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SUl.n:J{ EXTHI;SIO~ REACTIONS OF TIIIIRANES:

KINETICS AND :\1EllIANISTIC INVESTI<;ATlONS

by Warren Chew

ÂnSTRACT

A kinelic sllldy on the thermal decomposilion of 2,2-dichloro-3-[9-flllorenyl]

episliifide (28) was investigated in detail. Solid evidence as to the nalllre of the

deslIlfllrization process is given. A Iwo-term raIe eqllation is derived to account for the

overall rate changes. Both a lInimolecular and bimolecular ionic mechanism involving

the connllenation of sliifur aloms was proposed to accollnt for the observed kinetic

behaviour. An extendcd stlldy in 15 different solvents at different temperatures showed

Ihe deslllfllrization is ionic in nature. Activation paramelers were calculated and

ralionalized with respectto differences in solvation of the ground and transition states. A

linear isokinetic relationship was found indicating a similar mechanism of decomposition

in these solvents. Rates of reaclion were also found to be linearly correlated with

dic1ectric constant as weil as the n* scale of Kamlet and Taft. A solvent isotope effect

was found to exist and the rate of desulfurization is decreased in the presence of acetic

acid. A radical rnechanism is discounted from a rate study in the presence of radical

inhibilors.

Several new disubstituled 9-flllorenones were prepared for the first time using

Meyers methodology. These and other mono and disubstituted fluorenones were

employed in an effort to synlhesize a variety of novel stable thiiranes. cnly 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 weil 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 l ,3-dienes, afforded products consistent with the trapping of diatomic sulfur.

~o ~o
s

N~·+Na'DMF
.... CI ...... CI

\ ~ \ ~
139• 28 110 123
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REACTlO:\S l)'EXTRtlS\O:'o: \)lI SOlTRE ilES TIIIIRA:'o:ES :

ETlIDES C!NETlQlIE ET :\lECA!"ISTIQliE

par Warren Che\\'

RESlIl\Œ

Une étude cmcttque sur la décomposition thcrmiquc dcs 2.2-did\lllI'o-J-19­

fluorényll épisulfures (28) a été éffccluée en détail. Dcs prcuvcs tangibles sur la naturc

du mécanisme de désulfurisation sont données. L'étude "inétiquc a débouché sur unt'

équation de vitesse à deux tennes. Deux mécanismes ioniqucs. unimolénllain: ct

bimoléculaire, tenant compte dc la concentration en atome de soufre olll été proposés

pour expliquer le comportement cinétique observé. Une étude approfondie utilisant 15

différents solvents à differentes tempéralures a montré que t'ette réal'lion de

désulfurisation est ionique. Les paramètres d'activation olll été cakulés ct rationalisés en

tenant compte des différences de solvatation entre les élals de base cl de transition. Une

relation linéaire d'isocinétique a été trouvée montrant un mécanisme de décomposition

similaire dans tous les solvents. Les vitesses de réaction sont également apparues,

corrélées linéairement avec les constantes diélectriques tout comme l'échclle 7[* de

Kamlet et Taft. Un effet isotopique du ~olvent a été mis en évidence ct la vitesse de

désulfurisation décroit en présence d'acide acétique. Le mécanisme radicalaire est rejelé

par une étude de vitesse en présence d'inhibiteurs radicalaires.

De nouvelles 9-fluorènones disubstituées ont été synthétisées pour la première

fois en employant la méthodologie de Meyers. Les fluorènones di el monosubstiluées

ont été utilisées pour tenter la synthèse de nouveaux et stables thiiranes, seulement trois

ont été obtenues par cette méthode. Les structures aux rayons-X du 2,2-dichloro-3,3­

diphényl épisulfure (HO) et du 2,2-dichloro-3-dibenzosuberonyl épisulfure (123) sont

également été obtenues pour la première fois.

La thiirane (28) et le cyanodithioformate de sodium (138) onl été utilisées comme

possibles précurseurs de soufre diatomique mais aucune evidence de cet intcressant

intermediare a été detecté. Cependant, la ehlorination de tétramélhylthiurame disulfure

en présence de diènes-I,3 conduit aux produits d'aèdilion du soufre diatomique.
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CHAPTER 1

INTRODUCTION

1.1 THIIRANES

It is almost inevitable thm a comparison bc made of thiiranes 1 with their oxygen

counterpart oxiranes, in view of their sil11ilarities in structure and proxilllity of lheir

heteroatoms to each other in the periodic table. In contrast to the chemistry of oxir'llles

which has been studied enormously, thiiranes or episulfides have receivcd llluch less

attention. The limited literature on thiirane chel11istry may be attrihutcd to their lack of

easy availability, their limited stability and their charactcristic unpleasant smel\ of the

lower 11101ecular weight members. Thiiranes are more prone to spolllancous

polymerization than oxiranes and are less convenient 10 store. Dcsulfurization is a

common pathway in the reaction of Ihiiranes but deoxygenalion of oxiranes is sc1dolll

observed. The ring-opening reactions of thiinllles have received less considcmtion in

contrast 10 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 properties, and

reactivity of thiiranes have appeared recently.1 A number of novel methods of sylllhesis

has been developed and the behaviour of Ihiiranes in many reactions has bcen examined.

Severa! new technical applications of thiiranes have also bcen demonslrated in reecnt

years. A variety of biologically active substances has bcen synthesized containing the

thiirane functiona!ity and in some cases have bcen found to bc more potent than its

oxirane analogue. Thiiranes have also been employed in synthetic carbohydmte

chemistry.2

• 2

a) A. V. Fokin and A. F. Kolomiets. Russ. Chem. Rey., 44,138 (1975); b) A. V. Fokin and A. F.
Kolomiets, Russ. Chem. Rey., 45, 25 (1976); c) E. Vedejs and G. A. Kraffl, Telrahedron, 38,
2857 (1982); d) A. V. Fokin, M. A. Allakhvcrdicv, and A. F. KolomicL~,Russ. Ch.m. Rey., 59,
405 (1990).
D. Miljkovic, M. Popsavin, N. Vukojcvic, and N. A. Hughcs,J. Carbohydr. Res., 9, 215 (1990).



•
2

1.2 NmlENCI.,nURE

111rcc-mcmhcrcd rings containing one sulfur atom are namcd lhiiranes 1 with the

ring numbcring starting al the sulfur alom. Several systems of nomenclature have been

widely uscd :

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) Nume of alkene + epislllfide;

c) Name of alkene + sulfide;

d) Epithioalkane with position of fllnctional group given by numbers;

e) 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 systems a) through e) respectively. For larger molecules, the episulfide

or epithio designation is commonly used. ln most cases, however, thiirane is the more

generalterm used to define compounds containing this functional group.•
1

6

5~
4~7

3

2

1.3 PHYSICAL PROPERTIES

The physical properties of the parent thiirane has been reviewed by Diumer3 and

Sander.4 Typical C-C bond lengths in thiiranes fall between 1.37 A to about 1.60 Aand

COS bonds range from 1.73 Ato 1.92 A. The C-C bond length in thiirane suggeslS a

partial double bond character as a typical Sp3_Sp3 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 Iittle

depending on the substituems present in the molecule. Table 1 Iists bond lengths and

angles for the parent thiirane and their oxides as weil as data for its analogues, aziridine,

oxirane, and phosphorane. The sharp difference between the sttain energy of

• 3

4

D.C. Diltrner, "Comprehensive lIeterocyc/ir Chemistry", A. R. Katritzky and C. W. Rees, Eds.,
Pergamon Press: London, 1984, Vol. 7, Chapter 5.06.
M. Sander, Chem. Rev., 66, 297 (1966).
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cyclopropane and its heteroatom analogues is indic'ative of thl' higlll'r <Il'grl'" of

stabilization of the hetcrocyclic compounds by rt-ckctrons of the hetem.llom. The

contribution of the rt-clectrons enh'll1ccs the unsaturated c'harac'ter of the thiirane ring

which is responsible for its grcater stability compared \Vith the oxiranc ring. The

increase in stability of thiirane is also reflected in a lowcr strain cnthalpy and entmpy

compared with oxirane (59.2 eu. and 38.4 kcal/mol for oxirane and 21.5 cu. and 17.6

kcal/mole for thiirane).s

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

x
O· NHb pc S· SO" SO,'

C-C 1.472 1.480 1.502 1.492 1.504 1.590

CoX 1.436 1.488 1.807 1.819 1.822 1.731

C-X-C 61°24' - 47°24' 48°24' 48°46' 54°40'

C-C-X 59°18' - 66°18' 65°48' 65°37' 62°40'
a G. Cunningham, Jr., A. W. Boyd, R. J. Myers, W. D. Gwinn, and W. I. LeVan, J. Chem. {,hys., 19,

676 (1951); b T. E. Turner, V. C. Fiora, W. M. Kendrick, and B. L. Hicks, J. Cllem. {,hys" 21, 564
(1953); c M. T. Bcwers, R. A. Beaudel, H. Goldwhite, and R. Tang,J. Am. Cllem. Soc" 91,17 (1969); d
S. Saito, Bul/. Clzem. Soc. Jpn., 42, 663 (1969); e Y. Nakano, S. Saito and Y. Morino, Bul/. Cheri!. Sor..
Jpn., 43, 368 (1970).

The principle ions observed in mass spectra of thiiranes are due to loss of a hydrogen

atom or alkyl group. Loss of neutral SH is often observed as weil 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 elec'Ion impact mass spectroscopy. Absorptions in Ihe

UV spectra of thiiranes are usually found between 205 nm to 260 nm. The IR speclrum

of thiirane has been extensively analyzed6 but aside from the parent compound, !iule IR

and Raman work has been done on this class of compound. The reported CoS slretching

vibration frequencies for thiirane are 651 cm·1 and 611 cm· I•7

•
5

6

7

R. Keteham and V. P. Shah,J. Chem. Eng. Data, 11, 106 (1966).
Gas phase: H. W. Thompson and W. T. Cave,J. Chem. Soc., Faraday Tran.•. , 47, 951 (1940);
Liquid phase: G. B. GUÛlrie, D. W. Scott, and G. Waddington,J. Am. Chem. Soc., 74, 2795
(1952).
W. D. Allen, J. E. Benie, M. V. Falk, B. A. Hess, Jr., G. B. Mast, D. A. Othen, L. J.Schaad, and
H. F. Schaerer 111, J. Chem. Phys., 84, 4211 (1986).
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A nUlllhcr of X-ray crystallographic structures of thiiranes have been

doculllented. The first X-ray structure of a thiirane ring system W,IS repoTled in 1972 by

Bates.' They found that the shonness 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

rcccntly reponed.'J The CÎs-l,4 cyclohexadiene bisepisulfide comp1ex of chromium

tetracarbonyl (3) showcd that the CoS bond lengths of 1.915 A appears to be the longest

ohscrvcd to date in episulfide ring systems. The C-S-C bond angles of 47.30 are within

the expected nmge for the episulfide ring.

co
I/CO

~r'-co
CO

3

Another meta1 substituted thiirane, triphenylsilyl thiirane, was shown to have a propeller­

type molecular structure and that the C-C and CoS bonds are significantly shortened.1O

The X-ray crystal structures of two highly hindered thiiranes, 2,2-di-t-butyl-3,3-diphenyl

thiirane ll and adamantylideneadamantane thiirane,12 showed long CoS bond distances.

Longer C-C bonds from the thiirane ring to the t-butyl and phenyl groups were also

observed. Crystallographic data of thiiranes comaining exocyclic double bonds have also

been reported. 13 Thiirane 4a, containing one exocyclic double bond, showed the inherent

ring strain as weil 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

9

10

\1

12

13

R. B. Bates, R. A. Grady, and T. C. Sncath, J. Org. Chem., 37, 2145 (1972).
E. W. Abel, N. A. Cooley, K. Kite, K. G. Orrell, V. Sik, M. B. Hursthouse, and H. M. Dawes,
Po/yhedron, 8, 887 (1989).
G. Barbieri, G. D. Andrcctti, G. Bocelli, and P. Sgarabotto,J. Organomet. Chem., 172,285
(1979).
A. Mugnoli and M. Simonetta, Acta. Cryst.. 832, 1762 (1976).
G. A. Toistikov, B. M. Lerman, L. 1. Umanskaya, Y. T. Struehkov, A. A. Espenbelov, and A. L.
Yanovsky, 'fetrahedron Leu., 21,4189 (1980).
a) W. Ando, Y. Hanyu, Y. Kumamoto, and T. Takata, 'fetrahedron, 42,1989 (1986); b) N.
Tokitoh, H. Hayakawa, M. Goto, and W. Ando, Chem. Leu., 961 (1988).
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The crystal data of a rclated molecule, thiiraniminc 5 also show the unsymmclrica\ nalure

of the thiirane ring due to an exocyclic C=N double bond. 14 Anothcr thiiranimine was

a\so reported lS as weil as the similar \X-thiolactone which contains a exocydie C=0.10

o
5

Severa! other crystal structures of thiiranes were examined including sleroidal thiimnes,17

spiro thiiranes,18 a Dewar-type thiophene derivative,l9 and a polyether antibiotie,

acanthifolicin, which contains the rare thiirane functionality in a natural product.20 The

reported bond lengths and bond angles are ail within the expected range in episulfide

rings. Only a few X-ray structures of episulfoxides21 are reported and to our knowledge

only one X-ray structure of an episulfone has been cited.22

14

IS

16

17

18

19
20

21

• 22

E. Schaumann, H. Nimmesgem, and G. Adiwidjaja, Angew. Chem./m. Ed. Eng/., 21,694
(1982).
G. L'abbé, J.-P. Dekerk, J.-P. Declercq, G. Germain, and M. V. Mecrssche, Angew. Chem./nt.
Ed. Eng/., 17, 195 (1978).
E. Schaumann and U. Behrens, Angew. Chem./nl. Ed. Eng/., 16,722 (1977).
a) K. U. Oda and H. Koyama,J. Chem. Soc., Perldn Trans. Il, 1866 (1973); b) K. U. Oda and H.
Koyama, J. Chem. Soc., Perldn Trans. Il, 933 (1975).
a) W. W. Ng and S. C. Nyburg,J. Chem. Soc., Chem. Comm., 555 (1978); b) K. Fukuyama, S.
Fujii, and Y. Katsube, Acla CrysI., C39, 248 (1983).
N. Kikulani and Y.lilaka, ACla. CrySI.. B31, 1478 (1975).
F.1. Schmil1., R. S. Prasad, Y. Gopichand, M. B. Hossain, and D. V. Helm, J. Am. Chem. Soc.,
103,2467 (\98\).
a) H. Koyama and H. Nakai,J. Chem. Soc., Per/dn Trans. Il, 741 (1977); b) B. F. Bonini, E.
Foresti, R. Leardini, G. Maceagnani, and G. Maz'.anli, Telrahedron Leu., 25,445 (1984); c) W.
Ando, Y. Hanyu, and T. Takata, Tetrahedron Leu., 25,1483 (1984); d) W. Ando, Y. Hanyu, and
T. Takata,J.Org. Chem., 51,2122(1986).
R. Desiderato and R. L. Sass, Acta. Crysl., 23, 430 (1967).
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1.4 N,\TURAI.I.Y OCCVHRI:-;(; Til Il HMŒS

Only a small handful of naturally occurring substances containing the unique 3­

nl~l1lbcr~d hClcrocydic arc known. In 19XO, Peppard and coworkers~J discovered by gas

chromalogmphic analysis thm about 10-350 l'pm of the components of hop oils were 3

sesquilerpcncs, 2 hUnlulenes 6a and 6b and an epithiocaryophyllene 6c.

Ga Gb Ge

•
An epithiospccifier protein was found to be present in both turnip tissue and crambe

seed. ~4 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 eooking mutlon.25 Cabbage and rutabagas were found to contain 2-cyano methyl

thiirane and thiirane carboxylic acid was found in white asparagus. Sorne thiiranes are

found during degradation of the sulfur containing amino acids, cysteine, cystine, and

methionine. Acanthifolicin, a polyether carboxylic acid from the extracts of a marine

sponge was shown 10 contain an episulfide ring.20

I.S B10LOG1CAL ACTlvITY

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.26 Other epithiosteriodaI derivatives such

as the carbenolides are useful as respiratory stimulants and blood pressure increasing

agentsP Two thiiranyl steroids which have been synthesized were demonstrated to be

•
23
24

25

26

27

T. L. Peppard, F. R. Shurpc, und 1. A. Elvidge,J. Chem. Soc., Perkin Trans. J, 311 (1980).
a) H. L. Tookey, Cano J. Biochem., 51,1654 (1973); b) R. A. Cole, Phytochem., 17, 1563
(1978).
L. N. Nixon, E. Wang, C. B. Johnson, and E. J. Birch, J. Agric. Food Chem., 27, 355 (1979).
a) T. Hari, T. Miyake, K. Takeda, and J. Kata, Prog. Cane. Res. Ther., 10, 159 (1978); b) Y.
Muraoka, 1. Yahara, F. Iloh, H. Watanabe, and H. Nara, Chem. Abs., 90, 146152r (1979); c) K.
Takedu, Cllem. Abs., 92, 34512h (1980).
D. Sato, Chem. Abs.. 70, 44421' (1969).
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useful inhihilOrs of human plac'elllai aromatasc" and lanllslcrol l.j(l dCllll·thylasc

(P.J5014dm) which is a c'ytodm)me enzyme rl'sponsibk for the tirst sla~l' in thc

biosynthesis of dlOlesterol frolll lanoslerol.'o Thio~lYl'idatcs Il, whil'h havc lx'cn shllwn

to control hypertension, are usdul as hypoglyœmil' a~cl1ls.·\tl They act hy im'vcrsihk'

inhibition of milochondrial l'arnitine palmitoyl transferase-A enzyme whil'h is

responsible for converting long-chain fally al'ids into their l'sll'r derivativcs. This

inhibitory action cffectivcly prevents further oxidation of these adds as they cannllt l'l1ler

the mitochondrion where oxidation takes place. Thus. thc hlood gllll'osc Ic""ls arl'

lowered.31

Cyclohexene sulfide is known to inhibit bath L-glutathione transfemsc and aryl

hydrocarban hydroxylase enzymes which are responsible for indueing skin tUl1lors. J2

Substituted propylene sulfides were reporled to he active against tubcrculosis.33 111iirane

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 bcen

reporled as a potential immunostimulanl.34 The sulfur analogue of epoxyeicosatrienoic

acid (10) has been synthesized as an arachidonate epoxygenase inhibitor albcit it is less

potem than the nitrogen or oxygen analogues.3S It was prepared by the treatment of the

•

\" ..
5>"1"

H

7 8

R =R, =H or A1kyl

R2 =OH, alkoxy, amino

n = 10-15

28
29
30

31

32
33

34• 35

W. E. Childers. P. S. Furth, M. 1. Shih, and C. H. Robinson,J. Org. Chem., 53, 5947 (19&8).
S. F. Tuck, C. H. Robinson, and 1. V. Silverton,J. Org. Chem., 56,1260 (1991).
a) W. Ho, R. 1. Mohrbacher, and G. Tutwiler, US PalCnt 4196300, Chem. Abs., 93, 71 528j
(1980); b) R.1. Mohrbacher, W. Ho, and G. Tutwiler, US Palent4370343, Chem. Ab"., 98,
149595d (1983).
W. Ho, G. F. Tutwiler, S. C. COllrell, D. J. Morgans, O. Tarhan, "nd R. J. Mohrhacher, J. Med.
Chem., 29,2184 (1986).
A. H. L. Chuang, H. Mukhtar, and E. Bresnick, J. Na/I. Cancer InSl., 60, 321 (1978).
E. P. Adams, K. N. Ayad, F. P. Doyle, D. O. Holland, W. H. Humer, 1. H. C. Nayler, and A.
Queen, J. Chem. Soc., 2665 (1960).
K. Adlgasser, H. HOnig, and R. Zenk, Liebigs Ann. Chem., 283 (1987).
a) J. R. Falck, S. Manna, 1. Viala, A. K. Siddhanta, C. A. Moustakis, and J. C"pdevila,
Telrahedron Lel/., 26, 2287 (1985); b) 1. R. Falck, P. Yadagiri, ""d J. Capdevila, Me/hod"
Enzyrrw/., 187,357 (1990).
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epnxy"j·:m'lIricnoil· acids wilh KSCN. Alpha-adrenergic blocking agents were prepared

using elhylcne sullide as Ihe precursor.16

NHBz

9

5

10

36
37

3H

39
40

41

• 42
43

•

1.6 TIIIIRANES USE!) IN INSECTIClDES!HERIIICIDES

SOllle thiiranes are effective as insecticides. A study has shown that thiiranes

proved to be the most active against insects.37 Thiophosphates of 2-mercapto methyl

thiirane arc slrong insecticides3H and several thiirane l-oxides were reported to be

suflicient to kill weeds, insecls and snails.39 Chloropropene sulfide has been claimed to

be an effective nematocide.40

1.7 TECIINICAL ApPLICATIONS

A number of useful applications of thiiranes have been reported. 2-methyl

thiirane has been used as a fuel gas odorant, 1,2-dimethyl and 1,2-diphenyl thiirane in

liquid crystals,41 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 ftre extinguisher

agents.42 Thiiranes have also appeared in components of paint and varnish coatings,

insulating materials, semi-conductors and antioxidants.

Polymerie materials containing the epithio functionality possess excellent

mechanical properties. Epoxy resin compound 11 was fClInd to be resistant to heat43 and

R. Granados, M. Alvarez, N. Valls, and M. Salas, J. /leler. Chem., 20.1271 (1983).
a) D. E. Frear and E. J. Seiferle, J. Econ. Entamai., 40, 736 (1947); b) 1. B. Siddall and C. A.
Hcnrick, US Palcnt 3723462. C/zem. Abs., 78, 159402q (1973).
a) W. Lorenz, Gennan Paient 1086712 (1960); b) G. Schradcr and W. Lorenz. Gennan PalCnt
1082915 (1960), C/zeln. Abs., 55. 25983 (1961).
G. E. Hanzcll. US Patcnt3413306 (1969), C/zem. Abs., 70. 574t8s (1969).
C. Harukawa. M. Sakai, and K. Konishi, Japancse Patcnt9997 (1962), C/zem. Abs.• 60, 3440
(1964).
G. GOllarclli, P. Mariani, G. P. Spada, B. Samori. A. Fomi. G. Solladic, and M. Hiben,
Terrahedron, 39,1337 (1983).
F. C. McGrcw. US Patcnt3136744 (1964). Chem. Abs.• 61, 4312 (1964).
V. A. Dzhafarov, S. I. Sadykh-l.1dc. S. K. Kyazimov. A. V. Ragimov. and S. D. Abbasova.
Chein. Abs.• 91, 40423a (1979).
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aryloxypropene sultides have bcen proposed as light and heat stabilill'rs fI>!' 1'0I)'lviny\)

chloride and co-polYll1ers of vinyl ehloride.

R = H, CH3

n = 1, 2

•

The oxirane analogues of the sultides were found to bc less effective:" Othcr rcsin

cOll1pounds were useful as photoresistors. The poly(ethylene glycol) ethl'r of 2­

hydroxymethyl thiirane showed ill1provell1ent of alllistatic properlies of lïl'Cr and lïlll1s.

Poly(ethylene) sultides have high tensile strength.45

1.8 THE~MAL AND PIIOTOCIIEMICAL REACTIONS

1.8.1 INTRODUCTION

The lower ring strain of thiiranes compared to other 3-ll1ell1bered rings (oxirane.

aziridine and cyc!oprop2.ne) suggests thiiranes wouId he less reactive than oxirane (Lf.

Section 1.3). However, il is the lower bond energy of CoS (66 kcal/mo1) cOll1pared 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 thennal or phOIOChell1ical

reactions involve either thp- c!eavage of the carbon-sulfur bond, which oflen le'ld to

rearrangement products, isomeric or polymeric materials, or extrusion of su\fur which

results in the fonnation of alkenes. Thiiranes thal are highly aryl-substituted or whose

molecule is substituted with electron attracting groups are more likely to promole the

abstraction of sulfur. The gas phase thennal and photochemical reactions of thiirane and

its nitrogen and oxygen relatives have heen reviewed by Braslavsky.46

1.8.2 SULFUR EXTRUSION

There are many non-thennal reacUons that involve the extrusion of sulfur l'rom

thiiranes bUl Iittle work has been done on the therrnally induced desulfurization reaction.

A recent review on thennal decomposition of sulfur compounds including thiiranes is

given by Williams and Harpp.47 Articles on the elimination of sulfur from thiirancs have

• 44
4S

46
47

M. Kosmin, US Patenl2824845, Chem. Abs.. 52, 9667 (1958).
P. Sigwalt, Chim./nd.. Genie Chim., 104.47 (1971).
S. Braslavsky and J. Heicklcn, Chem. Rev., 473 (1977).
C. R. Williams and D. N. Harpp, Suifur Repls., 10, 103 (1990).
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alsn appeared in the last fe ..... years." il appears that the tirst case lI1volving spontaneous

Joss of sulfur from thiiranes sun:ilituted by aryl or halogen was reported by Staudinger

and Siegwart'" (Scheme 1) and Schonberg (Schcme 2).50 The themlOlysis reaction of cis

or rran.l'-2,3 divinyl thiirane (\2a) Joses sulfur at 900e affording a mixture of cis and

crans l ,3,5-hexatriencs plus rcarrangement dihydrothicpins.51

RI =R2 =phenyl,~ Scheme 1

•
•

Scheme 2

Howcver, Bergman52 showed that crans-2,3-diethynyl thiirane (l2b) when heated at

lOooe in toluene gave predominantly crans alkene but at 3950e in the gas phase, the

slcrcoselectivity is lowered.

•
48

49
50

SI

52

a) Y. Suhara, Yrll:agaku, 32, 466 (1983); b) F. S. Guziec, Jr. and L. J. Sanfilippo, Terrahedron,
20,6241 (1988).
H. Staudinger and J. Siegwan, Ile/v. Chim. Acca., 3, 840 (1920).
A. ScMnbcrg and L. V. Vargha, Liebigs Ann. Chem., 483,176 (1930).
a) M. P. Schneider and M. Schnailhmann,J. Am. Chem. Soc., 101,254 (1979); b) J. C.
Pommelel and J. Chuche,J. Chem. Res. (S), 56 (1979).
K. P. C. Vollhardl and R. G. Bergman, J. Am. Chem. Soc., 95, 7538 (1973).
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12a

cis or !Tans

A
12b
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A chelotropic extrusion of a sulfur lltom couId explain the rclention of stt:n:odlemislry

but it was considered unlikely and the authors concluded that the reaetion was mort:

complicated.53 In 1985, Lutz and Biellmann54 sludied lhe mechanislll of sulfur eXlnlsion

of 2,2-dichloro-3-[9-fluorcnyl] thiirane (cf. Scheme 1). Their eondusion was thal sulfur

loss was not a chelotropic extrusion but that a more eomplex process was involvcd.

Bouda and co-workers55 described the decomposition of furanie and aromatie thiiranes at

moderate temperatures (90°C) but at low temperatures (OoC) desulfurization docs not

take place. When thiirane 13 was heated gently, elemental sulfur was obtained and lhe

thiirane convened to the ethylene derivative 14.56 In the rellction of lhiobenzophcnone

with diazomethane or diazoethane, thiirane 15 was produced but sul fur was lost at room

temperature with a half-life of 16 hr to give the olefin 16.51

•
53

54
55
56
57

The mcchanism of desulfurization of a related molccule, an allene episulfïde, was studieu by
Ando and rationalized via a lhioxyallyl radical intennediatc ahhough no c1car conclusinns wcrc
justifïed; W. Ando, A.llami, T. Furubala and N. TokilOh. Telrahedron Le"., 28,1787 (1987).
E. Lutz and J. F. Biellmann, Tetrahedron Lel/., 26, 2789 (1985).
H. Bouda, M. E. Borredon, M. Delmas and A. Gaset, Synth. Comm" 19,491 (1989).
N. A. Korcbevin, V. A. Usov, and M. G. Voronkov, Chem./Ielero. Cmpds., 623 (1974).
a) 1. KaJwinsch, L. Xingya, J. GottsLCin, and R. Huisgen,J. Am. Chem. Soc., 103,7032 (1981);
b) R. Huisgen and L. Xingya, /Ielerocycles, 20, 2363 (1983).



• o
-~I

13

1--58 8

•

14

12

ln the reaction of thiocarbonyl fluoride with diazomethane, 2,2-difluorothiirane was

formed but spontaneous\y lost su\fur at oOe (Scheme 3).58 Aliphatically substituted

lhiiranes such as fenchane-spirothiirane (17) extrude sulfur when heated.59 Three recent

articles have appeared which showed that episulfide compounds lose sulfur

spontaneously to give the 0Iefin,60' biaryl compounds,60b and a diazepine.6Oc•

15

FzC=5 -300C
+ •

CHzNz

16

5cheme 3

17

5 0

p~h
o Ph

18

Several examp\es are reported in the literature where photochemical reactions

involve sulfur loss. The photolysis of dibenzoylstilbene thiirane (18) afforded

•
58
59

60

W. J. Middleton, E. G. Howard, and W. H. Sharkey,J. Org. Chem., 30,1375 (t965).
J. M. Beiner, D. Lecadet, D. Paquer, and A. Thuillier, Bull. Soc. Chim. Fr.• t983 (1973).
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. KatriLZky, and D. Rasala,J. Org. Chem.•53,4821
(1988); c) J. Svetlik, F. Turecek, and I. Goljer,J. Org. Chem. •55,4740 (1990).
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dibenzoylstilbene. The loss of slIlfllr \Vas explainl'd by assliming a l"ieavage of lhe CoS

bond of the three-membcred ring fonning a biradit"al intennediale \Vhit"h is lhen followed

by loss of atol1lic slllfllr.6! A similar conl"illsioll \Vas proposed when Bel'ker"~

investigated the photochemistry of tetraphenylthiirane. Another photl1<.·hl'mit"al sludy

was condllcted by Trozzolo on tetraphenyloxirane but the authors favoured an ionit"

mechanism rather than homolytic cleavage.6)

1.8.3 CoS AND C-C BOND CtEAVAGE

The other pathways in thennal reaetions of thiiranes involve CoS or C-C bond

fission. Many unusual rearrangcment or isomeric prodllcts arc isolaled, espccially in

substituted thiiranes. The CoS bond is eilher clcaved hOl1lo1ytically or hetcrolylieally

leading to vmous products. Whcn exo-2,3-cpithionorborn-5-enc (19) is photolyzcd, 2­

thiabicyclo[3.2.1] octa-3,6-diene (20) is obtained via a slepwise 11ll:chanisl1l involving a

homolytic cleavage of the CoS bond.64

• 19

hll
• _.~

20

Triene 21 undergoes a simiJar rearrangement to afford thiabicycles.6s Benzothiophene

(23) was observed when thiirane 22 was heated in refluxing benzene.66

d
21 22

·HBr
•

Ph

o}cl
23

Only a few examples in the literature have shown that the C-C bond is c1eavcd

thennally. The fonnation of dihydrothiepins from thennal rcarrangcmcnt of 2,3-divinyl

•
61

62

63

64

6S

66

A. Padwa, D. Crumrine, and A. Shubber,J. Am. Chem. Soc .. 88, 3064 (1966).
R. S. Becker, 1. Kolc, R. O. Bost, H. Kietrich, P. Petrellis, and G. Grimn, J. Am. Chem. Snc., 90,
3292 (1968).
A. M. Trozzolo, W. A. Yager, G. W. Griffin, H. Kristinnsson, and I. Sarkar,J. Am. Chem. Soc.,
89,3357 (1967).
T. Fujisawa and T. Kobori,J. Chem. Soc., Chem. Comm., 1298 (1972).
A. G. Anastassiou and B. Y. H. Chao, J. Chem. Soc.. Chem. Comm., 277 (1972).
D. Seyfenh, W. Tronich, R. S. Marmor, and W. E. Smith,}. Org. Chem.. 37,1537 (1972).
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thiiranesi and Bcrglllan's cis-2,3-diethynyl thiirane isomerization to the

thienocycloblltadicne (24) are helieved to take place via C-C bond cleavage.52 And067

rcponcd Ihat in the reaction of palladillm(O) with allene epislIlfide, a bicyclo thiahexane

derivative was isolated and that this compound can he rationalized by a C-C bond

breaking in an intennediate step.

Il ~s

•

24

1.8,4 POLYMERIZATION

Anolher common reaction palhway for thiiranes involves polymerization under

influence of heal or light. Polymerization reactions of alkene sulfides appear in a review

article by Sander.4 At rQOm temperature, both the parent molecule and 2-phenylthiirane

polymerize and 2-methyl thiirane polymerizes on exposure to light.4 Most thermal and

photochemical polymerizations probably proceed by diradical intermediates which may

he trapped by various acceptors. In the thermolysis of cyclohexene sulfide,

dcsulfurization occurs with the formation of cyclohexene. Six other products were also

observed which may he derived either from the diradical intermediate (homolytic

cleavage of CoS bond) or reactions with elemental sulfur.68

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 he formed if substituent R can stabilize the cation. If

the sulfonium salt predominates th~n an SN2 mechanism predicts product B would he

fonned due to the nucleophilic attack at the least hindered site. Thiiranes are more

reactive than oxiranes due to the lower CoS bond energy and almost all reactions of

thiiranes involve ring openings similar to oxiranes.

• 67

68
N. Choi, Y. Kabc, and W. Ando, TetrahedronLeIl., 32, 4573 (1991).
S. Inouc and S. Oac, Bull. Chem. Soc. Jpn., 48, 1665 (1975). See also a) D. S. Tarbell and D. P.
Hamish, Chem. Rey., 18 (1951); b) A. Noshay and C. C. Priee,]. Po/y. Sei., 54, 533 (1961).
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A B

•

1.9.1.1 PROTONATION AND BEHAVIOUR WITH LEWIS Acms

In the presence of acids, thiiranes usually are protonated and polymerization takes

place. With the acid-catalyzed addition of nucleophiles, ring opening prodllets arc

observed and polymerization occurs when another molecule of thiirane aets as the

nucleophile. Polymerization is often observed in the presence of Lewis acids whereas

thiiranes form complexes wilh many metals. However, desulfurization is observed wilh

molybdenum,69 rhodium,70 ruthenium,71 and osmium72 metal complexes. Palladillm(O)

in the reaction with ailene episulfide gave rearrangement prodUCIS. 67

1.9.1.2 ALKYL AND ACYL HALIDES

Ring opening producls are usually observed in the presence of alkyl or acyl

halides. The sulfonium salt is formed in the intermediate but halide attack 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 he isolated but they are frequently unstable and result in polymeric

materials.

S
~ + RX

Scheme 5

R~

• 69
70
71
72

J. T. Roberts and C. M. Friend, J. Am. Chem. Soc., 109,7899 (1987).
S. Calet and H. Alper, Terrahedron Leu., 27, 3573 (1986).
C. R. Brulet, S. S. Isied, and H. Taube, J. Am. Chem. Soc., 95, 4758 (1973).
R. D. Adams, G. Chen, S. Sun, and T. A. Wolfe, J. Am. Chem. Soc., 112,868 (1990).
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The S-melhy\ thiirane salt 26 was isolatcd whcn L'is-! ,2 di-l-buty! thiirane (25) is trcaled

with MeOS02F al O°e. S-'Iœly\ derivalives result when thiimnes are reacted with acety!

chloridc (Schcmc 6).

25 26

S

~R
AcC\

•
Scheme 6

1.9.1.3 HALOGENS

In rnany cases, halogenation reactions of thiiranes give sulfenyl halides or

disulfidcs such as in the case of chlorination of ethylene sulfide (Scherne 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 (Scherne 8).

S
~ • C~CI

Scheme 7

S
~

Scheme 8

•
1.9.1.4 SUU'UR, Nll'ROGEN, AND PHOSPHORUS CONTAINING REAGENTS

Scherne 9 shows the general behaviour of thiiranes when treated with sulfur

1l10nochloride or sulfur dichloride. With sulfur dichloride, a chloro disulfide is obtained
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and a chloro trisliifide is obtained with slIlfllr monochloridc. :\ 2: 1 ratio of sliifur halidt'

to thiirane reslilts in tri or tetrasulfides.

scy

•

Scheme 9

The reaction of 2 with N-chlorobcnzene slilfonylfonl1imidoyl chloridc (Schcmc Hl) l'rom

electrophilic allack by nitrogen on the sulfllr atom fonns thionitrosomcthanc 'L~

evidenced by trapping experiments.73 Desulfurization may also occur by lIsing 2-mclhyl­

3-phenyl oxaziridine.74 Some phosphorus compollnds are also known to rcact

electrophilically with the thiirane sulfur.75

CI
1

2 + PhS02C=NCI

Scheme 10

1.9.2 NUCLEOPHILIC ArrACK ON SULFUR

The most widely used nuc\eophilic reaction of thiiranes is the desulfurization by

trivalent phosphorus compounds to give the alkene and phosphine sulfide.

• 73

74

7S

M. S. A. Vrijland. Terrahedron Leu.• 837 (J 974).
Y. Hata and M. Watanabe. J. Drg. Chem.• 45. 1691 (J 980).
R. Appel and V.I G1llsel. Z. NazUTforsch.• Teil B. 447 (1981).
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Triphcnylphosphinc76 is most commonly used although tricthylphosphine,77 triethyl

phosphitc,78 tributylphosphine,79 and tris(alkylamino)phosphines80 have been emp10yed.

Sulfur81 and nitrogcn82 nuclcophiles also attack the sulfur atom of thiiranes. Oxygen

nuclcophilcs usually attack at the carbon alOm on the ring but it was reported that

dcsulfurization 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. 84 Other desulfurization mcthods have also been reported.85

79

80

81

82
83
84

85•

• 76

77
78

a) R. E. Davis,J. Org. Chem., 23, 1767 (1958); b) C. E. Diebert, J. Org. Chem., 35, 1501
(1970); c) D. H. R. Barton and B. J. WilIis,J. Chem. Soc., Perkin Trans. l, 305 (1972); d) D. H.
R. Barton, F. S. Guziec, Jr., and I. Shahak,J. Chem. Soc., Perkin Trans. l, 1794 (1974); e) B. F.
Bonini, G. Maccagnani, G. Maz7.anti, and P. Piccinelli, Tetrahedron Lell., 3987 (1979); f)
G. Barbare, A. Battaglia, P. Giorgianni, G. Maccagnani, D. Macciantelli, B. F. Bonini, G.
Mazzanti, and P. Zani,J. Chem. Soc., Perkin Trans. l, 381 (1986); g) W. Freund and S. Hünig,
Ile/v. Ch/m. Acta., 76,929 (1987).
C. C. J. Culvenor, W. Davies, and N. S. Heath,}. Chem. Soc., 282 (1949).
a) N. P. Neureiter 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); c) A. I. Meyers and M. E. Ford, J. Org. Chem., 41,
1735 (1976); d) R. J. Bushby and M. D. Pollard,}. Chem. Soc., Perkin Trans. l, 2401 (1979); e)
J. E. McMurry, G. J. Haley, J. R. Matz, J. C. Clardy, G. Van Duyne, R. Gleiter, W. Schaerer,
and D. H. White, J. Am. Chem. Soc., 168,2932 (1986).
a) D. B. Denney and M. J. Boskin,J. Am. Chem. Soc., 82,4736 (1960); b) W. Ando, Y. Hanyu,
Y. Kumamoto, and T. Takata, Terrahedron, 42, 1989 (1986).
a) D. H. R. Banon and B. 1. WilIis,}. Chem. Soc.. Chem. Comm., 1225 (1970); b) A. G.
Honmann, A. Bhattacharjya, J. Am. Chem. Soc.. 98, 7081 (1976).
A. S. Gybin, W. A. Smil, M. Z. Krimer, N. S. Zefirov, L. A. Novgorodtseva, and N. K.
Sadovaya, Tetrahedron, 36, 361 (1980).
J. Boisler and R. M. Kellogg,}. Chem. Soc., Chem. Comm., 630 (1978).
Y. Ueno and M. Okawara, Bull. Chem. Soc. Jpn., 45,1797 (1972).
K. Okuma, Y. Tachibana, J. Sakata, T. Komiya, I. Kaneko, Y. Komiya, Y. Yamasaki, S.
Yamamoto, and H. Ohta, Bull. Chem. Soc. Jpn., 61,4323 (1988).
a) J. R. Schauder, J. N. Denis, and A. Krier, Tetrahedron Lell., 24, 1657 (1983); b) I. Zeid, S.
Yassin, I. EI-Sakka, and A. Abass, Liebigs Ann. Chem., 191 (1984); c) J. Nakayama, S. Takeue,
and M. Hoshino, Tetrahedron Lell., 25, 2679 (1984); d) F. Capozzi, G. Capozzi, and S.
Menichelti, Tetrahedron Lell., 29,4177 (1988).
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DMSO
•

l
Scheme 11

•

1.9.3 NUCLEOPHILIC ATfACK ON CARIION

A variety of nucleophiles allack the carbon atom of thiirancs to givc ring opcncd

products (Scheme 4 and 12). The reactivity is higher than in the analogolls rcaction with

oxiranes; hence, thiiranes tend to polymerize more readily than oxiranes. Many diffcrent

products are ohtained from the generated thiolate anion. With oxygcn nuclcophilcs such

as hydroxide and alkoxide/aryloxide ions. the mercaptan derivative is lIslially obtained

although polymerization occasionally occurs. Under these conditions, a thiolate anion is

formed which is much more reactive than the oxygen anion.86 ln many of these cases.

there is no preference for allack at either carbon. The polymeric materials obtained from

these reactions have been used as Iight and water resistam agents.R?

S

~R
Nu'

~ N~' +

R

Scheme 12

'sY
Nu

Nitrogen nucleophiles also react to give 2·mercaptoethyl amine derivatives. The

general feature in reactions of thiiranes with amines is that the allack usually occurs

regioselectively at the least hindered position. The thiirane ring is opened casier than the

corresponding oxirane ring.88 Primary and secondary amines feact readily whereas

•
86

87
88

T. V. Vergizova. A. A. Rodin. and K. A. V'yunov, Zh. Org. Khim., 22, 1396 (1986) and
references lherein.
G. Champctier and F. Lucas. CampI. Rend., 252,2782 (1961).
a) H. Kakiuchi, T. Iijima, and H. Horie. Telrahedron. 35, 303 (1979); b) A. Champseix, J.
Chanet, A. Étienne, A. Le Berre. J. C. Masson, C. Napierla, and R. Vcssière, Bull. Soc. Chim.
Fr., 463 (1985); c) R. Luhowy and F. Meneghini,J. Org. Chem., 38, 2405 (1973).
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wcakly basic and hindcrcd amines arc less reactive and require harsher conditions.

Polymeric products result when tcrtiary amines or amide ions are used. The optimal

conditions la effect the reaction would be to use polar media with weakly basic amines.

This would accclerate nucleophilic opening of the thiirane ring. Unreactive thiiranes can

also bc made to react with highly basic amines under similar conditions.

Sulfur nuclcophiles arc more reactive towards thiiranes than oxygen or nitrogen

nuclcophiles and anack on the least substituted carbon is commonly observed. The

thiotale anion rcacts rapidly with many functional groups which, in most cases, lead to

polymeric products. However, with effective acceptors of thiolates, which inhibit further

polymerizalion, monomeric products can be obtained. Thiols cleave the CoS bond giving

2-alkylethane thiols as weil as oligomerization products.

Halogen nucleophiles are also known to react with thiiranes leading to ring

opened prodllcts. They react preferentially on the most substituted carbon but allacks on

the \css substituled carbon have also been reported.89

Carbanions anack at the least hindered carbon atom of the thiirane.90 These

anions include Grignard91 and alkylIithium92 reagents and metal complexes,93 ail which

lead to ring-cleaved producls. In some cases, desulfurization occurs with the formation

of the olefin and metalthiolate.76c.88b.94

Althollgh the most common reaction of phosphorus compounds 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 prodUClS.9S

•

89

90

91

92

'13

94

9S

a) G. K. Helmkamp and D. J. Peuitl, J. Org. Chem., 27, 2942 (1962); b) P. Raynolds. S.
Zonnebelt, S. Bakker, and R. M. Kellogg,J. Am. Chem. Soc., 96, 3146 (1974); e) Y. Taguchi
and Y. Suhara, Chem. Abs., 94,174260 (1981).
a) c.e. Guss and D. L. Chamberlain, Jr.,J. Am. Chem. Soc., 74, 1342 (1952); b) Y. Taguchi and
Y. Suhara, BIlII. Chem. Soc. Jpn., 59, 2321 (1986).
a) D. C. Diumer, 1. E. McCaskie. 1. E. Babiarz. and M. V. Ruggeri,J. Org. Chem., 42,1910
(1977); b) P. K. Claus, W. Rieder, and F. W. Vierhappc, Monalsh. Chem.• 109,609(1978).
a) F. Laulenschlaeger and H. Schnecko, J. Po/y. Sei. Al, 8, 2579 (1970); b) P. Ongona, B.
Mauze, and L. Miginiac, Synthesi.. , 1069 (1985).
a) L. A. Korolneva, G. P. Belonovskaya. and B. A. Doigoplosk, Dold. Acad. Nallk. SSSR,
207(4),899 (\972); b) B. M. Trosl and S. D. Ziman,J. Org. Chem., 38,932 (1973); c) A.
Mordini, M. Taddei, and G. Seconi, Ga::. Chim. 110/.,116,239 (1986).
a) F. G. Bordwell, H. M. Andersen, and B. M. Piu, J. Am. Chem. Soc., 76, 1082 (1954); b) R. H.
Schlessinger, G. S. Ponticello, and A. G. Schultz, Telrahedron Leu., 3963 (\968); c) B. M.
Trosland S. Ziman,J. Chem. Soc.. Chem. Comm., 18\ (1969); d) B. Rajanikanth and B.
Ravindranath,lnd. J. Chem., 23B, 879 (1984).
a) B. E. Jennings, Brilish Palenl1077958, Chem. Abs., 67, 8'2542y (1967); b) A. Nicco and B.
Boueheron, German Paient 1814640. Chem. Abs.. 71, 81929a (1969).
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1.10 PLAN OF STliDY

Our main objective is to unequivocally delenninc a mechanism for Ihe thennallv­

induced sulfur extrusion of thiiranes. As our mOllel, wc have dlosen 10 l'arefully re­

examine the kinetics of 2,2 dichloro-3-[9-fluorenyl] episultïde (28) ((f. Section 2.1) for

severnl reasons. Firsl, the synthesis of this l'ompound is fairly slraightforw.ml and is

well-documented in the literature. Sel'ond. this panÏl:ular thiirane can he stort'd in the

refrigerator for severnl months without noticeable decomposition. AlIhough it is known

that thiiranes containing aromatic and electron withdrawing substilUents are usually

unstable, the stability of this thiirane is ideal as it allows study on its thennal

decomposition under suitable conditions. Finally, a detailed kinetic study would allow

clarification of the conclusions made by Lutz and Biellman54 and to provide strong

evidence regarding the nature of the desulfurization. 1t should then he possible to

establish a possible general rate law that governs the mech'lIlism of the thermal

decomposition of thiirnnes.

Another goal of this project is to examine the eCfect of solvent on the

decomposition of 28. The effect of solvems should distinguish whether the extrusion of

sulfur proceeds via an ionic or radical mechanism. A possible correlation bctween mte

and a solvent polarity scale could then be made.

We felt it appropriate to symhesize 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. Sorne general

conclusions regarding the mode of decomposition could thus bc made.

The possibility of generating singlet diatomic sulfur in thiiranes will also bc

examined. This would not only provide insight imo the overall mechanism of sulfur

extrusion From these thiiranes but could also serve as another method to deliver 1S2 from

a relatively stable and readily available precursor. Other feasible methods of producing

1S2 will also be investigated.
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CHAPTER 2

KINETICS OF THE DECOMPOSITION OF 2,2.DICHLORO-3·[9­

FLUORENYL] EI'ISULFIDE

2.1 INTIlOIJUCTlON

Detailed kinelic sludies on the decomposition of lhiiranes have rarely been

reported in the lileralllre. In many of these reactions. elemental sulfur is lost but no

detailcd mention of the mechanism involved in the extrusion is reported. There appear to

he three examples in the literature thal have dealt wilh kinetic studies in the thermal

decomposilion of thiiranes.

