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ABSTRACT 

The chemistry of selenium coronands and their metal ion complexes has been 

investigated. 

New selenium coronands, namely, 3-hydroxyl-1,5-diselenacyclooctane (8Se20H), 

cis-3,11 -dihydroxyl- 1,5,9,13-tetraselenacyclohexadecane (1 6Se4(OH)2), 6,7,13,14- 

dibenzo- 1,5,8,12-tetraselenacyclotetradecane (dibenzo- l4Se4) and the mixed 

sulfur/selenium coronand, 1,5-diselena-9,13-dithiacyclohexadecane (1 6S2Se2) have been 

synthesized by a one-step or step-wise strategy. The compounds have been fully 

characterized by micro-analysis and spectroscopic methods (MS, IR, and 1H and 13C 

NMR). In addition, x-ray crystallography of the latter two selenium coronands indicates a 

gauche conformatiunal preference about the C-Se bonds. The selenium coronands and two 

selenium coronand dications have been characterized by solid-state CP-MAS 13C and 77Se 

NMR spectroscopy. 

The coordination and redox chemistry of selenium coronand metal complexes has 

been studied. Pd(I1) and Cu(I1) complexes of several selenium coronands have been 

synthesized and their x-ray structures been determined. The Pd(I1) complexes have square 

planar configurations; the Cu(I1) complexes have tetragonally distorted octahedral 

configurations. The structures of these complexes in solutions have been studied by UV- 

visible spectroscopy, and where applicable, ESR or NMR spectroscopic methods. 

The Cu(I1) complexes of 1,5,9,13-tetraselenacyclohexadecane (1 6Se4), cis-3,ll- 

dihydroxyl- 1,5,9,13-tetraselenacyclohexadecane (16Se40H) and 1,5-diselena-9,13- 

dithiacyclohexadecane (16S2Se2) have been found to be unstable in certain organic 

solvents. The corresponding Cu(1) complexes from a spontaneous reduction reaction have 

been isolated and characterized by x-ray crystallography, the latter compounds have a 

tetrahedral configuration about the Cu atom. The presence of hydroxyl group substituents 



in the coronands appears to increase the stability of the Cu(I1) selenium coronand complex. 

The detailed kinetics and the mechanism of the spontaneous redox reaction of the Cu(I1) 

complex of 1,5,9,13-tetraselenacyclohexadecane (16Se4) has been probed by uv-visible 

spectroscopy, electrochemistry and spectroelectrochemistry. The following mechanism has 

been proposed: 

Cyclic voltammetry of thh Pd(I1) and Cu(I1) complexes has been carried out and the redox 

potentials or peak potentials have been determined. 

Finally, the redox properties of the selenium coronands themselves have been 

investigated. Cyclic voltammetry, coulometry and spectroelectrochemistry have been used 

to characterize the radical cations and dications of various selenium coronands. The redox 

potentials of selenium coronands and the uv-visible absorption maxima (h,,,) of the 

corresponding radical cations have been measured. The hmax values are related to the 

strength of the two-center, three-electron bonds formed by dimerizations or by transannular 

interactions. Transannular interactions facilitate the oxidation of the selenium coronands on 

the electrode. Cyclic voltammetry, convolutional analysis, electrolysis, and spectroelectro- 

chemical methods have been used to investigate the fate of the radical cation (1,5,9,23- 

tetraselenacyclohexadecane+~, 16Se4+.) in solution. The results indicate that the radical 

cation forms a dimer with a parent molecule. 
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CHAPTER I 

INTRODUCTION 

1 . I .  Chalcogen Macrocycles 

Chalcogen macrocycles have attracted tremendous interest There are 

two main areas of interest: 1) biochemical interests; 2) academic interests that may lead to 

industrial applications. The biochemical interest arose from the observation of thioether 

binding in biological systems such as d-biotin (involving tetrahydrothiophene)4t5 and blue 

copper proteins such as plastocyanin and azurin (involving meth i~n ine )~?~ .  The 

relationship between structure and reactivity is of central interest. It is believed that the 

unusual optical and redox properties of blue copper proteins are the result of a distorted 

tetrahedral geometry in the active copper(I1) centefi. vallee9 and ~ i l l i a m s ' ~  proposed that 

the high reactivity of all enzymes was due to the geomemc constraints imposed on the 

reactive center by the surrounding protein mamx. However, proteins and enzymes are 

macromolecules that are relatively difficult to use to test the theory because for such a test 

one needs to have control of the active site structure. Hence, synthetic macrocycles are 

possible models for studying and understanding the chemical and biochemical processes in 

metalloenzymes or metalloproteins. 

Macrocyclic ligand systems tend to provide a well-defined environment for the 

metal ion. The properties of the metal ions may be influenced by geometric deformation of 

the coordinating ligands. For example, when the geometry of a macrocyclic cavity is close 

to that preferred by the reduced ionic species a high standard potential results whereas a 

cavity geometry close to that of the oxidized state results in a lower standard potential1'. 

Rorabacher and c o - ~ o r k e r s ~ * ~ * ' ~ - ' ~  have performed a thorough investigation of the 

relationship between redox reactivity and the structure of Cu and macrocyclic thioethers in 

an attempt to comprehend how the geometric environment of the coordination sphere would 



affect the reactivity of the metal ions. Others applied the macrocyclic ligand approach to 

comprehend the unusual spectroscopic and electrochemical properties observed. For 

example, Addison has studied the effects of geometric arrangements of macrocyclic ligands 

and the different kinds of donor atoms on the spectroscopic properties (uv and ESR) of a 

number Cu(I1) complexes of thia and/or aza, oxa ma~roc~cles '~* '~ .  

In addition to the biochemical interest, academic interest stems from the possible 

similarity between phosphines and thioethers in the formation of coordination bonds with 

transition metal ions. The finding that cyclic thioethers can bind to a range of transition 

metal has promoted the development of the coordination chemistry of thioether 

ligands. Chalcogen macrocycles are expected to preferentially bind to transition metal ions, 

considering the "softness" of the chalcogen elements. The possible parallel between 

chalcogen and phosphines might bring up extensive and industrially useful coordination 

chemistry. As mentioned before, the synthetic macrocycles may provide means to control 

the stability, selectivity and reactivity of macrocyclic metal-ion complexes through ligation 

or dilation of the inner sphere of the complexes. Cooper and co-workers have significantly 

advanced in the synthesis, conformational analysis and coordination chemistry of 

macrocyclic polythia-ethers2*20. The relative stabilization of metal complexes has been 

linked to the degree of necessary conformational change from that of the uncomplexed 

ligand. Schroder and co-workers have made further progress in this A 

tremendous amount work has been done in the chemistry of thia macrocycles and their 

transition metal ions complexes2~3*14~19*30-39, in particular, the investigation of spectral, 

electrochemical, structural, kinetic and thermodynamic aspects of macrocyclic complex 

formation. 

However, surprisingly, there is very little work on the selena macrocycles. To the 

best of our knowledge, prior to our work, the only large-ring selenides reported to date are 

cyclic oligomers of selenaformaldehyde (I)~O, diselenacyclophanes (2), 2, l l -  

diselena[3.3](2,6)pyridinophane (3)4145, macrocyclic diselena ethers (4)46, selenium 



porphyrin derivatives (5)47*48, tetraselena-3,4-benzocyclooctodecane (6)49 and mixed 

selena oxa macrocyclic ethers (7)49-52. Among these publications only ~ o j j a t i e ~  , 

~ k a b o r i ~ ~  and reported the coordination chemistry of their selena macrocycles with 

transition metal ions. Therefore, the chemistry of selenium coronands and their metal ion 

complexes is really in its infancy. 

1.2. Definition and Nomenclature 

During the development of the chemistry of macrocycles and their metal ions, new 

terminology and nomenclature have been introduced by their d e ~ e l o ~ e r s ~ ~ , ~ ~ .  The 

terminology and nomenclature usually are abbreviations rather than the lengthy and 

cumbersome systematic naming. In order to avoid confusion, we would like to discuss 

some definitions of terms and nomenclature that are generally accepted by the chemistry 

community. 

Coronands are multidentate monocyclic ligands with any type of donor atoms; the 

crown ethers refer to the cyclic oligomer-ethers containing exclusively oxygen as the donor 

atoms. The complexed coronands are called c ~ r o n a t e s ~ ~ .  Macrocycles are cyclic 

compounds with nine or more members (including all heteroatoms) and with three or more 

donor a t o m ~ ~ ~ ~ ~ ~ .  According to this d e f i n i t i ~ n ~ ~ l ~ ~ ,  the above mentioned macrocyclic 

diselena ethers and most of the selenacyclophanes may not be called macrocycles because 

they only involve two selenium atoms in a cyclic system. 

The selenium coronands prepared in our group are named non-systematically by an 

extension of the crown nomenclature introduced by pedersed3. Thus 1,5,9,13- 

tetraselenacyclohexadecane is called tetraselena- 16-crown-4. This name is further 

abbreviated to 16Se4, in which the number 16 denotes the ring size and the number 4 

denotes the selenium atoms. This nomenclature will be used elsewhere in the thesis. The 

relevant macrocyclic thioethers are also named by this convention2. Table 1.2.1 shows the 

structures of selenium coronands synthesized in our group and their names. 
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Table 1.2.1. Abbreviated Nomenclature for Selenium Coronands 

No. Selenium Coronands Abbreviated Name IUPAC Nomenclature 

3,ll-dihydroxy-1,5,9,13- 

16Se4(OH)2 teuaselenac yclohexadecane 

16Se40H 3-hydroxy-1,5,9,13-tetra- 

selenac yclohexadecane 

16S2Se2 1,5-diselena-9,13- 
dithiacyclohexadecane 



(Continuation of) Table 1.2.1. Abbreviated Nomenclature for Selenium 

Coronands 

No. Selenium Coronands Abbreviated Name IUPAC Nomenclature 

l,4,8,l l-tetra- 

selenacyclotetradecane 

n 
dibenzo- 14Se4 6,7,13,14-dibenzo- 

/ 1,5,8,12-tetraselenacyclo- Se 

1,5,9,13,17,21- 

tetraselenac yclotetracosane 

3-hydroxy- l,5-diselena- 

cyclooc tane 



1.3. Our Research Interests in Selenium Coronands 

Since donor atoms in a macrocycle directly bond to metal ions, the donor atoms 

have more influence on the stability and reactivity of the complexed transition metal ions. 

Thus, in addition to altering the sizes of macrocycles, altering the donor atoms also enables 

one to influence the properties and reactivity of the transition metal ions. In this regard, 

selenium coronands are attractive because of the large covalent radius and greater 

polarizability of selenium compared to oxygen and nitrogen. Would selenium coronands 

form complexes with transition metal ions? The answer is they likely would. In the 

literature, simple selenoether-transition metal complexes have been r e p ~ r t e d ~ ~ . ~ ~ .  Table 

1.3.1 lists the metal ions that have been reported to form complexes with selenoethers. 

Table 1.3.1. Metal Ions Reported to Form Complexes with Seleno 

~ t h e r s ~ ~ - ~ ~  

IVB VB VIB VIIB VIII IB IIB 

The presumption that selenium coronands would form complexes with transition 

metal can be rationalized by the concept of hard and soft acids and bases. Hard and soft 

acids and bases were originally &fined as65 : 

soft base -- the donor atom is of high polarizability, low electronegativity, easily 

oxidized and associated with empty, low-lying orbitals. 

hard base -- the donor atom is of low polarizability, high electronegativity, hard to 

reduce, and associated with empty orbitals of high energy and hence 

inaccessible. 



sofr acid -- the acceptor atom is of low positive charge, large size and has several 

easily excited outer electrons. Polarizable. 

hard acids -- the acceptor atom is of high positive charge, small size and does not 

have easily excited outer electrons. Not polarizable. 

For a general acid-base reaction 

there is an HSAB ~ r i n c i ~ l e ~ ~  --- hard acids prefer to coordinate to hard bases and soft acids 

to soft bases --- to predict or understand the outcome of the reaction. The selenium atom 

has a large radius (r,,, = 1.12 A)66 , large polarizability and low electronegativity (xSe = 

2.4, cf. xs = 2.5, xo = 3 . 5 1 ~ ~ ;  therefore, it belongs to the soft base category. Selenium 

coronands should present a preference for coordination to transition metal ions, particularly 

with the low oxidation state transition metal ions. 

Recent development of the concept of hard and soft acids and bases pioneered by 

~ a r r ~ ~ 3 ~ ~  allows us to compare the hardness of a base or acid in a quantitative manner. 

Pan and Pearson introduced a new concept, i.e., the absolute hardness (qs) along with the 

absolute electronegativity (x)~' 

where x is the absolute electronegativity; p is the electronic chemical potential; qs  is the 

absolute hardness; E is the electronic energy of a molecule, atom or ion; N is the number 

of electrons and Z is a fixed set of nuclear charges. The operational definitions7' are 



where I, is the ionization potential of a species S and A, is the electron affinity of a species 

S. Hard acids or bases have large q, values, whereas soft acids and bases have small qs. 

For example, atoms 0 ,  S and Se have the qs values70 of 6.08, 4.12 and 3.86 eV, 

respectively. Here, we can see that the S atom and Se atom have the comparable hardness 

or softness. In another example, the rl, values70 for Cu2+, Cu+ and ~ d 2 +  are 8.5, and 6.3 

and 6.8 eV, respectively, which is consistent with that Cu2+ is a borderline acid whereas 

Cu+ and ~ d 2 +  are soft acids in comparison to Na+ (q = 2 1. 1)71. 

According to MO theory the first ionization potential of a molecule is simply the 

orbital energy of the HOMO, and the electron affinity is the orbital energy of the LUMO, 

with changes in sign71 

Therefore, - X  is the average of the HOMO and LUMO energies and 2q is the gap between 

the HOMO and LUMO (Figure 1.3.1). A hard molecule or ion has a large gap between the 

HOMO and LUMO, and a soft molecule, or ion has a small gap. 

t -  LUMO 

Figure 1.3.1. An orbital energy diagram showing x and q for filled- 

shell molecule. 
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Thus, based on the HSAB principle we expect that selenium coronands should at least 

show a similar complexation ability with these transition metal ions (Cu(II), Cu(1) and 

Pd(I1)) to their sulfur counterparts. 

The introduction of selenium atoms into macrocycles adds an additional probe for 

structural characterization and dynamic processes of the complexes in solutions. Selenium- 

77 has a spin 112, a natural abundance 7.58% and a receptivity 2.9859*72-74 with respect to 

carbon-13. Abel and co-workers13 have investigated the pyramidal inversion at the 

selenium centers in Pt(I1) complexes cis-[PtXMeSe(CH2)2SeMe](X = C1, Br, I)2 (see 

Figure 1.3.2) with NMR (1 H, 13C, 77Se, 195pt) studies and determined inversion barriers. 

Meso- DL- 

Figure 1.3.2. Meso and DL invertomers of a metal complex of a 
chelating diselenoether. 

Lack of a proper synthetic route to prepare the selenium coronands might be one of 

the reasons for the little work on the chemistry of selenium coronands and their metal ion 

complexes in the past. However, Pinto and co-workers7' have recently developed a 

synthetic route for selenium coronands (Scheme 1. I), in which Nahiquid NH3 reduction of 

an a,o-alkanebis(se1enocyanate) to the bis(seleno1ate) followed by addition of 

dihaloalkanes gave mixtures of selenium coronands that were separated by 

chromatography. 



Scheme 1.1 

Conformational analyses of the solid state structure of these selenium coronands by 

x-ray crystallography75 reveal that selenium coronands normally adopt exodentate 

conformations, that is, the selenium atoms usually tend to take a position in which they are 

pointing away from the macrocyclic ring. The placements are similar to those of thia 

macrocycles76~77, but are different from those of crown ethers. It was also found that in 

coronands 12Se4 (12), 14Se4 (13) and 16Se4 (8) the selenium atoms occupy as many 

comer positions as possible. In such arrangements, C-Se-C-C sequences have the 

maximum number of gauche conformations about the Se-C bonds. The ramification is that 



the ligands must reorganize to turn the selenium atoms inward to coordinate with a metal 

ion. 

Thus, the coordination of metal ions will be a compromise between the bond 

strength of Se-M and the strain induced by the reorganization of the macrocyclic rings. 

Because selenium is a relatively weak a-donor in comparison with P, N, and S, the 

macrocyclic effects might be diminished by this structural reorganization. The interplay of 

the exodentate preference in selenium coronands and the electronic requirements of the 

transition metal ions will likely render a rich coordination chemistry59*7278. 

In preliminary experiments, Pinto et at60, found an interesting redox reaction of a 

Cu(I1) complex of 16Se4. During recrystallization of [Cu(16Se4)][S03CF3]2 (21), it was , 

discovered that the copper (11) complex was spontaneously reduced to a copper(1) complex 

in THF and CH3N02 solution. In CH3CN solution this reduction was even faster, and 

16Se4 dication crystallized from the solution60. Both reaction products were isolated and 

fully characterized. This redox reaction is probably a result of selenium's inherent redox 

property. In biological systems, the human body for example, selenium is a component of 

several enzymes involved in essential oxidation-reduction reactions79. One enzyme, 

glutathione peroxidase (GSH) appears to play a major role in the protection of red blood 

cells against the effects of hydrogen peroxide which is readily generated inside the cell. 

Hence, we would like to know how the redox reaction occurs. What structural 

effects of the selenium coronands would affect this reaction and what is the probable 

reaction mechanism? To answer these questions further investigations are needed. 

According to the findings in the redox chemistry of the Cu(11) thia complexes, the 

inner coordination sphere plays an important role in the determination of the stability and 

reactivity of the Cu(1I) thia macrocycle complexes35*80*81. Also, the binding selectivity to 

the metal ions appears to increase for macrocycles with proper s u b ~ t i t u e n t s ~ ~ * ~ ~ - ~ ~ .  

Therefore, functionalized selenium coronands are the next logical candidates to answer the 

question of how ligand structure affects the properties of complexes. Furthermore, they 



will also provide a way to explore the scope and limits of the synthetic route to the selenium 

coronands designed by Pinto et a175 . New synthetic routes may be needed to obtain the 

selenium coronands with the required substituents. The newly synthesized selenium 

coronands together with other coronands can be used to prepare complexes of metal ions to 

study the coordination chemisay. 

The redox chemistry of [Cu(16Se4)][S03CF3]2 (21) reveals that the selenium 

coronands are likely to be susceptible to oxidation. When a selenium coronand loses an 

electron it becomes a radical cation which can, in turn, be further oxidized to a dication. 

The radical cations are presumably stabilized by a two-center three-electron selenium- 

selenium bond that results from transannular interactions or intermolecular Se-Se 

interaction, as in the case of the sulfur  congener^^^.^^. Preliminary results indicated that 

the radical cation of 16Se4 was stable enough in solutions to be detected by uv-visible 

spectroscopy under static conditions. The absorption is from the transitions between the 

bonding and anti-bonding orbitals of the two-center three-electron bonds88. Formation of 

two-center three-electron bonds in radical cations is documented in aliphatic 

thioethers79899910. However, compared to thioether radical cations there are very few 

examples of selenoether radical cations reported in the l i t e r a t ~ r e ~ ~ - ~ ~ .  With the selenium 

coronands listed in Table 1.2.1 we can investigate the radical cations by uv-visible 

spectroscopy. From the uv-visible spectroscopic data, information about the bond 

strengths of these Se-Se bonds can be obtained from the absorption maxima. The radical 

cations can be generated by chemical and electrochemical methods. Electrochemisay 

techniques such as cyclic voltammetry and spectroelectrochemisay will be used to study the 

redox properties of the metal ion complexes of selenium coronands as well as of the 

ligands. The focus will be on the relationship between structure and redox properties such 

as the redox potential El/;! and the reversibility of the electrode reaction. 

Finally, in order to propose a mechanism for the spontaneous electron transfer 

reaction of [Cu(l6Se4)][S@CF3]2, kinetic studies are needed to determine the order of the 
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reaction with respect to the reactants and the stoichiometry of the reaction, and to identify 

reaction intermediates. The latter can be accomplished through the study of the redox 

properties of the selenium coronands. 

Combining the above thoughts the research project was designed as follows: 

Continuation of the development of selenium coronands synthesis with 

focus on the coronands with functional groups. 

Characterization of the selenium coronands by solid-state CP-MAS NMR 

spectroscopy and x-ray crystallography. 

Preparation and characterization of the metal ion complexes of selenium 

coronands. 

Investigation of the redox properties of the selenium coronands and their 

metal complexes by various electrochemical methods such as cyclic 

voltammetry, electrolysis and spectroelectrochemistry. 

Study of the kinetics of the redox reaction of 21. 



1.4. Thesis Overview 

In Chapter I1 of this thesis the synthesis of new and functionalized selenium 

coronands is presented Based on the results from x-ray structures conformational analysis 

is discussed. 

In Chapter III the structural characterization of selected selenium coronands and two 

dications of selena cyclic ethers by CP-MAS solid state NMR is presented. 

In Chapter IV the redox chemistry of the selenium coronands is described, which 

includes characterization of the radical cations and dications of selenium coronands by uv- 

visible spectroscopy and various electrochemical techniques. The relationship between the 

absorption maxima as well as the redox potentials and the stability of the radical cations are 

discussed. 

In Chapter V, the coordination chemistry of some selenium coronands and 

transition metal ions (Pd, Cu) complexes are discussed. The Chapter describes the 

preparation of complexes and their characterization by x-ray crystallography, uv-visible 

spectroscopy and, where applicable, ESR spectroscopy. The redox properties of the metal 

complexes of selenium coronands, obtained from cyclic voltammetric studies, are also 

discussed. The kinetic study of the redox reaction of the Cu(I1) 16Se4 complex is 

presented and a mechanism is proposed. 

Finally, in Chapter VI, a short summary on the main points in each Chapter is 

given. 

In Chapter VII the detailed experimental procedures are given. 



CHAPTER I1 

SYNTHESIS OF NEW AND FUNCTIONALIZED SELENIUM 

CORONANDS 

2.1. Introduction 

2.1.1. Synthetic Methods 

The methodology for synthesizing selenium coronands depends on the nature of the 

targets. In Pinto's group, selenium coronand~'~ were successfully prepared by reacting 

the sodium alkyl diselenolate with the appropriate dihalides. This procedure was also used 

to synthesize 8Se20H (17) and 16Se4(OH)2 (9). The advantage of this approach is that 

the synthesis is a one-step procedure (Scheme 2.1.1). 

Scheme 2.1.1 

However, this approach failed in the synthesis of dibenzo-14Se4. Attempts to 

prepare dibenzo-14Se4 (14) through the one-step procedure resulted in 1,2-(1,3- 

trimethylenedise1eno)benzene (22). Moreover, the one-step approach cannot be used in 

preparation of mixed donor-atom or selenium coronands containing an odd-numbered of 

heteroatoms. Hence, a stepwise synthetic approach is necessary. The concept of a 



stepwise synthetic procedure is shown in Scheme 2.1.2. The key to the stepwise approach 

is replacing the 1,3-dibromopropane with a propane that has two functional groups on the 1 

and 3 positions, one being more reactive than the other towards the nucleophile; hence, the 

self-cyclization problem can be circumvented. When the appropriate intermediate for the 

coronand is built up, the less reactive functional group (usually an OH group) is converted 

to a leaving group that reacts with the sodium alkyl diselenolate to complete the cyclization. 

Spectroscopic methods such as IR, UV, MS and NMR spectroscopy were used for 

structural characterization along with microanalysis. In addition, solid state 1% and 77Se 

NMR spectroscopy were applied, when appropriate. 

Scheme 2.1.2 



2.2. Results 

2.2.1. Synthesis of lbSe4(OH)2 (9)  and 8Se20H (1 7) .  

These two selenium coronands were synthesized by the one-step procedure 

(Scheme 2.2.1). Addition of 1,3-dibromopropane to sodium 2-hydroxy-1,3- 

propanediselenolate (37) in THF/EtOH yielded a mixture of 8Se20H (17) and 

16Se4(OH)2 (9), which were isolated by flash column chromatography. The yields of 

8Se20H and 16Se4(OH)2 were dependent on reaction temperatures. At 0 "C, mainly 

8Se20H (8Se20H/16Se4(OH)2, 36:2) was isolated, but at 40 "C the yield of 16Se4(OH)2 

increased (8Se20H/16Se4(OH)2, 23:12). The rest of the reaction mixture appeared to 

consist of polymeric material. 

Scheme 2.2.1 

KSeCN 

I NCSe SeCN 

(7 
NCSe SeCN 

Temperature Yield 
17 



Products were characterized by microanalysis. More useful information for 

structure elucidation was obtained from the IH, 13C NMR, IR and MS spectra. Table 

2.2.1 and Table 2.2.2 list the IH, and 13C NMR chemical shifts of 17 and 9 respectively 

Figure 2.2.1 and Figure 2.22 are illustrations of possible conformations for 17 and 9, 

respectively. Figure 2.2.3 is a 2D 1H-homonuclear chemical-shift correlated NMR 

spectrum of 17. 

Figure 2.2.1. Two possible conformations of 8Se20H (17) (chair-chair 
and chair-boat conformations). 

Table 2.2.1. Solution lH and l3C NMR Data for 8Se20H (17)a 

Proton 6 (ppmlb and J (Hz) Carbon 6 (ppmIC (re1 int) 

Ha 3.98 s (br) C1 69.4 (1) 

Hb 3.13-3.18; dd, Jbc = 13.8 HZ, Jba = 3.00 HZ C2 30.2 (2) 

H, 2.96-3.03; dd, Jcb = 13.8 HZ, Jca = 7.00 HZ 

Hd 2.79-2.86; ddd, Jde = 13.4 HZ, Jdg = 7.50 C3 23.9 (2) 

Hz, Jdf = 3.75 Hz) 

H, 2.68-2.74; ddd, Jed = 13.4 HZ, Jef = 8.00 

HZ, Jeg = 4.25 HZ 
Hf, Hg 2.32-2.48; dtt, Jfg = 13 Hz, Jfd 3.75 Hz, Jfe C4 30.8 (1) 

= 8.00 Hz, Jge = 4.25 Hz, Jgd = 7.50 Hz 

a. In CDC13 and relative to TMS. 

b. 400 MHz 1H NMR. 

c. 100 MHz 13C NMR . 



Figure 2.2.2. Two-dimensional COSY 1H NMR spectrum of 8Se20H 
(17) in CDCI3. 



Figure 2.2.3. A proposed conformation of 16Se4(OH)2 (9). 

Table 2.2.2. Solution 1H and 13C NMR Data for 16Se4(OH)2 (9)a 

-- pp -- -- - - 

Proton 6 (ppm)b and J (Hz) Carbon 6 ( ~ p m ) ~  (re1 int) 

Ha 3.88 m; (re1 int = 1) C1 70.1 (1) 

Hb, I-&, He 2.86-2.91;m9(relint=3) C2 31.3(2) 

Hb', Hcl, H,., Hf, Hr 2.77-2.66; m, (re1 int = 5) C3 24.3 (2) 

2.09, p, J = 6.4 Hz, 

a. In CDC13 and relative to TMS. 

b. 400 MHz 1H NMR. 

c. 100 MHz 1 3 ~  NMR . 



2.2.2. Synthesis of Dibenzo-14Se4 (14)  

Dibenzo- l4Se4 (14) was synthesized by a stepwise procedure that is depicted in 

Scheme 2.2.2. The poly(l,2-diselenobenzene) (26), which was prepared according to a 

literature procedure94 was reduced by NaBH4 to give sodium 1,2-benzenediselenolate. As 

mentioned in the Introduction, the direct reaction of sodium 1.2-benzenediselenolate with 

1,3-dibromopropane gave 1,2-(1,3-trimethylenedise1eno)benzene (22). as the only 

product. Hence, 3-bromo- 1 -propano1 was used to give 1.2-bis(3-hydroxy- 1- 

propylse1eno)benzene (27), which was isolated and transformed to a dichloro-compound. 

The dichlorocompound (28) was isolated and was reacted with sodium 1,2- 

benzenediselenolate to obtain 14. The final coronand, as well as the intermediates, were 

isolated by flash silica column chromatography and characterized by microanalysis, IR, 

MS, 1H NMR, and 13C NMR spectroscopy. The structure of 14 was further characterized 

by x-ray crystallography, and 13C solid state NMR spectroscopy. Figure 2.2.4 and Figure 

2.2.5 show the x-ray molecular structures of dibenzo-14Se4 in two different 

conformations. 

Besides the dichlorocompound 28, the ditosylate of 1,2-bis(3-hydroxyl-1- 

propanylse1eno)benzene was also made as the precursor for the cyclization step. However, 

the dichlorocompound was easier to isolate and purify. 

Extension of the synthetic approach to synthesize analogs with only two-carbon 

bridges by reaction of sodium 1,2-benzenediselenolate with 1,2-bis(1- 

hydroxyethylenese1eno)benzene was totally unsuccessful. This likely arises because of the 

formation of the labile ethylene episelenonium ions which undergo extrusion of ethylene 95- 

97 as shown in Scheme 2.2.3. 



Scheme 2.2.2 

a:: Na2Se2 

DMF, 120 OC 



Table 2.2.3. Solution l H  and 13C NMR Data for Dibenzo-14Se4 (14) and 
Important Intermediates8 

Compound 'H 6 ( ~ p m ) ~  and J (Hz) l 3 ~  6 (ppm)C (re1 int) 

H1* 3.78; t, J = 6.61 Hz Cl* 62.3 (1) 3'fi1 H2. 1.97;p7J=6.61Hz c2' 32.3 (1) 

H39 3.02; t, J = 6.61 Hz 5d1: 1 H3 

c3' 24.3 (1) 

4 c1 
134 (w)d 

3 

3' ull 2' $1 H6 7.11-7.46; m } 127(1),132(1) 

HI* 3.02; t, J = 7.1 Hz c1, 27.0 (2) 

3' H2t 1.98; p, J = 7.1 Hz c2' 29.3 (1) 

c1 134 (weak) 

6.95-7.35; m 1' H5 } C6 127(2),133(2) 

6 

5 4 

a. In CDC13 and relative to TMS. 

b. 400 MHz 1H NMR. 

c. 100 MHz 13C NMR . 



Scheme 2.2.3 

- Cl- 
ArSeCH2CH2Cl -, ArS - ArSeSeAr + CH2= CH2 

L 
ArSe' 

Scheme 2.2.4 

n 1. NaBH4 

NCSe SeCN 2. ClCH2 CH2 CH2 SH 

2.2.3. Synthesis of 16S2Se2 (11)  

A stepwise synthetic route for preparation of 16S2Se2 is shown in Scheme 2.2.4. 

As such, we could use the existing starting material (1,3-propanediselenocyanate) and 

employ the method for preparing t h i a m a c r ~ c ~ c l e s ~ ~ ,  i. e., alkyl dithiols reacted with 

dihalogenated or ditosylated alkyls in the presence of Cs2C03 to complete the cyclization. 

Thus, 3-chloro-1-propanethiol was reacted with sodium 1,3-propanediselenolate to give the 

5,9-diselenatridecane- 1.13-dithiol (30). Compound 30 was isolated by flash column 

chromatography and characterized, then reacted with 1,3-dibromopropane to yield the 



coronand, 16S2Se2, which was characterized by IR, UV, 1H and 13C NMR spectroscopy, 

microanalysis and x-ray crystallography. Figure 2.2.6 shows the x-ray structure of 

Table 2.2.4. Solution lH and 13C NMR Data for 16S2Se2 (11) and 
Important Intermediatesa 

- - 

Compound 'H 8 ( ~ p m ) ~  and J (Hz), 13C 8 (ppm)~ (re1 int) 

In CDC13 and relative to TMS. 

400 MHz 1H NMR. 

100 MHz 13C NMR . 
satellite triplet was observed. 



2.2.4. Synthesis of 12Se3 (18) 

The coronand 12Se3 shown in Figure 2.2.7 was synthesized by a stepwise 

procedure by  colleague^^^. Its x-ray structure and selective bond distances, bond angles 

and torsion angles are listed in Table 2.2.7. 



Figure 2.2.4. Molecular structure of dibenzo-14Se4 (14 a). 



Figure 2.2.5. Molecular structure of dibenzo-14Se4 (14 b). 



Figure 2.2.6. Molecular structure of 16S2Se2 (11). 



Figure 2.2.7. Molecular structure of 12Se3 (18). 



Table 2.2.5. Selected Bond Distances (A), Bond Angles and Torsion (O) 

Angles for Dibenzo-14Se4 (14) at 190 K 

Bond Distances (A) 



continuation of: 

Table 2.2.5. Selected Bond Distances (A), Bond Angles and Torsion (0) 

Angles for Dibenzo-14Se4 (14) at 190 K 

Bond Angles (0) 

Torsion Angles (0) 

(continued) 



continuation of: 

Table 2.2.5. Selected Bond Distances (A), Bond Angles and Torsion (O) 

Angles for Dibenzo-14Se4 (14) at 190 K 

Torsion Angles (O) 

C(2) C(21) C(22) C(23) -0.7(4) C(21) C(22) C(23) C(24) 1.6(4) 
C W )  C(23) C(24) C(3) -2.2(4) C(10) C(31) C(32) C(33) -2.2(4) 
C(31) C(32) C(33) C(34) 1.8(4) C(32) C(33) C(34) C(9) -0.4(4) 
C(l5) Se(4) C(3) C(2) -73.3(5) C(3) Se(4) C(15) C(16) -65.2(7) 
C(9) Se(18) C(17) C(16) -68.6(8) C(17) Se(18) C(9) C(10) 152.5(7) 

Se(18) C(9) C(10) Se(l1) 12.2(2) C(15) Se(4) C(3) C(24) 112.5(6) 

C(17) Se(18) C(9) C(34) -18.6(5) Se(18) C(9) C(10) C(31) -170.9(7) 

Se(18) C(9) C(34) C(33) 170.3(7) Se(4) C(15) C(16) C(17) -174.9(13) 

C(l5) C(16) C(17) Se(18) -64.4(9) 

a. Parameters for which no e.s.d.s are given were directly affected by restraints during 

refinement. 



Table 2.2.6. Selected Bond Distances (A), Bond Angles and Torsion 
Angles (O) for 16S2Se2 (11) at 200 K 

Bond Distances (A) 

Bond Angles (0) 

(continued) 



Continuation of: 

Table 2.2.6. Selected Bond Distances (A), Bond Angles and Torsion 
Angles (O) for 16S2Se2 (11) at 200 K 

Torsion Angles (0) 

C(16) S/Se(l) C(2) 

c(2) S/Se(l) C(16) 

C(6) SlSe(5) C(4) 

C(4) SlSe(5) C(6) 
C(10) SlSe(9) C(8) 

c(8) SlSe(9) C(10) 
C(14) SlSe(l3) C(12) 

C(12) SlSe(l3) C(14) 

S/Se(l) C(2) C(3) 

C(2) C(3) C(4) 

SISe(5) C(6) C(7) 

C(6) C(7) C(8) 
SlSe(9) C(10) C(11) 

C(10) C(11) C(12) 

SlSe(l3) C(14) C(15) 

C(14) C(15) C(16) 

C(28)' SlSe(2 1) C(22) 

C(22) SlSe(21) C(28)' 

C(26) SlSe(25) C(24) 

C(24) SlSe(25) C(26) 

SlSe(2 1) C(22) C(23) 

C(22) C(23) C(24) 

SlSe(25) C(26) C(27) 

C(26) C(27) C(28) 

' indicates 2-x, y, 1.5-2. 



Table 2.2.7. Selected Bond Distances (A), Bond Angles and Torsion 

Angles(0) for 12Se3 (18) at 190 K. 

Bond Distances (A) 

Bond Angles (O) 

Torsion Angles (0) 

a Parameters for which no e.s.d.s are given were directly affected by restraints during 

refinement . 



2.3. Discussion 

8Se20H (17). Sodium 2-hydroxyl- 1.3-propanediselenolate can be prepared 

from the 2-hydroxy- 1,3-propanediseleno~~anate~~~~~~ by two reduction methods: one is 

by sodium in liquid ammonia; the other is by sodium borohydridelo2. Sodium 

borohydride as a reducing agent is preferred because it is easy to control the end-point of 

the reduction. 

The 400 MHz 1H NMR spectrum of 8Se20H confirms that 17 has a cyclic 

structure (Figure 2.2.1). Geminal protons in the trimethylene groups have different 

chemical shifts. In a cyclic system, the geminal protons on the pseudoequatorial and 

pseudoaxial positions are in different chemical environments. The protons in the 

pseudoequatorial positions are in the deshielding zone (o bond anisotropic effectslo3); 

therefore, the downfield chemical shifts are assigned to the pseudoequatorial protons and 

the upfield chemical shifts are assigned to the pseudoaxial protons. The proton (3.98 ppm) 

assigned to the carbon a to a hydroxyl group is supposed to be a multiplet because it has 

four neighboring protons on two adjacent carbons, but in the spectrum it appears as only a 

broad peak. Therefore, a 2-D NMR COSY experiment was run to unambiguously assign 

the spectrum. The off-diagonal peaks in the 2-D COSY 1H NMR spectrum reveal (Figure 

2.2.2) the coupling between Ha and Hb or H,, which confirms that the resonance at 3.98 

ppm is the proton (Ha) on the carbon a to the OH group. 

8Se20H 17 can have either a chair-chair or a chair-boat conformation (Figure 

2.2.1). The energy barrier for inter conversion between these two conformations is low, 

as indicated by the disorder in the crystal structure of the complex [ c u ( ~ s ~ ~ o H ) ~ ] ~ +  

because of the interchanging between the chair-boat and chair-chair conformations (see 

Chapter 5). The energy difference between the chair-boat and the chair-chair conformation 

is also reported to be low for the sulfur congener, both conformations have been observed 

in the solid state structures of 8S20H metal c ~ m ~ l e x e s ~ ~ ~ ~ ~ ~ .  Therefore, the NMR 
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spectrum is probably the average spectrum of the two rapidly interconverting 

conformations. 

16Se4(OH)2 (9). The lH NMR spectrum of 9 shows four sets of resonances. 

The pentet at high-field (2.07 ppm) is assigned to the protons on the CH2 P to the Se atom; 

the pentet at low-field (3.88 ppm) is assigned to the protons on the hydroxyl substituted 

carbon. The remaining two mutiplets, integrating to a 3 5  ratio, occur between the two 

resonances. They are assigned to the CH2 protons a to the Se atoms. If the molecule's 

structure has the symmetry shown in 9 in Scheme 2.2.1, the integral ratio of these two 

multiplets should be 1: 1. However, if the coronand adopts a predominant conformation 

similar to 16Se4 in the solid-state, namely a [3535] q~adrangle'~, as illustrated in Figure 

2.2.3 (the numbers in the bracket designate the number of bonds on each side of the 

quadrangle), the integral ratio in the proton NMR spectrum of 16Se4(OH)2 can be 

explained. In this conformation three protons, Hb, I& and &, are pointing inside the ring 

while the other five protons Hf, Hf, Hbl, Hcl and H,t, are pointing outside the ring. These 

two groups of protons experience different chemical environments, and appear at different 

chemical shifts with a 3 5  integral ratio. Here, we only need to consider half of the 

molecule because the molecule has a C2 axis perpendicular to the plane of the coronand. 

According to the x-ray crystal structure of [Cu ( 16Se4(OH)2) ] (S03CF3)2, the two 

hydroxyl groups are on the same side of the macrocyclic ring (see Chapter 5). 

