
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 30 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Phosphorus, Sulfur, and Silicon and the Related Elements
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713618290

REACTIVITY OF SULFUR HETEROCYCLES
John G. Tilletta

a Chemistry Department, University of Essex, Colchester, England

To cite this Article Tillett, John G.(1976) 'REACTIVITY OF SULFUR HETEROCYCLES', Phosphorus, Sulfur, and Silicon
and the Related Elements, 1: 2, 341 — 349
To link to this Article: DOI: 10.1080/03086647608073343
URL: http://dx.doi.org/10.1080/03086647608073343

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713618290
http://dx.doi.org/10.1080/03086647608073343
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Phosphorus and Suljiir 
1976, Vol. 1, pp. 341-349 

@ Gordon and Breach Science Publishers Ltd., 1976 
Printed in Great Britain 

REACTIVITY OF SULFUR HETEROCYCLES 

John G. Tillett 

Chemistry Department, University of Essex, Colchester, England 

I. 
11. 

111. 
IV. 
V. 

VI. 

CONTENTS 

SULFATES AND SULFONATES 
SULFITES 
SULFOXIDES 
SULFIDES AND DISULFIDES 
SULFURANES 
SUMMARY 
REFERENCES 

3 4  1 
343 
344 
345 
346 
347 
347 

The relationship between ring strain and the reactivity 
of alicyclic compounds has been of fundamental im- 
portance in the development of modern organic 
chemistry. Because of their biological interest, the 
reactivity and stereochemistry of cyclic phosphorus 
compounds have been extensively studied. 
years the reactivity of cyclic sulfur compounds has 
also begun to attract considerable interest. In 1966 it 
was pointed out that the common feature of sulfur- 
containing heterocycles is that nucleophilic attack at 
sulfur, be it di-, tri-, or tetra-coordinated, is always 
faster than the corresponding open-chain ana log~es .~  
The present review attempts to discuss some of the 
factors which affect the reactivity of cyclic sulfur 
compounds towards nucleophilic attack and to draw 
attention to some of the recently observed exceptions 
to this generalization. 

In recent 

I.  Sulfates and Sulfonates 

One of the earliest systematic studies of the effect 
of ring size on the reactivity of sulfate esters was 
carried out by Westheimer and his co-workers who 
showed4 that ethylene sulfate (1) hydrolyses in 
alkaline solution some twenty times faster than di- 
methyl sulfate (3) and approximately one hundred 
times faster than the six-membered analogue, tri- 

1 2 3 

methylene sulfate (2). However, whilst ethylene 
sulfate hydrolyses partially by sulfur-oxygen bond- 
fission, (2) and (3) hydrolyze exclusively with carbon- 
oxygen bond-fission so that relative rates of attack at 
sulfur in these systems could not be accurately deter- 
mined. To overcome this problem Kaiser and co- 
workers’ compared the rates of hydrolysis of catechol 
cyclic sulfate (4) and diphenyl sulfate (5) which hydro- 
lyze exclusively with sulfur-oxygen fission. The rela- 
tive rates of hydrolysis (2 x 10’) are an accurate measure 

PhO, 

P hO/S02 

4 5 

of the difference in the rate of attack at sulfur in the 
five-rnembered heterocycle (4) compared to its open- 
chain analogue (5). In the corresponding sulfonate 
esters, the sultone (6) hydrolyzes some 7 x lo5 times 
faster than phenyl a-toluene sulfonate (8).6 Further- 
more the rate of hydrolysis of the six-membered cyclic 
sulfonate (7) is about lo4 times less than that of (6) .  

6 7 a 

This leads to the most commonly observed order 
of reactivity of sulfur heterocycles viz. 5-membered 
ring % six-membered ring > open-chain analogue. This 
order of reactivity is observed in the hydrolysis of 
both sulfate and sulfonate aromatic esters. The dif- 

34 1 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
5
8
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



