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THE SYNTHESIS. STRUCTURE AND CHEMICAL REACTIVITV OF CYCUC AND
BRIDGED BICYCUC SULFUR-CONTAINING HETEROC\~LES

by Patricia L Folkins

ABSTRACT

A general synthesis for brldged blcycllc dlsultide compounds was retined and expanded

from [3.2.1) to [4.2.1] and [2.2.1] systems. Varlous derlvatlves were syntheslzed through

modification of the hydroxyl functionality ln these molecules. The oxidation of ail brldged blcycllc

disultide compounds to thelr correspondlng bridged bicycllc thiosultinate esters (a prevlously

unknown class of compounds) was pertormed. Three crystal structures were obtalned and

selected bond lengths, bond angles and torsion angles were compared wilh the calculated values

obtained using MMX molecular mechanlcs via the PCMODEL program.

The m-CPBA oxldation of the above brldged blcyclic thiosultinate esters was followed at

low temperature uslng 'H and l3C NMR speetroscopy. a-Disulfoxides were detected as the tirst

Interrnedlates ln thls oxldation process and were seen at temperatures and concentrations greater

than any previously reported. Strong evldence was also fourd to suggest the interrnedlacy of O,S­

sulfeny! sulfinates. A clear mechanistic proposai for the rearrangement of brldged blcyclic a­

disulfoxldes to their corresponding thiosulfonate esters was presented based on experimental

results.

Attempts towards the synthesis of the brldged blcycllc dlsulflde analogue of ergosterol

peroxide uslng dlatomlc sulfur methodologles were reported. These attempts were not successful.

The generatlon of the pseudCKllatomlc specles. R-P=S (thloxophosphanes). using a

methodology previously developed ln our laboratory was examined. The thioxophosphanes (R =

CsHs. C2HS and p-CI-CsH4) were trappe<! wilh 1,3-dlenes to glve cycllc and bridged bicyclic

thiophosphoranes.
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SYNTHESE, SmUCTURE ET REACTIVITE d'HETEROCYCLES CYCUQUES ET
BICYCUQUES PONTES CONTENANT DES ATOMES DE SOUFRE

par Patricia L FoIklns

RESUME

Une méthodologie générale pour la synthèse de bisulfures blcycliques pontés a été

raffinée et appliquée à la préparation des systèmes blcycllques [3.2.1), [4.2.1] et [2.2.1]. De ces

molécules, différents dérivés ont été préparés par dërivatlons synthétiques du groupement

hydroxyle. De l'oxydation des bisulfures blcycllques pontés résulte une nouvelle classe de

composés, les esters thlonosulflnates blcycliques pontés. Trois structures cristallines ont été

obtenues par rayons X; la longueur des liens, les angles de liaison et les angles de torsion ont été

comparés avec les valeurs calculées par la methode MMX, mécanique moleculaire, par

l'Intermédiaire du programme PCMODEL

L'oxydation au m-CPBA des esters thionosulfinates blcycliques pontée, mentionnés ci­

haut, a été suivie à basse température utilisant les méthodes spectroscopiques lH-RMN et 13C_

RMN. Les Œ-dlsulfoxydes ont été détectés comme étant les premiers Intermédiaires de ce

processus d'oxydation, et ce, à des températures et des concentrations supérieures à ce que la

littérature soutient Jusqu'à maintenant. Les résultats obtenus suggèrent aussi des structures du

type O,S-sulfényl sulfinates comme Intermédiaires. Un mécanisme pour le réarrangement des Œ­

dlsulfoxydes blcycllques pontés aux esters thlonosulfonates est proposé à ~rtlr des résultats

expérimentaux observés.

La synthèse de l'analogue bisulfure blcycllque pontés dL péroxyde d'ergostérol en utilisant

la méthode du soufre diatomique s'est révélée sans succès.

La génération d'espéces pseudo-dlatomlques, R-P=S (thioxophosphanes), à partir d'une

méthodologie développée antérieurement dans notre laboratoire, à été examinée. Le piégeage

des thloxophosphanes (R = CsHs, C:!Hs et p-C1-CsH4) '9n présence de dlènes-1,3 donne des

thiophosphoranes cycliques et blcycliques pontés.
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CHAPTER 1: INTRODUCTION

1.1 Cyclic Disullides

There are endless examples in the Itterature 01 both synthetic and naturally occurring

cyclic disullides. Severa! reviews have been published indicating thelr Importance Irom both a

chemical and blologlcal perspective.' ln this introduction, a general overview 01 structural classes

01 cyclic disulfides including 5-membered rings (1 ,2-dtthiolanes), 6-membered rings (1,2-dithianes

and 1,2 dtthiins) and bridged bicyclic dlsulfides will be discussed mainly in terms 01 their biologlcal

importance. Also, a special relerence to cyclic thiosulfinate esters will be made. Synthetic

methodologies towards bridged bicyclic dlsulfides will be discussed ln the Introduction to Chapter

2.

Perhaps the most important characteristic about a disulfide is the dihedral angle about the

SoS bond (8). Much 01 the chemical behavior lor a dlsulfide is determined by this value. For

unstrained disulfides, the value 01 8 is normally ln the range 01 80-900 in order to minimize the

interaction between the twû pairs 01 3p, nonbonding electrons on the sulfur atoms (Figure 1).

When the disullide moiely is p1aced ln a cyclic system, the value 01 8 becom,;s smaller and

movement is restricted due to the constraints 01 the ring system. The extreme situation occurs

when the disulfide is incorporated Into a bridge<! bicyclic system. In thls example, the relatively

rigid lramework 01 the bicyclo-backbone lorces the dihedral angle about the SoS bond to become,

01 necessity, close to 0". ,
S,··-

.s~
1

1.

Figure 1: Dihedral Angle About the Sullur-Sulfur Bond ln a Disuifide (9)

a) O. Foss, ln Organic Suifur Compounds, N. Kharasch, Ed., New York: Pergamon Press,
Vol. 1, 79-80 (1966); b) F. Freeman, D. S. H. L Kim and E. Rodriguez, Sulfur Reports, 9,
153-256 (1989); c) L Teuberand C. Chrlstophersen,Acta Chem. Scand., B42, 629 (1988);
d) L Teuber, Suifur Reports, 9, 257 (1990).
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One particular characteristlc of a disulfide that Is greatly affected by the value of e Is the

position of the lowest energy transition in the UV spectrum. As edecreases from 90° ta 0°, the

lowest energy transition in the UV Is shifted ta longer wavelengths (Iower energy) and the

extinction coefficient decreases. This is weil lIIustrated in Table 1 where several examples of

dlsulfides along with thair corresponding dihedral angles and UV absorptions are Iisted.

Table 1: Dihedral Angle and Lowest Energy UV absorption for Various
Disulfides

Compound Dehedral Angle (0)

open chain -90

l,2-dithiane -60

l,2-dithiolane -27

(1) 14

(2) -0

(3) -0

À (nm)

-25Q2

2863

3303

3403

3704

3675

36g6

0

çff0H
......s
(3)

A correlation also exists between eand the energy difference between the first and second

2. J. A. Barltrop, P. M. Hayes and M. Calvin, J. Amer. Chem. Soc., 76, 4384 (1954).

3. A. F. Beecham and A. McL Mathieson, Tetrahedron Let/., 3130 (1966).

4. G. Bergson, B. Sjôberg, R. C. Tweit, R. M. Dodson, Acta. Chem. Scand., 1960, 14, 222.

5. P. L Folkins, D. N. Harpp and B. R. Vincent, J. Org. Chem., 56, 904 (1991).

6. R. M. WIlson, D. N. Buchanan and J. E. Davis, Tetrahedron Let/., 3919 (1971).
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ionization levels (liE) for a disulfide, which can be measured by photoelectron spectroscopy

(PES)? A graph of liE versus 8 is shown in Figure 2 which iIIustrates this point. Jorgensen and

McCabe8 have performed a semi-emperical, CNDO/S molecular orbitai calculalion based on the

fully optimlZed MMl conformation for bridged bicyclic disulfide 4 and have determined the highest

occupied orbttal to be the out-of-phase combinalion of the sulfur lone pairs (nss') and that it is

completely localized on the sulfur atoms (97%). The neXl occupied orbital was found to be the

nSs + combination which is diluted by mixing with the (J orbitais of the carbon framework (78%

localized on the sulfur atoms). The energy difference (liE) between these two energy levels for 4

was calculated to be 2.43 eV. From their data, Jorgencen ,md McCabe8 concluded that the value

of AE will be primarily dependent on the dihedal angle about the SoS bond, but also on the

interaction with the lower Iying (J-orbitals. In this same paper, the photoelectron spectrum for

bicyclic disulfide 5 was reported and found to show the largest energy difference between the first

two ionization levels ever observed for a simple, non-aromalic disulfide. This confirmed that the

dihedral angle about the SoS bond in 5 was near 00.

3.00

2.40

Q,•c:J 1.80

>-
Q
~

Cl 1.20
.li

0.60

0.00
0 24 48 72 120

Dlhedrel Angle

Figure 2: Experimental Values for liE vs 8 for Dialkyl Disulfides

7. a) H. Bock and G. Wagner, Angew. Chem., 84, 119 (1972); b) H. Bock and B. G. Ramsey,
Angew. Chem.lnt. Ed. Engl., 12, 734 (1973); c) G. Wagner and H. Bock, Chem. Ber., 107,
68 (1974); d) M. F. Guimon, C. Guimon and G. Pfister-Guillouzo, Tetrahedron Lerr., 441
(1975); e) M. F. Guimon, C. Guimon, F. Metras and G. Pfister-Guillouzo, Cano J. Chem.,
54, 146 (1976); f) M. F. Guimon, C. Guimon, F. Metras and G. Pfister-GuUlouzo, J. Amer.
Chem. Soc., 98,2078 (1976); g) G. Rindorf, F. S. Jorgensen and J. P. Snyder, J. Org.
Chem., 45, 5343 (1980); h) H. G. GUltenberger, H. J. Bestmann, F. L Dickert, F. S.
Jorgensen and J. P. Snyder, J. Amer. Chem. Soc., 103, 159 (1981).

8. F. S. Jorgensen and P. H. McCabe, Tetrahedron Lerr., 24, 319 (1983).
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(4)

C~ICI

S ......
S

(5)

There Is also a relationshlp between the value 01 the sullur-sullur stretching frequency (vs­

s) ln Raman spectroscopy and 8.9

ln the blological sense, the dlsulfide bond Is lound ln cysllnyl residues thus maklng It one

of nature's most wldely used functlonal moleties for temporarlly or permanently controlling the

conlormatlon or foldlng of protelns.10 The rate of the disulflde exchange reacllon (Eq 1), which is

universalln blology,llb Is profoundlyaifected by the strength 01 the dlsulfide bond. It has been

shown to occur over one thousand limes faster when the dlsulfide bond is part 01 a stralned small

ring, as compared to geometrlcally unconstralned disulfides.l1

R'S- + RSSR -> RS- + RSSR' (Eq 1)

11.

1.2 l,2-Dlthiolanes

There are numerous natural and synthetlc l,2-dlthlolanes tOOt possess blological activlty.

These compounds are known to be rather unstable and most cannot be Isolated ln pure form

wlthout some degree of polymerlzallon. The Increased reactivlty and lower stabllity of these

compounds Is due, at least ln part, to the straln Invoked by the 5-membered ring.

A recent study by Teuber and Chrlstophersen1c on the stabllity of 4-substltuted 1,2­

dlthlolanes reports a dlscrepancy be,ween the relative stabllity of these compounds and the energy

9. H. E. Van Wart and H. A. Scheraga, J. Chem. Phys., SO, 1823 (1976).

10. a) C. C. Malbon, S. T. George and C. P. Moxham, TlBS, 1,72 (1987); b) 1. L Karle, R.
Kishore, S. RaghotOOma and P. Balclram, J. Amer. Chem. Soc., 110, 1958 (1988); c) A.
Holtzer, M. Holtzer and J. Skolnlck, ln Protein Fo/ding: Dec/phering the Second Ha/f of the
Genetic Code, L M. Glerasch and J. I<1ng, Eds., Washington: AAAS, Ch. 18 (1990).

a) R. Singh and G. M. Whltesldes, J. Amer. Chem. Soc., 112, 6304 (1990) and reterences
clted thereln; b) T. M. Kltson, J. Chem. Ed., 65, 829 (1988); c) M. Prorok and D. S.
Lawrence, J. Amer. Chem. SOC., 112,8626 (1990); d) J. Houk and G. M. Whltesldes, J.
Amer. Chem. SOC., 109,6825 (1987); e) J. C. Pleasants, W. Guo and D. L Rabensteln, J.
Amer. Chem. Soc., 111,6553 (1989).
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difference batween the flrst and second ionizalion levels (Aé) as measured by ultraviolet

photoeleetron speetroscopy. The most stable dtthlolane had the largest value for Aé and thus it

was concluded that other factors basides ring strain must play a role ln govemlng the stablltty of

these compounds; subslttuent effects were suggested. It was also noted that spontaneous sulfur

loss was another pathway for the degradation available to at least some 1,2-dlthiolanes. A recent

review by Williams and Harpp12 documents the many examples where sulfur loss is reported ln a

chemical procedure.

1.2.1. Naturally Occurring 1,2-Dithiolanes

This class of compounds has recently been extensively reviewed by Teuber,1d thus only

some of the highlights and the very recent developments will be covered here.

The first naturally occurring 1,2-dtthlolane to be isolated was nereistoxin (6) (4-(N,N­

dlmethylamlno)-1,2-dtthiolane). In 1934 tt was found in marine annelids of the genera

Lumbriconereis and Lumbrenereis,13 but the structure was not elucidated until 1960.14 It was

observed that Insects which came in contaet wtth these worms became paralyzed and died; as a

result many studies Into the use of nereistoxin as an insecticide have been reported.15

s-s
(6)

One of the the main inttlatives for enhanced Interests ln t ,2-dtthlolanes was the dlscovery

that Iipoic acid (7) (5-(1 ,2-dtthlolan-3-y1)pentanolc acld) aets as a coenzyme in the transfer of acetyl

groups from pyruvic acld to coenzyme A ln the trlcarboxylic acld cycle of oxidative

12. C. R. WIlliams and D. N. Harpp, Sulfur Reports, 10, 103 (1990).

13. S. Nttta, J. Pharm. Soc. Jpn., 54, 648 (1934).

14. a) Y. Hashimoto and T. Okaichi, Ann. N. Y. Acad. Sei., 90, 607 (1960); b) T. Okalchl and Y.
Hashimoto, Agric. S;ol. Chem., 26, 224 (1962).

15. a) K. Konlshi, Agr. Biol. Chem. (Tokyo), 32,1199 (1968); b) M./njac and K. Dulie, Proc. ­
Br. Crop Proto Conf. -Pests Dis., 3, 1117 (1984); c) G. C. Scott, J. A. Plckelt, M. C. Smith,
C. M. Woodstock, P. G. W. Harris, R. P. Harman and H. D. Koetecha, Proc. -Br. Crop Prot.
Conf. -Pests Dis., l, 133 (1984).
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phosphorylation.16 Since then, llpolc acld has also been shown to be involved ln oxidative

decarboxylation17 and photosynthesls.16 The IIst of other areas where Iipoic acid has been

implicated and also the many biologlcal applications of Iipoic acid are recorded ln the review by

Teuber.1d

~C02H

s-s

(7)

Of the remaining naturally occurring 1,2-dithiolanes, four may be grouped 10gether under

the heading of "a1ky1 substitU1ed". They include 3,3-dimethyl- (8), 3-ethyl- (9), 3-propyl- (10) and

3,4-dimethyl- (11) 1,2-dithlolane. They have ail been isolated in the anal secretions of smaU

carnivores belonging to the genus Muste/a,19 thelr main use by these animais being chemical

16. a) L J. Reed, B. G. Bebusk, 1. C. Gunsaius and C. S. Hornberger, Jr., Science, .; 14,93
(1951); b) M. W. Bullock, J. A. Brockman, Jr., E. L Patterson, J. V. Pierce and E. L R.
Stokstad, J. Amer. Chem. Soc., 74, 3455 (1952); c) L J. Reed, 1. C. Gunsalus, G. H. F.
Schakenberg, a. F. Soper, H. E. Boaz, S. F. Kem and T. V. Parke, J. Amer. Chem. Soc.,
75,1267 (1953); d) 1. C. GunsaJus, L Struglia and D. J. O'Kane, J. Biol. Chem., 194,859
(1952).

17. a) D. E. Grlff~hs, ln Genet. Biog. Chloroplasls Mitochondria, Interdiscip. Conf., Th.
Buecher, W. Neupert and W. Sebald, Eds., Amsterdam: North-HoUand, 175 (1976); Chem.
Abstr., 87, 97500 (1976); b) D. E. Grlfliths, Biochem. J., 160,809 (1976); c) M. D. Partis,
R. L Hyams and D. E. Griff~hs, FEBS Lett., 75, 47 (19n); d) D. E. Grlfliths, R. L Hyams
and M. D. Partis, FEBS Lett., 78, 155 (19n); e) D. E. Griffiths, K Cain and R. L Hyams,
Biochem. Soc. Trans., 5, 205 (19n); 1) D. E. Griff~hs and R. L Hyams, Biochem. Soc.
Trans., 5, 207 (19n), g) D. E. Grlfliths, Biochem. Soc. Trans., 5, 1283 (19n); h) D. E.
Griffiths, Mol. Biol. Memb., (Proc. Symp.), 1977, S. F1eisher, Y. Hatefi and D. H. Maclenran,
Eds., New York: Plenum, 275 (1978); Chem. Abstr., 90, 67803 (1978); i) R. Johnston, S.
Sharf and R. S. Criddle, Biochem. Biophys. Res. Commun., n, 1361 (19n).

18. a) M. Calvin, Proc. Int. Symp. Thioctic Acid 1955, Naples, 17 (1956); b) M. Calvin and J. A.
Bal1trop, J. Amer. Chem. Soc., 74, 6153 (1952); c) M. Calvin and P. Massinl, &perimentia,
8,445 (1952); d) D. F. Bradley and M. Calvin, Proc. Natl. Acad. Sei., 41, 583 (1955); e) M.
Calvin, J. Chem. Soc., 1895 (1956); 1) M. Calvin, Angew. Chem., 68, 253 (1956); g) D. F.
Bradley and M. Calvin, Arch. Biochem. Biophys., 53, 99 (1954).

19. a) D. R. Crump, J. Chem. Ecol., 6, 341 (1980); b) D. R. Crump, J. Chem. Ecol., 6, 837
(1980); c) V. E. Sokolov, E. S. A1bone, P. F. Flood, P. F. Heap. M. Z. Kagan, V. S. Vasilieva,
V. V. Roznovand E. P. Zinkevich., J. Chem. Ecol., 6, 805 (1980); d) H. Schildknecht, C.
Birkner and D. Krausz, Chem.-Ztg., 105,273 (1981); e) C. Brinck, R. GereU and G. Odham,
Oikos, 30, 68 (1978); 1) H. Schildknecht, 1. Wilz, F. Enzmann, N. Grund and M. Ziegler,
Angew. Chem., 88, 228 (1976); g) H. Schildknecht, C. Blrkner, Chem.-Ztg., 107,267
(1983).
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communlcatlon.19c,20 These compounds have baen further Investlgated for thelr potentlal use as

area repellents to protect crops and Ilvestock from predators such as rats,21 hares,22 gophers23,24

and voles.25 The repellent characterlstlcs of 8-11 are a result of fear responses produced when

these animais detect the odor of one of theïr predators.

("'{
5-5

(8)

s-s

(9)

~
5-5

(10)

5-5

(11)

Asparagusic acid (12) or l,2-dlthiolane-4-carboxylic acid has been Isolated from etiolated

and green asparagus shoots and Its use as a plant growth Inhlbltor has been actlvely

investigated.26 Due to thelr similarity ln structure, the ability of asparaguslc acid to mimlc the

blologlcal action of Iipolc acid has baen examlned.27 Asparaguslc acld also had a cytotoxic effect

on Straln L mouse fibroblasts in vitro.28 Flnally, an aqueous solution of asparaguslc acld (50 ppm)

totally Inhibited the hatchlng of second stage larvae of Heterodera rostochiensis and H. glycines

and exerted a nematocldaJ aIIect (% mortality ln brackets) on second stage larvae of H.

rostochiensis (99), Meloidogyne hapla (92) as weil as the larvae and adults of Praty/enchus

20. B. K Clapperton, E. O. Minot and D. R. Crump, Anim. Behav., 36, 541 (1988).

21. E. Vernet-Maury, E. H. Polak and A. Damael, J. Chem. Ecol., 10, 1007 (1984).

22. T. P. Sullivan and D. R. Crump, J. Chem. Ecol., 10, 1809 (1984).

23. T. P. Sullivan and D. R. Crump, Chem. Signais Vertebr. 4 [Proc. Int. Conf.] 4th, D. Duvall,
D. Mueller-Schwarze and R. M. Silverstein, Eds., New York: Plenum, 519 (1988).

24. T. P. Sullivan, D. R. Crump and D. S. Sullivan, J. Chem. Ecol., 14,379 (1988).

25. T. P. Sullivan, D. R. Crump and D. S. Sullivan, J. Chem. Ecol., 14,363 (1988).

26. a) Y. Kitahara, H. Yanagawa, T. Kato and N. Takahashl, Plant and Cali Physiol., 13,923
(1972); b) H. Yanagawa, T. Kato, Y. Kitahara and Y. Kato, Tatrahedron Latt., 2549 (1972);
c) H. Yanagawa, Plant end Cali Physiol., 17,931 (1976); d) Y. Kitahara, T. Kata, H.
Yanagawa, H. Aizawa and T. Watanaba, Jpn. Pat. 74,117,616 (1974); Cham. Abstr., 82,
134039 (1974).

27. H. Yanagawa, T. Kato, Y. Kitahara and N. Takahashl, Plant and Cali Physiol., 14,791
(1973).

28. J. K1e1er,Biocham. Pharm., 11,45-3 (1962).
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penetrana (82) and P. cuNitatus (82).29

f;H
s-s

(12)

Charatoxin (13) or 4-(methylthlo)-1,2-dtthiolane is another naturally occurring 1,2­

dtthiolane wtth characterlstics simllar to those of nerelstoxin (6). Compound 13 was first isolated

from the green algae Chary globularis30 and later in other Chary species.31 These algae are

characterized by strong pungent smells and are usuaJly the dominant species ln the areas where

they grow. The pungent smell is due to the presence of sulfur compounds Qlke 13) that are

produced by the algae. These compounds have a strong Inhibttory ellect on photosynthesis,

suppressing the growth of phytoplankton ln thelr aree. Uke nerelstoxln, the use of charatoxin as

an insecticide has baen Investlgated.32 Studies concemlng the action of 13 as a nerve poison are

also reported.33

;;.
s-s

(13)

The last of the known 4-substttued naturally occurrlng l,2-dtthlolanes is 4-hydroXY-l,2­

dtthiolane (14). It was isolated in 1959lrom the stem and bark of Bruguiera cylindrica, a member

of the Mangrove famlly.34 No known biologlcaJ testlng has been reported on the parent hydroxy

29.

30.

31.

32.

33.

" 34.1,

M. Takasugl, Y. Yachlda, M. Anetal, T. Masamune and T. Watanabe, Chem. Lelt., 42
(1975).

U. Anthonl, C. Chri3!ophersen, J. O. Madsen, S. Wium-Anderson and N. Jacobson,
Phytochemistry, 19, 1228 (1980).

S. Wlum-Anderson, U. Anthoni, C. Chrlstophersen and G. Houen, Oikos, 39, 187 (1982).

a) N. Jacobson and L-E. K Pederson, Pest/co Sci., 14,90 (1983); b) L-E. Nielsen and L­
E. K. Pederson, &perimentia, 40, 186 (1984).

S. M. Sherby, A. T. Eidefrawi, J. A. David, D. B. Satelle and M. E. Eldefrawi, Arch. Insect
Biochem. Physiol., 3, 431 (1986).

a) G. Claeson, Acta. Chem. Scand., 13, 1709 (1959); b) A. Kato and J. Takahashl,
Phytochemistry, 15,220 (1976).
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OH (15)

5-5

(14)

OH

o
compound, however, synthetlc aoologs have been prepared and tested. This will be discussed

lurther in the next section on synthetic 1,2-dtthiolanes.

Gerrardine or 1-methyl-2,5-bis(4-hydroxy-1 ,2-dithiolan-3-y1)pyrrol (15), a structural analog

of 4-hydroxy-1 ,2-<::thiolane, was isolated from an extract of the leaves and !Wlgs 01 Cassipourea

gerrardil'J5 and the bark of C. guianensis.36 Along wtth the isolation, the bacterlcldal effects 01 15

on Sa/monel/a and Sitgel/a strains,36 Candida a/bicans TA., E. coli NIHJ JC-2, E. col/ 0-111 and

Klebsiel/a pneumoniae37 were also reported.

The last !Wo of the known naturally occurrlng 1,2-dtthlolanes are closely related. 1,2­

Dtthiolane-3-carboxytlc acld (16) occurs ooturally as a metaboltte of lipoic acld37 and when 16 is'

esterified wtth the amlno alcohol tropine, the resulting alkaloid is the naturaliy occurrlng brugine

(17). Brugine was the major alkaloid isolated from Bruguiera sexangiJla,311,39 B. exaristata39 and

B. cylindrica,40 all members of the famlly Rhizophoraceae. BlologlcaJ testlng was reported only lor

the extraets of B. sexangula.39 Antttumor actlvtty was found wtth !Wo types of tumors, sarcoma

180 and Lewis Lung carcinoma, but the active Ingredient was not absolutely deterrnlned; the

alkaloids are known to be toxlc.

('yC02H
5-5

(16)

35.

36.

37.

38.

39.
...-

40.
'.

a) W. G. Wright and F. L Warren, J. Chem. Soc. (C), 283 (1967); b) W. G. Wright and F. L
Warren, J. Chem. Soc. (C), 284 (1967).

A. Kato, M. Okada and Y. Hashlmoto, J. Nat. Prad., 47, 706 (1984).

H. C. Furr, H.-H. Chang and D. B. McCorrnick, Arch. Biochem. Biophys., 185,576 (1978).

J. W. Leder and G. B. Russeli, Tetrahedron Lelt., 6327 (1966).

J. W. Leder and G. B. Russell, Aust. J. Chem., 22, 1271 (1969).

A. Kato, Phytochemistry, 14, 1458 (1975).
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Very recently, Iwo new 5-membered ring disulfide compounds. 18 and 19, were isolated

from garlic 011. 41 Unlike the other naturally occurring 1.2-<lithiolanes described here, the ring

co,,~lns one double bond.

5-5

(18)

1.2.2 Synthetïc 1,2-0ithiolanes

01
s-s

(19)

Many of the l,2-<lithiolanes that have been synthesized and tested for biological activity

are analogs of known naturally occurrlng compounds. Among such examples are the analogues

of asparagusic acid. N-(l,2-0ithiolane-4-carbonyl)L·proline and Its esters (20) were prepared as

inhibttors of hyp",lension induced byangiotensin 1.42 The synthesis of compounds 21 and 22 as

Immunomodulating analogs of asparagusic acid has also been reported.43

s

J3Y(
1

(21) CO CH• •
Synthetlc analogs of charatoxln have been reported. Compounds of the general formula

23 were prepared and used as constltuents of an ascaricide.44 As an example, a mixture­

containing 20% 23 (R = C(CH3)3), 75% xyiene and 5% poly(oxyethylene)glycol ether exhiblted

70% ascaricidal activity at 500 ppm agaln,,! Tetranychus urtlcae. Under the same conditions,

charatoxin showed only 30% activlty.44

41.

42.

43.

• 44.

Z. Ding, J. Ding, C. Yang and Y. Saruwatari, Yunnan Zhlwu Yanjiu, 10,223 (1988); Chem.
Abstr., 110, 22443 (1989).

Y. Oka, T. Aono and K Amura, Jpn. Kokal Tokkyo Koho 79,125,669 (1979); Chem.
Abstr., 92, 215770 (1980).

C.-P. Mak and G. Schulz, Heterocyc/es, 27, 331 (1988).

H. Kojl, T. Uekado and H. Uneme, Jpn. Kokai Tokkyo Koho JP, 63,196,578 (1988);
Chem. Abstr., 110, 19874 (1989).



(23)

Alkyl
OH

Q-()
1 S-sCH3

(24)

11

As mentioned in the previous section, synthetic analogs of 4-hydroxy-1,2-dithiolane (14)

have been prepared and tested for thelr insecticidal activity. The N-methyl and N·ethyl carbamates

of 14, when exposed to house mosquttoes, gave 90% and 80% mortailly rates respectlvely.45

Another analog of 14 that has been prepared as an agrochemical Insecticide and microbicide is 2­

(4-hydroxy-1,2-dtthiolan-3.yI)-1.methylpyrrolidine (24).46 The salts of 24 have also been prepared;

however, no blological data was provided for etther.

0 1.0 1 -

I;H3),
1; f)CH,
s-s s-s s-s

(25) (28) (27)

Several synthetlc anologs of nerelstoxln have been prepared malnly for use as

insecticides. Compounds 25-27 were tested a10ng wtth nereistoxln for neuromuscular blocklng

effects and a comparlson ln reactivity was made.c7 Ail of the 1,2 dtthiolanes tested showed activity

similar to nerelstoxln. Analogues of nereistoxln wtth the general structure of 28 were synthesized

as insecticldes.48 The oxalic and hydrochlorlc salts of nerelstoxln have also been tested as

45. A. Kato and Y. Hashimoto, in Nat. Sulfur Compd., [Prae. Int. Meet.], 3rd. 1979, D. Cavillinl,
G. E. Gaull and V. zappia, Eds., New York: Plenum Press, 361 (1980).

46. H. Mttsudera, Y. Okada and H. Uneme, Jpn. Kokal Tokkyo Koho JP, 01,34,981 (1989);
Chem. Abstr., 111, 5n16 (1989).

47. a) S. Chiba and Y. Nagawa, Jap. J. Pharmaeol., 21,175 (1971); b) Y. Nagawa, Y. Sajl. S.
Chiba and T. Yul, Jap. J. Pharmaeol., 21, 185 (1971).

48. W. Guo, H. Peng, D. Uu and X. Zhou, Famlng Zhuanll Shenqlng Gongkal Shuomingshu
eN 85,102,251; Chem. Abstr., 108, 186n9 (1988).
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insectici, ,49 Finally, analogs with the general structure 29 have been prepared and at 500 ppm

gave a 100% latalily rate agalnst Chilo suppressalis 5th stage larvae.50

R' R2

R' R2 "N/, n . , .2........N/

~n()R
1

,
R2 - alkyl R', R2 . H.

lower al k yi.

S-S S-S Jower alkoxy

(28) (29)

Among the recent examples 01 Iipoic acid analogs are several used in haïr preparations

and skin lotions. For example, there have been relerences to the use 01 compounds with the

general structure 30 in skin ointments, lotions and creams51 and also as part 01 a haïr preparation

which controls dandruff and stimulates hair groW1h.52 Compounds 01 the general lormula 31 were

prepared and tested along wtth their physiologically acceptable salts as ïmmunoregulators.53

They were !L'und to be more effective than Iipoic acid as immunostimulants in BALB/C mouse

spleen cells stlmulated by the T-cell mttogen, concanavalin A.

~C02R

s-s

R • OH, OM, NH 2 , OC nH2n • ,

M • a 1 ka 1 1 mol a 1

(30)

~(CHR.CH)nC02H

S-f n. 1,2

R - H, CH.

(31)

A study into the cytostatlc effects 01 a number 01 1,2-dtthiolanes on strain L mouse

49. Y. Wei and Y. Wang, Faming Zhuanli Shenqing Gongkai Shuomingshu eN 86,103,012;
Chem. Abstr., 110, 7955 (1989),

50. H. Uneme, H. Mttsudera, J. Yamada and Y. Kone, Jpn. Kokai Tokkyll Koho JP 01 45,380
(1987); Chem.Abstr. 111,134205 (1989).

51. a) K. Hasunuma, Jpn Kokai Tokkyo Koho JP 62,175,417 (1987); ChemAbstr.. 108,
62465 (1988); b) Y. Ojama, Jpn Kokai Tokkyo Koho JP 63 08,316 (1988); Chem Abstr.,
109, 196908 (1988).

52. K Hasunuma, Jpn Kokai Tokkyo Koho JP 62,175,415 (1987); Chem Abstr., 108,26828
(1988).

53. 1. Yamamoto, A. Matsubara. H, Yamashtta, O. Mizuno, M. Sakaguchi and M. Kumakura,
Jpn Kokai Tokkyo Koho JP 62 22,779 (1987); Chem. Abstr., 106, 176369 (1987).
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fibroblasts in vitro has been reported.28 The compounds tested were 32-37 along with the

naturally occurring 1,2-dtthiolanes Iipoic acid (7) and asparagusic acid (12). The strain L.

fibroblasts v:ere particularly sensttiv::- to compounds 12, 32, 34, 36 and 37. The growth inhibiling

effect of these compounds against Ehrlich's ascttes tumor in vivo was also tested but only 32 nad

signlficant positive results at a dose of 1.5 mmole/kg. The rate of respiration of Ehrlich's tumor

cells did show an inhibttory effect to compound 36 and, to a lesser degree, 34. The apparent in

vivo resistance of Ehrlich's tumor cells towards the cytotoxic effects of 1,2-<.lithiolane derivalives

was suggested to be due to their rapid elimination from the body.

0 0
HOH2CXH20H XIl Il

HOC~COH

s-s s-s s-s

(32) (33) (34)

0 s
s-s Il Il

X AHCNH

2
AH

CNH
2

s-s s-s s-s

(35) (36) (37)

the spirocyclic 1,2-dtthiolanes 38 and 39 were prepared as insecticides and

nematocides.S4 No d'.ta on their activtty was reported. The amino acid 1,2-dithiolanes 40 were

synthesized and used in mixtures as artificial sweeteners.55

s-s

(38)

s-s

(39)

54. M. D. Turnball and 1. T. Kay, Eur. Pat. Appl. EP 227,338 (1987), Cham. Abstr., 108,6033
(1988).

55. T. M. Brennan and M. E. Hendrick, U. S. Pat. 4,797,298 (1989); Cham. Abstr., 111,97732
(1989).



o 0 R l 0 2 3

Il Il 1 Il R R
HO-C-CH -CH-C-NH-CH-C-NH~

• 1 l
NH 2 R' S

1 R4

R - CH" CH 20H, C 2H"

C,H 7 , I-C,H 7

R'-R' _ alkyl (40)

R

R\),. .0
R'~Y

s-s

R - NHAc, NHBz, CH,

R' - H, CH,

(41)

14

SBvera! 1,2-<lithlolane-3-ones (41) were recently prepared as radioprotective agents.56

They had activity alter both i.v. and oral administration at does ranglng from 1.4-300 mg/kg.

1.3 1,2-Dilhiins

1.3.1 Nalurally OccurTing 1,2-Dilhi!ns

(1) Polyecetylenlc 1,2-Dlthlins

Perhaps one of the best studled class of naturally occurlng 1,2-<lithlins are the

dlthiacyclohexadiene polylnes of whlch compounds 42-45 are the four most common examples.

Compounds 42 and 43 are better known as thiarubrines A and B respectively.

CH'-C=C~c=c-C=C-CH=CH2
5-S

(42)

CH,-C=C-C=C~C==C-CH=CH2
s-s

(43)

CH'-CH=CH-C=C~C=C-CH=CH2
s-s

(44)

56. N. 1. Usina, T. P. Vasil'evea, V. M. Bystrova, O. V. KU'disheva and G. A. Chemov, Khlm.­
Ferm. Zh., 21, 177 (1987).
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Polyacetylenes are very common naturally occuring compounds and a revlew by

Bohlmann and coworkers57 publlshed ln 1973 presents an extensive IIst of such compounds and

lheir origins. The lormation al sulfur compounds in the field of natural acetylenes Is also very

common and is belleved ta proceed by the formai addition of H2S ta a double or triple bond.57

The addition of one molecule of H2S provides the thiophene analogues, whereas double addition,

followed by oxldation leads ta l,2-dithiins (Figure 3). Recently, 35S labelling studies concerning

the incorporation of sulfur into 1,2-dithiins and thiophenes in hairy root cultures (described later) of

Chaenactis doug/asii showed that sulfur was incorporated simultaneously and at the same rate for

both compounds.58 The conclusion was that these compounds are not synthesized sequentlally

in C. doug/asii.

H+

H~ H H

H 2S -ty- --1d--c=:=c-c=c- --+ --+
S

2 H2S ~ 1
H

H H H H

-fir- 10J -K-'-
HS SH S-S

Figure 3: Proposed Biosynthetlc Origln 01 Natural Polyactylenic l,2-Dlthlins

Plants from the lamily Compositae, one of the most thc"oughly investigated of ail plant

families, are the only known source of naturally occurring 1,2-dithiins.57 Particular interest in the

biological activity of these compounds was initiated by an anthropological study into the feeding

behavior al chimpanzees in Tanzania.59 ln this study it was reported that wild chimps wou!d eat

the leaves Irom the genus Aspilia (family Compositae) slowly and individually, rolllng and pressing

them around in their mouths but not chewing them. In one area (Gambe National Park), the

chimps would only eat these leaves early ln the moming. These unusual eating patterns suggested

57. F. Bohlmann, T. Burkhardt and C. Zdero, Natural/y Occurring Acettyenes, New York:
Academic Press (1973).

58. C. P. Constabel and G. H. N. Towers, Phytochemistry, 28, 109 (1988).

59. R. W. Wrangham and T. Nishida, Primates, 24, 276 (1983).
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that the chlmps swallowed the leaves of these plants for therapeutic reasons. A1so, the use of the

leaves and raots of AspiJ/a by Afrlcau natives for the treatment of abdominal pains, convulsions,

Intestinal worms, skln infections and as a stlmulator for milk production in bath cattle and humans

has been reported.60 Chenactls douglasii, another member of the tamily Compositae which is

known ta contaln compounds 42 and 43, has been used ta treat stomach disorders, swellings,

colds and as a snakeblte remedy by native Americans.61

Normally the configuration about ail double bonds ln these naturally occurring

polyacetylenes 15 trans, yet, recently the cls-Isomer of 45 has been isolated from raot cultures of

Rubreckla hlrta.52

Of these acetylenlc l,2-dlthllns, only 42 has been subjected ta a wide array of biological

testing. One of the !lrst such Investigations was reported by Towers and coworkers.63 Here,

thiarubrine A (42) was shawn ta have strong antlfungal actlvlty against Candida alblcans and

Aspergillus fumlgatus. The level of actlvlty was comparable ta that of the known antlfungal agent,

Amphoterlcln B. A1so, 42 behaved as an antibiotic towards E. coli, Bacll/us subtllis,

Saccharomyces cervlseae and Mycobacrerlum phle/.63 A1though the nematode, Coenorhabdlt/s

e/egans, 15 not known as 11 human parasite, the toxlclty of 42 towards It suggests a basis for its use

as a stomachlc.63 ln other Investigations reported by Towers and coworkers, 42 had antiviral

aetlvlty agalnst murlne cytomegalovlrus and Slnbls virus,64 bath of which possess membranes. In

thesa examples, 42 acted only as a phototoxlc agent, meanlng It required the presence of UV-A

IIght for aetlvlty. The known phototoxlc agent, a-terthienyf (a-T), was used as a comparative

standard in ail Investlgatlons.63,64 Thlarubrlne A (42) was found ta be less toxlc than a-T in the

presence of UV-A IIght, however It did show aetlvlty ln the dark against some mlcraorganisms63

60. a) J. M. Dazlel, The Useful Plants of West Tropical Afrlca, London: The Crown Agents for
the Colonies, (1937); b) J. M. Watt and M. G. Breyer-Brandwljk, The Madlclnal and
Polsonous Plants ofSouthem and Eastem Afrlca, 2nd Ed, Edlnburgh: E. & S.Llvlngstone
Ud. (1962); C) P. J. Greenway, E. Afr. Mad. J., 13,346 (1936).

61. D. E. Moem1Bn, Amer/can Mad/cal Ethnobotany. A Reference D/ct/onary, New York:
Garland Pub!. Inc. (19n).

62. C. P. Constabel, F. Balza and G. H. N. Towers, Phytochem/stry, 27, 3533 (1988).

63. G. H. N. Towers, Z. Abramowskl, A. J. Finlayson and A. Zucconl, Planta Madlca, 3, 225
(1985).

64. a) J. B. Hudson, E. A. Graham, R. Fong, A. J. Flnlayson and G. H. N. Towers, Planta
Mad/ca, 4, 51 (1986); b) J. B. Hudson, E. A. Graham, G. Chan, A. J. Finlayson and G. H.
N. Towers, Planta Mad/ca, 4, 453 (1986); c) Y. Y. Marchant and G. H. N. Towers,
B/ochem. Syst. Ecol., 14,565 (1986); Chem. Abstr., 106,46508 (1987).
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whereas Q-T dld nol.

ln a recent study,65 Towers and co-workers proposed a complex mechanlsm concernlng

the toxlcity of dithiacyclohexadlene polylnes 42 and 45. These dlsulfldes are unique ln that they

possess some actlvity ln the dark whereas thelr correspondlng thlophenes, 46 and 47, do nol.