Dibenzo-14Se4 (14). The molecular structure of the predominant (67.0(7)%) 

solid-state conformation of 14a is shown in Figure 2.2.4. A second conformation 14b 

(33.0(7)%) (Figure 2.2.5) replaces the chain C(5)-C(6)-C(7)-Se(8) with C(15)-C(16)- 

C(17)-Se(18) producing the observed disorder. The minor conformer differs from the 

major primarily in that C(15)-C(16)-C(17) is pivoted away from the C(5)-C(6)-C(7) 

positions, about an axis passing through Se(4), while the anti torsional arrangement for 

Se(4)-C(5)-C(6)-C(7) (175.0(8)0) is essentially retained in Se(4)-C(15)-C(16)-C(17) 

(-174.9 (13)O). This involves major conformational changes of two bond torsion angles. 



The positive gauche arrangement, C(3)-Se(4)-C(5)-C(6) 63.9(4)0, changes to the negative 

gauche arrangement, C(3)-Se(4)-C-(15)-C(16)-65.2(7)0, while the approximately anti 

arrangement, C (5)-C(6)-C(7)-Se(8) 169.8(8)0, becomes the negative gauche, C(15)- 

C(l6)-C(l7)-Se(l8)-64.4(9)0. Rationale for the occurrence of two such conformers of 

similar energy may be found in the following observations. The minor (33.0(7)%) 

conformer displays approximate two-fold symmetry for the molecule but has two nearly 

eclipsed arrangements: C(14)-Se(1)-C(2)-C(2 1)- 18.2(4) 0 and C(17)-Se(l8)-C(9)-C(34)- 

18.6(5) 0. These are associated with the most severe 'unimposed' intramolecular contacts 

( i .e .  C(17)--C(34) 3.054(18) A and C(14)--C(21) 3.147(10) A). In the dominant 

(67.0(7)%) conformer this approximate molecular symmetry is destroyed and the latter 

torsion angle is 'relaxed' to C(7)-Se(8)-C(g)-C(34) -49.1(4)0 (C(7)--C(34) 3.236(12) A). 

Also two close Se--C intramolecular distances in the minor conformer (Se(1)--C(15) 

3.489(16) A and Se(18)--C(15) 3.476(11) A) increase to 4.221(5) A and 4.258(8) A, 

respectively for Se(1)--C(5) and Se(8)--C(5) in the major conformer. At the same time, two 

intramolecular C--C contacts occur in the major conformer (C(3)--C(6) 3.331(10); C(6)-- 

C(9) 3.313(9) A) which were not significant in the minor conformer (C(3)--C(16) 3.427 

(14) A and C(9)--C(16) 3.464(16) A). Selected bond distances and angles are given in 

Table 2.2.5. Differences in the lengths of chemically equivalent bonds involved in the 

disorder are not considered to be significant. An interesting feature of the compound is that 

the two arene rings are nearly coaxial. The dihedral angle between the planes of the arene 

rings is 6.0(3)0. An intriguing speculation is the possibility of forming chelating bis-arene 

metal complexes with this molecule. The arene rings' centroids are separated 

(intrarnolecularly) by 5.05 A and the shortest inter-ring C--C distances range from 4.902(9) 

A (C(21)--C(3 1)) to 5.253(9) A (C(24)--C(34)). The rings are thus a little too far apart to 

make stable chelating bis-arene metal sandwich complexes without some conformational 

change in the Se(CH2)3Se chains but the molecule may be flexible enough to accommodate 

this. 



Exodentate tendency is clearly demonstrated in dibenzo-14Se4. The lone pair 

electrons on selenium atoms are pointing out of the ring in both isomers. The explanation 

for this exodentate phenomenon is the gauche conformational preference around Se-C in 

the C-Se-C-C sequence. In both conformations, the molecule takes as many gauche 

conformations around the Se-C bonds as possible for the C-Se-C-C unit. Thus, 14a has 9 

gauche, 1 anti and 2 eclipsed conformations in the C-Se-C-C sequences, and 14b has 8 

gauche, 2 anti and 2 eclipsed conformations around Se-C bonds in the possible C-Se-C-C 

units. In contrast, dibenz0-14-crown-4~~~, an oxygen analog, has 8 anti, 4 eclipsed and 

no gauche conformations around 0-C bonds for C-0-C-C units. 

The preference for a gauche conformation has also been observed in other selenium 

coronand~'~ and in multithia macrocycles2~36~76~77. Cooper and c o - ~ o r k e r s ~ ~  have 

explained the gauche preference in multithia macrocycles by means of the bond length 

difference between C-0 (1.43 A) and C-S (1.82 A). The longer C-S bond diminishes the 

1,4-interaction. Hence, the 14-interaction is likely to be less important for C-Se-C-C 

because the bond length for C-Se is about 1.94- 1.96 A75. 

With benzene groups fused to the macrocycle rings, it is more difficult for the 

coronand to reorganize through pseudorotation, the ramifications of which would be a 

decreased ability to coordinate with metal ions and electrochemical irreversibility for this 

coronand. 

16S2Se2 (11). According to x-ray crystallographic results, the solid state 

structure of 11 (Figure 2.2.6) is similar to that of 16Se4 (81~5. It has a conformation of a 

[3535] quadrangle, in which one pair of Se and S atoms occupy the diagonal comers and 

the other pair of Se and S atoms are located at the two sides of the rectangle. The 

weighted-mean chalcogen atom site to carbon atom site 'bond distances' are reasonable 

(range: SlSe(9)-C(1O) 1 .847(13) A to SlSe(1)-C(2) 1.938(13) A) and display the expected 

correlation with the fractional selenium occupancy parameters. Typical Se-C distances are 

about 1.96 A and S-C distances about 1.82 A. The C-C bond distances in 16S2Se2 range 
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from 1.47(2) A to 1.55(2) A. The C-SISe-C bond angles range from 97.7(6)0 to 

101.2(6)O; the C-C-SISe angles from 107.2(8)0 to 116.7(9)0; and the C-C-C angles from 

109.8(11)0 to 113.7(11)0. 

The gauche preference around the C-E (E = S or Se) bond plays a role in dictating 

the coronand conformations, because by placing the Se or S atom at the comer maintains 

the C-SeIC-S bond in a gauche conformation. Although the [4444] conformation would 

have all C-Se-C-C sequences in gauche placement, the recent MNDO calculations106 on 

the sulfur analog of 16Se4 suggest that the [3535] quadrangle conformer is slightly more 

stable (4 Idmol-1) than the [4444] quadrangle conformer for 16S4. 

12Se3 (18). The molecule 18 has no crystallographic symmetry but does have 

approximate local mirror (C, or m) symmetry. The mirror passes through Se(9) and C(3). 

The analogous 12S3 compound107 has been found to display two-fold rotational symmetry 

(C2 or 2). Compound 18 is the only selenium coronand that shows a significant difference 

from its sulfur congener in terms of conformational preferences. In 18 every C-Se-C-C 

segment has the preferred gauche torsional arrangement whereas the molecule of 12S3 with 

C2 symmetry has two anti C-S-C-C segmentslo7 and one gauche C-S-C-C segment. It 

seems that the Se-C bond in C-Se-C-C segment is more inclined to adopt a gauche 

conformation due to the longer Se-C bond lengths as compared to the S-C bond lengths. 

In conclusion, we have successfully synthesized the selected selenium coronands 

containing different functional groups through a one-step or stepwise strategy. These 

functionalized selenium coronands can be used for further investigation of the substituent 

effects on metal ion complexes in terms of stability and reactivity. Also, the functional 

groups on the selenium coronands can serve as handles for further modifications or for 

attachment to polymers for developing new materialslo8. 

The information from x-ray crystallography indicates that the coronands display a 

preference for the gauche conformation about C-Se bond in C-Se-C-C sequences. 



CHAPTER I11 

SOLID STATE NMR SPECTROSCOPY OF SELECTED 

SELENIUM CORONAND COMPOUNDS 

3.1. Introduction 

Solid-state NMR spectroscopy differs in several ways from solution NMR 

spectroscopy. For example, in the solid state molecules cannot tumble as freely as in 

solution so that the dipole-dipole interactions are not averaged, and as a consequence the 

peaks become broader and even indistinguishable in the worst case. Therefore, some 

special techniques such as magic angle spinning (MAS), cross polarization transfer (CP) 

and total suppression of spinning sidebands (TOSS) have been used in order to achieve 

high resolution NMR spectra. Here, we shall devote some effort to discuss the principles 

of these methods. 

3.1.1. Magic Angle Spinning (MAS) 

The broadening due to dipole-dipole interaction between two identical nuclei may be 

expressedlW by Eq. 3.1.1 

Here, R is the splitting constant at 8 = ~ 1 2 ;  8 is the angle between the external magnet 

direction and the internuclear vector; V A ~  is the resonant frequency of nucleus A without 

dipole-dipole interaction. 

In non-viscous solutions, the geometric factor (3cos28 - 1) is averaged to zero by 

the isotropic molecular tumbling. Very narrow NMR lines are observed. In the situation 

of a powder sample, it has all the values of 8 at random; hence, the corresponding 



spectrum appears as a powder pattern. When the powder sample is turning around a 

conical path (Figure 3.1.1) the geomemc factor (3cos28 - 1) has the average valuelW, 

Here, x is fixed for a single crystal but takes all possible values for a powder sample. P is 
the angle between the rotation axis and the applied magnetic field, which is the parameter 

one can adjust in an experiment. When P = 54.70, (3cos2P - 1) = 0, and hence <3cos28 - 

1> = 0 for all orientations. This situation is referred to as magic angle spinning (MAS) and 

54.70 is called the magic angle. Ideally, magic angle rotation would remove the line 

broadening due to dipole-dipole interactions. However, in order to obtain a highly 

resolved solid-state NMR spectrum, the rotation rates must exceed the dipole-dipole 

coupling constants R (in Hz), which could be several tens of kHz and such speeds cannot 

be achieved in practice10g. Thus, for dilute nuclei (13C and 77Se) high-power decoupling 

of protons is used to eliminate the line broadening due to heteronuclear dipole-dipole 

interactions. The high-power decoupling technique also increases the sensitivity for 

detecting the dilute nuclei (13C and 77Se). 

rotation axis 

Figure 3.1.1. Macroscopic sample rotation at an angle to the applied 
magnetic field B,, showing the geometric relationships involved. 
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Magic angle spinning can be used to eliminate the line broadening caused by 

chemical shielding anisotropy. In the general case, the observed shielding constant is 

denoted ozz and is expressed aslo9 

Where, T r  stands for the trace; Bj is the angle between oij and Bo; o,j are the principal 

components of the chemical shielding anisotropy tensor. The second term in Equation 

3.1.3 contains a term similar to the dipolar interaction in Equation 3.1.1 ; therefore, this 

suggests that broadening by chemical shielding anisotropy can also be alleviated by the 

magic angle spinning technique. 

Although in theory magic angle spinning can solve the broadening problems due to 

dipole-dipole interactions as well as chemical shielding anisotropy, in practice problems 

arise. In order to avoid interference from the spinning side-bands in the spectrum, the rate 

of spinning required has to be greater than the static bandwidth expressed in Hertz. In the 

case of 13C NMR spectroscopy, the 13C shielding anisotropy is 50 ppm for a sp3 carbon 

and 100 ppm for a sp2 carbon; therefore, a MAS speed of 3.7 kHz is needed for a B, of 

3.5 T to eliminate the 13C shielding anisotropy broadening. However, for 77Se the 

shielding anisotropy of 1000 ppm requires a MAS speed 28 kHz for a B, of 3.5 T and this 

speed is experimentally unachievable. 

When spinning rates are lower than the static spectrum width, the spinning side- 

bands would appear and cause difficulties in peak assignments. Two methods have been 

used to solve this difficulty. One is by running the spectrum at two different spinning 

rates. Since the position of spinning side-bands in the NMR spectrum is dependent on 

spinning rates, they can be distinguished from the resonance peak of the sample, which 

would remain at the same position for different spinning rates. Another method is called 

total suppression of sidebands   TOSS)^^^. The TOSS experiment is comprised of a 



normal cross-polarization pulse sequence and a sequence of four 1800 pulses. It is the 

additional sequence of four pulses that eliminates the sidebands, giving a spectrum with 

only isotropic peaks. However, care should be exercised when interpreting the peak 

intensities because TOSS experiments give spectra with distorted intensities. 

3.1.2. Cross-Polarization 

Both l3C and 77Se are nuclei of low sensitivity for NMR spectroscopy because of 

their low abundance, only 1.108% and 7.58% respectively111. Selenium-77 in particular 

has a detectability of only 5.2 x relative to that of the proton" '. Moreover, they have 

longer spin-lattice relaxation times than the proton does; consequently, the normal pulse 

methods are not very efficient and the sensitivity becomes a problem. This difficulty is 

solved by a technique called cross-polarization109, in which the magnetization of dilute 

nuclei is derived from I H  spins. We will use l3C NMR spectroscopy as an example to 

describe the method. 

The pulse sequence for cross-polarization, from a 1H spin reservoir to 13C spins, 

for solid-state NMR spectroscopy is depicted in Figure 3.1.2. 

First, a 900 pulse is applied in the proton channel to bring the 1H magnetization into 

the x-y plane, then the 1H magnetization is spin-locked into the y direction of the rotating 

frame. At this point the radio-frequency in the 1 3 ~  channel is switched on, and the 

amplitude of the magnetic field is adjusted such that the Hartmann-Hahn matching 

condition is fulfilled; 

Here, YH, Yc are the magnetogyric ratios for proton and carbon-13; BIH, BIC are r.f. 

magnetic fields for proton and carbon- 13. Under this condition, the protons and carbons 

precess at equal rates in their respective rotating frames of reference and their effective 



energies are comparable, thus allowing a rapid transfer of magnetization induced by the 

flip-flop term in the dipolar Hamiltonian. 

From a thermodynamic perspective, the situation can be expressed1* as 

2 Here, CH = 1/4yH( h l n) 2 NH/k; TL is the lattice temperature; T, is the spin temperature in 

the rotating frame; NH is the total number of proton nuclei.. The term on the left of 

Equation 3.1.5 is the 1H magnetization that is in equilibrium with the lattice in the 

laboratory frame; the term on the right is the ma? -5tization in the rotating frame of 

reference. At this point the magnetization of the carbon nuclei in their rotating frame is 

zero, which is equivalent to an infinite spin temperature. Naturally, the spin energy will be 

repartitioned between the protons and the carbons to give a common spin temperature, T,'. 

Since the proton spins are abundant whereas 13C spins are dilute, C, a CH, so T,' 

= Ts. The protons lose a very small part of their total magnetization; the resulting 

magnetization of carbons is 

Substitution with Equations 3.1.4 and 3.1.6 gives 

Comparison with the normal carbon magnetization at equilibrium in the laboratory frame 



shows a gain of = 4. The enhanced magnetization in the carbon spins is detected by 

monitoring the FID following the cross-polarization. 

The time duration of the pulse in the 13C channel is called the contact time. Typical 

contact times are in the range of 0.5 - 5 ms. It is important to optimize the contact time, 

particularly for compounds that have low values of T~,,(~H) and only single contact 

operation is feasible. 

c h a n n e l  11 
I ' +  c o n t a c t  

Figure 3.1.2. The pulse sequence used to obtain cross-polarization 
from a proton spin reservoir to 13C spins for solids. 



3.2. Results 

The solid-state cross polarization-magic-angle spinning (CP-MAS) 77Se and 13C 

NMR spectral data for selected selenium coronands and dications, 8Se2(S03CF3)2 and 

16Se4(S03CF3)2, are listed in Table 3.2.1. 

Table 3.2.1. Solid-state NMR CP-MAS 7 7 ~ e  and l3C NMR Spectroscopic 
Data. 

Compound 6 77Sea(rel int) 6 '%?(re1 int) 
192 (1) 
1551 76.7 (1) 

199 (1) 30.8 (1 ,br complex) 
179 (1) 27.8 
136 (1) 

1 
24.2) 

Dibenzo- l4Se4 

1 6Se4(S03CF3)2 737 (1) 
502 (1) 

3 2  419 (1) 
173 (1) 

810 (1) 
52.7 (2) 

8Se2(S03CF3)2 768 (1) 34.5 (1) 
120 (br) 

3 3  

a. In ppm vs MeSeMe. b. In ppm vs TMS. 



Figure 3.2.1. Solid-state CP-MAS 77Se NMR spectrum of 
16Se4(OH)2 (9). The spectrum was recorded on a spectrometer 
operating at a field of 3.5 T. 



Figure 3.2.2. Solid-state CP-MAS 13C NMR spectrum of 
16Se4(OH)2 (9). The spectrum was recorded on a spectrometer 
operating at a field of 3.5 T. 



Figure 3.2.3. Solid-state CP-MAS 7 7 ~ e  NMR spectra of 16Se40H 
(10) at different spinning rates: (a) MAS rate = 2.4 kHz (b) MAS 
rate = 2.3 kHz. The spectra were recorded on a spectrometer 
operating at a field of 3.5 T. 
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Figure 3.2.4. Solid-state CP-MAS 13C NMR spectrum of 16Se40H 

(10). The spectrum was recorded on a spectrometer operating at a 
field of 3.5 T. 



Figure 3.2.5. Solid-state CP-MAS 13C NMR spectrum of dibenzo- 
14Se4 (14). The spectrum was recorded on a spectrometer operating 
at a field of 3.5 T. 



Figure 3.2.6. Solid-state CP-MAS 7 7 ~ e  NMR spectra of 16S2Se2 
(11). (a) TOSS spectrum; (b) MAS rate = 2.4 kHz; (c) MAS rate = 
2.3 kHz. The spectra were recorded on a spectrometer operating at a 
field of 3.5 T. 



Figure 3.2.7. Solid-state CP-MAS 13C NMR spectrum of 16S2Se2 

(11). The spectrum was recorded on a spectrometer operating at a 
field of 3.5 T. 



Figure 3.2.8. Solid-state CP-MAS 77Se NMR spectra of 
8Se2(SO3CF3)2 (33) at different spinning rates. (a) MAS rate = 2.4 
kHz; (b) MAS rate = 2.2 kHz. The spectra were recorded on a 
spectrometer operating at a field of 3.5 T. 



Figure 3.2.9. Solid-state CP-MAS l3C NMR spectrum of 
8Se2(S03CF3)2 (33). The spectrum was recorded on a spectrometer 
operating at a field of 3.5 T. 



Figure 3.2.10. Solid-state CP-MAS 77Se NMR spectrum of 16Se4- 

(S03CF3)2  (32). A small peak at about 450 ppm is a spinning 
sideband. The spectrum was recorded on a spectrometer operating 
at a field of 1.4 T. 



Figure 3.2.11. Solid-state CP-MAS 13C NMR spectrum of 12Se3 
(18). The spectrum was recorded on a spectrometer operating at a 
field of 3.5 T. 



Figure 3.2.12. Solid-state CP-MAS 77Se NMR spectra of 12Se3 

(18) at different spinning rates. (a) MAS rate = 2850 Hz; (b) MAS 

rate = 2400 Hz. The spectra were recorded on a spectrometer 
operating at a field of 1.4 T. 



3.3. Discussion 

16Se4(OH)2 (9). The CP-MAS solid-state 77Se NMR specuum of 16Se4(OH)2 

(9) (Figure 3.2.1) shows four resolved resonances with a relative area ratio of 1:2.2: 1 if 

the middle two peaks were combined and treated as one peak. The CP-MAS 13C NMR 

spectrum of 9 (Figure 3.2.2) shows three resolved peaks with relative intensity of 1:3:2. 

The peak at 76.7 ppm in the solid-state 1 3 ~  NMR spectrum is assigned to the carbons with 

hydroxyl groups. It is difficult to comment on other peaks because no x-ray structure is 

available for this molecule. In comparison with the solution 13C NMR spectrum, the two 

spectra are similar, but the chemical shifts in the solid state spectrum are shifted about 6 

ppm downfield. Also, in the solution l 3 ~  NMR spectrum, the resonances of the CH2 

carbons a to the Se atoms are resolved into two sets; one is the resonance of the a-CH2 in 

the trimethylene units with a hydroxyl substituent, the other is that of the a-CH2 in the 

trimethylene units without a hydroxyl substituent. 

16Se40H (10). The CP-MAS 77Se NMR spectrum of 16Se40H (10) (Figure 

3.2.3) shows two resonances with relative intensities of 1: 1. According to the symmeuy 

of 10 only two kinds of Se atoms that have different chemical environments are present. 

Hence, two resonances in the 7 7 ~ e  NMR spectrum of 10 are consistent with the presence 

of one molecule in the asymmetric unit. The CP-MAS 1 3 ~  NMR spectrum of 10 (Figure 

3.2.4) shows four peaks with relative intensities of 1: 1.5: l.5:3. The resonance with 

chemical shift at 71.7 ppm is assigned to the carbon with a hydroxyl group substituent. 

Because no x-ray structure is available for this molecule, it is difficult to comment further. 

Dibenzo-14Se4 (14). The CP-MAS 13C NMR spectrum of dibenzo-14Se4 

(14) (Figure 3.2.5) shows nine resonance peaks, accounting for nine unique carbon sites 

in the asymmetric unit. The spectrum is consistent with the assumption of one molecule 

with two-fold rotational symmetry in the asymmetric unit. Because the molecule does not 



contain substituents that rotate freely and the relaxation time of the molecule is very long, it 

is difficult to run the MAS 77Se NMR spectrum. 

16S2Se2 (11). The CP-MAS 77Se NMR spectrum of 16S2Se2 (11) (Figure 

3.2.6) shows three resonance peaks with relative intensities of 1: 1: 1. By coincidence, the 

spectrum is consistent with the presence of one and a half molecules in the asymmetric unit. 

In fact, the crystal structure of 11 is disordered. Because of disorder the crystal has 

different Se/S arrangements, as shown in Figure 3.3.1. Therefore, Se atoms appear at all 

four positions and the structure displayed in x-ray crystallography is an average of these 

different conformers. In this case, six resonances would be observed in the ~ ~ S ~ - M A S  

solid state NMR spectrum. It is necessary to point out that due to the procedure by which 

the coronand is synthesized, neither two Se atoms nor two S atoms would simultaneously 

appear in diagonal corner locations . 

Figure 3.3.1. Different arrangements of Se and S atoms in 16S2Se2. 

Unfortunately, the CP-MAS 1 3 ~  NMR spectrum shows two broad complex 

envelopes with only some resolved resonances, making it difficult to comment further. 

12Se3 (18). The CP-MAS 1 3 ~  NMR spectrum (at ambient temperature) of 

12Se3 (18) (Figure 3.2.1 1) shows two broadened resonance peaks with relative intensities 



of 1:2, which is consistent with one molecule of 18 in the asymmetric unit. The broadness 

of the spectrum likely is the result of thermal motion. The x-ray structure of 18 (low 

temperature, 190 K) shows that the molecule has mirror symmetry. Even at this low 

temperature, the disorder results from the thermal motion of one trimethylene group. The 

CP-MAS 77Se NMR spectrum of 12Se3 (18) (Figure 3.2.12) shows a very broad 

envelope with two resonances at 277 and 196 ppm, which are consistent with the presence 

of one molecule in the asymmetric unit. The broadness of this peak is probably due to the 

thermal motion of the molecule. 

8Se2(SO3CF3)2 (33). The CP-MAS 77Se NMR spectrum of 8Se2(S03CF3)2 

(33) (Figure 3.2.8) shows two resonances in a 1: 1 ratio. Severe spinning sidebands are 

concurrent with the NMR signals; however, the NMR signals are distinguishable from the 

sidebands by running the spectra at two different spinning speeds. The spectrum is 

consistent with the presumption that there are two independent Se atoms in an asymmetric 

unit as observed in the crystal structure of the 33 analog, ~ s ~ ( s O ~ C F ~ ) ~ ~ ~ ~ .  The recently 

published x-ray structure of ~ S ~ ~ ( S O ~ C F ~ ) ~ - C H ~ C N ~ ~ ~  also shows that there are two 

independent Se atoms in the asymmetric unit. The CP-MAS 13C NMR spectrum of 33 

(Figure 3.2.9) shows two strong resonances (34 and 52 ppm) in a ratio of 1:2, plus one 

weak resonance at low field (ca. 120 pprn). The weak resonance is assigned to the NMR 

resonance due to the mfluoromethyl group in CF3SO;. The peak at 52.7 pprn is assigned 

to the CH2 group a to the Se atom; the positive charge on the selenium atoms causes a shift 

to lower field. The peak at 34.5 pprn is the resonance of the CH2 P to the Se. Compared 

to the chemical shifts of 8~e22+ from the solution 13C NMR spectrum (36.11, 52.34 

pprn), the solid-state 1 3 ~  chemical shifts are shifted downfield less than 2 ppm. 

1 6 S e 4 ( S 0 3 C F 3 ) 2  (32). The CP-MAS 77Se NMR spectrum of 

16Se4(S03CF3)2 (32) (Figure 3.2.10) shows four resonances of relative intensities 

1 : l : l : l  The spectrum is consistent with the presumption of one molecule in the 

asymmetric unit. We assigned the resonance at the lowest field to the Se(1V) atom because 



it connects to two selenium atoms having positive charges. The upfield resonance peak is 

from the Se atom without a positive charge because the neutral selenium coronands have 

77Se chemical shifts around 150 ppm vs MeSeMe. The remaining two resonances are 

assigned to the Se atoms with positive charges. 



CHAPTER IV 

REDOX BEHAVIOR OF SELENIUM CORONANDS 

4.1. Introduction 

4.1.1. General 

One of the unusual properties of selenium coronands is their susceptibility to 

oxidation. The chemically oxidized species of selenium coronands are radical cations, 

most of which are stable in solutions of dried and oxygen ( 0 2 )  free CH3CN and can be 

detected by uv-visible spectroscopy. The study of selenium coronand redox behavior in 

this thesis comprises: 1) preparation of selenium coronand radical cations by chemical and 

electrochemical methods, 2) characterization of the radical cations by uv-visible 

spectroscopy and 3) investigation of redox properties of selenium coronands through 

various electrochemical techniques, the principles of which will be discussed shortly. For 

the selenium coronand 16Se4, chemical reactions that couple with the electrode reaction in 

solution have been pursued in order to obtain an insight into the reaction mechanism. 

4.1.2. Preparation and Characterization of Selenium Coronand Radical 

Cations 

The selenium coronand radical cations were prepared by two methods. The first 

method used nitrosyl tetrafluoroborate (NOBF4) as an oxidizing agent to oxidize the 

corresponding coronand in CH3CN through the following reaction 

It is advantageous to use this reagent since the reduced product is a gas. Usually, a uv- 

visible spectrum was recorded immediately after the reactants were mixed. 



The second method was to oxidize the selenium coronands electrochemically, i.e., 

to oxidize the selenium coronands through electrolysis, When the electrochemical method 

was used we utilized a technique that incorporates the uv spectroscopic method into the 

electrochemical method, which is termed spectroelectrochemistry. An optically transparent 

Pt electrode, the working electrode, is placed in a uv cell that is in the uv instrument beam 

path; therefore, the oxidized species produced on the electrode surface can be studied by uv 

spectroscopy. 

In spectroelectrochemistry, when a potential step that is predetermined by cyclic 

voltammetry is applied on the electrodes, a flux of oxidized species is generated. Under the 

diffusion controlled condition and without further chemical reaction involved in the solution 

after oxidation, the relationship between absorbance of the oxidized species and the time is 

described by1 l4 

* 
Where, &, is the molar absorptivity; Co is the concentration of the substrate; D is the 

diffusion coefficient; t is the time. Plotting absorbance vs. the square root of time should 

give a straight line. 

4.1.3. Cyclic Voltammetry 

Cyclic voltammetry is the most powerful tool for examining an electroactive 

chemical substance or material. It is considered to be the electrochemical equivalent of 

spectrophotometry115~ Cyclic voltammetry provides a means to observe the redox 

behavior rapidly over a wide potential range with ease; therefore, it is extensively applied in 

inorganic chemistry, organic chemistry and biochemistry116. Voltammetry is a term for 

experiments involving imposition of a potential on an electrode and measurement of the 



resulting current. In cyclic voltammetry, the potential is scanned linearly from an initial 

potential towards either the anodic direction or cathodic direction, depending on the 

circumstance, then back to the initial potential. At the same time, the variation of current is 

recorded on a x-y plotter or an oscilloscope as a function of the scanning potential. One 

can vary rates of scanning or concentrations of substrate or both in order to obtain a full 

picture of the electrochemical properties of the substrate. Parameters such as peak current, 

peak potentials and the peak potential separations are used as criteria to determine the 

reversibility of the redox reaction. 

Application of a linear potential sweep to a system where the electrode reaction is 

reversible should produce a pair of symmetric waves. The anodic and cathodic peak 

potentials as well as their separation should be independent of scan rates. The diagnostic 

criteria for reversibility of electrode reactions and the relationship of peak current with scan 

rate and concentrations of electroactive species at 25 OC are listed in the following 

equations1 17. 

The half-wave potential Eln is defined as 

For a reversible couple, is centered between Epa and Ep, and is related to the formal 

potential114 EO' by 



Usually, DR = Do; hence, El/* = Eo'. Here, ip is the peak current; Epn is the half peak 

potential, that is, the potential at In ip; Ep is the peak potential, superscripts a and c denote 

anodic and cathodic events; u is the potential sweep rate; A is the electrode area; D is the 

diffusion coefficient of the electroactive species .nd the subscripts 0 and R denote 

oxidation and reduction respectively; is the concentration of the electroactive species in 

bulk solution; n is the number of electrons involved in the electron transfer reaction. 

Quasi-reversible reactions yield voltammograms with peak potential separations 

larger than 59 mV/n at 25 "C; the peak potentials as well as peak potential separations are 

scan rate dependent. When a reaction is totally irreversible, the peak of the reversal scan 

disappears; thus, only one peak should be observed. 

4.1.4. Convolution Transformation 

There is an alternative method of analyzing cyclic voltammetric data called 

convolution ~ o l t a m m e t r y ~ ~ * - ~ ~ ~  or semi-integral analysis121*122; which, in fact, are two 

equivalent approaches114. Instead of using parameters such as peak potentials and peak 

currents for analysis of cyclic voltammograms as described before, convolution 

voltammetry uses all the data contained in the cyclic voltammogram by transforming the 

whole curve prior to analysis. With the increasing accessibility of micro-computers, this 

method has become more and more 

The transformation of cyclic voltammetric data is based on the convolution 

principle. Under semi-infinite linear diffusion conditions, the solution of the diffusion 

equation yields the following e ~ ~ r e s s i o n l ~ ~ - l ~ ~ ,  

where C,(O,t) is the concentration of the electroactive species 0 at the surface of the 
* 

electrode; Co is the initial concentration of species 0 ;  n is the number of electrons involved 



in electron transfer, A is the area of the electrode; Do is the diffusion coefficient and F is the 

Faraday constant. The expression is valid for any electrochemical technique. The term 

inside the bracket (Eq 4.1.9) is the convolution transform of i(t) which may be defined as 

Under purely diffusion-controlled conditions, C,(O,t) = 0, I(t) reaches its 

maximum, 11, given by 

The maximum value of this function, 11, is independent of the manner in which the potential 

is obtained. The limiting value, 11, is also independent of the reversibility of the electrode 

reaction. Thus, 

and the concentration of the reduced species 

If the electron transfer reaction is Nernstian, there is the expression114 

I I 
A plot of l o g p  vs E will result in a straight line with a slope of 0.059In at 25 'C. 

(0 



4.1.5. Controlled Potential Bulk Electrolysis 

Controlled potential bulk electrolysis or coulometry is widely used to determine the 

overall number of electrons involved in an electrode process. 

Here, Q is the charge passed in electrolysis; V is the volume of electrochemical cell; i, is the 

current; the rest of the terms are as defined before. Coulometry is also used to prepare a 

sufficient quantity of the reaction products. There are several aspects in which controlled 

electrolysis differs from cyclic voltammetry. In controlled potential electrolysis a large area 

electrode is used to ensure large changes in bulk solution concentration and the solution is 

stirred during electrolysis. Conventionally, electrolysis is conducted in a divided two- 

compartment cell in which the working electrode compartment is separated from the 

counter-electrode by means of a glass frit. Then, a known volume of solution containing a 

known concentration of electroactive species is introduced in the working electrode cell and 

a potential applied to the working electrode is set and maintained at a value at which the 

reaction under investigation proceeds at a mass transport limited rate. The potential usually 

is predetermined by cyclic voltammetry. The process of electrolysis is monitored through 

the current and its integral changes with time; usually, the electrolysis is terminated when 

the current drops to about 1 % of its initial value. 



4.2. Results 

4.2.1. UV-visible Spectroscopy of Selenium Coronands 

4.2.1 .I. Radical Cations of Selenium Coronands Produced Chemically 

Mixing of NOBF4 and the given selenium coronand was performed by injecting an 

NOBF4 solution with a syringe into the deoxygenated selenium coronand solution being 

stirred in a uv-cell. Recording of uv-visible spectroscopic measurements was started as 

soon as the NOBF4 solution was added to the coronand solutions. The uv spectroscopic 

scanning was repeated at intervals based on the type of selenium coronand. 

Each particular coronand radical cation had a characteristic absorption wavelength 

and the intensity of absorption increased quickly in about 2 minutes after NOBF4 was 

added, indicating formation of the corresponding selenium coronand radical cation. After 2 

min. the growth slowed down substantially. 

Upon mixing with YOBF4, 14Se4 (13), 12Se3 (18), 16Se4 (8), 16S2Se2 (11) 

and 16Se4(OH)2 (9) gave rise to yellow colored solutions and the absorbance maxima of 

the solutions appeared at 274, 282, 320, 300 and 328 nm, respectively (see Table 4.2.1). 

The species were believed to be radical cations, because the CH3CN solution of NOBF4 

and 16Se4 was ESR active. 

Adding an NOBF4 solution to coronands 8Se2 (16) and 24Se6 (15) in CH3CN 

yielded yellow solutions. The absorbance maxima for the corresponding radical cations 

appeared at 428 and 318 nm respectively. It was very interesting that the absorption peaks 

of 16 and 15 decayed quickly over time, while the sulfur counterpart of 8Se2 was quite 

 table*^.'^^. 

Coronand 12Se4 (20) and dibenzo-14Se4 (14) were not apparently oxidized by 

NOBF4, because on mixing with NOBF4 no new absorption peaks were observed. 



The uv-visible absorption peak-positions of radical cations made from selenium 

coronands are shown in Table 4.2.1. It was interesting that the uv-visible absorption peak- 

positions of the radical cations made from selenium coronands 16Se4 and 16S2Se2 were 

found to be dependent on initial coronand concentrations. 

Concentration Effects 

In an experiment where the concentrations of 16Se4 and NOBF4 were both 5.3 x 

10-4 M, the absorption peak appeared at 320 nm, the intensity of which was growing until 

it reached a maximum. Subsequently, the peak decreased, and a new peak appeared at 256 

nm. There was an isosbestic point at around 290 nm, indicating that there were at least two 

species present in the solution, and that the two species were interchangeable. 

Further experiments revealed that peak variation was concentration dependent. 

NOBF4 (2 x 10-5 M) in CH3CN was added separately to 16Se4 solutions of 

concentrations: 1.87 x 10-4, 2.81 x 10-4, 3.75 x 10-4, 4.68 x 10-4 and 5.62 x 10-4 M 

(Table 4.2.2). After the NOBF4 was added, uv-visible spectra were recorded repetitively 

as a function of time for each concentration. At the lowest concentration of 16Se4 (1.87 x 

10-4), a 256 nm peak was observed, but the peak at 320 nm was almost absent (Figure 

4.2.1). The absorption peak at 320 nm became more and more significant as the 16Se4 

concentration increased. At the largest concentration, the peak at 320 nm first rose to a 

maximum and then fell; concurrently the 256 nm peak began to rise (Figure 4.2.2). 



Table 4.2.1. Absorbance Maxima of Selenium Coronand Radical 
Cations 

Parent Conc. of Parent Conc. of NOBF4 
h,,x(nm) 

Compound Compound (M)a (M) 

a. In CH3CN solution. 

b. Oxidized on an optically transparent electrode. 

Table 4.2.2. Concentration Effects on the 16Se4 Radical Cation 
Absorbance Bands 

[16Se4] [NOBF4] Absorbance Absorbance 

(M) (M) (Amax = 320 nm) (hax = 256 nm) 

a. The maximum value among the data. 
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Wavelength (nm) 

Figure 4.2.1. UV-visible spectra of 16Se4 (8) radical cation 
recorded as a function of time. The radical cation was prepared by 
mixing 16Se4 with NOBF4 in CHjCN: [NOBFd] = 2.05 x M; 
[16Se4] = 1.87 x M. The spectra were taken at an interval of 

300 seconds. The trace at  the bottom is the original spetrum of 

16Se4. 
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Figure 4.2.2. UV-visible spectra of 16Se4 (8) radical cation 

recorded as a function of time. The radical cation was prepared by 
mixing 16Se4 with NOBF4 in CHsCN: [NOBFs] = 2.05 x lom5 M; 
[16Se4] = 5.62 x 10-4 M. The spectra were taken at an interval of 

300 seconds. The trace at the bottom is the original spetrum of 

16Se4. 



4.2.2. Electrochemistry of Selenium Coronands 

4.2.2.1. Cyclic Voltammetry 

16Se4 (8). A typical cyclic voltammogram of 8, which was measured from a 

single scan with a platinum working electrode in a CH3CN solution containing 1 mM of 8 

(0.1 M) tetraethylammonium perchlorate (TEAP) as electrolyte, is shown in Figure 4.2.3 

The initial potential was 0 V vs SCE which was chosen to avoid any electrolysis of 

16Se4 (8) when the electrode was switched on. The potential was scanned linearly in the 

anodic direction as indicated by the arrow (Figure 4.2.3). When the potential was 

sufficiently positive to oxidize 8, the anodic current increased, indicating that there was an 

electrode process corresponding to 

16Se4 - e - 16Se4+. (4.2.1) 

and the concentration of 16Se4 was subsequently diminished at the electrode surface. After 

passing the peak potential, the current dropped because the concentration of 16Se4 (8) at 

the electrode surface was depleted; however, the concentration of 16Se4+- at the electrode 

surface reached its maximum. As the potential scan continued towards the anodic 

direction, a second increase of current was observed, indicating a second electrode 

oxidation process corresponding to 

The potential scan direction was switched to the cathodic direction at 1.8 V. When 

the potential became negative enough, the 16~e42+ that had been accumulating adjacent to 

the electrode was reduced by the electrode process 

l6~e42+ + e - 16Se4+. 



This process caused the cathodic current to increase until the maximum was reached. At 

the same time, the concentration of 16Se42+ adjacent to the electrode was decreased by the 

process; therefore, the cathodic current also began to decrease after the current maximum. 

As the potential was scanned towards the cathodic direction, the accumulated species 

16Se4+. at the surface of the electrode was reduced through the electrode process 

16Se4+. + e - 16Se4 (4.2.4) 

The separations between anodic and cathodic peak potentials were scan rate 

dependent; the peak separations increased as the scan rate increased. This indicates that the 

electrode process is a quasi-reversible process. As scan rates exceeded 200 mV/s the 

second electrode redox reaction that relates the redox pair 16~e4~+ /16~e4+ .  became 

irreversible, as manifested by the disappearance of the second cathodic peak on the 

returning scan. On the other hand, slow scan rates also altered the appearance of the cyclic 

voltammogram. At the scan rate of 5 mV/s, the second oxidation peak as well as the 

cathodic peak disappeared; the current plateaued after the first oxidation peak, but the first 

cathodic peak was still observed on the returning scan. This may be the result of 

complications due to chemical reactions in solution. 

Measurement of the cathodic current peak in the reversal scan is usually difficult 

because of the difficulty in determining the base line. Thus, the cathodic current peak was 

measured according to the method of Nicholson and s ha.inl2O in which cathodic peaks were 

measured to the extension of the anodic curve, correcting for the charging and the residual 

current. The ratio of cathodic and anodic currents was less than unity for the 

16Se42+/16Se4+ pair, which also indicated a quasi-reversible system. Plotting ial or id 

versus ~112 gave rise to straight lines, suggesting that the electrode reactions were diffusion 

controlled. 



