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ABSTRACT

Organic disulfides undergo facile desulfurization
to the corresponding sulfides on treatment with aminophosphines,
This reaction is applicable to alkyl, aralkyl and alicyclic
disulfides and is compatible with a wide variety of common
functional groups. The desulfurization process is
stereospecific in that inversion of configuration occurs
at one of the carbon atoms O to the disulfide group.
The reaction proceeds by way of an intermediate phosphonium
salt which is formed in the rate limiting step, This
desulfurization reaction is applicable to a variety of

sulfenyl derivatives and is of considerable synthetic value,

The mass spectra of a variety of disulfides and sulfides
are discussed and new methods for the preparation of o{-bromo

acids and cyclic disulfides are presented,
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CHAPTER I

INTRODUCTION

Since sulfur is directly below OXygen in the periodic
table, it is not surprising to find that much of sulfur
chemistry closely parallels the chemistry of the analogous
oxygen compounds. For example, the chemistry of thiols (RSH)
is very similar to that of alcoholé (1); they are both weakly
acidic, both readily form esters with acids, ethers with
alkylating agents., In view of this similarity of chemical
properties, the differences in the chemistry of disulfides
and peroxides is somewhat surprising., This dissimilarity is
noticeable in acomparison of the bond dissociation energies

of selected organo~-sulfur and organo-oxygen compounds (Table I),

TABLE I

BOND DISSOCIATION ENERGY (2)

Bond D, Kcal/mole Bond D, Kcal/mole
CH3S-SCH3 77 CH30-0CH3 44
CH3S-CH3 73 CH3O-CH3 77
CH3S-H 90 CH3O-H 100

While the bond energies of both the thiols and thioethers
are very similar to their oxygen analogues, the disulfide
bond is approximately 35 Kcal/mole more stable than the

peroxide bond, This difference in stability may, in part, be



due to the lower electronegativity pf sulfur coupled with

its greater radius, The repulsion of fwo compact, highly
electronegative oxygen atoms would be much greater than two
diffuse,less electronegative sulfur atoms, Other differences
exist between oxygen chemistry and sulfur chemistry; these
will be discussed when pertinent.

Disulfides in Nature,

The interest in the chemistry of disulfides has been,
in'large part, a result of the importance attached to this
group in biological systems, 1In 1810, Wollaston (3) isolated
a sulfur-containing amino acid from the urinary calculus of
a patieht suffering from cystinuria, This amino acid was
shown to be the disulfide of P-mercapto-alanine. This
disulfide presumably résults from the biological oxidation
of @-mercapto-alanine (cysteine); this oxidation may be effected
chemically by most mild oxidizing agents (Iz, 02, FeCl3 for
example)., This disulfide is widely distributed in natural

peptides, best known of which are oxytocin and insulin. In

HOOC-?H-CHZ-SH —oxidation . HOOC-?H-CHZS—SCHz-gH-COOH

~ reduction
NH2 . NH2 NH2
Cysteine Cystine
Cy~-Try~Ileu ? ?
é A-chain--—-Cy-?y-Ala-Gly-Val-Cy---?y-—
5 $ $
I S
Cy-Asp-Glu-NH2 | ?
&Hz B-chain--==en= O el B S ——— Cy-—-
Pro-Leu-Gly-NH2 Sheep Insulin

Oxztocin



most peptides, the main function of the disulfide bridge is
to fix the peptide in a suitable conforﬁation for biological
interaction., Cleavage of the disulfide bridge results in
complete inactivation of the hormones oxytocin (4) and insulin
(5). 1In some cases, replacement of a sulfur atom by a
methylene group does not significantly alter the conformation
of these peptides and,hence, their biologiégl activity is not
altered (6),

One disulfide which owes its biological activity to the
disulfide bond is the growth promoting vitamin, £ -lipoic acid (7).
This disulfide acts as a co-enzyme in the oxidation of pyruvic

acid by undergoing reduction to a bis~-thiol, Lipoic acid

o)

.(/*\7/*\\//\g,/l13H pyruvic acid N (/\j//\\//\\w;R\OFi

S-S «-L1POIC ACID SH SH

has been reported (8) to have a significant role in photo=-
synthesis,

A third group of naturally occurring disulfides are the
antibiotic disulfides of which gliotoxin is a representative

member, -The structure of this unusual antibiotic was deduced by

O\/X-("
N§ N-CHgy

OH o,)ﬁ{’

C H2 OH
GLIOTOXIN
Johnson and Woodward (9) in 1958, climaxing a 15 year

structural study. Several other antibiotics incorporating this

tricyclic disulfide system have been reported (10,11),



Stereochemistry and Bonding of Disulfides,

Two structural isomers of disulfides are theoretically

possible, a linear isomer and a‘branch bonded’ isomer.,

S
il
R=5=5-R R-S=R

A few branch-bonded sulfur compounds, thionosulfites, have
recently been synthesized (12) and apparently require special
circumstances for sﬁability. However, X-ray (13), dipole

1l 358 studies

moment (14), spectrochemical (15) and radiochemica
(16) have shown that the branch-bonded isomer is not present
in disulfides.

The nature of the bonding in disulfides has been discussed
by Pauling (17). Both the ¢ bond joining the two sulfur atoms
and the o bond joining the sulfur and carbon atoms are thought
to be nearly pure p in character with one non-bonded pair ‘of
electrons on each sulfur atom in the §§ orbital, spherically
distributed about the nucleus, The remaining non-bonded pair
of electrons on each sulfur atom occupy the remaining 3p orbitals;
the repulsion of these p orbitals on adjacent sulfur atoms
being minimized when the dihedral angle (CSS-SSC) is 90° (Fig. 1).
This mutual repulsion of the non-bonded electron pairs gives
rise to a rotational barrier of 10-14 Kcal/mole. In cyclic
disulfides, where the dihedral angle of 90° is not possible
(for example, the dihedral angle in five membered disulfides

rings is 26° (18)), this mutual repulsion of electron pairs has

a considerable effect on the stability of such molecules.

Reactions of Disulfides.

Two of the most important reactions of disulfides are
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107°

(b)

Figure 1., Dihedral angle of disulfides: (a) pentacyclic disulfides,
(b) open chain disulfides.



6
reduction and oxidation. The reduction of disulfides to thiols
was mentioned earlier during a discﬂssidn of naturally occurring
.disulfides; the oxidation of disulfides has been reviewed by
Kharasch(l19), A third reaction of disulfides which has
attracted considerable attentioﬁ is that of desulfurization,
Because of the ready availability of disulfides, a reaction
in which one or both of the sulfur atoms is removed would be of
considerable synthetic value, In addition, because of the
prevalence of disulfides in biological systems, such a reaction
could be of special interest,

The sulfur-sulfur bond of disulfides may suffer cleavage
both homolytically and heterolytically. Homolytic cleavage
of the disulfide bond may be effected either photolytically (20)
or thermally at temperatures above 125°(21,22)., For example,

R-S=S=R' ——> R-S* +R-S* ——3 R-S~-S-R + R=S~-S-R’
170

2 R-§* ————3 R=S=-5-R

unsymmetrical disulfides dissociate at 170° to give symmetrical
) disulfides (22). This radical cleavage also plays an
important role in the desulfurization of disulfides by active
nickel catalysts (23). Raney nickel, a nickel-aluminum alloy
which has been leached with hot alkali, will reduce disulfides
to sulfides and hydrocarbons. It has been suggested by

Hauptmann and Wladiskaw (24) that free aryl and arylthio radicals

Ra Ni(200)s o .

xylene
R=-S=-R

R=-R € R*

R=S=5-R
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are formed on the nickel surface. Sulfur compounds may react
in several ways with Raney nickel; éhe pathway of the reaction

" is dependent upon temperature, solvent,and degree of activation

of the catalyst, For example, 2-mercaptobenzothiazole

~

N

N-H
Na
N N
5\>_SH B s’ s
10
s-S

may be oxidized, desulfurized, or dimerized all dependent upon

reaction conditions (25)., The use of Raney nickel for the
desulfurization of thioketals to hydrocarbons has become a
X X
RS R H

commonly used alternative to the Wolff-Kishner reduction of

s

ketones (26). However, the multiplicity of reaction pathways
has greatly limited the synthetic utility of this catalyst.
Heterolytic cleavage of the sulfur-sulfur bond of disulfides
may be induced by both electrophilic and nucleophilic reagents.
Each sulfur atom of a disulfide possesses non-bonded electrons
and therefore may act as a Lewis base in the presence of
electrophilic reagents., An example of electrophilic scission
of a sulfur-sulfur bond is the chlorinolysis of a disulfide (27),
R-S-S-R + Cl, — R-%-S-R — 3 2 R=-5-C1
Cl "c1

This reaction has been shown to proceed via a chloro-sulfonium
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intermediate (27b) which reacts further to form two molecules of
the sulfenyl halide,

Nucleophilic Scission of the Sulfur-Sulfur Bond

Despite the high bond energy of the sulfur-sulfur bond,
several factors make the disulfide bond particularly susceptible
to cleavage by nucleophilic reagents., The large polarizable

sulfur atom may readily accomodate the negative charge of a
R-S-S-R + Nu —— NO—S-R + TSR

mercaptide ion, In addition to this ability of the mercaptide
ion to act as a good leaving group in nucleophilic substitution
reactions, the long C-S bond length of 1,82 A renders the
sulfur atom much more sterically accessible than, for example,

would be an oxygen atom (C-O bond; 1.43 R) (Fig, 2).

&3

Figure 2, Accessibility of sulfur and oxygen (28).,

In addition, the stretching force constants for second-row
elements bonded to other atoms are generally lower than for
first-row elements. Consegquently, less energy would be required
to stretch a sulfur-sulfur bond than would be required for
bonds between first row elements (28)., Several reviews on
nucleophilic cleavage of disulfides have been published

(29,30,31), therefore only a few examples of this important



reaction will be presented.

The thiol-disulfide exchange reaction is an excellent
example of nucleophilic scission of a disulfide, Fava (32)
has demonstrated that the reaction is bimolecular, first

RSH + "OH = R§~ + H,0
RS + RS-SR —= RS-SR + RS~
order both with respect to disulfide and to mercaptide ion,
and is base catalyzed., The above Sequence of reactions have
been forwarded to account for these observations. Another

example of nucleophilic scission of the sulfur-sulfur bond

is the reaction of disulfides with cyanide ion (33,34):
R-S-S=-R 4+ CN- &= R-S-CN + R-S~

This cleavage reaction occurs with most disulfides and, as
would be expected from an equilibrium process, if a possibility
exists for the displacement of two different mercaptides, the
reaction proceeds with displacement of the 1least basic
mercaptide., When the reaction was performed in the presence

of an efficient mercaptide scavenger, the displacement of the
least acidic mercaptide, the kinetically more favorable process,
was detected (34a). In some cases, the cyanide cleavage of

disulfides may lead to desulfurization of the disulfide:

RS=SR + CN™ ——> RS® <4 R=-SCN ——> RSR + “SCN

9
R = Ph-C-

This reaction normally is important only if strongly electron

withdrawing substitugnts are present (35), although it has
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0] . 0

MNHZ —— D/\/\/“\NHZ
4 S

been reported (36) to occur as well for the cyclic disulfide,

&X-lipoic acid amide,

A distinction should be made between cleavage of disulfides
by nucleophiles and by strong bases., While the former
proceeds with ionic scission of the sulfur-sulfur bond, the

reaction with strong bases may proceed as well via hydrogen

—> R~5=8" <+ CH2=CH-R
R-S-S-CHZCHZR 4+ OH~ ~—> R-S~ + S=CH-CH2-R

—— R-S-OH + R-5-

abstraction both &« and @ to the disulfide bond (37).

Desulfurization with Trivalent Phosphorus Compounds.

The reduction of disulfides to thiols may be accomplished
by most reducing agents including metal hydrides (38) and
dissolving metal reducing agents (39). Catalytic hydrogenation,
however, does not reduce disulfides since these sulfur compounds
poison the catalytic surface (40), As mentioned previously,
Raney nickel will reduce disulfides, but normally affords a
variety of products,

The ability of trivalent phosphorus compounds (phosphines
and phosphites) to undergo valence expansion (P - p¥) pakes
it a selective reducing agent, For example, phosphites are

oxidized by alkyl halides in the Michaelis-Arbuzov reaction (41),
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This oxidation proceeds via a nucleophilic displacement reaction

EtQ Et?+ 0
Et0O-P 4+ R=-X —> Eto-1l>-R —_—> EtO-ll)-R + Et-X
EtO EtO XxX- EtO

on the alkyl halide followed by rearrangement of the intermediate
phosphonium salt.

Phosphites and phosphines, while very weak bases, are
quite nucleophilic. They react with a wide variety of compounds

which have easily polarizable linkages such as anhydrides (42),

PR + 9 3
. | -
R3P + R-C-0-C-R —0m - — R4P=-C-R O=C-R
+
RyP 4 R-0-S0,-R ———3 R P-R 0-50,-R
0 .
|
R3P + R-C-CHZ-X —_—> R3P-0-C=CH2 X~
0=(|':'R -I-/O\cnR
R.P + ————> R,P i O~-R
3 ———
O=C\R 3 -0’C~R S R P/ ¢

[1]
3 No—Csg

sulfonates (43), £ -haloketones (44),and «,@8-diketones (45).
The more reactive phosphines and phosphites will react with
Cl

-+
RP 4+ Cl-cCl, —> R.P-Cl =cCl, —> R.p=c’ -4 cCl
3 3 3 3 3 \Cl

2
carbon tetrachloride in a nucleophilic reaction (46) .

Many of the reactions of phosphites and phosphines lead
to the formation of phosphates or nhosphine oxides, Here the
high bond energy of the P=0 bond (140 Kcal/mole (47)) provides
a substantial driving force for its formation, The more
reactive phosphorus compounds will therefore react with

non-polarizable linkages such as peroxides to form phosphorus

oxides (48). Although the bond energy of a P=S bond is not



R3P

R3P

R3P

as high

12
__.—.___) —-—
+ o, R,P. o.
+ R-0-0-R —-v-—-y R=-O-R + R3P=O

+ R-§-S-R ————3) R-S-R -+ R,P=S§

as a PzO bond, the more polarizable sulfur-sulfur

bond could facilitate an analogous reduction of disulfides
to thioethers,
The reaction of triphenylphosphine with sulfur has

been investigated in detail by Bartlett and Meguerian (49)
+ - +
g —> PhyP-5-5.-5 Ph3Py phip=5 + Ph;PS-5.-5"

who postulated an ionic intermediate in this desulfurization

PhyP + S

on the basis of the large solvent effect observed for this

reaction,
In contrast to this ionic reaction, the removal of sulfur

from episulfides proceeds with retention of stereochemistry (50)

o oH CH3
SwcHiy | . i CHy
Ph3P + S \‘H _—9 Ph3Po':::S‘..'..:E ﬂ‘H QPhBPS +
CH CHj cHj

and exhibits little solvent dependence (51); this is suggestive
of a non-polar transition state., In contrast, the reaction of

epoxides with phosphines proceeds via an ionic intermediate
H., + H i
CH3 R3P CHj R3; ’hCH3
R3P + 5| 2o —> H i e S CH
CH o e o wT1 3
CH4 H

H CH1
R4P=0 -+

; X

CHj H
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and inversion of stereochemistry predominates (52), In all
of these reactions, the phosphine undergoes valence expansion

I 4o the pY

from the P state,
One of the earliest reports of a reaction of phosphines
with organo-sulfur compounds was by Schonberg (53) who

observed that triphenylphosphine removed one sulfur atom from

O
i l ] ]
R=-C~S-S-C~-R -+ Ph3P ~——> R=C-S-C-R <+ Ph3P=S

dithioanhydrides to afford the corresponding thioanhydrides.
(While dithioanhydrides and thioanhydrides could be considered
disulfides and sulfides respectively, they appear to be more
similar in chemical properties to anhydrides and should therefore
be considered as such,) With the possible exception of
bis(p-~dimethylaminophenyl)disulfide, which did undergo desul-
furization (this reaction could not be repeated under

identical conditions), the reaction was limited to the véry
reactive acyl disulfides (53,54).

Attempts to extend this novel reaction to non-activated
disulfides have not been successful; either no reaction occurs
or rearrangement accompanies desulfurization, Moore and
Trego (55) demonstrated that no desulfurization takes place
when triphenylphosphine is heated in dry benzene at 140° with

dialkyl and diaryl disulfidesl. Trisulfides, however, readily

1 S. Hayashi (58) reported that several disulfides including
benzyl disulfide are smoothly desulfurized by Ph,P. This work
is in direct conflict with earlier work of Schonberg (53,54)
and Moore and Trego (55) who found benzyl disulfide to be
unreactive under the most forcing of conditions., Furthermore,
attempts to repeat this work (both the desulfurization reaction
and several deoxygenation reactions also reported) have been
unsuccessful; this reported desulfurization should therefore
be held suspect.
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benzene
PhCH,S-SCH.,Ph 4+ Ph.P ~———> NO REACTION
2 2 3 140°
RS-S-SR 4 PhyP ———) RS-SR + Ph P=S5

lose one sulfur atom on reaction with triphenylphosphine (56,
57,58,59).
It has recently been reported (60) that dehydrogliotoxin,

a derivative of the natural product gliotoxin, is desulfurized

0] o)

- 7 N N-CH
OH S' s OH 3 ?
o
CH,OH CH,OH
DEHYDROGLIOTOXIN

by triphenylphosphine, Although reported to be a bridged
sulfide, the structure of this desulfurized product is uncertain.
An alternate formulation which must also be considered is a

bridged ether structure as depicted below:

0
N O.CH;\I—CH3
OH pZ
o ‘g"SH
This reaction is reported to proceed with inversion of con-
figuration at both of the carbon atoms o« to the disulfides;
this important observation will be discussed later.
Disulfides which are activated by an allylic bond are
desulfurized by triphenylphosphine (55,56)., However the
products obtained from such a reaction are indicative of a

PO SN SN

S + PhgP —3 Ph3Pe---SeeS —> § +Phge=s
Et Et Et
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rearrangement, as depicted above, being operative. As in the
reaction of triphenylphosphine with.squur, the polarity of
the medium has a considerable effect upon the rate of desul-
furization of allylic disulfides (55). This observation is
indicative of a charged intermédiate being formed in the
kinetic step of this reaction.

In contrast to the lack of reactivity of triphenylphosphine
towards alkyl disulfides, trialkyl phosphites readily desulfurize

most disulfides (61). However, the product sulfide has exchanged

BuO
I+ i
EtS-SEt 4 (BuO) 3P —_— EtS-I."-OBu —> Bu~-S-Et <4 EtS-P(OBu)2
Bu0 TS-Et

one alkyl group with the phosphite. For example, desulfurization
of diethyl disulfide yields not diethyl sulfide, but ethyl

butyl sulfide. This rearrangement, similar to the Michaelis-
Arbuzov rearrangement, derives its driving force from the high
bond energy (140 Kcél/mole) of the P=0O bond. If an unsymmetrical
disulfide is desulfurized, in all cases, it is the more stable
mercaptide which is displaced, although this is kinetically the
least favored process. The reactivity of the disulfide in this
reaction is a function of both the stability of the mercaptide
being formed and the degree of polarization of the sulfur-

sulfur bond. Thus,the order of increasing reactivity is

0"
EtS-SEt <+ (Me0)3P ;Egigi? Et-S-Me <+ EtS-P(OMe)2

o)
n
PhS-SPh + (MeO)f%% Ph-S-Me + PhS-P (OMe),

: 1]
PhS-SMe + (MeO) ;p —2ZUA03 ph-s-Me + MeS-P(OMe),
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diethyl disulfide, diphenyl disulfide, with phenyl methyl

disulfide being most reactive, In this.latter case, attack

of phosphite must occur on the more negatively charged sulfur
atom, kinetically an unfavorab;e process, However, Harvey (61)
suggested that the rate determining step is the initial attack
of phosphite on disulfide and that unsymmetrical substitution
facilitates this attack by effecting polarization of the
disulfide linkage, Furthermore, he proposed that either
nucleophiles attack the same sulfur atom as do electrophiles
(thus explaining the formation of the more stable mercaptide)
or the cleavage process involves the formation of a "transition
intermediate"” such that no matter which sulfur atom is initially
attacked, the more stable mercaptide ion is ultimately ejected.
One possibility for this transition intermediate is a penta-
covalent phosphorus_compound. Such intermediates have been
observed in the reaction of phosphites with ozone(62,63),

peroxides(64) and & ,8-diketones (45), and have been suggested

0
/
o
(RO) ;P + ROOR —> (RO) 5P —> ROR + (RO)3PO
o=c® O~ R
(RO) 5P + | —> (RO);P &
0=Cz 0~ "R

as intermediates in several other reactions (54,64) . Thus the
mechanism for the desulfurization of disulfides by phosphites
may be as depicted below:

R-S R-g. O-R
slow / fast fl
|+ P(OR); —> >P\-0-R 135%  R-s-R + R-S-P(OR),

R=S R=5% b-Rr A
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No evidence, however, exists for this mechanism,
If the reaction of phosphites with disulfides is carried
out in the presence of radical initiators or ultraviolet light

the reaction may proceed without rearrangement (65), A radical

RS=SR 4+ hYy — 2Rrs’

RS’ + P (OEt) 3 —3> RS-P(OEt) 3
RS-P(OEt)3 ——— R* + S=P(OEt),
R* 4+ RS-SR ——3 R-S-R 4 SR

2R* —— — 3 R-R

R* <+ °SR ————3 R-S-R

mechanism has been proposed for this reaction., Because of the
radical nature of this process, its scope is greatly limited.
For example, benzyl disulfide reacts with triethyl phosphite

to yield toluene (19%) and bibenzyl (26%) as major products

PhCHZS-SCHzPh +-P(0Et)3 —_— PhCH3 i—PhCHZCHzPh + (PhCH3J »S
19% 26% 5%

while benzyl sulfide was formed in less than 5% yield,

Aminophosphines,

Attempts to effect controlled desulfurization of disulfides
have been unsuccessful; either the phosphine is unreactive, or
if reactive, rearrangement occurs during desulfurization, For
this approach to selective desulfurization to be successful,

a trivalent phosphorus compound is required which combines the
reactivity of phosphites with the lack of rearrangement of
phosphines. The placing of an electronegative atom, oxygen,
adjacent to the phosphorus atom appreciably decreases its

nucleophilicity. In general, phosphites are less reactive than
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tr iphenylphosphine in nucleophilic processes (56,66) ., However,
the possibility of electromeric release in the intermediate‘
phosphonium salt and the eventual formation of a strong P=0
bond may have a beneficial effect in desulfurization reactions.
This latter effect, however, is an important factor in the
Arbuzov rearrangement which is observed for most phosphites.
One class of trivalenﬁ phosphorus compounds which appears
to f£ill these requirements of reactivity without rearrange-
mant would be the aminophosphines. Trialkylaminophosphines,

tris(diethylamino)phosphine (1) for example, are extremely

(Czﬁs’zf
(CZHS)ZN-?:
(CoHg) oN

1

reactive nucleophiles (67,68). The lower electronegativity of
nitrogen as compared to oxygen would be expected to render the
aminophosphines more nucleophilic by making the phosphorus
lone pair more available for reaction, while electromeric
release by nitrogen would considerably enhance the stability
of a tetravalent intermediate or transition complex, Moreover,
since aminophosphines are unlikely to enter into an Arbuzov-
like rearrangement(69), they should be suitable reagents for

the selective desulfurization of disulfides.



CHAPTER II

DISCUSSION

(Throughout the text,
compounds have been
numbered in underlined
Arabic numerals.,)
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CHAPTER IX

DISCUSSION

Synthesis of Aminophosphines.

Substituted aminophosphines may be prepared by the
reaction of phosphorus trichloride with dialkylamines (70,71,
72) . Because.of the high reactivity of these aminophosphines,

6 RyNH + PCl, —> 3 (R,N) 3P + 3 R,NH, Cl
caution must be observed in the choice of solvents for both
the preparation and reactibns of these compounds. Aminophosphines
react violently with alcohols (71) and carbon tetrachloride (46,
72); ketones and l,3-dikétones may also react with the
phosphine (71,73). Solvents which may be used are benzene,
ether, hexane and ethyl acetate, -

Several workers have experienced difficulty in preparing
tris(dimethylamino) phosphine (72,74); the reaction of |
dimethylamine with phosphorus trichloride is difficult to
control and the presence of significant amounts of bis(dimethyl-
amino)chlorophosbhine greatly complicates the isolation and
purification of the phosphine (74). (This phosphine has since
become commercially available from Aldrich Chemical Corp.)

The next higher member of this series, tris(diethylamino)phos-
phine (l) could be prepared in large quantities (100-150 gm.)
and in good yield (50-70%) by a slight modification of reported
proceedures (70,72), and was therefore used in most of the
desulfurization experiments. As will be shown later, the

difference in reactivity between the methyl and ethyl derivatives

is negligible,
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Synthesis of Disulfides,

The synthesis of disulfides ma& be accomplished by
a variety of methods., The action of sodium disulfide on
alkyl halides provides a direct approach; however, this

R-Br + Na,S, —-—9 RS-SR + 2 NaBr

Na,S, —— Na,5 + Na,S,

R-Br + Na,§ ——> R-5-R + 2 NaBr
reaction is complicated by the formation of sulfides (75).

A better approach is the controlled oxidation of the
corresponding thiol which may be prepared by classical
techniques, Many oxidizing agents have been utilized in this
reaction including iodine (76), ferric chloride (77), dimethyl-
sulfoxide (78), hydrogen peroxide (79), bromine (80),
thiocyanogen (81), oxygen (82), ethyl azodicarboxylate (83) and
toluenesulfonyl chloride (84). In all of these oxidations,

a derivative of a sﬁlfenic acid (R-S=OH) is initially formed
which subsequently reacts with a second molecule of thiol to
R-sH + M, —HM5 p_g.y R=SH y p_g-s-r + HM
M = OH, Br, Cl, I, SCN
form a thiolsulfenate ester, or disulfide. The use of hydrogen
peroxide in ﬁhis reaction is often complicated by the further

oxidation of the disulfide to thiolsulfinates (RS-SO-R),

H,0, 0 H,0, 0 3 H,0,
RS-SR ——=—=> RS-SR —=—=> RS-SR ——==3 2 RSO3H
0

thiolsulfonates (RS-SOzR) and sulfonic acids (RSO3H). Under
appropriate conditions, good yields of the various oxidation
intermediates may be realized., This reaction has been

discussed by Kharasch.  (18).
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The preparation of unsymmetrical disulfides presents

a special problem since oxidation of the requisite thiols will

I
2
R-SH + R~SH —m > R-S=S=-R <+ R-S-S-R 4+ R-S-S-F'

result in the formation of a statistical mixture of the three
possible disulfides. To reduce the amount of symmetrical disulfide
being formed, it is necessary to activate one of the thiols.,

For example, careful chlorinolysis of a thiol will afford the

2 R=-SH 4+ Cl —> 2 R-S-Cl

2
R-S-Cl+ R~SH —> R=-S-S-F’
very reactive sulfenyl chloride which may be used in a
subsequent reaction to prepare unsymmetrical disulfides (85).
A more convenient sulfenyl derivative is the sulfenyl thiocyanate
(86), This derivative may be generated by the reaction of a
CgHsCHy=SH + (SCN), —> CgHgCH,~S-SCN + HSCN
C6H5CH2-S-SCN+ C2H5-SH — CGHSCHZ-S—S-C2H5+HSéN
thiol with thiocyanogen, Reaction of this intermediate with
a second thiol will afford the unsymmetrical disulfide, Using
this teéhnique, benzyl ethyl disulfide and benzyl tolyl disulfide
were prepared in 50% and 28% yield respectively.
A third sulfenyl derivative which may be employed is the
thiolsulfonate (87,58). Unlike the previously mentioned sulfenyl
derivatives, thiolsulfonates are stable compounds, conveniently

preparaed by either the oxidation of disulfides (or thiols) by

H»>O
\Hzoz 0
R-§-S-R
9 / 5
R-% -SK* 4+ R-Br
0
Q 9
! ’ ’
P - —_— =G G -l -
RESR-I-RSH(_RSSR“}-RSOH

R=SH RS=-SR
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hydrogen peroxide (18) or the reaction of alkyl halides
with thiolsulfonate salts (58,88), This method permitted
the preparation of several disulfides in reasonable yield:
benzyl p-nitrobenzyl disulfide (35%), benzyl p-bromobenzyl
disulfide (58%) and benzyl p~tolyl disulfide (74%).

Several other disulfides were prepared for this desulfur-
ization study; however, a discussion of the synthetic methods
used for specific disulfides is best deferred until the
discussion of the particular disulfide reaction.

Desulfurization of Alkyl Disulfides.

The desulfurization of a variety of alkyl and aralkyl
disulfides by tris(diethylamino)phosphine was found to proceed
cleanly under mild conditions! These results are summarized

in Table II. Thus, the desulfurization of benzyl disulfide (2)

@-CHZS-SCHZ-@' + (EtyN) ;P —> @-CHZSCHZ-@ + (Et,N) 5P=S
2 1 | 3 4

was effected in 18 hours at room temperature to afford the
sulfide 3 in 85% yield or at 80° for 4 hours affording a 92%
vield of 3. A much slower reaction obtains in the case of

disulfide g.' After refluxing a benzene solution of 5 and

+ benzene .
C_H,.S-SC_H (Et,N) . P ——————> C_H,.=~S=C_H (Et,N) _P=5S
5 L 6 4

the aminophosphine 1 for 18 hours, the presence of unreacted
disulfide was detected by vpc ; a 58% yield of diamyl sulfide (6)
was obtained im this reaction,

The reaction of ethyl and iso-propyl disulfides (7) and (8)

with the aminophosphine in refluxing benzene was found to

1A preliminary account of this work has been published: ‘
D.N.Harpp, J.G.Gleason and J.P.Snyder, J. Am. Chem Soc,,90,4181(1968
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TABLE I1
DESULFURIZATION OF ALKYL DISULFIDES

R-S=-S-R' + (Et,N) g ———> R-S-R' + (Et,N) P=s

1 4
Disulfides Reaction Reaction % RSR.'b % 4b
time, hr temp,d -
CgH5CH,SSCH,CgHp (2) 4 - 80° 92 86€
(-]
CgH, ,SSCgH ; (5) 18 80 58 -
CgHgSSCHy (10) 0.01 exothermic 86 70
CH4CcH,SSCH,C He (12) 0,01 exothermic 86 -
CH.,OOCCH.,SSCH.,COOCH 0.01 exothermic 85 -
3 2 2114y 3
— ° - d
CoHSSCyH, (7) 48 80 75
24 9ge 17% -
22 g0 - 809
i=C; H,SS=1i-CH, (8) 48 | 80° - 509
_ e o _ d
t-C4H SS=t=C H, (9) 96 80 5
48 gt 19 19
2-NHC,H_SSC,H_NH-3"(37) 4 80 68

(a) Benzene solvent, 1-2 M, (b) Unless otherwise noted,
yields are of crystallized or distilled product. (c) Crude
yield. (d) vpc analysis by peak height. (e) In neat excess
phosphine 1 (100 mole excess). (f) Isolated as sulfone.

(g) Quantitative vpc analysis with internal standards.

(h) Z = carbobenzoxy.
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proceed extremely slowly; after 48 hours of refluxing in benzene,

cszs-,'Scsz + 1 ——> CyHg-5-C,Hg +(Et212) 3P 8
(CH3)2CH-S-BS--2H(CH3)2 + 1 —> (CH3) ,CH~S -CH(CH3), + 4~

(CH3)3C-S-§3-C(CH3)3 + 1 —> (CH3)C-S —-C(CH3)3 + 4

a 75% and 50% yield (vpc) respectively of phosphine sulfide 4
was obtained., Under similar conditions, di-t-butyl disulfide (9)
was unreactive, The desulfurization of 7 could be accomplished
by heating the disulfide in an excess of 1 at 80-100° for
22 hours, While oxidation of the reaction mixture with hydrogen
peroxide permitted the isolation of only 20% diethyl sulfone,
quantitative analysis of the desulfurization products showed
an 80% yield of the phosphine sulfide 4. Even under these extreme
conditions, no desulfurization of 9 was observed,

In contrast to.these extremely slow reactions, the desul-~
furization of aralkyl disulfides proceeds exothermically at

room temperature, For example, the reaction of phenyl methyl

@-s-s-cn3 + 1 —> @—s-en3 + 4

10 11

disulfide (10) with 1 is complete in under 2 minutes to afford
an 86% yield of phenyl methyl sulfide (1ll1). Examination
of the crude reaction mixture by gas chromatography showed

phosphine sulfide 4 and sulfide 1l to be the only products; no
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diphenyl sulfide or dimethyl sulfide (or disulfides) was present,
_In a similar experiment, benzyl tolyl disulfide (12) was
desulfurized in less than 2 minutes to afford an 86% yield of
benzyl tolyl sulfide (13); again, no other products were detected
by vpc.

Very rapid desulfurization reactions may be realized not
only for unsymmetrical disulfides, but for some symmetrical
disulfides as well, Dicarbomethoxymethyl disulfide (14), on

treatment with the phosphine 1, afforded the corresponding

S-CH2COOCH3 /CHZCOOCH3
I + 1 — S + 4
S-CHZCOOCH3 CH,COOCH 4

14 15

sulfide 15 in 84% yield,

In both phenyl methyl disulfide (10) and tolyl benzyl
disulfide (12),a large difference (3-4 pKa units) exists
between the ionization constants of the two mercaptide halves
of the disulfide (typical acid dissociation constants for
several thiols are presented in Table III). This large differ-
ence would be expected to cause considerable polarization of
the disulfide bond. Sulfur-sulfur cleavage of the disulfides
should therefore occur in the direction of this polarization,
and as a result, one of the possible mercaptides will be
preferentially displaced. This hyphothesis is supported by

- +

E + i'-Nu e R/s-s\R’+ tNu =3 Nﬁ-z + E:
the observation of only one sulfide in the desulfurization of

disulfides 10 and 12; in both reactions, no products were
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TABLE III

ACID DISSOCIATION CONSTANTS OF THIOLS?

Thiol pKa ref,
C6H5-SH 8.6 89,90
p-CH,C H, -SH 9.3 . 89
CH3OOC—CH2-SH 9.9 90

CL

N> sH 10.6 89
CH3(CH2)3-SH 12.6 89,90
CH3?H-SH

C,He 12,9 89

(a) Acid dissociation constants for thiols have
been measured in a variety of solvents, It was found
that the values determined in dilute aqueous solution (90)
and those determined in acetone/water (89) exhibited a
simple linear correlation. The data presented in this table
refer to acetone/water media; where necessary, an
extrapolation to this solvent system was made.
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observed which would result from initial displacement of the

2. If this large pKa difference is reduced,

~more basic mercaptide
the polarization of the disulfide bond will be diminished and,
conseqguently, little selectivity should be observed, To test

this hypothesis, the unsymmetrical disulfide,benzyl p-nitrobenzyl
disulfide (17), was synthesized from p-nitrobenzyl p-tolylthiol~

sulfonate (16) and X-toluenethiol, When this disulfide was

0]
1l )
CH3A©~IS|-S—CH2-®'NOZ + Ph-CHZSH —9 NOZOCHZS-SCHZQ
¢
16 L

17 + 1 —> N02</ \>CH2-S-CH2©N02 + 3 + 4
18

mixed with the aminophosphine 1, a deep red color developed,

heat was evolved, and the symmetrical bis-p-nitrobenzyl sulfide

18 separated out as colorless crystals. This material was obtained
in 66% yield; benzyl sulfide (3), and tris(diethylamino)phosphine
sulfide (4) were detected on tlc but not isolated., The red

color observed during this reaction was observed in the reactions
of 1 with other nitro compounds (16 for example); Ramirez (91)

has attributed this red color to the formation of a charge-
transfer complex,

To avoid any abnormality which might develop from the form-

ation of this complex, a second unsymmetrical disulfide, benzyl

2por example, if the more basic benzyl mercaptide were
initially displaced in the reaction of 12 with 1, it could
react with 12 to yield dibenzyl disulfide and ditolyl disulfide,
Neither of these disulfides nor their desulfurization products
were observed in this reaction,
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p-bromobenzyl disulfide (20) was prepared in a similar manner

from p-bromobenzyl p-tolylthiolsulfonate (19) . Desulfurization

‘ 0
]
CH3@-§-SCH2~@-BJ¢ + Ph-CH,SH —> @-CHZS-SCHZ'@Br
0
| 20

19
20 + (Et,N)zp  —m> R-@—CHz-S-Cﬂz-@—R
R R Yield
3 H H  11%
2T Br H 35%
22 Br Br  22%

(3 hr,, 80°) of this disulfide afforded all three of the possible
sulfides, 3, 21 and 22, although not in statistical (l:2:1)

3. Mixing of ions (or mercaptide ligands) has occurred

amounts
in the desulfurization of 20, a disulfide in which the pKa
difference is very small, The non~statistical nature of this
product distribution, however, would suggest that a procéss
more complex than cation exchange is occurring,

As the degree of polarization of the disulfide bond is
increased, the yield of unsymmetrical sulfide should increase
at the expense of the symmetrical sulfides. At one extreme
(disulfides 1l0or 12, only unsymmetrical sulfides are
formed; at the other extreme (disulfide gg), a near statistical
distribution of the three possible sulfides is observed.

Benzyl ethyl disulfide (23) should lie between these extremes
(L pKa unit difference between the mercaptide halves).

