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Absttact 

This work examines the concepts of steric and electronic stabiiization and provides 

a rationaie for their application to the structure and bonding of group 15 (Pnictogen) 

elements. 

Synthetic and ab Dtitio studies demonstrate that electronic factors deterrnine the 

bonding of pnictogenium cations (group 15 carùenoids) and suggest that the dimerization 

of arsenium cations is a soiid-state packing phenomenon. The contrasting cycloaddition 

reactivity of phospheniurn and arsenium cations is explaine6 The 2,4,6 

tns(trifluoromethyl)phenyl (Fmes) substituent is not suitable for the stabiiization of 

pnictogenium cations. 

Identical reactions involving the bulky 2,4,6-trLfbutylphenyl (Mes*) and slightly 

smder 2,6-diisopropylphenyl (Dip) Ligands yield either trisaminopnictines, pnictazanes or 

iminoaminopnictines &pendhg on the pnictogen atom. A stenc scale of relative 

thermodynamic stability for the structure and bonding of compounds containing the N - h -  

N (hi = P, As, Sb, Bi) moiety is formulated. 

Study of the unprecedented dimerization of Mes*N=P-0S02CF3 yields a 

quaütative assessrnent of kinetic and thermodynamic effect. of bullcy substituents. 

Reagents that allow for the synthesis of cornpounds containuig the @Aes*N=As] fragment 

are descrîbed. These will ailow for the development of a new chapter of main group 

inorganic chemistry. 

Pn = P, As, Sb, Bi 
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Chapter 1. Introduction to the Thesis. 

1.1 General Introduction 

The Pnictogens (group 15 etements) are a family of elements that occupy an 

interesting part of the main group (pblock) of the periodic table.' The lighter elements (N 

and P) are non-metals that are mainstays of organic and biological chernistry; the heaviest 

member of the group, bismuth, is a heavy metal, while the remaining elements, arsenic and 

antimony, are two of the six medioids in the periodic table. The importance of the 

pnictogens is reflected in the immense variety of compounds in which they are found 

including the ubiquitous (e.g. N ), the essential (e.g. amino acids), the exotic (e.g. 
2(g) 

GaAs) and the deady (e.g. Sarin). 

The goals of this thesis, in a general sense, are to obtain a better understanding 

of the bonding properties of group 15 elements and to document and rationalize the 

similarities and ciifferences in the behaviour of analogous pnictogen compounds. 

Specifically, the bonding and reactivity of compounds containing pnictogen atoms in low- 

coordinate and electron deficient bonding environments (vide infa) are examined 

syntheticat1 y and theoretically . Additionaily , the effects of some commonl y used stericall y 

demanding substituents (vide in*) on the structure and bonding of such compounds is 

examined and such substituents are used to control the bonding in the pnictogen species. 

Because of the variety of projects examined in this thesis, each chapter contains 

an htroductory section to acquaint the reader with the appropriate background information 

for the materiat that immediately follows. In addition, the conclusion section of each 

chapter contains suggestions for work to be done in the future for each project. The 

general introduction below consists of information pertaining to the pnictogens and their 

bonding, a brief introduction to lowcoordinate compounds and an examination of the use 



of stericdy demanding substituents in the isolation of low-coordinate species. The 

nomenclature of compounds used thmughout this thesis conforms to that commonly found 

in the literahue of this field (which is often derived fiom the nomenclature of organic 

chemistry) and does not necessarily foliow the conventions of IUPAC. Important 

compounds are numbered in each chapter (these are cross referenced when necessary) and 

ab initio mode1 compounds are indicated with an apostrophe. 

1.2 Group 15 Elements - "Pnictogens" 

1.2.1 General Properties 

Some generai information about each pnictogen element and other selected 

elements relevant to the thesis is listed in Table 1.1 and Table 1.2. respective~y.u*4*5v6 

Table 1 ,le Properties of group 15 elements. 

Element 

N 

P 

! A s  

Sb 

Bi 

Z 

7 

15 

33 

51 

83 

Atomic m a s  

(g/mol) 

14.00674(7) 

30.973762(4) 

74.92159(2) 

121.760(1) 

208.98037(3) 

EIectronegaîivity 

Pauling (Allen) 

3.04 (3.066) 

2.19 (2.253) 

2.18 (2.21 1) 

2-05 (1.984) 

2.02 (nid) 

VDW. 

Covalent 

radü (A) 

Isotopes (%), 1 

1.55, 0.73 

1.85, 1-10 

2.0, 1.2 1 

2.2, 1-41 

2.3, 1-52 

1 4 ~  (99.634). 1 

l S ~  (0.366), 1/2 

31p (100). 112 

75& (LOO), 3/2 

Iz1!Sb (57.36), SR 

luSb (42.64), 7/2 

2?Bi(100),9/2 



Table 1.2. Electronegativity and radü for elements bonded to pnictogen atoms in this 

thesis. 
-- 

Element 1 Electronegativity ( VDW, covalent radü (A) 
1 Pauling (Ailen) 

Examples of typical Ri-element bond lengths wiU be given throughout the thesis; however, 

various crystallographically detellZLined main group element bond lengths have been 

assembled in a review.' 

1.2.2 Characterization of Compounds 

Because only the spin ln nuclei 3 1 ~  and "N can be studied conveniently 

through the use of solution state nuclear magnetic resonance spectroscopy, there is a much 

more complete understanding of the chemistry of these elements than the chemistry of the 

heavier pnictogens. The bonding at the heavier pnictogen atoms can ody be inferred by 

NMR through the examination of the spectra of other appropriate spin 1R nuclei such as 

'H, I3c or "F. 

The other characterization techniques used in this thesis include vibrational 

spectroscopy (FT-IR and FT-Rarnan) which yields information about bonding 

environments and functional groups present in the molecules and is used to characterize 

analogous compounds. Elemental analysis and mass spectrometry are used to obtain 



molecdar composition and molecdar weight information (and fragment weight information 

for MS). The moa important characterization technique for the examination of structure 

and bonding is X-ray crystallography as crystal structures are still often considered to be 

necessary proof of the synthetic results in main group inorganic chemistry. 

1.2.3 Oxidation States 

Although nitrogen can readily adopt formal oxidation states between -3 (Nt4) 

and +5 (HNO,) the prefmed oxidation states of the heavier (n > 2) pnictogens depends on 

their position in the periodic table. Phosphorus and antimony tend to adopt the +3 or the 

+5 oxidation state (as would be predicted by the five valence electrons in group 15) while 

arsenic and bismuth usuaily adopt only the +3 oxidation state. Arsenic tends to adopt the 

+3 oxidation state hstead of the +5 oxidation state because of the "'d-block contraction". 

This term describes the incomplete screening of the nuclear charge by the fmt shell of d- 

electrons resulting in a higher effective nuclear charge on the 4s electrons, which have a 

finite probability of king found at the nucleus and a smaller radial distribution than do the 

4p electrons, making hem less likely to be removed. For bismuth, the heaviest stable 

element, relativistic effects favour the +3 state over the +5 state. The term "relativisûc 

effect" indicates that the inner core electrons (particularly 1s which have the highest 

probability of king close to the nucleus) are moving at relativistic speed because of the 

high nuclear charge. For bismuth the 1s electrons are calcuiated to move at ca. 60% of the 

speed of light; thus from Einstein's special theory of relativity, the m a s  of these electrons 

increases and the Bohr radius of the Is orbital decreases. To retain the orthogonality of al1 

orbitals, the contraction of the 1s orbital causes a contraction of ail sphericdy symmetric 

orbitals which lowers the energy of the 6s electrons and makes them less likely to be 

removed, thus favouring the +3 oxidation state. 



1.2 .4 Bonding in Group 15 

Nitmgen, the pnictogen in the second row of the periodic table, is the only group 

15 element for which multiple bonding is inherenuy favourable (groups 13, 14 and 16 

exhibit sirnilar behaviow)- There are many Mixent rationalizations for this behaviour 

including the size of atoms, the size of orbitals (and their relative overlap), the energy 

required to fonn a planar bonding environment (not always important) and others. For 

various explanations of the factors governing the favourability of multiple bonding, the 

interested reader may consult a variety of s o u r ~ e s . ~ * ~ * ~ * ' ~ * '  1*12*13*14 

1 . 3  Low-Coordinate and Electron Deficient Bonding Environments 

The term "low-coordùiate" denotes that the atom in question is bonded to fewer 

atorns than its formal oxidation state; the term "subvalent" is often used interchangeably 

with "low-coordinate". This definition implies that ail compounds conrauiing plr-pir 

multiple bonds are to be considered low-coordinate. Electron deficient, on the other han& 

impües that an atom does not have the nurnber of valence electmns required to fil1 al1 i~ 

valence orbitals (or an octet of electrons for second row elements). 

Pn = N, P, As, Sb, Bi 

The terms 'low-coorduiate" and "electron deficient" are not mutually inclusive as 

demonstrated by compounds such as phosphides 1.1 which are low-coordinate (P(+3) 

with only two ligands) but electron precise (8 valence electrons in the 8 available orbitals 

6 
for P: 3sa,3s$,3p a , 3 p  p,3p a,3p p,3p s 3 p  p). An alternative electron counting 

X X Y  Y = z 



formalism would would Iead to phosphides k i n g  termed ''eiectron r i c h  (6 valence 

electrons, where P requires only 5). 

Low-coordinate and electron deficient species are of interest for severai reasons 

includmg: their sometimes novel structure and bonding; their potentiai to undergo addition 

reactions, making them usetùi synthons; and their potential for reactivity that is 

significantly different than that observed for electron precise or electron rich compounds. 

Additionaily, some types of electron deficient species are thought to be intemiediate 

products in chemical reactions and thus an understanding of the chemistry of such 

compounds can c o h  or refute previous beliefs about chemical reactivi~. 

The types of lowcoordinate and electron defcient bonding environments that are 

examined in this thesis include pnictogenium cations 1.2, iminopnictines 13 and 

pnictazonium cations 1.4 (Ri = PT As, Sb or Bi). Pnictogenium cations are low- 

coordinate electron deficient species that are isovalent to carbenes 1 J whereas 

iminopnictines and pnictazonium cations (forrnally) are low-cmrdinate compounds. 

Bonding environments of the type 13 and 1.4 are not unusual when Pn is N - these are 

the azo cornpounds and diazonium cations of organic chemistry - and are known for Ri = 

P, however these bonding arrangements are rare or unknown for the heavier pnictogen 

atorns (Pn = As, Sb, Bi). 

1.4 Stericdl y Demanding Substituents 

The use of sterically demanding substituents has been critical in the development 

of lowcoordinate and electron deficient chemistry of heavier rnain group elernents 

(particulariy for n > 3). The term "sterïcaUy demding" refers to a ligand with a large 

spatial requirement and typically implies that a ligand consists of a relatively large number 

of atoms which are fixed in close proximity to an atom or moiety of interest. 15.16 
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Figure 1.1. Sterïcaily demanding substituents. 



Examples of such ligands are s h o w  in Figure 1.1 and include akyl, silyl and aryl based 

substituents. " The most commonly used bdky substituent in main group synthesis is the 

2,4,6-trit butylphenyl (supermesityl, Mes*) ligand which is examined in detail in this thesis 

dong with the slightly less bulky 2,6-diisopropylphenyl (Dip) substituent (vide injka). 

An immense variety of low-coordinate compounds and interesting reactivity has 

been achieved through the use of bullcy substituents and the interested reader is directed to 

several r e ~ i e w s ' ~  and books. l9 Some m e n t  highlights in main group chemishy include 

the isolation of compounds containing: sb=Sbm and ~ i = ~ i ~ '  1.6 double bonds, the very 

controversial Ga-Ga 1.7u*u*24 and Ga-M 1.8 "trip~e-bonds"Z5v26, inorganic aldehyde 

1.9~' and ketone 1.10~~ fragments2', the A z C  triple bond l.l13*, isolable group 13 

multiple-bonded radical anions 1.12~'~ stable thioaminyl radicals 1 . 1 3 ~ ~ ,  persistent triplet 

carbene uni& 1.14~~.  a mono-coordinate indium(I) moiety 1.15~~ and main group 

aromatic rings 1.16,~' 1 .17~~and 1.18.)' 

Tbt 
/ 

Pn =Pn 
~ b t  ' 

Pn = Sb, Bi 
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Sterically demancihg ligands are typically described as "kinetic shields" which 

implies that the stabilization afTorded by the substituents is kinetic in origin, i.e. that the 

bulky group restricts access to the reactive site in an unstable species A (Figure 1.2) (thus 

causing a large activation bamier, Ea) and thereby prevents formation of a more stable 

species B. Although this is certainly the case in some  stems^^, such a view of sterically 

demanding substituents neglects the potentially significant and sometimes dominant 

thennodynamic stabilization these Ligands provide for other low-coordinate systems. The 

notion that multiple-bonded main group compounds are "IcineticaUy stabilized" arises from 



isodesmic enthalpic comparisons of x-bonds vernis O-bonds (vide supra). For heavier 

main group elements (n > 2), the bond energy of a double bond to an element is found to 

be less than twice the energy of two single bonds, thus isodesmic comparisons always 

predict that the M y  o-bonded compound will be thermodynamicaily favoured. The fault 

in the logic of the simple isodesmic method is the implicit assumption that al1 other 

interactions and bond energies in both the n-bonded and o-bonded compounds are the 

same and can thus be ignored. Although this assurnption may be acceptable for systems 

with s m d  substituen's, the stenc interaction between large Ligands can not be ignored. 

r 

Reaction Coordinate 

Figure 1.2. Schematic reaction energy diagram. 

Molecular mechanics and semï-empirical calculaiions performed by our group 

have demonstrated that bulky Ligands thennodynamically stabilize double-bonded systems 



versus cyciic oligomers. 39 The steric saain caused by the proximity of bullq substituents 

in the dimeric or oiigomeric species significantly destabilizes these fully G-bonded 

structural alternatives with respect to the R-bonded monomers (Table 1.3). This strain 

energy more than overcomes the ciifference in single (2 x C-C: 670 kl/m~l)~ and double 

bond cnergies ( C C :  630 for the system and renders the mutiple bonded systern 

thermodynamically stable with respect to its oligomers. Because the multiple bonded 

species are thermodynamicaily favoured over their oligomeric alternatives the activation 

barrier separating hem, no matter how large it may be, is irrelevant: the "kinetic shield" is 

redundant Qualitative dimerization energy diagrams as a functiun of substituent size are 

depicted in Figure 1 -3. 

Table 1.3. Calculated enthalpies of the cyclodimerization of h-m2s-RHC=CRH 

II MM3 AMI 

H -85 - 142 

Mk -83 -77 

 BU -7 -23 

Ph +i9 -47 

Mes +68 +46 

Tip +282 +173 

Mes* +395 +475 



A H - O  L 
Increasing size of R 

Figure 1.3. Qualitative reaction energy diagrarns as a hinction of substituent size. 



Unequivocal experimental evidence for the thermodynatnic effects of buky 

substituents is also found in the literature. Equilibrium constants for the reaction of I, with - 

various diselenides 1.19 (Figure 1.4) were measured by du Mont et al and show that 

the supposedly unattainable R-Se4 1.20 compounddl are thermodynamically favoured 

'Ke4 
is greater than one thus AG is negative) when R is a bulky substituent. The 

favourability of the iodoselenides is found to increase with the size of the substituent 

because of the steric strain imposed on the starting diselenides. The results of this study 

are indicative of the 'hinability" of sterically demanding substituents: the different sizes of 

bulky substituents ailow the researcher to control the bonding in a panicular molecule by 

the appropriate choice of bdky group. The concept of 'huiability" and steric connol of 

chernicd bonding is examined in this thesis. 

R=Mes, = 30 
R = Tip, K, = 60 
R = Mes*, hq = 300 
R = Tsb, quantitative R-Se4 

Figure 1.4. Reaction of diselenides with iodine. 

An exarnple from our own lab that also illustrates the thermodynarnic stability 

confered to multiple boncied systems by b d q  substituents is that of the spontaneous 

formation of an iminophosphine h m  a eri~arnino~hos~hine~~ Aminoiminophosphines 

1.21 typically react with primary amines to form aisarninophosphines 1.22 (or the P(V) 

isorneric diaminoirninophosphotanes 123, depending on the substituent R) as expec ted 



from cornparison of P=N (300 kJ/mol a + 185 Wmol n = 485 kYmol) and P-N (300 

kJlmol x 2 = 600 Wmol) bond energies. However, preparation of Mes* substituted 

trisaminophosphine 1.24 results in the spontaneous elimination of amine and the formation 

of aminoirninophosphine 1.25 - apparently causing the formation of a less stable product 

From a more stable starting material. The relative thermodynamic stability of the 

compounds in this system are obviously dtered by the inclusion of the bulky Mes* ligand 

and the multiple bonded iminophosphine (with an equivalent of amine) is the most 

energetically stable situation because of the large steric strain in the trisaminophosphine. 

R3 / 
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\ 
R3 

R 2 y R 2  

LL 
1 
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N P - N  
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/ 

N P  
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Mes* 

R 
/ 

H-N 
\ 
R 

The effects and limitations of buky substituents are further examined in this 

thesis, however it must be re-emphasized that th5 use of such Ligands has allowed for the 

isolation and characterization of compounds that were once thought to be "non-existent"!' 

The experimental and theoretical studies of such compounds, especially the heavier main 

goup analogues of organic compounds. demand the conclusion that the bonding observed 



for the second row elements (Le. organic chemistry) is the exception to the d e .  9.1424 

Because of the practicality and histoncal dominance of organic chemistry, a guiding focus 

of main group chemistry has been (and is) to mimic the weli known chemistq of organic 

compounds. The preconceptions about chernical bonding drawn from organic chemistry 

(e.g. double bonded species must be planar, triple bonded compounds must be linear) 

should be ignored when descending the penodic table, however the differences and 

similarities between organic and main group chemistry are compareci most effectively 

through the examination of analogous species. Consequently, the compounds examined in 

this thesis, where applicable, are considered in the context of organic analogues. 

1.5 Thesis Overview 

This thesis consists of seven additional chapters which describe shidies of a 

variety of low-coordinate bonding environrnents containing group 15 atoms. The first 

three chapters relate results regarding pnictogenium cations and the final chapters examine 

low-coordinate compounds that are ody anainable through the use of stericdly demanding 

substituents. Highlights include the isolation of the f i t  monomeric non-Hückel arsenium 

cation, the isolaiion of the fmt acyclic arsenium cation, the observation of an equilibrium 

which appears to defi Le Chatelier's principle, and the formation of the fmt arsenic- 

nitrogen triple bond 

Chapter 2 is a synthetic and theoretical study of cyclic phosphenium and 

arsenium cations which describes and explains the sûuchiral differences observed in these 

species. Chapter 3 describes the remarkable clifference in the cycloaddition behaviour of 

these cations which is explained through the use of ab initio calculations. The use of the 

moderately bulky Fmes substituent as a stabilizing ligand for pnictogeniurn cations is 

examined in Chapter 4. Chapter 5 begins the examination of steric conml of low- 



coordinate pnictogen compounds with a study of the effects of ligand bulk in a series of 

analogous iminoaminopnictines, diazadipnictidines and trisaminopnictines. The use of 

sterically demanding groups is M e r  examinai in Chapter 6, which describes the 

remarkable "non-Le Chatelier" behaviour of a phosphazoniurn cation and its 

diazadiphosphetidine dimer. Chapter 7 details the synthesis of versatile iminoarsines w hic h 

d o w  for the expansion of low-coordinate arsenic chemistry. Suggestions for future 

research are surnmarized in the conclusion sections of each chapter and the experimentai 

details of the research reported in this thesis are found in Chapter 8. 



Chapter 2. Pnicfogenium Cations O: The Synthetic and Theoreticai 

Examination of the Structure and Bonding of Phosphenium and 

Arseninm Cations 

2 - 1  Introduction 

The structurai simplicity of systems containing coordinatively unsaturated OOW- 

coordinate) centres makes them attractive for reactivity studies. Interest in carbenes  la^^ 

and the andogous systems 2-1 and 2.2 stems from their intriguing electronic structure, 

fascinating reactivity (e-g. electrophilic and nucleophilic behaviour) and corresponding 

synthetic utility (e.g. achirai and chiralM ligands in homogeneous cataly sts"). 14&" 

Isolable examples are known for carbenes 2 . 1 a , ~ * ~ ~ * ~ ~ ~ ~ ~ ~  silylenes ~ l b , ' ~  

germylenes 2.1c,S2*S3 stannylenes Z l d  5253 and plumby lenes 2mle.s4 

In this context, the cationic group 15 analogues (pnictogenium cations) 2.2 have attracted 

attention due to the* structure and bonding analogy with carbenes. Numerous 

phosphenium 22b derivatives have been reportedss56" since their initiai d i s c o ~ e r y ~ ~  

and isolationsgm establishing them as a principal focus in the development of phosphorus 

chemistry. Despite the identification of various arsenium carions 2.2c,61*6263-M few 

examples have been comprehensively characterized and the heavier congeneric systems, 



stibenium cations 23665 and bismuthenium cations 2.2e,66 are rarely mentioned in the 

literature. The use of a Hückei aromatic framework in 23 ailowed for the isolation of the 

first arsenium deri~ative.6'~ However, in the absence of such charge delocaiization, 

heterolytic As-CI bond cleavage From the chloroarsolidines 2.4CI and 2.33 provided 

dimeric structures 2.8 in the solid  tat te,"^ in contrast to the phospholidiniurn 2.7 

This chapter presents the preparation and structures of the six-membered 

diazarsenane 2.6CI and the tetrachlorogdate salt of the correspondhg diazarsenaniurn 

cation 2.6, which is the first non-Hückel arsenium cation that is clearly monomenc in the 

solid s t a d 7  In addition, the smprising behaviour of arsenium cations is investigated 

through the use of high level ab initio calculations which confïm the singlet ground state of 

the cations, and explain the observation of monomenc arsenium cation 2.6. 



2.2 Chlorodiazarsenane and Diazarsenanium Tetrachlorogaitate 

The halide ion abstraction technique illustratecl in Figure 2.1. now cornmonplace 

in the preparation of phospheniurn salts," is also applicable for the formation and isolation 

of arsenium derivatives. 

Figure 2.1. Preparation of pnictogeniurn cation by halide abstraction. 

The f i t  examples, 2.4[GaC14] and 2S[GaC14], were s h o w  to adopt novel dimeric 

structures 2 8  in the solid s t a d 3  The identical synthetic procedure was extended to the 

six-membered (cyclohexane derivative) diazarsenane framework to assess the generality of 

the bonding and reactivity observed in 2.4[GaC14] and 2 . 5 [ ~ a ~ l $ ~  

2-Chloro- 1,3-dimethylcüaza-2-arsenane 2.6CI reacts with GaC13, in an essentidy 

identical fashion to the arsolidine 2 . 5 ~ 1 , 6 ~  to give 1,3-dimethyldiaza-2-arsenanium 2.6 

tetrachlorogallate. Compounds 2.6C1 and 2.6[GaC14] have been comprehensively 

characterized and crystallographic views of the soüd state structures are illustrated in 

Figures 2.3 and 2.4, respectively . The structure of 2-chloro- l,3-dimethy ldiaza- 

2-arsolidine 2SCl (-60°C; Figure 2.2) is also described for cornparison. Selected bond 

lengths and angles for the three compounds are compared with those for 2 . 5 , [ ~ a ~ l ~ : ~  in 

Table 2.1. 





Figure 2.2, Molecular structure of 2SCI. 
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Figure 2.3. Molecular structure of 2.6CI. 



Figure 2.4. Molecular stnicnue of 2.6[GaCI4]. 

Figure 2.5. Packing diagram of 2.6[GaC14]. 
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Crystals of 2.6[GaC14] were of poor quality and provided only limited data. 

Nevertheless, the dis tinctl y ionic structure of 2.6[GaC14] (Figure 2.4) shows no evidence 

of interaction between cations (shortest intercationic As-N 5.62(2)A (Figure 2.5) in 

contrast to the dimenc 2.8 structure of 2S[GaC1 J (as well as 2.4[GaCl$). This implies 

that the association between monomers in 2 8  is weak. consistent with the relatively long 

in termonomer bonds observed. Furthermore, the ' H NMR spec troscopic data for 

25[GaC14], which were interpreted as indicating a monomer-dimer equilibrium in 

 solution^ are ambiguous and are also consistent with the presence of only monomeric 

arseniurn units in solution. Cation-anion contacts [3.363(9)A and 3.58(1)& are within the 

sum of the van der Waals' radii for As and Cl [As, 2.0 A; Cl. 1.7 Al6', but are 

significantly longer than the As-CI bonds in 25CI [2.390(5)A] and 2.6C1 [2.357(2)A], 

and are comparable to the cation-anion contacts observed in the structure of 2.5[GaC14J 

[3.296(2)A and 3.424(2)A f3. The resulting "4coordination polymer" Iattice of 2.6(GaCIJ 

is reminiscent of the solid state structures observed for ~~,S~(~-N'BU),P~][G~CI~] (Pn = - 

Sb, Bi) 2.9,65d however the As-CI contacts in 2.6[GaC14] ((vide supra) are clearly more 

consistent with separate cations and anions than are the covalent Pn-Cl bonds in 2.9. The 

As-N bonds (1.68(3) and 1.67(2) A) are significantly shorter than the shortest bond of 

2.5,[GaC14], (1.752(5) and 1.949(4) A)63. shorter than the As-N bonds in the Hückel 

aromatic anenium cations 23[GaC14] (1.776(4) A) and 2.10 [GeC15] ,,CI ,, ( 1 -8 lO(9) 

and 1.8 12(9) Al6' and are on the order of the formai As=N bond ( 1.707(2) A) in 

FmesAsNFmes " implicating a sigoificant degree of K-bonding over the N-As-N unit. 



,N\ O 
Si Pn: 

Me' 'y' 

In spite of the monomeric stnicture observed for 2.6[GaCI4], the neutral arsenane 

2.6C6CI also adopts a dimeric arrangement involving a four-membered As2N, intermonomer 

contact which is similar to that of the corresponding arsolidines 2ACI and 2.33 as well 

as the dications 28. Such arrangements contrast that observed for related 

c h l o r o a r ~ i n e s ~ ' ~ ~ ~ ~  which involve four-membered As2CI, contacts. The intermonomer 

contact is significantly shorter in 2SCI [As-N' 2.84(1)A] than in 2.6CI [As-N' 

3.250(5)A 1, and both are substantially longer than observed for 25,[GaC1,]2 

[2.103(8)A1.6~ These interactions are well within the sum of the van der Waals' radii for 

As and N (As, 2.0 A;N, 1.5 Al6' and impose a pseudo-tetracoordinate environment on 

N(2). The shorter interaction in 2bC1 has a measurable impact on the structural features 

of the arsolidine heterocycle, which exhibits slight differences in the As-N bond lengths as 

well as the geometries at the nitrogen centres. N(1) is essentially planar (sum of the angles 

359.3'), while N(2) is clearly pyramidalised (sum of the angles 339.4')- The geometrically 

indistinguishable nitrogen centres of 2.6CI have bond angle sums [N(1), 348'; N(2), 

347'1 that are substantidy greater than expected for an sp3 (328.5') hybridized site. Ln this 

context, the relatively long7' As-Cl bonds (2.5C1,2.390(5) A; 2.6C1, 2.357(2) A) and 

relatively short endocyclic As-N bonds (2.SC1, 1.77(1) 1.870(8) A; 2.6C1, 1.796(4) 



A, 1.803(5) A; typical range 1.82- 1.88 A)72 in bth compounds imply a degree of As-N 

x-bonding. 

The 'H NMR spectra for 2.6CI (6: 2.88rn. 2.63s. 1.94111) and 2.6[GaCl4] (6: 

3.49m, 3.34s. 2.29m) are interpreted as very similar AA'BB'CD spin systerns and differ 

only in chernical shift, with the salt exhibiting the expected deshielding. Consistent with 

integration values, the lower frequency multiplet is assigned to the aza-methylene protons 

and the singlet to the methyl protons. Spectra recorded at -80°C were not significantly 

different. 

2.3 Theoretical Assessrnent of Phosphenium and Arsenium Cations 

2.3.1 Introduction 

The experimentd results above and previous studies of such species illustrate 

sigrufïcant differences between anenium cations and dl other carbenoids. Al1 structural 

studies of pnictogenium cations reveal rnonomeric units in the solid state except in the case 

of arsolidinium 2 5  salts (and the dithia derivatives) which adopt dimeric solid state 

structures ~ 8 . ~ ~  The observation of a rnonomenc stmcture for the arsenanium salt 

2.6[GaC1$ irnplies a small (if any) dimerization energy for 2.5.62 In addition, arsenium 

cations dimerize in a different manner than most group 14 carbenoids which dimerize to 

make E=E double bonds, 

A rationale for the solid state structural difierences of group 14 and 15 carbene 

analogues has recently been described in the context of the "CarterGoddard-Malrieu- 

Trinquier ModeP' (cGMT);'~ however, the vat  majority of the data rnodel structurally 

simple and nonisolable mode1 compounds. In an attempt to understand the factors 



governing the structure and the dimerization behaviour of cations 2.7,2.5 and 2.6, we 

have performed quantum chernical investigations of mode1 cations 2.7', 2.5' and 2.6': 

these confsumed the singlet ground state multipiicity and explaineci the enigrna of arsenium 

dimerization. 

2 3.2 Theoretical Methods and Results 

AU calculations in this thesis were performed on an IBM RS60001580 workstation 

using the Gaussian94 set of programs?3 Unless specified otherwise, the geometry of each 

species was optimized by the Hartree-Fock (HF) method using the 6-3 1 IG* basis set and 

dl energies were calculated using fidl second-order Mibiler-Plesset (MP2) perturbation 

theory with the 6 3  1 LG* basis set. Mode1 compounds were resûïcted to the highest 

appropriate symmetry; structural parameters are Listed in Tables A.2 and A.3 in Appendix 

A. AU energy minima were confirmed by 3N-6 positive eigenvalues of the Hessian 

matrices and the total energies include the JW6-3 1 1G* zero-point vibrationai energies 
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(MIW6-3 1 1 G*//HF/6-3 1 1 W + 0.9 ZPVE (HF)) which are listed in Table A. 1. Molecular 

orbital (MO) analyses, spin densities and charge distributions were determined through the 

use of Mulliken population analysis and nahual bond orbital analysis " (NBO) the results 

of which are listed in Tables A.4 and AS. 

Table 2.2 Calculated enthalpies Od/mol) of dimerizations and singlet-triplet energy 

sptittings for cyclic pnictogenium cations. UMP;? denotes UMP2/6- 

3 1 lG"//UHF/6-3 1 lGà + 0.90 ZFVE, UHF denotes UHFI6-3 1 IG* + 0.90 

ZPVE. 

Reaction UMP2 UHF 

2.3.3 Multiplicity of the Ground State for Diazaphosphenium and 

Diazaarsenium cations 

Various factors govem the stability of pnictogen salts including: the soivent, the 

presence of base-stabilization (inter- or intramolecular), the nature of the counter anion, and 

the skric and electmnic influence of the substituents adjacent to the di-coordinate site. The 

relative stabilities of such compounds may be assessed by the measurement of the lifetimes 

of species and their lesistance to rearrangement or addition reactions. The isolation of 

[Ga%] or [AlC14] salts of pnictogenium cations 2.2 is perhaps surprishg in view of 



typical Lewis adduct chemistry (R2CLPn + ECl,) of phosphines and mines. and is 

indicative of the sigdicance of the crystal Iattice energy term in defining their stabiiity. 

Studies using conventional ab ntitio methods typically ignore these extemal factors. 

however such studies do yield insight regarding the inherent stability of such species and 

thus may be extremely valuable in the understanding of rrsults observed experimentally. 

