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ABSTRACT 

 

COMPUTATIONAL STUDIES OF REACTIVE OXYGEN AND SULFUR SPECIES 

 

By  

Álvaro Castillo Aguilar 

 

Advisor: Professor Dr. Alexander Greer 

 

 In this thesis, we summarized the use of computational chemistry methods to provide 

insight into the chemistry of reactive intermediates species like singlet oxygen, thiozone, radical and 

diradicals of mercapto-quinones, and benzyl alkynyl sulfides anions. The theoretical methods used 

included Density Functional Theory, and hybrid [Molecular Orbital:Molecular Orbital] methods and 

the Conductor-like Polarizable Continuum Model for condensed phase calculations. 

 

 The first chapter deals with carbon nanotubes as a class of host cavities to encapsulate the 

unstable molecule thiozone (S3). We computed single-walled carbon nanotube (SWNT)−thiozone 

pairs. Nanotube diameter selectivity for isomerization of the C2v form of S3 to the D3h form proved 

to be elusive. 1,2,3-Thiozonide formation took place on the convex side of nanotubes of low tube 

radii, such as the armchair (4,4) and (5,5) SWNTs. The second chapter focused on singlet oxygen 

release from a naphthalene endoperoxide which bears a flexible (CH2)22 polymethylene “lid”. Monte 

Carlo and ONIOM calculations that incorporated semiempirical and density functional theory were 

used in the study. Interestingly, the polymethylene chain appears to function as a gatekeeper for the 

oxygen, where, instead of coming full circle, a semi-circle rotation of the polymethylene bridge 
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protected the peroxide group, limiting the dissociation of 1O2 from the naphthalene site. The third 

chapter deals with condensed-phase calculations of the reaction of aryl substituted benzyl 1-alkynyl 

sulfides with potassium t-methoxide in acetonitrile. This reaction produces 2-aryl 2,3-

dihydrothiophene products. Experimental evidence (from our collaborators) indicates that there is a 

rapid exchange of protons and tautomerism of the alkynyl unit prior to cyclization to the dihydro-

thiophenes. The fourth and last chapter is devoted to DFT calculations of quinones, radicals and 

diradicals. Calculations on these reactive species arising from mercapto- and bismercaptocatechols 

were conducted seeking to provide insight into their relative stability. 

  



vi 
 

ACKNOWLEDGMENTS 

 

 The author wishes to express his gratitude to Professor Dr. Alexander Greer, whose 

dedicated assistance allowed for the completion of this graduate research. Professor Greer’s cunning 

insight and broad understanding of the scientific method to solve problems has been, and surely will 

continue to be, a source of inspiration.  Professor Greer also taught him the importance of attention 

to scientific rigor and detail, showing the reach a chemist’s mind within the framework of a modern 

approach. Professor Greer’s patience and advice were fundamental for the completion of this work. 

(The author will be always in debt). The author is also grateful to Professors Drs. Stephen P. 

Fearnley, Joseph J. Dannenberg and Roberto A. Sanchez-Delgado, members of the dissertation 

committee.  Their time spent reading the annual committee reports is highly appreciated, as is as 

their comments and guidance during the annual meetings. Special thanks are given to the 

collaborators, whose work inspired part of the work presented in this dissertation. It is thanks to 

them that the completion of part of this work was possible, undoubtedly due to the generous share 

of their expertise, time and devotion to the problems at hand. Drs. Joel F. Liebman and Adrian L. 

Schwan deserve a place of honor for their chemical awareness. The work presented in this 

dissertation would not have been possible without the assistance of Dr. Florian Lengyel, former 

Assistant Director for Research Computing at The CUNY Graduate Center. In a similar manner, 

gratitude is extended to the staff at the City University of New York (CUNY) High Performance 

Computing Center (HPCC). Appreciation is extended to all the members of the Chemistry 

Department at Brooklyn College, especially to group members, for their support and friendship. 

 

 

 The author is indebted to his friends and family. 



vii 
 

  

 

 

 

 

 

 

 

 

 

A mis padres, 

Dr. Álvaro Castillo Suárez, 
Doña Belcy Aguilar de Castillo 

 
y mis hermanas, 

 
Dra. María Carolina Castillo Aguilar  

Mónica Andrea Castillo Aguilar 
 

 

 

 

 

 

 



viii 
 

CONTENTS 

TITLE ………….………...…………………………………………………………………...     i

COPYRIGHT ……………………………………………………………………...………...  ii

APPROVAL PAGE ………………………………………………………………………….  iii

ABSTRACT ………………………………………………………………………………….  iv

ACKNOWLEDGMENTS …………………………………………………………………...  vii

CONTENTS ……………………………………………………………………………….... ix

FIGURES ……………………………………………………………………………………  xii

SCHEMES …………………………………………………………………………………... xiv

TABLES ……………………………………………………………………………………...  xv

List of Abbreviations and Terms …………………………...…………………………….…... xvii

Chapter 1. Encapsulation and Convex-Face Thiozonolysis  Chemistry of Thiozone (S3) with Carbon 

Nanotubes ……………………………………………………………………………………  1

1.1. Introduction ………………………………………………………………………….  1

1.2. Computational Methods ……………………………………………………………...  3

1.3. Results and Discussion ...……………………………………………………………..  5

1.3.1. Calculated Structures of Thiozone ………………………………………………...….  5

1.3.2. Nanotube-Encapsulated Thiozone on the Exterior of Curved Aromatic Compounds ..  6

1.3.3. Mode of Attack of Thiozone …………………………………………………………  10

1.3.4. Thiozonation of the Convex Face of SWNTs ………………………………………...  13

1.4. Conclusion …………………………………………………………………………...  15

Chapter 2. Theoretical Studies of a Singlet Oxygen Releasing Dioxapaddlane ………………...  17



ix 
 

2.1. Introduction ………………………………………………………………………….  17

2.2. Computational Details ………………………………………………………………..  20

2.3. Results and Discussion ……………………………………………………………….  22

2.3.1. Singlet Oxygen Release from Endoperoxides ……………………………………...…  22

2.3.2. Conformational Analysis of “Jump Rope” Endoperoxide 6 …………………………..  25

2.3.3. Effect of the Polymethylene Lid on 1O2 Formation …………………………………..  31

2.4. Conclusion …………………………………………………………………………...  32

Chapter 3. Computational Chemistry and Mechanism of a  Base  Induced  5-endo  Cyclizations  of  

Benzyl Alkynyl Sulfides ..…………………………………………………………………........   33

3.1.  Introduction ………………………………………………………………………….  33

3.2. Computational Methods ……………………………………………………………...  37

3.3. Results and Discussion ……………………………………………………………….  38

3.4. Mechanism and Computations ………………………………………………………..  38

3.5. Conclusions …………………………………………………………………………..  49

Chapter 4. Quinones, Monoradicals  and  Diradicals  from  3-  and  4-mercaptocatechol  and  3,4- 

bismercaptocatechol: A Computational Study ……………………………………………........
  50

4.1. Introduction ………………………………………………………………………….. 50

4.2. Computational methods ………………………………………………………………  52

4.3. Results and Discussion ………………………………………………………………..  54



x 
 

4.3.1. Computed Structures ………………………………...……………………………….  54

4.3.2. Heats of Formation, ∆H௙
°  …………………………………………………………......  56

4.3.3. Monoradicals ……………………………………………………...………………….  58

4.3.4. Diradicals ……………………………………………………………………………..  62

4.4. Conclusion ……………………………………………………………………………  67

Bibliography ………………………………………………………………………………….. 69

 

  



xi 
 

LIST OF FIGURES 

 
 

CHAPTER 1 

 

Figure 1-1. Schematic of (a) 1 encapsulated inside a SWNT, and (b) a SWNT 1,2,3-thiozonide ...  3

Figure 1-2. The dinaphtho[2,1,8,7-hijk:2',1',8',7'-stuv]ovalene unit used in the B3P86 portion of the  

ONIOM calculations ………………………………………………………………………….. 4

Figure 1-3. The S3 molecule preferentially lies along the z-axis of the armchair (5,5) SWNT …...  8

Figure 1-4. Side-on view of rotation 1 within the (6,6) SWNT …………………………………  8

Figure 1-5. End-on view of (a) cyclic S6@(5,5) SWNT, and (b) cyclic S8@(6,6) SWNT ………  9

Figure 1-6. ONIOM(B3P86/6-311+G(2d):SVWN/STO-3G)//ONIOM(B3P86/6-31G(d):SVWN 

/STO3-G) computed energetics of the S3 [60]fullerene sulfuration ……………………………. 11

Figure 1-7. ONIOM(B3P86/6-31G(d):SVWN/STO-3G) optimized geometries of minima and tran- 

sition structures ………………………………………………………………………………... 12

Figure 1-8. Ring flipping inversion of C60S3 and trithiolane (6b,12b-epitrithioacenaphtho[1,2- a]ace- 

naphthylene …………………………………………………………………………………... 13

Figure 1-9. Schematic representation of the (n,n) SWNTs (n = 4-8) and the ΔHrxn (kcal/mol) for the 

formation of thiozonides connected orthogonally along the x- or y-axes ………………….......... 15

 

CHAPTER 2 

 
Figure 2-1. AM1 optimized (left) and B3LYP/6-311+G(d) optimized (right) transition state structures 

for the decomposition of 1,4-dimethyl-1,4-naphthalene endoperoxide 2 to 1,4-dimethyl-1,4-naphtha-

lene 1 and 1O2 …………………………………………………...……………………………. 22



xii 
 

Figure 2-2. 3D computed energy plot for the rotation of the polymethylene chain in 6 ………. 26

Figure 2-3. Side-on  views  of geometries  and the  confromational variations for  the lowest  energy 

path for rotation of the polymethylene chain of 6 in a counterclockwise direction ……………. 27

Figure 2-4. 3D computed energy plot for the 180° rotation of the polymethylene chain in 19 … 29

 

CHAPTER 3 

 

Figure 3-1A. Optimized CPCM-CAM-B3LYP/6-311+G(d,p) geometries for the KOMe induced cy- 

clization of 1a …………………………………………………………………………………. 40

Figure 3-1B. Optimized CPCM-CAM-B3LYP/6-311+G(d,p) geometries for the KOMe induced cy-

clization of 1a …………………………………………………………………………………. 41

Figure 3-2A. CPCM-CAM-B3LYP/6-311+G(d,p) optimized potential energy surface (kcal/mol) in- 

cluding thermal corrections for enthalpy (273.15 K) …………………………………………... 43

Figure 3-2B. CPCM-CAM-B3LYP/6-311+G(d,p) optimized potential energy surface in kcal/mol in-

cluding thermal corrections for enthalpy (273.15 K) …………………………………………... 44

Figure 3-2C. CPCM-CAM-B3LYP/6-311+G(d,p) optimized potential energy surface in kcal/mol in-

cluding thermal corrections for enthalpy (273.15 K) …………………………………………... 45

 

 

 

 

 

  



xiii 
 

LIST OF SCHEMES 

 

CHAPTER 1 

 

Scheme 1-1. C2v and D3h isomeric forms of thiozone ……………………………………….…  1

Scheme 1-2. Nomenclature of SWNTS …………………………………………………….…  3

 

CHAPTER 2 

 
Scheme 2-1. Reaction of 1,4-disubstituted naphthalenes with singlet oxygen …………………  17

Scheme 2-2. Release of singlet oxygen from 1,4 diicosa naphthalene-1,4-endoperoxide ………  18

Scheme 2-3. A selection of compounds which contain polymethylene bridges ………………  19

Scheme 2-4. The DFT portion of the ONIOM calculation ………………………………...…  21

Scheme 2-5. A retro Diels-Alder reaction of a naked diene ………………………………..…  23

 

CHAPTER 3 

 
Scheme 3-1. Proposed Mechanism for the cyclization of benzyl 1-alkynyl sulfides ……...……  39

 

 

 

 

 

 

 



xiv 
 

LIST OF TABLES 

 

CHAPTER 1 

 
Table 1-1. Calculated Properties and Energetics of the Open C2v and Cyclic D3h Forms of S3 …  6

Table 1-2. Calculated Properties and Energetics of 1 and 2 Encapsulated in Nanotubes ………  7

Table 1-3. Calculated Structural Parameters of  Thiozonides or  Thiozone Adducts  of (60)Fullerene, 

SWNTs, and Graphene ……………………………………………………………………….. 14

 

CHAPTER 2 

 
Table 2-1. Calculated and Experimental Energetics for Decomposition Reactions of Endoperoxides 

………………………………………………………………………………………………… 24

 

CHAPTER 3 

 
Table 3-1. KOtBu Promoted Cyclization Products of Benzyl 1-Alkynyl Sulfides ……………...  35

Table 3-2. Relative  Energies of  Propyne and Allene, and of Methyl Prop-1-yn-1-yl Sulfane and Me- 

thyl Propa-1,2-dien-1-yl Sulfane ……………….……………………………………………… 38

Table 3-3. Selected Geometrical Parameters for the Crucial Species Involved in the Cyclization  48

 

CHAPTER 4 

 
Table 4-1. Hydrogenation  Energies  [∆H௛௬ௗ (kcal/mol)] of  a Series of Benzoquinones to  Form the 

Corresponding Benzendiols …...……………………………………………………………… 53



xv 
 

Table 4-2. Calculated Bond Lengths of Phenol, Catechol, and 1-3 …………………………… 55

Table 4-3. Calculated ∆H௙ሺ୥ୟୱሻ
°  of Phenol, Catechol, and 1-3 ……………………….…………. 56

Table 4-4. B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) Calculated ∆H௙ሺ୥ୟୱሻ
°  for 1a-c ………….. 58

Table 4-5. B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) Calculated ∆H௙ሺ୥ୟୱሻ
°  for 2a-c ………….. 59

Table 4-6. B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) Calculated ∆H௙ሺ୥ୟୱሻ
°  for 3a-d …………. 61

Table 4-7. B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) Calculated ∆H௙ሺ୥ୟୱሻ
°  for 1d-f ………….. 63

Table 4-8. B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) Calculated ∆H௙ሺ୥ୟୱሻ
°  for 2d-f ………….. 65

Table 4-9. B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) Calculated ∆H௙ሺ୥ୟୱሻ
°  for 3e-k …………. 66

 

  



xvi 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
"Every attempt to employ mathematical methods in the study of chemical questions must be considered profoundly 
irrational and contrary to the spirit of chemistry. If mathematical analysis should ever hold a prominent place in 
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of that science." 

