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1. INTRODUCTION

The application of high resolution nuclear magnetic

resonance spectroscopy to chemical problems, frequently re-

quires detailed analysis of the observed spectrum for dis-

criptive parameter sets, chemical shifts and spin-spin

coupling constants. In the early beginning of NMR spectro-

scopy an exact solution could be obtained only for small

spin systems. The close form expressions are not generally

obtainable for molecules containing more than three coupled

nuclei. Some systems containing symmetry elements such as

A2X2 is still possible to solve by hand. The introduction

of electronic computers made it possible to solve larger

spin systems. The introduction of subspectral analysis,

however, made it possible to analyse large spin systems

which proposed a high degree of symmetry. In general, up to

1970 spin systems containing more than seven spin coupled

nuclei, could not be solved even with the aid of a computer.

The limitation was in fact the size of the computer memory.

Another difficulty with spectral analysis of large spin

systems, is the increase in spectral complexity as the number

of coupled nuclei increases and that it is not always

certain that an unambiguous solution is obtained.

However, to make a full use of a computer in spectral

analysis of complex NMR spectra, is determined of two basic

things. Firstly, a broad understanding of the underlying

theory of the nuclear magnetic resonance, i.e. to a large
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extent to be able from a spectrum to classify the type of

spin system under consideration and to extract a fairly

close set of the discriptive parameters upon which the

spectrum is dependent. Secondly, to have access to a suit-

able computer and programs able to handle the considered

spin systems.

The subject of spectral analysis has been thoroughly

investigated during the past years. A wide range of text

books has been published on spectral analysis, such as books

by Pople et al. , Emsley et al. , Corio , Becker , Roberts'

and Jackman et al. Comprehensive reviews have been pub-

)

11

7 R Q If)

lished by Hoffman et al. ' , Garbisch and Bishop. Sub-

spectral analysis have been reviewed by Diehl et al.'

The NMR parameters are sensitive to the environment and

spatial arrangements of the atoms of the molecule under con-

sideration. It has become a wide used technique to obtain

information about the shape of molecules in solution or as a

liquid. The NMR method does not provide results which are

as detailed and precise as those obtained by X-ray cry-

stallography, or by microwave spectroscopy or electron

diffraction of molecules in the gas phase. Although the NMR

method can revile ambiguous results, it has been proven to

be an important technique to solve structural and confor-

jnational problems of organic molecules. Booth and Thomas '

have published comprehensive rewievs on the subject of NMR

spectroscopy and conformational analysis.
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Conflicting conformational assignments of cyclic sul-

fites have been made during the last 30 years, de la Mare

et al. concluded from IR measurements that trimethylene

sulfite and its derivatives existed in a chair conformation

16 17

with an equatorial S=O group. Pritchard et al. ' con-

cluded some years later that the flexiboat form was more
18probable. Hellier et al. agreed with de la Mare on the

chair form but assigned an axial S=O group. The latter

19

conclusion was also proposed by Edmundson from NMR measure-

ments. Arbuzov and Overberger et al. concluded that
trimethylene sulfite exists in a chair-chair equilibrium.

22Miskow interpreted the NMR differently, and again was the

23
flexible boat conformation suggested. Altona et al.

determined the molecular structure of trimethylene sulfite

o 24

at -100 C and later Romers et al. determined the structure

of 5,5-dichloro-trimethylene sulfite. Up to 1970 no clear

picture of the shape of these compounds had emerged except
23for the trimethylene sulfite in the crystalline phase at

-100°C. The trimethylene sulfite was up to this date

assumed to undergo rapid chair-chair interconversion at room

temperature. Attempts to determine the coalescence tempera-

ture for the NMR spectra have not been successful, although

the NMR spectra have been recorded between -100°C and room

temperature. These results may be interpreted as, the

barrier to ring inversion must lie either substantial below
26 27or above the cyclohexane barrier of 43.1 KJ/mol. '

Ultrasonic relaxation studies have, however, been inter-
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preted in terms of chair-chair equilibria for several tri-

28
methylene sulfites.

The doubt about the confirmation of trimethylene

sulfite initiated this work.29"37

The type of cyclic sulfites considered in this work are

of two main clases:

1. Trimethylene sulfites (TM-sulfites).

trimethylene sulfite

5e-methy1-trimethylene sulfite

5a-methyl-trimethylene sulfite

5e-tert-butyl-trimethylene sulfite

5a-tert-butyl-trimethylene sulfite

5e-phenyl-trimethylene sulfite

5a-phenyl-trimethylene sulfite

5,5-dimethy1-trimethylene sulfite

4e-methyl-trimethylene sulfite

4e-phenyl-trimethylene sulfite

4,4,6e-trimethyl-trimethylene sulfite
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2.

4e,6e-dimethyl-trimethylene sulfite, S=0 axial

4e,6e-dimethyl-trimethylene sulfite, S=0 equatorial

4e,6a-dimethyl-trimethylene sulfite

trans-1,3,2-dioxathiadecalin-2a-oxide

trans-1,3,2-dioxathiadecalin-2e-oxide

Ethylene sulfites and some of its analogous five

membered ring compounds:

S=0

X = Y = 0

- ethylene sulfite

3-methyl-ethylene sulfite

cis-3,4-dimethyl-ethylene sulfite (two isomers, syn

and anti)

trans-3,4-dimethyl-ethylene sulfite

X = O and Y = S

1,3,2-oxadithiolane-2-oxide

X = O and Y = N

3-phenyl-l,2,3-oxathiazolidin-2-oxide
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X = Y = N

2,5-dimethyl-l,2,5-thiadiazolidin-l-oxide

2. THEORY OF NMR SPECTRA

2.1. Spin notations. Molecules containing nuclei able

to undergo nuclear magnetic resonance are in spectral terms

classified as spin systems. The type of the spin system and

the appearance of the NMR spectrum are dependent on the

number and the type of the magnetic nuclei and their ability

to interact .magnetically. Dependent on the descriptive

parameters, spin-spin coupling constants and chemical shifts,

the spectral appearance will change. The characterisation

of spin systems is important with regards to an unigue

solution of a NMR spectrum with respect to chemical shifts

and coupling constants.

In analytical NMR spectroscopy it is important to

utilize molecular symmetry and to distinguish between

different types of equivalent nuclei, such as chemical shift

equivalence and magnetic equivalence. Chemical shift

equivalent nuclei have the same chemical shift and symmetry

implies that some of the coupling constants in the system

will be equal. Nuclei are magnetically equivalent when they

have the same chemical shift and the same spin-spin coupling

constant with every other nucleus which does not have the

same chemical shift.
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The notation scheme used in this work to describe

spin systems, is a modification of the originally scheme

introduced by Bernstein et al. Different capital letters

are used to differenciate between different type? of mag-

netic nuclei. Only spin k nuclei have been considered in

this work. Letters close in the alphabet are used for

nuclei which are hard coupled i.e. the magnitude of the

coupling constant between two nuclei under consideration is

close to their chemical shift difference e.g. AB systems.

When the chemical shift is large as compared to the coupling

between the nuclei, widely separated letters are used, e.g.

AX system. Magnetic equivalence is indicated by a numerical

subscript and chemical shift equivalence by the same letter

with and without a prime or primes e.g. AA'X3X'3 or simply

by the notation (AX,)-/ where the bracket indicates chemical

shift equivalence.

2.2. Analysis of the NM.R spectrum. To calculate the

energies and intensities of the transitions that are ob-

served in an NMR spectrum obtained for a group of inter-

acting nuclei, it is necessary to find the energies and

stationary state wave functions of the spin system.

The nuclear spin Hamiltonian used to interpret nuclear

magnetic resonance spectra obtained from a fluid sample

contains the nuclear spin operator, the coupling constants

and the chemical shifts.



-8-

9t =

The first term describes the interaction of the

nuclear magnetic moment with the applied field B . The

second term represents the spin-spin coupling between differ-

ent nuclei in the same molecule. The nuclear spin states

are eigenvalues of this Hamiltonian, and the difference in

the eigenvalues gives the transition frequencies.

When the Hamiltonian has been diogonalized and the

energies and spin functions of the stationary states are

known the transitions and their intensities can be calcu-

lated. If all the nuclei have the same magnetogyric ratios

are the relative intensities given by the value of

KnlF.ImM2

where F_ is the lowering operator and n and m are the

states between which the transition occurs.

Diogonalizing the Hamiltonian is not always easy. When

the basis is a set of simple product functions, the Hamil-

tonian matrix consists of a number of sub-matrices, each of

which corresponding to a different value of m-,, the total

component of the spin angular momentum. Any matrices larger

than 2x2 cannot normally be diagonalized explicitly in terms

of spin-spin coupling constants and chemical shifts. The

numerical values of the constants (J and >,' ) are inserted and
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the eigenvalues may be found by an iterative process which

is tedious, but can easily be performed by a computer.

Symmetry, however, will cause further reduction in the size

of the sub-matrices.1'2'11

2.3. Analysis of the observed spectra. Although the

NMR technique is being employed to solve various chemical

problems, structural determination ranks foremost among

these. The elucidation of molecular structure from NMR

spectra is essentially to determine the two types of para-

meters (i) the chemical shift and (ii) the spin-spin coup-

ling constants. The former normally gives information aboul

the nature of the functional groups within the molecule and

the latter about the arrangements of the atoms.

The task of analyzing spectra is, however, to recognice

the spectrum in terms of which class of spin system the

spectrum belongs to, e.g. if it is an AA'BB1 or an ABCD

system. Normally one knows something about the spin system

under consideration, either from otht.- forms of spectoscopy,

from the history of preparation, or simply the structure is

known from other investigations, such as X-ray chrystallo-

graphy.

The NMR spectra of small spin systems or molecules

1 2 5 9

containing up to four coupled nuclei ' ' ' are system-

atically studied as regards appearence,and its changes due

to the changes in the relativ magnitude of the coupling con-
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stants and chemical shift differences. The interest for

solving large spin systems has increased as the availability

of large computers have been more common.

The by hand analysis, as in this work, normally start

with a first order approximation in the attempt to obtain

approximate values of the pertinent spectral parameters and

thereafter to perform a complete computer calculation and to

compare the computed spectrum with the observed.

The first order analysis of complex spectra has in the

past been used to obtain spectral parameters. In some

37cases erroneous first order analysis have led to resonable

54values of the coupling constants. Other workers has

interpreted deceptive simple spectra of complicated spin

systems, resembling first order spectra with equidistant

spacing between lines, as first order spectra resulting in

39erroneous answer to the problem. The nature of the NMR

spectra is such that one cannot always be certain that the

correct spectral parameters are obtained. In this work,

however, a good correlation between the observed and the

computed spectrum together with a comparison of spectral

parameters reported for similar molecular arrangements, have

been taken as evidence for a correct solution. An extensive

use of subspectral analysis as broadly classified by Diehl

et al. has been used in this context as an analytical tool

in the analysis of the complex NMR spectra of the cyclic
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sulfites. In order to make full xise of the subspectral

analysis it is essential to be able to divide the observed

spectrum into non-interacting subspectra with a known

spectral pattern. In most cases, however, the subspectra

are superimposed upon each other. The subspectra may be

analysed independently of the rest of the spectrum provided

on can pick the subspectral patterns out of the complete

spectrum. If so happends to be possible, an iterative cal-

40culation may be performed on the subspectra. By the

subspectral analysis, all or only a limited number of the

coupling constants and the chemical shifts of which the

complete spectrum is dependent, can be obtained.

An illustrative example of the subspectral analysis is

the analysis of the AA'X,X3' spectrum obtained for cis-4,5-

-dimethyl-ethylene sulfite. The experimental spectrum con-

sist of the two superimposed spectra of the two isomers, one

with the methyl groups syn and the other anti in respect to

the S=O group (Fig. 1 and 2). It was not necessary to

separate the two isomers in the attemt of analysing the NMR

spectra of the two isomers.

Coupling constants within the X, and X'_ groups of an

AA'X,X,' spin system do not affect the spectrum. The re-

maining coupling constants are as follows
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N

anti syn

311.2 FREQUENCY, Hz 265.3

Fig. 1. 60 MHz NMR spectrum of the ring protons in

the syn and anti isomers of cis-4,5-dimtehyl-

-ethylene sulfite.
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syn
I I

88.1 FREQUENCY, Hz 66.3

Fig. 2. The methyl groups of the syn and anti isomers

of cis-4/5-diwethyl-etylene sulfite obtained

at 60 MHz.



AX

- 1 4 -

AA1

XX1

-A1

I t i s convenient to r ep lace JAX and JAXI

= IJAX+JAX'
41

{ their sum,

The N doublet"1 •"" is easily recognised from

both spectral parts, (Fig. 1 and 2) giving the value of

|JAX+JAX,| . The individual ̂ =1 xy subspectra can be mea-

sured from the x,x, (X,AA'X',) spectra and J^i can be cal-

41culated directly for both isomers.

In cis-4,5-dimethyl-ethylene sulfite, the long range

coupling Jxx> can be regarded as being zero, which is common

for such spin systems. The AA1 part of this system, Jx ,=0,

is then constitued of a. and ab subspectra. The a2 sub-

spectra giving lines at -3/2N are indicated by arrows in

Fig. 1. The S . for the ab subspectra, not shown in the

figures is a multiple of L= |ja -J_vl . A computation of the
| AA nA

complete spin system based on the coupling constants ob-

tained from the subspectral analysis N= |j +J. ,1 and J».t
I AA AA | AA.

under the assumption that the coupling constants J.vl and
AA

42—44
Jxx, are zero or negligible, reproduced the complete

spectrum. A complete theroretical or subspectral breakdown

for large spin systems is impracticable. The subspectral

analysis, when applicable gives rise to a fairly good set of

starting parameters for the iterative computations.
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2.4. Computer analysis. With an appropriate computer

program (Appendix II) it is easy to calculate a theoretical

NMR spectrum for any sets of coupling constants and chemical

shifts within the capability of the computer program without

any knowledge of a particular spin system. In contradiction

to this, it is, however, not always easy to analyse a NMR

spectrum in general, even with the aid of a computer. The

art of the computer analysis lies in the skill of the chemist

to extract as much information from the experimental spectrum

as possible by subspectral analysis or by other means. Not

barely a rough estimate will lead to a successful analysis.

In most cases, it is necessary to feed the computer with

starting parameters very close to the correct answer. It

must, however, be pointed out that two different sets of

spectral parameters may give the same theoretical spectrum.

The unique solution can in most cases be selected when

comparing the solutions under consideration with spectral

parameters obtained for similar molecular arrangements.

The trial calculations, the theoretical spectrum, may

resemble closely to the experimental spectrum and will then

be the basis spectrum for the iterativ computer analysis.

In some cases, it was necessary to perform several trial

calculations before a realistic set of starting parameters

was obtained. The next step in the computer analysis is to

assign as many as possible of the theoretical lines to

experimental measured frequencies and perform an iterativ

calculation.
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The analysis of highly symmetrical spin systems may be

difficult due to the swoping of theoretical lines caused by

the swoping of close lying energy levels during the itera-

tive calculations. This was experienced specially with the

AA'BB'CD spin system of the trimethylene sulfite spectrum.

This swoping of lines caused an iteration which failed to

converge or ..he calculation converged onto a wrong solution.

This problem is usually experienced when using the

LA0CN3 program on symmetrical spin systems. The program

LACX, which takes into account twofold symmetry, has an

option to print out eigenvalues and energy levels associated

with each transition. This option proved to be a valuable

tool to tackle the problems of line swoping. Another

option of LACX is the possibility to add weight factors to

each assigned line in the iterative calculations. The

weight factor will suppress the importance of the weighted

line in calculations, and it opens the possibility to include

week combination lines throughout the calculation.

The relative sign of coupling constants in saturated

2 fi
systems are well established ' for coupling constants over

up to three bonds. Litterature values of the sign was used

in our computations for the geminal and the vicinal proton-

-proton couplings, but for the long range coupling constants

the sign was taken as computed. Small coupling constants,

long range coupling over four bonds, less than 0.3 Hz may

not be unique. The reliability of these coupling constants

is dependent on several factors such as:
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(i) the resolution of the observed spectrum

(ii) the complexity and symmetry of the spin system

(iii) the half width used when calculating the Lorent-

zian line shape spectra

(i) And (iii) will contribute to mask any false values of

small long range coupling constants.

Weak intensity lines,close lying to strong lines in the

spectrum,are excluded from the iterativ calculations. Weak

lines are, however, used in the iterativ calculations when

they show up as distinct, but weak, peaks in the observed

spectrum.

The RMS deviation, as calculated by the program,

between observed and calculated transitions, dropped to less

than 0.1 Hz a'fter three or four iterations when all spectral

parameters were allowed to vary. The computed probable

errors of the parameters were generally less than 0.02 Hz.

The number of experimental transitions correlated are as

follows:

Trimethylene sulfite 157, 5-substitued trimethylene

sulfite 380, 4-methyl-trimethylene sulfite 700 and ethylene

sulfites 250 transitions.

The computed probable errors are probably to small as

45 46 47

being pointed out by Castellano ' and Schaefer.

Ewing pointed out recently that a more realistic probable

error would be obtained when increasing the calculated LAOCN

errors by a factor of 2.5.
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3. THE INTERPRETATION OF SPECTRAL PARAMETERS

The general applications of NMR spectroscopy to con-

format zonal analysis have been thoroughly reviewed by

13 14

Thomas. ' The use of chemical shifts and coupling con-

stants in the attempt to obtain information about the con-

formation and stereochemistry of cyclic compounds, are now

well documented. In principle the torsional angles of

molecules can be obtained from the proton-proton spin-spin

coupling constants. Much information is available on the

relation between the torsional angle and the vicinal proton-
49-53-proton coupling constant.

3.1. Proton chemical shifts in trimethylene sulfites.

This work has shown that trimethylene sulfites exist pre-

dominantly in a chair conformation with an axial S=0

group.29'30'32'35'36'37 Only with a few exceptions have TM-

-sulfites/ with heavy substituents or heavily subsituted

been forced into a chair conformation with an equatorial S=0

35 32
group or a non chair conformation. An axial S=0 group

is, however, always the most preferred orientation of the

sulfinyl group obtained under the synthesis of the tri-

methylene sulfite. The chemical shifts of the TM-sulfites

will here only be treated in qualitatively terms.

The present NMR studies show that the chemical shift of

the axial protons relative to the geminal equatorial ones,

always are that the axial protons resonate at lower
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field29"37 when the S=0 bond is in the axial position. This

observation is the reversed as compared to cyclohexanes

where the axial hydrogen is more shielded. The cyclic

54sulfites resemble the 1,3-dioxanes in respect to the

relative chemical shift of the individual geminal protons at

carbon five. The dioxanes always show this reversed rela-

tive positions of the axial versus the equatorial proton at

54C5, as compared to cyclohexane. Anteunis et al. suggested

that the reason for this, as regards the dioxanes, might be

an interaction between the H- and the p-orbitals of the

ring oxygens. The shift difference of protons at C,. in TM-

-sulfite is 0.75 ppm, as compared to dioxanes, 0.8 ppm,

1,2,3-dioxaphosphorinanes, 0.75 to 0.9 ppm and the corres-

ponding arsenites, 0.8 to 1.0 ppm. These observations

support the theory of Anteunis as regards the influence of

the ring oxygens on the relative chemical shifts of the

protons at C,.. The observation of Hutchins et al. in a

NMR study of N,N'-dimethyl-(2R)-2-phospha-l,3-diazacyclo-

hexanes (R = Cl, OCH3, CH3 and phenyl), indicates that the

ring nitrogen atoms give the same shift relation with re-

spect to the protons at C~ as observed for the TM-sulfites.

The chemical shift sequence of the axial and equatorial

protons at C4 and C5 in the sulfites with an axial S=O group

54is, however, the reverse of that observed in 1,3-dioxanes,

l,3-dioxa-2-silacyclohexanes and cyclohexane due to the

anisotropy effect of the sulfinyl group, but similar to the

55 59relative shift positions observed in dioxaphosphorinanes '

and arsenites. ' The chemical shift difference
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between the axial and the equatorial 4 and 6 hydrogen atoms

in sulfites, dioxaphosphorinanes and related compounds

probably has its origine in a long range shielding effect of

the exocyclic polar bond, s=O29'66'67 or P-X bond.55'59

Similar effect is observed for the S=O group on the protons

in the /3-position in 1,3-dithiane-l-oxides. The carbonyl

group of cyclohexanones and l,3-dithiane-5-one-l-oxide

affects the chemical shifts of the ^-protons differently due

to the diamagnetic anisotropic shielding of the C=0 group.

The protons are, however, shifted in the opposite directions

as compared to that caused by an S=O group due to the differ-

ence in the shielding mechanism of the two groups. Although

exceptions have been observed, it is to a large extent

possible to correlate the chemical shifts of protons in six

membered ring systems to the orientation of exocyclic polar

bonds.

In trans-1,3,2-dioxathiadecalin-2-oxide with an axial

S=O bond, the axial 4 proton is 0.9 ppro less shielded as

compared to the geminal equatorial proton. The data for the

same coupound with an equatorial S=0 bond show, however,

that the axial 4 proton is ca. 0.15 ppm more shielded as

compared to the equatorial proton. The orientation effect

of the S=O group is as follows; the H, is ca. 0.5 ppm less

shielded and the H. is ca. 0.6 ppm more shielded with an

axial as compared to an equatorial S=O bond, i.e. the

equatorial proton at C. resonates to lot field as compared

to the axial proton when the S=O bond is in the equatorial
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position. The chemical shift difference caused by the elec-

tric field effect of the sulfinyl group as regards the axial

and equatorial 4 (and 6) protons accounts only for about 25%

of the shift difference.

The influence of a substituent upon the chemical shift

of a ring proton will now be discussed. The spectra of the

sulf ites ' " ' " " have been obtained of samples mainly

as neat liquids and no medium effects will be discussed

here. From NMR data of the sulfites, it is evident that a

methyl group in an equatorial or an axial position has a

minor effect on the chemical shift of th<i geminal proton

(Table 1).
TO ori •}•} o c . q 7

Table 1. Trimethylene sulfites. ' ' ' The

chemical shift variation of ring proton subsitution. The

parent compound is taken as reference.

RING POSITION

COMPOUND

5a-Me-TMS

5e-Me-TMS

5a-But-TMS

5e-Bufc-TMS

5a-Ph-TMS

5e-Ph-TMS

5,5-diMe-TMS

4e-Me-TMS

4e-Ph-TMS

4

e

+0.26a

+0.12

-0.09

-0.01

-0.04

-0.16

+0.54

a

-0.07

+0.42

+0.13

+0.14

-0.19

-0.0

+0.25

-0.17

-0.14

5

e

-0.23

-0.02

-1.21

-0.03

-0.42

a

-0.0

+0.29

-1.01

+0.33

+0.16

6

e

+0.26

+0.12

-0.09

+0.01

-0.04

+0.16

+0.54

+0.03

+0.61

a

-0.07

+0.42

+0.13

+0.14

-0.19

±0.0

+0.25

-0.02

+1.37

a. A +(ve) sign represent an upfield shift upon subsitution

relative to the position of the pertinent proton in tri-

methylene sulfite (TMS).
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An equatorial 5-methyl group has hardly any influence

on the chemical shift of the axial geminal proton as com-

pared to the parent molecule. Similar observations are

reported for 4- and 5-methyl-2-chloro-l,3,2-dioxaphosphori-

55 59nane. ' An axial 5-methyl group causes, however, a small

downfield shift, -0.23 ppm, of the geminal equatorial proton.

The substituent effect of a 5-methyl group is more

pronounced for the protons attached to the y8-ring carbon to

the substituent. An axial proton (see Table 1) is shifted

upfield, 0.3 to 0.4 ppm, and an equatorial proton is only

shifted ca. 0.1 ppm in the same direction upon the intro-

duction of an equatorial methyl group at the ̂ 6-ring carbon

in trimethylene sulfite. An axial methyl group causes the

same but reversed effect as regards the axial and equatorial

vicinal protons; i.e. the equatorial protons are shifted

upfield by ca. 0.3 ppm. This /9-substituent effect is ob-

served in the corresponding phosphite, and 1,3-dioxanes.

