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This thesis describes investigations into multiply bonded tellurium compounds 

using both experimental and theoretical methods. Tellurium compounds have sparked 

interest in part due to their unique reactivities, structures and properties, especially when 

compared to their suIfur and selenium analogues. Often, the nature of the bonding 

involved is not fully understood. With this in mind, the PE bond in phosphine 

chalcogenides, R3PE (E = 0, S, Se) was studied by calculations using density functional 

theory (DFT). The x-bonding is strongest for the PO bond, but the amount of x-bonding 

relative to a- bonding increases down the group to tellurium. 

A DFT study of the model chatcogen diimides, MeN=E=NMe (where E = S, Se, 

Te) and their dimers, M ~ N E ( P - N M ~ ) ~ E N M ~ ,  revealed the energetics of the dirnerization 

process. The dirnerizattion was calculated as endothermic for sulfw, in agreement with the 

experimental observation that suifur diimides are monomeric, and exothermic for tellurium 

as predicted by the isolation of tellurium diimide dimers. For E =Se, the process is 

approximately thennoneutral. 

Previous work has shown that the tellurium diimide dimer, tBuNTe(p- 

I V B U ) ~ T ~ N ~ B ~ ,  is a useful reagent in the preparation of new tellurium compounds. This 

thesis describes three new categories of reactivity for this synthon- The reaction of 

~ B ~ N T ~ ( ~ - N ~ B U ) ~ T ~ B F B U  with tellurium tetrahalides produced the novel 

irnidotellurium(IV) dihalides, [BuNTeXd, where X = C1, Br. The dibromide can also be 

generated from dichloride and bromotrimethylsilane. The X-ray analysis of the dichloride 

revealed a unique hexarneric structure (n = 6). The dichloride [ I B U N T ~ C ~ ~ ] ~  undergoes 

metathesis reactions with nucleophilic reagents. For instance, the reaction with two 

equivalents of KOWu produced the dialkoxytelluium~ h i d e  dimer, ( t ' ~ O ) ~ T e ( p -  

N B U ) ~ T ~ ( O ( B U ) ~  with notably unequal bond lengths. 
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The tellurium diimide dimer, tBuNTe(p-Wu)fleWBu, also reacts readily with 

protic reagents. Reaction with ten-butanol yielded the homoleptic derivative, T'~(OBU)~.  

Reduction to teUuriurn(II) is observed when tBt~NTe(p-NBu)~TeNgu is treated with a 

terminal acetylene, 4-MeC6H4=H. C ycloaddi tion reactions of rB uNTe(p- 

N B u ) ~ T ~ W B U  with heteroallenes were also investigated. For the carbon-centxed 

heteroallenes, 'BuNCE (E = 0, S), both reactions involved unstable c ycloaddition 

intermediates before eliminating 'BuNCNBu. For E = 0, the novel polymer [[BuNTeO], 

was formed. The reactions of ~ B u N T ~ ( ~ - N W U ) ~ T ~ N ~ B U  with sulfur-centred heteroallenes, 

(RN),S02_, (x = 0, 1, 2) were also studied. 



Acknowlednements 

There are a number of people to thank for helping me during my years at the 

University of Calgary. First, I would like to thank my supervisor, Dr- Tris Chivers, for 

his advice and guidance during my degree, and for all of his careful editing in preparing 

this manuscript 

My first two studies for this project were theoretical. and I owe thanks to Dr. Tom 

Ziegler for his help and many discussions about that work. Many =embers of his research 

group provided lots of assistance on the computer, especially Dr. Tom Woo, and Dr. 

Y osadara Ruiz-Morales. 

To all members of the Chivers' group, both past and present, thanks for fun and 

assistance in the lab. In particular, I must thank Dr. Xiaoliang Gao for training me when I 

started out, and Dr. Gabriele Schatte for lots of advice, help in collecting spectra, 

wonderful crystallographic packing diagrams, and help whenever I needed it. Thanks to 

Justin Brask for the preparation of starting materials, for pretty figures and for lots of ski 

conversations, and to Cory Jaska for his enthusiasm, organization, and good sense of 

humour. 

I should also thank: Er. R- Yamdagni, Dorothy Fox, and Qiao Wu in the 

instrumentation laboratory: Dr. M. Parvez, Dr. G. Enright (NRC) and Dr. R. McDonald 

(University of Alberta) for X-ray crystal structures; J. P i e m e n  (University of Oulu) for 

Raman spectra: the University of Calgary and NSERC for funding: G. Prihodko for her 

assistance and welcoming nature, especially in my fkst days here. 

Finally, I would like to thank all of the friends who made Calgary a home, 

especially Michele, Naomi, Craig and Yolanda, Arto and Tiina, and Monica and Dave. 



For Mom and Dad, who helped me get here, 

and for Olof, who got me through this. 



Table of Con- 

..................................................................................... Approval 
...................................................................................... Abstract 

......................................................................... Acknowledgements 
................................................................................... Dedication 

........................................................................... Table of Contents 

List of Tables ...................... ..--. ..................................................... 
List of Figures .............................................................................. 
List of Abbreviations .................... .-.. ............ 
Formula Index.. ............................................................................ 

............................................................... Chapter One: Jntroduction. 

1.1. Tellurium Chemistry .............................................................. 
1.1.1 . Introduction .................................................................. 

............................................................ 1 .2 . Tellurium Compounds 

......................................... 1 .2.1 . Organotellurium(IV) Compounds 

1 - 2 2  Tellurium Alkoxides and Aryloxides ...................................... 
1.2.3. Tellurium Thiolates... ....................................................... 
1 .2.4. Tellurium Amides ........................................................... 

............................... 1 .3 . Multiply Bonded Tellurium Compounds ........ 
1 .3 .1 .  Heavy Carbonyl Compounds, RzC=Te- ................................. 
1 .3.2. Metal-Tellurium Multiple Bonds ........................................... 

1.3 .2.1. Introduction ............................................................ 
.................................. 1 -3.2.2. Group Four Tellurium Complexes 

1.3 .2.3.  Group Five Chalcogen Complexes ................................. 
1 .3.2. 4. Group Six Chalcogen Complexes ................................... 

............................................ 1 -3 -2.5. Solid-state Chalcogenides 
....................................... 1 . 3 .3  . Tellurium-Nitrogen Multiple Bonds 

............................................ 1.3.3.1. Binary Tellurium-Nitrides 
1.3 .3.2. Telluradiazoles.. ..............................................~........ 
1 .3.3.3. Tellurium(N) Diimide Dimers ...................................... 

.............................................. 1.3.3.4. Trisimido Tellurite Ions 
1.3.3.5. Other Tellurium-Nitrogen Multiple Bonds ......................... 

vi i  

* 

ll 
... 
111 

v 

ti 

vii 

xii 
xiv 
mi 

xviii 



1 .3.3 .6 . Tellurium-Nitrogen-Halogen Compounds ......................... 
........................................ 1.3.4. Othef Multiple Bonds to Tellurium 

1.4. Objectives and Outline of Thesis ................................................. 

f the Bon Chapter Two: m n s i t y  Functional S a v  o 

PhosDhmeCh_almPenid@ and R e l a m  ..................................... 

2.1. Introduction ........................................................................ 
2 .2 . General Considerations for Bonding ............................................ 

............. 2.2.1. General Bonding Scheme in Me3PE and Related Systems 
2 .2 .2 .  General Bond Energy Decomposition Scheme .......................... 

2.3. Electronic %nicmres of Phosphine Chalcogenides and 
Related Molecules ......................................................................... 

2.3.1.  Trimethylphosphine Chalcogenides ....................................... 
2 - 3 2  Me 3PBH3, MqPCH2 and Me3PNH ..................................... 
2.3.3.  M e 3 B 0 ,  Me3PO and Me3AsO ............................................. 

2.4. Conclusions ........................................................................ 
2.5. Theoretical Section ................................................................ 

2.5.1 . Computational Details ....................................................... 

. . .  Chapter Three: U n s i t y  Functions S t w f  Chalcoggn Dum ides: T E ~ ) ~ L ,  . . 

(E = S . Se . ................................................... 

3 .1 .  Introduction ........................................................................ 
3 .2 . Monomeric Chalcogen Diimides, RN=J%NR (E = S, Se, Te; 

................................................................................. R = H, Me) 
3.2.1 . Relative Stabilities of the Geomemcal Isomers 52, 53 and 54 

......................................................... (R = H, Me; E = S, Se, Te) 
. --...-....... 3.2 .2 Orbid Interactions in N, N'-Dimethylchalcogen Diimides 

3 .3 .  Dimerization of Chalcogen Diimides, RN=E=NR (E = S, Se, Te; 
................................................................................. R = H, Me) 

3.3.1 . Calculated Structures of the Chalcogen Diimide Dimers, 
............................... RN=E(P-PQZ)~E=NR (E = S, Se, Te; R = H, Me) 

......................... 3.3.2. Isomers of the Dimer, HN=Te(p-NH)2Te=NH 
. ......................... 3.3.3 Calculated Energy of the Dimerization Reaction 

viii 



3.3.4. Orbital Interactions in the Dimerization of N,N '.DimethylteUurium 
Diimide ................................................................................. 88 

3.4. Frontier Orbitals of the Tellurium Diimide Dimer (24) ....................... 94 

3.5. Conclusions ........................................................................ 96 

3.6. Theoretical Section ................................................................ 97 

3.6.1. Computational Details ............... ., .................................... 97 

Chapter Four: S-ynthesis and Reactions of PBuNTeXA (X .C1 . . Br ). .............. 98 . . 

Introduction ........................................................................ 
Improved Synthesis of B~NTe(p-Ngu)~Ngu (24) ......................... 

...................................... Synthesis of ['B uNTeX2], (X=Cl, Br . I) 
Attempted Preparations of muNTeI2] (58) .................................... 
Preparation of ( ~ n t u ) ~ T e C l ~  (59) ................................................ 
Possible Structures of [tBuNTeX2], (XS1, Br).. ............................ 
X-ray Analysis of [C12Te(p-NtBu)2TeC12]3 (56) .............................. 
Preparation of { %uNTe(p-NrB U ) ~ T ~ C ~ ~ }  (62) ............................... 
Reactions of [C12Te(p-Ngu)2TeCl& (!5@ .................................... 

. 4.9.1 Synthesis of ~ u N T e ( 0 t B ~ ) ~ ~  (60) ..................................... 
4.9.2. X-ray Analysis of ['BuNT~(O%U)Z]~ (60) ............................... 

...................... 4.9.3. NMR Characterization of [guNTe(OWt1)2]~ (60) 

4.9.4. Preparation of { BuNTep(SiMe3)d (64) ............................ 
4.9.5. Atkmpted Preparations of the Tellurium (IV) Diimide, 

tB uNTeN(SiMe3)  .................................................................... 
4.9.6. Preparation of { ' B u N T ~ ( N ~ M ~ s * ) ~ } ,  (65) ............................ 

....................... 4.9.7. Attempted Preparation of 'BuNTe(NIH]Mesf)C1 
4.9.8. Preparation of { 'BuNT~(~-N%u)~SO~},  (66) .......................... 

4.10. Vibrational Spectroscopy ....................................................... 
4.1 1 Conclusions.. .................................................................... 
4.12. Experimental Section ............................................................ 

4.12.1. Reagents and General Procedures ........................................ 
4.12.2. Instrumentation ............................................................. 
4.12.3. FreparationofQuNTe(p-NB u ) ~ T ~ N ' ~ B u  (24) ......................... 
4.1 2 .4 . Reparation of [C12Te(CI-WBu)2TeC12]3 (56) ........................... 
4.1 2.5. Preparation of [BuNTeBrd, (57) ........................................ 

ix 



......... 4.12.5.1. Preparation of ['BuNTeBrd, (57) from 24 and TeBr4 

...... . 4.12.5 .2 Preparation of [WuNTeBr2] (57) from 56 and Me3SiBr 
4.1 2.6. Attempted Preparation of muNTeI2], (58) ........... .. ................ 

4.12.6.1. Attempted Reparation of ~uNTeIzJ,  (58) from 24 and TeI+ 
4.12.6.2. Attempted Reparation of WuhTeW, (58) from 56 

and Me3 SiI .......................................................... 
4.12.7. Preparation of ( m t ~ ) ~ T e C l ~  (59) ......................................... 

...................... 4.1 2.8. Preparations of { h N T e ( p - h W ~ ) ~ T e C l ~ } ~  (62) 

4.1 2 .9 . Preparation of muNTe(OtBu)d2 (60) .................................. 
4.1 2.1 0 . Preparation of { hNTe(N(SiMe3~2) ,  (64) ......................... 

.................. 4.12.10.1. Attempted Preparations of 'BuNTeN(SiMe3) 
4.12.1 1 . Preparation of B uMe(NpTjMe~*)~ (65) ............................. 

4.12.1 1.1. Attempted Preparation of tBuNTe(NIH]Mes*)C1 ............. 
4.12.12 . Preparation of 'BUNT~QL-WBU)~SO~ (66) ....................... 

. . . . .  Chapter Five: Reactlvltv of the Tellurium m i d e  Dimer: 
Reactions with Protic Reeents and Cvcloaddition Reactiom ........................ 

5.1. Introduction ........................................................................ 
5.2. Reactions with Protic Reagents .................................................. 

5.2.1 . Reaction of 24 with 'BuOH ................................................ 
5 2.2. Reaction of 24 with HN(SiMej)2 ......................................... 
5.2.3. Reaction of 24 with HC=CC6H4Me-4 ................................... 
5.2.4. Reaction of 24 with Cp*H ................................................. 
5.2.5. Concluding Comments about Reactions with Protic Reagents ......... 

5 .3 . Cycloaddition Reactions .......................................................... 
5.3.1. Reactions of 24 with Carbon-Centred Heteroallenes ................... 

5.3.1.1. Reaction of 24 with tert-Butyl Isothiocyanate ....... ... ..... ..... 
5.3.1.2. Reaction of 24 with rert-Butyl Isocyanate ......................... 
5.3.1.3. Proposed Structure of [tBuNTeO], (73) ........................... 

5 .3.2. Reactions of 24 with Chalcogen-Centred Heteroallenes ............... 
5.3 .2.1. Reaction of 24 with Sulfur and Selenium Diimides .............. 
5.3 .2.2. Reaction of 24 with tert-Butylthionyl Imine ................. ..... 
5.3.2.3. Reaction of 24 with S a u r  Dioxide ................................ 

5.3.3. Comparison of the Reactivity of Heteroallenes Towards 24 ........... 
X 



5 .4 . Conclusions ........................................................................ 
.................... .....................*........... 5.5. Experimental Section ..... 

5 S.1. Preparation of T e ( 0 t B ~ ) ~  (67) ............................................ 
5 S.1.1. Preparation of T ~ ( O ' B U ) ~  (67) from 24 and 'BuOH ............. 
5.5.1.2. Reparation of T ~ ( O ' B U ) ~  (67) from TeCb and KOBu ......... 

5.5 .2 . Preparation of ('BuO) tTeC12 (68) ........................................ 
5.5.3. Reaction of 24 with HN(SiMe3)2 ......................................... 
5 5 3 .  Preparation of Te(CICC6H4Me)2 (69) .................................. 
5 - 5 5  Reaction of 24 with Cp*H ................................................. 
5 -5-6 . Reaction of 24 with tert-Butyl Isothiocyanate .......................... 
5.5.7 . Reaction of 24 with rert-Butyl Isocyanate ............................... 
5 .5.8. Attempted Reaction of 24 with 'BuN=Se=N'Bu ........................ 
5.5.9. Reaction of 24 with Me3SiN=S=NSiMe3 ............................... 
5.5.10 . Reaction of 24 with tert-Butylthionyi Imine ........................... 
5.5.1 1 . Reaction of 24 with Sulfur Dioxide ...................................... 

............. Chapter Six: C o n c l u d i n g t i o n s  for Future Work 

6.1. Concluding Remarks .............................................................. 
6.2. Towards a Monomeric Tellurium(1V) Imide ................................... 
6.3. Preparation and Reactions of Diorganooxytellurium(N) Dihalides ...... ... 
6.4. Characterization of ['BuNTeO], (73) ..... ...................................... 

References ................................................................................... 



List of T a b b  

................... Table 2.1 Bond Energy Analysis for Me3PE (E = 0. S. Se. Te) 
............ Table 2.2 Selected Orbital Populations for Me3PE (E = 0, S, Se, Te) 

Table 2.3 Selected Optimized Bond Lengths and Angles for Me3P and MqPE 
........................................................................ (E = 0, S, Se, Te) 

........... Table 2.4 Bond Energy Analysis for Me3PE (E = BH3, CH2, NH, 0) 

.... Table 2.5 Selected Orbital Populations for Me3PE (E = BH3, CH2, NH, 0) 

Table 2.6 Selected Optimized Bond Lengths and Angles for Me3P and MePE 
.................................................................. (E = BH3, CH2, NH). 

Table 2.7 Selected Optimized Bond Lengths and Angles (E = BH3, CH2, NH) . 
Table 2.8 Bond Energy Analysis for Me3XO (X = NI P, As) ...................... 
Table 2.9 Selected Orbital Populations for Me3XO (X = N, P, As) ............... 
Table 2.10 Selected Optimized Bond Lengths and Angles for M q X  and 

................................................................. Me3XO (X = N, P, As) 
Table 3.1 Relative Energies of (E = S, Se, Te) Isomers .................. 
Table 3.2 Relative Energies of E(NMe)2 (E = S, Se, Te) Isomers ............. .... 
Table 3.3 Optimized Structures of the Three (E = S, Se, Te) Isomers . 
Table 3.4 Comparison of the Optimized Structures for RN=E(p-NR)2E=NR 
(E = S, Se, Te: R = Me) with the X-Ray Structure for E = Te, R = tBu .......... 

Table 3.5 
Table 3.6 
Table 3.7 

Table 3.8 

Table 3.9 
Table 4.1 
Table 4.2 

Table 4.3 
Table 4.4 
Table 4.5 

Table 4.6 
Table 4.7 

Comparison of the Optimized isomers of HN=T~(P-NH)~E=NT~ .... 
Calculated Energies for Dimerization of E m 2  (E = S. Se. Te) ...... 
Calculated Energies for Dimerimion of E(NMe)* (E = S. Se. Te) .... 
Steric Contributions for Dirnerization of E(NMe)2 (E = S. Se. Te) .... 
Orbital Populations of Fragment Orbitals .................................. 
Crystallographic Data for (M t ~ ) ~ T e C l ~  (59) ............................. 
Selected Bond Lengths and Angles for ( u n t ~ ) ~ T e C 1 ~  (59) .............. 
Crystallographic Data for [CIZTe(p-N'B u) 2TeClfi (56) ............... 
Selected Bond Lengths and Intermolecular Contacts for 56 ............ 
Selected Bond Angles for 56 in Te2N2 Rings and Around Te(1) ...... 
Selected Bond Angles for 56 Around Te(2) and Te(3) .................. 
Tellurium-Chlorine Bond Lengths in Diorg anoteilurium Dic hlorides. 

..-................ ......... Selected Bisamidotellurium Dichlorides and 56 .-.. 126 
Table 4.8 Crystallographic Data for % uNTe(p-NrBu)z(p-Cl)Te(p-0H)TeC14--- 1 29 
Table 4.9 Crystallographic Data for [QuNTe(O'Bu) J2 (60) ....................... 131 

xii 



Table 4.10 Selected Bond Lengths and Angles for 60 ...--............ ... .... ...... 
Table 4.1 1 Comparison of Structural Data for Te2N2 Rings in Tellwium(N) 

Imide and Diimide Dirners ............................................................... 
Table 4.12 Comparison of Tellurium-Oxygen Distances in Te(02R)2 and 60 ... 
Table 4.13 IH and I 3 c  NMR Data for ! B U N E ( ~ - W B U ) ~ S ~  (E = Se, Te) ...... 
Table 4.14 Vibrational Spectral Data for 24, 56, 57, and 60 .........---......... 
Table 4- 15 IR and Raman Data of Some Cyclic TeN Compounds ...........--.-- 
Table 4.16 Far-IR and Raman Data for Some Tellurium-Halogen Compounds. 
Table 5.1 NMR Assignments for Cp*H and for Cp*H in the Reaction 
Mixture of Equation 5-7 --.--.,- ... -. . ,,- .--**. - - -  - -  .--. .- - -  -. - -. . . . .. . . .. . . -. - - - -  - -. . . . . 

Table 5.2 Comparison of IR data for 25 .............................................. 



List of Fi-5 

Figure 1.1 Decomposition Pathways for R4Te ...................................... 
Figure 1.2 Decomposition Pathway for (CH2=CH)4Te ............................ 
Figure 1.3 Extended Structure of 2 ................................................... 
Figure 1.4 Extended Structure of (TemMez] } , ................................... 
Figure 1.5 Extended Structure of [(Me3Si)2N2TeCl2 (6) ......................... 
Figure 1.6 (a) Dimeric Structure of [Pb3PNfeCl3l2 ('I), (b) Monomeric 

Structure of (Ph3PN)*TeC12 (8) and (Ph2CN)2TeC12 (12), (c) Dimeric 
S uuc cure of (Me3PN)2TeC12 (9) and ( p l ~ ~ s N ) ~ T e C l ~  (1 I), (d) Dimeric 

...................................................... Structure of [Ph2S NTeCl& (10) 
Figure 1 -7 Compounds containing the X=Te Group: (a) a Telluroester . 

(b) a Telluroforrnamide, (c) a Teiluroketone, (d) a Telluroamide, 
(e) a y-Tellurolactam ..................................................................... 

Figure 1.8 Resonance Contributors to MTe .......................................... 
Figure 1.9 Splitting of 1E State in W(Me3P)4(E)2 ................................... 
Figure 1.10 Resonance Contributors to Benzochalcogenadiazoles ................ 
Figure 1.1 1 Extended Structure of 1,2, 5-Telluradiazole ........................... 
Figure 2.1 Resonance Contributions to the PO Bond in a Tertiary 

Phosphine Oxide ......................................................................... 
Figure 2.2 Orbital Energies for the Frontier Orbitals of the Me* and 

E Fragments ............................................................................... 
Figure 2.3 Bond Lengths and Angles in Me3XE .................................... 
Figure 3.1 The Key Molecular Orbitals of SO2 ...................................... 
Figure 3 -2 Correlation Diagram for the 3al, 3 bz, and 4al Orbitals 

of the syn, syn and anti, anti Isomers of S(NMe)2 ........... .. ..................... 
Figure 3.3 Schematic Drawing of the Dimer RN=E(p.NR)2E=NR ....... 
Figure 3.4 Correlation Diagram for the Isomers of HN=T~(P-NH)~T~=NH.-. . 
Figure 3.5 Comparison of Correlated Orbitals in cis and tram Isomers of 

HN=Te  ( V - N H ) ~ T ~ = N H  ................................................................. 
Figure 3 -6 Hypothetical Dimerization Process of MeN=E=E=hJMe 
(E = S, Se, Te) ........................................................................... 

Figure 3.7 Distortion of Planar Tellurium Diimide to Fragment Geometry ....... 
Figure 3.8 Distortion of Planar Tellurium Diimide MOs to MOs with 

Fragment Geometry ...................................................................... 
Figure 3.9 important Orbital Interactions in the Dimerization Process ............ 
Figure 3.10 Key Molecular Orbitals for the Dimerization Process ............. ... 



Figure 3.1 1 Frontier Orbitals of the Teliurium Dihide Dimer. 
MeNTe (p-NMe)*TeNMe ................................................................ 

Figure 4.1 Comparison of Calculated and Observed Intensities 
in EI-Mass Spectrum of 57, M+ (C8H18N2Te2Br3) ................................. 

............................................. Figure 4.2 ORTEP of ( t r n t ~ ) ~ T e C l ~  (59 )  
Figure 4.3 Possible Structures for ['Bu,hiTeX2], where X = C1, Br, and n=2 .. 

... Figure 4.4 Some Common Structural Types of Diorganyltelluriurn Dihalides 
Figure 4.5 ORTEP of [CIZTe(p-NIB u)2TeC12 J3  (56) .............................. 
Figure 4.6 Packing Diagram of [C12Te(p-WBu)2TeC12] (56) Viewed 

Down the b Axis .......................................................................... 
Figure 4.7 Packing Diagram of [Clfle(p-NtB~)~TeC12]~ (56) Viewed 
Down the a Axis ...................... .... ............................................ 

Fieme 4.8 Packing Diagram of [C12Te(p-NBu)2TeC12]3 (56) Viewed 
Down the c Axis .......................................................................... 

....... Figure 4.9 Pathway for the Reaction of 24 with TeCb (1:2 Molar Ratio) 
Figure 4.10 Schematic Drawing of fB~NTe(p-N~Bu)~(pCl)Te(p~0H)TeC4. . 

.................................... Figure4.11 ORTEP of [ t B ~ N T e ( O t B u ) ~ ] ~ ( 6 0 )  
........ Figure 4.12 Schematic Representation of Dimerization "Process" for 60 

.......... Figure 4-13 Possible Path of the Reaction of 56 with Li[N(SiMe3)d2 
Figure 4.14 Possible Path of the Reaction of 56 with 64 .......................... 

............ Figure 4.15 Possible Paths of the Reaction of 56 with LiN[H]Mes+ 
Figure 4.16 IH NMR Spectrum of the Crude Product 65 ......................... 
Figure 5.1 Proposed Structure of T e ( 0 t B ~ ) ~  (67) .................................. 
Figure 5.2 Proposed Structure of (tBu0)2TeC12 (68) .............................. 
Figure 5.3 (a) {Te04 J units in Tellurite (fbTew which aggregate to form 

the layers shown in (b); (c )  {Te04) unit in Paratellurite (a-Te02) ................. 
Figure 5.4 The Spirocyclic Ligand ['B~NTe(p-NfBu)~Te(p-o)]~ 

(M = Agf,  Cu+) .......................................................................... 
Figure 5.5 Proposed Helical Structure of [fBuNTeO], (73) ....................... 
Figure 5.6 Comparison of O=E==O, RN=E=O, and RN=E=NR 

(E = S T  Se, Te) ........................................................................... 
.......... Figure 5.7 Attempted Preparation of (~BUN)~SO (75) (R = CF(CF3)2) 
....... Figure 6.1 Possible Structure of a B(C&)3 adduct of [[BuNTeO], (73) 

Figure 6.2 Possible Metal Complex of [tBuNTeOI4 ................................ 



List of Abbreviations 

bipyridine 

n-butyl group 

terr-butyl group 

tea-butyldirnethylsilyl group 

charge coupled device 

cyclopentadienyl group 

density functional theory 

dime thy lsdfoxide 

elec ton spin resonance 

electron impact mass spec tomeuy 

ethyl group 

fast atom born bardment mass spectrometry 

Fourier transform 

m 
C 

hem 

highest occupied molecular orbital 

heteronuclear multiple quantum coherence 

infrared 

lowest unoccupied molecular orbital 

metal-organic chemical vapour deposition 

methyl group 

millilitres 

rnillimoles 

nuclear magnetic resonance 

b i w  

~ B u  

mu 

TBDMS 

CCD 

CP 

DFT 

DMSO 

ESR 

EI-MS 

Et 

FAB-MS 

FT 

k! 

Hz 

HOMO 

mw 
IR 

LUMO 

M o . c v D  

Me 

mL 

xvi 



Oak Ridge thermal ellipsoid plot 

ten-octyl group 

1,2,3,4,5-pentamethylcyclopentadienyl group 

phenyl 

iso-propyl group 

p yridine 

superrnesityl group, 2,4,6-tri(tert-buty1)phenyl 

tetrahydrofuran 

tetramethy Ithiourea 

ultraviolet 

variable temperature 

ORTEP 

Qt 

CP* 

Ph 

iPr 

PY 

Mes* 

m 
UIN 

UV 

vr 

xvii 





Orbitals of PR3 
a- a 
b. a* 
C. b* 

Orbitals of E 
a- Pa 

b- P, 
c- PK 

Orbitals of R3PE 
a. a-interaction 
b- x-interaction 
c. x-interaction 

Orbitals of Cr(CO)5 
a. do 

b- d, 
c- d, 

Orbitals of BH3 
a. a* 
b. a 
C. a 

Orbitals of CH2 







CHAPTER ONE 

Introduction 

1.1. Tellurium Chemistry 

1.1.1. Introduction 

Over two centuries ago, F. J. Miiller von Reichenstein isolated te1luriurn.l 

Neverrheless, the study of tellurium chemistry progressed slowly. As compared to the 

chemistry of sulfur and selenium, tellurium chemistry is in its infancy. This thesis involves 

a study of multiply bonded tellurium compounds using a combination of experimental 

synthetic chemistry and theoretical calculations of model compounds by density functional 

theory (Dm- 

Chapter One begins with a general introduction to tellurium chemistry including 

some of the key areas of interest in biological and materials chemistry. Section 1.2 

describes homoleptic tellurium compounds, TeA,, of particular interest to the chemistry 

presented in this thesis. In Section 1.3, a review of multiply bonded compounds starts 

with a discussion of heavy carbonyls, R2C=Te. Metal-tellurium mu1 tiple bonds are 

presented in Section 1.3.2. There are only a few examples of tellurium-nitrogen multiple 

bonding as ourlined in Section 1.3.3. A few other examples of multiple bonds to tellurium 

are provided in Section 1.3.4. In general, the exampIes in Section 1.3 illustrate the 

reluctance of tellurium to engage in multiple bonding and the mechanisms by which 

tellurium stabilizes multiple bonds: delocalization of electrons, oligomerization or  
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aggregation, inter- or intramolecular contacts. Finally, the objectives and contents of this 

thesis are outlined in Section 1.4. 

Some of the problems encountered in preparing tellurium compounds are due to the 

fact that they usually have at least one and sometimes all of the following properties: 

malodorousness, toxicity, air-sensitivity. moisture-sensitivity, explosiveness. Much of the 

research into tellurium of a biological or biochemical nature has examined their toxicology.2 

In panicular, the teratogenicity of tellurium and its effects on the nervous system are 

beginning to attract anention. Relatively large amounts of tellurium (600 mg) are found in 

the human body, and it has been proposed that high tellurium levels may contribute to the 

pathogenesis of Alzheimer's disease3 It is also possible that tellurium may be required for 

the health of some organisrn~.~ For instance, elemental tellurium inhibits the synthesis of 

cholesterol, which has lead to the suggestion that organotellurium compounds may partly 

be the cause of the lipid lowering propemes of garlic4 Notably, a classic symptom of 

tellurium poisoning is "garlic breath" due to excretion of malodorous Me2Te. The residues 

of industrial processes using Te often contain the tellurite ion, ~ e 0 ~ 2 - .  Some of the 

microbes from these effluents have been found to contain tellurite resistance determinants 

0. These Te' allow the bacteria to metabolize the toxic tellurite and precipitate elemental 

Te along their inner membranes.5 

The main group chemistry of rellurium has recently been reviewed? Particularly 

interesting aspects of this type of chemistry are the novel structures encountered and the 

unique reactivity of new tellurium compounds. While sulfur, selenium and tellurium all 

belong to the same group, there is much to compare and contrast in analogous chalcogen 

compounds. Examples can be found even in relatively simple series of compounds: for 

C b ,  carbon dioxide is a gas, carbon disulfide is a liquid, carbon diselenide polymerizes 

readily, and carbon ditelluride is unknown; for E02, sulfur dioxide is a gas, selenium 



3 

dioxide is a solid with two dimensional strands, and the solid tellurium dioxide has a three 

dimensional network. 

New applications for tellurium compounds inspire further research One especially 

important area of applied tellurium chemistxy involves the preparation of Group 12- 16 

metal chalcogenides, e-g. CdZTe and Hg2Te, which provide useful semi-conducting 

materials. The present indusnial process for making these compounds uses starting 

materials that are horrible safety hazards. For example, MezCd is pyrophoric and H2Te is 

highly toxic. These -cult preparations have led to a surge in research interest towards 

discovering "single-source precursors" (SSPs). An ideal SSP should contain the desired 

metal and chalcogenide, have a low decomposition temperature, and be easily purified, 

volatile, non-toxic and relatively safe to handle- Organotellurium precursors for metal- 

organic chemical vapour deposition (MO-CVD) have been reviewed? Organotellurium 

compounds, TeR2 and TeR4, are especially useful as compounds for semiconductor film 

growth because of their decomposition pathways (Section 1.2- 1). 
C 

1-3- Tellurium Co- 

1 2.1. Oreanotellurium(TV~ p CompounQS 

Wittig and Fritz synthesized the first tetraorganotellurium compound, TePhc in 

1952.8 While this compound is a relatively stable solid, it was not until 1982 that irs 

distorted, pseudo-trigonal- bip yramidal (y-tbp) geometry was revealed by single crystal 

X-ray diffraction? Other tetraorganyl derivatives are known, such as the perfluorinated 

retraphen yl derivative (Te(C#5)4), 10 and bis-2.2'-biphenylene-tellurium along with its 

X-ray suucture.12 AU of these compounds decompose on heating to give the 

corresponding diorganotellurium(II) compound. 
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Tetraallql derivatives were prepared in solution hrty years ago.13 Their fade 

decomposition to d-i tellurides frustrated complete studies until 1989, when Gedridge. 

Jr.. and coworkers14 prepared pure TeMe4 which is pyrophoric and explosive in air. Both 

the gas-phase and solid-state structures of TeMe were detennined.15 Since then, other 

TeR4 have been reported with R = CH2=CH, "Bu, Me3SiCH2.16 All four of these 

compounds are synthesized by reaction of tellurium tetrachloride with four equivalents of 

the appropriate organolithium or Grignard reagent as shown in Equation 1.1 : 

TeC14 + 4 RM + TeR4 + 4 MCl 

M = Li or MgX (X = halide) 
R = Me, CH2=CH, nBu, MesSiCHz 

The decomposition pathways of many tetraorganoteUurium(rv) compounds have 

been studied by examining the organic by-products formed under a variety of conditions. 

Two key mechanisms are possible: Reductive coupling or free-radical formation (Figure 

1.1). Tetraaryl compounds decompose by reductive coupling to give mostly R2 and some 

RH.I7 For ~ e ~ T e , 1 6  the presence of a source of hydrogen atoms (1,Qcyclohexadiene) in 

the thermal and photolytic decomposition alters the ratio of by-products so that greater 

quantities of methane (RH) versus ethane (R2) are observed. Methyl methacrylate added to 

-Me4Te is polymerized to poly(methy1 methacrylate) as the decomposition occurs. These 

results suggest a free-radical process. (MesSiCHd4Te behaves similarly.l6 

(CH2=CH)4Te produced a 1 : 1 ratio of ethylene and acetylene regardless of whether a 

source of hydrogen atoms was present Gedridge, Jr., et al,, suggested an alternative, 

non-coupling reductive pathway (Figure 1.1) to account for this observation.16 Both TeR2 

and Te& have been extensively characterized by NMR spectroscopy (lH, 13c, lu~e).18 



reductive coupling 

free radical 

Figure 1.1 Decomposition Pathways for &Tee 

H 
/ \ 

H 

Figure 1.2 Decomposition Pathway for (CH+2H)4Te. 

It is interesting to note that several tetraorganyltellurium(rv) compounds cannc 

made by the route shown in Equation 1.1. For instance, Te(Bu)* is not observed, 16 even 

at low temperatures. Instead. T e m ~ ) ~ ,  Me2C=CH2, and Me3CH are detected. Likewise, 

di- 1 -allrynyl tellurides are formed from the reaction of TeC4 with L ~ ~ R .  l9 It is 

possible that, for both of these syntheses, the tellurium(n3 compound is produced as an 

intermediate, and then undergoes reductive elimination to the corresponding telluriwn(II) 

compound and organic by-products. 



1.2.2. Tellurium Alkoxides and Arvloxida 

There are several early studies of tellurium alkoxides, Te(OR)4, in which the 

compounds are not well characterized, In 1929, Meerwein and Bersin made a variety of 

metal allcoxides, including the methyl and ethyl tellurates (Equation 1.2).2* They analyzed 

the tellurium content of Te(OMe)4, and provided the boiling point of Te(OEt)4. 

TeC4 + 4 NaOR -+ Te(OR)4 + 4 NaCl 

R = Me, Et 

In 1955, Dupuy synthesized several alkoxides from a suspension of 

TeCl4*2NH4C1 in the appropriate alcohol as shown in Equation 1-3-21 Mehrotra and 

coworkers prepared ~ e ( O i P r ) ~  by Equation 1.2 and, via exchange reactions with alcohols* 

and glycols,23 used it to prepare new alkoxides where R = sec-butyl, ten-butyl, isoamyl, 

tert-amyl, and diglycollates with several different glycols: ethylene; 1,2- and 1,3-propylene: 

1,3- 2,3-, and 1 &butylene: pentamethylene, hexylene, and pinacol. These derivatives 

were characterized by melting or boiling points and by tellurium analysis. 