 
Augustus Compte, French philosopher, 1798-1857; in Philosophie Positive, 1830. 
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Chapter 1. Encapsulation and Convex-Face Thiozonolysis Chemistry of 

Thiozone (S3) with Carbon Nanotubes 

 

1.1. Introduction 

 

In this chapter, the goal was to compute various carbon nanotube−thiozone combinations 

for the inclusion of thiozone (S3) into a hollow nanotube space, to rationalize when 1,2,3-thiozonide 

formation can take place, and to examine the thiozonolysis mechanism. S3 has two possible isomeric 

forms, C2v symmetric S3 (1) is the sulfur analog of O3. C2v S3 has been detected by UV-visible, 

microwave, and FT-IR spectroscopy,1 additionally it has been observed in the atmospheres of Venus 

and Io due to volcanic activity.2 The D3h form of S3 (2) has eluded experimental observation. In 

organic synthesis, there is rather sparse use of S3,
3 due to its tendency to form heavier allotropes, 

such as cyclic S8,
4 even though the generation of S3 is seemingly straightforward in the 

disproportionation of S2O.5 Another source of S3 has been suggested in the decomposition of 

natural product benzopentasulfanes.6 

 

Scheme 1-1. C2v and D3h isomeric forms of thiozone. 
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Carbon nanotubes have not yet been used to encapsulate sulfur allotropes such as thiozone.7 

The literature on nanotube calculations include convex-surface diameter-dependent reactions in 

which higher reactivity for the lower radii nanotubes is predicted.8,9 For example, DFT calculations 

on singlet oxygen with (n,0) zigzag singlet-walled carbon nanotubes (SWNT) have shown an 

increased exothermicity with nanotubes of reduced diameters, and also that type (metallic, chiral, 

non-metallic) did not play a role in this diameter-reactivity relationship.10 Recent DFT calculations 

using GGA-PW91/DNP to model the addition of methylamine to C60, C50, (5,5) SWNT and (10,10) 

SWNT revealed a similar curvature dependence,11 although the addition of benzenediazonium salts 

to SWNTs was controlled by the optical band gap of the tube rather than the pyramidalization of 

the carbon atoms.12 In a similar manner, DFT-ONIOM methods have shown that the 1,3-dipolar 

cycloadditions of formoazomethine ylide and fulminic acid takes place only on the smallest diameter 

SWNTs.9b
 

 

Using CNTs as host for S3 requires that the CNT does not react with the S3. It also requires 

that dimerization and oligomerization can be prevented. We selected to study the smallest CNTs 

that could accommodate S3. Armchair, zigzag, and chiral SWNT of diameter 5.4 – 9.5 Å were 

considered. SWNT nomenclature is based on viewing the CNTs as rolled graphene sheets; Scheme 2 

illustrates how this nomenclature is related to an unfolded graphene sheet, in which armchair 

nanotubes result when the m and n integers are equal, zigzag nanotubes take the form (n,0), and 

chiral nanotubes result when m ≠ n ≠ 0).13 Reactions of S3 in the interior and the exterior of the 

SWNTs were considered (Figure 1). The study was divided into: (i) free gaseous S3 (ii) SWNT 

encapsulated S3, and (iii) S3 sulfuration of convex aromatic surfaces ( producing 1,2,3-thiozonide 

structures reminiscent of organic trisulfanes14 and molozonides).8 For simplicity, our study neglected 
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possible S3 reactions at nanotube end-caps, regions around the rim15 (such as the COOH 

functionality introduced onto SWNTs) or defect sites.16  

 

 
Scheme 1-2. Nomenclature of SWNTS derived from a graphene segment with indexed lattice 
points (m,n). (adapted from ref. 16). 
 

 

 

Figure 1-1. Schematic of (a) 1 encapsulated inside a SWNT, and (b) a SWNT 1,2,3-thiozonide. 
 

 

1.2. Computational Methods 

 

Geometry optimizations were performed with the Gaussian-09 program package17 using 

standard protocols18,19 and the M06-2X,20 B3P86,21 or SVWN22 functionals with either basis sets 6-



 

4 
 

31G(d), 6-311+G(2d), or STO-3G. Calculations were also conducted with ONIOM(B3P86/6-

31G(d) for geometry optimizations and ONIOM(B3P86/6-311+G(2d):SVWN/STO-3G) for single 

point energies.23 Geometries were optimized to minima or saddle points on the potential energy 

surface and the IRC calculations were performed on the transition state structures. All calculated 

values included thermal corrections for enthalpy. Sulfuration calculations were carried out where the 

ONIOM treatment separated the dinaphtho(2,1,8,7-hijk:2',1',8',7'-stuv)ovalene and the S3 unit from 

the rest of the nanotube (Figure 1-2). The junction between B3P86 and SVWN was at the remaining 

carbon atoms around the perimeter of the ovalene unit; for example, the 78 carbon atoms for the 

armchair (4,4) SWNT, the 198 carbon atoms for armchair (8,8) SWNT, and the 150 carbon atoms 

for graphene. Calculations of encapsulated S3 were carried out with B3P86/6-311+G(2d) only for 

the S3 unit. W1U calculations were used to assess the nature of the ground state of S3. The length of 

the CNTs was set to 2 nm. 

 

  

 

Figure 1-2. The dinaphtho[2,1,8,7-hijk:2',1',8',7'-stuv]ovalene unit used in the B3P86 portion of the 
ONIOM calculations. 
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1.3. Results and Discussion 

 
1.3.1. Calculated Structures of Thiozone.  

 

We summarized data on thiozone in Table 1-1; the geometries and energetics of S3 obtained 

from various theoretical methods and its experimental geometry are also tabulated. Except for 

SCF/DZ+P24b and M06-2X, all calculations employed in Table 1-1 favor the C2v form of S3 to the 

D3h form by 4.8 to 7.9 kcal/mol.24 Reaching 2 from 1 is a high barrier process (26.4 to 36.9 

kcal/mol) as reported before,25 this cyclization is a symmetry forbidden process attributed to the 

gain of a  bond in 2 and the loss of a  bond in 1. The interconversion of 1 and 2 has been studied 

by Ruedenberg et al. Their calculations suggested a process that occurs via a C2v transition state, that 

lies in the vicinity of a conical intersection.26 Additionally, calculations on the nature of its ground 

state by Peterson et al.24i have shown the singlet as the lowest lying electronic state. Our W1U 

calculations put the triplet state 30.3 kcal above the singlet.  

 

To our surprise, the M06-2X method was not reliable. First, the near isoenergetic o-S3 vs c-

S3 values predicted made it difficult to justify the use of this method, and secondly, the singlet-triplet 

gap (ΔEST) was calculated to be only 18.1 kcal/mol. Even the inclusion of tight d polarization basis 

set functions on the M06-2X calculations did not produce relative energies similar to the coupled-

cluster and CI calculations or bond lengths similar to the FT-microwave structure. On the other 

hand, the B3P86/6-311+G(2d) calculations provide reasonable energetics, a good geometry and an 

acceptable ΔEST of 26.0 kcal/mol. For example, the B3P86/6-311+G(2d) computed S1-S2 bond 

length had a 0.01 Å discrepancy, and S1-S2-S3 bond angle 0.7° discrepancy to the experimental 

structure.24a  



 

6 
 

Table 1-1. Calculated Properties and Energetics of the Open C2v and Cyclic D3h Forms of S3
a-c 

 

 Isomerization 
barrier 

a 

rel. E 

of  

D3h– 
C2v

a ref. method 
S1-S2, 

Å 
S1-S2-S3, 

deg. 
S1-S2, 

Å 

experiment (1.917) (117.4) - - - d 
SCF/DZ+P 1.907 117.2 2.083 - -9.3 e 

B3LYP/cc-pVTZ 1.960 117.5 2.127 - 7.4 f 
B3LYP/LanL2DZG(d) 1.956 117.5 2.130 24.8 7.9 g 
B3P86/6-311+G(2d) 1.927 118.1 2.097 26.4 6.6 g 

M06-2X/6-311+G(2d) 1.936 118.0 2.102 28.9 -2.8 this 
work 

M06-2X/cc-pV5Z 1.900 117.6 2.063 - -1.3 this 
work 

M06-2X/cc-pV(Q+d)Z 1.896 117.7 2.062 29.4 -0.9 this 
work 

M06-2X/cc-pV(5+d)Z 1.896 117.7 2.062 30.1 -0.9 this 
work 

MRCI+Q/ANO6532 1.937 117.8 2.094 36.9 6.8 h 
CCSD(T)/ANO6532 1.932 117.3 2.093 - 5.6 h 
CCSD(T)/cc-pV5Z 1.918 117.3 2.077 - 4.8 i 

CASPT2/ANO-QZP 1.924 117.3 2.083  6.7 j 
MR-ccCA-AQCC(S_DT) - - - - 5.3 k 

a Energies in kcal/mol and reported from the calculated global minimum. b Experimental values in 
parentheses. c The computed S1-S2-S3 angle in D3h S3 was 60.0 º in all cases. d Ref. 24a. e Ref. 24b. f 
Ref. 24c. g Ref. 24d. h Ref. 24e. i Ref. 24f. j Ref. 24g. k Ref. 24h. 
 

1.3.2. Nanotube-Encapsulated Thiozone.  

 

The ONIOM ground state structures and energetics of encapsulated 1 and 2 are listed in 

Table 1-2. Our calculations show that 1 is more stable than 2 within the SWNTs. The opposite was 

never found. Expected polarization effects of nanotubes 27 to stabilize confined dipolar 1 had 

essentially no detectable effect. The smallest diameter nanotube analyzed was the (4,4), with a 

diameter of 5.4 Å, taking into account the C and S atomic radii28 this CNT was judged to be too 
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small to encapsulate 2. The S1-S2-S3 bond angle was more linear for 1@(4,4) SWNT compared to 

free 1. For 1@(5,5) SWNT, the C2v S3 molecule was aligned parallel to the tube along the z-axis, not 

perpendicular to it in the x- or y-axes (Figure 1-3). The S3 molecule can adopt different orientations 

in the (5,5), (6,6), (7,7), and (8,8) SWNTs.  

 

Table 1-2. Calculated Properties and Energetics of 1 and 2 Encapsulated in Nanotubes a-c 

 

 

 

 

rel. energy 
S3 (D3h - C2v) 

nanotube 
diameter, ÅeSWNT S1-S2, Å S1-S2-S3, °  S1-S2, Å S1-S2-S3, °

(4,4)c 1.933 121.2  - - - 5.4 
(5,5) 1.934 116.6  2.056 59.5 13.2 6.8 
(6,4) 1.932 116.9  2.060 59.7 8.9 6.8 
(9,0) 1.928  117.6  2.064 60.2 9.8 7.1 
(8,2) 1.934 117.3  2.067 60.3 10.1 7.2 
(7,4) 1.927 117.6  2.073 59.8 7.2 7.6 
(6,6) 1.926 117.7  2.089 59.5 7.2 8.2 
(7,7) 1.927 118.0  2.091 60.0 7.6 9.5 

a Energies in kcal/mol; length of the nanotube = 2 nm. b Calculated by ONIOM(B3P86/6-
311+G(2d):SVWN/STO-3G)//ONIOM(B3P86/6-31G(d):SVWN/STO-3G). d D3h S3: S2-S3 = 
1.92 Å; S2-S3-S1 = 67.3°. e Nanotube diameters taken from ref. 29. 