In 5e-phenyl-TM-sulfite, the vicinal equatorial proton

is shifted upfield ca. 0.2 ppm. An axial methyl group in

position 5 causes, however, a downfield shift, 0.2 ppm, of

the axial protons at C. and C,. The different effect on an

axial and equatorial phenyl group is probably due to a

different orientation of the phenyl ring with respect to the

molecular symmetry plane. The geminal methine proton is

shifted downfield, 1.0 to 1.2 ppm, regardless of the orien-

tation of the phenyl group. Similar substituent effects are

59
published for the corresponding phosphites.
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The 4e-phenyl-TM-sulfite, however, does not show this

regularity regarding the shift effect of the phenyl group.

32

This compound is assumed to exist in a non-chair confor-

mation or a chair non-chair equilibrium.

3.2. C chemical shift. The chemical shift of a ring

carbon atom in cyclic compounds has been analyzed empiri-

cally in terms of substituent effects. These substituent

effects enabled Kellie et al. to predict remarkably good

the chemical shift of the ring carbon atoms in 1,3-dioxanes.

It is appearent from the present work that an alkyl

substituent affects the chemical shift of the <*- or y3-carbon

atom in TM-sulfites to the same extent as that observed for

69 77 76
mono substituted cyclohexanes ' and 1,3-dioxanes. It

is not possible to obtain the effect of the S=O group on the

78
carbon shifts from our measurements. Buchanan et al.

have, however, studied several higly substituted TM-sulfites

and they conclude that the upfield shift of C, and Cg caused

by an axial as compared to an equatorial S=O group is about

7 ppm. The shielding effect is probably a nonbonded inter-

action between the axial sulfinyl group and the axial

protons at C, and C,.

The C chemical shifts of the ring carbon atoms in the

compounds studied in this work, are in the range reported

78by other workers. There are, however, minor deviations

between published data on the C chemical shifts of TM-sul-

33 78fites ' which may be attributed to the solvent effect or

the temperature dependence of the carbon-13 NMR shifts.79
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The carbon of an equatorial 4-methyl group is resona-

ting at 20.5 ppm from trimethyl silane and are reported to

78resonate at this position regardless of the orientation of

the S=O group. The carbon of the 5-methyl group is, however,

33differently shielded when the substituent is in an axial,

12.9 ppm, as compared to the equatorial position, 10.6 ppm.

This observation is the same as found for the protons at

29Cr» where the axial proton are shifted to low field as

compared to the geminal equatorial proton.

Upon substitution of a proton at carbon 5 by a methyl

group the carbon 5 resonance moves downfield ca. 2.5 to 3.0

ppm depending of the orientation of subsituent. This shift

is small as compared to the downfield shift caused by a 4-

-methyl substituent on the carbon 4 of 7.0 ppm. A further

discussion of the substituent effect on the C shift of the

ring carbon atoms, is hampered by the limited C data avail-

able on TM-sulfites.

The introduction of alkyl substituent in cyclic sulfites

may, however, have several effects. Small changes of ring

geometry may occour, which will lead to changes in the

electron distribution on which the C chemical shifts are

largely dependent. The chemical shift changes obtained with

geminal substituents will therefore not simply be the sum of

the effects caused when the methyl groups are instroduced

separately in the two positions (e or a). This non additive

effect of geminal methyl groups observed in 5,5-dimethyl-TM-

-sulfite are found for similar systems as well. '
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3.2. Proton chemical shifts in five membered sulfites.

The conformational analysis of five membered ring compounds

by NMR are complicated by the facile interconversion between
80

the numerous nearly energy-equivalent comformers. Relative

little information is available on the subject of ethylene

31 81—83

sulfites. ' The structure of ethylene sulfites can be

deduced from the chemical shift data by comparison with
83™ 86

analogous compounds. T*\e internal shift difference of
the geminal ring methylene protons obtained for ethylene

31 34sulfites ' is similar to the reported values of phospho-

lanes. It is appearent that replacement of one or two

ring oxygens in ethylene sulfite by either sulfur or nitrogen,

change the relative shift positions of the protons cis and

trans to the S=0 bond. Why this is so, is not clearly under-

stood. It may, however, reflect a different conformation of

the most preferred enantiomer as compared to the ethylene

sulfite due to the introduction of the elongated C-X-S

bonds and for the nitrogen compounds that nitrogen inversion

may occour.

Upon subsitution of a proton by a methyl group in the

ethylene sulfite ring, the trans position to the S=O bond is

the most preferred orientation. This is suggested from

the cis/trans ratio obtained upon preparation of various

methyl substituted ethylene sulfites. The various isomers

are determined on the basis of the chemical shift of the

ring protons. The proton cis to the S=0 group in ethylene

34
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sulfite experiences a similar shielding as the axial 4 and 6

protons in TM-sulfites. Objections to this "cis rule" as

25regards phospholanes have been raised by Harris et al., and

the rule must be used with caution for the conformational

less well defined ring system such as five membered rings.

The interpretation of the chemical shift data with respect

to substituent orientation, is not always straight forward.

The preferred conformation of a methyl substituted

ethylene sulfite,is dependent on the orientation of the

substituents with respect to the S=0 group and to the mutual

steric effects between vicinal substituents. Vicinal cis mettv;

groups experience a repulsive interaction which may cause

hindered rotation of the methyl groups and may give rise to

a preferred ring conformation different to that of the un-

substituted sulfite.31

Hellier et al. 8 1 > 8 2 have established a chemical shift

additivity for a series of ethylene sulfites. This addi-

tivity rule predicts that a methyl group cis to the S=0 bond,

is to be found to lower field as compared to the trans,

which is the same as the conclusion being forward on the

basis of the S=0 shielding mechanism.

3.4. Lanthanide induced chemical shifts (LIS). Con-

siderable work has been done to prove that the NMR spectra

of organic aliphatic ligands by paramagnetic lanthanide

87~90iones are predominantly pseudocontact in nature. I

to the pseudocontact origin can the lanthanide induced
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shifts be calculated using the McConnell-Robertson expres-

91sion for the pseudocontact shift,

A £ = K(3 cos29 -D/r 3

Where AS is the induced shift of the proton, r is the proton

lanthanide distance, K is a constant and 9 the angle between

the vector from the lanthanide ion to the proton under con-

sideration and the symmetry axis of the complex. Barry

92et al. have pointed out that if this equation is to be

used,it is necessary to prove thatf

- the observed shift are solely pseudocontact in origin

there is no diamagnetic shift on complex formation

- the complexes have axial symmetry

the shift do not arise from an averaging over many

different structures

It has been shown that these assumptions can be examin-

93 94ated by experiments.

The attempts to use this expression quantitatively for

the sulfites, are somewhat hampered by uncertainties in the

precise metal ion location within the complex. The lack of

X-ray structural information on the Eu(fod)^-sulfite complexes

and knowledge of the liqand steric effects at the coordination

site have been the major uncertainties when studying the LIS

of sulfites. Our work has for this reason only been

attributed to qualitatively acessing the LIS for the S=0

group in the axial and equatorial positions. Cazaux et al.

have, however, studied the complexation equilibrium of the

Eu(fod),-sulfite complex for an assumed 1:1 stoichiometry.

15
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Our results show that it is possible from the LIS to

distinguish between an equatorial and an axial sulfinyl

group by studying the lanthanid induced shift as a function

of the mole fraction of the complexing compound. In the NMR

spectra of the Eu(fod)3~TM-sulfite complexes, are the axial

protons in positions 4 and 6 shifted more and the axial

proton at C,- shifted less with an axial as compared to an

equatorial S=0 bond (Figure 3) .

"4,6a

'4,6a

0 O.t 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4

Fig. 3. LIS.as a function of the mole fraction of the

ring protons in trimethylene culfites.
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Upon complexing with Eu(fod)3 the 5a-tert-butyl-TM-sulfite,

37which is assumed to exist in a chair non-chair equilibrium,

is forced into a chair conformation with an axial sulfinyl

group. This can be seen from the variation in J. _ from

4.6 Hz to 2.8 Hz and that the S=0 streching frequencies in

IR in the range 1180 to 1230 cm"1 were shifted to 1150 cm"1

99
upon complexing with Eu(fod)3. The same result is reported

95by Cazaux et al. Similar observation is reported for the

LIS of cis-2-methyl-5-tert-butyl-2-oxo-l,3,2 dioxaphos-

96
phorinane, where an equatorial preferred phosphoryl group

is shifted to the axial position upon complexing with Eu(fod),.

97Wing et al. have studied the structure of the Eu(dpm)3-

-sulfoxide adduct and have shown that a coval^nt Eu-0 single

bond has been formed between the sulfoxide and the Eu(dpm)3

with the dpm ligands moving aside from their idealized

trigonal position to provide a cleft in which the sulfoxide

98 98 36

substrate rests. Sulfoxides, sulfones, TM-sulfites and

1,3,2-dioxaphosphorinanes complexes readily via the exocyclic

oxygen. Obviously, the 1,3-syn axial steric interations do

not themselves control conformations in the Eu(fod), adduct
3fi 96

of TM-sulfites and phosphorinanes since coordination

should somewhat increase the steric size of the exocyclic

oxygen.

3.5. ASIS in trimethylene sulfites. It is suggested

that benzene solvent molecules will solvate the electron

deficient sites of local dipoles in solute molecules pro-

bably in transient 1:1 associations. Hence, ±t is believed

6,100
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Table 2.

a 99
Benzene induced solvent shifts in TM-sulfites.

ASIS : - &
6 6

TM-Sulfite H4e(6e) H4a(6a) H5e

TMS

5-e-Me-TMS

5-a-Me-TMS

5,5-DiMe-TMS

4,6-DiMe-TMS-

-e,e(Me)2,a(S=0)

-e,e(Me)2,e

-a,a(Me)2

5-e-Ph-TMS

5-a-Ph-TMS

5-e-But-TMS

0.52

0.41

0.44

0.39

0.32*

0.31*

0.38

0.35*

0.30

0.29

0.25

0.29

0.33

0.17

0.30

0.16

0.18

0.48

0.26

0.17

0.09

0.26

0.09

0.25

0.50

0.42

H5a

0.80

0.59

0.67

0 .52

0.68

0.39

0.49

_

0.58

0.44

0.40

0.29

0.39

0.70

0.48

0.29

0.25

0.33

0.38

0.10

0.38

a) All ASIS in this table are +(ve).

Methyl group

Me = Methyl, Ph = Phenyl,

IMS = Tximethylene sulfite

Bu = tertiary butyl
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that polyfunctional solutes will undergo 1:1 interactions at

the various sites. Moreover, it is believed that there is

no phase relationship between the various interactions. The

orientation of the solute molecules may, however, occour in

a non-planar association, with the benzene ring as far away

from the negative end of the local or molecular dipole as

possible.100

The benzene induced solvent shift, ASIS, in TM sulfites
qq i ni
*' (Table 2), and it is clear thathave been studied

solvation, only of the molecular dipole cannot occour,

due to the fact that the ASIS of H 5 e is larger than that
QQ

observed for H5a. It is found that the ASIS in TM-

-sulfites is positive regardless of the orientation of the

S=0 bond. According to the Johnson-Bovey model for this

Fig. 4,
0
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solvation the benzene solvent molecule must associate with

the TM-sulfites such that the sulfite ring protons are

situated above the benzene molecular plane (Fig- 4).

from Table 2 and Fig. 4 it is evident that the solvent

shift of H. .c \ in relation to H4e/ge)
 c a n give information

on the orientation of the S=0 bond. For an equatorial S=0

group the ASIS of H4a/ga\ is substantial larger as compared

to the ASIS of the same proton in the TM-sulfite with an

axial S=O group. The same shift relation is observed for

H5a, as well.

The ASIS of H4 and H4 in 5-substituted TM-sulfites

with an axial S=0 bond is smaller as compared to the parent

compound indicating a steric hinderance caused by the sub-

stituent upon association of the solvent molecule at the C-0

dipoles.
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4. COUPLING CONSTANTS

4.1. Geminal proton-proton coupling constants.

Theoretical calculations and NMR experiments have shown

conclusively that the geminal coupling constants in dioxo-

lanes, six membered ring compounds ~ and ethylene

sulfite108'109 are of opposite sign110 to both the vicinal

proton-proton and the direct C-H couplings/ and hence

negative. Geminal coupling constants in epoxides and

ethyleneimines are, however, reported to be posi-

tive, 1 0 8' 1 1 1" 1 1 3 and it is assumed that this is the only

exceptions.

Several comprehensive reviewes on coupling constants

have been published. The most important factors

affecting the geminal coupling constants can be summarised

as follows:

(i)

(ii)

The angle dependence of the C-CH--C moiety. An

decreasing C-C-C angle results in an increasing

s-character in the CH bond and an increasing value

(more positive) of the coupling constant.

The electronegativity of an <x-substituent. In-

ductive removal of electrons and back donation of

lone pair electrons into the CH- antisymmetric

117molecular orbital, produces a more positive
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geminal coupling. The effect has its minimum when

the lone pair electrons bisects the H-C-H angle.

(iii) Electronegative ^-substituents have, however, a

negligible effect on the geminal proton-proton

coupling.

4.1.1. Trimethylene sulfites. The observed values of

the geminal proton-proton coupling constants of the C,.

methylene group in trimethylene sulfites are in the range

-14.1 to -14.5 Hz.29,32,35,67,118,119 These values are more

negative as compared to the reported values of 1,3-dioxanes,

-12.5 to -13.3 Hz,54 1,3-oxathianes, -13.4 to -14.0 Hz, 1 2 0

121and cyclohexanes, -13 Hz. For the analogous phosphorinanes

and arsenites, however, the reporbed values of the geminal

coupling at C,. is close to the sulfite values, -13.9 to

-14.7 ,59,122-124 ,60-62
r e s p e c t.

ively. The difference of Jaem in sulfites as compared to

cyclohexanes and oxathianes may be attributed to a slight

enlargement of the endo-cyclic C4~C5~cg

The observed TM-sulfite values29'32'35 of the geminal

proton-proton coupling constants at carbon 4 and 6 are in

the range -11.1 to -12.2 Hz. These values are close to the

pertinent coupling constant in analogous phosphorinanes.

i
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-10.6 to -11.2 H Z , 5 5 ' 5 9 ' 1 2 2 " 1 2 4 and arsenites, -10.9 to

-11.7 Hz. 5 6' 6 0" 6 2 Substituents at carbon 5 in TM-sulfites

appears to affect the geminal coupling at carbon 4 and 6.

The observed geminal coupling at C. and C, is more negative

when the substituent at C5 is in the axial as compared to

the equatorial position. ' The small change in the

coupling constant may reflect a slight ring distortion

caused by an axial substituent at Cr. A similar drop in the

geminal coupling constant is observed when the S=0 bond

changes from the axial to the equatorial position in 1,3,2-

-dioxathiadecalin-2-oxide. The reason for this is not

clear, but may reveal a slight change in the orientation of

the ring oxygen lone pair electrons with respect to the CH»

group or a ring distortion.

4.1.2. Five membered ring compounds. The geminal

proton-proton coupling constants of ethylene sulfites and

its analogous compounds in this context are in the range

-8.4 to -10.9 Hz, and are dependent of the nature of the et-

31 34

-hetero xingatom. ' The observed geminal coupling con-

stants in ethylene and propylene sulfite, -8.6 and -8.4 Hz
respectively, are in the range observed for dioxaphospholanes,

12 ̂ 126
-8.6 and -9.4 Hz but more positive as compared to

127 8182
dioxarsolanes ca. 9•2 Hz. Green et al. ' have studied
the ethylene sulfite in different solvents and reports

geminal coupling constants in the range -8.2 to -8.4 Hz.
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Our results show the trend that the coupling becomes more

positive when benzene is used as solvent, -8.4 Hz, as com-

pared to the neat compound, -8.6 Hz, probably due to a shift

in the contributions from the various nearly equi-energy

conformers.

The two geminal coupling constants in 1,3,2-oxadithiolane-
34

-2-oxide are as expected different, depending upon the d-

-hetero-atom -9.7 Hz, <*-0, and -10.9 Hz, <X-S. Similar

values are reported for the corresponding arsolane, -9,7

128 129

and -11.3 Hz, and phospholane, -9.3 and -11.3 Hz. Since

the geminal coupling constant of a methylene group ex to a

heteroatom decreases significantly upon substitution of an

oxygen by a sulphur atom, it cannot be attributed to electro-

negativ effects but rather to the contribution of different

conformers in the two systems. Cahill et al. reported

that the most positive geminal coupling are those in which

the lone pair electrons at the heteroatom eclipses the

adjacent CH bonds, while those with the more negative values

exist in a puckered conformation, as regards dioxolanes. It

is reasonable to assume a similar mechanism for the ethylene

sulfites and its analogous compounds.
The introduction of one nitrogen atom in the ethylene

sulfite ring, has a slight effect on the geminal coupling

31 34constant, ' -8.5 and -8.6 Hz for a methylene group

to oxygen and nitrogen, respectively. The substitution of

both ring oxygens by nitrogen,changes the geminal coupling

constant to -9.1 Hz. This change in the magnitude of the
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coupling may reflect similar conformational changes as

suggested for the sulfur compound. It has been reported

geminal coupling constants of -10.2 Hz in five membered

heterocycles in which the nitrogen lone pair electrons

bisects the methylene protons. In general, an ol-nitrogen
2

atom produces a similar, but smaller positive change in J

as compared to an oxygen. The observed geminal coupling

constant in the compounds studied in this context are,

125however, in the range reported for phospholanes and

arsolanes.

4.2. The vicinal proton-proton coupling constant. The

absolute magnitude of the vicinal coupling constant in

saturated systems varies from 0 to 16 Hz. The sign of this

, twc

132,133

2 6
coupling is shown to be positive. ' There is, however, two

exceptions where the sign is determined to be negative

It is convenient to discuss the factors which affects the

magnitude of the vicinal coupling constant, before considering

the applications of this coupling in structure determination.

Several reviews on the subject of vicinal coupling

constants have been published.12"14'114'115 A number of

theoretical work have been carried out in the attempt to

describe qualitatively the trend in the vicinal coupling

49
constant. Karplus predicted on the basis of valence bond

calculations, a relation between the dihedral angle and the

vicinal coupling constant. The Karplus equation is usually

expressed in the form, for an unperturbed H-C-C-H fragment.
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J = 8.5 cos^f - 0.28 ( 0° <. f

J = 9.5 cos2^ - 0.28 (90° ̂  <o

90°)

180°)

Pertubations which may occour can be expressed as

follows:

(i) The influence of electronegative substituents.

2 132A large number of data ' for ethyl derivatives show

that the effect of electronegativity may be expressed

in the form

J = A - B-E

Where A and B are constants and E is the Huggins electro-

negativity. These constants are, however, different in

various systems. It is also reported that the effect

of substituent electronegativity is not strictly additive

in a variety of compounds. Generally the effect can be

summarized as follows:

Electronegative substituents decreases the vicinal

coupling constant.

(ii) Variations in bond length and bond angles.

According to the theory, it is expected that an increase

in the magnitude of the H-C-C angles in the H-C-C-H

fragment, will cause an decrease in the vicinal coupling

constant. Moreover, the vicinal coupling is expected

to be inversely proportional to the C-C bond length.
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for the vicinal coupling are J _ > J _
aa @a

^*v Jae ee

A large number of spectra have been recorded of six-

2 6membered ring compounds and the observed general trend

These

observations are in accordance with the sequence predicted

from the Karplus equation. The limitation of the Karplus

rule,is the uncertainty in predicting the influence of

electronegative substituents of the ethylene ring moiety. It

is observed that the effect of an electronegative substi-

tuent,varies with the spatial orientation of substituents

with respect to the coupled nuclei. The orientation effect

appears to result in a larger reduction of J when the

substituent is in the trans relation to one of the coupled

12protons.

4.2.1. Trimethylene sulfites. The vicinal coupling

constant within a -CH2-CH_- moiety of a six membered ring

system containing heteroatoms in ring position 1 and 3 is

well established. The general observed trend for a ring

system which exist in a chair conformation is

aa ea ae ee

The observed value of .J (11.2 to 12.1 Hz) in the
aa

oq on ii
trimethylene sulfites ' ' are typical for a trans-

-diaxial orientation of the coupled protons. The higher

value, 12.1 Hz, is observed for the unsubstituted TM-

-sulfite. The vicinal coupling decreases by 0.1 to 0.6 Hz

upon substitution at C4 and Cg. ' Some of the substi-

tuted TM-sulfites show, however, much smaller values of
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3 32

J ( 8.3 to 9.5 Hz). These compounds are assumed to

exist in a non-chair conformation or a chair non-chair

equilibrium. Similar observations have been made for the

analougous unsubstitued phosphites ' and dioxarsenanes. '

The vicinal coupling in phosphites and dioxarsenanes show a

similar decrease upon substitution as observed for the

sulfites. This decrease is believed to be due to substi-

tuent effects rather than a ring distortion. This assump-

tion is based upon the observation of Jp5 H e °^ 5-methyl-

and 5-phenyl-chlorophosphite where this coupling is not

significant different from the JpH observed for the unsub-stituted phosphite.55,59

The observed values of the gauche vicinal coupling

29 30 32
constants in the sulfites, ' are in the range 4.7 to

2.6 Hz. The smaller coupling is always to the equatorial

5-proton. Similar observations are reported for analougous

dioxanes,54'58'135'136 phosphites,55 dioxarsenanes56'61 and

related compounds. ' Ring distortion, however, cannot

account for the large difference on the observed vicinal

coupling constants, but this observation may be rationalized

in terms of the electronegative effect of an oxygen atom in

a trans coplanar segment of the O-C-C-H fragment. This

effect is assumed to have its maximum contribution on the

vicinal coupling involving the equatorial proton in position

5 12,127,138
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The NMR data for 4-phenyl-, 4,4,6-trimethyl- and 4e,6a-

32-dimethyl-trimethylene sulfite showed unexpected values as

regards the vicinal coupling constants, and again this is

interpreted as being due the existence of non-chair con-

formations. Objections to this interpretation have been

forwarded by Nikander et al.139 The trans coupling between

axial protons J_= (8.3 to 9.5 Hz) could not be explainedaa

from the same configuration as anticipated for the previous

mentioned sulfites. However, not only this coupling but the

gauche coupling constants, as well, showed an unexpected

magnitude. The latter couplings were larger as compared to

those obtained for the parent molecule (J ca. 5.5 Hz,
63

J , 5.5 to 6.0 Hz and J , 4.0 to 5.6 Hz).

32

32 This ob-

servation has been explained by the author"'^ by assuming a

non-chair conformation or a chair non-chair equilibrium for

these sulfites.

The orientation of the S=O group, axial or equatorial,

showed no significant effect on J. 5 but had a significant

effect on J, c • This orientation effect will not be4e5a

discussed further due to the lack of sufficient data.

4.2.2. Vicinal coupling constants in five membered

sulfites. The values of the vicinal coupling between ring

protons in ethylene sulfites ' and its analougous com-

34pounds studied in this work, cover a vide range, 2.6 to

10.7 Hz. Similar observations are reported for dioxaphos-



-42-

pholanes,83'140'141 diazarsolanes,131'142 dioxolanes,12'143

and dithiaphospholanes and related compounds. '

The vicinal coupling constant in ethylene sulfites

is in the range 5.5 to 7.0 Hz for Jcis and 6.5 to 8.7 Hz

for Jtrans• Similar values are also reported for the

pertinent coupling in 1,3-dioxolanes. ' The two cis-

coupling constants in the parent compound of ethylene sul-

fites,31'81'82 1,3,5-thiadiazolidin,34 dioxaphospholanes,83'14

128 131
dithiarsolanes and diazarzolanes are mutually identi-

84,8cal. The two cis coupling constants in dithiaphospholanes

86
and diazaphospholanes differ , however, considerably. The

magnitude of J in ethylene sulfites is changed upon substi-

tution. The cis vicinal coupling constant decreases and

the trans coupling increases as compared to the pertinent

value obtained for the parent compound. This is probably

due to ring distortions as compared to the parent compound

or to contributions from nearly equi-energy conformers.