342 John G. Tillett 

ference in reactivity between the five-membered ring 
and its open-chain analogue (the so-called kinetic 
acceleration) for both sulfates and sulfonates (10'- 
lo7 times) is of a similar order of magnitude to that 
observed in the hydrolysis of phosphonates and 
phosphates.' Thermochemical measurements show 
that the chief driving force for the rapid ring-opening 
of five-membered sulfur heterocycles is ring strain. 
Thus the heat of hydrolysis of ethylene sulfate is 
cu. 5-6 K cal mol-' more than for dimethyl ~ u l f a t e . ~  
The heat of hydrolysis of methyl ethylene phosphate 
exceeds that of trimethyl phosphate by a similar 
a m ~ u n t . ~  Westheimer showed that such enthalpy 
strain accounts for most but not all of the kinetic 
acceleration observed in five-membered cyclic phos- 
phate esters.' The important observation that kinetic 
acceleration is observed for five-membered cyclic 
phosphates, not only for ring-opening saponification 
but also for reactions not involving ring-fission such as 
oxygen-exchange and cleavage of groups external to 
the ring, led to the suggestion that such reactions pro- 
ceed via a trigonal bipyramidal intermediate which can 
undergo pseudo-rotation allowing strain in the five- 
membered ring to decrease without ring-opening. ' 

The existence of pentacovalent intermediates in 
alkaline hydrolysis of sulfate and sulfonate esters 
could not be detected by partial hydrolysis in oxygen-18 
enriched water followed by isolation of the unhydro- 
lyzed ester.' However, the absence of oxygen-exchange 
does not rule out the possibility of the formation of 
such an intermediate since the rate of oxygen-equili- 
bration of the intermediate might be much slower than 
its decomposition. This might well be expected if 
oxygen equilibration involves pseudorotation amongst 
trigonal bipyramidal intermediates because it has been 
suggested that such a process would be much slower 
at sulfur than at phosphorus." It seems reasonable 
to assume that if the hydrolyses of sulfate and sulfonate 
esters proceed via a pentacoordinate intermediate of 
the type (9 )  for the alkaline hydrolysis of catechol 
sulfate, then strain would be relieved on going from the 
ester to such an intermediate if it has the trigonal- 
bipyramidal structure (10) in which the five-membered 
ring spans an apical and a basal position. 

Ring strain in alicyclic systems has been discussed 
primarily in terms of bond angle deformations, bond 

AH 

10 

stretching, torsion about the dihedral angles and non- 
bonding interactions."i'2 The origin of ring strain in 
cyclic esters has been the subject of much discussion 
which has centred around three possible causes viz. 
(a) angle strain,I3 (b) strain-induced changes in the 
2p-3d n-character of the endocyclic oxygen-hetero- 
atom and 1,3-non-bonding interactions 
between the oxygen atoms.4 

X-ray structure analysis shows the presence of con- 
siderable ring-strain in five-membered cyclic sulfates 
and sulfonates. The internal 0-S-0 bond in catechol 
sulfate (4) is only 97.1'" and the corresponding 
C-S-0 angle in the sultone (6)  is 96.1".16 The six- 
membered sultone (7) which undergoes alkaline 
hydrolysis only ten times faster than its open-chain 
analogue (8) is much less strained than the five- 
membered ring having a much larger internal C-S-0 
bond angle of 101.4' and a larger C-0-S bond angle 
(1 16.9' compared to 108.9').17 Boer and Flynn have 
shown18 that all the angles in catechol sulfate are 
strained. The 0-C-C angles are distorted to values of 
112.5" and 110.7", well below the normal angle for 
sp2-hybridized carbon. The two S-0-C angles (I 08.6" 
and 108.7") are also considerably less than the values 
expected for an acyclic diester." The internal 0-S-0 
bond in ethylene sulfate (98.4") is similar to that for 
catechol sulfate and is again indicative of considerable 
ring-strain.I6 A particularly interesting compound is 
vinyl sulfate (1 1) which is extraordinarily reactive and 

11 

has an 04-0 bond angle of 93.6', very close to that 
required for a triganal-bipyramid intermediate for 
alkaline hydr~ lys i s . ' ~  Another interesting feature of 
the geometry of (1 1) is that the C-0 bond distance 
falls from 1.46 A in (1) to the very short distance of 
1.24 A in (1 l), whereas the internal S-0 bond length 
increases from 1.53 A in (1) to 1.62 in (1 1). 