Several topical quantum chernical snidies of ylidenes 2.1 have provided substantial 

insight into their structure and bonding.75176*n Electronic structure models have also been 

established for the group 15 carbene analogues 2.256*78*79*80*8'*82*83*84*85 which indicate 

that most, including all those possessing adjacent x-electron donor substituents, have a 

singlet ground state (INH,] is an exception)86. In this context, we have performed full 

geometry optimizations and frequency calculations at the HF/6-3 1 lG* Ievel of theory for 

mode1 cations 2.7' and 2.5' with singlet (C2 symmetry) and triplet ground States (CI, C2, 

C, and Ch symmetries). These geometries were then used to obtain single-point UMPî 

energies. Calculateci structural parameters for 2.7' are cornpared with experimentally 

detennined values for 2.7 in Figure 2.6. The energies, zero-point vibrational energies 

(ZPVE), and number of imaginary frequencies for singlet and triplet cations 2.7' and 2.5' 

are listed in Table A. l0 and selected structural parameters are listed in Table A.2. 

8 In all tables the following format is used: compound number multiplicity label (s 
- singlet; d - doublet; t - triplet) symmetry (numbered when more than one structure 
of that symmetry) 



Figure 2.6. Cornparison of experirnental (left) and theoretical (right) structures. Bond 

lengths in A, and angles in degrees. 



The singiet states of the phospholanium 2.7' and arsolanium 2.5' cations are 

lower in energy than the corresponding triplet states by 308 Wmol and 249 kJlmol, 

respectively. in qualitative agreement with previous quantum chernical investigations of 

stnicturally simpler pnictogenium  cation^.'^*'^*^^*^^*^^ The singlet-triplet spiittings are 

much larger than those calculated for the cations Pl3.J (68.2-8 1.6 and 56.9 kJ/molsO and 

67.4 kl/mo17*) and [As%] (87.9, 1 1  1.3 and 86.6 k ~ / r n 0 1 ~ ~ .  Nevertheless, the splitting 

in 2.7' is consistent with those calculated for the cations [HPFJ (178.2 kllmol), IpF2] 

(35 1.5 kl/m01)?~ [PBr,] ( 159.20 kllrno1),8~ as is the splitting in 2.5' with those for 

[&CI2] (229.7 kJ/mol) and [AsBr2] (182.8 k h o ~ ) ? ~  These similarities are probably 

due to the R-donor substituents in 2.7'. 2 9 ,  WFJ and [PFJ (and to a lesser extent in 

the systems with the weaker rr-donors, CI and Br) which therefore stabilize the singlet state 

The inclusion of the pnictogen center in a five-membered ring imposes a small N- 

Ri-N bond angle (8S0-95O) which is also predicted to stabilize the singlet state relative to the 

triplet state for ~a rbenes ,~~  although the optimized structures for the triplet states of 2.7' 

and 2.5' have even more acute N-Ri-N angles than do the single&. To assess the vaiidity 

of this observation at the H F 6 3  I IG* level of theory, the energies of a series of simple 

acyclic pnictogenium cations m2N-Pn-NH2] (2.11' Ri = P. 2.12' Pn = As) were 

studied on the C, energy hypersurface. The lowest singlet and triplet states were allowed 

to o p e  with no constraints and the results show that the singlet p i e s  is substantially 

favoured in each case (Es,,: 2.119, 395.8 kl/moI; 2.12', 325.2 kJ/mol). The triplet 



species are optimized with more amte N-Ri-N angles for both phosphenium (104.8= vs. 

90.0") and arsenium cations (101.4" vs. 87.5'). however both triplet cations are not tnie 

minima (2 haginary frequencies for both P and As). in addition, the effect of the N-Ri-N 

bond angle on the energy of the cations on the C2, singiet and triplet surfaces was 

examined by fullng the bond angle and ailowing al l  other parameters to optimùe. The 

results of these calculaîion are illustrated in Figure 2.7 and show that there exists oniy one 

minimum for each singiet cation and two "minima" for each of the triplet surfaces. 

Frequency analysis of each stationary point reveals that the only tnie minima (N imag = 0) 

on the P triplet d a c e  are at 140" and 150" which are each more than 100 kVmol higher in 

energy than the lowest energy structure on the CzV surface. Full W 6 - 3  1 IG* 

optimizations for both [(H,$V)Qn] triplet cations yield nearly identical structures to those of 

the HF/6-3 1 IG* optimizations thus the inclusion of electron correlation does not predict 

that CzV triplet cations are stable minima or alter the conclusions drawn from the HF 

calculations. 

The Mulliken and NB0 charges listed in Table A4 show a concentration of positive 

charge at the pnictogen center and a localization of negative charge on the N atoms in both 

systerns. The experirnentally observed stability may be due to the interna1 Coulombic 

stabilization of the 'hegative-positive-negative" charge distriiution for the N-Ri-N 

fragment (Pn = P, As), consistent with the conclusions of Wiberg based on an ab Ulitio 

study of ailylic ~~s te rns .8~  This phenornenon is likely due to the o-electronegative (and x- 

donating) stabilizing effect of an atom such as NT and in this context the vast majority of 

isolable pnictogenium systems have two nitrogen atoms adjacent to the pnictogen atom. 90 



Figure 2.7. Plots of energy versus N-Ri-N angle for acycIic pnictogenium cations 

IHp-h-qI- 

In contrast to the previous reports, 78mJ33S the UHF optimized minima for the 

triplet States of 2.7' and 2.S (N imag = O) have Cl symmetry and consist of a partial N- 

Ri multiple bond (three electron bond; Pn = P&) and a nitrogen based radical. However 

at the UMP2 level, the C, geometry is higher in energy than both the C2 (N imag = 1; Es, 
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üMP2 = 288 kl/mol) and CS (optimizes to CzV; N imag = 2; Es ,, UMP2 = 290 b o l )  

structures. This indicates that the UHF and MF2 energy hypefsurfaces are not parailel in 

the case of the triplet speciu which is likely a consequence of the introduction of elecmn 

correlation in MP2 calculations. As expected, the singlet spezies are not as susceptible to 

the effects of electron correlation as is evident from the optimization of 2.7' at the full 

MWb-3 1 1 G* level of theory which yields a nearly identical structure and energy (6.85 

b o l  lower) as that of 2.7' at MW6-3 1 1G*//HF/6-3 1 IG* optimization. 

The charge and spin distributions shown in Tables A.4 and AS, respectively, are 

sirnilar for triplets 2.7' and 2.5' (C,  symmetry ; N imag=O) with positive charge localized 

on the pnictogen atorn and negative charge on the nitrogen atoms. The charge on the 

pnictogen center is significantly lower for the triplet than for the singlet in each case (27' 

P: singlet, 1.12; triplet 0.77; 2.5' As: singlet, 1.16; triplet, 0.82) and the negative charges 

on the nitrogen atoms are no longer equd (2.7' triplet N: -0.86 and -0.50; 2.5' triplet N: - 

0.50 and 4-87). Analysis of electron spin density shows that the unpaired electrons are 

also found almost exclusively in the N-Ri-N moieties. The structurai parameters, spin 

density and NB0 analyses suggest that each triplet cation contain a Pn-N multiply-bonded 

(three electron bond) radical (sum of spin densities on Ri and N, 2.7': 1 .O 1 and 25 ' :  

0.98) cation and a separated nitrogen radical (spin density, 2.7': 1.1 1 and 2.5': 1.13). 

In an attempt to understand the difference in the symmetry and bonding of triplets 

2.7' and 2.5'' calculations were perfomed on the singlet and triplet ground states of 

NH, 2.13'. [YNPHJ 2.W7', RNAsH] 2-15', and the doublet ground states of 

[NH,]" 2-16', RNPH] '  2.17' and &NASH]' 2.18'. All appropriate symmetries 

were examllied for each species and the energies, the number of imaginary frequencies and 

the ZPVEs are listed in Table A. 1. Structural parameters are iisted in Table A.2. 
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Table 2.3. Calculateci enthalpies (kJ/mol) of isogyric reactions and singlet-triplet 

energy splittings for acyclic pnictogenium cations. UMP2 denotes 

UMPU6-3 1 lG*//üHF/d-3 1 1G* + 0.90 ZPVE, UHF denotes UHEV6- 

3 1 IG* + 0.90 ZPVE. 

Reaction U M P 2  UHF 

Models 2-13', 2.14' and 2.15' are not consistent with the results obtained for triplets 



2.7' and 2.5' and predictably confirm that triplet ammonia is much less favourable than 

singlet ammonia and has a much larger singlet-triplet spütting ( 51 1.7 kllmol) than both 

2.13' and 2.14'. An isodesmic comparison of the singlet and triplet species is thus 

unproductive, however an isogyric comparison of the doublet species 2.16', 2.17' and 

2.18' to 2.13', 2-14', and 2.15' accurately reproduces the behaviour obsewed in 

triplets 2.7' and 2.5'. The lengths for the shorter Pn-N bond in triplets 2.7' and 2.S 

are consistent with those of doublets 2.17' and 2.18' respectively (2.7' t CI: 1.66 A, 

2.17' C,: 1.694 A; 2.5' t Cl: 1.783 A, 2.18' CI: 1-83), which are also s h o w  to be 

partial multiple bonds through NB0 anaiysis (approximately 3 electron bonds) in each 

case. The length of the 2.7' t C, N(3)-H(5) bond (1 . O 5  A) [25' t Cl N(2)-H(4) ( 1 .O05 

A)] (the hydrogen bonded to the nitmgen atom not involved in multiple bonding) is most 

closely reproduced by the 1.008 A N-H bond in the ammonium radical cation 2.16'. The 

structures of triplet cations 2.7' and 2.5' are thus best explained as a combination of 

distinct radical and radical cation units; however, the reason for the adoption of this 

structure remains unclear. A possible rationakation is found in the reaction energies 

shown in Table 2.3. Isogyric reaction energies show thaî singlet ammonia and the lowest 

energy triplet cation are favoured over ail of the combinations of doublet species: however, 

if the singlet and triplet species are restricted to the symmetries obsewed in cations 2.7' 

and 25'  (planar R$I-hi-N% moiety), the doublet species are favoured ( 1 8.6 Wmol Pn 

= P; 29.0 kJ/mol Pn = As). 

2.3.4 Dimerization of Pnictogenium Cations 

Carbenes and their analogues are by definition formally subvalent (dicoordinate) 

and electron deficient and, as such, they are susceptible to dimerization to enabie the 

adoption of a 'homal" cwrdination number and valence octet. For example, group 14 



carbenoids without n-donor substituents (includig carbenes with R-donors) dimerize to 

form olefin-type compounds 2-19. 1491 Certain heavier carbene analogues bearing R- 

donor groups are predicted1492 and o b ~ e r v e d ' ~ ~ ~ ~  to form bridged dimers 2.20, which 

may be considered a-bonded alternatives to the comsponchg multiply-bonded monomers 

(2 or 4 n-electron systems), or munial donor-acceptor complexes of the monomers. 

2-19  2-20 

x-Bonding is weaker for heavier elements (n > 2) so that 4 single bonds (4 0-bonds) are 

energeticdy favoured over 2 double bonds (2 G-bonds and 2 x-bonds) as illustrated in 

Figure 2.8. 

Figure 2.8. Cyclo-dimerizaîion reaction of multiply-bonded compounds. 

This prediction anses from the assumption that il-overlap decreases as n increases, 

although Schleyer has shown thai it is actually the increase in the energy of planarization 

with increasing n th& decreases the favourability of n-interacti~ns.~~ The experirnentaily 

observed dimers of arsolanium catiod3 in contrast to the universaily monomeric 

structures of phospholanium salts are consistent with such trends. However, our isolation 



and characterization of monomeric arsenanium salt 26  [GaCi4] impiies that the centre 

symmetnc dimer 28 [GaC1,J2 (space group: P21/n) is hkeiy a fünction of crystal 

packing.62 Steplike dimeric structures andogous to that of cation 2.8 have been observed 

in centro-symmetric space groups for compounds involving elements From Groups 1 3?5 

14,% and 15P2 To m e r  evaluate and quanti@ the dimerization reaction the structures of 

dimers 2.21'. 2.22' and 2.23' have been optirnized at the HF/6-3 1 lG* level with 

restriction to Ci symmetry (vide supra). The UMP2 energies obtained at these geometries 

and their ZPVE values are listed with those of the monomers 2.7', 2.5' and 2.6' in Table 

A. 1. SeIected calnilated stnicturaI features are compared with those observed 

experimentally (X-ray crystallographic studies) in Figure 2:6.60*64*63*62 The structures of 

cations 2.7,2.8 and 2.6 are very closely approximated by the optimized geometry of 

2.7', 2.22' and 2.6" respectively. All bond lengths are within the estimated standard 

deviations obtained experimentally and alI angles are within 5" of the experimentally 

detennined values. 

The energy of dimerization for the arsolanium cation 25' is calculated to be 

+206.7 kJ/mol confinning that the monomer is favoured in the gas phase in contmt to the 

experimentally observed solid-state structure 2.8. An experimental observation consistent 

with the unfavourability of dimerization is found in the case of the six-rnembered ring 

analogue of 2.5[GaC1,]. The arsenanium cation in salt 2.6 [GaCIJ is unquestionably 

monomeric in the solid state (space group: Pca2*): the closest intermolecular As-N contact 

is 5.62 A despite the weak dimer structure observed for the chloroarsine 2.6C1 (space 

group: ~ 2 , / n ) . ~ *  The energy of dimerization of 2.6' to centrosymmetric dimer 2.U' is 

calculated to be +247.9 ki/mol, almost 20% more than that of 2.5' which shows that 6- 



membered cyclic 2*6' is more stable vis à vis dinierizaîion than is 5-membered cyclic 2.5' 

and may imply that 16'  is an inherently more stable carbenoid environment. A possible 

explanation for the seemingiy enhanced stabiiity of 2*6' is that the less restricted 6- 

membered ring d o w s  the N-As-N angle (9M0 in 2*6') to approach the optimum angle 

( 10 1.4' in the acyclic analogue, vide supra) whereas the smaller ring constrains the N-As-N 

angle to be signifcantly more accute (89.6O in 25'). In the acyclic model. changing the 

angle at the arsenic atum from 100" to 90" resdts in a destabilization of 17.9 kJ/mol(35.8 

Wmol for the two molecules thai fom the dimer, vide infia), which represents almost the 

entire difference between the dimerization energies of 2.5' and 2.6'. 

Similarly, the phosphenium cation in salt 2.7 [GaCIJ is monomeric (space group: 

and the caiculated energy of dimerization (+277.4 kJ/mol) is greater than those for 

2.5' or 2.6', however the rationale for the significant ciifference in dimerbation energies 

between the phosphenium and arsenium systerns is different The relative stability of the 

phosphenium cation in cornparison to the analogous arsenium species with respect to 

dimerization is consistent with more favourable N-P (2p3p)z-bnding versus N-As (2p- 

4p)n-bonding in the respective monomers. 

An estirnate of the dimerization activation energy was obtained through the use of 

the generalized transition state methodw in which the dimerization process is assurned to 

proceed via the deformation of each monomeric unit to the structure in which it is found in 

the dimer foIIowed by the coupling of two of these "proto-dimeric" moieties. In most 

systems where dimerizations occur the energy of the deformation of each monorner (the 

energy which is denoted AE ) is generally endoenthalpic and the coupling is 
preP 

exoenthalpic. The energy of couphg is divided into two ternis: AEO (the energy of the 



stabihing eieamtahc interadions and the destabihhg repulsive interaction between the 

two fragments) and Sd (the energy of the stabilizing interaction of filled and exnpty 

orbitals on each fragment)?* The dinierization niergy can be expressed as: 

and, 

AE 
dimcrization 

= 2 A E  +AEG+AEd (2-2) 
prep 

The dimenzations snidied in this work are all highIy endothermic (vide supra) and analysis 
- - of the relative contributions to the dimrization energy ushg equation (2) offers valuable 

insight into the ouise of this endothennicity. In all thret systems, the term (AEO + AEJ is 

negligible (2.7': 10.4 kJ/mol; 25': 25.6 Id/mol; 26': 3.0 k.l/mol) which is likely 

because of the repulsion caused by the positive charge on each fragment (destabilizing) and 

the lack of purely fïIled or ernpty ~abitals in the monomeric fragments (some x- 

delocalization is still present in the monomer fragments in their dimer respective 

geomeaies). Thus the dominant factor contributing to AEdimaizaaon is AE the energy 
prep' 

of distorting the monomen fkom their mort stable geometry to the geometry observed in the 

dimer. The distortion energy is very large for each monomer (AE : 2.7': 133.5 kl/mol: 
Pnp 

25': 90.6 Wmol; 2.6': 122.4 klhnol) and precludes the formation of the dimen. Note 

that this distortion energy may also be used as a gaup for the relative stabilities of 2.5' 

and 26' in that the dmembered ring coataining the more favoinable arsenium KAS-N 

angle requiRs 35% more energj to distort than does the relatively l e s  stable 5-membered 

ring. 



2.4 Conclusions 

The diazarsenaniurn tetracfUorogal.late salt adopts a monomenc structure in the solid 

state in contrast to the corresponding arsolidinium sait Diaza-pnictogenium cations are 

cakulated to have singlet ground States in agreement with experimental obsenmtions and 

consistent with previous calculations on stnicturally simpler acyclic cations, while the 

calculated models of the triplet species contrast those of previous theoretical snidies. HF/6- 

3 1 lG* geometry optimizations (gas phase) accurately predict the molecular structures of 

2.7,2.8 and 2.6 which were previously determined experimentally by X-ray 

crystallography. Dimerization reactions of cyclic diazapnictogenium cations are predicted 

to be unfavourable in the gas phase because of the requisite distortion of the stable 

monomenc f o m .  These conclusions are based on the energetics of the cations obtained 

h m  ab initio calculations and ignore ail interactions such as those with the anions or 

solvent that are found in condensed phases. The experimentally observed dimer of the 

anolaniurn cation 2.5 is concluded to be a crystal packing phenornenon which is likely 

dominated by the large ciifference in crystal lattice energy between (+1) (-1) salts and (+2) 

(-l),  salts. 

Suggested future work is the synthesis and structural characterization of 5-and 6- 

membered cyclic diamino-stibenium and bismuthenium cations which will provide for a 

more complete understanding of the structure and bonding of pnictogen carbenoids. 



Chapter 3. Pnictogenium Cations (II): Synthetic and Theoretical 

Investigation of the Unprecedented Arsenium Cycloaddition 

Reactivity 

3 . 1 Introduction 

Carbenoids have generdy been considered to be transient species and their 

existence was proven by means of ~rapping reactions with appropriate reagents. One of the 

most common class of reagents used for the trapping of singlet carbenoids is butadienes 

which add to carbenoids via [4 + 21 cheletropic cycloadditon rea~tions.'~ In this chapter, 

the rapid, regiospecific and quantitative cycloaddition reactions of the gailate saits of cations 

3.1 (2.7).64 3.2 (2.5) and 3.3 (2.6) with 2,4-dimethylbutadiene are described. The 

products obtained illustrate the monomeric behaviour of both arsenium cations in solution 

(see Chapter 2) and show a dramatic contrast in the reactivity of phospheniurn and 

arsenium cations. 
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Phosphenium sait 3.1[GaClJ reacts with 23-dimethylbutadiene to give the gailate! sait of 

the spirocyclic cation 3.1BD whereas both 3.2[GaC14] and 33[GaCl4] react with the 

diene to yield the Diels-Aider type adducts 3.2BD[GaCI4] and 3.3BD[GaC14], 

respec tively . 3.2BD[GaClJ has been structurally c haracterized, and the related stnic ture 

of the cycloadduct 3.3BD[GaCI J is confiied by 2D NMR. 

Ab iniiio calcuiations predict the observed reactivity and aliow for the prediction of 

the cycloaddition behaviour of unknown stibenium and bismuthenium cations. 

3.2 Diazarsenium-Butadiene Cycloaddition 

Compounds 3.2[GaC14] and 3.3[GaC14] react rapidly with 2.4-dimethylbutadiene 

in CH+212 to give a single product, as show by 'H NMR spectra of the reaction mixtures. 

The isolated products are spectroscopicaliy similar and an X-ray crystallographic study of 

the product from 3.2[GaClJ reveals a tetrachlorogallate salt of cycloadduct 3.2BD, in 

which the diene is assymmetrically bound to the arsolidinium heterocycle (across one of the 

As-N bonds). 

The bicyclic structure of the cation is shown in Figure 3.1 and selected bond 

lengths and angles are given in Table 3.1. The cross-ring As(1)-N(2) bond is significantly 

longer [2.056( 10) A] than that of As( 1)-N( 1) [ l.ïW(ll) A], and is comparable (within 

experimental error) to the corresponding bond observed in the dication 3.2* (2.8) (As - 

tetracwrdinate N, 1.949(4) A; As - tncoordinate N, 1.752(5) A.) The cross-ring bond in 

3.2BD is anomalously long in cornparison to the As-N bonds in 3.2Cl (25C1), 3.3C1 

(2.6C1) and 3.2,[GaC14],, and may be considered an intramolecular donation to an 

amino-alky 1-arsenium centre. Consistently , intermolecular donor interactions to the 
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dithiarsolidinium cation are also long? as are those to phosphenium centres ? In the 

other extreme, the bicyclic structure of 3tBD can be viewed as an ammonium-arsine. 

Table 3.1. Selected bond lengths (A) and angles (O) for 3.2BD[GaCId. 



C I O  

Figure 3.1. Molecular structure of 3.2BD[GaC14]. 

ppm 3.5 3.0 2.5 2.0 

Figure 3.2. ('H, 13c) COSY specmim of 3.3BD. 



The complex 'H NMR spectra of 3.ZBD[GaC14] (previously reported'y and 

3.3BDCGaCI J (Figure 3.2) in CD2C12 were resolved by COSY techniques at 400 MHz. 

In the spectnim of 3.3BD[GaCl,], methyl groups 1,2,3 and 4 are observed as singlets at 

1 .go, 1.74,3 -05 and 3.14 ppm, respec tively . The six methy lene protons are observed in 

the usual region, with the signais for those closest to the nitrogen atoms farther downfield. 

While it has been possible to idenm the signals produced by each of the protons in a 

vicinal pair, it has not been possible to idenw which of the two protons is responsible for 

each of the signals. Protons 1 and 2 are observed as multiplet signals at 3.0 1 and 3.71 

ppm. Likewise, protons 3 and 4 exhibit multiplets at 1.74 and 2.39 ppm. Protons 5 and 6 

exhibit a doublet at 3.36 pprn and a multiplet at 3.69 ppm, while protons 7 and 8 each 

produce a doublet at 2.47 pprn and 3.39 ppm. Finally, protons 9 and 10 each produce 

multiplet signals at 3.01 pprn and 3.71 ppm. 

Legend for NMR assignments. 

A ('H, 13c) HETCOR spectnun has ailowed for unarnbiguous assignment of the 



carbon signals for 3.3BD[GaC14] (Figure 3.2) by Dr. G. Wu: 1,222 pprn; 2, 19.0 ppm; 

3, 33.1 ppm; 4,43.9 ppm; 5,48.9 ppm; 6,57.4 ppm; 7, 19.5 ppm; 8 ,456  ppm; and 9, 

65.0 ppm. Two quaternary carbon signais were found at 123.3 and 124.6 ppm. The 

lower field signal is presumably due to carbon 10. 

Formation of cations 3.2BD and 33BD are in contrast to the butadiene 

cycloaddition reaction observed for the diazaphospholidinium cation 3.1, which results in 

the oxidative cycloaddition phosphonium product 3.1BD as shown unambiguously by 

rnultinuclear NMR spectra (6 I3c: 16.4 (ci, 3 ~ p - C  15.3 Hz, &-C), 3 1.2 (d, ' J~~ 66.3 Hz, 

C-AS), 32.0 (d, 'J,, 6.7 HZ, &-Pl), 50.1 (d, 2~p-C  6.7 HZ, ÇH,-N), 128.5 (d, 2~,, - 

12.4 Hz, Ç=Q ppm; 6 3 1 ~ :  89.6 ppm).'O1 At first glance, the arseniurn cycloaddition 

reactions may be classified as Diels-Alder type reactions with the As-N unit behaving as a 

"hetero-dienophile" , and in the context of reactions O bserved for phosphaalkynes, 'O2 

phosphaalkenes 'O3 and phosp hinines. 'O4 However, qualitative MO anal y sis reveals that 

the frontier orbital symmetries are incompatible (Figure 3.3). The HOMO of the diene and 

the LUMO of the dienophile c m  be considered of appropriate symrnetry (Figure 3.3 (a)) 

for the observed product stnicture, and Likely represent the dominant interaction which 

detemines the structure of the transition state in a "normal electron-demand" process.'05 

Nevertheless, a node at the arsenic centre in the HOMO for the other fiontier orbital 

interaction (Figure 3.3 (b)) raises questions about the concertedness of the reaction and the 

Diels-Alder classification, To understand the differences observed in the butadiene 

cycloaddition behaviour of these species a thomugh ab inigo investigation was performed. 



HOMO L W 0  

LUMO HOMO 

Figure 3.3. Qualitative fiontier MO analysis for a pnictogenium cation and cis- 1,3- 

butadiene. 

3.3 Theoretical Assessrnent of Pnictogeniom-Butadiene Cycloaddition 

Reactions 

Cycloaddition reactions are of immense utility to synthetic chemistsl" and the 

theoretical principles thaî explain pericyclic reactions have been snidied extensiveiy since 

Woodward and Hoffmann' s seminal articles in 1965. 'O7 The cycloaddition behaviour of 

phospheniurn cations is well d o c ~ r n e n t e d ' ~ ~ ~  inciuding reactions with 1,3-dienes which 

give phospholenium cations 3.4, and based on a number of stereospecific experimental 

results, Cowley proposed thai the miction proceeds via a [2+4] disrotatory cheletropic 

rnechani~rn.~~ 

3.1' (h = P) 35' (Ri = P) 3.6' (Pn = P) 
3.2' (Pn = As) 3.7' (h = AS) 3.8' (PU = As) 



The observed products in the reaction of carbenes, 'O8 silylenes, germy lems 53.108.109 ,d 

stann y lems with 1,3-dienes ' 'O are similar. However, data for the cycloaddition 

reactivity of heavier low-coordinate pnictogen species are limited.' ' ' Cations 32 and 33 

are the only carbene analogues that have been observed to react with butadiene to form a 

Diels- Alder type product. 62.63 

The Diels-Alder @A) r e a c t i ~ n " ~  is probably the most weil known pericyclic 

reaction and has been ttioroughly investigated syntheticdy and theoreticaily. ' l 3  The 

[2+2] and [4+2] cycloaddition reactivity of methylene has k n  studied theoreticallY,l I4 

however in spite of the ciramatic contrasts which are unambiguously experimentally 

demonstrated for phospholaniurn and arsolanium cations, we are unaware of ab initio 

studies for the cycloaddition behaviour of pnictogeniurn cations. To mode1 these reactions 

we have optimized the structures of cycloaddition products 3.9, 3.6', 3.7' and 3.8' 

and dl minima were found to have the expected CI symmetry. Their UMP2 energies. and 

ZPVE values are tabulated with those of cations 3.1' and 3.2' and those of trans- 1,3- 

butadiene in Table A. 1. The structure of 38' is compared to that of 3 . a D  in Figure 

3.4. Calculated reaction enthalpies are listed in Table 3.2. 

Table 3.2. Calculated enthalpies of cycloaddition reactions UMP2 denotes UMP2/6- 
3 1 1G*//UHF/6-3 1 1 G* + 0.90 ZPVE, UHF denotes UKF/6-3 1 1 G* + 0.90 
ZPVE. (AU enthalpies in klhnof.) 

3.2' + tram-1,3-butadiene + 3.7' 

3.2' + tram- 1,3-butadiene + 3.8' 



Figure 3.4. Cornparison of experimental and theoretical structural parameters for 

3.2BD and 3.8'. 

H-N 
/ 'H 

Figure 3.5. Schemaiic representation of the cycloaddition reaction energies (Wmol) for 

the reaction of pnictogenium cation with trm- 1 $-butadiene. 



The experimentally obsemed butadiene cycloaddition products for both 3.1', and 

3.2' are calculated to be the thermodynamicdy favoured product with respect to the other 

possible cycloaddition product in eac h system. Reaction of 3.1' w ith tram- butadiene to 

give 3.5' (-163.7 kl/mol) and 3.6' (- 1 12.2 kl/mol) are both exothermic but the Diels- 

Alder product 3.6' is more than 50 kl/mol higher in energy. The theoretical mode1 also 

mimics the experimentai observations for arsolanium derivatives predicting that the 

formation of 3.7' from 3.2' has a calculated reaction enthalpy of -85 kllmol, while the 

formation of arsonium 3.8' is more exotherrnic (-144.5 kJ/mol). A graphical 

representation of the remlts is given in Figure 3.5. 

These conclusions validate the necessity of such a high level computational snidy, 

as a cornparison of empirical bond energies ([dl energies in kl/mol] 2 P-C (552) bonds vs. 

P-C (276) and C-N (3 14) and 2 As-C bonds (458) vs. As-C (229) and C-N (3 14))' lS 

predict a DA-type product for both pnictogenium cations. Interestingly, the DA-type 

product has not even been observed in butadiene reactions with iminophosphines, which 

contain a fomd P-N double bond.' l6 Phosphorus and arsenic have nearly identical 

specwscopic electmnegativity values (P: 2.253, As: 2.21 1 Pauling ~ n i t s ) ~  and the 

calculated charge distributions in 3.1' and 3.2' (vide supra) are not significantly different 

so that the contrasting cycloaddition behaviour is not likely controlled by either property. 

The most probable explmation arises from the different oxidation potentials of phosphoms 

and arsenic. Whereas phosphorus(m) oxidizes preferentiay to the P(V) state (ca. -50 

k.J/mol) , the corresponding oxidation of arsenic(m) is unfavourable (ca. +lm kJ/mol) 

thus forma1 oxidaîion product 3.7' is unstable with respect to structural isomer 3.8'. ' l7 
Ab intio calculations of the reaction PnH3 + Hz + PnH, give AH values of 189.5 (P), 

228.4 (As), 210.0 (Sb) and 305.4 (Bi) kJ/mol and correctly predict that As(V) and Bi(V) 



5 1 

arc significantly l e s  favourable than PO.* The relative instability of the A s 0  oxidation 

state is due to the "d-block contraction" (Chapter 1) and results in the preferential formation 

of the adduct with the tricoordùiate arsenic center. The P n o  to h(V) oxidation for 

antimony (ca +IO0 kllmol) and bismuth (CU. +300 kJ/mol) (very large due to relativistic 

effects) leads to the predicûon that bismuthenium and p s i  bl y stibenium cations will aiso 

react in a s d a r  fashion to the arsenium cations however these reactions have not as  yet 

been examined experimentally . Unambiguous prediction is not possible for antimon y 

because the atom is more readily oxidized than either As or Bi and thus may form 

cheletmpic adducts. 

The rapid, quantitative and regiospecific reactions observed experimentally imply 

concerted reaction mechanisnu thus symrnetries of the calculated frontier orbitals were 

examined in this context- 

Figure 3.6. 

LUMO 

HOMO 

HOMO - 1 

Qualitative depiction of calculated molecular orbitals in 3.1' and 3.2'. 

Energy spacings and orbital sizes are not to scale. 



The frontier orbitals that we have determined for cations 3.1' and 3.2' are consistent with 

previous resu1tsS6 and correspond to an "aiiylic-type" ir-system with the additional a non- 
n 

bonding (a,) MO (the "lone pair" ) lower in energy than the x HOMO (a2). AS such these 
n 

systerns cannot be considered truiy isolobal with singlet carbenes which feature a o 
n 

~ 0 ~ 0 . ' ~  Of the possible frontier orbital interactions only that of the diene HOMO and 

pnictogenium LUMO is aüowed. The pnictogen 'lone pair" MO (HOMO - 1) has the sarne 

symmetry (A) as the HOMO but the large energy ciifference between the HOMO and 

HOMO-1 (182.0 kl/mol for 3.1', 207.9 Wmol for 3.2') and the node at the Pn center in 

the HOMO may preclude a contribution of the lone pair in the frontier interaction (although 

orbital mixing is still a possibility). The X-type and "lone pair" frontier orbital interactions 

are qualitatïvely austrated in Figures 3 -7 and 3.8 and are consistent with both cheletropic 

and Diels-Alder type mechanisms involving the diene HOMO and the pnktolanium LUMO, 

while neither mechanism has a syrnmetry allowed diene-LUMO - ene-HOMO interaction. 