Other important characterlstlcs about 42 and 45 Include thelr greater actlvity ln UV-A than ln the

dark, and greater actlvity than their correspondlng thlophenes ln UV-A. Since 42 Is converted to Its

correspondlng thlophene (46) ln UV-A IIght, it was dlfllcult to separate the actlvity of the !wo

specles ln blologlcal testlngs. Towers was able to show that 42 could be converted to 46 by

Incandescent IIght without photoactlvatlng 46 (It was only active ln the presence of UV-A). This

provided a means to probe the process of IIght-lnduced ring conversion for antlblotlc effects

without Interference from the actlvity of 46. Under these conditions (Incandescent Ught only), the

growth Inhibition of 42 agalnst E. coli and Saccharomyces cervis/ae was enhanced over the

toxicity of 42 ln the dark. These results suggested that, since the products of thls conversion are

not active under these conditions, the antlbiotlc mode of action of 42 must Involve some form of

energy release to one of products formed durlng the ring contraction, whlch ln turn Interacts with

living cells. A possible specles suggested was singlet sulfur ('S2) although thls was in no way

demonstrated. The actlvity of dlsulfide 45 was comparable to that of 42 suggestlng that an

increase in the saturation of the chain does not lower the IIght Independent toxlclty of these

compounds; thls was also suggested in an eanier report.ee

(46)

(47)

Two recent reviews of the antiviral and nernaticidal actlvity of thlorubrine A (42) and other

dithiapolyacetylenes have been publlshed.67

Attempts to develop a culture of crown gall tumor ceUs of Chaenact/s douglasii that would

65. C. P. Constable and G. H. N. Towers, Planta Mad/ca, 55,35 (1989).

66. J. Reisch, W. Spitzner and K. E. Schulte,AJZneim. -Forsch., 17, 816 (1967).

67. a) J. B. Hudson and G. H. N. Towers, Bioact. Mol., 7, 315 (1988); b) E. Rodrlguez, ACS
Symp, Ser., 380, 432 (1988).
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accumulate thlarubrine A (42) have been reported and have had mode'ate success.68 A new

approach for ot',e!:ling high yields of secondary metabolites from tissue cultures has been applied

to the production of thiarubrine A from hairy root cultures of Chaenactis douglasii.69 These types

of cultures were established by infecting the tissue with a causative bacterial agent of hairy root

dlsease, ln this case, Agrobacterium rhizogenes. The bacterium was able to transfer a segment of

Ils DNA to the hosl's genome and conferred the abillty of autonomous and high root growlh at the

site of Infection. The halry root culture of C. douglassi accumulated twice the levels of 42

compared to nontransformed controls, which were the best results recorded to date.

Further Investigations Into thls area has uncovered several novel derivatlves of thiarubrlne

A (42) from the roots of Ambrosia cham/ssonis. These include epoxide 48,70 diol 49,70 isomerlc

chloroalcohols 50a and 50b and alcohol 51.71 The thiosulfinate of 42 was also Isolated along with

ail the corresponding thiophenes.

CH.-C C~(C==O)'-CHOH'CH'OH
s-s

(49)

CH.-C==C~(C=C) .-CHR' 'CH.R·

s-s
(50) • R' =OH R2 =Cl

b R' = Cl R2 = OH

HO'CH.-C=C~(C=C) .-CH=CH.

s-s
(51)

68. a) E. A. Cosio, R. A. Norton, E. Towers, R. J. Finlayson, E. Rodrlguez and G. H. N. Towers,
J. Plant Physiol., 124, 155 (1986); b) E. G. Cosio, G. H. N. Towers and J. McPherson, J.
Plant Physiol., 129, 1 (1987).

69. C. P. Constabel and G. H. N. Towers, J. Plant Physio/., 133,67 (1988).

70. F. Balza, 1. Lopaz, E. Rodriguez and G. H. N. Towers, Phytochemistry, 28, 3523 (1989).

71. F. Balza and G. H. N. Towers, Phytochem/stry, 29, 2901 (1990).
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(H) Dihydro 1,2-Dithiins

Ail the remainlng nalurally occurring l,2-<ltthiins have only one double bond in Ihe ring

contalnlng the dlsulfide bond. Dtthiin 52 has been shown 10 be a componenl ln Ihe flavor 01

cookOO asparagus72 and tt has been isolalOO ln gartic.73 Il has also been IsolalOO lrom caucus

and shawn la have anltthrombollc aciiVtty.74 i ,2-Dtthlin 53 has also been isolalOO from gartic73,75

and shawn la be a componenl of Ihe aroma 01 cookOO asparagus.72

(52) (53)

The lasl of Ihe known nalurally occurring l,2-<ltthllns. 54, (myrcene disuillde) was IsolalOO

from sleamOO dlstillOO hops.76 ln blological lestlng tt has been proven active agalnsl Gram

posttive baclerla and the HIV virus; however, tts plalelel aggregaling propertles prevenlOO Ils

cllnlcal use.77 Dtthlln 54 has also been ldenllfiOO as a componenl of Ihe Bulgarlan rose 011 by gas

72. R. Tressl, D. Bahri, M. Holzer and T. Kossa, J. Agric. Food Chem., 25, 459 (1977).

73. alE. Black, S. Ahmad, J. L Catalfamo, M. K. Jain and R. Apttz-Caslro, J. Amer. Chem.
Soc., 108,7045 (1986); b) M. H. Brodnttz, J. V. Pascale and L Van Dersllce, J. Agric.
Food Chem., 19,273 (1971); c) M. S. Legendre, H. P. Dupuy, E. T. Rayner and W. H.
Schuller, J. Amer. Oil Chem. Soc., 57, 361 (1980); d) B. Tokarska and K. Karwowski,
Nahrung, 27, 443 (1983); Chem. Abstr.• 99, 69118 (1983); e) M. G. B. Zoghbi, L S.
Ramas, J. G. S. Mala, M. L Da Silva and A. 1. R. Luz. J. Agric. Food Chem., 32, 1009
(1984); f) M. E. Volghl, Dtsch. Apoth.-Ztg., 126,591 (1986); Chem. Abstr., 104,193276
(1986).

74. H. H. Nishimura, C. H. WiJaya and J. Mizutanl, J. Agric. Food Chem., 36, 563 (1988);
Chem. Abstr., 108,203507 (1988).

75. a) C. S. Marval and D. T.-M. Wang, U. S. Pat. 4,069,205 (1978); Chem Abstr., 88, 170766
(1978); b) J. Riga and J. J. VerblSl, J. Chem. Soc., Perkin Trans. 2, 1545 (1983).

76. a) T. L Peppard and J. A. Eldridge, Chem. /nd. (London), 552 (1979); b) J. A. Elvldge, S.
P. Jones and T. L Peppard, J. Chem. Soc., Perkin Trans. 1,1089 (1982); c) T. Uyehara, T.
Ohnuma, T. Suzukl, T. Kalo, T. Yoshida and K. Takahashl, Tennen Yuki Kagobutsu Tornkai
Koen Yoshishu. 22nd, 235 (1979); Chem. Abstr., 93, 168433 (1980).

77. K. Slellou. Y. Gareau, G. Milol and P. Salama. Deve/opments /n the Organ/c Chem/stry of
Su/fur [Proc. XlII/nt. Syrnp. Org. Chem. Sulfur, 1988}, C. Th. POOersen and J. Becher, Eds.,
New York: Gordon and Breach Science Publlshers, 209 (1989).
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chromatography78 and has been used as an odor enhancing agent in ocJorous preparations due ta

tts property of enhancing the dispersion 01 odors.79

s-s

(54)

1.3.2 Synlhetlc Dlhydro l,2·Dllhllns

The synthetic dihydro 1.2-dtthiins that have been tested for biologlcal aetivtty are

compounds 5lH1O. They were syntheslzed by Stellou and co-workers via Dlels-Alder addttion of

diatomic sulfur precursors ta the appropiate dlene.77 These compounds dld not show any aetivtty

agalnst Gram negative baeteria (E. coll and Ps. aerugunosa). fungl (C. a/bicans) or mycobacteria

(BCG straln 01 M. bovis). Dlthiins 59 and 60 did show activtty against Gram positive bacteria

(Oxford straln of Staph. aureus. Staph. epidermis. Strep. pyogenes and Strep. faeca/is) and 59 had

some aetivtty agalnst HI".77

(55) R' = CH2C02H R2 = H

R' (56) R' = CH2C02CH3 R2 = H

"'(: (57) R' = CH2CH20H R2 = H

1 T
(58) R' = CH2CH20AC R2 = Hs

(59) R' = H R2 = CH2CH20H

(60) R' = H R2 = CH2CH20AC

78. A. Omala. K. Yomoglda. Y. Ohla. S. Nakamura. T. Toyoda. A. Amano and S. Muraki. Dev.
Food Sci.• 18.707 (1988).

f,
79. A. Kamala. K. Yomoglda. T. Ota. Y. Morikawa. S. Nakamura. T. Toyoda. A. Akira and S.

Muraki. Jpn. Kokal Tokkyo Koho JP 62,120,314 (1987); Chem. Abstr.• 107.204955
(1987).
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1.4 l,2-Dlthlanes

Although not as prevalent as thelr five-membered ring counterparts, 1,2-dithianes have

been reported ta show some biological aetivily.

The cycllc disulflde derivative of dlthiothreltol, 1,2-dlthiane-1,2-diol (61), Is one such

example. A recent report80 analysed the use of 61 as a radioprotector for DNA and It was

proposed ta act as an efficient chemical repair agent 01 aqueous DNA solutions irradiated under

gamma rddiat!on. Dlthiane 61 was also used ta quantily frae diazonium groups ln insoluble

proteins through a microanalylical method which was based on the oxidation of dlthiothreltol ta 61

by the diazonium groups.al The amount of 61 present could be quantltifled by speetrophotometric

means. 4,5-Diamino-l,2-dlthiane (62) and N-acy! and N-alkyl derivatives thereol were prepared as

antihypertensive agents;82 however, no data for their activily was presented.

OH OHn
s-s
(61)

l,2-Dlthianes 63-66 were also syntheslzed and tested lor biologlcal activily. These

compounds were reported by Stellou and co-workers and were syntheslzed by a Dlels-Alder

addition of diatomic suifur precursors ta the appropiate diene followed by dlimide reduetion 01 the

double bond." Compounds 63 and 66 showed slgniflcant antiviral activily against HIV and, unlike

the disulfide adduet of myrcene (54), they did not express any taxie behavior towards normal

celis."

(63) R =CH2C02H

R (64) R =CH2C02CH3

CJ (65) R =CH2CH20H

(66) R =CH2CH20Ac

(67) R =CH2CONHCH2C02H

(66) R =CH2CONHCH2C02CH3

80.

81 .
...".

82.
·V

W. A. Pruetz, Int. J. Radist. Biol., 56, 21 (1989).

D. Cordier, L Grasset and A. Ville, Process Biochem., 23, 82 (1988).

M. T. Dupriest and S.M. Vorik, Jr., U. S. Pat. 4,659,733 (1987).
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1.5 Brldged Blcycllc Disuilides

As stated ln Section 1.1, Incorporation of a disulfide molety into the relatively rlgid structure

of a brldged blcyc!lc system forces the dihedral angle about the sulfur-sulfur bond to decrease to

about 0°. The many examples of blologically important cyclic disulfides discussed above along

with the expected enhanced reactivity of bridged bicyclic disulfides due to the increased strain of

the blcycllc structure suggests that thelr blological activlty and chemlstry may also prove to be

worth investigating.

Along \"~h the expected lower stabil~ and thus hlgher reactiv~ of these compounds,

there is also the benem of havlng a particular reaclive functional~ held in a rlgld conformation.

This Idea was the stimulus for the design of analogs of cystamine derivatives that may be more

effective as radioprotection agents thar. freely rotating cystamine.83 It was thought that cystamlne

is active ln only one conformation and ~ was hoped that this conformation could be obtained and

held ln a bridged bicyclic system. Bridged bicyclic disulfides that could be converted into

cystamine derivates were prepared, Including 3 and the corresponding amino derivative 69.6,83

OH

1
S
's

(3)

1.5.1 Epldithladioxoplperazine Compounds

1
S
's

(69)

Perhaps the best known examples of bridged bicyclic disulfides with biologiCél! Importance

come from the family of fungal toxlns characterized by an epidithladioxopiperazine system (70).

Some representative examples Include gliotoxln (1), slrodesmin (71) and sporidesmin (72). This

famlly of compounds, their fungal sources, biological mode of action and blosynthesis have been

83. W. R. Marshall and D. N. Buchanan, U.S.N. T.I.S., AD/A Rep., No. 002587 (1975); Chem.
Abstr., 83, 97093 (1975).
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weil reviewed in the past,84 thus, once again. only the recent developments will be described here.

OH

CI

CH 3 0

OH

Epidithiadioxopiperazine (ETP) compounds possess antiviral, antibacterial and antlfungal

activity; however, their extreme toxiclty to mammalian cells has prevented therapeutic applications.

The activlty of ail ETP compounds has been associated with the bridged bicyclic dlsulfide molety

as activity is lost upon reduction of the disulfide to the dithiol.85

There have been many recent studies reporting new biological actions for ETP

compounds. One such example is the recent discovery by Eichner and Müllbacher of thelr

immunosuppressive properties.86 Gliotoxin (1) is a toxic fungal metaboltte produced by

Aspergillus fumigatus, a fungus that has been associated wtth a large number of lung diseases ln

vertebrates, including man.87 Eichner and Müllbacher proposed that once A. fumigatus infects tts

84. a) D. Brewer, D. E. Hannah and A. Taylor, Can. J. Mierobio/., 12, 1187 (1966); b) A. Taylor,
ln Bioehemistry of Some Foodborne Microbial Toxins, R. 1. Mateles and G. N. Wogan,
Eds., Cambridge, Mass.: M.I.T. Press, 69 (1967); c) A. Taylor, Mierobial Toxins Vol. VII, A.
Cieglerand S. J. Ajl, Eds., New York: Academlc Press, 337 (1971); d) G. W. Klrbyand D.
J. Robins, The Biosynthesis of Mycotoxins, P. S. Stein, Ed., New York: Academic Press,
301 (1980); e) W. B. Turner and D. C. A1dridge, Fungal Metabolites Il, New York:
Academic Press, 417 (1983).

85. a) C. J. Cavillito, J. H. Balley and W. F. Warner, J. Amer. Chem. Soc., 68, 715 (1967); b) P.
W. Trown and J. A. Bllello, Antimierobial Agents in Chemotherapy, 2, 261 (1972); c) C. M.
Middleton, Bioehem. Pharm., 23, 811 (1974).

86. a) R. D. Eichner and A. Müllbacher, Ausr. J. Exp. Biol. Med. Sei., 62, 479 (1984); b) A.
Müllbacher and R. D. Eichner. Proe. Natl. Acad. Sei. USA, 111, 3835 (1984).

87. a) J. Pepys, ln Immunologie Diseases. M. Santer, Ed., Boston: unie Brown, 692 (1978); b)
M. Turner-Warwick. Postgrad. Med. J., 55, 642, (1979); c) P. B. Marsh, P. D. Miller and J.
M. K1a, Mycopathologia, 69, 67 (1979).
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host, tt produces gllotoxln whlch causes Inhlbttlon of phagocytosls by the host's macrophages and

also hatts the T-cell-medlated Immune meehanlsms. This process Insures the survlval of the

fungus ln tts host organlsm. Due to the slmllartty of the symptoms of l;lIectlon by A. fumigatus and

those of AlOS, many Implications concemlng the Involvement of ETP compounds ln thls dlsease

have basn made.

Gllotoxln (1) has also baen used to prevent graft-vs-host disease ln tully allogenic bone

marrow graphs.88 Bone marrow contalns a subpopulatlon of cells that are resistant to the toxic

effects of gllotoxln and these ceUs are capable of allowlng the reeolonlzatlon of lethally irradlated

patients wlth new bone marrow. Successtul experlments were perforrned on mlce and the authors

suggested that "gllotoxln treatment offers a fast and convenlent altemative to existlng T-ceU

depletlon methods for the establishment of allogenlc bone marrow chlmeras and the prevention of

graft-vs-host dlsease".88 The Immunomodulating characterlstlc of gllotoxin ln human fetal cells has

also baen Investlgated.a9

Another new blologlcaJ functlon for ETP compounds Is thelr ablltty to Inhlblt blood platelet

aggregatlon.lIO ln Japan, a pharrnaceutlcaJ contalnlng gUotoxln produced by fermentation wlth

Aspergillus fumlgatus has reeentiy baen patented.lIOb

The use of gllotoxln as a blologlcaJ control of tungal plant pathogens has been

Investigated.91 ln thls study the reslstance to gUotoxln of !WO phytopathogens, Pythium ultimum

and Rhizoctonia solani and aise a mutant of Salmonella tryphlmurlum that is dellclent ln outer

membrane polysaccharide, was reported. The results Indlcated that the prlmary mode of action of

gllotoxln toxlctty Involves selective bindlng to cytoplasmlc membrane thiol groups (Involving the

dlsulflde exchange reactlon).

The mode of action of gllotoxln has been the subject of many reeent Investigations.

Gllotoxln has been shown to cause apparentiy random double stranded fragmentation of genomlc

88. A. Müllbacher, O. Hume, A. W. Bralthwalte, P. Waring and R. D, Eichner, Proc. Nat/. Acad.
Scl. USA, 84, 3822 (1987).

89. B. E. Tuch, J. R. Ussing and M. G. Suranyl, Immunol. Cell. Biol., 66, 307 (1988).

90. a) M. Sakai and M. Watanukl, Agrlc. Biol. Chem., 51, 2167 (1987); b) M. Sakai, M.
Watanuld and M. Mutai, Jpn. Kokal, Tokkyo Koho JP 61,2n,617 (1985); Chem. Abstr.,
106,162584 (1987).

( 91. R. W. Jones and J. G. Hancock, J. Gen. Mlcroblo/., 134,2067 (1988).
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DNA in a variety ot cell types92 and single-stranded scission ln Isolated plasmld DNA.93 Another

study reports the effect ot gliotoxin treatment on macrophages.94 These studies suggested that

gliotoxin Is only active ln the presence ot reducing agents. such as glutathione and dithlothreltal,

and that an Intracellular redox cycling reaction generates an active oxygen species, which may be

the proximate agent responsible tar the toxic effects. This has also been suggested in a recent

investigation into the toxicity ot sporidesmin.9s

Recently. several new members ot this class of compounds have been isolated.

Emestrin96 (73) was isolated trom several species ot the fungal genus Emericella and was shown

to have strong antifungal activity against Microsporum and Trichophyton species. Phomalirazine

(74) was isolated trom Phoma Iingam,97 a pathogenic fungus infecting rapeseed and canola

causing "blackleg disease". A unique ETP compound was recently isolated from Aspergillus

silaticus and given the name dithiosllvatin (75).98 The unusual characteristic of 75 is that il

appears to be a rare example ot a naturally occurring ETP compound that is biosynthesized trom

glycine and tyrosine or phenylalanine. Emethallicin A (76) was isolated as the major metabolile

trom the mycelial extracts of Emericella heterothallica.99 Compound 76 had potent inhibitory

activ~y against induced histamine release trom mast cells and was also a 5~ipoxygenase inhibitor.

92. A. W. Bra~hwaite. R. D. Eichner, P. Waring and A. Müllbacher, Mol. Immunol., 24, 47
(1987).

93. R. D. Eichner, P. Waring, A. Geue, A. W. Bra~hwa~e and A. Müllbacher, J. Biol. Chem., 41.
361 (1988).

94. P. Waring, R. D. Eichner, A. Müllbacher and A. Sjaarda, J. Biol. Chem., 263,18493 (1988).

95 R. Munday, J. Appl. Toxicol., 7, 17 (1987).

96. K. Norizuki, H. Seya, S. Nakajlma, K. Kawal, K. Norizuki, S. Udagawa and M. Yamazaki,
Tennen Yuki Kagobutsu Toronkai Koen Yoshishu, 28, 41 (1986); Chem. Abstr., 106,
134811 (1987).

97. M. Soledade, C. Padras, S. R. Abrams, G. Séguin-Swartz, J. W. Quall and Z. Jia, J. Amer.
Chem. Soc., 111, 1904 (1989).

98. N. Kawahara, K. Nozawa, S. Nakajima and K. Kawai, J. Chem. Soc., Perkin Trans. l, 2099
(1987).

99. N. Kawahra. K. Nozawa. S. Nakajima. K. Kawai. T. Sato, M. Chin, H. M~suhashl and M.
Yamazaki, Tennen Yuki Kagobutsu Toronkai Koen Yoshishu, 31, 260 (1989); Chem. Abstr.,
112,175313 (1990).
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CH,OH
(75) (76)

A synthetlc analogue of dehydrogllotoxln (n) has been reported by Ottenheijm and co­

workers.1OO Compound n was found to Inhlblt the enzyme reverse transcriptase. the RNA­

dependent DNA polymerase of RNA tumor virus. at approximately the same actlvlty levels as

gllotoxln. CH.

'l---+--CH.

o
N "

~
':-s
~ N........

o CH.

(n) CH.

1.5.2 Pros1aglandln Brldged Bieyelie Disulfides

The brldged blcycllc endoperoxlde PGH2 (78) Is an Important Intermedlate in the

100. H. C. J. Ottenheljm. J. D. M. Herscheld, G. P. C. Kerkhoff and T. F. Spande, J. Org. Chem.,
41,3433 (1976).
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biosynthesls of prosteglandins, prostacyclln and thromboxanes and tt possesses some interesting

biological properties.101 Efforts. to study the blological action and the blosynthesis of

prostaglandins have been hampered due to the low stabillty of 78 in aqueous buffer solution. The

synthesls (dlsussed in detai! in the Introduction to Chapter 2) of a bridged blcycllc disulflde methyl

ester analog (79) has thus been carried out by several groups ln hope of obtalning a substitute for

use in these types of investigations.102 Compound 79 was also found to cause a rapid irreversible

aggregation of p!1telets, thus acting as a strong mimic of thromboxane A2.102a,c

"...... - /'... ............".\\ - ------..,...... .......CO CH
2 3

OH OH

(78) (79)

1.6 Cyclic Thiosulfinate Esters

The chemistry of organlc thiosulfinate esters has received a greater amount of attention

since the discovery of allicln (80), a natural product Isolated from gariic103 that has <: wide range of

biological activhy.l04 The mode of action of allicin most olten has been ascribed to the formation

of mIxed disulfides with proteln sulfhydryl groups;l04a,b,c however, a recent study suggested that

Ils antibacterlal characterlslics at least are a result of a specifie but reversible inhibition of RNA

synthesis in cells.104d

101. a) M. Hamberg and B. Samuelsson, Proc. Nat!. Acad. Sei. USA, 70, 899 (1973); b) M.
Hamburg, B. 5amuelsson, T. Wakabayashi and B. Samuelsson, Proc. Natl. Acad. Sel.
USA, 71, 345 (1974); c) M. Hamburg and B. Samuelsson, Proc. Natl. Acad. Sei. USA, 71,
3400 (1974).

102. a) H. Mlyake, S. Iguchi, H. Itoh and M. Hayashi, J. Amer. Chem. Soc., 99, 3536 (1977); b)
A. E. Greene, A. Padilla and P. Crabbe, J. Org. Chem., 43, 4377 (1978); c) S.S. Ghosh, J.
C. Martin and J. Fried, J. Org. Chem., 52, 862 (1987).

103. C. J. Cavalltto, J. S. Buck and C. M. 5uter, J. Amer. Chem. Soc., 66, 1950 (1944).

104. a) N. Isenberg and M. Grdinic, Int. J. Suifur Cham., 8, 307 (1973), and references therein;
b) E. Block, Sei. Amer., 252, 114 (1985); c) E. Block, S, Ahmad, J. L Catalfamo, M. K. Jaln
and R. Apltz-eastro, J. Amer. Chem. Soc., 106,7045 (1986); d) R. S. Feldberg, S. C.
Chang, A. N. Kotik, M. Nadler, Z. Neuwirth, D. C. Sundstrom and H. H. Thompson,
Antimierob. Agts. Chemo., 32, 1763 (1988).
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~s-s~
Il
o
(80)

Molecules contalning the 5(0)-5 linkage (especially dialkyl thlosulf/nates) have been

shown to have unusual reactlvlty and low stabllity and are olten assoclated wilh strong, unpleasant

000rs105 (In tact this was what prevented the use of alllcin as a therapeutic agent).

Block and O'Connor have determlned the 5-5 bond energy in methyl methanethlosulfinate

to be 46 kcal/mol and that of ils corresponding disulf/de to be 74.5 kcal/mol.105 Fava and co­

workers measured the 5-5 bond energy in ary! arenethiosulf/nates and found il to be 35.4

kcal/mol.106 Klee107 suggested that the weakness ln this bond may lie in the considerable stability

of the sulf/nyl radical derlved trom the homoloysis of the thiosulf/nate 5-5 bond. An X-ray

crystallographic investigation Into 5H,8H-dlbenzo[d,t][l,2)-dilhiocln (81a) and ils S-oxide (81b)

and S,S-dioxlde (81e) has shown that the thlosulf/nate (81b) has the longest 5-5 bond of the three

at 2.098(2)Â.l06 The 5-5 bond length of 81a was 2.035(2)Â and that of 81e, 2.048(2)Â.

S(O).-s

(81) a n=O, b n=l, e n=2

Cyclic thlosulflnate esters have been shown to have a greater stablility than their straight-

chalned counterparts. Padwa and co-workers1011 were the tirs! to report that the cyclic

105. E. Block and J. O'Connor, J. Amer. Chem. Soc., 96, 3921, 3929, (1974).

106. P. Koch, E. Cluffarln and A. Fava, J. Amer. Chem. Soc., 92, 5971 (1970), and references
thereln.

107. J. L Klee, ln Suffur in Organic and Inorganic Chemistry, A. Sennlng, Ed., New York:
Marcel Dekker, Vol. 1, Chapt. 6 (1971).

10a. a) G. H. Wahl, Jr., J. Bordner, D. N. Harpp and J. G. Gleason, J. Chem. Soc., Chem.
Comm., 985 (1972); b) G. H. Wahl, Jr., J. Boreiner, D. N. Harpp and J. G. Gleason, Acta
Cryst., Sect. B, 28, 2272 (1973).

109. F. Wudl, R. Gruber and A. Padwa, Tetrahedron Lett., 2133 (1969).
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thiosulfinate 82 was conllguratlonally stable up to 16S"C whereas open chain dlalkyllOS and aryl

arenelO6 thlosulfinates will undergo facile thermal racemlzatlon and dlsproportlonatlon (to glve

malnly thlosulfonate and dlsulfide) at temperatures ranglng !rom 25-00oC.
o
1/Ph-cb

/s
s

(32) Il
o

FavalO6 proposed a radical mechanlsm for the thermal dlsproportlonatlon of aryl

thlosulfinates ln whlch the first step Is the homolytlc cleavage of the SoS bond to glve a sulfinyl and

sulfenyl radical (Scheme 1). Detailed klnetlc and radioactive labelllng experlments were presented

that supported thls mechanlsm. Block,lOS however, proposed complex mechanlsms for both the

scrambling and disproportlonatlon reactions that began wllh one of Iwo possible cycloellmlnatlon

pathways shown ln Scheme 2. Pathway A Is expected to be favoured due to the weakness of the

SoS bond and enhanced acldlty of the ct-sulfenyl protons and was shawn to occur by trapplng the

sulfenlc acld generated wllh acetylenes to produce ct,p-unsaturated sulfoxldes. If the thlosulflnate

had no ct-sulfenyl protons Il underwent cycloellmlnatlon of type B to glve alkanethlosulfoxyllc aclds

and Isobutylene. The generated RSSOH compounds were trapped wllh acetylenes to glve ct,p­

unsaturated thlosulfinates. Blor.k's proposed mechanlsm explalned the thermal stabillty of

compound 82; a coplanar cycloellmlnatlon Is not possible ln thls structure. The racemlzatlon of

aryl arenethlosulfinates was explalned through a reactlon of arenesulfenic acld (perhaps generated

from the thiosulfinate through reactlon wllh traces of water) wllh optlcally active thlosulfinate as an

alternative to Fava's radical mechanlsm. Block could not detecl radlcaJs under conditions of

pyrolysls, both neat and ln solution at temperatures up to 140°C, ln an ESR spectrometer, uslng a

spin trap or uslng CIDNP techniques. lOS

o
Il

R - S - S - R --+ R - sO' + • S, R

Scheme 1
07 1I~7 A

S==<
-c, /s~.çc- --+ RSOH +

/ c S \

7~~ 7 B F<-c~ ~s c- --+ RSSOH +.....,. / c .......S/ \
Scheme2
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The first cyclic thiosulfinates to be described in the Iiterature were l,2-dithiane S-oxide110

(83a) and the S-oxide of lipoic acid (84), often called P-Iipoic acid or protogen-B.l11 Other

naturally occurlng cyclic thiosulfinates include the S-oxide (85) of 4-hydroxy-l,2-dithiolane (14),

isolated as both the cis and trans isomer fram Brugiera conjugata,l12 and asparagusic acid S­

oxide (86) isolated fram etiolated young asparagus shootS.113

OR OR

h
s-a

Il
(0) n

(838) R=H n=l
(83b) R=Ac n= 1
(83c) R=Ac n=O
(83d) R=Ac n=2

OH

1;
a-s

Il
o
(85)

~C02H

s-s

Il
o

(84)

f;H
a-s
Il
o
(86)

Field and Khiml14 Investigated the diacetate of l,2-dilhiane-4,5-diol S-oxide (83b) as an

antiradiation drug. It had an LDso ln mlce of 120 mg/kg at doses of 25-50 mg/kg and 7-13% of the

mice irradlated survlved after 30 days. These results were belter than those of the corresponding

disulfide (83c) whlch had an LOso of 750 mg/kg at doses of 200 mg/kg and only 13% of the mice

survlved paS! 17 days. The oxidation of 83b to 83d was also investigated in thls report and il was

found to praceed with great difficulty. Under mos! oxidlzing conditions, cleavage to sulfonic acids

110. C. J. Cavlllilo and L D. Small, U. S. Patent 2,508,745 (1950).

111. a) E. L Palterson, J. A. Brockman, Jr., F. P. Day, J. V. Pierce, M. E. Macchi, C. E. Hoffman,
C. T. O. Fong, E. L R. Stokstad and T. H. Jukes, J. Amer. Chem. Soc., 73, 5919 (1951); b)
J. A. Brockman, Jr., E. L R. Stokstad, E. L Palterson, J. V. Pierce and M. E. Macchi, J.
Amer. Chem. Soc., 76, 1827 (1954).

112. A. Kato and M. Numata, Tetrahedron Lell., 203 (1972).

113. H. Yanagawa, T. Kato and Y. K'ilahara, Tetrahedron Lell., 1073 (1973).

114. L Field and Y. H. Khim, J. Org. Chem., 37, 271 0 (1(~72).
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cccurred. It was also found that atlempted oxidation of 87 usually led to cleavage and

polymerization. Direct oxidation of the disulfides 88114 and 33115 to the S,S-dioxide with hydrogen

peroxide has been achieved. It is interesting to note that Field reports the monoxides 83b (both

cis and trans) to be remarkably stable compounds;114 the melting point of trans-83b was

unchanged alter 20 months. This, along with tts apparent resistance to oxidation was explained in

terms of conformational or steric factors.

f;0H ï;0H HOH'XH.OH
s-s

Il0 s-s s-s

(87) (88) (33)

It has been noticed by several groups that disulfides with a smaller dihedral angle about

the SoS bond are more easily oxidized to thiosulfinates by electrophillc reagents than disulfides

wtth a larger dihedral angle.3,l16 Frisell and Bergsonl16 proposed thatthe electron transfer from

the disulfide to the oxidizing reagent was the rate determining step and thus rationalized that a

decrease in the value of Q would increase the reaction rate by relieving some of the interaction

between the nonbonding pairs of electrons. This mayalso be part of the reason for the enhanced

stabliltty of cyclic thiosulfinate compounds. There are no known examples of bridged bicyclic

thiosulfinate compounds. Following the trends established here, they are expected to be relatively

stable compounds and may provide further unique examples (like compound 82) in thiosulfinate

chemistry. The synthesis and chemistry of bridged bicycic thiosulfinates has been investigated in

this work and is reported in Chapters 2 and 3.

115. B. Undberg and G. Bergson, Ark. Kemi., 23, 319 (1965).

116. C. Frisell and G. Bergson, Ark. Kemi, 25, 263 (1966).
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CHAPTER 2: BRIDGED BICYCLIC DISULFIDES: SYNTHESIS AND STRUCTURE

2.1 Introduction

There are a vast number of acyclic and cyclic disulfides known (both natural and

synthetlc); the knowledge about bridged bicyclic disulfides, however, is quite limited. A systematic

study Into the synthesis and chemical reactlvity of bridged bicyclic disulfides has never been

reported. The unique characteristic of a near zero dihedral angle about the SoS bond along with

the fact that the majority of known bridged bicyclic disulfides have Interesting biological activity

warrants a closer look at this class of compounds.

The first synthesis of a bridged bicyclic disulfide was reported in 1959. Tweit and

Dodson117 synthesized an unusual 1a,5a-epidithia-3-oxosteroid via transannular addition of

hydrogen disulfide to the double bonds in the A-ring of various steroids (89a-f). A1though no NMR

data was available at the time, exhaustive reactivity investigations along with combustion analysis,

UV and IR data ail supported the structural assignment as shown in Scheme 3 (2 and 90b-f). The

ylelds, however, were only ln the range of 5-10%.

(89)
(a) R1 = RZ =0
(b) R' = Ac
(c) R' = C(O)CHzOAc
(d) R' = C(O)CHzOAc
(el R' = C(O)CHzOAc
(f) R' = C(O)CHzOAc

R3 = H
RZ = R3= H
RZ=R3=H
RZ = OH
RZ = OH
RZ = OH

Scheme3

(2)
(90b-f)

R3 = H
R3 = =0
R3 = tl-OH

The blosynthesls of the dlsulfide molety ln epidithiadioxopiperazine compounds is also

believed to Involve the addition of hydrogen dlsulfide to Intermedlates such as 91.118

1ntermedJates with a slmlliar structure have been Isolated from the culture media of Penicillium

117. R. C. Tweit and R. M. Dodson, J. Amer. Chem. Soc., 81, 4409 (1959).
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terlikowskii; lor example, compound 92 (proposed as the true metabol~e but Isolated as 93 due ta

the acidic cand~ions used).

c 0 0
N N N

OH fnN'- OH ~N,- OH fnN'-o CH, o ".' CH:, o CH,

CH. HO-$' CH 20H
0

(91) (92) (93)

ln 1973, Kishi and ca-warkers reported a general method lor the synthesis of

epidithiadioxopiperazlnes.119 The key step in their procedure involved protection of the disulfide

linkage as a thloacetal derived Irom anisaldehyde, which was prepared by reacting cis or trans

dithiol 94 with anisaldehyde in methylene chloride conlaining BFa'OEtz (Scheme 4). The use of

anisaldehyde was essential because the deprotectlon of thioacetal 95 requlred the formation of a

carbonium ion which was stabilized by the electron-donating methoxy group. Cleavage of the

thioacetal was accomplished in a Iwo slep procedure which involved m-CPBA oxidation to give the

sulfoxide lollowed by trealment Wilh acid (such as BCla, BFa'Ol:tz, HzS04 or HCI04) ln arder to

cleave the S(O)-C bond and lorm the carbonium Ion which rearranged to give dlsullide 96. The

protection of the sensitive disulflde group ln thls way allowed for manipulations in other regions of

the molecule required for the total synthesis of the desired epidilhladioxoplperazines.

Kishi and co-workers used this methodology to syntheslze compounds 97,119 98,119

dehydrogliotoxin (99),120 sporidesmin A (72)121 and d,l-sporidesmin B (100).122

An efficient route to dehydrogliotoxin analogues (77) was reported by Ollenheijm and co­

workers.1OO The synlhesis was performed in three sleps w~h an overall yield of 81%. Ollenheijm

speculated that since this synthetic scheme proceeded with high stereoselectiv~y, high yields and

was perlormed at room temperature and neutral pH, it may be blomlmetic.

118.

119.

120.

121 .
.......

122.

M. Ail, J. Shannon and A. Taylor, J. Chem. Soc. (C), 2044 (1968).

Y. Kishi, T. Fukuyama and S. Nakatsuka, J. Amer. Chem. Soc., 95, 6490 (1973).

Y. Kishi, T. Fukuyama and S. Nakatsuka. J. Amer. Chem. Soc.• 95. 6492 (1973)

Y. Kishi. S. Nakatsuka. T. Fukuyama and M. Havel. J. Amer. Chem. Soc., 95, 6493 (1973).

S. Nakalsuka. T. Fukuyama and Y. Kishi, Tetrahedron Lelt., 1549 (1974).
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SH

CH"N~O

O~N'CH'
SH

(94)

CH 3 0-(, I/C(O)H-BF'OEI 2

(95)

1) m-CPBA~ 2) acld

Scheme4

: J!LN'O

0 .... T CH,

CH 2 0H

(99)

CH.

CH., &0

J:.~LN,
0 .... T CH,

H

(97)

CI

CH.O

(72)

o

CI
OH

o

OCH. L'~~N,
0 .... T CH.

(100) CH,

h 0

OH ~~N,
0 .... T CH,

CH.
(77)
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The synthesls (Scheme 5) began with the reactlon of the Indolenlne carboxamlde 101 wlth

pyruvoyl chloride in carbon tetrachloride. 1OO Alter 1 hour at room temperature, adduct 102 was

formed, however, ff the reactlon tlme was eXlended to 5 hours, 102 was completely converted Into

the cycllzed product 103 as only one stereolsomer. Bubbling H2S through a methylene chloride

solution of 103 for 1 hour resulted in the formation of mercapto alkene 104. Treatment of 104 wllh

Iiquld H2S in the presence of ZnCI2 yielded the cis-dithiol 105 quanlitatively. Oxldallon to the

bicyclic disulfide was found to proceed most etliciently using 12 in the presence of pyridine to give

the deslred dehydrogliotoxln analogue 77.

::-,.__+--c H,

(104)

1 i q H.S! ZnC 1.

CH,

"t---+--cH3

\\\,C 1
.' 0

CH,

0---j--CH,
CI o

N

OH ~NH'CH'
o CH,

o
(102)

! 6 Hr
CH,

OH

CH,C(O)C(O)CI
-+
, Hr

NH-CH 3

~ 0
N

CH,

(101)

OH

o

::-"--+--CH,

1.
-+

Pyrldlne
N

~N,
o " CH 3

~
CH, SH

(105)

"t----r--CH ,
,,\$ H

,.' 0

OH

Scheme 5

The synthesls of bridged bicyclic disulflde analogues of prostaglandin endoperoxlde PGH2

(78) has also been ·reported. Agaln Il was the construction of the dlsulfide linkage tha! was the

crllicaJ and most dlfficult step. Two groups successtully syntheslzed compound 79 and reported

thelr results almost s1multaneously.102a,b
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OTHP

(108)

OTHP
i
SCCH 3

Il
o

SH

~

o
Il

~CCH3

~ ""\~C02CH3

Mn0 2­Toluene

OR

OTHP

(109) R = THP

(79)R=H

(106)

o

..,"'~C02CH3 N8S
l
JCH 3

--+

OMs

OMs

Hayashl and co-workers102a began thelr synthesis (Scheme 6) with dimeslyate

monotetrahydropyranyl ether (106) which was obtained from the corresponding 913,11 {J-dio1123 by

reaetlon w~h mesyl chloride and triethylamlne. The mesylates were displaced with excess sodium

thioacetate ln DMSO/DMF (1 :1) via a Sn2 reaction to give inversion of stereochemistry at C9 and

CIl (107). Saponification of the thloacetates was performed uslng potassium carbonate ln

methanol to give dithlol 108. The oxidatlon of 108 to endodlsulfide 109 required very specific

cond~lons in order to minimize side products. Treatment of 108 w~h 1.5 equivalents of active

manganese dloxide in degassed toluene at -20oC for 40 minutes under argon gave 109 in 86%

yield. The THP protecting group was removed using a mixture of acellc acid, water and THF

(12:3:2) at 40°C for 1 hour to give 79 ln 49% isolated yield.

j
-\.

Schemes

The second reporled synthesis of 79 was by Crabbe and co·workers (Scheme 7).102b

Their starling material was (+ ).PGA2 (110), readily obtalned in large quant~ies by enzymatic

hydrolysls of the Iipophllic extracts of Plexaura homoma/la. Compound 110 was converled to the

diester (111) uslng diazomethane followed byacetic anhydride in pyridine and then reacted with

thioacetic acld ln a klnetically controlled conjugate add~ion ln order to place a mercapto­

functional~ at the 11er pos~ion (112). Compound 112 was reduced w~h zinc borohydride to

123. Prevlously syntheslzed from methyl(5Z,11 {J,I3E,I5S)·g.oxo-ll,15-bis(2­
tetrahydropyranyloxy)prosta-5,13-dienoate [D. M. Floyd, et al., Tetrahedron Lett., 3269
(1972)) ln 6 steps.
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afford a 4:1 mIXture 01 the 9{3 (113a) and 9a (113b) alcohols which could be separated by column

chror:1atography. Removal 01 the acetates on the hydroxy group at C15 and the sullur at C11 was

achieved using methanolysis to give compound 114. The hydroxy group at C9 was converted to

the required mercapto-Iunctionalily using the same procedure employed by Hayashi. IDza

Mesylation followed by a Sn2 displacement with potassium thioacetate, saponificaton and

esterffication gave dithiol 115. This group lound that cyclization was best achieved by passing

oxygen through a dHute methanolic soiution 01 115 and 2.2 equivalents 01 sodium methoxide to

give the desired endodisulfide 79.