Desulfurization of this disulfide at room temperature (18 hours)

afforded not the expected benzyl ethyl sulfide, but a near-

3 Yields of 3, 21 and 22 were determined by quantitative
vpc with internal standards,
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quantitative yield of benzyl sulfide (2), as well as substantial

amounts of diethyl disulfide! This reaction was monitored by vpc;

@CHZS~SC2H5 41— CHZS-SCHZQ + EtS~SEt

23 2
= Oemsen ()
CHSCH,
3

a significant (20%) amount of benzyl disulfide was initially
formed in the reaction. A rough scheme for the formation of
these products is shown above, Clearly the mixing of mercaptide
ligands is not a process which is dependent on the degree of
polarization of the disulfide bond. The non-statistical nature
of the ligand exchange process and the observation of symmetri-
cal disulfides during these reactions would suggest that a
phosphine catalyzed equilibration of symmetrical and unsymmetrical
disulfides may,in some cases preceed desulfurization. Tﬁis
problem will be discussed in more detail during a consideration
cf the mechanism of desulfurization.

One attractive use of this desulfurization reaction is in
the synthesis of thiosugars, For example, the conversion of
f-~-D~glucopyranosyl disulfide to its corresponding sulfide with

stereochemical control at the anomeric carbon atom would provide

RO RO OR

R N —> RN AN
0}

MS')'Z RO S OR

RO 0 RO
R=-C=CH,

a direct synthesis of thiotrehaloses (92). Such compounds are
of considerable biochemical interest; their similarity to natur-

ally occurring trehaloses render them attractive substrates for
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glycosidase enzymes., Moreover, some thiosugars, @-D-mannopyranosyl
ethyl xanthate (24) for example, have shown significant antitumor

HO
HO HOP. ﬁ
Y
activity (92)., The requisite disulfide,@-D-glucopyranosyl di-

sulfide octa-acetate (25), for this study was prepared in several

steps from glucose penta-acetate (93). Desulfurization of this

RO

RO% _me

RO HBr RO 1, (HoN),CS
RG OR —Ho6ac 227,

2 NaHCO3
RO RO
RO ° I RO 0
2
RO
RO
i
=_Cu 25
C~CH, 25

disulfide was effected by refluxing with phosphine 1 for 30

RO
o) RO o)
S - RO Hy
(Et,N),p RO RO
o 2y RO o
s

RO
RO = S RO
o}

1]
25 R=-C-CH

RO

3 26
minutes, The product, obtained in 50% yield, was « -D-gluco-
pyranosyl-lfthio-G-D-glucopyranoside octa-O-acetate(ag),.The
stereochemistry of this product was verified (the mp of this
product corresponds to that previously reported (92)) by the

observation of a single proton as a low field doublet (4,07,3 =5 Hz)

may be assigned to the equatorial anomeric proton (H) above),
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a resonance which is absent in the corresponding disulfide. The
desulfurization reaction, then, ha;'prdceeded with inversion of
configuration at one of the anomeric centers. This inversion of
configuration may be a stereochemical consequence of the mech-
anism of desulfurization or ma§ result from the epimerization of

a glucopyranosidyl mercaptide:

RO 0 - o~ . RO o
s ROpo S RO H
RO RO RO S RO -
H S

While the isolated yield (50%) of this sulfide is somewhat low,
an 80% yield of crude sulfide could be realized; the infrared
spectrum of this material was identical to pure recrystallized
sulfide. A variety of sugar disulfides have been reported (94);
application of this reaction could provide a general route to
thiotrehaloses.

All of the disﬁlfides discussed thus far have been those
in which at least one of the substituents is an alkyl or substi-
tuted alkyl moiety. As was seen earlier, Schonberg (54) reported
a desulfurization of bis(N,N-dimethylamino)phenyl disulfide (31)4
It was of interest to study the desulfurization of this and
other diaryl disulfides. The desulfurization of di-p-tolyl
disulfide 28 was attempted under a variety of conditions without
success. No phosphine sulfide could be detected after refluxing
a benzene solution of 28 with the aminophosphine 1 for 24 hours.

Heating a neat mixture of 1 and 28 at 90° for 18 hours under a

4Thls result could not be dupllcated Refluxing 27 with Ph3P
in benzene for 24 hours did not result in any desulfurization;
a 86% yield of 27 was recovered from the reaction,
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benzene
- . __________9
CH3-©-S S-@CH3 <+ 1 76 T, NO REACTION

28 l
140°
(CH3© s) 3¢ 1292y (cH3 @S) sP=0

24 hr,
29 30

nitrogen atmosphere caused some decomposition; however,no sulfide
or phosphine sulfide could be detected., At still higher temp-
eratures, 135 -140°C for 24 hours, a new compound was detected
on tlec. Careful chromatography over a silica gel column permitted
the isolation of 29 as colorless 0il (10% of the reaction mixture).
Oxidation of this oil with hydrogen peroxide afforded tri-p~toluene
phosphotrithioate 30 as the only product. Thus the oil obtained
from the column could be assigned the structure 29. The phospho-
trithioate 30 was also isolated directly from the reaction mixture
by chromatographic workup; it is most probable that this material
results from the oxidation of 29 during the reaction and isolation
procedure, Compound 30 exhibited a long range P-CHg coupling of
2.5 Hz; such a coupling has been observed in several phosphines
and phosphites (95). The fate of the amino portion of the phos-
phine 1 in the above reaction is unknown,

The desulfurization of bis (N,N’ -dimethylamino)phenyl disulfide
(27) was also attempted. Neither triphenylphosphine nor tris-
(diethylamino)phosphine entered into a reaction with 27; in both

CH, ,CH3
>N@-S-S-©N\ + R,Pp —— NO REACTION
CH, CHy
217

cases, the disulfide was recovered in high yield.
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In contrast to the lack of reactivity of the diaryl di-
Qulfides, a heterocyclic disulfide, dibenzothiazole disulfide
(31) , could be desulfurized in refluxing benzene, The product
of this reaction, dibenzothiazole sulfide (32), was isolatéd

in 61% yield , If the reaction was performed at room temper-

ature, an oil formed upon addition of the phosphine; this oil

N 1
-~ .
EIJ\ > 1 |—— 32 + 4
S S;)z 25°, benzene [ ot ] I -

reflux
31, §=-58,5

redissolved upon refluxing for 2-3 hours and sulfide 32 And
phosphine sulfide 4 appeared, The 31p pmr spectrum of this oil
showed a resonance at -58.5 ppm (relative to H3PO4); a compar-
ison of this chemical shift with a variety of aminophosphine

O, A0
SJ\S:f—-N-Etz 5N

N-EE
2
33
standards (TableIV) indicated that this oil was the phosphonium
salt 33. The use of 3lP nmr for the identification of organo-
phosphorus compounds has been discussed in several reviews (96,

37) and has been used to identify phosphines, phosphites,
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TABLE IV

3lp NMR CHEMICAL SHIFTS

' COMPOUND § 3lp(relative to H3PO,)

(Et,N) 3P (1) -117.7
(Ei,N) 3P=0 & -23.,5
(Et,N) jp=S (4) ~78.3
(Et,N) ﬁ-s-—cnzph BF, b -61.9
(Et,N) 3§-s-c6H4CH3 ’50206H4CH3 b -61,6
33 -58,5
5 -60,.4

a) data obtained from reference 97.
b) the synthesis of this compound will be described later.

phosphoranes and phosphonium salts,

An attempt was made to desulfurize another heterocyclic
disulfide, di-2-pyridyl disulfide (34). Upon mixing the.di-
sulfide 34 with tri§(diethylamino)phosphine(gh a bright yellow
0il was formed which would not react further on refluxing in

31

benzene for 48 hours. On the basis of the P nmr chemical

shift ( §2-60.4 ppm), the phosphonium salt structure 35 was

N = N -~
P < P Pty _
s” s7 N

N S-S N N
34 33
— 3lo6- 60.4

assigned to this o0il,

Amino Acid and Peptide Disulfides

Of the many naturally occurring sulfur compounds, three

of the most common are the sulfur-containing amino acids,
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cysteine, cystine and methionine. Methionine, an amino acid

HOOC-?H-CstH HOOC*?HCH2CHZSCH3
NH "
2 NH2
CYSTEINE - METHIONINE

HOOC-?H-CHZ-S-S-CHZ-fH-COOH

NH3 NHp
CYSTINE

which is essential in the human diet for proper maintanance of
the nitrogen balance in the body, serves as the major source
of labile methyl groups in the synthesis of other impor tant
biological compounds., In addition, it may serve as a precursor
to cystine and cysteine, although only the sulfur atom is
transfered to these amino acids (98). Cystine and its reduced
counterpart, cysteine, as amino acids, are of considerable
interest because of their special role in biological 5ys£ems.
Cystine is found in the wool and hair of most mammals (99)
and in several important hormones including insulin (5),
oxytocin (4), vasopressin (100), vasotocin (10l1) and the
human pituitary growth hormone (HGH) (102),

The sulfide analog of cystine, lanthionine (36), was

first isolated from wool hydrolysates as a mixture of isomers

HOOC—?H—CHZ—S-CHZ-?H-COOH
36

in 1941 (103) and synthesized by du Vigneaud and Brown in the
same ééar (104)-; Subsequently it was demonstrated that

lanthionine does not naturally occur in wool, but rather
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results as an artifact of alkaline treatment during isolation
(105). The first report of naturally occurring lanthionine

was made in 1966 by Sloane and Untch (106) . They isolated both
L-and meso=-lanthionine from the free amino acid pool of chick
embryo, Subsequently, L-lanthionine has been found in the
deprotonized haemolymph of various insects (107), most notably
the silkworm and Japanese Oak Moth, and in plant pollen (108),
The absence of the major sulfur-cohtaining amino acids (cystine,
cysteine and methionine) in these sources is interesting.

While several synthetic schemes for meso and DL-lanthionine
have been reported (109), the only stereospecific synthesis of
L-lanthionine involves the condensation of L-cysteine with
methyl L-f-chloroalanate followed by strong alkaline hydrolysis.
Low vields, coupled with problems of racemization5 render this
approach unattractive for the synthesis of larger lanthionine
peptides.,

It would appear that selective removal of a sulfur atom
from appropriate cystine derivatives would afford a convenient
synthetic route to optically pure lanthionine and its derivatives.
Since carboxylic acids are known to react with aminophosphines
(71), it was necessary to use cystine derivatives protected as
methyl or ethyl esters for this study 6. Preliminary work
showed that the amide function would not interfere in the desul-

furization reaction as dicarbobenzoxy-cysteamine (37) was

SLanthionine undergoes complete racemization in 3-4 hours
in 2.4N NaOH solution; this reaction is much faster than pre-
viously reported (106).

6See Pg.52 for phosphine-carboxylic acid reaction,
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Z-NH-CHZCH2 Z-NH-CH, CH,
: s
[ —
i T (BeN) 5P + (Bt,N) 3P=s
Z--NH—CHZCH2 1 ' Z—NH—CH2CH2 4
37 38

Z = -COOCH,CgHg

desulfurized in 70% yield in refluxing benxene.

One cystine derivative chosen for this study was N,N’-bis-
(trifluoroactly) -L-cystine methyl ester (39). The trifluoro-
acetyl group was selected since it may be removed under mild
alkaline conditions (0,1N NaOH). 1In addition, the enhanced
volatility of the TFA group (110) would allow for a mass spectral
study of the cystine and lanthionine derivatives.

Disulfide 39 w;s prepared in 96% yield by reaction of
L-cystine methyl ester hydrochloride with trifluoroacetic
anhydride in trifluoroacetic acid at o°cC,

The desulfurization of disulfide 39 could be conveniently

effected by addition of tris (diethylamino) phosphine (1) to a

0
1] 1
CF 3=C-NH-CH-COOCH 4 CF3-C-NH-CH-COOCH3 Hy N-CH-COOH
GHa CH2 ‘|3H2
i (Et,N), P S S
i [ _ |
0 CHy 96% o) CHy 64% ?Hz
" 1 -8
CF3~C-NH-CH-COOCH; CF 3~C-NH -('ZH-COOGH3 H,N-CH-COOH
39 40 36

L~ (+) -LANTHIONINE
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suspension of 39 in dry benzene. After 4 to 5 minutes, the

disulfide passed into solution followed.immediately by precip-
itation of a white solid, Dilution with hexane and fitration
afforded the corresponding lanthionine derivative 40 in 96%
vield, Bq 55 -21,65 Structure proof of 40 obtains from its
elemental analysis and mass spectrum (vide infraj;. Mild alka-
line hydrolysis of 40 gave a 64% yield of L-(+)~- lanthionine (36) .
The infared spectrum of 36 was identical to that reported (106)
for L-(+)-lanthionine and completely different from both meso
and racemic lanthionine, The optical rotation of 36 in acid,
[?]g;a +4,05 compares favorably with that previously reported (107)
( [“]238 +2,365+5,75). Measurements of the optical rotation
(2.4 N NaOH) gave a value of-0-9.4°(lit.["(]D +8.4°(104))., On the
basis of the spectroscopic and optical data, it was concluded
that this material is of high optical purity. It was found
that optically pure 36 underwent complete racemization over a
period of several hours,

The high selectivity in removal of the carbobenzoxy group
would make the lanthionine derivative 42 a useful starting
material for peptide synthesis, This compound could be prepared

in 86% yield by desulfurization of N,N'-dicarbobenzoxy-L-cystine

diethyl ester (g£)7.

Z-NH-CH=~COOCHCH3 Z-NH-?H-COOC HyCH3
GHy CH2
S (Et,N) ,P &
3 2V 3 $
CHy 86% CHp
Z-NH~-CH~-COOCH, CHy 2-NH~CH~COOCH,,CH,
= 42

7The gift of this compound from Prof., R.G. Hiskey is
gratefully acknowledged.
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0f considerable interest was the desulfurization of some
unsymmetrical disulfides since most naturally occurring cystine

peptides are of this type. An attempt was made to desulfurize

Z-?y-OMe Z-Fy-Gly—OEt Z-Cy=-OMe

5 g |

Z-Cy-Gly-OEt Z-Cy-Gly-OEt Z~-Cy-OMe
43 - 44 45

the unsymmetrical peptide7 43 however, the symmetrical di-

sulfide 44 was jsolated in 82% yield. In addition, significant

amounts of phosphiﬁe sulfide 4 and sulfide 45 were detected by tlc.
It was desirable to repeat this reaction on a simpler,

model disulfide., Since the mixed disulfide N-carbobenzoxy-2-

amino-2~carboxy ethyl disulfide (46} was available7, conversion

of it to the methyl ester would afford a suitable model.compound

for study. An attempt to esterify this acid with methanolic

8 Q
0-8-Nu  §-CHpCH,COOH MeOH o O-C-NH
s HC1 K/s 2

46 37

hydrochloric acid did not afford the desired ester, but rather
a 65% yield of the symmetrical disulfide 37. The use of N,N’-
dicyclohexylcarbodiimide to effect this esterification led to

the formation of a highly insoluble white solid, mp 210-220°,
0]

O - i

16 + 8 —_— Ph—CHzoéNH-CHZCHZss-CHZCH2C-§<<::>
" 0=C
O '
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tentatively assigned the N-acyl urea structure 47 on the basis

of its NMR spectrum., The desired ester could be obtained by the
treatment of 46 with phosphorus trichloride at room temperature
followed by the addition of methanol. After chromatography, the

ester 48 was obtained in 70% yield,

0

0
it ]
@AO-C-NQ/?-CHZCHZCOOH 1. PC13 0-C-NH ?-CHZCHZ
l\/
[ 3. MeOH [ COOCH

46 48

An attempt to desulfurize this disulfide at room temperature

led to the immediate formation of the symmetrical disulfide 37

—C- -CH CH COOCH -C—NH
_______%> 2

37, 88%

in 88% yield. Thu§ for both disulfides 43 and 48 , the formation
of symmetrical disulfides is proceeding at a much faster rate
than is the desulfurization reaction,

As might be expected, many of the spectral properties of
the cystine and lanthionine derivatives are very similar, How-
ever, the fragmentation reactions which occur under electron
impact in the mass spectrometer should be quite different (111).
To determine the effect of the sulfide and disulfide groups on
the fragmentation of cystine and lanthionine derivatives, a
detailed examination of the mass spectra of the TFA derivatives
39 and 40, the carbobenzoxy derivatives 41 and42 and cysteamine

derivatives 37, 38 and 48 was undertaken., The mass spectrum of
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trifluoroacetyl cystine dimethyl ester (39) showed an intense
"molecular ion at m/e 460 (20%) with the base peak at m/e 198
arising from cleavage € to the disulfide (Fig. 3)8. While

this ion may be formulated as either an open chain ion a; or

as an oxazoline ion ay the latter formulation is preferred
since the subsequent loss from it of methyl formate leads to
the formation of the protonated oxazole ion b at m/e 138 (40%).
The formation of the oxazoline ionAappears unigue in that it is
not observed in other. acetyl and trifluoroacetyl amino acid
esters (112). This includes acetyl serine ethyl ester (49),
where the loss of an OH radical would not be unexpected. The
mass spectrum of the trifluoroacetyl lanthionine ester 40 is
radically different from the cystine derivative 39. Here the
major fragmentation (Fig, 4) occurs @ to the sulfide to form ion

c, a process which is common to most acylamino acid esters (112).

ot
CH2 -0OH O“—'—'CHZ .
R ? COOR R ¥+. COOR
H H
49

8The fragmentation processes were verified by the observa-
tion of appropriate metastables peaks., Where pertinent, these
processes will be indicated by the presence of an asterisk (*)
placed over the appropriate arrows in the fragmentation schemes.
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O COOCH; 1°*
CF3CNHCHCH2

+
I G
x
o 5 CF; rxll’kcoowa NE~COOCH
[ !
CF3CNHCHCH, H mje 198

I ay
COOCH3 *

H
ap
- 39 -
- COOCH;3 J/
s —
O

+S
| l 9 ;L
CFs CI—NH—C|:H-CH2-S+ S NHCCF; ;]
COOCH3 COOCH3 3
m/e 230 mje 347 > mfe 138

Figure 3, Mass spectral fragmentation of N,N'~Bis(trifluoro-
acetyl) -L-cystine dimethyl ester (39).

F §  §ocHs ™ COOCH
CFyC-NHCH-CH /CC0CH; ' 3
2 | *x,.~ 9 % ..
9 3 —>i NHCCF3 —>4
CF3C-NH-CH-CHp — =
| COOCH5 COOCH5
COOCH,
! i d,mfe 315 e, mle 202
40

n +
C F3~C-N=CH-COOCH3
H
C, mle 184

Figure 4, Mass spectral fragmentation of N,N'=-Bis(trifluoro-
" acetyl) -L-lanthionine dimethyl ester (40) .
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- Of more interest in the spectrum of 40 is the loss of the elements
of trifluoroacetamide to form ion d of m/e 315 which is 40% of
the base peak, This ion subsequently loses another trifluoro-
acetamide molecule to form an intense ion e at m/e 202, The
formation of d presumably results from hydrogen migration and

cleavage of the C-N bond. This fragmentation is analogous to a

H H *
1o eoR g LS R OH H,..S-R
FRZRIE e Y
CF{ N""cooCH CF3™ "N"""COOCH3 CF3" N | ~~COOCH:
3| 3 H H

McLafferty rearrangement (113); however, unlike the McLafferty

rearrangement the charge is retained on the olefin fragment,

It should be noted that no normal McLafferty rearrangement

occurs as evidenced by the lack of an ion at m/e 113, (CF3CONH2)‘+ .

This unusual fragmentation is observed only in special

circumstances, as, for example, in the fragmentation of

N-acetyl(3-phenylalanine esters to form styrene esters (112,114).
While the formation of the oxazoline ion is the major path-

way for the trifluoroacetyl disulfide 39 with this "reversed"

McLafferty rearrangement9 occurring to a small degree, exactly

the opposite behavior is observed for the sulfide., This .dichotomy

9The term "reversed" is used here to emphasize that the
charge resides on the olefin fragment in contrast to the normal
McLafferty rearrangement,
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of behavior must be due to an inherent difference between sulfide
'and disulfide groups, To further explofe this mass spectral
behavior, the spectra of several analogous N~carbobenzoxy der-
ivatives were examined., The mass spectrum of N,N’-dicarbobenzoxy-
cystine ethyl ester 41 exhibited both oxazoline formation (ion f£,
m/e 250, 9%) and reversed McLafferty rearrangement (ion g, m/e
413, 3%) (Fig. 5). As was the case for disulfide 39, oxazoline
formation predominates; here in the ratio of about 3:1.

In contrast, relatively little oxazoline formation is
observed in the mass spectrum of the lanthionine derivative 42;
the reversed McLafferty rearrangement is the major fragmentation
process (h,m/e 381 and i, m/e 230). This parallels the obser-

vations in the TFA derivatives,

B COOC, Hg °¥
i COOC, H COOC, Hy
/CHZCH-NH-COOCHzPh /
' %o+ * +e
S\ A NH-COOCHoPh ——>"8
CH,CH-NH-COOCH,Ph \__< \___\
i éooczm5 i COOC, He COOC, Hg
42 h, m/e 381 i, m/e 230

The mass spectra of several structurally analogous cyste-
amine derivatives were studied to further explore this sulfide-
disulfide dichotomy. The mass spectrum of dicarbobenzoxy-
cysteamine 37 exhibited a strong ion at m/e 178 (8%) corresponding
to the oxazoline ion (Fig, 6) and a much smaller ion at m/e 269
(1%) corresponding to a reversed McLafferty rearrangement, The
predominance of oxazoline formation again parallels the observation
in the cystine series, Other ions observed in this spectrum and

their origins are shown in Fig, 6, Note that the oxazoline ion
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o
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| H
CHo CH-NH-COOCH 5 Ph £, mfe 250
2| , 2 ? go
| COOC,H; | /o

COOC,Hsg / 41 l*
3 |

S NH-COOCH,, Ph

_ O—]
COOC2H5 ©+ PhCHzo/kl?l.}.

g . mle 413 H
3% mle 91 m/e 176

Figure 5. Mass spectral fragmentation of N,N'-Dicarbobenzoxy-L-cystine
diethyl ester (41).

St
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NCOCHZPh
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Figure 6, Mass spectral fragmentation of N,N'-Dicarbobenzoxycysteamine (37)
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may arise from several pathways, alghough judging from the in-
tensity of the various metastable péaks; only path a (2+3j-k)
.and b (2+k) appear to be of major importance,

The mass spectrum of the unsymmetrical disulfide, N-carbo-
benzoxy-Z-amino-Zﬁcarbomethoxy-diethyl disulfide (48), possessed
a strona peak at m/e 178, This peak may be ascribed to either
oxazoline ion e_or ion m (resulting from reversed McLafferty
rearrangement)., A high resolution.spectrum of m/e 178 showed
clearly the presence of two ions; the major ion at m/e 178,0879
(85%) was the oxazoline ion & (calcd. for ClOHlZNOZ: 178.0868),
while the minor ion (15%), m/e 178,0128 (calcd. for C6H100282:
178.0122) corresponded to the fragment m resulting from the

reversed McLafferty rearrangement (Figure 7 ).

o-—._.
.
Ph-CH,-0" "N%
— - 1
o-'. H

85%
. /rS-S-CZI{4COOCH3 V' L, m/e 178.0879
o
Ph-CH,0 N ‘{‘ S-S-C,H,COOCH,
H []:

L 8 -
48 H 158
m, m/e 178,0122

Figure 7. Mass spectral fragmentation of N~-carbobenzoxy-2-amino-
2'-carbomethoxy-diethyl disulfide (48)

In contrast to the behavior of 37 and 48, the sulfide der-
ivative of 37, N,N’-dicarbobenzoxy~2,2' -diaminodiethyl sulfide 38
showed very little oxazoline formation, but again showed only the

formation of the vinyl sulfide ion n at m/e 237 (5%).
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48
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S S
J U Iy
Ph-CHzoOC-v w-COOCHZPh §-COOCH2Ph
H H H
- 38 - n, m/e 237

The major difference in the spectra of the sulfides as

compared with the corresponding disulfides lies in the relative

amounts of the oxazoline to reversed McLafferty processes (Table V)

The ratio is high for the disulfides and low for the sulfides.

This difference between disulfides and sulfides could be the

result of two additive effects,

The electron donor ability of

sulfur would assist in the transfer of a hydrogen to the carbonyl

oxygen during vinyl sulfide (disulfide) formation.

Sulfides,

better electron donors than disulfides(115), would be more likely

/SR H

ix —>JUL — [

x=1,2

to undergo this reversed McLafferty rearrangement,

45 R BR

L,

In contrast,

the increased stability of the sulfthiyl radical (RSS°®) over

the thiyl radical (RS®)

s-s-r |°t
0 /( .
R/u\til R 7
_ H i
u o 4
o /ES-R .
RANNANR ’
L i i

(which has been attributed to both

0 S
RAIfj+\R + [’s-s-R (-—)'g-R]
H
0 .
| + S=R
RAI;I 7 R
H



TABLE V

ION ABUNDANCES

Compound Parent ion, Oxazoline ion Vinyl sulfide (disulfide) X/Y
% (X), % ion (Y), %

Disulfides
39 19 100 9 11
41 7 9 3 3
37 0.4 8 2 4
48 3 4 0.7 6

Sulfides
40 4 15 42 0.35
42 0.005 0.5 3 0.2
38 - 0.5 5 0.1

34
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inductive and resonance effects) (116) ﬁould result in the
preferred formation of the oxazoline ion from disulfides
rather than from sulfides.

Alicyclic Disulfides

As part of this study on the selective desulfurization of
disulfides, it appeared to us that this reaction could provide
a new synthetic approach to cyclicvsulfides. The synthesis of
cyclic sulfides may be accomplished by the action of sodium
sulfide on alkyl dihalides (117,118) or by a variation of this

approach, for example, the hydrolysis of halo-alkyl thioacetates

CH,)
(CH,) ACH2)n 4 2 NaBr
- 2’ ng Nt
c\H2 /CH2 + Na,s — CHZ\ /cn2
Br Br S
o (cH,)
cuC-s-cH, (ci,) cH,Br —DNOH § .7 N
3¢-S-CH, (CH;) CH,Br H0 2. M
Ns

(119), While the formation of five and six membered sulfides
generally proceeds in good yield, the formation of polymer is
always competitive; this side reaction is a serious problem in
the synthesis of four, seven and larger membered rings (117).

In contrast, the formation of cyclic disulfides by oxidation
of the corresponding dithiol may, under suitable conditions,
approach quantitative yields., For example, the oxidation of

l,4—butanedithiol under dilute conditions affords 1l,2-dithiane

as
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(49) in 93% yield (84). If the desulfurization reaction were
to proceed with reasonable yields, this synthetic approach to
cyclic sulfides would be competitive with known methods,

The desulfurization of l;?-dithiane (49) occurred at room

temperature to afford, after 28 hours, a quantitative (vpc)

room
temperature
Q + (Ft,N) 5P s> l . I + (Et,N) 5P=S
l o .- 4
49 < (gquantitative) 50 2

yield of tetrahydrothiophene (50). This long reaction time
could be significantly reduced with little loss in yield (see
page 101).

Of greater interest is the desulfurization of five membered
disulfides (dithiolanes)., One dithiolane,® -lipoic acid (51)
an important vitamin, is readily available from natural sources
(7). The corresponding thietane derivative, thietane-2-valeric
acid (52) has only recently been prepared via a multi-step
synthesis (120)., An attempt was made to prepare this thietane

from the naturally occurring compound, 51. However, when this
o

_'/\/\)LOH
L_s
(Y\/\)kOH + (EtzN) 3P
S—§ 0
51 1
N-C,Hg
C2Hsg

disulfide was treated with the aminophosphine 1, no thietane
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derivative was obtained; the main pfoduct, isolated in 78%
yield, was the diethylamide 53 of & -lipoic acid. The structure
of 53 obtains from the observation of an ethyl moiety (8.907,
triplet; 6.70T, quartet; J=7 Hz,) in its nmr spectrum and from
its mass spectral fragmentation (Fig, 8), A parent ion at
m/e 261 was observed. The fragments at m/e 115, 100 and 72 are
in accord with the diethylamide structure and are characteristic
fragmentations for amides (121). The ion fragment o of m/e 128,
which results from cleavage Y to the amide function is of partic-
ular interest sinced, @ and § cleavage does not occur to any
significant extent. This cleavage appears to be general for
d~lipoic acid derivatives,

The formation of amides from the reaction of carboxylic
acids with 1 has been reported (71); a likely mechanism for this

reaction is outlined below:

(0) Et (0]
2
(Y\/\/ko\ "NEtz ____9 f Q
S—S H [‘IEtz —S5 Et2 P/NFtZ
51 O SEe,

N(C.H_)
252 4 HO-P (NEt,),

Vv

When the carboxylic acid was protected by conversion to the

anilide 54 , the desulfurization reaction proceeded cleanly.



B 0 e+ +'(|)l
)
Et c e & N—Et (Y\/\/C
+N < /
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. 23 - 89
m/e 72 i mse 1
H ot
0 2 \AN-——Et <>
] N—Et
C /
+,fli\ Et 9, m[e 128
Et Et m/e 115
mvse 100
Figure 8. Mass spectral fragmentation of <-Lipoic acid diethylamide (53).
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Thus, after stirring 54 for one hour with the aminophosphine,

0] 0]

(Y\/\/U\N—H 1 _]/\/\/kn—a
S—S§ e

54 —35 55

the yellow color of the disulfide was completely discharged and
the absorption maxima at 330 ms (characteristic of 1,2-dithiolanes
(122)) disappeared. A new compound, 55, was obtained in 68%
yield. While the ir and nmr spectra of this compound were very
similar to 54, the mass spectrum exhibited a parent ion at m/e

249,1180 (calcd. for C HigNOS , 249,1198) consistent with the

14
assigned thietane structure 55. The fragmentation pattern of
this sulfide was similar to that of disulfide 53. The appearance
of of several metastable ions (indicated by an * in the frag-
mentation schemes) permitted the deliniation of many of the
fragmentation pathways. These are shown in Figure 9.

The formation of ion p (m/e 135) by a McLafferty rearrange-
ment (114) and the aniline radical ion g (m/e 93) by C-N cleavage
parallel fragmentations observed in the mass spectrum of «~lipoic
acid diethylamide (53). Although the formation of an acylium
ion (ion r, m/e 157) is not unusual for amides (123), it is
possible that, for this compound, C-N cleavage is facilitated

by cyclization. The postulation of a cyclic structure, s, for

this ion is also not unreasonable, since, as will be seen later,



Mass spectral fragmentation of thietane-2-valeric

Pigqure 9,
acid anilide (55).

[f:J —’,,,,,J7
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Mass spectral fragmentation of 1,2-dithiolane=-3~

Figure 1l0.
valeric acid anilide (ii)
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the oresence of the sulfide group is essential for its form-
ation. This cyclic ion may extrude carbon monoxide to form t,
m/e 129, or ketene to form u, m/e 115, The loss of ethylene
from both t and u was also observed,

The mass spectrum of the analogous disulfide, « ~lipoic
acid anilide (54) was similar to that of 53. The formation of
ions p, m/e 135, and g, m/e 93, were the major fragmentation
processes (Figure 10). However, the formation of an acylium
ion u was not observed., The presence of an acylium ion (or
its cyclic counterpart) in the mass spectrum of 55 but not in
the spectrum of the corresponding disulfide 54 would suggest
that participation by sulfur is of considerable importance in
the formation of this ion, This participation of sulfur would
suggest that this ion exists as the cyclic ion s. Such a
cyclization would be more likely observable in the spectrum of
55 since sulfides are better electron donors than are disulfides
(115). The effect of this difference in donor ability between
disulfides and sulfides has been observed in the mass spectra
of several cystine derivatives (p. 49).

To obtain thietane-2-valeric acid (52) by desulfurization,
it was desirable to use an acid protecting group which was
readily removable, Thus, the acid labile (124) tetrahydropyranyvl
ester of ®-lipoic acid was prepared and subjected to the
aminophosphine desulfurization, After stirring the crude ester
with the aminophosphine for 24 hours and subsecuent hydrolysis

of the reaction mixture, thietane-2-valeric acid (52) was
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52

obtained in 82% yield, This material was converted to its
anilide 54 which was identical in all respects to that anilide
which had been prepared via desulfurization of & ~lipoic anilide
(53) . The mass spectrum of thietane-2-valeric acid 52 exhibited

a parent ion at m/e 174 consistent with the assigned structure.

0 + 0
+
OH _‘l/ \/U\OH
E—
L— S —S
- - m/e 87 m/e 73

52 m/e 174

The base peak, m/e 87, corresponded to § cleavage, In addition,

Y cleavage was also observed. The sequence of reactions per-

formed on the lipoic acid derivatives is summarized in Figure 11,
To examine the generality of this novel ring contraction,

it was desirable to prepare several 1,2-dithiolanes, Examina-
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tion of the literature revealed that, with the exception of a
few alkyl substituted dithiolanes, oxidation of bis~thiols
leads to extensive polymerization (125), Three factors are

important in this oxidization, First, high dilution is necessary

7 —

ik 1 - + Hs- -S- -1
HS SI S—sS HS (CH2)3S S (CH2)3 si
56 57 Je)
L -» POLYMER

to recduce the amount of bimolecular oxidation; second, careful
PH control is necessary to prevent base catalyzed polymerization,
and third, an excess of thiol must be avoided to prevent thiol-
disulfide exchange which also leads to polymerization. The use
of triethylamine to maintain neutrality during iodometric oxida-
tion of bis-thiols was found to greatly reduce polymerization
(126) . Slow addition of a solution of triethylamine and bis-
thiol to a methanolic iodine solution provided high dilution,
nevtrality and excess iodine (therefore no free thiol), all
which are desirable for such an oxidation, By this method, a
variety of 1,2-dithiolanes were prepared,

The oxidation of 1,3-propanedithiol (56) by iodine/tri-
ethylamine as outlined above afforded a benzene solution of

monomeric 1,2-dithiolane (57), free of polymer, In this reaction,

@ > ()
HS SH I,/Et3N S—

56

'Ln

a yield of 56% was realized, This disulfide has been the subjectof

considerable controversy (125, 127, 128, 129, 130, 131). Oxida-
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tion of 1,3-propanedithiol (56) by a variety of reagents yielded
- an insoluble white solid (125, 127) which was originally thought
to be monomeric (128). More recent molecular weight determin-
ations have shown this material to be dimeric (129). Schoberl
and Grafje (130) prepared what was believed to be monomeric 57
by careful oxidation of 56 by ferric chloride in butanol. This
disulfide was not isolated, but was obtained as a butanol sol-
ution containing 28-30% disulfide. This solution deposited
polymer on standing 10-12 hours in the dark. Calvin (131)
prepared a solution of monomeric disulfide 57 by reacting 1,3-

dibromopropane with sodium disulfide. Pure monomeric 57 could

Na Sz 57
m R 57

Br Br

be isolated at low temperature in vacuum; this disulfide was
very unstable, undergoing rapid polymerization at room temp-
erature, The yield of 57 prepared in this way was 9% (131). Thus,
the realization of a 56% yield in the preparation of this very
unstable disulfide is a considerable improvement over existing
methods. Moreover, 0.1} solutions of 57 soO prepared showed no
tendency to polvmerize if stored in the dark for several weeks.
Desulfurization of a 0.1M solution of 1,2-ditholane proceeded
very slowly at room temperature. After 432 hours, 87% of 57

) —— O

S—S8 - S

57 58
had reacted and an 82% yield of thietane (58) (isolated as its
nercuric chloride adduct) was obtained, That this reaction

proceeds very slowly is surprising. Schoberl and Grafje (130)
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report this disulfide to be very reactive, both with respect

. to polymerization and to nucleophilic cleavage. The ring strain

in 1,2-dithiolane has been estimated at 14-18 kcal/mole (130).
In a similar manner, the dimer of dimercaptoacetone (59)

was oxidized to 1,2-dithiolane-4-one (60). addition of the

0
< 7 — POLYM
HO S H HS SH CF@OFI S_d POLYMER
59

60

aminophosphine 1, however, effected immediate polymerization

of this disulfide and no characterizable products were obtained.
In contrast, 3-phenylthietane (65) was prepared from 4-

phenyl-1l,2-dithiolane (64) by reductive desulfurization, The

recuisite disulfide 64 was synthesized from diethyl phenyl-

malonate (61) in four steps. Reduction of this ester with

lithium aluminum hydride and tosylation of the resulting diol

afforded the ditosylate 62 (132). Reaction of 62 with an excess

COOC,Hg CH,050,C¢gH4Cli3 CH,SH
l)LiAlH4 | 1) (NH,) ,CS |
HC-Ph 3> CH~Ph > CH-Ph
| 2) CH3C¢H,4S0,C1 | 2) NaOH |
CO0C, Hg CH,080,CgH4CH3 CH, SH
61 62 8
Ph
63 + I, EtaN (/l\7
— r d
S -—S
64

(10 fold) of thiourea and decomposition of the thiouronium salt
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with base afforded 2-phenyl-l,3-propanedithiol (63) in 55%
yield, Oxidation of 63 with iodine/triethylamine by the pro-
cedure outlined earlier.afforded 4-phenyl-l,2~dithiolane (64)
in 73% yield. This disulfide was desulfurized in four hours
in refluxing benzene to provide thietane 65 in 87% yield. The

Ph i

Ph Ph
AN N N
5—S§ S S
Oé“\b
64 65 &6
thietane 65 was oxidized and characterized as the sulfone 66.
The mass spectra of 64 and 65 both exhibited strong molecular
ions. The major fragmentation processes observed in these
spectra may be explained in terms of bond cleavage &« to sulfur,

Thus, for 64, eccleavage followed by loss of thioformaldehyde

and sulfur would give rise to the styrene ion v, m/e 104, which

B 1o+
!Eizi - EEE? [:;i? E
S—S C;sn, . . i -

W, m/e 104

64 v

is the base peak of the spectrum, In addition, ion Vv resulting
from € cleavage may undergo hydrogen migration and loss of HSE
to vield ion x, m/e 117. Loss of hydrogen from X affords the

phenyl cyclopropenium cation vy, m/e 115.
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E * *
' -+ -+

H L J
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e w T v

Y, m/e 115
v
X, m/e 117

Similar fragmentation schemes may be proposed for 65.