If the "lone pair" molecular orbital (HOMO - 1) is used in the frontier orbital interactions 

instead of the m e  "ene" HOMO (as for carbenes),14 it becornes apparent thai both HOMO- 

LuMo interactions (diene-pnictolanium and pnictolanium-diene) are of the appropriate 

symmetry for bond formation. 
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Figure 3.7. Pnictogeniurn LUMO - butadiene HOMO chelempic interaction. 

HOMO LUMO 

pe 
LUMO HOMO 

LUMO HOMO-1 

Figure 3.8. Pnictogenium LUMO - butadiene HOMO Diels-Alder interaction. 



3.4 Conclusions 

Both saits undergo quantitative Diels-Alder tike cycloaddition reactions with 

2,3-dimethy lbutadiene, involving one As-N bond as the olefin, and contrasting the 

observations for the corresponding phosphoiidinium cation and ail other reporteci carbene 

analogues (vide supra). The dramatic contrast observed in the quantitative butadiene 

cycloaddition reactions of phosphenium (formal cheletropic cycloaddition + phosphonium 

cation) and arsenium (formal Diels-Aider cycloaddition + arsinoarnonium cation) cations 

have been modeled by determinhg the absolute energies of structures 3.1', 3.2" 3.S, 

3.6', 3.7'. and 3.8' -6-3 11G*//UlHF/6-3 1 IG* + 0.90 ZPVE). The relative 

energies of cycloaddition products 3.5' and 3.6' (52 kJ/mol), and 3.7' and 3.8' (-59 

Wmol) are consistent with the experimental observations and indicate that the obsenied 

products are thermodynamicaily favoured in each case. The anomalous butadiene 

cycloaddition behaviour of arsenium cations is rationalized in ternis of the relative 

instability of the As(V) oxidation state. The theoretical data obtained does not allow for 

analysis of the mechanism of the reactions of 3.1 or 3.2 and it is possible that arsenium 

cations react with dienes to form spirocyclic adducts (3.7), which rapidly rearrange to the 

thermodynamically favoured DA-type adducts (3.8). 

Fuaire work on this project should be the ab UIitio modeiling of the transition States 

of the cycloaddition reactions and the spirocyclic adduct + DA-type adduct rearrangement. 

This will specify the mechanism of the cycloaddition reactions; however, more computing 

power is required before such a study is undertaken. In addition, the cycloaddition 

~activity of stibenium and bismuthenium cations should be examined with a synthetic 

study. 



Chapter 4. Evalnation of the 2,4,6-Tris(trifiaotomethyl)phenyl as a 

Stabilizing Ligand for hictogeaiam Cations 

4.1 Introduction 

As suggested in Chapter 1, the stabilization of low-coordinate and electron deficient 

species is ofien necessary to allow for their i s o l a t i ~ n . ' ~ * " ~ ' ~ ~ ' ~  The isolation of stable 

carbenes and their analogues - those that do not oligomerize or decompose at ambient 

conditions in an inert atmosphere - has been effected through the use of various 

substituents which have one (or both) of two methods of stabilization. The cations of 

Chapters 2 and 3 are isolable because of "electronic stabilization", which implies that 

electron density fiom the substituent is irnparted to the electron deficient atom and results in 

a reduction of the electron deficiency at that site. Such stabilization is provided by electron 

rich substituents such as those containhg nitrogen. sulfur or oxygen either adjacent to the 

low-coordinate site or fmed in a position conducive to such a donation. Similar 

stabilization may also be effected by hyperconjugative interactions in ligands without "lone 

pairs" of e~ectrons."~ The concept of "steric stabiluaaon" is discussed in detail in Chapter 

1 (and in the upcoming chapten) and implies that the ligation of a stericdy demanding 

substituent to an electron deficient atom r d t s  in a relatively less reaaive species. 

The 2,4,6-tris(tnfluoromethy l)phen y i substituent ( fluoromes, Fmes) has properties 

that d o w  for both electronic and steric stabilization of low-coordinate compounds and has 

been used extensively to stabilize a wide variety of potentially reactive main group and 

transition metal species. The chemistry of sterically demaclding tluorinated substituents 

including Fmes has been reviewed by Witt and ~ o e s k ~ " ~  and the chernistry of the Fmes 

substituent up to 1992 is summarized in a review by ~dehann,'" however the numerous 

references to "unpublished results" and non-refereed contributions (PhD. theses and a 



poster) detract fiom the value of this reference source. The interesthg coordination 

chemisûy of the C-F unit in Fmes and other fiuorinated Ligands is surnmarized by He* 

Plenio in a recent revie~-'*~ It is estirnateci by the method of m on di' that the steric buik of 

this ligand is, not surprisingly, between that of the Mes and Dip (more accurately Tip) 

substituents, however the stabilinng effect of the coordinative interactions of CF, has 

allowed for the isolation of compounds that are unstable even with the larger substituents 

Dip, Tip and Mes*. 

The parent arene 1,3,5-tris(trifiuoromethyi)benzene was synthesized by McBee and 

Leech in 1947 by the photochernical chlorination of mesitylene followed by fluorination 

with HF at 200°C for 20 hours.lU Proton, carbon and fluorine NMR spectra of the arene 

in CDC13 were reported by Takahashi et- al. in 1985 [s'H, 8.10 ppm; 6I3c, 123.4 ppm (q, 

64.0 pprn].'" The lithiated arene FmesLi 4.1 was fmt synthesized in 1950 by McBee 

and sanfordl" and a superior synthesis was reported by Chambers et al. in 1 9 8 7 , ' ~ ~  as 

shown in Figure 4.1. This method is nearly identical to a seldom referenced much earlier 

( 1970) Russian ~ynthesis . '~~ 



McBee, 1950 

4.1  
Chambers, 1987 

Figure 4.1. Synthesis of FMesLi. 

The structure of the etherate adduct of this versatile reagent (Figure 4.2) illustrates the 

feature of this substituent that distinguishes it from ail other common buIky ligands: the 

potential for electronic stabilization via electron donation from the F atoms on the Ligand. 

X-ray crystallographic analysis reveals a dirneric structure in which the lithium atoms 

adopt a distorted trigond bipyramidal geometry with very short Li-F contacts in the axial 

positions - the fmt example of coordination of a CF3 moiety to a Li ion.In Although 

stable in ether, FmesLi is thermally unstable in THF and temperatures above -78°C result in 

the deposition of L~F. lZ7 Likewise, Lithiation of more stericdiy congested CF:, substituted 

arenes such as 1,2,3,5-tetrakis(trifluoromethy1)benzene or 1,2,4,5-tetrakis 



(trifluoromethyl)benzene results in the decomposition of the fluorinated ligand. 128.129 

Figure 4.2. Drawing of Li] coordination in FmesLieOE5. 

Donation of electron density to electron deficient sites via the ortho-CF, groups is the most 

important property of the Fmes ligand This intramolecular donation is critical for the 

stabilization of such reactive species and it tends to counteract the substantial electron 

withdrawing nature of the ligand. 

The FmesLi ragent may be used to prepare synthetically usehl bulky reagents as 

illustrated in Figure 4.3.1M Several Fmes substihited main group compounds have been 

synthesized and crystailographicdy characterized; some interesting examples from group 

13 include monomeric air and moisture stable triaryl gallium and indium compounds 

4.2, l 3  *132 the rare diindane 4.3, 132 and the remarkable Fmes phenoxides 4.4 (M = In. 

Th) which were the first examples of dicoordinate indium and thallium centers. 133*i" A 

remarkable carbenoid obtained through the use of the Fmes substituent is digermylene 

4.5. " 5  
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Figure 4.3. Synthesis of Iigands containing Fmes. 

Frnes Fmes Ps 0 M , H & x 
/ In -In Fmes-O, O-Fmes Fmes-N, ,N-Fmes Fmes-M 
\ / \  M' Ge Fmes Frnes Frnes . . 

Compounds containing dicoordinate group 14 environments 4.6 are of direct 

relevance to this thesis and were isolated by Bender et ai., 136 Griitzmacher et al. 13' and 

Edelmann et al. 13' fiom the ceaction of two quivalents of LiFmes to ECll (1,4-dioxane 



adducts for E = Sn, Ge) as iilustrated in Figure 4.4. The great strength of the Si-F bond 

(and high probability of rearrangement isomerization) renders the silicon derivative 

unlikely. This prediction is supported by the result of the reaction of two equivaients of 

FmesLi with SiCl, which results in the formation of Fmes2SiF,, a product that must arise 

from the decomposition of Fmes ligands in the reaction mixture.120 

E 2 FmesLi + EC12 (' dioxane) \ E = Ge, Sn, Pb 
- 2 LiCI Fmes 

Figure 4.4. Spthesis of Fmess .  

The carbene analogues are remarkably resistant to oligomerization, aithough the Sn 

derivative has also been crystallized as a distannene "di~ner", '~~ in contrast to the Dip or 

Tip analogues that are found to be trirneric in the solid state (and in monomer - dimer - 

trimer equilibriurn in s o l ~ t i o n ) . ' ~  The authors postdate that the presence of four close E- 

F contacts (each between 70 and 8096 of the respective E-F van der Waals' radii in dl three 

denvatives) provide weak but sufficient intemal "base stabilization" to prevent the 

oligomerization typicaily observed in such systems. Observation of temperature dependent 

"F- ' ' 7~ n and 19F1  19sn couplings in variable-temperature "F NMR experirnents - the 

magnitudes of the coupling constants (239.5 Hz and 228.5 Hz respectively at 30°C) are 

inversely proportional to temperature - provides evidence for the persistence of the E-F 

contacts in s01ution.l~~ A 207~b-L?F couphg constant of 358 Hz was dso  observed, but a 

temperature dependence was not evaiuated,13* The magnitudes of these coupling constants 



are too large to be assigned as 4 ~ E F  coupling and are consistent only with 'Virough space" 

coupiing. This concIusion is in contrast to that of Zuckermann et-al. based on the 

appearance of the bands due to the ligand in the infrared spectnim of [(2,6- 

bis(trifluoromethyl)phenyl]2~n.'41 AU three carbenoids exhibit the expected bent geometry 

at E and contain relatively long E-C. bonds and the Fmes groups are twisted from 
'Ps" 

coplanarity. Analysis of the structural parameters of the three carbene analogues lead the 

investigators to conclude that the orientation of the Fmes substituents is not defined by the 

rninimization of steric repulsion between the ortho.CF3 groups but by the mawmization of 

E-F interactions. 

The Fmes substituent has numerous advantages over other bulky groups for the 

isolation of carbene analogues. It prevents oligomerization reactions (vide supra) observed 

for derivatives with all smaller and some Iarger groups. The bulkier Mes* substituted 

stannylene 4.7 is monomeric, but rearranges irreversibly in solution at room temperature 

to the less strained &y1 isomer 4.8 and thus is only stable at low temperature.'" 

Bulky groups, usually needed to prevent oligomerization, are equally effective in 

preventing or retardhg the reaction of the carbenic centers, particularly in the iigation of the 

compounds to transition r n e t a l ~ . ' ~ ~  Findy,  substituents with heteroatom linkages to the 

carbenic center often undergo cleavage or reaction at the E-X (X = heteroatom) bond when 



reacted with transition metals and other reagents.'36 Thus the Fmes ligand allows for the 

isolation of thermally stable monomenc carbenoids that are not rendered unreactive by the 

steric bulk of the ligand. 

A nurnber of group 15 Fmes reagents have been prepared by the reaction of FmesLi 

with P q  (Pn = P, As, Bi; X = Cl, F), the results of which are illustrated in Figure 4.5. 

Fmes 
\ 
As -F 

Fmes / 

4.1 1 

Fmes Fmes 
Fmes \ \ 

\ Bi-Cl + 
As -H / 
/ Fmes 

Fi -Fmes 
Frnes 

Frnes 
4.12 4.13 

a 
/ 

Fmes -As 
\ 
CI 

Figure 4.5. Synthesis of compounds containhg the Fmes-Ri] fragment. 
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Reaction of one equivalent of FmesLi with PC13 results in the formation of the colourless 

liquid FmesPCl* 4.9 which can be converted into FmesP& 4.10 by LiAlH4 or 

O B U ~ S ~ H . ' ~ ~  Attempts to make F m e s q  from the equimolar reaction of FmesLi with 

or BiC13 resulted in the isolation of the disubstituted (and mostly trisubstituted for Bi) 

compounds 4.11.4.12 and 4.13 (the yields of these reactions are improved by 

m o q i n g  the stoichiometry of FmesLi). 143*'M Al1 species were identified by 

multinuclear NMR and mass spectrometry. Both bismuth compounds 4.12 and 4.13 

have been sûucturally analyzed and each exhibits a pyramidal geometry about the bismuth 

atom and five close Bi-F contacts (range: 2.867 - 3.298A).144 Reaction of Asa3 with one 

equivalent FrnesLi gives the colourless liquid monosubstituted dichloroarsine 4.14. 70.144 

Reagents 4.9 to 4.14 have aUowed for the preparation of compounds containing 

low-coordinate pnictogen centers. Reaction of FmesPClz with FmesP% in the presence of 

DBU resulted in the formation of diphosphene 4-15,'" which is unusudy stable in air: 

however, it readily reacts with one-eighth of an equivalent of Se8 to yield the 

selenodiphosphirane 4.16. 14' FmesPCll was reacted with one equivalent of 

perfiuoroaniline resulting in the formation of diazadiphosphetidine 4.17. the dimer of the 

desired imin~phosphine.'~~ Synthesis of Fmes substituted iminophosphine 4.18 (Pn = P) 

and. more significantly, the andogous iminoarsine (Ri = As) is accompüshed by the 

reaction of FmesN(H)K with FmesPnC12, although the major product in each reaction is 

phosphine (usine) 4.19.'~- 144*142 Iminoarsine 4.18 is the only example of a stable 

diaryl iminoarsine; the only other known compound with an As=N bond is 



M~S*N(H)AS=NM~S*. 147 Finally, attempts to prepare FmesN=PnCI (Ri = P, As) 

resulted in the formation of diazadiphosphetidine (diazadiarsetidine) 4.20.13' 
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Our interest in pnictogenium cations and the reported isolation of the bisFmes 

substituted stannylene, germylene and plumbylene carbenoids prompted a study of their 

isoelecwnic group 15 analogues. The synthetic method is illustrated in Figure 4.6 and 

consists of the preparation of pnictine derivatives Fmes2PnC1 4.21 (Pn = P, As, Sb, Bi) 

followed by halide abstraction using either G a S  or AgOTf to yield salts of the cations 

[Fmes2Pn] 4.22 (Pn = P, As, Sb, Bi). 

I 
2 FmesLi + hC13 7 

- 2 LiCl Fmes ,Pn 'Frnes Fmes 'Fmes 

Figure 4.6, Synthesis of Fmes2PnOTf compounds. 



4.2 FmeszPnCl Derivatives 

P 
d mes' ' Fmes Fmes ps\ Fmes Fmes 9. Fmes 

Reaction of two equivalents of FmesLi prepared in sim with P a 3  in diethyl ether 

gives an orange solution which yields clear h@d FmesPCi2 after removal of solvent and 

vacuum distillation.143 The dichlorophosphine was fdly characterized by multinuclear 

NMR (ij3'p: 144.8 ppm, septet, 4 ~ p - F  = 61.0 HZ; 8 "F: -53.4 pprn, d, 4 ~ p F  = 61.0 Hz, 2 

F; - 64.3 ppm, s, IF; 6'~: 8.4 ppm, s) however the reaction also resulted in a minor 

arnount (< 1 % by 3 ' ~  NMR i n t e e o n )  of Frne~~PC14.23. Small colourless needle- 

shaped crystals were isolated from the distiLlaîion residue characterized as Fmes2PCl by IR 

(vide mfrn) and multinuclear NMR (s~'P: 74.8 ppm, tridecaplet (9 iines visible), 4 ~ p - F  = 

42.0 Hz, c.f: Ph2PCl: a3'p: 80.5 ppm148).'49 The distinct favourability of FmesPClz 

over Fmes2PC1 is likely due to steric strain caused by the presence of two buky Fmes 

groups on the relatively small phosphorus atom (Chapter 5 describes such an argument in 

detail). 

The analogous reaction of As% with two equivalents FmesLi gives Fmes,AsCI a 

4.24 which was p d e d  by recrystallization h m  ether, then sublimation, followed by 

recrystalli;rirtion from n-hexane to yield colourIess nede-shaped ciystals. The three 

purification steps are required to remove by-products such as FmesAsC1, and mostly 
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" B U ~ A S C ~ ~ - ~  nsulting from excess 'BuLi used in the in silu preparation of FmesLi. The 

product is characterized as Fmes2AsCi on the basis of multinuclear NMR, vibrational 

spectra (vide infa), elemental analysis and X-ray crystaliography. The 'H NMR spectrum 

contains a single deshieldeci (6 = 8.10 pprn) peak for the quivalent protons at the meta 

position of the Fmes groups and the signals in the "C NMR spectrum exhibit the expected 

one- and two-bond C-F coupling constants. The "F NMR spectmm displays onfy two 

peaks at 6 -54.5 ppm and 6 -63.9 pprn with a 2: 1 integration. Although 424 recrystallizes 

in both monoclinic (P2,/a) and orthorhombic (P212121) space groups, the molecular 

structure is essentidy identical in each crystal fom. The molecular sûucnire is shown in 

Figure 4.7 and selected bond lengths and angles are listed in Table 4.1. 

Table 4.1. Selected bond lengths (A) and angles (O) for Fmes2AsC1 4.24 (P2 2,2 



Figure 4.7. Molecular structure of Fmes2AsCl. 

Figure 4.8. Molecular structure of Fmes,SM=l. 
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The As-Cl bond length (2.1 WO(l2) A) is typical of As-CI bonds in chlorodiarylarsines 

(Ph2AsC1 : 2.26(2) A; lS0 1 û-chioro-S,1 (Fdihydrophenmazine: 2.30 1 (4) A'', 2.270 AlS1; 

IO-chlorophenothiarsenin: 1.923(3) A,'52 and shows no indication of the "proto- 

ionization" observed in the diaminoarsines discussed in Chapter 1.  The other structurai 

features of 4.24 are similar to those of Ph2AsCl ' 5 0 [ ~ s - ~ :  4.24, 2.023(4) and 2.0 l6(4) 

A; P$AsCI, 1.97(4) A); C-As-C: 4.24, 1 O7.53( 16)O; Ph2AsC1, 1 O5(2)O] and are thus 

unexceptional. 

Reaction d SbC$ with two equivalents of FmesLi in ether M s h e s  FmeszSbCl 

4.25 as very large (10 mm diameter, 4 mm thick) hexagon shaped crystals upon 

recrystailization. Multinuclear NMR data (lg'F, 'H, "0, vibrational spectra (FT-IR and 

FT-Raman) and elemental analysis are consistent with the formulation Fmes,SbCl. The - 

"F NMR spectnirn consists of two peaks (6 -55.3 ppm and 6 -63.9 ppm) with a 2: 1 

integration ratio. The crystais were carefuily cut to obtain a single crystai X-ray structure 

of this compound shown in Figure 4.8. The diarylchlorostibine crystaIIizes in the 

monoclinic space group P2)c and pertinent bond lengths and angles are Iisted in Table 4.2. 

The structure shows signifïcant disorder in both para-CF3 groups (typically observed in 

structures containhg the Fmes substituent) which Dr. T. S. Carneron refmed by splitting 

each group into two rigid bodies. The Sb-Cl bond length in 4.25 (2.368(8)& is 

comparable to the average Sb-Cl single bond length of 232& however the SM= distances 

are long [2.24 1 ( 1 1 )A and 2.298( 1 2)Al even in cornparison to those of buky niary lstibines 

such as Sb(2,6-~iirnethylphenyI)~ (Sb-C, 2.190A). Fmes substitution also results in a very 

large C-Sb€ bond angle (107.6(6)*) which is significantly wider than even that of 
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dimesitylstibine, Me3SbH (10 1.7'). lS3 The antimony center exhibits the typical pyramidal 

geometry of neutral S b 0  compounds (the sum of the angles at Sb is 29'7.2") in the 

primary coordination sphere and dso has a secondary coordination sphere of five Sb-F 

contacts, typical of main group Fmes derivatives (vide supra). These bonds range frorn 

2.804A (801 of the van der Waals radii) to 3.1 13A (88% of the van der Waals radii). 

Table 4.2. Selected bond lengths (A) and angles (O) for FrneszSbCi 4.25 

Reaction of two equivalents of FmesLi with Bi% results in the formation of both 

colourless crystalline Fmes2BiC1 4.12 and ~ r n a r i l y  bright yellow crystalline Fmes3Bi 

4.13. '" Fmes2BiC1 was obtained through the Ligand exchange reaction of 2 equivalents 

of BiFmes3 with one equivalent of BiC13 in THF.'" Several days of s%ng results in the 

loss of the yeilow colour typical of the triaryl bismuthine and removal of solvent in vacuo 

yields a pale grey white solid thaî is characterized by "F NlMR as a mixture of BiFrnes, 
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(CU. 35%) and FmespiCl (ca. 65%). The cornpounds are easily distinguished on the bais  

of "F and 'H NMR. The 1 9 ~  NMR spectrum of BiFmes, in CD,Cl, consists of a very 

broad singlet at 8 -56.9 ppm (W In = 50 Hz) from the ortho CF:, groups and a singlet at 6 - 

63.8 pprn corresponding to the para CF3 groups. The spectrurn of 4.12 has a much 

sharper (wln = 12 Hz) singlet for the ortho CF3 fluorine atoms at 6 -56.3 ppm and a 

singiet from the para CF3 groups also at 6 -63.8 ppm. Roesky showed that the breadth of 

the more deshieldeci signal in the trisubstituted bismuthine results from hindered rotation of 

the Fmes groups (rotation barrier = 38 Id/mol) as evidenced by a variable-temperature 

NMR s t ~ d ~ . ~ ~  The NMR spectrum of the mixture of both species c o n f i m  the ratio 

of the products. 

Infrared (Figure 4.9) and Raman (Figure 4.10) spectra of Fmes,PnCl derivatives - 
(Raman spectmm for 4.12 was not obtained) allow for the tentative assignment of the Pn- 

Cl stretching fkquencies for each compound Each spectrum exhibits many bands arising 

from the Fmes substituents however, as expected, there are significant ciifferences in the 

region of 500 - 250 cm-'. The assigned frequencies of the Ri-Cl stretch are: IR: P-Cl, 434 

cm-'; As-Cl, 390 c d ;  Sb-Cl, 35 1 cm-'; Bi-Cl, 305 cm-'; Raman: P-Cl, 437 cm-'; As-Cl, 

388 cm-'; Sb-Cl, 349 cm-'. The relative intensity of the Pn-CI stretches in the infrared 

specaa increases drarnaticaily as the mass of the Ri atom increases which may be caused 

by the increase in the dipole moment of the Pn-Ci fiagrnent as the electmnegativity of Ri 

decreases d o m  the periodic table. 



Figure 4.9. IR spectra of Fmes2PnCl compounds. Top: Ri = P; Middle, Pn= As; 

Bottom, Pn = Sb. 



Figure 4.10. Raman spectra of Fmes2PnC1 compounds. Top: hi = P; Middle, Ri= As; 

Bottom, Pn = Sb. 



4.3 [Fmes2Pnl Derivatives 

Fmes ,k Fmes Fmes 9. Fmes 

Reactions of Fmes2PnC1 with silver M a t e  (AgOTf) or TMS-OTf in hydrocarbon 

solvent were examined as potential routes to ionic ~ s 2 P n ] [ O T f l  derivatives. Chloride 

abstraction fiom Fmes2SbCI was also atternpted with GaC13. Both reactions offered 

surprising results. 

Combination of FmesPClz in dichloromethane with an equimolar solution of GaC13 

gave a lilac solution which rapidly turned very pale orange. "P and '% NMR spectra 

contained only peaks corresponding to the starting phosphine. Fmes2PCI was not isolated 

in sufficient quantity to allow for reactivity studies. 

Reaction ofFmes2AsCI with an equimolar amount of AgOTf in hexane gave a 

yeilow solution with white solid. Aliquots of the solution were removed and NMR 

anaiysis reveaied a small arnount of Fmes,AsOTf 4.26 (typically < 5%) and FmeszAsCl 

(95-LW%). Removai of the solvent in wcuo over 5 days yielded pale yeliow needles of 

Fmes2AsC1 (characterized by IR, m.p., NMR, and X-ray cry stallography ). S imilarl y, 

reaction of FrneszAsCl with TMS-OTf in n-hexane gave only the starting material 

Fmes2AsC1 (NMR). These results are in stark contrast to the reaction of Mes2AsC1 with 

AgOTf, which affords MeszAsOTf quantitatively (characterized by multinuclear M), 

and indicate thaî Fmes substitution precludes the formation of the desired triflate 



compound Although the reason for the relative "inertness" of Ernes&CI is not readily 

apparent, it is likely that the bu& of the Fmes ligands prevents the approach of the trifiate 

reagent (lunetic stabilization) or that the increased steric strain in FmeseOTf  renders this 

derivative unstable with respect to Frnes2AsCl (thermodynamic stabilization). 

The reaction of Fmes2SbCl with equirnolar M3 in dichloromethane produced a 

lilac solution which rapidly faded to pale yellow. Multinuclear NMR of the reaction 

mixture showed no change from the starting stibine and crystals isolated from this solution 

were identified as Fmes2SbCl (IR, NMR, X-ray crystallography). In contrast, reaction of 

Fmes,SbCI with AgOTf in hexane results in the quantitative ( 1 9 ~  M )  formation of 

Fmes,SbOTf 4.27. The reaction mixture '% NMR spectmm consists of a very broad (a. 

33 Hz in CD2C12 and 26 Hz in hexane) singlet at -55.7 ppm, a sharp singlet at -63.8 ppm 

and a sharp singlet at -77.3 ppm with an inkgration ratio of 4:2: 1. The breadth of the 

signal of the ortho-CF3 fluorine atoms is indicative of the increased crowding at the Sb 

center caused by the replacement of the Cl atom with the larger OTf ligand which hinden 

the rotation of the Fmes ligands. Removal of hexane yielded small colourless prism- 

shaped crystals and vibrational spectm of these show the disappearance of the Sb-CI stretch 

consistent with the formation of Fmes2SbOTf. X-ray crystallographic analysis of 

Fmes2SbOTf shows the molecule to be a covalent rather than ionic compound. The 

molecular struture is depicted in Figure 4.1 1 and selected bond lengths and angles are iisted 

in Table 4.3. 



Figure 4.11. Molecular structure of Fmes2SbOTf. 

Table 4.3. Selected bond lengths (A) and angles (O) for Fmes-bOTf 4.27. 



76 

The Sb-O bond length (2.082(8)A) is almost exactly the sum of Pauling's Sb and O 

covalent bond radül" (Sb: 1.41 A, 0: 0.66A; sum, 2.07A) although a search of the 

Cambridge Structural Database (CSD) reveals very few Sb(III)-O ~ o m ~ o u n d s . ' ~ ~  The 

covalent bond is in contrast to the coordinative bond observed in the sirnilar group 14 

carbenoid complex (FITI~SS)~P~-THF'~~ (Pb-O, 2.495( 10)A, sum of covalent radii 

2.20A.6 sum van der Waals radii 3.50A1") and cdculated group 14 carbenoid 

complexes.'58 In addition, the structural parameters of the triflate moiety are clearly 

indicative of a covalently bound triflate substituent (rather than an ionic trifiate anion). 

There are two short S-O bond lengths (1.40( 1 )A and 1.4 1( 1)A) typical of S=O double 

bonds and a longer single S-O bond (1.5 13(9)A) to the oxygen atom bound to the Sb 

center, in contrast to an anionic triflate group such as that in Wes*N$][OTfl which 

exhibits nearly equal S-O bond lengths intermediate between those of single and double S- 

O bonds ( 1.440(8)& 1.432(9)A and 1.436(8)&. The C-Sb-C angle in 4.27 is 2.3' 

smaller than in the chlorinated precursor (vide supra). This is indicative of the increased 

steric requirements of the OTf ligand versus those of the Cl atom; however. the sum of the 

angles at the Sb atom decreases by almost 10° (287.8O vs. 297.2O). The geometry of the Sb 

atom is thus sirnilar to those observed in P$SbOAc (surns of angles at Sb: 270.8' and 

268.9A) or Ph2SbOSbPh2 (sums of angles at Sb: 283.0° and 283.4°).'59*'60 Fmes2SbOTf 

also displays five Sb-F contacts in the range of 2.733(8)A to 3.1 3 1 (7)A making this 

compound and its chlorinated precmor (vide supra) the ody ~ported compounds 

containhg such Sb-F bonding. 

The isolation of the covalent stibine rather than an ionic stibenium triflate can be 

raiion- in terms of the relative basicities of anionic [OTfl and that of a covalently 



bonded F atom. Although the trifiate anion is a very weak base (and relatively poor 

nucleophile), it is stül a stronger base than the covalentiy bonded fluorine atoms on the CF3 

groups of the Fmes substituent and thus [OTfl more likely to react with the unstabilized 

cationic Sb center. The steric bulk of the Fmes substituents alone is not large enough to 

kinetically stabilw the cation by preventing the approach of the M a t e  anion thus the 

thermodynamically preferred covalent stibine is formed in the non-polar hydrocarbon 

solution. 

The analogous reactions with FmesPiCl were not attempted because suff~ciently 

pure Fmes2BiC1 could nor be isolated. 

4.4 ConcIusions 

The results of the above syntheses and previous work by other groups allow for 

several conclusions to be drawn regarding the stabilizuig e k t  of the Fmes substituent. 

Firstiy, although the Fmes substituent is capable of stabilizing neutral group 14 carbenoids. 

it is not suficient to stabilize their positively charged group 15 analogues. The 

explanations for these observations are twofold and derive from the structure and electronic 

properties of the ligand. Ruorornes is a highly electron-withdrawing substituent and, as 

such, is effective in stabilizing electron deficient species by diminishing the iikelihood of 

oxidation. However the ligand does not allow for resonance or Coulombic stabilization of 

cationic centers (see Chapter 2). The results of this chapter indicate that the presence or 

absence of formal charge affects the relative stability of the isoelectronic series of q l  

substituted carbenoids. This conclusion is consistent with that of Cramer et. al. based on a 

recent ab initio examination of the series ArEMe (E = Be, C, NC).'~' 

Furthemore, the Ligand dues not provide sufficient steric bulk to kineticaliy prevent 

reactivity of the electron deficient site and thus the relative stability of Fmes substituted 



compounds depends primarily on the effectiveness of the mtramolecular contacts between 

the oltho-CF3 groups and the electmn deficient site. The necessity of fiuorine atom 

proximity to the electron deficent site explains the failure of this substituent in stabilinng 

more reactive moieties that are not directly bonded to the Ligand For example, Roesky's 

attempted synthesis of FmesN=Pn-CI (Pn = P, AS)'" was destined to result in the dimers 

thai were isolated because the presence of the nitrogen atom between the low-coordinate Ri 

atom and the Fmes substituent prevents the necessary F-Ri interactions that wouid stabilize 

the double bonded compound and prevent dimerization. In addition. the contaas to the 

electron deficient site must be able to donate enough elwiaon density to render oxidation. 

oligomerization or undesired reactions thermodynarnically unstable with respect to the low- 

coordinate alternative. Although the Fmes Ligand does provide such staôilization for the 

neutrai group 14 carbenoids. the diphosphene and the iminopnictines, the electron density 

donated by the fluorine atom is clearly not sufficient to compete with thaf of an anionic 

base in the case of the positively charged group 15 chenoids. 

The presence of a positive charge in the group 15 derivatives makes them highly 

susceptible to reaction with anions such as [OTfl, the Fmes groups do not possess 

sufficient steric bulk to stabilize the cation kinetidy and the close Pn-F contacts do not 

provide sufficient base stab-on to prevent cation-anion combination. The combination 

of these factors results in the isolation of covalent pnictines and derivatives derived from 

these as opposed to pnictogenium cations. 