TeCl4m2NH4Cl + 6 Na + 4 ROH -+ Te(OR), + 4 NaCl + 2 NH3 
(1 -3) 

R = Me, Et, 'BUT n-amyl 

In the decades since, four compounds of the type Te(02R)2 have been characterized 

by X-ray analyses. These structures clearly show the trigond bipyramidal arrangement 

around tellurium, where one site is occupied by the lone pair. In tellurium(IV) catecholate 

(I), there is a weak intermolecular contact between tellurium and the oxygen on an adjacent 

molecule.24 The secondary bonding is more pronounced in (C6H12W2Te (2) where each 

tellurium atom is involved in two intermolecular bonds leading to an extended polymeric 
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chain (Figure 1.3).3 A number of tellurium-oxygen compounds have also been studied by 

mass spectrometry: it was necessary to use desorption chemical ionization to obtain 

satisfactory spectra26 

Figure 1.3 Extended Structure of 2. 
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Ortho-benzoquinones oxidize elemental tellurium to give substituted tellurium(n3 

catecholates (Equation 1.4).27 The two derivatives shown were characterized by X-ray 

crystallography as adducts. Crystals were prepared by the addition of 1,4,7,10,13,16- 

hexaoxacyclooctadecane to the reaction mixture to give 3.18-crown-6C7H8, and by 

refluxing pure 4 and 2,T-bipyridine in toluene to give 4*@ipy).0SC7Hs. A variety of 

tellurium tetraalkoxides was studied extensively by examining lH, l3C, and 1 z ~ e  NMR 

spectra and looking at some compounds with variable temperature measurements. The 

general trend for these compounds suggests a pseudo-trigonal bipyramidal geometry at 
C 

tellurium which rearranges in solution to give equivalent signals for axial and equatorial 

groups.= 

0 
+ Teo 

R R& R4 0 toluene R4 ( 1-41 
2 

There is some applied interest in tellurium tetraalkoxides. They are useful materials 

for data storage devices.29 Tellurium tetramethoxide and tellurium tetraethoxide in a sol-gel 

method allow for the preparation of heat-mode opticd disk memory and erasable disk 

memory. This method provides an excellent disk at a lower cost Several tellurium 

compounds are also effective drugs in the treatment of a variety of diseases.30 The 

tellurium akoxide, AS101 (5),31 is an immunomodulator, and can be used to treat AIDS, 

cancer, systemic lupus erythematosus (SLE), and psoriasis. 



1-23. Tellurium Thiolates 

A wide variety of tellurium thiolates, Te(SR)4 (where R = C4H9, C6H5CH2, Ph, 4- 

(Me)C6H4, 4-(MeO)C6H4, 3,4-(Me0)2C6H3 4-m2)C6H4, 4-(C1)C6H4, Q(N02)C&4) 

and Te(SrR')2 (where R' = (CH2)2, (CH2)3. C6H4- 1,2, 4-(Me)C6H3-1,2, 45-  

(Me)&H2- 1,2), can be synthesized by the reaction of tellurium tetrachloride and the 

corresponding thiols and dithiols.32 These compounds were characterized by elemental 

analysis and are thermally unstable. They decompose to RSSR and tellurium, which 

allows for the synthesis of previously inaccessible RSSR. 

Consistent with these observations, recent ab initio studies of tellurium thiolates 

revealed that Te(SH)4 is thermodynamically unstable with respect to the dithiolaie, 

Te(SH)2, and HSSH? Several tellurium(II) dithiolates were crystallographically 

characterized: Te(SR)2 where R = 'Pr, 'Bu, Ph, in addition to the known derivative 

Te(SCPh3)? (see Section 1.2.4). 

The use of an adjacent ten-butyldimethylsilyl (TBDMS) group appears to stabilize a 

Te(S2R)2 heter0cycle.3~ The dithiastannok shown in Equation 1.5 will react with TeC14 or 

a dithiatellurole yields the spirotellurane which has been characterized by hightemperature 

H NMR spectroscopy, mass spectrometry, and elemental analysis. Reflux in THF 

yielded the tetrathiocin as shown. 



TBDMS 
TBDMS TBDMS 

TBDMS L A  

bS--'q S-S 

TeLlurium(1V)-sulfur compounds are especially interesting because biologically 

active tellurium compounds readily react with thiols. It is suspected that their activity is 

dependent on the ability to form complexes in sulfur-containing enzymes.30 These cysteine 

proteases have a thiol-nucleophile for an active site, and they perform essential biological 

activities by the hydrolysis of amide bonds in proteins and peptides. Some diseases are 

characterized by excessive protease activity, so the ability to inhibit the enzyme is crucial. 

For instance, a number of tellurium(IV) allcoxides and AS 101 were shown to inactivate 

cysteine protease. In model studies, the reaction of these compounds with cysteine was 

examined. The product from all of these reactions was assigned as the tellurium thiolate, 

Te(~ysteine)~, based on 1251, and 13C NMR dam30 

1 -2.4. Tellurium Amides 

In the last decade, three exampies of teUuriurn(II) amides, Te(NR2)2, have been 

synthesized. The compounds are prepared from tellurium tetrachloride and the appropriate 
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lithium reagent (Equation 1.6). It should be noted that T e O  amides are not obtained in 

these reactions, presumably due to reductive elimination and/or radical decomposition 

pathways. 

4 LiNR2 + Tech -t {T~[NR&}, + 4 LiCl 

Roesky and coworkers have isolated both l e [ ~ ( s i ~ e ~ ) 2 ] ~ 3 ~  and 

T ~ [ N ( s ~ M ~ ~ ) ( ~ B u ) ] ~ ~ ~  according to Equation 1.6. Both of these compounds have been 

characterized by X-ray crystallography. They have an average d(TeN') = 2.05 k and have 

close Te-Te contacts (d(Te-Te) = 3.77 A and 4.23 & respectively) which hold the 

molecules in dimer pairs. These values can be compared to the typical value for a single 

bond between teUuxium(II) and nitrogen (d(TeN) = 2.05 &37, and to the sum of the van 

der Waals radii of two Te atoms (4.12 A1.38 Wright and coworkers used the method in 

Equation 1.6 to prepare {Teme?_12},.39 Probably because of its smaller methyl groups, 

this molecule associates through Te-N contacts to give polymeric strands in the solid state 

(Figure 1.4). The sum of the van der Wads radii for Te and N is 3.61 A.38 This new 

telluriumO reagent eliminates dimethylamine in the presence of a variety of organic acids 

like primary and secondary arnines and phosphine. and thiols. All but one of the tellurium 

compounds produced are thermally unstable. If Ph3CSH is the acid, a stable tellurium 

product, T ~ ( S C P ~ I ~ ) ~ ,  is obtained as a monomer in the solid state. 



Figure 1.4 Extended Structure of {Te[NMe2I2 

An unexpected redox reaction occurs in the mixture of Te[N(SiMe3)iJ2 and 

A ~ ( A s F ~ . @  The deep blue colour of the reaction mixture is due to the radical cation, 

Tem(SiMe3)d2.+. This telluriurn(m) species is formed, while Ag+ is reduced to silver 

metal. The shorter rellurium-nitrogen bond lengths (Id(TeN)I = 1966 A) and the flaaened 

nitrogen geometry in the radical cation suggest some multiple bonding; from ESR studies, 

it appears that the unpaired electron is based on tellurium. 

Very recently, the first bis(dialkylamino)tellurium~ dichloride was prepared by 

the oxidation of Te@(SiMes)-& by S O ~ C ~ ~ . ~ ~  Sulfur dioxide gas is eliminated. 

Monomers of [(Me3Si)2N12TeC12 (6) aggregate in the solid through loose Te-Cl 

secondary contacts (Figure 1 S). Each tellurium atom has a distomd octahedral geometry. 

The average TeN distance is 1.986 A (as compared to the predicted length of 2.04 A for 

tellurium(1v)-nitrogen)% The tellurium-chlorine bond lengths are 2.5 19 A (expected 

d(TeC1) = 2.34 and the average of the secondary bond lengths is 3.846 A (cf. sum of 

van der Wads radii = 3 -8 1 A38). 
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Figure 1.5 Extended Structure of [(Me3 Si)2Nj2TeCL2 (6). 

The reaction of Ph3PNSiMe3 with tellurium tetrachloride generates both 

Ph3P=NTeC13 (7) and (Ph3P=N)*TeC12 (8). These two compounds have very different 

structures in the solid state. For 7, a dimer with a T9N2 ring is observed as depicted in 

Figure 1.6(a).43 In monomeric 8. the tellurium has a distorted trigonal bipyramidal 

geometry with one equatorial site occupied by the lone pair as shown in Figure 1.6(b).M 

When the phenyl group in 8 is replaced with a methyl group, another unique geometry is 

observed. For (Me3P=N)2TeC12 (9)- a dimeric structure with a Te2C12 ring is formed 

(Figure 1.6(c))?5 The analogous compounds, PhzSNTeCl3 (lo), (Ph2SN)2TeC12 (1 I), 

and (Ph2CN)2TeC12 (12), exhibit similar structures to those already described in Figure 

1.6. Both 10 and 11 have Te2C12 rings, although 10 has two terminal tellurium-chlorine 

bonds (Figure 1.6(d)), whereas 12 is a monomer.46 The tellurium-nitrogen bond 

distances in these examples range from 1.90 A to 2-25 A. while the values of d(TeC1) vary 

considerably depending on the type of tellurium-chlorine bond. For instance, the shortest 
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terminal TeCl bond is 2.44 A in 7 and 10. For the tellurium-chlorine bonds that involve 

two-coordinate C1, the dmeC1) values are ca. 2.6 A, and those for d(TeUC1) are ca 3.5 A. 

Figure 1.6 (a) Dimeric Structure of [Ph3PNTeCl3I2 (7). (b) Monomeric Structure of 

(Ph3Phy2TeC12 (8) and (Ph2CW2TeC12 (l2), (c) Dimeric Structure of (Me3PN)2TeC12 

(9) and (Ph2SN)2TeC12 (11). (d) Dimeric Structure of ph2SNTeC13]2 (10). 



1.3. Multi~lv Bonded Tellurium Com~oun& 

1.3.1. Heavy Carbony1 Corn ounds. R2C=Te - 
While examples of tellurocarbonyl compounds have been lmown since 1979~' the 

fmt C=Te bond was structurally characterized fairly recently in the tellurourea (13).a 

Telluroureas were first prepared in 1980, and metal complexes (14) were characterized by 

X-ray diffraction? 

There are several other classes of compounds containing a C=Te bond which have 

been characterized by a variety of techniques, but the solid state structures of these 

molecules remain unknown. Barrett and coworkers initiated this field by their preparation 

of the first telluroe~ters.~~ An example is shown in Figure 1.7(a). The first 

telluroforrnamide (Figure 1.7(b)) was characterized by NMR, IR. W spectroscopy and 

mass spectrometry.50 There is only one example of a telluroketone that is stable in solution 

(Figure 1.7(c)).5l Telluroamides and tellurohydrazides were f ~ s t  prepared shody after 

Barren's telluroesters.52 and a telluroamide (Figure 1.7(d)) and a y-tellurolactam (Figure 

1.7(e)) were recently crystallographically characterized53 



Te 
Ph, I I 

N-C-H 

0 N-C-H 

Figure 1.7 Compounds containing the >C=Te Group: (a) a Telluroester. (b) a 

Telluroformamide, (c) a Telluroketone, (d) a Telluroamide, (e) a y-Tellurolactam. 

1 -3.2- Metal-Tellurium M u l w  Bonds 

1-3-21. Introduction 

Compounds containing metal-ligand multiple bonds have attracted interest for both 

fimdamenral and applied researchers. Most characterized complexes involve multiple 

bonding to second-row main group elements, especially the metal-0x0 bond; complexes 

with heavier chalcopns are more likely to have single ME bonds where E bridges metal 

centres or catenates to form a polychalcogenide ligand. However, examples of terminal 

tellurium-metal multiple bonds have recently appeared in the literature.% For high 
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oxidation state metal-chalogen complexes, DFT calculations revealed that the suongest 

interaction is due to a-donation from the metal to the chalcogen for the trigonal complexes, 

OsOgE and MC13E (M = V, fa)  and the square pyramidal complexes MCLE (M = Cr, Mo, 

W, Re) where E = 0, S, Se, Te. However, down the group from oxygen to tellurium, the 

relative contribution of n-bonding compared to a-bonding increases.55 

1 - 3 - 2 2  Grow Four Tellurium Com~lexe& 

Parkin and co-workerss.57 have synthesized the chalcogenido complexes, 

c ~ ' ~ M ( E ) ( p y )  for Cp' = Cp* (CsMes) and Cp' (CsMe4Et), M = Zr and Hf, py = pyridine. 

and E = S ,  Se, and Te, by the method shown in Equation 1.7. The structures of the Cp' 

complexes have been determined by single-crystal X-ray diffraction. The metal-tellurium 

bonding can be described by the three resonance contributors as shown in Figure 1.8. 

CO E 1 py I 80-1 00°C E 
C P ~ ~ M '  E = S, Se, Te cpt2 M* 4 (1.7) 

'CO M = Zr, Hf PY 

Figure 1.8 Resonance Contributors to MTe. 

To date, no terminal titanium tellurides have been isolated. Piers and Ziegler and 

co-workers described several unsuccessful attempts to prepare [~p*~~i(Te)] .5*  The 

synthetic stratee involved methods which were used to generate and trap the 



chalcogenides of the heavier Group Four metals, such as the presence of pyridine: other 

reactions were focused on isolating Cp*2Ti(Se)(py). Therefore, in an effort to determine 

why the titanium analogues are more difficult to trap, they modelled these compounds 

theoretically using DFT. 

In examining Cp2M(E) for all of the titanium chalcogenides and for the zirconium 

oxide and telluride, separate a and K contributions to the metal-chalcogen bonding were 

determined using the extended transition state method. This anaiysis showed greater 

charge buildup on oxygen relative to tellurium, and larger charge separation between metal 

and oxygen. These findings are evidence for the simcant ionic component of the metal- 

oxygen bonds in these systems. The comparison between zirconium and titanium 

complexes revealed stronger bond energies for the zirconium-chalcogen bond. For the 

titanium telluride, the energy of the fmt excited triplet state is low enough that it may be 

easily accessible. This reactive state would be susceptible to other triplet species. While 

the triplet state of the zirconium telluride complex may also be accessible, the larger 

zirconium atom is available for trapping by the pyridine base. Piers and Ziegler suggest 

that a less sterically demanding base may be able to trap the heavier chalcogenido titanium 

complexes. 

Zirconium and hafnium tellurolates have been used to synthesize terminal telluride 

species.59 The sterically demanding Si(SiMe3)3 ligand is used to generate these metal 

tetraalkyls and then the addition of two equivalents of the chelating phosphine, 1,2- 

bis (dimethy1phosphino)ethane (dmpe), eliminated the disily itell wide and generated the 

terminal telluride complex as shown in Equation 1.8. The zirconium-telluride bond length 

(2.650(1) A) here agrees well with the value calculated by Cundarim for the hypothetical 

Cp2Zr(Te) (2.68 A). 



TeR 
MR1,+4 HTeR-4 R1H,M(TeR)4 d m p e , R T e ~ h ~  
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A = Si(SiMe3g 
M = Zr, R' = benzyl 
M = Hi, R' = neopentyl 

1 -3.2.3. Group Five Chalco~en Com~lexes 

Schrock and co-workers61 synthesized vanadium selenides and tellurides (Equation 

1 -9) using the tetradentate ligand m3NJ, ( w e 3  Si.NCH2CH2] 3N) and characterized them 

by various spectroscopic methods, such as SlV NMR spectroscopy. Gibson and 

siernelin$* spectroscopically characterized the niobium complexes, 

[Cp*Nb(NAr)(PMej)Q] (Ar = 2.6-Pr$C6H3, E = S, Se, Te). 

Christou and ~ r n o l d ~ 3  structurally characterized T e T w  N] formed by a template- 

induced disil ylchalcogenide elimination (Equation 1.10). Parkin64 also synthesized a 

terminal tantalum telluride (1%. As shown in Equation 1.11, the q2ditellurido complex is 

stable with respect to the terminal telluride C~*~Ta(Te)fleH), but the diselenido complex 

rearranges to the terminal selenide.65 This reveals information about the relative tantalum- 

chalcogen bond strengths; evidently, single bonding is preferred by tellurium more so than 

for selenium. 



1 -3.2.4 G r o u ~  Six Chalco~en Congplexes 

The first transition-metal complex with a tenninal telluride ligand, t r m -  

W(PMe3)4(Te)Z, was synthesized in 1991 (Equation 1.12).66967 This eighteen electron 

complex has a d2 tungsten centre with two double tungsten-tellurium bonds. The ~ a n r  

complex can be converted to a cis complex by substitution of two Me3P ligands for 

benzaldehyde or formaldehyde to form W(W) rnetallaoxirane derivatives (Equation 

1.13).67-6* These formally ldelectron complexes have a do tunpen centre. As such, a 

cis isomer can have increased x-donation from chalcogen to metal giving a bond order of 

about 2.5. 
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Thorp er al. have studied the electronic spectra of the W(Me3P)4(E)2 c0rnplexes.6~ 

In the low energy region of these spectra, there are pairs of bands due to the ligand-field 

transitions, dv-d,y, (n + r*). The excited state 1E is split by a Jahn-Teller distortion a s  

depicted in Figure 1.9. This splitting is not observed in comparable 0x0 complexes such as 

~e%(py)~2+.70 The energies of the bands increase in the order Te < Se < S revealing that 

the stren,gth of the x bonding also increases in the order Te < Se < S. There is another 

feature in these spectra at higher energy due to the ~r-lrc: ligand to metal charge transfer 

transitions. The energies of these bands are related to the ionization potentials of the 

chalcogen involved. Thus it is not surprising that this band does not appear in the spectra 

of similar metal 0x0 compounds, because the transition would require too much enere.  



Figure 1.9 Splitting of 1E State in W(Me3P)q(E)2. 

~altsoyannis71 modelled these chalcogenido complexes as W(PH3)?02 and found 

no evidence for chalcogen lone pair donation to the tungsten centre. Therefore, the 

tungsten-chalcogen bond is best described as a double bond with little contribution from the 

triply bound structure (see Figure 1.8). The a-bonding in the tellurium complex was found 

to be more covalent than the &bonding in the oxygen case. Cundari performed effective 

core potential calculations on this same model with excellent agreement to experimental 

values.60 

The analogous series of molybdenum complexes has been structurally characterized 

by P a r l ~ i n : ~ ~  these complexes have molybdenum-chalcogen double bonds. The Mo 

complexes exhibit electronic transitions which correspond to the trends for the tungsten 

complexes; however, the Mo absorptions are red-shifted from the W values. 

1 - 3 - 2 5  Solid-state Chalcoggnida 

The electronic properties of metal-chalcogenides have spurred their use in thin-film 

semi-conductors. In particular, the zinc, cadmium, and mercury selenides and tellurides 

have sparked research into alternative approaches to these highly desirable materialr7 

Tellurolato complexes are one form of "single-source precursors" suitable for MO-CVDr 
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however, there is not much known about the pathways connecting molecules to solids 

(Equation 1.14) - 

Recent studies have begun to examine the transformation of molecules to solids. 

Sometimes clusters with tellurium atoms bridging metal centres can be isolated as stable 

intermediates on the way to bulk solids: examples in the formation of CoTe73 and FeTeT4 

have been isolated. Christou and Amold have sought to learn more about this process by 

developing terminal selenide and telluride metal complex chemistry.59~63 By investigating 

the reactivity of M=E, there will be more evidence to consider in the search to understand 

the synthesis of bulk materials- 

Preliminary studies on Zr[TeSi(SiMe3)3]4 revealed the production of ZrTe3 during 

solid-state thermolysis at 20Cb375 OC under vacuum- Elimination of the disilyltelluride was 

also observed. The zirc~niurn tellurolate also eliminated the corresponding disilyltelluride 

in solution while producing a terminal telluride (vide supra). Thus, Christou and Arnold 

call this homogenous reaction a model for the fust step of the decomposition of a molecular 

compound to a solid-state material59 Further studies of telluride and selenide complexes 

should also prove interesting in elucidating the nature of solid-state formation, 

Tellurium - - 
1.3-3.1. Binarv -Nimd= 

The initial work in tellurium-nitrogen chemistry was hstrated by the instability and 

explosive nature of some derivatives, and by a lack of appropriate reagents? It is only in 

the last decade that the fmt tellurium nitride, (ClTeNSN)3N (16),75 and the fast binary 
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TeN cation, Te(N3)3+SbF6-,76 have been reported. The suspected composition of 

tellurium nitride is Te3N4: while it was first prepared more than one hundred years ago, it 

is too explosive for precise analysis. However, last year the tellurium tetrachloride- 

stabilized nitride, [Te$Jg(TeCb)d (17) was crystallographically characterized? It is a 

dimer of Te3N4 and has the same kg-N functionality as 16. 

I \  
thf thf 

1 -3.3 -2. Telluradiazole 

Over a century ago, Hinsberg described the first fused thia- and selenadiazoles.78 

Since then, many different derivatives have been characterized. These heterocycles are 

usually described by the resonance structures shown in Figure 1.10. The largest 

contributions are assumed to come from the first two forms which have onho quinoid and 

benzenoid character, respectively. The bond lengths in the parent 2,1,3- 
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benzochalco pnadiazoles show some multiple bond character between the chalcogen and 

nitrogen. 

Figure 1.10 Resonance Contributors to Benzochalcogenadiazoles. 

In contrast to the sulfur and selenium chemistry of benzochalcogenadiazoles, 

tellurium analogues have only recently been made. In fact, there are only three 

crystallographically characterized structures including the telluradiazole ring. Examination 

of the bond lengths in these three rings suggests that the telluradiazole ring is not as 

delocalized as the sulfur and selenium analogues and the onho quinoid resonance 

contributor dominates the structure. The parent compound and derivatives are synthesized 

from the corresponding sulfur or selenium ring (Equation 1.15). 79 The yellow-green 

crystalline products are difficult to dissolve in common solvents and melt at much higher 

temperatures than the selenium compounds; they show remarkable stability in the air and 

towards water, even in aqueous base. However, aqueous acid will decompose 

telluradiazoks (Equation 1.16). 



The properties of 1 1,s- telluradiazole were better understood when its crystal 

structure was determined.80 The tellurium of each ring weakly bonds to two nitrogens on 

separate rings. As such, a "ribbon" polymeric array is observed (Figure 1.1 1: cf- 

polymeric {Te[NMd2}.. (Section 1.2.4)). These interactions help to explain the low 

solubility and high melting point of the telluradiazoles. 

Figure 1.1 1 Extended Structure of 1,2,5-Telluradiazole, 
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Phenanthro[9,10-c]- 1 25-telluradiazole81 was subsequently synthesized by a 

similar method (Equation 1.17). It melts at 288-290 "C: the structure shows Te2Nz 

parallelograms as above (Figure 1.1 1) giving a ladder-type polymer with d(TeN) = 2.02 A, 
and Id(Te-N)I = 2.83 A. 

In an attempt to synthesize a tellurium diimide,82 the telluradiazole dimer (18) was 

produced. The solubility of 18 is quite different from the other known telluradiazoies. It 

does not precipitate out of the reaction mixture in toluene, and can be dissolved in 

acetonitrile, pentane, and benzene. It melts cleanly at 207-208 OC. The packing diagram of 

18 shows that the dimeric units do not interact to form a polymeric array. 



Zibarev et al. published the synthesis of another telluradiazole.83 They claimed that 

a polfluorinated diamine and TeC14 produce 4,5,6,7-tetrafluoro-2k4@, 1,3- 

benzotelluradiazole (19) (Equation 1.18). The product of this reaction can be sublimed at 

180 OC with 10-2 Torr vacuum: the melting point is higher than 265 OC. The compound 19 

is slightly sensitive to air and water, and in aqueous Me,SO, - the diarnine and Te02 are 

generated. It has low solubility in organic solvents. Based on the difference between the 

properties of 19 and the polymeric-type diazoles and spectroscopic evidence, Zibarev 

concluded that 19 was monomeric. In making this conclusion, the structure of 18 was not 

considered. It is perhaps more likely that 19 is a dimer or other oligomer. 

1-3.3.3. TelluriumW) Diimide Dimers 

Sulfur diimides, RN=S=NR, are well known with a variety of R ~ubstituents.8~ 

Selenium diimides, RN=Se=NR, on the other hand, are thermally unstable and not well 

characterized.85 The fmt report of tellurium &ides, RN=Te=NR (R = COMe, S02Ar), 

did not fully characterize these compounds.86 They are quite insoluble and melt at high 

temperatures, suggesting extended structures (cf. Section 1.3.3.2). 

The reaction of T i Q  with one or two equivalents of Li[Ph2P(NSiMe3)+J yields the 

telluradiazaphosphetidines 20 and 21, respectively (Equation 1.19).87 



The fmt structurally characterized tellurium (IV) diimide (22a) was prepared from 

21 as shown in Equation 1.20, with R = P(Phz)NSiMe3, and R' = Qu.88 Subsequently, 

this synthesis was extended for the preparation of the ten-octyl derivative (R') (22b).s2 

These diimide dimea are moisnue-sensitive, but thermally stable. They have a planar 

TezNZ ring and the exocyclic nitrogens adopt a trm arrangement The R groups on the 

tenninal nitrogens are e m  to the ring. The bridging d(TeN) average 2.02 A and the 

terminal Te=N are both c u  1.90 A (cf. predicted d(Te=N) = 1.82 A1.42 In solution, the 
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dimers isomerize, presumably to a cis geometq, as observed by 1H NMR spectroscopy. 

In an attempt to make the Mes* derivative by the reaction of 21 with W e s * ,  the 

telluradiazole (18) was generated unexpectedly (Section 1.3 -3 -2). 

NR' 

P h P  

NR 

4 R ' 
R N  

\\ /N\ (1 -20) 
Te , /'$ 

N N R  
R' 

22a (R' = t Bu) 

If the synthesis in Equation 1.6 is carried out with LiNHtBu, the predominant 

products are telluriurn(1V) compounds. Depending on the stoichiometxy, different major 

products are isolated. As shown in Equation 1 -2 1, when the ratio of TeCI4 to LiIWFBu is 

2 7 ,  the predominant product is 23, which possesses the shortest known Te=N bond 

length, 1.840(9) A. By altering the stoichiometry to 1:4, the fust N&'-diorganotelluxium 

diimide, 'BUNT~@-N%U)~T~NBU (U), and the fmt cyclic tellurium (II) imide, 

( T ~ N Q u ) ~  (25) are obtained.*g The moisture-sensitive, thermally stable orange diimide 

dimer 24 has a butterfly-shaped Te2N2 ring with the exocyclic renninal nitrogens in a cis 

arrangement The endocyclic bonds are both ca. 2.08 A, while the terminal Te=N bond is 

1.876 A. The tBu groups on the terminal nitrogens are en& to the TeZNZ ring. The six- 
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membered ring 25 is formed in small quantities and has a chair conformation with planar 

niuogens. 

The reaction chemistry in the TeCl&iNHtBu mixture is complex, and when the 

reaction conditions were adjusted to add LiNHtBu as a solid instead of as  a slurry, another 

product, {Te2(Ngu)4[LiTe(NBu)2(Mfgu)]LiC1}2 (26) was formed in signifcant 

quant i t i e~ .~~  This compound is a complex of the dimer 24, Lithium chloride and another 

new compound which can be released from 26 and crystallizes as the dimer 

{ [LiTe(flB~)~(NHtBu)]Licl l2 (27). 



Electrophiles react at the terminal nitrogens (N3 of 24. For instance, reaction with 

dry HCl gasg 1 gives 23 where the protonated Nt now has an ex0 Wu group.89 The 'Bu 

_groups on 23 exchange rapidly, but the fluxional processes are halted at 200 K as observed 

by lH NMR spectroscopy. The dirner 24 will react with either one or two equivalents of 

CF3S03Me to give static structures, [24*Me]+ and [24m~e2]2+, respectively, with Me 

groups bonded to N , ~ ~  The coordination chemistry of 24 with the coinage metals, Ag+ 

and Cu+, has been e~amined.~3 For [AgZ.24J(CF3S03)2 (28), two silver(1) ions interact 

to give ~ g ~ ~ +  bridged by two 24 molecules with e m  Bu groups on Nt- The analogous 

Cuf compound [Cum24](CF3S03) (29) can be fonned, but its solid state structure is 

unlmown. However, addition of another equivalent of 24 gives the crystallographically 

characterized [CU~*%](CF~SO~)~  (30)- In 30, the copper(I) ions are Linear bridges. and 

have promoted the cis- mnnr isomerization of the central 24 ligand with e m  NtQu 

groups, and the external Ligands now have an en&, e m  arrangement of NttBu. The 

coordination of 24 to these metals increases the sensitivity of 24 towards moisture? 



0 
Cu- 

30 (cation only) 



1 -3.3.4. Trisimidoteuurite Ions 

Sulfur diimides, RN=S=NR, are susceptible to nucleophilic attack by 

organolithium reagents, RZi: sulfiimidamides, [RNS(R')NR]Li, are produced.g4 The 

tellurium diimide dimer, 'BUNT~(~L-WBU)~T~N~BU, does not react in a similar manner. 

Instead, when 24 is combined with PhLi, the unexpected products are diphenyltelluride 

and the novel tris(tert- butylimido)tellurite dianion as a dirner which possesses a hexagonal 

prismatic core of Te2N&. The dimer Li2Te(NtBu)3]2 (31) is prepared in better yield 

from the reaction of 24 and four equivalents of LWIBu.95 

The dianion, ~ e ( W B u ) 3 ~ - ,  is the first example of a substituted nisimidotellurite ion. 

The parent compound, K2[Te(rn3],  is highly explosive.% It is isoelectronic with 

tellurite. T ~ o ~ ~ - ,  and each tellurium-nitrogen bond has a formal bond order of one and a 

third: the bond lengths in 31 (IdCfeMI = 1.976 A) fit this description. This is one case 

where tellurium chemistry preceded the analogous work in sulfur and selenium chemistry. 

The sul11teg7 and selenite98 analogues, [LizE(NrBu)3]2 (E = S, Se) also crystallize as 

hexagonal prisms. 
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The trisimidotellurite 31 reacts with PhBC12 to eliminate lithium chloride and 

produce 32 which has a BN2Te ring95 Complex 32 contains an intact ~ e ( W I 3 u ) ~ ~ -  

Ligand. In conuast, the reaction of 31 with PhPCIZ involves the oxidation of 

phosphorus0 to phosphorus(V) and the production of elemental tellurium. Imido 

groups are transferred from tellurium to phosphorus to give the spirocyclic compound 33 

with axial d(TeN) = 2.2 12 A and equatorial d ( T e i i  = 2.034 A.95 

The trisimidotellurite 31 reacts with MC13 (M = Sb, Bi) in a 1:l molar ratio to give 

homoleptic complexes of [~e(WBu)~]2-.99 In L~{M[T~(NBU)~]~}  (34, M = Sb: 35, 

M = Bi). the Group 15 element is chelated by the Ligand, and the pendant NtBu groups 

coordinate to Li+. It is this nitrogen that has the shortest bond to tellurium of ca. 1-91 A in 
both 34 and 35. 

34 (M = Sb) 
35 (M = Bi) 
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If two molar equivalents of SKI3 are reacted with 31, the yield of 34 is reduced, 

and the complex {Te(WB~)~(p-SbCl)(SbNtBu)}C1(36) is formed as the major 

product.100 Preliminary results show a TeSbNz ring with a cis geometry and e m  NtBu 

groups on tellurium and antimony. These eu, N, coordinate to a highly disordered S b~12+ 

fragment The structure 36a has 77% occupancy, and the structure 36b has 23%. In each 

case, the antimony coordinates to a bridging nitrogen in the TeSbN? ring. However, there 

appears to be an inverse relationship between the strength of the SbCl bond and the 

strength of the SbNb interaction: for 369, the SbCl distance is 2.523 A, and the SbNb 

distance is 2.499 A, whereas for 36b, the SbCl distance is 2.358 A, and the SbNb distance 

is 2.841 A. 

36a (cation only) 36b (cation only) 

Another tellurite ion is formed when 24 is reacted with K-u (Equation 1.22).101 

In the dimeric structure of 37, a THF molecule is coordinated to each potassium cation 

which is chelated by the nitrogen atoms in the T ~ ( N B U ) ~ ( O ~ U ) -  anion. The dimer is held 

together by bridging to the other potassium cation through the oxygen of the anion, and by 
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be generated by the reaction of 24 with only two equivalents of IiNIFBu.lol This 

reaction does not proceed cleanly, however, and the dimer 27 is best prepared by the 

reaction of 31 with dry HC1 gas. This compound is also an impurity in the preparation of 

24 (Section 1.3.3.3). Both of these anions have short imido-tellurium bonds: in 37. 

Id(TeN)I = 1.9 15 A: in 27, ld(TeN)I = 1.938 A and 1.949 A. The Te-NHtBu distances in 

27 are longer (2.069 A and 2.046 A). 

THF 
THF 

1.3.3.5. Other Tellurium Nitrwn Mdti 

A few ~rganotellurimi~des, R2Te=NR', are known and used f o r  organic synthesis. 

Only one derivative (38) has been structurally characterized-lm The tellurium-nitrogen 

bond in 38 is only slightly shorter than a typical single bond (d(TeN) = 1980 A). This is 

due to increased sulfur-nitrogen x-bonding as d(SN) = 1.574 A (cf: expected single 

d(SN) = 1.71 A);" this effect is also seen in the N-sulfonylsulfiides. There are two 

short intramolecular contacts. One of the para-methoxyphenyl groups is tilted to give a 

weak C-H*-N bond (2.25 A; cf: sum of the van der Wads radii of N and H = 2.7 A);4* 

there is also a close Te-0 contact (2.96 A) which is less than the sum of the van der 

Wads radii (3.58 A)? It should be noted that the R' group in 38 is of the same type as 

those of the poorly characterized tellurium diimides mentioned at the beginning of Section 
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1.3.3.3. The Te=N bond in 38 stabilizes itself by delocalizing electrons to the adjacent NS 

bond and through intramolecular contacts. In the case of the diimides, the possible 

intramolecular contacts must not be adequate to stabilize a monomer. 

1 -3.3.6. Tellurium-Nitrogen-Haloeen - Conmounds 

Compared to the extensive collection of sulfur- and selenium-nitrogen-halogen 

compounds, the analogous work in tellurium chemistry has lagged far behind, mostly 

because of the explosive nature of some tellurium compounds (vide supra). Recently, the 

first ternary Te-N-X salt was prepared containing the lanice-stabilized [ T ~ ~ N ~ C ~ ~  ]2+ (39), 

two AsF6- anions, and two molecules of S O ~ . ~ O ~  While the bond lengths in this 

compound do not suggest tellurium-nitrogen multiple bonds, it can be considered a dimer 

through association of two [C13Te-N=TeCl]+ units to give a Te2N2 ring. 



Another salt, ~e3N2C15(Sbc15)]+SbC1616 (40) can be regarded as a dimer of 

[Te=N-Cl]. I& too, has a Te2N2 ring: a T e a 3 +  ion is coordinated to one nitrogen and 

antimony pentachloride is coordinated to the other. The average d(TeN) distance is 

2.000 A and the average d(TeC1) distance is 2.363 A. 

40 (cation only) 

Another example of Te=N dimerization was observed by Haas and coworkers.l05 

The reaction of tellurium tetrachloride with CF3SN[SiMe3I2 gave the dimer, 

[CF3SNTeC1yTH~2 (41). which has a Te2N2 ring (Id(TeN)I = 2.073 A). The axial 
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rellurium-chlorine bond length is 22.11 A and the equatorial d(TeC1) = 2.373 k The 

reaction of 41 with lithium hexarnethyldisilazide gave {CF3SNTem(SiMe3)&}x, a dark 

yellow oil which was characterized by various spectroscopic methods. 

THF CF3 
S CI 

1.3.4. Other Multi~le Bonds to Tellurium 

Several phosphine tellurides, R3P=Te, have been prepared.106 There are three 

crystallographically c h a m  terized structures. The p hosphorus-tellurium bond lengths 

suggest that the bond has an order of about 1.5 - where d(PTe) is 2.368 A for tBu3PTe,lo7 

2.365 A in the case of ipr3p~e,lOg and 2.371 A in t ~ ~ 2 ~ ( c 6 ~ l ) - 1  1 2 5 ~ e  

solution h ?  spectra at room temperature and 1 z ~ e  Mossbauer spectra at 4.2 K have 

been measured for a variety of phosphine tellurides. 110 The 1 2 5 ~ e  NMR shift of Me3PTe 

has k e n  calculated and separated into its diamagnetic and paramagnetic contributiondll 

Trialkylphosphine tellurides, R3PTe, are used as the source of tellurium in the 

syntheses of many of the metal tellurides in Section 1.3-2.63-66967968 They are also used en 

route to MTe.112 Recently, Hoff and co-workers studied the thermochernistry of sulfur 

atom transfer, and measured the enthalpies of reaction of various phosphines with the 

elemental heavy chalcopns (S, Se, Te). 113 From these values, they were able to estimate 
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the PE bond strengths in phosphine sulfides, selenides and tellurides. The enthalpy of 

reaction of nBujP and Te has been measured and used to estimate the phosphorus-tellurium 

bond men+@ as 52 kcWmol. The strength of this bond suggests that there is likely no 

equilibrium between nBu3P + Te and nBu3FTe. The reactivity of R3PTe must therefore 

involve a pathway which requires association of tellurium. 