•
Bergman's52 work suggests that thermal sul fur extrusion from 1.2 diethynyl

thiirane (I2b) 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

unimolecuhtr 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.

12b
toluene-ds

•

Lutz and Biellmann54 studied the thermally induced extrusion reaction of 2,2

dichloro-3-[9-fluorenyl] episulfide (28) in decalin at lOOoe querying whether the loss of

sulfur was a unimolecular process (S~heme 13). They concluded that the decomposition

of 28 is not a first order reaction. elean kinetic behaviour was not observed from their

results and il 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 funher with another molecule of thiirane.

Schema 13

"S"+

29

•
decalin

28•
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Finally. the lllec'hanislll of eXlrusion of a related Illolecule. an allene q'isu1tïde.

was exalllined by Ando and coworkers.5.\ The lhennally catalYll'd desulfurizalic'll of JO

in o-dichlvrobenzene al 150°C Ied lhe authors 10 poslulale a lhioxyallyl radkal

inlenllediate. The observed raIe acceleralion in diglYlllc was r.\lionalized by lhe dipole

mome11l of the CoS bond biradical illlennediate Wilh a small cOlllribulion of zwillc'rionic

strUClllre. A similar kinetic study \Vas undertakcn by the samc authors on JI but only 2.4

dimethyl-3-mercaptopenla-1,3 diene (32) was obtained via an intramolecular 1,4

hydrogen shift and no allene \Vus rccovered.96

S

_I-~~:l-~Ph+ Ph
30

_0 ,><-.=<.Ph
r Ph

•
31

o

S.

*
SH

_oyY
32

2.2 RATE LAW IN THE DECOMPOSITION OF 28

According ta Scheme 13, the rate of this reaction equals the rate of decrpase in

the concentration of episulfide or the rate of increase in the concentration of olefin with

time. Thus:

Eq. (l) lE] = concentration of episulfide

(01 = concentration. of olefin

•
The rate of decomposition ','1' 28 l'an be conveniently obtained by measuring the increase

in absorbance with time of the aldin product 29 at 'A. = 325 nm. Ama. (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).
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Following Ihe Beer-I.ambert I.aw.

Il = rhe Eq. (2) A = absorbance

E= molar extinction coefficient

b = cell pmh length (cm)

C = concentration (M)

•

The concentration/time rates can then he calculated by dividing the calculated
slopes by the molal' extinction coefficient, E, a value which is characteristic of the olefin

in the medium in whieh 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

detennincd. Exeellcnt linear relationships were obtained in ail 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

obtaincd 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 Â, =325 nm.
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Table 2. Extinction codtkicnts for 29 in various sl)lwnts IllCaSUI"l'l\ at À = .~~5 11111.

Solvcnt E Solvcnt f

Decalin 3720 ± 381 1: 1 Dccalinrrolucl\c 6'l·\O ± 816

DMF 7233 ± 863 Decanc n'lO ± 284

DMSO 9368 ± 1084 1,1,2,2·Tetmchlorocthane 8476 ± 1087

Isobutanol 2820 ± 342 1,2,4.Trimethylbcnzene 810'l ± 1092

2·Chloroethanol 4827 ± 862 o-Xylene uon ± U 12

Chlorobenzene 7915 ± 989 IIl·Xylene 7743 ± 938

o-Dichlorobenzene 11511 ± 1220 p-Xylene 7402 ± 901

BrOll1obenzene 11121 ± \301 Ethanol 2894 ± 427

Toluene 6315 ± no Ethanol-cl 3493 ± 768

The thermal decomposition reaction was conducted in 16 different solvents Crable 2) ail

involving runs at 80°C. Table 3 shows calculated mtes al various concentrations. A

typical rate profile in toluene is shown in Figure 2.• Figure 2.
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Table 3. Calclliated raIes of reaction at variolls concentrations at gODe.

-~--=-""-"==

Dccalin DMF DMSO
- . -

lepisulfidcl 11/ timc3 Icpisulfide] II/lime Icpisulfide) ( Il lime
_.

0.10 0.13 0.001 0.28 0.048 3.4

0.20 0.42 0.005 0.82 0.097 6.4

0.50 1.0 0.01 0.86 0.19 12

1.0 2.9 0.03 3.0 0.48 35

1.2 4.2 0.05 6.1 0.97 113

1.5 5.2 0.08 7.3

1.8 6.9 0.10 II

2.0 10 0.15 23

0.20 32

0.25 34

0.30 49

Isobulanol 2-Chloroethanol Chlorobenzene

lepisulfide] [1/ time [episulfide] [ ] / lime [episulfide] [1/ lime

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 2.9 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

26
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Table 3. conlinlled

. n. _~

=-"~-'~

o-Dichlorobenzene Bromobenzene Tolllcnc
---== ~-

[epislIlfide] [ II lime [epislIlfidel 1J/ lime 1cpislIlfideJ 11/ limc

0.10 0.043 0.033 0.020 O.OS2 O.OO9~

0.15 0.060 0.087 0.012 0.0~3 0.019
0.20 0.097 0.10 0.037 0.10 0.050

0.25 0.15 0.15 0.012 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 o.n
0.87 1.5 0.33 0.31 0.31 0.29

1.1 2.3 0.54 0.87 0.52 0.47

1.4 3.0 0.87 1.3 0.83 0.90

1.9 4.2 1.1 2.4 1.0 1.5

1.4 3.2 1.4 2.3

1.8 6.3 2.0 4.4

1:1Decalin/Tolllene Deeane 1,1,2,2 Telraehloroethane

[episulfide] [ ]1 lime [episulfide] [ ]/lime [epislllfideJ 1I/limc

0.053 0.041 0.Q10 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

1.4 1.9

1.9 3.3

27
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Tabie 3. conlinued

-

1,2,4 Trimcthylbenzene o-Xylene

[episulfidel II/lime [episulfide1 [1/ lime

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

2.0 l.l 1.1 1.3

3.0 2.2 2.2 3.4

2.7 5.4

3.3 6.5

m-Xylene p-Xy\ene

[episulfide] [1/ lime [episulfide1 [1/ lime

0.10 0.013 0.10 0.036

0.50 0.081 0.21 omo
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 2.3 1.8 2.2

2.1 3.6

2.2 3.8

2.4 4.2

2.6 4.6

3.1 5.8

a Ali rates arc in mM s'\ x lOS

28
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By inspection. the decomposition of 28 is 1/01 a Iirst order reaction (in agrcl'mcnt

with that observed by Lutz and Biclltnann54 ) ,lI1d th us is not a simple unimolcl'lilar

decomposition. Fromthis detailed kinctic study, four possible ratc laws \\WC clamincd

to fit the data:

Eq. (3)

Eq. (4)

Eq. (5)

Eq. (6)

1E1= concentration episultïde (mM)

k1 = s·l

k2 = mM-1 5"

k3 = mM-2 S"

".
Values of the rate constants, kt, k2 and k3, were obtained by curve-fitling the data

using the Marquardt·Lerenberg interactive algorithm97 and are listed in Tables 4a and 4b.

The accuracy of the rate equations were judgcd by calculated correlation coefficients.

These coefficients are shown in Table 5. The best overall correlation value corrcsponded

to Eq. (3). This enables us to conclude that the mechanism of sulfur loss is consistent

with the two·tenn rate expression consisùng of the first and second order terrns, El].

(3).98

• 97

98
SigmaPlot Scientific Graphing System Version 4.1, landel Scientific Corporation.
W. Chew and D. N. Harpp, TelTahedron Lert., 33,45 (1992).
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Table 43. k,/kz "nd k,/k3 raIe consmnts daived from Eq. (3) and (4) respectively.

-.=

Rme = kdE] + kzlElz Rate = k,[E] + k3[Ej3_. ..

Solvent k,a kzb kl3 k3c

Decalin 0.72 ± 0.51 2.0 ± 1.0 2.1 0.69

DMF 109 ± 32 173 ± 116 133 330

DMSO 36 ± 21 82 ± 29 57 14

IsoblitanoJ 5.6 ± 1.2 0.14 ± 0.82 5.6 0.07

2-Chlorocthanol 8.3 ± 5.0 12 ± 4 16 5.0

Chlorobenzene 0.78 ± 0.27 1.3 ± 0.3 2.1 0.35

o-Diehlorobenzene 0.52 ± 0.20 0.99 ± 0.33 2.1 0.08

Bromobenzene 0.50 ± 0.27 2.5 ± 1.0 1.24 0.63

Toillene 0.45 ± 0.17 0.90 ± 0.43 1.2 0.28

1: 1Deealin/Toillene 0.83 ± 0.17 0.61 ± 0.84 1.3 0.20

Deeane 1.2 ± 0.4 0.49 ± 0.24 1.5 0.16

1,1,2,2 Tetrachloroethane 1.9 ± 0.3 2.2 ± 0.5 1.2 0.53

1,2,4 Trimethylbenzene 0.11 ± 0.07 0.21 ± 0.05 0.40 0.04

o-Xylene 0.71 ± 0.20 0.41 ± 0.54 1.3 0.07

m-Xylene 0.09 ± 0.08 0.22 ± 0.09 0.22 0.06

p-Xylene 0.63 ± 0.21 0.42 ± 0.20 1.4 0.07

3 in s·1 x lOS; b in mM-1 s-I x 105; c in mM-2 s-I x lOS
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Table -lb. k2/k3 and k3 ratc constants dcrivcd l'rom El!. lS) and (6) rl·spcctivdy.

~~

Ralc = k2lEI2 + k31E]3 Ratc = k 11EI3
- -

Solvcllt k2:\ k3b kJb ..~
Deealin 2.2 0.072 1.2

DMF 536 2.0x 10-5 1775

DMSO 60 2.9x 10-7 46

Isobutanol 3.6 3.0xlO-8 2.1

2-Chloroethanol 17 4.6x 10-8 II

Chlorobenzene 1.7 4.8)(10-9 0.94

o-Diehlorobenzene 1.2 704)( 10-9 0.66

Bromobenzene 1.6 0.11 0.98

Toluene I.l 2.0)( 10-9 0.57

1:1 Deealinffoluene I.l 4.3)( 10-9 0.60

Deeane 1.0 4.4)(10-9 0049

1,1,2,2 Tetrachloroethane 1.4 0.046 0.89

1,2,4 Trimethylbenzene 0.24 1.5)(10-10 0.08

o-Xylene 0.63 1.2)(10-9 0.19

m-Xylene 0.17 0.025 0.08

p-Xylene 0.63 1.4)(10-9 0.20

a in mM-! s'\ x HP: b in mM-2 s') x lOS
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Tahle 5. Correlation coefficients obtained in the detemlination of rate

constants for sevcral diffcrent rate laws.

Corre lation coefficients
=

Solvent Eg. (3) Eg. (4) Eg. (5) Eg. (6)
-

Decalin 0.993 0.994 0.989 0.953

DMF 0.993 0.992 0.990 0.928

DMSO 0.997 0.997 0.992 0.960

lsobutanol 0.996 0.996 0.993 0.902

2-Chlorocthanol 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 Decalinrroluene 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

IJ-Xvlene 0.999 0.997 0.999 0.972

Table 6 shows the relative values of the data obtained from Eg. (3) (Table 4a). ln

general, the unimolecular rate constants in the solvems do show the expected trends with

respect to Iheir polarities (cf. Section 2.8.3). DMF and DMSO which are the most polar

have higher nues and the alcohols, isobutanol and 2-chloroethanol, which are moderately

polar have slightly lower rates. The non-polar aromatic solvents ail show similar slow

rates with the exception of 1,2,4-trimethylbenzene and m-xylene which are even lower

contrary to expectation. No expianation can be given to account for these observed rates.

However. it has been reported recently that the 9-fluorenyl cation can undergo

eleclrophilic nromatic substitution reactions with benzene, toluene, and mesitylene.99

• 99 a) R. A. McClclland. N. Malhivanan. and S. Stccnkcn. J. Am. Chem. Soc.• 112.4857 (1990); b)
R. A. McClclland. J. Li. and F. Cozcns. 3rd European Symposium on Organic Reacliviry.
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Strong evidence was provided for capture of Ihe nuorenyl "ation wilh thL'se solwllts.

Our observation of the slower rates in Ihe methylbenzenes t'l'able 6) L'ould possihly be

Iinked to the trapping of the nuorenyl calion by Ihese solwnts sinL'e our proposed

intermediate involves a Ouorenyl cation (cf Section 2.6). Electrophilic substitntion

would inhibit formation of oletin 29 and Ihus Ihe rate of reaL'tion would diminish. We

explored this possibility further by eonducting product studies on the desulfuriz.ation of

thiirane 28 in toluene, 1,2,4-trimethylbenzene and the xylenes. Unfortunately, no

indication of trapping of the Ouorenyl cation with lhese solvents was observed ami only

the olefin 29 plus elemental sulfur was obtained. The failure to deteel any other producls

does not discount the proposed dipolar mechanism but perhaps it is Iikcly that Ihe linking

of sulfur atoms and subsequent extrusion of clemental sulfur is much raster lhan

electrophilic reaction with the solvent molecules. The rclative mtes in the bimolccular

term also show the expected trends with the exception of deealin and deeane, boti; non­

polar solvents, and bromobenzene. Ali show somewhat higher mtes than eilher 1,2,4­

trimethylbenzene and m-xylene, The f'ùtionale for these higher rates in these solvents is

not clear, Il will be shown later that the rate is slowest in isobutunol perhaps due to the

near exclusive unimolecular pathway observed.

Gôteborg, Sweden, July 7·12,1991, Abstracl 85; c) F. Cozens, J. Li, R. A. McClelland, and S.
Stccnken, Angew. Chem./nt. Ed. Eng/., 31, 743 (1992).
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Table 6. Relalive rates caklilatcd from ralc constants lIsing Eq. (3).

Solvcnt krd(k l ) krcl (k2)

DMF 1211 1236

DMSO 400 586

2-Chloroclhanol 92 86

Isoblltanol 62 1

1,1,2,2-Tetrachlorocthane 21 16

Dccane 13 4

1: 1Dccalinrrolliene 9 4

Chlorobcnzcnc 9 9

o-Xylene 8 3

Decalin 8 14

p-Xylene 7 3

o-Dichlorobenzene 6 7

Bromobcnzene 6 18

Toluene 5 6

1,2,4-Trimethylbenzene 1 2

m-Xylene 1 2

ln each solvent at low concentration of episulfide. the reaction follows a

lInimolecular, first order process, but at higher concentrations a bimolecular pathway

bccomes 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

lInimolecular 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. O. ID-O. 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: I. The

bimolecular term predominates at higher concentrations in the majority of the solvents.

In the case of DMF, at low concentrations, the exclusive palhway is unimolecular and al

higher concentrations the unimolecular palhway is favored by ca. 2: I. In decane. the
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unimolecular and bimo!ecular pathways become l'l1ll111L'tili\,e at higlwr l'llnn'Illrations

(ca, 1: 1). One interesting featllre is observed in the hcha\'iour of isohlltanol. In Ihl'

entire concentr;ttion range studied, experimenlal results illllit'ate that the dl'l'Ol11positil)n is

exclusively unimoleelilar, While wc cxpect isohutanol and 2-chloroclhanol tLl hchaw in

a similar fashion since they arc both a\cohols, our results indÎL'atl' othcrwisc. A lypÎL'al

plOI of the ratio of the relative contribution of each tenn in El]. (.I) ".1'. l'Llnl'l'Iltration is

shown in Figure 3 (tolucne solvent). Il c1early shows the dccrcasc in the unimo!el'ular

contribution as the concentration of episulfide incrcases,

Table 7, Ratio of unimolecular to bimolecular tcnns in rate cl]lIation (.I) shown as

percentages. Calculated l'rom rate data in Table 3.

"=- =.-.~

Decalin DMF DMSO
- ~==

[episulfide) uni/bimol [episulfide1 uni/bimo\ 1cpisultïde1 IIni/bimol
-

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 89
1.8 17 0.10 86
2.0 15 0.15 81

0.20 76
0.25 72
0.30 68

Isobutanol 2-Chloroethanol Chlorobcnzcnc

[episulfide) uni/bimol [episulfide) uni/bimol [cpisulfidc1 uni/bimol

0.011 100 0.031 96 0.10 86
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 l.l 36
1.3 97 1.3 31
1.7 96 1.8 24
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Tahle 7. conlinucd

-~~~'o~_"=o,_~~~,'-_==.=. . ... -

o·Di<:h lurobcnzene Bromobcnzene Toluene

Icpisullïdc1 uni/bimol lepisullïde) uni/bimol [episullïde1 uni/bimol

0.10 84 0.033 86 0.052 91
0.15 78 0.087 70 0.083 86
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
LI 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 Dcealinffoluene Deeane 1,1,2,2 Tetraehloroethane

[episullïde1 uni/bimol [episullïde1 uni/bimol [episullïde1 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 90 0.31 88 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
J.I 56 2.1 53
1.4 50
1.9 42

36



•

•

•

Table 7. continlled

c .'. ·0•.• • .~•••••~~~

1.2,4 Trimethylbenzene ,,·Xykne

[epislilfide] unilbimol [episliltide] lIni/himol

0.30 64 0.05 97
0.50 51 0.11 94
1.0 34 0.22 ~9

1.5 26 0.55 76
2.0 21 l.l 61
3.0 15 2.2 44

2.7 39
3.3 34

m-Xylene p-Xylene

[episu1fide] unilbimo1 [episb,hdel unilbimol

0.10 79 0.10 94
0.50 44 0.21 8&
1.0 28 0.52 '/4
1.5 20 1.0 59
2.0 16 1.6 49
2.5 13 1.6 "8
3.0 II 1.8 45

2.1 42
2.2 40
2.4 38
2.6 37
3.1 32-

.'7
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J·ïJ.\urc 3. l'iolof the ratio of the unimolccular to thc bimolccular tcnn of El]. (3)

vs. epi~ldlïde concentration in tolucnc solvcnt.

100 --,

90

Ba
r-.
CO 70.....
;:J
C) 60
Q).....
0 50

El..... 40
1::
;:J

30

~
20

la

a• 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

[Episulfide] mM

2.3 ARRHENIUS PARAMETERS

Il is well-known that the rates of almosl ail chemical reactions increase with

incrcasing temperature. The rate can commonly increase a factor of 2 to 4 for every 10

K rise in temperature. The activation ene,gy or the minimum energy required for a

reaction to occur is much higher than the average energy of the colliding molecules and

only a small fraction of collisions lead to reaction. If the activation energy is low then

the reaction becomes l'aster. 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.

•
Eq. (7) k = rate constant

A =Arrhenius constant

Eacl =activation energy

R = gas constant

T =temperature ( K)



• The Arrhenius p:lrameler, A, is the total numbcr of wllisions pc'r sc'l'ond lhal have lhl'

correct orientation. Taking nalurallogarithms of both sides gives :
" -

Eln k = ln A _--""!.
RT

Eq. (8)

•

•

A plot of ln k vs. Irr shouU give a straight line with a slope elJual 10 -E",lR.
Such a plot gives a method for dctennining the activation energy of a rcaclion fwm

values of the rate constants at different temperatures.

The thenllal decomposition of \'pisulfide 28 was conducled at four temperalures

for 15 solvents used in the study. The rates at various concentrations in differel\l solvents

are shown in Table 8. Using our proposed rate law, Eq. (3), rates were eUrYe fined'17 to

obtain the first and second order rate constants, k1 and k2' and these arc shown in Table

9. From these rate constants in Table 9, the activation energies, E"CI' for the

unimolecular and bimolecular terrns in Eq. (3) l'an be calculated independently for eaeh

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] 700 e [E] 80°ce [E] 900 e [El lOO"e

O.Hl' O.llb 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 0.56
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 l.l
0.85 l.l 1.2 4.2 1.0 5.7 1.0 II
0.97 1.6 1.5 5.2 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
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DMF

lEI 37se 500 e 65°e lEI 800 e

0.()011 - 0.092 0.23 0.001 0.28
0.()054 - 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 II
0.32 1.3 5.7 32 0.15 23

0.20 32
0.25 35
0.30 49

40

•
DMSO

lE] 400e LE] 75°e LE] 800e LE] loooe

0.050 0.22 0.034 2.1 0.048 3.4 0.034 6.8
0.10 0.68 0.057 2.5 0.097 6.4 0.057 8.5
0.18 1.2 0.092 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 0.97 113 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 0.92 90
1.5 17 1.2 134

2-ehloroelhanol

LE] 700 e LE] 800 e [E] 900 e [E] loooe

0.031 0.10 0.031 0.27 0.030 0.50 0.030 8.1
0.082 0.21 0.083 0.64 0.050 l.l 0.050 13
0.31 0.66 0.31 1.8 0.080 1.5 0.080 19
0.51 2.1 0.52 9.8 0.10 1.9 0.30 53
0.82 3.0 0.83 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 II 0.50 17 1.8 202

1.2 55
1.8 99



• Table S. conlinued
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ehlorobcnzene
= ...._~

[E] 700 e [E] so·e lE) 'lo·e lE] l00"e

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 0.088 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 0.22 11.25 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 3.5 1.0 6.7

0.82 2.0 1.3 5.9 1.3 9.7
1.1 2.5 1.8 8.2 1.8 14
1.3 3.0
1.8 5.8

o·Dichlorobenzene

[E] 700 e [E] 800 e lE] 900e lEI l00·e

0.10 0.011 0.10 0.043 0.10 O.OSO 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.S
0.70 0.38 0.54 0.90 0.85 1.1 0.75 3.3
0.80 0.46 0.87 1.5 1.1 2.3 0.80 4.0
1.0 0.77 1.1 2.3 1.4 2.9 0.86 4.9
1.5 1.6 1.4 3.0 1.8 4.2 1.0 5.0
2.0 2.9 1.9 4.2 1.2 8.6

1.5 6.8
2.0 16
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Bromobcnzcne

lE] 70°C lE] 80°C lE] 90°C lE] 100°C

0.11 0.021 0.033 0.020 0.033 0.094 0.10 0.24
0.17 0.035 0.087 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
0.33 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 l.l 0.90 4.7
l.l 2.6 0.54 0.87 0.56 1.8 l.l 6.9
1.4 3.8 0.87 1.3 0.90 3.2 1.9 18
1.9 5.9 l.l 2.4 l.l 4.1

1.4 3.2 1.5 5.7
1.8 6.3 1.9 8.3

Toluene

lEI 70°C lE] 80°C lE] 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.') 5.3 2.0 7.6

0.83 0.90
1.0 1.5
1.4 2.3
2.0 4.4
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1: 1 Dcca1inrrolucnc
. =-- .-- - --

[El 70"C [El 80"C lEI 90"C lEI 1()()"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 0.14
0.10 0.032 0.11 O.OSI 0.11 O.OSI 0.11 0.20
0.16 0.047 0.16 0.12 0.16 0.\2 0.16 0.34
0.21 0.070 0.21 0.21 0.21 0.21 0.21 0.40
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 O.S4 1.4
1.0 0.33 1.1 1.1 1.1 1.1 1.1 3.0
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

Deeane

[E] 70"C [E] 80"C [El 90"C [El 1()()"C

0.31 0.13 0.Q10 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 TClrachloroclhanc
- .

lEI 70"C lEI 80°C lEI 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 0.51 l.l 2.2 1.0 4.4 1.0 15
0.70 0.92 1.4 3.1 1.5 7.6 1.5 20
1.0 1.1 1.7 4.7 2.0 13
l.l

1

1.2
1.2 1.8
1.5 2.5
1.8 4.0
2.0 4.4

1,2,4 Trimethylbenzene

lE] 70°C [E] 80°C [E] 90°C lE] 100°C

0.10 0.ül8 0.30 0.026 0.10 0.ül8 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 0.39 0.30 0.13 1.2 2.5
1.0 0.16 1.5 0.63 1.2 l.l 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 3.3 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 0.41 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 3.4 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 3.3 6.5 1.3 3.4 1.0 5.4
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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Table 8. continued

m-Xylene
..

[El 70·C [E] 80·C lEI 90°C lEI lOO"C

0.50 0.046 0.10 0.013 0.50 (1.14 O.lO 0.035
1.0 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
2.4 9.7
2.5 12
3.0 17

p-Xylene

[E] 70°C LE] 80°C [El 90°C LEI lOü"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 1.9 1.6 1.8 1.6 2.6 1.5 4.4
2.0 2.3 1.8 2.2 1.8 3.4 1.6 8.5
2.2 2.6 2.1 3.6 2.0 5.9 1.8 9.7
2.4 3.1 2.2 3.8 2.2 6.1 2.0 10
2.5 3.7 2.4 4.2 2.5 7.6 2.2 13
3.0 4.3 2.6 4.6 3.0 9.2 2.4 14

3.1 5.8 2.5 14
3.0 16

a in mM; b in mM S·1 x lOS; c all raIe values al SOoC were laken rrom Table 3 and includcd hcre rar
completeness.



•
Table 9. k1and k2 rate conslants derivcd From Eq. (3).

46

•

•

Decalin DMF DMSO

Temp. (OC) ka. k b Temp. (oC) kt; k2 Temp. (OC) kt; k2t, 2

70 0.53 ± 0.23 37.5 3.7 ± 0.6 40 3.1 ±1.2
0.87 ± 0.56 4.8d ± 4.3 5.6 ± 1.6

soc 0.72 ± 0.51 50 22 ± 4.9 75 31 ± 23

2.0 ± 1.0 2.2d ± 26 74 ± 22

90 1.6 ± 0.9 65 100 ± 23 80 36 ± 21

3.7 ± 1.4 12 ± 83 82 ± 29

100 7.1 ± 1.5 80 109 ± 32 100 95 ±44

3.5 + 304 173 + 16 126 + 52

2-Chloroethanol Chlorobenzene o-Dichlorobenzene

Temp. (OC) kl; k2 Temp. (OC) kt; k2 Temp. ("C) kt; k2

70 2.2 ± 1.0 70 0.44 ± 0.17 70 2.Qd,e ± 0.1

1.6 ± 0.6 0.57 ± 0.19 0.72 ± 0.12

80 8.3 ± 5.0 80 0.78 ± 0.27 80 0.52 ± 0.20

12 ± 4 1.3 ± 0.3 0.99 ± 0.33

90 23 ± Il 90 1.9 ± 004 90 0.90 ± 0.24

18 ± 7 1.5 ± 0.6 0.84e± 0.65

100 110 ± 23 100 4.0 ± 0.8 100 3.1 ± 0.8

OA2e± 16 2.2 ± lA 2.2 + 1.6
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Bromobenzene Toll1ene 1: 1De<:alinrrnillem:

Temp. (oC) k\; k2 Temp. (OC) k,; k2 Temp. ("C) k\; k,

70 0.39 ± 0.26 70 0.45 ± 0.09 70 0.12 ± 0.05

1.5 ± 0.3 0.18 ± 0.26 0.22 ± 0.28

SO 0.50 ± 0.27 SO 0.45 ± 0.17 80 0.83 ± 0.17

2.5 ± 1.0 0.90 ± 0.44 0.61 ± 0.85

90 2.6 ± 0.9 90 1.2 ± 0.2 90 1.0 ± 0.5

0.93c± 0.52 0.69 ± 0.62 0.71 ± 0.27

100 2.3 ± O.S 100 2.S ± O.S 100 1.2 ± 0.7

3.7 + 2.0 0.53c± 0.54 1.3 ± 0.4

Deeane 1,1,2,2-Tetraehloroethane 1,2,4-Trimethylbenzene

Temp. ("C) k\; k2 Temp. (OC) k\; k2 Temp. (OC) k\; k2

70 O.2S ± 0.10 70 0.13 ± 0.21 70 o.m ± ll.O4

0.30 ± 0.12 1.1 ± 0.24 0.12 ± (J.II

SO 1.2 ± 0.4 SO 0.31 ± 0.29 SO 0.11 ± 0.07

0.49 ± 0.24 1.4 ± 0.5 0.21 ± 0.05

90 2.2 ± 0.6 90 1.9 ± 0.7 90 lJ.lI ± 0.19

1.1 ± 0.7 2.2 ± 1.5 0.66 ± 0.20

100 2.3 ± 1.1 100 9.2 ± 3.0 100 0.25 ± 0.42

4.0 ±1.1 3.3 ± 2.4 1.5 ± 0.4



•

•

48

Tahle 9. conlinu~d

()-Xyl~ne m-Xylene p-Xylene

Temp. (nc) k l : k2 T~mp. (nc) k l : k2 Temp. (nc) kt: k2

70 0.22 ± 0.08 70 0.15 ± 0.04 70 0.39 ± 0.16

(UI ± 0.35 0.05 ± 0.02 0.37 ± 0.17

80 0.71 ± 0.21 80 0.09 ± 0.07 80 0.63 ± 0.21

0.41 ± 0.54 0.22 ± 0.08 0.42 ± 0.20

90 1.1 ± 0.3 90 0.86 ± 0.20 90 0.56 ± 0.33

1.1 ± 0.9 0.24 ± 0.20 0.90 ± 0.27

lCKI 2.9 ± 0.7 100 0.19 ± 0.56 100 2.2 ± 0.7

2.1 + 2.3 1.7e + 0.3 1.3 + 0.5

a in mM·I s,) x lOS: b in mM·2 s·1 x HP; c ail rate constants at 800 e were taken from Table 4a and
inc\udcd herc for completeness: d lhesc raie constants were very small to he of any significance; e lItesc
irrcgular rJlc constants were omiued in lite calcuJalion of lhe activation parameters.

ln several cases, notably in the k2 values, the uncenaimies become exceedingly

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

derivation of the rate constants (cf. Section 2.4). In sorne cases, the uncenainties are

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

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

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

6G" =T(4.576Iog!+47.21)
T•

kT .G·
k =_b_e- RT

Il

Solving for 60" one obtains,

k =rate constant

kb =Boltzmann'~ constant (1.38 x 10-23 JI K)

h = Planck's constant (6.63 x 10-34 J s)

T = temperature ( K)

R = gas constant (1.987 cali K mole)

60" = free energy of activation.
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The activ,ltion parameters cau thus he compllted from the followiu[.: :

MI' =fa" - RT

t!.G' =MI' - Tt;S'

t!.G' =f - RT - Tt;S'a"

So that,

Eq. (9)

Eq. (10)

•

t;S' =4.576Iog(~)+ fa" -49.21
r r

or from Eq. (7),

A
t;S' =4.5761og(r)-49.21 Eq. (11)

The values of the activation parameters Eaet' t!.H;t, t!.G;t, and t!.S;t can he caklilatcd from

Eqs. (8), (9), (10), and (II) respectively. These are included in Tables lOa and lOb in

increasing t!.G;t.

The standard deviations were determined by applying a similar melhod in the

determination of standard deviations in the rate constants. An estimated 15% error in lhe

values of the slope3 and intercepts of the ln k vs. Irr piets were used. The os in i.\IV and

t!.S" are the same as for Eael and the os in t!.G;t were delemlÎned by taking the square

root of the sum of the squares of the os in Eaet and t!.s;t (~f. Section 2.4).
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Solvent

DMSO

DMF

Bromoocnzcne

E •.b
'cl

17.9 ± 0.5 17.3 ± 0.5 -22.5 ± 1.5 24.0 ± 1.6

12.4 ± 0.5 11.8 ± 0.5 -47.3 ± 1.4 25.9 ± 1.5

10.5 ± 0.7 9.9 ± 0.7 -53.5 ± 2.0 25.9:!: .?.1

1,1,2,2 Tetrachlorocthane 14.0 ± 0.7 13.4 ± 0.7 -45.4 ± 2.0 21i.9 ± 2.1

Tolucne

o-Dichlorobenzene

p-Xylene

1: 1 Decalin{l'oluene

Decane

Decalin

m-Xylcne

Chlorobenzene

2-Chlorocthanol

1,2,4 Tr:methylbenzene

o-Xylene

IliA ± 0.7 15.8 ± 0.7 -37.6 ± 2.0 27.0 ± 2.1

19.0 ± 0.8 18.4 ± 0.8 -29.'7 ± 2.1 27.3 ± 2.2

17.1 ± 0.7 16.5 ± 0.7 -36.2 ± 2.0 273 ± 2.1

16.7 ± 0.7 16.2 ± 0.7 -37.4 ± 2.1 27.3 ± 2.2

18.0 ± 0.7 17.4 ± 0.7 -34.1 ± 2.0 27.6 ± 2.1

21.7 ± 0.7 21.1 ± 0.7 -21.9 ± 1.9 27.7 ± 2.0

20.9 ± 0.8 20.3 ± 0.7 ·25.4 ± 2.4 27.8 ± 2.5

30.4 ± 0.7 29.8 ± 0.7 6.6 ± 2.0 27.8 ± 2.1

32.6 ± 0.5 32.0 ± 0.5 13.0 ± 1.5 28.1 ± 1.6

15.3 ± 0.9 14.7 ± 0.9 -45.2 ± 2.4 28.2 ± 2.6

21.9 ± 0.7 21.3 ± 0.7 -23.9 ± 2.0 28.5 ± 2.1

a Activation paramctcrs dcrivcd from kt rate constants; b in kcal mol·1; c kcal mol· t;
d cal mol') °K·t; c kcnl mol· t.
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Table lOb. Activation paramclers de;ived l'rom k, rate consl:lnts.

Solvent E •.h,"
1=======+====!==='=1===~+==---l
DMF

Deealin

DMSO

12.7 ± L:: 12.! ± 1.2 -39.\ ± 3.R 23.7 ± 4.0

13.4 ± 0.7 128 ± 0.7 -38.3 ± 1.9 24.2 ± 2.0

11.6 ± 0.5 11.0 ± 0.5 -47.2 ± 1.3 25.0 ± 1.4

Bromobenzene 7.4 ± 0.7 S.8 ± 0.7 -60.8 ± 2.0 25.0 ± 2.1

1,1,2,2 Tetraehloroethane 8.8 ± 0.7 8.2 ± 0.7 -57.0 ± 1.9 25.2 ± 2.0

Chlorobenzene 9.4 ± 0.7 8.8 ± 0.7 -56.6 ± 2.0 25.7 ± 2.2

p-Xylene 11.4 ± 0.7 10.8 ± 0.7 -52.4 ± 2.1 26.4 ± 2.2

• m-Xylene

o-Dich!ombenzene

Toluene

1: 1 Deealinrroluene

2-Chloroethanol

1,2,4 Trimethylbenzene

Deeane

o-Xy!ene

12.9 ± 0.8 12.3 ± 0.8 -48.0 ± 2.2 26.6 ± 2.3

17.8 ± 0.7 17.2 ± 0.7 -33.5 ± 2.1 27.2 ± 2.2

17.8 ± 0.8 17.2 ± 0.8 -33.4 ± 2.3 27.2 ± 2.4

21.8 ± 0.7 21.2 ± 0.7 -22.7 ± 2.1 28.0 ± 2.2

23.0 ± 0.6 22.5 ± 0.6 -19.6 ± 1.8 28.3 ± 1.9

20.9 ± 0.8 20.3 ± 0.8 -27.0 ± 2.2 28.4 ± 2.3

34.9 ± 0.7 34.3 ± 0.7 16.8 ± 2.0 29.3 ± 2.1

27.1 ± 0.7 26.5 ± 0.7 -10.4 ± 2.1 29.6 ± 2.2

•

a Activation paramelers dcrived from k2 rate constants: b in kcal mol-'; c kcal mol-!;
d cal mol-! °K'1; c kcal mol· t•
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Rclativcly kw articles in the literature have tllOrougil/y deall with the overall

effect of changing the mcdium upon the activation energy (or enthalpy) and entropy.

The variation in thcse kinetic activation parameters is frclJuently so unpredictable that no

gcneralizations can he easily made. In some ionization studies, certain rcgularities in the

:Ictivalion parameters do exist and these data are consistent with the theory of absolute
rcaction ratcs.l'X) The high i\H~ value of chlorobenzene in the k1 detemlinations indicate

somc desolvalion in the transition sune which is consistent with a dipolar transition state.

Solvent intcraetion in Ihe ground slHte by chlorobenzene might be attributed to the

grealer polarizability of the aromatic lt dcctrons. lol DMF, a strong solvating agent,

would experiencc little desolvation in the transition sune and consequently have a lower

1\1 JI albcit we do not observe the same behaviour in DMSO. Ali non-polar solvents

should, therefore, have high i\H~ 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 slJlvent plays a strong stabilizing role. The ground

state would have less ordering of solvent molecules. This further strengthens our

proposed mechanism involving ionized intennediates (cf. Section 2.6). Ionization

reartions usually accompany a large negative i\S'" because of the 10ss of entropy of the

solvcnt whcn going to the transition state. Large negative entropies have been observed

in thc unimolecular themlolysis reaction of a-ehloroalkyl ethers in aprotie solvents.\02

For the majorilY of the solvents, the molecules are somewhat unordered in the ground

sune but on solvation in the transition state they experience a reduetion 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, ehlorobenzene and 2­
ehloroethanol, the positive values of i:1S'" (Table lOa) suggest a highly unordered

transition state but become negative in the bimoleeular meehanism (Table lOb) as

expected. On thr contrary, the reverse is observed for decane. The value of i\S'"

becomes positive in the bimolccular mechanism. No rationale can be offered for this

unusual behaviour. il is interesting to note that numerical values for i\S'" of the

bimolecular teml are ::Imast unifonnly more negative than the i\S'" in the unimolecular

•
\00

101

102

a) G. Salomon, Ile/v. C/rem. Acta., 16, 1361 (1933); b) N. J. T. Pickles and C. N. Hinshelwood,
J. C/rem. Soc., 1353 (1936); c) B. L. Archer and R. F. Hudson,}. C/rem. Soc., 3259 (1950); d) J.
W. Hllckelland H. C. Thomas, J. Am. C/rem. Soc., 72,4962 (1950).
R. E. Pincock, J. Am. C/rem. Soc., 86, 1820 (1964).
H. Kwan and P. A. Silver,J. Org. Chem., 40, 3019 (1975).
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term. This is l'onsislent with the fact that a himo1L'l'ular rl'al'tion usually in\'lllVl's Illnrc

ordering of solute ~i'ld solVl'nt mo1L'l'u1L's a~: two reacting spcl'Îes Illust l'ome togcthl'r for

reaction to on'ur. The Î'I;;: that somc of the ,\11' and ,\S' valucs :Ire inconsistl'nt within

a series of solvents of similar structure or polarity (i,' xy1L'nes, haloarl1lnatÏl' solwnts,

polar/non-polar solvents) implies solvent intcnll:tions, in hoth the ground and transition

states, are too complicated for simple interpretation, 'Ille valucs of AG' are ail relatively

constant which is consistent with the compensating elTect of "Il' and ,\SI \lf. SCl·tion

2.5) and which satisfies El], (10).

2.4 ERROR ANALYSIS OF RATE CONSTANTS AND ACTIVATION PARMIETERS

ln evaluating rate constants and kinetic activation parameters, it is nccessary to

examine the accuracy of the cxperimental data in the rate profiles. This would not only

allow us to strcngthen 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 l'igure 2 (toluene at

80°C). An arbitrary deviation of ±15% in any of the tirst seven data points along the rate

profile does not affect the calculatcd rate constants to a significant extenl. However, it

will he seen that a rate deviation of ±15% in the higher concentration region proouees 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 tirst 10 points unchanged

gives a tirst order rate constant that is diminished 7-fold (Table Il), The estimated ±

15% range originates from standard deviations obtained l'rom multiple experimental runs,

ln 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

concentration levels, the standard deviations were above 25%, l'igure 4 shows the

comparison of 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 l'rom curve-titting are different. Conversely, the tirst and second order rate

constants are sIightly 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 simultaneous

decrease or increase in the last data point) by different percentagcs.
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Table Il. Cakulatcd rate constants oblained by variation of experimental rate

values in tolucne at different tcmpcratures.

70°C 80°C

% dcvialion kt
a k2b % deviation k t

a k2b
from expt'I from expt'l

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 0.58 0.79

2 0.48 0.16 2 0.50 0.85

- 0.45c 0.18 - 0.45c 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

900e 1000e

% deviation k1
a k2

b % deviation k1
a k2b

from eKpt'\ from eKpt'l

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 2.2 1.0

- 1.2c 0.69 - 1.8c 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 1.8xl0-9

a in mM·1 s·l x 105; b in mM'! s·1 x HP; c expcriincntal obscrvcd vaiue

54
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Figure 4. Comparison of experimental data with a hYPOlhctical dcviation

of 15% in the higher concentration range. Plot shows data from tolucnc ut

SOOC.• experimental data (sec also Figure 2); V 15% dcviation duta.
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Based upon thc deviations observed in tolucne. it prompled us to deterll1ine an

error range where our cxperimental rate constants, which lie within this range, ean be

taken as val id and aeeuratc data and any expcrimemal rate constants that lie below or

abave the range can bc assull1ed simply as a bad expcrimcntally dcrived rate constant.

The tolcrancc range was dctcrmined by taking the unccnainty in the rate constants by

eslill1aling the errors in cvaluating the rates. An estimate of ±15% was obtained. By

tre:ning the unccnainties in bath k l and k2 indepcndently, thc variance in the rate

constants can be obtaincd from Eqs. (l2a) alld (l2b).103

•

2
(12 =_1_I:~

.. N -1 x·

Eq. (l2a)

Eq. (l2b)

crk12 = variance in k1

crk22 = variance in k2

cry = cstimated error in rates

= 15% of rate values

x = [episulfide]

N =number of data points

Thus, the uncenainties or standard deviations are easily obtained by taking the square

root of the variance. From this 15% error in the deterrnination of the rate consl:\Ots, 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 bath the

unimolecular and bimolecular ponions of Eq. (3) are included in Tables 10a and lOb. As

mentioned previously, large crs were obtained for sorne of the second order rate constants

(eg. DMF, DMSO, and 2-chloroethanol). This is ascribed to the small values of x (Iow

concentrations) employed in Eqs. (l2a) and (I2b). Small values of x would magnify into

a much larger value in cr. Since x should define the error in the unimolecular terrn (k l ),

we decided to apply only the higher concentration values in the evaluation of the error in

the bimolecular terrn (k2). This improved the value of cr for k2'

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 A.,alysis, 2nd cd., W. H. Freeman and Co., New York,
1987, pp. 31, 43.
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be avoided. Under the experimenlal condilions employed. Ihc rall's l';lIl hl' nll'asn;··'d

'luite accuratc!y. A good indication of this l'an oc scen in the raie protik for m·xyknl' al

70°C shown in Figure 5 along with the same rate protik re·al'quirl'd alkr one )'l'ar. The

experimental runs are duplicable. The computed rate consl'lIlts arc similar; hcncc our

experimental procedures appear to be quite accurate ;lIld valid. l3y dcrivalion of the mte

constants l'rom E'l. (3), we see that the observed rate constants provide solid evidenœ of

a dipolar mechanism consistent with our proposed mechaniSl11 of sul fur extrusion in

thiiranes.

Figure S. Rate profiles for the decomposition of 28 in m-xylcnc at 70"C shows

daia collected under identical experimental conditions at differcnt limes.

• experimental data taken March 23/91; Vexperimental data laken MardI 13192.
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The experimental derived rate constants should thus be accepted only as a good

approximation to the real values (cf. Table 4a). These values should be viewed with

caution, as shown, l'rom the possible large variations in the rate constants l'rom 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 l'rom approximate rate constants. An important feature that should be noted
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invariahly llJwer th an the unill10lecular first order el1lropy values as expected. This

ohservation is a good indication t~.at the activation parall1eters are reasonably accurme.

To further recognize how favorably the rate data fits Eg. (3), we calculated for

each datull1 value, the number of standard deviations, a, from the proposed parabalic rate

law. We decided to use the rate data accumulated from ail solvents at 80De (cf Table 3)

tn test the fit. From the detennined k1 and k2 rate constants in Table 4a. we first replace

their v.ilucs back into Eg. (3) and calculate the rates at each concentration. To determine

the nUll1hcr of swndard deviations or how much deviation from Eq. (3) there is for each

value, we subtract the calculated rates from the experimentally obtained rates and divide

by a.. a" is obtained from the experimental rate multiplied by the estimated error in the
1 •

detennination of the rate. This estimate is 15% as shown abave. Table 12 shows the

calculated nUll1ber of standard devimions for each rate and solvent. We immediately

notice .lIal in each solvent, the magnitude of the majority of the points are within 2a.

'nlis suggcsts that we l'an 00 certain by s1atistical analysis th~' '0 a 95% confidence level,

the detennined rates at any particular concentration 01' episulfide will fall within 15%

from the theoretical value obtained frorn Eq. (3). lt is interesting to note that in sorne

solvents (chloroOOnzene, toluene, 1: 1 decalin/toluene, 1,2,4-trirnethylOOr.zene, o-xylene,

and p-xylene), the first or lowest concentration 1evels resulted in 1arg.:; as. This is not

coincidental in view of the narrow range of variance at the low concentrations vs. the

higher concentration levels. Atlow 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 a if the oost fit curve from Eq. (3) does not include or go

through those points. lt is also interesting 10 point out that the nurnber of positive as is

approximately equal to the nUP.1Der of negative as which implies a reliable fit of the data

with no apparent ÎlTegularity in them.
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Table 12. Calculatcd number of standard deviations. cr. t'wm Eq. (3).

Dl'calin DMF D1\ISO Isobutanol 1-CIElOII" CIl'll: Il 7h

- -- ~,..=~",,"

-2.0 -4.1 -2.8 -0.32 ll.Ol\ 1 II
-3.1 -2.2 -1.2 16 \,4 Il\
-0.95 1.9 -1.\ -.~.5 7.0 9.l\
-0.41 0.81 0.35 -2.9 -1.6 9.1
-0.25 -0.21 -0.09 1.5 -0.45 4.3
0.47 2.3 0.65 0.50 3.4
0.53 1.1 -0.28 -IU7 -\.7

-0.33 -0.90 -0.40 -0.53
-0.63 0.31 0.70
0.66 -0.02 -0.03

-0.12

DiClbenzc Brbenzd Toluene Dec/toluC Dceane 4ClEthallc f

2.8 -0.53 11 7.0 -2.7 -1.1
4.4 -0.88 8.8 5.3 2.2 -2.7
3.2 7.2 0.50 7.5 4.1 -0.31
1.9 6.1 -0.62 10 -1.8 -0.08

-0.24 7.5 1.25 5.3 -0.09 0.34
3.5 6.6 2.8 2.3 2.4 -0.16
1.9 2.5 -1.4 1.5 -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
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Table 12. continucd

124 Mcbcnzg o-Xylcnc m-Xylcnc p-Xylcnc

6.S 7.3 -\.2 6.4
-0.12 1.0 1.5 7,4
-(J,45 I.(J 0.25 2.7
0.21 1.6 2.5 3.0
0.06 0.11 -1.0 -1.2
O.OS 0.31 -0.1 1,4

-0.53 0.08 \.0
0.20 -0.03 -0.80

-0,47
-0.29
-0.24
0.29

a 2.chlorOClhanol; b chlorobcnzcnc; c dichlorobcnzcnc; d bromobcnzcne;

el: 1 decalin/loluene; ri,1,2,2-1ctrachlorOClhane; g 1,2,4-trimelhylbcnzene.

Wc concludc that Eq. (3) can bc regarded as a likely fit to the overall kinetic
observations in ail solvents. If, however, we delete the values that are greater than 2cr

unilS and recalculate the rate constants, we find that k1 and k2 do not change to any
significant extent. For example, the value of I6cr in isobutanol was remO'led perhaps it

couId very weil bc a bad expenmental point. However, after recalculating the rate

constants, no change from the previous values was observed. In cases where the data are
greater than 7cr, 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 cntical degree to the overall determination of k1and k2'

2.5 ISOKINETIC RELATIONSHIP

The variation in rate due to a change in solvent may bc caused by changes in

cither, or bath, enthalpy or entropy of activation. Changes in rate can bc chiefly caused

by changes only in the enthalpy of activation, which is most cornmonly observed, or

changes only in entropy of activation. Rate changes in bath entropy and enthalpy are

also observed but these quantities are often linearly correlated. This correlation is known

as the isokinetic relationship, Eq. (13).