The conclusions reached from this work suggest that Fmes should be more 

effective in stabilizing anions than the neutral species that have been isolated This 

suggests that carbenoid anions FmeszM] 4.28 for M = B, Al, Ga, In, TI are interesting 

synthetic targets for future snidy. Such cornpounds will allow for a more complete 

understanding of carbenic bonding tbrough cornparison with the now well established 



group 14 and 15 analogues. Compounds 4.28 would also be usehl synthons and may 

allow for synthesis of new varieties of multiple-bonded main group compounds via 

reactions with species such as group 14 and 15 carbenoids, phosphaaUcynes, 

iminopnictines, and phosp hazonium cations. 

.. @ 

Fmes A Fmes 



Chapter 5. Steric Control of Low Coordinate Bonding Environments O: 

The Steric Scde for Iminoarninopnictines, Diaminopnictazanes 

and Trisaminopnictines 

5.1 Introduction 

New structure and bonding imposed or stabilized by the presence of sterically 

demanding substituents has k e n  a principal theme of inorganic chemistry for 20 years 

(Chapter 1). There are numerous bulky substituents (Chapter 1),'62 but Mes* is the most 

often used Ligand (and one of the most sterically demanding) and has been responsible for 

the redization of heavier (n > 2) elements of Groups 1 3,163 1 4 ' ~ ~  and 15 16* in low- 

coordinate environrnents. 

This ~ o r k ' ~ ~  estabiishes some boundaries for the Iimits of substituent stenc straïn 

by the Mes* substituent with the isolation and characterization of the trisaminostibine, 

S~(N(H)M~S*)~  5.lc and hisaminobismuthine, B~(N(H)M~s*)~ 5.ld. The phosphorus 

5.la and arsenic 5.lb analogues are inaccessible and the use of the slightly less bulky Dip 

substituent results in the isolation of stibazane (diaminostibetidine) pipN(H)SbNDip J, - 

S A .  Examination of the products obtained by these analogous lithiation reactions as well 

as others reported in the literanire offers insight into the therrnodynamic consequences of 

substituent steric strain. In doing so, this shidy provides guidelines for the steric control of 

structure and bonding in N-Ri-N compounds and thus ailows for the establishment of a 

"steric scale" of the stability of such systems. 



5.2 Syntbesis and structure of P~(N(H)M~S*)~  (Ri = Sb and Bi) and 

Reactions of SbCl,, or BiC$ with three quivalents of LiNOMes* occur rapidly at 

room temperature to give S ~ ( N ( H ) M ~ S * ) ~  5.lc and B~(N(H)M~S*)~ SJd, respectively. 

We envisage the reaction to occur according to equation 5.1 (vide Ufia), and 'H NMR 

spectra of the reaction mixtures show the presence of the product and LiN(H)Mes* only. It 



was not possible to promote completion of the reactions. and isolated yields are low. The 

compounàs have been comprehensively characterized by numerous techniques including 

X-ray crystal crystdogaphy. The structures of 5.lc and 5.ld are isomorphous and 

selected structural parameters for these and stibazane 53c are Listed in Table 5.1. A 

crystallographic view of S~(N(H)M~S*)~ is shown in Figure 5.1 and illustrates the 

substantial steric crowding imposed by the Mes* substituents, which is manifest in the 

severe distortion from a symmetric pyramidal geometry at the pnictogen center in both 

structures with N-Ri-N bond angles varying over a range of 19" (5.1~: 85.6(2)O- 

104.4(3)O; 5.ld: 82.7(6)O- I06.7(6)0). 

Figure 5.1. Molecular structure of Sbw(H)Mes*l3. 



Figure 5.2. Molecular structure of PipN(H)SbNDip&. 
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Table 5.1. Selected bond lengths (A) and angles (O) for S.lc, 5.ld and 5.3~. 

To my knowledge there are no previous structural reports for trisaminostibines. '" 
The closest example is the trisiminostibine Sb(NCPh2), [S b-N, 2.08 1 (7), 2.074(7), 

2.077(7)& 16' which has Sb-N bond lengths slightly longer than those of S ~ ( N ( H ) M ~ S * ) ~  

[Sb-N, 2.04 1(6), 2.048(6), 2.064(6)A]; the latter are typical of amino N-Sb covalent 

bonds. 16' Structural snidies on homoleptic trisaminobismuthines are rare,"0 but reveal 
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consistent Bi-N bond lengths [Bi(NMe2)3: 2.189(18), 2.180(21)A; Bi(NPh,),: 2.17(2), 

2. i 6(3), 2.26(3); 2.28(2), 2.12(2), 2.2 1 (4)Al. The bonds in B~(N(H)M~S*)~ are 

comparable [2.14(2), 2.179(14), 2.214(13)A] and d l  of these bond lengths are 

significantly shorter than examples of coordinate N+Bi bonds. 17' 

In contrast, the analogous reaction of three equivalents of the slightly less buky 

amide DipN(H)Li witb SbCG results in the quantitative formation of stibazane 

[DipN(H)SbNDip J2 5 . 3 ~  and one equivalent of DipNH,. The centrosymmetric structure 

of 5 3 c  (Figure 5.2) consists of a planar 4 member Sb-N-Sb-N ring with pendant 

N o D i p  moieties attached to the antimony centers. The bond lengths (Sb-N( 1): 

2.064(6)& S b-N( 1 A): 2.032(6)A (cyclic) and S b-N(2): 2.032(6)A (exocyclic )) and angles 

(N( I )-Sb-N( 1 A): 77.7(3)", Sb( 1)-N( 1)-Sb(1 A): 102.3(3)' (cyclic) and N( I )-Sb( 1)-N(2): 

97.3(3)", N(IA)-Sb(1)-N(2): 99.0(3)O (exocyclic)) are consistent with those of the only 

other reported stibazanes we2NSbNRl2 (R = 3,4,5-trirnethyoxyphenyl and 4- 

methylpipendine).172173 The Sb-N bond lengths in these compounds are in the range of 

2.019(5)A to 2.068(5)A, the cyclic N-Sb-N angles are 73.6(2)O and 75.8" and the cyclic 

Sb-N-Sb angles are 106.4(2)' and 1 OU(2)". The ring nitrogen atorns are nearly planar 

(sum of angles 356. 1°) and the aryl groups are almost perpendicular to the N-Sb-N-Sb ring 

(94.7"). 

5.3 Stmcture Defiied by Steric Strain for [N-Pn-N] Species 

The isolation of S~(N(H)M~S*)~ 5.lc and B~(N(H)M~s*)~ 5.ld is consistent with 

previous structurai reports for the sterically encumbered homoleptic trithiolates 

S ~ ( S D ~ ~ ) ,  '74 (Dip = 2,6-düsopropylphenyl) and B~(SM~S*)~ .  17' However, they are in 



contrast to the established analogous chemistry for phosphorus and arsenic. The reaction 

of PnC$ (Pn = P, As) with three equivalents of LiN(H)Mes* is reported to give the 

aminoiminopnictines, Mes*N=P(H)NMes* S.& and Mes*N=As(H)NMes* 5.2b (the 

first example of a stable aminoimin~arsine),'~~ rather than the trisaminopnictines 

P~(N(H)M~s*)~. The driving force for these mictions is likely the formation and 

precipitation of L i a  and the concomitant fornation of Mes*NH2 (for Ri = P and As) as 

illustrated in equations (5.1) and (5.2). 

I I 
H Mes* 

Mes* 
/ 

Pn =N 
Ria3 + 3 Mes*N(H)Li 4 / + Mes*NH, + 3 LiCl (5.2) 

Mes*-N 
\ 

Mes* 
/ 

I 4 Pn =N 
Pn H Mes*>. .N, Mes*-N 1 + Mes*NHZ (5.3) 

I I \ 

H Mes* H 

R 
'N'~ I Mes* 



Furthemore, 1 have examined mixtures of 5.2a with excess Mes*- by ''P NMR 

spectroscopy and do not observe any reaction. Together, these observations imply that the 

trisaminophosphine 5.la and trisaminoarsine 5.lb are thermodynamically unstable with 

respect to Mes*- and 2a or 2b, respectively (equation (5.3)). Indeed, Burford et al. 

have previously reported the spontaneous elimination of secondary amines h m  

trisaminophosphines possessing a single Mes* substituent [equation (5.4)]," 

demonstrating the thermodynarnic consequences of substituent stenc straîn (Chapter 1). 

The favourable formation of 5 . 1 ~  and 5.ld can be supeficially understood in 

terms of the more spacious tnsarnino-stibine and -bismuthine environment by cornparison 

with the trisamino-phosphine or -mine. The Ri-N bond lengths offer the most obvious 

cornparison. The Sb-N bonds in S~(N(H)M~S*)~  12.04 1 (6), 2.048(6), 2.064(6)A] and 

the Bi-N bonds in Bi(N(H)Mes*), [2.14(2), 2.179(14), 2.214( 13)A~ are al1 in excess of 2 

A, w hile examples of trisaminophosphines 176.'n (including ( N(H)Mes* ) P { NCPh 2 } 2 ' 78 

containing the Mes* substituent) and trisamin~arsines'~~ reveal a substantidly more 

restricted pnictogen environment (P-N, 1.68- 1 -73 A; As-N, 1.79- 1.89 A). ~ e *  therefore 

expect equation (2.3) for 5.la and 5.lb to be exothennic due to the release of substituent 

strain energy upon elunination of Mes*N%, consistent with previous experimental 

~bse rva t ions .~~  Minimization of substituent steric strain in 5.k and 5.ld and adoption of 

M y  0-bonded structures is presurnably responsible for their relative stability. 

Report of the heterocyclic bismuthazane 5.3d180 Ultroduces another interesting 

cornparison. The compounds 53b (Pu = AS),"' 5.3, (Pn=Sb) and 5.3d (Pn = Bi) c m  

* N. Burford and the author 



be considered dimers of the iminoaminopnictine DipN=h(H)NDip (Dip = 2,6- 

düsopropylphenyl), derivatives of 5.2b, c and d, respectively. Their formation from 

P n q  and LN(H')Dip is independent of reaction stoichiometry, implying thermodynamic 

preference over the üisaminopnictine P~(N(IL)D~P)~, and illusaating the delicate energetic 

distinction between frameworks 5.1,5.2 and 5.3. The replacement of a methyl group 

from each ortho h t y l  group of the Mes* substituent offers enough steric relief to d o w  for 

the association of the iminoaminopnictine units, as is clearly evident in the crystal stnictures 

of 53c  and ~ 3 d . l ~ ~  Arrangement 5 3  represents a structural alternative to the double 

bonded ùninoaminopnictine species dlowing for a tricoordinate pnictogen center, 

avoidance of Pn=N R-interactions and l e s  steric strain than is present in a trisamino- 

framework, h ( N 0 D i ~ ) ~ .  Such a structure is precluded by the extra methyl group ('butyl 

raîher than 'propyl) in the Mes* substituent and the trisamino- 5.1 framework therefore 

becornes the most thermodynamically favourable structure. Another intereshg cornparison 

is provided by the Bi-N cluster 5.4 formed from the analogous reaction of 3 equivalents of 

the even less bulky amide RN(H)Li (R = 2,ddimethylphenyl) with ~ i c 5 . l ~ ~  The 

structure of 5.5 consists of a Bi-N-Bi-N ring similar to that of 53d where an RN(H)Bi 

moiety bridges the two exocyclic R-N fragments. The authors report thaî the identical 

reaction with SbC13 results in the formation of a structure analogous to that of 5 3  but do 

not offer any experirnental details ("unpublished results"). 
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Figure 5.3. Schematic representation of the skric control of N-Ri-N bonding. 

Overall the relationship between substituent size and the type of structure adopted is 

illustrated xhematically in Figure 5.3 and can be understood as follows. For small 

substituents (Me, Et, 'Pr, etc.) steric factors are relatively unimportant thus the more 

energetically favourable hisarninopnictine structure is observed when Ri = P, As, Sb, and 

Bi. With the Mes* ligand (a large amount of steric bulk), the srndler pnictogen atoms (P 

and As) favour the n-bonded iminoaminopnictine framework because the steric snain of the 

tnsarninopnictine or pnic-e structures renders them therrnodynamically unfavourable 

(this also allows for the exothermic formation of one equivalent of Mes*NHJ. The larger 

pnictogen atoms allow for larger separation between Mes* substituents and adopt the fully 

a-bonded triaminopnictine structure to avoid the less energeticaily favourable x-bonding 



and because the pnictazane framework is precluded by the 'Bu groups of the ligand 

Slightly srnakr buky Ligands (Dip and 2,6-dimethylphenyl) result in the formation of 

pnictazanes (Pn = As, Sb, Bi) (or the similar Bi cluster) beww the cyclic structure allows 

for a fully O-bonded framework with l e s  stenc strab than the aisaminopnictine alternative 

and allows for the concomitant formation of one equivalent of RIVE$. For phosphorus, the 

srnailest of these atoms, the Dip substituent is &eIy still bulky enough to yield the R- 

bonâed iminoarninophosphine (although P f o m  R-bonds more readily than any of its 

heavier congeners) . 

5 -4  ConcIusions 

Stericdy congested tnsaminopnictines S~(N(H)M~S*)~  and B~(N(H)M~s*)~ offer 

useful cornparisons with the unstable phosphorus and arsenic analogues and with the 

compounds formed from similar reactions using less stericaily demanding ligands. The 

results provide guidelines for the controi of structure and bonding in N-Ri-N bonded 

systems through the use of Mes* and other b u l e  substituents. 

The conclusions in this chapttx suggest a variety of possible Future projects. 

Substituents larger than Mes* such as Tbt, DMesp or DTipp (Chapter 1) shouid be used to 

synthesize iminoaminopnictines containhg Sb and Bi. Akematively, the use of secondary 

lithium amides containing the Mes* ligand (e.g. Mes*N(TMS)Li or Mes*N(Me)Li) may 

dso allow for the synthesis of compounds containing the N=Pn (Pn = Sb or Bi) moiety. 

Ab initio studies of the reactions studied in this chapter should be performed when 

sufficieut computing power is available to aUow for the efficient calculation of molecules 

bearing large substituents. Such calculations will provide for the quantification of the 

"steric scale*' forwarded in this chapter. 



Chapter 6. Steric ControI of LOW Coordhate Bonding Environments (II): 

Investigations of the Iminophosphine-Diazadiphosphetidine 

Dimerization and the Observation of "Non-Le Chatelier" 

Behavionr 

6.1 Introduction 

The previous chapter provides a framework for the steric control of N-Ri-N 

bonding environments in which the observeci bonding in the compounds is determinecl by 

the relative themodynamic stability of the various structurai alternatives. This chapter 

describes the dimerization of irninophosphines - systerns in which both kinetic and 

thermodynamic effects are found to be important. 

From a kinetic perspective, the stenc shield provided by bulky substituents is 

envisaged as hindering the approach of molecules and preventing oligomerization and other 

types of reaction. The ethene dimerization describeci in Qiapter 1 provides a simple 

theoretical mode1 to address the thermodynamic consequences of substituent steric strain; 

however, estimaîes of the stenc influence on reaction kinetics are far more diff~cult to 

quantify. The large number of atoms in the stencdly demanding Ligands outlined in 

Chapter 1 make ab irzitio calculations of transition states impracticd or impossible at the 

cumnt time: cdculations of transition states would allow for quantification of activation 

barriers for reactions of compounds containhg sterically demanding substituents. We have 

therefore turned our attention to the synthetic study of the f a d e  monomer-dimer 

relationship between i m i n ~ ~ h o ~ h i n e s ' ~ ~ ~  and diazadiphosphetidines to gain a qualitative 

understanding of the kinetic influences of buiky Ligands. 

Iminophosphines 6.1 contaming 3p(P(n)-2p(N) kbonds have been extensively 

studied synthetically and t t ~ e o r e t i c a l l ~ . " ~ * ~ ~ ~ ~  Although other dirneric structures have 



been identified, ' 83 the symmetnc cyclic 1,3,2,4diazadiphosphetidine 6.2 dimers (also 

known as phosphazanes) are most common and represent one of the most extensively 

studied series of inorganic cornpound~.'~~ A [2+2] cycloaddition rnonorner/dimer 

equilibrium is well established for some RNPR de ri vat ive^,'^^ but is considered 

imversible for   th ers.'*^ Without exception, iminophosphims bearing the Mes* 

substituent on the nitrogen atom do not dunerize at ambient temperanire.'gl 

Ri, R2 TfO, Mes* 
R* N-p0 P-N' 

0 
N P  

I I  
P-N OTf 

I l  
\ / N-P. 

RI' RZ' R1 Mes*-N =P M~s*/ ''Or f 

1 i 
N-P 

Dip' 'cl cl- 

This chapter details the isolation of a monorneràimer mixture in the solid state for 

the irninophosphine Mes*N=P-OTf 6 3  (or phosphazonium triflate w e s  *N=P] [OTfj), 

which was first crystallographicaUy characterized by Niecke et d l g 8  We have observed 

the consistent formation of [Mes*N=P-0Tq2 6.4 as a sisignificant CO-product of 

Mes*N=P-OTf 6 3  in the reaction of iminophosphine Mes*N=P-CI 6.5 with 

AgOSO,C% (AgOTf). The diazadiphosphetidine 6.4 has been characterized by X-ray 

crystallography, vibrational spectroscopy, solid-stak NMR and ab initio caldations. A 



solution-state 3 1 ~  NMR signai is not detecteci for the dimer (when dissolved in one of 

severai different solvents). To assess the significance of the Mes* substituent in the 

relative stability of dimer 6.4 and monomer 6.3, we have also synthesized analogous 

compounds with the slightly l e s  bullcy 2,6-düsopropylphenyl (Dip) substituent. The 

dimeric analogue of 6.5, [DipN=P-Cl], 6.6, was reacted with AgOTf to produce dimeric 

[DipN=P-OTfl,, 6.7 exclusively. Interestingly, attempted preparation of 6.6 via the 

reaction of DipNH, and PC13 in the presence of base (cf: 6.5) yields DipN(PC12), 6.8 

instead of 6.6. 

6.2 Synthesis and Structures of Iminophosphines and 

Diazadiphosp hetidines 

Iminophosphine 1 was first prepared and structuraUy characterized b y Niecke 

together with a series of other iminophosphines containing the Mes*N=P-O- fragment.188 

Although we have used the same reagents. Our handling and isolation procedures differ in a 

number of ways. Fit al1 solution experirnents were perfomed under vacuum instead of 

an argon atmosphere. Secondy, the crystallization was achieved at room temperature 

d e r  than at -30°C, and we believe that the ca 50°C ciifference in temperature is a very 

significant factor in the formation of 1,3,2,4-diazadiphosphetidine 6.4. Finaily , the 

crystallization was c d e d  out in nomal m m  light rather than in the dark; however, we 

feel that this is likely an insignificant difference as phosphetidines are also observed in the 

absence of light Our isolation procedure provides a mixture containing a vast majority of 

large dark orange crystals 6.3 and a minority (est. 596 or less) of small clear yellow 

crystals 6.4 with a combined yield of 83% ( 3 1 ~  NMR spectra of the reaction mixture 

shows quantitative formation of 6.3). While it has been possible to isolate each type of 



crystal by the Pasteur method, the individual yields are not meaningfûl. Dimerization is 

also obsmed when crystals of purified 6.3 are redissolved in fresh hexane and 

recrystallized. This observation implies that no catalysts are present to facilitate the 

dimerization. Barring self-catalysis, the only possible catalysts present in the initial 

reac tion mixture are Ag(0Tf) and A@. lg9* lgO 

Both 6 3  and 6-4 have been spectroscopically characterized and their respective 

structures have been determined by X-ray crystallography. Dr. T. S. Carneron's solution 

of the structure for the orange crystals is identical with that assigned to 6.3 by N i e ~ k e . ' ~ ~  

The yellow crystais are shown to have the molecular structure 6.4, which is a head-to-tail 

[2+2] dirner of 6.3. The significant difference between the molecular structure of each 

crystal form is responsible for the Merent unit cell parameters, volume and the twinning 

of 6.4. Although both forms adopt the same space group, the angle in 6.4 is nearly 

right (90.59(3)'). Crystal twinning is not apparent on a macroscopic level however 

sub-microscopie growth of inter-penetrating twins is possible, in which the twinned crystal 

contains rnany individual crystallites in two clifferent orientations in unequal ratios.lg' 

Crystals with a monoclinic unit cell (such as that of 6-4) and the unique angle of the unit 

tell, = 90°, are prone to a specific type of twinning. lg2 The crystal twins are related by 

the [l O O O -1 O O O - 11 symrnetry operation, which is equivalent to a rotation about the 

cry stallographic a m i s  (not a symmetry element in P2,fn). This type of twin is classified 

as a min-lanice quasi-symmev (TLQS) min, in w hich there are two reciprocal lattices 

which have slightly different  orientation^.'^^ Drs. Carneron and Kwiatkowski have also 

determined the ceil of a number of crystals of each type to confimi that the bulk of each 

sample is the same as the single crystals used for structural determination. In addition, the 



soiid-state 3 ' ~  B / M .  NMR spectnun of bulk sample exhibits features consistent with 

twinning throughout the crystals of 6.4 (vide mfra). Pertinent bond lengths and angles for 

6.4 and 6.3 are listed in Table 6.1. The molecular structures of 6.3 and 6.4 are depicted 

in Figures 6.1 and 6.2, fe~pectively and the packing of the unit ce11 is shown in Figure 6.3. 

Figure 6.1. Molecular structure of Mes*N=P-OTf. 



Figure 6.2. Molecular structure of wes*N=P-OTflz. 

Y .&--Y 
Figure 6.3. Packing diagram of wes*N=P-OTf],. 



Table 6.1. Selected bond lengths (A) and angles (O) for 6 3  and 6.4. 

1.724 (4) 

1.713 (4) 

2 . m  (3) 

1-462 (6) 

1.787 (3) 

1 sso (3) 

119.7 (3) 

95.7 (2) 

124.3 (2) 

82.8 (2) 

97.2 (2) 

106.1 

64.4 

-158.4 

The dimer 6.4 adopts a nearly square PNPN moiety having crystallographically 

indistinguishable P-N bond lengths [ 1.7 13(4) A and 1.724(4) AI, which are significantly 

shorter than a typical P-N single bond of 1.80 KIg4 but are in stark contrast to the 

extremely short (1.477(5) A) P-N bond in 6.3. Each nitrogen centre in 6.4 is essentially 

planar [sum of the angles = 357.6(8)1 perhaps indicating some degree of x-bonding in the 

four-membeted ring. The aromatic Mes* units are twisted 106.1' from the NPNP plane 

and are not able to conjugate with a PNPN x-system, coasequently the C-N bond is longer 

[6.4: 1.462(6)A . 6.3: 1.386(7) A]. 
The P-N-P bond angle [97.2(2)'] and N-P-N bond angle [82.8(2)'] are close to 
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right angles, while the C-N-P angles [140.7(3)'] and 1 19.7(3)' are markedly reduced from 

the nearly linear 176.4(4)' angle of the monorner. The bond Iengths and angles are 

completely consistent with studies previously reporteci for P o  1.3,2,4- 

diazadiphosphetidines with a variety of substituents on the phosphorus and nitrogen 

a t o r n ~ . ' ~ ~ * ' ~ ~ * ' ~  A search of the Cambridge Structurai ~atabase"~ yielded 40 structures 

with the following extrema: 1 .655(6)Alg8 - 1 .784(3)Alg9 for P-N bond lengths; 77.3 ( 1)' 

- 89.4(3)' for N-P-N bond angles; and 9 1.1 ( 1)' - l02.7(2) '~~ for P-N-P bond angles. 

To date only two crystal structures of 1,3,2,4-diazadiphosphetidines that contain 

the Mes* substituent bound to the NPNP ring have been reporte& both of which have only 

a single Mes* group directly bonded to the NPNP ~ r a m e w o r k . ~ ~ ~ ~ ~ ~  In these 

phosphetidines and dimer 6.4 the steric s e  inherent in the molecules is manifest in the 

structure of the Mes* ligands thernselves. AU three structures contain Mes* units that are 

deformed such that the ipso aromauc carbon is not in the plane of the ortho, meta, and para 

aromatic carbons. This bend is best observed in the side-on view of the Mes* groups 

shown in Figure 6.3. 

Other significant differences between the structures of compounds 6.3 and 6.4 

include: a shorter P-O bond in the dimer [6A 1.787(3) A vs. 63 1.926(4) A 1; a longer 

S-O bond for the oxygen atom bonded to the phosphorus atom [6.4 1.550(3) A vs. 6.3 

1 -5 1 l(4) A]; and a smaller O-P-N angle 16.4 95.7(2)' frorn 6.3 107.8(2)']. Ail of the 

Listed structurai parameters indicate an enhanced covalency in the dimer with respect to the 

monomer and are contrary to the expectations for the effects of stenc impositions of the 

Mes* substituents. 

The unprecedented dimerization of 6.3 suggests that the Mes* substituent is only 

just bulky enough to allow for the isolation of the monomeric iminophosphine in this 

system. Support for this hypothesis is provided by the results of the synthesis of 



analogous compounds bearing the slightly s m d a  Dip substituent, in which one of the 

methyl groups on the o ~ h o ~ b u t ~ l  groups is replaced with a hydrogen atom. Reaction of 

DipNH, with %Li followed by reaction with NE$ results in the formation of [DipN=P- 

Cl], 6.6, the dimeric analogue of 6.5. The structure of 6.6 is depicted in Figure 6.4 and 

pertinent bond lengths and angles are iisted in Table 6.2. 

Figure 6.4. M o l d a r  structure of PipN=P-ClIT 



Table 6.2. Selected bond Iengths (A) and angles (O) for 6.6,6.7 and 6.8. 



Dichlorodiazadiphosphetidine 6.6, in contrast to rnost other Kary l diazadiphosphetidines, 

is isolated in the cis conformation exclusively. The bond lengths and angles in 6.6 are 

typical of such species (P-N: 1.69 (2) - 1.73 (1) A; P-CI: 2.071 (8) and 2.085 (8); N-P-N: 

81.3 (7) and 80.5 (7)"; P-N-P: 98.6 (7) and 97.9 (8)") however, as in the case of 6.4, the 

aryl groups are twisted nearly perpendicular (93.1') to the "plane" of the NPNP ring as a 

consequence of the bulkiness of the Dip substituent. The nitrogen centers are not planar 

(sum of angles at N: 355.6' and 354.9") as is typical of cis diazadiphosphetidines. 

Reaction of 6.6 with two equivdents of AgOTf in hexane results in the formation 

of dimeric [DipN=POTf12 6.7, as predicted. Multinuclear NMR spectra show the 

presence of both cis [ 3 1 ~ :  8 177.5 ppm, "F: 6 -75.1 ppm ca. 75961 aqd tram [3 'P: 8 

273.9 ppm, '%: 6 -76.3 ppm c a  25%] isomea in solution (c$ 6.3: 3 1 ~ :  6 50.1 ppm; 

"F: 6 -78.3 ppm); however, we were ody able to obtain a crystal structure of the 

dominant cis isomer as shown in Figure 6.5. Important bond lengths and angles are 

assembled in Table 6.2 and as in the case of diazadiphosphetidines 6.4 and 6.6 the 

structural parameters of the NPNP moiety are typical of such systerns (P-N: 1 -694 (6) - 

1.707 (6) A; N-P-N: 82.1 (3) and 82.6 (3)"; P-N-P: 96.6 (3) and 96.9 (3)") and the aryl 

substituent is nearly perpendicular (97.7") to the NPNP 'plane". The nitrogen centen are 

not planar in the cis isomer (sum of an-: 352.9" and 353.3"). The P-O bond lengths 

(1.784 (6) and 1 .y63 (5)A) in 6.7 are similar to those in 6.4 and are consistent with 

typical P-O single bonds. The interpretaîion of covalent bonding of the mate group to the 

phosphetidine system is supported by the stmc tural parameters of the trifiate substi tuents 

and NMR spectroscopie feanires (vide infa). Each trifiate group contains two short S-O 

bonds ( 1.41 9 (7) and 1.430 (7)A in one and 1 -4 13 (7) and 1.422 (7)A in the other) and a 

longer S-O bond (1.512 (5)A and 1 .SI9 (@A) for the oxygen atom bonded to the 
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phosphorus atom. The N-P-O bond angles (98.8 (3) - 101.8 (3)') and P-O-S angles 

(122.8 (4)' and 121.7 (3)") are also consistent with those of 6.4. 

The reaction of one equivaient of AgOTf with 6.6 resuits in the formation of the 

expected cyclic "phosphenium cation" 6.9 as identifieci by multinuclear NMR. Somewhat 

surprisingly, the 3 1 ~  chemcial shift of the supposed dicoordinate phosphoms atom (6 

1 89.3 ppm (2~p-p = 62.9 Hz, 4~F-p = 1 7 -4 Hz)) is more shielded than that of the chloride 

substitued phosphoms atom (6 203.2 ppm ( 2 ~ p p  = 62.9 Hz)) and both nuclei are more 

shielded than those in 6.6 (6 21 1.5 ppm). The observation of 1 % - 3 1 ~  coupling benseen 

the fluorine atoms of the 0S02CF,  group (confîrmed by the 17.5 Hz splitting observed in 

the spectrum) and the phosphorus auclei in the phosphetidine ring is another interesting 

spectroscopic feature of this molecule (also observed in cis and tram 6.7) which indicates 

a signifcant interaction between the triflate group and the phosphetidine ring in solution. 

Such a coupling is not expected or observed in anionic triflate phosphenium salts, thus 6.9 

is best described as a diazadiphosphetidine. The phosphetidine-type (covalent) bonding is 

confirmed by the molecular structure shown in Figure 6.6. Selected structural parameters 

are listed in Table 6.3. The bond lengths and angles for the NPNP fiagrnent in 6.9 are 

typical of phosphetidines and do not require M e r  comment. The compound exhibits a 

cis phosphetidine geometry and the stnicturai parameters of the mate group are similar to 

those of the covalent species 6.4 and 6.7 (one long S-O bond: 1.5452 (2)A and two short 

S-O bonds: 1.4207(3)A and 1.4 1 1 g(2)). 

Surprisingly, the attempted preparation of DipN=PCl using the same synthetic 

procedure as used for the synthesis of 6 5  results in the formation of bulky 

tetrachlorodiphosphine D~PN(PC$)~ 68. '" Although this compound results from the 



formal addition of to DipN=PCI, it is more Mcely that it is formed from the reaction 

DipN(H)PC$ and pS with the loss of HCI. The molecular structure of 6.8 is illustrated 

in Eigrne 6.7 and selected bond lmgths and angles are listed in Table 6.3. The outstanding 

features of 6.8, which crystallizes with two almost identical molecules in the asymmetric 

unit, are the planarity of the nitrogen center (sum of angles 35g0 and 360') and that the P-N- 

P fragment is perpendidar to the plane of the aryl grwp - characteristics typical of ail 

such ~orn~ounds.~" This molecule may be of interest to transition metal chemists because 

it is a highly fimctionalizable "Nixon" ligand with more steric buIk than those king used 

c ~ r r e n t l ~ . ' ~  Such ligands are typidly used to stabilize coordination complexes of met& 

in low (O or negative) oxidation states fhus a ligand with significant steric bulk may dlow 

for the synthesis of new complexes. 1 8433,204 



Figure 6.6. Molecular structure of Cl-P(p-NDip)2P-OTf. 



Figure 6.7. Molecular srnichire of D~PN(P%)~ 
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6.3 Vibrationai Spectra of Iminophosphmes and Diazadiphosphetidines 

Aithough the Raman spectrum of 6.4 is much Iess intense than that of 6.3, the 

spectra of 6.3 and 6.4 are similar. The most obvious exception is the band at 1475 cm" 

in the region of the P-N stretch which we have assigneci for 6.3.*** This difference is 

indicative of the change in the P-N bonding from the highly polarizable essentially hear  

(triple bond-like) geometry in 6 3  which ailows for conjugation with the Mes* aromatic 

system to the single (or partiaUy delocalized) P-N bond in 6.4 that can not be conjugated. 

