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Barriers to ring reversal (AC*) at the n.m.r. coalescence temperature are reported for a series of 1,3,2- 
dioxathianes. The value for 1,3,2-dioxathiane-4,4,6,6-d4 of 11.2 kcal/mol is compared with the corre- 
sponding values for cyclohexane and various six-membered rings with and without vicinal electron pairs. 
The 1 ,3,2-dioxathiane system is suggested as a model for trimethylene sulfites, where the strong preference 
of the exocyclic oxygen for the axial position interferes with barrier determination by n.m.r. techniques. 

Les barrieres d'inversion de cycle (AC*) a la temperature de coalescence r.m.n. sont rapportees pour 
une serie de dioxathianes-1,3,2. La valeur obtenue, 11.2 kcal/mol pour le dioxathiane-1,3,2 d4-4,4,6,6 est 
comparee avec les valeurs correspondantes pour le cyclohexane et divers systemes cycliques a six membres 
avec 011 sans paire d'electrons vicinale. Le systcme dioxathiane-1,3,2 est propose comme modele pour I ~ s  
sulfites de trimethylene, oh la preference marquee de I'oxygene exocyclique pour la position axiale g6ne 
la determination de la barriere par la technique du r.m.n. [Traduit par le journal] 

Can .  J .  Chern., 51. 1200 (1973) 

Introduction 

There is now substantial evidence that the con- 
formational properties of six-membered rings 
with two or more adjacent heteroatoms in the 
ring are significantly different from those of 
cyclohexane (1-3). This result is usually attri- 
buted to the presence of vicinal electron pairs 
which appear to increase the barrier to rotation 
about the connecting bond and at the same time 
displace, or even reverse (ref. Ib, p. 1205), the 
potential energy minima and maxima associated 
with rotation. Similar deviations exist in acyclic 
~nolecules (4) when ethane is considered the 
reference substance and their importance in 
six-membered ring behavior is a direct result of 
the importance of torsional barriers in deter- 
mining conformational properties of rings.' 

The work of Bushweller and co-workers (3) 
on the s-tetrathianes constitutes the most 
thorough study of this phenomenon to date. In 
addition to the expected high barriers to ring 
reversal, these workers have found changes in 
conformational energies dramatic enough to 
give rise to non-chair ground states and high 
barriers to pseudo-rotation between non-chair 
states. 

'This relationship is generally accepted (5, 6) .  How- 
ever, successf~~l application of this principle to estimate 
ring reversal barriers requires careful choice of acyclic 
models, as we will show. 

Compounds with three adjacent oxygen and/or 
sulfur atoms (1-4) might be expected to demon- 
strate similar interesting properties. Experimen- 
tal work on systems of this type has been limited 

so far to a determination of the ring reversal 
barrier of 1 and its 5,5-dimethyl derivative 
for which AG* = 13.2 and 14.7 kcal/mol, 
respectively (7), in addition to rather extensive 
data collection on trimethylene sulfites (2) by 
such diverse techniques as dipole moments (lb, 
8, 9), i.r. (90, lo), n.m.r. (la,  2, 10, l l ) ,  osmom- 
etry (12), and ultrasonic absorption (13). 
Although all of the data point to some novel 
conformational properties, uncertainties in inter- 
pretation of the more derivative forms of data, 
especially from ultrasonic absorption (14, 15) 
and the present lack of a trimethylene sulfite 
suitably substituted for direct measurement of 
chair + chair ring reversal by the n.m.r. tech- 
nique have thus far prevented the emergence of 
a generally accepted conformational description 
for this molecule. 
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WOOD ET AL. :  CONFORMA7 'ION I N  SIX-MEMBERED RINGS 1201 

This paper expands on ol1r initial communica- 
tion (16) of the magnitude of the barrier of ring 
reversal for some 1,3,2-dioxathianes (3). This 
system presents some synthetic difficulty, but its 
symmetry makes it ideal for n.m.r. study and its 
close structural resemblance to trimethylene 
sulfite confers on it some value as a model for 
the latter. Also, in this connection, 4 represents 
a closely related structure, the 5,5-dimethyl 
derivative of which has AG' = 8.3 kcal/nlol 
(17). This result is in conformity with the fact 
that the ground state of this niolecule has its 
energy increased by the location of a polar bond 
along the bisector of two electron pairs (4). 