The cis vicinal coupling is greater than the trans

coupling in ethylene sulfites. ' ' Similar obser-

vations are, however, reported for dioxolanes, ' dioxa-
p o 1 A I Q/r

phospholanes ' and diazaphospholanes. The reverse
34

trend is observed for thiadiazoliden, dithiaphos-

pholanes,84'85 dithiolanes148 and dithiarsolanes128 i.e.

the trans coupling constant is greater than the cis coupling.
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In analougous compounds to ethylene sulfite with

different heteroatoms in ring positions 1 and 3, are the

two cis and the trans coupling constant mutually differ-

31 149ent. ' Similar observations are reported for

oxathiaphospholanes.84'129'150

The value of the J in conformational analysis of five-

membered ring systems with heteroatoms in positions 1,2 and

3 are disputable. The observed vicinal coupling constant is

an average value for a number of rapidly interconverting

nearly equi-energy conformers, and accordingly the coupling

is difficult to interpret in terms of a conformational pre-

ference. In some cases the symmetry of the spin system

gives additional information on fivemembered ring systems.

The inequality of the two cis or the two trans coupling

34constants, in some cases, may be due to a long range

effect of the lone pair electrons of the heteroatoms within

the ring.

4.3. Long range proton-proton coupling in trimethylene

sulfites. The term long range coupling is used for coupling

between nuclei separated by four or more intervenning bonds.

This field is comprehensive reviewed by Sternhell and

Barfield et. al.152 Barfield has presented a theoretical

study of the conformational and substituent dependence of

the four bond coupling constant between protons.153 In

saturated molecules the (/"-electron mechanism is dominant.152

However, in unsaturated compounds the TT-electron mechanism

is often most important.40'152'154'155
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Long range coupling is observed in the TM-sulfites

Insubstituted at C5 and in the parent compound. '
4

the TM-sulfite there are three different J coupling paths,

4 4 — 4 4i.e. J , J J and Jaa- These coupling constants

can easily be found from the (ab)- subspectra of these spin

systems. The magnitude of the long range coupling constants

in TM-sulfites29'30'67 (4J , 1.6 to 2.6 Hz, 4 J , 0 to -
@6 63

4 +0.5 Hz and J r 0 to - 0.3 Hz) are in the range found in
ad

dioxaphosphorinanes,55'59 dioxanes,58'156'157'158

39l,3-dioxa-2-silacychlohexanes and diox- and dithi-

61
arsenanes. The dioxarsenanes show anormalous low values

4 56
for J

e e» -0.4 to 0.9 Hz. The long range four bond
coupling constant is, however, not found in the 4-substituted

32
TM-sulfites. This may be attributed to ring distortions
or to a mobile ring system.

The four bond coupling constant between an axial and an

equatorial proton, has been determined by relative sign

determination to have negative sign in two pyranose deriva-

159tives, but both positive and negative signs have been

inferred for the two types of J in a conduritol. J

is always reported with a positive sign, with one excep-

tion.
56

The J appears to be of great importance in structure

elucidation of TM-sulfites and it analogous compounds. The

theory as well as experiments show the occurence of an
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4absolute maximum value of J which corresponds to an all-

.••' trans or W arrangement of the coupled protons in a propanoic

152 4
coupling path. Theoretical calculations on J suggest

that av value about 1.5 Hz occours in unstrained molecules/

only for a narrow range of dihedral angles near the all-

trans orientation of the coupled nuclei and decreases rapidly

upon distortion of the W coupling path.

Long range four bond coupling to a methyl substituent

in TM-sulfites has only been observed for a freely rotating

axial methyl group at carbon five. The lack of such ob-

servation as regards an equatorial methyl group is due to

the fact that only with an axial methyl group, it is possible

to obtain contribution from anall-trans coupling path

between the axial 4 or 6 proton and the methyl protons. The

30 4
coupling found for 5-methyl-TM-sulfite, Ju ,. = 0.5 Hz, is

£1 /rie
4

close to the value obtained when avaraging the J and
ee

4
J_ of TM-sulfites and values reported for methyl substi-

tuted dioxanes.

4
The effect on J of substitution on carbon five in

TM-sulfite can be summarized as follows:

4
Substitution of one methyl group increases J by 0.4

to 0.5 Hz.
4

Geminal methyl groups increases J by 1.0 to 1.2 Hz.

A tertiary butyl group or a phenyl group increases

] 4J e e by 0.6 to 0.8 Hz.
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Similar observation is made in the corresponding

2-chloro-l,3,2-dioxarshosphorinane upon substitution of a

55 59methyl group. ' A phenyl substituent in the same com-

4 55 59pound, however, decreases J _ by 0.2 Hz. '
66

In C5 alkyl substituted TM-sulfites,
30 1,3-dioxanes,156

158 39

1,3-thioxanes, 1,3-dioxa-2-silacyclohexanes and phos-

phites »162 the observed J is larger as compared to the
unsubstituted parent compounds and in the range 1.8 to 2.7

56 4Hz. However, in 1,3,2-dioxarsenanes J is decreased
66

upon substitution at C5. This observation is unexpected as

regards the analogous systems discussed above.

4.4. C-H coupling constants in TM-sulfites. The

literature gives little information on the magnitude of

13the C-H coupling constants in cyclic sixmembered ring

systems. A major problem of high resolution C NMR

arises due to the fact that the carbon-hydrogen spin-spin

coupling over more than two bonds not always are attenuated

by the interposition of an additional bond, and accord-

ingly increases the spectrum complexity with the number of

the interacting nuclei.

The proton undecoupled C NMR spectra of TM-sulfites

indicates that all carbon-proton coupling constants are

stereospecific, i.e. the coupling is different whether an

axial or an equatorial proton is involved.
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The direct coupling constant, J ™ , to the carbon in

ring positions 4 and 6 is in the ranges 146.9 to 148.9 Hz

and 153.3 to 156.5 Hz for the coupling involving the axial

and the equatorial proton, respectively. It has been re-

ported different direct C-H coupling constants to the two

methylene protons in acetaldehyde diethylacetal as well.

The direct C-H coupling constant has been shown to be

dependent upon the orientation of the nitrogen lone-pair

electrons, ' with the larger coupling within the C-H

group cis to the lone-pair electrons as compared to the

trans C-H bond. The smaller difference between the direct

cis and trans couplings constants, relative to the sulfur

lone-pair electrons, in TM-srlfites of ca. 8 Hz as compared

166 and acetal-to observations of azeridine, ca. 10 Hz,

doxine, ca. 14 Hz, 1 6 6 is attributed to the field effect

caused by an axial S=0 group. The direct coupling con-

stants involving carbon atom 5 are different to the axial

and equatorial protons, ca. 132 Hz and 127 Hz, respectively.

The reason for this difference might be the same as that

causing the axial C5 proton in TM-sulfites to resonate at

higher frequency as compared to the equatorial proton,

i.e. an interaction between H- and the p-orbitals of the

ring oxygens.

The two-bond carbon-proton coupling constants, JCH ,

are different in magnitude whether an axial or a geminal

equatorial proton is involved. The observed coupling con-
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stants, ' t o C ;'"n
33 a r e i° t n e range

5.6 to 7.5 Hz and 1.3 Hz, to an axial and equatorial proton,

respectively. The couplings J_H to C,-, where the coupled

proton is attached to the carbon next to the ring oxygen,

33 The observationare 2.6 and 1.4 Hz in the TM-sulfite.

that the two-bond coupling in C-CH-0 moiety is smaller as

compared to that observed for the 0- C-CH coupling path in

TM-sulfites is parallelled by values obtained for a thiete
•I r Q

sulfone. It is not at the present possible to analyse

the reason for this because it is not certain which coupling

involves the axial and equatorial proton at C-.

The vicinal C,H spin-spin coupling constant in TM-

-sulfites appears to be dependent on the dihedral angle of

the C-C-CH fragment similar to that observed or explained

theoretical for the vicinal coupling between protons, '

proton and fluor,169'170 proton and phosphorous55'171'172

172and proton and nitrogen.

In TM-sulfite the larger vicinal coupling constant is

assigned to the coupling involving the equatorial proton at

C. (or C,). The magnitude of the two vicinal coupling

constants as regards TM-sulfite, is surprisingly close to the

pertinent coupling constant proposed for the same dihedral

angles in propane from INDO-MO calculations. A similar

angle dependence is observed in carbohydrates.
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The C,H coupling constants appears to be a valuable

tool in acessing the conformation of cyclic compounds,

although much work still has to be done as regards the

dependence of electronegativity of substituents on these

coupling constants.

5. THE CONFORMATION OF TRIMETHYLENE SULFITES

Much attention has been paid to conformational studies

of TM-sulfites. van Woerden and Havinga measured dipole

moments of a number of cyclic sulfites in solution. Wood

et al. studied the conformational behaviour of cyclic

sixmembered sulfites by dipol moment measurements and con-

cluded that the chair form is common for most cyclic sul-

23
fites substituted at carbon 5. Romers et al. investigated

the TM-sulfite by X-ray at -100°C and later also the 5,5-

24

-dichloro-TM-sulfite. The molecular geometry was deter-

mined and it showed, beyond doubt, that the TM-sulfite
existed in a chair conformation with an axial S=O group in

26the crystalline phase, van Woerden et al. concluded from

infrared spectroscopy that this was the predominating con-

formation in solution as well.

The molecular geometry of the trans-4,6-dimethyl-

-TM-sulfite has been studied by gas phase electron diffrac-

174tion and it was concluded that this compound exist in a
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chair conformation. Wyn-J^nes et al. ' studied the

conformation of TM-sulfites by acoustic measurements. The

nature of the data from ultrasonic experiments are, however,

such that it cannot be used to prove any structure assign-

ments .

Much NMR data on TM-sulfites has been reported. ' '

^ JJ,J3 J/,XJ» T h e o r i e n t a t i o n Of t h e s = 0 group has been

assigned on the basis of the shielding effect of this

29
group. For unsubstituted and 5-substituted TM-sulfite is

an axial S=0 group shown to be the predominant spatial

23

orientation for this group. X-ray analysis show that the

average dihedral angle in TM-sulfite is 59.2°. The R-value

introduced by Lambert51'177"179 and later extended by
Buys 180 show that the TM-sulfite, R = 2.3, exists in a

29 o
chair conformation with dihedral angles of 58.6 , calcu-

29,30,35
lated from NMR data of Ref. 29. The NMR investigations

show that when the S=O group is in the axial position, the

syn axial 4 and 6 protons are shifted to lower field as

compared to the equatorial proton. The reverse is observed

when the S=O group is in an equatorial position.

The vicini.1 proton-proton coupling constants in TM-

-sulfites are in the range 11 to 12 Hz which is expected for

54a chair or an anancomeric chair conformation. The long

range coupling between protons at carbons 4 and 6 indicates

that the insubstituted and 5-substituted TM-sulfites exist

in a chair conformation. The same conclusion has been made

from C NMR data of these compounds.
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The preference for an axial orientation of the S=0

group in most TM-sulfites is explained on the basis of

gauche interactions between the S=0 group and the lone pair

electrons on the adjacent ring oxygens, which has its

minimum for an axial S=0 group.

There are still some sulfites where there might be some

doubt about their conformation, such as 4-phenyi and 4,4,6-

-trimethyl TM-sulfite. The author interpreted the NMR data

of these compounds that they exist in an equilibrium between

a chair and a non-chair conformation. Pihlaja et al.

have recently studied several heavily methyl substituted TM-

-sulfites and concluded that these compounds exist in a

chair conformation or a chair-chair equilibrium. They

suggested contrary to author a chair-chair equilibrium for

4,4,6-trimethyl-TM-sulfite. Still more work has to be done

on 4- and 6-substituted-TM-sulfites to rule out this dis-

crepancy. However, it appears to be safe to conclude the

TM-sulfite and 5-substituted-TM-sulfites exist in a chair

conformation or chair-chair equilibrium, except for the 5a-

-tert-butyl-TM-sulfite.
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6. THE CONFORMATION OF ETHYLENE SULFITES AND ANALOGOUS

FIVE MEMBERED RING SYSTEMS

The observed NMR parameters of ethylene sulfites and

its analogous compounds discussed in this context, are aver-

age values for a number of interconverting nearly equivalent

energetical conformers and hence their conformational signi-

ficance are often difficult to access. Due to the symmetry

of the spectra of some ethylene sulfites, the sulfites have

been interpreted to interconvert between two twist envelope

conformers.

It is also evident from the spectra, and from the fact

that it is possible to synthesize two different isomers of

propylene sulfite, and the symmetrical 4,5-dimethyl-ethylene

sulfites, that the S=0 group adopts a preferred orientation

31
and that no inversion occours at sulfoxide sulfur,

is parallelled by observations on TM-sulfites.

This

The NMR spectra of 1,3,2-oxathiolane-2-oxide, 3-phenyl-

-l,2,3-oxathiazolidine-2-oxide and 2,5-dimethyl-l,2,5-thia-

diazolidine-1-oxide do not give a clear picture whether the

S=0 bond adopts a pseudo axial or a pseudo equatorial posi-

tion. The proton chemical shifts of oxathiolane and

oxathiazolidine might indicate the existense of a fixed

conformation. This is, however, only speculativ conclusions,

and there is still some doubt about the conformation of the

latter compounds. As regards the nitrogen containing com-

pound this might be due to the effect of an inversion at the

nitrogen atom.
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APPENDIX I

EXPERIMENTAL

Preparation of sulfites. The trimethylene sulfites

were prepared from the appropriate 1,3-propandiol and

thionyl chloride according to the method of Pritchard and

Vollmer. The substituted propandiols which not were

commercial obtainable were all prepared from the corres-

pondig diethylmalonate by reduction with lithium aluminium
2

hydride according to the method of Eliel et al.

The crude sulfites were obtained by destination and

were generally purified using a preparativ gaschromatograph

or by crystallisation. The isomeric purity was checked by

GLC and NMR. The isomeric purity of samples were greater

than 99% by GLC. Isomer mixtures have, however, been ana-

lysed for compounds which gave separeate non-overlapping NMR

spectra of the isomers. The ethylene sulfites were prepared

analogous to the TM-sulfites.

Recording of PMR spectra. The material as neat liquid

or dissolved in an appropriate solvent was introduced into

5 mm O.D. NMR sample tubes and a small quantity of TMS was

added to serve as NMR locking and reference substance. The

samples were degassed by freezing and thawing, using a

vacuum line and the tubes were sealed under vacuum.
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The proton spectra were obtained on a JEOL JNM-C-60H or

a Varian HA-100 spectrometer operating at 60 and 100 MHz,

respectively. All spectra were recorded in the internal lock

mode with frequency sweep at 1,5 Hz/cm and 1,0 Hz/cm for 60

and 100 MHz, respectively. The spectra were calibrated for

every 5 Hz using a frequency counter. The counter were

accurate to 0.1 Hz for a 10 sec. count. The line positions

for the NMR spectra were taken as the average of several

spectra.

Recording of C Spectra. The C spectra were ob-

tained of samples containing the TM-sulfites diluted to ca.

30% v/v in CDC1,. The spectra were obtained at ambient

temperature on either a JEOL PFT-100 or a Varian associates

XL-100-15 spectrometer operating in Fourier transform, FT,

mode.

The XL-100-15 spectrometer was connected to a Varian

620i Computer with 4K memory available for data acumulation.

The JEOL PFT-100 spectrometer was connected to a JEC-6

computer with 8K available data storage capacity. The

spectra were obtained using 12 mm (Varian) or 8 mm (JEOL)

O.D. sample tubes with internal H lock to CDC1.,. All

undecoupled spectra were obtained using 8K data points. In

the FT mode 8 to 9 sec pulses were applied to either a 2

kHz region or separately to two 1 kHz regions.
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The resolution was limited by the computer and is ca.

0.5 Hz for a 2 kHz and ca. 0.25 Hz for a 1 kHz spectral

window, corresponding to 4096 output datapoints in the

absorption spectrum. The proton undecoupled C spectra

were recorded after performing 10 000 to 20 000 spectral

accumulations. The spectral windows were carefully chosen

to avoid any folding to obsure the spectral x -»gions of

interest.

Computations. The computations were carried out, using

an IBM 360/50 computer and an UNIVAC 1110 computer. The

graphical output was obtained using a Calcomp Plotter.
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APPENDIX II

COMPUTER PROGRAMS

j A number of computer programs are available for the
«
| analysis of NMR spectra. The programs used in this work,I
I LAOCN3, UEA NMR, UEA ITR and LACX, will be given a short

description.

LA0CN3.

1 2This program is written by Castellano and Bothner-By. '

It is used for the calculation and iterative fitting of high

resolution NMR spectra. LAOCN3 has two capabilities:

Trial Calculation. The program accepts an arbitrary

set of chemical shifts and coupling constants, and

generates an ordered table of frequencies and intensi-

ties of the lines expected in the NMR spectrum. Each

line is given a line identifications number, which is

related to the energy level diagram.

- Iterative Calculation. If a trial calculation bears a

recognisable resemblance to the observed spectrum,

details of the latter can be fed in and the programs

will perform an iterative calculation based on a least

squares procedure to bring the calculated lines as
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close as possible within experiemental error to the

observed lines. The intensities are not used for the

iteration.

In both types of calculation control variables are

provided which can cause the computer to plot a graph of the

spectrum by assigning a Lorentzian line shape to each line

and taking account of overlapping. The program can handle

systems of up to 7 spin-fc nuclei.

An 8 spin version of LAOCN3 has been developed by

Albriktsen. The modification to LAOCN3 is to replace the

original NORMAL and CONDIT subroutines by the subroutine

CONNOR (Appendix 3).

UEA NMR.

This progam based on the same principles as the trial

calculation part of LAOCOON is attributed to Woodman and
3

Harris. The program incorporates several improvements over

LAOCOON.

(a) The program automatically performs magnetic equivalence

factoring, teating an X3 group, for example, as occu-

pying either a quarter state (Q) with spin /2, or a

doublet state (D) with spin \, and multiplying the

calculated intensities by the appropriate weighting

factor.



-71-

(b) If different types of nuclei are present, with large

differences in resonance frequency, further factori- ,

sation is performed according to IIL, for each type of

nucleus.

i
(c) The spectrum of each type of spin state and of each j

type of nucleus is printed separately.
t

i As a consequence of (a) and (c) the program may be used

to calculate the spectra of molecules containing nuclei with

spin greater than \.

These modifications both improve the efficiency of the

computation and also allow larger spin systems to be tackled.

Thus the program can handle any 7 spin-^ system, 8 spin

systems involving a methyl group (ie A^BCDEF) and certain

larger systems with magnetic equivalence (X,ABCDY3).

! UEA ITR. ]

j !

This is an iterativ version of UEA NMR written by
4

Ferretti and Johannessen. UEA ITR can perform trial

calculations of high resolution NMR spectra in the same way

as UEA NMR. In addition it can perform iterative calcu-

lation using the least squares procedure of LA0CN3. Addi-

tional features of this program are options for the print \

out of tables of energy levels, and tables of transitions jf

| listing associated energy levels, and tables of connected

' transitions. J
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LACX.

5 .This program written by Haigh is based on the same

principles as LAOCOON but takes explicit account of chemical

equivalence arising from a single symmetry element. The

program is capable of performing trial or iterative calcu-

lations on systems of up to eight spin-^ nuclei provided

there is some chemical equivalence.

Amongst the additional features of this program is an

option to print out the eigenvalues. These are divided

firstly according to whether the corresponding spin func-

tions are symmetric or antisymmetric with respect to the

symmetry element, secondly according to IIL, over all sets of

spins, and finally according to nu, over each ISO species.

The program will also print out the partial differentials of

transitions with respect to selected parameters, and the

energy levels associated with each transition; there is also

a facility for adding a weight to each assigned line in an

iterative calculation.

Choise of Program for Spectral Analysis.

The LA0CN3, UEA NMR and LAXC programs all allow spectral

analysis to be carried out for second-order spectra of

isotropic fluids. The choice of program depends on the

symmetry displayed by the spin system. In general LA0CN3

should be used when there is no symmetry, UEA NMR when there

is symmetry leading to magnetic equivalence, and LACX when

there is two-fold symmetry leading to only chemical equi-

valence.
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APPENDIX III

Subroutine CONNOR

Per Albriktsen

Chemical Institute, University of Bergen, Norway

INTRODUCTION

This subroutine is designed to accomodate the 1968

version of the program LAOCOON. The subroutine CONNOR

substitutes the original LAOCOON routines NORMAL and CONDIT.

The main advantages of this subroutine is the minor core

requirement as compared to NORMAL and CONDIT when used with

LAOCN3. CONDIT compiles the coefficients of the equations

of condition, DC, and store the elements in the matrix

DC(K,NS). K is the number of lines and NS the number of

parameter sets. The DC matrix of the original LAOCN3 is

then stored in core and only used in NORMAL to calculate the

VA matrix and BV array. CONNOR calculates the elements in

VA and BV directly from the elements in the D matrix, 4£g-

which has been calculated in the LAOCN3 subroutine DIFFER.

The table gives actually core savings, in some cases

and displays the advantages of using CONNOR with small com-

puters .
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Less core require-
No, spins No. lines Parameters ments with CONNOR

to be matched to be varied as compared to LAOCN3

300

500

1000

1500

28

36

28

46

125

186

K

K

K

K

Modifications in LAOCN3 to accomodate CONNOR:

The dimension of DC is now changed to DC (500,5).

In MAIN the modifications are as follows: Statement 518

CALL CONDIT is substituted with CALL CONNOR and 521 CALL

NORMAL is deleted.

DISCRIPTION OF SUBROUTINE

CONNOR

This subroutine compiles the coefficients of the equa-

tions of condition,

2 A P j = calc

(DD corresponds to and B (K) to *>Qbs - *calc)

Thereafter are the coefficients of the normal equations, VA,

complied from the coefficients of the equations of condition,

DD. The constant terms, BV, are also calculated.
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Explanation of the program.

Card No. Comments

12-15 All elements in the VA and BV matrices are set

equal to zero.

15-28 The pairs of eigenvalues connected by a given

transition are chosen. NA and NB are the numbers

of the submatrices containing the two eigenvalues.

LLL and LUL are the lower and upper limits of the

line numbers for transitions between these sub-

matrices . JA and JB are the indexes of the eigen-

values in submatrix NA and NB respectively, and

JAL and LBL are the indexes of these same eigen-

NNvalues stored in E (total number 2 ). Statement

109 controls when the next two submatrices must be

considered. The control then returns to statement

102.

29 The error, B(K) between the experimental line fre-

quency F(K) and the computed line frequency is cal-

culated. The computed line frequency is E(JAL)-E(JBL)

30-34 DD is dVi, and the loop evaluates this for each

parameter set, NS1. The upper half of the VA

matrix is formed, and the product DD # B* is formed

and stored in BV.
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35-36 Check to see if correction has been calculated

for all experimental lines; if not, return to

statement 109 to du next line; if yes return to

main program.

37-39 Since the matrix is real and symmetric, the ele-

ments VA(I,J) are set equal to VA(J,I).
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BELT.L »KMR.CONNORS
ELT006-RLIB67-10
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OOOOOI
000002
000003
OOOOOt
000005
00C006
000007
000008
00000'
ooooio
000011
000012
000013
00001»»
0C3015
OOOO16
000017
000018
000019
000020
000021
000022
000023
00002««
000025
000026
000027
000028
000029
000030
000031
000032
000033
00003t
000035
000036
000037
000036
000039
000010
00004t

rjOO

000
000
000
000
000
000

000
000
000
000
000
000
000
000
000
000
QUO
000
000
000
000
000
oco
000
000
000
000
000
000
000
000
000
000
000
000
• 00
000
000

10
20

102

SUBROUTINE: CONNOR
D I M E N S I O N I L « 5 0 0 > , F ( 5 0 0 > , N A M E { 1 2 ) 1 I S O ( 7 ) , W < 7 ) , A ( 7 , 7 » , U ( 2 9 , B ) ,
1 10(29,6) iFZ( 128,7) ,N0<8) . N P U 2 8 ) , B( 500| ,DC(5Gu,S! , * < 35, 35 » ,LL < 8 ) ,
20(128,2ft),VA(35,35),BV(28), VB<35 , 35 1 ,CORR(28)»E< ä 26 *
COMMON NOS,NN,NL,NJ , I L . F . N A M E , J SO , W ',H , I A , I 8 , F 2 , NO . II , Nf» , B ,X,D,
lVA,RV,Vn,CORR,E
EQUIVALENCE I 0( 1 ) , DC(I) )
1PRT«6
LUL»O
NA*0
K=l
00 20 1*1,NOS
DO 10 J>1 ,NOS
VA( 1 ,J)«0.
BV( I )<=0.

