oxidized state.144  Interestingly, -accepting properties are also observed with halostibine 

ligands (C).86  In this case, oxidation of the antimony simply increases the Lewis acidity of the 

antimony center, making it a stronger -acceptor and thus a harder Z-ligand.  While we have 

previously focused on the impact of oxidation on the nature of the metal-antimony bond, it 

occurred to us that such ligand-centered processes may provide control over the Lewis acidity 

and reactivity of the adjoining metal center.229 

 

 

*  Reprinted in part with permission from Yang, H.; Gabbaï, F. P. J. Am. Chem. Soc. 2015, 137, 13425.  Copyright 

2015 American Chemical Society. 
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Figure 64. Oxidation of coordinated stibine ligands. 

 

The hydroamination of alkynes is a powerful synthetic method which provides access 

to a diverse array of nitrogen-containing organic compounds.  These hydroamination reactions 

are efficiently catalyzed by late transition metal complexes230-231 including gold complexes.232-

242  To date, most of the gold catalysts used are mono-ligated gold(I) complexes of the type 

[LAu]+ in which the exposed and thus Lewis acidic metal ion is readily available for substrate 

activation.  Two coordinate gold(I) complexes of the type [L2Au]+ are not active, presumably 

because of the lack of Lewis acidity of the gold center.  Inspired by a recent report describing 

the use of a gold boron complex of the type [L2AuBAr3]
+ as a catalyst for enyne 

cyclization,243 we questioned whether the use of a redox active Z-ligand such as a halostibine 

could afford a complex whose catalytic properties are controlled by the redox state of the Z-

ligand (Figure 65).  In this work, we describe a chlorostibine gold complex whose catalytic 

activity for the hydroamination of alkynes is turned on by oxidation of the antimony center.  

These results add to the growing repertoire of redox controlled catalytic processes244-245 and 

illustrate the role that Z-ligands can play in the activation of otherwise inactive catalytic 

centers.23, 27, 229, 243, 246-247 



 

86 

 

 

Figure 65. Representation of possible catalyst structures. 

 

4.2 Gold-chlorostibine complexes 

The chlorostibine-gold complex 47-Cl was synthesized from the known ligand (LCl)248 

and Au(tht)Cl (Figure 66).  This complex, which is an analog of the known complex [(o-

(iPr2P)C6H4)2SbCl]AuCl,86 reacts with AgSbF6 in dichloromethane to afford the air stable salt 

[47][SbF6].  The 31P NMR spectrum of [47][SbF6] features a signal at 50.3 ppm, significantly 

downfield from that of 47-Cl at 38.4 ppm.  Complexes 47-Cl and [47][SbF6] have been fully 

characterized and their structures have been determined using single crystal X-ray diffraction 

(Figure 67).  In both complexes, the antimony atom adopts a distorted seesaw geometry with 

a Cl(1)-Sb-Au angle close to linearity (177.00(3)° for 47, 177.16(3)° for [47]SbF6) and a 

compressed C(1)-Sb-C(19) angle (99.89(15)° for 47-Cl, 98.08(13)° for [47][SbF6]).  The gold 

center of 47-Cl displays a distorted square-planar geometry, with the chloride bending away 

from the Sb-Au vector by 26.10(3)°.  The primary ligands of [47][SbF6] are arranged about the 

gold atom in a distorted T-shaped geometry with P(1)-Au-Sb(1), P(2)-Au-Sb(1) and P(1)-Au-

P(2) angles of 83.00(2)°, 81.39(3)°and 159.46(4)°, respectively.  The coordination sphere of 

the gold atom is completed by the SbF6
- anion which is engaged in a long secondary Au-F 

contact of 2.931(3) Å.  Conversion of 47-Cl into [47][SbF6] induces a shortening of the Sb-Cl 

bond from 2.4829(13) in 47-Cl to 2.4106(11) in [47][SbF6].  This contraction reflects the 
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increased Lewis acidity of the cationic antimony-gold complex.  It also results in a lengthening 

of the Au-Sb bond from 2.8527(6) in 47-Cl to 2.9318(5) Å in [47][SbF6] which suggest a 

weakening of the Au-Sb interaction. 

 

 

Figure 66. Synthesis of 47-Cl and [47][SbF6]. 
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Figure 67. Solid state structure of 47-Cl (top) and [47][SbF6] (bottom).  Thermal ellipsoids are 

drawn at the 50% probability level.  Phenyl groups are drawn in wireframe.  Hydrogen atoms 

and solvent molecules are omitted for clarity.  Relevant metrical parameters can be found in 

the text or the experimental section. 

 

To better understand the nature of these changes, both 47-Cl and [47]+ have been 

studied computationally using DFT methods (Gaussian program,207 functional: BP86;151-152 

mixed basis set: Sb/Au: cc-pVTZ;153, 208 P/Cl: 6-31g(d’); C/H: 6-31g).  The structure 

optimizations reproduce the trend observed experimentally, with 47-Cl displaying a shorter 

computed Au-Sb bond (2.911 Å) than [47]+ (2.955 Å).  Analyses of these structures using the 

Natural Bond Orbital method (NBO) suggest that the Au-Sb interactions are weak and best 
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described as donor-acceptor interactions (Figure 68).  As observed for other chlorostibine gold 

complexes investigated by us,86 the NBO analysis shows that 47-Cl possesses a AuSb rather 

than a SbAu interaction.  In turn, we conclude that the accepting properties of the 

chlorostibine moiety dominate its ligative characteristics, as observed for related 

chlorobismuthine complexes.249-250  This interaction, which has lp(Au)→lp*(Sb) character is 

associated to a deletion energy (or stabilization energy) Edel of 70.79 kcal/mol.  The donicity 

of the gold center toward antimony is notably decreased in [47]+ which possesses a 

lp(Au)→σ*(Sb-Cl) interaction associated to a deletion energy Edel of only 28.29 kcal/mol.  

This decrease directly results from the removal of the gold-bound chloride anion positioned 

trans from the antimony atom.  The removal of this ligand leads to a decreased electron density 

on the gold atom which becomes a weaker donor toward antimony.  Such effects have been 

previously discussed by Bourissou who showed that conversion of the gold boratrane (o-iPr2P-

(C6H4)]3B)AuCl into its cationic counterpart [(o-iPr2P-(C6H4)]3B)Au]+ is accompanied by a 

weakening of the AuB interaction present in these complexes.251 
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Figure 68. NBO plots of the major Sb-Au bonding interactions in 47-Cl (left) and [47][SbF6] 

(right) (isodensity value = 0.05). Hydrogen atoms are omitted. 

 

 

Figure 69. Side by side comparison showing [47]+and a recently reported boron complex of 

type [48]+.243 

 

The electronic structure of [47]+ is reminiscent of that displayed by cations of type [48]+ 

(Figure 69).243  These cations, which are derived from the corresponding gold chloride complex 

48-Cl,247 have been reported as competent catalysts for reactions that necessitate alkyne 

activation.  Because the chlorostibine moiety of [47]+ mimics the -acceptor properties of 

boron,86 we decided to determine whether [47]+  could also be used for the activation of 

alkynes.  To test this idea, we chose to study the hydroamination of alkynes, not only because 

of the synthetic importance of this reaction but also because of its simplicity.  A test reaction 

lp(Au)→ lp*(Sb) lp(Au)→ σ*(Sb-Cl)
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involving p-toluidine and phenylacetylene was carried out in CDCl3 under ambient conditions, 

with a catalyst loading of 3.5 mol% (Figure 70).  Catalysts [47][SbF6] displayed a non-

negligible but very low activity, with only 2.7% conversion into the Markovnikov imine 

product after 3 hours.  When the same reaction was repeated with [(Ph3P)2Au]SbF6 as a 

catalyst, no measurable conversion was observed.  These results suggest that the chlorostibine 

moiety of [47]+ plays an activating role, albeit a very weak one.  This prompted us to question 

whether oxidation of the antimony atom could be used to strengthen the AuSb interaction, 

leading to a more acidic and thus more catalytically active gold center. 

 

 

Figure 70. Model hydroamination reaction used to evaluate [47][SbF6]. 

 

4.3 Gold-trihalostiborane complexes 

With oxidation of the antinomy center as a goal, complex 47 was allowed to react with 

PhICl2 in CH2Cl2 (Figure 71).  This reaction afforded the trichlorostiborane complex 49-Cl as 

a pale yellow precipitate.  The 31P NMR spectrum of 49-Cl shows a signal at 72.0 ppm, which 

is significantly downfield from that of complex 49-Cl.  Crystals of 49-Cl were grown from 

CH2Cl2.  Inspection of the structure confirms oxidation of the antimony center and formation 

of a trichlorostiborane unit that directly engages the gold atom in a AuSb interaction of 

2.6985(14) (Figure 72).  The Au-Sb bond is notably shorter than that in 47-Cl (2.8527(6) Å) 

indicating that oxidation of the antimony center increases its Lewis acidity leading to a stronger 
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AuSb dative interaction.  The gold atom displays a square planar geometry which, as 

indicated by the Cl-Au-Sb angle (177.88(5)° in 49-Cl vs. 153.90(3)° in 49-Cl), is much less 

distorted than in 47-Cl.  This square planar geometry points to the trivalent character of the 

gold atom, providing further support for the increased AuSb dative interaction upon 

oxidation of the antimony center.  Lastly, the antimony center adopts an octahedral geometry 

which shows little distortion as indicated by the values of the Cl1-Sb-Au (167.95(11)°), Cl2-

Sb-Cl3 (175.75(10)°) and C1-Sb-C19 angles (169.6(4)°).  Complex 49-Cl is poorly soluble in 

most organic solvents, including CH2Cl2 and CHCl3 which complicated an exploration of its 

chemical reactivity.  Confronted with this difficulty, we decided to explore the generation of a 

more soluble analog.  Gratifyingly, we observed that 49-Cl could be easily converted into the 

more soluble trifluoride complex 50-Cl by reaction with TBAF or TASF in CH2Cl2 (Figure 

71).  The 31P NMR resonance of 50-Cl at 83.5 ppm is split into a doublet, indicating coupling 

to the axial antimony-bound fluorine atom (JP-Fax= 16 Hz).  The 19F NMR spectrum shows two 

signals (Figure 73).  The two equatorial fluorine atom give rise to a doublet at -72 ppm with 

JFax-Feq = 17 Hz.  The axial fluorine resonance appears as a pseudo-quintet at -133 ppm because 

of the near degeneracy of JP-Fax (16 Hz) and JFax-Feq (17 Hz).  The absence of coupling between 

the phosphorus and equatorial fluorine nuclei is certainly noteworthy and may be rationalized 

by invoking the Karplus rule and the orthogonality of the F-Sb-F and P-Au-P vector.  Crystals 

of 50-Cl were readily obtained through Et2O diffusion into a CH2Cl2 solution.  The structure 

of 50-Cl is very similar to that of 49-Cl.  The Sb-Au bond of 2.7069(7) in 50-Cl is almost 

identical to that in 49-Cl (2.6985(14)) suggesting little change in the AuSb interaction.  As 

in 49-Cl: i) the gold atom of 50-Cl adopts a square planar geometry with a Cl-Au-Sb angle 

close to linearity (176.37(7)°); ii) the antimony atom, now at the center of a trifluorostiborane 
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unit, retains an octahedral geometry (F1-Sb1-Au1 = 178.3(2)°, F2-Sb1-F3 = 179.2(3)° and C1-

Sb1-C19 = 173.7(3)°).   

 

Figure 71. Synthesis of 49-Cl, 50-Cl and [50][SbF6]. 

 

 

Figure 72. Solid state structure of 49-Cl.  Thermal ellipsoids are drawn at the 50% probability 

level.  Phenyl groups are drawn in wireframe.  Hydrogen atoms are omitted for clarity.  

Relevant metrical parameters can be found in the text or in the experimental section. 
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Figure 73. Resonances observed in the 19F NMR spectrum of 50-Cl measured in CDCl3. 

 

With the intent of accessing a well-defined alkyne activation catalyst, complex 50-Cl 

was treated with AgSbF6 in CH2Cl2 which resulted in the clean formation of the corresponding 

cationic complex [50]+ as a hexafluoroantimonate salt (Figure 71).  A similar reaction could 

not be cleanly carried out with 49-Cl which gave an intractable product mixture when treated 

with AgSbF6.  Salt [50][SbF6] has been characterized by 31P NMR spectroscopy which shows 

a resonance at 66.3 ppm.  The 19F NMR spectrum displays two new resonances corresponding 

to the axial (-147.1 ppm) and equatorial fluorine ligands (-55.1 ppm).  In addition to chemical 

shift changes, these resonances are all singlets indicating that the F-F and P-F scalar coupling 

has become too small to observe.  The weakening of the Sb-Au bond upon conversion of 50-

Cl into [50][SbF6] (vide infra) may be responsible for the disappearance of the P-F scalar 

coupling.  The disappearance of the F-F coupling is more difficult to rationalize but is 

nevertheless firmly established based on the spectra.  Crystals of [50][SbF6] could be obtained 

through Et2O diffusion into a CH2Cl2 solution of the complex under moisture-free conditions.  