As mentioned in Section 1.3.1, there is one example of a heavy ketone. R2C=Te, 

which is stable in solution, This telluroketone has a heavy analogue, a germanetellone, 

Tbt@is)Ge=Te.ll' This kinetically stabilized example was prepared as shown in Equation 

1.23. This moisture-sensitive deep green compound is thermally stable and shows no sign 

of dimerization by 1H NMR up to 90°C. 

R = Tip, Dis 
Dis = CH(SiMe3)2 
Tbt: R' = CHMe2, 
Tip: R' = CH(SiMe3)2 

R ' 

The eight-membered ring (42) has a boat conformation.~l~ There is a shon Tea-N 

interaction across the ring (2.620 A). The SeTe bond distance of 2.445 A reveals 

significant multiple bonding character ( c f .  single d(SeTe) = 2.53 A).42 The 77Se and 1251, 

NMR spectra show a large coupling constant (J(Se,Te) = 577 Hz). 



There is one crystallographically characterized example of a tellurium ylide (43)!6 

The ylidic d(TeC) distance of 2.07 A is not ~ i ~ c a n t l y  shorter than the expected value for 

a single bond (2.1 1 A)% The geometry of the cyclohexyl ring attached to Te suggests that 

a ~i~gnificant amount of the charge is delocalized to the oxygen atoms instead of remaining 

on the ylidic carbon. 
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1-4. Obiectives and Ouine of Thesis 

The main objective of this thesis is to provide a deeper understanding of the nature 

of multiple bonding in tellurium chemistry. The use of a combination of experimental and 

theoretical methods allows study of the structure, reactivity and bonding in multiply bonded 

tellurium compounds. Density functional theory has been shown to predict geometries and 

energies accurately,ll7 and will be used in this thesis. 

An initial study of the bonding in phosphine tellurides (cf. Section 1.3 -4) by DIT 

calculations successfully described these compounds along with providing comparative 

results to explain the differences between the phosphine chalcogenides as presented in 

Chapter Two. The advantage of a comparative analysis was also used in a DFT study of 

chalcogen diimides. Chapter Three is a theoretical study of the conformations of sulfur 

diimides, and closely examines the energetics and electronic nature of the dimerization of 

tellurium diimides as compared to their sulfur and selenium analogues. 

An understanding of the bonding in the chalcogen diimides provided a direction for 

synthesis using the tellurium diimide dimer, tI3uNTe(p-NrB~)~TeNrBu (24) as a reagent- 

The experimental results in Chapter Four focus on the synthesis, characterization and 

reaction chemistry of the novel imidotelIurium dihalides, (tBuNTeX2), (X = C1, Br). The 

tellurium diimide dimer reacts with protic acids and some examples are presented in 

Chapter Five together with some novel chemistry involving cycloaddition reactions of the 

tellurium-nitrogen double bonds. Finally, Chapter Six is a discussion of future 

possibilities for novel tellurium reactions along with conclusions to place the results of this 

thesis in context. 



CHAPTER TWO 

A Densic Functional Studv of the Bondine in 

Tertiarv Phos~hine Chalcogenides and Related Molecules 

2.1. Introduction 

As mentioned in Chapter One, the useful electrical properties of certain metal 

tellurides have sparked research into developing single-source precursors for these semi- 

cond~ctors.6~~ Many research groups now routinely use tnalkylphosphine tellurides, 

R3PTe, as tellurium transfer agents; for example. the reaction of Et3PTe with low-valent 

transi tion-metal compounds generates metal-tellurium clusters that can be subsequently 

pyrolyzed to binary metal tellurides.112 Other important applications of R3PTe reagents as 

a source of reactive tellurium include the preparation of terminal metal tellurides,ll" 

c halcogen exchange reactions, 1 19 insertions into metal-carbon120 and metal-metallZ1 

bonds, and in the titanium-mediated heterohydrocoupling of Te and B u 3 S n ~ . l u  

Relatively little is known about the bonding in the phosphine tellurides described in 

Section 1 -3 -4. The three crystallographically characterized structures suggest that the 

phosphorus-tellurium bond has an order of about 1.5 - where d(PT'e) is 2.368 A for 

tBugPTe, 107 2.365 A in the case of iPr3PTe,l*8 and 2.37 1 A in ~ ' B U ~ [ M I ( C ~ H ~  l)]PTe- 109 

Due to the steric interaction between the ten-butyl groups in 1Bu3PTe, the PTe bond length 

in tri-tert-butylphosphine t e h i d e  has been described as anomalous and suspiciously 

long.123 125~e solution NMR spectroscopy at room temperature and 125~e Mirssbauer 

spectroscopy at 4.2 K provide results that have been interpreted as inconsistent with the 
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presence of x-bonding, but the analysis was based on the outdated idea of valence d- 

orbitals. 110 

The controversy is not confined to tellurium. Although phosphine oxides are 

commonly described as Rg=O, there is still debate over the name of the phosphorus- 

oxygen bond in these molecules.124 The possible resonance contributors range from a 

single to a mple bond (Figure 2.1). Multiple bonding is suggested by several experimental 

observations as reviewed by Gilheany.1~ For instance, the bond energies and stretching 

frequencies of phosphine chalcogenides suggest strong multiple character to the PE bond, 

and the NMR data from IH, 13C, 3 1 ~  and "Se spectra of R3PE (E = 0, S, Se) show 

increased positive charge at phosphorus and were suggested to indicate multiple bonding 

with arguments based on diamagnetic shielding, but calculations of the 1 2 5 ~ e  NMR shift 

reveal insignificant diamagetic contributions to shielding. and substantial paramagnetic 

contributions. 1 1 In a recent paper. ~ o w e r l z  studied the chemical shift tensors of Me3PO 

and related molecules, and concluded that the phosphorus-oxygen bond is dative. Burford 

reviewed the modes of bonding for the coordination chemistry of the oxides, sulfides, and 

selenides,l26 and concluded that the angle at the chalcogen suggested less pronounced K- 

bonding in the heavier chalcogens. 

single a-bond single z-bond 1 *bond + 1 ~c-bond 1 a-bond + 2 x-bonds 

I II III IV 

Figure 2.1 Resonance Contributions to the PO Bond in a Tertiary Phosphine Oxide. 



46 

Ab initio studies of phosphine chalcogenides have been limited to oxygen and 

sulfur,  and the most extensive work focuses on H3p0.123 Regardless of the large volume 

of work in this area, the nature of the PO bond in phosphine oxide continues to be 

examined. For instance, Chesnut has recently used the electron localization function to 

study ~~PO.127 The results are consistent with one polar a-bond and back-bonding from 

0 to P. Atoms in Molecules Theory analysis provides a different conclusion with no 

evidence for n back-bonding.128 No study has modelled the bonding between phosphorus 

and the heavier chalcogens. 

Given the current interest in phosphine tellurides, density functional theory (Dm 
was used to investigate the interactions in the molecules, Me3XE (where X = P and E = 0. 

S, Se, Te, BH3, CH2, NH; and where E = 0 and X = N, P, ~ s ) . 1 * 9  In addition to the 

trimethylphosphine chalcogenide series, two other sets of compounds were calculated. For 

comparison purposes, the second-ro w isoelec tronic examples of trimethylphosphine borane 

adduct, uime thy lphosphine ylide, and trimeth ylphosphine imide were considered. The 

effect of the pnictogen was also determined by calculating trimethylaxnine oxide and 

uhnethylarsine oxide. This chapter will begin with a qualitative description of the bonding 

interactions in these molecules, followed by an explanation of the quantitative scheme used 

to express the contributions to the XE bond energy. Finally, the results of the DFT 

calculations will be analyzed. AIl computational details are provided at the end of this 

chapter. 

2.2. General Considerations for Bonding 

2.2.1. General Bonding Scheme in MeaPE and Related Svstems 

The PE bond in trimethylphosphine chalcogenides (Me3PE) can be analysed by 

considering the frontier orbitals on the two fragments Me3P and E. The orbitals of interest 

on Me3P are the occupied a-type HOMO, 441, of a1 symmetry and the empty el pair, 44b 



and 4442. The three p orbitals on the chalcogens (E) are shown as 45a, 45b, and 45c. 

The a-component of the PE bond involves donation of charge from the occupied orbital 

44a on Me3P to the empty orbital 4Sa on the chalcogen. This process is illustrated in 

46a. 

The z-interactions are represented by donation from the filled A-type porbitals, 

4Sb and 45c, on E to the empty a* orbitals on Me3P. This type of donation, as shown in 

46b and 44c. has been termed negative hyperconjugarion.l30 It is important to note that 

there is no siguficant component to x-bonding which involves the valence d-orbitals on 

phosphorus, even though these orbitals are of appropriate symmetry. The arguments 

against invoking empty d-orbitals to explain hypervalency have been extensively 

reviewed, 124. f 3 1 

It should be noted that each of the orbitals 46b and 46c has x-symmetry with 

respect to the PE bond. Interaction 46a represents the singly bonded a-resonance 

structure I of Figure 2.1, whereas 46b and 46c each represent the A-resonance structure II 

of Figure 2.1. 



A number of fragments have frontier orbitals analogous to those of the chdcogens- 

They are, in the terminology of ~offmann,l32 isolobal with the chalcogens and form 

similar bonds with tertiary phosphines. Thus the transition metal fra-pent, Cr(C0)5, with 

the frontier orbitals, 47a-c, is isolobal with the chalcogens: its bonding to R3P has been 

studied previous~y.~ 33 Other isolobal fragments are borane, 4th-c , methylene. 49a-c, 

and imine, SOa-c. The frontier orbital energies of the chalcogens as well as those of BH3, 

CH2 and NH are compared to those of Me3N, Me3PT and Me3As in Figure 2.2. 
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Figure 2.2 Orbital Energies for the Frontier Orbitals of the Me3X and E Fragments. 

. . 2 - 2 2  General Bond En- Deco-on S c b  

In general, the molecules under consideration are of the fom MesXE where X = N, 

P. As. and E = 0, S, Se, Te, BH3, CH2, NH. Using the generalized transition state 



rneth0d,l3~ we are able to separate steric and electronic contributions to the X-E bond 

energy: 

according to 

Here %p is the enerm required to alter the M q X  and E fragments from their 

ground state conformation to the geometry they adopt in the combined complex. The tern 

hEp,., in rhe fragments E = 0, S, Se, Te, CH2 and NH, also contains a promotion ene ra  

from the electronic ground state to a valence state suitable for a-donation and n-back 

donation with Me3X, as explained in detail in Section 2.3. 

The term AJ5O represents the steric interaction energy between Me* and E. It 

includes the stabilizing electrostatic interaction between the two fragments and the exchange 

repulsion component resulting from the destabilizing interactions between occupied orbitals 

on E and Me3X. The steric interaction energy, A@, is obtained as AH= of Equation 2.1 

from a calculation on Me3XE to give E(Me3XE) when only the occupied orbitals of E and 

Me3X are used as basis functions. 

Finally, AEel of Equation 2.2 accounts for the stabilizing interactions between 

occupied and empty fragment orbitals. The stabilizing elecrronic interaction energy AEd is 

further decomposed into 
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Here eon represents the stabilizing contribution to AH= due to a-donation, 

46a, of charge from the o-donor orbital, 44a, on Me3X to an empty a-acceptor orbital 

(JSa, 48a, 49a, or H a )  on E. It is obtained as the additional energy gained by adding 

one of the a-acceptor orbitals (45a, 48a, 491, or SOa) on E to the basis of occupied E 

and Me3X fragment orbitals in a calculation of M w .  The orbital population, edon, 

shows how many electrons the orbital on E (45a, 48a, 49a. or SOa) accepts in this 

calculation. The term AE- is due to the n-donations. 46b and 46c, in which charge is 

transferred to 44b and 44c on Me3X from two occupied sr-donor orbitals on E such as 

45b and 45c. The term is obtained in a way similar to that described for except 

that the added virtual orbitals now are 44b and 44c. Similarly, the orbital population, 

ebdoo, now refers to the electrons accepted by 44b and 44c. The third contribution, 

A&p, is a measure of the synergic effect, the degree to which donation, 46a, and back 

donation, 46b + 46c, reinforce each other. It is the extra stabilization of the XE bond 

uained by including the virtual fragment orbitals, 44b and 44c, as well as 45a, or its 2 

equivalent, at the same time. This calculation gives the synergic orbital populations, eb,, 

and em,, which represent the number of electrons in the a-acceptor orbital on E (45% 

48a. 491. or SOP) and in the a*-acceptor orbitals on Me3X (44b and U c ) ,  respectively. 

Finally, measures the additional stabilization gained by including the remaining 

~ ~ a l  fragment orbitals in the calculation. It is often combined with the steric interaction 

energy since it stems from interactions that serve to reduce the exchange repulsion. 

2.3. Electronic Structures of Phosphine Chalcoeenides and Related Molecules 

2.3.1. Trimethviphos~hine Chalcocrenidq 

The bond energy decomposition is described in Table 2.1. The preparation energy 

of trimethylphosphine is due to a slight geometric distortion from the free phosphine; it is 

relatively small for all of the chalcogens. The preparation energy for the chalcogens is 



electronic. It represents a promotion of the chalcogen from its 3P ground state to the 

(2po)0(2pz)4 valence configuration. The promotion energy is due to the loss of exchange 

stabilization as two electrons of parallel spin in the 3P (45a245b145cl) ground state are 

given opposite spin orientations in the (2p,)o (2pd4 valence c ~ ~ g u r a t i o n  

(45a*45b245c2). This requires much more energy for oxygen, 276 kJ mol-l, with 

contracted p-orbitals and high exchange stabilization, than for tellurium, 132 id mo1-', with 

the most diffuse porbitals and the smallest exchange stabilization. 

Table 2.1 Bond Enerev ~n-01-'1 - - T 

a Preparation energy of Me3P 
b hparation energy of E 

Steric interaction energy and residual energy 
d Energy from donation interaction 

Energy from back donation interaction 
Energy from synergic effect 

g PE bond energy 
Experimental energy for Me3P0 from Reference 135 

i Experimental energy for Me3PS from Reference 113 
J Experimental energy for nBu3PSe from Reference 1 13 

Expeximental energy for nBu3PTe from Reference 1 13 
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The combined steric interaction energy, A E O  + h, is dominated by destabilizing 

overlaps between occupied orbitals on the Me3P and E fragments. It is most repulsive, 77 1 

W mol-1, for Me3P0 with the shottest distance between the two fragments and decreases 

gradually from Me3PS, 178 kJ mol-1, to MejPTe, 53 kJ mol-1, as the PE distance - 
increases. 

The stabilization due to the a-donation, --,, is largest for E = 0 with 

= 12 10 kl mol-1, and decreases gradually from Me3PS, 497 kJ mol-1, to Me3PTe, 

243 id mol-1. The trend is understandable, by observing that the donation from the 

occupied a-orbital on Me3P, 44a, to the empty p, orbital on E is most favorable for 

oxygen with the p, orbital of lowest energy (Figure 2.2). The gain in stabilization 

decreases gradually from E = S to E = Te as the energy of the p, orbital approaches that of 

44a. Table 2.2 provides selected orbital populations of the trhethylphosphine 

chalcogenides. From these values, it can be seen that the actual charge transferred is 1.0 e 

for Me3P0 with a drop from 0.7 e in MegPS to 0.5 e in MegPTe. 

Table 2.2 Selected Orbital Poautions MelPF, (E - - 0. S . Se. Te 1 

a Electrons accepted in donation interaction 
b Electrons accepted in back donation interaction 

Electrons accepted in synergic donation interaction * Electrons accepted in synergic back donation interaction 
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The contribution, -au0,, from the back donations, 46b and 46c, is not very 

large. This is not surprising since the p, donor orbitals on E are of much lower energy 

&an the x-acceptor orbitals 44b and 44c on Me3P (Figure 2.2). This is especially true in 

the case of oxygen where the back donation amounts to 0.1 e and -AE- = 37 kJ mol-I. 

For the remaining chalcogens, the energy gap is reduced and the back donation somewhat 

larger at 0.2 e. However, from sulfur to tellurium, the size of the p orbitals increase and 

overlap is less favourable- 

The synergic effect substantially increases the multiple bonding character of the PE 

linkage. The synergic contribution to the PE bond, -aw- is substantial, starting at 365 

kT mol-l for E = 0 and decreasing to 90 kJ mol-1 for E = Te. Thus the back donation for 

oxygen is increased by 0-6 e to a total of 0.7 e. Now the PO bond has the most 

pronounced x-components, 46b and 46c By equating the total A-bond order with the 

electron charge back donated we get an order of 0.7 for the PO linkage. The corresponding 

r-bond orders for E = S, Se, and Te are 0.6,0.5, and 0.5, respectively. 

The a-component of the PE bond, 46a, is also enhanced by the synergic effect- 

For the PO bond, 1.4 e is donated to oxygen. For the other chalcogens, the a-donations 

are 1.0 e (S), 0.9 e (Se) and 0.7 e (Te), respectively. 

It is clear that both the a- and x-components are important for the PE linkage after 

the synergic effect has been taken into account Both a- and n-bonding have the largest 

contributions for oxygen. Their contributions decrease from sulfur to tellurium, and 

o-bonding is always more pronounced than rr-bonding. However, in relative terms, the 

two bonding modes become more comparable in importance upon descending group 16 

from oxygen towards tellurium. 

The calculated PE bond energies for oxygen and sulfur compare well with the 

experimental estimates obtained for ~ e ~ ~ 0 , 1 3 5  and Me3PS,113 respectively. For E = Se, 

Te, experimental bond strength estimates for nBu3PE correlate well with the calculated 
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values of the oimethylphosphine derivatives1 13 The overall phosphorusthalcogen bond 

energy decreases down the group. 

Table 2.3 contains calculated bond lengths and angles (as defined in Figure 2.3) for 

the Me3PE systems. The optimized structures are in good agreement with the 

experimentally observed data from gas phase electron diffraction studies of Me3P,136 

~ e $ 0 , 1 3 7  M ~ ~ P s , I ~ ~  and ~ e ~ ~ ~ e . 1 3 8  The deviation is Largest in the case of tellurium. 

because the experimental data are those of the X-ray crystal structure of the ui-ten- 

butylphosphine telluride. This molecule has bulkier substituents than trirnethylphosphine 

telluride. so it is not surprising that the LCPC angle is larger and phosphorus-carbon 

distance longer in tri-terr-butylphosphine telluride as the result of the steric interaction 

between the ten-butyl groups as mentioned in Section 2.1. Therefore, the calculated bond 

length of 2.303 A is probably a more realistic value of d(PTe). 

Figure 2.3 Bond Lengths and Angles in Me3XE. 



. . Table 2.3 Selected Oam~zed  Bond Len- [A) and Angles ('1 
for Me$ and M e 3 P  tE = 0. S. Se. Te) 

d(PE) am LCPE L C K  Reference 
Me3P 1.857 100.2 136 

(1 -847) (98.6) 
Me3PO 1.497 1.8 16 1 12.8 106.0 137 

(1 -476) (1.809) (1 14.4) (104.1) 
Me3PS 1.945 1.828 1 13.7 104.9 137 

( 1 -940) (1-818) (1 14.1) (104-5) 
Me3PSe 2.083 1.827 113.6 105.0 138 

(2.09 1) (1 -8 16) (1 13.8) ( 104- 8) 

Me3PTe 2.303 1.830 113.7 105 -0 107b 

(2.368)b (1.896)b (108.7)b (1 10.2)b 

a Experimental values are given in parentheses. 
For tBugPTe. 

The PH3 molecule has a LHPH angle of 93'. Thus, on electronic grounds. the 

optimal LCPC angle for phosphines should be close to 90°. However, the bulk of the R 

groups attached to phosphorus tends to increase the LCPC angle, and CP distance, in 

order to relieve the steric repulsion. The LHPH bond angle in pH,+ is 109'. Thus the 

LCPC angle in R3PE should open up towards 109' if, to a fvst approximation, the 

chalcogenides are considered as pure electrophiles with a a-acceptor orbital, 46% but 

without any x-donation ability, 46b and 46c. 

In fact. the LCPC angles in R3PE are larger than in R3P. both experimentally and 

theoretically. Funhennore, the CP distance is somewhat shoner in R3PE as the larger 

LCPC angle allows the R groups to move closer to the phosphorus atom for the same 

amount of steric repulsion as in R3P. The effect of z-donation, 46b and 46c, would be to 
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increase the CP distance and close the LCPC angle as the a* orbitals, 44b and 44c, accept 

electron density. Obviously, the PE a-bonding in R3PE is dictating the geometric changes 

of the R3P framework However, the degree of increase in the LCPC angle and decrease 

in the CP distance is likely modified by the opposing trends from the x-back donation , 

46b and 46c. This balance between the a- and neffects on geometry is evident in the 

trend down the group. The telluride has the longest CP bonds, and has the most 

n-character relative to the a contribution. 

2.3.2. MeaPBHl. Me~qPCH? and Me2PNH 

Tables 2-4 and 2.5 contain the bond energies and orbital populations, respectively, 

of the isoelectronic series, Me3PE (E = BH3, CH2, and MI), and compares them to those 

of the oxide. The optimized geometries for this series are described in Table 2.6. For the 

C,  optimized molecules, Me3PCH2 and Me3PNH, there are two values for CP bond 

lengths: the first number is for the unique bond, and the second refers to the two bonds 

related by the mirror plane. For the LCPE and LCPC angles, the first value describes the 

angle between the unique carbon and E or each of the carbons related by symmetry, while 

the second number gives the angle between either of the related carbons and E or the angle 

between the two related carbons. Table 2.7 gives the geometries of the fragments: BH3, 

CH2, and NW. 
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Table 2.4 Bond Enernv - - Anas i s  (kJ mol-'1 for MeapE fE = B H m -  

a Preparation energy of Me3P 
b Preparation enerm of E 

Steric interaction energy and residual energy 
d Energy from donation interaction 

Ener-q from back donation interaction 
f Energy from synergic effect 
g PE bond energy 
h Experimental energy for Me3PO fiom Reference 135 

The preparation energies of the phosphine are due to a slight distortion of geometry 

and are fairly small in these cases. The preparation of borane distorts it from a planar to a 

pyramidal conformation , and qw is only 54 kJ mol-I. For imine, the preparation 

involves shortening the MI bond and promoting electrons from the 3Z- (50a250b150el) 

ground state to a paired 50aO50b25Oc2 valence state (see Section 2.2.1 for orbital 

representations). The preparation of Mi requires the most energy, 970 kJ mol-1. The 

preparation of methylene also involves both electronic and geometric contributions; the 

LHCH angle opens up and the 3B1 (49a149bl49c2) ground state is promoted to a 

49a*49b249c2 valence state. The preparation of CH2 takes substantially less energy, 454 

kJ mol-1, than NH because it only involves the promotion of one electron out of a bonding 

orbital to pair up with another electron in the non-bonding 2 p ~  rr-orbital, 4%. 



Table 2.5 Selected Orbital P o n m o n s  for M PE = BH#a NH. 0 1  

a Electrons accepted in donation interaction 
Electrons accepted in back donation interaction 
Electrons accepted in synergic donation interaction 
Electrons accepted in synergic back donation interaction 

Across the row from boron to oxygen, the combined steric interaction energy, AEo 

+ qes, increases from 80 k.T mol-1 to 771 kJ mol-1. This trend can be explained in terns 

of the distance between the two fragments. The PE distance decreases from left to right 

across the row, giving rise to an increasingly repulsive interaction between occupied 

orbitals on the two fragments. 

The relative energies of 48% 49a, and SOa (Figure 2.2), explain the differences in 

stabilization due to a-donation, -ahn. It is greatest for E = NH, -adon = 1724 kJ mol-I, 

which has the lowest energy acceptor orbital, 509. For E = CH2 and BH3, -a equals 

782 and 256 kJ mol-1, respectively; this trend is expected since the orbital energies decrease 

by SOa < 49a < 48a. The charge transferred by a-bonding decreases from 1.8 e for the 

irnine to 0.6 e for the borane. 



Additional kngths and 
dpE) d(CP) LCPE LCPC Angles Ref 

Me3P 1.857 100.2 136 

(1.847) (98.6) 

Me3PBH3 1.863 1-823 113.0 105.8 d(BH) = 1.222 (1.201) 140 

(1.894) (1.8 11) (1 13.8) (104-8) LHBH = 113.6 (109.2) 
LHPB = 104.9 (109.8) 

Me3PCH2 1.679 1.874 125.3 10 1.9 d(CH) = 1.096 142 

(1.656) (1.837) (122.4) (101.0) LHCH = 116.6 (115-7) 

1.830 108.4 108-4 LHCP = 117.1 (1 18-2) 
(1.809) (111.4) (108.3) 

M q P M  1.564 1.828 1 18.4 105.3 d m )  = 1.021 (1.020)b 139b 

(1.652)b 1.826 11 1.6 103.3 L P N H  = 118.9 (1 1 4 ) ~  

(1.913)b (109.6)b (109.4)b 

a ExperirnentaI values are given in parentheses 
b For tBu3PNH 

. . 
Table 2.7 Selected CIp-d Bond Lems t h  and Andes for E = BH3 CHq. NH - 

BH3 d@H) = 1.202, LHBW = 120.0 

CH2 d(CH) = 1-090 (I.078)a; LHCH = 138.0 (136)a 

NH d m )  = 1.058 (1.035)a 

a Experimental values are given in parentheses from Reference 143. 

Back donation in the borane is not very favourable because of the large gap between 

the donor orbitals, 48b and 48c, and the back donation acceptor orbitals, 44b and 44c 

(Fibwe 2.2). The stabilization is quite small in this case, -& = 24 kJ mol-l. The 

irnine donor orbitals, Ulb and SOc, are higher in energy; the stabilization is greater here, 



-AEbdon = 172 kJ mol-1. There is some back donation in the case of the methylene 

fragment, and almost all of the stabilization, -AE- = 130 kJ mol-1, comes from the 

higher energy orbital, 49b. While 4% has the proper symmetry to be involved as a 

donor, there is a wide energy gap between it and 44c The uimethylphosphine ylide does 

not have equal contributions in the two back donation interactions, and can be represented 

by the resonance structure III in Figure 2.1 with only one a- and one x-bond. 

There is a synergic effect for all of the isoelectronic analogues, but none is as 

substantid as that for E = 0. For the borane and imine adducts, the stabilization is quite 

small, -AE,, = 36 and 51 kJ mol-1, respectively. For methylene, the stabilization, 130 

Id mol-1, is still not as large as the synergic effect for oxygen, 365 kl mol-1. However, al l  

of these compounds have some multiple bonding. The rr-bond order for borane is 0.3 e, 

for methylene and for imine, 0.6 e. The overall bond energy for PE decreases from -454 

kJ mol-1 for E = CH2, to -166 id mol-1 for E = BH3. 

In Table 2.6, experimental comparisons are provided where possible: in the case of 

Me3PNH, no experimental data are available, instead, the gas phase electron diffraction 

results for BujPNH are The experimental values for gaseous Me3PBH3 are 

from an electron diffraction study.l@ This example provides an interesting case for 

highlighting the differences beween gas-phase and solid-state structures. The fust 

published experimental electron diffraction study of Me3PCH2 assumed C3 symmetry for 

the Me3P f r a g r n e n ~ ~ ~ ~  but these data were revisited when the X-ray crystal structure was 

determined.142 The gas-phase structure has C, symmetry, with the CH2 group 

perpendicular to the mirror plane. The dihedral angle between the ylidic hydrogens and the 

unique carbon on the phosphine was measured as + 73.9(30)O, which agrees well with the 

calculated value o f f  72.9". On the other hand, in the crystal structure, one ylidic 

hydrogen is on the mirror plane, while the other is located out of the plane, and is 

disordered over the two sites related by mirror symmetry. The ground state structures of 
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CH2 and NH in Table 2.7 were determined in the gas phase using high resolution 

microwave spectra- 143 

As observed for the trimethylphosphine chalcogenides, the CP bonds in Me3PBH3, 

Me3PCH2 and Me3PNH are slightly shorter than those in uimethylphosphine and the 

LCPC angle also opens up. The changes here are not as  si@cant as the change to 

Me3P0, but are on the order of the changes observed for the heavier chalcogens. As 

mentioned above, this is indicative of the *bonding interaction dominating the geometry- 

The x-bonding effects of CP bond lengthening and LCPC decreasing must also play a 

part, but are overshadowed. For E = BH3, the CP bond is the shortest for this 

isoelectronic series: while the a-donation energy is not the largest, it has the smallest back 

donation energy, so the shortening effect (a) is not significantly cancelled by the 

lengthening effect (x). Trimethylphosphine imine has both the largest -AEdon and largest 

-AEbdo, for this series; a balance between these two factors leads to an overall shortening 

of the CP bond. 

In these molecules, the fragments bonded to Me3P also change geometry. The 

boron-hydrogen bonds in the phosphine adduct are longer than those in borane. The 

o-interaction populates 48a which is non-bonding in the planar ground state of BH3 and 

becomes BH anti-bonding in the pyramidal BH3 fragment, while the rr-interactions 

depopulate the BH bonding orbitals 48b and 48c. 

The carbon-hydrogen bonds in methylene stay approximately the same. This is 

understandable because the ground state methylene has one electron in the bonding orbital 

49a, which is also approximately the population of 49a in coordinated CH2. The 

sc-interaction involves back donation from a non-bonding orbital, 49b, which holds 1.4 e 

in the ylide compound. The main change in the methylene fragment is the decrease in 

LHCH from 138.0° in free CH2 to 1 16.6" in the ylide. The decrease in the B C H  angle 
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stabilizes the 49a acceptor orbital by enhancing the bonding overlap. Steric factors might 

also decrease the LHCH angle in the ylide compound. 

The 50a orbital of NH is a slightly anti-bonding combination between an sp lobe 

on nitrogen and 1s on hydrogen. It is thus understandable that the NH bond in coordinated 

irnine shortens, since 50a holds 1.6 e in complexed NH, compared to 2.0 e in free NH 

(Table 2.5). The optimized structure of Me3PNH has LPNH of 118.9": this structure is 

39 kJ mol-1 lower in energy than a structure with a linear PNH. 

2.3.3. MesNO. M e m l A s O  

Table 2.8 gives the bond energy decomposition and Table 2.9 gives orbital 

populations for the oxides of the second-, third-, and fourth-row pnictogens. The 

optimized bond lengths and angles of the uimethylpnictogens and the oxides are shown in 

Table 2.10. An X-ray structural detennination provided the experimental results for 

while the experimental values for Me3N came from gas phase microwave 

spectra.l6 Both gas phase structures of ~ e ~ ~ s 1 3 8  and Me3&0137 are from electron 

diffraction measurements. In the case of the uimethylpnictogen oxides, there is a baiance 

between a favourable steric arrangement with a long XO distance and optimal orbital 

interactions between Me3X and 0. 

The preparation energy for Me# is the most substantial (70 kJ mol-I), compared to 

the relatively small preparations for M q P  and MesAs (21 and 22 kJ mol-I, respectively). 

The mine  must distort significantly by expanding the length of the CN bonds in order to 

reduce crowding, as it is smaller than the heavier pnictogens. Trimethylarsine oxide 

slight1 y distorts in a manner similar to uimethylphosphine oxide. While both a-donation 

and K-back donation affect the geometry, the dominant a-conuibution leads to slightly 

longer CAs bonds and an opening of LCAsC. 



a Preparation energy of Me3X 
b Preparation energy of 0 

Steric interaction energy and residual energy 
d Energy from donation interaction 

Energy from back donation interaction 
Energy from synergic effect 

g XO bond energy 
Experimental energy for MejPO from Reference 135. 

-2.90 Orbital = for. P. As) 

edon a  on b esY" c Syn d 
don  on 

a Electrons accepted in donation interaction 
b Electrons accepted in back donation interaction 

Electrons accepted in synergic donation interaction * Electrons accepted in synergic back donation interaction 



Because of the small size of nitrogen and the closer contacts in Me3N0, one might 

expect Me3N0 to have a larger steric contribution. A E O  + &, than either Me3P0 or 

Me3As0, but this is not the case. In fact, trimethylaxnine oxide has the lowest contribution, 

3 18 kJ mol-I, compared to 77 1 kJ mol" for aimethylphosphine oxide and 555 kJ mol-' for 

trimethylarsine oxide. 

d(XO) d ( c x )  La0 LCXC Reference 
Me3N 1.433 110.8 143 

(1 -45 1) (1 10-9) 
Me3NO 1.337 1.52 1 109.1 109.8 144 

a Experimental values are given in parentheses. 

The donation stabilization for Me3N is smaller, -AEh = 859 kJ mol-1, than those 

of Me3P and Me3&. where = 1 2 10 and 9 1 8 kl mol- l.  respectively. The energies 

of the donation orbitals are all about the same, 44a, and the overlap between this orbital 

and 45a is similar in all three pnictogens. When Me3X0 forms, the energy of 44a will 

drop as it donates electrons and forms a bond. This drop in energy is more drastic in the 
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case of mine, which makes further donation more difficult, and only 0.7 e is donated, as 

compared to the phosphine (1 -0 e) and the mine (0.9 e). 

Figure 2.2 shows that the back donation acceptor orbitals, 44b and 44c, of the 

amine are much higher in energy than the phosphine and arsine orbitals, and thus are less 

likely to interact with the full orbitals on oxygen, 4Sb and 4Sc. There is virtually no 

stabilization from back donation for Me3N, -aWon = 1 kl mol-l, whereas both Me3P and 

Me3& have contriburions due to back donation. The energy of 44b and 44c is slightly 

lower and the overlap with 45b and 4Sc is slightly better for Me3P than for Me3&, and 

-AE- reflects this with 37 kJ mol-1 (Me3P) compared to 18 kJ mol-1 (Me3&). 

The synergic effect is considerable for the heavier pnictogens and non-existent for 

nitrogen. As mentioned earlier, the z-bond order of X = P increases to 0.7 due to the 

synergic effect: for X = As, there are similar effects and the x-bond order is 0.6. The 

different pnictogen-oxygen bonds vary in strength in the order phosphorus (-544 id mol-') 

> arsenic (-343 kJ mol-') > nitrogen (-197 kJ mol"). 

Me3N0 could have acquired stronger a- and rr-interactions by decreasing the NO 

distance at the expense of enhancing the steric repulsion as well. Apparently, the potential 

gain in a- and R-bonding fkom shortening the NO bond is off-set by higher steric 

crowding, 

2.4. Conclusions 

DFT calculations were used to study the nature of the nimethylphosphine 

chalcogenide bond AU of the chalcogens participate in x-back donation to a pair of low- 

lying CP a* orbitals with e-symmetry in the C3, point group. Multiple bonding is present 

between X and E in all but one case, that of the NO bond in Me3N0. 

The r-bond order was found to decrease down Group 16 from 0.7 for oxygen to 

0.5 for tellurium, but n-bonding is more important relative to a-donation for the heavier 
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chalcogens. The phosphorus-oxygen bond is strongest, AHm = -544 kJ mol-1. Other 

eIements bonded to uimethyiphosphine were also considered in terms of the isoelectronic 

series, BH3, CHI, and NH. For E = BH3, the PB bond energy is 166 kJ mol-1. Both 

trimethylphosphine ylide and trimethylphosphine imine were found to have a z-bond order 

of 0.6. Trimethylphosphine ylide was found to bond by a-donation from the phosphine 

and one K-back donation interaction from the non-bonding p orbital of methylene. Further 

comparison of bonding in uimethylpnictogen oxides revealed no multiple bonding in 

Me3N0, but a x-bond order of 0.6 for Me3As0. The inability of Me3N to rr-bond to 0 

affects the geometry of Me3N0. Compared to Me3N, the CN bonds are longer in 

trime thylamine oxide, due to the steric crowding around nitrogen. 

2.5. Theoretical Section 

2.5.1. Com~utational Details 

All calculations were based on approximate density functional theory within the 

local densiry approximation,l4s LDA, in the parameterization by Vosko et al. '46 In 

addition, Becke'sl47 non-local exchange cor~ection was used as well as inhomogenous 

gradient corrections for correlation due to ~erdew,l48 NL-SCF. The reported calculations 

were performed utilizing the vectorized version of the ADF program system developed by 

Baerends et dl49 and vectorized by Ravenek-150 The numerical integration procedure 

applied for the calculations was developed by te Velde and co-workers. All molecules 

were optimized with C3v symmetry with the following exceptions: borane @3h), methylene 

(Czv), trimethylphosphine ylide (C,), imine (CZ~), trimethylphosphine h i d e  (C,). The 

geometry optimization procedure was based on the method developed by Versluis and 

Ziegler.152 A double &-ST0 basis set152 was employed for the m and np shells of the 

main group elements. The basis set was augmented by a single 36 ST0 function except for 

hydrogen, where a 2p ST0 was used as polarization. Electrons in lower shells were 
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considered as core and treated according to the procedure due to Baerends et al.153 An 

aUXili;rryls set of s, p, d, f and g ST0 functions, centered on all nuclei, was used in order 

to fit the molecular density and present coulomb and exchange potentials accurately in each 

SCF cycle. All structures were optimized at the LDA level of theory. The calculated bond 

energies include nonlocai corrections evaluated from LDA densities. 