 

Because the rotation depended on the space available for the S3 molecule, C2 rotation is 

facile within the (7,7) and (8,8) SWNTs along the z- or x-axis, in contrast to the (5,5) SWNT (~40-50 

kcal/mol) and the (6,6) SWNT (~20 kcal/mol) (Figure 1-4). The computations yielded no addition 

of S3 to the inner wall of the nanotubes (even for the larger diameter tubes), undoubtedly because of 

the acute inverse pyramidalization that would be necessary to produce a thiozonide. Even along the 

z-axis, the thiozone does not react with the flat surface. An open-shell stepwise pathway to a 

biradical intermediate was also sought, but no structure optimized to a C-S bonded compound or to 

a three-membered ring SWNT-1-persulfide structure with a linear sulfur linkage was found. 
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Comparably, DFT calculations have also indicated that alkyl radicals do not react with the inner 

walls of carbon nanotubes due to the high-energy cost to produce a “negative” distortion of the tube 

geometries.30 

 

 
Figure 1-3. The S3 molecule preferentially lies along the z-axis of the armchair (5,5) SWNT, which is 
flat. There was a high energy (~40-50 kcal/mol) for the rotation of S3 within this nanotube. 

 

 

 

 

Figure 1-4. Side-on view of rotation 1 within the (6,6) SWNT. Conformer (c) was less stable by ~20 
kcal/mol compared to (a) or (b). 
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Molecular dynamics calculations were not carried out, so we can only provide a qualitative 

picture based on the above static computed structures. Because of the large radii, undoubtedly many 

S3 molecules can reside within the (6,6), (7,7) and (8,8) SWNTs which could oligomerize to other 

sulfur allotropes or plug the nanotubes. The coupling product cyclic S6 does not fit within the (5,5) 

SWNT, however there is sufficient but limited space for cyclic S8 within the (6,6) SWNT (Figure 5). 

Catena-sulfur could form,31 and our ONIOM inner tube S3 dimerization results agree with the 

previous assessment for a triplet S6 chain product,32 whose egress or translational motion would 

likely be restricted by reptation.33 Reactions inside nanotubes are possible, as an example, the 

intercalation of CdI2 and molten elemental sulfur guests has been reported, leading to a 

CdS@SWNT composite, but in larger diameter tubes 1-1.4 nm34 than those studied here. 

 
 
 
 

Figure 1-5. End-on view of (a) cyclic S6@(5,5) SWNT, and (b) cyclic S8@(6,6) SWNT. 
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1.3.3. Mode of Attack of Thiozone on the Exterior of Curved Aromatic Compounds.  

 

Three modes for the attack of S3 were considered. Because C60 has greater curvature than 

any nanotube studied here, it served as a model compound to examine thiozonation paths. Figure 1-

6 shows the three routes studied for the addition of 1 to C60, the 1,3-dipolar addition to form 3’,4’,5’-

trithiacyclopenta(1,9)(C60)(5,6)fullerene 5 (path A), the (2 + 2) cycloaddition to form the 3’,4’-

dithiacyclobuta-1-sulfide(1,9)(C60)(5,6)fullerene 6 (path B), and the chelotrope addition to form the 

3’-thiacyclopropa-1,1-disulfide(1,9)(C60)(5,6)fullerene 7 (path C). Path A involves the symmetrical 

formation of the C1-S1 and C2-S3 bonds in TS4/5 to give thiozonide 5. The C60S3 thiozonide 5 has 

Cs symmetry and C1-S1 and C2-S3 bond lengths of 1.87 Å (Figure 1-7). Path B involves formation 

of the C1-S1 and C2-S2 bonds in TS4/6 to give 1,2-dithietane-1-sulfide 6. Dithietane 6 has a 

branched S2=S3 bond that is 1.92 Å in length. Path C involves formation of the C1-S2 and C2-S2 

bonds in TS4/7 to give C2v symmetric thiirane-1,1-disulfide 7. Compound 7 has S1-S2 and S2-S3 

bond lengths of 1.94 Å and a structure analogous to a thiirane sulfone.35  

 

As expected, the 1,3-dipolar addition of S3 at the 6,6 site was preferred compared to the [2 + 

2] cycloaddition and chelotrope paths. The computed barriers of paths A-C were 5.6 kcal/mol, 28.0 

kcal/mol, and 42.6 kcal/mol, respectively. Path A was exothermic by 21.2 kcal/mol. In contrast, 

path B was endothermic by 1.4 kcal/mol, and path C was endothermic by 29.7 kcal/mol. Unlike the 

endergonic 1,3-dipolar cycloaddition of azomethine ylide to various nanostructures36 at 298 K, the 

∆Grxn of path A was -5.9 kcal/mol suggesting the trisulfane product may be stable at room 

temperature. The results are understandable in terms of a 1,3-dipole process (reported by Huisgen 

about fifty years ago) for species such as ozone.37 In this regard there is some similarity to the 

fullerene/ozone system. Previous PBE/TZ calculations have shown the addition of ozone to C60 at 
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the 6,6 site to be exothermic by 31.5 kcal/mol, and to C70 at the a,b site to be exothermic by 30.6 

kcal/mol.38,39  

 

 

 

Figure 1-6. ONIOM(B3P86/6-311+G(2d):SVWN/STO-3G)//ONIOM(B3P86/6-
31G(d):SVWN/ STO-G3) computed energetics of the S3 [60]fullerene sulfuration, which includes 
thermal corrections for enthalpy at 298K (in kcal/mol). The values for free energy are in italics. 
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Figure 1-7. ONIOM(B3P86/6-31G(d):SVWN/STO-3G) optimized geometries of minima and 
transition structures (bond distances are in Å, angles are in deg.). The B3P86 layer is in ball-and-stick 
model and the SVWN layer is in tube model. The grey atoms are carbon and the yellow atoms are 
sulfur. 
 
 

An interesting feature of the 1,2,3-trithiane ring of C60S3 5, is that it has an envelope 

conformation with a pucker angle of 121.0° and a barrier to ring inversion of ΔH‡ = 20.3 kcal/mol 

at the B3P86/6-31G(d) level (A) in Figure 1-8. 1,2,3-trisulfane arenes, such as trithiolane (6b,12b-

epitrithioacenaphtho(1,2-a)acenaphthylene have similar but lower barriers to ring inversion (ΔH‡ = 

13.9 kcal/mol by dynamic NMR analyses), ((B) in Figure 1-8).40 This difference in ΔH‡ can be 

attributes to the lack of flexibility of the C60 cage. The structural features of the enveloped-shaped 5 

is similar to that of molozonides, and both reactions have large barriers for back dissociation of S3 or 

O3. Harpp and Smith have reported the S-S bond cleaving process of a trisulfide, but this process 

required phosphorus compounds to lead to sulfur extrusion.13 
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Figure 1-8. Ring flipping inversion of C60S3 and trithiolane (6b,12b-epitrithioacenaphtho[1,2-
a]acenaphthylene. The puckering angle is a measure of deviation of the ring from planarity as 
defined as the angle formed by the center sulfur and the midpoint of the plane made by the flanking 
two carbon-sulfur bonds. 
 

 

1.3.4. Thiozonation of the Convex Face of SWNTs.  

 

In this section, ONIOM calculations were employed to examine the exterior thiozonolysis of 

armchair (n,n) SWNTs (n = 4-8) (Table 1-3 and Figure 1-9). There were multiple reactive sites on the 

SWNTs; however, we selected a reaction where the orientation of the S1 and S3 atoms of S3 added 

at the orthogonal 6,6 site in the middle of the nanotube. For comparison, calculated values were also 

included for graphene and C60. Only the 1,3-dipolar cycloaddition step was examined since the 

second step involving S-S bond rearrangement to the four-membered ring dithiacyclobutasulfide 

should be a high energy process (vide supra). The ONIOM geometries of 5 and 9-13 were 

substantially different from 14 and 15. In the former, the C-S bond distances were less than 2.0 Å, in 

the latter, they were ~4.0 Å. The abcd dihedral angle change (defined in Table 1-3), used to gauge the 
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magnitude of change in sp3 character of the trisulfane product versus the sp2 character of the initial 

all-carbon precursor also showed a curvature-dependent thiozonation. Thiozonides were formed for 

5, 9-13, and S3 was physisorbed for 14 and 15. The greater curvature (smaller diameter) of the arene 

host led to enhanced stability of the thiozonide product. The thiozonation was exothermic for C60, as 

well as for the SWNTs of diameters less than ~6.8 Å, with reagent abcd dihedral angles less than 

~157° in the series examined. 

 

Table 1-3. Calculated Structural Parameters of Thiozonides or Thiozone Adducts of (60)Fullerene, 
SWNTs, and Graphenea,b 

Thiozonide C1-S1 (Å) S1-S2-S3 (Å) 
abcd in 

reagent (°) 

abcd in 

product (°) 

C60S3 9 1.86 92.5 138.4 115.2 
(4,4) SWNT S3 10 1.91 93.0 156.4 130.3 
(5,5) SWNT S3 11 1.93 93.0 156.9 132.0 
(6,6) SWNT S3 12 1.94 92.9 160.8 133.2 
(7,7) SWNT S3 13 1.96 93.0 163.4 134.1 
(8,8) SWNT S3 14 3.96 117.6 165.3 - 
GrapheneS3 15 4.01 118.4 180.0 - 

a Optimized at the ONIOM(B3P86/6-31G(d):SVWN/STO-3G) level. The B3P86/6-31G(d) 
portion of the ONIOM calculation included S3 and the dinaphthoovalene core, and SVWN/STO-
3G was used on the remaining portion of the molecule. b Length of the SWNTs = 2 nm. 

 

It can be noted that a low-energy path to cleavage of the S-S and C-S bonds in 5 was not 

found, 5 did not decompose to Criegee-like intermediates [thione (R2C=S) and thiosulfine (R2C=S+-

S-)] and C60S3 thiozonide 5 converts to the four-membered ring 1,2-dithietane-1-sulfide (6) in a high-

energy process (53.6 kcal/mol). By comparison, fullerene molozonides are labile41 and decompose 
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by Criegee carbonyl/carbonyl-O-oxide pairs.42 The carbonyl oxygen attacks the carbonyl-O-oxide 

carbon leading to O2 departure and sp3 epoxide or sp2 oxidoannulene formation (such as the a,b-

isomer and c,c-isomer, respectively in C70). SWNT thiozonolysis pathways were not sought.  

 

 

 

Figure 1-9. Schematic representation of the (n,n) SWNTs (n = 4-8) and the ΔHrxn (kcal/mol) for the 
formation of thiozonides connected orthogonally along the x- or y-axes. Energetics were computed 
at the ONIOM(B3P86/6-311+G(2d):SVWN/STO-3G)//ONIOM(B3P86/6-31G(d):SVWN/STO-
3G) level. NR= No reaction. 
 
 

1.4. Conclusion 

 

The calculations of free and nanotube-encapsulated thiozone are in accordance with 

experimental results and previous calculations, with the open form having greater stability. There 

was no reactivity of S3 with the nanotube interior itself. The (5,5) SWNT was unique among the 

thiozone-trapped CNTs, as 1 was situated parallel to the tube, although the difficulty of translational 

motion of S3 (or the reptative motion of S6 or S9 chain products) was not computed. Larger diameter 

SWNTs ((n,n) n = 6-8)) have larger spaces to trap many S3 molecules, but there was restricted or 

insufficient space for cyclic S6 in the (5,5) SWNT and cyclic S8 in the (6,6) SWNT. Thiozonolysis was 
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predicted to trisulfurate convex arene surfaces, such as the (4,4) and (5,5) SWNTs, due to greater 

convexity than the (6,6), (7,7), and (8,8) SWNTs. The 1,3-dipolar addition of S3 was preferred 

compared to the [2 + 2] cycloaddition and chelotrope paths.  
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Chapter 2. Theoretical Studies of a Singlet Oxygen-Releasing Dioxapaddlane 

(1,4-diicosa naphthalene-1,4-endoperoxide)  

 

2.1.  Introduction 

 

1,4-Dimethyl naphthalene (1) reversibly binds 1O2; upon heating, the naphthalene endoperoxide (2) 

dissociates 1O2 and a small amount of 3O2 (Scheme 2-1).1 Modifications of substituents at the 1,4-

positions of naphthalene have been made.2-8 For example, naphthalene 3 has bulky substituents 

slowing the rate of 1O2 addition at the 1,4-positions so that binding at the 6,9-positions also takes 

place.9-11 Singlet oxygen release has also been examined in polymeric endoperoxides,12-18 such as 1,4-

dimethyl-2-poly(vinylnaphthalene-1,4-endoperoxide).19 However, no studies have yet focused on the 

1O2 release from a naphthalene endoperoxide molecule bearing a “lid”.  

