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SULFUR EXTRUSION REACTIONS OF THITRANES @
KINETICS AND MECHANISTIC INVESTIGATIONS

by Warren Chew

ABSTRACT

A kinetic study on the thermal decomposition of 2,2-dichloro-3-[9-fluorenyl]
¢pisulfide (28) was investigated in detail. Solid cvidence as to the nature of the
desulfurization process is given. A two-term rate equation is derived to account for the
overall rate changes. Both a unimolecular and bimolecular ionic mechanism involving
the concatenation of sulfur atoms was proposed to account for the observed kinetic
hehaviour. An extended study in 15 different solvents at different temperatures showed
the desulfurization is ionic in nature. Activation parameters were calculated and
rationalized with respect to differences in solvation of the ground and transition states. A
linear isokinetic relationship was found indicating a similar mechanisin of decompposition
in these solvents, Rates of reaction were also found to be linearly correlated with
diclectric constant as well as the * scale of Kamlet and Taft. A solvent isotope effect
was found 1o exist and the rate of desulfurization is decreased in the presence of acetic
acid. A radical mechanism is discounted from a rate study in the presence of radical
inhibitors.

Several new disubstituted 9-fluorenones were prepared for the first time using
Meyers methodology. These and other mono and disubstituted fluorenones were
employed in an effort to synthesize a variety of novel stable thiiranes. Only three
thiiranes were prepared in this manner. The X-ray crystal structures of 2,2-dichloro-3,3-
diphenyl episulfide (110) and 2,2-dichloro-3-dibenzosuberonyl episulfide (123) were
also obtained for the first time.

Thiirane 28 as well as sodium cyanodithioformate (139) were investigated as
possible precursors to diatomic sulfur but no evidence of this interesting intermediate
was detected. The chlorination of tetramethylthiuram disulfide, however, in the presence
of 1,3-dienes, afforded products consistent with the trapping of diatomic sulfur.

O cl O o1 O cl s

28 123



REACTIONS D'EXTRUSION DU SOUFRE DES THIRANES ¢
ETUDES CINETIQUE ET MECANISTIQUE

ar Warren Chew
P

RESUME

Une étude cinétique sur la décomposition thermique des 2,2-dichloro-3-{9-
fluorényl] épisulfures (28) a éié éffectude en déwil. Des preuves tangibles sur la nature
du mécanisme de désulfurisation sont donndes. L'¢tude cinétique a débouché sur une
équation de vitesse & deux termes. Deux mdcanismes ioniques, unimoléealaire et
bimoléculaire, tenant compte de la concentration en atome de soufre ont éié proposés
pour expliquer le comportement cinétique observé. Une ¢tude approfondic utilisant 15
différents solvents i differentes températures a montré que cette réaction de
désulfurisation est ionique. Les parametres dactivation ont ¢été calculés et raiionalisés en
tenant compte des différences de solvatation entre les états de base et de wansitton. Une
relation linéaire d'isocinétique a été trouvée montrant un mécanisme de décomposition
similaire dans tous les solvents. Les vitesses de réaction sont ¢galement apparues,
corrélées linéairement avec les constantes diélectriques tout comme l'échelle m* de
Kamlet et Taft. Un effet isotopique du solvent a été mis en évidence ct la vitesse de
désulfurisation décroit en présence d'acide acétique. Le mécanisme radicalaire est rejeté
par une €tude de vitesse en présence d'inhibiteurs radicalaires.

De nouvelles 9-fluorénones disubstituées ont été synthétisées pour la premicre
fois en employant la méthodologie de Meyers. Les fluorénones di et monosubstituées
ont ét€ utilisées pour tenter la synthése de nouveaux et stables thiiranes, seculement trois
ont été obtenues par cette méthode. Les structures aux rayons-X du 2,2-dichloro-3,3-
diphényl épisulfure (110) et du 2,2-dichloro-3-dibenzosuberonyl épisulfure (123) sont
€galement €t€ obtenues pour la premigre fois.

La thiirane (28) et le cyanodithioformate de sodium (138) ont é1€ utilisées comme
possibles précurseurs de soufre diatomique mais aucune evidence de cet interessant
intermediare a été detecté. Cependant, la chlorination de tétraméthylthiurame disulfure
en présence de diénes-1,3 conduit aux produits d'addition du soufre diatomiyue.
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CHAPTER 1
INTRODUCTION

1.1 THIIRANES

It is almost inevitable that a comparison be made of thiiranes 1 with their oxygen
counterpart oxiranes, in view of their similarities in structure and proximity of their
heteroatoms to each other in the periodic table. In contrast to the chemistry of oxiranes
which has been studied enormously, thiiranes or episulfides have received much less
attention. The limited literature on thiirane chemistry may be attributed to their lack of
easy availability, their limited stability and their characteristic unpleasant smell of the
lower molecular weight members.  Thiiranes are more prone to spontancous
polymerization than oxiranes and are less convenient to store. Desulfurization is a
common pathway in the reaction of thiiranes but deoxygenation of oxiranes is seldom
observed. The ring-opening reactions of thiiranes have received less consideration in
contrast to the ring-opening reactions of oxiranes.

It is only in the last decade when researchers discovered the importance of
thiirane and its chemistry. Several reviews on the synthesis, physical propertics, and
reactivity of thiiranes have appeared recently.! A number of novel methods of synthesis
has been developed and the behaviour of thiiranes in many reactions has been examined.
Several new technical applications of thiiranes have also been demonstrated in recent
years. A variety of biologically active substances has been synthesized containing the
thiirane functionality and in some cases have been found to be more potent than its
oxirane analogue. Thiiranes have also been employed in synthetic carbohydrate
chemistry.2

! a) A. V. Fokin and A. F. Kolomicts, Russ. Chem. Rev., 44, 138 (1975); b) A. V. Fokin and A, F,
Kolomiets, Russ. Chem. Rev., 45, 25 (1976); ¢} E. Vedejs and G. A, Krafly, Tetrahedron, 38,
2857 (1982); d) A. V. Fokin, M. A, Allakhverdiev, and A. F. Kolomicts, Russ. Chem. Rev., 59,
405 (1990).

2 D. Miljkovic, M. Popsavin, N. Vukojevic, and N. A. Hughes, J. Carbohydr. Res., 9,215 (1990).
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1.2 NOMENCLATURE
Three-membered rings containing one sulfur atom are named thiiranes 1 with the
ring numbering starting at the sulfur atom. Several systems of nomenclature have been

widely used :

a) Substitution method whereby the position of the sulfur atom which replaces the
carbon atom in the parent molecule is indicated by number and the "thia" prefix;

b) Name of alkene + cpisulfide;

¢) Name of alkene + sulfide;

d) Lpithioalkane with position of functional group given by numbers;

¢) Episulfide + "name of alkene".

Thus compound 2 may be called 7-thiabicyclo[4.1.0] heptane, cyclohexene episulfide,
cyclohexene sulfide, 1,2-epithiocyclohexane, or episulfide of cyclohexene according to
the nomenclature sysiems a) through €) respectively. For larger molecules, the episulfide
or epithio designation is commonly used. In most cases, however, thiirane is the more
general term used to define compounds containing this functional group.

6
15 5 1
7
VAV -
3
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1.3 PHYSICAL PROPERTIES

The physical properties of the parent thiirane has been reviewed by Dittmer? and
Sander. Typical C-C bond lengths in thiiranes fall between 1.37 A to about 1.60 A and
C-S bonds range from 1.73 A t0 1.92 A. The C-C bond length in thiirane suggests a
partial double bond character as a typical sp3-sp? C-C bond is about 1.55 A and a C=C
bond 1.34 A. The CSC angle is about 48°C for the parent thiirane but this varies a litle
depending on the substituents present in the molecule. Table 1 lists bond lengths and
angles for the parent thiirane and their oxides as well as data for its analogues, aziridine,
oxirane, and phosphorane. The sharp difference between the strain energy of

3 D.C. Dittmer, "Comprehensive Heterocyclic Chemistry”, A. R. Kalritzky and C. W, Rees, Eds,,
Pergamon Press: London, 1984, Vol. 7, Chapter 5.06.
4 M. Sander, Chem. Rev., 66, 297 (1966).



cyclopropane and its heteroatom analogues is indicative of the higher degree of
stabilization of the heterocyclic compounds by m—clectrons of the heteroatom.  The
contribution of the m-electrons enhances the unsaturated character of the thiirane ring
which is responsible for its greater stability compared with the oxirane ring.  The
increase in stability of thiirane is also reflected in a lower strain enthalpy and entropy
compared with oxirane (59.2 eu. and 38.4 keal/mol for oxirane and 21,5 cu. and 17.6
kcal/mole for thiirane).’

Table 1. Bond lengths and bond angles for 3-membered ring heterocycles.

X
o NHP P s so! SO,

—_—

Cc-C 1.472 1.480 1.502 1.492 1.504 1.590
C-X 1.436 1,488 1.807 1.819 1.822 1.731
C-X-C 61°24' - 47°24' 48°2¢4' 48°4¢' 54°40'
C-C-X 59°18' - 66°18' 65°48' 65°37° 62°4(
2 G. Cunningham, Jr., A. W. Boyd, R. ). Myers, W. D. Gwinn, and W. 1. LeVan, J. Chem. Phys., 19,
676 (1951); bT E Turner, V. C. Fiora, W. M. Kendrick, and B. L. Hicks, J. Chem. Phys., 21, 564
(1953); € M., T. Bowers, R, A. Beaudet, H, Goldwhite, and R. Tang, J. Am, Chem. Soc., 91, 17 (1969); d

S. Saito, Bull. Chem. Soc. Jpn., 42, 663 (1969); © Y. Nakano, S. Saito and Y. Morino, Bull. Chem. Soc.
Jpn., 43, 368 (1970).

The principle ions cbserved in mass spectra of thiiranes are due to loss of a hydrogen
atom or alkyl group. Loss of neutral SH is often observed as well as loss of sulfur. A
rearrangement to a thioaldehyde or thioketone followed by loss of hydrogen or alkyl
group is also a preferred route in electron impact mass spectroscopy. Absorptions in the
UV spectra of thiiranes are usually found between 205 nm to 260 nm. The IR spectrum
of thiirane has been extensively analyzed® but aside from the parent compound, little IR
and Raman work has been done on this class of compound. The reported C-S streiching
vibration frequencies for thiirane are 651 cm-! and 611 cm-1.7

5 R. Keicham and V. P. Shah, J. Chem. Eng. Data, 11, 106 (1966).

Gas phase : H. W. Thompson and W. T, Cave, J. Chem, Soc., Faraday Trans., 47,951 (1940),

Liquid phase : G. B. Guthrie, D. W. Scott, and G. Waddinglon, J. Am. Chem. Soc., 74, 2795

(1952).

7 W. D. Allen, 1. E. Bertie, M. V. Falk, B, A, Hess, Ir., G. B. Mast, D. A, Othen, L. J.Schaad, and
H. F. Schaefer Ii1, J, Chem. Phys., 84,4211 (1986).



A number of X-ray crystallographic structures of thiiranes have been
documented. The first X-ray structure of a thiirane ring system was reported in 1972 by
Bites.?  They found that the shortness of the C-C bond joining the episulfide ring
supported the view that carbons in an episulfide ring are between sp2 and sp3 hybridized.
The first metal carbonyl derivative containing two coordinated episulfide rings was
recently reported.?  The cis-1,4 cyclohexadiene bisepisulfide complex of chromium
tetracarbony! (3) showed that the C-S bond lengths of 1.915 A appears to be the longest
observed to date in episulfide ring systems. The C-S-C bond angles of 47.3° are within
the expected range for the episulfide ring.

CO
CO
%
L.
| ~co
CcO
3

Another metal substituted thiirane, triphenylsilyl thiirane, was shown to have a propeller-
type molecular structure and that the C-C and C-S bonds are significantly shortened.!?
The X-ray crystal structures of two highly hindered thiiranes, 2,2-di-t-butyl-3,3-diphenyl
thiirane!! and adamantylideneadamantane thiirane,!? showed long C-S bond distances.
Longer C-C bonds from the thiirane ring to the t-butyl and phenyl groups were also
observed. Crystallographic data of thiiranes containing exocyclic double bonds have also
been reported. i3 Thiirane 4a, containing one exocyclic double bond, showed the inherent
ring strain as well as the unsymmetrical ring structure whereas thiirane 4b proved to be
nearly symmetrical with a characteristic shortening of the C-C bond of the thiirane ring.

R. B. Baies, R. A. Grady, and T. C. Sneath, J. Org. Chem.,, 37,2145 (1972).
E. W. Abel, N, A. Cooley, K, Kite, K. G. Orrell, V. $ik, M. B. Hursthouse, and H. M. Dawes,
Polyhedron, 8, 887 (1989).

10 G. Barbieri, G. D. Andrectti, G. Bocelli, and P. Sgarabouo, J. Organomer. Chem., 172, 285
(1979).

1 A. Mugnoli and M. Simonctia, Acta. Cryst., B32, 1762 (1976).

2 G. A. Tolstikov, B. M. Lerman, L. 1. Umanskaya, Y. T. Struchkov, A, A, Espenbetov, and A. L.
Yanovsky, Tetrahedron Lett., 21, 4189 (1980).

13 a) W. Ando, Y. Hanyu, Y. Kumamoto, and T. Takata, Tetrahedron, 42, 1989 (1986); b} N.
Tokitoh, H, Hayakawa, M. Goto, and W. Ando, Chem. Lezt., 961 (1988).
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The crystal data of a related molecule, thiiranimine § also show the unsymmetrical nature

of the thiirane ring due to an exocyclic C=N double bond.'*  Another thiiranimine was
also reported!s as well as the similar a-thiolactone which contains a exacyclic C=0.16

Several other crystal structures of thiiranes were examined including steroidal thiiranes,!”
spiro thiiranes,!¥ a Dewar-type thiophene derivative,'” and a polyether antibiotic,
acanthifolicin, which contains the rare thiirane functionality in a natural product.?® The
reported bond lengths and bond angles are all within the expected range in cpisuifide
rings. Only a few X-ray structures of episulfoxides?! are reported and to our knowledge
only one X-ray structure of an episulfone has been cited.2?

14 E. Schaumann, H. Nimmesgem, and G, Adiwidjaja, Angew. Chem. Int. Ed. Engl., 21, 694
(1982).

15 G. L'abbé, 1.-P. Dekerk, J.-P. Declercq, G. Germain, and M. V. Meerssche, Angew. Chem. Ini.
Ed. Engl., 17,195 (1978).

16 E. Schaumann and U. Behrens, Angew. Chem. Int. Ed, Engl., 16,722 (1977).

17 a) K. U. Oda and H. Koyama, J. Chem. Soc., Perkin Trans. II, 1866 (1973); b) K. U. Oda and H.
Koyama, J. Chem. Soc., Perkin Trans. I, 933 (1975).

18 a) W. W. Ng and S. C. Nyburg, J. Chem. Soc., Chem. Comm., 555 (1978); b) K. Fukuyama, S.
Fujii, and Y. Katsube, Acta Cryst., C39, 248 (1983).

19 N. Kikutani and Y. litaka, Acta. Cryst., B31, 1478 (1975).

20 F. J. Schmitz, R. $. Prasad, Y. Gopichand, M. B. Hossain, and D. V. Helm, J. Am. Chem. Soc.,
103, 2467 (1981).

2l a) H. Koyama and H. Nakai,J. Chem, Soc., Perkin Trans. 11, 741 (1977); b) B. F. Bonini, E.
Foresti, R, Leardini, G. Maccagnani, and G, Mazzanti, Tetrahedron Leu., 25,445 (1984), c) W.
Ando, Y. Hanyu, and T. Takata, Tetrahedron Leit., 25, 1483 (1984); d) W, Ando, Y. Hinyu, and
T. Takata, J. Org. Chem., 51,2122 (1986),

2 R. Desiderato and R. L. Sass, Acta. Cryst., 23, 430 (1967).



1.4 NATURALLY OCCURRING THIIRANES

Only a small handful of naturally occurring substances containing the unigue 3-
membered heterocyclic are known. In 1980, Peppard and coworkers®? discovered by gas
chromatographic analysis that about 10-350 ppm of the components of hop oils were 3
sesquiterpenes, 2 humulenes 6a and 6b and an epithiocaryophyliene 6¢.

~L_/ ___J
S / S
\ \
6a 6b 6¢c

An epithiospecifier protein was found to be present in both turnip tissue and crambe
sced.  The parent thiirane molecule, ethylene sulfide, and 2-methyl thiirane were 2
compounds of over 90 other organic compounds identified in the aroma of canned beef
and of cooking mution.2® Cabbage and rutabagas were found to contain 2-cyano methy!
thiirane and thiirane carboxylic acid was found in white asparagus. Some thiiranes are
found during degradation of the sulfur containing amino acids, cysteine, cystine, and
mcthionine. Acanthifolicin, a polyether carboxylic acid from the extracts of a marine
sponge was shown to contain an episulfide ring,20

1.5 BIOLOGICAL ACTIVITY

Many thiiranes are know to be very useful as potent drugs. Epitiostanol (7) and
its derivatives are antitumor drugs which are effective against breast cancer but studies
also show these compounds were toxic in rats.2¢ Other epithiosteriodal derivatives such
as the carbenolides are useful as respiratory stimulants and blood pressure increasing
agents.” Two thiiranyl steroids which have been synthesized were demonstrated to be

a3 T. L. Peppard, F. R, Sharpe, and 1. A, Elvidge, J. Chem. Soc., Perkin Trans. 1, 311 (1980).

H a) H. L. Tookey, Can.J. Biochem., 51, 1654 (1973); b) R. A, Cole, Phytochem., 17, 1563
(1978).

25 L. N. Nixon, E. Wong, C. B. Johnson, and E. . Birch, J, Agric. Food Chem., 27, 355 (1979).

% a) T. Hori, T. Miyake, K. Takeda, and J. Kato, Prog. Canc, Res. Ther., 10, 159 (1978);b) Y.
Muracka, 1. Yahara, F, Tioh, H. Watanabe, and H. Nara, Chem, Abs., 90, 146152f (1979); ¢) K.
Takeda, Chem. Abs., 92, 34512h (1980).

27 D. Sato, Chem, Abs., 70, 4442p (1969).
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useful inhibitors of human placental aromatase™ and lanosterol 14 demethylase
(P430, 44, Which is a cytochrome enzyme responsible for the first stage in the
biosynthesis of cholesterol from lanosterol.®® Thioglycidates 8, which have been shown
to control hypertension, are uscful as hypoglycemic agents.™® They act by irreversible
inhibition of mitochondrial  carnitine palmitoyl transferase-A  enzyme  which is
responsible for converting long-chain fatty acids into their ester derivatives.  This
inhibitory action effectively prevents further oxidation of these acids as they cannot enter
the mitochondrion where oxidation takes place. Thus, the blood glucose levels are
lowered. 3!

Me OR

S R =R, = H or Alkyl

R1\Ll‘/COR2 R, = OH, alkoxy, amino

R (CHCHy o q015

8

Cyclohexene sulfide is known to inhibit both L-glutathione transferase and aryl
hydrocarbon hydroxylase enzymes which are responsible for inducing skin tumors.’?
Substituted propylene sulfides were reported to be active against tuberculosis.?® Thiirane
is found to be more potent than oxirane as an antibacterial agent. Adducts of amines
with thiiranes act as immunosuppressants. Furanoid epithio sugar 9 has also been
reported as a potential immunostimulant.3® The sulfur analogue of cpoxycicosatrienoic
acid (10} has been synthesized as an arachidonate epoxygenase inhibitor albeit it is less
potent than the nitrogen or oxygen analogues.3s It was prepared by the treatment of the

3 W. E. Childers, P. S. Furth, M. I. Shih, and C. H. Robinson, J. Org. Chem., 53, 5947 (1988).

29 S. F. Tuck, C. H. Robinson, and J. V. Silverton, J. Org. Chem., 56, 1260 (1991).

30 a) W. Ho, R. J. Mohrbacher, and G. Tutwiler, US Paicnt 4196300, Chem. Abs., 93, 71528;
(1980); b) R. J. Mohrbacher, W. Ho, and G. Tutwiler, US Palent 4370343, Chem. Abs., 98,
149595d (1983).

n W. Ho, G. F. Tutwiler, S. C. Cotrell, D. I. Morgans, O. Tarhan, and R. J. Mohrhacher, J. Med.
Chem., 29,2184 (1986).

32 A. H. L. Chuang, H. Mukhtar, and E. Bresnick, J. Natl. Cancer Inst., 60, 321 (1978).

3 E. P. Adams, K. N. Ayad, F. P. Doyle, D. O, Holland, W, H. Hunter, J. H. C. Nayler, and A.
Queen, J. Chem. Soc., 2665 (1960).

M K. Adlgasser, H. Hiinig, and R. Zenk, Liebigs Ann. Chem., 283 (1987).

35 a) I. R, Falck, 8. Manna, J. Viala, A. K. Siddhanta, C. A. Moustakis, and J. Capdevila,
Tetrahedron Len., 26, 2287 (1985); b) J. R, Falck, P. Yadagiri, and J. Capdevila, Methods
Enzymol., 187, 357 (1990).



epoxyeicosiatrienoic acids with KSCN. Alpha-adrenergic blocking agents were prepared

using cthylene sulfide as the precursor.
M
o DMe — — COOH
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1.6 THNRANES USED IN INSECTICIDES/HERBICIDES

Some thiiranes are effective as insecticides. A study has shown that thiiranes
proved to be the most active against insects.’? Thiophosphates of 2-mercapto methyl
thiirane are strong insccticides’® and several thiirane 1-oxides were reported to be
sufficient to kill weeds, insects and snails.?® Chloropropene sulfide has been claimed to
be an cffective nematocide. 0

1.7 TECHNICAL APPLICATIONS

A number of useful applications of thiiranes have been reported. 2-methyl
thiirane has been used as a fuel gas odorant, 1,2-dimethy! and 1,2-diphenyl thiirane in
liquid crystals,®! thiirane in the enhancement of respiration of tobacco leaves and 2-
(methoxy methy!) thiirane as tobacco additives which reduces the nicotine and phenol
levels in smoke. Fluorinated thiiranes are useful as refrigerants or fire extinguisher
agents.*2 Thiiranes have also appeared in components of paint and vamish coatings,
insulating materials, semi-conductors and antioxidants.

Polymeric materials containing the epithio functionality possess excellent
mechanical properties. Epoxy resin compound 11 was found to be resistant to heat*? and

% R. Granados, M. Alvarez, N, Valls, and M. Salas, J. Heter. Chem., 20, 1271 (1983).

3 a) D. E. Frear and E. J. Sciferle, J. Econ. Entamol., 40, 736 (1947); b) ]. B, Siddall and C. A,
Henrick, US Patent 3723462, Chem. Abs., 78, 159402q (1973).

3% a) W. Lorenz, German Patent 1086712 (1960); b} G. Schrader and W. Lorenz, German Patent
1082915 (1960}, Chem. Abs., 55, 25983 (1961).

¥ G. E. Hartzell, US Patent 3413306 (1969), Chem. Abs., 70, 57418s (1969).

10 C. Harukawa, M. Sakai, and K. Konishi, Japanese Patent 9997 (1962), Chem. Abs., 60, 3440
{1964).

4 G. Gouarelli, P. Mariani, G. P. Spada, B, Samori, A. Fomi, G. Solladie, and M. Hibert,
Tetrahedron, 39, 1337 (1983).

42 F. C. McGrew, US Patent 3136744 (1964), Chem. Abs., 61,4312 (1964).

3 V. A. Dzhafarov, S. 1. Sadykh-Zade, S. K. Kyazimov, A. V. Ragimov, and S. D. Abbasova,
Chem. Abs., 91, 40423a (1979).
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aryloxypropene sulfides have been proposed as light and heat stabilizers tor poly(vinyD)
chloride and co-polymers of vinyl chloride.
S R = H, CH,
AV \o/mﬂ n=t,2
(CH,),
11

The oxirane analogues of the sulfides were found to be less effective.® Other resin
compounds were useful as photoresistors.  The poly(cthylene alycol) cther of 2-
hydroxymethyl thiirane showed improvement of antistatic properties of fiber and filis.
Poly(cthylene) sulfides have high tensile strength, 43

1.8 THERMAL AND PHOTOCHEMICAL REACTIONS

1.8.1 INTRODUCTION

The lower ring strain of thiiranes compared to other 3-membered rings (oxirane,
aziridine and cyclopropene) suggests thiiranes would be less reactive than oxirane (¢f.
Section 1.3). However, it is the lower bond energy of C-S (66 kcal/mol) compared with
the C-O bond (91 kcal/mol) that overrules the lower strain energy and which accounts for
much of the reactivity of this class of compounds. The thermal or photochemical
reactions involve either the cleavage of the carbon-sulfur bond, which often lead to
rearrangement products, isomeric or polymeric materials, or extrusion of suifur which
results in the formation of alkenes. Thiiranes that are highly aryl-substituted or whose
molecule is substituted with electron attracting groups are more likely to promote the
abstraction of sulfur. The gas phase thermal and photochemical reactions of thiirane and
its nitrogen and oxygen relatives have been reviewed by Braslavsky.4

1.8.2 SULFUR EXTRUSION

There are many non-thermal reactions that involve the extrusion of sulfur from
thiiranes but little work has been done on the thermally induced desulfurization reaction.
A recent review on thermal decomposition of sulfur compounds including thiiranes is
given by Williams and Harpp.#? Articles on the elimination of sulfur from thiiranes have

“ M. Kosmin, US Patcnt 2824845, Chem. Abs., 52, 9667 (1958).
43 P. Sigwall, Chim. Ind., Genie Chim., 104,47 (1971).

46 S. Braslavsky and 1. Heicklen, Chem. Rev., 473 (1977),

41 C. R. Williams and D. N. Harpp, Sulfur Repts., 10, 103 (1990).
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also appeared in the last few years.*® Tu appears that the first case involving spontancous
toss of sulfur from thiiranes subsdtuted by aryl or halogen was reported by Staudinger
and Sicgwart®® (Scheme 1) and Schonberg (Scheme 2).59 The thermolysis reaction of ¢is
or trans-2,3 diviny! thiirane (12a) loses sulfur at 90°C affording a mixture of cis and
trans 1,3,5-hexatrienes plus rearrangement dihydrothiepins.S!

s R, cl

R, Cl RS cl

R; = R, = phenyl, Scheme 1

s
~ SC.H, (21 sceh,

1
- — = + =5
2 | o 8T8
Scheme 2

However, Bergman3? showed that trans-2,3-diethynyl thiirane (12b) when heated at

100°C in toluene gave predominantly trans alkene but at 395°C in the gas phase, the
stereoselectivity is lowered.

48 a) Y. Suhara, Yukagaku, 32,466 (1983); b) F. S. Guziec, Jr. and L. J. Sanfilippo, Tetrahedron,
20, 6241 (1988).

49 H. Staudinger and J. Sicgwan, Helv. Chim. Acta., 3, 840 (1920),

3o A. Schinberg and L. V. Vargha, Liebigs Ann, Chem., 483, 176 (1930).

st a) M. P, Schacider and M. Schnaithmann, J. Am. Chem. Soc., 101, 254 (1979); b} 1. C.
Pommelet and J. Chuche, J. Chem, Res. (8), 56 (1979).

52 K. P. C. Vollhardt and R. G. Bergman, J. Am. Chem. Soc., 95, 7538 (1973).
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A chelotropic extrusion of a sulfur atom could explain the retention of stercochemistry
but it was considered unlikely and the authors concluded that the reaction was more
complicated.® In 1985, Lutz and Biellmann3! studied the mechanism of sulfur extrusion
of 2,2-dichloro-3-[9-fluorenyl] thiirane (¢f. Scheme 1), Their conclusion was that sulfur
loss was not a chelotropic extrusion but that a more complex process was involved.
Bouda and co-workers3® described the decomposition of furanic and aromatic thiiranes at
moderate temperatures (90°C) but at low lemperatures (0°C) desulfurization does not
take place. When thiirane 13 was heated gently, elemental sulfur was obtained and the
thiirane converted to the ethylene derivative 14.5¢ In the reaction of thiobenzophenone
with diazomethane or diazoethane, thiirane 15 was produced but sulfur was lost at room
temperature with a half-life of 16 hr to give the olefin 16.57

%A/s/_é":\:/:+:\=\:
\/

33 The mechanism of desulfurization of a related molecule, an allene cpisulfide, was studicd by

Ando and rationalized via a thioxyallyl radical intermediate although no clear conclusions were
justified; W. Ando, A. Itami, T. Furuhata and N. Tokitoh, Tetrahedron Len., 28, 1787 (1987),

54 E. Lutz and ). F. Bicllmann, Tetrahedron Leit., 26, 2789 (1985).

35 H. Bouda, M. E. Borredon, M. Delmas and A, Gaset, Syath. Comm., 19, 491 (1989),

56 N. A. Korchevin, V. A. Usov, and M. G. Voraonkov, Chem. Hetero. Cmpds., 623 (1974).

51 a) 1. Kalwinsch, L. Xingya, J. Gotistein, and R. Huisgen, J. Am. Chem. Soc., 103, 7032 (1981);
b) R. Huisgen and L. Xingya, Heterocycles, 20, 2363 {1983).
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S
20°C
(CeH LN 25 (CH,),C=CH,
15 16

In the reaction of thiocarbonyl fluoride with diazomethane, 2,2-difluorothiirane was
formed but spontancously lost sulfur at 0°C (Scheme 3).58 Aliphatically substituted
thiiranes such as fenchane-spirothiirane (17) extrude sulfur when heated.® Three recent
articles have appeared which showed that episulfide compounds lose sulfur
spontaneously to give the olefin,5% biaryl compounds,5% and a diazepine .50

cm=s o S 0
-30°C 0°C
+ —_ FZLA ——— F,C=CH,
Scheme 3
s O
P
O
17 18

Several examples are reported in the literature where photochemical reactions
involve sulfur loss. The photolysis of dibenzoylstilbene thiirane (18) afforded

58 W. J. Middleton, E. G, Howard, and W, H. Sharkey, J. Org. Chem., 30, 1375 {1965).

59 J. M. Beiner, D. Lecadet, D, Paquer, and A. Thuillier, Bull, Soc. Chim. Fr., 1983 (1973).

60 a} K. C. Nicolaou, C.-K. Hwang, M. E. Duggan, and P, J. Carroll, J. Am. Chem. Soc., 109, 3801
(1987): b) M. A. Francisco, A, Kurs, A, R, Katritzky , and D, Rasala, J. Org. Chem. ,53, 4821
(1988): c) J. Svetlik, F. Turecek, and 1. Goljer, J. Org. Chem, 55, 4740 (1990).
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dibenzoylstilbene. The loss of sulfur was explained by assuming a cleavage of the C-8
bond of the three-membered ring forming a biradical intenmediate which is then followed
by loss of atomic sulfur®' A similar conclusion was proposed when Becker:
investigated the photochemistry of tetraphenylihiirane.  Another photochemical study
was conducted by Trozzolo on tetraphenyloxirane but the authors favoured an ionic
mechanism rather than homolytic cleavage.5?

1.8.3 C-S AND C-C BOND CLEAVAGE

The other pathways in thermal reactions of thiirnes involve C-§ or C-C bond
fission. Many unusual rearrangement or isomeric products are isolated, especially in
substituted thiiranes. The C-S bond 1s either cleaved homolytically or heterolytically
leading to various products. When exo-2,3-cpithionorborn-5-ene (19) is photolyzed, 2-
thiabicyclo[3.2.1] octa-3,6-diene (20) is obtained via a stepwise mechanism involving a
homolytic cleavage of the C-§ bond.%

Mo b

19 20
Triene 21 undergoes a similar rearrangement to afford thiabicycles.5® Benzothiophene
(23) was observed when thiirane 22 was heated in refluxing benzene. 56

Ph
-HBr

S - N\
JWANTY
21 22 23

Only a few examples in the literaiure have shown that the C-C bond is cleaved
thermally. The formation of dihydrothiepins from thermal rearrangement of 2,3-divinyl

61 A. Padwa, D. Crumrine, and A. Shubber, J. Am. Chem. Soc., 88, 3064 (1966).

62 R. S. Becker, J. Kole, R. O. Bost, H. Kietrich, P. Petrellis, and G. Griffin, J, Am. Chem. Soc., 90,
3292 (1968).

63 A. M. Trozzolo, W. A. Yager, G. W. Griffin, H. Kristinnsson, and 1, Sarkar, /. Am, Chem. Soc.,
89, 3357 (1967).

64 T. Fujisawa and T. Kobori, J. Chem. Soc., Chem. Comm., 1298 (1972).

65 A, G. Anastassion and B, Y. H, Chao, J. Chem. Soc., Chem. Comm., 277 (1972},

66 D. Seyferth, W. Tronich, R. §. Marmor, and W. E. Smith, J. Org, Chem,, 37, 1537 (1972).
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thiirane®!  and  Bergman's  c¢is-2,3-diethynyl  thiirane  isomerization to the
thicnocyclobutadiene (24) are believed to take place via C-C bond cleavage.s Ando%’
reported that in the reaction of palladium(0) with allene episulfide, a bicyclo thiahexane
derivative was isolated and that this compound can be rationalized by a C-C bond
breaking in an intermediate step.

250°C | -
——

12b —m—»

S

24

1.8.4 POLYMERIZATION

Another common reaction pathway for thiiranes involves polymerization under
influence of heat or light, Polymerization reactions of alkene sulfides appear in a review
article by Sander At room temperature, both the parent molecule and 2-phenyl thiirane
polymerize and 2-methyl thiirane polymerizes on exposure to light* Most thermal and
photochemical polymerizations probably proceed by diradical intermediates which may
be trapped by various acceptors. In the thermolysis of cyclohexene sulfide,
desulfurization occurs with the formation of cyclohexene. Six other products were also
observed which may be derived either from the diradical intermediate (homolytic
cleavage of C-S bond) or reactions with elemental sulfur,58

1.9 NON-THERMAL REACTIONS OF THIIRANES

1.9.1 ELECTROPHILIC REACTIONS ON SULFUR

Electrophilic reactions involving thiiranes usually yield sulfonium salts or ring-
opened cations (Scheme 4). Depending on which isomer exists, two products can result.
In the open-form, product A would be formed if substituent R can stabilize the cation. If
the sulfonium salt predominates then an Sy2 mechanism predicts product B would be
formed due to the nucleophilic attack at the least hindered site. Thiiranes are more
reactive than oxiranes due to the lower C-S bond energy and almost all reactions of
thiiranes involve ring openings similar to oxiranes.

67 N. Choi, Y. Kabe, and W. Ando, Tetrahedron Lett., 32, 4573 (1991).
68 S. Inoue and S. Oac, Bull. Chem. Soc. Jpn., 48, 1665 (1975), See also a) D. S. Tarbell and D, P.
Hamish, Chem. Rev., 18 (1951); b) A. Noshay and C. C. Price, J. Poly. Sci., 54, 533 (1961).
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1.9.1.1 PROTONATION AND BEHAVIOUR WITH LEWIS ACIDS

In the presence of acids, thiiranes usually are protonated and polymerization takes
place. With the acid-catalyzed addition of nucleophiles, ring opening products are
observed and polymerization occurs when another molecule of thiirane acts as the
nucleophile. Polymerization is often observed in the presence of Lewis acids whereas
thiiranes form complexes with many metals. However, desulfurization is observed with
molybdenum,$® rhodium,” ruthenium,” and osmium? metal complexes. Palladium(0)
in the reaction with allene episulfide gave rearrangement products.5’

1.9.1.2 ALKYL AND ACYL HALIDES

Ring opening products are usually observed in the presence of alkyl or acy!
halides. The sulfonium salt is formed in the intermediate but halide awack results in ring
opening. Treatment of thiiranes with alkyl chlorides or bromides, gives 2-chloro or 2-
bromo ethyl sulfides (Scheme 5). For weak or non-nucleophilic anions, the S-alkyl
thiiranium salt can be isolated but they are frequently unstable and result in polymeric
materials.

69 J. T. Roberts and C. M. Friend, J. Am. Chem. Soc., 109, 7899 (1987).

70 S. Caletand H. Alper, Tetrahedron Lett., 27, 3573 (1986).

n C.R.Brulet, S. S. Isied, and H. Taube, J. Am. Chem. Soc., 95, 4758 (1973).

72 R. D. Adams, G. Chen, S. Sun, and T. A. Wolfe, J. Am. Chem. Soc., 112, 868 (1990).
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The S-methyl thiirane salt 26 was isolated when cis-1,2 di-t-butyl thiirane (25) is treated
with MeOSO,F at 0°C. S-acetyl derivatives result when thiiranes are reacted with acetyl
chloride (Scheme 6).

Me,’
iS: MeOSO,F !S:" "SO,F
o
+Bu #Bu O0C +Bu Bu
25 26
0
Il
SCCH, o] cl

S AcCl | Il |
/Ny —> CICHCHR + CH,CSCH,CHR

Scheme 6

1.9.1.3 HALOGENS

In many cases, halogenation reactions of thiiranes give sulfenyl halides or
disulfides such as in the case of chlorination of ethylene sulfide (Scheme 7). The
iodination reaction gives only disulfide but it can also be used to desulfurize thiiranes.
Chlorination reactions carried out in hydroxylic solvents result in sulfonyl chlorides as
the sulfenyl chlorides are further oxidized (Scheme 8).

S Cl,
[N —— cn/\/s o« NN N
cCl,
Scheme 7
S (.2I2 Cl,
.___.. Cc 0.Cl

Scheme 8

1.9.1.4 SULFUR, NITROGEN, AND PHOSPHORUS CONTAINING REAGENTS
Scheme 9 shows the general behaviour of thiiranes when treated with sulfur
monochloride or sulfur dichloride. With sulfur dichloride, a chloro disulfide is obtained
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and a chloro trisulfide is obtuined with sultur monochloride. A 2:1 ratio of sulfur halide
to thiirane results in tri or tetrasulfides.

VAN
scu‘z/ R \sz,cnz
RY\S/S\CI R\I/\S/S\S/Cl
Cl + Cl .

(N8 (NS,
Cl Cl

Scheme 9

The reaction of 2 with N-chlorobenzene sulfonylformimidoyl chloride (Scheme 10) from
electrophilic attack by nitrogen on the sulfur atom forms thionitrosomethane as
evidenced by trapping experiments.” Desulfurization may also occur by using 2-methyl-
3-phenyl oxaziridine.™ Some phosphorus compounds are also known to react
electrophilically with the thiirane sulfur.”

Cl

l
s SN=CSO0,Ph
2 + PhSO,C=NCl —»

O

/
cHy'" Yph Scheme 10

+ _
O>5—NCH3 —_ O + [S:NCH:,]

1.9.2 NUCLEOPHILIC ATTACK ON SULFUR
The most widely used nucleophilic reaction of thiiranes is the desulfurization by
trivalent phosphorus compounds to give the alkene and phosphine sulfide.

» M. S. A. Vrijland, Tetrahedron Leit., 837 (1974),
I Y. Hata and M. Watanabe, J. Org. Chem., 45, 1691 (1980).
5 R. Appel and V. I Glésel, Z Nawrforsch., Teil B, 447 (1981).
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Triphenylphosphine™ is most commonly used although tricthylphosphine,’ triethyl
phosphite,”® tributylphosphine,”™ and tris(alkylamino)phosphines® have been employed.
Sulfur®! and nitrogen®? nucleophiles also attack the sulfur atom of thiiranes. Oxygen
nucleophiles usually attack at the carbon atom on the ring but it was reported that
desulfurization of thiirane (27) occurs by nucleophilic attack by the oxygen of the
dimethyl sulfoxide solvent (Scheme 11).83 Wittig reagents are also known to desulfurize
thiiranes.* Other desulfurization methods have also been reported.?

76 a) R. E. Davis, J, Org. Chem., 23, 1767 (1958); b) C. E. Diebert, J. Org. Chem., 35, 1501
(1970); ¢) D. H. R. Barton and B. }. Willis, J. Chem. Soc., Perkin Trans. I,305(1972); d) D. H.
R. Barton, F. S. Guzicc, Jr., and 1. Shahak, J. Chem. Soc., Perkin Trans. I, 1794 (1974); ¢) B. F.
Bonini, G. Maccagnani, G. Mazzanti, and P. Piccinelli, Tetrahedron Lett., 3987 (1979); f)
G. Barbaro, A. Battaglia, P. Giorgianni, G. Maccagnani, D, Macciantelli, B, F. Bonini, G.
Mazzanti, and P. Zani, J. Chem. Soc., Perkin Trans. 1, 381 (1986); g) W. Freund and S. Hinig,
Helv. Chim, Acta., 70, 929 (1987).

n C. C. J. Culvenor, W. Davies, and N, S. Heath, J. Chem, Soc., 282 (1949).

8 a) N, P, Neurciter and F. G. Bordwell, J. Am, Chem. Soc., 81, 578 (1959); b) R. D. Schuetz and
R. L. Jacobs, J. Org. Chem., 26, 3467 (1961); ¢) A. I. Meyers and M. E. Ford, J. Org. Chem., 41,
1735 (1976); d) R. J. Bushby and M. D. Pollard, J. Chem, Soc., Perkin Trans. I, 2401 (1979); )
J. E. McMurry, G. J. Haley, J. R, Matz, I, C. Clardy, G, Van Duyne, R, Gleiter, W. Schacfer,
and D. H. White, J. Am. Chem. Soc., 108, 2932 (1986).

9 a) D. B. Denney and M. 1. Boskin, J. Am. Chem. Soc., 82, 4736 (1960); b) W. Ando, Y. Hanyu,
Y. Kumamoto, and T. Takata, Tetrahedron, 42, 1989 (1986).

8o a) D. H. R. Barton and B. J. Willis, J. Chem. Soc., Chem. Comm., 1225 (1970); b) A. G.
Hortmann, A. Bhattacharjya, J. Am. Chem. Soc., 98, 7081 (1976).

Bl A. S. Gybin, W. A. Smit, M. Z. Krimer, N. §. Zefirov, L. A. Novgorodiseva, and N. K.
Sadovaya, Teirahedron, 36, 361 (1980).

82 1. Bolster and R. M. Kellogg, J. Chem. Soc., Chem. Comm., 630 (1978).

83 Y. Ueno and M. Okawara, Bull. Chem. Soc. Jpn., 45, 1797 (1972).

84 K. Okuma, Y. Tachibana, J. Sakata, T. Komiya, L. Kancko, Y. Komiya, Y. Yamasaki, S.
Yamamoto, and H. Ohta, Bull. Chent. Soc. Jpn., 61,4323 (1988).

85 a) J. R, Schauder, J. N. Denis, and A. Kricf, Tetrahedron Lett., 24, 1657 (1983); b) L. Zeid, S.
Yassin, I. El-Sakka, and A. Abass, Liebigs Ann. Chem., 191 (1984); ¢) J. Nakayama, S. Takeue,
and M., Hoshino, Tetrahedron Leit., 28, 2679 (1984); d} F. Capozzi, G. Capozzi, and S.
Menicheuwi, Tetrahedron Len., 29,4177 (1988).
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Me ! +
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Ph
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Scheme 11
|| Y=CHCOPh + SO + CH,SCH,
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1.9.3 NUCLEOPHILIC ATTACK ON CARBON

A variety of nucleophiles attack the carbon atom of thiiranes to give ring opened
products (Scheme 4 and 12). The reactivity is higher than in the analogous reaction with
oxiranes; hence, thiiranes tend to polymerize more readily than oxiranes. Many different
products are obtained from the generated thiolate anion. With oxygen nucleophiles such
as hydroxide and alkoxide/aryloxide ions, the mercaptan derivative is usually obtained
although polymerization occasionally occurs. Under these conditions, a thiolate anion is
formed which is much more reactive than the oxygen anion.’¢ In many of these cases,
there is no preference for attack at either carbon. The polymeric materials obtained from
these reactions have been used as light and water resistant agents.¥’

S Nu "
: ‘ o —_— Nu/\rs + N
R Nu

Scheme 12

Nitrogen nucleophiles also react to give 2-mercaptoethyl amine derivatives. The
general feature in reactions of thiiranes with amines is that the attack usually occurs
regioselectively at the least hindered position. The thiirane ring is opened easier than the
corresponding oxirane ring.8 Primary and secondary amines react readily whereas

86 T. V. Vergizova, A. A. Rodin, and K. A. V'yunov, Zh. Org. Khim., 22, 1396 (1986} and

references therein.

8 G. Champetier and F. Lucas, Compt. Rend., 252, 2782 (1961).

88 a) H. Kakiuchi, T. lijima, and H. Horie, Tetrahedron, 35, 303 (1979); b) A. Champseix, J.
Chanet, A. Fticnne, A. Le Berre, J. C. Masson, C. Napieria, and R. Vessitre, Bull. Soc. Chim.
Fr., 463 (1985); c) R. Luhowy and F. Mencghini, /. Org. Chem., 38, 2405 (1973).
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weakly basic and hindered amines are less reactive and require harsher conditions.
Polymeric products result when tertiary amines or amide ions are used.  The optimal
conditions to effect the reaction would be to use polar media with weakly basic amines.
This would accelerate nucleophilic opening of the thiirane ring. Unreactive thiiranes can
also be made 1o react with highly basic amines under similar conditions.

Sulfur nucleophiles are more reactive towards thiiranes than oxygen or nitrogen
nucleophiles and attack on the least substituted carbon is commonly observed. The
thiolate anion reacts rapidly with many functional groups which, in most cases, lead to
polymeric products. However, with effective acceptors of thiolates, which inhibit further
polymerizition, monomeric products can be obtained. Thiols cleave the C-S bond giving
2-alkylethane thiols as well as oligomerization products.

Halogen nucleophiles are also known to react with thiiranes leading to ring
opened products. They react preferentially on the most substituted carbon but attacks on
the less substituted carbon have also been reported.®?

Carbanions attack at the least hindered carbon atom of the thiirane.®® These
anions include Grignard® and alkyliithium?®? reagents and metal complexes,® all which
lead to ring-cleaved products. In some cases, desulfurization occurs with the formation
of the olefin and metal thiolate, 76<.880.94

Although the most common reaction of phosphorus compournds with thiiranes is
the elimination of sulfur, there have been some reports where phosphorus compounds
react on one of the carbon atoms leading to monomeric and polymeric products.?s

89 a) G. K. Helmkamp and D. J. Pettitt, J. Org. Chem., 27, 2942 (1962); b) P. Raynolds, S.
Zonnebelt, S. Bakker, and R. M. Kellogg, J. Am. Chem. Soc., 96, 3146 (1974); ¢) Y. Taguchi
and Y. Suhara, Chem. Abs., 94, 174260 (1981).