CHAPTERTHREX3 

A Density Functional Study of Chalco~en Diimides: f E N  )zl, 

fE=S.Se.Te:n= l . Z ; R = H , M e )  

3.1. Introduction 

Since their discovery in l956,84b sulfur diimides RN=S=NR (51) have been 

studied extensively both as ligands in transition metal complexes155 and as reagents in 

organic synthesis. 156 Three geometrical isomen: syn , syn (52, E = S) gn, anti (53, 

E = Sf and anti, anti (54, E = S) are possible and their relative importance has been 

investigated by a variety of experimental and theoretical methods. 

S l h  R=-*--Q 



An early VT NMR study indicated that the on, anti isomer is the most stable in 

solution for R = Me (Sla), 'Bu (~lb)!~ Subsequent rnultinuclear NMR studies of some 

bulky aryl derivatives led to the proposed presence of minor amounts of the anti, anti 

isomer in equilibrium with the predominant syn, mti f0r1n.l~~ By contrast, the syn, syn 

isomer has recently been identified as the symmetrical isomer observed in solution by 

1- for a variety of q l  derivatives (e.g R = 2,4,6-Br3C6H2 (Slc), 2,6Me2C6H3 

(SM ), G F ~  (Sle)). 159 Consistently, both syn , anti (R = ~h (51f),160 C C ~ H G ~ H ~  

(51g), 51cl59a) and syn, syn conformations (R = 4-XC6HqS, X = H (5lh),162 C1 

(5U) l63), 51d, l59a 5le1S9b) have been identified by solid-state X-ray structural 

determinations. Electron diffraction studies have revealed both syn,  an^ (51a)164 and 

en, qn (R = SiMe3 (Slj))84a conformations in the gas phase. 

Thus the experimental investigations of sulfur diimides in soiution, as well as in 

the solid state or gas phase, indicate that the sjn, syn and qm, anti isomers have similar 

energies whose relative importance is determined by subtle substituent effects. 

Theoretical calculations reinforce this conclusion- Ab initio MO calculations (with 

electron correlation) indicate the syn. s)tn isomer to be the most stable for the parent 

diirnide (R = H (51k)) whereas the syn, anti isomer is lowest in energy for the dimethyl 

derivative 51a.l65 Recent PM3 calculations confirm the closeness in energy of these two 

isomeric forms and indicate, as did the earlier study.165 that the anti, anti isomer is of 

substandally higher energy (by 3 1-38 kJ mol-1). 159 The preference for the w ,  syn 

geometry in certain cases has been attributed to hyperconjugation (5lj)'66 or ~ N , X  

interactions for aryl derivatives. Dimeric structures have not been observed for sulfur 
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diimides, but a [2+2] cycloaddition process has been invoked to explain the facile 

exchange of R and R' groups for unsymmevical derivatives RN=S=NR' in the presence 

of nucleophiles. 167 

Although selenium diimides R.hT=Se=NR have been known for more than twenty 

years.168 they are thermally unstable and no solid-state structures have been determined, 

but in  the adduct, SnClq(tBuN=Se=NtBu), an mti, anti conformation is enforced by 

N N  chelation of the ligand to the tin cenrre. '69 However, 1H and 1% NMR spectra are 

consistent with the qn, mann' conformation in solution at room temperature for R = t ~ u . 8 5  

Recent investigations have shown that the major decomposition product of 

tBuN=Se=Nt%u is the cyclic seleniurn(ID h i d e  ( t ~ u ~ ~ e ) ~ . 1 7 0  As described in Section 

1.3.3.3, the first tellurium diimides were prepared recently and structurally 

characterized. 8288.89 They form thermally stable dimers RNTe(p-NR')2TeNR (R' = tBu. 

[Oct, R = PPhZNSiMe (Equation 1.20): 88 R = R' = tBu (Equation 1.2 1 ; 24189) both in 

the solid state (X-ray structures) and in solution (NMR studies). 

This chapter begins with an investigation of the relative stabilities and electronic 

structures of the monomers 52,53 and 54 for all the chalcogens as determined by DlT 

calculations with R = H, Me. 171 Chalcogen diimide dimers (RN=E@-NR)2E=NR, 

R = H, Me) were optimized for E = S, Se, Te- Two possible isomers were considered for 

E= Te, R = H, to determine that the cis arrangement of terminal NH was the most 

favourable, as is observed in the experimental structure of the fBu derivative, 24. Further, 

the energy of dimerization of chalcogen diimides was modelled so as to explain the 

stabilization of tellurium diimides by dimerization in view of the monomeric structures of 

both sulfur and selenium diimides. The parent diimides with R = H, as well as the 

N. N'-dimethylchalcogen diimides (R = Me), were examined, but for the detailed 

interpretation of the orbital interactions, this discussion focuses on the results for 

R = Me. 



3.2. Monomeric Chalcorren Diimides. RN=E=NR (E = S, Se. Te: R = H. Me1 

3 - 2 1 .  Relative Stabilities of the Geometrical Isomers 52. 53 and 54 (R = H. Me: E = S. 

Se. Tel 

To detennine the geometry of lowest energy, structures of each of the three 

isomers of the chalcogen diimides were optimized: syn, syn (52, R = H, Me), syn, anti 

(53. R = H, Me), and anti, onti (54, R = H, Me). The calculated relative energies for 

R = I3 are provided in Table 3.1, and Table 3.2 shows the data for R = Me. The trends in 

the two tables are very similar. Table 3.2 reveals that conformation 52 is lowest in 

energy for sulfur, while 53 is the most stable isomer for both selenium and tellurium. For 

all three chalcogens, structures 52 and 53 are close in energy, whereas 54 on the average 

is 33 kJ mol-1 less stable than the ground-state conformations. It is clear that electronic 

factors must dictate the relative stability of the three isomers since the least stable anti, 

ann' (54) conformer would be favored by steric factors. 

Table 3.1 Relative Energiesa of E(NHl? IE - - S. Se. Te) Isom@ mo - 1-1) 

- - 

E 52 (~yn* 9) 53 (syn, anti) 54 (anti, anti) 

S 0.0 3.9 17.01 

Se 0.0 4-78 16.73 

Te 0.0 3.17 10.43 

aEnergies are relative to most stable conformer. 



Table 3.2 Relative En-iesaof E r n e l ,  fE - - S. Se. Te) Isomers (u mol -11 

- - - - - - - - - - - - - - - - - 

E 52 ( s Y ~ ,  S Y ~ )  53 (syn, anti) 54 (anti, ann) 

S 0.0 2.35 39.03 

Se 3.35 0.0 33 -79 

Te 1-24 0.0 25.43 

aEnergies are relative to most stable conformer. 

Table 3.3 lists the calculated bond lengths and bond angles for 52,53 and 54 

(R = Me). The bond angles LNEN and LCNE increase on going from the sterically least 

congested isomer, anti, mti (54), to the most crowded isomer syn, syn (52). Both angular 

increases will help to reduce the increasing repulsion between the two NMe fragments. 

The optimized structure for MeN=S=NMe in the syn, anti (53) conformation is in 

reasonable agreement with experimental values for Slj . l l The calculated N=S and N-C 

distances differ by about 0.03 A from experimental values whereas the bond angles 

deviate by up to 4 ". 



c~ r E - S. Se. Te) Isomers 

Isomer Bond lengths (A) and S Se Te 

Bond angles ( O) 

d(E=N) 1 S67a 1.767 1.979 

gn, s).n dm-C) 1.436 1.439 1.439 

LNEN 126.Y 123.2 118-8 

B C  126.P 122.5 122.3 

I d(E=N) I 1.576 (1 -532)b 1,779 1.99 1 

syn, anti I d(N-C) I 1.437 (1 -464)b 1 -433 1.427 

LNEN 11 1.9 (1 13.6)b 103.4 95.3 

ILENC I 116.2 (120.4)b 113.3 109.1 

d( E=N) 1.572 1.774 1.98 1 

anti, anti dm-C) 1.444 1 -443 1 -434 

R\JEN 109.1 102.1 94.2 

L N K  113.6 1 12.4 I 18.4 

a The corresponding values for Slj are d(S=N) = 1.536(3) A, LNSN = 129.5 (16)O and 
LSKC = 132.9 (7)'.84a 

Experimental data from Reference 164. 

3.2.2. Orbital Interactions in N. N'-Dimeth~lchalcoeen Diimides 

To explain why E(NR)2 (E = S, Se, Te: R = H, Me) favour the more congested 

q n ,  q m  (52) and q n ,  anti (53) conformations over anti, mti (54) with a minimal steric 

repulsion between the two NR fragments, the electronic structures of E(NMe)2 (E = S, 

Se, Te) will be discussed. 
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In order to develop a qualitative understanding of the conformational preferences 

in E(NMe)2 (E = S, Se, Te), it is helpful to consider first the isoelectronic molecule, 

sulfur dioxide- The well known molecular orbitals (MOs) of SO, - are constructed from 

one s and three p atomic orbitals (AOs) on each nucleus.l72 Figutc 3.1 shows the six 

occupied MOs of highest energy and the lowest unoccupied MO with equal contributions 

from S and 0. 

Figure 3.1 The Key Molecular Orbitals of SOZ. 
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The corresponding MOs for S(NMe)Z can be constructed by observing that the 

fragment NMe is isolobal with the oxypn atom as illustrated by SSa, S5b, and 5%. To a 

fusst approximation, two of the NMe hpment orbitals (55% 55b) are essentially the same 

as those of oxygen in that they have approximate inversion symmetry at the nitrogen 

center. Thus, to a fust approximation, the orbital energies for lbl, la2, and 2bl (Figure 

3.1) will not differ in the three conformations of S(NMe)? as 55a and S R  of oxypn are 

replaced with the corresponding orbitals on the NMe fra-merit On the other hand, the 

third - W e  orbital, 5541 is simcantly different from that of oxygen because it lacks an 

inversion center at the nitrogen atom. Consequently, the orbital energies of 3a 1, 3b2 and 

?al will differ in the three conformations of S(NMe)2 as 55c of oxygen is replaced by the 

NMe analogue. The difference is particularly important for the bonding 3al orbital and 

its antibonding 4al counterpart, whereas the non-bonding orbital 3 q  obviously will be 

less influenced by the choice of conformation. 

This change is illustrated in Figure 3.2 where the 3a1, 4al and 3b2 orbitals of 

S(NMe)* for the syn, syn and anti, onti conformations are shown. Based on geometrical 

considerations, the bonding 3a 1 orbital is more stabilized and the antibonding orbital 4a 1 

more destabilized in the antil unti compared to the syn, syn conformation. However, for 

the same in-phase, 3al, and out-of-phase, 4al, interactions, the destabilization energy, 
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&, is numerically larger than the stabilization energy, AEl (see Figure 3.2), consistent 

with standard perturbational molecular orbital (PMO) considerations. The orbital 3b2 is 

also destabilized to a lesser degree (4). 

anti, anti 

Figure 3.2 Correlation Diagram for the 3a 3b2, and 4a Orbitals 
of the syn, on and anti, anti Isomers of S(NMe)2. 

The qualitative PMO considerations given above can be used to rationalise why 

the rqn, s)n conformation is calculated to be more stable than the unti, unti isomer by the 

more quantitative Dm treatment for the entire series (E = S, Se, Te). although 

the rqn, s y ~  conformation is sterically less favourable. The syn, anti isomer represents a 

corn promise between optimal steric and electronic interactions. It is found to be very 

similar in energy to the syn, syn conformation (Tables 3.1 and 3.2). 
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3.3. Dirnerization of Chdconen Diimides. RN=E=NR E = S. Se, Te: R = H. Me) 

3.3.1. Calculated Structures of the Chalco~en Diimide Dimers. RN=E~u-NR)~E=NR 

(E = S. Se. Te: R = H. Me) 

Sulfur diimides are thermally stable and have been structurally characterized 

with a variety of groups attached to rhe nitropn~,8~a159-16~ whereas selenium 

diimides are thermally unstable at room temperature.85 Tellurium diimides, on the 

other hand, do not exist as monomers: instead, the two known examples are thermally 

stable dimers .82*88789 In the solid state, 'BuNTe(p -NtBu) *WBu (24) adopts a cis 

structure (with respect to terminal NtBu groups) and, in solution, no exchange 

between bridging and terminal NtBu groups is 0bserved.82~~ 

The calculated structure for the tellurium diimide dimers RN=E(p-NR)2E=NR 

(as described in Figure 3.3) was optimized with the cis butterfly shape and C2, 

symmetry. In Table 3.4, the calculated structural data for R = Me are given, along 

with the data from the crystallographically characterized structure for the Te 

derivative with R = LBu. The calculated structure for the model tellurium dimer 

agrees fairly well with experiment, but the tellurium-nitrogen bond lengths are 



overestimated by 0.06-0.08 k Although the sulfur and selenium analogues of the 

dimer are unknown, similar cis butterfly structures were optimized with C2, 

symmetry. 

. 
Table 3.4 Comnarison of the O p ~ m ~ z e d  Structures for RN=Etu-NRb&-NR - E - - S. Se, 

T .  = -av Structure for E Te. R Bu - - = t 

Bond Lengths (A) Optimized Structure X-Ray 

and E = S  E = Se E=Te Structure b 

Bond Angles R = M e  R = M e  R=Me (E = Te,R = tBu) 

I d(E-Nb) I 1.797 1.987 2.140 2.08 l(8) 