Table 4.2.3. Cyclic Voltammetric Data of Selenium Coronands 

(8, 9 and 18)aJ. 

20 .690 .800 .581 .22 1.69 1.80 1.58 .22 

50 .680 .802 .550 .25 I 1.80 I I 
100 .680 .83 1 .5 19 .3 1 I 1.83 I I 

200 .680 .836 .483 .35 I 1.85 I I 

a. Measured with a stationary platinum electrode. 

6.  Ell2 was obtained by taking (Epa + Epc)/2. 

c. Potential relative to SCE. 

16Se4(OH)2 (9). The cyclic voltammogram of 9 showed two quasi-reversible 

electrode redox reactions; each one involved a one electron transfer process as depicted in 

the following equations. 

16Se4(OH)2 - e - 16Se4(OH)2+- (4.2.5) 

16Se4(OH)2+. - e - 16Se4(OH)22+ (4.2.6) 

Similar to 16Se4 (B), the separation of anodic and cathodic peak potentials was 

dependent on scan rates so that increased scan rate caused increased separation between the 

anodic and cathodic peak potentials. As the scan rates increased, the second cathodic peak 



in the returning scan became broader and broader and disappeared when the scan rate was 

increased to 200 mV/s. 

12Se3 (18). The cyclic voltammogram of 18 was similar to that of 16Se4 (S), 

although the structure of 18 is quite different from that of 16Se4. However, the second 

reduction (12~e3~+/12~e3+-)  process became irreversible even when the scan rate was 50 

mV/s, which was evidenced by the disappearance of the second cathodic peak in the 

returning scan. Also, the second redox potential (Eln) was higher than that of 16Se4 (8) 

and 16Se4(OH)2 (9). The cyclic voltammemc data of these three selenium coronands are 

listed in Table 4.2.3. 

8Se2 (16) and 8Se2(Me)2 (40). Cyclic voltammograms of these two 

selenium coronands were almost the same; both showed only one pair of redox waves. In 

Figure 4.2.4 a cyclic voltammogram of 8Se2(Me)2 (40) is shown. However, the results 

of a coulometric study indicated that the redox process on the electrode was a two-electron 

transfer process. Although the electrode process was quasi-reversible according to these 

criteria (in Eq 4.13-4.16), they gave the most reversible appearance - AEp < 90 mV at 

scan rate of 20 mV/s and i,/i, = 1 - among the cyclic voltammograms of selenium 

coronands examined. Furthermore, they had the lowest redox potentials by comparison to 

other selenium coronands; Ell2 was 0.374 V and 0.408 V vs SCE for 8Se2 (16) and 

8Se2(Me)2 (40), respectively. The Eln of 8Se2(Me)2 (40) was higher than that of 8Se2 

(16). 

- 8Se20H (17). The cyclic voltammogram of 17 showed a single pair of redox 

waves although the coulomemc result suggested that the total process was a two-electron 

transfer process. Compared with 8Se2 (16) or 8Se2(Me)2 (40), the oxidation wave of 

8Se20H (17) was broader. The separation of peak potentials was also larger for 17. 

Moreover, Ell2 of 8Se20H (0.578 V vs SCE) was also higher than that of 8Se2 (16). 

Cyclic voltammograms (Figure 4.2.5) obtained at various scan rates indicated that 

there were complications arising from chemical reactions in solution. At a scan rate of 200 



mV/s, the oxidation wave became broadened as if it consisted of two waves. It is possible 

that the broadened wave resulted from different conformations of 8Se20H in solution. 

When the scan rate was 20 mV/s, the oxidation wave had an onset at 0.5 V and reached a 

maximum at 0.688 V. However, the current did not diminish but rather leveled off when 

the scan passed the peak potential. The cyclic voltammogram at this point had the 

appearance of a steady state voltammogram. The cathodic wave on the reverse scan was 

well behaved. The &/ia ratio was larger than unity for every scan rate. This indicated that 

the starting material was generated in solution by the chemical reaction 4.2.9. 

14Se4 (13). The cyclic voltammogram of 13 (Figure 4.2.6) showed one pair of 

redox waves and the cathodic current peak on the reverse scan was apparently smaller than 

the anodic current peak. Peak potential separation was very large (about 700 mV) and the 

iJia ratio was less than unity. All these observations suggested a slow electrode process. 

Table 4.2.4. Anodic Current Peak Potential of 14Se4 (13) at Different 

Initial Concentrations and Different Scan Rates 

14Se4 (13) (Volt vs SCE)a 

Conc. (M) 10 (mVb) 20 (mVb) 50 (mVb) 100 (mVb) 20 (mVb) 500 (mVb) 

1.29 x 10-3 0.85 8 0.868 0.878 0.868 0.908 0.938 
2.55 x 10-3 0.838 0.868 0.888 0.888 0.868 0.888 
3.59 x 10-3 0.838 0.858 0.878 0.888 0.928 0.948 
4.28 x 10-3 0.776 0.868 0.858 0.868 0.878 0.9 18 

a. Measured with a stationary platinum electrode in CH3CN with 0.1 M tenaethylam- 

monium perchlorate electrolyte. 



Increasing scan rates caused increased separation of peak potentials, i. e., the 

anodic peak potential shifted to the more positive direction whereas the cathodic peak 

potential shifted towards the more negative direction. When the potential scan was 

performed in a repetitive fashion, after the first scan that gave the normal cyclic 

voltammogram, the anodic peak potential shifted towards the more negative direction and 

the anodic current peak became sharper and greater. Meanwhile, the cathodic current peak 

shifted towards the more negative direction and became greater. However, this 

abnormality was eliminated by cleaning the surface of the working electrode with A1203 

powder and wiping with a tissue paper after each scan. Evidently, some oxidized species 

that adsorbed on the working electrode was responsible for the observed behavior. 

Cyclic voltammograms of 14Se4 (13) at different concentrations showed that the 

peak potential values tended to be less anodic as the concentrations became higher. 

24Se6 (15). The cyclic voltammogram of 15 was similar to that of 14Se4 and 

only one pair of redox waves was observed. Increasing the scan rates caused the anodic 

peak to shift to a more anodic position. 

16S2Se2 (11). Surprisingly, the cyclic voltammogram of 11 was quite different 

from that of 16Se4 (8); only one pair of redox waves was presented, although the two 

coronands were structurally very similar. Scanning the potential from 0 volt vs SCE 

toward the anodic direction at a scan rate of 100 mV/s gave a current response which 

reached a maximum at about 1 volt and the cathodic current peak appeared at 0.1 13 V in the 

returning potential scan. The separation of the potential peaks (AEp) was 0.847 V, 

showing that the electrode reaction was quasi-reversible. The potential peak separation 

increased with increasing scan rates. 

When the scan rates were lower than 100 mV/s, the cathodic peak on the reverse 

scan disappeared. This suggested that the oxidized species of 16S2Se2 (11) in solution 

underwent homogeneous reactions which resulted in electrochemically inactive species 

within the potential scan ranges. The oxidation of 16S2Se2 was a diffusion controlled 



electrode process because a plot of the anodic current peak versus the square root of the 

scan rate produced a straight line. 

Dibenzo-14Se4 (14). The cyclic voltammogram of 14 showed a typical, 

irreversible cyclic voltammogram (Figure 4.2.7). Scanning from 0 V vs SCE towards the 

anodic direction and back only afforded a single anodic current peak at about 0.9 V. There 

was no cathodic current peak observed. The anodic peak potential shifted towards the 

more anodic direction as the scan rates increased. Plotting the anodic peak currents versus 

the square root of scan rates yielded a straight line, indicating that the oxidation process 

was diffusion controlled. 

12Se4 (12). This coronand also produced an irreversible cyclic voltammogram. 

At a scan rate of 50 mV/s, an anodic current peak was observed at over 1 V. The anodic 

peak potential shifted towards the more anodic direction as the scan rate increased. A plot 

of the anodic peak currents versus the square root of scan rates yielded a straight line, 

indicating that the oxidation process was diffusion controlled. 



Table 4.2.5. Cyclic Voltammetric Data for Oxidation of Selenium 
Coronands (16, 19, 17, 11, 13 and 15) 

Compound u(mV/s) E~~~ c c 47% AED 
20 .387 .485 .436 1 .05 .049 

8Se2 50 .386 .486 .436 1 .OO .050 

(16) 100 .38 1 .487 .434 1 .O 1 .053 

200 .374 .489 .432 1 .OO .057 

20 0.408 0.438 0.378 1.02 0.062 

8Se2(Me)2 50 0.4 18 0.468 0.358 1 .OO 0.108 

(19) 100 0.4 13 0.468 0.358 .96 0.108 

200 0.428 0.498 0.358 1.01 0.108 

a. Measured with a stationary platinum electrode in CH3CN with 0.1 M TEAP electrolyte. 

b. E 112 was obtained by taking (Ep, + Epc)/2. 

c. Potential is in volt vs SCE. 



In summary, redox potentials of the selenium coronands at low scan rate, 10 mV/s 

or 20 mV/s, are listed in Table 4.2.6. 

Table 4.2.6. Summary of ELI2 or Ep Values of Selenium Coronandsa. 

El, o r  Ep b*c (V) 
# Compound 

a. Measured with a stationary platinum electrode in CH3CN with 0.1 M TEAP. 
b. Ell2 was obtained by taking (Ep, + Epc)/2. 

c. Potential is in volt vs SCE. 
d. This EIl2 was calculated from the cyclic voltammogram 

at a scan rate of 100 mV/s. 
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CH3CN at scan rates: (a) 50 mV/s; (b) 200 mV/s. Working 
electrode: Pt. Reference electrode: SCE. Electrolyte: 0.1 M 
tetraethylammonium perchlorate. 



I I I I I I I I 

0 0.5 1 1S 2 
E (Volt vs SCE) 

Figure 4.2.4. Cyclic voltammogram of 8Se2Me2 (40 ) ( l  mM) in 

CH3CN at scan rate 50 mV/s. Working electrode: Pt. Reference 
electrode: SCE. Electrolyte: 0.1 M tetraethylammonium 
perchlorate. 
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Figure 4.2.5. Cyclic voltammograms of 8Se20H (17) (1 mM) in 
CH3CN at various scan rates (upwards: 50, 100, 200 mVls). 
Working electrode: Pt. Reference electrode: SCE. Electrolyte: 0.1 
M tetraethylammonium perchlorate. 



Figure 4.2.6. Cyclic voltammograms of 14Se4 (13) (1 mM) in 
CH3CN at scan rate 100 mV/s. Working electrode: Pt. Reference 
elect rode: SCE. Electrolyte: 0.1 M tetraethylammonium 
perchlorate. 
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Figure 4.2.7. Cyclic voltammograms of Dibenzo-14Se4 (14) ( 1 
mM) in CH3CN at scan rate 100 mV/s. Working electrode: Pt. 
Reference electrode: SCE. Electrolyte: 0.1 M tetraethylammonium 
perchlorate. 



4.2.2.2. Spectroelectrochemistry 

The experimental setup of a three-electrode system for specmelecmchemistry is 

shown in Figure 7.5.2 (see Chapter 7). The working electrode was an optically transparent 

platinum film electrode. The electrode was made by depositing a thin platinum film on a 

quartz glass plate so that the quartz glass plate became a Pt electrode and at the same time 

remained transparent to light. Over the uv-visible absorption range of interest (200 - 400 

nm) the electrode had an absorbance of about 0.5. The electrode was placed in an ordinary 

uv-cell. The width of the electrode (quartz glass plate) covered the uv-cell window. The 

reference electrode was AgVAg. The counter electrode was a platinum wire that was sealed 

in a glass tube with a glass frit end to prevent the species generated on the counter electrode 

from interfering with the observation. Figure 4.2.8 shows the cyclic voltammogram of 

16Se4 (8) recorded on the optically transparent platinum electrode, which shows that the 

electrode functions as an ordinary Pt electrode. However, the oxidation peaks of the cyclic 

voltammogram are shifted to the more anodic position because of the resistance of the 

optically transparent electrode (thin film of Pt metal), which causes the second oxidation 

peak to merge with the peak due to solvent oxidation. 

Selenium coronand solutions were prepared in dried CH3CN and placed in the uv- 

cell that was also an electrolysis cell. The solution contained 0.1 M tetraethylammonium 

perchlorate as electrolyte and was degassed with N2. Then, a potential step that was pre- 

determined by cyclic voltammetry of the corresponding selenium coronands was applied to 

the solution; at the same time, a specmm was acquired. 



-0S 0.2 0.9 1.6 2.3 
E (Volt vs AgI/Ag) 

Figure 4.2.8. Cyclic voltammogram of 16Se4 (8) recorded on the 
Pt transparent film working electrode. [16Se4] = 1 x 10-3 M. 

Reference electrode: AgIIAg. Electrolyte: 0.1 M tetraethylam- 
monium perchlorate in CH3CN. The arrow shows where the scan 
starts. 



14Se4 (13). Coronand 13 was oxidized in a uv-cell at a potential of 1.2 V vs 

AgVAg. The absorbance maximum was at 260 nm. This is slightly different from the 

absorbance produced by NOBF4 in CH3CN solution of 13, which appeared at 274 nm. 

We attributed this difference in absorbance maximum of the electrode-oxidized species to 

the oxidized species adsorbed on the electrode, since adsorption-induced abnormalities in 

cyclic voltammogram appearance were also discovered in experiments of cyclic 

voltammetry. Two concentrations of 14Se4 (13), 9.9 x 10-4 and 9.9 x 10-5 M, were 

tested and the absorbance band did not depend on concentration. A plot of the absorbance 

at 260 nm versus the square root of time gave rise to a straight line (Figure 4.2.9), which 

indicates that the electrolysis on the electrode is a diffusion-controlled process. 

16Se4 (8). First, preliminary experiments were run in which the working 

electrode was a coiled platinum wire that was placed in the uv-cell. An CH3CN solution of 

16Se4 (1 x 10-4 M), with tetraethylammonium perchlorate (0.1 M), was electrolyzed in a 

uv cell. The counter electrode and reference electrode were as previously described. The 

applied potential was 1.2 V vs AgVAg. Under these conditions, it was found that initially, 

the absorption peak at 256 nm appeared first and grew faster than the absorption peak at 

322 nm, although both peaks were observed. After 2000 seconds, the peak at 322 nm was 

of constant intensity while the peak at 256 nm continued to increase. 

Next, an optically transparent platinum electrode was used as the working 

electrode. Again, a concentration-dependent phenomenon was observed (Figure 4.2.1 1). 

When the concentration of 16Se4 was about M, only the peak at 256 nm was 

observed. A plot of absorbance versus the square root of time, according to Equation 

4.1.2, yielded a straight line (Figure 4.2.10), indicating that the process is diffusion- 

controlled. 

At a concentration of 16Se4 (8) of about 10-3 M, both peaks at 322 nm and 256 nm 

were observed. This indicates that the species absorbing at 322 nm is formed when 8 is in 



high concentration. A plot of the logarithm of absorbance at 256 nm versus that of 

absorbance at 322 nm gave a straight line with a slope of about 1 (ca. 0.88, R = 0.99). 

8Se2 (16). Oxidation of coronand 16 in CH3CN with an applied potential of 0.5 

V vs AgIIAg also showed concentration-dependent absorbance maxima. Electrolysis of 

dilute 16 (1.86 x M) produced only a 250 nm peak; electrolysis of concentrated 16 

(1.86 x 10-3 M), gave two absorbance maxima at 250 nm and 428 nm. We attributed the 

250 nm peak to the absorbance maximum of the 8Se2 dication, because a CH3CN solution 

of 8Se2(S03CF3)2 (25) has an absorbance maximum at 248 nm. 

Figure 4.2.9. Plot of absorbance of 14Se4 radical cation (260 nm) 
versus dt. [14Se4] = 1.02 x 10-4 M. Counter electrode: Pt wire. 

Reference electrode: AgIIAg. Electrolyte: 0.1 M tetraethylam- 
monium perchlorate in CH3C N. 



Figure 4.2.10. Plot of absorbance of 16Se4 radical cation (256 
nm) versus dt. [16Se4] = 1.02 x 10-4 M. Counter electrode: Pt 

wire. Reference electrode: AgI/Ag. Electrolyte: 0.1 M tetraethyl- 
ammonium perchlorate in CH3CN. 
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Figure 4.2.11. UV-visible spectra of 16Se4 (8) on a Pt 
transparent electrode. The applied potential was 1.2 V vs AgIIAg. 
(a) [16Se4] = 1.02 x 10-4 M; (b) [16Se4] = 1.02 x 10-3 M. 
Electrolyte: 0.1 M tetraethylammonium perchlorate in CH3CN. 



4.2.2.3. Chemical Reaction of 16Se4+.in Homogeneous Solution 

Since both the results from uv-spectroscopic and cyclic voltammetric studies 

suggested that the oxidized 16Se4 (16Se4+.) is involved in further chemical reactions in 

solution, we decided to carry out further investigations on the solution reactions of the 

radical cation by cyclic voltammetry. 

Cyclic voltarnmograrns of 16Se4 (8) with different initial concentrations in CH3CN 

were recorded at various scan rates. In every case, as the scan rate increased both anodic 

current peaks shifted to more positive potentials, and both cathodic peaks shifted to more 

negative potentials. The extent of the shifts was more significant for the first redox pair 

than for the second redox pair. Also, the shifts exceeded those resulting from the 

uncompensated iR drop or charging current effects because the shifts and the separation of 

cathodiclanodic peak potential increment for ferrocene at various scan rates were small (5 

mV). Thus, the anodic peak potential shifts resulted from the coupled solution chemical 

reactions that were yet to be defined. 

The half peak width, Epp12, as calculated by E, - Ep12 for the first anodic peak 
P 

became broadened (from Eppn = 61 mV to maximum Em = 150 mV) as the scan rate as 

well as concentration increased, where Eppn was the potential at half peak current value. 

The half peak width, Eppn, of the second anodic peak was less affected by the variations of 

scan rate and concentration (from Eppn = 70 mV to maximum Eppn = 90 mV). The 

cathodic peak of the second redox waves became very broad as the scan rate increased and 

there was no clear peak that could be observed. 

Because the second anodic peak was close to the solvent oxidation peak and there 

was no second cathodic peak at a fast scan rate (>200 mVIs), it was very difficult to 

determine i, and i,, parameters necessary for andyzing the system. Therefore, a potential 

scan range (0 - 1.2 V vs SCE) was chosen where only the first redox waves were shown 



for further investigations. Figure 4.2.12 shows the cyclic voltammograms of 16Se4 at 

various scan rates in the potential range. 

We observed the same phenomena of the anodic peak potentials shifting to the 

anodic direction and of separation of the associated anodiclcathodic peak potentials 

increasing as the scan rate increased. Also, in going from low to high concentrations of 

16Se4, the first anodic peak shifted significantly to the more positive direction. Table 

4.2.7 lists those scan-rate dependent, as well as concentration dependent, cyclic 

voltammetric parameters. Ratios of cathodic current peak to anodic current peak, i,/i,, were 

calculated with the equation derived by ~ i c h o l s o n l ~ ~ .  

Here, i, is the anodic current; i, is the cathodic current; (i,), is the uncorrected cathodic 

current with respect to the zero baseline; (iSp), is the current at switching potential. At slow 

scan rates the recovery of i, was low, but at high scan rates the recovery of i, was high; at 

low concentrations of 16Se4 the recovery of i, was high, but at high concentrations the 

recovery of i, was low (Figure 4.2.13). A plot Ep vs l o p  and logC gave slopes of 55 f 

6.70 mvldecade and 126 f 14.1 mvldecade respectively. 



Table 4.2.7. Cyclic Voltammetric Data of The First Redox 
Wave of 16Se4 (8) 

i , d  
Conc. v %nu Ep ul/c V & 
(mM) 0'1s) (mV) (mV) (mV) (mV) (mV> 

0.0 1 630 6 1 450 180 540 36.4 0.70 
0.02 640 65 430 210 535 34.7 0.89 

0.5 790 150 240 550 515 23.3 0.83 

continued ..... . 



Continuation of 

Table 4.2.7. Cyclic Voltammetric Data of The First Redox Wave 

Conc. v B W Epc A E ~ b  ,,~/c Ad $? 
la 

(mM) W/s) (mV) (mV) (mV) (mv) (mV) 

0.01 740 110 440 300 590 29.4 0.61 

0.02 760 110 340 320 550 25.2 0.75 

2.8 0.05 765 110 320 445 543 25.4 0.74 

0.1 775 95 289 486 532 24.6 0.80 

0.2 800 120 250 550 525 23.5 0.83 

0.5 900 180 140 760 520 21.4 0.87 

0.01 750 12 1 390 360 570 26.7 0.67 

0.02 770 120 350 425 560 25.2 0.70 

3.3 0.05 775 117 320 455 547 24.3 0.74 

0.1 790 130 280 510 5 35 22.8 0.80 

0.2 8 10 1 40 240 570 525 23.1 0.87 

0.5 810 145 230 560 5 10 22.1 0.9 1 

e. The ratio of cathodic and anodic peak current for the 

first redox cycle. 
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Figure 4.2.12. Cyclic voltammograms of 16Se4 (8) at various 
scan rates (10, 20, 50, 100, 200 and 500 mV/s) in CH3C N .  
Working electrode: Pt. Reference electrode: SCE. Electrolyte: 0.1 
M tetraethylammonium perchlorate. 



Figure 4.2.13. Plots of iJi, vs scan rates. (+): [16Se4] = 1.2 
mM; ( e  ): [16Se4] = 2.8 mM. Working electrode: Pt. Reference 

electrode: SCE. Electrolyte: 0.1 M tetraethylammonium 
perchlorate in CH3CN. 



4.2.2.4. Convolution Transformation 

The convolution transformation of 16Se4 cyclic voltammetric data was carried out 

by a numerical integration technique on a personal computer based on the algorithm given 

in Equation 4.2.10"~. Equation 4.2.10 was written in the BASIC computer program 

language. 

where I(kAt) is the convolutive transformation (i.e., I(t) in Equation 4.1.9) of the 
experimental i(t)(e.g., currents in cyclic voltammetry) that is expressed as iCjAt) in 
Equation 4.2.10; T(x) is the Gamma function of x; k and j are depicted in Figure 4.2.14, 
T(k-j+l/2) is the Gamma function. 

Figure 4.2.14. Illustration of i(t) vs t curve for digital 
evaluation of I(t). 



In order to examine if the program was free of errors, we first conducted the 

convolution transformation on the cyclic voltammetric data of ferrocene in CH3CN, 

because its cyclic voltammetric behavior is well known. Figure 4.2.15 shows the cyclic 

voltammogram of ferrocene as well as the corresponding convolution transformation 

voltammogram in which the convolution-transformed current function, I(t), is plotted as a 

function of the scanning potential, E. The advantage of the method can be seen 

immediately. For a reversible electron transfer system, such as ferrocene, the transformed 

current function, I(t), for the forward scan was superimposable on the transformed current 
Il-I(t) 

function I(t) for the backward scan. A plot of E vs log - 
I(t> 

was linear with a slope of 

0.0591n. For a quasi-reversible reaction, however, the forward and backward I(t) curves 

would not superimpose. 

The cyclic voltammogram data of the redox pair 16Se4 /16Se4+. were then 

substituted in Equation 4.2.10 and calculated on the personal computer. The results are 

shown in Figure 4.2.16 and Figure 4.2.17. These plots showed that the redox system was 

not reversible in general because none of the forward and backward curves were 

superimposable. Furthermore, 1, was scan rate dependent; at the lowest scan rate the I(t) 

function attained its largest value. However, I(t) did not actually reach a limiting value but 

continued to increase with time as long as the applied potential was greater than This 

indicates two possibilities: convection or more likely indirect oxidation of 16Se4 from 

(16se4)2CS to 16Se4+. and 16Se4 through dissociation. Figure 4.2.16 shows that from a to 

f the reduction of the oxidized product is a time dependent phenomenon: faster scans 

resulted in more recovery, as manifested by the overlapped curves (I(t)) of forward and 

backward scans at the starting point of convolution voltammetry; slower scans gave rise to 

less recovery shown by parted curves of forward and backward at the starting point of 

convolution voltammetry. Concentration effects were also shown by the convolution 

transformation: more recovery of 16Se4 was achieved at the reversal scan for low initial 



16Se4 concentration, consistent with the observation of the i,/i, ratio from cyclic 

voltammetry. 
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Figure 4.2.15. Cyclic voltammogram and convolution 
transformation of ferrocene (1  mM) at scan rate 100 mV/s in 
C H 3CN. Working electrode: Pt. Reference electrode: SCE. 
Supporting electrolyte: 0.1 M tetraethylammonium perchlorate. 
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Figure 4.2.16. Convolution transformation of voltammograms of 
16Se4 (8) for the first redox pair. Concentration of 16Se4 1.2 
mM. a) 0.01 V/s; b) 0.02 V/s; c) 0.05 V/s ; d) 0.1 V/s ; e) 0.2 V/s 
; 9 0.5 VIS. 
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Figure 4.2.17. Convolution transformation of voltammograms of 
16Se4(8) for the first redox pair. Concentration of 16Se4 2.8 
mM. a) 0.01 Vls; b) 0.02 Vls; c) 0.05 Vls ; d) 0.1 Vls ; e) 0.2 Vls 

; f) 0.5 Vls. 



4.2.2.5 . Coulometric Studies 

16Se4. Electrolysis of 16Se4 was carried out in  a two-compartment 

electrochemical cell. 16Se4 was electrolyzed by a pair of Pt gauze electrodes in dry and 0 2  

free CH3CN solution with tetraethylammonium perchlorate (0.1 M) as electrolyte and a 

saturated calomel electrode (SCE) as the reference electrode. Two applied potentials (0.8 

and 1.8 V vs SCE) were used in the electrolysis experiments. The applied potentials were 

chosen such that the former would oxidize 16Se4 to the radical cation (one electron- 

transfer), and the latter would oxidize 16Se4 to the dication (two-electron transfer), as 

determined by cyclic voltammetry. The progress was monitored with a coulometer and an 

x-y plotter that plotted currents as a function of time or a multi-meter that showed the 

currents. 

At an applied potential of 0.8 V, 16Se4 was quickly oxidized, forming a yellow 

solution. When the amount of charge indicated by the coulometer equaled an overall one- 

electron transfer, the electrolysis process stopped as indicated by a constant reading on the 

meter. 

The solution being electrolyzed was monitored by uv-visible spectroscopy, by 

withdrawing the solution into a uv cell with a syringe. When 20% of the total amount of 

electric charge had passed through the solution, the electrolyte had an absorbance maximum 

at 322 nm; when 42% of the total amount of electric charge had passed through the 

solution, the electrolyte had two absorption peaks at 322 nm and 256 nm respectively; 

when the amount of electric charge corresponding to a one-electron transfer had passed 

through the solution, the 256 nm peak became the major peak and the 322 nm was merely a 

tail to the 256 nm peak. 

When the applied potential was raised to 1.8 V after one-electron transfer, the 

electrolysis resumed until the amount of charge corresponded to an overall two-electron 

transfer oxidation. At this point, the 16Se4 had been oxidized to 16Se42+. The color of 



the solution became light yellow. In a separate experiment, the applied potential was 1.8 V 

and the amount of electric charge passed through the solution corresponded to an overall 

two-electron oxidation process. 

The uv-visible spectrum of the electrolyte, on which the applied potential was raised 

from 0.8 to 1.8 V and the electrolysis resumed, showed that the 322 nm peak reappeared. 

When the amount of charge corresponding to a two-electron transfer reaction had passed 

through the solution, both the 256 nm peak and 322 nm peaks were observed, but the 256 

nm peak was more intense, which was consistent with the uv-visible spectrum of 16Se42+ 

(24) in CH3CN. 

Cyclic Voltammetry of 16Se4 (8)  Under Electrolysis 

Cyclic voltammograms were run on 16Se4 (8) solutions that were being 

electrolyzed with an applied potential of 1.2 and 1.8 V. The experiments were carried out 

in the same cell in which electrolysis was performed; however, two sets of working 

electrodes were used. One-set was a pair of Pt gauze electrodes for electrolysis; the other 

was a Pt micro-electrode for cyclic voltammetry. 

First, an CH3CN solution of 16Se4 was electrolyzed with an applied potential of 

1.2 V. The solution was monitored by uv-visible spectroscopy from time to time. 

Initially, there were absorption peaks at 320 nm as well as 256 nm, then only the 256 nm 

peak was seen. At that point, the cyclic voltammetric scan was started. Several 

experiments were performed in which different initial potentials were used as the starting 

points for the cyclic voltarnmemc scans. 

The resulting cyclic voltammograms are shown in Figure 4.2.18. For comparison, 

the cyclic voltammogram of 16Se4 under normal conditions, i. e., neutral 16Se4 solution, 

is also shown. 

In the first experiment, the initial potential of the cyclic voltammemc scanning was 

0 V vs SCE. At this potential, 16Se4'. produced by electrolysis was reduced to 16Se4 at 



the vicinity of the micro-electrode, but the bulk solution was still 16Se4+.. The cyclic 

voltammogram obtained from the electrolyzed 16Se4 solution was almost the same as that 

recorded from the neutral 16Se4 solution except that the first oxidation current peak was 

slightly smaller and appeared at a more anodic position than the former. Because the cyclic 

voltammetry was performed on a 16Se4+. solution that had an absorbance maximum at 256 

nm, the experimental result indicated that the species absorbing at 256 nm was the radical 

cation and that it could be reversibly reduced to neutral 16Se4. 

In another experiment, the initial potential for the cyclic voltammemc scan was 1 V 

vs SCE. At this initial potential, the cyclic voltammetric scan was on the radical cation 

16~e4+. .  Scanning towards the anodic direction at a scan rate of 50 mV/s produced an 

anodic current peak at 1.6 V, which was at the same position as the second anodic current 

peak in the cyclic voltammogram measured from the unelectrolyzed 16Se4 solution. Then, 

at 1.8 V, the potential scan direction was reversed towards the cathodic direction. 

Consequently, a cathodic current peak appeared at the position (0.4 V) where the current 

peak related to 16~e4~+/16~e4+.  appeared under normal conditions. This result meant that 

the second anodic current peak corresponding to 1 6 ~ e 4 ~ + / 1 6 ~ e 4 + .  was caused by 

oxidation of the species that absorbed at 256 nm in the uv-visible spectrum. 

In the third experiment, the potential scan was started from 1.2 V towards the 
I 

cathodic direction until 0 V, then the scan was switched towards the anodic direction until 

1.8 V, and subsequently, the scan was reversed back to 1.2 V. The scan was carried out at 

three different scan rates. The resulting cyclic voltammograms were similar to the previous 

ones, but the cathodic current peak shifted to a more cathodic position and the anodic 

current peak was weaker. At the slow scan rate there was no first anodic current peak, an 

indication of a chemical reaction that consumed 16Se4. 

Cyclic voltammograms of a 16Se4 solution that was being electrolyzed at an 

applied potential of 1.8 V vs SCE were different from those of a neutral 16Se4 solution. 

Scanning from 1.8 V to 0 V and back showed two close cathodic peaks at 0.381 and 0.279 



V. The cathodic current peak at 0.38 1 V was only observed when the scan rate was over 

50 mV/s and appeared as a shoulder of the cathodic current peak at 0.279 V. When the 

scan was swit~~ied at 0 V and scanned towards the anodic direction, there were two peaks 

observed at 1.17 V and 1.49 V respectively with lower currents. Because the 16Se4 

dication was moisture sensitive and it was very difficult to exclude moisture from the 

solvent, the cyclic voltammograms from the 16Se4 solution that was being electrolyzed 

were presumably those of the decomposed 16Se4 dication, 

Electrolysis of Other Selenium Coronands 

Controlled electrolysis on other selenium coronands, 8Se20H, 14Se4 and 16S2Se2 

in CH3CN has been carried out as well. The selenium coronands were electrolyzed at 

applied potentials that were determined by the cyclic voltammetry of each coronand. When 

the potentials were applied, all of them yielded yellow solutions. Although these selenium 

coronands showed only one pair of redox waves in cyclic voltammograms, the amount of 

charge that passed through the solution of each coronand equaled an overall two-electron 

transfer process. 



E (Volt vs SCE) 

Figure 4.2.18. Cyclic voltammograms of 16Se4 (8) (1 x 10-3 M) 

under electrolysis. (a) without electrolysis; (b) under electrolysis; 
initial scanning potential of 0 V; (c) under electrolysis; initial 
scanning potential of 1 V; (d) under electrolysis; initial scanning 
potential of 1.2 V. 



4.3. Discussion 

4.3.1. Radical Cations 

The one-electron oxidation of selenium coronands by means of NOBF4 or 

electrolysis yields radical cations of the corresponding selenium coronands. According to 

frontier molecular orbital theory, an open electronic shell encountering a neutral closed shell 

will result in covalent stabilization from the interaction between their frontier MO's. For 

neutral selenium coronands, every selenium atom has two doubly occupied non-bonding 

orbitals (HOMO), but for the oxidized selenium atom the higher energy non-bonding 

orbital is singly occupied (SOMO). Therefore, it is reasonable to propose that the doubly 

and singly occupied non-bonding orbitals would interact with one another to give bonding 

(0) and anti-bonding (o*) molecular orbitals which are occupied by a total of three 

electrons. The single electron is located in the o* orbital (see Figure 4.3.2). 

In the l i t e r a t ~ r e l ~ ~ t l ~ ~ ,  this type of interaction is termed a two-centered three- 

electron (2cl3e) interaction, giving rise to a two-centered three- electron bond. Numerous 

compounds containing lone-pair electrons have been found that form radical cations 

stabilized by 2cl3e bonds through intramolecular, intermolecular and transannular 

interactions, as long as the HOMO-LUMO interactions are available. 

Norman and co -w~rke r s l~~  first reported that a dimeric cation [R2SSR2]+ was 

formed from an ESR flow system in which dimethyl sulfide and tetrahydrothiophene were 

oxidized with titanium(II1)-hydrogen peroxide in aqueous solution. Asmus studied the 

oxidation of thioethers88*127*130-137, alkyl disulfides and with hydmxyl 



radicals generated by pulse radiolysis and characterized the products by uv-visible 

spectroscopy. They attributed the new absorption bands to the o-o* transition of 2cI3e 

sulfur-sulfur bonds. Moreover, they have discovered that 2cI3e bonds formed between 

sulfur and other lone-pair donors such as N, 0, C1, Br, I, and even between R I - I R + . ~ ~ ~ .  

Asmus also found a concentration effect on the absorbance maxima of S-S 2cI3e 

bonds. The oxidized dithioether, 1,4-dithiane, formed two different species depending on 

the concentration: at concentrations greater than 10-3 M, the visible spectrum showed a 

&, near 500 nm, which is typical for dimeric cations; at lower concentrations the &, 
was at 660 nm, which was thought to be from a 1,4-dithiane radical cation with an 

intramolecular S-S bond127. 

Musker and c o - ~ o r k e r s ~ ~ * ' ~ ~ h a v e  found that the radical cation from 1,5- 

dithiacyclooctane has a very long lifetime (several days). This long life-time is attributed to 

the transannular interaction within the cyclooctane that had the proper geometrical 

arrangements to form such bonds. The x-ray crystal structure of the 8S2 d i ~ a t i o n ~ ~ ~ l l ~  

showed that such bonds exist. 

There are examples of radical cations that involve 2cI3e bonds other than sulfur. 

Nelson and c o - ~ o r k e r s ' ~ ~  have studied radical cations formed from alkylated hydrazines. 

The unpaired electron was thought to be in a x* orbital. Alder et have synthesized 

and studied a series of multiply bridged diamines whose lone pairs were pointing toward 

each other. As a consequence, oxidation resulted in an intramolecular 2cI3e bond that was 

a partial o bond between two nitrogen atoms. 

The first example of an alkyl selenium radical cation was found by William and co- 

w o r k e r ~ ~ ~ .  The radical cation was formed by irradiating the single crystal of dimethyl 

selenide with y-rays, and the resulting species was studied by ESR spectroscopy. Based 

on the hyperfine interaction splitting pattern they suggested the following dimeric radical 

cation (Figure 4.3.1) to account for thirteen equivalent splitting lines. At the time when we 

had prepared the crystal of 8Se2 dication, Furukawa et a138 published their findings on the 



radical cation and dication of 8Se2. In a recently published paper113, the x-ray molecular 

structure of 8Se2 dication shows that a single bond has formed between the two Se atoms. 

The stabilization effects due to a two-center three-electron o bond can be 

understood by Hiickel molecular orbital theory12*, as depicted in Figure 4.3.2, where two 

electrons are in the bonding orbital and one electron is in the anti-bonding orbital. The net 

contribution is bonding favored if the overlap integral is ignored. According to recent 

calculations144, the bond strength can vary anywhere between 1 - 2 kcaVmol (for 

complexes of second and third row hydrides with noble gases) and 50 kcal/mol (for 

H F . - - F H ) ~ ~ ~ .  The energy difference between bonding and anti-bonding orbitals is 2f3, 

here f3 is the Hiickel Coulomb integral, which dictates the electron promotion from the 

highest doubly occupied to the singly occupied molecular orbital. Thus, the uv-visible 

absorption bands are correlated to the strength of the 2c/3e bonds. If the overlap integral, 

S, is considered1%, the energy of the molecular orbitals becomes 

The bonding level is stabilized by an amount proportional to 1/(1+S). The anti-bonding 

level is destabilized by an amount proportional to l/(l-S). Because S >0, the anti-bonding 

level is more destabilized than the bonding level is stabilized. Thus, the interaction between 

two orbitals is not always bonding favored. 



Figure 4.3.1. Anti-bonding orbital of ( ~ e ~ ~ e ) t + *  dimeric radical 

cation. 

Figure 4.3.2. Orbital diagrams for two-center three-electron 
interactions.(a) Overlap integral is not considered; (b) Overlap 
integral is considered. 



Our experimental results from the spectroscopic investigation of selenium coronand 

radical cations have shown that most radical cations are relatively stable at room 

temperature. This is the first time that selenium coronand radical cations have been detected 

in static conditions to the best of our knowledge. We assigned the uv-visible absorption 

bands of the oxidized selenium coronands to o - o* transitions resulting from the 2c/3e 

selenium-selenium bonds. The geomemcal accessibility of the interacting selenium atoms 

within the molecule has been unequivocally confirmed by x-ray crystallography60. The 

distances between the selenium atoms in the crystal structure are 2.669 and 2.592 A, that 

is, within the sum of covalent atomic radii of ~ e l e n i u m ~ ~ ' * ~ ~ * .  

The observed concentration-dependent uv-visible absorption bands for the oxidized 

species of 16Se4 or 16S2Se2 have shown that there are two different radical cation species. 

For 16Se4, we attribute the 320 nm peak to a o-o* transition of the dimeric radical cation in 

which the 2c/3e bond is formed through intermolecular interactions of the oxidized 

selenium in 16Se4 with the neutral selenium from another 16Se4 because the dimer forms 

only at high concentrations. The absorption band at 256 nm, that becomes the only 

absorption band at low concentrations of 16Se4, is atmbuted to a o - o* transition of the 

2c/3e bond formed through intramolecular (transannular) interactions. 