The earlier proposal that 2p-3d n-bonding between 
the endocyclic oxygen atoms and the heteroatom could 
induce strain in cyclic phosphate esters has now been 
largely abandoned. Although nmr studies have shown 
that phosphorus nuclei in strained cyclic phosphoranes 
seem to be more shielded than their unstrained open- 
chain  counterpart^,'^ this does not appear to arise 
from ring-strain because X-ray analysis could detect 
no difference in the corresponding endo- and exocyclic 
P-OC bond lengths." Boer and Flynn have suggested 
that any changes in multiple bond characters of sulfur 
and phosphorus cyclic esters are more likely to be 
electronic in origin." 
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Reactivity of Sulfur Heterocycles 343 

X-ray studies of catechol sulfate ( 6 )  have shown 
that the five-membered ring is unexpectedly distorted 
to a non-planar envelope structure where the sulfur 
atom lies 0.249 A above a plane through the six carbon 
and two oxygen atoms.I8 The most likely cause of 
such an effect lies in 1,3-interactions between the lone 
pairs of the ring oxygen atoms and the exocyclic 
oxygens. Such interactions in the five-membered ring 
could be minimized by bending into a non-polar con- 
formation. Davis has predicted theoretically” that 
whereas such interactions are negligible in the five- 
membered ring of ethylene sulfite with only one exo- 
cyclic oxygen atom, they could be larger in a cyclic 
ester with four oxygens attached to phosphorus or 
sulfur as in phosphates or sulfates. 

cause of enthalpy strain observed in the alkaline 
hydrolyzes of sulfate and sulfonate esters from angle 
strain, lone-pair-lone-pair repulsions may also contri- 
bute to the observed destabilization of the five- 
membered ring. There is also another important factor 
which could influence the kinetic acceleration. Deter- 
mination of the Arrhenius parameters for the alkaline 
hydrolysis of cyclic and open-chain phosphoryl com- 
pounds has demonstrated that some of the high reac- 
tivity of five-membered cyclic phosphates arise from a 
more favourable entropy of activation.2’ There is no 
comprehensive data available at present, however, to 
indicate the importance of such entropy-strain effects 
in the hydrolyzes of sulfate and sulfonate esters. 

It seems likely therefore that although the major 

11. Sulfites 

It has been shown by oxygen- 18 labelling studies 
that the hydrolyzes of organic sulfites (with only one 
or two unusual exceptions) proceed entirely with 
sulfur-oxygen bond-fission.22 The rates of alkaline 

TABLE I 

Relative Rates of Alkaline Hydrolysis of Organic Sulfitee *3 

1.3 x l o6  16 x 106 2.0 x 109 

“’r-? M eO ,s=o H2C\ /S=O H2b-0 /S=O 

MeO, H y C - 7  

H2C-0 

1.0 30 8000 

a in aqueous ( 1 % )  dioxane a t  25’. 

hydrolysis which therefore reflect the rates of attack 
at sulfur are shown in Table I. Although the differences 
in reactivity between the cyclic and open-chain esters 
are less dramatic than for the corresponding sulfates and 
sulfonates, the relative order of reactivity viz: five- 
membered ring B six-membered ring > open-chain ester 
is still the same. 

Thermochemical data for the hydrolysis of sulfate 
esters shows that the observed kinetic acceleration docs 
not arise from relative strain in the initial states be- 
cause the heats of hydrolysis of the five-membered 
cyclic esters and their open-chain analogues are 
identical within experimental The absence 
of strain in the five-membered cyclic sulfite ring has 
also been confirmed by transesterification studies.25 
Mixtures of dimethyl sulfite and ethylene glycol or 
ethylene sulfite and methanol in the presence of traces 
of acids or bases readily form an equilibrium mixture 
suggesting that ring-opening and ring-closure occur 
readily. 

I). 

C H 2 . 0  ‘ s = o  + MeOH 
CH2.0’ I 

The Arrhenius parameters for the alkaline hydrolysis 
of sulfites (Table 11) throw some light on the origin of 
the observed kinetic acceleration. 

In the aliphatic series it is clear that the main cause 
of kinetic acceleration lies in the entropy of activation. 
This increases with ring size, the value for the seven- 
membered ring being almost identical to that for the 
open-chain sulfites. The aromatic sulfites show similar 
behaviour. The main cause of the difference in activity 

TABLE II 

Arrhenius Parameters for the Alkaline Hydrolysis of Organic 
%If i tes*6 

Sulfite A& ( k  cal mol-1) ASS (eu) 