The characteristic stretch for the P d  triple bond is present in 6.3 and absent in 6.4- 

Although we are reluctant to assign the P-N stretch for 6.4, the Raman spectnim of "N 

labelled 6.4 does not contain the prominent band at 995 cm-' but shows a new band at 874 

cm-'. The spectnun aiso shows significant shifrs of the bands at 768 cm-' (to 758 cm-') 

and 132 cm*' (to 118 cm"). 

The vibrational spectra of 6.6 are typical of such species exhibiting P-CI bands at 

496 and 42 1 cm-' (IR) and 496 and 419 cm-' (Raman). The IR spectrum of 6.7 shows 

the disappearance of both P-Cl bands and the appearance of bands at ca. 1030 cm". 1 163 

cm" and 1250 cm-', which are indicative of the O'ïi Similarly the spectra of 

6.9 show the appearance of the OTf bands, however the P-Cl stretch is still observed. 

6.4 Variable-Temperature Solution NMR of Mixtures of 6.3 and 6.4 

Variable-temperaîure 0 NMR studies of the crystxdhzation mixture of 6.3 and 

6.4 dissolved in hexane, toluene, diethyl ether and dichloromethane (C%Cl2 and CD,Cl,) 

showed no indication of the [2+2] dimer or a [2+1] prduct in solution at any temperature. 

The expected chernical shift of the dimer (around 257 to 252 ppm, vide mfra) was not 



observed in any of the solvents at any temperature clown to the freezing point of the 

solvents. In each solvent the only Merence observeci upon cooling the sample from 293 

K was a progressive increase in shielding in the chernical shifts by a total of 2-3 ppm over 

the entire temperature range. 

6.5 Solid-State 3 1 ~  NMR of Mixtures of 6.3 and 6.4 

Solid-state NMR is capable of providing idormation othewise unobtainable from 

analogous solution-state NMR techniques, such as chernical shielding anisotropy, dipolar 

interactions between coupled nuclei, the orientation of the CS tensor and the detection of 

crystallographicaliy non-equivalent sites within a crystalline sample. Solid-state "P NMR 

has previously been used to probe the bonding in iminophosphines and related 

systems, 206207v208v209 and solution 3 1 ~  NMR studies have also been reported for such 

systems . 210.21 1 

Solid-state 3 ' ~  NMR spectra were acquired under the conditions of 

cross-polarization (CP) and magic-angle spinning (MAS) at two different fields and the 

results were interpreted by R.W. Schurko. The spectra display signals for both the 

monomenc and dimeric foms of Mes*N=P-OTf in samples of the powdered crystals. 

Static 'P NMR çpectra of 6.3 d o w  for the determination of the principal components and 

approximate orientation of the chemical shift (CS) tensor at the phosphonis nuclei. 

Experimental results are compared with theoretical chemical shift tenson calcuiated by 

means of hi&-level restricted Hartree-Fock (REIF) and density functional theory @FT) ab 

Ùzitio computations. Pertinent information h m  the experimentd and theoretical NMR 

studies is summarized in Table 6.4. 



Table 6.4. Experimental and Caldated 3lP Chernical Shih Tenson. 

6.3 

Exptl. RHF B3LYP 
- 6.4 

Exptl. R€iF B3LYP 

MONOMER: 
Sb = 495 ppm 

Figure 6.8. Solid-state 3 ' ~  CP/MAS NMR spectnim of the crystaliization mixture of 

6.3 and 6.4. 



Solid-state 3 ' ~  CPlMAS NMR spectra of the crystallization rnixtwe of 6.3 and 6.4 

display three distinct signals (see Figure 6.8). The most intense signal has an isotropic 

chernical shift of 49.7 ppm and a span of 504 pprn and is assigned to 63. The 

observation of a single solution chemical shift of 50.1 ppm indicates that the structure of 

6.3 is very similar in the solution and solid state. This is in stark contrast to Mes*N=P-1. 

which has 3 ' ~  chemical shifts of 21 8 ppm and 100 ppm in the solution and solid state, 

respec tivel y. 

The two other manifolds of spinning sidebands (ca. 0.8: 1 integrated intensity) in 

the 3 ' ~  CP/MAS spectnim of the monorner/dimer mixture (see Figure 6.8) arise from a pair 

of magnetically nonequivalent phosphorus nuclei with isotropic chernical shifts of 257.3 

and 252.1 ppm and are assigned to the dimer, 6.4. Each site has a span of Ca. 470 pprn. 

The isotropic solid-state chemical shifi of 6.4 is similar to solution "P NMR chemical 

shifts recently reported for analogous diazadiphosphetidines, 

[(t-Bu)(Me3Si-HC)C-N=P-C$, (6(3 'P) = 268.2 pppm):'2 Fmes-N=P-Cl], - (Fmes = 

2,4,6-nis(trifluoromethyl)-phenyl), (cis- and trans-isomers, s(~'P) = 214.3 and 293.3 

ppm, r e ~ ~ e c t i v e l ~ ) , ' ~ ~  and other tra~~~-diazadi~hos~hetidines?~~ Within the unit cell, the 

phosphorus nuclei of each dimer unit are related by a centre of inversion, and should 

therefore be both crystallographicdy and magnetically equivalent; thus, under conditions 

of MAS one would expect to observe a single re~onance.~'~ The appearance of two 

separate 3 1 ~  NMR signals is surprising, but c m  be attnbuted to the twinning of the crystals 

of 6.4 (vide supra). There are two slightly different unit ceils which give rise to nuclei 

which are in non-identical electronic environments (i.e. the nuclei are crystallographically 

inequivalent). Since chemical shielding is a property which is very sensitive to the 
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surrounding electronic environment, two separate signals are observed in the solid-state 

3 1 ~  MAS NMR spectra There is no indication of splitting due to 2~p-p coupling in the 

solid-state 3 ' ~  NMR spectra, which is consistent with the presence of a centrosymmetnc 

[2+2] cycloaddition dirner and incompatible with any other dimeric f o m .  l6Sm 

Gauge-Including Atomic Orbital (GLAO)~" calculations were performed on an 

IBM RS6000/580 workstation at the RHF/6-3 1 lG* and DFT(BL3YP)/6-3 1 lG* Ievels of 

theory using the Gaussian94 suite of programs.73 Single point ab Ulitio calculations were 

performed on the models PhN=P-OTf and [PIiN=P-OTfJ, using the geometries obtained 

€rom X-ray crystallography, since the optimized structure of PhN=P-OTf is substantially 

different frorn the X-ray structure observed in the solid  tat te.'^^ The 'butyl groups were 

replaced with hydrogen atoms placed dong the C(XYI)-C(~BU) axis. R.W. Schurko 

converted the absolute 3 1 ~  chemical shielding values to the 3 ' ~  chemical shift scale (R~ 'P .  

85% HH,PO4) = O ppm) by subtracting the absolute shielding values frorn &"P. 85% 

For irninophosphines containhg 3p(Po)-2p(M R-bonds, the chernical s hielding 

at the phosphorus nucleus is largely influenced by the n +n* transition energy, E(n +x*), 

which is dramatically affected by changing the substituents at the phosphorus or nitrogen 

centers. 206207J08 If the double-bond system is perturbed in such a manner that there is an 

increase in E(n jz*), then the paramagnetic contribution to chemicd shielding decreases, 

and the shielding at the phosphorus nucleus increases. The effects of a number of different 
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substituents at the phosphorus and nitrogen atoms on the phosphorous chemical shifi have 

been catalogued and discussed in several publications. 1 16. l6SmJO7.2082 17 

The "P isotropic chemical shift of 6 3  (49.7 ppm) is the rnost shielded isotropic 

chernicd shift reported for an iminophosphine. Iminophosphine derivatives with linear 

Mes*NP moieties tend to have very shielded chemical shifts ([Mes*N=P][AiCl,], 6. ( 3 ' ~ )  
l u )  

= 77 pprn and Mes*N=P-1.6. S'P) = 100 ppm) relative to systems with a bent geometry 
1so 

at the nitrogen atom. 206*207 In the case of wes*N=P][AlCl,], the most shielded 

component of the CS tensor is found to lie approximately dong the direction of the P-N 

internuclear vector (i.e., = O). Wes*N=P][OTfl 6.3. mes*N=P][AICl,] and 

Mes*N=P-I have approximate cylindricai symmetry (C $ about the C -N-P fragment 
m ipso 

(Le. Cip-N-P bond angles are c a  180') in the solid-state. In molecules with C -v 

symmetry, there is no paramagnetic contribution to shielding when the symrnetry axis is 

parallel to the direction of the magnetic field, and a maximum paramagnetic contribution 

when the symmetry axis is perpendicular to the magnetic field dire~tion.2'~ accounting for 

the higNy shielded values of 633 in WesrN=P] derivatives For 6.3, 833 is not exactly 

dong the P-N bond (Pm = 21") because of the presence of substituents (i.e., the Mes* 

and triflate groups) which do not conforni with CwV symmetry. 207 3 1 ~  NMR spectra of 

stationary sarnples of formally double-bonded P-N systems consistently display a negative 

207 
skew (i.e. K = 3(622 - 6. )/a = negative), whereas the fomally triply-bonded systems 

1SO 
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have a hi@ positive skew, with the CS tensor having axial or near-axial symmetry. 206207 

The positive value of the skew in 6.3, ic = 4-94, is in accordance with this trend since 

there is an almost linear P-N bond. The skew mdicates that the CS tensor is nearly axially 

symrnetric, which would be expected due to the high local syrnmetry at the phosphorus 

nudeus. 

6.6  Interpretation of Observations - Steric Inhibition of Le Chateiier's 

Principle ? 

Monomer-dimer equilibria are obsened m solution, in the tiquid phase or in the gas 

phase for many types of inorganic systems, with the minimal thermodynamic difference 

between monomer and dimer species responsible for the observation of both species. For 

example, radical species such as NO and NO, associate via relatively weak N-N (and 0-0) 

bonds.'3 The strong alkene multiple bond is destabilued with respect to two carbene 

monomea with the introduction of a~a-@*~'  or amino-substituents~ and the varying steric 

bulk of substituents is seen to tune the relative stability of alkene analogues such as 

distannenes and digermenes with respect to carbene analogues.1421g In each of these 

cases, the relative thermodynamic stabilities of the monomer and dimer are sufficiently 

different such that ody one stnichiral isomer is isolated under a specifc set of conditions, 

as predicted by Le Chatelier's principle. 

Aro~nt ion  Bsolntion Bsol id  

Recrystabation 

Figure 6.9. The ecpiiibn~m of A and B is forced to the right by the recrystallization of 

B (diminishing the concentration of B in solution). 



Le Chatelier's principle, a tenet of chemistry, States: "when a system in chernical 

equilibrium is disturbed by a change of temperature, presçare, or a concentration, the 

system sMts in ecpilibriom composition in a way that tends to countaact thïs change of 

In practicd ternis, the principle asserts that as the concentration of one 

component in an equilibrium is reduced the system adjusts so as to maintain the 

equilibnurn. In the case of recrystabation, Le Chatelier's principle usually provides for 

the isolation of a single product (see Figure 6.9). As the least soluble component B begins 

to crystahe at its saarration concentraton (reducing the concentration of B in solution thus 

making Q c KJ, the system shifU to the right to maintain the equili'brium which results in 

the concomitant reduction in the concenaation of A. Because B is constantly king 

removed h m  the system, the concentration of A is continually king reduced until it is 

completely removed from the reaction mixture, and only B is isolated Although Le 

Chatelier's p ~ c i p l e  is generally applicable, the d t s  of this chapter demonstrate that the 

chernical behaviour it pred~cts will only be observed if the kinetics of the equilibrium 

reaction allow for @%ration on the timescae of the d o n  or recrystallization. 

A surnmary of the experimental observations is mandated kfore dirussion of the 

conclusions drawn. Ody 6 3  is observed in solution and bah 6 3  and 6.4 are formed by 

recrysraLlKation h m  hexane. Relatively -id recrysfallizaaon results in the fonnaticm of 

6.3 whereas slower recrystallization d t s  in the isolaaon of uicreasing amounts of 6.4. 

Preliminary experiments indice that the presence of quinuclidme m a dichloromethane 

solution of 6.3 results in the isolation of crystalline 6.4  exclusive^^."' The analogous 

system with the slightly d e r  Dip substituent yields only dimeric structures for both 6.6 

and 6.7 in solution as weii as the solid-state. In addition, quantum chemical caldations 

show rhat the arrangement of atoms in 6.3 (two moles; Ph instead of Mes*) is 43.4 kl/mol 

(lW/6-3 1 1 G*) or 15.8 b o l  (B3LYP/6-3 1 1 G*) l e s  stable than in 6.4 ( Ph instead of 



Mes*) in the gas phase at O K. 

The observation of two (or more) crystal forms for a particular compound is 

certainly not unprecedented (vide sypra), however the isolation of crystals of both 

monomeric aad dimeric forms h m  one recrystallization is rare. Generally, each crystalline 

form is obtained under a diflerent set of reaction conditions. The most relevant example of 

another system in which both monomeric and dimerk structures have been obtained h m  

the same reaction conditions is that of Fmes2Sn and its Lbdirner". 1392u In this exarnple, 

there are no significant ciifferences in the structurai parameters of the monomer and the 

monomeric unit in the "dimei" structure (which is in stark contrast to the structures of 

typical distamenes). The observations suggest that the "dirneric" arrangement is imposed 

by crystal packing forces. Conversely, the dimerization of 6 3  results in drastic changes in 

the structure and bonding (vide supra) and results in a rnolecular structure which is 

comparable to those of other diphosphetidines. 

The observation of only 63 in solution upon the dissolution of a mixture of 6.3 

and 6.4 clearly indicates that the monomer is thermodynamically favoured in solution. 

This is expected on the bais of the increased entmpy (which is explicitly neglecred in the 

OK ab hino calculations) of two monomers versus a single dimer molecule. Solvation by 

donor solvents is expected to increase the stability of the monomer as is dissolution in polar 

solvents; however, only 6.3 is observed in essentially non-polar hexane. The isolation of 

any 6.4 in the crystalline state irnplies that this form is more stable than is crystdline 6.3, 

as the solution is composed of exclusively 63. The conclusion that crystalline 6.4 is 

more stable is in accord with the theoretical calculations of the molecules although such 

calculations only mode1 the molecules and neglect ail intermolecular solid-state interactions. 

In addition, the exclusive isolation of phosphetidines 6.6, 6.7 and 6.9 with the slightly 

l e s  bullcy Dip substituent demonstrates the energetic preference of the M y  G-bonded 



phosphetidine arrangement - behaviour which is definitively dernonstrated for P-N 

compounds with l e s  buky substituents. 

The rate of recrystallization influences the relative amounts of monomer and dimer. 

Ovemight removal of hexane results in the almost complete formation of 6.3 whereas 

prolonged (one week) recrystakation at nearly constant volume (sirnila. to recrystallization 

using a Soxhlet apparatus) produces nearly pure crystals of 6.4. Niecke's exclusive 

recrystaüization of 6 3  at -30°C from hexane and the other observations above are 

consistent with the postulate that 63  is the kinet idy  preferred crystalline form whereas 

6.4 4s the thermodynamically favoured crystal. 

These results suggest the presence of an equilibrium between 6.3 and 6-4 in 

solution that favoun 63 although small amounts of 6.4 must be present in solution to 

ailow for the formation of 6.4 crystals. A large activation energy between 6.3 and 6.4 is 

expected due to the buik of the Mes* substituent which acts as a kinetic shield and because 

of the change in the angle at the nitrogen atom that is required in the transition state 

structure involves distorthg a conjugated x-system. A significant activation barrier 

explains the observed behaviour of the reaction between quinuclidine and 6 3  to form 6.4 

exclusively. The addition of a-donor bases to Mes*N=P-OTf results in  complexes of 

the phosphorus atom, which exhibit a significant decrease in the Cipso-KP angle and a 

slight lengthening of the N-P and N-C bonds; the compounds adopt a more typical 

Uninophosphine geometry. This complexation presurnably reduces the dimerization 

activation barrier as it elunuiates the energy requirement for angle deformation and the 

resultant bond lengthening reduces the steric strain in the transition state. As such 

quinuclidine acts as a cataiyst (although not necessarily in minute concentrations) for the 

recrystallization of 6.4. 

The apparent inhibition of Le Chtelier's principle is the observation of both types 



of crystals fiom the same reaction mixture. We propose that the behaviour observed is 

caused by the steric bdk of the Mes* substituent. The relative energies of the monomeric 

and dimeric components and the energy of the activation barrier between 63 and 6.4 is 

dependent on the size of the substituent. Ligands smaller than Mes* thermodynamically 

favour diazadiphosphetidines whereas larger groups are predicted to thermodynamically 

favour the monomeric iminophosphuie. The Mes* ligand gives a system in which both 

constituents are of very similar energy with the monomer favoured in solution and the 

dimer favoured in the solid-state. The large activation barrier prevents rapid 

interconversion of 6 3  and 6.4 on the timescale of the recrystalli~tiun and does not dlow 

for the exclusive formation of either type of crystal as would be expected on the bais of Le 

Chatelier's pnnciple. Other factors such as concentration and solubility are also Iikely to 

influence the equilibrîum, however we believe that the timescale of the reaction is the most 

significant factor. 

6.7 ConcIusions 

Monomenc and dirneric f o m  of Mes*N=P-OTf have k e n  synthesized and 

isolated in crystalline form. X-ray ciystal structures reveal solid-state structures which are 

consistent with the other characterization data 

The dimerïzation of Mes*N=P-OTf is an exarnple of a system in which the kinetic 

and thermodynamic influences of buky subsituents are exposed. It is a case where the 

relative thermodynarnic stabilities of two structural alternatives are very similar and, as 

such, represents a key example in the spectrum of dimerization reactions controiled by 

relative steric bulk. On one end of this speanim (systems with s m d  substituents) stenc 

interactions are relatively unimportant so the thermodynamic stabilities of the compounds 

are controlled by relative O- and R-bond energies - dimers are favoured and kinetic 



stabilizaîion is requkd for the isolation of muitiply-bonded compomds. On the other end 

of the spectrum (systems with very bulky groups) the ciifferences in bond energies are 

insignifcant compared to the energetic consequences of steric strain thus the 

thermodynamic stabilities are controlled by the steric demandç of the Ligands -monomers 

are favoured and kinetic stabilization is redundant. The dimerization reported above sits in 

the middle of this spectrum and thus provides unprecedented information about the kinetic 

and thermodynamic effects of bulky groups. 



Chapter 7. The Nascent Chemistry of the mes*N=As] Moiety 

7.1 Introduction 

7 . 1 -1 Diazonium Cations 

The diazoniurn cation 7.1 is a synthetically useful organic functionai group that has 

an extensive chemistry and has been studied since the middle of the 19th century. ~23,224 

Diazonium cations are isoelecîronic with nitrites and consist of a nitrogen-nitmgen triple 

bond with a monocoordinate terminal nitrogen atom and a dicoordinate nitrogen center 

having a formal positive charge. Ab Uiitio calculations on diazonium cations reveal that the 

electronic structure of the cations is not accurately represented by the conventional Lewis 

structure - the positive charge is predorninantly f o n d  on the terminal nitmgen atom and on 

the carbon atom bonded to the diazonium group thus the most accurate representation of the 

electronic smictun of [ArNdVI is that of a higly polarized N d  molecde coordinated to a 

phenyl cation? 

Diazonium cations are generally syntheskd in the presence of HCI which yields 

die chloride salts; such salts are generally explosive. The chioride anion c m  be exchanged 

for another anion via metathesis reactions with saits such as NaBF, yielding more stable 

salts. 226,227 



Diazonium cations are linear with a C-N-N angle between 169.9" and 180° with the 

vast majority closer to 180°.228 The ,mgen-nitmgen bond lengths faü within the range 

1.083(3) A to 1.1 l(5) AU' which is on the order of the nitrogen-nitrogen bond length in 

N2 of 1.09768(5) & thus diazonium cations are usually considered to have a nitrogen- 

nitrogen triple bond. Dinitrogen is one of the most stable Ieaving groups and isotopic 

labelling experiments with one '% and one "N have shown that the monocoordinate 

nitrogen (a) and the dicoordinate Ritrogen (8) exchange positions at arnbient 

temperature.229 The proposed mechanism shown in Figure 7.1 is modeled by high level 

ab initio calculations and involves the formation of a phenyl cation followed by the 

subsequent recapture of the nitrogen molecde before the species are separated by 

s o ~ v e n t - ~  The potential for the loss of N2 is a unique kahm of diazoniurn cations in 

cornparison with heavier diazonium analogues and results in important ciifferences in the 

chemistry and the potential danger of these species (vide infia). 

Figure 7.1. Mechanism for N a t m  exchange in [PhbN]. 



The synthesis of the supermesityldiazonium cation wes*N=W 7.2 (analogous to 

the compounds in this thesis) cannot be effected by the standard methods and is 

accomplished either by the reaction of NO' with ~ e s * q ~ ~ ~  or by the decomposition of 

M~S*N=N-O-C(O)R? This cation is unstable and readily ejects a molecule of N2 to 

fonn a reactive aryl cation which rapidly abstracts a hydrogen atom from the ortho-'Bu 

P U P .  

Diazonium cations generally react as electrophiles through the tehnal nitrogen and 

the major classes of reactions involving diazonium cations that are relevant to this thesis are 

surnmarized in Figure 7.2. More extensive discussions of diazonium chernistry can be 

found in several books 224"6*"2 and review articles. *3 

I N3- (or other other L,3 - dipoles) 

Figure 7.2. Diazonium cation feactivity. 
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7.1.2 Phosphazoniom Cation and Phosphaalkynes 

Phosphazonium cations (iminophosphenium cations) 7.3 are isovalent with 

diazonium cations and contain a terminal phophorus atom. Phosphazonium cations with 

terminal nitrogen and dicoordinate phosphorus have not been reported. thus the exchange 

of mono- and dicoordinate pnictogens observed in diazonium cations does not occur for 

the heavier analogues. This observation may be understood in terms of bond energies, in 

which a C-N bond is energeticaliy favoured over a C-P bond, thus the observed 

compounds are thermodynamicaily more favourable than the alternative WN-j 

isomer. Ab Utitiu calcdations aüow for quantification of this observation and predict that 

for R = Me N E P I  is 253 kllmol lower in energy than W N ] . ~ ~  The large difference 

in the stability of the isomers is rationaiized by the difference in their ability to adopt the 

stabilizing (+)(-)(+) charge distribution: P is much more electropositive than N and thus 

the most stable structure is that with a terminal P atom. The loss of E N  is not as 
0 

favoured (For R = Me, [RN=P] is 241 Wmol more stable towards this Ioss than is 

mq) thus phosphazoniurn cations do not exhibit the explosive nature of their lighter 

analogues and Nd'] is also calculated to be stable with respect to the loss of cycüc 

(P=W3 by 374 k ~ l r n o l . ~  Phosphazonium cations have only been isolated with the Mes* 



Ligand although the cation MeNd'] has been observed in mass spectra of the phosphenium 

cation 7.4 (2.7). 

Phosphazonium cation 7.5 is prepared as [MCl,] (M = Al or Ga) or [OTf] sdts via 

haiide ion abstraction from the versatile irninophosphine Mes*N=P-Cl using reagents 

such as M2C16, GaCI,, and AgOTf. The gallate ([GaCi,]) and digallate ([Ga2CL,]) salts 

only crystaliize in the presence of arenes, and it has k e n  shown that the arene is, in fact, n- 

coordinated to the phosphorus center and is not only a solvent of re~r~sta l l izat ion.~~ The 

N P  bond length is dependent on the arene and counter ion, and is observed to be in the 

range of 1.463-1.529 AU'. The P-N bond is typicdy considered a triple bond because of 

its linearity, bond length (the spectroscopically detemiined bond length for E N  is 1.49 1 
<g) 

AU' and that of cationic [Pw(g) is 1.57 A"?, the conc~usions of ab initio calcuiations 

and "P NMR data (Chapter 6). The 3 ' ~  NMR chernical shift of the phosphazoniurn 

cation is dependent on whether it is in solution or the solid state, the counter anion present 

and, if applicable, the arene to which it is coordinated; the range of observed chernical 

shifts is 6 50 - 95 ppm." Vibrational spectra (IR and Raman) of phosphazonium cations 

and other compounds containhg the Mes*N=P moiety reveal that the N-P stretch is 

typically between 1420 -1530 cm-' and that there is a qualitative correlation between the 

bond angle, the vibrational frequency and the intensity of the band; - the frequency and 

intensity increase as the angle approaches We have also posnilated that the 

presence of significant S ~ p  coupihg is an indication of a h e a r  CiPm-N-P unit of 

5 
wes*N=P] species in solution. The JP-H coupling can only arise if the phosphorus atom 



is in the plane of the arene ring as the coupling is trammitteci via the aromatic n-system. 

Such a conclusion is consistent with the results of previous calcuiations on isoelectronic 

A r - e P  systems?@ In the case of the Mes* substituent, the o r t h d ~ u  groups prevent 

geomeeies with a signif~cantly non-linear C-N-P moiety from king coplanar with the 

aromatic ring (typicdy the Cip-N-P plane is perpendicuiar to that of the ring) and thus 

coupling is not observed in such systems. The chemistry of the phosphazonium cation is 

summarized in Figure 7.3."' 

Mes* 
I 

Ph = Ph 

\ 
R-P, ,PO 

> -  Mes* 

Figure 7.3. wes*N=P] Chemistry. 
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Diphosphazonium cation, 7.6* (phosphanetriylphosphonium cation) has been 

reportedVM2 but the diphosphazonium moiety is not linear with the C( 1)-P( 1)-P(2) angle of 

98A0 and in fact has a  ans geometry about the P(1)-P(2) double bond (2.m A) and the 

P(1)-P(2)-P(3) angle is 96.78O. A cation proposed to contain the [R-EP] moiety is 

['~r,N'kp] which has only been observed in mass ~ ~ e c t r a ^ ~ ~  Ab inirio calculations 

confirm that w-P=P] is significantiy less stable than [R-NEP] because of the reduction in 

the dipole moment of the FkP moiety and concomitant 10s of the stabilizing (+)(-)(+) 

charge dis t r ibut i~n.~ 

Phosphaalkynes 

7.7 

Phosphaaliqnes, 7.7, are the direct analogues of nitriles and akynes, and they are 

the most extensively studied of dl the low-coordïnate phosphorus compounds yet 

prePared102 3 1 ~  NMR chemicd shifts for the variety of observed phosphaalkynes are 

extremely shielded for the same reason (linear C. C-P fragment) as are those of 
'Pso 

wes*N=P] cations (vide supra) and fall in the range of 34.4 to -69.2 ppm relative to 85% 

%PO4. The chemistry of phosphaallcynes is extensive and well documented in several 

review articles244 and books. 102,243 



7.1 .3  Heavier Isovalent Analogues 

A rnonomenc arsadkyne Mes*=& 7 8  analogous to phosphaalkynes has aiso 

been isolateci through the use of the Mes* substituentx5 The compoimd was prepared by 

the reaction depicteci in Figure 7.4, and the driving force is the elidation of TMS-û- 

TMS. 

Figure 7.4. Mechanism for the synthesis of Mes*-. 

Attempts to make arSaaUcynes with smailer substituents d t  m the formation of oligomen 

such as the arsacubane  BUCA CAS)^.^^^ "Free" amakynes without sterically demandmg 

substituents can only be studied in the gas phase.247 Calculations for RC=h (Ri = N, P, 



As, Sb) 7*9 predict that these species are stable (in the gas phase) and that the heavier 

homologues (Ri = As, Sb) will react in a similar fashion to the correspondhg 

phosphaalkyne. 240,248 

7.1 -4  Mass Spectrometric Identifkation of wes*N-Pn] 

Electron ionization mass spectrometry (EIMS) studies of the aminoirninopnictines 

(7.10 (5.2a) (Pn = P) and (5.2b) (Pn = As)) and trisarninopnictines (7.11 (5.1~) (Pn 

= Sb) and (5.1~) (Pn = Bi)) (Chapter 5) by means of a collaboration with G.B. Yhard 

have resuited in the observation of the series of @bh*N=Pn] cations (E = P, As, Sb) as 

prominent ions in the 70 eV spectra. 

The stibazonium (dz 380, 12% and mh 382-8s)  and bismazonium ( d z  468, 

35%) cations have not been reported previously and thus represent the fmt exarnples of 

such species. The formation of these cations can be rationalized as shown in Figure 7.5. It 

is also noteworthy that both pnictogenium cations wes*NHPnNHMes*] 7.12 are also 

observed in the spectra. 

The phosphazoniurn (dz 290, LW%) and the arsenoazoniurn (m/z 334100%) 

cations are the base peaks in their respective spectra and are drus the most stable on the 

timescale of the expriment (CU. 10 microseconds). The formuion of these cations can be 

rationalized as show in Figure 7.5. Al1 of the observed cations were identifed 

unambiguously through the use of MSMS and accurate mass determination. The only 

arsenoazoniurn cation previously observed in mass spectra was WeNds], reported by 

this research group in 1994.~'~ 



- 
Mes* H 

'N' 

1 
Mes* 

Figure 7.5. Mechanism for the formation of cations by EMS. 

The observation of these diazonium cation analogues as relatively stable species and 

the isolation of isoelectronic Mes*C-=As (although it is neutrd and therefore Iess reactive) 

suggested that compounds of the type m * N = h ]  should be syntheticdy accessible, as 

should be the ideal precunors to such compounds Mes*N=Ri-CI, thus we undenook the 

synthesis of these compounds. Two synthetic methods were studied in the synthesis of 

Mes*N=As-Cl which are summarized in Figures 7.6 and 7.7. 



Figure 7.6. S ynthesis of Mes*N=As-Cl from Mes*N(TMS)AsC$. 

Figure 7.7. S ynthesis of Mes*N=As-Cl fmm Mes*NOAsCI,. - 

7 . 2  Synthesis of Potential Iminoarsine Precursors 

7 .2 .1  Mes*N(TMS)PnCI, (Pn = P, As, Sb) 

Reaction of a pale yellow ethereal solution of Mes*N(TMS)Li with Pa, (Figure 

7.8) results in the formation of orange crystals characterized as Mes*N(TMS)PCI27.13 

by multinuclear NMR, vibrational spectroscopy and X-ray crystallography. 



TMS 
1 

Figure 7.8. Synthesis of Mes*N(TMS)PnCl,. 

The molecuiar structure of 7.13 is shown in Figure 7.9 and pertinent structural parameters 

are listed in Table 7.1. The bond lengths and angles are unexceptional, however the 

nitrogen center exhibits a plana. geometry (sum of angles 360°) which is enforcecl by the 

stenc demands of the oh-'butyl groups of the Mes* substituent. The plane defined by P- 

N-Si sits perpendicular (90.7") to that of the Mes* group for the same reason. 
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Table 7.1. Selected bond lengths (A) and angles (O) for Mes*N(L)PaC12 compounds 

7.13 (Pn = P, L = TMS), 7.14 (Pn = As, LSïMS) and 7.17 (Pn = As, 

hi-cl(1) 

Pn-Cl(2) 

hi-N 

N-C(l) 

N-Si 

cl( 1 )-Pn-Cl(2) 
Cl( 1 )-Pn-N 
Cl(2)-Pn-N 

Pn-N-C(l) 

Pn-N-Si 

Ar-N-Pn-S i (torsion) 

Similarly, the reaction of Mes*N(TMS)Li with AsC13 in ether results in the 

formation of pale yellow crystals Mes*N(TMS)AsCI, 7.14. These crystals cm be 

obtained either by r e c r y s ~ t i o n  from ether or hexane or by sublimation under dynamic 

vacuum. Proton and I3c NMR spectra confirmed the presence of the Mes*N(TMS) unit in 

the product and vibrational spectra indicated the presence of the AsCl* moiety (vide infia). 

Crystallographic analysis of the compound confirmed the fomulation detennined 

spectmscopically and the molecular structure is shown in Figure 7.10 with pertinent 

structural parameters listed in Table 7.1. The structure of 7.14 is isomorphous to that of 

the phosphorus analogue and, similady, the bond lengths and angles are typicd. The 

geometry about the nitmgen atom is planar ( s u  of angies 359.g0) and the As-NSi plane 

maka an angle of 92.18O with that of the aryl ring of the Mes* substituent. 