(113a) X = H Y = OH
RZ=R3=Ac

(113b) X = OH Y = H
RZ=R3=Ac

(114) X = H Y = OH
RZ=R3=H

­Z)KSCCH.

Il tR'o
3) K 2CO.

OR

(115) R = CH3

(79)

0
0 0

"\'\\~C02R1
Il
"~HSCCH. ~~ CO CH2 •-

~R2 tR' ~R2

(110) RI = RZ = H (112) RZ = R3 = Ac
(111) RI = CH3RZ = Ac

~ Zn BH.

SH y

~ \\\~ "'\\'\~C02CH3,.,\ C0 2 CH 3 1 ) MICI

Z. Z oq NOOCH.~ CH.OH

Scheme 7

Finally, in 1987, Fried and co-workerslOZc anempted the total synthesis 01 the bridged

bicyclic disulfide analogue of 13,14-dehydro-PGH2 (116). Their strategy was to employ Kishi's

method (see above) for protection of the disullide functionality as the thloacetal derived from p.

anisaldehyde.119 It was found that the anisaldehyde protecting group was incompatable wlth the

procedures for the attachment of the chain at CG, thus an unsubstituted benzylidene protecting

group was employed. They were able ta obtain the required precursor (117) alter several steps in

modest yields but were unable to convert 117 to the final product. In order to complete their
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synthesls, 117 was converted to the triacetate 118 via a trans-acetylatlon procedure using 1,3­

propanedtthlol ln the presence of BF3'OEtz followed by acetic anhydride. It was found that under

hydrolysls conditions (potassium carbonate, methanol) 118 cyclized to the final product 119

(Scheme 8). Their explanation for the facile cyclization of 118 to 119 was based on the presence

of the bulky side groups on C6 and C7 which favoured intramolecular rather than intermolecular

disulfide formation.

OH

(116)

Q-{SI ,',........ - ./'.... ...............
~- /, """'''~'.~'....'" .~ -CO.CH.

H 8111111I ....

OH

(117)

SAc
~

i
SAc

OAc

(118)

- $11I11I.....

1

""\\~C02CH3

OH

(119)

SchemeS

ln 1980, McCabe and Stewart124 reported the synthesis of brldged blcyclic disulfide 5

whlch vias the subject of a photoelectron spectroscopie Investigation descrlbed in the Introduction

(Chapter 1). The electrophilic cleavage of unsaturated thiirans wtth SClz was under Investigation

and tt was founO that 5 could be Isolated from the the reactlon of thilran 120 wtth SClzln 42% yield

(Scheme9).

124. P. H. McCabe and A. Stewart, J. Chem Soc., Cham. Comm., 100 (1980).
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~s
(120)

sc ' 2-
e~'CI

S.....s
(5)

Scheme 9

+

The reaellon of mesolonie 1,2-<1tthiolylium-4-0Iates (121a-h) with 1,3-<1lenes gave several

novel 7,8-<1tthiabieyelo[4.2.1]non-:';.en-g-ones (122a-h) via a thermal 1,3-<1ipolar [4 +3]

eycloaddttion reaetlon (Seheme 10).'25 Bulky groups at the brldgehead positions (R') seems to

be a requlrement for this reaetlon to produee brldged bieyclie disulfides. When R' = SMe (1211),

reaellon with 2,3-<1lmethyl-1,3-butadlene gave only a mixture of the stereolsomerle 1:2 adducts

(123), explained bya [4+2] eycloaddttlon reaetlon of the diene with a valence tautomer (124) of

121i.

(121a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
(i)

R'=Ph R2=Me R3=Me
R'=Ph R2=Me R3=H
R' =Ph R2=R3=_[CH214­
R' =t-Bu R2=Me R3=Me
R' =t-Bu R2=Ph R3=H
R' =t-Bu R2=R3=_[CH214-
R'=PhNHCO R2=Me R3=Me
R' =PhNCO R2=R3=_[CH214-
R'=SMe R2=Me R3=Me

(122a-h)

Scheme 10

CH,

o
(123)

s s

eH,sVseH'

o
(124)

Unusual tetraeyclle epidithio eompounds were isolated in 13-45% y1elds from the

125. N. Jubran, H. Cohen, Y. Koresh and D. Meyerstein, J. Chem. Soc., Chem. Comm., 1683
(1984).
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condensation reaction be!Ween bisphenols 125a-e and S2CI2 (Scheme 11 ).126 The structure of

one of the products, 1268, was confirmed by X-ray crystallography. The SoS bond length was

found to be 2.07Â and 8, 18.go. Disulfide 1278, an epimer of 1258, was isolated as a minor side

product ln this example only.

R'

OH

R'
S2 C 1 2-Org Base

Toluene

o

R'

+

(1258) R' = (CH3)3C R2 = Me
(125b) R' = (CH3)3C R2 =Et
(125c) Rl = R2 = Me
(125d) Rl = (CH3)3C R2 =H
(125e) R' = (CH3)3C R2 = (CHs)2CH

(1268-e)

Scheme 11

(1278)

f
1

ln summary, the syntheses of bridged bicyclic disulfides reported ln the literature involve:

(a) addition of H2S2 or S2CI2 across a suitably placed diene; (b) placement of thiol groups via

substitution of mesylates by potassium thioacetate, foliowed by hydrolysis and oxidation and (c)

Dlels-Alder addition of disulflde mesoionic compounds with l,3-dienes. The last methodology

requires the presence of bulky groups atthe bridgehead positions and would be difficult to apply

to the synthesis of simple molecules and to extend to other systems. The first method requires the

suitable placement of double bonds whlch is not always possible. The second method has been

applied most frequently and does appear to be fairly general. It requires the placement of !WO

hydroxyl groups ln the bridgehead positions for subsitution with thloacetates. There remalns

another synthesis of thls class of compounds which, Iike the second method, involves substitution

reactions ln order to place the thiol groups. This synthesis will be discussed and expanded in this

thesis.

126. S. Kelly, H. Meler, G. Rihs and T. Wlnkler, He/v. Chem. Acta, 71, 1101 (1988).
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2.2 Results and Discussion

2.2.1 Synthelic Methodology and Structure

One of the simplest methods for the synthesis of bridged bicyclic disulfides begins with

readily available compounds, involves only 4 steps and allows for modifications in the bicyclic

structure.6 The synthesis of bridged bicyclic disulfide 3 (Scheme 12) was the first reported using

this procedure. The starting material, cyclohexanone (128) was dibrominated to give cis-2,6­

dibromocyclohexanone (129) which was converted to the dithiocyanato compound (130) by a

nucleophilic displacement wilh !WO equivalents of potassium thiocyanate. This species was fully

reduced to disulfide alcohol131 with excess LiAIH4 and immediately oxidized (without workup) to

disulfide 3 with 12 under high dilution conditions. A chelated imtermediate, Iike 132, formed during

the reduction step was proposed in order to predict the stereochemistry of 3 to be as shown.6

This was not, however, unambigously determined, nor was the possibilily of extending this reaction

to further bicyclic systems. Given the potential of this methodolgy to produce bridged blcyclic

dlsulfides in a relatively simple way il seemed appropriate to further explore ils use for a thorough

investigation Into this unique c1ass of compounds.

o

6 2 Br 2-
(128)

~
o,,

l '
8 - --- ;. 1 •

S o" \

(1:12)

(129)

~OH
....8

(3)

Scheme 12

1 2-

(130)

(131)

The tirst objective was to determine, wilh certainty. the stereochemistry at CS and also to

contirm the monomerlc nature of 3. An X-ray crystallographlc investigation was thus Initiated.

Crystals of 3 that were suitable for X-ray analysls could not be obtained. thus derivatlzatlon of the

hydroxy group was performed ln hopes of enhancing the crystallinity of thls compound.
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Esterification of 3 wtth p.nttrobenzoyf chlorlde ln pyridlne provided ester 133 as a brlght yellow

saUd (Scheme 13). Recrystallizatlon from ethanol gave clear yellow prisms which were su/table for

X-ray analysls. The ORTEP dlagram of 133 Is shawn ln Figure 4. The p-nttrobenzoyl ester is

c/eany ln the equatorlai posttlon. syn ta the d/sulfide linkage. This supports the existence of the

proposed chelated intermediate (132) in the reductlon of 129.

~OH
's

(3)

a
II~

CI-C~N02-Pyrlalne

Scheme 13

a

Pi1~"o,
's

(133)

52

Figure 4: ORTEP Drawing of 133

The dlhedral angle about the SoS bond in 133 was 1.3°; as expected. near 0°. The SoS

bond length was normal for cyclic d/sulfides at 2.0BÂ. The UV absorption for the disulfide group

could not be determlned due ta the broadness of the p-nttrobenzoate absorption. Molecular
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modelling via MMX calculatlons uslng the PCMODEL programl27 was also performed on

compound 133. A comparison between some values obtained fram the X-ray structure and the

calculated structure is glven ln Table 2. The agreement is remarkably good.

Table 2: Experimental vs Calculated Values for Bond Lengths, Bond Angles
and Torsion Angles in 1:J3

Bond Lengths (A)

S2-S3
Cl-S2
C4-S3
CS-Cl
CS-C4
CS-Ol

Bond Angles (0)

Cl-S2-S3
C4-S3-S2
S2-Cl-C8
S2-Cl-C7
S3-C4-C5
S3-C4-C8
Cl-C8-C4

Torsion Angles (0)

Cl-S2-S3-C4
S3-S2-Cl-CS
S3-S2-Cl-C7
S2-S3-C4-CS
S2-S3-C4-C5

Expt'I

2.081 (2)
1.807(4)
1.796(4)
1.511(6)
1.489(6)
1.432(5)

95.5(1)
94.8(1 )

106.5(3)
113.4(3)
112.1(3)
107.2(3)
106.5(3)

-1.3(2)
-28.2(3)
89.5(3)
31.3(3)

-90.1 (3)

Calc'd

2.07
1.83
1.83
1.54
1.54
1.42

96.74
96.71

105.09
110.46
110.22
105.15
108.04

0.29
-29.12
88.51
28.58

-88.99

One other analogue of bicyclic disulfide 3 was synthesized via derlvatizatlon of the

hydroxy group. This was the n-hexanoyl ester 134, prepared following the same procedure as for

ester 133. Compounds 3, 134 and the thiosulfinate ester of 134 (dlscussed in greater detaillater)

were ail subjected to a wide range of biological testing. The microorganisms these compounds

were tested against are Iisted in Table 3. It was hoped that the presence of the long hydrocarbon

127. This pragram was obtained trom Dr. K Stellou (University of Montreal) and is generally
available from Serena Software, P. O. Box 3076, Bloomington, Indiana, USA 47402-3076.
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chain on 134 would Increase ~s likelihood of mimicking the action of prostaglandin endoperoxides

(like 78). Unfortunately, no slgnnlcant actlv~ was found agalnst any of the organisms in Table 3

(See General Methods, Section 6.1, for details on the blologicaltestlng).
o

)l
~o (CH.J,CH.

's
(134)

Table 3: Microorganisms for Biological Testing"

Gram Positive BaC1eria

Staphy/ococcus aureus
Staph. epldermis
Strepococcus pyogenes
Strep. Faecalis

Fungl

Candida albicans

MycobaC1erla

Mycobacterium Sovis (BCG Straln)

"See Section 6.1 for detalls

2.2.2 [2.2.1] and [4.2.1] Brldgecl Bieyelle Dlsulfides

Gram Negative Bacteria

Escherichia coli
Pseudomonas aeruginosa

Virus

Polio
HIV

(

The extension of thls methodology to the synthesls of the [2.2.1] and [4.2.1] bicyclic

systems was the next goal. This requirecl maklng cis-2,5-dibromocyclopentanone (135) and cis­

2,7-dlbromocycloheptanone (136). The preparation of a,a'-dibromocycloalkanones was reportecl
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by Hoffmann in 1974.12B Specifically, stereoisomeric Q,Q'-<:tibromocycloalkanones from Cs 10 C'2

were synthesized and their physical and spectroscopic properties investigated. In general, nwas

found that the cis isomers had higher melting points and higher IR stretching frequencies and were

more polar as weil as less soluble than the trans isomers which were considered to be

conformationally more mobile. The syntheses were pertormed in anhydrous elher at temperatures

ranging from 0-50 C with IWo equivalents of bromine being added to the appropiale cycloalkanone

very slowly and dropwise. The synthesis of 135 was the only one carried out in glacial acetic acid.

High dilution conditions had to be maintained for the synthesis of 129. Only one isomer was

isolated from the synthesis of 135 and 136. A1though the assigments were not absolute, nwas

suggested that both products were in the trans configuration based on their melting poinls,

solubility and IR absorptions. An earlier report129 had implled the existence of the cis isomers of

135 and 136, however, no experimental details were provided.

ln this work, the synthesis for compound 129 was found to proceed best using water as

the solvent. AIl attempts using anhydrous ether resulted in the formation of a wine·red solution that

would yield no crystals. The cis Isomer crystallized out of a solution of ether:petroleum ether (6:1)

upon sitting at -10°C. The trans Isomer could not be induced to crystallize. These resulls were

consistent with those of Hoffmann.12B

The synthesis of 135 was pertormed following the procedure of Hoffman;12B the synthesls

of 136 was executed using the same procedure as for 135 instead of that suggested by Hoffmann

(glacial acellc acid was used as the solvent instead of ether). Only one Isomer was isolated from

the synthesis of 135 from cyclopentanone (137) (Scheme 14). This product had the same melting

point as that recorded in the literature which had been assigned as the trans isomer.12B,13D

o 0 0 0

A ;;" 8,~ A _8 ~CS'" .Jl. .....sCN + NCS",.... .Jl. "'SCN

U '-T 2 KSCN"\.J- u
(137) (135) (1388)

4

Scheme 14

(138b)

1

128. H. M. R. Hoffmann and J. G. Vinter, J. Org. Chem., 39, 3921 (1974).

129. R. H. Prager and J. M. Tippett, Tetrahedron Lelt., 5199 (1973).

130. PCMODEL (Ref 127) predicts the trans isomer to be more stable than the cis isomer by
0.7 kcaljmol.
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Compound 135 was reacted wlth !wo equivalents of potassium thlocyanate ln dry acetone

at room temperature ta provide a mixture of!Wo Isomeric 2,S-d~hlocyanatocyclopentanones (138a

and 138b) in quant~ative yields (Scheme 14). This crude product was analyzed by lH NMR

spectroscopyand was found ta contain a ratio of 4:1 of 138a and 138b. The multiplet for H2 and

HS of 138a was centered at 3.99 ppm and that of 138b was centered at 3.74 ppm.

Recrystallization of the crude solid from pentane:CHCl3 (10:1) l'esulted in the Isolation of fine

yellow crystals of 138a. The mother liquor was evaporated ta yield a yellow gum that was found ta

contain malnly 138b. Since the cis isomer was reyuired for the synthesis of the bridged bicyclic

disulfide, ~ was necessary to absolutely determlne the configuration of the !Wo thiocyanato groups

ln this molecuJe; 138a was thus subjected ta an X-ray crystal!ographic investigation. The ORTEP

drawing for 138a is shawn in Figure 5 and ~ is very clear thatthe thiocyanato groups were indeed

cis ta each other. The pure cystals of 138a were thus used ta carry out the synthesis of [2.2.1]

bridged bicyclic disulfides.

Figure 5: ORTEP Drawlng of 1388

It is interestlng ta note that bath the cis and trans Isomers of 138 were isolated from one

isomer of 135. A1though thls may suggest a small amount of Sn1 substitution occurrlng via cation

139, more IIkely a second substitution of a thiocyanato group by another thiocyanate nucleophile

through a Sn2 mechanism Is the explanation for the formation of a small amou::~ cl tlm trans

Isomer. This proposai was confirmed by a simple experiment. The addition of K'3CN to '38a

under the same cond~ions used for the Inital substitution reaction caused Isomerizatiom and

resulted ln the Isolation of a mixture containlng both 138a and 138b. This implies that the ease for

502 subt~utlon at the a-position from a ring carbonyl Increases as ring size decreases, a proposai

that Is supported by the tact that the substitution reaction involving 2.7-dibromocycloheptanone

requlred refluxlng temperatl:res to force Il to proceed to completion. The formation of the ois
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Isomer as the major species ln the synthesis of 13B confirms that the configuration of the bromlne

atoms ln 135 was also cis.

(139)

Contraryto the results of Hoffmann,128 the bromination of cycloheptanone (140) ln glacial

acetlc acld provided !Wo isomeric 2,7-<!lbromocycloheptanones, (1368) and (136b), ln a ratio of

2:1 (Scheme 15). The quarte! for H2 and H7 of 1368 was at a higher frequency (4.71 ppm) than

that of 136'; (4.61 ppm). Recrystallizatlon from petroleum ether:ethyl acelale (1:1) provided fine

white crylOlals of 1368. Aithough crystals of 1368 that were su~able for X-ray crystallography could

not be obtained, the ident~ of each isomer may be deduced from further experimenlal work. The

melling point, lH NMR spectrum and IR data for 1368 ail match the iiterature values reported by

Hoffmann128 who had assigned this compound as the tfans Isomer. Aithough a sampie of 136b

that was not contamlnated w~h 1368 could not be obtained, ~s carbonyl stretchlng frequency in

the IR was found to be at a smallerwavenumberthat that of 1368.131 Followlng the trends reported

by Hoffmann, this would suggest that 1368 was the tfans Isomer and 136b, the cis Isomer. This

was also supported by the fact that using only pure 1368 to continue on w~h the synthesis of a

[4.2.1] bridged bicyciic disulfide dld not produce any of the desired compound whereas using the

crude mixture contalning 1368 and 136b was successful in this g08l.132

0 0 0

0 2 B,. "D··' ·''Cf'- +

(140) (1368) (136b)

2 1

Scheme 15

Reaction of the mixture of 1368 and 13Gb w~h!wo equivalents of potassium thiocyanale ln

dry acetone at refluxing temperatures provided a isomerlc mixture of 2,7­

d~hlocyanatocycloheptanones (1418 and 141b) (Scheme 16). The ratio of cis to tfans

131. Carbonyl stretchlng frequencyfor 1368: 1728 cm-1; 13Gb: 1701 cm-1.

132. PCMODEL (Ret 127) predicts the trans Isomer to be more stable by 12.9 kcaJ/moi.
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(141a:141b) remalned the same as ln the crude mixture of 13611 and 136b.

0 0

"6" 2 KSCN "'6'"-
(13611 and b) (1418 8nd b)

Scheme 16

The synthesls of the deslred [4.2.1] brldged blcycllc dlsulfide was re/atively stra/ghttorward

once identification 01 the isomers was made. Thus, a mixture containing both 1418 and 141b was

reduced wtth excess UAlH4 to obtaln dtthiol alcohol 142 whlch was oxldlzed wtthout workup to

syn-2.3-dtthlablcyclo[4.2.1)nonan-9-oI (143) (Scheme 17). Based on the amount 01 141b that was

present ln the Inttlal reactlon mixture, the y1elds 01 143 ranged lrom 60-70%. This was much beller

than the ylelds of 3 whlch rarely were above 50%. The major sideproduct ln the oxldat/on reactlon

was a polymerie materlal lormed by Intermolecular rather than Intramolecular oxldatlon 01 the thlol

groups. High dilution condttlons were used in order to mlnlmlze Intermolecular reactlons. The

larger slze 01 dlsulfide 143 over 3 helped to favour Intramolecular oxldatlon and thus Increased the

yleld 01 the des/red product. The UV absorption lor the dlsu/fide group ln 143 was at 357 nm,

conllrmlng the presense 01 a smail dlhedraJ angle ln thls molecule (See Table 1).

1 2-
(1418 and b) (142)

Scheme 17

(143)

The p-nitrobenzoyl (144) and n·hexanoyl (145) esters of 143 were also syntheslzed to be

used ln a comparative study on thelr reactivity wtth thelr [3.2.1) bridged blcycllc dlsulfide

analogues (to be descrlbed later). These derlvatizatlons were agaln performed by reactlon 01 the

alcohol wtth the acld chlorlde ln pyrldlne.
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The synthesls of the [2.2.1] brldged blcycllc dlsulflde was not as stralghlforward as the

prevlous !Wo analogues. Reduction of 1388 was easlly perfonned using an excess of LIAIH4 to

give the foul-smelling dtthiol alcohol 146. Ail attempts to oxldlze 146 even under very dilUle

condttions (1.6 mM) only led to the Isolation of polymerie products. This polymerlzatlon took place

once the product was concentrated to dryr.ess and Is a common problem in many examples of the

Isolation of 1.2-dtthlolanes (see Introduction). An attempt at maklng the phenyl amlnocarbonyl

ester (147) of the product following a procedure used for the Isolation of 4-hydroxy-1 ,2-dlthlolane

(14)34b was made before concentration ln hopes of proventlng polymerlzatlon; however, this

synthesis was not successful.

OH

HS~H
(146) (147)

It was hoped that the trend for cycllc thlosulfinate esters of disulfides to be more stable

than theïr corresponding disulfides mlght provlde a means for the Isolation of a [2.2.1] brldged

bicydic species. The reactions were repeated startlng from the dtthiocyanato compound (1388)

following Identical procedures to those used ln the other systems; however, once the lodlne

oxldation was complete, the product was never allowed to stt in a concentrated solution. The

solvent for oxidatlon was ether and thls was removed under reduced pressure at room

temperature until about 100 mlllllttres remained. Methylene chlorlde was then added and the

remalning ether carefully removed. Oxldatlon of the dlsulfide to thiosulfinate was performed

Immediately using one equivalent of m-CPBA (148) at OOC leadlng to the Isolation of syn-2.3­

dtthlablcyclo[2.2.1]heptan-7-o1 S-oxlde (149). This compound was a whtte solld and was able to

be chromatographed on sillca gel; further details concemlng the reactivlty and stabllity of 149 are

reported ln the neX! section.
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2.2.3 Brldged Blcycllc Thlosulflnate Esters

(1) Synthesis and Structure

~OH

's ::::--...
(149) -"":;::0
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Electrophlllc oxldatlon uslng m-CPBA (148) was used as a means to probe the reactlvity of

the brldged blcycJlc dlsulfldes prepared ln thls work. To the oost of our knowledge, there have

been no prevlous reports of brldged blcycJlc thlosulflnate compounds, thus we had at hand an

opportunity to explore the chemlstry of an entlre new cJass of compounds.

Ail oxldatlons of brldged blcycllc dlsulflde compounds were performed ln methylene

chlorlde at DoC under a nRrogen atmosphere, wRh the addRlon of one equlvalent of m-CPBA (148).

The m-CBA (149) formed as a slde product was separated by washlng wRh dilute sodium

bicarbonate or by column chromatography. Ail reactlons of blcycllc disulfldes wRh m-CPBA

proceded wRh excellent y1elds (>90%).
CI

~R
~COH

(149)

Thlosulflnate esters are chiral at the sulflnyl sulfur atom, thus there was the possibility of

obtalnlng four different stereolsomers durlng the oxldatlon of brldged blcycJic dlsulfldes (Figure 6).

Attack of the oxldlzlng agent could occur trom IWO possible directions to glve IWo dlastereomers.

The side nearest the hydroxy functlonality has been laOOlled as the axo face and that nearest the

carbon ring, the erlda face. The Iwo dlastereomers, axo and endo, will each have Iwo

enantlomers. The enantlomers will have Identical NMR spectra, whereas those of the

dlastereomers will be slgnlflcantly different.
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Figure 6: Isomers 01 Bridged Bieyelie Thlosullinates

The oxidatlon of [3.2.1) and [4.2.1) underivatlzed bridged bleyclic dlsulfides, 3 and 142,

proceeded with the formation of only one diastereomer, thlosulfinates 150 and 151, respectively.

The exact orientation of the oxygen on the sulfinyl sulfur could not be easlly establlshed from

spectroscopie data. The oxldatlon of 133 also prOOuced only one dlastereomerlc thlosulflnate

(152) which was shown (through comparlsons of the spectroscopie data) to be Identlcal to that

syntheslzed via derivatlzatlon of 150 with p-nitrobenzoyl chloride; thus oxldatlon of 3 and 133

occurred on the same face of the dlsulflde. In order to establlsh the preferred direction for

oxidatlon, the crys'zlilne thiosulfinate 152 was subjected to X-ray crystallographlc analysls. The

ORTEP drawing of thls compound Is shown in Figure 7. Sorne of the Important bond lengths,

bond angles and torsion angles are presented ln Table 4 aJong with the correspondlng calculaled

values obtained from the PCMODEL program.127 The agreement Is agaln seen to be exceptlonally

goOO.

~OH

'5'::::::::0

(150)

o

~O" ~o~,o
~ ~ 2

's'::::::::o 's'::::::::o

(151) (152)
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02

Figure 7: ORTEP Crawlng of 152

The Isomer that was obtalned ln the oxidation of 3 and 133 was the axa diastereomer

(Figure 7). It appears that attack tram the endo face was b10cked by the ring hydrogens. The only

example of a [3.2.1] blcyclic thlosulflnate where a small amount of the endo Isomer was obtained

was in the oxldatlon of the n·hexanoyl ester (134) (Scheme 18). Here, the axa Isomer (153a) was

the major specles by a ratio of 7.4:1. The presence of the long hydrocarbon chain caused sorne

blockage of the axa face, thus allowlng sorne attack to occur tram the endo face to give

dlastereomer 153b.

o

8~'r-::::::::d"oR 5~O 3 ' 5 '

~ + 6j.;7"11' 2' 4' 6'

'8 .....s
':::::::-0 -::/o

(

R •

(134) (1538)

7.4

Scheme 18

(153b)

1
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Table 4: Experimentai and Calculated Values for Bond Lengths, Bond Angles
and Torsion Angles in 152

Expt'I Calc'd

Bond Lengths (A)

S2-S3 2.100(2) 2.06
Cl-S2 1.847(5) 1.83
C4-S3 1.835(5) 1.85
ca-Cl 1.503(6) 1.54
ca-C4 1.499(6) 1.54
ca-Ol 1.445(4) 1.42
S2-05 1.494(3) 1.45

Bond Angles (0)

Cl-S2-S3 93.4(1) 96.83
C4-S2-S3 96.4(1) 95.71
S2-Cl-C8 108.0(3) 105.90
S2-Cl-C7 110.5(3) 112.27
S3-C4-C5 110.8(3) 109.96
S3-C4-ca 106.9(3) 106.78
Cl-ca-C4 107.2(3) 106.19
05-S2-S3 108.9(2) 108.14

Torsion Angles (0)

Cl-S2-S3-C4 1.5(2) 1.82
S3-S2-Cl-ca -30.5(2) -31.11
S3-S2-Gl-C7 89.1 (3) 87.91
S2-S3-C4-C8 27.6(2) 27.84
S2-S3-C4-CS -91.2(3) -91.02
05-S2-S3-C4 -109.2(6) -107.96
05-S2-Cl-CB 80.7(3) 80.11
05-S2-Gl-G7 -159.6(3) -160.87

Diastereomers 1538 and 153b were separated using eolumn ehromatography. The

assignment of exo and endo to these eompounds was done by eomparfng their NMR data wtth

those previously synthesized (150 and 152) and was supported by their chromatographie retentlon

times. One method used for the asslgnment of the exo and endo isomers of 2­

thiabieyelo[2.2.1)heptane (1548 and 154b) was based on their chromatographie behavior.133

Retention tlmes for ehromatography were correlated wtth the accesslbllily of the oxygen on the

133. C. R. Johnson. H. Diefenbaeh. J. E. Keiser and J. C. Sharp. Tetrahedron, 25, 5649 (1969).
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sulfoxlde for Interaction wtth the statlonary phase. The enda oxygen (154b) was Jess accessible

than the axo (1548) and tt eluted tirs!. In thls work, the endo Isamer (153b) clearly has the less

accessible oxygen and accordlngly, tt e1uted Irom the column tirs!.

~
~L

''::::::-0
(1548)

'93
.--:;s

0:;:/

(154b)

Isomerlzatlon 01 15311 to 153b could also be achleved by heating a neat sample of 153a.

When thls was done at 130°C lor 30 minutes a mixture contalnlng roughly 2:1 153a:153b was

obtalned. Further equillbrlum studles will be dlscussed in the neX! section on the stability 01 these

compounds.

The 'H, '3C and IR spectra were c1early dlfferent lor Isomers 1538 and 153b. Table S Iists

the relevant spectral data lor these IWo compounds. The MS data were vlrtually IdenticaJ wtth only

a lew mlnor dlfferences ln the lragmentatlon pattern.

The [4.2.1] brldged blcycllc thlosultinate (151) was a crystalline compound, thus an X-ray

structure was used to determlne the prelerred orientation lor the sultinyl oxygen in these

compounds. This molecule had a large amount 01 packlng dlsorder ln the reglon lrom CS·ca

whlch was only partlally resolved by the structure retinement program (See Experlmental, Chapter

6). This resulted ln hlgh agreement factors; R = 0.079, Rw = 0.083. The Important reglon about

the sullur-sulfur bond and the brldgehead areas were ail well·resolved and thus provlded an

accurate representatlon 01 the positlonlng 01 these atoms. There were IWo Independent molecules

01 151 ln the unit cell, both with the same stereochemlstry about the sultinyl sullur atom. The

ORTEP drawing lor molecule B 01 151 Is shown ln Figure 8. Once again, the exo isomer was the

only dlastereomer lormed. This was also true lor the oxldatlon 01 disulfides 144 and 145, Irom

whlch thlosulfinates 154 and 155 were Isolated respectlvely.
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.. Table 5: Spectral Oata lor Thiosullinates 153a and 153b

153a 153b

'H NMR8 (COCI3, 200 MHz)e5:

Hl 4.62 (5) 4.18 (s)
H4 4.11 (s) 3.94 (5)
H8 5.51 (1) 5.47 (1)

'3C NMR (COCI3, 300 MHz)e5:

Cl 74.9 67.2
C4 59.5 58.1
CS 30.2 30.7
CS 17.5 16.7
C7 34.1 34.1
ca 83.0 82.0
Cl' 173.5 172.7
C2' 31.2 31.1
C3' 24.8 '24.4
C4' 24.2 22.6
CS' 22.2 22.2
CS' 13.9 13.8

IR (Neat, NaCI) cm-':

C=O stretch 1743 1734
S=O slretch 1084 1088

~~o 018

8 Only bridgehead and ca protons are given due ta complexily of the alkyl region;
bridgehead prolan signais were broad.

Figure 8: ORTEP Orewlng 01 Molecule B ot 151
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Some of the Important bond lengths, bond angles and torsion angles for compound 151

are IIsted ln Table 6. The molecular modelllng results using PCMODEL127 were ln goOO agreement

for the values of the bond lengths and the bond angles. The calculated torsion angles closely

matched those of molecule B, however they were of the opposite sign, Indlcating they were

opposite enantiomers.

As mentloned at the end of the last section, the [2.2.1) bridged bicyclic thiosulfinate ester

149 was synthesized successfully. The formation of bath the axo (149a) and endo (149b) isomers

was confirmed in the 1H NMR and 13C spectra. These!Wo isomers could not be separated but the

exo isomer was the major specles by a ratio of 4:1 based on the integration of the 'H spectrum.

The smaller carbon ring ln these species does not hinder the endo face as much as in the [3.2.1]

and [4.2.1) exemples, thus allowing for the formation of a significant amount of the endo

thlosulfinate.

(149a)

~OH
'"'TJ

......:::5
o/'"

(149b)
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Table 6: Selected Bond Lengths, Bond Angles and Torsion Angles lor the
Two Crystallographically Independent Molecules 01151

A B Calc'd

Bond Lengths (À):

S2-S3 2.070(4) 2.079(4) 2.04
C1-S2 1.847(9) 1.856(9) 1.83
C4-S3 1.84(1 ) 1.82(1 ) 1.85
C9-C1 1.51 (1) 1.52(1 ) 1.54
C9-C4 1.50(1 ) 1.52(1) 1.54
C9-01 1.43(1) 1.41(1) 1.42
S2-02 1.465(6) 1.477(6) 1.45

Bond Angles (0):

C1-S2-S3 93.0(3) 93.7(3) 97.42
C4-S3-S2 99.3(3) 100.0(3) 98.59
S2-C1-C9 107.6(7) 107.6(6) 108.21
S2-C1-CS 108.8(7) 106.7(6) 111.09
S3-C4-C5 109.6(9) 112.1(7) 110.62
S3-C4-C9 107.4(7) 106.5(6) 107.95
C1-C9-C4 112.0(9) 112.3(9) 111.88
S3-S2-02 109.8(3) 110.3(3) 109.38

Torsion Angles (0):

C1-S2-S3-C4 -13.1(5) 6.4 -4.57
S3-S2-C1-C9 35.5(7) -29.9(6) 26.32
S3-S2-C1-CS -91.0(7) 96.8(5) -99.30
S2-S3-C4-C9 -11.3(7) 17.9(7) -17.94
S2-S3-C4-C5 117.2(7) -110.8(7) 108.50
02-S2-S3-C4 100.9(5) -104.6(5) 107.57
02-S2-C1-C9 -n.1 (7) 82.9(7) -86.85
02-S2-C1-CS 156.4(7) -150.4(6) 147.53

(ii) Stability

The enhanced stability of cyclic over acyclic thiosulfinate esters discussed in the

1ntraduction (Chapter 1) brings about the question of the stability of bridged bicyclic thiosulfinate

esters. It has already been noted in this work thai the bridged bicyclic disulfides were readily

oxidized under electrophilic oxidizing condUions to their corresponding thiosulfinate esters. This

may suggest that replacing a Jane pair of electrons wUh an oxygen atom decreases the repulsion

between the nonbonding pairs of electrons that are lorced ta be parallel ta each other due ta the
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dlhedral angle 010" about the sullur-sullur bond imposed by the bicyclic structure. This proposai

has been made previously and was discussed ln the Introduction.

The thiosuillnates synthesized in this work (except 149) were ail very stable compounds

that couid be left al room temperature in the Iight lor several weeks without any sign 01

decompostion. They had no oder and were easily purilied by column chromatography on silica

gel.

Isomerization between the axo and the endo isomers 01 these bridged bicyclic

thiosulfinates occured under certain circumstances. One 01 the most readily isomerized

thlosullinates was 1538. As mentioned previously, healing of this compound (neat) caused

isomerization to occur. A solution 01 1538 in CDCI3 left on the bench lor several months was

shown to contain an equai mixture 01 1538 and 153b. This suggests that the energy difference

between the two isomers is not great and that the product of m-CPBA oxidation was ,;-;ost certainly

the kinetic product. Thiosullinate 150 could also be induced to isomerize. Refluxing a solution 01

150 at BOcC for 24 hours gave a mixture containing about 1.2:1 exo:endo isomers (150a:150b,

Scheme 19), along with a small amount (B%) of the thiosullonate 156134 as determined from the

lH NMR spectrum. Again, the two isomers appear to be 01 approximately the same energy, with

the axo being slightly more favoured. These two isomers could not be separaled using column

chromatography.

~OH
....s :--.

-";::0
(1508)

Scheme 19

PffOH
~s:::::::::o

o
(156)

~OH
....s

0-:;:::;'
(150b)

134. Thiosulfinates are known to disproportionate Into thiosulfonates and disulfides (rel. 105).
Any disulfide formed in this experiment Iikely polymerized due to the high temperatures
used. A small amount 01 dark gum aiong the bottom 01 the flask provided support for this
proposaI.
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Thermal isomerization 01 [4.2.1] bridged bicyclic thiosullinate 151 produced very diHerent

results from the isomerization 01 the corresponding [3.2.1 J species (150). Alter refluxing in toiuene

(110°C) for 24 hours,135 'H NMR evidence indicated thatthe ratio 01 exo:endo (151a:151b) was

6:1 (Scheme 20). Again, a small amount (8%) of thiosulfonate 157 was also seen. It was thought

that isomerization of 151 might be induced photochemically so a solution in toluene was slirred

under a UV lamp for B hours. 'H NMR analysis of the resulting mixture, however, indicated that

ratio of 151a:151b had not changed.

(151a)

Scheme20

(Fff0H
,

-;:::-s"::::::::o
o
(157)

(Fff0H
'sé-/

(151b)

Heating a sample of the [2.2.1] bridged bicyclic thiosulfinate caused decomposilion, thus

isomerization studies could not be performed.

The most Iikely mechanism for this isomerization would involve homolysis (induced either

thermally or photochemically) of the S-S bond wilh the formation of a stable sulfinyl radical and a

sulfenyl radical which, in a solvent cage, could recombine in give the mixture of isomers (Scheme

21). This mechanism has been previously proposed by Fava106 to explain the isomerizalion 01

diaryl thiosulfinates (Scheme l, Chapter 1). The co-planar rearrangement proposed by Block105

(Scheme 2, Chapter 1) is not possible for bridged bicyclic thiosullinates. The isomerization of the

[3.2.1] thiosulfinates to provide roughly an equal amount of each isomer suggests that the energy

difference between the two is not great. The resistance to isomerization displayed by the [4.2.11

thiosulfinates suggests that the exo isomer is energetically more favoured.

135. Refluxing at BOCC (benzene) produced no change.
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Scheme 21

Molecular modelling using PCMODEL127 was also been performed on these compounds

ta see If il could predict the correct energetics for each isomer and ta examine the possibility that

the lack of isomerization of compound 151 could be explained by a large energy difference

between the axo and endo isomers of this compound. Table 7 Iists the calculated energy

differences (1111Hf) between the exo and endo isomers of various bridged bicyclic thiosulfinates.

Within the experimental error of these calculations il is not possible ta predict which of the two

isomers would be the more stable for the [3.2.1] and [4.2.1] examples. however these results do

imply that the endo Isomer is more stable than the exo isomer in the [2.2.1] bridged bicyclic

thiosulfinates.

Table 7: Calculated MHr for Bridged Bicyclic Thiosulfinates (AHf(exo) •
lIHf(endo). kcal/mol)

149 [2.2.1]
15,) [3.2.1]
151 [4.2.1]

14.2
1.2
0.3

{

A detalled thermodynamic study into the stability of these compounds is beyond the

scope of thls thesls. It can be stated. however. that the bridged bicylcic thiosulfinate esters are

very stable compounds especially when compared with their acyclic counterparts. Their ability ta

isomerize seems to increase from [4.2.1] to [3.2.1] species. A further look into the chemical

reactlvity of these compounds is described in the neX! chapter where their electrophilic oxidalion

to bridged bicyclic thiosulfonate esters is described.

2.3 Conclusion

The synthesis of bridged bicycllc disulfides using the procedure of Wilson6 has been



61

sueeessfully applled to [2.2.1), [3.2.1) and [4.2.1) speeles. Further derlvatlves of [3.2.1) and [4.2.1 )

bieyelle disulfldes have baen synthesized via derlvatization of the hydroxy groll:J. AIl of the

disulfides synthesized have been oxidized to their eorrespondlng thlosulflnate esters uslng m­

CPBA; a reaetlon that proceeds wtth hlgh yields. The thiosulflnate esters were shown to be very

stable eompounds espeeially eompared to their aeyclie eounterparts. Preliminary isomerizalion

experiments have been pertormed.
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CHAPTER 3: LOW TEMPERATURE m-CPBA OXIDATION OF BRIDGED BICYCUC
THIOSULFINATES

3.1 Introduction

3.1.1 a-Dlsulfoxldes

The electrophlilc oxldatlon 01 thlosulfinates (156) to thlosullonates (159) using peracids

has been weil Investlgated (Scheme 22).136 t:anr structural asslgnments lor the product 01

thlosulfinate oxidatlon had the second oxygen entering on the sullenyl sulfur atom to glve a 5,5'­

dloxlde or a-d'sulloxlde (160).137 Later work uslng dipole moments and Raman spectroscopy138

and also Irom NMR spectra139 lully confirmed that the actual oxldatlon product was the 5,5­

dioxlde or thlosullonate (159). The thlosullonate structure has been shown to be the more stable

01 the !wo by theoretlcal calculatlons,l40 Infrared and Raman studles141 and through X-ray

crystallography.l4? This does not. however, rule out the posslbillty of the existence 01 a­

dlsulloxides as reactlon Intermedlates.
0

0 10] Il o 0

" R-S-S-R Il Il--.
IlR·S-S·R R-S-S-R
0

(158) (159) (160)

Scheme22

F. Freeman, C. N. Angeletakis. W. J. Pietro and W. J. Hehre, J. Amer. Chem. Soc., 104,
1161 (1982).

S. S. Block and J. P. Weldner, Appl. Spectrosc., 20, 736 (1966), and relerences therein.

J. H. Noordlk and A. Vos, Reel. Trav. Chim. Pays. Bas, 86, 156 (1967).

136. a) P. Allen and J. W. Brook, J. Org. Chem., 27,1019 (1962); b) W. E. Savige and J. A.
MacLaren, ln The Chemistry of Organic Suffur Compounds, Vol. 2, N. Kharasch and C. Y.
Meyers, Eds., Toronto: Pergamon Press, Chapt. 15 (1966), and references thereln; c) J.
Hoyle, ln The Chemistry ofSuffinic Esters and their Derivatives. S. Patal, Ed., New York:
John Wlley and Sons Ud., Chapt. 4 (1990).

137. a) G. Toennles and T. F. Lavine, J. Biol. Chem., 113,571 (1936); b) T. F. Lavlne, J. Biol.
Chem., 113,583 (1936); c) R. Emilozzl and L Plchat, Bull. Soc. Chim. Fr., 1887 (1959); d)
G. E. Utzinger, &perientia, 17,374 (1961).

M. 1. Grlshko and E. N. Gur'yanova, Chem. Abstr., 52, 17917 (1958).

a) P. Allen, P. J. Bemer and E. R. Malinowski, Chem. and Ind., 1164 (1961); b) Ibid., 208
(1963).