 

 

 

Scheme 2-1. Reaction of 1,4-disubstituted naphthalenes with singlet oxygen. 
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Lid bearing compounds are treatable by computational methods; however, such studies 

remain highly challenging. Owing to its multiconfigurational. character, computational studies on 1O2 

with compounds containing 10 or more carbon atoms are rather uncommon.20-30 Encouragingly, 

Wasserman et al.31 showed that B3LYP/6-311+G(d) calculations can reproduce the experimental 

energetics of several naphthalene-1O2/naphthalene endoperoxide pairs—including compounds 1 and 

2. Due to the success of the study of Wasserman et al.,31 one may anticipate that replacing the 

methyls at the 1,4-positions with a polymethylene-bridge would be amenable to computation [e.g., 

1,4-diicosa naphthalene  (5) and 1,4-diicosa naphthalene-1,4-endoperoxide (6)] (Scheme 2-2).  

 

 

 

 

Scheme 2-2. Release of singlet oxygen from 1,4 diicosa naphthalene-1,4-endoperoxide. 
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Scheme 2-3. A selection of compounds which contain polymethylene bridges. 

 

Researchers have examined polymethylene-bridged molecules for many years.32-43 The length 

and anchor position of the polymethylene chain can expose or “hide” a reactive site of a compound 

(Scheme 2-3). In 1980, Busch et al.44,45 showed that the chain of length six (rather than five) 

methylenes increased the affinity of oxygen in cobalt cyclidene 7, which formed a CoO2 adduct. In 
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1980, Marshall40 showed that unlike trans-fused 9, cis-fused 8 forms a colored charge-transfer 

complex with tetracyanoethylene (TCNE) due to its less shielded alkene site. Another intriguing 

class of polymethylene-bridged compounds are paddlanes, such as structures 10-12.46-56 Theoretical 

calculations have yielded valuable information on the reactivity and conformational properties of 

polymethylene-bridged compounds57-61 and paddlanes.62-64 

 

Here, we present results of Monte Carlo and ONIOM calculations that incorporated AM1 

and B3LYP to analyze the conformational influence of the polymethylene chain in the 

cycloreversion of 6, yielding 1O2 and 5. The 5/6 pair was selected because the polymethylene chain 

was sufficiently long that it could undergo rope-skipping conformational changes on the basis of 

Dreiding models, creating a possible O2 binding site at the 23,26-positions (atom numbering in 

Scheme 2-2). Binding or release of 1O2 at the 28,31-positions was not computed. The idea was that 

chain rotation (full-circle vs semi-circle) might lead to increased endoperoxide stability at higher 

temperatures based on an increased rate of rotation, which led us inquire into a possible oxygen 

“gatekeeper” mechanism.  

 

2.2. Computational Details 

 

Semi-empirical and density functional theory (DFT) calculations were conducted with the 

Gaussian 03 program package.65 Monte Carlo calculations were conducted with Hyperchem 8.0.66 

Standard computational protocols were used67 and the structures were viewed with the GaussView 

program.68 A previous computational study demonstrated that the 6-311+G(d) basis set adequately 

described the naphthalene endoperoxide decomposition reaction surface.31 The transition state 

structures TS-AM1 and TS-B3LYP, and those connecting the pairs 5/6, 13/14, 15/16, and 17/18 
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were confirmed to be transition states by frequency calculations and by conducting internal reaction 

coordinate (IRC) calculations for the reaction path for the transition. IRC calculations were not 

performed on the ONIOM derived transitions state structures. Conformations of 6 were searched 

by the Monte Carlo method with the MM+ force field. The MM+ calculations were followed by 

AM1 optimizations with the Fletcher-Reeves conjugate gradient algorithm and the lowest energy 

conformations reoptimized by ONIOM(B3LYP/6-311+G(d):AM1). 6TSa/b, 6TSb/c, 6TSc/d, 

6TSd/e, and 6TSe/a were assumed to be transition state structures, since they cannot be examined 

by IRC calculations with G03. All energetics obtained were corrected for zero-point energy (ZPE). 

The ONIOM treatment separated part of the lid from the rest of the molecule, in which the 

junction between B3LYP/6-311+G(d) and AM1 was at the C2-C3 and C20-C21 bonds (cf. Scheme 

2-2 and Scheme 2-4). 

 

Scheme 2-4. The DFT portion of the ONIOM calculation is shown with a ball-and-stick model, 
and the AM1 portion is shown with a tube model. 
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2.3.  Results and Discussion  

 

2.3.1. Singlet Oxygen Release from Endoperoxides.  

 

Our first aim was to evaluate whether naphthalene endoperoxide decompositions could be 

accurately computed with the fairly low-cost computational methods B3LYP/6-311+G(d)//AM1 

and ONIOM(B3LYP/6-311+G(d):AM1). Our paper builds on Wasserman’s previous DFT study of 

naphthalene endoperoxides, in which the B3LYP/6-311+G(d) energy of 1O2 was estimated to be     

-150.30756 Hartrees.31 AM1 and B3LYP/6-311+G(d) transition state structures (TSs) corresponding 

to the decomposition of naphthalene endoperoxide 2 to naphthalene 1 and 1O2 are shown in Figure 

2-1. TS-AM1 has a shorter C1-O1 bond (0.24 Å), C4-O2 bond (0.09 Å), and O1-O2 bond (0.12 Å) 

compared to TS-B3LYP, and the O2-O1-C1-C2 torsion angle is 18° larger [cf. 58° (TS-AM1) vs 

40° (TS-B3LYP)]. Similar transition structure geometries were found for 1O2 dissociation from 1,4-

diicosa naphthalene-1,4-endoperoxide 6, naphthalene-1,4-endoperoxide 14, 1-ethylnaphthalene-1,4-

endoperoxide 16, 1,4,5-trimethylnaphthalene-1,4-endoperoxide 18. 

 

. 

Figure 2-1. AM1 optimized (left) and B3LYP/6-311+G(d) optimized (right) transition state 
structures for the decomposition of 1,4-dimethyl-1,4-naphthalene endoperoxide 2 to 1,4-dimethyl-
1,4-naphthalene 1 and 1O2. For clarity, the hydrogen atoms are not shown.  
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The decomposition of naphthalene endoperoxides is reminiscent of retro Diels-Alder 

reactions of “masked” dienes (Scheme 2-5).69-72 Masked dienes such as compound 19 are similar to 

the naphthalene compounds studied here, in which DFT methods often yield results in excellent 

agreement with experiment;69-75 however, the B3LYP functional is not devoid of shortcomings 

especially with larger sized molecules.76-78 We find the decomposition of endoperoxides 2, 6, 14, 16, 

and 18 to be endothermic by 6-17 kcal/mol (Table 2-1). The energy of 2 relative to 1 and 1O2 was 

similar with B3LYP/6-311+G(d) (11 kcal/mol) and B3LYP/6-311+G(d)//AM1 (13 kcal/mol) 

calculations. The activation energy barriers for the release of 1O2 from the endoperoxides ranged 

from 20-28 kcal/mol. The B3LYP/6-311+G(d)//AM1 structure TS-AM1 (25 kcal/mol) was 

predicted to be 4 kcal/mol higher in energy than the B3LYP/6-311+G(d) structure TS-B3LYP (21 

kcal/mol) for the reaction of 2 to 1 and 1O2.  

 

 

 

Scheme 2-5. A retro Diels-Alder reaction of a maked diene. 

 

The computed barrier heights are similar to the experimental free energy barriers [cf. 

experimental value of 2 (∆G‡=23.6 kcal/mol) with B3LYP/6-311+G(d)//AM1 (∆E‡=25 kcal/mol), 

and the experimental value of 17 (∆G‡=25.9 kcal/mol) with B3LYP/6-311+G(d)//AM1 (∆E‡=26 

kcal/mol)]. ONIOM(B3LYP/6-311+G(d):AM1) produces an activation energy of 22 kcal/mol 

when the junction between B3LYP and AM1 was situated at the methyl and methylene carbon 

atoms in the 15/16 pair (Reaction C, Table 2-1).  
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Table 2-1. Calculated and Experimental Energetics for Decomposition Reactions of 
Endoperoxides. 

 

 

a B3LYP/6-311+G(d). b B3LYP/6-311+G(d)//AM1. c ONIOM(B3LYP/6-311+G(d):AM1). d 
B3LYP/6-311+G(d) values obtained in ref. 31 by using a B3LYP/6-311+G(d) energy for 1O2 of -
150.30756 Hartrees. e Reaction C reports values for the “out” conformer of 1-ethylnaphthalene-1,4-
endoperoxide 16, which is more stable than the “in” conformer by 0.2 kcal/mol (

). f  The global minima for 1,4-diicosa naphthalene 5 and 
1,4-diicosa naphthalene-1,4-endoperoxide 6 were found based on a Monte Carlo conformational 
search of the potential energy surface with the MM+ force field and reoptimization of the lowest 
energy conformers by ONIOM(B3LYP/6-311+G(d):AM1). g Ref. 31. 
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The qualities of the energetics of the B3LYP/6-311+G(d)//AM1 and ONIOM(B3LYP/6-

311+G(d):AM1) calculations were very good compared with those obtained with B3LYP/6-

311+G(d) and experimental observations.31 The data suggested that naphthalene endoperoxide 

decompositions can be computed to within ±3 kcal/mol with B3LYP/6-311+G(d)//AM1 for 2, 14, 

16, and 18, and ONIOM(B3LYP/6-311+G(d):AM1) for 6 and 16. 

 

2.3.2. Conformational Analysis of “Jump Rope” Endoperoxide 6.  

 

Our second aim was to compute the lowest energy path for 6 corresponding to a 360° 

circular rotation of the polymethylene chain around the endoperoxide core. Endoperoxide 6 is an 

example of a paddlane, where the fused benzene and peroxide groups are rigid and the 

polymethylene chain is very flexible. Conformations of 6 were searched by the Monte Carlo method 

with the MM+ force field followed by AM1 optimizations. The dihedral angle θ = C(25)-C(26)-C(1)-

C(2) (defined below), was followed in 10° increments and the dihedral angle φ = C(24)-C(23)-C(22)-

C(21) was followed in 15° increments, each independently, for the 360° rotation of the rope (i.e., 36 

 24 grid) (Figure 2-2). The dihedral angle θ is positive for a counter clockwise movement from C(2) 

to C(25) as one looks from C(1) to C(26). The φ dihedral angle is positive for a counter clockwise 

movement from C(21) to C(24) as one looks from C(23) to C(22). Due to the high flexibility of the 

polymethylene chain, each of the 864 points on the 36  24 grid (not surprisingly) possessed 

thousands of conformations. For example, 6a was found from a search of 4456 conformations, 

which arose from an initial geometry that was chosen to have the polymethylene group facing anti to 

the fused benzene ring. Thus, restrictions were applied to obtain a rough estimation as to the nature 

of the conformational potential energy surface. Cutoff criteria were used where each of the 864 

points on the 36  24 grid was limited to 10,000 optimizations and a rejection criteria of 6 kcal/mol. 
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This cutoff criteria led to the generation of ~200 conformations for each of the 864 points. The 

resulting lowest energy conformation from these ~200 conformations was optimized by AM1 and 

then reoptimized by ONIOM(B3LYP/6-311+G(d):AM1). The lowest energy pathway for the 360° 

rotation of the polymethylene chain in 6 was deduced from the three-dimensional plot in Figure 2-2. 

 

 

 

Figure 2-2. 3-Dimensional computed energy plot for the rotation of the polymethylene chain in 6.  
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Figure 2-3. Side-on views of geometries and the conformational variations for the lowest energy 
path for rotation of the polymethylene chain of 6 in a counterclockwise direction. The peroxide 
group (red) is connected to carbon atoms (gray) where the naphthalene and polymethlyene attach. 
The hydrogen atoms are not shown. The lowest energy conformations were obtained by 
HyperChem and reoptimized at the ONIOM(B3LYP/6-311+G(d):AM1) level. 