Figure 7.9. Molecular structure of Mes*N(TMS)PC12. 

Figure 7.10. Molecular structure of Mes*N(TMS)AsCl,. 
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The analogous reaction of Mes*N(TMS)Li with SbC$ in ether results in the 

formation of a peach coloured solid upon removd of solvent Attempted recrystalllization 

was unsuccessfd and resulted in the isolation of a mixture of Mes*N(TMS)SbC12 7.15 

and, surprisingly, crystais characterized as Mes*-SbCl, 7.16. The proton NMR 

spectnim of the mixture reveais that Mes*N(TMS)SbCL2 is the major component of the 

mixture (overall intensity Ca. 70%) while MesfN)4.SbC13 accounts for the other signals 

observed Although the vibrationai spectra of both compounds are very similar, there are 

significant ciifferences between the spectra of each. In contrast to the IR spectmm of 7.15 

(vide infia), the specmim of 7.16 shows one very broad Sb-CI stretching band at 300-340 

cm-' and is rnissing the very strong band at 865 cm-' (stretching in the TMS group). The 

spectrum also contains N-H stretching bands at 3516 and 3443 cm-'. Similarly the Raman 

spectrurn of 7.16 exhibits a broad peak centered at 340 cm-' (Sb-Cl stretches) and a weak 

band at 3459 cm-' from the N-H vibration. 

The IR spectra of 7.13.7.14 and 7.15 are similar, most notable is an intense 

broad band at ca. 800-900 cm-' caused by the TMS group stretching, and ailow for the 

identification of the Pn-Cl stretching (P-Cl, 378 and 320 cm-'; ASCI, 364 and 32 I cm-': 

Sb-CI, 339 and 3 14 cm-'). The Raman spectra shown in Figure 7.1 1 likewise allow for 

such a cornparison and the assigned vibrational fkquencies are: P-CI, 376 and 325 cm-'; 

As-Cl, 362 and 322 cm-'; Sb-CI, 338 and 3 13 cm*'. 



Figure 7.11. Raman spectra of 7.13 (Top), 7.14 (Middle) and 7.15 (Bottom). 



Reaction of Mes*N(H)Li with Asa3 in ether results in the formation of a peach 

coloured solution which yields a peach coloiired solid characterized as Mes*NHAsC12 

7.17. The vibrational spectra confirm the presence of the AsCl* (bands at 361 and 332 

cm-') and N-H (3406 cm-')moieties and the 'H NMR spectrum exhibits peaks assigned to 

the Mes*NH fragment (singles at 6 1.30 (9H, p t ~ u ) ,  1.5 1 (18H. O-'BU), 5.85 (H, 

broaci, N-H), 7.38 (2H, Ar-H) ppm). The molecula. structure of 7.17 is shown in Figure 

7.12 and selected structural parameters are listed in Table 7.1. 

Figure 7.12. Molecular stmctun of Mes*N(H)AsCl,. 



135 

7.3 MesSN=As-CI 

The synthesis of Mes*N=P-Cl7.18 by the thermal elimination of TMS-CI from 

M~S*N(TMS)PCI~~~  was performed to determine if the proposed reaction scheme (Figure 

7.8) would be effective for the synthesis of the unknown compounds Mes*N=R-CI (Pn 

= As. Sb). Themolysis of orange Mes*N(TMS)PCI2 in vacuo (static) resulted in the 

formation of a dark red solid with a 3 1 ~  NMR chernical shift of 6 137 ppm (m. 65%, 

Mes*N=P-Cl) as weil as decomposition products at 6 153 ppm (4%) and 6 221 ppm (ca. 

35%). 

Themolysis of soiid Mes*N(TMS)AsCL, at 130°C in vacm (static) results only in 

the sublimation of the paie yellow starting materiai (confirmeci by 'H and ')c NMR 

spectra); however, themolysis at 19û°C in a sealed tube under a nitrogen atmosphere 

results in the formation of a dark redlbrown solid, the Raman spectmm of which shows 

only one As-Cl stretch at 302 cm-' and the proton and NMR spectra show loss of the 

TMS substituent and indicate formation of 7.19 in greater than 90% yield (by integration 

of the ' H NMR spectmm). 

Heterocycle 7.19 is the cyclo-decomposition product of Mes*N=As-Cl730 and its 

formation is discussed in more detail below. Likewise, the thexmolysis of 



Mes*N(TMS)AsCI, in THF-D8 solution at 126°C shows the formation of TMS-CI (6 0.4 1 

ppm) and the steady formation of c y c l ~ o m p o s i t i o n  product 7.19. The decomposition 

product observed is indicative of the formation of Mes*N=As-Cl and suggests that the 

thermal elimination of TMS-Cl is not the ided mettiod to be used in the isolation of the 

imuioarsine. 

Reaction of Mes*NHAsC$ with triethylamine in toluene resuits in the precipitation 

of colourless solid (NEt3.HCI) and the formation of a red wine coloured solution. The 

teaction mixture 'H NMR spectrum is consistent with the loss of the proton on the nitrogen 

atom and formation of Mes*N=As-Cl. Heating of such a mixture during fdtration results 

in the formation of signifcant amounts of cyclo-decomposition pmduct 7.19 in accord 

with the formation of chloroiminoarsine 7.2û. Filtration and slow removd of solvent 

results in the formation of yellow crystals which were analyzed by X-ray crystallography to 

confum the structure of heterocycle 7.19. The molecular structure is depicted in Figure 

7.13 and selected structural parameters are Listed in Table 7.2, however the structural 

features of 7.19 are not unusual. The hydrogen atom on the nitrogen atom was located in 

a difference Fourier map by Dr. T. S. Carneron. Although a crystallographic analysis of 

7.20 has not yet been possible, the structure of 7.19 confimis the formation of 7.20 by 

the methods used. 



Table 7.2. Selected bond lengths (A) and angles (O) for heterocycle 7.19. 

A s a  2.274(2) Cl-AS-N 104.1(2) 

AS-N 1.8 14(4) CI-As-C( 1 8) 94.6(2) 

As-C(18) 1.943(6) N-AS-C( 1 8) 95.7(2) 

WC(1) 1 -42 l(6) As-N-C( 1 ) 125.1(4) 
N-H 1 .O2 As-N-H 108.3 

Figure 7.13. Molecular structure of heterocycle 7.19. 
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The analogous reaction of Mes*NHAsC$ with pyridine in toluene results in the 

f o d o n  of a peach wloured reaction mixture and addition of NE$ results in the 

precipitation of colourless triethylammo~um chloride. The mixture is characterùed as a 

mixture of Mes*N=As-Cl 7.20, heterocycle 7.19 and Mes*N=As-Cbpyr 7.21, which is 

andogous to M ~ S * N = P - C ~ * ~ ~ ~  ' 
Reaction of Mes*NHAsCI2 with NE4 in the presence of PPh3 results in the 

instantaneous formation of a red wine coloured mixture and the precipitation of colourless 

triethyIarnmonium chloride. The product is characterized as Mes*N=As-C1*PPh3 7.22 by 

'H and "P NMR spectroscopy. nie persistence of the red colour (Mes*N=As-CI) is 

rationalized by anaiogy to the PP% adduct of Mes*N=P-OTf which is found to dissociate 

in solution. 

7.4 Synthetic Utility of Mes*N(TMS)AsC12 

Reaction of Mes*N(TMS)AsC12 with LiOAr (Ar = 2,6-di-tbuty14methylphenyl) in 

ether or toluene (Figure 7.14) results in the formation of a pale pink solution and the 

precipitation of Lia .  Slow removal of solvent after filtration results in the isolation of 



colourless cry stals characterized as Mes*N(TMS)As(Cl)OAr 7.23 (and a minute amount 

of Mes*N=As-OAr 7.24 is indicated by the pink colour). Reaction of 723 with TMS- 

OTP~ gives dark purple 7.24 via the elimination of TMS-CI as demonstrated by 'H 

Figure 7.14. Synthesis of Mes*N=As-OAr. 

The metathesis reaction of silver ainate and Mes*N(TMS)AsC12 in hexane in the 

dark fiords a yellow reaction mixture. The NMR spe- reveals a single peak ai 6 - 

78 ppm indicative of the triflate unit and the 'H NMR spectrum of this mixture in cD,CI, a - 

after removal of volatiles in vacuo shows complete loss of the TMS fragment and formation 

of Mes*N=As-OTf 7.25 (ca. 80% of the total integraiion) . The other ca. 20% of the 

signal intensity is found in the peaks attributable to the cyclo-decomposition product of 
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7-25, cyclic arsenium triflate 7.26 and a very mal1 amount of 7-27 (vide infia). Slow 

removal of solvent resuits in the formation of yellow (major product) and s m d  orange 

crystals; the proton NMR of this mixture of crystds reveals that the ratio of 7.25 to 7-26 

changes to ca. 1 : 10 thus the yellow crystals are the heterocyclic compound. 

m. @ 
Mes* ,As, Mes* %Yrf 

'N N' 
I I 

It is of note that 7.26 represents the fmt reported arsenium cation containing a carbon 

bonded to the divalent arsenic center, however a stmctural characterization of the 

compound is required before conclusions about its structure and bonding are drawn. 

Cyclo-decomposition reactions of the type shown in Figure 7.15 are not uncornmon in 

Mes* substituted subvalent species and reaction with the ortho-$u groups has been 

observed in systems such as ~ s * k C ] , ~  w e s * ~ s 0 ] , ~ ~ ~  W~S*P(H)PM~S*]"~ and 



X = a, OTf 

Figure 7.15. Cyclo-decomposition reaction for 7.20 and 7.25. 

Reaction of silver triflate and Mes*N(TMS)AsC12 in diethyl ether gives a 

yellowlorange solution. After the removal of volatiles in vacm 'H, 13c and '% NMR 

spectra were obtained in CD2C12 which c o n f i i  the formation of Mes*N=As-OTf 725 

and show the presence of one equivdent of diethylether. The observation of one equivalent 

of ether and 7.25 after the removai of volatiles suggests the formation of a 1 : 1 adduct of 

the forrn Mes*N=As-OTfmOE5 (or diethyl ether may be a solvent of recrystalli;ration). 

The AgOTf metathesis reactions in both hexane and toluene dso resdt in the 

formation of an unexpected and remarkable compound derived from Mes*N=As-OTf. 

When the reaction is performed in toluene the only crystalline product obtained is 

charac terized as arsenium cation wes*NHAsNHMes*] [OTfj 7.27. Proton NMR 

identifies this product unambiguously with singlet signals at 6 1.33 ( 1 8H, $ B u ) ,  1 -56 



(36H, O-$u), 7.52 (4H. Ar-H), and 8.50 (broad, 2H, WH) ppm and the structural 

assignment is confiied by the resuits of X-ray crystaliographic anaiysis. The molecuiar 

structure of 7.27 is depicted in Figure 7.16 and selected srnichual parameters are Listed in 

Table 7.3. 

Table 7.3. Selected bond lengths (A) and angles (O) for 

Consistent with the structural cornparison of the phosphorus analogues. the structure of the 

cationic fragment is dmost identical to that of Lappert's Mes*N=AsNHMes* 728 (5.2b) 

I4'(see Chapter 5); the As-N bonds (1.765(7)A and 1.768(7)& are short compared to 

typicai As-N bonds of 1.82- 1.88A (Chapter 2) and the N-As-N angle is 99.2(3)O in 

remarkably good agreement with the calculated structural parameters for FNAsNHJ 

( As-N: lt124A. N-As-N: 10 1 .3S0) (see Chapter 2) despite the replacement of the buky 

Mes* group with a hydrogen atom. The formation of ~es*NHAsNHMes*][OTf] is 

surprising in that there are no hydrogen atoms bonded to the nitmgen atorns in the starting 

materids. 



Figure 7.16. Molecular structure of m*N(H)AsN(H)Mes*] [OTfl . 
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In siîu formation of Mes*- would result in the formation of 7.27 via reaction with 

Mes*N=As-OTf accompanied by a 1,3-hydrogen shift as observed in the analogous 

reaction of Mes*N=P-OTf with Mes*Nq. This mechanism suggests that 

(Mes*NHAsNHMes*][OTfl will be formed when Mes*N(TMS)AsC$ is reacted with 

AgOTf in the presence of Mes*NHz. The rational synthesis of 7.27 has been 

accomplished by the protonation of 7.28 with triflic acid. wes*NHAsNHMes*][OTfj is 

the fust isolated example of an acyciic arsenium salt and, as such, represents an important 

development in our understanding of the chemistry of sub-valent arsenic compounds. 

Ab initio calculations (UMPU6-3 1 1G*//HF/6-3 1 IG*) on the species m=As], 

m=AsH], and the Me-H addition product îH,N-As-Me] reveal that [HN=As] is 337 

kl/mol more stable than the As-H isomer (which is not a minimum on the energy 

hypersurface). In addition, the calculations show that the reaction of m = A s ]  with 

methane to fonn FN-As-Me] is exothermic by Il0 kl/mol in agreement with the 

observation of the cyclodecornposition products. The energies of these products and 

selected stmchiral parameters are listed in Table 7.4. 



Table 7.4. Ab inirio caicuiation d t s  for pnictazonium cations, isomerization 
reactions and methane addition mictions. Energies are in hartrees unless 
otherwise specified and selected struchiral parameters (bond lengths (A), 
bond angles (O)) are given. 

Compounds HF energy ZPVE UMP;! energy N imag 

HNP -395.48Cn466 0.0 160990 -395.756 1557 O 

N'PH -395.3041028 0-Oû92970 -395.6 155941 O 

H 2 m e  (Cl -435-7388477 0.0693800 436.1503258 O 

H 2 m e  (q) -435.7388603 0.0692790 436.1504968 1 

- - -- - - - 

methane -40.2026372 0.0473090 -40.3492510 O 

isomerizations 

HNP + NPH 
HNAs -+ NASH 

- . -  -- 

Reactions 

HNP + CH, + H2NPMe (Cl) - 103.82 kl/mol 

HNAs + CH, + H2NAsMe (q) -109.60 kJ/mol 

N-P: 1.4284 H-N: 0.9986 

N-P: 1.4415 H-P: 1.408 

N-P: 15871 P-C: 1.8057 N-P-C: 103.37 

N-P: 1.588 1 P-C: 1.8048 N-P-C: 103.63 

N-As: 1.549 H-N: 0.9996 

N-AS: 1,5533 KAS: 1.4964 

N-As: 1,549 As-C: 0.9996 N-As-C: 99.61 

C-H: 1.083 

The chemistry of the N=As fragment is now ripe for examination. The two 



compounds containing N=As bonds that were synthesized previously 

(Mes*N=AsN(H)Mes* and FrnesN=AsFmes) did not allow for the systematic 

development of the chernistry of multiple bonded arsenic-nitrogen species. The syntheses 

of Mes*N(TMS)AsC12 7.14, Mes*N=As-C17.19 and Mes*N=As-OAr 7.24 provide 

three synthetically useful reagents that d o w  for the synthesis of ahos t  any compound 

containing the mes*N=As] moiety. Reaction of 7.14 or 7.19 with lithiated (LiGrp) or 

Grignard reagents (BrMgGrp) wili result in the formation of Mes*N(TMS)As(CI)Grp 

7.29 and Mes*N=As-Grp 7.30, respective1 y as depicted in Figure 7.1 7. 

TMS 
TMS 1 
1 Mes* -N 

Mes* -N + Li-Grp 4 \ 
\ As -Grp 
As-Cl - L i a  1 
/ cl 

A or TMS-OTf (cat.) / 

7 . 3 0  R 
/ 

Pn Pn = N, P, As, Sb, Bi 
\ 

Grp = R'  
a R 
/ I 

N=As + Li-Grp E-R' E = C, Si, Ge, Sn 
/ I 

Mes* R" 

R = relatively bulky group 
R', R" = H, akyl  or aryl 

Figure 7.17. Potential reactivity of Mes*N(TMS)AsC$ and Mes*N=As-Cl. 



Thermal or catalytic elimination of TMS-CI from 7.29 will dso result in 730. Similady, 

reaction of 7.24 with bases that are stronger than Li-O-Ar wiU result in the elimination of 

Li-O-Ar and the subsequent formation of new m * N = A s ]  compounds as shown in 

Figure 7-18. 

*Ar 
f 

N =As 
/ 

Mes* 

G ~ P  
+ ~ i - ~ r p  + N=A/ 

/ 
- LiOAr Mes* 

7.30 

Figure 7.18. Potemtid reactivity of Mes*N=As-OAr (Grp as defmed in Figure 

7.17 without Ch-R congeners). 

7.5 Conciusions 

Mes+N(TMS)AsC$ is an excellent precursor to N=As bonds through lithiation or 

metathesis reactions because the reaction of the reaction products with TMS-OTf resuits in 

the elimination of TMSCI. This observation is sigrufcant in that it niggests that the 

isolation of the much more feactive Mes*N=AsCI molecule is not necessary as the starting 

matenal to access a multitude of multiply bonded systems. Likewise the isolation of the 

fmt phenoxyiminoarsine Mes*N=As-OAr provides another useful starting material for 

sirnilar syntheses as  the OAr unit should be easily displaced by stronger nucleophiles such 

as L m 2  or LiR. It is also apparent that the cation wes*N=As] is very reactive and mut  

be made in presence of coordina~g reagents to aüow for convenient isolation. 

Fuxthermore, the decomposition/reaction product~ Wlatad in preparations of 

Mes*N=As-OTf represent novel b o n h g  environments for arsenium cations including the 

f i t  alkyl substituted arsenium cationic unit (CE$-As-NH) in 726 and the fm acyclic 



arsenium cation m*NHAsNHMes*] [OTfJ 7.27. 

Together the results of this study double the number of known iminoarsines, 

provide several synthetic routes to new iminoarsines, provide evidence for the formation of 

the f i t  As-N triple bond and expand the number and bonding environments of arsenium 

cations. This represents a very significant developrnent in the chemistry of subvalent 

pnktogen compounds. 

Future work on this project should include the crystallographic characterization of 

the synthesized iminoarsines and the formation of new imînoarsines by the methods 

described above. The chemistry of these species should be examined thoroughly and 

compared to and contrasteci with the extensive and interesting chemistry of the wes*N=P] 

fragment. Studies of cycloaddition reactivity, coordination chemistry (as a donor andfor 

accepter), [1,3] hydride shift reactivity, and Ligand exchange reactions should all be 

undertaken. The observed structures, bonding and reactivity of products should be 

rationalized through the use of high level ab initio calculations. In addition, the electronic 

(UV-vis) spectra of these compounds should be examined as the cornpounds synthesized to 

date all have very intense and distinctive colours. Such spectmscopic snidies, in 

combinaiion with other charactenzation data, may lead to a better understanding of the 

similarities and differences of the ic-bonding of wes*N=P] and wes*N=As] containing 

molecules, 

Furthexmore, the synthetic methods used to make wes*N=As] compounds should 

also be used with Mes*N(TMS)SbC1, to make compounds containing the wes*N=Sb] 

fragment. Isolation of such compounds would be particularly valuable because the 

potential for oxidation of the antimony atom (which is not to be expected for As or Bi) 

allows for the exploration of multiple bondhg of Sb(V). Compounds such as those 

depicted in Figure 7.19 zm unknown and, as such, represent exciting synthetic targets. 



X = CI, Br, 1 Grp = Ch, ER2, PIIR 

Figure 7.19. Synthetic targets containing Sb(V). 



Chapter 8. Experimental Proeednres 

8.1 The Handling of Air Sensitive Reagents 

Unless otherwise indicated, all reactions were performed using methods developed 

for use with reagents that are air or moisture sensitive. The basic vessels and techniques 

most comrnonly employed in our laboratory are descrïbed in the Literature; 257258 however, 

a more detailed description of recrystallization techniques is given m this chapter. 

Drawings of the compounds described in this chapter are Listeci on the next pages for the 

reader' s benefit. 

Caution: AU of the materials described in this thesis are potentially toxic or carcinogenic 

and due care should be taken when working with these chemicals. Vacuum reactors and 

tubes sealed under vacuum may implode if they are damaged or not handled properly. 

a 
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8.2 Generai Procedures 

Solvents were dried over sodium and benzophenone (diethyl ether, THF, benzene, 

toluene); C q  and P,O, (CH2C12); PzOS (Ca,); or, CaH, (CHC13. hexane, pentane), 

degassed, and stored in evacuated bulbs. Solid reactants were handled in a VAC 

Vacuum/Aûnospheres or hovative Technology nitrogen-filled glove box. Reactions were 

performed in evacuated  IO-^ Torr) reactors and al1 glassware was flame-dried before use. 

Melting points were obtained on a Fisher-Johns apparatus and are uncorrected. Elemental 

analyses were performed by Beller Labotatories, Gottingen, Germany. Infrared spectra 

were recorded as Nujol mulls (solids) or neat Liquids on Cs1 plates using a Nicolet 5 10P 

R-IR spectrometer. Raman spectra were recorded on a Bmker RFS 100 Raman 

spectrometer with the samples sealed under nitrogen in melting point tubes. Solution 'H, 

3 i ~ ,  "F and 13c NMR spectra were recorded on a Bruker AC-250 MHz or a Bruker 

AMX400 spectrometer with samples flame-sealed in 5mm w x  tubes or commercial thin 

wded NMR tubes. AI1 chemical shifts are reported in parts per million (ppm) relative to an 

external standard; tetrarnethylsilane for 'H and 13c spectra, 8 5 4  H3P0, for 3 1 ~  NMR 

spectra, CCIJF for 1 9 ~ .  Al1 13c, "F and "P spectra were obtained under conditions of 

broad band proton decouphg ( 'H} unless othenwise indicated. Vanable-temperature 0 

NMR studies utilized equilibration tirnes of ten minutes at each temperature. 'H and 13c 

NMR samples of reaction mixtures were prepared by decanting an aliquot of the reaction 

mixture into an NMR tube, removing the volatiles m vacuo, and introducing an appropriate 

arnount of deuterated solvent (CD2a2, THF-DI) in vacw. Soiid-state NMR spectra were 

obtained and interpreted by R. W. Schurko and R. E. Wasylishen using Bruker double-air- 

bearing MAS probes on Bruker AMX-400 (9.4 T) and MSL-200 (4.7 T) spectrometers. 



Pow&red crystalline samples were carefully packed in 4 mm (AMX-4ûû) and 7 mm 

(MSL-200) rotors under an inert atmosphere. Typicai rotor speeds ranged from 6 to 8 

kHz. NMR spectra were acquired with proton-phosphoms cross-polarization under 

conditions of Hartman-Hanh matching. The proton 90" pulse width was set to 2.5 jts, with 

a contact tirne and recycle delay of 5 rns and 6 s, respectively. Between 900 and 1000 

transients were acquired for each spectrum. Crystals suitable for X-ray structure 

detemination were carefully selected or cut and mounted in thin waii g l a s  capillaries in the 

dry box, and subsequently sealed under nitrogen. Structure determination and refmement 

was performed at the Daihousie Crystallography Center ( D U )  by Dr. T. S. Cameron, 

Dr. Witold Kwiatkowski. Katherine Robertson, or Susan Lantos using a Rigaku AFC5R 

ciiffractometer. Mass spectra were performed by G. Bradley Yhard on either a VG 

Analytical Quattro or a VG Autospec mass spectrometer at a nominal ionkation energy of 

70 eV (EIMS). Samples were introduced to the spectrometer via a standard heated solids 

probe in a nitrogen fiiied glove bag (Aldrich Atmos Bag) sealed to the front of the mass 

2,4,6-~n'buty laniline, N-(tnrnethylsilyl)-2,4,6-ai'butylaniline, 2,6- 

diisopropylaniline, 1,3,5-tns(trifiuoromethyl)benzene, ethylene sulfiàe, methylamine. 

NJ'-dimethyl- l,3-propanediamine, bismuth (III) chloride, silver 

trifluoromethanesulfonate, %@lithium (1.6 M in hexane) (Aldrich) and Mes2AsCl 

(Quantum Design) were used without further purification. Antimony trichloride (Aldrich) 

was twice sublimed in vacuo prior to use. Arsenic trichloride (Aldrich), phosphorus 

trichloride (Aldrich), 2.3-dirnethyl- 12-butadiene (Aldrich) and trimethylsilyl 

aifluoromethanesuifonate were distilied in vacuo pnor to use. Triethylamine (BDH) was 

dried over Cak$ and distilled prior to use. Gallium trichloride (Aldrich) was sublimed in 



vacuo before use. 

8.3 Recrystallizatioa Methods 

A vax-iety of recrystwation methods are typicdy used with our glass reactors 

(called "bridges"); these are detailed below. In each of the methods descnbed, the solvent 

(and other volatiles) is removed until CU. 1-5 ml remain. The remaining solution is 

carefully decanted h m  the soiid material then the crystals are washed by "cold spot back 

distillation": the reaction vesse1 is held on an angle such that solvent wül drain fiom the 

bulb containing the crystals into the body of the reactor then liquid nitrogen "steam or a 

Cotton swab soaked in liquid nitmgen is used to distiil ca. 1-5 ml of solvent ont0 the solid. 

The washing is typically repeated three to five times. 

The '?ap recrystallization" method involves slow solvent removal from a 

concentrated solution (in a static vacuum) in one bulb of the reactor ("bridge") by slowly 

dripping cold tap water ont0 the adjacent empty bulb. The rate of dripping may be adjusted 

(from less than 1 &op per second to a rapid flow) to change the rate of solvent removal. 

Typically the flow of water is tuned to allow for the removal of volatiles over a two to three 

day period. This method allows for the greatest flexibility in recrystallization rate for al1 

volatile solvents, but the reproduction of exact recrystallization conditions is dificuit- 

The "soft liquid nitrogen" recrystallization is a similar static vacuum method in 

which the volatiles are removed by placing the adjacent bulb in the cold fumes at the top of 

a dewar of Liquid nitrogen. A more rapid removal of solvent is obtained by the "hard Liquid 

nitmgen" method, in which the adjacent bulb is immersed in a dewar of liquid nitrogen. 

The latter method is often necessary when the recrystallization solvent has low vapour 

pressure or if the reaction mixture has tumed into an oil. 

The most effective solvent removal is obtained by the "'hard vacuum" 

recrystallization in which the reaction mixture is subjected to dynamic vacuum. This 



method is used aimost exclusively for mixtures that have become oils and the resultant solid 

is often not crystalline. 

Another method is "heating and cooling" in which the volume of the 

recrystalti;i:ation mixture is reduced by the "hd vacuum" method until the appearance of 

solid. The m i x a  is then stirred and warrned with either a stream of hot water or a blow- 

drier until the solid dissolves and then the mixture is ailowed to slowly cool to room 

temperature. If the soiid obtained from the cooling is not crystalline, the heating and 

cooling cycle is repeated. 

Thermaiiy unstable compounds and oily recrystailization mixtures sometimes 

require the use of the fridge freezer foilowing the solvent removal to promote crystal 

formation- 

8.4 Specific Procedures 

NMeCH2CH2NMeAsC1, [NMeCH2CH2NMeAsJ2 [GaCI4l2, 

NM~CH,CH,CH~NM~ASCI,~~~~ 3.2BD [ G ~ c I ~ ] , ~  [ N M ~ C H ~ C H ~ N M ~ P ]  [ ~ a c l ~ ] , ~ ~  

~rnes~~iC'l, '* and ~ r n e s ~ c 1 ~ ' ~ ~  were prepared according to procedures found in the 

literature. Mes*N(H)P=NMes* was synthesized b y the reaction of M ~ S * N P C ~ ~ ~  wi th 

~ e s * N l X L i ~ ~ ~ .  

Preparation of N(Me)CH,C H,C H,N(Me)AsCl, 2.6CI. 

Under a continuous stream of dry nitrogen gas a solution of NB*-dimethyl- 1.3- 

propanediamine (4.96 g, 48.5 m o l )  and triethylamine (ca  25 ml) in diethyl ether (20 ml) 
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was slowly added (45 min) dropwise to a solution of Asa3  (8.80 g, 48.5 mmol) in diethyl 

ether (125 ml) in a 3-neck flask. Immediate reaction produced a copious white precipitate. 

the mixture was stirred ovemight then fdtered under nitrogen and the solid was washed 

with two portions (25 ml) of W h  ether. The washings were added to the fiItrate and the 

volume of the solution was reduced (90%) by removal of the solvent in vacuo. Cooling to 

-18°C produced colourless crystals. which were recrystallized from fresh ether and 

characterized as 2-chIoro- I -3-dimethyl-cyclo- 1.3-diaza-2-arsahexane (referred to as 2- 

chloro- 1.3-diaza- 1,3-dimethyl-2-arsenane) 5.8 1 g, 27.6 mmol, 57%: m.p. 47.O-48.S0C; 

IR (cm-'): 2744m, 27 18m, 2702m, 2687w, 1276~s. 1227~s. 1207m. 1 146vs, 1 133vs, 

1 125vs(sh), 1091s. I050vs. 1 0 3 7 ~ ~ .  941~s. 925s. 891s, 837vs, 570~s. 540m. 414m. 

36Ivs. 342m. 320~. 285s(sh), 263vs. 239vs, 233vs; 

'H NMR (CD,ClS: 2.88 (CH,N, m, 4H), 2.63 (CH,, S. 6H). 1.94 (q, m. 2H): 

13c NMR (CD,Ci,): 48.4 (CH,N), 40.3 (CE$), 27.8 (T). 

Crystal data: Monoclinic, space group: P21/n (#14), a = 7.206(1) A. b = 9.650(1) A, c = 

Preparation of [N(Me)CH2C H,CH,N(Me)As] [GaCI,], 2.6[GaC14]. 

A solution of chloroarsenane 2.6CI (0.44 g, 2.1 mmol) in q C 1 2  (20 ml) was slowly 

added to a solution of GaC13 (0.37 g. 2.1 m o l )  in q C $  (40 rd) over a period of 15 

minutes. Approximately 90% of the solveot was removed in vacuo and the solution was 

cooled to SOC to produce yeilow crystals chafacterized as 1,3-dimethy l- 1.3-dia-2- 



Anal. Calcd.: C, 15-53; H, 3.13; N, 7.25%; 

Found: C, 15.97; H, 3.29; N, 7.35%; 

IR (cm"): 1347w, 1 2 8 4 ~ s ~  1242vs, 1205s, 1184w, 1152vs, 11 18vs, 1102m, 1084s. 

1 0 4 9 ~ s ~  1040vs, 955vs, 913w, 879s, 862m, 8 0 6 ~ .  752w, 601s. 588s, 551 W. 493w, 

387vs(sh), 378vs, 362vs, 339vs, 301w, 266w. 255w, 232s; 

'H NMR (CD,Cl,): 3.49 (C)4N, m 4H), 3.34 (q, s, 6H). 2.29 (CH,, m, 2H); 

"C NMR (CD,Cl,): 5 1.6 (qN). 42.6 (CH3). 26.2 (q); 

Crystal data: Orthorhombic, space group: PcP, (Hg), a = 14.432(3) A, b = 6.7580(14) 

& c = 13.905(3) A; V = 1356.2(5) A3, Ddc = 1.893 @m3, RI = 0.0505. 

Recrystailization of N(Me)CH2CHzN(Me)AsCI, 2.5CI. 

2SCI was distilled Ui vacuo into sample tubes and stored in a refiigerator ( 4 O C )  

for weeks resulting in the sublimation of large colourless crystals ont0 the walls of the 

tube. The crystals were mounted in a nitrogen flIled @ove bag under a smm of cold 

nitrogen (liquid nitrogen boil-off). The ciystal structure of 25CI (m.p.= lg°C) was 

determined ai low temperature (dooc). 

Crystal data: Monoclinic, space group: P 2 , h  (#14), a = 6.959(7) A, b = 9.23(2) A, c = 

12.14(2) A, B = 95.4(1)O; V = 777(4) A ~ ,  D = 1.681 g / c d .  RI = 0.0431. 
caic 
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Preparation of 3.3BD[GaC14]. 