138.

139.

140.

141.

( 142.
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The existence of a-dlsulfoxldes has been a point of much controversy. A revlew by

Freeman143 presents a thorough account of the evldence publlshed concernlng thls matter prier to

1984. Freeman concludes from this survey that translent a-dlsulfoxldes are reasonable

Intermedlates ln a wlde varlety of complex reactlons Involvlng organosulfur compounds.143

Freeman' ,'" has found direct evldence for the existence of a-disulfoxldes in the

electrophllic oxidatlon of symmetrlcal dialkyt thiosulfinates. In low temperature NMR experlments,

signais indlcatlng the presence of dlastereotoplc a-dlsulfoxldes ln the m-CPBA (148) oxldatlon of

thiosulfinates 161-167 were seen at temperatures below -30oC. An a-dlsulfoxide would be

expected as the first Intermediate in these oxldatlons based on the theory of hard and soft aclds

and bases (HSAB).145 The sulfenyl sullur Is expected to be ·softer" (i.e. more electron rlch) Ihan

Ihe sulfinyl sulfur, therefore electrophlilc oxldatlon should preferentlally occur at thls location. The

absence of any thiosulfonate ln the Inltial product mixture suggests that the oxidalion of

thiosulfinate inltially occurred exclusively on the sulfinyl sulfur in these exemples. The exact

pathway for rearrangement and/or dlsproportlonatlon of a-disulfoxides Is still ln question.

o
Il

R-S-S-R

(161)
(1ô2)
(163)

R = neo-C5Hll
R = CH3
R = t-C4Hg

(164)
(165)
(166)
(167)

R = n-CaH7
R = CE;HsCH2
R = i-CaH7
R = n-C4H9

More recently, Harppl46 reported strong evidence for the Intermedlacyof a-disulfoxides in

a non-oxidative preparation of thiosulfonates uslng sulflnyl chlorldes and Ilthlum tri-n-butyltin

(Scheme 23). The tributyl tin anion 168 Inltially reacted wlth sulflnyl chlorlde 169 to glve

Intermediate 170 which reacted wlth another molecule of sulflnyl chlorlde, possibly through a four­

membered transltion state, to give an a-dlsulfoxide. Peaks were present ln the l3C NMR spectrum

of the reactlon mixture at -55°C that were asslgned to the diastereotoplc a-dlsulfoxldes. Signais

were also found to strongly suggest the intermediacy of a rearrangement species (171) formed by

143_ F. Freeman, Chem. Rev., 64, 117 (1984).

144. a) F. Freeman and C. N. Angeletakls, J. Amer. Chem. Soc., 103,6232 (1981); b) F.
Freeman and C. N. Angeletakis, J. Amar. Chem. Soc., 104,5766 (1982); c) F. Freeman
and C. N. Angeletakls, J. Amar. Cham. Soc., 105,4039 (1983); d) F. Freeman and C. N.
Angeletakls. J. Amer. Cham. SOC.,105, 6232 (1983); e) F. Freeman and C. Lee, J. Org.
Chem., 53, 1263 (1988).

145. R. G. Pearson and J. Songstad, J. Amer. Chem. Soc., 89, 1827 (1967).

146. D. N. Harpp and S. J. Bodzay, SulfurLetters. 7, 73 (1988).
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the attack of enher sulfinyt oxygen on the adjacent sulfinyt sulfur atom. This type of species is

known as an O,S-sulfenyt sulfinate and was also proposed by Freeman143 as belng a viable

Intermedlate. The O,S-sulfenyt sulfinate can rearrange to the thlosulfonate product as shown in

Scheme 23. This will be dlscussed ln greater detai! below.

0 0

" Il
R3 SnLI + R-s-el -- R3 Sn-S-R (170)

(168) (169) ( )
el-S-R

R • n-CCH g

/ "00 0 o 0

Il Il Il "R-S-S-R - R-S-O-S-R - R-S-S-R

Il (171)
0

Scheme23

3.1.2 Mechanlsms for a·DIsulfoxlde Rearrangement

There have been four meehanlsms proposed for the formation of rearrangement or

dlsproportlonation produets from a-<!isulfoxldes. These Inelud'J: 1) rapld IsomerIzation via O,S­

sulfenyt sulfinates ln a eoneerted fashlon;147 2) homolytle c1eavage of the SoS bond of the a­
dlsulfoxlde to glve sulfinyt radicals whleh can serve as Innlators ln the dlsproportlonation of

thlosulflnate to dlsulfide and thlosulfonate;148 3) homelytle c1eavage of the SoS bond of the a­

dlsulfoxlde to glve sulfinyt radlcals whleh recombine randomly wnh eaeh other in a head-to-tail

fashlon to give ail possible O,S-sulfenyt sulfinates whleh rearrange to the more stable

thlosulfonate149 and 4) Ionie mechanlsms Invelvlng the hydrolysis of the SoS bond ln enher the a­

dlsulfoxldes or O,S-sulfenyt sulfinates leadlng to sulfinle and sulfenie aclds.143,l44

Mechanism 1 (Seheme 24) was first proposed by Modena and eo-workers147 ln 1960. If n

were to be operative ln any glven example, the only possible produets of thiosulfinate oxidation

would be thlosulfonale; one If the original thlosulfinale wes symmetrie and IWo If n were

147.

148.

( 149.

U. Marangelli, G. Modena and P. E. Todeseo, Gazz. Chim. Ital., 90, 1 (1960).

D. Barnard and E. J. Percy, Chem. Ind., 1332 (1960).

M. M. Chau and J. L Klee, J. Amer. Chem. Soc., 98, n11 (1976).
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unsymmetric. In rnany examples including those of Freernan,143 Barnard and Percy1411 and Chau

and Klce,149 other side products have been identlfied, thus thls mechanlsm cannot b!l the only one

in operation in any given reaction; however, the possibility of ils partial participation in the overall

reaction cannot be ruled out completely.

Q 0

II/II
R' oS-SoR _

\r

o 0

11\11
R' oS-SoR -
~

o
Il,,,

R' -S-O-S-R _
~

o

~II
R' -S-Q-S-R _

~

Scheme24

o
Il

R' oS-SoR

Il
o

o
Il

R' oS-SoR

Il
o

Much conflictlng evidence has been presented for the support of radical mechanisms. As

seen in Scheme 25, thls particular radical mechanism (#2), which was first reported by Barnard

and Percy,148 requlres that transient amounts of disulfide exist during the course of the reaclion.

The disulfide formed is expected to be oxidized to thlosulfinate by the oxldizlng agent (Scheme 25)

thus leaving some of the original thlosulfinate unoxidized. In many examples, thiosulflnate has

been present in the final product mixture.143 Barnard and Percy148 looked at the oxldatlon of S­

phenyl benzenethlosulfinate wilh hydrogen peroxide, organlc hydroperoxldes and peroxyaclds

and detected phenyl disulfide as a translent product in amounts up to 3()% of the original

concentration of thlosulfinate. They obtained as a product mixture, ail four of the possible

thiosulfonates which Is a requirement if a radical mechanism Is to be considered. Other data

presented ln support of their proposed mechanism inciuded the fact that thlosulflnate was found to

be consumed more rapldly than oxldant and that one equivaJent of oxidant caused the

disappearance of several equivalents of thiosulfinate to give thiosulfonate and dlsulfide ln equal

amounts. Contrary to the results of Barnard and Percy, Modena and Todesc0147 dld not see any

disulfide formation in their Sludy of the oxldation of S-ary! arenethiosulfinates by m-CPBA ln

dloxane solution.
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a
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R-S-S-R - R-S-S-R

Seheme25

Chau and Klee149 reported the oxldatlon 01 p-fluorophenylthiosulflnates. Uke Modena and

co-workars,147 no evldence was found for the formatIon of dlsulfide durlng the oxldatlon, even at

temperatures of -20"C, as followed by 19F NMR. However, ail four possible thlosulfonate products

were obtalned when unsymmetrlcal thlosulfinate, S-(p-fluorophenyl) benzenethlosulfinate (172)

was oxidlzed_ The mechanlsm proposed by Chau and Klee (#3) Is shawn ln Scheme 26 and

Involves the In~lal formation of an a-disulfoxide followed by homo/ylie cleavage of the SOS bond ta

glve !Wo sulfinyl radicais. These recombine randomly, ln a head-to-tail fashlon, to glve O,S-sulfenyl

sulfinates whlch rearrange to thlosulfonate. This mechanlsm predlcts that the product ratio for the

four possible thlosuifonates ba roughly equaJ, however, thls was not the case_ Thlosulfonate 173

was formed ln amounts that were 2_5 tlmes larger than the other three. It wes suggested that thls

was due ta a small amount of direct oxldatlon on the sulfinyl sulfur of tha thlosulfinate and thls

pathway was caleulated to account for about 25% 01 the final product_ No direct evldence for a­

dlsulfoxldes was seen and ~ was eoncluded that thls was because of thelr very low stabll~. In thls

report, Chau and Kice suggested that the formation of dlsulfide ln the experiments reported by

Barnard and Percy'4B rnay have baen cause by a disproportlonatlon of thlosulfinate ln the acldlc

oxldlzlng conditions used, thus explalning the dlscrepancy w~h thelr results and the results

obtalned by the ltallan workers.147
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The only other evidence for the Involvement of radical mechanisms ln the peroxidatlon 01

thiosulfinates was obtained Irom radical scavenging experiments.l50 The m-CPBA oxidation 01

174 in the presence of t-butyl nnroxide (175) gave an ESR signal for the sullonyl adduct 176

(Scheme 27). This type of adduct was also seen in the peroxidation of S-(2-methyl-2-propyl)

benzenethiosulfinate (ln) and S·(2-methyl-2-propyl) 2-methyl-2·propylthiosulflnate (163).

o

o-~I-s-o + m - CPBA +

(174) (148) (175)

o o·
~II

-~. ÎI-N'I-C4H.
o

(176)

Scheme27

150. B. C. Gilbert, B. Gill and M. J. Ramsden, Chem. Ind. (London), 283 (1979).
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Freeman143 thoroughly invesligated the oxidation 01 several structural types 01

thiosullinates and reported evidence lor intermediates supporting mechanism number 4. As

mentioned earlier, direct evidence for ct-disulloxide formation was seen in the oxidation 01

symmetrical dialkyl thiosulfinates. ct-Disulfoxides may rearrange to O,S-sulfenyJ sulfinales (Scheme

24). Competing oxidation of Ihis species to sulfinic anhydrides 178 (Scheme 28) was proposed as

an explanation for the incomplete oxidation of the starting thiosulfinate. In the oxidation 01

thlosulfinales 162,1440 163,144& 166143 and 167143 there were peaks in the low temperature lac
NMR spectra assigned to the corresponding sulfinic anhydrides at temperatures less that -20°C.

o
Il

R-S-O-S-R
[0]-

Scheme28

o 0

Il "R·S-O-S-R

(178)

Other Intermediates seen directly after the formation of ct-disulfoxide ln the oxidation of

symmelrical dialkyl thiosulfinates included sulfines (179). sulfinic acids (180) and thiosulfinates

(158). Freeman143,144 proposed that the hydrolysis of ct-disulfoxides and/or O,S-sulfenyJ

sullinates leads to sullenic (181) and sulfinic (180) acids (Scheme 29). Reaction of sulfinic acid

with starting thiosulfinate lead to the formation of thiosulfonate and sulfenic acid (Scheme 30). The

sulfenic aclds (181) are expected to dimerlze via Intermediate 182 to give thiosulfinates (Scheme

31) whlch. again. Is anolher possible explanation for the presence of thiosullinates ln the final

product mixture. Wilh ail of this evidence at hand. Freeman143 concluded that sulfinyJ radicals do

nol play a major role in the peroxidation of symmetrical dialkyl thiosulfinates.
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Freeman also looked al lhe m·CPBA oxldallon S-aryl alkyllhiosulfinales, in particular S-

phenyf phenyfmethyfthiosulfinate (183j151 and S-phenyf 2,2-dimethyfpropanethiosulfinate

151. F. Freernan and C. N. Angeletakis, J. Org. Chem., 46,3991 (1981).
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(184).152 ln thls sttuation, one cannot assume that oxldation will occur exclusively on the sullenyl

sullur atom due to possible conjugatlon wtth the phenyl group that removes some 01 the electron

denstty at thls location (Scheme 32). The a1kyl group on the sulfinyl sullur Is electron releasing and

could also enhance the posslbJlJty 01 oxidation occurring at thls location lirst. The results were

slmllarlor both cases, thus only the more recent results lor the oxidation 01 184 will be discussed

here. The Inttlal produet mixture (-30oC, 105 min) lor the oxidation 01 184 contained thlosullonate

185 (32%), 184 (28%), sulfinic acid 186 (18%), sullonic acld 187 (12%) and thiosullonate 188 (7%).

As the temperature and time were increased, the concentration 01 184 decreased, the

concentration 01 185 increased and the remaining concentrations remained essentially the same.

The presence 01 188, 186 and 187 in the inttial reaction mixture indicaled that oxidation did not

exclusively occur on the sullinyl sullur atom 01 184, thus some a-disulloxide must have been

lormed; however, oxidatlon at the sulfinyl sullur was certainly more prevalent here than in the

dialkyl examples. Freeman143,151,152 propoSed several possible mechanisms lor the observed

products, Includlng homolyllc c1eavage 01 the S·S bond 01 the a-disulloxide to give sullinyl radicals

lollowed by rapld radical recomblnatlon ln a solvent cage to explain the presence 01 symmetric

thiosullonate 188.

o

~ Il F\
~CH2'S'S''U

(183)

o

R.IJ.0~ , _

Scheme32

+CH2'~'S-{ J
o

(185)

o

+CH2'f,'OH
o

(187)

+ ~~CH2·S, s-"L§
(184)

o
Il .R'S.;=Q

o

+CH2.W'OH
(186)

o

+CH2'~'S'CH2--t--
o

(188)

152. F. Freeman, C. N. Angeletakis and T. J. Marlcich, J. Drg. Chem., 47, 3403 (1982).
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Another group 01 Investigatorsl53 looked at the peroxldation 01 S-methyl

phenylthiosullinate (189) using 180-labelling experlments. This provlded an example lor the

structural class Involving S-alkyl arylthlosulflnates where oxidation Is largely expected to occur on

the sullenyl sullur due to the added electron,releaslng effect 01 the methyl group. The main

products obtalned Irom the oxldation 01 189 were S-phenyl methylthiosulfonate 190 (25%), S­

phenyl phenylthiosulfonate ;91 (25%), S-methyl methylthlosullonate 192 (13%) and 189 (19%)

(Scheme 33). It Is Important to observe that there was no product resulting Irom direct oxidation

on the sulflnyl sullur. The lormation 01 ail 01 these products Indlreetly supports the Initiai step ln

this reactlon to have been oxidatlon at the sulfenyl sulfur to give an a:-dlsulfoxlde. The

experimenters proposed that the mechanisms ln operation included initial hydrolysis 01 the SoS

bond 01 the a:-disulfoxlde to give sulfenic aclds which recomblned (Scheme 31) to give

thiosulfinates which were ln turn oxldized to the products identilied.

o 0

r==\ Il [0) ~. Il
~S-S-CH3-~s-II-CH3

o
(189) (190)

o

~II~
+ "L!Js -II~

o
(191)

o
Il

+ CH 3 ·S-S-CH 3

Il
o

(192)

Scheme 33

The conclusions that may be made about the mechanlsm lor the peroxldation 01

thiosulfinates Irom ail 01 this evidence are not definite. The mechanism in operation seems to be

dependent on the structure and reactlon conditions. There Is a greater tendency lor dlaryl

thiosulfinates to form sullinyl radicals posslbly because of a weaker SoS bond;l54 If thls Is also true

for the correspondlng a:-dlsulfoxldes, then a radical mechanism would be favored lor these

specles. With a stronger SoS bond, an lonlc mechanlsm may be able to compete more favorably

with the radical mechanlsm in the case of dlalkyl thlosulfinates. As for S-aryl alkylthlosulfinates,

oxidatlon will occur directly on the sulfinyl sulfur with evidence for some a-dlsulloxlde lormation.

Regardless 01 whlch mechanism Is in operation, the initiai lormation 01 an a-dlsulfoxide

specles has been dlreclly confirmed ln at leaS! some Instances. It would seem sale to assume that

these are legitlmate Intermedlates ln the peroxldatlon 01 ail thiosulflnates and that the product

mixture can be expected to contain some 01 the starting thlosulfinate and a mixture 01 the possible

153. S. Oae, Y. H. Kim, T. Takata and D. Fukushima, Tetrahedron Lelt. 1195 (1977).

154. E. Block and J. O'Connor, J. Arner. Chem. Soc., 96, 3921 (1974).
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thlosulfonates (dependlng on the structure) along w~h products of disproportlonation.

The readlly accessible brldged blcycllc thlosulfinates synthesized ln thls work provided an

opportun~ to further Investlgate the peroxldatlon of thlosulflnates. The characterlstic of a smaU C­

S-S-C dlhedral angle makes these compounds unique from aU the examples mentloned above and

~ was thought that sorne addltional Information about the stereochemistry of this oxidatlon couId

be determined. Thus the low temperature m-CPBA oxidation of aU of the bridged bicycllc

thiosulfinates at hand was carrled out. The analysis provlded unique insights into the detailed

steps of this oxidatlon process.

3.2 Results and Discussion

The general procedure for the m-CPBA oxidation of bridged bicycllc thiosulfinates utilized

in this study closely resembles that used by Freeman. l44C The details are found ln the

experlmental section. Ail efforts were made to keep the conditions anhydrous and the oxidation of

most thiosulfinates was followed by both 'H and ,sC NMR spectroscopy at temperatures ranging

from -40"C to +3DoC. Peak assignments were made by foUowing the rate of appearance of the

signais. Those that showed a common abundance throughout the experiment and contained the

required number of peaks ln the dlfferent regions of the spectrum were considered to be the same

compound. In the case of [3.2.1] bridged bicyclic thiosulfinates, if a compound contained six

signais in the ISC spectrum for the ring carbons, ~ was considered to be unsymmetric about the

CS-C6 axis. If there were only four signais ln the ISC spectrum, the species was considered to be

symmetric about the C6-CS axis. In the 'H NMR spectra of these compounds. the peaks of

interes! were Hl, H4 and Ha. The remaining protons gave complex and overlapping signais that

made assignments difficult. If the compound was unsymmetric there were three separate signais

for Hl, H4 and Ha, w~h Identical Integration values. If the compound was symmetric, there were

only!Wo signais in this reglon, one for Ha and one for Hl and H4 wlth an integration ratio of 1:2.

The same was true for the [4.2.1] thiosulfinates. If the intermediate was symmetric then there were

only four signais in the carbon spectra for the ring carbons. Ukewise, there was only one peak in

the reglon of the bridgehead protons for Hl and H4 wlth an integratlon value !Wice that of Ha. The

unsymmetrical [4.2.1] species gave seven peaks in the carbon spectra and the signais for Hl and

H4 were separated by about 0.5 ppm. The ISC spectra of symmetrlc [2.2.1] species contained

three signais whereas that of the unsymmetric species had five. Table a summarizes the above

information.
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Table 8: NMR Characterislics for Bridged Bicyclic Oxidalion Intermediates

Symmetric Unsymmetric

\~ff:·': 13(; 3 signais 5 signais
C1 and C4,

6 '1 C5 and C6
S

equivalent
'seo) "

[3.2.1)
8 l3C 4 signais 6 signais

~OR
C1 and C4,
C5 and Cl

6 7 1 equivalent
s lH H1 and H4 H1 and H4's (0)"

equivalent nonequivalent

[4.2.1)
9 l3C 4 signais 1 signais

~
C1 and C4,

OR C5and ca,
6 ,1 C6and Cl

8 S equivalent
i' 's(O)" lH H1 and H4 H1 and H4

equivalent nonequivalent

3.2.1 Oxidation of Bridged Bicyclic [3.2.1) Thiosulfinates

(i) syn-2,3-Dithiabicyclo[3.2.1]octan-B-ol S-oxide (150a)

The first product of the m-CPBA oxidation of syn-2,3-dithiabicyclo[3.2.1 )octan-B-oi S-oxide

(150a) was NOT the thiosulfonate, but a symmetrical Intermedlate (193) (Scheme 34) that first

appeared atthe lowesttemperature recorded (-30°C) ln both the l3C and lH NMA spectra (Figure

9 and Figure 10, respectively). This clearly indicates that oxidation occurred at the sulfenyl sulfur

atom of 1508 tirst to give an a-disulfoxide Intermediate (193). It has already been shown (Chapter

2) that the preferred direction of anack by the oxidizing agent, m-CPBA (148), Is from the front or

exo face due to the steric hindrance of the six·membered ring. Therefore, nwas not surprislng that

the oxygen ln this step once again, preferred ta enter from the exo face to give a symmetrical a­

disulfoxide Intermediate (193). The mutual dipolar repulslon of the adjacent sulfur·oxygen bonds

must not be strong enough to inhibn the anack of oxygen parallel to n; clearly the endo face must
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be hlghly hlnderedl

m·CPBA-
Scheme34

The neX! question of Importance Is what possible routes may a-<lisulfoxlde 193 take in

order to get to the final product(s). As seen in Figures 9 and 10, the final product mixture of this

oxidatlon contained malnly thiosulfonate 156 and some of the startlng material (150a). In the 13(;

NMR experiment (Figure 9), there were clearly IWo other intermedlates formed during the course of

the oxidallon, 194 and 195. These specles were also seen ln the 1H NMR spectra; however, thelr

concentrations dld not reach the amounts attalned ln the '3(; experiment. This Is belleved to be

due to the difference ln experlmental acquisttlon lime requlred for the 1aC and 1H NMR spectra.

The longer experimental tlmes to acquire the 13(; spectra allowed more tlme for the concentration

of these Intermediates to bulld up. Specles 194 was unsymmetrlc whereas 195 was symmetric.

Table 9 IIsts the chemlcal shlfts for ail of the compounds seen durlng the 1aC NMR oxldation

experlment. The final products Isolated trom a chromatographie workup of the reaetlon mixture

were thiosulflnate 150a (10%) and thlosulfonate 156 (60%).

~OH

~s~oy 0

(156)

Table 9: 1aC Chemlcal Shifts for the m-CPBA Oxidation of 150a (ppm)

Cpd ca C1 C7 CG CS C4

150a 83.4 76.8 29.3 16.8 24.1 63.5
193 91.9 68.2 25.3 19.3 25.3 68.2
194 81.4 71.9 24.4 18.2 21.0 70.1
195 75.0 64.2 21.7 17.6 21.7 64.2
156 75.5 69.7 31.4 15.8 26.5 62.9

'f'0i.
'.:r..
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Figure 9: Low Temperature m-CPBA Oxidallon of 1508; 13C Spectra
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To aid in the visualization of the transformations occurring in this experiment, Table la Iists

the percent composition of the reaction mixture at each temperature based on the Integration of

the' H NMR spectra and a graph of this data is presented in Figure 11.

Table 10: Percent Composition of Reactior; Mixtures During the Oxidation of
150a8

Temp (OC) 150a 193 194 195 156

-30 69 25 6 a a
-20 49 43 8 a a
-la 32 60 8 a a

a 23 65 12 a a
la 19 48 7 15 11
25 19 21 5 15 30

156

1115

1113

25

/'

143

.....",."""',.,"

~
'ii
o...
E
(5

8Based on Integration of the' H spectra
100 ,------------,

90
BO
70
60
50

~~ //
20
10 ------:;~'~~~ _
o '-~ ....c:;.. _l

-30 -19 -8

Temper."'.
Figure 11: Graph of Percent Composition vs Temperature Durlng the Oxidatlon of 150a rH

NMR Experiment)

Belore a final conclusion about the identily 01 intermediates 194 and 195 can be made,

lurther evidence Irom the oxidation 01 the other bridged bicyclic thiosulfinates must be presented

and analyzed.

(ii) syn-2.3-Dithia-[B-p-(nitrobenzoyl)oxy]bicyclo[3.2.1]octane S-Oxide (152)

ln the cxidation 01 thiosulfinate 152, once again, the first product lormed was not the
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thlosullonate, but a symmetricallntermOOiate ta whlch the a-dlsulloxlde (196) structure has been

asslgnOO (Scheme 35). Compound 196 was lirst seen at -4Q°C in bath the 13C (Figure 12) and lH

(Figure 13) spectra and ~s abundance was consistent in bath experiments; 196 was not present in

the room temperature spectra. A second species (197) was first seen at -2DoC in the 13C spectra

and ~s peak locations (Table 11) and abundance c10sely resemblOO those 01 IntermOOiate 194

(Table 9) in the oxldation 01 1508. Due ta broadness 01 the lH NMR signais in the region where the

bridgehead protons aPgear, assignments lor these peaks were difficult. The signais for H8 were

weil resolvOO, thus were usOO ta determine the number and type of species present. The similarity

in the abundance of the species w~h H8 appearing at 5.83 ppm w~h the signais for 197 ln the 1ac

NMR spectra would indicate that this was the signal for H8 of 197. Compound 197 was not

present ln the room temperature lac and 1H NMR spectra.

a

~~.~,
~ N0 2

'5
~o

(152)

Scheme35

a

~o~
1 Us:: _ N0 2
'8....0
~o

(196)

The spectra recordOO at temperatures greater than +1DOC, bagan ta get very complicatOO.

A thlrd intermOOiate (198) first appearOO at 2DoC. It was unsymmetrlc and was the second most

abundant species in the final product mixture of the 13C NMR experiment (the most abundant

specles in this experiment was the final product, thiosulfonate 199). A 1H NMR spectrum of the

final product mixture from the 13C NMR experimern showOO that compound 198 was the same

species that was the most abundant in the final 1H NMR mixture (H8 at 5.55 ppm). The

thlosulfonate (199) was visible at 200C and became the major species in the room temperature lac

NMR spectrum but was barely visible in the 1H NMR spectrum. The reason for this was, again, the

longer amount of time requirOO ta coliect the 1ac NMR spectra which would aliow more time for

intermOOiates ta rearrange ta final products. In bath experiments, there was a small amount of

starting material remaining at the end of the run.
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Two other minor species were seen in the final IWo spectra. one unsymmetric (200) and

one symmetric (201). Using the lH NMR spectrum of the final product mixture from the 13C NMR

experiment. the H8 proton of 200 was found to correspond to the signal centered at 5.71 ppm.

The peak locations for 201 in the 13C NMR spectra were similar to those of intermediate 195. seen

in the oxidation of 150a. This species was not visible in the 1H NMR spectra and was only a very

minor component of the 13C spectra. A chromatographie workup of the final reaction mixture lead

to the isolation of only thiosulfonate 199. but in very low yield (18%). The low yield of finai product

can be rationalized by the relatively iarge concentration of compounds 199 and 200 present at the

end of the experiment. These compounds were not able to be purified by column chromatography

on silica or alumina. It is Iikely that they became attached to the solid support through an

esterification reaction.

The 13C chemical shifls of the intermediates and products of the oxidation of 152 are given

in Table 11 whereas the behavior of the intermediates in the 1H NMR experiment Is displayed in

Table 12 and Figure 14.

Table 11: 13C Chemical Shifts for the m-CPBA Oxidation of 152 (ppm)

Cpd ca C1 C7 CS CS C4

152 83.8 74.9 29.6 24.0 32.5 59.5
196 89.9 66.5 25.4 19.2 25.4 66.5
197 83.2 69.2 25.3 17.7 21.9 67.4
198 75.7 69.7 27.1 18.6 25.3 66.5
199 76.9 67.1 31.5 t6.0 26.9 58.1
200 72.8 65.4 24.8 17.4 22.6 64.0
2;01 78.2 62.0 22.7 18.4 22.7 62.0
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Table 12: Percent Composition olthe Reaction Mixtures in the Oxidation of
152"

Temp (oC) 152 196 197 198 199 200

40 88 8 a a 4 a
-30 79 17 a 0 4 0
-20 55 39 a 2 4 0
-10 27 61 3 4 4 1

0 6 58 5 20 4 7
la 1 40 5 36 4 14
20 0 18 5 49 5 23
25 0 0 a 62 7 31

8Sased on Integration of the' H spectra

100 ,.-------------, 152

200

1!i7

199

196

198

2512

90
c:: BO0

;:;
iii 70
0
"- 50 .- ---
E
0 500- 40c::
Cl 30u
~ .-
Cl 20Il. ..

10 .-

" / .

.._..--./;.-:,\

o t:===::::::::;;;:;::-~-o""'~<·~~=Sl'"
-40 -27 -14 -1

Temperature
Figure 14: Graph of Percent Composition vs Temperature Durlng the Oxld8tlon of 152 (tH

NMR Experlment)

(iii) syn-2,3-Dithia-{(8-n-hexanoyI)OXYJbicyclo{3.2.1Joctane S-cxide (1538 and 153b)

The oxidation of the exo and endo isomers of syn-2,3-dithla-8-n-

hexanoyloxybicyclo[3.2.1]octane S-oxide (1538 and 153b, respectively) provided even more

Information about the mechanlsm for the peroxidation of bridged bicyclic thiosulflnates. The

oxidatlon of each Isomer was followed by both 'H and laC NMR; thesB spectra are displayed in

Figures 15-18.

(1538) (153b)
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The Ilrst specles (202) lormed ln the oxldatlon 01 1538 was a symmetrlcal compound and

It was the only one not present in the oxldation 01 153b. Once again, the thiosullonate was not

seen ln the in~la/ product mixture, thus oxidatlon In~ially occurred at tl1e sullenyl sullur so that

compound 202 was the symmetrical a-disulloxide. It is very Important to note that il oxidation 01

153b were to occur at the sullenyl sullur and Irom the expected direction (exo), the resulting a­

disulfoxlde would be unsymmetric. This was indeed the case, as seen ln the NMR spectra 01 the

oxidation 01 153b (Figures 17 and 18). The in~ial intermediate (203) was not the thiosullonate and

it was unsymmetric. This confirmed a mechanism where the oxygen entels from the exo face.

Compound 203 was a/so seen ln the oxidation of 1538 as the second intermediate formed; this is

another important clue for the elucidation 01 the mechanism 01 this oxidation process and will be

expanded below.

(202) (203)

(204)

Ali 01 the remaining intermediates were found ln both oxidations with slight variations in

their rate 01 appearance a•.id abundance at each temperelure. Th/osullonate 204 was consislently

net a major part al the reaction mixture, even at room lemperature and above. There were three

other Intermedlales formed during lhe ox/datlon of 1538 and 153b: 205, 206 and 207.

Compounds 205 and 207 were unsymmetrlc; 206 was symmelrlc. The'3C chemlcal shifts are

presented in Tab/e 13 and the'H NMR experiment /s described in Tables 14 and 15 and Figures 19

and 20. The isolated yleld 01 thiosullonale 204 ranged from 15-40%; once again, the stablily 01

intermediates 205, 206 and 207 resulled ln a low yie/d 01 final product. Compounds 205, 206 and

207 cou/d not be Isolated by column chromatography.
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Table 13: 13C Chemlcal Shlfls for the m-CPBA Oxldatlon of 153a and 153bA

Cpd ca C1 C4

1538
153b
202
203
204
205
206
207

83.0
82.0
89.4
82.0
76.1
74.9
77.0
71.7

74.9
67.2
66.6
69.0
67.2
69.5
62.0
65.3

59.5
58.1
66.6
67.0
58.1
66.7
62.0
63.7

80nly ca, Cl and C7 could be Identffied due ta the complexity of the alkyl reglon

Table 14: Percent Composition of Reaction MIX1ures Durlng Oxldatlon of
153a8

205

206

204

203

205 206 207

1 1 0
2 1 0
4 1 0

13 2 3
30 5 8
48 13 26

153a

--.-- 202

2042032021538

100

90
c

BO0
;;
ai 70
0
Co 60E
0 500.. 40

"III 30()
~

Cl 20Go
10

-30 71 16 8 3
-20 50 29 15 3
-10 32 41 18 4

o 9 47 22 4
10 1 28 23 5
25 0 1 6 6

8Based on integration of the 1H spectra

Temp t<>C)

, .... -.. -~~, /,,/

.... ....././
/..... ...c:.._....:~.

.... ...---- -- ,,/ ............------ "" .......-... ..... ~.-

'.:..:.:.:.:.:.:.;.;;.;,,;,r.:r~:<,,:,:,:,:-,::~.::" -:-::f':":':.~~'."'~"~:
~30 -19 -B 3 14 25 - - - 207

Temperature
Figure 19: Graph of Percent Composition vs Temperature Durlng the Oxldation of 153a rH

NMR Experiment)
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Table 15: Percent Composition of Reaction Mixtures During Oxidation of
153b"

206 207

<1 0
4 0
8 0

13 4
14 10
23 15
28 24
24 36
15 46

153b

203

204

205

-- 20S

?07

3522-17

..
..,.,.../"

/
'.f... . .

J( .••••

, ..;;:/""'.

-_::"'--.-.;~.....-... ~-:::;/'" "'...
------::---~~-- ------------------

/

--
o
-30

100

90

"0 80
;:
0; 70
0
Q, 60E
0 500.. 40

"<Il 300..
<Il 20Cl.

10

Temp fC) 153b 203 204 205

-30 83 17 0 0
-20 65 31 0 0
-10 28 60 2 2

0 7 69 3 5
10 <1 61 3 12
15 0 40 4 18
20 0 22 4 22
25 0 12 4 24
35 0 7 5 27

"Based on integratlon 01 the ' H spectra

-4 9
Temperature

Figure 20: Graph of Percent Composition vs Temperature During the Oxidatlon of 153b rH
NMR Experiment)

3.2.2 Proposed Mechanism for the Electrophilic Oxidation of Bridged Bicyclic Thiosulfinates

From a carelul analysls 01 the data presented above on the m-CPBA oxidation 01 [3.2.1]

thiosuillnates, nis possible ta propose a detailed mechanism lor the tra:lsformatlon 01 a-disulloxide

ta final product(s) and ta propose structures lor the other intermediates seen during this process.

It is expected that the SoS bond in a brldged blcycllc a-disulloxide, IIke 193, 196, 202 and

203. would be very weak due to the strain 01 the bicycllc system and the repu/sion between the two

parallel sullur-oxygen bonds. A concerted-type rearrangement, IIke that depicted in Scheme 24, Is
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not I:kely for these species as the sulfinyl oxygen is not able to reach an empty orbital on the

adjacent sulfur atom due to the rigidily of the bicyclic system. It is expected, then, that homolysis

..Jf the SoS bond would readily occur to give IWo sulflnyl radicaJs (208-210, Scheme 36) which can

recombine by several possible routes. There is evidence fron, the oxidatlon of the IWO if.omers of

thiosulflnate 153that one of these routes involves rotation about one CoS bond followed bya head­

to-head recombination of the sulflnyl radicals to give an unsymmetrical a-disulfoxide (Scheme 36).

The evidence for this mechanism Is the formation of compound 203 (previously identified as the

unsymmetrical a-disulfoxide in the oxidation of the endo isomer, 153b) as the second intermediate

in the oxidalion of 1538.155 The similarily in the 13C chemical shifts (Table 16) and abundance of

203 with 194 and 197, seen as the second intermediates in the oxidation of 150a and 152,

rospectively, supports an assignment of the unsymmetrical a-disulfoxlde structure to the5e

species.

r::=d"0R
~=o

(. ~o

(193)
(196)
(202)

(208)
(209)
(210)

Scheme 36

(194) R = H
(197) R = p-NOz-CsHs-C(O)­
(203) R = CH3-(CHzkC(O)-

Table 16: 13C Chemical Shifts for [3.2.1] Unsymmetric a-Disulloxides (ppm)

Cpd

194
197
203

C8

81.4
83.2
82.0

Cl

71.9
69.~

69.0

C4

70.1
67.4
67.0

From this point, there are several possible pathways for Intermediates 208-210 and 194,

197 and 203to follow. AJthough sorne may be more favoured than others, ail cannot not be rulc-d

out completely and the structure assignments for the remalning Intermediates may u:lly be

proposed as there is no direct evidence for their identily. From a careful analysis 01 the NMR

155. Unsymmetric a-disulfoxides could aiso be formed bya direct allack on the oxldlzlr.(j agent
from the endo side of the sulfur-sulfur bond; however. reactions on this side of thesl
molecules has been shown to be unfavourable. Thus chis mechanism should not accùunt
for the formation of a significant amount of unsymmetricai a-disulfoxide from thlosulfinate.
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chemlcal shlfts, the mast IIkely structural asslgnment for each Intermedlate has been made. In ail

oxldatlons, the final produet lsolated alter column chromatography, was the thlosuJfonate and, in

som9 cases, thlosulflnate.

The neX! Intermedlate expeeted in this oxldatlon process, based on the literature examples

(see Section 3.1.2), is an O,S-sulfenyl sulflnate. There are IWO possible O,S-sulfenyl sulflnates (plus

thelr enantlomers) tha! could be formed by eilher a head-to-tail recombination (Scheme 37) of the

sulfinyl radicals (208-210) or a concerted-type rearrangement (Scheme 38) of the unsymmetrical

(HUsulfoxides (194, 197 and 203). These specles are unsymmetrlc, thus intermedlates 198 and

200, From the oxidatlon of the p-nitrobenzoyl thlosulflnate (152), and 200 and 207, from the

oxidatlon of the n-hexanoylthlosulflnates (1538 and 153b), have been assigned to this structure.

~OR
~f[0R-- ,/ ---0

.~::: '-0

o_s

(198) or (200) R = p-N02"CsH4-C(O)-g-
/ .

(205) or (20,1) R = CHa-(CH2)4-C(O)-0/

(209) R = P-N02-CsH4-C(O)-
(210) R = CHa-(CH2)4-C(O)-

~OR
s_
,..;:s.

0;'--

(198) or (200) R = p-N02""CsH4-C(O)-
(205) or (207) R = CHa-(CH2)4-C(O)-

Scheme37

~OR ~OR--
(~·-o

• 1
8_--

0,;-;1>" 0~1>"
0;'--

(197) (198) or (200) R = P-N02-CsH4-C(O)-

~"
(205) or (207) R = CHa-(CH2)4-C(O)-

~OR--~~·-o s_
....-:s-;., ....-:s..0;'--

0;'--
(197) (198) or (200) R = p-N02""CsH4-C(O)-

... (203) (205) or (207) R = CHa-(CH2)4-C(O)-
j

"

Scheme38:~~~
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The similarlty in thelr rate 01 appearance and the l3C chemlcal shlfts 01 intermediates 1911

and 205 and those 01200 and 207 (Table 17) confirms thatthey are indeed the same species. Itis

dlfficult to determine the identlty 01 each isomeric O,S-sulfenyl sulfinate, therelore the distinction

beIWeen the IWO has not been made. There was no evldence lor the lormation 01 an O,S-sl'lfenyl

sullinate in the oxidalion 01 150a; once lormed, rapld conversion to the thlosulfona!e product must

have occurred. The conversion 01 O,S-sulfenyl sulfinate to thlosulfonate Is deplcted ln Scheme 39.

Table 17: lac Chem/cal Shilts for [3.2.1] O,S-Sullenyl Sulflnates (ppm)

Cpd ca C1 C4

198 75.7 69.7 66.5
205 74.9 69.5 66.7

200 72.8 65.4 64.0
207 71.7 65.3 63.7

-+

Scheme39

PifOR

~s.::::::::
0:;;'-- 0

The remaining species to be identified are ail symmetric. A'though tt would seem logical to

assume that these specles are sulfinic anhydrides Qlke 178), the oxidatlon products 01 the above

O,S-sullenyl sulfinates, their dlsappearance Irom the reacliol1 mixture wtthout any slgn 01

decomposttiol1 produets precludes this posslblllty. The only other structure possible lor these

specles is a symmetrlcal endo cl:-{:fisulloxlde lormed Irom a head-to-head recomblnatlon 01 the

sulfinyl radicals 208-210 alter apprapiate rotations about the CoS bonds. /ntermediate 195 Irom the

oxidatlon 01 thiosu/finate 150a; 201, Irom the oxldalion 01 152 and 206, lram the oxldation 01 153a

and 153b have ail been asslgned to thls structure. Table 18 shows the slmllarlty ln the lac
chemical shifts 01 these specles. /ntermediate 195 was much more abundant than the o!her IWo

endo a-dlsu/loxides. This lact, along wtth the absence 01 an O,S-sulfenyl suitinate ln thls reactlon,

suggests that 195 was more stable than 201 or 206.
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Table 18: 13C Chemical Shifts for [3.2.11 endo a-Disulfoxides (ppm)

Cpd

195
201
206

C8

75.0
78.2
77.0

Cl

64.2
62.0
62.0

C4

64.2
62.0
62.0

(Af0H
"'(157) -::/s ::::::::0

o

3.2.3 Oxidation of Bridged Bicyclic [4.2.1] Thiosulfinates

(i) syn-2,3-Dithia[4.2.1]bicyc/ononan-9-01 S-oxide (151a)

Oxidations involving a [4.2.1] bridged bicyclic thiosulfinales were nol as complex as the

[3.2.1 J species. The first inlermediate formed was always a symmelrical species to which an a­

disulfoxide slruclure has been assigned. Oxidalion of thiosulfinale 1518 produced a-disulfoxide

208 which became clearly visible al -30oC in bolh the 13C (Figure 21) and lH (Figure 22) NMR

speclra. Compound 208 was nol presenl in the 13C NMR speclra acquired al lemperalures

grealer Ihan OOC, but was visible in the 1H NMR speclrum acquired al 30°C. This, again, was mosl

likely due 10 Ihe longer amounl of lime required 10 colleclthe lJc NMR speclra a1lowing more lime

for Ihe inlermediales 10 rearrange to more slable species. a-Disulfoxide 208 appeared to convert

cle'lnly Inlo thiosulfonale 157, allhough a large peak al 68.9 ppm and Iwo smaller peaks al 75.7

and 75.8 ppm ln Ihe 13C NMR speclra was evidence for lhe formation of a sma" amounl of olher

inlermediales. The concenlralion of these species was never enough to allow slruclure

assignmenl. The peak listings for Ihe 13C chemical shifts of compounds involved in Ihls oxidalion

are given in Table 19. Thiosulfcnale 157 was isolaled in 70% yield (based on recovered slarting

malerial) alter chromalographic workup.

