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ABSTRACT 

The potential energy surface of naphtho[l,B-Q,gJ-l,5-dithiocin 

and its mono-, di-, tri-, and tetraoxides was analyzed by dynamic lH 

NMR spectroscopy, AMl semiempirical calculations, and x-ray 

crystallography. The lowest energy conformers of these compounds in 

the solid state, the gas state, and in solution, as well as the 

energy barriers for the interconversion between their conformers are 

reported. 

The electronic structure of naphtho[l,B-Q,gJ-l,5-dithiocin was 

analyzed by the AMl semiempirical method. An experimental method 

was developed to verify these calculations. Comparison of the 

relative intensities of the bands observed in the He I and He II 

photoelectron spectra of aromatic thioethers provides an effective 

means for assigning bands to ionizations from specific molecular 

orbitals. Such methodology confirmed the calculations which showed 

that naphtho[l,B-Q,gJ-l,S-dithiocin has a large sulfur-sulfur lone 

pair splitting of 1.6-2.0 eV. 

Dissolution of naphtho[l,B-Q,g]-l,S-dithiocin-l-oxide in 

concentrated sulfuric acid produced the corresponding disulfide 

dication, which upon hydrolysis regenerated the sulfoxide. The 

mechanism of this reaction sequence was investigated using 2-

monodeuterated naphtho[l,B-Q,g]-l,S-dithiocin-l-oxide. This 

stereochemical probe showed that both the formation of the disulfide 

dication and its hydrolysis occurred with retention of 

stereochemistry at the sulfoxide sulfur. 
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The molecular structure of naphtho[l,B-Q,g]-l,S-dithiocin-l

oxide, determined by x-ray crystallographic methods, showed evidence 

of transannular interaction between the sulfur atoms. Vibronic 

analysis on naphtho[l,B-Q,gJ-l,S-dithiocin and naphtho[l,B-Q,gJ-l,S

dithiocin-l-oxide using the Hartree-Fock method with the STO-3G 

basis set showed no evidence of bond formation in naphtho[l,B-Q,gJ-

1,S-dithiocin-l-oxide compared with naphtho[l,B-Q,gJ-l,S-dithiocin. 

Thus this transannular interaction in the sulfoxide must be due to 

electrostatic interaction and not incipent sulfurane formation. 

The mechanism of the photodecompositions of perester and 

~ldehyde compounds with fi substituted sulfur moieties was 

investigated. The photodecomposition of these compounds produced 

their corresponding alkenes without stereocontrol. These results 

suggest that the decompositions occur via a stepwise non

stereoselective mechanism. 

Flash photolysis of peresters fi substituted with sulfoniurn salt 

groups was shown to produce thioether cation radicals, e.g., the 

1,S-dithiocane cation radical. This demonstrated that the 

photodecomposition of fi sulfoniurn salt peresters is potentially a 

powerful and novel method for making cation radicals. 



INTRODUCTION 

This introduction provides an overall perspective of this 

dissertation and describes the approach taken in studying S-S 
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trans annular interactions. In each chapter a more detailed 

introduction relates the results presented to important synthetic, 

mechanistic and structural aspects of S-S transannular interactions 

in the literature. 

Transannular interactions between sulfur moieties in medium

sized rings have generated much discussion in the recent literature. 

These interactions can range in magnitude from very strong to very 

weak. Examples of weak transannular interactions include dipo1e

dipole, electrostatic and HOMO-LUMO interactions, while an example 

of a strong interaction is S-S bond formation between sulfur 

moieties. 

The 1,5-dithiocane system affords one the opportunity to study 

the complete range of these interactions. The sulfur atoms in 1,5-

dithiocane are separated by less than twice the van der Waals radius 

for sulfur. This dissertation is concerned with the synthesis of 

conformationally-constrained derivatives of 1,S-dithiocane and its 

oxides which alter the S"S distance, the relative direction of the 

sulfur lone pairs, and the energies of the HOMO and LUMO. Thus, the 

weak transannular interactions at van der Waals distances between 

sulfur moieties are investigated in this work as a function of these 

parameters. 
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This same methodology can also be used to study the weakly 

bonded sulfur atoms in the 1,5-dithiocane cation radical. This 

cation radical has a two-center three-electron bond between the 

sulfur atoms (which can be thought of as a transannular interaction 

of "medium" magnitude since this is formally a one-electron bond). 

In this work conformationally-constrained derivatives of 1,5-

dithiocane are synthesized to study the strength of these 

interactions as a function of the S .. S distance, the orientation of 

the sulfur lone pairs, and the energies of the HOMO and LUMO 

similarily to the methodology described above. 

The formation and reactions of species with transannular S-S 

interactions are also of much recent interest. Because of the 

instability of cation radicals of thioethers and their tendency to 

form aggregates, their preparation using known methodology can be 

exceedingly difficult. Furthermore, the choice of solvent used 

with their preparation is limited. A new method is developed in 

this dissertation for the synthesis of the cation radical of 1,5-

dithiocane, by photolytically decomposing a ~-sulfonium salt 

perester. This novel methodology has the potential of ameliorating 

these problems and therefore is potentially a powerful method for 

synthesizing cation radicals of thioethers. 

A well-known method for preparing the dication disulfide of 

1,5-dithiocane-l-oxide is investigated in this work. 1,5-Dithiocane

l-oxide is known to form a disulfide dication bond in concentrated 

sulfuric acid and hydrolysis of this disulfide dication regeneL~tes 
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the sulfoxide. Since the disulfide-dication bond is a relatively 

new functional group, little is known about the mechanism of its 

formation or hydrolysis. Once again the addition of conformational 

rigidity to the dithiocane ring can allow one to study this system. 

Monodeuteration is easily accomplished in these constrained systems 

and this additional center of stereochemistry is used in this study 

to probe the mechanism of formation and hydrolysis of the disulfide

dications. In this manner information about the strong transannular 

interactions between sulfur moieties will be discerned. 

In summary this dissertation describes the synthesis, 

conformational analysis, and mechanistic analysis of the reaction 

pathways of the conformationally-constrained l,5-dithiocane 

derivatives discussed above. Standard techniques such as He I 

photoelectron spectroscopy (PES) and semi empirical and ab initio 

calculations are employed in this work to study the complete range 

of transannular interactions in these derivatives (from weak to 

strong). In addition, new methodology such as He I / He II PES and 

vibrational analysis is developed to study these interactions. 



CHAPTER 1 

CONFORMATIONAL ANALYSIS OF NAPHTHO[l,8-b,c]-1,5-DITHIOCIN 
AND ITS MONO-, DI-, TRI-, AND TETRAOXIDES 

Introduction 

Recently there has been much interest in eight-membered ring 

peri-substituted cyclic naphthalenes: 

The naphthalene ring adds conformational rigidity to the eight-

membered ring which results in a large steric crowding in the 

molecule, particularly between the atoms at positions 7 and 111, 

20 

which are held close to one another with C(1)-C(7) and C(12)-C(11) 

eclipsed and coplanar. This added conformational constraint, as 

compared to saturated eight-membered rings, offers one the 

opportunity to study transannular interactions of moieties in the 

eight-membered ring. As a result the conformation of eight-membered 

ringed peri-substituted cyclic naphthalenes has been studied 

extensively in the last few years. 

Kamada and coworkers have studied the conformation of 

8,9,lO,11-tetrahydro-7H-cyclooctane[de]naphthalene (1) and its 

derivatives, 2-162- 5 . 
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Compound R1 R2 R3 

1 H H H H 

2 D D D D 

3 C02Et C02Et C02Et C02Et 

4 CH20H CH20H CH20H CH20H 

5 CH20Bz CH20Bz CH20Bz CH20Bz 

6 ,CH20Ts CH20Ts CH20Ts CH20Ts 

7 CH20Ac CH20Ac CH20Ac CH20Ac 

8 CH20Ms CH20Ms CH20Ms CH20Ms 

9 CH20Bs CH20Bs CH20Bs CH20Bs, 

10 Me H H H 

11 Et H H H 

12* Me H Me H 

13** Me H H Me 

14 Me Me H H 

15 Me Me Me H 

16 Me Me Me Me 

*cis **trans 
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Kamada proposed three possible conformational minima for 1-16; the 

boat conformer, the chair conformer, and the twist conformer, shown 

below. 

10 

chair boat 

twist 

By lH NMR spectroscopy Karnada determined that compounds 1-16 

exist predominantly in the boat conformation in solution. The 

higher energy of the twist conformer compared to the boat form was 

attributed to the large strain energy in the twist form due to the 

propensity of the peri-carbon atoms to be bent above and below the 

plane of the naphthalene ring. The higher energy of the chair 
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conformer compared to the boat conformation was attributed to the 

strain energy due to additional eclipsing interactions in the chair 

conformation as shown in the Newman projections in Figure 1.1. 

Figure 1.1 
Newman projections of the chair and boat Conformations. 

boat chair 

Kamada and coworkers also studied the conformations of 

compounds 17-254 - 7 , which are the 9-oxo derivatives of compounds 1-2 

and 10-16. 



Compound 

17 H 

18 D 

19 Me 

20 Et 

21* Me 

22** Me 

23 Me 

24 Me 

25 Me 

* cis 
** trans 

By lH NMR spectroscopy 

also exist predominately in 

a 

H 

D 

H 

H 

H 

H 

Me 

Me 

Me 

R . 
-3 

H 

D 

H 

H 

Me 

H 

H 

Me 

Me 

24 

H 

D 

H 

H 

H 

Me 

H 

H 

Me 

Kamada determined that compounds 17-25 

the boat conformation in solution. 

Presumably, the same interactions which argued for the high energy 
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of the chair and twist conformers in compounds 1-16 also cause the 

predominance of· the boat conformation in compounds 17-25. Thus, 

substitution of a carbonyl group for a methylene group at position 9 

does not significantly alter the steric interactions of these 

naphthalene derivatives. 

Substitution of oxygen or sulfur atoms for the methylene groups 

at C(8) and C(10) should preclude the additional eclipsing 

interactions of the chair conformation, and thus stabilize the chair 

conformer relative to the boat. This proposition was realized in 

compounds 26_27. 8 - 10 

R 

~O 

26 R - H 

27 R t-Bu 

Arbuzov and coworkers 8 - 9 determined by 1H NMR, 13C NMR and IR 

spectroscopy and dipole moments that both the chair and boat 

conformations of compounds 26 and 27 were significantly populated in 

solution, and that the state of the equilibrium depended on the 
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polarity of the solvent. These workers also showed by x-ray 

crystallography that compound 27 exists in the chair form in the 

solid state. Thus substitution of C(8) and C(lO) with oxygen atoms 

reduced the eclipsing interactions of the chair conformer relative 

to the boat such that in solution the chair conformer was 

significantly populated and in the solid state the chair conformer 

was the sole conformation. 

Substitution of the C(8) and C(lO) methylene groups by sulfur 

atoms also stabilized the eclipsing interactions of the chair 

conformation. Bestmann and SnyderlO studied the conformation of 

compound 28 by dynamic lH NMR and found two conformers in solution. 

28 

Using molecular mechanic calculations with Allinger's force field 

(MMPI program) it was determined that these were the boat and chair 

conformations with the boat conformer being more stable by 0.6 

kca1/mol. The twist conformer was found to be about 13 kcal/mo1 

higher in energy than the boat or chair forms. Thus once again 

substitution of the C(8) and C(lO) methylene groups alleviated the 
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eclipsing interactions in the chair conformer, such that the chair 

conformer was significantly populated in solution. 

Dynamic lH NMR spectroscopy on compounds 1-23 , 10-115 , 13-144 , 

16-203- 5 , 22-234 , 254 , and 2810 has shown that ring inversion is 

facile for this conformationally constrained eight-membered ring 

system. Scheme 1.1 shows the proposed pathway for the ring 

inversion for the compounds listed above. 

Scheme 1.1 
Mechanism for ring inversion for compounds 1-28. 
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Scheme 1.1 cont. 

10 
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By examination of molecular models the authors determined that the 

most feasible pathway for ring inversion involves rotation of one 

end of the peri bridge of the boat conformer, to give the twist 

conformation. Rotation of the other end of the peri bridge in this 

twist conformation would then give the other boat conformer. The 

models also showed that this type of rotation using the chair 

conformers was not geometrically possible so that chair to chair 

conversion must take place via the boat conformers as shown in 

Scheme 1.1. 

The transition state for this ring inversion is also shown in 

Scheme 1.1. In the transition state atoms 8, 9, 10, and 11 lie in 

the same plane, and atoms 7, 8, and 11 lie in another plane. Proof 

for this proposed transition state was provided by comparison of the 

activation energies of compounds 1-2, 10-11, 13-14, 16-20, 22-23, 

25, and 28, which range from 12-20 kca1/mo14 ,10. Rotation of the 
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peri bonds leads to a transition state with a close approach of the 

R group with the peri hydrogen (at C(ll» as shown in Figure 1.2. 

Figure 1.2 
Steric interaction of the peri hydrogens and the R group for 
compounds 1-28. 

Thus compounds like 14, which have a gem-dimethyl group at C(8), 

should have a larger energy of activation than compounds like 1, in 

which this close approach inv10ves the steric interaction of two 

hydrogen atoms. Indeed, compound 14 has an energy of activation of 

19.9 kca1/mo1 while compound 1 has an energy barrier of only 14.5 

kca1/mo1. 

This mechanism for ring inversion was also verified by 

comparing the energies of activation of the 9-oxo compounds with 

their saturated ana10gues4 . Throughout the ring inversion the C(9)-

C(10) and C(8)-C(9) bonds are rotated; thus in view of the barriers 

to methyl rotation in propane (3.3 kcal/mo1)11 and acetone (0.8 

kca1/mo1) 12 , it is expected that the 9-oxo compounds will have a 

lower activation energy than the methylene analogues. In fact, in 
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compounds 1,10,13,14,16,17,19,22,23, and 25, the 9-oxo derivatives 

have a lower energy barrier than their methylene counterparts by 

2.1-2.7 kcal/mol. Thus both the R"H steric interactions (Figure 

1.2) and the oxo-methylene comparison confirm the mechanism of ring 

inversion shown in Scheme 1.1. 

Due to our interest in transannular interactions of sulfur 

moieties13 we hoped to use this eight-membered ring peri-

substituted naphthalene system to increase the sulfur-sulfur 

interaction as compared to normal saturated eight-membered ring 

systems. Specifically, substitution of sulfur moieties for the C(7) 

and C(ll) methylene groups of compound 1 to give compounds 29-34 

should provide very strong interactions between the sulfur moieties 

since atoms at these peri positions are normally 2.5-3.0 A apartl. 

~ X Y X Y 29 S S 
30 S SO 
31 S S02 
32 SO SO 
33 SO S02 
34 S02 S02 

However, in order to effectively study the interactions of these 

compounds it is imperative that the conformations be known, 



particularly in solution. The discussion that follows is an 

investigation of the conformation of compounds 29-34 in solution, 

and in the solid and 'gas phases. 

31 
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Results and Discussion 

Naphtho[l,8-b,c]-l,S-dithiocin, 29: 

An x-ray crystal stucturel4 of the dithioether, 29, showed that 

29 exists in the chair conformation in the solid state. 

29Al 

This is unusual since all of the hydrocarbon analogues discussed 

earlier existed as the boat conformer in the solid state. This 

stabilization of the chair conformer in compound 29 can be 

attributed to a lowering of the eclipsing strain due to the 

substitution of sulfur atoms for methylene groups as discussed 

previously. The length of the C-S bond (l.8lA), as well as a 

decreasing of steric bulk going from methylene hydrogen atoms to 

sulfur lone pairs, helps ameliorate the eclipsing interactions of 

the chair conformation in 29. 

The conformation of compound 29 in solution was analyzed by 

dynamic IH and l3C NMR spectroscopy. At ambient temperature the IH 

NMR spectrum of 29 showed only two unique aliphatic protons. The 
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ring inversion mechanism shown in Scheme 1.2 (and discussed earlier 

in Scheme 1.1) accounts for this equivalence of the aliphatic 

protons, because the axial protons are converted to equatorial 

protons and vice-versa when inverting between boat conformers or 

between chair conformers. Thus if the mechanism in Scheme 1.2 was 

fast on the NMR time scale protons Ha and Hb would become equivalent 

as would protons Hc and Hd' 

Scheme 1.2 
Ring inversion mechanism for compound 29. 
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Scheme 1.2 cont. 
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The energy barriers for these processes were measured by low 

temperature lH and l3C NMR spectroscopy, and the results are 

summarized in Table 1.1. 

Table 1.1 
Low temperature lH and l3C NMR spectroscopy results for compound 29. 

NMR Method Solvent Ic(OK) l\GT(kcal/mol) l\G(kcal/mol) 

lH CD2C12\ 190 8.9 0 
vinyl 
chloride 

l3C " 175 7.9 0.6 

Tc - coalescence temperature 
l\GT - transition state energy barrier 
l\G - free energy difference between coalescing species 
Note: The energy barriers were calculated using the equation 
below: 15 

l\GT/RTc - 22.96 + In[Tc/l\v 1 
l\v - separation of peaks in Hz15. 
The reported l\GT's and Tc's are averages of the two coalescences, 
[(Ha,Hb) and (He, Hd»). 
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The coalescence in the 1H spectrum at 190 K (AG T - 8.9 

kca1/mo1) was determined to belong to the boat to boat or chair to 

chair ring inversion described in Scheme 1.2. This was rationalized 

by noting that the free energy between the equilibrating species was 

zero, and that the 13C NMR spectrum had no coalescence at or above 

this temperature. The latter point is important because coalescence 

of the boat to boat or chair to chair ring inversion should not be 

detected by 13C spectroscopy since the C(6), C(7), and C(8) carbons 

are equivalent in 29Bl and 29B2 or 29Al and 29A2. The 1H NMR 

spectrum below the 190 K coalescence temperature showed four unique 

aliphatic protons. The assignments of these protons are given in 

the Experimental Section. This effectively eliminated the twist 

conformer as the lowest energy conformation, because a 1H spectrum 

of the twist conformer would give only three unique aliphatic 

protons (this conformation has C2 symmetry). 

The coalescence at 175 K ( AG T - 7.9 kcal/mol) in the 13C 

spectrum can be assigned to an equilibrium between the chair and 

boat conformers, 29Al and 29Bl (Scheme 1.2). Coalescence of this 

equilibrium was not seen in the 1H NMR low temperature spectrum 

presumably because of the lower temperature needed to observe 

coalescence in 1H as compared to 13C NMR spectroscopy15, and 

temperatures lower than about 160 K are difficult to obtain with the 

spectrometer used. Integration of the peaks corresponding to the 

boat and chair conformers in the 13c spectrum below 175 K showed 

that one conformer was 0.61 kcal/mol lower in energy than the other 
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conformer, but no data were obtained that could unambiguously assign 

the lowest energy conformer to either a boat or a chair 

conformation. Scheme 1.3 summarizes the potential energy surface of 

compound 29 as determined by NMR spectroscopy. 

Scheme 1.3 
Potential energy surface of dithioether 29, as determined by lH and 
l3C NMR spectroscopy. 

8.9 

7.9 7.9 

Photoelectron spectroscopy and AM1 semiempirica1 molecular 

orbital calculations were used to determine the conformational 

potential energy surface of dithioether 29 ih the gas phase. The 

results of the AM1 calculations are summarized in Table 1.2 and 

Scheme 1.4. 



Table l. 2 
Relative energies of the chair, boat, and twist conformers of 
compound 29, and the energy barriers for their interconversion as 
determined by AM1. 

Conformer 

29A (chair) 

29B (boat) 

29C (twist) 

Relative Eneq~y 
(kca1/mo1) 

0.0 

0.5 

6.7 

Energies of Activation (AGT) (kca1/mo1) 

process energy 

29A1-.29B1 8.5 

29A1-.29C 10.4 

29Al-.29A2 10.4 

29B1-.29C 9.9 

29B1-.29B2 9.9 

Scheme 1.4 
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Conformational potential energy surface of compound 29 as determined 
by AMl. 

10.4 10.4 

8.5 8.5 

6.7 
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A comparison of Scheme 1.3 and Scheme 1.4 shows that AM1 

calculations and the variable temperature NMR data give very similar 

potential energy surfaces for compound 29. AM1 predicts the chair 

conformation to be more stable than the boat conformer by 0.5 

kca1/mo1 and to be more stable than the twist conformer by 6.7 

kca1/mo1. This is in accord with the NMR data which show a 0.6 

kca1/mo1 difference between the boat and chair conformers and do not 

give any evidence for the twist conformer (presumably because of its 

instability, in light of the AM1 calculations). The photoelectron 

spectrum of compound 29 (see Chapter 3) showed a 1.6-2.0 eV 

splitting between the sulfur lone pairs which is also in accord with 

the boat or the chair conformers being the lowest conformations, and 

rules out the twist conformation having any significant population 

in the gas phase (the sulfur lone pairs would not overlap enough in 

the twist conformation to give this large a splitting). The 

energies of activation are also in agreement since AM1 predicts 8.5 

kca1/mo1 and 10.4 kca1/mo1 for the chair to boat conversion and the 

ring inversion processes respectively while the NMR spectra show 7.9 

and 8.9 kca1/mo1 for these activation energies. The transition 

state for the ring inversion, as calculated by AM1, is very close in 

structure to the accepted transition state shown in Schemes 1.1 and 

1.2. 

In summary, substitution of the methylene groups at the peri 

positions for sulfur atoms stabilizes the chair conformation 

relative to the boat conformation, as compared to the hydrocarbon 
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analogues, such that both conformers are significantly populated in 

solution and in the gas phase as determined by dynamic IH and 13C 

NMR, and AMI calculations. 

Naphtho[l,8-b,c]-1,S-dithiocin-l-oxide, 30; naphtho[l,8-b,c]-l,S

dithiocin-cis-l,S-dioxide, 32; and naphtho[l,8-b,c]-l,S-dithiocin

l,l,S-trioxide, 33: 

The structure and conformation of compounds 30, 32, and 33 in 

the solid state were established to be the boat conformations, 30Bl, 

32B1, and 33B1 with equatorial sulfoxide oxygens, by x-ray 

crystallographic analysis. The x-ray structure of the mono 

sulfoxide 30, was reported earlier16 (see also Chapter 4). Bis

sulfoxide 32 crystallized in the orthorhombic space group Pbca (No. 

61), with g=17.931(2), Q=13.108(3), £=20.280(4) A, and Z=16. 

Sulfoxide-sulfone 33 crystallized in the monoclinic space group 

P21/n (No. 14), with ~=9.298(1), Q=10.264(2), £=13.396(2) A, 

ft=110.06(1)o, and Z=4. The structures of 32 and 33 were solved by 

direct methods. Full matrix least-squares refinement of 32 and 33 

led to conventional R factors of 0.046 and 0.041 respectively, after 

several cycles of anisotropic refinement. 
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The crystal structure of bis-sulfoxide 32 showed that 32 is 

almost a perfect boat. The only deviation is the C(3)-C(2)-S(1) and 

C(3)-C(4)-S(S) bond angles which are 124.6 and l23.So . This 

increase in angle over the "ideal" 1200 bond angle places the sulfur 

atoms 3.osA apart, which is short compared to the S .. S 

intramolecular distance of compound 29 (3.23A apart)14. Presumably 

the sulfoxide moieties in 32 have less electron density pointed 

directly at each other than the sulfide sulfurs in 29, thus the 

shorter S .. S distance. It is also worth noting that the sulfur 

atoms in 32 are displaced from the naphthalene least squares plane 

by only 0.08, and 0.20A on the same side of the naphthalene ring 

unlike the sulfur atoms in 29 which are displaced on either side of 

the naphthalene ring by 0.34 and 0.07A. This is more evidence that 

32 has less steric strain between the sulfur atoms than does 29. 
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The crystal structure of sulfoxide-sulfone 33 showed that 33 is 

also almost a perfect boat. The structure, however, has a disorder. 

The axial oxygen atom was found to have an occupancy of two-thirds 

on one sulfur atom and one-third on the other sulfur atom, so that 

the distances and angles of the sulfur and oxygen atoms are less 

reliable than for the other structures. In any case both sulfur 

atoms, S(l) and S(5), are displaced from the least-squares plane of 

the naphthalene ring by 0.12 and 0.17A respectively, on the same 

side of the naphthalene ring. The S(1) .. S(5) intramolecular 

distance is 3.40A and the C(3)-C(4)-S(5) and C(3)-C(2)-S(1) bond 

angles are 128.2 and 126.90 respectively (substantially increased 

over the "ideal" 120 0 angle). This is clear evidence that 

sulfoxide-sulfone 33 has a large steric strain between the inner 

(axial) sulfone oxygen atom and the sulfoxide sulfur atom, which is 

relieved by increasing the peri bond angles. 

The conformations of monosulfoxide 30, bis-sulfoxide 32, and 

sulfoxide-sulfone 33 in solution were analyzed by dynamic lH and l3C 

NMR spectroscopy. At ambient temperature the lH NMR spectra of 30, 

32, and 33 showed that each compound was a single conformation in 

solution with six, four, and six unique protons respectively. The 

assignments of these protons are given in the Experimental Sections 

of this chapter and Chapter 4. 
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The twist conformation for compounds 30, 32 and 33 was ruled out as 

the lowest energy conformer because for each of these compounds one 

of the p protons has three large coupling constants (Hd in 30Al, 

32Al, and 33Al) while the other p proton has only one large coupling 

constant (Hc in 30Al, 32Al, and 33Al). This is consistent only with 

a boat or a chair conformation since in the twist conformation each 

p proton would have two large coupling constants. 

The chair conformation was found to predominate over the boat 

conformation in compounds 30, 32, and 33, based on the following 

observations: (1) There is a relatively small difference in 

chemical shift between Hc and Hd17 (0.6 ppm for 30, 0.8 ppm for 32, 

0.25 ppm for 33). (2) The downfie1d shift induced by Eu(fod)3 is 

greater for the equatorial a-hydrogen atoms (Hb in 30Al, 32Al, 33A1) 

than the axial a-hydrogen atom (Ha in 30Al, 32Al, 33Al) - the 
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equatorial a-hydrogen atoms and sulfoxide oxygens are eclipsed in 

chair conformer 30A1, 32A1, and 33A1, but in the boat conformers 

30B1, 32B1, and 33B1 both axial and equatorial a-hydrogen atoms are 

gauche to the sulfoxide oxygen atoms, thus equal in distance. (3) 

It is notable that in the absence of the shift reagent, the a 

equatorial hydrogens (Hb in 30A1, 32A1, and 33A1) absorb 1.22; 1.16, 

and 1.25 ppm respectively upfield of the a axial hydrogens (Ha in 

30A1, 32A1, and 33A1) whereas the ~ equatorial hydrogen (Hf in 30A1) 

resonates 0.36 ppm downfield of the ~ axial hydrogen (He in 30A1). 

Although the effects of the magnetic anisotropy of a sulfoxide bond 

are controversial18 , H(3-exo) in 2-thiabicyclo[2.2.l]heptane-2-exo

oxide, which is eclipsed by the sulfoxide moiety, absorbs at higher 

field than H (3-endo), and similarly H (3-endo) in 2-

thiabicyc1o[2,2,l]heptane-2-endo-oxide, which is eclipsed by the 

sulfoxide moiety resonates upfie1d of H(3-exo)17-19 as seen in 

Figure 1.3. Thus, it seems that protons eclipsed by s-o bonds are 

shifted considerably upfie1d. The unusual upfie1d shift of the a 

equatorial hydrogens (Hb in 30A1, 32Al, and 33Al) then could be 

rationalized if the compound existed in the chair conformer 30Al, 

32Al, and 33Al since these conformers have the equatorial Hb, 

eclipsed with the s-o bond. 
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Figure 1.3 Newman projection viewed down the Q-carbon atom-

sulfoxide sulfur atom bond in (a) 1,3-dithiane-l-oxide (b) exo-2-

thiabicyclo[2.2.1]heptane-2-oxide (c) endo-2-

thiabicyclo[2.2.l]heptane-2-oxide (d) 2H-naphtho[1,8-Q,£]thiophene-

S-oxide (e) compounds 30, 32, and 33. 
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Another point worth noting is the considerably greater 

downfield shift of the ~ axial hydrogens (Hd in 30Al, 32Al, and 

33Al) over the ~ equatoria.l hydrogens (Hc in 30Al, and 33Al) and the 

~ axial hydrogens (He in 30Al, and 33Al) in compounds 30 and 33 

induced by the shift reagent. This supports a chair over a boat 

conformation for compounds 30 and 33 because in the former 

conformation, the ~ axial hydrogen is much closer than the ~ 

equatorial or the ~ axial hydrogens to the sulfoxide oxygen whereas 

they are of comparable distance in the latter. 

Convincing evidence that the sulfoxide oxygen is in the 

equatorial position as shown in 30Al, 32Al, and 33Al and not axial 

is also obtained from the results of the lanthanide-induced shifts. 

The considerably greater downfield shift induced by Eu(fod)3 for Hb 

than Hd in conformers 30Al, 32Al, and 33Al proves that the sulfoxide 

oxygens are equatorial, not axial. The relatively modest induced 

shifts for He and Hf in 30Al and 33Al further argue for equatorial 

rather than axial sulfoxide oxygens. Finally, the large downfield 

shift induced in Hg for compounds 30, 32, and 33 requires equatorial 

rather than axial sulfoxides. 

The aromatic induced shifts further support the conclusion that 

the conformations of the monosulfoxide, the bis-sulfoxide and the 

sulfoxide-sulfone are 30Al, 32Al, and 33Al. A collision complex is 

envisioned as being formed between the electron rich face of benzene 

and the electron-deficient concave side of the monosulfoxide 30, the 

bis-sulfoxide 32 and the sulfoxide-sulfone 33 (side opposite 
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protruding oxygen atoms and sulfur lone pairs). This results in 

greater shielding of the a axial hydrogens (Ha in 30Al, 32Al, and 

33Al) over the a equatorial hydrogens (Hb in 30Al, 32Al and 33Al), 

and a greater shielding of the p equatorial (Hc in 30Al, 32Al, and 

33Al) over the p axial hydrogens (Hd in 30Al, 32Al, and 33Al). A 

greater shielding of the ~ axial proton in monosulfoxide 30 (He in 

30Al) over the ~ equatorial proton (Hf in 30Al) is also observed 

(the ~ axial and equatorial protons of sulfoxide-sulfone 33 are 

approximately equally shielded), while all three compounds show a 

deshielding of the Hg proton. Chair conformers 30Al, 32Al, and 33Al 

are consistent with these shieldings; however the boat conformers 

would give the exact opposite results for the equatorial and axial 

hydrogens, that is, a greater shielding of the a equatorial over a 

axial protons, a greater shielding of p axial over the p equatorial 

protons, and a greater shielding of the ~ equatorial over the ~ 

axial protons. 

That compounds 30, 32, and 33 exist in the boat conformation in 

the solid state and in the chair conformation in solution is 

evidence that the boat and chair conformers of compounds 30, 32 and 

33 are close in energy, as they were for compound 29. This is 

expected when comparing these compounds to 1-25 because some of the 

eclipsing interactions in the hydrocarbon analogues are absent in 

compounds 30, 32 and 33, and other eclipsing interactions are 

ameliorated by the longer C-S bonds as compared to the C-C bonds in 

1-25. The boat conformation is favored in the cystalline state 
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presumably because of packing forces. The crystals pack more 

efficiently with the boat conformation. The boat conformer allows 

two naphthalene rings to stack on top of each other, with the 

saturated three carbon bridges (C(6)-C(7)-C(8» on each molecule 

pointing away from each other. In the chair conformation the three 

carbon bridges would have close steric interference with each other. 

This can be seen by comparing the packing of the unit cell of 

monosulfoxide 30 (boat conformation, see Chapter 4), with the unit 

cell of dithioether 29 (chair conformation).14 

The conformations of 30, 32, and 33 are based primarily on the 

lanthanide-induced shift changes. This engenders the concern that 

the lanthanide affects the boat-chair equilibrium20 , however, it is 

deemed unlikely that the boat conformation predominates in the 

absence of the lanthanide shift reagent because the NMR results in 

the absence of the reagent and also the shifts induced by benzene 

all suggest a predominance of the chair conformation as discussed 

above. 

The dynamic lH NMR spectra of monosulfoxide 30, the bis

sulfoxide 32, and the sulfoxide-sulfone 33 were essentially 

unchanged from 153-393 K. Thus proton pairs (Ha,Hb), (Hc,Hd), and 

(He,Hf) in compounds 30 and 32, and proton pairs (Ha,Hb) and (Hc,Hd) 

in compound 32 show no magnetic equivalence as they did for compound 

29. This nonequivalency occurs because ring inversion (Schemes 1.1 

and 1.2) does not produce equivalent chair conformers. 
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Scheme 1.5 
Ring inversion of the chair conformers of compounds 30, 32, and 33 . 

.... 

As shown in Scheme 1.5 ring inversion converts the more stable 

equatorial su1foxides to the less stable axial su1foxides. In order 

to get magnetic equivalency, the sulfoxide center would then have to 

undergo inversion to regenerate the equatorial sulfoxide, but this 

energy barrier is too high (inversion of su1foxides takes about 40 

kca1/mol21). Furthermore, since only one species can be seen in the 

NMR spectra of compounds 30, 32, and 33 over this temperature range 

(153-393 K), the equatorial sulfoxides must be essentially 100% 

populated relative to the axial. Therefore the equatorial 

su1foxides must be greater than 1 kcal/mo1 more stable than the 

corresponding axial conformers. This observation of a single 

species over this temperature range also indicates that the chair 



conformers (30A1, 32A1, and 33A1) are more stable than the boat 

conformers (30B1, 32B1, and 33B1) by more than 1 kcal/mol in 

solution. 
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A second reason may have accounted for the nonequivalency of 

the protons of compounds 30, 32, and 33. If the energy barrier for 

the ring inversion (Scheme 1.2) was greater than'20 kcal/mol for 

compounds 30, 32, and 33, then these compounds would be frozen in 

conformations 30A1, 32A1, and 33A1, and fast equilibrium to 30A2, 

32A2, and 33A2 would be precluded. However, the hydrocarbon 

analogues (compounds 10 and 13) with similar steric strain for this 

ring inversion have energy barriers of 14-15 kcal/mo14, so an energy 

barrier larger than 20 kcal/mo1 for these sulfoxides is deemed 

unlikely. Further evidence that the energy barrier for these 

sulfoxides is lower than 20 kcal/mo1 is provided by a comparison 

with the ring inversion energy barrier of monosulfone 31. Compound 

31 has an energy barrier of 10.8 kcal/mo1 (as is discussed later in 

this chapter) and the barriers for compounds 30, 32, and 33 should 

not be much larger (if at all) than this since similar steric 

interactions for ring inversion occur for all four of these 

compounds. 

Naphtho[1,8-b,c]-1,5-dithiocin-l,1-dioxide, 31; and naphtho[1,8-

b,c]-1,5-dithiocin-l,1,5,5-tetraoxide, 34: 

The structure and boat conformation of monosulfone 31 in the 

solid state were established by x-ray crystallographic analysis. 
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Monosu1fone 31 crystallized in the monoclinic space group P21/c (No. 

14), with 2-13.184(4), h-13.182(5), £-7.106(1) A, fi-104.14°, and 

Z-4. Bis-su1fone 34 in the solid state was established to have the 

twist conformation by x-ray crystallographic analysis. Bis-su1fone 

34 crystallized in the orthorhombic space group Pbca (No. 61), with 

2-12.258(3), h-9.997(2), £-20.168(4) A, and Z-8. The structures of 

31 and 34 were solved by direct methods. Full matrix least-squares 

refinement of 31 and 34 led to conventional R factors of 0.034 and 

0.049 respectively. 

34C 

The x-ray structure of monosu1fone 31 revealed that the 

conformation is not a perfect boat. There is steric strain between 

the sulfone inner oxygen atom and the sulfide lone pair, and 

twisting from a perfect boat conformation relieves this stress. 

Evidence for the magnitude of this twist is found in the C(2)-S(1)-
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C(8)-C(7) and C(4)-S(5)-C(6)-C(7) torsional angles, which are -14 

and 710 respectively. In a perfect boat conformation the former 

angle would be -600 and the latter would be 600 . The steric strain 

between the sulfur moieties is also relieved by increasing the peri 

bond angles. The bond angles C(3)-C(4)-S(5) and C(3)-C(2)-S(1) are 

125.9 and 126.20 , which significantly deviate from the "ideal" 1200 

bond angle. Finally the steric strain is also relieved by 

displacing the sulfur atoms above and below the least-squares plane 

of the naphthalene ring. S(l) is displaced 0.44 A on one side of 

the naphthalene plane while S(5) is displaced 0.21 A on the other 

side. The twisting and bending of 3lBl discussed above result in an 

S(1)-S(5) intramolecular distance of 3.27 A which is significantly 

larger than the S .. S distances for compounds 30 (3.00 A) and 32 

(3.05 A), slightly larger than the S .. S distance of compound 29 

(3.23 A) and significantly smaller than the S .. S distance of 33 

(3.40 A). It is of interest to note that monosulfone 31 and 

sulfoxide-sulfone 33, which both have significant steric strain from 

the inner (axial) sulfone oxygen atom and the transannular sulfur 

atom, relieve this steric stress in very different manners. The 

monosulfone increases the S .. S distance only slightly as compared to 

dithioether 29, but the monosulfone also twists the boat 

conformation in a manner which directs the p-type lone pair on the 

sulfide sulfur away from the sulfone sulfur and inner (axial) oxygen 

atom. The sulfoxide-sulfone 33 increases the S .. S distance by a 

large amount as compared to dithioether 29 but does not twist the 
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boat conformation as did the monosulfone. Twisting the boat 

conformer of 33 in the same manner as 32 does not place the sp3 

sulfur lone pair on the sulfoxide moiety as far away from the 

sulfone inner (axial) oxygen as this motion did for the sulfur p

type lone pair and the sulfone inner oxygen in compound 31. Thus 33 

relies more on increasing the peri bond angles to relieve the steric 

strain of the sulfur moieties. 

The bis-sulfone 34 is the first reported compound of this 

eight-membered ring naphthalene system to have a twist conformation 

in the crystalline state. The twist conformation is normally a very 

high energy conformer because the sulfur atoms are forced to have 

very large displacements from the plane of the naphthalene ring 

(e.g. compound 34 has its sulfur atoms displaced 1.02 A above and 

below the naphthalene ring). In bis-sulfone 34, however, this 

strain on the naphthalene ring is more favorable than the steric 

strain from the close interactions of the oxygen atoms that would 

occur in the boat or chair conformations (perfect boat or chair 

conformations of 34 have the inner oxygen atoms virtually on top of 

each other). The twist conformation has the sulfur atoms 3.63 A 

apart and allows the oxygen atoms on one sulfone group to point away 

from the oxygen atoms on the other sulfone group. 

The conformations of the monosulfone 31 and bis-sulfone 34 in 

solution were analyzed by dynamic lH and l3C NMR spectroscopy. At 

ambient temperature the lH NMR spectra showed only three unique 

aliphatic protons for 31 and only two unique aliphatic protons for 
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34. Once again the ring inversion mechanism shown in Scheme 1.2 

accounts for this equivalence of the aliphatic protons. The energy 

barriers for the ring inversions of 31 and 34 were measured by low 

temperature lH NMR and the results are summarized in Table 1.3. 

Table 1.3 
Low temperature lH NMR spectroscopy results for compounds 31 and 34. 

Compound Solvent Ic(OK) AGT(kcal/mol) AG(kcal/mol) 

31 227 

34 <153 

Tcr- coalescence temperature. 
AG - energy barrier. 

10.8 

<7 

AG - Free energy difference between conformers. 

o 

Note: The energy barriers were calculated using the equation in 
Table 1.1 of this chapter. Reported Tc and AGT values for compound 
31 are obtained by averaging the three coalescence temperatures 
[(Ha,Hb), (Hc,Hd), (He,Hf)]· 

The coalescence in the lH NMR spectrum of 31 at 227 K and in the 

spectrum of 34 at <153 K (aliphatic protons were broadening from 

198-153 K) were determined to result from the freezing of the ring 

inversion, similar to that shown in Scheme 1.2. This was 

rationalized by noting that the free energy between the 

equilibrating species was zero for compound 31 (Table 1.3) and by 

noting that the l3C NMR spectrum had no coalescence at or above the 

temperature of 227 K for monosulfone 31 and no coalescence at or 

above the temperature of 153 K for bis-sulfone 34. 
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A comparison of the activation energies of compound 29 and 

compound 31 gives evidence that is consistent with the mechanism for 

ring inversion shown in Scheme 1.2. Compound 31 has an energy 

barrier (10.8 kcal/mol) that is 1.9 kcal/mol higher than that of 

compound 29 (8.9 kcal/mol). Since the ground state of compound 31 

is likely to be higher in energy than that of compound 29 (because 

of the additional steric strain between the sulfur moieties in 

compound 31, evident from the x-ray structure), the energy of the 

transition state of compound 31 must be more than 1.9 kcal/mol 

higher in energy than the transition state of compound 29. One 

could envision that the close interactions of the s-o oxygens and 

the hydrogens 0 to the sulfide sulfur in compound 31 would greatly 

destabilize the transition state of compound 31 compared to compound 

29 (Figure 1.2). Thus the transition state shown in Scheme 1.2 is 

consistent with the energy barriers of compounds 29 and 31. 

The activation energy of ring inversion for bis-sulfone 34 is 

also consistent with the mechanism in Scheme 1.2. The predominant 

conformer in solution for bis-sulfone 34 was determined to be the 

chair or the boat conformer by noting that the all the aliphatic 

hydrogens (0 and p to the sulfone) were broadening from 198-153 K in 

the lH NMR spectrum of 34. The p hydrogens would be equivalent in 

the twist conformation (C2 symmetry) so that no "coalescence" of 

these protons would have been observed if the predominant 

conformation of 34 was the twist conformer. As explained 

previously, the boat or the chair conformers of bis-sulfone 34 would 
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have a large amount of steric strain compared to monosu1fone 31 

because of the two inner (axial) oxygen atoms in 34. Thus the 

ground state energy of 34 is likely to be much higher than the 

ground state energy of monosu1fone 31. The transition state (see 

Scheme 1.2) for bis-su1fone 34 should have roughly the same energy 

as the transition state for monosu1fone 31 since both compounds have 

the same close interaction between oxygen and hydrogen atoms in 

their respective transition states. Thus the energy barrier for 

ring inversion should be lower in energy for bis-su1fone 34 than 

monosu1fone 31. This is proven true as bis-su1fone 34 has an energy 

barrier lower than 7 kca1/mo1 while 31 has an energy barrier of 10.8 

kcal/mol. 

The 1H NMR spectrum of monosulfone 31 below 227 K showed six 

unique aliphatic protons and the assignments are given in the 

Experimental Section of this chapter. The twist conformation for 

monosu1fone 31 is eliminated as the lowest energy conformer based on 

the following observation. One of the p protons of this low 

temperature spectrum has three large coupling constants (Hd in 31A1) 

while the other p proton has only one large coupling constant (Hc in 

31A1). This is consistent only with a boat or a chair conformation 

since in the twist conformation each p proton would have two large 

coupling constants. 
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The conformation of monosulfone 31 was determined to be the 

chair conformer from the results of an aromatic induced shift 

experiment in toluene-ds. A collision complex is envisioned as 

being formed between the electron rich face of toluene and the 

electron deficient concave side of the sulfone molecule (side 

opposite protruding s-o bonds). This results in greater shielding 

of the p equatorial proton (Hc in 31Al) over the p axial proton (Hd 

in 31Al) , and about equal shielding of the Q protons and the ~ 

protons. This supports conformation 31Al over conformation 31Bl for 

the reasons discussed for compounds 30, 32, and 33. Further support 

for the chair conformation 3lAI is provided by the relatively small 

difference in chemical shift of 0.42 ppm between Hc and Hd in 

CD2C1217. 