The main distinguishing feature in the structure of [50][SbF6] is a Au-Sb bond of 2.8196(4) Å 

which is significantly elongated when compared to that in 50-Cl (2.7069(7) Å) (Figure 74).  

As argued in the case of [47][SbF6], the removal of the chloride anion from the gold center 
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decreases the metallobasicity of the latter, leading to a weaker AuSb.251  This weaker AuSb 

dative bond also impacts the length of the Sb-F bonds, which are notably shorter in [50][SbF6] 

(Sb-F(axial) = 1.942(7) Å in 50-Cl vs. 1.897(4) Å in [50][SbF6]; and Sb-F(eq.) = 1.961(6) Å in 

50-Cl vs. 1.942(2) Å in [50][SbF6]).  The P(1)-Au-Sb, P(2)-Au-Sb and P1-Au-P2 angles of 

86.689(18)°, 86.689(18)° and 173.38(4)°, respectively, suggest that the gold coordination 

geometry is best described as T-shaped.  The structure of [50][SbF6] can also be compared 

with that of [47][SbF6].  Comparison of the Au-Sb distance (2.9318(5) Å in [47][SbF6] vs. 

2.8196(4) Å in [50][SbF6]) illustrates the higher acidity of the oxidized antimony center and 

the comparatively stronger AuSb dative interaction.  Finally, the vacant site trans from the 

antimony is flanked by the SbF6
- counter anion with which it forms an Au---F contact of 

2.728(4) Å.  The presence of this contact, which is shorter than that observed in [47][SbF6] 

(2.931 (3) Å), attests to the greater Lewis acidity of the gold atom.  In turn, these comparisons 

show that oxidation of the antimony center in [50][SbF6] translates into a stronger AuSb 

dative interaction and a harder gold atom. 
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Figure 74. Solid state structure of 50-Cl (top) and [50][SbF6] (bottom).  Thermal ellipsoids are 

drawn at the 50% probability level.  Phenyl groups are drawn in wireframe.  Hydrogen atoms 

and solvent molecules are omitted for clarity.  Relevant metrical parameters can be found in 

the text or in the experiment section. 

 

4.4 Lewis acidic behavior and electronic structures of the gold-trihalostiborane complexes 

 The increased hardness of the gold atom in [50]+ is reminiscent of the mercury 

stibonium complex [51]+ in which the Lewis acidity of the d10 ion is enhanced by juxtaposition 

with a strongly Lewis acidic pentavalent antimony moiety (Figure 75).252-253  Complex [51]+ 

forms adducts with both neutral and anionic donors (D), which coordinate to the mercury 

center in a direction perpendicular to the two primary ligands.  The Lewis acidity enhancement 
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observed for [50]+ has the same origin, namely the presence of an adjoining and highly acidic 

pentavalent antimony center.   

 

Figure 75. Structure of [51]+. 

 

In support of this analogy, we observe formation of the water adduct [50-OH2][SbF6] 

which was isolated as a byproduct in small quantities due to the presence of adventitious water 

(Figure 76).  X-ray analysis of this adduct shows that the water ligand is coordinated to the 

gold center via a bond of 2.383(3) Å.  The Au-Sb bond of 2.7775(6) Å is intermediate between 

that of 50-Cl (2.7069(7) Å) and [50][SbF6] (2.837(4) Å).  Accordingly, the Sb-F bonds in the 

water adduct [50-OH2][SbF6] (Sb-F(axial) = 1.914(3) Å and Sb-F(eq) = 1.947(3) Å)>1.942(2) 

Å) also fall between those in 50-Cl and [50][SbF6] (vide supra).  These structural features can 

be assigned to the donor strength of the water ligand which is weaker than that of the chloride 

anion in 50-Cl and yet stronger than that of the weakly coordinating SbF6
- anion in [50][SbF6].  

The ability of the gold center of [50]+ to coordinate water bears a parallel with some recently 

described triorganogold(III) complexes which engage water among other hard donors.254  A 

further measure of the Lewis acidity of [50]+ is provided by a simple Gutmann-Beckett 

measurement using Ph3P=O ( = 27.3, CH2Cl2) as a Lewis base.  When mixed 1:1 with a 

[Au(PPh3)2]
+ salt in CH2Cl2, no shift of the Ph3P=O 31P NMR resonance is observed indicating 

that coordination does not occur.  When the same experiment is repeated with [47][SbF6] and 
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[50][SbF6], the resonance shifts downfield to 30.6 and 32.9 ppm, respectively.  These changes 

speak to the increased acidity of the gold atom imparted by the presence of a chlorostibine unit 

in [47]+ and an oxidized trifluorostiborane unit in [50]+. 

 

 

Figure 76. Formation of [50-OH2][SbF6]. 

 

 

Figure 77. Solid state structure of [50-OH2][SbF6].  Thermal ellipsoids are drawn at the 50% 

probability level.  Phenyl groups are drawn in wireframe.  Hydrogen atoms and solvent 

molecules are omitted for clarity.  Relevant metrical parameters can be found in the text or in 

the experimental section. 

 

The ligand push/antimony pull effects observed in these complexes can also be 

analyzed computationally.  The structure of 50-Cl, [50-OH2][SbF6] and [50][SbF6] have been 

optimized computationally at the same level of theory as that used for 47-Cl and [47]+ (basis 
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set for F: : 6–31+g(d')) (Figure 78).  The lengthening of the Sb-Au bond observed 

experimentally on going from 50-Cl to [50-OH2]
+ and [50]+ is nicely reproduced 

computationally with distances of 2.76(6) Å, 2.82(4) Å and 2.87(1) Å for these three 

compounds, respectively.  The NBO analyses support the dative nature of the Au-Sb 

interaction (Figure 78).  In addition to lp(Au)→σ*(Sb-F) interactions, each complex also 

feature lp(Au)→σ*(Sb-C) donor acceptor interactions that make an important contribution to 

the stability of the complexes.  This is confirmed by deletion calculations which afford Edel = 

148.52, 91.18 and 59.18 kcal/mol for the in 50-Cl, [50-OH2]
+ and [50]+, respectively.  These 

energies correlate with the donor strength of the ligand bound to gold and provide a further 

illustration of the ligand push/antimony pull effect at play in these complexes.  A comparison 

of the AuSb stabilization energies in [47]+ (28.29 kcal/mol) and [50]+ (59.18 kcal/mol) 

illustrates the increased σ-accepting properties of the trifluorostiborane which behaves as a Z-

type ligand. 

 

Figure 78. NBO plots of the major Sb-Au bonding interactions [50]+ (isodensity value = 0.05). 

Hydrogen atoms are omitted.  The same donor acceptor interactions are also observed for 50-

Cl and [50-OH2]
+. 

 

The increasing transfer of electron density from gold to antimony observed on going 

from [50]+ to [50-OH2]
+ and 50-Cl can also be depicted based on the resonance structures 

lp(Au)→ σ*(Sb-F) lp(Au)→ σ*(Sb-C) lp(Au)→ σ*(Sb-C)
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shown in Figure 79.  Structures of type a correspond to Au(I)-Sb(V) species with the gold atom 

in the monovalent state.  Resonance structures of type b, which account for the donation of an 

electron pair from gold to antimony, correspond to Au(II)-Sb(IV) species.  Remembering that 

valence and formal oxidation states are different concepts,155 the gold atom in structures of 

type b is in the trivalent state.  While both resonance structures contribute to the electronic 

structures of all three complexes, the structural and computational results described above 

show that the importance of structure b increases on going from [50]+ to [50-OH2]
+ and 50-Cl.  

This smooth transition illustrates the dynamic and adaptive nature of the Au-Sb interaction 

which increases in strength when the gold atom accepts a donor ligand. 

 

Figure 79. Resonance structures for [50]+ to [50-OH2]
+ and 50-Cl. 
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4.5 Catalytic properties of the cationic gold-trifluorostiborane salt [50][SbF6] 

With [50][SbF6] in hand, we became eager to test whether the stronger AuSb 

interaction would indeed correlate with a higher catalytic activity in reactions involving 

alkynes.  While the reaction of p-toluidine and phenylacetylene was very poorly catalyzed by 

[47][SbF6], we found [50][SbF6] to be a very competent catalyst for this reaction, with an 

essentially complete conversion after 40 min at room temperature in CDCl3, with a catalyst 

loading of 3.5 mol%.  Since many late transition metals230-231, 255-259 including gold232-242 

hydroamination catalysts often necessitate an inert atmosphere, high temperature and relatively 

long reaction time, the fact that [50][SbF6] catalyzes the reactions under mild conditions is 

noteworthy.  We have also carried out this reaction on a larger scale (6.5 mmol), with a lower 

catalyst loading (0.5 mol%).  Full conversion was also observed but necessitated a longer 

reaction time of 6 hours.  We have studied the scope of this reaction with bulky, electron rich 

and/or electron poor amines.  As shown in Table 4, hydroamination of phenyl acetylene with 

the bulky 2,6-diisopropylaniline gave 93% of the desired products in 70 min at ambient 

condition (Entry 2).239, 256  The reaction proceeded more slowly with the electron poor 

pentafluoroaniline, affording a 68% yield after 48 hours (Entry 3).  The low yield of this 

reaction is caused by partial hydrolysis of the imine product and formation of acetophenone.  

The reaction also proceeded quickly with phenylhydrazine (Entry 4) but failed with alkyl 

amines such as cyclohexylamine, which may bind to the gold center thus preventing alkyne 

activation.  We also examined the hydroamination reactions of the less activated terminal 

aliphatic alkyne.  1-Hexyne reacted with p-toluidine to produce the desired imine within 60 

minutes (Entry 5). 
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Table 4. Results obtained in the hydroamination of terminal alkynes with aromatic amines 

with [50]SbF6 as a catalyst. 

 

 

 

aThe conversion (conv.) was measured by 1H NMR spectroscopy using an internal standard.  

The yield given in parentheses corresponds to the isolated yield. 

 

4.6 Conclusion 

In this work, we show that the -accepting properties of chlorostibine ligands can be 

greatly enhanced by oxidative conversion into the corresponding trihalostiboranes.  This 

increase leads to a strengthening of the AuSb interaction.  As a result of this strengthening, 

Entry t Conv. (Yield)a

1
40 min 98 % (92%) 

2 70 min 93% (83%) 

3 48 h 68% 

4 30 min 86% (72%)

5
60 min 61% 
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the gold center acquires a trivalent character, making it a harder Lewis acid as confirmed by 

the isolation of a water adduct.  More importantly, these changes also impact the catalytic 

properties of the gold complex which becomes a competent catalyst for the hydroamination of 

alkynes in the oxidized state. 

 

4.7 Experimental  

General considerations.  [(tht)AuCl] (tht = tetrahydrothiophene)221 and PhICl2
177 were 

prepared according to the reported procedures.  Solvents were dried by passing through an 

alumina column (n–pentane and CH2Cl2) or by reflux under N2 over Na/K (Et2O and THF).  

All other solvents were used as received.  Commercially available chemicals were purchased 

and used as provided (Commercial sources: Aldrich for SbCl3 and Bu4NF; Strem chemicals 

for AgSbF6).  Ambient temperature NMR spectra were recorded on a Varian Unity Inova 500 

FT NMR (499.42 MHz for 1H, 125.58 MHz for 13C, 469.89 MHz for 19F, 202.16 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 85% H3PO4 (
31P).  

 

Synthesis of 47. A CH2Cl2 solution (8 mL) of (tht)AuCl (250 mg, 0.78 mmol) was slowly 

added to a CH2Cl2 solution (10 mL) of LCl (530 mg, 0.78 mmol) at ambient temperature.  After 

stirring for 12 hours, the solvent was removed under vacuum, affording an oily residue.  This 

residue was treated with Et2O (10 mL) leading to the precipitation of 47-Cl as a yellow solid.  