Eq. (13)
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This phenomenon was first recognized by l.eft1er lll-l who disL'ussl'd its sropl' and

signiticance. In simple terms. it states that al the isokinetiL' tl'mpl'rature, 13••111 lhl'

reactions in a givcn series have idellliL'al rates. or Ihat (L\O' = O. The signifiL'anre of this

relmionship lies within the rates of reaction in a reaction serics. A rl'al'lion sl'riL's

consists of cilher subsùtuent or solvent effects on lhe l'l'action rate. A reaction that is the

fastest below ~ becomes the slowest above ~ and vice versa. lJelow lhe isokinetie

temperature, the fastest reaction will have a lower i\H' and it is in the region of control

by tl.H". Above the isokinetic temperaturc, the faslest reaction will have a higher i\S'

and it is in the region of control by tl.S'. Such an enthalpy-entropy rclationship is wdl

precedented in the literature. 10s An intercsting l'l'Mure in our study is an ohserved

isokinetic relationship. The isokinetic plots for both unimo1ecular and bimolecular tenns

are shown in Figures 6a and 6b respectively using the i\H' and ~S' values l'rom Tables

lOa and lOb resulting in a linear relationship. A compensating effecl of i\S 1 is observed

as values of tl.H" increase. It should be emphasizcd Iimt this linearity is a rcquiremenl of

Eq. (10). The isokinetic temperatures are 450C and 93°C rcspectively for the first and

second order terms with good correlations of 0.983 and 0.988 rcspectively. The linearity

of the isokinetic plots also l'l'ovides an indication that the reaction series in these solvents

proceed with the same mechanisril. Any noticeable deviation l'rom the isokinetic

function is attributed to different solvem intemctions and possibly a differem rcaction

mechanism. Il has been debated that the apparent isokinetic relationship is a result of

indiscriminate experimental error. I06 However, the spread of ca. 20 kcal in tl.H' and ca.

45 eu in tl.S' argue for the authenticity of our relationship.

•

104

105

106

J. E. Lerner, J. Org. Chem., 20, 1202 (I955).
a) M. G. Aider and J. E. Lerner, J. Am. Chem. Soc., 76,1425 (1954); b) M. D. Cohen, J. E.
Lerner, and L. M. Barbato, J. Am. Chem. Soc., 76,4169 (1954); l') P. D. Barlieu and R. R. lfiall,
J. Am. Chem. Soc., 80,1398 (1958); d) C. D. Cook and B. E. Norcross,!. Am. Chem. Soc., SI,
1176 (1959); e) E. S. Huyser and R. M. VanScoy, J. Org. Chem., 33, 3524 (1968); f) Y.
MalSumolo and R. Ueoka, J. Org. Chem., 55,5797 (1990); g) R. M. Hassan, Con. J. Chem., 69,
2018 (1991); h) Y.lnoue, N. Yamasaki, T. Yokoyama, and A. Tai,!. Org. Chem., 57,1332
(1992).
a) R. C. PClersen, J. H. Markgraf, and S. Ross,!. Am. Chem. Soc., S3, 3819 (1961); b) W. Good,
D. B.lngham, and J. Stonc, Telrahedron, 31, 257 (1975).
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Figure 6a. Isokinctic plot from activation paramcters derived from k1 vaIlles.

Isokinctic tcmperatllre = 4S"C.
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• Figure 6b. lsokinelil' pllll fl'll!l1 ac'li"ali,'n parallll'ler, dl'l'i\l'd 1'1\11\1 k, "ailles.

IsokinetiL' telllperalure = 'H"C.
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Since the isokinetic temperature for k2 lies within our experimental temperature

range, we shouId expeet a reversai in rates above and beIow the isokinetie temperature.

A reversaI in the rates above and beIow the isokinetie temperature has been demonslraled

From substituent effects on the thermal isomerization of triphenylfonnazansY17 An

attempt to show the reversaI in rates above and below the isokinetic temperature was,

however, unsuccessful. The Iack of observed reversaI in rates ean be attributcd ta the

fact that our rates were determined near the isokinetic temperature. A number of cases

are reported where the isokinetic temperature l'ails within the experimental temperatures

and reactions carried out at or near the isokinetic temperatures could lead to erroneous

conclusions about the nature of the reaction. 1D8 Thus, interpretation of rate data l'rom any

reaction series should therefore be regardcd with care. The failure to fïnd a truc linear

correlation between the rate constants and some charactcristic of the solvent (je. di pole

moment, internaI pressure, etc. cf. Section 2.8.3) couId also lead ta thc unobservcd

• 107

108
N. Nishimura, Y. Sucishi, and S. Yamamoto, Chem. Lell., 429 (1979).
a) J. F. Bunnelt and R. J. Moralh,J. Am. Chem. Soc., 77, 5165 (1955); b) W. H. Saundcrs, Jr.
and J. C. Ware, J. Am. Chem. Soc., 80, 3328 (1958); Sec also rer. 104 and referenees ciled
lherein.
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reversai in rate,. Plot, of log k, \'.1'. ft (dipo1c moment) or OH (internai pressure) are

shawn in Figurcs 7a and 7h respcclively. They illuslr;lle the signilïcant scallering of the

poinls.

Figure 7a. Plot of log kt vs. Il (dipole moment) showing the significant

scallcr with kJ• The k, values were taken l'rom ail solvents at SO°e.
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Figure 7b. Plot oflog k l vs.l\t (illlerna! pressure) sh,'wing Ihe sl'altl'ring

with k l' The k1 values were taken frotn ail solvents al SOne.
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2.6 l'I.ArslIlI.I·: \lU'lL\~IS\lOF SI'I.FlII{ EXTI{I'SJ()~

Frlll11 the dc\ulfurizati:m kinelics of cpisullïdc 28. th,; following mechanism is

pml'"sed tll al'l'OUIll for the llh\Crvations. At low concentrations, thermal ionization of

the CoS hond in 28 (Scheme l~) likdy o<:<:urs as the lïrst and rate determining step. Such

an illlcl111ediate 35 has hccn suggested, as in the reaetion hetween 9-diazoxanthene (33)

and Cllumarin 2-thione (34),11" A thiirane is isolaled but which loses sulfur quickly.

+

•
33 34

,
--s8 8
•

1

35

l

Cleavage of the CoS bond of 28 at the carbon bearing the two ehlorines would be

unfavorable due to their electron-withdrawing effec!. The positive charge on the carbon

bearing the f1uorene substituent would he stabilized by resonance. The fast step wouId

involve the subsequent attack of the sulfur anion species 36 on another molecule of

episullïde 28, giving intermi'diate 37. This species would acquire sulfur atoms

sequentially until an S8 cyclt is fomled along with 29.

• t09 a) N. Latif and I. Fathy, Cano J. Chem., 44, 1075 (1966); b) M. Kamala, K. Murayama, and T.
Miyashi, 1'errahedron Leu" 30,4129 (1989).
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As thc conccntration of cpisulfide 28 increases. the second term in the rate

cquation hccomes more important and a competing bimolcclilar mechanism is followed

(Seheme 14). The sulfur atom l'rom one episulfide molecule abstracts the sulfur atom

l'mm another in the rate detcnnining stcp. giving intcnnediate 38. The fast slep is the

subsequcnt concatenation of more sliifur atoms until S8 is formed. At even higher

concentration Icvcls in thirteen solvents. the bimolecular route aClually hecomes the rate­

<.Ictennining slep.

We have also found that rate equations 4, 5, and 6 fit the experimental data

reasonably weil and therefore they cannot he completely ruled out as possible rate laws.

A mechanism that ean he envisioned for the third order term in the equations is the

following (Scheme 15). The initial step would he the formation of adduct 39. Adduct 39
cOlild either lose the olefin prodllct (path A) and give 38 or react with a third molecule of

episuhïde in the rate detennining step giving 40 (path B). Subsequent acquisition of

more episliifide molecules in the fast step would give 41. Elemental sulful' is eventually

extruded via recyclization of intemlediate 41to give the olefin 29.
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2.7 STI·.llEOCIIE\IICAI. ASPEC'" SIS TIIE DEU)\IPOSITlOS OF TIIIIRASES

We have l'OllVilll'illg evidence that the meehanism of thermal dewmposition of

21!, alld perhaps thiiranes in genera!. is <:on<:entration depenJent. Such an observation for

episulfïde was initially made by Bergman but lilllè proof was provided.5Z Both a

ullillloie<:ular and bimoie<:ular mc<:banism play an important role in the extrusion of

sulfur. One vital aspe<:l that one should address is the stereochemical outcome in these

desulfurization rea<:tions.

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. Furthennore, the stereochemistry 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 90'70 retention of stereochemistry.llo

It was concluded that the mechanism follows a partial biradical pathway but with a

signitïcant cotHribution l'rom the concertcd process in which sa is expelled. A biradical

inlermcdiate 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 sa. On the other hand, non·stereoselective extrusion reactions have also been

reported in the thermolysis of stilbene and 2-butene episulfoxides. 111 These are thought

to involve rupture of the CoS bond in the first step fomling a diradical followed by an

internai rotation around the C-C bond. Evidence for the diradical imern1ediate was

demonstruted by kinetic studies in solvents of different polarity where lillie effect on the

decomposition rates was observed with increasing solvent polarity. The stereoselectivity

was also found to he lowered with increasing temperature. 11lb

Slereochemical integrity is usually observed in the decomposition of

episulfones. 1I2 A concerted cheletropic expulsion of S02 is the favored pathway

although a biradical mechanism where S02 extrusion occur faster thl,n C-C bond rotation

eannot be excluded. 113 However, the decomp'"lsition of 2-phenyl and cis- or crans-2,3

•
110

III

112

113

a) W. G. L. Aalbcrsberg and K. P. C. Vollhardt, J. Am. Chem. Soc., 99, 2792 (1977); b) W. G.
L. Aalbcrsbcrg llnd K. P. C. Vollhardt, Israel J. Chem., 21, 145 (1981).
a) G. E. Harl1.cll and J. N. Paige, 1. Org. Chem., 32, 459 (1967); b) K. Kondo, M. MatsumolO,
and A. Negishi, TetrahedronLett., 2131 (1972).
a) N. P. Neureiler and F. G. Bordwell,J. Am. Chem. Soc., 85.1209 (1963); b) L. A. Carpino
and L. V. McAdams. 111,1. Am. Chem. Soc., 87. 5804 (1965); c) N. P. NeureilCr and F. G.
Bordwell. J. lin.. Chem. Soc., 88, 558 (1966); d) N. Tokura. T. Nagai. and S. Matsumura, J. Org.
Chem., 31, 349 (1966).
N. H. Fisher, Synrhesis. 393 (1970).
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diphenyl episulfones was belil'vt'd to progress by a nOIl-l'onct'nt'd {'athwa)' It'ading to

stercoselective produets. From solvcnt stuùies, both a diradil'al and it'nic met'hanism was

proposed. 114

There are sevel1ll reponed cases in the literature that discuss the stereod\emil'a\

aspects in the degradation of thiirancs. In rcactions of thiiranes with t'enain reagents,

desulfurization occurs l'on-stereospecifically as evidenced by yielding mixtures of cis
and trans 0Iefins.85.,94c,d By contras!, reactions \Vith a number of reagt'I\ls gave o\clins

stereospecifically.70,74.76c,78•.79•.S9.,1I5 In these reactions, the reagel\ls arc hclieved to

attack the sulfur atom followed by ring opening tO give Ihe o\clin.

Thennally induced desulfurizations, in geneml, l'an be c1assilieù as non­

stereospecific (cf. Section 1.8.2). Pommelet51b suggesteù that a competition hetwecn C-C

and CoS bond cleavage occurs upon thennolysis of 12a to rationalize Ihe formation of the

different isomers. A similar conclusion was also aùapted by Schneider.51 • The mixture

of cis- or trans-2,3-divinyl thiiranes (12a) gave the same proponion of 20% cis anô 80%

trans isomers. Both ionic and biradical intemlediates were postulated to aceoum for

other products. BcrgmanS2 emphasized a strong dependence of stereochemistry on

temperature and he cla,.tfies these reactions as non-slereospecific. Nevcrtheless, SU.IUSZ

argues that low temperature thennolysis of cis- or trans- 2-butcne thiirancs is

stereospecific with greater than 90% retention of configuration.11~ In cases whcrc

thiiranes undergo photolysis, formation of the diradical l'rom CoS bond c1eavage would

most likeIy give tlon-stereospecific products.62 Padwa,6t however, daims that the

photodesuIfurization of 18 is stereoseIective and the loss of sulfur is best c;.,.plained by

cleavage of the CoS bond fonning a diradicai which is then followed by loss of alomic

suIfur. It was aIso sugges\~ lhat the non-stereose!ectivity in the thermolysis was

attributed to photoisomerization of the thiirane.

One can clear!y see that the steric outcome of these reactions is unprcdictable.

Severa! different mechanisms have been postu!ated to accounl for the observed products.

Although our substrate cannot be used to investigate ster'~ochemical aspects, we l'an

•
It4
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F. G. Bordwcll, J. M. Williams, Jr., E. B. Hayt, Jr., and B. B. Jarvis, J. Am. CllCm. Soc" 90, 429
(1968).
V. Calo, L. Lopcz, A. Mincuzzi, and G. Pc~ 'c, SYniheSL', 3, 200 (1976).
E. M. Lown, H. S. Sandhu, H. E. Gunning, and O. P. Strausz, J, Am. Chem. Soc" 90, 7164
(1968).



• spèculatè frolll our propll\cd lllèchanislll uf sulfur eXlrusion frolll thiiranes thal. in

general. \IercO\ckctivity can he predi<:ted. Our lllèl'hani"111 is dependent on

concentration and al low concentration of thiirane. une should expect 10 see non·

slcrcosdcclivity in thcse reaclions (Scheme 16). A unill10lecular C·S bond tission giving

a dipolar intcnnediate followed by C·C bond rùtation would give a mixture of

slcrcoisoll1ers. At highcr concentration levels. one should expecl retention of

wnfiguralion or Ihe olefin. A bimolecular mechanism comes il1lo play and a stepwise

ahstraction or sulfur atoms predominales which would give stercospecitic products.

•

•

Scheme 16 l
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2.8 SOL\ENT EFFECTS

2.8.1 INTRODVCTlON

It has long b<:en known that so\vents play a paramount m!c in re'll·tion ratt's.

chemi<:al equilibria. and spectral propenies of compounds. One of the most impllnant

factors in performing a chemical reat'tion is choosing the appl'llpriate solvt'nt. :\ t'hangt'

in solvent l'an considerably alter the rates of most chemkal reactions in whkh ions art'

formt:d from neutral mo!ccu\es. Several monographs and anicles have bl'cn publishcd

emphasizing solvent effects in organic chemistry.117 A rcccnt hook pmviding a

comprehensive description of solvents effects in organil' chcmistry was wriltcn hy

Reichardl. lI8 One of the earliest examples of solvent cft"ccts was dcmonslratcd hy

Menschutkin119 where the reaction of triethylamine with iodoclhanc showcd ratc

acce1tll'ation depending on what solvent was chosen. He found that the rcal·tion in

methanol was 280 time, faster than in n·hexane and 742 times fasler in benzyl alcllhol.

An increase in the solvating power of the solvent lcads 10 an increase in the rate of

reaction. By careful selection of solvents, the rate of a chcmical reaclion l'an he

controlled.

The influence of solvent on reaction l'ates is best lrealed by the transition SHne

theory developed by Eyring. A one dimensional Gibbs energy diagram (Figure 8) is

useful in describing this theory. The activated comples esists at the top of the energy

barrier and represents that point in the reaction coordinate where the molecular speeies

has an equal chance to reform il1lo reactants or form its products. The overall reaction

rate is the rate in whieh the activated complex passes over the energy barrier IOwards the

formation of the products.

•
117

118

119

a) E. S. Amis and J. F. Himon, So/vent Effeels on Chemiea/ Phenomenon, Yol. l, Academie
Press, New York, 1973; b) Y. Gutmann, The Donor·AceeplOr Approach lO Mo/ecu/ar
Interac/ions, Plenum Press, New York, 1978; c) C. Reichardl, Pure App/. Chem., 54, 1H67
(1982); d) M. H. Abraham, Pure App/. Chem., 57,1055 (1985).
C. Reichardl, Sa/vents and Sa/vent Effeels in Organie Chemislry, 2nd cd., YCH
Yerlagsgesellschaft mbH, 0·6940 Weinheim, 1988.
N. Menschulkin,Z. Phys. Chem., 34,157 (1900).
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FiJ:urc Il. One dimensional Gibbs energy diagram silo\\ ing relative standard 1110lar

(iibbs energy of reaetants, transition state, and produets.

G

The initial rcactants and activatcd eOl11plex will, however, be solvated to a

different extent aeeording to the solvating power of the solvent and this wouId retard or

acœlerate a rcaction (f'igure 9). In Figure 9(a), solvent 1 reprcsents an ideal solvent in

which neither the reaemnts or the activated complex are solvated and it has a Gibbs
energy of activation, ~G l". Solvent 2 is shown to solvate the activated complex

preferentially and it has a Gibbs energy of activation ~G2'" The Gibbs energy of transfer

is reduced by a value ~Gl-2" 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

i\G 1•3" resulting in rate retardation.

Figure 9. One dimensional Gibbs energy diagrarn showing (a) Solvent 2 solvating

activated complex preferentially and (b) Solvent 3 solvating initial reaClants

preferentially. Solvent 1 is an ideal solvent, solvating neither the reactants nor activated

complex.
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In reality, both initial rea,'tants and a,'ti"ated ,'olllpkx are s"I";I\,'d and it is the

diffcrenœ in Gibbs en,'rgy of transfer which d"termin,'s the n,'t rat,', Sudl a sl'I"alion

scheme is represcnted in Figure 10,

Figure 10. One dimensional Gibbs energy diagram for IWO difkt\,nt sol"cnls,

Act. Comple.
, ., .
! * \. ./ Solvont 1

"G~ " 'Gl.~ V
G* " \2 --------- ---r-.,--1-,\ \

" " , \" .. 'y' Solvent 2l , , ,

, , '.'" *G,R- ~...I; &G z " ', ..
, '. \

R' , '4°,.2,' , \, .., \'"""---
G R ----- ' -------- ,

2 Ruetants \
•••••~

Products

The differenee in the Gibbs energy of activation for the reaction in the 2 solvents is :

ôôG" = ôG]" -ÔG2"

= G1" - G] R - G2" + G2R

= ÔG I_2" - ôG I_2R

Henee, ÔG I _2" ean be eva!'Jaled by oblaining ÔÔG" l'rom measured kinetie activation

parameters and ÔGI _2R l'rom Eq, (14) where y refers to the aetivity ,:ocflïeients of

reaetants in solvenl ! and 2,

Eq, (14)

•
If both ÔG I_2" and ôGI_2R are positive, then there is a destabilizing cffee!. If both are

negative, then there is a stabilizing effeet, and if they arc both zero, then thcrc is no

solvent effee!. A large solvent effeet is expccted if one term is positive and the other

negative sinee they reinforee eaeh other,



•

•

76

2.M.2 II('(;IIES - !:\(;OLIlI{1 'LES

ln studying the ciTeet of snlvents on reaction rates, many different factors come

intll play and it is often dirtïl'ult tll provide a complete expianation of these cffel'ls. One

must thercfore treat experimental data in a qualitative fashion. One of the more

sUl'ccssful qualitative theories was that developed by Hughes and Ingold.l~o They

investigated solvent effcets on nucleophilic substitution and eiimination reactions. Only

pure c1cctrostalÎe interactions between ions and solvent molecules in the inilÎal and

transition stUle were considered sa that solvation will increase if there is an increase in

magnitude of charge. A dccrease in solvation results if charge is dispersed or destroyed.

The following rules were thus delined :I~O

a) An increase in solvent polarity will increase the rate of reaction in which there

is a greater charge in the aetivated 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 aclÎvated complex is lower than in the initial reactants.

e) If there is iittle or no charge developing on going l'rom the initial reactants to

the activated complex, then a change in solven! polarity will have negiigible

effeet on the rate.

Table 13 summarizes the effect of increasing solvent polarity on nucleophilic substitution

type reactions. A vast number of examples in the iiterature dernonstrate the application

of the Hughes-Ingold rules. 12t

•
120

121

C. K. Ingold, S/ruc/ljre and Mecllanism in Organic CIlemislry, 2nd cd., Comell University Press,
Ithaca, New York, 1969.
a) S. Fukuzumi and J. v Kochi,J. Am. CIlem. Soc., 102,2141 (1980); b) Y. Kondo, M.luoh,
and S. Kusabayashi,J. Chem. Soc.. Faraday Trans. l, 7S, 2793 (1982); c) A. R. Kalrilzky and B.
Brycki,J. Am. Chem. Soc., lOS, 7295 (1986); d) G. A. Jones, C. J. M. Stirling, and N. G.
Bromby,J. Chem. Soc .. Perlin Trans. Il, 385 (1987); e) P. M. E. Mancini, R. D. Martinez, L. R.
Vollero, and N. S. Nudelman, J. Chem. SGc., Perkin Trans Il, 951 (1987).
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Tablc 13. Predicted sol\'Cnt cffccts on rates of nude0l'hiliL' substitutinn ("l'ac'Iic'ns (tal,,'n

from rcference 120),

RCHClion InitiHI Acti"Hted Charge altt'ration Erfcct c,r iunc'asc'lI

Type ReHctHnls Complex lIuring activation snl\'Cnt l'nlaril)' nn

rate

SNi R·X RS+...XS, SepHration of LHrge InneHse

unlike t'hHrges

SNI R·X+ RS+.. ,XS+ Dispersal of Small Dent'ase

charge

SN2 Y+R·X YS+.. ,R...XS, SeparaIion of LHrge Innease

unlike charges

SN2 y. + R·X yS-, .. R.. ,XS, Dispcrs,l! 0 f .'imall DCt'reasc

charge

SN2 y +R·X+ YS+...R.. .xS+ Dispersal of Small Deerease

charge

SN2 y. + R-X+ YO·...R.. .xS+ DeSlnlction of L.arge Decrease

charge

2.8.3 A1'TEMPT 1'0 CORRELA1'E REACTION RAU; WITH SOLVENl' POI.ARITY

Organic chemists have atlempted to undersland solvent effects in terms of the

polarity of the solvent. The polarity of a solvent is a term used to relate the capacilY of a

solvent to solvate reactants and activatcd complexes. Qualitatively, it is easy to

understand but quantitatively it is more difficult. Many have tricd to expres:;

experimental rates with such propenies as dielectric constant, dipole moment, rcfractive

index, or Hildebrand's solubility parameter (internaI pressure) and some have found these

solvent parameters successfuI. 10I ,122 Because of the highly complicatcd interactions

between solvents and reactants or activatcd complexes, the correlation of thesc cffects

with solvent propenies is often difficult and inadequate. For example, the dielectric

constant does not take into account hydrogen bonding or electron pair donor/clectron pair

acceptor (EPD/EPA) interactions, both which often play a major (ole in solulc/solvent

interactions nor does it take into account solvents which are highly structurcd.

•
122 a) E. 1'ommila and P. Kauranen, Ac/a. Chem. Scand., 8,1152 (1954); h) M. WalJJnabe and R. M.

Fuoss,J. Am. Chem. Soc., 78, 527 (1956); c) K. F. Wong and C. A. Ecken.J. Chem. Soc., Trans.
Faraday 1,66,2313 (1970); d) J. P. Snyder and D. N. Harpp,J. Ali!. Chem. Soc., 98, 7821
(1976); e) G. Desimoni, G. Faila, P. P. Righeui, and L. Toma, Te/rahedron, 46, 7951 (1990).
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Thl're have heen alll'mj1ls tl) evo"'c an cmJ'iri,'al ,,',Ill' ,,1' "," ,'Ill I,,'laril\ haSl'd

on sol\'cnt~scnsiti\'c rcfcn.·I1L·C prn...·l·:"sl·S. SUdl a rl'rCrl'lh:L' \\'nuld :"I,.'n'L.' ~\:" :l llh'dd thal

l'avers a wide variety of possiblc inlennolccl1\ar illlcraclillns, With this ml"kl. il "lll1ld

be assumed lhat the process relle"ts ail j10ssible illll'ractillns "hiL'h arl' j1rl'Sl'l\I in rl'Ial\'d

solvent·sensitive aetions, '111ese empirical parameters "oulLl thl'l1 Clll1Slitull' a more

l'diable measure of solvel\l polarity. Empirical so\':elll p,'larity scales arl' re"iL'wc'LI by

Rl'ichardt, 1~3 Abraham,I~' and reeel\lly by Pylcla.'~' The mllsl l'llmj1rehl'nsiVL' sc'ales arc

bridly desl'ribed here.

Grunwald and Winsteinl~o delïned a solVL'l\I ionizing power parameter, Y. hased

on a standard l'l'action namcly the SN 1 solvolysis of I-butyl l'hloriLle in 4: 1 a'lueous

elhanol as a reference solvent. This standard reaclion was gi"en a value of zero as the Y

parameter. The model was chosen because it was bdiL'VL'd tll OC'l'ur by a l'ure SN 1

mechanism where ionization of the C-Cl bond is the l'ale delermining step. The aulhllrs

defined Eq. (15) :

• k
Log~=mY

k,
Eq. (15) ka = first arder rate constalll in referencc solvel\l

ka = rate constant in another solvent

m = substrate parameter

y = parameter chamcleristic of a solvent

y values were obtained from a number of solvents and in a large numbcr of Cilses, good

!inear relationships were found. 121 Less satisfactory results were obtained in reactions

that go through SN2 type mechanisms or in rcactions whcre nucleophilic solvcnt

participation becomcs relevant.

•
123

124

125

126

127

C. Reichardl, Angew. Chem./m. Ed. Eng/., 4, 29 (1965).
M. H. Abraham, Progress in Physica/ Organic Chemislry, Il. 7 (1914).
O. Pytela, Col/ecl. Czech. Chem. Comm., 53, 1333 (1988).
E. Grunwald and S. Winslein, J. Am. Chem. Soc., 70, 846 (11)48).
a) M.-F. Ruasse and B.-L. Zhang, J. Org. Chem., 49, 3207 (1984); b) C. A. BuOlon, M. M.
Mhala, and J. R. Maffall, J. Org. Chem., 49, 3639 (1984); c) T. W. Bcnll~y, M. Christi, and S. J.
Norman,J. Org. Chem., 56,6238 (1991); d) M. Fujio, N. Tomila, Y. Tsuno, S. Kobayashi, H.
Taniguchi, J. Kaspi, and Z. Rappopon, Tetrahedron Leu., 33. 1309 (1992).
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1lillll"lh ,,"d Rel,'h;lIlh::' Prol""'''' a ET ,,,ll"nl l'0larily l'"r;lIl1l'ln b".,,'d on Ihe

tr;lll",itioll l'Ill"r~y for the l(}n~l.: .... t·wa\'l'kllgth ~()I\'atu(hrol1lk absurption band of

l'yridinillill :V l'hl'n,,\ide bel"ille dye (-12). ET lailles arc a ml'aSllre of Ihe amollnt of

ellergy (kl'ai) nl'ee"ary 10 hring "ne m"k of ùye fr"m the ekclronil' grollnd slalc 10 Ihe

l'if'! c\citl'd 'Iall'. Sillce the grollnd 'talC is an ion pair. ET valucs for pola~ sollenls will

hc highcr duc 10 'If<>ngcr 'Iabili/.ing dTcclS. This woulù require more energy la promolC

thc ClcCIf<>1l 10 Ihl' l'xcited slate. ET values for marc than 270 organic solvents have bcen

dClèrmincd anù many c\amplcs in Ihe lîterature show strong corrdation belwœn Er

valucs and rate l'Onstants; a tCIl' are cited.102,129.1JO.IJI.IJ2 One major drawback of these

Er values is that they calnot oc measured in acidic solvents duc to dircct prolonation of

the phenol il' oxygen atom 42, which rcsults in no absorption bands. A recent article

showcd tha; -12 forms hydrogcn bonds with proton donors and thus the ET scale is a

reasonahk meaSllre of solvent hyùrogen-bond donor ability.1JJ Neverthdess. solvenls of

different polarity e:m indced provide useful infomlation coneeming solute-solvent

inleractions oceause of the differenees in position, intensity, and shape of absorption

hands measurcd in the diffcrent medium.

42

There have bcen many other approaches in proposing a solvent polarity scale but

in these cases they are restricted bccause of the Iimited numbcr of solvems used to

establish the polarity scales. IJ4 A recent article indicated that the solvent polarity

128

129

IJO
IJI

132

• 13J
134

K. DimrOlh, C. Reichardl, T. Siepmann, and F. Bohlmann, Liebigs Ann. Chem., 661,1 (1963);
752,64(1971). For improved synthesis of betaine dyes scc C. Reichardt and S. Asharin·Fard,
AngeIV. Chem.fnt. Ed Eng/., 30:558 (1991).
R. Tang and K. Mislow,J. Am. Chem. Soc., 92, 2100 (1970).
M. H. Abraham and P. C. Grellier, J. Chem. Soc .• Perkin Trans. Il, 1735 (1976).
F. Mao, D. R. Tyler, M. R. M. Bruce, A. E. Bruce, A. L. Rieger, and P. H. Rieger, J. Am. Chem.
Soc .• 114, 6418 (1992).
X. Creary. H. N. Hatoum, A. Barton, and T. E. Aldridge,J. Org. Chem., 57,1887 (1992).
C. A. Coleman and C. J. Murray, J. Org. Chem., 57, 3578 (1992).
a) Z-scale: E. M. Kosower,J. Am. Chem. Soc., 80, 3253 (1958); b) Q-seale: J. A. Berson, Z.
H:101Iel, and W. A. Mueller, J. Am. Chem. SOC., 84, 297 (1962); c) X·scale: M. Gielen and 1.
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paramL'tl'r. ~!\ t 1.l~ i~llll\)piL' hYl'lTlïlll~ ~plittin~ l'l)lbLtlll), ~:;\1l bl' li[w;\r1~- l'\IITl'!;I!L'd \\ ith

ratL' constaills in thl' kitll'til.:S of nitrn,idl' r;ldil.. 11 lr;\ppill:.! Pl' l:arbllll l'l'llll'l'l'li radj,'a!;....1 \..

On thé l'thér hand. ail théSé paral11,·t,'rs ,·,'nslitui" a sun le' " 11;11 h,'lIer nl,,;lSur,' uf sl'lI ,'1lI

polarit)' than thé ,ingk physieal ,'har'Kteristies silKe th,'y l',' tl ,','t Ih,' ink'nnul,'eular

l'orees bét\\'een Sl'Iuté and sol\'l'11l mokeuk, m,'re rdiahl)',

DéSpité thé obsérvation lhat siugk "l11piril'al paranK'I,'rS s,'rVe as guud

approximations of solwnl polaril)', many s\ll\'l'nl-Sensitlve prn,','ss,'s do Ilut nllTdatl'

weil with these paramélérs; our work appéars 10 l'ail into this "atégory, Plots nI' eilher

log k l or log k2 vs. sevéral polaril)' seales induding dipok m\lml'nl, Ilil,khrallll's

solubilily paramétér, Dimrolh's Er valUéS, and l'd'l'activé index. sho\\'ed nl' apparent

cOITclation (Figures 7a, 7b, Il a. Il b).

• 135

Nasielski.J. Organomel. Chem,. 1.173 (1963); d) DN seale: V. Gulmann, 'The Donor·
Accepror Approach 10 Molecular Imeraclions". Plenum Press: New York, 197R; e) AN seale: A.
J. Parker, U. Mayer. R. Schmid, and V. GUlmann. J, Org. Chem., 43, IH43 (1 97H),
A. L. J. Beckwilh. V. W. Bowry, and K. U. Ingold, J, Am. Chem, Soc., 114, 49H3 (1992).
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Figure lIa. Plot of log k, vs. ET showing the non-linearity with k!.

The k, values were taken from those solvcms al sooe and whieh have

an ET value that \VilS mcasurcd.
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Figure lIb. Plot of log kt \'.1'. (n~- \ )l'ln~+~) sh,·\\ ing th,' lhlll lilll'arity

with kt. The kt \';llll\'S were laken frnllllhose s,'I""I\IS al Sll'\'.
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Log k! (or log k2) against Grunwald's Y values were not ploncd hecause of

unavailable Y parameters for the solvents used in our study. An enticing characteristic is

found when we plot log k! or log k2 vs. (Dc·1)/(2Dc+I), where De is the didectric

constant (Figures 12a and 12b). Table 14 shows the dielectric constants and log k1 and

log k2 values for the solvents used in this study. The quantitative correlation (r = 0.72

and 0.61 respectively) is not idea! but, in general 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 proposaIs.

Severa! cases in the literature have shown log k vs./(Dc) plots with few scanercd points

but a general increase in rate with dielectric constant (positive slope) is observed. lll> This

is demonstrated in Figure 13 (r = 0.82). A similar trend is also observed in other polarity

scales (Figures 7a,. 7b, and lIa). These also support the existence of ionized transition

states. We serve to point outthat any single physical quantily cannot effectivcly he used

as a measure of solvent polarity in our system perhaps due to the multitude and complex'. 136 a) M. Auric! and E. de Hoffmann, J. Am. Chem. Soc., 97, 7433 (1975); b) M. H. Abraham and P.
L. Grellier, J. Chem. Soc.. Puldn Trans. Il, 1735 (1976).
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n"llne "f ,,,lllIL'I,,,IYL'nt pr",-'~"~" Therc are man}' diffcrent kinds of intcraL'tion

lIlL'L'hani'lllS hel\\n'n ,,>IlliC and s"l\'ent mlllL'L'll1cs whidlmay ;IL'I simliliancollsly,

Tahle 14, DidcL'tric and rate constants lIscd in this stlldy, Rate constants wel'e

oblaillcd al XO"c. Didcctric constants wcre takcn l'rom lIal/libaok of ChemisEr)'

alld Physics, 7.~rd cd" D. R, Lidc, Ed" CRC Press, 1992·93, p 9·51.

Solvcnt (Dc-I )1 log k tll log k2
ll

(2Dc+1)
- -

J)eeane 0.19 -4,9 -5.3

Dcealin 0.22 -5.1 -4.7

{J-Xylene 0.23 -5.2 -5.4

1: 1 Decalinrroluene 0.23 -5.1 -5.2

m-Xylene 0.24 -6.0 -5.7

Toluene 0.24 -5.3 -5.0

a-Xylene 0.25 -5.1 -5.4

Bromobcnzene 0.37 -5.3 -4.6

Chlorobenzene 0.38 -5.1 -4.9

1,1,2,2-Tetraehloroethane 0.41 -4.7 -4.7

o-Dichlorobenzene 0.43 -5.3 -5.0

Isobulanol 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

II l'me conSt:lnLS t:lken from Table 4a.
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Figure \2a. Plot of log kt against a fUI1l'tillll of dickl1rÎl' constant showing

the general inl'rease in rate \Vith didel'trÎl' l'onstant.
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Figure 12b. Plot of log k2 against a function of dieleclrie conSlant showing

the general increase in raIe with dieleclrie constant.
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Figure B. Plot of log (klkn) vs. tD,·j )/(2\),+ 1) for th.: "knsl"!mtkin
rcaction b.:t\Vè<:n tti.:thylamin.: and iodo.:than.: showing thL' scatt.:ring of
points. A gcncral incr.:asc in raI.: \Vith dkkctriL" constant is also
illustratcd. Rate constants \Vcn: takcn l'rom r.:fnL'n':L' 1.'6 and arc rdativc
to n-hcxanc as thc slo\Vcst solvcnt.
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1. n-hexane; 2. cyclohexane; 3. carbon telfachloride; ~. 1,4·dioxane; 5. benzene; 6. toluene; 7. diethyl
ether; 8. iodobenzene; 9. chloroform; 10. bromobenzene; Il. chlorobenzene; 12. elhyl benzoate; 13. ethyl
acetale; 14. l,l, I-lfichlorocthane; 15. chlorocyclohexane; 16. bromocyclohexane; 17. lelrahydrofuran;
18. l, I-dichloroethane; 19. 1,1 ,2,2·telfachloroclhane; 20. dichloromelhanc; 21. 1,2·dichlnroelhane; 22.
acetophenone; 23. 2·butanone; 24. acetone; 25. propionilfile; 26. henzonilfile; 27. nitrobenzene; 2H. N.N
dimethylformamide; 29. acelOnilfile; 30. nitromethane; 31. dimelhylsulfnxide; 32. propylene carhonate.
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2.XA \11'I.TU',\Il,\\lETEII '\l'l'llOAUIES

Thc quanliwtivc trcaullcnt of the crfect of solwnts requires inclusion of ail

",Ivation dTcL'ts and self·association of the solvents, detennined by the soluhilily

paramctcr. l'articularly significant is thc roll' of nonspecific solvat ion of Ihe reaction

complcx, due to thc polarizability (or polarity) of Ihe medium. To account for two or

more aspects of solvation, multiparameter approaches were developed.

Katritzky et al. 117 employed a linear eombination of ET values and the Kirkwood

diclectric function, <Dc·l )/(2Dc+1), where they assumed the dielectric function

represents dipole/dipole intcractions and whcre the ET values represent dipolar

interactions and hydrogen bonding factors. Correlations with raIes show significant

improvements with their multipara.ncter trealment.

Koppcl and Paltn llH argucd that a complete description of solute/solvent

interactions should include specific and non-specitic effects. A 4-term equation was

dcrived consisting of two specifie and two non-specific solvent interaction terms, Eq.

(16).

A = Ao+ yY + pl' + eE + bB Eq. (16) A = solvent dependent propeny

Ao = solvent propeny in inen solvent

Y, l' =non-specific parameter

E, B = specific parameter

The basis for the Y values is the dielectric constants, for l' the refractive index, for E, the

Lewis acidity parameter, is based on Dirnroth's ET values, and B, the Lewis basicity

parameter is based on the O-D IR stretching bands of CH30D.ll9 Over 70 solvent­

sensitive processes correlated well t40 with Eq. (16) and in 50 of them, parameter E

showed the most imponance which reflects the dominance of ET values (electrophilic

solvat ion) in thesc processes. 1J8 Thus, the authors showed that it is necessary to take inlo

aCCOUnl ail four possible solvent-solute interactions in dealing with solvent effects.

•
137

IlH

139

140

F. W. Fowler, A. R. Katritzky, and R. J. D. Rutherford, J. Chem. Soc., Pan B, 460 (1971).
A. Koppcl and V. A. Palm, "Advances in Linear Free Energy Relarionships", N. B. Chapman
and J. Shoner, Eds., Plenum Press: New York, 1972, Chapter 5, p 203.
T. Kayiya, Y. Sumida, and T. Inoue, Bull. Chem. Soc. Jpn., 41, 767 (1968).
The validity of Eq. (16) was eharaclerized by the standard deviations of the regression
coefficients. the correlation coefficient, r, and the relative standard dcviation of the correlation.



• Kamkt and Taft'sl41 IrC<ltlnCIll of multipk s<,ln'nl dkl'ts \\l'rC silllibr 1<' K\\l'pd

and Palm's trcalmcnt. Thcy l'rnl'oscd Ihc multil'ar:unctlT Fq. (17)

A = Ao + s(7t' + dS) + aa + b~ + hSII~ + L'; Eq.(!?)

where ll* measures the ability of the solvent 10 stabilil.c a l'harge by its dic1L'l'lril' dkct, S

is the polarizability correction lenn whil'h is 0 for non-l'!llurinall'" alil'hati<: s<'lwnts, 0.5

for polychlorimned aliphatic solvents, and 1.0 for ammalic solwnts, a and ~ afl' .,imilar

to Koppel and Palm's Lewis addity and baskity tenns, SH~ is the llillkbraml soluhility

parameter squared which is a measure of the solute/solvent int,'ractions that arc

interrupted in creating a cavity for the solute, and the 1; parametl'r is the l'Oordinate

covalency measure which is equal to -0.20 for P=O bases, 0 for C=O, S=O. ami N=O

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 arc the regression coelTicients that dictate the importance of

that parameter in the overall reaction. As the authors explained. hy rationally ehoosing

specific solvellls, the multiparameter equation can be reduced to 1, 2, or 3 tenns

involving different combinations of the parameters.

The parameter, 11*, which is an index of solvent dipolarity/polaril.ability

measuring the ability of the solvent to stabilize a charge by vinue of the solvent dic1ectric

effect, should effectively correlate better than the dielectric constant, Oc' itself. 'I1lis can

be explained by the way the parameters are derived, The tenn Oc is a macroscopic

property of the bulk solvent and docs not probe the cybot<lctie region, where<ls 11* values

are obtained from probing electronic transitions occurring in the solute org<lnized

cybotactic region or solvation shell. The distinction between the cybotaetic 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 moleculcs. This suggests that in

order to describe solvent effects on reaction rates, the solvent pol<lrity seale 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. 142 Grunwald-Winstein's

y values and Dirnroth·Reichardt's ET values are also derived from experiments which

probe the cybotactic region of the solvelll.

•

•
14t

t42

M. J. Kamlet, J.-L. M. Abboud, M. H. Abraham, and R. W. Taft,J. Org. Ch.m., 48, 2877
(1983). Application of the Kamlet cquation has becn shawn in Diels-Alder reaclions: Sec
referenee 122c.
B. R. Knauer and J. J. Napier, J. Am. Chem. Soc.. 98, 4395 (1976).
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Figure 14. Distinction betwcèn the bulk solvent and the cybotactic region.
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• Our :Htl'mpt 10 \.'~)frl'1;,ltl' n"" values ;11~)1lL' \\ ith h)~ k j nI' 1\ \~ k., \\ .l~ Illl'l \\ ilh "'l'11 h,'

SlICL'I.'SS. \V(' nh"l'f\'L' a prl'\'ailill~ Îlllï'l'asè in f;lll' "ÎIIl thl' Tt'" sllh'l'llt IH\larity 1'~\LI1lll'll'l'

whidl is indiraliw of a dil'0lar lll,','hanislll lFi~l1I'l' 1:il. 'l'hl' la,'~ ,,1' ~l'"d ,'"rrl'\;lIi'1I1 \1'

= 0.75) of log kt or \.)g k~ with Tl' \"1' ,'ven Fr as sh,,"n in Fi~l1I'" I~a) ,';In hl' allrihlll,'d

to lhe fact lhal thes,' parallll'tcrs slClll fmlll a panic'III;lr erre,'llh,' sl,lv"1ll p"\;tl'ilY has l'n a

certain lllode! \referenl'e) dlelllirai proù'ss ,,1' a ,'l'nain l'llllll'''lItld \If S",·ti"n ~.X ..\l.

TIlesc model processcs do nOI bl'ar an)' reselllblanl'" to 0111' dl'l'Olllp"sitilln rl'al'tion and

henec the paramelers do not correlate weil wilh our r,'action ral,'s.

Figure 15, Plot of log kt vs, lt* solvelll po1arit)' parameter showing a g"Ill'ral

inerease in rate \Vilh lt*, The kt values Wl're taken rmlll Table- ,1 and whirh

have a lt* value that \Vas measured,
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Nevenheless, the rate of reaction correlates reasonably weil with the non-specifie

parameters of Koppel and Palm. Since our reaction involves neilher acidity or basicity

effects of solvents we can neglect the specifie parameters in Eq. (16). The eljuation,

therefore, reduces to three terrns comprising of the dieleetric and refractive index

parameters, Multiple regression provides Eqs, (18) and (J 9) where f(Dc) = <De-I)I
(2Dc+1) andf(n2) =(n2-1)/(n2+2).
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Eq.(J8)

Eq. (19)

We see that the diekclric" term plays a dominant mie and the rcfractive index teml plays

a negalive mk in the overall reaction rate. If we increase the polarity of the solvent (je.

diek,·tric" constant) the rate increases which is in agreemcnt with our proposed ionic

mechanism.

Similarly. we ,'an simplify Kamlct and Taft's equation. Eq. (17), byeliminating

the addity and basicily lenns as weil as the coordinate covalency parameter. Multiple

regression analysis shows that the solubility parameter, /5H2, plays a very minor role in

the rate of real'lion and thercfore wc can neglect that tenn aItogether th us arriving at Eqs.

(20) and (21):

•
log k} = -3.88 + 0.83n' - 1.79/5

log k2= -3.47 + 0.18n' . 2.05/5

Eq. (20)

Eq. (21)

•

As with the pronounced effect of dielectric constant in the Koppel and PaJm rreatment,

the reaction rate is directly proportionaJ to the n' parameter here. The greater the value

n' the greater the reaction rate which supports our mechanism involving dipolar

intemlediates.

We should also nOIe lhat in the Koppel and PaJm approach we used the dielectric

constants which are ground-state properties of the bulk solvent and in the Kamlet and

Taft illustration we used n' values which are derived l'rom 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 lhe bulk solvent is

meaningful in our system.
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1.9 SOI.\E,'T ISOTOPE EHEC'!'

The solvent isotope dïeL'l in the sludy of r,'a,·tion kineti,'s is us,'d 10 d,'s'Tib,'

ehanges in a kinetic proeess \\ hen a solwlll is r,'pla,','d by its isotol'ically substilllled

couillerpart. In most ease", hydrogen is substitut,~d by deut,'rium but ,'arbon, sulfur, and

nitrogen isotopes have also been used. The isolope eff<:et f"r rea,'lions is uset! to indica!,'

whether there is a direet or indire,·t solvelll participation in lh,' r,'action. "eombination

of three f,letors are involved when observing these dkets :I\S

a) Primary isotope effect where in the rate detenllining step the bond 10

the isotopically-Iabdled atom is broken:

b) Secondary isotope effeet in a solute/solvent interaetion where bonds

to the isotopieaily labelkd ,noms are not broken in the reaetion:

c) The reactants become labdkd by fast exehange and the newly labelkd

molecules c1eave in the rate determining step.

Unfortllnately, these three factors ail operate simultaneollsly and is thus dillieult

to differentiate between them.

ln general, a reaction shows an inel~ase in rate with unlabdled solvent relative to

the labelled solvent if the activated complex becomes eharged. Conversely, a reaetion

that disperses or destroys charge will exhibit an enhanœd rate in labelled solvclll relative

to the unlabelled solven!. The different behaviours are most Iikely attribuled to the

difference in polarization of the X-H and X-D bonds where the X-I-I is more polarizable

than X-O. In a charged activated complex, the more polarizable unlabelled sol"ent will

increase the rate of reaction whereas labelled solvent, bcing less polarizable, will

decrease the rate of reaction.

Our study focused on the difference in the observed rate conslant in the

deccmposition of episulfide 28 when ethanol is substituted with ethanol-d, The rate

profiles were obtained at SOoC starting with an initial concentration of 1.00 mM of

episulfide 28. Figure 16 shows the rate profiles for the two solvcnl systems.
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l'ï~lIre 16, R,il~ profile in the (le~oll1po;.ition of 2R in ethanol (0) and

~th"nnl-" (\'),
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By curve-fining97 the rate vs. concentration of episulfide to Eq. (3) k1 and k2
values were detennined 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 solvenl.

This is not inconsistent with our mechanism involving <1 charged activated complex as it

appears the rate detennining step in deuterated ethanol is altered, the O-D bond being

stronger than the O-H bond. According to our proposed dipolar mechanism, il is

possible for the sulfur anion from the unimolecular or bimolecular pathways to abstract

the deuterium atom from the labelled solvenl. If this is now rate-detennining, the

production of the alkene wouId be retarded.
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Table 15. Rate constants deri\'cd t'rom Fq. (.n in ,·than,,1 and ,'thallll\-d SlllVl'nts.

-
k~~~]

-- -- -~- - - -- -
k,

Solvclll
10~ s-Il __ (x(x 10) mM-1 s-Il

- .-=

Ethanol 4.2 0.21

Ethanol·d 1.7 0.17

The solvent isotope effect can bc calcu\atcd from taking the ralio of the second nrder rate

constants of the unlabclled and labelled solvent :

k2 (U/z/abelled)
k2 (labelled)

An isotope ratio of 2.5 and 1.2 is obtained from k 1 and k2 r:lte constants rcspCl:tivc1y

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 solvenls. 143

Funher evidence of hydrogen transfer within this system can be seen from 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 sooe 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 compalible with the

abstraction of hydrogen by the sulfur anion intermediates which inhibits further

decomposition.