A solution of 2-3-dimethyl-13-butadiene (0.24 g, 2.9 mol)  in CH$Zl, (6 ml) was added 

over a period of 4 minutes to a solution of 2.6[GaClJ (0.86g, 2.2 m o l )  in C$Clz (90 

ml) prepared Ui situ. The mixture was allowed to stir for 20 minutes. The solvent was 

entirely removed in vacuo to give a viscous yellow oil which solidifiecl upon standing 

oveniigh t and was characterized as I -amnia- 1 $,4,7-tetramethyI-7-aza-6- 

arsabicyclo[4.4.0]dec-3-ene tetrachlorogallate, 3.3BD[GaClJ, 0.85 g, 1.8 rnmol, 82%; 

m.p. 83.5-87S°C; 

IR (cm-'): 1343w, 13 l3m, 1301m, 1286~.  1267m, 1234m, 1204s. 1200s, 1 184111, 

1 156vs, 1 135s, 1 123m, 1097w, 1074m, IO5 lm, 1042s, 1029m, 1003s, 982~s.  946s. 

913s, 884s, 847~s. 8 0 6 ~ .  788w, 770~s. 738w, 657m, 611111, 583s, 548w, 503s, 

4ûSm(sh), 38 lvs(br), 365vs, 343s, 3 17m,288w, 257w; 

1 H NMR (pprn, CD2C12): 3.7 1 (m. 3H), 3-69 (m 3H), 3.39 (ci, 1 H), 3.36 (d, 1 H), 3.14 

(s, 3H), 3.05, (s, 3H), 3.01 (m, 2H), 2.47 (d, iH), 2.39 (m, IH), 1.90 (s, 3H), 1.74 (m, 

1H); See Chapter 3 for 400 MHz COSY analysis; 

I3c NMR (ppm, CD,CI,): 124.6, 122.8, 65.0, 57.4, 48.9, 45.6, 43.9, 33.1, 22.2, 19.5. 

19.0; 

'H and 13c NMR spectra of the reaction mixture show 33BD[GaCIJ as the only 

product. 
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NMR identification of ~eN(CH,),MeNPCH2(C(Me))2CH2 J [GaCiJ, 

3.3BD. 

A colourless solution of dimethylbutdiene (3 ml, mmol) in dichloromethane (5 ml) 

was added to a paie yellow solution of weN(CE$)2MeNP][GaCi,] (0.046 g, O. 14 mmol) 

in dichloromethane (Srnl) resulting in the disappearance of the yellow colour and the 

formation of an opaque white mixture. An aliquot was decanted into an NMR tube and 

volatiles were removed in vacuo and the resultant white solid was dissolved in CD,C$. - 

'H NMR (ppm, CD,Cl,): 1.86 (d, 3~,- ,  1.22 Hz, &-C), 2.80 (d, 3~P-H 10.99 Hz, Me- 

N), 2.8-2.9 (m. m2-P), 3.42 (d, 3 ~ , ,  8.85 Hz, CH2-N); 

13c NMR (pprn, CD2C12): 16.4 (4 3 ~ p - C  15.3 Hz, &-C), 31.2 (d, ' J ~ - =  66.3 Hz. Ç-As), 

32.0 (d, 'J,, 6.7 HZ, &-hl), 50.1 (d, 2 ~ p C  6.7 HZ, QI2-N), 128.5 (d, 2~p-, 12.4 Hz, 

C=Q; 

3 1 ~  NMR (ppm, CD,C12): 89.6 (s). 

Preparation of Fmes2PnCI (Pn = As, Sb). 

In a typical reaction, a solution of BuLi (1.6 M in hexane) was slowly added 

thn,ugh a septum to a cooled (O°C) equimolar solution of tris(trHuoromethyl)benzene in 

diethyl ether (50 ml) under nitrogen in one chamber of the reactor. This was stirred and 

allowed to warm to room temperature then stirred for an additional 3-4 hours, producing a 

dark orange solution which was then added over a pend of 15 minutes to a stirred solution 

of PnC$ (0.5 equivalents) in diethyl ether (30 ml) producing yellow solutions and 

depositing a white precipitaîe (LiCl). The reaction mix was frozen, the reactor was 
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evacuated and the mixtures were ailowed to stir for 2 days then filtered to yield clear yellow 

solutions. Diethyl ether was removed slowly by the "tap mediod" to yield crystalline 

maferid* 

Purification and Characterization of Fmes,AsCl, 4.24. 

The crude yellow solid was sublimeci at 7S°C under dynamic vacuum to yield a 

white solid coaîed by yeilow oil. This mixture was recrystatlized frorn hexane by the tap 

method to yield colourless rod shaped crystals; yield 0.71 8 g, 1.1 rnrnol, 1346 (frst crop), 

m.p. 98- 1 ûû°C. 

Anal. Calcd. C,  32.14; H, 0.60; Cl, 5.27%; 

Found C, 32.20; H, 0.70; Cl, 5.12%; 

IR (cm-'): 3377 vw@r), 3100~.  3087w(sh), 2 7 2 7 ~  2671 w(br), 2279w@r), 1844w, 

1668w, 1624m. 158 1 W. 1341m(sh), 1279s, 1207s(sh), 1 195s. 1 153s. 1 125s, 1085s. 

103hn, 930w(sh), 9 l6s, 89 1 w(sh), 857m, 836m. 792w(br). 747m, 736w, 695m. 

692m(sh), 685s, 67 lm, 652w(sh), 5 6 2 ~ .  4 3 5 ~ .  424w, 4 1 7 ~ .  408w, 387m; 

Raman (cm-') 225 mW (poor scatterer): 1 10m, 1 58s, 1 9 % ~ ~  2 l7w, 260s, 304111,388s. 

46 lw, 739s, 857w, 1022m, 1588m, 1 6 2 5 ~ ~  1665~.  3089m; 

'H NMR (ppm, CD,C12): 8.10 (s); 

13c NMR (ppm, CD2CI,): 122.6 (q, ' J ~ - ~  277.0&, pCF,), 123.4 (q, I J ~ - ~  276.1 Hz, o- 

147.5 (s, Ci); 



'% NMR (ppm, CD2C12): -54.5 (s, 2F), -63.9 (s, IF). 

Two crystalline forms were identifieci: 

Crystal data: Monoclinic, space group: P24a (#14), a = 8.705(9) A, b = 30.38(1) A, c = 

8.167(4) A, B = 91.53(6)0; V = 2159(2) A3, D = 2.069 g/cm3. RI = 0.067. 
calc 

Crystal data: Orthorhombic, space group: P212121 (#19), a = 9.782(1) A, b = 25.772(2) 

AT c = 8.75 1(2) A; V = 2206.2(5) A3, Dcdc = 2.025 g/crn3, RI = 0.043. 

and a low-temperature structure at l3O(2) K: 

Crystai data: Orthorhombic, space group: P212121 (#19), a = 8.6646(2) A, b = 

Characterization of Fmes,SbCI 4.25. 

Large hexagon shaped pale yellow crystals; yield 0.688 g, 0.96 mmol. 4 1 %, m.p. 

1 12-1 13°C. 

Anal.Cdcd. C, 30.05; H, 0.56; Cl,4.93%; 

Found C, 30.23; H, 0.67; Cl, 4.86%; 

IR (cm-'): 3096w, 3 0 8 3 ~ ~  1844w, 1623s, 1577m, 1559w, 1419w, 1279s. 1200s, 1 129s, 

1108.5~~ 1082s(sh), LO15w(sh), 930m, 915s, 852s, 837m, 742m, 691s(sh), 684s, 670s, 
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560w, 432m, 408w, 40lw(sh), 366w, 351s, 302w; 

Raman (cm-') 166 m W  (poor scatterer): 101s. 126s, 155s. 184m, 2 1 1 w, 262sT 304m, 

349s, 367w, 434w, 451 w, 581w, 691w, 738s, 854w, 1014w, 1 W w ,  126 lw, 1383111, 

1624m, 3084m; 

'H NMR (ppm, CD,CL,): 8.22 (s); 

'% NMR (ppm, CD,CI,): -55.3 (s, 2F), -63.9 (s, IF). 

Crystal data: Monoclinic. space group: PZl/c (#14), a = 8.296(3) A, b = 30.430(8) A, c = 

Attempted preparations of Fmes2As-OTf, 4.26. 

Fmes2As-Cl (0.182 g, 0.27 mmol) and AgOTf (0.079 g, 0.3 1 mmol) were placed 

in one bulb of a reactor under a very fine fitted glas filter. Hexane (10 ml) was distilled 

onto the solids and the mixture was allowed to stir for 3 days in the dark. NMR spectra of 

the reaction mixture show the presence of FmeszAs-CI (>95%) and signals correspondhg 

to Fmes,As-OTf: - NMR (ppm, CD,ClS: -55.3 (s@r), 4F), -63.9 (s, 2F), -78.0 (S. 

1 F). The reaction mixture was filtered to yield a clear yeilow solution w hich was slow ly 

concentrateci by the tap method of recrystallization. This produced pale yellow crystals 
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characterized as Fmes2As-Cl (starting material by NMR, IR, Raman and crystal structure). 

A colourless solution of TMSOTf (2.456 g, 1 1.1 m o l )  in n-hexane (2 ml) was 

added to a colourless solution of Fmes2As-Ci (0.195 g, 0.29 mmol) in n-hexane (5 ml). 

The resultant pale yellow solution was stirred for 3 days. An aliquot of the reaction 

mixture was placed in an NMR tube and volatiles were removed in vacuo and the yellow 

rnicrocrystalline product was dissolved in CD2C12. Multinuclear NMR spectra show on1 y 

peaks assigned to Fmes2As-Cl. 

Preparation of Fmes,Sb-OTf, 4.27. 

Frnes2Sb-Cl (0.248 g, 0.34 mmol) and AgOTf (0.096 g, 0.37 mmol) were placed 

in one bulb of a reactor under a very fine fritted glas filter. Hexane ( 10 ml) was distilled 

ont0 the solids and the mixture was allowed to stir  for 3 days in the dark. The reaction 

mixture was fdtered to yield a clear yellow solution which was slowly concentrated by the 

tap rnethod of recrystailization. This produced very pale yellow diamond shaped crystals; 

yield 0.04 g, 0.05 m o l ,  14% (initial yield), m.p. 125.5-126S°C; 

IR (cm-'): 3 lO5w, 3087w, 2726w, 1 6 2 5 ~ ~  1578~ .  1377s. 1280s, 1268s(sh), 

1238m(sh), 1220s(sh), 1198s, 1 171s, 1 183s(sh), 1 152s(sh), 1 140s. 1084m. 1077rn, 

1013w, 942m(sh), 932s, 916s. 852m, 836w, 767w, 742m, 693m. 68Sm, 672w, 628m, 

603w. 5 7 1 ~ .  559w, 537w, 515w, 43 1w, 4 0 8 ~ .  384w, 366w; 

Raman (cm-') 1 10 mW (poor scatterer): 157s, 1 84m, 2 12m, 262s. 306m 434w, 456w, 

574w, 693w, 739w, 767m. 856w, 93 lw, 1018m, 1085w, 1042w(br), 1238w; 1 2 6 4 ~ ~  

1384, m, 1626m, 1796w(br), 1862w(br), 3090m; 



'H NMR (ppm, CD,CI,): 8.32 (s); 

I3c NMR (ppm, CD2C19: only 124.1 (q, l J ~ - ~  276.1 Hz, O-CF3) and 128.9 (s(br), C tn - 

Crystal &ta: Orthorhombic, space group: P2,2,2, (#19), a = 16.172(4) A, b = l7.758(2) 

A, c = 9.1 19(1) A; v = 2618.8(6) A3, Dcalc = 2.1 13 g/cm3. RI = 0.043. 

Preparation of Mes2AsOTf. 

Me~~AsCl(0.3 1 9 g, 0.92 mmol) and AgOTf (0.26 1 g, 1 .O2 rnmol) were placed in 

one bdb of a reactor under a very fine fnned glass filter. Hexane (30 mi) was distilled 

ont0 the solids and the mixture was ailowed to stir for 3 days in the dark resulting in a very 

pale yellow solution and a white precipitate. The mixture was filtered and the product was 

characterized as Mes+-OTf by 'H and "F NMR spectroscopy (the 'H NMR specmrn 

contains several minor unidentified signais): 

1 H NMR (ppm, CD,Cl,): 2.19 (s (broad), 6H), 2.29 (S. 3H), 6.92 (s, 2H); 

"F NMR (ppm, CD,Cl,): -77.9 (s). 
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Preparation of trisaminopnietines. 

In a typical procedure, a solution of "'BuLi (1.6 M in hexane) (mi) was slowly 

added through a septum to a cooled (0°C) solution Mes*- (ca. 5.0 g, 19.1 rnrnol) in 

diethyl ether (50 ml) under nitrogen in one chamber of the reactor. The resulting yelIow 

solution with white solid was warmed to room temperature and then added over a period of 

15 minutes to a stirred solution of Ri% (ca. 6.3 m o l )  in diethyl ether (30 ml) in the 

second chamber. The reaction mixture was frozen and evacuated and the septum bulb was 

replaced with a fitted receiver. The mixture was warrned to room temperature, stirred 

ovemight and filtered. Crystalline samples were obtained by slow removal of solvent from 

the reaction mixture within the feaction vesse1 by passing a cool Stream of water over the 

empty adjacent cornpartment (or placbg it over iiquid nitrogen) and distilling the volatiles V, 

vacuo (static). Crystals were washed with cool hexane by cold spot back distillation. 

Characterization data for Sb(N(H)Mes*),, 5.1~. 

Cube shaped yellow crystals; yield 0.40 g, 0.44 m o l ,  25 %; d.p. 1 97-20ûaC; 

Anal. Caicd. C, 7 1 -82; H, 10.05; N, 4.65%; 

Found C, 72.00; FI, 10.2 1; N, 4.65%; 

IR (cm-'): 3420m73403m, 3076w, 1 6 0 2 ~ .  1595sh, 142 ls, 1390sh, 1335m, 1286m. 

1257sh, 1239sh, 1220s, 1201sh, 1 170m, 1141w, 1 1 13m, 1019w, 909w, 877rn. 837sh, 

827m, 8 1 Om, 772m,749w, 748w, 730w, 575w, 482sh, 460m; 

Raman (cm*') 166 mW: 3421w, 3405w, 3087w, 2963s. 2 9 0 4 ~ ~  2776w, 2707w, 1603m, 

1463sh. 1445sh, 1426w, 1290~~1, 1 2 6 4 ~ ~  1240sh, 1220sh, 1201w, 1 l76w, 1 Mlw, 



i H NMR (ppm, CD2C12): 1.26 (s, 9H), 1.31 (s, 18H), 5.07 (s, lH), 7.1 1 (s, 2H); 

I3c NMR (ppm, CD2CI2): 31.7, 32.9, 34.5, 35.8, 123.1, 138.0, 140.3, 144.3. 

Crystal data: Triclinic, space group: P-1 (#2), a = 1 1.491(5) A, b = 24.652(7) A, c = 

10.002(5) A, a = 98.38(3)O,P = 96.44(5)O, y =  77.25(3)O; v = 2724(2) A3, Ddc = 1.101 

Characterization data for B~(N(H)M~S*)~ ,  5.ld. 

Dark orangdred crystais recrystalkd fiom hexane; decomposition occurs in ether 

and CH&$ over a period of days; yield, 0.18 g, 0.18 mmol, 1 1 %; d.p. 144- 147°C; 

Anal. Caicd. C, 65.49; H, 9.16; N, 4.24%; 

Found C, 65.76; H, 9.41; N, 4.13%; 

IR (cm-'): 3406w, 3396w, 3076w, 1601w, 1420m. 1389m, 1376sh, 1285m, 1220s. 

1200sh, 1166sh, 11 13m, 1020w, 877111,825~. 808w, 774111, 730w, 588w, 444w, 393w: 

Raman (cm-') 47 mW: 3405w, 3390w, 3086w, 2958s, 2904s, 2777w, 2705w, 1601s. 

1463sh, 1445sh. 1421m. 1287sh, 1253m7 1220rn. 1198sh, 1175sh, 1140m, 810m, 

741sh, 727sh, 723m, 527s, 456sh, 443m7 393sh, 343w, 323w, 252w, 153w, 93s, 

decomposition at 166mW; 
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'H NMR (ppm, CD,Cl,): 1-27 (s, 9H), 1.31 (s, 18H), 5.86 (s, LH), 7.18 (S. 2H); 

13c NMR (ppm, CD2C1,): 32.0, 33.0, 34.3, 35.5, 122.2, 139.2, 140.8, 145.9. 

Crystal data: Triclinic, space group: P- 1 (#2), a = 1 1.5 1 1(5) A, b = 24.785(15) A, c = 

9.98 1(5) A, a = 98.06(5)",8 = 96.50(4)", y = 77.40(5)O; V = 2742(2) A3, D = 1.200 calc 

g/cm3, RI = 0.0619. 

NMR studies of Mes*N=PnN(H)Mes* with Mes*NH2 (Pn = P or As). 

3 1 ~  NMR shidies of equimolar mixtures of (NOMes*)PNMes* with Mes*NH2 in 

diethyl ether showed the presence of (N(H)Mes*)PNMes* only. 'H MMR studies of 

equimolar mixtures of @J(H)Mes*)AsNMes* with Mes*- in CD2CI, showed the 

presence of the starting materials only. In both cases, exposure of the samples to 

utrasound had no measurable effect. 

NMR studies of thermolysed samples of Pn(N(H)Mes*), (Pn = Sb or Bi). 

Sealed samples of P~(N(H)M~s*)~ (E = Sb or Bi) in CD2C12 were heated (60°C) 

with ultrasound for several hours and then examined by 'H NMR spectroscopy. 

Sb(N(H)Mes*), showed no change, whüe B~(N(H)M~s*)~ produced a white precipitate 

and 'H NMR signals corresponding to Mes*NH2. 
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Preparation of wipN=Sb-N(E)Dip],, 5.3~. 

A pale yellow 1.6M solution of S u L i  in hexane (15.5 ml, 24.8 mmol) was slowly 

added through a septum to a cooled (O°C) pale pink solution of degassed DipNH2 (4.300 g, 

24.3 mmol) in diethyl ether (60 ml). This was allowed to w a m  to room temperature then 

stirred for an additional six hours resulting in the formation of a bright yeiiow solution. 

The yellow mixture was added over a period of 30 minutes to a stirred colourless solution 

of SbC13 (1.658 g, 7.27 mmol) in diethyl ether resulting in the formation of a yeliow 

solution and copious amounts of white precipitate (Lia). The reaction mixture was 

allowed to stir for two &y s then filtexed through a fibergiass f i t  resulting in a clear yellow 

solution. Removal of volatiles by the "tap rnethod" resulted in the formation of bright 

yellow cube-shaped crystais which were washed repeatedly wirh hexane (more than 10 

times) and characterized as pipN=Sb-N(H)Diplz, yield 0.258 g, 0.273 mmol, 4% (initial 

yield), mp. 197- 199OC. 

2.73 (septet, J ~ - ~  6.72 Hz, 2H), 4.30 (septet, 3 ~ H - ,  6.72 k, 2H), 5.15 (S. 2H), 6.86- 

7.20 (m, 12H); 

13 C NMR (ppm. CD2C13: X, X* X, X, X, X; 



Ctystal data: Triclinic. space group: P-1 (#2), a = 11.104(1) A, b = 11.779(1) A, c = 

Preparation of Mes*N=POTf, 6.3 and [Mes*N=POTf12, 6.4. 

Mes*N=P-OTf 6 3  was prepared using a variation of a method previously 

reported (M~s*'%=P-oT~ was prepared in the same manner).lg Mes*N=P-CI (0.766 g. 

2.35 m o l )  and AgOTf (0.65 1 g, 2.54 mmol) were plawd in one cornpartment of a 2 

cornpartment reactor vesse1 equipped with a glass frit. Hexane (50 ml) was distillai ont0 

the mixture which was then stirred in the dark for 4 days. The dark orange reaction 

mixture was fdtered into the second cornpartment The frined receiver was replaced with a 

clean Barne-dried bdb. A mixture of large da&-yellowforange crystals and srnall clear 

yeliow crystals were obtained by slow removal of solvent from the reaction mixture by the 

tap method. The crystalline mixture was washed with cool solvent by cold spot back- 

di~t i l l a t ion .~~ Yield: 0.852 g, 82.5%. Samples of each type of crystal were isolated by 

the Pasteur method under a microscope in a dry-box. Attempts to p w  the products by 

sublimation resdted in the decornposition of both products as indicated by NMR, Raman, 

and melting point. 

Orange crystals: d.p. (OC) 1 19- 122 (dec.prod. melts at 192- 197) assigned as 6 3  

based on X-ray crystallographic analysis: 

Crystal data for 63: Monoclinic, space group: P24n (#14), a = 10.454(2) A, b = 



Clear yellow crystais: d.p. 1 1 1 - 1 13 (dec-prod. melts at 195- 199) assigned as  6.4 

based on X-ray crystallographic anaiysis: 

Crystal data for 6.4: Monoclinic, space group: P 2 , h  (#14). a = 1 1.368(2) AT b = 

16.429(3) A, c = 12.01 3(2) A, = 90.59 (3)"; V = 2243.5 (7) A3. Ddc = 1.301 g/cm3, 

R, = 0.0468. 

Elemental Analysis of Mixture: 

Calcd.:C, 51.93; H, 6.65; N, 3.19 %; 

Found: C, 5 1.20; H, 7.09; NT 3.09 %. 



Solution NMR ofreaction mixtwe (hexane): 3 1 ~  55.9 pprn; '%: -78.3 ppm 

Note: "crystal mixture" below denotes unseparated sarnples of isolated crystals dissolved in 

fresh solvent. 

Solution NMR of crystal mixture (CD2CLJ: ' P: 50.1 ppm: 191?: -78.3 ppm; ' H (ppm): 

1.32 (s,9H), 1.49 (s, 18H), 7.42 (s,2H); 13c (ppm): 29.9, 3 1.1. 33.9, 36.2, 98.9. 123.1, 

135.7, 140.0, 150.7. 

Solution 3 1 ~  N M R  of crystal mixture: (hexane): 55.9 ppm; (EbO): 51.4 ppm; (ma,): - - 
50.0 pprn; (toluene): 5 1.7 ppm. 

Hydrolysis of Mes*N=P-OTf. 

A mixture of distilleci water (0.02 g, 1.1 mol)  in CH,q (5 ml) was itdded to a 
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stirred orange solution of Mes*N=P-OTf (0.197 g. 0.45 mmol) in C%CI, (20 ml) 

resuiting in the immediate formation of a pale yellow reaction mixture. Aliquots were 

removed for analysis of the reaction mixture by NMR (CZ$C12 and CD2C12) and slow 

removal of solvent resulted in the formation of clear colourless needle-shaped crystals 

characterized as Wes*NHJ[OTfl, yield 0.080g, 0.19 mmol, 439, m.p. 193- 196°C. 

Anal. Caicd. C, 55.45; H, 7.84; N, 3.40%; 

Found C, 54.52; H, 7.91; NT 3.61%; 

IR (cm-'): 3284w, 3 175w(vbr), 2670w(br), 2589w(br), 1616w, 1598111, 1559w, 

1539w(sh), 1515m(br), 1 4 0 8 ~ ~  1 4 2 2 ~  1255s- 1223s, 1 1 7 5 ~ ~  1 109m, 1021s, 991111, 

936w, 915w, 886w, 62%- 610w, 576w, 521111; 

Raman (cm-') 166 mW: 86w, 139m, 253m, 32ûm, 347m, 356rn(sh), 572111~71 Lw, 762m, 

826s, 936w(br), 1030s. 1 1 0 9 ~ .  1 MW, 1169w, 1201~.  1228w, 1242w, 1 2 9 2 ~ ~  

1447m, 1471m, 1519w, 1 5 9 9 ~ -  2 7 2 9 ~  2742w, 2803w, 2914s, 2969s, 3 106w; 

I3c NMR (ppm, CD,C12): 31.3, 31.7. 35.1. 123.8, 143.6, 151.7, 156.7, (q due to CF, 

group is not observed); 

"F NMR (pprn, CD2C12): -78.9. 

Crystal data: monoclinic, space group: P21/c (#14), a = 8.872(2) A, b = 1 l.806(2) & c = 



Reaction mixture NMR: 

' P NMR (ppm. -Cl2): 7.64 (broad s), 1 1.45 (s); 

'% NMR (ppm. CD2C12): -78.9. 

Preparation of [DipN=P-Cl]2, 6.6. 

A degassed sample of DipNH* (4.7598, 26.8 mmol) was dissolved in diethylether 

(40 ml) producing a pale pink solution and stirred at O°C under nitrogen in a bulb equipped 

with a septum. A yellow solution of ?BuLi in hexane (1.6 M. 17.0 ml, 27.2 mrnol) was 

added to this resulting in the instant formation of a yeilow solution which was allowed to 

warm to room temperanire and stirred ovemight. The resultant slurry of yellow solution 

and white solid was added over a penod of 10 minutes to a stirred colourless solution of 

P q  in pentane. Each aliquot added produced an orange colour which quickly faded to 

pale yellow upon mixing and resulted in the production of white solid. The mixture was 

stirred ovemight then the pale yeilow liquid was decanted from the solid and volatiles were 

removed in vacuo (dynamic) to yield a pale yellow oil (DipN(H)PCI& The oil was 

dissolved in pentane then fiozen. Triethylamine (CU. 20 ml, large excess) was distilled ont0 

this and the mixture was allowed to thaw then was s t k d  ovemight. This resulted in a 



yellow/orange Liquid and copious amounts of white solid whkh was fdtered to yield a clear 

orange solution. Removal of volatiles (liquid nitrogen) yielded an orange oil which 

crystallized upon standing to form copious amwnts of diamond shaped crystals (some as 

large as 10 mm per side). These cry stals were characterized as cis-diazadiphosphetidine 

wip-N=P-CI],, yield: 0.936 g, 3.873 m o l ,  14 % (Fust crop), mp. 197-202°C. 

Anal. Calcd. C, 59.63; H, 7.09; N, 5.80%; 

Found C, 59.54; H, 7.20; N, 5.76%; 

IR (cm-'): 307 1 w(sh), 3060w, 2724vw, 1945vw, 1 S86vw, 1383m, 1346w(sh), 1320m. 

1280w, 1276m(sh), 1260m(sh), 1249m, 1 198s, 1 180m, 1 147w, 1 104m, 1056w, 1039m, 

974w, 965vw(sh), 935rn(sh), 923s(sh), 907s, 801s. 747vw, 600w, 537rn, 529m, 496s, 

452w(sh), 42 ls, 379w; 

Raman (cm-') 166 mW: 85vs, 102s(sh), 132s, 173s, 245m. 2 9 h .  3 3 9 ~ .  419m, 447rn. 

496m, 537m, 573w, 632m, 886m, 955w, 98 1 w, 1046m, 1 107rn, 1 163w, 1 180w, 

1224w, 1280vs, 13 MW, 1338m, 1384w, 1443m, 1461m, 1589s, 25 l8w, 27 12w, 

2756w, 2864s, 2907s(sh), 2930vs, 2949s(sh), 2963s, 3027w, 3060m, 3087w(sh), 

3 170w; 

'H NMR (ppm, CD2C1,): 1.33 (d, 3 ~ H - H  6.72 Hz, 12H), 3.6-4.4 (broad s, 2H), 7.18- 

7.34 (m, 3H); 

13c NMR (ppm, CD2CI.J: 25.6, 29.6, 124.7, 129.2, 131.0 (t, 'J,, 7.15 Hz), 149.5 (br); 

'P (ppm, CD2C13: 2 1 1.9 ppm; 



Crystal data: monoclinic, space group: EQ11a (#14), a = 9.814(9) A, b = 17.579(8) A, c = 

16.002(5) A, f3 = 103.37(4y; V = 2686(3) A3, DdC = 1.195 g/crn3. R, = 0.068. 

Preparation of [DipN=P-0TfJ2, 6.7. 

A mixture of PipNPCll2 (0.362g,0.749 rnmol) and AgOTf (0.402g, 1.565 m o l )  

were placed in a bulb and hexane (30 ml) was distilled ont0 this to produce a pale orange 

suspension. This was stirred in the dark ovemight resdting in copious amounts of white 

precipitate and a colourless solution. The mixture was filtered through a fiberglass frit 

yielding a colourless solution. Slow removal of solvent by tap distillation resulted in the 

deposition of very large ( 4 d s i d e )  diamond-shaped crystals which were characienzed as 

[DipNPOTfl, (multinuclear NMR shows formation of both cis (75%) and tram (25%) 

diazadiphosphetidines), yield: 0.362g, 0.50 1 rnrnol, 6896, m.p. 1 27- 1 30°C (vans isomer) 

and 182- 184°C (cis isomer). 

Anal. Calcd. C, 43.94; H, 4.82; N, 3.94%; 

Found C, 44.10; H, 4.87; N, 4.39%; 

IR (cm-'): 3064vw, 2722vw. 2678vw(br), 1589vw, 1444s, 1406~s. l386s, l367s, 

1344w, 13 l7m, 1294w, 1261m(sh), 1240vs, 1213vs(br), 1 186vs, 1 139~s. 1 105m, 

1056w, 1038w, 974 vw(br), 936w, 924.7s, 872s, 836vs(br), 801vs, 767s, 665m, 

633.6m, 624m(sh), 613rn(sh), 603s, 574vw, 5 4 8 ~ .  525w, 5 12w, 466w, 428w, 401 vw, 

382s, 305w; 

Raman (cm-') 166 mW: 83s, 105s, 134s, 1 8 h ,  254m, 280m, 3 l3m, 338w, 402w, 



'H NMR (ppm, CD2Cl,): 1-26 1.43 (broad rn, 12H), 3.17-3.79 (broad m, 2H), 7.23- 

7.46 (broad m, 3H) (the overlapping signals from the cis and tram products do not allow 

for proper assignment); 

13 C NMR (ppm, CD2ClS: 25.4 (Me), 29.9 (d, J 7.63 Hz, m e 2 ) ,  118.7 (q, l~c-F 

319.96 Hz, CF3), 125.2, 129.0 (t, 2~p-C 7.15 Hz), 130.2, 147.1; 

"P (ppm, CD,CI,): 177.5 (m, 75% overall intensity, cis 6.3, 273.9 (m 25% overall 

intensity, trans 6.7) ppm; 

"F NMR (ppm, CD2C12): -75.1 (broad "t", 'TV 8.72 Hz, 75% overail intensity, cis 6.7). 

-76.3 (broad "d", "J" 15-25 Hz, 25% overall intensity, tram 6.7). 

Crystal data (cis isomer): monociinic, space group: P2,k (#14), a = 10.772(2) A, b = 

3 29.335(3) A, c = 11.170(2) A, B = 106.53(1)0; V = 3384.0(9) A3, D caic = 1.395 glcm , 

RI = 0.048. 

Preparation of CIP(p-NDip)2POTf, 6.9. 

A rnixture of DipNPCll2 (0.230g7 0.48 m o l )  and AgOTf (0.165g, 0.64 m o l )  



were p l d  in a bulb and hexane (30 ml) was distilled onto this to produce a pale orange 

suspension. This was stimd in the dark for seven days resuiting in copious amounts of 

white precipitate and a colourless solution. The mture was fdtered through a fibergiass 

frit yielding a colour1ess solution. Slow removal of solvent by tap distillation resdted in 

the deposition colourIess cube-shaped crystals which were characterized as a mixture of 

ClP(p-NDip)2POTf (6 1 % total integration), PipNPC1l2 (4%) and [DipNPOTfJ2 

(mdtinuclear NMR shows formation of both cis (26%) and trans (9%) 

diazadiphosphetidines), yield: 0.1 1 Og, 0.1 8 m o l ,  3996, m.p. 1 19- 1 23 OC. 