NB«NA+1
IF(NA,GT.NN)
LLL«LUL*t
MOA«NO(NA)
MOBsNO(NB)

RETURN
I
00

109 1F(LUL.LT. I H K 1 )
IDX«IL(K)-LLL

GO TO 102

JA*(IDX/MOB)*!
JB«IDX-(JA-11*MOB*1
JAL=JA+LL(NA)-l
JBL=JB*LL(NB)-1
B(K)«F(K)+E( J B D - E ( JAL)
DO H NS1*1,NOS
OD»D(JAL.NS1)-
DO 3 NS2«NSi.N

3

OD»D(JAL.NS1)-D(JOL.NSl)
DO 3 N52«NSl,N0S
VA(NS1,NS2)»VA|NS1,NS2) +00«(D(JAU,NS2)-0(JBL,NS2 I )
BVtNSl)*BV(NS1)+DD.Q(K)
K*K*1
IF(K.LE.Nu) GO TO 109
00 7 1*1»NOS
DO 7 J*I,NOS
VA(J,I)«VA(I,J)
RETURN
END



-79-

APPENDIX IV
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The investigations by the author discussed in this
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29.
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32.
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Atom 5.

Acta Chem. Scand., 26 (1972) 1783.

Per Albriktsen, NMR Experiments on Cyclic Sulfites.

III. Analysis of the High Resolution NMR spectra

of Substituted Ethylene Sulfites.

Acta Chem. Scand., 26 (1972) 3671.

Per Albriktsen, NMR Experiments of Cyclic Sulfites.

IV. Analysis of the High Resolution NMR Spectra

of 4-Methyl-, 4-Phenyl-, and 4,6,6-Trimethyl-

-trimethylene Sulfite.

Acta Chem. Scand., 26 (1972) 3678.



-80-

33.

35,

36

37,

34,

Per Albriktsen, NMR Experiments on Cyclic Sulfites.

V. High Resolution C Spectra of Trimethylene

Sulfites by Fourier Transform NMR.

Acta Chem. Scand., 27 (1973) 3889.

Per Albriktsen, NMR Experiments on Cyclic Sulfites.

VI. The Orientation Effect of an S=O Group on the

Proton Chemical Shifts in Trimethylene Sulfites.

Acta Chem. Scand., A29 (1975) 824.

Per Albriktsen and Tore Thorstenson, NMR Experiments
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Appendix 3. Per Albriktsen, Subroutine CONNOR, Unpublished.

Note: Erroneous printing in ref. 30.

- Table 3: The Y should read X.

- The formulars of the type J° = nJ' + d-nJJ11

is not correct in ref. The parantheses should

read (1-n) and not (n-1) as printed.

The following papers by author have been referred to, but not

included in this context.

40. Albriktsen, P., Cunliffe, A. V. and Harris, R. K.

J. Magn. Resonance, 2 (1970) 150.

55. Bergesen, K. and Albriktsen, P.

Acta Chem. Scand., 25 (1971) 2257.

59. Bergesen, K. and Albriktsen, P.

Acta Chem. Scand., 26 (1972) 1680.

155. Albriktsen, P. and Harris, R. K.

Acta Chem. Scand., 27 (1973) 1875.

39. Albriktsen, P. and Heggelund, S.

Acta Chem. Scand., B28 (1974) 573.
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NMR Experiments on Cyclic Sulfites

Analysis of the High Resolution Magnetic Resonance Spectrum of
Trimethylene Sulfite

PER ALBRIKTSEN

Chemical Institute, University of Bergen, NSOQO Bergen, Norway

The high resolution proton magnetic resonance spectrum of
trimethylene sulfite has been completely analysed by an iterative
method. Non-planar zig-zag four-bond coupling is shown to be non-
zero, «/«eM= —0.52 Hz. The coupling constants involved indicate
that the sulfite exists in an ideal staggered chair configuration.

f^onformational studies on cyclic sulfites have been reported by several
v^workers.1"4 An NMR study,4 and dipole moment measurements and
infrared analysis1"3 have been reported. X-Ray analysis V 8 of trimethylene
sulfite at — 100°C has shown that this compound exists in a chair conformation
with the S = O bond in an axial position. The ring is forced into a nearly ideal
staggered conformation by the S = O group. IHpole moments and IR
spectra 2>3»6 of a variety of cyclic sulfites indicate that the S = O group pref-
erentially occupies the axial position. This paper deals with the complete
NMR analysis of trimethylene sulfite. The molecule is well suited for NMR
analysis as the ring does not undergo inversion on the NMR time scale.

EXPERIMENTAL

The trimethylene sulfite was prepared from 1,3-propandiol and thionyl chloride
according to the method of Pritchard and Vollmer.* B.p. 58°/9 mmHg. GC-analysis
showed purity better than 98 %. The compound was introduced into a 5 mm O.D.
sample tube, and a small quantity of TMS was added to serve as NMR locking and
reference substance. The sample was degassed by freezing and thawing, using a vacuum
line, and the tube was sealed under vacuum. The spectra were determined on a JEOL
JNM-C-60H spectrometer, operating at 60 MHz. All calculated spectra were recorded,
at ambient temperature (27.0°C), in one sample (internal) lock mode with frequency
sweep at 54 Hz sweep width and calibrated every 5 Hz using a JEOL-SD-30 frequency
counter. The counter is accurate to 0.1 Hz. The line position is taken as the average of
six spectra and is assumed to be accurate to 0.05 Hz. The computation was carried out,
using an IBM 360/50 computer, and the graphical output was obtained using a Calcomp
Plotter.
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SPECTRAL ANALYSIS

The spectrum of trimethylene sulfite (Fig. 1 and Table 1) consists of three
main regions at 4.85 ppm (band A), 3.90 ppm (band B), and approximately

Fig. 1. 60 MHz PMR spectrum of tri- '
methylenesulfite. 3 2 6 0 Frequency, Hz 68.0

Table 1. Chemical shift data.0

H4 and H,

H.

axial

equatorial

axial

equatorial

4.86

3.90

2.46

1.70

" Chemical shift in ppm from tetramethylsilane.

Table 2. Spin-spin coupling constants (in Hz).

-11.38
-14.46

12.08
4.63
2.73
2.61
1.68

-0 .52
-0 .04

teK

o r

Or

or

o r

2.0 ppm (bands C and D). The separation between the three regions is at least
five times the coupling constants involved. In order to explain qualitatively
the splitting of the signal groups, it is assumed that '"he spin system can be
treated as an [AB],XY system.
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Use of the X approximation breaks the [AB]2 part of the spin system down
into [ab]a sub-spectra, with effective chemical shifts as follows

The low field bands A and B (Fig. 1) are assigned to the protons at C4 and C6,
and bands C and D at high field to the C5 protons. The triplet of doublet,
structure in band A indicates that there is one coupling of the same magnitude
as the "N-doublet" together with a smaller coupling. The doublet splitting
is !N| = | V A B + VAB'|> and the greater coupling constant is assigned to
a vicinal trans coupling. Band A is therefore assigned to the axial protons at
C4 and Ce with |«/6gem| = |«/4geJ ^ |J4a5a! =: 12 Hz. Band B is very complex,
but the N-doublet spacing is repeated four times due to the four [ab]2 sub-
spectra. The appearance of band B indicates two small couplings (2.2 and 4.5
Hz), assigned to JBX and JBY, and a greater coupling (12 Hz), assigned to
Jgera. I t is reasonable to assign the latter band to the equatorial protons at

I III
175.0 Frequency, Hz 80.0

Fig. 2. Spectrum of protons HM and Hga of trimethylenesulfite at 60 MHz; A, observed;
B, computed with the parameters of tables (with a common half-width); C, stick plot

of the computed spectrum.
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C4 and C6. Band D (Fig. 1) appears to be a doublet (|«/| ~14 Hz) of quintets
(|J| ~2.5 Hz). The greater coupling is assigned to Jgem at C6, and the quintets
are assumed to arise from equal coupling to the four protons at C4 and C6.
The lack of a second strong coupling (\J\ ~ 12 Hz) indicates that the signals
are due to the equatorial proton at CB. Band C is assigned to the axial proton
C6 (Fig. 1).

The spectrum was analysed on the basis of an [AB]2CD spin system, using
the iterative computer program LA0CN39 with some modifications. An
attempt to analyse the spectrum as an [AB]2XY spin system did not account
for all fine structure in the A, B, and C bands, and hence it is not possible
to carry out a complete analysis of the spectrum by the X-approximation.
The complete analysis of the spectrum as an [AB]8CD system resulted in
a good fit between calculated and experimental spectra (Fig. 2). The total
spectrum is complex, and no attempt has been made to determine the signs
by tickling experiments. The final RMS error on calculated transitions was
-0.098 when all 21 parameters were allowed to vary. The computed probable
errors of the coupling constants are 0.01 to 0.02 Hz, when 157 transitions were
fitted.

RESULTS AND DISCUSSION
The advantages of trimethylene sulfite for conformational studies are that

this compound does not undergo ring inversions 5 on the NMR time scale.
The NMR spectrum clearly demonstrates that the sulfite exists predominantly
in one conformation, with S = 0 axial. Hamblin et al.10 conclude from acoustic
measurements, that 4-methyl-trimethylene sulfite has a time average NMR
spectrum. This contradicts NMR observations made in this laboratory.11 The
theoretical spectrum of trimethylene sulfite, based on a rigid spin system,
fits the experimental spectrum very well (Fig. 2).

It may be noted that the relative shifts of axial and equatorial protons are
reversed as compared with cyclohexanes.12 The axial proton in the sulfite is
always observed at lower field than the corresponding gerainal equatorial
proton. The cyclic sulfite resembles the dioxanes in respect to relative shift
positions of geminal protons at C5; the dioxanes also show this reversed relative
position. Anteunis et al.1* pointed out that the reason for this, as regards
dioxane, might be an interaction between H^ and the jp-orbitals of the ring
oxygens. A similar effect can account for the high field shift of the H& in the
sulfite as well. The shift difference between Hfe and H^ is 0.75 ppm as eom-
pared to 0.8 ppm in dioxanes.13

The protons in 4 (or 6) position are differently shielded by the S = O group.
Cazaux and Maroni * have shown that an axial S = O group causes a greater
down field shift {ca. 0.7 ppm) of the axial protons at C4 and C6 than does an
equatorial S = O group. They quote S = 4.77 ppm for the axiai H4 and H, with
the S = O group axial, and <5 = 3.7 ppm when the S = O group is equatorial.
The chemical shift (4.85 ppm) of H^ and H^ and the position relative to the
geminal equatorial protons in trimethylene sulfite indicate an axial S = O
group. The observed S = O stretching frequency, 1190 cm"1, also indicates an
axial group.8 X-Ray data7 '18 indicate an axial S = O group at — 100°C. The
greater stability of the axial S=O group might be du eto an anomeric effect.1*
X-Ray analysis of the sulfite 7»18 has shown that the ring is held in an almost
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staggered conformation by the sulfite group, the dihedral angles in the ring
being close to 60°. It is likely that the ring exists in this staggered conformation
even in the liquid at room temperature, as the Hfc is coupled equally to
H^fc) and H ^ ^ (Table 2). In the dioxanes, where the ring is assumed to
be somewhat "flattened", J , ^ is substantially greater than J^tt (2.8 Hz and
1.7 Hz, respectively).16 J^^ is observed greater than J^^, both in cyclohexane
and dioxane derivatives.13 The magnitude of J^^ in the sulfite is greater
than the other gauche coupling constants involved, but is lower compared with
values obtained for 2-substituted dioxanes, and this also can be a result of the
dihedral angles being close to 60°.

The smaller, more negative, value of 2J4 as compared with dioxanes is due
partly to a larger geminal angle, and partly to a lower ability of inductive
removal of electrons by the sulfite group, as compared to the oxygen atoms of
dioxanes. The lower value relative to dioxanes of V6 is assumed to be caused
by an increase in the H —C—H angle rather than by changes in eleotro-
negativity. The orientation of the electrons at the 0-substituentie is known
to cause changes in the geminal coupling, but this effect is assumed to be similar
in dioxanes and the sulfite. The lower values are parallelled by the variation
in V ^ (12.1 Hz in sulfite, and 9 to 11 Hz in dioxanes), and this observation
indicates a more puckered sulfite ring. Studies on long range coupling in cyclic
systems between protons in an extended zig-zag arrangement have been
reported.16'17 The four-bond coupling of 1.58 Hz between the equatorial
protons in 4 and 6 position is an expected value for this type.18*16 The coupling,
— 0,52 Hz, between H^ and Hfc is more unusual when the magnitude is
considered, but there has been observed four-bond coupling between protons
where a perfect planar W arrangement is not possible.16

I.

;
1
!

j
)
1

1.
2.
3.
4.
5.
6.

7.
8.
9.

10.

11.
12.

13.

14.
15.
16.
17.
18.

REFERENCES

van Woerden, H. F. and White, R. F. M. Chem. Ind. (London) 1963 1956.
van Woerden, H. F. and Havinga, E. Bee. Trav. Chim. 86 (1967) 341.
van Woerden, H. F. and Havinga, E. Bee. Trav. Chim. 86 (1967) 353.
Cazaux, M. M. L. and Maroni, P. Tetrahedron Letters 1969 3667.
Edmunsson, R. S. Tetrahedron Letters 1965 1649.
van Woerden, H. F., Cerfontain, H., Green, C. H. and Reijerkerk, R. J. Tetrahedron
Letters 1968 6107.
Altona, C , (Seise, H. J. and Romers, C. Bee. Trav. Chim. 85 (1966) 1197.
Pritchard, J. G. and Vollmer, R. L. J. Org. Chem. 28 (1963) 1545.
Castellano, S. and Bothner-By, A. A. J. Phys. Chem. 41 (1964) 3863.
Hamblin, P. C , White, R. F. M., Ecoleston, G. and Wyn-Jones, E. Can. J. Chem.
47 (1969) 2731.
Albriktsen, P. Unpublished results.
Emeley, J. W., Feeney, J. and Sutcliffe, L. H. High ResolzUion NMR Spectroscopy,
Pergamon, London 1965, Vol. 2, pp. 696-703.
Anteunis, M., Tavemier, D. and Borremans, F. Bull. Soc. Chim. Beiges 75 (1966)
396.
Eliel, E. L. and Giza, C. A. J. Org. Chem. 33 (1968) 3754.
Ramey, K. C. and Meseick, J. Tetrahedron Letters 1965 4423.
Pople, J. A. and Bothner-By, A. A. J. Chem. Phys. 42 (1968) 1339.
Anderson, J. E. J. Chem. Soc. B 1967 712.
van Oven, J. W. L., Hasekamp, R. C. D. E., Vershoor, G. C. and Romers, C. Ada
Cryst. B 24 (1968) 1471.

Received June 5, 1970.

Acta Chem. Scand. 25 (1971) No. 2



- 8 7 -

A C T A C H E M I C A S C A N D I N A V I C A 2 6 ( 1 9 7 2 ) 1 7 8 3 - 1 7 9 3

NMR Experiments on Cyclic Sulfites
II.* Analysis of the High Resolution NMR Spectra of Trimethylene

Sulfite Substituted at Carbon Atom 5

PER ALBRIKTSEN

Chemical Institute, University of Bergen, N-5000 Bergen, Norway

The high resolution proton magnetic resonance spectra of 5-
mefchyl-, 5,5-dimethyl-, 5-phenyl-, and 5-terf-butyl-trimethylene
sulfite have been completely analysed. The sulfites are found to exist
in the chair conformation with axial S = O group. The axial preference
of the S = O group is predicted from barrier to rotation in analogous
systems. The long range coupling, *Jee, is found to become more
positive upon substitution on carbon 5. The *«/«. is 1.6, 1.8, and 2.6
Hz for unsubstituted, 5-methyl-, and 5,5-dimethyl-trimethylene
sulnte, respectively.

R ecently the NMR sprectrum of trimethylene sulnte1 has been analysed
and the ring is found to exist in a rigid chair form with an axial S = O

group. IR, NMR, and dipole measurements on the substituted trimethylene
sulfites s suggest that symmetrical substituted sulfites exist in a chair conforma-
tion with either axial or equatorial S = O group. Conformational studies of
prlfites substituted at carbon 5 have been reported.' The conformational
energy of substituents at carbon 5 in trimethylene sulfite are found to be
comparable to values obtained for substituted 1,3-dioxanes.4 Dipole moment
measurements and infrared analysis 6 indicate that cyclic sulfites substituted
at carbon 5 exist in a chair form and the S = 0 group preferentially occupies
the axial position. X-Ray analyses of trimethylene sulfite * and 5,5-dichloro-
trimethylene sulfite 7 at — 100°C suggest that the sulfites exist in a chair con-
formation with axial S = 0 group. Recently Wood et ai.* studied the conforma-
tional behaviour of cyclic six-membered sulfites by dipole measurement
and they concluded that the chair form is comm. n for most cyclic sulfites
substituted at carbon 5. The conformational energy ' of the axial S = 0 group
in £ran«-l,3,2-dioxathiadecaline-2-oxide is estimated to 1.9 kcal/mol.

This paper reports the NMR analysis of various cyclic sulfites substituted

• Part I: Ref. 1.
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at carbon 5. The conformation is discussed on the basis of the spectral prop-
erties. The NMR spectra analysed are fully analysable and can be explained
by a rigid chair conformation or by an equilibrium between different chair
conformations with the existence of almost entirely one conformer.

EXPERIMENTAL

The 2-substituted 1,3-propane-diols were all prepared from the corresponding diethyl-
malonatn by reduction with lithium aluminium hydride according to the method of
Eliel et al.*

The cyclic sulfites were'prepared according to the following method: The appropriate
diol was dissolved in chloroform (ca. 20 % w/w). The thionylchloride, dissolved in an
equivalent volume of chloroform was added dropwise under stirring. The temperature
was kept at ca. 30°C for about 2 h. Dry nitrogen was then bubbled through the reaction
mixture for half an hour and the mixture was then remixed on a water bath for 2 — 3 h.
The crude product obtained after evaporation of solvent was distilled. The yield obtained
was 80-90%.

NMR spectra and GC-analysis were taken as evidence of purity. The isomers of
5-tert-butyl-TM* sulfite were separated and purified according to van Woerden and
Havinga.* The 5-phenyl-TM sulfite appeared to exist predominantly in one conformer,
only 3 % of the other isomor was detected on GC. The isomers of 5-methyl-TM sulfite
were not separated. GC-analysis showed that the mixture contained less than 3 % of
impurities. The NMR signals due to the impurities were well separated from the suJfite
signals and did not interfere with signals of interest for the analysis.

The compounds were introduced into 5 mm o.d. sample tubes and a small quantity
of TMS was added to serve as NMR locking and reference substance. The NMR spectra
of all compounds were measured as neat liquid, except 5-tert-butyl-TM sulfite, which
was measured as a concentrated solution in CC1«. All samples were degassed by the
freeze-thaw-pump technique and the tubes were sealed under vacuum.

The spectra were determined at ambient temperature on a JEOL JNM-C-60H spec-
trometer {ca. 27°C), and on a Varian HA-100 spectrometer (ca. 35°C) operating at 60 and
100 MHz, respectively. All spectra were recorded in internal lock mode witn frequency
sweep .>t 50 Hz sweep width and calibrated every 5 Hz using a frequency counter. The
counters were accurate to 0.1 Hz for a 10 sec count. The line position for the 60 MHz
spectra is taken as the average of several spectra and is assumed to be accurate to about
0.05 Hz. Only one 100 MHz spectrum of each compound was measured. The computa-
tion was carried out using an IBM 360/50 computer and the graphical output was obtained
using a Calcomp Plotter.

SPECTRAL ANALYSIS

The spectra of 5-mono-substituted-trimethylene sulfite can be divided into
two main classes according to the spin systems. The 5-phenyl- and 5-tert-
butyl-TM aulfite constitute an [AB]2C system with respect to the aliphatic
ring protons and the 5-methyl-TM sulfite is an [AB]2CD3 spin system. The
appearance of the spectrum of 5-ter/-butyl-TM sulfite is different from that
of 5-phenyl-TM sulfite. The difference is due to change in relative chemical
shift between the proton in position 5 in the ring as compared to the protons
in positions 4 and 6. H5 in the 5-phenyl-TM sulfite is shifted to low field due
to the effect of the phenyl group and resonates close to the protons in posi-
tions 4 and 6. It has been shown that the appearance of the signals due to
nuclei C in an [AB]2C spin system is affected by the chemical shift diffcence
between nuclei A and B.10 The coupling constants between nuclei C and A

• TM = trimethylene
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A B

5 4 3 2 ppm

Fig. 1. 60 MHz NMR spectrum of 5-tert-
butyl-trimethylene sulfite; ring protons

only are shown.

3 ppm

Fig. 2. 60 MHz NMR spectrum of 5-phenyl-
trimethylene sulfite. The phenyl group

is not recorded.

and B cannot be determined by simple inspection, unless the chemical shift
between A and B is at least ten times the largest coupling constant involved.
The spectrum of 5-ter£-butyl-TM sulfite consists of three main regions (Fig. 1)
due to the protons in positions 4 and 6 (bands A and B) and the protons in
position 5 (band C). From the triplet structure of band A, two large coupling
constants (ca. 11.0 Hz), together with a fine structure due to long range
coupling it is reasonable to assign the band to the axial protons at the oc-
casions to the ring oxygens. The triplet structure arises as the trans coupling
is comparable to the geminal coupling in magnitude. Band B is assigned to
the equatorial proton in positions 4 and 6, and band C is accordingly assigned
to the methine proton in position 5. The methine proton apparently occupies
the axial position, due to the appearance of two large coupling constants in
band A. Band C, a triplet of triplets, suggests that two large (ca. 12 Hz) and
a smaller coupling constant (ca. 3.0 Hz) are involved. The 60 and 100 MHz
spectra were fully analysed according to an [AB]2C spin system. The RMS
obtained on calculated transitions was 0.1 when all parameters were allowed
to vary. The probable errors were less than 0.02 Hz when 60 transitions were
fitted.

The spectrum of the aliphatic protons of 5-phenyl-TM sulfite (Fig. 2)
can be divided into two main regions. The low field region consists of a
triplet with spacing about 11 Hz with each peak further split. This band is
assumed to arise from the axial protons in positions 4 and 6. Apparently the
axial nuclei A ([AB]2C spin system) in positions 4 and 6 are equally coupled
to the nuclei B and C, Jgaa ~ 3Jga — 11 Hz. The high field band is very complex

Ada Chem. Scand. 26 (1972) No. 5
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due to the small chemical shift difference between the equatorial a protons
to the ring oxygen and the methine proton in position 5. The appearance of
a second large coupling in the low field band indicates that the methine proton
occupies the axial position, and hence the phenyl group is situated in the
equatorial position. The fully computer analysed 60 and 100 HMz spectra
resulted in a good fit between calculated and experimental spectra. The final
RMS value obtained was 0.1 when all parameters were allowed to vary.
The probable errors in the parameters were less than 0.02 Hz when 55 transi-
tions were fitted.