90 a) C.0. Guss and D. L, Chamberlain, Jr., J. Am. Chem. Soc., 74, 1342 (1952); b} Y. Taguchi and
Y. Suhara, Bull. Chem. Soc. Jpn., 59,2321 (1986).

N a) D. C. Dittmer, J, E. McCaskic, J. E. Babiarz, and M. V. Ruggeri, J. Org. Chem., 42, 1910
(1977), b) P. K. Claus, W. Rieder, and F. W. Vierhappe, Monatsh. Chem., 109, 609 (1978).

92 a) F. Lautenschlacger and H. Schnecko, J, Poly. Sci. Al, 8, 2579 (1970); b) P. Ongona, B.
Mauze, and L. Miginiac, Synthesis, 1069 (1985).

9 a) L. A, Korotneva, G. P. Belonovskaya, and B. A. Dolgoplosk, Dokl. Acad. Nauk. SS5R,
207(4), 899 (1972); b} B. M. Trost and S. D. Ziman, J, Org. Chem., 38,932 (1973); c) A.
Mordini, M. Taddei, and G. Seconi, Gazz. Chim. Ital., 116, 239 (1986).

9 a} F. G. Bordwell, H. M. Andersen, and B. M. Piu, J. Am. Chem. Soc., 76, 1082 (1954); b) R. H.
Schiessinger, G. S. Ponticello, and A, G. Schultz, Teirahedron Lett., 3963 (1968); ¢) B. M.
Trost and S. Ziman, J, Chem, Soc., Chem. Comm., 181 (1969); d) B. Rajanikanth and B.
Ravindranath, /nd. J. Chem,, 23B, 879 (1934).

95 a) B. E. Jennings, British Patent 1077958, Chem. Abs., 67, 82542y (1967); b) A. Nicco and B.
Boucheron, German Patent 1814640, Chem. Abs., 71, 819292 (1969).



1,10 PLAN OF STUDY

Our main objective is to unequivocally determine a mechanism for the thermally-
induced sulfur extrusion of thiiranes. As our model, we have chosen to carefully re-
examine the kinetics of 2,2 dichloro-3-[9-fluorenyl) episulfide (28) (¢f. Section 2.1) for
several reasons. First, the synthesis of this compound is fairly straightforward and is
well-documented in the literature.  Second, this particular thiirane can be stored in the
refrigerator for several months without noticeable decomposition. Although it is known
that thiiranes containing aromatic and electron withdrawing substituents are usually
unstable, the stability of this thiirane is ideal as it allows study on its thermal
decomposition under suitable conditions. Finally, a detailed kinetic study would allow
clarification of the conclusions made by Lutz and Bicllman® and to provide strong
evidence regarding the nature of the desulfurization. It should then be possible 10
gstablish a possible general rate law that governs the mechanism of the thermat
decomposition of thiiranes.

Another goal of this project is to examine the effect of solvent on the
decomposition of 28. The effect of solvents should distinguish whether the extrusion of
sulfur proceeds via an ionic or radical mechanism, A possible correlation between rate
and a solvent polarity scale could then be made.

We felt it appropriate 1o synthesize novel derivatives of 28. This would allow a
good test of our mechanistic hypothesis. By studying the structural differences of these
derivatives, we can rationalize the reactivity of these compounds. Some general
conclusions regarding the mode of decomposition could thus be made.

The possibility of generating singlet diatomic sulfur in thiiranes will also be
examined. This would not only provide insight into the overall mechanism of sulfur
extrusion from these thiiranes but could also serve as another method to deliver '52 from
a relatively stable and readily available precursor. Other feasible methods of producing
182 will also be investigated.
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CHAPTER 2

KINETICS OF THE DECOMPOSITION OF 2,2-DICHLORO-3-[9-
FLUORENYL] EPISULFIDE

2.1 INTRODUCTION

Detsiled kinetic studies on the decomposition of thiiranes have rarely been
reported in the literature.  In many of these reactions, elemental sulfur is lost but no
detailed mention of the mechanism involved in the extrusion is reported. There appear to
be three examples in the literature that have dealt with kinetic studies in the thermal

decomposition of thiiranes,

Bergman'ss? work suggests that thermal sulfur extrusion from 1,2 diethynyl
thiirane (12b) occurs in a bimolecular fashion at high concentrations of thiirane. As the
concentration of thiirane decreases during the reaction, the bimolecular step changes to a
unimolecular process. A simple cheletropic extrusion of a sulfur atom was ruled out as a
likely pathway; the authors concluded that the reaction involves a more complicated
mechanism.

toluene-d,

2D ——

100°C

Lutz and Biellmann’* studied the thermally induced extrusion reaction of 2,2
dichloro-3-[9-fluorenyl] episulfide (28) in decalin at 100°C querying whether the loss of
sulfur was a unimolecular process (Scheme 13). They concluded that the decomposition
of 28 is not a first order reaction. Clean kinetic behaviour was not observed from their
results and it was suggested that sulfur loss is not a cheletropic extrusion of a sulfur atom
but that a more complex process was involved. It was proposed that an "unknown
species” acquires a sulfur atom which reacts further with another molecule of thiirane.

O S Cl  decalin

————

O Cl 100°C

28 29 Scheme 13

+ "S"
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Finally, the mechanism of extrusion of a related molecule, an allene episulfide,
was examined by Ando and coworkers.?? The thermally catalyzed desulfurization of 30
in o-dichlorobenzene at 130°C led the authors w0 postulate a thioxyallyl radical
intermediate. The observed rate acceleration in diglyme was rationalized by the dipole
moment of the C-S bond biradical intermediate with a small contribution of zwitterionic
structure. A similar kinetic study was undertaken by the same authors on 31 but only 2,4
dimethyl-3-mercaptopenta-1,3 diene (32) was obtained vie an intramolecular 1.4
hydrogen shift and no allene was recovered.%

31 32

2.2 RATE LAW IN THE DECOMPOSITION OF 28
According to Scheme 13, the rate of this reaction equals the rate of decrease in

the concentration of episulfide or the rate of increase in the concentration of olefin with
time. Thus :

a_[E—]-=M
a  a

KRate=— Eq. (1) | E] = concentration of episulfide

[O] = concentration of olefin

The rate of decomposition ~f 28 can be conveniently obtained by measuring the increase
in absorbance with time of the olefin product 29 at A = 325 nm. Ay, (320 nm) was not
used because absorbance values were too high at higher concentration of episulfide.
Using the initial rate method, the initial slopes (abs./time) were calculated.

96 T, Furuhata and W. Ando, Tetrahedron, 42, 5301 (1986).



Following the Beer-Lambert Law,

A= ghe Eq. (2) A = absorbance
£ = molar extinction coefficient
b = cell path length {(cm)
¢ = concentration (M)

The concentration/time rates can then be calculated by dividing the calculated
slopes by the molar extinction coefficient, €, a value which is characteristic of the olefin
in the medium in which the reaction was conducted. Extinction coefficients were
determined by taking "he slopes of the plots of absorbance versus concentration of olefin.
A typical plot is shown in Figure 1 where the extinction coefficient in decalin was
determined.  Excellent linear relationships were obtained in all solvents ( r > 0.99 ).
Errors were obtained by estimating the uncertainty in the absorbances (10%) and using
similar equations derived in section 2.4 (vide infra). Table 2 shows the experimentally
obtained extinction coefficients in the various solvents used in this study.

Figure 1. Plot of Absorbance vs. Concentration of olefin 29 in the determination
of extinction coefficient. Absorbances were measured at A = 325 nm.

1.0 T I 1 L] I

0.6 | -

0.4 | -

Absorbance

0.2} 4

0.0 1 1 I 1 1
0.00 .05 0.10 0.15 0.20 0.25 0.30

[Olefin] mM




t
N

. Table 2. Extinction coctficients for 29 in various solvents measured at A = 328 n,
Solvent E Solvent €
Decalin 3720 £ 3%1 L1 Decalin/Toluene 6910 £ 816

DMF 7233 £ 863 Decane 2290 £ 284
DMSO 0368 £ 1084 | 1,1,2.2-Tetrachloroethane | 8476 1 1087
Isobutanol 2820 + 342 1,2, 4-Trimethylbenzene | 8109 £ 1092
2-Chloroethanol 4827 + 862 o-Xylene 13077 £ 1312
Chlorobenzene 7915 £ 989 m-Xylene 7743 £ 938
o-Dichlorobenzene | 11511 £ 1220 p-Xylene 7402 £ 901
Bromobenzene 11121 £ 1301 Ethanol 2894 + 427
Toluene 6315+ 770 Ethanol-d 3493 + 768

The thermal decomposition reaction was conducted in 16 different solvents (Table 2) all
involving runs at 80°C. Table 3 shows calculated rates at various concentrations. A
typical rate profile in toluene is shown in Figure 2.

Figure 2. Rate behaviour in the decomposition of 28 in toluene at 80°C.
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Table 3. Calculated rates of reaction at various concentrations at 80°C.

Decalin DMF DMSO
[episulfide] [ )/time? | [episulfide] [ ]/time | [episulfide] [}/time
0.10 0.13 0.001 0.28 0.048 34
(.20 0.42 0.005 0.82 0.097 6.4
0.50 1.0 0.01 0.86 0.19 12
1.0 29 0.03 3.0 0.48 35
1.2 4.2 0.05 6.1 0.97 113

1.5 52 0.08 7.3
1.8 6.9 0.10 11
2.0 10 0.15 23

0.20 32

0.25 34

0.30 49

[sobutanol 2-Chloroethanol Chlorobenzene
[episulfide] [)/time | [episulfide] []/time | [episulfide] []/time

0.011 0.065 0.031 0.27 0.10 0.023
0.033 0.053 0.083 0.64 0.15 0.040
0.055 0.67 0.31 1.8 0.20 0.084
0.088 0.88 0.52 9.8 0.25 0.11
0.33 1.5 0.83 16 0.32 0.23
0.55 29 1.0 20 0.51 0.48
0.88 5.3 1.6 43 0.82 2.0
1.1 6.8 1.1 2.5
1.3 7.4 1.3 3.0
1.7 9.8 1.8 5.8




Table 3. continued

a-Dichlorobenzene

Bromobenzene

Toluene

[episulfide}] []/tme | [episulfide] {]/time Llcpisult‘idcl {1/ ume
0.10 0.043 0.033 0.020 0.052 0.0098
0.15 0.060 0.087 0.072 0.083 0.019
0.20 0.097 0.10 0.037 0.10 0.050
0.25 0.15 0.15 0.072 0.15 0.096
0.33 0.38 0.21 0.099 0.20 0.10
0.54 0.90 0.26 0.15 0.25 0.12
0.87 1.5 0.33 0.31 0.31 0.29
1.1 23 0.54 0.87 0.52 0.47
1.4 3.0 0.87 1.3 0.83 (.90
1.9 4.2 1.1 24 1.0 1.5

1.4 3.2 1.4 23
1.8 6.3 2.0 4.4
1:1 Decalin/Toluene Decane 1,1,2,2 Tetrachloroethane

[episulfide] [1/time | [episulfide] []/time | [episulfide] |]/time
0.053 0.041 0.010 0.020 0.11 0.064
0.084 0.043 0.051 0.045 0.23 0.24
0.11 0.081 0.10 0.076 0.57 0.66
0.16 0.12 0.31 0.54 1.2 2.2
0.21 0.21 0.51 0.73 1.4 3.1
0.26 0.31 0.82 0.93 1.7 4.7
0.53 0.32 1.0 1.9
0.84 0.82 1.6 3.0
1.1 1.1 2.1 4.4
14 1.9
1.9 3.3




Tabie 3. continued

1,2,4 Trimethylbenzene o-Xylene
[episulfide] [ ]/time | {episulfide] []/time
0.30 0.026 0.05 0.019
0.50 0.11 0.11 0.071
1.0 0.39 0.22 0.15
1.5 0.63 0.55 0.41
20 1.1 1.1 1.3
3.0 2.2 2.2 34
2.7 54
3.3 6.5
m-Xylene D-Xylene
[episulfide] []/time | [episulfide] []/time
0.10 0.013 0.10 0.036
0.50 0.081 0.21 0.070
1.0 0.30 0.52 0.31
1.5 0.46 1.0 0.76
2.0 0.97 1.6 2.5
2.5 1.5 1.6 1.8
3.0 23 1.8 2.2
2.1 3.6
2.2 3.8
24 4.2
2.6 4.6
3.1 5.8

4 Al rates are in mM s°! x 109
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By inspection, the decomposition of 28 is net a first order reaction (in agreement
with that observed by Lutz and Biellmann®) and thus is not a simple unimolecular

decomposition. From this detailed kinetic study, four possible rate laws were examined

to fit the data :
Rate = ky[E] + k[EJ2 Eq. (3)
Rate = k{[E] + k3(E]3 Eq. (4)
Rate = ky[E]2 + k3|E]3 Eq. (5)

Rate = k3[E]3 Eq. (6)

[E] = concentration episulfide (mM)
ky =5

ka =mM-! s

k3 =mM-2 g1

Values of the rate constants, ky, ky and k3, were obtained by curve-fitting the data
using the Marquardt-Lerenberg interactive algorithm9 and are listed in Tables 4a and 4b.
The accuracy of the rate equations were judged by calculated correlation coefficients.
These coefficients are shown in Table 5. The best overall correlation value corresponded
to Eq. (3). This enables us to conclude that the mechanism of sulfur loss is consistent
with the two-term rate expression consisting of the first and second order terms, Eq.

(3).98

97

SigmaPlot Scientific Graphing Syslem Version 4.1, Jandel Scientific Corporation.

9 W. Chew and D. N. Harpp, Tetrahedron Leut., 33,45 (1992).



Table da. k) /k; and k| /kq rate constants denived from Eq. (3) and (4) respectively.

Rate = ky[E] + k| E}2

Rate = k,[E] + k3(E]3

Solvent k8 kot k,? ksC
Decalin 072 £ 051 20 %10 2.1 0.69
DMF 109 + 32 173 £ 116 | 133 330
DMSO 36 21 82 =+ 29 57 14
Isobutanol 56 £ 1.2 0.14 £ 0.82 5.6 0.07
2-Chlorocthanol 83 £50 12 %4 16 5.0
Chlorobenzene 078 £ 0.27 1.3 + 0.3 2.1 0.35
o-Dichlorobenzene 0.52 £ 0.20 0.99 % 0.33 2.1 0.08
Bromobenzene 0.50 £ 0.27 25 * 1.0 1.24 0.63
Toluene 0.45 £ 0.17 090 * 043 1.2 0.28
1:1 Decalin/Toluene 0.83 £ 0.17 0.61 = 0.84 1.3 0.20
Decane 1.2 +04 049 + 024 1.5 0.16
1,1,2,2 Tetrachloroethane | 1.9 = 0.3 22 £ 0.5 1.2 0.53
1,2,4 Trimethylbenzene 0.11 £ 0.07 0.21 £ 0.05 0.40 0.04
o-Xylene 071 £ 0.20 0.41 + 0.54 L3 0.07
m-Xylene 0.09 £ 0.08 0.22 * 0.09 0.22 0.06
p-Xylene 0.63 £ 0.21 042 £ 0.20 1.4 0.07

Ains! x 105 bin mM-1s! x 10% € in mM-2 571 x 105
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Table 4b. ky/k3 and kj rate constants derived from By, (3) and (6) respectively.

Rate = k| EF? + k3| E)?

Rate = k3| E)3

T e g

Solvent ko k3 k;b
Decalin 2.2 0.072 1.2
DMF 536 2.0x105 1775
DMSO 60 2.9x107 46
Isobutano! 3.6 3.0x108 2.1
2-Chloroethanol 17 4.6x108 1
Chlorobenzene 1.7 4.8x10° 0.94
o-Dichlorobenzene 1.2 7.4x109 0.66
Bromobenzene 1.6 0.11 0.98
Toluene 1.1 2.0x109 0.57
1:1 Decalin/Toluene 1.1 4.3x109 0.60
Decane 1.0 4.4x10°9 0.49
1,1,2,2 Tetrachloroethane 1.4 0.046 0.89
1,2,4 Trimethylbenzene 0.24 1.5x10-10 0.08
o-Xylene 0.63 1.2x109 0.19
m-Xylene 0.17 0.025 0.08
p-Xylene 0.63 1.4x109 0.20

3inmM-1 s x 105 D in mM2 5 x 105



Table 5. Correlation coefficients obiained in the determination of rate

constants for several different rate faws.

Correlation coefficients

Solvent Eq. (3) Eq. (4) Eq. (5) Eq. (6)
Decalin 0.993 0.994 0.989 0.953
DMF 0.993 0.992 0.950 0.928
DMSO 0.997 0.997 0.992 0.960
Isobutanol 0.996 0.996 0.993 0.902
2-Chloroethanol 0.991 0.991 0.989 0.902
Chlorobenzene 0.993 0.993 0.991 0.954
o-Dichlorobenzene 0.998 0.998 0.997 0.928
Bromobenzene 0.996 0.997 0.995 0.983
Toluene 0.999 0.998 0.999 0.968
1:1 Decalin/Toluene 0.998 0.998 0.997 0.947
Decane 0.995 0.994 0.993 0.943
1,1,2,2-Tetrachloroethane | 0.998 0.998 0.984 0.942
1,2,4-Trimethylbenzene 0.999 0.999 0.999 0.980
o-Xylene 0.996 0.996 0.992 0.937
m-Xylene 0.998 0.998 0.998 0.992
p-Xylene 0.999 0.997 0.999 0.972

Table 6 shows the relative values of the data obtained from Eq. (3) (Table 4a). In
general, the unimolecular rate constants in the solvents do show the expected trends with
respect to their polarities (¢f. Section 2.8.3). DMF and DMSO which are the most polar
have higher rates and the alcohols, isobutanol and 2-chloroethanol, which are moderately
polar have slightly lower rates. The non-polar aromatic solvents all show similar slow
rates with the exception of 1,2,4-trimethylbenzene and m-xylene which are even lower
contrary to expectation. No explanation can be given to account for these observed rates.
However, it has been reported recently that the 9-fluorenyl cation can undergo
electrophilic aromatic substitution reactions with benzene, toluene, and mesitylene.?

9 8) R. A, McClelland, N. Mathivanan, and S. Steenken, J. Am. Chem. Soc., 112, 4857 (1990); b)
R. A. McClelland, J, Li, and F. Cozens, 3rd European Symposium on Organic Reactivity,
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Strong evidence was provided for capture of the fluorenyl cation with these solvents.
Our observation of the slower rates in the methylbenzenes (Tiable 6) could possibly be
linked to the trapping of the fluorenyl cation by these solvents since our proposed
intermediate involves a fluorenyl cation (¢f. Scetion 2.6).  Electrophilic substitution
would inhibit formation of olefin 29 and thus the rate of reaction would diminish. We
explored this possibility further by conducting product studies on the desulturization of
thiirane 28 in toluene, 1,2,4-trimethylbenzene and the xylenes.  Unfortunately, no
indication of trapping of the fluorenyl cation with these solvents was observed and only
the olefin 29 plus elemental sulfur was obtained. The failure to detect any other products
does not discount the proposed dipolar mechanism but perhaps it is likely that the linking
of sulfur atoms and subsequent extrusion of clemental sulfur is much faster than
clectrophilic reaction with the solvent molecules. The relative rates in the bimolecular
term also show the expected trends with the exception of decalin and decane, botii non-
polar solvents, and bromobenzene. All show somewhat higher rates than cither 1,2,4-
trimethylbenzene and m-xylene. The rationale for these higher rates in these solvents is
not clear. It will be shown later that the rate is slowest in isobutanol perhaps due to the
near exclusive unimolecular pathway observed.

Goteborg, Sweden, July 7-12, 1991, Abstract BS; ¢) F. Cozens, J. Li, R. A. McClelland, and S,
Sicenken, Angew. Chem. Int. Ed. Engl., 31,743 (1992).
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Table 6. Relative rates caleulated from rate constants using Eq. (3).

Solvent Krep (k) Koy (k9)
DMF 1211 1236
DMSO 400 586
2-Chloroethanol 92 86
Isobutanol 62 1
1,1.2,2-Tetrachloroethane 21 16
Decane 13 4
1:1 DecalinfToluene 9 4
Chlorobenzene 9 9
o-Xylene 8 3
Decalin 8 14
p-Xylene 7 3
o-Dichlorobenzene 6 7
Bromobenzene 6 18
Toluene 5 6
1,2,4-Trimethylbenzene i 2
m-Xylene 1 2

In each solvent at low concentration of episulfide, the reaction follows a
unimolecular, first order process, but at higher concentrations a bimolecular pathway
becomes more important. The unimolecular term in Eq. (3) predominates at low
concentration levels and as the concentration increases the second order or bimolecular
term becomes more important. Table 7 shows the percentage of the unimolecular
pathway calculated from Eq. (3) and rate data in Table 3 showing the importance of the
unimolecular term at low concentrations and the significance of the bimolecular term at
high concentrations. Thus in toluene, over a 400-fold increase (cf. Table 3) in the rate of
desulfurization is observed when the concentration is increased 38-fold, thus reflecting
the contribution of the bimolecular term. At low concentration levels (ca. 0.10-0.15
mM) the nearly exclusive pathway is a unimolecular decomposition while at higher
concentrations (ca. 2.0 mM), the bimolecular path is actually followed by ca. 4:1. The
bimolecular term predominates at higher concentrations in the majority of the solvents.
In the case of DMF, at low concentrations, the exclusive pathway is unimolecular and at
higher concentrations the unimolecular pathway is favored by ca. 2:1. In decane, the



unimolecular and bimolecular pathways become competitive at higher concentrations
(ca. 1:1). One interesting teature is observed in the behaviour of isobutanol.  In the
entire concentration range studied, experimental results indicate that the decomposition is
exclusively unimolecular. While we expect isobutanol and 2-chloroethanol 10 behave in
a similar fashion since they are both alcohols, our results indicate otherwise. A typical
plot of the ratio of the relative contribution of cach term in Ey. (3) v, concentration is
shown in Figure 3 (toluene solvent), It clearly shows the decrease in the unimolecular
contribution as the concentration of cpisulfide increases.

Table 7. Ratio of unimolecular to bimolecular terms in rate equation (3) shown as
percentages. Calculated from rate data in Table 3.

e
Decalin DMF DMSO

[episulfide]  uni/bimol | [episulfide] wuni/bimol | [episulfide]  unifbimol

0.10 78 0.001 100 0.048 90
0.20 64 0.005 99 0.097 82
0.50 48 0.01 98 0.19 69
1.0 26 0.03 95 0.48 48
1.2 22 0.05 93 0.97 31
1.5 19 0.08 8%
1.8 17 0.10 86
2.0 15 0.15 81

0.20 76

0.25 72

0.30 68

Isobutanol 2-Chloroethanol Chlorobenzene

[episulfide] uni/bimol | [episulfide] uni/bimol | [episulfide] uni/bimol

0.011 100 0.031 96 0.10 g6
0.033 100 0.083 89 0.15 80
0.055 100 0.31 68 0.20 75
0.089 100 0.52 56 0.25 70
0.33 99 0.83 45 0.32 65
0.55 99 1.0 39 0.51 54
0.88 98 1.6 30 (0.82 42
1.1 97 1.1 36
1.3 97 1.3 31

1.7 96 1.8 24




Table 7. continued

e s e I

o-Dichlorobenzene

Bromobenzene

Toluene

1.9 42

[episulfide]  uni/bimol | [episulfide]  uni/bimol | [episulfide]  uni/bimol
0.10 84 0.033 86 0.052 91
0.15 78 0.087 70 0.083 36
0.20 72 0.10 66 0.10 83
0.25 68 0.15 57 0.15 77
0.33 62 0.21 50 0.20 71
0.54 49 0.26 44 0.25 67
0.87 38 0.33 38 0.31 62
1.1 32 0.54 27 0.52 49
1.4 27 0.87 19 0.83 38
1.9 22 1.1 16 1.0 32

1.4 13 1.4 27
1.9 10 2.0 20
1:1 Decalin/Toluene Decane 1,1,2,2 Tetrachloroethane

{episulfide] uni/bimol | [episulfide] uni/bimol | [episulfide] uni/bimol
0.053 96 0.010 99 0.11 88
0.084 94 0.051 98 0.23 79
0.11 93 0.10 96 0.57 60
0.16 %0 0.31 38 1.2 43
0.21 86 0.51 82 1.4 37
0.26 84 0.82 74 1.7 33
0.53 72 1.0 70
0.84 62 1.6 60
1.1 56 2.1 53
1.4 50




Tabte 7. continued

1,24 Trimethylbenzene a-Xylene
lepisulfide]  unibimol | |episulfide]  uni/fbimol
0.30 64 0.05 97
0.50 51 0.11 94
1.0 34 0.22 89
1.5 26 0.55 76
2.0 21 1.1 6
30 15 2.2 44
2.7 39
3.3 34
m-Xylene p-Xylene
{episulfide]  uni/bimol | [episu:fide]  uni/bimol
0.10 79 0.10 94
0.50 44 0.21 85
1.0 28 0.52 14
1.5 20 1.0 59
2.0 16 1.6 49
2.5 13 1.6 A8
3.0 3| 1.8 45
2.1 42
2.2 40
2.4 38
2.6 37
3.1 32

R}
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Figure 3. Plot of the ratio of the unimolecular to the bimolecular term of Eq. (3)

vy, episulfide concentration in wluene solvent.
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2.3 ARRUENIUS PARAMETERS

It is well-known that the rales of almost all chemical reactions increase with
increasing temperature. The rate can commonly increase a factor of 2 to 4 for every 10
K rise in temperature. The activation energy or the minimum energy required for a
reaction to occur is much higher than the average energy of the colliding molecules and
only a smat! fraction of collisions lead to reaction. If the activation energy is low then
the reaction becomes faster. Therefore, the rate constant depends on the activation
energy of the reaction. Increasing the temperature increases the number of collisions and
for most reactions the rate generally increases. The Arrhenius equation, Eq. (7), shows
how the rate constant of a reaction depends on the temperature.

£
k = Ae L Eq. (7) k=rate constant
A = Arrhenius constant
E,t = activation energy
R = gas constant
T = temperature ( K)



The Arrhenius parameter, A, is the total number of collisions per second that have the

correct orientation.  Taking natural logarithms of both sides gives :

E
Ink = In A - Su .
nk=lha-22  Eq.(@8)

A plot of In k vs. 1/T shouid give a straight line with a slope equal to -E, /R,
Such a plot gives a method for determining the activation encrgy of a reaction (rom
values of the rate constants at different temperatures.

The thermal decomposition of episulfide 28 was conducted at four temperatures
for 15 solvents used in the study. The rates at various concentrations in ditferen solvents
are shown in Table 8. Using our proposed rate law, Eq. (3), rates were curve fitted” 1o
obtain the first and second order rate constants, k; and ko, and these are shown in Table
9. From these rate constants in Table 9, the activation encrgies, E,, for the
unimolecular and bimolecular terms in Eq. (3) can be calculated independently for cach
solvent using Eq. (8). Good linear correlation was found in most of the Arrhenius plots.

Table 8. Decomposition rates of 28 in the specified solvent at different temperatures.

Decalin

[E] 70°C (E] 80°Cx (E] 90°C (E] 100°C
0.102 0.11b 0.10 0.13 0.15 0.32 0.10 0.42
0.20 0.12 0.20 0.42 0.23 0.60 0.14 .56
0.51 0.39 0.50 1.0 0.30 0.87 0.19 0.69
0.73 0.69 1.0 2.9 0.38 1.3 0.24 1.1
0.85 1.1 1.2 4.2 1.0 5.7 1.0 11
0.97 1.6 1.5 52 1.5 10 1.5 19
1.3 2.0 1.8 6.9 1.8 14 1.8 24
1.3 2.4 2.0 10 2.0 19 2.0 28
1.5 2.6

1.8 3.8




Table 8. continued
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DMF
IE] 37.5°C 50°C 65°C |E} 80°C
00011 0.092 0.23 0.001 0.28
0.0054 i 0.14 0.87 0.005 0.82
0.010 0.13 0.62 1.7 0.01 0.86
0.050 0.35 0.84 5.1 0.03 3.0
0.10 0.41 2.0 7.4 0.05 6.1
0.16 0.58 3.9 28 0.08 7.3
0.25 0.78 5.3 29 0.10 1
0.32 1.3 5.7 32 0.15 23
0.20 32
0.25 35
0.30 49
DMSO
[E] 40°C [E] 75°C (E] 80°C [E] 100°C
0.050 | 0.22 0034 | 21 0.048 34 | 0.034 6.8
0.10 0.63 0.057 25 | 0097 64 | 0057 8.5
0.18 1.2 0092 | 4.4 0.19 12 0.10 10
0.25 1.6 0.18 5.9 0.48 35 0.18 17
0.34 1.8 0.25 6.8 097 | 113 0.25 23
0.57 3.6 0.34 26 0.34 89
0.92 6.0 0.57 41 1.2 275
1.2 12 092 | 90
1.5 17 1.2 134
2-Chloroethanol
(E] 70°C [E] 80°C (E} 90°C (E] 100°C
0.031 | 0.10 0031 | 027 0.030 | 0.50 0.030 8.1
0.082 | 021 0.083 | 064 0050 | 1.1 0050 | 13
0.31 0.66 0.31 1.8 0080 | 1.5 0.080 | 19
0.51 2.1 0.52 9.8 0.10 1.9 0.30 53
0.82 30 083 | 16 0.15 2.8 0.50 55
1.0 3.8 1.0 20 0.25 5.0 0.80 69
1.5 6.2 1.6 43 0.30 6.6 1.2 131
2.0 1 050 | 17 1.8 202
1.2 55
1.8 99
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Chlorobenzene

{E} 70°C [E] 80°C |E] o0°C E] 100°C
0.30 0.15 0.10 0.023 0.10 0.068 0.10 0.13
0.51 0.32 0.15 0.040 0.15 (.088 0.15 0.25
0.79 0.63 0.20 0.084 0.20 0.13 0.20 0.39
1.0 1.1 0.25 0.11 0.25 (.22 0.25 0.47
1.3 1.6 0.32 0.23 0.51 1.1 0.51 2.1
1.8 2.7 0.51 0.48 1.0 35 1.0 6.7

0.82 2.0 1.3 59 1.3 9.7
1.1 2.5 1.8 8.2 1.8 14
1.3 30
1.8 5.8

o-Dichlorobenzene

[E] 70°C (E] 80°C |E] 90°C |E] 100°C
0.10 0.011 0.10 0.043 0.10 0.080 0.10 0.24
0.15 0.020 0.15 0.060 0.15 0.15 0.20 0.64
0.32 0.043 0.20 0.097 0.20 0.16 0.30 0.93
0.50 0.13 0.25 0.15 0.32 0.34 0.50 1.7
0.60 0.27 0.33 0.38 0.53 0.55 0.64 2.8
0.70 0.38 0.54 0.90 0.85 I.1 0.75 33
0.80 0.46 0.87 1.5 1.1 2.3 0.80 4.0
1.0 0.77 1.1 23 1.4 2.9 0.86 49
1.5 1.6 1.4 3.0 1.8 4.2 1.0 5.0
2.0 29 1.9 4.2 1.2 8.6

1.5 6.8
2.0 16




Table 8. continued

Bromobenzene
[E] 70°C (E] 80°C [E] 90°C [E] 100°C

0.11 0.021 0.033 0.020 0.033 0.094 0.10 0.24
0.17 0.035 (.087 0.072 0.089 0.11 0.16 0.41
0.22 0.086 0.10 0.037 0.10 0.12 0.21 0.62
0.28 0.12 0.15 0072 0.15 0.20 0.26 0.77
.33 0.36 0.21 0.099 0.20 0.31 0.34 1.6
0.56 0.48 0.26 0.15 0.25 0.39 0.56 3.2
0.89 1.4 0.33 0.31 0.33 1.1 0.90 4.7
1.1 26 0.54 0.87 0.56 1.8 1.1 6.9
1.4 3.8 0.87 1.3 0.90 3.2 1.9 18
1.9 5.6 I.1 24 1.1 4.1

1.4 3.2 1.5 3.7

1.8 6.3 1.9 8.3

Toluene
¢ E) 70°C | [E] 80°C | [E] 90°C (E] | 100°C

0.10 0.026 0.052 0.0098 | 0.10 0.062 0.10 0.11
0.15 0.054 0.083 0.019 0.15 0.096 0.15 0.13
0.20 0.072 0.10 0.050 0.20 0.17 0.20 0.25
0.25 0.093 0.15 0.096 0.25 0.18 0.25 0.27
0.30 0.16 0.20 0.10 0.30 0.47 0.30 0.79
0.81 0.43 0.25 0.12 0.81 1.6 0.81 2.5
1.3 0.99 0.31 0.29 1.3 2.8 1.3 5.3
2.0 1.6 0.52 0.47 2.1 5.3 2.0 7.6

0.83 0.90

1.0 1.5

1.4 23

2.0 4.4
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1:1 Decalin/Toluene

[E] 70°C E] 80°C 1E| v0*C 1E] 10°C
0.050 0.0034 | 0.053 0.041 0.053 0.042 0.053 0.092
0.080 0.026 0.084 0.043 0.084 0.043 0.084 014
0.10 0.032 0.11 0.081 0.11 0.081 0.11 0.20
0.16 0.047 0.16 0.12 0.16 0.12 0.16 0.34
0.21 0.070 0.21 0.21 0.21 0.21 0.21 (140
0.26 0.092 0.26 0.31 0.26 0.31 0.26 0.55
0.50 0.12 0.53 0.32 0.54 0.32 0.54 0.61
0.80 0.22 0.84 0.82 0.84 0.82 0.84 1.4
1.0 0.33 1.1 1.1 i1 1.1 1.1 30
1.3 0.51 1.4 1.9 1.4 1.9 1.4 4.4
1.8 0.96 1.9 3.3 1.9 3.3 1.9 6.7

Decane

(E] 70°C IE] 80°C (E] 90°C [E] 100°C
0.31 0.13 0.010 0.020 0.31 0.83 0.31 1.0
0.52 0.10 0.051 0.045 0.52 1.2 0.52 1.6
0.83 0.23 0.10 0.076 0.83 1.9 0.83 3.1
1.03 0.78 0.31 0.54 1.03 3.5 1.03 7.0
1.6 1.3 0.51 0.73 1.6 7.2 1.6 15
2.1 1.8 0.82 0.93 2.1 8.9 2.1 21

1.0 1.9
1.6 3.0
2.1 4.4
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1,1,2,2 Teirachlorocthane
[E] 70°C E] 80°C |E] 90°C (E) 100°C
0.10 0.024 0.11 0.064 0.10 0.18 0.10 0.40
0.20 0.089 0.23 0.24 0.20 0.47 0.20 2.1
0.50 0.31 0.57 0.66 0.51 1.7 0.50 3.0
0.60 031 1.1 2.2 1.0 4.4 1.0 15
0.70 0.92 14 3.1 1.5 7.6 1.5 20
1.0 1.1 1.7 4.7 2.0 13
1.1 1.2
1.2 1.8
1.5 2.5
1.8 4.0
2.0 4.4
1,2,4 Trimethylbenzene
E] 70°C (E) 80°C {E] 90°C {E] 100°C
0.10 0.018 0.30 0.026 0.10 0.018 0.25 0.20
0.30 0.041 0.50 0.11 0.25 0.10 0.30 0.27
0.50 0.068 1.0 0.3% 0.30 0.13 1.2 2.5
1.0 0.16 1.5 0.63 1.2 1.1 1.8 4.6
1.5 0.26 2.0 1.1 1.8 1.9 2.0 7.1
2.0 0.62 3.0 2.2 2.0 33 3.0 14
3.0 1.2 3.0 6.4
o-Xylene
[E] 70°C [E] 80°C [E] 90°C [E] 100°C
0.051 0.013 0.05 0.019 0.051 - 0.10 0.39
0.10 0.038 0.11 0.071 0.10 0.15 0.15 0.46
0.15 0.061 0.22 0.15 0.15 0.18 0.20 0.51
0.31 0.11 0.55 041 0.31 0.52 0.25 0.73
0.51 0.21 1.1 1.2 0.51 0.78 0.30 0.77
0.82 0.38 2.2 34 0.82 1.6 0.50 1.7
1.0 0.52 2.7 5.4 1.0 2.5 0.80 3.7
1.3 0.84 33 6.5 1.3 34 1.0 54
1.7 1.3 1.7 5.3 1.3 7.3
2.0 1.7 2.0 7.1 1.7 11
2.0 14
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m-Xvylene
(E] 70°C [E] 80°C {E] 90°C IE] 10°C
0.50 0.046 0.10 0.013 0.50 0.14 0.10 0.035
10 0.20 0.50 0.081 1.0 0.53 0.50 0.26
1.5 0.32 1.0 0.30 1.6 0.83 1.0 2.6
2.0 0.58 1.5 0.46 1.8 1.4 1.6 5.4
2.5 0.70 2.0 0.97 2.0 4.1 1.8 6.0
3.0 0.90 2.5 1.5 2.2 7.1 2.0 7.2
3.0 2.3 2.2 8.3
24 9.7
2.5 12
3.0 17
p-Xylene
LE] 70°C [E] 80°C [E] 90°C (E] 1006°C
0.10 0.031 0.10 0.036 0.10 0.038 0.10 0.071
0.49 0.15 0.21 0.070 0.50 0.50 0.50 0.90
0.98 0.59 0.52 0.31 0.80 0.88 0.80 1.5
1.2 0.93 1.0 0.76 1.2 2.1 1.0 1.9
1.6 1.8 1.5 2.5 1.5 2.5 1.2 3.6
1.8 1.6 1.6 1.8 1.6 2.6 1.5 4.4
2.0 2.3 1.8 2.2 1.8 34 1.6 8.5
2.2 2.6 2.1 3.6 2.0 5.9 1.8 9.7
24 3.1 2.2 3.8 22 6.1 2.0 10
2.5 3.7 2.4 4.2 2.5 1.6 2.2 13
3.0 43 2.6 4.6 3.0 9.2 2.4 14
3.1 5.8 2.5 14
3.0 16

ainmM: b in mM s! x 105 © all rate values at 80°C were taken from Table 3 and included here for

completeness.
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Table 9. k, and ks rate constants derived from Eq. (3).

Decalin DMF DMSO
Temp. (°C) k% k,b Temp. (°C) ks k, Temp. (°C) ks ky
70 (0.53 + .23 375 37 + 0.6 40 31 1.2
0.87 £ 0.56 4.84 + 43 56 + 1.6
80¢ 0.72 = 0.51 50 22 + 49 75 31 + 23
20 £ 10 2.2d + 26 74 £ 22
90 1.6 09 65 100 £ 23 80 36 + 21
37 14 12 + 83 82 * 29
100 7.1 £ 1.5 80 109 + 32 100 95 + 44
35 + 34 173 * 16 126 £ 52
2-Chloroethanol Chlorobenzene o-Dichlorobenzene
Temp. (°C) kys k, Temp. (°C) k,; ks Temp. (°C) ki ky
70 22 £ 10 70 0.44 + 0.17 70 2.0de +0.1
1.6 = 0.6 0.57 + 0.19 072 = 0.12
80 £3 £+ 50 80 0.78 £ 0.27 80 0.52 + 0.20
12 + 4 1.3 +£03 0.99 = 0.33
90 23 £ 11 90 19 =04 S0 0.90 + 0.24
18 + 7 1.5 £ 0.6 0.84% 0.65
100 110 £ 23 100 40 = 08 100 3.1 £ 0.8
0.42°+ 16 22 + 14 22 £ 1.6
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Bromobenzene Toluene 1:1 Decalin/Toluene
Temp. (°C) ky; Ka Temp. (°C) ki Ky Temp. (°C) K ks
70 0.39 + 0.26 70 045 + 0.09 70 0.12 + 0.05
1.5 £ 03 0.18 £ 0.26 0.22 + 0.28
80 0.50 &£ 0.27 &0 045 = 0.17 80 0.83 + 017
25 10 090 = 0.44 0.61 = (.85
90 2.6 09 90 12 +02 90 1.0 £ 05
0.93% 0.52 0.69 + 0.62 071 + 0.27
100 23 £08 100 2.8 08 100 1.2 + 0.7
37 =20 0.53°t 0.54 1.3 + 04
Decane 1,1,2,2-Tetrachloroethane 1,2,4-Trimethylhenzene
Temp. (°C) ks k, Temp. (°C) k: ky Temp. (°C) ks k,
70 .28 £ 0.10 70 0.13 £ 021 70 0.03 £ 0.04
0.30 £ Q.12 1.1 *+ 024 0.12 £ (.11
80 1.2 + 0.4 80 0.31 + 0.29 80 0.11 £ 0.07
0.49 £ 0.24 14 * 05 0.21 + (.05
90 22 £ 06 90 1.9 + 07 90) 011 £ 0.19
1.1 += Q.7 22 1.5 0.66 £ 0.20
100 23 + 1.1 100 92 + 130 100 0.25 + (142
40 * 1.1 33 24 1.5 + (04




Table 9, continued
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o-Xylene m-Xylene p-Xylene
Temp. (°C) kys ks Temp. (°C) Kk ks Temp. (°C) ki ka
70 0.22 £ 0.08 70 0.15 & 0.04 70 0.39 £ 0.16
0.3t £ 0.35 0.05 = 0.02 0.37 = 0.17
80 0.71 + 021 80 0.09 £ 0.07 g0 0.63 = 0.21
041 * 0.54 0.22 £ 0.08 0.42 + 0.20
90 1.1 + 03 90 0.86 + 0.20 90 0.56 = 0.33
.1 09 0.24 £ 0.20 0.90 = 0.27
100 29 07 100 0.19 £ 0.56 100 22 + 07
2.1 23 1.7° £ 03 1.3 + 0.5

& in mM ! s x 105 D in mM2 ¢! x 10% € all raic constanls at 80°C were taken from Table 4a and

included here for completeness; d

irregular rate constants were omitied in the calculation of the activation parameters.

these rate constants were very small 1o be of any signilicance; € these

In several cases, notably in the ko values, the uncertainties become exceedingly

large. We will see later that this is caused by the small concentrations employed in the

derivation of the rate constants (¢f. Section 2.4). In some cases, the uncertainties are

slightly greater than the rate constants themselves. This suggests that, statistically, from

the available rate data, the rate constant could not be obtained accurately.

From the transition state theory, the Eyring equation is defined as :

Solving for AG* one obtains,

k = rate constant

ky = Boltzmann's constant (1.38 x 1023 J/ K)

h = Planck's constant (6.63 x 1034 I 5)

T = temperature ( K)

R = gas constant (1.987 cal/ K mole)
AG* = free energy of activation.

AG" =T(4.576 log%+47.21)
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The activation parameters can thus be computed tfrom the following

AH"=E_ -RT Eq. (9)
AG™ = AH" —TAS" Eq. (10)

AG* = E, - RT = TAS"

So that,

AS® = 4.57610g(£)+£‘ﬂ-49.21
T T

or from Eq. (7),

AS* =4.576log(%)—49.21 Eq. (11)

The values of the activation parameters E,q,, AH*, AG*, and AS* can be caleulated from

Egs. (8), (9), (10), and (11) respectively. These are included in Tables 10a and 10b in
increasing AG*.

The standard deviations were determined by applying a simiiar method in the
determination of standard deviations in the rate constants. An estimated 15% ervor in the
values of the slopes and intercepts of the Ink vs. 1/T plots were used. The os in AH* and
AS# are the same as for E,., and the ds in AG* were determined by taking the square
root of the sum of the squares of the os in E,¢, and AS# (¢f. Section 2.4).



Table 10a. Activation parameters derived from k| rate constants.

Solvent E, P AH* AS* AG*
DMSO 179 £ 05 {173 £ 05 |-225 £ 15 (240 % 1.6
DMF 124 £ 05 {11805 (473 £ 14 |259 + 15
Bromobenzene 105 07 | 99+ 07 |-535+ 20 [259 = 2.1
1,1,2,2 Tetrachlorocthane | 140 £ 0.7 {134 £ 0.7 |-454 £ 2.0 | 269 + 2.1
Tolucne 164 £ 0.7 | 158 £ 07 [-376 £ 2.0 (270 = 2.1
o-Dichlorobenzene 19008 | 184 £ 08 [-29.7 £ 2.1 | 273 22
p-Xylene 171 £ 07 | 165 £ 0.7 (-362 £ 20 (273 ¢ 2.1
1:1 Decalin/Toluene 167 £ 07 | 162 £ 07 (-374 £ 21 [273 £ 2.2
Decane 180 £ 0.7 | 174 £ 07 [-341 £20 (276 £ 2.1
Decalin 217 £ 0.7 |21 £07 [-219% 19 |27.7 £20
m-Xylene 209 £ 08 203 £ 07 [.254 +24 278 £ 25
Chlorobenzene 304 £ 07 |298 £ 07 | 66 £20 | 278 £ 2.1
2-Chloroethanol 32605 32005 | 130+ 1.5 |28.1 £ 1.6
1,2,4 Trimethylbenzene [ 153 £ 09 {147 £ 09 1-452 + 24 | 282 £ 2.6
o-Xylene 219 £ 07 |21.3 £07 [-239 £ 20 | 285 £ 2.1

a Activation paramelers derived from k, rate constants; © in kcal mol 1 € keal mol!;

d cal mol-! °K-1; € keal mol!.



Table 10b. Activation parameters devived from K rate constants,
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Solvent E® AH?* AS7 AG*e
DMF 127 £ 1.2 12.1_; 1.2 1-39.0 £ 38| 237 % 4.0
Decalin 134 £ 0.7 | 128 2 0.7 {-383 £ 1.9} 242 £ 20
DMSO 116205 110051472 £ 13| 250 + 1.4
Bromobenzene 74 £ 0.7 58 £ 0.7 -60.8 £ 20| 250 + 2.1
1,1,2,2 Terachloroethane | 8.8 * 0.7 82 £ 07 [-570 £ 19| 252 %20
Chlorobenzene 9.4 & 0.7 8.8 £ 0.7-566 20| 257 + 2.2
p-Xylene 114 £ 07| 108 £ 07}-524 £ 21| 264 + 22
m-Xylene 129 £ 08| 123 + 0.8 | -48.0 + 2.2 | 26.6 £ 2.3
o-Dichlorobenzene 178207 172 £07|-335+21 | 272 +22
Toluene 178 £ 08} 172 £ 0.8 [-334 £ 23| 272 % 24
1:1 Decalin/Toluene 218 £ 0.7 | 212 £ 07 [-227 £ 2.1 | 280 % 2.2
2-Chloroethanol 23006 225+ 06(-196 £ 181 283 +£19
1,2,4 Trimethylbenzene | 209 £ 0.8 | 203 £ 0.8 {-27.0 £ 22| 284 £ 23
Decane 349 £ 07| 343 07| 168 £ 20| 293 + 2.1
0-Xylene 271 £ 0.7 265 £ 07 [ -104 £ 2.1 | 296 £ 2.2

2 Activation parameters derived from k, rate constants; b in keal mol'};

d cal mol! °K:1: € keal mol!.