~OH r=î1'OH

v-D ~O
(151a) s::::::::o (208)s::::::::0
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Table 19: 13C Chemical Shlfts for the m-CPBA Oxldatlon of 151a (ppm)

Cpd C9 Cl ca C7 C6 C5 C4

151a 86.8 78.0 30.9 23.7 23.3 24.2 68.1
208 91.1 76.0 25.6 24.9 24.9 25.6 76.0
157 75.1 74.2 33.9 24.7 22.9 23.9 64.3

(?fOR (FffaR (?fOR
S.:: -0's __ 's __ 's ____0

__0
-:/ __0a

a =151a b =208 C = 157R_H

JO """.."..70..
Figure 21: Law Temperature m-CPBA Oxldatlon of 151a; 13C Spec1ra
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8 = 1518 b = 208

(AfaR
'8-..

-:/ -"0a
C = 157

R.H
T(OC)
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c

Figure 22: Low Temperal'Jre m-CPBA Oxidalion of 151a; lH Spectra
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ln the lH NMR (Figure 22), the signal lor Hl and H4 of 208 'lias a triplet centered at 4.14

ppm and that of Hg 'lias buried under the Hl peak of compound 1518. The percent compositions

of the reaction mixtures during the oxidation of 1518 b'3sed on the integration of the 1H NMR

spectra are Iisted in Table 20 and a graph of this data IS shawn ln Figure ::'3. !n this experiment

there 'lias a large amount of thiosu!t;nale remaining at the end of the experiment. This 'lias most

Iikely due ta an errer in the addition of the correct amount of m-CPBA. Although less then in the lH

experiment, there 'lias also a significant amount of thiosulfinate remaining altar the 13C NMR

experiment, thus the oxidation of this species does not proceed ta completion with the addition of

only one equivalent of oxidizing agent.

fable 20: Percent Composition of t:le Reaction Mixtures in the Oxidation 01
151a"

Temp (OC) 1518 208 157

-3D 94 4 2
-20 87 10 3
-10 76 21 3

0 65 32 3
10 65 31 4
20 64 32 4
25 64 8 28
30 65 3 32

"Based on integration of the 1H spectra

100

co..
"ij
o
~o
o­C«l
()..
«l
Q.

:~
70r ~
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60

50

40

30 _-- ------'-'----, .--
• .... .. i', ,

20 ........ ,1._- t.
...... : ..

10 ...... l ,::: f ~

1518

208

----- 157

3018-18
o
-30 -6 6

Temperature

Figure 23: Graph 01 Percent Composition vs Temperature During the Oxidation 01151:: rH
NMR Experlment)
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(ii) syn-2,3-Dithia-{(9-p-nitrobenzoyl)oxy]bicyclo[4.2. l]nonane S-oxide (154)

The first compound formed in the oxidation of thiosulfinate 154 was a-disulfoxide 209

(Scheme 40). This species did not become clearly visible until -20°C in both the l3C (Figure 24)

and 1H (Figure 25) NMR experiments, but was prdsent in every spectrum up to room temperature,

where ~ was completely gone.

ln the l3C NMR experiment, the only species present at room temperature was

thiosulfonate 210 and there was no evidence for the formation of other intermediates. This was

most Iikely because of the low concentration of 154 used in this experiment and the lower sensivity

of the l3C NMR experimenl. There were signais in the lH NMR spectre assignable to IWo other

Intermediates in the oxidation of 154. Table 23 Iists the percent compositions of the reaction

mixtures during this experiment and this data is depicted by the graph in Figure 26. Alter the initial

formation of a-disulfoxide 209, an intermediate (211) w~h H9 appearing at 5.89 ppm became

visible at DoC. It was an unsymmetrical intermediate with Hl and H4 signais at 4.15 and 4.08 ppm,

respectively. The concentration of 211 continued to grow and ~ was presen! in the spectrum

acquired at 30°C. Another intermediate (212) was only a minor species first appearing at + 10°C.

It was another unsymmetrical intermediate with H8 appearing at 6.05 ppm. The position of the

peaks for intermediates 211 and 212 suggest that they were O,S-sulfenyl sulfinates (Scheme 40)

following the pattern thet has been established in the m-CPBA of [3.2.1] thiosulfinates. The

presence of a symmetrical intermediate assignable to an endo a-disulfoxide was not detected.

This was also true in the 1H NMR eXj:'eriment for the oxidation of the [3.2.1] p-nitrobenzoyl

thiosulfinate (152). Thiosulfonate 210 was isolated in 60% yield by column chromatography.

R-p-N02-C.~.-C(O)-

(154) (209)

Scheme40

- <rff0R

....s
h ~oo'/"

(210)
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Table 21: 13C Chemical Shlfts for the m-CPBA Oxldatlon of 154 (ppm)

Cpd C9 C1 CS C7 C6 CS C4

154 85.8 79.6 31.9 24.2 23.9 24.3 64.4
209 89.3 74.3 25.9 24.9 24.9 25.9 74.3
210 75.0 73.6 34.5 24.3 22.2 24.8 59.6

(rff0A
'5 __

--0

a = 154

~OA
~o

"s~
--0

b = 209

(Fff0A
'5 __

rr:/ -"0

C = 210

..........70....

T(OC)

r
20

cr l 1 .î ilf- ..,. ...-b
b

b
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,,1 1
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Figure 24: Low Temperature m-CPBA Oxidation of 154; 13C Spectra
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Table 22: 1H Chemical Shifts for the m-CPBA Oxidation of 154 (ppm)

Cpd H9 Hl H4

154 6.21 (s) 4.93 (1) 4.36 (d)
209 6.19 (1) 4.06 (m) 4.06 (m)
210 5.80 (1) 4.68 (t) 3.91 (d)
211 5.89 (m) 4.15 (d) 4.08 (m)
212 6.05 (m) 4.53 (d) 4.20 (d)

Table 23: Percent Composilion of the Reaction Mixtures in the Oxidation of
154·

Temp ("C) 154 209 210 211 212

-30 91 7 2 a a
-20 79 19 2 a a
-la 59 39 2 a a

a 35 60 3 2 a
5 19 71 5 5 a

la 12 70 8 8 2
20 la 47 26 14 3
25 6 a 65 17 4

·Based on inlegration of Ihe lH speclra

100 ,--------------,

90 -164
c ao0-=ii 70
0
Q. 60
E
0 500- 40
C
~ 30()..
~ 20IL

10

,
,,,,

.'

•• -- 208

---- 210

........ 211

- 212

2514-B 3
Temper.bre

Figure 26: Graph of Percent Composition vs Temperature During the Oxidalion of 154 (lH
NMR Experimenl)
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(Iii) syn-2,3-Dithia-{(9-n-hexanoyl)oxy]bicyclo[4.2.1]nonane S-oxide (155)

The m-CPBA oxidation of 155 was followed by 13C NMR spectroscopy only (Figure 27).

The cr-disulloxide (213) was already present at -30°C and areached a maximum concentration at

acC. In this example, there was evidence for the formation of the other intermediates in the

rearrangement 01 cr-disulloxide to thiosullonate (Scheme 41), although they were not as abundant

as those seen in the oxidations 01 [3.2.1 J thiosulfinates. The second intermediate, 214, first

appeared at DOC and as peak positions [fable 24) suggest that is was an O,S-sulfenyl sulfinate

(only one of the Iwo possible isomers is drawn below). The neX! species (215) was symmetric and

tt appeared first at 5°C. Its peak locations are consistent with a symmetrical endo cr·disulloxide

structure. The final reaction mixture contained mainly thiosullonate 216 which was isolated in 55%

yield by column chromatography.

AfOR
's_

-0

m·CPBA- -
(155)

R • CH,' (CH,l,'C(Ol'

(213)

r--f1"OR
v:D

0/~s
o'/'"
(215)

Scheme41

(214)

!
~OR

's-:? ~oo
(216)

Table 24: 13C Chemica! Shifls for the m·CPBA Oxidation of 155 (ppm)

Cpd C9 C1 C4

155 84.3 79.9 64.8
213 88.2 74.2 74.2
214 74.6 72.8 71.9
215 80.0 66.8 66.8
216 74.8 73.5 59.5

~
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(Fff0R
's ____0
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(Fff0R
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3.2.4 Oxld8t1on of Brldged Blcyclic [2.2.1) Thlosulfin8tes

Law temperature oxldatlon experiments were also atlempted on the [2.2.1) thiosullinates;

however, they were not as Informative as the above examples with the [3.2.1] and [4.2.1]

thiosuillnates. The oxidatlon of thiosulfinate 1498 was followed by l3C NMR spectroscopy. A

symmetricaJ Intermediate (217) was detected at -350 C and it was the main specles in the spectrum

at -25°C. Upon lurther warming of thls reaction mixture, no signais were observed corresponding

to any species even alter an hour of experlmental time. The number of specles formed must have

been too great and thus each was too dilute to be detected. The spectnum of the final reaction

mixture, warmed to room temperature, contained several peaks that could not be identified.

Chromatography of this mixture resulted in the Isolation of thiosulfonate 218, however ln only 5%

yleld. The peak positions 01 thiosullinate 1498, a-dlsulfoxide 217 and thiosulfonate 218 are given

ln Table 25.

'9{"' ~OH ~OH
~:::- -- s,
's-"";o ...--:::S.::::::::-

s~o ~o o:/"" 0

(1498) (217) (218)

Table 25: 13e Chemlcal Shltts for the m-CPBA Oxld8tlon of 1498 (ppm)

Cpd

1498
217
21B

C7

66.2
95.8
67.2

C1

64.3
59.7
61.9

CG

27.5
16.7
28.3

CS

17.0
16.7
20.5

C4

57.1
59.7
29.7

The [2.2.1) thlosulfonate (21 B) was a very stable compound. It could be left at room

temperature ln ambient IIght for a period of over a month without any evidence of decomposillon.

This contrasts with the stabilily of thlosulfinate 1498, whlch had to be stored in the freezer ln order

to prevent decompositlon. The stabllily 01 218 Is not surprislng as the first example of an isolable

1,2-dithietane derivatlve was 3,4-diethyl-1,2-dilhietane 1,1-dioxlde (219).156 The explanation

offered for the stabilily of 219 was the removal of the destabillzlng effect of the repulsion between

156. E. Black, A.A. Bazzl and L K Revelle, J. Amer. Chem. Soc., 102,2490 (1980).
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the neighbouring lone pair of electrons on the sulfur atoms. This theory has been menlioned

previously ta explain the stabilitity of 1,2-dithioJane-S-oxides (Chapter 1) and eariier in this chapler

ta explain the stability of br!dged bicyclic ;h;osulfinates over their corresponding disulfides. The

[4.2.1] and [3.2.1] thiosulfcnates ara also V9ry stable compounds. The only known 1,2-dithietane

stable enough ta be isolated tnus fa; ;~ dithiatopazine (220).157

(219)

3.3 Conclusion

(220)

Oxidation of bridged bicyclic thiosulfinates using m-CPBA at low temperatures (-30 ta ­

40°C) produced a species that was not the corresponding thiosulfonate but was converted,

through a series of intermediates, ta this expecled product. There is no doubt that oxidation

occurred at the 'solter" sulfenyl sulfur atom ta give an a-disulfoxide intermediate. The quantily of

a-disulfoxide formed and the tcmperatures at which signais were observed for its presence (25°C

in some examples) were higher than any prevlous direct evidence reported for a-disulfoxide

formation by bath Freeman143 and Harpp.146 The results reported ln this work have provided the

most conclusive evidence ta date for a-disulfoxide formation and have given many insights into the

mechanism for a-disulfoxide rearrangement or disproportionation into final product(s).

The a-disulfoxides initially formed in the oxidation of the axa diastereomers of bridged

bicyclic thiosulfinates were symmetrical compounds. This resulted because the preferred direction

for m-CPBA ta enter was from the axa face due ta steric hindrance of the six-membered ring. This

preference for 'axa' attack was first noticed in the peroxidation of bridged bicyclic disulfide ta

thiosulfinate.

The existence and isolation of an endo bridged bicyclic thiosulfinate (153b) provided

further insight into the mechanism for the peroxir1ation of thiosulfinates. Oxidation of 153b from

the axo face produced the only unsymmetrical O'-disulfoxlde (203) seen as the flrst intermediate in

157. K C. Nicolaou. C.-K. Hwang, M. E. Duggan and P. J. Caron, J. Amer. Chem. Soc., 102,
3801 (1987).
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these reacllons. It turned out that Intermedlate 203 was also the second Intermediate seen j"~ the

oxidation of the axo thlosulfinate (1538). This discovery provided evldence for one pathway in the

mechanlsm of a-dlsulfoxide rearrangement/disproportlonallon; that Is, alter the Inttlal oxldation to

symmetrlcal a-dlsulfoxlde, homolysls of the S-S bond occurred followed by rotation about one C-S

bond and radical recomblnatlon ln a head-to-head fashlon to glve an unsymmetrical a-disulfoxide

(Scheme 36). The peak positions and tlme of appearance for Intermedlates 194 and 197 were

slmllar to those of 203, thus these specles were asslgned the unsymmetrlcal a-disulfoxide

structure. There was evidence that rotation about both C-S bonds also occurred followed by

radical recomblnatlon ln a head-to-head fashlon to provlde another symmetrlcal a-dlsulfoxlde, with

both sulfinyl oxygens ln the endo conformation. Symmetrical intermediates 195, 201, 206 and 215

have been asslgned thls structure.

It Is interestlng to note that no evldence was found for the formation of unsymmetrical a­

dlsulfoxldes ln the oxldatlon of [4.2.1] thlosulfinates. Formation of O,S-sulfenyl sulfinates was

observed, thus recombinatlon of the sulfinyl radlcals ln these examples must favour a head-to-tall

pathway. This most IIkely reflects the lower stablltty of the unsymmetrlcal [4.2.1] a-dlsulfoxides

whlch may be due to sterlc factors. A small amount of head-to-head recomblnatlon of the sulflnyl

radlcals occurred during the oxldatlon of 155 to glve the symmetrlcal endo a-dlsulfoxide.

Strong evldence was also found for the formation of O,S-sulfenyl sulfinates. The peak

posttions and tlme of appearance for Intermedlates 198, 205, 200 and 207 ln the oxidation of

[3.2.1] thlosulfinates and Intermedlates 210, 211 and 2141n the oxidatlon of [4.2.1] thlosulfinates

provides powertul support for the existence of these species, the best reported to date.

The Isolation 01 final product, the correspondlng thlosulfonate ester, was pertormed by

column chromatography. The yields were good in examples where the intermedlates had ail

converted to final product by the ei'rl of the experlment. This occurred ln ail reactlons except the

oxldatlon of substlluted [3.2.1] brldged blcycllc thlosuiflnates. The final reactlon mixture from the

oxldation of thlosulfinates 152, 1538 and 153b contalned slgnificant amounts of Intermedlate

specles. These compounds were not stable enough to be isolated by column chrornatography on

sllica or alumina IIkely due to an esterificallon reaetlon wllh the hydroxyl groups on the solld

support. This resulted in low ylelds of thlosulfonates 199 and 204. It also provides an explanatlon

for the reported dlffieulty ln oxldlzlng eyelle thlosulfinates 83b and 87114 (Chapter 1). The

mechanlsm deserlbed ln thls work Is mostly IIkely also ln operation durlng the attempted oxidation

of 83b and 87. The possiblltty for the formation of even more products via dimerlzatlon would be

greater wlth these smaller molecules than wllh the bieyelie eompounds, thus Il Is not surprlsing that

the isolation of thlosulfonates was not sueeesstui.
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It is evldent that further Investigations Into the peroxldatlon of brldged bicycllc

thiosulfinates should provlde more information about the mechanism of thls reaction. There is also

a potentiaJ for Investigatlng the chemical behavior of an unstudJed class of compounds, Q!­

disulfoxldes, via low temperature reaellons. The work reported here has already produced Q!­

disulfoxides ln amounts and at temperatures greater than any prevlously reported, thus providlng a

prime target for further studies Into these species.
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Chapter 4: Attempts Towards the Synthesis of Ergosta-6,22-dien-sa,lla-epidithia-3-01: The
Brldged Bieyclie Disulfide Analogue of Ergosterol Peroxide

4.1 Introduction

Ergosterol peroxide (221a, ergosta-6,22-5Q.ea-epidioxy-3-01) is a weil known natural

produet whleh was tirst isolated in 1947 trom the myeelium of Aspergillus fumigatus. l5a Since

then tt has been Isolated trom a number ot otherfungi,159 IIchens160 and marine organisms.161

'"

. ......: ..~
HO \ ~ ~x

o;:.x/

(221) a X = 0, b X = S

The biological actlvtty ot compound 221a has been weil documented and includes platelet

aggregating properties15ge and phytotoxlc actlvtty agalnst a variety of plant tissues. l62 Wtth

regard to this latter property, ergosterol peroxlde has been recently investigated as a potential

158. P. Wieland and V. Prelog. Helv. Chim. Ael"., 3D, 1028 (1947).

159. a) G. Bauslaugh, G. JU5t and F. Blank, Nature. 202, 1218 (1964); b) H. K. Adam. 1. M.
Campbell and N. J. McCorkin. Nature, 216, 397 (1967); c) E. P. Serebryakov. A. V.
Simolln, V. F. Kucherovand B. V. Rosynov. Tetrahedron. 26, 5215 (1970); d) J. Arditti. P..
Ernst, M. H. Fisch and B. H. Flick, J. Chem. Soc. Chem. Comm., 1217 (1972); e) J. D.
Weete, Phytochemistry. 12, 1843 (1973); f) L C. Brown and J. J. Jacobs. Aust. J. Chem.•
28,2317 (1975); g) W. Lu. 1. Adachl, K. Kano, A. Yasuta. K. Toriizuka. M. Ueno and 1.
Horlkoshl, Chem. Pharm. Bul/., 33. 5083 (1985); g) G. Kusano, H. Ogawa. A. Takahashi. S.
Nozoe and K. Yokoyama, Chem. Pharm. Bul/., 35. 3482 (1987).

160. T. Hirayama, F. Fujikawa. 1. Yosloka and 1. Kttagawa, Chem. Pharm. Bul/., 23. 693 (1975).

161. a) A. A. L Gunatllata. Y. GoplChand, F. J. Schmttz and C. Djerassi, J. Org. Chem., 46, 3860
(1981) and reterences there!n; b) M. Guyot and M. Durgeat, Tetrahedron Lett., 22, 1391
(1981).

162. a) N. Otomo, H. Sato and S. Sakamura, Agric. Biol. Chem.• 47, 1115 (1983); b) Y. S.
Tsantrizos, Ph. D. Thesls. McGIII Unlverstty, Montreal, Quebec, Canada (1988).
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herbicide lor the perennial weed, Convo/vulus arvens/s, beller known as lield bindweed.162b,163 ln

lact, research into P. convolvu/us was initiated in hope 01 deveioping means lor the effective

control 01 lield bindweed which has developed resistance ta the presenUy avaiiable synthetic

herbicides and has been c1assilied as one 01 the most serious agricultural pests worldwide.164

Ergosterol (222a), the biosynthetic precursor of metabolite 221a, was also isolated Irom

the groWlh medium 01 P. convo/vulus. 162b This compound did not show any activity against lield

bindweed. Since the only structural difference between compounds 221a and 222a is the epidioxy

bridge, it is tempting ta conclude that this moiety is responsible lor the phytotoxicity 01 221a. Il

was proposed that il the activity 01 221 a was ta be increased, analogues should possess a bridged

bicyclic structure with variations in the atomic composition. This provided a prime target for the

synthesis 01 another bridged bicyclic disullide (221 b) and an opportunity ta lurther extend the

uselulness 01 this class 01 compounds as bioiogically important molecules.

(222) a R = H, b R = TBDPS, c R = OAc

The synthesis 01 sullur analogues 01 natural products lor the purpose 01 imitating or even

increasing the biological activity 01 the parent compounds ie not unprecedented. Perhaps one of

the best examples may be lound in the prostaglandin area. The bridged bicyclic endoperoxides

PGG2 (223) and PGH2 (78) (mentioned in Chapter 1 and 2) are important intermediates in the

biosynthesis 01 prostaglandins, prostacyclin and thromboxanes.101 Efforts ta study the biological

mode 01 action and the biosynthesis 01 these compounds have been hampered by their low

163. Ergosterol peroxide (221a) caused slight browning on the leaves 01 field bindweed at a
concentration 01 0.2 mg/ml ln a 5% ethanol solution (rel. 162b). Biological testing was
Iimned by the poor solubility 01 221a in aqueous media. This same solution also showed
10% inhibition 01 groWlh 01 the aquatic small plant, Lemna.

164. a) J. F. Alex, in B/%gyand Ec%gy of Weeds, W. Holzner and M. Numata. Eds., The
Hagues, 3DG (191l2); b) L G. Holm, D. L Plunknell, J. V. Pancho and J. P. Herberger. in
The Wor/d's Worst Weeds, Hawaii: Universny Press 01 Hawaii, Chapt. 12 (1977); c) S. S.
Rosenthal. Calif, Agr/c., 37. 16 (1983).
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stabillty in aqueous buller solutions; this stimulated sy"thetie investigations into theïr sulfur

analogues.10Z It was believed that the bridged bieyclie disulfide system would be more stable than

the oxygen analogue. This has been proven correct and a lO'ulfur analogue (79) has been shown to

aet as an irreversible aggregator of platelets and as a strong mimie of thromboxane Az in

eontraeting rabb~ aorta strips.l0Za,c

",,,,,,,,---- _............... ..............
...' --------- ........, 'c0 CH

2 3

(0) nH

(223) n = 2
(78) n= 1

OH

(79)

Several other sulfur analogues of biologically important molecules also have been

reported. These inelude analogues of elavulanie acld.165 leukotriene B4.166 monoamine oxidase

inhib~ors167 and vitamin B6 derivatives. l68

4.2 Results and Discussion

Ergosterol peroxide (221a) has been synthesized from ergosterol (222a) both

enzymatieally169 and ehemically.170 Many of the chemical syntheses involve a photochemieal

generation of singlet oxygen which reacts wlth the diene of 222a via a Diels-A1der addition.

Following this strategy, the synthesis of a sulfur analog of ergosterol peroxide was allempted via

the Diels-A1der addition of diatomic sulfur to ergosterol.

165. J. L Douglas, A. Marrel, G. Caron, M. Menard, L Silveira and J. Clardy, Cano J. Chem., 62,
3382 (1984).

166. Y. Guindon and D. Delorme, Cano J. Chem., 65,1438 (1987).

167. T. R. Bosin, R. P. Maiekel, A. Dinner, A. Snell and E. Campaigne, J. Heterocyclic Chem., 9,
1265 (1972).

168. M. Iwata and H. Kuzuhara, Bull. Chem. Soc. Jpn., 58, 2502 (1985).

169. M. L Bates and W. W. Reid, J. Chem. Soc., Chem. Comm., 4" (1976).

170. a) V. A. Windaus and J. Brunken, Justus Liebigs Ann. Chem., 465,225 (1928); b) L F.
Fieser and M. Fieser, in Steroids, New York: Reinhold Publishing Corporation, (1959) and
referenees therein; e) D. H. R. Barton, G. Leclerc, P. D. Magnus and 1. D. Menzies, J.
Chem. Soc. Chem. Comm., 447 (1972); d) D. H. R. Barton, R. K Haynes, P. D. Magnus
and 1. D. Menzies, J. Chem. Soc., Chem. Comm., 511 (1974).
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There have baen several methods reported for the generatlon of diatornlc sulfur and thelr

reactions wtth dlenes to give cyclic disuifldes as products. The lirst synthetlcally useful procedure

to appear ln the Itterature involved the reactlon of organometalllc trlsullides of general structure

224 wtth triphenyldlbromophosphorane (225).171 This same procedure was used to generate the

pseudo-<llatomlc specles, H-P = S (commonly known as thlophosphanes, phenyl

thioxophosphanes and phosphlnothloylldenes) whlch Is the subject of Chapter 5. In the publlshed

examples, the reaclion generated and delivered dlatomlc sulfur to a diene by one of !WO possible

mechanisms. A four·membered ring Intermediate (226) may have been Involved, whlch Is

analogous to that proposed ln the generation of singlet oxygen via thermal decomposttlon of a

phosphine or phosphite ozone adduct;172 or the intermediate may have been an open chain

species such as 227.

R 3M-SSS -MR 3

(224) (225) (226) (227)

ln 1987, !Wo methods appeared ln the literature for the generatlon of dlatomlc sulfur.

Schmidt and Garll73 reported that the cycllc specles, 5,5-dimethyl-l ,2-<1ithia-3,7­

diselenacycloheptane (228) will undergo ring contraction with the formation of 4,4-<1lmethyl.l,2­

dlselenacyclopentane (229) and S:z under thermolytic conditions (Scheme 42). The S2 generated

was trapped as a cycUc disullide when dienes were present.

>(s.'s
>C~.1 - + S2

,s 6 s.
s.

(228) (229)

Scheme42

171. K. Stellou, Y. Gareau and D. N. Harpp, J. Amer. Chem. Soc., lOS, 799 (1984).

172. P. D. Bartlett and C. M. Lonzetta, J. Amer. Cham. Soc., lOS, 1984 (1983) and references
therein.

173. M. Schmidt and U. GôrI, Angew. Cham. Int. Ed. Engl., 26, 887 (1987).
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A1ternatlvely, Steliou and co-workersn ,174 investigated the thermal rearrangement of

aromatic thioketones of general structure 230 for the release of diatomic sulfur (Scheme 43). The

aromatic thioketones were prepared in situ by reaction of the corresponding diones (231) with

BCI3 and thiane 232.175 Heating 230 in the presence of a diene resulted in the isolation of cyclic

disulfides in good yields, along with the energetically favoured phenanthrene side product (233).

Steliou has applied this method to the synthesls of several sulfur-containing compounds.77,176

This method was sel3cted as an approach to the synthesis of 221 b.

(231)

+ (CH3)3-SISSI-(CH3)3

(232)

BC 1 3-
(230)

~6

R R

S2

Scheme43

+
1.

(233)

ln order to Inilially establlsh that the proper procedure for thls synthesls was belng

followed, the reactlon was performed in the presence of 2,3-<llphenylbutadiene (234). The product

of thls rsaction was the known dihydro l,2-<lithiin 235 and il was isolated in 65% yield (based on

recovered starllng material).

174. a) K. Steliou, P. Salama, D. Brodeur and Y. Gareau, J. Amer. Chem. Soc., 109,926 (1987).

175. K. Stellou and M. Mranl, J. Amer. Chem. Soc., 104,3104 (1982).

176. a) K. Steliou, Y. Gareau, G. Milot and P. Salama, Phosphorus, Su/fur and Silica, 43, 209
(1989).
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s-s

(235)
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The synthesis of thioketone 231 in the presence of ergosterol (222a) 100 to the formation

of two major steroidal products. The major species turnOO out to be the known compound, 3,5­

cycI0-6,8(14),22-ergostatriene (236), previously isolated as the dehydration product of ergosterol

with either phosphorus oxychloride or p-toluene2.ulfonylchloride in pyridine.177 Ailhough the

complete NMR data for 236 were not available in the Iiterature, fis UV and melling point were in

complete agreement with those previously reportOO.

(236)

The second species IsolatOO (237) had lH and 13C NMR data very similar to those of

ergosterol (222a). In the 1H NMR spectrum, the signal for H3 was shiftoo downfield by 0.2 ppm

from that of ergosterol and the signal for the H4 protons was shiftoo by approximately the same

amount. In the 13C NMR spectrum, the signais that were shiftoo by the greatest amount from

those in ergosterol were those for the carbons of the A ring. The C3 carbon showed the largest

shift; in 237, this signal appearOO 31 ppm upfield from fis location in the 13C spectrum of 222a.

This type of shift would be expectOO ff the OH group had been replacOO by an SH group. Other

examples of the chemical shiit difference between the a-carbons of alcohols and thiols are given in

Table 26.

177. M. Fieser, W. E. Rosen and L F. Fieser, J. Amer. Chem. Soc., 74, 5397 (1952).
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Table 26: 13C Chemical Shifts of the a-Carbon of Alcohols and Their Sullur
Analogues (ppmj178

Cpd Alcohol Thiel
(X = 0) (X = S)

CH:Y<H 50.2 6.5
CH3CH2XH 57.8 19.1
CH3CH2CH2XH 64.2 26.4
(CH3)2CHXH 64.0 29.9
(CH3)3CXH 68.9 41.12
cyclohexane-XH 69.5179 38.5

The UV spectrum of compound 237 and ergosterol (222a) were vlrtually identical, but the

IR spectrum of 237 dld not have the characterlstlc OH stretch at 3650 cm-1. AIl of the spectral data

suggested that compound 237 is the mercapto-analog of ergosterol, which was confirmed by an

X-ray structure. The ORTEP drawing of 237 Is shown in Figure 28.

Figure 28: ORTEP Orawing of 237

The mechanism for the formation of both compounds 236 and 237 ciearly involved Lewis

178. Tables of Spectral Data for Structure Determination of Organic Compounds, 2nd Ed., W.
Fresenlus, J. F. K Huber, E. Pungor, G. A. Rechnitz, W. Simon and Th. S. West, Eds., New
York: Springer-Verlag (1989).

179. R. M. Silversteln, G. C. Bassler and T. C. Morril!, Spectrometrie Identification of Organic
Compounds, 4th Ed., Toronto: John Wiley & Sons, p. 268 (1981).
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acld-asslsted, OH ellmlnation (Scheme 44). SlIytatlon of the arcohol functlonallty Is IIkely to occur

first whlch, in the presence of B03, can be ellmlnated to glve compound 236.180 Since the SH

group of compound 237 has the seme stereochemistry as the OH functlonallty of ergosterol,

formation of thls compound IIkely occurred via the attack of H2S on the /3 face of the A ring of 236.

These results, along wtth the lact that the seme IWo products were Isolated when 231 was omttted

from the reactlon mixture, add support to the proposed mechanism.

1'"
(CH.l.-SI-O,,,

BC 1.

--+

H s""--""
2

HS 3

Scheme44

(236)

4 6

(237)

ln order to avold the problem of OH ellmlnatlon ln the presence of BCI3, ergosterol was

protected wtth t-butyldlphenytsllyt chlorlde (222b) and the reaetlon was repeated. Unfortunately no

major steroidal products were Isolated. The isolation of 21 % of 9,10-dlphenytphenanthrene (233)

provlded proof that the diatomlc sulfur precursor had been formed, but had falled to cause the

addition of S2 to the ergosterol diene.

180. This mechanlsm was verifled by repeatlng the procedure on Isopropanol. Upon the
addition of thiane 232 to isopropanol, Immediate sllylatlon occurred (lH NMR). When BCI3
was added, the corresponding thlol was one of the produets Identifled ln the 1H NMR
spectrum.
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More recently, Harpp18l reported the generatlon and trapping of diatomic sulfur from

different tltanlum and zirconium pentasulfldes (238) (Scheme 45). Once again, the reagent used to

Inltlate the reactlon was triphenyldibromophosphorane (225). In a collaboratory effort, the

synthesls of 221b was attempted using this method; however, only modest yields of mercaptans

2398 and 239b (aJong wlth elemental ~'llfur) were isolated.162b

/1s
(Ü( s-s 7
~!s-s

MV

cs6
(238)

s-s

Scheme45

HO

(239) a Rl = SH, b R2 = H
8 R' =H, b R2 =SH

It was thought at thls point that the absence of any deteetable amounts of Diels-A1der

products from thls reactlon might Indlcate that an alternate mechanism was ln operation. The

products obtained may have been formed by the action of e1ementaJ sultur on the diene of

ergosterol through a radical or Ionie mechanlsm. l82 ln order to conflrm thls, ergosterol was

refluxed Ir. the presence of S8 uslng toluelle as the solvent. When no reactlon occurred alter

several hours, the posslbllity that "actlvated sulfur" was the true reagent responsible for the

formation of 239a and 239b was Investlgated. Uquid ammonla and triethylamlne are widely used

181. D. N. Harpp and J. G. MacDonald, J. Org. Chem., 53, 38,2 (1988).

182. M. G. Voronkov, N. S. Vyazankin, E. N. Deryagine. A. S. Nakhmanovich and V. A. Usov, ln
Reactions of Suifur with Organic Compounds, J. S. Pizey, Ed., New York: Plenum
Publlshlng Corporation (1987).
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as ac'.ivating agents in the reactions of elemental sulfur with organic compounds.183 Thus,

ergosterol, triethylamine ané sulfur were refluxed in toluene for several hours: however, the major

compound isolated from this reaction was compound 240, a compound previously characterized

as a derivative of a steroid metabolile from Aspergillus niger. 1B4 This reaclion was also repeated

on the acetate of ergosterol (222c), but once again, no major steroidal producls were isolated.

Since compounds 239a and 239b were not among the prooucts, il was concluded that they were

formed by diatomic insertion into the double bonds of ergosterol.

(240)

4.3 Conclusion

The synthesis of the sulfur analogue of ergosterol peroxide. while a compelling targel for

increasing the biological activity of this compound, appears to be unaccessible via diatomic sulfur

methodology.

183. al Chapter 2, in Reactions ofSulfur with Organic Compounds (previous reference) and
references therein; b) R. Mayer, Z. Chem., 13,321 (1973).

184. O. H. R. Barton and T. Bruun, J. Chem. Soc., 2728 (1951).
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CHAPTER 5: GENERATION AND TRAPPING OF THIOXOPHOSPHANES: SYNTHESIS OF
CYCUC THIOPHOSPHORANES

5.1 Introduction

The varlous melhods for the generallon and lrapping of dlalomlc sulfur with l,3-dienes as

a means for lhe preparaI/on of cyclic d/sultides were discussed /n Chapler 4. One of these

melhods was deveioped in our laboratory171 and has the polential for extension to the generation

of olher dlatomlc or "pseudo-diatomlc" specles. This /s lIIustrated ln the equat/on shown in

Scheme 46. The potentlal for thls reacllon to generate specles such as "S=O", "Se2", "S=Se" or

"R-P = S" has yet to be examlned. It Is the purpose of lhls Chapter to exp/ore the posslbilily of

extendlng thls methodology to the generatlon and trapp/ng of the pseudo-dlatomic species °R_

P=S" (thloxophosphanes).

RaMXYXMRa 2RaMBr + "X'("

x = 0, Se, S
y = 0, S, S2, 5(0), Se, S2, Se(O), P-R
M=SI,Ge,C
R = C!;Hs, cyclo-C!;Hll, p-CHa-C!;H4

Scheme46

The pseudo-dlatomlc specles "R-P = 5" (241) has been proposed as a reactlon

/ntermedlate ln a number chemlcal transformations. Japanese researchers were the tirst to report

reactions whlch suggested the Intermedlacy of species they refer to as phosphinothloylldenes.18S

The reacllons that generated the lntermedlale "R-P=S" species Involved the dechlorlnation of

d/chlorolhloxophosphoranes (2428 and 242b) with an equlmolar amount of magnesium (Scheme

47). This reactlon was carried out ln the presence of several trapplng reagents.

185. a) S. Nakayama, M. Yoehifujl, R. Okél2akl and N.lnamoto, J. Chem. Soc., Chem. Comm.,
1186 (1971); b) M. Yoshifujl, S. Nakayama, R. Okél2akl and N. lnamoto, J. Chem. Soc.,
Perkin Trans. l, 2065 (1973); c) S. Nakayama. M. Yoshifuji, R. Okél2akl and N. lnamolo,
Bull. Chem. Soc. Jpn., 48, 546 (1975); d)S. Nakayama, M. Yoshifuji, R. Okél2akl and N.
lnamolo, Bull. Cham. Soc. Jpn., 48, 3733 (1975).
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R-PC'2

(2428) R = CsHs
(242b) R = cyclo-~H"

Mg-MgC 1 2

Scheme 47

[R-P.SJ

(2418)
(241b)
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The tirst trapping reagent employed was benzil (243), which provided 244, the producl of

1,4-cycloaddition to both oxygen atoms, in quantitative yields.185a,b The reaction was also carried

out in the presence of dlethyl disulfide (245)185a,b to give the product formed by Insertion Into the

5-5 bond (246) ln 41% yie/d. Also reported was the same reaction with R = cyclc·C;;H" (242b) to

provide 246b in 69% yield.l8Sb

(243)

C2H,-S-S-C 2H,

(245)

(244)

s
Il

RP(SC 2H')2

(2468) R = CsHs
(246b) R = cyclo-~H"

.<, ,.~

A thlrd trapping procedure employed during the generation of ·~Hs-P=S· (2418) Involved

the use of l,3-dienes.185a,c With 2,3-dimethyl-l,3-butadlene (247) in THF, the products Isolaled

were 4,5-dimethyl-2-phenyl-3H,6H-1,2-thlaphosphorin 2-oxlde (2488) and 2-sulfide (248b) in 21 %

and 44% yields respectively. These products were proposed to be formed by a Dlels-Alder

addition of 241 with the l,3-diene followed by oxldation durlng Isolation and sulfurization wilh

unreacted dichlorlde during the reacllon to give 2488 and 248b respectively. In the presence of

l,3-cyclohexadiene (249), the bridged blcyclic compound 250 was Isolated in 21 % yleld. 185C

Once agaln, 5ulfuration was proposed to occur by reactlon with unreacted dichlorlde during the

reactlon.

CH, CH,

ft
(247)



o
(249)

~'~S)C'H'
(250)
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When 2,3-<liphenyf-1,3-butadiene (234) was used as the trapping reagent, the products

isolated were 251 and 252 in 52.5% and 13.5% yields respectively.l85c Compound 251 was

shown by a separate experiment to be a product obtained fram the cyclization of diene 234 on

silica gel. The formation of 252 was explained by the preference for diene 234 to adopt the trans

conformation. This made the Dlels-A1der reaction less favourable and allowed 241 to dimerize to

the more reactive Intermediate (253) which cyclized wtth dlene 234 to give the observed product.

H'H'
--P-P,-­

C,H, Il Il C,H.
s s
(252)

Flnally, the reactlon of 2418 and 241b with cls and trans stllbene oxldes 2548 and 245b

were reported to give, via insertion Into the C-o bond of 254, 1,3,2-oxathlaphospholane 2-sulfide

derivatives 255 stereospeclilcally but ln low yields (6-32%).185<1 The major specles isolated from

these reactlons were ols and trans stllbene (256) formed by deoxygenatlon of the stllbene oxides

by 2418 or 241b via Intermediate 257 (Scheme 48). The Isolation of the expected

phosphonothlolc acld was not attempted.

C,H"\-TC,H.

o
(2548)

C.H~.",,"'C.H,

o
(254b) (255)
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(256)

Scheme48

Thioxophosphanes generated by dechlorination 01 dichlorothioxophosphoranes (242a, c­

g) have also been trapped in the protectlng coordination sphere 01 carbonylmolybdenum and ­

manganese complexes (258) as shown in Scheme 49.166 The ylelds ranged trom 344%.

- MgC 12' - co

Mg, M2 (CO),0
s
Il

R-PCI.

(242a) R = CsHs
(242c) R = CH3
(242d) R = C:!Hs
(242e) R = P-CH30-CsH4
(2421) R = p-CH3-CsH4
(242g) R - p-F-CsH4

-
R, .,...M(CO).

- P
(OC) ,M "

s+
(258)

M - Mn. Mo

Scheme 49

Another general roUIe to the generation 01 the "R-P=S" unit involves cycloelimlnation Irom

bicyclic systems 259 (Scheme 50) induced either thermally167 or photochemically.188 ln the

examples Involving thermal general/on, the thioxophosphanes have been trapped via [4 + 1]

cycloadditlon with varlous o-qulnones (260) to glve dioxaphospholsulfides (261)1870 and also with

2,3-dimethyl-l,3-bUladiene (247).187. The product isolated in this laller example was l-phenyl-3,4­

dimethylphosphol-3-en sullide (262) in 50% yield (Scheme 50).

186. a) E. Undner, K. Auch, W. HUler and R. Fawzi, Angew Chem. Int. Ed. Engl., 23, 320 (1984);
b) E. Undner, K. Auch, G. A. Welb, W. Hiller and R. Fawzi, Chem. Ber., 119,3076 (1986).

187. a) C. C. Santini, J. Fischer, F. Mathey and A Mitschler, J. Amer. Chem. Soc., 102,5809
(1980); b) R. Hussong, H. Heyd! and M. Regitz, Phosphorus Sulfur, 25, 210 (1985); c) R.
Hussong, H. Heydt and M. Regitz, Z. Naturforsch, 41b, 915 (1986).