The spectrum of the isomer mixture of 5-methyl-TM sulfite appeared to
be fully analysable without any separation of the two isomers. The relative
chemical shift for the various protons appears to be the same as for trimethylene
sulfite.*

< TMS
The assignment of different bands to the appropriate isomers was straight
forward because one isomer was in great excess. The appearance of the bands

i.Juill
Frequency, Hz •2.40

Fig. 3. Spectrum of protons HK and H u of the isomer mixture of 5-methyl-trimethylene
sulfite at 60 MHz; A, observed; B, computed with parameters of tables (with a common
half-width). The plot is of a mixture with 77 % of conformer with equatorial methyl
group; C, stick plot of H» of 5-eg-methyl-trimethylene sulfite; D, stick plot of HK of

5-ax-methyl-trimethylene sulfite. C and D are scaled according to plot B.
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assigned to the major isomer was similar to that of 5-ter< butyl-TM sulfite,
apart from the high field band which was further split due to coupling to
the methyl group. The triplet structure of the low field band of the major
isomer suggests that this compound is the isomer with an equatorial methyl
group. The low field band of the minor isomer, H^g.), is a doublet of doublets,
Jgem oi 10 Hz and V ~ 3 Hz, clearly shows that this isomer exists with an axial
methyl group. The 60 MHz NMB spectrum of the methine protons in the two
isomors is shown in Fig. 3. The final RMS values obtained were 0.07 (eq-CH3)
and 0.08 (ax-CHs) when all parameters were allowed to vary. Probable errors
obtained were less than 0.01 Hz for both isomers when 370 to 380 transitions
were fitted. The spectra were analysed using the iterative computer programs
LAGX " and LAOCN3,1* the latter with some modifications u to accomodate
eight coupled nuclei. The core requirement using LAOCN3 8 spin version on
an IBM 360/50 computer is about 186 K.

RESULTS AND DISCUSSION

Trimethylene sulfite has been shown to exist in the chair conformation1

with the S = O group occupying the axial position in the ring. Substituted
cyclic sulfites, however, are found to exist in non-chair conformations 8 or in
chair conformation with the S = O group in the equatorial position.5!14 The
conformation of the 5-substituted trimethylene sulfites can be deduced from
the appearance of the NMB spectra.

The compounds studied in this work all have spectra which are fully
analysable on the basis of a symmetrical spin system, as either [AB]tC or
[AB],CXS. The spin systems indicate that the compounds studied exist in a
rigid chair conformation or in an equilibrium between possible chair conforma-
tions.

The relative chemical shifts of axial and equatorial protons of carbon 4
and 6 are the reverse of those observed for dioxanes 1S but the same as found
for trimethylene sulfite1 and phosphorinanes.16 The relative chemical shift
difference as compared to dioxanes is taken as evidence for an axial oriented
S=O group. In phosphorinanes 16 the swapping of chemical shifts compared
to dioxanes is assumed to be due to an axial electronegative group attached
to the phosphorus atom. The chemical shift data (Table 1) for the compounds
studied indicate an axial S = O group in all compounds or an equilibrium
between an axial and equatorial situated S = O group, with predominantly
axial S = O.

For the 5-substituted TM sulfites variation in 3t/M
obl, as regards the un-

substituted sulfite, might indicate an equilibrium between two chair conforma-

i
n-1
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Table 1. Spin spin coupling constants" calculated from 6 0 and 100 M H z spectra.

R1VR»

1. H,CH,

2. CH,,H

3. Bu*,H

4. Ph,H

5. CHa,CH,
6 * H,H

V.

- 1 1 . 3 4
(-11.47)

-11.11
(-11.22)

-11.15
(-11.15)

-11.11
(-11.11)

-11.03
-11.38

v t t s a

-

11.63
(11.59)

11.84
(11.86)

11.98
(12.05)

12.08

v i e 6 a

-

4.55
(4.54)

4.21
(4.23)

4.52
(4.57)

4.63

3.06
(3.13)

—

—

2.61

3.07
(3.06)

—

—

2.73

1.83
(2.01)

2.04
(2.12)
2.23

(2.41)
2.20

(1.97)

2.57
1.58

v 4 e t e

-0.28
(-0.18)

-0.37
(-0.43)

-0.42
(-0.36)

-0.36
(-0.43)

-0.14
-0.52

0.01
(0.0)

-0.16
(-0.22)
-0.33

(-0.14)
-0.22

(-0.28)

-0.04
-0.04

v M e > H ,

7.07
(7.09)

6.84
(6.83)

—

—

—

v M e > 4 a

0.49
(0.46)

_

—

RMS

0.07
(0.08)

0.09
(0.09)

0.1
(0.08)
0.08

(0.09)

0.06

W

0
9
I - I

H
05

VC

1

a Numbers i n parentheses are obtained from 100 MHz spectra. Spin spin coupling constants i n H z .
*Bef. 1.
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tions. For the trimethylene sulfite, which has been shown to exist in a
chair conformation with S = O axial,1 the ZJM is found to be 12.1 Hz.
Substantial variation or decrease in the magnitude of this coupling constant
might indicate an equilibrium where 3Jobs can be expressed by 3«/obs =n
Vaa + (»— 1) Vee. There are disadvantages in considering the vicinal coupling
constants s J u and 3</ce from unsubstituted molecules in the calculation of the
equilibrium, because of the dependence of V on the electronegativity 18 of
substituents at the carbon atoms holding the coupled nuclei. The lower ob-
served values for Vaa in compounds 2, 3, and 4 (11.6, 11.8, and 12.0 Hz,
respectively) as compared with trimethylene sulfite (12.1 Hz) is probably
due to a substituent effect. In 4-methyl-trimethylene sulfite 18 the two trans
coupling constants are sJr4a5a=11.6 Hz and V5a«a=12.9 Hz. The decrease in
V«H5a compared to VaMa ' s expected to be a substituent effect rather than a
distortion of the ring. The R value 17 for this compound (2.07) is not sig-
nificantly different from that calculated for trimethylene sulfite (2.05). In
chlorophosphites 19 a similar change in Vaa, upon substitution at position 5
in the ring, is found (Vaa = H-5 Hz in 5-methyl-, 11.9 Hz in 5-phenyl-, and
12.9 Hz in the unsubstituted 2-chloro-l,3,2-dioxaphosphorinane). The varia-
tion of 3JM in the phosphites is believed to be due to substituent effects rather
than an equilibrium between different chair conformations. The observation
that VpsHe (c°- 10.9 Hz) in 5-methyl- and 5-phenyl-chloro-phosphite and the
unsubstituted compound is of the same magnitude does support the assump-
tion that variation in Vaa is due to substituent effects as the VPH is shown
to be dependent on dihedral angles.1*

Calculation of the equilibrium constant for the equilibrium S = O(a) ̂ S = O(e)
in compound 2, assuming that there is no substituent effect operating on
Vaa, indicates that the major isomer with axial S = O group exists in approxi-
mately 95 % (calculated from Vaa and Vee in trimethylene sulfite1). Taking
into account the substituent effects on V it is reasonable to conclude that,
at most, one or two per cent of isomers with equatorial S = O group exist.
The conformational free energy for a methyl group in trimethylene sulfite,
about 0.7 kcal/mol,3 might not be large enough to give any significant amount
of the isomer with the S = O group equatorial. The observed coupling constants
for the equilibrium S = O(a)?sS = O(e) can be expressed by

= nJtaSe + {fl - l)J<e5a

The fact that 9Juse and V«e5e for the 5-axial-methyl substituted sulfite are
nearly equal in magnitude (Table 1) suggests that this sulfite exists in a con-
formational equilibrium between the two chair forms, with the conformational
equilibrium to the side with axial substituent.

The four-bond coupling constant between the equatorial protons in posi-
tions 4 and 6 is found to vary upon substitution in the ring. Substitution at
C6 in the systems studied would hardly effect the separation between the
"rear lobes" of the hybrid orbitals which are bonded to the coupled nuclei,
and thereby have negligible or no effect on the direct coupling mechanism.
The positive shift in 4JM upon substitution at C5 in unstrained cyclic sulfites

Act* Chem. Scand. 26 (1972) No. S



- 9 4 -

1790 P E R A L B R I K T S E N

Table 2. Chemical shift for the ring protons."

Comp. H«e(«e) H.,

1
2
3
4
5
6

ppm from TMS.

3.64
3.78
3.89
3.74
3.36
3.90

4.92
4.43
4.71
4.85
4.60
4.S5

1.93

1.70

2.45
2.16
3.46

2.45

(Table 1) assumes that the indirect mechanism contributes to the coupling.
MO description10 of the substituent effect suggests a positive shift in the
magnitude of *«/<* with either inductive or hyperconjugative substituents at C6.
Through-bond coupling in saturated systems does not depend on the dihedral
angles of the system a and comparison of *Jte in 5-methyl-substituted TM
sulfite, phosphorinane, and siloxane, 1.83, 1.87, and 1.80, respectively, suggests
that the indirect mechanism gives substantial positive contribution to *</«
in heterocyclic six-membered ring systems. General trends in the sign and
magnitude which can be inferred from tables and references 16i19 are as follows:

(i) Four-bond coupling constants between equatorial protons in six-
membered ring systems are in the range 1.5 to 2.7 Hz.

(ii) VHH between protons in equatorial and axial position in the ring
lies within the range 0.15 to 0.5 Hz and the sign is probably negative.

(iii) The coupling, *JHH, between axial protons probably has a negative
sign and is in the range 0.0 to 0.4 Hz.

The effect of substitution:
(a) Substitution of one methyl group at C5 increases V ^ by 0.4 to 0.5 Hz.
(b) Geminal methyl groups at Cs increase *«/« by 1.0 to 1.2 Hz, as compared

to unsubstituted ring systems.
(c) A tertiary butyl or phenyl group increases the coupling, *«/ee, about

0.6 to 0.8 Hz.
The freely rotating axial methyl group in position 5 in trimethylene sulfite

is coupled to the axial protons, *J, in positions 4 and 6 by 0.5 Hz. Values
obtained for dioxanes are in the range 0.3 to 0.7 Hz and are apparently de-
pendent on the substituents.** The coupling found for the sulfite, *JMe = 0.5 Hz,
is reasonable when compared to values obtained for dioxanes and to an average
of 4 J n and V,.a obtained for the 5-equatorial-methyl-trimethylene sulfite,

VHH*V=3(Vee + 2 Vea) = 0.42 Hz.

The barrier to ring inversions is largely due to tortional energy required
for rotation about the bonds involved.**.14 Rotation about the 0—0 bonds
in propane *6 is about 3.4 kcal/mol and the barrier to ring inversion in cyclo-
hexane *' of 10.3 kcal/mol are partly related to each other. The transition states
for ring inversion might involve half-chair, twist, or other forms, but regardless
of the transition states involved, rotation about single bonds must take place.
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Table 3. 4J t w e in various heterocyclio systems substituted at carbor 5.

:=CH, X = CHCH, X = C(CH,),

1.58«

1.40»

2.0«

1.83(eq.CH,)

2.04(ax.CH,)

2.23* 2.20*

l^feq.CH,)1*

a 1.80*

s 2.5'
Y = S = O 2.7'

Y = CHBu1 2.5/

2.57 Y = CHBu1 2.25'

2.7«

• Kef. 1. » Ref. 16.e Ref. 33.d Ref. 19. * Ref. 34. ' Ref. 35. « Ref. 36. * X = CHBu*. * X = CHPh.

In a six-membered ring containing one or more single bonds with a higher
barrier to rotation it is reasonable to expect a higher barrier to inversion as
compared to cyclohexane. The barrier to rotation " about single bonds in
systems containing adjacent electron pairs and polar bonds have been
calculated and measured and are normally about 10 kcal/mol. This value is
substantially higher as compared to values obtained for substituted ethanes.88

The ring inversion for systems containing adjacent electron pairs and polar
bonds is therefore expected to experience a considerably higher inversion
barrier as compared to cyclohexanes. Analysis of the NMR spectra of 5-
substituted sulfites has led to the conclusion that the sulfites exist in a rigid
chair conformation when the substitutents are in the equatorial position.
The conclusion that the S = O group occupies the axial position in all com-
pounds studied can be explained from results obtained for various compounds
containing the fragment X - C - O . 1 7 The least stable conformation is obtained
when the polar C—X bond is placed between two electron pairs.

The energy to rotation about the single bond for fluoromethanol is about
12.6 kcal/mol.*7 Trans dihalogenated 1,4-dioxanes **>so and 1,4-dithianes31!1*
exist in the chair conformation with diaxial halogens. In the cyclic sulfites
the S=O group exhibits a similar anomeric effect when the S = O group
occupies the equatorial position.

The S=O group in cyclic sulfites is situated between two geminal electron
pairs at the adjacent ring-atoms and is greatly destabilized in the equatorial
position compared to the axial position. The axial S=O group experiences
a minimum number of gauche interaction between the S = O group and lone
pair electron orbitale which is assumed to be the most stable conformation *7

for similar systems. This interpretation leads to the same conclusion as proposed
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(cq S'O) (ax S'O)

by other workers 8 based on the rotation barrier about the C — S bond in
HS(O)—CH2~. Investigation of l,2-oxathiane-2-oxide and its sulfur analogue
by NMR suggested that the S = O bond adopts an axial configuration. They
suggested that the strong preference for an axial S = O group resulted from
dipolar interaction analogous to the anomeric effect suggested for the sulfites
studied in this work. The unfavourable arrangement with the net dipole
resulting from the non-bonded electrons oxygen nearly parallel to that of the
S = O group is relieved with the S = O group adopting an axial configuration.

The author is indebted to Professor J. Dale at the Chemical Institute, University
of Oslo, Norway, for the opportunity to use the VARIAN HA-100 spectrometer at his
laboratory.
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NMR Experiments on Cyclic Sulfites

III.* Analysis of the High Resolution NMR Spectra of
Substituted Ethylene Sulfites

PER ALBRIKTSEN

Chemical Institute, University of Bergen, N-5000 Bergen, Norway

The high resolution proton magnetic resonance spectra of the
isomers of 4-methyl- and 4,5-dimethyl-ethylene sulfite have been
fully analysed. The syn and anti 4,5-dimethyl sulfites have been ana-
lysed as XJAA'XJ ' spin ss'stems. The sulfites exist in twist-envelope
conformation with the sulfur atom above the ring plane. The S = O
bond is found to prefer a pseudo axial orientation. The torsional angle
of the O - C - C - 0 moiety is estimated to about 40° to 60°.

Substituted ethylene sulfites are suitable for conformational investigation
•Jon five-membered ring compounds. The NMR spectra are simplified because
of the large chemical shift difference of the ring-protons caused by the S = O
group. The dipole moment2 obtained for ethylene sulfite has been explained
by an envelope conformation with the sulfur atom above the ring plane.
Haake et al.3 investigated ethylene sulfite by NMR and assumed a twist-
envelope conformation with the S = 0 bond pseudo-axial. The dihedral angle
between the two C — O bonds was estimated to about 330.3 The interest in the
compounds studied in this work was aroused by the property of the S = O
group in trimethylene sulfite to prefer an axial orientation.1.4 The strain in the
five-membered sulfites might force the S = O group to partly occupy a pseudo-
equatorial position in the substituted ethylene sulfites. The methyl —S = O
interaction in methylated sulfite is expected to vary with the number of 1,3
transannular interactions. In order to obtain useful information about five-
membered ring sulfites, their NMR spectra have been analysed in detail with
respect to both coupling constants and chemical shifts.

EXPERIMENTAL
The sulfites were prepared from appropriate diols and thionyl chloride according

to the method described previously.*
4-Methyl-ethylene sulfite was obtained as a mixture of two isomers. The isomers,

•Part II: Ref. 1.
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detected by NMR, could not bo separated by gas chromatograpliy. Tlie isomer mixture,
b.p. 55°/1 mmHg, contained less than 1 % of other compounds, detected by GC.

The 2,3-dimethyl-ethyleno sulfite obtained from racemic 2,3-butanediol contained
three isomers. Tho isomers obtained from erythro and meso diol were separated by GC.
The purity of the two fractions was better than 99 % by GC. The sulfite from the meao-
butanediol is shown by NMR to exist aR two isomers, a syn and an anti isomer.

The isomers were separated and analysed on an Aerograph Autoprep gas chromato-
graph fitted with a 1.7 m x 0.6 cm column filled with a mixture of 20 % Carbowax 20M
and 10 % PDEAS on 50-60 mesh Chromosorb acid washed.

The material, neat liquid, was introduced into 5 mm O.D. NMR sample tubes, small
amounts of TMS were added to sen-e as reference and locking substance. The tubes were
degassed and sealed under vacuum. The spectra were obtained using a JEOL JNM-C-60-H
NMR instrument operating at 60 MHz. The spectra were recorded in internal lock mode
with frequency sweep at approximately 60 Hz sweep width and calibrated every 5 Hz
using a frequency counter. The counter is accurate to 0.1 Hz. The line positions were taken
as &n average of several spectra, and are assumed to be correct to about 0.05 Hz. The
t-oinputation was carried out using on IBM 360/60 computer and graphical output was
obtained using a Cnleomp Plotter.

SPECTRAL ANALYSIS

The NMR spectra of methylated ethylene sulfites consist of two main
regions, a high field region due to the methyl groups and a region at low field
due to the ring protons. The separation between the two regions is large com-
pared to the coupling constants involved and the spectra can be explained by
X3AA'X3', X3ABY3 or ABCX3 spin systems.

The NMR spectrum of 4-methyl-ethylene sulfite indicated the presence
of two isomers in the ratio 2 : 5, which complicated the analysis to some extent.
However, the major isoraer (A) was easily recognized, as it appeared to be a
weakly coupled ABCX3 spin system which could be analysed as an AMXY3
spin system. The resonance due to the H4 and the cis proton relative to the
S = O group at carbon 5 was essentially outside the overlapping range between

anti

289.1 Frequency, Hz 232.1 311.2 Frequency, Hz 265.3

Fig. 1. 60 MHz NMR spectrum of trans 4,5-
dimethyl-ethylene sulfite; ring protons

only are shown.

Fig. 2. 60 MHz NMR spectrum of ring
protons in the syn and anti women of cis

4,5-dimethyl-ethylene sulfite.
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anti

Fig. 3. The methyl groups of the syn and
anti isomers of cia 4,5-dimethyl-ethvlcne

sulfite at 60 MHz. 88.1 Frequency, Hz 66.3

the two isomers, with H4 at low and H5 at high field, respectively. The coupling
constants involved were all obtained by inspection of the signals from the
syn protons at C4 and C5 and the methyl signal.

The NMR spectrum of trans 4,5-dimethyl-ethylene sulfite is easily analysed
as an X3ABY3 spin system (Fig. 1) with Jj^aJ-^a.6.1 Hz and JBX and «/AY
negligible. JAB can be obtained from subspectral analysis, from the ab sub-
spectra.

The sample of cis 4,5-dimethyl sulfite is shown by NMR to consist of
two isomers, one syn and one anti form. The signals at low field due to the
ring protons (Fig. 2) appear to be overlapping AA' parts of two X3AA'X3'
spin systems.5 The X part of the spectrum shows a characteristic pattern due
to overlap of two individual X3X3' (X3AA'X3') spectra (Fig. 3). The ratio,
ca. 1 : 5 between the two isomers, integrated from the NMR spectrum, makes
it easy to assign the two individual X3AA'X3' spectra. The low field part of the
A region is connected to the high field part in the X region. The XSAA'X3'
spectra obtained for the two isomers resemble characteristic spectra obtained
for molecules containing a symmetrical CH3—CH —CH —CH8 group with
negligible «/xx'-5

The separation N is easily recognised in the AA' and X,X3 ' parts for both
isomers. The individual x—1 xy sub-spectra6 can be measured from the
overlapping X3X$'(X3AA'X,') spectra and J^' can be calculated directly
for both isomers.

The fully computer analysed 60 MHz spectra resulted in a go"d correla-
tion between calculated and experimental spectra. The final RMS value ob-
tained was 0.1 or better when all parameters were allowed to vary. The prob-
able errors in parameters were less than 0.02 Hz when 250 transitions were

Act* Chem. Scatd. 26 (1972) No. 9
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Table 1. Chemical shift and coupling constants for ethylene sulfitea."

0

0

0

d

5.85

6.06

6.98

6.93
6.84

v.

8.67

6.73

6.66
6.67

'•'H.Me

6.11 (4c)

6.15(5t)
6.36

6.60

6.19 - 8 . 3 9

- 8 . 6 9
- 8 . 4 0

VHC

274.04

297.83

301.66

277.64

275.63
247.34

VHt

246.13

278.69

231.99

268.60
217.39

VCHS C

87.33

86.07

VCH«

82.76

73.41

80.67

RMS

0.08

0.10

0.07

0.09

Neat

Neat

Neat

Neat

Neat*
Benzene6

* Chemical shift in Hz from TMS and coupling constants in Hz.
* Ref. 3.

fitted. The iterative computations were performed using the computer program
LAOCN3 3 with some modifications1 to accommodate eight coupled nuclei.
The spectral parameters obtained are listed in Table 1.

RESULTS AND DISCUSSION

The isomer of 4,5-dimethyl-ethylene sulfite obtained in highest yield is
compound I.

I

trans onti syn

The yield of compound I compared to the yield of compounds II and
III is dependent on the ratio between the diol isomers. The ratio between
isomers II and III is dependent on the stability of the two isomers as they
are obtained from the raeso-2,3-butanediol. Compound II is obtained in the
higher yield and the chemical shift of ring protons in isomer II to low field
compared to the signals due to isomer III. The sequence of chemical shifts
for the methyl groups in compounds II and III is the reverse of that for the

Ada Chem. Scand. 26 (1972).No. 9



- I o 2 -

NMK ANALYSIS OK CYCLIC SULKITES III 3675

corresponding ring protons. This observation agrees with the findings of
Haake et al.s for ethylene sulfite with a pseudo-axial situated S = 0 group.
The protons syn relative to the S = O group in ethylene sulfite exhibit a similar
shielding ae the axial protons in the 4 and 6 positions in trimethylene sulfites M
which are always to low field compared to the equatorial protons. A theoretical
investigation into the origin of the "gauche effect" of adjacent electron pairs
and polar bonds 7 and the preference of the S = O group to occupy the axial
position in trimethylene sulfites,1.4 suggest that the S = 0 group in ethylene
sulfite prefers the pseudo-axial position.

The NMR spectra of compounds II and III, which appear to be X8AA'X8'
spin systems, suggest that a rapid pseudo rotation occurs between the two
twist-envelopes.

-a
0

I — XVg ̂  l^-£X|9 XV | = Xv4 ^ X1L

The barrier to rotation about the C—C bond is assumed to be low, because
the vicinal cis methyl-methyl interaction is shown to be small in 1,3-di-
oxolane.8

The synthesis of 4-methyl ethylene sulfite gave to isomers, IV and V.

Compound IV is expected to be in the higher yield, which agrees with the
NMR observation that the methyl group to higher field gives the most intense
doublet.

The vicinal coupling constants for ethylene sulfites are in the range
Jcis = 5.5-7.0 Hz and Jlrtuu=6.5-8.1 Hz (Table 1). The typical range for
vicinal coupling constants in 1,3-dioxolanes *»10 are: .7^=5.4 — 7.5 Hz and
Jtnmi — 5.9 — 8.5 Hz, which is assumed to correspond to dihedral angles of
35 — 50° and 125 —140°, respectively. *JC is larger for the unsubstituted ethylene
sulfite as compared to the value for methylated sulfites. The variation in
magnitude of *JC indicates minor changes in dihedral angles upon methyl
substitution. The cis vicinal coupling constant decreases and the trans coupling
constant increases compared to the respective values obtained for the un-
substituted sulfite. This variation in *J indicates a greater torsional angle
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in the substituted sulfites as compared to ethylene sulfite. Haake et al.* esti-
mated the dihedral angles in ethylene sulfite to about 33° from the cos*0
relation.11 The uncertainty in dihedral angle calculations by this method is
the determination of the constants involved in the Karplus equation. The B
value introduced by Lambert" and made to an analytical tool by Buys13

gives an expression for dihedral angles in which the Karplus factor A is no
longer present.