It had been discovered previously that selenium atoms in the selenium coronand 

16Se4 are e~odenta te~~;  the lone pair electrons are pointed out from the ring, so that the 

molecule adopts as many of the preferred C-Se gauche conformations as possible. Hence, 

it is more favored to form a 2c/3e bond through dimerization at high concentrations. At 

lower concentrations, there is not enough neutral 16Se4 available to form a dimeric radical 

cation; only a monomeric radical cation is observed. Besides, the intramolecular 2d3e 

bonds are more stable for 16Se4 and 16S2Se2; therefore, the species absorbing at 320 nm 

eventually converts to the species that absorbs at 256 nm. The lack of concentration effects 

for the radical cations of other selenium coronands indicates that in those radical cations the 

stabilization conmbutions are most likely from transannular interactions. 



Based on Hiickel theory, the absorbance maxima of radical cations correlate with 

the strength of the 2cDe bond. One of the factors which controls the strength of a covalent 

bond is the extent of p orbital overlap along the interaction coordinate. Accordingly, the 

energy difference between the o and o* levels, and hence the position of the absorbance 

maximum of a o-o* transition, is expected to depend on the distance between the two 

interacting atoms149*150. All selenium coronand radical cations investigated so far absorb 

at 350-260 nm except those derived from eight-membered ring selenium coronands (400 

nm). This indicates a large energy splitting between the o and o* energy levels. Such 

effectiveness in the overlap between the interacting orbitals of selenium atoms can be 

attributed to the flexibility of the macrocyclic ring. 

In principle, all compounds containing atoms with lone pairs can form two center 

three-electron (2cl3e) bonds of the type depicted in Equation 4.3.1. However, in the 

literature, the radical cations derived from sulfides which consist of small ring or acyclic di- 

and trithiaethers are not stable enough to be observed under static conditions in solution and 

hence the technique of pulse radiolysis was applied for their investigation. In addition, the 

absorbance maxima of these multithioethers are around 500 to 650 nm12*, an indication 

that the overlap is not effective. Only 8S2 is an exception. 8S2 is an eight-membered ring 

compound and the overlap between S atoms is good; therefore, it is relatively stable and 

can be detected by absorption spectroscopy (hmax is 428 nm, which is almost the same as 

that of 8Se2) under the static condition. Asmus has proposed that because radical cation 

complexes are in equilibrium (as shown in Eq 4.3.1) the intermolecular distance and the 

extent of p-orbital overlap cannot be considered as constant. Therefore, it seems 

reasonable to expect a greater degree of molecular mobility in intemolecular radical cation 

complexes as compared to intramolecular radical cation complexes. 

Structural requirements for overlap between two lone-pair orbitals are clearly 

demonstrated. Selenium coronands 12Se4 and dibenzo-14Se4 cannot form radical cations 

stable enough to allow the observation of uv-visible absorptions under the experimental 



conditions, because forming intramolecular two-center three-electron bonds for these two 

coronands will result in highly strained rings. Our results indicate that the intramolecular 

selenium-selenium 2c/3e bonds are more important in stabilizing the radical cations. 

UV-visible spectroscopic data of the dication 8Se2 provides information on the 

character of the third unpaired electron. This species absorbs at 248 nm indicating a further 

splitting between the o and o* energy levels as a result of removing an electron from an 

anti-bonding orbital, as compared with the radical cation 8Se2+- (428 nm). The dication of 

16Se4 has two absorbance maxima. That indicates that there may be more than one 

electron configuration for the compound or that the two Se-Se bonds may have different 

bond strength. 

Results of the cyclic voltammemc study on selenium coronands demonstrated that 

the stabilization contribution from transannular interactions is a balance between the 

strength of the newly formed bond and the ring strain resulting from the new bond. These 

are two opposing effects. In order to have maximum overlap of orbitals to form a stable 

covalent bond, the molecule needs some structural reorientation so that the involved 

heteroatoms can be brought in to bonding distances. However, this structural reorientation 

may compress some bond angles and dihedral angles, and introduce ring strain that may 

attenuate or even cancel the stability contributed by the transannular interactions. These 

effects are reflected in the results of cyclic voltammetry. 

Based on the appearance of the cyclic voltammograms three groups can be 

identified: (a) those which have one redox cycle wave; (b) those which have two redox 

cycle waves; and (c) those which have one irreversible wave (although they may be in the 

same group, individual selenium coronands still show some differences in the extent of 

reversibility). These differences can be understood by examining the structures of these 

selenium coronands. 

8Se2 and 8Se2(Me)2 belong to the first group and show the most reversible 

electrode behavior among the selenium coronands. Both selenium coronands show lower 

t 



redox potentials (Eln) that can be attributed to the Se-Se transannular interaction forming a 

two-centered three-electron covalent bond88-133. Evidence has shown that thia- or selena- 

heterocyclic rings which can have transannular interactions to achieve extra stabilization 

possess low redox p ~ t e n t i a l s ~ ~ ~ l l ~ ~  , e.g., 8S2, 5-methyl- 1 - thia-5-azacyclooctane 

86,14 191529153 and 5H,7H-dibenzo[b,g] [ , 5 ]  ~ e l e n a t h i o c i n ~ ~ * l ~ ~ .  

Because the single electron is in the anti-bonding orbital, removal of the second 

electron electrochemically should not be more difficult than removal of the first one, unless 

massive structural reorganization is involved. This was observed for 8Se2. Although only 

one pair of redox waves is observed for each compound, the results of controlled 

electrolysis reveal that the oxidation is a two-electron transfer process. This means that the 

0 0 second redox potential is the same as or lower than the first one (El 2 E ~ ) ~ ~ ~ .  According 

to the x-ray structure of 8Se2 dication, no significant structural change is needed in order to 

form the Se-Se o bond. The redox potentials of substituted selenium coronands, 

8Se2(Me)2 and 8Se20H, are higher than that of 8Se2. The differences may be attributed to 

the interactions between the substituents with the Se-Se bonds, which attenuate the 

transannular interaction. For 24Se6, considering the size of the ring, forming a Se-Se 

bond within the molecule probably involves significant structural reorientation; therefore, it 

has a higher redox potential. If one uses resonance structures to represent the transannular 

interaction within the molecule, Figure 4.3.3 shows that 14Se4 has cyclopentane-type and 

cyclobutane-type interactions. The latter will increase the ring strain and is not a favorable 

contribution. This explains why the electron transfer on the electrode is quasi-reversible 

with a large peak potential separation. For l2Se4 and dibenzo- l4Se4, such transannular 

interactions would produce highly strained rings, which outweigh the stabilizing 

contributions from the transannular interactions. Therefore, irreversible redox cyclic 

voltarnmograms are observed. 



Figure 4.3.3. Resonance structures for radical cations of 14Se4, 
12Se4 and 16Se4. 



As mentioned earlier, the reversibility as shown by the cyclic voltammogram is an 

indicator of the ease of the electrode process. For a quasi-reversible electrode reaction, the 

separation of peaks is a function of a dimensionless parameter Y which correlates with the 

electron transfer rate constant1 l4 

Here, kO is the standard rate constant for an electron transfer couple (cm s-1) (kO is a hetero- 

electron transfer rate constant; it has a unit of distance); n is the number of electrons 

involved in the overall electrode reaction; F is the Faraday constant; R is the gas constant; u 

is the potential scan rate; D is the diffusion coefficient and T is the temperature in Kelvin. 

Thus, for selenium coronands at a given scan rate, the separation of the peaks on the cyclic 

voltammograms is directly correlated with the standard rate constant of electron transfer on 

the electrode. 

It is conceivable that for 8Se2 (16) which involves the least structural reorientation, 

the electron transfer is fast on the electrode and the peak separation is small. On the other 

hand, 14Se4 and 24Se6 need major conformational rearrangement; thus, electron transfer is 

slow and the peak separation is larger. 

Cyclic voltammograrns of 16Se4 (8), 16Se4(OH)2 (9) and 12Se3 (18) suggest that 

the processes consist of two consecutive one-electron transfer steps and the second redox 

potential is higher than the first one. Taking 16Se4 (8) as an example, comparison of the 

x-ray structures of 16Se4 (8) and 16Se4 dication indicates that there are significant 

structural differences. The crystal structure of 8 shows a rectangular conformation with 

two selenium atoms located at the diagonal comers. In this conformation the macrocycle 

has most of the C-Se bonds in the preferential gauche ~onformations~~. However, this 

conformation is drastically changed in the 16Se4 dication in which three selenium atoms 



are bonded linearly60. In such an arrangement, the positive charges are on the two outside 

selenium atoms to achieve the best separation. The fourth selenium atom interacts with the 

central selenium atom with van der Wads forces so that the positive charges are dispersed 

among the four selenium atoms. In solution this is also likely to be the case, and probably 

the positive charge in the 16Se4 radical cation is &localized among the selenium atoms, as 

suggested by ~ s m u s ~ ~ ~ * ~ ~ ~  for the case of the sulfur analogs. This likely results in 

significant changes in the conformation of 16Se4 and hence a higher redox potential for the 

second electron transfer step. 

4.3.2. Homogeneous Reaction of l6Se4 (8) 

The results of coulomeuy on 16Se4 show how the dication of 16Se4 (8) is formed. 

There are two possible routes to the dication of 8. One is by consecutive oxidation of 

16Se4+.; i. e., 16Se4 is first oxidized to 16Se4+-, then to 16Se42+, as shown in Equation 

4.3.4 and 4.3.5. The other is through disproportionation of 16Se4+. in solution after the 

first oxidation step, as shown in the following equations. 

At the applied potential of 0.8 V, which is higher than the first oxidation peak 
1 

potential (E,J that oxidizes 16Se4 (8) to 16Se4+. but lower than the second oxidation peak 
2 

potential (E,) that oxidizes 16Se4+ to 16Se42+,no 16Se42+ should be produced 

electrochemically because the potential is not enough to oxidize 16Se4+-. Therefore, at that 

potential the total number of electrons involved in the reaction should be one. However, if 

there were a disproportionation reaction, the total number of electrons involved in the 

reaction would be two even if the potential was not enough to oxidize 16Se4+. to 16Se42+ 

because 16Se4 could be regenerated through reaction (4.3.7). 



The experimental result revealed that only one electron is involved in the electrolysis 

at a potential of 0.8 V vs SCE, and two electrons are involved at a potential of 1.8 V, 

which unequivocally suggested that the whole process of oxidizing 16Se4 to 16Se42+ was 

a two-step oxidation, and each step was a single electron transfer process. The redox 

potentials of 16Se4 also imply that disproportionation is not important. The equilibrium 

constant K of the reaction (Eq. 4.3.7) can be calculated as follows, 

1 2 where K is the equilibrium constant of the disproportionation reaction; ElI2 and ElI2 are 

the redox potentials of the first and second step electrode reactions; and the other symbols 

1 2 have the usual meanings. Substituting Eln and ElI2 of 16Se4 gives 

Thus, the disproportionation reaction is not favored. 

The electrolyzed 16Se4 solution prepared by electrolysis of the 16Se4 solution at 

1.2 V vs SCE has an absorbance maximum at 256 nm, which is presumably an absorption 

due to a 16Se4 radical cation. The cyclic voltammetry on this solution gave rise to similar 

cyclic voltammograms as those from an 16Se4 solution, indicating that the species which 

absorbs at 256 nm is the radical cation (monomeric) which can be further oxidized to the 

dication at a higher potential or reduced to the neutral 16Se4 at a more negative potential. 

What is the species that has an absorbance maximum at 320 nm? When 16Se4 loses 

one electron to the electrode, the resulting species, the radical cation, is a reactive 

intermediate. The radical cation of 16Se4 would undergo further reactions. Experimental 



results of both cyclic voltammetry and spectroscopy of 16Se4 indicate that there are 

chemical reactions involved after the electron transfer reaction. The chemical reaction after 

the oxidation of 16Se4 is likely a dimerization reaction because concentration effects are 

observed. 

In electrochemistry, if a chemical reaction occurs following the electron transfer it is 

termed an EC system 126. The first letter designates the electron transfer, and the second, 

the following chemical reaction. Because of the following reaction, the concentration of the 

oxidized species 16Se4+. at the vicinity of the electrode changes and the cyclic 

voltammogram of 16Se4 may be consequently changed should the time scale of the reaction 

be comparable to that of cyclic voltammetry. The time window of the cyclic voltammetry 

can be adjusted by changing scan rates and the concentrations of 16Se4. 

The concentration-dependent phenomenon indicates the following reaction is a 

second order reaction. Combined with the information from uv-visible spectroscopy as 

well as that from cyclic voltammetry, the system may be depicted as follows. 

Scheme 4.3.1 



In this scheme, [16Se4+.] is the 16Se4 radical cation immediately after being 

formed on the electrodes which undergoes either dimerization with another 16Se4 or 

structural reorganization through transannular interaction. The absorption peak at 256 nm 

is assigned to the l6Se4 radical cation that is in monomeric form because only this species 

is observed in the uv-visible spectrum when the concentration of 16Se4 is dilute, no matter 

whether the oxidant is NOBF4 or a Pt electrode. The [16Se4+-] reacts with a neutral 16Se4 

to form a dimeric radical cation that is assigned to the absorption peak at 320 nm. At low 

concentrations of 16Se4, the reaction 4.3.13 is slow; therefore, the ratio of cathodic to 

modic peaks (ic/ia) is close to unity. However, at high concentrations of 16Se4, the 

reaction 4.3.13 becomes important; hence, the value of ic/ia deviates from unity. The 

dependence of the ratio of &/ia on the potential scan rates is also explained. At the fast scan 

rates the reduction of the radical cation is predominant and results in a larger ic/ia ratio, 

whereas at slow scan rates the chemical reaction competes with the electron transfer 

reaction and leads to a smaller ic/ia ratio. 

The peak potential shifts in the cyclic voltammograms of 16Se4 also indicate a 

chemical reaction following the electrode oxidation. The cyclic voltammetric response for 

such a reaction system is dependent om both the rate of electron transfer on the electrode 

and the rate of chemical reaction. Two dimensionless parameters (A and h) can be used to 

define such a system114. 

k0 RT A = - 
v1l2 

(- 
DnF 

Here, ko is the rate of electron transfer on the electrode; u is the scan rate; D is the diffusion 

coefficient of the substrate; kf is the rate of chemical reaction and the other symbols have 

their normal meaning. Based on the combination of A and h values, Saveant has defined 

the EC system in different zoneslS6. For example, a reversible electron transfer coupled 



with an irreversible chemical reaction would remain as a reversible cyclic voltammogram 

when the value of h is small (h < -1);.however, when h is large(0.5 < h 4 . 5 )  the anodic 

peak potential would shift with increasing u according to 

RT RT 
E ,  = E,,, - - 0 . 7 8  + - I n  A 

nF 2 nF 

so that the wave shifts towards positive potentials by about 30111 mV (at 25 "C) for a tenfold 

increase in u. For a quasi-reversible electrode reaction (A # =J) coupled with an 

irreversible chemical reaction, increasing the scan rate by tenfold, the peak potential shift 

would be 59/11 mV (at 25•‹C). Therefore, peak potentials can be used as diagnostic 

parameters to analyze the chemical reaction following the electrochemical step. In addition, 

for a second-order chemical reaction the concentration dependence of the corresponding 

cyclic voltammograms is also a diagnostic parameter: with decreasing substrate 

concentrations, reversible current-voltage curves are observed even at low sweep rates. 

Quantitative evaluation of the rate constant is possible with the aid of calculated 

working curves 126*157v158. There are established methods126 to estimate the rate constants 

of chemical reactions involved in electrode reactions. Through theoretical calculations 

~ i c h o l s o n ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~  established the working curve for the subsequent reaction as shown 

in Figure 4.3.4 where idi, is plotted versus ln(kz), where z is the time in seconds from Er12 

to the switching potential and k is the rate constant for the chemical reaction. The working 

curve implies that for an EC system a constant value of the parameter kz corresponds to a 

constant &ha ratio. 

Assuming Equation 4.3.14 is the rate-determining step, and Equations 4.3.12 and 

4.3.13 are in equilibrium, the overall rate of the chemical reactions can be expressed as 



Where K1 and K2 are the equilibrium constants of the reactions 4.3.12 and 4.3.13. 

Comparison of the concentration of 16Se4+. with that of 16Se4, indicates that the 

concentration of 16Se4 is in excess and is constant during the reaction. Thus, the system 

can be further simplified as a pseudo-first order chemical reaction. From the experimental 

data, i. e., the ratios of cathodic peak current to anodic peak current i,E,, bbsz  values were 

determined on the working curve. Then, the bbs values for various concentrations of 

16Se4 were obtained from the slope by plotting kOb,z as a function of z, as shown in 

Figure 4.3.5. A plot of kobs versus the concentrations of the 16Se4 is shown in Figure 

4.3.6, in which the error bars are 20%. 

Two major sources may cause the errors in this estimation. One is from the 

determination of the r values. This is because, in the sense of electrochemistry, the system 

of interest is not a reversible one; Eln calculated by (EF + Epa)/2 (at a scan rate of 20 

mV/s) might not be a true Eln, although Rorabacher has noted that the values of a 

series of Cu(I1) thia-macrocyclic compounds, which are determined by (Ep, + Epa)/2 from 

cyclic voltarnmograms of slow scan rates, are close to those determined by potentialstatic 

measurements (of -+lo% error)162. The uncertainty in Em results in the uncertainty in the 

values of z.  Nicholson et a1157J59-161 pointed out that this method is sensitive to the 

values of z. Another source of error is from the determination of iF/ip, especially when 

the concentrations of 16Se4 are low, which is probably why the first point (at the left end 

of the x-axis) in Figure 4.3.6 deviates from linearity, and it is not used in the determination 

K1 K of the k f~ value. The value of k is found to be 2.1 f 0.6 s-1M-1 from the slope of 
2 fK2 

the plot of hbs versus the concentrations of 16Se4 (Figure 4.3.6). 

In conclusion, the radical cations of selenium coronands were prepared chemically 

and electrochemically and identified by uv-visible spectroscopy. Cyclic voltammetry of 

these selenium coronands was carried out in CH3CN. The relatively reversible behavior on 

electrodes and the stability of the radical cations are attributed to the formation of a two- 

center three-electron bond within a radical cation (transannular interaction) or between a 



radical cation and a neutral coronand. 16Se4 has been studied in detail. Its whole process 

of cyclic voltammetry with two redox pairs consists of two single electron transfer 

processes with El l l2  0.503 V and E2112 1.41 V respectively. Therefore, the 

disproportionation of the radical cation of 16Se4 to form 16~e42+ can be ruled out. 

Scheme 4.3.2 summarizes the electrode processes of 16Se4 and 16Se4+ as well as the 

homogeneous reactions of 16Se4+. in CH3CN solution. 

Scheme 4.3.2 

' I Transannular 
interactions 

Figure 4.3.4. Working curve for a chemical reaction following 

an electrode reaction (EC). 
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Figure 4.3.5. Plot of k,b, vs z. 

Figure 4.3.6. Determination of K1/K2kf. 



CHAPTER V 

METAL ION COMPLEXES OF SELENIUM CORONANDS 

5.1. Introduction 

Investigation of the coordination chemistry of selenium coronands in this thesis 

focuses on their complexation with Cu(II) and Pd(II) ions. It includes the preparation of 

the complexes and their structural characterization by micro-analysis, x-ray crystallography 

and spectroscopic methods (uv-visible, ESR and NMR). Cyclic voltammetry is used for 

the study of the redox properties of the complexes. 

Although x-ray crystallography gives the most unambiguous structural information 

about the complexes in the solid state, in solution the complexes may exist in some other 

forms. Besides, a good quality single crystal is not always available. Hence, uv-visible 

spectroscopy is a very useful means for characterization of the complexes in solution. The 

complexes of selenium coronands and metal ions have a strong absorption (e.g., peaks 

around 460 nm for Cu(I1) complexes) which is assigned to the charge transfer transition 

between ligands and the metal ions12. The absorption is strong and characteristic for 

particular a metal ion, which makes it particularly useful to identify the complexes, 

determine the composition of the complexes and follow the reaction progress in solution. 

The cyclic voltammetric study of the Pd(1I) and Cu(II) complexes gives their redox 

potentials or peak potentials. The information about electron transfer on electrodes (Pt or 

carbon electrode) would be obtained in terms of reversible, quasireversible and irreversible 

processes through analysis of the cyclic voltammograms of the complexes. From the shape 

of the cyclic voltammograms, information about intermediates or conformational changes 

of the complexes during the electron transfer reaction could be obtained162. 

As indicated before, the complex [Cu(l6Se4)][SO3CF3I2 (21) is not stable in 

organic solvent60. It undergoes a spontaneous redox reaction to give the corresponding 



Cu(I) complex and dication of 16Se4. This redox reaction is unique to Cu(I1) complexes 

of selenium coronands, because the Cu(I1) complexes of the sulfur analogs are 

~ t a b l e l ~ ~ l l ~ ~ .  Kinetics of the redox reaction has been studied, from which the rate law and 

stoichiometry of the reaction have been established. A mechanism for the redox reaction 

has been proposed. 

5.2. Complexes of Pd(II) and Selenium Coronands 

5.2.1. Results 

5.2.1.1. Preparation of Pd(II) Complexes of Some Selenium Coronands 

Pd(I1) and selenium coronand complexes were prepared by direct insertion of ~ d 2 +  

ion into selenium coronands18, i.e., by mixing PdC12 with the corresponding selenium 

coronands (16Se4 and 24Se6) in CH3CN, in the presence of excess NaBF4. The mixed 

solution was stirred and filtered into a vial. Crystals of the complexes were formed by 

allowing ether vapor to diffuse into the above solution and were isolated by filtration. 

[Pd(16Se4)][BF4I2 (34) was prepared by the method as described above, and 

was isolated as yellow crystals. When the stirring time was short, the anion exchange was 

not complete, and [Pd(16Se4)]C1BF4 (35) was also isolated as red crystals. 

X-ray crystal structures of the cation of 34 (Figure 5.2.1) and 35 (Figure 5.2.2) 

show that both 34 and 35 contain the complex cation [~d(16Se4)]2+ in which Pd is 

centrally bound by the four Se atoms in a square-planar arrangement. In either case the 

configuration of the complex cation can be described as c , c , c ' ~ ~  (i.e. the non-bonding 

electron pairs of all four Se atoms are directed towards one side of the coordination plane). 

In the case of 34 a crystallographic mirror plane bisects the molecule, passing through 

atoms Pd, C(l) and C(9). In both cases, however, the cation has approximate mm (C2J 

symmetry. The molecular conformation (characterized by the bond and torsion angles 



given in Tables 5.2.1 and 5.2.2) can be described as having alternate chair and boat forms 

of the fused six-membered metallocycles about Pd. In 34, the Pd atom deviates from the 

precise plane of the four Se atoms by 0.045(2) A, while in 35 the Pd atom is 0.2422(5) A 

from the best least-squares plane through the four Se atoms which themselves deviate 

slightly (kO.032(1) A) from coplanarity. Curiously, all the non-hydrogen atoms of the 

cation lie on the same side of the Se4 plane in both structures. 

UV-visible absorption measurements were made on the solutions that were 

prepared by dissolving the crystals of 34,35 in CH3CN separately. Both complexes 34, 

35 formed yellow solutions. The UV-visible spectra of 34 and 35 were similar; 

h,,(nm(e)): 34, 314 (26758), 210 (8409); 35, 314 (19949), 210 (6548). 

[Pd2(24Se6)C12][BF4]2 (36). Ligand 24Se6 (15) and PdC12 in a 1:2 ratio 

were mixed in an CH3CN solution and the corresponding binuclear Pd complex was 

obtained as yellow crystal with empirical formula [Pd2(24Se6)C12][BF4]2 (36). 

Selected bond distances and angles for the complex cation ([Pd2(24Se6)C12]) are 

listed in Table 5.2.3 and the molecule is shown in Figure 5.2.3. While the cation has no 

crystallographic point symmetry it roughly approximates m (C,) molecular point symmetry 

where the Pd, C1, Se(5) and Se(17) atoms lie approximately in the local mirror plane. This 

approximate symmetry is exemplified by the sequence of C-Se-C-C and Se-C-C-C bond 

torsion angles around the 24Se6 ring which define its conformation. Qualitatively this 

sequence can be described as AG-G+G+AG'AAG+G+G'AAG+G-G-AA G+AG-G-G+A 

(where A represents anti and G+ and G- represent positive and negative gauche 

relationships) starting with the C(4)-Se(5)-C(6)-C(7) (anti) and proceeding counter- 

clockwise around the ring as shown in Figure 5.2.3. The configuration might be described 

as UDU,DUD (U and D denote the non-bonding electron pairs of Se atoms pointing up 

or down of the coordination plane) to describe the stereochemical arrangements of the 

selenium atoms' lone pairs of electrons. The four six-membered metallocycles are all in 

approximate chair conformations. 



Both Pd environments are approximately square planar but show significant 

pyramidal distortion. The two square planes have a relative dihedral of approximately 480 

and the chlorine atoms protrude from opposite sides of the 24Se6 ring, similarly to those in 

the complex cationz3 [Pd2C12([18]ane~2~4)]2+. Then are no intramolecular interactions 

either between the palladium atoms or between a palladium atom and the chlorine atom 

bound to the other Pd atom. 

UV-visible absorption measurements were made on a yellow solution that was 

prepared by dissolving the crystal of 36 in CH3CN; h,,,(nm(&)): 366 (4837), 294 

(24838), 216 (13145). 



Figure 5.2.1. The molecular structure of [Pd(16Se4)][BF4I2 (34) 
from x-ray crystallography. 50% enclosure thermal ellipsoids are 
shown. Hydrogen atoms have been omitted for clarity. 



Figure 5.2.2. The molecular structure of [Pd(16Se4)CI][BF4] (35) 

from x-ray crystallography. 50% enclosure thermal ellipsoids are 
shown. Hydrogen atoms have been omitted for clarity. 



Figure 5.2.3. The molecular structure of [ ( ~ d ~ 1 ) ~ ( 2 4 ~ e 6 ) ] ~ +  (36).  

50% enclosure thermal ellipsoids are shown. Hydrogen atoms have 
been omitted for clarity. 



Table 5.2.1. Selected Bond Distances (A) , Bond Angles and Torsion 
Angles (O) for [Pd(16Se4)]2+ (34)  

Bond Distances (A) 

2.423(1) (2.429)a Pd 

Bond Angles ( 0 )  

Torsion Angles (0) 

continued ...... 



continuation of 

Table 5.2.1. Selected Bond Distances (A) , Bond Angles and Torsion 

Angles (O) for [pd(16Se4)12+ (34)  

Torsion Angles (0) 

a The values in ( ] include a correction for rigid-body thermal motion for the non- 

hydrogen atoms of the complex cation. 

b ' = x, 112-y, z. 

Table 5.2.2. Selected Bond Distances (A) , Bond Angles and Torsion 

Angles (O) for [Pd(16Se4)]CI+ (35)  

Bond Distances (A) 

continued ...... 



continuation of 

Table 5.2.2. Selected Bond Distances (A) , Bond Angles and Torsion 
Angles ( O )  for [Pd(16Se4)]CI+ (35)  

Bond Angles (0) 

Torsion Angles (0) 

continued ...... 



continuation of 

Table 5.2.2. Selected Bond Distances (A) , Bond Angles and Torsion 
Angles ( O )  for [Pd(16Se4)]CI+ (35)  

Torsion Angles (0) 

a The values in ( ] include a correction for rigid-body thermal motion for the non- 

hydrogen atoms of the complex cation. 



Table 5.2.3. Selected Bond Distances (A)  , Bond Angles and Torsion 

Angles ( 0 )  for [ ( ~ d c 1 ) ~ ( 2 4 ~ e 6 ) ] ' +  (36 )  

Bond Distances (A)  

Pd(2) 

Pd(2) 

Pd(2) 

Pd(2) 

C(2) 

C(3) 

C(6) 

C(7) 

C ( W  

C(1 1) 

CU4) 

C( 15) 

C(18) 

C(19) 

C(22) 

Bond Angles ( 0 )  

S d l )  92.34(4) Se(17) Pd(2) 

S d l )  169.83(4) Se(21) Pd(2) 

Se(5) 96.62(4) Se(21) Pd(2) 

Se( 1 > 85.61(7) Cl(2) Pd(2) 

continued ...... 



continuation of 

Table 5.2.3. Selected Bond Distances (A) , Bond Angles and 

Torsion Angles (O) for I ( P ~ c I ) ~ ( ~ ~ s ~ ~ ) I "  (36)  

Bond Angles (0) 

continued ...... 



continuation of 

Table 5.2.3. Selected Bond Distances ( A )  , Bond Angles and 

Torsion Angles (0) for [ ( ~ d ~ 1 ) ~ ( 2 4 ~ e 6 ) 1 ~ +  (36)  

Torsion Angles (0) 

continued ...... 

143 



continuation of 

Table 5.2.3. Selected Bond Distances (A) , Bond Angles and 

Torsion Angles (0) for [ ( ~ d ~ 1 ) ~ ( 2 4 ~ e 6 )  12' (36)  

Torsion Angles (0) 



5.2.1.2. Determination of the Complex Composition by UV-visible 

Spectroscopy 

Although the results of microanalysis as well as crystallography revealed that Pd(II) 

formed a 1: 1 complex with 16Se4 and a 2: 1 complex with 24Se6 in the solid state, it is 

necessary to investigate whether the solution compositions of these complexes retain the 

same metal ion to ligand ratio as in the solid state. It is particularly interesting to know if 

24Se6 still remains bound to two Pd(II) ions. Thus, uv-visible absorption spectroscopy 

was applied to investigate the composition of the complexes in solution. 

There are two methods which can be used, 1) the continuous change method, 2) the 

molar ratio method, for the investigation of the complex compositions. 

5.2.1.2.1. The Continuous Change ~ e t h o d l  6 6 - 1  

For a complex formed from a metal ion M and a ligand L in solution, the 

equilibrium may be written as 

where n is the molecular ratio. If the concentrations of M and L are the same and have the 

initial concentration m, then on mixing x ml of L with (1-x) ml of M (where x is less than 

unity), the concentration of the species in solution will be given by 

where CM and CL are the concentrations for M and L at equilibrium. These concentrations 

are also related to each other by the equilibrium equation of the complex 



where K is the stability constant. For a plot of Cmn VS. X, the condition for a maximum is 

Differentiating equations (5.2.2) and (5.2.3) with respect to x and combining the resulting 

equations with equations (5.2.2)' (5.2.3)' (5.2.4) and (5.2.5) gives 

T h e  mo la r  absorp t iv i ty  E is  related t o  the absorbance A by 

the Larnbert Beer relationship 

A = ~ l c  (5.2.7) 

Where c is the concentration in moletliter and 1 is the length that the light passes through the 

solution. Hence, for the mixture 

where ~ 1 ,  ~2 and ~3 are the molar absorptivities for M, L and ML,. If no reaction had 

occurred on mixing, the absorbance A' would have been 

A' = l * [ ~ ~ m ( l - x )  + ~ ~ m x ]  

Hence 

In most cases the ligand does not absorb at the wavelength where the complex absorbs; 

herefore, when ~3 > there is a maximum for this differential absorbance (A - A'). When 

~3 < there is a minimum for this differential absorbance (A - A'). By plotting A - A' vs. 

x, the value of x corresponding to the maximum or  minimum value of A-A' can be 

determined and n can thus be calculated with equation (5.2.6). 



Two stock solutions of the same concentrations were prepared, i.e., a stock 

solution of Pd(BF4)2 that was prepared by stirring PdC12 with excess NaBF4(1: 1.6) in 

CH3CN and a stock solution of 16Se4 or 24Se6 in CH3CN. From these two stock 

solutions, a series of solutions were prepared by combining x ml of Pd(BF4)2 stock 

solution with (10-x) ml of 16Se4 or 24Se6 stock solution in 10-ml volumetric flasks. 

Thus, the sum of ~ d 2 +  and ligand concentrations was always equal to the concentration of 

stock solutions for each flask. The prepared solutions were left for 10 hours at room 

temperature so that the complexation between Pd(II)2+ and the selenium coronands could 

reach equilibrium. 

The uv-visible absorption spectra of the series of solutions were measured, and the 

absorbance at the hmax for the particular complex was recorded. The absorbance of the 

solution containing only 16Se4 or 24Se6 was zero at these wavelengths. Thus, The 

resultant A-A' value was determined by subtracting the absorbance of the solution with 

only ~ d 2 +  from that of the mixed solutions at the wavelength of interest. Plots of (A-A') 

vs. 410 were prepared, and the values of x corresponding to the maxima on the graphs 

appeared at x = 0.5 and 0.64 for 16Se4 and 24Se6, respectively (Figure 5.2.4). Hence, 

the value of n was calculated according to Equation (5.2.6); the ligand to Pd(II) ratio in the 

complexes was 1 : 1 for 16Se4 and Pd(I1) and 1:2 for 24Se6 and Pd(I1) respectively. 



0 0.2 0.4 0.6 0.8 1 

Fraction of Pd(BF4 )2(X) 

0 0.3 0.6 0.9 1.2 
Fraction of Pd(BF4)2(X) 

Figure 5.2.4. Job plots: a) Pd(I1) and 16Se4 ; b) Pd(I1) and 24Se6. 



5.2.1.2.2. The Molar Ratio Method1 6 8  

In this method a series of solutions are prepared, in which the metal ion and ligand 

are mixed in ratios of 1, 2, 3, ..., 10. The solutions are measured by uv-visible 

spectroscopy. The absorbance at the absorbance maximum wavelength (hmax) 

corresponding to a particular complex is plotted against the ratio of the metal ion and ligand 

as in Figure 5.2.5. The composition of the complex will be determined at the turning point 

P. This method should be applied to complexes with large stability constants, because for 

a complex with a small stability constant the turning point would be a blur and the 

composition of the complex determined from such a plot would be doubtful. 

A series of Pd(I1) and 16Se4 (8) solutions was prepared, in which the 

concentration of Pd(I1) was constant but the concentration of 16Se4 was varied so that the 

solutions had 16Se4 to Pd(I1) ratios of 0.25, 0.49, 0.74, 0.98, 1.96 and so on. 

UV-visible absorption spectra of these solutions were measured at different 

temperatures. The absorbance maximum (310 nm) of [~d(16Se4)]2+ from the solutions 

with different 16Se4 to Pd(I1) ratios are listed in Table 5.2.4. 

The absorbance was plotted versus the ratio of Pd(I1) and 16Se4 (Figure 5.2.5). 

As the ratio of 16Se4/Pd(II) increased, the absorbance at 310 nm increased accordingly. 

When the ratio of 16Se4/Pd(II) became 1 the increment slowed. Then, the absorbance 

reached a maximum (A,) as the ratio of 16Se4/Pd(II) passed over 1. Continuing to 

increase the 16Se4 to Pd(II) ratio did not increase the absorbance. This indicates that the 

Pd(II) ion is completely complexed by 16Se4. The composition of the complex was found 

to be 1:l by drawing a vertical line from the turning point P to the abscissa. From the 

above graph the stability constant of the complex [~d(16~e4)]2+ was determined according 

to the following equilibrium equations: 



IPd( 6Se4)2+~ = K[16Se4] 
[Pd2+] 

lnIPd(l 6Se4)2+l = 1nK + ln[16Se4] 
[Pd2+] 

The values of 
[~d(16~e4)2+] 

[PCP+ I and [16Se4] were determined by 

Here, A, is the maximum absorbance; A is the absorbance; Cp&+ is the initial 

concentration of ~ d 2 + .  By plotting ln[Pd(16Se4)12+ versus ln[16Se4], the stability 
[Pd2+] 

constants at the various temperatures were determined as the intercepts. From the stability 

constants at the various temperatures, the values for the enthalpy change and the entropy 

change were also calculated as AH = 48.8 f 0.76 Wmol and AS = -67.8 f 3.4 Jlmol. 



Table 5.2.4. Absorbance at 310 nm at Different Temperatures 
-- 

[ 16Se41 Absorbance Absorbance Absorbance Absorbance 
[~d2+]  (1 0.0 OC) (20.0 OC) (27.5 OC) (35.0 OC) 

0.25 0.0200 0.0 160 0.0200 0.0 100 

0.49 0.192 0.180 0.170 0.180 

0.74 0.598 0.58 1 0.570 0.560 

0.98 0.725 0.7 16 0.700 0.693 

1.96 0.775 0.758 0.740 0.732 

3.92 0.790 0.780 0.761 0.759 

7.89 0.775 0.760 0.740 0.732 

lnKa 12.5 + 0.73 11.5 + 0.71 11.4 + 0.71 10.8 + 0.71 

a. The absorbance at [16Se4]/[~d2+] = 3.92 was chosen as A,. The first two points at 

the low 16Se4 to Pd2+ ratio were not used for calculation of 1nK (see discussion for 

reason). 
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Figure 5.2.5. The plot of absorbance (310 nm) versus 

[16Se4]/[Pd2+]. 



l f r  

Figure 5.2.6. Plot of InK versus 1/T. 

The same method was applied to the ligand 24Se6. In this case the concentration of 

24Se6 was fixed, but the concentration of ~ d 2 +  was varied forming a series of solutions 

with ~d2+/24Se6 ratios of 0.2, 0.4, 0.8, 1.2, 2.7, 5.3 and 15. The absorbance of Pd(I1) at 

the same concentration was subtracted from that of the mixed solution at 3 14 nm to correct 

the absorption due to Pd(I1) ions. The absorbance at 314 nm dropped to 0.08 at the 

pd2+/24Se6 ratio of 5.3. The experiment when repeated gave rise to the same result. 

Inspection of the volumetric flask containing the solution showed yellow precipitates at the 

bottom of the flask. Thus, the reduction of the absorbance at this ratio resulted from the 

precipitation of the complex. However, the reason for the precipitation at this particular 

ratio is unknown. The resultant absorbance was plotted versus the ratios of ~d2+/24Se6 

(Figure 5.2.7). ignoring the point from the solution with precipitation. The plot showed 

that as the ratio of Pd2+/24Se6 increased the absorbance corresponding to the complex also 

increased. Aft-r the turning point P, the absorbance increment was less significant and 

eventually reached a maximum; hence, the complexation was considered to be complete. 



The ratio in the complex of pd2+ and 24Se6 was found to be 2 by drawing a straight line 

vertically to the abscissa. 
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Figure 5.2.7. Plot of the absorbance maximum (314 nm) versus 
[Pd*+]/[24Se6] ratio. 

In another experiment, the concentration of ~ d 2 +  was fixed, and the concentration 

of 24Se6 was varied to give a series with 24Se6/Pd2+ ratios of 0.2, 0.3, 0.4, 0.5, 0.8, 1.0 

and 5. The turning point was found at the 24Se6/Pd2+ ratio of 0.5 on the plot of the 

absorbance versus 24Se6/Pd2+, which also indicated that ratio of 24Se6/Pd2+ was 1:2. 



5.2.1.3. Configurations of [ ~ d ( 1 6 ~ e 4 ) ] * +  lon in Aqueous Solution 

The l3c NMR chemical shifts of the complex [Pd(16Se4)]2+ are listed in Table 

5.2.5. The l3c NMR spectra of the complex at various temperatures are shown in Figure 

5.2.8. At ambient temperature, there are 6 major 13C NMR resonances in addition to some 

peaks of lower intensity. At higher temperatures the resonance broadened. When the 

temperature was raised to 389 K, the peaks at 29.96, 29.79 and 29.99 ppm coalesced to 

one peak at 30.73 ppm; the peaks at 33.65 and 33.70 coalesced to one peak at 34.41 ppm. 

However, the original spectrum was obtained as the temperature was cooled back to 

ambient temperature. A similar observation was also made in the 1H NMR spectra at 

various temperatures (Figure 5.2.9). The 77Se NMR spectrum (at ambient temperature) of 

the complex [~d(16Se4)]2+ showed two resonances in an approximate 1: 1 ratio. Figure 

5.2.10 shows the inverse 1~-13C correlated 2D NMR spectrum of [Pd(l6Se4)][BF4I2 in 

D20 at ambient temperature. From the spectrum the correlation between the chemical 

environments of protons and their connected carbons were shown. For example, the l3c 

NMR signal at the highest field (26.7 ppm) indicated that this carbon was connected to two 

protons which were in the same chemical environment because the protons only gave one 

kind of chemical shift on the 1H axis, but the second and third carbons (from high to low 

field) had protons which were in different chemical environments because both of them 

gave two different chemical shifts on the lH axis. 