Results and Discussion 

We here report the synthesis and low tem- 
perature n.m.r. data for several 1,3,2-dioxa- 
thianes, including the barrier to ring reversal 
for 1,3,2-dioxathiane-4,4,6,6-d4, (3b), which 
probably provides the most reliable value for 
comparison with cyclohexane and other six- 
membered ring compounds. 

3 
a - 
b R1,R2,RS,R6 = D 

c R3,R4 = CH, 

d R', R~ = C H ~  

r R', R6 = CH,; R2, R3, R4, RS, = D 

/ R2, R6 = CH3 

g R2, R6 = CH3; R', R3, R4, RS = D 

All unspecified R groups = H 

Syntliesis and Spectra of'/,3,2-Dioxatl1iat7es 
The compound 3a  was synthesized from 1,3- 

propanediol and sulfur dicllloride according to 
the method of Thompson (18). The isolated 
liquid showed two peaks which could be sepa- 
rated readily by preparative g.1.c. The peak with 
lower retention time was found to be 3a. The 
retention time of the other liquid was identical 
to that for authentic trimethylene sulfite. 

The i.r. spectrum of 3a  showed no hydroxyl 
absorption. The 'H n.m.r. spectrum at  room 
temperature consisted of a triplet a t  6 4.38 and 

a quintet at  1.98. Had the compound possessed 
a macrocyclic structure such as 5, the sainc 
n.m.r. spec t r~~ in  would have been observed. The 

mass spectr~un showed a peak at  17l/e 106 which 
was assigned to the inolecular ion. No peak at 
/n/e 212 or higher was evident, nor was there 
any evidence of sulfite contamination (m/e 122). 

In the low temperature i1.nl.r. experiment, 
the quintet at  6 1.98 broadened until at  -70' 
two separate signals were obtained: 6 2.0-3.0 
(multiplet) and 1.6 (broad doublet). These 
signals were assigned to axial and equatorial 
protons respectively. The C-5 proton signals 
sharpened at - 85' and remained unchanged on 
fi~rther cooling. At - 80" the doublet at 6 1.6 
became a do~tblet  of triplets ( J  -. 2 Hz). 

These changes in the spectrum were shown to 
be reversible, and the coalescence temperature 
obtained was used to estimate the rate constant, 
kc, for interconversion of the conformers from 
the equation 

which reduces to 

when the signals are not coupled."The value 
of AG' was obtained from the Eyring equation, 

taking the transmission coefficient as unity. 
Both kc and AG' for the molecules studied are 
presented in Table 1. 

The above proced~lre was repeated for 1,3,2- 
dioxathiane-4,4,6,6-[I4 (36) synthesized from 
labelled 1,3-propanediol and di-1-in~idazolyI 
sulfide. The coalescence phenomenon of the 
simple AB spectrum provided a further check 
on the ring reversal barrier in this ring system 
and we consider the latter result of AG" = 
1 1.2 kcal/mol at  - 42" to be the most reliable 
measure of ring reversal in 1,3,2-dioxathianes. 

'A recent comparative study of n.m.r. methods of 
determining free encrgies of activation has indicated the 
conditions under which this approximate method gives 
satisfactory results (19). 
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The 4,6-dimethyl derivatives were synthesized 
from 2,4-pentanediol (mixed isomers). G.1.c. 
of the product showed the presence of small 
amounts of all three 4,6-dimethyltrimethylene 
sulfites as well as racemic (3d) and meso (3f) 
4,6-dimethyl-1,3,2-dioxathiane in a 56:44 ratio. 
1.r. and n.m.r. spectra for 3f were consistent 
with the assigned structure and the mass spec- 
trum showed a peak at mle 134 corresponding 
to the molecular ion. Proton n.m.r. spectra 
recorded in 1 : 1 CD,CI, :C,D ,Br showed no 
temperature dependence between + 25 and 
-100°, a fact consistent with its expected 
adoption of a single chair conformation with 
both methyl groups equatorial. 