Compound 47-Cl was dried under vacuum and obtained in a 93% yield (660 mg).  Crystals of 

47-Cl-(CH2Cl2)2 suitable for X-ray diffraction were obtained by slow diffusion of Et2O into 

concentrated CH2Cl2 solution of 47 at low temperature (2~8 °C).  1H NMR (499.42 MHz; 
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CDCl3): δ 7.01 (m, 2 H, o–P(Sb)C6H4), 7.35 (t, 2 H, o–P(Sb)C6H4, 
3JH–H = 7.49 Hz), 7.45–7.54 

(m, 16 H), 7.64 (t, 2 H, o–P(Sb)C6H4, 
3JH–H = 7.49 Hz), 7.86 (m, 4 H), 8.59 (d, 2 H, o–

P(Sb)C6H4, 
3JH–H = 7.49 Hz).  13C{1H} NMR (125.58 MHz; CDCl3): δ 128.5 (q, JC–P = 28.9 

Hz), 129.3 (t, JC–P = 4.0 Hz), 129.4 (t of d, -C6H5, CH, JC–P = 42.7Hz, J=5.9 Hz), 131.9 (d, -

C6H5, CH, JC–P = 4.9Hz), 132.7 (s), 133.5 (t, JC–P = 2.8 Hz), 134.2 (t of d, -C6H5, CH, JC–P = 

24.6 Hz, J= 7.2 Hz), 135.3 (t, JC–P = 8.5 Hz), 137.7 (t, JC–P = 29.1 Hz), 149.3 (t, JC–P = 17.7 

Hz).  31P{1H} NMR (202.16 MHz; CDCl3): δ 38.4 (s).  Mp: 186 °C dec. Anal. Calcd for 47-

Cl·2CH2Cl2 (C38H32Cl6P2AuSb): C, 42.18; H, 2.98. Found: C, 43.25; H, 3.15. These elemental 

analysis results may suggest partial loss of the interstitial CH2Cl2. Anal. Calcd for 47-

Cl·1.5CH2Cl2 (C37.5H31Cl5P2AuSb): C, 43.33; H, 3.01. For additional information on the purity 

of this compound, please see the NMR spectra. 

 

Synthesis of [47][SbF6].  A CH2Cl2 (1 mL) solution of AgSbF6 (15.5 mg, 45 mol) was slowly 

added to a CH2Cl2 solution (2 mL) of complex 47-Cl (41 mg, 45 mol).  The resulting cloudy 

solution was stirred for 15 min, filtered and analyzed by 31P NMR spectroscopy which 

confirmed full conversion of 47-Cl into [47][SbF6].  Salt [47][SbF6] was purified by 

evaporation of the solvent and washing with two portions of Et2O (2mL).  Salt [47][SbF6] was 

obtained in 56% yield (38mg) as a pale yellow powder.  Light yellow plates of [47][SbF6]-

(CH2Cl2) were obtained by slow diffusion of Et2O into a concentrated CH2Cl2 solution of 

[47][SbF6] at room temperature.  1H NMR (499.42 MHz; CDCl3): δ 7.15 (q, 2 H, o–P(Sb)C6H4, 

3JH–H = 6.49 Hz), 7.51 (q, 6 H, 3JH–H = 7.49 Hz), 7.60 (t, 4 H, 3JH–H = 7.49 Hz), 7.64–7.66 (m, 

12 H), 7.72 (t, 2 H, 3JH–H =7.99 Hz), 8.48 (d, 2 H, o–P(Sb)C6H4, 
3JH–H = 7.49 Hz).  13C{1H} 

NMR (125.58 MHz; CDCl3): δ 125.0 (t, JC–P = 30.9 Hz), 125.8 (t, JC–P = 30.1 Hz), 130.3 (t of 
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d, -C6H5, CH, JC–P = 37.7 Hz, J = 6.0 Hz), 131.1 (t, JC–P = 4.5 Hz), 133.3 (s, -C6H5, CH), 133.6 

(s), 133.9 (t, JC–P = 4.2 Hz), 134.1 (t of d, -C6H5, CH, JC–P = 27.9 Hz, J = 7.4 Hz), 135.3 (t, JC–

P = 7.8 Hz), 148.8 (t, JC–P = 16.1 Hz).  31P{1H} NMR(202.16 MHz; CDCl3): δ 50.3 (s).  Mp: 

255 °C dec. Anal. Calcd for [47][SbF6]·CH2Cl2 (C37H30Cl3F6P2AuSb2): C, 37.11; H, 2.53. 

Found: C, 37.58; H, 2.53. For additional information on the purity of this compound, please 

see the NMR spectra. 

 

Synthesis of 49-Cl.  A CH2Cl2 solution (5 mL) of PhICl2 (151 mg, 0.55 mmol) was slowly 

added to a CH2Cl2 solution (8 mL) of 47-Cl (387 mg, 0.42 mmol) at ambient temperature, 

resulting in the slow precipitation of the product.  After 2 hours, the resulting mixture was 

evacuated to dryness and the resulting pale yellow residue was washed with ether.  This 

procedure afforded 49-Cl in 94% yield (390 mg). Complex 49-Cl is only slightly soluble in 

CHCl3 and CH2Cl2.  Single crystals of 49-Cl were obtained by slow evaporation of the CH2Cl2 

solution.  1H NMR (499.42 MHz; CDCl3): δ 7.41 (t of d, 2 H, o–P(Sb)C6H4, 
3JH–H = 6.49 Hz, 

3JH–P = 4.00 Hz), 7.47 (t 10 H, 3JH–H = 7.49 Hz), 7.54 (t, 4 H, o–P(Sb)C6H4, 
3JH–H = 7.49 Hz), 

7.65 (q 8 H, 3JH–H = 6.99 Hz), 7.74 (t, 2 H, 3JH–H = 8.49 Hz), 9.44 (d, 2 H, o–P(Sb)C6H4, 
3JH–H 

= 7.99 Hz).  31P{1H} NMR (202.16 MHz; CDCl3): δ 79.2 (s).  The poor solubility of this 

product did not allow for a satisfactory 13C NMR spectrum to be collected.  Mp: 220 °C dec. 

Anal. Calcd for 49-Cl (C36H28Cl4P2AuSb): C, 43.98; H, 2.87. Found: C, 43.30; H, 2.81. For 

additional information on the purity of this compound, please see the NMR spectra. 

 

Synthesis of 50-Cl.  TBAF-3H2O (530 mg, 1.68 mmol) dissolved CH2Cl2 (6 mL) was added 

was added within 1 minute to a CH2Cl2 (10 mL) suspension of 49-Cl (460 mg, 0.47 mmol).  
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The yellowish suspension of 49-Cl became immediately clear and colorless.  After stirring for 

2 hours, the solvent was removed under vacuum.  The withe residue was washed with three 

portions of methanol (4 mL) and dried under vacuum affording 50-Cl in 91% yield (397 mg).  

Colorless crystals of 50-Cl-(CH2Cl2) were easily obtained by slow diffusion of ether into a 

CH2Cl2 solution.  1H NMR (499.42 MHz; CDCl3): δ =7.40–7.48 (m, 12H), 7.53 (t, 4 H, o–

P(Sb)C6H4, 
3JH–H = 7.00 Hz), 7.60 (q 8 H, 3JH–H = 7.00 Hz), 7.70 (q, 2 H, 3JH–H = 8.00 Hz), 

8.74 (d, 2 H, o–P(Sb)C6H4, 
3JH–H = 8.00 Hz).  13C{1H} NMR (125.58 MHz; CDCl3): δ 121.8 

(broad, weak, t, JC–P = 29.5 Hz),  127.0 (t, JC–P = 31.0 Hz), 127.4 (t, JC–P = 31.3 Hz), 129.0 (t 

of d, -C6H5, CH, JC–P = 7.8 Hz, JC–F = 5.9 Hz) 130.9 (t of d, JC–P = 11.8 Hz, JC–F = 3.1 Hz), 

132.3 (d, -C6H5, CH, JC–P = 3.6 Hz), 133.3 (d, JC–P = 17.1 Hz), 133.8 (broad), 134.0 (t of d, -

C6H5, CH, JC–P = 9.4 Hz, JC–F = 6.4 Hz), 134.9 (m).  31P{1H} NMR (202.16 MHz; CDCl3): δ 

= 83.5 (d, J p–Fa = 16.2 Hz ).  19F{1H} NMR (469.89 MHz; CDCl3): δ -72.0 (d, 2Feq, JFeq-Fa = 

17.0 Hz), -133.3 (pseudo-quintet, 1Fa, JFa-Feq = 17.0 Hz, JFa-p = 16.2 Hz).  Mp: 238 °C dec. 

Anal. Calcd for 50-Cl (C36H28ClF3P2AuSb): C, 46.31; H, 3.02. Found: C, 46.01; H, 3.22. For 

additional information on the purity of this compound, please see the NMR spectra. 

 

Synthesis of [50][SbF6].  A CH2Cl2 (2 mL) solution of AgSbF6 (73.6 mg, 0.21 mmol) was 

slowly added to a CH2Cl2 solution (3 mL) of complex 50-Cl (200 mg, 0.21 mmol).  The 

resulting cloudy solution was stirred for 1 hour, filtered and analyzed by 31P NMR 

spectroscopy which confirmed full conversion of 50-Cl into [50][SbF6].  Salt [50][SbF6] was 

isolated by evaporation of the solvent and washing with two portions of Et2O (2mL).  Salt 

[50][SbF6] was obtained in 75% yield (184 mg) as a colorless powder.  Crystals of [50][SbF6] 

were obtained by slow diffusion of pentane into a concentrated CH2Cl2 solution at room 
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temperature under an inert atmosphere using a glovebox.  1H NMR (499.42 MHz; CDCl3): δ 

7.37 (q, 2 H, 3JH–H = 5.99 Hz), 7.54–7.66 (m, 22H), 7.79 (t, 2 H, 3JH–H =7.99 Hz), 8.42 (d, 2 H, 

o–P(Sb)C6H4, 
3JH–H = 7.99 Hz)  13C{1H} NMR (125.58 MHz; CDCl3): δ 124.7 (t, JC-P = 30.8 

Hz), 130.1 (t, -C6H5, CH, JC–P = 6.03 Hz), 132.2 (t, J= 4.02 Hz), 133.5 (s, -C6H5, CH), 134.1 

(t, -C6H5, CH, JC–P = 7.16 Hz), 134.1 (s), 135.7 (s), quaternary carbon nuclei not detected.  

31P{1H} NMR (202.16 MHz; CDCl3): δ 66.3 (s).  19F{1H} NMR (469.89 MHz; CDCl3): δ -

55.1 (s, 2Feq), -147.1 (s, 1Fa), -121.5 (broad, SbF6).  Mp: 205 °C dec. Anal. Calcd for [50][SbF6] 

(C36H28F9P2AuSb): C, 38.13; H, 2.49. Found: C, 37.86; H, 2.44. For additional information on 

the purity of this compound, please see the NMR spectra.  

General procedure for catalytic hydroamination reactions.  Catalytic reactions were carried 

out in air.  In a typical reaction, the alkyne (~0.5 mmol) was mixed with the amine (~0.55 

mmol) in CDCl3 (2 mL).  After addition of the catalyst (3.5 mol% loading), conversion was 

estimated using 1H NMR spectroscopy with 1,4-di-(t-butyl)benzene.. 

Computational Details.  Density functional theory (DFT) structural optimizations were 

carried with the Gaussian 09 suite of programs with effective core potentials on all heavy atoms 

(functional: BP86; mixed basis set: Sb/Au: cc–pVTZ–PP; P/Cl: 6–31g(d); C/O/H: 6–31g, F: 

6–31+g(d').  The optimized structures were subjected to a NBO analysis.260  The resulting 

NBOs were visualized and plotted using Jimp 2 program.179 

Crystallographic Measurements.  The crystallographic measurements were performed at 

110(2) K using a Bruker APEX–II CCD area detector diffractometer (Mo-K radiation, l = 
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0.71069 Å).  In each case, a specimen of suitable size and quality was selected and mounted 

onto a nylon loop.  The structures were solved by direct methods, which successfully located 

most of the non-hydrogen atoms.  Semi–empirical absorption corrections were applied.  

Subsequent refinement on F2 using the SHELXTL/PC package (version 6.1) allowed location 

of the remaining non–hydrogen atoms. 

 

 

Figure 80. 1H NMR spectra of 47-Cl and [47]SbF6 in CDCl3. 

1H NMR 

1-Cl

[1]SbF6
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Figure 81. 31P NMR spectra of 47-Cl and [47]SbF6 in CDCl3. 

31P NMR 38.4 ppm

50.3 ppm

1-Cl

[1]SbF6
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Figure 82. 13C NMR spectra of 47-Cl and [47]SbF6 in CDCl3. 

 

Figure 83. 1H NMR spectra of 49-Cl in CDCl3. 
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1-Cl

[1]SbF6

1H NMR 
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Figure 84. 13P NMR spectra of 49-Cl in CDCl3. 