Figure 5.2.8. 13C NMR spectra of [Pd(16Se4)]*+ at temperatures: 
a) 354 K; b) 389 K. 



Figurc 5.2.9. 1H NMR spectra of [Pd(16Se4)]2+ recorded at 
temperatures: a) room temperature. b) 354 K. c) 389 K. 



Figure 5.2.10. The inverse 1 ~ - 1 3 C  correlated 2D NMR spectrum of 
[Pd(16Se4)]2+ recorded at ambient temperature. 
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Table 5.2.5. l 3 ~  NMR Chemical Shifts of [pd(16Se4)I2+ at Different 
Temperatures in D20 

No. 6 (re1 int) 6 (re1 int) 6 (re1 int) 

Ambient temp 353 K 389 K 

1 26.96(0.5) 26.97 

2 29.79(0.5) 30.56 

3 29.99(1) 30.78 30.73(1) 

4 30.22(*)0 

5 33.65(1) 34.09 

6 33.70(2) 34.32 

7 34.19(*)0 34.4 l(2) 

8 36.14(1) 35.99 36.5(<1) 

a. The peak is a minor peak. 

5.2.1.4. Cyclic Voltammetry of Pd(II) Complexes of Selenium Coronands 

[Pd(16Se4)](BF4)2 (34). A cyclic voltammogram of 34 is shown in Figure 

5.2.11, which was recorded on a platinum electrode in CH3CN (0.1 M Bu4NC104). 

Cyclic voltammetry on a carbon electrode gave rise to the same cyclic voltammogram. The 

electron transfer between 34 and the electrodes was irreversible because only one reduction 

peak current was observed. At a scan rate of 20 mV/s, there was a cathodic peak at -0.562 

V vs SCE, corresponding to the redox pair of pdII/PdI. There were no anodic peaks 

observed on the reverse scan. A plot of the cathodic peak current versus the square root of 

the scan rate was a straight line, indicating that the electrode process was a diffusion 

controlled process. When the potential was swept further in the cathodic direction, a broad 

cathodic peak (not shown in Figure 5.2.11) appeared at -1.06 V vs SCE, which was 

attributed to the redox pair of PdI/Pd. 

[Pd(16Se4)]CIBF4 (35). The cyclic voltammogram of 35 is similar to that of 

34, A cathodic peak appeared at -0.47 at a scan rate 50 mV/s in the cathodic direction. The 



potential peak at -0.47 V corresponds to the redox pair of PdlI/~dI. When the potential was 

scanned further in the cathodic direction, a second cathodic current peak appeared at -0.75 

V, which was attributed to the redox pair of Pdl/Pd. There was a broad peak at -0.4 1 V on 

the reverse scan, the position of which was not dependent on the scan rates although the 

cathodic current peak at 0.47 V moved to the more cathodic direction as the scan rates 

increased; therefore, the broad peak on the reverse scan was probably caused by species 

adsorbed on the electrode surface. 

[Pd2(24Se6)C12](BF,)2 (36). A cyclic voltammogram of 36 is shown in 

Figure 5.2.12, which was recorded on a carbon electrode in CH3CN (0.1 M Bu4NC104). 

The cyclic voltammetry on a Pt electrode gave rise to the same cyclic voltammogram. The 

cyclic voltammogram of [Pd2(24Se6)Cl2][BF4I2 showed the electron transfer was 

irreversible. At a scan rate of 50 mV/s, the cathodic potential peak that corresponds to the 

redox pair Pd(II)/Pd(I) appeared at -0.58 V vs SCE. The reduction was a one electron- 

transfer process for each Pd(I1) ion, which has been confirmed by a coulometric study. 

When the potential was scanned further in the cathodic direction, a second cathodic 

potential peak was observed, which corresponds to the redox pair Pd(I)/Pd as manifested 

by the black Pd metal deposited on the Pt electrode surface. There were no anodic peaks 

observed on the reverse scan. A straight line was obtained from a plot of the cathodic peak 

currents versus the square root of the scan rates. This indicates that the electrode process is 

a diffusion-controlled process. 
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Figure 5.2.11. Cyclic voltammograms of [Pd(16Se4)](BF4)2 in 
CHjCN recorded on a platinum electrode at various scan rates: a) 10 
mV/s; b) 20 mV/s; c)  50 mV/s; d) 100 mV/s; e) 200 mV/s. Potential 
is referenced to SCE. 



Figure 5.2.12. Cyclic voltammograms of [Pd2(24Se4)][CI(BF4)I2 in 
CHsCNrecorded on a carbon electrode at various scan rates: a) 10 
mV/s; b) 20 mV/s; c) 50 mV/s; d) 100 mV/s; e) 200 mV/s. Potential 
is referenced to SCE. 



5.2.1.5. Controlled Potential Llectrolysis 

The electrolysis of Pd(I1) selenium coronands was carried out on Pt electrodes in a 

two-compartment cell as described in Chapter 4. Coulometry of the complex 

[Pd(16Se4)][BF4I2 (35) was carried out in CH3CN with 0.1 M TEAP as electrolyte. At 

an applied potential -0.8 V vs SCE, first there appeared a greenish tinge in the originally 

yellow solution, then the solution turned orange. The total electric charge passed through 

the solution corresponded to a one-electron transfer process. When the electrolysis ended 

there was a grayish precipitate at the bottom of the cell. [Pd2(24Se6)Cl2][BF4I2 (36) was 

electrolyzed at an applied potential -0.8 V vs SCE. The yellow solution turned orange. 

The total electric charge passed through the solution corresponded to a two-electron transfer 

process. Because 36 has two Pd(I1) ions each Pd ion accepted one electron from the 

electrode. 

5.2.2. Discussion 

5.2.2.1. The Structure of Pd(I1) Complexes 

The only previously reported monomeric transition metal-coronand complex of a 

cyclic polyselenaether is [Cu(16Se4)][S03CF3]2 ( 2 1 ) ~ ~  in which the coronand coordinates 

the metal pseudo-tetragonally but in the so-called c,t,c configuration (i.e. the non-bonding 

electron pairs of the Se atoms are cis, trans and cis to each other), with weakly bound 

axial SQCF3 ions. 

The Pd-Se bond distances are comparable with previous values (cf. Pd-Se, 

2.429(1),2.424(7) and 2.40(1) A in Pd(1I) complexes of dialkylseleno ethers )169-171. In 

(35) there is a small but significant asymmetry in the Pd-Se bond lengths for pairs of trans- 

related Pd-Se bonds and also in the Se-Pd-Se angles. It is not possible to say whether this 

8 asymmetry derives from packing effects and the low crystallographic symmetry or whether 
i 



it represents a minimum energy state of the free complex; however, such asymmetry in 

chemically equivalent bonds is noteworthy. 

The tetradentate ligand 16Se4 in the complex [Pd(16Se4)](BF4)2 can have, in 

principle, at least four different configurations in solution, in which the Pd(I1) ion is 

square planar. Based on the positions of lone-pair electrons of one selenium atom relative 

to that of its adjacent selenium atoms and Se-C bonds, these configurations are 

characterized as c,c,c; c,t,c; t,t,t; and c,t,t165-172, as illustrated in Figure 5.2.13. 

Among these configurations, c,c,c and c,t,c configurations are the most commonly 

observed configurations in 16Se4 metal complexes. We have observed the c,c,c 

configuration in the solid-state structure of [Pd(16Se4)]2+ and the c,t,c configuration in the 

solid-state structure of [ C U ( ~ ~ S ~ ~ ) ] [ S O ~ C F ~ ] ~ ~ ~  (21). These configurations are also 

observed in complexes of the sulfur congeners, for example, 16S4 appears as the c, c, c 

configurationlo6 in [MoO(SH)(16S4)]+, [Pd(16S4)]2+' whereas the c,t,c (uudd) 

configurationlo6 is observed, in [Fe(16S4)12], [ ~ i ( 1 6 ~ 4 ) ] 2 + ~ ~ ,  [ ~ h ( 1 6 ~ 4 ) ~ 1 ~ ] ~ ~ ,  

[ C d ( 1 6 S 4 ) 1 2 + ~ ~  and [ ~ u ( 1 6 ~ 4 ) ] 2 + ~ ~ .  The c,t,c configuration is observed in 

[ ~ g ( 1 6 ~ 4 ) ] [ ~ 1 0 ~ ] ~ ~ ~ ~ .  The molecular orbital (MO) calculation resultslo6 on the energy 

required to transform 16S4 from its free conformation to the conformations in the metal 

complexes indicate that the c,c,t conformation is the least stable configuration among c,c,c, 

c,t,c and t,t,t. However, to the best of our knowledge, the c,c,t configuration has not been 

observed in metal complexes of chalcogen macrocyclic ethers (of either 16Se4 or its sulfur 

analog) in which the electronic configuration of the metal ions requires square planar or 

octahedral geometry. 

The symmetry of the c,c,t configuration belongs to an m point group, and it would 
I 

produce three selenium, six carbon and 12 proton resonances in the respective NMR 

spectra. However, the 77Se NMR spectrum of [Pd(16Se4)][BF4]2 in D20 shows only two 

resonances in a 1:l ratio. Considering the broad range of 77Se chemical shifts (2000 

ppm)and its sensitivity to the chemical environment (six times larger than 13c)17), it is 



unlikely that two of the three selenium NMR absorption lines are overlapping. 

Furthermore, the relative peak areas in the 13C NMR spectrum of the complex are not 

consistent with a unique c,c,t configuration in solution. We have ruled out the presence of 

the uuud configuration of [Pd(16Se4)]2+ in solution. Therefore, the two 77Se NMR 

absorption peaks are attributed to two different configurations of the complex 

[Pd(16Se4)][BF& in D20; each configuration shows only one 77Se NMR signal because 

of the symmetry. Table 5.2.6 lists the relationship between the symmetry of the ligand 

configuration and the number of NMR resonances. 

Table 5.2.6. The Relationship between Symmetry of the Ligand Configura- 
tion with the Number of Uncoupled NMR Absorption Lines. 

Configuration Symmetry 77Se NMR 13c NMR lH NMR 

(area ratio) (area ratio) (area ratio) 



Figure 5.2.13. Four possible configurations of 16Se4 (8) in the 
[Pd(16Se4)]2+ cation. 



Since the c,c,c configuration is the unique isomer in the solid state structure of 

[pd(16se4)12+, this configuration likely also exists in solution. The other configuration in 

solution will be either c,t,c or t,t,t. 

The heteronuclear two-dimensional H- l3C ( 1H) NMR spectrum shows that 

[pd(16Se4)12+ has six l3C NMR signals. The c,c,c isomer will account for two of them. 

Hence, from the number of 13C NMR signals, the configuration that fits the data is c,t,c. 

Comparison of the relative intensities of these peaks also corroborates the assignment. The 

data in Table 5.2.6 indicate that the c,c,c isomer should show two 13C peaks with a 2:l 

ratio in which the more intense peak corresponds to the CH2 group a to the Se atom 

because every trimethylene unit has two such CH2 groups and the less intense peak is the 

CH2 group P to the Se atom. The c,t,c isomer would have 4 resonances in a ratio of 

1:1:0.5:0.5, in which the two more intense peaks are the a-CH2s and the two less intense 

peaks are P-CH2s. (Here, we normalize the intensity ratio based on the c,c,c isomer.) In 

reality, we observe the intensity ratio (1 : 1.6: 1 :0.8:OS:O.5) that is consistent with the 

presence of two configurations c,c,c and c,t,c in approximately equal ratio, in D20  

solution. 

The c,t,c configuration has a mirror plane that bisects the P-CH2 of two 

trimethylene groups that are on the opposite sides of the square plane and a C2 axis that is 

perpendicular to the mirror plane and bisects the P-CH2 in the two other trimethylene 

groups that are on the two opposite sides of the square plane. Thus, the two protons on the 

P-CH2 in the mirror plane could have different chemical shifts because of their different 

chemical environments whereas the two protons on the P-CH2 in the C2 axis plane should 

have the same chemical shifts because they are symmetry related. In the 2-D NMR 

spectrum, we do find two kinds of proton signals with exact chemical shift patterns that 

correlate with the P-CH;! carbons. The c,c,c configuration has no C2 symmetry; therefore, 

all protons on the P-CH2 carbons are chemically different and show different chemical 



shifts, which overlap with one of the P-CH2 resonances from the c,t,c isomer. Thus, we 

conclude that there are two major isomers in solution and they have the c,c,c and c,t,c 

configurations. These two configurational isomers are interconvertible, and the exchange 

rates become fast at higher temperatures. We speculate that the conversion may go through 

a well documented process, pyramidal i n ~ e r s i o n ~ ~ * ~ * ,  although the dissociation- 

recombination pathway cannot be ruled out. 

5.2.2.2. Irreversibility in Cyclic Voltammetry 

A Pd(I1) ion has a d8 electronic configuration. One-electron transfer reduction of a 

Pd(I1) Se coronand complex yields a Pd(1) coronand complex which has an unpaired 

electron. The irreversible reduction of the complex [Pd(16Se4)](BF4)2 may be attributed to 

the coupling reaction of Pd(1) complexes, forming Pd(I)/Pd(I) metal-metal bonded dimers, 

which was proposed by Schriider and co-workers1. 

5.2.2.3. Abnormality of Absorbance at Low Concentration of Ligands 

A plot of the absorbance of [Pd(16Se4)][BF4]2 (34) versus the molar ratio shows a 

sigrnoidal shape. It seems that when the concentration of 16Se4 is lower than that of Pd(II) 

the absorbance of the complex is also lower than it is supposed to be as indicated by the 

dotted line (Figure 5.2.5). The explanation is that at low concentration of 16Se4, one 

16Se4 ligand may bind more than one Pd(I1) ion. Comparison of the conformations of 

16Se4 before and after the complexation with Pd(I1) ion indicates that there is a significant 

change. The conformation of 16Se4 before the complexation is a [3535] quadrangle with 

two Se atoms at the comers. However the conformation after complexation has a mm2 

symmetry. Thus, 16Se4 has to go through structural reorganization due to its exodentate 

conform a tion 75. A similar conformation was also observed for free thia 

macrocycles 76,779174-176. In order for a coronand to encapsulate the metal ion, the 

macrocyclic ring has to change its conformation and reorientate the chalcogen lone pairs. 
t 



Therefore, the complexion of metal ions by a thia macrocycle (the sulfur analog of the 

selenium coronands) is proposed as a stepwise process, the second step being the rate 

determining steps0. This is likely to je the case for selenium coronands to encapsulate the 

metal ions. 

When the concentration of Pd(I1) is in excess, one 16Se4 molecule may bind more 

than one Pd(I1) atom because the exodentate Se atoms are easier to access. Consequently, 

the extra Pd(I1) ion hinders the conformational reorientation of the coronand to encapsulate 

the Pd(I1). Hence, the absorbance of the complex is smaller than it is supposed to be at 

[16Se4]/[Pd(II)] lower than 0.5 and the absorbance versus 16Se4/[Pd(II)] ratio displays a 

non-cooperative binding feature1 68. 

5.3. Complexes of Cu Ions and Selenium Coronands 

5.3.1. Results 

5.3.1 . I .  Preparation, Characterization and Redox Reaction of Cu(II)  

Complexes 

5.3.1.1.1. Cu(II) Complex of 16Se4 (8) 

The copper (11) complex of 16Se4 was prepared by the previously reported 

method60. Addition of 8 in CH2C12 to C U ( S O ~ C F ~ ) ~  (1:l ratio of 8 and C U ( S O ~ C F ~ ) ~ )  in 

acetone under nitrogen at 0 OC afforded a dark brown solution, from which brown crystals 

were isolated and were recrystallized in CH3N02 with the diffusion of diethyl ether vapor 

into the solution. The resulting complex was characterized as [Cu(16Se4)][SO3CF3I2 (21) 

by microanalysis, UV-visible and ESR spectroscopy, and x-ray crystallography60. 



The x-ray structure (Figure 5.3.1) showed that 2 1  has a tetragonally distorted 

octahedral configuration at the Cu atom, Four Se atoms bonded with the Cu atom, forming 

a square plane: Se-Cu = 2.4554 and 2.4593 A. Oxygens from anions CF3S03- bonded 

with Cu at two apical positions: Cu-0 = 2.464 A. The configuration of 2 1  can be 

described as c , ~ , c ~ ~ ~ * ~ ~ ~ ,  i.e., the non-bonding electron pairs on the Se atoms are cis, trans 

and cis with respect to one another. 

When 21 was dissolved in CH2C12, it gave rise to a brown solution. The uv- 

visible spectrum of the solution showed three absorption bands above 250 nm; 

h,,(nm(&)): 560 (2957), 464 (1 l92O), 310 (1267) (Figure 5.3.3). There was another 

peak below 250 nm, which resulted from the selenium coronand and was observed for all 

Cu(I1) complexes of selenium coronands. This band will be left out from the description in 

future. 

The room temperature ESR spectrum (Figure 5.3.4) of 2 1  in CH3N02 solution 

gave an isotropic g value of 2.053. 6 3 ~ u  and 6 5 ~ u  are nuclei of I = 312, and 77Se of I = 

11'2; therefore, there were four transition lines due to the Cu nucleus coupling plus satellites 

due to the Se nucleus coupling observed on the spectrum, with hyperfine constant AZ = 

75 G, and A: = 42.5 G. The low temperature ESR spectrum of 21 (Figure 5.3.5) was 

measured at - 148 'C (in CH3N02 and toluene (1: 1, vlv)). Under the assumption that the 

complex was an elongated octahedral and the ESR lines did not have any overlap, as in the 

model proposed by Sand and his co-workers 7731 78, the ES R parameters were determined: 

gK = 2.085. A,, = 0.0150 cm-1 ; gl = 2.049, Al = 0.00428 cm-1. Because of the lack of 

simulation programs, we could not generate a calculated spectrum from these parameters 

and compare it with the experimental spectrum. 

Redox Behavior 

The complex 2 1  was not stable in CH3N02, THF, and particularly in CH3CN; the 

addition of a small amount of CH3CN into 2 1  in CH2C12 immediately caused reduction, 



manifested by the brown color fading to light yellow color. During the recrystallization 

(CH-jN02/Et20), the copper(I1) complex was spontaneously reduced to a copper (I) 

complex that was isolated and identified60,61 as the polymerized species 

[(Cu(16Se4)),]"+([S03CF3]-), (23). From the solution another yellow crystal was 

isolated through selective crystallization and was identified as the dication60 of 16Se4 (8). 

UV-visible spectroscopy was used to monitor the change of 21 in solutions by 

following the characteristic peak at 464 nm. In THF, the absorbance at 464 nm was 

continuously decreasing with time. In CH2C12 solution the complex was stable; however, 

addition of free ligand 8 into the solution caused the reduction of the intensity of the peak at 

464 nm (Figure 5.3.6) and the generation of a new peak at 320 nm. The peak at 320 nm 

was due to the radical cation as it had been already established independently by the 

oxidation of 8 with NOBF4 and by spectroelectrochemistry (see Chapter 4). The room 

temperature ESR spectrum of 21 (in CH3N02) in the presence of 8 also revealed that the 

introduction of 8 to the solution resulted in the ESR signal of 21 decreasing, and 

concurrently new signals appeared. Therefore, complex 21 undergoes a redox reaction as 

follows, 

in which ligand 8 is the reductant that is oxidized by 21 to the radical cation and dication, 

since the electrochemical study of 8 revealed that the disproportionation of 8+. is 

impossible (see Chapter 4). 



Figure 5.3.1. Structure of [ C U ( ~ ~ S ~ ~ ) ] [ S O ~ C F ~ ) ~  (21) from X-ray 

crystallography. 



Figure 5.3.2. Structure of [16Se4][S03C F3I2 (32) from X-ray 
crystallography. 
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Figure 5.3.3. UV-visible spectrum of [Cu(16Se4)][S03CF312 (21) 
(3 .45~10-5  M) in CH2C12. 
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Figure 5.3.4. ESR spectrum of [Cu(l6Se4)][SO3CF3I2 (21) 
(1 x 10-2 M) in CH3N02 at room temperature. 



Figure 5.3.5. ESR spectrum of [Cu(16Se4)][S03C F , I 2  (21) 
(1 x 10-2 M) in C H ~ N O ~ J C H ~ C  s ~ 5  (l:I,  vlv) at low temperature 

(125 K). 
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Figure 5.3.6. UV-visible spectra of [Cu(16Se4)][S03C F (21) 
(7.8 x 10-5 M) in CH2CI2 in the presence 16Se4 (8) (1.78 x 10-5 M). 
Dotted line is the original spectrum of [Cu(l6Se4)][SO3CF3I2. The 

spectra were taken at an interval of 60 seconds. 



Figure 5.3.7. ESR spectra of [Cu(l6Se4)][SO3CF3I2 (1 x 10-2 M) in 
C H 3 N 0 2  in the presence of 16Se4 (8) (1 x M) at room 

temperature. The original spectrum is shown in the bottom trace and 
subsequent spectra were obtained with an interval of 2 minutes. 



5.3.1 .I .2. Cu(II) Complex of 16Se4(OH)2 ( 9 )  

Addition of 9 in CH2C12 to C U ( S O ~ C F ~ ) ~  (1:l ratio for 9 and C U ( S O ~ C F ~ ) ~ )  in 

acetone under nitrogen at temperature 0 OC afforded a dark brown solution from which 

brown crystals were isolated and recrystallized in CH3N02 with diethyl ether vapor 

diffusion into the solution. The resulting complex was characterized as 

[CU(~~S~~(OH)~)][SO~CF~]~ (39) by microanalysis, UV-visible, ESR spectroscopy and 

x-ray crystallography. 

Although the crystal structure was severely disordered, the connectivity and 

stereochemistry of the molecule was clearly revealed. The x-ray structure of 39 (Figure 

5.3.8) showed that the complex was in a tetragonally distorted octahedral arrangement at 

the Cu atom with four selenium atoms coordinating the central copper (II) ion on the square 

plane; oxygen atoms from one of the hydroxyl groups and from one of the anions 

(CF3S03-) coordinating the copper (11) ion along the axial axis (Se-Cu = 2.421(2), 

2.442(3), 2.445(2) and 2.488(3) A, Cu-0 = 2.445 and 2.58 A, LSe-Cu-Se = 85.4(1), 

91.6(1), and 176.4(1)). Only one of the hydroxyl groups is involved in the coordination 

because the arrangement of the two hydroxyl groups in the macrocyclic ring is cis. 

Another anion group, CF3S03-, formed a hydrogen bond with the unbound hydroxyl 

group on the macrocyclic ring. The configuration of 16Se4(OH)2 (9) in the complex can 

be described as c,t,c. 

When 39 was dissolved in CH2C12 it gave rise to a brown solution. The uv- 

visible spectrum (Figure 5.3.9) of the solution showed two absorption bands above 250 

nm; &,(nrn(e)): 448 nm (e = 681 1) with a shoulder at 550 nm (e = 2000) and 328 nm (e 

= 1658). 



Figure 5.3.8. Structure of [Cu(l6Se4(0H)2)] [SO3C F3I2 (39). 
50%-enclosure ellipsoids or sphere, shown, represent a degree of 
unmodelled disorder. For clarity of presentation, one (44.9(6)% 
occupancy) of the two disordered orientations of the coordinated 

SO3CF3 group (partially obscured) is depicted by small spheres and 
line bonds. The oxygen atoms involved in the interionic hydrogen 

bond are connected with a line. 
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Figure 5.3.9. UV-visible spectrum of [Cu(16Se4(0H)2) J[SO3CF3I2 
(39) (1.0 x 10-4 M) in CH2C12. 
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Figure 5.3.10. UV-visible spectra of [ C U ( ~ ~ S ~ ~ ( O H ) ~ ) ] [ S O ~ C W ~  
(39) in EtOH solution with [Cu(S03CF3)2] = 6.65 x 10-3 M; 

[16Se4(OH)2] = 2.1 x M. The spectra were taken at an interval 
of 2 seconds. 
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Figure 5.3.11. UV-visible spectra of [Cu(16Se4(OH)2)l[SO3Cfil2 
(8.21 x 10-5 M) in CH2C12 in the presence of 16Se4(OH)2 (9) (4.14 
x 10-5 M). The spectra were taken at an interval of 60 seconds. 
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Figure 5.3.12. UV-visible spectra of [Cu(l6Se4(0H)2] [SO3C F3]2 
(39) in CH2C12 with the presence of 16Se4(OH)2 (9).  The fractional 
concentration of 39: 1) 1; 2) 0.8; 3) 0.7; 4) 0.6; 5) 0.5; 6) 0.5; 7) 
0.3; 8) 0.2; 9) 0.1. 



A room temperature ESR spectrum of 39 (in CH3N02 solution) was recorded, 

which gave an isotropic g value of 2.050 and hyperfine constants A: = 77.5 G, A$ = 40 

G .  

Compound 39 was not stable in EtOH. Continuous uv-visible absorption spectra 

(Figure 5.3.10) at an interval of 2 seconds were recorded on a solution formed by adding 9 

(2.1 x 10" M) to C U ( S O ~ C F ~ ) ~  (6.65 x 10-3 M) both in EtOH. At the beginning, the 

same spectrum was observed as that from 39 in CH2C12, and the absorption intensities 

(448 nm and 328 nm) reached the maximum in about 8 seconds after the mixing. Then, the 

intensity of the peak at 464 nm started decreasing and virtually disappeared, while the peak 

at 328 nm was increasing. The isosbestic point at 400 nm indicated that the peak at 328 nm 

was a species derived from that with hmax 464 nm. In addition, a new band (Amax = 600 

nm) also appeared, which was tentatively assigned to a d-d transition band. The peak at 

328 nm is unlikely to be from the absorption of the radical cation, 16Se4(OH)2+.(9+.), 

because mixing 16Se4(OH)2 (9) and NOBF4 in CH3CN produced a peak around 332 nm 

whose intensity decreased with time. Thus, the intensity decrease of the peak at 464 nm is 

attributed to the dissociation of the complex and to the formation of a new Cu(I1) complex 

species that has an absorption peak at 328 nm. 

Addition of 9 to 39 ([9]/[39], 112) in CH2C12 also caused the absorption at 448 nm 

to decrease and the peak at 328 nm to increase (Figure 5.3.11). However, the changing of 

both absorption intensities stopped within 220 seconds after the addition of 9. The 

absorption measurements were continued for 600 seconds; the total reduction of the peak at 

448 nm was about 30%. 

In another experiment, uv-visible absorption spectra were measured for a series of 

solutions that were prepared by mixing the stock solutions of 39  and 8 (same 

concentrations) in various ratios in 10-ml flasks. The spectra are shown in Figure 5.3.12. 

In comparison with the spectrum of 39 in the absence of 9, one can observe that as the 
b 

B fractional concentrations of 39 gradually decreased (that of 9 increased) the intensity of the 



absorption (448 nm) decreased, but the peak at 330 nm first increased for the fractional 

concentration of 39 of 0.8, 0.7, 0.6, then shifted to 302 nm and back to 330 nm for the 

fractional concentration of 39 of 0.4 and 0.3, respectively. When the fractional 

concentration of 39 became 0.1 the peak at 330 nm shifted to 302 nm again. These 

observations suggested that the changing of peak position was due to the association- 

dissociation process. 

5.3.1.1.3. Cu(1I) complexes of 8Se2 (16) and 8Se20H (17) 

Attempts to generate a Cu(I1) complex of 8Se2 (16) were unsuccessful because of a 

facile redox reaction. For example, addition of 8Se2 (16) in CH3CN to C U ( S O ~ C F ~ ) ~  in 

the same solvent afforded a transient orange colored solution that turned to a yellow 

solution, which yielded colorless crystals. The crystals were recrystallized in CH3CN, and 

characterized as 8Se2(S03CF3)2 (33), a dication of 8Se2 (16), by 1H, 13C N M R ~ ~  and 

microanalysis. The uv-visible spectrum of 33 in CH3CN solution showed an absorbance 

maximum at 248 nm. 

Addition of 8Se20H (17) in CH2C12 to C U ( S O ~ C F ~ ) ~  (2:l ratio for 17 and 

C U ( S O ~ C F ~ ) ~ )  in acetone under nitrogen at temperature 0 OC afforded a dark brown 

solution from which brown crystals were isolated and recrystallized in CH3N02 with 

diethyl ether vapor diffusion into the solution. The resulting complex was characterized as 

[ C I I ( ~ S ~ ~ O H ) ~ ] [ C F ~ S O ~ ] ~  (41) by microanalysis, UV-visible and ESR spectroscopy and 

x-ray crystallography. 

The x-ray structure of 41 showed that the Cu atom is on a crystallographic 

inversion centre (Figure 5.3.13). Each ligand (8Se20H, 17) chelated the Cu atom forming 

a square plane and the oxygens of the OH groups occupied the apical positions. The 

complex is of a typical tetragonally distorted octahedral symmetry: Se-Cu = 2.4655 (4) and 

2.4582 (4) A, Cu-0 = 2.358(3) A. Anion groups (S03CF3) attached to the hydrogen of 

hydroxyl groups through hydrogen bonds. The conformation of the eight-membered rings 



was predominantly chair-chair (87%). There was 13% disorder from the chair-boat 

conformation (outlined bonds in Figure 5.3.13). 

When 41 was dissolved in CH2C12 it gave rise to a purple solution. The uv-visible 

spectrum of the solution showed three absorption bands above 250 nm; h,,,(nm(e)): 571 

(81 16) , 510 (7050), 386 (7905) (Figure 5.3.14). 

A room temperature ESR spectrum of 41 (Figure 5.3.15 a) (in CH3N02 solution) 

was recorded, which gave an isotropic g value of 2.048 and hyperfine constants A:: = 

Se 77.5 G, Ai,, = 30.5 G. A low temperature ESR spectrum of 41 measured at -148 'C in 

CH3N02 and toluene (1: 1, v/v) has the features of a glass. Under the assumption that the 

complex was an elongated octahedral and the ESR lines did not have any overlap, as the 

model proposed by Sand and c o - ~ o r k e r s l ~ ~ * l ~ ~ ,  the ESR parameters were determined: g,, 

= 2.085. A, = 0.0155 cm-1 ; g, = 2.049, A, = 0.00335 cm-1. Because of the lack of 

simulation programs, we could not generate a calculated spectrum from these parameters 

and compare it with the experimental spectrum. 

When CH3CN was added to the CH2C12 solution of 41 the purple colour would 

fade away. However, the purple colour could be restored by adding CH2C12 into the 

former solution, which was in contrast to the case of [Cu(l6Se4)][CF3S03]2 (21). This 

suggests that the redox reactivity of 41 is different from that of 21. 

Addition of 8Se20H (17) to [ C U ( ~ S ~ ~ O H ) ~ ] ( C F ~ S O ~ ) ~  (41) (in a ratio of 10 for 

17/41) in CH2C12 solution caused absorption peaks (571 and 386 nm) to decrease, but the 

reduction of the peaks stopped when 70% of original intensity (571 nm) had disappeared. 

In another experiment, uv-visible absorption spectra were measured for a series of 

solutions that were prepared by mixing stock solutions of 41 and 17 (in the same 

concentrations) in various ratios. The spectra are shown in Figure 5.3.16. In comparison 

with the spectrum of 41 in the absence of 17, the intensity of the spectra decreased as the 

fractional concentration of 4 1 

fractional concentration of 

L 

gradually decreased (that of 8 increased). However, at the 

41 = 0.2, the absorption peaks (571 nm and 386 nm) 

186 



disappeared and a new peak (around 360 nm) appeared. This indicates that a dissociation- 

association process is involved. 

Addition of 8Se20H (17,7.2 x 10-3 M) to a CH3N02 solution of 41 (1.0 x 10-2) 

caused the former dark brown solution to turn into a light brown solution. The ESR 

spectrum (Figure 5.3.15 b) of the mixture showed new signals with no hyperfine structure 

at the lower magnetic field in addition to the signals due to 41. 



Figure 5.3.13. Structure of [Cu(SSe20H)2] [S 0 3 C  F3I2 (41). 

Boundary ellipses and single line bonds only are shown for the 
12.9(6)% conformation of the disordered propylene segment. 50%- 
enclosure ellipsoids for the non-hydrogen atoms and a sphere of 
arbitrary radius for the hydroxyl hydrogen atom are depicted. Lines 
denote the O(4) - H bond and the hydrogen bond to O(1). 
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Figure 5.3.14. UV-visible spectrum of [Cu(8Se20H)2][SO3CF3I2 
(41) (9.5 x 10-5 M) in CH2CI2 at 25 OC. 



Figure 5.3.15. ESR spectra of [Cu(8Se20H)21[SO3CF3l2 (41) in  
CH3N02 at room temperature. a) [Cu(8Se20H)2][SO3CF3I2 
(41)(1.0 x 10-2 M); b) in the presence of 8Se20H (17)(7.2 x 10-3 M), 

modulation amplitude 2.5 G ,  microwave power 20 mW. 



Wavelength (nm) 

Figure 5.3.16. UV-visible spectra of [Cu(SSe20H)2] [SO 3C F3I2 

(41) in CH2C12 in the presence of 8Se20H (17). [41]/[17] 1) 0.8; 2) 
0.7; 3) 0.6; 4) 0.5; 5) 0.4; 6 ) ,  7) 0.2. 



5.3.1.1.4. Cu Complexes of 16Se40H (10) 

During the recrystallization of the Cu(I1) complex of 16SeOH (10) 

([Cu(16Se40H)][S03CF3]2,40), the complex was found to be unstable in CH3N02 

solution with the diffusion of ether vapor into the solution and yield a mixture of the Cu(I1) 

complex, 40 (brown crystals), and Cu(1) complex (white crystals), 

[cu(~~s~~oH)][so~cF~]~~~ (45). Both complexes were characterized by microanalysis 

and the latter by x-ray crystallography. 

The structure of 45 contains disordered ion pairs. The predominant combination is 

shown in Figure 5.3.17. The coordination at Cu is tetrahedral. Bond distances and angles 

at Cu along with selected bond torsion angles for the cationic complex are listed in Table 

5.3.5. The site of hydroxyl substitution in the crystal structure varies between O(7) 

(56.6(13) %; shown in Figure 5.3.17, the alternate position on the same carbon atom 

(22.3(12) %), denoted as 0(107), and two reasonably situated lesser contributors -- O(15) 

(1 1.9(12) %) and O(11) (9.3(11) %), bonded to C(15) and C(11) respectively. 0(7), 

O(11) and O(15) are all in pseudo-equatorial positions (directed away from Cu when 

viewed as in Figure 5.3.17) and are located such that each would form a hydrogen bond 

with an oxygen atom from an adjacent anion. In contrast, O(107) is in the pseudo-axial 

position on C(7) and displays a weaker hydrogen-bonded interaction. The two propylene 

arrangements represent alternate 'half-boat' conformations of the associated CuSeC3Se 

six-membered ring. If anions and the ring substituents are ignored the skeletal Cu(16Se4) 

complex still displays only 1 (CI) point-symmetry for either conformation; however, the 

two conformations are approximately related by a 1800 rotation of the complex about the 

axis passing through Cu and C(3). Thus the forms with oxygen at O(7) or O(15) could 

merely represent different orientations of the cation, while the O(7)- and O(107)-substituted 

forms differ from one another in conformation (and orientation). On the other hand, 



substitution at O(11) produces a form enantiomeric to, and also differing in conformation 

(and orientation) from, the others. 



Figure 5.3.17. Structure of [Cu(16SeOH)][S03CF3] (45) from X- 

ray crystallography. 50% enclosure ellipsoids or spheres for non- 
hydrogen atoms are depicted. A single line represents the hydrogen 

bond from O(7) to O(1). 



5.3.1.1.5. Cu complexes of IbS2Se2 ( 1 1 )  

Addition of 16S2Se2 (11) in CH2C12 to C U ( S O ~ C F ~ ) ~  (1:l ratio for 11 and 

C U ( S O ~ C F ~ ) ~ )  in acetone under nitrogen at 0 OC afforded a dark brown solution from 

which brown crystals were isolated and recrystallized in CH3N02 with diethyl ether vapor 

diffusion into the solution. The resulted complex was characterized as 

[Cu(16S2Se2)][CF3S03]2 (42) by microanalysis, UV-visible and ESR spectroscopy and 

x-ray crystallography. 

The x-ray structure (at 205 K) of 42 (Figure 5.3.18) shows that the complex is 

similar to [ C u ( l 6 S e 4 ) ] ( ~ 0 ~ C F ~ ) ~ ~ ~  (21) and the thia ether complex [ C u ( l 6 ~ 4 ) ] ( ~ 1 0 ~ ) ~ ~ ~ .  

The complex 42 displayed a tetragonally distorted octahedral arrangement at Cu atom: Two 

S atoms and two Se atoms occupied the central position on the sides of the square plane; 

each anion coordinated with Cu weakly via one of the oxygen atoms along the 

pseudotetragonal axis of the complex. The configuration of 16S2Se2 (11) in the complex 

is described as c,t,c and the conformation of the ligand, 16S2Se2, is described as [4444]. 

Because there was an unresolved disorder from partial occupancy of each chalcogen site by 

selenium or sulfur only weighted mean distances were obtained: Cu-S/Se = 2.4095(7), 

2.4136(6) A. These are intermediate between the Cu-Se bond lengths in 

[Cu(16Se4)][S03CF3]2 (21) (2.4593(6) and 2.4554(6) and the Cu-S bond lengths in 

[Cu(l6S4)][SO3CF3I2 (2.3314(13) and 2.3874(17) ,4133. The mean Cu-0 bond length in 

42 (2.46 A) is indistinguishable from that in 21 (2.464(5) A). The weighted-mean 

chalcogen atom site to carbon atom site 'bond distances' range from SlSe(1)-C(2) 1.897(4) 

A to SlSe(1)-C(8) 1.911(4) A. The C-C bond distances in 42 range from 1.506(6) A to 

1.523(6) A. The C-SISe-C bond angles are 95.6(2)0 and 94.6(2)0; the C-C-SISe angles 

range from 1 10.6(3)0 to 1 13.7(3)0; the C-C-C angles are 1 14.4(4)0 and 1 14.5(3)O. 



A room temperature ESR spectrum of 42 (in CH3N02 solution) was recorded, 

which gave an isotropic g value of 2.055 and hyperfine constants AF~: = 74 G. The 

satellite lines due to the coupling of 7 7 ~ e  were not resolved. 

Redox Behavior 

Spontaneous reduction of 42 in organic solvents was observed during 

recrystallization. In order to obtain crystals for x-ray crystallography, several solvent 

systems were tried in the recrystallization of 42. From CH3N02/CH2C12 (2:1, v/v) with 

ether vapor diffusion, crystals of 42 with reasonable quality for x-ray crystallography were 

isolated. However, from the acetone solution with ether vapor diffusion, white crystals 

were formed and isolated. The white crystal was identified as [ C U ( ~ ~ S ~ S ~ ~ ) ] [ C F ~ S O ~ ]  

(43) by microanalysis and x-ray crystallography. 