Ethylene 10.2 -14.7 

Trimethylene 12.3 -18.1 

Tetramethy lane 12.3 -23.7 

Dirnethyl 11.2 -23.9 

Catechol 5.6 -6.2 

1.8-Naphthylene 8.1 -6.7 

Dip heny I 6.6 - 1  7 . 4  
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344 John G. Tillett 

between catechol sulfite and diphenyl sulfite is the 
dramatic fall in the value of AS*. The role of entropy 
contributions to the kinetic acceleration of five- 
membered cyclic sulfites has been d i s c ~ s s e d ~ ~ ~ ~ ' ~ ~ ~  in 
terms of Taft's "entropy-strain" prin~iple. '~ Both the 
open-chain and larger rings (>5 atom) sulfites have 
relatively mobile forms whereas five-membered cyclic 
sulfites like ethylene sulfite and catechol sulfite have 
relatively rigid structures. This does not mean, however, 
that they are strained as shown by the thermochemical 
data.20i24 In the transition state for hydrolysis the 
ester takes up a more ordered structure and the mol- 
ecular motions of the alkyl or aryl groups and the larger 
ring sulfites are suppressed. This loss of entropy increases 
the free energy of activation. For the five-membered 
cyclic sulfites the molecule is already constrained and 
far less energy is required to reach the transition state, 
resulting in a lower free energy of activation. 

It has been suggested that the alkaline hydrolyses of 
sulfite esters proceed via the formation of a trigonal bi- 
pyramidal intermediate.30 Unlike the hydrolysis of 
sulfate esters, however, such a process is not required 
to be associated with relief of ring strain. A model of 
ethylene sulfite shows an internal 0-S-0 bond-angle 
if 102" which is some way from the 90" required in 
such a transition state.31 Bunton and his co-workers22 
were unable to detect any significant oxygen-exchange 
in the hydrolysis of ethylene sulfite. As in the case of 
sulfates and sulfonates, however, such evidence does not 
exclude the possibility of the formatioq of an inter- 
mediate. Kice has discussed some of the reasons which 
lead to the conclusion that oxygen-exchange in a trigonal- 
bipyramidal intermediate for the hydrolysis of cyclic 
sulfites would be 

reactivity sequence. The open-chain dimethyl sulfite 
hydrolyzes about twenty times faster than ethylene 
s ~ l f i t e . ~ ~ ~ ~ ~  It is not known whether the rate differ- 
ences in acid solution arise from differences in basicity 
of the sulfates or in the relative reactivity of their con- 
jugate acids. The site of protonation is not known un- 
equivocably either. 

In acid solution sulfite esters show quite a different 

111. Sulfoxides 

The effect of ring size on the acid catalyzed reduc- 
tion of cyclic sulfoxides by iodide ion has been studied 
by Oae and c o - w o r k e r ~ . ~ ~  This reaction involves nucleo- 
philic displacement at the sulfur atom by iodide ion: 

>s=O + HBO >S& + H 2 0  

For alicyclic sulfoxides the rates of reduction fall 
over a 700-fold range in the sequence 5- > 4- > 
open-chain > 7- > 6-membered cyclic sulfoxide. This 
sequence does not parallel the relative order of basicity 
suggesting that other factors control the overall rate 
of reaction. This order of reactivity is identical to that 
observed for nucleophilic substitution in carbocyclic 
compounds involving a hybridization change from 
sp3 -+ sp2 (except for the four-membered ring which 
is known to hydrolyze by a different m e c h a n i ~ m ) . ~ ~  
It has been assumed that both reactions proceed via 
similar trigonal bi-pyramidal transition states, viz. (1 2) 
and (1 3). 

!6 -  

-. ' 2 s+-: 
: 6 +  
OH2 

13 

This would imply a high-energy transition state for 
the sulfoxide reaction (13) in which the thietane ring 
spans basal-basal positions." 

Analysis of the, Arrhenius parameters for the reduc- 
tion of sulfoxides (Table 111) leads to some interesting 
conclusions. 

TABLE Ill 

Reduction of Aliphatic S~l foxides3~ 

Sulfoxide Rel. rate AH*(k cat mot-1) A S S ( e u )  

thietane- 1 -oxide 34.7 20.0 -6.7 

thiolane-1-oxide 717. 15.7 -15.1 

thiane- 1 -oxide 1.00 17.6 -21.6 

thiepane-1-oxide 9.9 16.1 -22.2 

dimethyl sulfoxide 32.6 17.4 -15.2 

The greater reactivity of the five-membered sulf- 
oxide compared to either the six- or seven-membered 
analogues is due primarily to its more favourable entropy 
of activation. Its rigid structure in the ground state must 
be such that it closely resembles the geometry required 
in the transition state and can reach this with little loss 
of entropy. Dibenzothiophene oxide (14), which has 
an even more rigid structure has a still lower value of 
ASs (-10.4 eu). Thjetane-1-oxide provides an interest- 
ing extension of these ideas. The small value of AS* 

I 

&JQ 
I I  
0 

14 
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Reactivity of Sulfur Heterocycles 345 

again indicates there is little change of rigidity on 
reaching the transition state whilst Oae has suggested 
that3' the relatively large activation energy reflects 
the energy required to overcome the unusual angle strain 
present in the transition state (15) for this compound. 