• 143 a) 1. D. Roberts, W. Watanabe,and R. E. McMahon,J.Am. Chem. Soc., 73, 760(1951); b) J. D.
Roberts, C. M. Regan, and 1. Allen,). Am. Chem. Soc., 74, 3679 (1952).
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Figure 17. Erreel or aùùing aeetie aeid in the deeul11position of 28.
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• 2.10 EFFECTOF 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 1H

NMR by following the increase in the appearance of alkene 29 in toluene-dg at sooe
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 l'mm appcaranl'l' of 2<) in

tolliene-dS at soDe with and withollt addition of radie'll inhihilor.

k2 (x 105mM'\ s·l)

No inhibitor 0.3R ± 0.0<)

Acetanilide 0.34 ±0.07

Styrene 0.33 ± 0.07

2.1l EFFECT OF ADDED SULFUR

HlIisgen demonstrated that the deslIlfllrization of triphcnylthiiranc by sodium

thiophenoxide is inhibited by the interaction of the elill1inatcd slIlfllr. l "" Kinelie ,Illalysis

by 1H NMR showed that the addition of sulfur suppresses the rate of deeoll1posilion of

the thiirane. ln the presence of sulfur, the thiophenoxide anion reaets wilh slllfllr forll1ing

polythiolate anions; hence dill1inishing aetive thiophenoxide which would otherwise

desulfurize the thiirane. There was no ll1emion of the possibility that the thiirane couId

also react with the added sulfur presull1ably hecause the thiophenoxide would he a bctter

nucleophile. ln our kinetic studies, no external nucleophile was employed and we

therefore, decided to see if our particular thiirane wouId interaet with sulfur which would

he present in the early stages of the reaction.

We compared the rate of increase of olefin 29 with an experimenl 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 Ihe increase

in concentration of olefin 29 in chlorohenzene at SODe. lt is c1early seen that sulfur has

no effect on the rate and therefore does not seem to imeract with 28.

• 144 R. Huisgen, "Developmenls in Ihe Organic Chemistry ofSulfur", Proceedings of the XIII
Inlernalional Symposium on the Organic Chem/slry ofSulfur, Odense, Denmark, C.T. Pcdersen
and 1. Becher, Eds., Gordon and Breach Science Publishers, 1989, p 63.
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Figure Ill. The increase in olcfin 29 in the thcmlOlysis of thiirane 28

in chlorobcnzenc al HO°C. .0.2 nù1 sulfur addcd; 'il no sulfur added.
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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 wc vary the

concentration of sulfur by 62-fold (Table 17). The small difference in rate can be

attributed 10 the random errors in the determination of the rates.

•



•

•

Table 17. Rme of appearanee of olelïn 29 at "ariolls eonl'L'ntrations of

added slIlfllr. Initial coneentration of thiirane 28 = O.211 ml\l.

Cone. Ss Rate
(mM) (x lO5 mM S" 1)

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

\.04 0.20

1.31 0.21

Il is known that elemental sulfur reaets with alkenes to give sulfurated products as

weil as episulfides. t4S The synthesis of stable episllifides, however, reslIltcd l'rom

reaeting the alkene with elemental sulfur in refluxing DMF. Under these conditions we

would expect to favor fonnation of olefin 29 rather than thiirane 28 which is themlally

unstable,

•
14S a) R, Salo, M. Nakayama, Y. YU7.awa, T. GOlo, and M. Sailo, Chem. Leu., 1887 (1985); ~I P. D.

BartIclland T. Ghosh,J. Or8. Chem., 52, 4937 (\987); c) W. Ando, H. Sonobc, and T. Akasaka.
Tetrahedron Lett., 28,6653 (1987); d) J. Nakayama, Y.lto, and A. Mizumura, Sulfur Lel/., 14,
247 (1992). Sec also W. A. Pryor, "Mechanisms ofSulfur Reactions," McGraw·HiII, 1961,
Chaptcr 5.
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CHAPTER3

SYNTHESIS, STRUCTURE A:\D REACTIVITY

3.1 INTIWI>UCTION

Thc majority of synthctie studies on thiiranes is devoted not only to develop

novcl I11cthods of synthesis but also to modify the classieal methods in order to improve

thc range of reagcnts uscd and to improve the yields. 'l11ere have been numerous studies

on the cffcet of reaction conditions in the fomlation and yields of thiiranes. With the

discovcry of new thiolating agents, it has been possible to design new non-traditional

I11cthods of synthesis.

3.1.1 CONVERSION FROM OXIRANES

One of the most important and frequently used methods to prepare thiiranes is the

reaetion of oxirane with thiourea or alkali metalthiocyanates (Seheme 16).146 The yields

arc high and the produets are easi1y isolable. The aeeepted meehanism of reaetion with

thiocyanate involves a nucleophilie anaek by the thiocyanate resulting in a C-O bond

cleavage intemlediate, followed by an intramoleeular S to 0 eyano migration and ring

closure (Seheme 16).147

KSCN
• •

S

R{~l""·--

/
R~n-'ct Scheme 16
NCO) ~Rl

• 146
147

S. Scarles, E. F. Lutz, H. R. Hays, and H. E. Monenscn, Org. Synth., 42, 59 (1962).
a) M. G. Eulinger. J. Am. Chem. Soc., 72,4792 (1950); b) E. E. van Tarnelen, J. Am. Chem.
Soc.• 73, 3444 (1951); e) C. C. Priee and P. F. Kirk,J. Am. Chem. Soc., 75, 2396 (1953).
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A similar mechanism can be envisaged lIsing thiollrea (Schcmc 17). The slcrcodlcmislry

is preserved and the optically active (R,R) oxirane gives optically active (S,S) Ihiirane.

A number of new thiiranes with a variety of substituel1ls have thlls been obtained which

were previously unavailable.51 .,94d.III,148 This reaetion is slow if Ihe oxirane ring is tri- or

tetra-substituted or if the substituents are electron withdrawing. Most thiirane proollets

are unstable due to the ease of sulfur elimination if sllbstitucl1ls are eleelron withdrawing.

However, thiiranes containing electron alU'acting sllbstitllel1ls have been synthesized. 149

Other sulfur reagel1ls have been succcssfully 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 retel1lion of eonfiguration. 15Cl

Silyl thiirane was forrned by interaction of the eorresponding oxirane wilh 3­

methylbenzothiazole-2-thione (43) (Seheme 18).151

•
148

149

150

151

a) H. Bouda, M. E. Borredon, M. Delmas, and A. Gaset, Synth. Comm., 17,943 (1987); b) R. L.
Pederson, K. K. C. Liu, 1. F. Rutan, L. Chen, and C. H. Wong, J. Org. Chem., 55, 4897 (1990).
R. Ketcham and V. P. Shah,]. Org. Chem., 28,229 (1963).
a) T. H. Chan and J. R. Finkenbine, J. Am. Chem. Soc., 94, 2880 (t972); b) T. H. Chan and J. R.
Finkenbine,lnt. J. Suifur Chem., 8, 45 (1973); c) W. E. Childers and C. H. Robinson,J. Chem.
Soc., Chem. Comm., 320 (1987). Sec also J. R. Finkenbine, Ph.D. thesis, McGiIl University,
June 1974.
G. Barberi,]. Organomel. Chem., 117, 157 (1976).
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The perhydrobenzothiazole-2-thione derivalive has also been implemcnted. 152 One of the

most effective new thior.o compounds is dimethylthioformamide which has been used to

prepare thiintl1l~s.153 Also effective are 2-mercaptobenzothiazolel54 and S-mercapto-I­

phenyltetrazole. 155

3.1.2 CONIlENSATION OF DIAZO COMPOUNIlS

Coupling of diazo compounds with thiocarbonyls is one of the oldest methods to

prepare thiimnes. Between 1916-1920, Staudinger reported the fonnation of thiirane

from diazo compounds with thiocarbonyls.49,156 An unstable 1,2,3 or 1,3,4 thiadiazoline

was postulated as an intennediate which is converted to the thiirane with the concomitant

evolulion of nitrogen (Scheme 19).

•

Scheme 19

The reactions in these systems can easily be accounted for by initial fonnation of a

carbene. 157 This method has been employed with a wide range of both diazo reagents and

152

153
154
155• 156

157

R.C, Cambie, G. D. Mayer, P. S. Rutledge, and P. D. Woodgate, J. Chem. Soc., Perkin Trans. l,
52 (1981).
T. Takido, Y. Kobayashi, and K. ltabashi, Synthesis, 779 (1986).
V. Calo, L. Lopez, and G. Pesee, Gall. Chim, Ital., 109,703 (1979).
E. Lippmann, D. Reifegerste,and E. Kleinpeter,Z. Chem., 17,60 (1977).
a) H. Staudinger and F. Pfenninger, Chem. Ber., 49,1941 (1916); b) H. Staudinger and J.
Siegwan, /lelv. Chem. Acta, 3. 833 (1920).
N. Latif and 1. Fathy,). Org. Chem., 27, 1633 (1962).



• thioketones reslilting in many different lhiiranes. "".1." Grignard rl'agents l ,., and

phenyl(trihalogenmelhyll merl' ury eompollnds" ha\'l' also bl'en lIsed as SOurl'l'S of

earbcnes to prepare lhiiranes.

3.1.3 On1ER :\IETllons

Thiiranes have also bcen preparcd by olher ml'lhods whÎl'h indllde the addition of

sulfur to alkenes l60 althollgh the yields are low, pyro- and photolytie 1l1l'thlXls l%.101. as

weil as reactions involving ring eyclization via a thiolate anion.1"~ 1\ l'onvenÎl'nt

synthesis of thiiranes is the addition of sulfenyl chlorides to alkenes followeù hy ring

closure.1 63 A new method was discovered by Zipplies lM in which the reaetiun of

dimethylaniline oxide with CS2 in the presence of alkenes prodllccù thiiranes. The

rcaction of thioaldehyde 44 with a Wittig re.lgent also gives thiirane (Seheme 20).I"j 2­

Hydroxyalkanesulfenyl chlorides are converted stereospecilically to thiirane with

triphenylphosphine; 166 diethoxy triphenylphosphorane was llsed to transfonn a 2­

hydroxythiol to a thiirane. 167 An llnusllal class of thiiranes. vinylthio sllbstitllteù

thiiranes (45), has recently been synthesized llsing sulfenyl chlorides in the presence of

•
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a) M. Tashiro. S. Makala, and S.lschi.lleterocycles, 12, 184 (1979); h) M. S. Raasch,.I. ()r~.

Chem., 44. 632 (1979); c) G. L'abbe, J. P. Dekerk. C. Marlens, and S. Tappel,.I. ()r~. Chem., 45,
4366 (1980); d) E. Schaumann. H. Behr, G. Adwidjaja. A. Tangerman, B. H. M. L:lInmcrink.
and B. Zwanenbcrg, Tetrahedron. 37, 219 (1981); e) T. Furuhala ,,"d W. Ando, Telrahedron
LeIlS., 28.1179 (1987); l) K. Rail and W. Sundermeycr,J. Fillorine Chem., 47,121 (1990).
a) R. C. Moreau, 8111/. Chim. Soc. Fr., 1044 (1955); b) P. Beak and J. W. Worlcy, J. Am. Chem.
Soc.• 94. 597 (1972).
a) S. Inoue, T. Tezuka, and S. Oae. Phosphorlls Suifur. 4. 219 (1978); b) J. Emsley, D. W.
Grirrilhs, G. J. J. Jayne,J. Chem. Soc.• Perkin Trans. l, 228 (1979); c) C. Berlaïna, R. Fellous, F.
Lemaire, and R Strïngal, Telrahedron Lells.• 26. 5521 (1985); d) J. Joseph. R. K. Gosavi. A.
Otler, G. Kotovych. E. M. Lown, and O. P. Strausz, J. Am. Chem. Soc., 112,8670 (1990).
a) H. Quast and A. Fuss. Angew. Chem. 1nt. Ed. Engl., 20, 291 (1981); b) A. Krebs, W. Rilger,
and W. H. Nickel. Tetrahedron Lells., 22.4937 (1981).
a) R. C. Cambie, P. S. Rutledge, G. A. Strange. and P. D. Woodgale,lIelerocycles, 1501 (1982);
b) M. Michalska, E. Brzeziilska, 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).
a) F. K. Laulenschlaeger and N. V. Schwartz,J. Org. Chem., 34. 3991 (1969); b) F. K.
Lautenschlaeger, J. Org. Chem., 34. 3998 (1969); c) T. Fujisawa and T. Koberi, Chem. Lell.,
935; 1065 (1972); d) M. U. Bombala and S. V. Ley,J. C/Jem. Soc.• Perkin Tran". l, 3013 (1979);
c) J. M. Majewski and 1. Zalmewski. Tetrahedron Lell., 22, 3659 (1981); l) W. A. Smit, N. S.
Zcfirov, and I. V. Bodrikov, "Organic Suifur Chemütry," R. K. Fricdina and A. E. Skorova,
Eds., Pergamon Press. 1981, p 159.
M. F. Zipplies. M.-J. De Vos, and T. C. Bruiee. J. Org. C/Jem.• 50, 3228 (1985).
E. Vedejs, D. A. Perry. and R. Wilde,J. Am. Chem Soc.• J08, 2985 (1986).
J. E. Baldwin and D. P. Hesson, J. Chem. Soc., Chem. Comm., 667 (1976).
R. L. Robinson, J. W. Kelly, and S. A. Evans, Phosphorus Sulfur Relat. Elem.. 31, 59 (1987).
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alkyncs and a horon \l'pcrhydridcY" Morc rcccntly, thiiranes were preparl'd utilizing a

rcaclion involving a dilhioiminlx:arhonate and thiazoline \Vith aldehydes promoted by

nuuridc ion. 16lJ

H

)=s + Ph3P=CH(CH 2hPh
t-Bu

44 Scherne 20

o

cG R CI1: N·SCI + R----==--R' _ >=< .
PhthS R

o

• >d~,:r'
5 R

45

•

!2LiEt3 BH

R CI

. >=<.
RyS-S R

CrR

3.2 SYNTHESIS OF 2,2.DICHLORO·3·[9·FLUORENYL] EPISULFIDE (28)

As stated above, one of the more convenient methods of preparing fluorenyl

substituled thiiranes is the coupling reaction of 9-diazofluorene with a thiokelOne. This

was first reported by Staudinger and Siegwarr'9 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 coworker~.,I7o Following their

procedure, readily available 9-fluorenone was easily convertcd to its hydrazone by

trcatment with hydrazine monohydrate in refluxing n-butanol followed by oxidation with

•
168

169

170

G. Capozzi, L. Gori, and S. Menichelli, Telrahedron, 47, 7185 (1991).
Y. Tominaga, H. Ueda, K. Ogata, S Kohra, M. Hojo, M. Ohkuma, K. Tomita. and A. Hosomi,
Telrahedron Leu" 33, 85 (1992).
R. Baltz1y. N. B. Mehta, P. B. Russell. R. E. Brooks, E. M. Grivsky, and A. M. Sleinberg,J.
Org. Chenl.. 26, 3669 (1961).
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mercurÎ<: oxide 10 9-diawt1110r,'ne (-t6). Thiirane lS is ,'\llained hy 1\'a'·lin~ -t6 \1 ilh

thiophosgene at o"e foHolling Stalldin~er's proeedur,- (Sd1l'me 2\ l.

•

Q;p
o

28

NH2NH2'H2~ Q;P
NNH2

lH90

O;p
+N2

46

•

•

Scheme 21

3.3 SYNTHESIS OF 2,2.DICHLORO·3·[2·FLUORO·9·Fl.lIORENYI.] El'ISlII.FIDE

In our quest to synthesize tluorene·substituted thiiranes in order to fllnher

examine the mechanism of slilfur extrusion, we extended Stalldinger's synthetie

methodology by attempting to synthesize the tluoro f1uorenyl thiirane derivative 49. Our

initial strategy was to not alter the structure of the parent thiirane 28 at the 1. or 3

positions but rather putting a substituent on the f1uorenyl ring system so that the

reactivity of the compound will almost be similar to the parent thiirane. The simplidly

of readily available monosubstituted f1uorenones allowed us to atlempt to prepare Ihe

thiiranes in three steps. We initiated work on 2-f1uoro-9-f1uorenone. The disadvantage

is that the electronegative fluorine should decrease the stability of the Ihiirane. 2-Fluoro

fluorenyl hydrazone (47) was prepared and consequently convened to ils diazo

compound 48 following Baltzly's approach. l1o Subsequent reaction of 48 with

thiophosgene gave a -3: 1 ratio of olefin 50 to thiirane 49 (Scheme 22). Several atlempts

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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F

•

Scheme 22
~

NNH2

47

lHgO

~
+N2

•

~
o

F

•

49 48 50

•
3.4 METIIYI.- AND METHOXYFI.UORENYI. SUIlSTlTUTED EPISUl.FIDES

Our efforts llIrned to methyl- and methox:y-fluorenyl substituents. Unfortunately,

alkyl or alkox:y substituted fluorenones are not readily avaHable and thus had to be

synthesized. The preparation of 3,6-dimethox:y-9-fluorenone was reported by Schuster

and coworkers in 1985.171 The advantage of this particular compound is the symmetrical

aspect of the dimethox:y fluorenone which perrnitted us to easily characterize and identify

the interrnediates via 1H and 13e NMR. The synthesis involves a reaction between a

Grignard reagent and an ox:azoline followed by deprotection and intramolecular

cyclization, glVlng the disubstituted fluorenone. The synthesis of the

dimethox:yarylox:azoline 52 was accomplished by the procedure described by Meyers and

coworkers172 and is shown in Scheme 23. The first step requires protection of the

carbox:yl substituent. The 2-0x:azoline group was suitable protection for the carbox:yl

function because of its resistance to Grignard reagents which wouId be used in a

subsequent slep in the symhesis.173 Meyers has recently ex:tended his methodology to the

symhesis of 2-substituted napthalenes. 174 The acid chloride was prepared from 2,4­

dimethox:y-benzoic acid by treatment with thionyl chloride and which, in turn, was

transforrned to the bcnzamide 51 by trealment with 2-amino-2-methylpropanol (Scheme

•
171

172

173

174

C. Chuang. S. C. Lapin, A. K. Schrock, and G. B. ShuslCr,J. Am. Chem. Soc., 107,4238 (1985).
A. 1. Mcyers, R. Gabcl, and E. D. Mihelich, J. O,g. Chem., 43, 1372 (1978).
a) A. 1. Meyers, D. L. Temple, D. Haidukewych, and E. D. Mihelich, J. O,g. Chem., 39, 2787
(1974); b) A.!. Meyers, A. Meier, and D. J. Rawson, Tet,ahedron Let/., 33, 853 (1992).
T. C. Gant and A. 1. Meyers,J. Am. Chem. Soc., 114, lOlO (1992).
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2.,). The 2·oxazoline 52 is then preparcd hy ,'ydil:ltit)n nI' 5\ with thinnyl ,'hlnril!c

followed by chromatographie purifil'atinn.

~ ?;.... OCH 3 SOCI2 " OCH 3

I~ • I~

OCH3 OCH 3

lHll<..OH

r+ H

q" OCH3 SOCI2

I~ •
OCH3 OCH3

52 51• Scheme 23

With 52 in hand, a nucleophilic aromatic substitution reaction with 3­

methoxyphenylmagnesium bromide was perfonned to yield the biphenyl 53 (Schcmc

24). The Grignard reagent was easily prcpared by heating 3-bromoanisole and

magnesium metal in refluxing THF. It should bc noted that the mcthoxy substituent

ortho to the oxazoline is preferentially displaceo over the para methoxy group. owing to

the versatility of the oxazoline moiety acting also as an activating group. Substitution is

facilitated atthe ortho position apparently bccause of direct chelalion of nitrogcn (and/or

possibly oxygen) and the methoxy oxygen with the magnesium. 173• The biphenyl

compound 53 was deprotected via the intennediate methiodide salt 54 and remaval of Ihe

axazalinium moiety was accomplished by alkaline hydrolysis to give the biphenyl

carboxylic acid 55. A milder method for converting oxazolines ta carboxylic acids was

recently described by Phillion and co-workers l75 in which trifluoromcthancsulfonic

anhydride was employed followed by alkali saponification. Paly(phosphoric) acid

cyclization l76 of 55 gave 2 isomeric compounds, 3,6-dimethoxy-9-fluorcnonc (56) and

1,6-dimethoxy-9-fluorenone which were easily separated.• 175

176
D. P. Phillion and J. K. Pralt, Syn. Comm" 22,13 (1992).
J. Koo, J. Am. Chem. Soc., 75, 1891 (1953).
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• rt'+BrMlQ 0", H
a

52 + I/. THF CHai 1·• •
OCHa

OCHa OCHa OCHaOCHa

53 54

lNaOH/H2O

COOH
HaP04

NH2 • 0 • ~/. :-.

CHaO
OCHa OCHa

57 56 55

• l

• +

58 59 60

Scheme 24

•

Conversion of the symmetrical fluorenone 56 to the 9-diazofluorene compound

58 via hydrazone 57 is relatively straightforward following the procedure of BaItzly,l7°

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 thiC'phosgene at OOC gave only

compound 60 as a red solid in 37% yield. In another anempt to prepare thiirane 59,
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•

lOS

hydrazonc 57 was convencd dircctly without iSl,lalion of thL' diaw l'Olllpnund, This

route wouId minilllizc generalion of azine sidL' pWdUCIS whkh W,15 l,hsL'l'\ùl if di,IW

compound 58 W:1S isolated, Azincs are known 10 fOl1n rcadily frllm diaw L'olllpounds l )/

and hydmzones, l7S Howevcr, this mcthod proved unsatisfaL'tnry as n!L'fin 60 was the

only producl isolated. This was conlÏrmcd by Uc NMR,

The methodology outlined :lbove \Vas extended allowing us to possihly preparc

other substituted fluorenyl thiinmes, Following Ihe general proœdure in lhe preparation

of 59, it was decided this approach will be used \Vith other arylsuhstituted Grignard

reagems in hopes of affording several new sUbslituted fluorcnones, Sniel'kus and co­

workers described a eonvenient route to substituted l1uorenones by a remote arolllatic

metalation strategy.179 Substituted f!uorenones arc also known to be biologically and

physiologieally active compounds,lill For example, 2,7-bis(N,N-diethylaminoelhoxy)

fluoren-9-one dihydrochloride (Tilorone) (61) is an inlerferon indueer and exhibits :uni­

viral activity.181

o

From the appropriate Grignard reagems, 2-oxazolines 65, 66, and 67 were

obtained from treatment with 2-methylphenylmagnesium bromide (62), p­

tolylmagnesium bromide (63), and phenylmagnesium bromide (64) respectively, The

oxazolines \Vere deprotected affording the biphenyl earboxylic acids 68, 69, and 70

which \Vere converted to their disubstitutcd fluorenones 71, 72, and 73 via imramolecular

poly(phosphoric) acid cyclization. These were then convened to their mixture of

isomeric hyclrazones 74, 75, and 76 by treatment of the ketone with hydrazine hydrate,

Oxidation of the hydrazones afforded the l'cd diazo compounds 77, 78, and 79 which

•

177

178
t79
180

181

a) H. H, Szmant and C, McGinnis,!. Am, Chem. Soc., 72, 2890 (1950); b) S. G. Cohen, F,
Cohen, and C. H. Wang,!. O,g. Chem" 28, 1479 (1963); c) C. J. Abclt and J. M. Pleicr,J, Am,
Chem. Soc" Ill, 1795 (1989); d) M. H. Sugiyama, S. Celebi, and M. S, Plall., J, Am, Chem,
Soc" 114, 966 (1992).
V. M. Kolb, A. C. Kuffel, H. O. Spiwek, and T. E, Janola,J. O,g, Chem, , 54, 2771 (1989).
J.-M. Fu, B.-P. Zhao, M. 1. Sharp, and V. Snieckus,J, O,g. Chem" 56,1683 (1991),
al E. P. Kyba, S.-T. Liu, K. Chockalingam, and B. R. Reddy,!. O,g. Chem., 53, 3513 (1988); b)
A. W. Nicholas, M. C. Mani, G. Manikumara, M. E. Wall, K. W. Kahn, and Y. Pommier,},
Med. Chem., 33, 972 (1990).
R. F. Krueger and G. D. Mayer, Science, 169, 1213, 1214 (1970).
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wcre not isolated bUI immediatcly treated witb Ihiophosgene in silll in an attempt to

prepare the nuoreny! substiluted thiiranes (Sl'heme 25). In ail three cases, Ihe 3-methoxy

substiluted derivatives gave only the l'Orresponding o!efïns, 83. 8.t, and 85. These

compounds wcre confïrmed by 1H and 13e ~MR and MS analyses. This is not

surprising in view of Ihe presence of the activating substituents (cf Section 3.7).
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R2

+ BrM~__•

,

62, R,=H; R2=CH3

63, R,=CH3; R2=H

64. R,=R2=H

OCH3

65, R,=H; R2=CH3

66, R,=CH 3; R2=H

67, R,=R 2=H

•

COOH R2

~
..... ;.0'1
.....: :-..

R,
OCH3

68, R,=H; R2=CH3

69, R,=CH3; R2=H

70, R,=R 2=H

l

110

• 74, R,=H; R2=CH3

75, R,=CH3; R2=H

76, R,=R2=H

•

o

71, R,=H; R2=CH3

72, R,=CH3; R2=H

73, Rl =R2=H

•

•

77, Rl =H; R2=CH3

78, R l =CH3; R2=H

79, R l =R2=H

Rl

80, Rl =H; R2=CH3

81, Rl =CH3; R2=H

82, Rl =R2=H

Scheme 25

Rl

83, R,=H; R2=CH3

84, R l =CH3; R2=H

85, R l =R2=H
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Wc funher cxpanded (lur effons by applying thc J\lcycrs lllcthodologyln to

,m'parc o.xawline 1l7, Thus. the carhosyl group of 2J-dilllcthosybcnzoic acid was

convertcd to ils aeid l'hloridc followed by conversion to ilS eorresponding benzalllide

(!l6), Trcatmcl1t wilh lhionyi ehloridc afforded 87,

~ (;aCHa SaCI2 1" aCHa
1" •
/. aCH /. aCHa a

IH2~aH
r+- H

~ ~HaCHa SaCI2 l '" aCHa
1'" •/. CH /. aCHa a• 87 86

Oxazolinc 87 was treated with 4-methoxyphenylmagnesium bromide (88) to give

biphenyl 90 (Scheme 26). Deprotection of the oxazoline moiety via the methiodide salt

and aqueous 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 1H and 13e NMR spectra were obtained.

•
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• ."liS"' THF.

R,

88, R,=OCH3; R2=H

89, R,=H; R2=OCH3

NH2 ....--

R2
CH3

90, R,=OCH3; R2=H

91, R,=H; R2=OCH3

o •

Il ~

1) CH31

2) NaOH/H20

•
R,

96, R,=OCH3; R2=H

97

R,
94, R,=OCH3; R2=H

95, R,=H; R2=OCH3

•

98

92, R,=OCH3; R2=H

93, R,=H; R2=OCH3

Scheme 26

•

Following a similar procedure, the Grignard reaction betwcen oxazolinc 87 and 2­

methoxyphenylmagnesium bromide (89) gave the dimethoxybiphcnyl 91. Dcprotcction

produced the carboxylic acid 93. 4,S-Dimethoxyf1uorenonc (95) was thcn prcparcd from

93 via intramolecular cyclization initiated by poly(phosphoric) acid. To our knowlcdge,

f1uorenone 95 has been synthesized for the first time. Dcrivatization to its hydrazonc,

however, proved very difficult. In rcfluxing ethanol or ethylcne glycol containing

hydrazine monohydrate, only the starting kctone was rccovcrcd. No furthcr ancmpt to

convert the ketone to its hydrazone was performed.
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The ,yllthe,is of the 3·methyl fluorenyl derivative involved anothcr approaeh. In

the preparation of Ihe previously describcd methoxy ,ubstituted derivatives, it rcquired

an ortho methoxy ,ub,lituted benlOie acid as starting matcrial which 'l'as readily

available, Ilowever. 2·methoxy·4·methyl benzoic acid rel)uired to make the 3·methyl

fluorenyl compound was nol readily available. The preparation of the fluorcnoncs

l'nlailed a Grignard coupling reaction followcd by an internal eyclization under acidic

conditions. Ilowever, with suilable 2-aminobenzophenone compounds, the carbonyI

funetionality is already in place. Under standard Pschorr-type cyclizalion conditions, the

ortho amino group is converted to the diazonium group and ring closure is easily effected

by uncatalyzed intramolecular C-C bond fomlation to the other ortho position in the

other ring. The Pschorr-type reaction has bcen used to synthesize a variety of substituted

l1uorenone and azafluorenones. IKOa

•
Thus, 2-amino-4-methylbenzophenone (99) in 2N HCl was treated with aqueous

sodium nitrite 10 obtain the diazonium intermediate. After heating in refluxing THF, 3­

mcthylfluorenone (100) was obtained (Scheme 27). Conversion to the hydrazone 101

was straightforward but then an allempt to prepare thiirane 102 failed and the

corresponding olefin product 103 was obtained exclusively. The presence of olefin was

confinllcd by l3C NMR, MS and elemental analysis.

100

0 0
aq. NaN02

•
2N HCI

CH3
99

l

•
103

•

CH CH

102 101

5cheme 27
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3.5 DIARYL EPlSlILFIDES

A related mo!ccule, 2.2-dichloro-3,3-diphenl'lthiirane (110). was sU<ù'ssfulll'

synthesized following lhe prtX'edure descrihed hl' Staudinger and Sicgwal1.'· 'l1lÎs

compound has lhe adv'llliage in that the 3-memocred ring heterocyde is predÎt'lt'd to oc

more slable than the fluorenyl substiluted compound because of it heing !css slrained.

The degree of aromaticity is less than that of the fluorenyl group. Staning Wilh

bcnzophenone (lO-t), the hydrazone 106 and the diazo derivative 108 were easily

prepared by known methodsl70 and readily converted to 110 as white cryslals (Scheme

28). Confinnation of the structure was obtained from the X-l'al' crystal stru,'lure of the

compound. 182 Figure 19 shows the ORTEP reprcsentalion and Table 18 shows sc1ecled

bond lengths and bond angles. As predicted, the phenyl groups are not co-planaI' and arc

arranged in such a fashion as to minimize their interaction. The thiirane ring struclure is

unsymmenical as seen from the slightly shoner C(I )-S bond compared to the C(2)-S

bond. The C(1 )-C(2) bond length, however, 'l'as found 10 bc charactcristically shorter

than those found in the Iiterature tl •12 but the length is comparable to others. m.18)

Similarly, the 4,4'-dimethoxybenzophenone thiirane derivative (Ill) was also prcpared

using the same procedure but was found to decompose readily at room tcmperature as

predicted with the presence of the moderately activating methoxy groups.

C12

We gratefully acknowledge Dr. Rosie Hynes, McGiII University for obtaining the X-l'al'
crystallographic data.
N. V. Riggs, U. Zoller, M. T. Nguycn, and L. Radom, J. Am. C~m. Soc., 114,4354 (1992).

182

183

Figure 19. ORTEP represemation of 2,2-dichloro-3,3-diphenyl episulfide (110).

C!3

•
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Table Hl. SdCC1Cd bond lengths and bond angles for 2.2-dichloro-3.3-diphenyl

cpisulfïdc (110). Estimatcd crs rcfer to the last digit.

Bond Icngths (À)

CI (1) - C( 1) 1.781 (23)

CI (2) - C(I) 1.80(23)

S -C (1) 1.773(24)

S-C(2) 1.830(22)

C(I)-C(2) 1.43(3)

Bond Angles (0)

C(I)-S-C(2) 46.6(11)

CI (1) - C (1) - Cl (2) 106.2(13)

CI(I)-C(I)-S 116.3(13)

Cl (1) - C(I) - C(2) 124.1(19)

CI (2) - C(I) - S 116.1(13)

CI (2) - C (1) - C (2) 121.1(15)

S - C (1) - C (2) 68.8(14)

S-C(2)-CII) 64.6(2)
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104, R=H

105, R=OCH3

•

110, R=H

111, R=OCH3

Scheme 28

106, R=H

107, R=OCH 3

1

108, R=H

109, R=OCH3
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3.6 SYNTHESIS OF 2,2·DICHLORO-3-D1BENZOSUBERONYL EPISULFIDE

The sYnIhesis of dibenzosuberone episulfide has ncvcr been accomplishcd

previously. As such, we allempled 10 synlhesize il following a similar procedure
described previously in the preparation of thiirane 28.

Initial allempts to prepare the hydrazone from readily availablc dibenzosuberone
(112) in refluxing n-butanol were unsuccessful. In Ihese reactions. only the alcohol 113

was obtained (Scheme 29). Under identical reaction conditions. the analogous alcohol
117 From dibenzosuberenone (116) was obtained (Scheme 30). Funhermore. 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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cthylcne glycol for 2 hr. IH' Furthcr rcOlIxing gave II~. Similarly, dibcnzosuœrenone

(116) gave 118 afler 24 hr reOlIx in ethylene glycol. We can conclllde that temperature,

lime of reaction, and strength of the hydrazine reagent arc 'Ill vital in the preparation of

dibenzosllherone hydrazone (115). This is rather surprising in view of the similarities

bctween 112 and 9-0uorenone.

/ NNH2
Scheme 29

115

0 ~

112 -
OH

• 113 114

o
116

-
OH

117

-
118

Scheme 30

•

We also atlempted to extend the above methodology to synthesize hydrazones of

anthrone (119) and anthraquinone (120). However, after several atlempts, we were

unable to isolate any desired products. In sorne experiments, anthracene (121) was the

only isolated product (Scheme 31). Anthracene most Iikely arose from prolonged

heating. The starting ketones were reduced to their corresponding alkanes which would

rapi?ly aromatize.

184 H. H. Szmanl and C. E. Alciaturi,J. Org. Chem., 42,1081 (1977).
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With dibenzosuberone hydrazone (115) in hand, it was convcniently oxidized to

its analogous diazo compound 122 as violet crystals. Conversion to its 2,2-dichloro

thiirane 123 was straightforward by treatment with thiophosgene lo a/Tord straw yellow

crystals (Scheme 32).

115 • •

Scheme 32
122 123

•

The structure was confmned by obtaining the X-ray crystallographic data lK2 of

123 which shows sorne interesting features (Figure 20). As with compound 110, the

thiirane ring is slightly unsymmetrical and the C(I)-C(2) bond length of I.S07(8)À is in

agreement with other thiirane ring systems. The dihedral angle between the planes of

both aryl groups was deterrnined 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

episullidc (123).
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Table 19. Selccted bond lengths and bond angles for 2,2-dic'hloro-J­

dibenzosuheronyl episultïde (11.'), Estimated as rcfer to the lasl digit.

Bond lcngths (À)

Cl (1) - C(I) 1.76J(6)

CI (2) - C(\) 1.761(6)

S -C (\) 1.769(6)

S - C (2) 1.844(6)

C(!)-C(2) 1.507(8)

Bond Angles \ )
".

C (1) - S - C (2) 49.2(3)

Cl (1) - C (1) - CI (2) 109.5(3)

CI(I)-C(I)-S 117.3(3)

Cl (1) - C (1) - C (2) 119.6(4)

CI (2) - C (1) - S 118.2(3)

Cl (2) - C (1) - C (2) 119.1(4)

S - C (1) - C (2) 68.0(3)

S - C (2) - C (l) 62.8(3)

12()
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3.7 REACTIVITY OF FLUORI'::\\'L SCIlSTITlITEIl EPISULFIllES

The sludy of the reaetivity uf substituted dcrivativcs of 28 cnlai!cd mcasuring the

possihle loss of sulfur whcn heatcd in toluenc at soDe for 45 min. The unsubslituted

thiiranc 28. as expeeted. convertcd ent!rely to its eorresponding olelin. If our proposed

mcchanism has as the slow step (unimo!ccular path) the ionization of the e-s bond

(S<:heme 14), the rem:tion wou Id he predicled to lose sulfur much faster in the presence

of activating groups on thc fluorenyl ring systcm since these substituents wouId stabilize

the developing cation. ln the presence of deactivating groups, the dipolar intennediate

would he unfavourable and wc would not expect the compound to lose sulfur as easily.

The inability to deanly isolate the fluoro substituted derivative 49 is consistent

with our argument. The fluorine atom could stabilize the dipolar interrnediate via

resonance l85 and therefore, it could facilitate desulfurizatior.. On the other hand, its

deaetivating properties or its inductive effeet should destabilize the interrnediate 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 olelin 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 goveming the stability of 49.

•
28

F

49

F

50

•

A similar explanation can he envisioned for the failure to synthesize thiiranes 59,

80, 81, and 82. The presence of methoxy activating substituents would stablize the

proposed eationie interrnediate and enhance its decomposition. The presence of

additional aetivating methyl groups in 80 and 81 further increases desulfurization. The

synthesis of 2,5 dimethoxy substituted f1uorenyl thiirane 98 was successful, although in

very poor yield. Initial studies show that when 98 was heated at soDe for 2 hr, no

desulfurization occurred. Although the two methoxy substituents present in 98 would

enhance desulfurization by its resonance effect, a doser examination of the resonanee

185 R. G. Pcws. J. Am. Chem. Soc., 89, 5605 (1967).
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contributors could explain why wc do not ohserve any desulfurization (Figure ~ 1). In

order for 98 to desulfurize. resonanl'e stnll'tures 1or Il should be fairly stable. Ilowever.

these resonance structures destroy the overall arolllaticity of the ring system and

therefore. both 1and Il should make relatively unimponant contributions to the resonanl'e

description of the cation. Conversely, resonancc contrihutor III (Figure :! 1) in

compounds 59, 80, 81 or 82 does not disrupt the aromaticity of thc entire ring system and

hence, should he a major resonance contributor. Desulfurization should. thercfore.

occur. Funhermore. it was discovered that introduction of only a methyl substituent at

the 3-position of the l1uorenyl group in 28 (compound 102) causes desulfurization as

expected. The methyl activating group would stabilize the carbonium ion in the

l1uorenyl ring skeleton thereby increasing the rate of desulfurizmion.

•

82 102
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Figure 21. Resonance structures for compounds 98 and !l2 in a unimoiccular

desulfurization pathway.

•

•
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A very interesting characteristic was observed when we studied the reactivity of

the diphenyl substituted thiiranes IlO and Ill. The advantages of having thiirane IlO 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 weil as the thiirane are stable for

months in the refrigerator without noticeable decomposition. We can predict the relative

stability of IlO and III vs. 28 on the basis of their structures. We find that, unlike 28,

110 does not desulfurize when heated at SOOC for 4S 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 detennining 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 lt eleclrons in stabilizing carbonium ions. The

phenyl groups, meanwhile, are less effective in stabilizing the incipient carbonium ion



• sinœ the lt system is twisted out of the plane.l~' The ph<'nyl groups in III art' also non­

coplanar which will inhihit their eff<'ctiveness at stahil7ing th<' in.-ipit'lll carho.-alion.

However. the 4,-l'-dimethoxyphcnyl-suhstituted derivative III was found 10 d<'<'ompose

spontaneously in solution. The para activating melhoxy groups would he lm're effective

at stabilizing the carbonium ion and. therdore. fal'Îlilate desulfurizalion.

110 111

•
2.2-Dichloro-3-dibenzosuberonyl episultïde (\23) did not desulfurize under the

reaction conditions (2 hr. SOoC) but was found to desulfurize. although to a 50% extent.

when heated at 100°C for eight d'lYS. After seventecn d'lYS. approximately 75% had

decomposed. This is not surprising as we would predict l'rom the structure (Figure 20)

that with two methylene groups bridging the phenyl groups. the lt system occomes more

planar than the diphenyl or the dimethoxydiphenyl systems but less than thut of the

fluorenyl system. The aryl groups in 123 are -60° out of the plane and the phenyl

groups in no 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, wc would expect some decomposition to occur with 123 but at a very slow

rate.

• 186

123

a) R. Bollon. M. E. Joncs. and S. W. Tuckcr. J. Chem. Soc .• 1464 (1964); b) R. Bollon,1. Chem.
Soc.• 1542 (1965); c) R. Bolton and R. E. M. Butley.J. Chem. Soc .. Perkin Trans. fi. 426
(1977); d) Y. Tsuno. Y. Tairaka. M. Sawada. and T. Fujii. Bul/. Chem. Soc. Jpn .• 51. 601 (1978).



•

•

•

125

Cunsequently, we can summarize the aromatiL' systems in increasing ordcr of

reaclivity :

diphcnyl < dibcnzosubcronyl < tluorcnyl

and

diphcnyl « 4,4'-dimcthoxydiphcnyl.

4,4'-Dimclhoxydiphcnyl would oc predicted to oc more rcactive than f1uorenyl since the

aelivaling methoxy groups would override the resonancc effect of the planar f1uorcnyl

ring system.

QualilHtively, we can suite that amongst the substituled f1uorenyl derivatives the

increasing order of reactivity wouId be as follows :

Iluorcnyl < 2,5-dimcthoxylluorcnyl < 2-fluorofluorenyl <
3-methylfluorenyl < 3-methoxyfluorenyl < 3-methoxy-5-methyl­
Iluorenyl =3-mcthoxy-7-methylfluorenyl < 3,6-dimethoxyfluorenyl.
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CHAPTER4

DIATO:\llC SUU'UR EXTRUSION

4.1 INTRODUCTION

Il has been proposed that in some instanœs sulfur extrusion in organic l'l'actions

proœeds in a manner which involvcs a chclotropic loss of a sulfur :uom.I~" Sudl a

process, however, seems unfavorabk duc to the high energy of fonnation (66.3 kl':ll/mo\)

of a sulfur atom. 188 Sulfur extrusion must, therefore, pro,'eed through other lransient

species of mueh lower energy. Such a spedes l'ould he in the fonn of di:uomic sulfur

which would combine to fonn stable e!emental sulfur. 18·'

4.2 BRANCH·BONDED SULFUR ATOMS

One of the more attractive mechanisms in sulfur extrusion real'tions was tirst

conceived by Foss in 1950.190 The initial step involves the combination of two sulfur

species followed by a transfer of a sulfur t\tom fonning a thiosulfoxide-type illlennediate

124. This intermediate could acquire more sulfur atoms, thereby kngthening the sulfur

chain. At any intennediate step, the chain could cyclize to fonn stabk spcdes of sulfur.

The thiosulfoxide moiety and the concatenation of sulfur atoms mechanism is weil

discussed in the Iiterature.98,187c,191

•

187

188

189

190

191

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); c) R. Grigg, R. Hayes. and J. L.
Jackson,i. Chem. Soc., \167 (1969); d) W. H. Mueller,J. Org. Chem., 34, 2955 (1969); e) K. J.
Miller, K. F. Moschner, and K. T. Pous, J. Am. Chem. Soc., \05, 1705 (1983).
"JANAFThennochemicallables," Dow Chemieal Co., Midland, Mich., 1966, plus laler
supplements 10 1976.
D. N. Harpp, Perspectives in Ihe Organic Chemislry ofSuifur, B. Zwanenburg, A. J. H. Klundcr,
Eds., Elsevier: Amsterdam, 1987, pp 1-22.
O. Foss, Acta. Chem., Scan., 4, (1950).
a) F. Seel and D. GôlilZ, Z. Anorg. Chem., 32 (1964); b) G. Hône and J. E. Baldwin,J. Am.
Chem. Soc., 93, 6307 (1971); c) R. D. Bacchler and S. K. Daley, Terrahedmn Lell., 101(1978);
d) R. D. Baechler, S. K. Daley, B. Daly, and K. McGlynn, Terrahedron Lell., 105 (1978); e) D.
N. Harpp, K. Sleliou, and C. J. Cheer, J. Chem. Soc., Chem. Comm., 825 (1980); l) G. W.
Kumey and K. Tumbull, Chem. Rev., 82, 333 (1982); g) M. Green, E. M. Cown. and O. P.
Strausz,i. Am. Chem. Soc., \06,6938 (1984); h) W. Ando, H. Sonohe, and T. Akasaka,
Tetrahedron Lell., 31, 5093 (1990).
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Glcilcrl92 stlldicd the loss of slIlflir from thiepins and conclllded that the

cxtrusion of slllfllr procccds via rcarrangcl11cnt to a thiirane intemlcdiate 12S followed by

thc linking of sulfllr atol11s to give intenncdiate 126 which wouId eventually lose

c1el11cntal sliifur. The cxtrusion of S2 or S8 wOlild be an encrgctically more favomble

pathway than expilision of other fonns of slilfur.

• 125

s­s/
\

+S"s

e~-<""+
126

ln the addition adduct of dimethylthiophene and singlet oxygen 127, Matturro193

described that the decomposition of 127 involved the elimination of elemental sulfur by a

concatenation of sulfur atoms. Similarly, Huisgen194 suggested that in the thermal

decomposition of trithiolane 128 a thiobenzophenone-S-sulfide (129) is formed which

undergoes abstraction of sulfur atoms leading to the formation of S8 and

thiobenzophenone.

•
192

193

194

R. Glcilcr, G. Krcnnrich, D. Crcrncr, K. Yamamolo, and I. MuraIS, J. Am. Chem. Soc., 107,
6874 (1985).
M. J. Matturro, R. P. Reynolds, R. V. Kastrup ,and C. F. Piclroski, J. Am. Chem. Soc., 108,
2775 (1986).
R. Huisgcn and J. Rapp,J. Am. Chem. Soc., 109,902 (1987).
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In a more recent article, Kamala and coworkers isolated a te.trathiane in the

reaclion of cis- or trans-2,3-diphenylthiirane with a catalytic amollnt of tris(p­

bromopheny1)aminillmhexachloroantimonate in dichloromcthane. 1'!s The proposed

mcchanism of fonnation involved a thiiranc cation radical abstraeting a slllfllr atom l'rom

another thiirane cation radical reslilting in a two slIlflir species cation radical 130 with a

concomitant release of stilbene. Flirthcr linkage of two more slllfllr atoms gave

intennediate 131 which cyclized affording the tctrathiane 132.

• t95 M. Kamala, K. Murayama, T. Suzuki and T. Miyashi, J. Chem. Soc .. Chem. Comm., 827 '1990).
The lClIalhiane was confirmed by X-ray crySlallography.
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4.3 DIATOMIC SULFUR PRECURSORS

The rapid devclopment in singlet oxygen chemistry has initiated considerable

intcrest in ils analogous sulfur species, IS2. Singlet oxygen is known to play an

imponant role in many biological processes and the possibility of emulating singlet

oxygen chemistry with singlet sulfur is being actively developed. Singlet diatomic

sulfur, IS2, has so far been found 10 be a valuable synthetic tool for organic chernists. ils

imponant in organic synthetic chemistry and drug synthesis has been reviewed by

Sleliou. 196

•
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A wide variety of methods for the generation of IS2 has been employed in recent

years and is discussed in a recent account.197 Several unsuccessful approaches have been

tried where IS2 is implicated but in these cases, no ttapped produclS were

identified.14Sb.198 A seemingly simply route to IS2 would be to imitate the phosphine

•
196

197
198

K. Stcliou. Y. Garcau, G. Milot, and P. Salama, Phosphorus. Suifur. and Silicon. C. T. Pcdcrscn
and J. Bccher, Eds., Gordon and Brcach, Scicnec Publishcrs Inc.: England, t989, pp 209·241.
K. Slcliou, Ace. Chem. Res., 341 (1991).
a) D. L. Smilh, Univcrsity Microfilms, Ann Arbor, Mich., 77·11451; b) A OrahovaLZ, M. J.
Lcvinson, P. J. Carroll, M. V. Lakshmikanlhan, and M. P. Cava, J. Org. Chem., 50, 1550 (1985);
c) W. Ando, Y. Kumamoto, N. Tokiloh, TelTahedron Leu., 28,4833 (1987); d) J. E. Bishop, S.
A. Dagam, and H. Rapoport,J. Org. Chem., 54,1876 (1989).
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ozonide melhod in the generation of 10,.1"') 1I0we\"er, Ihil1l0ne IS Ill't a t'l'adily

accessible fOl1n of slIlfllr.'oO

The first symhelkally lIsd'lIl IS 2 prel'ursl'r was reported by Ste1iOll.'''1 The

reaction of an organometallk trisllifide with triphenylphosphine dibrnmide gave IS2

which was captllred us a Dids-Alder uddllet (Seheme 34). Two inlellllediates were

postlliuted in the reaction. A thiozone imel1nediute 133 unulogolls 10 u thiol.llnide,n: us

weil as the six-membered species depieted in 13~. Luter, the sume Ullthors disl"lwert'd

another prccursor to ts2. This method was based on u novcl heud-to-heud dimcril.ation

of 2,2'-bis(thiobenzoyl)biphenyl (135) generated from 2.2'-bis(benzoyllbiphenyl in the

presence of generated B2S3' A dithietane intcllnediule whkh hus bccn postlliuled cOllld

spontaneously release IS2 and 9.10-diphcnylphcnanthrene (Sehcme 35).:03 '1'0 date, this

route remains the mos! efficient meuns for gencruting diutomic slllfllr.