The structure of the predominant (7 1.9(9) %) conformation of the complex cation 

of 43 is shown in Figure 5.3.20. The complex cation of 43 has a tetrahedral configuration 

at the Cu atom that is typical for a dl0 Cu(1) ion. Because there was an unresolved disorder 

from partial occupancy of each chalcogen site by Se or S atoms, only weighted mean 

distances between Cu and chalcogen atoms in Cu(I1) complexes were obtained: Cu-Ch 

2.335(14), 2.3371(1 I), 2.3477(1 I), 2.351 l(12) %r (Table 5.3.5). As expected, the Cu-to- 

chalcogen-atom distances were intermediate between the Cu-Se bond lengths in 

[Cu(16Se40H)]+ and typical Cu(1)-S bond lengths (2.243 - 2.338 A35*176*180). Other 

bond lengths and angles do not deviate significantly from expected values. 

Ignoring the variable S/Se site substitution, this conformation displays approximate 

two-fold rotational symmetry about an axis which intersects the midpoint of the S/Se(l) to 

SlSe(9) vector and Cu (i.e. normal to the projection shown). The alternate conformation 

(28.7(9) %) replaces C(14)-C(15)-C(16) with C(140)-C(150)-C(160) and is asymmetric. 

The redox process that produced 43 was also observed by uv-visible spectroscopy. 

When 42 was dissolved in CH2C12, it gave rise to a brown solution. The uv-visible 

spectrum of the solution showed two absorption bands above 250 nm; h,,,(nm(e)): 456 



(6872) with a shoulder 570 (900) and 280 (451). Addition of 11 to 42 in CH2C12 caused 

the absorption peak at 464 nm to decrease and a new peak at 310 nm to increase (Figure 

5.3.21). The peak at 3 10 nm was due to the absorption of the radical cation of 11, which 

was confirmed by reacting NOBF4 with 11 in CH3CN. The formation of 43 may be 

represented by the following redox reaction. 



Figure 5.3.18. Structure of [Cu(16S2Se2)](S03CF3)2 (42). 50% 
enclosure ellipsoids are shown for the non-hydrogen atoms. For the 
clarity of presentation, the two disordered orientations of the 
S 0 3 C F 3  group are depicted exclusively on opposing sides of the 
molecule. 
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Figure 5.3.19. UV-visible spectrum of [Cu(16S2Se2)][SO3CF3I2 
(42)(2.66 x M)in CH2CI2. 



Figure 5.3.20. Structure of [Cu(16S2Se2)]+ (43) from X-ray 
crystallography. 50% enclosure ellipsoids are shown for non- 
hydrogen atoms. 
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Figure 5.3.21. UV-visible spectra of [Cu(16S2Se2)][SO3CF3I2 (42) 
(5.33 x 10-5 M) in CH2C12 in the presence 16S2Se2 (11) (2.62 x 10-5 

M) at room temperature. The spectra were taken at an interval of 60 
seconds. 



5.3.1.1.6. Cu(II) Complex of 14Se4 (13) 

Addition of 13 in CH2C12 to C U ( S O ~ C F ~ ) ~  (1: 1 ratio for 13 and C U ( S O ~ C F ~ ) ~ )  in 

acetone under nitrogen at temperature 0 OC afforded a dark brown solution from which a 

brown precipitate was isolated and recrystallized in CH3N02 with diethyl ether vapor 

diffusion into the solution. The resulting complex was characterized as 

[Cu(14Se4)][CF3S03]2 (44) by microanalysis, UV-visible and ESR spectroscopy. 

Unfortunately, a crystal of x-ray crystallographic quality could not be obtained. 

When 44 was dissolved in CH2C12 it gave rise to a brown solution. The uv- 

visible spectrum (Figure 5.3.21) of the solution showed two absorption bands above 250 

nm; b,,(nm(~)): 4 l8(524l) with a shoulder at 554 (1  362) and 280 (1360) nm. 

A room temperature ESR spectrum of 44 (in CH3N02 solution) was recorded, 

which gave an isotropic g value of 2.048 and hyperfine constants A:: = 82.5 G, A::~ = 32 

G. A low temperature ESR spectrum of 44 was measured at -148 "C in CH3N02 and 

toluene (1: 1, v/v). Under the assumption that the complex was an elongated octahedral and 

the ESR lines did not have any overlap, as the model proposed by Sand and co- 

w o r k e r ~ ~ ~ ~ , ~ ~ * ,  the ESR parameters were determined: g,, = 2.075. A, = 0.01 55 cm- ; g,- 

, = 2.049, A,- = 0.00335 cm-1. Because of the lack of simulation programs, we could not 

generate a calculated spectrum from these parameters and compare it with the experimental 

spectrum. 

Addition of 13 caused little change in the uv-visible spectrum, as shown in Figure 

5.3.22. 
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Figure 5.3.22. UV-visible spectrum of [Cu(14Se4)][S03CF3J2 (44) 
( 1 . 4 7 ~  M) in CH2CI2. 
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Figure 5.3.23. UV-visible spectra of [Cu(l4Se4)][SO3CF3I2 (44) 
( 1 . 4 7 ~  10-4 M) in CH2C12 in the presence of 14Se4 (13) (8.77 x 10-5 

M) 



5.3.1.1.7. Cu(I)  Complex of 12Se4 (12)  

Addition of 12Se4 (12) in CH2C12, to C U ( S O ~ C F ~ ) ~  (in a 1:l ratio) in acetone 

afforded a brown solution, then quickly the solution turned into a yellow solution from 

which a white precipitate was formed. The microanalysis of the white precipitate revealed 

that it had the empirical formula, [Cu(l2Se4)]S03CF3 (46), indicating that 46 was a Cu(1) 

complex. The compound was not soluble in THF, CH2C12 or CH3CN. 

5.3.1.1.8. C u  ( I I )  Complex of Dibenzo-14Se4 (14)  

The preparation of this complex was not successful. On mixing dibenzo-14Se4, 

14, with Cu(S03CF3)2 in acetone solutions, a dark brown solution was immediately 

formed, but the solution discolored to a greenish solution upon standing. With ether 

solvent diffusion into the above solution colorless crystals precipitated, which were 

identified as the starting material 14 by TLC. 

Table 5.3.1. UV-visible Spectroscopic Data of Cu(I1) and Pd(I1) 

Complexes of Selenium Coronands 

Complexes (nm)(E) 

[Cu(16Se4)] [SO3CF3I2 (21) 560(2957), 464(1 1920),3 10(1267)a 
[Cu( 14Se4)I [SO3CF3I2 (44) 554(1362), 4 18(5241), 280(1 360)a 
[C~(8Se20H)~]  [SO3CF3I2 (41) 57 l(8 1 16), 386(7905)a 

[Cu( 16Se4(OH)2)1 [S03CF3]2 (39) 600(2000), 464(7670), 328(1658)a 
[Cu(l6S2Se2)] [SO3CF3I2 (43) 570(900), 456(6872), 280(45 

[Pd 1 6Se41 (B F4)2 (34) 314(26758), 210(8409)b 

[Pd l6Se41 (BF4)Cl(35) 3 14(19949), 2 1 O(6548)b 

[Pd2(24Se6)1(BF4)2C12 (36) 366(4837), 294(24838), 216(13 1 4 5 ) ~  



Table 5.3.2. Selected Bond Distances (A) , Bond Angles and 
Torsion Angles (0) for [Cu(l6Se4(0H)2)1 [CF3SO 3]2  (39) at 190 K. 

Bond Distances (A)  

Bond Angles (0) 

continued ...... 



continuation of: 

Table 5.3.2. Selected Bond Distances ( A )  , Bond Angles and 
Torsion Angles (O)  for [ C U ( ~ ~ S ~ ~ ( O H ) ~ ) ] [ C F ~ S O ~ ] ~  (39) at 190 K. 

Bond Angels (A)  

Torsion Angles (0) 

continued ...... 



continuation of: 

Table 5.3.2. Selected Bond Distances (A) , Bond Angles and 
Torsion Angles ( 0 )  for [ C U ( ~ ~ S ~ ~ ( O H ) ~ ) ] [ C F ~ S O ~ ] ~  (39) at 190 K. 

Torsion Angles (A) 

a No e.s.d.s are given for these derived parameters because the disorder of this 
structure was not fully modeled. 



Table 5.3.3. Selected Bond Distances (A), Bond Angles and Torsion 
Angles ( 0 )  for [CU(~S~ZOH)~][CF~SO~]~(~~) at 195 K 

Bond Distances (A)  

Bond Angles ( 0 )  

continued ..... 



continuation of: 

Table 5.3.3. Selected Bond Distances (A),  Bond Angles and Torsion 
Angles ( 0 )  for [ C U ( S S ~ ~ ~ H ) ~ I [ C F ~ S O ~ ] ~ ( ~ ~ )  at 195 K 

Torsion Angles ( 0 )  

a The values in ( ] are distances corrected for rigid body thermal motion. 

Values with no e.s.d.s involve disordered atom sites and were affected by restraints. 



Table 5.3.4. Selected Bond Distances (A)  , Bond Angles and 
Torsion Angles ( 0 )  for [Cu(l6S2Se2)1[CF3SO3]2(42) 

Bond Distances (A) 

Bond Angles ( 0 )  

continued ...... 



Continuation of: 

Table 5.3.4. Selected Bond Distances (A)  , Bond Angles and 
Torsion Angles ( 0 )  for [Cu(16S2Se2)][CF3SO3]2{42) 

Torsion Angles ( 0 )  

' indicates 2-x, 1-y, -z. 

a Parameters for which no e.s.d.s are given were either constrained or restrained. 



Table 5.3.5. Selected Bond Distances (A), Bond Angles and Torsion 
Angles (0 )  for [Cu(16Se40H)][S03C F3I  (45) at 297 K, and 
[Cu(16Se2S2)][S03CF3] (43) at 205K. 

43O 

Bond Distances (A) 

Bond Angles (0) 

Torsion Angles (0) 

continued ...... 



Continuation of: 

Table 5.3.5. Selected Bond Distances (A), Bond Angles and Torsion 
Angles (0 )  for [Cu(16Se40H)1[S03CF3] (45) at 297 K,  and 
[Cu(16Se2S2)][S03CF3] (43) at 205K. 

Torsion Angles (0) 

a The parameters for 43 are calculated using refined weighted-mean atomic positions for 

the disordered chalcogen atom sites. 



5.3.1.2. Cyclic Voltammetry of Copper(1I) Complexes of Selenium 

Coronands 

C U ( S O ~ C F ~ ) ~ .  Cyclic voltammetry of C U ( C F ~ S O ~ ) ~  was carried out in CH3CN (0.1 M 

tetraethylammonium perchlorate (TEAP) as the supporting electrolyte), with a three- 

electrode cell: a Pt working electrode, a Pt wire counter electrode and a saturated calomel 

electrode (SCE) reference electrode. The potential scan was started from 1.6 V, where the 

current was zero, to 0 V and back to 1.6 V. The cyclic voltammogram of C U ( S O ~ C F ~ ) ~  

showed a quasi-reversible electrode reaction with Eln (calculated by- ) at 1.10 

V vs SCE; scan rate = 10 mV/s, AEp = 0.14 V. Plots of both the cathodic and anodic 

current peaks versus the square root of scan rates gave straight lines, indicating that the 

electrode processes were diffusion controlled. The compound was further reduced as the 

potential was swept to the more cathodic direction; at a scan rate of 20 mV/s, a second 

cathodic peak appeared at -0.29 V. This cathodic peak had stripped features indicating the 

deposition of Cu on the electrode. It corresponded to the Cu(I)/Cu redox couple. 

Table 5.3.6. Cyclic Voltammetric Data of C U ( S O ~ C F ~ ) ~  Over a Scan 

Range 1.0-0.3 V. 

a. Epc and Epa are cathodic and anodic peak potentials, respectively in volts versus 

SCE. 
b. ia and ic are anodic and cathodic peak currents, respectively in PA. 



[Cu(l6Se4)][SO3CF3I2 (21). Cyclic voltammetry of 21 was studied in 

CH2C12 (0.05 M TEAP as electrolyte) on a Pt electrode. Figure 5.3.24 shows the single 

scanned cyclic voltammogram of 21, which was recorded over the potential range 1.0-0.3 

V with several different scan rates. One pair of cathodic and anodic waves was shown, 

which related the one-electron transfer redox pair of Cu(II)WCu(I)L (L designates the 

selenium coronands); AEp = 0.192 V, E1n = 0.673 V vs SCE at a scan rate 20 mV/s . 
(Eln was calculated by (Ep, + Ew)/2 and corrected by subtraction of 0.062 V that was 

obtained from the calibration of the SCE.) The electrode process was quasi-reversible 

because the cathodic-anodic peak separation AEp increased when the scan rates increased. 

Moreover, on increasing the scan rate from 20 mV/s to 200 mV/s, the ratio of anodic 

current to cathodic current decreased from 0.69 to 0.50. 

As the potential was swept to the more negative direction until -1.0 V, two more 

irreversible reduction peaks were seen at 0.087 V and -0.65 V. These peaks were 

attributed to Cu(1)WCu redox couples, possibly due to the reduction of mono-Cu(1) 21 and 

polymerized Cu(1) 21 c ~ m p l e x e s ~ ~ .  The latter, in which 16Se4 has less ring strain was 

more stable and was reduced at a lower potential. 

A cyclic voltammogram of 21 with a scan range over 1.6 to 0.3 V showed an 

additional redox wave with Eln = 1.06 V (20 mV/s) (Figure 5.3.25). The current at the 

initial scan potential (1.6 V) was not zero, indicating that there was an oxidation reaction at 

the electrode before the potential sweeping. This reaction is presumably attributed to the 

oxidation of Cu(1I)L to Cu(II)L+.. As the potential was swept (50 mV/s) in the cathodic 

direction the oxidized 21 was reduced and gave a first wave (Epcl = 1.01 V) corresponding 

. to the Cu(II)L+./Cu(II)L redox couple and the second wave (Ew2 0.631 V) corresponding 

to the CuL(II)/Cu(I)L redox couple. The potential scan was reversed at 0.3 V and the 

pertinent anodic peaks were observed at 0.850 and 1.33 V, respectively on the reverse 

scan. The reduction of Cu(II)L is a diffusion controlled process because a plot of the first 

cathodic peak currents versus the square root of the scan rates gave a straight line. Because 



of the difficulty in determining the current base lines, similar plots for other peak currents 

could not be obtained. The cyclic voltammograms of 21 were not dependent on the initial 

potentials; a potential sweeping loop from 0.3 V to 1.6 V then back to 0.3 gave rise to the 

same cyclic voltammograms at various scan rates as that from the initial potential 1.6 V, 

which indicates that the redox reaction of 21 is a chemically reversible reaction. At the 

initial potential of 0.3 V, 21 was reduced to Cu(1) l6Se4 at the Pt electrode. The redox 

reactions on the electrode may expressed as 

Table 5.3.7. Cyclic voltammetric Data of [Cu(l6Se4)] [S03C F3], (2 1). 

Potential scan ranee over 1.0 - 0.3 V 

Potential scan range over 1.6 - 0.3 V 

u (mv/s> ~~~~a ~ D a l ~  AEpa ~ ~ c 2 ~  EDaZa AEpa iclb 

20 1.02 1.23 0.210 0.632 0.788 0.156 9.38 

200 0.928 1.35 0.422 0.538 0.928 0.390 20.6 

a. Ep, and Epa are cathodic and anodic peak potentials, respectively in volts versus SCE. 
6.  ia and ic are anodic and cathodic peak currents, respectively in pA. 
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Figure 5.3.24. Cyclic voltammograms of [Cu(16Se4)]- 
[SO3CF3I2 (21) (1x 10-3 M, in CH2C12) recorded at scan 
rates: a) 20 mV/s; b) 50 mV/s; c) 100 mV/s; d) 200 mV/s. 
Working electrode: Pt. Reference electrode: SCE. 
Electrolyte: 0.05 M tetraethylammonium perchlorate 
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Figure 5.3.25. Cyclic voltammogram of [ C U ( ~ ~ S ~ ~ ) ] [ S O ~ C F ~ ] ~  
(21) (1 x 10-3 M, CH2C12) recorded at scan rates: a) 50 mV/s; b) 200 

mV/s. Working electrode: Pt. Reference electrode: SCE. 
Electrolyte: 0.05 M tetraethylammonium perchlorate 



[Cu(14Se4)J[CF3S03J2 (44). Cyclic voltammetry of 44 was carried out in 

CH2C12 (0.05 M TEAP as supporting electrolyte) with a previously described three- 

electrode cell, except that the working electrode was a carbon electrode because it was more 

sensitive for 44. 

The cyclic voltammograms of 44 (Figure 5.3.26) showed a pair of quasi-reversible 

redox waves: Eln = 0.641 V vs SCE, AEp = 0.444 V and ip$ip, = 0.876, at a scan rate of 

20 mV/s. These waves related to the redox couple Cu(II)L/Cu(I)L. As the scan rates 

increased the AE,, also increased. 

Table 5.3.8. Cyclic Voltammetric Data of [Cu(l4Se4)][CF3S O3I2(44). 

Potential scan range over 1.0 - 0.3 V 

v ( ~ V / S )  EDca AEpa kb iab idk 

20 0.48 1 0.925 0.444 4.38 5 .OO 0.876 

50 0.43 1 0.956 0.525 7.50 6.88 1 .07 

200 0.363 1 .OO 0.637 10.0 12.5 0.800 

300 0.347 1.02 0.673 13.8 16.9 0.810 

500 0.322 1.07 0.748 18.1 21.9 0.829 

a. Ep, and Epa are cathodic and anodic peak potentials, respectively in volts versus SCE. 
b. ia and i, are anodic and cathodic peak currents, respectively in pA. 

Figure 5.3.27 (a) shows the voltammogram obtained by a potential scan loop from 

1.6 V to -0.4 V and back to 1.6 V at a scan rate 200 mV/s. Three cathodic peaks were 

shown at 0.959, 0.649, and 0.381 V respectively in the forward scan and two anodic 

peaks were shown at 0.944 and 1.29 V in the backward scan at a scan rate 200 mV/s. The 

same cyclic voltammogram (Figure 5.3.27 b) resulted with a scan loop from -0.5 V to 1.5 

V and back to -0.5 V. The redox waves of 0.381 V (reduction peak potential) and 0.959 V 

(oxidation peak potential) were assigned to the redox couple Cu(II)L/Cu(I)L. The anodic 

peak at 1.29 V was tentatively attributed to the Cu(II)L+. species. The cathodic current 

peak at 0.649 V was due to an unknown species adsorbed on the electrode. This peak 



increased in the second potential sweep cycle but other current peaks remained at the same 

heights. 

[ C U ( ( ~ S ~ ~ O H ) ~ ) ] [ C F ' ~ S O ~ I ~  (41). Cyclic voltammetry of 41 was studied in 

CH3N02 (0.1 M TEAP as the supporting electrolyte), because its solubility was low in 

CH2C12. The working electrode was a carbon electrode; on a Pt working electrode the 

reaction was sluggish. At a scan rate of 20 mV/s, with a potential sweep loop from 0.8 V 

to -0.4 V then to 1.2 V, a quasi-reversible cyclic voltammogram was observed, which 

showed an anodic peak at 0.393 V and a broad cathodic peak centred at 0.675 V ; AEp = 

0.282 V I& = 0.737. The redox waves corresponded to the single electron transfer redox 

couple Cu(II)L/Cu(I)L; EIn = 0.534 V. The anodic to cathodic peak current ratio increases 

as the scan rates increase. The same cyclic voltammogram was obtained with a scan loop 

from 0 V to 1.4 V then back to 0 V. Furthermore, scanning the potential up to 1.6 V 

resulted in no second oxidation peak as observed for the previous Cu(I1) complexes of 

selenium coronands. Table 5.3.9 lists the cyclic voltammetric data of 41, and Figure 

5.3.28 shows the cyclic voltammograms of 41 at various scan rates. 

Table 5.3.9. Cyclic Voltammetric Data of [CU(~S~~OH)~][CF~SO~]~(~~). 

Potential scan range over 0.8 - -0.4 - 1.4 V 

U 
%ca Epaa &pa icb iab idic 

(mV/s) 

20 0.393 0.675 0.282 21.8 15.6 0.737 

50 0.363 0.706 0.343 30.6 18.8 0.613 

100 0.33 1 0.73 1 0.400 36.9 28.1 0.763 

200 0.300 0.763 0.463 53.1 43.8 0.823 

300 0.284 0.800 0.5 16 57.5 56.3 0.978 

a. Epc and Epa are cathodic and anodic peak potentials, respectively in volts versus SCE. 
Epa values are nad from the centre of the broad anodic peaks. 

b. ia and ic are anodic and cathodic peak currents, respectively in pA. 



E (Volt vs SCE) 

Figure 5.3.26. Cyclic vol tammograms of [Cu(14Se4)][S03C F3I2 
(44) (1 x 10-3 M, in CH2CI2) recorded at scan rates: a) 200 mV/s; b) 

300 mV/s; c) 500 mV/s. Working electrode: Pt. Reference 
electrode: SCE. Electrolyte: 0.05 M tetraethylammonium 
perchlorate. 
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Figure 5.3.27. Cyclic voltammograms of [Cu(14Se4)][SO3CF3I2 

(44) (1 x M, in CH2CI2) recorded at a scan rate of 200 mVls 
with different initial potentials: a) 1.6 to -0.4 V; b) -0.5 to 1.5 V. 
Working electrode: Pt. Reference electrode: SCE. Electrolyte: 0.05 
M tetraethylammonium perchlorate. 
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Figure 5.3.28. Cyclic voltammograms of [C~(8Se20H)~]  [CFsS 0 312 

(41) (1 x 10-3 M in CH3N02) recorded at scan rates: a) 20 mVIs; b) 

50 mV/s; c) 100 mVls; d) 200 mV/s. Working electrode: Carbon. 
Reference electrode: SCE. Electrolyte: 0.1 M tetraethylammonium 
perchlorate. 



[C~(l6Se4(0H)~)][SO~CF~]2(39). Cyclic voltammetry of 39 was studied in 

nitromethane (0.1 M TEAP as supporting electrolyte) because the solubility of 39 was low 

in CH2C12. The cyclic voltammogram recorded with a scan loop from -0.4 V to 1.0 V and 

back to 0.4 V at a scan rate of 20 mV/s shows a broad anodic peak at 0.694 V and a 

cathodic current peak at 0.429 V; Eln = 0.524 V, AEp = 154 mV and idi, = 0.46. These 

redox waves related to a quasi-reversible one-electron electrode reaction of the 

Cu(II)UCu(I)L pair. As the scan rates increased, the peak separation AEp increased, but 

the anodic to cathodic current ratios decreased. 

At a scan rate of 50 mV/s, the broad anodic current peak seemed to be comprised of 

two peaks with maxima at 0.647 and 0.772 V (Figure 5.3.29). The latter became stronger 

as the scan rate increased and eventually two peaks merged to one peak (0.803 V) at scan 

rate of 200 mV/s. This indicated the presence of different isomers of 39, which were 

reduced at different potentials. Moreover, there appeared a small bump at 0.256 V in the 

anodic scan (forward scan) at scan rates over 100 mV/s. When the anodic potential 

exceeded 1.4 V, 39 was further oxidized and a second oxidation peak was seen (Figure 

5.3.30). 

Table 5.3.10. Cyclic Voltammetric Data of [Cu(16Se4(OH)2)]- 

KF3S0312  (39 ) .  

Potential scan range over -0.4 - 1.0 V 

 ED,^ AEpa icb iab idk 

20 0.509 0.663 0.154 6.88 3.13 0.455 

50 0.506 0.772C 0.266 11.9 4.00 0.337 

100 0.478 0.788C 0.3 10 17.5 7.50 0.250 

200 0.459 0.803 0.344 25.2 8.66 0.270 

500 0.413 0.819 0.406 46.3 12.5 0.270 

continued ...... 



Continuation of 

Table 5.3.10. Cyclic Voltammetric Data of [Cu(16Se4(OH)z)]- 

Potential scan range over -0.4 - 1.6 V 

u ( ~ V / S )  Exla  ED^ 1 a AE$ 6 1 ~ 2 ~  EDa2a AE$ idb 

20 \ 0.63 1 0.210 0.350 1.21 0.156 9.38 
50 0.1 0.694C 0.320 0.413 1.21 0.219 14.06 
100 0.1 0.718C 0.382 0.438 1.2 1 0.28 1 16.6 
200 0.1 0.706C 0.422 0.413 1.23 0.390 20.6 

a. Ep, and Ep, are cathodic and anodic peak potentials, respectively in volts versus SCE. 

b. ia and ic are anodic and cathodic peak currents, respectively in PA. 

c. Values are the centre of the anodic potential peak. 

[C~(16S2Se2)][CF$303]~ (42). Cyclic voltammetry of 42 was carried out in 

CH2C12 (0.05 M TEAP as supporting electrolyte) at a Pt working electrode. Over a scan 

loop from 1.2 V to 0 V then back to 1.2 V, a pair of quasi-reversible redox waves was 

observed: Ell2 was 0.716 V, AEp was 0.269 V, half potential peak width (Ep - Ep12) was 

0.106 V and ia/ic was 0.94 at a scan rate 20 mV/s (Figure 5.3.31). Increasing the scan 

rates resulted in increasing the potential peak separation (AEp) between anodic peak and 

cathodic peak, which suggests that the e1ecr.de process is a quasireversible one-electron 

transfer redox reaction that is attributed to the redox couple Cu(II)WCu(I)L. 

In another experiment with the potential scanning loop from 0 V to 1.2 V then back 

to 0 V, at a scan rate of 20 mV/s a pair of quasireversible redox waves was observed: EIl2 

. = 0.77 1 V vs SCE; AEp = 0.117 V, Ep - Ep12 = 0.087 V. The ratio of iclia was 0.778 

(Figure 5.3.32). These parameters suggested a faster electrode reaction when the initial 

potential started at 0 V, at which 42 was reduced to [Cu(16S2Se2)][S03CF3] (43) in the 

vicinity of the Pt electrode. 



When the potential was scanned (50 mV/s) from 1.0 V towards 1.8 V, 42 was 

further oxidized resulting in an anodic peak at 1.43 V, but no cathodic peak appeared on 

the reverse scan. When the scan rate was increased to 500 mV/s, the cathodic peak on the 

reverse scan was observed at 1.22 V with an idia ratio of 0.14 (Figure 5.3.33), implying 

that there are complications of homogeneous chemical reactions that consumed the oxidized 

Cu(II)L species and competed with the electrode reaction. When the scan rate was 20 mV/s 

the anodic current did not form a peak but a plateau. 

Table 5.3.11. Cyclic Voltammetric Data of [ C U ( ~ ~ S ~ S ~ ~ ) ] [ C F ~ S O ~ ] ~  (42). 

Potential scan range over 1.2 - 0.0 V 

Potential scan range over 0.0 - 1.2 V 

500 0.919 0.638 0.28 1 4.88 8.65 0.564 

continued ...... 
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Table 5.3.11. Cyclic Voltammetric Data of [Cu(16S2Se2)][CF3SO3l2(42) 

Potential scan range over 1.0 - 1.8 V 

u ( ~ V / S )  E& E d a  AEpa ic2b &2/ia2 

20 F / I I I I 

50 1 1.43 1 1.44 1 1 
100 1 1.44 1 2.25 1 1 
200 I 1.46 1 3.56 1 1 
500 1.22 1.36 0.360 7.25 1 0.14 

a. Ep, and Epa are cathodic and anodic peak potentials, respectively in volts versus SCE. 
b. ia and ic are anodic and cathodic peak currents, respectively in PA. 

c. Data not available. 

5.3.1.3. Controlled Potential Electrolysis of Selected Cu(II) Complexes 

Controlled potential electrolysis experiments were performed on the representative 

compounds [Cu(16S2Se2)][CF3S03]2 (42), [Cu(l6Se4)][SO3CF3I2 (21) and 

[CU(~~S~~(OH)~)][CF~SO~]~ (39) (0.05 M in CH2C12 with TEAP as supporting 

electrolyte) in a two-compartment cell on a Pt electrode. At the applied potential of 0 V vs 

SCE the electrolysis occurred, as manifested by a change in the brown solution to a light 

yellow solution. The total electric charge passed through the solution was recorded on a 

coulometer. The results revealed that the reduction was a one-electron process for each 

complex. 



E (Volt vs SCE) 

Figure 5.3.29. Cyclic voltammograms (scan range -0.4 - 1.0 V) of 
[CU(~~S~~(OH)~)][CF~SO~]~ (39) (1 x 10-3 M, in CH3N02j  recorded 

at scan rates: a) 20 mV/s; b) 50 mV/s; c) 100 mV/s; d) 200 mV/s. 
Working electrode: Carbon. Reference electrode: SCE. Electrolyte: 
0.1 M tetraethylammonium perchlorate. 



E (Volt vs SCE) 

Figure 5.3.30. The cyclic voltammograms (scan range -0.4 - 1.0 V) 
of [Cu(16Se4(0H)2)][CF3S03]2 (39) (1 x 10-3 M) in CH3N02 with a 
scan rate of 200 mV/s. Working electrode: Carbon. Reference 
electrode: SCE. Electrolyte: 0.1 M tetraethylammonium perchlorate. 
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Figure 5.3.31. The cyclic voltammograms (scan range 1.2-0 V) of 
[ C U ( ~ ~ S ~ S ~ ~ ) J [ C F ~ S O ~ J ~  (42) (1 x 10-3 M, in CH2C12) recorded at 

scan rates: a) 10 mV/s; b) 20 mV/s; c) 50 mV/s; d) 100 mV/s; e) 200 
mV/s.; f) 500 mV/s. Working electrode: Pt. Reference electrode: 
SCE. Electrolyte: 0.05 M tetraethylammonium perchlorate. 



E (Volt vs SCE) 

Figure 5.3.32. Cyclic voltammograms (scan range 0-1.2 V) of 
[ C U ( ~ ~ S ~ S ~ ~ ) ] [ C F ~ S O ~ ] ~  (42) (1 x 10-3 M, in CH2C12) recorded at 

scan rates: a) 20 mV/s; b) 50 mV/s; c) 100 mV/s; d) 200 mV/s. 
Working electrode: Pt. Reference electrode: SC E. Electrolyte: 0.05 
M tetraethylammonium perchlorate. 



E (Volt vs SCE) 

Figure 5.3.33. Cyclic voltammograms (scan range 1.2-1.6 V) of 
[Cu(16S2Se2)][CF3S03]2 (42) (1 x 10-3 M, in CH2C12) at scan ~ a t e s  

: a) 200 mV/s; b) 500 mV/s. Working electrode: Pt. Reference 
electrode: SCE. Electrolyte: 0.05 M tetraethylammonium 
perchlorate. 



5.3.1.4. Kinetic Study of the Redox Reaction of [Cu(ldSe4)] 

[ S o p 3 1 2  (2  1 )  

5.3.1 A.1. Determination of the Rate Law 

In section 5.3.1 we have described the redox reaction between 

[Cu(16Se4)][SO3CF3I2 (21) and 16Se4 (8), which resulted in the formation of 

[Cu(16Se4)][S03CF3] and the dication of 16Se4. In this section we would like to probe 

the mechanism of this reaction. Thus, the rate law of the reaction must be determined. 

Based on the reaction products, the overall redox reaction may be depicted by the following 

equation (5.3.9) : 

The rate of the reaction (5.3.9) may be expressed by Eq(5.3.10) 

Here L represents 16Se4 (8), a and P are the orders of the reaction with respect to the 

concentration of each reactant. The values of a and P can be determined by the initial-rate 

methodlgl. In this method, the initial reaction rates are measured under the condition in 

which the concentration of each reagent is alternatively chosen to remain constant during 

the measurements. Then the logarithm of reaction rate (at time zero) is plotted versus that 

of the initial concentration of each reagent; a and P are determined from the slopes of the 

plots. The initial reaction rates are used so that the complication of the involvement of 

products can be avoided. 

Experimentally, the reaction was carried out under pseudo first-order reaction 

conditions in CH2C12 solutions. Two conditions were used 



1. [Cu(II)L] << [L]; [L] was set constant, but [Cu(II)L] was varied; thus, 

2. [Cu(II)L] << [L]; [Cu(II)L] was set constant, but [L] was varied; thus, 

Here [L] and [Cu(II)L] are the initial concentrations of 16Se4 (8) and [Cu(16Se4)]- 

[SO3CF3I2 (21). In both situations the concentration of 8 was in excess because the 

solubility of 21 in CH2C12 was low; it was impossible to prepare a high concentration 

solution of 21. This problem was solved by condition 2. For a set of kinetic runs in 

which the initial concentration of 21 was the same for each run, but the concentration of 8 

was varied, the initial reaction rate became a function of [a]. Hence, a and p could be 

determined from the plots of In[-d[Cu(II)L]/dt] versus ln[Cu(II)L] or ln[L]. 

The reaction was initiated by introducing the 16Se4 solution into an uv cuvette with 

a syringe. By monitoring the absorption peak at 464 nm, the reaction was followed. A 

typical plot of absorbance as a function of time is shown in Figure 5.3.34: The absorption 

peak (464 nm) of 21 decreased while a new absorbance at 322 nm grew as a function of 

time. The peak at 332 nm had been identified as the radical cation of 16Se4. The first 

order kinetic equation gave the best fit for the absorbance function (at 466 nm) with time, 

as expressed in Eq (5.3.14). The growth of the peak at 322 nm also obeyed the first order 

rate law in the first 200 seconds. This peak (322 nm) started decreasing after 200 seconds. 

In Eq. (5.3.14), P2 and P3 are the fitting constants which can be rewritten as 



In Eq (5.3.15), E is the molar extinction coefficient of 21, A,, is the absorbance of 

21 at infinite time tm, Aobs is the absorbance at time t, and Co is the initial concentration of 

21. Because A, was negligible, the apparent molar extinction coefficient of 21 can be 

found by plotting P2 vs Co. The E value was comparable to that determined from the 

CH2C12 solution of 21. 

Time (s) 

Figure 5.3.34. Typical trace of the absorbance function (466 nm) 
of [Cu(l6Se4)][S03CF3]2 with time. [ [ C U ( ~ ~ S ~ ~ ) ] [ S O ~ C F ~ ] ~ ]  = 6.0 
x 10-5 M, [16Se4] = 1.5 x 10-3 M. Dotted line is experimental data; 

solid line is the simulation. 



d A The initial reaction rate - was determined by taking the first derivative of Eq dt 
(5.3.14) at t = 0. Then plotting ln(dA/dt) vs ln[8] and ln[21] the slopes obtained are 1.07 

and 0.83 with respect to the concentrations of 21 and 8 (Figure 5.3.35 and Figure 

5.3.36). Therefore, initially the redox reaction is first order with respect to [21] and [B], 

and the redox reaction rate can be expressed as, 

The initial reaction rates and observed rate constants of the reaction (5.3.9) are listed in 

Table 5.3.12. 

Table 5.3.12. Kinetic Data for Rate Law Determination 



ln[16Se4] 
Figure 5.3.36. Plot of In(dA1dt) vs  ln[16Se4]. [16Se4] = 6.0-15 x 

10-4 M, [ [ C U ( ~ ~ S ~ ~ ) ] [ S O ~ C F ~ ] ~ ]  = 6.0 x 10-5M. 

0.30 

0.10- 

- c 
S -0.100- z 
G 
d 

-0.30 - 

-0.50 

I I a I I I I 

x 

I I I I I 

- 
- 

- 
- 
- 
- 

-9.96 -9.82 -9.k8 -9.54 -9.40 

ln[Cu(II) 16Se41 

Figure 5.3.35. Plot of In(dA1dt) vs  In[[Cu(16Se4)][S03C 
[ [ C U ( ~ ~ S ~ ~ ) ] [ S O ~ C F ~ ] ~ ]  = 4.9-7.9 x 10-5 M, [16Se4] = 1.2 

M. 



5.3.1.4.2. Determination of the Stoichiometry of the Reaction 

The reaction was also run with the same initial concentrations of 21 and 8. 

Experimental data under these conditions gave the most satisfactory straight lines when 

treated by the following integrated form of the rate equation Eq(5.3.18). 

2 a-2x a 
kt = - In - + ln- a-2b b-x b 

where a and b are the initial concentrations of 21 and 8, respectively, and x is the amount 

of 21 which has been reduced at time t. This relationship means that the redox reaction 

proceeds according to the following stoichiometry: 

If this stoichiometry is correct then when the initial concentration of 8 is half that of 

21, i.e. b = a/2, the kinetic behavior would become a simple second order reaction which 

should have the form of Equation 5.3.22. 

a x 
= k(a-2x)(b-x) = k(a-2x)(z - 2*9 

k 
= 3 (a-2x)2 

Hence, 

Hence, reactions were carried out under conditions in which the concentration of 

16Se4 (8) was 0.38, 0.5 and 0.63 times that of [Cu(l6Se4)][SO3CF3I2 (21) (Table 



a-2x 5.3.13). Figure 5.3.37 and 5.3.38 show plots of 1/[21] and In - 
b-x versus time. The 

points shown covered about 62%, 66% and 77% of the 21 that reacted; after that the rate of 

the reduction slowed down significantly and the plot curved (see Appendix). 

Table 5.3.13. Initial Concentrations of 21 and 8 in CH2C12 at 25 OC and 

Rate Constants. 

Time (min) 

Figure 5.3.37. The quantity 1/[[Cu(l6Se4)] [S03C F3I2] plotted vs. 

time in the form of Eq (5.3.22) for the reduction of 
[ C u ( l 6 S e 4 ) ] [ S O 3 C F 3 I 2  with 16Se4 in CH2C12 at 25 OC. 

[ [ C U ( ~ ~ S ~ ~ ) ] [ S O ~ C F ~ ] ~ ]  = 7.8 x 10-5 M, [16Se4] = 3.6 x 10-5 M. 
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Figure 5.3.38. The quantity In(a-2x)/b-x) plotted vs time in the form of 
Eq (5.3.19) for the reduction of [Cu(l6Se4)1[SO3CF3l2 with 16Se4 in 
C H2CI2 at 25 OC. [[Cu(l6Se4)][SO3CF3I2] = 7.8 x 10-5 M, [16Se4] = 
1.8 x 10-5 M. 

5.3.1.4.3. Reaction at Various Temperatures 

The redox reaction was run at 1.0, 10, 15 and 25 OC. The initial concentration of 

16Se4 was half that of [Cu(16Se4)][S03CF3]2; thus, data were interpreted in terms of a 

simple second order reaction (Eq 5.3.2 1). The results are shown in Figure 5.3.39-40 and 

Table 5.3.14. According to the Arrehnius Equation and Eyring theories of the reaction 

rate, the relationship of reaction rate and activation parameters are expressed as follows, 

k = A*exp(-Ea/RT) 

~ B T  k = 7 exp(- AGVRT) 

AGf = AH* - TASf 



where E, is the activation energy of the reaction; k is the rate of the reaction; AGf is the 

activation free energy of the reaction; AHf is the activation enthalpy of the reaction; AS* is 

the activation entropy of the reaction; kg is the Boltzmann constant and the rest have their 

normal meanings, By plotting Ink vs 1/T, E, was determined as 34.7 + 2.0 kJ mol-1. 

Table 5.3.14. Activation Parameters for the Reduction of 

[Cu(l6Se4)][SO3CF3I2 (21). 
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Figure 5.3.39. Plot of I/[[CU(~~S~~)][SO~CF~]~] vs time at various 

temperatures (data from Table 5.3.14). 

l/r 
Figure 5.3.40. Plot of Ink vs 1/T. The slope is -4171 + 472.3 

the intercept is 17.01 f 1.655. 
and 



5.3.1.4.4. Kinetics in the Presence of [Cu(l 6Se4)][CF3S 03] ( 2 3 )  

The study of the kinetics of the redox reaction was carried out in the presence of 

[Cu(l 6Se4)][S03CF3] (23). The rate constants were calculated according to Equation 

5.3.19 and were compared with those from the kinetics in the absence of [Cu(16Se4)]+, as 

shown in Table 5.3.15. 