186. a) H. Tomioka, S. Takata, Y. Kato and Y. lzawa, J. Chem. Soc., Perkin Trans. Il, 1017
(1980); b) S. Holland and F. Mathey, J. Org. Chem., 46, 4386 (1981).
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(259)

-

R'

R2~0

R3~0
R'

(260)/

lR-P.SI

~
CH 3 CH 3

ft
(247)

(261)

Scheme50

S

Il
R-P-H

1
OCH 3

(263)

-(R-P_SI

hv-
(259)
R = CeHs
R = C4Hg
R = Br(CH2l4
R = Br(CH2ls
R = Br(CH2ls

The photochemlcal reaellons (Scheme 51) were ail carried out in melhanol. Ihus the

Isolaled producls were a resu~ of Ihe add~lon of melhanol ta the generaled 'R-P=S' ta give

phosphlnothloates (263) ln yields ranglng from 65-80%.l88a,b These compounds were used 10

bulld a new route 10 carbon-phosphorus heterocyctes.188b

R" ~sp:/

~

Scheme 51

(
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5.2 Results and Discussion

5.2.1 Proposed Mechanism for the Generation of Dlatomlc Species

A1though the thloxophosphorane Intermedlates proposed ln the above examples had short

lifetimes. thelr existence as translent Intermedlates was weil establlshed. Thus. It would seem

highly possible that the generatlon of such a specles from the reactlon presented in Scheme 46

would be successful.

The mechanism of this reaction was alluded to in Chapter 5. Using the organometallic

trisulflde as the example. the proposed pathway for this reaction is shown ln Scheme 52. It Is nol

known whether the S2 was generated from a four-membered ring intermediate (226) or an open

chained species like 227. It Is also not known whether the S2 existed as a discrete specles or was

transferred from Intermedlate 226 or 227 dlrectly to the dlene. The drivlng force for thls reactlon Is

the formation of the energetically favourable189 phosphlne sulfide.

1'"
R3 M-S-S-S-MR 3

(
R 3 P-Br

1
Br

-
S~S

l'''~I
R3P-S

(226)

R 3MB r +

./
(227)

Scheme52

189. D. N. Harpp and R. A. Smith. J. Amer. Chem. Soc.• 104. 6045 (1982) and rsferences clted
therein.
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5.2.2 Synthesls of Precursor Molecules

For the generatlon of a thloxophosphane specles via the mechanism shown ln Scheme 52

a precursor molecule analogous to the trlsulfide had to be developed. In order to slmplity

procedures. the replacement of the metal atom with carbon was desired and the necessary

replacement of the central sulfur atom with a "P-R" group also had to he achleved. The requlred

precursor molecule thus has the general structure 264.

(2648) R = C#ls
(264b) R = (4Hs
(264c) R = P-CI-Q;H4

(264d)R= A_
"LÇ

The synthesls of compounds 2648 and 264b was performed by a simple substitution

reactlon Involvlng IWo equlvalents of the thlolate anion of trlphenylmethyl (trltyl) thlol (265) and

dlchlorophenyl- (2668) and ethylphosphlnes (266b) (Scheme 53). The reactlon proceeded with

quantitative ylelds under anhydrous conditions ln THF at room temperature and the products

could he purified by flash chromatography on neutral alumlna.190 The structure of 2648 was

confirmed via X-ray crystallography. The ORTEP drawlng Is shown in Figure 29. The structure has

no unusual bond lengths or bond angles and the experlmental detaUs are found in Chapter 6.

A - PC 1 2 +
EI.N

2(C.H 6 ).C-SH --.
THF
AT

(2668) R = C#ls
(266b) R = (4Hs

(265)

Scheme53

(2648)
(264b)

190. Chromatographyon silica gel resulted ln hydroylsls of the P-S bonds to give trltyl
mercaptan and uncharacterlzed phosphorus compounds.
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Figure 29: ORTEP Drawlng of 2648

The correspondlng dlchlorophosphines for the synthesls of 264c and 264d uslng the

above procedure had ta be prepared. Bath were Ilterature compounds and, although the

procedures were nct stralghtforward, they were successfully syntheslzed. Compound 267 was

prepared from chlorobenzene (268) via a Friedel-Crafts-type reacllon wlth phosphorus trlchlorlde

using a1uminum trichlorlde ml the catalyst (Scheme 54).191 Reaction of 267 wlth the anion of trityl

thiol followlng the procedure described above provided 264c quantltatively. Compound 264c was

purified by column chromatography on alumina.

CI--G>
(268)

pc 1.

AICI. CI-V-PCI2
(267)

Scheme54

The dichlorophosphine requlred for the synthesls of compound 264d was prepared fram

2,4,6-tri-t-butylbenzene (269) (Scheme 55). Bromlnatlon of 269 was carrled out ln triethyl

phosphate following the procedure of Pearson and co-workersl92 ta give 270. The reactlan never

proceeded ta completion; however, the product could be separated from the starting materlal by

careful chromatography on silIca gel using hexanes as the eluent. (2,4.6-Tri-t-butylphenyl)lithlum

191. E. L Gefter, J. Gen. Chem. USSR (Engl. Trans.), 32, 3336 (1~2).
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(27'; was prepared by the addition of n-butylithium ta 270 in THF at _78oC.193 The greatest yields

of 272 were oblained by allowing the reaction mixture containing 271 ta warm ta room

temperature and stir for !WO hours before cooling back ta -78°C for the addition of phosphorus

trichloride. Dichlorophosphine 272 was isolated from this reaction mixture in 30% yield.

Br,-- Br
n-BuLI

LI

(269)

(264d)

(270)

ElON

Scheme55

(271)

(272)

Unfortunately, alter ail of this effort, the next step ta precursor molecule 264d did not bear

fru~. Indeed, the molecule of interest would be hlghly crowded, thus this result Is not ail that

surprising. It was hoped that 264d might have offered the opportun~ of Isolatlng the

corresponding thioxophosphane as a discrete species given the stabllizing factor of a bulky R

group; however, this posslbility will not be confirmed using thls methodology.

5.2.3 Trapping Results

The general procedure used for the trapplng reactions is described in the Experimental

Section (Section 6.5). Conditions had to be strictly anhydrous and the synthesis of the

triphenyldibromophosphorane (225) carried out ln the absence of Iight and at DoC. The trapping

procedure employed in this work involved the Diels-A1der addition of the generated

thioxophosphorane to l,3-dienes. The dienes used were 2,3-dimethyl-1,3-butadiene (247), 2,3-

192. D. E. Pearson, M. G. Frazer, V. S. Frazer and Le. Washburn, Synthesis, 621 (1976).

193. M. Yoshnuji, 1. Shima and N. lnamoto, Tetrahedron Lelt., 3963 (1979).
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diphenyt-l,3-butadlene (234) and 1,3-cyclohexadlene (249). AIl reactlons were carrled out in

freshly dlstlIIed methytene chlorlde.

The cruele reactlon mixture for the addition of trlphenytdlbromophosphorane (225) to 264a

ln the presence of dlene 247 was shown (IH NMR) to contaln trlphenytmethyt bromlde (273),

trlphenytphosphine sulflde (274), and a compound that was consistent wlth a trapped product

(248b) (Scheme 56).194 Separation of these compounds tumed out to be a dlfflcult task due to the

similarlties in the Rf values for 273, 274 and 248b and olten requlred two chromatographies; the

trapped compound always remalned contamlnated wlth a small « 1%) amount of bromlde 273

and sulfide 274.

+

S-CA
1 •A-P
\
S - CA.

+

(225)

(273) (274)

+

(264a)

MH

'

...-p-s
A 1\

s
(248b)

Scheme56

+

(247)

o J=<CH.CH.

Il -
A-P---s CH

1 •
CA.

(275)

Initial separation of the abave crude mixture resulted ln the Isolation of a Inseparable

mixture of bromide 273 and sulfide 274, bath ln 80% yleld. Along wlth the trapped product (248b),

another compound wlth a hlgher Rf and wlth NMR data suggestlng an open chain structure IIke

275 (Scheme 56) was alse obtalned ln 17% yleld; the yleld of 248b was 26%. Structure

determlnatlon for the initial trapped product was confirmed by a comparlson wlth the Ilterature

values. The lH NMR data (Table 27) c10sely resembled that reported by the Japanese

workers. I85a,c Il was certalnly not the symmetrlcaJ compound Isolated by Santinl and co-workers

(262).1878,195 Sulfuration ofthe phosphorus atom, once agaln, occurred durlng the reactlon. The

source of sulfur was Iikely the precursor molecule Itself (264a), thus partlaJly explainlng the low

194. Occasional/y, small amounts of trltyt thlof and trltyt methane were also detected.

195. NMR data for 262: lH: 1.78 (s, 2x CH3) and 6.36 (s, 2x CH2l ppm; 31p: -67.4 ppm. F.
Matheyand R. Mankowskl, Bull. Cham. Soc. Fr., 4433 (1970).
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yields of IsolatOO product.li6

Table 27: Spectral Data for 248b

This Work Uteraturel858,c Assignment

lH NMR (ppm) 200 MHz. CDOa 100 MHz. CC4
1.61 (s) 1.68 (s) 5-CHa

1.86 (d 4JHP = 5 Hz) 1.93 (d 4JHP = 5 Hz) 4-CHa
2.9-3.6 (m) 2.7-3.9 (m) 2xCH2
7.4·l3.0 (m) 7.4-8.0 (m) 5x aromatie H

IR (em'l ) COCla KBr
1436 CHa-C=C

1650 C=C
1098 1100 P·Ph

lac NMR197 (ppm) 300 MHz. COOa not reportOO
195 (d 4JCp = 3.5 Hz) 5-.QHa
21.2 (d aJcp = 5.8 Hz) 4-.QHa
35.0 (d 2Jcp = 6.2 Hz) .QHz-S
45.2 (d lJcp = 45 Hz) .QHz-P

127.0 (d aJcp = 12.4 Hz) =.Q-
127.9 (s) Ph Cmeta

128.3 (d 2JCp = 12.9 Hz) Ph Ccrtho
130.6 (d 2JCp = 13 Hz) -.Q=
131.4 (d 2Jcp = 11 Hz) Ph Ccrtho
131.8 (d aJcp = 3.1 Hz) Ph Cmeta

134.5 (d lJCp = 78.6 Hz) Ph Cl
146.7 (s) Ph Cp81a

311' NMR (ppm) 300 MHz. COOa not reportOO
63.9

MS 254 254 M+'

The structure for the other trapped product (275) was asslgnOO basOO on its spectral data.

A1though it dld not give a molecular ion ln the mass spectrum. the fragmentation pattern dld

support the ssslgnOO structure. The trityl cation was detectOO aJong with the 1011 resultlng from

196. Oesuifurlzation of the preeursor molecule was achievOO using the known desulfurlzatlon
reagent, triphenylphosphine (see O. N. Harpp. O. K Ash and R. A Smith. J. Org. Chem.•
45.5135 (1980) and references therein).

197. APT and proton-couplOO lac NMR spectra were "sOO to confirm assignments.
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cleavage of the SoC bond (m/z = 83, base peak). The remaining spectral data for this compound

is given in Table 28.

Table 28: Spectral Data for 275

lH NMR (200 MHz, CDCI3)":

1.54-1.66 (m, 3x CH3, 9H)
2.70 (dd JHa-Hb = 11.4 JHa-P = 6.04 Hz, CH2a, 1H)
3.57 (dd JHb-Ha = 11.4 JHb-P = 8.3 Hz, CH2b, 1H)
7.12-7.68 (m, aramatics, 20H)

13C NMR197 (300 MHz, CDCI3)":

18.2 (s, CH3)
20.5 (s, CH3)
20.9 (s, CH3)
37.8 (s, CH2-S)
69.6 (d 'JCP = 42.2 Hz, P-.Q-PhJ)
122.2 (d 2JCp = 6.9 Hz, -Q=)
127.1-127.5 (trftyl CoHl
130.9 (d 4Jcp = 3.1 Hz, Ph Cpa,a)
131.3 (s, =Q-(CH3)2)
131.8 (d 3Jcp = 5.9 Hz, Ph Cm.ta)
134.0 (d 2JCp = 9.8 Hz, Ph CorthO)
134.0 (d 'JcP = 69.5 Hz, Ph C1)
143.0 (s, trftyl Cl)

31p NMR (300 MHz, COCI31":

4.15

IR (KBr, cm-1)

1084 (P-Ph), 1200 (P=O), 1436, 1492

The formation of compound 275 can be rationalized by an acid-catalYZed opening of the

ring in the unsulfurized trapped adduct 276 upon the addnion of sllica gelto the crude mixture for

column chromatography (Scheme 57). The abundance of trityl compounds in this mixture

provided the source of this moiety. Prior to the addition of silica, there was no evidence for the

formation of 275.
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The generation of phenylthloxophosphane (2418) in the presence of 1,3-eyclohexadiene

(249) also provldad a product that had spectral data consistent wtth a trappad adduct (250). The

yield of this compound was only 21 % and separation from the slde products was. once agaln, very

dlfflcult. There was no evldence for the formation of a compound derlvad from C-P bond

breakage. analogous to 275. The data for compound 250 is presentad ln Table 29 along wlth the

IIterature values obtainad by the Japanese workers.185c Sulfuration of the phosphorus atom once

agaln occurrad during the reaction so that the Isolatad product was sulflde 250.

~S
P(S)C.H.

(250)

The trappad adduct Isolatad from the generatlon of phenylthloxophosphane (2418) ln the

presence of 2.3-dlphenyl-1.3-butadlene (234) was not the same as that reportad in the Itterature

(252). Compound 2n was an unsymmetricaJ compound that was analogous te the products

Isolatad in first !Wo trapping experlments. The yleld was only 21 % and complete separation from

slde products could not be achlevad.

(=<;.H'
__p-s

C.H. Il
S

(2n)
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Table 29: Spectral Data for 250

This Work

1H NMR198 (ppm) 200 MHz, COCI3
1.5-2.0 (m, 2x H7)

2.46 (m, H8a)
2.9-3.25 (m,lX H8b + H3)

4.07-4.19 (dm, H6)
6.00 (q J = 8 Hz, H4)
6.60 (q J = 8 Hz, H5)

7.35-7.5 (m, 2x Hmeta + Hpara)
7.8-8.0 (m, 2x Hortho)

IR (cm-1) COCI3
1097 (P-Ph)
1200 (P=O)
1439 (C=C)

13C NMR199 (ppm) 300 MHz, COCI3
18.1 (d3Jcp = 3.1 Hz,C7)

29.5 (d 2JCp = 10.1 Hz, C8)
41.9 (d 'JcP = 34.7 Hz, C3)

(42.2, s, C6)
127.0 (d 2JCp = 29.9 Hz, Ph Cortho)

128.1 (d 2JCp = 12.7 Hz, C4)
129.3 (s, Ph Cpara)

130.5 (d 3Jcp = 9.8 Hz, Ph Cortho)
131.4 (d 3JCp = 3.1 Hz, Ph Cmetel

132.4 (d 2JCp = 10.2 Hz, CS)
134.2 (d 'Jcp = n.8 Hz, Ph Cl)

135.5 (d, 3Jcp = 14.2 Hz, Ph Cmetel

Literature185e

100 MHz, CCI4
1.0-2.9 (m, 2x H7

+ 2x H8)
2.9-3.4 (m, H3)
3.8-4.4 (m, H6)

5.98 (q J = 8 Hz, H4)
6.60 (q J = 8 Hz, H5)

7.2-7.6(m, 2x Hmeta + Hpara)
7.65-8.1 (m, 2x Hortho)

KBr
1100 (P-Ph)

not reported

31 P NMR (ppm)

MS

300 MHz, COCI3
75.6

252 (M+')

not reported

252 (M+')

The trapping experiments perlormed on 264b were not as successful as those reported

above for 2648. The only example where products could be isolated ln form pure enough to allow

characterization was the experlment perlormed uslng the dimethyl-diene (247) as the trapplng

reagen!. A compound wtth NMR peaks suggesting a trapped adduct Iike 278 could be seen in

inttial crude NMR spectrum. Upon purification, however, the only product that could be isolated

198. Assignments confirmed by decoupling experiments.

199. APT and proton-coupled 13C NMR spectra were used to confirm assignments.
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was a species formed by ring opening (279). Yields of this compound were around 30%. The

ease wilh which ring-opening occurred was greater for the ethyl-substituted product. This was

Iikely due to the smaller size of the ethyl group allowing more space for the trityl group to enter on

the phosphorus atom.

o fiCH
, CH,

11---
CH· P-S CH

2 , l '
C(C,H,l,

(278) (279)

A trapped product (280) was also isolated from the generation of the thioxophosphane

from 264c. The yield of 280 was only 10% and ils spectral data were simiiar to that of 248b. The

alkyl regions of the'H NMR spectra of compounds 248b and 280 are shown in Figure 30.

11,0

MH

'

V ·-·" \11 /. •
o.

H,O

i , " i i " , , f " , • i " Il i i li , i ' ... " i .... "1" ..... l' ",.
1.1 PPM 1.•

.. " '1'''''''''11"",11 '1"
2.0 1.'

i' "IiIi)""I"
2.. 2.2••••••3.'3.'3.'3.'

,., i,..
Figure 30: lH NMR Speetra of Compounds 248b and 280; Alkyl Region Only



132

5.3 Conclusion

The generatlon of thlooxophosphor,as usine:; the methodology previously developed in our

laboratory for the generation of diatomic sulfur was possible. The trapped adducts were Identffled

based on the lH, 13C and 31p NMR and IR and mass spectra. The P-S molety was very sensitive ln

the trapped adducts. Sulfuration of the phosphorus atom usually occurred to glve the more stable

phosphlne sulflde product. When sulfuration dld not occur, ring openlng and oxidatlon of the

phosphorus atom was the a1temate pathway to the Isolated products.

The methodology descrlbed above was not an efficient roUle to the synthesis of cyclic

thlophosphoranes. The results Indlcate that il was Indeed general and can IIkely be extended to

other systems. The major dlfflculty wilh this work was the separation of the deslred product fram

side products. The ylelds of cycllc produets were comparable to those reported ln the lilerature.

Perhaps another cycJic specles would be easler to purffy, thus the generatlon of another dlatomlc

specles should be examlned ln order to deterrnine the vlabillty of thls methodology for the

synthesls of heterocycles.
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CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

The synthesis and chemlcal reactivlty 01 bridged bicyclic disulfides and their derivatives

has been Investlgated. A generaJ synthesls 01 the bridge<! blcyclic system has been refined and

expanded to the synthesls 01 [2.2.1] and [4.2.1) bridged blcycllc disulfides. Varlous derivatives 01

these compounds have been prepared Includlng thlosultinate (S-oxldes) and thiosullonate (5,5­

dloxldes) esters along with derivatizatlon 01 the hydroxyl group to provlde various O-esters. The

oxldatlon 01 the brldged bicyclic disuilldes uslng m-CPBA provided the exa dlastereamer as the

majar Isomer in ail examples. This was shown to be the klnetlc product by a briel study inla the

stabliity of these campounds. The structure 01 these compounds was also examined via three X­

ray structures and the experimental values of the bond lengths. bond angles and torsion angles

were ail compared with the caJculated structures obtalned uslng PCMODEL This was performed

only to study the appilcabliity of PCMODEL to thls c1ass 01 compounds.

The m-CPBA oxidatlon of bridged blcycllc thlosulfinates was lollowed using low

temperature '3C and 'H NMR spectroscopy. Clear evidence was lound to suggest that oxidatlon

occurred tirst on the e1ectron-rlch sullenyl sullur atom to give an a-disulloxide Intermedlate. The a·
disulloxlde structure has been proposed as an Intermedlate ln the low temperature m-CPBA

oxldatlon 01 acycllc thlosulfinate esters and ln the preparation 01 thlosullonates uslng trl-n-butyl tin

and sulflnyl chlorides; however, these specles were never present ln large amounts or at

temperatures greater that -20°C. The a-dlsulloxides were detected ln thls work at temperatures up

to 25°C and were olten the only blcycllc specles present at temperatures near ooC. The

mechanlsm lor the rearrangemenl 01 a-dlsulloxides to thlosullonates was examlned. The initiai a·

dlsulloxlde was a symmetrical specles whlch meant that the second oxygen entered on the less

hlndered exa lace 01 these molecules. When the enda thiosulflnate was oxidlzed, the resulting a­

dlsulloxide was an unsymmetricaJ molecule. This unsymmetricaJ a-disulloxide was also seen as

the second Intermedlate ln the oxidation 01 the exa thlosulflnates, suggesting that homolysls 01 the

SoS bond 01 the symmetrlcal a-dlsulloxide occured loIlowed by rotation about a CoS bond and

radical recomblnatlon. Evidence was also provided lor the existence 01 a-disulloxides lormed by

rotation about both CoS bonds lollowed by radical recomblnatlon to give the symmetric enda a·

dlsulloxides. The strongest evldence to date was also lourid lor the existence 01 O,S-sullenyl

sulflnates. specles lormed by the attack 01 a su!f1nyl oxygen on an adjacent sulfinyl sullur atom in

the unsymmetrlc a-dlsulloxides. These specles can rearrange to the thlosullonate product.

An attempt was m?.de to syntheslze a bridged bicycllc dlsulflde analogue 01 ergosterol

peroxide uslng dlatomlc sulfur methodology. It was hoped that the sullur analogue would have
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enhanced herblcldaJ actlvlty over the peroxlde. The addnlon of dlatomlc sulfur to the dlene of

ergosterol via a Diels-AJder reaetlon was atlempled followlng Inerature procedures; however. none

of the reagents employed led to the formation of the deslred product. Three steroldal compounds

were Isolated and fully characterlzed. These Included the new compound. ergosta-5.7.22-trlen-3­

thiol (237). along wnh the known l:ompounds. 3.5-cycI0-6.8(14).22-ergostatrlene (236) and

ergosta-4.6,8(14).22-tetraen-3-one (240).

The expansion of a new generaJ methodology for the generatlon of dlatomlc specles

developed ln our laboratory for the synthesls of cycllc heterocycles via trapplng wnh 1,3.<flenes

was innlated. The generated species was a thloxophosphane (R-P=S), previously Identlfled as a

translent r'lactlon Intermedlate ln other reaetlons. The requlred precursor molecules were

syntheslzed and trapplng reaetlons performed using 2.3.<flmethyl-l.3-butadiene. 1,3­

cyclohexadlene and 2.3.<fiphenyl-l.3-butadlene. When R = CeHs. a cyclic product was Isolated

wnh ail three dlenes; sulfuration of the phosphorus atom occurred durlng the reactlon. A small

amount of ring openlng occurred wnh the dlmethyl.<fiene to glve an open-chalned species. When

R = C2HS, only an open-chained specles was Isolated. When R = p-CI-C6Hs. a cycllc product was

isolated wnh the dimethyl.<flene ln low ylelds. The main dlfficully wnh this reactlon was the

separation of the product from the side produets (triphenylmethyl bromlde and triphenylphosphlne

sulfide). Yields were comparable to those reported in the Inerature for the preparation of these

compounds uslng dlfferent synthetlc procedures.



135

CHAPTER 6: EXPERIMENTAL

6.1 General Melhods

Commercially available reagents were obtained from Aldrich Chemical Company

(Milwaukee, Wise.) and used directly except as indicatOO. Solid reagents were recrystallized when

thelr melting points indicatOO insuffieient purity. The m-CPBA usOO was a mixture eontaining 20%

m-CBA. Potassium thlocyanate was drioo under vacuum over P20S for several days prior to use.

Phosphorus trlchloride and chlorobenzene were distillOO prior to use and storOO over 3Â molecular

sleves that were aetivatOO at 400"C overnight and eooled in a desiccator.

Methylene ehloride was distillOO from anhydrous P20S and usOO direetly. THF was distilled

from the blue sodium-benzophenone kelyi and also usOO directly. Hexanes were distillOO from

eoncentrated H2S04 and passOO Ihrough an alumina eolumn prior to use. Benzene and toluene

were storOO over melr,lIie sodium. Ether refers 10 diethyl ether ln ail cases. Petroleum ether was

low bolling (35-60°C). Pyridlne and triethylamine were distillOO from KOH and usOO direetly.

Melling points were obtainOO on a Gallenkamp capillary meting point apparatus and are

uncorreetOO. Siliea gel ehromatography was performe<! on Merck Kieselgel 60 (230-400 mesh,

#9385) uslng flash ehromatography.200 Alumina ehromatography was performOO using flash

eolumn procOOures200 on Fisher Seientlfie Neutral Alumina (80-200 mesh, # A540) that had been

driOO at 150°C for several days and eoolOO ln a desiecalor. Ail reaetions were monitorOO by thin­

layer chromatography perforrnOO on 0.25 mm Merck silica gel plates (6OF-254) using UV light and

a 10% sulfurie aeid ethanolle-solutlon oi ammonium molybdate-eerium sulfate developing dip.

Ultraviolet speelra were reeordOO on a Hewlelt Paekard 8451A DIODE ARRAY

spgetrophotometer. Nuelear magnetie resonanee speetra were obtainoo at 20-22oC (unless

otherwise indicatoo) using Varian XL-200 and XL-300 MHz instruments. lH and 13C NMR ehemical

shifts are quotee! ln ppm and are refereneOO 10 the internai deuteratOO solvent to high frequeney

from TMS. 31 P NMR ehemlcal shlfts are quotOO ln ppm relative to 85% HsP04 as an external

standard. InfrarOO speetra were reeordOO on an Analeet ASa-18 FTIR Speetrophotometer

calibratoo 10 Ihe 1602 em-1 fine of polystyrene and equippOO with an Analeellnslruments MAP-67

200. W. C. StUI, M. Khan and A. Mitra, J. Org. Cham., 43, 2923 (1978).
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Data System and an Analect Instruments RAM-56 Calor Display. A1llow-resolutlon electran Impact

rnass speetra were obtalned on a Dupont Instruments 21-492B or Kratos MS25RFA Mass

Spectrometer. Hlgh-resolutlon and chemlcal-ionizatlon mass spectra were performed at the

Biomedical Mass Spectrametry Unit, McGili University. Elemental analysis were obtalned lram the

laboratory 01 Dr. Chartes Larsen at Kemisk Laboratorlum, University 01 Copenhagen, Denrnark.

Sullur analysis was perfa; rned on an Antek Madel 714 Sullur Detector coupled wlth an

Antek Madel n1 Pyroreactor. Sullur percentages were determlned tram a calibration curve 01

total counts vs percent sullur (w/v) 01 standard solutions 01 benzyl dlsulfide. Total counts relers ta

the Intensity 01 the signai that results Irom the fluorescence 01 S02 emitted lram the pyrolysls 01 the

sample.

X-ray crystallography on compounds 133, 152 and 2648 was performed by Dr. Beverty

Vincent at Organlsch-chemlsches Institut der Unlversitât Zürlch, Zürlch, Swltzerland; X-ray

crystallography on compounds 1388, 1518 and 237 was performed by Dr. James Britten at the

Department 01 Chemlstry, McGIII University, Montreal, Ouebec, Canada. ORTEP drawlngs were

obtained uslng the ORTEPII program.201

Antimlcroblaf testing on compounds 3, 134 and 1538 was performed by Dr. David

Thomson and Dr. Geoffrey K Richards at the Montreal General Hospital, Montreal, Ouebec.

Antlfungal testlng was carrled out by Dr. Zev Udert at Rohm & Haas (USA). Antiviral testlng was

performed by Dr. Mark Wlnberg at the Lady Davis Institute 01 Medical Research at the Jewlsh

General Hospital, Montreal, Ouebec.

201. C. K Johnson, ORTEPII. Report ORNL-5138, Oak Ridge NallonalLaboratory, Oak Ridge,
Tennessee (1976).
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6.2 Chapter 2

6.2.1 [2.2.1) Brldged Bleyelle Compounds

Preparation of cis-2,5-0ibromoeyclopentanone (135):

Cyelopentanone (137) (9.51 g, 0.113 mol) was dissolved a

ln glacial acetlc acld (SC ml), cooled ta SOC and bromlne (36.14 g, ~
Br Br

0.226 mol) was added (dropwlse). A stream of nltrogen was 5 z

blown over the reaction and bubbled through a NaOH solution ta 4 a

neutrallze the HBr formed. The reactlon mixture was then poured onto Ice and neutrallzed ta pH 5.

The product was extracted Into CHCla and the organlc layer washed several tlmes wlth d-HzO and

5% NaHCOa, drled over MgS04 and evaporated ta a yellow 011. This 011 was redlssolved ln n­

pentane:CHCla, and allowed la erystallize at OOC ta glve fine, off-wMe crystals (4.9 g, 18%) of 135.

M.p. = 64-65.50 C 01t128 670C); Rf (CHCla): 0.50; lH NMR (200 MHz, COCla)o: 2.47 (m, 2x H3 and

H4, 4H) and 4.26 (m, H2 and H5, 2H) ppm; lac NMR (300 MHz, COCla)o: 31.4 (C3 and C4), 43.4

(C2 and CS) and 204.6 (C1) ppm; IR (CHCla): 1759 (C=O) cm-1; MS [El, direct Inlet, 300CJ, m/z (%

relative Intenslty, asslgnment): 244 (21.9, CSHS81BrZO+'), 242 (47.8, CsHs79Br61BrO+'), 240 (28.9,

CsHs79BrzO+·).

Preparation of cls and trans-2,5-0ithioeyanatoeyelopentanone (138a and 138b):

2,5-Dlbromocyclopentanone (135) (1.32 g, 5.46 mmol) a

was dlssolved ln dry acetone (75 ml) under a nltrogen -&
SCN seN

atmosphere and KSCN (1.06 g, 10.92 mmol) ln dry acetone (75 S z

ml) was added ail at once. The solution was allowed ta stlr for 1 4 a

hr then the white preclpltate (KBr) was filtered and the aeetone removed under reduced pressure.

The resulting yellow solld was partltloned between d-HzO and CHCla and the organlc layer dried

over MgS04 and evaporated ta glve a yellow solld (0.90 g, 90%). Recrystallization from

hexanes:CHzClz provlded off-white crystals shawn ta contaln 138a and 138b (0.80 g, 80%) ln -4:1

ratio (1 H NMR) respectlvely. A second, s10wer recrystallization tram pentane:CHCla (10:1) gave

yellow needles whlch contalned only one Isomer (138a), conflrmed ta be ln the cls conformation

by X-ray crystallography (see Figure 5, Chapter 2). M.p. 92-930C; Rf (CHCIa): 0.10;
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138a: 1H NMR (200 MHz, CDCI3)O: 2.30-2.77 (m, 2x H3 and H4, 4H) and 3.94-4.02 (m, H2 and HS,

2H) ppm; 13C NMR (300 MHz, CDCI3)O: 28.1 (C3 and C4), 48.5 (C2 and CS), 109.00 (SgN) and

201.9 (C1) ppm; IR (KBr): 1761 (C=O) and 2154 (SCN) cm-'; MS [El, direct inlet, 120 OC], mjz (%

relative intensity, assignment): 198 (6.9, M+'), 140 (31.6, M+· - 'SCN), 139 (29.9, M+· - HSCN).

138b: 'H NMR (200 MHz, CDCI3)O: 2.05-2.95 (m, 2x H3 and H4, 4H) and 3.68-3.79 (m, H2 and H5,

2H) ppm; 13C NMR (300 MHz, CDCI3)O: 28.4 (C3 and C4), 48.9 (C2 and CS), 108.96 (SgN) and

202.0 (C1) ppm; IR (KBr): 1750 (C=O) and 2154 (S-C N) cm-1; MS: Same as 138a.

X-Ray Data for 138a:

Empirical Formula: C7HSN20S2, M = 198.26, monoclinic, space group P2,jn (#14), a =

9.242(2), b = 5.964(3), c = 14.032(2) A, fJ = 91.48(1)°, V = 902.8(3) A3, Z = 4, Oc = 1.458 gcm'3,

iL(CuKol = 49.04 cm-', Fooo = 408. Data were collected at room temperature on a Rigaku AFC6S

diffractometer with graphite-monochromated CuKa (À = 1.54178 A) radiation at 1.75 kW using the

W-20 scan technique to a maximum 20 value of 109.8°. An extinction correction was applied and

the structure solved by direct methods202 and refined by full-matrix least squares to residuals of R

= 0.036 and Rw = 0.028 for 874 observed reflections with 1> 3a(l) and with 134 variables.

Preparation of cis.2,5-Dimercaptocyclopentanol (146):

A slurry of lithium aluminum hydride (0.56 g, 14.8 mmol) OH

in THF (50 ml) was cooled to OOC under an atmosphere of s&
H 5 2 H

nitrogen and a solution of cis-2,5-dithiocyanatocyclopentanone

(138a) (0.50 g, 2.53 mmol) was added dropwise. Afterthe 4 3

addition was complete, the solution was allow€d to warm to room temperature and stlrred

overnighl. The excess LiAlH4 was then quenched with EtOAc (20 ml) and allowed to stlr for

another 4 hr. A TLC (CHCI3) indicated that ail the starting material had been consumed. The

characteristic foui smell of a dithiol was also noted. This reaction mixture was used v/ithout further

workup for the following oxidation step.

202. a) C. J. MithrU, MITHRIL- An Integrated Direct MethodsComputer Program, J. Appl. Cryst.,
17,42-46, University of Glasgow, Scotland (1984); b) P. T. Beu.skens, DIRDIF: Direct
Methods for Difference Structures- An Automated Procedure for Phase Extension and
Refinement of Difference Structure Factors, Technical Report 1984j l, Crystallography
Laboratory, Toernooiveld, 6525 Ed Nijmegen, Netherlands.



The quenched reacllon mixture conta/n/ng cis-2,3­

dlmercaptocyclopentanol (146) (0.415 g, 2.53 mmoi) was added

slmultaneously wlth a solution of Iz (0.642 g, 2.53 mmol) in
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Isomerlzation of 2,5-Dlthlocyanatocyclopentanone (136):

A sample contalnlng cls-138 was dlssolved ln dry acetone and a solution contalning 1

equlvaient of KSCN ln acetone was added and the mixture allowed to stir under nltrogen for 4 hr.

The solvent was the removed under reduced pressure and the crude materlal was partltloned

between CHCI3 and d-HzO. The organlc layer was drled over MgS04 and evaporated to dryness

to yleld a yellow 011. This materlal was dried under vacuum for 24 hr and a ' H NMR spectrum

revee.led thatthe ratio of cls:trans (138a:138b) was 1:2.4.

Preparation of syn-2,3-Dlthlablcyclo[2.2.1]heptan-7-01 S-Oxlde (149a and 149b):

7

5~OH

, '6 S,
anhydrous ether (30 ml) to 2 L of refluxlng anhydrous ether under s'::::::::-o

an atmosphare of nltrogen. After the addition was complete, the solution was cooled to room

temperature and a 2.5% aqueous NaOAc/HOAc buller solution (200 ml) was added and the ether

layer separated, washed wlth HeC (4X) and drfed over Caclz. The solvent was evaporated to a

volume of -100 ml under reduced pressure at room temperature.203 Freshly dls~iIIed CHzClz (20

ml) was added and the remaining ether was carefully removed under reduced pressure at room

temperature. This solution was then cooled to OOC and a solut/on of m-CPBA (0.55 g, 2.53 mmol)

was added dropwlse. The produet was purffied by flash chromatography us/ng 9:1 CHzC/z:EtOAc

as the eluent. The!wo isomers (0.0516 g, 12%) of 149 were found ln fractions 20-45 ln a ratio of

4:1 for 149a:149b. Rf (9:1 CHzC/z: EtOAc) = 0.20.

149a: 'H NMR (200 MHz, CD03)6: 0.95-2.0 (m, 2x H5 and H6, 4H), 3.86 (dd J, = 5.94 Jz = 2.45

Hz, H4, lH), 4.21 (s, Hl, lH), 4.61 (d JOfi.H7 =10.0 Hz, OJ::!, 1H) and 5.05 (d JH7-QH = 10.0 Hz, H7,

lH) ppm; '3C NMR (300 MHz, COCI3)6: 17.2 (CS), 27.8 (CS), 57.2 (C4), 64.6 (Cl) and 86.6 (C7)

ppm; IR (COC/3): 882, 900 and 929 cm-'; MS [E/, direct /nlet, 700C] , m/z (% relative intenslty,

ass/gnment): 164 (22.8, M+·).

149b204: 'H NMR (200 MHz, COCI3)6: 1.8-2.3 (m, 2x H5 and H6, 4H), 2.7-2.9 (m, H4, lH), 3.8 (dd,

203. Removal of ail of the ether under vacuum at OOC gave a yellow 011 which was shown by 1H
NMR spectroscopy to contain a specles that may have been the disulfide, however ail
attempts to purlfy this mixture resulted ln polymerlzation. Polymerlzallon a/so occurred
during the Iso/allon of 1,2-dlthlolane from the oxidallon of l,3-propanedlthiol using Iz/E13N
(J. G. Gleason, Ph. O. Thesls, McGiII University, Montreal, Cuebec, Canada (1970)).

204. NMR data was dlfflcult to resolve trom the peaks of 149a. Only poslt/ons for Hl, H4 and
H7 along wlth Cl, C4 and C7 could be assigned wlth certainty.



Compound 218 was isolated from the reactlon mixture of

the low temperature NMR m-CPBA oxidatlon experlment on 149a

(See Section 6.2). Purification was perform'ld by column
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Hl, 1H) and (4.92, t, H7, lH) ppm;'ac NMR (300 MHz, CDCla)o: 60.5 (C4), 66.8 (Cl) and 83.5 (C7)

ppm; MS: Same as 149a.

syn-2,3-Dithiabicyclo[2.2.1]heptan-7-01 S,S-Dloxlde (218):

7

5~,OH
6 '5,
/s~

chromatography uslng 9:1 CH2CI2:EtOAc as the eluent. The ~ -""::::0

product (218, 5%) was found ln fractions 20-26. M.p. 131-132°C; Rf (9:1 CH2CI2:EtOAc): 0.19; 'H

NMR (200 MHz, CDCla)6: 2.14-2.29 (m, 3H), 2.50-2.57 (m, lH), 3.56-3.58 (m, H4, lH), 3.68 (d JOH­

H7 = 11.5 Hz, Ol::!, 1H), 4.20 (m, Hl, 1H) and 4.56 (dm JH7-0H = 11.5 Hz, H7, 1H) ppm; ,aC NMR

(300 MHz, CDCla)o: 20.5 (C5), 28.3 (CS), 29.7 (C4), 61.9 (Cl) and 67.2 (C7) ppm; IR (CDCla): 681,

924 and 1137 (S021 cm-l : HRMS [El, direct inlet, 2400 Cj: m/z for M+' ion: Calc'd for CsH80aS2

179.99149, Found 179.99148.

6.2.2 [3.2.1] Bridged Bicyclic Compounds

Preparartlon of cis-2,6-Dibromocyclohexanone (129):

Bromine (319.1 g, 2.0 mol) was added dropwise to a a

stirred solution of cyclahexanane (128) (98.15 g, 1.0 mol) in water 8,trI2 8 ,

(350 ml). The addition was carried out sa that the bramlne caler
5 3

was allowed to dlssipate alter each drop and taak approxlmately 4

rIVe hr. The resultlng mixture was neutrallzed with NaHCOa. The lower arganlc layer was

separated and the aqueous layer was extracted wilh chlarolorrn. The combined arganlc layers

were washed with brine, drled over MgS04 and evaparated under reduced pressure to yleld a tan

oil. This was redissolved in a mixture 01 ether (300 ml) and petroleum ether (50 ml) and allowed ta

stand ln the Ireezer ovemight in order ta allow the more stable cis isomer to crystaillze. The lirst

crap that was callected provided 23.9 9 (10%) of white crystal s, whlch were recrystallized from

ether/CHCla to glve pure 129. M.p. 109-110oC Oit205 109.5-110.5°C); lH NMR (200 MHz, CDCla)6:

1.7-2.25 (m, 4H), 2.59-1.65 (m, 2H) and 4.64 (dd Jl = 12.2 J2 = 5.8 Hz, H2 and H6, 2H) ppm; ,aC

NMR (300 MHz, CDCla)o: 26.0 (C4), 38.9 (C3 and C5), 52.8 (C2 and CS) and 193.2 (Cl); IR

205. E.J. Corey, J. Amer. Chem. Soc. 75, 3297 (1953).



A solution of KSCN (6.2 g, 0.64 mol) ln dry acetone (60

ml) was added very qulckly 10 a solution of 129 (8.16 g, 0.032

mol) ln dry acelone (60 ml). A fine white precipltale formed and

To a solution of LlAJH4 (1.63 g, 0.0430 mol) ln freshly

dlslllled THF (100 ml) al OoC under an almosphere of nltrogen

was s10wly added a solution of 130 (1.56 g, 0.0073 mol) ln THF
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(CDC1s): 1753 (C=O) cm-'.

Preparation of c/s-2,6-Dilhiocyanatocyclohexanone (130):

o

NCS~SCN

:Us
Ihe solution tumed yellow. The solution was allowed 10 stlr al 4

room lemperalure for 30 min. then It was sel ln the freezer for a further 30 min. The while

preclpltale (KBr) was Ihen fillered off and Ihe acelone evaporated under reduced pressure. The

resulling yellow solld was partltioned between d-H20 and chloroform and the chloroform layer was

dried over MgS04- This was evaporaled under reduced pressure to yleld 6.35 9 (94%) of crude

130. This maleria! was recrystaillzed from hexane/EIOAc; final yield was 5.75 9 (85%). M.p. 103.5­

105.50 C 0116 103-1050 C); 'H NMR (200 MHz, CDCls)c5: 1.95-2.26 (m, 4H), 2.79-2.84 (m, 2H) and

4.26-4.35 (m, H2 and H6, 2: ,/; 'SC NMR (300 MHz, CDCls)c5: 24.9 (C4), 36.0 (C3 and CS), 56.9 (C2

and C6), 110.2 (2X SQN) and 196.9 (C1) ppm; IR (KBr): 1725 (C=O) and 2285 (SCN) cm-'.