Figure 85. 1H NMR spectra of 50-Cl in CDCl3. 

31P NMR

CH2Cl2

1H NMR
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Figure 86. 13C NMR spectra of 50-Cl in CDCl3. 

 

 

 

Figure 87. 31P NMR spectra of 50-Cl in CDCl3. 

 

 

13C NMR 

31P NMR 
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Figure 88. 19F NMR spectra of 50-Cl in CDCl3. 

Figure 89. 1H NMR spectra of [50]SbF6 in CDCl3. 

19F NMR

1H NMR



114 

Figure 90. 13C NMR spectra of [50]SbF6 in CDCl3. 

Figure 91. 31P NMR spectra of [50]SbF6 in CDCl3. 

13C NMR

31P NMR
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Figure 92. 19F NMR spectra of [50]SbF6 in CDCl3. 

Estimation of the Lewis acidity of cationic [(Ph3P)2Au]SbF6 and [3]SbF6complexes by 

the Gutmann-Beckett method:261 To a vial containing the desired gold complexes (0.010 

mmol) was added CH2Cl2 (500 µL).  A 250 µL CH2Cl2 slolution of triphenylphosphine oxide 

(0.011 mmol, 3.3 mg) was then slowly added the gold complex solutions. The reaction 

mixture was transferred to NMR tube. The chemical shift of the coordination complex was 

measured by 31P NMR, and noted relative to triphenylphosphine oxide (27.30 ppm). 

19F NMR 
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Figure 93. 31P NMR spectra of CH2Cl2 solutions (0.75 mL) containing the cationic gold 

complex (0.010 mmol) and tri(phenyl)phosphine oxide (0.011 mmol, 3.3 mg). 

*
45.4ppm

45.4ppm
* 27.9 ppm

*

*
63.6 ppm

*
70.6 ppm 32.9 ppm

*
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General procedure for catalytic hydroamination reactions.  Catalytic reactions were 

carried out in air.  In a typical reaction, the alkyne (0.5 mmol) was mixed with the amine (0.55 

mmol) in CDCl3 (2 mL).  After addition of the catalyst (3.5 mol% loading), conversion was 

estimated using 1H NMR spectroscopy with 1,4-di-(t-butyl)benzene.  Other reaction conditions 

including scaled-up reactions carried out for product isolation are described hereafter. 

N-(1-phenylethylidene)-4-methylaniline 

Yellow oil. Loading: phenylacetylene (2.5g, 24.5mmol), p-toluidine (2.5g, 23.4 mmol), 

catalyst (40mg, 0.3mol %).  Reaction time 6 hr. Conversion 98%.  Isolation: After evaporation 

of the solvent under vacuum, the product was extracted with pentane and purified by vacuum 

distillation.  Isolated yield 92%.  1Н NMR (499.42 MHz; CDCl3): δ =7.98–8.00 (m, 2Н), 7.49–

*50.2 ppm

*47.8ppm

30.6 ppm

*

Figure 93. Continued
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7.44 (m, 3Н), 7.18 (d, 3JH–H = 8.49, 2Н, Tol), 6.73 (d, 3JH–H = 8.49, 2Н, Tol), 2.38 (s, 3H, CH3), 

2.26 (s, 3H, CH3).   

 

 

Figure 94. 1H NMR spectra for the hydroamination of phenylacetylene with p-toluidine. (a) 
1H NMR spectra collected for the purpose of reaction monitoring. (b)  1H NMR spectrum of 

the isolated product. 
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2,6-diisopropyl-N-(1-phenylethylidene)aniline 

 

Light yellow solid, m.p. 69-71℃.  Loading: phenylacetylene (276 mg, 2.7mmol), 2,6-

diisopropylaniline (430 mg, 2.45 mmol), catalyst (9.0 mg, 0.3mol %).  Reaction time 6hr. 

Conversion 93%.  Isolation: After evaporation of the solvent under vacuum, the product was 

purified by recrystallization with ethanol and dried under vacuum.  Isolated yield 83%.  1Н 

NMR (499.42 MHz; CDCl3): δ = 8.06-8.08 (m, 2H), 7.49-7.53 (m, 3H), 7.17-7.20 (m, 2H), 

7.10-7.13 (m, 1H), 2.78 (hept, J = 6.99 Hz, 2H), 2.14 (s, 3H), 1.17 (t, J = 6.99 Hz, 12H).   
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Figure 95. 1H NMR spectra for the hydroamination of phenylacetylene with 2,6-

diisopropylaniline. (a) 1H NMR spectra collected for the purpose of reaction monitoring. (b)  
1H NMR spectrum of the isolated product. 
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Loading: phenylacetylene (18.1mg, 0.18mmol), 2,3,4,5,6-pentafluoroaniline (29.2mg, 0.16 

mmol).  Reaction time 48h. NMR yield 68%.  1Н NMR (499.42 MHz; CDCl3): δ = 8.02-8.04 

(m, 2H), 7.46-7.51 (m, 3H), 2.33 (s, 3H). 

 

Figure 96. 1H NMR spectra for the hydroamination of phenylacetylene with 

pentafluoroaniline. 

 

1-phenyl-2-(1-phenylethylidene)hydrazine 

 

Yellow solid, m.p. 102-104℃.  Loading: phenylacetylene (168mg, 1.64mmol), 

phenylhydrazine (170mg, 1.57 mmol), catalyst (9.5 mg, 0.3mol %).  Reaction time 2 hr.  

Conversion 86%.  Isolation: After evaporation of the solvent under vacuum, the product was 

extracted with diethyl ether.  After evaporation of the diethyl ether, the product was purified 

washed with methanol (2x 2mL) on a frit.  Isolated yield 72%.  1Н NMR (499.42 MHz; CDCl3): 

a
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b
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δ =7.81-7.83 (m, 2H), 7.42-7.21 (m, 8H, ArH and NH), 6.91 (t, J = 6.99 Hz, 1H, p-CH of Ph), 

2.26 (s, 3H, CH3).   

 

 

Figure 97. 1H NMR spectra for the hydroamination of phenylacetylene with 

phenylhydrazine. a) 1H NMR spectra collected for the purpose of reaction monitoring. (b)  1H 

NMR spectrum of the isolated product. 
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N-(hexan-2-ylidene)-4-methylaniline 

 

Loading: 1-hexyne (19.0mg, 0.23mmol), p-toluidine (24.8mg, 0.23 mmol), catalyst (9 mg, 3.4 

mol%).  Reaction time 60 min.  NMR yield 61%.  1Н NMR (499.42 MHz; CDCl3): δ = 7.10 

(d, 2H), 6.60 (d, 2H), 2.32 (s, 3H, CH3), 1.78 (s, 3H, CH3), 1.66 (m, 2H, CH2), 1.42 (m, 2H, 

CH2), 1.22 (m, 2H, CH2), 0.97 (t, 3H, CH3).   

 

Figure 98. 1H NMR spectra for the hydroamination of 1-hexyne with p-toluidine. 
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CHAPTER V 

SWITCHING THE REDOX STATE AND REACTIVITY OF A PLATINUM 

CATALYST BY ANION COORDINATION NON-INNOCENCE OF THE 

ANTIMONY LIGAND 

5.1 Introduction 

 Non-innocent ligands have emerged as versatile tools in modern organometallic 

chemistry where their unique redox properties have been used to open new vista in catalysis.4, 

8, 262  In contrast to the conventional spectator ligands, the so-called non-innocent ligands can 

participate in redox processes in the coordination sphere of the transition metal.  They act as 

electron reservoirs and shuttle electrons to and from the metal during reactions, including 

catalytic ones.  Examples of non-innocent ligands include, among others, the well-known 

dithiolene, diiminopyridine and their derivatives.6, 8, 10-11, 263-265  Recent efforts in coordination 

chemistry has shown that non-innocence is also displayed by heavy main group ligands, in 

particular those containing antimony.86-88, 112, 127, 196, 266-267  Indeed, it has been demonstrated 

that complexes featuring Sb-M cores are prone to oxidation at the antimony center, leading to 

the formation of a hypervalent antimony species which remains connected to the transition 

metal. 86-87, 196, 266-267  As a consequence of this ligand-centered oxidation, the Lewis acidity of 

the main group element is greatly enhanced, resulting in a strengthening of the metal ligand 

donor-acceptor interaction which develops a strong MSb character.  Another consequence 

of this antimony-centered interaction is the formation of a more electrophilic metal atom. 

 The non-innocent behavior of antimony ligands is also reflected by their ability to 

participate in anion exchange or coordination events.88, 113, 127 While such events are centered 

on the antimony atom, they also affect the Sb-M interaction and can thus serve to modulate the 
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electron density at the metal center and possibly its reactivity.  The behavior of the trigonal 

bipyramidal complex A show in Figure 99 nicely illustrate some of these concepts.  Using TlF, 

the two axial chloride ligands bound to both the antimony and platinum centers can be 

exchanged with fluoride to afford the difluorostiborane platinum complex B.88  The harder 

fluoride ligands preferentially locate to the Lewis acidic and harder antimony (V) center.  More 

importantly, the anion exchange/redistribution reaction leads to a change in the polarization of 

the Sb-Pt bonding pair.  This pair becomes more polarized towards the platinum, which is thus 

in a more reduced form as confirmed by NMR studies and DFT calculations.88  The results 

point to the ability of halogenated antimony ligands to behave as coordination non-innocent 

ligands, and to modulate the electron density of the metal center.   

 

Figure 99. Anion-induced internal redox event. 

 

Compared to the classical tris(phosphino)antimony ligand used in complex A, we were 

motivated to question if a bis(phosphino)antimony ligand could achieve the maximum 

possibility for anion exchange.  Further, if all metal bound chlorides can be exchanged with 

fluorides and then located to the antimony center, would this lead to the formation of a 

trifluorostiborane and an unsaturated metal atom, stabilized by the M→Sb dative interaction? 

If so, we could envisage that the vacant site generated around the metal would be accessible 

for incoming substrates, making the metal complex suitable for electrophilic catalysis.   
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Figure 100. Schematic representation showing chloride-to-fluoride exchange reaction of a 

fully chlorinated antimony-metal complex. 

 

In this work, we report the successful implementation of this idea by describing the 

synthesis of a zero valent platinum complex bearing a trisfluorostiborane ligand.  The zero 

valent platinum is stabilized by the -accepting Sb(V) atom trans to a coordinating solvent 

molecule, such as acetonitrile.  While this coordination mode indicates an electrophilic metal 

center, the electrophilicity is not sufficient for alkyne activation towards nucleophilic attack. 

Further attempts to increase the Lewis acidity at the antimony site were successful by fluoride 

abstraction using Lewis acids or Brønsted acids.  As a result, a cationic monofluorostibine 

platinum complex formed, with a more oxidized platinum center. This resulting platinum 

complex displays an improved ability to activate alkynes towards alkene or other nucleophile 

addition. 

 

5.2 Trifluorostiborane-platinum complexes 

To put the hypothesis into practice, we started from a previously reported 

dichlorostiboranyl platinum complex 42, 268 which features three chlorides decorating the 

central core.  Treatment of complex 42 with three equivalents of TlF in the presence of 

donating solvent CH3CN or ligand CNCy, afforded complexes 52 and 53 quantitatively at 
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room temperature.  Isolated complexes 52 and 53 are very soluble in organic solvents CH2Cl2, 

CHCl3 and moderately soluble in CH3CN.   

 

Figure 101. Synthesis of 52 and 53. 

 
 The 31P NMR spectrum of 52 and 53 displays a doublet at 71.8 ppm, with a JF–P of 11.7 

Hz and a JPt–P of 3462 Hz.  Similar signal pattern was observed with 53, showing a resonance 

at 75.9 ppm, with a JF–P of 14.8Hz and a JPt–P of 3131 Hz.  For both complexes, the JPt–P 

coupling constants are relatively high, comparable to the values found for zero valent 

complexes forming adducts with a variety of Lewis acids.18-19, 269-271.  The reduced platinum 

center may be induced upon fluoride coordination to the antimony center, a phenomenon 

consistent with the above mentioned case of complex B.  19F NMR spectra further supported 

the coordination of three fluorides to antimony.  In complex 52, two signals in a 2:1 intensity 

ratio were observed with the chemical shifts of-79.5 ppm and -113.4 ppm, respectively, which 

could be assigned to the two equatorial fluorine atoms and one axial fluorine atom bound to 

antimony.  The same assignment applies to complex 53, which features two resonances at -

85.1 and -11.5 ppm. 