Thus, cleavage « to sulfur in 65 would lead to the styrene ion
w, the

phenylcyclopropane ion x and the phenylcyclopropenium

ion y. Here, however, migration would be much less likely than
— '—.+
* =
—_ _—
+
. . L
S St v, m/e 104
65
* *
—_ —_
+ +
SH
+ x ¥
for 64 (4-center vs 5-center

rearrangement) and hence ions X
and y are observed to lesser extent.

It was hoped that the desulfurization of 3H-l,2-benzo[q]-
dithiole 67 would provide a simple synthesis of the unknown

heterocycle, benzo[b)thiete (68) . This molecule has special
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interest since removal of one of the methylene proton by base

. could provide a new non-benzoid aromatic (10 7 electrons) species.
The requisite disulfide 67 was prepared by the procedure of
Luttringhaus (77); desulfurization of 67, however, did not yield

the desired benzo[b]thiete. The only isolable product was the

Qs+ 1 —#4— (I

67 68

+P (NET,)5

05— o e

S
+I'°(N EL) 5
70

dimer of 68, 6H,12H—5,ll-dibenzo[b,ﬁ]-dithio6cin 69. This

dimer may arise from the dimerization of 68 or the phosphonium
salt 70. Although two different phosphonium salts may be formed
in the reaction of 67 with the aminophosphine (attack on the
benzylic or aryl sulfur), only one of these salts, the more
stable aryl mercaptide 70, could result in dimerization,

One of the few bicyclic disulfides reported in the liter-
ature is the steroidal disulfide 72 (133). The desulfurization
of this disulfide was of interest since such a reaction would
have strict stereochemical recuirements., The formation of

of phosphonium salts 73 and 74 from 72 is possible; however,
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H282 .
yrldlne ,
o)

71 72

the decomposition of the salts to the cyclic sulfide 75 is

most unlikely since this would require front-side displacement

73 = e
| ' ]\ 74
|
0 S s
N/
R-;P\R
76 R

of phosphine sulfide. A pentacovalent intermediate 76 , however,
could decompose to afford 75. The reguisite disulfide 72 was
prevared from 71 by a modification of the procedure of Dodson
(133). It was necessary to determine unambiguously the position
of the disulfide bridge. The 1,5-disulfide suggested by Tweit
and Dodson (133) is most reasonable from mechanistic considera-
tions; the disulfide presumably is formed by double addition

of hvdrogen disulfide to the dieneone 71. However, four di-

o & 8 &
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sulfides (72, 77, 78, and 79) are possible from the addition

. of H282

demonstrated by an examination of the spin-decoupled 100 MHz, nmr

to 71. That the product was the 1,5-disulfide was

spectrum, A single proton was observed in the undecoupled
spectrum as a quartet at 6,157 and was assigned to the methine
proton & to the disulfide bridge. Thus, both 77 and 78 are
ruled out as possible structures; disulfide 78 possesses two
similar methine protons while the methine proton of 77 would
be a doublet, coupled only to the bridgehead proton. Both
disulfides 72 and 77, however, have methine protons as part of
an ABX spin system and hence would appear as a quartet., When
this resonance at 6,157 was irradiated in a double resonance
experiment (Fig. 12), eight of the lines observed in the 6.9-
7.4 Tregion collapsed to a quartet. In this way, the chemical
shifts for the two protons adjacent to the methine were found
to be 7.05 and 7.257., This chemical shift is that expected
for protons adjacent to a ketone function and 1.0-1.5 ppm too low
for aliphatic protons. This result is consistent only with
disulfide 72 and not with disulfide 77.

Having rigorously demonstrated the presence of a 1,5-
disulfide bridge, an attempt was made to desulfurize this com-
pound, Treatment of 72 with the aminophosphine 1 did not
afford either the sulfide 75 or the phosphonium salts 73 and 74,
but a new compound, 80, C27H45N202PS (exact mass calcd, for
C27H45N202PS: 492 ,2939; found: 492,2960). The presence of an

d,p-unsaturated ketone was indicated by the ir (1670 em~!) and

MeOH

uv spectrum (Ruax

228|5u, € = 650), The presence of only one
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6.0 65 7.0 75
ppm(T)
Figure 12, 100 MHz, Nuclear Magnetic resonance spectrum of 1&X,5«-Epidithio-

androstane-3,17-dione (72). A) Normal spectrum, B) Spin decoupled
spectrum,

L9
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(L
. %‘ —=—>  CapHy5N,0,PS
7

80
2 |

olefinic proton at 4.27 in the nmr suggested that 80 possessed

the A§'§androstan—3-l7-dione ring system, The loss of a bis-

(diethylamino) phosphine sulfide fragment Z upon electron impact

NEt, i e+
P NEt o) 0
I 2
S
) - e
+ HS-P(NEt2)2
.8_0 L o

permitted the assignment of structure 80 for this compound.

A mechanistic rationalization for the formation of 80 is

depicted below:

H
0="3 -3
+7P-R3 4
73 ‘L
0
! PR, H3
| £
5 L
0P g, —— 0
82 o) 81
80

R= N(C2H5)2
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The phosphonium salt initially formed by ionic scission of

.the disulfide may undergo an elimination reaction to afford

the intermediate thiol 8l. This thiol would likely react

with the aminophosphine to provide 80; such a reaction has

been reported (134), Although cleavage of 72 could provide
both phosphonium salts 73 and 74, the absence of 82 or a
derivative of 82 in the reaction mixture would indicate that
the predominant direction of cleavage is to afford 73. This
preference is predictable both on steric and pKa considerations
(Table III)., Since no sulfide or phosphonium salt was obtained
in this reaction, it is not possible to draw any conclusions

as to the general steric requirements for desulfurization,

The preparation of two cyclic disulfide acids of known
stereochemistry has been reported (135). The reaction of
meso-dibromoadipic acid (prepared from édipic acid and N-bromo-
succinimide, see appendix III) with potassium ethyl xanthate
and subéequent ammonolysis afforded meso-dimercaptoadipic acid
which could be oxidized by iodine to meso~l,2-dithiane-3,6-
dicarboxylic acid (86) (Fig. 13). Heating this acid at 230°C
for 10 minutes completely isomerized this acid to the more
stable dl isomer 87. The corresponding sulfides 84 and 85
could be prepared from the meso and dl-dibromoadipic acid by
reaction with sodium sulfide (Fig. 13) (136). So that desul-
furization could be attempted, the meso acid was converted to
its tetrahydropyranyl ester 88. This ester was very hygroscopic
and therefore difficult to purify. Desulfurization of the

crude ester afforded, after chromatography, an oil which
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Figure 13. Preparation of the cyclic disulfide acids 86 and 87, and the

cyclic sulfide acids 84 and 85
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was hydrolyzed to trans-thiolane-2,5-dicarboxylic acid (85)
.in 48% yield. A similar attempt to esterify, desulfurize, and
hydrolyze trans-l,2-dithiane dicarboxylic acid (87) afforded

only a 17% yield of cis-thiolane-dicarboxylic acid 85 . The

0
w0+ (J — L7 — WX
S S

COOR COOR COOR
88, R= THP | 89, R= THP
85, R=H

o
COOR H COOR
87 + @ > ROOCM — s

COOR H
90, R= THP 91, R=THP
84, R=H

low yields in these experiments might be attributable to the
instability of the THP esters 88 and 90 and to problems of
isolation, Because of the low yields, however, no firm stereo-
chemical conclusions could be made,

Attempts using the methyl ester of 86 and 87 were much
more successful, Both disulfide acids were converted into
their methyl esters 92 and 94 by treatment with methanolic
hydrochloric acid, Similarly, the two sulfide acids 84 and 85
were converted to their methyl esters 93 and 95. The stereo-
chemical purity of these esters was confirmed by quantitative
gas chromatography. Desulfurization of cis-3,6-dicarbomethoxy-

l,2-~dithiane (92) afforded a 102% yield (vpc) of trans —2,5-
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dicarbomethoxy-thiolane (93) . similarly, trans-3,6-dicarbo-

methoxy-1,2-dithiane (94) afforded a quantitative yield of

CH300C O coocy;  (Bt2M 3P cHjo0c —Q—coocn3
_

S5 93
92 =
cH500C 0 cooct (Et,N) ;P CH300C -{} COOCH4
S—S
94 35

cis-2,5~dicarbomethoxy-thiolane (95). Thus, in the desulfuriza-

tion of both disulfides 92 and 94, inversion of configuration

at one of the carbon atoms &€ to the disulfide bridge has occurred,

This observation has important mechanistic implications (vide
infra). In view of this stereochemical result, it may be con-
cluded that the inversion process observed in the desulfurization
of the sugar disulfide 25 (p. 30) is a result of the stereo-
specificity of this desulfurization and not due to an anomeric
effect., Moreover, the observation of an elimination reaction
in the attempted desulfurization of the steroidal disulfide 72
(p. 66) is not unexpected since for 72, desulfurization must
proceed with retention of configuration.

This desulfurization reaction was extended to seven and
eight membered ring systems, The seven membered disulfide
1,2~dithiepin(96), generated by oxidation of 1,5-pentanedithiol,
was desulfurized in refluxing benzene to yield, after oxidation

with hydrogen peroxide, thiane-1l,l-dioxide (98) in 40% yield.
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The major material loss was incurred in oxidation of the bis-
thiol; both desulfurization of 96 and oxidation of 97 appeared
by vpc to proceed to completion,

As was discussed earlier, disulfides possess a barrier
to rotation about the sulfur-sulfur bond of 10-14 kcal/mole.
Consider the two rotomers for the simplest disulfide, hydrogen
disulfide:

H—S S—H
| = |

p—
W ol

Hydrogen disulfide possesses CZ symmetry (137). Thus, these

two rotomers bear an enantomeric relationship to each other.

For most disulfides, interconversion of these rotomers is rapid

at room temperature; some disulfides, however, may exhibit

conformational enantomerism as a result of the chirality of

the disulfide rotomers. Such conformational enantomerism has

been reported by Luttringhaus (138, 139) for 5H,8H-6,7-dibenzo-

[d,f] dithiocin (101)., This disulfide has been synthesized

(138) in 31% yield from 2,2-bis(bromomethyl) biphenyl (99):

Br SH
O 1) CH3COSK O FeClj. O O
O 2) EtONa O 20 hours
50% HS 62% g8

99 100 101

Br
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A modification of this technique has increased the overall
-yield for the conversion of 99 into 101 to 60%, Thus, treat-
ment of 99 with thiourea and hydrolysis of the resulting salt

afforded 100 in 93% yield. Oxidation of 100 with iodine/tri-

Br

SH
1) (NHy),CS
2) NaOH
Br 93% HS
99 100
I,/Et3N O O
MeOH
65% 5=
101

ethylamine gave a 65% yield of 101. The nmr of 101, as expected
exhibited an AB quartet (JAB==13HzJ for the benzylic protons;
the interconversion of the conformational isomers of 101 is
slow on the nmr time scale even at 150° (139).

The desulfurization of 101 proceeded rapidly at room temp-
erature, the reaction being complete in less than three minutes,
The product, 5H, 7H=dibenzo [c,e] thiepin (102), isolated from

the reaction in 97% yield, was identical in all respects to an

jp (EtyN) 5P S @Sp
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Figure 14, Temperature dependence of the nmr spectrum
of 5H,7H~-dibenzo [c, €] ~thiepin(102).
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authentic sample of this sulfidelo. .The nmr spectrum of 102

was recorded at several temperatures and the benzylic resonance
is shown in Fig.l4 as a function of temperature. At 64°, the
benzylic protons appeared as a sharp singlet. Upon lowering

the temperature, this resonance broadened; at =-1242 this res-
onance appeared as a sharp quartet (JAB=:13Hz.). The coales-
cence point for this spectrum was 43° which is in good agree-
ment with that reported (45°C) for this compound (140)., This
coalescence temperature is equivalent to a rotational barrier

of 17 kcal/mole, Conformational enantomerism in this and other
similar compounds has been studied by Mislow (141) and Sutherland

(140).

Summarz

Before entering upon a detailed consideration of the mech-
anism of these desulfurization reactions, it would be useful
to review the findings thus far. It has been demonstrated
that a wide variety of alkyl, aralkyl and alicyclic disulfides
are desulfurized by tris(diethylamino)phosphine (1). These
results are summarized in Table VI. Many of the more common
functional groups do not interfere in this reaction and most
of those that do may be suitably masked. For example, a side
reaction may occur with acids (72) and alcohols (72), while
amides including ureides, esters, ethers and acetates may be
used without interference. A limitation does exist in that

aryl nitro groups form charge transfer complexes with the amino-

101he gift of a sample of this compound from Professor
G. Wahl is gratefully acknowledged.



TABLE VI

DESULFURIZATION OF ORGANIC DISULFIDES

R=S=S-R" + (Bt N) P ——— R-5-R' =+ (Et,N)3P=S

Disulfide Reaction % Yield
time®, hr R-S=R' Other
2 (CgH5CH,-S) 4b 92 86h (4)
b
5 (CgH 4 S), 18 58 -
10 Ph-5S-CH, 0.01 86 70 (4)
12 Ph-CH,SS-Ph-CH, 0.01 86 -
14 (CH,400C-CH,S) , 0.01 85 -
b _ c
7 (C,HS) 48 75 (4)
22P/¢ - 80° (4)
24% 179 -
8 (i=C3H,S) agP - 50€ (4)
b c c
(t-C4HgS) 96 1 1° (4)
48P, d 1€ 1% (4)
- - - - - s
16 Ph-CH,SS~CH,Ph-NO, 0.5 66 (NO,Ph-CH,), .
~
20 Ph-CH,SS-CH,Ph-Br 3P 35 11® (Pb~CH,),S

(continued)

e ~Ph-
22 (Br-Ph CH,) ,S



TABLE VI (continued)

Disulfide Reaction % Yield
timea , hr R=S-R Other
b e
Ph-CH,SS~CH,CH, 18 5 90% (Ph-CH,),S
AcO
0
AcO
28 CH;Ph-SS-Ph-CHj 24 (140 ) 1 5 (CH3Ph-§) 3P=0
27 ((CHy),N-Ph-5}, 8° - 80 27 recovered
[ S‘)’z
34 | N 18P - 70 salt 35
34 _ 32
N7 sy,
b
39 (cry CONH-C'JH-CHZ s, 0.2 96
COOCHy
41 (Z-NH-(.l‘,H-CHZS)z 1 86 99 (4)
COOCHHg

(continued)

8L



TABLE VI (continued)

Disulfide Reaction % Yielad
time?, hr R-S-R Other
Z2-Cy-OMe
S 0.1 - 88 Z-Cy-Gly-OEt
S 5-);
Z-Cy-Glyv-OEt
2-NH-C)H4SS~C,HyCOOCH, 1 - 70 (Z-NH-C,H,S-), (37)
4 - 80
S-S S-S 53
C4H8CONH-Ph
1 64 -
S-S -
C ,H,COO~-THP
(Y 48 24 821 -
S-S
432 g23 -
polymer

14)] n
DsiDme 1D
= wn (67}

(an}
[
1

ab 87 -

0]
]
"

6L

(continued)



TABLE VI (continued)

Disulfide Reaction % Yield
time®, hr R=-8-R Other
49 < > 28 101°€ -
S-S
88 cis 0,1k 65 105 (4)
THP~00C COO-~THPM -
S-S i
920 trans 0.8 17 -
92 cis 0.1 102° -
— CH3OOC-<—>- COOCH
3
S-S
94 trans 0.1 108t10€ -
% ) 16 389 -
S-S

101 D O 0.1 97 -
S

Se=

(a) In benzene solution at room temperature, unless otherwise noted. (b) At 80 C,
(c) vpc analysis by peak height. (d) In neat excess 1 (100 mole excess). (e)
(e) quantitative vpc analysis with internal standards. (f) At 90 C,. (g) Isolated as
sulfone. (h) Crude vield. (i) Isolated as the corresponding acid. (j) Isolated as
the mercuric chloride adduct. (k) In ether as solvent, (m) THP = tetrahydropyranyl

[2d
o
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phosphines (91). Alkyl halides also‘react with the amino-
phosphine, in this case, affording phosphonium salts (142) ,
Cystine derivatives, when suitably protected, undergo desul-
furization to afford lanthionine derivatives in high yield.
Cyclic disulfides ( five to eight membered rings) are
desulfurized in 40-97% vield. The reaction, moreover, was
shown to proceed with inversion of configuration at one of
the carbon atoms &« to the disulfide group,

While some heterocyclic disulfides may be desulfurized
aryl disulfides are unreactive, Unsymmetrical disulfides in
which the sulfur-sulfur bond is highly polarized undergo desul-
furization without rearrangement, However, if this polarization

is not great, varing amounts of symmetrical sulfides are formed.,



82

Mechanism of Desulfurization

The postulation of a phosphonium salt as an intermediate
in the desulfurization of organic disulfides has
4y o2
EtZN-I;’-S—CHZR 'SCH?_R
NEt2
been invoked several times in this thesis to account for
specific experimental facts (for example, the formation of
the steroidal phosphine 80 from the reaction of 1«,5&-epidi-
thioandrostane-3,17-dione (72) with 1), Moreover, the amino-
phosphines were felt to be ideal desulfurizing agents since
electromeric release from the alkylamino groups would help
stabilize a phosphonium cation. The postulation of such a
salt is not unreasonable; they have been suggested as inter-
mediates in several reaction involving organo-phosphorus.
compounds. Bartlett and Meguerian (49) have suggested that
the reaction of triphenylphosphine with sulfur proceeds by

way of a series of ionic intermediates, Phosphonium salts

~-Ph,P _ * -
PhoP + S, — Ph3$-s-5(5)ss =23 PhyP=S + Ph P-5(S)S

8

have been identified as intermediates in the Michaelis-

oct OCH, "I 0

- ! r31 H_O : CH CH.I
CH;0-P + CH3I ——) CH3O-1"-C 3 —> CH, -P-\ 5 + cHy

OCH OCH3 CH30

Arbuzov Reaction (143)., In some cases, stable phosphonium

salts may be prepared by the reaction of alkyl halides with
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PH,P + R-CHZ-X —— Ph3P-CH2R “X + EtOEt
- +
Php=5 ++ Et3o"BF4 —> Ph,P-s-Et “BF, + EtOEt
_ + = + -
R3P—0 + Et,0 BF, N R, P-O-Et ~BF,

phosphines (144) or alkylation of phosphine sulfides (145)
and oxides (146),

Not all reactions involving phosphorus nucleophiles
proceed by way of phosphonium salts. For example, the desul-

furization of cis-2-butene episulfide affords exclusively

“'H \\\\H
CH oh \ CH CHB
Ph.P + SJ.oH 3 — Ph3Pi:S, | G 3| —> Ph3P=s + (
CHy CHy CHj

cis-2-butene (50). A nonpolar transition state has been
suggested for this reaction as evidenced by the lack of a

kinetic solvent effect. The deoxygenation of peroxides has

CZHSO

|
C.H_00C_H HO) P ——> C.HO-P
C,HgO0

OC2H5

Q —
> (C2H50)3P—O + C,Hg=-0-C, Hg

been shown to proceed by way of a pentacovalent intermediate

(147) ., sSimilar intermediates have been detected by Ramirez (45)

OR
o=c~ | o R
(RO) ;P + | ———> RO—EF{ %
C @ R
OR
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in the reaction of « -diketones with phosphites.
It is possible to have both phosphonium salts and penta-
covalent intermediates in the same reaction. For example,

in the well-known Wittig reaction (148), a dipolar intermediate

+
+ - . Ry P— R}
R3P-CH-R + R-C=0 —_— 3
R o___TfR
R
RY o
R — P—r~"
—> | ——> R3P=0 + R-CH=CR,
O——R

cyclizes to a pentacovalent intermediate., This latter material
decomposes to afford an olefin and phosphine oxide. Similar

intermediates have been postulated (52) for the deoxygenation

+ H
H R3P"WQ:R
R, + R S _— —_s
H 'l"“ H””’ L_ O—
R R
R
R\\ \\\“H H R
' “‘R —ﬂ R 3P= (0] +
0 \ H R
H

of cis-2-butene epoxide., There is, as well, literature pre-
cedent for the ionization of a pentacovalent intermediate to

a phosphonium salt. Adam (64b) has postulated such a process
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0 o PA
_cC
R3P ? = Hyc” 0
_~9 ,
/° g TT—> IR
Ph 0 Ph” 0} N p;g
l ph/\o
0)
1 .
N
o~ o
+ /R > "
P—R
Ph 07 Ph o# PR3

in the deoxygenation of cvclic peroxyesters, Ramirez (45)

has shown the phosphorane-phosphonium salt equilibrium

I|{ 0 R! R 0 R'
R—pL ——— R—1'>+/_I

I 0O R! | (o) R!

R R

to be solvent dependent.

Several mechanistic pathways appear possible for the
desulfurization of organic disulfides: (a) a direct abstrac-
tion process in which one of the sulfur atoms is removed via
a non-polar transition state (Mechanism A), (b) an ionic
mechanism in which the disulfide reacts with the phosphine
to afford sulfide via a phosphonium salt intermediate (Mech~
anism B), (c) an insertion process in which the phosphine adds
to the disulfide bond affording a pentacovalent intermediate
which then decomposes to products (Mechanism C), or (d4) a
combination of (b) and (c) which involves both pentacovalent

and phosphonium salt intermediates (Mechanism D)., In mech-
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anisms B,C, and D the various steps may be reversible; this

- Mechanism A

Rll
R" 4 ..CH-R"

7 ‘ L ot " ’
R—S-S-C\H : R3P —_— R-F::S__'. N —3> R-S=-R + R3P=S
’ ..-. "

R S=R

Mechanism B

R-S=S~R +R’3P —> R-

Mechanism C

(]

1t LS-R
R-S-§-R + RjP —> R'-f\&\l; ——> R3P=S + R-§-R
,S-R
Mechanism D
Rl
|
Iit-lr-@-RnSR

R-S~S=R + R’Bp -~ 11;: \
I /

R=-
} ey

R-S-R+ R'3P= S

R = N(C,H.),
possibility will be considered in the mechanistic discussion,
The number of possible mechanisms for this reaction may
be considerably reduced by a consideration of the stereochemi-
cal consequences of the various pathways., Mechanisms A and C
both would predict retention of configuration at both of the
carbon atoms «€ to the disulfide group., The mechanism outlined

in A is analogous to the desulfurization of episulfides which

proceed with retention of configuration (50). The decomposition
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step in mechanism C is analogous to’ the. decomposition of

- alkyl chlorosulfites in which retention of configuration is

R R
| .R i .R
R=-C, ——3 R-C
N Ny
Cl 1
Ng
\
\o

is observed (149). Such SNill type reactions have been observed
in several other systems (149, 150),

Mechanism B, however, predicts inversion of configuration
at one of the carbon atoms &« to the disulfide group since de-

composition of the phosphonium salt intermediate would be a

R\ R R, /R
- \]
R-S cwW —_— s + Ss=P(NEt.)
R/\ rR-s¥ Ng 2°3
+
S-P(NEt,) 5

bimolecular SNZ11 substitution reaction, Since mechanism D

is a combination of B and C, partial inversion of configuration
should be observed. The proportion of inverted product would
reflect the relative amounts of product resulting from the

two intermediates involved in the reaction.

The desulfurization reaction has been shown to proceed
with inversion of configuration at one of the carbon atoms ¢
to the disulfide bond. This was demonstrated in the
desulfurization of 1@-D-glucopyranosyl disulfide
octa-O-acetate (25),

Similarly, inversion was observed in the the desulfurization

of the diastereomeric esters 92 and 94. 1In both reactions,

llTerminology is that of Gould (149).
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(Et,N) ;P B
ROOC COOR > RoOC COOR
S~—§
93
32 —
(EtZN)3P
ROOC COOR > ROOC COOR
S

S-S
94 ” 95

quantitative yields of the inverted products were obtained.

For example, the trans-diester 94 afforded only the cis-sulfide
95 on desulfurization; no trans-sulfide 93 was detected

(limit of detection, 2%) in this reaction, Thus, the product
forming step must be one in which inversion of configuration
occurs. This observation is consistent only with mechanisms

B and D. In the latter case, no product may arise from
decomposition of the pentacovalent intermediate. A mechénistic
scheme which incorporates mechanisms B and D, and has been
modified to accomodate these stereochemical results,is out-
lined below. The validation of the remaining steps in this

mechanism must now be undertaken,

EtzN H
i+ -
Et2 N—}'?-S -C it R SR
Et, N R’ \\\ﬁ
S-R ///)? i H\
E|; C/H + (EtZN) 3p '” P::\\?C-S-R + (EtZN) 3P=S
- ,,,” ” \ H ﬁ
'R / /“)7
R XN EtZ?\NS"C"mR”
EtZN-f‘S-R »
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Kinetics of Desulfurization

Considerable information concerning this desulfurization
process was obtained from a study of the kinetics and energetics
of this reactionlz. The desulfurization of benzyl disulfide (2)
was chosen as a model system, This reaction was free from side
reactions, had an intermediate rate (see Table II for approxi-
mate reaction times or Table XVII to come for relative rate
constants) and could be conveniently monitored by gas chroma-
togranhy.,

For any mono- or bimolecular reaction (equation 1) the

XA 4+ yB —> zP 4+ wWQ 4+ v ea, 1

rate of reaction at any time t is given by

_a _  de _ x@ay*mY eq. 2
at at

where k is the kinetic rate constant (151, 152), Thus, at

time t=o, this expression may be rewritten as

dp
log{— = 1log(k) + x log(Ao)+-y log(BO) eg., 3
dt | t=0
where Ag and BO are the initial concentrations of A and B
respectively, If the initial concentration of one of the

reactants is maintained constant, this equation may be simplified:

12
For the sake of clarity, the kinetic data has been
grouped according to the technique employed for measuring the
rate constants (vpc or uv). All the kinetic results will be
presented together and this will be followed by a discussion
of these results,
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Ao= Constant
{d[P]
1og 4 e =y log(B,) + C eq, 4
dt t=0
C = x log(A,) 4+ log(k) == Constant
Thus, a plot of the log of the initial reaction velocity vs
the log of the initial concentration should be linear with
slope y, the partial order of reaction, and intercept (x log(A)
4+ log(k)). In this manner, the coefficients X and y of eq. 3

may be evaluated, The overall reaction order, n, is given by
n = x + vy eq. 5

The desulfurization of benzyl disulfide (2) by tris(diethvl-

amino)phosphine (1) was conducted in benzene solution with

Ph-CH,-S-S-CHp=Ph + (EtaN)3P ——» Ph-CHy-S-CHp-Ph + 4
2 1 3

several initial concentrations of disulfide and phOSphine13.

The concentration of sulfide was measured as a function of
time; these results are presented graphically in Figures l5a
and 15b. The initial reaction velocities (Table VII) were
measured as the slope of the tangent to these curves drawn at

t=0. From a plot of log(initial velocity) vs log(initial concen-

13Experimentally, it was found that consistant vpc
analyses were obtained if an aliquot of the reaction mixture
was quenched with sulfur before vpc analysis. The reaction of
1l with Sg is much faster than any of these desulfurizations (134).
Tn this way, analyses were reproducibile to t1s.
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Figure 15a. A plot of Benzyl sulfide (3)
concentration vs time, Initial disulfide
conc.,: 1) 0,152 M; 2) 0,320 M; 3) 0,457 My
4) 0,610 M; 5) 0,763 M, Initial phosphine
concentration was 0,50 M, in all cases,

Figure 15b, A plot of Benzyl sulfide (3)
concentration vs time, Initial phosphine
conc,: 6) 0,05 M; 7) 0,10 M; 3) 0.20 M,
Initial disulfide concentration in all
cases was 0.10 M, et



TABLE VII

INITIAL REACTION VELOCITIES OF THE DESULFURIZATION OF BENZYL DISULFIDE (25°C)

o conemmnn e et gt et
1 0,50 0.152 2.3 x 1074 3.4 x 1077
2 0.50 0.320 3.0 x 1074 3.0 x 1072
3 0.50 0.457 4.4 x 107° 3.1 x 107
4 0.50 0.610 6.4 x 1074 3.1 x 10753
5 0.50 0.763 7.4 x 1074 3,1 x 1072
6 0.05 0.10 0.9 x 107° 3.4 x 1077
7 0.10 0,10 1.6 x 107° 3,2 x 1073
8 0.20 0.10 3.4 x 107° 3,0 x 1072

a) 1Initial reaction velocities and rate constants are accurate to +10%.

Z6
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tration) ( Figure 16 ), the partial reaction orders of 0,96
. for phosphine and 1,01 for disulfide were obtained. Thus, the

desulfurization of benzyl disulfide by tris(diethvlamino)phosphine

is a second order reaction, first order each in phosphine and

disulfide,
Integration of the general second order rate equation

(equation 2, x=zy=1) affords the intearated rate exnressions:

A_F# B,

t = 1 l1n (A'Bo) ea. 6
k2 (AO-BO) B'Ao
Ao=Bo
k.A k A
2 2 ©

Thus, when Aoq#Bo, a plot of log(A-Bo/B'Ao) vs time will be
linear with a slope of 2.303/k2(AO-BO) from which the second
order rate constant, k2, may be calculated(152). If Ao=:Bo,
then, from equation 7, a plot of 1/A vs time will be linear
with a slope of 1/k,, and, from this, k2 may be evaluated,
The second order rate plots (based on eq., 6 and 7) for these
desulfurizations are linear ( Fig, 17); the rate constants
calculated from these experiments are summarized in Table VII.
However, because of the lack of close temperature control, the
error in these rate constants is somewhat greater than in those
to be presented later,

For bimolecular second order reactions, the kinetic expres-
sion is considerably simplified if the initial concentration

of reactants are equal, The integrated rate eguation (equation 7)
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Figure 17a. Second order plot for the desulfurization of benzyl

disulfide (2). Initial concentration of 2: (1) 0.152 M
(2) 0.320 M; (3) 0,457 M; (4) 0,610 M; (5) 0.763 M,
Initial concentration of tris(diethylamino)phosphine (1)
was 0,500 M in all cases,
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may be written in the form

t = . A =B eq. 8

where m is the amount of product formed in time t (152),
This form of the rate ecuation is of particular convenience
for gas chromatoaraphic monitoring of kinetic experiments.

Ecuation 8 mav be rewritten as

£ Product Area 1 [Producg eq.9
t = =
szO Reactant Area kZAo E?eactang
(Product Concentration)x @eactant Area)
where ;‘5 =
@eactant Concentration) X (Product Area) eqg, 10

where the product and reactant areas are the integrated peak
areas for one reactant and one product as obtained by vpc
analysis, The required constant £, defined in equation iO,
is obtained by calibration of the gas chromatograph with suit-
able standards. Thus a plot of E’roduct]/[Reactant_] vs time,
or (Product Area)/(Reactant Area) vs time, should be linear
with a slope of 1/k,A, or._g/szo respectively, From such a
plot, the second order rate constant may be calculated.

The desulfurization of benzyl disulfide (2) was conducted
at 30.1%, 38.0° and 45.0° in a varietv of solvents. In all
of these experiments, initial concentrations of 0.10 M in both
tris(diethylamino) phosphine (1) and benzyl disulfide (2) res-
pectively, After apvropriate time intervals (at least five
per run), alicuots of these reactions were analyzed by vpc,

The second order rate constants, standard deviations, activation
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enthalpy (AH*) and activation entropy (AS*) were calculated

by computer (IBM=-360/50) using a least squares program designed
to permit gas chromatographic data as input (Appendix II),

The results of these experiments are summarized in Table VIII,
Second order plots for those reactions performed at 30.1°

are illustrated in Figure 18, The average standard deviation
in each run was found to be % 3%; the reproducibility, *4s,

In these reactions, a substantial solvent dependence was
observed., For example, a 1400 fold acceleration in rate is
observed in transferring the reaction from cyclohexane to
o-dichlorobenzene, Since both the aminophosphine and aminophos-~
phine sulfide are highly polar molecules, in high concentration,
they would likely make a substantial contribution to the polarity
of the reaction medium (59). For this reason, experiments were
carried out with low phosphine concentrations (0,1-0.01 M).

It was of interest to evaluate the effect of the alkyl
portion of the aminophosphine. The rate of desulfurization of
benzyl disulfide (2) with tris(diethylamino)phosphine 1 may
be compared with that for the desulfurization of 2 with the
corresponding methyl-aminophosphine 103 (Table IX), It was found

TABLE IX

COMPARISON OF ETHYL- AND METHYL-AMINOPHOSPHINES

PHOSPHINE 105 k, (1M lgec™t)
+
((CH3) M) P (103) 4,1%0,2
+
((CH,CH,)N) ;» (1) 4,7%0,2

that tris(dimethylamino)phosphine reacts with benzyl disulfide at



TABLE XVIII

DESULFURIZATION OF BENZYL DISULFIDE (2)
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SOLVENT TEMP, k, (1.M"lsec~l)a Antb Astp
°c. kcal/mole eu,
Cvclohexane 30,1 1.,5%0.1 x10"6
Cyclohexane 38.0 2,3%0,1x10"5 15.6 -24
Cyclohexane 45,0 5,3%0,1x 10"
Benzene 30.1 4,7%0.2%x 1072
Benzene 38.0 7.1%0,2x 10~ 13.5 -24
Benzene 45,0 1.4%0,1x104
Ethyl acetate 30,1 1,2%0.05x104
Ethyl acetate 38.0 2,0%0.1x 10~% 10.2 -34
Ethyl acetate 45.0  3.,0%0.1x10"%
o-Dichlorobenzene 30,1  2.140.1x 103
o-Dichlorobenzene 38.0 3.6£0,2 x10™3 9.7 -28
o-Dichlorobenzene 45,0 5.2%0,2x 10~3

a) Averaae of two runs;

Reproducibility,*4s%,

€rrors are standard
b) Error £10%,

deviations,
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a rate comparable to that of the ethyl derivative (l). Thus,
- from kinetic considerations, either of the arinophosphines
could be effectively used to desulfurize disulfides,

The desulfurization of 1,2-dithiane (49) proceeds at a

rate comparable to that of benzyl disulfide and the reaction could

o + (EtzN)BP _ Q + (Ft,N) 3P=S

43 1 20 4
be followed by gas chromatographv. The desulfurizations were
performed at 30.0°, 37.8° and 50.0° in benzene, and at 30.0°,
38.3%° and 44.9° in ethyl acetate, The results of these
experiments are summarized in Table X. A second order plot
for the desulfurization of 49 in benzene is shown in Figure 19
and the corresponding Arrhenius plot in Figure 20. Since all
calculations were performed by computer, these plots are
presented onlv to illustrate the close fit of experimental
data to the theoretical expressions.

It was desirable, for comparison, to measure the rate of
desulfurization of a simple alkvl disulfide. The desulfurization
of diamyl disulfide (5) proceeded at a measurable rate in
refluxina benzene, Although some loss of solvent occurred

during the reaction, a second order rate plot (Figure 21)

\ - -—
CSI-Ills-SCSHll ~10_9 v 4 CSHll S CSHll
2™ 6

5

for the first 50% of the reaction was linear and from it, a

rate constant of 4.6%0.3 x 10'6 ].M'lsec"1 was calculated.




TABLE X

DESULFURIZATION OF 1,2-DITHIANE (49)
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Solvent Temp. 10° k, (1.M-lsec™l)3 auth astb
°c. kcal/mole eu
Benzene 30,0 4,5%0,2
Benzene 37.8 7.0%0.2 12.3 -28
Benzene 50,0 16.8%0.,9
Ethyl Acetate 30.0 11.6X0,5
Ethyl Acetate 38.3 17.2%0.4 8.8 -38
Ethyl Acetate 44,9 24,1% 0,5

a) Average of two runs; errors are standard deviations.
Reproducibility, * 4%,

Error, £ 10%,
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This rate constant, however, refers to a reaction at 80%3°

. and at a phosphine concentration of 1 Molar. An extrapolation

of this rate constant based upon the energetics of the
desulfurization of 1,2-dithiane (49) results in a rate constant
of 1.6 x 1072 im~lsec™! at 30°C. The error in this rate

constant is very large (an estimate of ¥100% is not unreasonable);
nevertheless, for comparison purposes, it is acceptable provided
this error is noted.

The desulfurization of the unsymmetrical disulfides pro-
ceeded too rapidly to be followed by gas chromatography.
However, the uv spectra of most disulfides show a broad absorp-
tion at 240-260 @p(lSB) which, in many cases, extends well
beyond 300 mu. Although the ultraviolet maxima could not be
used to monitor the desulfurization since the aminophosphines
exhibit a very strong end absorption at ca. 270-280mu , it was
possible to follow the desulfurization of several disulfides
using that part of the disulfide absorption which extended
beyond this cut-off wavelength,

The desulfurization of phenyl methyl disulfide (10) and

benzyl tolyl disulfide (1l2) were carried out under pseudo-

first order conditions with aminophosphine 1 in 10-100 fold

@-S—S-CH3 + (EtzN) p —» @ ~CH, (Et,N) P=S

4

@-CHZ-S s-@-CH + (EtzN) p — @-CHZ -@-CH3 +4

ll—‘
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excess, The desulfurization of 10 was conducted in benzene,

- cvclohexane and ethyl acetate at 30°C, The decrease in absorp-
tion at 315 muwas measured as a function of time, and, from
this data, the pseudo~first order rate constant (k') and the
true second order rate constant (kz) were calculated. The
computer program used for these calculations (Appendix II)

was based on the following equations:

k' = L1, 52:§ﬂ> ea.l1
t A¢~Awo

k2 — .1 1in(RoAw
tCq Ai=-Av eq.l2

where C, is the initial concentration of excess reagent, in
this case, phosphine; A,, Ay and Aew are the optical densities
at t=0, t=t and t=erespectively. The rate constants thus

obtained are summarized in Table XI.