By the relation18 cos 0 = [3/(2+4i?)]l/» a quantitative determination of
the dihedral angle 6 within the — CH,—CHS— fragment may be made. The
previously estimated torsional angle8 of about 33° for ethylene sulfite is
apparently too low compared to values obtained for 1,3-dioxolanes14.15 and
1,3-dithiolanes.16 The R value for ethylene sulfite assumes a torsional angle of
about 42°, contrary to the value given previously. The R value calculation
assumes that the sulfite ring is not distorted in some unusual manner, i.e.,
the tetrahedral angles are still close to 110° such that the relation can be used
in assessing the dihedral angles. It has been pointed out 17>18 that the calcula-
tion of dihedral angles from coupling constants in five-membered ring com-
pounds is probably not reliable. The classical method of averaging two or
more conformations to account for the observed coupling constants in five-
membered ring compounds can give quite bad results. This may arise from
the large number of minimum energy conformations which may be possible
for many five-membered ring compounds. This objection may not be so im-
portant for the sulfites, since these compounds appear to have few conforma-
tions with the S = O group pseudo-axial.

The cis coupling constants in compounds II and III are 3JC = 5.85 Hz and
3«/c = 6.06 Hz, respectively. The variation in this coupling constant may be
assigned to different torsional angles in the two isomers. Gagnaire and
Roberts19 report equal, 8JC = 5.8 Hz, coupling in the two corresponding isomers
of 2-phenyl-4,5-dimethyl-l,3-dioxolane. The isomers of 2,4,5-tri-*-butyl-l,3-dio-
xolane 8 are, however, found to have different vicinal cis coupling constants,
3«/c = 7.9 Hz and 8JC —5.2 Hz for the syn and anti isomers, respectively. This
variation is assumed 8 to be due to torsional angles of about 40° for the syn
and about 60° for the anti isomer. The difference in 3JC in compounds II and
III may be attributed to the effect of the pseudo-axial S = O group. A similar
effect of polar substituents on vicinal cis coupling constants are found in
2,5-dimethoxy-tetrahydrofurane w where 8JM is 8.42 Hz and 9.71 Hz. The
larger coupling constant is between protons syn to the methoxy groups. This
effect is not observed in dioxolanes10 upon alkyl substitution on carbon 2. The
change in V c upon substitution (Table 1) indicates only minor changes in
dihedral angles in compounds II and III as compared to the unsubstituted
sulfite. The 8J t = 8.67 Hz in the trans disubstituted ethylene sulfite (I) is about
2 Hz larger as compared to 3«7t=6.66 Hz in the unsubstituted sulfite. A varia-
tion in J ^ of that magnitude may be explained by an increase of about 10° in
the torsional angle. This indicates substantial transannular methyl — S = O
interaction in the five-membered sulfites. An increase in the torsional angle
O —C —C —O forces the syn proton (compound II) closer to the S=O group
and the shift difference between syn and anti protons is expected to be larger
as compared to an undistorted ring. The shift difference (Table 1) in isomer
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I compared to the shift difference of compounds II and HI between the syn
and anti ring protons to the S = O group is ca. 28 Hz and 19 Hz, respectively.
The shift difference between the methyl groups in compound I and between
II and III is 4.5 Hz and 12.5 Hz, respectively. The vicinal coupling constant
in compound IV is in the range found for compounds II, III, and the unsubsti-
tuted sulfite, indicating similar distortion of dihedral angles as proposed for
compounds II and III.
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NMR Experiments of Cyclic Sulfites

IV.* Analysis of the High Resolution NMR Spectra of 4-Methyl-,
4-Phenyl-, and 4,6,6-Trimethyl-trimethylene Sulfite

PER ALBRIKTSEN

Chemical Institute, University of Bergen, NS0O0 Bergen, Norway

The high resolution proton magnetic resonance spectra of 4-
methyl-, 4-phenyl-, and 4,6,6-trimethyl-trimethylene sulfite have
been studied in detail. The spectra are discussed in view of recent
data on dipole moments and ultrasonic absorption measurements.
The 4-methyl sulfite is shown to exist almost entirely in a chair
conformation with equatorial methyl group. The 4,6,6-trimethyl- and
4-phenyl-trimothyIene sulfite are found to exist in cither a chair-
nonchair equilibrium or a twist conformation.

Many data have been reported on the conformation of substituted tri-
methylene sulfites.8.3 The picture appears to be clear for the parent ring

compound * and 5-substituted sulfites.2 The lack of coalescence in the NMR
spectra from —100° to room temperature indicates a barrier to ring inversion
substantially different from that found for cyclohexanes. Recent dipole mo-
ment and NMR measurements * indicate a barrier to ring inversion for sulfites
substantially higher than the cyclohexane barrier of 10.3 kcal/mol. The un-
substituted1 and some 5-substituted trimethylene sulfites8 are found by
NMR experiments to exist predominantly in a chair conformation with an
axially situated S = O group. The preference for the S = O axially as compared
to the S = O equatorially oriented is estimated to 3.5 kcal/mol.5 NMR ex-
periments2 on emaZ-5-methyl trimethylene sulfite indicate almost entirely
one conformation Avith the S = O bond axial. This requires a conformational
energy of at least 3 kcal/mol of the axial S = O bond, assuming a similar con-
formation energy of 0.9 kcal/mol of the 5-methyl group as found for dioxanes.*
4,6-Disubstituted trimethylene sulfites appear to exist either in chair-chair
or chair-non-chair equilibrium.7 This paper reports the NMR analysis of
sulfites substituted either in 4- or 4- and 6-positions.

•Part HI: Ref. 1.
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The sulfites were prepared from appropriate diols and thionyl chloride according to
the method previously described.*

4-Methyl trimethylene sulfite: B.p. 58.5c/8 mmHg. 4,6,6-Trimethyl-trimethylene
sulfite: B.p. 73.0°/8 mmHg. The isomor of the highest yield was purified by GC.

4-Phenyl-trimethylene sulfite: B.p. 118°/11 mmHg. The compound was purified by
GC.

The compounds were purified using 1.7 m x 0.6 cm columns filled with 20 % carbowax
20M and 10 % PDEAS on GO — 80 mesh chromosorb acid washed on an Aerograph Auto-
prep gas chromatograph. Isomeric purity was in all cases greater than 99 % by GC. The
NMR spectra, as well, were taken as evidence of purity.

The material (neat liquid) and a small quantity of TMS to serve as lock substance
were introduced into 5 mm O.D. sample tubes. The samples were degassed by pump*
freeze-thaw technique using a vacuum line and the tubes were sealed under vacuum. The
spectra were recorded on a JEOL JNM-C-60H and on a Varian Associates HA-100
spectrometer operating at 60 and 100 MHz, respectively. All 60 MHz spectra were recorded
in internal lock mode with frequency sweep at ca. SO Hz sweep width and calibrated every
S Hz. Several spectra of each compound were recorded at 60 MHz. The 100 MHz spectra
were recorded at 100 Hz sweep width in the field/frequency lock mode with frequency
sweep and calibrated every 10 Hz. The spectra recorded were calibrated using a frequency
counter accurate to 0.1 Hz. The line positions were taken as an average of four to six
spectra for each compound at 60 MHz. Only one spectrum was recorded at 100 MHz of
each compound studied. The computations were carried out using an IBM 360/50 com-
puter. Graphical output was obtained using a Calcomp Plotter.

SPECTRAL ANALYSIS

The NMR spectrum of 4-methyl-trimethylene sulfite (Fig. 1) consists of
three main regions at 5 = 0.9 — 2.4, <5 = 3.5 — 4.1, and <5 = 4.4 — 5.4. The low
field region is assigned to the axial protons a to ring oxygen. The chemical
shifts are different for the two axial protons, with the proton at carbon 4 to
low field. The triplet structure in this band shows clearly that one proton is
coupled equally, «/=l l Hz, to two protons. The signals at about 3.7 ppm
consist of a doublet of quartets with equally intense lines. The absorption
is assigned to the equatorial proton at carbon 6. The high field part of the

5 4 3 2 1
ppm from TMS

Fig. 1. 60 MHz NMR spectrum of 4-methyl-trimethylene sulfite.
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spectrum has essentially the same appearance as obtained for the parent com-
pound,4 two partly overlapping regions together with an additionally strong
doublet due to the methyl group at carbon 4. The signals due to the axial
proton at Cs are to low field as compared to the equatorial proton with smaller
chemical shift difference as regards the parent compound. The spectrum can
be classified as an ABCDEX3 spin system with strong coupling only between
the nuclei at carbon 5. The fully analysed 60 and 100 MHz spectra resulted
in a good correlation between calculated and experimental spectra. The final
RMS value obtained was 0.08 when all parameters were allowed to vary.
Probable errors were less than 0.02 Hz when ca. 7C0 transitions were fitted.

The spectrum of 4,6,6-trimethyl-trimethylene sulfite consists of two regions,
a low field region (Fig. 2) due to the a proton to the ring oxygen and a high
field region of overlapping signals due to the geminal protons at carbon 5
and the signals due to the methyl groups. The low field part was easily analysed
as an M part of an ABMX3 spin system with significant coupling between the
II and the other nuclei involved. The computer analysis gave RMS = 0.08
and probable errors less than 0.02 when about 50 transitions were fitted.

Frequency, Hz 282.5

Fig. 2. Spectrum of proton H^j, of 4,6,6-tri-
methyl-trimethylene sulfite a t 60 MHz.
Upper , observed. Lower, computed with
parameters of table with a common half-

width.

5 4 3 2
ppm from TMS

Fig. 3. 60 MHz NMR spectrum of 4-phenyf-
trimethylene sulfite. The phenyl group is

not recorded.

The NMR spectrum of 4-phenyl-trimethylene sulfite (Fig. 3) gave a spec-
trum not expected for a chair conformation with an equatorial substituent at
C4 as compared to the spectra obtained for the 4-methyl-trimethylene sulfite
and 4-phenyl-l,3-dioxane.9 Apart from the phenyl signal, the spectrum con-
sists of three signal groups at £ = 1.5 — 2.7, «5 = 3.O — 3.8 and <J=4.9 —5.3.
The low field band appeared to be a doublet of doublets, integrating to one
proton, and is assigned to the proton at C4. The high field band is assigned to the
protons at Cs and the band at ca. 3.5 ppm is assigned to the protons at C».
The chemical shifts between the protons at C5 are small compared to the cor-
responding dioxane 8 and the protons at C6, as well, show a similar trend.

Ada Chem. Scand. 26 (1972) No. 9
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These hard coupled pairs of nuclei made the analysis of this compound tedious
as rough estimates of trial parameters were not easily obtained. After some
trial and error a good correlation was obtained between calculated and ex-
perimental spectra. The RMS value was 0.1 and probable errors in parameters
were about 0.02 when ca. 70 transitions were fitted.

The iterative computations were performed using the computer program
LAOCN39 with some modifications2 to accomodate eight coupled nuclei.
The spectral parameters obtained are listed in Table 1.

RESULTS AND DISCUSSION

Dipole moment measurements3 on trimethylene sulfite and 4-e-methyl
sulfite, 3.34 D and 3.35 D, respectively, suggest that 4-e-methyl sulfite exists
with an axial S = O bond. This is also found by considering chemical shift
of protons and the coupling constants involved (Table 1). The two trans cou-
pling constants are significantly different, J4a5a=11.6 Hz and JsaaVL=l2.to
Hz, and this is probably due to substituent effect caused by the methyl
group. The R value, ca. 2.06, obtained for the — CH2 —CH2— moiety in the
4-methyl sulfite is comparable to the value, 2.05, of trimethylene sulfite and
it is reasonable to assume equal dihedral angles in the two molecule 3. The
large value of Jssaa compared to the corresponding values of trimethylene
sulfite, Jea«a=12.1 Hz, suggests that 4-methyl-trimethylene sulfite exists
almost entirely in one conformer. Ultrasonic relaxation,10 is, however, observed
in this compound and the result has been interpreted as an equilibrium be-
tween two chair conformations.

CH3(e), S = O(a) ^ CH3(a), S;= O(e)
NMR spectra (Table 1) show clearly that the equilibrium is almost entirely

to one side with CH3(e) and S = O(a) and the large value of Jsa»a suggest*
at most one or two percent of other conformers. The conformational preference
for an axial S = O bond as against equatorial S = O bond, ca. 3.5 kcal, and the
preference of about 1.3 kcal (dioxane value13) for an equatorial 4-methyl group,
support the interpretation of NMR data to account for 98 % of the more
stable conformer. The equilibrium suggested by Hamblin et al.10 is more likely
to be a chair-non-chair equilibrium, rather than a chair-chair equilibrium.

In a chair conformation the trans coupling constant Vaa is about four times
as large as sJae, whereas equal coupling constants, sJaa=sJae:, are expected
for a twist conformation. The coupling constants found in 4,6,6-trimethyl-
tr;methylene sulfite, 3J4a5a=8.93 Hz and 3J4a5e = 4.67 Hz, indicate the exist-
ence of a distorted chair form or a chair-non-chair equilibrium.
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A similar equilibrium is suggested for the corresponding 1,3-dioxane.11

No trans isomer of the 1,3-dioxane was detected. The trans isomer is assumed
to be at least 5 kcal/mol less stable as compared to the cis compound. Hamblin
et aZ.12 studied the 4,6,6-trimethyl-trimethylene sulfite by the ultrasonic
absorption technique and no relaxation was observed. This observation sug-
gests one of the following assumptions:

(a) The enthalphy difference between the isomers is zero.
(b) Only one conformer exists.
(c) The relaxation frequency lies outside the range examined.
Wood et al.s report a dipole moment near 3.9 D for this compound. This

implies either a non-chair or distorted chair with axial S = O bond or a chair-
non-chair equilibrium. The magnitude of the coupling constants involved,
as compared to the corresponding values of 4-methyl-trimethylene sulfite.
suggests an equilibrium between a chair and a non-chair conformation. The
trimethyl sulfite may be assigned as existing of about 50 % chair and 50 % non-
chair based on coupling constants obtained. This assumption is also supported
by the ultrasonic measurements performed by Hamblin et al.n

Finally, the NMR measurements on 4-phenyl trimethylene sulfite gave
results (Table 1) unexpected for a chair conformation or a chair-chair equi-
librium. The difference between the coupling constants obtained for 4-phenyl-
trimethylene sulfite and 4-phenyl -1.3-dioxane"' or 4-methyl-trimethylene
sulfite, suggests a non-chair conformation for the sulfite. The non-chair con-
formation is assumed from the observed coupling constants and the large
— AG° values13 expected for 4-axial substituents on six-membered ring com-
pounds. The results obtained for the corresponding dioxane from ultrasonic
absorption measurements14 do not support a chair-chair, but rather a chair-
non-chair equilibrium. The XMR data of the dioxane.7 in contrast to the sulfite,
indicates a chair-chair equilibrium with almost entirety presence of a chair
conformer with equatorial phenyl group.

\

0

Ph

\

The twist conformation B is assumed to have dihedral angles of about
30° and 150°. The Karplus relation between dihedral angles and the magnitude
of the vicinal coupling constants suggest the following values for 3J: 5 — 7 Hz
(30°) and 7 — 9 Hz (150°). The values suggested for conformation C are ca.
10 Hz (190°), 1 - 2 Hz (70°-80°), and 5 - 6 Hz (40°). The dihedral angles are
estimated from Dreiding models. The coupling constants obtained (Table 1)
suggest that 4-phenyl-trimethylene sulfite exists either in an A?*B equilibrium
or almost entirely in conformation B.

Ada Chem. Scand. 26 (1972) No. 9
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NMR Experiments on Cyclic Sulfites

V* High Resolution 13C Spectra of Trimethylene Sulfites by
Fourier Transform NMR

PER ALBRIKTSEN

"Chemical Institute, University of Bergen, N-5000 Bergen, Norway

The high resolution 13C NMR spectra of trimethylene sulfite,
5-methyl-, 5-tert-butyl-, 5-phenyl-, 5,5-dimethyl-, and 4-methyl
trimethylene sulfite obtained without proton noise decoupling, have
been analysed. The spectra are consistent with a rigid or anancomeric
ring system. The ' J C H 'S found to be larger when the proton has a
cis lone-electron pair vicinal or remote as compared to the gerninal
equatorial proton. The 2«/CH and 3JC H are shown to have different
values for couplings to an axial as compared to an equatorial proton.
The vicinal carbon-proton coupling constant, 3<7CH> *S found to be
dependent on the dihedral angle of the "C — C — C — H moiety.

'T'he cyclic trimethylene sulfites (TM-sulfites) have been studied in detail
•*• by proton NMR.1"4 It is well known that the TM-sulfites exist mainly in a

chair conformation with the S = 0 group preferentially in the axial position.
I t has been an increasing interest in the measurement of coupling constants
between carbon atoms and protons to which they may or may not be directly
bonded. Apart from the inherent interest in such coupling constants, they are
expected to give valuable information about molecular structures and con-
formations.

The recent developed method of pulsed-Fourier transform NMR spectros-
copy 6 is shown to oe particularly suited for 13C NMR studies of organic
compounds containing natural abundance of 13C. This work was undertaken
in an attempt to obtain experimental data for an angular dependence of the
vicinal coupling, «/»CCCH- One problem of high resolution 13C NMR arises from
the fact that the carbon-hydrogen couplings over more than two bonds, are
not always attenuated by interposition of an additional bond.6 The complexity
of the spectrum is increased by the number of coupled protons. One simp-
lification is, however, obtained due to the large chemical shift between carbon
and proton. The 13C spectra can be analysed according to first order rules
and hence the signs are not easily obtained.

• Part IV is Eef. 4.
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EXPERIMENTAL

The compounds studied were synthesized as reported previously.1'8 The spectra were
obtained of samples containing the TM-sulfites diluted to ca. 30 % v/v in CDC13. The
spectra were obtained at ambient temperature on either a JEOL PFT-100 or a Varian
associates XL-100-15 spectrometer, both equipped for continuous wave, CW, and Fourier
transform, FT, operation.

The spectrometers were only operated in FT mode at 25.2 MHz. The XL-100-15
spectrometer was connected to a Varian 620i Computer with 4K memory available for
data acumulation. The JEOL PFT-100 spectrometer was connected to a JEC-6 computer
with 8K available data storage capacity. The spectra were obtained using 12 mm (Varian)
or 8 mm (JEOL) O.D. sample tubes with internal *H lock to CDC13. AH undecoupled
spectra which were used in the detailed analyses were obtained using 8K data points.
In the FT mode 8 to 9 fiseo pulses were applied to either a 2 kHz region or separately
to two 1 kHz regions.

The resolution was limited by the computer and is ca. 0.5 Hz for a 2 kHz and ca. 0.25
Hz for a 1 kHz spectral window, corresponding to 4096 output datapoints in the absorp-
tion spectrum. The proton undecoupled 13C spectra were recorded after performing 10 000
to 20 000 spectra] accumulations, and no line broadening was observed. The spectral
windows were carefully chosen to avoid any folding to obscure the spectral regions of
interest.

SPECTRAL ANALYSIS

The 13C spectra were analysed wing the iterative programs 7 LAOCN3,
LACX, and UEAITR. The TM-sulfite were analysed as an AA'BB'CDX
(X=13C) spin system with the observed spectrum consisting of two separate
seven-spin systems (Fig. 1). Iterativ calculations were performed only for the
spectral part involving the carbon in position 5.

5ppm

Fig. 1. The "C spectrum of carbon 5 of
TM-sulfite at 25.2 MHz. The inserts are
expanded twice. The spectrum is obtained
using 4K data points on a 500 Hz spectral

window.

The 5-fert-butyl- (Fig. 2) and 5-phenylTM sulfite were analysed as an
AA'BB'CX spin system with respect to the nuclei in the TM-sulfite ring.
Iterative computations were, however, carried out only for the cases with
1SC in positions 4 or 6. The 13C signals due to C5 were in both cases broadened
by long range couplings to protons of the substituent. These couplings resulted
in non-resolvable fine structure of the signals due to 13C6.

The 5-e-methyl-TM-sulfite (Fig. 3) was analysed as an AA'BB'CD3X spin
system only for the ]3C in positions 4 and 6. Treating the J8C spectrum of
C4(6) as an AA'BB'CX spin-system gave the same results as the complete I
AA'BB'CDgX spin-system. The spectrum due to 13C in position 5 was not i
analysed because the long range C—H couplings (a doublet) have no resolvable '
fine structure. !

I Trial 13C parameters for all compounds studied were obtained by inspection j
f of the undecoupled MC spectra. The proton-proton couplings and proton J

Acta Chem. Scand. 27 (1973) No. 10
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lOppm

JJUJUUJ
B 0 E

Fig. 2. The total WC NMR spectrum of
6-e-(ert-butyl-TM sulfite at 25.2 MHz;
A, CDC1, solvent signals; B, the carbons
4 and 6; C, the carbon 5; D, the tertiary
carbon of the tert-hutyl group. (The signal
is saturated due to experimental condi-
tions); E, the carbons of the methyl groups.
The spectral window is 2 kHz and the
spectrum is recorded with 8K data points.

m>
Fig. 3. The »C NMR spectrum at 25.2 MHz
of the 5-e-methyl-TM sulfite; A, signals
due to the solvent, CDCln; B, the carbons
4 and 6; C, the carbon 5; D, the carbon
of the methyl group. The spectrum is
recorded with 8K data points on a 2 kHz

spectral window.

chemical shifts are published previously.1.3.4 Only 13C spectral parameters were
allowed to vary during the iterative calculations. The RMS values were better
than 0.3 Hz for all cases when fitting all theoretical transitions to observed
lines. Visual comparisons of observed spectra with theoretical Lorentz-shape
spectra indicated that the computed intensities were satisfactory in each case.
The calculations were performed using an IBM 360/50 computer and the
theoretical spectra were plotted using a Calcomp Plotter.

DISCUSSION

The 13C NMR data (Tables 1 and 2) are consistent with earlier observations
that the unsubstituted and 5-substituted TM-sulfites are in a rigid chair
conformation. The direct carbon proton coupling, V ^ , is different for the two
geminal protons in the 4 (or 6) position as well as in the 5 position in the ring
(Table 1). Laszlo 8 postulated that the direct 13C —H coupling in a methylene
group is dependent on two terms, one inversely proportional to the angle
defined by the bonds between 13C and the substituents and secondly, effects
of a ionic perturbation caused by a hetero atom attached to the methylene
carbon. The angular dependence of 13C couplings cannot account for a differ-
ence in the direct coupling between 13C and Ha as compared to the coupling
to He. The ionic perturbations are not assumed to perturb the couplings
differently.

The 1JCH couplings to the carbon atoms in positions 4 and 6 in the sulfite
ring are about 147 Hz and 155 Hz for the spin-spin interaction involving the
axial and equatorial protons, respectively. The larger coupling is assigned to
the direct JCH to the equatorial proton situated cis to the equatorial lone pair
electrons on the oxygen, based on the observations for the 4-e-methyl TM-
sulfite (see Table 1).

Rattet et al.9 reported different direct C —H couplings, 141.0 Hz and
139.6 Hz, to the two non-equivalent methylene protons in acetaldehyde

Ada Chem. Scand. 27 (1973) No. 10
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Table 1.13C —H coupling constants in Hz.

R.,R,,R3

I H.H.H

II CH3(H,H

III t-Bu,H,H

IV Ph.H.H

V H,H,CH3

"C«

VCK

153.9
147.8

153.3
146.9

153.6
146.6

156.5
148.4
147.5*
155.0*
148.9"

i)

VCH

7.5
1.3

7.3

6.2

5.7

5.6*
1.3*
5.9°

VCH

7.5
3.2

7.3
2.9

6.3
2.4

5.9
2.3

a
a

"C,

VCH ^ C H

127.5 2.6
131.9 1.4

132.0 a

132.1 °

132.6 °

127.0 °
131.0 a

- C H ,

»JCH= 127.4
VCH— 3 ' 9

VC H =125.4
»JCH= 3.0

>JCH= 127.0
*JCH= 2.9

a Not calculated, because bands did not show any resolved fine structure. * Coupling to
carbon 6. c Coupling to carbon 4.

Table 2. Chemical shift in ppzn from TMS.