The crystal structures of complexes 52 and 53 were obtained and subjected to X-ray 

single crystal diffraction analysis.  The results confirmed that the three chloride ligands have 

been fully exchanged with three fluoride ligands, with two fluorine atoms trans from each other 
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and one fluorine atom trans from the platinum atom.  As a result, the antimony atom is in an 

octahedral geometry in both structures, as shown by the F(1)-Sb-Pt, F(2)-Sb-F(3) and C(1)-

Sb-C(19) angles which are close to linearity (Table 5).  The platinum centers of these two 

complexes retained a square planar environment, with the difference being the replacement of 

the chloride ligand by acetonitrile or cyclohexylisonitrile.  This square planar geometry is also 

evidenced by the Sb-Pt-(N1 for 52, C37 for 53) and P(1)-Pt-P(2) angles which are close to 

linearity.  The most notable features of these structures are the Sb-Pt bond distances of 

2.57974(19) in 52, and 2. 6215(11) in 53, which are significantly longer than that found in 

complex 42 (2.4408(5) Å).  While the Sb-Pt bond in complex 42 has been described as a 

covalent bond, the lengthening of the Sb-Pt bond distances in 52 and 53 suggests a polarized 

bonding situation, reminiscent to the polarization of Sb-Pt bonding towards platinum 

encountered in B. 

 

 

Figure 102. Solid state structure of 52 (left) and 53 (right).  Thermal ellipsoids are drawn at 

the 50% probability level.  Phenyl groups are drawn in wireframe.  Hydrogen atoms and 

solvent molecules are omitted for clarity.  Relevant metrical parameters can be found in the 

text or the experimental section. 
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Table 5. Selected bond lengths (Å) and angles (°) for complexes 52-CH3CN and 53 as 

determined crystallographically. 

 

Parameter 52 53 

Sb-Pt 2.57974(19)Å 2.6215(11)Å 

Pt-N1 (or C37) 2.125(2)Å 2.005(5)Å 

F(1)-Sb-Pt 178.65(6)° 172.71(9)° 

F(2)-Sb-F(3) 172.33(6)° 168.73(12)° 

F(1)-Sb-Pt 168.20(9)° 166.03(17)° 

Sb-Pt-N1(or C37) 176.39(6) 171.35(13) 

P(1)-Pt-P(2) 170.49(2) 172.31(4) 

 

To achieve a better understanding of the Sb-Pt bonding in 52 and 53, both structures 

have been studied computationally using DFT methods (Gaussian program, functional: BP86; 

mixed basis set: Sb/Pt: cc-pVTZ; P: 6-31g(d’); F: 6–31+g(d'); C/N/H: 6-31g).  Optimization 

was first performed on both structures and yielded a good agreement between the optimized 

structures and experimental values (Experimental section).  Frequency calculations further 

confirmed the accuracy of optimization, since no imaginary frequency was found.  The 

optimized structures were then subjected to NBO analysis, which identified natural localized 

molecular orbitals (NLMO) for the Sb-Pt interaction in the two complexes.  The NLMO of 

both complexes were shown to have a larger orbital contribution from platinum (Sb: 13.48%/ 

Pt: 69.56% for 52-CH3CN; Sb: 34.96%/Pt: 55.01% for 52-CNCy).  The result is in contrast to 

the electron distribution found in complex 42, which features a slightly larger orbital 

contribution from antimony than platinum (Sb: 49.09% / Pt: 45.12%).  It can be concluded that 

the Sb-Pt bonding of complexes 52 and 53 is polarized towards platinum, indicating a more 

reduced platinum center, which is consistent with the high JPt–P coupling constant observed in 



 

130 

 

the 31P NMR spectra.  Based on formal oxidation state assigment, the complex could be 

described as SbVPt0, with the platinum center being stabilized by a Pt→Sb donor-acceptor 

interaction.  This supported dative bonding depiction, involving an electron rich metal and a 

Lewis acidic site, resembles the dative bonds in Lewis base-Lewis acid adducts of general 

formula (PCy3)2Pt→LA (Figure 104).  However, it is worthwhile to note that the platinum 

center in 52 and 53 displays a square planar geometry because of coordination of a donating 

ligand trans from the acidic antimony center.  This differs from the T-shaped geometry 

encountered in the reported (PCy3)2Pt→LA examples.  It is likely that the platinum center in 

52 and 53 is less sterically encumbered than that in (PCy3)2Pt→LA, making it well-suited for 

catalysis. 

 

Figure 103.NBO plots of the major Sb-Pt bonding interactions in 52 (left) and 53 (right) 

(isodensity value = 0.04). Hydrogen atoms are omitted. 
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Figure 104. Reported examples showing a zero valent platinum center forms dative bonds with 

Lewis acids.  Complex 52 and 53 features a similar dative bonding to the Lewis acidic 

antimony site.  

 

5.3 Cationic monofluorostiboranyl platinum complexes  

Noting the isoelectronic relationship of the platinum center in in 52 and 53 with the 

gold centers in [C]+ and [D]+, in which the gold features the formal oxidation state +I and 

forms a dative Au→Z-ligand bond, we decided to test if the Lewis acidic platinum center 

would be competent for electrophilic catalysis, such as hydroamination of alkynes or enyne 

cyclizations, a set of reactions that [C]+ and [D]+ were reported to be capable of catalyzing.   

 

Figure 105. Side by side comparison showing complex 52 or 53 and recently reported 

[Au→Z]+complexes of type [C]+and [D]+. 

 

However, we found that 52 and 53 were not active, presumably because the zero-valent 

platinum center is not Lewis acidic enough.  This prompted us to search for strategies to 

enhance the Lewis acidity of the platinum center, while retaining its coordination environment.  
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With this in mind, we turned our attention to increase the -accepting ability of the antimony 

ligand, as means to increase the Pt→Z-ligand interaction.  While the Lewis acidity of antimony 

(III) center can be readily increased by oxidation to antimony (V), further increasing the Lewis 

acidity of antimony (V) is challenging.  Inspired by the idea that remote Lewis acid binding to 

basic sites on the ligand framework can cause alteration to the metal electronics and 

reactivity,272 we decided to try the acid binding to the three fluoride ligands using a Brønsted 

acid or a Lewis acid, as depicted in Figure 106. 

 

Figure 106. Hypothesized ligand post-synthetic modification through acid binding to the 

fluorine atoms, in order to enhance the Lewis acidity at the metal center. 

 

In pursuit of this idea, we chose HBF4 as the Brønsted acid, given that the non-

coordinating counter anion BF4
- is less likely to enter the primary coordination sphere.  

Reaction of complexes 52 and 53 with excess HBF4•Et2O in CH2Cl2 did not show obvious 

changes in colour or precipitation.  When the reaction was carried out in an NMR tube, a 

vigorous gas evolution was observed for about 5 mins.  Sizable colourless crystals formed on 

the side of the NMR tube over the course of 12 h.  These crystals were identified as new 

products 54 and 55 in 30-40% yield (Figure 107).   
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Figure 107. Reaction of complexes 52 and 53 with HBF4. The insert shows the crystals of 

54.   

 

The single crystal structures of 54 and 55 showed that instead of obtaining fluorine-

hydrogen bonding as expected, two fluorides were abstracted by HBF4, resulting in cationic 

complexes, as shown in Figure 108.  Both of these complexes feature a square pyramidal 

antimony center, with two carbon atoms and two fluorine atoms defining the square plane.  

One of the fluorine atoms is associated with the BF4
- unit.  While this BF4

- unit is interacting 

with antimony in the primary coordination sphere, another BF4
- unit forms an extended chain 

with excess HBF4 molecules by hydrogen bonding in the lattice, which could be formulated as 

BF4
-(HBF4)2 and BF4

-(HBF4) in 54 and 55, respectively.  Interestingly, excess HBF4 did not 

protonate the platinum bound CH3CN and CNCy ligands, leaving the platinum center in square 

planar geometry.  This phenomenon suggests that the platinum center is more acidic than the 

proton of HBF4.  Most importantly, the crystal structures reveal significant contractions of the 

Sb-Pt distances from 2.57974(19) Å in 52 to 2.4528(6) Å in 54 and from 2.6215(11) Å in 53 

to 2.4861(5) Å in 55.  The shortened Sb-Pt distances are comparable to that observed in 

complex 42 (2.4408(5) Å) (Table 1 and Table 6).  This fact indicates that the resulting 



 

134 

 

complexes may have similar redox states to that of complex 42, which we described as a SbIVPtI 

complex with a covalent Sb-Pt bond.  While it was expected that fluoride abstraction should 

lead to the formation of a stibonium center (cationic antimony (V)) and afford a stronger donor-

acceptor interaction Pt(0)→[Sb(V)]+ interaction, the resulting SbIVPtI core could be considered 

as an extreme case of the Pt→Sb interaction. That is, the stibonium center is highly Lewis 

acidic and pulls electron density towards itself, resulting in a reduced SbIV and an oxidized PtI 

center.   

Structural information regarding the isolated crystalline products were also collected 

by multi-nuclear NMR.  Crystalline product 54 showed two broad resonances at 59.3 ppm 

(75.5%, JPt–P=2649 Hz) and 50.8 ppm (24.5%, JPt–P=2311 Hz) in the 31P NMR spectra.  

Similarly, isolated crystals of product 55 showed two set of signals at 48.5 ppm (60%, JPt–

P=2226.8Hz) and 46.5 ppm (40%, JPt–P=2230.3Hz).  When compared to complexes 52 and 53 

(52: P 75.9 ppm, JPt–P 3462 Hz/53: 71.8 ppm, JPt–P 3131 Hz), the chemical shifts of 54 and 55 

appear to be notably upfield, and the coupling constants (2200-2700Hz) are significantly 

reduced. Such phenomena are typically observed for phosphine-platinum complexes upon 

oxidization.  The observation of two signals in 31P NMR spectra of these two complexes 

remains unexplained.  Possibly it is the dynamic coordination of BF4
- unit to the antimony 

center.  This might also explain the broadened 31P NMR signals of 54.  Two signals at -

149.3ppm and -150.5 ppm in the 19F NMR spectrum of 54, and -147.3 and -149.2 ppm of 55 

are diagnostic of the inner and outer sphere BF4
- counter anion.  The fluorine signals for the 

coordinated Sb-F are not observed.   

To probe the electronic structure changes, NBO analysis were carried out on the 

optimized structures of 54 and 55 (Gaussian program, functional: BP86; mixed basis set: Sb/Pt: 
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cc-pVTZ; P: 6-31g(d’); F: 6–31+g(d'); C/N/H: 6-31g).  As indicated by the NLMO of these 

two complexes, the Sb-Pt bond bears a slightly larger orbital contribution from antimony than 

platinum (Sb: 47.813%/ Pt: 45.690% for 54; Sb: 46.686%/Pt: 45.943% for 55), which are very 

close to that found in complex 42 (Sb: 49.09% / Pt: 45.12%).  Therefore, the computational 

results suggest profound covalent character of the Sb-Pt bond in the cationic complexes, 

correlating strongly with the shortened bond distances found for these complexes.  Taken 

collectively, the data corroborates the view that, as a consequence of fluoride abstraction, the 

electron density is pulled back towards antimony, leading to the re-formation of covalent 

bonding between antimony and platinum.   
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Figure 108. Top: Solid state structure of 54 (Top left) and 55 (Top right).  Thermal ellipsoids 

are drawn at the 50% probability level.  Phenyl groups are drawn in wireframe.  Hydrogen 

atoms and solvent molecules are omitted for clarity.  Relevant metrical parameters can be 

found in the experimental section. Bottom: NBO plots of the major Sb-Pt bonding 

interactions in 54 (Bottom left) and 55 (Bottom right). (isodensity value = 0.05). Hydrogen 

atoms are omitted. 

Table 6. Selected bond lengths (Å) for complexes 54 and 55 as determined 

crystallographically. 

Parameter 54 55 

Sb-Pt 2.4528(6) 2.4861(5) 

Pt-N1 (or C37) 2.152(9) 1.985(7) 

Sb-F(1) 1.972(7) 1.947(4) 

Sb-F(2) 2.499(8) 2.486(4) 

F(1)-Sb-Pt 98.61(16)° 102.09(14)° 
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Table 6 Continued. 