OH 6+?H2 
/ 

15 

It is possible that in this case, however, direct nucleo- 
philic attack of iodide ion at  sulfur occurs to produce 
the ring cleavage product instead of the reduction 
product. 

Oae and c o - w o r k e r ~ ~ ~  have suggested that attack 
of sulfur by iodide ion is hindered by steric effects of 
0-axial hydrogens in six- and seven-membered sulfoxides 
and that such interactions can be minimized by twisting 
of the ring into a half-chair form (16). Some confirma- 

BkoH \ Nal 16- 

16 

tion of this view comes from the extremely low reac- 
tivity towards reduction of the bicyclic (3.3.1)-9- 
sulfoxide, (17), which is so rigid that it cannot bend 
to minimize steric effects. 

17 

Sulfoxides can also be reduced with sodium hydrogen 
sulfite. The rates of reduction using this method again 
reach a maximum for the five-membered thiolane-l- 
oxide as for acid-catalyzed iodide ion r ed~c t ion .~ '  
What appears to be the typically high reactivity of the 
five-membered sulfoxide ring also shows up in the 
hydrochloric acid-catalyzed stereomutation of sulf- 
oxides where thiolane-1-oxide has been found to react 
about four hundred times faster than the six-membered 
thiane-1 -oxide.38 

IV. Sulfides and Disulfides 

There has been considerable interest in the reactivity 
of cyclic disulfides because of the importance of a- 
lipoic acid in biological systems.39 In most reactions 
observed to date 1,2-dithiolanes are more reactive than 
open-chain disulfides in nucleophilic, electrophilic and 
radical reactions at the S-S bond. Thus Fava and his 
co-workers showed that 1,2-dithiolane reacts with 
thiobutoxide [eq(l)]  about lo4 times faster than 
does the open-chain n-butyldisulfide [eq (2)] .40 

n ( 1 )  n-BuS-s s- 

n-8u.S- t n-BuS-s-Bu-n - 
n-Bu 'S-s-Bu-n + n-Bu s- (2) 

In contrast to six-membered ring dithianes, un- 
substituted 1,2-dithiolanes undergo a rapid ring-opening 
p o l y m e r i ~ a t i o n . ~ ~ * ~ ~  The order of reactivity towards 
cyanopropyl radicals is 5-membered > 6-membered > 
open-chain d i ~ u l f i d e . ~ ~  Similarly 1,2-dithiolanes are 
much more readily oxidized by persulfate than dithianes. 
Open-chain disulfides and the seven-membered dithie- 
panes do not react with this reagent.39* 41 

One of the major causes of the high reactivity of 
dithiolane is undoubtedly the strain present in the 
five-membered ring. The optimum strain-free dihedral 
angle, @ between the two substituents attached to the 
S-S bond in open-chain disulfides is about 90°.43.44 
In this conformation, repulsion between the non- 
bonding lone-pairs of the sulfur atoms is minimized 
and maximum overlap of these orbitals with the d- 
orbitals of adjacent sulfur atoms is permitted, leading 
to an S-S bond with considerable double bond 
(d,-p,) character and lnhibiting restricted 
Incorporation of the disulfide group into a cyclic 
disulfide leads to a decrease of the dihedral angle with 
decreasing ring size. Thus @ is reduced to about 70" in 
dithiane46 and to 27" in d i t h i ~ l a n e . ~ ~  With reduction 
in ring size, the double bond character of the S-S bond 
decreases and lone-pair-lone-pair repulsions increase 
leading to an increase in ring strain. 