d(E=N ,I 1.547 1.735 1 -96 1 1.876(10) 

~~~d 78.2 76.3 72.8 75.6(4) 

I LfiitENb) I 1 12.4 108.1 105.3 1 13.4(5) 

1 1 98.4 98.5 104.5 101.1(6) 

a The subscripts b and t refer to bridging and terminal nitrogen atoms, respectively. 
b Experimental data from Reference 89. 

Comparison of Tables 3.3 and 3.4 shows that the exocyclic chalcogen- 

nitrogen bonds (E=N,) are very slightly shorter than the chalcogen-nitrogen bonds in 

the monomeric chalcogen diimides, whereas the endocyclic bonds, as expected, are 

significantly longer. For example, the sulfur-nitrogen bond in the syn, syn isomer is 

1.567 A, while in the sulfur diimide dimer d(S=Nt) is 0.020 A shortex. For the 

selenium and tellurium dimers, the exocyclic bonds d(E=N,) are 0.044 A and 0.030 A 

shorter, respectively, compared to the value of d(E=N) for the lowest energy syn, anti 

isomers. The changes to the endocyclic E N b  bonds are more ~ i g ~ c a n t  for the 
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lighter chalcogens: down the group from sulfur to tellurium, the increases are 0.230 

A. 0.208 A, and 0.149 A, respectively. 

Figure 3.3 Schematic Drawing of the Dimer RN=E(p-NR)2E=NL 

3 -3.2. Isomers of the Dimer. HN=Te lu-NH)?Te=NH - 
For comparative purposes, another isomer of the teUurium diimide dimer was 

considered (R = H is less computationally demanding). In addition to the cis butterfly 

shape of the Te 2N2 ring with C 2, symmetry mentioned previously in Section 3 -3.1, a 

C~MS isomer with C2h symmetry was optimized. This isomer has a similar shape to the 

unsymmetrical tellurium diimide dimer in Equation 1.20 from Section 1.3-3.3. The 

Te2N2 ring is planar and the H's on the tenninal nitrogens are positioned exc? to the ring. 

These two geometries are described in Table 3.5. 

The calculated relative energies reveal that the warn isomer is 52.35 kJ mol-I 

higher in energy than the cis isomer. Figure 3.4 compares the seven highest occupied 

molecular orbitals in each of the two isomers. Symmetry designations are provided for 

the full point group, C 2v or C 2 ~  for cis or nuns, respectively, along with the labels to 

describe the symmetry when it is reduced to C,, with both isomers having a common 

mirror plane which passes through both of the tellurium atoms- 



Bond Lengths (A) and Bond Angles (O)a cis isomer (C2J nan.s Isomer (CB) 

d CTe-Nb) 2.149 2.089 

d(Te=N,) 1 -945 1.965 

&y,Teq,) 73.7 72.1 

L(NtTeNb) 105.2 101.1 

L(Te&Te) 103.4 107.9 

Z a b  33 1-4 360.0 

a The subscripts b and t refer to bridging and tenninal nitrogen atoms, respectively. 

The most dramatic differences in orbital energies are revealed in the seven 

orbitals shown in Figure 3.4. Of the orbitals that change energy, only one is more 

stabllimd in the nuns isomer, 4b,. The Te lone pairs are the biggest contribution to rhis 

orbital and its counterpart 4b2. Not surprisingly, the orbital is lower in energy when 

those lone pairs are farther apart in the r r m  geometry. The other five orbitals which 

change energy are more destabilized in the nuns isomer. In 2a2, 7al, 4bl, and 6al, the 

puckered ring of the cis isomer alleviates antibonding interactions by the bridging 

nitrogens when compared to the p-type lone pair on the planar nitrogens in the trans 

isomer. An example of this is shown in Figure 3.5(a). The n-bonding orbital has a" 

symmetry with respect to the common mirror plane: 3bl in h e  cis isomer, and 34, in the 

m s  isomer. In this case, a contribution from the bridging nitrogens makes the cis 

isomer more bonding as shown in Figure 3.5(b). 



cis isomer trans isomer 

Figure 3.4 Correlation Diagram for the Isomers of HN=T~(P-NH)~T~=NH. 



Figure 3.5 Comparison of Correlated Orbitals in cis and mm Isomers of 
HN=T~(P-NH)~T~=NH with H atoms on Nb atoms omitted for clarity. 
(a) 7a 1 (cis) and 6b, (am); (b) n-bonding: 3b 1 (cis) and 3a, (pans) 
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The other possible type of isomerization involves the endo or em orientation of 

the group attached to the terminal nitrogen. For instance, metal complexes of the dimer 

24 can have t Bu groups which are em to the Te 2Nz ring.92~93 While this type of 

isomerization was not modelled by DFT, it can be predicted that the energy barrier for 

this rotation would probably be quite small. The barrier to rotation in iminopnictoranes. 

H3P=hW, has been calculated as 2.54 kcal mol-1,173 so the barrier for this Te=N rotation 

is probably of a similar magnitude. The calculated charges on Te (6+ = 1.02) and N, 

(6- = 0.72) indicate that there is a contribution from the ylide-type resonance form A 

which may account for a low rotational barrier about the Te=N bond. 

3 -3.3. Calculated Ener gv of the Dirnerization Reaction 

To determine the energy of the hypothetical dimerization process (Fibme 3.6). 

the model system RN=E(p-NMe)2E=NR (R = H, Me) was optimized for E = S, Se, 

Te. Using the generalized transition state method, 134 the steric and electronic 

contributions to the dimerization energy can be separated: 

according to 
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Here is the energy required to alter the geometry of the planar monomer to 

its geometry as a distorted fragment of the dimer; this distortion is discussed in Section 

3.3.4. The term hEO represents the steric interaction energy between monomers. It 

includes the stabilizing electrostatic interaction between the two fragments and the 

exchange repulsion component resulting from the destabilizing interactions between 

occupied orbitals on each fragment Finally, AEe1 of Equation 3.2 accounts for the 

stabilizing interactions between occupied and empty f r a p e n  t orbitals. Together, ( A E O  + 

represent the energy gained by coupling the distorted fragments. 

Me 

MeN *+rule 
E = S, Se, Te 

Figure 3.6 Hypothetical Dimerization Process of MeN=E=NMe (E = S, Se, Te). 

The observed experimental state (monomer or dimer) of the chalcogen diimides is 

dependent on the energetics of the dirnerization reaction. Both Tables 3.6 and 3.7 show 

the same trend for the chalcogns. The coupling of the distorted diimide fragments (@ 

+ Eel) is energetically favorable for all three chalcogens. However, the preparation 

energy of 190.9 kJ mol -l for the N, N'-dimethyl sulfur diimide is much larger than that for 

the tellurium analogue (125.3 id mol-1). This difference is factored into the energy of 

dirnerization twice (since two monomers are required to make a h e r )  and this costs 

more energy (381.8 kJ mol-l) than is gained by the orbital interactions (-346.9 kJ mol-I): 

therefore, the reaction is considerably endothermic (adimerizatiOn = 34.9 kJ mol-I). This 

is consistent with the experimental observation of monomeric sulfur diimides. For 

N,Nf -dimethylselenium diimide, the dimerization is not significantly exothermic 



(amewrion = - 2.8 kJ mol-1). Experimentally, selenium diimides appear to be 

monomers that decompose quickly.85 On the other hand, the dimerization is clearly 

exothermic for N,N'-dimethyltellurium diimide (AEdimeriubm = -82.9 kJ mol-1) which 

has the smallest preparation energy (G = 125.3 W mol-I), in agreement with the 

o bse wed dimeric n a m e  of tellurium diimide~.gz88~89 

. . Table 3.6 C a u d  En-es for Dimenzauon of EWHI2 (E - - S. +Se. TeF 

a k~ mol-l. 
b *dimerizatiW = 2%+(@+&) 

See text for deffition of G, AE*, and AEel 

Table 3.7 Calculated Ener~ies for Dimerization of E(NMe)Z(E - - S. Se. Te) a 

a W mol-1. 
b AEdimerizatim = 2 % + (@ + A&) 

See text for definition of h, AEo, and el 
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While the combination term (@ + E e l )  does not follow a trend, by examining 

the separate components in Table 3.8, it can be seen that there are two competing trends. 

For AEo. the steric interaction energy decreases fiom sulfur to tellurium. This is not 

surprising as the bond lengths are shorter for sulfur than tellurium, leading to a more 

repulsive interaction The AOs of the heaviest chalcopn have a poorer overlap with 

nitrogen and the orbital energies are much higher, so the stabilizing electronic interaction 

energy? AEe1. becomes more positive from sulfur to teliurium. 

- .  . - 
T a b l e m o n  of E o f e I 2  CE = S. Se. Tda 

a kT mol-1. 
b S teric interaction energy. 

Electronic interaction energy. 

The trend in preparation energies correlates with predicted chalcogen-ninogen 

double bond energies; it is more difficult to stretch a sulfur-nitrogen bond with a large 

3p-2p overlap than to elongate a tellurium-nitrogen bond with a more modest 5p-2p 

overlap. The difference in preparation energies is also revealed in the changes to bond 

lengths mentioned above. The most pronounced lengthening of 0.230 A in the 

endocyclic sulfur-nitrogen bond of the dimer corresponds to the largest preparation 

energy of 190.9 kJ mol-I. 
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3.3.4. Orbital Interactions in the Dimerization of N,N'-Dimethv~teUurium Diimide 

A more detaiied anaLysis of the orbital interactions involved in the dimerization of 

NN-dirnethylchalcogen diirnides will provide an understanding of the bonding The 

Iowest energy geometry of N,N'-dimethyltellurium diimide is the syn, anti isomer- To 

"prepare' this monomer for dimerization, the geometry must be distorted. Figure 3.7 

shows the changes to bond lengths and angles that occur in the distortion from monomer 

to the fra-pent geometry The bonds a, b, and d stretch while bond c contracts slightly. 

The bond angles ab and cd close, and bond angle bc opens up. The dihedral distortions 

from the planar monomer correspond to abc changing from 180" to 3g0, and bcd 

changing from O0 to 96'. The anti NMe becomes the bridging NMe in the dimer, as can 

be seen in Figure 3.7 where the NTeN skeleton from the second fragment in the dirner is 

shown. 

The orbitals of the syn. anti isomer are distorted into the fragment orbitals as 

shown in Figure 3.8. The almost 90" twist of abc u4l move the out-of-plane p 

contribution on the endocyclic nitrogen. This is shown for the LUMO and the four 

highest occupied orbitals- This distortion lowers the energy of the LUMO, while raising 

the energy of the two other most important orbitals for the dimerization process. The 

distorted fragment does not have the same symmetry requirements as the planar 

monomer. therefor2 Ihe fragment orbitals will mix. For example, this can be seen in the 

changes to the HOMO. Because the fragment is not planar, symmetry does not require 

only out-of-plane p contributions for the tellurium and exocyclic nitrogen. Also, in the 

planar HOMO, there is no contribution from tellurium because none of its AOs can 

effectively overlap with the out-of-phase out-of-plane nitrogen lone pairs. The distorted 

fragment does not have this restriction, and a contribution fiom teIlurium mixes in as 

shown in Figure 3.8. 



Figure 3.7 Distortion of Planar Tellurium Diimide to Fragment Geometry. 



1 la' 

1 Oa' 

Figure 3.8 Distortion of Planar Tellurium Diimide MOs 
to MOs with Fragment Geometry. 

Contributions from the orbitals of methyl groups have been omitted for clarity. 
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When the fragment molecular orbitals of the monomers combine to form the 

molecular orbitals of the dimer, the fragment orbital populations change. Table 3.9 gives 

the most important populations. In the bonding that holds the dimer together, the three 

highest MOs on each monomer are depopulated while the LUMO of each monomer is 

populated. The contributions of these monomer fragment orbitals to the dimer molecular 

orbitals are most simcant in the frontier orbitals of the dimer as described below. 

Table 3.9 Orbital Po~ulatjons of Fw- 

Orbital Population in Monomer Population in Dimer Change 

13a 2.0 e 1.87 -0.13 

14a (HOMO- 1) 2.0 e 1.58 -0.42 

15a (HOMO) 2-0 e 1.53 -0.47 

16a (LUMO) 0.0 e 0.98 4 - 9 8  

The bonding and antibonding interactions between fragment orbitals are depicted 

in Figure 3.9 looking along the C 2 axis in the direction shown. The two fragments join 

along the dashed lines in the Te2Nz ~ g .  Based on the occupations of the fragment 

orbitals, one might expect the (HOMO-1)s and the HOMOS of the fragments to combine 

as four-electron destabilizing interactions. The actual orbital energies in Figure 3.10 

show that this is not in fact the case. The destabilized antibonding HOMO-HOMO 

combination B* rises in energy to become the LUMO of the dimer. The electrons instead 

occupy the bonding LUMO+LUMO combination C which is more stabilized than the 

antibonding HOMO- HOMO B*. The dashed lines in Figure 3.10 show the most 

significant contributions of fragment orbitals to the dimer orbitals. All orbitals have A 

symmetry and can mix with these frontier orbitals, so the fragment HOMO is not the only 



depopulated orbital. As mentioned above, the three highest occupied orbitals on each 

fragment lose electrons to the fragment LUMO. 

Me 1 Me 
N' 

\ 

Looking down the C2 axis: N 
\ ,bJ, / 
Te-N-Te 

Figure 3.9 Important Orbital Interactions in the Dimerization Process. 
Methyl groups attached to N, atoms are omined for clarity. 

A (HOMO- l)+(HOMO- 1) A * (HOMO- 1)-(HOMO- 1) 
B HOMO+HOMO B* HOMO-HOMO 
C LUMO+LuMO C * LWO-LUMO. 



LUMO 
HOMO 

HOMO- 1 

LUMO 
HOMO 

HOMO- 1 

Monomer Dimer Monomer 

Figure 3.10 Key Molecular Orbitals for the Dimerization Process. 
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3.4. Frontier Orbitals of the Tellurium Diimide Dirner (24) 

Now that the most signifkant contributions to the frontier orbitals are known, it is 

also possible to consider how they look when all contributions are combined- The three 

highest occupied molecular orbitals and the LUMO of N, N'-dimethyltellurium diimide 

dimer are shown in Figure 3.11. The HOMO-2 mainly consists of the a-type lone pairs 

on the terminal nitrogens, while the HOMO-1 has some contribution from the x-type lone 

pairs on the terminal nitrogens, along with a large %-type lone pair contribution from the 

bridging nitrogens. The HOMO is predominantly non-bonding, as n-type lone pairs on 

the terminal nitropns. The LUMO is predominantly rr* (antiboading) between each 

tellurium and terminal nitrogen and is Te-based. 

The frontier orbitals are of particular interest in considering and predicting the site 

of attack in reactions of the synthetically available tellurium diimide dimeo, especially 

24. In Section 1.3.3.4, the reactions of 24 with the nucleophiles, L W r B u  and KOtBu, 

were described. As would be expected given the nature of the LUMO, the attack of the 

nucleophilic reagent occurs at tellurium. This population of the LUMO weakens the 

terminal tellurium-nitrogen double bond. In the reaction of 24 with electrophiles like H+ 

and Me+, the terminal nitrogen is the site of reaction, as would be expected from either 

the HOMO or HOMO-2. In reactions with metal cations Wre C U ~ +  and Ag+, the 

interactions between 24 and the cation cause interesting changes in the geomemy of 24 as 

described in Section 1.3.3.3. These interactions at the terminal nitrogens must invoive 

either the HOMO or the HOMO-2. 



- 

LUMO 

HOMO 

HOMO- 1 

Te 

Figure 3.11 Frontier Orbitals of Tellurium Diimide Dimer, MeNT'e(p-We) 2TeNMe. 
Methyl groups attached to Nb atoms are omitted for clarity (HOMO-1 and HOMO-2). 



3-5. Conc1usions 

Density functional theory @FT) calculations have been used to investigate the 

process of dimerization for the three chalcogen diimides RN=E=NR (E = S, Se, Te: 

R = H, Me). The calculations for these monomers (R = Me) reveal that the energies of 

the on, Qn and syz, mti isomers differ by < 3.5 kJ mol-1 for all three chalcogens while 

the ann', anti isomers are substantially higher in energy (by 25-39 id mol-1). A 

qualitative understanding of this difference can be attributed to the electronic structure of 

the chalcogen diimides. In particular, the antibonding interaction between the in-plane 

nitrogen lone pairs and the p, orbital on sulfur destabilizes the most sterically favo urable 

anti. anti isomer. 

The calculated dirnerization energies for MeN=E=NMe show that the process is 

endothermic (AE = 34.9 kJ mol-1) for E = S, approximately thennoneutral (AE = -2.8 

kJ mol-l) for E = Se. and strongly exothermic (AE = - 8 2 9  kJ mol-1) for E = Te. A 

qualitative analysis of the orbital interactions involved in the dimerization process reveals 

that the LUMOs of the diimide monomers are populated in a stabilized bonding 

LUMO+LUMO interaction that is lower in energy than the antibonding HOMO-HOMO 

interaction. The most simcant contribution to the energy of dimerization is the energy 

required to distort the planar diimide monomer into haif of the bunerfly dimer. These 

differences can be attributed to the expected trend to wards lower x-bond energies for 

chalcogen-nitrogen (np -2p) x-bonds along the series S(n = 3), Se(n = 4), Te(n = 5) .  

Examination of the frontier orbitals of the tellurium diimide dimer, 

MehTe(~-NMe)~TeNble, proves useful in explaining and predicting the reactivity of 

tBuNTe(p-NtBu) fleNtBu. In particular, the bonding in complexes of 

tBuNTe(p-NtB~)~TeNth with metal cations (Ag+ and Cu+) show different modes of 

coordination. 



3 -6. Theoretical Section 

3.6.1. Com~utational Details 

The methods used were detailed in Section 2.5. The qn, syn and anti, anti 

monomers of RN=E=NR (E = S, Se, Te; R = H, Me) were optimized with C2, symmetry 

and the syn, mti monomer of RN=E=NR (E = S, Se, Te; R = H, Me) with C, symmetry. 

The cis isomer of the diimide dirners RN=E(p-NR)2E=NR (E = S, Se. Te: R = H, Me) 

had C1, symmetry while the mans isomer of HN=T~(~L-NH)~T~=NH was optimized with 

Ca symmetry. 



CEiAPTER FOUR 

Svnthesis and Reactions of PBuNTeX 

4.1. Introduction 

While tellurium chemistry continues to attract more and more attention,6937 studies 

of Te(lV) compounds are limited by the dearth of suitable T e O  reagents. Reduction to 

teIlurium@) species is a facile process. For instance, tellurium tetrahalides are commonly 

used reagents for tellurium chemistry. When reacted with many lithium reagents, however, 

these t e l l u r i u m 0  reagents are often reduced and, consequently, only tellurium(II) 

products are observed. 

The formation of a Te(II) product is not fully understood. Roesky and coworkers 

prepared Te[N(SiMeg)d~ according to Equation 4.1, and proposed a radical me~hanism?~ 

i-e., decomposition of Te[N(SiMe3)ijq. By contrast, Wright and coworkers suggested 

reductive elimination of C12 en route to the compound { ~ e m e 2 ] ~ } , . 3 9  When protonic 

acids, e-g. amines (NH2R, NHR2), phosphines (NHzR, NHR2), and thiols (RSH), are 

reacted with this tellwium(II) compound, dimethylamine is eliminated; in one instance, a 

stable tellurium product, Te(SCPh3)2, is isolated. 

This type of Tech-lithium amide chemisuy has also been used to generate 

(RC=C)2Te by the reaction of terminal acetylenes with Te(II) amides prepared in situ 
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Symmeuical di- 1-aikynyl tellurides have also been synthesized directly as shown in 

Equation 4.2, via a reductive-elimination pathway.19 

In an effort to develop the chemistry of tellurium 0 compounds, the tellurium 

diimide dimer,8Zg9 % U N T ~ ( ~ - N B U ) ~ T ~ N ~ B U .  24, has proven to be an extremely useful 

reagent as outlined in Section 1.3.3.3. For example, reaction of 24 with tBuNHLi affords 

the dilithium derivative of the novel ms(telz-buty1imido)teUutite dianion as a dirner, which 

possesses a hexagonal prismatic core of Te2N6Li4 (25 from Section 1.3 .3.4).90*95 

Another rellurite ion is fotmed when 25 is reacted with KOBu (Equation 4-3).101 

This chapter will report on a new type of tellurium compound, the imidotelluriurn 

dihalides, @NTeX2], where R=tBu, and XS1 (S), Br (57), as well as attempts to 

prepare X=I (58). For X=C1, the value of n was found to be six from the X-ray crystal 



100 

structure. In an effort to form a complex of 56 with tetrarnethylthiourea (tmtu), the T e O  

complex. ( t~n tu)~TeCl~  (59), was produced. 

The utility of [C1ZTe(p-WBu)2TeCld3 is shown by its reaction with a variety of 

nucleophilic salts, MA. In these reactions, the metal chloride is eliminated (LiCI or KCl) 

and the chlorides are replaced by the nucleophiles (Equation 4.4), where A = ( 0 % ~ ) - ,  

(N(SiMe3)2]2)-, { NmMes* I-. 

1. [rBuNTeC12] + 2 MA + 1 [BuNTeA* 1, + 2 MCl 
6 n 

The reaction with KOBu forms the novel dialkoxyimidoteUurium dimer, 

['BuNTe(O'Bu)fj2, 60, and its structure was determined by X-ray analysis. This is the 

first dialkoxyirnidotellurium compound. A similar metathesis reaction with the dilithiurn 

diazasulfate, {Li2(tBBuN)2S@ - ),, eliminates both chlorides from 56. AU experimental 

details are included at the end of this chapter, along with the improved method for the 

synthesis of the dimer 24. 

4-2. Im~roved Svnthesis m 
As discussed in Chapter One, the preparation of tellurium diimide dirners has 

recently been rep0rted.~*~88~8~ The symmetrical diimide dimer, tBuMe(CI-NrBu)2NBu, 
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24, was first formed89 in 41 96 yield by adding a slurry of W t B u  in hexane and toluene 

(prepared in sim from rBuNQ and LinBu) to a solution of tellurium tetrachloride in toluene 

at - 100OC. The reaction mixture was stirred at 23°C for 24 hours- This thick slurry was 

frltered with difficulty, often with partial decomposition to elemental tellurium, to remove 

the lithium chloride precipitate. The toluene was removed under reduced pressure, and the 

solid extracted with dichloromethane and then hexanes. The volume was reduced for 

crystallization of pure product. A sipficant amount (17%) of the six-membered ring, 

Te3(NtBu)3, is formed by this method. It often co-crystallizes with the dimer 24 and has 

similar solubility properties, but its limited solubility in cold pentane proved useful in 

washing away the trace amounts that contaminated pure crystals of dimer 24. 

Nevertheless, crystallized samples of dimer 24 usually contained at least some six- 

membered ring, and sublimation of dimer 24 was necessary for large quantities of pure 

reagent. 

A considerable improvement% was made in the synthesis of the dimer 24 by 

isolating LNHtBu as a pure reactant before adding it as a solid directly to the cooled 

toluene solution of TeC14. The reaction mixture was kept at -78°C for 12 hours before 

allowing it to warm to U ° C .  A cenuifuge in the drybox was used for separation of LC1 

from portions of the reaction mixture. While this method increased the yield of 

recrystallized dimer 24 to 55% and decreased the yield of six-membered ring to only very 

small amounts, the presence of a by-product, (Te2~Bu)4[LiTe~u)2(NHtBu)]LiC1}2, 

(26) was noted? It was found that this compound could be degraded into the dimer 24 

and 27, [L~T~(WBU)~(NH~BU)]L~C~, if the reaction mixture was heated to 60°C for 24 

hours. This additional step was added to the synthetic method before the toluene was 

removed from the fdtered reaction mixture. The residue remaining after the toluene was 

removed was extracted with hexane, filtered and then concentrated for recrystallization. 
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This synthesis fell short of being a good "recipe" for dirner preparation as the 

TeC14/LiNWBu reaction is far from a simple system. In repeated preparations of dimer 

24, many elements of the procedure were modified in attempts to increase yield and purity, 

as these were quite variable even when controllable reaction conditions remained constant 

Different choices of apparatus were used in order to efficiently add the solid LiNH'Bu. 

Use of the centrifuge was discarded and replaced by a filtration again, this time with a large 

diameter fme-sintered glass kit. Longer and shorter reaction times were examined the 

toluene solution was stirred at higher temperatures and heated longer to determine the 

effects. The overall unpredictability of this synthesis seemed to depend on the crucial fmt 

step - the addition of solid m u  and its low solubility in toluene. The reaction mixture 

is initially quite inhomogeneous. The nature of the slurry depends on the speed of the 

addition, the speed of stirring, and the properties of the solid LiNHtBu (how frne the 

powder is). As the reaction proceeds, dimer 24 is formed and more LiNHfBu dissolves 

and reacts. Eventually, the mixture is no longer "lumpy" and is a slurry of variable 

viscosity. It appeared that the reaction went much more smoothly when the reaction 

mixture was as homogeneous as possible. The obvious solution to the problem was a 

change in solvent to achieve greater homogeneity. 

Tetrahydrofuran can be used to dissolve most of the LiNHtBu. This slurry is then 

added to a THF solution of TeC14 cooled to -78OC. After a few hours at low temperature, 

the mixture is stirred for two days at room temperature. The solvent is removed, and the 

residue extracted with diethyl ether, filtered, and then the solvent is removed. This process 

oives a yield of 80%. No six-membered ring is fomed by this route. The dimer 24 does LC 

not need to be recrystallized in order to appear pure by 'H NMR, but shows small amounts 

of impurities in " r e  NMR and ' ~ i  NMR as measured by Dr. G. Schaae. These impurities 

can be removed by sublimation of the dimer 24 if high purity is required, but, for many 

reactions, this is not necessary. In some cases, the impurities play a role in the reaction 



103 

chemistry or crystallization, for example, reactions with Ag+ which are affected by the 

presence of LiCl. Overall, this method gives higher yields of a better quality product for 

less experimental effort and makes the use of 24 as a reagent in tellurium chemistry much 

more feasible. 

4.3. Svnthesis of ItBulVTe (X=C1. Br. I) 

The dimer 24 undergoes a redistribution reaction with tellurium tetrahalides where 

the halide is chloride or bromide, by the process: 

Initially, the reaction with tellurium tetrachloride was attempted in toluene and gave 

a messy crude product with some decomposition. The reaction with tellurium tetrabromide 

could not be carried out in toluene because this reagent is too insoluble in toluene- 

Consequently, tetrahydrofuran was used as the solvent in both reactions and much cleaner 

products were generated. The reaction is carried out in the cold (-60°C), and large scale 

reactions need to be stirred overnight at room temperature. 

The dichloride (56) is a yellow-gold powder which can be recrystallized in a 

minimum of THF at room temperature to give yellow crystals, It is not very soluble in 

THF, sparingly soluble in acetonitrile and dichloromethane, and completely insoluble in 

diethyl ether, toluene. hexane. and pentane. The 1H NMR spectrum shows only one 

environment (6 1.62) for the ten-butyl group and resonances for coordinated THF. Since 

good spectra are only obtained in d8-THF, it is not possible to use integration to determine 

the amount of coordinated THF. One tert-butyl environment is observed in the 13C NMR 

specuum with the methyl groups at 6 33.1. and the tertiary carbon at 6 63.9. The 1251, 
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NMR spec- reveals a singlet at 6 13 12. The compound decomposes in both EI and 

FAB mass spectrometers. In the air, the dichloride 56 decomposes slowiy. THF 

solutions repeatedly give beautiful crystals that grow as extremely thin sheets which stack 

together in layers like sheets in a pad of paper. Batches of these lamellar crystals have 

variable sizes in two dimensions, but always have a very thin third dimension (10 pm). 

From X-ray analysis, the value of n=6 was determined (see Section 4.7). 

The dibromide (57) is only soluble in THF and is even less soluble than the 

dichloride. The initial product from Equation 4.5, a red solid, is a mixture with the largest 

intensity 1H NMR resonance at 6 1.64, and a second smaller intensity resonance at 6 1.46. 

This mixture can be recrystallized to give the dibromide 57 as a yellow-orange powder that 

I; > 

10 Calculated ' 
1. Observed 

Figure 4.1 Comparison of Calculated and Observed Intensities 

in EI-Mass Spectrum of 57, M+ (c8Hl8N2Te2Br3). 
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has a resonance at 6 1.46 and also shows coordinated THF in the IH NMR spectrum. 

Again, the amount of coordinated THF is not known. While the EI mass spectrum of the 

dibromide 57 has a number of overlapping peaks probably due to other fragments, it does 

reveal a molecular ion peak at 639 which corresponds to a dimer (n=2) that has lost a 

bromine atom. Figure 4.1 shows a comparison of the observed and calculated intensities 

for CgHI8N2Te2Br3, where the agreement is not terribly good, but still provides further 

evidence for the composition of 57. The sample completely decomposes in the FAB mass 

spectrometer. The dibromide 57 is relatively stable in air, but turns white upon addition of 

water. 

The reaction of the dichloride 56 with two equivalents of bromotrimethylsilane 

gives a red solid. Its IH NMR spectrum shows only one signal, 6 1.64, but 
C 

recrystalIization from THF gives the dibromide 57 as a yellow-orange powder. This 

exchange reaction (Equation 4.6) gives a cleaner product than the reaction of 24 with 

TeBr4. In both reactions, the initial product (6 1.64) is presumably an isomer of the 

dibromide 57, which, upon recrystallization, converts to the dibromide 57 (6 1.46). The 

initial product decomposes in the EI mass spectrometer, and has been characterized by 1H 

NMR,  elemental analysis, and an IR spectrum (vide infra). Crystals of the dibromide 57 

tend to grow either as long thin needles, or as small blocks that clump together. In both 

cases, these crystals are too small for conventional X-ray diffraction. 

4.4. Attem~ted Preoarations of PB'BuNTeIg (58) 

A similar redistribution reaction (Equation 4.5) may take place when X=I to give 

the diiodide (58). but decomposition to a black precipitate occurs during the reaction at low 
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temperature in tetrahydrofuran. In the IH NMR spectrum of the very dark black powder 

obtained as a crude product, a mixture is observed with the most intense singlet at 6 1.63, 

two slightly less intense singlets at 6 1.56 and 6 1.70, and another smaller singlet at 6 

1.84. 

The exchange reaction of 56 with iodotrimethylsilane (6 Equation 4.6) did not 

proceed cleanly in THF, due in part to the susceptibility of THF towards ringopening in 

the presence of Me3Sil The IH PUMR spectrum of the crude product showed three ten- 

bucyl environments, the largest at 6 1.62, with two other resonances of approximately 

equal intensity at 6 1.64 and 6 1.53. A significant amount of Me3SiO(CH2)41 was 

identified primarily by the distinctive triplet at 6 3.25 (J = 7 Hz) due to the protons on the 

same carbon as the iodine (cf literature value in unknown solvent, 6 3.2 l).175 The 

resonances for the other methylene protons are hidden by the signals for the residual 

protons in dB-=, but the trimethylsilyl protons are seen at 6 0. I 1 (cf. Literature value in 

unhown solvent, 6 O.l2).175 Attempts to purify this product by recrystailization gave 

more complex spectra, as some decomposition occurred- A change of reaction solvent to 

hexane also gave an immediate reaction with a similar mixture as determined by 1H NMR, 

with three rert-butyl environmena, the largest at 6 1.62, a smaller resonance at 6 1.65 and a 

smaller resonance at 6 1.53. All of these reaction attempts gave very low yields. This 

observation was especially surprising considering that the chlorine atoms are being replaced 

by the much heavier iodine atoms, and since the analogous bromine exchange occurred in 

relatively good yield. The loss of mass is puzzling, but may be the result of elimination of 

elemental iodine from the products, and the formation of Tea)  products. 

4.5. Preparation of ttrnnQ2TeCl2 (5% 

Organotellurium trihalides. RTeX3, form one-to-one complexes when combined 

with tetramethylthiourea (tmtu).176 Given the similarity between this type of compound 
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and the dichloride 56, it seemed likely that complexation might occur to give 

[~BuNTeCl~mtu),. - The first attempt with this reaction in THF gave crystals from the 

cooled reaction mixture that were only characterized by single crystal X-ray diffraction by 

Dr. Parvez. The isolated compound was (t~ntu)~TeCl~ (59) and its ORTEP is shown in 

Figure 4.2. 

Table 4.1 Crvstallogra~hic Data for trmtuhTeC12 (59) 

- - - - - - - 

This work Reference 1 7 8 

fonnuia c1@24~4~2c l2Te  10%4N4%c12Te 

fw 462.95 462.95 

space group Pl(bar) (#2) Pl (bar) (#2) 

a (A) 8.116(2) 10.619(1) 

b (A) 8.862(2) 1 1.430(1) 

c (A) 7.424(2) 9.035(1) 

a ("1 1 06.24(2) 10 1.90(1) 

I3 ("1 94.10(2) 120.03(1) 

Y (O) 64.0 1 l(17) 84.88(1) 

v (A31 460.0(2) 928.9(3) 

z 1 2 

p ( M o K a )  (cm-1) 2 1 -27 2 1.7 

(A) 0.7 1069 0.70926, 0.7 1353 

P ~ l c  (g  1.67 1 1.655 

T (OC) - 103.0 a. 

Residuals: R; Rw 0.075, 0.085 0.044, a, 

dimensions (mm) 0.28 X 0.15 X 0.08 a. 

a, Not given, 



Figure 4.2 ORTEP of ( a n t ~ ) ~ T e C l ~  (59). 



This material had previously been formed from (tmm)TeC12 (prepared from Te% in 

aqueous HCl and antu)ln and tmtu in hot D M F - H C ~ . ~ ~ ~  Unfortunately, neither 

(untu)TeC12 or (rmtu)2TeC12 were characterized by any type of NMR spectroscopy when 

they were first reported in the literature. Somewhat surprisingly, these TeC12 complexes 

have not been used as reagents even though they were fmt prepared over thmy-five years 

ago.179 These compounds represent a stabilized versioi of the reactive and normally 

unstable 'TeClT, and, as a Te@) reagent analogous to the ubiquitous SCIZ, could provide 

a route to new T e O  chemistry. Recently, pure selenium dichloride has been prepared as a 

thermally unstable red oil.180 Complexation of SeC12 with one equivalent of tmtu gives 

SeC12(tmtu), whose X-ray structure has been determined.180 It is a chloro-bridged dimer- 

The relevant crystallographic details for the two X-ray structure determinations of 

59 are included in Table 4.1. The most significant difference is the size of unit cell: the 

product obtained in this work has one molecule in the unit cell, whereas that of the literature 

product contains 2 molecules which have slightly different bond lengths and angles and 

different orientations in the unit cell. Table 4-2 compares selected bond lengths and angles 

for the two structures. 

In both structures, the geometry at tellurium is square planar, as predicted by 

VSEPR rules for a molecule with four bonds and two lone pairs. The trans chlorides make 

a ClTeCl angle of precisely 180°, and the sulfur atoms of the untu groups are also in trans 

positions with an exactly linear STeS angle. The TeCl distances are not signifkantly 

different between the two crystals. In this work, the bond length of 2.57612) A is c n  9% 

longer than the predicted tellurium-chlorine single bond (2.34 A1.42 Similarly, the TeS 

distances are not si@icantly different for the two data sets, and the bond length for this 

work (2.68 l(2) A) is ca. 1 1 6  longer than the predicted tellurium-sulfur single bond (2.40 

A).42 These trends have been observed in other cenwsymmetric squareplanar T e O  

complexes with thioureas or selenoureas as  compared by Foss and coworken.l78 



Table 4.2 Selected Bond Lengths (A) and An~1e.s for ~ t~ntu)~TeCl~  (5% 

Bond Lengths 

Te-CI 

Bond Angles 

S-Te-Cl 

- - - - - - - 

This work 

2-576(2) 

2-68 l(2) 

1.7 lO(6) 

Reference 178a 

a There are two values for each metrical parameter because there are two different molecules 

in this unit cell. 

The bulk crude product isolated by removing the solvent from this reaction mixture 

has a complex 1H NMR spectrum. The largest signal, which probably corresponds to 59, 

is at 6 3.05 and is overlapped by a smaller one at 6 3.06. Of slightly less intensity are the 

two signals at 6 1.64 and 6 1.62, of which the latter is most likely attributable to the 

dichloride 56. Lf [rSuNTeC12~tmtuJ, is formed, it would account for the resonance at 

6 3.06 by its tmtu protons, and for 6 1.64 by its 'Bu protons. Three other smaller signals 

are stU large enough to be significant: 6 3.38,6 1.53,6 1.17. None of these resonances 

correspond to mtu, but the protons in tBuN=NBu are seen at 6 1-17. The IH NMR 
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resonance for the tmtu ligand in SeClz(mtu) occurs at 6 3.36.180 This suggests that the 

first of the three small signals may be (tmtu)TeC12. 

When the crystals of 59 were mounted for crystallography, they had to be removed 

from the cold bath and handled in the dry box. This manipulation appeared to cause subtle 

colour changes. It is conceivable that ['BuNTeCIZmntu], formed initially, but thermally 

decomposes to (mtu)TeCl2, 59, and tBuN=NCBu. As mentioned previously, it is not 

uncommon for Te(TV) compounds to be reduced to Te@) species. 

4.6. Possible Structures of I ~ B U N T ~ X ~ I ,  (XSl. Brl 

If n= 1, these dihalides would have a reactive tellurium-nitrogen double bond. As 

detailed in Chapters One and Three, in all other systems with >Te=NR, stability is achieved 

through dimerization of Te=N. There are two possibilities for the structure of a dimer of 

56 or 57 with a Te2N2 ring as shown in Figure 4.3(a) where the halogens are in the axial 

positions of a uigonal bipyramid, while in Figure 4.3(b) the halogens are in axial and 

equatorial positions. 

(a) (b) 

Figure 4.3 Possible Structures for [C1ZTe(p-Ngu)2TeCl where X = C1, Br. 

A structure similar to that shown in Figure 4.3(a) is observed in the 

bisamidotellurium dihalides described in Section 1.2.4. Chlorides in nonr positions are 

observed for [(Me3Si)2N12TeC12,41 and [R3PPJIZTeCl2 where R = ~ e ~ 5  and ~h .*  All of 

the known examples of diorganotellurium dihalides have this arrangement as well. While 
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the irnido tellurium dihalides, [tBuNTeXd2, are similar to these diorgano- and 

bisamidotelluriwn dihalides, they have a crucial difference: multiple bonding at tellurium. 

As such, the interaction in the dimerization of Te=N determines where the halogens are 

positioned, so the structure in Figure 4.3(b) may also be possible. An arrangement of this 

son is observed in the analogous imido tellurium dimer, 41 ([CF3SNTeC12*THFJ2), which 

has a planar four-membered Te2N2 ring.105 Each tellurium atom has a pseudo-octahedral 

geometry with one nitrogen and the lone pair at the apices, and with the equatorial positions 

occupied by the other nitrogen, the chIorides, and the oxygen from the coordinated THF 

molecule. 

An additional site of possible aggregation is through the tellurium-halogen bonds. 

Of the three bisamidotelluriurn~ dichlorides described above, one exists as a monomer, 

wh3PNl2TeCl2, and the other two have TeCl intermolecular bonds. In we3PN]2TeC12, 

there are two TeCl bonds and the compound is a dimer. In [(Me3Si)tNJ2TeC12, there is an 

extended network of tellurium-chlorine contacts as previously depicted in Figure 1.5. 

Similar extended systems are observed for diorganoteUurium(n3 dihalides. 