Compound 3d produced a peak at mle 134 
which was assigned to the molecular ion. A 
small peak at mle 150 was presumably due to 
contamination from a related sulfite. The 'H 
n.m.r. spectrum consisted of a multiplet at 6 
4.60, a triplet at 1.80, and a doublet at 1.43, 
in agreement with a fast equilibrium between 
conformations. On cooling, the spectrum under- 
went the expected broadening with two methyl 
doublets appearing at -90". Below - 100" 
these doublets are sharp and no further change 
occurred to -110". The coalescence tempera- 
ture for these signals was estimated to be - 83" 
which gives AG* = 9.4 kcal/mol. The methy- 
lene and methine protons in this compound did 
not give definable coalescence. As a further 
check on the ring reversal barrier in racemic- 
4,6-dimethyl-1,3,2-dioxathiane, the labelled deri- 
vative 3e was found to give AG* = 9.75 kcall 
mol based on coalescence of the methyl signal 
(6 1.40) at -79.3 

Interpretation of'Nuclear Magnetic Resonance 
Results and Conzparison with Related 
Systems 

The barriers determined in the present work 
are presented in Fig. 1 along with a variety of 
other determinations on related  molecule^.^ 
The 1,3,2-dioxathiane barriers, like those for 
other six-membered ring systems with vicinal 
electron pairs, are generally higher than the 

31n spite of strenuous effort, complete purification of 
this compound was not achieved. Persistent n.m.r. signals 
appeared at 6 1.70, 1.50, and 1.18 p.p.m. 

JThese comparisons are presented in the format used 
by Kabuss and co-workers. References 200 and c contain 
additional data on six-membered ring reversal barriers. 

comparable cyclohexane or I ,3-dioxane struc- 
ture. Generally, the substitution of oxygen for 
sulfur in the ring appears to lower the barrier 
(tetramethyldithiane and -dioxane are excep- 
tions). Removal of the vicinal electron pair 
interaction in 1,3,2-dioxathiane by conversion 
to trimethylene sulfate lowers the barrier to a 
value comparable to the similarly substituted 
2,2,5,5-tetramethyl- 1,3-dioxane. 

If the analysis presented here has any relevance 
for the case of trimethylene sulfite barriers which 
are not amenable to direct n.m.r. measurement, 
then these compounds should have ring reversal 
barriers near those for the 1,3,2-dioxathianes 
and certainly higher than the trimethylene sul- 
fates. I t  is unfortunate that the ultrasonic 
absorption method which appears to detect a 
barrier to conformational change in the trimethy- 
lene sulfite system (13, 21) gives no evidence as 
to the structure of either the low energy or high 
energy state which the barrier  separate^.^ Clari- 
fication of the nature of the ultrasonic process 
must await comparative n.m.r. and ultrasonic 
data on representatives of each of the ring sys- 
tems under discussion. In the meantime. it 
should be noted that although no experimental 
value exists for S-0 bond rotation, the ring 
reversal barrier for 1,3,2-dioxathiane is consis- 
tent with a high rotation barrier, as has been 
found for related bond types.6 

The effect of exocyclic oxygen in the axial 
position on a trimethylene sulfite in the chair 
form has often been discussed in terms of 
interaction with the axial substituents on C-4 
and -6. Values of n.m.r. shifts for several 1,3,2- 
dioxathianes which lack this exocyclic oxygen 
make it possible to check for evidence of this 
interaction. When allowance is made for the 
averaging of n.m.r. signals caused by conforma- 
tional interconversion in the 1,3,2-dioxathianes, 

5The difficulty with the low energy state is generally 
recognized (15) and in favorable cases this strilcti~re can 
be assigned from spectral data. The high energy state 
presents a much more formidable problem. Attempts to 
assign this structure and to attribute the measured barrier 
must of necessity rest on analogy with model compounds. 
In the case of trimethylene sulfites, lack of appreciation 
of the importance of vicinal electron pair effects led to 
inappropriate choice of acyclic models (13, 21) for esti- 
mation of the contribution of torsional barriers to the 
ring inversion barrier (1). 

6Recent work has established a rninimilm value for 
S-S at 7.0 kcal/mol (22). 
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WOOD ET AL.: CONFORMATION IN SIX-MEMBERED R[NGS 

TABLE 1. Barriers to ring reversal for 1,3,2-dioxathianes 

Compound 
3 

AG" I1 
T,("C)* AVAD, (Hz) J A n  (Hz) Kc (s- ') (kcallmol) 

*Error in temperature measurement is 2 2". 
'fMeasured in CD2C12 solulion. 
$Measured in CDCI, solution. 
§Measured i n  solution of CD2CI, :CIDSBr (1 : I ) .  
IlError estimated to be 2 0.2 kcal/mol. Uncerta~nty in temperature is the major source of error (see 

ref. 19). 