 

Figure 2-3 shows the most important geometries, in which conformers are displayed in side-

on views. The jump rope rotation process is not particularly remarkable. As expected, we find that 

6a is the global minimum, in which the polymethylene chain is anti to the largest of the 3 paddles of 

the paddlane, the fused benzene ring. The torsion angles optimized for 6a were θ = 54° and φ = 60°. 
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A transition state has been located (6TSa/b) connecting 6a with 6b, which predicts the C(23)-O(2) 

bond eclipses the C(21)-C(22) bond, in which with θ = 59° and φ = 120°. The activation barrier of 

6TSa/b is 2 kcal/mol. Rotamer 6b has the C(22)-C(23) connector bond gauche to the peroxide and 

alkene, the C(1)-C(26) connector bond gauche to the fused benzene and alkene. Rotamer 6b’ has the 

C(1)-C(26) connector bond gauche to the peroxide and alkene, and the C(22)-C(23) connector bond 

gauche to the fused benzene and alkene. Rotamers 6b and 6b’ led to 6c. Transition state 6TSb/c 

predicted that the C(26)-O(1) is eclipsed by the C(1)-C(2) bond, in which θ = 120° and φ = 166°. In 

minimum 6c, the polymethylene chain is situated anti to the alkene group, where with θ = 160° and 

φ = 167°. Transition state 6TSc/d represents the polymethylene chain passing over the fused 

benzene ring and was the highest point on the PES (17 kcal/mol, Figure 2-3) due to a repulsive 

steric interaction between the benzene hydrogens and the methylene hydrogens. Rotamer 6d has the 

polymethylene chain anti to the peroxide group. Transition state 6TSd/e has the C(1)-C(2) and 

C(25)-C(26) bonds eclipsed, in which with θ = 0° and φ = 56°. Rotamer 6e has the C(1)-C(26) 

connecting point of the chain gauche to the peroxide and alkene, the C(22)-C(23) connecting point of 

the chain gauche to the fused benzene and alkene. Rotamer 6e’ has the C(22)-C(23) connecting point 

of the chain gauche to the peroxide and alkene, and the C(1)-C(6) connecting point of the chain gauche 

to the fused benzene and alkene. Transition state 6TSe/a connects 6e with 6a, in which the 

activation barrier is 5 kcal/mol where θ = 49° and φ = 0°.  

 

The two-layered ONIOM approach using DFT and semiempirical theory often performs 

well and supports experimental findings.78-81 Nonetheless, our Monte Carlo and ONIOM approach 

was further investigated to determine whether it would successfully reproduce the experimental 

energetics of a test compound, dioxa-1,5-naphthalenophane (19), which involved a 180° rotation in a 

“jump rope” enantiomerization reaction (Figure 2-4).58,59  
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Figure 2-4. 3-Dimensional computed energy plot for the 180° rotation of the polymethylene chain 
in 19. Orange lines represent pathways to enantiomerizations. Blue lines represent the full-circle 
rotation of the polymethylene chain. 
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The dihedral angles θ = O(2)-C(15)-C(14)-C(13) and φ = C(20)-C(21)-O(1)-C(1) were 

followed in 20° increments, each independently, for the 360° rotation of the rope (i.e., 19  19 grid). 

Cutoff criteria were used (similar to that for 6) where each of the 361 points yielded ~200 

conformations, in which the lowest in energy was optimized by AM1 and then reoptimized by 

ONIOM(B3LYP/6-311+G(d):AM1). The dihedral angle θ (defined above) is positive for a 

clockwise movement from C(20) to C(1) as one looks from C(21) to O(1). The φ dihedral angle is 

positive for a clockwise movement from O(2) to C(13) as one looks from C(15) to C(14). The 

transition structure connecting 19 with 19’ on the front portion of the figure contained θ = 162° and 

φ = 117°. A similar transition structure can be found at the back portion of the figure, which 

represents an approximate mirror image of the first transition structure. This Monte Carlo and 

ONIOM treatment resulted in an activation energy (∆E‡ = 6 kcal/mol) for a 180° rotation of the 

jump rope in 19, which was similar with the experimental enantiomerization process measured to be 

7.6 ± 0.8 kcal/mol.50-57  

 

Even though the reproduction of the experimental enantiomerization barrier in 19 was 

successful, the conformational search on endoperoxide 6 may miss some details. For example, there 

was no guarantee that the minima found at each step were accessible in a continuous revolution of 

the angles on the 36  24 grid. The 22 C atoms in the ring have ~60 heavy-atom vibrational modes, 

in which the hydrogen atoms are assumed not to affect the matter substantially. Thus, 10,000 Monte 

Carlo steps may be sufficient to find a minimum if the structure is well-behaved; that is, in a simpler 

system relative to a structure such as 6, which had a significant number of local minima. 
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2.3.3. Effect of the Polymethylene Lid on 1O2 Formation.  

 

Our third aim was to examine the influence of chain rotation of 6 with the unimolecular 

formation of 1O2 and 5. The calculations determined conformational stability of 6 based on the 

position of the polymethylene bridge and a trend for dissociation of 1O2 with the “active” forms 6d, 

6e, 6a >> 6b, 6c appearing in different order compared to conformer stability 6a > 6b > 6c > 6e > 

6d. ONIOM saddle points connecting 6 with 5 and 1O2 have been located for conformers 6a, 6d, 

and 6e. Attempts at transition state optimizations for 6b and 6c resulted in rotation of the 

polymethylene bridge away from the dissociating 1O2 site. Only those conformations that did not 

have the polymethylene lid situated over the peroxide group readily decomposed to 1O2 and 5. For 

example, rotamer 6d had the polymethylene lid gauche to the benzene and ethylene groups so the 

peroxide group is highly exposed. Due to the low rotation energies connecting conformers 6a-6e via 

6TSa/b, 6TSb/c, 6TSd/e, and 6TSe/a, we postulate that the polymethylene chain functions as a 

gatekeeper for the oxygen, protecting the peroxide moiety, and potentially limiting the dissociation 

of 1O2 from the naphthalene site.  

 

The B3LYP/6-311+G(d)//AM1 activation energy for the dissociation of 1O2 from 6a 

(∆E‡=28 kcal/mol) was predicted to be higher than for 2 (∆E‡=25 kcal/mol), but the 

ONIOM(B3LYP/6-311+G(d):AM1) activation energy for 6a was found to be lower (∆E‡=22 

kcal/mol), but no trend emerges (Table 2-1). Naphthalene 5 may reversible bind 1O2, and while this 

process was not modeled, one may expect that the jump-rope substituent at the 23,26-positions of 

naphthalene would slow the rate of 1O2 addition to 5 so that competitive binding of 1O2 at the 

28,31-positions could also take place.9-11 Reiterating a point made in the Introduction, the bulky 
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maloamide substituents in 3 are known to exert steric interactions that slowed binding of 1O2 at the 

1,4-positions, binding of 1O2 at the 6,9-positions in a ratio of ~1:100 (1,4:6,9).  

 

2.4.  Conclusion 

 

Our computational examination of a hypothetical 1O2-carrier 6 was inspired by rope-

skipping molecules that have been the subject of study for over 30 years.40-61 The qualities of the 

energetics of 1O2 dissociation from naphthalene endoperoxides with B3LYP/6-311+G(d)//AM1 

and ONIOM(B3LYP/6-311+G(d):AM1) were very good compared with those obtained with 

B3LYP/6-311+G(d) and experimental observations.1-31 The energetics of 1O2 dissociation from the 

naphthalene site can only be tentatively determined in relation to the position of the (CH2)22 

polymethylene lid due to the need for improved models that can compute the dynamics of the lid 

and the extent of chain clearance required in the singlet oxygen-release process. Conformers 6b-6e 

were 4 kcal/mol or less above the global minimum 6a, and the polymethylene chain favored semi-

circle rotation where the ability to dissociate 1O2 from conformers 6b and 6c was diminished due to 

shielding. In a similar vein, a large body of literature is available for 1O2 generation, and a growing 

fraction of it is focusing on the escape of 1O2 from confined and shielded environments.82-88 
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Chapter 3. Computational Chemistry and Mechanism of a Base Induced 5-

endo Cyclization of Benzyl Alkynyl Sulfides 

 

3.1. Introduction  

 

2,3-Dihydrothiophenes are useful synthetic precursors for many compounds including 

thiophenes,1 thionucleoside derivatives2 and penicillin mimics.3 Synthetic routes to 2,3-

dihydrothiophenes are varied and numerous,1f,4 with based-induced cyclizations playing an important 

role. Under basic conditions, starting substrates usually require the presence of electron withdrawing 

or other functionality to facilitate condensation chemistry or to directly participate in the 

cyclization.5 However, some cyclizations that make use of transition metals to target 

dihydrothiophenes6 do not require any strong directing functionality.6a Radical based cyclizations, 

free of strong electron withdrawing groups can provide mixtures of 2,3- and 2,5-dihydrothiophenes.7 

 

 

 

 

Equation 3-1. Benzyl alkynykl sulfides cyclize to 2,3-dihydrothiophenes in the presence of 
potassium t-butoxide. 

 



 

34 
 

A synthetic procedure that created 2,3-dihydrothiophenes (2) by way of a t-butoxide induced 

5-endo cyclization of 2-substituted arylmethyl alkynyl sulfides (Equation 3-1), was reported by the 

Schwan group back in 2000.8 That reaction was thought to involve benzylic deprotonation and 

cyclization at the terminal carbon of the propynyl chain, even though the starting material did not 

possess unsaturation in the terminal carbon, nor held any other skeletal functionality to bring about 

carbon-carbon bond formation. The experimental results showed that although there was no 

ostensible need for strong electron withdrawing groups or other reactive functionality in the 

substrates, there nevertheless was a requirement for an electron withdrawing group on the aryl ring. 

In the communication, some mechanistic data was offered, but some intriguing uncertainties 

remained.8 How was it that the cyclization occurred most efficiently when the starting material did 

not have unsaturation at the propynyl terminus? Which tautomeric form of the 3-carbon unit is 

accepting the electron density? This chapter presents computational evidence concerning the mode 

of cyclization of the substrates. 

 

The present work was done in collaboration with the group of Professor A. Schwan at the 

University of Guelph. In their 2000 work,8 many optimized reaction parameters were reported 

including solvent and substrate concentration. Nevertheless, it was subsequently learned that KOtBu 

is preferred over sodium or lithium t-butoxide. Thus, treating the starting sulfides (1) with 2 eq. of 

KOtBu in acetonitrile at various temperatures for 24 hours affords a dihydrothiophene (2) with the 

aryl group at the 2-position and the double bond at the 4 position, Equation 3-1.8 The products and 

yields are outlined in Table 3-1. The initial notion that a 2-substituted aryl group is required for 

cyclization8 was found to be invalid, as the results show that electron withdrawing groups at other 

aryl positions promote the reaction. Additionally, it was observed that the presence of nitro groups 

prevented  the reaction,  and  starting  material  was  fully recoverable in the 2-nitro case (1r),  
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Table 3-1. KOtBu Promoted Cyclization Products of Benzyl 1-Alkynyl Sulfides.a 

#  temp. (°C)b Yieldc 

2a X = 2-H reflux 28d,e 
b X = 2-I 0 75 
c X = 2-Br 0 74 
d X = 2-Cl 0 74 
e X = 2-Me reflux 0 
f X = 2-Ph reflux 41d,e 
g X = 2-F reflux 45 
h X = 2-CN reflux 64 
i X = 3-I rt 68 
j X = 4-I rt 45 
k X = 3-CF3  reflux 59 
l X = 2-SPh reflux 66 
m X = 2-S(O)Ph reflux 45f 
n X = 2-S(O)2Ph reflux 68 
o X = 2,5-(OMe)2 reflux 44d,e 
p X = 3,5-(OMe)2 reflux 54c 
q X = 3-NO2 reflux 0 
r X = 2-NO2 reflux 0 
s  

0 
 

72 

t  
60f,g 

 
47 

u 

2,3/2,5 = 1/1.7

 
 
0 

 
 

69h 

a Reprinted with permission from reference 9. 
b Reaction temperature. Compounds 1 were stirred for 24 h. unless otherwise indicated. 
c Yield is of isolated material unless otherwise indicated. 
d Yield based on consumed starting material.  
e Refluxed for 8 h. 
f 1:1 mixture of diastereomers. 
g Refluxed for 6 h. 
h Ratio of isomers based on double bond position: 2,3/2,5 = 1/1.7  
 



 

36 
 

whereas full decomposition occurred in the 3-nitro case (1q). The experimental results also pointed 

out that replacing the aryl groups with heteroaryl groups prevented the reaction. Specifically, 2-

bromothien-3-ylmethyl 1-propynyl sulfide, 2-furfuryl 1-propynyl sulfide and 2-fluoro-4-iodopyrid-3-

yl 1-propynyl sulfide did not cyclize. Also, positioning an iodine group at the peri position did not 

prompt cyclization of 8-iodonaphthalen-1-ylmethyl 1-propynyl sulfide. 

 

 

 

 

 

Equation 3-2. Dyhidrothiophenes 2b and 2h can be converted to the respective thiophenes. 

 

A selection of dihydrothiophenes has been shown to be oxidizable to thiophenes.1c,1e-g 

Accordingly, our collaborators have achieved the successful conversion of heterocycles 2b and 2h 

into thiophenes 3b and 3h in 73 and 81% yields respectively, with DDQ1e in CHCl3. (Equation 3-2). 