Diorg an y ltellurium(TV) dihalides have been studied extensively since the 1950s. 

Compounds of the type, R2TeX2 or R TeX2, oligomerize through their Te-X contacts 

to form extended chains and cages depending on X and R. Phenoxatellurin 10, lO- 

dichloride (61) forms a unique step tetramer with three different types of chlorine: one-, 

two- and three-coordinate.181 There are several different types of polymeric sheets or 

chains that can be formed for these diorganyltellurium(n3 dihalides as shown in Figure 

4.4: (a) loosely bound sheets with one and two coordinate halogens;l82 (b) infinite chains 

with each tellurium interacting with two iodine atoms; (c) infinite chains with both Te-I 

and 1-1 interactions.la Some iodides also form extended three-dimensional networks 

through both Te-I and 1-1 contacts.185 McCullough and co-workers have extensively 

studied these bonding systems and noted that compounds with only Te-I interactions are 



red-coloured, while those with 1-1 bonds tend to be dark purple oftea with a metallic 

lustre. 185 

Figure 4.4 Some Common Structural Types of Diorganyltelluriurn Dihalides. 
Lone Pairs on Te are omined for clarity. 
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Ln all of these structures, the geometry of the tellurium in the monomeric species is 

slightly distorted trigonal bipyramidal with one position vacant In general for the extended 

structures of known compounds, the tellurium is octahedral with varying regularity. While 

it may be expected for the lone pair on tellurium to distort the angles in this octahedron, the 

most sigMicant distortions involve long Ten-X bonds. 

There are a few exceptions to the six-coordinate distorted octahedral tellurium 

environment in these compounds. For C4H8STe12, there are two molecules in the unit cell 

with two different teliurium geometries: pentagonal bip yramidal in one, and pentagonal 

bipyramidal with one vacant site in the other.186 The strucnual characterization of the 

complete series Ph2TeX2 (X = C1, Br, I) reveals another type of coordination. For 

X = Cl,'87 and one of the molecules in the B-form for X = 1)*8 the arrangement around 

tellurium is distorted octahedral with one vacant site. 

!ow solubilities of both the dichloride and dibromide suggest that they have 

extended structures similar to the types described above. In fact, the very nature of the 

crystals themselves may suppon this idea McCullough and coworkers note a comection 

between extended structure and crystal morphology. In one polymorphous pair of iodides 

(R=C8Hg), the a form crystaUizes as plates or needles, and has a two-dimensional layered 

structure (Figure 4.4 (a)), while the P form has a three-dimensional network, and grows as 

nearly isometric crystals. 

Shucrures of the sulfur and selenium analogues of ['BuNTeX2], (X = C1, Br) are 

unknown, but their physical properties are consistent with monomers (c$ sulfur and 

selenium monomeric diimides, Chapter Three). The sulfur compounds, RNSC12, have 

been used in organic synthesis in the preparation of new thionitrosoarenesll*9 bur they are 

not particularly useN as they are hygroscopic oils which are very air and moisture 

sensitive. The selenium compounds have only been prepared as perfluoroalky1 derivatives, 

but they readily decompose (Equation 4.7).190 The markedly different physical properties 
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of these imidochalcogen nihalides demonstrate yet another difference between the chemistry 

of tellurium and that of the lighter chalogens, sulfur and selenium. 

1.7. X-rav Analysis of M31,Tet~-WBu~~TeC1&(56) 

A yellow m a n w  shaped flat plate of 56 was obrained from a minimum of THF 

with a slow diffusion of hexanes overnight at room temperature. The plate was coated in a 

viscous oil (Paratone N from Exxon), and then mounted on a glass fiber using a thin layer 

of epoxy glue and immediately inserted into a cold nitrogen stream (-100OC) by Dr. 

Enright. As determined in the X-ray diffraction analysis by Drs. Parvez and Schane, an 

ORTEP diagram of the structure of 56 is shown in Figure 4-5, and packing diagrams are 

shown in Figures 4.6, 4.7 and 4.8. Relevant crystallographic data are included in Table 

4.3. Selected bond lengths and angles in 56 are provided in Tables 4.4-4.5 and 4.6. 

The ORTEP in Figure 4.5 shows two asymmetric units related by an inversion 

centre. The asymmetric unit contains three monomeric units of ['BuNTeC12]. The 

structure of the hexamer, [C1ZTe(p-NWu)2TeC1~3, can best be described as a trimer of 

dirners, [C12Te(p-NrBu)2TeC12J, which have aggregated through Te -C l  contacts. As 

predicted in Section 4.6, the dichloride 56 dimerizes through the T e a  bond to give Te2& 

rings, which will be discussed fxst. The central [CltTe(p-NLBu)2TeCl dimer unit has the 

geometry shown in Figure 4.3(a) with both chlorides in the axial positions of a trigonal 

bipyramid, while the outer dimers have one tellurium (Te(1))with chlorides in axial 

positions and one tellurium (Te(2)) with chlorides in axial and equatorial positions. All of 

the nitrogens are planar: ZLN(1) = 358.9' ZLN(2) = 360.0°; C L N ( 3 )  = 359.8'- The 

tellurium-nitrogen bond lengths range from 1.943(3) to 2.076(3) (cf. the predicted value of 

a tellurium-nitrogen single bond length of 2.04 A)?* This range will be commented on 
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shortly. As shown in Table 4.4, all of the AeNTe  angles in the Te2N2 ring are 

approximately 103", while the LNTeN angles range from 75.3(1)' for Te(2), to 78.7(1)" 

for Te(1). 

Table 4.3 Crystallommhic Data for fCl*-NtB~)~TeCld~ f!Ml 

- - - - - -- - - - 

f0rKNlh C16H35C16N30Te3 

fw 880.97 

space group C Uc (#IS) 

a (A) 35.2264(9) 

b (A) 1 1.4548(3) 

c (A) 14.3656(4) 

a (") 90.0 

I3 ("1 101.6450(10) 

Y ("1 90.0 

v (A3) 5677.4(3) 

Z 8 

p (MoKa) (cm-1) 19.04 

(A) 0.7 1073 

PC& (g ~ m - ~ )  2.06 1 

T (W - 100 

Residuals: R; Rw 0.0249: 0.0396 

dimensions (mm) 0.20 x 0.20 x 0.04 



Figure 4.5 ORTEP of [C12Te(p-NBu)2T'eC1Z]3 (56). 



Figure 4.6 Packing Diagram of [C12Te(p-NtBu)2TeC1d3 (56) 

Viewed Down the b Axis. 



Figure 4.7 Packing Diagram of [C12Te(p-NtBu)2TeC12]3 (56) 

Viewed Down the a Axis. 



Figure 4.8 Packing Diagram of [C12Te(p-NtBu)2TeC1Zlg (56) Viewed Down the c Axis. 



Table 4-4 Selected Bond Lengths (A) and Intermolecular Contacts (A) for 56 

Bond Lenbmhs 

Te( 1 )-N(1 ) 1 -997 (3) 

Te( 1)-N(2) 1.943(3) 

Te(2)-N(1) 2.01 6(3) 

Te(2)-N(2) 2.076(3) 

Te(3)-N(3) 1.980(2) 

Te(3)-N(3)* 2-025(2) 

Te( 1)-C1( 1) 2.388(1) 

Te(3) -C1(5) 2.437(1) 

Te(3)-Cl(6) 2.729(1) 

Te(2) -C1(6) 2.798(1) 

Te( 1)-Cl(2) 2.892(1) 

Te(3)-Cl(2) 2.855(1) 

Te(2)-Cl(3) 2.416(1) 

Te(2)-Cl(4) 2.662(1) 

Intermolecular Contacts 

Te(1 )-C1(3)* 3.704(1) 

Te( l)mC1(4)* 3.107(1) 

Cl(2)-~e(2)* 3.463(1) 

Symmetry transformations used to generate equivalent atoms: *, -x + 1 % -y + 1 % -2 

Symmetry operation: *, +x, -y + 1, +z + % 



Table 4.5 Selected Bond Andes ( O )  for 56 in Te& Rims and Around Te(l) 

- - - --- - -- - -- - - 

Bond Angles in Te2N2 Rings 

Te( 1 )N( 1)Te(2) 103.1(1) 

Te(l )N(2)Te(2) 102-9(1) 

Te(3)N(3)Te(3)* 103.1(1) 

N(2I-w 1 IN( 1 ) 78.7(1) 

N( 1 )Te(2)N(2) 75.3(1) 

N(3)Te(3)N(3)* 76.9(1) 

Bond Angles Around Te(1) 

N(2)Te(l )C1(1) 96.3(1) 

N(I)Te(l)Cl(l) 98.8(1) 

C1(2)Te(l )CI( 1) 161.7 

C1(2)Te(l )N(2) 101-7 

C1(2)Te(l)N(l) 88.1(1) 

N(l )Te( l )-C1(3)* 1 14.9(1) 

C1( 1 )Te( 1 )*-C1(3)* 91.3(1) 

C1(2)~e( 1 )-C1(3)* 70.5(1) 

N(2)Te( 1 )K1(4)* 163.3(1) 

C1(2)Te( 1 )*-C1(4)* 63.5(1) 

C1( 1 )Te( 1 )--<1(4)* 91.3(1) 

Symmetry transformations used to generate equivalent atoms: *, -x + 1% -y + 1% -z 

Symmetry operation: *, +x, -y + 1, +z + h 
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Table 4.6 Selected Bond Andes fO) for 56 Around Te(2) and Te(3) 

Bond Angles Around Te(2) 

N(l)Te(2)C1(3) 94.6(1) 

N(2)Te(2)C1(3) 96.4(1) 

N(l)Te(2)C1(4) 91.7(1) 

N(2)Te(2)C1(4) 165.5(1) 

Cl(3)Te (2)CI (4) 90.8(1) 

N( 1 )Te(2)C1(6) 97.6(1) 

N(Z)Te(2)C1(6) 87.7(1) 

C1(3)Te(2)Cl(6) 167.8(1) 

C1(4)Te(2)CI(6) 87.8(1) 

N( 1 )Te(2)-C1(2)* 165.7(1) 

N(2)Te(2)-Cl(Z)* 1 18-3(1) 

Cl(3)Te(2)-1(2)* 80.0(1) 

C1(4)Te(2)-C1(2)* 75.3(1) 

C1(6)Te(2)*<1(2)* 88.0(1) 

Bond Angles Around Te(3) 

N(3)Te(3)C1(5) 98.6(1) 

N(3)*Te(3)C1(5) 95.2(1) 

N(3)Te(3)C1(6) 93.5(1) 

N(3)*Te(3)C1(6) 89.9(1) 

C1(5)Te(3)C1(6) 167.6(1) 

N(3)Te(3)C1(2) 97.0(1) 

N(3)*Te(3)C1(2) 173.0(1) 

Cl(S)Te(3)C1(2) 89.2(1) 

Cl(6)Te (3 )C1(2) 86.8(1) 

Symmetry transformations used to generate equivalent atoms: *, -x + 1% -y + 1% -z 

Symmetry operation: *, +x, -y + 1, +z + 4 
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Tables 4.5 and 4.6 present the angles around each Te atom. The geometry at Te(l) 

is a distorted trigonal bipyramid with one vacant site, but in the extended structure, two 

Tee-Cl contacts make a distorted octahedron. Both Te(2) and Te(3) possess a distorted 

square pyramidal geometry, but again, an additional T e - C l  contact to Te(2) makes a 

distorted octahedron- To illustrate these T e e 1  intermolecular contacts, Figure 4.6 shows 

the packing down the b axis for one half of the unit cell along the a axis. This view clearly 

shows the parallel chains of the trimers of dimers (hexameric units I, II. I*), along with 

the positions of the highly disordered THF molecules. While Figure 4.6 suggests that only 

one end of each hexameric unit, [C12Te(p-WBu)ZTeCl&, is involved in intermolecular 

bonding, Figure 4.7 reveals more insight into the three dimensional arrangement in this unit 

ceU. Looking down the a axis, the zigzag polymeric chain is apparent, where the other 

ends of hexarners I and I* form contacts to another molecule of II. The spiral array of 

hexarners arises from the fact that II and I/I* are related by a c-glide- The zigzag positions 

of the hexamers are further presented in Figure 4.8 where a view down the c axis is shown 

including the molecules of THF. 

Table 4.7 compares the TeCl lengths in the diorganotelluriurn dichlorides and the 

bisamidotellurium dichlorides which are not monomers to those in 56. For comparison, 

the sum of the van der Waals radii for Te and C1 is 4.00 A38 and the predicted single bond 

length, doe-Cl), is 2.34 A.42 The dichloride 56 has the shortest one-coordinate TeCl 

bond len,oths in Table 4-7. Both Te(1) and Te(3) have terminal tellurium-chlorine bonds 

which are 2.388(1) A and 2.437(1) A, to Cl(1) and Cl(5). respectively. The bond lengths 

in 56 can also be compared to those of the [Te41V2c18]2+ cation (39) where d(TeC1) range 

from 2.27 A to 2.51 A,l03 and to those of the related dimer [CF3SNTeClyTHF]2 (41), 

where the axial and equatorial d(TeC1) = 2.5 1 1 A and 2.373 A, respectively.105 

The bridging two-coordinate chlorines follow a different trend in 56 than in the 

other compounds in Table 4.7. The distance from Cl(3) to Te(2) is 2.416(1) A and its 
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contact to Te(1) on a different molecule is 3.704 A. In all other cases, coordination to a 

second Te weakens the TeCl bond. For C1(4), the observed values more closely follow the 

trend of the other structures, however, the TeCl and Te-1 lengths are more similar to 

each other. The contact for Cl(4)-Te(l) is shorter at 3.107 A, but the bond to Te(2) is 

longer (2.662(1) A). For the dichloride 56. Cl(6) is an approximately symmetrical 

bridging chlorine almost equidistant from both Te(2) and Te(3). with lengths of 2.798(1) A 
and 2.729(1) A, respectively. Similarly, Cl(2) bridges symmetrically between Te(1) 

(2.892(1) A) and Te(3) (2.855(1) A), but also has a fairly strong secondary interaction 

with a Te(2) on an adjacent molecule with d(Te-421) = 3.463 A The last two chlorine 

atoms are bonded to Te(2 j and also provide Te-Cl contacts to Te(1). These trends 

suggest that each tellurium atom has a covalently bonded axial chlorine: Te(l), Cl(1); 

Te(2), Cl(3): Te(3), Cl(5); the remaining chlorines have some ionic character and act as 

bridges to form dimers (Cl(2) and Cl(6)) and to give rise to the extended structure (Cl(2) 

and Cl(4)). 

Most of the tellurium-nitrogen bonds show some x-character. The lengthening of 

each TeN bond is related to the strength of the TeCl bond axial to i t  The shortest bond, 

d(Te(l)N(2)) = 1.943(3) A, is axial to the longest Te-CI contact: the longest TeN bond 

length of 2.076(3) A between Te(2) and N(2) has the strongest TeCl contact axial to a 

nitrogen. The bridging TeN distances in the tellurium diimide dimer 24 are both ca. 2.08 

A39 



Table 4.7 Tellurium-Chlorine Bond Lenmhs (A) in Dioreanotellurium Dichlorides. 

Selected Bisamidotellurium DicMorides and 56 

- - -p - 

One-Coordinate C1 Two-Coordinate C1 Threecoordinate C1 

a Reference 182. 
b Reference 187. 
c Reference 18 1. 
d Reference 4 1. 
e Reference 45. 
f This Work 

The reaction of the dimer 24 with two equivalents of tellurium tetrachloride occurs 

in two steps as shown in Figure 4.9. One TeCb molecule attacks the terminal Te=N and 

the h ide  group is transferred to generate the putative monomer of tBuNTeC12. Meanwhile, 

two chlorides are left behind on one tellurium of the dimer 24; this yields the intermediate, 

{ [Bu~We(p-NrBu)~TeCl~} (62). The remaining Te=N on the intermediate 62 then reacts 



with the second TeQ, to give three more molecules of 'BuNTeC12, which are isolated as 

[ClzTe(p-WBu)2TeC1&, 56- 

Figure 4.9 Pathway for the Reaction of 24 with TeC14 (1:2 Molar Ratio). 

By altering the stoichometry of Equation 4.5, the intermediate 62 has been isolated 

(Equation 4.8). The reaction proceeds in THF at low temperature (-60°C) in 61% yield. 

The orange-gold colour of the product is paler than the orange of the dirner 24, but 

darker than the yellow of the dichloride 56. The powder is soluble in hexane, THF, 

diethyl ether, and benzene. The two singlets at 6 1.58 and 6 1.53 in the 'H NMR spectrum 

integrate 2: 1 for protons on the ten-butyl groups attached to bridging and terminal 
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nitrogens, respectively. The 13C NMR spectrum also shows two different types of ten- 

bury1 groups: the carbons attached to the bridging nitrogen at 6 61.3, and to the terminal 

nitrogen at 6 60.6; the methyl carbons of the bridging ten-butylamido group at 6 35.8, and 

those of the terminal ten-butyl imido group at 6 34.9. The 1 2 5 ~ e  NMR specnum reveals 

two singlets for tellurium at 6 1575 and 8 1693. The fint signal is Likely due to the 

bisamidotellurium dichloride enviro~lent ,  as it closely matches the only published l z f e  

NMR shift for this type of compound: 8 1510 for [(Me3Si)2NJm12.41 The highest peak 

in the EI-MS of 62 is found for [M-Me]+ at 528- 

Presumably the reaction shown in Equation 4.8 would begin with the attack of 

Te=N by TeClq, but in this case, the dichloride 56 which is produced reacts with the dimer 

24. This proposed scheme has been supported through a test reaction on an NMR scale: 

the dimer 24 and the dichloride 56 were combined in ds-THF and the 1H NMR spectrum 

revealed only 62 (ZZuation 4.9). 

The greater solubility of 62 in hydrocarbon solvents (cf: 56) suggests that it is 

likely a monomer, which possibly has an weakly associated structure similar to that shown 

in F i p e  1 -5 for [(Me3Si)2w2TeC12. An X-ray diffraction data set was collected by Dr. 

McDonald on a partially hydrolyzed crystal taken from a batch of crystals of 56 grown 

from THE While the quality of the data is poor, a skeleton of the structure can easily be 

resolved as shown in a schematic fofm in Figure 4.10 where one TeCl bond in 62 has k e n  
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hydrolyzed. The OH group so formed is coordinated to a TeCb molecule. Some of the 

crystallographic details are presented in Table 4.8. While this structure does not provide 

information about the value of n, it does lend support to the suuctural framework proposed 

for 62. 

- ~ - - 

formula C 1 6H33CbN302Te3 

fw 825.47 

space group Pbcn (M) 

a (A) 18.863(2) 

b (A) 16,127(2) 

C (A) 17.853(2) 

("1 90.0 

I3 ("1 90-0 

Y ("1 90.0 

v (A3) 543 I .o( 12) 

z 8 

p (MoKa) (cm-l) 19.04 

(A) 0.7 1073 

P d c  ($ ~ m - ~ )  2.019 

T ("C) -80-0 

dimensions (mm) 0.13 x 0.08 x 0.01 



Figure 4.10 Schematic Drawing of tBuNTe(p-NrBu)2(~-C1)Te(~-OH)TeC14. 

4.9. Reactions of ICl-,Tetu-Nrl3~)~TeC& (!5@ 

4.9.1. tBu $2- 

The dichloride 56 undergoes metathetical exchange in THF at low temperature 

(-60°C) with an &oxide salt, KOtBu, to give the novel dialkoxytelluriwn imide, 

[BuNTe(OtBu);?12, 60, in 70% yield: 

The pale yellow product is soluble in hexane, pentane, THF, and diethyl ether. 

Solutions of 60 will precipitate a fine black powder if exposed to small amounts of air or 

moisture. 
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1.9.2. X-ray Analysis of I'BU.NT~(O'BU~-$~ (6@ 

A colourless block crystal of 60 was obtained from a minimum of hexane overnight 

at room temperature and was mounted on a glass fibre using a viscous oil (Paratone N from 

Exxon). As determined in the X-ray diffraction analysis by Dr. Parvez, an ORTEP diagram 

of the smcture of 60 is shown in Figure 4.1 1. Relevant crystallographic data are included 

in Table 4.9. Each of the three carbon atoms attached to C(9) was disordered over 2 sites 

wirh an occupancy of 0-5 at each site. 

Table 4.9 Crystalloma~hic Data for PBuNTe(OBu& (60) 

- - - -  - - 

formula C12H27~02Te 

fw 344.95 

space group Pl (bar) 

a (A) 9,646(5) 

b (A) 10.899(5) 

c (A) 9.439(4) 

("i 94.12(4) 

I3 ("1 118.89(3) 

Y ("1 65-26(4) 

v (A31 778-5(7) 

z 2 

p (MoKa) (cm-l) 19.04 

(A) 0.7 1069 

P a c  (I2 cm-3) 1-472 

T ("0 - 103.0 

Residuals: R: Rw 0.0353; 0.0936 

dimensions (mm) 0.70 x 0.60 x 0.58 



Figure 4.11 ORTEP of [!BUNT~(O~BU)~]~ (60). 



Selected bond distances and angles are presented in Table 4.10. The compound can 

be regarded as a dimer of the novel tellurium (IV) imide ~BuN=T~(OCBU)~. with 

dimerization occurring through the reactive tellurium-nitrogen bond to give a planar Te& - C 

ring (torsion angle N(l )*-Te(1)-N(1)-Te(l)* = 0.0"). The two halves of the dimer are 

related by inversion. The Te2N2 ring is a parallelogram with an angle of 75.90(16)" at 

Te(1) and an angle of 104.1(2)O at N(1). The tellurium-nitrogen bond, Te(1)-N(1), is quite 

short ( 1.943(4) A). The predicted value for a Tea-N single bond is 2.04 A$ and the 

shortest Te(TV)-N bond ever reported is 1.840(9) A.89 The tellurium-nitrogen contacts 

which hold the dimer together, Te(1)-N(l)*, are c a  14% longer (2.217(4) A) than Te(1)- 

N( 1)- 

The nitrogen atoms are almost planar m T ( 1 )  = 358.7O). The dimensions of the 

Te+ - ring in 60 are quite different from those observed in the three known tellurium (TV) 

diimide dimers, and in the related dimer 41, [CF3Sh?eCl2*THFI2. A comparative 

summary of key structural information for these Te2N2 rings is provided in Table 4.1 1. It 

should be noted that the difference in the tellurium-nitrogen bond lengths in 60 is striking 

when compared to the other dimers. The data for the Te2N2 rings in 56 are not included 

here, as the values are dependent on intermolecular contacts between Te and C1 axial to the 

TeN bond (vide supra). 



Table 4.10 Selected Bond Len~ths (A) and Angles 1') for 60 

- - 

Bond Len,oths 

Te( 1 )-O(1 ) 1.929(3) 

Te( 1)-0(2) 2.024(3) 

Te( 1)-N(1) 1 -943 (4) 

Te(1)-N(l)* 2.2 17(4) 

O( 1 1-C(5) 1.450(6) 

0(2)-C(9) 1.4535) 

N( 1)-C(1) 1.496(6) 

Bond Angles 

O(l)Te(l)N(l) 108.86(16) 

O(l)Te(1)0(2) 92.54(15) 

N( 1 )Te( 1 )a21 91.33(15) 

O(l)Te(l)N(l)* 89.23(15) 

N(l)Te(l)N(I)* 75.90(16) 

0(2)Te(l)N(l)* 166.97(13) 

C(5)0(1)Te(l) 135.4(3) 

C(9)0(2)Te( 1) 12 1.8(3) 

C(l)W)Te( 1) 129.7(3) 

C(l)N(l)Te(l)* 124.9(3) 

Te(l)N(l)Te( 1)' 104.2(2) 



Table 4.1 1 Cornoarison of Structural Data for Te& Rings in 

Tellurium mr) Irnide and Diimide Dirners 

Te-N (A) Te-N' (A) Z L N  (O) Reference 

a R=PPh2NSiMe3 
b Mean values for the two molecules in the unit cell, 

The tellurium-nitrogen bond lengths of the Te2N2 ring in 60 sugpst two 

monomers held together through a much weaker interaction than has been observed in 

related dimers. The asymmetry of the ring suggests that there is still substantial double 

bond character in each monomer unit. This idea is reinforced by the fact that the bridging 

nitrogens are planar. Thus, the dimerization may be viewed as the donation from the lone 

pair at nitrogen to tellurium. This could explain the parallelogram shape of the ring and the 

pometxy at tellurium (vide infa). A schematic of the dimerization "process" is provided in 

Figure 4.12. It is possible that the monomer could be stabilized by coordination to a Lewis 

base. e-g. pyxidine or TMEDA. Further evidence for this weak interaction is shown by the 

EI mass spectrum. where the molecular ion peak corresponds to a monomer. 



Figure 4.12 Schematic Representation of Dimerization "Process" for 60. 

The geometry around each te1luriu.m is a seesaw, with 0(2)  and N(l)* (or 0(2)* 

and N(1)) in the axial positions (bond angle 166.97(13)"), and with O(1) and N(1) (or 

0(1)* and N(l)*) in the equatorial positions (bond angle 108.86(16)0). Thus, the lone 

pairs on Te adopt a trans arrangement across the ring. The axial Te-0 bond distance is 

2.024(3) A. whereas the equatorial TeO bond length is 1.929(3) A. The predicted value 

for a teUuriurn(1V)-oxygen bond is 2.00 A.42 The TeO bond lengths in 60 are similar to 

those observed in tetraalkoxy or teeaaryloxy T e O  derivatives, Te(02R)2, as shown in 

Table 4.12. 



Table 4.12 Com~arison of Tellurium-Oxygen Distances in Te0& and 60 

Axial Te-0 (A) Equatorial Te-0 (A) Reference 

Te((&R)2 byp yridine adduct 2.057 1.992 27 

Te(02R)2 18-crown-6 ether adduct 

['B u NTe (OLBU)~] (60) 2.024 1.929 This work 

There is one structurally characterized example of a sulfur analogue of this new type 

of tellurium compound. The monomeric imido sulfur(IV) compound 63 has a typical 

sulfur-nitrogen double bond distance (1.5 1 A), and two short sulfur-oxygen bonds (1 -634 

A and 1.624 A: cf: d(S-0) 1-70 W). There is also a weak So-N secondary interaction.191 



4.9.3. NMR Characterization of fBuNTe(OtBu)& - - (60) 

The l z ~ e  NMR spectrum of 60 reveals a single broad signal (6 1620). The two 

singlets at 6 1.44 and 6 1.74 in the 'H NMR specmun integrate 2: 1 corresponding to the 

protons on the ten-butyl groups bound to oxygen, and to nitrogen, respectively. The 13c 

M4R spectrum shows two different types of ten-butyl groups: the carbons alpha to oxygen 

at 6 76.9 and the methyl groups beta to oxygen at 6 33.6; the carbons alpha to nitrogen at 6 

60.8, the methyl groups beta to nitrogen at 6 35.3. Variable temperature 1H NMR spectra 

were examined between the temperatures of 373 K and 195 K. The resonance for the 0- 

'Bu groups broadens as the temperature is lowered, but two separate resonances are never 

observed. This observation would be consistent with several possibilities: (a) the molecule 

is fluxional with a very low activation energy so that the 0-'Bu groups are equivalent on the 

h i  timescale; (b) the resonances are isochronous, i-e., coincidentally equivalent: or (c) 

the dirneric species 60 dissociates in solution into a monomer with equivalent 0-rBu 

groups (C, symmetry). However, there is no evidence of a monomer-dimer equilibrium 

(c) in the high temperature NMR spectra- It is likely that there is some facile any fluxional 

process (a) which makes the 0-Bu groups equivalent, perhaps by a mechanism similar to 

that for the tetraorganooxytelluxium(IV) compounds mentioned in Section 1-2-2., although 

the resonances may also be accidentally equivalent (b). 
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4.9.4. Pre~aration of PBuNTetN(SiMe$$A (64) 

The dichloride 56 reacts with the lithium salt, LiN(SiMe3)2, in TKF at -60°C to 

give a bisamido tellurium imide, { ~ B U N T ~ [ N ( S ~ M ~ ~ ) ~ ]  2}n, 64, and LiCI: 

The 1H NMR spectrum of the product shows resonances at 6 0.38 and 6 1.55 

which integrate in the ratio of 4: 1 which is consistent with the four trimethylsilyl groups 

and one tert-butyl group in 64, The product is a yellow oil that is soluble in THF, diethyl 

ether, and sparingly soluble in peatane and hexane. None of these solvents can be used for 

crystallization; the product is always oily. Alternative solvent systems were anempted for 

the synthesis. When the lithium salt is added in a hexane slurry, an oil is still produced- 

When dichlorornethane is used as the solvent, the oily material is shown to be a complex 

mixture by 1H NMR. 

These results are similar to the observations reported by Haas and coworkers for 

the reaction of [CF3SNTeC1yTHFJ2 with lithium hexamethyldisilazide. 105 Their product, 

{CF3 SNTe[N(SiMe3)d 2} x, is a dark yellow oil which was characterized by various 

spectroscopic methods, i-e. IR and Rarnan spectroscopy, mass spectroscopy, elemental 

analysis, and NMR spectroscopy for lH, 13c, 19F, 29Si, 12S~e. The oily nature of this 

product and of 64 may indicate monomeric struc tires. 

.. . 
4.9.5. Anembted P r e o m m - d  

Since the reaction shown in Equation 4- 1 1 proceeded to give the bisamidotelluriuxn 

imide 64, it was proposed to tty the reaction with only one equivalent of LiN(SiMe3)z. 
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The product A of this reaction could eliminate chlorouimethylsilane to give an 

unsymmetrical tellurium diimide B (Figure 4.13) in an analogous fashion to that depicted in 

Equation 1.19 for the preparation of the heterocycle 21. The reaction in THF at low 

temperature proceeded to give an orange powder. However, the 1H NMR spectrum of this 

crude product showed the presence of 64 and several other resonances which may include 

those attributable to the desired product. It appears that the intermediate undergoes 

metathesis more quickly than the dichloride 56 so that 64 is formed in significant 

quantities. 

Figure 4.13 Possible Path of the Reaction of 56 with Lim(SiMe3)& - (1:l Molar Ratio). 

An alternative route to B is through a redistribution reaction of the dichloride 56 

with the bisamido~llurium h i d e  64 as depicted in Figure 4.14. The reaction shown in 

Equation 4.1 1 was repeated to prepare 64 which was then reacted with the dichloride 56 in 

THF at low temperature. The intermediate A was produced and identified by 'H NMR 

spectroscopy. The spectrum of the crude product showed two singlets at S 0.3 I and 

8 1.59 which integrated in a 2: 1 ratio representing the two trimethylsilyl groups and one 

ten- butyl group- Prolonged heating at 45-50°C of this compound in THF and in the solid 

state did not produce B. The 1H NMR spectrum showed a complex mixture. 



Figure 4.14 Possible Path of the Reaction of 56 with 64. 

4.9.6. Preoaration of I tBuNTeNHlMes*)& (69 

In the formation of the tellurium diimide dimer 24, the tellurium in TeC14 is 

attacked by the nucleophile, LiNHtBu. Subsequently, LiNHtBu acts as a base to 

deprotonate the hHBu group. In a similar manner, it was expected that the dichloride 56 

could be used to generate previously inaccessible unsy~llmetrical diimides as shown in 

Figure 4.1 5.  In particu1;u; the use of the bulky amido group NMes* might stabilize a 

monomeric tellurium 0 diimide, as dimerization would be hindered in a more stericaily 

crowded diimide. The reaction of [C12Te(p-NtBu)2TeC1d with LiNMMes* involves the 

loss of LiCl and attack of the amide at Te to give the monosubstituted product C. The next 

step can proceed in one of two ways: (1) the intermediate is deprotonated by the second 

equivalent of amide, and a second equivalent of LiCl is formed; this reaction produces a 

tellurium diimide (D) with the elimination of the bulky amine; (2) the second equivalent of 

amide attacks at Te again and a second equivalent of LiCl is formed, This reaction 

produces a bisamidotellurium h i d e  (65). It is possible that 65 may eliminate atnine to 

generate D. These two products (65 and D) would exhibit different 1H NMR specua. 

Figure 4.16 shows the 1H NMR spectrum (dg-'IW) of the crude reaction product from 
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the reaction of 56 with two equivalents of LiNNMes*. No Mes*PiIZ is present, instead 

resonances which are attributed to the compound 65 are observed. 

The product 65 is vexy air-sensitive. On the slightest exposure, the deep green 

colour immediately changes to light brown. Every manipulation results in some 

decomposition. 

~ B U  N=Te=N Mes* 1 - 
D n 

Figure 4.15 Possible Paths of the Reaction of 56 with LiNMMes* (1 :2 Molar Ratio). 



THF 

Figwe 4.16 lH NMR Spectrum of the Crude Product 65. 
The assignments are indicated by the bold numbers in parentheses. 



144 

The compound 65 is extremely soluble in diethyl ether, THF, hexane, and pentane. 

All of these solutions have been used in attempts to precipitate or crystallize the product. 

Only oils and sticky residues have been formed. The high reactivity of 65 may indicate a 

monomeric structure with Te(IV)=N bonds. The elimination of Mes*NH2 from 65 to give 

the tellurium (IV) diimide D does not occur spontaneously at room temperature. 

4.9.7. Attemvted Preparation of 'BuNTeMHlMes*Kl 

In the reaction of 56 with { L m M e ~ * * E t ~ o ) ~ ,  the reaction mixture turns a deep 

red colour as soon as the addition of the lithium salt begins. This red colour persists until 

the reaction warms to room temperature and then the solution becomes green- Attempts to 

isolate this intermediate (C in Figure 4.15) by changing the stoichiometry to 1: 1 and 

keeping the temperature low were not successful. The 'H NMR spectrum of the crude 

product showed a complex mixture which appeared to include 65. 

49.8.  Preparation of 1'BuNTetu-NtBuf$O& (661 

A metathesis reaction between the ten-butylimidotellurium dichloride 56 and the 

dilithium diazasulfate, {Li2(tBuN)2S02)n, produces ( ~ B ~ N T ~ ( ~ - N ~ B U ) ~ S O ~ ) ,  (66) 

(Equa~on 4.12). The crude product 66 is contaminated with small amounts of =acted 

dichloride 56, which can be removed by filtering a diethyl ether solution of 66, and by the 

reduction product, ( T ~ N ~ B U ) ~  (251, which can be removed by hexane washings. The 

compound 66 is soluble in THF and diethyl ether, but insoluble in hexane and pentane. 

Repeated attempts to crystallize 66 from THF solution or by using slow diffusion of 

hexane into a THF solution have yielded only a black precipitate. 

The Se analogue of 66 has recently been prepared by the reaction of an excess of 

tert-burylamine with an equimolar mixture of SeC14 and X-ray analysis has 

shown it to have a monomeric cyclic structure in which the [s@(N~Bu)@- dianion is 



chelated to ~B~Ns&+. 192 The NMR data for 66 indicate a similar structure (see Table 

4.13). The 1 2 5 ~ e  NMR spectrum shows a singlet at 6 1150. 

Table 4.13 'H and ' 3 ~  NMR Data for tBuNE(u-WBu@Q2-\ 

6 1Ha Assignment 8 1 3 ~  Assignment 
' B ~ N S ~ ( ~ - N B U ) ~ S O ~ ~  1.44 (1)  N,'Bu 63.2 NtC(CH3)3 

1-32 (2) N ~ u  59.2 Nbc(cH3)3 
32.1 Ntc(a3)3 

30.0 Nbc(a3)3 

32.0 
a Relative intensities in parentheses. 
b In dg - toluene. 
In dg - THF. 

4.10. Vibrational S~ectroscopy 

Details of several vibrational spectra are provided in Table 4.14. The low q u a l i ~  of 

the FT-Rarnan spechum of 56 should be mentioned as it is not apparent fiom the table; the 

broad bands in this spectrum may be due to the extended structure of 56. Nevertheless, 

several trends can be noted in the compounds in Table 4.14. All the compounds have 



important bands around 1180 cm-l which can be attributed to the stretching of the carbon- 

nitrogen bond- 

Table 4.14 V i b w n a l  Wctral Data for 24. 56 57. and 60 (cm-ll 

1 185 s (br) 

1007 s 

896 s (br) 

791 w (sh) 

753 w (sh) 

721 w 

665 w (br) 

599 w (br) 

373 s (br) 

378 s 

723 s 

654 s (br) 

606 

516 

283 s (sh) 

265 

223 w (sh) 

19 1 

1289 w (sh) 

1260 w (sh) 

1203 w (br) 

1075 s (br) 

1041 s (br) 

881 s 

796 s (br) 

721 s (br) 

658 s (br) 

435 w (br) 

340 w (sh) 

1359 s (sh) 

1232 s 

1180 s (br) 

919 s or) 
897 s (br) 

777 w 

757 w 

708 w 

668 w 

550 w (br) 

452 w (br) 

373 w (br) 

- -- - - - 

a Measured from 4000 cm-1 to 300 cm-I 
b Measured from 3500 cm-1 to 50 cm-I 
c Measured from 4000 cm-1 to 200 cm-1 



There are few examples of Te2& rings, and the vibrational spectra of four of them 

have been reported (Table 4-15}. By comparing the data in the two tables, some important 

conclusions can be reached. All of the compounds in Table 4.14 and the two latter 

compounds in Table 4.15 can be regarded as dimers of Te=N bonds. They each have a 

strong band in the IR specmun between 830 cm-1 to 920 cm-1, probably due to the 

stretching vibrations of TeN bonds in the rings. The dimer 60 has the most asymmetric 

ring, and has two strong bands at 919 and 897 cm-1. 

Another important feature of the IR spectra of some of these compounds are 

tellurium-halogen bands. An extensive comparative study of the far-IR and Raman spectra 

of several tellurium-thiourea complexes, TebXZ (L = thiourea, ethylenethiourea, tmtu, X 

= C1, Br, I) showed that the symmetric stretching of X-Te-X occurs around 245 cm-1 for 

X=Cl and around 150 cm-1 for X=Br, while the IR-active asymmetric bands are found at 

205 and 160 cm-1, respectively (Table 4 .16)w In general, from Tables 4.15 and 4.16, it 

is apparent that absorptions for Te-CI occur below 400 cm-1, and that Te-Br stretches are 

even lower than this. Unfortunately, it was not possible to measure the IR spectrum of 57 

below 300 cm-1. For 56, however, the bands around 280 and 223 cm-1 in both Raman 

and IR spectra can be attributed to Te-CI stretching vibrations, while some of the lowest 

Raman frequencies (142 and 1 15 cm-1) may indicate weaker T e e e l  interactions, as similar 

bands appear in the vibrational spectra of [(Me3Si)2PJ12TeClt (140 and 113 cm-1). 



Table 4.15 IR and Raman Data of Some Cvclic TeN C O ~ D O U ~ ~ S  

5 18m [v(TeN)], 400s 

[v(TeCl)], 378m, 368m. 

328m, 314m, 29411.1, 280m 

[v(TeCl)J, 2 7 h ,  255m, 

245m. 235m. 

757vs and 685s [v(TeN)], 

66 1 w, 367sh [v(TeCl)), 

333m [v(TeCl)], 302w, 

266m. br [v(TeCl)], 165vs 

~WT"fC1)l 

1160~s .  1105vs, 83%- 756s, 

621s, 466s. 404s. 

5 18 and 395 [v(TeN)], 

404 [v(TeCl)], 333, 324, 

287 and 250 rv(TeC1)). 

Not Measured. 

a Reference 103 (Assignments based on comparisons to other TeNC1 compounds. Raman 
data are for the peaks attributable to the cation ~ e ~ ~ $ l * ~ + ) -  

Reference 104. 
Reference 105. 
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Table 4.16 Far-IR and Raman Data for Some Tellurium-Halogen C O ~ D O U ~ S  

(tm t ~ ) ~ T e B r ~ ~  168s. vbr: 150sh; 124m; 98w: 232rn. 199m, 151s, 117sh, 

[Me; Si)2Nj 2TeC12b No Far-IR data. 253s- 191w. 153s. 140s, 113s. 

a Reference 193. 
Reference 4 1. 

4. 11. C o n c l u s i o ~  

A change of solvent from toluene to THF dramatically improves the synthesis of the 

tzLlurium diimide dimer, [tl3~NTe(p-NtBu)~TeNgu], 24, because the experimental 

procedure is simpler while giving higher yields of purer product. This has proved to be 

especially useful in exploring the reaction chemistry of this new T e O  reagent. 

Redistribution of the dimer 24 and TeX4 yields the novel imidotellurium dihalides, 

[tBuNTeX2], where Xsl (56) and Br (57). A better synthesis of the bromide 57 

involves the reaction of [BuNTeCld, and brornouimethylsilaoe. Complexation of 56 

with teuamethylthiourea gave the unexpected T e O  compound, ( t m t ~ ) ~ T e C l ~ ,  59. The 

mechanism of this reduction is not fully understood. 

Both the dichloride 56 and the dibromide 57 are quite insoluble in most solvents, 

but sparingly soluble in coordinating solvents, e.g., THF, CH3CN. The crystal habit of 

56 is thin lamellar sheets, and X-ray analysis revealed an extended structure where three 

dirners of [ C 1 2 T e ( p - W B ) T  aggregate into chains which then participate in further 

intermolecular packing through T e e 1  contacts. It is likely that 57 also dimerizes through 
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the formal tellurium-nitrogen double bond, and then associates into some sort of extended 

structure through tellurium- halogen intermolecular contacts. 

Nucleophilic salts react with 56 to give the metathesis products. For example, 

reaction with KOtBu forms the novel dialkoxytellurium(n3 imide, PBuNT'e(O'Bu)d2, 60, 

which exists as a dimer with a Te2N2 ring and nans-positioned lone pairs on the two 

tellurium atoms. The dimerization in the solid state is highly unsymmetrical in contrast to 

other dimers of this type- The structure suggests two loosely bound monomers. 

Reactions of 56 with lithium salts of amides also generate novel bis-substituted 

imidotellurium compounds. Both ( ! B U N T ~ [ N ( S ~ M ~ ~ ) - J ~ } ~  (64) and 

(CB~NT~(NIH]M~S*)~}, (65) were characterized by lH  NMR spectroscopy. However, it 

does not appear to be possible to generate monosubstituted derivatives of the type 

[tBuNTe(C1)(NRR')Jx exclusively by using a 1 : 1 molar ratio of reagents, because the 

amide salt reacts more quickly with the intermediate than with the dichloride 56. 

The dilithium reagent, Li2(tBrn2S%, reacts with the dichloride 56 in a metathesis 

reaction to generate { ~ B ~ N T ~ ( ~ - N ~ B U ) ~ S O ~ } ,  (66), which, by analogy with the 

structurally characterized Se analogue, probably involves cheiation of the diazasulfate 

dianion [(tB~N)~S02]2- to the [Te=W~u]2+ group in a monomeric structure. 

4-12. Ex~erimental Section 

4.12.1. Reagents and General Procedures 

TeC14 (Aesar), TeBr4 (Aldrich), TeIq (Aldrich), Me3SiBr (Aldrich), Me3SiI 

(Aldrich), tmtu (Aldrich), and DBuLi (Aldrich, 2.5 M in hexanes) were used without 

further purification. KO'Bu (Aldrich) was sublimed prior to use at 225-230°C, 103 Torr 

(Dr. G.  Schane). Lithium salts were prepared by literature methods: LiN(SiMe3)2*Et20 

(prepared by I. Brask),l94 ( L i N N  Mes**Et20 } 2, 195 along with PBUNH)~SO~ (prepared 

by J. ~rask) . l% However, the literature method for LiNHBu1g7 is not suitable for large 
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scale preparations, as it generates too much heat while using flammable chemicals- 

Instead, the reaction involves the addition of nBuLi (Aldrich, 2.5 M in hexanes) to the 

hexane solution of rBuNH2 (Aldrich). Solvents were dried with the appropriate drying 

agents and distilled onto fresh molecular sieves. AU reactions and the manipulation of 

moisture-sensitive products were carried out under an atmosphere of argon using standard 

Schlenk techniques or in an Innovative Technology drybox. 

4.12-2- Instmentation 

'H NMR spectra were measured on a Bruker ACT200 spectrometer. 1 z ~ e  NMR, 

and 13C NMR spectra were recorded on a Bruker AM400 spectrometer- A Varian XL2OO 

spectrometer was used for measurement of 1H W-NMR spectra. IR spectra were 

measured as Nujol mulls on CsI or KBr plates on a Mattson 4020 FT-IR (from 4000 cm-I 

to 200 cm-1) or a Manson Genesis Series K-IR (from 4 0  cm-1 to 300 cm-1). Elemental 

analyses were performed in the Chemisay Department at the University of Calgary. 

Raman spectra were measured by Jarkko PietikZnen at the University of Oulu, Oulu, 

Finland. Electron impact mass spectra (ELMS) were recorded on a VG 7070F instrument 