R3MSSSMR3 + Ph3PBr2 • 2R3MBr + Ph3P:S + S2

l l
.. Br,

/s"R M··\.]PPh
R3MBr + 3

0
1 3

• 2R3MBr +
S~O Ph3P" /s

S S

134 133

Scheme 34

•
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a) "Singlet Oxygen", H. H. Wasserman and R. W. Murray, Eds., Academie Press: New York,
1979; b) W. Herz and R.-R. Juo,J. Org. Chem., 50,618 (1985).
a) T. Ghosh and P. D. Bartleu, J. Am. Chem. Soc., 110,7499 (1988); b) R. Salo, S. Saloh, and
M. Saito, Chem. Lett., 139 (1990).
K. Steliou, Y. Gareau, and D. N. Harpp,J. Am. Chem. Soc., 106,799 (1984).
P. D. Barlieu and C. M. Lonzeua,J. Am. Chem. Soc., 105. 1984 (1983).
K. Steliou, P. Salama. D. Brodeur, and Y. Gareau,J. Am. Chem. Soc., 109,926 (1987).
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Scheme 35

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 Iïrsl example of a 1,2-dilhielane.60• When 136 was healed 10

1QOoC, il smoothly delivered dialomic sulfur which was ttapped wilh 2,3-diphenyl-l,3­

bUladiene to give the cyclic disullïde and the corresponding olefin 137.204

H

136

•

H

H

137

• 204 K. C. Nicolaou, C.-K. Hwang, S. DcFrccs. and N. A. Stylianidcs. J. Am. Chem. Soc., 110,4868
(1988).
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Sdl111idt and Glir! showcd lInl'ljlli\'oL'ally lhat a ll'tral'hak'o;:l'n Ull lInlkr;:lll's

thermal dccomposilion wilh ring l'olllral'tion 10 lransft-r S2 whidl was lrappel! hy ~,."

dimethyl-l ,3-b~.tadi.:ne. :05

•

•

138

The most recent generation of tS2 \Vas reportcd by Harpp and MacDonald in

which a variety of organometallic penlasulfides tSdleme 36) thlgml'nlcl! in thc prl'sl'ncc

of triphenylphosphine dibromide. Ejected IS2 spedes wcre trappel! by lHenes to afford

the cyclic disulfides.206

Scheme 36

Another pathway towards the production of 1S2 has been reportcd involving an

anthracene endodisulfide, t4Sc,t91h However, it is unclear whether the trapped products

were actually isolatcd as the yil'Ids were based on the amount of recovercd product.

4.4 ATTEMPTS TOWARDS TRAPPING IS2 IN 2,2-DICIlLORO-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

studicd the possibility that diatomic sulfur could be lost in the thermal decomposition of

• 205

206
M. Schmidt and U. GOrl, Angew. Chem./nd. Ed., 9, 887 (1987).
D. N. Harpp and J. G. MacDonald, J. O,g. Chem., 53, 3812 (1988).
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thiiralle 2X. We have prnposcd that the mechanism of slllfur extrusion in 28 and possibly

in oth<:r thiimnes follows a pathway that involves branch-bonded sulfur atoms (Scheme

14). It is l\uite conœivabic that dllring the thermal deeomposition IS2 can be extruded as

shawn in Scheme 37.

OR

\ 1

Rapid oligomerization of these transient species would form the more stable S6 or S8­

lnerefore, 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 ail cases, no rrapped cyclic disulfide was

isolated. Only elemental sulfur and the corresponding alkene 29 was isolated. The

addition of cis- l ,2-dichloroethylene (enrry 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 (lll) in COC\3 in the presence of Oanishefsky's

diene207.208 (l-mcthoxy-3-trimethylsilyloxy-l,3-butadiene) also gave elemental sulfur and

its corresponding olefin with no indication of any trapped product. The unsuccessful

,rapping of a IS2 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 S6 or S8 (Scheme 14). If IS2 is indeed released, then the failure to trap it can be

•

• 207

208

Scheme 37

S. Danishcfsky and T. Kitahara,J. Am. Chem. Soc., 96. 7507 (1974).
S. Danishcfsky, C.-F. Yan, R. K. Singh, R. B. Gammill, P. M. McCurry, Jr., N. Fritsch, and J.
Clardy,J. Am. Chem. SOC., 101, 7001 (1979).
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attributed 10 the fact that the combination of -' IS 2 spccies Il' 1'''1111 St, l>r·\ IS 2 spccies Il'

fonn S8 is much faster than the Dicls-,\lder tmppin~.

Table 20. Reaction conditi<HlS in Ihc Ihcrmal dCL'omposition ,,1' 21!.

Temperature lime

EntrV Solvent tOC) <hr) ____ :!~~~~~~'s!"JL~.-
1 Decalin 100 2 2,J-diphenyl-I.3-hutadkne

2 Deealin 60 3.5 2,3-dimethyl-l.3-hutadiL'ne

3 Decalin 190 3 2.3-diphcnyl-I,J-hutadiene

4 Benzene 80 2 2.3-diphenyl-l.3-huladkne

5 Benzene 80 2 Danishefsky's dienea

6 Toluene III 6 2,3-diphenyl-I,3-bliladiene

7 1,4 Dioxane 1<X: 3 2,3-dimethyl-I,3-hlltadicne

8 DME 85 3 2,3-dimcthyl-l,3-blltadicnc

9 DME 25 24 Danishefsky's dienc

10 CH2C12 25 3 2.3-dimelhyl-I.3-bliladicnc

11 CH2C12 25 24 cis-I.2-dichlorocthylcnc

12 THF 67 2 Danishcfsky's dienc

13 THF 25 2 b
.. --

a l-methoxy-3-trimethylsilyloxy-l ,3-bula~;:ile

b l-methoxy-2,4-dimelhyl-3-trimethylsHyldxy-1 ,3 ·bl'ladiene

HPLC analysis209 of a sample of thiirane 28 he:ued in refluxing toluene for 2.5 hr showed

that S6 and Sg were, in fact, produeed. The re!ention times indicau: that the S6 peak is

not due to residual amounts of undecomposed 28. Peak area~ cin not represent relative

concentrations of the various products but also on the extinction cocîfïcients at 254 nm.

Figure 22a is chromatogram of thiirane 2g in chloroform solution and Figure 22h is a

• 209 We gralefully acknowlcdge Prof. Ralf Sleudei and Slefan F~rsler, Tcchnische UniversiUlt Berlin,
Institut ror Anorganische und Analytische Chemie, Sekr. C2, D·IOOO Berlin 12 ,or pcrforming
the analysis. A UV absorbance delCClOr al À. = 254 nm was uscd.
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chrolllatngram afler the reaclion. The thiirane is lolally conwrted to ils corresponding

olefin and the presence of S6 and Ss in the reaction mixture is c1early sccn. Any S7

produccd would he hidden under the olcfin peaks. The sulfur rings suggesl they

originated l'rom chain-like polysulfanes illld for energetic reasons, seem not 10 be derived

l'rom S2 species.

Toluene

"'n
CHCl3 Il

"'1
CI-\CI 3

Figure 22. a) HPLC chromatogram showing pure thiirane 28; b) HPLC chromatogram

aftcr 2.5 hr in rcOuxing tolucnc showing olefin 29 und peaks duc to presence of S6 and

Ss·

•
Peak
28
Toluene
S6
29

S8

Retention
Times (min)
3.4
1.9
3.2
3.9
4.8

•
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~.5 DIMERIZA'I10N OF SOD\li~1 CYANOlll'l11l0FOR~lAl'E

In 1955. Biihr and Sl'hkit7.cr rcpllrtcd thc synlhcsis of sodiullll'yanodithillfllllnatc

salts (\39) by real'tion of sodium l'yanidc with l'arblln disultïdc in dilllclhylfllllllamidl'

solution (Sl'heme 38).~1() Thcsc sodium salts \\'CrC found to spontanl'ously dilllcrizc 10

give disodium dimercaplomakonitrile (\~O) and l'!l'mellla! sulfur.~11 A Iikely

mel'hanislll for this unique reaclion is the head-to-hcad dilllcrizalion of thc thilll"lItlonyl

funl'tionalites (Schellle 39) resulting in a 1,2 dilhielane illlcrlllcdiate whidl \Vollld

eliminate IS2. Thiocarbonyls usually undergo dimerizations or trillll'rizations in a hl'ad·

to-tail manner.212 It \Vas demonstrated by Sleliou l5" Ihat a head-to-heml dimerization of

two thiones l'an be effel'ted which elillliimtes IS2. However, carcful atlclllpts tnlrap tS2
with dienes failed and only e1emelllal sulfur was obtained in 49% yield.

•
DMF

NaCN + CS2 •
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S
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•
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G. Bahr and G. Schlei17.er, Chem. Ber., 88, 1771 (1955).
a) G. Bahr, Angew. Chem., 68, 525 (1956); b) G. Bahr and G. Schleiv.cr, Chem. Be:., 90, 438
(1957).
a) P. S. Fraser, L. V. Rabbins, and W. S. Chilton, J. Org. Chem., 39, 2509 (1974); b) L. Field,
Synrhesis, 713 (1978); c) K. Oka, A. Dobashi, and S. Hura, Twahedron Lel/., 21, 3579 (1980).
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4.6 ClIl.lJHI:'\ATlO:'\ OF TE1R.\\IEl'IIYI. Til 1liH ..\.\1 DISl!I.FIIlE

The chlorinalion of lelramethylthiuram disultïde (141) gives N,N-dimethyl

thiocarbamyl chloride with concomitant extrusion of two sulfur atoms. This reaction was

observeel by Cava in IlJX3.2I1 A conceivablc mechanism for this reaction is depicted in

Scheme 40. The initial step would be electrophilic altack of sulfuryl chloride giving 1

mole of thiocarbamyl chloride. Rearrangement of clectrons would then give the second

mole of thiocarbamyl chloride with evolution of sulfur dioxide and extrusion of IS2. If

sulfur is rcleased as IS2 then in the presence of diene, this species could be trapped.

Table 21 summarizes the various reaction conditions that were altempted to see if IS2
could he obtained l'rom 141. It was found that in the IH NMR spectrum of the reaction

carried out al room temperature using S02Cl2 or CI2 (entries 3, 4, 5, 8) showed minor

peaks that is consistent wilh those of the cyclic disulfide adducts as weil as the

tetrasulfide products. 172•214 However, carcful 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 IS2 addition. Chlorine gas is known to react wilh 1,3-dienes.21S In cases

with S02Cl2' S02 may also he trapped to give 3,4 dimelhyl sulfoIene. This would also

hinder any fomlation of Diels-Alder adducts. The possibility that S02 or CI2 can react

with 1S2 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.

141

•
213
114
215

K.·Y. Jen and M. P. Cava,J. Org. Chem., 48,1449 (1983).
C. R. Williams, Ph.D. thesis, MeGiII University, June 1991.
a) M. L. Poutsma,]. Org. Chem., 88, 4167 (1966); b) E. Z. Said and A. E. Tipping, J. Chem.
Soc .• Perkin Trans. l, 1986 (1972); e) M.-C. Lasne and A. Thuillier, Bull. Chem. Soc. Fr., 1142
(1974).
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/~A./ Cf-'-S""lS-.('~- ./V:::::': + Il 5 tJ./
(5) 1 ~ o 1

~0 ~ ~
O=S=O 51

YclCI
~~•

1 CI"..J 1+

Scheme 40 + 52 + 502

Table 21. Reaction conditions for the chlorination of tetramcthyllhiunull disullïdc.

•

•

Temp. Reaction Chlorinating l'mpping
Entrv Solvent (OCl Time (hr) Rea!!cnt Rcagent

1 l'olucne III 24 SO]Cl2 a

2 CDCl~ 61 24 S02Cl] b

3 CCI4 25 24 S02Cl2 a

4 CCI4 25 24 Cl2 a

5 CCI4 25 2.5 S02Cl2 a

6 CCI4 -20 2 CI2 a

7 CC14 60 24 none a

8 CCI4 60 24 CI2 a

9 CCI4 77 15.5 SO].Cl]. a

10 CCl4 77 2.5 SO]Cl2 none

a 2,3.dimethyl.l,3-buladiene; b 1,4.dichloro.l,3-buladiene

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

arise from sulfuration of the diene. Sulfur is known to react with alkenes to afford
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products conwining cyclic lhianes.!45.",lOh We discount this p'llhway bcc<luse in <1 separate

rcaclion of N,N·dimcthylthiocarbamyl chloride in the presence of diene and elemental

sulfur, no re<lction occurred after 3 days. Hence, we feel lhal the presence of cyclic

disulfide and letrasulfide products in our reaction mixtures came from Diels-Alder

trapping of diatomic sulfur.

A proposed mcchanism of formation of the di- and tetrusulfide adducts would be

as follows (Scheme 41). The S2 species that is generuted (Scheme 40) is trupped in a

Dicls-Alder type reaction (path A) or a combination of two S2 species wouId form the

cyclic tetrasultide adduct (path B).

A • "('55! _5_2 .....Y-5,s=s__.:c5,~
/-.-- B ~5' ...5

5

•

•

5cheme 41
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CONCLUSIO:'\S AND CONTRlIIlITI07\S 1'0 ORlt;INAL K7\OWLE[)ta:

A detailed kinetic study on the thermal decomposition of 2.2·dkhloro-.'-I'J­

fluorenyl] episultïde (28) was undcrtaken. Strong evidence towards the nature of the

desulfurization process is given which could pertain to the overall desulfuril:llion mode

of thiiranes in general. The kinetic analysis enahlcs us to derive a two-tenn rate equation

consisting of a first and second order tenn with respect to l'onccntration that governs Ihe

decomposition reaction. A plausible mechanism is proposed to al'Count for the observed

rate behaviour. At low concentrations, the dominant pathway is unimolecular involving

CoS bond fission in the rate deternlining step. At high concentrations, the bimolecular

portion of the rate equation becomes more important and it is this pathway that becomes

the rate deternlining step.

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 ail 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 he directly

proportional to the dielectric constant of the bulk solvent as weil as the 1t* scale of

Kamlet and Taft. While dean Iinearity 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

substituted for hydrogen in ethanol. The rate of desulfurization is a1so observed to

decrease in the presence of acetic acid. Both studies are consistent with a dipolar ionic

mechanism. A radical mechanism is mled out from a rate study in the presence of

radical inhibitors.
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• Scvcral novcl <J-fluorcnoncs werc synthcsized including 3-mcthoxy-S-methyj-9-

lluorcnonc (71), 3-mcthoxy-7-methyl-9-fluorenone (72), 2,S-dimethoxy-9-fluorenone

(94), and 4,5-dimethoxy-<J-fluorcnone (95). These fluorenones and other mono and

disuhstituted fluorenones were used in an allempt to prepare unique 2,2-diehloro-3·

Isubstituted fluorenyll thiiranes. Only 2,2-dichloro·3-(2,S-dimetboxy-9·fluorenyl)

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) werc achieved for the first time.

The X-ray cryst:ll structures of 2,2·dichloro-3,3·diphenyl episulfide (llO) and

2,2-dichloro-3·dibcnzosubcronyl cpisulfide (123) were also obtained for the first time.

The thermally induccd reactions of thiirane 28 and sodium cyanodithiofomlate

(139) were also investigatcd as possible precursors to diatomic sulfur. In either case, no

indication of diatomic sulfur was found under various conditions. When

tetramethylthiuram disulfide, in the presence of 1,3·dienes, was treated with S02Cl2 or

C12, it afforded products that were consistent with the trapping of diatomic sulfur, albeit

in low yicld.

•
71 95

OCH3

CH 30

98 111 123

S

NA-+NaoOMF

• 110 139
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CHAPTER5

EXPERIMENTAL

5.1 GENERAL METHOns

Melting points (Mp.) were detennined using a Gallcnk.unp mclting point

apparatus using open end capillarics and are uncorrcctcd. UV spcctra Wl'rc rel'ordcd on a

Phillips Pye Unicam PU8800 UV-Vis spectrophotomctcr cquippcd with an Accuron PSX

876 Series 2 ternperature programme controller. Low resollilion clcctron impact (El)

mass spectra were obtained on a Dupont Instrumcnts 21-492B or Kra!os MS25RFA mass
spectromeler equipped with a 70eV ionizing energy source and used in dircct-iulc! modc.

Elemental analyses were performed by Guelph Chemical Labora!ories Lld. (Guelph.

Ontario).

lH NMR spectra were recorded on eilher the Varian XL200 or XL300

spectrometers using deuteriochlorofonn as the refcrcnce solvent unless othcrwise

indicated. The assignments were compared with literature values or based on

homonuclear decoupling experiments. Multiplicity assignments are recorded using Ihe

following abbreviations : s, singlet; d, doublet; t, triplet, q, quartet; m, multiplet; br,

broad. l3C 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-2oo spectrometers.
The 13CDCI3 (Il 77.00), 13C6D6CD3 (Il 20.4), 13CD30D (Il 49.00), CD3COCD3 (Il 29.8)

and 13CDzClz (Il 53.80) signais were used as references in these solvents. In some cases,

APT experiments were used to detennine peak assignments. 19F NMR spectra arc

reponed 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 ('-':1':-1). Raman

spectra were recorded on aS. A. Ramonor spectrometer equipped with a U-lOoo double

monochromator and a Spectra-Physics Argon ion laser at 514.5 nm or a Bruker IFS-88

FT Raman spectrometer equipped with a ND:YAG laser operating at 300 mW with a 4

cm-1resolLJtion and are also reported in wavenumbers.

High performance liquid chromatography (HPLC) was perfonned courtesy of

Prof. Ralf Steudel and Stefan Forster, Technische Universitiit Berlin, Institut fUr

Anorganische und Analytische Chen,:e, Sekr. C2, D-looo Berlin 12, Gennany.



•

•

•

143

Ilcxancs was ùistillcù ovcr 79< by volume sulfuric aciù anù passed through an

alumina wlumn bcforc use. Methylene chloride was distilled l'rom P205'

TClrahydrofuran was dislillcd l'rom sodium bcnzophenone kctyl. Isobutanol, 2­

chlorocthanol, loluenc, and o-dichlorobcnzene were purified by distillation l'rom calcium

hydridc and stored over 4À molecular sicves prior to use. Ali olher solvents were used

as purchased l'rom Aldrich Chemical Company without funher treatment. DMSO was

storcd over 4Â molecular sieves. o-Xylene, m-xylene, and p-xylene were HPLC grade

quality. Thin layer chromatography (tic) was perfomled using Kieselgel 60 F254 plates

with polyester backing and visualized by UV and/or dipping in a solution of ammonium

molybdate (2.5 g) and ccric sulfate (1.0 g) in 10% v/v aqueous sulfuric acid (100 ml),

followed by heating. Flash column chromatography was performed using Kieselgel 60

(Merck 70-230-mesh) silica gel. Chromatographic solvent mixtures are volume/volume

perccntages. Experiments requiring inert atmospheric conditions were donc using pre­

purilïed nitrogen.

5.2 UV RATE MEASUREMENTS

The mies of decomposition were measured by following the increase in UV

absorption of 29 on a Phillips Pye Unicam PU8800 UVNis spectrophotometer equipped

with an Accuron PSX 876 Series 2 temperature programme controller. Quanz UV cells

(Hellma Canada Ltd.) containing the solvent were al10wed to equilibrate for 10-15 mins.

at Ihe desired temperatures prior to injection of the samples. The samples were injected

via Hamilton syringes and the cel1s were capped, shaken and placed in the cell

companments. The absorbances were measured at various time intervals at À =325 nm

and at a bandwidth of 2 nm. The method of initial rates was used in calculating observed

mte constants.

5.3 III NMR RATE MEASUREMENTS (RADICAL INHmlTOR STUDY)

Rates were measured on a Varian XL300 spectrometer using toluene-dg as the

reference solvent. A 5mm (diameter) NMR tube was containing the inhibitor dissolved

in toluene-dg was allowed to equilibrate at 800e for 5-10 mins. in the sample probe prior

to adding the episulfide. The episulfide was injected and immediately placed in the

sample probe. 1H NMR spectra were acquired at various intervals over a period between

12 - 16 hr. Ali spectra were obtained by acquiring 64 transients. The rates were

calculated first by calculating the ratio of the peak heighls measured at 8.3 ppm (in cm)

and the peak height of toluene. Assuming the episulfide was completely convened to the

olefin, the ratio of peak heights of the final spectrum would equal the initial
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concenrration of episulfide. Thus, the conccntration of okfin at any timc ",as <'asily

obtained. By plolting the concentration l'S. tim<" the sCL'ond order ral<' L'onstant, k2, can

be calculated using the initial rate melhod. The lïrst order rate constant ",as assumcd to

be negligible since Ihe initial concentration of the episu\lïde ranged from C<I. (> - 1h ml\1.
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5.4 l'KEI'''K''TION OF 2,2-0ICIILOKO-3-[9-FLUOKENYL] EPISULFIDE

9-Fluorcnonc hydrazonc

To a solution of 7 g (39 mmo!) of 9-fluorenone in 40 ml of

n-butanol, 5 ml of 85% aqueous hydrazine monohydrate was added.

Arter 4 hrs of rellux, the hot solution was poured into 100 ml of

Illcthanol. Thc rcsulting yellow mixture was allowed 10 cool

yielding 7.2 g of hydrazone as yellow needles whieh was purified

by rccrystallization with methanol (95%). Mp. 152 - 155°C (1it. l7o Mp. 152°C). IH

NMR (200 MHz, CDCI3) : 13 6.40 (s, 2H, NNHz), 7.3 - 7.91 (m, 8H, aromatic). l3C

NMR (50.3 MHz, CDCI3) : 13 119.6, 120.6, 120.8, 125.6, 127.8, 128.0, 128.6, 129.8,

130.3,137.8,138.7,141.4,145.7. MS m/z (rel. intensity) 194 (M+', 1(0), 177 (II), 151

(12), 139 (9), 165 (85).

9-DiazoOuorene (46)

To 2.0 g (64 mmol) of 4S in 125 ml anhydrous ether, 0.5 g

KOH was added and the mixture was stirred vigorously. Yellow

mercuric oxide (18.4 g, 85 mmo!) was added in 4 portions with each

of the orange mixtures stirred until a brown sludge became visible.

The solution was decanted after each addition. The dear purple solution was then dried

over MgS04 and evaporated under reduced pressure fumishing deep orange crystals.

After recrystallization with pentane, the yie1d of 46 was 1.42 g (71%). Mp. 94 - 96.50C

(lit. l7o Mp.990C). IH NMR (200 MHz, CDCI3) : 13 7.27 - 7.43 (m, 4H), 7.51 (d, 2H),

7.94 (d, 2H). l3C NMR (50.3 MHz, CDCI3): 13 119.4, 121.1, 124.7, 126.5, 131.6, 133.1.

The carbene carbon resonance could not be observed. MS mlz (rel. intensity) 192 (M+-,

30), 164 (W' - NZ' 1(0).

2,2 Dichloro·3·[9·0uorenyl] episulfide (28)

To 2.5 g (13 mmol) of 46 suspended in 50 ml petroleum

ether, 1 ml (13 mmol) of thiophosgene in 5 ml petroleum ether was

added dropwise with the reaction being kept at DoC. The red

suspension tumed orange upon slow addition of the thiophosgene

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 filtercd off yielding 2.2 g (61 %) of

the: episulfide. The l3C NMR showed that 28 was pure and no minor peaks were
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observed. Mp. 89 - 91°C (Iit.'o Mp. 97"C). III NMR (200 1\ll\z. l'DCll ) : 15 7.29 (dl.

m. JI = 7.6 Hz, J2 = l.2 Hz). 7.45 (dl, m. JI = 7.1:0 I\z. J2 = 1.2 I\z), 7.54 (dd. 21\. JI =

7.6 Hz. J2 = 1.2 Hz), 7.75 (dd. 2H, JI = 7.1:0 Hz, J2 = l.2 Hz). I1C NMR (75.4 Ml\z.

CD2C12) : /)60.3,77.3, 120.6. 126.6, 127.3, 130.2. 140.7, 142.3. MS m/z (rd. imensily)

278 (M+', 2), 246 (M+·· S, 100),208 (95). R'\I11an: 652 cm'I.

1,1 Dichloro·2·[9·nuoren)'1] elhJlene (29)

A solution of 28 (0.15 g, 0.53 mmol) in 8 ml loluene \Vas

heated at reflux for 2.5 hr. The reaetion was monitored by

analytical thin layer chromatographie plates me'lsuring 6.5 cm x 2.0

cm (hexanes eluent) for the presence of sulfur (Rf = .58) and the

corresponding olefin (Rf = .45). After evaporating the solvent, Ihe

sulfur and olefin are then isolated by silicn gel chromatography (hexnnes cluent). The

first fraction was collected and identified to he sulfur. lt was obtained nfter evaporating

the hexanes under reduced pressure. Isolated yield of sulfur = 16.6 mg (97%). Mp. III

- 111.50 C. The second fraction was identified to he 29. lsolated yield of oldïn 29 =

92.8 mg (70%). Mp. 128 - 130°C. lH NMR (200 MHz, CDC13) : /)7.31 (dt, 211, JI =

7.5 Hz, 12 = 1.4 Hz), 7.39 (dt, 2H, JI = 7.5 Hz, h = 1.4 Hz), 7.70 (dd, 2H, JI = 7.5 Hz,

h = 1.4 Hz), 8.32 (dd, 2H, Il =7.5 Hz, h = 1.4 Hz). I3C NMR (75.4 MHz, CDCl,) : /)

119.6,122.3,125.8,127.5, 129.1, 134.2, 136.5, 140.2. MS m/z (rel. intensity) 250 (II),

248 (64), 246 (M+', 100), 176 (M+' • 2xCl, 70.9), 123 (16), 105 (15), 88 (33). UV:

"-max (decalin) 308, 320 (E = 4918, 5450).

S.S ATTEMPTED PREPARATION OF 2,2·DICHLORO·3-[2·FLUORO-9·FLUORl·;NYL)

EPISIJLFIDE

2·F\uoro·9·f1uorenone 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. After

aJlowing the mixture to cool, the hydrazone precipitated.

Following filtration, hydrazone 47 was recrystallized with ethanol

yielding 0.73 g of yellow needles (45%). Mp. 157 - 160°C

(mixture ofboth isomers). 1H NMR (200 MHz, CDCI3): /)6.48 (s,

2H, NNH2), 6.96 - 7.91 (m, 7H, aromatic). 19F NMR (282.2 MHz, CDCI3) : /)63.34,

63.58. MS mlz (rel. intensity) 212 (M+', 100), 183 (87).
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<)·J)iaw·(Z-fluoro)·fluorcnunc (48)

2-FllIor<J-l)-flllorcnyl hydrazonc 47 (0.45 g, 2.1 mmol) was F

dissolved in 40 ml anhydrous TIIF. Sodium sulfate (0.75 g) was

addcd fo\lowcd by yc\low mcrcuric oxide (1.27 g, 5.9 mmol) and 10

drops of cthanolic KOII. The mixture was stirred until a sludge 2

'Ippcars which was then decanted and a frcsh portion of IIg0 was

addcd. The rcd solution was then !iltered, the solvent evaporated

under vacuo to afford 0.27 g (61 %) of the diazo compound 48. Mp.

l!3 - 84°C. 'II NMR (200 Mllz, CDCI3) : 1) 7.06 • 8.14 (m, 711, aromatic). 19F NMR

(2H2.2 Mllz, CDCI3) : 1) 62.13. MS (FAB, glycerol) mlz (I~'. intensity) 365 «M+' •

N2)2 + W, 3),183 (MW' - N2' 1(0).

1, I.Dichluru·Z·[Z·fluuro·9·nuoren)'I) ethylene (50)

Diazo compound 48 (0.27 g, 1.27 mmol) was suspended in

12 ml anhydrous TIIF. Thiophosgene (0.63 g, 5.5 mmol) in 2 ml

anhydrous THF was added dropwise to the cooled (-15°C)

suspension. The mixture was stirred for 20 mins and then allowed 10

wann to room temperature. The mixture was fihered and the filtrate

concentrated, chromatographed (4: 1 hexanes:CH2Cl2 eluent) to yield

0.27 g (71 %) of a -1:3 mixture of 49 and 50 as detennined by l3C

NMR analysis. The mixture couId not be separated as both compounds have identical Rf

values. Mp. 114· 120°C. IH NMR of 50 only (200 MHz, CDCI3) : 1) 7.06 • 7.68 (m,

5H, aromatic), 8.02 (dd, \H, li = 10.8 Hz, 1z = 2.5 Hz), 8.30 (d, 1H, 1 = 7.9 Hz). l3C

NMR (75.4 MHz, CDCI3) : 1) 113.4 (d, 1 =26.3 Hz), 116 (d, 1 =23.3 Hz). 119.4, 120.4

(d,l =9.0 Hz), 123.6, 125.8, 127.2, 129.4, 133.6, (d, 1 =2.8 Hz), 136.2, 136.5, 138.1 (d,

1 =9.2 Hz), 139.4, 162.5 (d, 1 =243.9). 19F NMR (282.2 MHz, CDCI3) : 1) 63.68. MS

m/z (rel. intensity) 268 (11), 266 (64), 264 (M+', 100),229 (M+' • Cl, 7), 194 (M+' •

2xCI, 53), 183 (II), 168 (6), 132 (10), 114 (8), 97 (21).
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5.6 ATrE~IPTEUPREPARATION OF 2,2.DIClIl.ORO-3·[3,6-Dl~IETIIOX\'-9-F1.l10REN\'l.)

EPISUl.FlllE

2,-t·Dimclhox)'bcm:o)'1 chloridc

A solution of 2,4-dimethoxyhenzoic add (11.0 g. 60 11111101)

in thionyl chloride (19.4 g, 163 11111101) was stirred al rool11

tel11perature for 24 hr. After evaporating the exccss SOCI2. the

white solid was treated a sec.JIld time with SOCl2 for 4 hr. Excess

thionyl chloridc ";as cnporated giving Il g (91 %) of the acid

chloride as a wi.:te solid. Mp. 55 - 55.5°C. IH NMR (20n Ml-lz.

CDCI3) : 0 3.89 (s, 3H. OCH3), 3.90 (s. 31-1. OCH3). 6.45 (d, 11-1. J =2.3 I-Iz). 6.54 (dt!.

IH, J[ = 9.0 Hz. J2 = 2.3 Hz), 8.15 (d, IH, J = 9.0 Hz). I3c NMR (75.4 MHz, CDCI3) :

055.7,55.9,98.2,105.4,113.8.137.9,162.0.162.2.166.5.

N.(Dimcthyl·2.hydroxyelhyl).2,4.dimethoxy bCI17.amide (51)

A solution of the acid chloride (II g, 55 11111101) in 20 ml

CH2CI2 was added drop wise to a solution of 2-methyl-2-amino-l·

propanol (11.7 g, 131 mmol) in 35 ml CH2Cl2 kept at OoC. ACter

stirring at room temperature for 2.5 hr, the mixture was filtered and

the filtrate was concentrated under reduced pressure to yield 12.8 g OCH
3

(92%) of amide 51 as a viscous oil. lH NMR (200 MHz. CDCI3) :

o1.37 (s. 6H), 3.65 (s, 2H), 3.84 (s, 3H), 3.93 (s, 3H), 6.47 (s, 1H), 6.58 (d. 1H. J = 8.9

Hz), 8.12 (d. IH, J = 8.7 Hz). I3C NMR (75.4 MHz, CDCI3) : 0 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

further gases have evolved. The solution was then transferred to

100 ml ether and allowed to stand until the oxazoline hydrochloride

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 MgS04 and

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,

CDCI3) : ô 1.36 (s, 6H, C(CH312), 3.81 (s, 3H, OCH3), 3.85 (s, 3H, OCH3), 4.03 (s, 2H,
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<:112),6.45 - 6.4H (m, 211), 7.72 (d, lB, J = 9.0 Hz). ,3e NMR (75.4 MHz, COC13) : a
2H.4, 55.3, 56.1,67.1, 7R.6, <JH.,<J, 104.4, 110.4, 132.6, 159.ï, 161.0, 162.9. MS mlz (rel.

intcnsity) 235 (M+', H2), 220 (M+' - CB3, 100),206 (12),192 (48),163 (36),149 (52),

135 (27),121 (21).

3.Mcthoxyphcn~·lmagnesium bromide

Magnesium (0.49 g, 20 mmol) was covered with 3 ml dry THF and the flask was

flushcd with nitrogcn for 30 mins. A solution of 3-bromoanisole (3.74g, 20 mmol) in Il

ml dry TIIF was added dropwise under nitrogen 10 the magnesium. The resulting dark

mixture was heated at reflux for 2 hr. The Grignard reagent was lhen used directly in the

ncxt stcp.

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 Tl-IF was flushcd with nitrogen for 0.5 hr. The Grignard

rcagcnt was tmnsferred slowly under nitrogen and the mixture

allowed 10 stir for 2-3 days. The reaction was then quenched with

30 ml saturated aqueous NH4Cl. The organic layer was separated

and the aqueous layer extracted 3 times with 40 ml portions of

ether. The combined extracts were washed with 40 ml waler, dried

with MgS04, 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. lH NMR (200 MHz, COCI3) : a 1.27 (s, 6H, C(CH3J2),

3.77 (s, 2H, CH2), 3.81 (s, 3H), 3.84 (s, 3H), 6.85 - 7.68 (m, 7H, aromatic). l3C NMR

(75.4 MHz, COCI3) : l.\ 27.8, 55.1, 55.3, 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 mlz (rel. intensity) 311 (M+',

30),310 (M+' - l, 100) 296 (W' - CH3, 9),255 (10), 225 (16).

2-(3-Methoxyphenyl)-4-methoxybenzoic acid (55)

Methyl iodide (2.22 g, 15.6 mmol) wa~ added to 53 (2.43 g,

7.81 mmol) and the mixlllre stirred for 3 br. Excess methyi iodide

was then evaporated under reduced pressure. The methiodide salt

54 was dissolved in 20 ml methanol and 20 ml of 20% aqueous

NaOH \Vas added. The mixture was allowed to stir at reflux for 24

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 (lit. 171 I\1p. 130· 131°C). tH NMR (2(X) MHI.

CDCI3) : 03.77 (s, 3H), 3.84 (s, 3H), 6.79 . 7.84 (m, 7H, arom:l1Îl'). ne NMR (75.4

MHz, CDCI3): 055.1,55.4,112.6,112.8,114.2,116.4,121.1,12.'.2. 129.0, 1.~2.9,

143.2, 145.3, 159.3, 162.0, 172.8. MS m/z (rd. intc,lsity) 258 (M+', 83). 241 (1\1+' .

OH, 42), 86 (34), 72 (lOD).

3,6.Dimcthox~'·9·fluorcnonc (56)

Acid 55 (2.01 g, 7.78 mmol) was placed in a 250 ml Oask

equipped with a mechanical stirrer. Poly(phosphotic acid) (30

ml) was added and the mixture stirred for 3 hr at room

temperature umil a dark brown slllrry was obtained. To the s\lIrry

was added I:;~ ml iced water and swirled until the brown s\lIrry

dissipates. The precipitate that fomled was extracted 3 times with CH30

80 ml portions of CHCI3. The organic extTacts were washed with

50 ml water and then twice with 50 ml aqueous NH4Cl. After drying with MgS04, the

solvent was evaporated to afford after recrystallizing with ethanol bright yellow needles

of 56: 243 mg (24 %). Mp. 141 - 143°C (iit. 17I Mp. 142 - 144°C). IH NMR (200 MHz,

CDCI3) : 0 3.89 (s, 6H, OCH3), 6.73 (dd, 2H, 11 =8.0 Hz, h = 2.0 Hz), 6.98 (s, 2H),

7.57 (d, 2H, 1 '" 8.3 Hz). l3e NMR (75.4 MHz, CDCI3) : 0 55.7, 107.0, 112.9, 125.7,

128.3,145.9,164.9, 191.4. MS mlz (rel. imensity) 240 (M+', 1(0),211 (9), 197 (17),

169 (17), 126 (9). The mother liquor contained the I,G·dimethoxy·9·fluorcnonc isomer

: 0.56 g (57%). Mp. 114·116°C. tH NMR (200 MHz, CDC13) : 03.81 (s, 3H, OCH3),

3.86 (s, 3H, OCH3), 6.81·6.92 (m, 4H), 7.28 (t, IH, 11 =8.5 Hz, 12 =6.7 Hz), 7.97 (d,

m, 1 = 8.6 Hz). l3C NMR (75.4 MHz, CDCI3) : 055.2,55.5, 107.1, 112.7, 112.9,

114.1, 116.5, 120.9, 125.8, 128.9, 133.3, 142.7, 145.9, 159.0, 162.3. MS mlz (rel.

imensity) 240 (M+', 59), 129 (19). The sample was comaminated with the 3,6­

dimethoxy isomer.

•

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

A solution of the fluorenone detivative 56 (243 mg,

LOI mmol) in 8 ml ethano\ was prepared to which hydmzine

monohydrate (2.5 ml) was added and the mixture was heated at

reflux for 24 hr duting which a yellow precipitate forrned. The

precipitate was filtered to give 224 mg (92%) of pure

hydrazone 57. Mp. = 204 • 204.5°C (iit. 17I Mp. 202 . 203°C).

tH NMR (200 MHz, CDCI3) : 03.89 (s, 3H, OCH3), 3.93 (s,

NH~
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311, OCIl3), 6.10 (s, 2H, NNIl2), 6.R5 (dd, 2H, JI ~ 8.5 Hz, h = 2.5 Hz), 7.13 (s, IH),

7.23, (s, 111),7.62 (d, IH, J = R.4 Hz), 7.R7 (d, 1H, J = 8.5 Hz). nC NMR (75.4 MHz,

CDCI3) : 055.9 (2xCI13), 106.5, 106.8, 113.9, 114.7, 124.0, 126.3, 131.3, 131.8, 143.4,

144.R, 154.7, 163.2, 163.3. MS mlz (rel. intensity) 254 (M+', 100),239 (M+' - NH, 21),

225 (17), 210 (17),139 (11),129 (27.1),112 (Il).

3,6-Dimethoxy-9-diawnuorcne (58)

Hydrazonc 57 (224 mg, 0.88 mmo1) was dissolved in 40

ml anhydrous THF. Pulverizcd yellow mercuric oxide (0.75 g,

3.46 mmol) was added followed by 0.35 g Na2S04 and 10 drops

of a solution of 10% KOH in ethanol. The mixture was stirred at

room tcmpcrature for 24 hr. The mixture was fillered and the

tïllrale was cvaporalcd under reduced pressure. The crude solid CH30

was dissolvcd in 150 ml ether, washed with 30 ml water, dried

with MgS04 and concentrated 10 give 92.6 mg (42%) of diazo product 58. Mp.232°C

(dec.) (li1. 17I Mp. 240°C (dec.J). IH NMR (200 MHz, CDCI3) : 0 3.92 (s, 6H, OCH3),

6.98 (dd, 2H, JI = 8.5 Hz, J2 = 2.4 Hz), 7.35 (s, \H), 7.40 (s, \H), 7.43 (d, 2H, J = 2.5

Hz). I3C NMR (75.4 MHz, CDCI3) : 055.6, 104.7, 113.0, 127.5, 132.3, 136.1, 142.2,

160.2. MS mlz (rel. intensity) 224 (M+' - N2,99).

1,1-Dichbro-2-[3,6-dimcthoxy-9-nuorenyl] ethy1ene (60)

Diazo compound 58 (92.6 mg, 0.36 010101) was

dissolved in 10 ml anhydrous ether. A solution of

thiophosgene (0.30 g, 2.62 010101) in 2 ml ether was added

dropwise to the cooled (O°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 CH30
and washing with cold ether which was deterrnined to he 60.

Yit:,J =46.5 mg (37.3 %). Mp. 122 - 123°C. lH NMR (200 MHz, CDCI3) : li 3.90 (s,

6H, OCH3), 6.84 (dd, 2H, JI = 8.5 Hz, h = 2.5 Hz), 7.17 (d, 2H, J = 2.3 Hz), 8.20 (d,

2H, J = 8.9 Hz). 13C NMR (75.4 MHz, CDCI3) : li 55.5, 105.1, 113.1, 118.1, 126.8,

130.2, 133.2, 141.6, 160.6. MS rn/z (rel. intensity) 310 (11), 308 (65), 306 (W', 100),

263 (29), 220 (11),153 (15),129 (27),112 (10).
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5.7 ATTEMl'TED PREl'ARATION OF 2,2-DIeIlI.ORO-.'-l5-ME1'IlYI.-9.FI.l10RENYI.]

El'ISULFIDE

2·[2·(2.Mct:'ylphenyl)-2.(4-methoxy'phenyl)1-4,4-dimethyl-2,ox:I:w1ine (65)

Following the general procedure in the preparation of
compound 53, the oxazoline 52 \Vas trcated with 2­

methylphenylmagnesium bromide (62) yie1ding 57% of 65. 1H

NMR (200 MHz, CDCI3) : Ô 1.17, 1.19 (2xs, 6H, C(CI-l312), 2.11 (s,

3H, CH3)' 3.64 (s, 2H, CH2), 3.82 (s, 3H, OCH3), 6.73 (d, 1I-l, J =
2.5 Hz), 6.89 (dd, 1H, JI = 8.6 I-lz, h = 2.6 Hz), 7.14 - 7.20 (m, OCHa

4H), 7.77 (d, 1H, J =8.6 Hz). l3C NMR (75.4 MI-lz, CDCI3) : Ô 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 mlz (rel. intensity) 295 (M+', 5), 280 (M+' - CH3, 100),209 (9).

2·(2·Methylphenyl).4.methoxybenzoie acid (68)

Following the general procedure in the preparation of

compound 55, oxazoline 65 gave acid 68 in 16% yie1d. Mp. 141 ­

142°C. IH NMR (200 MHz, CDCI3) : Ô 2.06 (s, 3H, CH3), 3.85 (s,

3H, OCH3), 6.70 (d, !H, J =2.5 Hz), 6.92 (dd, 1H, JI =8.5 Hz, J2 =
2.5 Hz), 7.09 - 7.25 (m, 4H), 8.05 (d, 1H, J = 8.6 Hz). l3C NMR

(7504 MHz, CDCI3): Ô 19.9,55.5,112.8,116.3,120.8,125.3,127.3,

128.2,129.5,13304,135.3,141.4,146.1,162.6,170.1. MS mlz (rel. intensity) 242 (M+',

97),227 (M+' - CH3' 51), 225 (M+' - OH, 100), 197 (19), 181 (22), 165 (35), 152 (28),

120 (23).

3·Methoxy·5.methyl·9·fluorenone (71)

Following the genera1 procedure in the preparation of

compound 56, acid 68 gave kelone 71 in 53% yield. Mp. 138 ­

140°C. IH NMR (200 MHz, CDCI3) : ô 2.56 (s, 3H, CH3), 3.90

(s, 3H, OCH3), 6.72 (dd, IH, JI =8.3 Hz, h =2.2 Hz), 7.14 -
CHa

7.22 (m, 3H), 7.50 (d, !H, J =8.0 Hz), 7.64 (d, 1H, J =8.3 Hz).

13C NMR (75.4 MHz, CDCI3) : ô20.1,55.7, 111.0, IlIA, 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 (W', 100), 181 (15), 170 (6),165 (17),152 (20).
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3-Mcthoxy-5-mcthyl-9-0uorcnone hydrazonc (74)

Following the general procedure in the preparation of

compound 57, the yellow hydrazone 74 was obtained after

evaporating the solvenl. Ketone 71 gave hydrazone in 91 % yield

as a mixture of two isomers. In sorne cases, ketone 71 was CH
3

conlaminllted by the Wolff-Kishncr reduction product (3­

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

chromatography (1: 1 CH2Cl2 : hexanes eluent). Mp. 128 - 134°C (mixture of bath

isomers). IH NMR (200 MHz, CDC13) : major isomer (NNH2 syn to HI) l) 2.65 (s, 3H,

CH3), 3.91 (s, 3H, OCH3), 6.19 (s, 2H, NNH2), 6.83 (m, 2H, both isomers), 7.12 -7.23

(m, 4H, bath isomers), 7.43, (d, IH, J =2.4 Hz), 7.60 (d, IH, J =7.8 Hz), 7.89 (d, IH, J

= 8.5 Hz). minor isomer (NNH2 syn to Hg) l) 2.69 (s, 3H, CH3), 3.89 (s, 3H, OCH3),

6.24 (s, 2H, NNHÛ' 7.32, (d, IH, J =2.2 Hz), 7.68 (d, IH, J =7.8 Hz), 7.81 (d, \H, J =
8.5 Hz). i3C NMR (75.4 MHz, CDCI3) : major isomcr l) 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 l)

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+', 1(0), 223 (M+' - CH3' 19), 209 (32),

195 (17), 165 (27), 152 (19).

1,I-Dichloro-2-[3-methoxy-S-methyl-9-nuorenyl) ethylene (83)

Hydrazone 74 (35.1 mg, 0.14 Olmo\) was dissolved in

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

the solution. Yellow mercuric oxide 000 mg, 0.46 Olmo\) was

then added followed by 3 drops of ethanolic potassium
CH3hydroxide 0 g KOH in 10 ml ethano\). The mixture was

stirred at room temperature for 45 mins, decanted from the

sludge and cooled to OOc. 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

OOC and after allowing to warrn to room temperature, the solution was filtered and flash

chromatographed (3:2 hexanes : CH2Cl2 eluent) yielding 13.3 mg of corresponding

olefin 83. Mp. 96 - 96.50C. Rf = 0.75. IH NMR (200 MHz, CDCI3) : l) 2.43 (s, 3H,

CH3), 3.89 (s, 3H, OCH3), 6,79 (dd, IH, JI =8.7 Hz, h =2.6 Hz), 7.15 (d, \H, J =2.5

Hz), 7.19 (d, 1H, J =7.8 Hz), 7.53 (d, 1H, J =7.7 Hz), 8.10 (s, \H), 8.18 (d, IH, J =8.8

Hz). 13C NMR (67.9 MHz, CDCI3) : l) 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, 1.\2.2, 160.7. MS mh (rd. inh:nsily)

294 (Il), 292 (65), 290(M+', 100),247 (44),212 (21).176(36),88(17).

5.8 ATTEMPTED PREPARATION OF 2.2.DICIII.ORO·3·17.METIIYI..9· ...l.lJORENn.j

EPISULFIDE

2·[2.(4.Methy1phenyl).2.(4.methoxyphenyl)HA·ctimeth)'I·2·oxlIwline (66)

Following the general procedure in the preparation of

compound 53, the oxazoline 52 was treated with 4­

melhy1phenylmagnesium bromide (63) yielding 27.5% of 66.

IH NMR (200 MHz, CDC13) : () 1.28 (s, 6H, C(CH3h), 2.38

(s, 3H, CH3), 3.76 (s. 2H. CH2), 3.83 (s, 3H, OCH3), 6.84 - H
3

6.87 (m, 2H), 7.23 (dd, 4H, JI = 13.0 Hz, h = 7.9 Hz), 9.10 OCH3
(d, IH, J = 9.1 Hz). 13C NMR (75.4 MHz, CDCI3) : () 21.2,

28.0,55.4,67.1,79.3, 112.3, 115.5, 120.4, 128.1, 128.7, 131.9, 137.0, 138.3, 143.3,

161.0, 163.8. MS mlz (rel. intensity) 295 (M+', 25), 294 (M+' - 1, 100), 280 (M+' .