€ kcal mol-!;
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Reliatively few articles in the Hiterature have thoroughly dealt with the overall
¢ffect of changing the medium upon the activation energy (or enthalpy) and entropy.
The variation in these kinetic activation parameters is frequently so unpredictable that no
gencralizations can be easily made. In some ionization studies, certain regularities in the
activation parameters do exist and these data are consistent with the theory of absolute
reaction rates. ' The high AH* value of chlorobenzene in the k| determinations indicate
some desolvation in the transition state which is consistent with a dipolar transition state.
Solvent interaction in the ground state by chlorobenzene might be attributed to the
greater polarizability of the aromatic m clectrons.!®  DMF, a strong solvating agent,
would experience little desolvation in the transition state and consequently have a lower
AH albeit we do not observe the same behaviour in DMSO.  All non-polar solvents
should, thercfore, have high AH¥ values but our data indicate otherwise.

The somewhat large negative values of the entropy of activation suggest a highly
ordered transition state in which the snlvent plays a strong stabilizing role. The ground
state would have less ordering of solvent molecules. This further strengthens our
proposed mechanism involving ionized intermediates (¢f. Section 2.6). Ionization
reactions usually accompany a large negative AS* because of the loss of entropy of the
solvent when going to the transition state. Large negative entropies have been observed
in the unimolecular thermolysis reaction of a-chloroalkyl ethers in aprotic solvents.!02
For the majority of the solvents, the molecules are somewhat unordered in the ground
state but on solvation in the transition state they experience a reduction in the number of
degrees of freedom available to them and, therefore, suffer from a greater loss in entropy.
Solvents which arc already ordered in the ground state will suffer a smaller loss in
entropy upon solvation in the transition state. In two solvents, chlorobenzene and 2-
chloroethanel, the positive values of AS* (Table 10a) suggest a highly unordered
transition state but become negative in the bimolecular mechanism (Table 10b) as
expected. On the contrary, the reverse is observed for decane. The value of AS¥
becomes positive in the bimolecular mechanism. No rationale can be offered for this
unusual behaviour. It is interesting to note that numerical values for AS* of the
bimolecular term are ulmost uniformly more negative than the AS* in the unimolecular

100 a) G. Salomon, Helv, Chem, Acta., 16, 1361 (1933); b) N. 3. T. Pickles and C. N. Hinshelwood,
J. Chem. Soc., 1353 (1936); ¢) B, L. Archer and R. F. Hudson, J. Chem. Soc., 3259 (1950); d} J.
W. Hackett and H. C. Thomas, J. Am. Chem. Soc., 72, 4962 (1950).

101 R. E. Pincock, J. Am. Chem. Soc., 86, 1820 (1964),

m H. Kwart and P. A. Silver, J. Org. Chem., 40,3019 (1975).
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term, This is consistent with the fact that a bimoleculir reaction usually involves more
ordering of solute dad solvent molecules as two reacting species must come together for
reaction to occur. The et that some of the AHZ and AS¥ values are inconsistent within
a serics of solvents of similar structure or polarity (ie. Xylenes, haloaromatic solvents,
polar/non-polar solvents) implies solvent interactions, in both the ground and transition
states, are too complicaied for simple interpretation. The values of AG* are all relatively
constant which is consistent with the compensating effect of AL and AS* (¢f. Scction
2.5) and which satisties Eq. (10).

2.4 ERROR ANALYSIS OF RATE CONSTANTS AND ACTIVATION PARAMETERS

In evaluating rate constants and kinetic activation paramcters, it is necessary to
examine the accuracy of the experimental data in the rate profiles. This would not only
allow us to strengthen our proposed mechanism of decomposition but it also gives an
indication of the validity of our experimental approach and procedures.

A typical rate profiie for the decomposition of 28 is shown in Figure 2 (toluene wt
80°C). An arbitrary deviation of £15% in any of the first seven data points along the rate
profile does not affect the calculated rate constants to a significant extent. However, it
will be seen that a rate deviation of £15% in the higher concentration region produces a
slight variation in the rate constants with the largest change at the highest concentration.
A simultaneous -15% change in the observed rate for the eleventh data point and a +15%
change in the observed rate for the last value while keeping the first 10 points unchanged
gives a first order rate constant that is diminished 7-fold (Table 11}). The estimated &
15% range originates from standard deviations obtained from multiple experimental runs.
In the majority of the two or more experimental runs at the same concentration, standard
deviations were not greater than 15%. In only a few cases, notably the lower
conceniration levels, the standard deviations were above 25%. Figure 4 shows the
comparison cf the experimental observed data with a hypothetical 15% deviation for the
last two data values. Thus, the most sensitive portion of the rate profile is in the higher
concentration range. Although the shape of the curves are very similar, the derived rate
constants from curve-fitting are different. Conversely, the first and second order rate
constants are slightly changed if one varies the eleventh point by +10% while varying the
last point by -10%. Table 11 shows the variation in rate constants at different
temperatures when the eleventh data point is increased or decreased {with a simullancous
decrease or increase in the last data point) by different percentages.



Table 11. Calculated rate constants obtained by variation of experimental rate

values in toluene at different temperatures.

70°C 80°C
Tomept | 90 |2 | femepn | | R
15 0.65 0.034 15 0.83 0.57
10 0.58 0.083 10 0.70 0.68
5 0.52 0.13 5 0.53 0.79
0.48 0.16 2 0.50 0.85
- 0.45¢ 0.18 - 0.45¢ 0.90
2 0.42 0.20 2 0.40 0.94
5 0.38 0.23 5 0.32 1.0
10 0.32 0.28 10 0.19 1.1
15 0.25 0.33 15 0.066 1.2
90°C 100°C
15 1.8 0.23 15 2.8 0.53
10 1.6 0.38 10 2.7 0.62
5 1.4 0.53 5 2.5 0.76
2 1.3 0.63 2.2 1.0
- 1.2¢ 0.69 - 1.8¢ 1.2
2 1.1 0.75 2 3.0 0.43
5 1.0 0.84 5 3.1 0.29
10 0.82 1.0 10 3.5 0.050
15 0.62 1.2 15 3.5 1.8x109

3in mM-! 51 x 10% P in mM2 5! x 105; € experisnental observed vaiue

54



Figure 4. Comparison of experimental data with a hypothetical deviation
of 15% in the higher concentration range. Plot shows data from toluene at
80°C. » experimental data (see also Figure 2); V 15% deviation data,
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Based upon the deviations observed in toluene, it prompted us to determine an
error range where our experimental rate constants, which lie within this range, can be
taken as valid and accurate data and any experimental rate constants that lie below or
above the range can be assumed simply as a bad experimentally derived rate constant.
The tolerance range was determined by taking the uncertainty in the rate constants by
estimating the ¢rrors in evaluating the rates. An estimate of £15% was obtained. By
treating the uncentainties in both kg and ks independently, the variance in the rate
constants cian be obtained from Eqgs. (12a) and (12b).10

2
o N
o, = H-E_—l}.’.;-;— Eq. (12a) lez = variance in k;
1 .0,
ol =——3z-1L Eq. (12b) Oy.,2 = variance in k,
b -1 x 2

Oy = estimated error in rates
= 15% of rate values

x = [episuifide]

N = number of data points

Thus, the uncertainties or standard deviations are easily obtained by taking the square
root of the variance. From this 15% error in the determination of the rate constants, we
can assume that a similar 15% variance interval exists in the evaluation of the activation
energy, enthalpy, entropy and free energy. The activation parameter ranges for both the
unimolecular and bimolecular portions of Eq. (3) are included in Tables 10a and 10b. As
mentioned previously, large ¢s were obtained for some of the second order rate constants
{eg. DMF, DMSO, and 2-chloroethanol). This is ascribed to the small values of x (low
concentrations) employed in Egs. (12a) and (12b). Small values of x would magnify into
a much larger value in g. Since x should define the error in the unimolecular term (k;),
we decided to apply only the higher concentration values in the evaluation of the error in
the bimolecular term (k3). This improved the value of G for ki.

In many instances where experimental runs were repeated, the derived rate
constants were acceptable within the prescribed error limits. The differences in these rate
constants are not likely to be due to systematic error but by random error which could not

103 D. C. Harris, Quantitative Chemical Analysis, 2nd ed., W. H. Freeman and Co., New York,

1987, pp. 31, 43.
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be avoided.  Under the experimental conditions employed, the rates can be weasuied
quite accurately. A good indication of this can be seen in the rate profile for m-xylene at
70°C shown in Figure 5 along with the same rate profile re-acquired after one year, The
experimental runs are duplicable. The computed rate constants are similar; henee our
experimental procedures appear to be quite accurate and valid. By derivation of the rate
constants from Eq. (3), we see that the observed rate constants provide solid evidence of
a dipolar mechanism consistent with our proposed mechanism of sulfur extrusion in
thiiranes.

Figure 5. Rate profiles for the decomposition of 28 in m-xylene at 70°C shows
daia collected under identical experimental conditions w different times.
« experimenlal data taken March 23/91; ¥ experimental data taken March 13/92,

1.4+
1.2 /7
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The experimental derived rate constants should thus be accepted only as a good
approximation to the real values (c¢f. Table 4a). These values should be viewed with
caution, as shown, from the possible large variations in the rate constants from the small
deviations (random errors) in the observed rates. Although the error range is somewhat
narrow, the activation parameters should also be treated with discretion as they are also
obtained from approximate rate constants. An important feature that should be noted
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invariably lower than the unimolecular first order entropy values as expected.  This

observation is & good indication that the activation parameters are reasonably accurate.

To further recognize how favorably the rate data fits Eq. (3), we calculated for
cach datum vilue, the number of standard deviations, g, from the proposed parabolic rate
law. We decided to use the rate data accumulated from all solvents at 80°C (¢f. Table 3)
to test the fit. From the determined k) and ko rate constants in Table 4a, we first replace
their values back into Eq. (3) and calculate the rates at each concentration. To determine
the number of standard deviations or how much deviation from Eq. (3) there is for each
vilue, we subtract the calculated rates from the experimentally obtained rates and divide
by ¢,. o, is obtained from the experimental rate multiplied by the estimated error in the
determination of the rate. This estimate is 15% as shown above. Table 12 shows the
calculated number of standard deviations for each rate and solvent. We immediaiely
notice .l in cach solvent, the magnitude of the majority of the points are within 20.
This suggests that we can be certain by szatistical analysis the* to a 95% confidence level,
the determined rates at any particular concentration of episulfide will fall within 15%
from the theoretical value obtained from Eq. (3). It is interesting to note that in some
solvents (chlorobenzene, toluene, 1:1 decalin/toluene, 1,2,4-trimethylberzene, o-xylene,
and p-xylene), the first or lowest concentration levels resulted in large ¢s. This is not
coincidental in view of the narrow range of variance at the low concentrations vs. the
higher concentration levels. At low concentration, a 15% error in the rate gives a much
smaller spread in the error range than at higher concentrations. This, consequently,
produces a larger overall ¢ if the best fit curve from Eq. (3) does not include or go
through those points. It is also interesting to point out that the number of positive Os is
approximately equal to the number of negative 6s which implies a reliable fit of the data
with no apparent iitegularity in them.



Table 12. Calculated number of standard deviations, 6. from Eq. (3).

Decalin DMF DMSO Isabutanol | 2-ClEOHY | Clbenzb
2.0 -4.1 -2.8 -0.32 (1.0R81 21
-3.1 -2.2 22 16 1.4 13
-0.95 1.9 -1 -35 7.0 9 R
-0.41 0.81 0.35 -29 -1.6 9.2
-0.25 -0.21 -0.09 1.5 -(.45 4.3
0.47 2.3 0.65 (.50 34
0.53 1.1 -0.28 -0.17 -1.7
-0.33 -0.90 -0.40 -(,53
-0.63 0.31 0.70
0.66 -0.02 .03
-0.12
DiClbenz® | Brbenzd Toluene | Decftolu¢ | Decane | 4CIEthane!
2.8 -0.53 11 7.0 2.7 -1
4.4 -0.88 3.8 5.3 2.2 -2.7
3.2 7.2 0.50 1.5 4.1 -0.31
19 6.1 -0.62 10 -1.8 -0.08
-0.24 1.5 1.25 5.3 -0.09 0.34
35 6.6 2.8 2.3 2.4 -0.16
1.9 2.5 -1.4 1.3 -0.76
0.37 1.0 0.10 -1.7 0.12
1.1 0.07 0.71 -0.74 0.04
-0.56 -1.2 -0.14 0.67
1.2 -0.36 -0.19 0.02
-1.4 0.28 0.06 -0.30
-0.62 0.05

0.32

59
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Table 12. continued

124 MebenzB | o-Xylene m-Xylene p-Xylene

5.5 7.3 -1.2 6.4
.12 1.0 1.5 7.4
-0.45 1.0 0.25 2.7
0.21 1.6 2.5 3.0
0.06 0.11 -1.0 -1.2
0.05 0.31 -0.1 14
-0.53 0.08 1.0

0.20 -0.03 -0.80

-0.47

-0.29

-0.24

0.29

4 2.chlorocthanol; D chlorobenzene; © dichlorobenzene; @ bromobenzene;

€ 1:1 decalinftoluene; f 1,1,2,2-1etrachlorocthane; B 1,2 4-trimcthylbenzene.

We conclude that Eq. (3) can be regarded as a likely fit to the overall kinetic
observations in all solvents. If, however, we delete the values that are greater than 26

units and recalculate the rate constants, we find that k; and ky do not change to any
significant extent. For example, the value of 166 in isobutanol was removed perhaps it
could very well be a bad experimental point. However, after recalculating the rate
constants, no change from the previous values was observed. In cases where the data are
greater than 7¢, if we vary the rates by as much as 15% no noticeable change in the
overall rate constants was observed. Hence, the rates at the lower concentration levels do
not contribute to any critical degree to the overall determination of k) and kj.

2.5 ISOKINETIC RELATIONSHIP

The variation in rate due to a change in solvent may be caused by changes in
either, or both, enthalpy or entropy of activation. Changes in rate can be chiefly caused
by changes only in the enthalpy of activation, which is most commonly observed, or
changes only in entropy of activation. Rate changes in both entropy and enthalpy are
also observed but these quantities are often linearly correlated. This correlation is known
as the isokinetic relationship, Eq. (13).

SAH" = pSAS*  Eq.(13)
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This phenomienon was first recognized by Letfler'™ who discussed its scope and
significance. In simple terms, it states that at the isokinetic temperatre, B, all the
reactions in a given series have identical rates, or that 8AG* = 0. The signilicance of this
relationship lies within the rates of reaction in a reaction series. A reaction series
consists of either substituent or solvent effects on the reaction rate. A reaction that is the
fastest below B becomes the slowest above B and vice versa.  Below the isokinetic
temperature, the fastest reaction will have a lower AH* and it is in the region of control
by AH*. Above the isokinetic temperature, the fastest reaction will have a higher AS#
and it is in the region of control by AS*. Such an enthalpy-entropy relationship is well
precedented in the literature.'®  An interesting feature in our study is an observed
isokinetic relationship. The isokinetic plots for both unimelecular and bimolecular terms
are shown in Figures 6a and 6b respectively using the AH* and AS* values from Tables
10a and !0b resulting in a linear relationship. A compensating effect ot AS# is observed
as values of AH* increase. It should be emphasized that this linearity is a requirement of
Eq. (10). The isokinetic temperatures are 45°C and 93°C respectively for the first and
second order terms with good correlations of 0.983 and 0.988 respectively. The linearity
of the isokinetic plots also provides an indication that the reaction series in these solvents
proceed with the same mechanisn),  Any noticeable deviation from the isokinetic
function is attributed to different solvent interactions and possibly a different reaction
mechanism. It has been debated that the apparent isokinetic relationship is a result of
indiscriminate experimental error.!% However, the spread of ca. 20 kcal in AH* and ca.
45 eu in AS* argue for the authenticity of our relationship.

104 J. E. Leffler, J. Org. Chem., 20, 1202 (1955).

105 a) M. G. Alder and J. E. Lefller, J. Am. Chem. Soc., 76, 1425 (1954); b) M. D. Cohen, J. E.
Leffler, and L. M. Barbato, J. Am. Chem. Soc., 76, 4164 (1954); ¢} P. D. Bartlew and R. R, Hiau,
J. Am. Chem. Soc., 80, 1398 (1958); d) C. D. Cook and B. E. Norcross, J. Am. Chem. Sac., 81,
1176 (1959); e) E. S. Huyser and R. M. VanScoy, J. Org. Chem., 33,3524 (1968). 1) Y.
Matsumoto and R. Ucoka, J. Org. Chem., 55, 5797 (1990); g} R. M. Hassan, Can. /. Chem., 69,
2018 (1991); h) Y. Inoue, N, Yamasaki, T, Yokoyama, and A. Tai,J. Org. Chem., 57, 1332
(1992).

106 a) R. C. Petersen, J. H, Markgraf, and S. Ross, J. Am. Chem. Soc., 83, 3819 (1961); b) W. Good,
D. B. Ingham, and J. Sione, Tetrahedron, 31, 257 (1975}.



Figure 6a. Isokinetic plot from activation parameters derived from k; values.
[sokinctic temperature = 45°C.
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Figure 6b. [sokinetic plot from activation parameters derived from Ky vilues,
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Since the isokinetic temperature for ky lies within our experimental temperature
range, we should expect a reversal in rates above and below the isokinetic temperature.
A reversal in the rates above and below the isokinetic temperature has been demonstrated
from substituent effects on the thermal isomerization of triphenylformazans.'”  An
attempt to show the reversal in rates above and below the isokinetic temperature was,
however, unsuccessful, The lack of observed reversal in rates can be attributed to the
fact that our rates were determined near the isokinetic temperature. A number of cases
are reported where the isokinetic temperature falls within the experimental temperatures
and reactions carried out at or near the isokinetic temperatures could lead to erroncous
conclusions about the nature of the reaction.!®® Thus, interpretation of rate data from any
reaction series should therefore be regarded with care. The failure to find a true lincar
correlation between the rate constants and some characteristic of the solvent (ie. dipole
moment, internal pressure, etc. ¢f. Section 2.8.3) could also lead to the unobserved

107 N. Nishimura, Y. Sucishi, and S. Yamamoto, Chem. Lett., 429 (1979).

108 a) J. F. Bunnett and R. J. Morath, J. Am. Chem. Soc., 77, 5165 (1955); b) W, H. Saunders, Ir.
and J. C. Ware, J. Am. Chem. Sor., 80, 3328 (1958); Sece also ref. 104 and references cited
therein.
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reversal in rates, Plots of log ky vs. i (dipole moment) or 8y (internal pressure) are
shown in Figures 7a and 7b respectively. They illustrate the significant scattering of the

points.

Figure 7a. Plot of log k| vs. pt (dipole moment) showing the significant

scatter with ky. The k; values were taken from all solvents at 80°C,
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Figure 7b. Plot of log kj vs. &y tinternal pressure) showing the scattering

with k. The k; values were taken {rom all solvents at 80°C.
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2.6 PLAUSIBLE MECHANISM OF SULFUR EXTRUSION

From the desulfurization kinctics of cpisulfide 28, the following mechanism is
proposed 1o account for the observations. At low concentrations, thermal ionization of
the C-S bond in 28 (Scheme 14) likely oceurs as the first and rate determining step. Such
an intermediate 35 has been suggested, as in the reaction between 9-diazoxanthene (33)
and coumarin 2-thione (34).1% A thiirane is isolated but which loses sulfur quickly.

35

Cleavage of the C-S bond of 28 at the carbon bearing the two chlorines would be
unfavorable due 1o their electron-withdrawing effect. The positive charge on the carbon
bearing the fluorene substituent would be stabilized by resonance. The fast step would
involve the subsequent attack of the sulfur anion species 36 on another molecule of
episulfide 28, giving intermediate 37. This species would acquire sulfur atoms
sequentially until an Sg cycle is formed along with 29.

109 a) N. Latif and 1. Fathy, Can. J. Chem., 44, 1075 (1966); b) M. Kamata, K. Murayama, and T.
Miyashi, Tewrahedron Leit., 30, 4129 (1989).
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As the concemration of cpisulfide 28 increases, the second term in the rate
cquation becomes more important and a competing bimolecular mechanism is {ollowed
(Scheme 14), The sulfur atom from one episulfide molecule abstracts the sulfur atom
from another in the rate determining step, giving intermediate 38, The fast step is the
subsequent concatenation of more sulfur atoms until Sg is formed. At even higher
concentration levels in thirteen solvents, the bimolecular route actually becomes the rate-

determining step.

We have also found that rate equations 4, 5, and 6 fit the experimental data
reasonably well and therefore they cannot be completely ruled out as possible rate laws.
A mechanism that can be envisioned for the third order term in the equations is the
following (Scheme 15). The initial step would be the formation of adduct 39. Adduct 39
could cither lose the olefin product (path A) and give 38 or react with a third molecule of
episulride in the rate determining step giving 40 (path B). Subsequent acquisition of
more episulfide molecules in the fast step would give 41. Elemental sulfur is eventually
extruded via recyclization of intermediate 41 to give the olefin 29.



6ou

Scheme 15
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2.7 STEREOCHEMICAL ASPECTS IN THE DECOMPOSITION OF THIIRANES

We have convincing evidence that the mechanism of thermal decomposition of
28, and perhaps thifranes in general, is concentration dependent. Such an observation for
episulfide was initially made by Bergman but litde proof was provided.’? Both a
unimolecular and bimolecular mechanism play an important role in the extrusion of
sulfur. One vital aspect that one should address is the siereochemical outcome in these

desulfurization reactions.

It is known that the higher oxidized analogues of thiiranes, episulfoxides and
episulfones, extrude sulfur monoxide and sulfur dioxide respectively under thermolytic
and pyrolytic conditions. Furthermore, the stercochemistry of the substituents is
preserved.  Vollhardt examined the sulfur monoxide extrusion reaction of 2,3-dideuterio
thiirane oxide and found that there was greater than 90% retention of stereochemistry. !0
It wis concluded that the mechanism follows a partial biradical pathway but with a
significant contribution (rom the concerted process in which SO is expelled. A biradical
intermediate was proposed to account for the loss of stereoselectivity and it may be the
exclusive mode of decomposition if C-C bond rotation is slow compared to the extrusion
of SO. On the other hand, non-stereosclective extrusion reactions have also been
reported in the thermolysis of stilbene and 2-butene episulfoxides.!’! These are thought
to involve rupture of the C-S bond in the first step forming a diradical followed by an
internal rotation around the C-C bond. Evidence for the diradical intermediate was
demonstrated by kinetic studies in solvents of different polarity where little effect on the
decomposition rates was observed with increasing solvent polarity. The stereoselectivity
was also found to be lowered with increasing temperature.!t1b

Stereochemical integrity is usually observed in the decomposition of
cpisulfones.''> A concerted chelewropic expulsion of SO, is the favored pathway
although a biradical mechanism where SO, extrusion occur faster than C-C bond rotation
cannot be excluded.!!'* However, the decompnsition of 2-phenyl and cis- or trans-2,3

1o a) W. G. L. Aalbersberg and K. P. C. Vollhardt, J. Am. Chem. Soc., 99, 2792 (1977); b) W. G.
L. Aalbersberg and K. P. C. Vollhardt, Israet J. Chem., 21, 145 (1981).

m a) G. E. Hartzell and J. N. Paige, J. Org. Chem., 32, 459 (1967); b) K. Kondo, M. Matsumolto,
and A. Negishi, Tetrahedron Len., 2131 (1972).

nz a) N. P. Neureiter and F. G. Bordwell, J. Am. Chem. Soc., 85, 1209 (1963); b) L. A. Carpino
and L. V, McAdams, 111, J. Am. Chem. Soc., 87, 5804 (1965); c) N. P. Neureilerand F, G.
Bordwell, J. Am. Chem. Soc., 88, 558 (1966); d) N. Tokura, T. Nagai, and S. Matsumura, J. Org.
Chem,, 31, 349 (1966).

13 N. H. Fisher, Synthesis, 393 (1970),
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diphenyl episulfones was believed to progress by a non-concerted pathway leading
stereoselective products. From solvent studies, both a diradical and ionic mechanism was
proposed.!!*

There are several reported cases in the literature that discuss the stereochemical
aspects in the degradation of thiiranes. In reactions of thiiranes with certain reagents,
desulfurization occurs non-stercospecifically as evidenced by yiclding mixwres of cis
and trans olefins.852%%4 By contrast, reactions with a number of reagents gave olefing
stereospecifically 7074762827989 113 I these reactions, the reagents are believed o
attack the sulfur atom followed by ring opening to give the olefin.

Thermally induced desulfurizations, in general, can be classified as non-
stereospecific (¢f. Section 1.8.2). Pomimelet3'? supgesied that a competition between C-C
and C-S bond cleavage occurs upon thermolysis of 12a to rationalize the formation of the
different isomers. A similar conclusion was also adapted by Schneider.5!s The mixture
of cis- or trans-2,3-divinyl thiiranes (12a) gave the same proportion of 20% ciy andg 80%
trans isomers. Both ionic and biradical intermediates were postulated to account for
other products. Bergmans? emphasized a strong dependence of stercochemistry on
temperature and he classifies these reactions as non-stercospecific. Nevertheless, Swausz
argues that low temperature thermolysis of cis- or trans- 2-butenc thiiranes is
stereospecific with greater than 90% retention of configuration.!® In cases where
thiiranes undergo photolysis, formation of the diradical from C-S bond cleavage would
most likely give non-stereospecific products.? Padwa! however, claims that the
photodesulfurization of 18 is stereoselective and the loss of sulfur is best eaplained by
cleavage of the C-S bond forming a diradical which is then followed by loss of atomic
sulfur. It was also suggesied that the non-stercoselectivity in the thermolysis was
attributed to photoisomerization of the thiirane.

One can clearly see that the steric outcome of these reactions is unprediciable.
Several different mechanisms have been postulated to account for the observed products.
Although our substrate cannot be used to investigate stereochemical aspects, we can

114 F. G. Bordwell, J. M. Williams, Jr., E. B. Hoyt, Ir., and B. B. Jarvis, J. Am. Chem. Soc., 90, 429
(1968).

s V. Cald, L. Lopez, A. Mincuzzi, and G. Pes ¢, Synthesis, 3, 200 (1976).

16 E. M. Lown, H. S. Sandhu, H. E. Gunning, and O, P. Strausz, J. Am. Chem. Soc., 90, 7164
(1968).
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speculate from our proposed mechanism of sulfur extrusion from thiiranes that, in
general, stereoselectivity can be predicied. Our mechanism is  dependent on
concentration and at low concentration of thiirane, one should expect to see non-
stereoscelectivity in these reactions (Scheme 16). A unimolecular C-§ bond fission giving
a dipolar intermediate followed by C-C bond rotation would give a mixture of
stereoisomers. At higher concentration levels, one should expect retention of
configuration of the olefin. A bimolecular mechanism comes into play and a stepwise
abstraction of sulfur atoms predominates which would give stercospecific products.

S
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2.8 SOLVENT EFFECTS

2.8.1 INTRODUCTION

[t has long been known that solvents play a paramount role in reaction s,
chemical equilibria, and spectral properties of compounds. One of the most important
factors in performing a chemical reaction is choosing the appropriate solvent. A change
in solvent can considerably alter the rates of most chemieal reactions in which ions are
formed from neutral molecules. Several monographs and articles have been published
emphasizing solvent effects in organic chemistry.'7 A recent book providing a
comprehensive description of solvents effects in organic chemistry was written by
Reichardt.'®  One of the earliest examples of solvent effects was demonsirated by
Menschutkin!!? where the reaction of triethylamine with iodoethane showed rate
acceleration depending on what solvent was chosen.  He found that the reaction in
methanol was 280 times faster than in n-hexane and 742 times faster in benzyl aleohol,
An increase in the solvating power of the solvent leads to an increase in the rate of
reaction. By careful selection of solvents, the rate of a chemical reaction can he
controlled.

The influence of solvent on reaction rates is best treated by the transition state
theory developed by Eyring. A one dimensional Gibbs energy diagram (Figure 8) 18
useful in describing this theory, The activated complex exists at the top of the energy
barrier and represents that point in the reaction coordinate where the molecular species
has an equal chance to reform into reactants or form its products. The overall reaction
rate is the rate in which the activated complex passes over the energy barrier towards the
formation of the products,

" a) E. S. Amis and J. F. Hinton, Soivent Effects on Chemical Phenomenon, Vol. 1, Academic

Press, New York, 1973; b) V. Gutmann, The Donor-Accepior Approach to Molecular
Inieractions, Plenum Press, New York, 1978; ¢) C. Reichardl, Pure Appl. Chem., 54, 1867
(1982); d) M. H. Abraham, Pure Appl. Chem., 57, 1055 (1985).

ns C. Reichardt, Solvents and Solvent Effects in Organic Chemistry, 2nd cd., VCH
Verlagsgesellschalt mbH, D-6940 Weinheim, 1988.

19 N. Menschutkin, Z. Phys. Chem., 34, 157 (1900).
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Figure 8. Onc dimensional Gibbs energy diagram showing relative standard molar
Gibbs energy of reactants, transition state, and products.

Reactantae

The initial reactants and activated complex will, however, be solvated to a
different extent according to the solvating power of the solvent and this would retard or
accelerate a reaction (Figure 9). In Figure 9(a), solvent 1 represents an ideal solvent in
which neither the reactants or the activated complex are solvated and it has a Gibbs
cnergy of activation, AG;* Solvent 2 is shown to solvate the activated complex
preferentizlly and it has a Gibbs energy of activation AG,*. The Gibbs energy of transfer

is reduced by a value AGy_5* thus giving a rate acceleration. In Figure 9(b), solvent 3 is

shown to solvate the initial reactants and thus the Gibbs energy of transfer is increased by
AG)|_ 3% resulting in rate retardation.

Figure 9. One dimensional Gibbs energy diagram showing (a) Solvent 2 solvating
activated complex preferentially and (b) Solvent 3 solvating initial reaciants

preferentially. Solvent 1 is an ideal solvent, solvating neither the reactants nor activated
complex.
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In reality, both initial reactants and activated complex are solvated and it 1s the
difference in Gibbs energy of wanster which determines the net rie. Such a solvation

scheme is represented in Figure 10.

Figure 10. One dimensional Gibbs energy diagram for two different solvents,
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The difference in the Gibbs energy of activation for the reaction in the 2 solvents is

AAG? = AGJ? -AG,#
= Gli- GIR - G:)_"'t + GZR

= AGy5* - AG R

Hence, AG}.,* can be evalnated by obuaining AAG* from measured kinetic activation
parameters and AG;,R from Eq. (14 where ¥ refers to the activity coefficients of

reactan's in solvent 1 and 2.
AGE, = —RT In(LL) Eq. (14)
2

If both AG.,* and AG;.,R are positive, then there is a destabilizing effect. If both are
negative, then there is a stabilizing effect, and if they are both zero, then there is no
solvent effect. A large solvent effect is expected if one term is positive and the other

negative since they reinforce each other.
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2.8.2 HUGHES - INGOLD RULES

tn studying the effect of solvents on reaction rates, many different factors come
into play and it is often difficult to provide a complete expianation of these effects. One
must therefore treat experimental data in a qualitative fashion.  One of the more
successful qualitative theories was that developed by Hughes and Ingold.'*®  They
investigated solvent effects on nucleophilic substitution and elimination reactions. Only
pure clectrostatic interactions between ions and solvent molecules in the initial and
transition state were considered so that solvation will increase if there is an increase in
mignitude of charge. A decrease in solvation results if charge is dispersed or destroyed.

The following rules were thus defined (120

a) An increase in solvent polarity will increase the rate of reaction in which there
is a greater charge in the activated complex relative to the initial reactants,

b) An increase in solvent polarity will decrease the rate of reaction in which the
charge density in the activated complex 1s lower than in the initial reactants.

¢) If there is liule or no charge developing on going from the initial reactants to
the activated complex, then a change in solvent polarity will have negligible
effect on the rate.

Table 13 summarizes the effect of increasing solvent polarity on nucleophilic substtution
type reactions. A vast number of examples in the literature demonstrate the application
of the Hughes-Ingold rules.!2!

C. K. Ingold, Structure and Mechanism in Organic Chemistry, 2nd ed., Comell University Press,
Ithaca, New York, 1969,

121 ) S. Fukuzumi and J. ¥ Kochi, J. Am. Chem. Soc., 102, 2141 (1980); b) Y. Kondo, M. Ittoh,
and S. Kusabayashi, J. Chem. Soc., Faraday Trans. I, 78, 2793 (1982); ¢} A. R. Katritzky and B.
Brycki,J. Am. Chem. Soc., 108, 7295 (1986); d) G. A. Jones, C. J. M. Stirting, and N. G.
Bromby, J, Chem, Soc., Perkin Trans. 11, 385 (1987); e} P. M. E. Mancini, R. D. Martinez, L. R.
Voutero, and N. 8. Nudelman, J. Chem. Sec., Perkin Trans If, 951 (1987).
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Table 13. Predicted solvent effects on rates of nucleophilic substitution reactions (tahen
from reference 1200,

Reaction Initial Activated Charge alteration | Effect of increased
Type Reactants Complex during activation solvent polarity on
rate
Sni R-X RS+ . X3 Separation of Large lncrease
unlike charges
Syl R-X* RO+, X8+ Dispersal of Stall Decrease
charge
SN2 Y +R-X Y8+, R..X5 Separation of Large Increase
unlike charges
Sn2 Y-+R-X | Y& R.X& Dispersal of Small Decrease
charge
Sn2 Y +R-X*+ | Y&+ R.X8+ Dispersal of Small Decrease
charge
SN2 Y-+ R-X+ | Y& R.X& Destruction of Large Decreass
charpge

2.8.3 ATTEMPT TO CORRELATE REACTION RATE WITH SOLVENT POLARITY

Organic chemists have attempted to understand solvent effects in terms of the
polarity of the solvent. The polarity of a solvent is a term used to relate the capacity of a
solvent to solvate reactants and activated complexes. Qualitatively, it is casy to
understand but quantitatively it is more difficult. Many have tried to cxpress
experimental rates with such properties as dielectric constant, dipole moment, refractive
index, or Hildebrand's solubility parameter (internal pressure) and some have found these
solvent parameters successful.'?1122  Because of the highly complicated interactions
between solvents and reactants or activated complexes, the correlation of these effects
with solvent properties is often difficult and inadequate. For example, the diclectric
constant does not take into account hydrogen bonding or electron pair donor/clectron pair
acceptor (EPD/EPA) interactions, both which often play a major rcle in solute/solvent
interactions nor does it take into account solvents which are highly structured.

122 a) E. Tommila and P. Kauranen, Acta. Chem. Scand., 8, 1152 (1954); b) M. Watanabe and R. M.

Fuoss, J. Am. Chem. Soc., 78, 527 (1956); ¢) K. F. Wong and C. A. Ecken, J. Chem. Soc., Trans.
Faraday I, 66, 2313 (1970); d} J. P. Snyder and D. N. Harpp, J. Arfn. Chem. Sor.., 98, 7821
(1976Y; ¢} G. Desimoni, G. Faila, P. P. Righetti, and L, Toma, Teirahedron, 46,7951 (1990,



There have been attempts to evolve an empirical seale of solvent polaniy based
on solvent-sensitive reference processes. Such a reterence would serve as a model that
covers & wide variety of possible intermolecular interactions, With this madel, it could
be assumed that the process retlects all possible interactions which are present in related
solvent-sensitive actions,  These empirical parameters would then constituie 2 more
reliable measure of solvent polarity.  Empirical solvent polarity scales are reviewed by
Reichardt, '3 Abraham,'** and recently by Pytel!®® The most comprehensive scales are
bricfly described here.

Grunwald and Winstein!* defined a solvent ionizing power parameter, Y, based
on a standard reaction namely the Syl solvolysis of -butyl chloride in 4:1 aqueous
ethanol as a reference solvent. This standird reaction was given a value of zero as the Y
parameter. The model was chosen because it was believed 1o occur by a pure Syl
mechanism where ionization of the C-Cl bond is the rate determining step. The authors
defined Eq. (15):

k e
Logk—= mY Eq. (15) kg = first order rate constant in reference solvent

k, = rate constant in another solvent
m = substrate parameter

Y = parameter characteristic of a solvent

Y values were obtained from a number of solvents and in a large number of cases, good
linear relationships were found.'?? Less satisfactory results were obtained in reactions
that go through Sn2 type mechanisms or in reactions where nucleophilic solvent
participation becomes relevant.

123 C. Reichardt, Angew, Chem. Int. Ed. Engl., 4,29 (1965).

124 M. H. Abraham, Progress in Physical Organic Chemistry, 11.7 (1974).

125 Q. Pytela, Collect. Czech. Chem. Comm., 53, 1333 (1988).

126 E. Grunwald and S. Winstein, J. Am. Ckem. Soc., 70, 846 (1948).

127 a) M.-F. Ruasse and B.-L. Zhang, J. Org. Chem., 49, 3207 (1984), b) C. A. Bunton, M. M.
Mhala, and J. R. Moffaw, J. Org. Chem., 49, 3639 (1984); ¢) T. W. Bentley, M, Christl, and S. J.
Norman, J, Org. Chem., 56, 6238 (1991); d) M. Fujio, N. Tomita, Y. Tsuno, S. Kaohayashi, H.
Taniguchi, J. Kaspi, and Z. Rappoport, Tetrahedron Leit., 33. 1309 (1992).
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Dimroth and Reichardy=™ proposed & Eq solvent polarity parameter hiased on the
transiion energy for the Jongestwavelength solvitochromic absorption band  of
pyridiniwn A phenoxide betaine dye (42), Eq values are @ measure of the amount of
energy (keal) necessary o bring one mole of dyve from the electronic ground state to the
first excited state. Since the ground state is an ion pair, E¢ values for polar solvents will
he higher due to stronger stabilizing etfects. This would require more energy to promote
the electron o the excited state. Ep values for more than 270 organic solvents have been
determined and many examples in the literature show strong correlation between Ep
values and rate constants; a few are ¢ited, 021291303018 One major drawback of these
E- values is that they caanot be measured in acidic solvents due to direct protonation of
the phenolic oxygen atom 42, which results in no absorption bunds. A recent article
showed that 42 forms hydrogen bonds with proton donors and thus the E scale is a
reasonable measure of solvent hydrogen-bond donor ability.!33 Nevertheless, solvents of
different polarity can indeed provide useful information concerning solute-solvent
interactions because of the differences in position, intensity, and shape of absorption

bands measured in the different medium.

42

There have been many other approaches in proposing a solvent polarity scale but
in these cases they are restricted because of the limited number of solvents used to
establish the polarity scales.’® A recent article indicated that the solvent polarity

128 K. Dimroth, C. Reichardt, T. Sicpmann, and F. Bohimann, Liebigs Ann. Chem., 661, 1 (1963);
752, 64 (1971). For improved synthesis of betaine dyes see C. Reichardt and S, Asharin-Fard,
Angew, Chem. Int. Ed Engl., 30,558 (1991).

129 R. Tang and K. Mislow, J. Am. Chem. Soc., 92, 2100 (1970).

130 M. H. Abraham and P. C. Grellicr, J. Chem, Soc., Perkin Trans. i, 1735 (1976).

131 F. Mao, D, R, Tyler, M, R, M. Bruce, A. E. Bruce, A. L. Ricger, and P, H. Rieger, J. Am. Chem.
Soc., 114, 6418 (1992),

132 X. Creary, H, N, Hatoum, A. Barton, and T, E, Aldridge, J. Org, Chem., 57, 1887 (1992),

133 ¢ A. Coleman and C. 1. Murray, /. Org. Chem., 57, 3578 (1992).

134 a) Z-scale : E. M. Kosower, J. Am. Chem, Soc., 80, 3253 (1958); b) Q-scale : J. A. Berson, Z,
Hamlet, and W. A, Mueller, J. Am. Chem. Soc., 84,297 (1962); ¢} X-scale : M. Gielen and J.
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parameter, dy (1PN isotropic hyperfine sphitting constant), can be linearly correlated with
riate constants in the Kineties of airoxide mdical trapping ol carbon cemered rindicals, !
On the other hand, all these parameters constitute a somew hat beter measure of solyem
polarity than the single physical characteristics since they reflect the intermolecular

forces between solute and solvent molecules more reliably,

Despite  the observation that single  empirical  parameters serve as goud
approximations of solvent polarity, many solvent-sensitive processes do not correlte
well with these parameters, our work appears to tall into this category. Plots of cither
log ky or log ki vs. several polarity scales including dipole moment, Hildebrand's
solubility parameter, Dimroth's E¢ values, and refractive index. showed no apparent
correlation (Figures 7a, 7b, 1la, 11b).

Nasiclski, J. Organomet. Chem., 1, 173 (1963); d) DN scale : V., Guimann, "The Donor-
Acceptor Approach 1o Molecular Interaclions”, Plenum Press: New Yark, 1978; ¢) AN seale @ A,
J. Parker, U, Mayer, R, Schmid, and V. Gutmann, J, Org. Chem., 43, 1843 (1978),

135 A.L.J. Beckwith, V. W. Bowry, and K. U. Ingold, J. Am. Chem. Soc., 114, 4983 (1992).
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Figure 11a. Plot of log ky vs. E showing the non-linearity with k;.
The k, values were taken from those solvents at 80°C and which have
an E value that was measured.
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Figure 11b. Plotof log Ky vy, (2 D/in”+2) shewing the non linearity

with k. The ky values were taken from those selvents at S0°C.
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Log ky (or log kj) against Grunwald's Y values were not plotted because of
unavailable Y parameters for the solvents used in our study. An enticing characteristic is
found when we plot log k; or log ky vs. (Dc-1)/(2D+1), where D is the diclectric
constant (Figures 12a and 12b). Table 14 shows the dielectric constants and log k; and
log ky values for the solvents used in this study. The quantitative correlation (r = (.72
and 0.61 respectively) is not ideal but, in genecral and with the exception of a few
irregular data points, an increase in rate with dielectric constant is shown. This is direct
evidence for the existence of an ionized transition state in agreement with our proposals.
Several cases in the literature have shown log k vs. f(D,) plots with few scattered points
but a general increase in rate with dielectric constant (positive slope) is observed.!?® This
is demonstrated in Figure 13 (r = 0.82). A similar trend is also observed in other polarity
scales (Figures 7a,. 7b, and 11a). These also support the existence of ionized transition
states. We serve to point out that any single physical quantity cannot effectively be used
as a measure of solvent polarity in our system perhaps due to the multitude and complex

136 a) M, Auricl and E. de Hoffmann, J. Am. Chem. Soc., 97, 7433 (1975); b) M. H, Abraham and P,
L. Greltier, J. Chem. Soc., Perkin Trans. If, 1735 (1976).
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nature of solute/solvent processes. There are many different Rinds of interaction

mechantsms between solute and solvent molecules which may act stimuhancously.

Tabte 14. Dicleetric and rate constants used in this study. Rate constants were
obtained at 80°C. Diclectric constants were taken from Handbook of Chemisiry
and Physics, 73rd ¢d., D. R. Lide, Ed., CRC Press, 1992-93, p 9-51.

Solvent (De-1)f log ky® log k?
(2D.+1)
Decane 0.19 -4.9 -5.3
Decalin 0.22 -5.1 -4.7
p-Xylene 0.23 -5.2 -5.4
1:1 Decalin/Toluene 0.23 -5.1 -5.2
m-Xylene 0.24 -6.0 -5.7
Toluene 0.24 -5.3 -5.0
o-Xylene 0.25 -5.1 -5.4
Bromobenzene 0.37 -5.3 -4.6
Chlorobenzene 0.38 -5.1 -4.9
1,1,2,2-Tetrachloroethane | 0.41 -4.7 -4.7
o-Dichlorobenzene 0.43 -5.3 -5.0
Isobutanol 0.46 -4.3 -5.9
2-Chloroethanol 0.47 -4.1 -3.9
DMF 0.48 -3.0 -2.8
DMSO 0.48 -3.4 -3.1

a rate constants taken from Table 4a.



Figure 12a. Plot of tog ky against a function of diclectric constant showing

the general increase in rate with dielectric constant,
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Figure 12b. Plot of log k> against a function of diclectric constant showing

the general increase in rate with dielectric constant.
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Figure 13. Plot of log (k/ky) v, (D-1/2D .+ for the Mensehuthin
reaction between tricthylamine and indocthane showing the scatiering of
points. A general increase inorate with diclectric constant is also
illustrated. Rate constants were taken from reference 136 and are relative
to n-hexane as the slowest solvent.
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1. n-hexane; 2. cyclohexane; 3, carbon tetrachioride; 4. 1.4-dioxane: 5. benzene; 6. tolucne; 7. dicthyl
ether; 8. iodobenzene; 9. chloroform; 10. bromobenzene: 11. chlorobenzene: 12, ethyl benzoate; 13. ethyl
acctate; 14. 1,1,1-trichlorocthane; 15. chlorocyclohexane; 16, bromocyclohexane; 17, tetrahydrofuran;
18. 1,1-dichlorocthane; 19. i,1,2,2-1etrachlarocthane; 20, dichloromethane; 21, 1,2-dichlorocthane; 22.
acetophenone; 23, 2-butanone; 24. acctone; 23. propionitrile; 26. benzonitrile; 27, nitrobenzene; 28, NN
dimethylformamide; 29, acetonitrile; 30. nitromethane: 31. dimethylsulfoxide; 32. propylene carbonate.



2.8.4 MULTIPARAMETER APPROACHES

The quantitative treament of the effect of solvents requires inclusion of all
solvation effects and  self-association of the solvents, determined by the solubility
parameter.  Particularly significant is the role of nonspecific solvation of the reaction
complex, due 1o the polarizability (or polarity) of the medium. To account for two or

maore aspects of solvation, multiparameter approaches were developed.