The IH NMR spectrum of compound 31 also shows that the 

conformation is not a perfect chair. The sulfone inner oxygen is 
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twisted away from the sulfide sulfur lone pair to the extent that 

the proton pairs (Hb, Hd), (Ha , Hc) and (Hc , Hf), as assigned in the 

chair conformer 31A1, have torsional angles of about 900 (deduced 

from the Karplus equation). This is evident from the lH NMR 

spectrum because these pairs of protons are not coupled to each 

other even though they are attached to adjacent carbons. Thus in 

solution, as in the solid state, the monosulfone 31 twists its 

conformation to avoid the steric interaction of the sulfur moieties. 
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Conclusions 

Substitution of the methylene groups in the peri positions by 

sulfur moieties stabilizes the chair conformation relative to the 

boat in 8,9,10,11-tetrahydro-7H-cyclooctane[de]naphthalene. This is 

evident by the lH NMR spectroscopy solution studies on compounds 29-

33 which showed 30-33 to exist as the chair conformer and 29 to 

exist as a mixture of boat and chair conformers, while the 

hydrocarbon analogues (1-25) all exist in the boat conformation. 

Presumably the length of the C-S bond as compared to the C-C bond 

and absence of the hydrogens on sulfur relieve eclipsing 

interactions of the chair conformer in 29-33 which are present in 

the all carbon compound, such that the chair conformer predominates 

in 29-33. 

Bis-sulfone 34 was found to exist in the twist conformation in 

the solid state as determined by x-ray crystallography. This novel 

conformation was presumed to be more stable than the boat and chair 

conformers for 34 because of the steric repulsion of the sulfone 

oxygens in the boat and chair conformations which is ameliorated in 

the twist conformation. In solution, however, either the boat or 

the chair conformer predominates as determined by dynamic 1H NMR. 

Thus all three conformers (boat, chair, and twist) are presumed to 

be of similar energy for compound 34. 

The energy barriers of 8.9, 10.8 and <7 kcal/mole for ring 

inversion of dithioether 29, monosulfone 31, and bis-sulfone 34, as 

determined by dynamic lH NMR, support the accepted mechanism for 
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this process. The proposed transition state for ring inversion 

would predict roughly equal transition state energies for bis

sulfone 34 and monosulfone 31. The high energy of the ground state 

of bis-sulfone 34 relative to monosulfone 31 should then cause a 

lower energy barrier to ring inversion for 34 compared to 31, as is 

observed. The proposed transition state for ring inversion would 

also predict that the transition state of monosulfone 31 should be 

higher in energy than the dithioether 29. This is reflected in the 

increase in energy barrier of 1.9 kcal/mole from dithioether 29 to 

monosulfone 31. 

Finally, the AMI calculations were in good agreement with the 

experimentally determined relative energies and energy barriers for 

compound 29. AMI calculations for compounds 30-34 must await 

publication of the parameters for hypervalent sulfur. 
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Experimental 

Instrumentation: Melting points were measured with a Thomas-Hoover 

melting point apparatus and are uncorrected. IR spectra were 

recorded on a Perkin-Elmer Model PE983 Spectrometer. 1H NMR spectra 

at 250 MHz and 13C NI1R spectra at 62.9 MHz were recorded on a Bruker 

WM-250 FT NMR Spectrometer with 0.368 Hz/Pt digital resolution using 

a 5 mm tube and tetramethy1si1ane as the internal reference. The 

deuterated solvent shown for each compound was used to lock the 

instrument. All spectra were recorded at ambient temperature unless 

specified otherwise. The Austin Modell (AM1) molecular orbital 

method was used for the semiempirica1 calculations (AMPAC program; 

QCPE-506). All reagents were obtained from Aldrich Chemical Company 

and were used as delivered unless specified otherwise. 

X-ray Single Crystal Structure Study of Monosulfone 31, Bis

sulfoxide 32, Sulfoxide-sulfone 33 and Bis-sulfone 34: 

Crystals suitable for x-ray crystallographic analysis were 

grown by vapor diffusion of a solution of the compound in 1,2-

dich1oroethane with pentane. A colorless, irregular crystal 

[(0.25xO.42xO.47mm), (0.09xO.15xO.50mm), (0.63xO.17xO.37mm) and 

(0.25xO.20xO.24mm) for 31-34 respectively] was sealed to a glass 

capillary and mounted on a Syntex P21 autodiffractometer. Mo Ka 

radiation (A=0.7l073A) was used with graphite as monochromator. 

Cell constants and an orientation matrix for data collection were 

obtained from least-squares refinement using 25, 25, 24, and 25 
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reflections for 31-34 respectively. The cell constants and other 

parameters are given in Table 1.7. The 0/20 scan technique was used 

and data were collected to a maximum 20 of 55, 50, 50, and 57.70 for 

31-34 respectively. The data with E ~3a(E) were used in the 

calculations. The data were reduced to Fo and a(Fo). Lorentz and 

polarization corrections were applied to the data. Three 

representative reflections were measured every 97, 46, 97, and 97 

reflections for 31-34 respectively and indicated no decay. 

The structure was solved by direct methods using the SDP-PLUS 

program package. 23 Using default parameters a total of 9, 29, 17, 

and 16 atoms were found for 31-34 respectively. The remaining 

nonhydrogen atoms were located in succeeding difference maps. The 

hydrogen atoms were added at idealized positions and in all 

subsequent refinements all hydrogen atoms were restricted to fixed 

isotropic thermal parameters and restrained to ride on the atom to 

which they are bonded. The structure was refined by full-matrix 

least-squares techniques 23 by using neutral scattering factors 24 

with anomalous dispersion terms inc1uded. 25 The final cycle of 

refinement included 154, 307, 172, and 172 variable parameters for 

31-34 respectively, and converged with unweighted (R) agreement 

factors of 0.034, 0.046, 0.041 and 0.049 for 31-34 respectively and 

weighted (Rw) agreement factors of 0.044, 0.051, 0.053, and 0.053 

for 31-34 respectively. The standard deviation of an observation of 

unit weight was 1.53, 1.19, 1.64, and 1.31 for 31-34 respectively. 

The highest peak in the final difference Fourier had a height of 
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0.29, 0.26, 0.28, and 0.37 e-/A3 with an estimated error based on 

a(F) of 0.05, 0.06, 0.05 and 0.09 for compounds 31-34 

respectively. 26 

Table 1.4 Crystal Data ~ for Monosu1fone 31, Bis-su1foxide 32, 
Sulfoxide-sulfone 33, and Bis-su1fone 34. 

mol formula C13H1202S2 C13H1202S2 C13H1203S2 C13H1204S2 
(sulfone) (bis-su1foxide) 

mol wt 264.37 264.37 277.34 296.37 

space group P21/c #14 Pbca #61 P21/n #14 Pbca #61 

~, A 13.184(4) 17.931(2) 9.298(1) 12.258(3) 

Q., A 13.182(5) 13.108(3) 10.264(2) 9.997(2) 

g., A 7.106(1) 20.280(4) 13.396(2) 20.168(4) 

!!, deg 90 90 90 90 

Ii, deg 104.14(5) 90 110.06(1) 90 

':1., deg 90 90 90 90 

~ 4 16 4 8 

b .Qobsd -
(g/cm- 3) 1.43 1. 52 1. 54 1. 58 

.Qca1cd3 (g/cm- ) 1.47 1.47 1. 53 1. 59 

cryst color, colorless, colorless, colorless, colorless, 
shape trapezoidal block irregular rectangular 

block 

cryst dimens 0.25xO.42 0.09xO.15 0.63xO.17 0.25xO.20 
(mm) xO.47 xO.50 xO.37 xO.24 

no. obsd 
data 2613 4276 3095 3663 

no. unique 
data 2276 4224 2754 3235 
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abs.coeff. 
[~(A)],cm-l 4.1 4.1 
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4.2 4.2 

SStandard deviation of the least significant figure is given in 
Earentheses. 
-Density was determined by the flotation method using aqueous sodium 
iodide solution. 

Naphtho[1,8-b,c]-1,5-dithiocin, 29: 

Aqueous sodium hydroxide solution (10.0 ml, 3.7N) was mixed 

with 55 ml of a 40% (vol/vol) solution of aqueous tetrahydrofuran. 

The mixture consisted of two phases and was degassed with argon, 

while 100mg (0.53 mmol) of the 1,8-naphthalene disulfide27 , 102 mg 

(0.94 mmol) of aminoiminomethanesulfinic acid, and 20 mg (0.05 mmol) 

of cetyltrimethylammonium bromide were added in succession. This 

mixture was placed into a three-neck round bottom flask and brought 

to reflux under argon. A degassed solution of (106 mg, 0.53 mmol) 

1,3-dibromopropane in tetrahydrofuran (15 ml) was slowly added (5-10 

drops/min) to the above mixture at reflux. Two more portions (2 x 

100 mg) of the aminoiminomethanesulfinic acid were added to the 

basic mixture during this addition to ensure complete reduction of 

the disulfide. After the addition was complete, the mixture was 

stirred at reflux for one hour. At this time the red-orange color 

due to the disulfide had disappeared and was replaced with a yellow-

green color indicative of the dithioether product. The organic 

layer was removed using a separatory funnel and the remaining 

aqueous layer was extracted with tetrahydrofuran (3 x 30 ml). The 
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organic layers were combined and concentrated using a rotary 

evaporator, until yellow dithioether began to precipitate out of 

solution. At this time the remaining aqueous mixture was extracted 

with chloroform (5 x 50 m1). The chloroform layers were combined, 

dried (MgS04), and concentrated affording a bright yellow solid. The 

solid was purified by preparative t1c (30% CH2C12/hexanes), yielding 

104 mg (0.448 mmo1e) of yellow crystalline material (85% yield): mp 

82 °C; IR (KBr) 1430, 1315, 1202, 1010, 910, 825, 763 cm- 1 ; 1H NMR 

(CDC13) 8 1.85 (2H, pentup1et, J= 6 Hz, Hc and Hd), 3.02 (4H, t, J= 

6 Hz, Ha and Hb), 7.38 (2H, dd, J= 8, 8 Hz, Hh), 7.75 (2H, dd, J= 1, 

8 Hz, Hg), 7.97 (2H, dd, J= 1, 8 Hz, Hi); low temperature 1H NMR at 

153°K (CD2C12/vinyl chloride) 8 1.20 (lH, ddd, J= 13, 13, 13 Hz, 

Hd), 1.84 (lH, d, J= 13 Hz, Hc), 2.78 (2H, dd, J= 13, 13 Hz, Ha), 

3.18 (2H, d, J=13 Hz, Hb), 7.37 (2H, m, Hh), 7.90 (4H, m, Hg and 

Hi); low temperature l3C NMR at 150 oK (CD2C12) 8 139.6, 131.6, 

125.8, 37.0, 24.4; low temperature 13C NMR (CD2C12) 8(a1iphatic 

carbons) 38.0 (0.28 carbons), 35.5 (1.72 carbons), 26.6 (0.16 

carbons), 22.2 (0.84 carbons); UV (95% EtOH) Amax 372 (£=1800), 290 

(£=4700), 227 (£=4700) nm; MS (m/e) Ca1cd for 12C131H1232S2: 

232.0380. Found: 232.0379. 

Assignment of protons of 29 (see 29Al for labeling scheme): 

At ambient temperature the proton pairs Ha, Hb (at 3.02 ppm) 

and Hc, Hd (at 1.85 ppm) are magnetically equivalent. Below the 

coalescence temperature of 190 K the peak at 3.02 ppm split into two 

peaks at 3.18 and 2.78 ppm. Ha in conformer 29A1 (Hb in 29B1) was 
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assigned to the peak at 2.78 ppm because this resonance has two 

large coupling constants (geminal=13 Hz, diaxial=13 Hz), and Hb in 

conformer 29Al (Ha in 29Bl) was assigned to the peak at 3.18 ppm 

because this resonance has only one large coupling constant 

(geminal=13 Hz). Below 190 K the peak at 1.85 ppm split into to 

peaks at 1.84 and 1.20 ppm. Hd in conformer 29Al (Hc in 29Bl) was 

assigned to the peak at 1.20 ppm because this resonance has three 

large coupling constants (geminal=13 Hz, 2(diaxial=13 Hz». Hc in 

conformer 29Al (Hd in 29Bl) was assigned to the peak at 1.84 ppm 

because this resonance has one large coupling constant (geminal=13 

Hz). Hh was assigned to the frequency at 7.38 ppm because of the 

two large coupling constants at this peak indicative of a meta 

proton. Since ortho hydrogens are generally shifted upfield from 

para hydrogens in I-substituted amino and methoxy naphthalenes22 , it 

is assumed that ortho Hg will be upfield of para Hi; thus Hg is 

assigned to 7.75 ppm and Hi is assigned to 7.97 ppm. 

Naphtho[l,8-b,c]-1,5-dithiocin-l-S-oxide(equatoria1), 30: 

See Chapter 4. 

Preparation of Naphtho[l,8-b,c]-1,5-dithiocin-l,5-di

oxide(diequitorial), 32: 

Dithioether 29 (27.0 mg, 0.116 mmo1) was dissolved in 5 ml of 

methanol. Sodium metaperiodate (100 mg, 0.467 mmol) was dissolved 

in 5 ml of water and 5 ml of methanol was added. The resulting 
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aqueous solution was added dropwise to the above dithioether 

solution at 0 °C. The reaction was stirred at room temperatur.e for 

72 hours at which time t1c analysis showed the reaction to be 

complete. The methanol was then removed by rotary evaporation and 

the remaining aqueous mixture was extracted with dich1oromethane (3 

x 20 m1). The organic layers were combined, dried (MgS04), and 

concentrated, affording 29.2 mg (0.111 mmo1, 95% yield) of 32 as a 

white solid: IR (KBr) 1088(m), 10s0(s), 1040(s), 1001(m), 968(m) cm 

1; lH NMR (CDC13) S 1.26 (lH, ddddd, J= 15, 13, 13, 4, 4 Hz, Hd), 

2.05 (lH, ddddd, J= 15, 4, 4, 4, 4 Hz, Hc ), 2.58 (2H, ddd, J= 13, 4, 

4 Hz, Hb), 3.72 (2H, ddd, J= 13, 13,4 Hz, Ha ), 7.74 (2H, dd, J= 8, 

8 Hz, Hh), 8.04 (2H, dd, J= 1, 8 Hz, Hi), 8.34 (2H, dd, J= 1, 8 Hz, 

Hg); MS mle 264; Anal. Calcd for C13H12S202: C, 59.06; H, 4.58. 

Found: C, 58.60; H, 4.46. 

Assignment of protons for 32 (see 32A1 for labeling scheme): 

The assignments of the protons of compound 32 in CDCl3 are as 

follows. On the basis of integration Ha and Hb were assigned to the 

frequencies at 3.72 and 2.58 ppm. Ha was specifically assigned to 

3.72 ppm because this peak has two large coupling constants 

(geminal=13 Hz, diaxia1-l3 Hz), and Hb was assigned to 2.58 ppm 

because this resonance has only one large coupling constant 

(geminal=13 Hz). Hc and Hd were assigned to the frequencies at 2.05 

and 1.26 ppm based on the integration of these peaks. Hc was 

specifically assigned to the resonance at 2.05 ppm because this peak 

has only one large coupling constant (geminal=ls Hz), and Hd was 
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assigned to 1.26 ppm because this resonance has three large coupling 

constants (geminal=15 Hz, 2(diaxia1-l3 Hz». Hg , which should be 

the proton farthest do~~fie1d because of the inductive effect of the 

su1foxides, was assigned to the resonance at 8.34 ppm. Hh was 

assigned to 7.74 ppm because this frequency has two large coupling 

constants indicative of a meta proton, and this left Hi to be 

assigned to 8.04 ppm. 

The protons of bis-su1foxide 32 in C6D6 were assigned in the 

same manner as discussed for CDC13 above. Using this methodology 

Ha , Hb, Hc , Hd, Hg , Hh, and Hi were assigned to 2.75, 1.87, 0.56, 

0.38, 8.51, 7.18, and 7.38 ppm respectively. 

Table 1.5 

proton 6( CDC1 3) 

Ha 3.72 

Hb 2.56 

Hc 2.05 

Hd 1. 23 

Hg 8.33 

Hh 7.78 

Hi 8.10 

Aromatic Solvent and Europium Induced Shift 
Data for bis-Su1foxide 32. 

Eu(fod)3 
6 + 0.16 induced 
equiv of relative 
Eu(fod)3 upfie1d 

6(C6D6) M (C6D6) (CDC1 3) shift,D.6 

2.75 -0.97 4.45 0.73 

l. 87 -0.69 3.98 l.42 

0.56 -1.49 2.41 0.36 

0.38 -0.85 2.11 0.88 

8.51 +0.18 9.80 l.47 

7.18 -0.60 7.97 0.19 

7.38 -0.72 8.31 0.21 
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Naphtho[l,8-b,cl-l,5-dithiocin-l,l-dioxide, 31: 

Dithioether 29 (20 mg, 0.0862 rnrno1e) was dissolved in 3 m1 of 

dichloromethane and 5 mg of cety1trimethy1arnrnonium bromide was 

added. Potassium permanganate (54 mg, 0.344 rnrno1e) was dissolved in 

3 m1 of water and added to the above dithioether solution. The 

reaction was vigorously stirred overnight at room temperature. The 

mixture was then filtered and the purple filtrate was extracted with 

dich1oromethane (3 x 20 m1). The organic layers were combined, 

rtried (MgS04), and concentrated, affording a purple-brown residue. 

This residue was purified by preparative tIc (50% hexanes/EtOAc) 

affording 15 mg (0.057 rnrno1, 66% yield) of the monosu1fone 31: IR 

(KBr) 1331(m), 1288(s), 1267(s), 1197(m), 1153(m), 1121(s), 

1107(s), 984(m) cm- 1 ; 1H NMR (CDC13) 0 2.22 (2H, pentup1et, J= 6 

Hz, Hc and Hd), 2.93 (2H, t, J= 6 Hz, He and Hf), 3.87 (2H, t, J= 6 

Hz, Ha and Hb), 7.50 (lH, dd, J= 8, 8 Hz, Hk), 7.59 (lH, dd, J= 8, 8 

Hz, Hh), 7.96 (lH, dd, J= 1, 8 Hz, HI), 8.09 (lH, dd, J= 1, 8 Hz, 

Hj), 8.12 (lH, dd, J- 1, 8 Hz, Hi), 8.73 (lH, dd, J= 1, 8 Hz, Hg); 

low temperature 1H NMR at 193 oK (CD2C12) 0 1.92 (lH, dddd, J=15 , 

13, 13, 5 Hz, Hd), 2.34 (lH, ddd, J= 15, 6, 6 Hz, Hc ), 2.75 (1H, 

ddd, J= 13, 13, 6 Hz, He)' 3.01 (lH, dd, J= 13, 5 Hz, Hf), 3.73 (lH, 

dd, J= 13, 5 Hz, Hb), 3.99 (lH, dd, J= 13, 13 Hz, Ha ), 7.52 (1H, dd, 

J= 8, 8 Hz, Hk), 7.61 (1H, dd, J= 8, 8 Hz, Hh), 8.00 (lH, dd, J= 1, 

8 Hz, H1), 8.09 (lH, dd, J= 1, 8 Hz, Hj), 8.12 (lH, dd, J= 1, 8 Hz, 

Hi), 8.60 (lH, dd, J- 1, 8 Hz, Hg); MS mle 264; Anal. Ca1cd for 

C13H12S202: C, 59.06; H, 4.58. Found: C, 59.72; H, 4.35. 
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Dithioether 29 (3 mg, 0.01 mmo1) and monosu1foxide 30 (1 mg, 0.004 

mmo1, 5% yield) were also isolated from the reaction mixture. 

Assignment of protons for compound 31 (see 31A1 for labeling 

scheme): 

The assignments of the protons for monosu1fone 31 in CD2C12 are 

as follows. At ambient temperature the proton pairs (Ha , Hb), (Hc , 

Hd), and (He, Hf) are equivalent and are assigned to the resonances 

at 3.87, 2.22, and 2.93 ppm respectively. Below the coalescence 

temperature (227 K) the peak at 3.87 split into two peaks at 3.99 

and 3.73 ppm. Ha was assigned to the peak at 3.99 ppm because this 

resonance has two large coupling constants (gemina1=13 Hz, 

diaxia1=13 Hz), and Hb was assigned to 3.73 ppm since this peak has 

only one large coupling constant (gemina1=13 Hz). Below 227 K the 

peak at 2.93 ppm split into two peaks at 3.01 and 2.75 ppm. He was 

assigned to the resonance at 2.75 ppm because of the two large 

coupling constants at this resonance (gemina1=13 Hz, diaxia1=13 Hz), 

and Hf was assigned to the peak at 3.01 ppm because this frequency 

has only one large coupling constant (geminal=13 Hz). The resonance 

at 2.22 ppm split into two peaks at 1.92 and 2.34 ppm below 227 K. 

Hd was assigned to the peak at 1.92 ppm because of the three large 

coupling constants (geminal=15 Hz, 2(diaxial-13 Hz» at this 

frequency, and Hc was assigned to 2.34 ppm because this frequency 

has only one large coupling constant (geminal=15 Hz). 

The aromatic protons were the same for ambient temperature or 

below 227 K and are assigned as follows. Hg was assigned to the 
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peak at 8.60 ppm because this proton should be shifted the farthest 

downfield due to the inductive effect of the sulfone group. 

Irradiation at 7.61 ppm (assigned as a meta proton because of its 

two large coupling constants) collapsed the splitting of the large 

coupling constants of the peaks at 8.60 and 8.12 ppm; thus the 

peaks at 7.61 and 8.12 ppm were assigned to protons Hh and Hi 

respectively. Irradiation at 7.52 ppm (assigned as a meta proton 

because of its two large coupling constants) collapsed the splitting 

of the large coupling constants at 8.00 and 8.09 ppm, thus the 

resonances at 7.52, 8.00 and 8.09 ppm must be on the same side of 

the ring. Ortho hydrogens are generally shifted upfie1d compared to 

para hydrogens in 1-substituted amino and methoxy naphthalene 

compounds 22 so it is assumed that H1 will be shifted upfie1d of Hj. 

On this basis Hj is assigned to 8.09 ppm, Hk is assigned to 8.09 ppm 

and H1 is assigned to 8.00 ppm. 

The assignments of the protons of compound 31 in CD3C6Ds were 

made in the same manner as described above for 31 in CD2C12. On 

this basis Ha-H1 were assigned to the resonances at 3.44, 3.15, 

1.09, 1.09, 1.84, 2.15, 8.65, 7.10, 7.51, 7.83, 7.04, and 7.44 ppm 

respectively. 
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Table 1.6 Aromatic Solvent Data for monosulfone 31. 

proton S(C6 D6) S( CDC1 3) 6S(C6 D6) 

Ha 3.44 3.99 -0.55 

Hb 3.15 3.73 -0.58 

Hc l.09 2.34 -l. 25 

Hd l. 09 l.92 -0.83 

He l. 84 2.75 -0.91 

Hf 2.15 3.01 -0.86 

Hg 8.65 8.60 +0.05 

Hh 7.10 7.60 -0.50 

H· ~ 7.51 8.12 -0.61 

Hj 7.83 8.00 -0.17 

Hk 7.04 7.52 -0.48 

HI 7.44 8.09 -0.65 

Naphtho[1,8-b,c]-1,5-dithiocin-l,1,5-trioxide (equatorial), 33: 

Monosulfone 31 (20 mg, 0.076 mmol) was dissolved in 3 ml of 

methanol. Sodium metaperiodate (32 mg, 0.15 mmol) was dissolved in 3 

ml of water and 3 ml of methanol was added. This aqueous methanol 

solution was then added to the above monosulfone solution at 0 °C. 

The reaction was stirred at room temperature for 48 hours, at which 

time tIc analysis showed the reaction to be complete. The methanol 

was removed by rotary evaporation and the remaining aqueous mixture 
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was extracted with dichloromethane (3 x 20 ml). The organic layers 

were combined, dried (MgS04), and concentrated affording 21 mg 

(0.075 mmol, 99% yield) of sulfoxide-sulfone 33: IR (KBr) l334(m), 

l302(s), l279(m), l157(m), l13l(s), l120(s), 1040(s), 1008(m), 

974(m) cm- l ; lH NMR (CDC13) 0 2.13 (lH, ddd, J= 16, 13, 13 Hz, Hd), 

2.38 (lH, d, J= 16 Hz, Hc ), 2.70 (lH, d, J= 12 Hz, Hb), 3.33 (lH, m, 

J= 13 Hz, Hf), 3.62 (lH, ddd, J= 13, 13,4 Hz, He), 3.94 (lH, ddd, 

J= 13, 13, 3 Hz, Ha ), 7.71 (lH, dd, J= 8, 8 Hz, Hh), 7.85 (lH, dd, 

J= 8, 8 Hz, Hk), 8.12 (lH, dd, J= 1, 8 Hz, Hj), 8.29 (lH, dd, J= 1, 

8 Hz, Hi), 8.66 (lH, dd, J= 1, 8 Hz, Hl), 8.71 (lH, dd, J= 1, 8 Hz, 

Hg); MS (m/e) 280; Anal. Calcd for C13H12S203: C, 55.69; H, 4.31. 

Found: C, 55.45; H, 4.15. 

Assignment of protons for compound 33 (conformation 33Al labeling 

scheme used): 

The europium shift reagent Eu(fod)3 should preferentially 

complex with the sulfoxide oxygen over the sulfone oxygens since 

sulfoxides are more polarized (longer bond lengths) than sulfones. 

Thus the protons that are shifted the most by addition of Eu(fod)3 

will be the protons Q to the sulfoxide group. On this basis protons 

Ha and Hb are assigned to the resonances at 3.89 and 2.64 ppm 

because these peaks shifted far more than the other aliphatic peaks. 

Irradiation at 3.89 ppm collapsed the splitting of the large 

coupling constant at 2.64 ppm, which confirms the above assignment. 

Ha was specifically assigned to the resonance at 3.89 ppm because 

this peak has two large coupling constants (geminal=13 Hz, 



73 

diaxial=13 Hz), and Hb was assigned to the resonance at 2.64 ppm 

because this peak has only one large coupling constant (geminal=13 

Hz). He and Hf were then assigned to the peaks at 3.61 and 3.33 

ppm. Specifically, He was assigned to 3.61 ppm because this 

frequency has two large coupling constants (geminal=13 Hz, diaxial= 

13 Hz), and Hf was assigned to 3.33 ppm because this resonance has 

only one large coupling constant (geminal=13 Hz). Irradiation at 

3.61 ppm collapsed the splitting of the large coupling constant at 

3.33 ppm, confirming these assignments. Hd was then assigned to 

the resonance at 2.07 ppm because this peak has three large coupling 

constants (geminal=16 Hz, 2(diaxial=13 Hz)), and Hc was assigned to 

2.35 ppm because this resonance has only one large coupling constant 

(geminal=16 Hz). Hg and HI were assigned to the frequencies at 8.65 

and 8.63 ppm since the inductive eflects of the sulfoxide and 

sulfone groups should cause these two protons to occur downfield 

from all the other aromatic protons. Hg was specifically assigned 

to 8.65 ppm because this proton was shifted far more than any of the 

other aromatic protons upon the addition of Eu(fod)3 to the 

solution. This left HI to be assigned to the frequency at 8.63 ppm. 

Hh and Hk were assigned to the peaks at 7.87 and 7.73 ppm since 

these two resonances gave two large coupling constants, indicative 

of meta protons. Irradiation at 7.87 ppm collapsed the splitting of 

the large coupling constants at 8.65 and 8.16 ppm and irradiation at 

7.73 ppm collapsed the splitting of the large coupling constants at 

8.63 and 8.33 ppm. Thus Hh and Hi were assigned to 7.87 and 8.16 
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ppm respectively, and Hj and Hk were assigned to 8.33 and 7.73 ppm 

respectively. 

The assignments of the protons of compound 33 in C6D6 were made 

in the same manner as discussed for CDC13 above. On this basis 

Ha-Hl were assigned to the frequencies at 3.20, 2.10, 0.88, 1.09, 

2.63, 2.25, 8.53, 7.21, 7.30, 7.39, 6.88, and 8.98 ppm respectively. 

Table 1.7 

proton 5( CDC1 3) 

Ha 3.89 

Hb 2.64 

Hc 2.35 

Hd 2.07 

He 3.61 

Hf 3.33 

Hg 8.65 

Hh 7.87 

Hi 8.16 

Hj 8.33 

Hk 7.73 

Hl 8.63 

Aromatic Solvent and Europium Induced Shift Data 
for Sulfoxide-sulfone 33. 

Eu(fod)3 
5 + 0.12 induced 
equiv of relative 
Eu(fod)3 upfield 

5(C6D6) A5(C6D6) (CDC1 3) shift,A5 

3.20 -0.69 4.82 0.93 

2.10 -0.54 4.27 l. 63 

0.88 -l.47 2.64 0.29 

l. 09 -0.98 2.64 0.57 

2.63 -0.98 3.80 0.19 

2.25 -l.08 3.58 0.25 

8.53 -0.12 10.84 2.19 

7.21 -0.66 8.07 0.20 

7.30 -0.86 8.34 0.18 

7.39 -0.94 8.47 0.14 

6.88 -0.85 7.88 0.15 

8.98 +0.35 8.84 0.21 
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Naphtho[l,8-b,c]-1,5-dithiocin-1,1,5,5,-tetraoxide, 34: 

Dithioether 29 (20 mg, 0.086 mmo1) was dissolved in 2 m1 of 

CH2C12' Ruthenium dioxide (1.0 mg) was added, along with 1.0 mg of 

cety1trimethy1ammonium bromide. Sodium metaperiodate (80 mg, 0.373 

mmo1) was dissolved in 2 m1 of water and added to the organic 

mixture. The resulting mixture was stirred vigorously at room 

temperature for 72 hours, at which time t1c analysis showed the 

reaction to be complete. A separatory funnel was then used to 

remove the dich1oromethane layer and the remaining aqueous layer was 

extracted with dich1oromethane (2 x 10 m1). The dich1oromethane 

layers were combined and filtered through silica gel on a sintered 

glass funnel and the silica gel was then washed with methanol (3 x 

75 ml). The methanol washings were combined and concentrated 

affording a gray-white residue, which was purified by 

recrystallization by vapor diffusion with pentane into a solution of 

the residue in 1,2-dichloroethane. Bis-sulfone 34 (17.8 mg 0.060 

mmol, 70 % yield) was obtained as a white crystalline compound: IR 

(KBr) 1299(s), 1276(m), 1193(m), 1174(m), l149(m), 1123(s) cm- 1 ; lH 

NMR (CDC13) 0 2.72 (2H, pentup1et, J= 7 Hz, Hc and Hd), 4.33 (4H, t, 

J= 7 Hz, Ha and Hb), 7.68 (2H, dd, J= 8, 8 Hz, Hh), 8.12 (2H, dd, 

J= 1, 8 Hz, Hi), 8.60 (2H, dd, J= 1, 8 Hz, Hg); Anal. Ca1cd for 

C13H12S204: C, 52.68; H, 4.08. Found: C, 52.62; H, 3.87. 
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Table 1. 8 
Summary of Variable Temperature NMR 

Method Com~ound Solvent Tem~. Range Tc toG toG t 
(OK) (OK) (kca1/ (kcal/ 

1H NMR 
mol) mol) 

29 CD2C12/ 253-143 190 0 8.9 
CHCICH2 

13C NMR 29 " 233-150 175 0.6 7.9 

1H NMR 31 CD2C12 293-178 227 0 10.8 

13C NMR 31 CD2C12/ 253-153 
CHC1CH2 

1H NMR 34 CD2C12 273-153 <153 < 7 

13C NMR 34 " 246-173 

1H NMR 30 DMSO-d6 293-393 

13C NMR 30 CD2C12/ 253-153 
CHCICH2 

1H NMR 32 DMSO-d6 293-392 

13C NMR 32 CD2C12/ 253-153 
CHC1CH2 

1H NMR 33 DMSO-d6 298-393 

13C NMR 33 CD2C12/ 253-153 
CHCICH2 



CHAPTER 2 

THE ORBITAL ASSIGNMENT OF IONIZATION POTENTIALS IN COMPOUNDS 
WITH SULFUR LONE PAIRS AND AROMATIC RINGSs 

Introduction 
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Photoelectron spectroscopy (PES) has become a powerful tool for 

determining the electronic structure of organic molecules. The 

basic technique behind the method involves irradiation of the 

molecule with a monochromatic source of photons. The photons 

interact with the molecule and cause an electron to be ejected with 

a kinetic energy that is measured by deflecting the electron with 

electrostatic or magnetic fields, similar to mass spectroscopy.28,29 

The relationship between the measured kinetic energy and the 

ionization potential of the electron that was ejected is given by 

the following equation: 28 ,29 

I.P. hv - K.E. - e 

where I.P. equals the ionization potential of the electron that was 

ejected, hv equals the energy of the incident photon, K.E. equals 

the kinetic energy of the ejected electron, and e equals the work 

function. 

The assignment of the electron to the molecular orbital from 

which it was ejected can be a difficult process; thus many methods 

have been developed to accomplish this feat, including analysis of 

the vibrational fine structure, perturbation of molecular orbitals 
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by substitution, comparison with the PES of simple model systems, 

and comparison of the He I and He II spectra of the compound. The 

vibrational fine structure in PES can be interpreted in terms of the 

excitation of vibronic modes of the ion, resulting from ejection of 

an electron from the ground state molecule. Thus a comparison of 

the vibrational fine structure of the PES with the vibrational 

frequencies observed in the ground state of the molecule (infrared 

spectroscopy) can often determine the composition of the molecular 

orbitals from which the electrons were ejected. As an example 

consider ethylene. The highest occupied molecular orbital in 

ethylene is accepted to be the G-G pi bonding orbital, so the 

vibrational fine structure of the first ionization potential in the 

PES should reflect this G-G pi bonding character. The highest 

energy vibrational frequencies in this first I.P. are about 1340 and 

1230 cm- l . 28 The 1230 cm- l frequency has tentatively been assigned 

to the G=C stretching mode and the 1340 cm- l frequency has been 

tentatively assigned to the G-H twisting mode. 28 In any case both 

frequencies are much lower in energy than the G=G stretching 

frequency of ethylene in the ground state, which occurs at 1623 

cm- l . 28 This is consistent with the first ionization band being 

assigned as the G-G pi bonding orbital because ejection of an 

electron from this bonding orbital should weaken the G-G bond which 

will be reflected in a lowered G-G stretching frequency in the ion 

state. 
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Often the vibrational fine structure in the PES is obscured 

due to poor resolution of the spectrum or overlap of many 

vibrational progressions. In these cases the band widths of the 

I.P.s can sometimes be informative. For example when comparing 

nonbonded lone pair I.P.s with bonded pi I.P.s, the lone pair I.P. 

will usually be a very sharp peak in comparison to the pi bond 

ionization potential. 29 Ionization of a nonbonded lone pair 

electron often does not significantly alter the internuclear 

distance of the nuclei in the ion, thus the vibrational fine 

structure is diminished in these ionizations. 29 On the other hand, 

ionizations of electrons in pi bonds will drastically change the 

internuclear distance of the ion so that many large vibrational 

modes may be activated upon ionization causing a broad band shape in 

these ionization potentials. 

Substitution in molecules will sometimes reveal the nature of 

the molecular orbitals from which the electrons are ejected. An 

example of this methodology is the perfluoro effect. 29 Fluorine 

usually has strong mixing between the sigma atomic orbitals on 

fluorine and the molecular orbitals on the molecule in question. 

Since fluorine is strongly electron withdrawing compared to hydrogen 

atoms, substitution of hydrogen for fluorine in a molecule should 

cause a substantial stabilization of the sigma molecular orbitals. 

In this way sigma and pi molecular orbitals in ethylene have been 

distinguished from each other by comparing perfluoroethylene with 

ethylene. The sigma orbitals in perfluoroethylene are 2-3 eV more 
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stable in energy than these same orbitals in ethylene, while the pi 

orbital is essentially the same for both compounds. 29 

A method frequently used to assign peaks, related to the first 

two methods, is to compare the PES of model systems to the PES of 

the molecule in question. As an example consider benzyl methyl 

sulfide. The spectra of toluene and dimethyl sulfide can be 

compared to the spectrum of benzyl methyl sulfide to assign its 

ionization potentials. Toluene has two low I.P.s at 8.81 and 9.13 

eV while dimethyl sulfide has one low I.P. at 8.68 eV. Thus the 

lowest I.P.s of benzyl methyl sulfide at 8.42, 9.01, and 9.20 eV, 

were assigned as the ns ' pil and pi2 molecular orbitals 

respectively. 30 This assignment was confirmed by comparing the 

spectrum of benzyl methyl sulfide with benzyl methyl ether. The 

only significant difference between these two spectra is that the 

8.42 eV I.P. in the spectrum of the former shifts to 9.85 eV in the 

spectrum of the latter, which is exactly what one would expect when 

going from a sulfur lone pair to a oxygen lone pair. 

Ionization potentials can be assigned by theoretical 

calculations as well as by experimental comparison. Semiempirical 

calculations3l using programs such as Extended Hucke 1 , CNDO, MINDO, 

SPINDO, HAM, MNDO and AMI are usually used to calculate the atomic 

composition of molecular orbitals and their respective eigenvalues 

in large organic systems. Ab initio calculations3l using programs 

like GAUSSIAN 86 are normally only used for small organic systems 

because of the large amount of cpu time required for such 
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calculations. Once the eigenvalues are calculated they can be 

correlated to ionization potentials using Koopmans' Theorem32 which 

states that the vertical ionization potential is proportional to the 

negative of the eigenvalue as shown below. 

I.P.(j) = -€j + P 

In the above equation I.P.(j) is equal to the ionization potential 

of an electron in the jth molecular orbital, €j equals the 

eigenvalue of the jth molecular orbital, and P is the 

proportionality constant. This proportionality constant is usually 

set to zero or determined by correlating eigenvalues and ionization 

potentials in simple models and then using this determined constant 

in the more complex systems. Thus the theoretical methodology 

allows one to calculate the composition of each of the molecular 

orbitals and their respective ionization potentials which can be 

compared against the experimental ionization potentials for 

accuracy. 

The comparison of the He I and He II spectra of a compound can 

be an excellent method for spectral assignment. He I and He II 

sources, 21.2 and 40.8 eV respectively, can have very different 

cross sections for the same molecular orbital. As a general rule 

the He I source favors ejection of an electron from diffuse orbitals 

while He II favors ejection of an electron from a contracted 

orbita1. 33 Since atomic orbitals of third row atoms are more 



82 

diffuse than those of second row atoms the He I I He II comparison 

should be able to distinguish molecular orbitals composed of second 

row atoms from molecular orbitals composed of third row atoms. As 

an example consider carbon subsulfide, S-C=C=C=S. Calculations have 

shown that the first and second I.P.s of carbon subsulfide arise 

from molecular orbitals composed mainly of sulfur atoms, while the 

third I.P. arises from an orbital composed of carbon atoms. 34 Since 

the sulfur atom is more diffuse than the carbon atom, one would 

expect the first two bands to fall drastically, in comparison to the 

third I.P., going from the He I to the He II spectra. In fact in 

the He I spectrum the third band, composed essentially of carbon, 

has a smaller band area than the first two I.P.s; however, in the He 

II spectrum the third band has a significantly larger band area than 

the first two ionization potentials. 34 

Recently much attention has been paid to the electronic 

structure of compounds with aromatic rings and sulfide moieties, 

especially in systems where the orbitals of the aromatic ring and 

the sulfur p-type lone pair overlap. In particular, Bock has 

investigated the electronic structure of several such systems using 

PES and M.D. calculations. 35 Distinguishing sulfur molecular 

orbitals from aromatic molecular orbitals in the PES of molecules 

with polycyclic aromatic rings or more than one sulfur atom can be 

exceedingly difficult. Such systems often have numerous overlapping 

bands in the the low ionization potential region (7-10 eV), so the 

that substitution and comparison methods discussed earlier, besides 
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being synthetically challenging, often give conflicting and 

misleading results. Vibrational analysis often cannot be used in 

these systems because the vibrational fine structure is obscured due 

to the overlapping bands of the ionizations or due to the 

overlapping vibrational fine structure within the ionization bands. 

Thus in the past, calculational methods have been relied on heavily 

to interpret the spectra. It can be very dangerous to rely solely 

on computational methodology in these types of systems because when 

I.P.s are very close in energy the calculations often reverse their 

order of assignment. We wished to investigate the extent that the 

He I-He II comparison methodology, previously untested in these 

sulfide aromatic systems, could be used to distinguish sulfur p-type 

molecular orbitals from carbon pi molecular orbitals in these 

systems. Furthermore we wished to test if this method could 

qualitatively determine the amount of sulfur p-type - carbon pi 

mixing that occurs in these systems when the sulfur and carbon 

orbitals overlap. 
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Results 

Benzyl methyl sulfide (1), 2-phenethy1 isopropyl sulfide (2), 

and 1-naphtha1enemethanethio1 (3), were first tested by the He I / 

He II comparison methodology to determine if this method could 

distinguish between molecular orbitals that were essentially all 

carbon pi or all sulfur p-type lone pair in character. 

1 2 3 

In compounds 1 and 2 it is accepted that the first ionization 

potential ( (a), see table 2.1) is assigned to a molecular orbital 

that is composed of all sulfur p-type lone pair, and that ionization 

potentials (b) and (c) come from the elg(S) and elg(A) pi orbitals 

of benzene, whose degeneracy has been broken in 1-2 because of the 

substitution on the benzene ring. 35b ,36 
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These assignments are based on comparisons of 1-2 with the first 

ionization potential of dimethyl sulfide (8.68 eV), the first 

ionization potential of isopropyl sulfide (8.26 eV) and the first 

two ionization potentials of toluene (first I.P. = 8.81 eV, second 

I.P. = 9.13 eV), and based on comparisons with oxygen analogues and 

calculations as was discussed earlier. As can be seen in Table 2.1 

and Figure 2.1, the He I / He II comparisons are in complete accord 

with these assignments for compounds 1-2. The first ionization 

potentials of 1-2 (ionization potential (a) in Table 2.1 and Figure 

2.1) were reduced by 66% compared to the second and third I.P.s, 

(I.P.s (b) and (c) in Table 2.1 and Figure 2.1) going from the He I 

to the He II spectra. This is consistent with I.P. (a) being 

assigned to a molecular orbital composed of only sulfur p-type 

orbital and I.P.s (b) and (c) being assigned to molecular orbitals 

composed of only carbon pi orbitals. 

The assignments of the peaks in compound 3 were made simi1arily 

to those of 1-2. By comparing the PES of methanethiol (first I.P. 

9.41 eV) and naphthalene (first I.P. = 8.18 eV, second I.P. = 8.88 

eV and third I.P. = 10.15 eV) with compound 3, I.P.s (a), (b), and 

(d) of compound 3 were assigned to naphthalene pi orbitals and I.P. 

(c) was assigned to the sulfur lone pair. The vibrational fine 

structure of 1365 cm- l in I.P. (a) confirms this assignment as a 

naphthalene band, since molecular orbitals with only sulfur lone 

pair character rarely show any prominent vibrational structure. The 



86 

Table 2.1 

He I and He II Spectra of Compounds 1-3 

Relative Area Relative Area 
Compound Band 1. P. (eV) HeI HeII Change 

1 a 8.41 0.57 0.19 -66% 

b+c 9.0 1. 00 1. 00 0% 
9.4 

2 a 8.26 0.62 0.16 -74% 

b+c 8.9 1. 00 1. 00 0% 
9.3 

3 a 8.04* 

a' 8.22 0.94 1. 09 16% 

a" 8.38 

b 8.83 1. 00 1. 00 0% 

c 9.09 1. 33 0.53 -60% 

d 9.85* 0.94 0.98 4% 

* adiabatic I. P. , all others reported as vertical I.P.'s 
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Figure 2.1 

He I and He II Spectra of Compounds 1-3 

Ionization Energy (eV) 

13 12 11 10 9 8 7 
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frequency of 1365 cm- 1 characterizes this vibrational fine structure 

of the PES as the C=C stretching frequency, which occurs at 1594 and 

1508 cm- 1 in the infrared spectrum of compound 3. This lowering of 

frequency from 1508 or 1594 cm- 1 in the ground state to 1365 cm- 1 in 

the ion state is in agreement with PES theory since the ejection of 

an electron from a bonding C=C pi orbital should weaken the C=C 

bond. The vibrational fine structure of 484 cm- 1 in I.P. (d) also 

confirms the assignment of (d) as a naphthalene band. This 

vibrational frequency is presumably the aromatic C-H out of plane 

bending mode 37 which occurs as strong bands in the infrared spectrum 

at 776 and 798 cm- 1 of compound 3. Once again the lowering of 

frequency from 776 or 798 cm- 1 in the ground state to 484 cm- 1 in 

the ion state is consistent with the ejection of an electron from a 

bonding C=C molecular orbital. I.P.s (b) and (c) have no 

vibrational fine structure and thus vibrational analysis of these 

peaks cannot prove or disprove these assignments. Furthermore, 

since these ionizations are relatively close in energy (8.83 and 

9.09 eV) it is certainly conceivable that the assignments made 

previously could be switched in reality. A He I / He II comparison 

of compound 3, however, clearly shows that the initial assignments 

are correct. The area of I.P. (c) reduces by 60% as compared to 

I.P. (b) going from He I to He II, whereas I.P.s (a) and (d) are 

increased a little (16% and 4%) compared to I.P. (b). Therefore 

I.P. (c) has a molecular orbital that consists of a sulfur lone pair 
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while I.P.s (a), (b), and (d) all consist of naphthalene pi 

character. 