F(1)-Sb-F(2) 168.7(3)° 175.31(17)° 

F(2)-Sb-Pt 92.4(2)° 82.57(10)° 

Sb-Pt-N1 (or C37) 177.5(2) 175.6(2) 

P(1)-Pt-P(2) 169.96(7) 168.00(6) 

5.4 Catalytic properties of the cationic platinum complexes 

We speculated that the metal centers in the two cationic complexes are highly Lewis 

acidic, and sought to use them as electrophilic catalysts for enyne cyclization reactions.273-278  

As a powerful reaction to construct cyclic compounds, enyne cyclization reactions have been 

catalyzed by late transition metal complexes, including platinum complexes.279-280  Our model 

reactions were carried out using 1,6-enyne (dimethyl-2-allyl-2-(prop-2-ynyl)malonate) at 

room temperature in CH2Cl2, in the presence of 2% catalyst loading (Table 7).  Catalysts were  

Parameter 54 55 

generated in situ, by reaction of complexes 52 and 53 with HBF4, leading to full conversion 

of 1,6-enyne into vinylcyclopentene as the only product (entry 2).   
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In contrast, HBF4 did not catalyze the reaction even after 12 hours (entry 1).  For the 

purpose of proving the catalytic reactivity of the cationic platinum complexes, the isolated 

crystalline product of 54 was also used as catalyst, which showed comparable efficiency as the 

catalyst generated in situ (entry 4).  While HBF4 was considered to play the role of fluoride 

abstraction, other strongly Lewis acidic compounds were also used as additive to activate the 

precatalyst 52.  A notable Lewis acid B(C6F5)3 was chosen for the test.  Its stoichiometric 

reaction with the precatalyst 52 was monitored by 31P NMR and 19F NMR spectroscopy, which 

indicates the successful abstraction of fluoride and formation of cationic platinum complexes 

(Experimental section).  For the same reason, a newly developed stiborane SbCatCl(C6F5)3 

Lewis acid was also used to abstract the fluoride (Experimental section). Under the same 

conditions, the combination of precatalyst 52 and Lewis acid additives gave similar results, 

supporting our hypothesis that Lewis acids can also abstract the fluorides and impart reactivity 

to the metal center (entry 3-4).  To gather more information about the reactivity of the metal 

center, 55 was also tested as a catalyst for the same model reaction.  After 12 hours, only 30 

percent conversion was observed (entry 5).  Given that the catalysis step necessitates the 

dissociation of the Pt-bound ligand, the reduced efficiency of catalyst 55 might be rationalized 

by considering the greater donicity of CNCy when compared to CH3CN. 
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Table 7. 1,6-Enyne cyclization catalysis. 
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The results in Table 7 highlighted the ability of the cationic platinum complex 54  to activate alkynes 

towards nucleophilic attack.  It is important to note that other Lewis acids-activated cationic 

catalyst analogues, although not structurally characterized, showed comparable catalytic 

reactivity.  To further investigate the potential of 54 to catalyze other 1,6-enyne derivatives, 

(diethyl-2-allyl-2-(prop-2-ynyl)malonate, 3-(prop-2-yn-1-yloxy)prop-1-ene and N-allyl-4-

methyl-N-(prop-2-yn-1-yl)benzenesulfonamide were also used for catalysis under the same 

conditions.  However, only (diethyl-2-allyl-2-(prop-2-ynyl)malonate was shown to be 

converted into the desired product at similar rate.  The other two substrates remain intact.  

Similarly, we also tested hydroamination and propargylic amide cyclization reactions. 

Although the reaction proceeded, only low conversion (4-20%) was observed, suggesting 

deactivation of the catalyst (Experimental section). 

5.5 Conclusion 

In this work, we demonstrated that the dichlorostiboranyl-platinum chloride complex 

[Cl2R2SbPtCl] can be converted into trifuolorostiborane-platinum complexes of general 

formula [F3R2SbPtL].  The driving force for this process likely originates from the preference 

of the Lewis acidic antimony center for harder anions, such as fluoride.  As a consequence of 

this anion exchange event, internal redox reactions occurred, affording a more oxidized 

stiborane antimony center, and a more reduced platinum center.  In response to the oxidation 

state changes, the Sb-Pt bond changes from a more covalent bonding interaction into a donor-

acceptor interaction of Pt→Sb(V) character.  While the trifluorostiborane possesses notable -
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accepting ability to confer Lewis acidity to the adjoining metal, the inherently reduced 

platinum is not competent for electrophilic catalysis towards nucleophilic addition to alkyne.  

The catalytic reactivity of the platinum center was turned on by reacting the neutral 

stiborane platinum complex with HBF4 or Lewis acids, which afforded the cationic stiboranyl 

platinum complex.  The conversion of the stiborane back to a different form of stiboranyl, 

illustrates the ligand-centered coordination non-innocence in an opposite way.  Due to the 

cationic nature of the resulting complex, the platinum demonstrated considerable reactivity 

towards enyne cyclization.  As a whole, this work highlighted the ability of the antimony ligand 

to exhibit reversible coordination non-innocent behavior. More importantly, the ligand-

centered coordination non-innocence can significantly impact the electronic properties and 

reactivity of  the metal, fitting the paradigm of ligand-mediated metal catalysis. 

5.6 Experimental 

General considerations.  cis–PtCl2(Et2S)2,
176 [(o–(Ph2P)C6H4)2SbCl] and complex 42 were 

prepared according to the reported procedures.  Solvents were dried by passing through an 

alumina column (n–pentane and CH2Cl2) or by reflux under N2 over Na/K (Et2O and THF).  

All other solvents were used as received.  Commercially available chemicals were purchased 

and used as provided (Commercial sources: Acros Organics for TlF, and Bu4NF; Strem 

chemicals for CyNC).  Ambient temperature NMR spectra were recorded on a Varian Unity 

Inova 500 FT NMR (499.42 MHz for 1H, 125.58 MHz for 13C, 469.89 MHz for 19F, 202.16 

MHz for 31P).  Chemical shifts δ are given in ppm and are referenced against residual solvent 
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signals (1H, 13C) or external BF3–Et2O (19F) and 85% H3PO4 (
31P).  IR spectra were recorded 

on a Mattson ATI Genesis FT-IR spectrometer using KBr pellets. Elemental analyses were 

performed at Atlantic Microlab (Norcross, GA). 

 

Synthesis of 52. A CH2Cl2 solution (8 mL) of complex 42 (460 mg, 0.49 mmol) was mixed 

with 4 mL CH3CN solvent. After the mixture was stirred for 30 min, solid TlF (330mg, 1.46 

mmol) was added.  The reaction mixture was stirred for 16 h.  and resulted in pale yellow 

suspension.  After filtration through celite, the solvent was reduced under vacuum, affording 

an oily residue.  This residue was treated with Et2O (10 mL) leading to the precipitation of 52 

as a pale yellow solid.  Compound 52 was dried under vacuum and obtained in a 56.2% yield 

(256 mg).  Crystals of 52-(CDCl3) suitable for X-ray diffraction were obtained from slow 

evaporation of a CDCl3 solution of 52.  1H NMR (499.42 MHz; CDCl3): δ 7.01 (m, 2 H, o–

P(Sb)C6H4), 7.35 (t, 2 H, o–P(Sb)C6H4, 
3JH–H = 7.49 Hz), 7.45–7.54 (m, 16 H), 7.64 (t, 2 H, 

o–P(Sb)C6H4, 
3JH–H = 7.49 Hz), 7.86 (m, 4 H), 8.59 (d, 2 H, o–P(Sb)C6H4, 

3JH–H = 7.49 Hz).  

13C{1H} NMR (125.58 MHz; CDCl3): δ 128.5 (q, JC–P = 28.9 Hz), 129.3 (t, JC–P = 4.0 Hz), 

129.4 (t of d, -C6H5, CH, JC–P = 42.7Hz, J=5.9 Hz), 131.9 (d, -C6H5, CH, JC–P = 4.9Hz), 132.7 

(s), 133.5 (t, JC–P = 2.8 Hz), 134.2 (t of d, -C6H5, CH, JC–P = 24.6 Hz, J= 7.2 Hz), 135.3 (t, JC–

P = 8.5 Hz), 137.7 (t, JC–P = 29.1 Hz), 149.3 (t, JC–P = 17.7 Hz).  31P{1H} NMR (202.28 MHz; 

CDCl3): δ 71.8 (d, JF–P = 11.7 Hz, JPt–P = 3462 Hz), 19F{1H} NMR (470.2 MHz; CDCl3): δ -

83.8 (d, 2Feq, JFa-Feq = 40.1 Hz), -113.3 (t, 1Fa, JFeq-Fa = 40.1 Hz).   

 

Synthesis of 53.  CyNC (35 L, 0.29 mmol) was added to a stirred CH2Cl2 (5 mL) solution of 

complex 1 (270 mg, 0.29 mmol).  The solution turned from pale yellow to deep yellow 
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immediately.  After the mixture was stirred for 30 min, solid TlF (195mg, 0.86 mmol) was 

quickly added.  The reaction mixture was stirred for 16 h, which results in pale yellow 

suspension.  After filtration through celite, the solvent was removed under vacuum, affording 

an oily residue.  This residue was washed with 3 x 5 mL of Et2O, leading to the precipitation 

of 53 as a pale yellow solid.  Compound 53 was subsequently dried under vacuum and obtained 

in 58.6% yield (168 mg) as a pale yellow powder.  Crystals of 53 suitable for X-ray diffraction 

were obtained by slow diffusion of Et2O into a concentrated CH2Cl2 solution of 53 at room 

temperature.  1H NMR (499.42 MHz; CDCl3): δ 7.15 (q, 2 H, o–P(Sb)C6H4, 
3JH–H = 6.49 Hz), 

7.51 (q, 6 H, 3JH–H = 7.49 Hz), 7.60 (t, 4 H, 3JH–H = 7.49 Hz), 7.64–7.66 (m, 12 H), 7.72 (t, 2 

H, 3JH–H =7.99 Hz), 8.48 (d, 2 H, o–P(Sb)C6H4, 
3JH–H = 7.49 Hz).  13C{1H} NMR (125.58 

MHz; CDCl3): δ 125.0 (t, JC–P = 30.9 Hz), 125.8 (t, JC–P = 30.1 Hz), 130.3 (t of d, -C6H5, CH, 

JC–P = 37.7 Hz, J = 6.0 Hz), 131.1 (t, JC–P = 4.5 Hz), 133.3 (s, -C6H5, CH), 133.6 (s), 133.9 (t, 

JC–P = 4.2 Hz), 134.1 (t of d, -C6H5, CH, JC–P = 27.9 Hz, J = 7.4 Hz), 135.3 (t, JC–P = 7.8 Hz), 

148.8 (t, JC–P = 16.1 Hz).  31P{1H} NMR (202.28 MHz; CD2Cl2): δ 75.9 ((d, JF–P = 14.8 Hz, 

JPt–P = 3131 Hz), 19F{1H} NMR (470.2 MHz; CD2Cl2): δ -85.1 (d, 2Feq, JFa-Feq = 34.8 Hz), -

112.5 (m, 1Fa, JFeq-Fa = 34.8 Hz, JP–F = 14.8 Hz).   

 

General procedure for catalytic enyne cyclization reactions.  Catalytic reactions were 

carried out in air.  In a typical reaction, the enyne (~0.5 mmol) was dissolved in CH2Cl2 (2 

mL).  After addition of the catalyst (2 mol% loading), conversion was estimated using 1H NMR 

spectroscopy. 
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Computational Details.  Density functional theory (DFT) structural optimizations were 

carried with the Gaussian 09 suite of programs with effective core potentials on all heavy atoms 

(functional: BP86; mixed basis set: Sb/Au: cc–pVTZ–PP; P/Cl: 6–31g(d); C/O/H: 6–31g, F: 

6–31+g(d').  The optimized structures, which are in good agreement with the solid state 

structures (Table 8, were subjected to a NBO analysis.260  The resulting NBOs were visualized 

and plotted using Jimp 2 program.179 

Crystallographic Measurements.  The crystallographic measurements were performed at 

110(2) K using a Bruker APEX–II CCD area detector diffractometer (Mo-K radiation, l = 

0.71069 Å).  In each case, a specimen of suitable size and quality was selected and mounted 

onto a nylon loop.  The structures were solved by direct methods, which successfully located 

most of the non-hydrogen atoms.  Semi–empirical absorption corrections were applied.  

Subsequent refinement on F2 using the SHELXTL/PC package (version 6.1) allowed location 

of the remaining non–hydrogen atoms. 

Figure 109. 1H NMR spectrum of 52 in CD2Cl2. 
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Figure 110. 13C NMR spectrum of 52 in CD2Cl2. 

Figure 111. 31P NMR spectrum of 52 in CD2Cl2. 

Figure 112. 19F NMR spectrum of 52 in CD2Cl2. 
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Figure 113. 1H NMR spectrum of 53 in CD2Cl2.  

Figure 114. 13C NMR spectrum of 53 in CD2Cl2.  