Katritzky et al.!37 employed a linear combination of E values and the Kirkwood
diclectric  function, (Dg-1)/(2Dg+1), where they assumed the dielectric function
represents  dipole/dipole interactions and where the Et values represent dipolar
interactions and hydrogen bonding factors. Correlations with rates show significant
improvements with their multiparameter treatment,

Koppel and Palm!'?® argued that a complete description of solute/solvent
intcractions should include specific and non-specific effects. A 4-term equation was
derived consisting of two specific and two non-specific solvent interaction terms, Eq.
(16).

A=A,+yY+pP+eE+bB Eq.(16) A =solvent dependent property
A, = solvent property in inert solvent
Y, P = non-specific parameter
E, B = specific parameter

The basis for the Y values is the dielectric constants, for P the refractive index, for E, the
Lewis acidity parameter, is based on Dimroth's E7 values, and B, the Lewis basicity
parameter is based on the O-D IR stretching bands of CH;0D.!1¥ Over 70 solvent-
sensitive processes correlated well'*® with Eq. (16) and in 50 of them, parameter E
showed the most importance which reflects the dominance of Et values (electrophilic
solvation) in these processes.!*® Thus, the authors showed that it is necessary to take into
account all four possible solvent-solute interactions in dealing with solvent effects.

137 F. W. Fowler, A. R. Katritzky, and R. J. D. Rutherford, J. Chem. Soc., Part B, 460 (1971).

138 A. Koppel and V. A, Palm, "Advances in Linear Free Energy Relationships”, N. B. Chapman
and J. Shorter, Eds., Plenum Press: New York, 1972, Chapter 5, p 203.

139 T, Kayiya, Y. Sumida, and T. Inoue, Bull. Chem. Soc. Jpn., 41, 767 (1968).

140 The validity of Eq. (16) was characlcrized by the standard deviations of the regression
coclTicients, the correlation cocfficient, r, and the relative standard deviation of the correlation.
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Kamletand Taft's™1 reatment of multiple solvent eftects were similar to Koppel

and Palm's treatment. They proposed the multipasimeter By, (17)
A=Ag+s(n +d®) +ac+ b +hd 2 +e8 B (1)

where 1% measures the ability of the solvent to stabilize a charge by its diclectric etfect, 3
is the polarizability correction term which is 0 for non-chlorinated aliphatie solvents, 0.5
for polychlorinated aliphatic solvents, and 1.0 for aromatic solvenis, ot and B are similar
to Koppel and Palm's Lewis acidity and basicity terms. 832 is the Hildebrand solubitity
parameter squared which is a measure of the solute/solvent interactions that are
interrupted in creating a cavity for the solute, and the § parameter is the coordinate
covalency measure which is equal to -0.20 for P=0 bases, 0 for C=0, $=0, and N=0
bases, 0.20 for single-bonded oxygen bases, 0.60 for pyridine bases, and 1.0 for sp?
amines. s, d, a, b, h, and e are the regression coefficients that dictate the importance of’
that parameter in the overall reaction. As the authors explained, by rationally choosing
specific solvents, the multiparameter equation can be reduced to 1, 2, or 3 terms
involving different combinations of the parameters.

The parameter, 7t*, which is an index of solvent dipolarity/polarizability
measuring the ability of the solvent to stabilize a charge by virtue of the solvent diclectric
effect, should effectively correlate better than the dielectric constant, D, itself. This can
be explained by the way the parameters are derived. The term D, is a macroscopic
property of the bulk solvent and does not probe the cybotactic region, whereas 1% values
are obtained from probing electronic transitions occurring in the solute organized
cybotactic region or solvation shell. The distinction between the cybotactic region and
the bulk solvent is shown in Figure 14. The cybotactic region is defined as the region
where the solvent is highly organized around the solute molecules. This suggests that in
order to describe solvent effects on reaction rates, the solvent polarity scale should reflect
or be based on the cybotactic region since the reaction of interest would be most
influenced by the cybotactic region rather than the bulk solvent.'*2 Grunwald-Winstein's
Y values and Dimroth-Reichardt's E+ values are also derived from experiments which
probe the cybotactic region of the solvent.

14t M. J. Kamlet, J.-L. M, Abboud, M. H. Abraham, and R. W. Taft,J. Org. Chem., 48, 2877
(1983). Application of the Kamlet equation has been shown in Dicls- Alder reactions : Sce
reference 122e.

142 B. R. Knauer and J. J. Napier, J. Am. Chem. Soc., 98, 4395 (1976).



Figure 14, Distinction between the bulk solvent and the cybotactic region.
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Our attempt to correlate 1 values alone with log ky ot log ks was met with some
success, We observe a prevailing increase in rate with the 1% solvent polarity parameter
which s indicative of a dipolar mechanism (Figare 13%, The lack of good correlation (v
=0.75) of log ky or log Ky with T (or even By as shown in Figure 12a) can be attributed
to the fact that these parmmeters stem from a particular effect the solvent pokirity has on
certain model (reference) chemical process of a certain compound (¢f, Section 2.8,3),
These madel processes do not bear any resemblanee o our decomposition reaction and

hence the parameters do not correlate well with our reaction rates.

Figure 15. Plot of log k| vs. m* solvent polarity parameter showing a general
increase in rate with ¥, The ky values were taken from Table - and which

have a ©¥ value that was measured.
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Nevertheless, the rate of reaction correlates reasonably well with the non-specific
parameters of Koppel and Palm. Since our reaction involves neither acidity or basicity
effects of solvents we can neglect the specific parameters in Eq. (16). The equation,
therefore, reduces to three terms comprising of the diclectric and refractive index
parameters. Multiple regression provides Eqs. (18) and (19) where f(D.) = (D.-1)/
(2D,+1) and f(n2) = (n2-1)/(n2+2).
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log k= -1.83 +L80AD) - 16.15fnD) Eq. (18)
log ky=-6.12 + $.92(D.) -1.11/in2) Eq. (19)

We see that the diclectric termy plays a dominant role and the refractive index term plays
a negative role in the overall reaction rate. If we increase the polarity of the solvent (le.
diclectric constant) the rate increases which is in agreement with our proposed ionic

mechanism,

Similarly, we can simplify Kamlet and Taft's equation, Eq. (17), by eliminating
the acidity and basicity terms as well as the coordinate covalency parameter. Multiple
regression analysis shows that the solubility parameter, 8,2, plays a very minor role in
the rate of reaction and therefore we can neglect that term altogether thus armniving at Eqs.
(20) and (21) :

log k; = -3.88 + 0.83n* - 1.798 Eq. (20)
log ko = -3.47 + 0.18x" - 2.055 Eq. (21)

As with the pronounced effect of diclectric constant in the Koppel and Palm treatment,
the reaction rate is directly proportional to the ™ parameter here. The greater the value
7" the greater the reaction rate which supports our mechanism involving dipolar
intermediates.

We should also note that in the Koppel and Palm approach we used the dielectric
constants which are ground-state properties of the bulk solvent and in the Kamlet and
Taft illustration we used ™ values which are derived from probing the cybotactic region.
Overall, this suggests that although the rates of reactions are mainly influenced by the
cybotactic region more than the bulk solvent, we show here that the bulk solvent is
meaningful in our system.
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2.9 SOLVENT ISOTorE EFFECT

The solvent isotope clfect in the study of reaction kinetics s used w0 deseribe
changes in a Kinetic process when o solvent is replaced by its isotopically substituted
counterpart.  In most cases, hyvdrogen is substituted by deuterium but carbon, sulfur, and
nitrogen isotopes have also been used. The isotope effect for reactions is used w indicate
whether there is a direct or indirect solvent participation in the reaction. A combination

of three ractors are involved when observing these effects ;18

a) Primary isotope effect where in the rate determining step the bond 10
the isotopically-labelled atom is broken:

b) Secondary isotope effect in a solute/solvent interaction where bonds
to the isotopically labelled atoms are not broken in the reaction:

¢) The reactants become labelled by fast exchange and the newly labelled
molecules cleave in the rate determining step.

Unfortunately, these three factors all operate simultancously and is thus difficult
to differentiate between them.

In general, a reaction shows an incigase in rate with unlabelled solvent relative 1o
the labelled solvent if the activated complex becomes charged. Conversely, a reaction
that disperses or destroys charge will exhibit an enhanced rate in labelled solvent relative
to the unlabelled solvent. The different behaviours are most likely auributed to the
difference in polarization of the X-H and X-D bonds where the X-H is more polarizable
than X-D. In a charged activated complex, the more polarizable unlabelled solvent will
increase the rate of reaction whereas labelled solvent, being less polarizable, will
decrease the rate of reaction.

Our study focused on the difference in the observed raic constant in the
decemposition of episulfide 28 when ethanol is substituted with ethanol-d. The rate
profiles were obtained at 50°C starting with an initia] concentration of 1.000 mM of
episulfide 28. Figure 16 shows the rate profiles for the two solvent sysiems.



Figure 16. Rute profile in the decomposition of 28 in ethanol () and
cthanol-d (V).
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By curve-fitting®” the rate vs. concentration of episulfide to Eq. (3) k; and kj
values were determined and are listed in Table 15. We observe that the rate of
appearance of olefin 29 is faster in the protonated solvent than in the deuterated solvent.
This is not inconsistent with our mechanism involving a charged activaied complex as it
appears the rate determining step in deuterated ethanol is altered, the O-D bond being
stronger than the O-H bond. According to our proposed dipolar mechanism, it is
possible for the sulfur anion from the unimolecular or bimolecular pathways to abstract
the deuterium atom from the labelled solvent. If this is now rate-determining, the
production of the alkene would be retarded.
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Table 15. Rate constants derived from 1. (3) in ethanol and ethanol-d solvents.

kl k‘
Selvent . i
(x 107 5-H (x 105 mM-l sy
Ethanol 4.2 0.21
Ethanol-d 1.7 0.17

The solvent isotope effect can be calculated from taking the ratio of the second order rate
constants of the unlabelled and labelled solvent :

k, (unlabelled)
k,(labelled)

An isotope ratio of 2.5 and 1.2 is obtained from k; and k; rate constants respectively
which is indicative of a primary isotope effect. The magnitude of the isotope ratio is not
uncommon in other studies with ethanol and ethanol-d solvents, 43

Further evidence of hydrogen transfer within this system can be seen {rom the
addition of acetic acid. The rate profile shown in Figure 17 was obtained starting with an
initial concentration of episulfide 28 of 1.0 mM and varying the concentration of acetic
acid. As the concentration of acetic acid is increased, the rate of decomposition in
toluene at 80°C is reduced dramatically. A 6-fold decrease in rate is observed when the
concentration of acetic acid is increased by 1.5 times. This is compatible with the
abstraction of hydrogen by the sulfur anion intermediates which inhibits further
decomposition.

143 a) J. D, Roberts, W. Watanabe, and R, E. McMahon, J. Am. Chem. Soc., 73, 760 (1951); b) J. D.

Roberts, C. M. Regan, and L. Allen, J. Am. Chem. Soc., 74, 3679 (1952).



Figure 17, Lffect of adding acetie acid in the decomposition of 28.
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2.10 EFFECT OF RADICAL INHIBITOR

We extended our mechanistic efforts by studying the effect of radical inhibitors
on the decomposition of thiirane 28. If the rate is slowed, then we could conclude that
the reaction possibly follows a radical-type mechanism. Rates were determined by 'H
NMR by following the increase in the appearance of alkene 29 in toluene-dg at 80°C
with and without addition of a radical inhibitor. The bimolecular rate constants were
used for comparison of reaction rates and are shown in Table 16 for two different radical
inhibitors, acetanilide and styrene. The addition of either inhibitor, even at 2.2-2.7 times
more concentrated than 28, showed no significant change in the rate thus demonstrating
the unlikelihood of a radical mechanism. Thus, it can be concluded that an ionic
mechanism is likely operative in the decomposition of 28.
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Table 16. Second order rate constants obtained from appearance of 29 in

toluene-dg at 80°C with and without addition of radical inhibitor.

ks (x 105 mM-1 51

No inhibitor 0.38+0.08
Acetanilide 0.34 £0.07
Styrene 0.33+0.07

2.11 EFFECT OF ADDED SULFUR

Huisgen demonstrated that the desulfurization of triphenylthiirane by sodium
thiophenoxide is inhibited by the interaction of the climinated sulfur.’* Kinctic analysis
by 'H NMR showed that the addition of sulfur suppresses the rate of decomposition of
the thiirane. In the presence of sulfur, the thiophenoxide anion reacts with sulfur forming
polythiolate anions; hence diminishing active thiophenoxide which would otherwise
desulfurize the thiirane. There was no mention of the possibility that the thiirane could
also react with the added sulfur presumably because the thiophenoxide would be a better
nucleophile. In our kinetic studies, no external nucleophile was employed and we
therefore, decided to see if our particular thiirane would interact with sulfur which would
be present in the early stages of the reaction.

We compared the rate of increase of olefin 29 with an experiment in which
elemental sulfur was added prior to the addition of thiirane and we measured the rate of
increase of 29. Our studies on the effect of adding sulfur in the decomposition of
thiirane 28 indicated that sulfur did not inhibit the rate of decomposition. Figure 18
shows the effect of adding 0.2 mM of sulfur to the reaction while monitoring the increase
in concentration of olefin 29 in chlorobenzene at 80°C. It is clearly seen that sulfur has
no effect on the rate and therefore does not seem to interact with 28.

144 R. Huisgen, "Developmenis in the Organic Chemistry of Sulfur”, Proceedings of the Xili

International Symposium on the Organic Chemistry of Sulfur, Odense, Denmark, C.T. Pedersen
and J. Becher, Eds., Gordon and Breach Science Publishers, 1989, p 63.
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Figure 18, The increase in olefin 29 in the thermolysis of thiirane 28
in chlorobenzene at 80°C. « 0.2 mM sulfur added:; ¥ no sulfur added.

Rate (x 10° mM s')

0 1 i A 1 i 1 1

0.0 0.3 0.6 0.9 1.2 1.5 1.8 2.1
[Episulfide] mM

Moreover, no significant change in rate is observed if one varies the concentration
of sulfur added. We see that the rate changes by only two-fold if we vary the
concentration of sulfur by 62-fold (Table 17). The small difference in rate can be
attributed to the random errors in the determination of the rates.



Table 17. Rate of appearance of elefin 29 at various concentrations of

added sulfur. Initial concentration of thiirane 28 = (.20 mM.

Conc. S Rate
(mM) (x 103 mM 51
0.021 0.11
0.063 0.12
0.10 0.12
0.21 0.14
0.26 0.15
0.52 0.16
0.78 0.20
1.04 0.20
1.31 0.21

It is known that elemental sulfur reacts with alkenes to give sulfurated products as
well as episulfides.!43 The synthesis of stable episulfides, however, resulted from
reacting the alkene with elemental sulfur in refluxing DMF. Under these conditions we
would expect to favor formation of olefin 29 rather than thiirane 28 which is thermally
unstable.

145 a) R. Sato, M, Nakayama, Y. Yuzawa, T. Goto, and M., Saito, Chem. Lett., 1887 (1985); b} P, D.

Bartlett and T. Ghosh, J. Grg. Chem., 52,4937 (1987); ¢) W. Ande, H. Sonobe, and T. Akasaka,
Tetrahedron Lett., 28, 6653 (1987); d) J. Nakayama, Y. Ito, and A. Mizumura, Sulfur Ler:., 14,
247 (1992). See also W, A, Pryor, "Mechanisms of Sulfur Reactions,” McGraw-Hill, 1962,
Chapter 5.
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CHAPTER 3
SYNTHESIS, STRUCTURE AND REACTIVITY

3.1 INTRODUCTION

The majority of synthetic studies on thiiranes is devoted not only to develop
novel methods of synthesis but also to modify the classical methods in order to improve
the range of recagents used and to improve the yields. There have been numerous studies
on the effect of reaction conditions in the formation and yields of thiiranes. With the
discovery of new thiolating agents, it has been possible to design new non-traditional

methods of synthesis.

3.1.1 CONVERSION FROM OXIRANES

One of the most important and frequently used methods to prepare thiiranes is the
reaction of oxirane with thiourea or alkali metal thiocyanates (Scheme 16).1% The yields
are high and the products are easily isolable. The accepted mechanism of reaction with
thiocyanate involves a nucleophilic attack by the thiocyanate resulting in a C-O bond
cleavage intermediate, followed by an intramolecular S to O cyano migration and ring
closure (Scheme 16).147

. N')
o KscN O R, ){:
. —r————— 3 — S
Rf R,

146 S. Searles, E. F. Lutz, H. R. Hays, and H. E. Mortensen, Org. Synth., 42, 59 (1962).
147 a) M. G. Eutlinger. J. Am. Chem. Soc., 72,4792 (1950); b) E. E. van Tamelen, J. Am. Chem.
Soc., 73, 3444 (1951); ¢) C. C. Price and P. F. Kitk, J. Am. Chem. Soc., 75, 2396 (1953},
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A similar mechanism can be envisaged using thiourea (Scheme 17). The stereochemistry
is preserved and the optically active (R,R) oxirane gives optically active (S.8) thitrane.
A number of new thiiranes with a variety of substituents have thus been obtained which
were previously unavailable.3!a.944.111.148 Thig reaction is slow if the oxirane ring is tri- or
tetra-substituted or if the substituents are electron withdrawing. Most thiirane products
are unstable due to the ease of sulfur elimination if substituents are electron withdrawing,
However, thiiranes containing electron attracting substituents have been synthesized. i

Other sulfur reagents have been successfully employed in the preparation of
thiiranes. Triphenylphosphine sulfide in the presence of acid has been used with success
to convert the corresponding oxiranes to thiiranes with retention of configuration.!3
Silyl thiirane was formed by interaction of the corresponding oxirane with 3-
methyibenzothiazole-2-thione (43) (Scheme 18).14!

148 a) H. Bouda, M. E. Borredon, M. Delmas, and A. Gaset, Synth. Comm., 17,943 (1987); b) R. L..

Pederson, K. K. C. Liu, J. F. Rutan, L. Chen, and C. H. Wong, J. Org. Chem., 55, 4897 (1990).

149 R. Ketcham and V. P. Shah, J. Org. Chem., 28, 229 (1963),

150 a) T. H. Chan and J. R. Finkenbine, J. Am. Chem. Soc., 94, 2880 (1972); b) T. H. Chan and J. R,
Finkenbine, Int. J. Sulfur Chem., 8, 45 (1973); c) W. E. Childers and C. H. Robinson, J. Chem.
Soc., Chem. Comm., 320 (1987). Sce also J. R, Finkenbine, Ph.D. thesis, McGill University,
June 1974,

151 G. Barberi, J. Organomet. Chem., 117, 157 (1976).
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Me
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iPh, @s SiPh,
43 Scheme 18

The perhydrobenzothiazole-2-thione derivative has also been implemented.!3* One of the
most effective new thiono compounds is dimethyl thioformamide which has been used to
prepare thiiranes,'s3  Also cffective are 2-mercaptobenzothiazole'* and 5-mercapto-1-
phenylietrazole, 195

3.1.2 CONDENSATION OF D1Az0 COMPOUNDS

Coupling of diazo compounds with thiocarbonyls is one of the oldest methods to
prepare thiiranes. Between 1916-1920, Staudinger reported the formation of thiirane
from diazo compounds with thiocarbonyls.#%!% An unstable 1,2,3 or 1,3,4 thiadiazoline
was postulated as an intermediate which is converted to the thiirane with the concomitant
evolution of nitrogen (Scheme 19).

R1
R1 - + R2 N:N
2 —— R W + R1 3
R + Ry ’ R R
s ( R4 2 4
R, l_N2
Scheme 19 S
R17L3r93
R

2 R,

The reactions in these systems can easily be accounted for by initial formation of a
carbene.!’” This method has been employed with a wide range of both diazo reagents and

152 R.C. Cambie, G. D. Mayer, P. S. Rutledge, and P. D. Woodgate, J. Chem. Soc., Perkin Trans. I,
52 (1981).

153 T. Takido, Y. Kobayashi, and K. liabashi, Synthesis, 779 (1986).

154 V. Cald, L. Lopez, and G, Pesce, Gazz. Chim. Ial., 109, 703 (1979).

155 E. Lippmann, D, Reifegerste, and E. Kleinpeter, Z. Chem., 17, 60 (1977).

156 a} H. Staudinger and F. Plenninger, Chem. Ber., 49, 1941 (1916); b) H. Staudinger and J.
Sicgwart, Helv. Chem. Acta, 3, 833 (1920).

157 N. Latif and 1. Fathy, J. Org. Chem., 27, 1633 (1962).
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thioketones resulting in many different thitranes. *M% 0 Grignard  reagents™ and
phenyl{trihalogenmethyl) mercury compounds®® have also been used s sources of

carbenes to prepare thitranes.

3.1.3 OTHER METHODS

Thiiranes have also been prepared by other methods which include the addition of
sulfur to alkenes!'®® although the yields are low, pyro- and photolytic methods 161 g
well as reactions involving ring cyclization vie a thiolate anion'® A convenient
synthesis of thiiranes is the addition of sulfenyl chlorides to alkenes followed by ring
closure.'®® A new method was discovered by Zipplies'® in which the reaction of
dimethylaniline oxide with CS, in the presence of alkenes produced thiiranes.  The
reaction of thioaldehyde 44 with & Wittig reagent also gives thiirane (Scheme 20).165 2.
Hydroxyalkanesulfenyl chlorides are converted stereospecifically to  thiirane  with
iriphenylphosphine;'6® dicthoxy triphenylphosphorane was used to transform a 2-
hydroxythiol to a thiirane.!®” An unusual class of thiiranes, vinylthio substituted
thiiranes (45), has recently been synthesized using sulfenyl chlorides in the presence of

138 a) M. Tashiro, S. Makata, and S. Ischi, Heterocycles, 12, 184 (1979); b) M. 8. Raasch, /. Org.
Chem., 44, 632 (1979); ¢) G. L'abbe, J. P. Dekerk, C. Mariens, and 8. Toppet, J. Ory. Chem,, 45,
4366 (1980); d) E. Schaumann, H. Behr, G, Adwidjaja, A, Tangerman, B, H. M, Lammerink,
and B. Zwanenberg, Tetrahedron, 37, 219 (1981); e) T. Furvhata and W, Ando, Teirahedron
Leus., 28, 1179 (1987); f) K. Rall and W, Sundermeyer, J. Fluorine Chent,, 47, 121 {1990),

159 a)R. C. Moreau, Bull. Chim. Soc. Fr., 1044 (1955); b) P. Beak and J. W. Worley, J. Am. Chem.
Soc., 94, 597 (1972).

160 a)§. Inoue, T. Tezuka, and S. Oac, Phosphorus Sulfur, 4,219 (1978); b) J. Emsicy, D. W.
Griffiths, G. J. J. Jayne, J. Chem. Soc., Perkin Trans. 1,228 (1979); ¢} C. Bertaing, R. Fellous, F.
Lemaire, and R Stringat, Tetrahedron Letts., 26, 5521 (1985); d) J. Joseph, R. K. Gosavi, A.
Quer, G. Katovych, E. M. Lown, and O. P, Strausz, J. Am. Chem. Soc., 112, 8670 (1990).

161 a) H. Quast and A. Fuss, Angew. Chem. Int. Ed. Engl., 20,291 (1981); b) A. Krebs, W. Riiger,
and W. H. Nickel, Tetrahedron Letts., 22, 4937 (1981),

162 a) R. C. Cambie, P. S. Rutledge, G. A. Strange, and P, D, Woodgate, Heterocycles, 1501 (1982);
b} M. Michalska, E. Brzezifiska, and P. Lipka, J. Am. Chem. Soc., 113,7945 (1991); c) J.
Uenishi, M. Motoyama, Y. Nishiyama, and S. Wakabayashi, J. Chem. Soc., Chem. Comm., 1421
(1991).

163 2) F. K. Lautenschlacger and N, V, Schwartz, J. Org. Chem., 34,3991 (1969); b) F. K.
Lautenschlaeger, J. Org. Chem., 34, 3998 (1969); ¢} T. Fujisawa and T, Kobori, Chem. Lett.,
935; 1065 (1972); d) M. U. Bombala and S. V. Ley, J. Chem. Soc., Perkin Trans. 1, 3013 (1979);
e) J. M. Majewski and J, Zakrzewski, Tetrahedron Len., 22,3659 (1981); [) W. A, Smit, N. S,
Zefirov, and . V. Bodrikov, "Organic Sulfur Chemistry,” R. K. Friedina and A. E. Skorova,
Eds., Pergamon Press, 1981, p 159,

164 M. F. Zipplies, M.-J. De Vos, and T. C. Bruice, J, Org. Chem., 50, 3228 (1985).

165 E. Vedejs, D. A. Perry, and R. Wilde, J. Am. Chem Soc., 108, 2985 (1986).

166 1 E.Baldwin and D. P, Hesson, J. Chem. Soc., Chem. Comm., 667 (1976).

167 R.L.Robinson, J. W. Kelly, and S. A. Evans, Phosphorus Sulfur Relat, Elem,, 31, 59 (1987).
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alkynes and a boron superhydride ' More recently, thiirunes were prepared utilizing a
reaction involving a dithioiminocarbonate and thiazoline with aldehydes promoted by
fluoride jon. %%

H S
J=S + PhP=CH(CH,),Ph — /\/Ll
t+-Bu Ph “t-Bu
44 Scheme 20
0
R ¢l
N-SCI + R—==—=R —»
PhthS R
o)
l2LiEtaBH
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R ct . R s—S R
HY gy
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3.2 SYNTHESIS OF 2,2-DICHLORO-3-[9-FLUORENYL] EPISULFIDE (28)

As stated above, one of the more convenient methods of preparing fluoreny!
substituted thiiranes is the coupling reaction of 9-diazofluorene with a thioketone. This
was first reported by Staudinger and Siegwart*? in which thiirane 28 was first prepared
using their procedure. The diazo compound is obtained by oxidation of its corresponding
hydrazone. A variety of hydrazones and their corresponding diazofluorenes are easily
obtained by the method described by Baltzly and coworkers.1’0 Following their
procedure, readily available 9-fluorenone was easily converted to its hydrazone by
treatment with hydrazine monohydrate in refluxing 2-butanol followed by oxidation with

168 G. Capozzi, L. Gori, and 8. Menichetti, Tetrahedron, 47, 7185 (1991).

169 Y. Tominaga, H. Ueda, K. Ogata, S Kohra, M. Hojo, M. Ohkuma, K. Tomita, and A. Hosomi,
Tetrahedron Leut,, 33, 85 (1992),

170 R. Balizly, N, B, Mchta, P. B. Russell, R. E. Brooks, E. M. Grivsky, and A. M. Steinberg, J.
Org. Chem., 26, 3669 (1961),
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mercuric oxide 10 9-diazofluorene (46).  Thiirane 28 iy obtiined by reacting 46 with

thiophosgene at 0°C following Staudinger's procedure (Scheme 210,

NNH,

ngo
By = an

46
Scheme 21

3.3 SYNTHESIS OF 2,2-DICHLORO-3~[2-FLUORO-9-FLUORENYL] EPISULFIDE

In our quest to synthesize fluorene-substituted thiiranes in order to further
examine the mechanism of sulfur extrusion, we extended Staudinger's synthetic
methodology by attempting to synthesize the fluoro fluorenyl thiiranc derivative 49. Our
initial strategy was to not alter the structure of the parent thiirane 28 at the 2 or 3
positions but rather putting a substituent on the fluorenyl ring system so that the
reactivity of the compound will almost be similar to the parent thiirane. The simplicity
of readily available monosubstituted fluorenones allowed us to atiempt to prepare the
thiiranes in three steps. We initiated work on 2-fluoro-9-fluorenone. The disadvantage
is that the electronegative fluorine should decrease the stability of the thiirane. 2-Fluoro
fluorenyl hydrazone (47) was prepared and consequently converted to its diazo
compound 48 following Baltzly's approach.'”  Subsequent reaction of 48 with
thiophosgene gave a ~3:1 ratio of olefin 50 to thiirane 49 (Scheme 22). Several atiempts
to prepare 49 were unsuccessful most likely due to the instability of the 3-membered
heterocyclic ring with the additional fluorine atom (cf. Section 3.7).
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NHNH; 0

NNH, Scheme 22
47
F HgO F
O s ¢ CSCh O O CSCI2
O’ Cl .—
48 50

3.4 METHYL- AND METHOXYFLUORENYL SUBSTITUTED EPISULFIDES

Our efforts turned to methyl- and methoxy-fluorenyl substituents. Unfortunately,
alkyl or alkoxy substituted fluorenones are not readily available and thus had to be
synthesized. The preparation of 3,6-dimethoxy-9-flucrenone was reported by Schuster
and coworkers in 1985.17! The advantage of this particular compound is the symmetrical
aspect of the dimethoxy fluorenone which permitted us to easily characterize and identify
the intermediates via 'H and 13C NMR. The synthesis involves a reaction between a
Grignard reagent and an oxazoline followed by deprotection and inwamolecular
cyclization, giving the disubstituted fluorenone. The synthesis of the
dimethoxyaryloxazoline 52 was accomplished by the procedure described by Meyers and
coworkers!” and is shown in Scheme 23. The first step requires protection of the
carboxyl substituent. The 2-oxazoline group was suitable protection for the carboxyl
function because of its resistance to Grignard reagents which would be used in a
subsequent step in the synthesis.!”? Meyers has recently extended his methodology to the
synthesis of 2-substituted napthalenes.!’ The acid chloride was prepared from 2,4-
dimethoxy-benzoic acid by treatment with thionyl chloride and which, in turn, was
transformed to the benzamide S1 by treatment with 2-amino-2-methylpropanol (Scheme

7 C.Chuang, S. C. Lapin, A. K. Schrock, and G, B. Shuster, J, Am. Chem. Soc., 107, 4238 (1985),

172 A. I, Meyers, R. Gabel, and E. D. Mihelich, J. Org. Chem., 43, 1372 (1978).

17 a) A. 1. Meyers, D. L. Temple, D, Haidukewych, and E. D. Mihelich, J. Org. Chem., 39, 2787
{1974); b) A. I. Meyers, A, Meier, and D. J. Rawson, Tetrahedron Lett., 33, 853 (1992).

174 T.C. Gantand A, 1. Meyers, J. Am. Chem. Soc., 114, 1010 (1992).
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. 23). The Z-oxazoline 82 is then prepared by evelization of 51 with thionyl chloride

followed by chromatographic purification.

OH Ci
OCH, SOC, OCH,
—
OCK, OCH,
PH§¥LOH
H
0. OH
OCH, socl, OCH,
‘.—.———
OCH, | OCH,
52 51
. Scheme 23

With 52 in hand, a nucleophilic aromatic substitution reaction with 3-
methoxyphenylmagnesium bromide was performed to yield the biphenyl 33 (Scheme
24). The Grignard reagent was easily prepared by heating 3-bromoanisole and
magnesium metal in refluxing THF. Tt should be noted that the methoxy substituent
ortho to the oxazoline is preferentially displacea over the para methoxy group, owing to
the versatility of the oxazoline moiety acting also as an activating group. Substitution is
facilitated at the ortho position apparently because of direct chelation of nitrogen (and/or
possibly oxygen) and the methoxy oxygen with the magnesium.!” The biphenyl
compound 53 was deprotecied via the intermediate methiodide salt 54 and removal of the
oxazolinium moiety was accomplished by alkaline hydrolysis to give the biphenyl
carboxylic acid 55. A milder method for converting oxazolines to carboxylic acids was
recently described by Phillion and co-workers!” in which triflucromethancsulfonic
anhydride was employed followed by alkali saponification. Poly(phosphoric) acid
cyclization? of 55 gave 2 isomeric compounds, 3,6-dimethoxy-9-fluorenone (56) and
1,6-dimethoxy-9-fluorenone which were easily separated.

. 175 D. P. Phillion and J. K. Pratt, Syn. Comm.,, 22, 13 (1992},
176 1. Koo, J. Am. Chem. Soc., 75, 1891 (1953).
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Scheme 24

Conversion of the symmetrical fluorenone 56 to the 9-diazofluorene compound
58 vig hydrazone 57 is relatively straightforward following the procedure of Baltzly.!70
The synthesis of 2,2-dichloro-3-(3,6-dimethoxy-9-fluorenyl) thiirane (59), to our
knowledge, has never been reported in the literature.

Treatment of the red diazo compound 58 with thicphosgene at 0°C gave only
compound 60 as a red solid in 37% yield. In another attempt to prepare thiirane 59,
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hydrazone 57 was converted directly without isolation of the diazo compound.  This
route would minimize generation of azine side products which was observed i diazo
compound 58 was isolated. Azines are known to form readily from dinzo compounds!?’
and hydrazones,!”™ However, this method proved unsatisfuctory as olefin 60 was (he
only product isolated. This was confirmed by 13C NMR.

The methodology outlined above was extended allowing us to possibly prepare
other substituted fluorenyl thiiranes. Following the gencral procedure in the preparation
of 59, it was decided this approach will be used with other arylsubstitwted Grignard
reagents in hopes of affording several new substituted fluorenones.  Snicckus and co-
workers described a convenient route to substituted fluorcnones by a remote aromatic
metalation strategy.!’®  Substituted fluorenones are also known to be biologically and
physiologically active compounds.”® For example, 2,7-bis(N.N-dicthylaminocthoxy)
fluoren-9-one dihydrochloride (Tilorone) (61) is an interferon inducer and exhibits anti-
viral activity.!8

Q )

From the appropriate Grignard reagents, 2-oxazolines 65, 66, and 67 werc
obtained from treatment with 2-methylphenylmagnesium bromide (62), p-
tolylmagnesium bromide (63), and phenylmagnesium bromide (64) respectively. The
oxazolines were deprotected affording the biphenyl carboxylic acids 68, 69, and 70
which were converted to their disubstituted fluorenones 71, 72, and 73 via intramolecular
poly(phosphoric) acid cyclization. These were then converted to their mixture of
isomeric hydrazones 74, 75, and 76 by treatment of the ketone with hydrazine hydrate.
Oxidation of the hydrazones afforded the red diazo compounds 77, 78, and 79 which

AN @.@ NP N

177 a) H. H. Szmant and C. McGinnis, J. Am. Chem. Soc., 72, 2890 (1950); b) S. G. Cohen, F.
Cohen, and C. H. Wang, J. Org. Chem., 28,1479 (1963); c) C. 1. Abehiand J. M. Pleier, J. Am.
Chem. Soc., 111, 1795 (1989); d) M. H. Sugiyama, S. Celebi, and M. S. Platz, J. Am. Chem,
Soc., 114,966 (1992).

178 V. M. Kalb, A. C. Kuffel, H. O. Spiwck, and T, E. Janota, J. Org, Chem., 54,2771 (1989).

179 1.-M. Fu, B.-P. Zhao, M. ], Sharp, and V. Snieckus, J. Org. Chem., 56, 1683 (1991).

180 a) E. P. Kyba, S.-T. Liu, K. Chockalingam, and B. R. Reddy, J. Org. Chem., 53, 3513 (1988); b)
A. W. Nicholas, M. C. Mani, G. Manikumara, M. E. Wall, K. W. Kohn, and Y. Pommier, J,
Med. Chem., 33,972 (1990).

181 R. F. Krueger and G. D. Mayer, Science, 169, 1213, 1214 (1970).
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were not isolated but immediately treated with thiophosgene in sine in an attempt to
prepare the fluorenyl substituted thiiranes (Scheme 25). In ail three cases, the 3-methoxy
substituted derivatives gave only the corresponding olefins, 83, 84, and 85, These
compounds were confirmed by 'H and 13C NMR and MS analyses. This is not
surprising in view of the presence of the activating substituents (¢f. Section 3.7).
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We further expanded our cfforts by applying the Meyers methodology!™ to
prepare oxazoline 87, Thus, the carboxyl group of 2.3-dimethoxybenzoic acid was
converted 1o its acid chloride followed by conversion to its corresponding benzamide
(86). Treatment with thionyl chloride afforded 87.

OH ci
OCH, SOCI, OCH,
————
OCH, OCH,
lH2N><,0H
— H

OCH, sOCl, OCH,
[ T
CH, OCH,

87 86

Oxazoline 87 was treated with 4-methoxyphenylmagnesium bromide (88) to give
biphenyl 90 (Scheme 26). Deprotection of the oxazoline moiety via the methiodide salt
and aqucous sodium hydroxide gave the carboxylic acid 92. 2,5-Dimethoxyfluorenone,
94, was synthesized by poly(phosphoric) acid catalyzed cyclization of 92. To our
knowledge, this fluorenone derivative has not been prepared previously. Transformation
of the ketone to hydrazone 96 was performed by reacting with hydrazine monohydrate in
refluxing ethanol. The hydrazone was oxidized to the diazo compound 97 with mercuric
oxide which was then treated with thiophosgene to yield, after chromatography, thiirane
98. Satisfactory !H and 13C NMR spectra were obtained.
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Following a similar procedure, the Grignard reaction between oxazoline 87 and 2-
methoxyphenylmagnesium bromide (89) gave the dimethoxybiphenyl 91. Deprotection
produced the carboxylic acid 93. 4,5-Dimethoxyfluorenone (95) was then prepared from
93 via intramolecular cyclization initiated by poly(phosphoric) acid. To our knowledge,
fluorenone 95 has been synthesized for the first time. Derivatization to its hydrazone,
however, proved very difficult. In refluxing ethanol or ethylene glycol containing
hydrazine monohydrate, only the starting ketone was recovered. No further atempt to
convert the ketone to its hydrazone was performed.
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The synthesis of the 3-methyl fluorenyl derivative involved another approach. In
the preparation of the previously described methoxy substituted derivatives, it required
an ortho methoxy substituted benzoie acid as starting material which was readily
avidlable,  However, 2-methoxy-4-methyl benzoie acid required to make the 3-methyl
fluorenyl compound was not readily available.  The preparation of the fluorenones
entailed a Grignard coupling reaction followed by an internal cyclization under acidic
conditions.  However, with suitable 2-aminobenzophenone compounds, the carbonyl
functionality is already in place. Under standard Pschorr-type cyclization conditions, the
ortho amino group is converted to the diazonium group and ring closure is easily effected
by uncatalyzed intramolecular C-C bond formation to the other ortho position in the
other ring. The Pschorr-type reaction has been used to synthesize a variety of substituted

fluorenone and azafluorenones. 1802

Thus, 2-amino-4-methylbenzophenone (99) in 2N HCI was treated with aqueous
sodium nitrite to obtain the diazonium intermediate. After heating in refluxing THF, 3-
methylfluorenone (100) was obtained (Scheme 27). Conversion to the hydrazone 101
was straightforward but then an attempt to prepare thiirane 102 failed and the
corresponding olefin product 103 was obtained exclusively. The presence of olefin was
confirmed by 13C NMR, MS and elemental analysis.

,&. T KD

CH CH

@ Cl SCI @
LL—| X =~ G

103 102 101

Scheme 27
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3.5 DIARYL EPISULFIDES

A related molecule, 2.2-dichloro-3,3-diphenylthiirane (110), was successtully
synthesized following the procedure described by Staudinger and Sicgwart®  This
compound has the advantage in that the 3-membered ring heterocycele is predicted to be
more stable than the fluorenyl substituted compound because of it being tess strained.
The degree of aromaticity is less than that of the fluorenyl group. Staning with
benzophenone (104), the hydrazone 106 and the dinzo derivative 108 were casily
prepared by known methods!? and readily converted to 110 as white crystals (Scheme
28). Confinmation of the structure was obtained from the X-ray crystal structure of the
compound.'® Figure 19 shows the ORTEP represcntation and Table 18 shows sclected
bond lengths and bond angles. As predicted, the phenyl groups are not co-planar and are
arranged in such a fashion as to minimize their interaction. The thiirane ring structure is
unsymmetrical as seen from the slightly shorter C(1)-S bond compared to the C(2)-S
bond. The C(1)-C(2) bond length, however, was found to be characteristically shorter
than those found in the literature!'2 but the length is comparable to others, 308
Similarly, the 4,4'-dimethoxybenzophenone thiirane derivative (111) was also prepared
using the same procedure but was found to decompose readily at room temperature as
predicied with the presence of the moderately activating methoxy groups.

Figure 19. ORTEP representation of 2,2-dichloro-3,3-dipheny! episulfide (110).

182 We graefully acknowledge Dr. Rosic Hynes, McGill University for obtaining the X-ray

crystallographic data.
183 N. V. Riggs, U. Zoller, M. T. Nguyen, and L. Radom, J, Am. Chem. Soc., 114, 4354 (1992).
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Table 18. Sclected bond lengths and bond angles for 2,2-dichloro-3,3-diphenyl
episulfide (110). Estimated os refer to the last digit.

Bond lengths (A)

Cl(1) - C(1) 1.781(23)
Cl(2)-C(1) 1.80(23)
S-C() 1.773(24)
S-C@2) 1.830(22)
C-C2) 1.43(3)
Bond Angles (°)

C(H-S-CQ) 46.6(11)
Cl()-C(H-Cl) 106.2(13)
CIy-C(1)-S 116.3(13)
Cay-C(H-C@) 124.1(19)
Cl2)-C(H)-§ 116.1(13)
Cl(2)-C()-C(2) 121.1(15)
§-C(1H-C() 68.8(14)
S$-C(2)-C(1) 64.6(12)
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3.6 SYNTHESIS OF 2,2-DICHLORO-3-DIBENZOSUBERONYL EPISULFIDE
The synthesis of dibenzosuberone episulfide has never been accomplished

previously. As such, we attempted to synthesize it following a similar procedure
described previously in the preparation of thiirane 28.

Initial attempts to prepare the hydrazone from readily available dibenzosuberone
(112) in refluxing n-butanol were unsuccessful. In these reactions, only the alcohol 113
was obtained (Scheme 29). Under identical reaction conditions, the analogous alcohol
117 from dibenzosuberenone (116) was obtained (Scheme 30). Furthermore, only
Wolff-Kishner reduction products 114 and 118 were isolated when 98% hydrazine was
used as the reagent under refluxing ethylene glycol, However, dibenzosuberone was
easily derivatized to its hydrazone 115 using hydrazine monohydrate in refluxing
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cthylene glycol for 2 hr.¥ Further refluxing gave FH. Similarly, dibenzosuberenone
(116) gave 118 after 24 hr reflux in ethylene glycol. We can conclude that temperature,
time of reaction, and strength of the hydrazine reagent are all vital in the preparation of
dibenzosuberone hydrazone (115). This is rather surprising in view of the similarities
between 112 and 9-fluorenone.

/ NNH2 Scheme 29

SO R
t SO0

113 114
D -
0 OH
116 117 118
Scheme 30

We also attempted to extend the above methodology to synthesize hydrazones of
anthrone (119) and anthraquinone (120). However, after several attempts, we were
unable to isolate any desired products. In some experiments, anthracene (121) was the
only isolated product (Scheme 31). Anthracene most likely arose from prolonged
heating. The starting ketones were reduced to their corresponding alkanes which would
rapidly aromatize.

184 H. H. Szmant and C. E. Alciaturi, J, Org. Chem., 42, 1081 (1977).
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With dibenzosuberone hydrazone (115) in hand, it was conveniently oxidized to
its analogous diazo compound 122 as violet crystals. Conversion to its 2,2-dichloro
thiirane 123 was straightforward by treatment with thiophosgene to afford straw yellow

crystals (Scheme 32).
- — {+
Scheme 32

122

The structure was confirmed by obtaining the X-ray crystallographic data’*? of
123 which shows some interesting features (Figure 20). As with compound 110, the
thiirane ring is slightly unsymmetrical and the C(1)-C(2) bond length of 1.507(8)A is in
agreement with other thiirane ring systems. The dihedral angle between the planes of
both ary] groups was determined to be 60.1(3)° indicating the non planarity of the rings.
Table 19 shows the selected bond lengths and bond angles for 123.
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Figure 20. ORTEP representation of 2,2-dichloro-3-dibenzosuberonyl
episulfide (123).
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Table 19. Sclected bond lengths and bond angles for 2,2-dichloro- 3-
dibenzosuberonyl episulfide (123). Estimated os refer to the last digit.

Bond lengths (A)

Cl(l)-C() 1.763(6)
Cl (2) - C(1) 1.761(6)
S-C(H 1.769(6)
S-C@) 1.844(6)
C(-C(2) 1.507(8)

Bond Angles . }

C(H)-S-C@2) 49.2(3)
Cl(H-C)-ClQ) 109.5(3)
Ci(l)-C(1)-S 117.3(3)
Ci(l)-C(1)-C(Q2) 119.6(4)
cl@)y-Cc-S 118.2(3)
Cl@2)-C(1)-C®?) 119.1(4)
S-C(1H-C@) 68.0(3)

S-C2)-C( 62.8(3)




3.7 REACTIVITY OF FLUORENYL SUBSTITUTED EPISULFIDES

The study of the reactivity of substituted derivatives of 28 entailed measuring the
possible loss of sulfur when heated in toluene at 80°C for 45 min. The unsubstituted
thiirane 28, as expected, converted entirely to its corresponding olefin. If our proposed
mechanism has as the slow step (unimolecular path) the ionization of the C-S bond
(Scheme 14), the reaction would be predicted to tose sulfur much faster in the presence
of activating groups on the fluorenyl ring system since these substituents would stabilize
the developing cation. In the presence of deactivating groups, the dipolar intermediate
would be unfavourable and we would not expect the compound to lose sulfur as easily.

F

O S Cl O S Cl | @ Cl
0’ Cl O’ Cl O’ Cl

The inability to cleanly isolate the fluoro substituted derivative 49 is consistent
with our argument. The fluorine atom could stabilize the dipolar intermediate via
resonance!® and therefore, it could facilitate desulfurization. On the other hand, its
deactivating properties or its inductive effect should destabilize the intermediate and thus
49 should not desulfurize. Our experiments show that a mixture of 49 and 50 was
obtained which is in agreement with our qualitative argument. The appearance of both
49 and olefin 50 dictates that the inductive effects of fluorine and the resonance
contributing factors of fluorine plus the resonance effects of the fluorenyl ring system are
equally capable of governing the stability of 49.