The He I and He II spectra were taken on t-butyl phenyl sulfide 

(4), thiophenol (5), and thioanisole (6), to determine if the 

methodology could qualitatively determine the amount of sulfur p-

type lone pair and aromatic carbon pi mixing that occurred in 

molecular orbitals in systems where it was possible for carbon pi-

sulfur lone pair overlap. 

SH 

6 
4 5 6 

Mellor and coworkers 38 have done conformational analysis on 

compounds 4-6 using photoelectron spectroscopy and have found that 

two conformers predominate for this series: the planar conformer 7a, 

where the sulfur lone pair is planar with the carbon pi ring, and 

the orthogonal conformer 7b, where the sulfur lone pair is 

orthogonal to the carbon pi ring. 
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Me 

7a 7b 

Later work by Schweig and Thon confirmed this analysis. 39 The PES 

of conformer 7b should be very similar to the spectra of compounds 1 

and 2, that is, no mixing of sulfur p-type orbital and carbon pi 

orbitals should occur, since the sulfur p-type orbital cannot 

overlap with the pi ring because they are orthogonal. Thus one 

would expect the first ionization potential to arise from a 

molecular orbital that was composed of all sulfur p-type lone pair, 

and the second and third l.P.s to come from molecular orbitals that 

were completely naphthalene pi in character, as was the case for 

compounds 1-2. On the other hand conformer 7a should have a large 

interaction between the sulfur p-type lone pair orbital and the 

elg(S) orbital on benzene because these two orbitals are planar. 

The sulfur p-type orbital will not interact with the e1g(A) orbital 

in benzene because of the node at the sulfur substituted carbon in 

the elg(A) orbital. This will cause the first and third HOMOs of 
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conformer 7a to have mixed sulfur-carbon character, and the second 

HOMO to have all carbon pi character as shown in Scheme 2.1. 

Scheme 2.1 
Orbital interactions of conformer 7a. 

6 
The PES study by Mellor38 showed that compound 4 was 5% 

conformer 7a and 95% conformer 7b, compound 5 was 100% conformer 7a, 

and compound 6 was 90% conformer 7a and 10% conformer 7b. Thus this 

ser'ies 4-6 should test the ability of the He I / He II method to 

qualitatively determine the amount of sulfur lone pair and aromatic 

pi mixing that occurs in the molecular orbitals. The He I and He II 

PES spectra of compounds 4-6 are shown in Table 2.2 and Figure 2.2. 

The area of the first ionization potential of compound 4 [I.P. (a)] 

was reduced by 65% relative to I.P.s (b) and (c), going from the 
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Table 2.2 
He I and He II Spectra of Compounds 4-6 

Relative Area Relative Area 
Compound Band I.P. (eV) HeI Hell Change 

4 a 8.36 0.51 0.18 -65% 

b+c 9.2 1. 00 1. 00 0% 
9.4 

5 a 8.40 0.96 0.70 -27% 

b 9.38 1. 00 1. 00 0% 

c 10.64 0.73 0.47 -35% 

6 a 8.01 0.85 0.45 -45% 

b 8.61 0.22 0.11 -50% 

c 9.25 1. 00 1. 00 0% 

d 10.17 0.75 0.54 -28% 
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Figure 2.2 
He I and He II Spectra of Compounds 4-6 

Ionization Energy (eV) 

13 12 11 10 9 8 7 
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He I to the He II spectra. This is consistent with I.P. (a) being 

assigned to the sulfur p-type lone pair and I.P.s (b) and (c) being 

assigned to benzene carbon pi character, as was shown for compounds 

1-2. Thus the He I / He II comparison is in complete accord with 

compound 4 having 95% of its configuration being conformer 7b and 

only 5% conformer 7a. The area of I.P. (a) in compound 5 was 

reduced by 27% and the area of I.P. (c) was reduced by 35% relative 

to I.P. (b), going from the He I to the He II spectra of compound 5. 

Clearly I.P. (a) and I.P. (c) were reduced on an average about half 

as much as the first I.P. of compound 4, whose composition is all 

sulfur lone pair. This indicates that the He I / He II comparison 

assigns I.P. (a) and I.P. (c) to molecular orbitals that are about 

equal mixtures of sulfur p-type orbital and carbon pi orbital and 

assigns I.P. (b) to all carbon pi character, which is in complete 

agreement with the theory discussed above. The vibrational fine 

structure of 390 cm- 1 in band (a) of compound 5 is presumably due to 

aromatic C-H out of plane bending which suggests that band (a) has 

carbon character. The vibrational fine structure of 970 and 390 

cm- 1 in band (b) is presumably due to the C=C stretching and C-H out 

of plane bending modes respectively. From the IR spectrum of 

compound 5, the C=C stretch bands of the ground state molecule are 

at 1581, 1477, and 1440 cm- l , and the C-H out of plane bending modes 

are at 734 and 689 cm- 1 . This again is evidence that band (b) has 

carbon character. Band (c) has no resolved fine structure; however, 

the width of the band is uncharacteristic of molecular orbitals with 
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only sulfur p-type character such as band (a) in compound 4. Thus 

the vibrational fine structure of bands (a), (b) and (c) is 

consistent with the He I I He II assignments given above. 

The He I I He II comparison of compound 6 gave similar results 

to compound 5. The area of I.P. (a) reduced 45%, the area of I.P. 

(b) reduced 50%, and the area of I.P. (d) reduced 28% relative to 

the area of I.P. (c), going from the He I to the He II spectra. As 

can be seen in Table 2.2, I.P.s (a) and (b) overlap and thus the 

reported percentage of area reduced has more inherent error for 

these bands than does I.P. (c) or (d)." In any case I.P.s (a) and 

(d) of compound 5 were reduced on an average about half as much as 

I.P. (a) (65%) in compound 4 which was assigned as sulfur p-type 

lone pair. This again is consistent with I.P.s (a) and (d) being 

assigned to molecular orbitals with approximately equal mixing of 

sulfur p-type orbital and carbon pi orbital. I.P. (b) is assigned 

to the 10% of compound 6 that exists as conformer 7b, and as such 

this band should consist of essentially all sulfur lone pair. The 

50% reduction of the area of I.P. (b) going from He I to He II is 

low compared to the 65% reduction observed in I.P. (a) of compound 

4; however, as discussed above, the overlapping of bands (a) and (b) 

in compound 6 renders their respective reduction values more suspect 

than than the other reduction values that are reported. The 

vibrational fine structure of the bands in compound 6 is unresolved; 

however, the broadness of the band widths in I.P.s (a), (b), and (c) 

strongly suggests some carbon pi mixing in their respective 



molecular orbitals which is consistent with the assignments made 

above for compound 6. 
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Conclusions 

Comparison of the band intensities obtained in He I and He II 

photoelectron spectra has been demonstrated to be able to 

qualitatively characterize the amount of sulfur p-type orbital and 

aromatic pi orbital mixing that occurs in the molecular orbitals. 
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Experimental 

Instrumentation: 

Melting points were measured with a Thomas-Hoover melting point 

apparatus and are uncorrected. IR spectra were recorded on a 

Perkin-Elmer Model PE983 Spectrometer. lH NMR spectra at 250 MHz 

and l3C NMR spectra at 62.9 MHz were recorded on a Bruker WM-250 FT 

NMR Spectrometer with 0.368 Hz/Pt digital resolution using a 5 mm 

tube and tetramethylsilane as the internal reference. The 

deuterated solvent shown for each compound was used to lock the 

instrument. All spectra were recorded at ambient temperature unless 

specified otherwise. All reagents were obtained from Aldrich 

Chemical Company and were used as delivered unless specified 

otherwise. All PES were taken on a McPherson 36 ESCA Photoelectron 

Spectrometer, modified by the Lichtenberger group,40a with 

resolution better than 30 meV. All PES were enhanced by signal 

averaging with an LSI-ll computer, interfaced with the spectrometer. 

All PES were run using the sensitivity enhanced cell developed by 

Mark Jatcko of the Lichtenberger group. The PES data are presented 

in analytical form in the tables using an asymmetric Gaussian 

representation for the ionization bands. The functional form is 

C(E) = A exp{-k[(E-P)/W]2} 

where C(E) is the electron counts at binding energy E, A is the peak 

amplitude, P is the peak position (vertical I.P.), W ~ Wh, the half

width when E > P (on the high binding energy side of the peak), or W 

= Wl, the half-width when E < P (on the low binding energy side of 
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the peak), and k = 4(ln2). The reproducibility of the vertical 

ionization energies by these techniques is about +/- 0.02 eV. The 

relative integrated peak areas are reproducible to about 5% in the 

He I and about 10% in the He II for individual peaks. If two peaks 

are overlapping such that there is not a clear inflection between 

their maxima, the peaks are constrained to have the same shape. In 

the spectra containing two ionization potentials of the benzene ring 

E set, (compounds 1, 2 and 4) due to extensive overlapping of 

vibrational modes, as many as four asymmetric gaussians were used to 

accurately account for the total area of under these bands. The 

resulting areas were then summed and ratioed to 1.00 relative to the 

other bands in the spectrum. Overlapping peaks are included in the 

fit of a band only if they are needed for a statistically 

significant representation of the band contour and produce 

reasonable band shapes. Because of the correlation between 

parameters in an overlapping band, there is greater uncertainty in 

the true vertical ionization energy for each peak (about +/- 0.1 eV 

in worst cases). Thus, ionization potentials are only reported to 

the 0.1 eV or as a range of I.P. values. In the compounds reported 

here, it was essential to get an accurate representation of the peak 

areas no matter how complex the bandshape. Vibrational frequencies 

were obtained from the energy spacing between maxima and minima in 

the individual points of the raw data collection and are good to ±20 

cm- l . 
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Synthesis: 

Benzyl methyl sulfide, thiophenol, and thioanisole were acquired 

from Aldrich Chemical Company. Naphtho[1,8-b,c]-1,5-dithiocin was 

prepared as described in reference 16. 

t-Butyl phenyl sulfide: 40b 

Aqueous sulfuric acid (75%, 10 g) was placed in a 50 ml three 

necked round bottom flask. Isobutylene (1.12 g, 0.0204 mol) was 

bubbled into the acid solution at 0 °C. Thiophenol (1.10 g, 97% 

pure, 0.0100 mol) was then added dropwise at 0 °C. When the 

addition was complete the reaction was allowed to warm to room 

temperature and then stir for one hour. At this time about 10 g of 

crushed ice were added. The resulting mixture was extracted with 

ethyl ether (3 x 20 ml) and the ethereal layers were combined and 

then washed with water, 10% aqueous sodium hydroxide solution, and 

water in succession. The ethereal layers were then dried (MgS04) 

and concentrated affording a yellow oil. The oil was purified by 

bulb to bulb distillation followed by chromatography on silicia gel 

eluting with hexanes to give pure t-butyl phenyl sulfide (1.0 g, 

0.0060 mol, 60% yield): IR (neat) 2960(s), 292l(m), 2896(m), 

2860(m), 1472(s), l455(m), l437(m), l362(s), l167(s), 1066(m), 

1025(m), 750(s), 695(s) cm- l ; lH NMR (CDC13) 0 7.52 (2H, m, ArH) , 

7.33 (3H, m, ArH) , 1.27 (9H, s, t-Bu). 
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2-Phenethy1 isopropyl su1fide: 41 

2-Phenethy1 alcohol (2.00 g, 0.0164 mol) was dissolved in 20 m1 

of dry (BaO) pyridine and the solution was cooled to 0 °C. 

Recrystallized p-to1uenesu1fony1 chloride (3.43 g, 0.0180 mol) was 

added in one portion under argon. The reaction was allowed to stir 

at 0 °c for two hours, at which time 1.5 m1 of ice cold water was 

added dropwise. More water (20 m1) was then added and the 

resulting aqueous solution was extracted with chloroform (3 x 50 

m1). The chloroform layers were combined, washed with 2N H2S04, 

water, and saturated aqueous sodium bicarbonate solution, and then 

dried (MgS04) and concentrated affording a yellow oil. The oil was 

washed with petroleum ether until it solidified. Recrystallization 

afforded 2.8 g (0.010 mol, 62% yield,) of the pure corresponding p

to1uenesulfonate: m.p. = 39-40 °C. 

Freshly cut sodium metal (0.48 g, 0.021 mol) was added to 15 m1 

of absolute ethanol at room temperature under argon. After the 

sodium had reacted, 1.93 ml (1.58 g, 0.021 mol) of isopropyl 

mercaptan was added dropwise. The solution turned a light yellow 

color, and was stirred at room temperature under argon for several 

minutes. The tosylate prepared above (2.25 g, 0.00810 mol) was 

added in one portion and the resulting mixture was allowed to stir 

overnight. At this time the precipitated sodium p

toluenesulfonate was removed by filtration and about 75% of the 

ethanol was removed under reduced pressure. The remaining yellow 

solution was diluted with 50 ml of water and then extracted with 



dichloromethane (3 x 75 ml). The dichloromethane layers were 

combined, dried (MgS04) and concentrated, affording a brown oil. 

102 

The oil was purified by chromatography on silica gel with 5% EtOAc 

in hexanes, yielding 1.18g (0.00655 mole, 81% yield) of 2-phenyl 

isopropyl sulfide as a light yellow oil: IR (neat) 3025(m), 

2956(m), 2922(m), 2863(m), l602(m), l495(m), l452(m), l380(m), 

l363(m), l243(m), l223(m), l155(m), 1052(m), 734(m), 698(m) cm- l ; lH 

NMR (CDC13) 0 7.29 (5H, m, ArH) , 2.89 (5H, m, CH2CH2CH), 1.30 (6H, 

d, J=6.7 Hz, CH(CH3)2); MS (m/e) Calcd for l2ClllH1632Sl: 180.0973. 

Found: 180.0976. 

l-Naphthalenemethanethiol: 42 

l-(Bromomethyl)naphthalene (2.00 g, 9.05 mmol) was dissolved in 

5 ml of absolute ethanol with heating. Thiourea (0.756 g, 11.8 

mmol) was dissolved in 20 ml of absolute ethanol with heating. The 

two solutions were mixed together and stirred at room temperature 

under argon. After about fifteen minutes a precipitate formed. The 

reaction was allowed to stir for two hours at which time it was 

filtered. The resulting white solid was recrystallized from 

absolute ethanol yielding white crystals of the isothiouronium salt 

(2.0 g, 6.73 mmol, 74% yield, m.p. = 203-207d °C). 

The above isothiouronium salt (0.950 g, 3.20 mmol) was added to 

30 ml of 1.5 M aqueous potassium hydroxide solution. The resulting 

mixture was refluxed for two hours after which all of the salts had 

dissolved. The reaction was cooled and acidified with 9 M aqueous 
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sulfuric acid solution. The acidified solution was extracted with 

dich1oromethane (3 x 50 m1). The organic layers were combined, 

dried (MgS04), and concentrated, affording a slightly yellow oil. 

The oil was purified by bulb to bulb distillation yielding 1-

naphtha1enemethanethio1 as a clear slightly yellow oil (0.430 g, 

2.47 mmo1, 77% yield): IR (neat) 3043(m), 1594(m), 1508(m), 139s(m), 

1246(m), 1233(m), 1167(m), 1017(m), 798(s), 776(s), 736(m), 630(m) 

cm- 1 ; 1H NMR (CDC13) S 8.10 (lH, dd, J=1.0, 8.2 Hz, ArH) , 7.89 

(lH, dd, J=1.5, 8.5 Hz, ArH) , 7.78 (lH, dd, J=1.6, 7.5 Hz, ArH) , 

7.50 (4H, m, ArH) , 4.20 (2H, d, J-7.2 Hz, CH2S) , 1.91 (lH, t, J=7.2 

Hz, SH). 



CHAPTER 3 

SULFUR-SULFUR LONE PAIR AND SULFUR-NAPHTHALENE INTERACTIONS 
IN THE NAPHTHODITHIOCIN SYSTEM 

Introduction 
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Facilitation of oxidation of thioethers by neighboring group 

participation has been studied by several groups. An especially 

impressive example is 1,S-dithiocane (1). 

o 
V 

1 2 

o 
V 

3 

Musker43 reported the chemical one-electron oxidation of 1 with 

Cu(CH3CN)4(BF4)2, nitrosonium tetrafluoroborate, and nitrosonium 

hexafluorophosphate in either acetonitrile or nitromethane. The 

corresponding radical of 1 was observed by ESR spectroscopy, and the 

ESR signal and characteristic yellow color of 2 lasted for 72 hours. 

Other monothioethers, acyclic dithioethers, and mesocyclic 

dithioethers with six, seven, and ten membered rings did not give 
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stable radicals under the same conditions. The cation radical 2 has 

also been made from compound 1 by pulse radiolysis44 ,4s and 

electrochemical methods46 ,47. The disulfide dication 3 is also a 

stable species. In fact 3 is isolatable under conditions described 

by Musker47 ,48 and Furukawa49 ,sO. The dication has been synthesized 

by reacting compound 1 with 2 moles of NOBF4 or NOPF648, and by 

electrochemical oxidation of compound 146 ,47. The dication has also 

been made by reacting the cation radical 2 with the thianthrene 

cation radica147 . 

The electrochemical oxidation of 1 to 2 and 1 to 3 is of 

particular interest since these oxidations occur at a peak potential 

of 0.34 v versus the AgjAg+ electrode46 . Simple thioethers usually 

oxidize in the range of 1.2-1.7 v under these same conditions46 . 

This remarkable facilitation of oxidation is ascribed to lone pair

lone pair destabilization of 1 and stabilization of the 

corresponding cation radical 2, and stabilization of dication 3 by 

S-S bond formation. The photoelectron spectrum of compound 1 

demonstrates the lone pair-lone pair transannular interaction of 1 

by showing a relatively large lone pair splitting of 0.43 eVsl . 

In an effort to increase this lone pair-lone pair interaction 

and further facilitate oxidation in 1, conformational constraints 

were built into compound 1. Specifically, naphtho[1,8-b,c]-1,s

dithiocin (4) was investigated for maximized sulfur-sulfur lone pair 

interaction. 
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~ s s 

4 

In this molecule, the geometry and rigidity of the naphthalene ring 

ensure relatively close juxtaposition of the sulfur atoms in the 1,8 

(peri) positions, and force the C-S bonds involving naphthalene to 

be coplanar. 52 Thus it was hoped that compound 4 would have a 

closer S .. S intramolecular distance than 1,5-dithiocane (1), whose 

S .. S distance is estimated to be 3.4 AS1, and that the p-type lone 

pair on each sulfur atom would be forced to point directly at each 

other. This would then cause a very large sulfur-sulfur lone pair 

splitting which would facilitate oxidation even more dramatically 

than in compound 1, as described earlier. 
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Results and Discussion 

The difficulty in analyzing a system like 4 is that in addition 

to lone pair-lone pair interactions, there are lone pair-naphthalene 

pi interactions. To distinguish between these interactions and 

provide more insight into this system, semi-empirical molecular 

orbital calculations were done on 1,8-bis(methylthio)naphthalene 

(5), using the AMI programS3 . These calculations were similar in 

nature to the work done earlier by BockS4 , who used the CNDO 

programSS ,S6. 

Me 
'S 

5 

The ionization potentials* of the top five HOMOs of compound 5 were 

calculated as a function of the dihedral angles between the 

methylthio groups and the plane of the naphthalene ring. The 

methylthio groups were rotated in both a disrotatory fashion (sigma 

plane of symmetry) and in a conrotatory fashion (C2 symmetry). 

Figure 3.1 shows the results of these calculations. 

* The ionization potentials were obtained from the calculated 
eigenvalues by using Koopmans' theoremS7 and equation 1. 

I.P.(j) = (-1.04732 X fj) - 1.27831 eV (1) 
In equation 1, I.P.(j) = the ionization potential of the electron in 
molecular orbital j, and fj = the calculated eigenvalue of molecular 
orbital j. This equation was obtained by correlating the 
eigenvalues of the top five HOMOs of the (30,30) conformer of 
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compound 5, with the first five experimental I.P.s of 5. The 
(30,30) configuration has been shown to be the most stable conformer 
by x-ray crystallography, as is discussed later. 

The surprising result shown in Figure 3.1 is that the AMl 

calculations predict relatively little change in the first 

ionization potential with changing dihedral angle even at the 

(-90,90) or (90,90) conformers where the sulfur-sulfur lone pair 

interaction should be at a maximum. To better understand this 

surprising result AMl calculations were done on 6 and 7, in an 

attempt to separate the sulfur-sulfur interactions from the sulfur-

naphthalene interactions in compound 5. 

6 7 

The two H2S molecules in 6 were positioned such that the two S-H 

bonds were in the same relative positions as the e-s bonds involving 

naphthalene in compound 5. The HOMO of the two H2S molecules was 

then calculated with the dihedral angles (defined analogously the 

dihedral angles of compound 5) varied from (0,0) to (-90,90) to 

approximate the sulfur-sulfur lone pair interaction in compound 5. 
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The energy of the HOMO of l-(methylthio)-naphthalene (7), was also 

calculated with the methylthio-naphthalene dihedral angle varied 

from ° to -90 degrees, to approximate the sulfur-naphthalene 

interactions in compound 5 from (0,0) to (-90,90). The results of 

these calculations are shown in Figure 3.2. 

The HOMO of compound 5 from (0,0) to (-90,90) consists of 

antisymmetric sulfur-sulfur p-type lone pair interactions and 

antibonding (sulfur p-type lone pair)-(naphthalene pi) interactions. 

Figure 3.2 shows that the antisymmetric sulfur-sulfur p-type lone 

pair interactions will raise the energy of the HOMO of compound 5 

from (0,0) to (-90,90); however, Figure 3.2 also shows that the 

decreased sulfur-naphthalene antibonding interactions will lower the 

energy of the HOMO of 5, from (0,0) to (-90,90), and to 

approximately the same extent as the sulfur-sulfur interactions 

raise them. Thus both interactions effectively cancel each other, 

rendering the first I.P. of compound 5 essentially constant from 

(0,0) to (-90,90) (see Figure 3.1). 

The first I.P of 5 shown in Figure 3.1 is also relatively 

constant from (0,0) to (90,90). This is due to a crossing of the 

energy of ~l and ~2 at approximately the (55,55) configuration. 

This crossing occurs because ~l is stabilized due to decreasing 

antibonding (sulfur p-type lone pair)-(naphthalene pi) interactions, 

and increasing symmetric (sulfur p-type lone pair)-(sulfur p-type 

lone pair) interactions, while ~2 is somewhat stabilized from a 

small decreasing of the antibonding sulfur-naphthalene interactions 
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but strongly destabilized due to a large increasing of the 

antisymmetric sulfur-sulfur interactions from the (0,0) to the 

(90,90) configuration. The net effect of the crossing is a 

relatively constant first ionization potential from (0,0) to 

(90,90). In summary, the AMI calculations, as expected, show that 

the (90,90) and (-90,90) conformers64 should give low first I.P.s 

due to large sulfur-sulfur lone pair destabilizing interactions, but 

the AMI calculations also predict that the other configurations also 

will give low first I.P.s because of destabilizing sulfur-

naphthalene interactions which offset the decreased amount of 

sulfur-sulfur destabilizing interactions. 

Compounds 4 and 5 provide the basis for an excellent test for 

the above predictions. The x-ray structures of compounds 4 and 563 , 

shown below, reveal that compound 4 exists in a conformer with 

approximately a (-75,75) configuration while compound 5 exists in a 

conformer with approximately a (25,25) configuration. 

-75 
o 

4 5 

Therefore, even though compound 5 has its sulfur p-type lone pairs 

about 25 0 off planarity with the naphthalene pi ring and compound 4 
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has its sulfur p-type lone pairs pointed almost directly at each 

other, (about 150 off orthogonality with the naphthalene pi ring) 

the previous calculations predict that both compounds will have 

similar first I.P.s. As is shown in Table 3.1 and Figure 3.3 the 

first I.P.s of compounds 4 and 5 were measured at 7.35 and 7.42 eV 

respectively, which confirms the AM1 calculations. 

Since the AM1 semiempirical method accurately describes the 

naphthalene-sulfur and sulfur-sulfur interactions in this system, 

AM1 molecular orbital calculations were carried out on compound 4 to 

. determine the sulfur-sulfur p-type lone pair splitting. The M.O. 

Table 3.1 

He I Photoelectron Spectra of Compounds 4 and 5 

Compound 

4 

5 

IP(l) 

7.35 

7.42 

Vertical Ionization Peaks (eV) 

IP(2) 

8.16 

8.15 

IP(3) 

8.85 

8.75 

IP(4) 

9.12 

9.00 

IP(5) 

9.65 

10.07 
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Figure 3.3 
He I photoelectron spectra of naphtho[l,8-b,c]-l,S-dithiocin (4), 
and l,8-bis(methylthio)naphthalene (5). 
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Table 3.2 
AMI optimized structure. 

Bond Angles (deg): 

C(9)-C(2)-S(1) 
C(2)-S(1)-C(8) 
S(l) -C(8) -C(7) 
C(8) -C(7) -C(6) 
C(7)-C(6)-S(5) 
C(7) -C(6) -H(6) 

114.5 
102.3 
112.6 
114.4 
112.9 
110.5 

Torsional Angles (deg): 

C(10)-C(9)-C(2)-S(1) 
C(9)-C(2)-S(1)-C(8) 
C(2)-S(1)-C(8)-C(7) 
S(1)-C(8)-C(7)-C(6) 
C(8)-C(7)-C(6)-S(5) 
C(8)-C(7)-C(6)-H(6) 

179.0 
111.7 
112.4 
-76.1 
67.0 
-177.2 

S(1)-C(8)-H(1) 
S(1)-C(8)-H(2) 
C(8) -C(7) -H(3) 
C(8)-C(7)-H(4) 
C(7)-C(6)-H(5) 

107.7 
103.5 
108.2 
109.5 
112.0 

C(2)-S(1)-C(8)-H(1) 
C(2)-S(1)-C(8)-H(2) 
S(1)-C(8)-C(7)-H(3) 
S(1)-C(8)-C(7)-H(4) 
C(8)-C(7)-C(6)-H(5) 

Note: the bond distances, bond angles, and torsional angles 
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-12.12 
-128.5 
163.5 
47.0 
-54.2 

not listed here were not optimized, and their values were set as 
listed in the x-ray crystallographic structure. 63 
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Figure 3.4 
Results of the molecular orbital AMI calculations on the x-ray and 
optimized structures of naphtho[I,8-b,c]-I,S-dithiocin. 
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calculations were done on the x-ray crystal structure geometry (no 

geometrical optimization) and on the AMl optimized geometry (see 

Table 3.2). The calculations on both geometries gave similar 

molecular orbitals and calculated I.P.s as shown in Figure 3.4. 

There are, however, small but significant differences in the 

geometries of the two structures which are reflected in the 

calculated I.P.s and the atomic composition of the molecular 

orbitals. The x-ray structure geometry places the sulfur p-type 

lone pairs several degrees closer to planarity with the naphthalene 

pi ring than does the AM1 optimized geometry. This is manifested in 

the increased naphthalene-sulfur lone pair mixing that occurs in the 

x-ray structure M.O.s as compared to the optimized structure M.O.s. 

Another important difference in the two structures is the S .. S 

intramolecular distance. The x-ray structure has an S .. S distance 

of 3.23 A, while the AM1 optimized structure has an S .. S distance of 

3.13 A. This manifests itself in a larger sulfur-sulfur lone pair 

splitting in the optimized structure which can be seen by comparing 

~a and ~d in the optimized structure (7.75, 8.84 eV) with ~a and ~d 

in the x-ray structure (7.81, 8.82 eV). The calculated I.P.s for 

both structures are in good agreement with the experimental I.P.s. 

All the calculated I.P.s are within 0.26 eV of the experimental 

except for the first I.P. which is 0.40-0.46 eV too high compared to 

the experimental first I.P. 

In order to determine the accuracy of the assignments of the 

molecular orbitals as determined by AM1, a He II PES spectrum of 
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compound 4 was taken. The studies presented in Chapter 2 have shown 

that comparing He I and He II PES spectra can qualitatively 

determine the relative amount of sulfur p-type orbital in a 

molecular orbital even when there is a strong mixing between the 

sulfur p-type orbital and aromatic orbitals. This is possible 

because the more sulfur p-type character a molecular orbital has, 

the more the area of its corresponding I.P. will be reduced compared 

to I.P.s assigned to molecular orbitals with all aromatic pi 

character going from the He I to the He II spectra. 58 

A comparison of the He I I He II spectra of compound 4 is shown 

in Figure 3.5 and Table 3.3. The AMI calculations assign the third 

I.P. (band (c) in Figure 3.5) to a molecular orbital with 

essentially all naphthalene pi character very similar to the blu 

orbital in naphthalene (see Figure 3.6). 

Table 3.3 
He I and He II Photoelectron Spectra of Compound 4 

I.P.(eV) 

4 a 7.35 

b 8.16 

c 8.85 

d 9.12 

e 9.65 

Assignment 

S Lone Pair 

Naph. au 

Naph. blu 

SLone Pair 
+Naph. b2g 

Naph. b2g 

+S Lone Pair 

Relative Area 
He I He II 

l.13 0.42 

0.87 0.90 

l.00 l.00 

l.030.54 

0.99 0.78 

Relative Area 
Change 

-63% 

+4% 

0% 

-47% 

-21· 



Figure 3.5 
He I and He II photoelectron spectra of 
naphtho[l,B-b,c]-l,5-dithiocin 

Ionization Energy (eV) 

12 11 10 9 

Figure 3.6 
The top three HOMOs of naphthalene. 59 

8.15 eV 

8.88 eV 

10.15 eV 
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This is a reasonable assignment because the I.P. of 8.85 for band 

(c) in compound 4 is almost identical to the I.P. assigned to the 

blu orbital in naphthalene (8.88 eV). The He I / He II comparison 

of compound 4 is consistent with this assignment, because the area 

in this band (c) increases dramatically relative to the other bands 

going from the He I to the He II spectra. The ratio of the other 

bands to band (c) was then calculated in both the He I and the He II 

spectra to determine the amount of sulfur-naphthalene mixing in the 

other bands. As is shown in Table 3.3, band (a) and band (d) arise 

from molecular orbitals that have mostly sulfur lone pair character, 

since the reduction of these peaks relative to band (c) was 63%, and 

47% respectively (as shown in Chapter 2, ionization bands that are 

all sulfur p-type in character will reduce in area 60-70% relative 

to ionization bands that are all carbon pi in character). This is 

consistent with the AMl calculations which assign these two bands 

principally to the sulfur-sulfur p-type lone pair bonding and 

antibonding combinations as shown in Figure 3.4. From Figure 3.5 

and Table 3.3 it is apparent that the He I / He II comparison 

assigns band (b) to a molecular orbital with essentially all 

naphthalene pi character, since it increased in area by 4% compared 

to band (c), and assigns band (e) to a molecular orbital with mostly 

naphthalene pi character since it reduced in area by 21% going from 

the He I to the He II spectra. Once again this is consistent with 

the AMl calculations which assign these bands principally to 



naphthalene au - and b2g-like molecular orbitals as is shown in 

Figure 3.4. 
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The one point of disagreement between the He I / He II 

comparison method and the AMl calculations is the amount of mixing 

that occurs between the au orbital of naphthalene and the 

antisymmetric combination of the sulfur lone pairs to form molecular 

orbitals ~a and ~b . The AMl calculations show a 30% mixing of 

these orbitals to make up molecular orbitals ~a and ~b , while the 

He I / He II comparison method essentially shows no mixing between 

these orbitals since band (a) was assigned to all sulfur lone pair 

and band (b) was assigned to all naphthalene pi character by the PES 

methodology. The source of this disagreement may be the difference 

in the calculated and experimental first I.P. of compound 4, where 

AMl predicts a first I.P. of 7.75-7.81 eV and the experimental first 

I.P. is 7.35 eV. This lowering of the energy of molecular orbital 

~a by AMl compared to the experimental allows more mixing to occur 

between ~a and ~b because they would be closer in energy. 

The assignments of the first five I.P.s to their corresponding 

molecular orbitals allows one to approximate the sulfur-sulfur p

type lone pair splitting that occurs in compound 4. Figure 3.7 

shows a qualitative description of the interactions of the 

naphthalene orbitals and the sulfur p-type lone pair orbitals that 

give rise to the molecular orbitals assigned to the experimental 

I.P.s of compound 4. 
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As is shown in the Figure 3.7 the AM1 method shows molecular 

orbitals ¢a and ¢b to be mixtures of the antisymmetric combination 

of the sulfur lone pairs and the naphthalene au orbital and it also 

shows that molecular orbitals ¢d and ¢e are mixtures of the 

symmetric combination of the sulfur lone pairs and the naphthalene 

b2g orbital. Thus AMl would approximate the sulfur-sulfur lone pair 

splitting to be [(9.65 + 9.12)/2 (8.16 + 7.35)/2 ] = 1.63 eV. 

The He I / He II comparison method showed molecular orbital ¢a to 

be all sulfur lone pair and molecular orbitals ¢d and ¢e to be 

mixtures of naphthalene pi and sulfur lone pair. On this basis the 

sulfur-sulfur lone pair splitting would be [(9.12 + 9.65)/2 - 7.35 

= 2.04 eV (see Figure 3.5). In any case clearly both methods show 

the sulfur-sulfur splitting to be 4-5 times as large as that seen in 

1,5-dithiocane, 1 (0.43 eV)51. Thus the conformational constraint 

of the naphthalene ring, which forced the sulfur atoms into closer 

proximity in compound 4 (3.23 A) as compared to compound 1 (3.4 A), 

and forced the sulfur p-type lone pairs to point almost directly at 

each other (15 0 off orthogonality with the plane of the naphthalene 

ring), caused a large sulfur-sulfur lone pair splitting of 1.6-2.0 

eV as was hoped for. This large splitting resulted in compound 4 

having a very low first I.P. (7.35 eV) as compared to other 

thioethers (dimethyl sulfide60 = 8.68 eV) or naphthalene compounds 

(1-naphthalenemethanethio1 58 - 8.04 eV, naphthalene59 = 8.15 eV). 

This is clear evidence for facilitation of oxidation by sulfur lone 

pair interaction as was discussed earlier. 
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Conclusions 

The introduction of a conformationally constraining naphthalene 

ring into 1,5-dithiocane to get compound 4 maximized the sulfur-

sulfur lone pair interaction to give a sulfur-sulfur splitting of 

1.6-2.0 eV, as determined by AMl calculations and He I / He II PES. 

It is surmised that this large splitting causes a destabilization of 

compound 4 and a stabilization of its cation radical* as is evident 

by the first I.P. of 7.35 eV for compound 4. This is evidence for 

the facilitation of oxidation by sulfur lone pair participation. 

The low first I.P. of compound 5 of 7.42 and the low first I.P. 

of compound 4 are strong evidence that the first I.P. of any 

configuration of compound 5 [ (-90,90) to (90,90) 1 will give a low 

first I.P. This is explained by a combination of antibonding 

naphthalene pi-sulfur lone pair and antisymmetric sulfur-sulfur lone 

pair interactions that destabilize the HOMO of compound 5 for all 

configurations of this compound. 

*cation radical is defined here as the species resulting from the 
first vertical ionization of compound 4. 
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Experimental 

Instrumentation: 

Melting points were measured with a Thomas-Hoover melting point 

apparatus and are uncorrected. IR spectra were recorded on a 

Perkin-Elmer Model PE983 Spectrometer. 1H NMR spectra at 250 MHz 

and 13C NMR spectra at 62.9 MHz were recorded on a Bruker WM-250 FT 

N~ffi Spectrometer with 0.368 Hz/Pt digital resolution using a 5 mm 

tube and tetramethy1si1ane as the internal reference. The 

deuterated solvent shown for each compound was used to lock the 

instrument. All spectra were recorded at ambient temperature unless 

specified otherwise. All reagents were obtained from Aldrich 

Chemical Company and were used as delivered unless specified 

otherwise. 

All photoelectron spectra were taken on a McPherson 36 ESCA 

Photoelectron Spectrometer, modified by the Lichtenberger group61. 

All spectra are the result of a sum of individual scans through the 

use of a LSI-11 computer interfaced with the instrument61 . Each 

individual scan was calibrated prior to collection to the 2P3/2 

argon line (15.759 eV) in He I mode and the He line (24.587 eV) in 

He II mode. Spectral resolution was maintained at less than 20 meV 

in He I and less than 30 meV in He II on each of the ca1ibrant 

peaks. Spectra of compounds 4, 5 were run using a PES cell 

developed by Mark E. Jatcko of the Lichtenberger group equipped with 

a heater and thermocouple for accurate adjustment of cell 

temperature. 
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The PES data are presented in analytical form in the tables 

using an asymmetric Gaussian representation for the ionization bands 

from the program GFIT61. The functional form is 

C(E) = A exp{-k[(E-P)/W]2} 

where C(E) is the electron ocunts at binding energy E, A is the peak 

amplitude, P is the peak position (vertical I.P.), W Wh, the ha1f

width when E > P (on the high binding energy side of the peak), or W 

= W1, the half-width when E < P (on the low binding energy side of 

the peak), and k = 41n2. The reproducibility of the vertical 

ionization energies by these techniques is about +/- 0.02 eV. The 

relative integrated peak areas are reproducible to about 5% in the 

He I and about 10% in the He II for individual peaks. If two peaks 

are overlapping such that there is not a clear inflection between 

their maxima, the peaks are constrained to have the same shape. 

Overlapping peaks are included in the fit of a band only if they are 

needed for a statistically significant representation of the band 

contour and produce reasonable band shapes. Because of the 

correlation between parameters in an overlapping band, there is 

greater uncertainty in the true vertical ionization energy for each 

peak (about +/- 0.1 eV in worst cases). Thus, I.P.'s are only 

reported to 0.1 eV or as a range of I.P. values. In the compounds 

reported here, it was essential to get an accurate representation of 

the peak areas no matter how complex the bandshape. 

Naphtho[1,B-b,c]-1,5-dithiocin, 4 : 

(prepared as outlined in Chapter 1) 
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1,8-Bis(methylthio)naphthalene, 5. 

A solution of naphtho[1,8-c,d]-1,2-dithiole62 (0.4l9g, 2.2 

romol) in tetrahydrofuran (30 ml) was cooled to -40 °c in a carbon 

tetrachloride - dry ice bath. To this was added, with stirring, a 

1.6M solution of methyllithium in diethyl ether (1.9 ml, 3.0 romol). 

After stirring this mixture for several minutes at -40 oC, 3 ml of 

hexamethylphosphorictriamide was added and stirring maintained at -

40 °c for 0.5 hr. At this time, 3.0 ml (30 romol) of dimethyl 

sulfate was added. The mixture was stirred at -40 0 for 2 hr and 

then allowed to warm to room temperature overnight. 

The reaction mixture was poured into 500 ml of a 1 M aqueous 

sodium hydroxide solution and extracted with benzene (3 x 250 ml). 

The combined benzene extracts were dried over MgS04, filtered, and 

the solvent removed on a rotary evaporator. The resulting oil was 

purified by preparative tIc (1:6 diethy1 ether:hexanes as eluent) 

and recrystallized from diethyl ether/pentane to yield 1,8-

bis(methylthio)naphthalene (212 mg, 1.0 romol, 44% yield) as a yellow 

solid: m.p. 83-85 °C; 1H NMR (CDC13) 2.53 (6H, s, SCH3) , 7.48 (2H, 

dd, J-7.4, 1.2 Hz, o-ArH), 7.36 (2H, t, J=7.7 Hz, m-ArH) 7.64 (2H, 

dd, J=8.0, 1.3 Hz, p-ArH). 



CHAPTER 4 

STEREOCHEMISTRY OF THE FORMATION AND 
HYDROLYSIS OF A DITHIOETHER 

Introduction 
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Dithioether dications R2S+-S+R2, formed intramo1ecu1ar1y, have 

been suggested as intermediates in several reactions. Treatment of 

2,5,7,10-tetrahydrodibenzo[c,hj-1,6-dithiecin (1) with bromine gave 

disulfide 3 presumably via disulfide dication 2. 65 Electrochemical 

- ((

CHaBI" BI'C::O 
:;0'1 1-":: 

~ He-S-S-CHz ~ 

1 2 3 

oxidation of 1,3-dithioaceta1s and keta1s to give carbonyl compounds 

and disu1fides has also been suggested to occur via a dithioether 

dication. 66 - 68 Elemental cyc1ooctasu1fur was also shown to form a 

dithioether dication by oxidation with arsenic pentaf1uoride in 

sulfur dioxide. 69 ,70 Formation of dithioether dications by 

oxidation of cyclic and acyclic 1,5- and 1,6-dithioethers appears to 

be genera1. 71 In particular, the formation of dithioether dication 

5 has been extensively studied. Reaction of 1,5-dithiocane-1-oxide 
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~ ~ ~. 
5 5~O ~ +5--5+ ~ S +5-CH2COCH3 V V V 

4 5 

(4), with acetone in the presence of perch10ric acid afforded 

sulfonium salt 6, by way of dithioether dication 5. 65 ,72 Both the 

reduction of 1,5-dithiocane-l-oxide (4) with hydroiodic acid73 to 

1,5-dithiocane and the reverse reaction, i.e., oxidation of 1,5-

dithiocane to the corresponding l-oxide with aqueous iodine74 were 

suggested to occur with the intermediacy of dithioether dication 5. 

The Pummerer reaction of 1,5-dithiocane-l-oxide (4) with acetic 

anhydride was also suggested to involve dithioether dication 5 as an 

intermediate. 75 

Musker and coworkers 7l ,76 were able to isolate dithioether 

dication 5 by oxidation of 1,5-dithiocane with nitrosonium 

tetrafluoroborate in acetonitrile. Electrochemical oxidation of 

1,5-dithiocane also afforded dithioether dication 5. 77 ,78 Furukawa 

and coworkers 79 ,80 have been able to obtain crystalline dithioether 

dication 5 by treatment of 1,5-dithiocane-l-oxide or -l-(N-p-

toluenesulfonylimide) with concentrated sulfuric acid. A variety of 

other cyclic and acyclic l,n-dithioether monosulfoxides provided the 

corresponding dithioether dications, which were characterized 

spectroscopically, by reaction with concentrated sulfuric acid. 80 ,8l 
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The mechanism for the formation of dithioether dication 5 by 

the treatment of 1,S-dithiocane-l-oxide with acid involves 

protonation of the oxygen followed by S-S bond formation with loss 

of water. Hydrolysis of this dication involves attack by water on 

sulfur with cleavage of the S-S bond followed by deprotonations to 

give 1,S-dithiocane-l-oxide. However, the intimate details of these 

steps are unknown. Owing to the extremely high diastereoselective 

deprotonation of naphtho[1,8-b,c]-1,S-dithiocin-l-oxide (7, X=H), 

stereo-selectively labeled material (7, X=D) was readily prepared 

which allowed the stereochemistry of the formation of dithioether 

dication 8 and its hydrolysis to be determined. This paper reports 

7 8 

the diastereoselective preparation of deuterated sulfoxide 7, X=D, 

formation and characterization of dithioether dication 8, hydrolysis 

of this dication, and the stereochemistry of these processes. 
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Results and Discussion 

Sulfoxide 7 (X=H) was prepared in 92% yield from naphtho[1,8-

Q,£l-1,5-dithiocin82 by oxidation with sodium metaperiodate in 

aqueous methanol. Dissolution of sulfoxide 7 in concentrated 

sulfuric acid gave a red-brown solution from which sulfoxide 7 was 

recovered upon hydrolysis in good yield. In analogy with the work 

of Furukawa and coworkers 79 - 8l dication 8 was presumed to be formed 

on dissolving sulfoxide 7 in concentrated sulfuric acid. To prove 

this supposition, the following experiments were performed. The 1H 

and l3C NMR spectra of sulfoxide 7 (X=H) dissolved in concentrated 

D2S04 were measured. These spectra were consistent with the 

expected symmetry of dication 8. Specifically, there were only four 

different aliphatic hydrogen resonances84 in its lH NMR spectrum and 

two different aliphatic and six different aromatic carbon resonances 

in its l3C NMR spectrum. Sulfoxide 7, X=H was deuterated by 

sequential treatment with methyllithium in tetra-hydrofuran and 

subsequently deuterium oxide. Monodeuterated sulfoxide 7, X=D was 

obtained in approximately 50% yield (90% monodeuterated). 