CH,

»KJtert 30,22

I
II
a

III
IV
6

V

56.92
60.30
61.05
58.64
60.01
65.79
63.61

25.23
28.01
27.62
44.33
40.41
30.84
32.63

56.92
60.30
61.05
58.64
60.01
65.79
56.85

_
10.63
12.88
26.46

21.71
20.52

5-a-Methyl TM-sulfite. * 5,5-Dimethyl TM-sulfite.

diethylacetal. The direct 13C—H coupling value, apparently, reflect decisively
a non-equivalence of methylene protons. The occurrence of two distinct
"C —H couplings in methylene groups means that non-equivalence can be
localized in the two corresponding C—H bonds. The presence of an S = O
group in the proximity of a C—H bond could create field effects which would
lower the average triplet exitation energy. Such lo ering might produce
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changes in VCH without rehybridization occurring at the carbon atom. The
effect of the S = O group is expected to be small because polar substituents
at remote positions affect the direct C —H coupling to a minor extent (vide
infra). The lone pair electrons on a nitrogen or an oxygen atom affects the
geminal proton-proton coupling in an adjacent CH2 group.10)11 The directly
bonded 13C — H coupling constant is shown to depend upon the orientation
of a nitrogen lone pair electrons,18'13 with the direct coupling of a C —H group
cis to lone pair electrons larger as compared to VCH of the trans C —H group.

] The difference between V ^ c i s ) a n d 1Jc^
rans) 1S ca- *0 Hz for JV-methyl

I aziridine12 and ca. 14 Hz for the methyl proton of acetaldoxime.12 The differ-
| ence in VCH, of the sulfites, involving C4 or C6, of ca. 8 Hz between values for

axial and equatorial oriented CH groups is mainly due to the effect of the
equatorial lone pair electrons on the oxygens. The smaller difference as com-
pared to for example aziridineia may be attributed to the field effect of a syn
axial S = O group which would oppose the effect of the equatorial lone pair
electrons of the ring oxygen. The observed difference between the two direct
couplings for the sulfite is substantial with a magnitude of about 50 % of the
total effect produced by an oxygen atom substituted into methane.14 It has,
however, in some cases been reported that 13C —H couplings are affected by
the medium.1S>16

Moreover, the difference in XJCH of carbon 5, about 4 Hz, is significant
and is parallelled by the observation that the axial proton at carbon 5 in TM-
sulfites resonates at higher frequency as compared to the equatorial proton.1
This is the reversed sequence with respect to cyclohexane. It has been pointed
out that the reason for this, as regards dioxanes,19 might be an interaction
between H^. and the ^j-orbitals of the ring oxygens. Such an effect could
account for the observed difference in VCH between the axial and equatorial
C6—H groups of the TM-sulfites. The observed direct couplings to carbon
5 are of the magnitude 127.5 Hz and 132.5 Hz for TM-sulfite and ca. 127 Hz
and 131 Hz for 4-e-methyl TM-sulfite. The larger value is the coupling to

\ the axial proton which has two remote syn axial lone pair electrons. This
• assignment is consistent with values obtained for C —H^ (ca. 132 Hz) in

5-e-methyl, 5-e-phenyl and 5-e-fert-butyl TM-sulfite (see Table 1).
The magnitude of two and three bond coupling constants involving carbon

atoms in positions 4 and 6 of 5-equatorial substituted TM-sulfites are in the
range 7.5 Hz to 1.3 Hz. The values of the pertinent coupling constants to
carbon 6 obtained for 4-e-methyl TM-sulfite are 5.6 and 1.3 Hz. The observed
values in TM-sulfite involving carbons 4 or 6 are 7.5 Hz, 7.5 Hz, 3.2 Hz, and
1.3 Hz. The observed values 7.5 — 6.0 Hz and 2.0—1.3 Hz may be assigned to
the 2JCH involving the carbons 4 or 6. The larger value is assigned to the coupling
to H te, which is consistent with the values obtained for 5-e-substituted TM-
sulfites. Accordingly, the other pair of values, 7.5 — 5.9 Hz and 3.2 — 2.3 Hz,
may be assigned to S</CH. The larger value is attributed to the spin-spin inter-
action involving C6 and Hfc. This is consistent with the observation of only
one large vicinal coupling, 5.6 Hz, to carbon 6 in the 4-e-methyl TM-sulfite.

. Moreover, it is apparent that both the VCH and 3JCa (Table 1) have pairs
j of different coupling values, ca. 6.0 Hz and 2.0 Hz, indicating conformational
1 dependence of these two coupling constants.
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The two bond C —H couplings involving carbon 5 in TM-sulfite, also,
have two distinct values, 2.6 Hz and 1.4 Hz. The difference in values obtained
for 2JCH involving carbon 5 as compared to carbons 4 (or 6) indicates substantial
effects due to electronegativity of the substituent attached to the carbon.
Moreover, the difference between the two 2«/CH indicates that this coupling
is dependent on the orientation of the coupling path relative to the substituent
on the coupled carbon atom. The observed two bond 16N—H coupling in
aliphatic nitrogen compounds is found to be stereospecific and dependent on
orientation of the nitrogen lone-pair.18 Similar observations have been made
for 2«/PH in tervalent phosphorus. Theoretical INDO MO calculations " verify
the effect of the nitrogen lone-pair for aliphatic amines. As regards the sulfites,
the observed values of 2«/CH are different whether an axial or an equatorial
proton is involved in the spin-spin interaction. It is apparent that there exists
a correlation of the sign and magnitude of 2JCH with molecular structure.29

The 2JCH has been reported to hold either signs,20-23 but INDO MO calcula-
tions 29 suggest that the sign of this coupling constant is negative as regards
propane and butane.

The proton-carbon coupling constants through three bonds, 3I/>'CCCH>
are in the range 2.3 Hz to 7.5 Hz for the TM-sulfites (Table 1). Karabatsos
and Orzech 2* reported coupling constants in the range 3.59 Hz to 5.99 Hz for
sps hybridized 13C. The variation of 3«/CH indicates that in addition to the
s-character of the "C hybrid atomic orbital, other factors must affect this
coupling. Long range coupling between protons is generally believed to be
dominated by the Fermi contact interaction. These terms may also give
rise to the most significant contribution to the coupling between other nuclei
such as carbon and proton. Substituents bonded to J3C should affect the
3JCH due to its electronegativity.

Increasing electronegativity of the substituent should increase 3JCH by
virtue of increasing the s-character 25 of the .1SC atomic orbital used in the
carbon-carbon bond. It is reasonable to assume that a relationship similar
to the Karplus 25 relation also relating the 3«/CH with the dihedrai angle in a
13C —C—C—H fragment. Wasylishen and Schaefer27 recently proposed an
angle dependence of the vicinal 13C —H coupling constant in propane from
INDO MO calculations. Their calculations predicted a dihedral angle depend-
ence similar to that observed for 3JCH in the TM-sulfites. The observation that
the vicinal C—H coupling in TM-sulfites to the equatorial and the axial proton
is different, 7.5 Hz and 3.2 Hz, respectively, supports the theoretical calcula-
tions of Schaefer et alP and adds evidence to the assumption that the TM-
sulfite exists in a rigid or anancomeric system.

One of the problems in the interpretation of chemical shifts in 18C magnetic
resonance is adequate to take into account effects produced by the anisotropy
of neighbouring atoms or groups. I t has been assumed that in contrast to the
13C coupling constants the 13C chemical shifts should be sensitive to anisotropy,
medium effects and factors which do not complicate the interpretation of the
coupling constants. Moreover, it appears that 13C—H coupling constants
provide a direct and resonably reliable measure of the s-character in the carbon
bonding orbital. I t might be expected that in the absence of medium effects
etc. a close relation should exist between "C shifts and VCH. Such a correlation
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is not easily obtained from the available data on TM-sulfites, so it might be
relevant to compare shift data for TM-sulfites with those for cyclohexanes a2»23

(Fig. 4) and 1,3-dioxanes a8 (Pig. 5). Plotting the chemical shifts of carbons
4 (or 6) and carbon 5 in 5-substituted TM-sulfites versus the pertinent shift
values for either 5-substituted 1,3-dioxanes28 or monosubstituted cyclo-
hexanes 22>23 indicates a linear relationship (Figs. 4 and 5). I t is apparent that
an alkyl substituent affects the chemical shift of the a- or /7-carbon in TM-

70ppm
1,3-Oioxanes

Fig. 4. The plot of "C shifts of the TM-
sulfites versus the pertinent carbon shifts
of 1,3-dioxanes;11 A, the carbon holding
the substituent; B, the ^-carbon relative
to the substituent. The shifts is measured

relative to the TMS "C signal.

10 50 ppm
Cyclohexanes

Fig. 5. The plot of 13C shifts (ppm from
TMS "C) of the 5-substituted-TM sulfites
versus the pertinent "C shift of the related
mono-substituted cyclohexanes;">" A, a-
carbon i.e. the carbon holding the
substituent; B, /7-carbon relative to the

substituent.

sulfites (Table 3) to the same extent as in cyclohexane.22!28 The shift of carbon
5 is hardly affected by the S = O group. Comparison of the geminal (H,H)
coupling constants for suifites and dioxanes suggests that electronegativity
differences between the 0—C—O and O—S(O) —O moieties are responsible
for the difference in carbon chemical shifts in the two types of compounds.
Any substituent into a ring appears to have little effect on the chemical shift
of a remote ring-carbon. The effect on the chemical shifts (Table 3) of introduc-
ing a phenyl group into the TM-sulfite ring gives rise to similar effects as

Table 3. Subetituent effects on "C chemical shifts (ppm) in TM-sulfites.

Substituent

5-e-Me
5-o-Me
5,5-Me,
5-e-f-Bu
5-e-Ph
4-e-Me

+ 3.4
+ 4.1
+ 8.9
+ 1.7
+ 3.1
+ 6.7

c.

+ 2.8
+ 2.4
+ 5.5
+ 19.1
+ 15.2
+ 7.4

c.

+ 3.4
+ 4.1
+ 8.9
+ 1.7
+ 3.1
-0 .1
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observed for cyclohexanes.22'23 The introduction of geminal methyl groups does
not change the carbon chemical shift an amount equal to the sum of the changes
on introducing the equatorial and axial methyl groups separately.

The author is indebted to Dr. R. K. Harris, University of East Anglia, for the op-
portunity to use the VARIAN XL-100 in his laboratory. Thanks are also due to
Mr. K. Eguchi at JEOL (UK) for technical assistance and for recording the spectra
on the JEOL PFT-100 at the London demonstration centre. Financial support from the
J. Meltzers Hoyskolefond is also gratefully acknowledged.
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NMR Experiments on Cyclic Sulfites. VI. The Orientation Effect

of an S = O Group on the Proton Chemical Shifts in Trimethylene

Sulfites

PER ALBRIKTSEN

Chemical Institute, University of Bergen, N-5000 Bergen, Norway *

The shielding of protons in trimethylene sulfites
has been discussed in terms of the electrical
field effect and the anisotropy effect of the
S = O dipol.

Studies on the conformational behaviour of six-
membered cyclic sulfites give evidence for the
preferential occurrence of chair forms with an
axial S = O bond.1"3 Two heavily substituted
sulfites have, however, been reported *>B to
exist in a chair form with an equatorial S = O
bond. Ultransonic experiments * suggest an
equilibrium between chair forms with an axial
(ca. 99 %) and an equatorial S = O group as
regards the trimethylene sulfite. The nature of
the data from ultrasonic measurements is,
however, such that one cannot use it to prove
any structural assignments. The axial S = O
bond is quoted to be 14.7 + 4 kJ mol"1 more
stable as compared to the equatorial bond.7 It
is the purpose of this paper to demonstrate the
orientation effects of the S = O bond on the
proton chemical shifts.

EXPERIMENTAL

The sulfites were prepared from appropriate
diols and thionyl chloride according to the
methods previously reported.1 The isomers of
4,6-dimethyl-TM**-sulfite were purified using a
preparative gas chromatograph. The isomers of
trans- l-3-2-dioxathiadecalin-2-oxide were sepa-
rated by distillation. The distillate containing

•Present address: Rafinor A/S & Co., N-5154
Mongstad, Norway.

•* Tm=trimethylene.

the isomer with axial S = O bond was purified
by GLC. The residue from the distillation was
dissolved in ethanol and cooled to — 10 °C and
the isomer with equatorial S = O bond
crystalized then as white needles, m.p.
50-50.5 °C.

The NMR spectra were obtained on samples
containing 20 % sulfite dissolved in CC14) using
a Varian Associates HA-100 operating at 98
MHz for proton resonance. The spectra •were
analysed using the computer programmes
LAOCN3 8 and UEAITR.*

The parameters are assumed to be correct
to ± 0.2 Hz. The computations are carried out
using a UNI VAC 1110 computer.

RESULTS AND DISCUSSION

From X-ray data 10 of TM-sulfite it can be
calculated that the internuclear distance be-
tween the axial sulfinyl oxygen and the axial
4-hydrogen is ca. 2.5 A, a value within the
range of the sum of the van der Waals radii
of hydrogen and oxygen. An axial S = O bond
is, however, more stable as compared to an
equatorial S = O bond.1 The stability of an axial
S = O bond in TM-sulfites has been attributed
to an increased rotational barrier about single
bonds in system containing adjacent electron
pairs and polar bonds.1'11 Moreover, it is possible
that in addition to this effect similar effects as
proposed la for cyclic sulfoxides contribute; i.e.,
that attractive terms outweigh repulsions and
create a favourable interaction between the axial
sulfinyl oxygen and the axial 4 and 6 hydrogens.
The difference between the chemical shifts of
protons in a cyclic sulfite has been interpreted "
as being due to the electric field effect and

Acta Chem. Scand. A 29 (1975) No. 9
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Table 1. Chemical shifts in ppm from TMS and coupling constants in Hz.

825

Comp.
No.

I
II
III
IV
V

4.507
4.053
5.01
4.48
5.00
1.55*

3.630
4.187
1.25*
1.40*
1.35*
4.42

a

1.76
1.78
2.08

1.78
1.72
1.97

v.

-11.43
-11.81

—
—

_
2.4
2.2
4.0

11.22 -
11.27 -
11.6
11.5
9.5 5.5

4.14
5.54

5.4

v.

_-14.1
-14.1
-14.1

6.4
6.3
6.3

• Cannot be measured. * The methyl group.

magnetic anisotropy effect of the S = 0 bond.
The shielding region of the S = O bond is
assumed to be similar to the — C=C— bond,1

i.e. a positive shielding cone and a negative
area transverse to the bond direction.

Assuming a chair form for the TM-sulfite with
an axial S = O bond it can be seen that the
protons in the positions 4 and 6 lie within the
deshielding region. The syn axial 4 and 6
protons relative to the axial S = O bond are
exposed to the maximum deshielding. This has,
however, been used as evidence for an axially
situated S = O bond in TM-sulfites.x For TM-
sulfites with an equatorial S = O bond it is
expected that the chemical shift difference
between axial and equatorial 4 (or 6) protons
should be small. This is because the axial 4 and
6 protons lie within a similar shielding region.
This orientation effect of the S = O bond on the
chemical shift difference between the geminal
4 (or 6) protons is easily demonstrated by
experiments (Table 1). In compound I, with
axial S = O bond, the axial 4 proton is 0.9 ppm
more deshielding as compared to the geminal
equatorial proton. The data of compound II,
with equatorial S = O bond, show, however,
that the axial 4 proton is ca. 0.15 ppm more
shielded compared to the geminal equatorial
proton.

The orientation effect of the sulfinyl group
can easily be demonstrated from the chemical
shift difference of the corresponding 4 (or 6)

AcU Chem. Scand. A 29 (1975) No. 9

III IV

I: trans-l,3,2-Dioxathiadecalin-2a-oxide. II:
tratt#-l,3,2-Dioxathiadecalin-2e-oxide. I l l : 4e-
6e-Dimethyl-1,3,2-dioxathiane-2a-oxide. IV:
4e,6e-Dimethyl-1,3,2-dioxathiane-2e-oxide. V:
4e,6a-Dimethyl-1,3,2-dioxathiane-2a-oxide. R =
methyl.

protons in the two isomers with the S = O bond
either axial or equatorial. The chemical shift
difference of the axial 4 proton of the isomers
I and II, or III and IV is ca. 0.5 ppm (Table 1).
This difference is due to the difference in both
the electrical field effect and the magnetic
anisotropy effect of the S = O bond in the two
systems. The contribution to the proton
shielding of a C—H bond of the electric field
effect, due to an axial or an equatorial neigh-
bouring S = O dipol can be obtained from the
formula derived by BuckinghamM and gen-
eralized by Pritchard and Lauterbur." The
results from such calculations (Table 2) suggest
that the change in the electrical field effect,
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Table 2. The effect of the S = 0 electric field on
the chemical shift of ring protons in position 4
and 6."

Axial
proton

Equatorial
proton

S = O axial

S = O equatorial

S = Om x-S = Ota

-0.31

-0 .12

-0.19

-0.17

-0 .06

-0.11

•Calculated from formula derived by Buoking-
ham.1' Negative values mean a high frequenoy
shift. The values are in ppm.

caused by changing the S = O dipole from the
axial to the equatorial position, is responsible
for ea. 0.2 ppm of the shift difference between
the axial 4 (or 6) protons in compounds I and
II, or III and IV. Similar calculations (Table 2)
for the equatorial 4 (or 6) protons as regards
the different orientations of the S = O dipole
suggest that the difference in the field effect is
ca. 0.1 ppm. The chemical shift differences
caused by the field effect of the sulfinyl bond
accounts for only 20 —30 % of the observed
shift difference for the axial and the equatorial
4 (or 6) protons. The shielding effect of the
axial S = O bond on the syn axial 4 and 6
protons in TM-sulfites appears to be large.
Studies on substituted thiane-1 -oxides " show-
that an axial S = O bond is 5.4 kJ mol"1 more
stable as compared to an equatorial S = O bond
and this preference was attributed to an
attractive interaction between an axial S = O
bond and the syn axial hydrogens. Such
interactions, as regards TM-sulfites, could give
rise to an anomalous high frequency shift of the
syn axial 4 and 6 protons relative to the geminal
equatorial protons. CNDO* calculations " give,
however, no significant difference in the charge
density on the two geminal 4 protons. It is
apparent that the major contribution to the
chemical shift difference of the 4 and 6 protons
in cyclic sulfites is due to the anisotropy of the
S=O bond. The shift difference of the protons
in position 5 is little affected by the change of
the S = O dipole from the axial position to the
equatorial position.

The orientation effect of the S = O dipole on
the 4 and 6 protons in compound V is in
accordance with findings of compounds III and
IV. Compound V is assumed to be twisted *
with the two "ayn axial" groups, S = O and
axial-4-methyl group, pointing away from each
other. Models of a twist conformation of com-
pound V suggest that the "equatorial" 4 proton
occupies a similar position relative to the S = O
bond as the axial 4 (6) proton in compound IV.
The "axial" 6 proton in V has a position similar
to the 4 (6) proton in compound III, relative to
the S = O bond. This is also in accordance with
the observed shift difference, 0.6 ppm, obtained
for the 4 and 6 protons of compound V.
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NMR Experiments on Cyclic Sulfites.
VII. Lanthanide Induced Chemical
Shifts in Trimethylene Sulfites with
Respect to the Orientation of the
S=O Bond
PER ALBRIKTSEN • and
TORE THORSTENSON

Department of Chemistry, University of Bergen,
N-50I4 Bergen-Univ., Norway

Lanthanide induced chemical shifts (LIS) in
sulfoxides have been published.1 The LIS chem-
ical shift increases lineerly with the concentra-
tion of the shift reagent for a given sulfoxide
concentration. Several workers have attempted
to correlate the shifts with the internuclear
distance between the proton studied and the
lanthanide ion on the basis of assumed models.
Apparently the lanthanide induced shifts
should make it possible to distinguish between
an axial and an equatorial functional group in
cyclic compounds since the internuclear dis-
tance is changed substantially when the co-
ordination site is moved from one position to
the other. Accordingly, the shift induced on
complexing the substrate will depend on the
relative contributions of rotamers or con-
formers. The trimethylene (TM) sulfites have
been shown to exist in a rigid chair conforma-
tion preferably with the S = O group in the
axial position.*""' However, equatorial S = O
groups have been observed for some substituted
TM sulfites.* A study of LIS of TM sulfites with
either S = O equatorial or axial should give
additional information with regard to the
stereochemistry of cyclic sulfites.

Results and discussion. The following TM
sulfites have been prepared and examined with
regard to the lanthanide induced shifts of the
4- and 5-protons and 4- and 5-substituted
methyl groups: TM sulfite (I), 5-methyl-TM
sulfite ill), 5,5-dimethyl-TM sulfite (III),
4-methyl-TM sulfite (IV), 5-phenyl-TM sulfite
(V), 5-ferf-butyl-TM sulfite (VI), 4,6-dimethyl-

* Present address: Rafinor A/S & Co., N-5154
Mongstad, Norway.

Acta Chem. Scand. A 30 (1976) No. 9

TM sulfite (with axial S = O bond VII a, with
equatorial S = O VII b, and a twisted form
VII c) and iran^-1,3,2-dioxathiadecalin-2-oxide
(with axial S = O VIII a, with eq. S = O VIII b).

The compounds I — VI have been reported
to be in a 100 % or close to a 100 % rigid chair
conformation with axial S = O bond. VII b
and VIII b are found to be in a rigid chair con-
formation with equatorial S = O bond.V

When the concentration of the LSR is plotted
against the chemical shift for the discrete
protons, the "shiftslope" will depend on the
position of the proton in the molecule. This is
shown by Fig. 1 for TM sulfite and cis-4,6-
dimethyl-TM sulfite (S = O eq. and twisted)
and in Table 1 the corresponding slopes are
calculated together with the "shiftslopes", K*,
of the other molecules examined.

From each of the three conformational forms
in Table 1 and Fig. 1, it is evident that we are
able to differentiate between axial and equa-
torial groups or protons on the same carbon
atom. Likewise, we can differentiate between
the two rigid chair forms with axial and equa-
torial S = O bond and the twisted conformer
by comparing the Eu-shift for the 4 (6) axial
protons.

Under certain conditions for internal rota-
tion or for axial symmetry in the susceptibility
tensor, the pseudocontact contribution to the

Table 1. The "shiftslope" K* (vjx) for the
methyl protons in the rigid chair conforma-
tions of the trimethylenesulfites with axial
S = O bond, equatorial S = O bond, and the
twisted form.

R/K5 (Hz) S = O ax S = O eq Twist

H*.«

M«r
Me.,
Me«

8.5-11.2
3.5-4.4

3.8-5.6
3.1-3.8

2.1-2.6

2.4-3.7
1.6-2.0

3.7-3.8
5.7

6.2-7.6
3.2

2.8

9.7 (H.a)
4.4 ( H )

5.7 (Me*)
2.2
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Fig. 1. Lanthanide induced shifts, as a function of the mol fraction, x, for the ring protons (methyl
groups) in the rigid chair conformations of trimethylenesulfites with axial S = O bond, equatorial
S = O bond, and the twisted form.

1H NMR shift of a proton in a paramagnetic
complex can be expressed by eqn. 1. The ex-
perimental studies on induced europium shifts
can in these cases be analysed in terms of eqn. 1.

; = k(Z cos2 0-1)111? (1)

where A&i is the induced shift of the i'th pro-
ton, R\ is the proton europium distance, k is a
constant and 0 is the angle between the radius
vector from the europium ion to the i'th proton
and the symmetry axis of the complex. The
experimental paramagnetic shifts have been
shown to depend on l/Hf.1 Small discrepan-
cies t~10 from the l/l?is dependency have been
assumed to be due to the failure to consider the
angular dependency portion of the pseudo-
contact term.

In this work we have found a good qualitative
measure for the distinguishing between a chair
form with axial S = O bond, equatorial S = O
bond or a twisted form without numerical
evaluation of the different terms of eqn. 1.

Application of this method to conforma-
tionally mobile sulfites should be made with
caution, for it is extremely difficult to predict
rotamer populations in the complex with
Eu(FOD),. I t has been found for three 5-axial
substituted sulfites u that on complexing with
Eu(FOD), the coupling constants are changed
towards those of the rigid chair conformation
with an axial S = O bond which is assumed "
to be the most preferable energetically.