Preparation of c/s-2,6-Dlmercaptocyclohexanol (131):

H:(r°H2 SH

6

5 s
(50 ml). Alter Ihe addition, Ihe solution was allowed 10 warm 10 4

room lemperalure and sllrred ovemlght. The unreaeted LlAJH4 was quenched wlth EIOAc (30 ml)

and Ihls solution was used for the neX! reactlon wlthout any further workup. TLC (CHCls) indicaled

lhal ail startlng malerial had been consumed.

Preparation of syn-2,3-Dlthlablcyclo[3.2.1joetan-8-01 (3):

To 2.0 L of refluxing anhydrous elhy! elher were added, 8

slmultaneously, a solution of jodlne (1.85 g, 0.0073 mol) ln ether i;;!ff4OH

and the prevlous reacllon mixture containlng 131 under an
6 7 S '

almosphere of nltrogen. The addition look approxlmalely 2 hr. 's

The resultlng solution was trealed with 200 ml of a 5% NaOAc/HOAc butter solution. The elher

layer was separaled, washed wlth d-HzO (4x), dried over caiclum chlorlde and the solvenl removed

under reduced pressure. The resulljng yellow oil was chromatographed on silIca gel wlth



2,3-D~hlableyelo[3.2.1loctan-8-o1 S-oxlde (150a) was

oxldlzed uslng 1 equivaJent of m-GP8A followlng the same

procedure used for the oxldatlon of 2,3-d~hlableyelo[3.2.11oetan-

142

chloreform as the eluen!. The deslred product (Rf = 0.21) was collected ta glve a yellow solld

whlch was subllmed ta give pure 3, 0.614 9 (52%).206 M.p. 233-234°C, sealed tube, rapld

sublimation Qit6 235-23SOC); 'H NMR (200 MHz, CDC1a)cS: 1.73-2.15 (m, 2x H5, H6 and H7, 6H),

2.63 (dm JOH-H8 = 11.8 Hz, Otf, 1H), 3.86 (br s, Hl and H4, 2H) and 4.35 (dm JH8-QH = 11.8 Hz,

H8, 1H) ppm; 'ac NMR (300 MHz, CDCla)cS: 16.6 (CB), 33.4 (CS and C7), 58.7 (Cl and C4) and

80.7 (CB) ppm; UV (CHCla. nm): 367 (E = 76).

Preparation of 2,3-Dithiablcyclo[3.2.1)Octan-8-01 S-Oxlde (150a):

8
2,3-D~hlablcyclo[3.2.1)oetan-8-01 (3) (0.219 g, 1.35 ~

mmol) was dlssolved ln chloreform (10 ml) and thls solution was 5 4 OH

cooled ta OOC. Ta this was added m-GPBA (0.291 g, 1.35 mmol) 6 7 S 1

sJowly over a period of 15 min. The resultlng solution was then 's~o

stirred for a further 30 min at room temperature. Th~ product was purlfled directly by column

chrematography using 1:1 Hexanes:EtOAc as the eluen!. Compound 150a was found ln fractions

38-80 and was lsalated as a wh~e solld (0.211 g, 88%). NMR spectroscopy Indicated the presence

of only one lsamer. Derivallzatlon of thls compound w~h p-n~rebenzoyl chlorlde and comparlson

of the spectral data w~h those of compound 152 (below) indlcated that the sulfinyl oxygen in 150a

was in the axa configuration. M.p. 181-182 oC, sealed tube; Rf (1:1 hexanes:EtOAc): 0.10; 'H NMR

(200 MHz, CDCla)cS: 1.2-1.7 (m, 2x H5 and H6, 4H), 2.01-2.14 (m, 2x H7, 2H), 4.07 (br s, H4, lH),

4.14 (br s, Otf, lH), 4.68 (br s, H8, lH) and 4.75 (br s, Hl, lH) ppm; ,aC NMR (300 MHz, CDCla)cS:

17.0 (CB), 24.7 (C5), 29.9 (C7), 642 (C4). 772 (Cl) and 84.7 (CB) ppm; IR (CDCla): 1038, 1061

(S=O) and 3450 (OH) cm-'; MS [El, direct Inlet, 300C), mlz (% relative intensily, asslgnmenl): 178

(40, M+'), 98 (100, M+' - S20).

Preparation of syn-2,3-DllhlablcycI0[3.2.1)octan-s-ol S,S-Dioxlde (156):

8

5~OH
6~1

's
8-0/ (3) descrlbed above. Purlflcatlon was parformed by column ~ ':::::-0

chromatography uslng 3:1 CH2C12:EtOAc as the eluent. CompoUnd 156 was ln fractions 10-15

and was Isolated as a wh~e solid (yleld 60%). Rf (3:1 CH2CI2:EtOAc): 0.39; 'H NMR (200 MHz,

206. This was the best yield obtalned frem the many tlmes thls reaetion was repeated. Ylelds
ranged from 20-52%.
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CDCI3)O: 1.6-2.5 (m, 2x H5, H6 and H7, 6H), 3.43 (d JOH-HB = 10.5 Hz, 01::!. lH), 3.54 (br s, H4,

lH), 4.30 (dm JHB-OH = 10.5 Hz, H8, lH) and 4.55 (br s, Hl, 2H) ppm; 13C NMR (300 MHz,

CDCI3)O: 15.8 (C6), 26.5 (C5), 31.4 (C7) 62.9 (C4). 69.7 (Cl) and 75.5 (C8) ppm; IR (CDCI3): 753,

909,1134 (50z). 1283 and 1315 (50z) cm-1; HRM5 [El, direct inlet, 70°C). m/z for M+' ion: Calc'd

for Ct;H10035z 194.0071. Found 194.0074.

Preparation of syn-2,3-Dithia-[(!.I-p-nitrobenzoyl)oxy]bicyclo[3.2.1]OCtane (133):
B

2,3-Dithiabicyclo[3.2.1]octan-8-01 (3) (0.169 g, 1.04 5~"OR
mmol) was dissolved in pyridine (2 ml) and a solution of p- ,1

6 7 S
nitrobenzoylchloride (0.193 g, 1.04 mmol) in pyridine (0.5 ml) was 's

added dropwise. The resulting solution was heated over a steam R. - C(0) - c.H. - NO 2

bath for 0.5 hr and d-HzO (-5 ml) was added and the solution extracted with ether. The ether

layer was washed with water (3x), 5% NazC03 (3x) , dried over Mg504 and evaporated to dryness

to yield an orange/yellow solid. This was recrystallized from ethanol to give orange crystals of 133

(0.150 g, 47%). The structure was confirmed by X-ray crystallography (see Figure 4, Chapter 2).

M.p. 143-144oC; lH NMR (200 MHz, CDCI3)O: 1.5-2.26 ppm (m, 2x H5, H6 and H7, 6H), 4.1 ppm

(br s, H1 and H4, 2H), 5.6 (br s, H8, 1H) and 8.2 (q, aromatics, 4H) ppm; 13C NMR (300 MHz,

CDCI3)O: 16.5 (CG), 33.3. (C5 and C7), 54.4 (C1 and C4), 83.2 (CG), 123.6 (C3' and C7'). 131.0 (C4'

and CG'). 135.2 (C2'). 150.7 (C5') and 165.0 (Ç=O) ppm; Anal. Calc'd for C13H13N045z: C 50.14;

H 4.20; N 4.50; 5 20.60; Found: C 49.94; H 4.05; N 4.50; 520.77.

X-Ray Data for 133:

Emplrical Formula: C1JH13N04SZ' M = 311.36, orthorhombic, space group Pbn21 (#33), a

= 7.215(2), b = 10.654(4), C = 18.076(5) A, y = 1388.8(7) A3, Z = 4, Dc = 1.489 Mgm-3, /.l = 3.78

cm-1, Fooo = 648. Data were collected at room temperature on a Nlcolet R3 four-circle

diffractometer wlth graphne-monochromated MoKa radiation (À = 0.70926 A) using w scans

(28max6QC). An extinction correction was applied and the structure solved by direct methodaZ07

and refined by full-matrlx least squares to residuals of R = 0.057 and Rw = 0.038 for 1375 observed

reflections with 1> 30'(1) and with 181 variables.

207. G. M. Sheldrick, SHELXTL. An Integratad Syste:m for Solving, Relining and Displaying
Crystal Structures Irom Diffraction Data, Revision 5.1, Federal Republic of Germany:
University of Gottingen (1985).



Compound 199 was isolated trom the product mixture of

the low temperature NMR m-CPBA oxidation experiments on 152

(See Section 6.3). Purification was performed by column

chromatography using 3:2 hexanes:EtOAc as the eluenl.
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Preparation of syn-2,3-Dithia-[(S-p-nitrobenzoyl)oxy]bicyclo[3.2.1]octane S-Oxide (152):
B

2,3-Dithia-[(8-p-nitrobenzoyl)oxy]bicyclo[3.2.1]octane [;;?f4OA
(133) (0.100 g, 0.321 mmol) was dissolvOO in CHzClz (5 mis) and

6 7 5 1
coolOO to DoC. A solution of m-CPBA (0.069 g, 0.321 mmol) was 's__

--0
addOO dropwise wilh stirring. Alter the addition was complete, A _ - C ( 0) _C. H. - NO.

the ice bath was removed and the solution allowed to stir overnighl. To this solution was addOO

NaHS03 (25 mg) in water (20 ml) and the organic layer was washed wilh 10% NaHCG3 (3x), dried

over MgS04 and concentratOO to yield 93mg (90%) of a white solid (152). This material was

recrystallized from ethanol subjectOO, 10 X-ray crystallography and the oxygen on the sulfur atom

was shown to be in the exo configuration (see Figure 7, Chapter 2). M.p. 166-168°C; 1H NMR (200

MHz, CDCI3)6: 1.35-2.25 (m, 2x H5, H6 and H7, 6H), 4.13 (br s, H4, lH), 4.78 (br s, Hl, 1H), 5.81 (t

JH8-H1 = JH8-H4 = 1.6 Hz, H8, 1H) and 8.27 (q, aromatics, 8H) ppm; 13C NMR (300 MHz, CDCI3)":

17.4 (C6), 24.8 (C5), 30.0 (C7), 59.4 (C4), 75.3 (Cl), 84.2 (C8), 123.6 (C3' and CT), 131.5 (C4' and

C6'), 134.8 (C2'), 150.8 (C5') and 164.0 (Q=O) pprn; IR: 722, 1069 (S=O), 1104 (N02), 1122, 1242,

1270 (NOz), 1336 (NOz), 1530 (NOz) and 1725 (C=O) cm-1; MS [El, direct inlet, 125 oC). m/z (%

relative intensity, assignment): 327 (13, M+·).

X-Ray Data for 152:

Empirical Formula: C13H13NOsSz, M = 327.37, monoclinlc, space group P21/C (#14), a =

10.753(3), b = 10.811 (3), c = 13.396(3) A b = 112.67(2), V = 1436.9(6) A3, Z = 4, Oc = 1.513

Mgm-3, Il = 3.74 cm-l, Fooo = 680. Data were collected on a Nicolet R3 four-circle diffractometer

with graphite-mollC0hromated MoK" (À = 0.70926 A) using wscans (20max600). The structure was

solved by direct methods2D7 and refined by blocked cascade least squares to residuals of R =

0.059, Rw = 0.059 for 2268 observed reflections wilh 1> 2.5aQ) and with 203 variables.

Isolation of syn-2,3-Dithia-[(8-p-nitrobenzoyl)oxy]bicyclo[3.2.1]octane S,S-Dioxide (199):
B

S~OA
6~1

's__
0:::- --0

A _ -CiO) -C.H.-NO.

Compound 199 was isolated trom tractions 19-41 in 18% yield. M.p. 157-159°C; Rf (3:2

hexanes:EtOAc): 0.20; lH NMR (200 MHz, CDCI3)": 1.6-2.6 (m, 2x H5, H6 and H7, 6H). 3.78 (br s,

H4, lH), 4.67 (br s, Hl, lH), 5.54 (m, H8, lH) and 8.3 (q, aromatics, 4H); 13C NMR (300 MHz,
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COCI3)O: 16.0 (CS). 26.9 (CS), 31.5 (C7). 58.1 (C4), 67.1 (Cl), 76.9 (C8), 123.7 (C3' and CT), 131.7

(C4' and CS'). 134.2 (C2'), 151.0 (CS') and 163.6 (Cl', Q=O) ppm; IR (COCI3): 1105 (N02). 1118

(SO:!!, 1268 (N02), 1530 (N02) and 1730 (C=O); MS [El, direct inlet, 1800 C], m/z (% relative

Intensity, asslgnment): 150 (100, M+' - C(O)CSH4N02. Confirmation of this structure was obtained

by derlvation of compound 156 with p-nitrobenzoyl chloride and a comparison of the spectral data

with that of 199; the Iwo compounds were found to be identical.

Preparation 01 syn-2,3-0ithia-[(8-n-hexanoyl)oxy]bicyclo[3.2.1]octane (134):
B

2,3-0ithiabicyclo[3.2.1]octan-8-01 (3) (0.178 g, 1.10 si;;!ÇfoR

mmol) was dissolved in freshly distilled pyridine (2 ml) and cooled , 1
6 7 S

to DoC under nitrogen. To this was added n-hexanoyl chloride 's

(0.150g, 1.10 mmol) via syringe. Thlswasallowedtostir R • -C(O)· (CH.l.-CH.

overnight at room temperature. Ether (5 ml) was then added and the resuJting solution was

washed several times wlth 5% NaHC03 and d-H20, dried over MgS04 and evaporated to dryness.

The resulting oil was pumped under high vacuum to remove residual pyridine and unreacted

disulfide. This was then subjected to flash column chromatography for further purification using

chloroform as the eluent. The lirst fraction was collected to give a yellow oil (0.204 g, 84%). Rf

(CHCI3): 0.53; lH NMR (200 MHz, COCl3)O: 0.88 (t J = 5 Hz, 3x H6', 3H), 1.26-1.34 (m, 2X H3', H4'

and H5' and 2X H5, H6 and H7, 12H), 2.36 (t JH2'-H3'= 7.4 Hz, 2X H2', 2H) 3.97 (br s, Hl and H4,

2H) and 5.39 (t .1H3-Hl = JH8-H4 = 1.7 Hz, H8, lH) ppm; l3C NMR (300 MHz, COCI3)O: 13.8 (CS'),

16.5 (CS) 22.2 (CS'). 24.5 (C4'), 31.1 (C3') , 33.3 (CS and C7), 34.3 (C2'), 54.4 (Cl and C4), 82.2

(C8) and 173.3 (Q=O) ppm; IR (neat): 1730 (C=O) cm-l ; MS [El, direct inlet, 400 C] , m/z (%

relative Intensity, asslgnment): 260 (34, M+'), 28 (100, COz+' or C2H4+·).

Preparation 01 syn-2,3-Dlthla-[(B-n-hexanoyl)oxy]blcyclo(3.2.1]oclane S-Oxides (153a and

153b):

To a solution of 2,3-dithia-[(8-n-hexanoyl)oxy]bicyclo[3.2.1]octane (134) (0.0248 g, 0.254

mmoJ) ln CH2CI2 (5 ml) was added m-CPBA (0.027 g, 0.254 mmol) in CH2CI2 (5 ml) at DoC. Alter

the addition was complete, the solution was allowed to warm to room temperature and was stirred

for a further 30 min. The procluct was purified by column chromatography using 3:1

hexanes:EtOAc as the eluent. Fractions 7-12 were shown to conlain the endo isomer (153b) and

fractions 15-27 contained the axo isomer (153a). The overall yield of S-oxide was 90%.
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2,3-Dithia-[(8-n-hexanoyJ}oxy]bicyclo[3.2.1)octane S-

oxide (153a) (23.2 mg, 0.084 mmol) was dissolved in dry CHzClz

(2 ml) and cooled to DoC. m-CPBA (18.1 mg, 0.084 mmol) was

&0 S-Oxide 153a (0.028 g, 79%): Rf (3:1 hexanes:ElOAc) = 0.13: 'H NMR (200 MHz, COC/3)o:

0.85 (1 JHS'-HS' = 6.5 Hz, 3x H6', 3H), 1.2-2.2 (m, 2x H3', H4' and H5' and 2x H5, H6 and H7, 12H),

2.35 (1 JHZ'-H3' = 7.6 Hz, 2x H2', 2H), 4.1 (br s, H4, 1H), 4.6 (br s, Hl, 1H) and 5.5 (1 JH8-H' = JHB­

H4 = 1.5 Hz, H8, lH) ppm; 13C NMR (300 MHz, COCI3)O: 13.9 (C6') , 17.5 (C6) , 22.2 (C5'), 24.2

(C4') , 24.8 (C3') 30.2 (C5), 31.2 (C2'), 34.1 (C7), 59.4 (C4), 75.3 (Cl), 83.4 (C8) and 173.5 (Q=O)

ppm; IR (neal): 1084 (S=O) and 1743 (C=O) cm-'; HRMS [El, direcl in/el, 40°C], m/z for M+· ion:

Calc'd for C'ZH2003SZ 276.08539, Found 276.08551.
8

~• OR R _ -C(0)-(CH
2
).-CH.

, 1
6 7 5

'5
cV

Endo S-Oxide 153b (0.0028 g, 11%): Rf (3:1 hexanes:ElOAc) = 0.21: 'H NMR (200 MHz, COCI3)o:

0.85 (1 JH6'.H5' = 6.5 Hz, 3x H6', 3H), 1.2-2.2 (m, 2x H3', H4' and H5' and 2x H5, H6 and H7, 12H),

2.35 (1 JH2'.H3' = 7.6 Hz, 2x H2', 2H), 3.94 (br s, H4, lH), 4.18 (br s, Hl, lH) and 5.47 (1 JH8-Hl =

JH8-H4 = 1.5 Hz, H8, lH) ppm; 13C NMR (300 MHz, CDCI3lo: 13.8 (C6'), 16.7 (C6), 22.2 (C5'), 22.6

(C4'), 24.4 (C3'), 30.7 (C5), 31.1 (C2') , 34.1 (C7), 58.1 (C4), 67.2 (Cl), 82.1 (C8) and 172.7 (Q=O)

ppm; IR (neal): 1088 (S=O) and 1734 (C=O) cm"; HRMS [El, direcl Inlel, 400C] , m/z for M+· ion:

Galc'd for ClzHzo03SZ 276.08539, Found 276.08551.

Preparation of syn-2,3-Dlthia-[(B-n-hexanoyl}oxy]blcyclo[3.2.1]0C1ane S,S-Dloxide (204):
8

6~OR
~s ___
'l -"0

then added as a solution in CHzClz and the reaclion mixturewas R •• C (o~ _ (CH
2
). _ CH.

allowed 10 warm 10 room lemperalure and stirred for 1 hl'. The producl mixture was absorbed onlo

silica gel and flash column chromalography performed using CHCI3 as lhe eluen!. The producl, a

clear oil (15 mg, 61%), was found in fractions 3-11. Rf (3:1 hexanes:E10Ac): 0.14; 'H NMR (200

MHz, CDCI3}o: 0.87 (1 JH6'.H5' = 6.3 Hz, 3x H6', 3H), 1.2-2.2 (m, 2x H3', H4' and H5' and 2x H5,

H6 and H7, 12H), 2.41 (1 JH2'.H3' = 7.5 Hz, 2x H2', 2H). 3.65 (br s, H4, lH), 4.5 (br s, Hl, lH) and



Cycloheptanone (140) (4.75 g, 0.0424 mol) was dlssolved

ln glacial acetlc acld (150 ml), along wlth 2 drops of HBr (50%) ta

Innlate the reactlon, and bromlne (13.55 g, 0.0848 mol) was
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173.1 (C=O) ppm; IR (neat): 1137 (S02l, 1308 (S02l and 1735 (C=O) cm-l . Confirmation ofthls

structure was obtalned by derlvatlon of compound 156 wnh n·hexanoyl chlorlde and a comparlson

of the spectral data wnh that of 204; the!Wo compounds were found to be klentlcal.

6.2.3 [4.2.1) Brldged Blcyclic Compounds

Preparation ollrans and cis-2,7-0Ibromocycloheptanone (1368 and 136b):

o

B"02Br7

6 3

added (dropwlse) at 10"C. The solution was then allowed to 5 4

warm to room temperature and stlrred for a turther 2 hr, at which time n was neutralized ta pH 6

wnh NaHC03. The produet was then extracted loto ether and the ether layer washed wnh d-H20

(3x) and 5% NaHC03 (3x), then drled over MgS04 and evaporated under reduced pressure to a

yellow 011. This 011 was redlssolved in petroleum ether:EtOAc (1:1) and allowed to crystallize at­

15°C for 24 hr. The wMe crystals formed were collected to yield 5.32 9 (46%) of a crude mixture

contalnlng the trans and cis lsomers of 136 ln a ratio of 2:1 respeetlvely. Recrystallizatlon from

petroleum ether:EtOAc (1:1) resulted ln the Isolation of the Irans Isomer (1368) only. M.p 70-71°C

Qnl28 700C); Rf (CH202l: 0.68; lH NMR (200 MHz, C003)&: 1.40-2.55 (m, 2x H3-H6 for 1368 and

136b, 16H), 4.61 (dd Jl = 8.52 J2 = 4.29 Hz, H2 and H7 for 136b, 2H) and 4.71 (dd Jl = 10.34 J2

= 4.86 Hz, H2 and H7 for 1368, 2H) ppm; l3C NMR (300 MHz, C003)&: 26.4 (C4 and CS, 136b),

27.0 (C4 and CS, 1368),33.8 (C3 and CG, 136b), 35.0 (C3 and CS, 1368),49.7 (C2 and C7, 1368),

51.7 (C2 and C7, 136b) and 198.5 (Cl, 1368) ppm; IR (CH03): 1728 (C=O, 1368) and 1701 (C=O,

136b) cm-l . The crude mixture contalning both Isomers was used for the nex! step of the reactlon

sequence.208

208. Uslng the pure sample of 1368 did not lead to the successtul preparation of a [4.2.1)
brldged blcycllc disulfide.
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Preparation of 2,7-Dlthiocyaml10cycloheptanone (141a and 141b):

o
2,7-Dlbromocycloheptanone (1368 and 136b) (2.09 g, 0

NCS'7 1 2 SCN
7.73 mmol) was dlssolved ln dry acetone (100 ml) and a solution

of KSCN (1.520 g, 15.4 mmol) in dry acetone (50 ml) was added 6 a

ail at once under an atmosphere 01 nttrogen. The solution was 5 4

refluxed for 4 hr, cooled and the p,ecipitated KBr filtered. The acetone was evaporated under

reduced pressure and the resulting soUd panttloned between d-H20 and CHCla. The organic layer

was washed, drled over MgS04 and evaporated to a yellow 011 (1.38 g, 80%) contalning a 2:1

mixture oftwo Isomers (a,b). Rf (CH2CI2): 0.20; lH NMR (200 MHz, CDCla)cS: 1.42-2.60 (m, 2x H3­

H6 for Isomer a and b, 16H), 4.21 (dd J1 = 11.97 J2 = 4.36 Hz, H2 and H7 for Isomer b, 2H) and

4.59 (dd Jl = 7.68 J2 4.48 Hz, H2 and H7 for lsemer a, 2H) ppm; laC NMR (300 MHz, CDCla)cS:

25.5 (C4 and C5, Isomer a), 27.7 (C4 and C5, isomer b), 31.9 (C3 and C6, Isomer a), 32.Q (C3 and

C6, Isomer b), 54.7 (C2 and C7, lsemer b), 57.6 (C2 and C7, Isomer a), 110.0 (SQN, Isomer b),

111.1 (SQN,lsomera), 200.2 (C1, isomerb) and 201.2 (C1,lsomera) ppm; IR (CHCla): 1712 (C=O)

and 2159 (S=C=N) cm-l ; MS [El, direct Inlet, 30 oC). m/z (% relative Intenstty, asslgnment): 226

(11.3, W').

Preparation of 2,7-Dlmercaptocycloheptanol (142):

OH
2,7-Dtthlxyanatocycloheptanone (141a and 141b) (1.30 6

HS'7 1 2 S H
g, 5.78 mmol) was dlssolved ln dry THF (20 ml) and added to a

s1urry of UAlH4 ln dry THF (100 ml) at DOC under an atmosphere 6 a

of nttrogen. The reacllon mixture was then a1lowed to wann to 5 4

room temperature and stirreel ovemlght. The unreacted UAlH4 was quenched wtth EtOAc (50 ml)

at OOC and the solution was once again stlrred ovemlght. No funher workup procedures were

carrlOO out and the mixture was usOO dlreclly for the procOOlng oxldallon step.

Preparation of syn-2,3-Dlthiabicyclo[4.2.1ji1onan-9-01 (143):

The quenched reactlon mixture containing 2,7- 9

dlmercaptocycloheptanol (142) was addOO simultaneously wtth a fiff41 OH

solution of 12 (1.46 g, 5.8 mmol) ln anhydrous ether (50 ml) to 2 L 6 9 1
s

of refluxing anhydrous ether under an atmosphere 01 nttrogen. 7 's

The addttlon of lodlne norrnally laggOO behlnd that of the otthiol a1cohol and was contlnuOO unlll

the yellow color of lodine persistOO, at which time the mixture was coolOO to room temperature and

a 5% aqueous HOAc/NaOAc buffer solution (200 ml) was addOO. The organlc layer was
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separalOO, washOO wtth d-H20 (4x 200 ml), drlOO over MgS04 and evaporated to dryness to give a

yellow solld. The product was purlfied via flash column chromatography using CHCla as the

e1uent. Fractions 6-11 were comblnOO to yield (alter recrystallization from hexane:CH2CI2l 0.212 9

(63%)209 of 143 as yeliow crystals. M.p. 120-122°C (500100 tube); Af (CHC1a): 0.20; 'H NMA (200

MHz, CDCla)o: 1.35-1.50 (m, 2H), 1.68-1.92 (m, 4H), 1.93-2.09 (m, 2H), 2.76 (d JOH-H9 = 11.5 Hz,

Ol::!, lH), 3.88-3.92 (m, H1 and H4, 2H) and 4.55 (dJ~H = 11.6 Hz, H9, lH) ppm; laC NMA (300

MHz, CDCla)o: 24.0 (C6 and C7), 33.4 (CS and ca), 61.93 (C1 and C4), and 82.31 (C9) ppm; lA

(KBr): 939, 1049 and 3300 (OH) cm-l ; UV (CHCla): flmax 357 nm (E = 131); MS [El, direct inlet,

300c] m/z (% relative intenstty, assignmerot): 176 (95, Mt.), 112 (100, Mt. - S2l; Anal. Calc'd for

C7Hl20S2: C 47.69: H 6.88; S 36.37; Found: C 47.51; H 6.84; S 36.02.

preparation of syn-2,3-DlthlablcycIO[4.2.1]nonan-9-01 S-Oxlde (151a):

2,3-Dtthiablcyclo[4.2.1]nonan-9-oI (143) (30.9 mg, 0.175

mmol) was dlssolvOO ln dry CH2Cl2 (25 ml) and coolOO to OOC

under an atmosphere of nttrogen. To thls was addOO (dropwise)

a solut/on of m-CPBA (30.2 mg, 0.175 mmol) ln dry CH2C12 and

the solution allowOO to wann and stlrrOO for 1 hr. An aqueous solution of NaHSOa (25 mg ln 25 ml)

was addOO and the organlc layer was separated, washOO wtth 5% NaHCOa (3X), H2Û, drled over

MgS04 al'd evaporatOO to dryness under rOOucOO pressure to give 31.5 mg (90%) of 151a as a

whtte solld. Aecrystallization trom ethanol gave c1ear prlsm of 151a and the structure was

conflnnOO by X-ra~ .::rystallography (see Figure 8, Chapter 2). M.p. = 130-131oC; Af (CHC1a):

0.10; lH NMA (200 MHz, CDCla)o: 1.24-1.40 (m, 2H), 1.50-1.99 (m, 4H), 2.15-2.30 (m, 2H), 4.38

(dd J, = 10.75 and J2 = 2.50 Hz, H4, 1H), 4.85 (br s, CI::!. 1H), 5.02 (tJ = 3.49, H9, lH) and 5.07

(br s, Hl, 1H) ppm; 'ac NMA (300 MHz, CDCla)o: 23.3 (CS), 23.7 (C7), 24.2 (CS), 30.9 (CS), 68.1

(C4), 78.0 (C1) and 86.8 (CS) ppm; /A (CDC/a): 1056 (S=O) and 3450 (OH) cm-l ; Anal Calc'd for

C7H'202S2: C 43.72; H 6.29; Found: C 43.55; H 6.24.

X-Ray Data 'or 151a:

EmplrlcaJ Fonnula: C7Hla02S2, M = 193.30, trlcllnlc, space group Pl (#2), a = 11.205(4),

b = 11.482(2), c = 7.2117(8) A, a = 92.87, P= 91.48(1), r = 107.39°, V = 884.7(4) Aa, Z = 4, Dc

= 1.451 gcm-3,I'(CuKaJ = 49.89 cm'" Fooo = 412. Data were collected at room temperature on a

Aigaku AFC6S dlffractometer wtth graphtte-monochromated CuKa (À = 1.54178 A) radiation al

209. Based on the amount of cis-141 present in the starting materlal.
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2,3-Dithiabicyclo[4.2.1] nonan-9-01 (143) (0.135 g, 0.768

mmol) was dissolved in freshly dislilled pyridine (10 ml) at -Cl a

solution of p·nitrobenzoyl chloride in pyridine (5 ml) was added

150

1.75 INV using the w-28 scan technique to a maximum 28 value of 120.0°. An emplrlcal absorption

correction was applied uslng the program DIFABSZ10 and the structure solved by direct

methods202 and reflned by full·rnatrix least squares to residuals of R = 0.079 and Rw = 0.083 for

1878 observed reflections with 1> 3U(I) and with 197 variables.

Isolation of syn-2,3-Dithiabicyclo[4.2.1)nonan-9-ol S,S-Dioxide (157):

Compound 157 was Isolated from the product mixture of

the low temperature NMR m-CPBA oxidation experiments on

151a (See Section 6.3). Purification of 157 was performed using

column chromatography with 4:1 CHCia:EtOAc as the eluen!.

Compound 157 was found in fractions 5-11 and was isolaled in 40% yield (70% based on

recovered starting material). Rf (4:1 CHCla:EtOAc): 0.10: lH NMR (200 MHz. CDC1a)o: 1.7-2.45

(m, 2x H5, H6, H7 and H8, 8H), 3.60 (d JOH.H9 = 11 Hz, Ot!, 1H), 3.75 (d J = 9 Hz, H4, 1Hl. 4.55 (d

JH9-0H = 11 Hz, H9, lH) and 4.62 (br s, Hl, lH) ppm; lac NMR (300 MHz, CDC1a)o: 22.9 (C6) ,

23.9 (CS), 24.7 (C7) , 33.9 (CS), 64.3 (C4), 74.2 (Cl) and 75.1 (C9) ppm: IR (CDCla): 909, 1127

(SOz) and 1292 (SOz); HRMS [El, direct inlet, 80°C]: m/z for M+' ion: Calc'd for C7Hlz0aSz

208.02279, Found 208.02285.

Preparation of syn-2,3-Dithia-[(9-p-nitrobenzoyl)oxYlbicyclo[4.2.11nonane (144):

8

~
4 OR
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(dropwise). The resulting solution was heated over a steam bath R•• C (0) • C H - NO
•• 2

for 10 min and then d-HzO (10 ml) was added. A yellow precipitate formed immediately and this

was collecled, washed with 5% NaHCOa and d-HzO to glve 0.160 9 (60%) of pure 144. M.p. 114­

1160C: Rf (CHCla): 0.60; lH NMR (200 MHz, CDCla)o: 1.55-2.19 (m, 2x H5, H6, H7 and H8, 8H),

4.17 (m, Hl and H4, 2H), 5.85 (1 JH9-Hl = JH9-H4 = 1.06 Hz, 1H) and 8.24 (q, aromatic protons, 4H)

ppm; laC NMR (300 MHz, CDCla)o: 23.9 (CS and C7), 34.0 (CS and CS), 58.5 (Cl and C4), 85.3

(C9), 123.6 (C3' and C7'), 131.0 (C4' and C6'), 135.1 (C2'), 150.8 (CS') and 183.8 (Cl" .Q=O) ppm:

IR (CDC1a): 1102 (NOz), 1275 (NOz), 1349, 1530 (NOz) and 1723 (C=O) cm'l ; MS [El, direct inlet,

30"Cl m/z (% relative intensity, assignment): 325 (11.6 M+'), 150 (100, M+' - ·C(O)-Ph-NOz).

210. N. Walker and D. Stuart, Acta Cryst., A39, 158 (1983).
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Preparation of syn-2,3-Dithia-[(9-p-nitrobenzoyl)oxYlbicyclo[4.2.11nonane S-Oxide (154):
9

Compound 144 (70.0 mg, 0.215 mmol) was dissolved in (jff4OR

CHzClz (10 ml) and coole:! 100°C under an atmosphere of 6 1 1
8 S

ntirogen and a solution of m-CPBA (37.1 mg, 0.215 mmol) in 7 ....s~o

CHzClz was added (dropwise). The solution was allowed to warm R. - C ( 0) • C 6 H4 - NO.

to room temperature and stirring was continued for 1 hr, alter which the solution was absorbed

onto sUiea and the produet purified by eolumn ehromatography using 7:3 hexanes:EtOAe as the

eluent. Compound 154 was obtained as a white solid (68.3 mg. 93%). M.p. 138-1390 C; Rf

(CHCI3): 0.13; 'H NMR (200 MHz, CDCI3)c5: 1.46-2.29 (m, 2X H5, H6, H7 and H8, 8H), 4.30 (dt J, =

10.4 Hz Jz 1.23 K~, H4. lH), 4.91 (t J = 3.17 Hz, Hl, lH), 6.19 (s, H9, lH) and 8.25 (q, aromatie

protons, 4H) ppm; '3C NMR (300 MHz, CDCI3)é: 22.2 (C6) , 24.3 (C7), 24.8 (C5), 34.5 (C8) , 59.6

(C4), 73.6 (Cl), 75.0 (C9) , 123.6 (C3' and C7'). 131.5 (C4' and CS'), 134.7 (C2'), 150.8 (C5') and

164.0 (Cl',Q=O) ppm; IR (KBr): 722 (NOz), 1076 (S=O), 1105 (NOz), 1271 (NOz), 1524 (NOz) and

1721 (C=O) cm"; MS [El, direct inlet, 200°C] m/z (% relative intenstiy, assignment): 341 (1.3,

M+'), 150 (100, M+. - ·C(O)-Ph-NOz).

Isolallon of syn-2,3-Dithla-[(9-p-nitrobenzoyl)oxylbicyclo[4.2.11nonane S,S-Dioxlde (210)
9

Compound 210 was Isolated from the produet mixture of 5~OR
the low temperature NMR m-CPBA oxidation experiments on 154 6 z...m11

(See Section 6.3). Purification of 210 was pertormed using 7 03-s~o

eolumn ehromatography wlth 4:1 CHCI3:EtOAe as the eluent. R. _C (0) -c .H.' NO.

'H NMR (300 MHz, CDCI3)é: 1.5-2.6 (m, 2X H5, H6, H7 and H8, 8H), 3.91 (d J = 8.42 Hz, H4, lH),

4.68 (s, Hl, 1H), 5.80 (t, H9, 1Hl. and 8.25 (q, aromatie protons, 4H) ppm; 13C NMR (300 MHz,

CDCI3)O: 22.2 (CS), 24.3 (C7), 24.8 (C5), 34.5 (CS), 59.6 (C4), 73.6 (Cl), 75.0 (C9), 123.8 (C3' and

C7'). 130.9 (C4' and CS'), 134.1 (C2'), 151.0 (C5') and 164.0 (Cl', Q=O) ppm.

Preparation of syn-2,3-Dithia-[(9.n-hexanoyl)oXYlbicyclo[4.2.11no!lane (145):

9

2,3-Dithiablcyclo[4.2.11nonan-9-01 (143) (0.115 g, 0.653 (jff4
mmol) was dlsolved ln treshly distilled pyridine (5 ml) and cooled 8 1 1 OR

8 S
to OOC under an atmosphere of ntirogen. n-Hexanoyl chloride 7 ....S

(0.088 g, 0.653 mmoJ) was added via syringe and the solution R•• C ( 0) • (C H. ) • - CH.

allowed to warm to room temperature. Alter the addition of d·HzO (10 ml) the product was

extraeted Into CHCI3 and washed wtih 5% NaHC03 (3X), d·HzO (3x), drled over MgS04 and

evaporated to dryness. Purification was pertormed by column chromatography using 1:1



Compound 155 was prepared following standard m­

CPBA oxidation procedures on 145. The product was purified by

column chromatography using 3:1 hexanes:EtOAc as the eluent.

Compound 216 was isolated from the product mixture of

the low temperature NMR m-CPBA oxidation experiments on 155

(See Section 6.3). Purification of 210 was performed using
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CH2Cl2:Hexanes as the eluen!. The product (92.6 mg, 52%) was found in fractions 15-35. Rf (1:1

CH2CI2:Hexanes): 0.17; 'H NMR (200 MHz, COC1a)o: 0.86 (t JH6'.HS· = 6.5 Hz, 3x H6', 3H), 1.23­

2.12 (m, 2x H3', H4' and H5' and 2x H5, H6, H7 and H8, 14H), 2.31 (t JH2'-Ha' = 7.5 Hz, 2x H2', 2H),

4.00 (br s, H4 and Hl, 2H) and 5.58 (br s, H9, lH) ppm; laC NMR (300 MHz, COCla)o: 13.9 (C6'),

22.3 (CS'), 23.9 (C6 and C7), 24.5 (C4'), 31.2 (C3') , 34.1 (CS and C8), 58.6 (Cl and C4), 83.9 (C9)

and 173.2 (Cl', C=O) ppm; IR (neat): 1164 and 1735 (C=O) cm'l ; HRMS [El, direct inlet, 30°C]:

m/z for M+' ion: Calc'd for C,aH2202S2 274.10612, Found 274.10601.

Preparation 01 syn-2,3-0ilhia-[(9-n-hexanoyl)oxy)bicyclo[4.2.1)nonane S-Oxlde (155):
9

~
4 oA

6 1 1
9 S

7 .....8--
--0

The product was found in fractions 13-25 and was isolated as a A. - C(0) - (CH ) - CH
2. 3

clear oil in 91.5% yield. Rf (3:1 hexanes:EtOAc): 0.16; lH NMR (200 MHz, COCla)o: 0.86 (t JH6'.HS'

= 6.5 Hz, 3x H6', 3H), 1.15-2.00 (m, 2x H3', H4' and H5' and 2x H5, H6, H7 and H8, 14H), 2.33 (t

JH2'.Ha' = 7.5 Hz, 2xH2', 2H), 4.17 (dJ = 11.2 HZ,H4, lH), 4.77 (tJ = 3 Hz, Hl, lH) and 5.88 (s,

H9, lH) ppm; ,aC NMR (300 MHz, COC/a)eS: 13.8 (CS'), 22.2 (CS'), 23.7 (CS), 24.2 (C4'), 24.2 (C?),

24.3 (ca'), 31.1 (C2') , 32.0 (CS), 34.1 (CS), 64.3 (C4), 79.9 (Cl), 84.5 (C9) and 173.4 (Cl', C=O)

ppm; IR (COCla)): 1098 (S=O), 1164, 1380, 1470 and 1733 (C=O) cm-'; MS [El, direct iniet,

10OCCI, m/z (% relative intensily, asslgnment): 290 (13.8, M+'), 99 (100, +C(O)(CH2)4CHa).

Isolation of syn-2,3-0ithla-[(9-n-hexanoyl)oxy)bicyclo[4.2.1)nonane S,S-Oioxide (216):
9

~
4 oA

6 1 1
8 S

--7 -?s::::::o
o

column chromatographywith 3:1 hexanes:EtOAc as the eluen!. A- - C (0) . (CH 2). - CH,

Compound 216 was isolated as a dear oil in 55% yield. Rf (3:1 hexanes:EtOAc): 0.30; 'H NMR

(200 MHz, COCla)O: 0.87 (t JH6'-HS' = 6.5 Hz, 3x H6', 3H), 1.23-2.17 (m, 2x H3', H4' and H5' and 2x

H5, H6, H7 and H8, 14H), 2.39 (t JH2'-H3' = 7.5 Hz, 2x H2', 2H), 3.76 (d J = 8.2 Hz, H4, lH), 4.51

(br s, Hl, lH) and 5.48 (s, H9, lH) ppm; l3C NMR (300 MHz, COC/a)o: 13.9 (C6'), 22.0 (CS), 22.2

(Cs'), 24.27 (C4'), 24.32 (C7), 24.6 (C3'), 31.1 (C2') , 34.1 (C2'), 34.1 (CS), 34.7 (C8), 59.5 (C4), 73.5

(Cl), 74.9 (C9) and 173.1 (Cl', C=O) ppm; IR (COCI3): 902,1109,1131 (S02), 1158, 1169, 1310

(S02) and 1737 (C=O) cm-Jo
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6.3 Chapter 3:

General Procedure

The blcycllc thlosulflnate was dlssolvOO ln 2 ml of CDCI3 and coolOO ta -40°C ln a dry

Icejlsopropanol bath under an atmosphere of nttrogen. m·CPBA (1 equlvalent) was then addOO as

a solld ta the coolOO solution and thls mixture was stlrrOO for a further 15 minutes at thls

temperature. The solution was then f1lterOO as qulcldy as possible Into an NMR tube prevlously

coolOO ta -40°C. The sample was then placOO Into the speetrometer probe that had been

precoolOO ta -40°C and acqulsttlon was InttlatOO. At least 15 min was allowOO prior ta spectral

acqulsttlon at each temperature ln arder for the sampie ta equllibriate at the deslrOO temperature.