A similar explanation can be envisioned for the failure to synthesize thiiranes 39,
80, 81, and 82. The presence of methoxy activating substituents would stablize the
proposed cationic intermediate and enhance its decomposition. The presence of
additional activating methy! groups in 80 and 81 further increases desulfurization. The
synthesis of 2,5 dimethoxy substituted fluorenyl thiirane 98 was successful, although in
very poor yield. Initial studies show that when 98 was heated at 80°C for 2 hr, no
desulfurization occurred. Although the two methoxy substituents present in 98 would
enhance desulfurization by its resonance effect, a closer examination of the resonance

t85 R.G. Pews, J. Am. Chem. Soc., 89, 5605 (1967).
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contributors could explain why we do not observe any desulfurization (Figure 2D In
order for 98 to desulfunize, resonance structures 1 or I should be Tairly stable. However,
these resonance structures destroy the overall aromaticity of the ring system and
therefore, both [ and I1 should make relatively unimportant contributions to the resonance
description of the cation. Conversely, resonance contributor I (Figure 21) in
compounds 59, 80, 81 or 82 does not disrupt the aromaticity of the entire ring system and
hence, should be a major resenance contributor. Desulfurization should, therefore,
occur. Furthermore, it was discovered that introduction of only a methyl substituent at
the 3-position of the fluorenyl group in 28 (compound 102) causes desulfurization as
expected. The methyl activating group would stabilize the carbonium ion in the
fluorenyl ring skeleton thereby increasing the rate of desulfurization.
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Fipure 21. Resonance structures for compounds 98 and 82 in a unimolecular

desulfurization pathway.
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A very interesting characteristic was observed when we studied the reactivity of
the diphenyl substituted thiiranes 110 and 111. The advantages of having thiirane 110 or
111 is that synthesis consists of three relatively easy steps in which the thiirane can be
obtained pure and in high yield and the precursors as well as the thiirane are stable for
months in the refrigerator without noticeable decomposition. We can predict the relative
stability of 110 and 111 vs. 28 on the basis of their structures. We find that, unlike 28,
110 does not desulfurize when heated at 80°C for 45 min. This observation can be
explained by the differences in the aromatic systems which influence their ability to
promote the cation generated in the unimolecular rate determining step. The planar
fluorenyl group in 28 can delocalize the cation more efficiently than the non-coplanar
phenyl groups of 110 (Figure 19). It is known from solvolysis reactions of alkyl
chlorides containing either the fluorenyl or biphenyl aromatic systems that the fluorenyl
substituent is a better transmitter of ® electrons in stabilizing carbonium ions. - The
phenyl groups, meanwhile, are less effective in stabilizing the incipient carbonium ion
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since the m system is twisted out of the plane.’™ The phenyl groups in 111 are also non-
coplanar which will inhibit their effectiveness at stabilzing the incipient carbocation,
However, the 4,4-dimethoxyphenyl-substituted derivative 111 was found o decompose
spontancously in solution. The para activating methoxy groups would be more eftective

at stabilizing the carbonium ion and, therefore, facilitate desullurization.

CH,0

s o 1) s o
O ° cuao -

110 111

2,2-Dichloro-3-dibenzosuberonvl episulfide (123) did not desulfurize under the
reaction conditions (2 hr, 80°C) but was found to desulfurize, although to a 50% exient,
when heated at 100°C for eight days. After seventeen days, approximately 75% had
decomposed. This is not surprising as we would predict from the structure (Figure 20)
that with two methylene groups bridging the phenyl groups, the ® system becomes more
planar than the diphenyl or the dimethoxydiphenyl systems but less than that of the
fluorenyl system. The aryl groups in 123 are ~60° out of the piane and the phenyl
groups in 110 are > 60° out of the plane whereas the fluorenyl group in 28 is planar.
Since the fluorenyl system decomposes readily while the diphenyl system does not
desulfurize, we would expect some decomposition to occur with 123 but at a very slow
rate.

O

123

186 a) R. Bolton, M. E. Jones, and S. W. Tucker, J. Chem. Soc., 1464 (1964); b) R. Bolton, J. Chem.
Soc., 1542 (1965); ¢) R. Bolton and R. E. M. Burley, J. Chem. Soc., Perkin Trans. If, 426
(1977); d) Y. Tsuno, Y. Tairaka, M. Sawada, and T. Fujii, Bull. Chem. Soc. Jpn., 51, 601 (1978).



Conscequently, we can summurize the aromatic systems in increasing order of

reactivity :
diphenyl < dibenzosuberonyl < fluorenyl
and
diphenyl << 4 4'-dimethoxydiphenyl.

4 4'-Dimethoxydipheny! would be predicted to be more reactive than fluorenyl since the
activating methoxy groups would override the resonance effect of the planar fluorenyl

ring system.

Qualitatively, we can state that amongst the substituted fluorenyl derivatives the
increasing order of reactivity would be as follows :

fluorenyl < 2,5-dimethoxyfluorenyl < 2-fluorofluorenyl <
3-methylfluorenyl < 3-methoxyfluorenyl < 3-methoxy-5-methyl-
fluorenyl = 3-methoxy-7-methylfluoreny! < 3,6-dimethoxyfluorenyl.
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CHAPTER 4
DIATOMIC SULFUR EXTRUSION

4.1 INTRODUCTION

It has been proposed thit in some instances sulfur extrusion in organic reactions
procecds in a manner which involves a chelotropic loss of a sulfur atom.'®” Such a
process, however, seems unfavorable duc to the high energy of formation (66.3 keal/mol)
of a sulfur atom,!88  Sulfur extrusion must, therefore, proceed through other transient
species of much lower energy. Such a species could be in the form of diaomic sulfur
which would combine to fonn stable elemental sulfur, 139

4.2 BRANCH-BONDED SULFUR ATOMS

One of the more attractive mechanisms in sulfur extrusion reactions was first
conceived by Foss in 1950.1%0 The initial step involves the combination of two sulfur
species followed by a transfer of a sulfur atom forming a thiosuifoxide-type intermediate
124. This intermediate could acquire more sulfur atoms, thereby lengthening the sutfur
chain. At any intermediate step, the chain could cyclize to form stabie species of sulfur.
The thiosulfoxide moiety and the concatenation of sulfur atoms mechanism is well
discussed in the literature.93.187.191

187 a) W.E. Parham and V. J. Traynelis, J. Am, Chem. Soc., 77, 68 (1955); b) A. Padwa, D.
Crumrine, and A, Shubber, J. Am. Chem. Soc., 88, 3064 (1966); ¢) R. Grigg, R, Hayes, and J. L.
Jackson, J, Chem. Soc., 1167 (1969); d) W. H. Mucller, J. Org. Chem., 34, 2955 (1969); ) K. J.
Miller, K. F. Moschner, and K. T. Potts, J. Am. Chem. Soc., 105, 1705 (1983),

188 "JANAF Thermochemical tables,” Dow Chemical Co., Midland, Mich., 1966, plus later
supplements 1o 1976.

189 D. N. Harpp, Perspectives in the Organic Chemisiry of Sulfur, B. Zwanenburg, A, J. H. Klunder,
Eds., Elsevier: Amsterdam, 1987, pp 1-22.

190 O.Foss, Acta. Chem., Scan., 4, (1950).

191 a) F. Seel and D. Gblitz, Z. Anorg. Chem., 32 (1964); b) G. Héfle and J. E. Baldwin, J. Am.
Chem. Soc., 93, 6307 (1971); ¢) R. D. Bacchler and S. K. Daley, Tetrahedron Leut., 101 (1978),
d) R. D. Baechler, S. K. Daley, B, Daly, and K. McGlynn, Tetrahedron Len., 105 (1978); ¢) D.
N. Harpp, K. Steliou, and C. J. Cheer, J. Chem. Soc., Chem. Comm., 825 (1980); 1) G. W.
Kutney and K. Tumbull, Chem. Rev., 82, 333 (1982); g) M. Green, E. M. Cown, and O. P.
Swrausz, J. Am. Chem. Soc., 106, 6938 (1984); h) W. Ando, H. Sonobe, and T, Akasaka,
Tetrahedron Len., 31, 5093 (1990).
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Gleiter9?  swudied the loss of sulfur from thiepins and concluded that the
extrusion of sulfur proceeds via rearrangement to a thiirane intermediate 125 followed by
the linking of sulfur atoms 1o give intermediate 126 which would eventually lose
clemental sulfur, The extrusion of S, or Sg would be an encrgetically more favorable
pathway than explusion of other forms of sulfur.

.
S +gS” "s’\S
e -0 - =D+ s,

125 126

In the addition adduct of dimethylthiophene and singlet oxygen 127, Matturro!??
described that the decomposition of 127 involved the elimination of elemental sulfur by a
concatenation of sulfur atoms. Similarly, Huisgen!% suggested that in the thermal
decomposition of trithiolane 128 a thiobenzophenone-§-sulfide (129) is formed which
undergoes abstraction of sulfur atoms leading to the formation of Sg and
thiobenzophenone.

192 R. Gleiter, G. Krennrich, D, Cremer, K. Yamamoto, and I. Murata, J. Am. Chem. Soc., 107,
6874 (1985).

193 M. J. Matturro, R. P. Reynolds, R. V. Kastrup , and C. F. Pictroski, J. Am, Chem. Soc., 108,
2715 (1986).

194 R. Huisgen and J. Rapp, J. Am. Chem. Sac., 109, 902 (1987).
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In a more recent article, Kamata and coworkers isolated a 1etrathiane in the
reaction of cis- or trans-2,3-diphenylthiirane with a catalytic amount of 1ris{p-
bromophenyl}aminiumhexachloroantimonate in dichloromethane.’®  The proposed
mechanism of formation involved a thiirane cation radical abstracting a sulfur atom {rom
another thiirane cation radical resulting in a two sulfur species cation radical 130 with a
concomitant release of stilbene. Further linkage of two more sulfur stoms gave
intermediate 131 which cyclized affording the tetrathiane 132.

195

M. Kamata, K. Murayama, T. Suzuki and T. Miyashi, /. Chem. Soc., Chem. Comm., 827 11990).
The tetrathiane was confirmed by X-ray crystallography.
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4.3 DIATOMIC SULFUR PRECURSORS

The rapid development in singlet oxygen chemistry has initiated considerable
interest in its analogous sulfur species, 1S,. Singlet oxygen is known to play an
important role in many biological processes and the possibility of emulating singlet
oxygen chemistry with singlet sulfur is being actively developed. Singlet diatomic
sulfur, 1S5, has so far been found to be a valuable synthetic 100! for organic chemists. Its

important in organic synthetic chemistry and drug synthesis has been reviewed by
Steliou.'%¢

A wide variety of methods for the generation of 1S, has been employed in recent
years and is discussed in a recent account.’97 Several unsuccessful approaches have been
tried where 1S, is implicated but in these cases, no trapped products were
identified.455.198 A seemingly simply route to !S; would be to imitate the phosphine

196 K. Steliou, Y. Garcau, G. Milot, and P. Salama, Phosphorus, Sulfur, and Silicon, C. T. Pedersen
and J. Becher, Eds., Gordon and Breach, Science Publishers Inc.: England, 1989, pp 209-241,

197 K. Stcliou, Acc. Chem. Res., 341 (1991).

198 a) D.L. Smith, University Microfilms, Ann Arbor, Mich., 77-11451; b) A Orahovatz, M. J.
Levinson, P. J. Carroll, M. V., Lakshmikanthan, and M. P. Cava, J. Org. Chem., 50, 1550 (1985);
¢) W. Ando, Y. Kumamoto, N. Tokiloh, Tetrahedron Lett., 28, 4833 (1987); d) J. E. Bishop, S.
A. Dagam, and H. Rapoport, J. Org. Chem., 54, 1876 (1989).
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ozonide method in the generation of 10+ However, thiozone is not a readily

accessible form of sulfur.=®

The first syntheticaily usetul 1S5 precursor was reported by Steliow ™ The
reaction of an organometallic trisulfide with triphenylphosphine dibromide gave 'S,
which was captured as a Diels-Alder adduct (Scheme 34). Two intermedintes were
postulated in the reaction. A thiozone intermediate 133 analogous to a thiozonide™® as
well as the six-membered species depicted in 134, Later, the same authors discovered
another prccursor to 185, This method was based on a novel head-to-head dimerization
of 2,2"-bis(thiobenzoyl)biphenyl (135) gencrated from 2,2'-bis(benzoylbiphenyl in the
presence of generated B,S3. A dithietane intermediate which has been postulated could
spontancously release 1S, and 9,10-diphenylphenanthrene (Scheme 35).3% To date, this
route remains the most efficient means for generating diatomic sulfur,

R;MSSSMR; + Ph,PBr, — 2R,MBr 4 Ph,P=S + S,

Br.
R3M"LJ‘PPh3 /S\
R.MB |
sMBr + Q » 2R,MBr + PhSP\ /S
S S
134 133

Scheme 34

199 a) “Singlet Oxygen”, H. H. Wasserman and R, W. Murray, Eds., Academic Press: New Yark,

1979; b) W. Herz and R.-R. Juo, J. Org. Chem., 50, 618 (1985).

200 a) T. Ghosh and P, D, Bartlett, J, Am. Chem. Soc., 110, 7499 (1988); b) R. Sato, S. Satoh, and
M. Saito, Chem. Lett., 139 (1990).

201 K. Steliou, Y. Gareau, and D. N, Harpp, J. Am. Chem. Soc., 106, 799 (1984).

202 p, D, Bartlett and C. M. Lonzetta, J. Am. Chem. Soc., 105, 1984 (1983),

203 K. Steliou, P. Salama, D. Brodeur, and Y. Garcau, J. Am. Chem. Soc., 109, 926 (1987),
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Although the 1,2-dithietane was inferred as an intermediate, no stable isolated
1,2-dithietane was known until Nicolaou and coworkers synthesized and isolated
dithiatopazine (136), the first example of a 1,2-dithietane.5% When 136 was heated to
100°C, it smoothly delivered diatomic sulfur which was trapped with 2,3-diphenyl-1,3-
butadiene to give the cyclic disulfide and the corresponding olefin 137.204

136 137

2 K. C. Nicolaou, C.-K. Hwang, S. DcFrees, and N, A. Stylianides, J. Am. Chem. Soc., 110, 4868
(1988).



Schimdt and Gorl showed unequivocally that a tetrachaleogen 138 undergoes
thermal decomposition with ring contraction to transfer §> which was rapped by 2,3

—ya

dimethyl-I,3-buwadicne 203
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The most recent generation of 1S, was reported by Harpp and MacDonald in
which a variety of organometallic pentasulfides (Scheme 36) fragmented in the presence
of wriphenylphosphine dibromide. Ejected 1S, species were trapped by dienes to afford
the cyclic disulfides.>%

&

M\ /S
S + Ph,PBr, —— S
%\S/s\\S 3 2
Scheme 36

Another pathway towards the production of !S; has been reported involving an
anthracene endodisulfide.!45«19!h  However, it is unclear whether the trapped products
were actually isolated as the yields were based on the amount of recovered product.

44 ATTEMPTS TOWARDS TRAPPING 1S, IN 2,2-DICHLORO-3-(9-FLUORENYL)
EPISULFIDE (28)

As previously mentioned {cf. Chapter 1.8.2), thiiranes undergo sulfur extrusion
under a variety of conditions to form elemental sulfur and their corresponding olefin. In
conjunction with our studies on the mechanism of sulfur extrusion of thiiranes, we
studied the possibility that diatomic sulfur could be lost in the thermal decomposition of

205 M. Schmidt and U. Gorl, Angew. Chem. Ind. Ed., 9, 887 (1987).
206 D. N. Harpp and I, G. MacDonald, J. Org. Chem., 53, 3812 (1988).
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thiirane 28, We have proposed that the mechanism of sulfur extrusion in 28 and possibly
in other thifranes follows a pathway that involves branch-bonded sulfur atoms (Scheme
14). It is quite conceivabie that during the thermal decomposition !S5 can be extruded as

shown in Scheme 37.

Scheme 37

Rapid oligomerization of these transient species would form the more stable Sg or Sg.
Therefore, our attention focussed on heating a sample of thiirane 28 in the presence of a
dicne trap. A number of reactions were performed under a variety of conditions
including solvent, temperature, time of reaction, and diene trap. Table 20 summarizes
the different reaction conditions er ployed. In all cases, no trapped cyclic disulfide was
isolated. Only elemental sulfur and the corresponding alkene 2% was isclated. The
addition of cis-1,2-dichloroethylene {entry 11) also gave the alkene 29, elemental sulfur
and recovered trapping agent. The thermal decomposition of 2,2-dichloro-3,3-(4,4'-
dimethoxydiphenyl) episulfide (111) in CDCl; in the presence of Danishefsky's
diene?07.208 ( ] .methoxy-3-trimethylsilyloxy-1,3-butadiene) also gave elemental sulfur and
its corresponding olefin with no indication of any trapped product. The unsuccessful
wrapping of a 1S, species suggests the more favorable pathway preferred is the continuous
abstraction of sulfur atoms until a 6 or 8 sulfur atom chain is achieved which cyclizes to
release Sg or Sg (Scheme 14). If 1S, is indeed released, then the failure to trap it can be

207 S. Danishefsky and T. Kitahara, J. Am. Chem. Soc., 96, 7507 (1974).
208 S. Danishefsky, C.-F. Yan, R. K. Singh, R. B, Gammill, P. M. McCurry, Jr., N. Fritsch, and J.
Clardy, J. Ant. Chem. Soc., 101, 7001 (1979},



134

attributed to the fact that the combination of 3 1S5 species 1o torm S, or 4 1S5 species w
form Sg is much faster than the Diels-Alder trapping.

Table 20. Reaction conditions in the thermal decomposition of 28.

Temperature | Time
Entry Solvent (°C) (he) | Trapping Reagent |

1 Decalin 100 2 2. 3-diphenyl-1,3-butadiene
2 Decalin 60 35 2,3-dimethyl-1,3-butadiene
3 Decalin 190 3 2, 3-diphenyl-1,3-butadiene
4 Benzene 80 2 2 3-diphenyl-1.3-butadivne
5 Benzene 80 2 Danishefsky's diened
6 Toluene 111 6 2 3-diphenyl-1,3-butadienc
7 1,4 Dioxane 10¢ 3 2,3-dimethyl-1,3-butadiene
8 DME 85 3 2,3-dimethyl-1,3-butadicne
9 DME 25 24 Danishefsky's diene

10 CH,Cl, 25 3 2,3-dimethyl-1,3-butadiene

11 CH,Cl, 25 24 cis-1,2-dichloroethylene

12 THF 67 2 Danishefsky's diene

13 THF 25 2 b

2 1-methoxy-3-trimethylsilyloxy-1,3-butadicne
by -mcthoxy-2,4-dimethyl-3-rimethylsilyloxy-1,3 -brtadicne

HPLC analysis?® of a sample of thiirane 28 heated in refluxing toluene for 2.5 hr showed
that Sg and Sg were, in fact, produced. The retention times indicaie that the Sq peak is
not due to residual amounts of undecomposed 28. Peak areas dn not represent relative
concentrations of the various products but also on the extinction coefficients at 254 nm.
Figure 22a is chromatogram of thiirane 28 in chloroform solution and Figure 22b is a

209 We gratefully acknowledge Prof, Ralf Steudel and Stefan Frsier, Technische Universitéit Berlin,

Institut fiir Anorganische und Analytische Chemie, Sekr, C2, D-1000 Berlin 12 :or performing
the analysis. A UV absorbance detector at A = 254 nm was used.



chromatogram after the reaction. The thiirane is totally converted 1o its corresponding
olefin and the presence of Sg and Sg in the reaction mixture is clearly seen. Any Sy
produced would be hidden under the olefin peaks. The sulfur rings suggest they
originated from chain-like polysulfanes and for energetic reasons, seem not to be derived
from S, specics.

Figure 22. a) HPLC chromatogram showing pure thiirane 28; b) HPLC chromatogram
after 2.5 hr in refluxing toluene showing olefin 29 and peaks due to presence of Sg and
Sg.

Toluene _ .
ey CHC3
Retention
Peak Times (min)
28 34
Toluene 1.9
29 39
Sg 4.8
/Thiirane 28 /Olefin 29
Sg
e e
—~ -
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4.5 DIMERIZATION OF SODIUM CYANODITHIOFORMATE

In 1935, Bithr and Schieitzer reported the synthesis of sodium evanadithiofonnate
salts (139 by reaction of sodium cyanide with carbon disulfide in dimethylformamide
solution (Scheme 38).21" These sodium salts were found o spontancously dimerize 1o
give disodium dimercaptomaleonitrile (140) and clemental sulfurtt A likely
mechanism for this unique reaction is the head-to-head dimerization of the thiocarbonyl
functionalites (Scheme 39) resulting in a 1,2 dithictane intermediate which would
eliminate 1S5, Thiocarbonyls usually undergo dimerizations or trimerizations in a head-
to-tail manner.212 It was demonstrated by Steliou!3® that a head-to-head dimerization of
two thiones can be effected which eliminates 1S,. However, careful attempts to trap 'S
with dienes failed and only elemental sulfur was obtained in 49% yield.

NaCN + CS, MF
—_—
@ 2 NC/U\S""Na' DMF

139
Scheme 38
- i S ~+Nal
N%{s NaO DMF N S N S-+Na
— e Sn
c’l N S N S~+Na
N S"""‘ Na® DMF S=+Na
140
Scheme 39

210 G. Bahr and G. Schiecitzer, Chem. Ber., 88, 1771 {1955),

21 a) G. Bahr, Angew. Chem., 68, 525 (1956); b} G. Bihr and G. Schieitzer, Chem. Ber., 90,438
(1957).

212 a) P. 8. Fraser, L. V. Robbins, and W. S. Chilton, J. Org. Chem., 39, 2509 (1974); b) L. Field,
Synthesis, 713 (1978); ¢) K. Oka, A, Dobashi, and S. Hura, Tetrahedron Leit., 21, 3579 (1980).
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4.6 CHLORINATION OF TETRAMETHYL THIURAM DISULFIDE

The chlorination of tetramethylthiuram disultide (141) gives NN-dimethyl
thiocarbamyl chloride with concomitant extrusion of two sulfur atoms. This reaction was
observed by Cava in 1983.217 A conceivable mechanism for this reaction is depicted in
Scheme 40. The initial siep would be electrophilic attack of sulfury! chloride giving 1
mole of thiocarbamyl chloride. Rearrangement of electrons would then give the second
mole of thiocarbamyl chloride with evolution of sulfur dioxide and extrusion of 1S,. If
sulfur is released as 1S, then in the presence of diene, this species could be trapped.
Table 21 summarizes the various reaction conditions that were attempted to see if 1S,
could be obtained from 141, It was found that in the 'H NMR spectrum of the reaction
carried out at room temperature using SO,Cl, or Cly (entries 3, 4, 5, 8) showed minor
peiks that is consistent with those of the cyclic disulfide adducts as well as the
tetrasulfide products.t’2214 However, careful chromatographic procedures gave only the
tetrasulfide product in low yield. The main problem encountered in reactions using
chlorine gas as the chlorinating reagent is the direct chlorination of the diene which may
inhibit possible 1S, addition. Chlorine gas is known to react with 1,3-dienes.2!3 In cases
with $0,Cly, SO, may also be trapped to give 3,4 dimethyl sulfolene. This would also
hinder any formation of Diels-Alder adducts. The possibility that SO, or Cl, can react
with 18, is also likely although this reaction is not precedented in the literature, No
reaction took place when only diene was added to the thiuram disulfide.

23 K.-Y.Jenand M. P. Cava, J. Org, Chem., 48, 1449 (1983).

R C. R. Williams, Ph.D. thesis, McGill University, June 1991,

215 a) M. L. Poutsma, J. Org. Chem., 88, 4167 (1966); b) E. Z. Said and A. E. Tipping, J. Chem.
Soc., Perkin Trans. [, 1986 (1972); ¢) M.-C. Lasne and A. Thutttier, Bull. Chem. Soc. Fr., 1142
(1974).
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Table 21. Reaction conditions for the chlorination of tetramethylthiuram disulfide.

Temp. | Reaction | Chlorinating Trapping

Entry | Solvent (°Q) Time (hr) Reagent Reagent
1 Toluene 111 24 50,Cl, a
2 CDdl, 61 24 S0,CL, o
3 CCl, 25 24 SO,Cl, a
4 CCl, 25 24 Cl, a
5 CCl, 25 2.5 SO,Cl, a
6 CCl, -20 2 Cl, a
7 CCl, 60 24 none a
8 CCl, 60 24 Cl, a
9 CcCl, 77 15.5 SO,Cl, a

10 Cql, 77 2.5 S0,Cl, none

2 2 3-dimethyl-1,3-butadienc; ® 1,4-dichloro-1,3-butadiene

It is also possible that the observation of disulfide and tetrasulfide adducts could

arise from sulfuration of the diene. Sulfur is known 1o react with alkenes to afford
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products containing cyclic thianes, 1432 We discount this pathway because in a separate
reaction of N N-dimethylthiocarbamyl chloride in the presence of diene and elemental
sulfur, no reaction occurred after 3 days. Hence, we feel that the presence of cyclic
disulfide and tetrasulfide products in our reaction mixwres came from Diels-Alder
trapping of diatomic sulfur.

A proposed mechanism of formation of the di- and tetrasulfide adducts would be
as follows (Scheme 41). The S5 species that is generated (Scheme 40) is trapped in a
Diels-Alder type reaction (path A) or a combination of two S, species would form the
cyclic tetrasultide adduct (path B).

S

S S N

Xys A S B s’ S
S

Scheme 41
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CONCLUSIONS AND CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

A detatled kinetic study on the thermal decomposition of 2,2-dichloro-3-1Y-
fluorenyl] episulfide (28) was undertaken. Strong cvidence towards the nature of the
desulfurization process is given which could pertain 1o the overall desulfurization mode
of thiiranes in general. The kinetic analysis enables us 10 derive a two-tenm rate equation
consisting of a first and second order term with respect to concentration that governs the
decomposition reaction. A plausible mechanism is proposed to account for the observed
rate behaviour. At low concentrations, the dominant pathway is unimolecular involving
C-S bond fission in the rate determining step. At high concentrations, the bimolecular
portion of the rate equation becomes more important and it is this pathway that becomes

the rate determining step.
O S Cl

O’ Cl

28

An extended solvent study in 15 different media at different temperatures
supports our proposed ionic mechanism. Activation energies, enthalpies, entropies, and
free energies were determined and evaluated with respect to differences in solvation of
the ground and transition states. The integrity of calculated rate constants and Arrhenius
parameters were also assessed. A true isokinetic relationship which showed good
linearity was found. This observation allows us to deduce that the desulfurization of
thiiranes proceeds by the same mechanism in all solvents. Stereochemical aspects were
also addressed to an extent where we can possibly predict the stereochemical outcome of
thiirane decomposition reactions. Rates of reaction were found to be directly
proportional to the dielectric constant of the bulk solvent as well as the n* scale of
Kamlet and Taft. While clean linearity was not observed, the plot as a function of
dielectric constant was comparable with similar published work.

A solvent isotope effect showed a decrease in the overall rate when deuterium is
substtuted for hydrogen in ethanol. The rate of desulfurization is also observed to
decrease in the presence of acetic acid. Both studies are consistent with a dipolar ionic
mechanism. A radical mechanism is ruled out from a rate study in the presence of
radical inhibitors.
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Several novel 9-fluorenones were synthesized including 3-methoxy-5-methyl-9-
fluorenone (71), 3-methoxy-7-methyl-9-fluorenone (72), 2,5-dimethoxy-9-fluorenone
(94), and 4,5-dimethoxy-9-fluorenone (95). These fluorenones and other mono and
disubstituted fluorenones were used in an attempt lo prepare unique 2,2-dichloro-3-
[substituted fluorenyl| thiiranes.  Only 2,2-dichloro-3-(2,5-dimethoxy-9-fluorenyt)
thiirane (98) was synthesized in ten steps.  Syntheses of 2,2-dichloro-3,3-(4,4'-
dimethoxy)diphenyl episulfide (111) and 2,2-dichloro-3-dibenzosuberonyl episulfide
(123) were achieved for the first time.

The X-ray crystal structures of 2,2-dichloro-3,3-diphenyl episulfide (110) and
2,2-dichloro-3-dibenzosuberonyl episulfide (123) were also obtained for the first time,

The thermally induced reactions of thiirane 28 and sodium cyanodithioformate
(139) were also investigated as possible precursors to diatomic sulfur. In either case, no
indication of diatomic sulfur was found under various conditions.  When
tetramethylthivram disulfide, in the presence of 1,3-dienes, was treated with SO,Cl, or
Cly, it afforded products that were consistent with the trapping of diatomic sulfur, albeit
in low yield.

CH,0 CH,0,
CH,
=0 =Q
CH}
71 72 94 g5
CH,0 Q
CH,Q @ S Cl @ S Cl S
I
O Ci O cl . cl
C)
OCH,
98 111 123

SCI S
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CHAPTER S
EXPERIMENTAL

5.1 GENERAL METHODS

Melting points (Mp.) were determined using a Gallenkamp melting point
apparatus using open end capillaries and are uncorrected. UV spectra were recorded on a
Phillips Pye Unicam PU8800 UV-Vis spectrophotometer equipped with an Accuron PSX
876 Series 2 temperature programme controller. Low resolution electron impact (ED)
mass spectra were obtained on a Dupont Instruments 21-492B or Kratos MS25REFA mass
spectrometer equipped with a 70eV ionizing energy source and used in direet-inlet mode.
Elemental analyses were performed by Guelph Chemical Laboratories Lid. (Guelph,
Ontario).

'H NMR spectra were recorded on either the Varian XL200 or XL300
spectrometers using deuteriochloroform as the reference solvent unless otherwise
indicated. The assignments were compared with literature values or based on
homonuclear decoupling experiments. Multiplicity assignments are recorded using the
following abbreviations : s, singlet; d, doublet; t, triplet, q, quartet; m, multiplet; br,
broad. 13C NMR spectra were obtained at 75.4 MHz using the Varian XL300, 67.9 MHz
using the JEOL CPF-270, or at 50.3 MHz using the Varian Gemini-2(0 spectrometers.
The 13CDCl; (§ 77.00), 13C¢DgCD5 (8 20.4), 13CD30D (§ 49.00), CD3COCD4 (3 29.8)
and 13CD,Cl, (8 53.80) signals were used as references in these solvents. In some cases,
APT experiments were used to determine peak assignments, !9F NMR specira are
reported relative to external dichlorodifluoromethane and were not proton decoupled.

Infrared spectra were recorded on an Analect Instruments ASQ-18 FTIR
spectrometer equipped with an Analect Instruments MAP-67 Data System and displayed
on a RAM-56 color monitor. Spectra are reported in wavenumbers (cm!). Raman
spectra were recorded on a S. A. Ramonor spectrometer equipped with a U-1000 double
monochromator and a Spectra-Physics Argon ion laser at 514.5 nm or a Bruker [FS-88
FT Raman spectrometer equipped with a ND:YAG laser operating at 300 mW with a 4
cm ! resolution and are also reported in wavenumbers,

High performance liquid chromatography (HPLC) was performed courtesy of
Prof. Ralf Steude! and Stefan Forster, Technische Universitdt Berlin, Institut fiir
Anorganische und Analytische Chen:'e, Sekr. C2, D-1000 Berlin 12, Germany.
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Hexanes was distilled over 7% by volume sulfuric acid and passed through an
alumina column before use.  Methylene chlonide was distilled from  P,Os.
Tetrahydrofuran was distilled from sodium benzophenone ketyl.  Isobutanol, 2-
chlorocthanol, toluene, and o-dichlorobenzene were purified by distitlation from calcium
hydride and stored over 4A molecular sieves prior to use. All other solvents were used
as purchased from Aldrich Chemical Company without further treatment. DMSO was
stored over 4A molecular sieves. o-Xylene, m-xylene, and p-xylene were HPLC grade
quality. Thin layer chromatography (tic) was performed using Kieselgel 60 Fos4 plates
with polyester backing and visualized by UV and/or dipping in a solution of ammonium
molybdate (2.5 g) and ceric sulfate (1.0 g) in 10% v/v aqueous sulfuric acid (100 ml),
followed by heating. Flash column chromatography was performed using Kieselgel 60
(Mcrck 70-230-mesh) silica gel. Chromatographic solvent mixtures are volume/volume
percentages.  Experiments requiring inert atmospheric conditions were done using pre-
purified nitrogen.

5.2 UV RATE MEASUREMENTS

The rates of decomposition were measured by following the increase in UV
absorption of 29 on a Phillips Pye Unicam PU880Q UV/Vis spectrophotometer equipped
with an Accuron PSX 876 Series 2 terperature programme controller. Quartz UV cells
(Hellma Canada Ltd.) containing the solvent were allowed to equilibrate for 10-15 mins.
at the desired temperatures prior to injection of the samples. The samples were injected
via Hamilion syringes and the cells were capped, shaken and placed in the cell
compartments. The absorbances were measured at various time intervals at A = 325 nm
and at a bandwidth of 2 nm. The method of initial rates was used in calculating observed
rate constants,

5.3 1H NMR RATE MEASUREMENTS (RADICAL INHIBITOR STUDY)

Rates were measured on a Varian XL300 spectrometer using toluene-dg as the
reference solvent. A S5mm (diameter) NMR tube was containing the inhibitor dissolved
in toluene-dg was allowed to equilibrate at 80°C for 5-10 mins. in the sample probe prior
to adding the episulfide. The episulfide was injected and immediately placed in the
sample probe. 'H NMR spectra were acquired at various intervals over a period between
12 - 16 hr. All spectra were obtained by acquiring 64 transients. The rates were
calculated first by calculating the ratio of the peak heights measured at 8.3 ppm (in cm)
and the peak height of toluene. Assuming the episulfide was completely converted 10 the
olefin, the ratio of peak heights of the final spectrum would equal the initial
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concentration of episulfide. Thus, the concentration of olefin at any time was easily
obtained. By plotting the concentration vy, time, the second order rate constant, K, can
be calculated using the initial rate method. The first order rate constant was assumed to

be negligible since the initial concentration of the ¢pisulfide ranged from ca. 6 - 16 mM.
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5.4 PREPARATION OF 2,2-DICHLOR0-3-[9-FLUORENYL] EPISULFIDE

9-Fluorenone hydrazone

To a solution of 7 g (39 mmol) of 9-fluorenone in 40 ml of
n-butanol, 5 ml of 85% aqueous hydrazine monohydrate was added.
After 4 hrs of reflux, the hot solution was poured into 100 ml of
methanol,  The resulting yellow mixture was allowed to cool NNH,
yiclding 7.2 g of hydrazone as ycllow ncedles which was purified
by recrystallization with methanol (95%). Mp. 152 - 155°C (lit.i"® Mp. 152°C). H
NMR (200 MHz, CDCl3) : & 6.40 (s, 2H, NNHj), 7.3 - 7.91 (m, 8H, aromatic). 3¢
NMR (50.3 MHz, CDCl5) : 3 119.6, 120.6, 120.8, 125.6, 127.8, 128.0, 128.6, 129.3,
130.3, 137.8, 138.7, 141.4, 145.7. MS m/z (rel. intensity) 194 (M*", 100), 177 (11), 151
(12), 139 (9), 165 (85).

9-Diazofluorene (46)

To 2.0 g (64 mmol) of 45 in 125 ml anhydrous ether, 0.5 g
KOH was added and the mixture was stirred vigorously. Yellow
mercuric oxide (18.4 g, 85 mmol) was added in 4 portions with each ;Nz
of the orange mixrures stirred until a brown sludge became visible.
The solution was decanted after each addition. The clear purple solution was then dried
over MgSQy4 and evaporated under reduced pressure furnishing deep orange crystals.
After recrystallization with pentane, the yield of 46 was 1.42 g (71%). Mp. 94 - 96.5°C
(lit.170 Mp. 99°C). !H NMR (200 MHz, CDCls) : 8 7.27 - 7.43 (m, 4H), 7.51 (d, 2H),
7.94 (d, 2H). 13C NMR (50.3 MHz, CDCl3) : 8§ 119.4, 121.1, 124.7, 126.5, 131.6, 133.1.
The carbene carbon resonance could not be observed. MS m/z (rel. intensity) 192 (M*",
30), 164 (M*" - Ny, 100).

2,2 Dichloro-3-[9-fluorenyl] episuifide (28)

To 2.5 g (13 mmol) of 46 suspended in 50 ml petroleum
ether, 1 mi (13 mmol) of thiophosgene in 5 ml petroleum ether was @ s ¢l
added dropwise with the reaction being kept at 0°C. The red . '
suspension turned orange upon slow addition of the thiophosgene O Cl
and the evolution of nitrogen was apparent. After a few minutes,
straw yellow needles began to appear. After allowing the solution to
warm to room temperature for 1 hr, the mixture was filtered off yielding 2.2 g (61%) of
the episulfide. The 13C NMR showed that 28 was pure and no minor peaks were
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observed. Mp. 89 - 91°C (lit® Mp. 97°C). TH NMR (200 Mtz, CDCL3) 1 § 7.29 (.
2H,J;=7.6 Hz, Js = 1.2 Hz), 745 (dt. 2H, J; = 7.6 Hz, Jh = 1.2 Hz), 7.54 (dd, 211, )y =
7.6 Hz, J» = 1.2 Hz), 7.75 (dd. 2H, J; = 7.6 Hz, J> = 1.2 Hz).  13C NMR (75.4 Mz,
CD1Ch) : 8 60.3, 77.3, 120.6, 126.6, 127.3, 130.2, 1407, 142.3. MS my/z (rel. intensity)
278 (M+7, 2), 246 (M*+" - §, 100, 208 (95). Raman : 652 ¢mrl,

1,1 Dichloro-2-[9-fluorenyl] ethylene (29)

A solution of 28 (0.15 g, 0.53 mmol) in § ml toluene was
heated at reflux for 2.5 hr. The reaction was monitored by
analytical thin layer chromatographic plates measuring 6.5 cm x 2.0
cm (hexanes eluent) for the presence of sulfur (Ry = .58) and the

corresponding olefin (R = .43). After evaporating the solvent, the

sulfur and olefin are then isolated by silica gel chromatography (hexanes cluent). The
first fraction was collected and identified to be sulfur. It was obtained after evaporating
the hexanes under reduced pressure. Isolated yield of sulfur = 16.6 mg (97%). Mp. 111
- 111.5°C. The second fraction was identified to be 29. Isolated yield of oletin 29 =
92.8 mg (70%). Mp. 128 - 130°C. 'H NMR (200 MHz, CDCl3) : 8 7.31 (dt, 2H, J; =
7.5 Hz, J, = 1.4 Hz), 7.39 (dt, 2H, J; =7.5 Hz, J; = 1.4 Hz), 7.70 (dd, 2H, J; = 7.5 Hz,
I, = 1.4 Hz), 8.32(dd, 2H, J; =7.5Hz, J, = 1.4 Hz). 13C NMR (75.4 MHz, CDCl;) : &
119.6, 122.3, 125.8, 127.5, 129.1, 134.2, 136.5, 140.2. MS my/z (rel. intensity) 250 (113,
248 (64), 246 (M*', 100), 176 (M*" - 2xCl, 70.9), 123 (16), 105 (15), 88 (33). UV :
Amax (decalin) 308, 320 (g = 4918, 5450).

5.5 ATTEMPTED PREPARATION OF 2,2-DICHLORO-3-[2-FLUORO-9-FLUORENYL]
EPISULFIDE

2-Fluoro-9-fluorenone hydrazone {47)

2-Fluoro-9-fluorenone (1.5 g, 7.5 mmol) was dissolved in
35 ml ethanol. Hydrazine monohydrate (1.33 g, 0.026 mol) was
added and the yellow solution was heated at reflux for 24 hr. Afier @
allowing the mixwre to cool, the hydrazone precipitated. .— NH,
Following filtration, hydrazone 47 was recrystallized with ethanol O
yielding 0.73 g of yellow needles (45%). Mp. 157 - 160°C
(mixture of both isomers). !H NMR (200 MHz, CDCl3) : & 6.48 (s,
2H, NNH,), 6.96 - 7.91 (m, 7H, aromatic). !F NMR (282.2 MHz, CDCls) : 5 63.34,
63.58. MS my/z (rel. intensity) 212 (M*", 100), 183 (87).

F
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9-Dinzo-(2-Mluoro)-Nuorenone (48)

2-Fluoro-9-fluorenyl hydrazone 47 (0.45 g, 2.1 mmol) was F
dissolved in 40 ml anhydrous THF. Sodium sulfate (0.75 g) was
added followed by yellow mercuric oxide (1.27 g, 5.9 mmol) and 10 O -+
drops of cthanolic KOH. The mixture was stirred until a sludge . 2
appears which was then decanted and a fresh portion of HgO was O
added. The red solution was then filtered, the solvent evaporated
under vacuo to afford 0.27 g (61%) of the diazo compound 48. Mp.
83 - 84°C. H NMR (200 MHz, CDCl3) : 8 7.06 - 8.14 (m, 7H, aromatic). 15F NMR
(282.2 MHz, CDCly) : 8 62.13. MS (FAB, glycerol) m/z (1<’ intensity) 365 (M*+* -
Na)s + H*, 3), 183 (MH*" - Ny, 100).

1,1-Dichloro-2-[2-fluoro-9-fluorenyl} ethylene (50)

Diazo compound 48 {0.27 g, 1.27 mmol) was suspended in F
12 ml anhydrous THF. Thiophosgene (0.63 g, 5.5 mmol) in 2 ml
anhydrous THF was added dropwise to the cooled (-15°C) @ cl
suspension. The mixture was stirred for 20 mins and then allowed to .—
warm 1o room temperature. The mixture was filtered and the filtrate O Ci
concentrated, chromatographed (4:1 hexanes:CH,Cl, eluent) to yield
0.27 g (71%) of a ~1:3 mixture of 49 and 50 as determined by !13C
NMR analysis. The mixture could not be separated as both compounds have identical Ry
values. Mp. 114 - 120°C. H NMR of 50 only (200 MHz, CDCl) : § 7.06 - 7.68 (m,
5H, aromatic), 8.02 (dd, 1H, J; = 10.8 Hz, J, = 2.5 Hz), 8.30 (d, 1H, ] = 7.9 Hz). 13C
NMR (75.4 MHz, CDCl3) : 8 113.4 (d, J = 26.3 Hz), 116 (d, J = 23.3 Hz}, 119.4, 1204
(d, ] =9.0 Hz), 123.6, 125.8, 127.2, 129.4, 133.6, (d, ] = 2.8 Hz), 136.2, 136.5, 138.1 (d,
J=9.2 Hz), 139.4, 162.5 (d, ] = 243.9). 19F NMR (282.2 MHz, CDCl;) : § 63.68. MS
m/z (rel. intensity) 268 (11), 266 (64), 264 (M*’, 100), 229 (M*" - Cl, 7), 194 (M*+" -
2xCl, 53), 183 (11), 168 (6), 132 (10), 114 (8), 97 (21).
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5.6 ATTEMPTED PREPARATION OF 2,2-DICHLORO-3-[3,6-DIMETHOXY-9-FLUORENYL]
EPISULFIDE

2,4-Dimethoxybenzoy! chloride

A solutior of 24-dimethoxybenzeic acid (11.0 g, 60 nunol) cl
in thionyl chloride (19.4 g, 163 mmol) was stirred at room OCH,
temperature for 24 hr.  After evaporating the excess SOCl,, the
white solid was treated a second time with SOCl, for 4 hr,  Excess
thionyl chloridc was c¢vaporated giving 11 g (91%) of the acid OCH,

chloride as a wihite solid. Mp. 55 - 55.5°C. 'H NMR (200 MHz,

CDCl3) : & 3.89 (s, 3H, OCHys), 3.90 (s, 3H, OCHy), 6.45 (d, 1H, J = 2.3 Hz), 6.54 (dd,
1H, J; =9.0 Hz, J; = 2.3 Hz), 8.15 (d, !H,J = 9.0 Hz). 13C NMR (75.4 MHz, CDCl3) :
855.7,55.9,98.2, 105.4, 113.8, 137.9, 162.0, 162.2, 166.5.

N-(Dimethyl-2-hydroxyethyl)-2,4-dimethoxy benzamide (51)
A solution of the acid chloride (11 g, 55 mmol) in 20 ml

CH,Cl, was added dropwise to a solution of 2-methyl-2-amino-1- OH
propanol (11.7 g, 131 mmol} in 35 mi CH,Cl, kept at 0°C. After OCH,
stirring at room temperature for 2.5 hr, the mixture was filtered and

the filtrate was concentrated under reduced pressure to yield 12.8 p OCH,

(92%) of amide 51 as a viscous oil. 'H NMR (200 MHz, CDCl3) :

& 1.37 (s, 6H), 3.65 (s, 2H), 3.84 (s, 3H), 3.93 (s, 3H), 6.47 (s, 1H), 6.58 (d, 1H, ] = 8.9
Hz), 8.12 (d, 1H, J = 8.7 Hz). 13C NMR (75.4 MHz, CDCl,) : 8 25.0, 55.5, 55.9, 70.2,
71.3,98.7,105.3, 114.3, 133.8, 158.6, 163.5, 165.7.

2-(2,4-Dimethoxyphenyl)-4,4-dimethyl-2-oxazoline (52)

Thionyl chloride (18 g, 151 mmol) was added dropwise to
51 (12.8 g, 51 mmol) and the mixture magnetically stirred until no g
further gases have evolved. The solution was then transferred to OCH,
100 ml ether and allowed to stand until the oxazoline hydrochloride G
salt precipitated which was then filtered off. The salt was
neutralized with 100 ml of 20% NaOH and the alkaline solution was
extracted with ether. The combined ethereal extracts were dried with MgSO, and

OCH,

evaporated to give the crude oxazoline. After silica gel chromatography (EtOAc eluent),
3.63 g (31%) of pure oxazoline 52 was obtained as a yellow syrup. 'H NMR (200 MHz,
CDCl3) : 8 1.36 (s, 6H, C(CH3),), 3.81 (s, 3H, OCH3), 3.85 (s, 3H, OCH»), 4.03 (s, 2H,
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CHy), 6.45 - 6.48 (m, 2H), 7.72 (d, 1H, J = 9.0 Hz). 3C NMR (75.4 MHz, CDCl3) : &
28.4, 55.3,56.1,67.1,78.6,98.9, 104.4, 110.4, 132.6, 159.7, 161.0, 162.9. MS m/z (rel.
intensity) 235 (M*, 82), 220 (M*" - CH4, 100), 206 (12), 192 (48), 163 (36), 149 (52),
135(27), 121 (21).