TABLE XI

'DESULFURIZATION OF PHENYL METHYL DISULFIDE (10) AT 30.0°C

SOLVENT 102 kza (M~ tsec™)
CYCLOHEXANE 1.14 .02
BENZENE 45.0 .3
ETHYL ACETATE 151. % 3

a) average of two runs; errors are standard deviations,

Similarly, the rate constants for the desulfurization of

benzyl tolvl disulfide (12) were measured in cyclohexane,
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benzene and ethyl acetate. This desulfurization was conducted
TABLE XII

DESULFURIZATION OF BENZYL TOLYL DISULFIDE (12)

a - -
102k2 (™ 1sec™!) (at 30.0°C)
SOLVENT
CYCLOHEXANE 0.446 X 0,003 -
BENZENE 12,0%0.3 21.6%0.4
FETHYL ACETATE 61.5 £0.3 —

a) average of two runs

at 30°, 38° and 46° in benzene sclution, The second order
rate constants and activation parameters are summarized in

Tables XII and XIII,

TABLE XIII
ENTHALPY AND ENTROPY OF DFSULFURIZATION

OF PFNZYL TOLYL DISULFIDE IN BENZENE

a - -
TEMPERATURE (°C) lOlk2 (1M lsec l) Aﬁﬁkcal/Mole) ASﬁeuJ
30,0° 1.20%0.03
38.0° 1.55%0.02 5.4%0,1 -35
46.,0° 1.99%0.02

a) average of two runs,
This uv technique was used, as well, for the measurement
of the rate constants for the desulfurization of di(carbomethoxy-
methyl)disulfide (l4) and &-lipoic acid anilide (54), Thus,
the second order rate constant for the desulfurization of 14

in benzene was found to be 1.03% 0,02 x 10_l while for 54, the
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CH3OOC-CH2-S (/A\7
| S—s N
CH300C~CHy -8 S-S H

14 37 54
= k2=1,68x10"> =
k,= 1.03£0,02 101 k, = 4.18%0,08 x 10~

rate constant was 4,18% 0.08'%10-4. In the latter case, the

absorption maxima at 330 mp could be used to monitor the reaction,
The desulfurization of 1,2-dithiolane (57) was followed
by the disappearance of the uv absorption maximum at 315 o,
This desulfurization, however, was not performed under pseudo-
first order conditions, but rather under true second order
conditions in benzene solution at 25°C with a slight excess
of phosphine, The initial disulfide concentration was 0,112M,
This reaction was performed in the dark so as to prevent light-
induced polymerization of the disulfide. From the reported
extinction coefficient (Nmew 315, £=147 (131)), the disulfide
concentration and hence the phosphine concentration could be
computed, From the resulting second order rate olot (Figure 22)
the rate constant (at 25°) of 1.68'XlO-SLM-lse61was obtained.
No polvmerization was observed during this 430 hour (12 day)
reaction as evidenced by the lack of any precipitate forming
during this reaction, More concentrated disulfide solutions
(0,5-1.0 M) oroduced significant'amounts of polymer in 3-8 hours
in the dark at room temperature,

Discussion of Kinetic Results

A summary of all the kinetic results obtained are presented

in Table XIV, These rates vary over a range of 109. A striking
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Figure 22, Second order plot for the desulfurization
of 1,2-Dithiolane (57) in benzene solution
at 25°C,



TABLE XIV

SECOND ORDER RATE CONSTANTS OF DESULFURIZATION

110

Disulfide Solvent? k, (l.M'lsec-l)b AH*C astc
at 30°
Benzyl Disulfide cyclohexane 1.5 0,1x10"% 15,6 -24
benzene 4,7£0.,2%x10"° 13,5 -24
ethyl acetate 1.2%0.1x10"% 10.2 -34
o-dichlorobenzene 2.1%0.1x10"3 9.7 -28
1,2-Dithiane benzene 4,5%0,2%x107° 12,3  -28
ethyl acetate 1.2%0.1x10"% 8.8 -38
Diamyl Disulfide benzened 1.6t1, x 1077 - -
1,2-Dithiolane benzene 1,68%0,03 x10"° - -
«-Lipoic Acid benzene 4,18%0,08x10~% - -
Anilide
Phenyl Methyl cvclohexane 1.14%0,02x10"% - -
Disulfide 1
benzene 4,50+ 0,03x10" - -
ethvl acetate 1.,51%0,03 - -
Benzyl Tolyl cyclohexane 4.46 +0,03x1073 - -
Disulfide -1
benzene 1.20*0,03x10 5.4 ~-35
ethyl acetate 6.15t0,03x 1071 - -
Dicarbomethoxy~  benzene 1.03%0.02x 10°l - -

methyl Disulfide

a) All reactions were performed or extrapolated tc 30°C,

b)
c)

Average of two runs;
Error, £10%. d) Concentration, 1,0 M.

errors are standard deviations,
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feature of these results is the marked dependence of the rate
constant on the polarity of the reaction medium., This depen-

dence is seen from a plot of log (k) against Et(BOﬁ, a solvent

polarity parameter14 (154) . Such a plot is shown in Figure 23.
- \.\\
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Figure 23, Plot of log(k2)vs E+(30)s 1) Dibenzyl Disulfide;
2) Benzyl Tolyl Disulfide; 3) Phenyl Methyl Disulfide.

The solvent effect for dibenzyl disulfide (2) , phenyl
methyl disulfide (10) and benzyl tolyl disulfide (12) may be
compared with that observed in other ionic reactions (Table XV).
From this comparison, it may be seen that the solvent effect
is at least as great as that observed in the Menschutkin Reaction
(155) (the reaction of tertiary amine with an alkyl halide)
where nearly 50% ionization has occurred in the transition

state ( 49). Moreover, the solvent effect is of the same order

14E (309 is a solvent polarity parameter based upon the
solvation effect of a given solvent upon the energy of the
intramolecular charge transfer band of a pyridinium-phenol
betaine,



TABLE XV

COMPARISON OF SOLVENT EFFECTS OF SELECTED REACTIONS

RELATIVE RATE OF REACTIOH (BENZENE=1,0)

Solvent E.5 Bepzyl ' Bengyl T91yl Phepyl Mgthyl Ph3Pa Menschutkin
Disulfide Disulfide Disulfide . b
+ }_ + ]__- + £ <+ 88 Reaction
Hexane 1,89 - - - - 0.01
Cyclohexane 2,02 0,03 0,03 0,04 0,01 -
Benzene 2.28 1,0 1,0 1,0 1.0 1.0
Chlorobenzene 5,62 - - - 2.6 3.5
Ethyl acetate 6,02 2,6 3.3 5.1 - -
o-Dichlorobenzene 9,93 43, - - - -
Benzonitrile 25,2 - - - - 28,

a) Data from Bartlett and Meguerian (49),

b) Data from Grimm, Ruf and Wolff (155a),

[ANS
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of magnitude as that observed by Bartlett in the reaction of
sulfur with triphenylphosphine (49)., The observed solvent
effect in the desulfurization of these disulfides would suggest
that a charged intermediate is being formed during the reaction.
The stereochemical results presented earlier suggested that

the product forming step was an SNZ decomposition of a phos-

R R R
|/ +
~Comy _K S=Chom., "SR K2 N
(EtyN) 3P 4 S c..),EY —1 3 (Ft,N) 3P-§ CQ")'('Y SR 3 YS\{.?c-s R + 4
104

phonium salt., The observed solvent effect is consistent with
the formation of a phosphonium salt during the reaction., This
solvent effect does not, however, necessarily demand that
charge separation is occurring in the rate limiting step. If
the formation of 104 were a reversible process, the effect
of solvent could be to shift the equilibrium in favor of this
salt and thus increase the overall rate of reaction. This
effect would be observed regardless of which step(kl or k2) is
rate limiting,

The activation parameters (AH*,AS*), however, reflect

the energy required to form the activated complex for the rate

limiting step (Fig. 24). Therefore, the effect of solvent on
C-D

H, kcal
H, kcal

C+D

C+D

reaction coordinate reaction coordinate

Figure 24, Energetics of a two step reaction.
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these parameters should reflect the:solvation effects on this

" activated complex and hence on the rate limiting step. The
desulfurization of benzyl disulfide is accelerated by increas-
ing the polarity of the reactibn. More important, this solvent
effect is reflected in a decrease in the activation enthalpy

AH* of this reaction (Table XVI), From this, it may be con-

TABLE XVI

DEPENDENCE OF AH* ON SOLVENT POLARITY

SOLVENT £ 105k2(30 ) IS ast

cyclohexane 2,02 0.15*0,01 15.6 -24
benzene 2,28 4,7* 0.2 13.5 -24
ethyl acetate 6.02 12,1* 0.2 10.2 -34
o-dichlorobenzene 9.93 209.*4, 9,7 -28

cluded that charge separation is occurring in the transition
state of the rate determining step (that step in which the

activated complex of highest energy is being formed). Thus,
the formation of the phosphonium salt is rate limiting., The

formation of this salt, however, may arise from the ionization

| +
R-5-S-R S R-S-P(NEt,)

P (NEtZ) SR
(EtZN) 3P.:S

7/ Formation
NEt, s
R=S_1 rate limiting
P-NEt

-5} 2
R=5" NEt,

of a pentacovalent intermediate or by direct ionic scission
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of the disulfide bond, These two possibilities are not readily
. distinguishable ,

Those factors which would promote the formation of a
phosphonium salt should have a considerable effect on the rate
of desulfurization. The effect of solvent has been discussed,
Other related factors are the stability of the mercaptide
which is formed, the degree and direction of polarization of
the disulfide bond, and the sulfur-sulfur bond strength,

To facilitate comparison of rate data, the rate constants
of desulfurization of several disulfides at 30°C in benzene
are tabulated in Table XVII along with the relative rate con-
stants (kr) (1,2-dithiane = 1,0) and approximate pKa values
(89, 90) for the mercaptide ions which would be formed on

desulfurization., The rate of desulfurization of these disulfides

TABLE XVII
DESULFURIZATION OF DISULFIDES

KINETIC SUMMARY

DISULFIDE ky (lM~lsec™l) ky PK_ (89,90)
CgHy,S-S-CcHy; (5) ~10-9 2 0.0001° 12.6
1,2-dithiolane (57) 1.7x10-5 P 0.44%00.6%) -
(Ph-CHy-S),  (2) 4,7x107° 1.1 11.8
1,2-dithiane  (49) 4.2 x107° 1.0 -
&-Lipoic acid anilide 4,6x10~4 11, -
(CH;00C~CH_S) (}i(?i) 1.0x107% 2,470, 9.8
Ph-CH,S-S~Ph=CH; (12) 1.2 x 10" 2,800, 9.3
Ph-S-S-CH;  (10) 4.4x107% 10,550, 8.6

(a) extrapolated from 80°; (b) at 25°; (c) relative to
l,2-dithiane (49) at 25°, by extrapolation.
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shows a definite dependence on the pKa of the mercaptide being
. formed. (The cyclic disulfides are excluded from this consi-
deration for reasons of ring strain and entropy effects).

This dependence is clearly seen by the near linearity of a

plot of log (k,) vs pKa (Fig. 25). Thus it may be concluded

-5.0-
_Alo_
’300_
|O§|(k2)
"'200-
.04 ErecE-s ‘( CH300C—CH, =8
. CHC gH,-S CH500C-CHy =S
&— Ph-S-S-CH
-0.0 - >

80 90 100 1.0 12.0 13.0
pKa

Figure 25, Plot of log (k2)vs pKa. Data from Table XVII,

that the rate of desulfurization is a logarithmic function

of mercaptide stability. This observation is consistent with
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the postulation of a phosphonium salt being formed in the rate
“limiting step.

The polarization of the sulfur-sulfur bond in an unsymmet-
rical disulfide would be such as to provide the highest electron
density about that sulfur atom which is attached to the more
electronegative substituent (61). For benzyl tolyl and phenyl

methyl disulfides, the polarization would then be:

S-S-CH CH -S-S~CH
s OO

Such a polarization is consistent with attack of electrophilic
agents on the more negative sulfur atom (156). Nucleophilic
substitution should, however, occur on the more positive sul-
fur atom (34)., This would result in displacement of the
least stable mercaptide. In these desulfurizations, however,
the more stable mercaotide is displaced (or ionized) in the
rate limiting step. This would suggest that either ionization
from a pentacovalent intermediate is occurring (hence unaf-
fected by polarization of the disulfide), or a high degree

of P-S bond formation has occurred in the transition complex,
In the latter case, volarization effects would be secondary

to mercaptide stability. This postulation of a high degree

of bond formation (hence a high degree of charge formation)

in the transition state complex receives some support from

the large solvent effect which was observed, This solvent
effect was indicative of considerable charge separation(form-
ation) in the activated complex,

The rate of ionic scission of disulfides by nucleophiles
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is dependent on the sulfur-sulfur bond strength (157). This
effect is readily detected in the ionic scission of cyclic
disulfides. For example, the reaction of n-butyl mercaptide-358

with 1,2-dithiolane (57) proceeds 10,000 times as fast as with

s—s +

57

n-Bu-s~ —> n-Bu-S-S-(CH,) 3 -s”

5 = -
nBu-S-S-nBu + nBu-3 S -—> n-BuuBSS-S-nBu 4+ nBuS

its open chain analogue (32). This acceleration results from
the release of ring strain in 1,2-dithiolane, The origin of
this ring strain ( 15 kcal/mole) has been discussed earlier.

If the formation of a phosphonium salt in the desulfur-
ization reaction results from an ionic scission of the disulfide
bond, it should exhibit a similar accelerating effect. A com-
parison of the rate of desulfurization of diamyl disulfide
(k2=10-91M-lsec-l) with 1,2-dithiolane shows that the cyclic
disulfide reacts at a rate 104 times faster than amyl disulfide,
This acceleration is of the same magnitude as that observed
for the reaction of 57 with n-butyl mercaptide. This obser-
vation is consistent with the formation of the phosphonium
salt from disulfide via ionic scission., An acceleration of
this magnitude would not be anticipated if the salt intermediate
results from ionization of a pentacovalent int ermediate.
Although the formation of the pentacovalent intermediate would
be accelerated, its decomposition, the rate limiting step,
would not be significantly affected, and, hence, the overali

rate would be close to that of an aliphatic disulfide,
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(/~\7 BN slow r/*\] " fast +
] + (EtyN) 3P -—‘,Q__,_. _ <s> (Et,N) 3P=S
58

, S\+'S

57 1 P (NEty) 3 4

It is most probable, therefore,; that the phosphonium salt is
dls.

formed by direct ionic scission of the disulfide bon Since

all the evidence presented thus far strongly favors the ionic
scission mechanism, and no evidence was found which would
implicate a pentacovalent intermediate — it is not formed in
the rate limiting step nor involved in the product determining
step —its role in the reaction, if it is indeed present, is
negligible,

A more important problem was raised earlier in the discussion,
Although the product forming step is irreversible, this need not
be true of the formation of the intermediate phosphonium salt.
To detect such an equilibrium process, it would be neceséary to
prepare a stable phosphonium salt and investigate its reaction
with a mercaptide ion, It was expected that the reaction of
diphenyl disulfide 105 with tris(diethylamino)phosphine (1)
would provide a stable phosphonium salt, However,

when equimolar amounts of di-p-tolyl disulfide 28 and 1 were

—_— + -
OreelD o2 =2 Qs )

05

15The possibility of a pre-equilibration of a pentacovalent
intermediate with starting material has not been rigorously
excluded, Further proof might be obtained were an optically
active aminophosphine used in this reaction, The pentacovalent
intermediate, if it were formed, would rapidly racemize via
pseudo-rotation, However, no optically active aminophosphines
have been reported; the synthesis and resolution of simple
phosphines and phosphites present considerable difficulties (158).
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mixed in the nmr tube and the 31P spectrum observed, the only
resonance nresent was that due to unreacted 1 (-118 ppm) .
However, if a mixture of phenyl disulfide (105) and tolyl
disulfide (28) are mixed with 1, a significant amount of tolyl

phenyl disulfide (106) was formed immediately. This would

Ph-S-S-Ph + CH3-Ph-S—S-Ph-CH3 ——> Ph-S-S-Ph-CH4

105 28 106

+ -
Ph-S-S-Ph + 1 <—— Ph-S-P(NEt,); + S-Ph

07

emnm——

-+
= -
CH,-Ph-§-5-Ph-CH; + 1 <— CH, ~Ph-S-P (NEt,)3 + S-Ph-CH

08

e e——

+ -
Ph-S-P (NEt,) 5 + s-ph-cr43—;" Ph-S-S-Ph-CH; + 1

suggest that the phosphonium salts 107 and 108 are being formed
in a rapid eguilibrium process.

It was possible to prepare an authentic phosphonium salt
by alkylation of tris (diethylamino) phosphine sulfide (4).
Similar reactions have been reported for phosphine oxides (146).
Reaction of this phosphine sulfide with benzyl bromide in the

presence of silver tetrafluoroborate yielded the phosphonium

CH,Br EtzN\ BF4-
(Et,N) ;P=8 + + AgBF, EtZN-/P-S-CHz
Et,N
109

3ly¢: _61.9 ppm
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salt 109. This salt was isolated as a hygroscopic, viscous oil,
" All attempts to induce crystallization of this oil were unsuc-
cessful. This salt exhibited a doublet for the benzylic proton

31

(J,,,=8 Hz). The P nmr of this oil exhibited a resonance

PH
at -61.9 ppm relative to H;PO,. The position of this resonance
is consistent with the phosphonium salt structure (97) .

When sodium benzyl mercaptide was added to a benzene

solution of this phosphonium salt, a black solid formed immed-

iatly. Analysis of the benzene solution by vpc revealed the pres-

l;lEtz BF4‘
PhCH, =S Na
P =G = - 2 - -GS - -
Et,N 1|> S cnz fh Ph-CH,-S-CH, Ph 4 (EtzN)3P S
' NEt 3
109 Ph-CH.-S-S-CH.~-Ph 4 NaBF, 4+ P(NEt,))

2
(Et,N) ;p-BF3 + NaF

ence of disulfide 2 and sulfide 3 in the ratio 6:4, The nmr
of this solution lacked the benzylic doublet of the salt, but
showed singlets for both the sulfide and disulfide., Stirring
this reaction for several hours had no effect upon the product
ratio; presumably, the phosphine reacted further with the
fluoroborate ion to form an addition complex., The formation
of a complex was observed as well in the reaction of 1 with
silver tetrafluoroborate. The question of phosphine~boron
complexes has been discussed in a review article (159)., This
complexation may have a considerable effect upon the amount

of disulfide which is formed in this reaction., However, this
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experiment does provide proof of the reversibility of the
formation of a phosphonium salt in the desulfurization of
disulfides,

Since the formation of a phosphonium salt is a
reversible process, the kinetic expression for this reaction

may now be written:

R-§ k R-S#R k, ,
| +R3p =—=—=  "E-* ——3 Rr-s-R + R P=s
R-s k"l R=S R
d [rssg] ky

T = K —r kz[RSSRJ [(Et,m 3p)
R'=Et2N-
This expression is based upon a steady state approximation (152)
which appears to be justifiable since no intermediates were
detected (nmr, vpc, uv, ir) during the reaction., The solvent
effect and mercaptide pKa dependence would require that kl‘
be rate limiting. However, if k, is not very much greater

than k_. ( ie, (k_l-i-kz)gék2 ), it may not be neglected

1
in considering the overall rate of reaction, This effect is
most clearly evident in the relative rates of desulfurization
of cyclic disulfides., Since the rate controlling step in the
desulfurization of these disulfides is the ionic scission of
the disulfide bond, the release of ring strain ( due in part
to the interaction of the lone pairs of electrons on adjacent
sulfur atoms ) should result in an acceleration in the rate
of desulfurization of these cyclic molecules.

The most stable conformation for disulfides is that in

which the dihedral angle (CSS-SSC) is near 90°(17). In six-

membered disulfides, this dihedral angle is reduced to 70° (160).
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This distortion of the dihedral anglé results in a ring strain
of 2 kcal/mole (130), In five-membered disulfides, this dihedral
angle is reduced to 26° and the ring strain incr;ases to 10~-14
kcal/mole (130). As would be ekpected, the tendency for cyclic
disulfides to undergo nucleophilic scission of the sulfur-sulfur

bond increases with decreasing ring size (130). In view of this,

it is surprising to find that the most highly strained disulfide,

ﬁ <:_\ - m/ C ,HgCONH-Ph
S
s/

S-S S-S
57 49 55
iy
cteain 15 keal 2 kcal 10 kcal
kp 0.6 1.0 11

l,2-dithiolane (57) reacts the slowest while 1,2-dithiane
(49), the least strained, reacts 3 times faster,
This difference results from the relative magnitudes of k,, k-l

and k The five membered disulfide is highly strained; hence,

2‘
ionic scission (kl) is very rapid, Recyclization of the phos-
phonium salt to form sulfide (k2) proceeds via a four centered
transition state, a process which would be expected to be slow

(16l) . Reversal to starting materials (k_l), however, proceeds

via a five centered transition state, 1In contrast, disulfide 49

(/“\7 . / _37 |
+ 1 X1 . k, I + 4
s -

(L)

s=s TS s —
-l 4P (NEt2)3
+ 1 — - R — +
S—5 k_y ls S
+ P(NEty) 4
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is not highly strained. Therefore k., ionic scission, would be
slower than for disulfide 57. The reverse of this process (k_l)
will be of a comparable rate to that of 57, However, recvcliza-
tion to afford products (kz) would proceed through a five-
centered transition state as compared to the four-centered transi-
tion state of disulfide 57. Cyclization reactions leadina to
the formation of five-membered rings may occur 103-105 times
faster than the analogous processes forming four-membered rings
(162), Thus, for 57, the acceleration due to ring strain 1is
partially counteracted bv a decrease in k2 due to the steric
effects of a four-centered transition state. Disulfide 49,
however, does not encounter this latter decelerating effect and
hence the full effect of ring strain is observed.

The increased reactivity of & -lipoic anilide may be the
result of a substituent effect on the recyclization of the
intermediate phosphonium salt., It has been observed that the
rresence of alkyl substituents may aid in cyclization reactions
which lead to the formation of 3- and 4-membered rings (161).

The origin of this effect, however, is not fully understood
(161, 163).

It was noted earlier that the desulfurization of
several unsymmetrical disulfides afforded a variety of disulfides
and sulfides as products. For example, in the desulfurization of
benzyl ethyl disulfide (23), a substantial amount (~20%) of dibenzyl
disulfide (2) was observed in the earlv stages of the reaction,
The final products of the reaction were dibenzyl sulfide (3)
and diethyl disulfide (7). This result may be rationalized

in terms of a series of disulfide equilibration processes (Fia 26).
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Figure 26,

CH3CH2-S
CH3CHy =S
1
1
A
| C
CH3CH2\
/S
CH3CH2
+ Ph-CH,S§° —>
———
<
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Ph-CHZ-S

Ph-CHz-S
2

L

-

ph-cnzs'

Ph—CHz\

-+ s

D

l

) 24 h-C Hz\

Ph-CH;

S

ph-CHz =5} 2
2

CHy =S,
7

+ CH,CH,S

CH

3 4+ Ph-CH,S™

2

Proposed mechanism for the desulfurization

of Benzyl Ethyl Disulfide (23).

|
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A reversable ionic scission of the disulfide bond may occur

in the two ways illustrated; recombination of the ions so formed
would afford the two symmetrical disulfides. However, the
formation of 2 and 7 occurs at ; much faster rate than does
desulfurization. If this were not so, substantial amounts of
diethyl sulfide and benzyl ethyl sulfide should be formed during
the reaction., It has been demonstrated by Dalman that the
equilibration of disulfides by mercaptides (B or C for example)
occurs very rapidly (164), That a similar process may be oper-
ative in these desulfurizations was demonstrated in that the

reaction of benzyl mercaptide with a mixture of tolyl disulfide (28)

+ Ph-CH,§ Na

(Et,N) ;P-S-CH,~Ph <+ CH3-Ph-5), > CH3-Ph-S-S-CH,-Ph
BF, 28 + Ph-CH,S,CH,-Ph
109 X=1,2

and tris(diethylamino)benzylthio—phosphonium fluoroborate (109)

afforded benzyl tolyl disulfide as a major reaction product.

Hence, the disulfide may effectively compete with a phosphonium

salt for the mercaptide ion. Thus, all the equilibria processes

outlined in Figure 26 may occur in the desulfurization of disul=-

fides. Since the reaction of 7 with the aminophosphine does

not take place to a significant extent under conditions (25°, 18 hr)

in which the desulfurization of 2 ( and 23) is complete (see

Table II, p, 23), the products which would be expected in this

reaction are the disulfide 7 and benzyl sulfide 3. These are

the products which were observed in the desulfurization experiment.
A similar explanation would account for the products observed

in the desulfurization of the peptide 43 (p. 39), The equilibria
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z2-Cy-Gly-OEt
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S-P (NEtp) 3
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l
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S

|
Z2-Cy=-Gly-OEt

Figure 27. A mechanistic scheme for the desulfurization of
Ethyl N,N'-~-dicarbobenzoxy-O-methyl-L-cystinyl-
glycinate (43).
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which are implicated in this desulfurization are illustrated
in Fig. 27,

Thiolsulfonates and Thiolsulfinates

A major test of a proposed reaction mechanism is in its
ability to anticipate the outcome of other analogous reactions.
The mechanism which has been forwarded for the desulfurization

of disulfides may be summarized: a highly polarizable sulfur-

sulfur bond is cleaved by nucleophilic attack of a phosphine

on one of the sulfur atoms with a concomitant displacement of

R' R!
e N N [ +_' copt - 1 _qopt
R3P + S-S-R — R3P S S-R ——} R3P S 4+ R'=S-R

a relatively acidic anion., The phosphonium salt which is

thereby generated decomposes to products via an Sn2_type dis-

placement of phosphine sulfide by this anion, This mechanism

would suggest that other sulfenyl compounds which possess a
highly polarizable S-X bond and a good potential anion (X7)
be subject to such a desulfurization. Thus, this reaction may
be generalized:

R=S=X-R' 4 (EtZN)3P —> R-X-R' <4 (EtzN)3P=S

X=s, s, NR",, SO, S0,, SS0,, O,

2'
Several of these sulfenyl derivatives have been subjected to

the desulfurization reaction. Sulfenimides readily lose a

sulfur atom to the aminophosphine (165). This reaction provides an

0] Q

R=S5=N + (Me;N);p ——) R-N + (MeyN) ;3P=S

s) 8]
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alternate route to N-alkyl phthalimides, important intermediates
.in the Gabriel systhesis of primary amines (166),

Trisulfides have been shown by Harpp and Ash (167, 168)to
undergo desulfurization much more readily than the correspond-
ing disulfides, It has further been demonstrated (168) that,

while diphenyl trisulfide (l11) loses the central sulfur atom,

Ph-CHy-5->°$-S-CH,~Ph + (Et,N) ;b ——> Ph-CH,-5->°5-CH,-Ph + 4
110 L
35 35
Ph-5-°°S-S-Ph 4 (Et,N) 3 ——3 Ph-S-S5-Ph - (Et,N)sP==""5

111 2

dibenzyl trisulfide (110) loses a terminal sulfur atom, This
mechanistic dichotomy is not fully understood (167, 168),

The desulfurization of thiolsulfinates (R-S-SO-R) has not
been studied extensively., That such compounds may be desul=-
furized by aminophosphines, however, was demonstrated in that

5H,8H~dibenzo [d,£]-1,2-dithiepine-l-oxide (112) afforded the

00 ey GO

= v
- s
s %b So
112 113

corresponding sulfoxide (113) in 65% vield on treatment with
aminophosphine 1. It has been reported by Carson and Wong (169)
that thiolsulfinates do not undergo desulfurization with tri-

phenylphosphine, but rather are reduced to disulfides in high
0
R-S-S-R + PhsP ——— R-S-S-R + Ph;P=0
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yield. Further work in this area is anticipated.
Thiolsulfonates have been reported to undergo deoxygenation

with triphenylphosphine (170) or desulfurization with trialkyl

o)
il
R-8-S-R + 2 PhyP ————> R-S-S-R 4+ 2 Ph3P=0
i .
0 0 s-r'
I , I I+
R-S-S=R' + (R"0),p ——> R-S + R"0-P-OR"
3 o= Yor*

0 i“a-R’
i
R=-S-0-R" <+ O=P=(OR" ) 2

phosphites (171)., In this latter case, the sulfinate anion
which is formed,may react through oxygen to afford sulfinate
esters or through sulfur to afford sulfones, However, only
products resultinag from O-alkylation in an Arbuzov rearrange=~
ment are observed., While the Arbuzov rearangement would not be
possible for aminophosphines, both O and S substitution pro-
ducts are possible,

A variety of thiolsulfonates were prepared and subjected
to the desulfurization reaction. In most of the reactions,
investigated, sulfone was the only product observed (Table XVIII).
For example, methyl methanethiolsulfonate (114) and benzyl
toluenethiolsulfonate (116) afforded dimethyl sulfone (115) and

0 O

CH3—§-S-CH3 + 1 —> CH3-§-CH3 + 4

o) 0
114 115

DD A D

O=mn=0
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TABLE XVIII
0
Ti Ethexr % (l?
R-ﬁ-—S-R' + (Et;N) 4P —°—> R-'lo';-R' + R-S-0-R' + (Et,N) 3P=S
o) 25 o)

Product Composition?

R R? 9 il
R-S-R* R-S-0-R'
o
114 CH3- -CH, 100 0
118 C,Hg- —C,H, 66 33
121 @Cﬂz' -CHZ-Q 100 0

122 CHq4 —CH, 66 33

H 61 39

20  CH4

124 CHq

Ahd o
5

a) Product composition expressed as the sulfone / sulfinate
ester ratio of the crude product mixture, In all cases, unless
otherwise noted, isolated yields were better than 60%.

b) No products were isolated,
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tolyl benzyl sulfone (117) in 80% and 70% yield respectively,

- In both reactions, the absence of sulfinate ester (R=-S(0)-0-R)
was demonstrated by vpc., In a few cases, sulfinate esters

were observed as minor byproducts (10%-30%) of the desulfur-
ization reaction. For example, ethyl ethanethiolsulfonate

(118) afforded both diethyl sulfone (119) (50%) and ethyl ethane-

sulfinate (120) (15%) on reaction with l. The results of these

o) 0 o)

1 1 1]
CH3CH2—%-S-CH2CH3-+ 1l CH3CH2-ﬁ-CH2CH3 + CH3CHZ-S-O-CH2CH3 + 4
0] 0]
118 119, 50% 20, 15%

desulfurization reactions are summarized in Table XVIII, In all
cases, isolated yields were in excess of 65%; where onlyv one
product was formed, the absence of sulfinate was demonstrated
by vpc analysis of the reaction mixture.

The formation of both sulfone and sulfinate ester during
desulfurization is indicative of the formation of the ambident

sulfinate anion., The negative charge of this anion would be

e + 8
R-S CH,-S=-P(NEt,)3] —> R-S-0-CH,R'
0] N - [ 2 ’-2
I ' 7 $ 0" R _
R-S-5-CH,-R' + P(NEt,) , o o
“Rg- CH S"I;(NEt) —-)R'S'CH R'
i 2 2)3 w2

expected to reside largely on the more electronegative oxygen
atom, It is not uncommon, however, for ambident anions to react
through the less electronegative site in bimolecular Sy2 reac-

tions (149). Meek and Fowler (172) have demonstrated that O
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and S alkylation of the ambident p-ﬁoluenesulfinate anion is
-very sensitive to the structure of the alkylating agent, It
is not possible, however, to make any definite conclusions as
to the sulfinate/sulfone ratio since sulfinate esters were
observed in only three reactions.

The reaction of diaryl thiolsulfonates are of special interest
since neither sulfone nor sulfinate ester may be formed. When
the phosphine 1 was added to an ethéreal solution of tolyl
p~-toluenethiolsulfonate, a 1l:1 thiolsulfonate-phosphine adduct
(125) separated out of the reaction as a viscous, hygroscopic

0il, The 60 MHz nmr spectrum of this oil exhibited a singlet

NEt)

CH3© -@-CH3 + (Et,N) P ——> CHy -@-S-P-NEt
NEt2

) CH_- -
e
s - @-s-w Y

31
P§=-61.9
S0

and a doublet (JPH=:2.5 Hz) for the n-tolyl methyl resonances.
The doublet results from 7-bond long range coupling with the
phosphorus nucleus. Such a coupling has been observed in the
spectrum of tri-p-tolylphosphotrithiocate (30) and for several
other phosphines, phosphine oxides and phosphonium salts (95).
The phosphonium salt structure of this adduct was confirmed

by 31? nmr spectroscopy in that adduct 125 exhibited a resonance

at -61.9 ppm relative to H3PO4, consistent with that observed
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for other phosphonium salts (see Table 1IV).

Cyclic thiolsulfonates were subjected tc this desulfuriza-
tion reaction, Here, however, sulfinate esters and not sulfones
were the major reaction products (173). Thus, addition of the
aminophosphine 1 to a benzene solution of 1,2-dithiolan~—1,1-
dioxide (126) effected an exothermic reaction which on chroma-

tographic workup, provided l,2-oxathiolan-2-oxide (127) in 92%

0
2
5% 4+ P(NEty)y; — 5=0 + S=P(NEt,),
/o /
S o)
126 1 127 4

yield.
gimilarly, the reaction of l,2—dithian-l,l-dioxide (128)

with 1 afforded a mixture consisting of 10% tetrahydrothiophene-

7 0

S=0 s?

|  + (Et,N)gp — > |+ \ +S=P(NEt,)

8 2V'3 o 2’3

S
AN
00

28 29 130

e — a—

1,1-dioxide (130) and 90% l,2—oxathian—2—oxide (129). This
alicyclic sulfinate ester was subsequently isolated in 62% yield.
proof of structure of sulfinates 127 and 129 obtained from
their ready oxidation by permanganate to the corresponding
sultones. The presence of a strong infrared band at 1120 cm_l

(-0=-50-) further confirmed the presence of the sulfinate ester
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grouping. In addition, the nmr and mass spectra of 127 and
129 were consistent with the nroposed structuvres., The nmr
spectrum of 129 was of special interest; it will be discussed
later,

Whereas cyclic sulfonic acid esters, sultones, have been
studied extensively, cvclic sulfinate esters have remained
relatively unknown. Thev have been synthesized via thermal
isomerization of thietane dioxides at 300°-400° (174), controlled
chlorine oxidation of mercapto-alcohols (174a) and the action
of thionvl chloride on 3-butene-l-ols (175)., In all cases,
the esters so prepared were highly substituted; the parent mem-
bers, 127 and 129, of these heterocycles were unknown. Thus,
this method appears to be a general approach to the synthesis
of these novel heterocvcles under exceptionally mild conditions.

The formation of both sulfone 130 and sulfinate 129
during desulfurization of 128 would indicate that the reaction
proceeds via an ionic intermediate of the type 131. Such a
phosphonium salt was observaktle in the 31P nmr, Thus, when
equimolar amounts of thiolsulfonate 128 and 1 were mixed in an
nmr tube, an oil appeared immediatelv. This oil exhibited a

s+
P (NEty);

4+ (Et,N)p —>

7 -0
A 1 ?{: 131
00 o
31
128 P &=-62.1 ppm
_> o + (Et,N)3P=S
s 4
S 2

31? §=-79.,5
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resonance at -62.1 ppm (relative to'H3PQ4), consistent with a
.phosphonium salt structure. This signal slowly ( 5 min.) dis-
appeared and was replaced by a new resonance at -79.5 ppnm,
consistent with that observed for the aminophosphine sulfide 4,
-78.6 ppm (50% benzene solution) (lit. =77.8 ppm (176)). Thus,
it may be concluded that a phosphonium salt of the type 131 is

formed as an intermediate in this reaction. The preferred

(CHy) n/\s//o
! (CH) T\
- S=0
—

s
+
\P(NEt2)3 127, n=1
13la 129, n =2
(cnzﬁ\,/o -
SN B OERN P ——
S 1
126, n =1 (Cﬂz,n/\ 40
-8
28, n=2 o (Cﬂz)n—]
—H
S= 0
s :
\P(NEt )
2°3 130, n=2
131b —

formation of sulfinate may reflect the effect of ring size on
the course of reaction.

Conformational Preferences of the S=0 Group in Cyclic Systems,

The conformational preferences for substituents on cyclo-
hexane ring systems are well studied (178). However, when

heterocatoms containing non-bonded lone-pair electrons are
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present, conformational preferences.may'be altered considerably
(179). It has been predicted that in the case of thianel-

oxide 132, there should exist a slight preference (0.5 kcal) for

an axial oxygen (180), It has been demonstrated by low
temperature nmr that there exists a very small energy difference
(0.17 kcal) between the two conformations, although it is
not clear which isomer is, in fact, preferred (181).

Whereas the conformational isomers of 132 may only be
observed at -70° in the nmr (181), propylene sulfite (133)
exists at room temperature only as the isomer in which the 5=0

oxygen is axial (182); the conformational energy of this

0
Lo AHN\\?O
0

33 O 134

system has been estimated at 3.75 kcal/mole (183)., This strong
preference for a sulfoxide oxvgen to take an axial position is
also observed for 1,2,3-oxathiazine-2-oxide (134) (184). These
observations are surprising since one would expect that the
conformational energy of 133 and 134 should be less than 132 and
not greater. The substitution of a heteroatom for a methylene
group in cyclohexane should lower the barrier to chair-chair
interconversion by reducing 1-2 rotational interactions (185).