CH3, 3), 239 (7), 209 (12), 108 (15). 43 (44).

2·(4·Methylphenyl).4·methoxybenzoic acid (69)

Following the genera1 procedure in the preparation of

compound 55, oxazoline 66 gave acid 69 in 21 % Mp. 167 ­

169°C. IH NMR (200 MHz, CDCI3) : () 2.39 (s, 3H, CH3),

3.86 (s, 3H, OCH3), 6.81 (d, IH, J = 2.5 Hz), 6.90 (dd, 1H, JI =
8.7 Hz, h = 2.6 Hz), 7.21 (s, 4H), 7.97 (d, \H, J = 8.7 Hz).

13C NMR (75.4 MHz, CDC13) : () 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. Întensity)

242 (M+', 100).225 (W' - OH, 67),182 (10),165 (9),152 (11),120 (14).

3-Methoxy-7-methyl-9-lluorenone (72)

Following the general procedure in the preparation of

compound 56. acid 69 gave ketone 72 in 28% yield. Mp. 118 ­

l20oC. IH NMR (200 MHz, CDCI3) : () 2.36 (5. 3H, CH3). 3.89

(5. 3H, OCH.), 6.69 (dd, IH, JI =8.2 Hz, h =2.2 Hz), 6.96 (d,

IH, J =2.2 Hz), 7.30 (m, 2H), 7.42 (5, IH), 7.57 (d, IH. J =8.3

Hz). 13C NMR (75.4 MHz, CDCI3) : () 21.5, 55.8, 106.8, 112.4,

119.9,124.6, 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-Mclhoxy-7-mclhyl-9-auorcnonc hydrazone (75)

Following :he general procedure in the preparation of

compound 74, kctone 72 gave hydrazone 75 in 85% yield as a

mixture of two isomers. Mp. 121 . 131°C (mixture of both

isomcrs). IH NMR (200 MHz, CDCI3) : major isomer (NNH2
syn to 1-1\) Ô 2.40 (s, 3H, CH3), 3.91 (s, 3H, OCH3), 6.17 (s,

21-1, NNH2), 6.80 (dd, 2H, JI = 8.6 Hz, h = 2.2 Hz, both

isomcrs), 7.14 (d, 2H, J =7.6 Hz, both isomers), 7.22, (d, 2H, J

= 2.2 Hz, both isomers), 7.60 (dd, 2H, JI = 8.4 Hz, J2 = 2.3 Hz, both isomers), 7.75 (s,

1H), 7.82 (d, 1H, J = 8.3 Hz). minor isomer (NNH2 syn to H8) Ô 2.44 (s, 3H, CH3), 3.88

(s, 3H, OCH3), 6.24 (s, 2H, NNH2), 7.49 (d, 1H, J =7.6 Hz), 7.53 (s, 1H). I3C NMR

(75.4 MHz, CDCI3) : major isomer ô 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 ô 21.9, 55.6, 104.6,

106.1,113.3,120.0,121.7,126.5, 130.2, 130.~ 135.8,137.7,138.3,143.6,160.6. MS

..l/z (rel. intensity) 238 (W', 1(0),223 (W' . CH3, 18),209 (29), 195 (16), 165 (26),

152 (25).

1,1·Dich1oro·2·[3-melhoxy·7.methyl.9-nuorenyl] ethylene (84)

Following the procedure in the preparation of

compound 59, on1y its corresponding ethylene compound ~j

was isolated in 20% yield. Mp. 82 • 85°C. Rf = 0.64. 1H

NMR (200 MHz, CDCI3) : ô 2.67 (s, 3H, CH3), 3.90 (s, 3H,

OCH3), 6.82 (dd, !H, JI = 8.9 Hz, Jz = 2.5 Hz), 7.17 - 7.22

(m, 2H), 7.40 (d, lH, J =2.5 Hz), 8.23 (d, IH, J = 8.6 Hz),

8.31 (d, !H, J =7.6 Hz). I3C NMR (67.9 MHz, CDCI3) : ô
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 rn/z (rel. intenslty) 294 (11), 292

(65),290 (M+', 100),247 (36), 212 (25), 176 (40).
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5.9 ATTEMPTED PREPARATION OF 2,2-DIt'1I1.0RO-.'-[J-METIIOX\'-9-FI.lIOREN\'I.]

EPISUI.FIDE

2-[2-Phenyl-2-(4·methox)'phenyl)]-4,4-dimethyl-2-oxawline (67)

Fol1owing the general procedure in the prepam\Îon of

compound 53, the oxazoline 52 was treatcd with phenylrnagnc'sium

bromide (64) yielding 5% of 67. IH NMR (200 MHz, CDCI3) : /)

1.27 (s, 6H, C(CH3h), 3.75 (s. 2H, CH2). 3.84 (s. 3H. OCH3). t>.87 ­

6.90 (m, 2H), 7.36 - 7.39 (m, 5H). 7.70 (d, IH. J = 8.2 Hz). I3C

NMR (75.4 MHz. CDCI3) : Il 28.0, 55.4, 67.2. 79.2, 112.5, 115.5,

120.3. 127.2, 127.9, 128.2, 131.8. 141.2, 143.4. 160.9. 163.7. MS

m/z (rel. intensity) 281 (M+', 25), 280 (M+' - 1, 100), 195 (28), 152 (11), 94 (Il).

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 ­

165°C. IH NMR (200 MHz, CDCI3) : /) 3.86 (s, 3H, OCH3), 6.82 (d,

IH, J = 2.5 Hz), 6.90 (dd, IH, JI = 8.7 Hz, J2 = 2.6 Hz), 7.31 - 7.35

(m, 5H), 7.98 (d, tH, J = 8.8 Hz). l3C NMR (75.4 MHz, CDCI3) : /)

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 mlz (rel. intensity) 228 (M+', 100),211 (M+' - OH, 96),168 (27),152

(15), 139 (31).

3-Methoxy-9-fluorenone (73)

Fol1owing the general procedure in the preparation of

compound 56, acid 70 gave ketone 73 in 61 % yie1d. Mp. 95 ­

96°C. IH NMR (200 MHz, CDCI3) : /) 3.85 (s, 3H, OCH3), 6.67

(dd, IH, JI =8.2 Hz, J2 =2.2 Hz), 6.94 (d, tH, J =2.2 Hz), 7.20­

7.30 (m, 2H), 7.42 (s, IH), 7.57 (d, IH, J =8.3 Hz). l3C NMR

(75.4 MHz, CDCI3) : /) 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).



•

•

•

157

3-Mclhoxy-9-nuorcnonc hydramnc (76)

f'ollowing the general procedure in the preparation of

compound 57, kClone 73 gave hydrazone 76 in 9% yield. Mp.

118 . 125"C (mixture of both isomers). IH NMR (200 MHz,

CDCI) : 0 3.89, 3.91 (2xs, 6H, OCH3, both isomers), 6.81 - NH2

7.94 (m, 14H, both isomers). l3C NMR (75.4 MHz, CDCJ3) :

m,~or isomer 0 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 074.7,104.9,113.9,

120.4,121.8,125.6,127.9,129.6,131.0,138.6,139.8, 141.6, 145.9, 160.7. MS rn/z (rel.

intensity) 224 (M+', 100),209 (M+' - NH, 23),195 (30), 180 (19), 165 (11), 152 (43).

1,I.Dichloro·2·[3·mcthoxy·9·nuorcnyl] ethylene (85)

Hydrazone 76 (16.4 mg, 0.073 mlllo1) was dissolved in

10 ml anhydrous THF and 0.25 g sodium sulfate was added to

the solution. Ycllow 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

temperaturc for 45 mins, decanted from the sludge and cooled

to OOc. 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 OOC and aftcr allowing to warrn to room

temperature, the solution was filtered and flash chromatographed (1: 1 CH2C12 : hexanes

eluent) yielding 78 mg of a yellow-brown solid which was determined to he 8S (47%).

Mp.86-89°C. IH NMR (200 MHz, CDCI3) : 03.91 (s, 3H, OCH3), 6.74 (dd, !H, JI =
8.20 Hz, h = 2.2 Hz), 7.03 (d, IH, J = 2.4 Hz), 7.15 - 7.50 (m, 4H), 7.62 (d, !H, J = 8.3

Hz). l3C NMR (75.4 MHz, CDCI3) : 055.8, 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 rn/z (rel. intensity) 280 (Il),

278 (64), 276 (M+', 100),233 (41), 198 (12),163 (29).
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5.10 PREPARATION OF 2,2-DICIlI.ORO-3-[2,5-DlMEl1IllXY-9- F\.lIORENYI.] EI'ISl'LFIIlE

2,3-Dimclhoxybcn1.o)'1 chloridc

Following the general procedure in the preparation of 2,4­

dimethoxybenzoyl chloride, 2,3-dimethoxybenzoic add (10,2 g, 55

010101) when treated with excess thionyl chloride (18.0 g, 151 mmol)

yielded 10.5 g (92 %) of the acid chloride as a white solid. Mp. 56­

57°C. IH NMR (200 MHz, CDCI3) : Il 3.89 (s, 3H, OCH3), 3.90 (s,

3H, OCH3), 7.13 (d, IH, J = 1.2 Hz), 7.15 (d, IH, J = 1.2 Hz), 7.52 (dd, \1-1. JI =2.2 IIz,

J2 = 1.2 Hz). l3C NMR (75.4 MHz, CDCI3) : Il 56.2, 61.6, 117.9, 123.7, 12.t8, 128.9,

149.0, 153.5, 164.8.

N-(Dimclhyl·2.hydroxy cthyl).2,3·dimclhoxy bClw.amidc (86)

Following the general procedure in the preparation of SI,

the add chloride (10.5 g, 52 mmol) when treated with 2-methyl-2­

amino-I-propanol (11.7 g, 131 mmol) yielded 12.1 g (92 %) of

the benzamide 86 as a beige solid. Mp. 83-86oC. 1H NMR (200

MHz, CDCI3) : Il 1.40 (s, 6H, C(CH3h), 3.68 (s, 2H, CH2), 3.89

(s, 3H. OCH3), 3.90 (s, 3H, OCH3), 7.05 (d, IH, J = 1.2 Hz), 7.15

(t, !H, J = 1.2 Hz), 7.72 (d, IH, J = 1.2 Hz), 8.26 (s, IH, NH). l3C NMR (75.4 MHz,

CDCI3) : Il 24.9, 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-oxa1.oline (87)

Following the general procedure in the preparation of 52,

benzamide 86 (12.1 g, 48 mmol) was treated with thionyl chloride.

After workup, 5.2 g (46 %) of oxazoline 87 was obtained as a gold­

colored solid. Mp. 46 - 47.50C (lit. 172 Mp. 49 - 50°C). 1H NMR

(200 MHz, CDCI3) : 8 1.57 (s, 6H, C(CH3h), 3.84 (s, 3H, OCH3),

3.99 (s, 3H, OCH3), 4.34 (s, 2H, CH2), 7.07 (d, IH, J =2.2 Hz), 7.09

(d, IH, J = 2.2 Hz), 7.48 (dd, IH, JI = 5.4 Hz, h = 3.2 Hz). l3C NMR (75.4 MHz,

CDCI3) : Il 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 mlz (rel. intensity) 235 (M+', 94), 220 (36),206 (31), 192 (28), 178 (21), 163 (100),

151 (29), 149 (73), 135 (36), 121 (31).
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2· [2.(4· Mel hoxyp henyl ).2·(3·methoxyphenyl))·4,4.dimet hyl.2·oxa7.0line (90)

f'ollowing the general procedure in the preparation of

compound 53, the oxazoline 117 (5.2 g, 22 mmol) was treated

with 4-methoxyphenylmagnesium bromide (88) (1.3 eq.)

yiclding 3.45 g (61 %) of 90 as a viscous oil which could not

totally purified. 1H NMR (200 MHz, CDCl3) : a1.20 (s, 6H,

C(CH3)21, 3.69 (s, 2H, CH2), 3.73 (s, 3H, OCH3), 3.82 (s,

31-1, OCH3)' 6.89·7.27 (m, 7H, aromatic). I3C NMR (75.4 MHz, CDCI3) : a27.9, 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).

2-(4.Methoxyphenyl)·3-methoxybenzoic acid (92)

Following the general procedure in th~ preparation

of compound 55, oxazoline 90 (3.45 g, Il mmol) gave

0.16g (6%) of pure white acid 92 after recrystallizing with

1: 1 H20:EtOH. Mp. \70· Inoc. tH NMR (200 MHz,

CDCI3) : a3.77 (s, 3H, OCH3), 3.85 (s, 3H, Or.H3), 6.90

- 7.55 (m, 7H, aromatic). I3C NMR (75.4 MHz, CDCI3) :

a55.1, 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 mlz (rel. intensity) 258 (M+', 100),225 (9), 197 (12), 184 (7), 122 (11).

2,5·Dimcthoxy·9·lluorenone (94)

Following the general procedure in the preparation of

compound 56, acid 92 (0.16g, 0.6 mmol) gave 0.12 g of ketone CHa

94 in 81% yield as a bright orange solid. Mp. 160· 163°C. IH

NMR (200 MHz, CDCI3) : a3.82 (s, 3H, OCH3), 3.93 (s, 3H,

OCH3), 6.90 - 7.55 (m, 5H), 7.66 (d, IH, J = 8.2 Hz). I3C

NMR (75.4 MHz, CDCI3) : a55.5, 55.6, 109.4, 116.5, 1!7.9, OCHa

119.9, 125.1, 127.2, 128.1, 129.2, 135.2, 135.8, 136.3, 154.7,

160.0. MS mlz (rel. inlensity) 240 (M+', 100),225 (63), 197 (20), 126 (Il).
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2,5-Dimcthox)'-9-fluorcnonc hydral.Onc (96)

Following the general proœdun: in the prL'paralion

of compound 57. the hydrazone 96 was obtained after CH
3

evaporating the solvelll and flash chromatography ICH2C12

then 1: 1 EtOAc : hexanes eluent), Kelone 94 (O.l2g. 0.5

mmol) gave 5 mg (4%) of hydrazone 96 as a mixture of

two isomers. In some cases. ketone 94 was contaminaled

by the Wolff-Kishner reduction product (2.5-dimethoxy

fluorene) which \Vas removed by colullln chromatography (CH2CI2 cluent). tIl NMR

(200 MHz, CDCI3) : 1) 3.88 (s, 3H, OCH3), 3.99 (s, 3H, OCH3), 6.88 (d, 11-1, J = 8.2 111.).

6.97 (d, IH, J =8.2 Hz), 7.24 (d, IH, J =8.0 Hz), 7.28 (s, IH). 7.48 (d. Il-l, J =8.0 111.).

7.87 (d, IH, J =8.0 Hz). t3C NMR (75.4 MHz, CDCI3) : major isomer i5 55.4, 55.5,

104.8,112.7,115.3, 117.9, 124.5, 127.7, 129.0, 131.7, 138.9, 145.7, 155.2, 159.4, 169.8.

minor isomer 1) 55.3, 55.7, 110.9, 112.6, 113.2, 113.7, 122.3, 124.9, 128.2, 131.0, 133.5.

139.3, 154.8, 158.9, 169.8.

2,2 Dichloro-3-[2,S dimethoxy-9-fluorenyl] episulfidc (98)

Hydrazone 96 (5.0mg, 0.019 mmol) was dissolvcd in

10 ml anhydrous ether and to the solution was added 0.25 g
CH3

sodium sulfate. Yellow mercuric oxide (100 mg, 0.46 mmol)

was then added followed by 10 drops of ethanolic potassium

hydroxide (1 g KOH in 10 ml ethanol). The mixture was

stirred at room temperature for 2 hr, decanted l'rom the OCH3

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 QOC. Thiophosgene (5 drops) in 2 ml anhydrous ether was addcd dropwise to

the diazotized solution. Evolution of nitrogen was apparent. The solution was then

stirred for 20 mins at OoC and after allowing to warrn to room temperaturc, the solution

was flash chromatographed (1:1 CH2C12 : hexanes eluent) yielding 7 mg of a orange­

yellow rcsidue which was determined via l3C NMR to he the episulfide 98. 1H NMR

(200 MHz, CDCI3) : 1) 3.87 (s, 3H, OCH3), 3.98 (s, 3H, OCH3), 6.91 (d, IH, J =R.5 Hz),

6.92 (d, IH, J =8.5 Hz), 7.20 (t, IH, J =8.1 Hz), 7.91 (s, IH), 7.92 (d, 1H, J =R.O Hz),

8.17 (d, IH, J = 8.5 Hz). l3C NMR (75.4 MHz, CDCI3): 1) 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 mlz (rel.

intensity) 310 (2), 309 (12), 308 (12), 307 (65), 306 (M+' - S, 65.2), 305 (W' - SH,

100),290 (59), 262 (12), 247 (10), 150 (13), 76 (15).
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5.11 PREPARATION OF 4,S-D1METIIOXY·9-FLUORE:"IONE

2-[2-( 2-Methuxyphenyl).2-(3.methuxy phenyl) ]-4,4-dimethyl-2-uxazuline (91)

Following the general procedure in the preparation of

compound 53, the oxazoline 87 (10.2 g, 43 mmol) was tteated

with 2-methoxyphenylmagnesium bromide (89) (1.3 eq.)

yielùing 1.95 g (14%) of 91 as a viscous oi! which did not

solidify. IH NMR (200 MHz, CDC13) : li 1.38 (s, 6H,

C(CH3)2), 3.88 (s, 3H, OCH3), 3.89 (s, 3H, OCH3), 4.08 (s, 2H,

CI-I2), 6.76, 6.98 (m, 4H, aromatic), 7.24 (dd, 2H, JI =7.9 Hz, J2 = 1.6 Hz), 7.52 (dd,

11-1, JI = 7.8 Hz, h = 1.6 Hz). I3C NMR (75.4 MHz, CDCI3) : li 28.4, 56.1, 56.2, 67.0,

78.4, 111.1, 111.7, 112.1, 115.1, 118.0, 119.5, 121.8, 128.4, 133.3, 148.3, 150.3, 155.9,

163.7. MS mlz (rel. intensity) 280 (M+', OCH3, 23),149 (100).

2-(2-Mcthoxyphcnyl)-3·mcthoxybcnzoic acid (93)

Following the general procedure in the preparation of

compound 55, oxazoline 91 (0.36 g, 1.16 mmol) gave 0.30l?,

(99%) of a pure white acid 93 after recrystallizing with 1: 1

H20:EtOH. Mp. 194 ' 196°C (lit. 172 196 - 197°C). \H

NMR (200 MHz, CDCI3) : li 3.70 (5, 3H, OCH3), 3.74 (5,

3H, OCH3), 6.92 (d, IH, J =8.2 Hz), 7.01 (d, IH, J =7.4 Hz), 7.15 (dd, 2H, JI =7.6 Hz,

J2 =2.1 Hz), 7.33 (l, !H, J =8.3 Hz), 7.38 (t, !H, J =8.1 Hz), 7.52 (d, IH, J =7.8 Hz).

l3C NMR (75.4 MHz, CDCl3) : li 55.6,56.2, 110.9, 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 mlz (rel. inten5ity) 258 (M+', 100),

227 (W', OCH3' 48), 211 (12), 197 (7), 184 (9),168 (21), 165 (58), 139 (12).

4,5·Dimcthoxy·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

ketone 95 in 44% yield as a beige 50lid. Mp. 134 ' 137.50C. 1H 0

NMR (200 MHz, CDCI3) : li 4.06 (5, 6H, 2xOCH3), 7.51 (\, 2H, CHa

J = 8.0 Hz), 8.06 (dd, 2H, JI = 7.9 Hz, J2 = 1.2 Hz), 8.93 (dd,

2H, JI = 8.3 Hz, h =1.5 Hz). DC NMR (75.4 MHz, CDC13) :

li 56.0, 116.8, 117.2, 122.6, 124.3, 128.5, 129.2, 129.6. MS mlz (rel. inten5ity) 240

(W', 6), 226 (100), 211 (49), 155 (19),139 (8), 127 (13). IR (cm-1) : 1724 (C=O).



• 5.12 ATTDII'TED PREI'ARATlO:-; OF 2,2-nlt'IIl.0RO-J-[.'-~'ETIIYI.-9-FI.l'ORENYI.I

El'lSlll.FIDE

3-Methyl-9·nuorenone hydrazone (lOI)

3-Methyl-9-fluorenone (100) (112 mg, 0.57 mmo!) was
CH

dissolved in 20 ml ethanol and hydrazine monohydrale (0.35 ml, v"-.-..

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

yellow solution was obtaineci. The solvent was removed yielding NH2

0.12 g of lOI as a yellow solid (100%). Mp. 95 - 102°C

(mixture of both isomers). 1H NMR (200 MHz, CDCI3) : 1) 2.43,

2.46 (2xs, 6H, CH3, bath isomers), 6.31 (s, 2H, NNH2, bath isomers), 7.13 - 7.92 (m,

14H, aromatic, bath isomers). MS rn/z (rel. intensity) 208 (M+', 100), 193 (M+- - NH,

6), 179 (60), 165 (23), 152 (14).

3-Methyl-9-nuorenone (100)

2-Amino-4-methyl benzophenone (99) (3.1 g. 14.5 mmo!)
CH

was suspended in 2 N HCI and stirred at üOC for 15 mins. Sodium ",.-

nitrite (LOg, 14.5 mmol) dissolved in 5 ml waler was then added

dropwise to the arylamine. After 1 hr, the red pre.:ïpilate \Vas 0

filtered, dissolved in 25 ml anhydrous THF, dried with Na2S04' and

then heated al reflux for 2.5 hr. The solvent was removed und.'

vacuo leaving a dark red residue which was chroma.·.:' ,... 'ed

(CHCI3 eluent) yielding 282 mg of IOil as a red solid \.0%). Mp. 166 - 16l)°C. III

NMR (200 MHz, CDCI3) : 1) 2.33 (s, 3H, CH3), 6.98 (d, IH, J = 7.0 Hz), 7.17 - 7.23 (m,

2H), 7.35 - 7.39 (m, 2H), 7.44 (d, IH, J =7.6 Hz), 7.56 (d, IH, J =7.3 Hz). I3C NMR

(75.4 MHz, CDCI3) : 1) 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, :933. MS m/z (rel. intensity) 194 (M+', IOü), 165 (RO) .

•

•

1,I-Dichloro-2·[3·methyl-9-nuorenyl] ethylene (103)

3-Methyl-9-fluorenyl hydrazone (lOI) was dissolved in

30 ml anhydrous ether and yellow mercuric oxide (1.0 g, 4.6

mmol) was added followed by 10 drops of ethanolic KOH. The

mixture was stirred until the sludge appears which was decanted

and a second portion of HgO was added. Fresh ponions of HgO

were added untilthe ethereal solution became faint red in color.

CH
""-'-"
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Thc solution was llicn wnccntratcd to about 5 ml and then cooled to O°c. TIliophosgene

(I.S g, 13 mmol) in 4 ml anhydrous ether was added dropwise and the solution allowed

to stand at One for 1 hr. l\fter filtering the mixture, the filtrate was conccntrated and

l'imllnalographed (hexanes eluent) yielrling 54 mg (89%) of a yellow solid which was

identified to he ethy1cnc compound 103. Mp.67 - 70"C. 1H NMR (200 MHz, CDCI3) :

li 2.43 (s, 311, CH3)' 7.11 (d, III, J = 7.2 Hz), 7.29 - 7.38 (m, 2H), 7.48 (s, lH), 7.65 (d,

III, J =6.9 IIz), 8.16 (d, III, J =7.9 Hz), 8.29 (d, IH, J =7.1 Hz). I3C NMR (75.4

Mill., CDCI3) : li 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+,

l:iO), 225 (M+' - CI, 37), 190 (34), 189 (71), 163 (10), 94 (36). Anal. Calc'd for

CISHIOCI2: C, 68.99; H, 3,86. Found: C, 68.90; H, 3.73.

5.13 l'RIo:I'ARATION OF 2,2-DtCHLORO-3,3-D1PIŒNYL EPISULFIDE

Rcnzophcnone hyrlrazone (106)

Benzophcnone (104) (14 g, 77 mmol) was dissolved in 80 ml

t1-butanol and hydrazine monohydrate (5 ml) was added. The

mixture was heated to reflux for 24 hr. Arter cooling the mixture,

the precipitated hydrazone 106 was filtered and recrystallized with

methanol yielding 12.6 g (83%). Mp. 88 - 91°C (1il. l7o Mp. 98°C).

tH NMR (200 MHz, CDCI3) : li 5.43 (s, 2H, NNH2), 7.26 - 7.59 (m, \OH, aromatic).

I3C NMR (75.4 MHz, CDCI3): li 126.3, 127.9, 128.0,128.7,128.8,129.3,132.8,138.3,

149.0. MS m/z (rel. intensity) 196 (M+', 70), 180 (17), 165 (28), 119 (Il), 85 (67), 83

(100), 77 (38).

Diphcnyldiazorncthane (108)

To a rapidly stirred solution of benzophenone hydrazone

(106) (5.0 g, 25 mmol) in 200 ml anhydrous ether, 0.4 g KOH was

added fûllowed by 0.2 ml H20. The solution was stirred until

dissolution of the KOH. Yellow mercuric oxide (6.0 g, 28 mmol)

was added p:ld the mixture was del.anted l'rom the heavy sludge after

stirring for 5 min. A fresh ponion of Hgu was added to the rose color solution and the

mixture allowed to stir for 48 hr. The ethereal solution was dried with MgS04, filtered,

and concentrated down fumishing 3.2 g (66%) of 108 as a deep purple solid. Mp. 29 ­

31°C (lil. l7o Mp. 30°C). IH NMR (200 MHz, CDCI3): Il 7.14 -7.44 (m, \OH, aromatic).
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I3C NMR (75.-1 Ml-lz. CDCI,) : /) 125.1. 125.6. 12S.J. 129.1. 129.5. MS (FAB.

glycerol) miz (re!. intensity) 166 (M+' - N2. 57), 165 (1 (0). 152 (IJ).

2,2·Dichloro·3,3-diphenyl episulfide (110)

Diphenyldiazomethane (l08) (325 mg, 1.7 mmol) was

dissolved in 1.67 ml anhydrous l'HF and cooled to Olle.

Thiophosgene (192 mg, 1.7 mmol) in \.Ii7 ml anhydrolls TIIF was

added dropwise to the diazo solution. '!'he mixture was stirred for 10

min and then warmed to room temperature. The clear yellow

solution was concentrated under vacuo and chromatogr;\phed

(hexanes eluent) furnishing 271 mg (57%) of 110 as a white powdcr. Mp. 86 - 87"C

(lit.49 Mp. 89 - 90°C). 11-1 NMR (200 Ml-lz, CDCI3) : /)7.28 - 7.39 (m, 611, aromaiÎc),

7.58 - 7.64 (dd, 41-1, JI =7.3 I-Iz, Ji .= 1.4 Hz). I3C NMR (75.4 MIll, CDCI,) : Il 66.8,

80.7,128.1 (C-5), 128.1 (C·7), 129.4,138.9. MS miz (re!. intensity) 280 (M+, 2), 248

(M+' - S, 19),245 (M+' - Cl, 32), 210 (100),178 (66),165 (81). Raman: 691 cm- I .

Anal. Cale'd for C141-11OSC12: C, 59.79; 1-1, 3.59. Found: C, 59.85; 1-1, 3.07.

5.14 PREPARATION OF 2,2.D[CHLORO-3,3.(4,4'-D[METIlOXY)IHPIlENYL EI'ISULFIIlE

4,4'·Dimethoxybenzophenone hydrazOlv, (l07)

4,4'-Dimethoxybenzophenone (105) (3.0 g, 12.4 mmol)

was dissolved in 60 ml w= n-butanol and hydrazine

monohydrate (5 ml) was added. The mixture was heated to reflux

for 2.5 hr and then cooled whereupon the yellow hydrazone

precipitated. Following filtration, 1.11 g (35%) of hydrazone 107

was obtained which was purified by chromatography (j: 1

CHCl3:ethyl acetate eluent). Mp. 72 - 75°C (Iit. l7o Mp. 85°C).

[H NMR (200 MHz, CDCI3) : Il 3.79 (s, 3H, OCH3), 3.86 (s, 31-1, OCH3), 5.32 (s, 2H,

NNH2), 6.81 (d, 2H, J =8.7 Hz), 7.03 (d, 2H, J =8.7 Hz), 7.22 (d, 2H, J =8.4 Hz), 7.40

(d, 2H, J = 9.0 Hz). I3C NMR (75.4 MHz, CDCI3) : Il 55.3, 113.4, 114.6, 125.0, 127.9,

130.1,131.6,149.2,159.6. MS mlz (re!. intensity) 256 (M+', 100),240 (22), 225 (M+' ­

OCH3, 35),199 (l0), 148 (29),133 (40), 77 (17).
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Diazo·4,4' -dimclhoxybcnzophcnone (109)

Following Ihe general procedure in the preparation of

diphenyldiazomclhane (108), 4,4'-dimelhoxybcnzophenone

hydrazone 107 gave 1.74 g (R 1%) of 109 as a purple amorphous

solid, Mp. 106 - lORoC (lit 170 Mp. 112°C). 1H NMR (200 MHz,

CDCI3) : 1) 3.RI (s, 6H, ûCH3) 6.93 (d, 4H, J = 9.0 Hz), 7.17 (d,

4H, J = 9.0 Hz). i1ç NMR (75.4 MHz, CDCI3) : 1) 55.4, 114.8,

121.5, 126.5, 132.2, 157.7. MS mlz (rel. intensity) 452 «M+' -

NÛ2, 91). 226 (W'- Nz, 1(0).211 (90), 183 (19). 168 (18). 152 (17). 135 (34), 113

(27).

2,2-Dichloro-3,3·(4,4·-dimelhoxy)diphenyl episullide (Ill)

Diazo compound 109 (0.2 g. 0.79 mmol) was dissolved in

10 ml anhydrous elher and cooled 10 O°e. Thiophosgene (0.11 g.

0.94 11111101) in 2 ml anhydrous ether was added dropwise.

Spontaneous evolution of nitrogen was apparent as the purple

solution faded to a yellow color. The mixture was allowed to stir

for 0.5 hr at room lemperature. The ether was evaporated under CHaO

vacuo and the residu\. chromatographed (1: 1 CH2Cl2:hexanes

eluent) fumishing 0.20 g (74%) of episu1fide III as an orange-brown soHd. Mp. 86 ­

R7°e. tH NMR (200 MHz. CDCI3) : 1) 3.79 (s, 6H. ûCH3). 6.87 (d, 4H. J = 8.9 Hz).

7.51 (d. 4H. J =8.9 Hz). l3C NMR (67.9 MHz. CDCI3) : 1) 55.6. 66.4, 82.0. 113.7.

131.1.131.6.159.6. MS mlz (rel. intensity) 311 (2).309 (13), 308 (M+' - S, 4).307

(W' - SH. 20), 238 (W' - CSCI2). 223 (7), 69 (18), 66 (100). 57 (88). 41 (30). Raman:

665 cm- l. Anal. Calc'd for C16Ht4Û2SC12: S. 9.39. Found: S. 9.37.

1,I-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. tH NMR (200 MHz, CDCI3) : 1) 3.88 (s. 6H.

ûCH3). 6.95 (d, 4H,! =8.9 Hz), 7.78 (d. 4H. J =8.9 Hz). l3C

NMR (67.9 MHz, cnC13) : Il 55.4, 113.4. 113.7. 128.4. 130.7.

132.2. 162.8. MS mlz (rel. intensity) 308 (M+', 0.2), 242 (23), CHaO

227 (24), 211 (10), 135 {100). 107 (12),92 (17), 77 (20).
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5.15 PREI'AUATION OF 2,2-D1l'HI.ORO-3,3-DlllENZOSt iHERONn. EI'ISIII.FIIJE

Dibcnzosubcronc hydrazonc (115)

Dibenzosubcrone (112) (1.0g, 4.8 111mo1) was dissolved

in 20 ml ethylene glycol and hydrazine 111onohydrate (2.5ml,

51 mmo1) was added. The mixture was allowed to retlux for 2

hr upon which a yellow solution was observed. The mixture NNH
z

was cooled, dilUled \Vith water and extracted twice with 40 ml

bcnzene. The extracts were combined, dried with MgS04, and conccntnlled. Arter

chromatography (3:2 hexanes : EtOAc eluent), 0.83 g of hydrazone (115) was obtained

as a yellow solid (78%). Mp. 81 - 84 Oc (lit. lS4 Mp. 82°C). \H NMR (2!Xl Mllz,

CDCI3) : Ô 2.80 - 3.42 (m, 4H, CH2CH2), 5.53 (s, 2H, NNII2), 7.00 - 7.74 (m, liIl ,

aromatic). I3C NMR (75.4 MHz, CDCI3) : Ô 31.9,33.9, 125.9, 126.0, 127.0, 127.9,

128.4,128.5,129.1,130.2,133.6,137.0,137.4,139.9,149.1.

Diazodibcnzosubcrone (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 Na2S04' 10

drops of 10% ethanolic KOH was then added and the mixture +N
z

was stirred for 24 hr. The mixture was decanted l'rom the

heavy sludge resulting in a violet colored solution containing the diazo compound 122

which was not isolated but was cC'ncentraled to about 10 ml and immediatcly cooled 10

DOC. A small samp1e (19 mg) was dried and used for spectroscopie analysis. 1('1 NMR

(200 MHz, CDCI3) : Ô3.09 (s, 4H, CH2CH2), 7.00 - 7.50 (m, 8H, aromatic). t3C NMR

(75.4 MHz, CDCI3): Ô35.6,123.8,124.7,126.6,127.9,130.2,132.3,139.4.

2,~ Dichloro-3,3-dibenzosubcronyl episullide (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 : CH2Cl2 eluent) furnishing 0.22 g

(-20% based on initial amount of 115) of 123 as straw ycllow

crystals. Mp. 113 - 114°C. tH NMR (200 MHz, CDCI3) : Ô 2.98

- 3.16 (m, 2H), 3.64 - 3.82 (m, 2H), 7.11 -7.41 (m, 8H). I3C NMR (75.4 MHz, CDCI3)
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: Il 31.9, 69.0, X2.X, 126.2, 128.9, 129.5, 129.7, 136.5, 138.8. MS m/z (rel. intensity) 306

(W', 3), 277 (2), 276 (3), 275 (5), 274 (Mf' - S, 14),273 (Mf' - SH, 38), 272 (Mf' ­

112S, 23), 271 (W' - CI, 1(0), 236 (63), 221 (II), 202 (31), 191 (41). Anal. Cale'd for

CJ6HI2SCI2: C, 62.54; H, 3.94. Found: C, 62.14; H, 3.60.

5.16 PREPARATION OF ].METIlOXY·3·TRIMETIl\'LSILYLOXY·],3·8UTADIENE

The siloxydiene was prepared according to the procedure

of Danishefsky.207 Anhydrous powdered ZnCl2 (0.2g, 2 010101)

was added to triethylamine (11.5g, 0.11 mol). The mixture was

slirrcd at room temperature and under an inert atmosphere until

the ZnCI2 became suspended in the amine whereupon a white

suspension was ob::erved. I-Methoxy-3-butene-2-one (5g, 0.05 mol) in 15 ml benzene

was added followed by JO.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 trJ.nsferred to 100011 anhydrous ether and filtered. A brown liquid was obtained

after collecting the filtr.lte and evaporating the ether under reduced pressure. Vacuum

distillation of the liquid fumishcd 3.87g (45%) of l-methoxy-3-trimethylsilyloxy-1,3­

butadiene. Bp. 54 - 55°C (50101 Hg) (lit.207 54 - 55°C (50101 Hg». \H NMR (200MHz,

CDCI3) : Il 0.22 (s, 9H, OTMS), 3.57 (s, 3H, OCH3), 4.05 (s, !H), 4.09 (s, IH), 5.34 (d,

IH, J = 12.2 Hz), 6.82 (d, 1H, J = 12.4 Hz).

5.17 PREPARATION OF I·METIlOXY.2·METIlYL·3·TRIMETIlYLSILYLOXY·I,3·

PENTADŒNE

I.Hydroxy·2·methyl-pent·l·ene·3-one

AIL 3-neck flask was charged with 600m1 benzene, 20.45g (0.5

mol) 60% sodium hydride, and 0.5011 methanol. Th\~ coolcd solution

(O°C) was stirred under an inert a:mosphere. A mixture of 3-pentanone

(55011,0.5 mol) and ethyl fonnate (41011, 0.5 mol) was addcd dropwise

over a period of 1.5 hr. After addition, the beige pastelike precipitate

was stirred for an additional 1.5 hr at room temperature and then diluted

with 375011 anhydrous ether. The suspension was then filtered, the crude sodium salt

was washed with anhydrous ether. After drying, the yield was J Ig (45.6%).

The sodium salt was transferred slowly to 400011 water cooled to OoC. When the

salt was dissolved, the solution was acidified to pH 5 using concentrated HCL The
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mixture \Vas extracted -l times \Vith lOOm! ether ,'adl tinll'. The cllnlhined \lrgani,· phases

were dried over MgSO.\, filtered, and concentrat,'d under r,',hlc,'d pressm,' to aff\lrd an

amber oil \Vhich solidifies on standing. Va,'num distillation (BI'. = 5S"e, 1~mm IIg)

furnished 13.6g (52'7c) of l-hydroxy-2-methyl-pent-l-ene--'-one. tll N:'>IR (~llOMIII,

CDCI3) : 13 1.12 (t, _~H, J =7.3 Hz), 1.77 (s, 311), 2.-13 (q, 211, J =73 Ill), 7.52 lbr s,

lH), 7.56 (br s, IH).

1-Methoxy·2·methyl-pent.l-ene-3·one

A 250ml 3-neck flask was eharged with 175ml benlene and

88ml of 3:2 mixlure benzene and methanol. '1'0 the solution, 13.6g

(0.118 mol) of l-hydroxy-2-methyl-penl-I-ene-3-one was added

followed by O.17g (0.89 mmol) of p-toluenesulfonic add

monohydrale. The solulion was dislilled until half the

benzene/methanol azeotrope (Bp. = 59°C) was collected. The Ilask

was replenished with a fresh benzene/methanol mixture and this cyde was repeated four

times. Finally, 88ml benzene was added whereupon distillation causes the boiling point

10 rise 10 79°C as Ihe reaclion was driven to complelion. The reaction was then quenched

with 88ml of 1M sodium bicarbonate solution. The phases was separaled .:~d the lower

aqueous phase was extraeled Iwice wilh 88ml elher. The combined organic pha,.cs were

dried over MgS04, filtered, and conccntraled under vacuo. The brown oil was vacuum

distilled (Bp, = 94°C, 12mm Hg) affording 12.7g (84%) of l-methoxy-2-methyl-pent·l­

ene-3-one. The melhoxy ketone was stored over nilrogen al -27°C. 1Il NMR (2(XlMHz,

CDCi3) : 13 1.07 (l, 3H, J =7.4 Hz), 1.68 (s, 3H, CH3), 2.51 (q, 21-1. J ,,7.4 IIz), 3.83 (s,

3H, OCH3), 7.21 (b s, IH).

The hydroxy kelone was prepared aecording 10 the

procedure of Danishefsky.208 A lOOml flask was charged wilh

triethylamine (2.9ml 21 mmol), l-methoxy-2-melhyl-pent-l­

ene-3-one (2.00g, 15.6 mmol), and 25ml anhydrous elher Ihen
TMS

cooled to OOC. Vnder an iner! atmosphere, trimelhylsilyl

trlfluoromelhanesulfonale (TMSOTf) (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 preeipitate. Afler allowing the mixlure to stir a funher 20 min., the oily

IiqL1id was separated. The ethereal solution was concentrated under vacuo and the yellow

oil was vacuum distilled (Bp. = 83°C, 12mm Hg) (1i1.20K 44 - 46°C (0,7 mm Hg))

yielding 1.57g (50%) of l-methoxy-2-methyl-3-trimclhylsilyloxy-1 ,3-pcntadiene. III
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'\~R 12(jO~lIz, (,DCI;) : 1) (j.OC> (s, <)11, l'MS), 1.35 (d, ~II, J = 6.~ Hz), lAI (s, ~H).

~.~X (s, ~II, OCII;), 4.5()(q, IIU = 7.0 IIz), 6.1 (brs, III).

5, III HEACTION OF TIII.'RANE 211 \VITII 1,3'BUTAIlIENES

A lypil:al procedure involves dissolving 1 cl). of Ihiirane 28 in the specilied

suivent (l'able 20) folluwed by 2.5-3.0 cl). of diene. After stirring at the specilied

lemperature and lime, a III NMR spel:tl1l1ll was taken of the crude mixture to deleet any

appearanœ of trapped adduct. The corresponding olelin and sulfur were recovered by

l:olumn l:hromatography.

5,19 PIŒI'A1lATION OF SODIUM CYANODITIiIOFOIlMATE

The preparation of 139 was followed according to the literature. 2lu Sodium

cyanide (ID.Dg, D.20 mmol) was dried over phosphorus

pentoxide for 1 hr and then suspended in 50ml dry DMF.

Under inert atmosphcre and with vigorous stirring, 12ml

carbon disullide was addcd slow!y over a 20 min. period to

the cooled (O°C) suspension. After stirring for an additional 30 min., a brown solid

precîpitated. Isobulanol (35ml) was added 10 the mixture which was gradual1y heated

until the solid dissolved. Unreacted sodium cyanide was filtered away and the lïltrate

cooled to yield 42.6g (62%) of 139 as a shiny brown solid. Mp. 62 • MOC. IR (CHC13

solution, cm· l ) : 1050 (C=S), 2200 (CN).

5.20 REACTION OF 139 WITH 1,3·BUTADIENES

In a typieal reaction 139 (1.0g, 2.9 mmol) was dissolved in 20 ml CHC\3 to

which 2,3-diphenyl·I,3·butadiene (O.20g, 0.97 mmol) was added. The mixture was

stirred for 1.5 hr al room temperature and the crude was exarnin~d by 1H NMR for any

presence of trapped product. Thin layer chromatography revealed the presence of sulfur.

5.21 CIILORINATION 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 CCI4. One eq. of SOzCI2 in CCI4 was added dropwise at room temperature. In

cases where CIZ was used. it was bubbled through the slurry for 20 min. Under

conditions specilied in Table 2 l, the initial beige colorc,~ mixture gradually transformed

to a lemon·colored, one indicating presence of sulfur and N//·dimethylearbamyl chloricle

by·product. After lïltration through a Schlenck tube under inert atmosphere, only the

tetrasullide product was isolated as a green-yel1ow oil via flash chromatography (hexanes
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clucnt) whicil was pcrformcd umier incn allllosphcrc anù in thc abSl'IK'C of lî!!hl. t\ small

amount of disulfide adduct W:1S :llso iÙl'I1tilïcd in thc mixlIlrl'. III NMR (200 l'vII Il.

COCI3) : 8 1.78 (s. 6H), 3.63 (s. 4H). Pc NMR (75.4 Mllz, (,DCl,) : (\ lX.l, ·12.X.

130.3. MS m/z (rel. intcnsity) 210 (M+', 3), 146 (39), X2 (94), 67 (lOO).

5.22 REACTION OF N,N.D1METHYLC ARlIAMYL CHLORIllE WITH SlILFlIR

2,3-methyl-I,3-butadicnc (2.5g, 30lllmol) was addcd to a solution of N,N­

dimethylcarbamyl chloride (1.5g, 12mlllol) in 35ml CCI4 followcd by c1cmcntal sulfur

(0.67g, 2.6mmol). The mixture was then slirred at roOIll tcmpcraturc for 72 hr and a i1l

NMR spectrum was taken of the l'rudc matcrial showing only staning matcrials. Ilcaling

the mixture at reflux for 24 hr also showcd no reaction.

5.23 REACTION OF 28 WITH METHYLIIENZENES

A typical procedure involved dissolving 3lmg of thiirane 28 in 15ml of toluenc,

1,2,4-trïmethylbenzene, o-xylene, m-xylene, or p-xylene. The solution was then hcatcd

al SOoC for IWO hours, then cooled and the solvent removcd undcr vacuo. Thc rcsidual

material was dissolvcd in COCl3 and a 1H NMR spectnllll was recorded.



171

• ,\ 1'1'1'::-; III x 1. X-R,t)' \lructurc detcrlllination of COIll pou 1111 110.

Allllllic coordin<ttes and telllp.:ralure fal'Iors al'': r.:ported in Table XR-1. Intensity
data w.:r.: colkct.:d at fllOIll t':lllp.:ratur.: on a AFC6S Rigaku diffractometer controlled
hy TEXRA y software lIsing the 8/28 scan mode and are shown in Table XR-2.

Table XR-\. Atomic coordinat.:s (~. y, z) and temperatllre factors (Bcq) for compound
110. Estimat.:d os r.:f.:r ta the last digit.

Atom y z Beq

Cil 0.0877(3) 0.3652( Il) 0.0534(3) 5.4(4)
C12 -0.0202(3) 0.4118(11) 0.1232(3) 5.5(4)
S 0.0426(3) 0.8129(11 ) 0.0785(3) 4.4(4)
CI 0.0524(12) 0.543(4) 0.1048(11) 4.4(15)
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)
C6 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)
CS 0.1990(9) 0.4951(23) 0.1781(7) 6.1 (3)
C9 0.0665(8) 0.728(3) 0.2127(6) 4.3(3)
CIO 0.0771(7) 0.5720(22) 0.2611(9) 6.2(3)
CIl 0.0576(7) 0.609(3) 0.3210(7) 5.7(3)
CI2 0.0275(8) 0.802(3) 0.3326(6) 6.7(3)
C13 0.0169(7) 0.9581(23) 0.2843(9) 9.6(3)
CI4 0.0364(7) 0.9210(25) 0.2243(7) 5.3(3)
CIIA 0.6579(4) -0.3601(14) -0.0320(3) 8.2(5)
CI2A 0.5726(4) -0.4533(15) 0.0591(4) 9.5(6)
SA 0.5933(4) 0.0110(14) 0.0270(4) 7.5(5)
CIA 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)
C5A OJ;065(9) 0.1933(21) 0.0342(6) 6.0(3)
C6A 0.8581(6) 0.051(3) 0.0532(7) 5.6(3)
C7A 0.8460(8) -0.146(3) 0.0805(7) 7.8(3)
CSA 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)
CIOA 0.6796(7) -0.3271(24) 0.1867(8) 6.6(3)
CIIA 0.6777(7) -0.3386(24) 0.2531(8) 6.2(3)• CI2A 0.6536(7) -0.166(3) 0.2847(5) 6.2(3)
C13A 0.6315(7) 0.018(3) 0.2500(9) 7.8(3)
CI4A 0.6334(7) 0.0291(23) 0.1836(8) 8.3(3)
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Table XR·2. Crystal data ror th~ struL·tlIr~ ,kt~nllination "r l"llmpllund \10.

•

Compound 110

Chcmical Formula
FOl11lllla Weight
X-ray crystal dimension (mlll)a
Radiation
Crystal system
Space group
Lanice constants
a (À)

b (À)
c (À)
~ (0)

V (Àl)
Z
F (000)
Density (cale'd) (g cm· l )

I.l. (mm')

À (À)
28 max (0)

h, k, 1ranges
No. of rel1ections measured
No. of unique ref1ections
No. of ref1ecti::ms with Inel > 2.5a (lnet)
For significam ref1ections

Maximum shift / cr ratio
Deepest hole in D-map (e / Àl)
Highest peak in D-map (e / Àl)
Drop of standard intensities
Method of struct'Jre dctermination
Method of structure refinement

C 141-1 IllSC12
281.20
0.40 x 0.15 x 0.05
Graphitc-mono~hrolllat~d ('uKu
monoclinic
P2 1

20.M6(6)
6.244(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 =0.09I b, Rw = a.moc, GoF =2.37d

0.022
-0.400
0.450
25% for each crystal
Solved by direct mcthods21 (,

NRCVAX system programsZI7

• 216

217

G. M. Sheldriek, Crystal/ographie Compu/ing 3, G. M. Sheldrick, M. Kruger, and R. Doddard,
Eds., Oxford University Press: Oxford, England, 1985, pp 175-189.
E. J. Gabe, Y. LePage, J.-P. Charland, F. L. Lee, and P. S. Whil~, J. Appt. Cryst., 22, 3!!4
(1989).
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a l'l'II dlll1l'h\IOlh WCCI..' Ohl~ljl\\'~d frlllll :!O n.:l1~lli{)l1" wilh ~O angh.' in tht:: range -lO.OO . SO.OO°. No
l"Olrl'C1101l \\.-as 1ll:l(!L' ror ah\orption.

h RI' ="( F -Fi/ ,- (F )
.... (j l - \1

CR = (l: IwO' -1' )~ Il: (wF ~)I)'"
..... Il l 0
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ThL' dihL'dral angles b..'l\\e<:n lh~ plan~s of lh~ ph~nyl groups in II(} LI L're
d~l~nnin~d fromlh~ ~qualions in Table "R-.1.