3-Methoxyphenylmagnesium bromide

Magnesium (0.49 g, 20 mmol) was covered with 3 ml dry THF and the flask was
flushed with nitrogen for 30 mins. A solution of 3-bromoanisole (3.74g, 20 mmol) in 11
ml dry THF was added dropwise under nitrogen 1o the magnesium. The resulting dark
mixture wis heated at reflux for 2 hr. The Grignard reagent was then used directly in the

next step.

2-[2-(3-Methoxyphenyl)-2-(4-methoxyphenyl)]-4,4-dimethyl-2-oxazoline (53)

A solution of the oxazoline 52 (3.63 g, 15.4 mmol) in 15 :
ml dry THF was flushed with nitrogen for 0.5 hr. The Grignard o’j\’
reagent was transferred slowly under nitrogen and the mixture
allowed to stir for 2-3 days. The reaction was then quenched with @ @
30 ml saturated aqueous NH4Cl. The orgaric layer was separated
and the aqueous layer extracted 3 times with 40 ml portions of OCH, OCH,
ether. The combined extracts were washed with 40 mi water, dried
with MgSO;, and evaporated under reduced pressure to obtain a dark yellow oil which
was purified by silica gel chromatography (1:1 EtOAc : hexanes eluent) to give 2.43 g
(51%) of 53 as a viscous oil. H NMR (200 MHz, CDCly) : 8 1.27 (s, 6H, C(CHzg)y),
3.77 (s, 2H, CH,), 3.81 (s, 3H), 3.84 (s, 3H), 6.85 - 7.68 (m, 7H, aromatic). !3C NMR
(75.4 MHz, CDCl5) : 8 27.8, 55.1, §5.3, 67.1, 79.3, 112.6, 113.0, 113.8, 115.5, 120.4,
120.9, 129.0, 131.9, 142.8, 142.9, 159.5, 161.1, 163.8. MS m/z (rel. intensity) 311 (M+',
30), 310 (M** - 1, 100) 296 (M*" - CH,, 9), 255 (10), 225 (16).

2-(3-Methoxyphenyl)-d-methoxybenzoic acid (55)
Methyl iodide (2.22 g, 15.6 mmol) was added to 53 (2.43 g,
7.81 mmol) and the mixture stirred for 3 hr. Excess methyi iodide

was then evaporated under reduced pressure. The methiodide salt O @
54 was dissolved in 20 ml methanol and 20 ml of 20% aqueous

COOH

QOCH, OCH
NaOH was added. The mixture was allowed to stir at reflux for 24 3 3

hr. The cooled mixture was then acidified to pH = 2 at which point
55 began to precipitate. After filtration and recrystallization with ethanol the yield was
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2.01 g (99%) of 55. Mp. 128 - 129°C (li."”! Mp. 130 - 13190). TH NMR (200 Milz,
CDCl3) : 8 3.77 (s, 3H), 3.84 (s, 3H), 6.79 - 7.84 (m, 7H, aromatic). 13C NMR (75.4
MHz, CDCl3) : § 55.1, 35.4, 112.6, 112.8, 1142, 1164, 121.1, 123.2, 129.0, 1329,
143.2, 145.3, 159.3, 162.0, 172.8. MS nvz (rel. inteasity) 258 (M*', 83), 241 (M*" -
OH, 42), 86 (34), 72 (1C0).

3,6-Dimethoxy-9-fluorenone (56)
Acid 55 (2.01 g, 7.78 mmol) was placed in a 250 ml flask

CH,0
equipped with a mechanical stirrer., Poly(phosphoric acid) (30 ? ®
ml) was added and the mixture stirred for 3 hr at room
temperature until a dark brown slurry was obtained. To the shurry .-.

was added 152 ml iced water and swirled until the brown slurry

dissipates. The precipitate that formed was extracted 3 times with CH,0

80 ml portions of CHCl3. The organic extracts were washed with

50 ml water and then twice with 50 ml aqueous NH4Cl. After drying with MgSQ,, the
solvent was evaporated to afford after recrystallizing with ethanol bright yellow needles
of 56 : 243 mg (24 %). Mp. 141 - 143°C (lit.'"! Mp. 142 - 144°C). 'H NMR (200 MHz,
CDCls) : & 3.89 (s, 6H, OCH3y), 6.73 (dd, 2H, J) = 8.0 Hz, J, = 2.0 Hz), 6.98 (s, 2H),
7.57 (d, 2H, J = 8.3 Hz). 13C NMR (75.4 MHz, CDCl5) : § 55.7, 107.0, 1129, 1257,
128.3, 145.9, 164.9, 191.4. MS m/z (rel. intensity) 240 (M*", 100), 211 (9), 197 (17),
169 (17), 126 (9). The mother liquor contained the 1,6-dimethoxy-9-fluorenone isomer
:0.56 g (57%). Mp. 114-116°C. 'H NMR (200 MHz, CDCl;) : 8 3.81 (s, 3H, OCHj3),
3.86 (s, 3H, OCH3), 6.81 - 6.92 (m, 4H), 7.28 (1, 1H, J, = 8.5 Hz, J, = 6.7 Hz), 1.97 (d,
1H, J = 8.6 Hz). !3C NMR (75.4 MHz, CDCl3) : § 55.2, 55.5, 107.1, 112.7, 112.9,
114.1, 116.5, 1209, 125.8, 128.9, 133.3, 142.7, 1459, 159.0, 162.3. MS m/z (rel.
intensity) 240 (M+°, 59), 129 (19). The sample was contaminated with the 3,6-
dimethoxy isomer.

3,6-Dimethoxy-9-fluorenone hydrazone (57)

A solution of the fluorenone derivative 56 (243 mg,
1.01 mmol) in 8 ml ethanol was prepared to which hydrazine
monohydrate (2.5 ml) was added and the mixture was heated at ._ NH
reflux for 24 hr during which a yellow precipitate formed. The 2
precipitate was filtered to give 224 mg (92%) of pure
hydrazone 57. Mp. = 204 - 204.5°C (lit)” Mp. 202 - 203°C), CHs0
TH NMR (200 MHz, CDCls) : 8 3.89 (s, 3H, OCHj), 3.93 (s,
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3H, OCHy), 6,10 (s, 2H, NNHy), 6.85 (dd, 2H, J; = 8.5 Hz, J» = 2.5 Hz), 7.13 (s, 1H),
7.23, (s, 1H), 7.62 (d, 1H, J = 8.4 Hz), 7.87 (d, 1H, ] = 8.5 Hz). !3C NMR (75.4 MHz,
CDCl3) : 8 55.9 (2xCily), 106.5, 106.8, 113.9, 114.7, 1240, 126.3, 131.3, 131.8, 143.4,
144 .8, 154.7, 163.2, 163.3. MS ny/z (rel. intensity) 254 (M**, 100), 239 (M** - NH, 21),
225 (17), 210 (17), 139 (11), 129 (27.1), 112 (11).

3,6-Dimethoxy-9-diazofluorene (58)
Hydrazone 57 (224 mg, 0.88 mmol) was dissolved in 40 CH.O
3
ml anhydrous THF. Pulverized yellow mercuric oxide (0.75 g,

3.46 mmol) was added followed by 0.35 g Na,S0O4 and 10 drops -y
of a solution of 10% KOH in ethanol. The mixture was stirred at = 2
room temperature for 24 hr. The mixture was filtered and the \

filtrate was evaporated under reduced pressure. The crude solid CH,0

was dissolved in 150 mi ether, washed with 30 ml water, dried

with MgSOy and concentrated 1o give 92.6 mg (42%) of diazo product 58. Mp. 232°C
(dec.) (lit.!"! Mp. 240°C (dec.)). 'H NMR (200 MHz, CDCl3) : § 3.92 (s, 6H, OCHj),
6.98 (dd, 2H, J| = 8.5 Hz, J; = 2.4 Hz), 7.35 (s, 1H), 7.40 (s, 1H), 7.43 (d, 2H, J = 2.5
Hz). 13C NMR (75.4 MHz, CDCls) : 8 55.6, 104.7, 113.0, 127.5, 132.3, 136.1, 142.2,
160.2. MS m/z (rel. intensity) 224 (M** - Np, 99).

1,1-Dichluro-2-[3,6-dimethoxy-9-fluorenyl] ethylene (60)
Diazo compound 58 (92.6 mg, 0.36 mmol) was
dissolved in 10 ml anhydrous ether. A solution of
thiophosgene (0.30 g, 2.62 mmot) in 2 ml ether was added
dropwise to the cooled (0°C) diazo solution. After the
evolution of nitrogen has ceased the ethereal solution was

cooled to -27°C and a precipitate was obtained after filtering
and washing with cold ether which was determined to be 60.
Yicid = 46.5 mg (37.3 %). Mp. 122 - 123°C. 'H NMR (200 MHz, CDCly) : 6 3.90 (s,
6H, OCHa), 6.84 (dd, 2H, J, = 8.5 Hz, J; = 2.5 Hz), 7.17 (d, 2H, J = 2.3 Hz), 8.20 (d,
2H, J = 8.9 Hz). 13C NMR (75.4 MHz, CDCl3) : & 55.5, 105.1, 113.1, 118.1, 126.8,
130.2, 133.2, 141.6, 160.6. MS m/z (rel. intensity) 310 (11), 308 (65), 306 (M*", 100),
263 (29), 220 (11), 153 (15), 129 (27), 112 (10).
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5.7  ATTEMPYED PREPARATION OF 2,2-DICHLORO-3-[S-METHYL-9-FLUORENYL]
EPISULFIDE

2-[2-(2-Metuylphenyl)-2-(4-methoxyphenyl)]-4,4-dimethyl-2-oxazoline (65)
Following the general procedure in the preparation of I—{’

compound 53, the oxazoline $§2 was treated with 2- o

methylphenylmagnesium bromide (62) yiclding 57% of 65. H

NMR (200 MHz, CDCl3) : & 1.17, 1.19 (2xs, 6H, C(CH3),), 2.11 (s, | :

3H, CHjy), 3.64 (s, 2H, CHy), 3.82 (s, 3H, OCH3), 6.73 (d, 1H, ] =

2.5 Hz), 6.89 (dd, 1H, J; = 8.6 Hz, J, = 2.6 Hz), 7.14 - 7.20 (m, OCH,

4H), 7.77 (d, 1H, J = 8.6 Hz). 13C NMR (75.4 MHz, CDCly) : 8 20.0, 28.0, 55.3, 66.9,

79.2, 112.6, 115.5, 121.0, 125.0, 127.2, 128.8, 129.3, 131.3, 135.6, 141.2, 143.3, 160.8,

163.3. MS m/z (rel. intensity) 295 (M*", 5), 280 (M+' - CH,, 100), 209 (9).

CH,

2-(2-Methylpheny!)-4-methoxybenzoic acid (68)

Following the general procedure in the preparation of
compound 35, oxazoline 65 gave acid 68 in 16% yield. Mp. 141 - COOH CH,4
142°C. 'H NMR (200 MHz, CDCls) : 8 2.06 (s, 3H, CH3), 3.85 (s, O O
3H, OCH3), 6.70 (d, 1H, J = 2.5 Hz), 6.92 (dd, 1H, }J; =8.5Hz, ], =
2.5 Hz), 7.09 - 7.25 (m, 4H), 8.05 (d, 1H, J = 8.6 Hz). 3C NMR  OCH,
(75.4 MHz, CDCly) : 8 19.9, 55.5, 112.8, 116.3, 120.8, 125.3, 127.3,
128.2, 129.5, 133.4, 135.3, 141.4, 146.1, 162.6, 170.1. MS m/z (rel. intensity) 242 (M*",
97), 227 (M** - CH;, 51), 225 (M** - OH, 100), 197 (19), 181 (22), 165 (35), 152 (28),
120 (23).

3-Methoxy-5-methyl-9-fluorenone (71)

Following the general procedure in the preparation of
compound 56, acid 68 gave ketone 71 in 53% yield. Mp. 138 -
140°C. 1H NMR (200 MHz, CDCl3) : § 2.56 (s, 3H, CHs), 3.90
(s, 3H, OCHy), 6.72 (dd, 1H, J; = 8.3 Hz, J = 2.2 Hz), 7.14 -
7.22 (m, 3H), 7.50 (d, 1H, J = 8.0 Hz), 7.64 (d, 1H, ] = 8.3 Hz).
13C NMR (75.4 MHz, CDCl3) : §20.1, 55.7, 111.0, 111.4, 121.6,
126.2, 127.6, 128.9, 133.5, 135.7, 136.9, 140.9, 147.6, 165.1, 192.8. MS m/z (rel.
intensity) 224 (M**, 100), 181 (15), 170 (6), 165 (17), 152 (20).
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3-Methoxy-S-methyl-9-fluorenone hydrazone (74)

Following the general procedure in the preparation of
compound 57, the yellow hydrazone 74 was obtained after
evaporating the solvent. Kctone 71 gave hydrazone in 91% yield
as a mixture of two isomers. In some cases, ketone 71 was
contaminated by the Wolff-Kishner reduction product (3-

methoxy-5-methyl fluorene) which was removed by column

chromatography (1:1 CH,Cl, : hexanes eluent). Mp. 128 - 134°C (mixture of both
isomers). 'H NMR (200 MHz, CDCl;) : major isomer (NNH, syn to H;) 8 2.65 (s, 3H,
Ctl3), 3.91 (s, 3H, OCH3»), 6.19 (s, 2H, NNH,), 6.83 (m, 2H, both isomers), 7.12 - 7.23
(m, 4H, both isomers), 7.43, (d, 1H, J = 2.4 Hz), 7.60 (d, 1H, ) = 7.8 Hz), 7.89 (d, IH, J
= 8.5 Hz). minor isomer (NNH; syn to Hg) 6 2.69 (s, 3H, CH3), 3.89 (s, 3H, OCH3y),
6.24 (s, 2H, NNH,), 7.32, (d, 1H,J =2.2 Hz), 7.68 (d, 1H, J =7.8 Hz), 7.81 (4, 1H, J =
8.5 Hz). 13C NMR (75.4 MHz, CDCls) : major isomer & 20.8, 55.6, 110.6, 110.9, 118.3,
124.0, 126.5, 127.7, 131.3, 131.4, 132.8, 139.1, 140.9, 146.0, 160.4, minor isomer &
21.2, 55.6, 109.7, 111.9, 121.4, 123.3, 127.6, 131.1, 132.4, 133.8, 136.2, 138.8, 144.5,
145.9, 160.8. MS m/z (rel. intensity) 238 (M*", 100), 223 (M*" - CHj3, 19}, 209 (32),
195 (17), 165 (27), 152 (19).

1,1-Dichloro-2-[3-methoxy-5.methyl-9-fluorenyl] ethylene (83)
Hydrazone 74 (35.1 mg, 0.14 mmol) was dissolved in

10 ml anhydrous ether and 0.25 g sodium sulfate was added to CH,0,

the solution. Yellow mercuric oxide (100 mg, 0.46 mmol) was
then added followed by 3 drops of ethanolic potassium
hydroxide (1 g KOH in 10 ml ethanol). The mixture was
stirred at room temperature for 45 mins, decanted from the

CH

sludge and cooled to 0°C. Thiophosgene (24 mg, .21 mmol) in

2 ml anhydrous ether was added dropwise to the red-orange diazotized solution.
Evolution of nitrogen was apparent. The solution was then stirred for another 20 mins at
0°C and after allowing to warm to room temperature, the solution was filtered and flash
chromatographed (3:2 hexanes : CH,Cly eluent) yielding 13.3 mg of corresponding
olefin 83. Mp. 96 - 96.5°C. R;=0.75. 'H NMR (200 MHz, CDCl3) : & 2.43 (s, 3H,
CH,3), 3.89 (s, 3H, OCH3), 6.79 (dd, 1H, J; = 8.7 He, J, = 2.6 Hz), 7.15(d, 1H, J = 2.5
Hz), 7.19 (d, 1H, J = 7.8 Hz), 7.53 (d, 1H, J = 7.7 Hz), 8.10 (s, 1H), 8.18 (d, 1H, J = 8.8
Hz). 13C NMR (67.9 MHz, CDCl3) : § 22.0, 55.5, 104.8, 112.4, 119.3, 119.7, 119.8,
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126.5, 126.9, 129.4, 129.7, 133.8, 137.3, 137.6, 142.2, 160.7. MS nv/z (rel. intensity)
204 (11), 292 (65), 290(M*", 1000, 247 (44), 212 (21), 176 (36), 88 (17).

58 ATTEMPTED PREPARATION OF 2.2-DICHLORO-3-|7-METHYL-9-FLUORENYL]
EPISULFIDE

2-[2-(4-Methylphenyl)-2-(4-methoxyphenyl}}-4,4-dimethyl-2-oxazoline (66)
Following the general procedure in the preparation of
compound 53, the oxazoline 52 was weated with 4- l‘"r

methylphenylmagnesium bromide (63) yielding 27.5% of 66. Oy
TH NMR (200 MHz, CDCls) : 8 1.28 (s, 6H, C(CHy)s), 2.38 O O
(s, 3H, CHa3), 3.76 (s, 2H, CHy), 3.83 (s, 3H, OCHy), 6.84 - H,

6.87 (m, 2H), 7.23 (dd, 4H, J; = 13.0 Hz, J; = 7.9 Hz), 9.10 OCH,

(d, 1H, J =9.1 Hz). 13C NMR (75.4 MHz, CDCl3) : § 21.2,

28.0, 55.4, 67.1, 79.3, 112.3, 115.5, 1204, 128.1, 128.7, 131.9, 137.0, 138.3, 143.3,
161.0, 163.8. MS m/z (rel. intensity) 295 (M*, 25), 294 (M*" - 1, 100), 280 (M*+" -
CHj, 3), 239 (7), 209 (12), 108 (15), 43 (44).

2-(d4-Methylphenyl)-4-methoxybenzoic acid (69)

Following the general procedure in the preparation of
g g P prep COOH

compound 55, oxazoline 66 gave acid 69 in 21% Mp. 167 -
169°C. 'H NMR (200 MHz, CDCl3) : § 2.39 (s, 3H, CHy),
3.86 (s, 3H, OCH;3), 6.81 (d, 1H, J = 2.5 Hz), 6.90 (dd, 1H, J, = H,
8.7 Hz, Io = 2.6 Hz), 7.21 (s, 4H), 797 (d, 1H, J = 87 Hzy.  OCHs

13C NMR (75.4 MHz, CDCly) : § 21.2, 55.5, 112.5, 116.6,

121.0, 128.3, 128.7, 133.4, 137.1, 138.3, 146.2, 162.3, 171.4. MS m/z (rel. intensity)
242 (M, 100), 225 (M*+* - OH, 67}, 182 (10), 165 (9), 152 (11), 120 (14).

3-Methoxy-7-methyl-9-fluorenone (72)
Following the general procedure in the preparation of

CH,0
compound 56, acid 69 gave ketone 72 in 28% yield. Mp. 118 - O
120°C. 'H NMR (200 MHz, CDCl3) : 8 2.36 (s, 3H, CHjy), 3.89
(s, 3H, OCHa), 6.69 (dd, 1H, J; = 8.2 Hz, J, = 2.2 Hz), 6.96 (d, O, .
CH,

1H, J = 2.2 Hz), 7.30 (m, 2H), 7.42 (s, 1H), 7.57 (d, 1H, ] = 8.3
Hz). 13C NMR (75.4 MHz, CDCl3) : § 21.5, 55.8, 106.8, 112.4,
1199, 124.6, 126.1, 127.2, 134.4, 135.5, 139.4, 140.6, 147.1,
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165.2, 170.0. MS m/z (rel. intensity) 224 (M*+, 100), 181 (15), 165 (11), 153 (13).

3-Methoxy-7-methyl-9-iluorenone hydrazone (75)

Following ihe general procedure in the preparation of
CH;0

compound 74, ketone 72 gave hydrazone 75 in 85% yield as a
mixture of two isomers. Mp. 121 - 131°C (mixture of both O 1
isomers). 'H NMR (200 MHz, CDClz) : major isomer (NNH, .'-' NH,
syn to Hy) 6 2.40 (s, 3H, CHy), 3.91 (s, 3H, OCH3), 6.17 (s, O

8

2H, NNHj), 6.80 (dd, 2H, J; = 8.6 Hz, J; = 2.2 Hz, both
isomers), 7.14 (d, 2H, J = 7.6 Hz, both isomers), 7.22, (d, 2H, J
= 2.2 Hz, both isomers), 7.60 (dd, 2H, J, = 8.4 Hz, J, = 2.3 Hz, both isomers), 7.75 (s,
IH), 7.82 (d, 1H, J = 8.3 Hz). minor isomer (NNH; syn to Hg) & 2.44 (s, 3H, CH3), 3.88
(s, 3H, OCH3), 6.24 (s, 2H, NNH,), 7.49 (d, 1H, J = 7.6 Hz), 7.53 (s, I1H). 13C NMR
(75.4 MHz, CDCl3) : major isomer & 21.7, 55.6, 106.1, 112.0, 119.2, 121.2, 123.6,
126.7, 129.2, 131.3, 138.0, 138.7, 140.2, 146.0, 161.0, minor isomer & 21.9, 55.6, 104.6,
106.1, 113.3, 1200, 121.7, 126.5, 130.2, 130.% 135.8, 137.7, 138.3, 143.6, 160.6. MS
.0fz (rel. intensity) 238 (M*’, 160), 223 (i4*" - CH,, 18), 209 (29), 195 (16), 165 (26),
152 (25).

CH,

1,1-Dichloro-2-[3-methoxy-7-methyl-9-fluorenyl] ethyiene (84)
Following the procedure in the preparation of
& P CH,O0

compound 59, only its corresponding ethylene compound 84
was isolated in 20% yield. Mp. 82 - 85°C. R, = 0.64. H
NMR (200 MHz, CDCls) : 6 2.67 (s, 3H, CHs), 3.90 (s, 3H,
OCHy), 6.82 (dd, 1H, J;, = 8.9 Hz, J = 2.5 Hz), 7.17 - 7.22
(m, 2H), 7.40 (d, 1H, J = 2.5 Hz), 8.23 (d, 1H, J = 8.6 Hz),
8.31 (d, 1H, J = 7.6 Hz). 13C NMR (67.9 MHz, CDCl3y) : §
21.3, 55.5, 110.0, 110.8, 119.3, 123.4, 126.6, 127.1, 129.8,
131.9, 132.9, 133.6, 137.6, 137.8, 142.9, 160.3. MS m/z (rel. intensity) 294 (11), 292
(65), 290 (M+', 100), 247 (36), 212 (25), 176 (40).
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5.9 ATTEMPTED PREPARATION OF 2. 2-DICHLORO-3-[3-METHOXY-9-FLUORENYL]
EPISULFIDE

2-[2-Phenyl-2-(4-methoxyphenyl) J-4,4-dimethyl-2-oxazoline (67)

Following the general procedure in the preparation of I_k
compound 53, the oxazoline 52 was treated with phenylmagnesium g
bromide (64) yielding 5% of 67. 'H NMR (200 MHgz, CDCly) : &
1.27 (s, 6H, C(CH1),), 3.75 (s, 2H, CHy,), 3.84 (s, 3H, OCHy), 6.87 -
6.90 (m, 2H), 7.36 - 7.39 (m, SH), 7.70 (d, 1H, J = 8.2 Hz). 13C
NMR (75.4 MHz, CDCly) : § 28.0, 55.4, 672, 79.2, 1125, 1155,  OCMs
120.3, 127.2, 127.9, 128.2, 131.8, 141.2, 143.4, 1609, 163.7. MS
nyz (rel. intensity) 281 (M+°, 25), 280 (M*" - 1, 100), 195 (28), 152 (11), 94 (11).

W,
&

2-Phenyl-4-methoxybenzoic acid (70}

Following the general procedure in the preparation of
compound 55, oxazoline 67 gave acid 70 in 25% yield. Mp. 163 -  COOH
165°C. 'H NMR (200 MHz, CDCl5) : & 3.86 (s, 3H, OCH3), 6.82 (d,
1H, J = 2.5 Hz), 6.90 (dd, 1H, J; = 8.7 Hz, J; = 2.6 Hz), 7.31 - 7.35
(m, 5H), 7.98 (d, 1H, J = 8.8 Hz). 13C NMR (75.4 MHz, CDCk) : § OCH,
55.5, 112.6, 116.7, 121.0, 127.3, 127.9, 128.4, 133.4, 141.3, 146.3,

162.4, 172.0. MS my/z (rel. intensity) 228 (M*+*, 100), 211 (M** - OH, 96), 168 (27), 152
(15), 139 (31).

O

3-Methoxy-9-fluorenone (73)
Following the general procedure in the preparation of

compound 56, acid 70 gave ketone 73 in 61% yield. Mp. 95 - CH,0

96°C. 'H NMR (200 MHz, CDCl3) : & 3.85 (s, 3H, OCH3), 6.67 O
(dd, 1H, J, = 8.2 Hz, ], = 2.2 Hz), 6.94 (d, 1H, ] = 2.2 Hz), 7.20 - . U
7.30 (m, 2H), 7.42 (s, 1H), 7.57 (d, 1H, J = 8.3 Hz). 13C NMR O
(75.4 MHz, CDCl3) : d 55.8, 107.0, 112.9, 120.0, 123.8, 126.2,

127.1,129.2, 134.1, 135.3, 143.3, 146.9, 165.3, 192.5. MS m/z (rel. intensity) 210 (M*",
100), 180 (13), 167 (15), 152 (9), 139 (28).
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3-Methoxy-9-fluorenone hydrazone (76)

Following the gencral procedure in the preparation of
compound 57, ketone 73 gave hydrazone 76 in 9% yield. Mp.
118 - 125°C (mixture of both isomers). 'H NMR (200 MHz,
CDCly) : & 3.89, 3.91 (2xs, 6H, OCHj3, both isomers), 6.81 -
7.94 (m, 14H, both isomers). 13C NMR (75.4 MHz, CDCly) :
major isomer & 55.6, 106.4, 112.6, 119.5, 120.7, 123.6, 126.8,
128.1, 128.4, 138.3, 140.2, 141.0, 143.5, 161.1, minor isomer & 74.7, 104.9, 113.9,
120.4, 121.8, 125.6, 127.9, 129.6, 131.0, 138.6, 139.8, 141.6, 145.9, 160.7. MS m/z (rel.
intensity) 224 (M*+°, 100), 209 (M** - NH, 23), 195 (30), 180 (19), 165 (11), 152 (43).

I,1-Dichloro-2-[3-methoxy-9-fluorenyl] ethylene (85)
Hydrazone 76 (16.4 mg, 0.073 mmol) was dissolved in
10 ml anhydrous THF and 0.25 g sodium sulfate was added to
the solution. Yellow mercuric oxide (39 mg, 0.18 mmol) was
then added followed by 3 drops of ethanolic KOH (1 g KOH
in 10 ml ethanol). The mixture was stirred at room

temperature for 45 mins, decanted from the sludge and cooled

to 0°C. Thiophosgene (24 mg, 0.21 mmol} in 2 ml anhydrous ether was added dropwise
to the red solution of the diazotized solution. Evolution of nitrogen was apparent. The
solution was then stirred for another 20 mins at 0°C and after allowing to warm to room
temperature, the solution was filtered and flash chromatographed (1:1 CH,Cl, : hexanes
eluent) yielding 78 mg of a yellow-brown solid which was determined to be 85 (47%).
Mp. 86-89°C. TH NMR (200 MHz, CDCls) : 8 3.91 (s, 3H, OCHj), 6.74 (dd, 1H, J; =
8.20 Hz, J, = 2.2 Hz), 7.03 (d, 1H, J = 2.4 Hz), 7.15 - 7.50 (m, 4H), 7.62 (d, 1H,J =38.3
Hz). 13C NMR (75.4 MHz, CDCly) : § 55.8, 107.1, 112.9, 120.1, 123.9, 126.3, 127.2,
128.3, 129.3, 134.1, 135.4, 137.8, 143.4, 147.0, 165.4. MS m/z (rel. intensity) 280 (11),
278 (64), 276 (M*", 100), 233 (41), 198 (12), 163 (29).
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S.10 PREPARATION OF 2,2-DICHLORO-3-[2,5-DIMETHOXY-9-FLUORENYL] EPISULEFIDE

2,3-Dimethoxybenzoyl chloride

Following the general procedure in the preparation of 2.4-
dimethoxybenzoyl chioride, 2,3-dimethoxybenzoic acid (10,2 g, 55
mmol) when treated with excess thionyl chlonde (18.0 g, 151 wmimol) OCH,4
yielded 10.5 g (92 %) of the acid chloride as a white solid. Mp. 56-
57°C. 'H NMR (200 MHz, CDCly) : 8 3.89 (s, 3H, OCHj), 3.90 s,
3H, OCH3), 7.13(d, 1H,J = 1.2 Hz), 7.15 (d, 1H, ) = 1.2 Hz), 7.52 (dd. 1H, J; = 2.2 Uz,
J; = 1.2 Hz). 13C NMR (75.4 MHz, CDCl3) : § 56.2, 61.6, 117.9, 123.7, 123.8, 128.9,
149.0, 153.5, 164.8.

Cl

OCH,

N-(Dimethyl-2-hydroxy ethyl)-2,3-dimethoxy benzamide (86)
Following the general procedure in the preparation of §1,

the acid chloride (10.5 g, 52 mmol) when treated with 2-methyl-2- H OH
amino-1-propanol (11.7 g, 131 mmol) yielded 12.1 g (92 %) of OCH,
the benzamide 86 as a beige solid. Mp. 83-86°C. 'H NMR (200

MHz, CDCl3) : & 1.40 (s, 6H, C(CH3),), 3.68 (s, 2H, CH,), 3.89 OCH,

(s, 3H. OCHj), 3.90 (s, 3H, OCHy), 7.05 (d, 1H, J = 1.2 Hz), 7.15
(t, 1H, J = 1.2 Hz), 7.72 (d, 1H, J = 1.2 Hz), 8.26 (s, 1H, NH). 13C NMR (75.4 MHz,
CDCl3) : 824.9,56.1,61.2,70.8, 115.5, 122.5, 124.5, 126.9, 147.2, 152.5, 165.5.

2-(2,3-Dimethoxyphenyl)-4,4-dimethyl-2-oxazoline (87)

Following the general procedure in the preparation of 52,
benzamide 86 (12.1 g, 48 mmol) was treated with thionyl chloride. Olj'r
After workup, 5.2 g (46 %) of oxazoline 87 was obtained as a gold-
colored solid. Mp. 46 - 47.5°C (lit.'"2 Mp. 49 - 50°C). 'H NMR
(200 MHz, CDCl3) : 8 1.57 (s, 6H, C(CHs3)5), 3.84 (s, 3H, OCHj3), OCH,
3.99 (s, 3H, OCH3), 4.34 (s, 2H, CH,), 7.07 (d, 1H, J = 2.2 Hz), 7.09
(d, 1H, J = 2.2 Hz), 7.48 (dd, 1H, }; = 5.4 Hz, J; = 3.2 Hz). 13C NMR (75.4 MHz,
CDCl3) : 8 28.3, 56.1, 61.3, 67.3, 79.1, 115.0, 122.5, 123.3, 123.7, 148.6, 153.2, 161.2.
MS m/z (rel. intensity) 235 (M*, 94), 220 (36), 206 (31), 192 (28), 178 (21), 163 (100),
151 (29), 149 (73), 135 (36), 121 (31).

OCH,



159

2-[2-(4-Mcthoxyphenyl)-2-(3-methoxyphenyl)}-4,4-dimethyl-2-oxazoline (90)
Following the general procedure in the preparation of

compound 53, the oxazoline 87 (5.2 g, 22 mumnol) was treated f—k

. ) O N OCH,
with 4-methoxyphenylmagnesium bromide (88) (1.3 eq.) O
yielding 3.45 g (61%) of 90 as a viscous oil which could not
totally purified. 'H NMR (200 MHz, CDCl;) : § 1.20 (s, 6H,
C(CHs3)p), 3.69 (s, 2H, CHy), 3.73 (s, 3H, OCHj3), 3.82 (s,
3H, OCH3), 6.89 - 7.27 (m, 7H, aromatic). 13C NMR (75.4 MHz, CDCly) : 8 27.9, 55.1,
55.8, 60.3, 79.9, 112.8, 113.0, 121.8, 128.0, 128.7, 130.1, 130.7, 130.9, 156.7, 158.6,
163.5. MS m/z (rel. intensity) 310 (M** - 1,7), 163 (100).

v,

2-(4-Mcthoxyphenyl)-3-methoxybenzoic acid (92)
Following the general procedure in the preparation

of compound 55, oxazoline 90 (3.45 g, 11 mmol) gave HQOC O OCH,
0.16g (6%) of pure white acid 92 after recrystallizing with
1:1 H,O:EtOH. Mp. 170 - 172°C. 'H NMR (200 MHz, 0

OCH,

CDCl3) : § 3.77 (s, 3H, OCHy), 3.85 (s, 3H, OTHs), 6.90

- 7.55 (m, 7H, aromatic). !3C NMR (75.4 MHz, CDCl3) :

855.1, 56.0, 113.3, 114.5, 122.1, 128.1, 128.2, 130.7, 131.2, 131.8, 157.2, 158.8, 172.3.
MS m/z (rel. intensity) 258 (M*", 100), 225 (9), 197 (12), 184 (7), 122 (11).

2,5-Dimethoxy-9-fluorenone (94)

Following the general procedure in the preparation of
compound 56, acid 92 (0.16g, 0.6 mmol) gave 0.12 g of ketone CH,Q O
94 in 81% yield as a bright orange solid. Mp. 160 - 163°C. 'H ’ 0

NMR (200 MHz, CDCly) : & 3.82 (s, 3H, OCHz), 3.93 (s, 3H,
OCHj3), 6.90 - 7.55 (m, 5H), 7.66 (d, 1H, J = 8.2 Hz). 13C

NMR (75.4 MHz, CDCl3) : § 55.5, 55.6, 109.4, 116.5, 117.9, OCH,
1199, 125.1, 127.2, 128.1, 129.2, 135.2, 135.8, 1363, 1547,

160.0. MS my/z (rel. intensity) 240 (M*+", 100), 225 (63), 197 (20), 126 (11).
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2,5-Dimethoxy-9-fluorenone hydrazone (96)

Following the general procedure in the preparation
of compound 57, the hydrazone 96 was obtiined after
evaporating the solvent and flash chromatography (CH,Cly .— NH,
then 11 EtOAc : hexanes eluent). Ketone 94 (0.12g, 0.5
mmol) gave 5 mg (4%) of hydrazone 96 as a mixture of

two isomers. In some cases, ketone 94 was contaminated
by the Wolff-Kishner reduction product (2,5-dimethoxy
fluorene) which was removed by column chromatography (CH»Cly cluent). 1H NMR
(200 MHz, CDCl3) : 8 3.88 (s, 3H, OCH3). 3.99 (s, 3H, OCHy), 6.88 (d, 1H, J = 8.2 Hz),
6.97 (d, 1H, J = 8.2 Hz), 7.24 (d, 1H, J = 8.0 Hz), 7.28 (s, 1H), 7.48 (d, 1H, ] = 8.0 11z),
7.87 (d, 1H, J = 8.0 Hz). 13C NMR (75.4 MHz, CDCly) : myjor isomer § 55.4, 55.5,
104.8, 112.7, 115.3, 117.9, 1245, 127.7, 129.0, 131.7, 138.9, 145.7, 155.2, 159.4, 169.8,
minor isomer 8 55.3, 55.7, 1109, 1126, 113.2, 113.7, 122.3, 124.9, 128.2, 131.0, 1335,
139.3, 154.8, 158.9, 169.8.

2,2 Dichloro-3-[2,5 dimethoxy-9-fluorcnyl] episulfide (98)

Hydrazone 96 (5.0mg, 0.019 mmol) was dissolved in
10 ml anhydrous ether and to the solution was added 0.25 g
sodium suifate, Yellow mercuric oxide (100 mg, 0.46 mmol)

CH,C s cl

was then added followed by 10 drops of ethanolic potassium O Cl
hydroxide (1 g KOH in 10 mi ethanol). The mixture was
stirred at room temperature for 2 hr, decanted from the OCH,4

sludge and then a second portion of mercuric oxide was

added. The mixture was then stirred for 24 hr, filtered, concentrated to about 2 ml, and
cooled to 0°C. Thiophosgene (5 drops) in 2 m! anhydrous ether was added dropwise to
the diazotized solution. Evolution of nitrogen was apparent. The solution was then
stirred for 20 mins at 0°C and after allowing to warm to room temperature, the solution
was flash chromatographed (1:1 CH,Cl, : hexanes eluent) yiclding 7 mg of a orange-
yellow residue which was determined via 13C NMR to be the episulfide 98. 'H NMR
(200 MHz, CDCl5) : 8 3.87 (s, 3H, OCH3), 3.98 (s, 3H, OCH,), 6.91 (d, 1H, J = 8.5 Hz),
6.92 (d, 1H, J = 8.5 Hz), 7.20 (t, 1H, J = 8.1 Hz), 7.91 (s, 1H), 7.92 (d, 1H, J = 8.0 Hz),
8.17 (d, 1H, J = 8.5 Hz). !3C NMR (75.4 MHz, CDCl,) : 8 55.4, 55.6, 65.5, 91.6, 111.7,
112.2,114.0, 118.3, 124.5, 127.1, 132.7, 134.7, 137.3, 138.2, 154.7, 158.7. MS m/z (rel.
intensity) 310 (2), 309 (12), 308 (12), 307 (65), 306 (M** - §, 65.2), 305 (M*" - SH,
100), 290 (59), 262 (12), 247 (10), 150 (13), 76 (15).
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5.11 PREPARATION OF 4,5-DIMETHOXY-9-FLUORENONE
2-[2-(2-Methoxyphenyl)-2-(3-methoxyphenyl)]-4,4-dimethyl-2-oxazoline (91)

compound 53, the oxazoline 87 (10.2 g, 43 mmol) was treated Olj\/

with  2.methoxyphenylmagnesium  bromide (89) (1.3 eq.) O
yielding 1.95 g (14%) of 91 as a viscous oil which did not
solidify. 'H NMR (200 MHz, CDCl3) : & 1.38 (s, 6H,
C(CH3)y), 3.88 (s, 3H, OCHa), 3.89 (s, 3H, OCHjy), 4.08 (s, 2H,
CH,), 6.76 - 6.98 (m, 4H, aromatic), 7.24 (dd, 2H, J; = 7.9 Hz, J; = 1.6 Hz), 7.52 (dd,
IH, J; = 7.8 Hz, J; = 1.6 Hz). 13C NMR (75.4 MHz, CDCl3) : & 28.4, 56.1, 56.2, 67.0,
78.4, 1111, 1117, 112.1, 1151, 118.0, 119.5, 121.8, 128.4, 133.3, 148.3, 150.3, 155.9,
163.7. MS m/z (rel. intensity) 280 (M** - OCHs, 23), 149 (100).

Following the general procedure in the preparation of

(9

OCH,
OCH,

2-(2-Methoxyphenyl}-3-methoxybenzoic acid (93)

Following the general procedure in the preparation of
compound 55, oxazoline 91 (0.36 g, 1.16 mmol) gave 0.30g HOOC O
(99%) of a pure white acid 93 afier recrystallizing with 1:1
H,O:EtOH. Mp. 194 - 196°C (lit.1™ 196 - 197°C). H O
NMR (200 MHz, CDCl3) : 8 3.70 (s, 3H, OCHj3), 3.74 (s,
3H, OCHj3), 6.92 (d, 1H,J = 8.2 Hz), 7.01 (d, 1H, J = 7.4 Hz), 7.15 (dd, 2H, J; = 7.6 Hz,
Jo=2.1Hz), 7.33 (t, 1H, J = 8.3 Hz), 7.38 (1, 1H, ] = 8.1 Hz), 7.52 (d, 1H, J = 7.8 Hz),
13C NMR (75.4 MHz, CDCl3) : 6 55.6, 56.2, 1109, 115.1, 120.3, 122.2, 125.2, 128.2,
128.3, 128.9, 131.0, 131.8, 156.7, 157.3, 169.8. MS m/z (rel. intensity) 258 (M+°, 100),
227 (M- OCH3, 48), 211 (12), 197 (7), 184 (9), 168 (21), 165 (58), 139 (12).

OCH,
OCH,

4,5-Dimethoxy-9-fluorenone (95)

Following the general procedure in the preparation of
compound 56, acid 93 (0.30 g, 1.16 mmol) gave 0.12 g of CH,0 O
ketone 95 in 44% yield as a beige solid. Mp. 134 - 137.5°C. H . 0
Y

NMR (200 MHz, CDCl3) : 8 4.06 (s, 6H, 2xOCHy), 7.51 (1, 2H,

J = 8.0 Hz), 8.06 (dd, 2H, J; = 7.9 Hz, J, = 1.2 Hz), 8.93 (dd,

2H, J; = 8.3 Hz, J, = 1.5 Hz). 13C NMR (75.4 MHz, CDCls) :

8 56.0, 116.8, 117.2, 1226, 124.3, 1285, 129.2, 129.6. MS m/z (rel. intensity) 240
(M**, 6), 226 (1003, 211 (49), 155 (19), 139 (8), 127 (13). IR (cm}) ; 1724 (C=0).
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512 ATTEMPTED PREPARATION OF 2 2-DICHLORO-3-[3-METHYL-9-FLUORENYL.]
EPISULFIDE

3-Methyl-9-fluorenone (100)
2-Amino-4-methyl benzophenone (99) (3.1 g, 45 mmol)

was suspended in 2 N HC! and stirred at 0°C for 15 mins. Sodium CH

nitrite (1.0g, 14.5 mmol) dissolved in 5 ml water was then added @
dropwise to the arylamine. After I hr, the red precipitate was . 0
filtered, dissolved in 25 ml anhydrous THF, dried with Na,SOy, and O

then heated at reflux for 2.5 hr. The solvent was removed und~

vacuo leaving a dark red residue which was chroma - pued

(CHCl5 eluent) yielding 282 mg of 100 as a red solid (10%). Mp. 166 - 169°C. I
NMR (200 MHz, CDCly) : 8 2.33 (s, 3H, CH,), 6.98 (d, I1H,J = 7.0 Hz), 7.17 - 7.23 (m,
2H), 7.35 - 7.39 (m, 2H), 7.44 (d, 1H, ] = 7.6 Hz), 7.56 (d, 1H, ] = 7.3 Hz). 13C NMR
(75.4 MHz, CDCly) : § 22,0, 119.9, 121.0, 123.8, 124.0, 128.7, 129.3, 131.6, 134.2,
134.4, 14.0, 144.5, 145.6, !93:3. MS nv/z (rel. intensity) 194 (M**, 100), 165 (80),

3-Methyl-9-fluorenone hydrazone (101)
3-Methyl-9-fluorenone (100) (112 mg, 0.57 mmol) was

dissolved in 20 ml ethanol and hydrazine monohydrate (0.35 ml, CH

7.2 mmol) was added. The mixture was refluxed until a clear O

yellow solution was obtained. The solvent was removed yielding ’- NH,
0.12 g of 101 as a yellow solid (100%). Mp. 95 - 102°C O

(mixture of both isomers). 'H NMR (200 MHz, CDCl3) : 3 2.43,

2.46 (2xs, 6H, CHj, both isomers), 6.31 (s, 2H, NNH,, both isomers), 7.13 - 7.92 {m,
14H, aromatic, both isomers). MS m/z (rel. intensity) 208 (M*", 100), 193 (M*" - NH,
6), 179 (60), 165 (23), 152 (14).

1,1-Dichloro-2-[3-methyl-9-fluorenyl] ethylene (103)

3-Methyi-9-fluorenyl hydrazone (101) was dissolved in
30 mi anhydrous ether and yellow mercuric oxide (1.0 g, 4.6 CH
mmol) was added followed by 10 drops of ethanolic KOH. The O
mixture was stirred until the sludge appears which was decanted .-—
and a second portion of HgO was added. Fresh portions of HgO O
were added until the ethereal solution becarne faint red in color.

Cl
Ci
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The solution was then concentrated to about 5 ml and then cooled to 0°C. Thiophosgene
(1.5 g, 13 mmol) in 4 ml anhydrous ether was added dropwise and the solution allowed
to stand at 0°C for 1 hr. After filtering the mixture, the filirate was concentrated and
chromatographed (hexanes eluent) yielding 54 mg (89%) of a yellow solid which was
identified to be ethylene compound 103. Mp. 67 - 70°C. 'H NMR (200 MHz, CDCl3)
0243 (s, 3H, CHy), 7.11 (d, 1H, ] = 7.2 Hz), 7.29 - 7.38 (m, 2H), 7.48 (s, 1H), 7.65 (d,
IH, J =69 Hz), 8.16 (d, 1H, J = 7.9 Hz), 8.29 (d, 1H, J = 7.1 Hz). !3C NMR (75.4
MHz, CDCly) @ 6 21.6, 119.4, 120.2, 121.2, 125.5, 125.7, 127.3, 128.3, 128.6, 133.9,
134.1, 136.8, 139.2, 140.2, 140.3. MS m/z (rel. intensity) 264 (11), 262 (64), 260 (M*+,
1K), 225 (M* - Cl, 37), 190 (34), 189 (71), 163 (10), 94 (36). Anal, Calcd for
CysHoClp: C, 68.99; H, 3.86. Found: C, 68.90; H, 3.73.

5.13 PREPARATION OF 2,2-DICHLOROQ-3,3-DIPHENYL EPISULFIDE

Benzophenone hydrazone (106)

Benzophenone (104) (14 g, 77 mmol) was dissolved in 80 ml
n-butanol and hydrazine monohydrate (5 ml) was added. The O O
mixture was heated to reflux for 24 hr. After cooling the mixture,
the precipitated hydrazone 106 was filtered and recrystallized with NNH,
methanol yielding 12.6 g (83%). Mp. 88 - 91°C (1it.'7® Mp. 98°C).
TH NMR (200 MHz, CDCl3) : 8 5.43 (s, 2H, NNH,), 7.26 - 7.59 (m, 10H, aromatic).
13C NMR (75.4 MHz, CDCl3) : 8 126.3, 127.9, 128.0, 128.7, 128.8, 129.3, 132.8, 138.3,
149.0. MS wy/z (rel. intensity) 196 (M*", 70), 180 (17), 165 (28), 119 (11), 85 (67), 83

(100), 77 (38).