operating at 70 eV. 

4.12.3. Preparation of tBuNTe(u-NtBu),TeNtBu (m 
A slurry of rBuNHLi ( 1  1.247 g, 140.4 mmol) in tetrahydrofuran (200 mL) was 

added to a solution of TeC14 (9.471 g, 35.15 mmol) in tetrahydrofuran (100 mL) cooled to 

-78°C. The tBuNHLi vessel was rinsed with tetrahydrofuran (50 mL) and the washings 

were added to the reaction mixture. The mixture was allowed to warm to 23OC over three 

hours, and then stirred overnight for two days at 23OC. The solvent was removed under 

vacuum from the dark orange solution. The residue was extracted with diethyl ether (300 

mL) and then filtered, and the solvent removed under vacuum to give an orange solid (24, 
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7 -55 g ,  14.0 mmol, 80%). The 1H NMR data are identical to literature values.89 The 

dirner appears pure by 'H NMR, but shows impurities of three other small signals in the 

125~e  NMR spectrum and several broad signals in the 7Li NMR spectnun as measured by 

Dr. G. Schatte. These impurities are removed by sublimation at 85-90°C, SxlV3Torr. 

The sublimed product shows no 7Li signal, and the only resonance in the * 2 s ~ e  NMR is a 

broad singlet (6 1475, w* 3000 Hz). 

4.12.4. Pre~aration of I C ~ T ~ ( U - N ~ B U ) ~ T ~ C ~ ~ ~  (m 
An orange solution of sublimed tl3~NTe(p-NrBu)~TeN'Bu (2.672 g, 4.95 mmol) 

in THF (125 mL) was slowly added to a yellow slurry of TeC14 (2.670 g, 9.9 1 mmol) in 

THF ( 1 0 0  mL) cooled to -60°C. The reaction mixture was dark green and, after sixreen 

hours at 23 OC, the colour changed to yellow with a small amount of black precipitate. The 

reaction mixture was fdtered and the solvent was removed under vacuum. The yellow-gold 

solid was washed with hexane (20 mL) and then diethyl ether (20 mL) yielding 56 as a 

yellow-gold powder (5.13 1 g, 19.02 mmol, 96%). This can be recrystallized from a 

minimum volume of THF at 23OC. 1H NMR (dg - THF): 6 1.62 (s, C(CH3)3), 8 1.77 and 

3.61 (coordinated THF). l3C NMR (dg - THF): 6 33.1 (s, C(CH3)& 6 63.9 (s, 

C(CH3)$. 1ZTe NMR(d8 - TEE): 6 13 12 (s). FT-IR (4000-200 cm-1, Nujol mull, CsI 

plates): 1209 w, 1174 s, 897 s, 723 s, 654 s(br), 400 w(sh), 283 s, 224 w(sh). EI and 

FAB MS: dec. Anal. calcd. for C20H44C18vTe4: C, 20.88; H, 3.85; N, 4.87: found: 

C. 20.83; H, 3.80; NT 4.82. The strucnue of 56 was determined by X-ray crystallography 

(Section 4.7). 



4.1 2.5. Preparation of ItBuNTeBrA (57) 

4.1 2.5.1. Preparation of f'BuNTeBr& (53  from 24 and TeBr- 
An orange solution of sublimed ~ B U N T ~ ( ~ - N ~ B U ) ~ T ~ N ~ B U  (0.166 g, 0.308 mmol) 

in THF (20 mL) was slowly added to an orange slurry of TeBr4 (0.273 g, 0.610 mmol) in 

THF (20 mL) cooled to -60°C. The first addition turned the mixture deep green. After 

allowing the reaction to reach 23*C, the mixture is red-orange. The solvent was removed 

under vacuum to give a red-orange powder (0.297 g) which is a mixture as determined by 

'H 3MR spectroscopy. Details of the IH NMR (ds - TE-IF) spectrum are provided in 

Section 4.3. This powder can be recrystallized in a minimum of THF to give yellow- 

orange crystals of 57. 1H NMR (d8 - THF): 6 1.46 (s). EI-MS (mn): 639 (MZ-Br)+: 

1 x g ~ 1 8 1 4 ~ 2 1 3 q q 7 9 ~ r 3 + .  

4-12-52. Preparation of I'BuNTeBr?]n (57) from 56 and MelSi%r 

A colourless solution of Me3SiBr (0.30 mL, 0.348 g, 2.27 mmol) in THF (20 mL) 

was slowly added to a yellow solution of [ClzTe(p-NrBu)2TeC12]3 (0.290 g, 0.179 mmol) 

in THF (25 mL) cooled to -60°C. The reaction mixture instantly turns orange. The 

reaction mixture was allowed to warm to 23OC and the solvent removed under vacuum to 

give a red-orange powder (0.292 g). 1H NMR (d8 - THF): 6 1.64 (s). FT-IR (4000-200 

cm-1, Nujol mull, CsI plates): 1252 w, 1179 s, 1042 w, 919 s, 843 w, 71 1 s, 403 w, 237 

s, 223 s. Anal. calcd. for C4H9BrzNTe: C, 13.40; H, 2.53; N, 3.91; found: C, 13.27: H, 

2.35: N, 3.52. Recrystallization from arninimum of THF gives yellow-orange 

microcrystals (57). 1H NMR (ds - THF): 6 1.46 (s, mu), 6 1.77 and 3.61 (coordinated 

THF). F F I R  (4000-300 cm-1, Nujol mull, CsI plates): 1289 w (sh), 1260 w (sh), 1203 

w (br), 1075 s (br), 1041 s (br), 88 1 s, 796 s (br), 72 1 s (br), 658 s (br), 435 w (br), 340 

w (sh). Anal. calcd. for C2&Br8N40Te4: C, 16.74; H, 3.07; N, 3.66; found: C, 

16.86: H, 3.21; N, 4.28. 



4.1 2.6. Attemo ted Preoararion of I'BuNTeIA (!QQ 

4.1 2.6.1. Anemoted Pre~aration of ltBuNTeI& LSS)  from 24 and T ~ I A  

An orange solution of sublimed tB~NTe(pNtI3u)~TeNtSu (0.1 13 g, 0.209 mmol) 

in THF ( 15 mL) was slowly added to a dark slurry of Te14 (0.269 g, 0.423 rnmol) in THF 

(20 mL) cooled to -60°C. The first addition turned the mixture brown. After letting the 

reaction warm to 23OC, the reaction mixture was filtered to remove some black precipitate, 

and the solvent from the very dark red solution was removed under vacuum to give a shiny 

arey-black powder (0.100 g)). Details of the IH NMR (dg - TKF) spectnun are given in cZ 

Section 4.4. 

4.12.6.2. Attern~ted Preoaration of PBuNTeI?I, (58) from 56 and Me- 

(a) A colouriess solution of Me3SiI (170 pL, 0.233 g, 1.16 mmol) in THF (5 mL) 

was slowly added to a yellow solution of [C12Te(p-NtBu)zTeC1& (0.157 g, 0.0970 

mmol) in THF (15 mL) cooled to -60°C. The solution instantly turns deep red. The 

reaction rnixrure was allowed to warm to 23°C and the solvent removed under vacuum to 

give a black powder (0.090 g). 

(b) Colourless MejSiI (100 pL, 0.141 g, 0.703 mmol) was slowly added by 

cannula to a yellow sluny of [C1ZTe(p-NBu)2TeCLJ3 (0.095 g, 0.059 mmol) in hexane 

(20 mL). The powder in the slurry immediately turns black. After fifteen minutes stirring, 

the solvent was removed under vacuum to give a black powder (0.034 g). 

Details of the 1H NMR (ds - THF) spectra of the products from (a) and (b) are 

provided Section 4.4. 

4.12.7. Preparation of t t~ntu)~TeCl~ (59) 

A solution of tetramethylthiourea (0.150 g, 1.13 mmol) in THF (20 mL) was added 

to a yellow solution of [C12Te(p-N1Bu)2TeC12]3 (0.306 g, 0.189 mmol) in THF (25 mL) 



155 

A solution of tetramethylthiourea (0.150 g, 1.13 mrnoi) in THF (20 mL) was added 

to a yellow solution of [C12Te(p-NBu)2TeC12]3 (0.306 g, 0.189 mmol) in THF (25 mL) 

with vigorous srirring. The solvent was removed under vacuum to give an orange powder 

(0.3 1 7 g) which is a mixture. The 1H NMR (C@6) spectrum is discussed in Section 4.5. 

The structure of one of the products, 59, was determined by X-ray crystallography 

(Section 4-5). 

4.1 2.8. Preparations of ItB~NTe(_u-NrBu)~Tecl~& (62) 

(a) An orange solution of sublimed ' B U N T ~ ( ~ - N ~ B ~ ) ~ T ~ N ~ B U  (0.202 g, 0.374 

mmol) in THF (25 mL) was slowly added to a yellow slurry of TeC14 (0.067 g, 0.256 

mmol) in THF (10 mL) cooled to -60°C. The reaction mixture was dark green and, after 

sixteen hours at 23OC, the colour changed to yellowish orange with a smaU amount of 

black precipitate. The reaction mixture was fdtered and the solvent was removed under 

vacuum to give an orange-yellow powder (62,O. 165 g, 0.306 mmol, 61%). 1~ NMR (d8 

- THF): 6 1.53 (s, 9H, Nt-C(CH3)3), 6 1.58 (s, 18H, Nb-C(CH3),). l3C NMR (d8 - 

THF): 6 34.9 (s. Nt-C(CJ33)3), 6 35.8 (s, Nb-C(m3),), 6 60.6 (s, N1-C(CH3),), 6 61.3 

(s, Nb-C(CH3)3). 125Te NMR (dg - TIIF): 6 1573 (s, TeC12 ), 6 1693 (s, Te=N,). Ff-IR 

(4000-200 cm-1, Nujol mull, CsI plates): 1220 w (sh), 1172 s (br), 932 s (br), 917 s (br), 

728 s, 696 s, 629 s, 465 w, 229 w, 224 w, 216 w, 208 s. Anal calcd. for 

C12H27C12N3Te2: C, 26.72; H, 5.04: N, 7.79: found: C, 26.75; H, 5.1 1; N, 7-48. 

EI-MS(rn/Z): 528 (M-Me)+: 12Cl l~2414N3 13qe23%12+. 

(b) Into a vial in the glovebox, 'B~NTe(p-WBu)~TelrltBu (0.020g1 0.074 mmol) 

and [Clf le(pWB~)~TeC12]~ (0.020 g, 0.012 mmol) were combined with d8-THF (0.7 

mL) and well mixed. This solution was ransferred to an NMR tube, and the 1~ NMR 

spectrum was measured approximately one hour after the solvent was first added. The 

details of this test reaction are described in Section 4.8. 



4-12.9. Preoaration of FBuNTe(O'Bu&~l 

A slurry of KOBu (0.456 g, 4.06 mmol) in THF (20 mL) was slowly added to a 

yellow solution of [C12Te(p-NtBu)2TeC12]3 (0.551 g, 0.341 mmol) in THF (25 mL) 

cooled to -60°C. The reaction mixture was allowed to warm to 23OC, the solvent was 

removed under vacuum, and the residue was extracted with diethyl ether (20 mL), The 

yellow solution was filtered to give a white powder, presumably KC1, which was washed 

with diethyl ether (3 x 5 mL). The washings were combined with the filtrate and the 

solvent was removed under vacuum to give a yellow-orange powder (60,0.494 g, 0.716 

mmol, 70%). 1H NMR (C6D6): 6 1.44 (s, 18H, 0-C(CH3),), 6 1.74 (s, 9H, N- 

C(CH3),).  125Te NMR (C7D8): 6 1620 (s, br). l3C NMR (C7D8): 6 33.6 (s, 0-C(CH3)3), 

5 35.3 (s, N-C(CH3)3), 6 60.8 (s, N-C(CH3),), 6 76.9 (s, 0-C(CH3)3). FT-IR (4000- 

300 cm-1, Nujol mull, CsI plates): 1359 s (sh), 1232 s, 1180 s (br), 919 s (br), 897 s (br), 

777 w, 757 w, 708 w, 668 w, 550 w (br), 452 w (br), 373 w (br). Anal calcd. for 

C+54N204Te2: - C, 41.78; H, 7.89; N, 4.06; found: C, 41.08; H, 7.52; N, 4.30. EI- 

MS(m/Z): 349 (M+2)+: 12C12H2914N1602nqe+. The structure of 60 was determined by 

X-ray crystallography (Section 4.9.2). 

412.10. Preparation of ItBuNTeNSiMe$d& (64) 

A solution of LiN(SiMe3)2*Etfl (0.525 g, 2.18 mmol) in THF (25 mL) was 

slowly added to a yellow solution of [ C l 2 T e ( p B 2 T e C 3  (0.295 g, 0.182 mmol) in 

THF (30 mL) cooled to -60°C. The reaction mixture was allowed to warm to 23"C, the 

solvent was removed under vacuum, and the residue was extracted with diethyl ether (10 

mL). The yellow solution was filtered to give a white powder, presumably LiC1. The 
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1.12.10.1. Anern~ted Preaarations of 'BuNTeN(SiMe3 

(a) A solution of LiN(SiMe3)yEt20 (0.160 g, 0.660 mmol) in THF (20 mL) was 

slowly added to a yellow solution of [C12Te(p-NtBu)2TeCld3 (0.162 g, 0.100 mmol) in 

THF (IS mL) cooled to -60°C. The reaction mixture was allowed to wann to 23"C, the 

solvent was removed under vacuum, and the residue was extracted with diethyl ether (20 

mL). The orange-yellow solution was fdtered to give a white powder which was washed 

with diethyl ether (10 mL), Tne washing was combined with the f11trate and the solvent 

was removed under vacuum to give an orange powder (0.11 1 g). The 1H NMR (C,Dd 

spectrum is described in Section 4 - 9 5  

(b) A solution of LiN(SiMe3)2.Et20 (0.525 g, 2.1 8 mmol) in THF (25 mL) was 

slowly added to a yellow solution of [C12Te(p-NtBu)2TeCId3 (0.295 g, 0.182 mmol) in 

THF (30 mL) cooled to -60°C- The reaction mixture was allowed to warm to 2 3 T ,  the 

solvent was removed under vacuum, and the residue was extracted with diethyl ether (10 

mL). The yellow solution was fdtered to give a white powder, presumably LiCl. The 

solvent was removed under vacuum to give a yellow-orange oil (64,0.416 mg, 0-80 1 

mmol, 74%). This oil was redissolved in THF (10 mL) and cooled to -60°C. A solution 

of [C12Te(p-NtBu)2TeC12]3 (0.2 19 g, 0-8 12 mmol) in THF (20 mL) was added with 

stirring. The reaction was allowed to warm to room temperature and then the solvent was 

removed under vacuum to give a yellow-orange oil. The 1H NMR (ds - TIIF) spectrum is 

described in Section 4.9.5. This oil was redissolved in THF (30 mL) and heated to 45- 

50°C for 8.5 hours, and then the solvent was removed under vacuum while still heated. 

The 1H NMR (d8 - THF) spectrum is described in Section 4.9.5. 

1.1 2.1 1. Preoaration of ~ B u N T ~ ( N M M ~ ~ * ) ~  (6s 
A slurry of {LiN[HlMe~*mEt~0)~ (0.273 g, 0.400 mmol) in THF (10 mL) was 

slowly added to a yellow solution of [CIZTe(p-NtBu)2TeClj33 (0.107 g, 0.0661 mmol) in 
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THF (15 mL) cooled to -60°C. The flask that had contained the slurry was washed with 

TKF (5 mL) and added to the reaction mixture. Upon addition, there was an immediate 

colour change to deep red. The mixture was allowed to slowly warm to 23OC, and the 

colour of the solution changed to deep green. The solvent was removed under vacuum to 

oive a sticky residue. The residue was dissolved in diethyl ether (10 mL) and filtered, then C 

the solvent was removed under vacuum. 1H NMR (dg - THF): 6 1.26 (s. 18H, p 

C(CH3)3), 1.44 (s, 36H, o - C ( C H ~ ) ~ ) ,  1.59 (s, 9H, N-C(CH3)3), 4.11 (s, ZH, N-H), 

7.14 (s, 4H, m-H) (see Figure 4.16). 

4.12.1 1.1. Attemvted Pre~aration of tBuNTe(NTHIMes*Kl 

A s l w y  of ( L ~ N [ H ] M ~ S * O E ~ ~ O } ~  (0.166 g, 0.243 mmol) in THF (30 mL) was 

slowly added to a yellow solution of [C12Te(p-NtBu)2TeC12]3 (0.132 g, 0.0816 mmol) in 

THF (30 mL) cooled to -60°C. Upon addition. there was an immediate colour change to 

deep red, The mixture was allowed to stir for an hour and then the solvent was removed 

under vacuum without allowing the reaction to warm to 23OC to give a dark red-brown 

solid (95 me)- The IH NMR (d8 - THF) is described in Section 4.9.7. 

4.1 2.1 2. Preparation of ' B u N T ~ ( u - N ~ u ) ~ S O ~  466) 

To a slurry of ( B U N H ) ~ S O ~  (0.521 g, 2.50 mmol) in THF (30 mL), a solution of 

nBuLi (2-0 mL, 2.5 M in hexane, 5.0 mmol) was slowly added to give a clear solution of 

Li2('BuN)2S02. This solution was cooled to -60°C, and then a yellow solution of 

[C12Te(p-NB u),TeCld3 (0.674 g. 0.4 17 mmol) in THF (30 mL) was added. Upon 

addition, there was an immediate colour change to orange, and as the mixture was allowed 

to warm to room temperam and stir for an hour, the colour changed to deep red. The 

solvent was removed under vacuum, the residue was dissolved in diethyl ether (30 mL) 

and fdtered, then the solvent was removed under vacuum to give a brownish red powder 
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(66, 0.707, 1.75 mmol, 708). 1~ NMR (d8 - THF): 6 1.41 (s, 9H, NrC(CH),), 6 1.47 

(s, 18H7 Nb-C(Cm3)- 13C NMR (dg - THF): 6 32.0 (s, Nb-C(CH)3), 6 34.1 (s, Nt- 

C(CH),), 6 58-2 (s, &,-WH)3), 5 60.6 (s, Nt-C(CH)3). l z ~ e  NMR (d8 - THF): 6 

1150 (s). 



CHAFERETW 

Reactivity of the Tellurium Diimide Dimer. tBuN=Te(u-NtBu)qTe=NtBu: 

Reactions with Protic Reapents and Cvcloaddition Reactions 

5.1. Introduction 

As mentioned previously, tellurium tetrachloride is one of the few reagents available 

in the preparation of compounds containing tellurium. The syntheses of  the homoleptic 

compounds presented in Section 1.2 primarily use Tech  as a starting material to generate 

both Te(m and T e O  products. For instance, Section 1.2.1 discusses the use of TeC14 

and organolithium reagents to prepare T e h  (Equation 5.1).14~16 

M = Li or MgX (X = halide) 

R = Me, CH2=CH, nBu, Me3SiCH2 

However, this route does not always produce a tetraorganotellurium(IV) derivative. 

In some cases, only Tea)  derivatives are observed, even at low temperatures. For 

example, when a 1-alkynyllithium salt is used, the product is  a di- 1-alkynylteUurium(II) 

compound (Equation S.Z).19 

TeC14 + 4 RC-CLLi + TT~(C=CR)~ + 4 LiCl + RC=CC&R (5.2) 
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This problem of reduction to T e O  is also encountered in attempts to prepare amido 

Te(N) compounds.35~36?39 However, syntheses of tellurium tetraaikoxides and 

di&collates are not hampered by the tendency of tellurium0 to be reduced to 

tellurium@) as described in Section 1.2.2. 

-4s outlined in Chapter One and illustrated by the examples in Chapter Four, the 

discovery of the tellurium diimide dimer, ~BUNT~(~-WBU)~T'~N~BU (24), has provided a 

new T e O  reagent for examining novel tellurium chemistry. This chapter will report 

further investigations into the chemistry of 24 involving (a) reactions with protic reagents 

and (b) cycloaddition reactions- 

For the methyl analogue of 24, the HOMO is based on the terminal nitrogens (see 

Section 3.4), and protic reagents (AH) would be predicted to attack 24 at N,, It is possibie 

that NBu groups could be protonated and eliminated in a stepwise fashion- For instance, 

the tenninal imido groups could exchange with alkoxy groups to prepare a compound like 

['B uNTe(0tB u)d (60). Alternatively, a homoleptic compound, TeA4, may be formed by 

replacement of all NtBu groups with A groups. Of course, it is not uncommon for T e O  

products to be prepared from Te(1V) starting materials. However, the dimer 24 may 

provide a gentler route to prepare previously inaccessible TeA4 compounds. 

An examination of the chemistry presented in Section 1.2 provides several 

possibilities for the development of novel chemistry using the dimer 24. For instance, the 

aLkynyl derivatives of Te% cannot be prepared (Equation 5.2). In this case, the dimer 24 

may be a better precursor to these compounds by reaction with terminal acetylenes, which 

possess an acidic hydrogen. Another unknown type of Te(IV) compound. Te(NR2>4, may 

be accessible by reaction with secondary amines, HNR2. As a third example, the reaction 

of 24 with CpH or Cp*H may give rise to the first cyclopentadienyl T e o  or Te@) 

compounds. 
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An important consideration in al l  of these reactions is the pKa of the protic 

compounds. Published pKa values are almost always measured in aqueous solvent 

systems at 25'C . Solvent effects on acidity are very important and can change the Ka 

value by orders of magnitude. For instance, the pKa of acetic acid, CH3COOH, is 4.76 in 

warer and too small to measure in benzene,l98 and ten-butanol and Ph3CH have the same 

pKa in DMS0.199 Richie and Uschold warn against comparing pKa values measured in 

different solvents.200 The reactions described in Section 5.2 all use toluene or pentane and 

occur at low temperature. Regardless, some pKa values will be presented in each case for 

re1 ative comparisons be tween the various reagents used. 

This chapter also includes a discussion of cycloaddition reactions at the Te=N 

double bonds in 24. As calculated in Chapter Three, the LUMO of the methyl analogue of 

24 can be described as x* between Te and N,, but based mainly on Te, while the HOMO 

consists of x-type non-bonding contributions on the N, atoms. The charges on the atoms 

indicate that the dipolar Te=N should be reactive towards other polar double bond systems. 

The theoretical results from Section 3.3.3 show that the coupling of diimide monomers is 

favourable for all of the chakogens, but that the energies of distortion are too great in the 

case of sulfur and selenium to allow for the coupling to proceed. An examination of the 

energies involved raises the possibility that a mixed lighter chalcogen-tellurium diimide 

oligomer may be experimentally accessible. Section 5.3 presents the results of the 

reactions of 24 with the carbon-centred heteroallenes, tBuN=C=E (E = 0, S), and with the 

sulfur-centred heteroallenes, (RN)2,S0, (x = 0, 1,2). 

5.2. Reactions with Pro tic Reagents - 

5.2.1. Reaction of 24  with tBuOH 

When the dimer 24 is combined with rert-butanol, the ten-butylamido groups are 

doubly protonated and eliminated, and tellurium0 tetra-ten-butoxide, 67, is generated in 
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44% yield by the process shown in Equation 5.3. The aqueous pKa value of LBuOH is 

19.198 

As outlined in Chapter One, Te(OtBu)4 is a known compound f i t  prepared over 

thirty years ago,= but it was only characterized by elemental analysis. The pale yellow 

crystals of 67 are soluble in organic solvents, e.g. toluene, hexanes. Crystals of the 

extremely air sensitive 67 were grown from hexanes, but they decomposed in epoxy. 

Crystals obtained from a toluene solution did not diffract- As detailed in Section 1.2.2, the 

stmcturally characterized examples of Te(@R)2 show that the geornetq of tellurium is 

distorted trigonal bipyramidal with one site vacant, therefore 67 should have the structure 

shown in Figure 5.1. 

Figure 5.1 Proposed Structure of T e ( 0 t B ~ ) ~  (67). 

The geometry shown in Figure 5.1 should give different tert-butyl environments for 

67 corresponding to axial and equatorial positions. However, an extensive NMR study by 

Denney er aL of Te(OR)4 and Te(%R)2 revealed that these compounds are fluxional on the 

NMR timescale even at low ternperat~res.~~ The 1H NMR spectrum of 67 reveals a single 
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environment for the ten-butyl groups at 6 1.48. One resonance is observed in the 1"Te 

h'MR spectrum at 6 1614- A sample of 6'1 decomposed in the El mass spectrometer. 

To compare this work to the published reports of 67, the reaction of tellurium 

tetrachloride and potassium terr-butoxide was examined (Equation 5.4) in toluene. The 

pale yellow crystalline sample of 67 prepared in 23% yield by this route was characterized 

by 1H NMR spectroscopy, and showed an identical spectrum (6 1.48) to that of 67 

synthesized by Equation 5-3. 

TeC14 + 4 KOtBu 4 T~(O'BU)~  + 4 KC1 
toluene ( 5  -4) 

67 

A change in the solvent for this reaction dramatically alters the products. The 

reaction cannot be carried out at room temperature in THF, as this exothermic process 

generates a copious black precipitate. However, when the reaction shown in Equation 5.4 

is performed in THF at -60°C, the reaction mixture becomes a gel and not all of the KOtBu 

reacts. Addition of hexane dissolves the gel, and then diethyl ether can be used to separate 

KCI from bis-ten-butoxytellurium(IV) dichloride, ( r B ~ 0 ) ~ T e C l ~  (68), which is isolated in 

70% yield (Equation 5.5). 

The product 68 is extremely soluble in benzene, THF, hexanes, and diethyl ether. 

There is only one ten-butyl environment as shown by 1H and 1 3 ~  NMR spectra in C&. 

In the 1H NMR spectrum, the only resonance is a singlet at 6 2.1 1. The tertiary carbon is 

observed in the 13C NMR spectrum at 6 77.5 and the methyl groups have a resonance at 
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6 33.2. The 125~e NMR specuum shows a singlet at 6 1604. The IR spectrum reveals 

bands corresponding to oxygen- and chlorine-tellurium stretching at 78 1 and 757 cm-1, and 

276 cm-1, respectively. Crystals of 68 can be grown from extremely concentrated hexane 

solutions at low temperatwe. These crystals dissoive in Paratone N oil. A sublimation of 

68 (27OC, 10-3 Tom) produced small crystals that dissolved in the oil, and decomposed in 

epoxy. 

The novel compound 48 probably has a structure analogous to that of the 

[(MegSi2)W2TeCl2 (see Figwe IS), with axial chlorines and equatorial OtBu groups and 

an extended structure through weak tellurium-chlorine intermolecular contacts (Figure 5 2 ) .  

While compounds of this type are unlolown, AS 101 (Wd[(C2H4O2)TeCl3], 5) is 

similar as an anion with an extra chloride ligand (see Section 1.2.2), and it exhibits 

interesting immunomodulatory properties.30~31 in an effort to make other useful drugs, the 

reactions of tellurium tetrahalides with glycols were examined. Most glycols give products 

analogous to 5, but in the case of cis- or mans- 1,2-cyclohexanediol, the neutral compound 

(HOC6Hlo0)2TeC12 was formed, where the umeacted hydroxy groups on the diol 

coordinate ro Te to give a severely distorted octahedral gomeuy.201 

Figure 5.2 Proposed Structure of ( t B ~ 0 ) ~ T e C l ~  (68). 



5 - 2 2  Reaction of 24  with HN(SiMe& 

It was expected that a secondary amine (aqueous pKa value of Ph2NH = 23)198 

would react with 24 in an analogous fashion to an alcohol, possibly with the formation of 

the T e O  derivative, Tem(SiMe3)2]2 (6 preparation of the Te(II) amides from TeC14 and 

L W 2  (Equation 1.6)). However, a reaction between 24 and bis(trimethylsily1)amine did 

not occur at room temperature. The reaction mixture was heated to 60°C overnight with 

excess amine presenk but only starting materials were observed in the 1H NMR spectrum. 

5.2.3. Reaction of 24 with HWCKHAMe-4 

Terminal acetylenes have an acidic hydrogen (pKa of PhC=CH in benzene = 21 9 2  

in DMSO = 28.7)203 and Cethynyltoluene reacts with 24 to eliminate ten-butylamine. In 

this reaction, a s  shown in Equation 5.6, the tetraallqmyl teliurium(W) compound, A, is not 

isolated. Instead, a mixture of the diallcynyl tellurium@) compound, 69, and the diyne, 

B, are observed by NMR specrroscopy. 

The 1H NMR spectrum of the crude reaction product reveals two singlets at 6 1.91 

and 6 1.92, which comespond to the protons in the methyl groups of 69 and B. The 

resonances corresponding to the para-substituted benzene rings in each of 69 and B 

overlap in the regions of 6 6.67 - 6.73, and 6 7.26 - 7.34. Unfortunately, the literature 

values for B are reported in CDC13 and, the 1H NMR resonances do not match (6 2.38 (s, 

6H), 6 7.15 (d. 4), 6 7.43 (d, 4H).*04 Less of a solvent effect is encountered in the 13C 

NMR spectrum. The sp carbons can be clearly identified by 13C NMR spectroscopy for B 

at 6 75.1 and 6 82.7 (cf. 6 73.4 and 6 8 1.5 in CDCl3).*W In 69, the coupling to tellurium 

is measured as 13(Te,C) = 554 Hz for the resonance at 6 44.2, and as 2~(Te, C) = 110 Hz 

for the resonance at 6 1 13.5. The carbons of the methyl groups are observed at 6 2 1.7 for 

69 and 6 21.6 for B (6 6 21.6 in C~C1~).204 The l z ~ e  NMR spectrum shows one 

resonance at 6 354. Gedridge, Jr., er aL, have extensively characterized a wide variety of 
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organo Te(II) and T e O  compounds by 'H, I%, and 125fe spectroscopy.~~ The NMR 

data for 69 can be compared to those of Te(GCPh)2, where the coupling to teUurium is 

measured as lJ(Te,C) = 556 Hz for the resonance at 6 44.8, and as 2l(Te, C) = 110 Hz for 

the resonance at 6 112.9. The 125T'e NMR spectrum of Te(c~sCPh)~ shows a singlet at 

5.2.4. Reaction of 2 4 with CD*H 

No c yclo pentadien yl teLlurium compounds are known. Sulfur dichloride reacts 

with CpLi and Cp4Li to give scp2Zo5 and S C P * ~ , ~ ~  respectively. Morley et aL used 

Se(S2CNEt2)2 and Cp4Li to prepare ~ e ~ p * ~ , ~ ~ ~  which is thermally unstable and must be 

stored at low temperatures in the dark to avoid decomposition. They also prepared 

Cp*SeMe by reaction of Cp*SeLi (prepared from Cp*Li and selenium) with 

iodomethane.208 Tellurium dichloride is unstable except as an adduct with tmtu (Section 

4 3 ,  and Te(S2CNEt2)2 does not yield ~ e ~ p * ~ . ~ ~  However, the proton on l,2,3,4,5- 
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pentamerhylcyclopentadiene (Cp*H) is acidic enough to react with the dimer. The pKa 

value in DMSO is 26.1-203 For comparison, the pKa of cyclopentadiene is 15 in water,210 

and 18 in ~ ~ ~ 0 . 2 0 3  It was predicted that the reaction of Cp*H with 24 would yield 

unstable T ~ C P * ~ ,  70, before decomposition to form T ~ C P * ~ ,  71 as shown in Equation 

A first attempt at this reaction used toluene as a solvent. The reaction vessel was 

protected from light by a shield of aluminum foil, as Cp*H is light-sensitive. The reaction 

vessel was covered with a tellurium mirror after stirring the reaction mixture overnight for 

nineteen hours. Subsequent reactions were kept below O°C for all handling and workup. 



The solvent was changed to pentane to facilitate its removal under vacuum at low 

temperatures. NMR spectra of dissolved samples of the dark yellow oily product were 

obtained at -30°C. 

Characterization of the reaction mixture is hampered by the presence of large 

quantities of Cp*H. Eight equivalents of Cp*H are needed to eliminate BUN%, but 

Cp*H is also a product of Equation 5.7. As noted in Section 1.2.1, 

t e t r a o r g t e  compounds, TeR4, can decompose to TeR2 and organic by- 

products. Depending on the type of R group, different organic by-products are observed, 

i.e. either R2 by reductive elimination, or RH by a radical process. The radical processes 

have been investigated by several experiments as mentioned in Section 1.2.1. The by- 

products of the solvent abstraction have never been identified, which would be especially 

interesting for the NMR decomposition experiments in deuterated solvents. Regardless, in 

the reaction from Equation 5.7, there is no evidence in the 1H NMR spectra for Cp**, so 

abstraction of a hydrogen atom from the pentane solvent must account for the formation of 

CptH. The boiling point of Cp*H is too high for removal from the reaction mixture under 

reduced pressure without raising the temperature, which causes decomposition of the 

product to a tellurium mirror. 

An HMQC experiment at -30°C could not provide insight into the composition of 

the thermally unstable reaction mixture, as the resonances for Cp*H dominated the 

spectrum. However, the resonances for Cp*H (as assigned by Table 5.1 ) are shifted in the 

lH NMR spectrum, but not in the 13C NMR specmun. The 1H NMR resonances are more 

sensitive to any interaction of Cp*H with other compounds in the reaction mixture. The 

doublet for MeD shifts from 6 0.99 in Cp*H to 6 0.93 in the reaction mixhne, whereas the 

other signals all shift ca. 6 0.04 to higher field. In the 13C NMR spectrum, the signals do 

not shift siEnificantly. 
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Table 5-1 h'MR Assimments for CD*H (d~-Toluene. -30°C) and for Q * H  in the 

Reaction Mixture of Euuation 5.7 

- -- - - - - - . - - --- 

Cp*H Cp*H in Reaction Mixture 

H S 2.39 (q) 8 2.35 (q) 

M ~ D  (lH) 6 0.99 (d) S 0.93 (d) 

M~E/F ('HI 6 1.76 (s): 6 1.82 (s) 6 1.71 (s): 6 1.78 (s) 

M w  P3C) 6 11.3; 6 11-7 6 11-3: 6 11.7 

MeD (13c) 6 14.3 6 14.3 

C A  P3C) 6 51.5 6 51.5 

CB/C (130  6 134.3: 6 137.3 6 134.2: 5 137.2 

Signals attributed to a Cp* group on Te can be identified: in the 'H NMR specuum, 

6 1.23 for CH3 (D), 6 1.66, S 1.82 for CH3 (Ern; in the 1 3 ~  NMR spectrum, 6 9.4 for 

CH3 @), 6 11.1 (overlaps with a signal for Cp*H) for CH3 ( U n , 6  55.1 for A, 6 123.4, 

6 138.4 for BIC. However, the NMR spectrum reveals two signals with the major 

product at 6 1372, and the minor resonance at 6 1338. The chemical shifts of these signals 

suggest that a binaxy Cp*,Te (x = 2 or 4) compound has not been formed; instead, only 

partial replacement of NtBu groups has occurred, since organotellurium compounds have 



"5Te NMR shifts below 6 1000. A complete analysis of the spectra is complicated by the 

presence of large amounts of Cp*H, but signals corresponding to an WBu group can also 

be identified at 6 1.09 (s) in the 1H NMR spectrum and at 6 32.4 for the methyl carbons in 

the 13C NMEt spectrum: these signals do not correspond to rBuNHZ (6 0.984). Therefore, 

it appears that all of the m u  groups from 24 have not been eliminated and instead 

partially substitwd T e O  compounds are formed, i-e. @uN),TeCp*,. This compound 

is thermally unstable and cannot be separated from impurities and unreacted starting 

materials. With this in mind, it is likely that the excess of Cp*H observed in the NMR 

spectra is due to the incomplete reaction, in addition to partial decomposition. 

5.2.5. Concluding Comments about Reactions with Protic Reagents 

It is interesting to note that reaction with HC1 monoprotonates the dimer, whiie 

reaction with ten-butanol completely protonates all of the tert-butylamido groups, and 

generates a homoleptic compound. The difTerence in reactivity is probably related to the 

nucleophilicity of the anion remaining after monoprotonation, i.e. C1- or 'BuO-. With a 

chloride ion for a counterion, the monoprotonated derivative is stable, whereas the tert- 

butoxy anion readily attacks at tellurium. The stability of the ionic product as compared to 

a covalent derivative might aIso depend on its solubility. 

The reaction of 24 with terminal acetylenes provides the first indirect evidence for 

the formation of Te(C<- R)4, because the only route to the products observed must invoke 

the temvalent Te compound. Previously, the tellurium(II) compounds were prepared from 

TeC14 and organolithium reagents (Equation 5.2). However, in this route, the 

decomposition of Te(=R)4, CIT~(CZCR)~, or C12Te(C=CR)2 cannot be 

differentiated.19 In any event, Gedridp, Jr., was probably correct in stating that 

Te(GCR)4 derivatives are unstable even at low ternperatures.l9 
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The reactivity of Cp*H towards the dimer was not as expected. This may be 

because of a high pKa value, although as noted in Section 5-1, it can be misleading to 

extrapolate pKa values to different solvents. Another important consideration in this 

reaction might be the kinetic acidity of Cp*H. As an illustration of this property, Cram 

compares the pKa values of CpH and P h W H  with the rate constants of protonation 

reactions: CpH has a smaller pKa, but the reactions of Ph-H proceed much more 

quickly -211 Again* being careful not to draw too many parallels between aqueous and non- 

aqueous solvent systems, it seems possible that the reaction of the dimer 24 with Cp*H 

may not occur quickly enough at the low temperatures necessary to avoid the formation of 

Te mirrors. 

Given the variability of pKa values depending on solvent, it is difficult to assign a 

value to the acidity necessary for a protic reagent to react with the dimer 24. In addition, 

other factors may also influence the reactions, such as the kinetic acidity, and the steric bulk 

and nucleophibcity of the counterion produced after monoprotonation. 

5.3. Cvcloaddition Reactiw 

5.3.1 . Reactions of 2 4 with Carbon-Centred Heteroallenes 

5.3.1.1. Reaction of 2 4 with tert-Butvl Isothiocv~te. tBuN=C-S - 

A 2+2 cycloaddition reaction was predicted to occur between the dimer 24 and two 

equivalents of tBuN=C=S (see Equation 5.8). In fact, the reaction in refluxing hexane 

produces the cyclic Tea) imide 25. This six-membered ring has previously only been 

obtained as a minor by-product in the preparation of the tellurium diirnide dimer, 

~~u.N~e(p--~r~u)~~eNr~u.89 It is conceivable that this product is formed via the proposed 

2+2 cycloaddition intermediate (Equation 5.8). The eliminated di-tert-butylcaodiimide 

was identified in a lH NMR spectrum of the reaction mixture. Elemental sulfur was not 

isolated. 



The six-membered ring 25 has one tert-butyl environment as shown by a singlet in 

the IH NMR spectrum at 6 1.22 in C6D6, which is identical to the reported value for 25. 

The EI mass spectrum revealed a molecular ion peak corresponding to C12H2,N3Te3+. 

The IR spectrum closely matches hat of 25 prepared from the TeCl,&iNHtBu reaction212 

in toluene as shown in Table 5.2. 
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Table 5.2 Cornbarison of IR data (cm-I) for 2 Sa 

- - - - 

This work Reference 2 12 

1357 (s, sh) 1356 (s, br) 

1261 (w, sh) 1261 (w, br) 

1169 (s, br) 1 163 (s, br) 

1020 (w, br) 1020 (w, br) 

893 (w, br) 885 (s, br) 

800 (w, br) 767 (s, sh) 

720 (s, sh) 719 (s, br) 

496 (w, br) 489 (w, sh) 

a Nujol mulls on KBr plates. 

These results are in close agreement with the analogous reaction of t4 with 

CS7.213 - This cycloaddition reaction eliminates BuNCS and produces an anomalously 

unstable 25 which decomposes to elemental tellurium. This is due to the reactivity of 25 

towards tBuNCS (Equation 5.9). Two NMR test reactions were considered. Pure 25 and 

CS2 were combined in C6D6, and no reaction occurred, whereas a test reaction of pure 

with tBuNCS showed the production of BuN=C=N(Bu by *H NMR spectroscopy 

(6 1.16, cf: 6 1.17) and the production of a tellurium mirror on the walls of the NMR tube 

within thirty minutes. 
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This instability of 25 is nor observed for the reaction shown in Equation 5.8. It is 

likely that this is due to a combination of factors. The proposed cycloaddition product must 

be formed more quickly than it decomposes to 25, so that the quantities of tBuNCS are 

decreased significantly before 25 begins to form. This situation is very different than that 

for the CS2 reaction with 24 where it is proposed that 25 and B u N C S  are formed in the 

same reaction.213 There, the quantity of tBuNCS is stoichiometrically sufficient to 

decompose 25 by the reaction shown in Equation 5-9. 

5 -3.1 -2.  Reaction of 2 4 with tert-Butyl Isocvanate. tBuN=C=O 

When the chalcogen in tBuN=C=E is changed from E = S to E = 0, no six- 

membered ring is isolated from the reaction with 24. In this case, the cycloaddition 

intermediate (72), as shown in Equation 5.10, can be isolated. This intermediate 

eliminates di-ten-butylcubodiimide and generates 73, tentatively identified as [tBuNTeO],. 

The intermediate 72 is unstable in solution over short periods of time, and also 

when a solution is concentrated by removing solvent under vacuum, A precipitate forms 

and %N=C=NBu is observed in the 1H NMR spectrum. The precipitate was tentatively 

identified as 73. Due to this instability, the intermediate has only been identified by low 

temperature IH, 1 3 ~  and 1*5~e NMR spectroscopy, and cannot be purified for elemental 

analysis. In the 1~ NMR spectrum, two singlets are observed at 6 1 -36 and 6 1 -48 which 

integrate in a 2: 1 ratio, along with a smaller peak at 8 1.16 of variable size, depending on 

the sample. The ten-butyl groups ~f 72 can be identifed in the 13C NMR spectrum by the 

methyl resonances at 6 30.5 and 6 34.3 with an approximate 2: 1 ratio: the corresponding 

tertiary carbons are observed at 6 54.4 and 6 63.5, respectively. Smaller ten-butyl carbon 

resonances are present at 6 3 L -4 and 6 67.6. Two low-field carbon environments at 6 

160.1 and 6 160.7 correspond to the ring carbons of 72 and minor product, respectively. 

The 125T'e NMR spectrum shows two telluriumcontaining compounds, the largest signal at 
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6 1225 presumably corresponds to 72, while the minor product gives rise to a resonance at 
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These NMR results are consistent with the formation of 72a rather than 72b as 

72b would have at least three different tBu groups. However, 72b is the more likely 

precursor of tBuN=C=WBu. It is possible that a rearrangement from 72a to 72b occurs 

in solution to account for these observations: the minor product (evident in the NMR 

spectra) may be 72b- When 72 is stored for long periods of time (eleven months) in the 

solid state in the drybox, most of it reverts to the dimer 24 and only small quantities of 73 

are formed- The instability of 72 is apparently derived from a weak association between 

the dimer 24 and tRuNCO: in solution, the insolubility of 73 promotes the decomposition 

of 72, whereas in the solid state, the formation of the volatile compound 'BUNCO is the 

driving force for the decomposition. When 72 is heated in a melting point determination, it 

decomposes and starts to turn brown at 100°C. 

The grey powder 73 is completely insoluble in hydrocarbon solvents, diethyl ether, 

dioxane, dichloromethane, triethylamine, and TMEDA, but sparingly soluble in THE 

There is only one type of tert-butyl environment as shown by a singlet at 6 1.24 in the 1H 

NMR spectrum in dg-THF. and by the two singlets in the 1 3 ~  NMR spectrum at 6 29.8 

and 6 49.9 corresponding to the methyl carbons and tertiary carbon of a tBu group, 

respectively. Its low solubility and high decomposition point of 175OC suggest a 

polymeric structure with a high value of n. 

The proposed composition of 73 is also supported by observations in the reactions 