Dissolution of monodeuterated sulfoxide 7 (X=D) in concentrated 

sulfuric acid followed by quenching with water gave a 1:1 mixture of 

sulfoxide 7 in which the deuterium appeared Q to the sulfoxide 

moiety and Q to the sulfide moiety (eq. 1). This is consistent with 

the formation of dication 8 in which attack by water at either 

sulfur atom is equally likely. To prove that the oxygen atom of the 
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~ 
+ s S~O (1) 

1:1 

sulfoxide moiety in 7 was derived from the water during the 

quenching of dication 8, 180-1abe1ed sulfoxide 7 (X-H) was prepared 

and studied. Treatment of an acetic acid solution of naphtho[1,8-

Q,£J-1,S-dithiocin with 180 -1abe1ed water and the bromine complex of 

1,4-diazabicyc1o[2.2.2Joctane according to the general method of Oae 

and coworkers83 yielded 180 -1abe1ed sulfoxide 7 (X=H). Dissolution 

of this material in concentrated sulfuric acid followed by quenching 

with unlabeled water provided unlabeled 7 (X-H) in 77% yield. In 

this experiment, there is the possibility that the 180-labe1ed 

oxygen of sulfoxide 7 (X=H) exchanged with the unlabeled oxygen 

atoms of sulfuric acid. 8S To preclude this possibility under our 

reaction conditions, the following control experiment was done. 

Sulfoxide 7 (X-H) was dissolved in 180-enriched concentrated 

sulfuric acid and then quenched with unlabeled aqueous sodium 

bicarbonate. The sulfoxide 7 (X=H) recovered in this experiment did 

not contain 180 . These data clearly show the formation of dication 

8 on dissolving sulfoxide 7 in concentrated sulfuric acid. 
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As already pointed out, sulfoxide 7 (X=H) could readily be 

deuterated. In contrast to the results of Brown et al. 86 and 

Furukawa et al.BO,Bl only monodeuteration was observed. 

Furthermore, the reaction occurred with extremely high 

diastereoselectivity. The stereochemistry of the deuteration was 

established by IH NMR spectroscopic analysis. Sulfoxide 7 (X=H) 

shows a signal at 83.71 as a ddd with J=12.9, 12.9, 3.0 Hz which 

greatly diminishes on deuteration. In addition, a large coupling 

constant of 12.B Hz is removed from the resonance at 82.49. These 

data are consistent with the assignment of the deuterium at the 

axial C(2) position (labeled Ha) in the predominant chair 

conformation of the eight-membered ring with equatorial oxygen as 

shown in structure 9. 87 Stereoselective deprotonations of the 

diastereoisomeric hydrogens a to a sulfoxide group are well

knownBB ; however, the factors controlling this selectivity are not 

well-established. Theoretical calculations on (-)CH2S(0)H89,90 and 

(-)CH2S(O)CH390 reveal nonplanar geometry at the a-carbon atom and a 

conformational preference for the staggered conformer in which the 
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lone pair orbital on the carbanion is anti to the s-o bond. 

However, dependence of the stereochemistry of deprotonation on 

solvent, temperature, cationic complexing agents, and added lithium 

salts have been reported88 , which indicate the importance of 

solution and counterion effects which were not included in the 

calculations. Conformer 9 presents a unique geometry of the 

diastereotopic a-hydrogen atoms relative to the sulfoxide moiety. 

The chair-like S(0)CH2CH2CH2S fragment in this conformer is 

different from that in the corresponding fragment in 1,3-dithiane-l

oxides with equatorial sulfoxides. 9l ,92 In conformer 9 the s-o bond 

eclipses Hb, whereas the equatorial s-o bond in 1,3-dithiane-l

oxide bisects the HCH angle of the a-carbon atom (see Fig. 4.1). An 

a-hydrogen atom in endo- and in exo-2-thiabicyclo[2.2.l]-heptane-2-

oxide and in 2H-naphtho[1,8-Q,Q]thiophene S-oxide derivatives is 

eclipsed by the s-o bond, but the other a-hydrogen atom is eclipsed 

by the lone pair orbital on sulfur (Figure 4.1). In conformer 9, Ha 

is eclipsed by the S-C(l) bond, not the lone pair orbital on sulfur. 

In any event the endo- and exo-2-thiabicyclo[2.2.l]heptane-2-

oxides93 show opposite stereochemistry from that of the 2H

naphtho[1,8-Q,Q]thiophene S-oxide derivatives94 on deuterium 

exchange. 

Having at hand stereoselectively deuterated sulfoxide 7 

provides a unique opportunity to investigate the stereochemistry at 

the sulfoxide sulfur center of the formation of the dithioether 

dication and its reverse, i.e. hydrolysis of the dication. Since 
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Figure 4.1. Newman projection viewed down the a-carbon atom-

sulfoxide sulfur atom bond in (a) 1,3-dithiane-l-oxide, (b) exo-2-

thiabicyclo[2.2.l]heptane-2-oxide, (c) endo-2-

thiabicyclo[2.2.l]heptane-2-oxide, (d) 2H-naphtho[1,8-Q,£]thiophene-

S-oxide, (e) naphtho[1,8-Q,£]-1,5-dithiocin-l-oxide 9. 

C(6) .$C(2) 
( a) 

H H 

a 

(c) (d) 

(e) 
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the conformation of sulfoxide 7 is crucial to the stereochemistry of 

disulfide dication formation, conformational analysis of this 

compound in the solid state and in solution is summarized below. 

The crystal and molecular structure of sulfoxide 7 was 

determined by X-ray methods. The molecule crystallized in the 

tric1inic space group P1 (No.2) with ~ - 8.958(1), h = 11.311(1), 

£ = 12.977(1)A, Q = 64.95(1), P = 81.15(1), 1 = 78.62(1)°, and Z = 

4. The structure was solved by direct methods. Full-matrix 1east-

squares refinement led to a conventional R factor of 0.037 after 

several cycles of anisotropic refinement. The eight-membered ring 

of sulfoxide 7 in the solid state is in a boat conformation 

10 

with equatorial oxygen as shown in structure 10. The conformation 

in solution was determined by 1H and 13C NMR spectroscopic analysis 

in combination with lanthanide-induced shifts and aromatic solvent-

induced92 ,95,96 shifts. The assignments are given in the 
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Experimental Section. Chair conformation 9 rather than boat 

conformer 10 was deduced to be predominant in solution based on the 

following observations. (1) There is a relatively small difference 

(0.6 ppm) in chemical shift between Hc and Hd97 . (2) The downfield 

shift induced by Eu(fod)3 is greater for the equatorial a-hydrogen 

atom (Hb in 9) than the axial a-hydrogen atom (Ha in 9) - the 

equatorial a-hydrogen atom and sulfoxide oxygen are eclipsed in 

chair conformer 9, but in the boat conformer 10, both axial and 

equatorial a-hydrogen atoms are gauche to the sulfoxide oxygen atom, 

thus equal in distance. (3) It is notable that in the absence of 

the shift reagent, the a equatorial hydrogen (Hb in 9) absorbs 1.22 

ppm upfield of the a axial hydrogen (Ha in 9) whereas the 1 

equatorial hydrogen (Hf in 9) resonates 0.36 ppm downfield of the 1 

axial hydrogen (He in 9). Although the effects of the magnetic 

anisotropy of a sulfoxide bond are controversia195 , H(3-exo) in 2-

thiabicyclo[2.2.ljheptane-2,exo-oxide, which is eclipsed by the 

sulfoxide moiety, absorbs at higher field than H (3-endo) and 

similarly H (3-endo) in 2-thiabicyclo[2,2,ljheptane-2,endo-oxide, 

which is eclipsed by the sulfoxide moiety, resonates upfield of H(3-

exo)95,97,98 as seen in Fig. 4.1. Thus, it seems that protons 

eclipsed by s-o bonds are shifted considerably upfield. The unusual 

upfield shift of the a equatorial hydrogen (Hb in 9) then could be 

rationalized if the compound existed in the chair conformer 9 (Fig. 

4.1) since this conformer has the equatorial Hb, eclipsed with the 

s-o bond. (4) The considerably greater downfield shift of the p 
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axial hydrogen (Hd in 9) over the ~ equatorial hydrogen (Hc in 9) 

and over the 1 axial hydrogen (He in 9) induced by the shift reagent 

further supports a chair over a boat conformation. In the former 

conformation, the axial hydrogen is much closer than the ~ 

equatorial hydrogen or the 1 axial hydr~gen to the sulfoxide oxygen 

whereas they are comparable distance in the latter. 

Convincing evidence that the sulfoxide oxygen is in the 

equatorial position as shown in 9 and not axial is also obtained 

from the results of the lanthanide-induced shifts. The considerably 

greater downfield shift induced by Eu(fod)3 for Ha than Hd in 

conformer 9 proves that the sulfoxide oxygen is equatorial, not 

axial. The relatively modest induced shifts for He and Hf in 9 

further argue for an equatorial rather than axial sulfoxide oxygen. 

Finally, the large downfield shift induced in Hg requires an 

equatorial rather than axial sulfoxide. 

The aromatic-induced shifts further support the conclusion that 

the conformation of the sulfoxide is 9. A collision complex is 

envisioned as being formed between the electron-rich face of benzene 

and the electron-deficient concave side of the sulfoxide molecule 

(side opposite protruding oxygen atom and sulfur lone pairs). This 

results in greater shielding of Ha over Hb, Hc over Hd, He over Hf 

and deshielding of Hg in conformer 9. 

Conformational analysis of the parent alkane corresponding to 

sulfoxides 7, that is, 8, 9, 10, ll-tetrahydro-7H-
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11a, X - Y - Z - CH2 

b, X = Y = CH2, z=o 

c, X = Z = 0, y = CH2 

d, X = Y = Z = S 

cyc1oocta[de]naphtha1ene 11a,100,101 a number of its substituted 

derivatives102-10S and oxygen heterocycle 11b100 , has shown that the 

boat conformation predominates and inverts by a pseudorotation via a 

twist-boat intermediate. An important factor favoring the boat over 

the chair conformation is the eclipsing about CH2-X(CH2) and (CH2)Z-

CH2 in the chair which is absent in the boat conformer. Replacement 

of the CH2 groups at positions X and Z by oxygen atoms relieves this 

strain and heterocycle 11c and its derivatives preferentially adopt 

chair conformations. 106 ,107 In trisu1fide 11d the CH2-X(CH2) and 

(CH2)Z-CH2 eclipsing strain is relieved in the chair conformer but 

nonbonded CH2(Y) interactions are relieved in the boat conformer. 

Consequently, these conformers are close in energy with the boat 

conformer calculated by molecular mechanics methods to be lower in 
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energy by 0.6 kca1/mol. 108 These previous studies present a picture 

consistent with our conformational analysis of sulfoxide 7. That 

is, the boat and chair forms are close in energy (and much lower in 

energy than the twist-boat) such that lattice forces favor the boat 

in the solid state, but the chair is favored in solution. Three of 

the eclipsing interactions in the parent alkane are absent in 

sulfoxide 7 and the other eclipsing interactions are ameliorated by 

the greater C-S than C-C bond length. The conformation in solution 

of sulfoxide 7 is based primarily on the lanthanide-induced shift 

changes. This engenders the concern that the lanthanide affects the 

boat-chair equi1ibrium;109 however, it is deemed unlikely that the 

boat conformation predominates in the absence of the lanthanide 

shift reagent because the NMR results in the absence of this reagent 

and also the shifts induced by benzene suggest a predominance of the 

chair conformation as discussed above. 

The conformation of dication 8 is also crucial to understanding 

the stereochemistry of its formation and hydrolysis so it is 

considered next. The NMR spectra for the dication are listed and 

assigned in the Experimental Section. The coupling constants 

indicate that the dication is in a chair or a boat conformation. 

That its predominant conformation is boat 12 is based on 

the large chemical shift difference between Hc and Hd of 1.37 ppm 

and small chemical shift difference (0.16 ppm) between Ha and Hb' 

The large difference between Hc and Hd chemical shifts is due to the 

substantial shielding of Hc by the ~-ring current of the naphthalene 
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ring. 98 If the dication adopted chair conformation 13, only a small 

difference in chemical shift is anticipated between Hc and Hd as 

observed for sulfoxide 7. The comparable chemical shifts of Ha and 

Hb are expected for boat conformation 12, because Ha is shielded by 

12 

the naphthalene ring and Hb is shielded by being axially disposed 

relative to Hb' However, in chair conformation 13 shielding of Ha 

13 
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by the ~-ring current of the naphthalene ring, and by being axially 

disposed relative to Hb is anticipated to augment each other and 

result in a substantial chemical shift difference between Ha and Hb 

as observed in sulfoxide 7 (He absorbs at 0.36 ppm higher field than 

Hf). The nonequivalence of Hc and Hd and of Ha and Hb at room 

temperature requires a substantial barrier to boat-boat inversion. 

This result is consistent with an S-S bond which raises the barrier 

for such inversion. 

With the predominant conformation of sulfoxide 7 established as 

chair 9 and that of dication 8 as boat 12, the results of the 

stereochemical studies on monodeuterated sulfoxide 7 (X=D) can be 

presented and discussed. Dissolution of monodeuterated sulfoxide 7, 

X=D (chair conformer 9 with 90% Ha replaced by deuterium) in 

concentrated sulfuric acid afforded dication 12 whose 1H NMR 

spectrum showed the deuterium to be 85-100% at Hb, because 85-100% 

of one of the Ha protons was gone and a large coupling to Ha and Hc 

was removed. Hydrolysis of this dication regenerated monodeuterated 

sulfoxide 7, which was a 1:1 mixture of deuterium a to the sulfoxide 

moiety and a to the sulfide moiety as described before, but also the 

deuterium was preferentially axial (3:1 ratio) at both positions as 

shown in eq. 2. That is, although there was some loss of 

H2 S04 H20 
9, Ha=D ----> 12, Hb=D ---> 9, Ha=D+ 9, He-D+ 9, Hb=D+ 9, Hf=D (2) 

32% 36% 12% 12% 
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stereochemical integrity, the reaction sequence occurred 

predominantly with overall retention of stereochemistry. 

Furthermore, since the lH NMR spectrum of dication 12 showed that 

85-100% of the deuterium was axially disposed, the formation of the 

dithioether dication must have occurred with retention of 

stereochemistry at the sulfoxide center to give 12 (Hb-D) and not 

with inversion which would give 12 (Ha-D) as shown in eq. 3. 

12 • H.=D 

(3) 

This equation shows that formation of the disulfide bond 

starting with conformer 9 would occur with inversion of 

stereochemistry at the sulfoxide center (presumably by protonation 

of the sulfoxide, followed by backside attack of the sulfide lone 

pair on the protonated sulfoxide moiety, followed by loss of water) 

to give dithioether dication 12 (Ha-D). Conformer 12 (Ha-D), 

however, would have the deuterium equatorial1y disposed, and since 

the lH NMR showed this deuterium to be 85-100% axially disposed, 

this inversion mechanism can be ruled out as a major pathway for the 

formation of the dithioether dication 12 (eq. 2). 
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Retention of stereochemistry in the formation of dication 12 

from sulfoxide 7 is a most surprising result since a1koxysu1fonium 

sa1ts110 are known to undergo nucleophilic displacement by hydroxide 

ion with inversion of configuration. The retention of 

stereochemistry observed in the formation of dication 12 may be due 

to the special geometry of this system or thioether sulfur as the 

nuc1eophi1e. Although the detailed reasons for the stereochemical 

preference in this system can only be guessed at now, a reasonable 

pathway accounting for this result can be hypothesized as shown in 

Scheme 4.1. Protonation of sulfoxide 7 to its conjugate acid 14 

followed by chair-chair inversion generates conformer 15. Although 

there is no evidence for such chair-chair inversion in sulfoxide 7 

such inversion may occur in its conjugate acid 14 because conformer 

15 may be stabilized in several conceivable ways. There may be a 

transannu1ar hydrogen bond between the OH group and the sulfide 

sulfur. The negatively charged electron pairs on the thioether 

sulfur may stabilize the positively charged sulfur by a favorable 

dipole-dipole interaction or there may even be bond formation to 

give su1furane 16 or bridged cation 17. The key point is that 

attack of the thioether on the cationic sulfur center occurs on the 

same side as the OH group giving retention of stereochemistry at the 

sulfoxide center (equatorial attack if a su1furane with trigonal 

bipyramida1 geometry is formed). Subsequent protonation and loss of 

water (equatorial departure) results in dication 12 with correct 

stereochemistry at the deuterated center. 
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("i 
+ S S-OH 

16 17 

Since the overall stereochemistry of the reaction sequence 

(formation and hydrolysis of dication) occurs predominantly with 

retention of stereochemistry and the formation of the dithioether 

dication occurs predominantly with retention of stereochemistry then 

the hydrolysis (microscopic reverse of the formation) must occur 

predominantly with retention of configuration, that is water must 

attack the dithioether dication from an axial position, or from the 

same face as the disulfide bond, as shown in Scheme 4.2. 

Loss of stereochemical integrity may be due to sulfide sulfur 

lone pair attack on the sulfoxide moiety with inversion of 

stereochemistry and/or hydrolysis of the dication with inversion of 

stereochemistry at the sulfur center. These pathways, however, are 

minor as already discussed. 
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Scheme 4.2 
Hydrolysis of dication 12 with retention of stereochemistry at the 
sulfur center. 
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Experimental 

Melting points were measured in open glass capillary tubes 

using a Thomas-Hoover melting point apparatus and are uncorrected. 

A Perkin-Elmer Model PE983 spectrometer was used for recording IR 

spectra. lH NMR spectra at 250 MHz and l3C NMR spectra at 62.9 MHz 

were recorded on a Bruker WM-2s0 FT NMR Spectrometer with 0.368 

Hz/Pt digital resolution using a 5 mrn tube and tetramethylsilane as 

the internal reference. The deuterated solvent shown for each 

compound was used to lock the instrument. All spectra were recorded 

at ambient temperature unless specified otherwise. High -resolution 

MS were obtained from the Midwest Center for Mass Spectroscopy at 

the University of Nebraska-Lincoln. UV spectra were measured using 

an IBM 9420 UV-Visible Spectrophotometer. All reagents were 

obtained from the Aldrich Chemical Co., Milwaukee, WI and '-lere used 

as delivered unless specified otherwise. 

Synthesis of Naphtho[1,8-b,c]-1,S-dithiocin-l-oxide 7, X=H. A 

solution of sodium metaperiodate (221 mg, 1.03 mrnol) dissolved in 

water (2.5 ml) and methanol (2.5 ml) was added dropwise with ice 

bath cooling to a solution of naphtho[1,8-b,c]-1,s-dithiocin (120 

mg, 0.52 mrnol) dissolved in methanol (5 ml). After completion of 

the addition, the solution was allowed to warm to room temperature 

and stirred for 15 min. Analysis of this solution, which turned 

from yellow to colorless with the formation of a white precipitate, 

by TLC showed the reaction to be complete. The methanol was removed 

using a rotary evaporator. Additional water (20 ml) was added and 



149 

the mixture extracted with dich1oromethane (3X50 m1). The extracts 

were combined, dried (anhydrous MgS04), filtered, and evaporated to 

a white solid which was purified by preparative TLC on silica gel 

eluting with ethyl acetate to give naphtho[1,8-b,c]-1,5-dithiocin-1-

oxide, 7, X=H (120 mg, 92% yield): mp 134-135°; IR (KBr) 2946, 1024, 

1007, 977, 826, 766 em-I; 1H NMR (CD2C12) S 1.51 (lH, ddddd, J = 

3.7*, 3.9, 13.3*, 13.1*, 15.5 Hz, Hd), 2.21 (lH, ddddd, J = 2.2, 

3.4, 3.7*, 4.1, 15.5 Hz, He), 2.49 (lH, ddd, J = 4.1, 13.1, 13.3* 

Hz, Hb), 2.64 (lH, ddd, J = 4.1, 13.1, 13.3* Hz, He), 3.00 (lH, 

dddd, J = 1.5, 2.2, 3.9, 13.1 Hz, Hf), 3.71 (lH, ddd, J = 3.4, 12.8, 

* 13.1* Hz, Ha), 7.49 (lH, dd, J = 7.5 , 7.5* Hz, Hk), 7.72 (lH, dd, J 

= 7.7*, 7.7* Hz, Hh), 7.87 (lH, dd, J = 1.0, 7.0, HI), 7.93 (lH, 

dd, J = 1.0, 7.3 Hz, Hj), 7.95 (lH, dd, J = 1.0, 8.3 Hz, Hi), 8.46 

(lH, dd, J = 1.0, 7.4 Hz, Hg). * denotes an average of the coupling 

constants J mn and J nm ; 13C NMR (CDC13) S 26.6, 37.8, 62.1, 125.4, 

126.3, 126.4, 127.8, 130.8, 131.2, 134.6, 138.0, 142.0; UV (EtOH) 

226 (51,000), 284 (8,500), 317 (61,000) nm; MS mle ca1cd for 

C13H12S20 248.0329, found 248.0320, 248.0320 (56%), 232.0356 (13%), 

20~.9848 (15%), 203.0024 (11%), 189.9911 (100%), 176.9840 (11%), 

174.0063 (35%), 171.0277 (23%). Aromatic solvent and europium-

induced 1H NMR spectroscopic data are given in Table 4.1. 

Assignment of protons for Naphtho[1,8-b,c]-1,5-dithiocin-1-

oxide in CDC13: 

A comparison of the 1H NMR spectra of 7 (X=H) with 7 (X=D) showed 

that upon deuteration 7 (X=H), the proton at 3.71 ppm and the large 
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geminal coupling constant (12.8 Hz) of the proton at 2.49 ppm 

disappeared. Thus the protons at 3.71 and 2.49 ppm are located 

alpha to the sulfoxide, with Ha assigned to tIle 3.71 ppm peak 

because of the two large coupling constants (geminal=12.8 Hz, 

diaxial=13.l Hz) and Hb assigned to the 2.49 ppm peak since this 

frequency has only one large coupling constant (gemina1=12.8 Hz). 

Heteronuclear decoupling experiments of 7 X=H determined that the 

protons at 1.51 and 2.21 ppm are beta to the sulfoxide. Irradiation 

of either of these frequencies caused the highest field peak in the 

l3C spectrum (26.6 ppm assigned to C7) to collapse from a triplet to 

a doublet. Hd was then assigned to the 1.51 ppm peak since this 

peak has three large coupling constants (geminal=15.5 Hz, 

diaxial=13.l Hz, diaxial=13.3 Hz) and Hc was assigned to 2.21 ppm 

since this peak has only one large coupling constant (geminal=15.5 

Hz). 

He and Hf must then be located alpha to the sulfide sulfur. He 

is assigned to the 2.64 ppm peak since this frequency has two large 

coupling constants (geminal=13.1 Hz, diaxia1=13.3 Hz) and Hf is 

assigned to the 3.00 ppm peak since this frequency has only one 

large coupling constant (gemina1=13.1 Hz). 

Hg was assigned as the proton farthest downfie1d at 8.46 ppm. 

Irradiation at 8.46 ppm caused the peak at 7.72 ppm to collapse to a 

doublet (1 = 8.2 Hz) thus Hh was assigned to 7.72 ppm. Irradiation 

at 7.72 ppm caused the peak at 8.46 and one of the peaks at 7.93-

7.95 ppm to collapse to singlets thus Hi was assigned to 7.95 ppm. 
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7.95 was chosen over 7.93 because 7.95 has a large coupling constant 

of 8.3 Hz, which matches the doublet (J = 8.2 Hz) after irradiation 

at 8.46 ppm. The remaining meta proton Hk was assigned to 7.49 ppm 

because of the two large coupling constants (J = 7.5, 7.5 Hz) at 

this frequency. Hj and HI were then assigned to 7.93 and 7.87 ppm 

respectively by examining the spectra of analogous oxygen and 

nitrogen (l-substituted) naphthalene compounds in which the ortho 

proton is always shifted upfield from the para proton. 

Assignment of protons for Naphtho[1,8-b,c]-1,5-dithiocin-l

oxide in C6D6: 

Ha was assigned to the peak at 3.11 ppm by assuming it was the 

aliphatic proton located farthest downfield with two large diaxial 

coupling constants (J-12.7, 12.7 Hz). Irradiation at 3.11 ppm 

caused one of the protons at 2.26 ppm to collapse to a singlet 

(small cc unresolved) and the proton at 1.03 ppm to collapse to a 

doublet of doublets (Jgeminal=14.l Hz, Jdiaxial=14.l Hz, small cc 

unresolved). Thus Hd and Hb were assigned to 1.03 and 2.26 ppm 

respectively. He was then assigned to 1.74 ppm because of the two 

large diaxial coupling constants (J=13.l, 13.1 Hz) at this 

frequency. Irradiation at 1.74 ppm caused one of the protons at 

2.26 ppm to collapse to a singlet (small cc unresolved) and the 

proton at 1.03 ppm to collapse to a doublet of doublets 

(Jgeminal=14.l, Jdiaxial=14.l Hz, small cc unresolved). Thus Hf was 
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assigned to the other proton at 2.26 ppm. This left Hc to be 

assigned to 1.16 ppm. 

Hg was assigned as the proton farthest downfield at 8.95 ppm. 

Irradiation at 8.95 ppm caused the peak at 7.32 ppm to collapse to a 

doublet (J =8.2 Hz) thus Hh was assigned to 7.32 ppm. Irradiation 

at 7.32 ppm caused the peak at 8.95 and one of the peaks at 7.43 ppm 

to collapse to singlets thus Hi was assigned to 7.43 ppm. The 

remaining meta proton Hk was assigned to 6.97 ppm because of the two 

large coupling constants (J = 7.6, 7.6 Hz) at this frequency. Hj 

and HI were then assigned to 7.58 and 7.43 ppm respectively by 

examining the spectra of analogous oxygen and nitrogen (1-

substituted) naphthalene compounds in which the ortho proton is 

always shifted upfie1d from the para proton. 

Table 4.1 
Aromatic Solvent and Europium Induced Shift Data for 
Sulfoxide 7 (X=H). 

Eu(fodh 
o + 0.22 induced 
equiv of relative 

proton Eu(fod)3 upfield 
shift,AO o( CD2C12) o(C6D6) AO(C6D6) (CD2C12) shift,Ao 

Ha 3.71 3.11 -0.60 5.22 1. 51 

Hb 2.49 2.26 -0.23 5.41 2.92 

He 2.21 1.16 -1.05 2.72 0.51 

Hd 1. 51 1. 03 -0.48 2.45 0.94 
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Table 4.1 cont. 

He 2.64 1. 74 -0.90 2.81 0.17 

Hf 3.00 2.26 -0.74 3.19 0.19 

Hg 8.46 8.95 0.49 11.25 2.79 

Hh 7.72 7.32 -0.40 7.92 0.20 

Hi 7.95 7.43 -0.52 8.11 0.16 

Hj 7.93 7.58 -0.35 8.11 0.18 

Hk 7.49 6.97 -0.52 7.63 0.14 

HI 7.87 7.43 -0.44 8.03 0.16 

X-ray Single Crystal Structure Study of Sulfoxide 7 (X=H). 

Crystals suitable for x-ray crystallographic analysis were 

grown by vapor diffusion of a solution of the compound in 1,2-

dichloroethane with pentane. A colorless, irregular crystal 

(0.58xO.50xO.30mm) was sealed to a glass capillary and mounted on a 

Syntex P21 autodiffractometer. Mo Ka radiation (A=0.7l073A) was 

used with graphite as monochromator. Cell constants and an 

orientation matrix for data collection were obtained from least

squares refinement using 25 reflections. The cell constants for the 

triclinic cell and other parameters are given in Table 4.2. The 

8/28 scan technique was used and data were collected to a maximum 28 

of 55.0°. The data with E ~3a(E) were used in the calculations. 

The data were reduced to Fo and a(Fo). Lorentz and polarization 

corrections were appU.ed to the data. Three representative 
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reflections were measured every 46 reflections and indicated no 

decay. 

The structure was solved by direct methods using the SOP-PLUS 

program package. 111 Using default parameters a total of 18 atoms 

were found. The remaining nonhydrogen atoms were located in 

succeeding difference maps. The hydrogen atoms were added at 

idealized positions and in all subsequent refinements all hydrogen 

atoms were restricted to fixed isotropic thermal parameters and 

restrained to ride on the atom to which they are bonded. The 

structure was refined by full-matrix least-squares techniques lll by 

using neutral scattering factors l12 with anomalous dispersion terms 

included. 113 The final cycle of refinement included 289 variable 

parameters and converged with unweighted (B) and weighted (Bw) 

agreement factors of 0.037 and 0.051, respectively. The standard 

deviation of an observation of unit weight was 1.74. The highest 

peak in the final difference Fourier had a height of 0.57e-/A3 with 

an estimated error based on a(F) of 0.14. 114 

Table 4.2 
Crystal Data ~ for Sulfoxide 7 (X=H). 

mol formula 

mol wt 

space group PI (no. 2) 

~, A 8.958(1)A 



Table 4.2 cont. 

12., A 1l.311(1)A 

Q, A 12.977(1)A 

g, deg 64.95(1) 

(i, deg 81.15(1) 

-:1, deg 78.62(1) 

Z 4 

Qobsd' g cm- 1 1.4012. 

Qca1cd, g cm- 3 1.42 

cryst color, shape colorless, irregular 

cryst dimens, mm 0.58xO.50xO.30 

no. obsd data 4327 

no. unique data 3304 

abs.coeff. [~(A),cm-1 4.1 

SStandard deviation of the least significant figure is given in 

parentheses. 
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12.Density was determined by the flotation method using aqueous sodium 

iodide solution. 

Formation of Dication 8. 

A sample of monosu1foxide 7, X=H (9.7 mg, 0.039 mmo1) was 

dissolved in ice cold D2S04 (95-97%, 2.0 ml). This red-brown 

solution was characterized by NMR and UV spectroscopy: 1H NMR 

(D2S04) 0 2.22 (lH, m, wl/2=0.14 ppm, Hc ), 3.59 (lH, br d, J=14.8 
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Hz, Hd), 4.42 (lH, br dd, J-11.3, 11.3, Hz, Hb), 4.58 (lH, br d, J = 

8.8 Hz, Ha ), 8.06 (2H, dd, J = 8.0, 8.0 Hz, Hmeta), 8.47 (4H, d, 

J=8.0 Hz, Hortho, Hpara); 13C NMR (D2S04) S 36.8, 64.3, 122.8, 

134.3, 134.7, 138.2, 138.4, 138.6; UV (D2S04) 225 (35,900), 278 

(7,100), 300 (7,950), 313 (5,750), 400 (273) nrn. 
\ 

Hydrolysis of Dication 8. After 30 min standing, the above 

solution of dication 8 was poured into a vigorously stirred solution 

of ice-cold anhydrous ether resulting in a pale yellow solution. 

Ice-cold water (15 ml) was added cautiously followed by sufficient 

ice-cold 4M aqueous potassium hydroxide solution to make the aqueous 

solution basic. The mixture was extracted with dichloromethane 

(3X50 ml). The combined extracts were dried, evaporated to dryness, 

and purified by preparative TLC, eluting with ethyl acetate, to 

afford sulfoxide 7, X=H (7.0 mg, 72% yield) identical with authentic 

material (mp, mmp, IR, and IH NMR). A small amount of bis-sulfoxide 

(0.5 mg, 5% yield) was also obtained. 

Deuteration of Sulfoxide 7, X=H. To a sample of sulfoxide 7, 

X=H (19 mg, 0.076 mmol) dissolved in anhydrous tetrahydrofuran (3 

ml) cooled in a Dry-ice/acetone bath and under an argon atmosphere 

was added a solution of methyllithium in diethyl ether (1.4 M, 140 

~L, 0.20 mmol). The solution immediately turned red-brown. The 

solution was removed from the Dry ice/acetone bath and allowed to 

warm to room temperature. During this warming period, a precipitate 

formed and the color became green and then deep blue. After 

stirring for 1 h at room temperature, the blue solution was placed 
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in a Dry-ice/acetone bath and deuterium oxide (99%D, 2.0 ml) was 

added dropwise. The reaction mixture immediately turned pale orange 

in color. After removal of the organic solvents using a rotary 

evaporator, the residual aqueous layer was extracted with 

dichloromethane (3XlO ml). The combined extracts were dried with 

anhydrous magnesium sulfate, concentrated on a rotary evaporator, 

and purified by preparative TLC eluting with ethyl acetate to give 

monodeuterated 3ulfoxide 7, X=D (90% D as determined by lH NMR 

spectroscopic analysis, 10 mg, 52% yield): IR (KBr) 2170, 2042 (C

D) cm- l ; lH NMR (CDC13 5 1.51 (lH, br dd, J = 13.5, 13.5 Hz, Hd), 

2.21 (lH, br d, J = 15.5 Hz, Hc) 2.49 (0.96 H, m, Hb) , 2.64 (lH, 

ddd, J = 4.1, l3. 5, l3.5 Hz, He) , 3.00 (lH, br d, 

J = 13.1 Hz, Hf), 3.71 (0.13H, ddd, J = 3.0, 12.9, 12.9 Hz, Ha) , 

7.49 (lH, dd, J = 7.5, 7.5 Hz, Hk), 7.72 (lH, dd, J = 7.7, 7.7 Hz, 

Hh) , 7.87 (lH, dd, J = l.0, 7.0 Hz, Hl), 7.93 (lH, dd, J = 7.7, 7.7 

Hz, Hj), 7.95 (lH, dd, J = 1.0, 8.3 Hz, Hi), 8.46 (lH, dd, J = 1.0, 

7.4 Hz, Hg). 

Formation of Deuterated Dication 8 from Deuterated Sulfoxide 7, 

X=D. A sample of monodeuterated sulfoxide 7, X=D (9.0 mg, 0.036 

mmol) prepared as above was dissolved in ice-cold D2S04 (95-97%, 1.5 

ml). This red-brown solution was characterized as follows: lH NMR 

(D2S04) 5 2.21 (lH, m, wl/2 - 0.14 ppm, Hc ), 3.59 (lH, br d, J = 14 

Hz, Hd), 4.41 (lH, br dd, J = 11.3, 11.3 Hz, Hb), 4.56 (2H, br s, 

Ha ), 8.06 (2H, dd, J = 7.2, 7.2 Hz, Hmeta ), 8.47 (4H, d, J = 7.6 Hz, 

Hortho, Hpara)' 
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Hydrolysis of Deuterated Dication B. After standing at O°C for 

15 min, the solution of deuterated dication B prepared as above was 

hydrolyzed in the same way as the undeuterated material to produce 

purified monodeuterated sulfoxide 7 (6.2 mg, 68% yield): 1H NMR 

(CDC13) 0 1.58 (lH, br dd, J = 15.5, 12.4 Hz, Hd), 2.23 (lH, br dd, 

J = 15.5, 2.5 Hz, Hc ), 2.54 (0.88 H, br d, J = 12.9 Hz, Hb), 2.61 

(0.64H, ddd, J = 12.4, 12.3, 4.1 Hz, He), 3.00 (0.88 H, br d, J = 

12.3 Hz, Hf), 3.71 (0.68 H, ddd, J- 12.9, 12.4, 3.3 Hz, Ha) , 7.47 

(lH, dd, J = 8.1, 7.1 Hz, Hk) , 7.71 (lH, dd, J = 8.1, 7.4 Hz, Hh) , 

7.86 (lH, dd, J = 7.1, l. 2 Hz, HI) , 7.94 (lH, dd, J= 8.1, l. 2 Hz, 

Hj) , 7.95 (lH, dd, J = 8.1, l. 2 Hz, Hi), 8.51 (lH, dd, J= 7.4, l.2 

Hz, Hg). 

Preparation of lBO-labeled Sulfoxide 7, X=H. To a sample of 

naphtho[1,8-b,c]-1,5-dithiocin (30.7 mg, 0.132 mmo1) dissolved in 

glacial acetic acid (4 ml) was added 180-labeled water (97% 180, 150 

~L) followed by the bromine complex of 1,4-

diazabicyclo[2.2.2]octane83 (50 mg, 0.12 mmol). After stirring the 

reaction mixture at room temperature for 2 h, the solvent was 

removed under vacuum and dichloromethane (20 ml) was added. The 

mixture was filtered and the filtrate evaporated to a yellow oil 

using a rotary evaporator and purified by preparative TLC eluting 

with ethyl acetate to yield l80-labeled sulfoxide 7, X=H (22 mg, 77% 

yield): IR (KBr) 991, 968 (S_180) cm- 1 ; MS mle l2C1332S2l60: 

l2C1332S2l80 ratio, 0.16:99.90. 
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Formation and Hydrolysis of Dication 8 from l80-labeled 

Sulfoxide 7, X=H. A sample of l80-labeled sulfoxide 7, X=H (11.4 

mg, 0.046 mmol) was dissolved in ice-cold concentrated sulfuric acid 

(95-98%, 1.5 ml). The resulting red-brown solution was allowed to 

stand in an ice-water bath for 15 min and then it was added dropwise 

to a vigorously stirring ice-cold saturated aqueous solution of 

sodium bicarbonate (75 ml). The colorless aqueous solution was 

extracted with dichloromethane (3XlOO ml). The extracts were 

combined, dried (MgS04), concentrated on a rotary evaporator, and 

purified by preparative TLC eluting with ethyl acetate to produce 

sulfoxide 7, X=H (8.7 mg, 77% yield): IR (KBr) 1024, 1007 (S_160 ) 

cm- l ; MS mle l2C1332S2l60: 12C1332S2l80 ratio, 100:1.14. 

Reaction of Sulfoxide 7 (X=H) with l80-enriched Sulfuric Acid 

Followed by Hydrolysis. l80-Enriched sulfuric acid was prepared by 

slowly adding l80-labeled water (97% 180, 167 mg) to fuming sulfuric 

acid (18-24% S03, 1.748 g) with ice-water cooling. This material is 

95-97% sulfuric acid with 10.6% l80-enrichment. A sample of 

sulfoxide 7, X=H (13.6 mg, 0.055 mmol) was dissolved in the 180_ 

enriched sulfuric acid (1.91 g) prepared as above with ice-water 

cooling. After allowing the red-brown mixture to stand at O°C for 

15 min, it was added dropwise to a vigorously stirring ice-cold 

saturated aqueous solution of sodium bicarbonate (100 ml). The 

mixture was worked up as before to afford sulfoxide 7, X=H (9.4 mg, 

70% yield) after purification: IR (KBr) 1024, 1007 (S- 160)cm-l; MS 

mle 12C1332S2l60: 12C1332S2l80 ratio, 100: 0.13. 



CHAPTER 5 

THEORETICAL STUDIES ON TRANSANNULAR S-S INTERACTIONS IN 
GEOMETRICALLY CONSTRAINED 1,5-DITHIOCANE DERIVATIVES 

Introduction 

There is considerable current interest in molecules with 

hypervalent bondingl15 such as sulfuranes (10-S-4 systems)116. 
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There are many well-established examples of sulfuranes l17 . However, 

the nature of the interaction between a sulfur atom and another atom 

which are closer together than the sum of their van der Waals radii 

but further apart than the sum of their covalent radii is not well-

understood. Such systems could be viewed as incipient sulfuranes 

with at least partial bonding between the interacting centers or 

only electrostatic attraction between the polarized or charged 

centers without significant covalent bond formation. Such 

interactions involving sulfur and oxygen centers have been reviewed 

by Kucsman and Kapovitz l18 who called attention to the donor-

acceptor type interactions in which the atoms are separated by 

distances of 2-3 A. These interactions are either unusually short 

S"'O nonbonded distances or unusually long SO hypervalent bond 

distances. Dunitz and coworkers l19 ,120 and Rowand Parthasarathy121 

systematically studied close contacts between divalent sulfurl19 ,12l 

and sulfonium sulfur120 with nonbonded atoms by analyzing the data 

contained in the Cambridge Crystallographic Database. The 

preferential geometry for approach of nucleophiles to such sulfur 

centers was along an S-X bond from the side opposite to X. These 
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workers suggested that such a geometry was consistent with frontier 

molecular orbital interaction between the nucleophile HOMO and the 

a* molecular orbital of the S-X bond (LUMO). Studies of such 

interactions have also been suggested to provide "snapshots" along 

the reaction coordinate of nucleophilic reactions122 . 

In this chapter the nature of the transannular interaction 

between two sulfur centers in 1,S-dithiocane derivatives is 

considered. In addition, the relevance of such interactions for the 

formation of a dithioether dication by treatment of a thioether

sulfoxide with sulfuric acid is evaluated. In this reaction the 

nucleophilic thioether attacks the protonated sulfoxide in a 

displacement reaction. 

The 1,S-dithiocane ring system (1) has proven fertile for 

1 

studying intra-molecular S"'S trans annular interactions because of 

the geometric constraints imposed by the ring favoring transannular 

interactions. Derivatives of 1,S-dithiocane which place partial or 

full positive charge on one of the sulfur atoms often engender 

geometric changes which imply S"'S transannular interaction. These 

changes are a decrease in the S"'S intramolecular distance, which 
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has been estimated as being 3.4 A in 1,5-dithiocane123 , and angular 

changes about the charged sulfur center directed toward trigonal 

bipyramidal or octahedral geometry. 

Johnson and Paul124 first reported such an interaction in 1-

acetonyl-l-thionia-5-thiacyclooctane perchlorate (2). A crystal 

2 

structure study of 2 revealed an S(l)' 'S(5) intramolecular distance 

of 3.121 A and an S(l)' '0(11) intramolecular contact of 2.81 A (the 

sum of the van der Waals radii for Sand 0 is 3.25 A)125. Thus both 

S(5) and 0(11) are stabilizing the positively charged S(l) by 

trans annular interaction. This is further substantiated by the 

angular distortions around S(l). The C(2)-S(1)-C(8) bond angle of 

104.9° is greater than this same C-S-C angle found in various six-, 

seven- and eight-membered ring sulfoxides and sulfonium salts which 

have an average value126-l37 of 98°* and greater than the 

* A search of the Cambridge Crystallographic Database was done on 
six-, seven-, and eight-membered ring sulfoxides and sulfonium 
salts. The average of the C-S-C angles in all of these compounds is 
98° . 
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G(9)-G(1)-G(2) and G(9)-S(1)-G(8) bond angles of 99.9° and 100.7°. 

This coupled with an intramolecular S(5)' 'S(1)-G(9) angle of 178.9° 

gives 2 an apparent distorted trigonal bipyramida1 structure around 

S(l) as shown below: 

Musker and coworkers138 found similar interactions in 1-

methyl-5-thionia-cyc1ooctane iodide (3). The crystal structure of 3 

3 
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gave an intra-molecular S(l)' 'S(5) distance of 3.259 A and C(2)-

S(1)-C(8), C(9)-S(1)-C(2), and C(9)-S(1)-C(8) angles of 103.7, 97.2 

and 99.2° respectively, and an intramolecular S(5)' 'S(1)-C(9) angle 

of 174.2°. The crystal structure also revealed two short S(l)' '1. 

contacts of 3.748 and 3.857 A, which along with the close S(l)' 'S(5) 

contact and the three bonded contacts roughly give an octahedral 

structure around S(l) as shown below: 

1.. . .1 
···········S··········· 

~!~C 

Iwasaki and Furukawa139 also observed short transannular 

contacts in the crystal structure of l-tosylimino-l,5-

~o \U Dj II 

S lS=N-S---< 
j4

5 
""2\ II 
~ 0 

4 
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dithiacyclooctane (4), with an S(l)' 'S(5) distance of 3.143 A and an 

S(l)' '0(11) distance of 2.893 A. These two close contacts along 

with the three bonded contacts at S(l) gave 4 an apparent distorted 

trigonal bipyramidal geometry at S(l), similar to compound 2. This 

is demonstrated by an intramolecular S(5)' 'S(1)-N(9) angle of 177.8° 

and C(2)-S(1)-C(8), N(9)-S(1)-C(2), and N(9)-S(1)-C(8) angles of 

101.7, 98.7, and 102.1°, respectively. 