Table 5.3.15. Kinetic Data Measured in the Presence and Absence of 
[Cu(16Se4)][CF3S03] (in CH2C12). 

5.3.1.4.5. Kinetics of the Redox Reaction of [Cu(l 6S2Se2)][CF3SO 312 

( 4 2 )  

The study of the kinetics of the redox reaction of 31 with 16S2Se2 (11) was also 

performed as described for 21. Addition of 11 to 31 in CH2C12 resulted in the 

characteristic peak of 31 (460 nm) decreasing under the conditions listed in Table 5.3.16. 

The absorbance at 460 nm was plotted as a function of time with the equations 5.3.19 and 

5.3.22 as shown in Figure 5.3.41-42, indicating that 31 reacts with 11 in a similar 

fashion. 



Table 5.3.16. Experimental Conditions of the Reaction between 
[Cu(l6S2Se2)][CF3!303]2 and 16S2Se2 (CH2CI2). 
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Time (sec) 

Figure 5.3.41. The quantity of In(a-2x)lb-x) plotted vs. time in the 
form of Eq (5.3.21) for the reduction of [ C U ( ~ ~ S ~ S ~ ~ ) ] [ S O ~ C F ~ ] ~  
with 16S2Se2 in CH2C12 at 25 OC. [ [ C U ( ~ ~ S ~ S ~ ~ ) ] [ S O ~ C F ~ ] ~ ]  = 
5.33 x 10-5 M, [16S2Se2] = 2.91 x 10-5 M. 



Time (s) 

Figure 5.3.42. The quantity of In(a-2x)lb-x) plotted vs time in the 

form of Eq (5.3.22) for the reduction of [ C U ( ~ ~ S ~ S ~ ~ ) ] [ S O ~ C F ~ ] ~  

with 16S2Se2 in CHzClz at 25 OC. [ [ C U ( ~ ~ S ~ ~ ) ] [ S O ~ C F ~ ] ~ ]  = 5.33 

x 10-5 M, [16Se4] = 5.81 x 10-5 M. 

5.3.2. Discussion 

5.3.2.1. The Structures of Cu Complexes of Selenium Coronands 

Copper ( I I )  Complexes 

Copper (11) ion adopts a tetragonally distorted octahedral configuration in 

complexes [CU(~~S~~(OH)~)][CF~SO~]~ (39) and [Cu(16S2Se2)][CF3S03]2 (31), 

similar to that [ C U ( ~ ~ S ~ ~ ) ] [ S O ~ C F ~ ] ~  ( 2 1 ) ~ ~  and Cu(II) complexes of thia 

m a c r o ~ ~ c l e s ~ ~ ~ ~ ~ ~ ~ ~ .  The selenium coronands (16Se4 moiety) are in a conformation that 

can be characterized as c , t , ~ l ~ ~ * " ~ ,  i.e., the non-bonding electron pairs on the Se atoms 



are alternatively cis, trans and cis. The fused six-membered rings usually have alternative 

chair and boat conformations, but in [CU(~~S~~(OH)~)][CF~SO~]~ (39) the coordinated 

OH group locks one of the chair rings into the boat conformation. The long Cu-O(4) 

distance (2.58(1) A) and the Se-Cu-O(4) angles show this to be a strained arrangement. 

These Cu(I1) selenium coronand complexes have elongated Cu-0 bond distances, which is 

a result of Jahn-Teller distortion at the apical positions41. 

The conformation of the selenium coronands (except 8Se2 and 8Se20H) in the 

copper (11) complexes is significantly different from that of the free coronands. In the 

complexes, the Se atoms in the sixteen-membered ring do not take the comer positions as 

observed in 1 6 ~ e 4 ' ~  and 16S2Se2. 

The copper (11) complex of 8Se20H (17) is also a tetragonally distorted octahedral. 

The Cu-Se bond distances are not much different from that in the previous complexes, but 

the Cu-0 bond distances are shorter. The structure of the complex cation of 17 is very 

similar to that of [ C U ( ~ S Z O H ) ~ ]  [ ~ 1 0 ~ ] ~ * ~ ( w h e r e  8S20H = 3-hydroxy- 1.5- 

dithiacyclooctane). Both are centrosymmetric and have an approximately tetragonally 

distorted octahedral coordination of the copper ion with the hydroxyl oxygen atoms 

occupying the more weakly bound axial positions. The Cu-0 bond distance in 17 
r 

(2.358(3) A) is not significantly different from that in [ C U ( ~ S ~ O H ) ~ ] [ C ~ O ~ ] ~  (2.350(2) 

A). In 17 the Cu-O(4) bond is tilted 13.3 0 from the normal to the CuSe4 plane, while the 

analogous angle in [ C U ( ~ S ~ O H ) ~ ] [ C ~ O ~ ] ~  was 13.6 0. In both structures the hydroxyl 

groups form hydrogen bonds of comparable strengths to neighboring anions. A notable 

difference is that, whereas 17 displays predominantly (77.1 (6)%) the chair-chair 

conformation with a lesser (12.9(6)%) conmbution from a boat-chair form for the eight- 

membered ring, [ C U ( ~ S ~ O H ) ~ ] [ C ~ O ~ ] ~  displayed only the boat-chair conformation as did 

its 3-methoxy analog182. There are no atypical bond distances or bond angles in the 

structure of 17. 



Copper ( I )  Complexes 

The complexes [Cu(16S2Se2)] [CF3S03] (43) and [Cu( 16Se40H)l [CF3S03] (45) 

adopt a tetrahedral configuration, which appears to be the most favored configuration for 

Cu(1) ions. The conformation of the ligand 16S2Se2 in complex 43 can be characterized 

as t,t,t (or  dud)'^^*^'**'^^, i.e., the non-bonding electron pairs on the Se atoms are trans 

to each other. Both complexes appear as monomers in contrast to the solid state structure 

of [Cu( l6Se4)] [S03CF3] (23), which is an oligomer although the tetrahedral configuration 

is also observed61. Compound 23 contained a three-dimensionally polymeric cation in 

which each copper atom was tetrahedrally coordinated to selenium atoms from four 

different 16Se4-rings61, which remained in the free-ligand conformation. In several 

closely comparable Cu complexes of thia coronands, the Cu(1) ion adopts the tetrahedral 

configurations, e.g., in the monomer Cu(1) complexes of 1 5 ~ 5 ~ ~ ,  16S61g4 and 1 8 ~ 6 ~ ~ .  

Conformational analysis of selenium coronands in the Cu(1) complexes can be 

performed through the analysis of torsion angles of two sequences, namely, C-C-C-Se and 

C-Se-C-C. Thus, the conformation of 16S2Se2 in [Cu(16S2Se2)](S03CF3) (43) can be 

described as AG+G-G-AG-G+G+AG+G-G-AG-G+G+, staring with the sequence Se(1)- 

C(2)-C(3)-C(4) (G+) and proceeding clockwise. Here, A represents anti and G+ and G- 

represent positive and negative gauche arrangements. The conformation of 16S2Se2 in 

[Cu(16Se40H)](S03CF3) (45) is described as AG-G-AG-G-G+AG+G+G-AAG+G-G-. 

The sequence of bond torsion angles about the coronand rings in the conformations found 

for 43 and 45 display similar features. They display a repeating pattern of three gauche 

followed by one anti torsional arrangements (Figure 5.3.43), where the first and third 

always have opposite signs (e.g. G+G-G-A etc.). The chalcogen atoms prefer positions 

between gauche and anti torsional arrangements (denoted GA). Moreover, the CH2 P to 

the chalcogen atoms is between two gauche torsion angles with opposite signs. This is 

strictly obeyed in the predominant conformation of 43 (Figure 5.3.43), but in its alternative 



conformation, and in the two observed for 45, there is an additional anti  lat ti on ship such 

that one chalcogen atom in each case resides in a position denoted AA. Consequentlv, the 

P-CH2 in the related trimethylene resides in gauche arrangements with the same signs 

(Figure 5.3.43). In these cases the anti bond torsion angles show larger deviations from 

180 0. 

In the free coronand the chalcogen atoms prefer gauche a r r a n g e m e n t ~ ~ ~ . ~ ~ .  In 

coronand complexes such an arrangement does not occur since bonding with a metal ion 

requires the chalcogen atom to have its non-bonded electron pairs pointing towards the 

centrally located metal cation. Thus, for square planar coordination of 16Se4 the chalcogen 

atoms are located in AA sites6'. Tetrahedral coordination, as described herein, apparently 

favors positioning of S or Se in GA sites. It would be of interest to compare these 

conformations and configurations with those for the potentially symmetrical species 

[Cu(16Se4)]+ or [Cu(16~4) ]+*~~;  however, suitable crystals containing these cations have 

not been obtained. 



a 

Ch = chalcogen S/Se 

Figure 5.3.43. The conformations of [Cu(16S2Se2)]+; a) major, b) 
minor and the conformations of [Cu(16Se40H)]+; c) major, d) 
minor. 



5.3.2.2. Assignment of the Bands in the UV-visible Spectra 

Characteristically, the uv-visible spectra of these Cu(I1) selenium complexes, except 

for 41, consist of three bands: a strong absorption band around 250 nm, an intense 

absorption band around 450 nm with a shoulder extending to 500-550 nm and a weak 

absorption band around 280-320 nm. The absorption peak at 250 nm is also observed in 

the spectra of the uncomplexed selenium coronands; therefore, it is assigned to a-a*  

transitions of the Se-C bonds. 

The assignments of the rest of the absorption bands are made by reference to those 

of the Cu(I1) complexes of thia macrocycles3~7~12~185~186 because of their similarity in 

electronic structures (Se and S in the same group in the periodic table). In addition, the 

appearance of the uv-visible spectra of these Cu(I1) complexes is also similar. Hence, the 

absorption peaks around 450-470 nm are assigned to the charge transfer transition from 

ligand to metal ion (LMCT), i.e., Se(a)-C~(II)(d,2-~2). According to the molecular orbital 

description of the bonding in complexes, Cu(I1) is an ion of 3d9 configuration that has 9 

electrons in five d orbitals: dx2_y2, dz2, dxy, dyz and dxZ. For the case of Se atoms, there 

are two-pairs of non-bonding electrons available for coordination with the Cu atom. Based 

on the symmetry and the energy criteria, the dx2_y2 orbital is suitable for the foxmation of a 

bonds with the non-bonding electrons on the Se atoms in the coronands. The a-bonding 

orbital contains more contribution of Se and the a-antibonding orbital has more 

contribution of dx2,y2 in Cu(I1). The charge transfer transition is from these two orbitals, 

which is allowed and of large absorbance coefficient (e = -104). Complex 

- C U ( ~ S ~ ~ O H ) ~ ( C F ~ S O ~ ) ~  has a very broad absorption band at 571 nm that is assigned to 

Se(a)+C~(II)(d,2-~2) ligand to metal charge transfer (LMCT) transitions. 

The charge transfer transition absorption maxima (ha) of the Cu(II) complexes of 

selenium coronands appear at longer wavelengths in comparison with those of the Cu(I1) 

complexes of thia macrocycles (about 400 nm in M ~ o H ) ~ ~ ' ~  . The possible cause that 



results in longer wavelength charge transfer absorption band is that selenium coronands are 

more easily oxidized than thia macrocycles. For a given metal ion , ligand to metal charge 

transfer energies decrease as the ligand becomes more readily oxidizable187. 

The assignments of the shoulder that is centered at about 570 nm in the uv-visible 

spectra of Cu(I1) selenium coronands are ambiguous. Two proposals were presented in the 

literature for the interpretation of the similar absorption peak (-600 nm) in the Cu(I1) 

complexes of thioethers. One proposal suggests that the absorption results from the 

Se(a)+C~(II)(d~2.~2) charge transfer transition46A7, whereas another suggests that they 

are d-d transitions with abnormal intensity borrowed from the low-lying o charge 

transfer188. 

The absorption band at 330 nm was tentatively assigned to the charge transfer 

transition of Cu-0 bonds between Cu(I1) and the oxygen of triflates, because the 

substitution of hydroxy groups on the coronand (16Se4 moiety) results in the enhancement 

of the peak intensity at 330 nm. The weak absorption intensity of this band accounts for 

the elongated Cu-0 bonds (sum of covalent Cu-0 radii: 2.1 A). In the Cu(II) complexes of 

hydroxyl substituted selenium coronands this band is noticeably more intense (Cu-0 = 

2.445(8) A in [CU(L~S~~(OH)~][SO~CF~]~ compared to Cu-0 = 2.464(5) A in 

[Cu(16Se4)][SO3CF3],>. 

5.3.2.3. Redox Behavior and Elecfrochemisfry 

Cyclic voltammetry of the Cu(I1) complexes of selenium coronands has shown that 

the redox reaction of Cu(II)L/Cu(I)L pair is chemically reversible. This reversibility may 

result from the stabilization of Cu(1) ions through coordination to the selenium coronands. 

The usual oxidation states of copper are Cu(II) and Cu(1). In aqueous solution Cu(II) ion 

is more stable than Cu(1) because Cu(11) has higher heat of hydration, whereas Cu(1) 

undergoes a disproportionation reaction189. Therefore, there is no anodic peak on the 



reverse scan in the cyclic voltammogram of Cu(11) in aqueous solutions. The pertinent 

data7 for the Cu ions in aqueous solution are listed as follows, 

EO = 0.153 V vs NHE 

EO = 0.337 V vs NHE 

EO = 0.521 V vs NHE 

Table 5.3.17. Redox Potential of Cu(I1) Complexes of Selenium 
Coronands 

Cu(I1) selenium coronands Elna or Epa Solvent 

(Volt vs SCE) 

[Cu(l 6Se4)][SO3CF3I2 (21) 0.640 CH2C12d 

a. For the first redox pair Cu(II)Wu(I)L, Eln = (Epa + %)/2. At a scan 

rate of 20 mV/s 

b. Initial scanning potential: 1.2 V; final scanning potential: 0 V. 

c. Initial scanning potential: 0 V; final scanning potential: 1.2 V. 

d. 0.05 M tetraethylammonium perchlorate as supporting electrolyte. 

e. 0.1 M tetraethylammonium perchlorate as supporting electrolyte. 

Another implication of the stabilization of Cu(1) ion by the coordination 

environment around the Cu atom is that the redox potential of Cu(I1) rises in complexes of 

selenium coronands; the Eln values are of the range 0.4-0.8 V vs SCE (Table 5.3.17) in 

comparison with that of Cu(I1) complexes with nitrogen- or oxygen-donor ligands, in 



aqueous solution, values between 0 and -0.7 vl1s3O vs SCE. Similarly, increased 

redox potentials have also been observed in the Cu(II) complexes of thia macrocycles (-0.7 

V vs N H E ) ~ ~ .  Two factors have been proposed to explain the unusual ndox potentials of 

Cu(I1) complexes of thia macrocycles; 1) the Cu(1) is stabilized by stereochemical 

properties of the ligands, which alter the properties of Cu(I1) by constricting and dilating 

their coordination sphere2. Patterson and Holml1 have shown structural factors which 

facilitate configuration change (from tetragonal to tetrahedral configurations) of complexes 

result in high redox potentials, in a series of bis-chelate amine Cu(I1) complexes. 2) 

Electronic properties of thioethers. That is through dx-dx interactions between ligand and 

the Cu atom; the electron density delocalizes from the filled Cu(1) 3d orbitals into empty 

sulfur 3d orbitals30, as proposed for the ability of phosphines to stabilize the low valence 

states of transition metal ions. 191*192. 193*194. Molecular orbital calculations suggest that 

dx-dx interactions (x-acidity) have more contribution to the stabilization of Cu(1)-thioether 

complexes than to Cu(I1)-thioether complexes193. A recent calculation indicates that 

dimethyl selenoether has weak ~ r - a c i d i t ~ ' ~ ~ .  

The conformations of the selenium coronands in Cu(I1) complexes are quite 

different from those of the free ligands; therefore, there are constraints imposed on the 

Cu(I1) ion which may result in high redox potentials. The spontaneous reduction of the 

Cu(I1) selenium coronands to Cu(1) selenium coronands is an indication that the selenium 

coronands preferentially stabilize the Cu(1) ions 

It is conceivable that changing the oxidation state of Cu(I1) to Cu(1) should be 

accompanied by configurational changes because of significant differences between the 

configurations of copper (11) complexes (octahedral or tetragonal configurations196) and 

Cu(1) complexes (tetrahedral configurations). This configurational change may be reflected 

in the cyclic voltarnmograms of the Cu(I1) selenium coronand complexes. A reversible 

cyclic voltammogram corresponds to a system in which the electron transfer to the electrode 

is the rate determining step182, i.e., the configuration change of the complex must be faster 



than the electron transfer. Otherwise, quasi-reversible or even irreversible cyclic 

voltammograms would be produced. Thus, quasireversible cyclic voltammograms of 

copper (11) complexes of selenium coronands may indicate that the configuration change is 

slower than the electron transfer to the electrode. For example, the cyclic voltammogram of 

[Cu(14Se4)][S03CF3]2 shows the largest peak (Table 5.3.18) separation among the Cu(II) 

complexes. Probably, this is because the smaller ring of 14Se4 has difficulty in the 

interconversion of configuration from distorted tetragonal geometry to tetrahedral 

geometry. 

Table 5.3.18. Peak Potential Separation of the Cu(I1) Complexes of 

Selenium Coronands 

U Compounds MP 
(mV/s) (v) 

On the cyclic voltammograms (scanning from -0.4 to 1.0 V vs SCE) of Cu(I1) 

complexes of selenium coronands with hydroxyl substituents one would find that the broad 

oxidation peak is comprised of more than one peak, e.g., [CU(~~S~~(OH)~)][CF~SO~]~ 

(39) has two oxidation peaks at a scan rate of 20 mV/s (Figure 5.3.29). As the scanning 

rates increase the peak current at higher potential increases more than the peak current at the 

lower potential. When the scanning rate reaches 200 mV/s only the higher potential peak 

appears. This is an indication that two types of Cu(1)L isomers exist in solution (Scheme 

5.3.1); one is designated as A that is more stable and is shown at higher potential, and the 

other is designated B. A and B are in equilibrium. At slow scanning rates, through the 



equilibrium, mainly the less stable species (appears at lower potential) is oxidized. When 

the cyclic voltammetric potential scanning rates exceed the conversion rate of A to B, the 

oxidation of the more stable isomer becomes important; thus, only one oxidation peak is 

observed at the higher potential. This also explains the broad oxidation peaks observed in 

the cyclic voltammograms of [CU(~S~~OH)~J[SO~CF~]~. 

Scheme 5.3.1 

The dependence of cyclic voltammograms of [ C U ( ~ ~ S ~ S ~ ~ ) ] [ C F ~ S O ~ ]  (42) on the 

initiarscan potentials may also result from the species of different conformations; the E p  

values from the cyclic voltammograms of scan range (0- 1.2 V) is lower than that from the 

cyclic voltammograms of scan range (1.2-0 V). At the initial potential of 0 V, 

[ C U ( ~ ~ S ~ S ~ ~ ) ] [ C F ~ S O ~ ]  has time to transform to a more reactive species through a similar 

equilibrium to that shown in Scheme 5.3.1; hence, the oxidation peak appears at lower 

potential. On the other hand, at the initial potential of 1.2 V, the reduced species has less 

time to reach the more reactive species through equilibrium; therefore, the oxidation peak is 

at higher potential. 

It is uncertain what is the cause of the redox wave at 1.1 V vs SCE. Two 

possibilities can be thought of : 1) it results from the oxidation of the selenium coronands in 

the complexes; 2) it results from the oxidation of Cu(I1) complexes to Cu(II1) complexes. 

In the literature there are reports of a Cu(II1) complex of a nitrogen coronand ( 1 4 ~ 4 ) ' ~ ~  



and other nitrogen containing ligands (peptides)198-204, which obtained from the 

oxidation of Cu(I1) complexes of the corresponding ligands. The Eponed cu(lll) species 

usually have redox potentials around 1 V vs S C E ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~  Th e more relevant Cu(I1) 

complex'97 of 14N4 has an absorption peak at 400 nm (E - 10,000). When the complex 

was electrolyzed with controlled potential in 10 M HC104 the peak at 400 nm decreased and 

a new peak appeared at 250 nm (f: - 4000). 

A spectroelectrochemical method has been applied to the study of the 

[Cu(16Se4)][S03CF3]2 complex. With a Pt ekctrode made from an Pt wire in a cobweb 

shape and at a applied potential of 1.6 V vs SCE to the [CU( 16Se4)][S03C~3]2 (21) in 

CH2C12, the absorbance at 464 nm does not change but a new peak at 320 nm appears after 

several minutes. When a Pt thin film electrode is used, if the applied potential is over 1 V 

vs SCE the instrument is overloaded. The same phenomenon as the previous one is 

observed. Hence, there is no conclusive evidence to support the existence of Cu(II1) 

complexes. The ideal way to characterize the species may lie in an experiment that 

incorporates the electrolysis with ESR spectroscopy. If the species is a Cu(II)L+-, it 

should be ESR active; if the species is a Cu(III)L, it is should be ESR inactive (assuming 

that the dg electronic configuration of Cu(II1) adopts a low-spin configuration). 

Unfortunately, we don't have the facility to do this expe, sent at the present time. Based 

on the unchanged absorbance at 464 nm and the appearance of the 322 nm peak, we 

attribute the species to the Cu(II)L+. species. 

5.3.2.4. The Mechanism of the Redox Reaction of [Cu(l 6Se4)][S03C F3I2 

The products from the spontaneous reduction of [CU(II)(~~S~~)~[SO~CF~)~~ are 

the corresponding Cu(1) complex and 16Se4 dication. This indicates that in the redox 

reaction, 16Se4 is the reductant and the copper complex is the oxidant. Addition of 16Se4 

into the Cu(ll) complex in CH2C12 indeed causes the reduction reaction, and the rate of the 

reaction is first order with respect to both reactants. In the uv-visible spectra, the redox 



process is manifested by the absorption peak of the Cu(I1) complex decreasing and 

concurrently a new peak at 322 nm increasing. This new peak is proved to be from the 

absorption of the radical cation, 16Se4+-, by studying the redox properties of the selenium 

coronand by various electrochemical methods (see Chapter 4). Furthermore, the results 

from the coulometry of 16Se4 revealed that the dication of 16Se4, 16Se4~+, cannot be 

formed by the disproportionation of 16Se4+., because the reaction is very unfavorable 

thermodynamically (see Chapter 4). Combining all the information, we propose the 

following mechanism: 

Scheme 5.3.2 

Here, L represents the selenium coronand. When the free ligand, 16Se4, is added into the 

Cu(I1) complex solution, 16Se4 is oxidized to the radical cation and the Cu(I1) complex 

becomes a Cu(1) complex. The radical cation of 16Se4 is further oxidized by another 

Cu(II) complex to the dication. This second electron transfer step is designated as the rate 

determining step because this step involves bringing two positively charged species to each 

other, which has to overcome the extra barrier from the electrostatic repulsion. Applying 

- the steady state approximation to [L'.], the overall reaction rate may be expressed as 

Rate = 
k l k 2 [ ~ ~ ( ~ ~ ) ~ 2 + ] 2 [ ~ ]  

k-l[Cu(I)L+] + k 2[Cu(II)L2+] 



When k-l[Cu(I)L+] << k2[Cu(II)L2+], the rate expression becomes, 

Rate = k1 [Cu(II)L2+][L] 

At the initial stage of the reaction, the concentration of Cu(1)L is negligible and the 

condition k-l[Cu(I)L+] << k 2 [ C u ( ~ ~ ) ~ 2 + ]  is satisfied. Therefore, Eq 5.3.30 reduces to a 

second order reaction (Eq 5.3.3 1); the kinetic behavior of the electron transfer reaction 

exhibits a simple second order reaction. As the reaction continues, the reduction product 

Cu(I)L+ accumulates, and the plot ln(a-2x)/(b-x) vs time deviates from linearity. Also, in 

the presence of [Cu(16Se4)]+, kl values are smaller than those determined in the absence 

of [Cu(16Se4)]+ because the term of [Cu(16Se4)]+ is in the denominator. Similar kinetic 

observations have been reported for the Fe(II1) redox system205 that has the same overall 

rate expression as Eq. 5.3.30. 

A bimolecular electron transfer process may be expressed as206 

Scheme 5.3.3 

where A and B denote the reactants, and the positive charge sign denotes the oxidant; the 

states i and f are the initial and final states, with the reactants far apart; states p and s are 

precursor and successor states. It is assumed that reactions between i andp, and between s 

and f involve the motion of the A and B with little if any transfer of the electron, while the 

reactions between p and s involves electron transfer with the A-B distance more or less 

fixed (Frank-Condon principle207). Depending on the rate constants involved, the states p 

and s may or may not correspond to well defined chemical species. Accordingly, we 

propose that in order for an electron transfer from 16Se4 to [~u(16Se4)]2+ fmt, the Cu(I1) 

complex partially dissociates so that another incoming coronand can coordinate with the 



Cu(II) ion. then the electron transfers, and then products separate apart (Scheme 5.3.4). In 

these processes (complexation, electron transfer and product dissociation) any step can be 

the rate determining step, depending on the particular reactants. 

Scheme 5.3.4 

S =' Solvent 

Se. Se. 

Formation of the coordinate bond between the Cu(I1) ion and selenium coronand 

ligands is important for electron transfer because the redox reactivity of a metal ion is 

controlled by its immediate coordination e n ~ i r o n m e n t ~ ~ * ~ ~ ~ * ~ ~ ~ .  Copper in any oxidation 

state is known to be influenced by the presence of ligands and the difference in stereo- 

chemistry of the Cu(I1) and Cu(1) states209. The unusually high redox potential of blue 

copper proteins10 is attributed to the distorted octahedral ligand coordination environment 
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imposed by the protein. Recently an x-ray crystallographic structure of azurin suggested 

that such smctural distortion exists8. 

Complexation may play an important role in the oxidation of 16Se4+- to 1 6 ~ e 4 ~ +  

by [~u(11)(16Se4)]~+. The Eln of [Cu(l 6Se4)][S03CF312 is 0.640 V, El, of 16Se4 is 

0.508 V for first redox cycle and 1.41 V for second redox cycle. Thermodynamically, it is 

not favorable for [ C U ( ~ ~ S ~ ~ ) ] [ S O ~ C F ~ ] ~  to oxidize the radical cation of 16Se4. It is also 

the case for 12Se4 (12). This coronand has a Ep of 1.54 V and it is not oxidized by 

NOBF4 in CH3CN. However, upon mixing 12 with C U ( S O ~ C F ~ ) ~  the Cu(1) complex is 

obtained. Formation of the complex makes the oxidation feasible. In addition, the dication 

16Se42+ and the Cu(1) complex of 12Se4 are almost insoluble in CH2C12 and CH3CN, and 

the precipitation moves the reaction to the product side. 

In aqueous solution, the redox potential of Cu2+ is 0.153 V vs NHE', but in 

CH3CN itis 1.242 V vs NHE. Acetonitrile forms complexes with copper (11) ions that can 

be isolated210. This explains why the reduction of [Cu(16Se4)][SO3CF3I2 is fast in 

CH3CN; the CH3CN competes with the coronand in complexation of Cu(I1) ion, resulting 

in the dissociation of 16Se4 which is then oxidized by the remaining 

[Cu(16Se4)][SO3CF3I2 (2 1) or other Cu(II) species in the solution. 

Substitution of hydroxyl groups on the coronands may alter the rate-determining 

step of the electron transfer reaction. Both 8Se20H and 16Se4(OH)2 can be oxidized by 

NOBF4 in CH3CN. More importantly, after the first electron transfer occurs, the radical 

cation of the 16Se4 moiety that still coordinates to the Cu(1)L can regain an electron from 

Cu(1)L and go back to the starting material (the chemical reversibility of the Cu(I1) 

complexes of selenium coronands has been confirmed by cyclic voltammetry), or dissociate 

and be re-oxidized by another Cu(1I)L to dication. By using the same argument that 

~uske? '  used to interpret the different redox reactivity of 8S2 and 8S20H towards Cu(II) 

in MeOH solution, we propose that the dissociation of the radical cation from the Cu(1) ion 

is presumably through a nucleophilic attack by the non-bonding electron pair from another 



Se atom interacting with the Se atom bonding with the Cu atom along the direction of the 

lowest unoccupied orbital (i.e. o*). A linear arrangement of Cu-Se-Se may be required in 

the transition state in order to have the most efficient interaction and charge separation. 

When there are hydroxyl group substituents on the macrocyclic rings such linear 

arrangements are impossible because of the affinity of the oxygen atoms. Hence, the 

reverse reaction in which the electron transfers back to the radical cation becomes 

predominant. Therefore, the Cu(I1) complexes of 8Se20H and 16Se4(OH)2 do not 

undergo significant redox reaction with their free ligands. The changes of the uv-visible 

absorption intensity of the copper complexes in the presence of free coronands result from 

changing complexation. The ESR spectrum of [ C U ( ~ S ~ ~ O H ) ~ ] [ C F ~ S O ~ ] ~  (41) in the 

presence of free 8Se20H suggests that another Cu(I1) species is formed besides the 

original complex. It is necessary to point out that another Cu(I1) complex, namely, 

[Cu{16Se40H)][S03CF3]2 also undergoes redox reaction during the recrystallization. The 

corresponding Cu(1) complex is isolated, although addition of the free ligand 16Se40H 

(112 of the complex concentration) into the Cu(I1) complex solution (CH2C12) only causes 

one-third reduction of the complex's absorption intensity. This indicates that the hydroxyl 

substituents in the macrocyclic ring retard the redox reaction but do not completely stop the 

reaction. 

Taking these facts into account, the spontaneous redox reaction of the 

Cu(11)(16~e4)2+ can be expressed as in Scheme 5.3.5. 

Scheme 5.3.5 



In conclusion, Pd(I1) and Cu(I1) complexes of selected selenium coronands have 

been prepared. The configurations of these complexes are determined by electronic 

requirements of the metal ions and the conformational flexibility of the selenium coronands. 

Thus, the Pd(I1) complexes have a square planar configuration about a Pd atom, the Cu(I1) 

complexes have a tetragonally distorted octahedral configuration about a Cu atom and the 

Cu(1) complexes have a tetrahedral configuration about a Cu atom. In these complexes the 

conformation of 16Se4 has shown different forms; all of them differ significantly from the 

conformation of free 16Se4. This finding may provide guidelines for design of new 
P 

coronands which can bind the metal ions with more specificity and stability. The Cu(I1) 

complexes have shown a redox reaction with the selenium coronand ligands. This is a 

unique reaction for the chemistry of selenium coronands and does not appear to occur with 

the sulfur congeners. 



CHAPTER VI 

CONCLUSIONS 

In summary, we have synthesized selenium coronands either containing functional 

groups or with an odd-number of donor atoms, with success, through a one-step or 

stepwise strategy. A mixed sulfur/selenium coronand has also been synthesized. These 

coronands can be used for further investigation of the effects of donor atoms or 

substituents, in the inner coordination sphere, on the properties of metal ion complexes in 

terms of stability and reactivity. Also, the functional groups on the selenium coronands can 

serve as handles for further modifications or for attachment to polymers for developing 

new materialslo8. 

The radical cations of selenium coronands were prepared chemically and 

electrochemically and identified by uv-visible spectroscopy. Cyclic voltammetry of these 

selenium coronands was carried out in CH3CN. Selenium coronands, in general, show a 

susceptibility towards oxidation. Most of the coronands examined have shown chemically 

reversible behavior toward oxidation. This reversibility can be attributed to the formation 

of a two-center three-electron bond within a radical cation (transannular interaction) or 

between a radical cation and a neutral coronand. 16Se4 (8) has been studied in detail by 

cyclic voltammetry, coulometry, and spectroelectrochemistry. Its two redox pairs (on the 

cyclic voltammogram) consist of two single electron transfer processes with El112 0.503 V 

and ~2~~~ 1.41 V respectively. The disproportionation of the radical cation of 16Se4 to 

form 16Se42+ is not favored. 

Pd(I1) and Cu(I1) complexes of selected selenium coronands have been prepared 

and characterized by x-ray crystallography. The configurations of these complexes are 

determined by the electronic requirements of the metal ions and the conformational 

flexibility of the selenium coronands. In these complexes the conformation of 16Se4 (8) 

has shown different forms, all of which differ significantly from the conformation of the 



free ligand 8. This finding may provide guidelines for the design of new coronands which 

can bind metal ions with greater specificity and stability. The Cu(I1) complexes have 

shown a redox reaction with the selenium coronands themselves. This is a unique reaction 

for the chemistry of selenium coronands and does not appear to occur with the sulfur 

congeners. 



CHAPTER VII 

EXPERIMENTAL 

7.1. General Conditions 

Melting points were determined on a Fisher-Johns melting-point apparatus and are 

uncorrected. 1H NMR spectra were recorded either on Bruker SY-100 at 100 MHz or 

Bruker AMX-400 NMR spectrometers at 400.13 MHz. l3C NMR and 7 7 ~ e  NMR spectra 

were recorded on Bruker AMX-400 NMR spectrometer at 100.6 and 76.3 MHz for carbon 

and selenium respectively. For the 'H NMR and l3C NMR spectra, chemical shifts were 

obtained in ppm with respect to SiMe4; coupling constants were obtained from a first-order 

analysis of the spectra. 

The,lH-homonuclear chemical-shift correlated (COSY) spectra were acquired with 

initial data sets of 512 x 2048 data points which were zero-filled once in the F1 direction to 

give a final data set of 1024 x 1024 real data points. 
' 

For the inverse detection experiments a 4-pulse sequence was used for the 

lH( 13C) -13C correlation21 l; the same sequence, incorporating a BIRD pulse in the 

preparation period, was used for the l H - l 3 ~  correlation212. In both cases, time 

proportional phase increments were used in F1. The data sets of 5 12 x 2048 data points 

were zero-filled once in both the F1- and the F2-directions, to give a final data set of 1024 x 

2048 real data points, with a digital resolution of 10.3 and 1.0 Hdpt in the F1- and F2- 

directions, respectively. 

Solid-state NMR spectra were recorded on an instrument (built inhouse) operating 

at a field of 1.4 T or 3.5 T. This produces original resonance frequencies of 11.4 or 28.5 

and 15.1 or 37.5 MHz for 7 7 ~ e  and 13c, respectively. Spectra were excited by using 

single-contact Hartmann-Hahn cross polarization. The matched radio frequency field 

strengths were 40 and 50 kHz for 7 7 ~ e  and 13c, respectively. The same field strength was 
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used for proton decoupling during data acquisition. Samples were spun at the magic angle 

at frequencies of 2-3 kHz. The magic angle was correctly set within +, 0. lo by optimizing 

the line width on well-crystallized samples of ( t - B ~ ~ s n ) ~ S e ~  and H2C204.2H20. 

Chemical shifts were measured relative to long cylindrical samples of aqueous H2Se03 and 

C6H6. These were converted to shifts based on the standard Me2Se and TMS scales by 

using literature data599 72-74. 

ESR spectra were recorded on Varian E-4 EPR Spectrometer equipped with a 

Varian Temperature Controller. The magnetic field was calibrated with DPPH (g = 

2.0036)213. For experiments at ambient temperature, nitromethane was used as the 

solvent; for experiments at low temperature, mixed solvents, nitromethane and toluene 

(1: 1, V/V) were used. The concentration of copper(I1) complexes of selenium coronands 

was about 1 x 10-3 M. Measurements were obtained from a solution sample in a melting 

point capillary that was placed in a normal ESR tube. 

X-Ray crystallography was carried out by Drs. R. J. Batchelor, and F. W. B. 

Einstein. 

Chemical ionization mass spectra were measured on a Hewlett-Packard HP-5899 

mass spectrometer with isobutane as the reacting gas. 

Analytical TLC was performed on precoated aluminum plates with Merck silica gel 

60F-254 as the absorbent. The developed plates were air dried, exposed to uv light and/or 

sprayed with 10% H2S04 in ethanol, and heated to 100 'C. Flash column chromatography 

was performed on Kieselgel60 (230-400) according to a published procedure214. 

Microanalyses were performed by M. K. Yang of the Microanalytical Laboratory of 

. Simon Fraser University. 



7.2. Solvents and Chemicals 

7.2.1. Solvents 

Acetonimle (Fisher or Caledon, AR or HPLC grade) was refluxed with CaH2 and 

distilled under N2 before use. Dichloromethane (CH2C12, Aldrich, AR grade) was distilled 

from P205 under N2. Nitromethane (CH3N02, Fisher, certified) was dried over CaC12, 

and distilled from P205 under N2. Tetrahydrofuran (THF, Aldrich, AR grade) was 

refluxed with Na and benzophenone until a purple solution was formed, then was distilled 

under N2 before use. N,N-Dimethylformarnide (DMF, Aldrich, A.C.S. reaynt) was dried 

over molecular sieves and distilled under reduced pressure before use. 

7.2.2. Chemicals 

4 

Tetraethylammonium perchlorate (Kodak) was dried under vacuum at 70 "C. 

NOBF4 (Aldrich) was sublimed at 100 'C under vacuum, sealed in a vial and was kept in a 

freezer (- 20 "C). 

7.2.3. Preparation of Selenium Coronands and Metal Ion Complexes 

1 6 S e 4 ( O H ) 2  ( 9 )  and 8Se20H ( 1 7 ) .  T o  2-hydroxy-1 ,3-  

propanediselenocyanate (NCSeCH2CH(OH)CH2SeCN, 1.6 g, 5.97 mmol) in dry THF 

(50 ml) was added, with stirring, NaBH4 (0.96 g, 0.025 mol) in dry EtOH (20 ml). A 

yellow homogeneous solution was formed. Then, B I - ( C H ~ ) ~ B ~  (2.0 g, 9.90 mmol) in dry 

THF (20 ml) was added to the above solution. The mixture was stirred overnight at 

ambient temperature. After removal the solvent under reduced pressure, the mixture was 

poured into water and extracted with CH2C12. The extract was washed with water (3 x 25 

ml), and dried over MgS04. After removal of the solvent, purification by silica gel flash 

chromatography (hexane: ethyl acetate (3:l, v/v) yielded 8Se20H 17 as a colorless oil (360 



mg, 23%) which became white waxy needles upon cooling in a refrigerator and 

16Se4(OH)2 9 as a white solid (362 mg, 12%). Data for 8Se20H (17): mp: 34-35 "c. 

1~ NMR (400 MHz, CDC13). 6 2.32-2.48 (2H, dtt, Jfg = 13 Hz, Jfd 3.75 Hz. Jfe = 8.00 

Hz, Jge = 4.25 Hz, Jgd = 7.50 Hz, SeCH2C(fif)I-lgCH2Se). 2.68-2.74 (2H, ddd, Jed = 

13.4 Hz, Jef = 8.00 HZ, Jeg = 4.25 HZ, SeCH2CH(H)C(Hd)I&Se), 2.79-2.86 (2H, ddd, 

Jde = 13.4 Hz, Jdg = 7.50 Hz, Jdf = 3.75 Hz, SeCH2CH(H)HC&)H,Se), 2.96-3.03 (2H, 

dd, J,b = 13.8 Hz, Jca = 7.00 HZ, SeC&)Hb-CHOHCH2Se), 3.13-3.18 (2H, dd, Jbc = 

13.8 Hz, Jba = 3.00 Hz, SeC(Hc)H,CHOHCH2Se) ,  3.98 (2H, s(br), 

SeCH2CFJOHCH2Se). 13C NMR (100 MHz, CDC13). 6 23.9 (a-cH2Se-, rel. int. 2), 

30.2 (a-CH(0H)Se-, rel. int. 2), 30.8 (P-GH2, rel. int. I), 69.4 (P-GHOH, rel. int. 1). 