Diphenyldiazomethane (108)

To a rapidly stirred solution of benzophenone hydrazone
(106) (5.0 g, 25 mmol) in 200 m] anhydrous ether, 0.4 g KOH was
added followed by 0.2 ml HyO. The solution was stirred until -
dissolution of the KOH. Yellow mercuric oxide (6.0 g, 28 mmol) +N,

was added ond the mixture was decanted from the heavy sludge after

stirring for 5 min. A fresh portion of HgO was added to the rose color solution and the
mixture ailowed to stir for 48 hr. The ethereal solution was dried with MgSOy, filtered,

and concentrated down furnishing 3.2 g (66%) of 108 as a deep purple solid. Mp. 29 -
31°C (lit.'0 Mp. 30°C). 'H NMR (200 MHz, CDCl3) : §7.14 - 7.44 (m, 10H, aromatic).
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13C NMR (754 MHz, CDClR) : 8 125.1, 125.6, 1283, 129.1, 129.5. MS (FARB,
glycerol) my/z (rel. intensity) 166 (M** - N, §7), 165 (100), 1532 (13).

2,2-Dichloro-3,3-diphenyl episulfide (110)
Diphenyldiazomethane (108) (325 mg, 1.7 mmol) was

dissolved in 1.67 ml anhydrous THF and cooled to (°C. s cl
Thiophosgene (192 mg, 1.7 mmol) in 1.67 ml anhydrous THEF was
added dropwise to the diazo solution. The mixture was stirred for 10 \ '"; Cl

min and then warmed to room temperature. The clear yellow

solution was concentrated under vacuo and chromatographed

(hexanes eluent) furnishing 271 mg (57%) of 10 as a white powder. Mp. 86 - 87°C
(lit.¥ Mp. 89 - 90°C). 'H NMR (200 MHz, CDCls) : § 7.28 - 7.39 (m, 611, aronuiic),
7.58 - 7.64 (dd, 4H, J; = 7.3 Hz, J; = 1.4 Hz). '3C NMR (75.4 MHz, CDCly) : § 66.8,
80.7, 128.1 (C-5), 128.1 (C-7), 129.4, 138.9. MS my/z (rel. intensity) 280 (M*, 2), 248
(M*" - §, 19), 245 (M*" - T, 32), 210 (100), 178 (66), 165 (81). Raman : 691 cm-l,
Anal. Calc'd for C4H,gSCls: C, 59.79; H, 3.59. Found: C, 59.85; H, 3.07.

5.14 PREPARATION OF 2,2-DICHLORO-3,3-(4,4'-DIMETHOXY)DIPHENYL EPISULFIDE

4,4'-Dimethoxybenzophenone hydrazone (107)

4,4'-Dimethoxybenzophenone (105) (3.0 g, 12.4 mmol) CH.O
was dissolved in 60 ml warm n-butanol and hydrazine 3
monohydrate (5 ml) was added. The mixture was heated to reflux O
for 2.5 hr and then cooled whereupon the yellow hydrazone —NNH,
precipitated. Following filtration, 1.11 g (35%}) of hydrazone 107
was obtained which was purified by chromatography (1:1
CHCls:ethyl acetate eluent). Mp. 72 - 75°C (lit.17® Mp. 85°C).
TH NMR (200 MHz, CDCl3) : & 3.79 (s, 3H, OCH3), 3.86 (s, 3H, OCH,), 5.32 (s, 2H,
NNH,), 6.81 (d, 2H, J = 8.7 Hz), 7.03 (d, 2H, J = 8.7 Hz), 7.22 (d, 2H, ] = 8.4 Hz), 7.40
(d, 2H, J = 9.0 Hz). 13C NMR (75.4 MHz, CDCl5) : § 55.3, 113.4, 114.6, 125.0, 127.9,
130.1, 131.6, 149.2, 159.6. MS m/z (rel. intensity) 256 (M*+", 100), 240 (22), 225 (M** -
OCHas, 35), 199 (10), 148 (29), 133 (40), 77 (17).

CH,0
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Diazo-4,4'-dimethoxybenzophenone (109)

Following the gencral procedure in the preparation of

_ , . CH;0
diphenyldiazomethane  (108),  4.4'-dimethoxybenzophenone
hydrazone 107 gave 1.74 g (81%) of 109 as a purple amorphous -+
solid. Mp. 106 - 108°C (lit.!™ Mp. 112°C), 'H NMR (200 MHz, N,
CDCl3) : 6 3.81 (s, 6H, OCH3) 6.93 (d, 4H, J = 9.0 Hz), 7.17 (d, g

4H, ] = 9.0 Hz). i3C NMR (75.4 MHz, CDCl3) : § 55.4, 114.8, CH,0

121.5, 126.5, 132.2, 157.7. MS ny/z (rel. intensity) 452 (M** -

Na)y, 91), 226 (M+'- N,, 100), 211 (90), 183 (19), 168 (18), 152 (17), 135 (34), 113
7.

2,2-Dichloro-3,3-(4,4'-dimethoxy)diphenyl episulfide (111)

Diazo compound 109 (0.2 g, 0.79 mmol) was dissolved in CH.O
10 ml anhydrous ether and cooled to 0°C. Thiophosgene (0.11 g, 3
0.94 mmol) in 2 ml anhydrous ether was added dropwise. O S Ci
Spontaneous evolution of nitrogen was apparent as the purple
solution faded to a yellow color. The mixture was allowed to stir cl
for 0.5 hr at room wmperature. The ether was evaporated under CH,0
vacuo and the residu. chromatographed (i:1 CH;Cly:hexanes
eluent) furnishing 0.20 g (74%) of episulfide 111 as an orange-brown solid. Mp. 86 -
87°C. 'H NMR (200 MHz, CDCl;) : 8 3.79 (s, 6H, OCH3), 6.87 (d, 4H, J = 8.9 Haz),
7.51 (d, 4H, J = 8.9 Hz). 13C NMR (67.9 MHz, CDCl;) : & 55.6, 66.4, 82.0, 113.7,
131.1, 131.6, 159.6. MS m/z frel. intensity) 311 (2), 309 (13), 308 (M*" - §, 4), 307
(M** - SH, 20}, 238 (M*" - CSCly), 223 (7), 69 (18), 66 (100), 57 (88), 41 (30). Raman:
665 cmrl. Anal. Calc'd for CgH 40,8Cly: 8,9.39. Found: S, 9.37.

1,1-Dichloro-2,2-bis(4-methoxyphenyl) ethene

The second fraction yielded 14.2 mg of a caramel
colored solid which was identified as the ethylene compound.
Mp. 128 - 132°C. !'H NMR (200 MHz, CDCl3) : 8 3.88 (s, 6H, cl
OCHy), 6.95 (d, 4H, = 8.9 Hz), 7.78 (d, 4H, ] = 8.9 Hz). 13C =
NMR (67.9 MHz, CDCl,) : 6 55.4, 113.4, 113.7, 128.4, 130.7,
132.2, 162.8. MS m/z (rel. intensity) 308 (M*", 0.2), 242 (23), CH,0
227 (24), 211 (10), 135 {100), 107 (12), 92 (17), 77 (20).

CH,0

Cl

9
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5.15 PREPARATION OF 2,2-DICHLOR0O-3,3-DIBENZOSUBERONYL EPISULFIDE

Dibenzosuberone hydrazone (115)

Dibenzosuberone (112) (1.0g, 4.8 mimol) was dissolved
in 20 mi ethylene glycol and hydrazine monohydrate (2.5ml, Q.O
51 mmol) was added. The mixture was allowed to reflux for 2
hr upon which a yellow solution was observed. The mixture NNH,
was cooled, diluted with water and extracted twice with 40 ml
benzene. The extracts were combined, dried with MgSOy, and concentrated,  After
chromatography (3:2 hexanes : EtOAc eluent), 0.83 g of hydrazone (115) was obtained
as a yellow solid (78%). Mp. 81 - 84 °C (li..!3¢ Mp. 82°C). 'H NMR (200 Mz,
CDCly) : & 2.80 - 3.42 (m, 4H, CHyCHy), 5.53 (s, 2H, NNH,), 7.00 - 7.74 (m, 81,
aromatic). 13C NMR (75.4 MHz, CDCly) : § 31.9, 33.9, 1259, 126.0, 1270, 127.9,
128.4, 128.5, 129.1, 130.2, 133.6, 137.0, 137.4, 1399, 149.1.

Diazodibenzosuberone (122)

To a rapidly stirred solution of hydrazone (115) (0.83g,
3.7 mmol) in 35 ml anhydrous ether, yellow mercuric oxide
(6.0 g, 28 mmol) was added followed by 0.25 g Na,SO,. 10
drops of 10% ethanolic KOH was then added and the mixture
was stirred for 24 hr. The mixture was decanted from the

heavy sludge resulting in a violet colored solution containing the diazo compound 122
which was not isolated but was cencentrated to about 10 mt and immediately cooled to
0°C. A small sample (19 mg) was dried and used for spectroscopic analysis. TH NMR
(200 MHz, CDCl3) : 3 3.09 (s, 4H, CH,CHj), 7.00 - 7.50 (m, 8H, aromatic). 13C NMR
(75.4 MHz, CDCl3) : 8 35.6, 123.8, 124.7, 126.6, 127.9, 130.2, 132.3, 139.4.

2,? Dichloro-3,3-dibenzosuberonyl episulfide (123)
Thiophosgene (10 drops) in 5.0 ml anhydrous ether was
added dropwise to the cooled stirred diazodibenzosuberone 122
solution. Immediate evolution of nitrogen gas was observed. The
mixture was allowed to stir for 2 hr, concentrated under vacuo and
chromatographed (2:1 hexanes : CHyCl, eluent) furnishing 0.22 g
(~20% based on initial amount of 115) of 123 as straw ycliow
crystals, Mp. 113 - 114°C. TH NMR (200 MHz, CDCl3) : § 2.98
- 3.16 (m, 2H), 3.64 - 3.82 (m, 2H), 7.11 - 7.41 (m, 8H). !13C NMR {75.4 MHz, CDCl3)
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:831.9,69.0, 82.8, 126.2, 128.9, 129.5, 129.7, 136.5, 138.8. MS m/z (rel. intensity) 306
(M*°, 3), 277 (2), 276 (3), 275 (5), 274 (M*" - §, 14), 273 (M*’ - SH, 38), 272 (M*" -
H,S, 23), 271 (M** - CI, 100), 236 (63), 221 (11), 202 (31), 191 (41). Anal. Calc'd for
C6H125Cly: C, 62.54; H, 3.94. Found: C, 62.14; H, 3.60.

5.16 PREPARATION OF 1-METHOXY-3-TRIMETHYLSILYLOXY-1,3-BUTADIENE

The siloxydiene was prepared according to the procedure

OCH
of Danishefsky.207 Anhydrous powdered ZnCly (0.2g, 2 mmol) 3
was added to tricthylamine (11.5g, 0.11 mol). The mixture was -
stirred at room emperature and under an inert atmosphere until N

TMS
the ZnCly became suspended in the amine whereupon a white

suspension was obuerved.  1-Methoxy-3-butene-2-one (5g, 0.05 mol) in 15 ml benzene
was added followed by 10.85g (0.10 mol) chlorotrimethylsilane. After stirring 0.5 hr,
the mixture was heated to 40°C and then left stirring 24 hr, After cooling the mixture, it
was transferred to 100ml anhydrous ether and filtered. A brown liquid was obtained
after collecting the filirate and evaporating the ether under reduced pressure. Vacuum
distillation of the liquid furnished 3.87g (45%) of 1-methoxy-3-trimethylsilyloxy-1,3-
butadiene. Bp. 54 - 55°C (Smm Hg) (lit.207 54 - 55°C (Smm Hg)). 'H NMR (200MHz,
CDCl3) : 6 0.22 (s, 9H, OTMS), 3.57 (s, 3H, OCHj3), 4.05 (s, 1H), 4.09 (s, 1H), 5.34 (d,
1H,J = 12.2 Hz), 6.82 (d, 1H, ] = 12.4 Hz).

5.17 PREPARATION OF 1-METHOXY-2-METHYL-3-TRIMETHYLSILYLOXY-1,3-
PENTADIENE

1-Hydroxy-2-methyl-pent-1-ene-3-one

A 1L 3-neck flask was charged with 600ml benzene, 20.45g (0.5
mol) 60% sodium hydride, and 0.5ml methanol. The cooled solution
(0°C) was stirred under an inert a:mosphere. A mixture of 3-pentanone -
(55ml, 0.5 mol) and ethyl formate (41mi, 0.5 mol) was added dropwise
over a period of 1.5 hr. Afier addition, the beige pastelike precipitate
was stirred for an additional 1.5 hr at room temperature and then diluted
with 375ml anhydrous ether. The suspension was then filtered, the crude sodium salt
was washed with anhydrous ether. After drying, the yield was 31g (45.6%).

The sodium salt was transferred slowly to 400ml water cooled to 0°C. When the
salt was dissolved, the solution was acidified to pH 5 using concentrated HCl. The

OH
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mixture was extracted 4 times with 100ml ether each time. The combined organic phases
were dried over MgSQy, filtered, and concentrated under reduced pressure 10 afford an
amber oil which solidifies on standing.  Vacuum distillation (Bp. = S8'C, 12mm Hg)
furnished 13.6g (5267) of 1-hydroxy-2-methyl-pent-1-cne-3-one.  1H NMR (200MEz,
CDCl3) : 8 112 (1, 3H, J = 7.3 Hz), 177 (s, 3H). 243 (q, 2H, J = 7.3 H2), 7.52 (br s,
tH), 7.56 (br s, 1H).

I-Methoxy-2-methyl-pent-1-ene-3-one

A 250ml 3-neck flask was charged with 175ml benzene and
88ml of 3:2 mixture benzene and methanol. To the solution, 13.6g OCH,
(0.118 mol) of 1-hydroxy-2-methyl-pent-1-¢ne-3-one was added o
followed by 0.17g (0.89 mmol) of p-toluenesulfonic acid
monohydrate. The solution was distilled until  half  the
benzene/methanol azeotrope (Bp. = 59°C) was collected, The flask
was replenished with a fresh benzene/methanol mixture and this cycle was repeated four
times. Finally, 88ml benzene was added whereupon distillation causes the boiling point
to rise to 79°C as the reaction was driven to completion. The reaction was then quenched
with 88ml of 1M sodium bicarbonate solution. The phases was separated <nd the lower
aqueous phase was extracted twice with 88ml ether. The combined organic phawes were
dried over MgSQy, filtered, and concentrated under vacuo. The brown oil was vacuum
distilled (Bp. = 94°C, 12mm Hg) affording 12.7g (84%) of 1-methoxy-2-methyl-pent-1-
ene-3-one. The methoxy ketone was stored over nitrogen at -27°C. 'H NMR (200MHz,
CDCly) : 8 1.07 (1, 3H, J = 7.4 Hz), 1.68 (s, 3H, CH3), 2.51 (q, 2H, J = 7.4 Hz), 3.83 (s,
3H, OCHj), 7.21 (b s, IH).

The hydroxy ketone was prepared according to the

procedure of Danishefsky.22®8 A 100ml flask was charged with OCH,
triethylamine (2.9ml 21 mmol), 1-methoxy-2-methyl-pent-1- ~
ene-3-one {2.00g, 15.6 mmol), and 25ml anhydrous cther then ~

cooled to 0°C. Under an inert atmosphere, trimethylsilyl ™S

trifluoromethanesulfonate (TMSOTY) (3.0 ml, 15.6 mmol) was

&dded dropwise over a 10 min. period. The solution went from a yellow color to a red-
brown oily precipitate. After allowing the mixture to stir a further 20 min., the oily
liqiid was separated. The ethereal solution was concentrated under vacuo and the yellow
oil was vacuum distilled (Bp. = 83°C, 12mm Hg) (lit.2% 44 - 46°C (0.7 mm Hg))
yielding 1.57g (50%) of 1-methoxy-2-methyl-3-trimethylsilyloxy-1,3-pentadiene. 'H
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NMR (200MHz, CDCl3) 8 0.06 (s, 9H, TMS), 1.35 (d, 311, ) = 6.8 Hz), 1.41 (s, 3H).
338 (s, 3H, OCHy), 4.50 (g, 11,1 = 7.0 11z), 6.1 (br s, 1H).

5.18 REACTION OF THIIRANE 28 WITH 1,3-BUTADIENES

A typical procedure involves dissolving 1 eq. of thiirane 28 in the specified
solvent (Table 20) followed by 2.5-3.0 eq. of dicne. After stirring at the specified
temperature and time, & 'H NMR spectrum was taken of the crude mixture to detect any
appearance of trapped adduct. The corresponding olefin and sulfur were recovered by
coluren chromatography.

5.19 PREPARATION OF SODIUM CYANODITHIOFORMATE

The preparation of 139 was followed according to the literature.2!?  Sodium
cyanide (10.0g, 0.20 mmol) was dried over phosphorus s
pentoxide for 1 hr and then suspended in 50ml dry DMF.
Under inert atmosphere and with vigorous stirring, 12ml NC)kS'*Na‘ DMF
carbon disulfide was added slowly over a 20 min. period to
the cooled (0°C) suspension. After stirring for an additional 30 min., a brown solid
precipitated.  Isobutanol (35ml) was added to the mixwre which was gradually heated
until the solid dissolved. Unreacted sodium cyanide was filtered away and the filtrate
cooled to yield 42.6g (62%) of 139 as a shiny brown solid. Mp. 62 - 64°C. IR (CHCl;
solution, em1) : 1050 (C=S), 2200 (CN).

5.20 REACTION OF 139 WITH 1,3-BUTADIENES

In a typical reaction 139 (1.0g, 2.9 mmol) was dissolved in 20 ml CHCl; to
which 2,3-diphenyl-1,3-butadiene (0.20g, 0.97 mmol) was added. The mixture was
stirred for 1.5 hr at room temperature and the crude was examined by 'H NMR for any
presence of trapped product. Thin layer chromatography revealed the presence of sulfur.

5.21 CHLORINATION OF TETRAMETHYLTHIURAM DISULFIDE WITH 1,3-BUTADIENES

A typical procedure involves adding 2.0-2.5 eq. of diene to a slurried solution of
141 in CCly. One eq. of SO,Cl, in CCly was added dropwise at room temperature. In
cases where Cl, was used, it was bubbled through the slurry for 20 min. Under
conditions specified in Table 21, the initial beige colored mixture gradually transformed
to a lemon-colored, one indicating presence of sulfur and N,V-dimethylcarbamy! chloride
by-product. After filtration through a Schlenck tube under inert atmosphere, only the
tetrasulfide product was isolated as a green-yellow oil via flash chromatography (hexanes
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eluent) whicin was performed under inert atmosphere and in the absence of light. A small
amount of disulfide adduct was also identified in the mixture. TH NMR (200 Milz,
CDCly) : & 1.78 (s, 6H), 3.63 (s, 41, 13C NMR (75.4 Mtlz, CDCIY = § 181, A28,
130.3. MS nv/z (rel. intensity) 210 (M+°, 3), 146 (39), 82 (9, 67 (10)).

5.22 REACTION OF N,N-DIMETHYLCARBAMYL CHLORIDE WITH SULFUR

2,3-methyl-1,3-butadiene (2.5g, 30mmol) was added to a solution of N.N-
dimethylcarbamyl chloride (1.5g, 12mmotl) in 35m! CCly followed by clemental sullur
(0.67g, 2.6mmol). The mixture was then stirred at room temperature for 72 hr and a 'H
NMR spectrum was taken of the crude material showing only starting materials. Heating,
the mixture at reflux for 24 hr also showed no reaction.

5.23 REACTION OF 28 WITH METHYLBENZENES

A typical procedure involved dissolving 31mg of thiirane 28 in 15ml of toluene,
1,2, 4-trimethylbenzene, o-xylene, m-xylene, or p-xylene. The solution was then heated
at 80°C for two hours, then cooled and the solvent removed under vacuo. The residual
material was dissolved in CDCl; and a 'H NMR spectrum was recorded.
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. ArrENDIX I X-Ray structure determination of compound 110.
Atomic coordinates and temperature factors are reported in Table XR-1. Intensity
data were collected at room temperature on a AFCOS Rigaku diffractometer controlled

by TEXRAY software using the 6728 scan mode and are shown in Table XR-2.

Table XR-1. Atomic coordinates (X, y, z) and temperature factors (Bgy} for compound

110. Estimated os refer to the last digit.

Atom X y z Beq
Clt 0.0877(3) 0.3652(11) 0.0534(3) 5.4(4)
Ci2 -(0.0202(3) 0.4118(11) 0.1232(3) 5.5(4)
S 0.0426(3) 0.8125(11) 0.0785(3) 4.4(4)
Cl (0.0524(12) 0.543(4) 0.1043(11) 4.4(13)
C2 0.0895(12) 0.685(4) 0.1503(9) 4.2(15)
C3 0.1638(6) 0.676(3) 0.1537(7) 3.6(3)
C4 0.1966(9) 0.8525(22) 0.1334(6) 6.9(3)
C5 0.2647(9) 0.8483(23) 0.1377(6) 6.4(3)
Co 0.3000(6) 0.668(3) 0.1621(7) 5.0(3)
c7 0.2672(9) 0.4909(22) 0.1823(7) 6.8(3)

. C8 0.1990(9) 0.4951(23) 0.1781(7) 6.1(3)
CY 0.0665(8) 0.728(3) 0.2127(6) 4.3(3)
C10 0.0771(7) 0.5720(22) 0.2611(9) 6.2(3)
Ctl 0.0576(7) 0.609(3) 0.3210(7) 5.7(3)
Cl12 0.0275(8) 0.802(3) 0.3326(6) 6.7(3)
Ci3 0.0169(7) 0.9581(23) 0.2843(9) 9.6(3)
Cl4 0.0364(7) 0.9210(25) 0.2243(7) 5.3(3)
Cl1A 0.6579(4) -0.3601(14) -0.0320(3) 8.2(5)
Cl2A 0.5726(4) -0.4533(15) 0.0591(4) 9.5(6)
SA 0.5933(4) 0.0110(14) 0.0270(4) 7.5(3)
ClA 0.6250(15) -0.252(4) 0.0354(12) 6.3(19)
C2A 0.6619(11) -0.117(5) 0.0817(12) 5.2(16)
C3A 0.7308(6) -0.058(3) 0.0698(7) 5.0(3)
C4A 0.7429(8) 0.139(3) 0.0425(7) 6.7(3)
C3A 0.6065(9) 0.1933(21) 0.0342(6) 6.0(3)
Co6A 0.8581(6) 0.051(3) 0.0532(7) 3.6(3)
CT7A 0.8460(8) -0.146(3) 0.0805(7) 1.8(3)
C8A 0.7824(9) -0.2009(21) 0.0888(6) 5.3(3)
C9A 0.6575(7) -0.143(3) 0.1520(5) 3.4(3)
Cl0A 0.6796(7) -0.3271(24) 0.1867(8) 6.6(3)
CliA 0.6771(7) -0.3386(24) 0.2531(8) 6.2(3)

. Cl2A 0.6536(7) -0.166(3) 0.2847(5) 6.2(3)
Ci3A 0.6315(7) 0.018(3) 0.2500(9) 7.8(3)
Cl4A 0.6334(7) 0.0291(23) 0.1836(8) 8.3(3)




. Table XR-2. Crystal data for the structure determination of compound 110,

172

Compound 110

Chemical Formula

Formula Weight
X-ray crystal dimension (mm)?
Radiation
Crystal system
Space group
Lattice constants
a (A)
b (A)
c(A)
B ()
V (AY)
Z
. F (000)
Density (calc'd) (g cm'?)
B (mm!)
A (R)
20 max (%)
h, k,  ranges
No. of reflections measured
No. of unique reflections
No. of reflections with Ipe; > 2.50 (I,gy)
For significant reflections

Maximum shift / ¢ ratio

Deepest hole in D-map (e / A3)
Highest peak in D-map (e / A3
Drop of standard intensities
Method of structure determination
Method of structure refinement

scn
O ol

C1aHpSCla

281.20

0.40 x 0.15 x 0.05
Graphite-monochromated Cuk

monaoclinic
P2,

20.616(6)
6.243(3)
20.880(6)
99.263(23)
2656.5(16)
8

1162.33
1.406
0.571
1.54056
80.0

-16 16,0 5,0 17
1638
1564

827

RF = 0.091b, R, = 0.083¢, GoF = 2.37¢

0.022

-0.400

(.450

25% for each crystal

Solved by direct methods?!6
NRCVAX system programs®!’
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. Eds., Oxford University Press: Oxford, England, 1985, pp 175-189.
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E.J. Gabe, Y. LePage, J.-P, Charland, F. L. Lee, and P. §. White, J. Appl. Cryst., 22, 384

(1589).

G. M. Sheldrick, Crystaliographic Computing 3, G. M, Sheldrick, M. Kruger, and R, Doddard,
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A el dimensions were obtained (rom 20 retlections with 20 angle in the range 40.00 - 50.00°. No
carrecnion was made for absorption,

PRE = X(F F )/ X (F,)
CR, = (E[WFF )X (wE )%

d G F= ()_:[w(l-‘u-l-'t)z / (W reflections - # paraimeters)] )



The dihedral angles between the planes of the phenyvl groups in 10 were
determined trom the equations in Table XR-3,

Table XR-3. Distances (A) to the Least-squares planes. Phenyl groups were
idealized as rigid groups and ail are perfectly planar,

Plane nao, |
Equation of the plane - LOA(16)x + 239Dy + 19.18(6)z = 1,391

Distances(A) to the plane from the atoms in the plane.

C3  0.00023) C4  0.000022)
C5 0.00022) Co  0.00023)
C7 0.00022) C8 0.000022)

2 for this plane 0.000
Plane no. 2
Equation of the plane : 17.57(8)x + 2.49(4)y + 4.17(15)z = 3.87(5)

Distances(A) to the plane from the atoms in the plane.

C9 G.000022) C10  0.000(22)
C11  0.000(20) Ci2  0.000(24)
C13  0.000(23) Cl4  0.000(19)

%2 for this plane 0.000
Plane no. 3
Equation of the plane : 0.23(15)x + 2.58(4)y + 18.73(7)z = 1.32(12)

Distances(A) to the plane from the atoms in the plane.

C3A 0.000(23) C4A 0.000020)
C5A 0.00023) C6A  0.000(23)
C7A 0.000020) C2ZA 0.000(23)

%2 for this plane 0.000



Plane no. 4

Equation of the plane @ IR.OTEOIN + 24200y + DO5 o1 = 12.03(3)

Distances(A) 10 the phane from the aoms in the plane.

CoA 0.00002) C1OA (00020
C1IA  0.000020) Cl2a 0.000029
C13A  0.00022) CH4A  0.0002D

x2 for this plane 0.000

Dihedral angle between planes A and B,

A B Angle(9)

] 2 61.9(6)
1 3 4.0¢6)
1 4 73.7(6)
2 3 61.0(6)
2 4 9.0(6}
3 4 69.8(6)



APPENDIX 11 X-Ray structure detenmination of compound 123,
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Atomie coordinates and temperature factors are reported in Table XR-4. Intensity
daty were collected at room temperature on a AFCGS Rigaku diffractometer controlled
by TEXRAY softwure using the o scan mode and are shown in Tiable XR-5.

Table XR-4. Atomic coordinates (x, y, 2) and temperature factors (Bgy) for compound
123. Estimated os refer to the last digit.

Atom X y z Beq
S (1.62296(19) 0.6257(3) 0.06797(7) 5.15(9
Cl1 (.54225(18) 1.0721(3) 0.09744(7) 5.68(9)
Cl2 ().75718(18) 1.0136(3) 0.01891(6) 3.54(9)
Cl 0.6712(6) 0.8961(10) 0.07392(22) 4.4(3)
Cc2 0.7574(6) 0.7600( 9) 0.11535(23) 3.7(3)
C3 0.9152(7) 0.7150(10) 0.10565(23) 4.0(3)
C4 0.9485(7) 0.5357(12) 0.0762(3) 5.5(4)
C5 1.0918(9) 0.4897(14) 0.0675(3) 7.2(5)
Co 1.1976(9) 0.6260(18) 0.0864(4) 7.7(6)
C7 1.1643(8) 0.8035(15) 0.1158(3) 6.8(5)
C8 1.0231(7) 0.8520(12) 0.1267(3) 5.2(4)
C9 1.0055(8) 1.0434(14) 0.1629(4) 7.7(3)
Cl0 0.8679(9) 1LI112(11) 0.1805(3) 7.2(4)
Cil 0.7803(5) 0.9424(10) 0.2072(3) 4.6(3)
ci2 0.7550(7) 0.9529(11) 0.2638(3) 5.2(4)
Ci3 0.6760(7) 0.8005(13) 0.2879(3) 5.2(4)
Cl4 0.6217(7) 0.6345(11) 0.2568(3) 4.9(3)
Cl15 0.6462(6) 0.6201(9) 0.20059(24) 4.1(3)
Cl6 0.7255(6) 0.7735(9) 0.17594(23) 3.6(3)




Table XR-3. Crystal data for the structure determination ot compound 123,

Compound 123

Chemical Formula

Formula Weight

X-ray crystal dimension (mm)?2
Radiation

Crystal system

Space group

Lattice constants

a (A)

b (A)

c(A)

B

V (A%)

VA

F (000)

Density (calc'd) (g cm3)

W (mm-?)

A (A)

20 max (°)

h, k, I ranges

No. of reflections measured
No. of unique reflections
No. of reflections with I e, > 2.56 (I;¢))
For significant reflections
For all reflections

Maximum shift / ¢ ratio

Deepest hole in D-map (e / A%
Highest peak in D-map (e / A%)
Merging R

Drop of standard intensities
Method of structure determination
Method of structure refinement

@
o)

CieH12SCl

307.23

0.50 x 0.35 x 0.20
Graphite-monochromated MoK,

monoclinic
P2

9.351(4)

6.3151(19)

24.077(6)

94.03(3)

1418.3(8)

4

633.63

1.439

0.58

0.70930

449

-10 10,0 6,0 25

1973

1841

1053

RF = 0.045%, Ry, = 0.040¢, G,F = 1.4(4
RF =0.106, Ry, = 0.044
(.005

-0.270

(.390

1.5%

1%

Solved by direct methods?!é
NRCVAX system programs?!?
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Qe dimensions were abtmned Trom 25 retlections with 20 angle m the raage 2000 - 23007 No
correction was imade for ahsorpuion,

DRE = Y (F F O £0F,)

CR, = (X |wiF F T 8 (wE )%

G 2 (X[w(F -F )/ (# reflections - # parameters)])



The dihedral angles between the planes of the phenvl groups in 123 were

determined from the equations 1 Table NR-6,

Table XR-6. Distances tA} 10 the Least-squares plines.

179

Plane no. 1
Equation of the plane : 0.33(3)x - 3289019y + 2043(Dz = 0. 11D

Dismnccs(f\) to the plane from the atoms in the plane.

C3  -0.004(8) C4 00059
C5 001411 ce6 -0.012013)
C7 -0.007(11) C8 0.011¢10)

%2 for this plane 4.580
Plane no. 2
Equation of the plane : 7.681(15)x - 3.292(15)y + 4.17(7)z = 3.758(24)

Distances(A) to the plane from the atoms in the plane.

Cil1  -0.003(8) Ci12  0.0049)
C13  -0.001(9) Cl4  -0.001(8)
C15  0.000(7) Cle  0.001(7)

%2 for this plane 0.409
Dihedral angle between planes A and B
A B Angle(%)

1 2 60.1(3)




Compound 110

sm
O cl

a) Table of Bond Distances (A) and Bond Angles(®)
b) Table of Torsion Angles(®)

¢) Table of Observed and Calculated Structure Factors
d) Table of Calculated Hydrogen Atom Paramelers

¢) Table of Anisotropic u(i, j) Values



. Table 3. Bond Distancesg (A} and Angles (Degrees)

Ci (1) -C (1)
Cl(2)-C(1)
S-C{1)
S=C(2)
c(l)-C(2)
c(2)-C(3)
c(2)-Cc(9)
Cl(1Aa) -Cl{2A)
C1{1A) -C{1A)
Cl (23) ~C (1A)
S{A) -C (1A)

S (2} -C(2n)

C (1) -C (2A)
C(2a) -C (3a)
C(2A) -C (9A)

PHEHRRERRNR R

C(1)~8-C(2)
Cl(1)-C(1)=C(2)
Cl(1)-C(1) -8
C1(1)-C(1) - (2}
CL(2)-C(1) -8
Cl{2) -C (1) -C(2)
C (1) -C(2)
C(2)-C(1)
§-C(2) -C (3
S~C(2)-C(9)
C(1)-C(2)-C(3)
c(1)-Cc(2)-C{9)
C(3)~C(2) -C(9)
c(2)-c(3)-C(4)
C(2)~C(3)-C(8)
C(2)~C(9) -C(10)
C(2)-C(8)~-C(14)

781 (23)
.80 (3)
.773(24)
.830(22)
.43(3)
.52 (3)
.48 (3)
.854 (12)
.79 (3)
.78 (3)
.76 (3)
852 (24)
.41 (4)
.53 (3)
.49 (3)

AR RFREHWMNN
P p—
[
[
—

17)
12)

®Om
— g
o
O oy b
ot St Vet

.9 (20)
.4(16)
.3(16)
.6(16)
.4 (16)
.6 (15)

C{(1A)-S{A)-C(2n)

Cl (1A) -C(1n)-Cl (2A)

Cl (1A) -C(1A) -S (A)
C1 (12) =C (1A) =C (2A)
Cl (2A) ~C(1A) =S (A)
Cl (2A) -C (1A) -C (2A)
S (A) -C (1A) -C (2A)

S (A} -C (2a) -C(1A)

S (A) -C (2A) -C (33)

S (A) -C (2A) -C (9A)

C(1A) -C (2R) -C (33)
C(1A) -C (2A) -C (9A)
C{3A) -C (2A) -C (9A)
C (2A) -C (3A) ~C (4A)
C (2A) -C (3A) -C (8A)
C (2A) ~C (9A) -C (10A)
C (2A) -C {9A) -C (14a)

45.7(13)
106.0(14)
117.0(14)
122.1(22)
116.9(18)
121.2(19)
70.4(15)
63.9(15)
115.8(16)
119.4(16)
116.6(22)
119.8(22)
113.0(17)
120.7(16)
119.3(17)
122.3(17)
117.6(17)
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Table of Torsion Angles in Degrees

CL 1 -118.6( 15)

CL 2 115.3( 14) c2 s cC1 c2 0.0( 11)
c1 0.0( 12) cC1l1 s c2 ¢3 107.5{ 16)
C9 -111.3( 16) cLl c1 ¢c2 s 108.1( 16)
c 3 -0.8( 6) CL1 C1 C2 C9 -144.8( 22)
s -108.5( 16) CL2 ¢1 ¢c2 cC3 142.6( 21)
cC 9 -1.5( 6) S c1 c2 s 0.0( 3)
C3 -108.9( 19) S cC1T €2 c¢9 107.0( 19)
C 4 40.3( 9) S c2 €3 Cc8 -141.2( 19)
C 4 113.4( 21) c1 c2 c¢c3 <c8 -68.1( 16)
C4 -101.3( 18) cC9 Cc2 Cc3 cC8 77.3( 15)
C10 150.7( 19) S c2 Cc9 Cl4 ~31.0( 8)
C10 76.7( 17) Cl €2 C9 cCl4 -105.0( 20)
C10 -67.5( 14) C3 Cc2 cCc9 ciu4 110.8( 19)
CL 1A -116.9( 17)

CL 2A 115.8( 17) C2A SA C1A C 2A 0.0( 13)
C 1A 0.0( 14) C1A SA C2A C 3A 108.5( 18)
C 9A -111.1( 18) CL1AC1A C2A S A 110.2( 19)
C 3a 2.9( 6) CL1AC 1A C 2A C 9A -~139.4( 24)
S A  -110.2( 19) CL 2A 2 1A C 2A C 3A 142.5( 24)
C 9a 0.2( 6) SA C1l1a C2An Sa 0.0( 4)
C 3a -107.3{( 21) SA C1A C2A C 92 110.4( 22)
C 4A 27.5( 9) SA C2n C3A C 8A ~154.9( 21)
C 4a 99.7( 22) C1A C2A C3A C 8A =-82.6( 20)
C 4A -115.5( 21) C9 C2A C 3A C 8A 62.2( 14)
C10A  140.5( 20) SA C2n C 9A Cl4a -42.9( 10)
C10A 65.5( 17) C1A C2A C 94 Cl4a -117.9( 23)
Ci0A -78.0( 16) C3A C2A C 9A Cl4a 98.5( 19)



Table S-1. Observed and Calculated Structure Factors

for Cl14 H10 S Ci2



STRUCTURE FACTORS FOR C14 H1(0 § Cl2
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Columng are

1l kFo
~16,
525
33
6 34
8 239
-16,
7 34
B 178
-15,
32
352
303
402
158
-15,
222
277
82
212
33
358
367
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235
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~Ww

34
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w

Fe
0, 1
531

13
243
236
1

1,
104

190

0, 1
222
305
327
459
267
1, 1
253
297
38
195
208
277
384
121
146
19
2, 1
31
20
45
354
21
169
148
0, 1
182
266
310
279
269
307
1, 1
32
215

9
92
121
305
212
177
117
99
369

10Fo
Sig

358
4869+
5531«

287

2340+*
977 *

3874
241
205
227

1122+

269
224
1790*
288
5091*
230
234
4722%
2035%*
5448%*

5091«
47717 %
4980%*
266
2889*
2334*
1574%*

162
175
4370*
1448%*
5060
240

297%*
197
3144+%*
1320*
9g2%*
212
188
3665*
5226%*
1428%
328

10Fc
1 kFo
-14,
a5
33
348
235
33
33
293
209
289
—13p
378
139
224
231
"13;
30
30
271
198
105
409
42
378
91
33
147
191
-13,
249
253
97
218
3z
168
32
187
33
169
1l
-13,
156
110
127
193
186
149
69
-12,
2 126
4 209
6 379

1
2
3
4
5
6
7
8
9
b
9
11
13

= et 4
NHOWVUO-JANEWNH

HOowo-~Iands W

e

S WhE

Fc
r 1
65
37
379
21N
67
93
325
223
259
0' l
409
18
312
244
1, 1
105
145
191
204
32
339
108
300
112
142
273
12
r 1
154
214
89
238
19
129
27
159
145
82
79
3, 1
169
172
35
110
45
18
142
0, 1
122
184
452

2

2

Sig

2017*
4999x*
241
262
4452~
5278%
221
299
230

205
787%
268
249

3414%*
3790*
150
204
973%
278
1760%
182
537%
4862*
1100*
307

177
169
1092*
204
2430%
237
2753%
298
4732%*
933*
1045%*

395%*
1507
641%*
324
327
1004
1080

1182
282
259

1 kFo
8 30
10 447
12 49
14 34
-12,

7 30
8 30
9 368

146
285
99
138
-12,
1 140
2 404
3 104
4 78
5 31
6
7
8
9

211
322
28

SN
~1
@

Fc
153
511
189

61
, 1
115
134
374

30
298

57
110
2, 1

106

305

119

60
11
24
450
15
219
35

177

116
3, 1

319

218

125

209

189

112

14

348

128
0, 1

78

272

344

516

823

760

275

205
1, 1

682

76

453

28
232
352
93

1

* for Insignificant

Sig
3568*
296
3090*
5035*

3859+*

2076*
189
151*
193
§53*
796%

280
184
944*
526%*
3696*
3631*
294
3423%*
262
3217+*
302
5251%*

197
1014>*
944*
1366*
263
4660*
4690*
210
4637*

5491%*
220
1894*
269
296
217
232
239

330
6008*
213
1908*
266
207
5612%

1 kFo
8 45
9 398
10 309
11 187
12 32
13 146
14 138
"11,
1 239
2 352
3 29
4 203
5 216
6 30
7 37
8 275
9 32
10 32
11 411
12 122
13 50
~11,
1 442
2 158
3 206
4 424
5 196
6 489
7 132
8 33
9 34
10 34
-10,
2 931
4 137
6 686
8 166
10 176
12 139
14 33
"10,

HOWO-IJnd Wb
-
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P

3615%
2086
192
215

3553

1073*
411+

259
250
6270*
285
288
1968*
2637*
182
3458+*
3641*
213
990=*
2192*

298
260
205
296
220
339
1107%*
5701%*
4202%*
3383*

225
1046%
255
32¢%
8993«*
708%*
1976%

257
270
299
243
266
3332+
284
244
1316*
201
229



STRUCTURE FACTORS FOR Cl14 H10 S Cl12 Fage 2
Columns are 10Fo 10Fc 1005ig, * for Insignificant

1 kFo Fc Sig 1 kFo Fc Sig 1 kFo Fc Sig 1 XFo Fc Sig
-10, 1, 1 6 25 59 5488+ 12 30 255 5823» 3 33 129 4876+
q 287 304 179 7 337 354 224 14 418 355 255 4 205 250 279
292 356 192 8 27 122 5639% 16 242 252 236 5 175 224 313
14 35 8 4382% g 82 21 741* -8, 1, 1 6 33 58 3867*
15 346 390 240 10 567 569 329 1 1064 1047 162 7 176 175 318
-10, 2, 1 11 30 7 2820% 2 894 863 184 8 34 94 4056%
1 27 50 5475%* 12 236 238 165 3 469 534 261 -7, 0, 1
2 170 17 868* 13 105 45 896% 4 330 279 202 1 232 228 167
3 27 165 5930* 14 33 43 4297* 5 107 159 632%* 3 20 200 5259+
4 241 298 250 15 220 265 258 6 146 312 1014* 5 334 367 226
5 129 156 1328* -9, 2,1 7 427 411 245 7 618 598 203
6 29 98 5706* 26 107 5796% 8 491 460 322 9 204 156 249
7 216 215 285 256 253 215 9 472 418 227 11 28 5 5304*
8 183 172 203 73 51 2006* 10 315 370 224 13 460 417 238
9 137 119 712% 101 128 1446* 11 167 141 941* 15 391 475 224

11 32 104 3507%* 303 263 207 13 315 320 169 1 654 731 192
12 149 27 932+* 113 141 607* 14 32 28 2330* 2 913 862 154

1
2
3
4
10 31 B0 3353«% 5 175 118 321 12 30 105 3150%* =7
6
7
13 Bl 342 2250* 8 424 326 229 15 143 43 363* 3 120 88 835+
9

-10, 3, 1 30 11 2268* 16 196 22 287 4 778 7157 174
1 111 241 605*% 10 31 183 3687* -8, 2,1 5 745 748 187
2 31 57 321lé6* 11 82 54 1129% 1 830 808 233 6 254 308 177
3 61 92 1710* 12 79 181 642* 2 659 658 261 7 867 849 199
4 106 107 964* 13 33 22 4651x* 3 92 11 1424%* 8 97 2 596*
5 289 274 186 14 34 26 4620* 4 554 523 289 9 98 72 943*
6 136 117 8ie* -9, 3, 1 5 117 88 873* 10 27 47 5161*
7 175 151 225 1 361 392 215 6 26 165 5213* 11 110 44 1338%*
8 33 BO 4637* 2 168 134 229 7 27 2 5286* 12 29 119 5253*
QQ 33 115 4503* 3 30 78 3894x* 8 133 149 1089* 13 149 161 238
0 36 138 4498%* 4 2%2 280 183 9 29 9 5269* 14 267 335 163
11 34 142 4417* 5 153 159 250 10 83 90 1008* 15 133 263 973%
-10, 4, 1 6 383 357 212 11 332 343 214 16 34 89 4450+

1 34 182 4498 7 136 129 772% 12 32 84 3024* -7, 2,1
2 34 204 5413* 8 175 132 225 13 278 313 198 1 878 842 206
3 34 9 4717* 9 79 66 1308* 14 34 86 3066%* 2 98 232 1393+
4 34 146 4666*% 10 68 234 1505* 15 199 106 271 3 154 175 323%*
5 34 29 4686* 11 125 155 1187« -8, 3,1 4 820 873 216
-9, 0,1 12 213 261 276 1 29 46 5881* 5 25 168 5799=*
1 532 480 232 -9, 4,1 2 138 292 1224%* 6 420 370 245
3 147 65 733% 1 33 168 4526* 3 436 487 241 7 26 34 5606*
5 297 326 206 2 272 248 210 4 29 172 5952* 8 247 282 230
7 539 489 299 3 267 288 231 5 622 558 300 9 163 2 883%
9 384 415 204 4 33 211 4924«% 6 30 7 3555*% 10 29 74 5700*
11 188 78 330 5 34 54 4653* 7 334 353 231 11 95 65 359*
13 115 144 936* 6 165 104 1063% 8 280 255 178 12 118 40 779+
15 293 283 191 7 34 121 4275% g 102 37 369* 13 97 47 384~
-9, 1, 1 -8, 0, 1 10 32 43 4094* 14 139 45 965*
1 253 338 209 2 511 492 224 11 33 67 3676* 15 52 2 2905+

2 468 399 319 4 796 794 171 12 241 266 240 -7, 3, 1
3 385 388 218 6 602 609 266 -8, 4, 1 1 28 71 5367*
4 177 237 303 8 442 406 228 1 138 120 1055* 2 258 262 224
5 105 226 1359* 10 546 548 306 2 33 64 4535* 3 321 404 238



STRUCTURE FACTORS FOR C14 H10 S5 Cl2
100Sig,

1

o
5
6

:

8

9

10
11
12
13

e
BNODASEN VoA AEWNH

foh
[+,

e
LBWNHOLVDNOAUNSEWNH

Columns are

kFo
-7,

499
499

29
204
459
322
435

23

Fc
3, 1
473
607
2
130
554
318
442
3
266
78

e 1
362
294
529
132
160

q

587

237

Sig

346
350
5316%*
175
287
154
285
3280%*
195
4154%*

194
194
301
652*
668*
209
4340*
4616%*
616%

123
246
151
5348%*
T176%
990%*
756%*
1981*

207
5111*
214
219
178
239
176
192
282
253
5072
210
1246*
250
212

809+

197

212

189
590¢6*

10Fo

=
VoSN

o
WM~

[
CWPIRN & WN -

W1

11

15
17

nNwWhE

10Fc¢
kFo
275
25
25
302
119
28
178
31
32
139
34
-6,
324
133
530
27
145
343
217
178
49
31
222
54
228
-6,
453
31
81
3z
32
185