IR (cm-'): 3063w, 2 7 2 8 ~ .  267 1 w, 1588w, l525w, 1404M(sh), 1397rn. 1366s- 1345m, 

13 Mm. 127% 125 ls(br), 120ls(sb). 1 145s, 1 106111, 1055m. 1037m, 974m7960m, 

935m(sh), 925m, 909m(sh), 849m(br), 80ls, 766m, 736wm 665wm 635nm 609m, 

595w(sh), 539w, 525w, 513w, 489w, 425w, 378w, 304w, 249w; 

Raman (cm-') 166 mW: 81m, L36s, 178m, 252m(sh), 283m. 314rn, 339w(sh), 448w, 

539w, 647m, 768m885m, 956w, 984w, 1050m, 1 106m, 1 178w, 1276~s-  1337m, 

1 4 0 3 ~ ~  1447s- , 1 5 9 0 ~ ~  2719w, 2764w, 2871s, 2933vs, 2 9 7 0 ~ s ~  3027m, 3066s: 

1 H NMR (ppm, cD2C12): 1.33 (m, 12H), 3.4-4.0 (broad s, 2H), 7.24-7.46 (in, 3H); 

13c (ppm, CD,C12): 26.1, 39.9 @r), 118.7 (q, ' J , ~  320.0 Hz), 125.0, 129.7, 

148.0 (br); 

3 L ~  @pm, m2C12): 189.3 ppm (d of d, 2~p, = 62.9 Hz, 4~F-, = 17.4 Hz, lP), 203.2 (4 

2~ 
P-P 

= 62-9 Hz, 1P); 



"F NMR (ppm, CD2Cl2): -75.9 (d, 4~,p = 17.4 Hz). 

Preparation of DipN(PC12),, 6.8. 

A degassed sample of DipNH2 (5.00g, 28.2 mmol) was dissolved in hexane (30 

ml), frozen and placed under vacuum. P a 3  (20 ml) and NE$ (40 ml) were distilled ont0 

the mixture which was then warmed to r o m  temperame and rnixed resdting in the 

formation of a yeilow colour and a copious amount of white precipitate. The mixture was 

stirred for one week then Ntered producing a darker yellow solution which yielded a 

yellow/orange solid upon removal of solvent The solid was sublimed a .  80°C under static 

vacuum resdting in the formation of pale tan aystals characterized as DipN(PC1& yield 

5.30 g, 14.0 mmol, 49.6%, m.p. 69.5-7 1 .O°C. 

Anal. Calcd. C, 38.03; H, 4.52; N, 3.70%; 

Found C, 38.08; H, 4.52; N, 3.75%; 

IR (cm-'): 3060w(br), 2725w, 2144w, 1947w, 1871w, 1 7 9 4 ~ .  1716~1, 1700w, 1639w, 

1 S84m, 1541 w, 1433s, l362s, 1346rn, 1322m, l3Ogm, 1 2S9m, 1249m,, 1240m, 

1 197w, 1180w, 1 158s, 1104m, 1095m, 1050m, 1û4ûm, 97Sw, 954w, 93 lm, 903s, 

883s(br), 799s, 744m, 717m,633w, 611w, 544w, 533w, 515s, 490s, 481s, 45Im, 

437m, 431m, 417m, 3101x1; 

Raman (cm-') 193 mW: 109m, 13 lmsh, 154m, 168m(sh), 192m,227w, 243w(sh), 

283m, 3 131x1, 355w, 419m, 437wsh, 454s, 476s, 5 t5w, 534w, 544w, 612w, 7 19w, 

881w, 903w, 954w, 1042w, 1102w, 1159w, 1240m, 1 3 4 6 ~ ~  1443w, 1461w, 1585m, 

2863m, 2909m, 2937m(sh), 2957s, 2957s, 2980m(sh), 3025w, 3061m; 
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'H NMR (ppm. CD2C13: 1.19 (d, 3~H-H 7.00 Hz, 12H). 3.12 (sept, 3 ~ H - ,  7.00 Hz, 2H), 

7-26 (m, 3H); 

I3c NMR (pprn, CD2C12): 25.2, 30.1, 125.4. 130.6. 150.0; 

3 1 ~  (pprn, CD2C12): 164.7 pprn. 

Crystal data: monoclinic, space group: P2,/a (#14), a = 14.34(1) A, b = 9.4534) A, c = 

Preparation of Mes*N(TMS)PnC12 derivatives. 

In a typical reaction. a solution of %Li (1.6 M in hexane) was slowly added 

through a septum to a cooled (O°C) equimolar solution of Mes*NH(TMS) (ca 1 .O g, 2.4 

mrnol) in diethyl ether (50 ml) under nitrogen in one chamber of the reactor. This was 

stirred and dowed to warm to room temperature then stirred for an additional 2 hours, 

pmducing a dark yellow solution. The mixture was then added over a period of 15 minutes 

to a stirring solution of hC13 (excess for Ri = P, As, equimolar for Pn = Sb) in diethyl 

ether (30 ml) producing coloured solutions (F'n = P, intense orange solution; Ri = As, 

peach solution; Pn = Sb, yellow solution) and depositing a white precipitate (Lia). The 

reaction mix was isolated in a bulb and the sephun bulb was removed and replaced with a 

flame dried fitted bulb. The reaction mixture was frozen, the reactor was evacuated and the 

mixtures were aUowed to sti. for 2 days then fdtered to yield clear coloured solutions. 

Diethyl ether was removed by the "soft liquid nitrogen method" to yield crystaiiine solids. 
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Characterization of Mes*N(TMS)PCI,, 7.13. 

Cube shaped orange crystals; yield 0.6 1 g, 1.39 m o l ,  8 1 %; m.p. 6575°C; 

IR (cm-'): 333 lm, 3302~.  3097~.  3075~ .  1601m. 1423rn. 1392rn, 1363s, 1325rn, 

1286~.  1263m(sh), 1258m, 1251m, 1217s, 1 19%. 1 189w(sh), 1 168w, 1 1 13m, 1087m. 

1021w, 943s, 920rn,903m, 880m. 849s@r), 82ûw(sh), 807w(sh), 766w, 650w, 641w, 

560w(sh), 549m(sh), 542m, 524m, 488s, 476m. 454s. 402w@r), 377w(sh); 

Raman (cm-') 166 mW: 88m, 137m. 160rn(sh), 177m(sh), 24%. 320vw(br), 376w, 

458mi 488w, 542w. 569w, 641 w, 822m, 922w(br), 1024w, 1062w, 1086w, 1 1 14w. 

1 13% 1 147w, 1 199w@r), 1 2 4 4 ~ ~  1292w, 1362w, 1454~~  1600m. 2708~ .  2779w. 

2908s, 2963s, 3098w, 3329w; 

1 H NMR (ppm, CD2C12): 0.27 (S. 9H, TMS), 1-30 (s, 9H, p-'BU), 1.54 (s, 18H O-'BU), 

7.46 (s, 2H, Aï-H); 

3 1 ~  (ppm, CD2C12): 175.2. 

Crystal data: Orthorhombic, space group: Pbca (#6 l), a = l9.85(1) A, b = l9.568(8) A. c 

= 12.82(1) A; V = 4978(4) A3, Dcalc = 1.159 @m3, RI = 0.063. 
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Note: Most of the foilowing reactions are characterized by spectroscopie methods ody. 

The relative purity of sarnples was estirnated on the basis of 'H, 1 9 '  or 3 1 ~  NMR 

integration. This project is king continueci by D. Walsh and she will report the complete 

characterization of these compounds in the future. 

Characterization of Mes*N(TMS)AsCI,, 7.14. 

Cube shaped pale yellow crystals; yield 0.5 14 g. 1 .O7 rnrnol, 49%; m.p. 109- 

Anal-Calcd. C, 52.72; H, 8.01; N, 2.93%; 

Found C, 53.03; H, 8.02; N, 2.96%; 

IR (cm-'): 3 4 0 9 ~ ~  1602w, 1425m, 1393m, 1363s, 1273m(sh), 1256s, 1240m(sh), 

1216m, 1 199m, 1 171111, 1 137w, 11 14w, 1096m, 1025w(br), 91 lm, 868s, 842s(sh), 

8 l6m(sh), 769w(sh), 753m(br), 6 9 5 ~ .  674w. 644w, 545w, 475m, 432w(sh), 368s, 

326rn; 

Raman (cm-') 166 mW: 1 2 h ,  136w(sh)155m, 189w, U S w ,  255w. 322m, 362s. 430w, 

47% 571w, 635w, 676w, 743w, 818w, 866w, 922w, 1 0 2 7 ~ -  1094w, 1134m, 1 1 7 9 ~ .  

1 1 9 7 ~ ~  1240w, 1285w, 1362w, 1 4 4 4 ~ .  1601m, 2709w, 2779w, 2905ç, 2965s, 3 0 8 9 ~ ;  

7.48 (s, 2H, Ar-H); 

1 H NMR @pm, THF-D8): 0.34 (s, 9H, TMS), 1.31 (s, 9H, p-'Bu), 1.56 (s, IgH, o- 



$u). 7.53 (s, 2H, Ar-H); 

I3c NMR (ppm, CD2C12): 4.5. 31.2. 33.7, 35.4, 38.6, 122.4, 126.2. 148.5, 150.7. 

Crystal data: Orthorhombic, space group: Pbca (#6 1 ), a = 19.77 l(2) A, b = l9.607(2) A. c 

= 12.940(2) A; V = 501 6.3(7) A3. Deal= = 1.267 j~/cm~, R, = 0.042. 

Characterization of Mes*N(TMS)SbCI,, 7.15. 

YeiIow solid (not suitable for X- ray crystallography); yield 0.74g, 1.41 rnmol, 

896, m.p. broad: 96-1 10°C; 

IR (cm-'): 3515w, 3448w, 1601 w, 1393m I377m, 1269m, 1252s, 1237m, 1215m. 

1 198w, 1 172m, 1 I37w, 1 100s, 1024w(br), 9 l h ,  865s(br), 8 13m(sh), 772w(sh), 

754m, 690w, 671w, 643m, 54W, 471m, 458w(sh), 418w, 376w, 339s, 3 14s, 280w, 

247w, 227w; 

Raman (cm-') 166 mW: 91w, 132m(sh), 148m, 212w, 258w. 3 13m, 338s, 430w, 571 m, 

630w, 690w, 712w, 823m, 921 w, 1027w, 1 100w, 1 137m, 1173w, 1 199w, I283w, 

1447m, 160lrn, 2709~ .  2779w, 2904s, 2963s, 308 1 w; 

Preparation of Mes*N(H)AsCi,, 7.17. 

A pale yellow 1.6 M solution of BuLi in hexane (9.6 ml, 15.4 mrnol) was added 
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to a stirred O°C colourless solution of Mes*- (3.93 g, 15.0 mol)  over a period of 15 

minutes resulting in the formation of a yeilow solution. This was allowed to warm to room 

temperature and stirred overnight. The yellow mixture was added to AsC$ (1 -5 ml, 17.8 

rnrnol) resulting in a pinkish solution with copious amounts of white precipitaîe. This was 

stVred ovemight then filtered through a fiberglass fit. The resultant tan solution was 

concentrateci by the soft liquid nitrogen method. This producecl small beige crystals 

characterized as Mes*N(H)AsC$, yield: 5.75g, 14.2 rnmol, 94%, mp. 6û-65 OC. 

IR (cm"): 3520w, 3453w, 3406m(sh), 3386s, 3095w, 2744~.  27 13w, 1768~1, 1620~. 

1 598m, 1558w, 1434s(sh), 1420s, 1393s, 1361s, 1286m, 1265m, 124ûw, 12 lbs, 

120 l ~(sh), 1 190s(sh), 1 1 14s, I022w, 928w, 880s, 834s, 8 16m, 792m, 769w, 757111, 

642m, 547w, 466m, 36 ls, 332s(sh), 28 1 m; 

Raman (cm-') 166 mW: 85w, 128m, 155m, 18% 267m, 336m(sh), 370s. 570m 637w. 

754w, 82ûm, 844w, 9 3 h ,  1 1 16w, 1 146m, 1 192m, 1218m(sh), 1241 w, 1288mj, 

1393w, 1444rn, 1468m, 1599m,2706m, 2782w, 29 1 f vs, 2967vs, 3034m, 3099w, 

3385~ ;  

H), 7.38 (s, 2H, Ar-H). 

Crystal data: Orthorhombic, space group: Pbca (#6 1 ), a = 16.4 l2(3) A, b = 25.188(2) A, c 

= 10.088(3) A; v = 4170(1) A3, D~~ = 1.294 &n3,  R, = 0.046. 



Preparation of Mes4N=As-CI (and decornposition products) €rom 

Mes*N(TMS)PoCl,. 

Thermolysis of solid M ~ S * N ( ' I ' M S ) P C ~ ~ . ~ ~ ~  

A sample of solid orange Mes*N(TMS)PC$ to 80°C under a nitrogen atrnosphere resuited 

in the formation of an oily red solid characterkd as Mes*N=P-CI by 3 1 ~  NMR (6 136.6 

ppm: 65% of total integration) (with unidentifieci by-products: 6 153.2 ppm: 5%. 6 220.4 

ppm: 35%). 

A sample of Mes*N(TMS)PCI, in a melting point capillary was heated to 1 30°C in a 

melting point apparatus resulting in the formation of a dark red melt which cooled tu 

produce a dark red solid. Raman spectroscopy indicates a mixture of Mes*N(TMS)PCI, - 

and Mes*N=P-CI. 

Thermolysis of solid Mes*N(TMS)AsC12. 

Solid Mes*N(TMS)AsCl, (0.500g) was sealed in vacuo in a reaction tube which was 

placed in a 240°C oven for 3 hours. This resulted in the deposition of a metallic mirror (As 

metal) on the inside of the tube. 

Pale yellow crystals of Mes*(TMS)AsCi, (0.050g) under an atmosphere of oitrogen were 

heated to 130°C in a bdb on a three-neck reactor submerged in an oii bath. This produced 

bubbling and resuited in the darkening of the melt. The reactor was exposed to dynamic 
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vacuum resulting in the &position of pale yeliow crystals on the cool sides of the reaction 

bulb which were diuolved in CD2C12. Proton aod 13c NMR indicate the presence of 

Mes*N(ïMS)Asq only . 

Samples of Mes*N(TMS)AsCl, in melting point capillaries were heated to 130°C in a 

melting point apparatus resulting in the formation of a putplelred melt which cooled to 

produce a colourless solid, shown by Raman spectroscopy to be Mes*N(TMS)AsC12. The 

samples were then heated to 190°C producing a dark purpldred melt which cooled to a 

redmrown solid. The Raman spectmm of the soüd shows the loss of the signals due to the 

TMS and Asa2 vibrations: 

Raman (cm-') 166 mW: 150m(br), 254w, 303m, 343w(sh), 381m. 473w. 514w, 566111, 

589w(sh). 639w, 6 7 9 ~ .  724w, 761 w(sh), 78 1 w, 826111, 923m. 1078w, 1 1 17w, 1 144m, 

1 199m, 1239w, 1266w, 1293w, 1 3 6 5 ~ .  f400w, 145lm(br), 1601 m, 2668w(br), 

2708w, 2787w, 2 9 0 4 ~ ~  2963s, 3 1 1 Ow, 3 195w. 

The Raman specmim of the product is almost identical to that of the cyclodecomposition 

product 7.19 (vide infra). 

Thermolysis of Mes*N(TMS)AsC$ in solution. 

A solution of Mes*N(TMS)AsC$ in THF-D8 in a sealed NMR tube was heated in 

an ail bath at 70°C for 4 hours resulting in the appearance of a slight pink colour. Proton 

NMR of the solution reveals formation of a new series of signals: 

1 H NMR (ppm, CD2Cl,): 0.30 (S. 9H), 1.3 1 (s, 9H), 1.45 (s, 18H), 7.36 (s, 2H); 
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M e r  heating for 9 h o m  at 100°C d t e d  in an increase in the intensity of these 

peaks relative to t h o ~  of the starhg material. Caution: Heating at 120°C m s e d  the NMR 

tube to explode after 8 hours. Heating of a sarnple of Mes*N(TMS)AsC12 in CD,Cl, 

resulted in no apparent change by 'H NMR. 

Preparation of Mes*N=As-CI, 7.20 derivatives frorn Mes*N(H)AsCI, 

In a typical reaction a colourless solution of triethy lamine (CU. 3 -6 g, 36 mmol) in 

the selected solvent (ca 30 ml) was added rapidy to a shaken yellow solution of 

Mes*N(H)AsCi2 (CU. lg, 2.5 m o l )  in the solvent (ca. 30 ml) (some also contained an 

equimolar amount of triphenylphosphine or an excess of pyridine- vide Urfa). This 

resulted in the immediate formation of dark red solutions with an off-white precipitate. The 

solutions were then fdtered through fiberglass fdters and aliquots of the solution were 

isolated in NMR tubes. Volatiles were removed in vacuo and the solid residue was 

dissolved in CD,CIT NMR identifkation for the reactions are listed below: 

NMR identification of Mes*N=As-Cl 7.20 and its cyclo-decomposition 

prodnct, 7.19. (toluene) 

Reaction of Mes*N(H)Asq with triethylamine in toluene gave a mixture with a 'H 

NMR spectrum that shows a marked reduction in the signal for the amino proton and is 

indicative of the resultant formation of Mes*N=As-Cl (>go% of total signal integration is 

assigned to this product): 

'H NMR (pprn, CD2C12): 1.33 (s, 9H, p-'BU), 1.54 (s, 18H. O-'BU), 7.41 (s, 2H. Ar-H); 



The remaining signds are assigned to the cyclo-decompositio~ product 7.24) of 

Mes*N=As-a: 

'H NMR (pprn. CD2c12): 1.32 ppm (S. 9H, $Bu),  1.46 and 1.47 (two overlapping S. 

15H total, 4-911 and 2-CMe*), 2.47 (very broad rn, 2H. CH;-As). 5.95 @road s, lH, N- 

The structure of the heterocycle 7.19 is confîrmed by X-ray crystallographic andysis: 

Crystal data: rnonoclinic, space group: P2,/a (#14), a = 12.088(2) b = 9.6 M(l) A, c = 

NMR identification of Mes*N=As-CI (toluene and pyridine) 

R e d o n  of Mes*N(H)AsC12 with an excess of both triethylamine and pyridine in 

toluene gave Mes*N=As-CI (42% total signal integration): 

'H NMR (pprn, CD2C12): 1.3 1 (s, 9H, ptBu), 1.5 1 (s, 18H, O-%), 7.38 (s, 2H, Ar-H); 

the cyclo-decomposition product 7.19 (33% total signal integration): 

'H NMR (pprn. CD,CI,): 1.32 pprn (s, 9H. ptBu), 1.47 (broad s, 15H total, 4-'Bu and 

=, 1H) Ar-H); 

and a product containing a more deshielded Mes* substituent, tentatively characterized as 
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Mes*N=As-Cbpyr 7.21 (25%): 

'H NMR (ppm, m2CIS: 1.28 (s, 9H, $BU), 1.44 (s, 18H, O-'BU), 7.19 (s, 2H, Ar-H), 

and the o d y  observed pyridine signals: 7.44 (cl, 3 ~ H - H  2.24 Hz, Ar-H), 7.5 1 (d. 3 ~ H - H  2.44 

Hz. Ar-H), 7.55 (ci, 3 ~ H - ,  2.74 Hz, Ar-H). 

NMR identification of Mes*N=As-C1mPPh3, 7.22 (toluene) 

Reaction of equimolar amounts of M e s * N O A s q  and triphenylphosphine with an 

excess of triethyiamine in toluene gave Mes*N=As-Cl*PP% (cn. 80% total integration): 

'H NMR (ppm, CD2C12): 1.32 (s, 9H, $BU), 1.54 (s, 18H, O-'BU), 7.25-7.42 (broad m. 

lm, Ar-H atoms on Mes* and PPh3 molecules); 

3 1 ~  NMR (ppm, CD&: -5.1 (s); 

and numerous srnaIl signals from unidentified products ( c a  20% total integration). 

NMR identification of Mes*N=As-CImOEt2 (diethyl ether) 

Reaction of Mes*N(H)AsCI, with an excess of tnethylarnine in diethyl ether gave 

Mes*N=As-Cl*OE~: 

1 H NMR (ppm, m2CI2): 0.95 (broad s, 6H, O--CH3), 1.32 (s, 9H, p-QU), 1.49 (s, 

18H, O-'BU), 2.49 (broad s, 4H, O-C-CH3), 7.38 (s, 2H, Ar-H). 
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Preparation of Mes*N(TMS)As(CI)OAr, 7.23 

A colourless solution of Li-O-Ar (0.1 1 1 g, 0.49 mmol) in diethyl ether (30 ml) was 

added to a pale yellow solution of Mes*N(TMS)AsCi, (0.233 g, 0.48 mmol) in diethyl 

ether (50 ml) resulting in the formation of a paie pink solution and a white precipitate. The 

mixture was stirred for three days then fdtered, to give a clear pale pink solution. Removal 

of solvent by the 'Yap method" afforded a purple oil which was dissolved in hexane and 

refdtered to give a pale pink solution. Removal of solvent by the 'tap method" and 

washing by back-distillation gave a colourIess solid characterized as 

Mes*N(TMS)As(CI)OAr; yield 0.095 g, 0.17 rnmol, 36%. m.p. 144- 147°C: 

IR (cm-'): 1437111, 1420w. 1405m, 1395m, l386m, 136 ls, 1254s. 12 l4w, 1 168111, 

1099m, 912w, 882m, 876m, 853m. 839m,814w, 775m, 756w, 690w, 6 4 9 ~ .  621w, 

553rn, 4 8 7 ~ .  460w; 

Raman (cm-') 166 mW: 100m, 139rn,227m, 273m. 358m 4 0 8 ~ .  463w. 553w(sh), 

569m, 6 2 0 ~ .  642w, 686w, 717w, 769w, 817m, 875w, 927w, 1026w, 1104w, 1140w, 

1 173m, 12ûûw(sh), 1258w, 1 2 8 4 ~ .  1379w(sh), 1408w(sh), 1449m. 1565~ .  i6Wr1, 

271Ow, 278Iw, 2 9 0 6 ~ s ~  2965s, 3056m, 3 W w ;  



NMR identification of Mes* N=As-OAr, 7.25 

A colourless solution of TMS-OTf (2.46 g, 1 1 .O mmol) in toluene (5 ml) was 

added to a pale pi& solution of Mes*NmS)As(Cl)OAr (0.035 g, 0.07 mmol) in toluene 

(10 ml) which resulted in the immediate formation of a dark purple solution. An diquot of 

this solution was decanted into an NMR tube and volatiles were removed in vaeuo. The 

principal product of the reaction is characterized as Mes*N=As-OAr (en. 65% total signal 

integration): 

1 H NMR (ppm, CD2Cl,): 1.32 (9H, p-'Bu), 1 -49 ( 18H, O-'Bu), 1.53 ( i 8H, O-'BU), 2.29 

(3H, p-Me), 7.12 (2H, Ar-H), 7-40 (2H. Ar-H); 

and nurnerous s m d  signals from TMS-OTf and several unidentifieci products (ca 35% 

total integration). 

Preparation of Mes*N=As-OTP, 7.25 derivatives from Mes*N(TMS)AsCI, 

In a typical reaction. Mes*N(TMS)AsCI, (ca. 0.20 g, 0.42 mmol) and AgOTf 

(0.1 2 g, 0.45 mmol) were placed in one compartment (equipped with a filter) of a 3 

compartment vessel. Solvent (vide *a) was distiued into the compartment which gave a 

yellow solution. This was stirred in the dark for tbree days then an aliquot was filtered into 

an NMR tube and volatiles were removed in vacw. The resultant yeLlow or orange residue 

was dissolved in CD2C$. In all cases the TMS moiety is absent (or a very minor 

component) in the 'H NMR spectra of the reaction mixtures. 

NMR identification of Mes*N=As-OTf (hexane) 

For a reaction done in hexane a signifiaint component of the solution was 

characterized as Mes*N=As-OTf (ca 50% of total signal integration): 
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1 H NMR (ppm, CD2C12): 1.29 (s, 9H, p-'~u), 1.51 (s, 18H, *'BU), 7.52 (s, W, Ar-H); 

the other component (ca 50% of total signal integration) displays similar chernical shifts: 

'H NMR (ppm CD,C12): 1.32 (s, 9H, $Bu), 1.60 (s, 18H, O-'BU), 7.38 (s, 2H, Ar-H); 

"F NMR (ppm, CD2C12): -77.9 (s). 

Another reaction in hexane produced Mes*N=As-OTf as a minor product (CU. 30% 

of total signal integration) and the principal component of the reaction mixture was 

characterized as the cyclodecomposition product 7.26 of Mes*N=As-OTf: 

1 H NMR (pprn, CD2C12): 1.33 ppm (s, 9H, p-$u), 1.48 (s, 9H, @BU), 1.58 (s, 6H. 2- 

CMe2), 2.50 (broad "s", 2H, As-CH,), 6.04 (broad s, 1 H, N-H), 7.29 ( d  4~,, 2.13 Hz, 

Ar-H), 7.34 (d, 4 ~ H - ,  2.14 Hz, Ar-H). 

"F NMR (ppm, CD,C12): -77.9 (s). 

NMR identification of Mes*N=As-OTf (totuene) 

For a reaction done in toluene the principal component of the reaction mixture was 

characterized as Mes*N=As-OTf (ca. 85% of total signal integraiion): 

1 H NMR (ppm, CD2C12): 1.28 (s, 9H, p-$u), 1.54 (s, 18H, O-[BU), 7.48 (S. 2H, Ar-H); 

?F NMR (ppm, CD,C12): -77.4 (s); 

the other product was characterized as ~es*N(H)AsN(H)Mes*][OTf] (CU. 15%) (vide 

Vrfra). 
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NMR identification of Mes*N=As-OTf*Et,O (diethy 1 ether) 

For a reaction done in diethyl ether the principal component of die solution was 

characterized as Mes*N=As-CYïf-E%O (ca. 65% of total signal integration): 

1.56 (s, 18H, O-'BU), 3.43 (q, 35,-, 7.02 Hz, 3H, OC&CH,), 7.53 (s, 2H. Ar-H); 

I3c NMR (ppm. CD2C12): 15.5, 31.0, 33.7, 34.1, 37.2. 66.0, 124.2, 132.2, 148.3, 

1 5 1 -5, (q for CF3 group is not observeci); 

191? NMR (ppm, CD2C12): -78.2 (s); 

and numerous s m a l l  signals frorn unidentified products (ca 35% total integraiion). 

Preparation of wes*N(H)AsN(H)Mes*] [OTfl, 7.27 

A colowiess mixture of trifiic acid (HOTf) (0.24 g, 1.6 mmol) in hexane (20 ml) 

was added to a stirred dark purple solution of Mes*N=AsN(H)Mes* (0.503 g, 0.85 mrnol) 

in hexane (60 ml) which resulted in the rapid (less than one minute) formation of a bright 

yellow opaque mixture. This was stined ovemïght then tiltered to give a clear yeilow 

solution and an aliquot was decanted into an NMR tube then volatiles were removed in 

vacuo. The yellow residue was dissolved in CD,C12 and characterized as 

~es*N(H)AsN(H)Mes*][OTfl: 

'H NMR (ppm, CD,C12): 1.31 (18H, p t ~ u ) ,  1.55 (36H, O-'BU), 7.49 (4H, Ar-H), 8.55 

(broad, 2H, N-H); 

NMR (mm, CD2C12): 31.3, 3 1.8, 34.1, 35.4, 124.2, 143.9, 148.3. 152.3, (q h m  



CF, is not observeci); 

'% NMR (ppm, CD,Cl2): -78.7 (s); 

c$ ~es*N(H)AsN(H')Mes*][OTfl from reaction of Mes*N(TMS)AsC12 and AgOTf in 

tolume: 

' H NMR (ppm, CD2Ci2): 1.33 (1 8H. p-'BU), 1 S6 (36H, O-'BU), 7.52 (4H, Ar-H), 8.50 

(broad, 2H, N-H); 

13c NMR (ppm, CD2C12): 31.4, 31.7, 34.1. 35.4, 124.2, 143.6, 148.3, 151.5, (q from 

CF3 is not observed); 

1 9 '  NMR (ppm, CD,C12): - -78.2 (s); 

IR (cm-'): 3454w, 3418w, 3283w, 2729m 2669m, 1599m, 15 l6w, 1424rn, 1398111, 

1377s, 1340w, 13 12m(sh), 1296m, 1256s, 123 1s- 1221s, 1209s, 1 M m ,  1 l7Sm, 

11551x1, 1109m, 1021s, 992w, 978w(sh), 930w(sh), 912w, 885w(sh), 879m, 855m, 

799w, 783w, 756w, 746w(sh), 734m, 635s, 59 lw, 575w, 534w, 520w, 359w(sh), 

3SOw; 

Crystai data: monoclinic, space group: P2*/n (#14), a = 16.713(2) A, b = 10.259(2) A. c = 
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Appendix A. Ab Initio Calcnlation Data. 

This appendix contains tabulated data for the UMPU6-3 1 1 G*//6-3 1 1 G* 
calcuiations reporteci in chapters 2 and 3. The Listed values include: total energies and 
fquency analyses (A. 1); optimized stucturd parameters for the cyclic (A.2) and acyclic 
(A.3) models; Mulliken and N B 0  charge distribution (A.4) for ail structures; and caicuiated 
spin densities for doublet and triplet species (AS). 

Legend for Tables A.1-A.5. 

Note: The symbol+ indicates that the symmeûy of the structure changed during the 

optimization. 
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Table A. 1. Computed energies (HFI6-3 1 1 G* and UMP2/6-3 1 1 G*//HF/6-3 1 1 G*) 

and zero point vibrational energies for all calcdations. Ail energies in hartrees. N imag 

indicates the number of imaginary vibrational frequencies. 

Cyclic P cations SynimetrY N imag EüUHF UMPS ZPVE 

Cyclic As cations SYmrneW Nimag R/UHF UMP2 ZPVE 



Buoidienes SYmrnetrY N imag R/UHF UMP2 ZPVE 

Cis 

Trans 

Ammonium radical cation Symmetry Nimag EUUHF UMP;! ZPVE 



Acyclic P cations SYmrnetrY Nimag WUHE; UMP2 ZPVE 

Acyclic As cations S~mmeCrY Nimag R/UHF UMP2 ZPVE 





Table A.2. Selected structural parameters h m  HFI6-3 1 1 G* optimized geomebies. Al1 

lengths in A, all angles in degrees. 











Table A.3. Selected structural parameters h m  W / 6 3  1 1 G* opunized georrietries. AU 

N-H 

H-N-H 







Table A.4. Mulliken and nahiral bond orbital (NBO) charge distributions of selezted 
atoms. 

2.7'(3J9) s 2.7' t Cl 

Mulliken NB0 Mulliken NB0 

2.7' t C, 2.7' t Cs + CZV8 

Mulliken NB0 Mulliken NB0 

3.5' CI 3.6' Cl 

Mulliken NE0 Mulliken NB0 

- - - 

2.21' Ci 

Mulliken NB0 



2.5'(3.2') s C2 2.5' t Ci 

Mulliken NB0 Mulliken NB0  

2.5' t C, 2.5' t Cs + C2v* 

Mulliken NB0 Mulliken NB0 

-- - - 

3.7' C, 3-8' C, 

Mulliken NB0 Mulliken N B 0  

- 

2.22' Ci 

Mulliken NB0 

2.23' Ci 

Mulliken NB0 



. - . . - -. - . . . . . - 

2.6' Cs 

Mulliken NB0 

2.13' s C3, 2.13' s D3, 

Mulliken NB0 Mulliken N B 0  

2.13' t D36 2.16' d D-3, 

Mulliken NB0 Mulliken N B 0  

2.14' s Cs 2.14' t C, 

Mulliken NB0 Mulliken NB0 

-- - 

2.14' t Cs #1 2.14' t Cs #2 

Mulliken NB0 Mulliken N B 0  



2-14' t C;, 2.17' d C, 

Mulliken NB0 Mulliken NB0 

2.17' d Cs #1 2.17' d Cs #2 

Mulliken NB0 Mulliken NB0 

2.17' d C2, 

Mulliken NB0 

2.15' s Cs 2.15' t Cl 

Mulliken NB0 Mulliken NB0 



2.15' t Cs #3 2.15' t CZv 

Mulliken NB0 Mulliken NB0 

2.18' d CI 2.1S7 d Cs #1 

Mulliken NB0 Mulliken NB0 

2.187 d cS #2 2-18' d C, #3 

Mulliken NB0 Mulliken NB0 





Table 5. Calcdated spin densities of doublet and triplet species of selected atoms. 
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