An Increment of 1QoC was usOO untll the sample was brought ta room temperature. Occaslonally

the sample was heatOO s1lghtly above rocm temperature.

6.4 Chapter 4

4
Preparation of 2,2'-Dibenzoylbiphenyl (231)211:

Prepared via oxldation of 2,2'-d1(1·

phenylmethanol)blphenyl.211 M.p. 150°C (decomposttlon); Rf

(9:1 hexanesjEtOAc): 0.21; 'H NMR (200 MHz, CD03)O: 7.20·

7.40 (m, 14H) and 7.67-7.71 (m,4H) ppm; 13(; NMR (300, MHz, 5 5

CDCI3)O: 126.7 (C4 and C4'), 127.9 (CS and CS'), 129.3 (C3", C3"'), 130.1 (C3 and C3'), 130.3 (Ci",

Cl"'), 131.4 (C4" and C4"'), 132.7 (CS and C5'), 137.3 (C2 and C2'), 138.2 (CS and CS'), 140.2 (C1

and Cl') and 197.5 (Q=O) ppm. IR (KBr): 1654 (C=O) cm".

211. D. Mulllns, Ph. D. Thesls, McGIII Unlverstty, Montreal, Quebec, Canada (1981).
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Preparation of 3-dehydrcH,S-DlphenyI-1 ,2-dlthlin (235):

2,2'-Dibenzoylblphenyl (231) (77.7 mg, 0.215 mmol) and

2,3-dlphenyl-1,3-butadlens (234) (0.200 mg, 0.97 mmol) were

dlssolvOO ln dry toluene (12 ml) under a nltrogen atmosphere. To

this was addOO 1,1,1 ,3,3,3-hexamethyldlsllylathlane (232) (76.6

mg, 0.09 mmol) and boron trlchlorlde (0.286 ml of a 1 M solution ln CH2CI2, 0.286 mmol)

consecutively via syringe. After approximately 1 min the solution began to tum b1ue and then the

solution was a1lowoo to reflux for 8 hrs or untll the b1ue color dlsslpatOO. Once coolOO to room

temperature, the product was absorbed onto slilca and purfflOO uslng flash column

chromatography. The e1uents employoct were hexanes and, from fractions 50 onward, 9: 1

hexanes:EtOAc. Fractions 7-24 contalnOO recoverOO dlene (100 mg, 50%); fractions 29-55, the

trappOO product and the phenanthrecene slde product (60 mg) and fractions 67-74 contalnOO

recoverOO 2,2'-dibenzoylbiphenyl (15 mg, 19%). The trappOO product was recoverOO by fractlonal

crystaillzation and the total yleld was 29.4 mg (51%; 65%, basOO on recoverOO starling materlal).

M.p. 100-101oC Qlt174 101-102°C); lH NMR (CDCla, 200 MHz) 0: 3.67 (s, 2x H3 and H6, 4H) and

7.0-7.25 (m, aromatles, 10H) ppm.

Preparation of 3,S-Cyclo-6,8(14),22-ergostatrlene (236) and Ergosta-5,7,22-trlen-3-thlol (237):

1,1, l ,3,3,3-Hexamethyldlsilylathlane (232) (0.166 g, 0.933 mmol) was addOO via syringe

under an atmosphere of nltrogen to a solution of 2,2'-dlbenzoylbiphenyl (231) (0.169 g, 0.467

mmol) and ergosterol (2228) (0.185 g, 0.467 mmol) in dry toluene (30 ml). The resulting mixture

was coolOO to OOC and boron trlchlorlde (0.623 ml of a 1M solution ln CH2CI2, 0.623 mmol) was

addOO s10wly via syringe. The reactlon was warmOO to room temperature and then allowOO to

reflux for 9.5 hr. Evaporation of the solvent, followOO by flash column chromatography of the

resultlng crude mixture wlth petroleum ether, 100 to the isolation of Iwo compounds, 3,5-cyclo­

6,8(14),22-ergostatrlene (236) (fractions 3-6, 72.3 mg, 41%) and the ergosterol thlol (237)

(fractions 8-13, 36.8 mg, 19%). FUrlher elutlon wlth petroleum ether/EtOAc (3:1) 100 ta the

recovery of unreactOO 2,2'dibenzoylbiphenyl (140 mg, 83%).
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3,5-Cyclo-6,8(14),22-ergostatrlene (236): M.p. 98.5-100oC O~ln 102-102.5°C); Rf (petroleum

ether): 0.57; lH NMR (200 MHz, CDC1a)o: 0.46 (dd JI = 8.2 J2 = 5.0 Hz, H3, lH), 0.76 (s, 18-CHa,

3H), 0.79-0.84 (2d J = 6.8 Hz, 26-CHa and 27-CHa, 6H). 0.90 (s, 19-CHa, 3H), 0.91 (d J = 6.8 Hz,

28-eHa, 3H), 1.02 (d J = 6.7 Hz, 21-CHa, 3H), 1.2-2.4 (m, steroid skeleton, 19H), 5.2 (m, H6, H22

and H23, 3H) and 6.19 (d J = 9.5 Hz, H7, lH) ppm; laC NMR (300 MHz, CDC1a)o: 15.6 (C4), H.O

(C18), 17.6 (C28), 19.3 (C19), 19.6 (C28), 19.65 (C26), 20.0 (C27), 20.4 (Cll), 21.2 (C21), 25.2 (C2),

25.3 (C15), 26.5 (C3), 28.0 (C16), 30.8 (Cl), 33.1 (C25), 37.4 (C12), 37.6 (Cl0), 39.4 (cg), 40.8

(C20), 42.9 (C24) , 43.5 (CS), 43.9 (CI3), 56.1 (CH), 124.1 (C7), 124.6 (CI4), 130.6 (CS). 132.0

(C23) , 135.5 (C22) and 147.0 (ca) ppm; ChemicaJ shift assignments were consistent w~h DEPT,

APT and COSY NMR experimenls; IR (CDCla): 1458, 1600 (C=C), 2869 and 2961 (C-C) cm-l ; UV

(EtOH): /.lmax 262 nm; MS IE.I., direc1 Inlet, 65°C), m/z (% relative intenslty, assignment): 378 (16,

M+1. 26

HS

2

3

4 6
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ErgoSla-5,7,22-trlen-3-thlol (237): M.p. 121.5-1230 C; Rf (petroleum ether): 0.42; lH NMR (200

MHz, CDC1a)o: 0.61 (s, 18-CHa, 3H), 0.79-0.83 (2d J = 6.8 Hz, 26-CHa and 27.CHa, 6H), 0.90 (d J

= 6.8 Hz, 28-CHa, 3H), 0.94 (s, 19-GHa, 3H), 1.02 (d J = 6.6 Hz, 21-CHa, 3H), 1.22-2.08 (m, steroid

skeleton, 19H), 2.59-2.63 (m, 2X H4, 2H), 3.80-3.86 (m, H3, lH), 5.15-5.20 (m, H22 and H23, 2H),

5.37 (dd, H7, lH) and 5.55 (bd J = 5.62 Hz, H6, lH) ppm; laC NMR (300 MHz, CDC1a)o: 12.1

(C18), 16.1 (C19), 17.6 (C28), 19.6 (C26), 20.0 (C27), 21.0 (Cll), 21.1 (C21), 23.0 (C15), 28.3 (C16),

33.1 (C25), 33.6 (C2), 36.8 (Cl 0), 39.0 (C12), 40.0 (Cl), 40.4 (C20), 41.9 (C4), 42.8 (C13 and C24),

46.2 (Cg), 54.6 (C14), 55.7 (CH), 59.1 (C3), 116,1 (C7) , 119.8 (CS), 132.0 (C23), 135.5 (C22), 139.2

(CS) and 141.9 (ca) ppm; Chemlcal shift assignments were consistent w~h DEPT, APT and COSY

NMR experiments; IR (CDC1a): 1458 (C=C), 2873 and 2960 (C-C) cm-1; UV (EtOH): Jlmax 274, 284,

/.lmin 296 nm; M.S. IE.I., direct Inlet, 95°C] m/z (% relative Intenslty, assignment): 378 (M+' - H2S).

Sample analysis using the Antek analyzer confirmed the presence o! sulfur in thls compound. In

add~lon, a nitroprusside212 test for thiol was positive. Stru.:ture confirmed by X-ray

crystaIJography (See Figure 28, Chapter 4).

212. K G. Krebs, D. Heusser and H, Wimmer, ln Thin Layer Chromatography, A Laboratory
Handbook, E. Stahl, Ed., New York: Springer Verlag, p.890 (1969).
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X-Ray Data for 237:

Empirical Formula: C28H445, M = 412.72, monoclinic, space group P21 (#4), a =

10.984(2), b = 7.599(1), c = 15.6594(3) A, fJ = 102.691(8), V = 1275.1(3) A3, Z = 2, Oc = 1.075

gcm-3, Il(CoKal = 11.47 crrrl, Fooo = 456. Data were collectOO at room temperature on a Rlgaku

AFC65 dillractometer wlth graphlte-mol,ochromatOO CuK" (À = 1.54178 A) radiation at 1.75 kW

uslng the lù-28 scan technique to a rroaximum 28 value of 120.2". The structure solvOO by direct

methods202 and refinOO by full-matrix least squares to reslduals of R = 0.057 and Rw = 0.047 for

2067 observOO reflections wlth 1> 2.5<7(1) and wlth 261 variables.

Isolation of Ergosta-4,6,8(14),22-telraen-3-0ne (240):

o

Ergosterol (2228) (5.0 g, 12.6 mmol) and 5e (3.00 g, 11.7 mmol=-4 eq. of 52) were

refluxOO ln dry toluene (-200 ml) ln the presence of one equlvaJent of triethylamine (1.5 ml, -12

mmol). Alter a period of 24 hr the crude mixture was filterOO, washOO wlth d-H20 (3x 100 ml) and

evaporatOO to dryness. Rash column chromatography (2x) of the product mixture wlth petroleum

ether/EtOAc (4:1), (2nd chromatography was performOO on fractions 13-17 of the lst column) 100

ta the Isolation of compound 240 as an orange-yellow solid. Preparatlve thin layer

chromatography on slilca gel plates, developOO twlce wlth hexane/EtOAc (9:1), followOO by

recrystaJllzatlon from ethanol gave crystalline compound 240 ln approxlmately 5% yleld (30 mg).

M.p. 112.5-1130 C Olt 114-1150 Cl84) Rf (petroleum ether/EtOAc 3:1): 0.45 (fluorescent spot under

uv); 1H NMR (200 MHz, C0C13)cS: 0.78-0.83 (2d J = 6.7 Hz, 26-CH3 and 27-CH3, 6H), 0.90 (d J =

6.8 Hz, 28-CH3, 3H), 0.93 and 0.96 (2s, 18-CH3 and 19-CH3, 6H), 1.03 (d J = 6.7 Hz, 21-CH3, 3H),

1.15-2.55 (m, steroid skeleton, 18H), 5.17-5.22 (m, H22 and H23, 2H), 5.70 (s, H2, lH), 6.00 (d J =

9.5 Hz, H6, lH) and 6.57 (d J = 9.5 Hz, H7, lH) ppm; 13C NMR (300 MHz, CDC13) cS: 16.6 (C18),

17.6 (C28), 2x 18.9 (C19 and C2), 19.6 (C26), 20.0 (C27), 21.2 (C21), 25.3 (Cll), 27.7 (C16), 33.0

(C25), 2x 34.1 (Cl and C12), 35.6 (C15), 36.7 (Cl0), 39.2 (C20), 42.8 (C24) , 44.0 (C13), 44.3 (CS),

55.7 (C17), 123.0 (C4), 124.4 (CS), 124.4 (CS), 132.5 (C23), 134.0 (C7j, 135.0 (C22) , 156.0 (C14),

164.3 (C5) and 199.4 (C3) ppm; ChemlcaJ shift assignments were consistent wlth DEPT, APT and
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COSy NMR experiments; IR (CDCI3): 1584 (C=C), 1636 and 1646 (C=O) cm"; UV (CH3CHzOH):

/lmax 350; MS [C.1. (NH3). direct inlet, 1500C]. m/z (Ok relative intensity, assignment): 394 (31, M+·

+ 1),393 (100, M+-).

6.5 Chapter 5

Preparation 01 Ditritylphenylphosphine (2648):

Trityl thiol (265) (15.04 g, 0.0545 mol) was dissolved in

dry THF (150 ml) and kept under an atmosphere 01 nitragen.

Triethylamine (5.515 g, 0.0545 mol) was then added via a syringe.

Dichlorophenylphosphine (266a) (4.89 g, 0.0272 mol) in dry THF

(100 ml) was added dropwise ta the above solution with stirring. A white precipitate lormed

immediately (El:3NHCI). Once the addition was complete (15 mins) the solution was allowed to stir

for a further hr. The white solid (0.255 g) was then filtered and the THF evaporated under reduced

pressure to give a pure white soUd (16.72 g, 94%). Recrystailization from acetone gave white

hexagons and the structure was confirmed by X-Ray crystallography (See Figure 29, Chapter 5).

M.p. decomposes at 12goC; Rf (4:1 hexanes:CHzClz): 0.24; 'H NMR (200 MHz, CDCI3)O: 7.03-7.26

(m, 35H) ppm; 13C NMR (300 MHz, CDCI3)O: 70.5 (d zJcP = 15.5 Hz, 2x Q-Ph3), 126.6 (trityJ Cpara) ,

127.3 (Ph-P Cpara), 127.5 (trityJ Cm.ta). 127.7 (d 3JCp = 8 Hz, Ph-P Cm.tal, 129.1 (d zJcp = 28.5 Hz,

Ph-P Cartho), 130.2 (trityJ Cor.lo). 132.2 (d lJCp = 26.8 Hz, Q-P) and 145.2 (trityJ Cl) ppm; 31p NMR

(300 MHz, CDCI3)O: 40.8 ppm.

Crystal Data lor 2648:

Empirical Formula: C44H35PSZ, M = 658.85, monoclinic, space group P2,/c (#14), a =
18.439(5), b = 10.489(3), c = 17.731(8), A, P=91.00(3)0, V ~ 3429(2) A3, Z = 4, Dc = 1.276 Mgm'

3, /l(MoK"J = 2.24 cm-'. Data were coilected at room temperature on a Nicolet R3 four-circle

diffractometer with graphite-monochramated MoK" radiation (À = 0.70926 A) using c.J scans

(28max460). An extinction correction was applied and the structure solved by direct methods207

and refined by full-matrix least squares to residuals of R = 0.038 and Rw = 0.035 for 3211 observed

reflections with 1 > 2.5a(l) and with 460 variables.
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Preparation of Dltrltylethylphosphlne (264b):

Compound 264b was prepared from 266b followlng the

same procedure use<! for the preparatlon of 2648. The product

was obtalned as a white salk! that foams easlly under vacuum ln

94%. If nBeded, the product was purified by flash calumn

,:,hromatography on neutral alumina uslng 4:1 hexanes:CHzClz as the eluen!. Compound 264b

was found ln fractions 14-37. M.p. decomposes at 1170C; Rf (4:1 hexanes:CHzOz): 0.27; 'H NMR

(200 MHz. CDC1a)o: 0.68 (d J = 12.8 Hz. CHz + CHa. 5H) and 7.14-7.42 (m, aromatlcs. 30H) ppm;

lac NMR (300 MHz. COOa)o: 9.0 (d zJcP = 11.5 Hz• .QHa), 25.9 (d 'JcP = 33.6 Hz, QHz). 69.6 (d

lJCp = 15.9 Hz. 2x .Q-Pha), 126.5 (trltyt Cpara) , 127.6 (trltyt Cm.tal, 130.0 (trltyl Cortho) and 145.5

(trltyt Cl) ppm; al P NMR (300 MHz. COOa)o: 40.7 ppm.

Preparation of Ditrityl-p-chlorophenylphosphlne (264c):

Compound 2640 was prepared from 267191 following the

same procedure used for the preparation of :<648. The product~ 1 S C ( c. H, ) 3

was obtalned as a wMe salk! that foams easlly under vacuum ln c 1~p \

quantitative yleld and was purified (to remove any remalnlng sc ( c • H. ) 3

thlal) by flash calumn chromatography on neutral alumina uslng 19:1 hexanes:CH20z as the

eluent. The product was found ln fractions 43-45 and was isalated as a white soUd ln 74% yleld.

M.p. decomposes at 123°C: Rf (4:1 hexanes:CHzC1z): 0.27; 'H NMR (200 MHz. COCla)o: 6.83-7.02

(m, p-CI-Ce!::!4, 4H) and 7.08-7.29. (m. trltyt protons. 30H) ppm; laC NMR {300 MHz. COC1a)o: 70.7

(d JcP = 15.3 Hz. 2x .Q(CeHs)a). 126.7 (trltyt Cpara!. 127.5 (trltyt Cm.t.a), 127.8 (d aJcp = 8.3. p-CI­

Ph-P Cmeta), 128.3 (O-Q), 129.4 (d 2JCp = 9.1 Hz, p-O-Ph-P Cortho). 130.0 (trltyl Cortho). 133.5 (d

'JcP = 27.3 Hz. .Q-P) and 144.0 (trltyt Cl) ppm; a,p NMR (300 MHz. COC1a)o: 38.1 ppm.

Preparation of 2,4,6-Tri.t·bU1ylbromobenzene (270):

Compound 270 was prepared from trl-t-butylbenzene

(269) followlng the procedure of Pearson and co-workers.192

The crude product contalnlng bath 269 and 270 was purified by

calumn chromatography on sllica uslng hexanes as the e1uent.

The product was Isolated trom fractions 8-13 and shown to be 99.6% pure by GC (RT = 14.21

min). Total yield of 270 was 70%. however the startlng materia! could be recovered as the

remalnlng 30%. M.p. 164-167 QIt192 171.5-173.5); Rf (hexanes): 0.60; 'H NMR (200 MHz, COC1a)o:
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1.29 (s, 9H), 1.56 (s, 18H) and 7.39 (s, 2H) ppm.

Preparation of 2,4,6-Trl-t-butyldichlorophenylphosphlne (272):

Compound 272 was prepared from 2,4,6-trl-t­

butylbromobenzene (270) following the procedure of lnamoto

and co-workers.193 1H NMR (200 MHz, CDCl3)O: 1.29 (s, 9H),

1.58 (s 18H) and 7.40 (d 4JHP = 2.9 Hz, 2H) pp~.

General Prc-cedure for Trapping of "R-P = S":

PC 1.

Trlphenylphosphlne was dlssolved ln freshly distilled, dry CHzClz and cooled to OOC under

Nz. The flask was wrapped ln a1umlnum foil to keep the reactlon ln the dark and Brz (mole ratio of

trlphenylphosphine to bromlne was 1:1) was added very s10wly w~h a syringe. This mixture was

stlrred ln the dark, under Nz and at OOC for 15 minutes. It was then transferred dlrectly into a

dropping tunnel (wrapped w~h foil) and added very s1ow1y, to a solution contalning (Ph3CS)zPR

(equlmolar to prevlous !WO reagents) and dlene (excess) ln dry CHzClz. Alter the add~ion the

mixture was stlrred for a turther 2 hr alter which the product was absorbed onto silica213 and flash

column chromatography perforrned. Ylelds were based on the amount of (PhJCS)zPR used.

Trapplng of "Ph-P=S" wlth 2,3-DlmethyI-1,3-butadlene; Isolation of 248b and 275:

o J=<CH3 CH 3

" -R-P--s CH
1 3

CR.

Purification of the trapped adducts was perforrned uslng a range of solvents: fractions 1­

19: hexanes; fractions 20-40 17:3 hexanes:CHzCl2; fractions 40-80 3:1 hexanes:CHzCl2; fractions

80-120 1:1 hexanes:CHzClz: fractions 120-140 2:3 hexanes:CHzClz and fractions 140-170 CHzClz.

The product distribution was as follows:

Fractions 96-116: Compound 275 (17%)

Fractions 131-162: (Q,HS)3CBr (273) (80%) and (Q,HS)3P=S (274) (80%)214

Fractions 163-166: Compound 248b (26%) and 273 and 274

213. Chromatographyon neutral alumina did not provide adequate separation.
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Spectral Data for 248b: See Table 27; C1ear 011; Rf (9:1 hexanes:EtOAc): 0.44.

Spectral Data for 275: See Table 28; WMe solld; M.p. 43-4S"C; Rf (9:1 hel<.anes:EtOAc):O.20.

Trapplng of 'Ph-P=S' wilh 1,3-Cyclohexadlene; Isolation of 250:

Rash column chromatography (2x) was requirOO for

purification of 250. The inttial separation was performOO uslng 9:1

hexanes:EtOAc as the eluenl. The trappOO product (250) had an

Rf of 0.18 in this eluent system and was found ln fractions 13-15.

It was funher purifiOO using 46:1 petroleum ether:EtOAc as the eluenl. Compound 250 was found

in fractions 20-26 as a c1ear 011; the total IsolatOO yleld was 21 %. The other products includOO

trlphenylphosphlne suifIde (274) and trlphenylmethyl bromlde (273) (comblnOO yleld -80%).

Spectral Data for 250: See Table 29.

Trapplng of 'Ph-P=S' wilh 2.3-Dlphenyl-1.3-butadlene; Isolation of 2n:

InttlaJ separation of the products from thls reactlon was CM"H5 c" H5

performOO by column chromatogrpahy using 9:1 hexanes:EtOAc 3
4

- 56

as the e1uenl. Compound 2n was found in fractions 18-26. A c H ........~ï;s 1

second column uslng 3:2 hexanes CH2CI2 as the e1uent was "5 s

usOO in an attempt to remove bromide 273 and sulflde 274 that remalnOO as Impurttles.

Compound 2n was isolatOO from fractions 9-23, however the sample still contalnOO a small

amount the Iwo side products. The bast yleld of 2n obtalnOO was 21 % and due to Impurttles, tt

was IsolatOO as a wMe semi-solld; compounds 274 arod 273 were each IsolatOO ln -80%. Rf (9:1

hexanes:EtOAc): 0.15; 'H NMR (200 MHz, CDCI3)O: 3.48 (dd 2JH3a_p = 19.4 Hz JH3a-H3b = 15.1

Hz, H3a, lH), 3.55 (dd 2JH3b-P = 24.8 Hz JH3b-H3a = 15.1 Hz, H3b, lH), 3.91 (dd 3JH6a.p = 17.2

Hz JH6a.H6b = 14 Hz, H6a, lH), 4.14 (dd aJH6b-p = 21.1 Hz JH6b-H6a = 14 Hz, H6b, lH) and 6.6-8.2

(m, aromatlc protons, 15H) ppm; ,aC NMR (300 MHz, CDCla)o: 35.9 (d 2JCp = 6.1 Hz, CS) and

46.8 (d 'JcP = 42.3 Hz, C3) ppm; alp NMR (300 MHz, CDC1a)o: 65.5 ppm; IR (CDCla): 1098 (P­

Ph), 1437 (C=C) crrr'.

214. Identtty of 273 and 274 was confirmOO by comparlson to known materlaJs.
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Trapplng of "Et-P=S" wlth 2.3-Dimethyl-l ,3-butadiene; Isolation of 279:

Purification of the crude reaction mixture obtained in this CH 3 CH 3

reactlon was performed by column chramatography using 17:3 ~ \:--f
c H-P-SJ-\H

hexanes:EtOAc as the eluen!. Triphenylphosphine sulfide (274) 2' 1 3

and trltyl bromlde (273) were isolated fram fractions 4-12, each c ( c. H, ) 3

in 80% yield. Compound 279 was found in fractions 16-31 and was obtained in 37% yield as a

clear ail. Rf (17:3 hexanes:EtOAc): 0.12; lH NMR (200 MHz, CDCia)cS: 1.0-1.5 (m, CH2-C!i3 + lx

C!::!2, 4H), 1.60 (s, 3x CHa, 9H), 1.9-2.1 (m, lx CH2, lH) and 7.2-7.6 (m, aromatic protons, 15H)

ppm; laC NMR (300 MHz, CDCla)cS: 6.2 (s, = C-.QHa) , 6.3 (s, =C-.QHa) , 17.8 (s, .QHa-C=), 20.6 (d

2Jcp = 40.1 Hz, .QHa-CH2), 28.3 (d lJCp = 66 Hz, CHa-.QHzJ, 34.6 (d 2JCp = 2.3 Hz, .QH2-C=), 66.5

(d lJcp = 56.1 Hz, .Q-Pha), 123.4 (d aJcp = 5.2 Hz, -.Q=), 127.1, 128.0, 130.6 (s, =,Q-) and 131.0

ppm; alp NMR (300 MHz, CDCla)cS: -12.4 ppm; IR (CDCla): 1033, 1096, 1169 (P=O), 1380, 1470

(CHa-C=C); MS [El, direct inlet, 200°C] mlz (% relative intenstty, assignment): 243 (100, Pha-C+),

191 (M+·-PhaC+).

Trapping of 'p-CI-Ph-P = S" with 2.3-Dimethyl-l.3-butadiene; Isolation of 280:

Compound 280 was separated from side prodl!cts by CMH
3

~H3
3 6

column chromatography using 19:1 hexanes:EtOAc as the eluen!.

Fractions 34-41 were combined and evaporated ta give 280 in rîYr~-;s,
10% yield as a clear ail (contaminated wtth 273 and 274). Rf (19:1 c 1~
hexanes:EtOAc): 0.11; 'H NMR (200 MHz, CDCla)cS: 1.63 (s, 5-CHa, 3H), 1.90 (d 4JHP = 4.8 Hz, 4­

CHa, 3H), 2.95 (d aJHP = 14.5 Hz, 2x H6, 2H), 3.31 (dd 2JH3a_p = 21.0 Hz lJH3a_Hab = 15 Hz, H3a,

1H); 3.67 (t 2JH3b_p = lJH3b_H3a = 15 Hz H3b, 1H), 7.4-7.5 (m, 2x Hm.ta, 2H) and 7.8-8.0 (m, 2x

Hortho, 2H) ppm; alp (300 MHz, CDCLJ)cS: 41.8 ppm; IR (CDCla): 1100 (P-Ph) cm-l ; MS [El, direct

inlet, 100°C], mlz (% relative Intenstty. asslgnment): 288 (13.6, M+·).



APPENDIX

Alomic Coordinales (a,b,c) and Temperature Factors (Ueq, Â2) for Compound 133

162

a b c Ueq
51 0.9551(2) 0.4276(1) 0.7186 0.088(1)
52 0.8323(2) 0.2917(2) 0.6520(1) 0.086(1)
Cl 1.0610(5) 0.1947(4) 0.7515(2) 0.D46(2)
C2 1.1369(5) 0.3268(4) 0.7532(2) 0.062(2)
C3 1.3120(5) 0.3280(4) 0.7051(2) 0.066(2)
C4 1.2698(5) 0.2911(4) 0.6253(2) 0.060(2)
C5 1.1624(5) 0.1712(4) 0.6211(2) 0.062(2)
C6 0.9975(5) 0.1714(4) 0.6743(2) 0.056(2)
01 0.9107(4) 0.1857(3) 0.8030(2) 0.062(1)
C7 0.8906(5) 0.0828(4) 0.8432(2) 0.044 (1)
02 0.9991(4) -0.0028 (3) 0.8446(2) 0.060(1)
C8 0.7112(5) 0.0861(4) 0.8855(2) D.040(l)
C9 0.5897(5) 0.1850(4) 0.8776(2) 0.048(1)
C10 0.4244(5) 0.1827(4) 0.9151(2) 0.053(1)
Cll 0.3805(5) 0.0834(4) 0.9576(2) 0.046(1)
C12 0.4987(6) -0.0164(4) 0.9674(2) 0.058(2)
Cl3 0.6673(6) -0.0132(4) 0.9310(2) 0.056(1)
N1 0.1962 (5) 0.0781 (4) 0.9942 (2) 0.064 (2)
03 0.0931(4) 0.1680(4) 0.9850(2) 0.083 (1)
04 0.1580(5) -0.0134(4) 1.0308(2) 0.103(2)



Atomic Coordinates (x,y,z) and Temperature Factors (Beq, A2) for Compound 138a
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atom x y z B (eq)

S Il) 0.4109(1) 0.2058(2) 0.56591 (7) 4.25(5)
S (2) 0.5470(1) 0.1999(2) 0.90232 (8) 5.00(6)
0 0.2587(3) 0.1908(4) 0.7612(2) 5.1 (2)
N (1) 0.5799(4) 0.5170(5) 0.6327 (3) 6.2(2)
N (2) 0.3155(4) 0.3845 (6) 0.9927(3) 6.5(2)
C (1) 0.3652(4) 0.0949(5) 0.7548 (3) 3.4(2)
C (2) 0.4391(4) 0.0385(6) 0.6630(3) 3.1 (2)
C (3) 0.5919(4) -0.0161(7) 0.6943(3) 3.8 (2)
C (4) 0.5687(5) -0.1117(7) 0.7900(3) 4.0(2)
C (5) 0.4527(4) 0.0069(6) 0.8374(3) 3.5 (2)
C (6) 0.5115(5) 0.3898 (6) 0.6075 (3) 4.2(2)
C (7) 0.4034(5) 0.3084(7) 0.9539(3) 4.9 (2)
H (1) 0.391(3) -0.071 (4) 0.639(2) 2.3(8)
H (2) 0.645 (3) 0.089(5) 0.702(2) 2.6(9)
H (3) 0.632(4) -0.102 (5) 0.652 (2) 4 (1)
H (4) 0.647(3) -0.118 (5) 0.825(2) 4 (1)
H (5) 0.525(4) -0.243(5) 0.779(3) 6 (1)
H (6) 0.397 (3) -0.026(5) 0.900(2) 3.2(8)
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Atomic Coordinates (a,b,c) and Temperature Factors (Uoq , A2) for Compound 151a

atom x y B (eg)

S (2A) 0.9475(2) 0.3116(3) 0.4411 (3) 5.6(1)
S(3A) 0.8247(3) 0.1442(3) 0.3520(4) 7.8(2)o (lA) 0.7446(7) 0.3759 (8) 0.213(1) 9.5(5)
o (2A) 0.8853(6) 0.3751 (6) 0.5714 (9) 6.5(3)
C (lA) 0.9551(9) 0.3724(8) 0.208(1) 5.0 (4)
C (4A) 0.7792(9) 0.184(1) 0.123(1) 6.8(5)
C(5A) 0.820(1) 0.108(1) -0.029(1) 7.6(6)
C(6A) 0.954(1) 0.152(1) -0.083(2) 8.7(7)
C (7A) 1.042(2) 0.265(3) -0.041(4) 5.7(3)
C (7A' ) 1.055(2) 0.204(2) 0.049(2) 5.7
C (8A) 1.063(1) 0.345(1) 0.105(1) 7.5(6)
C (9A) 0.827(1) 0.321(1) 0.117(1) 6.0(5)
H (1) 0.9759 0.4586 0.2217 6.3
H (2) 0.6916 0.1601 0.1139 8.1
H (3) 0.8107 0.0292 0.0111 9.4
H (4) 0.7770 0.1075 -0.1383 9.4
H (11) 0.8328 0.3423 -0.0089 7.4
S(2B) 0.4248(2) 0.2914(3) 0.9336 (3) 5.6(1)
S (3B) 0.4693(3) 0.1409(3) 0.8166(4) 6.5(1)
o (lB) 0.6633 (6) 0.3946(6) 0.700(1) 7.0(3)
o (2B) 0.5229(6) 0.3595 (7) 1.0701 (8) 7.1(4)
C(lB) 0.4491(8) 0.3734(8) 0.715(1) 4.6 (4)
C (4B) 0.5199(9) 0.196(1) 0.590(1) 5.6(4)
C (SB) 0.430(1) 0.1298 (9) 0.437(1) 5.5(4)
C(6B) 0.312(1) 0.1689(9) 0.406(1) 6.1(5)
C (7B) 0.312(2) 0.298(2) 0.434 (4) 4.7(3)
C (7B' ) 0.250(1) 0.209(1) 0.552(2) 4.7
C (8B) 0.319(1) 0.3475 (8) 0.621(1) 5.1(4)
C (9B) 0.5478 (9) 0.335(1) 0.607(1) 5.1(4)
H(12) 0'.4792 0.4584 0.7467 5.4
H (13) 0.5958 0.1794 0.5662 6.7
H (14) 0.4720 0.1380 0.3246 6.7
H (15) 0.3992 0.0459 0.4645 6.7
H(22) 0.5493 0.3643 0.4862 6.2
H (24) 0.7464 0.3851 0.6274 8.4
H(25) 0.9969 0.0946 -0.0360 9.9
H (26) 0.9578 0.1424 -0.2170 9.9
H (27) 1.1220 0.2526 -0.0607 6.8
H (28) 1.0262 0.3133 -0.1359 6.8
H (29) 1.1198 0.4217 0.0674 8.5
H (30) 1.1124 0.3158 0.1966 8.5
H (31) 0.3324 0.2353 0.3210 6.9
H (32) 0.2493 0.1016 0.3381 6.9
H (33) 0.1637 0.1986 0.5181 5.8
H (34) 0.2490 0.1572 0.6541 5.8
H (35) 0.2638 0.3739 0.7049 5.8
H (36) 0.3261 0.3957 0.5133 5.8
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Atomic Coordinates (a,b,c) and Temperature Factors (Ueq, Â2) for Compound 152
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atorn x

55(21) 0.0707(1)
() 0.1460(1)

~!(~ O~àü.fN!~4l)
C 5 0.17054
C 4 0.20795
C 3 0.08595
C 2 -0.01144

0g~~l~ -0.1500 3-0.30303
-0.03674

C 7~ -0.2701 4
C 8 -0.35794
C 9 -0.33244
C 101-0.4166 4
C 11 -0.5188 4
C 12 -0.5445 4
C 13 -0.4638 4
N~l~ -0.6065 4
03 -0.6072 4
04 -0.67284

y

0.3468 1
0.1653 1
0.1936 4
0.1172 4
0.1411 4
0.27654
0.3606 4
0.3269 4
0.1638 3
0.1069 4
0.3585 4
0.1241 4
0.10184
0.16144
0.1390(4
0.0555(4
-0.0052(5)
0.0199~4}0.02845
0.1034 5
-0.0662(5)

z

0.0196 1
0.0410 1
0.11433
0.1375 3
0.25453
0.27354
0.23124
0.11693
0.00782
0.0723 3
-0.09123
-0.0023 3
-0.11783
-0.2001 3
-0.30683
-0.3271 3
-0.2471 4
-0.14144
-0.4403 4
-0.5066 3
-0.45923

Deq

0.058 1
0.055 1
0.0462
0.0452
0.0522
0.0582
0.061 2
0.0472
0.056 1
0.0792
0.0832
0.043 1
0.041 1
0.0502
0.0552
0.0532
0.0582
0.0532
0.0742
0.1022
0.106 2



Atomic Coordinates (x,y,z) and Temperature Factors (Beq, Â2) for Ccmpound 237
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x y z Beq

S 0.82854(22) 0.71270 0.98184(14) 9.44(16)
Cl 0.9621 ( 7) 0.9329 (11) 0.7801 ( 5) 6.8 ( 5)
C2 0.9233 ( 8) 0.9135 (12) 0.8714 ( 5) 7.4 ( 5)
C3 0.8809 ( 8) 0.7273 (16) 0.8795 ( 5) 7.7 ( 6)C4 0.9857 ( 8) 0.6032 (12 ) 0.8808 ( 5) 8.0 ( 6)
CS 1.0350 ( 8) 0.6174 (14) 0.7986 ( 5) 6.6 ( 5)
C6 1. 0753 ( 9) 0.4797 (11) 0.7617 ( 5) 8.0 ( 6)
C7 1.1338 ( 8) 0.4847 (10) 0.6884 ( 5) 7.5 ( 6)
C8 1.1288 ( 6) 0.6372 (10) 0.6414 ( 5) 4.9 ( 4)
C9 1. 0674 ( 6) 0.8031 (11) 0.6711 ( 4) 4.3 ( 4)
CIO 1.0639 ( 7) 0.8031 (13 ) 0.7704 ( 5) 5.0 ( 4 )
CIl 1.1183 ( 7) 0.9740 (10 ) 0.6422 ( 5) 6.0 ( 5)
C12 1.1491 ( 6) 0.9712 (10) 0.5506 ( 4) 5.4 ( 4)
C13 1.2355 ( 5) 0.8230 (10) 0.5398 ( 4) 3.2 ( 4)
C14 1.1682 ( 6) 0.6536 (10) 0.5554 ( 4) 4.2 ( 4)
C15 1.2383 ( 7) 0.5096 (10) 0.5240 ( 5) 6.4 ( 5)
C16 1.2873 ( 7) 0.5885 ( 9) 0.4477 ( 5) 6.0 ( 5)
C17 1.2524 ( 5) 0.7846 ( 9) 0.4468 ( 4) 3.7 ( 4)
C18 1.3607 ( 6) 0.8383 (11) 0.6026 ( 4) 6.3 ( 4),
C19 1.1876 ( 7) 0.8570 (11) 0.8271 ( 4) 8.4 ( 5)
C20 1. 3387 ( 6) 0.9002 (10) 0.4049 ( 4) 4.4 ( 4)
C21 1.3121 ( 6) 1.0949 ( 9) 0.4068 ( 5) 7.0 ( 5)
C22 1.3354 ( 6) 0.8406 (10) 0.3137 ( 4) 4.8 ( 4)
C23 1. 4273 ( 6) 0.7776 (10) 0.2828 ( 5) 5.2 ( 4)
C24 1. 4182 ( 7) 0.7237 (11) 0.1888 ( 4) 5.8 ( 4)
C25 1. 5206 (10 ) 0.8181 (14) 0.1519 ( 6) 9.8 ( 7)
C26 1.5152 (12) 0.7771 (16 ) 0.0602 ( 7) 17.7 (10)
C27 1.5077 (11 ) 1.0088 (15 ) 0.1601 ( 6) 13.6 ( 8)
C28 1. 4352 ( 8) 0.5282 (12) 0.1853 ( 5) 8.6 ( 3)
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Atomic Coordinates (x,y,z, x Hl") and Temperature Factors (Ueq, A2 x 1e>3) for Compound
2648

atom x y z Uq
S ( 1 ) 3578(1) 4497 (1) 6637(1) 36 (1)
S(21 2754(1) 7010(1) 7185(1) 40 (11
PUI 2807(1) 5833(1) 6215(1) 34 (1)
C( l! 335](1) 2989(3) 6097(1) 31 (1)
C(21 1756(1) 7137(3) 737](2) 31n)
CUl! 3839(1) 1983(3) 6480(1) 33 (l)
C(12) 3593(2) 776 (3) 6664(2) 48(1)
C03 ) 4055(2) -114(3) 6984(2) 61 (1)
C(14) 477](2) 167(4) 7127(2) 58(1)
C( 15) 5028(2) 1352(3) 6939(2) 50(1)
C(6) 4571(2) 2245(3) 6607(2) 40 (1)
C( 21) 2535 (1) 2762(3) 6198(2) 33 (1)
C(22) 2264(2) 2480(3) 6904(2) 50 (1)
Cf23} 1529(2) 2326(4) 7012(2) 65 (1)
C(24) 1049(2) 2465(4) 6419(2) 59 (1)
c(25) 1301(2) 2769(3) 5727(2) 56(1)
C(26) 2039(1) 2917(3) 5616(2) 44 (1)
C(31) 3562(1) 3053(3) 5260(1) 31 ( 1 )
C(32) 3412(2) 1995(3) 4811(2) 43 (1)
Ci 33) 3578(2) 1994(4) 4053(2) 51 (1)
C(34) 3899(2) 303]( 3) 3731(2) 54(1)
C (35) 4070(2) 4064(3) 4174(2) 55 (1)
C(36) 3904(2) 4073(3) 4933(2) 4:< (1)
C( 41) 1667(1) 8306(3) 7887 (1) 33 (1)
C(42) 993(2) 8878(3) 7940(2) 45 (1)
C(43) 876(2) 9878(3) 8417(2) 53 (1)
C(44) 1430(2) 10360(3) 8855(2) 55 (1)
C(45) 2103(2) 9814(3) 8815(2) 65(1)
C(46) 2213(2) 8795(3) 8338(2) 52 (1)
C(51) 1387(1) 7351(3) 6599(2) 34 (1)
C(52) 1434(2) 8528(3) 6248(2) 49 (1)
C(53) 1144(2) 8716(4) 5533(2) 67(2)
C (541 813(2) 7739(4) 5150(2) 76(2)
C(55) 768(2) 6566(4) 5483(2) 66(2)
C(56) 1059(2) 6367(4) 6205(2) 47 (1)
C(61) 1470(1) 5982(3) 7810(2) 32(1)
C(62) 1913(2) 5130(3) 8184(2) 48 (1)
C(63) 1640(2) 4203(4) 865lC 2) 66(1)
C(64) 902(2) 4099(3) 8743(2) 62 (1)
C(651 450(2) 4921(3) 8370(2) 55 (1)
C(66) 729(2) 5841(3) 7906(2) 46(1)
C( 71) 3352(1) 693](3) 5659(2) 34 (1)
C( 72) 4078(2) 7215(3) 5779(2) 49 (1)
C(73) 4433(2) 8094(3) 5334(2) 57 (1)
C(74) 4067(2) 8693(4) 4768(2) 65 (ll
C(75) 3349(2) 8437(4) 4639(2) 75(2)
C(76) 2992(2) 7552(3) 5077(2) 56(1)