Figure 115. (above) 31P NMR spectrum of 53 in CD2Cl2.  (below) Magnified spectrum 

corresponding to 53. 
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Figure 115. Continued

Figure 116. 19F NMR spectrum of 53 in CD2Cl2. 

Figure 117.1H NMR spectrum of 54 in CD2Cl2. 
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Figure 118. 31P NMR spectrum of 54 in CD2Cl2. 

 

Figure 119. 19F NMR spectrum of 54 in CD2Cl2. 
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Figure 120. 1H NMR spectrum of 55 in CD2Cl2. 

 

 

Figure 121. 31P NMR spectrum of 55 in CD2Cl2. 
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Figure 122. 19F NMR spectrum of 55 in CD2Cl2. 

 

 

Figure 123. 31P NMR spectra for reaction of 53 with excess HBF4 or two equivalents of 

B(C6F5)3 in CH2Cl2, showing the same resonance at 48.5 ppm, Jpt-p=2239 Hz.   

 

53+ excess HBF4

53+ 2 B(C6F5)3

31P NMR 48.5 ppm, Jpt-p=2239 Hz
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Figure 124. 19F NMR spectrum for reaction of 53 with two equivalents of B(C6F5)3 in 

CH2Cl2, showing one set of signals corresponding to the formation of [FB(C6F5)3]
-. 

 

Figure 125. 31P NMR spectra for reaction of 53 with SbCatCl(C6F5)3 in CH2Cl2. The addition 

of 1.25 equivalents of SbCatCl(C6F5)3 results in one resonance at 63.7 ppm, Jpt-p=2607 Hz.   

 

53+ 2 B(C6F5)3

Within 20 mins

After 2 days 

53+ 1 SbCatCl(C6F5)3

53+ 1.25 SbCatCl(C6F5)3
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Figure 126.  19F NMR spectra for reaction of 53 with SbCatCl(C6F5)3 in CH2Cl2.  The 

addition of 1 or 1.25 equivalents of SbCatCl(C6F5)3 result in the same signals corresponding 

to the formation of [SbFCatCl(C6F5)3]
-. 

53+ 1 SbCatCl(C6F5)3

53+ 1.25 SbCatCl(C6F5)3
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Figure 127. Comparative 1H NMR spectra of enyne cyclization catalysis. 

Table 8. Selected bond lengths (Å) and angles (°) for complexes 52 and 53 as determined 

crystallographically and optimized computationally. 

Parameter 52 53 

X-ray DFT X-ray DFT 

Sb-Pt 2.57974(19) 2.6869 2.6215(11) 2.7451 

a
b

c
de

HBF4

2% 54

2% 52

2% 52+2B(C6F5)3

2% 52+SbCatCl(C6F5)3
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Table 8 Continued. 

Pt-N1 

(or C37) 

2.125(2) 2.1273 2.005(5) 1.9806 

Sb-F1 1.9697(14) 2.0160 1.981(3) 2.0223 

Sb-F2 1.9922(13) 2.0318 1.991(3) 2.0295 

Sb-F3 1.9811(14) 2.0185 1.988(3) 2.0445 

Sb-C1 2.160(2) 2.2002 2.179(5) 2.2018 

Sb-C19 2.162(2) 2.1972 2.180(4) 2.2039 

Pt-P1 2.2918(6) 2.3148 2.2881(15) 2.3225 

Pt-P2 2.2816(6) 2.3169 2.2914(15) 2.3290 

F(1)-Sb-Pt 178.65(6)° 179.13 172.71(9)° 175.06 

F(2)-Sb-F(3) 172.33(6)° 178.15 168.73(12)° 179.67 

C(1)-Sb-C(19) 168.20(9)° 168.62 166.03(17)° 166.41 

Sb-Pt-N1 

(or C37) 

176.39(6)° 174.16 171.35(13)° 171.71 

P(1)-Pt-P(2) 170.49(2)° 171.39 172.31(4)° 166.57 

Table 9. Selected bond lengths (Å) and angles (°) for complexes 54 and 55 as determined 

crystallographically and optimized computationally. 

Parameter 54 55 

X-ray DFT X-ray DFT 

Sb-Pt 2.4528(6) 2.4933 2.4861(5) 2.5566 

Pt-N1 

(or C37) 

2.152(9) 2.0432 1.985(7) 1.9767 

Sb-F1 1.972(7) 1.9763 1.947(4) 1.9827 

Sb-F2 2.499(8) 2.3473 2.486(4) 2.3488 

Sb-C1 2.104(8) 2.1269 2.103(7) 2.1371 

Sb-C19 2.106(8) 2.1290 2.105(7) 2.1326 

Parameter 52 53 

X-ray DFT X-ray DFT 
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Table 9 Continued. 

Pt-P1 2.312(2) 2.3670 2.3073(17) 2.3626 

Pt-P2 2.3049(19) 2.3589 2.3117(17) 2.3619 

F(1)-Sb-Pt 98.61(16)° 110.78 102.09(14)° 107.75 

C(1)-Sb-C(19) 142.3(4)° 142.33 142.2(3)° 146.49 

Sb-Pt-N1 

(or C37) 

177.5(2)° 170.81 175.6(2)° 173.46 

P(1)-Pt-P(2) 169.96(7)° 167.81 168.00(6)° 165.96 

Parameter 54 55 

X-ray DFT X-ray DFT 
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CHAPTER VI 

CONCLUSION 

6.1 Photochemical activation of M-X bond 

In search of novel main group-based redox active platforms for solar fuel production, 

a pair of redox active antimony-platinum molecular platforms 42 Cl2SbIVPtICl3(o-dppp)2 and 

43 have been synthesized. The reduced complex 42, obtained from complexation of a platinum 

precursor cis–PtCl2(Et2S)2 by chlorostibine ligand, can be readily oxidized by PhICl2, giving 

rise to the thermally stable complex 43.  Complex 43, featuring five chlorine atoms decorating 

the central core, undergoes efficient photo reductive elimination of Cl2.  This photoreduction 

is very efficient, with a maximum quantum yield of 13.8% when carried out in a 4.4 M solution 

of 2,3-dimethyl-1,3-butadiene in CH2Cl2.  Remarkably, it also evolves chlorine when irradiated 

in the solid state under ambient conditions in the absence of a trap.  DFT calculations support 

that this chlorine photoreductive elimination reaction is indeed endergonic.   

 

6.2 Redox non-innocent behavior of a telluroether ligand  

While Ph2Te is oxidized into Ph2TeCl2 in the presence of (tht)AuCl (tht = 

tetrahydrothiophene), reaction of a telluroether ligand (o-(Ph2P)C6H4)2Te (first developed by 

Dr. Lin), with the same gold reagent affords a stable telluroether gold complex 44.  The 

resulting complex features a Te→Au dative bond.  Oxidation of it with H2O2 affords the 

corresponding telluroxide gold complex 46.  Natural Bond Orbital analysis shows that 

oxidation of 44 into 46 results in a umpolung of the Te-Au bond which switches from Te→Au 

in 44 to Au→Te in 46.  This result showed that the telluroxide moiety can act as a Z-type 
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ligand, which revealed the first time the redox non-innocent behavior of tellurium ligands in 

the coordination sphere of gold. 

 

6.3 Activation of an electrophilic gold catalyst  

In search of new platforms that support redox-controlled catalysis, the non-innocent 

behavior of chlorostibine ligands coordinated to gold was investigated.  The gold 

cholorostibine complex ((o-(Ph2P)C6H4)2SbCl)AuCl (47-Cl) undergoes a clean oxidation 

reaction when treated with PhICl2.  This oxidation reaction affords the corresponding 

trichlorostiborane complex ((o-(Ph2P)C6H4)2SbCl3)AuCl (49-Cl) which can be converted into 

the more tractable trifluoride analog ((o-(Ph2P)C6H4)2SbF3)AuCl (50-Cl) by treatment with a 

fluoride source.  As supported by experimental and computational results, these complexes 

possess a Au→Sb donor–acceptor interaction which is distinctly stronger in the oxidized 

complexes 49-Cl and 50-Cl.  Both 47-Cl and 50-Cl undergo a clean chloride abstraction 

reaction to afford the corresponding cationic gold species [((o-(Ph2P)C6H4)2SbCl)Au]+ ([47]+) 

and [((o-(Ph2P)C6H4)2SbF3)Au]+ ([50]+) which have been isolated as SbF6
- salts.  As a result 

of a stronger Au→Sb interaction, cation [50]+ features a more Lewis acidic gold center.  It 

forms an isolable adducts with a variety of Lewis bases, including water, 4-

dimethylaminopyridine, p-toluidine and THF.  It also activates terminal alkynes toward 

hydroamination with arylamines.  These results demonstrate that the redox state of non-

innocent Z-ligands can be used to control the catalytic activity of the adjoining metal center. 
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6.4 Accessing a SbVPt0 and a cationic SbIVPtI complexes 

Ligand platforms amenable to post-synthetic modification has been pursued to activate 

the metal center towards catalysis.  In this work, we investigated the coordination non-

innocence behavior of a dihalogenated stiboranyl ligand, and a trifluorostiborane ligand in the 

coordination sphere of platinum.  The previously reported dichlorostiboranyl platinum 

complex 42, Cl2SbIVPtICl(o-dppp)2, can be readily converted into a trifluorostiborane platinum 

complex 52 and 53 (F3SbVPt0L(o-dppp)2, L= acetonitrile) by chloride-to-fluoride exchange.  

The anion exchange event caused internal redox reactions, with complex 52 and 53 being best 

described as SbVPt0.  NBO analysis suggests that the zero valent platinum center is stabilized 

by the donor-acceptor interaction Pt(0)→Sb(V), indicative of a Lewis acidic low-valent 

platinum center.  Attempts to convert the coordinated stiborane to the cationic stibonium as a 

means to enhance the Pt(0)→[Sb(V)]+ interaction, led to the isolation of cationic 

monofluorostibine platinum complex 54 and 55, by reacting complexes 52 and 54 with HBF4, 

respectively.  Complex 54 and 55 features a more oxidized and more Lewis acidic platinum 

center, which displays reactivity towards enyne cyclization catalysis.  The results speak for the 

antimony-centered coordination non-innocence, highlighting the potential of halogenated 

antimony ligand to undergo post-synthetic anion coordination or dissociation, and tune the 

electronic properties and catalytic reactivity of the adjoining transition metal center. 

 

6.5 Summary of halogenated antimony ligands 

 In search of strongly Lewis acidic antimony and tellurium ligands to enable new ligand-

mediated catalysis, this dissertation presented my major work on halogen functionalized 

antimony ligands, and the reactivity of their late transition metal complexes.  The chlorostibine 
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ligand, incorporated with supporting donors, proved to be a robust Z-type ligand.  It can 

activate metal-halide bond or draw electron density from the adjoining metal upon 

complexation due to its Z-type ligand function, as shown in the formation of complex 42 and 

complex 47-Cl.  In particular, the dichlorostiboranyl ligand, derived from the chlorostibine 

ligand, was a redox responsive ligand platform, as evidenced by its dual function in facilitating 

the metal-centered oxidative addition and reductive elimination.  Such potential originates 

from its inherent -donating ability, and Lewis acidity conferred by the electron-withdrawing 

chlorine atoms.  This ligand-mediated redox chemistry allowed us to obtain the antimony-

platinum complexes for photo reductive elimination of chlorine (Chapter II).  Further, 

chlorostibine Z-type ligand showed its potential to sustain oxidation reactions in the 

coordination sphere of the coordinated metal, which enhances the M→Z-ligand interaction, 

therefore activating the metal center for electrophilic catalysis. This antimony ligand-centered 

redox non-innocent behavior was investigated for the activation of a gold catalyst towards 

hydroamination (Chapter VI).  In addition, the above-described dichlorostiboranyl ligand 

demonstrated its ability to facilitate chloride-to-fluoride exchange within the bimetallic core, 

which induces internal redox reactions and free the metal site for catalysis.  Remarkably, the 

resulting fluoroantimony ligands, such as trisflluorostiborane, possess a second pathway to 

tune the reactivity of the metal center, through F-H or F-Lewis acids interaction.  This 

antimony ligand-centered coordination non-innocent behavior was explored for accessing an 

active platinum catalyst for enyne cyclization (Chapter V).  
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APPENDIX TO CHAPTER IV 

Structures provided in this section were Lewis acid-Lewis base adducts, involving the 

gold catalyst [50][SbF6] and different Lewis basic molecules or anions, including 4-

dimethylaminopyridine, p-toluidine, THF, and fluoride.  Although these cationic complexes 

were not tested for carbophilic catalysis, they provide a better understanding the Lewis acidity 

of the active gold catalyst.  The crystals were generally obtained by layering pentane on top of 

the concentrated CH2Cl2 solution of [50][SbF6] and the Lewis bases.  Detailed crystallization 

methods were provided in the following. 