Coordination of one of the sulfur atoms in 1,5-dithiocane can 

also lead to transannular interaction between the sulfur atoms. 

Musker and coworkers 140 have reported such interactions in trans-

5 

(1,5-dithiocane)2tetrachloro-stannane (5). The close S(1)' 'S(5) 

contact of 3.271 A and S(5)"S(1)-Sn angle of 171.5° suggest a 

trigonal bipyramidal geometry at the S(l) atom, with S(5) and Sn 

apical. The large C(2)-S(1)-C(8) angle of 105.3° also seems to 

support this geometry, but the data base does not include other tin 

compounds for comparison126-l37. 

Stein and Taube14l have found evidence for transannular 
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interaction in another 1,S-dithiocane metal complex, pentaamine-

1,5-dithiocane ruthenium(III), (6). The UV-VIS absorption spectrum 

of 6 gave an unexpected band at 655nm which was assigned to a ligand 

to metal charge transfer transition from the antibonding orbital, 

6 7 

derived from the interacting sulfur lone pairs, to the ruthenium 

metal, which is indicative of S(1)"S(5) interaction. These workers 

also found an unexpectedly intense absorption in the absorption 

spectrum of the mixed valence complex 7 which again was explained by 

significant through space interaction of the sulfur atoms. 

Monosulfoxides of 1,5-dithiocane also have structures which 

suggest transannular interaction between the sulfur atoms. Musker 

and coworkers142 synthesized two such sulfoxides, 3-hydroxy-l,5-

dithiocane-l-oxide (Sa) and 3-methoxy-l,5-dithiocane-l-oxide, (Sb). 

Sa R - H 
Sb R - Me 

OR 
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Crystal structure studies showed that both sulfoxides have short 

S(l)' 'S(5) interactions (3.135 and 3.175 A for 8a and 8b 

respectively) and both compounds have relatively linear S(5)"S(1)-

0(9) intramolecular angles (175.4 and 176.9° for 8a and 8b, 

respectively). The C(8)-S(1)-0(9) and C(2)-S(1)-0(9) sulfoxide 

angles average 103.8 and 103.9° for 8a and 8b, which is small 

compared to the equivalent sulfoxide angles for the other six-, 

seven- and eight-membered ring sulfoxides mentioned earlier126-l32 

which average 106.8° for these sulfoxide angles. Thus the sulfoxide 

angles suggest a distorted trigonal bipyramidal structure around 

S(l), with S(5) and 0(9) apical, and this, along with the short 

intramolecular S(l)' 'S(5) distance, is explained by intramolecular 

interaction between the sulfur atoms. 

The crystal structure of 1,5-dihydroxy-9-oxa-3,7-

dithiabicyclo[3.3.1]-nonane-3-oxide (9)143 gave similar results to 

9 

8a and 8b. Once again there is a nearly linear S(5)' 'S(1)-0(9) 

angle of 178.4° and small C(8)-S(1)-0(9) and C(2)-S(1)-0(9) angles 
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of 104.1 and 103.7° which suggest a trigonal bipyramida1 

configuration about S(l) with S(5) and 0(9) apical. Thus these 

angular distortions along with the short S(l)' 'S(5) intramolecular 

distances of 3.17 A is evidence for transannu1ar interaction between 

the sulfur atoms. 

Owing to our interest in favoring transannu1ar interactions by 

further conformational constraints, we synthesized naphtho[1,8-Q,g]-

1,5-dithiocin (10)144. In this molecule, the geometry and rigidity 

of the naphthalene ring ensure relatively close juxtaposition of 

substituents in the 1,8 (peri)-positions145 . Thus 10 is a 

derivative of 1,5-dithiocane in which the naphtho fusion constrains 

the sulfur atoms to be closer to each other than in 1,5-dithiocane 

itself (another important geometric feature is that the C-S bonds 

involving the naphthalene ring carbon atoms are 

10 11 
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constrained to be approximately coplanar). An x-ray crystal 

structure study of 10144 showed the S"'S intramolecular distance to 

be 3.23 A. Encouraged by these data naphtho[l,8-Q,£]-l,5-

dithiocin-l-oxide (11) was synthesized to look for transannular 

interaction. An x-ray crystal structure study of 11144 revealed a 

S(l)' 'S(5) intramolecular distance of 3.00 A, which, when compared 

with the 3.23 A distance of 10, suggests transannular interactions 

between the sulfur atoms. The C(2)-S(1)-0(9) and C(8)-S(1)-0(9) 

angles of 104.8 and 102.3° are small compared with the average value 

of 106.8 discussed earlier, and the S(5)"S(1)-0(9) angle is a 

nearly linear 174.2°. Thus the sulfoxide angles with the short 

S(l)' 'S(5) distance suggest a distorted trigonal bipyramidal 

structure at S(l) with S(5) and 0(9) occupying the apical positions, 

which again supports the notion of transannular interaction between 

the sulfur atoms. 

The x-ray analysis on compounds 1-11 has clearly shown the 

presence of a transannular interaction between the sulfur atoms. 

The exact nature of this interaction, however, is still unclear. It 

has been suggested that the interaction is S"S bond 

formation124 ,139,140 giving rise to a su1furane. In order to test 

the nature of this transannular interaction vibronic analysis was 

done on compounds 10 and 11 using the Hartree-Fock method with the 

STO-3G basis set146-l48. The Gaussian 86 program system was used to 

do these calculations146a . The idea is that if indeed S"S bond 

formation exists to a greater extent in 11 over 10 then this should 



result in the increased frequency of one or more of the vibronic 

modes. 
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The equilibrium geometries of the boat conformers of 10 and 11, 

optimized using the Hartree-Fock method with the STO-3G basis set, 

are listed in Tables 5.1-5.2. The most prominent vibronic modes 

calculated for 10 and 11 are listed in Tables 5.3 and 5.4. The 

calculated frequencies for 10 and 11 were scaled by 0.79 so that the 

calculated highest frequency C-H stretch would equal the 

experimental highest frequency C-H stretch. As can be seen the 

calculated scaled frequencies are in good agreement with the 

experimental frequencies. Specifically, the C=C stretches and the 

aromatic C-H out of plane bending modes (two very characteristic and 

prominent bands in naphthalene compounds) are in good agreement with 

the experimental values. The C-H out of plane bending modes usually 

have two prominent bands in the range of 730-820 cm- 1 for 

naphthalene compounds with three adjacent hydrogens 150 ,151. These 

stretches are calculated to be 736 and 780 cm- l for 10 and 736 and 

787 cm- 1 for 11 which are very close to the experimental values of 

760 and 819 cm- 1 for 10 and 766 and 825 cm- 1 for 11. The C=C 

stretching modes 149 are usually found in the range of 1400-1600 cm- 1 . 
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TABLE 5.1 
Optimized geometry for the boat conformer of compound 10 (Hartree
Fock method using STO-3G basis set) 

Interatomic Distances, A 

S(1)-C(2) l. 79 C(9)-C(10) l.42 

C(2)-C(3) l.46 C(10)-C(11) l. 35 

C(3)-C(4) l.46 C(11)-C(12) l.43 

C(4)-S(5) l. 79 C(12)-C(13) l.43 

S(5)-C(6) l. 81 C(13)-C(14) l. 35 

C(6)-C(7) l. 55 C(14)-C(15) l.42 

C(7)-C(8) l. 55 C(15)-C(4) l. 36 

C(8)-S(1) l. 81 C(3)-C(12) l.42 

C(2)-C(9) l. 36 S(l)' 'S(5) 3.12 

Interatomic Angles, deg 

S(1)-C(2)-C(3) 125.4 C(11)-C(12)-C(13) 118.2 

C(2)-C(3)-C(4) 126.0 C(12)-C(13)-C(14) 120.8 

C(3)-C(4)-S(s) 125.4 C(13)-C(14)-C(ls) 119.0 

C(4)-S(s)-C(6) 100.4 C(14)-C(ls)-C(4) 122.8 

S(s)-C(6)-C(7) 116.9 C(ls)-C(4)-C(3) 119.4 

C(6) -C(7) -S(8) 115.9 S(1)-C(2)-C(9) 115.1 

C(7) -C(8) -S(l) 116.9 S(s)-C(4)-C(ls) 115.1 

C(8)-S(1)-C(2) 100.4 C(2)-C(3)-C(12) 116.9 

C(2)-C(9)-C(10) 122.8 C(4)-C(3)-C(12) 117.0 

C(9)-C(10)-C(11) 119.0 C(11)-C(12)-C(3) 120.9 

C(10)-C(11)-C(12) 120.8 C(13)-C(12)-C(3) 12l. 0 
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TABLE 5.1 continued 

Atomic Coordinates, A 

Atom X X Z 

C2 0.1445 -l. 2979 -0.3444 
C9 0.8808 -2.4319 -0.1811 
C10 2.2621 -2.4123 0.1437 
Cll 2.8815 -l. 2249 0.2984 
C12 2.1643 0.0019 0.1335 
C13 2.8783 1.2305 0.3004 
C14 2.2559 2.4166 0.1477 
C15 0.8749 2.4332 -0.1784 
C4 0.1417 1.2975 -0.3439 
C3 0.7868 0.0005 -0.1929 
Sl -l. 5584 -l. 5625 -0.8195 
C8 -2.3854 -l. 3095 0.7700 
C7 -2.0635 0.001l 1.5248 
C6 -2.3917 1.3060 0.7625 
S5 -l. 5602 l. 5577 -0.8249 
H6 -2.1667 -2.1408 1.4397 
H5 -3.4525 -l. 3460 0.5603 
H4 -l. 0163 0.0046 1.8177 
H3 -2.6439 0.0024 2.4467 
H2 -3.4583 l. 3343 0.5488 
H1 -2.1814 2.1419 l.4292 
H7 0.3984 -3.3938 -0.3040 
H8 2.7956 -3.3463 0.2636 
H9 3.9333 -l.1709 0.5478 
H10 3.9303 l.1788 0.5498 
H11 2.7871 3.3516 0.2690 
H12 0.39048 3.3940 -0.3019 
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TABLE 5.2 
Optimized geometry for the boat conformer of compound 11 (Hartree
Fock method using STO-36 basis set) 

Interatomic Distances, A 

S(1)-C(2) 1. 81 C(2)-C(3) 1.45 

C(3)-C(4) 1.45 C(4)-S(5) 1. 79 

S(5)-C(6) 1. 81 C(6)-C(7) 1. 55 

C(7) -C(8) 1. 54 C(8)-S(1) 1. 83 

S(1)-0(9) 1. 79 C(2)-C(10) 1. 35 

C(10) -C(l1) 1.42 C(11)-C(12) 1. 35 

C(12)-C(13) 1.43 C(13)-C(14) 1.43 

C(14)-C(15) 1. 35 C(15)-C(16) 1.42 

C(16)-C(4) 1. 36 C(3)-C(13) 1.42 

S(l)' 'S(5) 3.10 

Interatomic Angles, deg 

S(1)-C(2)-C(3) 125.6 C(2)-C(3)-C(4) 126.4 

C(3)-C(4)-S(5) 124.4 C(4)-S(5)-C(6) 99.9 

S(5)-C(6)-C(7) 116.3 C(7) -C(8) -S(l) 116.5 

C(8)-S(1)-C(2) 101.2 0(9)-S(1)-C(2) 101.9 

0(9)-S(1)-C(8) 100.1 C(2)-C(10)-C(11) 121. 8 

C(10)-C(11)-C(12) 118.8 C(11)-C(12)-C(13) 121. 2 

C(12)-C(13)-C(14) 118.7 C(13)-C(14)-C(15) 120.8 

C(14)-C(15)-C(16) 119.2 C(16)-C(4)-C(3) 119.4 

S(1)-C(2)-C(10) 113.0 S(5)-C(4)-C(16) 116.2 



TABLE 5.2 continued 

C(2)-C(3)-C(13) 

C(12)-C(13)-C(3) 

C(15)-C(16)-C(4) 

Atom 

C2 
C10 
C11 
C12 
C13 
C14 
C15 
C16 
C4 
C3 
Sl 
C8 
C7 
C6 
S5 
H6 
H5 
H4 
H3 
H2 
H1 
09 
H7 
H8 
H9 
H10 
H11 
H12 

115.9 

120.9 

122.6 

C(4)-C(3)-C(13) 

C(14) -C(13) -C(3) 

C(6) -C(7) -C(8) 

Atomic Coordinates, A 

X X Z 

0.2932 1.0806 -0.2192 
0.2110 2.4146 -0.0008 

-1. 0209 3.0488 0.3045 
-2.1411 2.2979 0.3687 
-2.1013 0.8856 0.1326 
-3.3210 0.1420 0.2017 
-3.3329 -1.1887 -0.0214 
-2.1144 -1. 8525 -0.3214 
-0.9223 -1.1989 -0.3941 
-0.8815 0.2352 -0.1698 
1.96465 0.5366 -0.6569 
2.5242 -0.1930 0.9228 
1.55272 -1.1760 1. 6092 
1. 21986 -2.4497 0.7966 
0.49511 -2.1896 -0.8401 
2.74647 0.6304 1.5994 
3.46329 -0.6943 0.6984 
0.63475 -0.6573 1.8747 
2.01734 -1. 4872 2.5439 
0.56442 -3.0719 1.4046 
2.13437 -3.0162 0.6337 
2.86454 2.0804 -0.6260 
1.1488 2.9634 -0.0855 

-1. 0477 4.1169 0.4776 
-3.0998 2.7466 0.5967 
-4.2328 0.6771 0.4349 
-4.2518 -1. 7584 0.0254 
-2.1419 -2.9209 -0.4990 

174 

117.6 

120.4 

115.2 



TABLE 5.3 
STO-3G Calculated vibrational modes for the boat conformer of 10 

MODE#a Approximate 
Descriptionb 

1 S-S rock 
16 CH2 be 
26 ArC-H out 

of plane be 
27 ArC-H out of 

plane be and 
CH2 be 

28 " 
34 CH2 be 
38 CH2 be 
45 ArC-H in 

plane be 
50 " 
52 CH2 be 
53 " 
54 " 
56 ArC-H in 

plane be 
61 C=C st 
62 " 
64 C-H st 
69 " 
72 " 
74 " 

Predicted wavenumbers 
unsca1ed sca1edC (cm- l ) 

53 42 (0.2) 
581 459 (13 .1) 
932 736 (33.8) 

988 780 (15.7) 

993 784 (15.7) 
1130 893 (11.3) 
1236 976 (21. 2) 
1422 1123 (40.7) 

1531 1209 (11. 7) 
1616 1277 (11.4) 
1633 1290 (100.0) 
1686 1332 (11.7) 
1719 1358 (12.3) 

1902 1503 (15.0) 
1948 1538 (23.8) 
3587 2834 (13.8) 
3710 2931 (24.2) 
3723 2941 (49.8) 
3742 2956 (16.7) 

Tentative 
Assignment 

473 (10.0) 
760 (100.0) 

819 (94.8) 

851 (37.1) 
901 (37.11) 
1027 (49.5) 
1097 (52.6) 

1146 (40.2) 
1235 (42.3) 
1264 (70.1) 
1313 (53.6) 
1349 (43.3) 

1544 (46.4) 
1591 (47.4) 
2911 (68.7) 
2931 (68.7) 
2950 (68.0) 
2956 (68.0) 
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a Seventy-five vibronic modes were found. The modes shown here have 
at least 10% of the intensity of the most intense vibration (mode 
#53), except for the S-S rocking mode. 

bbe = bend; st = stretch; rock = rocking; numbers in () = relative 
intensities. 

cThe calculated highest C-H stretch was scaled so that it equaled 
the experimental C-H stretch band. This scalar of 0.79 was then 
used to scale all the other frequencies. 
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TABLE 5.4 
STO-3G Calculated vibrational modes for the boat conformer of 11 

MODE#a Approximate Predicted wavenumbers Tentative 
Descriptionb unsca1ed sca1edC (cm- 1) Assignment 

1 S-S rock 56 44 (0.1) 
6 S-S-O wag 222 175 (11.8) 

17 s-o st 561 443 (16.2) 1008 (100.0) 
19 s-o st 593 468 (12.1) 1024 (98.3) 
29 ArC-H out 932 736 (12.7) 766 (76.3) 

of plane be 
31 " 997 787 (12.1) 825 (76.3) 
41 ArC-H in 1226 968 (11.3) 858 (72.9) 

plane & CH2 be 
42 " 1235 976 (14.6) 977 (10.0) 
49 ArC-H in 1431 1130 (17.4) 1204 (59.3) 

plane be 
54 " 1580 1248 (48.9) 1272 (20.3) 
55 CH2 be 1600 1264 (17.1) 1336 (33.9) 
56 " 1623 1282 (43.1) 1427 (37.3) 
65 C=C st 1943 1535 (19.7) 1591 (32.2) 
70 C-H st 3647 2881 (100.0) 2853 (66.1) 
72 " 3712 2932 (11.2) 2903 (69.5) 
73 " 3717 2936 (21. 9) 2923 (81. 4) 
75 " 3724 2942 (18.0) 2942 (69.5) 

aSeventy-eight vibronic modes were found. The modes shown here have 
at least 10% of the intensity of the most intense vibration (mode 
#70), except for the S-S rocking mode. 

bbe - bend; st stretch; rock = rocking; numbers in () = relative 
intensities. 

cThe calculated highest C-H stretch was scaled so that it equaled 
the experimental C-H stretch band. This scalar of 0.79 was then 
used to scale all the other frequencies. 
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The calculated spectrum of 10 has two prominent C=C stretches at 

1503 and 1538 cm- l and the calculated spectrum of 11 has one 

prominent C=C stretch at 1535 cm- 1 . These are in good agreement 

with the experimental values at 1544 and 1591 cm- l for compound 10 

and 1591 cm- 1 for compound 11. The calculated spectra of 10 and 11 

also give reasonable CH2 bending and aromatic C-H in plane bending 

frequencies compared to the expected experimental values149-l5l. 

The only calculated vibrational mode that gave disappointing results 

was the s-o stretching frequency which has very prominent 

absorbances at 1024 and 1008 cm- l in the experimental spectrum of 

11, very characteristic of s-o stretches for most sulfoxides149 . 

However, the calculated s-o stretching frequencies are 468 amd 443 

cm- l . These low frequencies are due to the incorrect calculated s-o 

bond length of 1.79 A, given in the STO-3G optimized geometry of 11. 

(The x-ray crystal structure of 11 showed a bond length of 1.50 A, 

which is in the range for most s-o bond lengths152 .) This large 

amount of error may be due to the absence of polarizing d-orbitals 

which are not included in the STO-3G basis set. 

The vibrational mode of interest for probing the S"S bonding 

interaction is the S-S rocking mode shown in Fig. 5.1. If this S-S 

rocking mode is followed to completion it causes the molecule to 

flip as shown in Fig. 5.2. This flipping motion has been 

investigated by low temperature NMR spectroscopy and has indeed been 

shown to be facile for this naphthodithiocin ring system144 , with an 
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Figure 5.1 
s-s rocking mode for probing S •• S bonding interaction. 
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Figure 5.2 
s-s rocking mode resulting in ring flip. 

energy barrier of 8-11 kcal/mol. Semiempirical AMl calculations on 

10144 have shown that the S-S rocking mode is the lowest energy 

pathway for this ring flipping shown in Fig. 5.2. This is clear 

evidence that the vibrational S-S rocking mode is very low in 

frequency, which is in agreement with the frequency of 42 cm- l 

calculated for 10 for this rocking mode by the Hartree-Fock STO-3G 

calculation. 

As can be seen in Fig. 5.1, this rocking mode should be an 

excellent probe for determining S"S bonding interactions because 

the sulfur atoms are moving away from each other throughout the 

course of the mode. In fact, in order to complete the ring flipping 

shown in Fig. 5.2, which was calculated by AMl to occur by way of 

the S-S rocking mode, the sulfur atoms must increase their S"S 

intramolecular distance by about 0.9 A as was determined by AM1l44. 
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If an S"S bonding interaction exists in compound 11 versus 10 then 

one would expect this vibronic mode to have a substantially higher 

energy in 11 than in 10. However, the scaled frequencies for the S

S rocking mode are 42 and 44 cm- l for 10 and 11 respectively as 

shown in Tables 5.3 and 5.4. Thus, there is essentially no 

difference in energy between the two rocking modes. Therefore, we 

are forced to conclude that no S"S bonding interaction occurs in 11 

versus 10. The transannular interactions for 11 discussed earlier 

must be due to a weak interaction such as dipole-dipole or charge 

transfer, but not significant covalent bonding. It is understood 

that the STO-3G basis set is a rather low level calculation146b and 

that higher level calculations should be done for confirmation of 

our results, particularily since d-orbitals may be important for a 

more accurate description of the S .. S interactions160 . However, as 

each calculation took five to seven days on an SCS-40 mini 

supercomputer with cpu time dedicated almost solely to the 

calculation at hand, higher level ab-initio calculations are not 

feasible at this time. 

Since 11 showed the same characteristics of transannular 

interactions as 1-9, that is, a short S"S distance, a near linear 

S(5)' 'S(l)-R angle, and small angle distortions about S(l), and no 

covalent bonding has been found in 11, it is possible that 1-9 also 

do not have S"S bonding interactions and, therefore, no sulfurane 

character. Similar calculations should be done on 1-9 to probe for 

S"S bonding, but in any case the calculation done in this paper 
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points out the danger of assuming bond formation in "nonbonded" 

contacts based on intramolecular distances and small angle 

distortions about the interacting atoms. 

Naphtho[1,8-Q,g]-1,5-dithiocin-1-oxide (11) has been found to 

react with concentrated sulfuric acid to form the disulfide dication 

12 as shown in Fig. 5.3144 . In this reaction, the thioether moiety 

Figure 5.3 
Formation of dication 12 from naphtho[1,8-Q,g] 
-1,5-dithiocin-1-oxide (11). 

11 

12 

acts as a nuc1eophi1e toward the sulfoxide sulfur atom and formally 

displaces the (protonated) oxygen atom. Since the x-ray crystal 

structure of 11 revealed transannular interaction between the sulfur 

atoms, with approximately trigonal bipyramidal geometry about the 

sulfoxide sulfur atom with Sand 0 apical, it was presumed that this 

interaction is along the reaction coordinate and protonation of the 
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oxygen might produce a sulfurane. This sulfurane, with Sand OH 

apical, could afford dication 12 by protonation of the OH followed 

by loss of water. The overall stereochemical change at the 

sulfoxide sulfur in this process is inversion. Furthermore, 

alkoxysulfonium salts are known to undergo nucleophilic displacement 

by hydroxide ion with inversion of configuration at sulfur153-l57. 

However, the surprising experimental result was that the conversion 

of 11 to 12 occurred with retention of configuration at the 

sulfoxide sulfur. Clearly S-S bond formation did not occur via the 

"incipient sulfurane" geometry of 11 as was suggested by the x-ray 

structure. Fig. 5.4 shows the mechanism proposed to account for the 

observed retention of stereochemistry. From NMR spectroscopic 

studies, 11 is known to exist as the chair equatorial conformer lla 

in solution144 . However, as was discussed earlier, the 

naphthodithiocin ring system can easily undergo ring inversion. 

This ring inversion on compound 11 will convert the equatorial 

sulfoxide, lla, to the axial sulfoxide, llb, as shown in Fig. 5.5. 

Ring inversion of 11, while in the chair equatorial conformer lla is 

an extremely high energy pathway as is shown in molecular models. 

However, if l1a is converted to the boat equatorial conformer llc, 

then ring inversion is very facile. In the boat equatorial 

conformer (11c), the s-s rocking vibrational mode can be followed to 

easily convert llc to lld similar to that shown in Fig. 5.2. The 

conversion of chair conformer to boat conformer (lla --> llc) is 

also a very facile pathway for the naphthodithiocin system. The 
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energy barrier for chair to boat conversion is only 7.9 kca1/mo1 for 

compound 10 as determined by NMR spectroscopic studies144 . 

Likewise, the protonated equatorial conformer 13a can easily undergo 

ring inversion to 13b. In any case, when concentrated sulfuric acid 

is added to 11 it is surmised that there is an equilibrium between 

13a and 13b. Attack of the sulfide lone pair at the protonated 

sulfoxide in conformer 13a to form the disulfide dication 12 would 

result in inversion of stereochemistry at the sulfoxide sulfur. 

However, formation of the disulfide dication using axial conformer 

13b would give retention of stereochemistry at the sulfoxide sulfur 

as is observed. Thus formation of the disulfide dication 12 must 

occur from the axial conformer 13b. To understand the basis for 

this surprising mechanism an attempt to investigate the energy 

surface by theoretical calculations on models for proposed 

intermediates was made. In particular, the relative energies of 13a 

14 
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and l3b were ascertained and attention was paid to S"'S 

transannular interactions including sulfurane formation. In 

addition, the hydroxyl bridged cation 14 was investigated 

theoretically because a related species had been considered by 

Furukawa and coworkers l58 and it might be along the pathway from 13b 

to 12. To determine the feasibility of these proposed interactions 

ab initio Hartree-Fock calculations were carried out on models 15 

through 17 using a 6-3lG* basis setl46 . The Gaussian 86 program 

system was once again employed to perform the calculations l46a . 

These models were allowed to optimize fully except for 

15 16 17 

the S-H hydrogens which were kept 2.595 A apart from each other to 

simulate the geometry of the rigid naphthalene ring in compounds 13-

14. The interatomic distances, interatomic angles, atomic 
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TABLE 5.5 
Optimized geometry for compound 15 (Hartree-Fock method using 6-31G* 
basis set) 

S(1)-C(2) 

C(3) -C(4) 

S(1)-0(6) 

S(5)-H(8) 

S(l)' 'S(5) 

S(1)-C(2)-C(3) 

C(3)-C(4)-S(5) 

0(6)-S(1)-H(1) 

C(4)-S(5)-H(8) 

Interatomic Distances, A 

l. 83 C(2)-C(3) 

l. 53 C(4)-S(5) 

l. 62 S(l)-H(l) 

l. 33 0(6)-H(9) 

3.04 

Interatomic Angles, deg 

115.6 

113.2 

99.2 

97.6 

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

C(2)-S(1)-0(6) 

S(1)-0(6)-H(9) 

C(2)-S(1)-H(1) 

l. 53 

l. 82 

l. 32 

0.96 

115.0 

97.2 

118.6 

100.1 
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TABLE 5.5 continued 

Atomic Coordinates, A 

Atom X X Z 

Sl 1.2394 -0.5302 -0.1239 
S5 -1. 7483 -1.0737 -0.0532 
C2 0.6073 1.1772 -0.3381 
C3 -0.7068 1. 4923 0.3856 
C4 -1. 9293 0.7402 -0.1390 
06 2.7739 -0.1392 0.1947 
H8 -1. 7324 -1.1865 1.2695 
H1 0.8247 -0.7762 1.1079 
H2 1.4156 1. 78641 0.0417 
H3 0.5251 1.32258 -1. 4058 
H4 -0.5902 1.33254 1.4523 
H5 -0.8691 2.55736 0.2574 
H6 -2.1047 0.96556 -1.1826 
H7 -2.8139 1.03735 0.4032 
H9 3.4698 -0.7204 -0.1166 

TABLE 5.6 
Optimized geometry for compound 16 (Hartree-Fock method using 6.316* 
basis set) 

Interatomic Distances, A 

S(1)-C(2) 1. 83 C(2)-C(3) 1. 54 

C(3)-C(4) 1. 53 C(4.)-S(5) 1. 83 

S(1)-0(6) 1.60 S(l)-H(l) 1.33 

S(5)-H(8) 1. 33 0(6)-H(9) 0.96 

S(l)' 'S(5) 3.45 



Table 5.6 cont. 

S(1)-C(2)-C(3) 

C(3)-C(4)-S(5) 

0(6)-S(1)-H(1) 

C(4)-S(5)-H(8) 

Atom 

Sl 
S5 
C2 
C3 
C4 
06 
H8 
H1 
H2 
H3 
H4 
H5 
H6 
H7 
H9 

Interatomic Angles, deg 

117.5 

115.1 

100.6 

96.0 

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

C(2)-S(1)-0(6) 

S(1)-0(6)-H(9) 

C(2)-S(1)-H(1) 

Atomic Coordinates, A 

X X Z 

-l. 6568 0.0487 -0.4467 
1.5526 -l.1657 -0.0849 

-0.6398 1.3397 0.3631 
0.7844 l. 5619 -0.1736 
l. 8395 0.5849 0.3483 

-l. 6646 -l.1089 0.6576 
1.7127 -l.0l30 -l.3937 

-0.8255 -0.4760 -l. 3458 
-l. 2345 2.2365 0.2663 
-0.6367 l. 0349 l. 4020 
0.7873 1.5899 -l.2587 
l. 0612 2.5612 0.1453 
l. 8789 0.6126 1.4293 
2.8142 0.8821 -0.0085 

-2.4771 -l.6051 0.7816 
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115.3 

102.0 

117.9 

103.3 
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TABLE 5.7 
Optimized geometry for compound 17 (Hartree-Fock method using 6-31G* 
basis set) 

S(1)-C(2) 

C(3)-C(4) 

S(1)-0(6) 

S(l)-S(s) 

S(s)-H(8) 

S(1)-C(2)-C(3) 

C(3)-C(4)-S(5) 

C(2)-S(1)-S(s) 

C(4)-S(s)-S(1) 

S(1)-S(s)-0(6) 

H(l) -S(1) -C(2) 

H(1)-S(1)-0(6) 

H(8)-S(s)-S(1) 

H(9)-0(6)-S(1) 

Interatomic Distances, A 

l. 84 

l. 53 

2.13 

2.10 

l. 35 

C(2)-C(3) 

C(4)-S(s) 

S(s)-0(6) 

S(1)-H(1) 

0(6)-H(9) 

Interatomic Angles, deg 

108.2 C(2)-C(3)-C(4) 

108.0 C(2)-S(1)-0(6) 

97.4 C(4)-S(s)-0(6) 

96.4 S(S)-S(1)-0(6) 

59.1 S(s)-0(6)-S(1) 

93.7 H(l)-S(l)-S(s) 

160.5 H(8)-S(s)-C(4) 

101.8 H(8)-S(s)-0(6) 

128.9 H(9)-0(6)-S(s) 

l. 53 

l. 84 

2.21 

l. 36 

0.95 

11l. 9 

8l. 3 

79.8 

63.0 

57.8 

99.3 

94.9 

159.0 

133.9 
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TABLE 5.7 continued 

Atomic Coordinates, A 

Atom X X Z 

Sl -0.8404 0.9089 -0.4703 
S5 -0.5254 -l.1671 -0.4273 
C2 0.8023 1.4106 0.1850 
C3 l. 7836 0.2541 -0.0471 
C4 1.1642 -l.1024 0.3077 
06 -0.9500 -0.0449 l. 4303 
H8 -0.0968 -l. 4075 -l. 6830 
H1 -0.5005 l.1547 -l. 7593 
H2 1.0970 2.3049 -0.3455 
H3 0.6248 1.6021 l. 2261 
H4 2.1225 0.2529 -l. 0763 
H5 2.6547 0.4102 0.5769 
H6 l. 7214 -l. 9294 -0.1092 
H7 0.9953 -l. 2211 1.3614 
H9 -l. 6665 -0.0499 2.0565 

TABLE 5.8 

Relative energies and dipole moments of compounds 15-17. (Hartree
Fock method using 6-31G* basis set) 

Compound Relative Energy, kcal/mol Dipole Moment, Debye 

15 0.0 3.30 

16 8.0 6.01 

17 61 4.21 
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coordinates, dipole moments and relative energies for the optimized 

geometries of 15-17 are given in Tables 5-8. As shown in Table 5.8, 

equatorial 15 is 8.0 kcal/mol more stable than axial 16. The S···S 

transannular interactions in 15 are apparently more favorable than 

those in 16 as evidenced by the 0.41 A closer S···S intramolecular 

distance in 15. This result suggests that 15 and 16 can 

equilibrate, but the transition state leading to dication 12 from 

axial 16 must be more than 8 kcal/mol lower in energy than that from 

equatorial 15. Alternatively, because axial 16 has a substantially 

higher dipole moment than equatorial 15 and sulfuric acid is a polar 

solvent, effects may preferentially stabilize 16 relative to 15. It 

is even possible that 16 is more stable than 15 in sulfuric acid. 

Sulfurane 17 converged to the structure shown above. The 

sulfurane has an S-S bond length of 2.1 A which is within the range 

for most disulfide bonds. The s-o bond lengths of 2.13 and 2.21 A 

are also reasonable compared to other su1furane s-o bond lengths 

which range from 1.4 to 2.0 A 159. The energy of sulfurane 17, 

however, is 61 kcal/mol greater in energy than equatorial 15, so 

that this sulfurane can effectively be ruled out as an accessible 

intermediate in the pathway from l3b to 12. Further reaction 

coordinate calculations must be done to more fully investigate the 

potential energy surfaces of the pathway to determine the reason the 

transition state from 13b to 12 is lower in energy than l3a to 12. 
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CONCLUSIONS 

Calculations at the STO-3G level clearly rule out significant 

covalent bonding between the two sulfur centers in naphtho[1,8-Q,£]-

1,S-dithiocin-1-oxide (11) despite its crystal structure which shows 

the geometric features expected for incipient sulfurane formation. 

Consequently, it is inadvisable to infer from such geometric 

features significant covalent bonding as the basis for S-S nonbonded 

interactions in other systems. Inferences based on the geometric 

features manifested in the crystal structure of naphtho[l,8-Q,£]

l,S-dithiocin-l-oxide (11) on the reaction pathway by which this 

compound forms disulfide dication 12 are wrong. Ab initio 

calculations on models of postulated reaction intermediates have 

provided some insight into the proposed mechanism but further work 

is needed. 

COMPUTATIONAL METHODS 

The vibrational analyses of 10 and 11 were carried out at the 

Hartree-Fock level with the STO-3G basis set on an SCS-40 mini super 

computer using the Gaussian 86 computer program146a . Full 

optimization of each of the geometries of 10 and 11 required four to 

five days of cpu time while each of the frequency calculations, 

calculated at the equilibrium geometries, required one to two days 

with the computer dedicated almost solely to the calculation at 

hand. The calculations of the protonated compounds 15-17 were 

carried out at the Hartree-Fock level with the 6-3lG* (polarization 
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functions added to the sulfur atoms only) basis set on the SCS-40, 

again using the Gaussian 86 program. Full optimization of each of 

the compounds required seven to nine days of cpu time with the 

computer again dedicated almost solely to the calculation at hand. 
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CHAPTER 6 

A STEREOCHEMICAL PROBE FOR DISTINGUISHING BETWEEN OUTER- AND INNER
SPHERE ELECTRON TRANSFER IN OXIDATION FRAGMENTATION 

OF METHIONAL ANALOGUES 

Introduction 

The theory of electron transfer has long been an area of 

importance for chemical reactions and has been studied 

extensively16l-l65. Recently Kochi and coworkers166 developed 

methodology to distinguish between inner- and outer-sphere electron 

transfer by studying the oxidation of sterically varied 

tetraalkyltin substrates (SnR4) with FeL3+3, IrC16-2, and 

tetracyanoethylene (TCNE). These workers found that the rate of 

electron transfer for the reaction of FeL3+3 with SnR4, shown in 

Scheme 6.1, varied linearly with the standard reduction potential 

(EO) of the FeL3+3 complexes, as predicted by Marcus theory for an 

outer-sphere mechanism for electron transfer165 . 

Scheme 6.1 
Oxidation of SnR4 with FeL3+3. 

+ 

fast 
+ R· 
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They also determined that the rate of electron transfer varied 

linearly with the ionization potential (In) of the various alkyl 

metals (SnR4)' Furthermore, the steric bulk of the R group in SnR4 

was found to have no effect on the rate of electron transfer. With 

the oxidants IrC16-2 and TCNE, however (shown in Schemes 6.2 and 

6.3), these workers found that the rate of electron transfer did not 

vary linearly with In of the SnR4 compounds and found that the 

steric bulk of the R group in SnR4 had a dramatic effect on the rate 

of the electron transfer. 

Scheme 6.2 
Oxidation of SnR4 with IrC16-2. 

+ 

fast 

Scheme 6.3 
Oxidation of SnR4 with TCNE. 

Kct 
SnR4 + TCNE < 

.... 

SnR; 
fast 

R· + + TCNE.! CI 

3-
IrC 16 

R· 

[SnR4 TCNE] 

1 kct 

[SnR4+ TCNE.:] 
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From these observations Kochi and coworkers concluded that the 

reaction of SnR4 with FeL3+3 occurred by an outer-sphere electron 

transfer mechanism, and the reactions of SnR4 with IrC16-2 and TCNE 

occurred by an inner-sphere mechanism. Furthermore, they proposed 

that the effect of the steric bulk in the alkyl metal (SnR4) could 

be used as a quantitative probe for distinguishing between outer-

sphere and inner-sphere mechanisms for electron transfer. 

We wished to develop a stereochemical probe to distinguish 

between outer- and inner-sphere electron transfer mechanisms. The 

compounds we proposed to use for this stereochemical probe are 

aldehydes 3a and 3b shown below. 

MeS MeS 

3a 3b 

The discussion that follows elucidates the reasoning behind chosing 

3a and 3b for our stereochemical probe. 

Yang and coworkers167 have proposed the following mechanism 

(Scheme 6.4) for the decomposition of methional to ethylene using 

flavin mononucleotide (FMN) and light. 
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Scheme 6.4 
Yang's mechanism for the decomposition of methiona1 to ethylene. 

o 
. II rnN 
C~SCIi2CH2CH 

1 

o 
.+ II 

CH3SC~CH2CH + FMNH· 

-0 
.+ I 

CH3SC~CH2CH 
I 

2 OH 

CH3S· + CHc!=CH2 + 

Fridovich168 proposed a similar mechanism of decomposition for 

methiona1 using 'OH as the oxidant. If the decomposition of 

o 
II 

HCOH 

intermediate 2 (Scheme 6.4) is concerted, as suggested, then the 

erythro and threo methyl derivatives of methiona1, 3a and 3b, should 

decompose to give predominantly cis- or trans-2-butene depending on 

the stereochemistry of starting materials 3a and 3b as shown in 

Schemes 6.Sa and 6.Sb. 
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Scheme 6. Sa 
Yang's mechanism for the decomposition of aldehyde 3a to give trans-
2-butene. 

FI1N 

hv 

o 
II 

+ HCOH 
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Scheme 6.Sb 
Yang's mechanism for the decomposition of aldehyde 3b to give cis-2-
butene. 

FMN 

hv 

+. 

MeSBCH~H 
" -+ OH 

CH3 cJ 
4b (f 

+. 

MeS CHa H 

}CH3 \H 
0/ 

4b 

n 
o 
II 
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If the transition state for the concerted decomposition of 

intermediates Sa and 5b resembles the anti conformations shown in 

Scheme 6.5 then concerted decomposition of erythro Sa and threo Sb 

would give predominantly trans-2-butene and cis-2-butene 

respectively. However, if the transition state resembles the syn 

conformers shown in Scheme 6.6 then decomposition of erythro Sa and 

threo Sb would predominantly give cis-2-butene and trans-2-butene 

respectively. In any event concerted decomposition of Sa and Sb 

would stereospecifically form cis- and trans-2-butene. 

Scheme 6.6 
The syn conformers for erythro Sa and threo Sb. 

+. 
MeS 

+. 
MeS 

5a 5b 

It should be mentioned that there is disagreement in the 

literature as to the actual mechanism for decomposition of methional 

to ethylene. Pryor and coworkers169 have proposed that 'OR radicals 

decompose methional to give ethylene as shown in Scheme 6.7. 
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Scheme 6.7 
Pryor's mechanism for the decomposition of methional to ethylene. 

·OR 
+ HOR 

1 

+ co 

Decomposition of 3a and 3b via Pryor's mechanism would cause the 

stereochemistry of the methine carbon centers to be lost because of 

intermediates like Sc in which there would be free rotation about 

the C(2)-C(3) bond shown in Scheme 6.7. Thus the decomposition of 

aldehydes 3a and 3b will help establish which of these two proposed 

mechanisms is correct. Decomposition of erythro 3a and threo 3b to 

stereospecifically give cis- and trans-2-butene would support the 

mechanism of Yang and Fridovich (Scheme 6.4), and non-stereospecific 

decomposition of 3a and 3b would support Pryor's mechanism. 

In any event, if Yang's mechanism is correct and 

stereoselective decomposition of 3a and 3b is observed then these 

compounds could be used as a stereochemical probe to distinguish 

between inner- and outer-sphere electron transfer. Oxidation of the 

sulfur atom to the sulfoxide moiety by an outer-sphere oxidative 



method will for.m the sulfur cation radical as an intermediate as 

shown below. l70a 

+ Ox + Red 

(oJ 
+ Ox Red 
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Thus oxidation of the sulfur atoms of compounds 3a or 3b by an 

outer-sphere mechanism would correspondingly give sulfur cation 

radicals 4a or 4b as intermediates. In aqueous medium these 

intermediates would stereospecifically decompose (before the second 

oxidative step) to form trans- and cis-2-butene, according to Yang's 

mechanism. 

Oxidations of the sulfur atoms which occur by way of oxygen 

atom transfer (an inner-sphere mechanism) will give the sulfoxide 

moiety directly, without a sulfur cation radical intermediate, as 

shown be1ow. 170b 

+ [ OJOx 
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Thus, oxidation of the sulfur atoms of compounds 3a or 3b by oxygen 

atom transfer would afford the sulfoxides of compounds 3a and 3b, 

and would not form cis- and trans-2-butene stereospecifically. Thus 

analysis of the products of decomposition of 3a and 3b after 

oxidation might allow one to determine whether the oxidation 

occurred by an inner-sphere or outer-sphere mechanism. This chapter 

discusses the synthesis of compounds 3a and 3b and the analysis of 

the mechanism of decomposition of 3a and 3b upon oxidation with FMN 

and light in terms of the feasibility of using these compounds as a 

stereochemical probe between inner- and outer-sphere electron 

transfer. 
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Results and Discussion 

Synthesis of compounds 3a and 3b: 

Erythro- and threo-2-methyl-3-(methylthio)butanal were 

synthesized as described in Schemes 6.8 and 6.9. 

Scheme 6.8 
Synthesis of erythro-2-methyl-3-(methylthio)butanal. 

+ CHaSCl 

MeS H CH
3 
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~Cl 
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EtOH 
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MeS'-.YH3 

~~H3 \N 

7a 

40% yield 



Scheme 6.9 
Synthesis of threo-2-methyl-3-(methylthio)butanal. 
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40% yhld 

Methanesulfenyl chloride (CH3SCl) was prepared in situ by reacting 

dimethyl disulfide (CH3SSCH3) with sulfuryl chloride (S02Cl2). The 

alkene gas was then bubbled through the CH3SCl solution. The CH3SCl 

added to the alkenes in an anti fashion to give erythro- and threo-

2-chloro-3-(methylthio)butanes (6a and 6b in Schemes 6.8 and 6.9). 

The chlorine was displaced with cyanide by reacting 6a and 6b with 

potassium cyanide in refluxing aqueous ethanol to give nitriles 7a 
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and 7b. The reaction took place with retention of stereochemistry 

at the methine carbon center, presumably due to anchimeric 

assistance from the sulfur atom. The stereochemistry of erythro 7a 

was unequivocally established by Dr. M. Hojjatie by synthesizing the 

p-toluamide derivative of 7a, shown below, and determining the 

structure and relative configuration by x-ray crystallography.17l 

MeS 

Reduction of eythro nitrile 7a with diisobutylaluminumhydride 

(DIBAL) afforded aldehydes 3a and 3b with 3a being the major product 

by a 15:1 ratio, and the reduction of nitrile 7b with DIBAL gave 

aldehydes 3a and 3b with 3b being the major product by a 17:1 ratio. 