7 J 

FIG. 1. Barriers to ring reversal (AG' at  T,) for 1,3,2-dioxathianes and other six-membered rings. 

most of the shifts observed for these compounds its sulfite analog, is assunled to be fixed in the 
are within 0.1 p.p.m. of the value for the corre- chair conformation with methyl groups equa- 
sponding trimethylene sulfite (ref. la, p. 522). torial. The axial 4,6-protons in the former appear 
The most clear-cut exception arises from the at 6 4.25 p.p.m. which is 0.7 p.p.m. upfield from 
meso-4,6-dimethyl-l,3,2-dioxatl1iane which, like the corresponding proton in the trimethylene 
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sulfite. This puts a quantitative estimate on the 
magnitude of S=O axial deshielding. 

With the latter effect removed, the difference 
in chemical shift between axial and equatorial 
protons at C-4 and -6 in the dioxathianes (esti- 
mated from low temperature spectra) becomes 
smaller than typical cyclohexane values of 0.3- 
0.5 p.p.m (e.g. AV = 8.7 HZ for 3c, Table l), 
but it is not possible from the present data to 
determine which proton appears at higher field. 

The protons at C-5 generally show the same 
shifts as the corresponding sulfites. The axial 
proton of the parent compounds (6 2.5 p.p.m.) 
is almost 1 p.p.m. toward lower field than the 
equatorial one, a phenomenon common to  
1,3-dioxanes and other compounds with oxygens 
at positions 1 and 3. 

Throughout this paper possible non-chair 
forms of 1,3,2-dioxathianes have been ignored. 
The data discussed here appear to be consistent 
with this assumption, but the evidence is in no 
sense compelling. The presence of vicinal elec- 
tron pairs should at least reduce the energy of 
non-chair forms relative to cyclohexane, for 
reasons previously discussed (lb). 

Summary and Conclusions 
The synthesis and i1.m.r. study of a series of 

1,3,2-dioxathianes has extended the available 
data on six-membered ring compounds with 
vicinal electron pairs. In conformity with pre- 
vious findings for systems of this general type, 
ring reversal barriers are found to  be higher than 
for similar compounds lacking vicinal electron 
pairs. The results support the general conclusion 
that electron pairs on adjacent atoms in a ring 
increase the barrier to rotation about the bond 
joining them, and in this way increase the barrier 
to ring reversal. 

When the considerable evidence now available 

amenable to n.m.r. meas~irenlent because the 
s~ilfite ring system is strongly biased toward one 
chair form. Weighing these possibilities against 
each other, we find that  inc certainties in con- 
formational assignments for the higher energy 
state in ultrasonic absorption studies remove the 
necessity for the former interpretation. The 
latter situation appears to us particularly likely 
since it can readily incorporate the ultrasonic 
results on the basis of chair non-chair 
interconversions. 

Experimental 
Elemental analyses were obtained from Midwcst 

Microlab, Ltd., Indianapolis, Indiana. 
Proton n.ni.r. spcctra were measured o n  a JEOL 

ChOHL spectrometer using T M S  as internal reference. 
Mass spectra were taken by Dr .  Larry Dusold, 

Chemistry Department, Wayne State University, Detroit, 
on  an AEI MS902B spectrometer. 

G.1.c. analyses were made with a n  F & M Model 720 
instrunlent using co lun~ns  packed with 10% diethylene- 
glycol succinate (LAC728) on  chromosorb W and at  a 
flow rate of carrier gas (heliumn) of 60 ml/rnin. Analytical 
work was done on  a 114 in. x 5 112 ft column (70-90) 
and collections on a 314in. x 8 ft column (135"). 
Dioxathianes werc prepared essentially by thc method 
of Thompson (18). F o r  tlie preparation of 4,6-dimethyl- 
l,3,2-dioxathianes, the reaction was carried out  under a 
nitrogen atmosphere to reduce the formation of sulfites. 
The  deuterated parent compound, 3b was prepared in 
better yield by substituting di-I-imidazolyl sulfide for 
sulf i~r  dichloride. 