Tnblc XR·3. Distances (..\) 10 lh~ I.L'ast-squar~s planL", l'hc-ny\ gl\'UpS Il,'1'..'

id~alizcd as rigid groups and ail arc p~rf<:etly planar.

Plane no. 1

Equation of the plane :- 1.04( 16)x + 2.39(4)y + 19.1 ~(6)z = 4.39(·\)

Distanccs(Â) to the plane l'rom the aloms in the plane.

C 3 0.()00(23)
C 5 0.000(22)
C 7 0.000(22)

"1.2 for this plane 0.000

C 4 0.000(22)
C 6 O.OOO(2.~)

C 8 0.000(22)

•
Plane no. 2

Equation of the plane: 17.57(8)x + 2.49(4)y + 4.17( 15)z = 3.87(5)

Dislances(Â) to the plane l'rom the aloms in the plane.

C 9 0.000(22)
CIl 0.000(20)
Cl3 0.000(23)

"1.2 for this plane 0.000

Plane no. 3

CIO 0.()()()(22)
CI2 0.()()()(24)
CI4 0.000(19)

Equation of the plane: 0.23(15)x + 2.58(4)y + 18.73(7)z = 1.32(12)

Distances(Â) to the plane l'rom the atoms in the plane.

•

C 3A 0.000(23)
C 5A 0.000(23)
C 7A 0.000(20)

"1.2 for this plane 0.000

C 4A 0.000(20)
C 6A 0.000(23)
C 2A 0.000(23)



• Plane no. .J

El]uation l,r the plane : 1S.6\l6h + ~.·1 ~l·1 )Y ., 0.\):"\ 1(lll 1~ .0.;\:" )

DistaneeslA) to the plane l'rom thl' at<lI11S in thl' plal1l'.

17:"

C 9A O.OOO(~2)

Cil A O.OOO(~O)

CDA 0.000(22)

x" for Ihis plane 0.000

CIO:\ O.OOO(~())

CI2:\ O.OO(l(~.J)

CI.JA O.O()()(21)

Dihedral angle octween planes A and B.

•

•

A

1
1
1
2
2
3

B

2
3
4
3
4
4

64.9(6)
4.0(6)

73.7(6)
61.0(6)
9.0(6)

69.8(6)



176

• AI'I'J·."IJIX Il. X-Ray slrllt'llire ,k'ienninalion ofcompollnd l2.l

Aillmie cllordinales and lelllperallire l'al' lors are reponed in Table XR-4. InlensilY
dala were cllllecled al room lemperallire on a AFC6S Rigakll diffraclomeler cOl1lrollcd
hl' TEXRA y software lIsing the (1) scan mode and are shown in Table XR-5.

Tahle XR·4. Alomic coordinales (x, y, z) and lemperalu,e factors (8cq) for compound
123. Estimaled os rcfer to the lasl digit.

Atom x y z Bcq

S 0.62296( 19) 0.6257(3) 0.06797(7) 5.15(9)
CI 1 0.54225(18) 1.0721(3) 0.09744(7) 5.68(9)
CI 2 0.75718(18) 1.0136(3) 0.01891(6) 5.54(9)
CI 0.6712(6) 0.8961(10) 0.07392(22) 4.4(3)
C2 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)
CS 1.0918(9) 0.4897(14) 0.0675(3) 7.2(5)
C6 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 1.0!l55(8) 1.0434(14) 0.1629(4) 7.7(5)
CIO 0.8679(9) 1.1112(11 ) 0.1805(3) 7.2(4)
Cil 0.7803(6) 0.9424(10) 0.2072(3) 4.6(3)
CI2 0.7550(7) 0.9529(11) 0.2638(3) 5.2(4)
Cl3 0.6760(7) 0.8005(13) 0.2879(3) 5.2(4)
CI4 0.6217(7) 0.6345(11) 0.2568(3) 4.9(3)
C15 0.6462(6) 0.6201(9) 0.20059(24) 4.1(3)
C16 0.7255(6) 0.7735(9) 0.17594(23) 3.6(3)

•



• Table XR-S. Crystal data for the stnl,turc' d,'tL'l1l1illalioll of ")1111"'lllld 12.1.

177

•

•

Compoulld I2J

Chemical Fommla
Formula Weight
X-ray crystal dimension (mm)a
Radiation

Crystal system
Space group
Lanice constants
a (À)
b (À)
c (À)

~ C)
V (À3)

Z
F (000)
Density (calc'd) (g cm·3)

~ (mm·1)

Â. (À)

28 max C)
h, k, 1ranges
No. of reflections measured
No. of unique reflections
No. of reflections with IncL> 2.5cr (IncL)
For significant reflections
For ail reflections

Maximum shift 1cr ratio
Deepest hole in D-map (e 1À3)

Highest peak in D-map (e 1À3)

Merging R
Drop of standard intensities
Method of structure determination
Method of structure refinement

C16\112SCl2
307.23
0.50 x 0..'\5 x 0.20
Graphitc-mOllochromillL'l\ MoK'l
l11onoclinic
P2 t

9.35 \(4)
6.3151 (19)
24.077(6)
94.03(3)
1418.3(8)
4
633.63
1.439
0.58
0.70930
44.9
-10 10,06,025
1973
1841
1053
RF =0.045b, Rw =0.040', GoF =1.4(j<!
RF =0.106, Rw = 0.044
0.005
-0.270
0.390
1.5%
1%
Solved by direct methods211,

NRCVAX system programs217



•

•

•

17X

a ll'lI dlllll'lhJlllI\ \~l'rt' nht<lIlII.'(1 lrtllll 2~ fl'th.'L'tlllrh \~lth ~O angk III thl' range: ~().()() . ~).l'( ;'\0

lllTrt'llitll1 "~;l\ mallt' !lIT ah\llql(1l1l1.

"I<I'=Y(I"I' I/YII' 1
.... " L .... \1

"G.,I' = (l:/w(F".FY / (/1 rcllccliolls, /1 parallll'lCrS)J)'I'



• The dihl'dral ani!ks bl'tllù'n Ihl' l'bnl'.' l,f the l'IlL'nyl i!1\'UI''' in 12.1 IIlTl'
lkll'rminl'd fromthl' l'quations in Tabk :\R-h,

Table XR·(j, Di,wllL'l's 1.\) tothe l.ea't ·,quarl's l'\;II\ l",

Plane no, 1

Equation of the plane: OJ3(3)x - 3.2S<)( I<))y + 20..l3(.\)z = 0, 11(·1)

Distances(A) to the plane l'rom the aloms in the plane.

C 3 -0,004(S)
CS 0.014(11)
C 7 -0.007( II)

x2 for this plane 4.5S0

Plane no. 2

C 4 -0.005(<))
C 6 -0,012(\3)
CS O.OII( 10)

•
Equation of the plane: 7.6S1 (15)x - 3.292( 15)y + 4.17(7)z = 3.75S(24)

Distances(A) to the plane frol11 the alOIllS in the plane.

Cil -0.003(S)
C13 -0.001(9)
CI5 0.000(7)

x2 for this plane 0.409

Cl2 0.004(9)
CI4 -O.OOI(S)
C16 0.001(7)

Dihedral angle between planes A and B

•

A

1

B

2 60.1 (3)
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•
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Compound 110

a) Table of Bond Distances (Â) and Bond Angles(o)

b) Table of Torsion Anglcs(o)

c) Table of Observed and Calculated Structure Factors

d) Table of Calculated Hydrogen Atol11 Parameters

e) Table of Anisotropie u(i, j) Values



• Table 3.

Cl (1) -C (1)
Cl (2) -C (1)
S-C(l)
S-C(2)
C (1) -C (2)
C(2)-C(3)
C(2)-C(9)
Cl(lA)-Cl(2A)
Cl(lA)-C(lA)
Cl (2A) -C (lA)
S (A) -C (lA)
S (1'.) 'C (2A)
C (L.) -C (2A)
C (2A) -C (3A)
C (2A) -C (9A)

Bond Distances (A) and Angles (Degrees)

1.781(23)
1. 80 (3)
1.773(24)
1.830(22)
1. 43 (3)
1. 52 (3)
1.48 (3)
2.854(12)
1.79(3)
1.78(3\
1.76(3)
1.852 (24)
1. 41 (4)
1.53(3)
1.49(3)

C (1) -S-C (2)
Cl(1)-C(1)-Cl(2)
Cl(l)-C(l)-S
Cl (1) -C (1)'r:(2j
Cl(2)-C(1)-S
Cl(2)-C(1)-C(2)

•
C(l) -C(2)
C (2) -C (1)

S-C (2) -C (3:
S-C(2)-C(9)
C (1) -C (2) -C (3)
C(l) -C(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(9)-C(14)

•

46.6(11)
106.2 (13)
116.3(13)
124.1 (19)
116.1(13)
121.1 (17)

68.8(14)
64.6(12)

116.8(14)
116.0(16)
115.8(19)
118.9(20)
115.4(16)
119.3(16)
120.6(16)
118.4(16)
121.6(15)

C(lA)-S(A)-C(2A)
Cl (lA)-C(lA)-Cl(2A)
Cl(lA)-C(lA)-S(A)
Cl(lA)-C(lA)-C(2A)
Cl(2A)-C(lA)-S(A)
Cl(2A)-C(lA)-C(2A)
S(A)-C(lA)-C(2A)
S(A)-C(2A)-C(lA)
S(A)-C(2A)-C(3A)
S(A)-C(2A)-C(9A)
C(lA)-C(2A)-C(3A)
C(lA)-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)



Table of Torsion Angles in Degrees

'2 S C 1 CL 1 -118.6( 15)
C 2 S C 1 CL 2 115.3 ( 14) C 2 S C 1 C 2 o. 0 ( 11)
C 1 S C 2 C 1 0.0 ( 12) C 1 S C 2 C 3 107.5 ( 16 )
C 1 S C 2 C 9 -111.3( 16 ) CL 1 C 1 C 2 S 108.1( 16)
CL 1 C 1 C 2 C 3 -0.8 ( 6) CL 1 C 1 C 2 C 9 -144.8( 22)
CL 2 C 1 C 2 S -108.5( 16) CL 2 C 1 C 2 C 3 142.6( 21)
CL 2 C 1 C 2 C 9 -1. 5 ( 6) S C 1 C 2 S o. 0 ( 3)
S C 1 C 2 C 3 -108.9( 19) S C 1 C 2 C 9 107.0( 19)
S C 2 C 3 C 4 40.3( 9) S C 2 C 3 C 8 -141.2( 19)
C 1 C 2 C 3 C 4 113.4 ( 21) C 1 C 2 C 3 C 8 -68.1( 16)
C 9 C 2 C 3 C 4 -101.3( 18) C 9 C 2 C 3 C 8 77.3 ( 15)
S C 2 C 9 CIO 150.7 ( 19 ) S C 2 C 9 C14 -31. 0 ( 8)
C 1 C 2 C 9 CIO 76.7 ( 17) C 1 C 2 C 9 C14 -10S.0( 20)
C 3 C 2 C 9 CIO - 67.5 ( 14) C 3 C 2 C 9 C14 110.8 ( 19)

C 2A S A C lA CL lA -116.9( 17)
C 2A S A C lA CL 2A 115.8 ( 17) C 2A S A C lA C 2A O.O( 13)
C lA S A C 2A C lA O.O( 14) C lA S A C 2A C 3A 108.5( 18 )
C lA S A C 2A C 9A -111.1 ( 18) CL lA C lA C 2A S A 110.2 ( 19 )
CL lA C lA C 2A C 3A 2.9( 6) CL lA C lA C 2A C 9A -139.4( 24)
CL 2A C lA C 2A S A -110.2( 19 ) CL 2A ,:; lA C 2A C 3A 142.5 ( 24)
CL 2A C lA C 2A C 9A 0.2 ( 6) S A C lA C 2A SA 0.0 ( 4)
S A C lA C 2A C 3A -107.3( 21) SA C lA C 2A C 9A 110.4 ( 22)
SA C 2A C 3A C 4A 27.5 ( 9) S A C 2A C 3A C 8A -154.9( 21)
C lA C 2A C 3A C 4A 99.7 ( 22) C lA C 2A C 3A C 8A -82.6( 20).iA C 2A C 3A C 4A -115.5( 21) C 9A C 2A C 3A C 8A 62.2( 14)

C 2A C 9A C10A 140.5 ( 20) SA C 2A C 9A C14A -42.9( 10)
C lA C 2A C 9A C10A 65.5 ( 17) C lA C 2A C 9A C14A -117.9( 23)
C 3A C 2A C 9A C10A -78.0 ( 16) C 3A C 2A C 9A C14A 98.5( 19)

•



•

•

•

Table S-l, Observed and Calculated Structure Factors

for C14 H10 S C12



STRUCTURE FACTORS FOR C14 H10 S C12 Page 1
Co1umns are 10Fo lOFe 100Sig, * for Insignifieant

1 !CFo Fe Sig 1 !cFo Fe Sig 1 !cFo Fe Sig 1 !cFO Fe Sig
-16, 0, 1 -14, 2, 1 8 30 153 3568* 8 45 131 3615*• 525 531 358 1 35 65 2017* 10 447 511 296 9 398 418 206

33 13 4869* 2 33 37 4999* 12 49 189 3090* 10 309 324 192
6 34 243 5531* 3 348 379 241 14 34 61 5035* 11 187 183 215
8 239 236 287 4 235 271 262 -12, 1, 1 12 32 77 3553*

-16, 1, 1 5 33 67 4452* 7 30 115 3859* 13 146 27 1073*
7 34 104 2340* 6 33 93 5278* 8 30 134 2076* 14 138 52 411*
8 178 190 977* 7 293 325 221 9 368 374 189 -11, 2, 1

-15, 0, 1 8 209 223 299 10 146 30 751* 1 239 205 259
1 32 222 3874* 9 289 259 230 11 285 298 193 2 352 426 250
3 352 305 241 -13, 0, 1 12 99 57 953* 3 29 219 6270*
5 303 327 205 7 378 409 205 13 138 110 796* 4 203 35 285
7 402 459 227 9 139 18 787* -12, 2, 1 5 216 126 288
9 158 267 1122* 11 224 312 268 1 140 106 280 6 30 16 1968*
-15, 1, 1 13 231 244 249 2 404 305 184 7 37 13 2637*

1 222 253 269 -13, l, 1 3 104 119 944* 8 275 264 182
2 277 297 224 1 30 105 3414* 4 78 60 526* 9 32 110 3458*
3 82 38 1790* 2 30 145 3790* 5 31 11 3696* 10 32 2 3641*
4 212 195 288 3 271 191 190 6 31 24 3631* 11 411 314 213
5 33 208 5091* 4 198 204 204 7 443 450 294 12 122 323 990*
6 358 277 230 5 105 32 973* 8 32 15 3423* 13 50 51 2192*
7 367 384 234 6 409 339 278 9 217 219 262 -11, 3, 1
8 34 121 4722* 7 42 108 1760* 10 33 35 3217* 1 442 460 298
9 80 146 2035* 8 378 300 182 11 202 177 302 2 158 38 260

10 34 19 5448* 9 91 112 537* 12 34 116 5251* 3 206 199 205
-15, 2, 1 10 33 142 4862* -12, 3, 1 4 424 396 296

1 34 31 5091* 11 147 273 1100* 1 312 319 197 5 196 151 220

.~
34 20 4777* 12 191 12 307 2 152 218 1014* 6 489 489 339
34 45 4980* -13, 2, 1 3 149 125 944* 7 132 4 1107*

4 384 354 266 1 249 154 177 4 117 209 1366* 8 33 312 5701*
5 34 21 2889* 2 253 214 169 5 224 189 263 9 34 90 4202*
6 77 169 2334* 3 97 89 1092* 6 33 112 4660* 10 34 77 3383*
7 108 148 1574* 4 218 238 204 7 34 14 4690* -10, 0, 1

-14, 0, 1 5 32 19 2430* 8 362 348 210 2 931 898 225
2 258 182 162 6 168 129 237 9 34 128 4637* 4 137 116 1046*
4 305 266 175 7 32 27 2753* -11, 0, 1 6 686 656 255
6 31 310 4370* 8 187 159 298 1 26 78 5491* 8 166 112 329
8 64 279 1448* 9 33 145 4732* 3 263 272 220 10 176 219 993*

10 33 269 5060* 10 169 82 933* 5 81 344 1894* 12 139 105 708*
12 279 307 240 11 161 79 1045* 7 475 516 269 14 33 110 1976*

-14, 1, 1 -13, 3, 1 9 807 823 296 -10, 1, 1
1 133 32 297* 1 156 169 395* 11 722 760 217 1 709 662 257
2 211 215 197 2 110 172 1507* 13 260 275 232 2 646 633 270
3 31 9 3144* 3 127 35 641* 15 254 205 239 3 541 535 299
4 80 92 1320* 4 193 110 324 -11, 1, 1 4 387 366 243
5 73 121 982* 5 186 45 327 1 551 682 330 5 393 385 266
6 332 305 212 6 149 18 1004* 2 27 76 6008* 6 47 95 3332*
7 235 212 188 7 69 142 1080* 3 352 453 213 7 201 222 284
8 33 177 3665* -12, 0, 1 4 78 28 1908* 8 383 348 244
9 33 117 5226* 2 126 122 1182* 5 211 232 266 9 133 228 1316*

10 77 99 1428* 4 209 184 282 6 322 352 207 10 191 197 201
11 528 369 328 6 379 452 259 7 28 93 5612* 11 334 267 229

•



STRUCTURE FACTORS FOR C14 H10 S C12 Page 2
Co1umns are 10Fo lOFe 100Sig, * for Insignificant

1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig
-10, l, 1 6 25 59 5488* 12 30 255 5823* 3 33 129 4876*

• 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* 9 82 21 741* -8, l, 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* 1 26 107 5796* 8 491 460 322 9 204 156 249
7 216 215 285 2 256 253 215 9 472 418 227 11 28 5 5304*
8 183 172 203 3 73 51 2006* 10 315 370 224 13 460 417 238
9 137 119 712* 4 101 128 1446* 11 167 141 941* 15 391 475 224

10 31 80 3353* 5 175 119 321 12 30 105 3150* -7, l, 1
11 32 104 3507* 6 303 263 207 13 315 320 169 1 674 731 192
12 149 27 932* 7 113 141 607* 14 32 28 2330* 2 913 862 154
13 81 342 2250* 8 424 326 229 15 143 43 363* 3 120 88 835"

-10, 3, 1 9 30 11 2268* 16 196 22 287 4 778 757 174
1 111 241 605* 10 31 183 3687* - 8, 2, 1 5 745 748 187
2 31 57 3216* 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 4651* 3 92 11 1424* 8 97 2 596*
5 289 274 186 14 34 26 4620* 4 554 523 289 9 98 72 943*
6 136 117 816* -9, 3, 1 5 117 88 873* 10 27 47 5'61~
7 175 151 225 1 361 392 215 6 26 165 5213* 11 110 44 1338*_! 33 80 4637* 2 168 134 229 7 27 2 5286* 12 29 119 5253*

33 115 4503* 3 30 78 3894* 8 133 149 1089* 13 149 161 238
36 138 4498* 4 292 280 183 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* 9 102 37 369* 13 97 47 384*
-9, l, 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* 3 321 404 218

•



STRUCTURE FACTORS FOR C14 H10 S C12 Page 3
Co1umns are 10Fo lOFe 100sig, * for Insignifieant

1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig
-7, 3, 1 5 275 267 187 6 258 235 171 2 83 114 794*

.~
499 473 346 6 25 129 5383* 7 331 328 184 4 828 807 121
499 607 350 7 25 64 5392* 8 111 132 808* 6 1531 1494 111

6 29 2 5316* 8 302 379 207 9 249 331 211 8 383 374 180
7 204 130 175 9 119 243 1226* 10 100 169 1338* 10 905 872 197
8 459 554 287 10 28 143 5304* 11 101 71 940* 12 96 89 987*
9 322 318 194 11 178 167 178 12 117 184 1161* 14 327 318 199

10 435 442 295 12 31 91 2074* 13 163 133 182 16 299 271 203
11 41 3 3280* 13 32 85 2139* 14 31 146 3188* -4, l, 1
12 296 266 195 14 139 197 1060* 16 152 132 882* 1 398 374 214
13 34 78 4154* 15 34 281 4590* -5, 2, 1 2 304 278 196

-7, 4, 1 - 6, 3, 1 1 394 366 195 3 120 90 258*
1 345 362 194 1 324 209 226 2 22 6 4476* 4 1206 1155 114
2 328 294 194 2 133 72 1001* 3 730 708 182 5 671 556 159
3 467 529 301 3 530 509 313 4 273 203 190 6 855 852 146
4 111 132 652* 4 27 9 5150* 5 23 46 5686* 7 611 612 194
5 119 160 668* 5 145 135 380* 6 349 369 231 8 104 104 353*
6 300 330 209 6 343 298 240 7 140 84 348* 9 321 280 206
7 33 3 4340* 7 217 128 261 8 111 163 1267* 10 441 451 234
8 34 12 4616* 8 178 146 191 9 157 3 329* 11 83 124 902*
9 120 129 616* 9 49 122 1341* 10 290 241 202 12 485 450 230

-6, 0, 1 10 31 110 3017* 11 88 4 1145* 13 379 380 164
2 1067 1065 123 11 222 248 170 12 30 96 2870* 14 293 276 200
4 395 296 246 12 54 29 2693* 13 150 129 220 15 252 226 166
6 884 886 151 13 228 226 237 14 378 355 251 16 137 46 892*
8 23 122 5348* -6, 4, 1 15 130 182 396* 17 112 82 1214*

10 99 23 776* 1 453 508 264 -5, 3, 1 -4, 2, 1

.~
76 141 990* 2 31 10 3294* 1 26 74 5250* 1 249 188 177

104 49 756* 3 81 147 1156* 2 497 499 314 2 617 564 187
16 68 18 1981* 4 32 88 3102* 3 127 101 1027* 3 520 460 209

-6, 1, 1 5 32 222 3385* 4 140 68 940* 4 44 78 1578*
1 179 209 207 6 185 238 245 5 409 446 269 5 915 923 159
2 19 60 5111* 7 84 142 666* 6 271 323 210 6 236 254 205
3 522 430 214 8 33 202 4972* 7 139 152 741* 7 24 25 3807*
4 338 266 219 9 34 35 4174* 8 396 362 238 8 395 401 271
5 702 647 178 10 34 157 4446* 9 346 365 201 9 179 141 283
6 487 506 239 -5, 0, 1 10 401 322 249 10 243 253 212
7 854 872 176 1 2524 2378 88 11 32 68 2167* 11 29 75 4939*
8 299 305 192 3 485 386 184 12 33 134 3923* 12 30 25 2431*
9 556 591 282 5 294 214 209 13 34 71 4133* 13 31 13 2827*

10 674 587 253 7 90 14 996* -5, 4, 1 15 42 110 2991*
11 28 5 5072* 9 248 226 200 1 390 384 192 16 37 136 3702*
12 301 288 210 11 471 457 230 2 65 2 545* -4, 3, 1
13 71 106 1246* 13 119 84 1191* 3 360 345 195 1 586 645 271
14 143 193 250 15 107 41 755* 4 360 346 211 2 25 176 5320*
15 262 287 212 17 100 5 655* 5 201 214 193 3 141 225 994*
16 136 274 809* -5, 1, 1 6 297 287 195 4 26 247 5631'

-6, 2, 1 1 1137 1120 122 7 32 40 4715* 5 252 313 222
1 343 359 197 2 590 613 175 8 33 17 4094* 6 457 485 235
2 415 432 212 3 400 354 233 9 230 193 235 7 466 608 260
3 211 191 189 4 1321 1245 120 10 34 140 4530* 8 29 28 4987~

4 23 237 5906* 5 950 914 140 -4, 0, 1 9 592 526 181

•



STRUCTURE FACTORS FOR C14 H10 S C12 Fage 4
Co1umns are 10Fo lOFe 100Sig, * for Insigllificallt

1 kFo Fe Sig 1 )CFo Fe Sig 1 kFo Fe Sig 1 )cFa Fe Sig
-4, 3, 1 4 374 332 254 16 33 246 3972* 2 217 144 138• 31 81 2779* 5 618 636 182 -2, l, 1 3 78 102 490*

352 330 204 6 517 570 210 1 807 776 100 4 174 154 161
12 33 31 2626* 7 292 254 199 2 558 545 131 5 518 503 190
13 34 6 3683* 8 907 939 211 3 450 355 164 6 279 275 152
14 50 147 1061* 9 246 248 212 4 471 459 167 7 262 254 159

-4, 4, 1 10 463 497 329 5 890 910 120 8 32 176 4141*
1 550 584 205 11 85 27 1556* 6 570 608 174 9 33 186 4166*
2 30 45 3132* 12 30 119 2698* 7 110 150 771* 10 107 171 902--
3 153 158 209 13 51 66 1527* 8 370 344 176 11 291 342 183
4 31 98 2808* 14 32 42 2571* 9 214 292 216 -2, 5, 1
5 129 186 647* 15 33 99 4372* 10 Hl 237 895* 1 155 236 348*
6 180 166 185 16 58 7 1548* 11 948 990 204 2 165 65 306
7 294 248 178 -3, 3, 1 12 110 83 825* 3 72 1 1964*
8 228 268 234 1 25 30 5312* 13 468 437 322 4 162 91 325*
9 33 68 4165* 2 25 169 5680* 14 199 117 138 -l, 0, 1

10 128 35 1061* 3 253 288 201 15 52 76 1455* 3 1152 1190 68
-4, 5, 1 4 167 258 303 16 366 381 260 5 3198 3079 78

1 98 188 1635* 5 63 62 2172* 17 152 6 306* 7 230 208 150
2 34 74 4792* 6 234 153 225 -2, 2, 1 9 773 764 157

-3, 0, 1 7 265 364 205 1 321 311 200 11 56 135 2167*
1 1466 1417 67 8 361 256 230 2 276 286 183 13 212 160 228
3 223 176 152 9 522 451 192 3 20 91 4142* 15 379 334 219
5 479 413 171 10 142 130 214 4 405 395 238 17 34 15 3672*
7 20 130 4151* 11 356 287 174 5 386 337 231 -l, l, 1
9 388 430 251 12 447 491 231 6 289 292 189 1 808 775 91

11 287 372 200 13 90 141 750* 7 135 192 971* 2 767 771 99
13 269 331 208 14 537 578 293 8 582 615 260 3 528 508 139

.~ 32 4 2336* -3, 4, 1 9 318 305 190 4 78 116 882*
248 313 213 1 287 290 175 10 98 15 1348* 5 272 292 160

-3, l, 1 2 127 135 233 11 29 21 5056* 6 1321 1338 107
1 1204 1144 94 3 228 141 158 12 88 17 542* 7 627 635 160
2 499 456 149 4 302 340 198 13 242 257 164 8 1279 1257 125
3 16 58 4557* 5 387 387 170 14 129 82 216 9 493 481 278
4 236 149 145 6 272 231 162 15 241 253 203 10 237 163 196
5 547 568 169 7 542 542 200 16 34 164 3762* 11 26 109 4868*
6 19 32 4260* 8 33 44 4044* -2, 3, 1 12 28 79 4536*
7 369 390 260 9 33 129 3772* 1 207 152 233 13 29 86 5026*
8 935 923 144 10 204 244 256 2 354 381 225 14 177 113 150
9 973 938 188 11 102 57 692* 3 254 246 197 15 366 318 222

10 402 442 243 -3, 5, 1 4 146 116 849* 16 33 7 3292*
11 690 762 256 1 178 285 301 5 252 266 198 17 34 64 3894*
12 28 131 5089* 2 34 38 4354* 6 263 316 194 -l, 2, 1
13 184 243 296 3 98 49 631* 7 437 393 235 1 659 653 158
14 193 254 154 -2, 0, 1 8 134 82 1047* 2 199 197 154
15 82 4 684* 2 1320 1348 61 9 29 77 5058* 3 no 689 147
16 88 82 1047* 4 503 533 134 10 30 159 2519* 4 62 205 1393*
17 34 194 4355* 6 436 430 191 11 189 199 152 5 436 395 209

-3, 2, 1 8 457 422 201 12 73 24 1911* 6 67 183 1298*
1 517 528 196 10 345 295 223 13 71 101 1078* 7 438 390 292
2 128 171 700* 12 491 499 322 14 34 167 4475* 8 114 241 1114*
3 864 894 147 14 155 101 163 -2, 4, 1 9 26 8 4727*

•



STRUCTURE FACTORS FOR CH H10 S Cl2 Page 5
Co1umna are 10Fo lOFe 100Sig, * for Insignifieant

l kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig
-1, 2, 1 5 18 44 2934* 9 200 264 233 l, 3, 1• 27 167 4738* 6 853 851 89 10 191 214 234 0 162 285 824*

120 206 670* 7 21 73 2719* 11 34 153 4589* 1 402 433 242
12 249 263 166 8 661 667 113 0, 5, 1 2 359 391 207
13 137 87 193 9 23 200 3760* 1 269 301 201 3 664 738 248
15 130 216 977* 10 691 705 164 2 34 86 1901* 4 484 527 300
16 34 163 3847* 11 218 218 158 3 172 309 276 5 155 3 785*

-l, 3, 1 12 346 352 164 4 257 297 161 6 27 33 4732*
1 120 15 725* 13 330 366 115 l, 0, 1 7 35 214 2859*
2 24 72 5223* 14 437 407 135 1 231 231 104 8 301 417 188
3 571 589 260 16 426 445 172 3 276 287 179 9 216 206 138
4 386 348 246 0, 2, 1 5 92 29 734* 10 321 252 180
5 26 98 4840* 0 489 449 184 7 647 673 151 11 239 181 137
6 27 180 5210* 1 517 490 125 11 241 152 192 12 119 13 1132*
7 27 109 5062* 2 19 42 2952* 13 349 327 231 13 34 237 2229*
8 101 144 1298* 3 1287 1287 79 15 422 367 204 l, 4, 1
9 29 108 5087* 4 389 367 159 17 242 224 196 0 29 16 5128*

10 209 222 147 5 336 329 130 1, l, 1 2 30 32 2652*
11 177 140 154 6 32 63 1052* 0 757 753 92 3 132 73 211
12 341 410 235 7 267 259 132 1 140 148 144 4 267 322 181
13 376 428 206 8 25 110 3387* 2 1132 1112 85 5 384 321 229
14 34 296 3935* 9 26 6 3369* 3 854 831 103 6 70 64 1150*

-l, 4, 1 10 27 57 3408* 4 848 874 113 7 308 246 192
1 346 351 229 11 82 187 955* 5 18 17 4166* 8 233 261 216
3 298 380 203 12 162 184 147 6 433 486 207 9 235 297 231
4 189 211 148 13 305 287 127 7 376 400 174 10 199 283 278
5 253 189 156 14 288 294 140 8 22 7 3762* l, 5, 1
6 88 225 926* 15 77 152 768* 9 24 117 4931* 0 163 239 880*

.~ 268 203 176 0, 3, 1 10 154 91 292 1 34 119 4014*
108 304 709* 1 55 193 1557* 11 270 283 184 2 156 162 343*

9 119 220 605* 2 448 473 209 12 358 328 234 3 99 67 1444*
10 56 335 1833* 3 239 221 141 13 479 444 191 4 402 370 223
11 158 82 304 4 136 103 286* 14 447 388 200 2, 0, 1

-l, 5, 1 5 730 737 15'; 15 384 457 213 0 443 444 83
1 106 9 1215* 6 253 258 137 16 146 110 311* 2 1195 1275 70
2 34 15 3904* 7 243 275 148 l, 2, 1 4 598 657 131
3 101 278 1339* 8 209 222 175 0 706 680 147 6 1132 1203 114
4 34 74 4383* 9 30 163 2294* 1 585 572 162 8 197 230 161

0, 0, 1 10 359 295 134 2 1398 1433 110 10 605 531 254
2 935 919 39 11 381 378 156 3 20 25 4168* 12 28 136 5214*
4 68 63 324* 12 33 72 2761* 4 1100 1085 124 14 353 266 228
6 333 332 133 13 236 234 147 5 102 10 816* 16 127 3 367*
8 984 996 90 14 228 171 205 6 183 150 180 2, 1, 1

10 1035 1057 130 0, 4, 1 7 550 634 263 0 1850 1875 76
12 223 254 155 0 390 391 233 8 397 451 242 1 891 874 98
14 209 185 105 1 75 23 683* 9 351 377 225 2 789 821 112
16 88 188 483* 3 450 392 135 10 386 445 270 3 328 290 227

0, 1, 1 4 216 248 119 11 94 132 586* 4 858 824 120
1 255 234 116 5 516 454 129 12 745 643 153 5 1253 1276 109
2 944 939 61 6 146 80 177 13 414 406 218 6 1042 1063 123
3 599 619 88 7 76 52 451* 14 539 541 294 7 78 25 405*
4 175 200 104 8 33 21 1729* 15 34 14 3826* 9 426 469 219

•



STRUCTURE FACTORS FOR CH H10 S C12 Page 6
Co1umns are 10Fo lOFe 100Sig, * for Insignifieant

1 IcFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig2, l, 1 0 34 29 4211* 3 408 367 252 14 99 219 1396*« 53 75 2357* 1 268 246 204 4 559 563 276 15 110 115 591*27 115 5378* 2 34 187 3953* 5 64 17 2053* 4, 2, 112 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 16414 149 130 188 1 634 608 99 8 30 92 5546* 2 149 100 24215 478 556 320 3 126 110 199 9 92 15 836* 3 337 354 21716 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 5 161 241 814'0 478 501 203 9 571 594 261 12 119 145 424* 6 24 43 5339'1 222 211 146 11 327 362 197 13 34 79 4003* 7 856 951 2202 127 64 660* 13 30 91 2622* 3, 4, 1 8 214 235 246

3 92 164 924* 15 109 173 701* 0 77 23 1045* 9 28 153 5597*4 146 149 221 3, l, 1 1 30 46 1870* 10 29 94 5476*
5 223 239 157 0 56 18 1200* 2 30 95 2698* 11 30 21 2523*
6 306 338 210 1 242 260 146 3 234 261 145 12 326 286 1917 367 424 248 2 881 893 114 4 105 45 607* 13 105 85 625*8 226 244 219 3 886 946 121 5 518 465 199 14 145 86 889*9 103 173 491* 4 545 569 172 6 32 78 2985* 4, 3, 110 208 166 247 5 76 89 1097* 7 270 292 202 0 25 13 5156*11 29 30 4986* 6 117 122 276* 8 33 66 4259* 1 642 656 25112 617 549 162 7 22 51 4062* 9 141 89 360* 2 364 346 22513 173 113 162 8 23 127 5152* 10 34 58 4095* 3 65 61 1987*14 80 227 1614* 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* 6 351 420 218

0 155 152 831* 12 492 536 339 2 34 2 2550* 7 329 360 211

.~
24 3 5055* 13 325 312 190 4, 0, 1 8 435 418 223

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 3': 6* 4 3315 3358 95 11 82 55 939*
5 135 37 368* 3, 2, 1 6 1560 1635 121 12 83 22 1486*
6 112 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 12 309 242 205 1 344 318 200
9 220 190 134 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, l, 1 4 76 149 456*12 33 173 3984* 6 468 494 307 0 144 157 211 5 480 502 21813 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 lJ. 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 19 952* 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 C14 H10 S C12 Page 7
Co1umns are 10Fo lOFe 100Sig, * for Insignifieant

l lcFo Fe Sig l lcFo Fe Sig l lcFo Fe Sig 1 I<.Fo Fe Sig
5, 0, l 1 273 356 192 4 28 173 5259* 9 373 336 241• 118 204 824* 2 31 99 3071* 5 29 60 5149* 10 253 266 158
222 221 232 3 362 332 209 6 131 133 249 11 297 338 200
5, l, l 4 282 313 169 7 31 32 1721* 12 322 285 228

0 906 908 136 5 57 109 1251* 8 31 142 3088* 13 139 84 1021*
1 486 433 200 6 120 23 1180* 9 32 99 3352* 7, 3, 1
2 944 948 137 7 33 204 2202* 10 154 88 820* 0 28 7 5228*
3 735 774 165 8 111 42 697* 11 117 103 1183* 1 167 112 869*
4 544 570 200 6, 0, 1 6, 4, 1 2 82 4 1742*
5 278 254 180 0 18 59 5055* 0 416 342 262 3 29 149 5271*
6 112 132 886* 2 780 797 160 1 31 179 3201* 4 139 27 1091*
7 84 75 687* 4 1113 1118 145 2 32 117 3286* 5 219 210 171
8 130 144 992* 8 1063 1101 194 3 32 100 3464* 6 31 75 3432*
9 133 12 1023* 10 673 582 258 4 32 118 2735* 7 412 340 272

10 205 147 263 12 301 293 184 5 204 318 286 8 169 160 238
11 29 121 5230* 14 33 95 4398* 6 33 44 4352* 9 33 104 4600*
12 31 149 2880* 6, 1, 1 7 34 13 4308* 10 34 83 5221*
13 204 95 165 0 865 848 150 8 186 136 309 11 199 147 280
14 33 219 4111* 1 109 102 333* 7, 0, 1 7, 4, 1
15 136 79 934* 2 20 178 5142* 1 277 272 183 0 352 328 198

5, 2, 1 3 222 237 174 3 373 405 209 1 32 19 3769*
0 289 307 163 4 22 75 4947* 5 557 584 263 2 32 16 2602*
1 528 517 217 5 284 359 172 7 357 338 235 3 55 107 1479*
2 22 249 4776* 6 409 337 237 9 28 102 5224* 4 33 193 5023*
3 314 355 200 7 220 255 229 11 187 136 186 5 137 119 1055*
4 721 750 222 8 134 109 997* 13 288 269 203 6 34 97 4447*
5 429 471 230 9 327 321 210 7, 1, 1 7 34 54 4804*

• 907 947 219 10 263 306 229 0 170 139 226 8, 0, 1
153 197 340* 11 152 137 208 1 21 24 4825* 0 806 834 168
495 557 334 12 31 34 3061* 2 53 107 1975* 2 380 368 218

9 218 172 257 13 409 429 266 3 332 309 197 4 595 607 263
10 30 18 3185* 14 89 83 1492* 4 246 217 203 6 824 812 229
11 246 191 151 6, 2, 1 5 24 85 5170* 8 998 1046 228
12 309 332 219 0 570 563 222 6 25 86 5609* 10 653 629 209
13 283 216 195 1 432 431 177 7 26 112 5354* 12 90 120 1072*
14 395 440 234 2 333 348 200 8 174 128 303 8, 1, 1

5, 3, 1 3 255 299 195 9 211 269 273 0 1537 1516 143
0 521 521 308 4 298 357 207 10 87 175 1122* 1 275 304 180
1 26 217 5349* 5 144 110 351* 11 78 149 925* 2 142 128 897*
2 237 266 228 6 123 99 1125* 12 192 128 190 3 138 9 365*
3 250 250 222 7 246 218 231 13 33 127 4941* 4 97 88 1372*
4 373 427 242 8 112 33 956* 14 162 45 811* 5 25 83 2045*
5 134 101 1026* 9 30 107 5271* 7, 2, 1 6 181 70 290
6 29 21 5055* 10 198 195 181 0 24 130 5690* 7 27 8 5101*
7 655 587 177 11 370 372 203 1 560 701 284 8 28 46 3749*
8 400 379 252 12 42 15 2323* 2 440 395 233 9 423 382 252
9 225 256 160 13 '283 262 198 3 500 523 327 10 101 64 851*

10 33 159 4254* 6, 3, 1 4 26 58 5678* 11 32 85 2385*
11 162 46 865* 0 421 484 277 5 290 316 192 12 33 75 4965*
12 130 16 1047* 1 69 194 2104* 6 574 643 297 13 34 159 3440*

5, 4, 1 2 27 107 5437* 7 315 347 224 8, 2, 1
0 357 401 211 3 55 63 2662* 8 337 398 217 0 234 220 230

•



STRUCTURE FACTORS FOR C14 H10 S C12 Page 8
Co1ulTU1s are 10Fo lOFe 100sig, * for Insignifieant

1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig
8, 2, 1 10 32 77 3319* 10 33 184 4732* 3 247 294 165• 25 72 5750* 11 166 49 304 11 74 107 784* 4 31 74 4005"26 141 5524* 12 34 57 4976* 10, 2, 1 5 306 364 1943 296 189 198 9, 2, 1 0 27 220 5978* 6 32 24 3161"4 426 521 273 0 235 237 229 1 286 241 209 7 357 349 2255 296 336 200 1 124 120 659* 2 188 258 323 8 33 94 4960"6 28 82 3849* 2 27 115 5613* 3 34 222 4779* 9 34 31 4888"7 199 142 306 3 149 34 990* 4 416 502 296 11, 3, 1

8 30 70 3236* 4 282 285 213 5 30 102 2585* 0 338 278 226
9 31 127 3075* 5 180 211 341 6 131 113 293* 1 340 353 20210 129 18 297* 6 30 13 3038* 7 45 144 1723* 2 467 394 261

11 237 285 240 7 295 302 200 8 32 24 3372* 3 151 57 928*12 34 75 1848* 8 263 250 182 9 166 33 932* 4 127 37 441"
8, 3, 1 9 199 156 200 10 34 96 4552* 5 34 2 4947"

0 421 405 284 10 403 314 260 10, 3, 1 6 274 242 208
1 443 380 272 11 34 150 3098* 0 31 94 3321* 12, 0, l2 29 69 5386* 9, 3, 1 1 350 346 227 6 202 155 194
3 521 567 236 0 221 163 172 2 220 210 194 8 216 202 270
4 207 245 184 1 323 299 196 3 121 55 865* 10 326 310 206
5 113 139 674* 2 385 420 218 4 57 275 2222* 12, l, 1
6 119 126 875* 3 31 83 3589* 5 162 173 336* 3 327 320 1867 115 115 945* 4 117 211 937* 6 142 36 979* 4 695 672 211
8 93 92 1052* 5 48 128 2058* 7 34 19 3297* 5 31 66 3220"
9 34 78 4552* 6 32 71 3488* 8 34 160 4404* 6 161 226 268

10 56 187 1568* 7 164 117 889* 10, 4, 1 7 365 346 186
8, 4, 1 8 244 195 239 0 34 127 3564* 8 348 321 204

0 79 68 960* 9 34 50 4610* 1 34 153 4978* 9 34 3 4900*

.~
111 49 1411* 9, 4, 1 2 34 11 4793* 12, 2, 1
204 81 273 0 116 249 1003* 11, 0, 1 0 244 194 169

3 356 374 228 1 194 408 980* 1 26 59 5601* 1 30 45 3403*
4 34 20 4646* 2 117 139 933* 3 229 190 256 2 479 495 261
5 267 382 234 3 285 333 223 5 53 20 2929* 3 381 398 228
6 47 32 2395* 4 304 324 214 7 208 230 191 4 74 201 1681*

9, 0, 1 10, 0, 1 9 32 105 2399* 5 148 164 279
1 391 399 255 0 383 373 266 11 238 ~64 247 6 305 312 216
3 156 160 910* 2 859 883 220 11, l, 1 7 52 36 3002*
5 524 506 302 4 27 154 5315* 0 27 246 6032* 8 263 260 228
7 28 23 5400* 6 28 178 5776* 1 27 91 3970* 12, 3, 1
9 113 24 314* 8 362 389 232 2 612 58~ 301 0 145 57 408*

11 208 193 195 10 32 84 3482* 3 252 200 237 1 153 340 1160*
13 466 436 260 12 34 306 5019* 4 283 287 231 2 33 161 5170*

9, l, 1 10, 1, 1 5 523 541 262 3 152 11 1036*
0 550 518 290 0 98 162 1044* 6 198 247 203 4 111 81 749*
1 24 68 5650* 1 905 898 227 7 72 34 819* 5 345 285 241
2 703 685 240 2 96 72 1052* 8 32 82 3565* 13, 0, 1
3 196 259 277 3 231 218 256 9 33 153 5040* 3 30 12 3719*
4 214 237 262 4 581 536 300 10 34 107 5267* 5 32 32 3571*
5 436 390 258 5 28 22 5267* 11 83 51 1320* 7 33 29 4523*
6 304 289 194 6 29 152 5958* 11, 2, 1 9 34 41 4897*
7 458 469 264 7 307 290 189 0 29 70 5432* 13, 1, 1
8 136 53 258 8 199 140 191 1 141 163 824* 0 96 184 1109*
9 80 47 1181* 9 292 268 196 2 335 313 182 1 85 122 863*

•



STRUCTURE FACTORS FOR C14 H10 S C12 Page 9
Co1umns are 10Fo lOFe 100Sig, * for Insignificant

1 !cFo Fe Sig 1 !cFo Fe Sig 1 !cFo Fe Sig 1 !cFo Fe Sig
13, 1, 1 7 164 64 360* 3 272 295 192 5 34 47 5632*

.~
31 54 2539* 13, 3, 1 4 225 194 273 15, 1, 1

300 294 213 0 549 537 343 5 82 63 1772* 0 212 193 280
4 274 229 174 1 163 6 1024* 6 262 179 229 1 111 235 1456*
5 146 146 283 2 124 173 955* 7 34 91 5091* 2 416 315 297
6 393 418 258 3 48 231 2145* 14, 2, 1 3 150 335 824*
7 264 309 239 14, 0, 1 0 33 153 4708* 4 34 11 4768*
8 58 139 1445* 0 31 8 3243* 1 136 237 1110* 5 103 34 1490*

13, 2, 1 2 233 167 180 2 79 118 1392* 15, 2, 1
0 94 34 1062* 4 139 80 900* 3 34 138 5057* 0 354 280 232
1 206 127 194 6 221 250 268 4 240 250 276 1 34 173 3445*
2 250 253 184 14, l, 1 5 34 48 5121* 2 237 207 270
3 316 378 210 0 31 22 3321* 15, 0, 1 16, 0, 1
4 293 328 215 1 345 334 237 1 192 158 303 0 431 401 244
5 33 223 3581* 2 130 284 1006* 3 425 464 286 2 34 49 3280*
6 34 159 5184*

•

•



• Table 5-2. Ca1cu1ated Hydrogen Atom Parameters

x y z Biso

H 4 0.1693(13) 0.993 ( 3) 0.1145(10) 7.7 ( 3)
H 5 0.2901(13) 0.985 ( 3) 0.1220(10) 6.8 ( 3)
H 6 0.3527( 6) 0.664 ( 5) 0.1654(11) 5.1 ( 3)
H 7 0.2945 (13) 0.351 ( 3) 0.2012(10) 6.7 ( 3)
H 8 0.1737(13) 0.359 ( 3) 0.1937(10) 7.3 ( 3)
H10 0.1004 (10) 0.423 ( 3) 0.2521 (13) 6.8 ( 3)
H11 0.0659(11) 0.488 ( 4) 0.3585(10) 5.8 ( 3)
H12 0.0124 (12) 0.831 ( 5) 0.3791(8) 7.3 ( 3)
H13 -0.0064 (11) 1.107 ( 3) 0.2932 (14) 9.7 ( 3)
HH 0.0282 (11) 1. 042 ( 3) 0.1869(10) 6.6 ( 3)
H 4A 0.7029 (10) 0.249 ( 4) 0.0278 (11) 8.1 ( 3)
H 5A O. B15B (14) 0.346 ( 3) 0.0131 ( 9) 6.3 ( 3)
H 6A 0.9073( 7) 0.093 ( 5) O. 046B (11) 6.6 ( 3)
H 7A O. B860 (10) -0.256 ( 4) 0.0952 i11) 9.6 ( 3)
H 8A 0.7731 (14) -0.3531(25) 0.1099 ( 9) 5.8 ( 3)
HI0A 0.6982 (11) -0.461 ( 3) 0.1622 (12) 7.8 ( 3)
HllA O. 694B (11) -0.481 ( 3) 0.2800(12) 6.1 ( 3)
H12A 0.6521 (12) -0.175 ( 5) 0.3361 ( 6) 7.0 ( 3)
H13A 0.6129 (11) 0.151 ( 3) 0.2745(13) 9.1 ( 3)
H14A 0.6163 (11) 0.171 ( 3) 0.1567 (12) 9.0 ( 3)

Hydrogen positions calculated assuming a C-H distance of 1. 08 A .
• iSO(H) is from Uiso(H) = 0.01 + Ueq(C) for the attached carbon •

•



Anisotropie u(i,j) values *100.
E.5.Ds. refer to the last digit printed

Table 5-3.