Although the subject of earlier controversy more 
recent thermochemical and kinetic measurements 
establish that the ring strain in the dithiolane ring is 
about 4 k cal mol-' .40i47 Hudson and Filippini4' 
have elegantly demonstrated that the enhanced nucleo- 
philic reactivity of cyclic sulfides towards methyl 
fluorosulfonate [eq (3)] is related to the dihedral 
angle, q5. The rate of reaction (Table IV) increases 
regularly with the energy of orbital splitting which is 
related to q5 and gives a measure of the destabilization 
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3 46 John G. Tillett 

TABLE IV 

Comparison of Reactivity of Disulfides 
with Dihedral Angle @ 

Dlsulfide Cos 2@ log kc/kat  

EtS-S Et  0.01 0 

1.2-dithian 0.25 0.52 

a-lipoic acid 0.67 1.57 

t kclka is ratio of rates of cyclic 

and acyclic disulfide. 

of the nucleophile (and hence an increase in its 
reactivity) due to pn-pn lone-pair repulsions. 

R R +,M* 
‘S \S 

I + M . O S 0 2 F  __* I +SO3F 
S S 

‘R \R 

These observations suggest that in electrophilic 
reactions at the sulfur atom of disulfides, orbital splitting 
is the main cause of the enhanced reactivity of the five- 
membered dithiolane ring although other factors such 
as bond angle deformations may also contribute to the 
ring strain. Schmidt and his co-workers have suggested,49 
however, the entropy strain is the predominant cause 
of the kinetic acceleration ( lo4  times) observed in the 
reaction of mercaptide ions with disulfides [eqs (1) 
and (2)]. It is generally assumed that the transition 
state for nucleophilic attack at di-coordinate sulfur 
proceeds through a transition state in which the in- 
coming and outgoing groups are c ~ l l i n e a r . ~ ~ ~ ~ ~  In the 
transition state for attack of 1,2-dithiolane by thio- 
butoxide, the three sulfur atoms would be collinear, 
the S-S bond would be stretched and to minimize 
repulsions the valency angle at the attacked sulfur 
atom would be decreased to 90” (1  8). Schmidt and 

R,6-  6- 
S....S....S-R 

A 
18 

c o - ~ o r k e r s ~ ~  have pointed out that the ground state of 
1,2-dithiolane (valency angle S atom 92”; S-S bond 
length, 2.1 A) is more similar in its geometry to the 
transition state than is the ground state of an open- 
chain disulfide (valency angle at S, 107”; S-S bond 
distance, 2.05 A). Hence far less energy is required to 
reach the transition state for the reaction of 1,2- 
dithiolane than for an open-chain disulfide. Davis has 
similarly argued” that entropy strain is the main 
cause of kinetic acceleration for nucleophilic reactions 
of disulfides. 

In the ionic cleavage of cyclic disulfides by tris- 
(diethylamino) phosphine, 1,2-dithiolane reacts about 
10,000 times faster than its open-chain analogue, 
diamyl d i s ~ l f i d e . ~ ~  Surprisingly, however, 1,2-dithian 
reacts [eq ( 5 ) ]  about twice as rapidly as the “more 
strained” 1,2-dithiolane [eq (4)]. 

I 
+ P(NEt213 

19 

(--) 22 y -2% 0 1 5 )  
s-s k-1 

+ 6 W t 2 l 3  

20 

Harp and Gleason have suggesteds2 how this ap- 
parent paradox can arise from the relative magnitudes 
of k,, k-, and k,. Ring-opening (k,) of the strained 
five-membered cyclic disulfide is rapid whereas the 
reverse cyclizaton of the phosphonium salt (19) will 
be slow because it involves formation of a four- 
membered ring. On the other hand 1,2-dithiane is less 
strained than 1,2-dithiolane and its ring-opening will 
be slower. Forward cyclization of (20) leading to a 
five-membered sulfide will be more rapid than the 
corresponding reaction of (20) leading to thietane. 
Thus for 1,2-dithiolane the kinetic acceleration for 
ring-opening due to enthalpy strain is offset by a 
decrease in kz because of the high energy required to 
form a four-membered transition state. 

No systematic studies of the effect of ring size on 
the reactivity of cyclic sulfides have been reported. 
However, under carefully controlled conditions alkyl 
lithiums attack sulfur-heterocycles exclusively at 
sulfur if severe bond-angle distortions are present.s3 

b S 

21 

CrMa 
22 

Both 2-methylthiocyclopropane (21) and 2-methyl- 
thietane (22) react with ethyl lithium to form carb- 
anion intermediates which rapidly polymerize to linear 
polymers, whereas thiolane and thiepane fail to react. 