IR (Nujol): 3400 (u-OH), 1290, 1230, 1120 , 1090 ( u X - 0 )  cm-1. Anal. Calc. for 

C6H120Se2 : C, 27.91; H, 4.651. Found: C, 28.14; H, 4.62. 

data for 16Se4(OH)2 (9): mp: 79-80 0C. L H  NMR (400 MHz, CDC13). 6 2.09 

(4H, p, J = 6.4 Hz, SeCH2CH2CH2Se), 2.66-2.90 (18H, m, SeCH2CHOHCH2Se & 

OH), 3.88 (2H. m, SeCH2CYOHCH2Se). 13C NMR (100 MHz, CDC13). 6 24.3 (a- 

GH2Se-, rel. int. 2), 31.3 (a-GH(0H)Se-, rel. int. 2), 3 1.6 (P-GH2, rel. int. I), 70.1 (P- 

CHOH, rel. int. 1). MS: 498 (M+-18). IR (Nujol): 3400 (u-OH), 1290, 1230, 1120 , - 
1050 ( u C - 0 )  cm-'. MS: 498 (M+ - 18). Anal. Calc. for CI2H2,O2Se4 : C,27.91; H, 

4.65 1. Found: C, 28.07; H, 4.56. 

Poly(l,2-diselenobenzene) (26)94. Na (2.9 g, .12 mol) in small pieces was 

added to selenium powder (9.5 g, 0.12 mol) in DMF (60 ml) that was stirred and heated to 

100 OC. Reaction occurred upon the addition of Na to give a brown solution, which was 

kept at 100 OC for 20 min. Subsequently, 1,2-dibromobenzene (7.3 ml, 11.6 g, 0.049 

mol) was added dropwise into the above solution. The solution was kept gently boiling for 

38 hours. The mixture, after being cooled to ambient temperature, was poured into a 

water/MeOH solution (500 ml, 1: 1, v/v). A bright orange precipitate was formed, filtered 



and washed with water/MeOH (2:1, vlv), MeOH and CH2C12. Compound 39 was 

obtained as an orange solid (6.2 g 66% yield). 

1,2-Bis(3-hydroxy-1-propylseleno)benzene (27). To poly(l,2-dise- 

lenobezene), 39, (1.0 g, 0.0042 mol) in dry THF (50 ml) was added NaBH4 (0.65 g, 

0.02 mol) in dry EtOH (20 ml). A light yellow clear solution was formed, to which 3- 

bromo- 1-propanol (2.36 g, 0.017 mol) in dry THF (30 ml) was added. The mixture was 

stirred at ambient temperature for 48 h, then poured into water (150 ml) and extracted with 

CH2C12 (3 x 30 ml). The combined extracts were washed with water, dried (Na2S04) and 

concentrated in vacuo to yield a light yellow oil. Purification by silica gel flash 

chromatography (hexane:ethyl acetate (1:l)) yielded a yellow oil (1.0 g, 66% yield). 'H 

NMR (100 MHz, CDC13). 6 1.97 (4H, p, J = 6.6 Hz, SeCH2CE12CH20H), 2.72 (2H, 

OH'S, m), 3.02 (4H, triplet, J = 6.6 Hz, SeCH2CH2CH20H), 3.78 (4H, triplet, J = 6.61 
4 

Hz, SeCH2CH2C&OH), 7.1 1-7.46 (4H, m, Arm. 13c NMR (100 MHz, CDC13). 6 

24.3 (SeCH2's), 32.3 (P-CH2's), 62.3 (-CH20H), 127.3, 132.0 and 134.9 (benzene 

ring). IR(pure sample). 3400 (br, v-OH), 3040 (v-ArH), 2930, 2850 (s, V-CH), 1435 (s, 

6CH). 1240, 1050 (s, v-C-0). 900 cm-'. MS: 352 (M*). Anal. Calc. for Cl2Hl8Se2O2: 

C, 40.92; H, 5.15. Found: C, 41.08 ; H, 5.20. 

1,2-Bis(3-chloro-1-propylseleno)benzene (28). To thionyl chloride (10 

ml), was added dropwise 1,2-bis(3-hydroxy- 1-propylseleno)benzene, 27, (1.35 g, 0.004 

mol) in dry CH2C12 (5 ml). The mixture was stirred and refluxed for 1.5 h. Then the 

thionyl chloride was removed in vacuo. The residue was diluted with water (50 ml) and 

extracted with CH2C12 (20 ml x 3). The combined extracts were washed with water (20 x 

3), dried over Na2S04 and concentrated in vacuo to yield a yellow oil. Purification by 

silica gel flash chromatography (hexane: ethyl acetate, 20:l) yielded 1,2-bis(3-chloro-1- 

propylse1eno)benzene (420 mg, 31% yield). 'H NMR (100 MHz, CDC13). 6 2.15 (4H, 

p, J = 6.6 Hz, SeCH2CH2CH2Cl), 3.10 (4H, t, J = 6.9 Hz, SeCu2CH2CH2Cl), 3.70 

(4H, t, J = 6.3 Hz, SeCH2CH2Cu2Cl), 7.17-7.80 (4H, m, ArH). 13c NMR (100 MHz, 



CDC13). 6 24.6 (SeCH2's), 32.4 (P-CH2's), 44.3 (-CH2CI), 127.5, 132.1 and 134.0 
.. 

(benzene ring). IR (pure sample). 3040 (v-ArH), 2940 (s, 6-CH), 1550 (s, V-C=C, Ar) 

cm-'. MS: 390 (M+ + 1). Anal. Calc. for C12H17C12Se2: H, 4.12; C, 37.1 1. Found: H, 

4.10; C, 37.32. 

Dibenzo-14Se4 (14). To poly(l.2-diselenobenzene), 26, (246 mg, 1.05 mmol) 

in dry THF (10 ml) was added dropwise NaBH4 (160 mg, 4.21 mmol) in dry EtOH (5 ml) 

at ambient temperature. Then, 1,2- bis(3-chloro- 1 -propylseleno)benzene, 28, (340 mg, 

0.874 mmol) in THF (20 ml) was added dropwise to the above solution. The reaction 

mixture was stirred at ambient temperature for 24 h, then diluted with water (20 ml) and 

extracted with CH2C12 (20 ml x 3). The combined extracts were washed with water (20 ml 

x 3), dried over N9S04 and concentrated in vacuo to yield a thick orange oil. Purification 

by silica n gel flash chromatography (hexane : ethyl acetate, 20 : 1, v/v) yielded dibenzo- 

14Se4 ( 290 mg, 60% yield) as yellowish crystals which was recrystalized form 

CH2C12EtOAc. mp.: 17 1-172 'C. 'H NMR (100 MHz, CDC13). 6 1.98 (4H, p, J=7.1 

Hz, SeCH2CH2CH2Se), 3.02 (8H, t, J=7.1 Hz, SeCEJ2CH2CH2Se), 6.95-7.35 (8H, m, 

A .  "C NMR (100 MHz, CDC13). 6 27.0 (SeCH2's), 29.3 (P-cH2's), 127.3, 133.7 

and 134.1 (benzene ring). IR(KBr salt). 3030 (v-ArH), 2910 (s, V-CH), 1550 (v-C=C), 

1210, 1020 cm-l. UV(CH2Cl2). A(&): 256 nm (2.2 x lo4), 274 nm (2.2 x lo4). MS: 

552 (M+). Anal. Calc. for C18H2$e4 : H, 3.65; C, 39.15. Found: H, 3.51; C, 39.10. 

cyanate (2.0 g, 0.08 mol) in dry THF (30 ml) was added dropwise NaBH4 (1.2 g, 0.032 

mol) in dry EtOH (15 ml) at ambient temperature. Then, 3-chloropropanethiol (1.76 g, 

0.0159 mol) in THF (20 ml) was added dropwise to the above solution. The reaction 

mixture was stirred at ambient temperature for 96 h. Subsequently, the solution was 

concentrated in vacuo, diluted with water (20 ml) and extracted with CH2C12 (20 ml x 3). 

The combined extracts were washed with water (20 ml x 3), dried over N 9 S 0 4  and 

concentrated in vacuo to yield a thick orange oil. Purification by silica gel flash 



chromatography (hexane : ethyl acetate, 10 : 1)  yield 1.3-bis(3-mercaptopropylseleno)- 

propane (2.55 g, 60% yield) as a yellowish liquid. 'H NMR (100 MHz, CDC13). 6 1.53 

(2H, p, J = 8.6 Hz, -SeCH2C H 2 C  H 2Se-), 2.05 (4H, p, J=8.6 HZ, 

HSCH2CH2CH2SeCH2CH2CH2SeCH2CY2CH2SH), 2.88 (12H, p, J=8.6 Hz, HSCH2- 

CH2C~2SeC~2CH2-CY2SeCu2-CH2~H2SH). ~ ~ C N M R  (100 MHz, CDC13). 6 22.1 

(CH2's a to Se, showing triplet satellite peak), 23.67 (CH2's a to Se, shown triplet 

satellite peak), 24.4 (CH2's P to SH), 31.1 (CH2's P to Se), 34.3 (CH2's a to SH). 

IR(pure). 2830-2940 (s, V-CH), 2540 (v-SH), 1440(6CH) cm-l. MS: 350 (M+). Anal. 

Calc. for C9H18Se2S2 : H, 5.7 1; C, 30.86. Found: H, 5.72; C, 30.92. 

16S2Se2 (11). To a suspension of Cs2C03 (28, 0.00613 mol) in dry DMF (50 

ml) heated to 60 'C was added dropwise dibromopropane (1.15 g, 0.00569 mol) in dry 

DMF (50 d l )  and 1,3-bis(3-mercaptopropylseleno)propane, 30 (2 g, 0.00574 mol) in 

DMF (50 ml) dropwise. The addition process took about 3 hours. The reaction mixture 

was stirred at 65-70 "C for 6 days. Then, the solution was concentrated in vacuo, diluted 

with water (30 ml) and extracted with CH2C12 (30 ml x 3). The combined extracts were 

washed with water (20 ml x 3), dried (Na2S04) and concentrated in vacuo to yield a thick 

orange oil. Purification by silica gel flash chromatography (hexane : ethyl acetate, 250 : 

1.5, V/V) yielded 1,5-diselena-9,13-dithiacyclohexadecane (500 mg, 22% yield) as white 

crystals. mp: 53-54 'C. 'H NMR (100 MHz, CDC13). 6 1.97 (8H, overlapped pentets, J 

= 6.0 Hz, -SCH2CH2CH2S- and -SeCH2CH2CH2Se-), 2.87 (8H t, J = 6.0 Hz, 

-CB2SeCH2CH2CH2SeCu2-). 3.05 (8H, t, J = 6.0 Hz, -C~2SCzl.>CH2Cu2SCH2-). 

~ ~ C N M R  (100 MHz, CDC13), 6 22.7 (CH2's a to Se), 23.8 (CH2's a to Se), 29.8 (P- 

CH2's), 30.8 (P-CH2's), 31.8, 32.0 (CH2's a to S). IR(KBr). 2857, 2928 (s, V-CH), 

145 1 (s, 6 C H ) .  1240, 1042 (v-SeC or V-SC ) cm-l. MS: 390 (M+). Anal. Calc. for 

C12H24Se2S2: C, 36.92; H, 6.20. Found: C 37.05; H 6.27. 

C U ( C F ~ S O ~ ) ~ ~ ~ ~ .  Cu0  (0.64 g, 8.0 x mol) was added to HS03CF3 (2.42 

g, 0.016 ml) in H20 (2 ml). A clear blue solution was formed upon heating. The solution 



was filtered and boiled to evaporate the water. A white solid, C U ( S O ~ C F ~ ) ~  (1.72 g, 62 9% 

yield) was obtained and was dried at 70 OC under vacuum for 20 h. 

[ C U ( ~ ~ S ~ ~ ) ] ( C F , S O ~ ) ~ ~ ~  (21). To C U ( C F ~ S O ~ ) ~  (35 mg, 0.097 mmol) in  

dry acetone (1  ml) was added 16Se4 (48 mg, 0.099 mmol) in dry acetone (0.5 ml). The 

mixture was stirred for 5 min at ambient temperature and then cooled to 0 OC with an ice 

bath. Dry diethyl ether (2 ml) was added to the above dark brown solution to give black 

crystals. The crystals were collected by decanting the solution and washed with ether. 

Recry s tallization by diethyl ether vapor diffusion into a CH3N02 solution afforded 55 mg 

(67% yield) of the crystals. 

[Cu(12Se4)]CF3S03 (45). To C U ( S O ~ C F ~ ) ~  (20 mg, 0.046 mmol) in dry 

acetone (0.5 ml) was added 12Se4 (16.7 mg, 0.046 mmol) in CH2C12 (1 ml). A white 

precipitate was formed immediately with the addition of the 12Se4 solution. The precipitate 

(10 mg, 34% yield) was collected by filtration. Anal. Calc. for C U C ~ H ~ ~ F ~ S S ~ ~ ~ ~  : C, 

16.87; H, 2.52; Found: C, 16.90; H, 2.40. 

[Cu(l6Se4(0H),)](SO3CF3), (39). To C U ( C F ~ S O ~ ) ~  (10 mg, 0.028 mmol) 

in dry CH3N02 (2 ml) was added 16Se4(OH)2 (14.3 mg, 0.028 mmol) in dry CH2C12 (1 

ml). A dark brown solution was formed which was stirred for 5 min at ambient 

temperature and then cooled to 0 OC with an ice bath. Diffusion of diethyl ether vapor into 

the brown solution yielded [C~(16Se4(0H)~)] (CF3S03)2 (1 2 mg, 49% yield) as dark 

brown crystals. UV (CH2C12). h(&) 464 nm (11920), 310 nm (2267). Anal. Calc. for 

C U C ~ ~ H ~ ~ F ~ ~ ~ S ~ S ~ ~  : C, 19.16; H, 2.70. Found: C, 19.34; H, 2.63. 

[Cu(14Se4)](S03CF3), (44). To C U ( C F ~ S O ~ ) ~  (22 mg, 0.061 mmol) in dry 

acetone solution (0.5 ml) was added 14Se4 (27 mg, 0.059 mmol) in CH2C12 (0.5 ml) at 0 

"C. The mixture was stirred at -20 OC for 1.5 h. After the addition of 2 ml dry EbO, the 

solution was kept in a freezer (-25 OC) for 48 h. A brown precipitate (32 mg, 64% yield) 

was collected by decanting the solvent. UV (CH2C12). h(&) 554 nm (1362), 418 nm 

(7670). 



[Cu(8Se20H)21[CF3S0312 (41). To a solution of 8Se20H (46 mg, 0.178 

mmol) in CH3N02 (2.5 ml) was added C U ( S O ~ C F ~ ) ~  (33 mg, 0.091 mol) in CH3N02 

(2.5 ml). The reaction mixture was stirred for 10 min at ambient temperature and then was 

cooled to -10 OC. Dark brown crystals (45 mg, 61% yield) were collected by decanting the 

mother liquor. UV (CH2C12). A(&) 571 nm (81 16), 386 nm (7905). Anal. Calc. for 

C U C ~ ~ H ~ ~ F ~ ~ ~ S ~ S ~ ~  : C, 19.16; H, 2.76. Found: C, 19.36; H, 2.66. 

[ C U ( ~ ~ S ~ ~ S ~ ) ] ( C F , S O , ) ~  (42). To C U ( C F ~ S O ~ ) ~  (20 mg, 0.056 mmol) in 

dry acetone (0.5 ml) was added 16Se2S2 (22 mg, 0.056 mmol) in dry acetone (0.5 ml). 

The mixture was cooled to 0 OC with an ice bath and stirred for 5 min. Vapor diffusion of 

diethyl ether into the solution resulted in the deposition of dark brown crystals which were 

collected by decanting the mother liquor and were washed with ether. The crystal for x-ray 

crystallography was prepared by diffusion of diethyl ether vapor into a nitromethane and 

dichloromethane (2 : 1, vlv) solution of [Cu(l6Se2S2)][CF3SO3l2, at ambient temperature. 

Dark brown needle crystals (20 mg, 47% yield) were formed. UV (CH2C12). A(&): 570 

nm (900). 456 nm (6870). 280 nm (450). Anal. Calc. for C U C ~ ~ H ~ ~ F ~ ~ ~ S ~ S ~ ~  : C, 

22.37; H, 3.20. Found: C, 22.49; H, 3.19. 

[Cu(16Se2S2)]CF3S03 (43). [ C U ( ~ ~ S ~ ~ S ~ ) ] ( C F ~ S O ~ ) ~  crystals (15 mg) 

were dissolved in acetone (0.6 ml) and ether vapor was allowed to diffuse into the solution. 

White needle crystals were formed in 24 h at ambient temperature. X-ray crystallography 

showed the white crystal was the complex [Cu(16Se2S2)]CF3S03. Anal. Calc. for 

C U C ~ ~ H ~ ~ F ~ ~ ~ S ~ S ~ ~  : C, 25.91; H, 3.99. Found: C, 25.99; H, 4.01. 

[ P d ( 1 6 S e 4 ) ] ( B F 4 ) 2 *  (34) .  To PdC12 (16.4 mg, 0.092 mmol) in 

CH3CNICH2C12 (4 ml, 2: 1, vlv), NaBF4 (13 mg, 0.12 mmol) was added under N2. The 

solution was heated, stirred for 10 min and cooled to ambient temperature. 16Se4 (23.8 

mg, 0.049 mmol) in CH3CNICH2C12 (2 ml, 2: 1, vlv) was added to the above solution and 

The synthetic method was first developed by J. H. Gu in the group 



was stirred for 30 min at ambient temperature. Then, the solution was filtered. Ether 

vapor diffusion into the yellow filtrate gave yellow crystals (21 mg, 57% yield). UV 

(CH3CN), A(&): 314 (26758), 210 (8409). Anal. Calc. for PdC12H24Se4B2F8: C, 18.86; 

H, 3.16. Found: C, 19.10; H, 3.11. 

[Pd(16Se4)CI]BF4 (35). To PdCI;! (8.7 mg, 0.049 mmol) in CH3CNfCH2C12 

(2 ml, 2:1, vfv), NaBF4 (13 mg, 0.12 mmol) was added under N2. The solution was 

heated, stirred for 5 min and cooled to ambient temperature. 16Se4 (44.8 mg, 0.092 

mmol) in CH3CNICH2C12 (2 ml, 2: 1, vlv) was added to the solution and the mixture was 

stirred for 15 min at ambient temperature. Then, the solution was filtered. Ether vapor 

diffusion into the red filtrate gave red crystals (35 mg, 54% yield). Data for 35: UV 

(CH3CN). A(&): 314 (19949), 210 (6548). Anal. Cal. for PdC12H24Se4C1BF4: C, 

20.22; H, 3.39. Found: C, 20.28; H, 3.28. 

[Pd224Se6(CI)2] (BF4)2*  (36). To PdCI2 (12.7 mg, 0.071 mmol) in 

CH3CNICH2C12 (2 ml, 2: 1, vlv), NaBF4 (20 mg, 0.18 mmol) was added under N2. The 

solution was heated, stirred for 5 min and then cooled to ambient temperature. 24Se6 

(26.0 mg, 0.035 mmol) in CH3CNICH2C12 (2 ml, 2:1, vlv) was added to the above 

solution and the mixture was stirred for 5 min at ambient temperature. Then the solution 

was filtered. Ether vapor diffusion into the yellow filtrate gave yellowish orange crystals 

(34.8 mg, 82.2% yield). Data for 36: UV (CH3CN). A(&): 366 (4837), 294 (24838), 

216 (13145). Anal. Calc. for Pd2C18H36Se6C12B2F8: C, 18.26; H, 3.06. Found: C, 

18.12; H, 3.00. 

8Se2(S03CF3), (33). To C U ( C F ~ S O ~ ) ~  (410 mg, 1.14 mmol) in dry CH3CN 

and CH2C12 (0.5 ml, 2:l vlv) was added 8Se2 (48 mg, 0.099 mmol) in dry acetone (0.5 

ml). After the addition, white crystals were observed in the solution. The mixture was 

stirred for 5 min at ambient temperature and then cooled to 3 OC for overnight. The white 

crystals were collected by filtration and recrystallized from CHjCN (234 mg). Data for 33: 

mp 167-168 OC (decamp.). 1H NMR (100 MHz, CD3CN): 6:  3.0-3.7 (m, 4H, 



SeCH2CH2CH2Se), 3.9-4.3 (m, 8H, SeCH2CH2CH2Se). 13c NMR (LOO MHz, CDC13 

): 8: 36.1 (SeCH2CH2CH2Se); 52.3 (SeC-H2CH2GH2Se). Anal. Calc. for 

C,H ,,F6S2Se206: C, 17.25; H, 2.219. Found: C, 17.53; H, 2.370. 

Detection of radical cations 

UV-visible spectra of radical cations of selenium coronands were recorded with a 

Hewlett Packard 89500 UVIVIS Chem Station and HP 8452 Diode Array 

Spectrophotometer. The temperature was controlled at 25 OC with a thermostat. 

An NOBF4 stock solution was prepared with freshly distilled CH3CN in a glove 

bag filled with N2. Selenium coronand stock solutions were prepared with dried CH3CN 

in 10-ml Volumetric flasks. 

For each individual selenium coronand, 3 ml of selenium coronand solution was 

transferred with a pipette into a quartz uv-cell which was then sealed with a wired septum. 

N2 was bubbled through the solution for 15 min to drive off the 0 2 .  The NOBF4 

acetonitrile solution was added to the s timed coronand solution with a 25 p1 syringe. When 

the half of the NOBF4 solution in the syringe was added, the repetitive scanning of the 

spectrum was started at 4, 60 and 300-second intervals according to the stability of the 

radical cation. 

7.3. Kinetics 

The instrument for the kinetic measurements was a Hewlett Packard 89500 UVNIS 

Chem Station and HP 8452 Diode Array Spectrophotometer which has kinetics software. 

Except in variable temperature experiments, the temperature was kept at 25 OC with a 

thermostat. 

In order to avoid the interference of 02 ,  flasks for preparing solutions were flushed 

with N2 before use, and CH2C12 was distilled from P205 under N2. The copper (11) 

complex solutions in uv-cells were sealed with a wired septum and bubbled with N2 for 15 



min. The selenium coronand solution was also kept in a vial and sealed with a wired 

septum. 

The reaction was initiated by injecting the coronand solution with a 25 p1 syringe 

into the copper (11) complex solution being stirred in the uv-cell. When half of the 16Se4 

solution in the syringe was added to the copper (11) complex solution, the data collection 

was started and this point was taken as time zero in the data treatment. The spectroscopic 

scan was over the range of interest; therefore, the absorption intensity variations of the 

complex and the intermediate with time were followed. The variations of complex 

absorption maximum and intermediate absorption maximum versus time were recorded 

with the help of a cursor. Subsequently, the data were substituted into equations (see 

Chapter 5) for kinetic analyses. Three runs were performed for each concentration of a 

substrate. 

7.4. Electrochemical Experimental 

7.4.1. Cyclic Voltammetry 

Cyclic voltammograms were recorded on a  PAR^^ Model 170 Electrochemistry 

System or a  PAR^^ Model 1731175 Electrochemistry System, both of which have a build 

in positive feed back IR compensation. Cyclic voltammetry was carried out with a three- 

electrode device. The reference electrode was an aqueous saturated calomel electrode 

(SCE) with a Luggin capillary. The tip of the Luggin capillary was located about 0.5 cm 

from the working electrode. The working electrode was a platinum plane electrode and the 

counter electrode was a platinum wire. Before potential scanning, the solution was 

bubbled with N2 for 15 min to drive off the 02. An N2 flow was kept above the surface of 

the solution after bubbling to maintain a nitrogen atmosphere. The cyclic voltammograms 

used for kinetic analysis were obtained from a single scan for every concentration and 

every scan rate, and the surface of the electrode was cleaned with a tissue after every scan. 



SCE Reference Pt Working 
Electrode Electrode 

u 
Figure 7.4.1. Experimental set-up for cyclic voltammetry. 

7 

7.4.2. Calibration of Reference Electrode for Liquid Junction 

In the three-electrode cell, cyclic voltarnmemc scans were performed on fe~ocene 

(4.34 x 10-3 M) in CHjCN at different rates. Redox potentials, Eln , of each scan rate 

were determined vs SCE. The averaged experimental redox potential was 0.369 V. In 

comparison with the data in the literature, ElI2 of ferrocene is 0.307 V114 vs SCE (in 

CH3CN, 0.1 M TEAP); therefore the difference is 0.062 V. Redox potentials determined 

from cyclic voltammetry in this thesis were corrected by subtracting 0.062 V. 

Table 7.4.1 Cyclic Voltammetric Data of Ferrocene 

a. Versus SCE 

b. E i n  = (E, + 



7.4.3. Electrolysis 

The electrolysis was carried out in a two-compartment electrochemical cell. The 

compartments were partitioned by a sintered glass disk. The working and counter 

electrodes were Pt gauze electrodes. The reference electrode was an aqueous saturated 

calomel electrode (SCE) with a Luggin capillary to prevent water from going into the 

organic solution. TEAP was used as the electrolyte. The solution was purged with the N2 

for 15 min before the electrolysis and the N;! flow was kept bubbling during electrolysis. 

The species produced from electrolysis was characterized by uv spectroscopy by 
> 

withdrawing the electrolyte with a syringe, and transferring into a uv cell. During the 

electrolysis, the solution was always stirred. 

The coulometer was calibrated with ferrocene. Ferrocene in different 

concentrations (in CH3CN) was electrolyzed. Tetraethylammonium perchlorate (0.1 M) 

was used as the electrolyte. The electric charge displayed on the coulometer was compared 

with the calculation to check if they were consistent. When a concentration of electroactive 

species was electrolyzed, a parallel experiment, the electrolysis of the blank solution, was 

performed for as long as the electrolysis of the substrate in low concentration. The electric 

charge passing through a blank solution was recorded and subtracted from the total electric 

charge measured from the electrolysis of the substrate to correct for the blank current 

drifting. 



SCE Reference 
Electrode 

Figure 7.4.2. Experimental set-up for controlled 
potential electrolysis. 



Table 7.4.2. Data for Electrolysis of Selenium Coronands 

Compounds Solvent Applied Calc. Found 
(l3-EA.R) Potentialb (Coulomb) (Coulom b) 

16Se4 CH3CN 0.8 5.98C 6.0 
(30 mg)' (0.1 M) 
16Se4 CH3CN 2.0 12.0" 12 

(30 mg) (0.1 M) 
8Se2 CH3CN 1 .o 1 ld 9.7 

(14.7 mg) (0.1 M) 

1 4Se4 CH3CN 1.1 6.8d 7.3 
(16 mg) (0.1 M) 

Table 7.4.3. Data for Electrolysis of Metal Ion Complexes of Selenium 

Coronands 
-- - 

Compounds Solvent Applied Calculation Found No. 

(MI ([TEAP])a ~otentialb (Coulomb) (Coulomb) of e 

[pd2(24se6)c1212+ CH3CN -0.7 4 9  4.4 2e 
(25 mg) (0.1 M) 

[Pd( 16Se4)Cl]+ CH3CN -0.7 3.lc 3.4 le 

(22.9 mg) (0.1 M) 

Cu(S03CF3)2 CH3N@ 0.0 2.Sc 2.2 le 

(9.4 mg) (0.1 M) 
[ ~ u ( l  6se4)12+ CH2C12 0.0 1 .2C 1.1 le 

(10.8 mg) (0.05 M) 

[ C u ( 1 6 ~ 2 ~ e 2 ) ] ~ +  CH2C12 0.0 2.2C 2.1 le 

(21 mg) (0.05 M) 

[CU(~WWP+ CH3N02 0.0 0.77C 0.81 1 e 
(6.9 mg) (0.1 M) 

a. TEAP is tetraethylammonium perchlorate. 

b. The potential was referenced to SCE. 

c. Calculated by le-transfer. 

d. Calculated by 2e-transfer. 



7.4.4. Cyclic Voltammetry under Electrolysis 

Cyclic voltammetry under electrolysis was carried out in the two-compartment cell 

shown in Figure 6.4.2. Two potentiostats were used: a PARTM Model 170 

Electrochemistry System was used for electrolysis; a PARTM Model 1731175 

Electrochemistry System was used for cyclic voltammetry. The working electrode and 

counter electrode for electrolysis were both Pt gauze electrodes. In the compartment where 

the working electrode for electrolysis was placed, another Pt electrode for cyclic 

voltammetry and a saturated calomel electrode (SCE) were placed. 

' Two potentials, 1.2 V and 1.8 V were applied separately on the Pt gauze electrodes 

for the electrolysis of 16Se4 (3.3 mM in CH3CN). After bubbling N2 through the solution 

for 15 min, the potential for electrolysis (1.2 or 1.8 V vs SCE) was applied. The 

electrolyte was spectroscopically monitored by withdrawing the electrolyte into a uv-cell 

with a syringe. When the desired absorption maximum became the predominant peak, the 

cyclic voltammetric scan was started. 

7.4.5. Convolutional Analysis 

Convolutional analysis was carried out on the Macintosh Plus Computer. The 

computing program114 was written in the Microsoft Basic language (Appendix). 

Cyclic voltammogram data were digitized manually on a TALOS digitizer that was 

located at the computing center. The digitized data were saved as MTS files. Then, 

through the Kermit program, the MTS files were down-loaded and converted to Macintosh 

files. The format of the data was a column of data pairs, X and Y, which were separated 

by a space. The data were read and treated by the program. 



7.5. Spectroelectrochemistry. 

7.5.1. Preparation of an Optically Transparent Pt Film ~ l e c t r o d e ~ ' ~ - ~ ' ~  

A quartz plate (4" x 4" x 1/16" CFQT, 20 Suprasil) was purchased from Heraeus 

Amersil Inc. Platinum powder (99.99%) was purchased from Aldrich. 

The quartz plate was boiled in detergent, rinsed, reheated in distilled water and then 

stored in isopropyl alcohol. The cleaned quartz plate was held on an aluminum plate holder 

that had filaments underneath to heat the quartz plate, because Pt deposits better on a hot 

surface2',8 Then the holder was placed in a vacuum bell jar (CHA Industries SE-600-RAP 

Vacuum Evaporator, which was housed in Department of Physics); the quartz plate was 

facing down towards to the tungsten evaporation filament. This prevented molten metal 

droplets from falling on the quartz plate. The tungsten evaporation filament was a 1 x 8 cm 

tungsten plate with a dent in it for holding the Pt powder. The distance between the quartz 

plate and the Pt powder was approximately 10 cm. Pt was evaporated at a rate of 100 

&min for 3-5 min at a vacuum of 2 x lom5 tom. A thin Pt film was formed on the quartz 

plate. The Pt film was annealed in a muffle furnace at 550 "C for 2 h. Then the electrode 

was made by cutting the quartz plate into 9 x 30 mm pieces, so that they could be placed in 

a uv cuvette. Figure 6.5.1 shows the uv-visible spectrum of the optically transparent Pt 

electrode, which had a broad window for uv-visible light (200-800 nm, absorbance = 0.5 ) 

after annealing. 

7.5.2. Preparation of AgIlAg Reference Electrode 

In a crucible, AgI (Aldrich) was heated to melt with a tirrill burner. A thin silver 

plate was dipped into the melted AgI so that a thin film of AgI was coated on the Ag plate. 



7.5.3. Spectroelectrochemistry 

The potentiostat was a  PAR^^ Model 170 Electrochemistry System or a  PAR^^ 
Model 1731175 Electrochemistry System, both of which have a built in positive feed back 

iR compensation, or a Pine RDE4 bipotentiostat. The spectrophotometer was a Hewlett 

Packard 89500 UVNIS Chem Station and a HP 8425 Diode Array Spectrophotometer. 

The electrolysis was carried out in a uv cuvette. The electrode was a thin Pt wire 

curled into a web shape or an optically transparent platinum electrode. The reference 

electrode was a thin Ag plate coated with a thin layer of AgI. The counter electrode was a 

platinum wid kept in a glass tube which had a sintered end to prevent the species that is 

generated on the counter electrode from interfering with the observation of the species 

produced on the working electrode. 

Before the potential was applied to the electrodes, the solution was bubbled with N2 

for 15 min to drive off the 0 2  then an N2 flow was kept, maintaining a blanket of N2 above 

the surface of the solution. The uv-visible spectroscopic scan was started as soon as the 

potential that was determined by cyclic voltammetry of the particular compound was 

applied to the electrodes. The uv-visible spectroscopic scan was repetitive. 



Figure 7.5.1. UV-visible spectrum of an optically transparent Pt 
electrode. 
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Figure 7.5.2. Experimental setup for spectroelectrochemistry. 
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Table 7.5.1. Spectroelectrochemistry Data 

Compounds Conc. 

(MI 
Solvent Potentials Observation 

(Volt) Amax (nm) 

[Ch(16Sell)][SgcF& 1.28 x lo-4 CH2C12 0.0 466b 
(0.05 M TEAP) 

a. Potentials are referenced to a Ag thin plate coated 

with AgI. 

b. The peak was decreasing with time. 



APPENDIX 

A.1. Program for Convolutive Transformation of CV Data 

Equation A-1 is the expression for the convolutive transformation. The numerical 

algorithm114 for A- 1 is given in A-2 and it corresponds to the bracketed term in A-1. The 

following is the program for carrying out the convolutive transformation of cyclic 

voltammetric data based on Equation A-2. 
> 

Variables in the program (on the right of the equations) are explained as follows, 

I(kAt) = I(k) Transformed current response 

T(k-j+l/2)=Fl (N-K) T function, where T(1/2)=x1/2, T(3/2)=1/2x1/2, 

T(5/2)=3/2 1/2x 112, etc. 

(k-j)! =E(N-K) A factorial 

iCjAt)=J(K) Cyclic voltammetric data 

AT = AT Tune 

When the program is activated, the computer will prompt with the question 

"DATAFILE NAME ?". A name corresponding to the data file name should be entered. 

Then the computer will demand a scan rate and scan range. Enter these parameters. The 

computer will do the calculation and save the data to a file with the name designated by the 

operator. The output files are used for plotting. 



REM THIS PROGRAM IS FOR SEMI-INTEGRAL METHOD 

REM THE DATA IS FROM THE DATA FILE 

REM ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

REM " C = THE CONCENTRATION OF THE ELECTROACTIVE 

SPECIES 

REM * *  n = THE NUMBER INVOLVED IN HETEROELECTRON 

TRANSFER 

REM ** F = 964509 FARADAI CONSTANT ** 

REM ** D = THE DIFFUSION COEFFICIENT ** 

REM ** A = THE AREA OF THE ELECTRODE ** 

REM ** v = THE SCAN RATE,VOLT=THE SCAN RANGE, ..** 

REM '* N=THE NUMBER OF THE DIVISIONS ** 

REM '* DT=THE UNIT OF EACH DIVISION *' 

REM " I(k),ll (K) ARE TRANSFORMED CURRENTS *' 

REM '* FOR FORWARD AND BACKWARD " 

REM " T(M) = the experimental value of volt " 

REM '" J(500),J1(500) ARE EXPERIMENTAL CURRENTS " 

REM " F1 (K) AND F(k), E(k) for calculation " 

REM " J(k),T(K) FOR INPUT; G(k),P(k) FOR out put. *' 

REM f f C f f f f f f f f C C C C f C C f C C C C C t C t t t t C C C C C C C C t C * * * * * * * * ' * * *  

DEFDBL Z, E,F,I 'those variables are defined as double 

precision=DEFDBL 

DIM 11 (500), 1(500),t(500),F(500), E(5OO) 'define the size of arrays 

DIM J(500),J1(500),CU RRENT(500), P(500),F1(500) 'define the size of 

arrays 

SETDATA: 



F( l  )=O 

E(O)=1 

z= 1 

I(K)=O 

INPUTDATAFILE NAME: data#";D$ 'this is to let the program know the 

name of the data file 

INPUG'THE SCAN RATE IN V/sU;V 'enter the scan rate 

INPUTTHE SCAN RANGE IN Va;VOLT 'enter the scan range in volt 

INPUTP(O)=";P(O) 'enter the initial potential 

OPEN "IW,1 ,D$ 'OPEN DATA FILE 

PRINT "contents of file :" 

PRINT 

M=O 

READDATA: 

5 IF EOF(1) cO THEN 10 'to determine the end of the data 

INPUT#1, t(M),J(M) 'read data from a file 

PRINT "MM,t(M),J(M) 'print the data from data file 

M=M+1 'to determine how many pairs of data 

GOT0 5 'repeat the reading 

10 CLOSE 1 'after all the data read the file closed 

N=W2 'calculation of the number of divisions in the scan range 

DT=VOLT/(N*V)' to calculate the the smallest unit of a division 

F1(0)=3.1415926#".5 

FI(l)=F1(0)*.5 

PRINT M 
REM ......................................................... 



REM IN THlS SECTION IS TO CREATE A DATA FILE AFTER READING 

THE DATA 

REM WHEN THE DATA IS ENTERED BY KEYBOARD IN ORDER TO 

AVOID REPEAT KEY IN THE DATA. USUALLY NOT NECESSARY. 

'INPUr'the Name of the datafilen;D$ 

'OPEN "0",1 ,D$ 

PRINT "DT Nu 'print the results 

PRINT DT,N 'print the results 

GOSUB 100 'go to the subroutine for calculation of gama function 

GOSUB 200 'go to the subroutine for calculation of factorial 

REM ...................................................... 

REM THlS SECTION IS TO CALCULATION OF THE ALGORITHM OF 

THE SEMI-INTEGRAL 

FOR K=l TO M 'N-1 

FOR L=l TO K 

J1 (L)=J(N+L+l ) 

I(K)=I(K)+Fl (K-L)*DTA.5*J(L)/E(K-L) 

PRINT t l * * * * * * * l i  

PRINT "K-L"K-L,"J(L)"J(L) 



PRINT Iltttttttll 

NEXT L 

CURRENT(K)=.56419*I(K)' EQUAL TO I(t) or m(t) in the literature 

PRINT "CURRENT",CURRENT(K) 

NEXT K 

REM tttttttttttttttttttttttttttttttttttttttttttttttttttt 

'OUTPUT: 

1NPUT"FILENAME FOR OUTPUTW;D$'to let the program know the name 

of the output file 

OPEN "OW,1 ,D$'open the file 

'OPEN "O",1 ,"CLIP:"'for output to clipboard 

PRINT t(0),1(0) 

FOR I=0 TO M 

PRINT t(l),CURRENT(l)'print out the results 

PRINT#1 , t(I),CURRENT(l)'write into a data file 

NEXT l 

CLOSE 1 

END 

Subroutines: 

'THIS SUBROUTINE IS FOR GAMA FUNCTION 

100 FOR J=2 TO M 

Q=J-.5 

F1 (J)=F1 (J-l)*Q 

NEXT J 

RETURN 

REM 

REM FOLLOWING SUBROUTINE IS FOR CALCULATION OF THE 



REM FACTORIAL 

REM IN THE EQUATION 

200 FOR J=l TO M 

Z=Z*J 

E(J)= Z 

NEXT J 

RETURN 

A.2. Plots of Kinetics 

The following figures are the plots using all the experimental data of kinetics under 

the conditions listed in Table 2. They show that the redox reaction is a simple 2nd order 
reaction when up to 62% of [Cu(16Se4)][SO3CF3I2 (22) has been consumed. 

0 20 40 60 80 

t(min) 

Figure 1. [Cu(II)16Se4] = 7.8E-5 M, [16Se4] = 2.7E-5M. 



0 10 20 30 40 50 60 

t(min) 

Figure 2. [Cu(II)16Se4] = 7.83-5 M, [16Se4] = 3.6E-5M. 

Figure 3. [Cu(II)16Se4] = 7.8E-5 M, [16Se4] = 4.4E-5M. 
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