The aldehydes epimerized to roughly a 50:50 mixture of 3a and 3b 

after several days in the freezer under argon; thus, the aldehydes 

were used almost immediately after their synthesis. 
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Synthesis of compounds lOa and lOb: 

The synthesis of compounds lOa and lOb is outlined in Scheme 

6.10. 

Scheme 6.10 
Synthesis of perester lOa and lOb. 
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4t 

CH2Cl2 

, 
8a R=CH3; R =H , 
8b R=H ; R =CH3 

, 
9a R=CH3; R =H , 
9b R=H ; R =CH3 

90X yield 

yield 
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Erythro and threo nitri1es 7a and 7b were hydrolyzed with aqueous 

sulfuric acid to give the corresponding eythro and threo acids 8a 

and 8b in 70% yields. The acids were then converted to their 

corresponding acyl imidazo1ides 9a and 9b with 1,1'-carbony1-

diimidazole (Im2CO) in 90% yields. Reaction of 9a and 9b with the 

. sodium salt of t-butyl hydroperoxide afforded peresters lOa and lOb 

in 80% yields. The acy1imidazolides and peresters (9-10) were 

stable at room temperature for several hours but were usually stored 

under argon at -20 DC and used soon after their synthesis. 

Model study on peresters lOa and lOb: 

Peresters lOa and lOb were used as model compounds for the 

mechanism of decomposition proposed by Pryor (Scheme 6.7). 

Irradiation of lOa and lOb caused the peresters to decompose as 

shown in Scheme 6.11. 



Scheme 6.11 
Photodecomposition of peresters lOa and lOb. 
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Radical 11 in Scheme 6.11, which is analogous to radical 5c in 

Scheme 6.7, can undergo isomerization resulting in a mixture of 
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isomeric 2-butenes. Thus, the ratio of trans/cis-2-butene formed by 

the reaction shown in Scheme 6.11 will model the products formed via 

Pryor's mechanism. 

The results of the photodecomposition of lOa and lOb are shown 

in Table I. 



Table 6.1 
Results of the photodecomposition of peresters lOa and lOb. 

Compound Reaction Conditions 

lOa 

lOb 

hv/Corex filter 
cyclohexene, ODC 
7.5 h 

" 

Yield (alkene) Ratio of trans! 
cis-2-butene 

35% 2.5/1.0 

35% 2.4/1.0 

To determine whether the threo or erythro peresters lOa and lOb 

isomerized under the reaction conditions, lOa and lOb were 
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photolyzed in dichloromethane. The irradiations were stopped after 

about an hour and the dich1oromethane was removed. 1H NMR spectra 

on the residues showed that none of the unreacted starting material 

(lOa or lOb) had isomerized to its diastereomer (lOb or lOa). 

However, isomerization of cis-2-butene to trans-2-butene was found 

to occur under these reaction conditions (CH2C12 as the solvent). 

Photodecomposition with cyclohexene as the solvent precluded this 

isomerization presumably by trapping the radicals formed during the 

reaction (e.g. CH3S·). Thus, the ratios of trans/cis-2-butene 

reported in Table 6.1 are from reactions using cyclohexene as the 

solvent. Irradiation of erythro or threo peresters gave virtually 

the same ratio of trans/cis-2-butene. This result is expected since 

stereochemistry of lOa and lOb should be lost at radical 11. Thus, 
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the formation of trans-2-butene and cis-2-butene, from the 

decomposition of both 3a and 3b, in a ratio of about 2.5/1.0 would 

suggest that the decomposition occurred via Pryor's mechanism. 

Decomposition of aldehydes 3a and 3b: 

The results of the decomposition of aldehydes 3a and 3b by 

oxidation with FMN and light are shown in Table 6.2. 

Table 6.2 
Results of the decomposition of 3a and 3b using FMN and hv. 

Compound Reaction Conditions 

3a FMN/hll 
cyclohexene/H20 
O°C, 2 h 
pH 8.5 

3b II 

Yield (alkene) Ratio of trans/ 
cis-2-butene 

40% 3. 2/l. 0 

40% 2.7 /l. 0 

The reactions in Table 6.2 were also run without cyclohexene. 

Similar yields to those shown in Table 6.2 of cis- and trans-2-

butene were observed. However, cis-2-butene was found to isomerize 

to trans-2-butene under these reaction conditions. The addition of 

cyclohexene to the reaction was found to preclude isomerization of 

cis-2-butene to trans-2-butene. 
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As discussed previously, evidence for the concerted mechanism 

for decomposition of the aldehydes proposed by Yang and Fridovich 

(Scheme 6.4) would be stereospecific formation of cis- and trans-2-

butene. However, Table 6.2 shows that both 3a and 3b give 

predominantly trans-2-butene upon decomposition, suggesting stepwise 

decomposition. To determine whether the threo and erythro aldehydes 

3a and 3b epimerized under the reaction conditions, the reaction was 

run in an NMR tube in D20 (without adding cyclohexene). lH NMR 

spectra of the reaction mixture over time showed that neither the 

erythro or threo aldehydes epimerized under the reaction conditions .. 

The ratio of trans/cis-2-butene formed in these reactions (3.2/1.0 

and 2.7/1.0 for 3a and 3b as shown in Table 6.2) suggests that the 

oxidative decomposition of 3a and 3b using FMN and light occurs by 

way of Pryor's mechanism (Scheme 6.7). In any case decomposition of 

3a and 3b under Yang's oxidative conditions (FMN) does not take 

place in a concerted fashion. Unfortunately, this effectively rules 

out using 3a and 3b as stereochemical probes for distinguishing 

between inner-sphere and outer-sphere electron transfer for the 

FMN/light oxidative method. In the future other oxidative reagents 

will be tried on compounds 3a and 3b to determine whether the loss 

of stereochemical integrity is specific to FMN/hv oxidation and 

whether this methodology can be used to probe the mechanism of 

electron transfer for other oxidative methods. 
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Conclusions 

Decomposition of aldehydes 3a and 3b by FMN/1ight does not form 

cis- and trans-2-butene stereospecifically. This result suggests 

that Pryor's mechanism is correct for decomposition of methiona1 to 

ethylene and, at the very least, it demonstrates the decomposition 

of methiona1 to ethylene does not occur by a concerted process as 

Yang suggested. The loss of stereochemical integrity in this 

reaction precludes using the reaction as a stereochemical probe for 

distinguishing between outer-sphere electron transfer oxidation and 

oxygen atom transfer (inner-sphere) oxidation for the FMN/1ight 

method. 
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Experimental 

Instrumentation: 

Melting points were measured with a Thomas-Hoover melting point 

apparatus and are uncorrected. IR spectra were recorded on a 

Perkin-Elmer Model PE983 Spectrometer. lH NMR spectra at 250 MHz 

and 13C NMR spectra at 62.9 MHz were recorded on a Bruker WM-250 FT 

NMR Spectrometer with 0.368 Hz/Pt digital resolution using a 5 rom 

tube and tetramethy1si1ane as the internal reference. The 

deuterated solvent shown for each compound was used to lock the 

instrument. All spectra were recorded at ambient temperature unless 

specified otherwise. All reagents were obtained from Aldrich 

Chemical Company and were used as delivered unless specified 

otherwise. 

Synthesis: 

Erythro-2-methyl-3-(methy1thio)butyronitri1e, 7a: 172 

Dimethyl disulfide (13.2 m1, 13.8 g, 0.147 mol) was cooled to 

-25°C and sulfuryl chloride (12.0 m1, 20.2 g, 0.149 mol) was added 

dropwise under argon. Immediately after the first few drops were 

added the solution turned red. After the addition was complete 80 

m1 of dich10romethane (dried over P205) was added and the resulting 

solution was cooled to -25°C. Trans-2-butene was slowly bubbled 

into the solution until the color of the solution turned from red to 

pale yellow. The pale yellow solution was allowed to stir at -25°C 

for 10 min after which dich10romethane was removed by rotary 

evaporation, affording a pale yellow oil. To a solution of 
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potassium cyanide (9.88g, 0.152 mol) dissolved in 40 ml of water and 

120 m1 of 95% ethanol was added the above prepared yellow oil. Some 

of the potassium cyanide precipitated at this point and water was 

added dropwise until the cyanide redissolved. The resulting 

solution was stirred under argon for 48 h, by which time the 

solution had turned red-brown. The solvent was removed by rotary 

evaporation and the resulting red-brown oil was added to 100 m1 of 

water and extracted with dich1oromethane (5x75m1). The organic 

layers were combined, dried (MgS04) and concentrated affording a 

red-brown oil. The oil was purified by chromatography on silica gel 

using 5% ethyl acetate in hexanes as the eluent. The resulting oil 

was further purified by bulb to bulb distillation, affording 6.5 g 

of 7a (0.050 mol, 33% yield) as an oil: IR (neat) 2981(s), 2921(s), 

2878(s), 2241(s), 1452(s), 1383(s), 1292(s), 1227(s), 1098(s), 

1074(s), 1048(s), 957(s), 684(s) cm- 1 ; 1H NMR (CDC13) S 2.87 (lH, 

m, Ctl), 2.75 (lH, m, Ctl), 2.15 (3H, s, SCtl3) , 1.43 (3H, d, J=7 Hz, 

CHCtl3), 1.41 (3H, d, J-7 Hz, CHCtl3). 

Threo-2-methyl-3-(methy1thio)butyronitri1e, 7b: 172 

The same procedure as described for 7a was followed except cis-

2-butene was used instead of trans-2-butene: IR (neat) 2983(s), 

2922(s), 2239(s), 1451(s), 1380(s), 1291(s), 1235(s), 1112(s), 

1072(s), 1024(s), 958(s) cm- 1 ; 1H NMR (CDC13) 0 2.82 (2H, m, Ctl), 

2.12 (3H, s, SCtl3) , 1.36 (3H, d, J- 7Hz, CHCtl3), 1.35 (3H, d, J=7 

Hz, CHCtl3); Anal. ca1cd. for C6H11NS: C, 55.76; H, 8.58; S, 24.81. 

Found: C, 55.81; H, 8.61; S, 24.87. 
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Erythro-2-methyl-3-(methylthio)butanal, 3a: 

Diisobuty1a1uminum hydride (1.0 m1 of a 1.0 M solution in 

methylene chloride, 1.0 mmo1) was placed in a 15 ml three-necked 

round bottom flask. The flask was cooled to -78 DC under argon and 

130 mg (1.0 mmo1) of nitrile 7a was added dropwise with stirring. A 

yellow viscous mixture resulted and it was stirred at -78 DC for 1 h. 

The reaction was then allowed to warm to ODC and then 1 ml of 1M 

aqueous sulfuric acid solution was added dropwise. Methylene 

chloride (2 m1) was added and the mixture was stirred for 1 h at 

ODC. The methylene chloride layer was removed and the aqueous layer 

was extracted with methylene chloride (2x2m1). The organic layers 

were combined, washed with saturated aqueous sodium bicarbonate 

solution, dried (MgS04), and concentrated affording aldehyde 3a (60 

mg, 0.45 mmol, 45% yield) as an oil: IR (neat) 2973(s), 2919(s), 

2873(s), 2833(s), 2714(s), 1726(s), 1450(s), 1394(s), 1379(s), 

1061(s), 1014(s), 958(s) cm- 1 ; 1H NMR (CDC13) 5 9.74 (lH, d, J=l 

Hz, COli), 3.07 (lH, m, Cli), 2.55 (lH, m, Cli), 2.12 (3H, s, SCli3), 

1.35 (3H, d, J= 7 Hz, CHCli3), 1.18 (3H, d, J=7 Hz, CHCli3); 6% of the 

product was diastereomer 3b; Anal. ca1cd. for C6H120S: C, 54.51; H, 

9.14. Found: C, 54.62; H, 9.18; (mixture of 50% 3a and 50% 3b used 

for analysis). 

Threo-2-methyl-3-(methy1thio)butana1, 3b: 

The same procedure as described for the synthesis of 3a was 

followed except threo 7b was used instead of erythro 7a: IR (neat) 

2973(s), 2919(s), 2875(s), 2833(s), 2714(s), 1726(s), 1450(s), 
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1395(s), 1379(s), 1066(s), 1017(s), 957(s), 904(5) cm- 1 ; 1H NMR 

(CDC13) 0 9.63 (lH, d, J=l Hz, COH) , 3.01 (lH, m, CH), 2.50 (lH, 

m, CH), 2.08 (3H, s, SCH3) , 1.24 (3H, d, J=7 Hz, CHCH3), 1.13 (3H, 

d, J=7 Hz, CHCH3); Anal. (see 3a). 

Erythro-2-methyl-3-(methy1thio)butanoic acid, Sa: 

Erythro nitrile 7a (150 mg, 1.16 mmol) was added to 5 m1 of 30% 

aqueous sulfuric acid solution. The solution was heated at reflux 

for 4 h by which time the colorless solution had become pale yellow. 

The solution was allowed to cool and was extracted with chloroform 

(5x5m1). The organic layers were combined and washed with saturated 

aqueous sodium bicarbonate solution (5x10m1). The aqueous layers 

were combined and acidified by the dropwise addition of ice-cold 

concentrated sulfuric acid. The acidified solution was extracted 

with chloroform (4x25ml). The organic layers were combined, dried 

(MgS04), and concentrated affording acid Sa as an oil: IR (neat) 

2975(broad), 1703(s), 1455(s), 1417(5), 1380(5), 1287(s), 1238(s), 

1194(s), 1096(5), 1067(s), 956(5), 634(5) cm- 1 ; 1H NMR (CDC13) 0 

2.98 (lH, m, CH), 2.60 (lH, m, CH), 2.10 (3H, s, SCH3), 1.37 (3H, d, 

J=7 Hz, CHCH3), 1.30 (3H, d, J=7 Hz, CHCH3). 

Threo-2-methyl-3-(methy1thio)butanoic acid, Sb: 

The same procedure as described for the synthesis of Sa was 

followed except threo 7b was used instead of erythro 7a: IR (neat) 

2975(broad), 1712(s), 1452(5), 1416(s), 1381(s), 1286(5), 1248(s), 

ll14(s), 1068(5), 951(5), 667(5), cm- 1 ; 1H NMR (CDC13) 0 3.07 (lH, 
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m, CH), 2.71 (lH, m, CH), 2.11 (3H, s, SCH3), 1.27 (3H, d, J=7 Hz, 

CHCH3), 1.22 (3H, d, J=7 Hz, CHCH3)' 

N-Acylimidazolide 9a: 173 

Reagent grade 1,1/-carbony1diimidazo1e (243 mg, 1.50 mmo1) was 

dissolved in 5 m1 of dry tetrahydrofuran. Acid 8a (148 mg, 1.00 

mmo1) was added to the solution and the resulting solution was 

stirred under argon at room temperature for 48 h. The solvent was 

removed by rotary evaporation affording a clear slightly yellow oil. 

The oil was washed with hexanes (5x40m1). The hexane washes were 

combined and concentrated by rotary evaporation affording 195 mg 

(0.985 mmo1, 98% yield) of 9a as an oil: IR (neat) 3121(s), 

2965(s), 2923(s), 1736(s), 1731(s), 1470(s), 1450(s), 1390(s), 

1265(s), 1095(s), 1063(s), 823(s) cm- 1 ; 1H NMR (CDC13, 60 MHz) 0 

8.2 (lH, s, ArH), 7.5 (lH, s, ArH), 7.1 (lH, s, ArH), 3.1 (2H, m, 

CH), 2.1 (3H, s, SCH3), 1.5 (3H, d, J=7 Hz, CHCH3), 1.4 (3H, d, J=7 

Hz, CHCH3); no elemental analysis was obtained due to the 

instability of the compound. 

Imidazole 9b: 173 

The same procedure as described for the synthesis of 9a was 

followed except threo 8b was used instead of erythro 8a: IR (neat) 

3121(s), 2966(s), 2923(s), 2876(s), 1736(s), 1731(s), 1471(s), 

1455(s), 1392(s), 1265(s), 1255(s), 1210(s), 1095(s), 1063(s), 

1031(s), 823(s) cm- 1 ; IH NMR (CDC13, 60 MHz) 0 8.2 (lH, s, ArH), 

7.5 (lH, s, ArH), 7.1 (lH, s, ArH), 3.1 (2H, m, CH), 2.1 (3H, s, 

SCH3), 1.4 (3H, d, J=7 Hz, CHCH3), 1.4 (3H, d, J=7 Hz, CHCH3); no 



elemental analysis was obtained due to the instability of the 

compound. 

Perester 10a: 174 
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N-Acylimidazolide 9a (160 mg, 0.808 mmol) was dissolved in 15 

ml of dry methylene chloride (distilled over P205)' The sodium salt 

of t-butyl hydroperoxide174 was added to the N-acylimidazolide 

solution under argon at O°C, and the resulting mixture was allowed 

to stir for 3 h at O°C. The mixture was then poured over 20 ml of 

ice-cold water. The methylene chloride layer was removed with a 

separatory funnel and the aqueous layer was extracted with ice-cold 

methylene chloride (3x20ml). The organic layers were combined and 

washed with ice-cold water (5 ml). The methylene chloride layer was 

then dried (MgS04) and concentrated by rotary evaporation affording 

140 mg (0.627 mmol, 78% yield) of perester lOa as a clear colorless 

oil: IR (neat) 2982(s), 2934(5), 2876(5), l773(s), 1456(s), 

l389(s), 1367(s), l246(s), 1191(s), 1160(s), 1084(5), 1071(s) cm- 1 ; 

lH NMR (CDC13) 0 2.85 (lH, m, Cll), 2.53 (lH, m, Cll), 2.06 (3H, s, 

SCll3) , 1.32 (3H, d, J-7 Hz, CHCll3), 1.30 (9H, 5, tBu) , 1.29 (3H, d, 

J=7 Hz, CHCll3). 

Perester 10b: 174 

The same procedure as described for the synthesis of lOa was 

followed except threo 9b was used instead of erythro 9a: IR (neat) 

2980(s), 2922(s), 1770(s), 1452(s), 1366(s), 1310(5), l261(s), 

l244(s), 1190(s), 1149(s), 1104(s) cm- 1 ; 1H NMR (CDC13) 0 2.92 



(lH, m, CH), 2.63 (lH, m, CH), 2.ns (3H, s, SCH3) , 1.32 (9H, s, 

tBu) , 1.27 (3H, d, J=7 Hz, CHCH3), 1.25 (3H, d, J-7 Hz, CHCH3)' 

Decomposition of 3a and 3b: 167 
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Aqueous sodium hydroxide solution (O.lM, about 250 ml) was 

added to a O.lM aqueous solution of monobasic potassium phosphate 

(250ml) until the pH of the solution reached 8.5. This buffered 

solution (50ml) was mixed with 10 ml of cyclohexene and 10 mg (0.076 

mmol) of the aldehyde (3a or 3b) was added. The mixture was then 

stirred under argon at O°C. Flavin mononucleotide (FMN, 50 mg, 0.1 

mmol) was dissolved in 2 ml of water and introduced through a septum 

into the stirring buffered solution (the buffered solution was a 

closed system at this time). The resulting mixture was irradiated 

with a General Electric 275 W Sunlamp for 2 hours at O°C. The 

overhead gas was then analyzed for alkenes by injecting it into a 

Hewlett-Packard model 57l0A gas chromatograph with a flame ionizing 

detector, using a AgN03/ethylene glycol on firebrick column175 . The 

concentration of alkenes was quantitated by making standard 

calibration curves for each gas. The solubility of the alkenes in 

the solvent was accounted for and it was determined that 70% of the 

2-butenes were dissolved in the solvent under the reaction 

conditions. This was determined by injecting a known amount of the 

alkene into the reaction vessel with 25 ml of solvent, irradiating 

the sample for several hours, and then quantitating the amount of 

alkene gas in the overhead gas by gas chromatography. All alkene 



that was unaccounted for in the overhead gas was presumed to be 

dissolved in solvent. Yields are reported in Table 6.2. 
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Isomerization of cis-2-butene to trans-2-butene did not take 

place under the reaction conditions when cyclohexene was present. 

This was determined by adding a known amount of cis-2-butene to 

reaction mixtures of 3a and 3b as described above. Irradiation for 

7-8 h did not cause isomerization as determined by gas 

chromatographic analysis. However, isomerization was observed under 

the same conditions when no cyclohexene was used. 

Isomerization of the erythro compound 3a to the threo compound 

3b or vice versa did not occur under the reaction conditions. This 

was determined by irradiating the reaction in an NMR tube, using D20 

as the solvent and no cyclohexene, and following the reaction by IH 

NMR spectroscopy. The NMR spectra showed that no isomerization 

occurred under the reaction conditions. 

Decomposition of peresters lOa and lOb: 

About 20 mg of the perester (lOa or lOb) was dissolved in 25 ml 

of cyclohexene. The solution was placed in a Hanovia reactor well, 

flushed with argon, and irradiated with a high pressure quartz 

mercury vapor lamp through a Corex filter for 7-8 h at OOC. The 

overhead gas was analyzed for the presence of alkenes by injecting 

it into a Hewlett-Packard model 5710A gas chromatograph equipped 

with a flame ionizing detector, using a AgN03/ethylene glycol on 

firebrick columnl75 . The concentration of alkenes was quantitated 

by making standard calibration curves for each gas. The solubility 



223 

of the alkenes in the solvent was accounted for and it was 

determined that 80-90% of the 2-butenes were dissolved in the 

solvent under the reaction conditions. This was determined by 

injecting a known amount of the alkene into the reaction vessel with 

25 ml of solvent, irradiating the sample for several hours, and then 

quantitating the amount of alkene gas in the overhead gas by gas 

chromatographic analysis. All alkene that was unaccounted for in 

the overhead gas was presumed to be dissolved in solvent. Yields 

are reported in Table 6.1. 

The liquid phases of the photodecompositions of lOa and lOb 

were also analyzed. The solvent was removed under vacuum and IR and 

lH NMR spectra were taken on the residue. The lH NMR spectra all 

showed large amounts of cyclohexene polymer which obscured the 

spectra of any of the photodecomposition products of lOa and lOb. 

The IR showed strong absorbances at 1700 cm- l presumably from the 

acids resulting from hydrolysis or decomposition of the peresters. 

This would explain the -35% yields of alkenes produced, since 

photodecomposition from the perester to the acid would not generate 

alkene. No attempt was made to isolate products from the 

cyclohexene polymer. 

Isomerization of cis-2-butene to trans-2-butene did not take 

place under the reaction conditions using cyclohexene as a solvent. 

This was determined by adding a known amount of cis-2-butene to 

solutions of lOa and lOb in cyclohexene in the Hanovia reactor well. 

Irradiation for 7-8 h did not cause isomerization to occur as 
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determined by gas chromatographic analysis. However, isomerization 

was observed under the same conditions when methylene chloride was 

used as a solvent instead of cyclohexene. 

Isomerization of the eythro compound lOa to the threo compound 

lOb or vice versa did not occur under the reaction conditions. This 

was determined by irradiating lOa and lOb in dichloromethane. The 

irradiations were stopped after about 1 h and the dichloromethane 

was removed under vacuum. lH NMR spectra on the residue revealed no 

isomerization had occurred. 
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CHAPTER 7 

PHOTODECOMPOSITION OF P-SUBSTITUTED PERESTERS: A MECHANISTIC PROBE 
FOR POSITIVELY CHARGED BRIDGED FREE RADICALS 

Introduction 

p-Haloethyl radicals have received a lot of attention in the 

recent literature176 ,177. Most of the work has shown that these 

radicals favor the classical open structure 2 over the bridged 

species 1 shown below17B ,179. 

x 

.... 
• 
C H2;)---I.C H2 

1 2 

Calculations by Clark and Symmons, however, have suggested that 

protonation of the p-haloethyl radical will stabilize the bridged 

formlBO . The workers performed calculations at the 

MP2/6-31G*//6-31G** level on structures 1 and 2 with X=F, Cl, HF+, 

and HC1+. The results showed that for X=F and X=Cl the open 

structure 2 was more stable than 1 by 44.9 and 14.4 kcal/mol 

respectively; however with X-HF+ and X-HC1+ the bridged structure 2 

was more stable by 22.6 and B.9 kcal/mol respectively. The 

calculations also showed that the bridged species was more stable 

than the dissociated products (C2HS+, HF, and HC1) by 13.0 and 6.9 

kcal/mol when X=HF+ and X~HC1+, respectively. Calculations by 

RadomlBl and Nedelec182 on the oxo and amino derivatives of 1 and 2 
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(X=OH, OH2+, NH2, NH3+) have also suggested that protonation 

stabilizes the bridged species 1, relative to the open structure 2. 

In the previous chapter the following reaction was 

investigated. 

a 
II 

CH3 SCHCHCOOtBu 
I I 
R R 

3a R=Mo (orythro) 
3b R=l1e (throo) 
3c RaH 

hv --. 

1 

1 

+ 

tBuO· 

As expected, the stereochemistry of compounds 3a and 3b was lost at 

intermediate 4, evident by the 2.5:1.0 ratio of trans- to cis-2-

butene observed in the photoproducts of both 3a and 3b. However, in 

light of the calculations discussed above, if positive charge were 

placed on the sulfur atom of 3a and 3b by making the sulfoxide, 

sulfone, and sulfonium salt derivatives of 3a and 3b, then according 

to the calculations, radical intermediates 8b-10b should exist 

predominantly as the bridged structures shown in Schemes 7.1-7.3, as 

opposed to the the open structure shown for intermediate 4. 



Scheme 7.1 
Decomposition of sulfoxide peresters 5a-c. 
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Scheme 7.2 
Decomposition of sulfone peresters 6a-c. 
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Scheme 7.3 
Decomposition of sulfonium salt peresters 7a-c. 
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If intermediates Sa-lOa undergo decomposition in a concerted fashion 

as shown in Scheme 7.4 below (alternatively the concerted process 

could take place in the anti configuration), 

Scheme 7.4 
Concerted decomposition of intermediate lOa. 

+ C02 

lOa 

and if the bridged intermediate then underwent further concerted 

decomposition as shown below in Scheme 7.5 (pseudo syn elimination), 

Scheme 7.5 
Concerted decomposition of intermediate lOb. 

CH3 CH3 
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CH3SC H3 

S 
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CH3 CH3 
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then the photodecomposition of the erythro peresters 5a-7a (7a shown 

above as an example) would give predominantly cis-2-butene and the 

threo peresters 5b-7b would give predominantly trans-2-butene. This 

chapter discusses the synthesis of compounds 5a,b-7a,b and analyzes 

the stereospecifity of 2-butenes produced with their 

photodecomposition in an attempt to verify the existence of 

intermediates 8b-10b, and thus verify Clark's calculations . 
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Results and Discussion 

Synthesis: 

Compounds 3a-c were synthesized as described in Chapter 6. 

Sulfoxides Sa-c were synthesized by reacting 3a-c with NaI04 in 

aqueous methanol. 

o o 0 
" II II 

CH3SCHCHCOOtBu 
I I 

Nal04 --- CH3 SCHCHCOO tBu 
I I 

847. yield 

R R 
3a R=Me (erythro) 
3b R=Ma (thrao) 
3c R=H 

R R 

5aR=Me (erythro at carbons) 
5b R=Me (threo at carbons) 
5c R=H 

In the cases of Sa and Sb diastereomeric mixtures were obtained, as 

expected, because synthesis of the sulfoxide group adds an 

additional center of stereochemistry to the molecule. There was a 

small amount of diastereoselectivity in the synthesis of the 

sulfoxides since the diastereomeric ratios were 1.6:1.0 and 1.2:1.0 

for the erythro and threo compounds respectively. No attempt was 

made to separate the diastereomers. The sulfoxides were obtained in 

good yield (84%) and purification with HPLC using a reverse phase 

column gave pure sets of diastereomers. Sulfones 6a-c were made by 

reacting 3a-c with KHSOS in aqueous methanol. 



o 
II KHS05 

CH3SCHCHCOOtBu ~ 
I I 
R R 

3a R=Me (arythro) 
3b R=Me (threo) 
3c RIIIH 

o 0 
II II 

CH3 SCHCHCOOtBu 
II I I 
OR R 

6a R=Me (ery thro) 
6b R=Me (threo) 
6c RaH 
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901. yield 

The yield of this reaction was very good (90%) and no purification 

after workup was necessary. Sulfonium salts 7a-c were synthesized 

by reacting 3a-c with trimethyloxonium tetrafluoroborate 

o 
II (CI'b)30B F4 

CH3 SCHCHCOO tBu J> 

I I 
R R 

3a R=Me (erythro) 
3b R=Me (threo) 
3c R=H 

7a R=Me (erythro) 
7b R=Me (threo) 
7c R=H 

501. yield 

The sulfonium salts were purified by HPLC using a reverse phase 

column and were isolated in 50% yields. 

Since starting material 3c was readily available compared to 3a 

and 3b the syntheses of 5c-6c were used as models to work out the 

best synthetic procedure for making 5a,b-6a,b. Several reagents 

including m-chloroperoxybenzoic acid and hydroperoxide were tried on 
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3c to synthesize Sc-6c, but NaI04 and KHS05 were by far the superior 

reagents. 

Photodecomposition of compounds 5-7: 

The results of the photodecomposition of compounds 5-7 are 

summarized i.n Table 7.1. 

Table 7.1 
Results of the photodecompositign of peresters 5-7. 

Compound Reaction Conditions Yie1d(a1kene) Ratio of trans/ 
cis-2-butene 

3a 

3b 

5a 

5b 

5c 

6a 

6b 

6c 

7a 

7b 

hll/Corex filter, 
cyc1ohexene, OOC, 
7.5 h 

" 

" 

" 

hll/Corex filter, 
cyc1ohexene, OOC, 
4 h 

hll/Corex filter, 
cyc1ohexene, OOC, 
7.5 h 

" 

hll/Corex filter, 
cyc1ohexene, OOC, 
4 h 

hll/Corex filter, 
cyc1ohexene/CH3CN , 
OOC, 4.5 h 

" 

35% 2.5:1.0 

35% 2.4:1.0 

53% 1.8:1.0 

53% 1.8:1.0 

50% 

49% 3.3:1.0 

49% 3.0:1.0 

50% 

42% 2.7:1.0 

42% 2.4:1.0 
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Compounds 5c and 6c were readily available and were used as model 

compounds to optimize the reaction conditions for compounds 5a,b-

7a,b. Irradiation of 5c and 6c with a Hanovia high pressure quartz 

mercury vapor lamp at OOC was found to give good yields of ethylene. 

The cyclohexene solvent was found to prevent cis~trans isomerization 

under the reaction conditions (as it did for compounds 3a-c in 

Chapter 6). These reaction conditions were then used for the 

decomposition of 5a,b-7a,b with the exception of 7a and 7b in which 

10% CH3CN in cyc10hexene was used as the solvent to facilitate 

dissolution of the su1fonium salts. 

As is shown in Table 7.1, the photodecompositions did not show 

stereospecific production of cis- and trans-2-butene. One would 

have expected that if the bridged intermediates 8b-lOb were formed 

stereospecifically from cis conformations of 8a-lOa (as shown 

previously in Scheme 7.4), and if 8b-lOb were the dominant 

conformations of the charged radicals, then decomposition of erythro 

8b-lOb should have produced predominantly cis-2-butene via syn 

elimination, and likewise threo 8b-lOb should have produced 

predominantly trans-2-butene (The decomposition of intermediates 8a

lOa could have taken place concertedly from the anti conformations 

as opposed to the cis conformations that were shown in Scheme 7.4. 

If this happened then concerted decomposition of 8b-lOb would 

produce predominantly trans-2-butene from erythro starting materials 

[5a-7a] and predominantly cis-2-butene from threo starting materials 

[5b-7b]). However, both threo and erythro isomers of 5-7 gave 
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virtually the same ratios of trans- to cis-2-butene with trans-2-

butene being the major product. Thus this stereochemical probe did 

not show any evidence for intermediates 8b-10b. There remains the 

possibility that the threo and erythro stereo isomers of compounds 5-

7 isomerized under the photochemical reaction conditions. This 

possibility was eliminated by stopping the reaction short of 

completion for compounds 3 and 5 (using dichloromethane as a solvent 

instead of cyclohexene) and isolating the unreacted starting 

material. The recovered starting material showed that no 

isomerization has occurred under the reaction conditions. 
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Conclusions 

This mechanistic study of the photodecomposition of compounds 

5-7 did not give any evidence for the charged bridged radical 

intermediates 8b-10b. Therefore, one of the following must be true: 

(1) decomposition of intermediates 8a-10a does not occur by a 

concerted process and the stereochemistry of the intermediates is 

lost before closing to the bridged species 8b-10b. (2) decomposition 

of the bridged species 8b-10b is a stepwise not a concerted process 

and the stereochemistry of the intermediates is lost at this step. 

(3) bridged species 8b-10b are not lower in energy than their 

corresponding open structures. This could mean that Clark's 

calculations are in error or that the charged ~-sulfur radical 

system (5-7) behaves differently than the charged ~-halogen radicals 

on which Clark performed the calculations. 
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Experimental 

Instrumentation: 

Melting points were measured with a Thomas-Hoover melting point 

apparatus and are uncorrected. IR spectra were recorded on a 

Perkin-Elmer Model PE983 Spectrometer. lH NMR spectra at 250 MHz 

and l3C NMR spectra at 62.9 MHz were recorded on a Bruker WM-250 FT 

NMR Spectrometer with 0.368 Hz/Pt digital resolution using a 5 mm 

tube and tetramethylsilane as the internal reference. The 

deuterated solvent shown for each compound was used to lock the 

instrument. All spectra were recorded at ambient temperature unless 

specified otherwise. All reagents were obtained from Aldrich 

Chemical Company and were used as deli'lered unless specified 

otherwise. (Elemental analysis was not done on compounds 5-7 because 

of their instability) 

Synthesis: 

Compounds 5a_c: 183 

Sodium metaperiodate (140 mg, 0.654 mmol) was dissolved in 1.0 

ml of water. Methanol (2.0 ml) was added followed by a solution of 

0.260 mmol of the perester sulfide (3a-c) in 2.0 ml of methanol. 

The resulting solution was stirred at room temperature and after 5-

10 min a white fluffy solid precipitated. After 1 h tIc analysis 

indicated no starting material was left in the solution. Methanol 

(50 ml) was then added and the resulting mixture was filtered. The 

filtrate was concentrated and the resulting oil was dissolved in 

dichoromethane and then washed with water. The dichloromethane 
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solution was then dried (MgS04) and concentrated affording a clear 

colorless oil, which was purified by HPLC using a C-18 reverse phase 

column in CH3CN. The yields varied between 60-80%. 

Characterization of diastereomers Sa: IR (neat) 2980(s), 2934(s), 

1768(s), 1455(s), 1366(s), 1190(s), 1122(s), 1044(s) cm- 1 ; 1H NMR 

(CDC13) 0 (major diastereomer) 2.81 (2H, m, Cll), 2.51 (3H, s, 

SOCll3), 1.42 (3H, d, I=7 Hz, CHCll3), 1.31 (9H, s, t-Bu), 1.28 (3H, 

d, I=7 Hz, CHCll3); (minor diastereomer) 3.16 (lH, m, Cll), 2.69 (lH, 

m, Cll), 2.54 (3H, s, SOCll3), 1.33 (3H, d, I=7 Hz, CHCll3), 1.32 (9H, 

5, t-Bu), 1.20 (3H, d, I=7 Hz, CHCll3); major/minor ratio = 1.6:1.0. 

Characterization of diastereomers Sb: IR (neat) 2981(5), 2932(s), 

1768(s), 1454(s), 1366(s), 1191(s), 1109(s), 1087(s), 1044(s) cm- 1 ; 

1H NMR (CDC13) 0 (major diastereomer) 2.89 (2H, m, Cll), 2.52 (3H, s, 

SOCll3), 1.33 (9H, s, t-Bu), 1.33 (3H, d, I=7 Hz, CHCll3), 1.18 (3H, 

d, I=7 Hz, CHCll3); (minor diastereomer) 3.31 (lH, m Cll), 3.13 (lH, 

m, ell), 2.52 (3H, s, SOCll3), 1.33 (3H, d, I=7 Hz, CHCll3), 1.33 (3H, 

d, I=7 Hz, CHCll3), 1.32 (9H, s, t-Bu). 

Characterization of Sc: 1R (neat) 2981(s), 2931(s), 1770(s), 

1423(s), 1367(s), 1246(s), 1190(s), 1104(s), 1050(s); 1H NMR 

(CDC13, 60 MHz) 0 3.1 (4H, m, Cll2), 2.7 (3H, s, Cll3), 1.4 (9H, 5, t

Bu); reaction with NaI and titration of the generated 12 with Na2S03 

showed -100% perester187 . 

Compounds 6a_c: 184 

Oxone (504 mg, 1.50 mmo1 of KHS05) was dissolved in 2.0 m1 of 

water. This solution was added dropwise to a solution of 0.450 mmo1 
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of the sulfide perester (3a-c) in 2.0 m1 of methanol cooled to OOC. 

A white precipitate formed with the addition, and this mixture was 

allowed to stir at room temperature for 2 h. Analysis by t1c showed 

no starting material was present at this time. The methanol was 

removed and the resulting residue was washed with dich1oromethane 

(3X20m1). The dich1oromethane layers were combined, washed with 

water, dried with MgS04, and concentrated, affording a clear 

colorless oil. No further purification was necessary. Yields for 

6a-c varied from 80-90%. 

Characterization of 6a: 1R (neat) 2982(s), 2935(s), 1768(s), 

1455(s), 1388(s), 1367(s), 1303(s), 1264(s), 1248(s), 1188(s), 

1138(s), 1077(s), 957(s), 769(s) cm- 1 ; 1H NMR (CDC13) 0 3.14 (2H, m, 

CH), 2.86 (3H, s, S02CH3), 1.47 (3H, d, J=7 Hz, CHCH3), 1.41 (3H, d, 

J=7 Hz, CHCH3), 1.30 (9H, s, t-Bu). 

Characterization of 6b: 1R (neat) 2982(s), 2934(s), 1768(s), 

1454(s), 1390(s), 1367(s), 1303(s), 1247(s), 1189(s), 1143(s), 

1109(s), 1091(s), 956(s), 765(s) cm- 1 ; 1H NMR (CDC13) 0 3.48 (lH, m, 

CH), 3.24 (lH, m, CH), 2.85 (3H, s, S02CH3), 1.39 (3H, d, J=7 Hz, 

CHCH3), 1.28 (3H, d, J=7 Hz, CHCH3), 1.27 (9H, s, t-Bu). 

Characterization of 6c: 1R (neat) 2983(s), 2934(s), 1773(s), 

1368(s), 1310(s), 1247(s), 1182(s), 1128(s) cm- 1 ; 1H NMR (CDC13, 60 

MHz) 0 3.5 (2H, m, CH2) , 3.1 (3H, s, S02CH3), 3.0 (2H, m, CH2) , 

1.5 (9H, 5, t-Bu); reaction with Na1 and titration of liberated 12 

with Na2S03 showed -100% perester187 . 

Compounds 7a_c: 185 
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Trimethy1oxonium tetraf1uoroborate [(CH3)30BF4, 50 mg, 0.37 

mmo1] was added to 0.5 m1 of CH3N02 under argon in a glove bag. 

Sulfide perester 3a-c (0.41 mmo1) was added and the resulting 

solution was stirred under argon for 1 h. At this time the solution 

was placed in the freezer overnight. The CH3N02 was taken off under 

vacuum and the resulting yellow oil was washed with diethy1 ether, 

affording a slightly yellow viscous oil. The oil was purified by 

HPLC using a reverse phase C-18 column in CH3CN. A typical yield 

after purification was 50%. 

Characterization of 7a: IR (neat) 3031(s), 2984(s), 2944(s), 

1766(s), 1456(s), 1434(s), 1393(s), 1368(s), 1186(s), 1066(s) cm- 1 ; 

1H NMR (CD3COCD3) 0 4.03 (lH, m, CH), 3.47 (lH, m, CH), 3.19 (3H, s, 

SCH3) , 3.11 (3H, s, SCH3) , 1.62 (3H, d, J=7 Hz, CHCH3), 1.45 (3H, d, 

J=7 Hz, CHCH3), 1.30 (9H, s, t-Bu). 

Characterization of 7b: IR (neat) 3031(s), 2984(s), 2944(s), 

1766(s), 1455(s), 1434(s), 1393(s), 1369(s), 1029(s) cm- 1 ; 1H NMR 

(CD3CN) 0 3.71 (lH, m, CH), 3.11 (lH, m, CH), 2.81 (3H, s, SCH3) , 

2.76 (3H, s, SCH3) , 1.45 (3H, d, J=7 Hz, CHCH3), 1.35 (3H, d, J=7 

Hz, CHCH3), 1.30 (9H, s, t-Bu). 

Characterization of 7c: IR (neat) 3032(s), 2984(s), 2942(s), 

1768(s), 1427(s), 1393(s), 1369(s), 1286(s), 1249(s), 1185(s), 

1062(s) cm- 1 ; 1H NMR (CD3COCD3) 0 3.72 (2H, t, J=7 Hz, CH2) , 3.17 

(2H, t, J=7 Hz, CH2) , 3.11 (6H, s, CH3) , 1.28 (9H, s, t-Bu). 

Photodecomposition of compounds 5-7: 
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About 20 mg of perester 5-7 was dissolved in 25 ml of 

cyc10hexene (3-5 m1 of CH3CN also used for 7a-b). The solution was 

placed in a Hanovia reactor well, flushed with argon, and then 

irradiated for 4-8 h at OOC. The irradiation was done with a high 

pressure quartz mercury vapor lamp through a Corex filter. At this 

time the overhead gas was analyzed for the presence of a1kenes by 

injecting it into a Hewlett-Packard model 5710A gas chromatograph 

with a flame ionizing detector, using a AgN03/ethy1ene glycol on 

firebrick co1umn186 . The concentration of a1kenes was quantitated 

by making standard calibration curves for each gas. The solubility 

of the a1kenes in the solvent was accounted for and it was 

determined that 80-90% of the 2-butenes and about 50% of the 

ethylene was dissolved in the solvent under the reaction conditions. 

This was determined by injecting a known amount of the alkene into 

the reaction vessel with 25 m1 of solvent, irradiating the sample 

for several hours, and then quantitating the amount of alkene gas in 

the overhead gas by gas chromatography. All alkene that was 

unaccounted for in the overhead gas was presumed to be dissolved in 

solvent. 

The liquid phases of the photodecompositions of 5-7 were also 

analyzed. The solvent was removed under vacuum and IR and lH NMR 

spectra were taken on the residue. The 1H NMR spectra all showed 

large amounts of cyc10hexene polymer which obscured the spectra of 

any of the photodecomposition products of 5-7. The IR showed strong 

absorbances at 1700 cm- 1 presumably from the acids resulting from 
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hydrolysis or decomposition of the peresters. This would explain 

the -50% yields of alkenes produced, since photodecomposition from 

the perester to the acid would not generate alkene. No attempt was 

made to isolate products from the cyclohexene polymer. 

Isomerization of cis-2-butene to trans-2-butene did not take 

place under the reaction conditions using cyclohexene as a solvent. 

This was determined by adding a known amount of cis-2-butene to 

solutions of 5c-7c in cyclohexene in the Hanovia reactor well. 

Irradiation for 4-8 h did not cause isomerization to occur as 

determined by gas chromatography. However, isomerization was 

observed under the same conditions when CH2Cl2 was used as a solvent 

instead of cyclohexene. 

Isomerization of the eythro compounds (5a-7a) to the threo 

compounds (5b-7b) or vice versa did not occur under the reaction 

conditions. This was determined by irradiating 5a, 5b, 3a, and 3b 

in dichloromethane. The irradiations were stopped after about I h 

and the dichloromethane was removed under vacuum. IH NMR 

spectroscopic analysis on the residue revealed no isomerization had 

occurred. 



CHAPTER 8 

PHOTODECOMPOSITION OF fi-SULFONIUM SALT PERESTERS: A POTENTIALLY 
POWERFUL TECHNIQUE FOR MAKING THIOETHER CATION RADICALS 

Introduction 
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In Chapter 7 photodecomposition of compounds 1a-c were found to 

produ.ce ethylene and cis- and trans-2-butene as shown in Scheme 8.1. 