Moreover, Eliel (179a) has demonstrated that sulfur (and
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presumably oxygen as well) with its lone pairs has a smaller
space requirement than a methylene group. No satisfactory
explanation has been advanced for this unusual, high
conformational preference, It was felt that further insight
might be gained by an analysis of other similar heterocycles,
Simple syntheses of some missing members of this series,
l,2~-dithiane-l,l=-dioxide (128), 1,2-oxathian-2-oxide (129),
its thio analog, 1,2-dithian-l-oxide (135), and 1,2-oxathian-
2,2-dioxide (136), have been developed (173) and a detailed

analysis has been undertaken of the nmr spectra of these

H,0, O (Et;N) 3P (\‘
QH HOAC S - .0

SH SY 3
H,O0 O O H,0 6
2%/ HOAC 128 2% voac 129
.S _0
z o”S‘\o
135 136

compounds to further investigate this conformational preference,
The low temperature nmr spectra of both sultone 136 and

thiosultone 128 indicated that these compounds are undergoing

very rapid chair-chair interconversion as low as -90° This was

evidenced by the observation of triplets at 5,507 and 6.877

(F=5 and 5,5 Hz,) for 136 and 3.027 and 6.857 (J=2.0 and 3.5 Hz.)

for 128 in spectra which were invarient over the temperature

range of -90° to +30°C, In contrast, the conformational isomers
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98
of thian-l,l-dioxide 98 are observable at -60° (181), The
second heteroatom, as expected, significantly lowers the barrier
to chair-chair interconversion.

The spectrum of 1,2-dithian-l-oxide (135) (Fig. 28) was
extremely complex; however, irradiation of the high field
multiplet caused the collapse of the low field lines to two
AB quar tets thus indicating the non-equivalence of the pairs
of protons « to the S and S=0 groups. While it was not possible
to definitively assign the conformation of the S=0 bond
in this molecule, clearly, this ring is not undergoing inter-
conversion,

The nmr (100 MHz,) spectrum of 1,2-oxathian-2-oxide (129)
(Fig. 29) was interpretable only in terms of a single confor-
mational isomer., The multiplet at 5.587T may be assigned to
the axial proton H,; adjacent to the ring oxygen on the basis
of the observed 11,5 Hz. coupling which is consistent with a
trans~-diaxial coﬁpling to the adjacent protons (186). The multiplet
at 6.287T was assigned to the corresponding equatorial proton H,.
This assignment was confirmed by double resonance. Similarly,
the multiplet at 7.137 was assigned to the axial proton Hj.

This interpretation has placed both axial protons F; and

H

3 to low field relative to their equatorial counter..rts H,
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and Hy. 1In alicyclic systenms, axiai protons are normally

" displaced to high field relative to equatorial protons (187).
Previous studies have shown that protons in a 1,3 diaxial
relationship to a sulfinyl oxygen experience a deshielding
effect (188,189,190,191,192), the so-called syn=axial effect'
(191,189¢c) due to a proximity effect (191,193) and/or an
acetylene-like anisotropy (191,192,194) of the S=0 bond.
Thus, the deshielding of Hy relatiﬁe to H, would imply that
Hy is in a 1,3 cis-diaxial relationship to the S=0 bond as

illustrated below, In addition, the deshielding of proton

H3

H
H, o\,|5|<D 4
Hy 0

129a

H3 relative to H4 is consistent with that observed for other

sulfoxide systems (195)., This deshielding of H3 relative to

Hy is not, however, consistent with the assumed acetylenic

anisotropy of the S=0 bond (192) (vide infra.).

Since the nmr spectra of both 129 and 135 are unchanged
over a wide temperature range (-90° to +150°), it may be
concluded that both these compounds are conformationally pure,
Thus, 129 (and presumably 135) adopt the same axial sulfoxide
conformation as do the sulfites. Since only one isomer is
observed at room temperature for sulfite 133, the oxides of

l,2-oxathiane 129 , 1,2,3-oxathiazine 134, and 1,2-dithiane 135
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under conditions where less than 5%.of the minor isomer would
" be detectable, a conformational barrier in excess of 2 kcal/mole
exists for these compounds. This is more than 1.8 kecal greater
than the barrier observed for.éulfoxide 132,

This strong preference for an axial S=0 configuration
may result from a dipolar interaction analogous to the anomeric
effect observed in carbohydrate systems (196), The conformation
in which the S=0 bond is in an equétorial position possesses
an unfavorable dipolar arrangement, since the net dipole resulting
from the non-bonded lone pair electrons of oxygen is nearly

parallel to that of the S=0 bond. This unfavorable arrangement

o)
N o /?ﬁﬁg

29, X=0

135, X=s

v

is relieved with the S=0 bond adopting an axial configuration,
Such a dipolar effect has been used to explain the conformational
preference (0,5 kcal) of the trans diaxial conformation of
trans-1,2-dibromocyclohexane over the corresponding diequatorial
isomer (197), For methyl glycosides, the dipolar or anomeric
effect is approximately 1.5 kcal (198); for a highly polar group
such as a sulfoxide, this effect should be even greater.

A similar argument may be advanced for the conformational
preference of an axial S=0 bond in the sulfite 133, and the
oxathiazine oxide 134. Thus, in all of these cases (133, 134,

126, 135), the sulfoxide bond is adjacent to at least one
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133, X=Y=0
134, X=0, Y=NH

heteroatom bearing lone pair electrons and therefore should
experience an electrostatic dipole repulsion when the S=0
bond is in an equatorial conformation.

Anisotropy of the S=0 Bond.

The unusual 1,3-diaxial deshielding effect of an S=0 bond
has been attributed to an acetylene-like anisotropy of the
S=0 bond (189a, 191, 192). While the deshielding effect is
well established (188,189'190,191,192), the validity of the
acetylene-like anisotropy approximation may be questioned,
For a bond which electronically exhibits cylindrical symmetry
about the bond axis, the McConnell point dipole approximation
(199) (eg. 13) may be used to calculate the sign and magnitude
of the nuclear screening of a proton in a given spatial position

by a sulfoxide group where R=the distance between the proton

2

39

oo=AX (

under consideration and the electrical center of gravity of

the anisotropic bondl®, @ =the angle between the direction of

16The electrical center of gravity of the S=0 bond is
assumed to be the midpoint of the bond (192).
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R and the symmetry axis of the anisotrobic bond, and AX=a
.constant characteristic of the bond under consideration.,

This approximation has been used to explain the 1,3 syn-axial
deshielding in sulfites (192) and sulfoxides (194). Utilizing
the chemical shift difference of one of the pairs of protons of
the molecule to calculate the required constant AX should allow
the prediction of the effect of this anisotropy at any other
point in the molecule., Using the appropriate parameters for
protons H; and H,, the anisotropy constant AX was calculated
for the S=0 bond in 1,2-oxathian-2-oxide 129a to be

-22.6 x 10730 cidmolecule™., This value is in good agreement
with that calculated for an S=0O bond in sulfites((192) and

for acetylenes (194).

However, using this constant to calculate the effect of
this acetylene-like anisotropy on the chemical shifts
of protons H; and H, results in the prediction that
the signal for H4 should occur 0.66 ppm upfield from H4.
Such is not the case; the resonance for H@is 0.4 ppm downfield
from Hy, Clearly, the acetylene approximation for the an
S=0 bond anisotropy is inadequate., The shift difference of
-0.4 ppm is much closer to that which would be expected if the
S=0 bond anisotropy resembled a carbonyl bond and not an
acetylene bond, an assumption for which there is some precedent
(195) . Thus, it is felt that this syn-axial effect is a
proximity effect, while, at least for these molecules, the

anisotropy of the S=0 bond more resembles that of a carbonyl

bond.
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CONCLUSIONS AND CLAIMS TO ORIGINAL WORK

Thus, it has been demonstrated that tris(diethylamino)
phosphine (as well as other aminophosphines) feacts with a
wide variety of organic disulfides to afford the correspond-
ing thioethers in high yield . This reaction was shown to
be compatible with a wide variety of commonly encountered
functional groups, and, in large part, free of side reactions,
The reaction was demonstrated tc be applicable to the desul-
furization of alkyl, aralkyl and cyclic disulfides and thus
provides a new general approach to the synthesis of organic
thioethers., This reaction has a particularly noteworthy
application in the synthesis of thioethers analogous to nat-
urally occurring amino acid and peptide disulfides,

The desulfurization reaction was shown to be a general
reaction applicable to a wide variety of organic sulfur com-
pounds including sulfenate esters, sulfenimides, tri- and
polysulfides, thiolsulfinates and thiolsulfonates, In the
latter case, cyclic thiolsulfonates react with aminophosphines
to afford cyclic sulfinate esters. This reaction provides
a new general approach to the synthesis of these novel hetero-
cycles, The conformational preference of an S=0 bond for an
axial configuration was discussed in terms of an electrostatic
dipolar repulsion between the polar S=0 bond and adjacent non-

bonded lone vair electrons.




147

All of the desulfurization reactions investigated were found

to proceed via a common intermediate phosphonium salt. Although
this intermediate was never isolated and characterized, it was
observed by 3 P nmr in several experiments. For disulfides,

the formation of this intermediate by nucleophilic scission

of the polarizable sulfur-sulfur bond by the aminophosphine

was shown to be rate limiting., This salt decomposes in an

Sy2 process to afford products, The stereochemistry of the
reaction involves inversion of configuration at one of the
carbon atoms & to the disulfide group.

Several findings encountered during the course of this
investigation are worthy of special note. N-Bromosuccinimide
was found to be an excellent reagent for the « bromination of
acid halides., This process was found to be applicable to a
wide variety of primary and secondary acids as well as diacids
(see Appendix III for details of this reaction) and is there-
fore a new competitive general method for the synthesis of
o« bromo acid derivatives.,

The use of iodine/triethylamine in a new modified pro-
cedure for the oxidation of propan-l1,3-dithiols was found to
be an excellent method of preparing 1,2-dithiolanes in high
yield with minimal polymerization.

The mass spectra of a variety of sulfides and disulfides
were compared and the difference interpreted in terms of the
differences in electron donor ability between these groupings

as well as the stability of the various sulfur radicals,
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EXPERIMENTAL

Common intermediates were obtained from commercial sources
and were purified as necessary. Melting points were obtained
on a Gallenkamp melting point apparatus and are corrected,

Infrared swectra were recorded on a Perkin-Elmer Infracord
(Model 137) Spectrophotometer or a Perkin-Elmer Model 257 or
Model 337 Grating Infrared Spectrophotometer, Spectra were
calibrated with the 1602 cm™! band of a polystyrene film
reference, Refractive indices were measured on a Carl Zeiss
28241 Refractometer at 25%, A Unicam SP-800 ultraviolet
spectrophotometer was used for routine spectra., For kinetic
measurements, a Coleman 124 spectrophotometer equipped with a
Coleman 165 recorder and a Neslab Constant Temperature Régulator
was employed,

Nuclear magnetic resonance (nmr)spectra'were recorded on
Varian Associates A-60, HA-100 or T-60 spectrophotometers;
31? nmr spectra were measured bv Professor D.F,R, Gilson
on a Varian Associates DP-60 spectrophotometer at an oscilator
frequency of 19.3 MHz, All proton spectra are reported in
tau (T) units relative to tetramethylsilane (TMS); 31p spectra
were measured relative to 85% phosphoric acid. Abbreviations
used in reporting of nmr spectra are: s, singlet; d, doublet;
t, triplet; g, cquartet; m, multiplet; b, broad; sh, shoulder.

Mass spectra were recorded on an AEI-MS-902 Mass Spectro-
meter equipped with a direct insertion probe., Spectra are

reported in order of decreasing intensity,
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Gas chromatographic (vpc) analyses were performed on an
- F & M Model 5750 Research Chromatograph equinped with a
Perkin=-Elmer Model 194B Printing Integrator., Three 6' x 1/8"
stainless steel columns were used: 10% diethylene alycol
succinate on Chromasorb W/AW-MCDS (LAC column), 10% silicone
gum rubber UCC-W98 on Diatoport-S (UC-W98 column), and 10%
Apiezon-L on Chromasorb ¥W/AW-MCDS (Apiezon-L column), The
LAC column was used extensively for kinetic experiments as was
a Bronwill Thermomix constant temperature circulator,

Organic microanalyses were performed by Scandanavian
Microanalvtical Laboratories, Herlev, Denmark, and Organic

Microanalyses (Dr, C., Daessle), Montreal, Canada,

Tris(diethylamino) phosphine (]l) The proceedure used was a

modification of the method of Mark (70), Thus, a solution of
43,0 g (3.4 rmol) of pvhosphorus trichloride in 3 1 of anhydrous
ether was flushed with nitrogen and cooled to 10°; 150 g (2.06
mmol) of diethylamine was added dropwise with vigorous stirring
over 2 hours. The resulting suspension was stirred overnight,
then refluxed for 0,5 hour, After cooling, the mixture was
filtered and the filtrate evaporated to dryness, The residue

was dissolved in 200 ml of hexane, treated with charcoal, and

the hexane removed in vacuum, The resulting oil was fractionated

in vacuum to afford 50.2 g (65%) of (1), bp (0.5 mm) 80-84°;

n25 1.469 (lit. n3° 1.465 (72)).
Benzyl Disulfide L%L (Fisher Scientific Co, Ltd.) was recryst-

alized from ethanol; mp 71-72° (lit, mp 71.5°(200)).
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Amyl disulfide (3). was prepared by the procedure of Miller

35 1.485 (lit. ngo 1.488 (201)).

. (201); n

Ethyl disulfide (7), i-Propyl disulfide (8) and t-Butyl disulifde(9)

(Aldrich Chem, Co.,Inc,) were redistilled before use.

Dicarbomethoxymethyl disulfide (14). To a solution of 25,0 g

(99 mmol) of iodine and 50,0 g (336 mmol) of sodium iodide in

200 ml of water was added slowly 20,0 ¢ (194 mmol) of carbomethoxv-
methanethiol, After stirring for 1 hour, the mixture was
decolorized with sodium thiosulfate and extracted with chloroform,
The extract was washed well with water, dried and the solvent
removed in vacuum to afford a colorless o0il, Distillation in
vacuum yielded 10.5 g (53%) of 14, bo (0,5 mm) 104-106°;

-1

ir (£ilm) 1730 em™ (c=0); n2> 1.512 (lit. n35 1.511 (202)).

@-D-Glucopyranosyl disulfide octa-O-acetate (25) was prepared

in 82% vield from sodium l-thio-@-D-glucosé-by the proceedure

of Youngs and Perlin (203); mp 143-144° (1it, mp 145-146° (203)),

p-Tolyl disulfide (28) was prepared from 12.4 g (100 mmol)

of p-toluenethiol and 19.5 g (250 mmol) of dimethyl sulfoxide
according to the method described by Wallace (78); mp 46-48°

(1it, mp 46°(204)).

Bis~N,N'-dimethylaminophenyl disulfide (27). To a solution

of 3,0 g (25 mmol) of p-amirothiophenol in 10 ml of methanol
was added 3.1 g (12,4 mmol) of iodine, After stirring 10 minutes,

the mixture was diluted with water, neutralized with sodium

The generous gift of this compound from Prof. A.S. Perlin
is gratefully acknowledged,
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carbonate and extracted with ether. The ether extract was

dried and the solvent removed in vacuum, The residue was
dissolved in 20 ml of N,N-dimethylformamide and 20 ml of

ethanol and 8.0 g (57 mmol) of methyl iodide was added. After
refluxing the mixture for three hours, 200 ml of water was

added, the mixture neutralized with sodium carbonate and extracted
with ether, Evaporation of the ether in vacuum and crystal-
ization of the residue twice from ethanol afforded 0.7 g (10%)

of 27, mp 116-117°(lit. mp 118°(205)),

Di-2-benzothiazole disulfide (3l) (Baker Chemical Co.) was

recrystallized from benzene before use; mp 177-179° (1lit mp.180°

(206)) .,

Di-2-pyridyl disulfide (34). A solution of 6.6 g (60 mmol)

of 2-pyridinethiol in 50 ml of methanol was added to a solution
of 7.5 g (30 mmol) of iodine in 50 ml of methanol. The solution
was diluted with 500 ml of water. On neutralization with

sodium bicarbonate, the crude disulfide precipitated.

Crystallization of the crude material provided 4.5 g (68%) of

34 as colorless crystals, mp 60-62° (1it, mp 57-58%(207)) .

Alkyl p-toluenethiolsulfonates were prepared by the proceedure

described by Boldrvev (88)., A solution of equimolar guantities
of potassium p-toluenethiolsulfonate (208) and alkyl halide

in ethanol was refluxed 3-6 hours. The reaction was diluted
with water and extracted with chloroform, The extract was
dried and evaporated to dryness. The residue was crystallized
from ethanol or distilled as appropriate., The alkyl p-toluene-

thiolsulfonates so prepared are summarized in Table XIX.



152

TABLE XIX

PREPARATION OF ALKYL p-TOLUENETHIOLSULFONATES

0 0
[ fl
CH3-©-§-S' Na" 4+ R-Br — CH3-©-S-S-R 4+ NaBr
5 0
Thiolsulfonate R % Yield mp bp /mm

16 NOZ-@CHZ- 742 120-123° -

20 Br-@—CHZ- 790 84-85,5° -

116 @-cnz- 75 55-57° -

122 CH,~ 23 55-57° -

123 CH4CH, - 67 - 12570.5

124 CH3-©—CH2- 60° 53-54° -

a) Anal, Calcd, for Cy4H13NO4S5,: C,52.01; H, 4.05; N,4,34;
s, 19,82, Found: C, 52.14; H, 3.87; N, 4.27; S,19.85.

b) Anal, Calcd, for C14H;3Br0,5,: C, 47.06; H, 3.67; S, 17.95,
Found: C, 47.04; u, 3.76; s, 17,79,

C) Anal. CalCd. for C15H130282: C' 61.63; H' 5.51: S, 21.94.

Found: C, 61.,35; H, 5.,45; S, 21,77.
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Preparation of Unsymmetrical Disulfides via Thiolsulfonates.,

~ An ethanol solution of equimolar guantities of the regquisite

thiolsulfonate (vide supra) and thiol was refluxed for 4-6

hours. The disulfide crystallized upon cooling the reaction
mixture, The crude disulfide was collected by filtration and
recrystallized from ethanol or hexane to afford pure product.

The disulfides prepared by this method are summarized in Table

XX.

Benzyl ethyl disulfide (23). A solution of 0.10 mole of

thiocyanogen in 500 ml ether was prepared as described by
Hiskey (86). This solution was cooled to 0° and 12,4 g (0,10
mole) of K-toluenethiol in 200 ml of ether was added dropwise
over a period of 2 hours., A solution of 6,2 g (0.10 mole) of
ethanethiol in 200 ml of ether was then added slowly. After
stirring for 1 hour, the mixture was filtered and the filtrate
washed alternately with 100 ml of a 0.5% solution of sodium
bicarbonate and 100 ml of water until a negative ferric chloride
test for thiocyanic acid was obtained. The ether solution

was dried and the solvent removed in vacuum to afford an oil
which on distillation yielded 9.0 g (48%) of benzyl ethyl di-
sulfide (23) as a colorless oil, bp (0.3 mm) 70-74°; ngs 1,585

. 25
(lit. n

D 1,582 (209)).

Benzyl tolyl disulfide (l2) was prepared by the same method

described above for benzyl ethyl disulfide (23). Thus, 53 mmoles
of thiocvanogen, 5.4 g (42.5 mmol) of p~toluenethiol and 5.4 g

(42.5 mmol) of o{~toluenethiol afforded, after chromatographic



TABLE XX

UNSYMMETRICAL DISULFIDES PREPARED VIA THIOLSULFONATES

- S e=S= ‘. —_—> ~S=S-R"' 7
cn3®§sn + R-SH R-S-S-R' - CH3-©-S\

OH

Disulfide R R! $ Yield mp
12 cn34<::> -cn2~<jj> 74 34-36°
17 NOZ-O-Cﬁz- -CHZ-Q 352 53-54°
19 Br-@-CHz- -cn2-© 58P 54-55°

a) Anal. Caled. for Cp,H;3N0pS,: C, 57.71; H, 4.50; N, 4.81;
Found: C, 58,07; H, 4,43; N, 4.54; s, 21,90,

13BT5,3 ©, 51.66; H, 4.02; S, 19.71,

c, 51.64; H, 3.80; S, 19.90,

b) Anal., Caled, for C14H

s, 22.01.

Found:

14728
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workup (silica gel, 9:1 hexane-dichloromethane) and crystal -
-lization (methanol), 3.0 g (28%) of benzyl tolyl disulfide (12)

as colorless crystals, mp 36-37,5° (lit. mp 34-35° (210)).

Phenyl methyl disulfide (l0) (Aldrich Chem. Corp,.,) was redistilled

25
D

prior to use; bp (9 mm) 73-74%°;n 1.618 (lit. bp (7 mm) 96°;

25
n 1.161 (61)).

Desulfurization of beunzyl disulfide (2). A solution of 3,69 g

(15 mmol) of benzyl disulfide and 4,40 g (18 mmol) of tris(di-
ethylamino) phosphine (1) in 20 ml of dry benzene was refluxed
for 4 hours; the solvent was removed under vacuum and the res=-
idue chromatographed over a silica gel column, Elution with
an 8:2 hexane-chloroform mixture afforded a colorless oil which
crystallized on standing to yield 2.95 g (92%) of benzyl sulfide
(3) as colorless crystals, mp 50° (lit, mp 50° (211)), which
did not depress the melting point of an authentic sample and
was identical in all respects (ir, nmr, VPC (3 columns), tlc,
mp) to the authentic sulfide,

Further elution of the column with chloroform afforded
4.3 g (104%) of crude aminophosphine sulfide 4 which
was identical (vpc, ir) to an authentic sample prepared by the
procedure of Steube and Lankelma (134).

Desulfurization of 2 with the aminophosphine 1 at room
temperature for 18 hours afforded, after a similar isolation

procedure, an 85% yield of 3, mp 49-51°,

Desulfurization of Amyl disulfide (5). A solution of 2,08 g

(10 mmol) of diamyl disulfide (5) and 2.8 g (1l mmol) of 1 in
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5 ml of benzene was refluxed for 18 hours under nitrogen, The
' solvent was removed in vacuum and the residue distilled to

afford 1.0 g (58%) of diamyl sulfide (6), bp (0.5 mm) 74°;
25 '

D
in vpc retention time (UC-W98) to an authentic sample prepared

25 '
1.459 (1lit, nD 1.456 (212)). This product was identical

by the method described by Vogel (213).

Desulfurization of diethx} disulfide (7).

a) in benzene solution, A solution of 1,22 g (10 mmol) of

diethyl disulfide (7) and 2.75 g (11 mmol) of tris(diethylamino)
phosphine (1) in 5 ml of dry benzene was refluxed for 48 hours .
in a nitrogen atmosphere. Analysis (vpc) by peak height of

the reaction mixture indicated that 75% conversion of the phos~
phine 1 to phosphine sulfide 4 had occurred. No products were
isolated from the reaction.

b) in neat 1 at 80°, A mixture of 0.0483 g (0,396 mmol) of

diethyl disulfide, 0,0292 g (0.157 mmol) of diphenyl sulfide
(added as a standard) and 0.8161 g (3 .50 mmol) of tris(diethyl-
amino) phosphine 1 was heated under nitrogen for 22.5 hours at
80°. oOQuantitative vpc analysis (see Appendix I) indicated

that 0.307 mmol (78%) of tris(diethylamino)phosphine sulfide
(4) had been formed,

c) in neat 1 at 90°, isolation of diethyl sulfone, A mixture

of 1.2 ¢ (10 mmol) of 7 and 5.0 g (20 mmol) of 1l was heated
under nitrogen for 18 hours at 90°, Vpc analvsis showed the
reaction to be complete, The mixture was diluted with 50 ml

of a 7% solution of hydrogen peroxide in acetic acid., After
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stirring overnight, the mixture was' evaporated to dryness,

. neutralized with acueous sodium carbonate and the mixture re-
evaporated in dryness to afford a crystalline mass. This mat-
erial was extracted in a soxlet apparatus with benzene for 12
hours. The benzene extract was evaporated to dryness and the
residue crystallized from hexane to yield 200 mg (17%) of di-
ethyl sulfone as colorless crystals, mp 72-73° (lit, mp 73- 74°
(214)).

Desulfurization of i-propyl disulfide (8).

a) in benzene solution. In an identical experiment to that

described for diethyl disulfide (above), a 50% conversion of
the aminophosphine 1 to the phosphine sulfide 4 was observed
upon refluxing 1.50 g (10 mmol) of i-propyl disulfide (8) with
2.75 g (11 mmol) of 1 in 10 ml of benzene for 48 hours,

b) in neat 1 at 80°, A mixture of 0,0553 g (0.369 mmol) of

i-propyl disuifide, 0.0284 g (0.153 mmol) of diphenyl sulfide
(added as a standard), and 0,.,8161 g (3.50 mmol) of tris(diethyl-
amino) phosphine (1) was heated under nitrogen for 22.5 hours

at 80°, OQuantitative vpc analysis (Appendix I) indicated that
0.157 mmol (43%) of tris(diethylamino)phosphine sulfide (4)

had been formed.

Attempted desulfurization of t-butyl disulfide (9).

a) in benzene solution, A solution of 1.78 g (10 mmol) of

t-butyl disulfide (2) and 2,50 g (10 mmol) of tris(diethyl-
amino) phosphine (1) in 10 ml of benzene was refluxed under
nitrogen for 4 days. No phosphine sulfide 4 was formed during

this period as determined by vpc,
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b) in neat 1 at 80°. A mixture of 0,0699 g (0.393 mmol) of

-9, 0.0288 g (0,155 mmol) of diphenyl sulfide (added as a stan-
dard) and 0,8289 g (3.31 mmol) of 1l was heated under nitrogen
for 22,5 hours, No phosphine sulfide (4) was detected in the

reaction mixture,

Desulfurization of Methyl Phenyl Disulfide (L0) . A solution

of 4.72 g (30 rmol) of phenyl methyl disulfide (10) in 20 ml
benzene was cooled in an ice bath and 11.2 g (45 mmol) of
tris(diethylamino) phosphine (1) was slowly added, An exother-
mic reaction occurred and after 2 minutes at 10°, no disulfide
was detected on the gas chromatograph (Silicone rubber UC-W-98
at 150-200%). The solvent was removed under vacuum and the
residue fractionally distilled to yield 4.1 g (86%) of phenyl

25

25
methyl sulfide (11), bp (0.5 mm) 36-37°% n 1,582 (1lit, n

D
1.583 (215)), identical in the ir spectrum and vpc retention
time to an authentic sample of this sulfide, and a second
fraction, 7.5 g (70%) of tris(diethylamino)phosphine sulfide
(4), bp (0,5 mm) 123-125°, identical (ir) to an authentic

sample,

Desulfurization of Benzyl Tolyl Disulfide (12): To a solu-

tion of 3,75 g (15.2 mmol) of benzyl tolyl disulfide (12) in
10 ml of benzene was added slowly 4,29 g (17 mmol) of tris(di-
ethylamino)phosphine (1). When the exothermic reaction ceased
(about 5 minutes), the solvent was removed under vacuum and
the residue anplied to a silica gel column., Elution of the

column with a 8:2 hexane -chloroform mixture afforded a color-
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less oil which after crystallization from petroleum ether (bp
© 30-60%) provided 2.8 g (86%) of benzyl tolyl sulfide as white
crystals, mp 44,5-46° (lit. mp 46° (216)); nmr (CC14) 2,807

(s, 5H), 2.857 (q, 4H), 6.18T (s, 2H), 7.767 (s, 3H).

Dicarbomethoxymethyl Sulfide (14). To a solution of 4,20 g

(17.5 mmol) of di(carbomethoxymethyl)disulfide (14) in 10 ml

of dry benzene was added slowly 6.0 g (24,3 mmol) of tris(di-
ethylamino) phosphine., When the exothermic reaction was complete
(about 2 minutes), the solvent was removed in vacuum and the
residue distilled to afford 2,96 g (84%) of the sulfide 15,

bp (0.1 mm) 82-84°; nnr (CCl,) 6.24T (s, 3H), 6.627T (s, 2H),

ir (film) 1730 cm-l (-CO0-); which on oxidation with hydrogen
peroxide yielded a crystalline sulfone mp 111-112° (1lit. mp 114-
116°(217)),

Desulfurization of Benzyl p-Nitrobenzyl Disulfide (17) . A sol-

ution of 0,873 g (3,0 mmol) of benzyl p-nitrobenzyl disulfide
(17) in 5 ml of dry benzene containing 0,01 g (0.1 mmol) of
hydroguinone was treated with 0.750 g (3.0 mmol) of 1. Upon
addition of the phosphine, a blood-red color developed and

a precipit#te which formed immediately was obtained by filtra-
tion. Concentration of the filtrate and dilution with petro-
leum ether afforded more of this precipitate., Crystallization
of this material from acetone/ethanol yielded 300 mg (66%,
based on total conversion of iﬁ to 17) of di-p-nitrobenzyl

sulfide (18), mp 158-160° (lit, mp 159° (218)); nmr (CDC13/

C1,CCOCCl,) 1.78T (m, 2H), 2.50 T (m, 2H), 6,37 (s, 2H). The
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petroleum ether filtrate was concentrated in vacuum to afford
a crude oil. A tlc analysis of this residue indicated the

presence of rhosphine sulfide 4 and dibenzyl sulfide (3),.

Desulfurization of Benzvl p-Bromobenzyl Disulfide (20)

A) Preparation of Standards,

Benzyl p-Bromobenzvl Sulfide ZL) . A solution of 2,5 g (20

mmol) of &« -toluenethiol, 2,22 g (20 mmol) of triethylamine

and 5.0 g (20 mmol) of n-bromobenzyl bromide in 10 ml of ethanol
was refluxed for 0.5 hour, cooled, diluted with water, and
extracted with benzene. The benzene extract was evaporated

to dryness and the residue distilled in vacuum to afford 3.0 g
(53%) of 21, bo (0,007 mm) 130-132°; sulfone (H202/AcOH) mp
176-177° (lit., mp 174-176° (219)).

Di-p-bromobenzyl Sulfide (22). A solution of 2,50 g (10 mmol)

of n-bromobenzyl bromide and 1.25 g (5 mmol) of sodium sulfide
(nona-hydrate) in 20 ml of ethanol was refluxed for 6 hours,
poured into water, the crude vroduct filtered and recrvstallized
from ethanol to yield 1.7 g (80%) of 22, mp 59.5-61° (lit,

mp 58-59° (220)),

B) Desulfurization of 20, A solution of 0,3400 g (1.04 mmol)

of benzyl p-bromobenzyl disulfide (20), 0.2875 g (1.16 mmol)
of tris(diethylamino)phosphine (1) and 0.0121 ¢ (0.10 mmol)
of hydroguinone in 2.5 ml of dry benzene was refluxed under
nitrogen for 6 hours, To the reaction was added 0,0518 g
(0.278 mmol) of diphenyl sulfide (vpc standard) and the reac-
tion mixture was analyzed by gquantitative vpc (Apnendix I),

Four products were detected and their concentrations measured:
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tris(diethylamino)phosphine sulfide (i) (0,882 mmol, 85%),
benzyvl sulfide (3) (0.117 mmol, 11%), benzyl p-bromobenzyl
sulfide (21) (0.399 mmol, 39%) and di-p-bromobenzyl sulfide
(22) (0.228 mmol, 22%). The accuracy of these analyses was *2%

(see Apnendix I),.

Desulfurization of Benzyl Ethvl Disulfide (23). A solution

of 2,17 g (10 mmol) of benzyl ethyl disulfide (23) and 2.60 «
(11 mmol) of tris(diethylamino)phésphine (1) in 20 ml of ben-
zene was stirred at room temperature for 18 hours. The reac-
tion was monitored bv vrc (Apiezon-L); after 1 hour, 20% benzyl
disulfide (2) had formed. This material disappeared and after
18 hours, 4.5 mmol (90%) of benzyl sulfide (3) was present,
Also detected were diethyl disulfide (7) and trace amounts

of benzyl disulfide (2), benzyl ethyl disulfide (23) and benzyl
ethvl sulfide. All compounds were identified bv co?parison

with authentic samples,

Desulfurization of (3-D-glucopyranosyl Disulfide Octa-O-acetate(23)

A suspension of 100 mg (0,137 mmol) of @-D—glucopyranosyl
disulfide octa-O-acetate (25) in 5 ml of dry benzene was treated
with 45 mg (0.180 mmol) of tris(diethylamino)phosphine (1),

and the resulting solution refluxed 30 minutes, The solvent

was removed in vacuum and the residue washed several times

with hexane., The residue (80 mg, 84%,'ir identical to recrvstal-
lized product) was crystallized twice from methanol to yield

45 mg (47%) of A-D-glucopyranosyl-l-thio-f-D-glucopyranoside

octa-O-acetate (26) as white needles, mp 169-170° (1lit, mp 170°
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(92)); ir (KBr) 1740 cm-l (0~CO-); nmr (100 MHz) (cnc13) 4,03 71
{d, 1R, J=5.5 Hz), 4.85T(m, 6H), 5.60T(m, 6H), 6.207(m, 1H),
7.887(s, 3H), 7.8871(s, 3H), 7.,957(m, 12H), 7.987(s, 3H),
7.98T(s, 3H), mass spectrum (190°) (no parent ion observable)
m/e 43 (cHyco™), 332, 170,

Anal, Calcd, for C C, 48.41; H, 5,51. Found:

28113801 ¢5°¢
C, 48,01; H, 5.42.

Attempted Desulfurization of Di-p-tolyl Disulfide (28) .

A) In benzene solution, A solution of 2,14 g (8,7 mmol) of

di-tolyl disulfide (28) and 2,61 g (11 mmol) of tris(diethyl-
amino) phosphine (1) in 5 ml of dry benzene was refluxed for
12 hours in a nitrogen atmosphere. No new products were
detected (tlc, vpc) in the reaction mixture,

B) In neat phosphine 1 at 90°, A mixture of 2,46 g (10 mmol)

of ditolyl disulfide (28) and 3,5 g (14 mmol) of 1 was heated
for 18 hours at 90° in a nitrogen atmosphere, Although the
clear solution turned black after 3 hours, no new products

were detected by tlc and voc,

C) In neat phosphine at 140°, A mixture of 2,46 g (10 mmol)

of disulfide 28 and 3.5 g (14 mmol) of 1l was heated for 24

hours at 140° in a nitrogen atmosphere, The reaction mixture
was chromatographed over silica gel, Elution with 4:1 hexane-
chloroform afforded 0,5 g of a clear viscous o0il which partially
crystallized on standing., Trituration of part of this o0il with
methanol afforded a few milligrams of di-p-tolyl sulfide as

. -1
crystals, mp 54~57° (lit, mp 57° (221)) ir (XBr) 3010 cm ,
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1500, 810, 805, 485, 475, Evaporation of the methanol solution
-and crystallization from ethanol afforded 50 mg of tri-p-tolyl-
phosphotrithioate (30), mp 134-137° (lit. mp 138-140°(222)),

ir (KBr) 3010 cm-l

(rh), 1500 (rh), 1220 (»=0) 810 (Ph), 560,
550, 495; nmr (100 MHz)(CCl4) 2,787 (m, 4H), 7.64T (4, 3H,
Jop=2.5 Hz), This same material could be obtained by oxidation

(H202/AcOH) of the crude oil obtained by chromatography.

Desulfurization of Bis-N,N'-dimethylaminophenyl Disulfide (27).

A) With trivhenvlphosphine. A solution of 101 mg (0,33 mmol)

of bis-N,N'-direthylaminophenyl disulfide (27) and 100 mg

(0.33 mmol) of tripbenylphosphine in dry benzene (2 ml) was
refluxed for 96 hours, No new products were detected bv tlc,

and 86 mg (86%) of disulfide 27, mp 115-117°(lit, mp 118° (205)),
were recovered from the reaction by extraction with 5% hyvdro-
chloric acid solution and subsequent neutralization.

B) With tris(diethylamino)nhosvhine (]l). A solution of 50 mg

(0.16 mmol) of bis-N,N'-dimethylaminophenyl disulfide (27)
and 50 mg (0,20 mmol) of tris(diethylamino)phosphine (1) in
5 ml of benzene was refluxed for 8 hours. No new products
were detected by tlc and 40 mg (80%) of 27 was recovered un-

changed from the reaction.

Desulfurization of Di-2-benzothiazole Disulfide (31). A solution

of 3,32 g (10 mmol) of di-2-benzothiazole disulfide (31) and
3.0 g (12 mmol) of tris(diethylamino)phosphine (1) in 25 ml
of benzene was stirred at room temperature. A red oil formed

immediately on mixing 31 with 1. After refluxing 4 hours,



164

this red oil redissolved and phosphine sulfide 4 was detected
.on tlc, The solvent was removed in vacuum and the residue
chromatographed over silica gel, Elution with 9:1 ethyl acetate-
hexane afforded an oil which, on stirring with hexane, derosited
1.83 o (61%) of di-2-benzothiazole sulfide 32 as colorless
crvstals, mn 96-98 , which on crystallization from ethanol
afforded colorless needles, mn 97-98%, (lit. mn 99° (223));
ir (KBr) 1450 cm_l (C=N), 760 (aromatic), 700 (C-S): nmr(CDCl3)
1.9-2.87T (m); mass spec: parent ion m/e 300, fragments at 167,
108, 242, 69.