V. Sulfuranes 

Martin and his co-workers have recently made some 
remarkable observations about the reactivity of  spiro- 
cyclic sulfuranes in which a sulfur atom forms part of 
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Reactivity of Sulfur Heterocycles 347 

a bicyclic system.34 The five-membered bicyclic 
system (23) is very unreactivc towards base hydrolysis 
compared to its open-chain analogue 24, the general 

23 24 

order of reactivity observed for sulfuranes was acyclic > 
monocyclic > spirocyclic and very probably acyclic 9 
spirocyclic for sulfurane oxide hydrolysis. This order 
of reactivity is completely opposite to that observed in 
other sulfur heterocycles. Martin and his co-workers 
have rationalized the low reactivity of 23 on the basis 
that considerable ring strain would arise as the trigonal- 
bipyramidal sulfurane attempts to take up the tetra- 
hedral shape of an oxosulfonium ion in the transition 
state for hydrolysis. Spirophosphoranes show a similar 
reduction in reactivity when phosphorus in part of a 
bicyclic system.55 

Summary 

5. E. T. Kaiser, I. R. Katz, and 0. R. Zaborsky, 
J.  Am. Chem. Soc., 87,3781 (1965). The Alkaline 
Hydrolysis of Catechol Cyclic Sulfate. An Extra- 
ordinary Rate Acceleration. 

Soc., 88,3084 (1 966). A Comparative Study of 
the Alkaline Hydrolysis of o-Hydroxy &Toluene- 
sulfonic Acid Sultone and Phenyl a-Toluenesul- 
fonate. 

7. J. R. Cox, R. E. Wall, and F. H. Westheimer, 
Chem. Ind. (London), 85,602 (1963). Thermo- 
chemical Demonstration of Strain in a Cyclic 
Phosphate. 

1957, p 1. Studies of the solvolysis of Some 
Phosphate Esters. 

9. E. T. Kaiser and 0. R. Zaborsky, J. Am. Chem. 
Soc., 90,4626 (1968). Studies on the Hydrolysis 
of Sulfur-Containing Acids in Oxygen-1 8 Enriched 
Media. 

5644 (1969). A Test for Pseudorotation in “Penta- 
coordinate” Sulfur Compounds. 

11. F. H. Westheimer in “Steric Effects in Organic 
Chemistry”, M. S. Newman, Ed. John Wiley and 
Sons. Inc., New York, N.Y. 1956, Chapter 12, 

12. J. Sicher in “Progress in Stereochemistry”, Vol. 3, 

6. 0. R. Zaborsky and E. T. Kaiser, J. Am. Chem. 

8. F. H. Westheimer, Chem. SOC. Special Publ. No. 8, 

10. R. Tang and K. Mislow, J. Am. Chem. Soc., 91 

pp 523-555. 

P.B.D. de la Mare and W. Klyne, Eds. Butterworths, 
London 1962, Chapter 6, pp 202-263. 

13. D. A. Usher, E. A. Dennis, and F. H. Westheimer, 
J. Am. Chem. Soc., 87, 2320 (1965). Calculation 
of the Bond Angles and Conformation of Methyl 
Ethylene Phosphate and Related Compounds. 

14. A. Eberhard and F. H. Westheimer,J. Am. Chem. 
Soc., 87, 253 (1965). Hjzdrolysis of Pliostonates. 

The reactivity of sulfur heterocycles arises from a 
subtle interplay of both enthalpy and entropy effects. 
The importance of the latter effect has only recently 
been appreciated. Enthalpy strain in sulfur heterocycles 
arises primarily from a combination of both conventional 
angle strain and non-bonding interactions. 
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Note added in proof: 

Scorrano and his coworkers [R. Curci, D. Di Furia, A. Levi and G. Scorrano, J. Chem. SOC. Perkin II., 408 (19791 
have recently shown that whilst the dependence on acidity of the rate of reduction of thietane 1 -oxide and thiolane 
l-oxide is quite similar to that of dimethyl sulfoxide, the acid dependence of thian l-oxide is quite different. These 
authors have therefore pointed out that considerable care should be taken in interpreting reactivity data determined 
at a single acid concentration. This observation throws some doubts on earlier observations of the relative rates of 
~tereomutation~’ and reduction3’ of cyclic sulfoxides. 
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