Scheme 8.1 
Photodecomposition of su1fonium salt perester 1. 

CH3 0 
[ CH

3 
0 J I II hv I II 

CH3SCHCHCOOtBu ----+ CH3SCHCHCO· + tBuO· +, , +, , 
BF4- R R BF4- R R 

1a R=Me (erythro) 
1b R=Me (threo) 

1 1c R=H 

+ 

1 
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One of the suggested products of this reaction is the cation radical 

of dimethyl sulfide. 'If this cation radical is indeed a high yield 

product then this reaction is potentially a powerful new method for 

making cation radicals of thioethers. 

Conventional methods for one electron oxidation of thioethers, 

such as titanium(III)/H202l89 , A1C13-CH3N02l93, Cu(CH3CN)4(BF4)2l94, 

NOBF4l94, NOPF6l94, and pulse radiolysis l92 , are sometimes 

unsuitable for analysis of the cation radicals because the radicals 

are often very unstable, and tend to form aggregates, i.e. (R2S)2+', 

very easilyl88-l92. In addition, for reactions of the cation 

radicals, the choice of solvent is limited using the conventional 

methods and the reagents used for preparation of the cation radical 

may interfere. The methodology mapped out in Scheme 8.1 has the 

potential for overcoming some of these difficulties because 

irradiations can be carried out with dilute concentrations of the 

peresters and still give high yields of the cation radicals (since 

the rate determining step for irradiation is unimolecular) which 

should avoid the problem of dimerization. Furthermore, irradiation 

of the perester functionality can be done at very low temperatures 

which should facilitate the analysis of the more transient cation 

radicals, and finally the irradiations may be done using a wide 

variety of solvents. 

In order to establish Scheme 8.1 as a reliable method for 

making cation radicals of thioethers, it remained to be proven that 

the photodecomposition does generate dimethyl sulfide cation 



246 

radical. However, this particular cation radical is not well 

characterized in the literature because of its transient nature and 

so it would be difficult to prove its formation upon decomposition 

of peresters la-c. Thus compounds 2-8 were chosen to demonstrate 

the methodology because the cation radicals generated upon 

photodecomposition (9-15) are well studied and characterized by 

pulse radiolysis techniques. This chapter describes the synthesis 

of peresters 2-8 and discusses the results of the photodecomposition 

and flash photolysis of compound 2 as they pertain to demonstrating 

the potential of this methodology. 

2 

o 
/\ II 

S +S-CH2CH2COO tBu 
'---' 

4 

7 R-CH3 

8 R-tBu 

/""'-.... -0 T f 0 \ +, II 
/S S-CH2CH2COO tBu 

R k 5 R-CH3 

6 R-tBu 
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Results and Discussion 

Synthesis: 

Alkylating reagent 23 was synthesized as shown in Scheme 8.2. 

Scheme 8.2 
Synthesis of alkylating reagent 23. 

tBu.OOH 

NaOH 

a 
II 

HOCH2 CH2COO tBu 
Tf'aO 

23 

Alkylating reagent 23 was stable in pure form at -20oC. However, it 

was difficult to obtain in pure form and was usually used 

immediately after its synthesis. 

p-Sulfonium salt peresters 2-8 were synthesized by reacting 

dithioethers 16-22 with alkylating reagent 23. 

('J 
S S 

V 
16 17 18 

('J n s s s S R/ 'R R/ 'R 
19 R-CH3 21 R-CH3 
20 R-tBu 22 R-tBu 

/ 



A summary of the results is given in Table 8.1. 

Table 8.1 
Results of the synthesis of the p-sulfonium salt peresters, 2-8. 

Reactants Solvent Product Yield 
16 + 23 CH3N02 2 70% 

17 + 23 " 3 94% 

18 + 23 " 4 78% 

19 + 23 " 5 -80%* 

20 + 23 " 6 10-30%* 

21 + 23 " 7 60-70%* 

22 + 23 " 8 10-30%* 

* Yields determined by lH NMR spectroscopy; compound was not 
isolated pure. 

Compounds 2-4 were isolated in pure form and were very stable at 

room temperature and on exposure to air. The variability of the 
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yields of 2-4 corresponds to the purity of the alkylating reagent 23 

used in the synthesis. Compounds 5 and 7 were obtained in fair 

yields (60-80%); however, by lH NMR spectroscopy analysis 20-40% of 

dialkylated product was also formed. Because of this impurity, 5 

and 7 resisted crystallization. Purification by HPLC and ion 

chromatography will be attempted in future experiments. The 

reaction of 20 and 22 with alkylating reagent 23 did produce some of 

the desired sulfonium salt peresters (10-30% of compounds 6 and 8); 

however, many other side products were also formed including 

dialkylated products and the acids of the desired peresters and 

starting materials (decomposition products) as determined by IR and 
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lH NMR spectroscopy. That these reactions were difficult is not 

surprising since the dithioether substrates (20 and 22) effectively 

have neopentyl steric hindrance at the sulfur atoms. Purification 

of 6 and 8 will also be, attempted by the techniques previously 

mentioned. 

Photodecomposition of p-sulfonium salt perester 2: 

Photodecomposition of compound 2 should occur by the pathway 

shown in Scheme 8.3. 

Scheme 8.3 
Photodecomposition of p-sulfonium salt perester 2. 

-OTf ~OTf a 
(':) R hv + II 

tBuO· S S-CH2CH2COO tBu - S S-CH2CH2CO· + 
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9 



251 

The photolysis was carried out in CH3CN using a high pressure quartz 

mercury vapor lamp in a Hanovia reactor well with a Vycor filter 

(cutoff ~2l0 nm). The perester group of compound 2 absorbs at Amax 

= 230 nm, so the cutoff filter was used to stop unwanted irradiation 

below 210 nm. Analysis of the overhead gas after irradiation 

showed 84% yield of ethylene and 1%, 3%, 10% and 30% yields of 

ethane, propylene, methane, and isobutylene. Methane and ethane are 

evidence of the formation of t-BuO' in solution198 and thus support 

the mechanism in Scheme 8.3. The 84% yield of ethylene produced is 

also excellent evidence that the photodecomposition is occurring by 

Scheme 8.3 in high yield. However, there was no bright yellow color 

in the solution after the irradiation which is the characteristic 

color of 1,5-dithiocane cation radical 9. 194 Furthermore, a UV 

spectrum of the solution after irradiation showed no absorbance at 

412 nm, which is the Amax of 1,5-dithiocane cation radical 9 in 

CH3CN194. 

A UV spectrum of 1,5-dithiocane cation radical 9 in CD3CN also 

shows an absorbance at Amax = 235 nm along with the absorbance at 

412 nm. Thus it was possible that cation radical 9, once formed, 

absorbed the irradiation from the mercury lamp at 235 nm (the Vycor 

filter cuts off at wavelengths shorter than -210 nm) and decomposed 

to other products. To investigate this possibility a solution of 

cation radical 9 in CH3CN (made by reacting 1,5-dithiocane, 16, with 

NOBF4) was irradiated using the same conditions as were used for 

compound 2. The characteristic yellow color of the solution was 
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gone after the irradiation which shows that cation radical 9 does 

decompose under the react~on conditions for compound 2. Analysis of 

the overhead gas by gas chromatographic analysis showed propylene 

(1% yield) and ethylene (7% yield). That propylene was produced in 

both the irradiation of cation radical 9 and in the irradiation of 

compound 2 is good evidence that 1,5-dithiocane cation radical 9 is 

produced in the irradiation of compound 2 but decomposes. Since the 

Amax of 9 (235 nm) and the su1fonium salt perester 2 (230 nm) is 

virtually the same in this region of the spectrum there was no way 

to correct the problem by selectively irradiating perester 2 with 

the use of filters. To overcome this problem flash photolysis was 

employed. Irradiation of a solution of su1fonium salt perester 2 in 

water for 20 ~s at 240 nm and analysis of the process with UV 

spectroscopy showed that upon irradiation a species was formed with 

an absorbance at Amax = 405 nm and a lifetime of 8-10 ~s. 1,5-

dithiocane cation radical 9, generated by pulse radio1ysis in 

aqueous medium, has an absorbance at Amax = 400 nm and a lifetime of 

520 ~s197. Thus the flash photolysis experiment showed that 

photodecomposition of perester 2 does produce cation radical 9. 

This encouraging result demonstrates that this methodology has a 

high potential to be used in making cation radicals of thioethers. 

The discrepancy of lifetimes of radical 9 generated by pulse 

radio1ysis and by photodecomposition of the perester is attributed 

to the difference of the reaction conditions in the two methods. In 

the su1fonium salt method other radical species are formed that will 
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have close proximity to the 1,5-dithiocane cation radical so it is 

not surprising that the lifetime of the radical is shorter using 

this method. In the future compounds 3-7 will be photolyzed by the 

flash photolysis technique to demonstrate this method's generality. 
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Conclusions 

Flash photolysis of sulfoniurn salt perester 2 produced 1,5-

dithiocane cation radical 9 in good yield. This demonstrates that 

the photodecomposition of fi-sulfoniurn salt peresters has high 

potential as a method for forming thioether cation radicals. Future 

experiments will prove whether this methodology is general and 

whether transient thioether cation radicals, difficult to observe 

using previous methodology, can be analyzed by this method as hoped 

for. 
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Experimental 

Instrumentation: 

Melting points were measured with a Thomas-Hoover melting point 

apparatus and are uncorrected. IR spectra were recorded on a 

Perkin-Elmer Model PE983 Spectrometer. lH NMR spectra at 250 MHz 

and l3C NMR spectra at 62.9 MHz were recorded on a Bruker '~-250 FT 

NMR Spectrometer with 0.368 Hz/Pt digital resolution using a 5 mm 

tube and tetramethylsilane as the internal reference. The 

deuterated solvent shown for each compound was used to lock the 

instrument. All spectra were recorded at ambient temperature unless 

specified otherwise. All reagents were obtained from Aldrich 

Chemical Company and were used as delivered unless specified 

otherwise. 

Synthesis: 

Compound 23: 195 ,196 

tert-Butyl hydroperoxide [1.3 g of a solution of 90% t-BuOOH 

(0.013 mol), 5% t-BuOH, and 5% H20] was mixed with 62 mg of 20% 

aqueous sodium hydroxide solution at O°C. This solution was then 

added dropwise to 0.72 g (0.010 mol) of p-propiolactone at' O°C under 

argon. The addition took about 10 min after which the solution was 

allowed to stir for 2 h at O°C. The reaction was followed by IR 

spectroscopy and after the 2 h of stirring no additional perester 

was forming as evidenced by no increase in the absorbance at 1760 

cm- l . Ice-cold water (10 ml) was then added to the reaction and the 

resulting solution was extracted with dichloromethane (5X50ml) at 
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ODC. The dichloromethane layers were combined, dried (MgS04), and 

concentrated affording a clear colorless oil. This oil was purified 

by flash chromatography using silica gel and eluting with 20% ethyl 

acetate in,hexanes. The hydroxy perester was obtained in 65% yield 

(1.1 g, 6.5 mmol): IR (neat) 3504(s), 298l(s), 2935(s), l770(s), 

l390(s), l366(s), 1246(s), 1188(s), 1i24(s), 1061(s), 846(s) cm- 1 ; 

1H NMR (CDC13) 0 3.87 (2H, t, J=6 Hz, HOCH2), 2.54 (2H, t, J=6 Hz, 

HOCH2CH2), 2.5 (lH, s, HO), 1.28 (9H, s, t-Bu). 

Trif1uoromethanesu1fonic anhydride (Tf20, 850 ~1, 5.05 mmo1) 

was added dropwise to a solution of pyridine (402 ~1, 4.97 mmo1, 

dried over CaH2) in dich1oromethane (15 m1, dried over P205) , at -15 

DC under argon. A white solid formed with the addition. The 

hydroxy perester (600 mg, 3.70 mmo1) prepared as outlined above was 

added dropwise to the solution with the aid of 3-5 ml of 

dich1oromethane at -15 DC under argon. The resulting mixture was 

allowed to stir at -15 DC for 10 min and t1c analysis showed the 

reaction to be complete. The mixture was filtered and the filtrate 

was concentrated by rotary evaporation affording an oily solid. 

This residue was washed with chloroform (4X5ml). The chloroform 

layers were combined and concentrated affording an oil with a small 

amount of a white solid. This residue was then washed with hexanes 

(4X25ml). The hexanes were combined and concentrated affording a 

clear colorless oil (741 mg, 2.52 mmol, 68% yield). The oil had 

trace impurities by lH NMR spectroscopic analysis. If kept at -20 

DC the oil was stable indefinitely. On decomposition the oil turns 
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red-brown: IR (neat) 2985(5), 2939(5), 1778(5), 1459(5), 1416(5), 

1368(5), 1247(5), 1209(5), 1145(s), 1063(5), 1032(5), 1007(5), 

962(5), 930(5), 845(5), 789(5), 755(s), 616(s) cm- 1 ; 1H NMR (CDC13) 

8 4.76 (2H, t, J=6 Hz, TfOCH2), 2.83 (2H, t, J=6 Hz, TfOCH2CH2), 

1.29 (9H, s, t-Bu). 

Compounds 2_8: 196 

The above prepared triflate perester (110 mg, 0.40 mmo1) was 

dissolved in 0.5 m1 of CH3N02' Dithioether (0.63 mol, compounds 16-

22) was dissolved in 0.5 m1 of CH3N02 and added to the trif1ate 

solution at room temperature. The resulting solution was allowed to 

stir at room temperature under argon overnight. The CH3N02 was 

removed under vacuum and the residue was washed with diethyl ether. 

At this point compounds 2-4 crystallized and were purified by 

recrystallization from diethyl ether and CH3N02. Compounds 5-8, 

however, resisted crystallization and could not be further purified. 

The IR and 1H NMR spectra of 5-8 are of the impure mixtures. Yields 

are reported in Table 8.1. 

Characterization of 2: IR (KBr) 2987(s), 2932(s), 1779(s), 1454(s), 

1435(s), 1420(s), 1370(s), 1260(s), 1225(s), 1193(s), 1156(s), 

1116(s), 1031(s), 641(s) cm- 1 ; 1H NMR (CD3COCD3) 8 3.82 (4H, t, J=5 

Hz, +SCH2(ring) ), 3.64 (2H, t, J-7 Hz, COCH2CH2), 3.18 (2H, t, J=7 

Hz, COCH2), 2.89 (4H, m, SCH2) , 2.51 (2H, m, SCH2CH2), 2.35 (2H, m, 

SCH2CH2), 1.28 (9H, s, t-Bu); Anal. Ca1cd for C14H2506F3S3: C, 

38.00; H, 5.69. Found: C, 37.72; H, 5.75. 
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Characterization of 3: IR (KBr) 2999(s), 2984(s), 1755(s), 1369(s), 

1266(s), 1252(s), 1223(s), 1193(s), 1164(s), 1026(s), 639(s) cm- 1 ; 

1H NMR (CD3CN) 0 4.42 (lH, m, +SCH2(ring) ), 4.12 (lH, m, 

+SCH2(ring) ), 3.9 (2H, m, +SCH2(ring) ), 3.83 (2H, t, J=7 Hz, 

COCH2CH2), 3.30 (2H, m, SCH2) , 3.22 (2H, t, J~7 Hz, COCH2), 3.0 (2H, 

m, SCH2) , 2.6 (lH, m, SCH2CH2), 2.3 (lH, m, SCH2CH2), 1.28 (9H, s, 

t-Bu); Anal. Cal cd for C13H2306F3S3: C, 36.44; H, 5.41. Found: C, 

36.18; H, 5.42. 

Characterization of 4: IR (KBr) 2984(s), 1757(s), 1418(s), 1369(s), 

1248(s), 1222(s), 1173(s), 1144(s), 1025(s), 640(s) cm- 1 ; 1H NMR 

(CD3CN) 0 3.75 (2H, m, +SCH2(ring) ), 3.57 (2H, t, J= 7 Hz, 

COCH2CH2), 3.47 (2H, m, +SCH2(ring ), 3.1 (4H, m, SCH2) , 2.97 (2H, 

t, J=7 Hz, COCH2), 1.28 (9H, s, t-Bu); Anal. Ca1cd for 

C12H2106F3S3: C, 34.77; H, 5.11. Found: C, 34.75; H, 5.16. 

Characterization of 5 (-80% pure): IR (neat) 2990(s), 2940(s), 

1770(s), 1450(s), 1370(s), 1260(s), 1150(s), 1030(s), 640(s) cm- 1 ; 

1H NMR (CD3CN) 0 3.5 (4H, m), 2.92 (2H, t, J=7 Hz), 2.85(3H, s, 

+SCH3), 2.62 (2H, t, J=7 Hz), 2.08 (3H, s, SCH3) , 2.05 (2H, p, J=l 

Hz, SCH2Ctl2), 1.29 (9H, s, t-Bu), impurities at 2.8-3.0 and 3.3-3.6 

ppm were assigned to dia1ky1ated product. 

Characteri71tion of 7 (60-70% pure): IR (neat) 3020(s), 2990(s), 

2950(s), 1770(s), 1430(s), 1370(s), 1260(s), 1150(s), 1030(s), 

640(s) cm- 1 ; 1H NMR (CD3CN) 0 3.3 (4H, m), 2.9 (2H, m), 2.7 (3H, s), 

2.5 (2H, t), 2.1 (3H, s), 1.9 (2H, m), 1.7 (2H, m), 1.28 (9H, s), 
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dialkylated product. 
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Characterization of 6 and 8: IR spectra showed the presence of the 

desired product at 1770 cm- l , but the spectra also showed 

decomposition products evident by the absorbances at 1730-1750 cm 

1 lH NMR spectra showed the presence of a mixture of the desired 

product, plus dialkylated products, plus decomposed products. 

Photodecomposition of compound 2: 

Sulfonium salt perester 2 (26 mg, 0.059 mmol) was dissolved in 

5.0 ml of dry CH3CN (P20s) and placed in a Hanovia Reactor Well. 

The vessel was flushed with argon and then irradiated with a high 

pressure quartz mercury vapor lamp through a Vycor filter at O°C for 

5 h. At this time the overhead gas was analyzed by injecting it 

into a Hewlett-Packard model s710A gas chromatograph with a flame 

ionization detector using a Porapak column. The concentration of 

the various gases in the overhead gas was determined quantitatively 

in the same manner as described in the Experimental Section of 

Chapter 7. Ethane, propylene, methane, isobuty1ene, and ethylene 

were found in 1%, 3%, 10%, 30%, and 84% yields respectively. After 

irradiation, the solvent was removed under vacuum and IR and IH NMR 

spectra were taken on the residue. The spectra showed small amount 

of starting material and decomposed products. 

Photodecomposition of DTCO cation radical 9: 194 

Nitrosonium tetraf1uoroborate (NOBF4, 16 mg, 0.14 mmo1) was 

dissolved in 8 ml of dry CH3CN (P20s). 1,s-Dithiocane, 16, (21 mg, 
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0.15 mmo1) was dissolved in 2 m1 of dry CH3CN and added to the above 

solution of oxidant in a glove bag. The solution immediately turned 

yellow upon addition. Four m1 of the solution was placed in a 

Hanovia reactor well and irradiated with a high pressure quartz 

mercury vapor lamp through a Vycor filter under nitrogen at O°C for 

3.5 h. At this time the yellow color of the solution had 

disappeared. Analysis of the overhead gas, as described in the 

Experimental Section of Chapter 7, showed a 1% yield of propylene 

and a 7% yield of ethylene. 

Flash photolysis of compound 2: 

A solution of compound 2 in water was irradiated with a U.V. 

eximer laser at 240 nm for 20 ~s. The solution was monitored over 

time by UV spectroscopy. The 1,5-DTCO cation radical 9 was 

observed at Amax = 405 nm with a lifetime of 8-10 ~s. 
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Table A1 
X-ray crystallographic Data for Naphtho[1,8-Q,£]-1,5-
dithiocin-1,1-dioxide. 

Warning!! Labeling scheme given here only applies to 
crystalJ.ographic data. It does not apply to ChapteF 1. 

Bond Distances in Angstroms 
---------------------------

Atom 1 Atom 2 Distance Atom 1 Atom 2 

===z:::::= ===--"= --======== ======= ==== 

Sl 011 1. 434(2) C4 C10 

Sl 012 1. 447 (2) C5 C6 

Sl C1 1.792(2) C5 C10 

Sl Cll 1.806(2) C6 C7 

S2 C8 1. 773 (2) C7 C8 

S2 C13 1.805(2) C8 C9 

C1 C2 1.376(3) C9 C10 

C1 C9 1. 449 (3) C11 C12 

C2 C3 1.398(4) C12 C13 

C3 C4 1.353(4) C13 H12 
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Distance 

====== 

1.418(3) 

1.351(4) 

1.417(3) 

1.391(3) 

1.387(3) 

1.430(3) 

1.434(3) 

1. 524(4) 

1.517(3) 

0.950(2) 
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Table Al cont. 

C2 HI 0.950(2) Cll H7 0.950(3) 

C3 H2 0.950(3) Cll H8 0.950(2) 

C4 H3 0.950(3) C12 H9 0.950(2) 

C5 H4 0.950(2) C12 HIO 0.950(3) 

C6 H5 0.950(2) CD Hll 0.950(3) 

C7 H6 0.950(2) 

Numbers in parentheses are estimated standard deviations in 
the least significant digits. 

Bond Angles in Degrees 
----------------------

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 
====== ====== ====== --=== ======= ====== ===== ======= 

Oll Sl 012 ll5.5(1) C5 C6 C7 ll9.1(2) 

Oll Sl C1 108.5(1) C6 C7 C8 122.7(2) 

011 Sl Cl1 113.1(1) S2 C8 C7 114.3(2) 

012 Sl C1 106.7(1) S2 C8 C9 125.9(2) 

012 Sl Cll 104.4(1) C7 C8 C9 119.8(2) 

C1 Sl C11 108.3(1) C1 C9 C8 128.3(2) 

C8 S2 C13 102.6(1) C1 C9 C10 ll5.4(2) 

Sl C1 C2 ll2.4(2) C8 C9 C10 116.3(2) 

Sl C1 C9 126.2(2) C4 C10 C5 118.3(2) 

C2 C1 C9 12l.0(2) C4 C10 C9 120.7(2) 

C1 C2 C3 121.7(2) C5 C10 C9 120.9(2) 
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Table A1 cont. 

C2 C3 C4 119.4(2) Sl C11 C12 117.6(2) 

C3 C4 C10 121.4(2) C11 C12 C13 113.6(2) 

C6 C5 C10 120.9(2) S2 C13 C12 113.5(2) 

C1 C2 H1 117.6(2) C12 C11 H7 107.3(2) 

C3 C2 H1 120.7(2) C12 C11 HB 106.7(2) 

C2 C3 H2 119.3(3) H7 C11 HB 109.5(2) 

C4 C3 H2 121.3(3) C11 C12 H9 111.1(2) 

C3 C4 H3 119.5(3) C11 C12 H10 106.2(2) 

C10 C4 H3 119.2(3) C13 C12 H9 109.9(2) 

C6 C5 H4 121. 2 (2) C13 C12 H10 106.4(2) 

C10 C5 H4 117.9(3) H9 C12 H10 109.5(2) 

C5 C6 H5 11B.9(3) S2 C13 H11 109.3(2) 

C7 C6 H5 121.9(3) S2 C13 H12 10B.3(2) 

C6 C7 H6 11B.B(2) C12 C13 H11 109.6(2) 

CB C7 H6 11B.4(2) C12 C13 H12 106.5(2) 

Sl C11 H7 10B.1(2) H11 C13 H12 109.5(2) 

Sl C11 HB 107.6(2) 

----------------------------------------------_ ... -------------------
Numbers in parentheses are estimated standard deviations in 
the least significant digits. 



265 

Table Al cont. 
Torsion Angles in Degrees 
-------------------------

Atom 1 Atom 2 Atom 3 Atom 4 Angle 
===== ===== ==== ======= ==== 

all Sl Cl C2 125.45 ( 0.19) 
all Sl C1 C9 -47.15 ( 0.24) 
012 Sl Cl C2 0.39 ( 0.22) 
012 S1 Cl C9 -172.20 ( 0.20) 
Cll S1 Cl C2 -111. 4B ( 0.20) 
Cll Sl C1 C9 75.93 ( 0.23) 
all S1 Cl1 C12 105.75 ( 0.23) 
all Sl Cll H7 -15.B2 ( 0.26) 
all Sl Cll HB -133.93 ( 0.22) 
012 Sl Cll C12 -127.B9 ( 0.21) 
012 s1 C11 H7 110.54 ( 0.21) 
012 Sl C11 HB -7.57 ( 0.27) 
C1 Sl C11 C12 -14.50 ( 0.25) 
C1 Sl C11 H7 -136.07 ( 0.20) 
Cl Sl C11 HB 105.B2 ( 0.23) 
C13 S2 CB C7 107.90 ( 0.21) 
C13 S2 CB C9 -73.50 ( 0.23) 
CB S2 C13 C12 70.67 ( 0.24) 
CB S2 C13 Hll -52.06 ( 0.24) 
CB S2 C13 H12 -171.25 ( 0.21) 
Sl C1 C2 C3 -171.57 ( 0.22) 
Sl C1 C2 H1 7.37 ( 0.33) 
C9 C1 C2 C3 1.46 ( 0.39) 
C9 C1 C2 Hl -179.60 ( 0.23) 
Sl C1 C9 CB -15.21 ( 0.36) 
Sl C1 C9 C10 166.24 ( O.lB) 
C2 C1 C9 CB 172.7B ( 0.24) 
C2 Cl C9 C10 -5.77 ( 0.34) 
C1 C2 C3 C4 2.56 ( 0.43) 
C1 C2 C3 H2 -175.97 ( 0.27) 
H1 C2 C3 C4 -176.34 ( 0.2B) 
H1 C2 C3 H2 5.12 ( 0.47) 
C2 C3 C4 CIO -1.90 ( 0.44) 
C2 C3 C4 H3 176.10 ( 0.2B) 
H2 C3 C4 C10 176.60 ( 0.2B) 
H2 C3 C4 H3 -5.40 ( 0.51) 
C3 C4 C10 C5 179.16 ( 0.27) 
C3 C4 C10 C9 -2.77 ( 0.42) 
H3 C4 CI0 C5 1.16 ( 0.42) 
H3 C4 C10 C9 179.23 ( 0.26) 
C10 C5 C6 C7 -3.06 ( 0.42) 
C10 C5 C6 H5 -179.57 ( 0.26) 
H4 C5 C6 C7 177.64 ( 0.27) 
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Table A1 cant. 

H4 C5 C6 H5 l.13 ( 0.47) 
C6 C5 C10 C4 176.62 ( 0.27) 
C6 C5 C10 C9 -1.44 ( 0.40) 
H4 C5 C10 C4 -4.06 ( 0.41) 
H4 C5 C10 C9 177.88 ( 0.25) 
C5 C6 C7 C8 3.17 ( 0.42) 
C5 C6 C7 H6 178.73 ( 0.27) 
H5 C6 C7 C8 179.56 ( 0.27) 
H5 C6 C7 H6 -4.88 ( 0.46) 
C6 C7 C8 S2 -179.9S ( 0.16) 
C6 C7 CS C9 l. 33 ( 0.39) 
H6 C7 CS S2 4.45 ( 0.34) 
H6 C7 CS C9 -174.25 ( 0.24) 
S2 CS C9 C1 -2.63 ( 0.37) 
S2 CS C9 C10 175.91 ( O.lS) 
C7 CS C9 C1 175.90 ( 0.24) 
C7 C8 C9 C10 -5.56 ( 0.34) 
C1 C9 C10 C4 6.39 ( 0.35) 
C1 C9 C10 C5 -175.59 ( 0.23) 
C8 C9 C10 C4 -172.34 ( 0.24) 
C8 C9 C10 C5 5.68 ( 0.35) 
Sl C11 C12 C13 -85.83 ( 0.27) 
Sl C11 C12 H9 149.65 ( 0.22) 
Sl C11 C12 H10 30.68 ( 0.31) 
H7 C11 C12 C13 36.16 ( 0.33) 
H7 Cll C12 H9 -8S.36 ( 0.32) 
H7 C11 C12 H10 152.67 ( 0.25) 
HS C11 C12 C13 153.3S ( 0.25) 
HS C11 C12 H9 28.S5 ( 0.37) 
HS C11 C12 H10 -90.11 ( 0.30) 
Cll C12 C13 S2 44.66 ( 0.31) 
C11 C12 C13 Hll 167.21 ( 0.24) 
C11 C12 Cl3 H12 -74.43 ( 0.30) 
H9 C12 C13 S2 169.85 ( 0.23) 
H9 C12 Cl3 Hll -67.59 ( 0.35) 
H9 C12 C13 H12 50.77 ( 0.36) 
H10 C12 C13 S2 -71.74 ( 0.29) 
H10 C12 C13 H11 50.81 ( 0.32) 
H10 C12 Cl3 H12 169.17 ( 0.25) 



267 

Table A1 cont. 

Positional Parameters and Their Estimated Standard Deviations 
---------------- ... _-------------------- ... _------------------------

Atom x y z B(A2) 

Sl 0.34976(5) 0.10252(5) 0.20015(9) 3.06(1) 

S2 0.14773(5) 0.10996(5) 0.39107(9) 3.16(1) 

011 0.2733(2) 0.1749(2) 0.1041(3) 4.17(4) 

012 0.4476(1) 0.1033(2) 0.1419(3) 4.76(5) 

C1 0.2958(2) -0.0222(2) 0.1498(3) 2.65(5) 

C2 0.3587(2) -0.0847(2) 0.0721(4) 3.66(6) 

C3 0.3252(3) -0.1807(3) -0.0010(4) 4.72(7) 

C4 0.2272(3) -0.2119 (2) -0.0025(4) 4.44(7) 

C5 0.0566(2) -0.1871(2) 0.0651(4) 4.06(6) 

C6 -0.0104(2) -0.1341(2) 0.1444(4) 3.99(6) 

C7 0.0237(2) -0.0447(2) 0.2436(4) 3.38(6) 

C8 0.1225(2) -0.0046(2) 0.2571(3) 2.58(5) 

C9 0.1928(2) -0.0547(2) 0.1631(3) 2.55(5) 

C10 0.1586(2) -0.1503(2) 0.0739(4) 3.26(5) 

C11 0.3877 (2) 0.1193(2) 0.4602(4) 3.77(6) 

C12 0.3460(2) 0.0433(2) 0.5846(4) 3.76(6) 

Cl3 0.2387(2) 0.0702(2) 0.6119(4) 3.78(6) 

-----------------_ .. _------------------_ .. _------------------------
Anisotropica11y refined atoms are given in the form of the 
isotropic equivalent displacement parameter defined as: 
(4/3) * [a2*B(1,1) + b2*B(2,2) + c2*B(3,3) + ab(cos gamma)*B(1,2) 
+ ac(cos beta)*B(1,3) + bc(cos a1pha)*B(2,3)] 
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Table Bl 
X-ray crystallographic Data for Naphtho[l,8-h,£J-l,5-
dithiocin-l,5-dioxide. 

Warning!! Labeling scheme given here only applies to 
crystallographic data. It does not apply to Chapter 1. 
There were two unique molecules in each unit cell which 
are labeled (a) and (b) in the parameters listed below. 

Bond Distances in Angstroms 
---------------------------

Atom 1 Atom 2 Distance Atom 1 Atom 2 
===== ===== ======= === ===== 

Sla Ola l.488(5) Slb Olb 

Sla Cla l. 816(7) Slb Clb 

Sla Clla l. 806(7) Slb Cllb 

S2a 02a l.497(4) S2b 02b 

S2a C8a l. 808(6) S2b C8b 

S2a C13a l. 814(6) S2b C13b 

Cla C2a l.372(9) Clb C2b 

Cla C9a l.4l3(8) Clb C9b 

C2a C3a l.4l(1) C2b C3b 
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Distance 
======== 

l.496(4) 

l.8l9(6) 

l.8l9(6) 

l.494(4) 

l.8l8(6) 

l.830(6) 

l.352(8) 

l.432(7) 

l.408(9) 
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Table B1 cant. 

C3a C4a 1.35(1) C3b C4b 1. 347 (9) 

C4a C10a 1. 42 (1) C4b C10b 1.411(9) 

C5a C6a 1.35(1) C5b C6b 1. 351(9) 

C5a C10a 1.41(1) C5b C10b 1.411(8) 

C6a C7a 1. 40(1) C6b C7b 1.414(9) 

C7a C8a 1.363(8) C7b C8b 1. 384(8) 

C8a C9a 1.439(8) C8b C9b 1.418(7) 

C9a C10a 1.438(8) C9b ClOb 1.432(7) 

C11a Cl2a 1. 519 (8) C11b C12b 1.535(8) 

C12a C13a 1.520(8) c12b C13b 1.509(8) 

C2a H1a 0.950(8) C2b H1b 0.950(6) 

C3a H2a 0.950(9) C3b H2b 0.950(7) 

C4a H3a 0.950(9) C4b H3b 0.950(7) 

C5a H4a 0.950(8) C5b H4b 0.950(6) 

C6a H5a 0.950(9) C6b H5b 0.950(7) 

C7a H6a 0.950(8) C7b H6b 0.950(6) 

C11a H7a 0.950(7) C11b H7b 0.950(7) 

Clla H8a 0.950(7) C11b H8b 0.950(6) 

C12a H9a 0.950(6) C12b H9b 0.950(6) 

C12a H10a 0.950(6) C12b H10b 0.950(6) 

C13a HIla 0.950(6) C13b H11b 0.950(6) 

C13a H12a 0.950(7) C13b H12b 0.950(6) 
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Numbers in parentheses are estimated standard deviations in 
the least significant digits. 

Bond Angles in Degrees 
--------_ .. _-----------

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 
====== ====== =====:= ====== ====== ====== ====== ===== 

Ola Sla Cla 106.4(3) Olb Slb Clb 106.8(3) 

Ola Sla C11a 103.6(3) 01b Slb C11b 105.5(3) 

C1a Sla C11a 99.5(3) C1b Slb C11b 98.0(3) 

02a S2a C8a 107.3(3) 02b S2b C8b 106.6(3) 

02a S2a C13a 105.1(3) 02b S2b C13b 103.1(3) 

C8a S2a Cl3a 98.2(3) C8b S2b Cl3b 98.1(3) 

Sla C1a C2a 114.0(6) Slb C1b C2b 114.0(5) 

Sla C1a C9a 124.6(5) Slb C1b C9b 123.9(4) 

C2a C1a C9a 12l.2(7) C2b Clb C9b 122.1(5) 

C1a C2a C3a 120.9(8) C1b C2b C3b 120.6(6) 

C2a C3a C4a 119.9(9) C2b C3b C4b 120.0(6) 

C3a C4a C10a l2l.S(8) C3b C4b C10b 12l.1(6) 

C6a CSa C10a 12l.0(7) C6b CSb C10b 122.4(6) 

CSa C6a C7a 119.9(8) CSb C6b C7b 118.5(6) 

C6a C7a C8a 121.1(8) C6b C7b C8b 12l.4(6) 

S2a C8a C7a 114.6(5) S2b C8b C7b 113.7(5) 

S2a C8a C9a 123.6(5) S2b C8b C9b 125.4(4) 

C7a C8a C9a 12l.6(6) C7b C8b C9b 120.8(6) 
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Cla C9a CSa 127.1(5) C1b C9b CSb 126.9(5) 

C1a C9a C10a 117.6(6) C1b C9b CIOb 115.9(5) 

CSa C9a C10a 115.3(6) CSb C9b CIOb 117.2(5) 

C4a C10a Csa 120.0(8) C4b C10b Csb 120.0(6) 

C4a C10a C9a 11S.9(8) C4b C10b C9b 120.3(6) 

Csa C10a C9a 121.1 (7) Csb C10b C9b 119.7(6) 

S1a ella C12a 118.8(4) S1b C11b C12b 114.4(4) 

C11a C12a Cl3a 114.6(6) C11b C12b Cl3b 115.4(5) 

S2a Cl3a e12a 113.8(4) S2b C13b C12b 117.4(4) 

C1a C2a H1a 11S.9(9) C1b C2b H1b 119.3(7) 

C3a C2a H1a 120.3(9) C3b C2b Hlb 120.1(7) 

C2a C3a H2a 120. (1) C2b C3b H2b 120.0(7) 

C4a C3a H2a 120. (1) C4b C3b H2b 120.0(7) 

C3a C4a H3a 119.(1) C3b C4b H3b 120.0(S) 

CIOa C4a H3a 120.(1) C10b C4b H3b 118.9(7) 

e6a Csa H4a 120. (1) C6b Csb H4b 119.3(7) 

CIOa Csa H4a 119. (1) CIOb Csb H4b 118.3(S) 

Csa C6a Hsa 120(1) Csb C6b Hsb 120.S(S) 

C7a C6a Hsa 120.(1) C7b C6b Hsb 120.9(S) 

e6a e7a H6a 120.4(8) C6b C7b H6b 119.6(6) 

eSa e7a H6a l1S.S(7) CSb C7b H6b 119.0(7) 

Sla C11a H7a 107.1(5) Slb C11b H7b 108.3(5) 
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Sla Clla H8a 107.3(5) Slb Cllb H8b 108.0(5) 

C12a Clla H7a 107.4(6) e12b e11b H7b 108.5(6) 

C12a Clla H8a 106.6(6) C12b Cllb H8b 108.1(6) 

H7a Clla H8a 109.5(6) H7b C11b H8b 109.5(6) 

ella C12a H9a 106.9(6) C11b C12b H9b 107.6(6) 

C11a C12a H10a 109.1(6) C11b C12b H10b 108.3(5) 

C13a C12a H9a 107.7(5) C13b C12b H9b 107.7(5) 

C13a e12a H10a 109.0(6) C13b C12b H10b 108.3(5) 

H9a C12a H10a 109.5(6) H9b C12b H10b 109.5(6) 

S2a C13a H11a 108.6(5) S2b C13b H11b 107.6(5) 

S2a C13a H12a 108.3(5) S2b C13b H12b 107.3(5) 

C12a C13a Hlla 108.6(6) C12b C13b Hllb 107.3(6) 

C12a C13a H12a 108.0(6) e12b C13b H12b 107.7(6) 

H11a C13a H12a 109.5(6) H11b C13b H12b 109.5(6) 
----------------------------------------------------------------- ... 

Numbers in parentheses are estimated standard deviations in 
the least significant digits. 