In a similar experiment, benzothiazole disulfide (372 mg,
1.0 mmol), tris(diethylamino)phosphine (1) (250 mg, 1.0 mmol)
and 0,5 ml of benzene were mixed in an nmr tube, The 31” nmr
spectrum exhibited a single resonance at -58,5 ppm (relative

to H PO4). The mixture was transferred to a 5 ml flask and

3
refluxed under nitrogen for 3 hours., Analysis (tlc) of the
r=action mixture indicated the presence of di-2-benzothiazole

sulfide 32 and tris (diethylamino)phosphine sulfide (4),

Attempted Desulfurization of Di-2-pyridyl Disulfide (34).

A solution of 0,222 g (1.0 mmol) of di-2-pyridyl disulfide
(34) and 0.30 g (1.2 mmol) of tris(diethylamino)phosphine (1)
in 5 ml of dry benzene was refluxed for 18 hours in a nitrogen
atmosphere., A yellow oil which formed immediately upon mixina
34 and 1 did not redissolve, This o0il reacted exothermically
with water; 2-mercaptopyridine was detected (tlc) as one of
the hvdrolvsis products,

To characterize this vellow oil, the reaction was reneated,
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Thus, 220 mg (1.0 mmol) of disulfide gi,and 0,25 g (1,0 mmol)
-of 1 were mixed with 0,5 ml of benzene in an nmr tube. A

vellow oil formed immediatelv, The 31? nmr spectrum of this
0il exhibited a strong signal at -60.4 ppm relative to phos~-

phoric . acid,.

N,N'-Bis(trifluoroacetvl)-L-cystine Dimethyl Ester (39).

A susvension of 4,50 g of cystine methyl ester hydrochloride

in 15 ml of trifluoroacetic acid was cooled to -5°C and 10 ml

of trifluoroacetic anhydride was added dropwise. The resulting
solution was stirred for one hour at =5°C, then one hour at
room temperature, The reaction mixture was poured over 200 ml
of ice/HZO and after stirring for ten minutes, filtered and

the crystalline product washed well with water, then dried in
vacuum to yield 6,2 g (95%) of white crystals, mp 152—154°;[§q gs

25
-183° (MeOH, c 2.5) (lit. mp 152-153“;[«-]D -194° (110)).

N,N'-Bis(trifluoroacetyl)-L-lanthionine Dimethyl Ester (40) .

To a suspension of 2,30 g (5,0 mmol) of 39 in 25 ml dry benzene
was added slowlv 1,40 g (5.5 mmol) of tris(diethylamino)nhos=-
phine., The resulting mixture was stirred under nitrogen for
ten minutes. The suspended amide slowly dissolved, then re-
precipitated as a gel., After addition of 50 ml of hexane the
resulting suspension could be filtered and the white crystals
were washed well with hexane to yield 2.07 g (96%) of white |
crvstals, mp 103-109°C,
After three recrystallizations from agueous methanol,

25
an analvtical sample was obtained, mp 117-118°%; E*]D -32.4°
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. -1 '
(re01, c 0.4); ir (KBr) 3300 cm (N-H) , 1760 (-COO-), 1705
" (CONH) .

Anal, Calcd. for C H,0 SF6; c, 33.,57; H, 3,30;

12714 276
N, 6.54; S, 7.49; F, 26.63. Found: C, 33,92; H, 2.91; N, 6.59;

s, 7.61; ®, 27,05,

L(+)-Lanthionine (36). A sclution of 1,290 a (3.0 mmol) of

bis(trifluoroacetyl)lanthionine methyl ester 40 in 15 ml of
dioxane was cooled to 0° in an ice bath and 27 ml cf 1.0N NaOH
was added slowly, After 0.5 hour at 59, the mixture was acid-
ified with 12 ml of 2N HCl, After adjusting the pH to 6.0,

the solvent was removed under vacuum, To the residue was added
15 ml of H,0 and the crystalline L-(4)-lanthionine was col-
lected bv filtration and dried in vacuum to yield 0.398 g (64%)
white crvstals, mp 295-296° dec; Ef];5-+9.4°(2.4N NaOH, c 1,4)
(1it. mo 295°dec; E&]is +8,4°(104)); the infrared spectrum

of this material was identical to that revorted for L-(+)-lan-

thionine (107).

N,N'-Dicarbobenzoxy-L-Lanthionine Diethyl ester (42). To a

suspension of 2,261 g (4.0 mmol) of N,N'-dicarbobenzoxycystine
diethvl ester2 in 10 ml of dry benzene was added slowly 1,20 g
(4.8 mmol) of tris(diethylamino)phosphine (l). An exothermic
reaction occurred and the neptide dissolved, After stirring
for one hour, the solvent was removed under vacuum and the
residue chromatoaraphed over silica gel. The phosphine sulfide

(1.09 g, 99%) was eluted with 9:1 hexane/ethyl acetate, followed

2 . . .
“The generous gift of this compound from Professor Richard
. Hiskev is gratefully acknowledged.
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by a small amount of impurities (0.05 g). Elution with 1:1

. hexang/éthyl acetate afforded a colorless oil which on stand-

ing crystallized to give 1,83 g (86%) of white crystals, mp

63-67°, which after three rccrystallizations from cyclohexane

afforded an analytical sample, mp 67-68°; E‘]ES -15.9 (MeOH,

¢ 1.1); ir (KBr) 3320 cm t (N-H), 1750 (-COO-), 1690 (-O0=-CO-NH).

The infrared spectrum of the analytical sample was identical

to the crude (mp 63-67°) crystals obtained from the column.
Anal, Calecd. for C, H _N,0,S: C, 58.62; H, 6,06; N, 5.26

26 32278
S, 6.02 Found: C, 58,68; H, 6.20; N, 5.37; S, 6.22,

Reaction of Ethyl N,N'-dicarbobenzoxy-O-methyl —L~— Cystinyl-

glycinate (43). A suspension of 131 mg (0.22 mmol) of 43

and 100 mg (0,4 mmol) of ohosphine 1 in 100 ml of anhydrous
ether was stirred for 2 hours, during which time the texture
of the suspension changed, Filtration afforded a white
crystalline material, 60 mg (82% based on complete conversion
of 43 to 44, mp 165-170°, which was identical (mp, ir, nmr)
to authentic disulfidez 44. The tlc of the filtrate of 44
showed the presence of tris(diethylamino)phosphine sulfide 4

and sulfide 45, both identified by comparison with authentic

samples,

Esterification of N-Carbobenzoxy-2-aminocdiethyl Disulfide-2'-

Carboxylic Acid (46).

A) Methanolic Hydrochloric Acid; Preparation of N,N'-dicarbo-




168

benzoxy=-2,2'~diamino-diethyl Disulfide .(37). To a suspension

of 3.5 g (15 mmol) of gg? in 25 ml of methanol was added 10
drops of thionyl chloride., After standing at 25° for 24 hours,
the methanol was removed in vacuum and the residue crystallized
from methanol to afford 1,5 g (65%) of N,N'-dicarbobenzoxy-2,2"'-
diamino-diethyl disulfide 37 as colorless plates, mp 125-126°;

ir (KBr) 3170 cm~}

(NH), 1690 (0-CO=N); nmr (CDC13) 2,657 (s,
5H, aromatic), 4.87 (b, 1H, NH), 4.887 (s, 2H), 6.507 (m, 2H),
7.227T (m, 2H); mass spectrum: parent ion m/e 328, fragments
at 91, 178,

Anal, Calcd, for C20H24N20452: C, 57.21; H, 5,78; N, 6.64;
S, 15.25, Found: C, 56,99; H, 5.87; N, 6.58; S, 14.98.

B) Methanol/Dicyclohexylcarbodiimide, To a solution of 1,0 g

(5 mmol) of dicyclohexylcarbodiimide in 10 ml of methanol was
added 1.6 g (5 mmol) of 52?. After stirring for 15 minutes,
the mixture was filtered and the methanol removed in vacuum,
Dilution of the resulting oil with ether afforded 300 mg of

a crystalline product, mp 210-220° which was not further
characterized,

C) rhosphorus Trichloride/Methanol; N-carbobenzoxy-2-amino=-

2'-carbomethoxy-diethyl disulfide (48). A solution of 0,50 g

(1.57 mmol) of 2-(N-carbobenzoxy)amino~diethyl-disulfide-2"'-
carboxylic acid2 and 1,0 ml of phosphorus trichloride in 10 ml
of chloroform was stirred at room temperature for 1 hour.

The excess phosphorus trichloride and chloroform were removed
under vacuum and the residue diluted with 10 ml of methanol.

After stirring the mixture for 10 minutes, the solvent was
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removed under vacuum and the residue diluted with 10 ml of
methanol, After stirring the mixture for 10 minutes, the
solvent was removed under vacuum and the residue chromatographed
over silica gel. Elution with chloroform afforded an oil
which resisted all attempts at crystallization. Removal of
all traces of solvent in vacuum afforded a colorless oil, 0,405 g
(70%), which was homogeneous on tlc (silica gel, CHClj3); ir (£film)
3180 em™l (N-1), 1720 broad (-0-CO~ and O-CO-NEH); nmr (cDCl 5)
2.58 7 (s, 5H, aromatic), 4.6 7T (b, 1lH, NH), 4.807 (s, 2H, benzylic)
6.21 T (s, 3H, -0CH3 ), 6.40T (q, 2H, -CHZ-N), 7.1T (m, 6H);
mass spectrum: parent ion at m/e 329,0757) (calcd for C14H19N0482:
329,0755)

Anal, Calcd for C14H19N04SZ: C, 51.05; H, 5.81; N, 4.25;
S, 19.43, Found: C, 50,81; H, 5.59; N, 4,36; S, 19,22,

Reaction of N-carbobenzoxy-2-amino=-2'-carbomet hoxy~diethyl

Disulfide (48)with Tris(diethvlamino)phosphine (1), To a

solution of 0.33 g (1.0 mmol) of 48 in 3 ml of dry benzene
was added 0,30 g (1.2 mmol) of tris(diethylamino) phosphine (1).
A white precipitate which formed immediately on addition of
the phosphine was obtained by filtration as colorless crystals,
0.184 g (88% based on complete conversion of 48 to 37), mp
124-124,5%, mmp 124-125°, identical (ir, nmr) to authentic

disulfide 21.

N,N'-Dicarbobenzoxy-2,2'-diamino-diethylsulfide (38). To a

suspension of 0,210 g (0,5 mmol) of N,N'-dicarbobenzoxy=-2,2"'-

diamino-diethyl disulfide (37) in 2 ml of dry benzene was added
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0.20 g (0.8 mmol) of tris(diethylamino)phosphine (1), After
refluxing the mixture for 4 hours, the reaction was diluted
with 25 ml of hexane, On standing, colorless crystals were
obtained, 0.131 g (68%) mp 99-100° which after crystallization
from ethanol afforded an analytical sample, mp 99-100°, ir (KBr)

3150 cm !

(N-H) , 1680 (C-CO-NH),
Anal, Caled for CpgH,,N,0,S: C, 61.83; H, 6,22; N, 7.21;

$, 8,25. Found: C, 61.81; H, 6.25; N, 7,04; S, 8.39.

Preparation of 1,2-Dithiane (49). A mixture of 16.5 g (135 mmol)

of 1,4-butanedithiol and 50 ml of a 20% aqueous sodium hydroxide
solution was added dropwise with vigorous stirring to a sol-
ution of 34 g (136 mmol) of iodine and 30 g (200 mmol) of
sodium iodide in 100 ml of water., The mixture was extracted
with ethyl acetate, washed with sodium thiosulfate and evaporated
to dryness, The residue was sublimed three times at 30° (15 mm)
- to yield 5.5 g (33%) of 1,2-dithiane, mp 30-32° (1lit, mp 32-33°
(131)), nmr (CS3) 7.0 T(m, 4H), 7.9 7 (m, 4H).

This disulfide has been subsequently prepared by Field
(84) in 93% yield by oxidation of 1,4-butanedithiol with

p-toluenesulfonyl chloride,

Desulfurization of 1,2-Dithiane (49).

A) pProduct Analysis by Gas Chromatography. A solution of

0.6039 g (5,03 mmol) of 1,2-dithiane (49), 1.2396 g (5.02 mmol)
of tris(diethylamino)phosphine (1) and 0.1898 g (1,79 mmol) of
xylene (redistilled) in 5.0 ml of dry benzene was stirred at

room temperature for 48 hours, A yield of 5,10 mmol (101%)
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(vpc analysis) of tetrahydrothiophene (50) was obtained. No
products were isolated from this reaction,

B) Attempts to Isolate Tetrahydrothiophene (30) from the

Desulfurization of 1,2-Dithiane (49). A mixture of 1.9 g

(15.8 mmol) of 1,2-dithiane (49) and 4.0 g (16 mmol) of
tris(diethylamino)phosphine (1) was stirred at room temperature
for 4 hours. No disulfide remained unreacted at this time

(vpc) . The reaction mixture was slowly distilled to afford

1.4 g (100%) of crude tetrahydrothiophene, bp 120-140°, which
contained 5-10% tris(diethylamino)phosphine sulfide (4) as

an impuritv. Redistillation of this material afforded 0.5 g
(38%) of tetrahydrothiophene bp 124-128° (1lit, bp 119-122°(224)),

which was identical (nmr, vpc, ir) to an authentic sample.

1,2-Dithiolane-3-valeric Acid Diethylamide (33). A solution

of 0,412 g (2,0 mmol) of 51 and 0.55 ¢ (2.2 mmol) of tris-
(diethylamino) phosphine (1) in 2.5 ml of dry benzene was
stirred for 4 hours. An oil which formed immediately upon
addition of the phosphine slowly redissolved on stirring and
a solid precipitated. The solvent was removed under vacuum
and the residue was chromatographed over silica gel. Elution
with methylene chloride afforded the diethylamide as a yellow
oil, 0,42 g (80%), homogeneous on thin-layer and gas chroma-
tography, ir (film) 1640 cm-l (tertiary amide); nmr (CC14)
6,70 T (q, J=7Hz), 8.907 (t, J=7Hz), both observable above a
broad envelope; mass spectrum: parent ion m/e 261, fragments

at 58, 115, 72 (EtzN"'), 100, 128, 189, 228,
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dl-1l, 2-Dithiolane-3- Valeric Acid Anilide (34) . A solution

.o0f 1.0 g (4,8 mmol) of 51 and 0.5 g (5.4 mmol) of aniline in
10 ml of methylene chloride was cooled to 5° and 1.0 g (4.9 mmol)
of dicvclohexylcarbodiimide was added with stirring., After
stirring 0.5 hour, the dicyclohexylurea (0.9 g, 85%) was re-
moved by filtration, The filtrate was concentrated in vacuum
and the residue chromatographed over Florisil, Elution with
1l:1 chloroform-petroleum ether (30-60°) afforded 1.0 g (75%)
of yellow crystals, mp 60-65°C, which after crystallization
from cyclohexane/methylene chloride gave yellow needles, mp
69-71° (lit, mp 72-73° (225));)\151:0H 242 mp (£230,200), 332

-1 max
(363); ir (KBr) 3290 cm (N-H), 1660 (amide I), 1540 (amide II),
690 (aromatic); nmr (CDCl3) 1,.93T7(b, 1H, NH), 2,77 (m, SH,
aromatic), 6.487 (m, 1H, methine), 6.97 (m, 2H, -CH,-S), broad
multiplets centered at 7,87 and 8,57 accounting for remaining
aliphatic protons; mass spectrum (150°): molecular ion at

m/e 281,0918 (calcd for C14H19NOSZ: 281,0907 ), fragments
of m/e 93, 135, 41, 55, 56, 148, 155,

Thietane-2-Valeric Acid Anilide (33) . A solution of 1,129 g

(4 mmol) of the anilide 54 and 1.10 g (4.4 mmol) of tris-
(diethylamino)phosphine (1) in 10 ml of benzene was stirred
for 1 hour during which time the yellow color was discharged
and the uv maximum at 332 mp disappeared., The reaction mix-
ture was allowed to stand overnight, the solvent removed under
vacuum and the residue chromatographed over Florisil, The
phosphine sulfide was eluted with 1l:1 CH2C12- petroleum ether

(60-80°), Elution with CH2C12 afforded 0,634 g (64%) of color-
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less crystals, mp 51-54° which after 2 crystallizations from
cyclohexane afforded an analytical sample, mp 55-57°; ir (KBr)
3290 cm-1 (N~-H) , 1660 (C=0), 1540 (amide II), 760 and 690
(aromatic); \ f::g“ 242 mu (€ = 24,900); nmr (CC1,) broad multiplet
at 2,77T (6H, aromatic+ NH) and aliphatic protons from 6.5-9,07;
mass spectrum (150°): molecular ion at m/e 249,1180 (calcd for
C14H19NOS ¢ 249.1198 ); fragments at m/e 93, 135, 41, 129,

Anal, Calecd for C NOS ¢+ C, 67.44; H, 7 ,68; N, 5.62;

14M19
S, 12.86, Found: C, 67.47; H, 7.64; N, 5.47; S, 12.85.

Thietane-2-valeric Acid (52). A solution of 4,04 g (20 mmol)

of 54 in 20 ml of dihydropyran was refluxed for 3 hours. The
solvent was removed in vacuum and the residue dissolved in

25 ml of ethyl acetate containing 5,5 g (22 mmol) of tris-
(diethylamino) phosphine (1) . After stirring at room temp-
erature for 24 hours, the solvent was removed under vacﬁum,

25 ml of dioxane and 25 ml conc, HCl was added and the solution
stirred 18 hours. The solution was diluted with 200 ml of water,
extracted with ether; the ethereal layer was extracted with

100 ml of a 5% sodium bicarbonate solution; the bicarbonate
solution was acidified and extracted with ether., After drying
over anhydrous sodium sulfate, the ethereal solution was
evaporated to dryness in vacuum to yield 2,82 g (80%) of 52

as a viscous yellow oil, bp (0.1 mm) 143°, ngs 1.5155; ir (£ilm)

3020 em~}

(b, OH), 1708 (COOH); nmr (CCl,) -1.63T(s, 1lH COOH),
multiplet from 6.0 - 9,27 accounting for 13 protons; mass spec-
trum (50° ): parent ion at m/e 174, fragments at m/e 87, 41, 45,
55, 73, 80. The acid 52 was characterized as its anilide 55

(aniline, dicyclohexylcarbodiimide), mp 55-57°, This material
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was identical in all respects with the Ssample prepared by

- direct desulfurization of §i°

l,2-Dithiolane 37). A solution of 1,06 g (10 mmol) of 1,3-

propanedithiol and 2.10 g (20 mmol) of triethylamine in 10 ml
of methanol was added dropwise over 15 minutes to a solution
of 2.66 g (10.5 mmol) of iodine in 25 ml of methanol. The
resulting solution was diluted with 250 ml of benzene, decol-
orized with a 10% solution of sodium thiosulfate,washed with
water, dried over magnesium sulfate and concentrated in vacuum
at 30-35° to less than 50 ml volume, the solution transferred
to a 50 ml volumetric flask and made up to volume with dry
benzene. From the absorption at 331 mu in the uv spectrum
(1it. )\ ﬁ:ﬁ“ 330 mp, £ = 147 (131)) the concentration of this
solution was found to be 0.112 M corresponding to a yield

of 56%; nmr (benzene) 7.70T (t, 2H, J=6Hz), 8.65T (m, 4H),

Thietane (58). To 50 ml of a 0,112M solution of 57 in benzene

=

was added 2,50 g (10 mmol) of tris(diethylamino)phosphine(l).
After standing in the dark for 18 days, the clear solution

was added to 25 ml of a 20% solution of mercuric chloride in
ethanol, After standing overnight, 1,6 g (82%) of a crystalline

solid was obtained, mp 94-99° dec (lit. mp 93-95°dec (226)) .

1l,2-Dithiolane-4-one (690) . A solution of 1.22 g (10 mmol)

of dimercaptoacetone (as its dimer) (227) and 2,10 g (20 mmol)
of triethylamine in 25 ml of methanol was added dropwise to a
solution of 2,66 g (10.5 mmol) of iodine in 50 ml of methanol,

The reaction mixture was filtered to remove 200 mg of polymer
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and the filtrate was diluted with 200 ml of benzene. After
decolorization with a 10% solution of sodium thiosulfate and
several washings with water, the solution was dried over
magnesium sulfate and concentrated in vacuum to 50 ml to afford

a golden vellow solution of 1,2-dithiolane-4-one in benzene;

benzene

nrr (benzene) 7.15‘7‘(5);)max

340 mpu (sh) (e+50), 325 (65),
312 (74), 300 (80).

Desulfurization of 1,2-Dithiolane-4-one (69) . To 50 ml of

the benzene solution of €60, prepared above, was added 2,50 g
(10 mmol) of tris(diethylamino)phosphine (1) . Immediately

upon addition of the phosphine, the cclor changed from yellow
to dark brown, and a dark brown tar separated out of the sol-

ution, This tar was insoluble in all organic solvents tried.

2-Phenyl-1l, 3-Propanedithiol (63), A solution of 4,6 g (10 mmol)

of 2-phenyl-l,3-propanediol ditosylate3 and 10 g (130 mmol)

of thiourea in 50 ml of ethanol was refluxed for 4 hours; the
ethanol was removed under vacuum and the residue refluxed under
nitrogen with 10 g of sodium hydroxide in 50 ml of water fcr

12 hours. After careful acidification, the mixture was extracted
with chloroform, the extract washed well with water, dried and
evaporated to dryness. The crude oil was fractionally dis-
tilled in vacuum to afford 1.0 g (55%) of a pale yellow oil,

bp (0,005 mm) 7 6-78°; nmr.(CDc;3) 2,70 T (m, 5H, aromatic),
6.0-7.47T (m, 5H), 8.77T (m, 3H S-H), This crude dithiol was

used without fur ther purification,

3F'or the preparation of 2-phenyl=-l,3-propanediol ditosylate,
see C, Beard and A, Burger (132),
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4-Phenyl-l,2-Dithiolane (64). A solution of 1.4 g (7.6 mmol)

of the dithiol 63 and 1.8 g (1.8 mmol) of triethylamine in

20 ml of methanol was added dropwise with stirring in a nitro-
gen atmosphere to a solution of 1,95 g (8 mmol) of iodine in

50 ml of methanol, The resulting solution was rapidly filtered
and the filtrate cooled in dry ice until crystals formed,

The crystals were filtered and washed well with cold methanol
to afford 1.0 g (73%) of yellow crystals, mp 77-83°., Sublima-
tion at 75° and 25p pressure afforded 488 mg of yellow crystals,
mp 82-84°; ir (KBr) 1600, 1490, 1460, 775 and 705 cm-l (aro-

. benzene
matic) :\m

335 mA (€=143); nmr (CDC13) 2,667 (m, SH,
aromatic), 6.57 (m, 5H),
Anal. Calcd for C9H1052= ¢, 59.29; H, 5.53; S, 35.19.

Found: C, 59,09; H, 5,50; S, 34.83,

3-Phenylthietane (63) . A solution of 400 mg (2.2 mmol) of 64

and 600 mg (2.4 mmol) of tris(diethylamino)phosphine (1) in
10 ml benzene was refluxed 4 hours during which time the
vellow color was discharged, The reaction mixture was evap-
orated to dryness and the residue chromatographed over silica
gel. Elution with 1l:1 hexane-chloroform afforded 280 mg (87 %)
of a colorless oil, homogeneous on thin layer and gas chroma-
tography (LAC column at 190°), nzs 1.5895; ir (film) 1610 cm-l,
1500, 1465, 760, 7 05 (aromatic); nmr (CCl4) 2,787 (5H), 5,507
(m, 1H), 6,627 (m, 4H),.

This material was characterized as its sulfone (H202, AcOH) ,
mp 101-101.5°, ir (KBr) 1320 cm'l, 1140 (s0,).

Anal. Calcd for CgH,,SO,: C, 59.29; H, 5,53 S, 17.59,

Found: C, 59.67; H, 5.60; S, 17.84.
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Desulfurization of 3H-Benzo[b)—1,2—~Dithiole (§7). To a sol-

ution of 0.9 g (6.35 mmol) of 3H-benzo[b]—1,2—dithiole * in
15 ml of benzene was added slowly 1.88 g (7,6 mmol) of tris-
(diethylamino)phosphine (1), After 10 minutes, the benzene
was removed under vacuum and the residue chromatographed over
'silica gel. Elution with 10% chloroform in hexane afforded

50 mg (7%) of 6H,12H-dibenzo [b,f]—1,5—dithiocin as colorless
crystals, mp 172-178° which after crystallization from ethanol

afforded colorless needles, mp 173-175% (lit, mp 174-176° (228)).

1«,5&~Epidithioandrostane-3~17-dione (72),. The method used

was a modification of the procedure of Tweit and Dodson (133).
Thus, a solution of 3,0 g (10,5 mmol) of 1l,4-androstadiene-3,17-
dione and 0.5 g (15 mmol) of sulfur in 100 ml of pyridine was
saturated with hydrogen sulfide over 3 hours. After stirring
the resulting solution for 18 hours at room temperature, the
solvent was removed under vacuum, 50 ml xylene was added and
evaporated under vacuum, The residual solid was suspended in
benzene and triphenylphosphine was slowly added until unreacted
triphenvlphosphine could be detected on thin layers. The benzene
was rernoved under vacuum and the resulting solid mass washed
several times with cold acetone. The insoluble material could
be recrystallized from hot acetone to yield 1.2 g (33%) vellow

needles, mp 210-214° (lit. mp 210-214° (133)); ir (KBr) 1730 cm-l

MeOH
(c=0 )’;\max 364 muL (E=51), 280 sh (650), 262 (730); nmr (CDC13)

-4For the preparation of 3H-benzo[tﬂ-l,2-dithiole, see
A. Luttringhaus and K., Hagle (77).

5Triphenylphosphine was used to remove occluded sulfur
from this steriod.
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(100 MHz) 6,157 (g, 1H, Tax T Tpx =7Hz, Jax~Ipx = 1Hz), 9.10T

(s, 3H), 8.597 (s, 3H), and a multiplet centered about 7.5-6.9T,

S-Bis(diethylamino)phosphino-h‘-thioandrostan-4-ene-3,17-dione (80) .

A suspension of 348 mg (1 mmol) of 1« , 54 ~epidithioandrostan-3,17-
dione (72) in 5 ml of dry benzene containing 1.0 g (4 mmol) of
tris (diethylamino)phosphine (1) was stirred overnight, The
solvent was removed under vacuum and the residue chromatographed
over silica qgel, After elution of tris(diethylamino)phosphine
sulfide (4) with 95:5 CH,Cl, -acetone, the product was eluted
with 85:15 CH,Cly~-acetone, Crystallization from hexane afforded

100 mg (20%) colorless crystals, mp 201-202°; ir (KBr) 1740 cm ™+

1 (csc-c=0); AMeM 328 mu (e-6450), 280 (1470);

C=0), 1670 cm max

€19
mass spectrum: parent ion at m/e 492,2959 (Calcd for C27H45N202PS
492.2939 ) with a fragment ion at m/e 284,1785 (p* -=(EtyN)2PSH);
(Calcd for C19H2402: 284,1776 ),

Anal,., Calcd for C27H45N202PS: c, 65,81; H, 9.21; N, 5,69,

Found: C, 65.,75; H, 9,02; N, 5,61,

Prevaration and Desulfurization of dl- and meso-1,2-Dithiane-

3,6=-Dicarboxylic Acid,

d,'-Dibromoadipic Acid, A mixture of 36.5 g (250 mmol) of

adipic acid and 50 ml of thionyl chloride was refluxed for 3
hours at which time all the acid had passed into solution,
The mixture was diluted with 250 ml of carbon tetrachloride
and 87 g (500 mmol) of N-bromosuccinimide was added. The mix-
ture was heated to reflux, and 3-5 drops of water was added,

After refluxing 2 hours, the mixture was cooled, the succinimide
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removed by filtration, the filtrate evaporated in vacuum, the

- residue mixed with 250 ml of water and heated to reflux for

20 min, Crystals deposited on cooling. These crystals were
obtained by filtration and recrystallized from hot water to
afford 22,5 g (60%) of meso-dibromoadipic acid as white crystals,
mp 185-190° (lit. mp 192-193° (229)). The mother liquors were
concentrated in vacuum and crystallized from formic acid to
afford 10.2 g (29%) of dl-d&'-dibromoadipic acid as white
crystals, mp 125-129° (lit. mp 139° (229)). |

Meso=-1,2~Dithiane-3,6=-Dicarboxylic Acid (§6) was prepared in

28% yvield from meso-%, X '-dibromoadipic acid by the procedure
of Fregda (135); mp 196-198° (lit, mp 199° (135)).

dl-1,2-Dithiane-3,6-Dicarboxylic Acid(87) was prepared in 60%

yield from meso-l,2-dithiane-3,6-carboxylic acid 86 by the
procedure of Fregda (135); mp 270°(lit., mp 275° (135)).

Meso- and dl-Thiophane-2,5-Dicarboxylic Acids were prepared

in 70% and 55% respectively by the procedure of Schotte (136);
meso- mp 143-145° (lit., mp 144-146° (136 )); dl- mp 162-164°
(1it, mp 164-165° (136 )).

Tetrahydropyranyl meso-1,2-Dithiane-3,6-Dicarboxylate (88

A suspension of 4.0 g (22.8 mmol) of the meso-diacid 86 in

20 ml of redistilled dihydropyran was refluxed £or 0.5 h;,
cooled, and the excess dihydropyran removed in vacuum. The
residual mass was crystallized from ether to afford 4.6 g (53%)
of 88 as highly hygroscopic material; mp 98-101 ; ir (KBr)

1

1730 cm™ (CO0); nmr (CCl,) 3.96T (b, 2H), 6.27T (b, 6H), 7.4-8.7T

(b, 16H), Attempts to recrystallize this material were not
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successful., This crude diester was therefore used without
. further purification,

Desulfurization of bis-tetrahydropyranyl meso-1l,2-dithiane-3,6-

dicarboxylate (88). A suspension of 2.5 g (6,6 mmol) of 88

in 10 ml1 of dry benzene and 10 ml of dry ether was treated
with 1.8 g (7.2 mmol) of tris(diethylamino)phosphine (l). After
15 minutes, the solvent was removed in vacuum and the residue
chromatographed over Florisil with 10% ether in hexane as
elluant. After 1.9 g (105%) of crude aminophosphine sulfide (4)
was eluted, a fraction containing 1.5 g (65%) of a colorless
oil was collected which resisted attempts at crystallization,

A mixture of 0,5 g of this crude o0il in 5 ml of water and
1 ml of trifluoroacetic acid was stirred for 5 minutes, the
solvent removed in vacuum, and the residue crystallized from
ether/hexane to afford 0.12 g (38% based on 88 as starting
material) of dl-thiophane-2,5-dicarboxylic acid (84),mp 160-164°,
mixed mp 159-163° (lit, mp 164-165° (136)).

Preparation and Desulfurization of Tetrahydropyranyl dl-1,2-

Dithiane-3,6-dicarboxylate (20)., To a suspension of 0.7 g

(4 mmol) of dl-1,2-dithiane-3,6-dicarboxylic acid (87) in 5 ml
of ether was added 5 ml of dihydropyran and 1 drop of phosphorus
oxychloride. After refluxing 2 hours, the solvent was removed
in vacuum to afford the crude tetrahydropyranyl ester. This
ester was dissolved in 10 ml of dry benzene and 1.25'g (5 mmol)
of tris(diethylamino)phosphine (1) was added. After stirring
the mixture for 45 minutes, the solvent was removed in vacuum

and the residue dissolved in 5 ml of a 50% trifluoroacetic
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acid solution. The mixture was stirred. for 1 hour. The sol-

. vent was removed in vacuum, the residue washed several times
with hexane, and the residue crystallized from acetone/hexane
to yield 100 mg (17%) of colorless crystals mp 133-138°, Re-
crystallization from water afforded crystals mp 141-145°, mixed

mp 140-143° (lit, mp 144-146° (136)).

Preparation and Desulfurization of meso- and dl-3,6-dicarbo-

methoxy-1,2-Dithiane,

meso-3, 6-Dicarbomethoxy-1,2-Dithiane (92). To a solution of

400 mg (2,3 mmol) of meso-l,2-dithiane-3,6~dicarboxylic acid

in 5 ml of methanol was added 3 drops of thionyl chloride,

After standing 24 hours, the solvent was removed in vacuum and
the residue crystallized from cyclqhexane to afford 300 mg (65%)
of colorless needles, mp 72-76° , ir (KBr) 1720 cm-l (C00) ;
mass spectrum: parent ion at m/e 236.0145 (calcd for CgH;,0,S,:

236.0177 ).

dl=-3,6-Dicarbomethoxy-1,2-Dithiane (94). In a similar manner,

50 mg (0.28 mmol) of dl-1,2-dithiane-3,6-~dicarboxylic acid was
esterified in methanol to yield 50 mg of crude oil which could
not be crystallized but which was judged to be greater than

98% pure by vpe; ir (£ilm) 1730 cm™

(COO); mass spectrum: par-
ent ion at m/e 236,.0143 (calcd for C8H120482:236.0177 ).

Desulfurization of meso-3,6-Dicarbomethoxy~l,2-Dithiane (92).

A solution of 0.149 mmol of the meso-diester 92, 0.0715 mmol
of tris(dimethylamino)phosphine oxide (internal standard for
vpc analysis) and 0,230 mmol of tris(diethylamino)phosphine(l)
in 1 ml of dry benzene was shaken for 10 minutes. Sulfur was

added to destroy the excess phosphine, and the resulting mixture
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analyzed by vpc. The reaction products consisted of a mixture
.of 0,005 mmol of unreacted disulfide 92 and 0.147 mmol of
dl-2,5-dicarbomethoxythiophane(93) . Thus, the yield of dl-
diester was 101.8% (based on recovered 92). No meso-2,5-
dicarbomethoxythiophane (95) was detected in the product mix-
ture,

Desulfurization of dl-3,6-dicarbomethoxy-1l,2-dithiane (94).

The desulfurization of dl-3,6-dicarbomethoxv-1l,2-dithiane (94)
was performed as described for the meso isomer 92 above. Thus,
from 0,0146 mmol of 94 was obtained 0.0158 mmol (108% *10%) of
meso-2 ,5-dicarbomethoxythiophane (95). No dl1 isomer was de-
tected in the product mixture.

For both of the above desulfurizations, vpc standards
were prepared by esterification (methanol, thionyl chloride)
of the appropriate acids 84 and 85. Neither of these esters
were crystalline, but both were‘judged to be greater than 98%
pure (vpc-tlc). Mass spectrum: for ester 84, parent ion at
m/e 204,0437 (Calcd for C8H1204S: 204,0456) for ester 85,

parent ion at m/e 204.0426 ( Calcd for CgH1,045 : 204,0456)

Preparation and Desulfurization of l,2-Dithiepane (96). A sol-

ution of 1,5 g (11 mmol) of 1,5-pentanedithiol and 2.5 g (25 mmol)
of triethylamine in 50 ml of methanol was added dropwise to

a solution of 3,3 g (B mmol) of iodine in 100 ml of methanol,
The mixture was diluted with benzene, washed with water, de-

colorized with sodium thiolsulfate, and concentrated in vacuum

to 50 ml volume. Complete removal of solvent and vacuum dis-

tillation lead to extensive polymerization., The benzene solu-
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tion of 1,2-~dithiepane showed no tendency to polymerize on
standing; the disulfide was pure as judged by vpc; nmr (benzene)
7.457T (m, 4H), 8,4T (m, 6H),

This solution of 11 mmol of 96 in 50 ml benzene was
treated with 4,0 g (16 mmol) of tris(diethylamino)phosphine
and the resulting solution refluxed for 16 hours. Vpc analysis
of the mixture showed the reaction to be complete., The mixture
was diluted with 50 ml of acetic acid and 10 ml of a 30% aqueous
hydrogen peroxide solution, After stirring for 24 hours, the
reaction was concentrated in vacuum, the residue carefully
neutralized with sodium carbonate and then concentrated in
vacuum to afford a crystalline mass., This material was ex-
tracted with benzene in a soxhlet apparatus for 24 hours. Re-
moval of the solvent in vacuum and crystallization from benzene
afforded 550 mg (38%) of thiane-1,1l-dioxide 98, mp 95-97° (lit,

mp 98° (230)).

5H,8H,-dibenzo [d,f] -1,2-dithiocin (101), A solution of 4 g

(1.17 mmol) of 2,2'-di (bromomethyl)biphenvl® and 15 g (21 mmol)
of thiourea in 50 ml of ethanol was refluxed for 4 hours; the
ethanol was removed in vacuum and the residue dissolved in 50 ml
of a 20% sodium hydroxide solution., After refluxing under
nitrogen for 4 hours, the solution was carefully acidified

(a2 large amount of HZS was evolved) and extracged with ether.
After drying the extract over magnesium sulfate, the ether

was removed in vacuum to yield 2,7 g (93%) of a yellow oil;

6The gift of this compound from Professor G, Wahl is
gratefully acknowledged.
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ir (£ilm) 2500 cm *

(SH), 1480, 1440 and 765 (aromatic); nmr
~(CCly) 2,67 (m, 10H, aromatic), 6.57 (d, 4H, J=8Hz, =-CH,-S),
8.57”(t, 2H, SH).

The crude dithiol was dissolved in 50 ml methanol contain-
ing 2,6 g (2,6 mmol) of triethylamine; this solution was added
dropwise to 3.0 g (1.19 mmol) of iodine in 50 ml of methanol,
When addition was complete, the solution was diluted with 350 ml
of benzene, washed with water, decolorized by sodium thiosulfate,
dried and the benzene removed in vacuum to afford a crude pro-
uct which was crystallized from ethanol to afford 1.84 g (65%)
of light brown crystals, mp 160-165° (lit, mp 161° (138)); ir
(KBr) 770 cm-l, 7 45; nmr (CCly) 2.757 (m, 8H, aromatic), 4.257T

(q, 4H, Jp,= 13Hz, CH,-S).