Fc
267
129

64
379
243
143
167

%1

85
197
281

3, 1
209

72

509

457

1120

1245
914

Sig
187
5383
5392+*
207
1226%
5304%*
178
2074 *
2139%*
1060%*
4590%*

226
1001+
313
5150%*
380%
240
261
i91
1341*
3017*
170
2693*
237

264
3294%*
1156%
3102+*
3385%*

245

666*
4872*
4174%*
4446*

88
184
209
99%6*
200
230

1191%*
755%
655%

122
175

120
140

&

for Insignificant

kFo
258
331
111
249
100
101
117
163

31
152

-5,

394

22
730
273

23
349
140
111

_4'

Fe¢
235
328
132
331
169

71
184
133
146
132
, 1
366

6
708
203

46
369

84
163

2

Sig
171
184
808*
211
1338+*
940*
1161*
182
3188%
882%

195
4476*
182
190
5686%
231
348%*
1267*
329%*
202
1145%
2870*
220
251
396x%

5250%*
314
1027+
940%*
269
210
741%
238
201
249
21le7*
3923*
4133*

192
545*
195
211
193
195
4715%
4094*
235
4530*

Vo-JdJaalbd W

o e e
AW RO

wvo-alndWwhoE

kFo
83
828
1531
383
905
96
327
299
...4,
398
304
120
1206

855
104

Sig
794%*
121
111
180
197
987*
199
203

214
196
258%*
114
159
146
194
353*
206
234
902+
230
164
200
166
892%
1214*

177
187
209
1578*
159
205
3807%*
271
283
212
4939%
2431%
2827*
2991%*
3702*

271
5320*
994+
5631#*
222
235
260
49874
181



STRUCTURE FACTORS FOR Cl4 H10 S C12

Columns ara

1 kFo
-4,
¢ .
352
12 33
13 34
14 50
-4,
1 550
2 30
3 153
4 31
5 129
6 180
T 294
8 228
9 33
0 128
-4,
1 g8
2 34
-3,
1 1466
3 223
5 479
7 20
9 388

Fc¢
3, 1
81
330
31

6
147
4, 1
584
45
158
98
186
166
248
268
68
35
5' 1
188
74
0, 1
1417
176
413
130
430
372
331

4
313
1, 1
1144
456
58
149
568
32
390
923
938
442
162
131
243
254

4
. 82
194
2, 1
528
171
894

Sig

2778*
204
2626%
3683*
1061*

205
3132%
209
2808x*
647T*
185
178
234
4165%*
1061%

1635%
4792%

67
152
171

4151*
251
200
208

2336*
213

94
149
4557%*
145
169
4260%
260
144
188
243
256
5089%*
296
154
684 %
1047*
4355%

196
700*
147

10Fo

1
4
5
6
7
8

9
10
11
12
13
14
15
16

10Fe
kFo
374
618
517
292
907
246
463
85
30
51
32
33
58
_3'
25
25
253
167
63
234
265
361
522
142
356
447
90
537
-3,
287
127
228
302
387
212

100S8ig,
Fc Sig
332 254
636 182
570 210
254 199
939 211
248 212
497 329
27 1556*
119 2698*
66 1527*
42 2571%*
99 4372+%
7 1548*
3, 1
30 5312%*
1638 5680%*
288 201
258 303
62 2172%
153 225
364 205
256 230
451 192
130 214
287 174
491 231
141 750%*
578 293
4, 1
290 175
135 233
141 158
340 198
387 170
231 162
542 200
44 4044=*
129 3772%*
244 256
57 692*
285 301
38 4354*
49 631*
1348 61
533 134
430 191
422 201
295 223
499 322
101 163

* for Insignificant

1
16

R
HOWV®O-dOU & W -

e e
UbsWwe

e
~Ion

VOO WK

10
11

13
14

kFo

33

-2,

807
558
450
471
890
570
110
370
214
141
948
110
468
199

52
366
152

-2,

321
276

20
405
386
289
135
582

Fc

246

1

r
776

1

545
355
459
9510
608
150
344
292
237
980

83

437
117

76

381

2,

6
1

311
286

91

395
337
292
192
615
305

15
21
17

257

82

253
164

3,

1

152
381
246
116
266
316
393

82
77

159
199

24

101
167

4,

1

Sig
3972+

100
131
164
167
120
174
T11*
176
216
895*
204
B25%
322
138
1455%*
260
306*

200
183
4142%
238
231
189
971*
260
150
1348%*
5056%*
542%*
164
216
203
3762%

233
225
197
849%
198
194
235
1047%*
5058%
2519%*
152
1911*
1078%*
4475%

e
HOOVL®E-IAU & WR -

e (D B =

e
VWHY-JU W

WoJUl & W

WCo-Jand Wk

kFo
217
18
174
518
279
262
32
33
107
291
-2,
155
165
12
162
-1,
1152
3198
230
T3
56
212
379
34
-1,
808
767
528
78
272
1321
627
1279
493

Fage 4

Fc
144
102
154
503
2795
254
176
186
171
342

5 1
236
65

1

91
1190
3079
208
764
135
160
334
15
1, 1
775
171
508
116
292
1338
635
1257
481
163
109

79

86
113
318

1
64
2, 1
653
197
689
205
395
183
390
241
8

Sig
138
J80*
161
190
152
159
4141¢%
4166*
Q2w
183

aqax

306
1964+

325+%

68

150
157
2167
228
219
3g72*

91
99
139
gg2*
160
107
160
125
278
196
486B*
4536*
5026+
150
222
3292+
3894+

158
154
147
1393+
209
1298%*
292
1114*
4727



STRUCTURE FACTORS FOR Cl14 H10 S Cl2
100Sigqg,

1

12
13
15
16

el
bWNHOVONAULLWNH

& W b=

Columnae are

kFo
-1,
27
120
249
137
130
34
-1,
120
24
571
386
26
27
27
101

175

Fc
2, 1
167
206
263
87
216
163
. 1
15
12
589
348
98
180
109
144
108
222
140
410
428
296
4, 1
351
380
211
189
225
203
304
220
335
82

9

15
278
74
919
63
332
996
1057
254
185
188
1, 1
234
939
619
200

3

Sig

4738*
670*
166
193
977%

3847~

725%
5223%
260
246
4840*
5210%*
5062%
1298*
5087%*
147
154
235
206
3935%*

229
203

10Fo

10Fc
kFo
18
B53
21
661
23
691
218
346
330
437
426
o,
489
517
19
1287
389
336
3z
267
25
26
27
82
162
305
288
77
0,
55
448
239
136
730
253
243
209
30
359
381
33
236
228
o,
390
75
450
216
516
146
76
33

Fc
44
851
73
667
200
705
218
352
366
407
445
2, 1
449
490
42
1287
367
329
63
259
110
6

57
187
184
287
294
152
r 1
193
473
221
103
737
258
275
222
163
285
378
72
234
171
r 1
391
23
392
248
454
80
52
21

3

4

Sig
2934*
89
2719%
113
3760*
164
158
164
115
135
172

184
125
2852+*
79
159
130
1052%*
132
3387+
3369«
3408*
955%
147
127
140
768%*

1557=*
209
141
286%
159
137
148
175

2294*
134
156

2761%*
147
205

233
683~*
135
119
129
177
451*
1729%

* for Insignificant

1

H s
SO WE DO WE

CcCo~JaolbhWNFHO

b b b
BOWNHOVO-IAMBWNHO

15

kFo
200
191
34
0,
269
34
172
257
1,
231
276
92
647
241
349
422
242
1,
757
140
1132
854
848
18
433
376
22
24
154
270
358
4779
447
384
146
1,
706
585
1398
20
1100
102
183
550
397
351
386
94
745
414
539
34

Fc
264
214
153

5 1
301
86
308
297
PR
231
287

29
673
152
327
367
224
e 1
753
148
1112

831

874

17
486
400

7
117

91
283
328
444
388
457
110
680
572

1433

25

1085

10
150
634
451
377
445
132
643
400
541

14

0

1

Sig

233

234
4589+*

201
1901«
276
16l

104
179
T34%*
151
192
231
204
196

92
144
85
103
113
4166%*
207
174
3762*
4931%*
292
184
234
191
200
213
311

147
162
110
4168*
124
816*
180
263
242
225
270
586%*
153
218
294
3826x*

s

OD-JdnndWN O

oM NO WO QWO-TAUNDWNO

-
XY=

| llad
[0

W1 WNNREO

1850

1253
1042

426

1275

1203
230
531
136
266

1, 1
1875
874
821
290
824
1276
1063

469

Sig

B24*
242
207
248
300
785%
4732%
2859%
188
138
180
137
1132*
2229x*

5128*
2652%
211
181
229
1150*
192
216
231
278

880*
4014*

343%
1444*

223

83

131
114
161
254
5214*
228
367*

76

112
227
120
109
123
405%*
2198



STRUCTURE FACTORS FOR Cl14 H10 § Cl12

Page 6
Columns are 10Fo 10Fc 100Sig, * for Insignificant J
1 kFo Fc 8ig 1 kFo Fc Sig 1l kFo Fc Sig 1l XFo Fc Sig
2, 1, 1 0 34 29 4211+x 3 408 367 252 14 99 219 1396+
q 53 75 2357% 1 268 246 204 4 S59 563 276 15 110 115 5091+
27 115 5378x 2 34 187 3953« 5 64 17 2053x* 4, 2,1
12 29 26 4613* 3 34 73 4849%* 6 28 146 5212« 0 108 32 865%
13 325 283 183 3, 0, 1 7 278 192 197 1 766 730 164
14 149 130 188 1 634 608 99 8 30 92 5546* 2 149 1100 242
15 478 556 320 3 126 110 199 9 92 15 836> 3 337 354 217
16 96 140 954«%* 5 824 873 129 10 152 55 191 4 352 396 216
2, 2,1 7 557 570 190 11 171 101 280 5 161 241 B14~*
0 478 501 203 S 571 594 2851 12 119 145 424»* 6 24 43 5339+
1 222 211 146 11 327 362 197 13 34 79 4003x* 7 856 951 220
2 127 64 660* 13 30 91 2622* 3, 4,1 8 214 235 246
3 92 164 924* 15 109 173 701* 0 71 23 1045%* 9 28 153 5597*
4 146 149 221 3, 1, 1 1 30 46 1870* 10 29 94 547¢x
5 223 239 157 0 56 i8 1200* 2 30 95 2698* 11 30 21 2523*
6 306 338 210 1 242 260 1l4e6 3 234 261 145 12 326 286 191
7 367 424 248 2 881 893 114 4 105 45 607* 13 105 85 625%
B 226 244 219 3 886 946 121 5 518 465 199 14 145 86 889+
S 103 173 491% 4 545 569 172 6 32 78 2985% 4, 3,1
10 208 166 247 5 76 89 1097* 7 270 292 202 0 25 13 5156*
11 29 30 4986* 6 117 122 276* ] 33 66 4259* 1 642 656 251
12 617 549 162 7 22 51 4062%* S 141 89 360* 2 364 346 225
13 173 113 162 8 23 127 5152* 10 34 58 4095% 3 65 61 1987*
14 80 227 161l4%* 9 25 57 5119* 3, 5,1 4 34 21 1516*
15 34 17 4023* 10 401 463 251 0 223 226 246 5 144 205 985*
2, 3,1 11 28 15 4835% 1 34 117 4109% 6 351 420 2is8
0 155 152 831* 12 492 536 339 2 34 2 2550% 7 329 360 211
1 24 3 5055* 13 325 312 190 4, 0, 1 8 435 418 223
2 498 425 280 14 303 292 168 0 590 633 131 9 356 246 178
3 68 108 1851* 15 233 171 206 2 1574 1609 91 10 32 111 2894%*
4 26 154 5105*% 16 140 51 346% 4 3315 3358 85 11 82 55 939*
5 135 37 368* 3, 2,1 6 1560 1635 121 12 B3 22 1486*
6 1li2 89 839* 0 328 314 202 8 23 197 5443* 4, 4, 1
7 121 163 421% 1 607 574 174 10 480 400 310 0 30 60 2951*
8 243 159 230 2 1280 1364 130 12 309 242 208 1 344 318 200
9 220 190 124 3 274 326 175 14 118 118 740%* 2 39 104 967*
10 38 25 2033%* 4 897 959 147 16 66 189 1605* 3 78 86 482*
11 174 150 179 5 270 318 183 4, 1, 1 4 76 149 456%*
i2 33 173 3984=* 6 468 494 307 0 144 157 211 S 480 502 218
13 186 130 277 7 757 793 209 1 50 43 1601* 6 99 118 799*
2, 4,1 8 423 395 241 2 406 394 213 7 280 341 191
1 167 191 172 9 118 225 1213«% 3 1056 1051 124 8 34 157 3977+
2 51 27 1423* 10 140 63 374« 4 192 136 175 9 227 197 235
3 385 335 228 11 30 29 2489% 5 234 272 166 4, 5, 1
4 31 125 2554*% 12 70 1L 625% 6 84 105 644* 0 268 330 213
5 156 69 211 13 106 24 576* 7 81 92 1085%* 5, 0, 1
6 184 159 186 14 151 143 791=* 8 226 254 213 1 1194 1128 106
7 188 124 164 15 103 18 952+% 9 309 295 217 3 964 972 129
8 95 80 790%* 3, 3,1 10 238 273 223 5 269 248 180
9 228 246 243 0 25 233 5544* 11 421 435 260 7 502 547 284
10 202 300 262 1 279 306 182 12 263 278 184 9 1122 1119 190
2, 5,1 2 189 160 267 13 113 29 668* 11 406 429 279



STRUCTURE FACTORS FOR Cl4 H10 S Cl2
100sig,

=

CWodaaWwheE-oO . -

NHEFOODR-JdJAREWNEO

[=]

Columns are

kFo
5,
118
222
5,
906
486
944
735
544
278
112
84
130
133
205
29
31
204
33
136
5,
289
528
22
314
721
429
907
153
495
218
30
246
309
283
395
5,
521
26
237
250
373
134
29
655
400
225
33
162
130

357

Fc
; 1
204
221
1, 1
908
433
948
774
570
254
132

75
144

12
147
121
149

85
219

76
P |
307
517
249
355
750
471
947
197
557
172
18
191
332
216
440
521
217
266
250
427
101

21
587
379
256
159

46

16
-
401

0

2

4

Sig

824%*
232

136
200
137
165
200
180
886*
687*
992*
1023*
263
5230%*
2880%*
165
4111*
934%*

163
217
4776*
200
222
230
219
340*
334
257
3185%*
151
219
195
234

308
5349%
228
222
242
1026*
5055%*
177
252
160
4254%*
865*
1047*

211

10Fo

el ol
BNOCODANS O-daUd Wl

VoI bdbWNHO

10Fc
kFo
273
31
362
282
57
120
33
111
6,
18
780
1113
1063
673
301
33
6,
865
109
20
222
22
284
409
220
134
327
263
152
31
409
89
6,
570
432
333
255
298
144
123
246
112
30
198
370
42
‘283

421
69
27
55

Fc
356
99
332
313
109
23
204
42
0, 1
59
797
1118
1101
582
293
95
848
102
178
237
75
359
337
255
109
321
306
137
34
429
83
2, 1
563
431
348
299
357
110
99
218
33
107
195
372
15
262
484
194
107
63

Sig
192
3071*
209
169
1251+
1180*
2202*

697%*

5055%
160
145
194
258
184

4398%*

150
333%*
5142%
174
4947+
172
237
229
997
210
229
208
3061
266
1492%

222
177
200
185
207
351*
1125*
231
956%*
5271%*
181
203
2323%*
198

277
2104*
5437*
2662*%

* for Insignificant

-

- o
COJAUDWNHO WHOAIUIWH OJOUbWNHG HOWVE-JOU D

O-JaindWi-O

kFo
28
29
131
31
31
32
154
117
6,
416
31
32
32
32
204
33
34
186
7,
217
373
557
357
28
187
288
7,
170

174
211
87
18
192

162

24
560
440
500

26
290
574
315
337

Fc
173
60
133

127

701
395
523

316
643
347
398

Sig
5259*
5149%

249
1721*
3088%*
3352%*

820%*
1183*

262
3201*
3286*
3464%
2735%*

286
4352%
4308%*

309

183
209
263
235
5224*
186
203

226
4825%
1975%

197

203
5170
5609%*
5354*

303

273
1122%*

925%

190
4941x*

811*

5690*
284
233
327

5678%*
192
297
224
217

- ey

oot WNhHO NOOMAENO ~SNoUdWNHO HOoOwoJdJoaUsWNHO

T
WNHO

o

806

595
824
998
653

90

1537
275
142
138

97
25
181

28
423
101

32

33

34

234

Page 7

Fc

Sig
241
158
200
228
1021*

5228%*
869*
1742%*
5271
1091+
171
3432*
272
238
4600
5221+
280

198
3769*
2602*
1479*
5023x%
1055«
4447%*
4804*

168
218
263
229
228
209
1072%*

143
180
897+*
365*
1372%*
2045%*
290
5101+*
3749%*
252
851
2385*
4965%
3440%*

230



STRUCTURE FACTORS FOR Cl4 H10 S C12
100sig,

1

[=] NHFOWVUCJAU AW

alnbdwhE o cwvo-Jansawhe

o

WOl bWwNHO WHO-JOWH

Columns are

kFo
8,
25
26
296
426
296
28
199
30
31
129
237
34

Fc
2, 1
72
141
189
521
336
82
142
70
127
18
285
75

Sig

5750*
5524+*
198
273
200
3849%*
306
3236*
3075*
297+
240
lB4B*

284
272
5386*
236
184
674*
B75%
945%*
1052+
4552*
1568*

960*
1411*
273
228
4646%*
234
2395%*

255
910*
302
5400*
314%*
195
260

2%0
5650%*
240
271
262
258
194
264
258
1181+

10Fo

1l
10
i1
12

o

wo-JolhdWNEHO NOAOALNO WP o LOJAadLLDNFHO HOowvwo~-doaUlbWwWNHO

ol

10Fc¢c
kFo
32
166
34
9,
235
124
27
149
282
180
30
295
263
199
403
34
9,
221
323
385
31
117
48
32
164
244
34
9,
116
194
117
285
304
10,
383
859
27
28
362
32
34
10,
98
905
96
231
581
28
29
307
199
292

Fc
77
49
57
' l
237
120
115
34
285
211
13
302
250
156
314
150
’ l
163
299
420
83
211
128
71
117
195
50
' l
249
408
13%
333
324
373
B83
154
178
389
84
306
1, 1
162
898
72
218
536
22
152
290
140
268

2

3

4

Sig
3319*
304
4976x*

229
659*
5613*
990*
213
341
3038%*
200
182
200
260
3098*

172
196
218
3589%*
937%*
2058%*
3488%*
Bg9*
239
4610*

1003
980
933%
223
214

266
220
5315%
5776*
232
3482*
5019*

1044*
227
1052*
256
300
5267%
5958%*
189
191
196

* for Ingignificant

1l kFo
10 33
11 T4
10,

27
286
188

34
416

30
131

45

32
166

34

10,

31

350

220

121

57
162
142

MO O-~JanNnbsWNHO oOwe-1aoUdWNDHO

| -

27

=
HO HOWO-NAUAWNKO HO-JUWH
X
«
w

141
2 335

Fc
184
107
, 1
220
241
258
222
502
102
113
144
24
33
96
94
346
210
55
275
173
36
19
160
, 1
127
153
11
, 1
59
190
20
230
105
164
, 1
246
91
582
200
287
541
247
34
82
153
107
51
2, 1
70
163
313

2

4

0

1

Sig
4732*
T84

5978%
209
323

4779%*
296

2585%*
293%

1723*

3372%
932

4552+*

3321
227
194
865*

2222%*
336*
979*

3297+

4404*

3564 *
4978%*
4793*

5601%*
256
2929%
191
2399%*
247

6032+
3970
301
237
231
262
203
819*
3565*
5040*
5267%*
1320*

5432+%
824%
182

o W 1 W aWwh=Oo o~ansWwhHO OEJdnnb W (e e ) AU WNDHEO Vo Jdnnd -

Fe
264
74
364

349
94
31

r

278

353

Page 8

Sig
165
4005+
194
3161+
225
4960*
4888*

226
202
261
928*
441*
4947*
208

194
270
206

186
211
3220+
268
186
204
4900*

169
3403*
261
228
1681*
279
216
3002%*
228

408%*
1160*
5170*
1036*

T49%

241

3719%*
3571*
4523 *
4897+

1109*
B863%



STRUCTURE FACTORS FOR Cl4 H10 5 Cl2

1

N bH WO @I &N

Columns are

kFo
31
300
274
146
393
264
58
13,
94
206
250
316
293
33
34

Fe
1, 1
54
294
229
146
418
309
139
, 1
34
127
253
378
328
223
159

2

10Fo
Sig

2539+
213
174
283
258
239

1445*

1062*
194
184
210
215

3581%*

5184*

W= O ~] =

N O S NO

10Fc¢
kFo
164
549
163
124
48
14,
31
233
139
221
14,
31
345
130

3

0

1

100S8iq,
F¢ Sig
64 360*
, 1
537 343
6 1024~
173 955¢%*
231 2145%*
;1
B 3243*
167 180
80 900%*
250 268
r 1
22 3321%*
334 237
284 1006*

* for Insignificant

[N R 2 NN O ~J on N b G

kFo
272
225
B2
262
34
14,
33
136
79
34
240
34
15,
192
425

Fc
295
194

63
179

91

2, l
153
237
118
138
250

48

0, 1
158
464

Sig
192
273
1772*
229
5091*

4708%
1110*
1392«
5057*
276
5121%*

303
286

N O N O nbdWhhHO [# 0 o

kFo

15,
212
111
416
150

34
103

354
34
237

431
34

Page 9

Fec
47

’
193
235
315
335
11
34
2, 1
280
173
207

401
49

Sig
5632*

280
1456+

297

824+
4768*
1490%

232
3445*
270

244
3280%*



Hl4

H 4A
H 5A
H 8A
H 7A
H BA
H10A
H11lA
H12A
H13A
Hl4A

3

000000 COOOOOODOODODOO0CO

Table S5-2.

Calculated Hydrogen Atom Parameters

X

.1693(13)
.2901 (13)
.3527( 6)
.2945 {13)
.1737 (13)
.1004 (10)
L0659 (11)
.0124 (12)
.0064 (11)
.0282 (11)
.7029 (10)
.8158 (14)
.9073( 7)
.8860(10)
7731 (14)
.6982 (11)
.6948 (11)
. 6521 (12)
.6129(11)
.6163 (11)

OO0OOHHOOQOOODOOO

Y

.993
. 985
.664
. 351
.359
.423
.488
.831
.107
.042
.249
.346
.083
.256
.3531
.461
.481
.175
.151
171

(
(
{
(
(
(
{
(
(
(
(
(
(
(
(
(
(
(
(
{

0000000 O0O0O0O0O0O00O0O000

z

.1145(10)
.1220 (10)
L1654 (11)
.2012 (10)
.1937(10)
.2521 (13)
.3585 (1.0)
.3791( 8)
.2932(14)
.1869 (10)
L0278 (11)
.0131( 9)
.0468 (11)
.0952 {31)
.1099( 9)
.1622 (12)
.2800 (12)
.3361( 6)
.2745(13)
.1567 (12)

Hydrogen positions calculated assuming a C-H distance of

‘iso(l-l) igs from Uiso(H) = 0.01 + Ueg{C) for the attached

v~~~ ooaw~JUadU ]
—— L — o~~~ —— T~~~ S~~~
w
—

Biso

1.08 A.
carbon.



*100.

Anisotropic u{i,j) wvalues
refer to the last digit printed

E.S.Ds.

Table 5-3.
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Anisotropic Temperature Factors are of the form
Temp=-2*Pi*Pi* (h*h*ull*astar*astar+---+2*h*k*ul2*astar*bstar+---)



Compound 123

(D
L)

a) Table of Bond Distances (A) and Bond Angles(®)
b) Table of Torsion Angles(®)

¢) Table of Observed and Calculated Structure Factors
d) Table of Calculated Hydrogen Atom Parameters

¢) Table of Anisotropic u(i, j) Values



.Table 3. Bond Distances(A) and Angles {Degrees)

S-C(1) 1.769(6) C(6)-C(7)  1.373(15)
S-C(2) 1.844(6) C(7)-C(8)  1.398(11)
Cl(1)-C(1) 1.763(6) C(8)-C(9) 1.506(12)
C1(2)-C(1) 1.761(6) C{9)-C(10) 1.448(12)
C(1)-C(2) 1.507(8) C{10)-C(11) 1.514(10)
C(2)-C(3) 1.536(B) C(11)-C(12) 1.400(9)
C(2)-C(16) 1.512(8) C(11)-C(16) 1.383(9)
C(3)-C(4) 1.383(10) C(12)-C(13) 1.367(10)
C(3)-C(8) 1.397(10) C(13)-C(14) 1.366(11)
C{4)-C(5) 1.402(10) C{(14)-C(15) 1.390(9)
C(5)-C(6) 1.365(15) C(15)-C(16) 1.380(8)
C(1) -8-C(2) 49.2(3) C(5)-C(6)-C(7) 120.
S~C (1) ~Cl (1) 117.3(3) C(6)~C(7) -C(8) 121.
S-C (1) -C1 (2) 118.2(3) C(3)-C(8)-C(7) 117.
S-C(1)-C{2) 68.0(3) C(3)-C(8)-C(9) 126.
Cl(1)-C{1)-Cl{2) 109.5(3) C(7)-C(8)~C(9) 115.
Cl(1)-C{1)-C(2) 119.6(4) Cc(8)-C(9)-C(10)  122.
Cl(2)-C(1)-C(2) 119.1(4) C(9)-C{10)-C(11) 115.
$-C(2)-C(1) 62.8 (3) C(10)~C(11)-C{12) 120.
S-C(2) -C{3) 116.2 (4) C(10)-C(11)-C{16) 120.
$-C(2)~C(16) 116.8 (4) C(12)-C(11)-C(16) 119.
C(1)-C(2)-C(3) 118.7(5) Cc{11)-C(12)-C(13) 120,
C(1)-C(2)-C(16) 118.3(5) C(12)~-C(13)-C{14) 119.
(3)~C(2) -C(16) 114.5(5) C{13)-C(14)-C(15) 120.
(2)-C(3)-C(4) 118.9(6) C(14)-C(15)-C(16) 120.
C(2)-C(3)-C(8)  120.5(6) C(2)-C(16)-C{11) 118.
C(4)-C(3)-C(8) 120.6(6) C(2)-C(16)-C(15) 121,
C(3)-C(4)-C(5) 119.9(7) C{11)-C(16)-C(15) 119.
C(4)-C(5)~C(6)  119.8(8)

.~~~ — . — T~ T~ p—
R



Torsion Angles in Degrees

. Table S-4.
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Table S5-1. Observed and Calculated Structure Factors

for Cl6 Hl1l2 S Cl12



STRUCTURE FACTORS FOR Cl1l6 H12 § C12
Columns are 1(0Fo

i

[

WO HWwhE NO WS N

b,
N O

[
W= DY DI U b

DOndN

10
12
14
16

1
2
3
4

kFo
-10,
58

200
212
58
103
20
160
31
137

111
119

69

Fc
0, 1
49
24

e 1
l4e6
117
76
74
184
117
P
162
102

0

1

Sig

161=*
1076%

94

87
110
422%
104

96

=2
OV W

=t
=

12

o N Ny e=

10Fc
kFo
192
44
20
102
68

100Siqg,
Fc Sig
204 107
28 438+
65 1218%*
106 89
14 105
74 59
28 523=%
96 91
23 1174+
91 82
24 258%
2 1397+*
2, 1
71 393*
72 105
22 1028%*
72 102
105 85
171 101
129 101
57 169*
53 529%
32 1066%*
145 101
40 1277=*
38 533%*
58 152*
55 410%*
3, 1
150 112
82 123
78 1105%*
5 1151%*
9 1220%*
117 84
37 1170%*
32 568%*
g4 116
17 302%*
53 443*
1 1050%*
4, 1
66 110
13 1249%*
13 1032=*
26 1178%*
60 130
0, 1
32 121%*
169 100
310 124
265 124

x

for Insignificant

1l
10
12

[
cwao-JdJanbkWhNH

WP
Ry SRS

kFo
7%
a7
227
20
156
-7,
B89
159
256
39
164
112
29
18

Fc
98
93
231
40
159
.
99
173
256
81
163
117
82
31
136
34
172
61
50
100
65
128

1

Sig
99
79

136

1345*

101

84
112
116
590+*
103

78
T96%
807*

1
8
9
10
11
12
13
14

HOWDO-JRAU & W R

e

e
WNHODWLVO-INKRU L WK =

R
[ RO

17
18
19
20

36
68
103
56

243

Sig
411%
349%

90
511+
1183%
527
404~

106

94
1117+
11509+
1227%

146+
108
154%*
1014+
133
100

1154+%



STRUCTURE FACTORS FOR Cl16 H12 5 Cl2

1

Q.

[y
FOoOVoOJaUa WwN -

12
13

VoJdJands

Columns are

kFo

1,

2,

Fc

1l
39

1l
55
56
64

212

45

168

13

145
244

5

140

56
66
88

193

3,

39
62
16
a7
38

1

237
175
107

0

103
116
181

Sig
1299*

514*
454*
106
122
753%*
126
1167%
90
126
1250%*
103
111
87
89

10Fo

1
10
11
12
13
14
15

|l
NODALN WVWo-Jhno& W=

[=}
=3

NN
NO®@OOO®N

N R e e
CVUDNdAUDWNHOVEJAWNDWNH

NN
N =

10Fc
kFo
160
48
21
38
22
22
-6,
67
40
134
21

1008ig,
Fc Sig
154 102
63 506*
63 1393*
5 319x
59 1185%*
18 1114%*
5 1
60 138*
31 388*
122 86
12 1249%*
144 102
37 612%
23 285*
92 604*
25 415%*
0, 1
266 92
133 85
133 16
180 117
445 94
487 98
191 107
110 75
2 309*
117 80
83 93
1, 1
317 87
84 320*
228 94
12 979*
104 68
261 94
217 103
8 995%*
12 1135*
18 409*
342 101
106 81
274 115
249 126
101 77
155 91
61 701%*
102 412=*
le 224*
11 733%
168 100
14 1148*
2, 1

* for Insignificant
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o
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i
o

=
wn

vo~JalhswhoPr

kFo
183
137
189
129
16
97
107
77
23
45
193
159
18
200
140
260
20
20
51
21
72
-5,
130
47
85
255
61
187
176
88
305

108

Fc
194
120
193

Sig
122
94

329%*

117
113

1130%*
140%*
1216*
1021%*
354*
1142%*
1120*
118
1072*

85
141
1047%*
1098*

355%

356%

350*
83

1
10
11
12
13

[
~Jon N i

b gt
NMHrowvDAdAUTSWNE

52
34
102

21
113
165

22

lel
128
80
55

54
142
56
112
56
22
45
!
196
79
547
589
427
16
216
277
164

102
54

1026
13
407
636

315
203

148
388
313
157
202

240
200
160



STRUCTURE FACTORS FOR Cl16 H12 S Cl2

1

Q.

19
20
21
22
23
24

Columns are

kFo
-4,
67
78
45
137
21
37
22
-4,
421
326
21
359
30
65
70
159
104
156
60
237
157
48
222
243
208
67
20
20
76
54
22
..4,
155
54
145
306
261
341
256
17
102
157
a8
124
18
56
62
47
47
137
21

Fg
1, 1

Sig

114
102
le6*
89
1121 *
734*
1112%*

10Fo

1
20
21

wR-~-JAo W

[
NODA BN -1aUaWie

14

10Fc
kFo
40
51
-4,
28
18
194
131
137
95
47
64

100s8ig,
Fc S8ig
29 598«*
8 398*
4, 1
5 683*
66 1347*
208 133
129 93
125 92
92 82
7 274*
68 123
116 82
15 1060%*
34 1132+*
60 328*
130 85
8 350*%*
104 99
165 107
22 399*
17 283%
5, 1
35 1228%*
86 1229%*
33 349%*
79  720%
112 S0
23 1136*
133 98
36 911+
102 87
81 107
12 564%*
8 359%*
16 282*%
142 98
6, 1
80 422*
46 385*
84 97
48 837~
60 535%
98 89
2 291*
0, 1
606 59
193 80
266 72
359 73
150 82
250 98
357 94

* for Insignificant

1
16
18
20
22
24

Sy
FOoOwm-daUld Wi

B
WNHOWE-IE LW

14

[
wn

16
17
18
19
20

kFo
368
161
19
140
B7
..3._
T7
530
97
389
536
199
562
75
112
464
99
69
163
95
181
95
344
32
96
29
48
81
63
52

Fe
376
166

7
158

80

91
533

87
386
531
ia2
584

68
108
451

5

41
154

83
190

97
360

46

92

11

85

70

4

64

2, 1
520

75
365

32
173
368
216
234

21

95
120
159
147

92

54
316

94

25
116
132

77

Sig
103
83
1058+
97
100

1
22
23

=
QuUuo-~-Jald WM

i
(S

(=
F=3

12

Page

53

95



STRUCTURE FACTORS FOR Cl1l6 H12 S Cl2 Page 4
Columns are 10Fo 10Fc 100Sig, * for Insignificant

1l kFo Fc Sig 1 kFo Fc Sig 1 kFo Fc Sig l kFo Fc Sig
. -3, 5,1 17 139 142 94 18 214 245 112 8 29 12 546>
7 £4 52 124 18 18 52 1216* 19 67 53 376% 8 108 102 94
8 20 7 1038* 19 18 41 1171* 20 20 45 1211*% 10 56 36 436*
9 27 10 303* 20 110 102 82 21 106 120 95 11 22 21 1013*
10 20 23 1110* 21 162 175 97 22 21 42 1063* -1, 0, 1
11 197 204 115 22 20 96 1173« -2, 4,1 2 1008 987 35
12 35 25 275* 23 146 154 90 1 16 52 1201+ 4 749 736 44
13 164 150 108 24 21 44 1288+* 2 340 338 101 6 98 111 66
14 86 83 1117 25 108 86 87 3 131 130 80 8 141 151 93
15 35 23 T710* -2, 2,1 4 343 351 108 10 13 5 928*
16 22 83 1233* 1 65 45 69 5 125 121 80 12 740 721 75
=3, 6, 1 2 12 63 60 6 252 241 121 14 91 103 62
1 94 71 96 3 12 27 890 7 212 209 130 le 218 218 119
2 21 10 1137+ 4 691 676 66 8 60 40 119 18 159 186 108
3 21 84 1321+ 5 148 162 106 9 25% 251 109 20 351 367 120
4 21 16 1119«* 6 272 258 84 10 18 11 1060 22 63 47 128*
5 73 82 141 7 237 228 87 11 92 95 92 24 54 46 433*
6 21 19 1226* 8 467 480 78 12 51 95 468% -1, 1, 1
7 56 32 413~ 9 178 182 110 13 88 76 92 1 747 736 44
8 52 25 448* 10 49 22 278* 14 133 127 92 2 38 56 226*
S 91 87 112 11 118 101 17 is5 80 110 97 3 464 451 51
10 83 70 119 12 85 75 73 16 137 134 94 4 279 272 60
-2, 0,1 13 49 3 307x 17 42 44 213%* 5 381 390 60
2 919 922 47 14 32 55 515* 18 21 25 1045%* 6 747 749 57
4 56 62 12 15 141 152 83 19 88 88 109 7 153 123 94
6 522 514 58 le 17 11 1041* 20 22 7 1131%* 8 661 652 64
8 382 395 67 17 29 12 659* -2, 5,1 9 437 459 71
0 647 613 70 ig 122 84 85 1 84 67 96 10 357 351 80
2 56 44 89 19 104 97 84 2 104 133 89 11 646 637 74
14 138 157 94 20 89 76 83 3 18 67 1195% 12 267 263 87
16 11% 117 76 21 78 84 121 4 19 13 996* 13 475 481 81
18 2i8 209 123 22 130 12¢ 91 5 53 22 364* 14 215 209 103
20 275 261 123 23 51 60 454* 6 33 41 561* 15 28 96 653*
22 149 155 105 24 55 72 306% 7 55 19 331* 16 17 8 1049*
24 45 27 262* ~2, 3,1 8 19 15 1135« 17 17 2 986*
-2, 1, 1 1 160 156 109 9 152 140 94 18 39 35 465*%
1 538 537 55 2 229 241 84 10 20 56 1083* 19 117 114 82
2 233 234 68 3 262 253 88 11 93 105 100 20 43 75 510*
3 532 528 56 4 124 129 86 12 20 24 1130 21 171 152 111
4 179 188 87 5 25 38 412* 13 48 24 370* 22 52 84 267*
5 955 942 58 6 116 117 71 14 69 90 401* 23 88 78 93
6 296 293 68 7 44 35 378* 15 45 17 190* 24 45 39 540*
7 552 566 65 8 473 482 89 16 67 101 366% 25 26 23 742*
8§ 519 521 68 9 232 222 107 17 56 36 446* -1, 2,1
9 174 165 93 10 250 251 108 -2, 6,1 1 11 34 999*
10 316 315 81 11 227 200 105 1 202 200 112 2 121 119 63
11 234 240 86 12 100 100 75 2 99 105 99 3 514 510 63
12 218 217 97 13 49 36 271x* 3 63 18 320* 4 170 147 83
13 157 157 111 14 141 140 92 4 38 73 646%* 5 270 274 15
14 235 239 108 15 105 124 88 5 111 104 94 6 145 138 103
15 186 188 123 16 202 231 105 6 31 14 636* 7 250 243 83
16 126 123 78 17 196 202 111 7 100 127 108 8 460 466 77



STRUCTURE FACTORS FOR C16 H12 § Cl2
100sig,
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12
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16
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QWAL WM
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Columns are

kFo
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245
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39
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44
-1,
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571
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14
111
237
9
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6
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69
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3, 1
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330
165
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177
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171
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59
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Sig
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1
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14
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5, 1
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2
11
82
129
61

1115

30
187
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Sig
134%
115
399x%
352%*
106
413%
85
507*
1022%
395*

473*
9a5*
1155%*
346%*
84
133%*
1253*
458 %
452*
g2+
1052*
1226%
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651+*
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690%*
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* for Insignificant
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939
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610
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Fc
127
; 1
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314
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616
208
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17
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293
367

33
191
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12
148

2
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12
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2, 1
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STRUCTURE FACTORS FOR Cl6 Hl12 § Cl2
100s8ig, * for Insignificant

1

Lz
6
7
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[
[

VWo-JandLWNNEO

Columns arae

kFo
o,
150
1%
78
19
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20
40
31
44
80
21
41
0,
78
118
17

Fc
5, 1
159
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82
12
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STRUCTURE FACTORS FOR C16 H12 S C12 Page 9
Columns are 10Fo 10Fc 100sig, * for Insignificant

1l kFo Fc 8ig 1 kFo Fc Sig 1l kFo Fc Sig 1 kFo Fc Sig
. 5 2,1 10 103 103 101 17 89 116 120 14 46 38 480+
8 21 19 1025* 11 67 73 149% 18 129 138 92 16 58 131 454+
19 59 B1 501«* 6, 0, 1 6, 3,1 7, 1, 1
20 22 3 1191 0 161 168 94 0 327 373 128 0 263 268 125
5, 3,1 2 287 283 102 1 41 14 232+ 1 184 197 104
0 394 388 99 4 89 84 75 2 123 120 86 2 43 47 253*
1 174 152 100 6 288 277 102 3 143 132 97 3 74 7% 110
2 304 316 114 8 84 63 79 4 121 123 83 4 250 274 135
3 92 83 79 10 55 79 133+ 5 82 B6 97 5 18 99 1328*
4 130 153 91 12 271 276 130 6 202 212 141 6 192 193 111
5 18 43 1180* 14 69 39 119 7 47 25 263* 7 281 277 124
6 149 132 106 16 211 204 118 8 51 50 154%* 8 147 150 104
7 42 62 272*% 18 36 113 781« 9 64 37 350* 9 297 285 137
8 18 68 1172* 6, 1,1 10 72 64 111 10 68 13 350+
9 18 26 1140*

0 239 244 106 11 S0 44 163* 11 33 71 641+
10 61 63 355% 1 322 304 96 12 100 70 89 12 20 23 1180*
11 240 209 127 2 130 118 90 13 36 43 597* 13 21 15 970+
12 81 91 104 3 481 482 96 14 21 7 1016*% 14 45 59 513«
13 219 216 154 4 17 63 578 15 34 32 574* 15 48 3 453

5 317 327 104 16 22 3 1105* 16 60 17 325%

6 196 212 131 6, 4, 1 7, 2, 1
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16 27 17 503%* 49 56 282+%* 0 209 211 105 0 85 80 85
17 21 40 1118%* a8 97 82 1 189 180 131 1 57 28 360+
18 22 12 1163%* 70 87 113 2 72 90 124 2 188 172 101
5 4,1 10 18 7 1131* 3 65 63 121 3 50 59 165*
0 141 160 86 11 109 74 78 4 20 41 1128* 4 19 15 1114+%*
1 233 243 134 12 94 84 87 5 39 31 256%* 5 19 35 1174+
2 181 182 97 13 19 28 1270x% 6 99 107 92 6 131 136 87
3 45 47 240* 14 25 35 848* 7 20 67 1122+ 7 54 72 154*
4 132 127 92 15 28 21 759% 8 21 34 1041* 8 150 159 103
S 61 42 369* 16 31 17 803 9 55 18 398« 9 148 133 90
6 255 259 144 17 113 87 85 10 56 56 403* 10 30 50 798+
7 19 15 1156* 18 53 26 166* 11 21 48 1334* 11 20 17 1052+
8 104 101 87 19 62 7T 365% 12 22 83 1422* 12 60 41 323+
9 20 16 1163x% 6, 2, 1 i3 96 93 107 13 160 150 112
10 38 33 614* 0 139 107 95 6, 5, 1 14 79 92 129
11 91 85 100 1 74 58 94 0 25 2% 1001* 15 98 111 105
12 61 15 405* 2 103 96 12 1 41 28 587« 7, 3,1
13 38 7 537% 3 204 220 131 2 72 66 127 0 29 68 782+
14 21 61 1097* 4 317 310 112 3 21 45 1229%* 1 186 1%4 113
15 22 82 1308* 5 29 40 652 4 115 109 91 2 152 157 98
5 5, 1 6 34 39 384« 5 49 11 330* 3 44 15 442+
0 55 75 162* 7 143 130 96 6 22 96 1393 4 20 15 1113=*
i 20 37 1138* 8 18 6 1228* 7 63 77T 349* 5 175 193 122
2 20 11 983% 9 167 193 115 7, 0, 1 6 219 234 153
3 51 24 417* 10 61 24 354%* 0 232 210 121 7 39 59 314*
4 54 37 406* 11 96 74 83 2 200 196 126 8 20 36 1146+
5 21 74 1105*% 12 19 9 498* 4 124 109 85 9 21 30 1040*
6 35 19 635% 13 44 72  342%* 6 42 78 491*% 10 167 130 119
7 21 16 1156* 14 59 51 394%* 8 108 92 80O 11 21 23 1118+*
8 30 1 746* 15 239 213 157 10 141 131 g2 12 64 65 370*
9 131 115 92 16 51 95 543% 12 40 35 271 13 22 21 1185+



STRUCTURE FACTORS FOR C16 H12 5 Cl2 Pagel0
Columns are 10Fo 10Fc 100Sig, * for Insignificant

1 kFo Fc Sig 1 kFo Fc Sig 1 kFo Fc Sig 1 kFo Fc Sig
. 7, 4, 1 3 112 113 77 12 23 28 960* 0 21 T 799~
0 53 28 365* 4 47 30 279%* g, 3,1 1 135 130 94
1 50 41 459* 5 96 91 87 0 21 9 1009%* 2 21 81 1257=
2 67 54 130 6 32 23 479« 1 56 B9 444+ 3 40 12 576~
3 27 10 847+ 7 262 234 135 2 41 25 546* 4 44 58 239»
4 79 78 113 8 48 15 467* 3 100 92 95 5 37 67 708=
5 48 Bl S555* 9 18 74 114 4 181 175 123 6 21 3 995*
6 56 16 407 10 21 7 1120%* 5 21 11 1102+* 7 80 82 116
7 65 37 406* 11 54 31 456* 6 21 66 1146%* 8 22 58 800=*
8 158 121 113 12 122 112 85 7 21 57 1328%* 9 57 49 446%*
9 22 6 842* 13 104 94 98 8 140 133 94 9, 2, 1
8, 0, 1 8, 2,1 9 22 39 1165+* 0 120 114 84
0 203 197 142 0 52 60 385* 8, 4, 1 1 146 140 51
2 149 154 a6 1 36 67 630% 0 62 8 365% 2 61 67 434%*
4 58 67 357* 2 20 46 1129* 1 22 32 1088+* 3 43 25 266*
6 173 177 114 3 20 11 1035* 2 57 39 428* 4 83 83 113
8 135 126 80 4 111 129 87 9, 0, 1 5 22 56 1137*
10 211 218 112 5 107 105 87 0 20 66 1270%* 6 22 28 1170=
12 21 101 1259* 6 20 4 1127%* 2 127 115 80 7 40 41 664>
14 44 6 244* 7 21 68 1228% 4 21 100 1298* 9, 3,1
8, 1, 1 8 52 54 171* 6 41 91 584* 0 22 1 1091*
0 30 57 712%* 9 35 13 642* 8 21 15 1092%* 10, 0, 1
1 113 116 78 10 63 37 140%* 9, 1, 1 0 107 117 104
2 40 59 318* 11 22 46 1301*



Table S-2. Calculated Hydrogen Atom Parameters
X Yy z Biso

H 4 0.863 0.432 0.060 6.4
H S 1.124 0.351 0.045 8.1
H 6 1,308 0.592 0.079 8.6
H 7 1.252 0.906 0.130 7.6
H oA 1.055 1.175 0.143 8.5
H 9B 1.069 1.011 0.201 8.5
H10A 0.883 1.245 0.208 8.0
H10B 0.807 1.172 0.144 8.0
H12 0.798 1.082 0.289 6.0
H13 0.654 0.812 0.331 6.0
H14 0.561 0.515 0.277 5.7
H15 0.603 0.488 0.176 4.9

Hydrogen positions calculated assuming C-H of 1.08A. Biso is from
Uiso(H) = Ueq{C) + 0.01.



*100.
refer to the last digit printed

Anisotropic u(i, j) values
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Anisotropic Temperature Factors are of the form
mp=-2*Pi*Pi* (h*h*ull*astar*astar+---+2*h*k*ul2*astar*kstars---)
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