Crystallization of [50-DMAP][SbF6]: To a CH2Cl2 solution (1 mL) of approx. 20mg of 

[50][SbF6], was slowly added a CH2Cl2 solution (0.5 mL) of 4-dimethylaminopyridine (5.4mg, 

2.5 equiv.).  The mixed CH2Cl2 solution was filtered into a clean NMR tube, which was then 

layered on top with an approx. 1mL of dry pentane.  Sizable colorless crystals formed on the 

side of the NMR tube over the course of two days.  

 

 

Figure 128. Structure of complex [50-DMAP][SbF6]. 
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Table 10. Crystal data collection and refinement parameters for complex [50-DMAP][SbF6]. 

 

 [50-DMAP][SbF6] 

chemical formula C45 H42 Au Cl4 F9 N2 P2 Sb2 

crystal colour colourless 

Fw; F(000) 1426.01; 2744 

T (K) 110(2) 

wavelength (Å) 0.71073 

space group P 21 21 21 

a (Å) 14.859(6) 

b (Å) 16.850(7) 

c (Å) 19.657(8) 

α (deg) 90.00 

β (deg) 90.00 

γ (deg) 90.00 

Z 4 

V (Å3) 4921(3) 

ρcalcd (g∙cm-3) 1.925 

µ (mm-1) 4.415 

θ range (deg); completeness 1.72 − 28.56; 0.998 

collected reflections; Rσ 60538; 0.0495 

unique reflections; Rint  60538; 0.0500 

R1a; wR2b [I > 2σ(I)] 0.0669; 0.1712 

R1; wR2 [all data] 0.0779; 0.1798 

GOF 1.049 

largest diff peak and hole 4.634 and -2.004 
a R1=Σ(||Fo|-|Fc||)/Σ|Fo|.  

b wR2={Σ[w(Fo
2–Fc

2)2]/Σ[w(Fo
2)2]}½ 

 

Crystallization of [50-p-toluidine][SbF6]: To a CH2Cl2 solution (1 mL) of approx. 

20mg of [50][SbF6], was slowly added a CH2Cl2 solution (0.5 mL) of p-toluidine (4.0 mg, 2.1 

equiv.).  The mixed CH2Cl2 solution was filtered into a clean NMR tube, which was then 

layered on top with an approx. 1mL of dry pentane.  Sizable colorless crystals formed on the 

side of the NMR tube over the course of two days.  
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Figure 129. Structure of complex [50-p-toluidine][SbF6]. 

 

Table 11. Crystal data collection and refinement parameters for complex [50-p-

toluidine][SbF6]. 

 

 [50-p-toluidine][SbF6] 

chemical formula C46 H37 Au Cl4 F9 N P2 Sb2 

crystal colour colourless 

Fw; F(000) 1418.97; 2720 

T (K) 110(2) 

wavelength (Å) 0.71073 

space group P 21/c 

a (Å) 15.525(4) 

b (Å) 17.213(4) 

c (Å) 18.875(5) 

α (deg) 90.00 

β (deg) 108.060(3) 

γ (deg) 90.00 

Z 4 

V (Å3) 4796(2) 

ρcalcd (g∙cm-3) 1.965 

µ (mm-1) 4.530 

θ range (deg); completeness 1.64 − 28.62; 0.986 

collected reflections; Rσ 57089; 0.1023 
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Table 11Continued. 

unique reflections; Rint  57089; 0.1168 

R1a; wR2b [I > 2σ(I)] 0.0661; 0.1580 

R1; wR2 [all data] 0.1128; 0.1823 

GOF 1.027 

largest diff peak and hole 3.713 and -1.920 
a R1=Σ(||Fo|-|Fc||)/Σ|Fo|.  

b wR2={Σ[w(Fo
2–Fc

2)2]/Σ[w(Fo
2)2]}½ 

 

Crystallization of [50-THF][SbF6]: To a CH2Cl2 solution (1 mL) of approx. 20mg of 

[50][SbF6], was slowly added a 0.1 mL of dry THF.  The mixed solution was filtered into a 

clean NMR tube, which was then layered on top with an approx. 1mL of dry pentane.  Sizable 

colorless crystals formed on the side of the NMR tube over the course of two days.  

 

Figure 130. Structure of complex [50-THF][SbF6]. 

 

Table 12. Crystal data collection and refinement parameters for complex [50-THF][SbF6]. 

 

 [50-THF][SbF6] 

chemical formula C41 H38 Au Cl2 F9 O P2 Sb2 

crystal colour colourless 

Fw; F(000) 1291.02; 2472 

T (K) 110(2) 
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Table 12 Continued. 

wavelength (Å) 0.71073 

space group P 21/c 

a (Å) 11.876(4) 

b (Å) 17.644(6) 

c (Å) 21.382(7) 

α (deg) 90.00 

β (deg) 102.376(4) 

γ (deg) 90.00 

Z 4 

V (Å3) 4376(2) 

ρcalcd (g∙cm-3) 1.960 

µ (mm-1) 4.836 

θ range (deg); completeness 1.76 − 28.56; 0.983 

collected reflections; Rσ 50119; 0.0445 

unique reflections; Rint  50119; 0.0537 

R1a; wR2b [I > 2σ(I)] 0.0367; 0.0795 

R1; wR2 [all data] 0.0576; 0.0915 

GOF 1.028 

largest diff peak and hole 1.966 and -2.295 
a R1=Σ(||Fo|-|Fc||)/Σ|Fo|.  

b wR2={Σ[w(Fo
2–Fc

2)2]/Σ[w(Fo
2)2]}½ 

Synthesis and crystallization of 50-F: A CH2Cl2 solution of TBAT (5.0 mg, 0.5 mL) 

was slowly added to a CH2Cl2 solution of [50][SbF6] (10.6 mg, 0.5 mL).  The mixed solution 

was filtered into a clean NMR tube, which was then layered on top with an approx. 1mL of dry 

pentane.  Sizable colorless crystals formed on the side of the NMR tube over the course of two 

days.  
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Figure 131. Structure of a zwitterionic complex 50-F. 
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Table 13. Crystal data collection and refinement parameters for complex 50-F. 

 

 50-F 

chemical formula C36 H28 Au F4 P2 Sb 

crystal colour colourless 

Fw; F(000) 917.24; 1760 

T (K) 110(2) 

wavelength (Å) 0.71073 

space group P 21/c 

a (Å) 14.623(3) 

b (Å) 12.134(3) 

c (Å) 17.882(4) 

α (deg) 90.00 

β (deg) 108.580(2) 

γ (deg) 90.00 

Z 4 

V (Å3) 3007.4(11) 

ρcalcd (g∙cm-3) 2.026 

µ (mm-1) 5.929 

θ range (deg); completeness 2.06 − 28.46; 0.955 

collected reflections; Rσ 34024; 0.0232 

unique reflections; Rint  34024; 0.0284 

R1a; wR2b [I > 2σ(I)] 0.0204; 0.0450 

R1; wR2 [all data] 0.0232; 0.0459 

GOF 1.051 

largest diff peak and hole 0.832 and -0.767 
a R1=Σ(||Fo|-|Fc||)/Σ|Fo|.  

b wR2={Σ[w(Fo
2–Fc

2)2]/Σ[w(Fo
2)2]}½ 
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Figure 132. 31P NMR spectrum of zwitterionic complex 50-F in CH2Cl2. 

 

 

Figure 133. 19F NMR spectrum of zwitterionic complex 50-F in CH2Cl2. 

 

Crystallization of complex 56 : [50][SbF6] (approx. 12 mg) was first dissolved in 

regular acetonitrile (1mL), which was filtered into a clean NMR tube.  The acetonitrile solution 

was then layered on top with an approx. 1mL of pentane.  Small amount of sizable, colorless 

crystals formed on the side of the NMR tube over the course of two days. 
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Figure 134. Structure of complex 56.   

 

Table 14. Crystal data collection and refinement parameters for complex 56. 

 

 56 

chemical formula C37 H31 Au F9 N O P2 Sb2 

crystal colour colourless 

Fw; F(000) 1179.03; 1120 

T (K) 110(2) 

wavelength (Å) 0.71073 

space group P-1 

a (Å) 12.671(3) 

b (Å) 14.242(4) 

c (Å) 14.892(7) 

α (deg) 109.511(4) 

β (deg) 108.753(4) 
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Table 14 Continued. 

γ (deg) 104.232(3) 

Z 2 

V (Å3) 2202.9(13) 

ρcalcd (g∙cm-3) 1.778 

µ (mm-1) 4.678 

θ range (deg); completeness 1.71 − 28.41; 0.918 

collected reflections; Rσ 24957; 0.0792 

unique reflections; Rint  24957; 0.0520 

R1a; wR2b [I > 2σ(I)] 0.0498; 0.1105 

R1; wR2 [all data] 0.0815; 0.1223 

GOF 1.037 

largest diff peak and hole 2.610 and -1.793 

a R1=Σ(||Fo|-|Fc||)/Σ|Fo|.  
b wR2={Σ[w(Fo

2–Fc
2)2]/Σ[w(Fo

2)2]}½ 
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APPENDIX TO CHAPTER V 

Structures provided in this section were analogues to complex 52, Chapter V. 

Synthesis and crystallization of [52-Cl] NnBu4: A CH2Cl2 solution (4 mL) of TBAF 

(242 mg, 0.76 mmol) was slowly added to a CH2Cl2 solution (10 mL) of complex 42 (181.5 

mg, 0.19 mmol).  The solution turned from cloudy to clear, and was stirred for 16h.  The 

reaction solution was concentrated.  Crystals of [52-Cl] NnBu4 suitable for X-ray diffraction 

were obtained from slow evaporation of the CH2Cl2 solvent over the course of two weeks. 

 

Figure 135. Synthesis and crystal structure of complex [52-Cl] NnBu4. 

 

 

Figure 136. 31P NMR spectrum of complex [52-Cl] NnBu4 in CH2Cl2. 

 

71.84 ppm, 1JPt-P = 3342 Hz
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Figure 137. 19F NMR spectrum of complex [52-Cl] NnBu4 in CH2Cl2. 

 

Table 15. Crystal data collection and refinement parameters for complex [52-Cl]NnBu4. 

 

 [52-Cl]NnBu4 

chemical formula C52 H64 Cl F3 N P2 Pt Sb 

crystal colour colourless 

Fw; F(000) 1174.27; 1172 

T (K) 110(2) 

wavelength (Å) 0.71073 

space group P -1 

a (Å) 11.307(5) 

b (Å) 12.186(5) 

c (Å) 18.702(8) 

α (deg) 100.725(5) 

β (deg) 92.241(5) 

γ (deg) 102.987(4) 

Z 2 

V (Å3) 2458.3(18) 

ρcalcd (g∙cm-3) 1.586 

µ (mm-1) 3.558 

θ range (deg); completeness 1.85 − 28.24; 0.958 

-80.2 ppm

-106.50ppm
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Table 15 Continued. 

collected reflections; Rσ 28321; 0.0960 

unique reflections; Rint  28321; 0.0645 

R1a; wR2b [I > 2σ(I)] 0.0562; 0.1313 

R1; wR2 [all data] 0.1007; 0.1507 

GOF 1.022 

largest diff peak and hole 3.363 and -2.502 

a R1=Σ(||Fo|-|Fc||)/Σ|Fo|.  
b wR2={Σ[w(Fo

2–Fc
2)2]/Σ[w(Fo

2)2]}½ 

 

Synthesis and crystallization of [52-Cl]Tl: A CH2Cl2 solution (6 mL) of complex 42 

(75 mg, 0.079 mmol) was mixed with 2 mL of benzene solvent. After the mixture was stirred 

for 30 min, solid TlF (55 mg, 0.24 mmol) was added.  The reaction mixture was stirred for 16 

h. and resulted in pale yellow suspension.  After filtration through celite, the solution was 

concentrated.  Crystals of [52-Cl]Tl suitable for X-ray diffraction were obtained from slow 

diffusion of Et2O into the concentrated solution.  31P{1H} NMR (202.28 MHz; CDCl3): δ 71.4 

(major, br, weak), δ 44.1(minor impurity, s, weak).  19F{1H} NMR (470.2 MHz; CDCl3): δ -

74.8 (br weak, 2Feq), -103.1 (br, weak 1Fa), -144.8 (impurity, s).   

 

Figure 138. Synthesis and crystal structure of complex [52-Cl]Tl. 

 