5H, 7TH-dibenzo [c, €] thiepin (102) . A solution of 0.70 g (0.28

mmol) of S5H,8H-dibenzo [d, f]-1,2-dithiocin and 0,90 g (0,36
mmol) of tris(diethylamino)phosphine (1) in 10 ml benzene was
stirred at room temperature for 10 minutes., The solvent was
removed in vacuum and the residue chromatographed over silica
gel. Elution with l:1 hexane-chloroform afforded after drying
0.580 g (97%) of white crystals, mp 91-92°; mmp 90-92° (lit.
mp 89° (231)); nmr (CCl,) 2.6T (m, 8H, aromatic), 6.6T (broad
doublet, 4H, J=10Hz), The temperature dependence of this

spectrum is shown in Figure 14, p. 75.

- +
Attempts to Prepare a Phosphonium Salt. RS RS-P(NEtzh .

A) Reaction of Diphenyl Disulfide (105) with the Aminophosphine 1,

A mixture of 0,218 g (1.0 mmol) of diphenyl disulfide (105)
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and 2,50 g (1.0 mmol) of tris(diethylamino)phosphine (1) was

. mixed in an nmr tube, After standing 0.5 hour, the 31P nmr
spectrum was recorded, A strong resonance at -118.4 ppm (lit.
-118.2 ppm (177)), characteristic of unreacted 1 was observed.
No other phosphorus species were detected. The chemical shift
of pure aminophosphine 1 was found to be =117.7 ppm (50% in
benzene solution).

B) Reaction of Diphenyl Disulfide and Di-p-tolyl Disulfide

with the Aminophosphine 1. A mixture of 0.1 g (0.45 mmol)

of diphenyl disulfide (105) and 0.1 g (0.40 mmol) of di-p-
tolyl disulfide (28) was dissolved in 5 ml of benzene and
0.1 g (0.4 mmol) of 1 was added. The resulting solution was
analyzed by vpc. In addition to the disulfides added, a new
peak was observed., This new compound was identified as p-
tolyl phenyl disulfide (106) by comparison with an authentic
cample. The three disulfides, 105, 106, and 28 were present
in near equal amounts,

Preparation of Tris(diethylamino)benzyl Thiophosphonium Fluoro-

borate (109). A suspension of 1.95 g (10 mmol) of silver tetra-
fluoroborate and 2.78 g (10 mmol) of tris(diethylamino)phos-
phine sulfide (4) in 50 ml of dry dichloromethane was stirred

in a nitrogen atmosphere at -78° while 1,71 g (10 mmol) of
benzyl bromide in 10 ml of dry dichloromethane was added drop-
wise, The resulting mixture was allowed to warm up to room
temperature, After stirring the mixture for 0.5 hour, the
silver bromide was removed by filtration and the crude salt

precipitated as an oil by dilution with hexane. The oil was
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separated and washed 10 times with hexane, precipitated from
dichloromethane with hexane and washed as before. The oil

was dried in vacuum in the dark to yield 4.0 g(83%) of a viscous
hygroscopic oil. When prepared in this manner, the salt con-
tained 5-15% (nmr) occluded phosphine sulfide 4. The nmr spec-
trum of this salt showed aromatic protons as a singlet at 2,.55T,
benzylic protons as a doublet (JPH==8.0 Hz) at 5.77T, methylene
protons as a multiplet at 6.77, and methyl protons as a triplet
(3 = 7.5 Hz) at 8,757; ir (£ilm) 1460 cm 1, 1400, 1015 (broad),

800,

Reaction of Tris(diethylamino)benzylthiophosphonium Fluoroborate

(109) with Sodium Benzyl Mercaptide. A suspension of 0.073 g

(0.5 mmol) of sodium benzyl mercaptide in 2 ml of dry benzene

was shown by vpc to be free of benzyl disulfide and benzyl

sulfide, To this suspension was added 0,244 g (0.5 mmol) of

the phosphonium salt 109 in 2 ml of dry benzene. A reaction

occurred immediately; a brown solid precipitated and the solu-

tion turned black, After allowing the mixture to settle for

1 minute, the supernatant liquid was analyzed by vpc; both

benzyl disulfide and benzyl sulfide were observed as products,

in the ratio of 6:4 ., A large amount of phosphine sulfide 4

was also present in the mixture, On standing 18 hours, the

product ratio was unchanged., No phosphine 1 vas detected by vpc.
When silver tetrafluoroborate (0.1 g) was mixed in benzene

solution with the aminophosphine l, the colorless solution turned

black and a fine black solid deposited. A tlc chromatogram of

this solution showed several spots on development with iodine.
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Desulfurization of Thiolsulfinates.

Preparation of 5H,8H-Dibenzo[d,f|-1,2-Dithiocin-6-oxide (112) .

To 245 mg (1.0 mmol) of 5H,8H-dibenzo [¢,f] -1,2-dithiocin (101)
suspended in 10 ml of acetic acid was added 2 ml of a 3.5%
hydrogen peroxide solution and 5 ml of dichloromethane, The
mixture was stirred until solution occurred (18 hours). The
reaction was diluted with water (50 ml), the precipitated solid
filtered and crystallized from ethanol to afford 233 mg (90%)
of the thiolsulfinate 112 as colorless crystals, mp 154-155°;
ir (KBr) 1085 cm™} (8=0); nmr (cDClj) 2.53T (m, 8H, aromatic),
5.62 T(q, 2H, Jpag=13.0 Hz), 6.08 T (q, 2H, Jag=15.0 Hz).

Anal. Calcd for 0141112520: C, 64.59; H, 4.65; S, 24.63.

Found: C, 64,85; H, 4.41; S, 24,58,

Desul furization of 112; 5H, 7H-Dibenzo [c,e] ~Thiepin-6-oxide (313) .

A solution of 50 mg (0,19 mmol) of 112 in 2 ml of benzene was

treated with 100 mg (0.4 mmol) of tris(diethylamino)phosphine (1).

After stirring the mixture for 1 hour, the solvent was removed

in vacuum and the residue chromatographed over silica gel,

Elution with chloroform afforded after crystallization from

hexane, 28 mg (64%) of SH,7H-dibenzo[c,é]-thiepin-G-oxide (113),

mp 127-129°, ir (KBr) 1085 en~l (sz0), nmr (cDCl3) 2.47 T (m,8H,

aromatic), 6.327T (q, 2H, Jpg= 11.5 Hz), 6.30 T (q, 24, JAB=14‘5 Hz) .
Anal. Calcd for C1431280: c, 73.64; H, 5.30; S, 14,08,

Found: C, 73.30; H, 5.09; S, 14,39.

Desulfurization of Thiolsulfonates:

A) Thiolsulfonates which vield Sulfone as the Only Product.

To a solution of the thiolsulfonate in dry ether was added the
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requisite amount (10% excess) of tfis(diethylamino)phosphine (1)
in dry ether. An oil which deposited immediately on stirring
and cooling, slowly crystallized, Filtration and recrystal-
lization of the crude sulfone afforded pure product. The thiol-
sulfonates which were desulfurized in this manner are summarized
in Table XXI,

TABLE XXI

R-50,-S=R' + (EtpN)3p —> R-S0,-R' + (EtyK)3P=S

R=-S0,=S-R' % Yield mp lit, ref,
R-SOZ-R'
¢
114 CH3.ESS-S-CH3 80 108-109°  109° 232
%
121 @-caz-g-s-CH2© 65 154-155° 151° 233

116 cn3-©-soz-s-cnz-© 70 140-141°  145° 234

20 CH3- SO -S-CH, 72 177-180°  172° 235

124 cn3—©-soz-s-crzz-©—cn3 58 156-157°  157° 236

B) Thiolsulfonates which Yield Both Sulfinate Ester and Sulfone.

Desulfurization of Ethyl Ethanethiolsulfonate (118). To a

solution of 1,54 g (10 mmol) of ethyl ethanethiolsulfonate (118)
in 10 ml of ether was treated with 2.60 g (11 mmol) of tris-

(diethylamino)phosphine (1). After stirring the mixture for
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10 minutes, the solvent was removed in vacuum and the residue
- distilled in vacuum to afford 176 mg (14.5%) of ethyl ethane-
sulfinate (120), bp (10 mm) 61-63° (lit. bp (16 mm) 62° (237)).
The residue from the distillation was diluted with hexane upon
which diethyl sulfone precipitated as fine crystals. The pro-
duct was filtered and washed with hexane to yield 0.60 g (50%)

of diethyl sulfone, mp 70-73° (lit, mp 73-74° (214)).

Desulfurization of Methyl p-Tolylthiolsulfonate (122). To a

solution of 0,808 g (4.0 mmol) of methyl p-tolylthiolsulfonate
(122) in 10 ml of anhydrous ether was added slowly 1.10 g (4.4
mmol) of the aminophosphine 1. After stirring the mixture for
2 hours, the solvent was removed in vacuum,., The residue was
analyzed by vpc; by comparison of peak areas, the sulfone/sul-
finate ester ratio was calculated to be 2/1. The residue was
distilled to afford two fractions; 0.50 g, bp (0.1 mm) 80-100°,
and a high boiling fraction, 0.65 g, bp (0.1 mm) 120-127°,

Redistillation of the lower fraction afforded 0.10 g (13%) of
25

methyl p-tolylsulfinate, bp (0.1 mm) 100-104°, ny 1.548 (lit.
n20 1,543 (238)). The high boiling fraction, on dilution with

cyclohexane, deposited 0.04 g (6%) of methyl p-tolyl sulfone

as colorless crystals, mp 85-87° (lit. mp 86-87" (239)).

Desul furization of Ethyl p-Tolylthiolsulfonate (123). A sol-

ution of 2,16 g (10 mmol) of ethyl p-tolylthiolsulfonate (123)
and 2.75 g (11 mmol) of the aminophosphine 1 in 10 ml of dry
ether was stirred for 3 hours, The solvent was removed in

vacuum and the residue was analyzed by vpc. By comparison of
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peak areas, the sulfone/sulfinate ester ratio was calculated
to be 3/1., No pure products, however, were isolated from this

reaction,

LLZ-Dithiolan-—l,l-dioxide (1286) . A solution of 20,1 g (200

mmol) of 1,3-propanedithiol in 450 ml of acetic acid was cooled
to 5° and 60 ml (600 mmol) of a 35% aqueous hydrogen peroxide
solution was added dropwise, The mixture was stirred over-
night, the acetic acid removed in vacuum (below 40®), the res-
idue diluted wifh water and extracted with ethyl acetate.
After neutralization with sodium carbonate, the extract was
dried and concentrated in vacuum, The residue was crystallized
from ethyl acetate/ether to afford 7.3 g (26%) of colorless
crystals, mp 24.5-26°; ir (KBr) 1325 and 1110 em™l; nmr (cDCly)
6.257T (t, 24, J=6,5 Hz), 6,537 (t, 2H, J=7 Hz), 7.467 (m, 2H);
mass spectum: parent ion at m/e 138, fragments at 46, 45, 74, 64,
Anal. Calcd for C3HgS,0,: €, 26.07; H, 4.38; S, 46,40,

Found: C, 26.09; H, 4.58; S, 45.96,

1,2-0Oxathiolan-2-oxide (127) . To a solution of 1.38 g (10

mmol) of 1,2-dithiolan-l,l-dioxide (126) in 25 ml of benzene
was added dropwise 2.60 g (11 mmol) of tris(diethylamino)-
phosphine (l). An exothermic reaction occurred immediately
upon addition of 1. The mixture was stirred for 15 minutes,
the solvent removed in vacuum and the residue distilled in
vacuum to yield 0.80 g (80%) of 127, bp (0.2 mm) 48-49°; nis
1.4862, ir (£film) 1105 cm™t (S=0); nmr (CDC13) 6.55 T (m, 2H),

8.65T (m, 4H); mass spectrum: parent ion at m/e 106, fragments
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at 43, 58, 42, 78.
Anal, Calcd for CBHGSOZ: C, 33.93; H, 5,70; s, 30.19,

Found: C, 33,08; H, 5.,92; S, 29,36,

l,2-Dithian~1,l-Dioxide (128) . A solution of

30.5 g (250 mmol) of 1,4-butanedithiol in 250 ml of
acetic acid was cooled in an ice bath and 75 ml (770 mmol)
of a 35% agueous peroxide solution was added slowly
such that the reaction temperature did not rise above
35°, After stirring for 18 hours, the solvent was
removed under wvacuum, the residue diluted with water,
neutralized with sodium bicarbonate and extracted with
benzene; the benzene extract was dried and the solvent
removed under vacuum to yield a viscous oil which was
crystallized from ether to provide 10,5 g (28%) of white
crystals, mp 52-55°, which after two crystallizations
from ether provided an analytical sample, mp 54-56°,
(lit. mp 54.5-55°(84)); nmr (CCl,) 7.07 (m, 4H), 7.9T
(broad multiplet, 4H),

Anal, Calcd for C4HgS,0,: C, 31.,56; H, 5.30; S, 42,12,

Found: C, 31.83; H, 5.38; S, 41.67.

1l,2-0xathian-2-Oxide (129). A solution of

4.50 g (29.6 mmol) of 1,2-dithian-l,l-dioxide (128)

in 50 ml of dry benzene was cooled in an ice bath and
7.80 g (31,6 mmol) of tris(diethylamino)phosphine ( 1)
was added slowly. After stirring the mixture for

10 minutes, the solvent was removed under vacuum and

the residue fractionally distilled in vacuum to yield
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2.25 g (64%) of a colorless oil, bp (0.2 mm) 58-64°,

which on redistillation afforded an analytical sample,

25 1
D

Anal. Calcd for c4H8025:'c, 39.97; H, 6,70; S, 26,68,

bp (0.5 mm) 60-61°; -n°> 1,4862; ir (film) 1125 cm = (S=0).
Found: C, 39.68; H, 6.73; S, 26.33,

1,2-0xathian-2,2-Dioxide (138). To a solution of

100 mg (0.84 mmol) of 1,2-oxathian-2-oxide (129) in 5 ml
of water was added in agqueous potassium permanganate
solution until the permanganate color persisted. The
solution was filtered, acidified with concentrated
hydrochloric acid and the solvent removed under vacuum;
the residue was dissolved in ether, dried and the ether
removed under vacuum to provide a clear oil identical in
its ir and nmr spectrum to an authentic sample.

l,2-Dithian-1-Oxide (135). A solution of 10.0 g (82 mmol)

of 1,4-butanedithiol in 200 ml of acetic acid was cooled
to 10° and 17 ml (175 mmol) of a 35% hydrogen peroxide
solution was slowly added. To maintain solution, 25-40 ml
of methylene chloride was added as necessary. After
stirring 24 hours, the solvent was removed under vacuum,
the residue diluted with water, extracted with ether,
washed with water, dried and the solvent removed under
vacuum to afford a viscous oil which on distillation
provided a fraction bp (0.1 mm) 100-105° which crystallized
on cooling to yield 0.6 g (5%) of a wax-like material, mp
67-74°., This material could be sublimed in vacuum (70-90°

at 0.1 mm) to provide pure product, mp 74-76°. This material
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was homogeneous by vpc analysis; ir (KBr) 1060 cm~l (s:0).
The mass spectrum of this material exhibited a parent ion at

m/e 136,0007 (calcd for C,HgOS,: m/e 136,0016).

Attempted Desulfurization of p~Toluene p-Tolylthiolsulfonate;

the Isolation of Adduct 125 . To a solution of 2,78 g (10 mmol)

of p-toluene p-tolylthiolsulfonate in 10 ml of ether was added
dropwise 2,50 g (10 mmol) of tris(diethylamino) phosphine (1).

No heat was evolved; however, an oil precipitated immediately.
The supernatant liquid was removed and the oil was washed eight
times with fresh ether. The resulting oil was dried in vacuum
for 24 hours to yield 5.0 g (92%) of adduct 125 as a tan, vis-
cous, hygroscopic oil; nmr (benzene) 2,57 (m,8H, aromatic),

6,871 (m, 12H, Jp,=7 Hz, JPH=13 Hz), 7.607(d, 3H, Iou™ 2,5 Hz),

31

7.697T (s, 3H), 8.857 (t, 3H, J H=7 Hz) . The P nmr of this

H
adduct exhibited a strong resonance at -61.6 ppm relative to
phosphoric acid.

N, 7.81; P, 5.76; S, 11,92, Found: C, 56.63; H, 8.93; N, 8,08;
P, 5.,45; S, 13,07, (Sample was reported to be highly hygro-

scopic).

Kinetics of Desulfurization

Method A, Gas Chromatography. All materials were recrystal-

lized or redistilled prior to use in these kinetic experiments.
An F&ll 5750 Research Chromatograph equipped with a Perkin Elmer
Model 194B Printing Integrator and a flame ionization detectorx
was employed to monitor the reactions. The gas chromatographic

analyses were reproducable to better than £ 2%, For all exper-
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iments, a 6' x 1/8" stainless steel column packed with 10%
diethylene glycol succinate on Chromasorb W/AW-MCDS maintained
at an oven temperature of 220° (injection port temperature, 330°;
detector port temperature, 350°) was employed. Helium was used
as a carrier gas at a flow rate of 50 ml/min. The solutions

of disulfide and phosphine were equilibrated for 15 minutes in

a constant temperature bath (Bronwill Thermomix Constant Temp-
erature Circulator employed for temperature control) at the
desired temperature before each run, (All thermometers employed
in these kinetic experiments were calibrated against an Erco
#57478 thermometer) .

The requisité amounts of reactants were volumetrically
transferred to a flask, stoppered, shaken quickly and immersed
in a constant temperature bath., After appropriate time inter-
vals (at least 4 per run), aliquots of the reaction mixture
were removed, the reaction quenched with excess sulfur, and
the resulting mixture analyzed by vpc. All experiments were
performed in duplicate.

In those experiments in which stoichiometric amounts of
phosphine and disulfide were used, the areas of the disulfide
and sulfide peaks in the gas chromatogram were used in the cal-

culation of rate constants:

where k2= second order rate constant

f x (Sulfide Area) t = time (seconds)

k
2 tRg (Disulfide Area) f = calibration factor
(see Appendix I)

Initial reactant
concentration,

el
1]
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All calculations were performed on an iBM 360/50 computer using
a least square program (Appendix II). Rate constants were cal-
culated for the initial portion (10-50%) of the reaction for
which second order kinetics were seen to be valid,

For those experiments in which non-stoichiometric amounts
of reactants were employed, sulfide and/or disulfide concen-
trations were calculaﬁed:

fx(Sulfide area)(Initial Phosphine Conc,)

(Sulfide Conc,) =
(Phosphine sulfide Area)

This equation is valid if the conversion of phosphine to phos-
phine sulfide by the sulfur quench is quantitative, This was
demonstrated in that 0.247 g (1.00 mmol) of tris(diethylamino)
phosphine (1) reacted with excess sulfur to afford 0,275 g
(0.99 mmol, 99%) of tris(diethylamino)phosphine sulfide (4).
(These concentrations of phosphine and phosphine sulfide were
measured by vpc against diphenyl sulfide as a primary standard).
From the disulfide concentration thus calculated, the second
order rate constant (kz) was calculated by the method of least
squares,

Method B, Ultraviolet Spectrophotometry, A Coleman 124

Spectrophotometer equipped with a Coleman 165 recorder and a
Neslab Constant Temperature Regulator (*t0,2) was employed at
constant wavelength to monitor the disappearance of disulfide
with time. The solutions of disulfide and phosphine were equili-
brated for 15-30 minutes at a given temperature before each run,

The requisite volumes of disulfide and phosphine stock
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solutions were transferred to the ‘uv cell and allowed to fur ther
equilibrate in the cell holder for 3-5 minutes prior to measure-
ment of absorbance as a function of time. Pseudo-first order
conditions were employed with an excess (at least ten fold
stoichiometrically) of phosphine. All runs were performed in
duplicate. The value of the pseudo-first order rate constants
(k') were calculated from plots of 1n ((Ao-Aa)/(At-A,)) vs

time by the least Squares method, All calculations were per-
formed by an IBM 360/50 computer, The rate constants were
calculated from the initial portion of the reaction for which
first order kinetics were seen to be valid; all reactions were
allowed to continue for at least six half-lives before A, was
recorded,

In one experiment,l,2-dithiolane (57) , near stoichiometric
concentrations of reactants were employed, The disulfide con-
Centration (and hence the phosphine concentration) was calculated
from the reported (131) extinction coefficient for this disul-
fide. A second order rate plot for this reaction was found
to be linear (Fig. 22 ) and from this plot, the second order

rate constant k2 was calculated by the method of least squares,
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APPENDIX I

Quantitative Analysis by Gas Chromatography

In several experiments, it was necessary to perform gquan-
titative analyses by gas chromatography. By using internal
standards, the concentration (Cx) of a component x in a mixture

may be calculated from the equation:

C
STD
Cx £x XE;E Ay
C A
£ — X . STD

x Csmp Ay

where C, is the concentration of component x, Cgpp is the con-
centration of internal standard, A, and Agqp are the gas chro-
matographic peak areas of unknown x and standard respectively,
and f, is the response (calibration) factor for the particular
unknown-standard combination,

The response factor fx was determined as follows: two to
four accurately weighed solutions containing internal standard
and compound x were prepared, About 0.5 4l of each solution
was injected two or three times into the gas chromatograph and
the area of each peak was determined., (The area calculation
was performed by a Perkin Elmer Printing Integrator attached
to the gas chromatograph.,) The concentration ratio (Cx/CSTD)
was plotted versus the average area ratio (A, /Agqpp) for the
components in each solution., This plot was linear bisecting
the origin and with a slope : S

The calibration or response factor £, was found to be



198

insensitive to changes in column type or operating parameters
(gas flow rates, temperature, etc.). Some variation, however,
was observed when the detector characteristics were appreciably
altered, for example, on periodic cleaning of the detector.

For this reason, the gas chromatograph was recalibrated prior
to performing guantitative measurements, Typical response
factors used in this work are presented in Table XXII.

All gas chromatographic analyses were‘performed in dup~
licate and area ratios were reproducable to % 1% (average of
10 analyses). Analysis of 5 standard solutions on the pre-
calibrated instrument were found to vary from the theoretical

concentration by less than 2% 3%,

TABLE XXII

TYPICAL GAS CHROMATOGRAPH RESPONSE FACTORS

Compound Standard £
(EtzN)3P Ph-5 ~-Ph 1.62
[ s Xylene 2,50
S
l S 1,2-Dithiane 0.95
S
Benzyl Sulfide Benzyl Disulfide 0.88
Benzyl Sulfide Ph~-s-Ph 0.84
Benzyl p-Bromobenzyl Ph-s-Ph 0.90
sulfide
Di-p~bromobenzyl Ph~g-Ph 1,00
sulfide
Benzyl Disulfide Ph-s-Ph 1.79
S

ROOC—(_->—COOR c,t (Me,N)3P=0 1.16

S-S
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APPENDIX II

Prd&ram,l. Calculation of Second Order Rate Constants and

' Actiyatibn Parameters by the Method of Least Squares,

Input data for this program is the integrated vpc
peak areas of one product and one reactant of a
bimolecular reaction, The program is applicable only
if both reactants are present in equal concentrations. (0,2 M)

Format for input data:
Card #1. Headings (full card).
$2, Gas Chromatographic response
factor (f) (col 1,2)
#3, Total number of runs (col 1,2)
%4, Headings for particular run (col 1-12),
temperature ( C.) (col 13-18),
number of points in run (col 19,20).
#5 Data: Product area (col 1-5 )
Reactant area (col 6-10)
Time (11-15)
Repeat #5 for each point.
If the initial reactant concentration 7%= 0,2 M,
the value of A in statement 26 should be changed.
Progr am:
' DIMENSION TEMP(20),TE(20),TA(20),RATE(20),RATEL(20)+R(20)sR1L2C
DIMENSION X(40),y Y(40), T{40), RATIO(40), RT(40)
DIMENSICN HEAC(18)
DIMENSICN ENTX(40), RAT{40)
DIMENSICN S{40)
ODIMENSICN TIME(40)
10 READ(59159END=450)(HEAD(M) yM=1,18)
15 FURMAT(L1l844)
READ(5,151)F
151 FURMAT(F6.4)
WKITE(69370) (HEAD(M) yM=1,18)
370 FGRMAT(1HL,30X,1844//55X¢ 1BHKINETIC EXPERIMENT///)
READ(5445)K
FURMAT(I2)
SUMR1=C.0
SUMR=0.0
SUMTE=0.0
DG 350 L=1yK _
REAU(S 900 )TITLEJTITLELSTITLEZ,TEMP{L) ¢NRUN
60 FURMAT(344,F6.1412)
WRITE(6yTO)TITLE, TITLEL,TITLE2,TEMP(L)
70 FURMAT(lH 93A495X4HTEMPy2XyF6.1/)
WRITE(64940)
40 FUKMAT(1H 921Xs4HTIME,6X,12HSULFIDE AREA,3X,14HDISULFIDE AREAs(
1y5HRATIU, 10X, 24H2 ND ORDER RATE CONSTANT/)
3UM=0.0
A=(C .20
DULSC I=1,NRUN
READ{ 591200 X(1) Y1), T(I)

o
i

a . \



- : 200
120 FURMAT(3F5.1)
. RAT [U(I) -(F*X(I))/(A*bO*Y(I))
RICL)Y=KRATIOCL)/T(IL)
S TIME(L)=T(])
. SUM=SUM+RT(I)
WRITE(6yL40)TLL) o X(I)oY{I)yRATIU(I)4RT(I)
140 FURMAT(LH o1lTXsFB8al oy TXyFBalyTXeFBaloyTXsrFlleb,yl0X,EL2.6/)
150 CUNTINUE -
G=NRUN
RMEAN=SLM/G
)UM$=CQO
RQU3001=1,yNRUN
‘ S(I)=(RT(I)~RMEAN) *%2
300 SUMS=S5UMS+S(I1)
DEV=SQKT(SUMS/(G-1.0C))

- STUERKR=(DEV*100)/RMEAN
CALL LINE(NRUN,TIME, RATIL,SLOP& By, STCDEV)
AKITE(6 sLoO)RVNEAN,SLOPE,B,STLDEV
LbO FURMAT(LH 9 LlOX94HMEAN)3X9E12.6945X,13HRATE CUONSTANT9»3XE12.695X
2ORINTERCEPT 93X EL2.6¢3X96HSTODEV3X9EL12.6)
' WkITEL64310)DEV,STDERR
310 FCRMAT(LH #10Xs6HSTOOEV92X9EL12.6/10X36HSTDERR¢2XyEL2.6/)
TA(L)=TEMP(L)+273.15
TE(L)=1.0/TA(L)
"RATEL(L)=SLOPE
R1L(L)=ALGG(RATEL(L)/TA(L)*5, €63E+07)
350 CuUNTINUE
CALL LINE (KyTEyR1 yACT19ENT1,STD2)
H=K ’
ENGL=(~-ALTL)*1,987
SUMENT=0,.0
PDG360 L=1,4K
RAT(L)=RATEL(L)*1.EQ03
ENTX(L)=1e9BT*( (ENGL/{1.98T7*TA(L)))=ALCG(TA(L))+ALOGI(RAT (L))
300 SUMENT=SUMENT+ENTX(L)
ENTRL=SUMENT/H
WRITE(6437L)(READ(M)4M=1,18)
371 FCKMAT(1HL 930Xy 18A44//55X4321HACTIVATIGN PARAMETERS///)
WRITE(6,380)TITLE,TITLEL,TITLEZ
380 FURKMAT(1IH 446X4344/)
WKITE(O2390) ( TEMP(L) +RATEL(L) yL=1,K)
ARITE(69395)ENGL,ENTRL
390 FURMAT(LlH +56X9F8.195X3EL12.6)
399 FUGKMAT(LHO 36X LTHACTIVATIUN ENERGY 9y3XsF12.395Xs8HENTRUPHY »3X,
1FL12.1/77)
WRITE(6+4C0) (ENTX(L)sL=14K)
490G FCRMATI(1IH #FL1l2.3)
ER=STLZ*1.987
WRITE(6,41C)ER
410 FURMAT{1HO.Fl2.3)
6Gu TO 1C
450 STOP
END
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Subroutine:

20

SULBKUUTINE LINE(N XY 3SLOPEybBSTUUEV)
DIMENSIUN X(40)4,Y{4C)

DIMENSIULIv K(4C)

SUMA=U,.C

2UMY=C .U

SUMXY=0.G

SUMAA=C .0

bbl‘l—‘-O Y O

DLLCu=Ll.nN

SLMX=SUMX+X(J)

sUmY=5UmMY+Y(y)
SUMXY=SULMXY+X{J)RY({J)
SUMAXZOLIMAR+X{(J)¥%2

e=N

DULINUM=DUMAFX.—0O®SLMAX
SLUPE=(SUMX%SLMY=C*SUMXY }/LENUOM
S={SUMA%RSUMXY=SUMY%SUNMXX) /DENCM
uL201=1lv
ROP)=(SLUPERA (1) +8-Y (1)) *xx%/7
SLM=SUM+K(T)

ST0VEV=SURT{OUM/ (CROIUMXX—-SULMXR*%Z) )
Kb TUKN

ehD
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Program II. Program for the Calculation of Pseudo First Order

" and True Second Order Rate Constants based on UV Absorption Data,

Programs (including data format)

PROGRAM FOR THE CALCULATION OF PSFUDO FIRST ORDER AND TRUE SECOND
DRDER RATF COMSTANTS ceevese
DATA CARDS:
HFADINGS ON CARD ONE.eo
CARD TWO: LIMITING REAGENT CONCe. (CU) COL 1-9
EXCESS REAGENT (C2) CcOL 1¢~-19
NUMBER DOF MEASURLMENTS COL 2¢-21
MEASUREMENTS TIME (MIN) COL 1-9 3 UV ABSORPTION COL 1:1-19
FINAL CARD: FINAL ABSORPTION COL 1-9
DTMENSION HEAD(2C) o T(4G) 4AL4C) 4y TIME(4C), RATIC(4D)
2¢) READ(S,5M)(HEAD(M) ,M=1,18)
5 FGRMAT (18A4%)
IF(HEAD(1)+4EQe ENDIGO TO 5Sul
READ(S,100)1CL1yC24N
10( FORMAT (F9.54F10G.5,12)
READ(S 200 )I(T(I) yA(TI)yI=1,N)
207 FORMAT (2F9,5)
READ(5,21C)AE
217 FORMAT (F1re.5)
D035 I=2,N
TIME(I)=T(I) %60
IF(A{]1).LE.AE)GO TO 3C
RATIC(I)=ALOG((A(L)-AE)/{A(I)-AE))
GO TO 35
3¢ RATIO(I)=ALOG({(AE~A(I))/ (AS=A(1)))
35 CONTINUE
RATIO(1)=C.0 _
CALL LINE(N,TIME,RATIO,SLOPE,B,STODEV)
RATE=SLOPE/C2
WRITE(6,300) (HEAD(M) ¢M=1,18)
300 FORMAT (1H1,53X,25HPSEUDO 1ST ORDER KINETICS//3GX,18A4//7/7)
WRITF(64350)C1,C2,AE
35¢ FORMAT(1H L2IHINITIAL CONCSENTRATION//30X,18HLIMITING REACTANT#,
1 2Xy F9e5/3i:Xe L6HEXCESS REACTANT#,4X,F1Ne5//72:Xy 16HFINAL ABSORPTI(
2N¢ 22Xy FLC o 5//748X 4HTIME, L10X,1;HABSORBANCE,13X,5HRATICQ//)
WRITE(6,400 ) (T(I)yA(I),RATIO(I),I=1,N)
400 FORMAT (1H 445X, F9e4 410Xy F945,103X4F1l1a5)
WRITE(64450)SLOPE,BySTDDEV,RATE
450 FORMAT(1H ,42X423H1ST ORDER RATE CONSTANT,17X,E12+.6/49X,9HINTERCEF
1Ty 17Xy E126/44Xy18HSTANDARD DEVIATION13X,E12467/741%,
2 24H2EDMN ORDER RATE CONSTANT, 10X ,S12.6)
GD TO 20
5Cf STOP
END



Subroutine:

1Ea

26

SURRCUTINF LINT(NyXyY,SLOPF,8,STDOEV)

DIMENS ION X(40),Y(4)
PIMONSION R{40)

SUMX =1 ¢

SU“Y='.‘F

X(1l)y=Cat

Y(1)=t o

SUMXY=( 4f}

SUMXX=t of

SUM=( o€

D01 J=1,N
SUMX=SUMX4+ X ( J)
SUMY=SUMY+Y(J)
SUMXY=SUMXY+X(J) %Y (J)
SUMX X= SUMXX+ X( J) **2
G=N
DENNM=SUMX#% 2-G* SUMX X

SLNPE= (SUMX*SUMY=G*SUMXY ) /D NOM
B=(SUMX# SUMXY=SUMY*SUMXX ) /DENDM

po20I=1,4N

R(IN=(SLOPEXX(1)4B-Y(I))*%*2

SUM=SUM+R ()

STODEV=SQRT (SUM/ (G*SUMXX=SUMX%*2})

RETURN
END

203
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Program III, Calculation of Activation Parameters ( AH?, AS*)

. by the Method of Least Squares,

Program: (including data format) =--- use subroutine of Program I,

Cueeeo?TLGEAY FOI THE CALCULATION OF ACTIVATION PARAMETERS
Ceessal™Pi)Te TEMPERATURES AND RATF CONSTANTS
CoeeeoFLEYAT: CARD 1...HFADINGS .
C vevonseoasvesas LARD 244 dNUMBER [F POTMTS e 1,2
CeonossssescoanscsllATA CARNS. oo « TEMPERATURFS CENTIGRADE L
C veveveonsessessecasassencse e RATEF CONSTANT (L/M/SF7) C
C teceosassasess CONTRUL CARND: 22 IF FND QF SCRIES, 13 ¥
JTMENSTIR FNTX(4N), RAT(4D)
NIVENSITN TEMP(?O),TE(ZJ)vTA(?”)qRATF(?“),“ATFY(?“)'”
DIMENSIUCN HEAD(IR)
10 AEAN{S,15)Y(HEAD(M),¥=1,1P)
15 EOPMAT(14344)
QEAN( S 445)K
45 ENCMAT(T2)
PEA“IB,SR)(TEMP(L),RATEI(L)'L=1,K)
3N FLRMAT(2FLO.H)
N 23RN L=1,K
TA(L)=TEMP(L)+273.1%
TE(L)=1.n/TA(L)
P1(L)=ALOGIRATEL(L)/TA(L)*5.663E+07)
5% CONTINUFE .
CALL LINE (KyTE4R1,ACT1,ENT1,STD2)
H=K
INCL=(-ACT1)*x]1,9R7
SUMENT=0,0
I0IEN 1= ,K
QAAT{L)=RATEFL(L)*L,FO3
?NTY(L)=1.°97*((ENGI/(I.OQ7*TA(L)))-ALRG(TA(L))+«L1n(
1-2%.764)
AN SUHENMT=SUMENTHENTX (L)
FNTRI=SUMENT/H
WRITF(Ge3TLY(HFAD(M) ,M=1,19°)

171 FrﬂMAT(1H1,30X,1RA4//55X.21HALTIVATIQM PARAMETFDS///)
APITF(6.390)(TFMP(L)'QATFl(L),L=lyK)
APTTF{E205)ENGL,ENTRI

290 FOCMAT (LM ,5:’)X,F3.].,’)X,E12.6’

1-1n
11-19
FAIN NFE DATA

(2n),R1(2")

DAT (L))

nan ELANMAT(HO, 30X, 1 THACTIVATION ENFRGY 32X 4F 12,34 5X, JHENTRODHY 3%,

1F12.1/777)
WRTTE(E,4NT)Y(ENTX(L)L=1,+K)
4c0 FOFMATIIH 4F12.3)
FRp=CTD2*1 0OR87
IFTTE(A4410)ERR
410 FOCRMAT(1IHN,F12.6)
READ(5,32C)J
22 FREMAT(I?)
1F(J.FGCe33) STOP
56 T 1D
EM
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Program IV, Calculation of Second Order Rate Constants.

This program is applicable when the initial
concentration of reactants are not equal,

Data format: o
Card #1, Number of points in run
2. Data: Reactant A concentration (col 1-6),
Reactant B concentration (col 7-12)
Time (col 13-18),
Repeat #2 for each point in run.

Program: ~-=(use subroutine of Program I,)=---

eoe o LALCULATIGN UF SECCOND QRDER RATE CONSTANTS
DIMENSTON TL20) 4X(20),P120),XLG(20),TIME(20)
10 READ(%420,END=300IN
2 FufRMAT(]2)
RELD(59300(T(L)4PLI)yX(I)sI=1,4N)
30 FUPMAT(3F6.5)
211 100 I=1,4N
XLGAT )=ALOGU(PLIIXEXCLY)/Z(X(I)*P(1)))
TIME(T)=T(I)*60.0
190 CONTINUE
CALL LINE (NyTIME XLGySLOPE,B,STDDEV)
RATeE=SLOPE/(P(L1)~X(1))
STREV=STDNEV/(P(1)-X(1))
APTTE(64150)
158 FORMAT(LIHL27HSECCND CRDER RATE CONSTANTS///7)
VEITE(64,180)P(1),X(1)
18 FORMAT(LH 4 SX21HINTTIAL CONCENTRATINON//
15X, 10HREAGENT H#L1y5X,F13.5,
2/ /75Ky 1 CHREAGENT #2 45X ,F10.5//
355H TIME (MIN) CONC.#1 CONC.#2 )
AT TE (A 2000 (TEL) 9PCI) o X{TI)yI=14N)
S0 FLRMATIIH 25X 4Fl0a5,L0OXsF104S5y1NX,F10.654/7)
WEITEF (64,250 KATF, STOEV
O FLFMAT(LIH 95X, 13HRATE CONSTANTH10X,y EL12.67//5X,
1LEHSTANDARD DEVIATINN,S5X,E12.6)
ST 10
Ann ST
F A
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APPENDIX ITII

o(~-BROMINATION OF ACID HALIDES
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APPENDIX III

XK ~-BROMINATION OF ACID HALIDES

The K bromination of acids may be accomplished by the
Hell-Volhard-Zelinski (HVZ) reaction (240). Although this
reaction is believed to proceed by bromination of the acyl
bromide which is generated in situ, the direct bromination of
an acid chloride, in most cases, proceeds with difficulty. (241),
Extended reaction times, free radical initiators and high
intensity light are often utilized to realize such a bromination,
Although N-bromosuccinimide (NBS) is well known as a brominating
agent (242), there are no reports of this reagent being employed to
directly brominate acid chlorides.