• ull

Cl 1 7.8 ( 6)
Cl 2 4.9 ( 5)
S 5.l( 5)
C 1 6.8(22)
C 2 7.9(21)
Cl lA 14.6( 9)
Cl 2A 9.9( 8)
5 A 10.5( 8)
C lA 12.4(29)
C 2A 3.7(18)

u22

6.3( 5)
6.1 ( 6)
5.2( 5)
5.5(20)
5.7(20)
9.9( 7)

13.9( 9)
9.4 ( 8)
4.9(22)
9.5(24)

u33

6.4 ( 5)
9.8( 6)
6.6( 5)
4.9(18)
2.3(15)
6.3( 5)

12.2( 7)
8.1( 6)
6.1(21)
6.2(19)

u12

-0.4 ( 5)
-1.5( 5)
-0.2( 5)
1.7(19)

-0.5(19)
-2.3( 7)
-6.2( 7)
1. 5 ( 7)

-5.1(23)
-0.4(19)

u13

1.3( 4)
0.7( 4)
0.9( 4)
1. 8 (16)
0.1(15)
0.0 ( 5)
1. 0 ( 6)
0.3( 6)
0.2 (21)

-0.5(15)

u23

-1.1( 5)
O.O( 5)
2.0( 4)

-2.0(17)
-2.7(16)
-0.7( 5)
0.9 ( 7)
0.8( 6)

-0.6(17)
0.6(19)

Anisotropie Temperature Factors are of the form
Temp=-2*Pi*Pi*(h*h*u11*astar*astar+---+2*h*k*u12*astar*bstar+---)

•

•



•

•

•

Compound 1B

a) Table of Bond Distances (À) and Bond Angles(o)

b) Table of Torsion Anglcs(o)

c) Table of Observed and Calculatcd Structurc ractors

d) Table of Calculatcd Hydrogcn Atom Paramctcrs

e) Table of Anisotropie u(i, j) Values



Bond Distances (A) and Angles (Degrees)·Table 3.

S-C (1)
S-C(2)
Cl(l)-C(l)
C1(2)-C(1)
C(1)-C(2)
C(2) -C (3)
C (2) -C (16)
C(3)-C(4)
C(3)-C(8)
C(4)-C(5)
C(5)-C(6)

1.769(6)
1.844(6)
1.763(6)
1.761(6)
1.507(8)
1.536(8)
1.512(8)
1.383 (10)
1.397 (10)
1.402(10)
1.365(15)

C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C (9) -C (10)
C (10) -C (11)
C (11) -C (12)
C(11)-C(16)
C (12) -C (13)
C(13)-C(14)
C (14) -C (15)
C (15) -C (16)

1.373 (15)
1.398 (11)
1.506(12)
1.448(12)
1. 514 (10)
1.400(9)
1.383(9)
1.367 (10)
1. 36G (11)
1.390(9)
1.380(8)

C(1)-S-C(2)
S-C(l)-CI(l)
S-C(1)-CI(2)
S-C(1)-C(2)
Cl (1) -C (1) -Cl (2)
Cl (1) -C (1) -C (2)
Cl (2) -C (1) -C (2)
S-C(2)-C(1)
S-C (2) -C (3)
S-C(2)-C(16)
C (1) -C (2) -C (3)
C (1) -C (2) -C (16)

.(3) -C (2) -C (16)
'IIIIIII!!'(2) -C (3) -C (4)

C(2) -C(3) -C(8)
C(4)-C(3)-C(8)
C(3)-C(4)-C(5)
C(4) -C(5) -C(6)

•

49.2(3)
117.3(3)
118.2(3)

68.0(3)
109.5(3)
119.6(4)
119.1(4)

62.8(3)
116.2 (4)
116.8(4)
118.7(5)
118.3 (5)
114.5(5)
118.9(6)
120.5 (6)
120.6(6)
119.9(7)
119.8(8)

C(5)-C(G)-C(7)
C(G) -C(7) -C(8)
C (3) -C (8) -C (7)
C (3) -C (8) -C (9)
C(7)-C(8)-C(9)
C(8) -C(9) -C(10)
C(9)-C(10)-C(11)
C(10)-C(11)-C(12)
C(10)-C(11)~C(lG)

C(12)-C(11)-C(lG)
C(11)-C(12)-C(13)
C(12)-C(13)-C(14)
C(13)-C(14)-C(15)
C(14)-C(15)-C(lG)
C(2)-C(lG)-C(11)
C(2)-C(lG)-C(15)
C(11)-C(lG)-C(15)

120.1(7)
121.8(8)
117.G(7)
12G.9(G)
115.3(7)
122.9(G)
115.7(G)
120.8(G)
120.2(5)
119.0(G)
120.9(G)
119.9(G)
120.3(G)
120.2(5)
118.G(5)
121.G(5)
119.8(5)



• Table 5-4. Torsion Angles in Degrees

C 2 5 C 1 CL 1 -113.0 ( 4) C 2 5 C 1 CL 2 112.3 ( 4)C 2 5 C 1 C 2 0.0 ( 3) C 1 5 C 2 C 1 O.O( 3)C 1 5 C 2 C 3 -1l0.4( 4) C 1 5 C 2 C16 109.7( 4)C 1 CL 1 CL 2 C 1 0.0 ( 3) CL 2 CL 1 C 1 5 -138.4( 3)CL 2 CL 1 C 1 CL 2 0.0 ( 1) CL 2 CL 1 C 1 C 2 142.7 ( 4)CL 1 CL 2 C 1 5 138.0 ( 3) CL 1 CL 2 C 1 CL 1 O.O( 1)CL 1 CL 2 C 1 C 2 -142.9 ( 4) 5 C 1 C 2 5 0.0 ( 1)5 C 1 C 2 C 3 106.5 ( 5) 5 C 1 C 2 C16 -107.4( 5)CL 1 C 1 C 2 5 109.8( 4) CL 1 C 1 C 2 C 3 -143.7( 6)CL 1 C 1 C 2 C16 2.4 ( 2) CL 2 C 1 C 2 5 -lH.O( 4)CL 2 C 1 C 2 C 3 -4.5 ( 2) CL 2 C 1 C 2 C16 141.6( 6)5 C 2 C 3 C 4 -20.1 ( 3) 5 C 2 C 3 C 8 160.5 ( 6)C 1 C 2 C 3 C 4 -91. 9 ( 6) C 1 C 2 C 3 C 8 88. '] ( 6)C16 C 2 C 3 C 4 120.8( 7) C16 C 2 C 3 C 8 -58.6( 5)5 C 2 C16 Cll -151.1( 6) 5 C 2 C16 C15 30.2 ( 3)C 1 C 2 C16 Cll -79.2 ( 5) C 1 C 2 C16 C15 102.2( 6)C 3 C 2 C16 Cll 68.3( 5) C 3 C 2 C16 C15 -1l0.3( 6)
C 2 C 3 C 4 C 5 -179.2 ( 8) C 8 C 3 C 4 C 5 0.2 ( 4)C 2 C 3 C 8 C 7 -179.1( 8) C 2 C 3 C 8 C 9 4.2 ( 4)
C 4 C 3 C 8 C 7 1. 5 ( 4) C 4 C 3 C 8 C 9 -175.2( 8)C 3 C 4 C 5 C 6 -2.2 ( 5) C 4 C 5 C 6 C 7 2.4 ( 4)C 5 C 6 C 7 C 8 -0.6( 4) C 6 C 7 C 8 C 3 -1. 3 ( 5)

tt~
C 7 C 8 C 9 175.7 ( 10) C 3 C 8 C 9 C10 -0.4 ( 4)
C 8 C 9 C10 -177.2( 10) C 8 C 9 C10 CH 51. 5 ( 5)
C10 Cll C12 112.1 ( 8) C 9 C10 CH C16 - 67.1 ( 6)C10 Cll C12 C13 -180.0( 8) C16 Cll C12 C13 -0.8( 4)

C10 Cll C16 C 2 1.1 ( 4) C10 Cll C16 C15 179.8 ( 7)
C12 Cll C16 C 2 -178.1( 7) C12 Cll C16 C15 0.6 ( 3)Cll C12 C13 C14 0.6( 4) C12 C13 C14 C15 -0.2 ( 4)
C13 C14 C15 C16 O.O( 4) C14 C15 C16 C 2 178.4 ( 7)
C14 C15 C16 Cll -0.2 ( 4)

•



•

•

•

Table S-l. Observed and Calculated Structure Factors

for C16 H12 S C12



STRUCTURE FACTORS FOR C16 H12 S C12 Fage 1
Co1umns are 10Fo lOFe 100Sig, * for Insignifieant

1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig l kFo Fe Siga -10, 0, 1 5 192 204 107 10 79 98 99 8 36 39 411*
58 49 161* 6 44 28 438* 12 97 93 79 9 68 54 349*4 22 24 1076* 7 20 65 1218* 14 227 231 136 10 103 106 90-9, 0, 1 8 102 106 89 16 20 40 1345* 11 56 106 511*2 146 146 94 9 68 14 105 18 156 159 101 12 21 52 1183*4 114 117 87 10 79 74 99 -7, l, 1 13 42 80 527*

6 82 76 110 11 20 28 523* 1 89 99 84 14 41 42 404*8 58 74 422* 12 98 96 91 2 159 173 112 15 87 85 10610 158 184 104 13 21 23 1174* 3 256 256 116 -7, 4, 112 113 117 96 14 120 91 82 4 39 81 590* 1 103 114 94
-9, l, 1 15 42 24 258* 5 164 163 103 2 21 20 1117*1 139 162 89 16 22 2 1397* 6 112 117 78 3 21 18 1159*2 87 102 104 -8, 2, 1 7 29 82 796* 4 21 23 1227*

3 49 9 476* 1 57 71 393* 8 18 31 807* 5 137 142 944 35 17 651* 2 79 72 105 9 129 136 85 6 60 31 146*
5 21 53 1263* 3 20 22 1028* 10 19 34 1237* 7 83 62 108
6 30 36 845* 4 80 72 102 11 168 172 93 8 59 66 154*
7 21 50 1167* 5 108 105 85 12 33 61 359* 9 21 15 1014*
8 42 26 527* 6 149 171 101 13 46 50 170* 10 69 56 133
9 94 85 94 7 143 129 101 14 102 100 85 11 104 110 100

10 56 16 414* 8 49 57 169* 15 48 65 177* - 6, 0, 1
11 38 38 596* 9 47 53 529* 16 110 128 90 2 116 105 82
12 22 20 1013* 10 21 32 1066* 17 127 124 85 4 301 315 99

-9, 2, 1 11 143 145 101 18 21 7 1052* 6 343 345 99
1 114 105 90 12 21 40 1277* 19 22 74 1178* 8 224 213 109
2 37 54 707* 13 46 38 533* -7, 2, 1 10 17 16 1154*
3 34 18 722* 14 62 58 152* 1 93 97 93 12 144 141 99

.~ 122 114 B7 15 64 55 410* 2 216 231 141 14 269 281 117
157 153 95 -8, 3, 1 3 215 199 90 16 243 231 136

6 33 18 748* 1 170 150 112 4 116 134 82 18 77 97 118
7 55 83 451* 2 78 82 123 5 107 101 81 20 113 120 94
8 46 4 338* 3 21 78 1105* 6 104 101 84 -6, 1, 1
9 22 3 1287* 4 21 5 1151* 7 126 122 81 1 220 200 105

10 22 9 1324* 5 21 9 1220* 8 281 309 140 2 50 6 278*
-9, 3, 1 6 111 117 84 9 221 187 121 3 147 145 98

1 22 48 1082* 7 21 37 1170* 10 53 62 418* 4 102 105 71
2 22 53 1234* 8 44 32 568* 11 20 41 1184* 5 155 153 98
3 71 59 386* 9 85 94 116 12 48 10 435* 6 232 214 102

-8, 0, 1 10 30 17 302* 13 29 48 341* 7 242 239 118
2 200 200 103 11 59 53 443* 14 26 15 861* 8 62 66 113
4 212 215 142 12 25 1 1050* 15 59 44 374* 9 331 340 110
6 58 9 343* -8, 4, 1 16 61 57 349* 10 18 23 1154*
8 103 103 82 1 84 66 110 17 86 84 111 11 203 200 95

10 20 14 H10* 2 22 13 1249* 18 26 65 4441: 12 56 7 135*
12 160 168 99 3 22 13 1032* -7, 3, 1 13 125 127 83
14 31 37 420* 4 22 26 1178* 1 19 15 1081* 14 40 40 534*
16 137 127 96 5 70 60 130 2 116 127 81 15 19 34 1144"

-8, l, 1 -7, 0, 1 3 58 69 418* 16 53 125 509*
1 111 131 85 2 56 32 121* 4 45 19 503* 17 168 163 115
2 119 119 82 4 156 169 100 5 173 188 116 18 20 29 1053*
3 183 188 113 6 278 310 124 6 20 21 1100* 19 21 2 1148*
4 69 65 118 8 262 265 124 7 96 98 94 20 21 15 1176*

•



STRUCTURE FACTORS FOR C16 H12 S C12 Page 2
Co1umns are 10Fo lOFe 100Sig, * for Insignifieant

1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig

el - 6, l, 1 10 160 154 102 1 183 194 122 10 52 35 399*
22 39 1299* 11 48 69 506* 2 137 120 94 11 34 39 612*

-6, 2, 1 12 21 63 1393* 3 189 193 119 12 102 106 87
1 36 55 514* 13 38 5 319* 4 129 135 84 13 56 24 137*
2 43 56 454* 14 22 59 1185* 5 16 18 993* 14 21 15 719*
3 64 64 106 15 22 18 1114* 6 97 99 66 15 113 101 86
4 199 212 122 -6, 5, 1 7 107 111 72 16 165 156 109
5 26 45 753* 1 67 60 138* 8 77 79 86 17 22 14 1024*
6 187 168 126 2 40 31 388* 9 23 53 354* -5, 5, 1
7 18 13 1167* 3 134 122 86 10 45 14 146* 1 161 160 106
8 135 145 90 4 21 12 1249* 11 193 205 136 2 128 124 89
9 233 244 126 5 154 144 102 12 159 166 108 3 80 69 115

10 18 5 1250* 6 44 37 612* 13 18 26 1213* 4 55 25 147*
11 147 140 103 7 33 23 285* 14 200 197 104 5 35 8 611*
12 69 56 111 8 48 92 604* 15 140 137 81 6 54 48 164*
13 85 66 97 9 40 25 415* 16 260 271 138 7 142 148 99
14 95 88 89 -5, 0, 1 17 20 39 1216* 8 56 76 453*
15 194 193 111 2 269 266 92 18 20 17 995* 9 112 106 96
16 48 39 324* 4 125 133 85 19 51 15 400* 10 56 22 411*
17 76 62 108 6 127 133 76 20 21 14 1164* 11 22 19 1045*
18 21 16 1068* 8 193 180 117 21 72 76 382* 12 45 16 339*
19 88 87 108 10 441 445 94 -5, 3, 1 -4, 0, 1
20 45 38 579* 12 493 487 98 1 130 140 84 2 196 213 87

-6, 3, 1 14 164 191 107 2 47 29 277* 4 79 75 61
1 210 237 104 16 110 110 75 3 85 89 87 6 547 527 73
2 184 175 109 18 44 2 309* 4 255 270 115 8 589 581 78
3 99 107 85 20 127 117 80 5 61 8 329* 10 427 442 85

.~
18 0 1116* 22 105 93 93 6 187 204 101 12 16 34 964*
98 103 90 -5, 1, 1 7 176 168 103 14 216 220 124

6 131 116 83 1 322 317 87 8 88 80 92 16 277 251 106
7 186 181 108 2 46 84 320* 9 305 322 117 18 164 158 90
8 196 201 105 3 227 228 94 10 185 210 113 20 20 16 730*
9 88 96 105 4 15 19 979* 11 131 124 92 22 102 106 93

10 142 129 84 5 116 104 68 12 19 6 1130* 24 54 64 512*
11 43 8 287* 6 258 261 94 13 55 23 140* -4, l, 1
12 120 131 86 7 207 217 103 14 19 84 1216* 1 1026 1037 70
13 95 97 99 8 16 8 995* 15 20 17 1021* 2 13 59 1106*
14 28 1 746* 9 16 12 1135* 16 60 23 354* 3 407 401 75
15 21 25 1073* 10 42 18 409* 17 21 13 1142* 4 636 624 71
16 21 13 984* 11 351 342 101 18 21 19 1120* 5 63 51 81
17 39 75 667* 12 96 106 81 19 70 58 118 6 315 304 85
18 22 37 1070* 13 260 274 115 20 22 2 1072* 7 203 202 101

-6, 4, 1 14 257 249 126 -5, 4, 1 8 24 20 395*
1 46 5 472* 15 108 101 77 1 109 108 85 9 148 148 79
2 29 39 368* 16 139 155 91 2 215 221 141 10 388 389 90
3 61 64 356* 17 30 61 701* 3 19 38 1047* 11 313 325 97
4 20 8 1162* 18 62 102 412* 4 19 25 1098* 12 157 161 101
5 60 46 330* 19 43 16 224* 5 147 145 93 13 202 191 119
6 55 38 392* 20 25 11 733* 6 61 20 355* 14 76 79 96
7 20 54 1179* 21 158 168 100 7 44 79 356* 15 240 227 119
8 20 8 1077* 22 21 14 1148* 8 55 44 350* 16 200 206 136
9 95 90 94 -5, 2, 1 9 108 111 83 17 160 154 90

•



STRUCTURE FACTORS FOR C16 H12 S C12 Page 3
Co1umns are 10Fo lOFe 100Sig, * for Insignificant

1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig

&8 -4, 1, 1 20 40 29 598* 16 368 376 103 22 21 53 1148*
67 47 114 21 51 8 398* 18 161 166 93 23 63 51 382"4

19 78 86 102 -4, 4, 1 20 19 7 1058* - 3, 3, 1
20 45 32 166* 1 28 5 683* 22 140 158 97 1 105 106 67
21 137 143 89 2 18 66 1347* 24 87 80 100 2 480 476 84
22 21 65 1121* 3 194 208 133 - 3, l, 1 3 276 280 102
23 37 70 734* 4 131 129 93 1 77 91 58 4 364 361 87
24 22 44 1112* 5 137 125 92 2 530 533 63 5 161 136 90

-4, 2, 1 6 95 92 82 3 97 87 63 6 111 86 72
1 421 416 81 7 47 7 274* 4 389 386 71 7 125 123 78
2 326 341 90 8 64 68 123 5 536 531 68 8 368 375 95
3 21 39 261* 9 106 116 82 6 199 182 86 9 129 120 89
4 359 340 85 10 19 15 1060* 7 562 584 71 10 262 263 112
5 30 61 470* 11 19 34 1132* 8 75 68 67 11 181 179 90
6 65 53 83 12 64 60 328* 9 112 108 80 12 17 31 1055*
7 70 66 80 13 135 130 85 10 464 451 80 13 159 160 109
8 159 159 87 14 60 8 350* 11 99 75 65 14 33 61 474 *
9 104 108 70 15 97 104 99 12 69 41 75 15 246 262 130

10 156 145 91 16 168 165 107 13 163 154 92 16 177 182 116
11 60 67 111 17 40 22 399* 14 95 83 69 17 98 102 93
12 237 257 121 18 47 17 283* 15 181 190 124 18 35 28 579*
13 157 151 103 -4, 5, 1 16 95 97 83 19 88 86 104
14 48 54 415* 1 20 35 1228* 17 344 360 117 20 134 117 95
15 222 217 142 2 20 86 1229* 18 32 46 664* 21 21 37 1164 *
16 243 256 135 3 53 33 349* 19 96 92 86 22 69 73 137
17 208 205 109 4 31 79 720* 20 29 11 780* -3, 4, 1
18 67 107 367* 5 134 112 90 21 48 85 528* 1 61 38 317*

-~
20 56 987* 6 20 23 1136* 22 81 70 104 2 157 160 100
20 47 1108* 7 140 133 98 23 63 4 356* 3 230 212 110

21 76 73 113 8 22 36 911* 24 52 64 308* 4 101 106 80
22 54 14 159* 9 106 102 87 -3, 2, 1 5 96 106 82
23 22 53 1166* 10 84 81 107 1 546 520 73 6 298 309 124

-4, 3, 1 11 37 12 564* 2 85 75 62 7 27 16 708*
1 155 149 102 12 46 8 359* 3 389 365 77 8 90 87 85
2 54 100 322* 13 55 16 282* 4 13 32 1001* 9 18 53 1144*
3 145 151 82 14 148 142 98 5 171 173 105 10 61 4 305*
4 306 316 104 -4, 6, 1 6 353 368 83 11 19 63 1218*
5 261 258 110 1 47 80 422* 7 219 216 99 12 118 126 75
6 341 319 96 2 54 46 385* 8 243 234 93 13 30 39 550*
7 256 239 104 3 99 94 97 9 28 21 479* 14 20 42 1173*
8 17 13 1022* 4 22 48 83ï ;. 10 100 95 67 15 61 75 139*
9 102 98 72 5 50 60 535* 11 116 120 77 16 20 9 1011*

10 157 150 111 6 109 98 99 12 157 159 89 17 21 42 1166*
11 98 93 81 7 44 2 291* 13 159 147 91 18 154 144 109
12 124 127 85 -3, 0, 1 14 101 92 73 19 22 69 1353*
13 18 7 766* 2 617 606 59 15 17 54 1229* -3, 5, 1
14 56 42 145* 4 185 193 80 16 312 316 113 1 147 135 102
15 62 72 138* 6 270 266 72 17 103 94 81 2 50 45 152*
16 47 49 438* 8 374 359 73 18 47 25 390* 3 19 18 1085*
17 47 56 489* 10 143 150 82 19 111 116 80 4 88 85 94
18 137 138 91 12 244 250 98 20 112 132 84 5 82 65 99
19 21 6 945* 14 371 357 94 21 74 77 121 6 19 52 1101*

•



STRUCTURE ~"ACTORS FOR C16 H12 S C12 Page 4
Co1umns ar.e 10Fo l.OFe 100sig, * for. Insignifieant

1 ltFo Fe Sig 1 kFo Fe si.g 1 kFo Fe Sig 1 kFo Fe Sig.7 -3, 5, 1 17 139 142 94 18 214 245 112 8 29 12 546*
64 52 124 18 18 52 1216* 19 67 53 376* 9 108 102 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 83 117 25 108 96 87 3 131 130 80 8 141 151 93
15 35 23 710* -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 72 63 60 6 252 241 121 14 91 103 62
1 94 n 96 3 12 27 890* 7 212 209 130 16 218 218 119
2 21 10 1137* 4 691 676 66 8 60 40 119 18 159 186 108
3 21 84 1321* 5 148 162 106 9 259 251 109 20 351 367 120
4 21 16 1119* 6 272 258 84 10 18 11 1060* 22 63 47 128*
5 73 92 141 7 237 228 87 11 92 95 92 24 54 46 433*
6 21 19 1226* 8 467 480 78 12 51 95 468* -l, l, 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*
9 91 87 112 11 119 101 77 15 90 110 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 3 307* 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 72 15 141 152 93 19 88 88 109 7 153 123 94
6 522 514 58 16 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 n.g 647 613 70 18 122 84 85 1 84 67 96 10 357 351 80

56 44 89 19 104 97 84 2 104 133 89 11 646 637 74
14 138 157 94 20 89 76 93 3 18 67 1195* 12 267 263 87
16 119 117 76 21 78 84 121 4 19 13 996* 13 475 481 81
18 218 209 123 22 130 126 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, l, l 1 160 156 109 9 152 140 94 18 39 35 465*
1 538 537 55 2 229 241 94 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 ln 152 111
4 179 188 87 5 25 38 412* 13 49 24 370* 22 52 84 267*
5 955 942 58 6 116 117 n 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, l
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 36 271* 3 63 18 320'~ 4 170 147 83
13 157 157 111 14 141 140 92 4 38 73 646* 5 270 274 75
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 S C12 Page 5
Co1urnns are 10Fo lOFe 100Sig, * for Insignifieant

1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig• -1, 2, 1 11 58 74 134* 24 134 127 62 24 75 88 12370 61 74 12 164 156 115 0, 1, 1 0, 3, 110 562 571 79 13 54 94 399* 1 550 568 30 1 374 385 5611 61 53 89 14 64 66 352* 2 949 960 30 2 250 252 6412 182 193 117 15 177 160 106 3 216 211 40 3 294 297 5913 16 10 900* 16 27 66 413* 4 590 601 36 4 78 73 6514 16 14 947* 17 126 123 85 5 408 412 40 5 279 285 6315 104 111 75 18 42 51 507* 6 315 314 45 6 404 404 6016 245 237 120 19 21 28 1022* 7 939 940 41 7 86 82 6517 43 9 414* 20 34 21 395* 8 241 243 55 8 68 63 5618 39 40 508* -l, 5, 1 9 610 616 47 9 116 110 5019 43 6 250* 1 42 78 473* 10 201 208 64 10 227 216 7520 204 205 106 2 18 2 995* 11 283 277 59 11 136 137 6521 141 125 93 3 18 11 1155* 12 42 17 112* 12 443 455 69
22 49 69 453* 4 62 82 346* 13 288 301 63 13 17 2 630"23 121 99 83 5 144 129 84 14 291 293 66 14 201 210 94
24 44 16 336* 6 59 61 133* 15 360 367 70 15 18 27 864"-1, 3, 1 7 19 70 1253* 16 47 33 126* 16 374 391 83

1 445 433 77 8 51 84 458* 17 179 191 67 17 167 177 75
2 49 65 269* 9 43 2 452* 18 213 210 86 18 57 70 129"3 110 116 77 10 19 35 982* 19 40 12 164 * 19 105 93 594 357 330 84 11 20 28 1052* 20 152 148 69 20 20 44 883*
5 154 165 82 12 20 13 1226* 21 40 2 201* 21 89 79 102
6 446 460 82 13 20 48 1087* 22 63 60 121 22 107 119 697 152 156 91 14 35 24 651* 23 20 12 726* 23 119 105 61
8 312 314 94 15 133 128 86 24 98 95 93 0, 4, 1
9 180 177 122 16 21 28 690* 25 136 138 64 0 69 57 84

.~ 75 53 82 17 133 130 92 0, 2, 1 1 171 172 70
121 106 84 -1, 6, 1 0 746 751 58 2 82 82 71

12 188 171 121 1 43 47 349* 1 SOS 499 43 3 269 267 7113 117 121 79 2 138 139 88 2 513 529 43 4 130 135 6314 371 386 111 3 114 109 84 3 603 608 44 5 93 83 54
15 251 271 136 4 90 98 103 4 555 555 45 6 329 322 7216 65 77 325* 5 56 22 441* 5 393 399 49 7 35 36 172*17 232 233 105 6 114 107 88 6 68 65 48 8 270 286 80
18 153 153 105 7 72 62 125 7 72 76 61 9 75 85 96
19 87 94 102 8 21 80 1253* 8 118 116 50 10 116 116 52
20 20 59 1332* 9 21 54 1275* 9 423 436 55 11 125 117 60
21 50 73 466* 10 21 2 1213* 10 50 57 93 12 59 51 124*
22 47 37 284* 11 40 75 488* 11 219 220 75 13 171 176 74
23 22 5 1169* 12 45 26 307* 12 332 322 63 14 167 167 74

-1, 4, 1 0, 0, 1 13 281 291 73 15 42 61 216*
1 16 13 922* 4 608 629 29 14 167 175 74 16 105 107 63
2 173 167 92 6 1146 1115 35 15 86 91 78 17 29 7 245*
3 66 60 93 8 326 326 45 16 131 134 58 18 34 66 443*
4 28 34 567* 10 700 687 47 17 18 61 800* 19 21 2 738*
5 55 32 118* 12 336 332 57 18 235 240 93 20 42 44 417*
6 190 174 88 14 26 53 365* 19 55 74 237* 0, S, 1
7 231 238 118 16 72 74 62 20 63 62 88 1 52 74 144*
8 328 326 109 18 28 30 447* 21 98 96 84 2 114 125 58
9 105 100 73 20 192 187 77 22 25 77 727* 3 139 127 65

10 274 276 117 22 299 300 93 23 50 40 264* 4 180 187 75

•



STRUCTURE FACTORS FOR C16 H12 S C12 Page 6
Columns are 10Fo lOFe 100Sig, * for Insignifieant

1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig.5 0, 5, 1 10 403 393 77 9 289 292 96 15 21 15 1161*
150 159 71 11 138 148 83 10 206 226 116 16 57 10 397*

6 19 48 544* 12 278 283 85 11 164 160 90 17 66 63 152*
7 79 82 76 13 308 310 89 12 140 135 83 1, 6, 1
8 19 12 799* 14 16 0 567* 13 17 51 1156* 0 36 74 660*
9 42 34 167* 15 541 550 92 14 109 111 75 1 46 80 523*

10 25 11 467* 16 261 271 117 15 84 86 93 2 47 47 177*
11 20 18 723* 17 196 189 131 16 145 142 91 3 54 39 143*
12 40 24 269* 18 221 215 123 17 148 148 99 4 20 35 1087*
13 31 19 441* 19 18 38 1108* 18 20 74 1349* 5 21 64 1066*
14 44 46 333* 20 19 1 1113* 19 126 129 82 6 21 19 1124*
15 80 67 78 21 70 76 363* 20 127 126 87 7 55 44 150*
16 21 48 519* 22 126 118 81 21 205 208 120 8 104 108 102
17 41 26 414* 23 63 56 137* 22 98 71 103 9 53 95 502*

0, 6, 1 24 22 40 1187* 1, 4, 1 10 60 109 488*
0 78 76 108 25 102 76 89 0 310 311 95 11 57 20 438*
1 118 111 58 1, 2, 1 1 144 134 94 2, 0, 1
2 77 62 77 0 13 36 812* 2 86 103 77 0 644 658 47
3 46 84 357* 1 701 699 61 3 171 181 94 2 734 724 49
4 149 139 70 2 67 57 64 4 65 61 95 4 1966 1949 52
5 67 57 120 3 316 327 70 5 16 23 986* 6 507 515 61
6 96 98 91 4 483 502 66 6 313 341 112 8 126 128 77
7 40 52 322* 5 331 342 75 7 85 99 87 10 378 378 80
8 32 44 421* 6 569 574 69 8 17 28 1133* 12 315 304 89
9 87 80 99 7 413 429 77 9 104 117 85 14 63 54 91

10 74 78 108 8 198 189 96 10 270 276 128 16 199 193 114
11 66 76 135* 9 104 105 72 11 180 170 101 18 18 55 1070*.2 22 17 553* 10 30 10 401* 12 354 357 115 20 156 147 108

1, 0, 1 11 41 30 247* 13 156 137 111 22 163 173 103
2 915 917 37 12 289 289 97 14 187 221 123 24 113 98 87
4 29 19 181* 13 94 88 69 15 56 90 409* 2, 1, 1
6 1213 1216 53 14 404 403 100 16 57 36 337* 0 872 890 52
8 522 521 62 15 17 14 1135* 17 96 84 94 1 74 72 59

10 352 354 74 16 416 425 101 18 21 36 1093* 2 678 682 54
12 291 276 89 17 102 104 82 19 169 168 108 3 977 963 55
14 15 62 1000* 18 18 26 1117* 20 41 33 266* 4 58 75 74
16 387 389 99 19 19 4 917* 1, 5, 1 5 218 238 77
18 257 255 116 20 44 14 172* 0 34 4 588* 6 43 14 242*
20 136 144 95 21 30 19 405* 1 54 37 341* 7 119 113 75
22 50 55 382* 22 21 3 1112* 2 280 279 135 8 200 198 93
24 66 43 368* 23 21 76 1103* 3 48 4 400* 9 41 37 280*

1, 1, 1 24 89 75 110 4 228 225 145 10 59 63 84
0 814 806 44 1, 3, 1 5 83 63 103 11 204 201 96
1 150 143 68 0 44 41 261* 6 41 7 248* 12 138 135 74
2 586 586 47 1 180 162 93 7 153 163 98 13 130 135 81
3 281 269 57 2 66 84 75 8 181 182 118 14 146 166 102
4 95 103 61 3 171 165 100 9 154 146 103 15 235 229 120
5 1103 1107 54 4 136 120 83 10 131 126 86 16 276 276 116
6 320 316 68 5 523 526 81 11 20 56 1268* 17 261 244 109
7 598 611 62 6 49 44 114* 12 24 53 602* 18 47 5 165*
8 78 74 56 7 281 269 94 13 20 17 1046* 19 218 200 138
9 98 108 57 8 53 10 274* 14 65 55 350* 20 111 111 86

•



STRUCTURE FACTORS FOR C16 H12 S C12 Page 7
Columns are 10Fo lOFe 100Sig, * for rnsignifieant

1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig l kFo Fe Sig.1 2, l, 1 21 58 70 451* 10 55 62 476* 11 360 362 96
254 283 151 22 122 125 89 3, 0, 1 12 87 88 7622 94 90 101 2, 4, 1 0 336 321 65 13 213 185 12123 21 56 1241* 0 225 233 120 2 154 150 91 14 17 53 1051-24 54 11 273* 1 232 231 113 4 641 628 63 15 133 150 872, 2, 1 2 112 119 72 6 163 181 98 16 165 165 109

0 127 112 71 3 16 14 1089* 8 1125 1113 72 17 104 98 75
1 662 644 66 4 165 181 105 10 897 899 77 18 19 37 1250-2 437 431 69 5 135 134 88 12 217 206 113 19 57 1 351"3 170 190 101 6 62 50 325* 14 299 300 111 20 158 170 954 830 809 68 7 185 172 95 16 103 94 75 21 108 112 90
5 42 56 302* 8 343 347 112 18 197 191 100 22 95 87 101
6 231 247 90 9 18 20 1169* 20 229 246 155 3, 3, 1
7 624 632 75 10 138 158 90 22 39 61 602* 0 42 50 237"
8 28 41 208* 11 47 45 162* 24 29 1 813* 1 119 113 80
9 285 281 86 12 66 58 119 3, l, 1 2 239 235 9610 105 96 69 13 19 1 996* 0 12 20 1131* 3 105 110 7211 15 53 1021* 14 31 48 298* 1 736 744 62 4 199 184 10612 69 66 86 15 39 53 528* 2 12 2 946* 5 81 82 80

13 188 197 121 16 121 116 85 3 151 165 102 6 82 75 79
14 151 156 108 17 66 72 141* 4 62 73 71 7 298 292 106
15 186 190 97 18 58 43 426* 5 425 427 71 8 136 145 85
16 24 15 751* 19 22 56 1436* 6 323 320 79 9 374 353 97
17 197 199 97 2, 5, 1 7 13 22 1009* 10 17 60 1253"
18 202 203 104 0 242 253 145 8 151 127 75 11 236 243 12819 45 42 400* 1 304 331 128 9 400 417 83 12 56 9 316"20 20 61 1049* 2 204 212 106 10 112 111 76 13 161 174 95

.~ 20 10 1075* 3 19 35 1040* 11 236 248 103 14 31 80 534"
56 85 470* 4 75 82 120 12 105 105 75 15 67 73 122

23 41 20 349* 5 52 14 149* 13 16 7 994* 16 91 84 89
2, 3, 1 6 219 223 144 14 167 183 100 17 58 35 308*

0 242 223 94 7 48 80 548* 15 218 223 135 18 20 45 1252"1 308 317 90 8 136 141 88 16 43 8 429* 19 54 30 432-
2 131 142 85 9 51 4 409* 17 242 231 122 20 140 158 95
3 328 320 87 10 20 31 825* 18 158 141 94 21 22 47 1361"
4 82 73 64 11 20 74 1107* 19 258 250 136 3, 4, 1
5 400 406 88 12 20 67 1325* 20 34 27 611* 0 199 182 124
6 109 95 78 13 62 53 353* 21 93 70 99 1 17 38 1175"7 139 155 95 14 21 28 1149* 22 51 85 523* 2 344 350 110
8 87 86 73 15 57 72 396* 23 98 93 101 3 39 84 524"
9 44 28 387* 16 22 1 630* 3, 2, 1 4 171 167 97

10 16 18 971* 2, 6, 1 0 162 164 73 5 17 45 1219"
11 213 202 118 0 31 23 655* 1 555 541 72 6 18 18 1163'
12 17 48 1190* 1 42 34 230* 2 199 187 94 7 237 231 117
13 44 32 155* 2 21 57 1102* 3 13 6 888* 8 23 16 839'
14 34 74 673* 3 40 17 406* 4 254 240 87 9 18 5 1047"
15 38 70 587* 4 21 7 1026* 5 561 553 76 10 84 77 95
16 109 100 76 5 21 13 1016* 6 272 283 93 11 70 93 127
17 48 44 319* 6 21 19 1125* 7 482 509 84 12 43 70 300"
18 139 138 84 7 35 24 682* 8 259 251 92 13 105 104 84
19 52 68 449* 8 98 95 107 9 121 132 82 14 154 153 95
20 70 72 356* 9 22 17 1158* 10 356 358 94 15 20 2 1056'

•



STRUCTURE FACTORS FOR C16 H12 S C12 Page 8
Co1umns are 10Fo lOFe 100sig, * for Insignifieant

1 kFo Fe Sig 1 kFo Fe Sig l kFo Fe Sig 1 kFo Fe Sig.6 3, 4, 1 7 157 159 106 12 121 109 76 2 317 315 85
190 201 125 8 157 166 94 13 23 17 573* 4 216 227 107

17 108 100 93 9 182 168 118 14 46 86 450* 6 240 229 101
18 44 88 304* 10 79 80 81 15 166 172 118 8 57 37 294*

3, 5, l 11 16 20 982* 16 44 20 501* 10 184 161 129
0 190 183 107 12 36 40 207* 17 121 122 85 12 487 508 103
1 57 21 335* 13 181 162 91 18 30 26 737* 14 354 374 118
2 104 97 81 14 18 37 1010* 19 64 70 144* 16 104 77 87
3 114 116 82 15 23 10 841* 20 41 58 628* 18 141 136 92
4 19 7 1062* 16 19 13 1034* 4, 4, 1 20 49 24 166*
5 19 18 1237* 17 45 56 473* 0 437 433 105 5, 1, 1
6 206 181 146 18 20 27 989* 1 127 92 77 0 137 148 92
7 60 79 382* 19 77 89 122 2 18 123 1397* 1 238 231 100
8 24 105 1108* 20 21 76 1237* 3 143 148 97 2 215 239 107
9 100 90 96 21 183 172 120 4 111 118 77 3 122 133 78

10 20 30 1076* 22 35 63 385* 5 146 149 95 4 213 222 112
11 59 84 443* 4, 2, 1 6 82 84 99 5 479 484 88
12 88 87 115 0 389 390 81 7 43 9 393* 6 101 91 67
13 158 166 95 1 228 212 96 8 109 107 80 7 112 118 75
14 47 73 431* 2 36 55 372* 9 139 141 89 8 200 223 120
15 23 8 959* 3 15 92 1026* 10 58 14 408* 9 130 136 92

3, 6, 1 4 200 212 107 11 109 89 83 10 38 6 425*
0 21 23 1056* 5 408 428 89 12 117 118 82 11 116 97 78
1 21 4 760* 6 167 171 118 13 74 67 116 12 39 31 292*
2 48 53 531* 7 16 18 990* 14 40 20 300* 13 151 159 89
3 64 46 344* 8 208 235 111 15 122 107 84 14 75 49 101
4 83 74 109 9 16 89 1085* 16 21 32 1298* 15 91 89 92

.~
44 28 299* 10 89 79 82 17 67 61 137* 16 77 62 104
51 31 166* 11 311 289 110 4, 5, 1 17 20 29 731*

7 48 16 490* 12 189 173 127 0 90 88 93 18 60 57 137*
8 45 31 494* 13 196 199 132 1 107 111 81 19 21 54 1162*

4, 0, 1 14 93 85 90 2 20 39 1104* 20 88 77 100
0 221 209 86 15 21 13 840* 3 20 26 1098* 21 61 106 532*
2 13 4 855* 16 37 51 223* 4 52 86 475* 5, 2, 1
4 73 71 67 17 96 122 90 5 103 116 94 0 65 83 100
6 434 445 79 18 20 7 1090* 6 142 141 93 1 16 19 1041*
8 621 634 82 19 87 92 109 7 96 92 94 2 122 119 74

10 115 102 76 20 21 4 1101* 8 55 17 388* 3 39 47 412*
12 127 125 87 21 47 6 514* 9 62 25 350* 4 290 301 104
14 290 296 116 4, 3, 1 10 94 100 101 5 452 450 97
16 257 263 123 0 163 177 91 11 54 54 330* 6 253 241 108
18 54 79 272* 1 16 6 1061* 12 128 101 85 7 17 16 1145*
20 49 75 257* 2 441 465 99 13 22 44 1169* 8 17 77 1177*
22 41 1 572* 3 102 115 70 4, 6, 1 9 277 275 115

4, 1, 1 4 16 31 1017* 0 21 12 874* 10 115 107 79
0 544 544 74 5 119 110 80 1 36 38 630* 11 302 291 111
1 463 475 74 6 155 165 94 2 24 43 1071* 12 177 170 110
2 44 70 223* 7 142 167 93 3 81 64 128 13 75 81 107
3 78 82 67 8 143 150 87 4 22 72 1203* 14 117 144 84
4 157 150 73 9 157 161 103 5 71 70 133 15 212 230 109
5 14 27 1059* 10 18 1 1124* 5, 0, 1 16 121 122 86
6 50 66 106* 11 89 88 90 0 253 267 94 17 132 138 89

•



STRUCTURE FACTORS FOR C16 H12 S C12 Page 9
Columns are 10Fo lOFe 100sig, * for Insignifieant

1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig 1 kFo Fe Sig.8 5, 2, 1 10 103 103 101 17 89 116 120 14 46 38 480*
21 19 1025* 11 67 73 149* 18 129 138 92 16 58 131 454*19 59 81 501* 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 75 1102 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 86 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* 9 297 295 137
8 18 68 1172* 6, 1, 1 10 72 64 111 10 68 73 350*
9 18 26 1140* 0 239 244 106 11 50 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*
14 20 79 1286* 5 317 327 104 16 22 3 1105* 16 60 17 325*
15 179 181· 121 6 196 212 131 6, 4, 1 7, 2, 1
16 27 17 503* 7 49 56 282* 0 209 211 105 0 85 80 95
17 21 40 1118* 8 98 97 82 1 189 180 131 1 57 28 360*
18 22 12 1163* 9 70 97 113 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*

.~ 181 182 97 13 19 28 1270* 6 99 107 92 6 131 136 87
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
5 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 7 365* 12 22 83 1422* 12 60 41 323*
9 20 16 1163* 6, 2, 1 13 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 29 1001* 15 98 111 105
12 61 15 405* 2 103 96 72 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* 1 186 194 113
15 22 82 1308* 5 29 40 652* 4 115 109 91 2 152 157 98

5 t 5 t 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*
1 20 37 1138* 8 18 6 1228* 7 63 77 349* 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 80 11 21 23 1118*
8 30 1 746* 15 239 213 157 10 141 131 92 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 S C12 Pagel0
Columns are 10Fo lOFe 100Sig, * for Insignifieant

1 ltFo Fe Sig 1 ltFo Fe Sig 1 ltFo Fe Sig 1 ltFo Fe Sig.0 7, 4, 1 3 112 113 77 12 23 28 960* 0 21 7 799*
53 28 365* 4 47 30 279* 8, 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 89 444* 3 40 12 576*
3 27 10 847* 7 262 234 135 2 41 25 546* 4 44 59 239*
4 79 78 113 8 48 15 467* 3 100 92 95 5 37 67 708*
5 48 81 555* 9 78 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 91
2 149 154 96 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, l, 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, l, 1 0 107 117 104
2 40 59 318* 11 22 46 1301*

•

•



• Table 5-2. Ca1cu1ated Hydrogen Atom Parameters

x y z Biso

H 4 0.863 0.432 0.060 6.4
H 5 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 9A 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 ca1cu1ated assuming C-H of 1.08A. Biso is from
Uiso(H) = Ueq(C) + 0.01.

•
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• 'l'able 5-3. Anisotropie u(i,j) values *100.
E.5.Ds. refer to the 1ast digit printed

u11 u22 u33 u12 u13 u23

5 6.26(12) 6.61(13) 6.62(12) -1.93 (10) -0.20(9) -1.34 (10)
Cl 1 6.28(11) 7.40(13) 7.79(12) 1.11(11) -0.31(9) -0.37(11)
Cl 2 8.20 (12) 7.89(13) 4.88(10) -1.15 (12) -0.02(9) 1.21 (10)
C 1 5.2 ( 4) 6.0 ( 5) 5.4 ( 4) -0.9 ( 4) 0.3 (3) -0.4 ( 3)
C 2 5.2 ( 4) 4.3 ( 4) 4.6 ( 4) -1.0 ( 3) 0.0 (3) -0.1 ( 3)
C 3 5.3 ( 4) 5.6 ( 5) 4.3 ( 4) 0.0 ( 4) 1.0 (3) 0.8 ( 4)
C 4 7.1 ( 5) 7.8 ( 6) 6.3 ( 5) 0.9 ( 5) 1.8 (4) 0.7 ( 4)
C 5 9.1 ( 6) 11.2 ( 7) 7.6 ( 6) 4.1 ( 6) 3.7 (5) 2.5 ( 5)
C 6 6.5 ( 6) 15.7 (11) 7.6 ( 6) 2.6 ( 7) 2.8 (5) 5.3 ( 7)
C 7 5.0 ( 5) 13.6 ( 8) 7.3 ( 5) -0.6 ( 6) 0.9 (4) 2.6 ( 6)
C 8 5.3 ( 5) 8.3 ( 6) 6.4 ( 4) -1. 1 ( 4) 0.5 (4) 1.6 ( 4)
C 9 6.5 ( 5) 9.1 ( 7) 13.8 ( 7) -3.4 ( 5) 1.4 (5) -1. 3 ( 6)
C10 10.5 ( 7) 6.2 ( 5) 10.8 ( 6) -2.8 ( 5) 1.9 (5 ) -1.2 ( 5)
C11 6.0 ( 4) 5.5 ( 5) 5.8 ( 4) -0.9 ( 4) 0.7 (3) -0.2 ( 4)
C12 6.5 ( 5) 8.1 ( 6) 5.2 ( 4) -0.7 ( 4) -0.4 (3) -1. 7 ( 4)
C13 5.5 ( 5) 8.8 ( 6) 5.5 ( 4) 0.7 ( 5) 1.1 (4) 0.9 ( 4)
C14 4.9 ( 4) 7.6 ( 5) 6.2 ( 4) -0.3 ( 4) 1.3 (4) 1.9 ( 4)
C15 5.1 ( 4) 4.8 ( 4) 5.7 ( 4) -1. 0 ( 4) 1.1 (3) -0.3 ( 3)
C16 4.5 ( 4) 4.3 ( 4) 4.7 ( 4) -0.2 \ 3) 0.8 (3) 0.0 ( 3)

4It. Anisotropie Temperature Factors are of the form
emp=-2*Pi*Pi*(h*h*u11*astar*astar+---+2*h*k*u12*astar*cstar+---)
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