Moreover the additional functionality on the aryl unit provides a reactive feature for further adaption 

toward compounds and polymers with useful electronic properties.10  

 

The cyclization represents a rare instance where C-C bond formation occurs without the 

need for functionality directly participating in condensation or other reactive chemistry. Apparently, 

after deprotonation, the unsaturation of the 3-carbon substituent on sulfur is sufficient to activate 

ring closure. 
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3.2. Computational Methods 

 

Density Functional Theory (DFT) calculations were conducted using the Gaussian 0911 suite 

of programs. The CAM-B3LYP method corrected for the long range deficiencies of B3LYP and 

provided results close to coupled cluster calculations.12,13 Condensed phase calculations for 

acetonitrile were carried out with the conductor-like polarizable continuum model (CPCM) of Cossi 

and coworkers,12 with the smoothing formalism that Karplus and York developed.14 The solute 

molecular cavity was specified using the Bondi radii values.15 The computed values include thermal 

(273.15 K) corrections for enthalpy. Transition states were confirmed by examining the negative 

eigenvalue of the hessian matrix and by intrinsic reaction coordinate (IRC) calculations. GaussView 

5 was used for the visualization of the molecules and the vibrational modes.16  

 

There are some shortcomings with the B3LYP functional.17 For example, medium and long-

range electron correlation errors are common.18 The CAM-B3LYP functional was selected because 

of its good performance in calculations of electronic polarizabilities, as well as long-range exchange 

interactions by a Coulomb attenuating method, and medium-range interactions with an error fitting 

function.19 Table 3-2 shows that the CAM-B3LYP calculation predicts greater stability of propyne vs 

allene, which is opposite to that found by experimental, and M05-2X and CCSD(T) methods.20-23 

The relative energetics the MP4,24 CCSD(T), and CAM-B3LYP calculations are quite similar to each 

other for methyl(prop-1-yn-1-yl)sulfane and methyl(propa-1,2-dien-1-yl)sulfane. However, our 

CAM-B3LYP calculations are not expected to have greater accuracy than ~4 kcal/mol. The average 

errors of B3LYP in thermochemistry calculations was ~3.6 kcal/mol (from a database of 177 

reactions).20 
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Table 3-2. Relative Energies Of Propyne and Allene, and Of Methyl Prop-1-yn-1-yl Sulfane and 
Methyl Propa-1,2-dien-1-yl Sulfane. 

 

method E (kcal/mol) Reference 

Experimental -1.4 21 
CCSD(T)/cc-pVQZ/MP2/cc-pVTZ -1.4 22 
M05-2X/6-311+G(2df,2p) -1.2 23 
CAM-B3LYP/6-311+G(d,p) 0.8 this work 

 

method E (kcal/mol) Reference 

MP4/6-31+G(d)//RHF/6-31+G(d) 1.3 24 
IEFPCM-MP4/6-31+G(d)//PCM-RHF/6-31+G(d) 1.8 24 
CAM-B3LYP/6-311+G(d,p) 3.4 this work 
CPCM-CAM-B3LYP/6-311+G(d,p) 2.6 this work 
CCSD(T)/cc-pVQZ/MP2/cc-pVTZ 1.3 this work 
CPCM-CCSD(T)/cc-pVQZ/CPCM-MP2/cc-pVTZ 0.6 this work 

 

 

3.3. Results and Discussion 

 
3.3.1. Mechanism and Computations 

 

Density Functional Theory calculations were conducted to help rationalize the base induced 

5-endo cyclization of benzyl 1-alkynyl sulfides, which led us to the mechanistic proposal outlined in 

Scheme 3-1, slightly modified from that reported in the original communication of 2000.8 Model 

system 1a was used to mimic the core of benzyl alkynyl sulfides bearing substituents on the aryl ring. 

Because it was impractical to compute the reaction with the potassium t-butoxide base, the potential 

energy surface was calculated for the formation of 2,3-dihydrothiophene 2a in a reaction of 1a with  
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Scheme 3-1. Proposed Mechanism for the base promoted cyclization of benzyl 1-alkynyl sulfides. 

 

potassium methoxide. Geometries were optimized with CAM-B3LYP/6-311+G(d,p)25 as this basis 

set is defined for K+ and provides a good trade off of accuracy and performance. Acetonitrile 

calculations were carried out with the CPCM solvent model.12 

 

The calculated structures are shown in Figure 3-1A-B where K+-π interactions are found for 

all structures. It is interesting to note that -cation interactions are influenced less by inductive 

effects and more by through-space effects between the metal ion and substituents on the aromatic 

rings,26 and that the nitro substituent causes the ring to have a very weak -cation interaction. 

Calculation  of K+-π  interactions are  prone to the  basis set  superposition error  (BSSE), currently  
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Figure 3-1A. Optimized CPCM-CAM-B3LYP/6-311+G(d,p) geometries for the KOMe induced 
cyclization of 1a. Calculations were carried out in acetonitrile. K+, KOMe, and MeOH molecules 
were modeled explicitly. Bolded numbers aligned near the structures are bond distances in Å. Non-
bolded numbers on some of the structures are the atomic numbers referred to in Table 3-3. 



 

41 
 

 

 
Figure 3-1B. Optimized CPCM-CAM-B3LYP/6-311+G(d,p) geometries for the KOMe induced 
cyclization of 1a. Calculations were carried out in acetonitrile. K+, KOMe, and MeOH molecules 
were modeled explicitly. Bolded numbers aligned near the structures are bond distances in Å. Non-
bolded numbers on some of the structures are the atomic numbers referred to in Table 3-3. 
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Gaussian09 does not provide for a manner to correct this error in condensed phase 

calculations, so we studied the  K+  +  C6H6  →  C6H6-K
+ system in the gas phase and accounted  

for  the  BSSE  by using the counterpoise method.27a Our calculations showed that the magnitude of 

the BSSE for this reaction is only 0.3 kcal/mol, suggesting that this correction is not necessary in 

this system. Because of the complexity of the PES for the parent system 1a, a computational 

examination of substituent effects was beyond the scope of our study.  

 

The energetic features of the reaction are shown in Figure 3-2A-C. From Figure 3-2A it is 

clear that allenyl species 6 plays a key role in the cyclization process to 2,3-dihydrothiophene 2a 

because it is stabilized compared to 8. The formation of 4 from 1a is a “dead end” and did not 

convert to cyclic products. Allene 6 is formed in a two-step process from 1a via intermediate 5. A 

transition state for the loss of a benzylic proton from 6 has an activation barrier of 7.9 kcal/mol 

(Figure 3-2B). Upon formation of deprotonated allene 9, it can undergo a unimolecular 5-endo-trig 

cyclization yielding anion 10, followed by protonation to form 2a. While the thia-Wittig 

rearrangement has been elucidated yielding 11 (Figure 3-2C), the experimental data suggest a rapid 

protonation of 10 and the formation of 2a. An alternative mechanism involves the conversion of 

deprotonated alkyne 12 via a 5-endo-dig cyclization to give 13 followed by protonation to form 14; 

however, the path to 12 is higher in energy. Our collaborators performed control experiments in 

order to provide further understanding of the reaction mechanism. When the reaction was 

performed in CD3CN, the products possessed essentially full deuteration at the non-aryl carbons, a 

result consistent with significant solvent intervention. Indeed, deuterium exchange experiments 

showed that methyl hydrogens of thioethers 1a, b, i, j each exchanged with half-lives of ca. 25 s at –

10 ºC, whereas benzyl hydrogen exchange was faster, completing in <25 s at the same temperature. 
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Figure 3-2B. CPCM-CAM-B3LYP/6-311+G(d,p) optimized potential energy surface in kcal/mol 
including thermal corrections for enthalpy (273.15 K). KOMe, K+, and MeOH molecules were 
modeled explicitly. Transition states were confirmed by intrinsic reaction coordinate (IRC) 
calculations. 
 

Related experiments reaffirmed that the preferred tautomeric state of the 3-carbon unit was 

the 1-propynyl form as propargyl or allenyl tautomers were never observed by 1H NMR of the 

cyclization mixture contents. Such an observation is fully consistent with past literature that indicates 

the conjugated form is the more thermodynamically stable.27b-e Similarly, the computed protonation-

deprotonation  equilibria which  involve 1a, 4-8  show relatively  low activation  energies of 0.4-8.2  



 

45 
 

 

F
ig

u
re

 3
-2

C
. C

P
C

M
-C

A
M

-B
3L

Y
P

/6
-3

11
+

G
(d

,p
) o

pt
im

iz
ed

 p
ot

en
tia

l e
ne

rg
y 

su
rf

ac
e 

in
 k

ca
l/

m
ol

 in
cl

ud
in

g 
th

er
m

al
 c

or
re

ct
io

ns
 f

or
 e

nt
ha

lp
y 

(2
73

.1
5 

K
). 

K
O

M
e,

 K
+
, a

nd
 M

eO
H

 m
ol

ec
ul

es
 w

er
e 

m
od

el
ed

 e
xp

lic
itl

y.
 T

ra
ns

iti
on

 s
ta

te
s 

w
er

e 
co

nf
ir

m
ed

 b
y 

in
tr

in
si

c 
re

ac
tio

n 
co

or
di

na
te

 (I
R

C
) c

al
cu

la
tio

ns
. 



 

46 
 

kcal/mol and provide an explanation of how proton or deuterium can be incorporated in all C-H 

sites except on the phenyl ring. 

 

In the condensed phase, our computations did not find a transition state(s) for the 

isomerization of 2a to 14. Additional control experiments on 2b in CD3CN revealed minimal 

incorporation of D into the material. The 2,3-dihydro isomer (2b) is not amenable to migration of 

the double bond because its exchange is quite slow. The equilibrium between 2b and 14b was not 

proven due to this slow exchange. The rate of H/D exchange of the starting material is substantially 

more rapid.  Our collaborators noted that re-exposure of 14u (2,5-dihydro  isomer of 2u) to the 

reaction conditions causes the 2u/14u isomer ratio to be re-established. However, 2u does not 

exchange when re-exposed to the reaction conditions in CD3CN. The reaction is most certainly a 

base mediated cyclization onto the terminus of the three carbon unit. The experimental exchange 

and computational data suggests that the propynyl/allenyl/propargyl equilibrium is dynamic, with 

the propynyl as the most populated entity.  

 

From Figure 3-2A, it is evident that formation of allenyl species is favored to the propargyl 

species and accounts for the path to 2,3-dihydrothiophene product in acetonitrile. 2,3-

Dihydrothiophene 2a and 2,5-dihydrothiophene 14 are essentially isoenergetic. The relative energies 

of these two dihydrothiophene products were calculated to be within 2.8 kcal/mol of each other. A 

change in the solvent or benzyl alkynyl sulfide structure may shift the reaction to propargyl species 

and the path to 2,5-dihydrothiophene product. The more rapid exchange at the benzylic site suggests 

that benzylic anions are available to attack the terminus of the 3-carbon unit when unsaturation is 

available (see Figure 3-2C). 

 



 

47 
 

While there is ongoing interest in assessing endo vs exo cyclization preferences for single 

species,28 we were not able to locate literature analyses of competitive endo cyclizations of 

equilibrating species. Given our findings, the chemistry at hand does not present a true competition; 

nevertheless our determination of transition state energies and parameters permits a comparison of 

two different but closely related entities. The simplicity of the system may serve as a model for other 

fundamental cyclizations affording five-membered rings. Baldwin’s rules suggest the 5-endo-dig 

cyclization should be allowed, and the 5-endo-trig should not.29 However, the 5-endo-trig example in 

the current paper is allene-based with a geometry very close to the alkyne tautomer and was not 

specifically addressed by Baldwin.30 As such, the cyclization tendencies of this comparison are 

difficult to distinguish without the assistance of computational chemistry.  

 

The transitions states TS9/10 and TS12/13 differ only by a few kcal/mol. Furthermore, 

many of the calculated parameters are quite similar in the two transition states. For instance, the 

degrees of rehybridization of the benzylic carbon in the transitions states, as measured by changing 

dihedral angles, are essentially indistinguishable. However, the transition state differences worth 

noting relate to C-C bond formation, C3-S bond lengthening and the bending of the three carbon 

unit (Table 3-3).   

 

Transition state TS9/10 exhibits C-C bond forming at 2.37 Å, C3-S bond lengthening of 0.13 

Å and a bend of the allene unit to 134º. As a comparison, TS12/13 has closer C-C contacts at 2.33 

Å, extra lengthening of C3-S (0.21 Å) and a lesser degree of bending at the sp hybridized carbon 

(137º). Clearly, TS12/13 calls upon and benefits from the extra lengthening of the C3-S bond and 

there is less inclination to bend at the allenyl/propynyl central carbon. Both of these features permit 

advanced C-C bond formation in the transition state. The TS9/10 transition state is achieved with 
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more bending at the allenyl carbon but with less developed C-C bond formation and does not 

require as much C3-S bond lengthening.  