Torsion Angles in Degrees 
--_ .. _ ... _------------------

Atom 1 Atom 2 Atom 3 Atom 4 Angle 
======= ====== :::::c:::::z==== ====== ===== 

ala Sla e1a C2a -0.68 ( 0.56) 
ala Sla C1a C9a 173.70 ( 0.51) 
ella Sla C1a C2a 106.66 ( 0.51) 
ella Sla e1a C9a -78.96 ( 0.56) 
ala Sla ella Cl2a 160.06 ( 0.49) 
ala Sla C11a H7a 38.29 ( 0.55) 
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01a Sla Clla H8a -79.19 ( 0.55) 
CIa Sla C11a C12a 50.53 ( 0.53) 
CIa Sla Clla H7a -71.24 ( 0.51) 
CIa Sla C11a H8a 171.28 ( 0.49) 
02a S2a C8a C7a 10.85 ( 0.56) 
02a S2a C8a C9a -163.51 ( 0.47) 
C13a S2a C8a C7a -97.88 ( 0.51) 
C13a S2a C8a C9a 87.75 ( 0.52) 
02a S2a C13a C12a -164.75 ( 0.44) 
028. S2a C13a Hlla 74.16 ( 0.51) 
02a S2a C13a H12a -44.65 ( 0.54) 
C8a S2a C13a C12a -54.22 ( 0.49) 
C8a S2a C13a Hlla -175.32 ( 0.46) 
C8a S2a C13a H12a 65.87 ( 0.50) 
Sla CIa C2a C3a 174.26 ( 0.53) 
Sla CIa C2a H1a -5.19 ( 0.85) 
C9a CIa C2a C3a -0.34 ( 0.95) 
C9a CIa C2a H1a -179.79 ( 0.58) 
Sla CIa C9a C8a 4.33 ( 0.89) 
Sla CIa C9a C10a -176.04 ( 0.45) 
C2a CIa C9a C8a 178.33 ( 0.59) 
C2a CIa C9a C10a -2.04 ( 0.87) 
CIa C2a C3a C4a 1. 27 ( 1. 05) 
CIa C2a C3a H2a -179.06 ( 0.67) 
H1a C2a C3a C4a -179.29 ( 0.67) 
H1a C2a C3a H2a 0.38 ( 1.15) 
C2a C3a C4a C10a 0.29 ( 1. 09) 
C2a C3a C4a H3a -179.46 ( 0.67) 
H2a C3a C4a C10a -179.38 ( 0.69) 
H2a C3a C4a H3a 0.86 ( 1. 20) 
C3a C4a C10a C5a 178.85 ( 0.70) 
C3a C4a C10a C9a -2.69 ( 1. 01) 
H3a C4a C10a C5a -1. 39 ( 1. 08) 
H3a C4a C10a C9a 177.06 ( 0.63) 
C10a C5a C6a C7a -0.62 ( 1.19) 
C10a C5a C6a H5a 177 . 86 ( 0.74) 
H4a C5a C6a C7a 179.19 ( 0.74) 
H4a C5a C6a H5a -2.32 ( 1. 34) 
C6a C5a C10a C4a 177.36 ( 0.72) 
C6a C5a C10a C9a -1.06 ( 1.10) 
H4a CSa C10a C4a -2.46 ( 1. 14) 
H4a C5a C10a C9a 179.12 ( 0.67) 
C5a C6a C7a C8a 1.71 ( 1.14) 
C5a C6a C7a H6a -177.83 ( 0.74) 
H5a C6a C7a C8a -176.78 ( 0.71) 
H5a C6a C7a H6a 3.69 ( 1.25) 
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C6a C7a C8a S2a -175.57 ( 0.57) 
C6a C7a C8a C9a -1.08 ( 1. 00) 
H6a C7a C8a S2a 3.97 ( 0.89) 
H6a C7a C8a C9a 178.46 ( 0.60) 
S2a C8a C9a C1a -6.92 ( 0.86) 
S2a C8a C9a C10a 173 .44 ( 0.44) 
C7a C8a C9a C1a 179.10 ( 0.61) 
C7a C8a C9a C10a -0.54 ( 0.85) 
C1a C9a C10a C4a 3.49 ( 0.87) 
C1a C9a C10a C5a -178.08 ( 0.61) 
C8a C9a C10a C4a -176.84 ( 0.57) 
C8a C9a C10a C5a 1. 60 ( 0.88) 
Sla Clla C12a C13a 62.37 ( 0.68) 
Sla Clla C12a H9a -56.89 ( 0.66) 
Sla Clla C12a H10a -175.14 ( 0.45) 
H7a Clla C12a C13a -176.00 ( 0.54) 
H7a Clla C12a H9a 64.75 ( 0.70) 
H7a Clla C12a H10a -53.50 ( 0.75) 
H8a Clla C12a C13a -58.76 ( 0.74) 
H8a Clla C12a H9a -178.01 ( 0.56) 
H8a Clla C12a H10a 63.74 ( 0.73) 
C11a C12a C13a S2a -58.87 ( 0.65) 
C11a C12a C13a H11a 62.20 ( 0.71) 
Clla C12a C13a H12a -179.17 ( 0.54) 
H9a C12a C13a S2a 59.89 ( 0.65) 
H9a C12a C13a Hlla -179.03 ( 0.56) 
H9a C12a C13a H12a -60.40 ( 0.73) 
H10a C12a C13a S2a 178.58 ( 0.46) 
H10a C12a C13a H11a -60.34 ( 0.73) 
H10a C12a C13a H12a 58.29 ( 0.75) 
alb Slb C1b C2b -10.18 ( 0.52) 
alb Slb C1b C9b 168.25 ( 0.45) 
Cllb Slb C1b C2b 98.78 ( 0.48) 
C11b Slb C1b C9b -82.79 ( 0.50) 
alb Slb C11b C12b 165.97 ( 0.42) 
alb Slb Cllb H7b 44.83 ( 0.53) 
alb Slb Cllb H8b -73.65 ( 0.53) 
C1b Slb Cllb C12b 56.00 ( 0.46) 
C1b Slb Cllb H7b -65.14 ( 0.50) 
C1b Slb Cllb H8b 176.38 ( 0.48) 
a2b S2b C8b C7b 2.62 ( 0.50) 
a2b S2b C8b C9b -172.85 ( 0.46) 
C13b S2b C8b C7b -103.74 ( 0.46) 
C13b S2b C8b C9b 80.79 ( 0.51) 
a2b S2b C13b C12b -158.43 ( 0.44) 
a2b S2b C13b Hllb 80.57 ( 0.49) 
a2b S2b C13b H12b -37.10 ( 0.49) 
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CBb S2b C13b e12b -49.23 ( 0.4B) 
CBb S2b C13b H11b -170.24 ( 0.45) 
CBb S2b C13b H12b 72.09 ( 0.46) 
SIb C1b C2b c3b 177. B2 ( 0.49) 
SIb C1b C2b H1b -2.7B ( 0.B1) 
C9b C1b C2b e3b -0.64 ( 0.91) 
C9b C1b c2b H1b 17B.76 ( 0.55) 
Slb C1b C9b CBb 0.96 ( O.BO) 
SIb C1b C9b e10b -17B.29 ( 0.40) 
C2b C1b C9b eBb 179.27 ( 0.56) 
C2b C1b C9b C10b 0.00 ( 0.B6) 
C1b C2b C3b C4b 0.B9 ( 0.99) 
C1b C2b C3b H2b -17B.20 ( 0.63) 
H1b C2b C3b C4b -17B.51 ( 0.63) 
H1b C2b C3b H2b 2.40 ( 1.0B) 
C2b C3b C4b C10b -0.49 ( 1. 00) 
C2b C3b C4b H3b 179.09 ( 0.63) 
H2b C3b C4b C10b 17B.60 ( 0.62) 
H2b C3b C4b H3b -1.B2 ( 1.12) 
C3b C4b C10b C5b -179.00 ( 0.61) 
C3b C4b C10b C9b -0.15 ( 0.91) 
H3b C4b C10b C5b 1.42 ( 0.94) 
H3b C4b C10b C9b -179.73 ( 0.57) 
C10b C5b C6b e7b 0.34 ( 0.96) 
C10b C5b C6b H5b 17B.76 ( 0.61) 
H4b C5b C6b C7b 179.46 ( 0.59) 
H4b C5b C6b H5b -2.13 ( 1. 07) 
C6b C5b C10b C4b 17B.02 ( 0.61) 
C6b C5b C10b C9b -0.B4 ( 0.90) 
H4b C5b C10b C4b -1.10 ( 0.92) 
H4b C5b C10b C9b -179.96 ( 0.51) 
C5b C6b C7b CBb 1.11 ( 0.93) 
C5b C6b C7b H6b -17B.55 ( 0.60) 
H5b C6b C7b CBb -177.30 ( 0.60) 
H5b C6b C7b H6b 3.04 ( 1. 04) 
C6b C7b CBb S2b -177.76 ( 0.47) 
C6b C7b CBb C9b -2.06 ( O. B7) 
H6b C7b CBb S2b 1. 90 ( 0.76) 
H6b C7b CBb C9b 177.60 ( 0.53) 
S2b CBb C9b C1b -2.5B ( 0.B1) 
S2b CBb C9b C10b 176.67 ( 0.40) 
C7b CBb C9b C1b -177.74 ( 0.53) 
C7b CBb C9b C10b 1. 50 ( 0.77) 
C1b C9b C10b C4b 0.3B ( 0.7B) 
C1b C9b C10b C5b 179.24 ( 0.51) 
CBb C9b C10b C4b -17B.95 ( 0.52) 
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C8b C9b C10b C5b -0.09 ( 0.75) 
Slb CUb C12b C13b 58.16 ( 0.61) 
Slb CUb C12b H9b -62.05 ( 0.60) 
Slb C11b C12b H10b 179.68 ( 0.43) 
H7b C11b C12b C13b 179.17 ( 0.51) 
H7b C11b C12b H9b 58.96 ( 0.68) 
H7b C11b C12b H10b -59.31 ( 0.69) 
H8b CUb C12b C13b -62.20 ( 0.71) 
H8b C11b C12b H9b 177.59 ( 0.54) 
H8b C11b C12b H10b 59.32 ( 0.72) 
C11b C12b C13b S2b -62.99 ( 0.62) 
C11b C12b C13b H11b 58.15 ( 0.69) 
C11b C12b C13b H12b 175.91 ( 0.50) 
H9b C12b C13b S2b 57.21 ( 0.63) 
H9b C12b C13b H11b 178.35 ( 0.53) 
H9b C12b C13b H12b -63.89 ( 0.67) 
H10b C12b C13b S2b 175.46 ( 0.42) 
H10b C12b C13b Hl1b -63.40 ( 0.69) 
H10b C12b C13b H12b 54.36 ( 0.69) 

Positional Parameters and Their Estimated Standard Deviations 

Atom x y z B(A2) 

Sla 0.6983(1) 0.2221(1) 0.19691(9) 4.96(4) 

S2a 0.65657(9) 0.0719(1) 0.08853(8) 3.77(3) 

ala 0.7286(3) 0.3018(4) 0.2417(3) 8.3(1) 

a2a 0.6477(3) 0.0176(4) 0.0241(2) 5.9(1) 

C1a 0.5987(4) 0.2164(5) 0.2127(3) 4.0(1) 

C2a 0.5747(5) 0.2827(5) 0.2606(3) 6.0(2) 
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C3a 0.4983(5) 0.2940(6) 0.2744(4) 7.3(2) 

C4a 0.4477 (4) 0.2379(5) 0.2412(4) 7.2(2) 

C5a 0.4156(4) 0.1077(7) 0.1592(4) 7.0(2) 

C6a 0.4349(4) 0.0425(7) 0.1109(4) 7.3(2) 

C7a 0.5100(4) 0.0330(6) 0.0923(3) 5.3(2) 

C8a 0.5645(3) 0.0871(4) 0.1235(3) 3.4(1) 

C9a 0.5475(3) 0.1572(4) 0.1760(3) 3.3(1) 

Cl0a 0.4697(4) 0.1663(5) 0.1921(3) 4.8(1) 

Clla 0.7265 (4) 0.1040(5) 0.2353(3) 5.2(2) 

C12a 0.6854(4) 0.0066(5) 0.2173(3) 4.7(1) 

C13a 0.6915(4) -0.0238(5) 0.1452(3) 4.5(2) 

Slb 0.84949(8) 0.1606(1) 0.05211(8) 3.90(3) 

S2b 0.81902(8) 0.0012(1) -0.05484(8) 3.67(3) 

alb 0.8568(3) 0.2171(4) 0.1159(2) 5.9(1) 

a2b 0.7961(3) -0.0848(3) -0.0987(2) 5.5(1) 

C1b 0.9404(3) 0.1650(4) 0.0124(3) 3.0(1) 

C2b 0.9893(3) 0.2293(5) 0.0416(3) 4.2(1) 

C3b 1.0628(4) 0.2383(5) 0.0178(3) 5.0(2) 

C4b 1. 0847 (3) 0.1836(5) -0.0350(3) 4.5(2) 

C5b 1.0598(3) 0.0585(5) -0.1216(3) 4.3(1) 

C6b 1. 0155 (4) -0.0093(5) -0.1529(3) 5.0(2) 

C7b 0.9415(4) -0.0222(4) -0.1300(3) 4.0(1) 
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C8b 0.9141(3) 0.0341(4) -0.0776(3) 3.0(1) 

C9b 0.9603(3) 0.1045(4) -0.0437(3) 2.5(1) 

C10b 1.0352(3) 0.1162(4) -0.0670(3) 3.3(1) 

C11b 0.8006(3) 0.2469(5) -0.0032(3) 4.4(1) 

Cl2b 0.8033(3) 0.2157(4) -0.0761(3) 3.9(1) 

Cl3b 0.7721(3) 0.1114(5) -0.0916(3) 4.1(1) 

Anisotropica11y refined atoms are given in the form of the 
isotropic equivalent displacement parameter defined as: 
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(4/3) * [a2*B(l,l) + b2*B(2,2) + c2*B(3,3) + ab(cos gamma)*B(l,2) 
+ ac(cos beta)*B(l,3) + bc(cos a1pha)*B(2,3)] . 



Appendix C 

X-ray Crystallographic Data for Naphtho[1,8-Q,£]-1,S
dithiocin-l,l,S-trioxide. 
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Table C1 
X-ray crystallographic Data for Naphtho[l,8-h,£J-1,S
dithiocin-1,l,S-trioxide. 

Warning!! Labeling scheme given here only applies to 
crystallographic data. It does not apply to Chapter 1. 

Bond Distances in Angstroms 
---------------------------

Atom 1 Atom 2 Distance Atom 1 Atom 2 

======:1 ~::::== ~c=n==::n ====:.:11 ========= 

Sl 011 1.469(2) C2 C3 

Sl 012 1.362(5) C3 C4 

Sl C1 1. 819 (2) C4 C10 

Sl C11 1.805(2) C5 C6 

S2 021 1.451(2) C5 C10 

S2 022 1.410(2) C6 C7 

S2 C8 1. 798 (2) C7 C8 

S2 C13 1. 787 (2) C8 C9 
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Distance 

========= 

1.401(3) 

1.349(3) 

1.412(3) 

1. 343 (3) 

1.418(3) 

1.400(3) 

1.377(3) 

1. 444(2) 
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012 022 1.678(6) C9 C10 1. 434(3) 

Cl C2 1.375(3) C11 C12 1.516(3) 

C1 C9 1. 442 (2) C12 C13 1.527(3) 

C2 H1 0.950(2) C11 H7 0.950(2) 

C3 H2 0.950(2) Cl1 H8 0.950(2) 

C4 H3 0.950(2) C12 H9 0.950(2) 

CS H4 0.950(2) C12 H10 0.950(2) 

C6 H5 0.950(2) C13 H11 0.950(2) 

C7 H6 0.950(2) C13 H12 0.950(2) 

----------_ .... __ ... _-----_ ... _-----------------------------------
Numbers in parentheses are estimated standard deviations in 
the least significant digits. 

Bond Angles in Degrees 
----------------------

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 
===== ===== :======= ====z=== :=::=:=== === == ===== 

011 Sl 012 126.3(2) C2 C3 C4 118.6(2) 

011 Sl C1 106.39(9) C3 C4 C10 121. 5 (2) 

011 Sl C11 103.6(1) C6 CS C10 121. 5 (2) 

012 Sl C1 108.8(2) C5 C6 C7 119.3(2) 

012 Sl C11 107.1(2) C6 C7 C8 121.7(2) 

C1 Sl C11 101.89(9) S2 C8 C7 111.8(1) 

021 S2 022 120.9(1) S2 C8 C9 126.9(1) 
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021 S2 C8 107.8(1) C7 C8 C9 12l.3(2) 

021 S2 C13 104.8(1) C1 C9 C8 129.6(2) 

022 S2 C8 106.9(1) C1 C9 C10 115.4(2) 

022 S2 C13 11l. 6(1) C8 C9 C10 115.0(2) 

C8 S2 C13 103.60(9) C4 C10 C5 117.5(2) 

Sl 012 022 130.2(3) C4 C10 C9 12l.3(2) 

S2 022 012 126.3(2) C5 C10 C9 12l.2(2) 

Sl C1 C2 111.1(1) Sl C11 C12 118.0(1) 

Sl C1 C9 128.2(1) C11 C12 C13 116.4(2) 

C2 C1 C9 120.5(2) S2 C13 C12 117.6(1) 

C1 C2 C3 122.6(2) Sl C11 H8 107.0(2) 

C1 C2 HI 118.8(2) C12 C11 H7 107.3(2) 

C3 C2 H1 118.6(2) C12 C11 H8 107.4(2) 

C2 C3 H2 120.8(2) H7 C11 H8 109.5(2) 

C4 C3 H2 120.7(2) C11 C12 H9 108.2(2) 

C3 C4 H3 119.5(2) C11 C12 H10 107.6(2) 

C10 C4 H3 119.0(2) C13 C12 H9 107.6(2) 

C6 CS H4 119.1(2) C13 C12 H10 107.5(2) 

C10 CS H4 119.4(2) H9 C12 H10 109.5(2) 

C5 C6 H5 12l. 2(2) S2 C13 H11 107.6(2) 

C7 C6 H5 119.5(2) S2 C13 H12 107.1(2) 

C6 C7 H6 118.7(2) C12 C13 H11 108.0(2) 



Table el cont. 

e8 e7 H6 

Sl ell H7 

119.6(2) 

107.4(2) 

e12 

Hll 

e13 H12 

e13 H12 

Numbers in parentheses are estimated standard deviations in 
the least significant digits. 

Torsion Angles in Degrees 
-------------------------

Atom 1 Atom 2 Atom 3 Atom 4 Angle 
====== ==--= ===== C::====:::::I ===== 

011 Sl 012 022 179.08 ( 0.32) 
e1 Sl 012 022 50.69 ( 0.52) 
ell Sl 012 022 -58.77 ( 0.51) 
011 Sl e1 e2 l. 65 ( 0.22) 
011 S1 e1 e9 -173.88 ( 0.21) 
012 Sl e1 e2 140.50 ( 0.29) 
012 Sl e1 e9 -35.02 ( 0.33) 
ell Sl e1 e2 -106.53 ( 0.19) 
ell Sl e1 e9 77 .94 ( 0.22) 
011 Sl ell e12 -15l. 88 ( 0.18) 
011 Sl ell H7 86.76 ( 0.20) 
011 Sl ell H8 -30.73 ( 0.22) 
012 Sl ell e12 72.67 ( 0.30) 
012 Sl ell H7 -48.68 ( 0.31) 
012 Sl ell H8 -166.17 ( 0.29) 
e1 Sl ell e12 -4l. 55 ( 0.19) 
e1 Sl ell H7 -162.91 ( 0.18) 
e1 Sl ell H8 79.60 ( 0.20) 
021 S2 022 012 173.87 ( 0.29) 
e8 S2 022 012 -62.51 ( 0.34) 
el3 S2 022 012 50.10 ( 0.35) 
021 S2 e8 e7 -4.87 ( 0.22) 
021 S2 e8 e9 173.55 ( 0.20) 
022 S2 e8 e7 -136.24 ( 0.21) 
022 S2 e8 e9 42.19 ( 0.25) 
el3 S2 e8 e7 105.82 ( 0.19) 
el3 S2 e8 e9 -75.76 ( 0.22) 
021 S2 e13 e12 158.20 ( 0.19) 
021 S2 e13 Hll 36.15 ( 0.20) 
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106.9(2) 

109.5(2) 
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021 S2 Cl3 H12 -8l. 48 ( 0.21) 
022 S2 C13 C12 -69.35 ( 0.23) 
022 S2 Cl3 H11 168.60 ( 0.18) 
022 S2 C13 H12 50.97 ( 0.23) 
C8 S2 C13 C12 45.33 ( 0.22) 
C8 S2 Cl3 Hll -76.72 ( 0.18) 
C8 S2 C13 H12 165.65 ( 0.17) 
Sl 012 022 S2 7.62 ( 0.68) 
SI Cl C2 C3 -172.68 ( 0.21) 
SI C1 C2 HI 7.64 ( 0.33) 
C9 Cl C2 C3 3.24 ( 0.38) 
C9 Cl C2 HI -176.44 ( 0.23) 
SI Cl C9 C8 -9.59 ( 0.36) 
SI Cl C9 C10 173.10 ( 0.17) 
C2 C1 C9 C8 175.26 ( 0.23) 
C2 C1 C9 CI0 -2.06 ( 0.32) 
Cl C2 C3 C4 -0.46 ( 0.41) 
C1 C2 C3 H2 179.74 ( 0.26) 
HI C2 C3 C4 179.22 ( 0.26) 
HI C2 C3 H2 -0.58 ( 0.44) 
C2 C3 C4 CI0 -3.41 ( 0.40) 
C2 C3 C4 H3 176.10 ( 0.25) 
H2 C3 C4 C10 176.40 ( 0.26) 
H2 C3 C4 H3 -4.09 ( 0.45) 
C3 C4 C10 C5 -173.78 ( 0.25) 
C3 C4 C10 C9 4.52 ( 0.38) 
H3 C4 C10 C5 6.71 ( 0.38) 
H3 C4 C10 C9 -174.99 ( 0.23) 
CI0 C5 C6 C7 2.45 ( 0.42) 
C10 C5 C6 H5 -177.39 ( 0.26) 
H4 C5 C6 C7 -176.80 ( 0.26) 
H4 C5 C6 H5 3.36 ( 0.47) 
C6 C5 C10 C4 177.08 ( 0.26) 
C6 C5 C10 C9 -l. 23 ( 0.39) 
H4 C5 C10 C4 -3.67 ( 0.39) 
H4 C5 C10 C9 178.03 ( 0.24) 
C5 C6 C7 C8 -1.26 ( 0.42) 
C5 C6 C7 H6 179.50 ( 0.27) 
H5 C6 C7 C8 178.58 ( 0.26) 
H5 C6 C7 H6 -0.65 ( 0.45) 
C6 C7 C8 S2 177.32 ( 0.21) 
C6 C7 C8 C9 -1.20 ( 0.38) 
H6 C7 C8 S2 -3.45 ( 0.34) 
H6 C7 C8 C9 178.03 ( 0.23) 
S2 C8 C9 Cl 6.70 ( 0.35) 
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S2 e8 e9 e10 -175.98 ( 0.17) 
e7 e8 e9 e1 -175.02 ( 0.23) 
e7 e8 e9 e10 2.30 ( 0.32) 
e1 e9 e10 e4 -l. 67 ( 0.32) 
e1 e9 e10 e5 176.57 ( 0.22) 
e8 e9 e10 e4 -179.38 ( 0.21) 
e8 e9 e10 e5 -1.14 ( 0.32) 
Sl ell e12 e13 -69.43 ( 0.25) 
Sl ell e12 H9 169.40 ( 0.16) 
Sl ell e12 H10 5l. 21 ( 0.25) 
H7 ell e12 e13 5l. 98 ( 0.30) 
H7 ell e12 H9 -69.19 ( 0.27) 
H7 ell e12 H10 172.63 ( 0.22) 
H8 ell e12 el3 169.61 ( 0.21) 
H8 ell e12 H9 48.44 ( 0.28) 
H8 ell e12 H10 -69.74 ( 0.28) 
ell e12 e13 S2 67.63 ( 0.26) 
ell e12 e13 Hll -170.50 ( 0.21) 
ell e12 el3 H12 -52.80 ( 0.29) 
H9 e12 e13 S2 -170.90 ( 0.18) 
H9 e12 el3 Hll -49.03 ( 0.29) 
H9 e12 e13 H12 68.67 ( 0.28) 
H10 e12 el3 S2 -53.09 ( 0.27) 
H10 e12 e13 Hll 68.78 ( 0.27) 
H10 e12 e13 H12 -173.52 ( 0.22) 

Positional Parameters and Their Estimated Standard Deviations 

Atom x y z B(A2) 

Sl 0.51933(7) 0.00231(6) 0.73687(5) 3.87(1) 

S2 0.43965(7) 0.22164(7) 0.53524(4) 3.73(1) 

011 0.5525(2) -0.0981(2) 0.8199(2) 6.00(5) 

012 0.4124(6) -0.0052(5) 0.6376(4) 5.0(1) 
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021 0.3952(2) 0.3012(2) 0.4399(1) 5.67(5) 

022 0.3639(3) 0.1035(3) 0.5380(2) 4.43(6) 

Cl 0.4921(2) 0.1539(2) 0.7985(2) 2.85(4) 

C2 0.5133(3) 0.1360(3) 0.9043(2) 3.77(5) 

C3 0.4825(3) 0.2335(3) 0.9673(2) 4.35(6) 

C4 0.4309(3) 0.3498(3) 0.9223(2) 4.16(5) 

C5 0.3753(3) 0.5056(3) 0.7783 (2) 4.17(6) 

C6 0.3648(3) 0.5412(3) 0.6796(2) 4.52(6) 

C7 0.3884(3) 0.4478(3) 0.6106(2) 4.09(6) 

C8 0.4250(2) 0.3207(2) 0.6420(2) 3.00(4) 

C9 0.4437(2) 0.2785(2) 0.7486(2) 2.75(4) 

Cl0 0.4155(2) 0.3768(2) 0.8157(2) 3.33(5) 

Cll 0.7021(3) 0.0292(3) 0.7210(2) 3.71(5) 

C12 0.7331(2) 0.1623(2) 0.6837(2) 3.29(5) 

CD 0.6411 (3) 0.1981(3) 0.5688(2) 3.58(5) 

----------------------------------------------------------------
Anisotropically refined atoms are given in the form of the 
isotropic equivalent displacement parameter defined as: 
(4/3) * [a2*B(1,1) + b2*B(2,2) + c2*B(3,3) + ab(cos gamma)*B(1,2) 
+ ac(cos beta)*B(1,3) + bc(cos alpha)*B(2,3)] 



Appendix D 

X-ray Crystallographic Data for Naphtho[1,8-h,gJ-l,S
dithiocin-l,l,S,S-tetraoxide. 
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Table Dl 
X-ray crystallographic Data for Naphtho[l,8-Q,gJ-1,5-
dithiocin-1,1,5,5-tetraoxide. 

Warning!! Labeling scheme given here only applies to 
crystallographic data. It does not apply to Chapter 1. 

Bond Distances in Angstroms 
---------------------------

Atom 1 Atom 2 Distance Atom 1 Atom 2 

-~- ~::a====- ======::::. =:z::r=TT!=:rz ~&:I== 

Sl 011 l. 440(3) C3 C4 

Sl 012 l.439(3) C4 C10 

Sl C1 l. 795(4) C5 C6 

Sl Cll 1.782(4) C5 C10 

S2 021 l. 437 (3) C6 C7 

S2 022 l. 441( 3) C7 C8 

S2 C8 l.797(4) C8 C9 

289 

Distance 

======= 

l.358(6) 

l.408(6) 

l. 348(7) 

l.414(6) 

l.4l4(7) 

1.371(6) 

l.429(5) 
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S2 e13 l.773(4) e9 e10 l.438(5) 

e1 e2 l.367(5) ell e12 l.541(6) 

e1 e9 l.436(5) e12 e13 l.538(6) 

e2 e3 l.415(5) el3 H12 0.949(4) 

e2 H1 0.949(4) ell H7 0.949(4) 

e3 H2 0.949(5) ell H8 0.949(4) 

e4 H3 0.950(4) e12 H9 0.949(4) 

es H4 0.950(5) e12 H10 0.949(4) 

e6 H5 0.949(5) e13 H11 0.949(4) 

e7 H6 0.949(5) 
- - - -- - .. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Numbers in parentheses are estimated standard deviations in 
the least significant digits. 

Bond Angles in Degrees 
----------------------

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 
==::=== ====== ======= ===== ====== ======= ===:::::== ===== 

all Sl 012 ll7.3(2) e3 e4 e10 120.8(4) 

all Sl e1 106.1(2) e6 e5 e10 12l.4(4) 

all Sl ell 106.7(2) e5 e6 e7 119.3(4) 

012 Sl e1 105.7(2) e6 e7 e8 120.9(4) 

012 Sl ell 1l0.2(2) S2 e8 e7 ll3.3(3) 
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C1 Sl C11 110.7(2) S2 CB C9 123.1(3) 

021 S2 022 117.B(2) C7 CB C9 120.9(4) 

021 S2 CB 106.0(2) C1 C9 CB 12B.6(3) 

021 S2 C13 109.6(2) C1 C9 C10 115.4(3) 

022 S2 CB 105.6(2) CB C9 C10 116.1(4) 

022 S2 C13 106.0(2) C4 C10 C5 119.3(4) 

CB S2 C13 111.B(2) C4 C10 C9 120.B(4) 

Sl Cl C2 113.3(3) C5 CI0 C9 119.9(4) 

SI C1 C9 123.2(3) Sl Cll C12 116.4(3) 

C2 Cl C9 121.0(4) C11 C12 C13 119.2(3) 

Cl C2 C3 121.2(4) S2 c13 C12 115.0(3) 

C2 C3 C4 119.1(4) Sl C11 HB 107.6(3) 

C1 C2 H1 119.2(4) C12 C11 H7 107.B(3) 

C3 C2 H1 119.6(4) C12 C11 HB 107.5(4) 

C2 C3 H2 120.6(5) H7 C11 HB 109.5(4) 

C4 C3 H2 120.3(4) C11 C12 H9 106.6(4) 

C3 C4 H3 119.B(5) C11 C12 H10 107.4(4) 

CIO C4 H3 119.4(4) C13 C12 H9 107.6(4) 

C6 C5 H4 119.4(5) C13 C12 H10 106.4(4) 

CI0 C5 H4 119.2(5) H9 C12 H10 109.4(4) 

C5 C6 H5 120.4(5) S2 C13 H11 lOB. 2(3) 

C7 C6 H5 120.3(5) S2 C13 H12 10B.0(3) 



Table D1 cont. 

e6 e7 

e8 e7 

Sl ell 

H6 

H6 

H7 

119.9(5) 

119.1(4) 

107.8(3) 

e12 e13 H11 

e12 e13 H12 

H11 CD H12 

Numbers in parentheses are estimated standard deviations in 
the least significant digits. 

Torsion Angles in Degrees 
-------------------------

Atom 1 Atom 2 Atom 3 Atom 4 Angle 
====== ====== ====== ====== ===== 

011 Sl C1 C2 6.23 ( 0.37) 
011 Sl e1 e9 -156.04 ( 0.34) 
012 Sl e1 e2 13l.45 ( 0.32) 
012 Sl e1 e9 -30.82 ( 0.38) 
ell Sl C1 C2 -109.21 ( 0.34) 
ell Sl C1 e9 88.52 ( 0.37) 
011 Sl ell e12 141.45 ( 0.32) 
011 Sl ell H7 20.22 ( 0.39) 
011 Sl ell H8 -97.83 ( 0.35) 
012 Sl ell e12 13.12 ( 0.38) 
012 Sl ell H7 -108.12 ( 0.34) 
012 Sl ell H8 133.83 ( 0.32) 
e1 Sl ell C12 -103.46 ( 0.33) 
e1 Sl ell H7 135.30 ( 0.32) 
e1 Sl Cll H8 17.25 ( 0.41) 
021 S2 C8 C7 129.23 ( 0.35) 
021 S2 C8 e9 -32.32 ( 0.40) 
022 S2 e8 e7 3.48 ( 0.40) 
022 S2 e8 e9 -158.07 ( 0.36) 
CD S2 e8 e7 -lll. 32 ( 0.36) 
CD S2 e8 e9 87.13 ( 0.39) 
021 S2 CD C12 12.16 ( 0.38) 
021 S2 e13 Hll -108.98 ( 0.37) 
021 S2 CD H12 132.56 ( 0.34) 
022 S2 CD e12 140.33 ( 0.33) 
022 s2 CD Hll 19.19 ( 0.43) 
022 S2 CD H12 -99.27 ( 0.37) 
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108.2(4) 

107.8(4) 

109.5(4) 
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CB S2 C13 C12 -105.13 ( 0.34) 
CB S2 C13 H11 133.73 ( 0.34) 
CB S2 C13 H12 15.27 ( 0.43) 
Sl Cl C2 C3 -157.36 ( 0.37) 
51 C1 C2 H1 22.34 ( 0.57) 
C9 C1 C2 C3 5.36 ( 0.66) 
C9 C1 C2 Hl -174.95 ( 0.40) 
51 C1 C9 CB - 31. 84 ( 0.60) 
51 C1 C9 ClO 147.39 ( 0.32) 
C2 C1 C9 CB 167.19 ( 0.42) 
C2 C1 C9 C10 -13.sB ( 0.58) 
C1 C2 C3 C4 6.01 ( 0.71) 
C1 C2 C3 H2 -173.53 ( 0.46) 
H1 C2 C3 C4 -173.69 ( 0.45) 
H1 C2 C3 H2 6.7B ( 0.79) 
C2 C3 C4 C10 -B.24 ( 0.72) 
C2 C3 C4 H3 171.64 ( 0.46) 
H2 C3 C4 C10 171.29 ( 0.46) 
H2 C3 C4 H3 -B.B2 ( 0.B2) 
C3 C4 C10 CS 179.39 ( 0.45) 
C3 C4 C10 C9 -0.6B ( 0.68) 
H3 C4 C10 CS -0.49 ( 0.70) 
H3 C4 C10 C9 179.-44 ( 0.42) 
C10 CS C6 C7 -8.17 ( 0.73) 
C10 CS C6 Hs 171. B6 ( 0.46) 
H4 CS C6 C7 171. 67 ( 0.46) 
H4 CS C6 Hs -B.30 ( 0.B2) 
C6 CS C10 C4 179.55 ( 0.45) 
C6 CS C10 C9 -0.3B ( 0.69) 
H4 CS C10 C4 -0.29 ( 0.71) 
H4 CS C10 C9 179.7B ( 0.41) 
CS C6 C7 C8 6.12 ( 0.73) 
CS C6 C7 H6 -174.09 ( 0.47) 
Hs C6 C7 CB -173.91 ( 0.47) 
Hs C6 C7 H6 s.BB ( O.BO) 
C6 C7 CB 52 -157.32 ( 0.38) 
C6 C7 CB C9 4.6B ( 0.68) 
H6 C7 CB 52 22.B9 ( 0.61) 
H6 C7 CB C9 -175.11 ( 0.42) 
52 CB C9 C1 -33.24 ( 0.60) 
52 CB C9 C10 147.53 ( 0.33) 
C7 CB C9 C1 166.56 ( 0.43) 
C7 CB C9 C10 -12.67 ( 0.60) 
C1 C9 C10 C4 11.32 ( 0.58) 
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C1 C9 C10 C5 -168.75 ( 0.39) 
C8 C9 C10 C4 -169.35 ( 0.40) 
C8 e9 e10 C5 10.58 ( 0.58) 
Sl el1 e12 C13 41.08 ( 0.51) 
Sl el1 C12 H9 -80.77 ( 0.43) 
Sl el1 e12 H10 162.03 ( 0.31) 
H7 el1 C12 C13 162.33 ( 0.39) 
H7 el1 C12 H9 40.48 ( 0.54) 
H7 el1 C12 H10 -76.72 ( 0.49) 
H8 el1 C12 C13 -79.70 ( 0.50) 
H8 el1 C12 H9 158.45 ( 0.40) 
H8 el1 C12 H10 41. 25 ( 0.50) 
C11 e12 C13 S2 48.67 ( 0.50) 
Cl1 e12 C13 Hl1 169.83 ( 0.39) 
C11 C12 C13 H12 - 71.82 ( 0.53) 
H9 e12 C13 S2 170.03 ( 0.31) 
H9 e12 C13 Hl1 -68.81 ( 0.51) 
H9 e12 C13 H12 49.54 ( 0.52) 
H10 e12 C13 S2 - 72.77 ( 0.44) 
H10 e12 C13 Hl1 48.39 ( 0.54) 
H10 e12 C13 H12 166.74 ( 0.41) 

Positional Parameters and Their Estimated Standard Deviations 

Atom x y z B(A2) 

Sl 0.76548(8) 0.1013(1) 0.66510(5) 2.18(2) 

S2 0.47600(9) 0.1742(1) 0.67663(5) 2.80(2) 

011 0.8705(2) 0.0370(4) 0.6617(2) 3.35(7) 

012 0.7640(3) 0.2452(3) 0.6672(1) 3.07(6) 

021 0.4740(3) 0.0307(3) 0.6800(2) 3.66(7) 
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022 0.3736(2) 0.2441(4) 0.6815(2) 4.65(8) 

C1 0.6949(3) 0.0560(4) 0.5904(2) 1.95(7) 

C2 0.7499(4) -0.0357(4) 0.5529(2) 2.66(8) 

C3 0.7298 (4) -0.0487(5) 0.4841(2) 3.7(1) 

C4 0.6618(4) 0.0396(5) 0.4540(2) 3.03(9) 

C5 0.5316(4) 0.2235(5) 0.4583(2) 3.6(1) 

C6 0.4712(4) 0.3131(5) 0.4921(3) 4.0(1) 

C7 0.4661(4) 0.3048(5) 0.5620(2) 3.4(1) 

C8 0.5294(3) 0.2151(4) 0.5961(2) 2.34(8) 

C9 0.6082(3) 0.1344(4) 0.5626(2) 2.00(8) 

C10 0.6008(3) 0.1321(4) 0.4914(2) 2.52(9) 

Cll 0.6978(4) 0.0346(5) 0.7360(2) 2.65(9) 

C12 0.6295(4) 0.1337(5) 0.7772(2) 3.2(1) 

C13 0.559l(4) 0.2383(5) 0.7412(2) 2.99(9) 

- -.- ---------------- - ----- --------------------------- ----- - -------
Anisotropica11y refined atoms are given in the form of the 
isotropic equivalent displacement parameter defined as: 
(4/3) * [a2*B(1,1) + b2*B(2,2) + c2*B(3,3) + ab(cos 
gamma)*B(1,2) + ac(cos beta)*B(1,3) + bc(cos alpha)*B(2,3)] 



·Appendix E 

X-ray Crystallographic Data for Naphtho[l,B-h,£]-l,S
dithiocin-l-oxide. 
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Figure El 
Stereoview of naphtho[1,8-b,c]-1,S-dithiocin-l-oxide. 

Figure E2 
Stereoview of the unit cell of naphtho[1,8-b,c]-
1,S-dithiocin-l-oxide. 
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Table El 
X-ray crystallographic Data for Naphtho[1,8-g,£J-l,s
dithiocin-l-oxide. 

Warning!! Labeling scheme given here only applies to 
crystallographic data. It does not apply to Chapters 1, 
4 or 5. There were two unique molecules in each unit cell 
which are labeled (a) and (b) in the parameters listed below. 

Atoml Atom2 

Sla Ola 

Clb C9b 

C7a C8a 

Sla Clla 

C3b C4b 

C9a C10a 

S2a C13a 

Csb C6b 

C12a C13a 

C1a C9a 

H 

Hl0 H9 
Hll He 

H7 
lS-01 

Bond Distances in Angstroms 

Distance Atoml Atom2 

l.496(2) C6a C7a 

l.427(3) Sla Cla 

l.382(3) C2b C3b 

l.826(3) C8a C9a 

l. 338(3) S2a C8a 

l.430(3) C4b C10b 

l. 813(2) Clla C12a 

l.343(3) C1a C2a 

l. 502(3) Csb C10b 

l.433(2) Slb 01b 

Distance 

l.39s(3) 

l.8l6(2) 

l.403(3) 

l.428(3) 

l.770(2) 

l.4ls(3) 

l. 521(4) 

l.371(3) 

l. 409 (3) 

l.497(2) 

298 



299 

Table E1 cont. 

C6b C7b l.397(3) C2a C3a l.383(3) 

Slb C1b l.822(2) C7b C8b l.365(3) 

C3a C4a l. 344(3) Slb C11b l. 827 (2) 

C8b C9b l.426(3) C4a C10a l.414(3) 

S2b C8b 1.784(2) C9b C10b l. 433 (2) 

C5a C6a l. 347 (3) S2b Cl3b l.815(2) 

Cllb Cl2b l.516(3) C5a C10a l.410(3) 

C1b C2b l.366(3) C12b C13b l.507(3) 

C2a H1a 0.950(2) C12a H9a 0.950(2) 

C6b H5b 0.950(2) C3a H2a 0.950(2) 

C12a H10a 0.950(2) C7b H6b 0.950(2) 

Numbers in parentheses are estimated standard deviations in the 
least significant digits. 

Bond Angles in Degrees 

Atom1 Atom2 Atom3 Angle Atom1 Atom2 Atom3 Angle 

01a Sla C1a 104.8(1) C1a C9a C10a 116.4(2) 

C3b C4b C10b 120.8(2) 01a Sla C11a 102.3(1) 

C8a C9a C10a ll7.6(2) C6b C5b C10b 12l.3(2) 

CIa S1a Clla 97.57(9) C4a C10a C5a 120.1(2) 

C5b C6b C7b 119.8(2) C8a S2a Cl3a 100.2(1) 

C4a C10a C9a 120.0(2) C6b C7b C8b 12l. 5 (2) 

S1a C1a C2a 113.5(2) C5a C10a C9a 119.8(2) 
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S2b C8b C7b 116.9(2) Sla C1a C9a 126.2(1) 

Sla C11a C12a 119.5(2) S2b C8b C9b 122.3(2) 

C2a C1a C9a 120.2(2) C11a C12a C13a 115.2(2) 

C7b C8b C9b 120.8(2) C1a C2a C3a 122.5(2) 

S2a C13a C12a 113.3(2) C1b C9b C8b 126.7(2) 

C2a C3a C4a 119.3(2) 01b Slb C1b 104.46(9) 

C1b C9b C10b 116.8(2) C3a C4a C10a 121. 6 (2) 

alb Slb C11b 102.4(1) C8b C9b C10b 116.6(2) 

C6a CSa C10a 121.3(2) C1b Slb C11b 98.19(9) 

C4b C10b GSb 119.9(2) CSa G6a G7a 119.8(2) 

C8b S2b C13b 101.02(9) C4b C10b C9b 120.0(2) 

C6a C7a C8a 121.9(2) Slb C1b C2b 113.3(2) 

C5b C10b C9b 120.1(2) S2a C8a C7a 11S.1(2) 

Slb C1b C9b 125.6(1) Slb C11b C12b 119.3(1) 

S2a C8a C9a 122.4(2) C2b C1b C9b 120.9(2) 

C11b C12b C13b 115.6(2) C7a CSa C9a 119.5(2) 

C1b C2b C3b 120.9(2) S2b C13b C12b 113.3(1) 

C1a C9a CSa 126.0(2) C2b C3b C4b 120.6(2) 
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Torsional Angles in Degrees 

------------------------------------

Atom 1 Atom 2 Atom 3 Atom 4 Angle 
====== ====:::x==== ::=r::==Z:==-:::I =a======:s 

01a Sla CIa C2a -1.1 
01b SIb C1b C2b -2.6 
01a Sla CIa C9a 17S.7 
01b SIb C1b C9b 173.8 
Clla Sla CIa C2a 103.7 
Cllb SIb C1b C2b 102.6 
Clla Sla CIa C9a -79.4 
Cllb SIb C1b C9b -81. 0 
01a Sla Clla C12a lS8.2 
01b SIb Cllb Cl2b lS7.1 
CIa Sla Clla C12a S1. 2 
Cib Sib Cllb C12b 50.2 
C13a S2a C8a C7a -96.0 
Cl3b S2b C8b C7b -97.7 
C13a S2a C8a C9a 8S.7 
Cl3b S2b C8b C9b 84.6 
C8a S2a Cl3a C12a -S6.8 
C8b S2b Cl3b Cl2b -S7.9 
Sla CIa C2a C3a 178.4 
Slb CIb C2b C3b 176.7 
C9a C1a C2a C3a 1.4 
C9b CIb C2b C3b 0.2 
Sla CIa C9a C8a 2.4 
Slb C1b C9b C8b 4.2 
Sla CIa C9a C10a -178.2 
Slb CIb C9b C10b -17S.S 
C2a C1a C9a C8a 179.0 
C2b C1b C9b C8b -179.7 
C2a CIa C9a C10a -1. 6 
C2b CIb C9b C10b 0.6 
C1a C2a C3a C4a -0.8 
C1b C2b C3b C4b -1. 0 
C2a C3a C4a CiOa 0.4 
C2b C3b C4b C10b 1.0 
C3a C4a C10a CSa 179.5 
C3b C4b C10b CSb -179.8 
C3a C4a C10a C9a -0.7 
C3b C4b C10b C9b -0.2 
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C10a C5a C6a C7a 1.0 
C10b Csb C6b C7b 1.3 
C6a C5a C10a C4a 178.6 
C6b C5b C10b C4b 179.5 
C6a Csa C10a C9a -1. 2 
C6b Csb C10b C9b -0.2 
Csa C6a C7a C8a -0.1 
Csb C6b C7b C8b -1. 6 
C6a C7a C8a S2a -179.0 
C6b C7b C8b S2b -177 .0 
C6a C7a C8a C9a -0.6 
C6b C7b C8b C9b 0.7 
S2a C8a C9a C1a -1.9 
S2b C8b C9b C1b -1. 7 
S2a C8a C9a C10a 178.7 
S2b C8b C9b C10b 178.0 
C7a C8a C9a C1a 179.8 
C7b C8b C9b C1b -179.3 
C7a C8a C9a C10a 0.4 
C7b C8b C9b C10b 0.4 
C1a C9a C10a C4a 1.3 
Clb C9b C10b C4b -0.6 
C1a C9a C10a Csa -179.0 
Clb C9b C10b C5b 179.0 
C8a C9a C10a C4a -179.3 
C8b C9b C10b C4b 179.7 
C8a C9a C10a C5a 0.5 
C8b C9b C10b C5b -0.7 
Sla Clla C12a C13a 59.7 
Slb Cl1b C12b C13b 60.5 
Clla C12a C13a S2a -57.3 
Cllb C12b C13b S2b -56.3 

Positional Parameters and Their Estimated Standard Deviations 

Atom x y z B(A2) 

Sla 0.6891(1) -0.31533(8) 0.56454(7) 4.60(2) 
S2a 0.78562(9) -0.04718(8) 0.47395(6) 4.35(2) 
ala 0.6458(4) -0.4510(3) 0.6211(2) 7.70(8) 
C1a 0.5583(3) -0.2245(3) 0.4535(2) 3.33(6) 
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C2a 0.4591(4) -0.2991(3) 0.4475(2) 4.13(7) 
C3a 0.3481(4) -0.2474(3) 0.3704(3) 4.70(8) 
C4a 0.3348(3) -0.1190(3) 0.2992(3) 4.36(7) 
C5a 0.4160(4) 0.0985(3) 0.2242(3) 4.64(8) 
C6a 0.5052(4) 0.1807(3) 0.2254(3) 5.14(9) 
C7a 0.6179(4) 0.1328(3) 0.3024(3) 4.63(8) 
C8a 0.6415(3) 0.0022(3) 0.3786(2) 3.52(6) 
C9a 0.5474(3) -0.0869(3) 0.3800(2) 3.03(6) 
C10a 0.4323(3) -0.0356(3) 0.3007(2) 3.69(6) 
C11a 0.8584(4) -0.3375(4) 0.4726(3) 5.76(9) 
C12a 0.9071(4) -0.2185(4) 0.3698(3) 5.74(9) 
C13a 0.9429(4) -0.1108(4) 0.3967(3) 5.20(9) 
Slb l.05296(9) 0.80098(8) -0.06710(6) 4.03(2) 
S2b l. 23620(9) 0.52998(7) 0.02997(6) 4.06(2) 
01b 0.9694(3) 0.9369(3) -0.1270(2) 6.33(8) 
C1b 0.9204(3) 0.7195(3) 0.0525(2) 3.20(6) 
C2b 0.7878(4) 0.8001(3) 0.0602(3) 4.35(7) 
C3b 0.6698(4) 0.7515(3) 0.1438(3) 5.35(9) 
C4b 0.6840(4) 0.6244(3) 0.2167(3) 4.77(7) 
C5b 0.8315(4) 0.4032(3) 0.2898(3) 4.80(8) 
C6b 0.9577(4) 0.3175(3) 0.2871(3) 5.09(9) 
C7b l.0807(4) 0.3612(3) 0'.2080(3) 4.49(8) 
C8b l.0748(3) 0.4892(3) 0.1307(2) 3.42(6) 
C9b 0.9426(3) 0.5836(2) 0.1290(2) 2.99(6) 
C10b 0.8190(3) 0.5367(3) 0.2124(2) 3.72(6) 
C11b l.1845(4) 0.8281(3) 0.0125(3) 4.50(8) 
Cl2b l. 2478(4) 0.7138(3) 0.1171(2) 4.38(7) 
Cl3b l.3399(4) 0.5979(3) 0.0967(3) 4.41(7) 

Anisotropica11y refined atoms are given in the form of the 
isotropic equivalent displacement parameter defined as: 
(4/3) * [a2~\'ll(1,1) + b2*B(2,2) + c2*B(3,3) + ab(cos 
gamma)*B(1,2) + ac(cos beta)*B(1,3) + bc(cos a1pha)*B(2,3)] 
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