1,3,2- Diosnlhin~ze (30) 
From 38.0 g (0.5 mol) of 1,3-propanediol and 51.5 g 

(0.5 mol) of sulfur dichloride there was obtained an oil 
which after distillation alforded 4.5 g of light yellow 
liquid, b.p. 3 8 4 8 "  a t  12-13 Inm. G.1.c. of this liquid 
showed two peaks. The component of lower retention 
time was identified as 1,3,2-dioxathiane by spectral means 
although the index of refraction, ~ l ~ ~ ~ . ~  1.4750, differcd 
from the reported value, 1lDZ3 1.4948 (18). 

Tlic i.r. spectrum of the pure liquid showed n o  Iiydroxyl 
absorption. The n.m.r. spectrum in CDzClz  consisted 
of a triplet at  6 4.38 p.p.m. ( J  = 5.0 Hz) and a quintct 

to reinforce this generalization is applied to the at 1.98 p.p.m. ( J  = 5.0 HZ). The  10%' temperature n.li1.r. 

relatively intractable trimethylene sulfite prob- results have been described. A peak at  171le 106 in the mass 
spectrum was assigned to  the n~olecular ion. 

lem7 it apparent that latter Authentic trimethylenc sulfite possessed the same 
pounds must be in some sense anomalous. retention time as the second oroduct from the reaction. 
Perhaps the chair + chair interconversion in 

1,1,3,3-Tetrnde~rterio-1,3-p,.opc111c~diol (23) 
these molecules occurs across a barrier very A s o l ~ ~ t i o n  of  5.0 g of  LiAID4 in 200 ml of anhydrous 
much lower than that measured for any other tetrahydrofuran was placed under a nitrogen atmosphere 
similar ring (to accomodate olle interpretation in a 500ml  three-necked flask equipped with a reflux 

of ultrasonic absorption results). Alternately, condense" dropping funnel, and magnetic stirrcr. 
Dimethyl malonate (13.2 g) diluted to 25 ml with anhy- 

the chair * chair interconversion Inay have a drous tetrahydrofuran was introduced with stirring at  a 
barrier which is comparable to that for strut- rate sufficient to  maintain eentle reflux. The mixture was 
turally similar molecules, but which is not then heated and  stirred under reflux for 20 11. Decomn- 
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position was accon~plished by the careful addition of 
water (50 ml), 15% NaOH (5.0 ml), and water (150 ml). 
The mixture was filtered and the precipitate washed with 
six 50-1111 portions of boiling tetrahydrofuran. Evapora- 
tion of solvent from the dried (MgSO,) filtrate and 
washings yielded 4.4 g of a clear, light yellow oil. 

1.1. analysis showed the usual hydroxyl absorption 
as well as C-D stretching at 2100 and 2200 cm-'. A 
singlet at 1.7 p.p.m. in the n.m.r. spectrum was assigned 
to C-2 protons and the hydroxyl protons appeared at 
3.89 p.p.m. 

Di-I-it~~idnzolyl Srrlfile 
Following the procedure of Walter and Radke (24), 

36.0 g of imidazole was reacted with sulfur dichloride 
(13.5 g) to yield 16.2 g of product, m.p. 78-83" (lit. (24) 
m.p. 80-85"). 

4,4,6,6-Tetrndeliterio-l,3,2-dioxnthinne 
Under a nitrogen atmosphere 8.58 g of di-1-imidazolyl 

si~lfide was dissolved in 250 ml of anhydrous tetrahydro- 
furan in a 500 rnl three-necked flask equipped with an 
addition funnel and a magnetic stirrer. 1,1,3,3-Tetra- 
deuterio-l,3-propanediol (4.35 g diluted to 15 ml with 
anhydrous tetrahydrofuran) was introduced rapidly with 
stirring. After 15 min of stirring, the tetrahydrofuran 
was removed on the rotary evaporator and the residue 
vacuum distilled. The product was contained in a fraction 
(2.24 g) with b.p. 29-33'10.25 mm. 

The peak of lower retention time on preparative g.1.c. 
(17% of total) was found to be the desired product (3b). 
The other major peak (83%) had a retention time corre- 
sponding to trimethylene sulfite. 