Experimental. The synthesis of the unsub-
stituted and 4- and 5 -substituted TM sulfites

has been reported previously.2'7'8'13"1" The com-
pounds I —VI with axial S = O bond were puri-
fied by GLC on an Aerograph Autoprep A-700
with a 2.1 mx6 .0 mm column packed with
10 % PDEAS and 10 % Carbowax on Chromo-
sorb W, OMCS A/W, 45/60 Mesh. The com-
pounds VII showed 3 isomers which have been
reported to consist of rigid chair forms, with
axial S = O (VII a), one with equatorial S = O
(VII b) and one twisted (VII c). Compound
VIII showed two isomers, also reported u con -
sisting of two rigid chair forms, one with axial
S = O (VIII a) and one with equatorial S = O
(VIII b). The isomer b of these two compounds
(with equatorial S = O) was purified by dis-
solving the reaction mixture, prior to distilla-
tion, in ethanol, from which white needles of
isomer b were crystallized.

The NMR spectra were obtained on a JEOL-
JNM-C-60-H instrument. Carbon tetrachloridc
was used as solvent. The concentration of the
various sulfites were 5 mol % and the mol
fractions between Eu(FOD), and sulfite were
0.1, 0.22, and 0.375, respectively. 2 vol %
tetramethylsilane was added as an internal
reference. The Eu(FOD), reagent \vas dried
in vacuum at 50 °C for several hours prior
to use.
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NMR and IR Studies on Cyclic Sulfites. VIII. Sulfites Substituted

at the Axial Position of Carbon Atom 5

PER ALBRIKTSEN * and TORE THORSTENSON

Department of Chemistry, University of Bergen, N-5014 Bergen-Univ., Norway

NMR and IB studies on three cyclic sulfites
substituted at carbon 5 with the substituent
occupying the axial position have been perfor-
med. The conformation is discussed on the basis
of the spectral properties, examining the mole-
cules in both a polar and a non-polar solvent.
For these molecules an equilibrium is proposed
between two chair forms (axial and equatorial
S = O bond) and a twisted one.

NMR, IK, and dipole moment measurements
on trimethylene (TM) sulfites substituted at
carbon 5 have been reported.1"' It has been
found that the equatorially substituted sulfites
exist in the chair conformation with preferen-
tially axial S = O group.* The axially substituted
5-methyl- and 5-fert-butyl-TM sulfites have
been examined *>* and found to exist in an
equilibrium between two chair conformations
with the S = O bond situated in the axial or
equatorial position. The preference for the
S = O axially as compared to the S = O equa-
torially oriented is estimated to be 3.5
kcal/mol.*'*

SPECTRAL ANALYSIS

The 5-phenyl- and 5-fert-butyl-TM sulfites
constitute an [AB],C system with respect to
the aliphatic ring protons. The appearances of
the two spectra seem very similar (Fig. 1).
Three main regions are due to the protons in
position 4 and 6 (bands A and B, respectively),
and the protons in position 5 (band C). The

* Present address: Rafinor A/S & Co., N-5154
Mongstad, Norway.
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proton in equatorial position 5 comes to reso-
nance at lower frequency for the 5-fert-butyl
substituted sulfite as compared to the 5-phenyl
substituted one due to the difference in the
shielding effects of the two substituents.

The protons in 4 (or 6) position are differently
shielded by the S = O group. The lower field
region is assigned to the axial protons. From
the quartet structure of band A and B one
large coupling constant (~I2.0 Hz) is assigned
to the *J4 (KTt) coupling.

The fully computer analyzed 60 and 100
MHz spectra, with CC14 as solvent, and 60
MHz with CH,CN as solvent resulted in good
correlation between calculated and experi-
mental spectra. The final r.m.s. values obtained
were better than 0.06 when 7 to 9 of the 9
possible parameters were allowed to vary and
about 40 transitions were fitted.

JLJLL
7.O 6.O 5.O 4.O 3.Opp.m.

Fig. 1. The 60 MHz sp
trimethylenesulfite. (S
indicates impurity.

sctrum of axial 5-phenyl-
jlvent: CC1J. An asterisk
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RESULTS AND DISCUSSION

TM sulfite and some 5 equatorially substi-
tuted TM sulfites have been shown to exist in
the chair conformation with the S = O group
occupying the axial position in the ring.'.'
Other substituted cyclic sulfites are found to
exist in non-chair conformations 1>7>10 or in
chair conformation with the S = O group in
the equatorial position.1* Albriktsen * has sug-
gested that 6-methyl-TM sulfite with axial
substiti ant exists in an equilibrium between
two chair conformations with ax. and oq. S = O
group, in which at most 2 % of the conformer
with equatorial S = O group exists.

W<xx-

An NMR and IR study has been reported *
for 6-fert-butyl-TM sulfite with axial substi-
tuent. It has been concluded that the molecule
exists in an equilibrium between two chair
conformers A and B. Albriktsen * has found
that «7«e»a is in the range 4.2—4.6 Hz in chair

forms with an axial S —O group. Supposing
an equilibrium as reported • we will have A-KB
(̂ 4eja-*̂ 4fue) a n d excluding substituent effects
on the coupling constants, a 4a5e coupling of
4.6 Hz for 5-ter«-butyl-TM sulfite is possible
for conformer B alone (Table 1).

Wucherpfennigl0 has calculated the dihedral
angles for the conformers C and D. Applying
Karplus plot, he calculated the corresponding
coupling constants for the 4a5e coupling to
be 6—7 Hz. From Table 1, it is evident that
an equilibrium involving only the forms A and
B is not probable.

Changing the solvent from a nonpolar to
a polar one, <7M5e increases with only 0.15 Hz;
the t/ioe, however, is increasing with approxi-
mately 2.1 Hz. The latter will have contribu-
tion from Jnta (~12 Hz in conformer B) by
an A-»B transition. This comparatively small
increase in J to l e and the great increase in J^^
may then be suggestive of a comparatively
greater contribution from conformer B in a
more polar medium, as anticipated from the
dipole moment values for the different con-
formers,1* Table 2. Dipole moment measure-
ments which have been performed11 are also
suggestive of a conformational equilibrium. The
most probable equilibrium will consequently
be one with contribution from all the symmetric
forms; A, B, C, and D.

Looking at Table 3 concerning 5-phenyl-TM
sulfite, no significant change in J^^ is observed
when changing the solvent. J4e6e, however, is
changed from 3.2 to 4.5 Hz when increasing
the polarity of the solvent. This suggests

Table 1. Spin-spin coupling constants (Hz) calculated from 60 and 98 MHz spectra of 5-ferf-butyl-TM sulfite.

t

Solvent v.

CH,CN- -12.02

-12.21

6.80

4.74

6.10

4.95

1.73

1.46

0.20

0.15

-0 .07

-0 .01

*60 MHz. *98 MHz.

Acta Chem. Scand. A 31 (1977) No. 2



-126-

Table 2. Calculated dipole moment values for
the different conformers of TM sulfite.10

Conformer

A
B
C
D

3.55
5.22
4.5
4.5

)

exp.
exp.
calc.
calc.

a conformational equilibrium, when the concen-
tration of species with equatorial S = O bond
grows increasing the polarity of the solvent.

If an equilibrium S = O (a)^S = O (e) exists,
the observed coupling constants can be ex-
pressed by eqn. 1

JKteObs = «^«st + (1 - «)^«asa ( l)

By assuming9 <74e6e = 2.73 and J4 a 6 a= 12.08
and excluding substituent effects, we find that
5 % of conformer B is present in CC1« and 19 %
in CHSCN. The magnitude of J4a5e may suggest
contribution from the twisted conformers
C and D in the equilibrium. The effect from
the equatorial S = O bond may be the reason
why J t a s e is comparatively great since this
coupling constant is 2.61 Hz in unsubstituted
TM sulfite.'

I t is known that the orientation of the elec-
trons of a /?-substituent may cause changes
in a geminal coupling.12 I t is possible that such
an effect also influences the vicinal couuling.
The (^em-coupling 2«74 decreases from — 11.£9 Hz
in CC1« as solvent, to -12.22 Hz in CH3CN.
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However, the change in J4a6e from unsubsti-
tuted TM sulfite to the molecule in discussion,
is so large that we cannot exclude the participa-
tion of twisted forms in the equilibrium.

INFRARED SPECTRA

Several cyclic sulfites have been examined
by IR spectroscopy.*"4'10'13 TM sulfite shows
a strong absorption at 1190 cm"1, and this
frequency has been assigned to an axial S = O
stretching vibration in a 6-membered ring.2

<ran«-4,6-Dimethyl-TM sulfite has been pro-
posed to exist in chair conformation with
equatorial S = O bond.10 This molecule has a
S = O absorption at 1240 em"1. This absorption
has then been assigned an equatorial S = O
bond in a 6-membered ring. Maroni and Tisnes '
have found an IR absorption at 1218 cm"1

for 4,5,6-trimethyl-TM sulfite. Furthermore,
an absorption at 1224 cm"1 for cis-4,6-dimeth-
yl-TM sulfite has been reported.* These were
assigned to a twisted conformer.

The nature of the solubility mechanism
implies that polar conformers are to be favoured
in a polar niodium. The IR spectra of all the
three molecules, 5-methyl-, 5-phenyl-, and
5-ter<-butyl-TM sulfite with axial substituent
show considerable changes at approximately
1200 cm"1 when changing the solvent from
a nonpolar to a polar one (Fig. 2).

The intensity of the absorption at ~1230
cm"1 is greatly increased at the expense of the
one at ~ .200 cm"1 in the polar medium. This
may also be suggestive of a conformational

Table 3. Spin-spin coupling constants (Hz) calculated from 60 and 98 MHz spectra of 5-phenyl-TM sulfite.

Solvent

CHaCN
CC14
CC14°

-12.22
-11.48

(-11.59)

4.50
3.22

(3.15)

3.80
3.79

(3.85)

1.83
1.58

(1.49)

-0.66
-0.20

(-0.21)

-0.16
-0.25

(-0.31)

"Numbers in parentheses refer to 98 MHz spectra.
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Fig. 2. The IR spectra of axial 6-substituted TM sulfites. (Solvents: Acetonitrile, upper spectra;
1,1,2,2-tetrachloroethane, lower spectra).

equilibrium with participation of a conformer
with equatorial S = O bond.

In all cases examined (neat and in the two
solvents) the IR spectra of 5-ferf-butyl-TM
sulfite with axial substituent show an absorp-

tion at ~1210 cm"1. A weak shoulder is found
at 1205 cm"1 in the spectrum of 5-phenyl-TM
sulfite in acetonitrile as solvent. These absorp-
tions are probably due to twisted conformers.
Both the 1210 and the 1230 cmr1 peaks of

Acta Chem. Scand. A 31 (1977) No. 2
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5-tert-butyl-TM sulfite are stronger in the more
polar solvent which was to be expected due
to the higher dipole moment of both the chair
form with eq. S = O bond and the twisted ones.
From the IR spectra it also seems conceivable
that the contribution from the chair conformer
with eq. S = O bond increases more than the
contribution from the twisted conformer when
changing to the more polar solvent.

EXPERIMENTAL

The 2-substituted 1,3-propane-dioIs were all
prepared from the corresponding diethylmalo-
nates by reduction with lithium aluminium
hydride according to the method of Eliel et al.1*

The cyclic sulfites were prepared according
to the following method: The appropriate diol
was dissolved in dry chloroform (ca. 20 %
w/w) with two equivalents of pyridine. 1.02
equivalents of thionyl chloride, dissolved in
three times its volume of chloroform, was added
dropwise under stirring. The temperature was
kept at 0 °C for about 3 h. The reaction mixture
was filtered, and the filtrate was washed with
a 2 % NaHCO, solution, 0.1 N HC1 and water,
respectively. The solution was dried over
MgSOt prior to distillation.

The purity of the compounds was checked
by NMR spectra and GLC analyses. The isomers
of 5-methyl-TM sulfite (92% S = O (a) 8%
S = O (e)) were separated by GLC on an Aero-
graph Autoprep A-700 with a 2.1 mx 6.0 mm
column packed with 10 % PDEAS and 10 %
Carbowax on Chromosorb W, OMCS A/W,
45/60 Mesh. The isomers of 5-phenyl-TM sulfite
[84% S = O (a) and 16% S = O (e)] were
separated by dissolving the crude product in
ethanol. Since the isomer with axial phenyl
group was negligibly soluble, it was filtered off
at ca. 0°C and recrystallized from ethanol as
long white needles. (M.p. 60-62°C). The
isomers of 5-tert-butyl-TM sulfite (57 % S = O
(a) and 4 3 % S = O (e)) were separated by
cooling the crude product to —10 C. The iso-
mer with the axial substituent was then purified
by GLC.

The NMR spectra were recorded in 5 mm
O.D. sample tubes, and a small quantity of
TMS was added to serve as reference and
locking substance. The solvents used were
CC1« and CH,CN of spectroscopic purity. Dry
nitrogen was bubbled through the solution to
remove traces of oxygen.

The spectra were recorded by a JEOL JNM-
C-60H instrument operating at 60 MHz (ca.
27 °C) and on a Varian HA-100 operating at
98 MHz (ca. 35 °C). All spectra were recorded
in an internal lock mode with frequency sweep
at 1.5 Hz/cm and calibrated every 5 Hz using
a frequency counter. The counters were accurate

Acu Chem. Scand. A 31 (1977) No. 2

to 0.1 Hz for a 10 s count. The line position was
taken as average o£ several spectra and is
assumed to be accurate to about 0.05 Hz.

The IR spectra were recorded on an Unicam
SP 200G instrument. Polystyrene was used for
calibration. The spectra were recorded as 0.1
M solutions in C,C14 and CH,CN using cells
with 0.1 mm path length.
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*H NMR Analysis of l,3,2-Oxadithiolan-2-oxide, 3-Phenyl-l,2,3-

oxathiazolidin-2-oxide and 2,5-Dimethyl-l,2,5-thiadiazoIidin-

1-oxide

PER ALBRIKTSEN* and MALVIN BJOR0Y

Department of Chemistry, University of Bergen, N-5014 Bergen, Norway

Three analogues of ethylene sulfite, containing
oxygen, sulfur or nitrogen as ring heteroatoms
in positions 1 and 3 have been prepared, and
their NMR data are reported and discussed. The
NMR spectra of the compounds have been
fully analysed on the basis of ABXY and
[AB], spin systems. Interpretation of the JH
spectra of the compounds in this series suggests
the existence of a single conformation for each
of these compounds.

Eecently NMR investigations on ethylene sul-
fite * and the various isomers of 4,5-dimethyl-
ethylene sulfite * have been reported. It is assu-
med that ethylene sulfites *»* exist in a twist-
envelope conformation or pseudorotate between
twist-envelope conformations with the S = O
bond pseudoaxial. Various phosphorus-substi-
tuted 1,3,2-dioxaphospholanes 1>» and 1,3,2-
oxathiaphospholanes *>* have been carefully
studied by NMR. A significant change in the
conformation is found upon substitution of a
ring oxygen atom in the dioxaphospholanes with
a sulfur atom. In order to. investigate the effect
of ring heteroatoms other than oxygen in ring
positions 1 and 3 of ethylene sulfite, the follow-
ing molecules have been synthesized: 1,3,2-
oxadithiolan-2-oxide (I), 3-phenyl-l,2,3-oxathi-
azolidin-2-oxide (II), and 2,5-dimethyl-1,2,5-
thiadiazolidin-1-oxide (III).

EXPERIMENTAL

l,3,2-OxadUhiolan-2-oxide (I) was prepared
from thionyl chloride and 2-hydroxy-ethane-

• Present address: Rafinor A/S * Co., N-5154
Hongstad, Norway.

thiol in diethyl ether using triethylamine as
base: b.p.o, 58 °C; yield 30 %.

3-Phenyt-l,2,3-ozathiazolidin-2-oxide (II) was
prepared from 2-phenylaminoethanol according
to the method used for compound I; b.p.,,
122 °C; yellow crystals, m.p. 34 -35 °C; yield
45 %.

2,5-Dimethyl-l,2,5-thiadiazolidin-l-oxide
(III) was prepared as above from -W.-N'-di-
methylethylenediamine; b.p.Oi 52 °C; yield
10 %.

The spectra were recorded on 50 % solutions
of compounds I —III in deuterioacetone, deu-
teriochloroform, or benzene in 5 mm O.D. NMR
sample tubes, using a small amount of added
TMS as reference and locking substance. The
spectra were recorded on a JEOL JNM—C —
60H NMR instrument, operating at 60 MHz in
internal lock mode with frequency sweep. The
spectra for the NMR analysis were obtained
with a chart expansion of 1.2 Hz cm"1. The
line positions were taken as an average of
several spectra, and are assumed to be correct
to about 0.05 Hz. The computation was carried
out using an UNIVAC 1110 computer and
graphical output was obtained using a C&leomp
Plotter.

SPECTRAL ANALYSIS

The NMR spectra of compounds I and II
consist of two regions with the separation be-
tween the two signal groups larger than any of
the coupling constants involved.

The signals at the higher frequency (I and II)
are assigned to the protons, A and B, at the
carbon attached to the ring oxygen atom and
the signals at lower frequency to the protons,
X and Y, on the carbon adjacent to the sulfur
(I) or the nitrogen (II) atom. The higher

Acta Chem. Scand. A 29 (1975) No. 4
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328.0 Frequency, Hz 278.0

Fig. 1. 60 MHz spectrum of the AB protons in
2-oxo-l,3,2-oxathiasulfolane. Upper: Observed
spectrum. Lower: Calculated spectrum.

ULL
23S.1 Frequency. Hz 191.3

Fig. 2. 60 MHz spectrum of the XY protons in
2-oxo-l,3,2-oxathiasulfolane. Upper: Observed
spectrum. Lower: Calculated spectrum.

frequency shift of the AB protons as compared
to the XY protons is due to the larger deshield-
ing effect of an adjacent ring oxygen ate oa as
compared to a sulfur or a nitrogen atom.11 The
spectra of compounds I and II were analysed on
the basis of an ABXY spin system,* and a good
correlation between the theoretical and the
experimental spectrum was obtained (Figs. 1
and 2). In the analysis of the proton signals in
the spectrum of compound II, the protons of
the phenyl group have been neglected since
coupling to the protons of the parent ring is
negligible. The spectrum of III consists of a
symmetrical band of signals and can be fully
analysed as an [AB], spin system. The chemical

Acu Chem. Send. A 29 (1975) No. 4
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shift difference between the A and B parts is
larger when the compound is dissolved in
benzene rather than in deuterioacetone.

The iterative computations for compounds I
and II were performed using the computer
programme LAOCN3,' while compound III was
analysed with the aid of the computer pro-
gramme LACX." The spectral parameters are
listed in Table 1. The final RMS values obtained
were 0.06 Hz or less when all parameters were
allowed to vary. The probable errors in the
parameters were less than 0.02 Hz when 32
theoretical transitions were assigned to 29 ob-
served lines for compounds I and II. The
probable errors in the parameters of compound
III are 0.2 Hz or less when 26 theoretical
transitions are assigned.

DISCUSSION

The detailed spectral analysis of compound
III was carried out successfully on the basis of
an [AB], spin system. This implies that this
five-membered ring (III) is; (a) planar, or (b)
in an envelope form with the sulfur as the
"flap" atom, or most likely (c) that intra-
molecular processes interconvert non-planar
forms at a rate that is large on the NMR time
scale, but that the inversion at sulfur is either
slow on this time scale or does not occur.

The spectral analysis of compounds I and
II were carried out on the basis of an ABXY
spin system (Figs. 1 and 2). It is, however, not
possible to be certain which intramolecular
motion, if any, does occur for these compounds,
I and II. All the coupling constants obtained
are within the expected range for the various
coupling paths. The geminal coupling constant
of the CH, — O moiety of compound I is more
negative than in compounds II, III, and
ethylene sulfite.1 The values of the geminal
coupling constant* of the CH, —X group is
sensitive to the electronegativity of X as well as
the H—C—H angle. The change in electro-
negativity of substituents on the methylene
group attached to the ring oxygen in compounds
I, II, and ethylene sulfite, cannot account for
the variation in Jgem, —9.71 Hz (I), —8.51 Hz
(II), cud -8.59 Hz (ethylene sulfite).1 This
change in </gem, as regards I, might be due to
different H — C—H angles of I as compared
to II and etnylene sulfite. The magnitude of
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Tabh 1. NMR parameters for the compound I, II, and HI.* I
&

'•' AB ' A Y ' B Y ' B X ' A A ' B B ' A B Reference

I *

n*2-*-Bufcyl-l,3-oxa-
thiolane
2-*-Butyl-2-methyl-
-1,3-oxathiolane
2-Ethyl-2-tnethyl
1,3-oxathiolane
2-Phenyl-l,3-oxa-
thiolane

i n

5.141
4.518

4.330

4.248

4.109

3.96

4.970
4.870

3.643

3.916

4.030

3.39

3.37*
3.094 *

3.441
3.709

2.903

2.925

2.969

2.56

3
2.

3.738
3.485

2.809

2.797

2.951

2.73

.27 "
,842 s

- 9 . 7 1
- 8 . 6 1

- 9 . 0 3

- 9 . 0 6

- 9 . 4 0

- 8 . 6 9

-10 .85
- 8 . 6 2

-9 .76

- 9 . 5 6

- 9 . 8 6

-9 .31

- 9 . :

2.61
4.28

2.21

3.21

4.08

2.79

- 8 . 7 2 *

6.85 4.71 10.65

6.96 6.49 8.38

5.77 5.02 9.92

5.35 4.38 9.63

6.47 6.02 7.18

6.72 6.51 8.39
8.8*
6.92

This work
This work

Kef. 11

Ref. 17

8.8 ' 6.9 *>' This work
7.23 6.06«

I

ft arer
• Chemical shifts are + 0.005 p.p.m. Errors in coupling constants are ± 0.05 Hz.*vA=vA ' . e VB=VB'-< '<'AB=«'A'B'* ' Errors in coupling constants
re ± 0.1 Hz. ' Deuterioaoetone. ' Benzene. * Deuteriochloroform.
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S=0

(6) 0

Scheme 1.

*J is, however, within the limits expected in
1,3-oxathiolanes.10'11 The geminal coupling con-
stants in II and III are better understood when
compared with values obtained for 1,3-oxa-
zolidines. The more the nitrogen lone pair
bisects the X —C —Y angle, the more negative
is the coupling constant.11

The inequality of *JAA' and SJBB' of compound
III is of interest, since it appears to be de-
tectable only when the compound is dissolved
in benzene. This may be due to a long range
effect of the lone pair of the sulfur atom and
the nitrogen atom on V.1* It is, however, not
possible at present to be certain which of these
groups gives the major contribution to this
inequality in *J. Moreover, a similar observation
has been made by Haake et al.1 on ethylene-
sulfite where V A A ' and *«7BB' are equal when
the compound is studied as neat liquid, whereas
when it is dissolved in benzene, the two coupling
constants are different.

Scheme 1 clearly indicates that in the present
case it is not possible to neglect the possibility
of nitrogen inversion in compounds II and
III.11'" Forms with both N—Me groups pseudo-
axial may be omitted. Enantiomers with the
S = O bond and one N—Me group pseudoaxial
and forms with a pseudoequatorial S = 0 bond
may contribute appreciably. Accordingly, it is
reasonable to expect that under certain condi-
tions an [AB], type spectrum is obtained for
IH where V A

Inversion at the sulfoxide sulfur atom is
shown not to occur in the case of the cyclic
trimethylene sulfites.1*'1* Accordingly it is not
likely that such an inversion should occur in
the compounds I, II, and III. Hence it is
reasonable to assume that the S = O bond adopts
only one position with respect to the ring. It
has been suggested 1>1 for 1,3-dioxa-ring com-
pounds that the high frequency resonance, A,
is due to protons da to the substituent at the
heteroatom in ring position 2. It is not possible
from the available data of compounds I, II, and
III, to be certain whether the S = O bond adopts
a pseudo axial or equatorial position. The
swopping of chemical shifts for the A and B
nuclei in compound II, relative to I, is not
clearly understood, but it might indicate that
the compounds exist in a fixed conformation.
It is, however, not possible to arrive at any
certain conclusion about the conformation from
the available data (Table 1).
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