 

Table 3-3. Selected Geometrical Parameters for the Crucial Species Involved in the 
Cyclization.a 

 9 12 

Bond lengths of key bonds C2-C1 1.30 C2-C1 1.20 
C3-C2 1.30 C3-C2 1.45 
S4-C3 1.80 S4-C3 1.86 

Indication of planarity of anion C7-C6-C5-H17 -164.7 C7-C6-C5-H18 -171.3
C8-C6-C5-H17 20.00 C8-C6-C5-H18 14.3 

3-C bond angle C1-C2-C3 178.6 C1-C2-C3 179.6

 TS9/10 TS12/13 

Bond lengths of key bonds C2-C1 1.36 C2-C1 1.24 
C3-C2 1.29 C3-C2 1.42 
S4-C3 1.94 S4-C3 2.04 

Bond forming distance C5-C1 2.37 C5-C1 2.33 

3-C bond angle C1-C2-C3 133.8 C1-C2-C3 137.0

Rehybridization dihedral angles C7-C6-C5-H17 173.5 C7-C6-C5-H18 173.0
C8-C6-C5-H17 -8.33 C8-C6-C5-H18 -8.2 

 10 13 

Bond lengths of key atoms C1-C2 1.52 C2-C1 1.34 
C2-C3 1.33 C3-C2 1.49 
C3-S4 1.86 S4-C3 1.90 

3-C bond angle C3-C2-C1 109.5 C3-C2-C1 112.4
a The numbering scheme is shown in Figure 3-1A-B. Bond distances in Å. Bond angles and 
dihedral angles in degrees. 

 

The data suggest the allene is more receptive to cyclization than the propynyl unit, as it 

demonstrates a greater propensity to bend during the cyclization. It is possible that such behavior 
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would also come into play with other 5-endo-dig/trig cyclizations such as with systems absent of 

sulfur or any other atom that could accommodate electron density. 

 

3.4. Conclusions 

 

A simple base-induced transition metal free 5-endo cyclization of benzyl 1-alkynyl sulfides 1 

proceeds without the need for activation by electron withdrawing substituents directly attached to 

skeletal carbons. The 2,3-dihydrothiophene products 2 can be readily forwarded to 2-aryl 

thiophenes. Computation chemistry was performed to assist in the understanding the mechanism of 

cyclization and to establish which allenyl/propargyl tautomer is likely involved in the cyclization. 

 

It is significant that the allenyl species 6, formed in a stepwise path via 5, is more stable than 

the propargyl species 8. The weaker benzylic proton affinity of 6 than 8 favors the base induced 

reaction of 6. From allenyl species 6, 2,3-dihydrothiophene 2a can be formed in three steps, 

including base 9, which undergoes a 5-endo-trig cyclization to 10. 
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Chapter 4. Quinones, Monoradicals and Diradicals from 3- and 4-

mercaptocatechol and 3,4-bismercaptocatechol: A Computational Study 

 

4.1. Introduction 

 

A number of studies have focused on the antioxidant properties of phenols, catechols, and 

thiols.1 However; the literature appears to be devoid of studies that address antioxidant compounds 

that contain both aromatic alcohol and thiol groups, to compare the radical-forming properties with 

compounds that contain either aromatic alcohol or thiol groups. Phenols can form the 

corresponding phenoxyl radical. Catechols can form O-centered radicals (HOC6H4O
• or •OC6H4O

•), 

o-quinones, or triplet diradicals. Thiols can form an S-centered thiylradical. An earlier study on 

phenols and aromatic thiols noted differences on the polymerization of methyl methacrylate.2 More 

recently, as part of a biomimetic study, sulfur-containing catechols have been observed. 

 

It was previously reported the formation of 3-mercaptocatechol (1), 4-mercaptocatechol (2), 

and 3,4-bismercaptocatechol (3) among other products (e.g., 4–6) from the reaction of o-

benzoquinone and reduced elemental sulfur (hydrogen polysulfides), H2Sx.3 Characterization of 1–3 
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can be found in the literature.3-5 However, no spectroscopic evidence or otherwise exists for 

semiquinone and quinone structures corresponding to 1–3. As reports neither for the oxidation of 

mercapto- and bismercaptocatechols 1-3 or of other sulfur-containing catechols do not seem to 

exist, we wished to study possible radical and diradical intermediates that may arise from oxidations 

of 1–3. Little is known about the relative energetics of forming a thiocarbonyl group (R2C=S)6 

versus a carbonyl group (R2C=O) from such precursors.  

 

 

 

It would be a challenging task to determine the assignment of intermediates in one and two 

electron oxidations of 1–3. Thus, computational theory was applied here, in which the objective of 

the study was to compare stabilities of free radical, quinone, and thioquinone compounds and to 

predict the preferred structures. Spin distributions were also assessed theoretically to aid in 

determining relative stabilities of open-shell diradicals. The stabilities of singlet and triplet diradicals 
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from the loss of two hydrogen atoms from 3 have been predicted. Information on the loss of 

hydrogen atoms from 1–3 may also reveal factors related to antioxidant activity.  

 

4.2. Computational Methods 

 

Standard computational protocols were used.7 Gas-phase density functional theory (DFT) 

calculations were determined with B3LYP8,9 and Pople’s 6-31G(d) and 6-311+G(d,p) basis sets 

employing the Gaussian03 suite of programs.10 Geometry optimizations were carried out at the 

B3LYP/6-31G(d) level. Closed-shell calculations gave the lowest energies for 1–3, quinones, and 

dithiete 3k, whereas open-shell calculations gave the lowest energies for radicals and diradicals. 

Triplet UB3LYP/6-311+G(d,p) energies were obtained using the singlet-diradical optimized 

geometry.11,12 Spin corrected values are reported for UB3LYP/6-311+G(d,p) energies when the 

open-shell singlet was contaminated with the triplet by means of the spin correction procedure of 

Yamaguchi and co-workers,13,14 in which the energy of the lower spin state is corrected by the 

following formula: 

lEୗେ ൎ
lE୆ୗ ൅

l〈Sଶ〉
h〈Sଶ〉 െ l〈Sଶ〉

ሺlE୆ୗ െ
hEሻ 

where l and the h refer to low and high spin states, respectively, which provides the energy of the 

corrected singlet state. Computations of radical and diradicals derived from 1–3 using the more 

rigorous G3 or G4 methods would be desirable,15 but were not possible due to limitations on 

computational resources. Nevertheless, B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) calculations 

yielded hydrogenation energies of ortho-, meta-, and para-benzoquinone to form the corresponding 

benzenediol that are correlated reasonably well with G3 theory and with experimental values16 (cf. 
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entries 1–3, Table 4-1). Getting the heat of formation of phenols and catechols has proven to be 

difficult, the experimental error bars are large (3–4 kcal/mol) (entry 1, Table 4-1).17 The energetics 

obtained were corrected for ZPE and for enthalpies (298. 15K and 1 atm).18 

 

Table 4-1. Hydrogenation Energies [∆H௛௬ௗ (kcal/mol)] of a Series of Benzoquinones to Form the 
Corresponding Benzenediols. 

Entry Method o-benzoquinonea m-benzoquinonea p-benzoquinonea 

1 Experimentb 42.8 ± 4.1 74.8 ± 4.1 38.5 ± 3.0 
2 G3b 44.6  72.2  34.1  
3 B3LYP/a//B3LYP/bc 42.0  64.6  32.8  

a Computed values obtained from reactions (a)-(c), which include the sum of electronic and thermal 
enthalpies. b Ref 17. c a = 6-311+G(d,p); b = 6-31G(d). 

 
 
 

 
 
 

 
 

 

The success of DFT methods can be asserted on previous B3LYP/6-31+G(d,p) studies that 

have been successful in predicting redox potentials of quinones.19 We20 and others21–25 have used 

B3LYP/6-31G(d) or B3LYP/6-31+G(d) computations, which performed well in predicting the 

relative energetics of 1,2-dithiacyclobutene (dithiete, c-C2H2S2) and dithioethanedial (S=CHCH=S). 
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Similarly, Contini et al. conducted B3LYP/TZVP//B3LYP/6-31G(d) calculations and showed that 

o-thioquinones react with electron rich-alkenes by forming benzoxathiin cycloadducts, which were 

consistent with the product outcome observed in experimental studies.26,27 Additional evidence for 

the suitability of DFT methods is due to Cramer et al.28,29 and Houk et al.,30 as they have reported that 

the energetics of diradicals calculated with unrestricted DFT are in reasonable agreement with 

methods such as CCSD(T), which account for long-range correlation effects. 

 
4.3. Results and Discussion 

 

We report the results of a DFT study on sulfur-substituted catechols 1–3, their 

corresponding quinones, monoradicals, diradicals, and a dithiete. We start by describing the 

computed structural features of 1–3. Second, we describe the computed heats of formation (∆H௙
଴) of 

quinone, monoradical, diradical, and dithiete structures, which could theoretically arise from 

oxidations of 1–3.  

 

4.3.1. Computed Structures 

 

Compounds 1–3 were optimized to minima at the B3LYP/6-31G(d) level of theory (Table 4-2). 

Phenol and catechol have CS symmetry. Compounds 1–3 have C1 symmetry. Bismercaptocatechol 3 

favors three intramolecular hydrogen bonds, an OHO hydrogen bond, an OHS hydrogen bond, and 

an SHS hydrogen bond. Low-energy conformers of catechol and 1–3 show H–O bonds [e.g., the H–

O bond distances of 2.12 Å (Ha–O2 catechol), 2.12 Å (Ha–O2 1), 2.12 Å (Hb–O1 2), 2.09 Å (Hb–

O2 3)] and H–S bond distances somewhat similar to each other [2.45 Å (Hb–S1 1) and 2.95 Å (Hd–

S1 3)]. The calculated structures predict that the O−H–O bonds possess a planar structure. The 
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dihedral angles of catechol (Ha−O1−C1−C2), 1 (Ha−01−C1−C2), and 3 (Hb−O2−C2−C1) are 

equal to 0.0º. On the other hand, the S−H–O and S−H–S bonds are out of plane. The dihedral 

angle of 1 (Hc−S1−C3−C4) is equal to 91.7º, that of 2 (Hd−S3−C4−C3) is equal to 47.6º, and that 

of 3 (Hd−S2−C4−C3) is equal to 55.5º. The suitability of the B3LYP/6-31G(d) computations are 

based on their adequate reproduction of the experimental X-ray data of phenol31 and thiophenol.32 

The computed heats of formation of the mono- and diradicals, and quinones are the subject of the 

following sections. 

 

 

 

 

Table 4-2. Calculated Bond Lengths of Phenol, Catechol, and 1-3 (in Å) 

 

 
 

 

Compound 
 

C1-O1 C2-O2 C3-S1 C4-S2 O2-S1 
 

phenol 
catechol 

1 
2 
3 
 

 

1.37 
- 

1.36 
1.38 
1.38 

 

 

1.38 
1.36 
1.37 
1.36 
1.37 

 

 

- 
- 

1.80 
- 

1.78 
 

 

- 
- 
- 

1.80 
1.79 

 

 

- 
- 

3.06 
- 

3.01 
 

 

Compound 
 

Ha--O2 Hb--S1 Hb--O1 Hc--O2 Hd--S2 

 

phenol 
catechol 

1 
2 
3 
 

 
- 

2.12 
2.12 

- 
- 
 

 
- 
- 

2.45 
- 
- 
 

 
- 

3.64 
- 

2.12 
2.09 

 

 
- 
- 
- 
- 

2.23 
 

 
- 
- 
- 
- 

2.95 
 

 

Structures optimized at the B3LYP/6-31G(d) level.  
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4.3.2. Heats of Formation, ∆۶ࢌ
°  

 

The experimental heats of formation for phenol and catechol have been reported.33,34 In our 

calculations phenol is predicted to have a value of ∆H௙ሺ୥ୟୱሻ
°  = -22.8 kcal/mol obtained by ring 

conserving isodesmic reactions from reaction (i), and a value of -23.1 kcal/mol from reaction (ii), 

which compare well with the experimental value (-23.0 ± 0.1 kcal/mol)35 (Table 4-3). Catechol is 

predicted to have a value of ∆H௙ሺ୥ୟୱሻ
°  = -67.6 kcal/mol from reaction (iii), a value of -66.5 from 

reaction (iv), which compare well with the experimental value of about -65.7 ± 0.3 kcal/mol.36,37 

Compound 1 is predicted to have a value of ∆H௙ሺ୥ୟୱሻ
°  = -61.8 kcal/mol obtained isodesmically from 

reaction (v). Compound 2 is predicted to have a value of ∆H௙ሺ୥ୟୱሻ
°  = -58.7 kcal/mol from reaction 

(vi). Compound 3 is predicted to have a value of ∆H௙ሺ୥ୟୱሻ
°  = -51.9 kcal/mol from reaction (vii).  