5,5-Diii1etl1~~l-l,3,2-dioxnt/rin11e (3c) 
Reaction of 52 g (0.5 mol) of 2,2-dimethyl-1,3-pro- 

panediol with sulfur dichloride gave a brown liquid which 
was separated by distillation into two fractions: (i) 1.65 g, 
b.p. 26-3O0/2.0-2.2 mnl and (ii). 14.7 g, b.p. 31-4O0/ 
1.2 mm. In addition to the desired product, these frac- 
tions contained 12 and 37%, respectively, of 5,5-dimethyl- 
trimethylene sulfite. 

Spectral results for this compound (3c) have been 
reported (1 6). 

Anal. Calcd. for C5HlOO2S: C, 44.75; H, 7.51; S, 
23.89. Found: C, 45.0; H, 7.6; S, 23.6. 

4,6-Ditirethyl-1,3,2-cIioO~nt/~iot~es (3d atrd f )  
Sulfi~r dichloride (26.0 g, 0.25 mol) was reacted with 

2,4-pentanediol (26.0 g, 0.25 mol, mixed isomers) under 
nitrogen to yield a crude oil. Distillation gave two frac- 
tions: (i) 13.8 g, b.p. 67-74"/13 mm and (ii). 4.23 g, b.p. 
67-70L/1.25 IIMI. G.1.c. of fraction i showed five peaks, 
of which the two major peaks had the lowest retention 
times and n.m.r. spectra corresponding to the desired 
products. 

The tr.ntrs-4,6-di1l1ethyl con~poi~nd (3d) showed a multi- 
pletat 64.60p.p.n1.,a triplet at 1 .8p .p .m. ( J=  5.3 Hz), 
and a doi~blet at 1.43 p.p.m. ( J  = 6.8 Hz). 

Anal. Calcd. for C5H1002S: C, 44.75; H, 7.51 ; S, 
23.89. Found: C, 44.7; H, 7.5; S, 23.9. 

The cis-compound (3 f )  showed a milltiplet at 6 
4.25 p.p.m., a five-line signal at  1.5-1.83 p.p.m., and a 
doi~blet at 1.33 p.p.nI. (J = 6 Hz) in CDCI, solution. 

Anal. Found: C, 44.5; H,  7.6; S, 23.8. 

2,3,3,4-Tetrnrle~ite,.io-2,4-pe11tntzecIiol 
The procedure of Pritchard and Vollmer for synthesis 

of 2,4-pentanediol (25) was adapted to make the tetra- 
deuterio derivative. Sodium borodeuteride (5.0 g, 0.12 
mol) was added to a three-necked 300 ml flask containing 
50 rnl of D 2 0  and 0.3 ml of a 40% solution of NaOD 
in D 2 0 .  The reaction flask was cooled to 10" and 20.0 g 
(0.20 mol) of 2,4-pentanedione in 60 g of CH,OD was 
added during 2 h while the temperature was maintained 
at 10-15". Following an additional 2 h of stirring at room 
temperature, the solvent was removed under vacuum and 
glycerine (100 ml) was added. Fractional distillation 
yielded 18.2 g (84.3%) of a colorless liquid, b.p. 50-55"/ 
0.1 mm; 1zDZ5 1.4314. 

4,5,5,6-Tetrnderrterio-4,6-~litnet/ryl-1,3,2-rlio.~nthinrres 
(3e ntrd g) 

The procedure described for 3c/ and f was followed 
using tetradeuteriodiol, and preparative g.1.c. which pro- 
vided the dioxathianes as before. The peak of lowest reten- 
tion time showed an n.m.r. singlet (6 1.32 p.p.m.) which 
was unchanged on cooling to - 100' and this conlpoi~nd 
was therefore assigned the cis-structure (3g). The second 
g.1.c. peak also had as the most pronlinent feature of its 
n.m.r. spectrum a singlet (6 1.40 p.p.m.), but cooling 
caused a broadening of the signal and separation into two 
singlets (6 1.25,1.55 p.p.m.) at - 100". This compound was 
assigned the trntrs-structure (3e). Weak signals at 6 I .2, 
1.5, and 1.7 p.p.m. were also present and are probably 
due to contamination from the corresponding sulfites, 
which are also represented by the three smaller peaks of 
higher retention time in the crude product as before. 
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