of 24 with C02 and C O S - Z ~ ~  For carbon dioxide, the cycloaddition intermediate is more 

unstable than 72 and immediately eliminates tert-butyl isocyanate; a precipitate is formed 

with a single 1H resonance at 6 1.35. This compound is likely a lower oligomer of 73, as 

conversion to 73 (6 1.24) is observed over a few days in solution, and over a few weeks at 

room temperature, or in a few hours at elevated temperatures, in the solid state. In the 

reaction of 24 with carbnyl sulfide, crystals of 73 were grown from a solution of the 

crude product in THF.213 
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5-3.1 -3. Pro~osed Structure of r t B m & l ,  (7 31 

The product ['BuNTeO], is f o r m w  a hybrid of the tellurium diimide dimer 24 and 

tellurium dioxide, [ O = T w , ,  which exists as two dimorphic polymeric forms-I Both 

have low solubility and melt at 733OC. Figure 5.3 shows the distorted mgonal bipyramidal 

arrangement of four oxygen atoms around tellurium with an active lone pair at an equatorial 

site. In both cases, the formal Te--0 bonds dimerize to give Tq02  rings. The fLfom is 

the yellow mineral tellurite, and Figure 53(b) shows the formation of layers by 

aggregation of edge-sharing pairs of Te04 units.a4 ''Paratellurite" is colourless synthetic 

a-TeOZ (Figure 5.3(c)) with a three-dimensional structure where all vertices of the Te04 

units are shared.215 

(a) (b) (d 

Figure 5.3 (a) (Te04) units in Tellurite (PTeO2) which aggregate to form 

the layers shown in (b); (c) {Te04) unit in Paratellurite (a-TeOt). 

Lone Pairs on Te are omitted for clarity. 
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There are four other examples of formal Td bonds. Diphenyl telluroxide 

dimerizes into an unsymmetrical Te2q  ring with dne-0) of 1.89 A and 2.55 k216 In the 

cation [(C~H~&H~)~T~~~L]~+, the Te202 ring has only one tellurium-oxygen distance of 

1.998 A 3 7  The partial hydrolysis of the silver and copper complexes of 

~ B U N T ~ ( ~ - N ~ B U ) ~ T ~ N ~ B U ,  28 and 30, (described in Section 1.3.3.3) involves the 

elimination of rert-butylamine and the formation of an exocyclic Te=O bond to give 

~ ~ u N T e ( p - N W u ) ~ ~ e 0 . ~ ~  The formal Tea bond dimerizes to give a spirocyclic Ligand 

with a central Te202 ring (see Figure 5.4). The planar Te202 ring is unsymmetrical with 

bond lengths of 1.89 A and 2.02 A. The tellurium atoms are distorted aigonal pyramidal 

with one vacant site. 

Figure 5.4 The Spirocyclic Ligand [tB~Me(p-NtBu)~Te(p-O)]~ (M = A g ,  CU+).~* 
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On the basis of the examples mentioned above and the insoluble nature of 73, it is 

proposed that 73 has a polymeric structure involving aggregation through Te=O bonds. 

From the IH and 13C NMR spectra, the polymer 73 has one ten-butyl environment. The 

ody reasonable highly symmetrical structure is a helical chain of alternating T e g 2  rings 

and T m  rings (Figure 5.5). The geometry at the Te atoms in this polymer is pseudo-tbp, 

where each of the M u  groups occupies an axial site at one Te and an equatorial site at the 

second Te atom in each Te2N2 ring This strucnue would have a C2 axis through each 

fourmembered ring. The dihedral angle between these rings would likely be similar to that 

observed between the rings in Figure 5.4 (107.2'), although the Te2N2 rings in 

tBuNTe@-hTtB~)~Te0 are related by a centre of inversion. The number of rings needed 

for a full symmetrical turn of the helix will depend on this angle. For instance, if the angle 

is 107.5'. five rings will loop the chain through one turn of 360'. However, a 

symmetrical turn would need two full 360' loops to have the tenth ring directly above a 

ring of the same type, ie a Te2% ring above a T* ring, or a Te2N2 ~g above a Te2N2 

ring. This helical structure may be supported by the morphology of the crystals which are 

long thin needles. These crystals are either twinned or too small for strong reflections on a 

CCD diffractometer, even with the generator power turned up and the frame data collection 

times reduced?* 

The properties of 73 can be compared to those of its sulfur and selenium 

analogues. Tert-butylthionyl imine (tBuN=S=U) is a yellow oil which is stable towards 

hydrolysis for a few weeks in the freezer of a drybox. The selenium compound 

tBuN=Se=O is a highly moisture-sensitive, thermally unstable orange oil.219 In general, 

the compounds RN=E=O (E = S, Se, Te) can be regarded as hybrids of the diimides, 

FW=E=NR, and the dioxides, O = M .  These three types of compounds illustrate the 

interesting trends which make comparative chalcogen chemistry a recurring theme of this 

thesis. 



Figure 5.5 Proposed Helical Structure of [tBuNTeO], (73). 

As shown in Figure 5.6, the sulfur compounds are all monomeric, relatively stable 

species. The double bonds in the selenium analogues are less stable. Selenium dioxide 

stabilizes itself through oligomerization of one Se== bond, but this arrangement is not as  

thermodynamically stable as the three-dimensional polymer of T e q  (vide supra). 

Similarly, selenium diimide cannot use dimerization as a way of stabilizing its Se=N bonds 

(Section 3.3.3), while teIluriurn diimide exists as a stable dimer. Finally, in the hybrid case 
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of RN=EO, a polymeric chain sauchm allows the isolation of the tellurium analope. 

Once again, as compared to the results presented in Chapter Three, a balance between the 

energy required for steric distortions and the energies of the bond formation must allow the 

tellurium analogue to be synthetically accessible. 

Figure 5.6 Comparison of O=E=O, RN=M, and RN=E=NR (E = S, Se, Te). 



5.3.2. Reactions of 2 4 with Chalcoeen-Centred Heteroallenes 

5 -3.2.1. Reaction of 2 4 with Sulfur and Selenium Diimides 

The calcuiations presented in Chapter Three indicate that mixed S/Te or SeA'e 

diimide dimers (or higher oligomers) may be stable. However, the reaction of tellurium 

diimide dimer 24 with the selenium diimide, tBuN=Se=NtBu, is too slow to observe the 

formation of a mixed selenium-tellurium diimide oligorner. The two diimides were 

combined at -78T and then the reaction mixture was allowed to warm to room temperature 

and stirred overnight In a second attempt, the reaction was then heated to 60°C. In both 

reactions, there was a si@cant amount of unreacted 24. The selenium diimide is 

thermally unstable and decomposes in hours even at low temperature, so it is likely that the 

coupling reaction cannot proceed before the selenium diirnide is destroyed. 

The sulfur analogue, MegSiN=S=NSiMe3, reacts more favourably with 24. The 

reaction mixture needs to be stirred for a day at room temperature before all of the starting 

materials are consumed. The predicted reaction to give the double cycloaddition product 

(74) is shown in Equation 5.1 1. 

However, the crude product from this reaction is a complex mixture as shown by 

'H NMR spectroscopy with a large number of signals between 6 0.0 and 6 1.8. The 

largest intensity resonances are found at S 0. LO, 6 0.13,6 0.14,6 1.5 1. The first three 
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singlets are too close together to be integrated. but are likely due to SiMes groups in 

different environmenrs. The signal at 6 1.5 1 is Likely due to the protons from an N B u  

group. It is rather broad, and may be two overlapping singlets from the two different types 

of bridging M u  groups in 74. The signal at 6 0.13 is relatively small, so the two types 

of protons in the trimethylsilyl groups might resonate at 6 0.10 and 6 0.14. There is no 

resonance at 6 1.22 corresponding to the six-membered ring, 25. The crude light orange 

product is oily, but crystals can be grown from hexanes in three to four weeks. 

Unfortunately, these crystals were too small for the CCD diffractometer, and the crystals 

themselves have not been characterized. Powders resulting from recystallkition attempts 

of the crude product give rise to many signals in the 1H NMR specmun, and are less pure 

than the oily initial product, Due to the problems encountered in purifjmg this oily reaction 

mixture, only 1H NMR was used for characterization. However, the crystallization looked 

quite promising, although very slow, and it may be possible to completely idenufy the 

product from Equation 5.1 1. 

5.3.2.2. Reaction of 2 4 with ten-Butvlthionvl Imine. tBuN=S=O 

When the dimer 24 and fBuN=S=O are combined in THF and stirred for a day, 

reduction to Tern) occurs and the six-membered ring 25 is observed by 1H NMR 

spectroscopy. Concomitantly, the sulfur(1V) centre is oxidized to sulfurCVI) to form 

(rBuhJ2S0 (75) as shown in Equation 5.12. 
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Bis(tert-butylimido)sulfur oxide has been described as an intermediate in the 

reaction of uis(tert-butyl) sulfur triimide with (CF3)ZCFNS0 as shown in Figure 5-7-20 

Figure 5.7 Attempted Preparation of (BuN)~SO (75) (R = C F ( C F ~ ) ~ ) . ~ ~ O  
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The authors propose a monomer-dimer equilibrium where the monomer reacts 

further to give the ten-butylsulfonyl h i d e  (76). The isolated product (77) is an adduct of 

75 and 76; it has been characterized by elemental analysis, *H NMR spectroscopy, and by 

mass spectroscopy." 

The only isolated bis(imido)sulfur oxide is (Me3SiN)2S0 (78). When prepared by 

the route shown in Equation 5.13,78 is a colourless Liquid that boils at 1 6g°C indicating 

high thermal stability?" Alternatively, if 78 is prepared by the method shown in W p  

5.7, a solid dimer is produced which has been structurally characterized by X-ray 

diffraction .222 

0SF4 + 2 MN(SiMe& .-> 
- 2 M F  

M = Na, Li 

Both SO3 and RNS02 compounds have been stabilized as adducts of Lewis bases, 

e.g. ethers and tertiary amines-rn If a protic reagent is added to a sulfonyl hide,  it will 

add across the S=N bond.223 Similarly, the reaction chemistry of the sulfur -ides 

reveals that electrophiles add to the peripheral nitrogens, followed by attack at sulfur by a 
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nucleophile if sterics permit223 Cycloadditions of polar heteroallenes are common for 

(RN)3-xSOx (x = 0, 1,2) as illustrated by the examples given above. The LUMO of 75 is 

a n* orbital localized mainly on the p, orbital of sulfur, which can accept the electrons from 

a Lewis base like THE 

The reaction fiom Equation 5.12 proceeds in tetrahydrofuran at room temperature 

overnight to give an insoluble yellow precipitate. In C6D6, the lH NMR spectrum of the 

powder reveals a singlet at 6 1.39 and one equivalent of coordinated THF with 

characteristic multiplets at 6 1.41 and 6 3.57. The position of the resonance of the protons 

in the ten-butyl group of 75 can be compared to those in 77 where the protons on the ten- 

butyl groups attached to the bridging and terminal nitrogens are found at 6 1.56 and 6 1.42, 

respectively. The solubility of 75 in C6D6 is rather low, so not aLl of the carbons are 

observed in the l3C NMR spectrum. The THF carbons are observed at 6 26.0 and 6 68.0 , 

and the resonance for the methyl carbons of the rert-butyl group is at 6 32.9, but the tertiary 

carbon is lost in the noise of the spectrum. The ELMS of 75 shows peaks for the ions 

['BmNS]+ and [CBuNSO-HI+. The IR spectrum shows bands which can be attributed to 

the tert-butyl groups (above 1000 cm-I), S=N stretching (962 cm-1 and 912 cm-I), S - 0  

stretching (782 cm-I and 744 cm-l), and to the coordinated THF (CO stretching at 1067 

cm-1) as compared to a related compound, the lithium salt of the dianion, 

[('B U N ) ~ S O ] ~ - . ~ ~  

5.3.2.3. Reaction of 2 4 with Sulfur Dioxide. CkS-O - 
The reaction of 24 with sulfur dioxide gas occurs very quickly at room temperature 

in toluene to give a copious precipitate of Te% as identified by its IR spectrum and by its 

complete insolubility in hexane, toluene, THF, diethyl ether, and dichloromethane (see 

Equation 5.14). The tellurium dioxide is likely contaminated with elemental tellurium as it 

is grey, not white. An test reaction in revealed only one species in the 1H 
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spectrum at 6 1.24. This resonance corresponds to that of ten-butylthionyl imine. The 

reaction in THF proceeds even more quickly. 

5 -3.3. Com~arison of the Reactivitv of Heteroallenes Towards 2 4 

The observations from the series of heteroalIene reactions with 24 presented in 

Section 5.3 allow for some general trends to be noted concerning the reactivity of 

~ B ~ N T ~ ( F - N ~ B U ) ~ T ~ N ~ B U  (24). Carbon-centred heteroallenes will add to the Te=N bonds 

of 24 by a 2+2 cycloaddition. In all cases mentioned here, this is followed by the 

elimination of a carbon-centred imido heteroallene. This may be due to ring strain in the 

TeNCE (E = 0, S) ring, or may be driven by the strength of the multiple bonds in the 

eliminated heteroallene, or by a combination of both of these factors. Previous work on the 

reaction of 24 with COS reveals that the oxygen reacts more quickly with the Te atoms 

than does sulfu1-.~~3 This is likely because of elecaonegativity differences between carbon 

and the chalcogen: a CO bond is much more polar than a CS bond When there is no 

choice, the sulfur atom presumably does bond to Te. In this case, the product would have 

a Te=S double bond- Evidently, the instability of this moiety cannot be overcome by 

dimerization (cf.  73 with Te=O), before reduction of Te occurs and the six-membered ring 

25 is formed. Perhaps this is not surprising, considering all of the examples of 

thermodynamically favoured Tern  products already mentioned in this thesis. 

The sulfur-centred heteroallenes each exhibit unique chemistry due to the possibility 

of oxidation of S o  which is not available for carbon-centred heteroallenes. Sulfur 

dioxide exchanges an oxide group for an imido group from 24, yielding tBuN=Sa and 

Te02. This behaviour is not observed in the reaction of 24 with tBuN=Sa. Instead, the 
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sulfur(rV) centre is oxidized to S(V1) to give CBUN)~SO (75) and the six-membered Te(1I) 

imide 25. The difference in reactivity of these isoelectronic and isolobal analogues can be 

understood when orbital energies are considered- Oxidation requires the removal of two 

electrons from the HOMO of (Bm,SOx (x = 1, 2). Replacing one 0 with a less 

electronegative WBu group (x = 1) makes the HOMO of tbionyl imine easier to oxidize 

than that of sulfur dioxide. Clearly, when the reactions of cBuN=C=O and ~ B U N = S ~  are 

compared, a redox reaction is preferred over formation of the Te-O bond in the polymer 

73. Sulfur diimides may be even easier to oxidize, but there must be a better balance here 

in the energies of the bonds: the formation of the TeNSN ring is more favourable than the 

hide transfer. This is in keeping with the tendency for elements below the second row to 

prefer a-bonding 

5.4. Conclusions 

The reactivity of the tellurium diimide dimer, tBuNTe(p-NtB~)~TeN'gu, has been 

investigated further in this Chapter. The reaction of 24 with the protic reagent, tert- 

butanol, begins with attack by the protons at the terminal nitrogens as predicted by the 

HOMO described in Section 3.4. Ultimately, all of the amido groups of 24 are doubly 

protonated and eliminated, leaving T ~ ( O B U ) ~ ,  67. It was hoped that this method could be 

extended as a gentler route to prepare previously inaccessible TeR4 by reaction of 24 with a 

terminal acetylene- However, reduction to Te(II) occurred and the tellurium compound 

formed was Te(wC6H4Me)2,  69. Nevertheless, this result showed that 24 provides a 

reagent to prepare previously inaccessible TeR2 when the proton on RH is acidic. For the 

case of Cp*H, the proton is acidic enough to react with the dimer to give a tellurium 

compound with both Cp* and NBu groups. 

In an effort to identify 67, the reaction of TeC14 and KWBu was examined in THE 

In this instance, the partial metathesis product, ( C B ~ 0 ) ~ l e C l ~  (68) was isolated and 
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characterized. This novel compound should provide a wN reagent to new bisalkoxy 

tellurium(IV) compounds- 

This Chapter concluded with a discussion of cycloaddition reactions at the Te=N 

double bonds in 24- The carbon-centred heteroallenes, tBuN=C=E (E = 0, S) react with 

24 to give unstable cycloaddition products which decompose in two unique ways. For 

isothiocyanate, the intermediate is not isolated Instead, reduction to the tellurium@) 

imide, TegwBu)j, 25, and elimination of di-ten-butylcarbodiimide are observed. For the 

isocyanate, an intermediate is isolated (72), but it readily eliminates di-tert- 

butylcarbodiimide to yield the proposed helical polymer [tBuNTeO],, 73. The reaction 

with isothiocyanate provides the f m t  direct synthetic route to the six-membered ring 25. 

Tlus compound was previously isolated as a by-product in the preparation of tellurium 

diimide dimer 24. Since 25 can now be synthesized on a preparative scale, its reactivity 

can now be examined. 

The reactivity of 24 towards sulfur-cenued heteroallenes, (RN)2,SOx (where 

x = 0, 1, 2), depends on the value of x. When x = 2 for sulfur dioxide, the dimer 24 

quickly produces Te02 and cBuNSO. A cycloaddition product of a mixed sulfur-tellurium 

diimide oligomer, 74, is proposed in the reaction of 24 with RN=S=NR, Reaction with 

rerr-butyl thionyl imine generates the six-membered ring 25 and (~BUN)~SO, 75, as its 

THF adduct- 

5.5. Ex~erimental Section 

Details of synthetic and insmental methods have been provided in Section 4.12. 

1,2.3,4,5-Pentamethylcyclopentadiene (Aldrich), 4-ethynyltoluene (Aldrich), HN(SiMe3)2 

(Aldrich), rB uNCO (Aldrich), 'BuNCS (Aldrich), and Me3SiNSNSiMe3 (Aldnch) were 

used without further purification. ten-Butanol was dried with Ca-, distilled onto fresh 

molecular sieves, and then vacuum transferred onto fresh molecular sieves. 
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~BUNS~WBU" was prepared by Dr. Gabriele Schane. BUNSN~BU*~ and tBuNs0227 

were prepared by Justin Brask 1,2,3,4,5-Pentamethylcyclopentadiene is light sensitive, 

so it is stored in a dark container in the drybox, and handled in a flask covered in aluminum 

foil. All reaction vessels for syntheses involving Cp*H were handled likewise. All NMR 

spectra are measured at room temperature unless otherwise noted. 

5.5.1- Preparation of Te(0rBuL (6 

5.5.1.1. Preparation of T e ( 0 t B ~ ) ~  - (6 7 )  from 24 and tBuOH 

A solution of ten-butanol(1.00 mL, 0.786 g, 10.604 mmol) in toluene (10 mL) 

was prepared. Using a cannula, this solution (1.50 mL, 0.118 g, 1.59 mmol) was added 

with stirring to a dark orange solution of ~ B U . N T ~ ( ~ - N ~ B U ) ~ T ~ N ~ B U  (0.107 g ,O. 198 

mmol) in toluene (10 mL) at -60°C. The mixture was allowed to reach 23OC, and then 

stirred for 18 hours. The solvent was removed under vacuum to give 67 (0.073 g, 0.174 

mmol, 44%)- The product is quite sensitive towards air and moisture, and attempts to 

recrystallize it often produce a fine black powder. Crystals produced from hexanes and 

penranes were too small for crystallography. IH NMR (C6D6): 8 1.48 (s). lz5Te NMR 

(C6D6): 6 1614 (s). No suitable crystals were formed from an attempted sublimation (0.05 

Torr, 3S°C, 24 hrs). 

5.5.1.2. Pre~aration of Te(OtBuL (6 7 )  from T€!ClA and KOtBu 

A slurry of KOrBu (0.502 g, 4.47 mmol) in toluene (25 mL) was slowly added to a 

slurry of T e c h  (0.600 g, 1.1 12 mmol) in toluene (25 mL) at -60°C. The mixture was 

allowed to warm slowly to 23OC, and then stirred for 18 hours. A considerable amount of 

black precipitate formed. The solvent was removed under vacuum, and then pentane (30 

mL) added. The solution was decanted through a syringe filter and then the solvent 



removed under vacuum to give 67 (0-089 g, 0.250 mmol, 23%). 1H NMR (C6D6): 

6 1.48 (s). 

5 - 5 2 .  Preoaration of PBUO)~T~C~@ 8) 

A slurry of KOtBu (2.365 g, 21.1 nunol) in THF (25 mL) was slowly added to a 

slurry of TeC14 (1.434 g, 5.32 mmol) in THF (25 mL) at -60°C- The mixture was allowed 

to slowly warm to 23OC, and then stirred for three hours. A thick pale yellow gel formed- 

Hexane (20 mL) was added and then removed under vacuum to give a powder, which was 

extracted with diethyl ether (15 mL). and decanted through a syringe filter, and then the 

solvent removed under vacuum to give 68 (1.285 g, 3.73 mmol, 70%). 1H (C6D6): 

6 2.1 1 (s). 13C NMR(C6D6): 6 33.1 (s, C(CH3)3), 6 77.5 (s, C(CH3l3). l zTe  NMR 

(C6D6): 6 1604 (s). F T - I R ( r n  - 200 cm-l, Nujol mull, CsI plates): 1466 (s, sh), 1381 

(s, sh), 1359 (s, sh), 1233 (s, br), 1170 (s, br), 1024 (w, sh), 922 (s, br), 887 (s, br), 

78 1 (s, sh), 757 (s, sh), 575 (w, br), 552 (s, br), 466 (w, br), 380 (w, br), 276 (s, sh). 

Anal cdcd. for C8Hl8Cl2O2Te: C, 27.87; H. 5.26: found: C, 29.69; H, 5.1 1. 

5-53. Reaction of 2 4 with HN(SiMe& 

A solution of HN(SiMe3)2 (1 mL, 0.765 g, 4.740 mmol) in toluene (15 mL) was 

slowly added to a solution of tBuNTe(p-NtB~)~TeNgu (0.320 g. 0.593 mmol) in toluene 

(15 mL) at -60°C, and then allowed to warm to room temperature. The 1H NMR spectrum 

showed unreacted starting materials. Excess amine was added to the reaction mixture, but 

there was still no reaction (according to IH NMR spectroscopy). The reaction mixture was 

heated to 60°C for 20 hours, but there was no reaction. 
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5.5.4. Preoaration of Te(C=CCJI~Me)2 (6 91 - d 
A solution of light yellow 4-ethynyltoluene (0.24 mL, 1.89 -01) in toluene (10 

mL) was slowly added to a solution of tBuNTe(j~-NtBu)~TeNtBu (0.128 g, 0237 mmol) 

in toluene (15 mL) at -60°C. The colour lightened slightly around -lO°C- The reaction 

was stirred at room temperature for 16 hours, and the sohent removed under vacuum to 

give a yellow powder (0.133 g) which is a mixture of 69 and B (see Section 5.2.3). IR 

(Nujol mull, CsI plates, 4000 - 200 cm-1): 2143, 1559, 1544, 1504, 1260, 1 174, 1099, 

1020, 8 12, 764, 373, 591, 526, 463, 356. 1H NMR (C6Ds): 6 1.91 (s), 8 1.92 (s), 6 

6.67-6.73 (m), 6 7.26-7.34 (m) (for assignments, see Section 5.2.3). l3C NMR (C6D6): 

S 2 1.6 (a3), 6 2 1.7 (CH3), 6 44.2 (69, Te-C=, lJ(Te,C) = 554 Hz), S 75.1 and 82.7 

(B, -C=), 6 113.5 (69, Te-GC, ~J (T~ ,C)  = 110 Hz), 8 119.7, 8 121.0,8 129.5,6 

129.7, 6 132.8, 6 133.1, 6 139.5, 6 140.6. l z ~ e  NMR (C6D6): 6 354. 

5.55. Reaction of 2 4 with CD*H 

(a) A solution of the diene (0-35 mL, 0.31,2.24 mmol) in toluene (10 mL) was 

slowly added to a solution of tBuNTe(p-WBuj2TeNQu (0.150 g, 0.278 mmol) in toluene 

(20 mL) cooled to -78O C. The reaction mixture was allowed to slowly warm to room 

temperature, and then stirred for 18 hours. During the night, a tellurium mirror formed on 

the walls of the vessel. 

(b) A solution of the diene (0.20 mL, 0.17 g, 1.28 mmol) in pentane (5 mL) was 

slowly added to a solution of tI3uNTe(p-NtB~)~TeNtBu (0.080 g, 0.15 mmol) in pentane 

(10 mL) cooled to -75O C. Over 45 minutes, the reaction mixhue was stirred as the cold 

bath warmed to -20°C. The solvent was removed under vacuum at -20°C. d8-Toluene 

(0-8 mL) was cooled to -20°C, and added to the reaction mixture, and then the solution 

transferred to an NMR tube cooled to -65OC. The NMR measurements (lH, 13C, 1*5~e ,  

HMQC) were recorded at -30°C (see Section 5.2-4). 
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5-56 .  Reaction of 2 4 with ten-Butyl Isothiocvanate. tBuNS=S 

A solution of SS=WBu (0.1 mL, 0.0955 g, 0.829 mmol) in hexane (15 mL) was 

added to a solution of ~ B ~ N T ~ ( ~ - N B U ) ~ T ~ N ~ B U  (0.213 g, 0.395 mmol) in hexane (30 

mL) at room temperature. The reaction mixture was heated at 70°C for three hours. The 

solvent was removed under vacuum from the dark red solution to give an orange solid, 

(0.165 g) identified as impure Te&WBu)g (25). The 1H NMR spectrum (C&) showed 

small amounts of unreacted dimer 24 in addition to the major resonance at 6 1.22 (s) for 

25. Sublimation at 65-70°C (10-3 Tom) for rwo hours removed the dimer (0.015 g). 

Subsequent sublimation of the residue (90°C, 10-3 Torr) afforded pure 25 (0.041 g, 

0.0688 mol, 26%). 1H NMR (C6Dd: 6 1.22 fs). 'H NMR (dg-THF): 6 1.28 (s). EI-MS 

(m.12): 597 (M+: 12C 12H2714~3 1 2 6 ~ e  128~e13@I'e+). FMR(4000 - 400 cm-1 , Nujol mull. 

KBr plates): 1357 (s, sh), 1261 (w, sh), 1169 (s, br), 1020 (w, br), 893 (w, br), 800 (w, 

br), 720 (s, sh), 496 (w, br). Anal. calcd. for C4H9NTe: C, 24.18: H, 4.56: N, 7.05; 

found: C, 24.25: H, 4.37: N, 6.86, 

5-57 .  Reaction of 2 4 with zert-Butyl Isocyanate. tBuN=C=O 

A solution of O=C=WBu (0.3 mL, 0.260 g, 2.63 rnrnol) in THF (5 mL) was 

added to a solution of tBuNTe(p-NrBu)2TeNtBu (0.709 g, 1.3 1 mmol) in THF (15 mL) at 

room temperature. The reaction mixture was stirred for 18 hours- The solvent was 

removed under vacuum to give orange [TeZ@PBu)4](tBuNCO)2 (72) (0.779 g, 1.06 

mmol, 8 1%). The NMR measurements (IH, 13C, 125~e) for 72 were recorded at -lO°C 

(see Section 5.3.1.2). In solution, 72 decomposed to the grey powder, PBuNTeO], 

(73). IH NMR (d8-THF): S 1.24 (s, 9H, ((CHg)$). 13C NMR (dg-THF): 6 29.8 (s, 

((cH3),C), 6 49-9 (s, ((CH3)3C). 
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5 -5.8. Attem~ted Reaction of 24 with tBuN=Se=NtBu 

(a) A solution of yellow tBuN=Se=NtBu (0.843 g, 3-81 mmol) in toluene (16.7 

mL) at O°C was added dropwise with stirring to a dark orange solution of tBuNTe(p- 

WBU)~T~WBU (1 -03 g, 1.9 1 mrnol) in toluene (10 mL) at -78OC. This orange-red 

mixture was allowed to warm to room temperature and stirred for 16 hours. A small 

amount of yellow solid precipitated from the mixture, but the remaining red solution 

contained unreacted 24 (1H NMR), 

(b) A solution of yellow rBuN=Se=NtBu (0.904 g, 4.10 mmol) in toluene (16.7 

mL) at O°C was added dropwise with stirring to a dark orange solution of rBuNTe(p- 

h4Bu)~TeWBu - (1.106 g, 2.05 mmol) in toluene ( I 0  mL) at -78OC. This orange-red 

mixture slowly warmed to room temperature and was s e e d  for fifteen hours, then it was 

heated at 60°C for five hours. Even less yellow solid was produced, and the remaining red 

solution contained unreacted 24 (1H NMR). 

5.5.9. Reaction of 24 with Me&iN=S=NSiMe3 a 

(a) A solution of Me3SiN=S=NSiMe3 (0.429 g, 2.078 mmol) in toluene (10 mL) 

was added to a solution of ~ B u N T ~ ( ~ - N ~ B u ) ~ T ~ N ' B u  (0.562 g, 1.041 mmol) in toluene 

(10 mL) at room temperature and stirred for 24 hours in the drybox. The solvent was 

removed under vacuum to give a sticky orange solid which was not recovered. For details 

of the lH NMR of this oily solid in C6D6, see Section 5.3.2.1. The solid was dissolved in 

hexane (10 mL) and fdtered through a syringe filter. A yellow powder precipitated from 

the solution, and the mother Liquor was decanted. More yellow powder precipitated and the 

solution was decanted again. From this solution, pale yellow block crystals of 74 were 

grown. The yellow powders were complex mixtures (1H NMR spectroscopy, Section 

5.3.2.1 .) 
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5.5.10- Reaction of 2 4 with rert-Butvlthionvl - Imine. tBuN=S=O 

A solution of O=S=NtBu (0.233 g, 1.955 mmol) in THF (20 mL) was added to a 

solution of B ~ N T ~ ( C ~ - N ~ B U ) ~ T ~ N ' S U  (0.530 g, 0.982 mmol) in THF (20 mL) at room 

temperature. After three hours of stining, a yellow precipitate was observed and the 

reaction was stirred for 19 hows in the drybox and then allowed to settle. The yellow 

solution was decanted, and the solvent removed under vacuum from the solid to give a 

yellow powder, ('BUN)~SO (75,0.265 g, 1.392 mmoi, 71%). 'H NMR (CsD6): 6 1.38 

( s ,  9H, CH3), 6 1.41 (m, 4H, TIIF), 6 3.57 (m, 4H, m. 13C NMR (C6D6): 8 26.0 (s, 

THF), 6 32.9 (s, CH3), 6 68.0 (s, THF). EI-MS (m/Z): 57 (tBu+), 103 ([tBul"32S]+), 

118 (['Bu14~3%160-HI+). FT-IR(4000 - 200 cm-1, Nujol mull, CsI plates): 1355 (s, sh), 

1215 (s, br), 1188 (s, br), 1067 (w, br), 962 (s, br), 912 (w, br), 782 (w, sh), 744 (s, 

br), 665 (s, br), 607 (s, br), 506 (w, sh), 392 (s, br), 358 (s, br). 

5.5.1 1. Reaction of 2 4 with Sulfur Dioxide. O=Ss 

(a) Sulfur dioxide gas was passed through a drying tube of phosphorus pentoxide 

and bubbled into a solution of 'BLINT~(~-NWU)~T~WBU (0.736 g, 1.364 rnmol) in toluene 

(25 mL) at room temperature. Copious amounts of a gray precipitate fonned immediately- 

After two hours of stirring, the solvent was removed under vacuum to give Te02 (0,492 g, 

identified by IR) which is likely contaminated with Te. lH NMR spectrum (C6D6) of this 

solid showed small amounts of toluene and IBuNSO. FT-IR(4000 - 200 cm-1, Nujol mull, 

CsI plates): 720 (w, br), 629 (s, br), 205 (w, sh). 

(b) Sulfur dioxide gas was passed through a drying tube of phosphorus pentoxide 

and bubbled into a solution of tBuNTe(p-N%u)2TeNtBu (0.066 g, 0.122 mmol) in C6D6 

(2 mL) at room temperature in an NMR tube. Copious amounts of a gray precipitate 

formed immediately. 1H m ( C 6 D a )  specmun of test reaction: 6 1-24 (s, (CH3)3CNSO). 



CHAPTER SIX 

C o n c l u d l n g t i o n s  for Future Work 

6.1. Concludinn Remarb 

Chapters Two and Three of this thesis presented the results of theoretical studies of 

multiply bonded tellurium compounds. Analysis of DFT calculations provided an 

understanding of the bonding in phosphine tellurides (R3PTe) and related molecules. The 

PO bond in R3P0 has been extensively studied and there are many differences of opinion 

in the literature about how to best describe the nature of the bonding. The work presented 

in Chapter Two revealed multiple bonding exists in al l  of the phosphine chalcogenides 

(R3PE where E = 0, S, Se, Te) but that the z-component of bonding becomes more 

sibmcant with respect to the a-bonding for the heaviest chalcogens. The different 

experimentally observed properties of chalcogen diimides were also explained through 

analysis of DFT calculations, These results correctly predicted that sulfur diimide should 

be monomeric and that tellurium diimides should be stable dimers, as observed. Selenium 

diimides have no thermodynamic preference for monomeric or dimeric structures, and are 

thermally unstable. 
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The experimental work in this thesis explored the reaction chemistry of the tellurium 

diimide dimer, 'BuNTe(p-c-Ng~)~TeNgu , 24. As described in Chapter One, the 

development of Te(1V) chemistry has been limited by the dearth of suitable starting 

materials. The dimer 24 has proven usem in the preparation of a wide range of new 

tellurium compounds with unusual structures, reactivities and properties, specially as 

compared to their sulfur and selenium analogues. Specifically for this thesis, 

~ B u , N T ~ ( ~ - N B u ) ~ T ~ N % u  has been used to prepare the novel imidotellurium(1V) dihalides, 

[tBuhTeX& (where X = C1, Br). For the dichloride 56, the structure was analyzed by 

X-ray diffraction. The arrangement of 'BuNTeC12 units involves trimers of dimers, 

[C12Te(~-NtBu)2TeC1~il The [C12Te(plWu)2TeCl~3 units are funher aggregated by a 

network of Te-I interactions into polymeric helical strands as detailed in Section 4.7. 

Some initial studies into the reaction chemistry of the dichloride 56 were presented in 

Section 4.9, e. g. the preparation of the bisalkoxytelluriurn irnide, [fB uNTe(OfBu)d2, 60. 

Chapter Five further explored the chemistry of tBuNTe(p-NtBu)fleNtBu through 

two classes of reactions, those with protic reagents and cycloadditions. The dimer 24 can 

be used to prepare homoleptic tellurium compounds, for instance, T ~ ( O [ B U ) ~  (67). 

However, the dimer can also be reduced to tellurium(lI) products. This situation is not 

unique to 'BUNT~(~-NBU)~T~N!BU:  in fact, many Tern) compounds are prepared from 

tellurium(TV) starting materials, e.g. TeC4. Reaction of ~ N T ~ ( J L - N % U ) ~ T ~ N ~ U  with 

the terminal acetylene, Cethynyltolene, generated Te(-C&4Me-4)2 (69) and the diyne, 

4-MeCgH4MC-=CC6H4Me-4. Attempts to prepare a Cp * tellurium compound were 

thwarted by the thermal instability of the products of the reaction of 24 and Cp*H, and 



likely by the reaction kinetics, which are too slow at the low temperatures necessary to 

avoid decomposition to elemental tellurium- In the process of studying these protic 

reagents, ( ! B u O ) ~ T ~ C ~ ~  (68) was prepared from TeCb and KOtBu in THE 

Several cycloaddition reactions of 24 were examined, The reaction with fBuNCS 

provided the first useful preparation of the six-membered ring, T ~ @ B u ) ~  (25). This 

telluriurn(1I) irnide was previously isolated as a minor by-product in the synthesis of 

tBUruiTe(p-WB~)~TeN%u. The possibility of synthesizing this T e O  reagent on a 

preparative scale means that its chemistry can now be studied. Sulfur-centred heteroallenes 

also reacted with 24. For instance, ('BuN)~SO was generated from 'BUNSO. When S e  

was reacted with ~ B ~ N T ~ ( ~ - N B U ) ~ T ~ N ' % U ,  tellurium dioxide and QuNSO were 

produced. 

In general, the results of this thesis have expanded an understanding of tellurium 

chemistry. DFT calculations have provided insight into the bonding of multiply bonded 

tellurium compounds and have helped to explain the different properties of chalcogen 

analogues. The compounds prepared in the laboratory exhibit new properties and 

structures. In particular, the dichlorides 56 and 68 should be useful for further chemistry 

in the preparation of previously inaccessible compounds. 

For synthetic chemists, an understanding of periodic trends allows for the 

development of new preparative and derivative chemistry. In particular, preparation of 

compounds of the heavier elements is unique as compared to the well-developed chemistry 

of the second and third rows. By producing new tellurium compounds (Chapters Four and 

Five) and examining differences between the bonding in the chalcogens (Chapters Two and 



Three), this thesis provides new infomation for guiding the growth of chalcogen 

chemistry. As a final comment, what are the possibilities for applications of these results 

as compared to the work outlined in Chapter One? The sensitivity towards air and moisture 

for al l  of the new compounds in this thesis suggests that they could not be used as drugs. 

However, their high reactivity may make them useful reagents for the preparation of single- 

source precursors to semi-conducting metal tellurides. 

6.2. Towards a Monomeric T e l l u w l I W  h i d e  

There are no examples of monomeric teUurium(IV) hides, but, based on the results 

of this thesis, there are several possiblities for synthetic routes to these unique compounds. 

A monomeric Te=N compound would be useful for cycloaddition reactions, similar to 

those described in Section 5.3, because there would only be one reactive site. 

It would be informative to use a DFT study to examine the interaction between the 

two halves of the h e r  of [tBuNTe(OrBu)d2. As discussed in Section 4.9.2, the 

structural data suggest that two monomers are linked in a weaker interaction than 

previously observed. This situation could be modelled by DFT calculations of 

MehTe(OMe)2, and its dimer. These results should reveal information about the strength 

of this dimerization, and about the orbitals involved. 

Synthetically, a monomeric t e l l u r i u m ~  h i d e  may be accessible via the reagent 

[tBuNTeClt]6 (56). By comparison with PBuNTe(OLBu)d2, the dichloride 56 should 

react with a bulky salt like LiOMes* to give the monomer, ~ u N T e ( 0 M e ~ * ) ~ ,  with a 

kinetically stabilized tellurium-nitrogen double bond (Equation 6.1). 



Mes' = 

Wbile problems were encountered in isolating the bisamidotellurium h i d e  65, 

{B ulVTe(NmMes*)2 ),, specially designed glassware for vacuum techniques and 

degassed solvents may make it possible to handle this extremely sensitive compound by 

completely avoiding any contact with the atmosphere. It was suggested in Chapter Four 

that this compound might be a monomer. If this is the case, nBuLi or some other base 

could be used to deprotonate 65 to give a trisimidotellurite dianion. [Te(NtBu)(NMes*)@- 

(Equation 6.2). The structural details of this bulky derivative are likely to be different from 

those of the known tris(tert- buty1imido)tellurite dianion, T ~ ( N % U ) ~ ~ - .  In addition, the 

ligand properties of this new trisimidotellurite should be quite different from those of 

[ ~ e  (N'B u) 3]2-.95-99 



Mes* = 

Given that the dichloride 56 can be converted to the dibromide SI by 

brornotrimethylsilane. it may be interesting to react the dichloride 56 with other Me3Si- 

reagents which should eliminate Me3SiCL. For example, the trimethylsilyl ethers, 

Me3SiOR where R is a bulky group like Mes*, could produce new ~ B U N T ~ ( O R ) ~  

(Equation 6.3). 

6.3. Preoaration and Reactions of Diorgu~ooxy te l lu r i~O Ihwdes RO)  . - 
-2- 

One of the most interesting aspects of the preparation of w ~ 0 ) ~ T e C l ~  (68) is the 

possiblity of extending the method to produce numerous compounds of the type 

( R 0 ) m 2  (X = Cl? Br, I). Given the extensive literature based on smctural studies of 

R2TeX2 (X = C1, Br, I), it is likely that the structures of (R0)2TeX2 are equally 

interesting. The starting materials are the tellurium teuahalides, which are al l  commercially 



available, and any sort of alkoxide or aryoxide, RO-, which are simple to prepare from 

alcohols or phenols and sodium hydride. In comparison with the diorganotelIurium(TV) 

dihalides from Section 4.6, a good starting example would be R = Ph (Equation 6.4). 

TeX4 + 2 NaOPh (PhO)?TeXZ 
- 2 NaCl 

I 

X=Cl ,  Br, I 

The reactive chIorines on 68 are analogous to those on 56 and should react in a 

similar manner. There are many possible metathesis reactions using metal salts to generate 

compounds of the type, (R0I2TeA2 For example, Lithium hexamethyldisilazide should 

react with 68 in a 2: 1 molar ratio to give a bisamidobisalkoxyteUurium~ derivative 

(Equation 6.5) .  

Alternatively, if lithium hexamethyldisilazide was reacted with 24 in a 1 : 1 molar 

ratio (Equation 6.6), elimination of chlorotrimethylsilane may occur to generate a 

bisalkoxytellurium(Iv) imide (cf. [tB uNTe(OtBu)d2, 60). 



6.4. Characterization of FBuNTeOl, (7 3) 

Given the difficulties in corn pletely characterizing the polymeric [tB uNTeO], due to 

its insolubility, it is likely that fonnation of an adduct may prove useful, For example, 

Lewis acids may break up the polymeric chain to give a more soluble compound, like 

Figure 6.1 Possible Structure of a B(C6F5)3 adduct of ['BuNTeO], (73). 

As mentioned in Section 5.3.1.3 and illustrated by Figure 5.4, the coinage metal 

(Cu+, Ag+) complexes of the dimer 24 partially hydrolyze to complexes of the spirocyclic 

ligand, ' B ~ N T ~ ( ~ - N ~ B u ) ~ T ~ O .  If the polymer 73 was reacted in the presence of tert- 

burylamine with metal salts. M[CF3S03] (M = Ag+, Cu+), a complex like that shown in 

Figure 6.2 may be formed. 



Figure 6.2 Possible Metal Complex of [BuNTe0l4. 
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