It was found that NBS, in the presence of acid catalysts,
effects the bromination of acid halides in relatively short
reaction times and in high yield . For example, phenyl acetyl

chloride (I) is quantitatively converted (nmr) to the o-bromo

NBS, HBr Br
/7
o 3 hr 0

I cl 1 Cl

derivative II. This was accomplished by refluxing the acid

chloride with a 20% excess of N-bromosuccinimide for 3 hours

in carbon tetrachloride solution to which had been added 3-5
drops of HBr/HOAc solution, Filtration of the insoluble
succinimide and removal of solvent afforded crude acid chloride II
which was shown to be homogeneous by vpc analysis, Distillation
provided the «~bromo acid chloride in 75% yield., 1In a similar
manner, a variety of primary and secondafy acid chlorides

and diacid chlorides were converted to their « -bromo derivatives,
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These results are summarized in Table XXIII., Vvields in all cases

TABLE XXIIIX

BROMINATION OF ACID CHLORIDES BY NBS,

B o 0 Br o}
| - | 7
R-g-c\ + N-Br ——> R=C~C + N-H
R' Cl l, c1
o) R o]
Acid Chloride ifggflﬁg Product $ vield?
c6H5cr»12coc1 3 C 6H SCH (Br)cocl 75
ClcH, CH,COC1 4 C1CH,CH(Br)cocl 70
~CH,COC1 _CH(Br)cocl b
CHp 1 CH\Z 75
~ CH,COC1 CH(Br)cocl
?HZCHZCOCI 1 ﬁnzcn(ar)coc1 60€
CHaCH,COC1 CH,CH(Br)COC1
O—com 4,5 <:>‘—coc1 58
Br 70d

a) Reactions were quantitative (nmr), vields reported are
of pure distilled product, b) Isolated as the methyl ester.
c) Isolated as the meso diacid. d) 1Isolated as the amide,
were quantitative as determined bv nmr, These compounds could
be isolated in high yield and purity. Thus, this bromination
reaction would permit the convenient preparation of many
o-brominated acvl derivatives such as esters, amides, aldehydes
and ketones as well as «-bromo acids,

That the bromination of acid chlorides by NBS does not

proceed by a free radical process, but rather by way of an ionic

mechanism could be readily demonstrated., Addition of benzoyl
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peroxide, a free radical initiator (243), suppressed the
- rate of bromination to a considerable extent while the addition

of a trace of a mineral acid had a stronqg catalytic effect (Fig, 30).

100 -
S
- R O
. /. -
801 C 7
A
R -
/ R
Z N . R
@) 6 0 /,/ s
= i o
fé ’/ .N' ,4.'
w 40+ ’ Axf- 7
m /. .-'.... */"/
= / l B ) PR
20 ™ -/,/ .-‘.-..-".. e _,n/!"‘
s e =%
.F-"" P
i ' l l : :
: 2 3 4 5 6
TIME hr

Figure 30, Bromination of Phenyl Acetyl Chloride (I).
A) refluxing carbon tetrachloride (1 M,)™
B) as (A), benzoyl peroxide added,
C) as (A), 1 drop HBr/HOAc added.

The function of the acid is presumably to effect enolization
of the acid chloride, This enol may then undergo bromination

either by reaction with NBS itself, or with bromine generated by
Br

0 OH o
2 HBr | )
R-CH, -c< ———— R-¢= c: —NBS o R-C—C{
cl B ClL OR Br, § cl

the reaction of NBS with acid. Bromine is generated during the
reaction as evidenced by the development of a deep red

coloration,

This bromination reaction appears to be both convenient
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and general; the high yields and short reaction times make it
competitive with the HVZ reaction, Since this bromination
permits the isolation of the «-bromo acid chloride, from which

a wide variety of acvyl derivatives may be prepared, the reaction

is thus more versatile than the classical HVZ reaction,
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APPENDIX IV

SPECTRA

(Solvents and major
line positions are
recorded in the
Experimental Section.
Spectra are listed

in order of the
compound's number.)



212

] 1 T T T T T
3000 2000 1500 -1 1000 800
cm
AcO
AcO 0
AcO
AcO S)Z
25

@~D-Glucopyranosyl disulfide octa-O-acetate (25).
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Mass spectra of trifluoroacetyl cystine and lanthionine
derivatives., A) N,N'-Bis(trifluorocacetyl)-L-cystine
Dimethyl Ester (39)., B) N,N'-Bis(trifluoroacetyl) -
L-lanthionine Dimethyl Ester (40).
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1,2-Dithian-1,l1~-dioxide (128).
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l,2-pithian-l-oxide (135).



10,

11,

12,

13,

14,

15,
le6.
17,
18,

242

BIBLIOGRAPHY

Reid, E.E.,"Organic Chemistry of Bivalent Sulfur®", vol, 1I,

Chemical Publishing Co,, N.Y., 1958, pp, 107-261,

Janssen, M.J,, "Organosul fur Chemistry", Interscience
Publishers, N.Y,, 1967. p. 2,

Kharasch, N,, "Organic Sulfur Compounds", vol, I, Permagon
Press, N.Y., 1961, p. 453, :

Jo%t, K., Debabov, v,, Nesvabda,'H., and Rudinger, J,,
Coll,., Czech, Chem, Commun, , 29, 419 (1964),

Stern, K.G,, and White, A,, J, Biol, Chem., 117, 95 (1937).
Rudinger, J., and Joét, K., Experientia, 20, 570 (1964),
Koike, M,, and Reed, L.J., J, Am. Chem, Soc,, 81, 505 (1959),

Bradley, D.F., and Calvin, M,, Proc, Natl, Acad, sci,, 41,
563 (1955),

Bell, M.R,, Johnson, J.R., Wildi, B.s., and Woodward, R.B,,
J. Am, Chem, Soc., 80, 1001 (1958),

Brewer, D,, Rahman, R., Safe, S,, and Taylor, A., Chem. Commun, ,
1571 (1968).

Nagarajan, N,., Huckstep, L.L., Lively, D.H,, DeLong, D.C.,
Marsh, M.M., and Neuss, N,, J. Am, Chenm, Soc,, 20, 2980 (1968),

Thompson, (.E,, Crutchfield, M.M,, and Dretrich, M.w., J. Am,
Chem, Ssoc,, 86, 3892 (1964),

Stevenson, D.P,, and Beach, J.Y., J. Am, Chem, Soc,, gg,
2872 (1938),

Westlake, H,E., Laquer, H,L,, and Smyth, C.P,, J, Am. Chem,
Soc., 72, 436 (1950),

Koch, H,P,., J, Chem, Soc., 394 (1949),

Wieland, T,, and Schwahn, H,, Chenm. Ber., 89, 421 (1956).
Pauling, L., Proc, Natl, Acad, Sci. U,S., 35, 495 (1949),
Breslow, D.S., and Skolnik, H., "Multi-sulfur and Sulfur and
Oxygen Five and Six-membered Heterocycles, Part I" in "The

Chemistryv of Heterocyclic Compounds", Weissberger, A,, ed,,
Interscience Publishers, N.Y., 1966,




19,
- 20,

21,

22,
23,
24,

25,
26,

27,

28,
29,
30.
31.

32,

33,
34,

35,
36,

37.

38,

243

Kharasch, N,, op. cit., Vo1, II, b, 367,
Parker, A.J. and Kharasch, N,, Chem, Rev., 59, 589 (1959),

a) Bateman, L., Moore, C.G. and Porter, M.J., J. Chen.
Soc. 2866 (1958).

b) Schdnberg, A. and Mustafa, A., ibid., 889, (1949),
Leandri, G, and Tundo, A,, Ann, Chim, (Rome) , 44, 63 (1954),
Kharasch, N,, op. cit., Vol, 1II, P. 35,

Hauptmann, H, and Wladislow, B., J, am, Chem, soc., 72,
710 (1950), —

KRharasch, N,, op. cit., Vol 1II, P. 42,

Sondheimer, F. and Rosenthal, D., J. Am. Chen, Soc., 80,
3995 (1968),

Kharasch, N,, Gleason, G, and Beuss, C.,M,, J, Am, Chen,
Soc., 72, 1796 (1950),

Janssen, M.,J., Op. cit., p.3.
Parker, A.J. and Kharasch, N,, op. cit., p. 583,
Kharasch, N,, op. cit., Vol, I, p. 83,

Kharasch, N, and Parker, A.J., Quart,. Reports on Sulfur
Chemistry, 1, 285 (1966).

Fava, A,, Iliceto, A, and Camera, F,, J, Am, Chem, soc.,
79, 833 (1957).

Parker, A,J. and Kharasch, N,, op. cit,, p.602,

a) Hiskey, R.G. and Harpp, D.N., J. am, Chem, Soc,, 86,
2014 (1964),

b) Harpp, D.N,, Ph.D, Thesis, University of North Carolina
(1965) ,

Parker, A,J, and Kharasch, N,, Op. cit., p. 607,

Ogawa, S., Morita, M,, Donome, K,, Fujisawa, K., Japanese
Patent 23,937 (1967); Chem. Abstr,, 69, 35919 (1968),

Karasch, N,, op. cit., Vol, 11, p. 337.
Field, L, and Grunwald, F.a,, J. Org., Chem,, 16, 946 (1951),




244

~ 39, Moses, C.G. and Reid, E.E,, J. Am, Chem, Soc., 48, 776 (1926).

40, House, H,0,, "Modern Synthetic Reactions", W.A. Benjamin,
Inc, N,Y., 1965, p. 14,

41, a) Michaelis, A, and Kaehﬂé, R., Chem, Ber., 31, 1048 (1898),

b) Arbusov, E,A.,, Zhur, Russ, Flz. Khim, Obshchestva, 38,
687 (1906).

42, Kamai, G. and Kukhtin, V,.A., Akad, Nauk S.S.S.R. Turdy
1-0i Konferento 1955, p. 91; Chem, Abstr. 52, 241 (1958),

43, Myres, T.C., Preis, S, and Jensen, E.V,, J. Am. Chem.,
Soc., 76, 4172 (1954),

44, Hudson, R.F., "Structure and Mechanism in Organo-Phosphorus
Chemistry", Academic Press, N.Y., 1965, p. 153.

45, Ramirez, F,,Desai, N.B, and McKelvie, N,, J. Am. Chem,
Soc., 83, 3539 (1961)."

46. Rabinowitz, R,and Marcus, R., J. Am, Chem. Soc., 84, 1312
(1962).

47, Hartley, S.B.,, Holmes, W,S,, Jacques, J.K., Mole, M.F,
and McCoubrey, J.C., Quart. Rev., 17, 204 (1963).

48, Hudson, R.F., Op. cit., p. 168,

49, Bartlett, P.D, and Meguerian, G., J. Am. Chem. Soc., 78,
3710 (1956).

50. Neureiter, P.D, and Bordwell, F.G., J. Am., Chem. Soc.
81, 578 (1959),

51. Denney, D.B. and Boskin, J.M,, J. Am, Chem, Soc. 82,
4736 (1960),

52, Boskin, J.M, and Denney, D.,B,, Chem, & Ind., London, 330
(1959) .

53. Schonberg, A.,Chem.. Ber,, 68, 163 (1935).

54, Schonberg, A.. and Barakat, M.Z., J. Chem. Soc., 892 (1949),
55, Moore, C.G. and Trego, B.R., Tetrahedron, 18, 205 (1962).
56. Moore, C.G. and Trego, B.R., Tetrahedron, 19, 1251 (1963).
57 . Harpp, D.N, and Ash, D, unpublished results,

58, Hayashi, S., Furukawa, M,, Yamamoto, J. and Hamamura, K.,
Chem. Pharm. Bull,, 15, 1310 (1967).



59.

- 60,

61,

62,

63,

64,

65,

66,

67.
68.

69,
70,
71,
72,

73.
74,
75.
76.
77.
78,
79.
80.

245

Feher, F. and Kurz, D,, 2, Naturforsch,, 23b, 1030 (1968).

safe, S, and Taylor, A,, Chem, Commun,, 1466 (1969),

Jacobson, H.I,, Harvey, R.G. and Jensen, E.V., J. Am,
Chem, .Soc,, 77, 6064 (1955),

Murzay, R.W. and Kaplan, M.L., J. Am, Chem, Soc,, 91, 5358
(1969) , S

Bartlett, P.D, and Mendenhall, G.D., J.Am, Chen. Soc., 92,
210 (1970). —_

a)Denney, D.B. and Relles, H.M,, J. Am, Chem. Soc., 91,
1256 (1969),

b) Adam, W,, Ramirez, R.J. and Tsai, S., J. Am; Chem,
. Soc., 91, 1256 (1969).

walling, C, and Rabinowitz, R., J. Am,., Chem, Soc,, 81,
1243 (1959).

Akanes, G,A. and Akanes, D.,A., Acta., Chem, Scand., 18,
38 (1964).

Burn, A.J, and Cadogan, J.I., Chem, & Ind, London, 736 (1963).

Pearson, R.G., Sobel, H., and Songstad, J,, J. Am. Chem,
Soc., 90, 319 (1968).

Hudson, R.F., op. cit., p. 137,
Mark, V., Org. Syntheses, 46, 42 (1966),
Burgada, R., Ann, Chim,, 347 (1963),.

Houalla, D,, Sanchez, M,, Wolf, R,, Bull, Soc. Chim, Fr.,
2368 (1965).

Hudson, R.F., op. cit., p. 177.

Snyder, J.P., private communication.

Reid, E.E., op, cit., Vol, III, p. 363,

Reid, E.E., op. cit,, Vol. I, p. 124,

Luttringhaus, A, and Hagele, K., Angew. Chem., 67, 304 (1955)
Wallace, T.J., J. Am, Chem, Soc., 86, 2108 (1964).

Reid, E.E., op. cit., Vol., I, o, 120,

‘Autenrieth, W, and Wolff, K,, Ber,, 32, 1370 (1899),




81,

- 82,

83.

84.
85,

86.

87.

88,

89,

90,
91,

92,

93.

94,

95.
96.

97,

246

Lecher, H. and Wittwer, M., Ber,, 55B, 1464 (1922).
Reid, E.E., op. cit.,, Vol, I, p. 118,

Mukaiyama, T. and Takahashi, K., Tetrahedron Letters,
5907 (1968),

Field, L. and Barbee, R.B,, J. Org, Chenm,, 34, 36 (1969),

Douglas, I1.B,, Martin, T.T. and Adder, R.J,, J. Org,
Chem., 16, 1297 (1951),

Hiskey, R.G., Carroll, F,.I., Babb, R.M., Bledsoe, R.M.,
Puckett, R,T. and Roberts, B.W,, J. Org,., Chem,, 26, 1152
(1961) . —

Field, L., Harle, H,, Owen, T.C., and Ferretti, aA., J.
Org., Chen,, 29, 1632 (1964),

Boldyrev, B.G., Grivnak, L.M,, Lolesnikova, S.A., Kolmalova,
L.E,, Voloshin, G,A,, %h. Ogr. Khim., 3, 37 (1967); Chem,
Abstr, 66, 94769 (1967),

Dmuchovsky, B,, Zienty, ¥,B. and Vredenburgh, J,, J. Org,
Chem., 31, 865 (1966).

Harrington, W.L. and Isenhour, T.L. unpublished results,

Ramirez, F,, Gulati, A.S. and Smith, c,pP,, J, Org., Chem,,
33, 13 (1968),

Sakata, M., Haga, M,, Tejima, S, and Akagi, M., Chenm,
Pharm, Bull, (Japan), 12, 652 (1964),

Horton, D., "Methods in Carbohydrate Chemistry", Whistler
R.L. and Wolfrom, M.L., ed., Academic Press, Inc., N.Y.'
1963, p, 433,

Kokuyama, K,, Keyokawa, M, and Katsuhara, M,, J. Org,

Chem., 30, 4057 (1965); Akagi, M,, Tejima, S. and Haga, M,,
Chem, Pharm, Bull,, 10, 562 (1962); 1Ingles, D.L, and
Whistler, R.L., J, Ofg, Chen,, 27, 3896 (1962);

Reckendorf, W.M., and Bonner, W.x., Tet., 19, 1711 (1963);
Ohle, H. and Mertens, W., Chem, Ber., 68,72175 (1935),

Singh, G, and Zimmer, H., J, Org. Chen,, 30, 417 (1965),

Emsley, J.W,, Feeney, J. and Sutcliffe, L.H., "High
Resolution Nuclear Magnetic Resonance Spectroscopy",
Vol, 2, Pergamon Press, London, 1966, p, 1052,

Crutchfield, M.M,, Dungan, C.H., Letcher, J.H,, Mark, V,
and Van Wazer, J.R,, "Topics in Phosphorus Chemistry,
Volume 5", Grayson, M. and Griffith, E.J., ed.,, Inter=-
science Publishers, New York 1967,




98,
99,

100,
101,
102,

103,

104,

105,

106.
107.

108.

109,

1llo0,

111,

112,

113,

114,

115,

lle.

247

Kharasch, N,, op. cit., Vol, I, p; 453,

Greenstein, J. and Winitz, M., "Chemistry of the Amino
Acids‘, John Wiley & Sons, Inc,, 1961,

du Vigneaud, v,, Fxperientia 11, Suppl, 2, 9 (1955),
Cash, w.D., J. org. Chem,, 27, 3329 (1962),

Li, c.H,, Dixon, J.S. and Liu, W.R., Arch, Biochem,
Biophys, 133, 70 (1969),

Horn, M.J., Jones, D.B. and Ringel, s.J,, J. Biol, Chenm,,
138, 141 (1941). '

a) Brown, G.B. and du Vigneaud, v,, 7. Biol, Chem., 140,
767 (1941),

b) du Vigneaud, V. and Brown, G.B., J. Biol, Chem,, 138,
151 (1941),

Cuthbertson, W.R., and Phillips, H,, Biochem. J.p 39,
7 (1945),

Sloane, N,H. and Untch, K.G,, Biochemistry, 5, 2658 (1966),

Rao, D.R., Ennor, A.H. and Thorpe, B,, Biochemistry, 6,
1208 (1967),

Rossetti, V., Ann, Chim, (Rome) , 36, 935 (1966); Chem,
Abstr,, 66, 397 (1967).

Greenstein, J.P, and Winitz, M,, "Chemistry of the Amino
Acids", John Wiley & Sons, Inc., New York, N.Y., 1961, P.2675,

Weygand, F,, Prox, A,, Jorgensen, E.C,, Azen, R, and
Kirchner, p,, z, Naturforsch,, 18B, 93 (1963),

Budzikiewicz, H,, Djerassi, C, and Williams, D.,H., "Mass
Spectrometry of Organic Compounds”,, Holden Day Inc,,
San Francisco, 1967, p., 276,

Heyns, K. and Griutzmacher, H.F., Ann., 698, 24 (1966).

Budzikiewicz,H,, Djerassi, C, and Williams, D.H,, op. cit.,
p. 155,

McLafferty, F.W., "Interpretation of Mass Spectra", w,
W.A, Benjamin Inc,, New York, 1966, p, 123,

Good, M., Major, a,, Nog- Chaudhuri, J. and McGlynn, s,,
J. Am, Chem, Soc,, 83, 4329 (1961),

Muller, E. and Hyne, J.B., J. Am, Chem, Soc., 91, 1907 (1969),




117,
118,
119,

120,

121,
122,
123,

124,
125,

126,

127 .

128,
129,

130,

0 131,

248

Reid, E.E,, op. cit. Vol, III, p. 11,
Sander, M., Chem. Rev. 66, 341 (1966),

Dittmer, D.C., Hertler, W.R. and Winicov, H,, J. Am,
Chem. Soc., 79, 4431 (1957).

a) M.W. Bullock, U.S. Patent 2,788,355 (1957); Chem,
Abstr., 51, 13909 (1957),

b) Sh, Yurugi, H. Yonemoto, and T, Fushimi, Yakagaku
%asshi, 80, 169b (1960); Chem. Abstr,, 35, 12288 (1961),

¢) Sh. Yurugi and T. Fushimi, Japanese Patent 6532 (1962);
Chem, Abstr,, 58, 13916 (1963).

Budzikiewicz,H,, Djerassi, C,., and Williams, D.H,, op. cit,,
p. 336,

Bergson, G,, Claeson, G. and Schotte, L,, Acta. Chenm,
Scand., 16, 1159 (1962).

Anderson, C,O0,, Ryhage, R., and Stenhagen, E,, Arkiv For

Iselin, B. and Schwyzer, R., Helv, Chim, Acta,, 39, 57 (1956),
Breslow, D.S. and Skolnik, H,, "Multi-sulfur and Sulfur

and Oxygen Five~ and Six-Membered Heterocycles! Part I"

in "The Chemistry of Heterocyclic Compounds®, Weissberger, A.,
ed., Interscience Publishers, N.Y., 1966, p., 314,

Isenberg, N. and Herbrandson, H.F., Tetrahedron 21,
1067 (1965) ,

a) Hagelberg, L., Ber., 23, 1083 (1890),
b) Autenreith, W. and Wolff, K., Ber,, 32, 1368 (1899),

c) Affleck, J.G. and Dougherty, G., J. Org, Chen,, 15,
865 (1950),

Yur'ev, Y.K., and Levi, I.S., Doklady Akad, Nauk S.5.5.R.,
73, 953 (1950); Chem, Abstr., 45, 2934 (1951). :

Brintzinger, H,, Langheck, M., Ellwanger, H,, Chem, Ber,,
87, 320 (1954),

Schoberl, A,, and Grafije, Ann,, 614, 66 (1958),

Barltrop, J. A,, Hayes, P.M. and Calvin, M,, J. Am, Chen
Soc., 76, 4343 (1954),




249

132, Beard, C, and Burger, a., J. Org. Chem,, 27, 1649 (1962),

133, Tweit, R.C. and Dodson, R.M., J. Am, Chem, Soc,, 81,
4409 (1959), -

134, Stuebe, C. and Lankelma, H.,P,, J. Am, Chem, Soc,, 78,
976 (1956) . - -

135, Fredga, a,, Ber,, 71, 289 (1938),
136, Schotte, L,, Arkiv for Kemi, 9, 377 (1956),

137, Mislow, K., "Introduction to Stereochemistry", W.A. Benjamin,
Inc., New York, 1965, pp.23-33,

138. Luttringhaus, A., Hess, F.F., Rosenbaum, H,J., Z. Naturforsch,,
22B, 1296 (1967); Chen, Abstr,, Eﬁ, 87280 (1968),

139, Littringhaus, A, and Rosenbaum H,J,, Monatsh, Chem., 98,
1323 (1967). —-

140, Sutherland, 1.0. and Ramsay, M,V.J., Tetrahedron, 21,
3401 (1965), -

141, Mislow, K., Glass, M.,A.w,, Hopps, H.B., Simon, E., and
Wahl, G.H., J. Am, Chen, Soc., 86, 1710 (1964) .

142. Smith, N.L. and sisler, H.H., J. org. Chem,, 28, 272 (1963),

143, Kirby, A.J. and Warren, S.G,.,, "The Organic Chemistry of
Phosphorus", Elsevier Publishing Co., New York, 1967, pp. 37-44

144, Horner, L., Winkler, H,, Rapp, A., Mentrup, A,, Hoffmann, H,
and Beck, P,, Tetrahedron Letters, 161 (1961).

145, Snyder, J.P,, private communication,

146, a) Dimroth, K. and Nurrenbach, A,, Chem, Ber,, 93, 1649
(1960), -

b) Finley, J.H,, Denney, D,Z. and Denney, D.B,, J. Am,
Chem, Soc,, 91, 5826 (1969),

147, Denney, D.,B. and Relles, H.M,, J, Am, Chem, Soc,, 80,
3897 (1964),

148, Hudson, R.F,, Op. cit., pp. 223-232,

149, Gould, E.S., "Mechanism and Structure in Organic Chemistry",
Holt, Rinehart and Winston, New York, 1959,

150. a) Dauben, W.G., Tweit, R.C., and Mannerskantz, C,, J., am,
Chem, Soc,, 76, 4420 (1954),

b) Bailey, P.S. and Burr, J,G., J. Am, Chem, Soc,, 75,
2951 (1953),



151,
152,
153,
154,

155,

156,

157,

158,

159,

160,
161,

162,

250

Wiberg, K.B., "Physical Organic Chemistry", John Wiley
& Sons, Inc,, New York, 1964,

Laider, K.J.,"Chemical Kinetics", McGraw-Hill Book Co,,
N.Y., 1965, .

Price, C.C., and Oae, S., "Sulfur Bonding", Ronald Press Co.,
N.Y., 1962 p, 38,

Kosower, E.M., "An Introduction to Physical Organic
Chemistry"”, John Wiley & Sons, Inc,, N.Y., 1968,

a) Grimm, H,G, and Ruf, H., 2, physik Chem,, Bl3, 301 (1931),

b) rickles, N,J.T. and Hinshelwood, C.N., J. Chem, Soc.,
1353 (1936),

¢c) Cox, H.,E., ibid, 119, 142 (1921),.
a) Moore, C.G, and Porter, M,, J, Chem, Soc., 2890 (1958).
b) Leandri, G., and Tundo, A,, Ann. chim (Rome), 44, 74 (1954)

bavis, R,E., Louis, J.B. and Cohen, A., J. Am. Chem, Soc.,
88, 1 (1966).

a) Hudson, R,F, and Green, M., Angew, Chem, Intl, Ed.,
2, 11 (1963).

b) McEwen, W.E,, "Topics in Phosphorus Chemistry", Vol. 2,
Grayson, M, and Griffith, E.J., ed., Interscience
Publishers, N.Y., 1965,

c) Seiber, J.N. and Tolkmith, H,, Tetrahedron Letters,
3333 (1967).

Fluck, E., "Topics in Phosphorus Chemistry", Vol, 4,
Grayson, M, and Griffith, E.J., ed,, Interscience
Publishers, N.Y., 1967. p.304,

Affleck, J.G. and Dougherty, G., J. Org. Chem., 15, 865
(1950).

Eliel, E.L., "Steric Effects in Organic Chemistry",
Newman, M.S., ed,, John Wiley & Sons, Inc,, New York, 1956,

a) Freundlich, H, and Salomon, G., Z. physik, Chem., 166,
161 (1933).

b) Smith, L. and Platon, B,, Ber,, 55, 3143 (1922),

c) Nilsson, H, and Smith, L., Z. physik, Chem., 1663,
136 (1933).



251

162, d) Kelso, R.G., Greenlee, K.W,, Derfer, J.M. and Boord, C.E,,
J. Am, Chem, Soc., 77, 1751 (1955).

163, a) Ingold, C.K., J. Chem. Soc., 119, 305,951 (1921).

b) Beesley, R.M.,, Ingold, C.K., Thorpe, J.F., ibid, 10
1080 (1915),

164, Dalmar, G., McDermed, J., and Gorin, G., J. Org,., Chem,,
29, 1480 (1964),

165, a) Orwig, B,, private communication,
b) Harpp, D.N. and Orwig, B., in preparation,

166. Gibson, M.S., Bradshaw, R.W., Angew, Chem, Intl, Ed, 7,
919 (1968),

167. Ash, D., unnublished results.

168, Harpp, D.N. énd Ash, D., in preparation,

169, carson, J.F. and Wong,F.¥,, J, Org. Chem,, 26, 1467 (1961).
170, Horner, L. and Nickel, H,, Ann., 597, 20 (1955),

171, Michalski, J., Modro, T. and Wieczorkowski, J., J. Chem.
Soc., 1665 (1960).

172, Meek, J.S. and Fowler, J.S., J. Org, Chem,, 33, 3422 (1968).

173, Harpp, D.N. and Gleason, J.G., Tetrahedron Letters,
1447 (1969).

174, a) Dodson, R,.M., Hammen, P,D, and Davis, R,A,, Chem, Comm.,,
9 (1968); and references cited therin.

b) King, J.F., de Mayo, P, and Verdun,D.L., Can. J. Chem,,
47, 4509 (1969).

c¢) King, J.F,, Piers, K., Smith, D,J.H., McIntosh, C.L.
and de Mayo, P,, Chem., Comm,, 31 (1969),

175, Dharmi, K.S., Chem. & Ind., 1004 (1968).

176, Muller, N,, Lauterbur, P?.,C. and Goldenson, J.,, J. Am, Chem.
Soc., 78, 3557 (1956).

177. Unassigned,
178. Eliel, E.L., Allinger, N.L., Angyal, S.J., and Morrison, G.A.

"Conformational Analysis", Interscience Publishers, N.Y.
1965, pp. 36-126,



252

179. a) Eliel, E.L. and Hutchins, R.O., J. Am, Chem, Soc., 91,
2703 (1969).

b) Kalff, H.,T. and Havinga, E., Rec. Trav, Chim., 85,
467 (1966). —

180, Allinger, N.A.,, Hirsch, J.A., Miller, M.A., and Tyminski, I.J.,
J. Am. Chem. Soc., 91, 337 (1969).

181, Lambert, J.B. and Keske, R.G., J. Org. Chem., 31, 3429
(1966) .

182, Hellier, D.G., Tillett, J.G., van Woerden and White, R,F.M,,
Chem. & Ind,, 1956 (1963).

183, van Woerden and Havinga, E., Rec., Trav, Chlm., 86, 342
(1967).

184, Deyrup, J.A. and Moyer, C.L., J. Org,., Chem,, 34, 175 (1969),

185, wilson, E.B,, Advan, Chem, Phys,, 2, 367 (1959),

186, Pople, J.A., Schneider, W.G. and Bernsteln, H.J,.,, "High
Resolution Nuclear Magnetic Resonance", McGraw-Hill Book
Company, Inc.,, New York, N.Y., 1959, p. 193,

187. Ibid, p. 389,

188. Tillett, J.G., Ouarterly Reports on Sulfur Chemistry, 2,
227 (1967).,

189, a) Johnson, C.R. and Sigel, W.0., J. Am, Chem, Soc., 91,
2796 (1969),

b) Johnson, C.R., Tetrahedron Letters, 1879 (1969).

¢c) Foster, A.B., Durbury, J.M., Inch, T.D., and Webber, J.M.,
Chem, Comn, 881 (1967). :

190. Strom, E.T., Snowden, B.S., and Toldan, P,A., Chem, Comm,
50, (1969).

191, Buck, K.W,.,, Foster, A.B., Pardoe, W.D., Oadir, M,H., and
Webber, J.M., Chem. Comm, 759 (1966).

192, Pritchard, J.G. and Lauterbur, P.C., J. Chem, Soc,, 2105
(1961).,

193, Bhacca, N.S. and Williams, D.H., "Applications of NMR
Spectroscopy in Organic Chemistry", Holden-Day, San
Fransisco, 1964, p. 51,

194, Cooper, R.D.G., DeMarco, P.,V., Cheng, J.C, and Jones, N.D.,
J. Am, Chem, Soc., 91, 1408 (1969)



253
195, Nishio, M., Chem, Comm., 560 (1969); Edmondson, R.S.,
Tetrahedron Letters, 1649 (1965),

196, Eliel, E.L., Allinger, N.L,, Angyal, S.J., and Morrison, G.a.,
op, cit., p. 375,

197, Rwestroo, W., Meijer, F.A. and Havinga, E., Rec, Trav,
Chim., 73, 717 (1954).

198, Lemieux, R.U, and Chu, N.J., Abstracts of Papers, Am, Chenm,
Soc., 133, 31N (1958),

199, McConnell, H.M., J, Chem, Phys,, 37, 226 (1957).

200. MCMillan, F.H. and King' 'TnA.’ J‘ Am. Chem. SOC., ﬂ,
4143 (1948),

201. Miller, E., Crossley, F.S. and Moore, M.L., J. Am, Chem,
Soc., 62, 1173 (1940).

202. price' T.S. and TWiSS, D.F.' IT. Chemg SOC., 101' 1259 (1912).
203, vYoungs, C.G. and Perlin, A.S., Can, J. Chen,, 45, 1801 (1967).

204, Colichman, E.L. and Love, D.L., J. Am, Chenm, Soc., 75,
5736 (1953).

205, Argyle, C.S. and Dyson, G.M., J. Chem, Soc., 1629 (1937),

206, Rassow, B., Dohle, W., Reim, E., J. Prak, Chenmie, 93,
199 (1916), '

207, Marckwald, w,, Klemm, W,, and Trabert, H,, Chem, Ber,,
33, 1559 (1900),

208, Uhlenbroek, J.H, and Koopmans, M.J., Rec, Trav, Chim,,
16, 657 (1957).

209, stirling, C.J.M,, J,., Chem, Soc., 3597 (1957).

210. Kice' J.L. and MOI'kVEd, E.H.' J. Anl. Chem. SOCc' 8—6’
2270 (1964).

211. Forst, C., Ann., 178, 370 (1875).

212, Ayers, G.W., Agruss, M.S., J. Chem, Soc., 61, 83 (1939),

213. vogel, A,I., "A Textbook of Practical Organic Chemistry",
Longmans, Green & Co., N.Y. 1948, p. 480,

214. Birch, S.F., Norris, W.S.G., J. Chem,., Soc., 127, 1937 (1925) .

215, suter, C.M. and Hansen, H.L., J. Am, Chem. Soc,, 24, 4100
(1932), '




254

216, Fromm, E,, 2. Angew, Chem,, 24, 1125 (1911).

217, Backer, H.J. and Stevens, W,, Rec, Trav, Chim,, 59, 444
(1940),

218, waldon, W.R. and Reid, E.E., J. Am. Chem, Soc., 45, 2411
(1923), - -

219, Snyder, H.R. and Handrick, G.R., J. Am. Chem, Soc., 1862
(1944),

220, Overberger, C.G., Gadea, R,A., Smith, J.A., Kogon, I.C.,
J. Am, Chem, Soc,, 75, 2075 (1953),

221. Hauptmann, H. and Wladislaw, B,, J. Am. Chem, Soc., 72,
707 (1950),

222, Michaelis, A, and Linke, G.L.. Ber,, 40, 3419 (1%907),

223, Cherntsov, O.M., Chalykh, E.A. and Guryanova, Zh, Obshch,
Khim,, 34, 952 (1964); Chem, Abstr., 61, 649 (1964),

224 [ ] Whitehead' Eo". [ 4 Dean' R.A. and Fidler ? F.A. ’ J‘. Am. Chem
Soc., 73, 3632 (1951) .

225, Reed, L.J., Koike, M,, Levitch, M.E. and Leach, F.R,, J.
Biol, Chem,, 232, 143 (1958),

226. Gutowsky, H.S., Ritedge, R.L.,, Tammers, M. and Searles, S,.,
J. Am, Chem, Soc., 76, 4242 (1954),

227, sSchotte, L., Arkiv. fur Kemi,,5, 533 (1952),

228. stacy, G.W,, Villaescusa, F.W. and Wollper, T.E., J. Org,
Chem,, 30, 4074 (1965).

229. Rosenlew, B,, Chem. Ber., 37, 2090 (1904),
230. Thierry, E.H., J. Chem, Soc., 127, 2759 (1925),

231. Truce, W.E. and Emrick, D.D., J. Am, Chem, Soc, 78, 6134
(1956) . .

232, saytzeff, a,, Ann., 144, 148 (1867).
233. Wood, A.E., Travis, E.G., J. Am. Chem, Soc., 50, 1227 (1928),
234. otto, R., Ber., 13, 1278 (1880),
235. Brookes, R.F., Clark, N,G., Cranham, J.E., Greenwood, D,,
Marshall. J.R. and Stevenson, H,A,, J. Sci., Food Agr,,
92, 111 (1958); Chem, Abstr, 52, 11772 (1958),

236, Eloy, F., Bull, Soc. Chim. Belges, 68, 276 (1959),



237,
238,

239.

240,

241,

242,

243,

255

Carré, P., and Libermann, D., Compt, Rend,, 200, 2086 (1935),

Houssa, A.J.H., Kenyon, J., and Phillips, H.,, J. Chem. Soc.,
1700 (1929),

Otto, R., Chem. Ber,, 18, 154 (1885),
Hell, C., Chem. Ber,, 14, 891 (1881); 21, 1726,(1888);

volhard, J., Ann., 242,7141 (1887); Chem, Ber., 21, 1904 (1888);
Zelinski, N,, Chem, Ber,, 20, 2026 (1887); Auwars, K,, and
Bernhardi, R., Chem, Ber., 24, 2216 (1891); 24, 2209 (1891);

Bayer, A., Ann,, 245, 175 (I888).
a) Cook, A.G,.,, and Fields, E.K., J. Org. Chem., 27, 3686 (1962),
b) Van der Zanden, J.M., Rec., Trav. Chim,, 63, 113 (1944).

Foerst, W.,, ed., "Newer Methods of Preparative Organic
Chemistry", Vol, III, Academic Press, N,Y., 1964. p. 151,

Billmeyer, F.W., "Textbook of Polymer Science", Interscience
Publishers, N.Y., 1962, p, 264,