 

Table 4-3. Calculated ∆H௙ሺ୥ୟୱሻ
°  of Phenol, Catechol, and 1-3 (kcal/mol) 

Compound Calculated ∆H௙ሺ୥ୟୱሻ
°  Experimental ∆H௙ሺ୥ୟୱሻ

°  

Phenol -23.2±0.4a -23.0±0.2 f 
Catechol -67.1±0.8 b -65.7±0.3 g 

1 -61.8 c - 
2 -58.7 d - 
3 -51.9 e - 

a Reactions i and ii. b Reactions iii and iv. c Reaction v. d Reaction vi. e Reaction 
vii. f Ref. 34. g Ref. 35 and 36. Computed values obtained with B3LYP/6-
311+G(d,p)//B3LYP/6-31G(d). 
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The above analysis suggests that our computed gas-phase heats of formation are in good 

agreement with the experiment data. Few experimental heats of formation of aryl oxygen- or sulfur-

radicals are described in the literature.33 DiLabio and Mulder reported an experimental ∆H௙ሺ୥ୟୱሻ
°  

value for hydroxyphenoxy radical of 79.7 kcal/mol.38 Described next are computations of 

monoradicals from hydrogen atom loss of 1–3.  
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4.3.3. Monoradicals 

 

We report computed ∆H௙ሺ୥ୟୱሻ
°  for monoradicals 1a–1c,2a–2c,3a–3d (Tables 4-4 to 4-6). 

Calculations were performed at the B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level, and the 

isogyric reactions used to arrive at the relative energetics are described in the footnotes of Tables 4-3 

to 4-5.  For example,  hydroxymercaptophenoxy radical  1a  and two benzene molecules were 

compared 

 

Table 4-4. B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) Calculated ∆H௙ሺ୥ୟୱሻ
°  for 1a-ca 

 

Compound 
Calculated ∆H௙ሺ୥ୟୱሻ

°
 

(kcal/mol) 
Relative ∆H௙ሺ୥ୟୱሻ

°
 

(kcal/mol) <S2> 
 

1a 
1b 
1c 

 

-55.0 
-59.6 
-63.5 

8.5 
3.9 

(0.0) 

0.75 
0.75 
0.75 

a Values obtained from isogyric reactions viii-x. Values include the sum of electronic 
and thermal enthalpies. The calculated ∆H௙ሺ୥ୟୱሻ

°  for 3-mercaptocatechol 1 is -61.8 
kcal/mol (Table 4-3). 
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isogyrically with benzenethiol, phenoxy radical, and phenol (reaction (viii), Table 4-4). Compounds 

1a–1c,2a–2c, and 3a–3d all possess computed <S2> values of 0.75.  

 

 

Table 4-5. B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) Calculated ∆H௙ሺ୥ୟୱሻ
°  for 2a-ca 

 

Compound 
Calculated ∆H௙ሺ୥ୟୱሻ

°
 

(kcal/mol) 
Relative ∆H௙ሺ୥ୟୱሻ

°
 

(kcal/mol) <S2> 

2a 
2b 
2c 

-59.8 
-55.7 
-57.8 

(0.0) 
4.1 
2.0 

0.75 
0.75 
0.75 

a Values obtained from isogyric reactions xi-xiii. Values include the sum of electronic 
and thermal enthalpies. The calculated ∆H௙ሺ୥ୟୱሻ

°  for 4-mercaptocatechol 2 is -58.7 
kcal/mol (Table 4-3). 
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The S-centered radical 1c is predicted to be of greater stability compared with the O-

centered radicals 1a and 1b (Table 4-4). However, the monoradicals 2a–2c reveal a different stability 

pattern, in which the O-centered radical 2a is of greater stability compared with S-centered radical 

2c and O-centered radicals 2b (Table 4-5). Compound 2b is destabilized by 4.1 kcal/mol compared 

with 2a. Our computed data show that monoradicals derived from the hydrogen atom abstraction of 

3 can yield four different radical structures, 3a–3d (Table 4-6). S-centered radicals 3c and 3d are 

slightly lower in energy compared with the O-centered radicals 3a and 3b. The energetics of 3a–3d 

are similar and thus appear to be isoenergetic. This suggests that the stability of the monoradicals 

1a–1c,2a–2c,3a–3d is not limited to the single variable of radical localization on sulfur versus 

oxygen.  
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Calculations predict that monoradicals 1a–1c, 2a–2c, and 3a–3d can form by a one-electron 

process; namely, hydrogen atom loss from the corresponding neutral compounds, 1–3. There is a 

fairly small energy difference between the radicals within each series. How neutral 1–3 may lose two 

electrons, namely, the loss of two hydrogen atoms from 1–3 to access diradicals, quinones, 

thioquinones, dithioquinones, and a benzodithiete is the focus of the next section.  

Table 4-6. B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) Calculated ∆H௙ሺ୥ୟୱሻ
°  for 3a-da 

 

Compound 
Calculated ∆H௙ሺ୥ୟୱሻ

°
 

(kcal/mol) 
Relative ∆H௙ሺ୥ୟୱሻ

°
 

(kcal/mol) <S2> 

3a 
3b 
3c 
3d 

-50.2 
-50.6 
-51.7 
-51.1 

1.5 
1.1 

(0.0) 
0.6 

0.75 
0.75 
0.75 
0.75 

a Values obtained from isogyric reactions xiv-xvii. Values include the sum of electronic 
and thermal enthalpies. The calculated ∆H௙ሺ୥ୟୱሻ

°  for 3,4-bismercaptocatechol 3 is -51.9 
kcal/mol (Table 4-3). 
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4.3.4. Diradicals 

 

Calculated ∆H௙ሺ୥ୟୱሻ
°  of quinones and diradicals 1d–1f, 2d–2f, 3a–3j, and a dithiete 3k are 

reported (Tables 4-7 to 4-9). The isogyric reactions used to arrive at the predicted energetics are 

described in the footnotes of Tables 4-7 to 4-9. For example, 3-mercapto-o-benzoquinone 1d and 

benzene are compared isogyrically with benzenethiol and o-benzoquinone (reaction (xviii), Table 4-

7). The <S2> values of 1d, 1e, 2d, 2e, 3e, 3h, 3j, and 3k are about equal to zero. Compounds 1f, 2f, 

3f, 3g, and 3i possess <S2> values of about 2.0. Triplet energies were obtained using the singlet–

diradical optimized geometries of 1f, 2c, 3f, and 3i to determine whether the ground states were 

singlet or triplet. The singlet–triplet gap (∆EST) of 2f was estimated using the triplet-diradical 

optimized geometry since the singlet-state geometry did not converge under default convergence 

criteria.  

 

o-Benzoquinone 1d is more stable than the o-thiobenzoquinone 1e and the non-Kekulé 

diradical 1f. Triplet 1f is lower in energy than singlet 1f. The energy of triplet 1f is nonetheless quite 

high (endothermic by 21.1 kcal/mol) compared to 1d. A triplet diradical is also observed in 2f when 

considering the series 2d–2f (Table 4-8). The p-thioquinone 2e is more stable than the o-thioquinone 
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2d and the O- and S-centered triplet diradical 2f. Compound 2d lies 5.0 kcal/mol above 2e. A 

greater number of possible radical and quinone intermediates arise from the abstraction of two 

hydrogen atoms from 3, namely 3e–3k (Table 4-9). The energetics favor the formation of dithiete 

3k, which is pronounced, compared with 3e–3i, although the formation of 3j may be competitive 

since it is only destabilized by 4.9 kcal/mol. Dithietes are known in a number of experimental 

systems.39,40 Dithiobenzoquinone 3e is destabilized by 15.5 kcal/mol compared with the most stable 

isomer dithiete 3k. The equivalent 4-membered ring peroxide, benzo[c][1,2]dioxete (3l) is a high-

energy isomer, endothermic by 81.5 kcal/mol relative to the corresponding dithiete 3k (Equation 4-

1, page 71). 

 

Table 4-7. B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) Calculated ∆H௙ሺ୥ୟୱሻ
°  for 1d-fa 

 

Compound 
Calculated ∆H௙ሺ୥ୟୱሻ

°
 

(kcal/mol) 
Relative ∆H௙ሺ୥ୟୱሻ

°
 

(kcal/mol) <S2> 

1d 
1e 
1f 

-14.0 
-10.2 
7.1 

(0.0) 
3.8 

21.1b 

0.00 
0.00 
2.04c 

a Values obtained from isogyric reactions xviii-xx, which include the sum of electronic 
and thermal enthalpies. b Triplet ground state. c ∆EST = 9.8 kcal/mol. The <S2> value 
of singlet 1f singlet is 0.10. 
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In all cases, the non-Kekulé diradicals are high-energy species compared with the closed shell 

species. It is not surprise to see the diradicals are much higher in energy; for example, m-quinones 

are known to be far less stable than o- and p-quinones.41,42 The above singlet–triplet energy gaps 

appear to be reasonably predicted even though a relatively low level of theory was used. For 

comparison, the ΔEST of m-xylylene diradical (7) is predicted to be 13.4 kcal/mol [B3LYP/6-

311+G(d,p)//B3LYP/6-31G(d) with spin projection], 13.2 kcal/mol [B3LYP/6-31G(d) with spin 

projection],43,44 7.1 kcal/mol [UCCSD(T)/4-31G],45 ∼10 kcal/mol (π-CI),46,47 and 11.0 kcal/mol 

[CASPT2N/6-31G(d)],48 which compares well with the experimental value of 9.6 kcal/mol 

measured by photoelectron spectroscopy.49 The isogyric B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) 

∆H௙ሺ୥ୟୱሻ
°  of triplet ground state diradical 7 is 77.2 kcal/mol, which is similar to the experimental 

value of 80 ± 3 kcal/mol [Equation (4-2)].50 
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Table 4-8. B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) Calculated ∆H௙ሺ୥ୟୱሻ
°  for 2d-fa 

 

Compound 
Calculated ∆H௙ሺ୥ୟୱሻ

°  
(kcal/mol) 

Relative ∆H௙ሺ୥ୟୱሻ
°

 

(kcal/mol) <S2> 

2d 
2e 
2f 

-14.0 
-19.0 
7.1 

5.0 
(0.0) 
26.1 b 

0.00 
0.00 
2.04 c 

a Values obtained from isogyric reactions xxi-xxiii, which include the sum of electronic 
and thermal enthalpies. b Triplet ground state. c ∆EST = 7.1 kcal/mol. It was 
determined using a single point calculation of the singlet compound on the triplet-
diradical optimized geometry. 

 
 

 
 

 
 

(4-2)

7

+ 2
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Table 4-9. B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) Calculated ∆H௙ሺ୥ୟୱሻ
°  for 3e-ka 

 

Compound 
Calculated ∆H௙ሺ୥ୟୱሻ

°
 

(kcal/mol) 
Relative ∆H௙ሺ୥ୟୱሻ

°
 

(kcal/mol) <S2> 

3e 
3f 
3g 
3h 
3i 
3j 
3k 

-9.1 
-2.7 
-2.0 
-12.8 
-0.9 
-19.7 
-24.6 

15.5 
21.9b,c 
22.6d,f 
11.8 

23.7b,g 
4.9 

(0.0) 

0.00 
2.02 
0.04 
0.00 
2.03 
0.00 
0.00 

a Values obtained from isogyric reactions xxiv-xxx, which include the sum of electronic and thermal 
enthalpies. b Triplet ground state. c ∆EST gap is equal to 7.1 kcal/mol. The <S2> value of singlet 3f is 
0.09. d Singlet ground state. f ∆EST gap is equal to about 1 kcal/mol. The <S2> value of singlet 3g is 
0.05. g ∆EST gap is equal to 3.9 kcal/mol. The <S2> value singlet 3g is 0.14. The calculated ∆H௙ሺ୥ୟୱሻ

°  
for 3 is -51.9 kcal/mol (Table 4-3). 
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4.4. Conclusion 

 

This study has uncovered a new aspect to 3,4-bismercaptocatechol chemistry. The 

calculations predict the formation of dithiete 3k from the loss of two hydrogen atoms in 3 instead of 

the formation of quinone or diradical intermediates. Non-Kekulé diradicals are destabilized 

compared with their o- or p-quinone counterparts, which may be intuitively obvious, but allowed us 
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to predict the structures likely to emerge when two H atoms are removed from 1–3. Our theoretical 

study also provides evidence that monoradical stability is not determined solely by whether the 

radical is centered on the sulfur or oxygen center (cf., 1a with 2c, and 3b with 3d). We do not 

ascribe a trend in radical stability due to intramolecular hydrogen bonding or loss thereof, in which 

one could imagine stronger OHO type hydrogen bonds compared with SHO and SHS hydrogen 

bonds (cf., 1c with 1a, and 3d with 3a). For 1–3, the SHO and SHS hydrogen bonds are twisted out-

of-plane, but the OHO hydrogen bonds are in-plane. Our study cannot discriminate whether a 

pathway is favored in a simultaneous two-electron process or by two sequential one-electron 

processes from 1–3. Aside from the interest in products formed from the loss of hydrogen atoms 

from 1–3, it is of special significance that the factors related to hydrogen atom loss are coupled with 

chain termination in dimer or oligomer structures. 
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